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AķI ¢AMURUNUN ISIL ¥N ĶķLEMĶNĶN OPTĶMĶZASYONU 
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ÖZET  

Aĸē ­amuruna uygulanan ºn iĸlemin optimize edilmesi, hidrojen t¿keten metanojenik 

mikroorganizmalarēn baskēlanmasē ve hidrojen ¿reten bakterilerin metabolik aktivitelerinin 

korunmasē a­ēsēndan karanlēk fermantasyonla biyohidrojen ¿retiminde kritik bir ºneme sahiptir. 

Bu ­alēĸmada, modifiye Yukarē Akēĸlē Anaerobik ¢amur Yataklē (UASB) reaktºr¿n iĸletimine 

baĸlamadan ºnce anaerobik aĸē ­amuruna uygulanacak en uygun ēsēl ºn iĸlem koĸullarē 

belirlenmiĸtir. Bu kapsamda aĸē ­amuruna 80, 90 ve 110ÁC sēcaklēklarda 20 dakika s¿reyle ēsēl 

ºn iĸlem uygulanmēĸ ve farklē sēcaklēklarēn etkileri Biyokimyasal Hidrojen Potansiyeli (BHP) 

testleri ile deĵerlendirilmiĸtir. En uygun ºn iĸlem koĸulunun belirlenmesi amacēyla toplam gaz 

¿retimi, net gaz ¿retimi ve gaz kompozisyonlarē karĸēlaĸtērēlmēĸtēr. Elde edilen sonu­lar, 

90°C'de 20 dakika uygulanan ºn iĸlemin 362,7 mL net gaz ¿retimi ile en y¿ksek biyohidrojen 

¿retim performansēnē saĵladēĵēnē gºstermiĸtir. Bu koĸulun metanojenik mikroorganizmalarē 

etkin ĸekilde inhibe ederken hidrojen ¿reten bakterilerin metabolik aktivitelerini koruduĵu 

belirlenmiĸtir. Buna karĸēn 80ÁC'de uygulanan ºn iĸlemin metanojenleri tamamen baskēlamak 

i­in yetersiz kaldēĵē, 110ÁC'de uygulanan ºn iĸlemin ise mikrobiyal canlēlēĵē olumsuz 

etkileyerek hidrojen ¿retimini azalttēĵē gºr¿lm¿ĸt¿r. Optimum olarak belirlenen ºn iĸlem 

koĸulu daha sonra Fe O  manyetit nanopartik¿llerinin biyohidrojen ¿retimine etkisinin 

araĸtērēldēĵē s¿rekli ­alēĸan UASB reaktºr deneylerinde uygulanmēĸtēr. Elde edilen bulgular, ēsēl 

ºn iĸlemin uygun ĸekilde optimize edilmesinin aĸē ­amurunun performansēnē önemli ölçüde 

artērdēĵēnē ve karanlēk fermantasyonla biyohidrojen ¿retiminde g¿venilir ve tekrarlanabilir bir 

iĸletme altyapēsē saĵladēĵēnē gºstermektedir. Sonu­ olarak, aĸē ­amuruna uygulanan ēsēl ºn 

iĸlemin optimizasyonu, anaerobik fermantasyon sistemlerinde hidrojen veriminin ve proses 

performansēnēn artērēlmasē a­ēsēndan ºnemli bir iĸletme parametresidir. 

Anahtar Kelimeler: Biyohidrojen, Karanlēk Fermantasyon, Isēl ¥n Ķĸlem, Biyokimyasal 

Hidrojen Potansiyeli, UASB Reaktörü 
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OPTIMIZATION of THERMAL PRETREATMENT of ANAEROBIC INOCULUM 

SLUDGE for BIOHYDROGEN PRODUCTION VIA DARK FERMENTATION  

 

ABSTRACT 

The optimization of the pretreatment applied to the inoculum sludge is of critical importance 

for dark fermentative biohydrogen production, as it suppresses hydrogen-consuming 

methanogenic microorganisms while preserving the metabolic activity of hydrogen-producing 

bacteria. In this study, the optimum thermal pretreatment conditions for anaerobic inoculum 

sludge were determined prior to the operation of a modified Upflow Anaerobic Sludge Blanket 

(UASB) reactor. For this purpose, the inoculum sludge was subjected to thermal pretreatment 

at 80, 90, and 110°C for 20 min, and the effects of different temperatures were evaluated using 

Biochemical Hydrogen Potential (BHP) tests. Total gas production, net gas production, and gas 

composition were compared to determine the optimum pretreatment condition. The results 

demonstrated that thermal pretreatment at 90°C for 20 min provided the highest biohydrogen 

production performance, yielding a net gas production of 362.7 mL. This condition effectively 

inhibited methanogenic microorganisms while maintaining the metabolic activity of hydrogen-

producing bacteria. In contrast, pretreatment at 80°C was insufficient to completely suppress 

methanogens, whereas pretreatment at 110°C adversely affected microbial viability, resulting 

in reduced hydrogen production. The optimum pretreatment condition was subsequently 

applied in continuous modified UASB reactor experiments investigating the effect of Fe O  

magnetite nanoparticles on biohydrogen production. The findings demonstrated that 

appropriate optimization of the thermal pretreatment significantly enhanced the performance of 

the inoculum sludge and provided a reliable and reproducible operational basis for biohydrogen 

production through dark fermentation. Consequently, optimization of the thermal pretreatment 

applied to inoculum sludge is an important operational parameter for improving hydrogen yield 

and overall process performance in anaerobic fermentation systems. 

Keywords: Biohydrogen, Dark Fermentation, Thermal Pretreatment, Biochemical Hydrogen 

Potential, UASB Reactor 

1. GĶRĶķ 

Artan d¿nya n¿fusu, sanayileĸme ve teknolojik geliĸmeler, enerji talebinin her ge­en yēl 

y¿kselmesine neden olmaktadēr. G¿n¿m¿zde enerji ihtiyacēnēn b¿y¿k bºl¿m¿ fosil yakētlardan 

karĸēlanmakta olup, bu kaynaklarēn sēnērlē rezervlere sahip olmasē ve sera gazē emisyonlarē 

nedeniyle ­evresel sorunlara yol a­masē, s¿rd¿r¿lebilir enerji teknolojilerine yºnelik 

araĸtērmalarē hēzlandērmēĸtēr. Bu kapsamda yenilenebilir enerji kaynaklarēndan elde edilen 

çevre dostu yakētlar, enerji arz g¿venliĵinin saĵlanmasē ve karbon emisyonlarēnēn azaltēlmasē 

a­ēsēndan ºnemli bir alternatif olarak deĵerlendirilmektedir. 

Hidrojen (H2), birim k¿tle baĸēna y¿ksek enerji i­eriĵine sahip olmasē ve kullanēm 

sērasēnda yalnēzca su oluĸturmasē nedeniyle geleceĵin temiz enerji taĸēyēcēlarēndan biri olarak 

kabul edilmektedir. Ancak hidrojenin ­evresel a­ēdan s¿rd¿r¿lebilir olabilmesi, ¿retim 
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yºntemine doĵrudan baĵlēdēr. Fosil yakēt temelli hidrojen ¿retim prosesleri y¿ksek karbon 

emisyonlarēna neden olurken, biyolojik yºntemlerle ger­ekleĸtirilen biyohidrojen ¿retimi daha 

d¿ĸ¿k enerji gereksinimi ve ­evresel etkileri nedeniyle son yēllarda ºnemli ºl­¿de ilgi 

görmektedir (Albuquerque ve ark., 2024; Talapko ve ark., 2023). 

Biyohidrojen üretiminde kullanēlan biyolojik yºntemler arasēnda karanlēk 

fermantasyon, ēĸēĵa ihtiya­ duymadan ger­ekleĸtirilebilmesi, kēsa hidrolik bekleme s¿releri 

(HRT), ¿retiminde farklē organik substratlarēn kullanēlabilmesi ve nispeten d¿ĸ¿k iĸletme 

maliyetleri gibi avantajlarē nedeniyle ºne ­ēkmaktadēr (Yadav ve ark., 2023; Kumar ve ark., 

2024). Bununla birlikte karanlēk fermantasyon sistemlerinde hidrojen verimini sēnērlandēran en 

ºnemli sorunlardan biri, aĸē ­amurunda doĵal olarak bulunan hidrojen t¿ketici metanojenik 

mikroorganizmalarēn faaliyet gºstermesidir. Bu mikroorganizmalar oluĸan hidrojeni metana 

dºn¿ĸt¿rerek proses verimini d¿ĸ¿rebilmektedir. 

Bu nedenle karanlēk fermantasyon ºncesinde uygulanan ºn iĸlem yºntemleri, hidrojen 

¿reten sporlu bakterilerin korunmasē ve metanojenlerin baskēlanmasē a­ēsēndan kritik bir 

iĸletme basamaĵēdēr. Fiziksel, kimyasal ve biyolojik ºn iĸlem yºntemleri arasēnda yer alan ēsēl 

ºn iĸlem, uygulama kolaylēĵē, kimyasal kullanēmēnē gerektirmemesi ve se­ici mikrobiyal 

zenginleĸme saĵlayabilmesi nedeniyle en yaygēn kullanēlan yºntemlerden biridir. Bununla 

birlikte uygulanan sēcaklēk ve s¿renin yetersiz veya aĸērē olmasē, hidrojen ¿retim performansēnē 

olumsuz etkileyebileceĵinden optimum ºn iĸlem koĸullarēnēn deneysel olarak belirlenmesi 

gerekmektedir (Ledakowicz ve ark., 2024; de Almeida ve ark., 2024). 

Isēl ºn iĸlem koĸullarēnēn deĵerlendirilmesinde yaygēn olarak kullanēlan yºntemlerden 

biri biyokimyasal hidrojen potansiyeli (BHP) testleridir. BHP testleri, farklē iĸletme 

koĸullarēnēn hidrojen ¿retim kapasitesi ¿zerindeki etkisini laboratuvar ºl­eĵinde 

karĸēlaĸtērmaya olanak saĵlamasēnēn yanē sēra, s¿rekli reaktºr ­alēĸmalarēndan ºnce uygun 

iĸletme parametrelerinin belirlenmesine de katkē sunmaktadēr (Ramos ve ark., 2020; Kovalev 

ve ark., 2023). Gaz kromatografisi (GC) analizleri ile birlikte deĵerlendirildiĵinde ise yalnēzca 

¿retilen gaz miktarē deĵil, gazēn bileĸimi de belirlenebilmekte ve hidrojen ¿retim performansē 

daha kapsamlē bi­imde deĵerlendirilebilmektedir. 

Bu ­alēĸma kapsamēnda, ileriki ­alēĸmalarda modifiye UASB reaktºr¿nde y¿r¿t¿lecek 

s¿rekli biyohidrojen ¿retim deneyleri ºncesinde anaerobik aĸē ­amuru i­in en uygun ēsēl ºn 

iĸlem koĸulunun belirlenmesi ama­lanmēĸtēr. Bu doĵrultuda 80ÁC, 90ÁC ve 110ÁC'de 20 dakika 

uygulanan ēsēl ºn iĸlemler biyokimyasal hidrojen potansiyeli (BHP) testleri ile karĸēlaĸtērēlmēĸ; 

toplam gaz ¿retimi, net gaz ¿retimi ve gaz kompozisyonu birlikte deĵerlendirilerek optimum 

ºn iĸlem sēcaklēĵē belirlenmiĸtir. Bºylece s¿rekli reaktºr ­alēĸmalarēnda kullanēlacak aĸē 

­amurunun hidrojen ¿retim performansēnēn artērēlmasēna yºnelik deneysel bir temel 

oluĸturulmuĸtur. 
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2. DENEYSEL ¢ALIķMALAR 

2.1. Aĸē ¢amuru, Karbon Kaynaĵē ve Besiyeri 

Deneylerde kullanēlan anaerobik aĸē ­amuru, Ķzmirôde yer alan, mezofilik koĸullarda 

­alēĸan tam ºl­ekli bir biyogaz tesisinden temin edilmiĸtir. Numuneler laboratuvara 

getirildikten sonra hava ile temas etmeyecek ĸekilde kapalē kaplarda muhafaza edilmiĸ ve 

deneyler ºncesinde homojen hale getirilmiĸtir. 

Bu ­alēĸmada karbon kaynaĵē olarak, hēzlē metabolize olan, eriĸimi kolay, maliyeti 

d¿ĸ¿k olan glukoz kullanēlmēĸtēr. BHP deneylerinde mikroorganizmalarēn besinsel 

gereksinimlerini karĸēlamak amacēyla gerekli makro ve mikro besin elementlerini i­eren 

sentetik besi ortamē hazērlanmēĸtēr. Besin i­eriĵi olarak karbon kaynaĵē glukoz (2 g/L) ve iz 

elementler (1,25 mg/L NaHCO3; 0,5 mg/L NH4Cl; 0,25 mg/L KH2PO4; 0,25 mg/L CaCl2, 0,032 

mg/L NiSO4; 0,32 mg/L MgSO4·7H2O; 0,02 mg/L FeCl2; 0.0144 mg/L Na2MoO4·2H2O; 0.023 

mg/L ZnCl2; 0.021 mg/L CoCl2·6H2O; 0,01 mg/L CuCl2·6H2O ve 0,03 mg/L MnCl2·4H2O 

(Abubackar vd., 2019). Aĸē ­amurunun pH'sēnēn ayarlanmasēnda %10ôluk hidroklorik asit 

(HCl) ­ºzeltisinden yararlanēlmēĸtēr.  

2.2. Analitik Ölçümler  

Aĸē ­amurunun baĸlangē­ karakterizasyonu kapsamēnda toplam katē madde (TKM) ve 

u­ucu askēda katē madde (UAKM) analizleri Standard Methods (APHA, 2017)'ye gºre 

ger­ekleĸtirilmiĸtir. TKM tayini i­in ºnceden kurutulup tartēlan krozelere belirli miktarda 

numune alēnmēĸ ve 105 ÁC'de sabit aĵērlēĵa ulaĸēncaya kadar kurutulmuĸtur. Kurutma sonrasē 

elde edilen aĵērlēklar kullanēlarak toplam katē madde miktarē hesaplanmēĸtēr. Daha sonra aynē 

numuneler 550 ÁC'de k¿l fērēnēnda 1 saat yakēlmēĸ, desikatºrde soĵutulduktan sonra tekrar 

tartēlmēĸtēr. Yakma iĸlemi sonrasēnda meydana gelen aĵērlēk kaybē esas alēnarak u­ucu askēda 

katē madde miktarē belirlenmiĸtir. Daha sonra biyohidrojen ¿retim deneylerinde kullanēlmak 

¿zere uygun ºn iĸlemlere tabi tutulmuĸtur. 

Ϸ4+-
ρπυЈ# ÓÏÎÒÁÓ ËÒÏÚÅĘÒÎÅËËÒÏÚÅ ÁøąÒÌąøąØ ρππ

"ÁĥÌÁÎÇąë ËÒÏÚÅ ÁøąÒÌąøąĘÒÎÅËËÒÏÚÅ
 

Ϸ5!+-
ρπυ Ј# ÓÏÎÒÁÓą ËÒÏÚÅĘÒÎÅË υυπ Ј# ÓÏÎÒÁÓą ËÒÏÚÅĘÒÎÅËØρππ

ρπυ Ј# ÓÏÎÒÁÓą ËÒÏÚÅĘÒÎÅËËÒÏÚÅ ÁøąÒÌąøą
 

 

2.3. Anaerobik Aĸē ¢amuru ve Isēl ¥n Ķĸlem Optimizasyonu 

Karanlēk fermantasyon sērasēnda hidrojen t¿keten metanojenik mikroorganizmalarēn 

baskēlanmasē amacēyla anaerobik aĸē ­amuruna farklē sēcaklēklarda ēsēl ºn iĸlem uygulanmēĸtēr. 

Bu kapsamda aĸē ­amuru 80°C, 90°C ve 110°C sēcaklēklarda 20 dakika süreyle otoklavda 

tutulmuĸtur. ¥n iĸlem sonrasēnda numuneler oda sēcaklēĵēna kadar soĵutulmuĸ ve biyokimyasal 
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hidrojen potansiyeli deneylerinde kullanēlmadan ºnce pH deĵeri %10'luk HCl 

çözeltisi kullanēlarak 5,5 seviyesine ayarlanmēĸtēr. Bºylece farklē sēcaklēklarda uygulanan ºn 

iĸlemlerin biyohidrojen ¿retimi ¿zerindeki etkileri karĸēlaĸtērēlmēĸtēr. 

2.4. Biyokimyasal Hidrojen Potansiyeli (BHP) Deneyleri 

Isēl ºn iĸlem koĸullarēnēn biyohidrojen ¿retimine etkisinin belirlenmesi amacēyla 

biyokimyasal hidrojen potansiyeli (BHP) deneyleri ger­ekleĸtirilmiĸtir. Deneyler 100 mL 

hacmindeki amber renkli serum ĸiĸelerinde y¿r¿t¿lm¿ĸ olup her ĸiĸede 50 mL ­alēĸma 

hacmi kullanēlmēĸtēr. ¢alēĸma hacmi 40 mL ºn iĸlem uygulanmēĸ anaerobik aĸē 

çamuru ile 10 mL glukoz çözeltisinden oluĸturulmuĸtur. Deneyler ¿­ paralel olarak 

y¿r¿t¿lm¿ĸ ve t¿m ĸiĸeler anaerobik koĸullar saĵlandēktan sonra mezofilik sēcaklēkta (37°C) 

ink¿basyona bērakēlmēĸtēr. ¥n iĸlem uygulanan ancak besin ilavesi yapēlmayan aĸē ­amuru 

kontrol grubu olarak deĵerlendirilmiĸtir. 21 g¿n boyunca oluĸan gaz hacimleri düzenli 

aralēklarla ĸiĸelerin tepe boĸluklarēndan ºl­¿lm¿ĸ ve toplam gaz ¿retim deĵerleri 

kaydedilmiĸtir. 

 

2.5. Gaz Kromatografisi (GC) Analizi 

BHP deneyleri sērasēnda ĸiĸelerin i­erisinde oluĸan biyogazēn bileĸimi gaz 

kromatografisi (GC) kullanēlarak analiz edilmiĸtir. Gaz analizleri Agilent 6890N gaz 

kromatografi cihazēnda termal iletkenlik dedektörü (TCD)  kullanēlarak ger­ekleĸtirilmiĸtir. 

Ayērma iĸlemi Hayesep D (80/100 mesh) kolonda yapēlmēĸ, taĸēyēcē gaz 

olarak argon kullanēlmēĸ ve taĸēyēcē gaz akēĸ hēzē 20 mL dk ĭ olarak ayarlanmēĸtēr. Enjektºr ve 

dedektºr sēcaklēklarē 150°C, kolon sēcaklēĵē ise 35°C olarak uygulanmēĸtēr. Gaz ºrnekleri 

serum ĸiĸelerinin tepe boĸluĵundan gaz ge­irmez enjektºr yardēmēyla alēnmēĸ ve manuel olarak 

cihaza enjekte edilmiĸtir. Analizler sonucunda hidrojen (H2), karbondioksit (CO2) ve metan 

(CH4) gazlarēnēn y¿zdesel daĵēlēmlarē belirlenmiĸtir. 
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Gºrsel 1. BHP ve GC Analiz ķemasē 

2.6. Ķstatistiksel Analiz 

T¿m deneysel ­alēĸmalar ¿­ paralel olarak ger­ekleĸtirilmiĸtir. Sonu­lar ortalama Ñ 

standart sapma ĸeklinde ifade edilmiĸ ve farklē ēsēl ºn iĸlem koĸullarēnēn biyohidrojen ¿retimi 

üzerindeki etkileri tek yönlü varyans analizi (One-way ANOVA) ile deĵerlendirilmiĸtir. 

Ķstatistiksel anlamlēlēk d¿zeyi p <0,05 olarak kabul edilmiĸtir. 

3. SONU¢LAR VE DEĴERLENDĶRME 

 

3.1. Aĸē ¢amurunun Karakterizasyonu 

BHP deneylerinde kullanēlan anaerobik aĸē ­amurunun baĸlangē­ karakterizasyonu yapēlmēĸtēr. 

Analiz sonu­larēna gºre aĸē ­amurunun pH deĵeri 5,5, TKM oranē %6,86 ve UAKM miktarē ise 

TKM'nin %51,2'si olarak belirlenmiĸtir. UAKM/TKM oranē, aĸē ­amurunun biyolojik olarak 

par­alanabilir organik madde bakēmēndan zengin olduĵunu ve karanlēk fermantasyon ile 

biyohidrojen üretimi için uygun özellikler taĸēdēĵēnē gºstermektedir. 
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3.2. Isēl ¥n Ķĸlem Koĸullarēnēn Biyokimyasal Hidrojen ¦retim Potansiyeline Etkisi 

Farklē sēcaklēklarda uygulanan ēsēl ºn iĸlemlerin biyohidrojen ¿retimine etkisi, 

biyokimyasal hidrojen potansiyeli (BHP) deneyleri ile deĵerlendirilmiĸ olup elde edilen toplam 

ve net gaz ¿retim deĵerleri Görsel 2 ve 3'te sunulmuĸtur. ¦­ farklē ºn iĸlem sēcaklēĵē arasēnda 

belirgin farklēlēklar gºzlenmiĸ ve uygulanan sēcaklēĵēn hidrojen ¿retim performansē ¿zerinde 

önemli bir etkisinin olduĵu belirlenmiĸtir. 

 

Görsel 2. BHP analiz toplam gaz (mL) sonu­larē (ortalama Ñ standart sapma, n=3) 

 

Görsel 3. BHP analizi net gaz (mL) sonu­larē (ortalama Ñ standart sapma, n=3) 
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Deney sonu­larēna gºre en y¿ksek toplam gaz ¿retimi 90°C'de 20 dakika uygulanan 

ºn iĸlem grubunda 416,0 ± 5,3 mL olarak belirlenmiĸtir. Bu deĵeri 110°C'de 20 

dakika uygulanan grup (279,3 ± 12,9 mL) izlerken, en d¿ĸ¿k gaz ¿retimi 80°C'de 20 

dakika uygulanan grupta (111,3 ± 3,1 mL) elde edilmiĸtir. Benzer eĵilim net gaz ¿retiminde 

de gºzlenmiĸ ve 90°C'de 20 dakika uygulanan ºn iĸlem, 362,7 mL ile en yüksek net gaz 

¿retimini saĵlamēĸtēr. 

Bu sonu­lar, ºn iĸlem sēcaklēĵēnēn yalnēzca toplam gaz miktarēnē deĵil, hidrojen ¿retim 

verimini de doĵrudan etkilediĵini gºstermektedir. 80°C uygulamasēnda metanojenik 

mikroorganizmalarēn yeterince baskēlanamadēĵē d¿ĸ¿n¿lmektedir. Buna 

karĸēlēk 110°C uygulamasēnda metanojenlerin baskēlanmasēna raĵmen y¿ksek sēcaklēĵēn 

hidrojen üreten sporlu bakterilerin bir kēsmēnē da olumsuz etkilemiĸ olabileceĵi 

deĵerlendirilmektedir. Her iki durum birlikte ele alēndēĵēnda, 90°C'de 20 dakika uygulanan ön 

iĸlemin hidrojen ¿reten mikroorganizmalarēn aktivitesini korurken metanojenik pop¿lasyonu 

etkin bi­imde baskēlayan optimum koĸulu saĵladēĵē gºr¿lmektedir. Bu deĵerlendirme, Woo ve 

Song (2010) tarafēndan bildirilen optimum ēsēl ºn iĸlem sēcaklēĵē ile de uyumludur. Ayrēca 

Kumar ve ark. (2016) da 90ÁC'de uygulanan ēsēl ºn iĸlemin, 70 ve 80ÁC uygulamalarēna gºre 

daha yüksek hidrojen ¿retim performansē saĵladēĵēnē rapor etmiĸlerdir. 

3.3. Gaz Kompozisyonunun Gaz Kromatografisi (GC) ile Deĵerlendirilmesi 

Isēl ºn iĸlem uygulamalarēnēn biyohidrojen ¿retimine etkisini daha ayrēntēlē 

deĵerlendirebilmek amacēyla BHP deneyleri sērasēnda oluĸan gazlarēn bileĸimi gaz 

kromatografisi (GC) ile analiz edilmiĸ ve sonu­lar ķekil 3,4 ve 5ôte verilmiĸtir. Gaz bileĸimi 

incelendiĵinde farklē ºn iĸlem sēcaklēklarēnēn H2, CH4 ve CO2 oluĸumu ¿zerinde belirgin etkiler 

oluĸturduĵu gºr¿lm¿ĸt¿r.  

 

Görsel 4. 80 oC 20 dk ºn iĸlemiyle hazērlanan BHP deneylerinin gaz kromatografi (GC) sonu­larē (%) 
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80°C uygulamasēnda metan gazēnēn deney s¿resince baskēn bileĸen olarak kaldēĵē, CH  

oranēnēn yaklaĸēk %74ï84 aralēĵēnda deĵiĸtiĵi belirlenmiĸtir. Buna karĸēlēk H2 oranē olduk­a 

d¿ĸ¿k seviyelerde kalmēĸ ve anlamlē bir artēĸ gºstermemiĸtir. Bu durum, uygulanan sēcaklēĵēn 

metanojenik mikroorganizmalarēn aktivitesini tamamen baskēlamak i­in yeterli olmadēĵēnē ve 

üretilen hidrojenin metan oluĸumunda t¿ketilmeye devam ettiĵini gºstermektedir. Benzer 

ĸekilde, inokuluma uygulanan yetersiz ēsēl ºn iĸlemlerin metanojenik aktiviteyi tam olarak 

inhibe edemediĵi ve bunun hidrojen ¿retim performansēnē olumsuz etkilediĵi farklē 

­alēĸmalarda da rapor edilmiĸtir (Ledakowicz ve ark., 2024; Zhang ve ark., 2023). 

 

Görsel 5. 90 oC 20 dk ºn iĸlemiyle hazērlanan BHP deneylerinin gaz kromatografi (GC) sonu­larē (%) 

90°C uygulamasēnda ise gaz kompozisyonunda belirgin bir deĵiĸim gºzlenmiĸtir. H2 

oranē ilk g¿nde yaklaĸēk %9,14 olarak belirlenirken üçüncü günde %29,68'e ve dördüncü 

günde %45,37'ye y¿kselmiĸtir. Aynē s¿re­te CH4 oranēnda azalma eĵilimi gºzlenmiĸtir. CO  

oranēndaki artēĸ, karanlēk fermantasyon sērasēnda organik maddenin asidojenik par­alanmasēnēn 

devam ettiĵini ve metanojenik yolaklarēn baskēlanmasēyla birlikte gaz fazēnēn aĵērlēklē olarak 

H  ve CO 'den oluĸtuĵunu gºstermektedir (de Almeida ve ark., 2024). Bu gaz daĵēlēmē, 

metanojenik aktivitenin ºnemli ºl­¿de baskēlandēĵēnē ve hidrojen ¿reten fermantatif 

mikroorganizmalarēn sistemde daha etkin h©le geldiĵini gºstermektedir. Literatürde 90°C 

civarēnda uygulanan ēsēl ºn iĸlemin metanojenik pop¿lasyonu etkin ĸekilde inhibe ederken 

Clostridium gibi sporlu hidrojen üretici bakterilerin geliĸimini desteklediĵi ve hidrojen oranēnē 

ºnemli ºl­¿de artērdēĵē farklē araĸtērmalarda da belirtilmiĸtir (Woo ve Song, 2010; de Almeida 

ve ark., 2024).  
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Görsel 6. 110 oC 20 dk ºn iĸlemiyle hazērlanan BHP deneylerinin gaz kromatografi (GC) sonu­larē 

(%) 

110°C uygulamasēnda CH4 oluĸumu b¿y¿k ºl­¿de baskēlanmasēna raĵmen hidrojen 

¿retiminin 90ÁC uygulamasēna gºre daha d¿ĸ¿k olduĵu belirlenmiĸtir. Bu durum, y¿ksek 

sēcaklēĵēn yalnēzca metanojenik mikroorganizmalarē deĵil, hidrojen ¿retiminde gºrev alan bazē 

sporlu bakterileri de olumsuz etkilemiĸ olabileceĵini d¿ĸ¿nd¿rmektedir. Dolayēsēyla daha 

y¿ksek sēcaklēk uygulanmasē her zaman daha y¿ksek hidrojen ¿retimi anlamēna 

gelmemektedir. Farklē sēcaklēklarda ger­ekleĸtirilen ­alēĸmalarda da optimum deĵerin 

¿zerindeki ēsēl ºn iĸlem sēcaklēklarēnēn hidrojen ¿reten mikroorganizmalarēn canlēlēĵēnē ve 

metabolik aktivitelerini olumsuz etkileyerek hidrojen veriminde azalmaya neden olduĵu 

bildirilmiĸtir (Woo ve Song, 2010; Ledakowicz ve ark., 2024). 

Genel olarak deĵerlendirildiĵinde, BHP deneylerinden elde edilen gaz üretim verileri 

ile GC analizleri birbirini desteklemektedir. Toplam ve net gaz üretiminin en yüksek 

olduĵu 90°C uygulamasēnda aynē zamanda H2 oranēnēn da en y¿ksek deĵerlere ulaĸmasē, 

se­ilen ºn iĸlem koĸulunun hidrojen ¿retimi a­ēsēndan en uygun sēcaklēk olduĵunu 

gºstermektedir. Bu nedenle sonraki s¿rekli reaktºr ­alēĸmalarēnda 90°C'de 20 

dakika uygulanan ºn iĸlem koĸulu tercih edilmiĸtir. 

4. GENEL DEĴERLENDĶRME VE SONU¢LAR 

Bu ­alēĸmada, karanlēk fermantasyonla biyohidrojen ¿retiminde kullanēlacak anaerobik 

aĸē ­amuruna uygulanacak optimum ēsēl ºn iĸlem koĸullarē araĸtērēlmēĸtēr. Farklē sēcaklēklarda 

ger­ekleĸtirilen BHP testleri sonucunda, ºn iĸlem sēcaklēĵēnēn hidrojen ¿retim performansē 

üzerinde belirleyici bir etkiye sahip olduĵu ortaya konulmuĸtur. Toplam gaz ¿retimi, net gaz 
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¿retimi ve gaz kompozisyonu birlikte deĵerlendirildiĵinde, 90°C'de 20 dakika uygulanan ēsēl 

ºn iĸlemin en y¿ksek biyohidrojen ¿retim performansēnē saĵladēĵē belirlenmiĸtir. 

80ÁC'de uygulanan ºn iĸlemin metanojenik mikroorganizmalarē yeterince 

baskēlayamadēĵē ve bu nedenle hidrojen ¿retiminin sēnērlē kaldēĵē gºr¿l¿rken, 110ÁC'de 

uygulanan ºn iĸlemin ise hidrojen ¿reten bakterilerin metabolik aktivitelerini olumsuz 

etkileyerek biyohidrojen ¿retiminde azalmaya neden olduĵu belirlenmiĸtir. Bu sonu­lar, 

uygulanan ºn iĸlemin yalnēzca metanojenlerin inhibisyonunu deĵil, aynē zamanda hidrojen 

¿reten mikroorganizmalarēn canlēlēĵēnēn korunmasēnē da saĵlayacak ĸekilde optimize edilmesi 

gerektiĵini gºstermektedir. 

¢alēĸma kapsamēnda belirlenen optimum ºn iĸlem koĸulu, daha sonraki s¿rekli ­alēĸan 

modifiye UASB reaktºr deneylerinde uygulanmēĸ ve sistem iĸletmesi i­in uygun bir baĸlangē­ 

koĸulu oluĸturmuĸtur. Bu yºn¿yle ­alēĸma, yalnēzca kesikli sistemlerde ºn iĸlem 

optimizasyonunu ortaya koymakla kalmamēĸ, aynē zamanda s¿rekli biyohidrojen ¿retim 

proseslerinin iĸletilmesi i­in g¿venilir bir temel saĵlamēĸtēr. 

Sonu­ olarak, anaerobik aĸē ­amuruna uygulanan 90°C'de 20 dakika s¿reli ēsēl ºn 

iĸlemin, biyohidrojen ¿retim performansēnē artēran en uygun koĸul olduĵu belirlenmiĸtir. Elde 

edilen bulgular, karanlēk fermantasyon proseslerinde aĸē ­amurunun uygun ĸekilde ºn iĸleme 

tabi tutulmasēnēn hidrojen veriminin artērēlmasē ve proses performansēnēn iyileĸtirilmesi 

a­ēsēndan ºnemli bir iĸletme parametresi olduĵunu gºstermektedir. Bu ­alēĸmanēn, biyohidrojen 

¿retimine yºnelik gelecekte ger­ekleĸtirilecek laboratuvar ve pilot ºl­ekli uygulamalara katkē 

saĵlayacaĵē deĵerlendirilmektedir. 
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ÖZET  

¢alēĸmanēn amacē, ChatGPT'nin Ķĸitsel Ķĸlemleme Bozukluĵu (Auditory Processing Disorder, 

APD) ile Duyusal Ķĸlemleme Bozukluĵu (Sensory Processing Disorder, SPD) kavramlarēnē 

tanēmlama, karĸēlaĸtērma ve ayērt etme konusundaki performansēnē araĸtērmacē ve baĵēmsēz iki 

odyolog puanlamalarē doĵrultusunda deĵerlendirmektir. Tanēmlayēcē ve gºzlemsel olarak 

tasarlanan bu ­alēĸmada, araĸtērmacēlar tarafēndan literat¿r doĵrultusunda oluĸturulan ve 7 

tanēm, 7 karĸēlaĸtērma ile 3 klinik vaka deĵerlendirme sorusundan oluĸan toplam 17 soruluk bir 

soru seti kullanēlmēĸtēr. Aynē soru seti ChatGPT'ye ve alanēnda deneyimli iki baĵēmsēz odyoloĵa 

uygulanmēĸtēr. Ķlk aĸamada ChatGPT'nin yanētlarē ile odyologlarēn referans yanētlarē 

karĸēlaĸtērēlarak araĸtērmacē tarafēndan 0ï2 puanlama sistemi ile deĵerlendirilmiĸtir. Ķkinci 

aĸamada ise ChatGPT yanētlarē iki baĵēmsēz odyolog tarafēndan bilimsel doĵruluk a­ēsēndan 0ï

2 puanlama sistemi kullanēlarak puanlanmēĸtēr. Araĸtērmacē deĵerlendirmesi betimsel olarak 

analiz edilmiĸ; odyolog puanlarē i­in betimsel istatistikler, Sēnēf Ķ­i Korelasyon Katsayēsē (ICC) 

analizi uygulanmēĸtēr. Araĸtērmacē deĵerlendirmesine göre ChatGPT, toplam 34 puan üzerinden 

30 puan almēĸ ve genel baĸarē oranē %88,2 olarak bulunmuĸtur. Tanēm ve karĸēlaĸtērma 

sorularēnda baĸarē oranē %92,9, klinik vaka sorularēnda ise %66,7 olarak hesaplanmēĸtēr. 

Odyologlarēn ChatGPT yanētlarēna verdikleri ortalama puan 1,82Ñ0,39 olarak bulunmuĸtur. 

ICC analizinde deĵerlendiriciler arasē uyum d¿ĸ¿k d¿zeyde bulunmuĸtur (ICC=0,190). Sonuç 

olarak, ChatGPT'nin APD ve SPD'ye iliĸkin temel kavramsal bilgileri y¿ksek doĵrulukla 

sunabildiĵini ve iki bozukluk arasēndaki temel farklēlēklarē baĸarēlē ĸekilde a­ēklayabildiĵi 

gºr¿lm¿ĸt¿r. Ayrēca, klinik vaka deĵerlendirmelerinde performansēnēn gºrece daha d¿ĸ¿k 

olduĵu belirlenmiĸtir. ChatGPT'nin APD ve SPD konularēnda eĵitim ve bilgiye eriĸimde yararlē 

bir araç olabileceĵi, ancak klinik karar verme ve ayērēcē tanē s¿re­lerinde uzman 

deĵerlendirmesinin yerini alamayacaĵē sonucuna varēlmēĸtēr. 
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Anahtar Kelimeler: ChatGPT, Ķĸitsel Ķĸlemleme Bozukluĵu, Duyusal Ķĸlemleme Bozukluĵu, 

Yapay Zekâ, Odyoloji 

1. GĶRĶķ 

Ķĸitsel Ķĸlemleme Bozukluĵu (Auditory Processing Disorder, APD) ve Duyusal Ķĸlemleme 

Bozukluĵu (Sensory Processing Disorder, SPD), klinik belirtilerindeki benzerlik nedeniyle 

ayērēcē tanēda g¿­l¿k oluĸturabilen iki ºnemli nºrogeliĸimsel bozukluktur (Buffone ve 

Schochat, 2022; Mapholi ve ark., 2024). APD, bireyin normal periferik iĸitme eĸiklerine sahip 

olmasēna raĵmen sesin zamansal ºzelliklerini ­ºz¿mleme, g¿r¿lt¿de konuĸmayē ayērt etme ve 

iki kulaktan gelen iĸitsel bilgiyi entegre etme gibi santral iĸitsel sinir sistemi iĸlevlerinde 

meydana gelen bozukluklarē ifade eder (ASHA, 2005; K¿­¿k Ceyhan ve ark., 2023). APD'li 

bireylerde ºzellikle g¿r¿lt¿l¿ ortamlarda konuĸmayē anlama g¿­l¿ĵ¿, iĸitsel ayērt etme 

problemleri, ses lokalizasyonunda yetersizlikler, iĸitsel dikkat sorunlarē ve sºzel yºnergeleri 

takip etmede güçlük görülebilmektedir (ASHA, 2005; Bolulu ve Elkin, 2019; Elibol ve 

Pehlivanoĵlu, 2024). Bu nedenle APD'nin doĵru tanēlanmasē ve yºnetimi, multidisipliner bir 

yaklaĸēm gerektirmektedir (K¿­¿k¿nal, 2025). SPD ise dokunsal, gºrsel, iĸitsel, vestib¿ler ve 

proprioseptif duyular aracēlēĵēyla ­evreden ve v¿cuttan alēnan uyaranlarēn merkezi sinir 

sisteminde koordine edilmesi, b¿t¿nleĸtirilmesi ve bu uyaranlara uygun motor veya davranēĸsal 

yanētlarēn oluĸturulmasē s¿recindeki aksaklēklarē kapsayan daha geniĸ bir tablodur (Miller ve 

ark., 2007; Dunn, 1997). SPD'li bireyler duyusal modülasyon stratejilerindeki yetersizlikler 

nedeniyle sese karĸē aĸērē hassasiyet (hiperakuzi), d¿ĸ¿k ses toleransē veya duyusal arayēĸ gibi 

davranēĸlar sergileyebilirler. Bu durum otizm spektrum bozukluĵu baĸta olmak ¿zere bir­ok 

nºrogeliĸimsel s¿re­te de belirgin olarak kendini gºsterebilir (Cevher ve Kurnaz, 2024; T¿rer 

ve Köse, 2023).  

APD ve SPD farklē bozukluklar olarak tanēmlanmasēna raĵmen bazē klinik belirtiler a­ēsēndan 

benzerlik gösterebilmektedir. Her iki gruptaki çocuklar özellikle gürültülü ortamlarda 

zorlanma, iĸitsel uyaranlara olaĵandēĸē tepkiler verme, iĸitsel yºnergeleri takip etmede g¿­l¿k 

yaĸama veya ­evre tarafēndan "duymuyor gibi" algēlanma gibi benzer davranēĸlar 

sergileyebilmektedir (Krüger ve ark., 2001; Mapholi ve ark., 2024). Bu benzerlikler APD ve 

SPD'nin ayērēcē tanēsēnē g¿­leĸtirebilmekte ve klinisyenlerin uygun deĵerlendirme ve m¿dahale 

planēnē belirlemesini zorlaĸtērabilmektedir (Buffone ve Schochat, 2022; Elibol ve Pehlivanoĵlu, 

2024). 

Yapay zeka teknolojileri g¿n¿m¿zde tēp eĵitimi, hasta bilgilendirme, klinik karar destek 

mekanizmalarē ve saĵlēk hizmetlerinin dijital dºn¿ĸ¿m¿ gibi bir­ok alanda ºnemli 

deĵiĸikliklere yol a­maktadēr (Birden, 2025; Eri­ ve ark., 2024; Yiĵit ve ark., 2023). Bu 

teknolojiler arasēnda yer alan ChatGPT, saĵlēk profesyonelleri tarafēndan bilgiye eriĸim, hasta 

bilgilendirme ve klinik karar destek süreçlerinde giderek daha fazla kullanēlmaktadēr (Gen­, 

2023; Yiĵit ve ark., 2023). Odyoloji ve otoloji alanēnda yapay zekanēn objektif iĸitme testlerinin 

yorumlanmasēndan koklear implant rehabilitasyon s¿re­lerine, tinnitus yºnetiminden iĸitme 

kaybēnēn erken teĸhisine kadar geniĸ bir klinik yelpazede yenilik­i ­ºz¿mler sunduĵu 

görülmektedir (AlSamhori ve ark., 2024; Bahng, 2025; Torun, 2024). Güncel literatürde 
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ChatGPT ve benzeri sistemlerin, uluslararasē odyolog yeterlilik sēnavlarēnda (Qi ve ark., 2025), 

saf ses odyogramlarēnēn tanēsal yorumlanmasēnda (Kara­aylē ve ark., 2025), pediatrik odyoloji 

vakalarēnda (Ratuszniak ve ark., 2025) ve koklear implant ameliyatē sonrasē hasta bilgilendirme 

s¿re­lerindeki (Aliyeva ve ark., 2024; Ķ­ºz ve Kocabay, 2025) performansēnē deĵerlendiren 

­alēĸmalar giderek artmaktadēr. 

Bununla birlikte, ChatGPT gibi yapay zek© sistemlerinin klinik ortamda karar destek aracē 

olarak kullanēlabilmesi, ¿rettikleri bilgilerin doĵruluĵuna, kēsa ve uzun dºnemli 

tekrarlanabilirliĵine (retest reliability) ve klinik kēlavuzlarla olan uyumuna doĵrudan baĵlēdēr 

(Ķ­ºz ve Kocabay, 2025; Jedrzejczak ve ark., 2024; Lin ve ark., 2025). Yapay zeka modellerinin 

zaman zaman "hal¿sinasyon" olarak adlandērēlan bilimsel a­ēdan hatalē veya uydurma 

referanslar ¿retme eĵilimi, tēp ve odyoloji gibi kritik alanlarda yanlēĸ bilgilendirme riskini de 

beraberinde getirmektedir (Jedrzejczak ve ark., 2026; Kochanek ve ark., 2024). 

Pourhoseingholi ve ark. (2025) farklē yapay zek© sohbet botlarēnēn, iĸitme kaybēna iliĸkin 

sunduĵu bilgilerin doĵruluk ve g¿venilirlik d¿zeylerinin deĵiĸkenlik gºsterebildiĵi bildirmiĸtir. 

Bu nedenle, yapay zeka sistemlerinin klinik karar verme s¿re­lerinde kullanēlmadan ºnce farklē 

klinik tablolar ¿zerindeki performanslarēnēn deĵerlendirilmesi gerekmektedir (Caragli ve ark., 

2026; Gaeta, 2025; Pastucha ve ark., 2025). 

Mevcut literatürde yapay zekanēn odyolojik test yorumlama, hasta bilgilendirme ve genel KBB 

konularēndaki performansē ­eĸitli ­alēĸmalarla deĵerlendirilmiĸ olsa da APD ve SPD gibi klinik 

olarak benzer özellikler gºsterebilen iki bozukluĵu ayērt etme yeterliliĵi hen¿z incelenmemiĸtir. 

¥zellikle bu iki bozukluĵa ait ortak ve ayērt edici semptomlarēn deĵerlendirilmesi ile klinik 

vaka senaryolarēnēn yorumlanmasēnda ChatGPT'nin performansēna iliĸkin bilgi sēnērlēdēr.  Bu 

doĵrultuda bu ­alēĸmada ChatGPT'nin iĸitsel iĸlemleme bozukluĵu (APD) ile duyusal 

iĸlemleme bozukluĵu (SPD) kavramlarēnē tanēmlama, karĸēlaĸtērma ve ayērt etme konusundaki 

doĵruluk, tutarlēlēk ve kavramsal ayrēm yapabilme yeterliliĵinin deĵerlendirilmesi 

ama­lanmēĸtēr.  

2. YÖNTEM 

2.1. ¢alēĸma Tasarēmē ve Etik Beyan 

Bu ­alēĸma, ChatGPT'nin iĸitsel iĸlemleme bozukluĵu (APD) ile duyusal iĸlemleme bozukluĵu 

(SPD) kavramlarēnē ayērt etme yeterliliĵini deĵerlendirmeye yºnelik tanēmlayēcē ve gºzlemsel 

bir araĸtērma olarak ger­ekleĸtirilmiĸtir. ¢alēĸmada ChatGPT'nin APD ve SPD ile ilgili tanēm, 

karĸēlaĸtērma ve klinik vaka sorularēna verdiĵi yanētlar incelenmiĸ; yanētlarēn doĵruluk d¿zeyi, 

kavramsal ayrēm yapabilme yeterliliĵi deĵerlendirilmiĸtir. ¢alēĸma kapsamēnda herhangi bir 

kiĸisel veri kullanēlmamēĸtēr ve t¿m araĸtērma s¿reci bilimsel araĸtērma ve yayēn etiĵi ilkelerine 

uygun olarak y¿r¿t¿lm¿ĸt¿r. Bu nedenle ­alēĸma i­in etik kurul onayē gerekmemektedir. 

2.2. Soru Setinin Oluĸturulmasē 

Araĸtērmada kullanēlan soru seti, APD ve SPDôye iliĸkin literat¿rde yer alan tanēm, klinik 

ºzellikler ve ayērt edici kriterler temel alēnarak araĸtērmacēlar tarafēndan geliĸtirilmiĸtir. Sorular 
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hazērlanērken APD ve SPD'nin ortak ve ayērt edici ºzelliklerini kapsayacak, tanēsal ayrēmē 

ortaya koyabilecek ve klinik muhakemeyi deĵerlendirebilecek i­eriklere yer verilmesine dikkat 

edilmiĸtir. 

Soru seti ¿­ bºl¿mden ve toplam 17 sorudan oluĸmaktadēr. 7 tanēm sorusu, 7 karĸēlaĸtērma 

sorusu ve 3 klinik vaka deĵerlendirme sorusu ĸeklinde yapēlandērēlmēĸtēr. Tanēm sorularē, 

ChatGPTônin APD ve SPD ile iliĸkili temel kavramlarē doĵru tanēmlama ve uygun bozuklukla 

eĸleĸtirme becerisini deĵerlendirmek amacēyla hazērlanmēĸtēr. Karĸēlaĸtērma sorularē, 

ChatGPTônin iki bozukluk arasēndaki benzerlik ve farklēlēklarē a­ēklayabilme, ayērt edici 

ºzellikleri kullanabilme ve kavramsal ayrēm yapabilme yeterliliĵini deĵerlendirmek amacēyla 

oluĸturulmuĸtur. Klinik vaka deĵerlendirme sorularē ise APD, SPD ve her iki bozukluĵun ortak 

özelliklerini içeren senaryolar ¿zerinden ChatGPTônin klinik muhakeme ve ayērēcē tanē 

yaklaĸēmēnē deĵerlendirmek amacēyla hazērlanmēĸtēr. 

Araĸtērmada kullanēlan soru seti aĸaĵēdaki sorulardan oluĸmaktadēr: 

Tanēm Sorularē 

1. Ķĸitmesi normal olan bireyde g¿r¿lt¿de konuĸmayē anlamama hangi bozuklukla 

iliĸkilidir? 

2. Seslere aĸērē hassasiyet hangi bozukluĵu d¿ĸ¿nd¿r¿r? 

3. Ķĸitsel bilginin merkezi d¿zeyde iĸlenmesindeki g¿­l¿k hangi bozuklukla iliĸkilidir? 

4. ¢oklu duyusal uyaranlara aĸērē tepki hangi bozuklukta gºr¿l¿r? 

5. Duyusal uyaranlara karĸē reg¿lasyon bozukluĵu hangi durumu d¿ĸ¿nd¿r¿r? 

6. Ķĸitsel ayērt etmede g¿­l¿k hangi bozuklukla iliĸkilidir? 

7. Duyusal aĸērē y¿klenme (sensory overload) hangi bozuklukla daha uyumludur? 

Karĸēlaĸtērma Sorularē 

8. APD ile SPD arasēndaki temel fark nedir? 

9. APD'de problem daha çok hangi düzeydedir (periferik/merkezi/duyusal)? SPD ile 

karĸēlaĸtērēnēz. 

10. SPD hangi duyusal sistemleri kapsar? APD ile farkēnē a­ēklayēnēz. 

11. Ķĸitsel odaklē bir sorun ile genel duyusal d¿zenleme sorunu arasēndaki fark nedir? 

12. Sadece iĸitsel zorluk bulunmasē SPD tanēsēnē dēĸlar mē? 

13.G¿r¿lt¿de konuĸmayē anlamama hem APD hem de SPD'de gºr¿lebilir mi? 

14. APD ve SPD'de dikkat sorunlarē nasēl farklē a­ēklanēr? 

Klinik Vaka Deĵerlendirme Sorularē 

15. Vaka 1: 8 yaĸēndaki bir ­ocuĵun ailesi, ­ocuĵun ºzellikle kalabalēk sēnēf ortamlarēnda 

ºĵretmeninin sºylediklerini ka­ērdēĵēnē, uzun c¿mleleri tekrar etmekte zorlandēĵēnē ve 

g¿r¿lt¿l¿ ortamlarda konuĸmalarē anlamakta g¿­l¿k yaĸadēĵēnē bildirmektedir. Ancak ev 

ortamēnda konuĸmalarē genellikle anladēĵē belirtilmiĸtir. Ayrēca seslerin geldiĵi yºn¿ 

belirlemede zorlandēĵē ve bazen aynē kelimeyi farklē zamanlarda farklē ĸekilde anladēĵē ifade 



ASERC 4th INTERNATIONAL CONGRESS ON HEALTH, ENGINEERING, ARCHITECTURE and MATHEMATICS 

July 23 ï 29, 2026 - ST. PETERSBURG 

ISBN NR. : 978-625-8795-33-2 

 

17 
 

edilmektedir. Sessiz ortamda daha iyi performans gºsterdiĵi ancak dikkatini s¿rd¿remediĵi 

gözlenmektedir. Bu belirtiler gºz ºn¿ne alēndēĵēnda olasē tanē nedir? 

Vaka 2: 7 yaĸēndaki bir ­ocuĵun ailesi, ­ocuĵun g¿nl¿k yaĸamda seslere karĸē aĸērē hassasiyet 

gºsterdiĵini, elektrik s¿p¿rgesi, kalabalēk ortamlar ve y¿ksek sesli ­evrelerde yoĵun 

huzursuzluk yaĸadēĵēnē belirtmektedir. ¢ocuk bazē sesleri diĵer bireylerin fark etmediĵi 

ĸekilde fark ettiĵini ifade etmekte ve bu durum karĸēsēnda rahatsēzlēk gºstermektedir. Yoĵun 

­evresel uyaranlarēn olduĵu sēnēf gibi ortamlarda s¿rekli hareket etmekte ve ortamdan kaçmak 

istemektedir. Bu belirtiler gºz ºn¿ne alēndēĵēnda olasē tanē ne olabilir?  

16. Vaka 3: 9 yaĸēndaki bir ­ocuĵun ailesi, ­ocuĵun hem konuĸmalarē anlamada zorlandēĵēnē 

hem de g¿r¿lt¿l¿ ortamlarda aĸērē rahatsēzlēk yaĸadēĵēnē bildirmektedir. ¢ocuk zaman zaman 

sessiz ortamlarda bile bazē sesleri yanlēĸ algēladēĵēnē ifade etmekte, kalabalēk ortamlarda ise 

­abuk yorulmakta ve dikkatini s¿rd¿rmekte zorlanmaktadēr. Ayrēca grup aktivitelerinde 

kendisine seslenildiĵinde duymuyormuĸ veya ilgisizmiĸ gibi gºr¿nmekte ve sosyal grup 

etkinliklerinden ka­ēnma eĵilimi gºstermektedir. Bu belirtiler gºz ºn¿ne alēndēĵēnda olasē 

tanē ne olabilir? 

2.3. Veri Toplama Süreci 

Araĸtērma kapsamēnda oluĸturulan soru seti aynē sohbet oturumunda ardēĸēk olarak ChatGPT'ye 

yºneltilmiĸtir. Tanēm, karĸēlaĸtērma ve klinik vaka kategorilerinde yer alan sorulara verilen 

yanētlar kayēt altēna alēnmēĸ ve deĵerlendirme s¿recinde kullanēlmak ¿zere belgelenmiĸtir. Aynē 

soru seti ayrēca alanēnda deneyimli iki baĵēmsēz odyoloĵa yºneltilmiĸ ve verdikleri yanētlar 

referans yanēt olarak kayēt altēna alēnmēĸtēr. 

2.4. Deĵerlendirme S¿reci ve Puanlama 

ChatGPT ve iki odyolog aynē soru setini baĵēmsēz olarak yanētlamēĸtēr. Odyologlarēn yanētlarē 

referans yanēt olarak kabul edilmiĸtir. Ķlk aĸamada ChatGPT'nin yanētlarē, referans yanētlarla 

karĸēlaĸtērēlarak araĸtērmacē tarafēndan 0ï2 puanlama sistemi doĵrultusunda deĵerlendirilmiĸtir. 

Deĵerlendirmede aĸaĵēdaki ºl­¿tler dikkate alēnmēĸtēr: 

¶ Doĵru kavrama eĸleĸtirme: ChatGPT'nin verilen belirti, durum veya vaka senaryosunu 

uygun bozukluk (APD veya SPD) ile iliĸkilendirebilme baĸarēsē. 

¶ Ayērt edici ºzellik kullanēmē: ChatGPT'nin APD ve SPD'yi birbirinden ayēran klinik 

ºzellikleri doĵru tanēmlayabilme ve a­ēklamalarēnda kullanabilme d¿zeyi. 

¶ A­ēklama derinliĵi: Yanētēn yalnēzca doĵru kavramē belirtmekle sēnērlē kalmayēp klinik 

a­ēdan yeterli gerek­e ve a­ēklama i­ermesi. 

¶ Klinik vaka yorumlama: Vaka senaryolarēnda sunulan bilgileri b¿t¿nc¿l olarak 

deĵerlendirerek uygun tanē veya ayērēcē tanē yaklaĸēmē geliĸtirebilme düzeyi. 

Yanētlarēn doĵruluk d¿zeyi ¿­l¿ puanlama sistemi kullanēlarak deĵerlendirilmiĸtir. 
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0 puan (Yanlēĸ): Yanētēn bilimsel olarak hatalē olmasē, APD ve SPD kavramlarēnēn yanlēĸ 

tanēmlanmasē veya belirgin bi­imde karēĸtērēlmasē. 

1 puan (Kēsmen Doĵru): Yanētēn genel olarak doĵru kavrama iĸaret etmesi ancak a­ēklamanēn 

eksik olmasē, ayērt edici ºzelliklerin yeterince vurgulanmamasē veya kavramlar arasēnda kēsmi 

karēĸēklēk bulunmasē. 

2 puan (Doĵru): Yanētēn doĵru kavramē i­ermesi, yeterli a­ēklama sunmasē ve APD ile SPD 

arasēnda a­ēk ve doĵru bir ayrēm yapmasē. 

Ķkinci aĸamada ise ChatGPT tarafēndan oluĸturulan yanētlar, iki baĵēmsēz odyoloĵa bilimsel 

doĵruluk a­ēsēndan deĵerlendirmeleri amacēyla sunulmuĸtur. Odyologlar her bir yanētē 0ï2 

puanlama sistemi kullanarak baĵēmsēz olarak puanlamēĸtēr. Elde edilen puanlar, odyologlar 

arasē uyumun ve ChatGPT'nin performansēnēn istatistiksel olarak deĵerlendirilmesinde 

kullanēlmēĸtēr. 

2.5. Ķstatistiksel Analiz 

Araĸtērmacē tarafēndan ger­ekleĸtirilen karĸēlaĸtērmalē deĵerlendirme sonucunda elde edilen 

doĵru, kēsmen doĵru ve yanlēĸ yanētlarēn sayē ve y¿zdeleri hesaplanarak betimsel olarak 

sunulmuĸtur. ChatGPT'nin tanēm, karĸēlaĸtērma ve klinik vaka sorularēndaki performansē 

kategori bazēnda deĵerlendirilmiĸ ve baĸarē oranlarē hesaplanmēĸtēr. 

Odyologlar tarafēndan ChatGPT yanētlarēna verilen puanlar IBM SPSS Statistics 22 programē 

kullanēlarak analiz edilmiĸtir. Verilerin analizinde betimsel istatistikler (ortalama, standart 

sapma, minimum ve maksimum deĵerler) hesaplanmēĸtēr. Ķki baĵēmsēz odyoloĵun puanlama 

uyumunu deĵerlendirmek amacēyla Sēnēf Ķ­i Korelasyon Katsayēsē (Intraclass Correlation 

Coefficient, ICC) analizi uygulanmēĸtēr. ICC analizinde Two-Way Mixed Effects modeli ve 

Absolute Agreement yaklaĸēmē kullanēlmēĸtēr. T¿m istatistiksel analizlerde anlamlēlēk d¿zeyi 

p<0,05 olarak kabul edilmiĸtir. 

3. BULGULAR  

3.1. Araĸtērmacēnēn ChatGPT ve Odyolog Yanētlarēnē Karĸēlaĸtērmalē Deĵerlendirmesi 

ChatGPT'nin iĸitsel iĸlemleme bozukluĵu (APD) ve duyusal iĸlemleme bozukluĵu (SPD) 

kavramlarēnē ayērt etme performansē, tanēm, karĸēlaĸtērma ve klinik vaka deĵerlendirme 

sorularēndan oluĸan toplam 17 soru ¿zerinden araĸtērmacē tarafēndan deĵerlendirilmiĸtir. 

ChatGPTônin yanētlarē, aynē soru setini baĵēmsēz olarak yanētlayan iki odyoloĵun referans 

yanētlarē ile araĸtērmacē tarafēndan karĸēlaĸtērēlmēĸ ve bu karĸēlaĸtērma doĵrultusunda her bir soru 

için 0ï2 puan verilmiĸtir. Soru bazēnda elde edilen karĸēlaĸtērma sonu­larē ve araĸtērmacē 

puanlarē ¢izelge 1'de sunulmuĸtur. 

Çizelge 1. ChatGPT ve Odyolog Yanētlarē Karĸēlaĸtērēlmasē ile Araĸtērmacē Deĵerlendirmesi 
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Soru 

No 
Sorular ChatGPT Yanētē 

1. Odyolog 

Yanētē 

2. Odyolog 

Yanētē 

Araĸtērmacē 

Puanē 

1 

Ķĸitmesi normal olan bireyde g¿r¿lt¿de 

konuĸmayē anlamama hangi bozuklukla 

iliĸkilidir? 

APD APD APD 2 

2 
Seslere aĸērē hassasiyet hangi bozukluĵu 

d¿ĸ¿nd¿r¿r? 
Hiperakuzi SPD Hiperakuzi 1 

3 

Ķĸitsel bilginin merkezi d¿zeyde 

iĸlenmesindeki g¿­l¿k hangi bozuklukla 

iliĸkilidir? 

APD APD APD 2 

4 
Çoklu duyusal uyaranlara aĸērē tepki hangi 

bozuklukta görülür? 
SPD SPD SPD 2 

5 
Duyusal uyaranlara karĸē reg¿lasyon 

bozukluĵu hangi durumu d¿ĸ¿nd¿r¿r? 
SPD SPD SPD 2 

6 
Ķĸitsel ayērt etmede g¿­l¿k hangi 

bozuklukla iliĸkilidir? 
APD APD APD 2 

7 
Duyusal aĸērē yüklenme (sensory overload) 

hangi bozuklukla daha uyumludur? 
SPD SPD SPD 2 

8 APD ile SPD arasēndaki temel fark nedir? 
APD-SPD ayrēmēnē 

doĵru a­ēklamēĸtēr 
Benzer Benzer 2 

9 

APDôde problem daha ­ok hangi 

düzeydedir (periferik / merkezi / duyusal)? 

SPD ile karĸēlaĸtērēnēz. 

APD merkezi, SPD 

çoklu duyusal 

iĸlemleme 

Benzer 
Kēsmen 

benzer 
2 

10 
SPD hangi duyusal sistemleri kapsar? APD 

ile farkēnē a­ēklayēnēz. 

SPD'nin çoklu 

duyusal sistemleri 

kapsadēĵēnē 

a­ēklamēĸtēr 

Benzer Benzer 2 

11 
Ķĸitsel odaklē bir sorun ile genel duyusal 

d¿zenleme sorunu arasēndaki fark nedir? 

Ķĸitsel odaklē sorun 

ile genel duyusal 

düzenleme sorununu 

ayērt etmiĸtir 

Benzer 
Yanēt 

vermedi 
1 

12 
Sadece iĸitsel zorluk bulunmasē SPD 

tanēsēnē dēĸlar mē? 

SPD tanēsēnē 

dēĸlamayacaĵēnē 

belirtmiĸtir 

Benzer Benzer 2 

13 
G¿r¿lt¿de konuĸmayē anlamama hem APD 

hem de SPDôde gºr¿lebilir mi? 

Her iki bozuklukta 

da gºr¿lebileceĵini 

belirtmiĸtir 

Benzer Benzer 2 

14 
APD ve SPDôde dikkat sorunlarē nasēl farklē 

a­ēklanēr? 

Dikkat sorunlarēnēn 

nedenlerini ayērt 

etmiĸtir 

Benzer Benzer 2 

15 

Vaka 1 ï 8 yaĸēndaki bir ­ocuĵun ailesi, 

­ocuĵun ºzellikle kalabalēk sēnēf 

ortamlarēnda ºĵretmeninin sºylediklerini 

ka­ērdēĵēnē, uzun c¿mleleri tekrar etmekte 

zorlandēĵēnē ve g¿r¿lt¿l¿ ortamlarda 

konuĸmalarē anlamakta g¿­l¿k yaĸadēĵēnē 

bildirmektedir. Ancak ev ortamēnda 

APD APD APD 2 
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¢izelge 1 incelendiĵinde, araĸtērmacē deĵerlendirmesine gºre ChatGPT'nin 17 sorunun 14'¿nde 

tam uyum (2 puan), 3 soruda ise kēsmi uyum (1 puan) gºsterdiĵi belirlenmiĸtir. Kēsmi uyum 

gºsteren sorular, bir tanēm sorusu (Soru 2), bir karĸēlaĸtērma sorusu (Soru 11) ve bir klinik vaka 

sorusundan (Soru 16) oluĸmaktadēr. Araĸtērmacē deĵerlendirmesi sonucunda elde edilen toplam 

puan ve kategori bazēndaki baĸarē oranlarē ¢izelge 2'de sunulmuĸtur. 

¢izelge 2. Kategori Bazēnda Performans 

konuĸmalarē genellikle anladēĵē 

belirtilmiĸtir. Ayrēca seslerin geldiĵi yºn¿ 

belirlemede zorlandēĵē ve bazen aynē 

kelimeyi farklē zamanlarda farklē ĸekilde 

anladēĵē ifade edilmektedir. Sessiz ortamda 

daha iyi performans gºsterdiĵi ancak 

dikkatini s¿rd¿remediĵi gºzlenmektedir. 

Bu belirtiler gºz ºn¿ne alēndēĵēnda olasē 

tanē nedir? 

16 

Vaka 2 ï   7 yaĸēndaki bir ­ocuĵun ailesi, 

­ocuĵun g¿nl¿k yaĸamda seslere karĸē aĸērē 

hassasiyet gºsterdiĵini, elektrik s¿p¿rgesi, 

kalabalēk ortamlar ve y¿ksek sesli 

­evrelerde yoĵun huzursuzluk yaĸadēĵēnē 

belirtmektedir. ¢ocuk bazē sesleri diĵer 

bireylerin fark etmediĵi ĸekilde fark ettiĵini 

ifade etmekte ve bu durum karĸēsēnda 

rahatsēzlēk gºstermektedir. Yoĵun ­evresel 

uyaranlarēn olduĵu sēnēf gibi ortamlarda 

sürekli hareket ediyor ve ortamdan kaçmak 

istiyor. 

Bu belirtiler gºz ºn¿ne alēndēĵēnda olasē 

tanē ne olabilir? 

SPD APD+SPD APD 1 

17 

Vaka 3 ï 9 yaĸēndaki bir ­ocuĵun ailesi, 

­ocuĵun hem konuĸmalarē anlamada 

zorlandēĵēnē hem de g¿r¿lt¿l¿ ortamlarda 

aĸērē rahatsēzlēk yaĸadēĵēnē bildirmektedir. 

Çocuk zaman zaman sessiz ortamlarda bile 

bazē sesleri yanlēĸ algēladēĵēnē ifade 

etmekte, kalabalēk ortamlarda ise çabuk 

yorulmakta ve dikkatini sürdürmekte 

zorlanmaktadēr. Ayrēca grup aktivitelerinde 

kendisine seslenildiĵinde duymuyormuĸ 

veya ilgisizmiĸ gibi gºr¿nmekte ve sosyal 

grup etkinliklerinden ka­ēnma eĵilimi 

göstermektedir.  

Bu belirtiler göz önüne alēndēĵēnda olasē 

tanē ne olabilir? 

APD+SPD APD+SPD SPD 1 
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¢izelge 2 incelendiĵinde, ChatGPT'nin araĸtērmacē deĵerlendirmesi sonucunda toplam 34 puan 

¿zerinden 30 puan aldēĵē ve genel baĸarē oranēnēn %88,2 olduĵu gºr¿lmektedir. Kategori 

bazēnda deĵerlendirildiĵinde, tanēm ve karĸēlaĸtērma sorularēnda 14 puan ¿zerinden 13 puan 

elde edilmiĸ ve baĸarē oranē %92,9 olarak hesaplanmēĸtēr. Klinik vaka deĵerlendirme 

sorularēnda ise 6 puan ¿zerinden 4 puan elde edilmiĸ ve baĸarē oranē %66,7 olarak bulunmuĸtur. 

Buna gºre en y¿ksek baĸarē oranē tanēm ve karĸēlaĸtērma sorularēnda (%92,9), en d¿ĸ¿k baĸarē 

oranē ise klinik vaka sorularēnda (%66,7) elde edilmiĸtir. 

3.2. ChatGPT Yanētlarēnēn Odyologlar Tarafēndan Deĵerlendirilmesi 

Araĸtērmacē deĵerlendirmesinin ardēndan her iki odyolog, ChatGPT yanētlarēnē birbirinden 

baĵēmsēz olarak puanlanmēĸtēr. Odyologlarēn soru bazēnda verdikleri puanlar ¢izelge 3'te 

sunulmuĸtur. 

¢izelge 3. Odyologlarēn ChatGPT yanētlarēna verdiĵi puanlar. 

Soru Kategorisi 
Soru 

Numaralarē 
Soru Sayēsē 

Maksimum 

Puan 

Elde Edilen 

Puan 

Baĸarē 

Yüzdesi (%) 

Tanēm Sorularē 1ï7 7 14 13 %92,9 

Karĸēlaĸtērma 

Sorularē 
8ï14 7 14 13 %92,9 

Klinik Vaka 

Sorularē 
15ï17 3 6 4 %66,7 

Toplam 1ï17 17 34 30 %88,2 

Soru 

No 
Sorular ChatGPT Yanētē 

1.Odyolog 

Puanlamasē 

2.Odyolog 

Puanlamasē 

1 
Ķĸitmesi normal olan bireyde g¿r¿lt¿de konuĸmayē 

anlamama hangi bozuklukla iliĸkilidir? 
APD 

2 

 
2 

2 Seslere aĸērē hassasiyet hangi bozukluĵu d¿ĸ¿nd¿r¿r? Hiperakuzi 1 2 

3 
Ķĸitsel bilginin merkezi d¿zeyde iĸlenmesindeki 

g¿­l¿k hangi bozuklukla iliĸkilidir? 
APD 2 2 

4 
¢oklu duyusal uyaranlara aĸērē tepki hangi 

bozuklukta görülür? 
SPD 2 2 

5 
Duyusal uyaranlara karĸē reg¿lasyon bozukluĵu 

hangi durumu d¿ĸ¿nd¿r¿r? 
SPD 2 2 

6 
Ķĸitsel ayērt etmede g¿­l¿k hangi bozuklukla 

iliĸkilidir? 
APD 2 2 

7 
Duyusal aĸērē y¿klenme (sensory overload) hangi 

bozuklukla daha uyumludur? 
SPD 2 2 

8 APD ile SPD arasēndaki temel fark nedir? 
APD-SPD ayrēmēnē 

doĵru a­ēklamēĸtēr 
2 1 

9 

APDôde problem daha çok hangi düzeydedir 

(periferik / merkezi / duyusal)? SPD ile 

karĸēlaĸtērēnēz. 

APD merkezi, SPD 

çoklu duyusal 

iĸlemleme 

2 1 
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10 
SPD hangi duyusal sistemleri kapsar? APD ile 

farkēnē a­ēklayēnēz. 

SPD'nin çoklu duyusal 

sistemleri kapsadēĵēnē 

a­ēklamēĸtēr 

2 2 

11 
Ķĸitsel odaklē bir sorun ile genel duyusal d¿zenleme 

sorunu arasēndaki fark nedir? 

Ķĸitsel odaklē sorun ile 

genel duyusal 

düzenleme sorununu 

ayērt etmiĸtir 

1 1 

12 
Sadece iĸitsel zorluk bulunmasē SPD tanēsēnē dēĸlar 

mē? 

SPD tanēsēnē 

dēĸlamayacaĵēnē 

belirtmiĸtir 

2 2 

13 
G¿r¿lt¿de konuĸmayē anlamama hem APD hem de 

SPDôde gºr¿lebilir mi? 

Her iki bozuklukta da 

gºr¿lebileceĵini 

belirtmiĸtir 

2 2 

14 
APD ve SPDôde dikkat sorunlarē nasēl farklē 

a­ēklanēr? 

Dikkat sorunlarēnēn 

nedenlerini ayērt 

etmiĸtir 

2 2 

15 

Vaka 1 ï 8 yaĸēndaki bir ­ocuĵun ailesi, ­ocuĵun 

ºzellikle kalabalēk sēnēf ortamlarēnda ºĵretmeninin 

sºylediklerini ka­ērdēĵēnē, uzun c¿mleleri tekrar 

etmekte zorlandēĵēnē ve g¿r¿lt¿l¿ ortamlarda 

konuĸmalarē anlamakta g¿­l¿k yaĸadēĵēnē 

bildirmektedir. Ancak ev ortamēnda konuĸmalarē 

genellikle anladēĵē belirtilmiĸtir. Ayrēca seslerin 

geldiĵi yºn¿ belirlemede zorlandēĵē ve bazen aynē 

kelimeyi farklē zamanlarda farklē ĸekilde anladēĵē 

ifade edilmektedir. Sessiz ortamda daha iyi 

performans gºsterdiĵi ancak dikkatini s¿rd¿remediĵi 

gözlenmektedir.  

Bu belirtiler gºz ºn¿ne alēndēĵēnda olasē tanē nedir? 

APD 2 2 

16 

Vaka 2 ï   7 yaĸēndaki bir ­ocuĵun ailesi, ­ocuĵun 

g¿nl¿k yaĸamda seslere karĸē aĸērē hassasiyet 

gºsterdiĵini, elektrik s¿p¿rgesi, kalabalēk ortamlar ve 

y¿ksek sesli ­evrelerde yoĵun huzursuzluk 

yaĸadēĵēnē belirtmektedir. ¢ocuk bazē sesleri diĵer 

bireylerin fark etmediĵi ĸekilde fark ettiĵini ifade 

etmekte ve bu durum karĸēsēnda rahatsēzlēk 

gºstermektedir. Yoĵun ­evresel uyaranlarēn olduĵu 

sēnēf gibi ortamlarda s¿rekli hareket ediyor ve 

ortamdan kaçmak istiyor. 

Bu belirtiler gºz ºn¿ne alēndēĵēnda olasē tanē ne 

olabilir? 

SPD 1 2 

17 

Vaka 3 -ï 9 yaĸēndaki bir ­ocuĵun ailesi, ­ocuĵun 

hem konuĸmalarē anlamada zorlandēĵēnē hem de 

g¿r¿lt¿l¿ ortamlarda aĸērē rahatsēzlēk yaĸadēĵēnē 

bildirmektedir. Çocuk zaman zaman sessiz 

ortamlarda bile bazē sesleri yanlēĸ algēladēĵēnē ifade 

etmekte, kalabalēk ortamlarda ise çabuk yorulmakta 

ve dikkatini s¿rd¿rmekte zorlanmaktadēr. Ayrēca 

APD+SPD 2 2 
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¢izelge 3 incelendiĵinde, birinci odyoloĵun ChatGPT yanētlarēnēn 14'¿ne 2 puan, 3'¿ne ise 1 

puan verdiĵi; ikinci odyoloĵun ise 13 yanēta 2 puan, 4 yanēta 1 puan verdiĵi gºr¿lmektedir. Ķki 

odyolog tarafēndan 13 soruda aynē puan verilmiĸ, dºrt soruda ise puan farklēlēĵē gºzlenmiĸtir. 

¢izelge 4. Odyolog puanlarēna iliĸkin betimsel istatistikler 

 

 

 Sayē Minimum  Maximum Ortalama Standart sapma 

ODY1 17 1 2 1,82 ,393 

ODY2 17 1 2 1,82 ,393 

Sayē 17     

 

 

¢izelge 4 incelendiĵinde, her iki odyoloĵun ChatGPT yanētlarēna verdiĵi ortalama puan 

1,82Ñ0,39 olarak hesaplanmēĸtēr. Her iki odyoloĵun puanlarē 1 ile 2 arasēnda deĵiĸmektedir. 

 

¢izelge 5. Deĵerlendiriciler arasē uyum (ICC) analizi sonu­larē 

 

ICC 95% GA Alt  95% GA Üst p 

0,190 -0,305 0,605 0,225 

 

Ķki yºnl¿ karma etki modeli ve tutarlēlēk (Consistency) yaklaĸēmē kullanēlarak yapēlan ICC 

analizi sonucunda, tekil ºl­¿mler i­in ICC deĵeri 0,190 (95% GA:-0,305ï0,605) olarak 

hesaplanmēĸtēr. Bu sonu­, iki odyoloĵun ChatGPT yanētlarēna verdikleri puanlar arasēnda d¿ĸ¿k 

d¿zeyde uyum olduĵunu gºstermektedir. 

 

4. TARTIķMA 

Bu ­alēĸmada ChatGPT'nin iĸitsel iĸlemleme bozukluĵu (APD) ve duyusal iĸlemleme 

bozukluĵu (SPD) kavramlarēnē ayērt etme yeterliliĵi deĵerlendirilmiĸtir. Araĸtērmacē 

deĵerlendirmesi sonucunda ChatGPT'nin yanētlarēnēn b¿y¿k bºl¿m¿n¿n odyologlarēn referans 

yanētlarēyla uyumlu olduĵu, yalnēzca ¿­ soruda kēsmi uyum gºsterdiĵi belirlenmiĸtir. 

ChatGPT'nin ºzellikle tanēm ve karĸēlaĸtērma sorularēnda y¿ksek performans sergilediĵi, klinik 

vaka sorularēnda ise gºrece daha d¿ĸ¿k performans gºsterdiĵi gºr¿lm¿ĸt¿r. Genel baĸarē 

oranēnēn %88,2 olarak bulunmasē, ChatGPT'nin APD ve SPD'ye iliĸkin temel kavramsal 

bilgileri b¿y¿k ºl­¿de doĵru kullanabildiĵini gºstermektedir. Bu bulgu, ChatGPT'nin odyoloji 

alanēndaki performansēnē deĵerlendiren ºnceki ­alēĸmalarla uyumludur. Qi ve ark. (2025), 

grup aktivitelerinde kendisine seslenildiĵinde 

duymuyormuĸ veya ilgisizmiĸ gibi gºr¿nmekte ve 

sosyal grup etkinliklerinden ka­ēnma eĵilimi 

göstermektedir.  

Bu belirtiler göz önüne alēndēĵēnda olasē tanē ne 

olabilir? 
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ChatGPT'nin standartlaĸtērēlmēĸ odyolog yeterlilik sēnavēnda baĸarēlē performans gºsterdiĵini 

bildirirken, Kara­aylē ve ark. (2025) odyogram yorumlamada, Ratuszniak ve ark. (2025) ise 

pediatrik odyoloji alanēnda benzer ĸekilde y¿ksek doĵruluk d¿zeyleri rapor etmiĸtir. 

Bu ­alēĸmada araĸtērmacē deĵerlendirmesine ek olarak ChatGPT yanētlarē iki baĵēmsēz odyolog 

tarafēndan da puanlanmēĸtēr. ICC analizi sonucunda iki odyoloĵun puanlarē arasēnda d¿ĸ¿k 

d¿zeyde uyum saptanmēĸtēr. Bununla birlikte, iki odyoloĵun puanlarēnēn b¿y¿k ºl­¿de benzer 

olduĵu gºr¿lmektedir. Nitekim iki odyolog toplam 17 sorunun 13'¿nde aynē puanē vermiĸtir. 

Puan farklēlēklarēnēn yalnēzca dºrt soruda gºr¿lmesi, ºrneklem b¿y¿kl¿ĵ¿n¿n sēnērlē olmasē ve 

puanlama ºl­eĵinin dar olmasē ICC katsayēsēnēn d¿ĸ¿k hesaplanmasēna sebep olabilir. Bu 

bulgu, ChatGPT yanētlarēnēn genel olarak benzer bi­imde deĵerlendirildiĵini, ancak APD ve 

SPD gibi klinik olarak ayērēcē tanēsē g¿­ durumlarda uzmanlar arasēnda yorum farklēlēklarēnēn 

ortaya ­ēkabileceĵini gºstermektedir. 

Tanēm sorularēnda elde edilen %92,9'luk baĸarē oranē, ChatGPT'nin APD ve SPD ile iliĸkili 

temel belirtileri ve kavramlarē doĵru bozukluklarla eĸleĸtirebildiĵini gºstermektedir. Bununla 

birlikte, tanēm sorularēndan biri olan "Seslere aĸērē hassasiyet hangi bozukluĵu d¿ĸ¿nd¿r¿r?" 

sorusunda ChatGPT, beklenen APD-SPD ayrēmē yerine hiperakuzi yanētēnē vermiĸtir. Benzer 

ĸekilde iki odyologdan biri de aynē yanētē vermiĸtir. Bu durum, seslere aĸērē hassasiyet 

belirtisinin yalnēzca SPD ile iliĸkilendirilmeyip klinik uygulamada hiperakuzi gibi daha spesifik 

iĸitsel durumlar a­ēsēndan da deĵerlendirilebildiĵini gºstermektedir. Bulgular, ChatGPT'nin 

bazē sorularda daha geniĸ bir klinik perspektif kullanarak alternatif a­ēklamalar ¿retebildiĵini 

d¿ĸ¿nd¿rmektedir. Mapholi ve ark. (2024), duyusal iĸlemleme bozukluĵu, iĸitsel iĸlemleme 

bozukluĵu ve azalmēĸ ses toleransē arasēndaki iliĸkinin karmaĸēk bir yapēya sahip olduĵunu 

bildirmiĸtir. Bu nedenle sºz konusu soruda ortaya ­ēkan gºr¿ĸ farklēlēĵē, yalnēzca yanlēĸ bir 

eĸleĸtirme olarak deĵil, farklē klinik yorumlarēn bir yansēmasē olarak da deĵerlendirilebilir.  

Karĸēlaĸtērma sorularēnda ChatGPT'nin APD ve SPD arasēndaki temel farklēlēklarē baĸarēlē 

ĸekilde a­ēklayabildiĵi gºr¿lm¿ĸt¿r. ¥zellikle APD'nin iĸitsel bilginin merkezi d¿zeyde 

iĸlenmesiyle, SPD'nin ise ­oklu duyusal sistemlerden gelen bilgilerin d¿zenlenmesiyle iliĸkili 

olduĵunu doĵru bi­imde vurgulamēĸtēr. Bu bulgu, ChatGPT'nin yalnēzca tanē etiketlerini 

eĸleĸtirmekle kalmayēp iki bozukluk arasēndaki kavramsal ayrēmē da b¿y¿k ºl­¿de 

koruyabildiĵini gºstermektedir. 

¢alēĸmada en d¿ĸ¿k baĸarē oranē klinik vaka deĵerlendirme sorularēnda elde edilmiĸtir (%66,7). 

Klinik vakalar, tanēm ve karĸēlaĸtērma sorularēndan farklē olarak belirtilerin b¿t¿nc¿l ĸekilde 

deĵerlendirilmesini ve ayērēcē tanē yapēlmasēnē gerektirmektedir. ¥zellikle ikinci ve ¿­¿nc¿ 

vakalarda ChatGPT ile odyologlar arasēnda gºr¿ĸ farklēlēklarē bulunmuĸtur. Bununla birlikte, 

aynē vakalarda odyologlar arasēnda da tam gºr¿ĸ birliĵi olmadēĵē gºr¿lm¿ĸt¿r. Bu durum, APD 

ve SPD arasēndaki klinik ayrēmēn her zaman net olmadēĵēnē ve bazē olgularda belirtilerin 

birbiriyle ºrt¿ĸebildiĵini gºstermektedir. ¦­¿nc¿ vakada ChatGPT, APD ve SPD birlikteliĵi 

olasēlēĵēnē vurgulamēĸ ve iki odyologdan biri de benzer ĸekilde deĵerlendirme yapmēĸtēr. Bu 

bulgu, ChatGPT'nin karmaĸēk klinik senaryolarda birden fazla olasēlēĵē dikkate alabilme 

eĵiliminde olduĵunu gºstermektedir. Ancak klinik karar verme s¿re­lerinde yalnēzca semptom 
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temelli deĵerlendirmelerin yeterli olmadēĵē, ayrēntēlē odyolojik ve duyusal deĵerlendirmelerin 

gerekli olduĵu unutulmamalēdēr. Bu durum, APD ve SPD belirtilerinin birlikte gºr¿lebileceĵini 

bildiren ºnceki ­alēĸmalarla uyumludur (Buffone ve Schochat, 2022; Kr¿ger ve ark., 2001). Bu 

durum, yapay zek© sistemlerinin temel kavramsal bilgileri doĵru ĸekilde sunabilmesine karĸēn, 

klinik muhakeme gerektiren karmaĸēk senaryolarda dikkatli kullanēlmasēnēn gerektiĵini 

d¿ĸ¿nd¿rmektedir. 

Bu ­alēĸmanēn ºnemli bulgularēndan biri, bazē sorularda odyologlar arasēnda da gºr¿ĸ 

farklēlēklarēnēn bulunmasēdēr. Bu durum, ChatGPT'nin verdiĵi her farklē yanētēn doĵrudan hata 

olarak deĵerlendirilmemesi gerektiĵini gºstermektedir. ¥zellikle APD ve SPD gibi benzer 

semptomlarda farklē odyologlarēn aynē olguyu farklē ĸekillerde yorumlayabilmesi m¿mk¿nd¿r. 

Dolayēsēyla ChatGPT'nin performansē deĵerlendirilirken yalnēzca doĵru-yanlēĸ yaklaĸēmēndan 

ziyade odyolog gºr¿ĸleriyle uyum d¿zeyi de dikkate alēnmalēdēr. 

¢alēĸmanēn bazē sēnērlēlēklarē bulunmaktadēr. Deĵerlendirme yalnēzca iki odyoloĵun gºr¿ĸleri 

ile ger­ekleĸtirilmiĸ olup farklē odyolog gruplarēnēn dahil edilmesi farklē sonu­lar ortaya 

koyabilir. Gelecekte yapēlacak ­alēĸmalarda farklē yapay zek© modellerinin karĸēlaĸtērēlmasē ve 

daha geniĸ vaka ºrneklerinin kullanēlmasē yararlē olabilir. Ayrēca ­alēĸmada kullanēlan soru 

sayēsēnēn sēnērlē olmasē ve puanlamanēn yalnēzca ¿­ basamaklē (0ï2) bir ölçek üzerinden 

yapēlmēĸ olmasē, deĵerlendiriciler arasē uyum analizini etkilemiĸ olabilir. 

5. SONUÇ 

Bu ­alēĸmada ChatGPT'nin iĸitsel iĸlemleme bozukluĵu (APD) ve duyusal iĸlemleme 

bozukluĵu (SPD) kavramlarēnē tanēmlama, karĸēlaĸtērma ve ayērt etme performansē araĸtērmacē 

deĵerlendirmesi ve baĵēmsēz odyolog puanlamalarē doĵrultusunda deĵerlendirilmiĸtir. Elde 

edilen bulgular, ChatGPT'nin APD ve SPD'ye iliĸkin temel kavramsal bilgileri doĵru ve tutarlē 

bi­imde sunabildiĵini ve iki bozukluk arasēndaki temel farklēlēklarē baĸarēlē ĸekilde 

a­ēklayabildiĵini gºstermiĸtir. Bununla birlikte, klinik vaka deĵerlendirmelerinde performansēn 

gºrece daha d¿ĸ¿k olduĵu ve bazē vakalarda odyolog gºr¿ĸleriyle farklēlēklar bulunduĵu 

belirlenmiĸtir. 

Bu sonu­lar, ChatGPT'nin APD ve SPD konularēnda bilgiye eriĸim, eĵitim ve kavramsal destek 

amacēyla yararlē bir ara­ olarak kullanēlabileceĵini; ancak klinik karar verme ve ayērēcē tanē 

s¿re­lerinde uzman deĵerlendirmesinin yerini alamayacaĵēnē gºstermektedir. Gelecekte 

yapēlacak ­alēĸmalarda farklē yapay zek© modellerinin karĸēlaĸtērēlmasē, daha fazla uzman 

gºr¿ĸ¿n¿n deĵerlendirme s¿recine dahil edilmesi ve daha kapsamlē klinik vaka senaryolarēnēn 

kullanēlmasē ºnerilmektedir. Bu t¿r ­alēĸmalar, yapay zek© sistemlerinin odyoloji alanēndaki 

potansiyel kullanēm alanlarēnēn ve sēnērlēlēklarēnēn daha iyi anlaĸēlmasēna katkē saĵlayacaktēr. 
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ÖZET 

Polikistik over sendromu (PKOS), doĵurganlēk dºnemindeki kadēnlarda yaygēn olarak 

karĸēlaĸēlan hormonal ve endokrin bir bozukluktur. Over fonksiyonlarēndaki bozulma ve 

hormonal d¿zenlemedeki deĵiĸiklikler, bu durumun temel ºzelliklerini oluĸturmakta ve ­ok 

­eĸitli ¿reme ve metabolik bozukluklara yol a­maktadēr. Sendrom, tek bir bulgu ile 

tanēmlanmak yerine aĸērē androjen aktivitesi, d¿zensiz veya ger­ekleĸmeyen ov¿lasyon ve 

overlerde karakteristik yapēsal deĵiĸiklikleri i­eren geniĸ bir klinik tabloyu kapsamaktadēr. D 

vitamini, mineral metabolizmasēndaki bilinen rol¿n¿n yanē sēra imm¿n d¿zenleme, sinir sistemi 

fonksiyonlarē, ins¿lin yanētē yoluyla metabolik homeostaz ve normal ¿reme s¿re­lerinin 

s¿rd¿r¿lmesinde rol oynayan ­ok iĸlevli bir endokrin d¿zenleyici olarak gºrev yapmaktadēr. 

PKOS tanēsē alan bireylerde dolaĸēmdaki 25-hidroksivitaminD [25(OH)D] 

konsantrasyonlarēnēn genellikle d¿ĸ¿k olduĵu bildirilmektedir. Bu durumun ins¿lin 

duyarlēlēĵēnda azalma, menstr¿el dºng¿de d¿zensizlik ve artmēĸ androjen ¿retimi ile iliĸkili 

olabileceĵi belirtilmektedir. Klinik ­alēĸmalar, D vitamini takviyesinin PKOSôlu kadēnlarda 

metabolik bozukluklar ve ov¿latuvar fonksiyon ¿zerinde olumlu etkiler saĵlayabileceĵini 

bildirmektedir. Ancak PKOS ile D vitamini d¿zeyleri arasēndaki iliĸkiye yºnelik bulgularēn 

farklēlēk gºstermesi, bu iliĸkinin hen¿z kesinlik kazanmadēĵēnē ortaya koymaktadēr. Bu 

derleme, metabolik bozukluklar, ¿reme saĵlēĵē ve D vitamini takviyesi sonrasēnda bildirilen 

sonu­larē inceleyerek D vitamini ile PKOS arasēndaki iliĸkiyi deĵerlendirmektedir. D 

vitamininin terapötik yararlarēnēn, optimal dozunun ve tedavi s¿resinin daha net bir ĸekilde 

belirlenebilmesi i­in daha geniĸ kapsamlē randomize klinik ­alēĸmalara ve daha uzun takip 

s¿relerine ihtiya­ duyulmaktadēr. 

Anahtar Kelimeler: polikistik over sendromu, D vitamini, insülin direnci 
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ABSTRACT 

Polycystic ovary syndrome (PCOS) is a common hormonal and endocrine disorder affecting 

women of reproductive age. Deterioration in ovarian functions and changes in hormonal 

regulation constitute the fundamental characteristics of this condition and lead to a wide range 

of reproductive and metabolic disorders. The syndrome encompasses a broad clinical picture 

characterized by excessive androgen activity, irregular or absent ovulation, and characteristic 

structural changes in the ovaries, rather than being defined by a single finding. Vitamin D serves 

as a multifunctional endocrine regulator, playing a role in immune regulation, nervous system 

functions, metabolic homeostasis thru insulin response, and the maintenance of normal 

reproductive processes, in addition to its known role in mineral metabolism. Circulating 25-

hydroxyvitamin D [25(OH)D] concentrations are generally reported to be low in individuals 

diagnosed with PCOS. This condition may be associated with reduced insulin sensitivity, 

menstrual irregularities, and increased androgen production. Clinical studies suggest that 

vitamin D supplementation may have beneficial effects on metabolic disturbances and 

ovulatory function in women with PCOS. However, variations in findings regarding the 

relationship between PCOS and vitamin D levels indicate that this association has not yet been 

conclusively established. This review evaluates the relationship between vitamin D and PCOS 

by examining reported outcomes related to metabolic disorders, reproductive health, and 

vitamin D supplementation. To more clearly determine the therapeutic benefits, optimal dosage, 

and treatment duration of vitamin D, more extensive randomized clinical trials and longer 

follow-up periods are needed. 

Keywords: polycystic ovary syndrome, vitamin D, insulin resistance 

1.GĶRĶķ 

Polikistik over sendromu (PKOS), kadēnlarēn ¿reme dºneminde ortaya ­ēkan endokrin 

hastalēklardan biridir. Prevelansē tanē kriterlerine baĵlē olarak deĵiĸebilmekte olup ortalama 

%6-10 ódur. PCOS hiperandrojenizm, ovulasyon bozukluĵu ve polikistik over morfolojisi ile 

karaketerizedir. Hastalēk ¿reme fonksiyonlarē ile birlikte metabolik saĵlēĵē da etkileyerek 

obezite, ins¿lin direnci, tip 2 diyabet geliĸimini artērabilmektedir (Mohan ve ark 2023).  

D vitamini iskelet sistemi ile birlikte baĵēĸēklēk, sinir, kardiyovask¿ler sistemde etkili olup insan 

saĵlēĵē a­ēsēndan ºnemli vitamindir.  D vitamininin bir­ok doku ve organda bulunmasē ile D 

vitamini reseptºrlerinin over, endometrium ve ¿reme organlarēnda bulunmasē kadēn ¿reme 

saĵlēĵē a­ēsēndan ºnemli fizyolojik iĸlevlere sahip olduĵunu göstermektedir (Zmijewski 2019, 

Gorelova ve ark 2020). PCOSôlu kadēnlarda D vitamini eksikliĵinin saĵlēklē bireylere gºre daha 

yaygēn olduĵu bildirilmiĸ olup d¿ĸ¿k serum 25-hidroksivitamin D [25(OH)D] düzeylerinin 

insülin direnci, hiperandrojenizm,  adet d¿zensizlikleri ile iliĸkili olabilmektedir (Menichini,  & 

Facchinetti 2020).  Bununla birlikte  D vitamini ve PCOS arasēndaki iliĸki yapēlan ­alēĸmalar 
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doĵrultusunda ­ift yºnl¿ iliĸki olduĵu bildirilmiĸtir. Bazē bulgular D vitamini takviyesinin 

metabolik ve ¿reme saĵlēĵē ¿zerindeki olumlu etkiler saĵlayabileceĵi bildirilmektedir. Bu 

derlemenin amacē, polikistik over sendromu ile D vitamini arasēndaki iliĸkinin 

deĵerlendirilmesi, D vitamininin PCOS patofizyolojisindeki olasē mekanizmalarēn incelenmesi, 

D vitamini takviyesinin metabolik ve ¿reme saĵlēĵē ¿zerindeki etkilerinin mevcut bilimsel 

kanētlar ile ortaya konulmasēdēr.   

Polikistik Over Sendromu  

Polikistik over sendromu (PCOS), ¿reme dºnemindeki kadēnlarda gºr¿len; kronik 

anovulasyon, hiperandrojenizm, menstrüel düzensizlikler, fertilitede azalma ve polikistik over 

morfolojisi ile tanēmlanan endokrin bozukluktur (Can ve T¿rker 2023). PCOS kadēnlarda 

yumurtalēklarēn iĸleyiĸini deĵiĸtiren durum olup d¿zensiz adet dºnemleri, aĸērē androjen ¿retimi 

ve polikistik overlerle belirleyici faktörleri içermektedir. Etiyolojisi tam olarak 

aydēnlatēlmamasē ile birlikte genetik, ­evresel, endokrin ve davranēĸsal faktºrler etkili 

olabilmektedir (Azziz 2018) . PCOS patogenezinde luteinizan hormon (LH), prolaktin ve 

androjen hormonlarēnēn arttēĵē, buna karĸēn seks hormon baĵlayēcē glob¿linin (SHBG) azaldēĵē 

bildirilmektedir. Sºz konusu hormonal deĵiĸimler, obezite, ins¿lin direnci, tip 2 diabetes 

mellitus, hipertansiyon ve metabolik sendrom gibi metabolik bozukluklarla 

iliĸkilendirilmektedir (Fu ve ark 2023). PCOS tanēsēnēn belirlenmesinde NIH(National 

Institutes of Health) ve Rotterdam kriterleri kullanēlmaktadēr (DiamantiKandarakis ve Dunaif, 

2012). NIH kriterlerinde;  kronik anovulasyon, klinik veya biyokimyasal hiperandrojenizm ve 

diĵer nedenlerin dēĸlanmasē olup tanē almak i­in her iki kriterinde varlēĵē gereklidir. Rotterdam 

kriterlerinde ise oligo veya anovulasyon, klinik veya biyokimyasal hiperandrojenizm, polikistik 

overler ve diĵer nedenlerin dēĸlanmasē (kronik arter hastalēĵē, cushing sendromu, t¿mºr) olup 

tanē kriterlerinden ikisi bulunmalēdēr. PCOS tanē kriterlerine gºre prevelansē deĵiĸmekte olup 

bu kriterlere göre ortalama %6-10 arasēnda olduĵu belirlenmiĸtir (Saddick 2020). Uzun s¿reli 

PCOS obezite, insülin direnci, tip 2 diyabet, kardiyovask¿ler hastalēklara neden olabileceĵi 

bildirilmiĸtir (Hossain ve ark 2022).  

D Vitamini  

 D vitamini, yaĵda ­ºz¿nen vitamin olup, sterol yapēda bir bileĸiktir. Temel olarak 

ergokalsiferol (D2) ve kolekalsiferol (D3) olmak ¿zere iki farklē formda bulunmaktadēr. Baĸlēca 

D vitamini kaynaklarē g¿neĸ ēĸēĵē, yaĵlē balēklar, yumurta sarēsē, s¿t gibi besinler 

oluĸturmaktadēr. D vitamini beslenme ile D2 ve D3 ĸeklinde alēnabilmektedir ( Sassi ve ark 

2018). Bireylerin D vitamini durumunun deĵerlendirilmesinde serum 25-hidroksivitamin D 

[25(OH)D] temel biyokimyasal gºsterge olarak kullanēlmaktadēr. Serum düzeyinin 20 

ng/mLônin altēnda saptanmasē D vitamini eksikliĵi olarak deĵerlendirilirken, 20ï30 ng/mL 

aralēĵēndaki deĵerler D vitamini yetersizliĵi olarak ifade edilmektedir (Morgante ve ark 2022).  

D vitamini dēĸarēdan besin formuyla alēnēr veya ciltte ultraviyole ēĸēnlarēna maruz kalēndēĵēnda 

7-dehidrokolesterolden sentezlenir. D vitaminin vücutta etkili olabilmesi için aktif formuna 

dºn¿ĸmesi gerekir. Deride sentezlenen veya besinlerle alēnan D vitamini biyolojik olarak 

aktifleĸebilmesinde karaciĵerde 25-hidroksilaz enzimi ile 25 hidroksivitamin Dôye daha sonra 

böbreklerde 1-alfa hidroksilaz enzimi ile 1,25 dihidroksi vitamin Dôye (1,25(OH)2 D) 
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dºn¿ĸmektedir. D vitamini kemik ve kalsiyum homeostazēnēn saĵlanmasē ile baĵēĸēklēk sistemi, 

kardiyovasküler sistem solunum sistemi, sinir sistemi gibi birçok organ ve sistemde etkili olup 

insan saĵlēĵē a­ēsēndan ºnemli bir vitamindir (Saponaro ve ark 2020). 

PCOS ve D Vitamini Arasēndaki Ķliĸki 

D vitamini reseptºrleri v¿cutta endometriyum ve yumurtalēk gibi ­eĸitli dokularda 

bulunmaktadēr. Kadēnlarda dºllenme ve plesanta oluĸumunda etkilidir (Fang ve ark 2017, Yang 

ve ark 2023). Bu durum ise kadēnlarda ¿reme fonksiyonlarēnda ºnemli olduĵunu 

gºstermektedir D vitamini eksikliĵine baĵlē olarak ins¿lin direnci, obezite, hiperandrojenizm, 

¿reme fonksiyonlarēnda bozulma ile PCOS geliĸimine zemin hazērlayabilmektedir. PCOSôlu 

kadēnlarēn %67-85ôinin serum 25(OH)D d¿zeyinin d¿ĸ¿k olduĵu bildirilmiĸtir (Menichini, D., 

& Facchinetti, F. 2020). PCOS tanēsē konmuĸ hastalarē saĵlēklē bireylerle karĸēlaĸtēran 

­alēĸmalar, PCOS'lu kadēnlarda serum D vitamini seviyelerinin daha d¿ĸ¿k olduĵunu ve bunun 

preeklampsi ve kēsērlēkla iliĸkili olabileceĵini bildirmiĸtir (Bindayel 2021) Ayrēca, PCOS'lu 

kadēnlarda D vitamini seviyeleri ile v¿cut kitle indeksi, serum testosteron ve 

dehidroepiandrosteron s¿lfat seviyeleri arasēnda anlamlē korelasyon olduĵu bildirilmiĸtir 

(Gokosmanoĵlu ve ark 2020). D vitamini seviyeleri ile y¿ksek testosteron seviyeleri nedeniyle 

geliĸen hirsutizmin ĸiddeti arasēnda negatif bir korelasyon bulunmuĸtur (Mu ve ark 2021).  

PCOS olan bireylerde D vitamini seviyesi genellikle d¿ĸ¿k olup Ghadimi ve ark (2014) yapmēĸ 

olduklarē PCOS  hastasē olan ve olmayan bireyler arasēnda D  vitamini seviyeleri ºl­¿lm¿ĸ olup 

PCOS olan bireylerde daha d¿ĸ¿k D vitamini olduĵu saptanmēĸ olup destekleyen ­alēĸmalar 

mevcuttur ( Nestler ve ark 2012, Lin ve ark 2012, Tsakova ve ark 2012, El-Shal ve ark 2013). 

PCOS sendromu olan kadēnlarda bu durumu desteklemeyen ­alēĸmalarda bildirilmiĸtir (G¿d¿c¿ 

ve ark 2014, Sahin ve ark 2014). 

PCOS olan bireylerde D vitamini eksikliĵi ile birlikte obezite prevelansēnēn artēĸē ile ins¿lin 

direnci de gºzlemlenebilmektedir. D vitamini ins¿lin sentezi ve salgēlanmasē ile ins¿lin reseptºr 

ekspresyonunu artērēr buna baĵlē olarak pro-enflamatuar sitokinleri baskēlar. ¦reme a­ēsēndan 

ise ins¿lin direnci sonucunda ins¿lin ve androjen ¿retimini uyararak seks hormonu baĵlayēcē 

glob¿lin azalmasē ile hiperandrojenizmi artērēr (Kiani ve ark 2022). D vitamini tedavisinin 

PCOS olan bireylerde ins¿lin duyarlēlēĵēnē artērabileceĵi bildirilmiĸtir (Tzotzas ve ark 2010, 

Selimoĵlu ve ark 2010, Belenchia ve ark 2013). Seyyed ve ark (2018) yapmēĸ olduklarē 

­alēĸmada Pcos olan bireylerde 50.000IU D3 vitamini haftada bir kez verilmiĸ olup insülin 

direncinde iyileĸme olduĵu ve a­lēk kan glukozunda azalma olduĵu bildirilmiĸtir. Baĸka yapēlan 

meta analiz ­alēĸmasē da bu durumu destekler nitelikte olup < 4000IU D vitamini takviyesinin 

a­lēk kan glukozu, HOMA-IR deĵerini azalttēĵē ins¿lin direncinde iyileĸme olduĵu bildirilmiĸtir 

(Lagowska ve ark 2018). PCOSôa baĵlē olarak takviyenin serum D vitamini artmasē, glikoz 

metabolizmasēnēn d¿zenlenmesi ile adet d¿zensizliĵi ve hiperandrojenizm ¿zerinde de olumlu 

etki gºsterdiĵi bildirilmiĸtir (Jawed ve ark 2019,Wehr ve ark 2011, Irani ve ark 2015). Benzer 

ĸekilde, PCOS tanēsē konmuĸ infertil kadēnlarda yapēlan bir ­alēĸma, D vitamini takviyesinin 

ins¿lin direncini azalttēĵēnē ve bunun da embriyo kalitesinin iyileĸmesiyle iliĸkili olduĵunu 

gºstermiĸtir (Zhao ve ark 2019). 
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2.SONUÇ  

Bu derleme polikistik over sendromlu kadēnlarda D vitamini d¿zeyleri ile arasēndaki iliĸki 

metabolik ve ¿reme saĵlēĵē a­ēsēndan deĵerlendiriliĸtir. G¿ncel bulgular PCOSôlu kadēnlarda D 

vitamini eksikliĵinin yaygēn olarak gºzlemlendiĵi ve d¿ĸ¿k D vitamini d¿zeylerinin ins¿lin 

direnci, hiperandrojenizm, adet d¿zensizliĵi ile iliĸkilendirilebilmektedir. Yeterli d¿zeyde D 

vitamini takviyesinin ins¿lin direnci, a­lēk kan ĸekeri, ¿reme fonksiyonu ¿zerinde olumlu 

etkiler gºsterdiĵi ­alēĸmalarla bildirilmiĸtir. Mevcut kanētlara dayanarak D vitamini takviyesi 

PCOS yºnetiminde destekleyici bir yaklaĸēm olabilir. Mevcut bulgularēn doĵrulanmasē, daha 

uzun izlem s¿resine sahip ve metodolojik a­ēdan g¿­l¿ randomize kontroll¿ araĸtērmalarla 

mümk¿n olacaktēr. 
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ÖZET 

Bu araĸtērma, buĵday yerine farklē oranlarda karabuĵday kullanēmēnēn rat mide dokusunda 

antioksidan parametreler ve gen ekspresyonu ¿zerindeki etkilerini deĵerlendirmek amacēyla 

ger­ekleĸtirildi. ¢alēĸma, 16 adet Sprague Dawley diĸi ratēn yer aldēĵē dºrt gruptan oluĸan 

deneysel bir model olarak tasarlandē [kontrol (K): %36 buĵday; deneme 1 (D1): %12 

karabuĵday + %24 buĵday; deneme 2 (D2): %24 karabuĵday + %12 buĵday; deneme 3 (D3): 

%36 karabuĵday]. Elli g¿nl¿k besleme s¿recinin ardēndan mide dokusunda antioksidan 

parametreler [malondialdehit (MDA), glutatyon (GSH), süperoksit dismutaz (SOD) ve katalaz 

(CAT)] ELISA yöntemiyle; CASP-3, BCL-2, TNF-Ŭ ve IL-1ɓ protein ekspresyonlarē ise 

Western blot yºntemiyle analiz edildi. MDA d¿zeyleri deĵerlendirildiĵinde, en y¿ksek deĵer 

kontrol grubunda belirlenmiĸ olmakla birlikte gruplar arasēnda istatistiksel a­ēdan anlamlē bir 

farklēlēk bulunmamēĸtēr (p>0,05). GSH ve SOD d¿zeyleri en y¿ksek D2 grubunda belirlenirken 

(p<0,01), GSH en d¿ĸ¿k D3 grubunda, SOD ise en d¿ĸ¿k D1 grubunda bulunmuĸtur. CAT 

d¿zeylerinin gruplara gºre daĵēlēmē, en y¿ksek deĵer D3 grubunda, en d¿ĸ¿k deĵer ise D1 

grubunda belirlenmiĸ ve gruplar arasēndaki bu farklēlēĵēn istatistiksel a­ēdan anlamlē olduĵu 

saptanmēĸtēr (p<0,01). CASP-3 ekspresyonu en y¿ksek D2, en d¿ĸ¿k kontrol grubunda; BCL-

2 ekspresyonu en y¿ksek D1, en d¿ĸ¿k D2 grubunda; TNF-Ŭ ekspresyonu en y¿ksek K, en 

d¿ĸ¿k D2 grubunda; IL-1ɓ ekspresyonu ise en y¿ksek D3, en d¿ĸ¿k D1 grubunda belirlenmiĸtir 

(p<0,01). Sonu­ olarak, farklē oranlarda karabuĵday t¿ketiminin mide dokusunda antioksidan 

savunma sistemi ile inflamasyon ve apoptozla iliĸkili proteinlerin ekspresyonu üzerinde 

kullanēlan orana baĵlē farklē etkiler oluĸturabileceĵi d¿ĸ¿n¿lmektedir. Sºz konusu etkilerin 

altēnda yatan mekanizmalarēn daha ayrēntēlē bi­imde ortaya konulabilmesi i­in daha b¿y¿k 

ºrneklem gruplarēnē i­eren kapsamlē araĸtērmalarēn y¿r¿tülmesi gerekmektedir. 

Anahtar Kelimeler:  karabuĵday, antioksidan, gen ekspresyonu 

 

 

 

 

mailto:aybukeimik@gmail.com
https://orcid.org/0000-0003-4697-812X
mailto:omercanalat@atauni.edu.tr
https://orcid.org/0009-0000-1781-0323


ASERC 4th INTERNATIONAL CONGRESS ON HEALTH, ENGINEERING, ARCHITECTURE and MATHEMATICS 

July 23 ï 29, 2026 - ST. PETERSBURG 

ISBN NR. : 978-625-8795-33-2 

 

38 
 

THE EFFECT OF BUCKWHEAT GIVEN IN DIFFERENT RATIOS ON STOMACH 

ANTIOXIDANT LEVELS AND GENE EXPRESSION  

Ph.D. Dietician Ayb¿ke ĶMĶK1 

Atatürk University, ATA Techno-City, Protek Health Services 

E-posta: aybukeimik@gmail.com ORCĶD ID: https://orcid.org/0000-0003-4697-812X 

Res. Asst. Ömercan ALAT2 

Atatürk University, Faculty of Veterinary Medicine, Department of Biochemistry 

E-posta: omercanalat@atauni.edu.tr ORCĶD ID: https://orcid.org/0009-0000-1781-0323 

ABSTRACT:  

The present study aimed to investigate how replacing wheat with buckwheat at varying 

proportions influences antioxidant parameters and gene expression profiles in the gastric tissue 

of rats. The study was designed as an experimental model consisting of four groups of 16 female 

Sprague Dawley rats [control (C): 36% wheat; trial 1 (T1): 12% buckwheat + 24% wheat; trial 

2 (T2): 24% buckwheat + 12% wheat; trial 3 (T3): 36% buckwheat]. After a fifty-day feeding 

period, antioxidant parameters [malondialdehyde (MDA), glutathione (GSH), superoxide 

dismutase (SOD), and catalase (CAT)] in the stomach tissue were analyzed using the ELISA 

method; CASP-3, BCL-2, TNF-Ŭ, and IL-1ɓ protein expressions were analyzed using the 

Western blot method. Although the control group exhibited the highest MDA level, no 

statistically significant difference was observed among the experimental groups (p>0,05). 

While the highest levels of GSH and SOD were found in group D2 (p<0,01), the lowest GSH 

levels were found in group D3, and the lowest SOD levels were found in group D1. CAT 

activity differed significantly among the experimental groups, reaching its highest level in the 

D3 group and its lowest level in the D1 group (p<0,01). CASP-3  expression was highest in 

group D2 and lowest in the control group; BCL-2 expression was highest in group D1 and 

lowest in group D2; TNF-Ŭ expression was highest in group K and lowest in group D2; IL-1ɓ 

expression was highest in group D3 and lowest in group D1 (p<0,01).  In conclusion, it is thot 

that the consumption of buckwheat in different proportions may have varying effects on the 

expression of the antioxidant defense system and proteins related to inflammation and apoptosis 

in stomach tissue. To better elucidate the mechanisms of these effects, more extensive and 

comprehensive studies with larger sample sizes are needed. 

Keywords: buckwheat, antioxidant, gene expression 

1.INTRODUCTĶON 

Buckwheat is a pseudocereal crop classified under the genus Fagopyrum within the 

Polygonaceae family, with F. esculentum Moench and F. tataricum being the principal 

cultivated taxa (Zhu, 2016; Kreft, 2016). Buckwheat is a nutrient-rich food, high in quality 

protein, dietary fiber, rutin, quercetin, B group vitamins, and minerals such as Na, K, Mg, Ca, 

Fe, Zn, and Mn (Bonafaccia et al., 2003; Pongrac et al., 2013; Ji et al., 2019; Huda et al., 2021). 

Additionally, it has a high antioxidant capacity due to flavonoids, phenolic acids, tannins, 

fagopyrin, and other bioactive components (Kreft, 2016; Zhu, 2016; Huda et al., 2021). The 
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absence of gluten in buckwheat makes it a suitable dietary option for people who need to 

exclude gluten from their diet, particularly those affected by celiac disease or gluten-related 

sensitivity (Wanniarachchi et al., 2023). 

Oxidative stress develops when cellular antioxidant mechanisms are insufficient to counteract 

excessive reactive oxygen species, a condition that can disrupt cellular integrity and contribute 

to the development of various disorders, including gastrointestinal diseases and cancer. The 

flavonoid and phenolic compounds contained in buckwheat exhibit antioxidant effects by 

supporting the removal of free radicals (Sofi et al., 2023). Among the most common biomarkers 

for assessing oxidative stress are glutathione (GSH), superoxide dismutase (SOD), and 

malondialdehyde (MDA). While GSH plays a role in cellular antioxidant defense, SOD 

neutralizes superoxide radicals. MDA, on the other hand, reflects oxidative cellular damage by 

representing the extent of lipid peroxidation (Aslankoç et al., 2019). Nutritional components 

can regulate inflammation and apoptosis mechanisms by affecting gene expression. In the 

evaluation of these processes, CASP-3, BCL-2, IL-1ɓ, and TNF-Ŭ are important biomarkers 

(Stauffer et al., 2020). While CASP-3 is one of the executor enzymes of apoptosis, BCL-2 

contributes to the preservation of cell viability with its anti-apoptotic effect (Palabiyik, 2025).  

Expression of the inflammatory mediators IL-1ɓ and TNF-Ŭ is enhanced following 

inflammatory stimulation. (Aggeletopoulou et al., 2024; Preedy et al., 2024). 

Despite growing evidence regarding the antioxidant and anti-inflammatory potential of 

buckwheat, its effects on gastric tissue remain insufficiently characterized. In particular, limited 

information is available regarding how different levels of dietary buckwheat influence 

antioxidant defense mechanisms together with transcriptional changes in inflammation- and 

apoptosis-related genes. Dietary buckwheat was incorporated at varying proportions to assess 

changes in antioxidant parameters and CASP-3, BCL-2, IL-1ɓ, and TNF-Ŭ gene expression in 

rat gastric tissue.  

2.MATERIALS AND METHODS  

Ethical authorization for the study was granted on February 26, 2024, by the Atatürk University 

Local Ethics Committee for Animal Experiments  (Decision No. 35). In the study, the stomach 

tissue of 16 female Sprague Dawley rats, which were euthanized at an average age of 50 days, 

was collected and analyzed. The control group was given 36% wheat, the Test Group 1 was 

given 12% buckwheat + 24% wheat, the Test Group 2 was given 24% buckwheat + 12% wheat, 

Test Group 3 was given 36% buckwheat. In the study, the crude protein ratios in the diets of 

the groups were adjusted to 24,31; 24,16; 24 and 24 respectively. 

2.1.Biochemical Analyzes 

2.1.1.Analysis of MDA and GSH  Levels in Gastric Tissue 

Following disruption of the gastric tissue samples in the presence of liquid nitrogen, the 

powdered tissue was suspended in 1.15% KCl at a tissue-to-solution ratio of 1:10 (w/v) and 

subsequently homogenized. Following homogenization, the samples were centrifuged for 15 

min at 1,000 × g while maintained at 4 °C. Centrifugation yielded a supernatant in which MDA 

content was quantified following Placer et al. (1966).MDA content was quantified based on the 
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reaction with thiobarbituric acid, and the absorbance of the reaction product was 

spectrophotometrically recorded using a wavelength of 532 nm. GSH levels were analyzed after 

centrifuging the tissue homogenates at 9,000 × g, following the procedure of Sedlak and 

Lindsay (1968).  

2.1.2Analysis of CAT and SOD Enzyme Activities in Gastric Tissue 

 Stomach tissue samples intended for the assessment of antioxidant enzyme activities were 

processed using the methodology reported by Dogan T. B. (2025). The resulting supernatant 

fractions were subsequently used to measure SOD and CAT activities. The assay developed by 

Sun et al. (1988) was employed to measure SOD activity. This approach relies on the ability of 

SOD to suppress nitroblue tetrazolium reduction induced by superoxide radicals produced 

through the xanthineïxanthine oxidase reaction. Catalase activity, on the other hand, was 

quantified in accordance with Aebi (1984), with the obtained values normalized to the protein 

content of the tissue samples. Protein concentrations in gastric tissue homogenates were 

quantified using the FolinïCiocalteu phenol reagent, following the protocol reported by Lowry 

et al. (1951) 

2.1.3.Analysis of Gene Expression Levels in Stomach Tissue (qRT-PCR) 

Rat gastric tissue samples were processed with QIAzol Lysis Reagent (Qiagen, Germany) to 

obtain RNA. Following RNA isolation, RNA yield and purity were determined by 

spectrophotometric analysis performed with a NanoDrop spectrophotometer. RNA served as 

the template for complementary DNA synthesis, which was carried out with the iScriptÊ 

cDNA Synthesis Kit (Bio-Rad, USA). Target transcript abundance was quantified in reactions 

containing QuantiTect SYBR Green PCR Master Mix, with amplification and fluorescence 

acquisition performed on a Rotor-Gene Q platform (Qiagen, Germany). Three replicate 

measurements were obtained for each analysis. Gene expression values from all samples were 

normalized against ɓ-actin. Fold changes in mRNA abundance were derived using the 2 ȹȹCt 

framework introduced by Livak & Schmittgen (2001). 

  Table 1. The F and R sequences of the genes 

Gen Base Series (5ǋ-3ǋ) Length (bp) Access Number 

Bax F-TTTCATCCAGGATCGAGCAG 

R-AATCATCCTCTGCAGCTCCA 

154 NM_ 017059.2 

Bcl-2 F-GACTTTGCAGAGATGTCCAG 

R-TCAGGTACTCAGTCATCCAC 

214 NM_ 016993.2 

Caspase-3 F-ACTGGAATGTCAGCTCGCAA 

R-GCAGTAGTCGCCTCTGAAGA 

270 NM_ 012922.2 

TNF- Ŭ F: CTCGAGTGACAAGCCCGTAG 

R: ATCTGCTGGTACCACCAGTT 

139 NM_012675.3 

IL -1ɓ F: ATGGCAACTGTCCCTGAACT  

R: AGTGACACTGCCTTCCTGAA 

197 NM_031512.2 

ß-Actin F: CAGCCTTCCTTCTTGGGTATG 

R: AGCTCAGTAACAGTCCGCCT 

360 NM_031144.3 
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Table 2. cDNA synthesis protocol 

Priming 5 min at 25 °C 

Reverse transcription 20 min at 46 °C 

RT inactivation 1 min at 95 °C 

Optional step Hold at 4 °C 

 

Table 3. RT-PCR protocol 

Polymerase 

Activation and DNA 

Denaturation 

Denaturation Annealing/Extension 

and 

Plate Read 

Melt Curve Analysis 

95 °C, 30 sec 95 °C, 5 sec (40 

cycles) 

60 °C, 30 sec (40 

cycles) 

65-95 °C 0,5 °C 

increments at 2-5 

sec/step 

 

For PCR amplification, a 20 ɛL reaction mixture was prepared for each gene using the specific 

primer pairs presented in Table 1, together with iTaq Universal SYBR Green Supermix (Bio-

Rad), cDNA template, and RNase-free water. The quantities of the individual reaction 

components were adjusted in accordance with the protocol provided in Table 2.  The Rotor-

Gene  Q platform (Qiagen, Germany) was employed for the qPCR analysis under the thermal 

cycling conditions detailed in Table 3. The Ct values generated during the analysis were 

subsequently used to determine relative fold changes in gene expression. 

2.2. Statistical Analysis 

Numerical findings are expressed as averages with the corresponding standard deviation 

(SD).Group-level variations were examined through one-way analysis of variance (ANOVA). 

Duncanôs multiple range test was employed for post hoc comparisons whenever the overall 

analysis reached statistical significance, allowing identification of the groups responsible for 

the observed variation. 

3.FINDINGS AND DISCUSSION 

Table 4: Contents of antioxidant and gene expression parameters  

PARAMETER Control Group 1 Group 2 Group 3 Probabilty 

Antioxidant parameters 

MDA 3,239±0,245 3,138±0,136 3,306±0,217 3,211±0,066 0,462 

SOD 4,969±0,132b 4,936±0,147b 5,293±0,118a 4,993±0,246b 0,005 

GSH 12,595±0,851b 12,484±0,336b 13,705±0,916a 11,824±0,403b 0,001 

CAT 53,733±4,755bc 49,476±4,427c 55,851±4,811ab 59,853±3,227a 0,005 

Gene expression parameters 

Caspase-3 1,003±0,093c 1,315±0,126c 4,424±0,781a 2,400±0,312b 0,000 

BCL-2 1,00±0,006b 1,138±0,020a 0,510±0,022d 0,666±0,004c 0,000 

TNFŬ 1,003±0,088a 0,778±0,028b 0,221±0,031d 0,342±0,040c 0,000 
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IL -1ɓ 1,005±0,078c 0,998±0,086c 1,313±0,024b 1,523±0,171a 0,000 

 

3.1. Antioxidant System 

Our findings showed marked group-dependent variations in gastric SOD, GSH, and CAT 

activities (p<0,01). In contrast, MDA concentrations remained statistically unchanged (p>0,05). 

Especially, the diet containing 24% buckwheat reaching the highest levels of SOD and GSH 

suggests that buckwheat may support the antioxidant defense system. The peak CAT activity 

observed with 36% buckwheat supplementation indicates that antioxidant responses may be 

influenced by the specific biomarker examined rather than following a uniform dose-dependent 

pattern.  Accordingly, it can be said that the antioxidant effect of buckwheat in gastric tissue 

creates a parameter-specific response rather than being dose-dependent. 

The present results closely resemble those documented in earlier publications. In a systematic 

review examining the gastrointestinal effects of buckwheat, Valid et al. (2022) concluded that 

available evidence points to a potential role for buckwheat in promoting digestive health 

through mechanisms associated with oxidative stress reduction, modulation of inflammatory 

processes, and protection against carcinogenic activity. Findings obtained mainly from 

preclinical research indicate a possible contribution of buckwheat to reducing gastrointestinal 

mucosal inflammation, improving the diversity of intestinal microbiota, and stimulating 

microbial production of short-chain fatty acids. Furthermore, previous research has 

demonstrated a reduction in the viability of cancer cells originating from the gastrointestinal 

tract following exposure to buckwheat-derived extracts. These findings indicate that buckwheat 

possesses significant bioactive properties that may contribute to reducing oxidative stress and 

inflammation in the stomach and other gastrointestinal tissues. In a review focusing on the 

potential detoxifying properties of buckwheat as a functional food, Rajabboyevna and 

Jomurodovich (2025) highlighted that its diverse phytochemical profile may contribute to 

protecting against oxidative stress associated with toxin exposure.  Compounds including rutin, 

quercetin, and phenolic acids are widely acknowledged for their ability to counteract oxidative 

damage, regulating detoxification enzymes like glutathione S-transferase and cytochrome 

P450, and can also activate cellular protective mechanisms, particularly the SIRT1 pathway. 

Hur et al. (2011) reported that buckwheat extract significantly increased the antioxidant 

capacity by enhancing the bioavailability of phenolic compounds such as rutin and quercetin. 

Similarly, Pande et al. (2022) demonstrated that despite BPA exposure, the consumption of 

buckwheat increased SIRT1 levels in gastric tissue, improved catalase, glutathione reductase, 

and total thiol levels, thereby providing a protective effect against oxidative stress. Kim et al. 

(2012) demonstrated that buckwheat intake was associated with increased concentrations of 

glutathione, glutathione peroxidase, and glutathione S-transferase, accompanied by a reduction 

in indicators of oxidative damage. These studies support the improvements in SOD, GSH, and 

CAT levels observed in our study. In addition to eliminating reactive free radicals, these 

constituents promote endogenous antioxidant defense mechanisms through activation of 

antioxidant enzymes. Indeed, recent reviews published in recent years emphasize that 

buckwheat not only increases antioxidant capacity but also serves as a functional food that 
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contributes to reducing oxidative stress in the gastrointestinal system. The findings obtained 

from our study also support this view. 

Ko­ and Coĸkun (2025) noted that the lack of gluten in buckwheat broadens its suitability for 

diets designed for celiac patients and people with sensitivity to gluten-containing foods. In 

addition to being naturally free of gluten, buckwheat provides considerable nutritional value 

through its protein and fiber content, balanced amino acid composition, and diverse range of 

biologically active constituents, while also eliciting a relatively modest glycemic response. 

These nutritional characteristics suggest that its consumption may offer potential benefits for 

glycemic control, cardiovascular health, and the maintenance of overall well-being. It is 

reported that especially the flavonoid components can reduce oxidative stress with their strong 

antioxidant properties, and thru their prebiotic effects, they can regulate the gut microbiota, 

thereby supporting gastrointestinal health. Its favorable nutritional profile has encouraged the 

inclusion of buckwheat in a broad range of products, including baked goods, pasta, fermented 

beverages, and foods intended to provide physiological benefits beyond basic nutrition. Despite 

its nutritional advantages, the absence of gluten may adversely influence product texture, 

making the development of suitable formulations essential 

Buckwheat owes much of its antioxidant capacity to a diverse phytochemical profile, with 

flavonoids such as rutin and quercetin together with phenolic acids making major contributions. 

These compounds directly neutralize free radicals while simultaneously stimulating 

endogenous antioxidant enzyme systems. Indeed, recent reviews published in recent years 

emphasize that buckwheat not only increases antioxidant capacity but also serves as a functional 

food that contributes to reducing oxidative stress in the gastrointestinal system. The findings 

obtained from our study also support this view. 

3.2. Gene Expression and Inflammation 

Our findings revealed statistically significant variations among the experimental groups in the 

expression of Caspase-3, BCL-2, TNF-Ŭ, and IL-1ɓ (p<0,01). The elevated expression of 

Caspase-3, particularly in the 24% and 36% buckwheat groups, suggests that high 

concentrations of buckwheat may activate cellular apoptotic mechanisms. In contrast, the 

highest expression of BCL-2 in the 12% buckwheat group and the lowest in the 24% group 

suggests that mechanisms related to cell survival can be regulated differently depending on the 

applied buckwheat dose. Additionally, TNF-Ŭ expression was greatest in the control group but 

reached its minimum value in the group receiving 24% buckwheat, suggesting a potential 

inhibitory effect of buckwheat on inflammatory activity. Meanwhile, variations observed in IL-

1ɓ expression may reflect the involvement of distinct regulatory pathways in the inflammatory 

process. 

Current evidence suggests that the biological effects of buckwheat extend beyond its 

antioxidant activity, with its components also contributing to the modulation of intracellular 

signaling pathways. Aydēn et al. (2026) reported that buckwheat contributes to the maintenance 

of cellular homeostasis by modulating the PI3K/AKT/mTOR, NF-əB, BCL-2, and Caspase-3 

signaling pathways. Similarly, Erbaĸ et al. (2025) have shown that high levels of buckwheat 

consumption increase Caspase-3 expression while decreasing the expression of PI3K, JAK2, 
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STAT3, and BCL-2. These findings are consistent with the changes in Caspase-3 and BCL-2 

observed in our study. 

It is believed that the effects of buckwheat on cellular signaling pathways are based on the 

flavonoids, phenolic compounds, and other phytochemicals it contains. It has been reported that 

these compounds can particularly suppress the NF-əB-mediated inflammatory response, 

regulate the interaction between oxidative stress and inflammation, and modulate the signaling 

pathways that control apoptosis mechanisms. Therefore, the different expression profiles 

identified in our study suggest that the biological effects of buckwheat are not dependent on a 

single molecular mechanism, but rather occur thru a complex network of interactions regulating 

antioxidant defense, inflammation, and cell survival together. 

4.RESULT 

Overall, the present results demonstrate that buckwheat enhances antioxidant defenses in gastric 

tissue while influencing cellular signaling pathways. However, the fact that this effect does not 

appear in the same direction for all parameters suggests that the biological effect of buckwheat 

may vary depending on the applied dose, the biomarker studied, and the physiological 

characteristics of the tissue. Therefore, future molecular and functional studies that more 

thoroughly elucidate the interactions between buckwheat's antioxidant defense and 

inflammation and apoptosis mechanisms will contribute to a better understanding of its 

potential as a functional food. 
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ÖZET 

Ķnflamatuvar refleks, afferent vagal liflerin periferik inflamatuar durumu beyin sapēna 

ilettiĵi ve makrofaj aktivasyonunu ve pro-inflamatuar sitokinlerin (TNF-Ŭ, IL-1ɓ, IL-6) 

salēnēmēnē baskēlayan efferent kolinerjik ­ēktēyē tetiklediĵi bir nºral-immün devreyi temsil eder. 

Bu s¿re­ temel olarak Ŭ7 nikotinik asetilkolin reseptºr¿ (Ŭ7nAChR) aracēlēĵēyla ger­ekleĸir. Ķlk 

tanēmlanmasēndan bu yana, bu yol fizyolojik bir merak konusundan biyoelektronik tēbbēn 

merkezi bir paradigmasēna dºn¿ĸm¿ĸ ve doĵrudan sinirsel aray¿zleme yoluyla sistemik 

inflamasyonu mod¿le etmek i­in farmakolojik olmayan ºzg¿n bir ­er­eve sunmuĸtur. Bu 

derlemede, kolinerjik anti-inflamatuar yolun anatomik ve moleküler temelleri güncel literatür 

ēĸēĵēnda sentezlenmekte; ºzellikle tarihsel olarak efferent vagus sinir stim¿lasyonu (VNS) 

­alēĸmalarēnēn gºlgesinde kalmēĸ olan afferent kol incelenmektedir. Kolin asetiltransferaz 

pozitif (ChAT ) T h¿crelerinin, vagus-dalak sinir devresinin ve organa özgü afferent 

sinyallemenin (hepatik ve intestinal) bºlgesel ile sistemik imm¿n yanētlarē ĸekillendirmedeki 

rolleri detaylandērēlmaktadēr. Sepsis, inflamatuar baĵērsak hastalēĵē (ĶBH) ve otoimm¿n artrit 

modellerinden elde edilen preklinik kanētlar, kalp hēzē deĵiĸkenliĵinin (HRV) vagal tonun 

eriĸilebilir bir vekil biyobelirteci olarak ele alēndēĵē, implante edilebilir ve transkutanºz kulak 

VNS (taVNS) cihazlarēndan elde edilen translasyonel verilerle birlikte deĵerlendirilmektedir. 

Ayrēca vagal efferentler ile hedef baĵēĸēklēk organlarē arasēndaki anatomik boĸluklar ve 

makrofaj aktivasyon durumlarēnēn redoks duyarlēlēĵē gºz ºn¿ne alēnarak bu yolun oksidatif stres 

biyolojisiyle entegrasyonu ele alēnmaktadēr. 

Anahtar Kelimeler:  kolinerjik anti-inflamatuar yol, vagal afferent sinyalleme, Ŭ7 nikotinik 

asetilkolin reseptºr¿, biyoelektronik tēp, inflamatuvar refleks. 

ABSTRACT 

The inflammatory reflex sort of acts like a neural-immune loop where the afferent vagal fibers 

carry the peripheral inflammatory status upstream to the brainstem, and then from there it kind 

of triggers an efferent cholinergic signal which, in a fairly direct sense, can calm the 

macrophage activation and reduce the pro-inflammatory cytokine outpouring through the Ŭ7 

nicotinic acetylcholine receptor (Ŭ7nAChR). Ever since researchers first described it, this 

pathway hasn't only remained a physiological curiosity; it has basically become a central 

blueprint for bioelectronic medicine, giving a route that is not purely pharmacological for tuning 

whole-body inflammation using direct neural interfacing. To this end, a synthesis of anatomical 

and molecular evidence will be presented that focuses on the afferent vagus instead of the 
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efferent vagus, which has received considerable attention thus far. In particular, we will 

concentrate on the role of choline acetyltransferase-positive (ChAT ) T cells, vagus-splenic 

nerve interactions and organ-specific vagus signalling. We consider emerging evidence that 

regional immune responses in the liver and intestine can be quite different from the rest of the 

body, as well as evidence on the importance of laryngeal afferents, vagus fibers that innervate 

multiple organs, experimental models of sepsis, inflammatory bowel disease and autoimmune 

arthritis, and models of disease that both translate to clinical trial designs for implantable and 

transcutaneous auricular VNS devices. Furthermore, since not all research groups have access 

to the same neural readouts, heart rate variability is considered a simple and accessible surrogate 

readout of vagal tone. 

Key words: cholinergic anti-inflammatory, vagal afferent signalling, Ŭ7 nicotinic acetylcholine 

receptor, bioelectronic medicine, ,nflammatory reflex. 

INTRODUCTION  

The inflammatory reflex sort of acts like a neural-immune loop where the afferent vagal 

fibers carry the peripheral inflammatory status up to the brainstem and then from there it kind 

of triggers an efferent cholinergic signal which, in a fairly direct sense, can calm the 

macrophage activation and reduce the pro-inflammatory cytokine outpouring through the Ŭ7 

nicotinic acetylcholine receptor (Ŭ7nAChR). Ever since it was first described, this is not just a 

physiological curiosity; it has basically become a central blueprint for bioelectronic medicine, 

giving a route that is not purely pharmacological for tuning whole-body inflammation using 

direct neural interfacing. 

1.1 The Inflammatory Reflex: A Conceptual Framework 

The thing sitting at the centre of this neuroimmune interface is kind of the inflammatory 

reflex; it was first put forward by Kevin J. Tracey, like a hard-wired, real-time circuit that works 

a bit like the reflex for heart rate or blood pressure (Tracey, 2002). It starts out peripherally, 

meaning out in tissues, where the pathogen-associated molecular patterns and damage-

associated molecular patterns, PAMPs and DAMPs, as people usually say, and the 

proinflammatory cytokines they trigger in these local tissues, like TNF-Ŭ and IL-1ɓ, are picked 

up by sensory (afferent) fibers travelling in the vagus nerve. So the early work by Niijima and 

later work by Watkins and Maier and others showed that systemically administered IL-1ɓ 

elicited vagal afferent activation and when vagotomy or depleting vagal afferents was 

performed, it was found that these manipulations attenuated all the central nervous system and 

behavioral effects of peripheral cytokines, including fever, hyperalgesia and sickness behavior 

(Niijima, 1996; Ek et al., 1998) 

These afferent signals are then relayed to the nucleus tractus solitarius NTS in the 

brainstem, where the main hub, the primary relay thing for visceral sensory and immune-related 

interoceptive information is located (Andresen and Yang, 1990; Berthoud and Neuhuber, 2000). 

From the NTS and the surrounding dorsal vagal complex, the processing of afferent signals is 

then relayed to the dorsal motor nucleus of the vagus (DMNX), from where the efferent 

parasympathetic influence arises. During the activation of these efferent pathways, the anti-

inflammatory arm of the reflex is engaged. Acetylcholine is released from vagal efferent 
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terminals. In the spleen, acetylcholine release is executed by a unique, specialised subset of T 

cells expressing choline acetyltransferase (ChAT ) (i.e., they are ChAT  T cells). With these 

cells, the idea is that they kind of shuttle the message across the synapse region between the 

splenic sympathetic nerve and the immune compartment.  

Acetylcholine then binds to the Ŭ7 nicotinic acetylcholine receptor (Ŭ7nAChR) on tissue 

macrophages and many other natural immune cells (Rosas-Ballina et al., 2011). Genetic and 

pharmacological evidence have pretty much pinned the Ŭ7nAChR down to be essential and 

mostly not replaceable by other pathways in this context  Finally, agonism of the Ŭ7nAChR can 

suppress NF-əB driven transcription as well as the secretion of the pro-inflammatory cytokines 

TNF-Ŭ, IL-1ɓ and IL-6, but not of the anti-inflammatory cytokine IL-10 (Wang et al., 2003; 

Borovikova et al., 2000) 

1.2 From Efferent-Centered Physiology to Afferent Signal Specificity 

For the first three decades of the inflammatory-reflex literature, the dominant bias was 

pretty strongly toward the efferent, cholinergic, anti-inflammatory arm, driven in large part by 

the therapeutic charm of vagus nerve stimulation (VNS) as a way to suppress the release of 

systemic cytokines in experimental endotoxaemia and sepsis (Borovikova et al., 2000; Pavlov 

et al., 2003). In that context, the afferent side was handled mostly as a kind of trigger, where its 

physiological richness was kind of treated as secondary to the efferent output it kicks off. More 

recently, however, it has been demonstrated that vagal sensory neurones in the nodose ganglion 

do not have stereotypic signatures for inflammatory input, but rather differentially map pro- 

and anti-inflammatory cytokines and can be pharmacologically and molecularly differentiated 

(and project to distinct subregions of the NTS) (Zanos et al ā 2018; Huerta et al., 2025). The 

afferent vagus is now seen as an active, signal-aware sensory machine, rather than simply a 

passive pipe in the nervous system. This encoded pattern is likely to offer further resolution of 

specificity in the immune reflex, even for the specific states that are recruited in chronic low-

grade inflammatory states when the signaling tinput buterent to the nodose ganglion is likely to 

be dysregulated (Steinberg et al., 2016; Bonaz et al., 2021). In support of thisā in vivo calcium 

imaging demonstrated that single nodose gaal.,on neurones are able to distinguish TNF-Ŭā IL-

1ɓā and IL-10ā and this response was lost in a murine model of colitis  So, the afferent code, 

per se, not merely the efferent aftermath, can be one locus for disease-related dysfunction 

(Huerta et al., 2025) 

1 3 The Birth of Bioelectronic Medicine 

The convergence of a well-defined neural circuit, a druggable and genetically tractable 

receptor target (Ŭ7nAChR), and an easily accessible peripheral nerve (the cervical vagus) sort 

of created the physiological rationale to begin a whole new therapeutic model of direct electrical 

or biophysical neuromodulation, rather than whole-body pharmacological manipulation, for 

which the term 'bioelectronic medicine' or, historically, 'electroceuticals' was coined in a widely 

cited 2013 white paper that laid out a multidisciplinary research agenda that left little doubt as 

to the intent of electrical modulation of the signaling properties of neural circuits to treat 

diseases (Famm et al., 2013). Since then, both intrusive and non-intrusive VNS studies targeting 

the cholinergic anti-inflammatory pathway have progressed beyond proof-of-concept 
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endotoxaemia models to formal clinical trials in prolonged inflammatory and autoimmune 

diseases, such as rheumatoid arthritis. Over time this whole track of work has led to regulatory 

approval and a licensed implantable vagus nerve stimulation device for that particular indication 

(Pavlov and Tracey 2022)  So, this trajectory from a specific physiology observation to a 

licensed, non-pharmacological therapy sets up the historical arc of the present submission 

before Section 5 turns to a less-explored corner of the intersection of this circuitry and the 

immunological redox crosstalk. 

2  ANATOMICAL AND MOLECULAR FOUNDATIONS 

2 1 Afferent Vagal Pathway and Brainstem Integration 

The vagus nerve (cranial nerve X) is a mixed nerve, and its fibre makeup is asymmetric 

in a really clear way. Roughly 80% of its fibres are sensory (afferent), and only about 20% are 

motor (efferent) (Berthoud and Neuhuber, 2000; Prescott and Liberles, 2022). This setup 

matters functionally too; it sort of frames the vagus as more of a pathway for interoceptive 

notifications coming from the viscera into the brain, not just a simple motor cable. Vagal 

afferent terminations ramify through the liver, the gastrointestinal tract, the lungs and the heart; 

there are receptors there that can spot changes in cytokine levels, plus other immune-signals. 

This can involve receptors tuned to IL-1ɓ and TNF-Ŭ (Goehler et al., 1998; Ek et al., 1998). 

The primary sensory neurones, cell bodies tend to sit mostly in the nodose ganglion, and there 

is also a smaller population in the jugular ganglion, which is developmentally different in some 

important way (Kupari et al., 2019). From there, the central projections that come out of the 

nodose ganglion go to the nucleus tractus solitarius (NTS). The NTS isnôt just a ñwait here and 

pass it alongò kind of station. Instead, it acts as the main integration hub in the brainstem for 

visceral sensory plus immune-tinged interoceptive information. Then, from the NTS, these 

second-order pathways start to veer off toward spots like the hypothalamus, amygdala, and the 

dorsal motor nucleus of the vagus (DMNX) along with other targets (Berthoud and Neuhuber, 

2000; Ricardo and Koh, 1978).   

When the signals project toward the paraventricular nucleus of the hypothalamus, this 

route connects vagal afferent input to the recruitment of the hypothalamic-pituitary-adrenal 

(HPA) axis. That process helps drive corticotropin-releasing hormone and, later, glucocorticoid 

release, but the overall pace is slower and more ñhumorallyò mediated compared to the rapid 

neural reflex (Sternberg, 2006). Meanwhile, projections to the amygdala and other limbic bits 

are often proposed to support the emotional and behaviour patterns tied to peripheral 

inflammation, like sickness behaviour (Dantzer and Kelley, 2007). Also, the NTS has reciprocal 

connections back to the DMNX, which kind of closes the reflex circuitry. So the story is that 

brainstem integration, not just peripheral cytokine concentration, helps determine the efferent 

anti-inflammatory output.  

2 2 The Vagus-Spleen Circuit and ChAT  T Cells 

One of the more obscure aspects of the efferent cholinergic anti-inflammatory pathway 

has been that vagus nerve itself does not innervate spleen (Bellinger et al  1989; Nance and 

Sanders 2007)  This mystery was partly explained by the late discovery that postganglionic 

sympathetic noradrenergic neurones in the coeliac-superior mesenteric ganglion complex do 
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have inputs from vagal preganglionic efferents arising from the DMNXā creating a sort of two-

neurone conduit (Bellinger et al  1989)  Thus it appears that it is really the splenic nerve rather 

than the vagus itself that innervates the spleen (Rosas-Ballina et al ā 2008)  You can do a splenic 

nerve cut or a chemical sympathectomyā and then VNS will no longer be able to inhibit splenic 

TNF-Ŭ production  This essentially makes the splenic nerve an obligatory relayā not some 

leftover or redundant side-route (Rosas-Ballina et al ā 2008) 

Then norepinephrine released from a splenic nerve terminal hits the ɓ-adrenergic 

receptorā a facilitator of the production of a form of locally synthesized ACh  Inside the spleenā 

CD4  T cells have been shown to express the acetylcholine synthesizing enzyme choline 

acetyltransferase (ChAT ) and to release ACh after adrenergic stimulation  These are described 

as the functional "last synapse" of the reflexā preceding the binding of ACh to the Ŭ7nAChR-

expressing splenic macrophages (Rosas-Ballina et al ā 2011; Vida et al ā 2011)  Other 

experimental dataā such as that showing that vagus nerve stimulation of inflammation could be 

blocked either by denervating the spleenā or by using mice with no functional T cells (e g  

athymic nude mice)ā supports that the lymphocyte relay was required in the older model (Vida 

et al ā 2011) 

That saidā for rigour's sakeā the cellular bottleneck can be contested in different ways  

Simon et al  (2023) argued that in consciousā non-lymphopenic transgenic setupsā splenic-

nerve-derived norepinephrine may act directly on ɓ-adrenergic receptors on the splenic 

myeloid (macrophage) cells rather than relaying through T lymphocytes (Simon et al ā 2023)  

And a follow-up study that used systematic in situ hybridisation plus qPCR mapping was more 

preciseā and showed that neither Chat (choline acetyltransferase) nor Chrna7 (the gene for 

Ŭ7nAChR) transcriptsā nor ChAT-reporter-labeled cells or axonsā could be found in the mouse 

spleen even after LPS challengeā and that ɓ2-adrenergic receptor expression was high  These 

authors therefore suggested that the functional Ŭ7nAChR site for this reflex is extrasplenicā e g  

on autonomic or sensory neuronesā rather than on the splenic immune cells themselves 

(Merchant et al ā 2025) 

 
Table 1: Bioelectronic Medicine Vagus Nerve Stimulation (VNS) Devices, Stimulation 

Parameters, and Clinical Translational Data 

 

Device Type 

and Name 

Clinical 

Indication 

Stimulation 

Parameters 

Target 

Organ / 

Receptor 

Clinical 

Phase and 

Key Findings 

/ Biomarkers 

Referen

ces 

Implantable 

VNS (iVNS) 

(e.g., 

SetPoint 

Medical 

Microstimul

ator) 

Rheumato

id 

Arthritis 

(RA) 

¶ Frequ

ency: 

10 Hz 

Å Current: 

0.25 - 1.5 mA 

Å Pulse 

Width: 200 µs 

Å Dose: 1-4 

times/day (1-

Celiac 

Ganglion 

Splenic 

Nerve 

Tissue 

Macropha

ges 

(Ŭ7nACh

R) 

Phase II / 

Approval 

Stage: 

Significant 

reduction in 

DAS28-CRP 

scores; 20-

30% 

suppression of 

plasma TNF-

Koopma

n et al., 

2016; 

Genove

se et al., 

2020 
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Device Type 

and Name 

Clinical 

Indication 

Stimulation 

Parameters 

Target 

Organ / 

Receptor 

Clinical 

Phase and 

Key Findings 

/ Biomarkers 

Referen

ces 

4 min) Ŭ, IL-6, and 

IL-1ɓ levels. 

Implantable 

VNS (iVNS) 

(e.g., 

Cyberonics / 

LivaNova) 

Crohn's 

Disease / 

IBD  

Å Frequency: 

10 Hz 

Å Current: 

1.25 - 2.5 mA 

Å Pulse 

Width: 500 µs 

Å Dose: 30 sec 

on / 5 min off 

(Continuous) 

Enteric 

Neurons 

Lamina 

Propria 

Macropha

ges 

Pilot / Phase 

II: Clinical 

remission in 

60-70% of 

patients and 

endoscopic/m

ucosal healing; 

significant 

reduction in 

serum CRP 

and faecal 

calprotectin 

levels. 

Bonaz 

et al., 

2016; 

D'Haens 

et al., 

2023 

Transcutane

ous 

Auricular 

VNS 

(taVNS) 

(e.g., 

NEMOS / 

tVNS 

Technologie

s) 

Inflamma

tory 

Bowel 

Diseases 

(IBD) & 

Fibromya

lgia 

Å Frequency: 

20-30 Hz 

Å Current: 0.5 

- 2.0 mA 

(below pain 

threshold) 

Å Pulse 

Width: 200-

300 µs 

Å Dose: 1-2 

hours/day 

Cymba 

Conchae 

Vagal 

Afferent 

(Nodose/

NTS) 

Efferent 

Reflex 

Phase I / II: 

Reduction in 

systemic 

inflammatory 

parameters, 

increase in 

heart rate 

variability 

(HF-HRV) 

and vagal 

tone, and 

clinical 

improvement 

in pain and 

fatigue scores. 

Kaniusa

s et al., 

2019; 

Bonaz 

et al., 

2021 

Non-

Invasive 

Cervical 

VNS (nVNS) 

(e.g., 

gammaCore

) 

Sepsis / 

Acute 

Systemic 

Inflamma

tion 

(Preclinic

al & 

Emergenc

y) 

Å Frequency: 

25 Hz 

Å Burst 

stimulation: 5 

kHz 

Å Current: 

24V / 60 mA 

max 

Å Dose: 2 min 

stimulation 

Cervical 

Vagus 

Trunk 

NTS / 

DMNX 

Systemic 

Immune 

Modulatio 

Preclinical / 

Phase II: 

Suppression of 

cytokine 

storms in LPS-

induced 

endotoxaemia 

and sepsis 

models. 

 

3. ORGAN-SPECIFIC AFFERENT SIGNALING: HEPATIC AND 

INTESTINAL AXES  

Beyond the systemic (spleen-mediated) effects of the cholinergic anti-inflammatory 
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pathway, the organ-specific sensory functions of the vagal afferent system are critical for 

understanding the regional dynamics of neuro-immune communication. These organ-specific 

afferent axes demonstrate that the inflammatory reflex is not merely a "fire alarm" but rather an 

active regulator of tissue homeostasis. 

 

3.1 Hepatic Afferent Signaling: The Metabolic-Immune Interface 

So basically the liver is the first organ that has to deal with gut-derived PAMPs like LPS, 

plus DAMPs and also metabolic products (fatty acids and glucose) coming in through the portal 

venous system. And in that same region, vagal afferent terminals seem to have this sort of 

unusual sensitivity, like they react to those ligands at concentrations that are much higher than 

what you typically see in systemic circulation (Niijima, 1996; Berthoud and Neuhuber, 2000).  

Signal Mechanism: Hepatic vagal afferents can respond to IL-1ɓ, TNF-Ŭ, and 

prostaglandin E2, which are released by portal endothelial cells and Kupffer cells. The effect 

happens through TLR4 and cytokine receptors present on the afferent nerve endings (Ek et al., 

1998; Hosoi et al., 2005). When they get hit with this, action potentials get generated in the cell 

bodies of the nodose ganglion, and then those signals are carried onwards to the NTS.  

Physiological Consequences: Hepatic afferent stimulation is tied to how food intake gets 

regulated, especially around glucose and lipid balance (Schwartz, 2000; Imai and Katagiri, 

2022). During these inflammatory states, this signalling then starts talking to the brainstem and 

hypothalamus, and there is this one region that really stands out, the arcuate nucleus. From 

there, it ends up steering acute-phase protein production in the liver, such as CRP and serum 

amyloid A, though it also helps to mould whole-body energy metabolism, for example, 

anorexia, and insulin resistance (Dantzer and Kelley, 2007; Romanovsky et al., 2005). Overall 

it acts like an early warning setup, so the liver kinda shifts its metabolic supplies toward immune 

work when infection shows up.  

Clinical Significance: In obesity, and even in non-alcoholic fatty liver disease (NAFLD), 

for example, hepatic vagal afferent sensitivity appears to be weakened (Raybould, 2011). And 

that weakening is thought to play a role in systemic inflammation and insulin resistance (Waise 

et al., 2018). So it follows that the hepatic afferent axis could end up being a kind of 

bioelectronic target for metabolic inflammation, or at least a reasonable candidate.  

3.2 Intestinal Afferent Signaling: The Microbiota Interface and Barrier Integrity  

The gastrointestinal tract is one of those zones that are really heavily innervated by vagal 

afferent fibres, and they sort of ramble, or wind up, across a few layers of the intestinal wallð

like the mucosa, lamina propria, and also the muscle layer. They basically stay alert for whatôs 

going on inside the lumen, microbial byproducts and even more local inflammatory cues, all 

day long, every day.  

Luminal sensing: In real life, intestinal vagal afferents can kind of ñget the gistò of 

nutrients and microbial metabolites (like, short-chain fatty acids) without actually touching 

them directly, more like by noticing neurotransmitters and gut hormones. Stuff such as 

serotonin (5-HT), cholecystokinin (CCK), and GLP-1 is released by enteroendocrine cells, for 
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example, L-cells and I-cells, which sit inside the intestinal epithelium (Furness et al., 2013; 

Kaelberer et al., 2018). And also, once the intestinal epithelial barrier starts acting a bit leaky, 

PAMPs like LPS, or bacterial DNA, can engage TLRs, mostly TLR4 and TLR9, right by the 

afferent endings (Hosoi et al., 2005).  

Microbiota -derived modulation: The gut microbiota can nudge vagal efferent 

signalling back and forth, like steering it toward restraint or pushing it toward amplification, 

pretty much either way, depending on the context. For instance, probiotic strains such as 

Lactobacillus and Bifidobacterium can adjust responses, inhibitory versus stimulatory, and 

this may feed into anxiety-like behaviour and visceral sensitivity through the gut-brain loop 

(Bravo et al., 2011; Bercik et al., 2011). A bunch of these effects are often hooked up to 

serotonin receptors, specifically 5-HT , or to Toll-like receptors that sit right on those afferent 

endings, so itôs really not just one clean hallway pathway. Itôs more like a messy set of 

overlapping relays, with small switches clicking in different places.  

Barrier integrity and protective reflex:  Barrier integrity, along with a protective 

reflex, in the middle of intestinal inflammation, like youôd see in colitis models, shows a 

pattern where vagal afferent signalling goes up and then sets off an efferent anti-inflammatory 

pathway. That pathway essentially runs through the NTS and the DMNX. The goal is to keep 

the barrier firm and to curb bacterial translocation, mostly by increasing tight junction 

constituents, for example, zonula occludens-1 (ZO-1) and occludin, which end up positioned 

within the intestinal epithelium (Krzyzaniak et al., 2011; Matteoli et al., 2014). Taken as one 

whole system, this circuit feels like a quite persuasive way to help mend a bruised mucosal 

barrier in inflammatory bowel diseases (IBD). 

4. BIOELECTRONIC MEDICINE AND TRANSLATIONAL APPLICATIONS  

Bioelectronic medicine is a therapeutic platform that is slowly but surely getting more 

mature; it tries to get around pharmacokinetic and side-effect problems we usually see with 

drugs by aiming at electrical cues that are already in the body, mainly in peripheral nerves  

(Famm et al., 2013). The cholinergic anti-inflammatory pathway is often framed as the 

strongest sort of ñproof of conceptò, at least for how this whole idea could work in practice 

(Pavlov and Tracey, 2022). 

4.1 Implantable Vagus Nerve Stimulation (iVNS) 

iVNS, sent via electrodes that are surgically attached to the cervical vagus nerve, has 

shown pretty encouraging clinical outcomes in studies. It tends to come up especially in 

scenarios like drug-resistant rheumatoid arthritis and some inflammatory bowel conditions.  

Rheumatoid Arthritis:  In randomised controlled trials, patients with RA who received 

iVNS demonstrated a notable 20ï30% drop in plasma TNF-Ŭ and IL-6. At the same time, 

clinical indicators such as DAS28-CRP (Disease Activity Score) improved more clearly in the 

iVNS group vs placebo (Koopman et al., 2014; Genovese et al., 2023). Taken together, these 

papers suggest iVNS is relatively safe and quite well tolerated, and that the biological effect 

tracks back to Ŭ7nAChR-mediated cytokine downregulation.  
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Crohn's Disease: Early pilot work implies IVNS may help push Crohnôs disease toward 

clinical remission and may also back mucosal repair (Bonaz et al., 2017; Manrai et al., 2024). 

The working interpretation is that stimulation helps re-establish the intestinal epithelial barrier 

and simultaneously tones down local inflammation; in other words, it is not just symptomatic.  

Limitations:  Even so, iVNS isnôt a ñplug-and-playò option; patient selection needs to 

be careful since there is an invasive surgical step involved, plus there can be adverse effects 

such as hoarseness, cough and bradycardia, so clinicians have to weigh risk benefits closely. 

Table 2: Key Structural and Molecular Elements of the Cholinergic Anti-Inflammatory Pathway 

 

4.2 Non-Invasive Transcutaneous Auricular VNS (taVNS) 

To get around the invasive part and the side effect burden usually seen with cervical 

VNS, taVNS devices have been made; they focus on the auricular branch of the vagus nerve. 

This happens in the cymba conchae area on the outer ear. Even though this route typically 

needs a lower stimulus intensity than iVNS, it still can trigger Ŭ7nAChR-mediated anti-

inflammatory responses (Kaniusas et al., 2019; Baker et al., 2023).  

Clinical Applications:  taVNS has been reported as rather encouraging in inflammatory 

bowel disorders, including ulcerative colitis and Crohnôs, plus depression, migraine, and 

ongoing pain conditions like fibromyalgia (Bonaz et al., 2021; Farmer et al., 2021). Because 

it is non-invasive and can be used at home, it likely helps patient adherence the most in a 

practical sense.  

Mechanism and Efficacy: With taVNS, afferent fibres of the auricular branch get 

stimulated, and then they send signals toward the NTS, which in turn engages the efferent anti-

inflammatory reflex in a way that resembles cervical iVNS. That said, it is not fully settled if 

the mechanism is 100% the same as in cervical VNS, or if the best stimulation settings (for 

Component Anatomical / Cellular 

Structure 

Agent / Receptor Physiological Function 

 

Afferent Limb  

 

Nodose Ganglion, NTS 

 

Cytokine receptors, 

TLR4 

 

Detection of peripheral inflammation 

and transmission to CNS 

Central 

Integration 

NTS, DMNX, Paraventricular 

Nucleus 

Glutamate, GABA Processing of reflex response and 

adjustment of efferent output 

 

Efferent Limb  

 

DMNX, Vagus Nerve, Celiac 

Ganglion 

 

Acetylcholine, 

Norepinephrine 

 

Splenic nerve stimulation and 

visceral organ regulation 

 

Immune Relay 

 

ChAT  CD4  T Cells 

 

ɓ2-Adrenergic 

Receptor 

 

Acetylcholine synthesis and release 

in response to norepinephrine 

stimulation 

 

Target Cell 

 

Tissue Macrophages, 

Monocytes 

 

Ŭ7nAChR 

 

NF-əB inhibition, STAT3 activation, 

cytokine suppression 
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example, frequency and pulse width) are identical, or whether they should be tuned separately. 

 

 

4.3 Heart Rate Variability (HRV) and Vagal Tone Biomarkers 

When the goal is to estimate autonomic nervous system balance without invasive steps, 

heart rate variability, or HRV, it is one of the most dependable approaches for capturing vagal 

tone (Damoun et al., 2024).   

HRV as a Vagal Indicator: The high-frequency band in HRV (HF-HRV, 0.15ï0.40 Hz) 

reflects respiratory sinus arrhythmia and is generally accepted as a valid readout of 

parasympathetic, meaning vagal, activity. When HF-HRV is low, it usually points toward 

reduced vagal tone, like a quieter ñbrakeò system.   

Correlation with Inflammation:  Some clinical work has kind of shown that lower HF-

HRV values go along with an inverse pattern toward higher systemic inflammation markers, 

like CRP, IL-6 and TNF-Ŭ (Aeschbacher et al., 2017; Williams et al., 2019). So the idea is that 

reduced vagal output may be part of what pushes inflammation along, the kind that doesnôt get 

properly regulated, or at least not in a timely way.   

Role in Treatment Monitoring:  HRV can function as a kind of surrogate marker for 

dosing bioelectronic interventions. This includes, for instance, personalising stimulation 

intensity and duration. In closed-loop setups, if HRV data are available in real time, the system 

could update stimulation parameters automatically, allowing therapy that shifts with the patient 

(Ottaviani et al., 2022). In other words, it could aim for the ñsweet spotò of vagal tone per 

individual (Zanos et al., 2018). 

5  UN RESOLVED MECHANISMS AND OXIDATIVE STRESS INTERACTION  

5 1 Anatomical and neuro-immune synaptic gaps 

The vagal efferent output to peripheral immune cells directly is the key principle behind 

the cholinergic anti-inflammatory pathway but remains a major unanswered question. It is 

currently thought that vagal neurones indirectly access macrophages by what has been termed 

"ChAT  T cell relays" in the spleen and elsewhere, including the gastrointestinal tract and lung. 

There has yet to be convincing evidence that these neuro-immune synapses actually exist and 

are functional.  

Neuro-Immune Synapses: Cell-cell contacts are increasingly reported between the 

enteric nervous system and vagal terminals within the wall of the intestine and between 

macrophages at the intestinal lamina propria (Veiga-Fernandes and Mucida, 2016; Godinho-

Silva et al., 2019). However, whether these contacts provide sufficient local concentrations of 

ACh to engage Ŭ7nAChR signalling remains uncertain.  

Acetylcholinesterase (AChE) Barrier: Acetylcholine (ACh) is hydrolysed within 

milli seconds in the synaptic cleft by acetylcholinesterase (AChE) (Soreq and Seidman, 2001). 

Thus, ACh released from the vagal terminal has to act at short range to avoid being rapidly 

hydrolysed before binding to the vagus innervating Ŭ7nAChRs on parenchymal macrophages. 

A question, however, arises as to how these mediators (norepinephrine Ÿ ACh) can bypass this 
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enzymatic barrier and reach the target cells in organs without vagal innervation (e.g., spleen). 

The studies by Simon et al. (2023) and Merchant et al. (2025), described in Section 2.2 above, 

raise serious questions not only about the mechanism by which this synapse is formed in the 

spleen (the T-cell relay concept and targeting myeloid cells directly) but also about whether the 

functional locus of Ŭ7nAChR may be extrasplenic (e.g., on sympathetic neurones or sensory 

neurones). Further work will be needed in trying to define how this synapse might be formed 

outside the spleen (e.g., mesenteric lymph nodes or intestinal mucosa) (Wang et al., 2026). 

5 2 Oxidative Stress and Redox Sensitivity: Integration of the Ŭ7nAChR-Nrf2 Axis 

Inflammation and oxidative stress are two fundamental, interconnected 

pathophysiological processes in chronic diseases. Recently it was discovered that Ŭ7nAChR, as 

a common component for both processes, plays a role of inflammation suppressor and a strong 

redox regulator of the stress response in the cell (Piovesana et al., 2021).  

M1/M2 Polarization and Redox: Much like polarization of immune cells can be 

modulated by ROS productionā the polarization of macrophages towards pro-inflammatory M1 

or anti-inflammatory M2 functional phenotypes can be modulated by redox: M1 polarization is 

associated with an increased mitochondrial concentration of ROS and decreased GSH 

concentrationā whereas M2 polarization is associated with an increased concentration of 

antioxidants and decreased concentration of ROS (Mills et al ā 2016; Tan et al ā 2016)  

Oxidative stress within chronic inflammation changes this balance towards M1 and supports a 

continuing inflammatory response. 

Redox regulatory role of Ŭ7nAChR: Cholinergic activation through Ŭ7nAChR actually 

kicks off two core routes for antioxidative, cytoprotective messaging: (i) Janus kinase 2 / Signal 

transducer and activator of transcription (JAK2/STAT3) and (ii) phosphoinositide 3-kinase, 

PI3K/Akt pathways, which then promote the activation plus nuclear movement of Nuclear 

Factor Erythroid 2-Related Factor 2 (Nrf2) (Yu et al., 2019). After the Nrf2 enters the nucleus 

and binds to the gene promoter's ARE, it regulates the transcription of other ARE-driven and 

antioxidant genes, such as the phase II antioxidants heme oxygenase 1 (HO-1), superoxide 

dismutase (SOD), catalase, and glutathione peroxidase (Farré-Alins et al., 2020) 

Mitochondrial protection: Stimulation of Ŭ7nAChR signaling has also been reported to 

induce mitochondrial biogenesis, regulate mitochondrial function, inhibit mitochondrial 

reactive oxygen species production, regulate oxidative phosphorylation and energy metabolism 

in cells and stabilize the mitochondrial inner membrane potential (Skok, 2022; Gamage et al., 

2020) Altogether, this is linked with a sort of ñresilienceò against oxidative injury, including 

inflammatory damage, in both cells and tissues.    

Pathophysiological Relevance: This interface may offer targets for bioelectronic medicine to 

inhibit the production of pro-inflammatory cytokines and repair tissue damage through 

restoring redox balance as an explanation for the reduced efficiency of Ŭ7nAChR signalling in 

chronic inflammation in conditions with redox imbalance and treatment variability. Future 

studies may need to consider how this redox sensitivity is reflected in stimulation parameters 

at different disease stages. 

6  Conclusion and Future Perspectives 
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The cholinergic anti-inflammatory pathway is a new and exciting interdisciplinary field 

of research, from neurophysiology and immunology to molecular biology and biomedical 

engineering. However, the cellular and molecular mechanisms underlying the afferent and 

efferent (including the anatomical localisation of Ŭ7nAChR and the origin of ACh) must be 

elucidated before bioelectronic medicine can be personalised and the relevant electrodes can be 

rationally selected. 

Closed-loop bioelectronic systems to read in real time and automatically stimulate 

peripheral nerves, HRV, cytokines (including TNF), and tissue impedance are likely to become 

standard clinical practice when the questions around biomarker selection discussed in Section 

5 are solved. Additionally, the redox signalling hypothesis of vagal signalling presented in 

Section 4.3 as merely a plausible analogy is likely to become at some point the new mechanism 

of treating diseases of inflammation (including sepsis, IBD, RA, SLE, and the 

neurodegenerative diseases) when considered as a possible mechanism rather than merely a 

plausible analogy. 

 

 

Figure 1  Neuroanatomical organisation of the inflammatory reflex 

 

Peripheral inflammatory mediators activate vagal afferents within the nucleus tractus solitarius (NTS) from the 

nodose ganglion  Brainstem processing of this signal leads to efferent vagus nerve activity from the dorsal motor 

nucleus of the vagus (DMNX) through the coeliac ganglion and splenic nerve to influence immune activity in the 
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spleen and gut  ChAT  T cells and Ŭ7nAChR-expressing macrophages are among the important effector cells of the 

pathway 

 

 

 

Figure 2: Ŭ7nAChR-mediated anti-inflammatory and redox signaling in macrophages. 

 

Acetylcholine binding to the Ŭ7nAChR activates the JAK2/STAT3 and PI3K/Akt signaling pathways, inhibits the 

NF-əB signaling pathway, induces the nuclear translocation of Nrf2, and activates the expressions of the oxidative 

stress-associated genes HO-1, SOD, catalase, and GPx. Ŭ7nAChR activation also has the ability to inhibit oxidative 

stress, induce M2 macrophage polarisation, promote the resolution of inflammation, and protect tissues. 
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ÖZET  

 Yarēk dudak ve damak, ­ocukluk ­aĵēnēn en sēk gºr¿len doĵumsal kraniyofasiyal 

anomalileri arasēnda yer almakta olup estetik, fonksiyonel ve psikososyal a­ēdan uzun dºnemli 

tedavi gerektiren kompleks bir klinik tablodur. Cerrahi onarēmēn zamanlamasē, y¿z geliĸimi, 

konuĸma fonksiyonu, beslenme, iĸitme ve yaĸam kalitesi ¿zerinde belirleyici rol oynayan 

ºnemli bir faktºrd¿r. Bununla birlikte, ideal cerrahi yaĸ konusunda farklē merkezler arasēnda 

tam bir gºr¿ĸ birliĵi bulunmamaktadēr. Erken dºnemde ger­ekleĸtirilen cerrahinin ­ocuĵun 

beslenmesini kolaylaĸtērdēĵē, ebeveyn-­ocuk baĵlanmasēnē g¿­lendirdiĵi ve sosyal uyumu 

desteklediĵi bildirilirken, ­ok erken cerrahi giriĸimlerin maksillofasiyal b¿y¿me ¿zerine olasē 

olumsuz etkileri de tartēĸēlmaktadēr. Buna karĸēlēk cerrahinin gecikmesi, konuĸma geliĸiminde 

bozulma, kompansatuvar artik¿lasyon alēĸkanlēklarēnēn yerleĸmesi, tekrarlayan ¿st solunum 

yolu enfeksiyonlarē ve psikososyal problemlerin ortaya ­ēkmasēna neden olabilmektedir. Son 

yēllarda multidisipliner yaklaĸēmēn yaygēnlaĸmasēyla birlikte yalnēzca kronolojik yaĸēn deĵil, 

hastanēn genel saĵlēk durumu, yarēĵēn morfolojik ºzellikleri, beslenme yeterliliĵi, kilo artēĸē ve 

eĸlik eden sendromlarēn da cerrahi zamanlamada dikkate alēnmasē gerektiĵi vurgulanmaktadēr. 

Güncel literatür, uygun hasta se­imi ve deneyimli ekipler tarafēndan ger­ekleĸtirilen zamanēnda 

cerrahi m¿dahalenin fist¿l geliĸimi, konuĸma sonu­larē, estetik gºr¿n¿m ve revizyon cerrahisi 

gereksinimi ¿zerinde olumlu etkiler oluĸturduĵunu gºstermektedir. Bu nedenle  tedavisinde 

cerrahi zamanlamasēnēn tek baĸēna belirli bir yaĸ sēnērēna indirgenmemesi, hasta ºzelliklerine 

gºre bireyselleĸtirilmiĸ, kanēta dayalē ve multidisipliner bir yaklaĸēmēn benimsenmesi tedavi 

baĸarēsēnē artērabilecek en ºnemli stratejilerden biri olarak deĵerlendirilmektedir. 

Anahtar Kelimeler :  Yarēk damak ve dudak, cerrahi zamanlama, tedavi baĸarēsē, post op 

komplikasyon  
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ÖZET 

Amaç: Hipotiroidizmin kemik metabolizmasē ¿zerine olan olumsuz etkileri literat¿rde 

bilinmekle birlikte, bu etkinin mandibular trabek¿ler kemik yapēsēna yansēmasē hen¿z yeterince 

araĸtērēlmamēĸtēr. Bu ­alēĸmada hipotiroidi hastalarēnda mandibular kemik mikro-mimarisinin 

panoramik radyografiler ¿zerinden fraktal analiz yºntemiyle incelenmesi ama­lanmēĸtēr. 

Yöntem: ¢alēĸmaya hipotiroidi tanēsē almēĸ 40 hasta ile 40 saĵlēklē kontrol bireyden oluĸan 

toplam 80 kiĸi dahil edildi. Gruplar cinsiyet a­ēsēndan eĸleĸtirilmiĸ olup her birinde 20 kadēn, 

20 erkek yer almaktadēr. Panoramik radyograflar ¿zerinde ImageJ yazēlēmē aracēlēĵēyla kondil, 

angulus ve mental foramen bºlgelerinde fraktal boyut deĵerleri hesaplanmēĸtēr. Daĵēlēm 

özelliklerine göre Angulus bölgesi için Welch d¿zeltmeli baĵēmsēz ºrneklem t-testi, Kondil ve 

Mental Foramen bölgeleri için Mann-Whitney U testi uygulanmēĸtēr. 

Bulgular:  Hipotiroidi grubunda ¿­ bºlgenin tamamēnda fraktal boyut deĵerleri saĵlēklē 

kontrollerden anlamlē d¿zeyde d¿ĸ¿k bulunmuĸtur. Kondil bºlgesinde saĵlēklē grupta ortalama 

1,189, hipotiroidi grubunda 0,977 olarak ºl­¿lm¿ĸt¿r (p<0,001). Angulus bºlgesinde iki grup 

arasēndaki ortalama fark 0,209 olup bu fark istatistiksel olarak anlamlēdēr (p<0,001). Mental 

foramen bºlgesinde ise saĵlēklē grupta ortalama 1,278, hipotiroidi grubunda 0,958 deĵeri elde 

edilmiĸ; bu bºlge en y¿ksek azalma oranēnē (%25,1) gºstermiĸtir (p<0,001). Bu farkēn klinik 

a­ēdan da anlamlē olduĵu gºr¿lm¿ĸt¿r. 

Sonuç: Hipotiroidizmin mandibular trabek¿ler kemik yapēsēnē ¿­ anatomik bºlgede de tutarlē 

bi­imde bozduĵu gºr¿lmektedir. Fraktal analiz bu deĵiĸiklikleri noninvaziv olarak 

saptayabilmekte olup sistemik hastalēklarēn kemik ¿zerindeki etkilerinin erken dºnemde 

deĵerlendirilmesinde klinik kullanēm potansiyeli taĸēyan bir yºntem olarak deĵerlendirilebilir. 

Anahtar Kelimeler:  Hipotiroidi, fraktal analiz, mandibula, trabeküler kemik, panoramik 

radyografi 
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Öz 

Alfa-naftil asetat esteraz (ANAE), non-spesifik esterazlar grubuna ait bir enzim olup 

ºzellikle T lenfositlerin tanēmlanmasēnda kullanēlan ºnemli bir histokimyasal belirte­tir. 

Sitoplazmada granüler boyanma paterni ile karakterize olan bu enzim, lenfosit alt 

pop¿lasyonlarēnēn ayērt edilmesinde uzun yēllar boyunca g¿venilir bir yºntem olarak 

kullanēlmēĸtēr. Bu ­alēĸmasēnēn amacē, kan dokusunda ANAE demonstrasyonunun 

biyokimyasal temellerini, histokimyasal uygulama s¿re­lerini, tanēsal deĵerini ve modern 

analiz yºntemleri ile iliĸkisini kapsamlē ĸekilde incelemektir. 

ANAE boyamasē, lenfosit alt pop¿lasyonlarēnēn ayrēmēnda klasik bir yºntem olarak 

uzun yēllar kullanēlmēĸ olup, ºzellikle T h¿crelerinin sitokimyasal olarak belirlenmesinde 

ºnemli katkēlar saĵlamēĸtēr. Bununla birlikte, akēm sitometrisi, imm¿nohistokimya ve 

molek¿ler biyoloji tekniklerinin geliĸmesiyle birlikte h¿cresel tanēmlama yºntemleri daha 

spesifik ve duyarlē hale gelmiĸ, bu durum ANAE demonstrasyonunun kullanēm sēklēĵēnda 

azalmaya yol a­mēĸtēr. 

Buna raĵmen, ANAE demonstrasyonu d¿ĸ¿k maliyetli olmasē, hēzlē uygulanabilirliĵi ve 

ºzel ekipman gerektirmemesi gibi avantajlarē nedeniyle ºnemini korumaktadēr. Ayrēca, 

hücresel morfolojinin korunarak deĵerlendirme yapēlabilmesi, bu yºntemi histokimyasal 

analizler arasēnda ayrēcalēklē bir konuma getirmektedir. G¿n¿m¿zde ANAE demonstrasyonu, 

tek baĸēna bir tanē aracē olmaktan ziyade, modern tekniklerle birlikte kullanēlan tamamlayēcē bir 

yöntem olarak deĵerlendirilmektedir. 

Bu ­alēĸma, ANAE demonstrasyonunun avantajlarēnē ve sēnērlēlēklarēnē ortaya koyarak, 

özellikle dijital patoloji ve yapay zeka destekli analiz sistemleri ile entegrasyon potansiyelini 

tartēĸmayē ama­lamaktadēr. Bu baĵlamda, klasik histokimyasal yºntemlerin modern tanē 

yaklaĸēmlarē ile birlikte kullanēlmasē, hematolojik hastalēklarēn deĵerlendirilmesinde daha 

kapsamlē ve g¿venilir sonu­larēn elde edilmesine katkē saĵlayabilir. 
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Anahtar Kelimeler:  ANAE, Esteraz, Histokimya, Kan Dokusu, T Lenfosit. 

DEMONSTRATION OF ALPHA NAPHTHYL ACETATE ESTERASE (ANAE) IN 

BLOOD TISSUE 

Abstract 

Alpha-naphthyl acetate esterase (ANAE) is an enzyme belonging to the group of non-

specific esterases and is an important histochemical marker used especially in the identification 

of T lymphocytes. Characterized by a granular staining pattern in the cytoplasm, this enzyme 

has been used for many years as a reliable method for differentiating lymphocyte 

subpopulations. The aim of this study is to comprehensively examine the biochemical basis of 

ANAE demonstration in blood tissue, histochemical application processes, diagnostic value, 

and its relationship with modern analytical methods. 

ANAE staining has been used for many years as a classic method in the differentiation 

of lymphocyte subpopulations, and has made significant contributions, especially in the 

cytochemical determination of T cells. However, with the development of flow cytometry, 

immunohistochemistry, and molecular biology techniques, cellular identification methods have 

become more specific and sensitive, which has led to a decrease in the frequency of use of 

ANAE demonstration. Nevertheless, ANAE demonstration retains its importance due to its 

advantages such as low cost, rapid applicability, and lack of need for special equipment. 

Furthermore, the ability to evaluate cellular morphology while preserving it gives this method 

a privileged position among histochemical analyses. Today, ANAE demonstration is 

considered not a standalone diagnostic tool, but rather a complementary method used in 

conjunction with modern techniques. 

This study aims to highlight the advantages and limitations of ANAE demonstration, 

particularly discussing its potential for integration with digital pathology and artificial 

intelligence-supported analysis systems. In this context, the combined use of classical 

histochemical methods with modern diagnostic approaches can contribute to obtaining more 

comprehensive and reliable results in the evaluation of hematological diseases. 

Keywords: ANAE, Blood Tissue, Histochemistry, T Lymphocyte, Esterase. 
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1. Giriĸ 

Kan dokusu, baĵ dokusunun ºzelleĸmiĸ bir formu olup dolaĸēm sistemi i­erisinde 

h¿cresel ve humoral bileĸenleri ile imm¿n yanētēn temel yapē taĸlarēnē oluĸturmaktadēr 

(Mescher, 2021; Ross & Pawlina, 2020). Eritrositler, lºkositler ve trombositler gibi ĸekilli 

elemanlarēn yanē sēra plazma, bu dokunun fonksiyonel b¿t¿nl¿ĵ¿n¿ saĵlayan temel 

bileĸenlerdir. ¥zellikle lºkositler, imm¿n sistemin efektºr h¿creleri olarak görev yapmakta ve 

organizmanēn enfeksiyonlara karĸē savunmasēnda kritik rol oynamaktadēr (Abbas ve ark., 2021; 

Murphy, 2012). Lenfositler ise baĵēĸēklēk sisteminin temel h¿creleri olup baĸlēca T ve B 

lenfositler ĸeklinde sēnēflandērēlmaktadēr (Janeway ve ark., 2017). Bu h¿crelerin doĵru ĸekilde 

tanēmlanmasē, hematolojik hastalēklarēn tanē, prognoz ve tedavi planlamasēnda belirleyici bir 

faktördür (Prasannan ve ark.  2020; Kumar ve ark., 2020). 

H¿cresel d¿zeyde farklēlaĸmanēn ortaya konulmasēnda histokimyasal yöntemler uzun 

yēllardēr g¿venilir ara­lar olarak kullanēlmaktadēr. Bu yºntemler, h¿cre i­i enzim aktivitelerini 

ve biyokimyasal ºzellikleri ortaya koyarak h¿cre tiplerinin ayērt edilmesini saĵlamaktadēr 

(Bancroft & Gamble, 2019; Kiernan, 2015). Histokimyasal analizler, özellikle hücresel 

morfolojinin korunarak fonksiyonel deĵerlendirme yapēlabilmesine olanak tanēmasē a­ēsēndan 

ºnemli avantajlar sunmaktadēr (Carson & Hladik, 2009). Bu kapsamda kullanēlan yºntemlerden 

biri olan alfa-naftil asetat esteraz (ANAE) demonstrasyonu, özellikle T lenfositlerin 

belirlenmesinde yaygēn olarak tercih edilen klasik bir tekniktir (Yam ve ark., 1971; Knowles, 

2001). 

Modern tēpta akēm sitometrisi, imm¿nohistokimya ve molek¿ler biyoloji tekniklerinin 

yaygēnlaĸmasē ile birlikte h¿cresel analizler daha hassas ve ­ok parametreli hale gelmiĸtir 

(Abbas ve ark., 2021; McPherson & Pincus, 2017). Bununla birlikte, klasik histokimyasal 

yºntemler, d¿ĸ¿k maliyetli olmalarē, teknik olarak kolay uygulanabilirlik saĵlamalarē ve ileri 

d¿zey ekipman gerektirmemeleri nedeniyle h©l© belirli klinik ve araĸtērma ortamlarēnda tercih 

edilmektedir (Bancroft & Gamble, 2019; Kiernan, 2015; Suvarna ve ark., 2018). Özellikle 

sēnērlē kaynaklara sahip laboratuvarlarda, ANAE demonstrasyonu gibi yöntemler, lenfosit alt 

gruplarēnēn ayrēmēnda pratik ve eriĸilebilir bir alternatif olarak ºnemini s¿rd¿rmektedir 

(Knowles, 2001). 

2. ANAEônin Biyokimyasal ve Histolojik Temeli 

ANAE, ester baĵlarēnē hidrolize eden non-spesifik esterazlar grubuna ait bir enzim olup, 

özellikle hematopoietik hücrelerin sitokimyasal karakterizasyonunda önemli bir biyobelirteç 
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olarak kabul edilmektedir (Johnson, 1972; Kiernan, 2015). Bu enzim, alfa-naftil asetat 

substratēnē hidrolize ederek alfa-naftol oluĸumuna yol a­ar. Ortaya ­ēkan alfa-naftol, diazonyum 

tuzlarē ile reaksiyona girerek ­ºz¿nmeyen renkli bir azo boya kompleksi oluĸturur. Bu 

reaksiyon ¿r¿n¿, h¿cre sitoplazmasēnda birikerek mikroskop altēnda enzim aktivitesinin 

lokalizasyonunu belirgin hale getirir (Bancroft & Gamble, 2019; Carson & Hladik, 2009). Bu 

nedenle ANAE demonstrasyonu, hem morfolojik hem de fonksiyonel deĵerlendirme saĵlayan 

bir histokimyasal teknik olarak ºne ­ēkmaktadēr. 

Histolojik a­ēdan deĵerlendirildiĵinde, ANAE aktivitesi h¿cre tipine ºzg¿ belirgin 

farklēlēklar gºstermektedir. T lenfositlerde genellikle sitoplazmada sēnērlē sayēda, keskin sēnērlē 

ve gran¿ler boyanma odaklarē izlenirken, bu durum enzimin lizozomal daĵēlēmēnē 

yansētmaktadēr (Knowles, 2001; Kumar ve ark., 2020). Buna karĸēlēk, B lenfositlerde ANAE 

aktivitesi ­oĵunlukla negatif olup, bazē durumlarda zayēf ve diff¿z bir boyanma paterni 

gºr¿lebilmektedir (Janeway ve ark., 2017). Monositler ise geniĸ sitoplazmalarē boyunca yaygēn 

ve yoĵun pozitiflik sergileyerek diĵer lenfosit alt gruplarēndan kolaylēkla ayērt edilebilmektedir 

(McPherson & Pincus, 2017; Prasannan ve ark.  2020). 

Bu h¿creler arasē boyanma farklēlēklarē, ANAEônin h¿cresel diferansiyasyon ve imm¿n 

fonksiyonlarla iliĸkili olduĵunu d¿ĸ¿nd¿rmektedir. ¥zellikle T lenfositlerde gºzlenen granüler 

boyanma paterni, bu h¿crelerin lizozomal aktivitesi ve antijen iĸleme s¿re­leri ile baĵlantēlēdēr 

(Abbas ve ark., 2021; Murphy, 2012). ANAEônin lizozomal kºkenli olmasē, h¿cre i­i sindirim 

mekanizmalarē ve imm¿n yanēt sērasēnda ger­ekleĸen antijen sunumu süreçlerinde rol 

oynayabileceĵini gºstermektedir (Mescher, 2021). Bu baĵlamda, ANAE aktivitesi yalnēzca bir 

tanēmlayēcē belirte­ olmanēn ºtesinde, h¿cresel fonksiyonel durum hakkēnda da ºnemli bilgiler 

sunmaktadēr. 

3. ANAE Demonstrasyon Yöntemi 

ANAE demonstrasyonu, belirli aĸamalardan oluĸan klasik bir histokimyasal teknik olup 

hematolojik h¿crelerin sitokimyasal ºzelliklerinin ortaya konulmasēnda yaygēn olarak 

kullanēlmaktadēr (Bancroft & Gamble, 2019; Suvarna ve ark., 2018). Ķlk aĸamada periferik 

kandan ince yaymalar hazērlanmakta ve preparatlarēn h¿cresel morfolojiyi koruyacak ĸekilde 

uygun koĸullarda fikse edilmesi gerekmektedir. Fiksasyon iĸlemi, enzim aktivitesinin 

korunmasē a­ēsēndan kritik bir basamak olup, genellikle formalin, glutaraldehit veya asetona 

dayalē fiksatifler tercih edilmektedir (Kiernan, 2015; Carson & Hladik, 2009). Uygun olmayan 
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fiksasyon, enzim aktivitesinin kaybēna ya da artefakt oluĸumuna neden olabileceĵinden, bu 

aĸama yºntemin g¿venilirliĵi a­ēsēndan belirleyicidir (Bancroft & Gamble, 2019). 

Ķkinci aĸamada, preparatlar alfa-naftil asetat içeren substrat çözeltisi ile belirli süre ve 

sēcaklēk koĸullarēnda ink¿be edilmektedir. Bu aĸamada ANAE enzimi substratē hidrolize ederek 

alfa-naftol oluĸumuna yol a­ar. Oluĸan bu ara ¿r¿n, diazonyum tuzlarē ile reaksiyona girerek 

çözünmeyen renkli bir azo boya kompleksi meydana getirir (Johnson, 1972; Kiernan, 2015). 

Ķnk¿basyon s¿resi, pH ve sēcaklēk gibi faktºrler reaksiyonun etkinliĵini doĵrudan etkileyen 

önemli parametrelerdir ve standardizasyon gerektirir (Suvarna ve ark., 2018). 

Boyama iĸlemi tamamlandēktan sonra preparatlar ēĸēk mikroskobu altēnda 

deĵerlendirilir. Pozitif h¿creler sitoplazmalarēnda genellikle kērmēzēmsē-kahverengi granüler 

boyanma gösterirken, negatif hücrelerde boyanma gözlenmez ya da minimal düzeydedir 

(Carson & Hladik, 2009; Knowles, 2001). Deĵerlendirme s¿recinde yalnēzca boyanma varlēĵē 

deĵil, aynē zamanda boyanmanēn yoĵunluĵu, daĵēlēmē ve h¿cre i­indeki lokalizasyonu da 

dikkate alēnmalēdēr (Kumar ve ark., 2020). 

Bu yºntemin ºnemli bir sēnērlēlēĵē, deĵerlendirme s¿recinin b¿y¿k ºl­¿de gºzlemci 

deneyimine baĵlē olmasēdēr. Boyanma paternlerinin yorumlanmasē subjektif farklēlēklara yol 

a­abilir ve bu durum sonu­larēn tekrarlanabilirliĵini etkileyebilir (McPherson & Pincus, 2017). 

Bu nedenle, standart protokollerin uygulanmasē ve m¿mk¿n olduĵunda dijital gºr¿nt¿ analiz 

sistemleri ile desteklenmesi önerilmektedir (Litjens ve ark., 2017). 

4. Klinik ve Tanēsal ¥nemi 

ANAE demonstrasyonu, hematolojik hastalēklarēn tanēsēnda uzun yēllar boyunca ºnemli 

bir rol oynamēĸ ve ºzellikle sitokimyasal sēnēflandērma yºntemlerinin temel bileĸenlerinden biri 

olarak kabul edilmiĸtir (Yam ve ark., 1971; Knowles, 2001). Bu yºntem, ºzellikle T 

lenfositlerin belirlenmesinde gösterdiĵi y¿ksek duyarlēlēk sayesinde lenfoproliferatif 

hastalēklarēn ayērēcē tanēsēnda deĵerli bir ara­ olmuĸtur (Prasannan ve ark.  2020; McPherson & 

Pincus, 2017). ANAE pozitifliĵi, T h¿cre kºkenli h¿crelerde sitoplazmik gran¿ler boyanma 

ĸeklinde ortaya ­ēkar ve bu ºzellik, h¿cre alt tiplerinin morfolojik olarak ayērt edilmesine katkē 

saĵlar (Kumar ve ark., 2020; Abbas ve ark., 2021). 

¥zellikle T h¿creli lºsemilerde ve bazē T h¿creli lenfomalarda ANAE pozitifliĵinin 

belirgin olmasē, bu yºntemin tanēsal deĵerini artērmaktadēr (Kumar ve ark., 2020). Buna 

karĸēlēk, B h¿creli malignitelerde genellikle ANAE aktivitesi saptanmaz veya ­ok zayēf d¿zeyde 

gºr¿l¿r; bu durum, h¿cre kºkeninin belirlenmesinde ºnemli bir ayērt edici kriter olarak 
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kullanēlmaktadēr (Knowles, 2001; Janeway ve ark., 2017). Bununla birlikte, monositlerin de 

ANAE pozitiflik gºsterebilmesi, bazē durumlarda yorumlamada dikkatli olunmasēnē 

gerektirmektedir (McPherson & Pincus, 2017). 

ANAE demonstrasyonu yalnēzca malign hastalēklarēn sēnēflandērēlmasēnda deĵil, aynē 

zamanda imm¿n sistem fonksiyonlarēnēn deĵerlendirilmesinde de kullanēlmaktadēr. ¥zellikle 

imm¿n yetmezlik hastalēklarēnda lenfosit alt pop¿lasyonlarēnēn daĵēlēmēndaki deĵiĸikliklerin 

belirlenmesi, hastalēĵēn patofizyolojisinin anlaĸēlmasēna katkē saĵlamaktadēr (Abbas ve ark., 

2021; Murphy, 2012). Ayrēca, kemoterapi veya imm¿nmod¿latºr tedaviler sonrasē lenfosit 

yanētlarēnēn izlenmesinde de yardēmcē bir yºntem olarak deĵerlendirilmektedir (Prasannan ve 

ark.  2020). 

Her ne kadar günümüzde akēm sitometrisi ve imm¿nohistokimya gibi daha spesifik ve 

duyarlē yºntemler yaygēn olarak kullanēlsa da, ANAE demonstrasyonu d¿ĸ¿k maliyetli olmasē 

ve hēzlē sonu­ vermesi nedeniyle ºzellikle sēnērlē teknik altyapēya sahip laboratuvarlarda h©l© 

önemli bir alternatif olarak kabul edilmektedir (Bancroft & Gamble, 2019; Kiernan, 2015). Bu 

nedenle, ANAE boyamasē modern tanē yºntemleriyle birlikte kullanēldēĵēnda, hematolojik 

hastalēklarēn deĵerlendirilmesinde tamamlayēcē bir rol oynamaya devam etmektedir. 

5. Avantajlar ve Sēnērlēlēklar 

ANAE demonstrasyonunun en ºnemli avantajlarēndan biri d¿ĸ¿k maliyetli olmasē ve 

teknik a­ēdan kolay uygulanabilir bir yºntem olarak ºne ­ēkmasēdēr (Bancroft & Gamble, 2019; 

Suvarna ve ark., 2018). ¥zel ve pahalē ekipman gerektirmemesi, bu yöntemin özellikle 

geliĸmekte olan ¿lkelerdeki laboratuvarlarda yaygēn olarak kullanēlabilmesine olanak 

saĵlamaktadēr. Ayrēca, kēsa s¿rede sonu­ verebilmesi, klinik uygulamalarda hēzlē ºn 

deĵerlendirme yapēlmasēna katkē sunmaktadēr (Kiernan, 2015). Bunun yanē sēra, h¿cresel 

morfolojinin korunarak deĵerlendirme yapēlabilmesi, histokimyasal analizlerin en ºnemli 

avantajlarēndan biridir. Bu ºzellik, h¿cre tiplerinin yalnēzca biyokimyasal deĵil aynē zamanda 

morfolojik kriterlere gºre de deĵerlendirilmesine imk©n tanēmaktadēr (Carson & Hladik, 2009; 

Ross & Pawlina, 2020). 

ANAE demonstrasyonu, ºzellikle temel laboratuvar koĸullarēnda lenfosit alt 

pop¿lasyonlarēnēn ayērt edilmesinde pratik ve eriĸilebilir bir yºntem sunmaktadēr. Bu durum, 

ileri teknoloji gerektiren akēm sitometrisi veya imm¿nohistokimyasal yºntemlerin bulunmadēĵē 

ortamlarda ºnemli bir avantaj saĵlamaktadēr (McPherson & Pincus, 2017; Abbas ve ark., 2021). 

Ayrēca, preparatlarēn arĸivlenebilmesi ve gerektiĵinde yeniden deĵerlendirilebilmesi de 
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yºntemin kullanēm kolaylēĵēnē artēran faktºrler arasēnda yer almaktadēr (Bancroft & Gamble, 

2019). Bununla birlikte, ANAE demonstrasyonunun bazē ºnemli sēnērlēlēklarē da 

bulunmaktadēr. ¥ncelikle yºntemin spesifitesinin sēnērlē olmasē, bazē h¿cre tiplerinde yanlēĸ 

pozitif veya yanlēĸ negatif sonu­lara yol a­abilmektedir (Kiernan, 2015; Kumar ve ark., 2020). 

¥zellikle monositlerin de ANAE pozitiflik gºsterebilmesi, lenfosit alt tiplerinin ayērt 

edilmesinde karēĸēklēĵa neden olabilmektedir (Knowles, 2001). Ayrēca, boyanma yoĵunluĵu ve 

paterni ­evresel faktºrlerden, kullanēlan reaktiflerden ve ink¿basyon koĸullarēndan 

etkilenebilmektedir (Suvarna ve ark., 2018). 

Bir diĵer ºnemli sēnērlēlēk ise deĵerlendirme s¿recinin b¿y¿k ºl­¿de gºzlemciye baĵēmlē 

olmasēdēr. Boyanma paternlerinin yorumlanmasē subjektif farklēlēklar gºsterebilir ve bu durum 

sonu­larēn tekrarlanabilirliĵini azaltabilir (Kumar ve ark., 2020; McPherson & Pincus, 2017). 

Bu nedenle, standart protokollerin uygulanmasē ve m¿mk¿n olduĵunda dijital gºr¿nt¿ analiz 

sistemleri ile desteklenmesi önerilmektedir (Litjens ve ark., 2017). Sonuç olarak, ANAE 

demonstrasyonu avantajlarē ve sēnērlēlēklarē birlikte deĵerlendirildiĵinde, ºzellikle tamamlayēcē 

bir yºntem olarak kullanēldēĵēnda klinik a­ēdan deĵerli bilgiler sunmaya devam etmektedir. 

6. Modern Yºntemlerle Karĸēlaĸtērma 

G¿n¿m¿zde akēm sitometrisi, imm¿nohistokimya ve molek¿ler biyoloji temelli 

teknikler, h¿cre y¿zey belirte­lerinin y¿ksek doĵruluk ve duyarlēlēkla belirlenmesini saĵlayarak 

hematolojik tanē s¿re­lerinde ºnemli bir yer edinmiĸtir (Abbas ve ark., 2021; McPherson & 

Pincus, 2017). Akēm sitometrisi, aynē anda ­ok sayēda parametrenin analiz edilebilmesine 

olanak tanēyarak h¿cre pop¿lasyonlarēnēn detaylē bir ĸekilde sēnēflandērēlmasēnē m¿mk¿n 

kēlmaktadēr (Brown & Wittwer, 2000). Ķmm¿nohistokimyasal yºntemler ise spesifik antijen-

antikor etkileĸimlerine dayanarak h¿crelerin fenotipik ºzelliklerinin doku b¿t¿nl¿ĵ¿ i­erisinde 

deĵerlendirilmesini saĵlar (Taylor & Levenson, 2006). Bunun yanē sēra, molek¿ler teknikler, 

gen ekspresyonu ve mutasyon analizleri yoluyla hastalēklarēn patogenezine iliĸkin daha derin 

bilgiler sunmaktadēr (Kumar ve ark., 2020). 

Bu ileri yºntemler, y¿ksek spesifite ve duyarlēlēk sunmalarē nedeniyle modern tanē 

algoritmalarēnda altēn standart olarak kabul edilmektedir. Ancak, bu tekniklerin 

uygulanabilmesi i­in ileri d¿zey cihaz altyapēsē, deneyimli personel ve y¿ksek maliyet 

gereksinimi söz konusudur (McPherson & Pincus, 2017; Abbas ve ark., 2021). Bu durum, 

ºzellikle kaynaklarē sēnērlē olan laboratuvarlarda bu yºntemlerin rutin kullanēmēnē 

zorlaĸtērmaktadēr. 
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Buna karĸēn, ANAE demonstrasyonu hēzlē, ekonomik ve teknik olarak daha az karmaĸēk 

bir yºntem olmasē nedeniyle ºnemini korumaktadēr (Bancroft & Gamble, 2019; Kiernan, 2015). 

Özel cihaz gerektirmemesi ve kēsa s¿rede sonu­ verebilmesi, bu yºntemi ºzellikle temel 

laboratuvar koĸullarēnda uygulanabilir kēlmaktadēr. Ayrēca, h¿cresel morfolojinin korunarak 

deĵerlendirilmesi, histokimyasal yºntemlerin ºnemli bir avantajē olarak ºne ­ēkmaktadēr 

(Carson & Hladik, 2009). 

Modern yaklaĸēmlarda, ANAE demonstrasyonunun tek baĸēna kullanēmē yerine, diĵer 

ileri tekniklerle birlikte tamamlayēcē bir yºntem olarak deĵerlendirilmesi ºnerilmektedir 

(Knowles, 2001; Prasannan ve ark.  2020). Bu kombinasyon yaklaĸēmē, hem maliyet etkinliĵi 

saĵlamakta hem de tanēsal doĵruluĵun artērēlmasēna katkēda bulunmaktadēr. ¥zellikle ºn tarama 

veya ilk deĵerlendirme aĸamalarēnda ANAE boyamasē, daha ileri analizlerin yºnlendirilmesine 

yardēmcē olabilir. Bu nedenle, ANAE demonstrasyonu, modern tanē algoritmalarē i­erisinde 

destekleyici bir rol oynamaya devam etmektedir. 

7. G¿ncel Araĸtērmalar ve Gelecek Perspektifi 

Son yēllarda dijital patoloji ve yapay zeka (YZ) uygulamalarēndaki hēzlē geliĸmeler, 

histolojik ve sitokimyasal analizlerin daha objektif, tekrarlanabilir ve y¿ksek doĵrulukla 

yapēlabilmesine olanak saĵlamēĸtēr (Litjens ve ark., 2017; Bera ve ark., 2019). Geleneksel 

mikroskobik deĵerlendirme yºntemlerinde gºzlemciye baĵlē deĵiĸkenlik ºnemli bir sēnērlēlēk 

oluĸtururken, dijital gºr¿nt¿leme sistemleri ve bilgisayar destekli analizler bu sorunun b¿y¿k 

ºl­¿de aĸēlmasēna katkēda bulunmaktadēr (Madabhushi & Lee, 2016). Bu baĵlamda, ANAE 

boyamasē gibi klasik histokimyasal tekniklerin dijital patoloji ile entegre edilmesi, hücre 

sēnēflandērmasēnēn daha standart ve kantitatif bir ĸekilde yapēlmasēnē m¿mk¿n kēlmaktadēr 

(Litjens ve ark., 2017). 

Y¿ksek ­ºz¿n¿rl¿kl¿ tarayēcēlar ile elde edilen dijital preparatlar, gºr¿nt¿ iĸleme 

algoritmalarē aracēlēĵēyla analiz edilmekte ve boyanma yoĵunluĵu, daĵēlēmē ve paternleri 

sayēsal veriler halinde deĵerlendirilebilmektedir (Komura & Ishikawa, 2018). Bu sayede, 

ANAE pozitif h¿crelerin oranē ve boyanma ºzellikleri daha hassas bir ĸekilde belirlenebilmekte 

ve insan gºz¿n¿n algēlayamayacaĵē ince farklēlēklar ortaya konulabilmektedir (Bera ve ark., 

2019). 

Derin ºĵrenme algoritmalarē, ºzellikle konvol¿syonel sinir aĵlarē (CNN) kullanēlarak 

histolojik gºr¿nt¿lerin otomatik analizinde ºnemli baĸarēlar gºstermiĸtir (Esteva ve ark., 2019; 

Campanella ve ark., 2019). Bu algoritmalar, boyanma paternlerini tanēyarak h¿cre tiplerini 
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sēnēflandērabilmekte ve gºzlemciye baĵlē hatalarē ºnemli ºl­¿de azaltmaktadēr (Madabhushi & 

Lee, 2016). Ayrēca, bu sistemler b¿y¿k veri setleri ile eĵitildiklerinde, tanēsal doĵruluĵu artēran 

g¿­l¿ karar destek ara­larē haline gelmektedir. 

Bu geliĸmeler, ANAE demonstrasyonunun modern tanē sistemleri ile entegrasyonunu 

m¿mk¿n kēlmakta ve klasik yºntemlerin yeniden deĵerlendirilmesine zemin hazērlamaktadēr. 

Özellikle d¿ĸ¿k maliyetli histokimyasal yºntemlerin yapay zeka destekli analizlerle 

birleĸtirilmesi, hem ekonomik hem de y¿ksek doĵruluklu tanē yaklaĸēmlarēnēn geliĸtirilmesine 

katkē saĵlayabilir (Komura & Ishikawa, 2018). Gelecekte, ANAE gibi klasik boyama 

tekniklerinin dijital patoloji platformlarē ile entegre edilmesi, hematolojik tanē s¿re­lerinde daha 

standart ve g¿venilir sonu­lar elde edilmesini m¿mk¿n kēlacaktēr. 

8. Sonuç 

ANAE demonstrasyonu, klasik bir histokimyasal yºntem olmasēna raĵmen kan 

dokusunda hücresel analiz a­ēsēndan g¿n¿m¿zde de ºnemini korumaktadēr (Yam ve ark., 1971; 

Bancroft & Gamble, 2019). ¥zellikle T lenfositlerin sitokimyasal olarak tanēmlanmasēnda 

saĵladēĵē katkēlar, bu yºntemin hematolojik deĵerlendirmelerde uzun yēllar boyunca g¿venilir 

bir ara­ olarak kullanēlmasēna olanak tanēmēĸtēr (Knowles, 2001; Prasannan ve ark.  2020). Her 

ne kadar g¿n¿m¿zde akēm sitometrisi, imm¿nohistokimya ve molek¿ler teknikler daha y¿ksek 

duyarlēlēk ve spesifite sunarak tanē s¿re­lerinde ºn plana ­ēkmēĸ olsa da, ANAE 

demonstrasyonu h©len belirli klinik ve araĸtērma ortamlarēnda tamamlayēcē bir yºntem olarak 

deĵerlendirilmektedir (Abbas ve ark., 2021; McPherson & Pincus, 2017). 

Modern tekniklerle birlikte kullanēlmasē, ANAEônin tanēsal deĵerini artēran ºnemli bir 

yaklaĸēmdēr. ¥zellikle ºn tarama veya destekleyici analiz yºntemi olarak kullanēldēĵēnda, 

h¿cresel farklēlaĸmanēn hēzlē bir ĸekilde deĵerlendirilmesine katkē saĵlayabilmektedir (Kumar 

ve ark., 2020). Ayrēca, h¿cresel morfolojinin korunmasē sayesinde histolojik baĵlam i­erisinde 

deĵerlendirme yapēlabilmesi, bu yºntemin diĵer tekniklere kēyasla ºnemli avantajlarēndan biri 

olarak ºne ­ēkmaktadēr (Carson & Hladik, 2009). Bu nedenle, ANAE demonstrasyonu tek 

baĸēna bir tanē aracē olmaktan ziyade, ­ok parametreli tanē yaklaĸēmlarēnēn bir par­asē olarak ele 

alēnmalēdēr (Knowles, 2001). 

Gelecekte dijital patoloji ve yapay zeka uygulamalarēnēn geliĸmesi ile birlikte, ANAE 

demonstrasyonunun yeniden ºnem kazanmasē beklenmektedir. ¥zellikle dijital gºr¿nt¿ analiz 

sistemleri ve derin ºĵrenme algoritmalarē, boyanma paternlerinin daha objektif ve kantitatif bir 

ĸekilde deĵerlendirilmesine olanak saĵlayarak yºntemin g¿venilirliĵini artērabilir (Litjens ve 
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ark., 2017; Bera ve ark., 2019). Bu entegrasyon, klasik histokimyasal tekniklerin modern tanē 

sistemleri ile uyumlu hale getirilmesini saĵlayarak, maliyet etkin ve y¿ksek doĵruluklu tanē 

yaklaĸēmlarēnēn geliĸtirilmesine katkēda bulunabilir (Komura & Ishikawa, 2018). 

Sonu­ olarak, ANAE demonstrasyonu ge­miĸten g¿n¿m¿ze uzanan klinik deĵeri ile, 

modern teknolojilerle desteklendiĵinde yeniden ºnem kazanabilecek potansiyele sahip bir 

yºntemdir. Bu baĵlamda, klasik ve modern tekniklerin entegrasyonu, hematolojik hastalēklarēn 

tanē ve deĵerlendirilmesinde daha kapsamlē ve g¿venilir sonu­larēn elde edilmesini 

saĵlayacaktēr. 
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ÖZET  

Bu ­alēĸmada, otomotiv dēĸ trim uygulamalarēnda kullanēlmak ¿zere boya gerektirmeyen, 

kendinden renkli, UV dayanēmē y¿ksek ve geri dºn¿ĸt¿r¿lebilir ABS/PMMA temelli ­ok 

katmanlē polimer levha geliĸtirilmiĸtir. ¢alēĸma, ºnceki projelerde 1200 saat seviyesine kadar 

doĵrulanan UV dayanēm performansēnēn 1500 saat ve ¿zerine ­ēkarēlmasē, uzun s¿reli dēĸ ortam 

koĸullarēnda renk farkē ve parlaklēk kaybēnēn minimize edilmesi ve ithal benchmark ¿r¿nlere 

alternatif yerli bir malzeme ­ºz¿m¿ oluĸturulmasē amacēyla y¿r¿t¿lm¿ĸt¿r. Proje kapsamēnda 

ºncelikle benchmark plakalarēn katman yapēsē, y¿zey karakteri ve malzeme bileĸimi detaylē 

olarak incelenmiĸtir. FTIR, DSC, TGA, SEM ve temas a­ēsē analizlerinden elde edilen veriler 

doĵrultusunda ABS/PMMA esaslē ­ok katmanlē yapē kurgusu doĵrulanmēĸ; UV dayanēmēnē 

artērmaya yºnelik re­ete geliĸtirme ­alēĸmalarē baĸlatēlmēĸtēr. Bu kapsamda UV stabilizatºrleri, 

optik katkēlar, masterbatch sistemleri ve katman bazlē katkē oranlarē deĵiĸtirilerek farklē deneme 

re­eteleri oluĸturulmuĸtur. Hazērlanan plakalar ko-ekstr¿zyon hattēnda ¿retilmiĸ ve termoform 

prosesine uygunluk, y¿zey kalitesi, katman b¿t¿nl¿ĵ¿, renk stabilitesi ve parlaklēk davranēĸē 

a­ēsēndan karĸēlaĸtērmalē olarak deĵerlendirilmiĸtir. 

Geliĸtirilen numuneler ISO 4892-2 standardēna gºre Xenon Arc hēzlandērēlmēĸ yaĸlandērma 

testlerine tabi tutulmuĸtur. Test sonu­larēnda hedeflenen 1500 saat UV dayanēmē saĵlanmēĸ; 

uzun s¿reli UV maruziyeti sonrasēnda renk stabilitesi ve y¿zey parlaklēĵē korunmuĸtur. Re­ete 

3, y¿ksek UV performansē ve teknik kararlēlēĵē ile ºne ­ēkarken; Re­ete 6, maliyet-performans 

dengesi a­ēsēndan uygulanabilir bir alternatif olarak deĵerlendirilmiĸtir. 

Elde edilen sonu­lar, geliĸtirilen ABS/PMMA temelli ­ok katmanlē levhalarēn otomotiv dēĸ trim 

par­alarēnda boya prosesine ihtiya­ duymadan kullanēlabilecek teknik yeterliliĵe sahip 

olduĵunu gºstermektedir. Bu yºn¿yle ­alēĸma; VOC emisyonlarēnēn, su ve enerji t¿ketiminin 

azaltēlmasē, yerli ¿retim kabiliyetinin g¿­lendirilmesi, ithalat baĵēmlēlēĵēnēn d¿ĸ¿r¿lmesi ve seri 

¿retime uyarlanabilir s¿rd¿r¿lebilir dēĸ trim malzemelerinin geliĸtirilmesi a­ēsēndan g¿­l¿ bir 

Ar-Ge ­ēktēsē sunmaktadēr. 

Anahtar Kelimeler:  ABS/PMMA, dēĸ trim, UV dayanēmē, ko-ekstrüzyon. 
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ABSTRACT 

In this study, a multilayer ABS/PMMA-based polymer sheet with high UV resistance, self-

colored structure, recyclability, and no need for painting was developed for use in automotive 

exterior trim applications. The study was carried out to increase the UV resistance performance, 

which had been validated up to 1200 hours in previous projects, to 1500 hours and above, to 

minimize color difference and gloss loss under long-term outdoor conditions, and to develop a 

domestic material solution as an alternative to imported benchmark products. 

Within the scope of the project, the layer structure, surface characteristics, and material 

composition of benchmark sheets were first examined in detail. Based on the data obtained 

from FTIR, DSC, TGA, SEM, and contact angle analyses, the ABS/PMMA-based multilayer 

structure was verified, and formulation development studies were initiated to improve UV 

resistance. In this context, different trial formulations were prepared by varying UV stabilizers, 

optical additives, masterbatch systems, and layer-based additive ratios. The prepared sheets 

were produced on a co-extrusion line and comparatively evaluated in terms of thermoforming 

suitability, surface quality, layer integrity, color stability, and gloss behavior. 

The developed samples were subjected to Xenon Arc accelerated weathering tests in accordance 

with ISO 4892-2. The test results showed that the targeted 1500-hour UV resistance was 

achieved, while color stability and surface gloss were maintained after long-term UV exposure. 

Recipe 3 stood out with its high UV performance and technical stability, whereas Recipe 6 was 

evaluated as an applicable alternative in terms of cost-performance balance. 

The results indicate that the developed ABS/PMMA-based multilayer sheets have the technical 

capability to be used in automotive exterior trim parts without the need for a painting process. 

In this respect, the study presents a strong R&D output by contributing to the reduction of VOC 

emissions, water and energy consumption, the strengthening of domestic production capability, 

the reduction of import dependency, and the development of sustainable exterior trim materials 

adaptable to mass production. 

Keywords: ABS/PMMA, exterior trim, UV resistance, co-extrusion. 
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ABSTRACT 

A wide range of thermal enhancement techniques has been developed to increase the heat 

transfer performance of heat exchangers. One of the most effective approaches to enhance the 

thermal performance of heat exchangers is the use of nanofluids, which are prepared by 

dispersing nanoparticles into a conventional base fluid. In the present study, ZnFe2O4 

nanoparticles were dispersed in water to prepare a ZnFe2O4/water magnetic nanofluid. 

Accordingly, ZnFe2O4 nanoparticles were dispersed in water at a weight concentration of 1% 

(wt./wt.) to prepare the magnetic nanofluid. The main aim of this study is to evaluate the thermal 

performance of a plate-type heat exchanger with 12 plates using the prepared ZnFe2O4/water 

magnetic nanofluid and to investigate its effect on heat transfer enhancement. The thermal 

performance of the plate heat exchanger was evaluated at different outlet temperature setpoints 

and Reynolds numbers. The experimentally obtained results revealed that employing the 

ZnFe O /water nanofluid in the plate heat exchanger enhanced the heat transfer coefficient by 

an average of 9.6% compared with water. Overall, the findings confirm that the prepared 

ZnFe2O4/water magnetic nanofluid is a promising working fluid for enhancing heat transfer in 

plate heat exchangers. The outcomes of this study may serve as a useful reference for future 

research on magnetic nanofluid-based heat transfer enhancement. 

Keywords: Plate heat exchanger; Magnetic nanofluid; ZnFe2O4/water; Thermal performance
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ABSTRACT 

Bond between reinforcing steel and geopolymer concrete is one of the governing parameters 

affecting the structural performance and serviceability of reinforced geopolymer concrete 

members. Various strengthening and confining approaches have been put forward to improve 

the bond performance. However, whether the bonds mechanism is different with the wrapping 

materials of various mesh is not yet well cleared. Hence, this research experimentally examines 

the influence of glass mesh, steel mesh and carbon mesh on bond behavior between ribbed 

reinforcing bars and geopolymer concrete. Cylindrical geopolymer concrete specimens with a 

10 mm diameter ribbed reinforcing bar at specimen center underwent a sequence of pull-out 

tests. A total of four specimen groups were prepared, including an unwrapped reference 

specimen and wrapped glass mesh, steel mesh, and carbon mesh specimens. Bond strength-slip 

relationships, maximum bond strength (Űmax), slip corresponding to the maximum bond stress 

(smax), ultimate slip (su) and energy dissipation capacity (E) were evaluated. The results 

indicated that the maximum bond strength of the reference specimen was 12.13 MPa, whereas 

using glass mesh reduced the performance by about 37.5%, steel by 48.1% and carbon mesh 

final resulted in a reduction of approximately 61.5%. The bond strength at peak is less than the 

control specimen, but with that deformation capacity of glass mesh specimens obtained were 

between 19.67 mm to 40.01 mm (ultimate slip). In addition, the glass mesh design had the 

greatest energy absorption ability (76.15 N/mm), which is around 34% higher than that of 

reference specimen. On the other hand, steel and carbon mesh had relatively brittle post-peak 

bond behavior with less energy absorption. Overall, the results demonstrate that while mesh 

wrapping does not increase peak bond strength, glass mesh provides a significant improvement 

in post-peak slag response, ductility and energy dissipation capacity and appear to be a viable 

confinement alternative for reinforced geopolymer concrete where deformation capacity and 

failure performance are a primary consideration. 

Keywords: Bond strength, pull-out, geopolymer 

1. INTRODUCTION  

Geopolymer concrete is a type of concrete based on an alternative binder system obtained by 

reacting fly ash, blast furnace slag, metakaolin, silica fume, red mud, rice husk ash, and similar 

SiOïAl O-rich industrial or natural aluminosilicate sources with alkali activators instead of 

Portland cement. In this system, sodium hydroxide, sodium silicate, or different alkali/reactive 

activators dissolve the silica and alumina in the raw material, enabling the formation of a three-

mailto:bbayrak@kafkas.edu.tr


ASERC 4th INTERNATIONAL CONGRESS ON HEALTH, ENGINEERING, ARCHITECTURE and MATHEMATICS 

July 23 ï 29, 2026 - ST. PETERSBURG 

ISBN NR. : 978-625-8795-33-2 

 

80 
 

dimensional inorganic polymeric network structure. The resulting N-A-S-H, C-S-H, or C-(A)-

S-H type gel structures are the basic binder phases that determine the mechanical strength and 

matrix density of the concrete. In this respect, geopolymer concrete, unlike classical hydration-

based cement concrete, has a polymerization/alkali activation-based binder mechanism (Zhao 

et al. (2024); Kishore et al. (2025); Onutai et al. (2026)). One of the most important advantages 

of geopolymer concrete is that it offers a more sustainable building material thanks to the 

utilization of industrial waste as binders or aggregates. The use of waste such as fly ash, slag, 

red mud, and electric arc furnace slag reduces the consumption of natural resources and 

prevents waste from being sent to landfills. In addition, geopolymer concrete can exhibit 

performance advantages such as high compressive strength, low shrinkage, low creep, good 

acid resistance, high temperature resistance, and improved impermeability to chloride attack. 

Especially when appropriate raw materials, activator ratios, and curing conditions are provided, 

a dense microstructure is formed; this positively affects the strength and durability properties 

(Manzoor et al. (2024); Shahedan et al. (2024); Kishore et al. (2025)). Another advantage of 

geopolymer systems is that their performance can be improved with additives. For example, 

additives such as carbon nanotubes, graphene oxide, fibers, nano-silica, or CaO can increase 

matrix density, limit crack development, and improve mechanical/durability properties. 

However, the effectiveness of these improvements is directly related to the homogeneous 

distribution of additives, their compatibility with alkaline environments, and their use at 

optimum dosages (Zhao et al. (2024); Kishore et al. (2025)). 

 

Studies (Qin et al. (2026); Zhang et al. (2026); Li et al. (2026); Guo et al. (2026)) show that 

geopolymer concrete has significant potential not only as an alternative to traditional concrete 

but also for specialized engineering applications. Repair and strengthening applications in 

marine structures are one such area. The low permeability, resistance to chloride ions, and dense 

microstructure of fly ash-based geopolymer concrete provide significant advantages in reducing 

corrosion-induced deterioration in reinforced concrete marine structures. Therefore, it is 

considered a suitable repair/strengthening material for piers, port structures, bridge abutments, 

offshore platforms, and coastal infrastructure. Geopolymer concrete also has the potential to be 

used in structures that may be exposed to high temperatures or fire. The uploaded review states 

that, thanks to its three-dimensional inorganic network structure, geopolymer concrete exhibits 

more stable behavior at high temperatures compared to OPC concrete and can maintain its 

strength to a certain extent up to the 1000ï1200 °C range. Therefore, it stands out as an 

important alternative for tunnels, industrial structures, high-fire-risk infrastructure, and 

structural elements exposed to high temperatures (Manzoor et al. (2024)). In addition, 

geopolymer -based materials have a wide range of applications, including injection/grout 

applications, permeable concrete pavements, sustainable road and pavement systems, 

corrosion-resistant coatings, recycled aggregate concretes, precast structural elements, and 

special functional building materials. For example, red mud-fly ash-based geopolymer grout 

materials are developed for low-carbon soil improvement and subsurface engineering 

applications; while EAF slag and fly ash-based permeable geopolymer concretes are developed 

for sustainable drainage and permeable pavement systems (Onutai et al. (2026)). 



ASERC 4th INTERNATIONAL CONGRESS ON HEALTH, ENGINEERING, ARCHITECTURE and MATHEMATICS 

July 23 ï 29, 2026 - ST. PETERSBURG 

ISBN NR. : 978-625-8795-33-2 

 

81 
 

The primary reason for the environmental superiority of geopolymer concrete is the significant 

elimination of the energy-intensive clinkerization and calcination processes involved in 

Portland cement production. Cement production is estimated to be responsible for 

approximately 6ï8% of global CO  emissions; in contrast, geopolymer concrete achieves 

significant emission reductions by using low-carbon footprint industrial by-products as binders 

instead of cement. Some studies have reported that geopolymer systems can reduce greenhouse 

gas emissions by approximately 44ï64%, and in some cases by 55ï75%, compared to OPC 

concrete (Shahedan et al. (2024); Ye et al. (2026)). 

 

The safe and efficient behavior of reinforced concrete structures depends on the adequate 

establishment of the bond mechanism between the concrete and the reinforcement. This bond 

ensures the continuity of load transfer, enabling deformation compliance in reinforced concrete 

elements and guaranteeing a uniform stress distribution across the cross-section. Insufficient 

bond capacity leads to stress redistribution in reinforced concrete elements, which can result in 

excessive displacements under service loads and a significant reduction in load-carrying 

capacity (Zhao et al. (2013); Dalalbashi et al. (2019)). The bond strength between concrete and 

reinforcement consists of three main components: surface bond, mechanical interlock, and 

friction. Especially when using ribbed reinforcement, the greatest contribution to bond strength 

comes from mechanical interlock. Therefore, in modern reinforced concrete design, accurate 

modeling of bond behavior is considered a critical parameter for determining structural 

performance at both service loads and ultimate load levels (Zhao et al. (2013); Das et al. (2023)). 

 

Bond behavior is not solely dependent on material properties; it is also affected by numerous 

parameters such as concrete strength, cover thickness, reinforcement diameter, anchor length, 

stirrup presence, and environmental factors. Significant reductions in the bond capacity 

between concrete and reinforcement occur, particularly under high temperatures, and even after 

short-term fire exposure, losses of up to approximately 50% in bond strength can be observed. 

The primary reason for this is thermal cracking and material degradation caused by high 

temperatures (Soares et al. (2020); Hutaibat et al. (2024)). Similarly, it has been noted that the 

bond performance of early-age concrete changes significantly after fire, and parameters such 

as anchor length, concrete strength, and stirrup presence now play a decisive role in bond 

capacity. In particular, it is stated that increasing the reinforcement diameter under high 

temperature conditions reduces bond strength, while increasing the cover thickness has a 

limiting effect on bond loss (Xue et al. (2008); Lu et al. (2019)). Bond behavior changes 

significantly not only under static loads but also under repeated and cyclic loading conditions. 

Under repeated loading, the widening of longitudinal cracks along the reinforcement leads to 

an increase in bond shear and earlier bond failure. Therefore, considering the type of loading is 

of great importance in evaluating bond behavior (Li and Lam (2018); Lindorf et al. (2019)). 

With the increasing interest in sustainable building materials in recent years, the bond 

performance of combinations of recycled aggregate concrete (RAC) and fiber-reinforced 

polymer (FRP) reinforcement has become a subject of research. Studies show that the bond 

behavior between recycled aggregate concrete and FRP reinforcement can vary depending on 

the microstructure of the aggregate, and that the reinforcement surface geometry plays a 
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decisive role in the bond mechanism. Furthermore, it has been reported that the bond 

mechanism changes at high strain rates and that the bond strength differs depending on the 

dynamic loading conditions (Li et al. (2021)). 

2. EXPERIMENTA L PROGRAM  

2.1. Materials, mix proportions and specimen preparation 

In this study, geopolymer concrete mixtures containing ground granulated blast furnace slag 

(GBFS) and waste marble powder (WMP) have been prepared. GBFS was chosen due to its 

high calcium and silica composition as alkaline activation products of the geopolymerization 

reactions and these will produce a dense framework gelatinous binder gels. A waste-derived 

supplementary material (WMP) was used with the aim of exploit sustainability in matrix 

compaction and aiming to be within the circular economy. The chemical and physical 

compositions of GBFS and WMP are given in Table 1. The GBFS is composed of 41.2% CaO 

and 35.1% SiO , while the WMP contained a very high content of CaO (55.6%). The specific 

gravities of both GBFS and WMP were 2.88 and 2.76 respectively. 

Table 1. Physical and chemical properties of GBFS and WMP (% by weigth) 

 CaO SiO2 Al 2O3 Fe2O3 MgO Na2O K2O SO3 LOI Spec. 

gravity 

GBFS 41,2 35,1 8,8 1,2 11,3 0,4 0,7 0,3 0,8 2,88 

WMP 55,6 0,8 0,7 <0,1 <0,1 0,5 0,1 <0,1 41,7 2,76 

 

The geopolymer was prepared using sodium hydroxide (NaOH) and sodium silicate (Na SiO) 

as alkali activators. It was selected in order to guarantee enough dissolution of aluminosilicate 

phases and enhance the geopolymerization process. The compositions of the mixtures used in 

this study are represented in Table 2. The geopolymer concrete mix was clearly 800 kg/m³ of 

GBFS + 529 kg/mį WMP + 80 kg/mį of water, and 168 kg/mį NaOH + 432 kg/mį of Na SiO . 

 
Table 2. Mixture design (kg/m3) 

GBFS WMP Water NaOH Na2SiO3 

800 529 80 168 432 

 

Specimens for bond amounts were created in cylindrical molds. Bond were created at the center 

of specimens by centrally embedding ribbed reinforcing steel bars. In bond tests, 10 mm 

diameter ribbed reinforcement was used for all samples. Figure 1 illustrates the reinforcement 

stress-strain behavior used in the analysis. Four different specimen groups were created with 

the aim of exploring how an alternative wrapping material impacted bond performance. Table 

3 summarizes the particulars of the specimens. The reference specimens (Ref) were produced 

without a wrapping material. The S-GM series used wrapping with glass mesh as the 

circumferential diameter, where 5d was selected (or 5 times of a rebar diameter). Carbon mesh 

wrapping of diameter 5d was employed in the S-CM series, and steel mesh wrapping of 

diameter 5d was used in the S-SM series. With a bond length of 5d, the specimens were heat 

cured at 75 °C for 120 min. 
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Figure 1. Stressïstrain curves of rebar 

Table 3. Specimen details 

Sample ID Bond length Wrapping material Curing conditions 

Ref 5d - 75 oC for 120 min 

S-GM 5d Glass 75 oC for 120 min 

S-SM 5d Steel 75 oC for 120 min 

S-CM 5d Carbon 75 oC for 120 min 

 

In case of specimen preparation, all the dry materials were foremost maintained together to 

retain uniform distribution in the mixture. Then, the alkaline activators and water were 

introduced to the dry mixture and mixed until a homogenous consistency was obtained. All 

specimens were conducted and were compacted to reduce the air voids between aggregates 

during casting, which were kept in molds for 24 h. After demolding all specimens underwent 

heat curing at a temperature of 75°C for 120 min prior testing. This curing regime was opted to 

fasten geopolymerization reactions and enhance the mechanical behavior of geopolymer 

concrete at early ages. All samples were tested on day 7. 

 

2.2. Test procedure 

The bond between geopolymer concrete and reinforcing steel was tested using the pull-out test 

method. The test methodology was reported in literature and based on the procedures presented 

by researchers. Specimens were prepared and tested in a monotonic tensile load using a 

computer controlled universal testing machine. The concrete sample was cast in a rigid steel 

loading frame, and the extending rebar was held in place by the upper jaws of the testing 

machine during the tests. Pull-out test was conducted by applying axial tensile load to the 

reinforcement and could be used to investigate bond characteristics between rebar and 

geopolymer concrete matrix. 

 

Test setups accumulated load loss and slip were measured in the vertical direction using a 

loading rate control experiment at a constant 0.2 mm/min, which would keep bond-slip behavior 

stable during testing. The applied load and associated slip values were recorded during testing 

until the occurrence of bond failure. Maximum bond stress was calculated according to 

following Equation (1): 
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(1) 

where Ű is the bond stress (MPa), F is the applied pull-out force (N), d is the diameter of the 

reinforcing bar (mm), and L is the bond length (mm). 

 

Post-testing inspection of the failure modes of all tested specimens was performed to study how 

different wrapping materials influenced crack propagation, and bond failure characteristics. 

Bond stress-slip relationships were determined to assess the bond performance of the 

geopolymer concrete specimens based on wrapping conditions. The experimental setup is 

shown in Figure 2. 

 
Figure 2. Experimental setup 

3. RESULTS AND DISCUSSION  

The bond strength-displacement graphs of the samples are presented in Figures 3 and 4. Figure 

2 shows that different mesh types significantly alter the concrete-reinforcement bond behavior, 

not only in terms of maximum bond stress but also in terms of ductility and energy dissipation 

capacity. The highest bond strength as seen in the reference specimens was 12.13 MPa The 

curve exhibits a relatively sharp rise until the attaining maximum load, after which there is 

almost immediate reduction in bond stress. Although the bond capacity is high so this a sign of 

brittle bond fracture. While the maximum bond strength is very low in specimens using glass 

mesh, this curve has a much longer tail. The adhesion does not completely vanish after the 

maximum strength, but compensates by bearing very high loads (over 30 MPa) reaching nearly 

40 mm of slip. This means that the glass mesh restricts crack propagation, incrementally losing 

its adhesion too. Steel mesh test specimens attain a peak early as with the glass mesh. However, 

the load-carrying capacity decreases more rapidly after the peak. Since the tail region of the 

curve is shorter, ductility and energy dissipation capacity remain limited. Samples using carbon 

mesh exhibit the lowest maximum bond strength. The curve initially reaches a peak quickly 
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and then shows a continuously decreasing behavior. This result indicates that carbon mesh 

cannot improve the bond mechanism under these experimental conditions. 

  
(a) (b) 

  
(c) (d) 

Figure 3. Bond strength-slip curves of (a) Ref (b) S-GM (c) S-SM (d) S-CM 

 

 
Figure 4. Bond strength -slip curves of all specimens 

 

The summary of the results is shown in Table 4. Tmax represents the maximum bond strength, 

smax represents the slip corresponding to the maximum bond strength, and su represents the slip 

at the moment of failure. Furthermore, the energy dissipation capacity (E) was calculated from 

the area under the bond strength-slip graph. Table 4 shows that the highest maximum bonding 

stress (Űmax) value of 12.13 MPa was obtained in the reference (Ref) specimen. The Űmax values 

for specimens using glass mesh (S-GM), steel mesh (S-SM), and carbon mesh (S-CM) were 

determined as 7.58, 6.29, and 4.67 MPa, respectively. Compared to the reference specimen, 

there was a decrease in maximum bonding stress of approximately 37.5%, 48.1%, and 61.5%, 

respectively. These results indicate that the mesh materials used, instead of strengthening the 

5 10 15 20

0

1

2

3

4

5

6

7

8

9

10

11

12

13

14

B
o

n
d
 s

tr
e

n
g

th
 (

M
P

a
)

Slip (mm)

 Ref

Űmax=12,13 MPa

smax= 8,91 mm

su= 19,67 mm
E= 56,69 N/mm

0 5 10 15 20 25 30 35 40 45

0

1

2

3

4

5

6

7

8

9

B
o

n
d
 s

tr
e

n
g

th
 (

M
P

a
)

Slip (mm)

 S-GM

Űmax=7,58 MPa

smax= 3,57 mm

E= 76,15 N/mm

su= 40,01 mm

0 5 10 15

0

1

2

3

4

5

6

7

B
o
n
d
 s

tr
e
n
g
th

 (
M

P
a
)

Slip (mm)

 S-SMŰmax=6,29 MPa

smax= 3,18 mm

E=35,13 N/mm
su= 14,24 mm

0 5 10 15

0

1

2

3

4

5

B
o
n
d
 s

tr
e
n
g
th

 (
M

P
a
)

Slip (mm)

 S-CMŰmax=4,67 MPa

smax= 1,14 mm

E= 34,43 N/mm

su= 14,39 mm

0 10 20 30 40

0

2

4

6

8

10

12

14

B
o

n
d
 s

tr
e

n
g

th
 (

M
P

a
)

Slip (mm)

 Ref

 S-GM

 S-SM

 S-CM



ASERC 4th INTERNATIONAL CONGRESS ON HEALTH, ENGINEERING, ARCHITECTURE and MATHEMATICS 

July 23 ï 29, 2026 - ST. PETERSBURG 

ISBN NR. : 978-625-8795-33-2 

 

86 
 

direct mechanical bonding mechanism between the concrete and the ribbed reinforcement, limit 

it to a certain extent. The lowest Űmax value obtained in specimens using carbon mesh, in 

particular, may be due to the higher rigidity of carbon mesh, which prevents the load from being 

distributed more homogeneously at the concrete-reinforcement interface and leads to earlier 

local stress concentrations. In contrast, glass mesh specimens provided a higher maximum 

bonding strength compared to other mesh types, thus preserving the bonding capacity more 

effectively. Significant differences were also observed in terms of the shear amount (smax) 

corresponding to the maximum bond stress. While the maximum bond stress occurred at a shear 

value of 8.91 mm in the reference specimen, these values were determined as 3.57, 3.18, and 

1.14 mm in the S-GM, S-SM, and S-CM specimens, respectively. Accordingly, it is seen that 

the maximum bond stress is reached at much lower shear levels in all specimens using mesh. 

In particular, in the specimen using carbon mesh, maximum bond occurred at only 1.14 mm 

shear, which is approximately 87% lower than the reference specimen. This indicates that the 

bond mechanism is mobilized faster in the initial stages in specimens surrounded by mesh, but 

the maximum capacity is reached earlier. In other words, the use of mesh reduced the 

deformation level at which maximum bond occurs, but this also caused a significant decrease 

in the maximum bond capacity. 

 

Table 4. Summary of results 

Sample ID †  

(MPa) 

smax 

(mm) 

su 

(mm) 

E 

(N/mm) 

Ref 12,13 8,91 19,67 56,69 

S-GM 7,58 3,57 40,01 76,15 

S-SM 6,29 3,18 14,24 35,13 

S-CM 4,67 1,14 14,39 34,43 

The shear amount at fracture is an important parameter in evaluating the bond ductility of the 

specimens. According to the results in Table 4, the highest water loss value was obtained in the 

S-GM sample using glass mesh, with a value of 40.01 mm. This value corresponds to 

approximately twice that of the reference sample (19.67 mm) and represents an increase of 

approximately 103%. In contrast, the fracture slips in the S-SM and S-CM samples were 

determined as 14.24 mm and 14.39 mm, respectively, and were lower than the reference sample. 

Despite the reduced maximum bond strength in glass mesh-reinforced samples, the fact that 

load-carrying capacity is sustained over high slip levels indicates controlled propagation of 

cracks and gradual (as opposed to sudden) loss of bond. In contrast, in the samples using steel 

and carbon mesh, the loss of bond occurred at lower deformation levels, which indicates a more 

brittle bond behavior. The energy dissipation capacity (E) was obtained by calculating the area 

under the bond stress-slip curve and represents the total energy that the samples can absorb 

during the bond behavior. When the results were examined, the highest energy dissipation 

capacity was determined in the S-GM sample with 76.15 N/mm². This value is approximately 

34.3% higher than the reference sample. Although the maximum bond stress in samples using 

glass mesh was lower than in the reference sample, the fact that the bond stress could be 

maintained for a long time after the maximum load and that the load transfer continued up to 

high shear levels significantly increased the area under the curve. In contrast, the energy 
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dissipation capacities in S-SM and S-CM samples were calculated as 35.13 and 34.43 N/mm², 

respectively, and decreased by approximately 38% and 39% compared to the reference sample. 

This indicates that bond is lost more quickly after the maximum load in samples using steel and 

carbon mesh, and that the energy dissipation capacity of the system remains limited. In 

conclusion, although glass mesh did not increase the maximum bond strength, it made the bond 

behavior more ductile, extended the load-carrying time, and provided the highest energy 

dissipation capacity. 

4. CONCLUSION 

This study experimentally investigated the bond behavior between geopolymer concrete and 

ribbed reinforcing steel wrapped with different mesh materials, namely glass mesh, steel mesh, 

and carbon mesh. Pull-out tests were performed to evaluate the effects of these wrapping 

materials on the bond stress-slip response, maximum bond strength, slip characteristics, and 

energy dissipation capacity. Based on the experimental findings, the following conclusions can 

be drawn: 

 

¶ The reference specimen exhibited the highest maximum bond strength (Űmax = 12.13 
MPa), whereas the incorporation of mesh materials reduced the maximum bond 

capacity. Compared with the reference specimen, the bond strength decreased by 

approximately 37.5%, 48.1%, and 61.5% for glass, steel, and carbon mesh specimens, 

respectively. 

¶ Glass mesh significantly improved the post-peak bond behavior despite its lower 

maximum bond strength. The ultimate slip increased from 19.67 mm for the reference 

specimen to 40.01 mm for the glass mesh specimen, indicating a substantially more 

ductile bond failure mechanism with a gradual loss of bond capacity. 

¶ Among all wrapping materials, the glass mesh provided the highest energy dissipation 

capacity (76.15 N/mm), representing an increase of approximately 34% compared 

with the reference specimen. In contrast, steel and carbon mesh reduced the energy 

absorption capacity due to their relatively brittle post-peak bond behavior. 

¶ Overall, the results indicate that the selection of wrapping material strongly influences 

the bond mechanism between geopolymer concrete and reinforcing steel. Although 

none of the investigated mesh materials enhanced the maximum bond strength, glass 

mesh effectively improved the ductility, deformation capacity, and energy dissipation 

characteristics of the bond interface, demonstrating its potential as a confinement 

material for applications where post-peak performance is more critical than peak bond 

capacity. 
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ABSTRACT 

In this work, an Al/CuPc/n-GaAs metalïinterlayerïsemiconductor (MIS) Schottky diode was 

fabricated and electrically characterized using frequency-dependent capacitance (Cïf) and 

conductance (Gïf) measurements over a broad frequency range. The influence of frequency on 

the electrical response of the device was systematically investigated to reveal the effects of the 

CuPc interfacial layer on the interface properties. The series resistance (Rs) was determined 

using the NicollianïGoetzberger method, demonstrating a pronounced frequency dependence 

with relatively high values at low frequencies and a gradual decrease toward higher frequencies.  

To evaluate the interface-state characteristics, the parallel conductance technique was employed 

by calculating the Gp/ɤïf characteristics. A well -defined conductance peak was observed, 

indicating the interaction between interface traps and the alternating electric field. The 

interface-state density (Nss) and carrier relaxation time (Ű) were extracted from the peak 

conductance and its corresponding peak frequency. The calculated values were found to be 

1.01x10ĭ  eV ĭ cm Į for the interface-state density and 2.81x10  s for the relaxation time, 

suggesting the presence of a considerable density of interface traps and relatively fast carrier 

exchange processes at the CuPc/GaAs interface. 

The obtained results demonstrate that frequency-dependent admittance spectroscopy combined 

with the NicollianïGoetzberger approach provides an effective and reliable method for 

evaluating the series resistance, interface-state density, and carrier relaxation dynamics of 

CuPc-based MIS Schottky structures. These findings contribute to a better understanding of 

charge transport and interface phenomena in organic/inorganic hybrid semiconductor devices 

and may support the optimization of high-performance electronic and optoelectronic 

applications.  

Keywords: CuPc, C-f, G-f, interface state density, relaxation time 

 

1. INTRODUCTION  

Metalïsemiconductor (MS) and metalïinsulatorïsemiconductor (MIS) Schottky barrier diodes 

have attracted considerable attention owing to their simple fabrication, low power consumption, 

rapid switching capability, and compatibility with modern electronic and optoelectronic 

technologies [1]. These devices are widely employed in microwave electronics, high-speed 

integrated circuits, photodetectors, solar cells, sensors, and communication systems because of 
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their excellent rectifying characteristics and fast carrier transport [2]. The electrical 

performance of Schottky diodes is primarily governed by the metalïsemiconductor interface, 

where the presence of native oxides, lattice imperfections, dangling bonds, and interface defects 

significantly influences the barrier height, ideality factor, leakage current, and overall device 

reliability [3]. Consequently, considerable effort has been devoted to improving interface 

quality through the incorporation of thin insulating or organic interfacial layers. 

Among various semiconductor materials, gallium arsenide (GaAs) occupies a unique position 

due to its direct bandgap, high electron mobility, high saturation velocity, and excellent high-

frequency response [4]. Compared with silicon, GaAs exhibits superior transport properties, 

making it particularly attractive for microwave devices, radio-frequency electronics, photonic 

components, laser diodes, and high-speed integrated circuits. However, the electrical 

performance of GaAs-based Schottky devices is frequently limited by the relatively high 

density of interface states originating from native surface oxides and surface imperfections. 

These interface states act as charge trapping centers, resulting in frequency dispersion, 

increased recombination, instability of the Schottky barrier, and degradation of carrier 

transport. Therefore, reducing interface-state density remains one of the major challenges in 

improving the electrical performance of GaAs-based MIS structures. 

One of the most effective approaches to suppress interface-related defects is the introduction of 

an organic semiconductor interlayer between the metal contact and the semiconductor surface 

[5]. Organic materials provide several advantages, including solution-processability, low-

temperature fabrication, mechanical flexibility, tunable electronic properties, and effective 

surface passivation [6]. Among them, copper phthalocyanine (CuPc) has become one of the 

most extensively investigated organic semiconductors owing to its excellent thermal and 

chemical stability, high environmental durability, strong ˊ-conjugated molecular structure, and 

relatively high charge transport capability [7]. Owing to these properties, CuPc has found 

widespread applications in organic light-emitting diodes, photovoltaic devices, thin-film 

transistors, gas sensors, photodetectors, and hybrid electronic structures [7]. In MIS Schottky 

diodes, CuPc can simultaneously modify the metal work function, reduce interface defect 

density, and facilitate carrier transport across the interface, thereby improving device 

performance. 

Although numerous investigations have reported the currentïvoltage (IïV) characteristics and 

rectification behavior of CuPc-based Schottky diodes, studies focusing on their frequency-

dependent admittance characteristics remain relatively limited. Electrical parameters extracted 

solely from currentïvoltage measurements cannot fully describe the dynamic interaction 

between interface states and alternating electric fields. Frequency-dependent capacitance and 

conductance measurements provide substantially richer information concerning polarization 

mechanisms, dielectric relaxation, carrier trappingïdetrapping processes, interface-state 

response, and charge transport dynamics. Consequently, admittance spectroscopy has become 

one of the most powerful and reliable techniques for investigating interface-related electrical 

phenomena in MIS structures. 

The measured capacitance and conductance of practical MIS devices are considerably affected 

by the presence of series resistance (Rs), particularly at medium and high frequencies. The 
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influence of Rs distorts the intrinsic admittance response, leading to significant errors in the 

determination of interface parameters if not properly corrected. Therefore, elimination of the 

series resistance contribution is essential before evaluating the interface characteristics. Among 

various correction techniques, the NicollianïGoetzberger method is one of the most widely 

accepted approaches because it enables reliable extraction of the intrinsic capacitance and 

conductance from the experimentally measured admittance data [1].  Following this correction, 

the parallel conductance technique (Gp/ɤ method) can be employed to evaluate the interface-

state density (Nss) and carrier relaxation time (Ű), both of which provide valuable insight into 

the charge exchange kinetics between interface traps and the semiconductor. The characteristic 

conductance peak observed in the Gp/ɤïf spectrum reflects the relaxation behavior of interface 

states and allows quantitative determination of their density and response time. 

Despite the increasing interest in organic/inorganic hybrid Schottky structures, comprehensive 

investigations combining series resistance correction with interface-state and relaxation-time 

analyses over a broad frequency range remain scarce for Al/CuPc/n-GaAs MIS Schottky 

diodes. Most previous studies have focused primarily on conventional currentïvoltage 

characterization or basic capacitance analysis, whereas detailed admittance investigations 

capable of revealing the intrinsic interface dynamics have received comparatively less attention. 

This lack of comprehensive frequency-dependent analysis constitutes an important gap in the 

literature. 

In the present study, an Al/CuPc/n-GaAs MIS Schottky diode was fabricated and electrically 

characterized using capacitanceïfrequency (Cïf) and conductanceïfrequency (Gïf) 

measurements over a wide frequency range. The series resistance was extracted using the 

NicollianïGoetzberger method, and the corrected admittance data were subsequently employed 

to obtain the Gp/ɤïf characteristics. The interface-state density and carrier relaxation time were 

determined from the maximum conductance peak, providing quantitative information regarding 

the interface quality and charge relaxation dynamics. The obtained results demonstrate the 

capability of frequency-dependent admittance spectroscopy to evaluate the intrinsic electrical 

properties of CuPc/GaAs interfaces and provide valuable insight into the optimization of high-

performance organic/inorganic hybrid MIS Schottky devices.  

 

2. EXPERIMENTAL PROCEDURE  

In this study, a commercially available n-type GaAs crystal with a (100) orientation and an 

approximate thickness of 500 µm was employed. The GaAs crystals were cleaned using the 

RCA cleaning procedure. After the cleaning process, a 1500  thick In layer with a purity of 

99.99% was deposited onto the unpolished side of the n-GaAs crystal by thermal evaporation. 

During the deposition process, the vacuum pressure was maintained at approximately 5 Ĭ 10 5 

Torr. To obtain a low-resistance ohmic contact, the sample was subjected to vacuum annealing 

at 500 °C for about 3 min. Subsequently, the polished surface of the ohmic-contacted sample 

was coated with the organic material CuPc using the drop-casting method. Finally, 99.99% pure 

Al was thermally evaporated onto the CuPc-coated surface through a mask under a vacuum 

pressure of 5 Ĭ 10 5 Torr, forming the Schottky contacts. As a result, rectifying contacts with a 
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diameter of 2 mm and a thickness of 1500  were fabricated. The fabrication process and 

electrical measurement configuration of the Al/CuPc/n-GaAs Schottky diode was illustrated in 

Fig. 1. The capacitance-frequency (C-f) and conductance-frequency (G-f) characteristics of the 

diode were measured at room temperature under dark conditions using an HP 4192A LF 

impedance analyzer. The measurements were performed over a frequency range of 100 Hz to 

10 MHz. 

 

 

 

Figure 1. Schematic diagram of prepared diode with the measurement system  

 

3. RESULTS AND DISCUSSION 

3.1. Frequency-Dependent Capacitance and Conductance Characteristics 

The frequency-dependent capacitance (Cïf) and conductance (Gïf) characteristics of the 

fabricated Al/CuPc/n-GaAs MIS Schottky diode measured over the frequency range of 100 Hzï

10 MHz are presented in Fig. 2(a) and Fig. 2(b), respectively. These measurements provide 

valuable information regarding the electrical response of the CuPc interfacial layer and the 

interface states under alternating electric fields.  
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Figure 2. Frequency-dependent electrical characteristics of the Al/CuPc/n-GaAs MIS Schottky 

diode: (a) capacitance versus frequency (Cïf) and (b) conductance versus frequency (Gïf) 

As seen in Fig. 2(a), the capacitance decreases continuously with increasing frequency up to 

approximately 10  Hz. This behaviour originates from the gradual inability of interface states 

to follow the applied AC signal. At low frequencies, interface traps exchange charge efficiently 

with the semiconductor and contribute to the measured capacitance. However, as the frequency 

increases, the response of these traps becomes progressively slower, causing a reduction in 

capacitance [8]. 

A slight increase followed by a sudden decrease is observed in the very high-frequency region. 

Such behaviour is generally associated with parasitic capacitances, resonance effects, cable 

inductance, or instrumental limitations rather than intrinsic interface phenomena. 

The conductance spectrum shown in Fig. 2(b) exhibits the opposite tendency. The conductance 

increases monotonically with frequency because the alternating electric field facilitates carrier 

transport and charge exchange through the interface states. At sufficiently high frequencies, 

displacement current and series resistance contributions become increasingly dominant. 

These observations clearly demonstrate that the electrical behaviour of the Al/CuPc/n-GaAs 

MIS Schottky diode is strongly governed by frequency-dependent polarization and interface-

state relaxation mechanisms. 

3.2. Series Resistance Analysis 

The frequency dependence of the series resistance was determined using the Nicollianï

Goetzberger method. The series resistance was calculated using [1] 
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where 

¶ Ὃ  is the measured conductance,  

¶ ὅ  is the measured capacitance,  

¶ ɤ=2ˊf.  

The calculated Rs values are presented in Fig. 3. 

 

 

 

Figure 3. Variation of the series resistance (Rs) with frequency calculated using the Nicollianï

Goetzberger method 

 

Figure 3 shows that the series resistance exhibits relatively high values at low frequencies and 

decreases rapidly with increasing frequency before approaching an almost constant value at 

higher frequencies. 
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The high Rs values at low frequencies are mainly attributed to interface-state charging, carrier 

accumulation, and polarization occurring within the CuPc interfacial layer. Since interface traps 

can efficiently exchange charge at low frequencies, they contribute significantly to the 

measured impedance. 

As the measurement frequency increases, these interface states gradually lose their ability to 

follow the AC signal. Consequently, the impedance associated with interface charging 

decreases, resulting in a lower extracted series resistance. The obtained behaviour agrees well 

with previous reports for MIS Schottky structures and confirms that correction of Rs is 

necessary before evaluating the intrinsic interface parameters [9]. 

 

3.3. Parallel Conductance Analysis 

After eliminating the effect of series resistance, the corrected conductance was converted into 

parallel conductance using [10] 

 

Ὃ

w

wὅ Ὃ

Ὃ w ὅ ὅ
                                                                                                                 ς 

                                                                                           

where 

¶ ὅ  denotes the oxide/interfacial capacitance,  

¶ ὅ and Ὃ  are the measured capacitance and conductance.  

The calculated Ὃ .‫ϳ spectrum is presented in Fig. 4  
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Figure 4. Frequency dependence of the normalized parallel conductance (Gp/ɤ) of the 

Al/CuPc/n-GaAs MIS Schottky diode 

 

A pronounced conductance peak is clearly observed around 

Ὢ ρȢρςØρπ  Hz 

The appearance of this peak is characteristic of interface-state relaxation processes. 

At low frequencies, interface traps respond completely to the alternating electric field and 

therefore contribute significantly to the measured conductance. 

Near the characteristic relaxation frequency, the charge exchange rate between interface states 

and the semiconductor reaches its maximum, resulting in the observed conductance peak. 

At frequencies higher than the peak frequency, interface traps are no longer able to follow the 

AC excitation, causing a rapid decrease in Gp/ɤ. 

The presence of a single dominant conductance peak indicates that one principal relaxation 

process governs the electrical behaviour of the CuPc/GaAs interface within the investigated 

frequency range. 

3.4. Interface-State Density and Relaxation Time 

The interface-state density and carrier relaxation time were determined from the maximum 

value of the parallel conductance spectrum using the NicollianïGoetzberger equations [1, 11] 
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And 

†
ρȢωψ

ς“Ὢ
                                                                                                                                              τ 

where 

¶ ή is the electronic charge,  

¶ ὃ is the contact area,  

¶ Ὢ  is the peak frequency.  

The parameters obtained from the Gp/ɤ spectrum are summarized in Table 1.  

 

Table 1. Interface parameters extracted from the Gp/ɤ analysis 

Parameter Value 

ὅ  3.69x10-9 F 

Ὢ  1.12x106 Hz 

Ὃ ‫ϳ  2.04x10-7 F 

ὔ  1.01x1014 eV-1 cm-2 

† 2.81x10-7 s 

 

As listed in Table 1, the extracted interface-state density is approximately 1.01x1014 eV ĭ cm Į, 

indicating a considerable density of electrically active interface traps at the CuPc/GaAs 

interface. These traps are most likely associated with dangling bonds, native oxide layers, 

structural imperfections, and localized defect states within the organic interlayer. 

The calculated relaxation time of 2.81x10ī7 s indicates a relatively fast carrier exchange process 

between the interface traps and the semiconductor. Such a short relaxation time suggests that 

the dominant interface states can efficiently respond to alternating electric fields up to 

frequencies on the order of 106 Hz. 

The combination of a relatively high interface-state density and a sub-microsecond relaxation 

time indicates that charge trapping and detrapping processes play a dominant role in 

determining the electrical characteristics of the Al/CuPc/n-GaAs MIS Schottky diode. 

Overall, the combined analyses of the Cïf, Gïf, Rsïf, and Gp/ɤïf characteristics demonstrate 

that frequency-dependent admittance spectroscopy, together with the NicollianïGoetzberger 
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correction procedure, provides a reliable approach for investigating the intrinsic interface 

properties of CuPc-based MIS Schottky diodes. The extracted values of ὔ  and Ű confirm that 

the electrical response of the fabricated device is predominantly controlled by interface-state 

relaxation processes.  

4. CONCLUSION 

The frequency-dependent electrical behavior of the fabricated Al/CuPc/n-GaAs MIS Schottky 

diode was systematically investigated using admittance spectroscopy. The obtained Cïf and Gï

f characteristics revealed that the electrical response of the device is strongly influenced by 

interface-related polarization and charge trapping processes. The frequency-dependent 

variation of the series resistance further demonstrated that correcting the measured admittance 

is essential for obtaining reliable interface parameters. 

After applying the NicollianïGoetzberger correction, a distinct peak was observed in the 

Ὃ ‫ϳ  spectrum, confirming the existence of a dominant interface-state relaxation process. The 

extracted interface-state density (Nss=1.01x1014 eV-1 cm-2 and relaxation time (Ű=2.81x10-7 s) 

indicate that electrically active interface traps play a significant role in the charge transport 

dynamics of the CuPc/GaAs interface. 

In conclusion, this study demonstrates that the combined use of frequency-dependent 

admittance spectroscopy, series resistance correction, and parallel conductance analysis 

provides a reliable and effective approach for accurately characterizing interface states and 

carrier relaxation phenomena in organic/inorganic MIS Schottky structures. The proposed 

methodology can also be extended to similar hybrid semiconductor devices for the optimization 

of their electrical performance and the development of high-frequency electronic and 

optoelectronic applications. 
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ÖZET 

Artan enerji talebi ile birlikte daĵētēk ¿retim sistemlerinin (D¦S) elektrik daĵētēm ĸebekelerine 

optimal entegrasyonu, g¿­ sistemleri planlamasēnēn en kritik aĸamalarēndan biri haline 

gelmiĸtir. Bu ¿nitelerin ĸebekeye rastgele baĵlanmasē, g¿­ kayēplarēnē artērmakta ve gerilim 

profilini bozmaktadēr. Bu ­alēĸmada, IEEE 33 baralē radyal daĵētēm ĸebekesinde üç adet 

D¦Sô¿n eĸ zamanlē konum ve boyutlandērma problemi ele alēnmēĸtēr. Literat¿rde sēklēkla 

baĸvurulan meta-sezgisel yºntemler, stokastik doĵalarē gereĵi her ­alēĸtērmada farklē sonu­lar 

¿reterek tekrarlanabilirlik sorunu oluĸturmakta ve yerel optimuma takēlma riski 

barēndērmaktadēr. Bu durum ĸebeke operatºrlerinin karar alma s¿re­lerinde belirsizliklere 

neden olmaktadēr. Bu kēsētlarē aĸmak amacēyla, problem deterministik bir Karma Tam Sayēlē 

Ķkinci Dereceden Konik Programlama (Mixed Integer Second-Order Cone Programming-

MISOCP) form¿lasyonu ile modellenmiĸtir. G¿­ akēĸē denklemlerinin konveks bir yapēya 

dºn¿ĸt¿r¿ld¿ĵ¿ bu model, end¿stri standardē olan y¿ksek performanslē Gurobi Optimizasyon 

­ºz¿c¿s¿ kullanēlarak tasarlanmēĸtēr. Gurobi; sēnērla ve dallan algoritmasē ile i­ nokta 

yºntemlerini harmanlayan hibrit mimarisi sayesinde, y¿ksek karmaĸēklēĵa sahip bu problemi 

dakikalar mertebesinde hi­bir ince ayar gerektirmeksizin hatasēz olarak ­ºz¿mlemektedir. 

Optimizasyon modelinde temel amaç fonksiyonu olarak toplam g¿­ kayēplarēnēn 

minimizasyonu hedeflenirken, ĸebekenin g¿­ kalitesini deĵerlendirmek i­in Gerilim Devinim 

Ķndeksi (GDI) analizlere entegre edilmiĸtir. Geliĸtirilen model, IEEE 33 baralē radyal daĵētēm 

ĸebekesi ¿zerinde uygulanmēĸtēr. Elde edilen analiz sonu­larē, Gurobi ­ºz¿c¿s¿ ile belirlenen 3 

adet D¦Sô¿n optimum entegrasyonu sayesinde aktif g¿­ kayēplarēnda belirgin bir azalma 

saĵlandēĵēnē ve gerilim profilinin nominal aralēkta kaldēĵēnē kanētlamaktadēr. Sonu­ olarak, 

önerilen MISOCP tabanlē yaklaĸēm; ĸebeke operatºrleri i­in y¿ksek g¿venilirliĵe sahip, hēzlē 

­alēĸan ve her ­alēĸtērmada aynē kesin sonucu ¿reten tekrarlanabilir bir planlama aracē 

sunmaktadēr. 
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Bara. 

GĶRĶķ  

G¿n¿m¿zde artan enerji talebi ve mevcut daĵētēm ĸebekelerinin sēnērlarēna ulaĸmasē, elektrik 

ĸebekelerinde g¿­ kayēplarēnēn artmasēna ve gerilim profilinin bozulmasēna yol a­maktadēr. Bu 

sorunlarēn aĸēlmasēnda, daĵētēk ¿retim sistemlerinin (D¦S) ĸebekeye optimum konum ve 

boyutta entegre edilmesi en etkili ­ºz¿mlerden biri olarak ºne ­ēkmaktadēr [1]. Literatürde, 

D¦S birimlerinin ĸebekeye entegrasyonu problemi genellikle ­ok kēsētlē ve doĵrusal olmayan 

karmaĸēk bir optimizasyon problemi olarak ele alēnmaktadēr [2], [3]. Bu problemin çözümü için 

literat¿rdeki ­alēĸmalarēn b¿y¿k ­oĵunluĵu meta-sezgisel optimizasyon algoritmalarēna 

odaklanmēĸtēr. ¥rneĵin, literat¿rdeki ­alēĸmalarda, Krill S¿r¿s¿ Algoritmasē (KSA) [1], 

Karēnca Aslanē Algoritmasē (KAA) [2], Kaotik Sin¿s Kosin¿s Algoritmasē (KSKA) [4], 

Par­acēk S¿r¿s¿ Optimizasyonu (PSO) [5] gibi ­eĸitli meta-sezgisel yºntemler kullanēlarak 

ĸebekedeki g¿­ kayēplarēnēn minimize edilmesi hedeflenmiĸtir. ¥rneĵin, KSKA kullanēlarak 3 

adet D¦S yerleĸimi ile g¿­ kayēplarēnēn azaltēldēĵē ­alēĸmalar mevcuttur [4]. Bunun yanē sēra, 

­ok ama­lē Balina Optimizasyon Algoritmasē (BOA) tercih edilerek ĸebekenin gerilim 

profilinin iyileĸtirildiĵi ve bu s¿recin tekno-ekonomik analizlerle desteklendiĵi yaklaĸēmlar da 

ºne ­ēkmaktadēr [6]. 

Ancak, daĵētēk ¿retim birimlerinin optimizasyonunda sēklēkla tercih edilen meta-sezgisel 

algoritmalar, esneklik ve hēzlē ­ºz¿m uzayē tarama avantajlarēna raĵmen, olasēlēksal ve stokastik 

doĵalarē gereĵi temel bazē yapēsal kēsētlar barēndērmaktadēr. Bu yºntemler, problemin 

karmaĸēklēĵē arttēk­a erken yakēnsama eĵilimi gºstermekte ve ­ºz¿m s¿recinde yerel optimum 

noktalarēna takēlabilmektedir [7].  

Doĵadan ilham alan algoritmalarēn baĸlangē­ deĵerlerine olan y¿ksek baĵēmlēlēĵē ve kararsēz 

hareketleri, bu yºntemlerin ­ºz¿m kalitesini ĸ¿pheli hale getirmektedir [8]. Nitekim güncel 

­alēĸmalarda, sezgisel yºntemlerin hi­bir zaman kesin bir global optimumu garanti edemediĵi 

ve elde edilen yerel bir ­ºz¿m¿n aynē zamanda global bir ­ºz¿m olup olmadēĵēnē kanētlayacak 

matematiksel bir kriterin bulunmadēĵē a­ēk­a vurgulanmaktadēr [1], [9], [10]. 

Bu algoritmalarēn en kritik dezavantajlarēndan biri de tekrarlanabilirlik ve tutarsēzlēk sorunudur. 

Sezgisel optimizasyon s¿re­leri; iterasyon sayēsē, pop¿lasyon b¿y¿kl¿ĵ¿ ve varyasyon 

katsayēlarē gibi tamamen rastgele atanan parametrelere sēkē sēkēya baĵlēdēr [11], [12]. Bu durum, 

algoritmalarēn her ­alēĸtērēldēĵēnda birbirinden farklē sonu­lar ¿retmesine ve sēfērdan farklē 

standart sapmalar vermesine yol a­maktadēr  [13]. Dolayēsēyla, bu algoritmalarēn tekrarlanabilir 

kapasitelerini ispatlamak adēna literatürde sürekli olarak istatistiksel analizlere ihtiyaç 

duyulduĵu, ancak bu testlerin dahi deterministik olmayan yapēdan kaynaklanan belirsizlikleri 

ortadan kaldēramadēĵē ifade edilmektedir [14]. 

Sezgisel algoritmalarēn barēndērdēĵē bu belirsizlikler ve kesin olmayan sonu­lar, ºzellikle 

elektrik daĵētēm ĸebekelerini yöneten ve gün öncesi operasyonel planlamalar gibi kritik kararlar 

alan sistem operatºrleri a­ēsēndan ciddi zorluklar oluĸturmaktadēr. ķebeke operatºrlerinin 

mevcut kēsētlar altēnda g¿venilir, ekonomik ve uygulanabilir kararlar alabilmesi i­in 

algoritmalarēn y¿ksek dayanēklēlēk ve g¿venilirlik sunmasē ĸarttēr [15], [16]. Ancak meta-
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sezgisel yºntemlerin zayēf matematiksel temelleri ve garanti edilemeyen ­ºz¿m kaliteleri, 

sistem entegrasyonu ve planlama s¿re­lerinde operasyonel riskler barēndērmaktadēr. Bu nedenle 

son dönem araĸtērmalarē; saĵlam ve katē matematiksel temellere dayanan, analizi ve 

yorumlanmasē daha kolay olan ve her koĸturulduĵunda global optimumu teorik olarak garanti 

ederek ĸebeke operatºrleri i­in daha y¿ksek g¿venilirlik sunan MISOCP gibi deterministik 

analitik yöntemlerin meta-sezgisellere tercih edilmesi gerektiĵini g¿­l¿ bir ĸekilde 

savunmaktadēr [17], [18], [19]. 

Son yēllarda g¿­ akēĸē denklemlerinin konveks hale getirilmesiyle oluĸturulan MISOCP 

modelleri literatürde dikkat çekmektedir. Bu yaklaĸēmēn, ticari ­ºz¿c¿ler kullanēlarak 

problemin global optimum ­ºz¿m¿n¿ matematiksel olarak garanti ettiĵi gºsterilmiĸtir [20], 

[21]. ¦stelik, deterministik konveks modellerin iĸlem y¿k¿ a­ēsēndan meta-sezgisel 

yöntemlerden daha verimli olduĵu ve saniyeler mertebesinde kesin sonu­lar ¿rettiĵi 

vurgulanmaktadēr [22]. 

Sistem performansēnēn tam olarak deĵerlendirilebilmesi i­in g¿­ kayēplarēnēn yanē sēra gerilim 

profilinin iyileĸtirilmesi de hayati ºnem taĸēmaktadēr. ķebekedeki g¿­ kalitesini maksimize 

etmek i­in 3 adet D¦S yerleĸiminin doygunluk noktasē olduĵu ve en ideal kayēp azaltēmēnē 

saĵladēĵē tespit edilmiĸtir [23]. Ayrēca, gerilim profilindeki iyileĸmeyi ºl­mek amacēyla GDI 

metriĵi sēklēkla kullanēlmaktadēr [5]. Ancak literatürde, 3 adet D¦Sô¿n eĸ zamanlē yerleĸimini 

GDI analizini de kapsayacak ĸekilde ele alan ve bunu global optimum garantisi veren MISOCP 

yºntemiyle ­ºzen ­alēĸmalar olduk­a sēnērlēdēr.  

Belirtilen bu eksiklikler doĵrultusunda, bu ­alēĸmada radyal daĵētēm ĸebekelerinde 3 adet 

D¦Sô¿n optimum konum ve boyutlandērēlmasē problemi ele alēnmēĸtēr. ¢alēĸmanēn temel 

amacē, aktif ve reaktif g¿­ kayēplarēnē en aza indirirken GDI deĵerlerini iyileĸtirmek ve meta-

sezgisel yºntemlerin belirsizliĵinden uzaklaĸarak MISOCP form¿lasyonu ile global optimum 

çözümü elde etmektir. Önerilen matematiksel model, IEEE 33 baralē radyal daĵētēm ĸebekesi 

¿zerinde uygulanmēĸ ve analiz sonu­larē deĵerlendirilmiĸtir. 

PROBLEMĶN MATEMATĶKSEL FORM¦LASYONU  

Radyal daĵētēm ĸebekelerinde g¿­ kaybēnēn minimizasyonu ve optimum D¦S yerleĸimi, 

karmaĸēk ve doĵrusal olmayan bir optimizasyon problemidir [3]. Bu ­alēĸmada, problemin 

çözümünde yüksek hassasiyet ve k¿resel optimum garantisi sunan MISOCP yaklaĸēmē 

benimsenmiĸtir. Problem, 96 saatlik zaman adēmēnē i­eren her mevsimden 24 saatlik g¿nl¿k 

y¿k profili dikkate alēnarak modellenmiĸtir.  

Geliĸtirilen matematiksel modelde ama­ fonksiyonu, analiz edilen zaman periyodu boyunca 

ĸebekedeki toplam g¿­ kayēplarēnēn minimize edilmesi olarak kurgulanmēĸtēr. Bu hedefe 

ulaĸēlērken ĸebekenin g¿venilirliĵini saĵlamak amacēyla; aktif ve reaktif g¿­ dengesi 

denklemleri, bara gerilim sēnērlarē, hatlarēn termal akēm taĸēma kapasiteleri ve D¦S birimlerinin 

¿retim limitleri gibi iĸletme kēsētlarē modele dahil edilmiĸtir. Ek olarak, ger­ekleĸtirilen 

optimizasyonun sistemin g¿­ kalitesine olan etkisini b¿t¿nc¿l bir ĸekilde deĵerlendirebilmek 

için literat¿rde yaygēn olarak kullanēlan GDI analizlere entegre edilmiĸtir. 
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Amaç Fonksiyonu  

¢alēĸmanēn temel amacē, yēllēk bazda ĸebekedeki toplam g¿­ kaybēnēn minimize edilmesidir. 

Ama­ fonksiyonu Denklem (1) ve (2)ôde tanēmlanmēĸtēr: 

 

 

ὖ Ὅὶ 

 

 

(1) 

 

ὗ Ὅὼ 

 

(2) 

Denklemde yer alan parametrelerden Ploss ve Qloss sērasēyla sistemdeki aktif ve reaktif g¿­ 

kayēplarēnē temsil ederken; I j akēmē, r j ve xj ise ilgili iletkenin diren­ ve reaktans deĵerlerini, i 

ise sistemdeki toplam bara sayēsēnē ifade etmektedir. 

G¿­ Akēĸē Denklemleri ve Konik Gevĸetme 

Sistemdeki g¿­ akēĸē, radyal ĸebekeler i­in literat¿rde yaygēn olarak kullanēlan g¿­ akēĸ 

denklemleri ile ifade edilmiĸtir. Her bir Ὥ barasē i­in aktif g¿­, reaktif g¿­ ve gerilim d¿ĸ¿m¿ 

denklemleri ĸu ĸekildedir [24]: 

 ὖ

ᶪ ᶰ

ὖ ὙὍ

ᶪ ᶰ

ὖ ὖȠ Ὥᶅɴ ɱ  
 

(3) 

 ὗ

ᶪ ᶰ

ὗ ὢὍ

ᶪ ᶰ

ὗ ὗȠ Ὥᶅɴ ɱ  
 

(4) 

 ὠ ςὙὖ ὢὗ Ὑ ὢ Ὅ ὠ πȠ ὭᶅὮɴɱ 
(5) 

 
Ὅ

ὖ ὗ

ὠ
 

 

(6) 

Burada k üst bara, j alt bara, i ¿zerinde ­alēĸēlan bara olmak ¿zere Pki ve Qki k barasēndan ­ēkēp, 

¿zerinde ­alēĸēlan i barasēna giriĸ yapan aktif ve reaktif g¿­ miktarēnē, Pij  ve Qij   üzerinde 

­alēĸēlan i barasēndan ­ēkarak, j barasēna doĵru akan aktif ve reaktif g¿­ miktarēnē, Psi, Qsi i 

barasēndaki aktif ve reaktif g¿­ ¿retimini, Pid, Qid i barasēndaki aktif ve reaktif g¿­ talebini, I ij  

koldan akan akēmēn karesini ifade etmektedir. 

Denklem (6)ôdeki ifadenin konveks olmamasē ve problemin deterministik ­ºz¿c¿lerle 

­ºz¿lebilmesi amacēyla konveks Ķkinci Dereceden Konik Programlama (SOCP) formatēna 

dºn¿ĸt¿rmek i­in deĵiĸken dºn¿ĸ¿m¿ ve eĸitsizlik gevĸetmesi uygulanarak denklem (7) 

oluĸturulmuĸtur [25], [26]. 
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 ὖ ὗ ὠẗὍ ὭᶅὮɴɱ 
(7) 

Sistem Kēsētlarē ve D¦S Yerleĸimi  

Gerilim Kēsētlarē 

Model, sistemin kararlēlēĵē ve ĸebekenin g¿venli iĸletimi i­in her baradaki gerilim b¿y¿kl¿ĵ¿ 

belirlenen alt ve ¿st sēnērlar arasēnda kalmalēdēr. 

 ὠ ὠ ὠ  Ὥᶅɴ ὔ 
(8) 

Bu ­alēĸmada, Vmin=0,95 ὴό ve Vmax=1,05 ὴό olarak alēnmēĸtēr. 

Her i barasēndaki gerilim, ĸebeke standartlarē tarafēndan belirlenen alt ve ¿st limitler arasēnda 

kalmalēdēr. MISOCP modellerinde bu deĵiĸken gerilimin karesi olarak alēndēĵē i­in 

form¿lasyon ĸºyledir [28]: 

 ὠ ό ὠ  Ὥᶅɴ ὔ 
(9) 

D¦S g¿c¿ kēsētlarē 

ķebekeye entegre edilecek D¦Sôlerin fiziksel ve operasyonel kēsētlarē gereĵi, g¿­ ¿retimleri 

belirli alt ve ¿st sēnērlar dahilinde ger­ekleĸmek zorundadēr.  

Bu kapsamda, aktif ve reaktif g¿­ ¿retim kapasitelerini tanēmlayan limit denklemleri aĸaĵēda 

verilmiĸtir [29]. 

 ὖD¦Sȟ ὖD¦Sȟ ὖD¦Sȟ 
(10) 

 ὗD¦Sȟ ὗD¦Sȟ ὗD¦Sȟ 
(11) 

Ķlgili eĸitsizliklerde yer alan ὖD¦Sȟ ve ὗD¦Sȟ deĵiĸkenleri, Ὥ. baraya entegre edilen DÜS 

biriminin sērasēyla aktif ve reaktif g¿­ ¿retimlerini belirtmektedir. ¥te yandan ὖD¦Sȟ ile ὖD¦Sȟ 

parametreleri bu birimin ĸebekeye saĵlayabileceĵi aktif g¿c¿n fiziksel alt ve ¿st sēnērlarēnē; 

ὗD¦Sȟ ile ὗD¦Sȟ parametreleri ise reaktif güç üretim kapasitesinin teknik limitlerini 

tanēmlamaktadēr. 

Termal kēsētlar 

Hatlardan ge­en akēm iletkenin maksimum taĸēma kapasitesini aĸmamalēdēr [30]. 

 Ὅ­ Ὅ  
(12) 

D¦S Kapasiteleri ve Ķkili Karar Deĵiĸkenleri 

Optimizasyon algoritmasēnēn D¦S ¿nitelerinin baralardaki "varlēk/yokluk" durumunu 

algēlayabilmesi i­in ikili karar deĵiĸkenleri kullanēlēr [31]. 
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 π ὖ­ ὖ­ ẗ„ 
(13) 

Burada „ {ɴ0,1}, k numaralē baraya bir D¦S yerleĸtirilip yerleĸtirilmediĵini ifade eden ikili 

deĵiĸkendir. 

D¦S'lerin sisteme yerleĸtirilip yerleĸtirilmeyeceĵine karar veren ὼ ρ veya ὼ π ikili 

deĵiĸkenleri ile aktif/reaktif g¿­ sēnērlarē belirlenir [20], [32] 

 ὼẗὖ­ȟ ὖ­ ὼẗὖ­ȟ  
(14) 

 ὼẗὗ­ȟ ὗ­ ὼẗὗ­ȟ  
(15) 

Gerilim Devinim Ķndeksi (GDI)  

¢alēĸmada elde edilen ­ºz¿m¿n ĸebeke gerilim kalitesine etkisini ºl­mek i­in Denklem (16)ôda 

tanēmlanan karesel GDI performansē hesaplanmēĸtēr [27]. 

 

ὋὈὍ ὠ ὠȟ  

 

 

(16) 

Ķlgili denklemde yer alan GDI gerilim devinim indeksini ifade ederken; T hesaplamaya dahil 

edilen toplam zaman periyodunu (saat); N ÉÓÅ ÓÉÓÔÅÍÄÅËÉ ÔÏÐÌÁÍ ÂÁÒÁ ÓÁÙąÓąÎą 

ÇĘÓÔÅÒÍÅËÔÅÄÉÒȢ !ÙÒąÃÁ Vref daĵētēm ĸebekesinin nominal iĸletme gerilimini (pu, kV) ve VὭὸ ise 

i. baranēn t zaman adēmēndaki anlēk gerilim deĵerini (pu, kV) temsil etmektedir.   

¥NERĶLEN METOT 

Bu ­alēĸmada, daĵētēm ĸebekelerinde ­oklu D¦S yerleĸimi ve boyutlandērmasē problemi, meta-

sezgisel yºntemlerin doĵasēnda bulunan yerel optimuma takēlma ve tekrarlanabilirlik 

sorunlarēnē ortadan kaldērmak amacēyla, kesin bir matematiksel yºntem olan MISOCP 

denklemleri Python ortamēnda kodlanmēĸ ve end¿stri standardē olan Gurobi ­ºz¿c¿s¿ 

entegrasyonu kullanēlarak ­ºz¿lm¿ĸt¿r.  

MISOCP ve Konvekslik Avantajē 

Daĵētēm ĸebekelerinde g¿­ akēĸē denklemleri, aktif ve reaktif g¿­ dengelerini ve gerilim 

d¿ĸ¿mlerini ifade eden yapēlarē gereĵi doĵrusal ve konveks olmayan olduk­a karmaĸēk bir 

matematiksel forma sahiptir [15]. Geleneksel meta-sezgisel algoritmalar (PSO, WOA, vb.) 

bºylesine karmaĸēk bir ­ºz¿m uzayēnda rastgele ve olasēlēksal  arama stratejileri izledikleri i­in 

ciddi teknik kēsētlamalar barēndērērlar [3]. Rastgele baĸlatma ve parametre ayarlarēna y¿ksek 

oranda baĵēmlē olmalarē sebebiyle, meta-sezgisel yºntemlerin kesin ­ºz¿me ulaĸma garantisi 

yoktur ve sēklēkla yerel minimum noktalarēnda takēlē kalma riski taĸērlar [4], [7], [12] 

Önerilen MISOCP modelinde ise, g¿­ akēĸē denklemlerindeki konveks olmayan terimler, SOCP 

(Second Order Cone Programming) gevĸetmesi ile konveks forma dºn¿ĸt¿r¿lm¿ĸt¿r [17], [26], 

[33]. Bu dºn¿ĸ¿m s¿recinde, akēm ve gerilim karesi ­arpēmlarēnē barēndēran doĵrusal olmayan 

eĸitlikler hiperbolik bir eĸdeĵerlik kullanēlarak yeniden yazēlēr. Katē eĸitlik kēsētlarēnēn uygun 
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bir k¿­¿k eĸittir eĸitsizliĵine dºn¿ĸt¿r¿ld¿ĵ¿ bu konik gevĸetme iĸlemi, doĵrusal olmayan g¿­ 

akēĸē ifadelerini konveks bir ikinci mertebeden koni kēsētēna evirir [3], [34].  

Bu dºn¿ĸ¿m sayesinde, problemin ­ºz¿m uzayē dēĸb¿key bir yapēya kavuĸturulmuĸ ve aranan 

­ºz¿m¿n global optimum olduĵu matematiksel olarak kanētlanabilir hale gelmiĸtir [3], [15], 

[17], [35].  

Gurobi ¢ºz¿c¿ ve Hesaplama Verimliliĵi 

Geliĸtirilen matematiksel model, Python ortamēnda kodlanarak y¿ksek performans gerektiren 

konik optimizasyon problemlerinin ­ºz¿m¿nde sahip olduĵu g¿­l¿ matematiksel temeller ve 

hesaplama verimliliĵi ile literat¿rde end¿stri standardē olarak kabul edilen Gurobi ­ºz¿c¿s¿ ile 

­ºz¿lm¿ĸt¿r [35]. Gurobi'nin algoritmik mimarisindeki temel üstünlük, kesikli optimizasyon 

problemlerinde kullanēlan sēnērla ve dallan algoritmasē ile konveks s¿rekli optimizasyon 

problemlerinin ­ºz¿m¿nde son derece etkin olan i­ nokta yºntemlerini hibrit bir yapēda baĸarēlē 

bir ĸekilde kombine etmesidir [34]. 

Bu entegre algoritma mimarisi, konik kēsētlē g¿­ akēĸē problemlerinin polinom zamanda 

çözülebilmesini ve sistemin global optimuma kesin olarak ulaĸmasēnē matematiksel d¿zeyde 

g¿vence altēna almaktadēr [36] [37].Meta-sezgisel yºntemlerin performansēnēn baĸlangē­ 

parametrelerine (pop¿lasyon boyutu, mutasyon oranē vb.) aĸērē duyarlē olduĵu literat¿rde sēk­a 

vurgulanērken [8], [10], MISOCP ve Gurobi kombinasyonu herhangi bir "ince ayar" 

gerektirmeksizin her ­alēĸtērmada aynē kesin sonucu garanti etmektedir [3]. 

Geliĸtirilen bu model, 3 adet D¦Sô¿n ĸebekeye yerleĸimi gibi y¿ksek kombinasyonel 

karmaĸēklēĵa sahip bir optimizasyon senaryosunu, geleneksel MINLP (Karma Tam Sayēlē 

Doĵrusal Olmayan Programlama) ­ºz¿c¿lerinin aksine, hēzlē ve hatasēz bir ĸekilde 

sonu­landērmaktadēr [3], [17]. Bu deterministik yaklaĸēm, ĸebeke operatºrleri i­in hem 

planlama aĸamasēnda y¿ksek g¿venilirlik  saĵlamakta hem de karmaĸēk operasyonel s¿re­lerde 

hēzlē ve kesin karar alma imk©nē sunmaktadēr [12], [15]. 

UYGULANAN SENARYOLAR VE ANALĶZ SONU¢LARI 

Bu ­alēĸmada, ºnerilen MISOCP tabanlē yºntemin performansēnē ve doĵruluĵunu test etmek 

amacēyla nominal gerilimi 12,66 kV olan Gºrsel 1ôde sunulan IEEE 33 baralē radyal daĵētēm 

ĸebekesi kullanēlmēĸtēr.  
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Görsel 1. IEEE 33-baralē radyal daĵētēm sistemi tek hat ĸemasē [38] 

Geliĸtirilen model, sisteme entegre edilecek D¦S sayēsē baz alēnarak dºrt farklē konfig¿rasyon 

altēnda test edilmiĸtir. Bu kapsamda; herhangi bir D¦S baĵlantēsēnēn olmadēĵē (K=0) durum 

temel durum olarak alēnmēĸ, sisteme sērasēyla bir (K=1), iki (K=2) ve ¿­ (K=3) adet D¦S 

entegrasyonu yapēlarak elde edilen veriler kapsamlē bir ĸekilde analiz edilmiĸtir.  

Analiz edilen senaryolara, her bir mevsimi temsil eden 24 saatlik günlük yük profillerinin 

birleĸtirilmesiyle oluĸturulan 96 saatlik zaman adēmē dahil edilmiĸ olup, kullanēlan bu 

mevsimsel y¿k profili ķekil 2'de sunulmaktadēr. Yaz mevsimi, en y¿ksek y¿k talebinin olduĵu 

mevsimken kēĸ aylarēnda talep biraz daha d¿ĸmektedir. Bahar ge­iĸ dºnemlerinde ise g¿­ 

t¿ketiminin yēl i­erisindeki minimum seviyelerde ve birbirine olduk­a yakēn deĵerlerde olduĵu 

gözlemlenmektedir. 

 

Görsel 2. Mevsimsel yük profili 

Optimizasyon sonu­larē toplu olarak ¢izelge 1 ve ¢izelge 2'de sunulmuĸtur. ¢izelge 1, her bir 

senaryo i­in ĸebekeye entegre edilen D¦S'lerin yapēlan optimizasyonla optimum olarak hangi 

baraya konumlandēklarēnē, aktif reaktif kapasite boyutlarēnē ve sistemdeki aktif ve reaktif güç 

kaybē azalmalarēnē detaylandērmaktadēr. ¢izelge 2ôde ise ĸebekenin g¿­ kalitesindeki 

iyileĸmeyi yansētacak ĸekilde GDI deĵerlerini, g¿n i­i minimum maksimum gerilim 

seviyelerini ve bu sēnērlarēn ger­ekleĸtiĵi kritik baralarē gºstermektedir.  
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¢izelge 1. Farklē D¦S Sayēlarēna Gºre Toplam G¿­ Kaybē Sonu­larē 

Senaryo 
Seçilen DÜS 

Baralarē 

Puant Zaman Aktif 

G¿­ Kaybē 

(kW) 

Puant Zaman Reaktif 

G¿­ Kaybē 

(kVAr)  

DÜS Aktif Güç Üretimi 

(kW) 

 DÜS Reaktif Güç Üretimi 

(kVAr)  

K=0 - 198,023 132,006 - - 

K=1 30 98,036 66,631 900 435,890 

K=2 13-30 60,388 40,429 
13. Bara 492,97 

30. Bara 791,09 

13. Bara 238,76 

30. Bara 383,14 

K=3 14-25-30 64,144 42,693 

14. Bara 399,84 

25. Bara 240,02 

30. Bara 659,42 

14. Bara 193,65 

25. Bara 116,25 

30. Bara 319,37 

 

¢izelge 2. Farklē D¦S Sayēlarēna Gºre VDI ve Toplam G¿­ Kaybē Oranē 

Senaryo 

Puant Zaman 

Aktif G¿­ Kaybē 

Azalmasē Oranē 

Puant Zaman 

Reaktif G¿­ Kayēp 

Azalmasē Oranē 

Yēllēk GDI 

Deĵeri 

G¿n Ķ­i 

Minimum V 

(p.u.) 

G¿n Ķ­i 

Minimum 

Bara 

G¿n Ķ­i 

Maksimum V 

(p.u.) 

G¿n Ķ­i 

Maksimu 

Bara 

K=0 - - 4,237 0,9141 18 1.0000 1 

K=1 50,49% 49,52% 1,369 0,9320 18 1.0126 30 

K=2 69,50% 69,37% 0,412 0,9618 18 1.0179 13 

K=3 67,61% 67,66% 0,531 0,9570 18 1.0125 14 

Temel Durum (K=0): Bu aĸamada, IEEE-33 baralē radyal daĵētēm ĸebekesi ¿zerinde 

ger­ekleĸtirilen y¿k akēĸē analizleri ile ĸebekenin mevcut durumu detaylēca ortaya konulmuĸtur. 

Yapēlan sim¿lasyonlar neticesinde, sistemin en yoĵun y¿klenme yaĸadēĵē puant saatinde toplam 

aktif g¿­ kaybē 198,023 kW, toplam reaktif g¿­ kaybē ise 132,006 kVAr olarak saptanmēĸtēr. 

ķebekenin gerilim profili incelendiĵinde ise, sistemin en zayēf halkasē olan 18. barada minimum 

gerilim deĵerinin 0,9141 p.u. seviyesine kadar gerilediĵi ve ĸebekenin genel gerilim 

kalitesizliĵini gºsteren yēllēk GDI deĵeri ise 4,237 olduĵu tespit edilmiĸtir. Bu temel veriler, 

ilerleyen bºl¿mlerdeki D¦S yerleĸimi sonrasē elde edilecek iyileĸme oranlarēnēn kēyaslanmasē 

i­in referans teĸkil etmektedir. Gºrsel 3ôde IEEE 33 baralē radyal daĵētēm ĸebekesinin D¦S 

entegrasyonu yapēlmayan temel durumu i­in puant y¿k i­in gerilim profili sunulmaktadēr. 
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Gºrsel 3. IEEE 33 baralē radyal daĵētēm ĸebekesinin puant y¿k i­in gerilim profili  

Tekli D¦S Yerleĸimi (K=1): Sisteme tek bir D¦S ¿nitesinin kurulmasēna izin verildiĵinde, 

model optimum konum olarak 30 numaralē barayē se­miĸ ve buraya 900 kW aktif g¿­ kapasitesi 

atamēĸtēr. Bu entegrasyon sonucunda puant zaman aktif g¿­ kaybēnda %50,49, reaktif g¿­ 

kaybēnda ise %49,52 oranēnda iyileĸme saĵlanmēĸtēr. Minimum bara gerilimi 0.9320 p.u. 

seviyesine y¿kselirken, yēllēk GDI deĵeri 1,369'a gerilemiĸtir. 

Ķkili D¦S Yerleĸimi (K=2): D¦S sayēsē 2'ye ­ēkarēldēĵēnda, model eĸ zamanlē olarak 13 ve 30 

numaralē baralarē en uygun konumlar olarak belirlemiĸtir. Bu senaryoda puant zaman aktif g¿­ 

kaybē %69,50, reaktif g¿­ kaybē ise %69,37 oranēnda azalmēĸtēr. ķebeke gerilim profili ciddi 

bir rahatlama yaĸamēĸ; minimum gerilim deĵeri 0.9618 p.u. seviyesine ­ēkarak g¿venli bºlgeye 

taĸēnmēĸ ve yēllēk GDI deĵeri 0,412 ile en optimum gerilim dengesini yakalamēĸtēr. 

¦­l¿ D¦S Yerleĸimi (K=3): ķebekeye 3 adet D¦S yerleĸtirildiĵinde model; 14, 25 ve 30 

numaralē baralarē se­miĸtir. Bu konfig¿rasyonda puant zaman aktif g¿­ kaybē 64,144 kW, 

reaktif g¿­ kaybē ise 42,693 kVAr olarak ger­ekleĸmiĸtir. Kayēplarēn azaltēlmasēnda K=2 

senaryosuna gºre daha y¿ksek bir performans beklense de K=3 senaryosu aktif kayēp azaltma 

oranēnda %67,61 ile K=2'nin (%69,50) bir miktar gerisinde kalmēĸtēr bu durum D¦S sayēsē ile 

toplam aktif ve reaktif g¿­ kaybē arasēnda her zaman doĵrusal ve g¿­l¿ bir korelasyon 

olmadēĵēnē gºstermektedir.  

Ķlk iki D¦S, ĸebekedeki en kritik y¿k merkezlerini ve en y¿ksek empedanslē hatlardaki kayēplarē 

büyük ölçüde telafi etmekte ve K=2 senaryosundan K=3 senaryosuna ge­ildiĵinde 3. D¦S'¿n 

ĸebeke kayēplarēnē azaltmadaki etkisi ºnemsiz kalabilmektedir [39]. Hatta ĸebekeye optimum 

¿retim kapasitesinin ºtesinde daha fazla D¦S eklenmesi, aktif g¿­ kayēplarēnēn iyileĸmek 

yerine artmasēna bile neden olabilmektedir. Yanlēĸ konumlandērēlmēĸ veya gereĵinden y¿ksek 

kapasiteli D¦S'ler, ĸebekede ters g¿­ akēĸē oluĸturarak hat kayēplarēnē artērmaktadēr [10]. 

¦­ adet D¦S ¿nitesinin ĸebekeye entegrasyonu neticesinde oluĸan aktif g¿­ kayēplarē Gºrsel 

4ôde sunulmaktadēr. 
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Gºrsel 4. ¦­ adet D¦S entegrasyonu sonrasēndaki aktif g¿­ kayēp durumu 

¦­ adet D¦S ¿nitesinin ĸebekeye entegrasyonu neticesinde oluĸan aktif g¿­ kayēp azalma 

oranlarē Gºrsel 5ôde sunulmaktadēr. 

 

Gºrsel 5. ¦­ adet D¦S entegrasyonu sonrasēndaki aktif g¿­ kayēp azalma oranē 

Analiz sonu­larē genel olarak deĵerlendirildiĵinde, D¦S sayēsēnēn optimum artērēlmasēyla 

gerilim profilinin nominal deĵerlere yaklaĸtēĵē ve sistem kararlēlēĵēnēn g¿­lendiĵi Gºrsel 6ôda 

görülmektedir. 

 

Gºrsel 6. ¦­ adet D¦S gerilim profil kēyaslamasē  

Gerilim Devinim Ķndeksi (GDI) verileri, D¦S entegrasyonunun ĸebeke gerilim kalitesini 

iyileĸtirmede etkili bir yºntem olduĵunu Gºrsel 7ôde gºr¿lmektedir. ¥zellikle K=2 senaryosu 
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hem kayēp azaltma oranlarē hem de gerilim dengesi a­ēsēndan modelin saĵladēĵē en verimli 

sonu­larē sunmuĸtur.  

 

Gºrsel 7. GDI deĵiĸimi 

SONU¢LAR VE DEĴERLENDĶRME  

Bu ­alēĸmada, radyal daĵētēm ĸebekelerinde ­oklu D¦Sôlerin optimal konumlandērēlmasē ve 

boyutlandērēlmasē problemi Karma Tam Sayēlē Ķkinci Dereceden Konik Programlama 

(MISOCP) yºntemi kullanēlarak deterministik bir yaklaĸēmla ­ºz¿lm¿ĸt¿r. ¢alēĸma 

kapsamēnda, g¿nl¿k y¿k profili dikkate alēnarak 96 zaman adēmlē toplam aktif ve reaktif g¿­ 

kaybē analizi yapēlmēĸ ve model Gurobi ­ºz¿c¿s¿ ile koĸturulmuĸtur. Geliĸtirilen matematiksel 

model, IEEE 33 baralē radyal daĵētēm ĸebekesinde ¿zerinde D¦Sôlerin ĸebekeye entegrasyon 

seviyesine gºre (K=0,1,2,3) dºrt farklē senaryo altēnda test edilmiĸtir. 

Elde edilen optimizasyon sonu­larēndan varēlan temel ­ēkarēmlar ĸu ĸekildedir: 

¶ ķebekede herhangi bir D¦S ¿nitesinin bulunmadēĵē referans durumda (K=0) puant 

zaman aktif g¿­ kaybē 198,023 kW olarak ger­ekleĸmiĸ ve 18. barada minimum 

gerilim 0.9141 p.u. deĵerine kadar d¿ĸm¿ĸt¿r. 

¶ Sisteme 3 adet D¦S ¿nitesinin eĸ zamanlē olarak entegre edildiĵi nihai senaryoda 

(K=3), model optimum baĵlantē noktalarē olarak 14, 25 ve 30 numaralē baralarē 

se­miĸtir. 

¶ D¦S entegrasyonu ile ĸebekenin g¿­ kalitesini ve gerilim kararlēlēĵēnē temsil eden 

yēllēk GDI deĵeri, baz senaryodaki 4,237 seviyesinden en optimum senaryo olan 

K=2ôde 0,412 seviyesine kadar geriletilerek gerilim profilinde beklenilen iyileĸme 

saĵlanmēĸtēr. 

¶ Kayēp azaltma performanslarē incelendiĵinde, K=2 senaryosu aktif g¿­ kayēplarēnda 

%69,50, reaktif g¿­ kayēplarēnda ise %69,37 oranēnda iyileĸme ile en ¿st¿n 

performansē sergilemiĸtir. K=3 Senaryosunda ise aktif g¿­ kayēp azaltma oranē 

%67,61 seviyesinde kalmēĸtēr. 

Sonu­lar b¿t¿n olarak deĵerlendirildiĵinde, ĸebekeye entegre edilen D¦S sayēsē arttēk­a gerilim 

profilinin nominal iĸletme sēnērlarē i­erisinde baĸarēyla d¿zleĸtirildiĵi kanētlanmēĸtēr. Ancak, 

D¦S sayēsēnēn artēĸē kayēp azaltma oranlarēnda her zaman doĵrusal bir iyileĸme 

getirmemektedir. ¥zellikle iki adet ve ¿­ adet D¦S senaryolarē arasēndaki kēyaslama, sistemin 

belirli bir D¦S kapasitesinden sonra doygunluĵa ulaĸtēĵēnē ve ¿­¿nc¿ bir D¦S'¿n konum-boyut 

optimizasyonunun, hat empedans yapēsē ve sistemdeki akēm akēĸ yºnleri nedeniyle ĸebeke 
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kayēplarēnē K=2 seviyesinde tutamadēĵēnē gºstermektedir. Bu durum, daĵētēm ĸebekesi 

planlamasēnda optimum D¦S sayēsēnēn ĸebeke topolojisine baĵlē olarak titizlikle belirlenmesi 

gerektiĵini ve daha fazla D¦S'¿n her zaman daha az kayēp anlamēna gelmediĵini 

kanētlamaktadēr. 

Literat¿rde sēk­a kullanēlan meta-sezgisel yöntemlerin aksine, önerilen MISOCP ve Gurobi 

tabanlē yaklaĸēm; herhangi bir parametre ince ayarēna ihtiya­ duymadan ve her ­alēĸtērmada 

aynē kesin sonucu vererek global optimumu matematiksel olarak garanti etmiĸtir. Bu doĵrultuda 

geliĸtirilen model, modern ve akēllē daĵētēm ĸebekelerinin planlama, iĸletme ve entegrasyon 

s¿re­lerinde ĸebeke operatºrleri i­in son derece g¿venilir, hēzlē ve tekrarlanabilir bir karar 

destek mekanizmasē sunmaktadēr. 
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ABSTRACT 

Zinc oxide (ZnO) is a versatile semiconductor material with diverse technological applications, 

from sensors and optoelectronic devices to photocatalysis and biomedical applications, owing 

to its wide band gap (3.3 eV), high optical transmittance, high electron mobility, excellent 

transparency, and chemical stability. These outstanding properties make ZnO a highly 

promising material for emerging and advanced technological applications. In particular, 

nanostructured ZnO has gained significant research attention over recent years because of its 

tunable physical properties. In this study, the effect of incorporating Isatis floribunda extract at 

different concentrations on the structural, morphological, and optical features of nanostructured 

ZnO films was investigated. With this aim, nanostructured ZnO films with and without extract 

were successfully synthesized on glass substrates via the successive ionic layer adsorption and 

reaction (SILAR) technique. The obtained films were examined in terms of their structural and 

morphological features using the X-ray diffraction and the scanning electron microscopy, 

respectively, while their optical features were analyzed with the ultraviolet-visible-near 

spectrophotometer. The analysis results indicated that Isatis floribunda plays a significant role 

in the formation of nanostructured ZnO films and in the modulation of their physical properties. 

Keywords: ZnO, Isatis floribunda, Thin film, Extract, SILAR 

 

1. INTRODUCTION  

In recent years, semiconductor materials based on group II-VI metal oxides, such as titanium 

dioxide (TiO2), cadmium oxide (CdO), copper oxide (CuO), zinc oxide (ZnO) and magnesium 

oxide (MgO) have attracted considerable attention due to their exceptional optical, electrical, 

antibacterial, and photocatalytic properties. Among these metal oxide semiconductor materials, 

ZnO stands out as a versatile n-type semiconductor due to its impressive physical, chemical, 

and biological properties, its harmless and low-cost, and its technological and environmental 

applications [1-3]. ZnO is also an enormous transition metal oxide with an exciton binding 

energy of 60 meV [3] and a direct optical band gap of 3.3 eV [4]. ZnO naturally crystallizes in 

a hexagonal wurtzite structure with lattice parameters of a = 3.25 Å and c = 5.12 Å [5]. 

Especially nowadays, the nanostructured ZnO particles are extensively used in many 

application areas including dye-sensitized solar cells, light-emitting diodes, photocatalysts, 

biosensors, and pharmaceutical industry [3, 6]. The high-quality ZnO nanoparticles are 

obtained by many production methods including sputtering, sol-gel, chemical vapor deposition, 

spray pyrolysis, molecular beam epitaxy, hydrothermal, and successive ionic layer adsorption 

mailto:uakin@selcuk.edu.tr
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and reaction [7-10]. Among these methods, particularly in thin film preparation, the successive 

ionic layer adsorption and reaction (SILAR) method is a highly preferred method due to its 

simplicity, flexibility, and quite cost-effective, as it does not require a complex vacuum system 

[3, 5]. 

In recent years, with the increasing interest in environmentally friendly and sustainable 

approaches in the synthesis of nanostructured metal oxides, green synthesis methods using plant 

extracts have become an important research area. Plant extracts contain biologically active 

compounds, which can influence the crystal growth processes, thereby enabling the modulation 

of the structural, morphological, and optical features of the resulting thin films. Compared with 

chemical additives, these natural extracts offer advantages, such as low toxicity, 

biodegradability, easy availability, and cost-effectiveness, while also minimizing the 

environmental impact of the synthesis process. The literature contains numerous reports on the 

green synthesis of a wide range of nanostructured metal oxides using plant-derived extracts [3, 

11]. Among these studies, Pakzad et al. [11] performed the biosynthesis of CuO and Ni@Fe O  

nanoparticles with Euphorbia maculata extract acting as a photocatalyst. The structural 

properties of biosynthesized metal nanoparticles were investigated, and their photocatalytic 

processes in MB, CR, and RhB organic pollutants were studied. In a separate study, ķahin et 

al. [3] investigated the effect of Thymus syriacus plant extract on the antibacterial activities and 

physical properties of ZnO nanoparticles. Their study demonstrated that the plant extract used 

is a promising option against plant bacterial diseases. 

In the presented study, an extract obtained from the Isatis floribunda plant, found in the local 

flora, was used as an additive in the synthesis of nanostructured ZnO thin films produced by 

the SILAR method. Isatis floribunda is an endemic woad species native to Türkiye [12-14]. In 

recent years, owing to its rich phytochemical composition, it has attracted increasing interest in 

the fields of materials science and biomedicine. Studies have shown that Isatis floribunda 

extracts possess antioxidant and antimicrobial properties and demonstrate inhibitory effects 

against Alzheimerôs disease-related enzymes [12, 13]. The roots and flowers of this yellow-

flowering plant have been found to contain high concentrations of phenolic compounds, 

flavonoids, and other biologically active secondary metabolites [12, 13, 15]. In particular, root 

extracts have been reported to possess strong antimicrobial and antioxidant properties and to 

contain various bioactive compounds, with chlorogenic acid being one of the major 

constituents. This rich phytochemical profile highlights the potential of Isatis floribunda extract 

as a natural additive for the green synthesis of nanostructured metal oxides. Therefore, 

investigating the effects of different plant extracts and their concentrations on the properties of 

ZnO thin films is of considerable importance for enhancing material performance. Due to its 

rich phytochemical content, Isatis floribunda influences the formation and growth of ZnO 

nanostructures. These phytochemicals can act as natural complexing, stabilizing, and growth-

modifying agents during the deposition process, thereby affecting the crystallization behavior 

and the resulting physicochemical properties of the thin films. Therefore, the nanostructured 

ZnO films, both with and without extract, were synthesized on glass substrates using the SILAR 

technique, and the effect of different concentrations of Isatis floribunda extract on the 

structural, morphological, and optical features of nanostructured ZnO films was investigated. 

The findings are expected to provide valuable insights into the influence of Isatis floribunda 

extract concentration on the behavior of ZnO thin films and to promote the use of sustainable, 

plant extract-assisted synthesis routes for optoelectronic and sensor applications. 

 

2. EXPERIMENTAL PROCEDURE  

2.1. Preparation of Isatis floribunda Extract 
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Isatis floribunda, used in the preparation of ZnO nanostructures, is an endemic herbaceous and 

medicinal plant species that grows in Türkiye [12-14]. It was collected from its natural habitat 

in Konya province, located in the Central Anatolia Region of Türkiye (Isatis floribunda Eķ 

834). The Isatis floribunda dried leaves intended for extraction were first washed with distilled 

water and then ground using a plant mill. Afterward, the powdered plant leaves were steeped 

in boiled water for 15 minutes and left to cool to room temperature. Finally, the extract was 

prepared by carefully filtering it through filter paper (Figure 1). 

 

Figure 1. Schematic illustration of the preparation of Isatis floribunda extract 

 

2.2. Preparation and Characterization of Nanostructured ZnO Films With and Without 

Isatis floribunda Extract 

In study, nanostructured ZnO thin films were prepared via SILAR method onto glass substrates 

with multiple cycles. At first, ZnĮ  ion solution of 100 ml 0.1 M was prepared by using zinc 

acetate dihydrate salt (C H O Zn). The solution was stirred on a heated magnetic stirrer until 

a clear and homogeneous solution was obtained. Afterward, ammonium hydroxide (NH OH) 

was introduced to adjust the solution pH, followed by heating the mixture to 90°C. Initially, the 

substrate was immersed in the ZnĮ  solution for 15 seconds, followed by immersion in pure 

water maintained at 90°C for another 15 seconds to eliminate weakly bound ions. After 

completing rinsing step, the substrate was dried in air for 15 seconds. To investigate the 

concentration effect of Isatis floribunda on nanostructured ZnO films, Isatis floribunda extract 

was added to the Zn ion solution at concentrations of 10%, 15%, and 20%. Nanostructured ZnO 

thin films incorporating Isatis floribunda extract were subsequently prepared using the SILAR 

method described above. Figure 2 illustrates the SILAR cycle employed in the preparation of 

all ZnO films. The obtained films were examined in terms of their structural and morphological 

features by using the X-ray diffraction (XRD; Bruker D8 Advance; CuKŬ; ɚ = 0.1518 nm) and 

the scanning electron microscopy (SEM; ZEISS EVO LS10), respectively, while their optical 

features were analyzed with the ultraviolet-visible-near spectrophotometer (Jasco V-670). 
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Figure 2. SILAR procedure for the preparation of ZnO thin films using Isatis floribunda extract 

 

3. RESULT AND DISCUSSIONS 

 3.1. Structural Properties of Nanostructured ZnO Films 

The crystal structural of ZnO films prepared with and without different amounts of Isatis 

floribunda was examined by XRD analyses. Figure 3 shows the XRD patterns of all ZnO films 

grown on glass substrates. As seen from the patterns, all ZnO films have three dominant peaks 

primarily in the (100), (002) and (101) crystal planes, and in addition to these three main peaks 

in XRD pattern, there are four diffraction lines of (102), (110), (103) and (112) planes. The 

measured XRD patterns showed similar behavior to the XRD patterns of ZnO nanoparticles 

containing Thymus syriacus plant extract presented by ķahin et al [3]. As can be seen from 

Figure 3, the plane densities of films change with the incorporation of Isatis floribunda extract. 

Also, the crystalline size of ZnO samples also varies with the extract concentrations (Table 1). 

The addition of Isatis floribunda extract to the solution may cause changes in the crystal size 

of ZnO films, as it affects the growth and nucleation processes by changing the surface tension 

of the growth solution. 

 

Table 1. Crystallite Size of ZnO Samples at Different Isatis floribunda Concentrations 

Isatis Floribunda Concentration (%) Crystallite Size (nm) 

0 23.87 

10 24.74 

15 26.39 

20 23.17 
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Figure 3. XRD patterns of nanostructured ZnO films prepared by varying Isatis floribunda 

extract concentrations 

 

3.2. Surface Morphology of Nanostructured ZnO Films 

The morphological characteristics of films prepared with Isatis floribunda extract (0%, 10%, 

15%, and 20.0%, respectively) were examined using SEM. It is seen that all films produced 

from the SEM photographs in Figure 4 have a homogeneous and dense surface structure. The 

surface structure of ZnO film changes drastically by adding different percentages of Isatis 

floribunda to the reaction solution. The presence of Isatis floribunda can change the 

crystallinity quality of films. This change observed in the images may be the electrostatically 

reaction between Zn2+ and Isatis floribunda during the synthesis process. Also, after the 

nucleation, Isatis floribunda may affect particle growth and morphology [3, 5, 10]. 
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Figure 4. SEM images of nanostructured ZnO thin films prepared by varying Isatis floribunda 

extract concentrations  

3.3. Optical Properties of Nanostructured ZnO Films 

The absorbance and transmittance curves of ZnO films prepared depending on their extract 

concentration in the wavelength region of 400-2000 nm are presented in Figure 5 and 6, 

respectively. The graphs demonstrate that increasing the extract concentration resulted in a 

decrease in the absorbance values of the films, accompanied by a corresponding increase in 

their transmittance values. The spectrum change observed in films depending on the increased 

extract concentration can be attributed to changes in the thickness of produced films [3, 10]. 

 

 

Figure 5. The absorbance spectra of nanostructured ZnO films prepared by varying Isatis 

floribunda extract concentrations  
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Figure 6. The transmittance spectra of nanostructured ZnO films prepared by varying Isatis 

floribunda extract concentrations 

4. CONCLUSION 

The present study successfully achieved the fabrication of nanostructured ZnO films via the 

SILAR method using solutions with different concentrations of Isatis floribunda extract. XRD, 

SEM, and UV-Vis/NIR spectroscopy were employed to characterize the structural, 

morphological, and optical features of ZnO films, respectively. The XRD patterns demonstrated 

that changes in the extract concentration had a pronounced effect on the crystallization quality 

of the ZnO films. In addition, the SEM results revealed that the incorporation of Isatis 

floribunda extract contributed to the improvement of the morphological properties of the ZnO 

films. These findings indicate that Isatis floribunda extract has a considerable influence on the 

morphology of ZnO films. Furthermore, the UV-Vis analysis revealed that the addition of Isatis 

floribunda extract altered the optical spectra of ZnO films. Overall, the obtained results 

demonstrate that nanostructured ZnO films incorporating Isatis floribunda extract exhibit 

promising potential for optoelectronic and sensor applications. 
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ABSTRACT 

 

This study considers a multi-species, multi-chemical chemotaxis model with regular sensitivity 

and general logistic-type interactions, given by 

ό ɝό ʔ ẗɳόɳύ ‗ ẗɳόɳᾀ Æόȟὺȟ                      ὼɴ ɱȟὸ πȟ

ὺ ɝό ʔ ẗɳὺɳύ ‗ ẗɳὺɳᾀ Æόȟὺȟ                      ὼɴ ɱȟὸ π
π ɝύ ύ ‌ό ‍ὺȟ                                                                 ὼɴ ɱȟὸ π
π ɝᾀ ᾀ ‌ό ‍ὺȟ                                                                   ὼɴ ɱȟὸ πȟ

 

Here, unknown functions όȟὺ denote the densities of two species, while ύȟᾀ represent the 

concentrations of chemical substances concentrations of chemical substances. The parameters 

ʔȟ and ‗ȟ are chemotactic sensitivities (positive for attraction and negative for repulsion). 

The functions Æȟ όȟὺ describe growth and interaction effects, typically of LotkaïVolterra 

type. The constants ‌ȟ and ‍ȟ represent production rates of the chemicals.  

Chemotaxis refers to the directed movement of cells or organisms in response to chemical 

gradients. It plays a crucial role in many biological processes, including population dynamics, 

tumor growth, immune response, and embryonic development. Mathematically, key challenges 

in chemotaxis systems include the study of local and global existence, boundedness, finite-time 

blow-up, and asymptotic behavior of solutions such as persistence, stability, coexistence, and 

extinction. Over the past decades, these topics have been extensively studied, leading to 

significant advances in understanding the global dynamics of such systems.  

In this paper, we introduce the above system and discuss its mathematical properties. In 

particular, we aim to present a framework for analyzing global existence, boundedness, and 

mass persistence of solutions under suitable assumptions on the nonlinear terms. 

Key words: Chemotaxis, multi-species, multi-chemical, regular sensitivity, logistic growth. 
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1. INTRODUCTION  

Chemotaxis models, pioneered by Keller and Segel in their seminal works, provide a 

fundamental mathematical framework for describing the directed movement of cellular 

organisms in response to chemical gradients. Over the past decades, these models have proven 

essential in clarifying the mechanisms underlying various complex biological phenomena, 

including immune system responses, embryonic development, cell population dynamics, tumor 

invasion, and even gravitational collapse in astrophysics. While classical KellerïSegel models 

focus on a single species responding to a single chemical signal, realistic biological 

environments often involve multiple competing or cooperating species that secrete and react to 

multiple distinct chemoattractants or chemorepellents. To capture these complex interactions, 

this study examines a multi-species, multi-chemical chemotaxis system derived from 

fundamental conservation laws and quasi-steady-state assumptions. The primary objective is to 

analyze the systemôs core dynamical properties such as global boundedness, pattern formation, 

and long-time asymptotic behavior from both biological and mathematical perspectives. See 

the research papers  for more details. 

1.1. MODEL FORMULATION AND PHYSICAL INTER PRETATION  

We consider a two-species, two-chemical cross-diffusive chemotaxis system defined over a 

bounded domain  Ṓᴙ  (ὲ ρ) with a smooth boundary Ћ . The spatiotemporal densities of 

the two biological species are denoted by όὼȟὸ and ὺὼȟὸ, while ύὼȟὸ and ᾀὼȟὸ 

represent the concentrations of two chemical substances, respectively: 

ό ῳό … ẗɳόɳύ ‗ ẗɳόɳᾀ Ὢόȟὺȟ ὼɴ  ȟ ὸ πȟ

ὺ ῳὺ … ẗɳὺɳύ ‗ ẗɳὺɳᾀ Ὢόȟὺȟ ὼɴ  ȟ ὸ πȟ
π ῳύ ύ ‌ό ‍ὺȟ ὼɴ  ȟ ὸ πȟ
π ῳᾀ ᾀ ‌ό ‍ὺȟ ὼɴ  ȟ ὸ πȟ

                           (1.1) 

supplemented with homogeneous Neumann boundary conditions 

πȟ ὼɴ Ћ ȟ ὸ πȟ                                                                        (1.2) 

and initial conditions όὼȟπ ό ὼ π and ὺὼȟπ ὺ ὼ π. Here, ’ denotes the 

outward unit normal vector on Ћ . 

The derivation of system (1.1) rests on mass conservation principles and constitutive flux 

relations. The temporal evolution of the population densities ό and ὺ is governed by the 

divergence of their respective total fluxes. These fluxes consist of two components: unbiased 

random motion described by Fickian diffusion (ῳόȟῳὺ) and directed migration along the spatial 

gradients of the chemical signals (ύ and ᾀ). The sensitivity parameters … and ‗ (Ὥ ρȟς) 

govern the direction and strength of chemotaxis: positive values (…ȟ‗ π) correspond to 

chemoattraction (movement toward higher chemical concentrations), whereas negative values 

denote chemorepulsion (movement away from chemical concentrations). The non-local 

reaction kinetics Ὢόȟὺ and Ὢόȟὺ describe local growth, intra-species self-limitation, and 
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inter-species interactions, typically modeled via LotkaïVolterra competitive terms such as 

Ὢόȟὺ ὶόρ ὥό ὥὺ. 

In contrast to the parabolic PDEs for cellular densities, the chemical concentrations ύ and ᾀ are 

governed by elliptic equations. This formulation originates from a quasi-steady-state 

approximation. Because molecular chemical diffusion occurs on a significantly faster time scale 

than cellular movement and proliferation (ὈchemḻὈcell), the temporal derivatives ύ and ᾀ 

can be formally set to zero without loss of physical accuracy. The biological species ό and ὺ 

linearly produce chemical signals ύ and ᾀ at rates ‌ȟ‍ π (Ὥ ρȟς), which undergo natural 

linear degradation at normalized unit rates. 

2. BIOLOGICAL AND MATHEMATICAL PROPERTIES  

 

2.1. BIOLOGICAL IMPLICATIONS  

From a biological standpoint, system (1.1) models complex multi-signal navigation and spatial 

organization within cellular communities. Organisms frequently navigate environments 

containing conflicting signal cuesðsuch as moving toward nutrient sources (ύ) while 

simultaneously avoiding toxic metabolic waste or alarm pheromones (ᾀ). The competition 

between dispersal mechanisms (random diffusion and chemorepulsion) and aggregation 

mechanisms (chemoattraction) triggers spontaneous spatial pattern formation, traveling waves, 

or phase separation. Furthermore, the inclusion of logistic reaction kinetics Ὢόȟὺ prevents 

unrealistic population growth, determining whether competing populations coexist within a 

shared ecological niche or undergo competitive exclusion despite chemotactic pressures. 

2.2. MATHEMATICAL FEATURES  

Mathematically, system (1.1) is a strongly coupled, non-local system of parabolic-elliptic 

partial differential equations characterized by nonlinear cross-diffusion terms. The primary 

mathematical features of the system include: 

Å Positivity Preservation: For any non-negative initial data όȟὺᶰὅ   , maximum 

principle arguments ensure that classical solutions remain non-negative for all ὸ π, 

maintaining biological consistency. 

Å Mass Conservation Structure: In the absence of reaction kinetics (Ὢ Ὢḳπ), 

integration over   alongside Neumann boundary conditions (1.2) yields total mass 

conservation: 

᷿όὼȟὸױὨὼ ᷿ό ὼױὨὼand᷿ ὺὼȟὸױὨὼ ᷿ὺ ὼױὨὼȟ ὸᶅ πȢ                (2.1) 

Å Nonlinear Cross-Coupling: The elliptic operator maps biological densities όȟὺ 

directly to chemical gradients ɳύȟɳᾀ. Consequently, terms like ɳẗόɳύ  generate 

quadratic-like non-local nonlinearities that heavily influence the analytical regularity of 

solutions. 
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3. DYNAMICAL PROPERTIES AND CENTRAL RESEARCH QUESTIONS  

The mathematical dynamics of system (1.1) are governed by a delicate balance between 

aggregation driven by chemoattraction and stabilization induced by diffusion and quadratic 

logistic dampening. The central analytical problems concerning this system encompass: 

1. Global Boundedness vs. Finite-Time Blow-up: Whether solutions remain bounded for 

all time or develop singularities, particularly in higher dimensions. In multi-dimensional 

domains (ὲ ς), strong chemoattraction (…ȟ‗ḻρ) can cause mathematical blow-up in 

finite time (᷆ όẗȟὸ᷆ ᴼЊ as ὸO Ὕᶻ), representing localized biological aggregation. 

A major question is establishing explicit parameter thresholds for …ȟ‗ȟὶ  under which 

quadratic logistic dampening (Ὢ ὶό ‘ό) completely prevents blow-up, 

guaranteeing global-in-time classical bounded solutions. 

2. Pattern Formation and Turing Instability:  Chemotactic interactions may destabilize 

homogeneous states, leading to spatially heterogeneous solutions. Whether solutions 

converge to steady states and under what conditions such equilibria are stable. By 

linearizing the system around a spatially homogeneous equilibrium point όᶻȟὺᶻȟύᶻȟᾀᶻ, 

cross-diffusive terms can destabilize the homogeneous state through a chemotaxis-driven 

Turing mechanism. This leads to spatial heterogeneity, such as persistent spots, stripes, 

or labyrinthine patterns. 

3. Long-time behavior: Analysis of convergence to equilibria, coexistence of species, or 

extinction scenarios. Another core objective is determining the long-time behavior (ὸO

Њ) of classical solutions. This includes analyzing asymptotic convergence toward non-

constant steady states or spatial equilibria, as well as establishing conditions for 

pointwise persistence, species coexistence, or competitive extinction. 

These aspects make the system a rich framework for studying the interplay between biological 

mechanisms and nonlinear PDE dynamics. 
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ABSTRACT 

 

This paper investigates a multi-species, multi-chemical chemotaxis system incorporating both 

cross-diffusion and nonlinear interaction effects over a bounded domain. The study focuses on 

the local existence, uniqueness, and regularity of positive classical solutions. Utilizing the 

Banach fixed-point theorem and parabolic regularity theory, it is established that the system 

possesses a unique classical solution on a maximal existence interval. Furthermore, 

nonnegativity of the solutions is verified through the maximum principle. 

 

Keywords: Chemotaxis, Cross-diffusion, Local existence, Regularity, Multi-species system, 

Parabolic-elliptic PDEs. 

 

1. INTRODUCTION  

Chemotaxis models, originally introduced by Keller and Segel, provide a fundamental 

framework for describing the directed motion of biological organisms in response to chemical 

gradients. These models have been widely used to explain various phenomena such as cell 

aggregation, immune response, tumor growth, and pattern formation. Classical KellerïSegel 

systems typically involve a single species interacting with a single chemical signal. However, 

many real-world biological systems consist of multiple interacting species responding to 

multiple chemical cues. Motivated by this, we study a multi-species, multi-chemical 

chemotaxis system incorporating both cross-diffusion and nonlinear interaction effects. The 

main goal is to investigate qualitative properties such as boundedness, stability, and long-time 

behavior of solutions. 

In this paper, we consider a two-species, two-chemical cross-diffusive chemotaxis system 

defined over a bounded domain  Ṓᴙ  (ὲ ρ) with a smooth boundary Ћ  

ό ῳό … ẗɳόɳύ ‗ ẗɳόɳᾀ Ὢόȟὺȟ ὼɴ  ȟ ὸ πȟ

ὺ ῳὺ … ẗɳὺɳύ ‗ ẗɳὺɳᾀ Ὢόȟὺȟ ὼɴ  ȟ ὸ πȟ
π ῳύ ύ ὺȟ ὼɴ  ȟ ὸ πȟ
π ῳᾀ ᾀ όȟ ὼɴ  ȟ ὸ πȟ

                  (1.1) 
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where the logistic growth functions are 

Ὢόȟὺ όὥ ὦό ὧὺȟ

Ὢόȟὺ όὥ ὦό ὧὺȟ
                                                                               (1.2) 

with ὥȟὦȟὧ π for Ὥ ρȟς are positive numbers. Moreover, system (1.1) supplemented with 

homogeneous Neumann boundary conditions 

πȟ ὼɴ Ћ ȟ ὸ πȟ                                                               (1.3) 

where ’ denotes the outward unit normal vector on Ћ . Here, initial functions satisfy the 

following conditions 

όẗȟπ ό ẗ withό πandό ᶰὅ  ȟ

ὺẗȟπ ὺ ẗ withὺ πandὺᶰὅ  Ȣ
                                                 (1.4) 

The aim of this paper is to investigate whether system (1.1) has a local solution or not for given 

initial data satisfying (1.3). The main result of this paper reads as follows. 

Theorem 1.  For all given όȟὺᶰὅ    satisfying (1.4), there exists Ὕ όȟὺ ᶰ πȟЊ  

such that system (1.1) possesses a unique positive classical solution, which is denoted by 

όẗȟὸȠόȟὺ , ὺẗȟὸȠόȟὺ , ύẗȟὸȠόȟὺ , ᾀẗȟὸȠόȟὺ , on the maximal existing interval 

πȟὝ όȟὺ  with initial condition όẗȟπȠόȟὺ ȟ ὺẗȟπȠόȟὺ όȟὺ Ȣ Moreover, 

if Ὕ όȟὺ Њȟ then 

 ÌÉÍÓÕÐ
ᵁ ȟ

ό᷆ẗȟὸ᷆ ὺ᷆ẗȟὸ᷆ ᾀ᷆ẗȟὸ᷆ ύ᷆ẗȟὸ᷆ ЊȢ      

(1.5) 

The proof relies on the fixed-point argument of Banach in parabolic regularity theory. For 

further details, we refer the reader to and. 

1.1. EXISTENCE OF MILD SOLUTION  

In this step, we prove the existence of a unique mild solution όὼȟὸȠόȟὺ , ὺὼȟὸȠόȟὺ  of 

(1.1) with όὼȟπȠόȟὺ ό ὼ and ὺὼȟπȠόȟὺ ὺ ὼ on a maximal interval 

πȟὝ όȟὺ , that is, 

όẗȟὸȠόȟὺ Ὡ ό ẗ … Ὡ ẗɳόẗȟ† ύɳẗȟ† Ὠ†

‗ Ὡ ẗɳόẗȟ† ᾀɳẗȟ† Ὠ†

Ὡ όẗȟ† ὥ ὦόẗȟ† ὧὺẗȟ† Ὠ†ȟ

 

and 
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ὺẗȟὸȠόȟὺ Ὡ ὺ ẗ … Ὡ ẗɳὺẗȟ† ύɳẗȟ† Ὠ†

‗ Ὡ ẗɳὺẗȟ† ᾀɳẗȟ† Ὠ†

Ὡ ὺẗȟ† ὥ ὦ ẗȟ† ὧόẗȟ† Ὠ†ȟ

 

for ὸɴ πȟὝ όȟὺ , where ύẗȟ†ȟόȟὺ  solves (1.1) and ᾀẗȟ†ȟόȟὺ  solves (1.1) for 

†ɴ πȟὝ όȟὺ . To do so, first, let Ὑ ό᷆ ὼ᷆ ὺ᷆ ὼ᷆ . For given Ὕ

πȟ define the Banach space ת ȡ ὅ   πȟὝ  equipped with the norm 

᷆όȟὺ ת᷆ ÍÁØ᷆όὼȟὸ᷆ ÍÁØ᷆ὺὼȟὸ᷆ Ȣ 

Set the closed subset 

Ὕה όȟὺᶰת ȡ᷆ όȟὺ ת᷆ Ὑ for allὸɴ πȟὝ ȟ 

and define the map 

יִ όȟὺ ẗȟὸ ȡ

ở

ỞỞ
ờ
Ὡ ό Ὡ … ẗɳόɳύ ‗ ẗɳόɳᾀ ὥό ὦό ὧόὺὨ†

Ὡ ὺ Ὡ … ẗɳὺɳύ ‗ ẗɳὺɳᾀ ὥὺ ὦὺ ὧόὺὨ†
Ợ

ỡỡ
Ỡ

 

It is not difficult to prove that ִי  maps הὝ into itself and becomes a contraction on הὝ for 

sufficiently small π ὝḺρ. To do so, ִי  maps ה is a contraction for π ὝḺρ. To this end, 

for given όȟόᶰה, we have 

יִ᷆ ό ὸȟẗ יִ ό ὸȟẗ᷆

…ὅ ᷆Ὅ ῳ Ὡ ẗɳό†ȟẗɳ ύ†ȟẗ ό†ȟẗɳ ύ†ȟẗ ᷆ Ὠ†

‗ὅ ᷆Ὅ ῳ Ὡ ẗɳό†ȟẗɳ ᾀ†ȟẗ ό†ȟẗɳ ᾀ†ȟẗ ᷆ Ὠ†

ὅ ᷆Ὅ ῳ Ὡ ό†ȟẗ ό†ȟẗ ὥ ὦ ό†ȟẗ ό†ȟẗ ᷆ Ὠ†

…ὅ ὸ † ό᷆† ό†᷆ ẗ ό᷆†᷆ ό᷆†᷆ Ὠ†

‗ὅ ὸ † ό᷆† ό†᷆ ὥ ὦ ό᷆†᷆ ό᷆†᷆ Ὠ†

Ὕ …ὅ Ὑ Ὑ ‗ὅȿ ȿȾ ὥ ςὦὙ ό᷆ ό ת᷆

 

for all ὸɴ ίȟί Ὕ . It then follows that ִי  is a uniform contraction on הὝ  for any 

Ὕ π satisfying 
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Ὕ …ὅ Ὑ Ὑ ‗ὅȿ ȿȾ ὥ ςὦὙ Ȣ 

Similarly we can find 

יִ᷆ ό ὸȟẗ יִ ό ὸȟẗ᷆ Ὕ …ὅ Ὑ Ὑ ‗ὅȿ ȿȾ ὥ ςὦὙ ό᷆ ό ת᷆
 

for all ὸɴ ίȟί Ὕ . It then follows that ִי  is a uniform contraction on הὝ  for any Ὕ π 

satisfying 

Ὕ …ὅ Ὑ Ὑ ‗ὅȿ ȿȾ ὥ ςὦὙ Ȣ 

Letting Ὕȡ ÍÉÎὝȟὝ  yields that ִי  is a contraction for π ὝḺρ. Therefore, by the 

Banach fixed point theorem, ִי  admits a unique fixed point όᶰהὝ. Then, defining 

όẗȟὸȠόȟὺ ȟὺẗȟὸȠόȟὺ ȡ όὸẗȟὺὸẗ , we obtain a mild solution of (1.1) on πȟὝ 

with όẗȟπȠόȟὺ ό ẗ and ὺẗȟπȠόȟὺ ὺ ẗ. Finally, by a standard continuation 

argument, this mild solution can be extended to a maximal interval πȟὝ όȟὺ . Moreover, 

if Ὕ όȟὺ Њ, then the blow-up alternative (1.5) holds. 

1.2. REGULARITY  

In this step, we prove that 

όẗȟὸȟὺẗȟὸȟύẗȟὸȟᾀẗȟὸ ȡ όẗȟὸȠόȟὺ ȟὺẗȟὸȠόȟὺ ȟύẗȟὸȠόȟὺ ȟᾀẗȟὸȠόȟὺ  

is a classical solution of (1.1), where όẗȟὸȠόȟὺ ȟὺẗȟὸȠόȟὺ  is the mild solution of (1.1) 

obtained in Subsection 1 and ύẗȟὸȠόȟὺ Ὅ ῳ ὺẗȟὸ and ᾀẗȟὸȠόȟὺ Ὅ

ῳ όẗȟὸ. Fix π ί Ὕ Ὕ όȟὺ  and consider the problem 

ừ
Ử
Ừ

Ử
ứ
ό ὼȟὸ ῳ Ὅόὼȟὸ Ὂ ὼȟὸȟὼɴ  ȟ ὸɴ ίȟὝ

ὺ ὼȟὸ ῳ Ὅὺὼȟὸ Ὂ ὼȟὸȟ ὼɴ  ȟ ὸɴ ίȟὝ

όὼȟὸ όὼȟὸȟ ὼɴ  ȟ

ὺὼȟὸ ὺὼȟὸȟ ὼɴ  ȟ

πȟ ὼɴ Ћ ȟ

                                       (1.6) 

where 

Ὂ ὼȟὸ … ẗɳόὼȟὸɳ Ὅ ῳ ὺẗȟὸ ‗ ẗɳόὼȟὸɳ Ὅ ῳ όẗȟὸ

όὼȟὸὥ ὦόὼȟὸ ὧὺὼȟὸȟ
 

and 

Ὂ ὼȟὸ … ẗɳὺὼȟὸɳ Ὅ ῳ ὺẗȟὸ ‗ ẗɳὺὼȟὸɳ Ὅ ῳ όẗȟὸ

όὼȟὸὥ ὦόὼȟὸ ὧὺὼȟὸȟ
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It is not difficult to see that Ὂὸȟὼ for Ὥ ρȟς are Hölder continuous in ὸɴ πȟὝ όȟὺ  

with some exponent —ᶰ πȟρ. Then by [3, Theorem 15.1, Corollary 15.3], system (1.6) has a 

unique classical solution όȟὺɴ ὅȟ ίȟὝ   ᷊ὅ ίȟὝ    and 

όẗȟὸ Ὡ όẗȟί … Ὡ Ὂ ẗȟ†Ὠ† 

and 

ὺẗȟὸ Ὡ ὺẗȟί … Ὡ Ὂ ẗȟ†Ὠ† 

Thus όὼȟὸ όὼȟὸ and ὺὼȟὸ ὺὼȟὸ for ὸɴ ίȟὝ and όȟὺɴ ὅȟ ίȟὝ   ᷊

ὅ ίȟὝ  Ȣ Letting ίᴼπ and ὝᴼὝ όȟὺ , we have 

όȟὺɴ ὅȟ πȟὝ   ᷊ὅ πȟὝ  Ȣ 

1.3. NONNEGATIVITY  

In this step, we establish the nonnegativity of classical solutions. Since όẗȟὸȠόȟὺ ȟὺẗ

ȟὸȠόȟὺ  is classical solution of (1.1), by maximum principle for parabolic equations, we 

have that όȟὺ is nonnegative. Moreover, since όȟὺ is nonnegative, maximum principle for 

elliptic equations yields that ύȟᾀ is nonnegative. 

1.4. UNIQUENESS 

In this step, we prove the uniqueness of the solutions of (1.1). Assume that όȟὺȟύȟᾀ and 

όȟὺȟύȟᾀ are the solutions of (1.1) on the interval πȟὝ with π Ὕ Ὕ όȟὺ . First, set 

όᶻ ό όȟ ὺᶻ ὺ ὺȟ ύᶻ ύ ύȟ andᾀᶻ ᾀ ᾀȟ 

then, όᶻȟύᶻ  satisfies the following system: 

ừ
Ử
Ừ

Ử
ứ
όᶻ ῳόᶻ …ᶯόɳύ όɳύ ‗ᶯόɳᾀ όɳᾀ όᶻὥ ὦ ό ό ὧόᶻὺȟὼɴ  ȟ

ὺᶻ ῳὺᶻ …ᶯὺɳύ ὺɳύ ‗ᶯὺɳᾀ ὺɳᾀ ὺᶻὥ ὦ ὺ ὺ ὧὺᶻόȟὼɴ  ȟ
π ῳύᶻ ύᶻ ὺᶻȟ ὼɴ  ȟ
π ῳᾀᶻ ᾀᶻ όᶻȟ ὼɴ  ȟ
όᶻὼȟπ πȟ ὼɴ  ȟ
ὺᶻὼȟπ πȟ ὼɴ  Ȣ

 

Multiplying the first, second, third, and fourth equations of the above system by όᶻȟὺᶻȟύᶻȟ and 

ᾀᶻ, respectively, and integrating over  , along with straightforward simplifications, and using 

the boundedness of 

όȟ όȟ ὺȟ ὺȟ ύȟ ύȟ ᾀȟ ᾀȟ ύɳȟ ύɳȟ ᾀɳȟ ᾀɳ 

in ὒ    on πȟὝ to obtain that 
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Ὠ

Ὠὸ
όᶻ ὺᶻ ὅὝᶻ όᶻ ὺᶻ ȟ 

for any fixed Ὕᶻᶰ πȟὝȢ This shows that όᶻ π, ὺᶻ π, ύᶻ πȟ and ᾀᶻ π, which implies 

the uniqueness of solutions to system (1.1). 

2. PROOF OF THE MAIN RESULT  

Proof of Theorem1: In lights of the results obtained in subsections (1.1)-(1.4), we can conclude 

that όẗȟὸȠόȟὺ ȟ ὺẗȟὸȠόȟὺ ȟ ύẗȟὸȠόȟὺ ȟ ᾀẗȟὸȠόȟὺ  is a unique positive classical 

solution of system (1.1) on πȟὝ όȟὺ  with όẗȟπȠόȟὺ ό ὼ and ὺẗȟπȠόȟὺ

ὺ ὼ.  
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Abstract 

Classical local truncation error metrics establish formal convergence but often fail to predict 

the long-term qualitative dynamicsðsuch as artificial damping or phase shiftingðinherent to 

numerical integrators. To address this limitation, this work leverages backward error analysis 

to rigorously characterize the phase (dispersion) and amplitude (dissipation) errors of explicit 

linear two-step methods. By applying these schemes to the standard harmonic test problem, 

όᴂὸ  Ὥ .όὸ , we construct the corresponding continuous modified differential equations ‫ 

Through systematic Taylor series expansions and the algebraic elimination of higher-order time 

derivatives, we isolate the fundamental spectral errors. Our formulation explicitly demonstrates 

that even-order derivative terms in the modified equations map directly to numerical 

dissipation, whereas odd-order terms govern phase dispersion. To illustrate the predictive 

power of this framework, we contrast the Adams-Bashforth (AB2) and Leapfrog (explicit 

midpoint) schemes. The analysis reveals that AB2 suffers from unphysical amplitude growth 

and a phase lead, rendering it inherently unstable for purely oscillatory dynamics. In contrast, 

the Leapfrog method preserves amplitude exactlyðexhibiting zero numerical dissipationð

while introducing a characteristic phase lag. Ultimately, this methodology provides a robust 

diagnostic tool for evaluating and selecting multi-step integrators in domains such as wave 

propagation, orbital mechanics, and structural dynamics, where spectral fidelity over long 

integration times is paramount. 

Keywords : Phase Error, Amplitude Error, Modified Equations 
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STUDY OF IDLĶB, SYRĶA 

 

Assistant Professor, Jamil Hallak 

Hasan Kalyoncu University, Department of Industrial Engineering, Gaziantep, 27010, 

Türkiye, 

jamil.hallak@hku.edu.tr - 0000-0001-5975-4075 

 

Abstract 

Expansion of rooftop photovoltaic systems and small-scale solar applications in Syria has 

created an emerging end-of-life management challenge, especially in conflict-affected regions 

where formal waste systems, technical inspection capacity, and recycling infrastructure remain 

limited. This study proposes a one-period reverse logistics network design model for end-of-

life photovoltaic panels in Idlib, northwest Syria. The proposed network consists of source 

zones, collection centers, testing and refurbishment centers, recycling/pre-processing centers, 

and safe-disposal sites. Unlike conventional PV waste models that route panels directly to 

recycling, this study explicitly includes a testing and grading stage to distinguish between 

panels suitable for direct reuse, panels requiring refurbishment, and panels that must be 

recycled. 

A mixed-integer linear programming formulation is developed to determine facility-opening 

decisions and material-flow allocations across the network. The model considers four planning 

objectives: minimizing total net cost, minimizing carbon emissions, minimizing operational 

risk, and minimizing environmental risk. These objectives are integrated using a non-

preemptive weighted goal programming approach. Operational risk reflects accessibility, road 

reliability, security conditions, and continuity of operations, while environmental risk reflects 

proximity to population centers, camps, water resources, agricultural land, and sensitive 

disposal areas. Because official PV waste data are limited, the Idlib case is structured using 

scenario-based estimates for end-of-life panel quantities, panel weights, collection rates, facility 

capacities, and processing ratios. 

The proposed framework provides a practical decision-support tool for planning circular PV 

waste systems in data-scarce and unstable environments. It also highlights the importance of 

integrating reuse, refurbishment, recycling, and safe disposal within one coordinated reverse 

logistics network. 

Keywords : photovoltaic panels, reverse logistics, end-of-life management, goal programming, 

facility location, recycling, conflict-affected regions, Syria, Idlib. 
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ÖZET 

Hēzlē kentleĸme, artan n¿fus yoĵunluĵu ve y¿zey alanlarēnēn giderek sēnērlanmasē, yer altē 

mek©nlarēnēn ulaĸēm, k¿lt¿r ve kamusal kullanēm gibi farklē iĸlevlerle daha yaygēn 

kullanēlmasēnē beraberinde getirmiĸtir. Bununla birlikte doĵal ēĸēk yetersizliĵi, yºn bulma 

g¿­l¿ĵ¿, kapalēlēk hissi ve doĵal ­evreyle kurulan iliĸkinin zayēflamasē, kullanēcē deneyimini 

olumsuz etkileyen temel tasarēm sorunlarē arasēnda yer almaktadēr. Bu ­alēĸma, yer altē 

mek©nlarēnda uygulanan peyzajla b¿t¿nleĸik tasarēm stratejilerinin mek©nsal okunabilirlik, 

kullanēcē deneyimi ve psikolojik konfor ¿zerindeki etkilerini deĵerlendirmeyi ve bu doĵrultuda 

gelecekteki tasarēm s¿re­lerine katkē saĵlayacak b¿t¿nc¿l bir yaklaĸēm ortaya koymayē 

ama­lamaktadēr.  

Araĸtērma, nitel araĸtērma yºntemine dayalē olup literat¿r taramasē ile birlikte Derinkuyu Yer 

Altē ķehri, Sancaklar Camii, Manisa Kurtuluĸ M¿zesi, Lowline Projesi, Survival Condo 

Apartmanlarē, R£SO Yer Altē Kent Sistemi ºrneklerinin karĸēlaĸtērmalē olarak incelenmesine 

dayanmaktadēr. Se­ilen ºrnekler; doĵal ēĸēk kullanēmē, topografya ile b¿t¿nleĸme, i­ avlu 

sistemleri, bitkisel tasarēm ve yºnlendirme, kamusal dolaĸēm s¿rekliliĵi ve kullanēcē odaklē 

mek©nsal ­ºz¿mler a­ēsēndan deĵerlendirilmiĸtir.  

Araĸtērma bulgularē, peyzajla b¿t¿nleĸik tasarēm stratejilerinin mek©nsal okunabilirliĵi 

g¿­lendirdiĵini, kullanēcē yºnlenmesini kolaylaĸtērdēĵēnē, kapalēlēk algēsēnē azaltarak psikolojik 

konforu desteklediĵini ve kullanēcē deneyimini iyileĸtirdiĵini gºstermektedir.  

Karĸēlaĸtērmalē analizler sonucunda doĵal ēĸēĵēn etkin kullanēmē, topoĵrafya ile b¿t¿nleĸme, 

bitkisel tasarēm sistemlerinin farklē ºrneklerde ortak baĸarē ºl­¿tleri olarak ºne ­ēktēĵē 

belirlenmiĸtir.  

Sonu­ olarak, peyzajēn yer altē mek©nlarēnda yalnēzca estetik bir unsur olmadēĵē; mek©nsal 

organizasyonu, kullanēcē deneyimini ve s¿rd¿r¿lebilirliĵi yºnlendiren temel bir tasarēm bileĸeni 

olduĵu ortaya konulmuĸtur. Bu doĵrultuda ­alēĸma, yer altē mek©nlarēnēn planlama ve tasarēm 

s¿re­lerinde kullanēlabilecek peyzaj odaklē b¿t¿nleĸik tasarēm stratejilerine iliĸkin kavramsal 

bir deĵerlendirme ve uygulamaya yºnelik bir ­er­eve sunmaktadēr.  
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Anahtar Kelimeler:  Yer altē mek©nlarē, peyzajla b¿t¿nleĸik tasarēmē, mek©nsal okunabilirlik, 

kullanēcē deneyimi, tasarēm stratejileri. 

 

1. GĶRĶķ   

Ķnsanoĵlunun yeraltē mekanlarē ile kurduĵu iliĸki, tarihin ilk dºnemlerinden itibaren barēnma, 

savunma, ibadet ve iklimsel koruma gibi temel yaĸamsal ihtiya­lara dayanmaktadēr. 

Kapadokyaôdaki Derinkuyu gibi derin yeraltē kentlerinden kaya oyma yapēlara ve katakomplara 

kadar uzanan bu tarihsel s¿re­, end¿stri devrimiyle birlikte b¿y¿k bir iĸlevsel kērēlma yaĸamēĸtēr 

(Carmody & Sterling, 1993). Modern dºnemde yeraltē mekanlarē, madencilik faaliyetlerinin 

ºtesine ge­erek metro hatlarē, alt ge­itler, sēĵēnaklar ve teknik altyapē aĵlarē gibi yoĵun kentsel 

donatēlara dºn¿ĸm¿ĸt¿r (Bobylev, 2009). G¿n¿m¿zde ise kontrols¿z n¿fus artēĸē, hēzlē 

kentleĸme, y¿zeydeki nitelikli arazi kētlēĵē ve k¿resel iklim krizi gibi ­evresel faktºrler; yeraltē 

mimarisini sadece teknik bir altyapē ­ºz¿m¿ olmaktan ­ēkarēp, kentsel yaĸam alanlarēnēn 

s¿rd¿r¿lebilir ve efektif bir ĸekilde geniĸletilmesinde kritik bir planlama alternatifi haline 

getirmiĸtir (Durmisevic, 1999; Admiraal & Cornaro, 2018). 

Bununla birlikte, yeraltē yapēlarēnēn kendine has morfolojik ve fiziksel koĸullarē, insan-mekan 

iliĸkisi ¿zerinde derin psikolojik ve algēsal bariyerler inĸa etmektedir. Doĵal ēĸēk yetersizliĵi, 

temiz hava sirk¿lasyonunun sēnērlē yapēsē, dēĸ d¿nya ile gºrsel/iĸitsel baĵēn tamamen kopmasē 

ve kapatēlmēĸlēk (klostrofobik) hissi; kullanēcēlarēn mekansal algēsēnē olumsuz yºnde 

etkilemekte ve mekandaki psikolojik konfor düzeylerini minimuma indirmektedir (Evans et al., 

1996; Soh et al., 2016). Bu durum, ­aĵdaĸ yeraltē mekanlarēnda sadece str¿kt¿rel, statik ve 

m¿hendislik ­ºz¿mlerinin yeterli olamayacaĵēnē; kullanēcē deneyimini, mekansal aidiyeti ve 

konforu iyileĸtirecek mimari ve peyzaj tabanlē tasarēm stratejilerinin b¿t¿nc¿l bir yaklaĸēmla 

ele alēnmasē gerektiĵini a­ēk­a gºstermektedir (Kim et al., 2021). 

Yeraltē mekanlarēnda peyzajla b¿t¿nleĸik tasarēm stratejileri, bu alanlarēn yarattēĵē kasvetli, 

monoton ve izole edici etkiyi kērmak adēna en g¿­l¿ tasarēm enstr¿manlarēndan biridir. Canlē 

bitki materyalinin, su ºgelerinin, doĵal ēĸēk sim¿lasyonlarēnēn ve biyofilik tasarēm kriterlerinin 

yeraltē mimarisine entegre edilmesi, mekanēn peyzajla olan baĵēnē yeniden kurarken duyusal 

­eĸitliliĵi de maksimuma ­ēkarmaktadēr (Kellert et al., 2008; Ryan et al., 2014). Biyofilik 

tasarēm prensipleri doĵrultusunda ĸekillendirilen peyzaj entegrasyonu, insanlarēn doĵaya olan 

evrimsel ve i­g¿d¿sel baĵlēlēĵēnē (biophilia) tetikleyerek yeraltē ortamlarēndaki stresi 

azaltmakta, yön bulma (wayfinding) becerilerini geliĸtirmekte ve mekanēn estetik-iĸlevsel 

deĵerini kºkten deĵiĸtirmektedir (Browning et al., 2014; Yin et al., 2020). 

Bu gerek­eler doĵrultusunda kurgulanan bu ­alēĸma, "Yeraltē Mekanlarēnda Peyzajla 

B¿t¿nleĸik Tasarēm Stratejileri: Karĸēlaĸtērmalē ¥rnekler ¦zerinden Bir Deĵerlendirme" 

baĸlēĵē altēnda y¿r¿t¿lm¿ĸt¿r. Araĸtērmanēn kapsamēnē; yeraltē yaĸam, ­alēĸma ve sirk¿lasyon 

alanlarēnda peyzaj ºgelerinin kullanēm tipolojileri, bu ºgelerin insan-mekan iliĸkisindeki 

rasyonel rol¿, mekansal algē, kullanēcē deneyimi ve psikolojik konfor parametreleri ¿zerindeki 

doĵrudan etkilerinin incelenmesi oluĸturmaktadēr. Bu baĵlamda, d¿nyadan ve T¿rkiye'den 

se­ilen baĸarēlē yeraltē mimarisi ve peyzaj entegrasyonu ºrnekleri karĸēlaĸtērmalē bir 
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metodolojiyle analiz edilerek, gelecekte tasarlanacak yeraltē mekanlarē i­in s¿rd¿r¿lebilir, insan 

odaklē ve doĵa ile b¿t¿nleĸik tasarēm kriterlerinin alt yapēsēnēn oluĸturulmasē ama­lanmaktadēr. 

 

2. KAVRAMSAL ¢ER¢EVE VE YER ALTI MEKANLARINA Y¥NELĶK 

KARķILAķTIRMALI ¥RNEK ANALĶZLERĶ 

2.1. Yer Altē Mek©nlarēnēn Morfolojisi ve Kullanēcē Psikolojisi Üzerindeki Etkileri  

Yer altē mek©nē, ¿st sēnērlarē doĵal topografya veya yapay y¿zey katmanlarēyla sēnērlandērēlmēĸ, 

d¿ĸey doĵrultuda yery¿z¿n¿n altēnda konumlanan yapēsal hacimleri ifade etmektedir. Bu 

mek©nlarēn morfolojik yapēsē; penceresizlik, doĵal ēĸēk yetersizliĵi, sēnērlē hava sirk¿lasyonu ve 

dēĸ d¿nya ile gºrsel/iĸitsel temasēn tamamen kesilmesi gibi majºr fiziksel sēnērlēlēklarla 

karakterize edilmektedir (Evans et al., 1996; Soh et al., 2016) (Görsel 1) 

 

Görsel 1. Yer Altē Mekan Morfolojisi 

Sºz konusu morfolojik sēnērlar, insan-mek©n etkileĸiminde derin algēsal bariyerlerin oluĸmasēna 

zemin hazērlar. Doĵal ēĸēktan yoksun yer altē ortamlarē, insan biyolojisindeki sirkadiyen ritmi 

(biyolojik saat) bozarak uyku düzensizliklerine ve kronik yorgunluĵa neden olurken; kapalēlēk 

hissi, bireylerde klostrofobik reaksiyonlarē ve anksiyete seviyelerini tetiklemektedir (Soh et al., 

2016). Ayrēca, gºky¿z¿, ufuk ­izgisi ve referans kentsel nirengi noktalarēnēn (landlines) 

bulunmayēĸē, kullanēcēlarēn oryantasyon kaybē (yºn bulma zorluĵu) yaĸamasēna ve mek©n 

i­inde g¿vensizlik hissetmesine yol a­maktadēr (Yin et al., 2020). Bu psikolojik bariyerler, yer 

altē yapēlarēnda sadece m¿hendislik odaklē ­ºz¿mlerin ºtesine ge­ilerek, insan odaklē i­ mek©n 

konfor parametrelerinin tasarlanmasēnē zorunlu kēlmaktadēr (Kim et al., 2021). 

2.2. Yer Altē Mek©nlarēnēn Tarihsel Geliĸimi 

Ķnsanoĵlunun yer altē mek©nlarēyla kurduĵu iliĸki, tarihin ilk dºnemlerinden itibaren sēĵēnma, 

barēnma, savunma, ibadet ve iklimsel korunma gibi temel yaĸamsal ihtiya­lara dayanmaktadēr. 

Doĵal maĵaralarēn kullanēmēndan Kapadokyaôdaki Derinkuyu gibi karmaĸēk ve derin yer altē 

ĸehirlerine, kaya oyma yapēlara ve katakomplara uzanan bu ilk tarihsel evrede yer altē, ºncelikli 

olarak tehlikelerden korunma, gizlenme ve kutsal rit¿elleri ger­ekleĸtirme (tapēnma) iĸlevi 

gºrm¿ĸt¿r. Ancak bu tarihsel s¿re­, End¿stri Devrimi ve sanayileĸme ile birlikte b¿y¿k bir 
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iĸlevsel kērēlma yaĸamēĸtēr (Carmody & Sterling, 1993). Sanayi ­aĵēnda madencilik ve 

depolama faaliyetleriyle sēnērlē kalan yer altē kullanēmē, 20. y¿zyēldan itibaren metro hatlarē, alt 

ge­itler, sēĵēnaklar ve teknik altyapē aĵlarē gibi yoĵun kentsel donatēlara dºn¿ĸm¿ĸt¿r (Bobylev, 

2009). Günümüzde ise kontrolsüz n¿fus artēĸē, hēzlē kentleĸme, dikey ve yatay b¿y¿menin 

sēnērlarēna ulaĸarak yetersiz kalmasē, y¿zeydeki nitelikli arazi kētlēĵē ve k¿resel iklim krizi gibi 

etkenler; insanlēĵē yeniden yer altēna dºnmeye zorlamēĸtēr (Gºrsel 2). 

 

Gºrsel 2. Ge­miĸten G¿n¿m¿ze Yer Altē Mekanlarēnēn Ķĸlevsel Evrimi ve Kamusal Alana 

Dºn¿ĸ¿m S¿reci 

Bu s¿re­te yer altē mimarisi, sadece teknik bir altyapē ­ºz¿m¿ olmaktan ­ēkarak kentsel yaĸam 

alanlarēnēn s¿rd¿r¿lebilir ve efektif bir ĸekilde geniĸletilmesinde kritik bir konut, kamusal alan 

ve ulaĸēm alternatifi haline gelmiĸtir (Durmisevic, 1999; Admiraal & Cornaro, 2018).  

2.3. Yeraltē Mek©nlarēnda Peyzaj ve Biyofilik Tasarēm Entegrasyonu 

Yeraltē mimarisinin yarattēĵē izole edici, klostrofobik ve monoton etkiyi hafifletmede peyzaj 

mimarlēĵē ve biyofilik tasarēm parametreleri en etkili enstr¿manlar olarak kabul edilmektedir 

(Kellert et al., 2008). Biyofilik tasarēm, insanlarēn doĵaya olan evrimsel ve genetik baĵlēlēĵēnē  

yapēlē ­evre i­erisinde canlandērmayē ama­lar (Browning et al., 2014). Canlē bitki materyalinin 

i­ mek©na entegrasyonu, bitkilerin fizyolojik ºzellikleri sayesinde hava kalitesini artērērken, 

gºrsel olarak da monotonluĵu kērmakta ve duyusal ­eĸitliliĵi en ¿st seviyeye ­ēkarmaktadēr 

(Ryan et al., 2014). Su ögelerinin kullanēmē, akustik konfor saĵlama ve yeraltēndaki boĵucu 

sessizliĵi veya mekanik g¿r¿lt¿y¿ maskeleme iĸlevi gºr¿r. Doĵal ēĸēk sim¿lasyonlarē ve ileri 

teknoloji g¿n ēĸēĵē yºnlendirme sistemleri ise, kullanēcēlarēn sirkadiyen ritimlerini 

destekleyerek psikolojik konfor hissini maksimuma ulaĸtērēr (Kim et al., 2021). Bu peyzaj 

tabanlē stratejiler, yeraltē mek©nlarēnē sadece bir ge­iĸ alanē olmaktan ­ēkarēp, sosyal 

etkileĸimin, duraklamanēn ve mek©nsal aidiyetin kurulduĵu y¿ksek kaliteli kamusal alanlara 

dºn¿ĸtürmektedir. 

2.4. Karĸēlaĸtērmalē ¥rnek Analizleri 

2.4.1. T¿rkiyeôden Se­ilen ¥rnekler 

2.4.1.1. Derinkuyu Yeraltē ķehri 
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Nevĸehir, Kapadokya bºlgesinde yer alan Derinkuyu, antik dºnem insanēnēn yeraltē 

morfolojisini kullanma becerisinin en somut tarihsel referansēdēr. Savunma (Gºrsel 3) ve uzun 

s¿reli barēnma amacēyla tasarlanan bu yapēda mek©nsal organizasyon; yaĸam alanlarē (Gºrsel 

4), ahērlar (Gºrsel 5), kiliseler (Gºrsel 6) ve ĸērahaneler (Gºrsel 7) gibi karmaĸēk bir hiyerarĸiye 

sahiptir (Görsel 8). 

 

Gºrsel 3. Derinkuyu Savunma Ama­lē Tēĵraz Taĸē Gºrseli 

 

Gºrsel 4. Derinkuyu Yaĸam Alanlarē Gºrseli 
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Gºrsel 5. Derinkuyu Ahēr Gºrseli 

 

Görsel 6. Derinkuyu Kilise Görseli 

 

Gºrsel 7. Derinkuyu ķērahane Gºrseli 
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Görsel 8. Derinkuyu Hiyerarĸik D¿zen Gºrselleĸtirmesi 

Yapēnēn en g¿­l¿ tasarēm enstr¿manē, y¿zeyden en alt katmana kadar kesintisiz inen, hem dikey 

sirk¿lasyonu hem de temiz hava akēĸēnē saĵlayan derin havalandērma bacalarēdēr (Görsel-9). 

 

Gºrsel 9. Derinkuyu Havalandērma Bacalarē 

Doĵal t¿f kayanēn iklimsel konfor (sabit sēcaklēk) avantajē peyzaj-topoĵrafya iliĸkisinin ilksel 

rasyonel ­ºz¿m¿ olarak deĵerlendirilmektedir (Gºrsel 10). 

 

Gºrsel 10. Derinkuyu T¿f Kaya Malzeme Gºr¿n¿ĸ 

2.4.1.2. Sancaklar Camii 
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Emre Arolat tarafēndan Ķstanbulôda tasarlanan Sancaklar Camii, modern mimaride yeraltē ve 

topoĵrafya iliĸkisinin manevi ve anētsal bir sentezidir. Yapē, bir tepenin eĵimine gºm¿lerek 

y¿zeyde neredeyse gºr¿nmez hale gelmiĸ ve peyzajēn bir par­asē olmuĸtur (Gºrsel 11, Görsel 

12). 

 

Gºrsel 11. Sancaklar Camii Topoĵrafya Ķliĸkisi 

 

Gºrsel 12. Sancaklar Cami Ķ­ Mekan G¿n Iĸēĵē Alēnmasē 

Ķ­ mek©nda oluĸturulan eĵimli kēble duvarē boyunca sēzan kontroll¿ doĵal ēĸēk huzmeleri 

(Görsel 13, Görsel 14), yeraltēnēn kasvetli etkisini tamamen kērarak mistik ve dramatik bir 

atmosfer yaratmaktadēr.  

 

Gºrsel 13. Sancaklar Cami Ķ­ Mekan G¿n Iĸēĵē Alēnmasē 
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Gºrsel 14. Sancaklar Cami Ķ­ Mekan G¿n Iĸēĵē Alēnmasē 

Yapay olanla doĵal peyzaj (br¿t beton ve doĵal taĸlar) arasēndaki sēnērlarēn eridiĵi bu proje, 

yeraltēnda mek©nsal aidiyetin ēĸēk ve morfolojiyle nasēl kurulabileceĵini kanētlamaktadēr 

(Görsel 15). 

 

Gºrsel 15. Sancaklar Cami Ķ­ Mekan G¿n Iĸēĵē Alēnmasē 

2.4.1.3. Manisa Kurtuluĸ M¿zesi 

Manisaôda yer alan Kurtuluĸ M¿zesi, topoĵrafya altēna gizlenen anētsal ve modern bir yeraltē 

sergileme mek©nēdēr (Gºrsel 16).  

 

Gºrsel 16. Manisa Kurtuluĸ M¿zesi Peyzaj Y¿zeyi ile Ķliĸkisi 
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M¿ze, kentsel parkēn ve peyzaj y¿zeyinin altēna gºm¿lerek hem kentsel yeĸil dokunun 

s¿rekliliĵini saĵlamēĸ hem de sergileme iĸlevinin gerektirdiĵi kontroll¿ i­ mek©n kriterlerini 

karĸēlamēĸtēr (Gºrsel 17). 

 

Gºrsel 17. Manisa Kurtuluĸ M¿zesi Peyzaj Y¿zeyi ile Ķliĸkisi 

Kullanēcē sirk¿lasyonu, rampalar ve yeraltē galerileri aracēlēĵēyla tasarlanmēĸ; mek©ndaki 

monotonluk, farklē kotlardaki hacimsel oyunlar ve kontroll¿ yērtēklardan alēnan ēĸēkla minimize 

edilerek, ­aĵdaĸ bir kullanēcē deneyimi kurgulanmēĸtēr (Gºrsel 18, Gºrsel 19,Gºrsel 20). 

 

Gºrsel 18. Manisa Kurtuluĸ M¿zesi Kontroll¿ Ķ­ Mekana G¿n Iĸēĵē Taĸēnmasē 
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Gºrsel 19. Manisa Kurtuluĸ M¿zesi Kontroll¿ Ķ­ Mekana G¿n Iĸēĵē Taĸēnmasē-2 

 

 

Gºrsel 20. Manisa Kurtuluĸ M¿zesi Kontroll¿ Ķ­ Mekana G¿n Iĸēĵē Taĸēnmasē-3 

2.4.2. Dünyadan Seçilen Örnekler 

2.4.2.1. Lowline  
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New York Manhattan'da eski bir yeraltē troleyb¿s terminalinin (Gºrsel 21) kamusal parka 

dºn¿ĸt¿r¿lmesi projesi olan Lowline, yeraltē peyzaj mimarisinin en teknolojik ve vizyoner 

ºrneĵidir . 

 

Görsel 21. Lowline Projesi Williamsburg Bridge Trolley Terminal 

Projenin merkezinde, y¿zeydeki g¿neĸ ēĸēĵēnē toplayēp fiber optik kablolar vasētasēyla yeraltēna 

aktaran "uzaktan g¿n ēĸēĵē yºnlendirme sistemleri" (skylight teknolojisi) yer almaktadēr (Gºrsel 

22). 

 

Görsel 22. Lowline Projesi SkyLight Teknolojisi 

Bu ileri teknolojik ēĸēk enstr¿manē sayesinde yeraltēnda ger­ek canlē bitkiler yetiĸtirilmiĸ 

(Gºrsel 23), aĵa­lar dikilmiĸ. (Gºrsel 24)  
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Gºrsel 23. Lowline Projesi Yer Altē Bitki Yetiĸtirme Deneyim Alanē-2 

 

Gºrsel 24. Lowline Projesi Yer Altē Deneyim Alanē-1 

Duyusal ­eĸitliliĵe sahip f¿t¿ristik bir yeraltē kamusal parkē/meydanē inĸa edilerek izole edici 

atmosfer tamamen kērēlmēĸtēr (Gºrsel 25, Gºrsel 26) 

 

Görsel 25. Lowline Projesi Futuristik Kamusal Alan 
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Görsel 26. Lowline Projesi Futuristik Kamusal Alan  

2.4.2.2. Survival Condo Apartmanlarē 

Kansasôta eski bir f¿ze silosunun l¿ks yeraltē sēĵēnak apartmanlarēna dºn¿ĸt¿r¿lmesiyle 

oluĸturulan Survival Condo projesi (Gºrsel 27), ekstrem yeraltē yaĸamēnda psikolojik konfor 

yönetiminin radikal bir ºrneĵidir. 

)  

Gºrsel 27. Survival Condo Apartmanlarē 

Pencerelerin bulunmadēĵē bu derin str¿kt¿rde klostrofobik etkileri ve stresi ºnlemek adēna 

pencereler yerine "LED ekranlē yapay manzara pencereleri" yerleĸtirilmiĸtir. Bu ekranlarda dēĸ 

d¿nyadan canlē hava durumu, doĵa manzaralarē ve g¿n ēĸēĵē sim¿lasyonlarē (Gºrsel 28) 

oynatēlarak sirkadiyen ritim korunmaya ­alēĸēlmēĸtēr.  
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Gºrsel 28. Survival Condo Apartmanlarē Led Ekranlē Yapay Manzara Pencereleri 

 Ayrēca yapay peyzaj alanlarē ve su ºgeleriyle kullanēcēlarēn psikolojik esenliĵi desteklenmiĸtir 

(Görsel 29). 

 

Gºrsel 29. Survival Condo Apartmanlarē Su ¥ĵesi Kullanēmē 

2.4.2.3. RÉSO  

Kanada, Montrealôde yer alan R£SO, kentsel ºl­ekte tasarlanmēĸ d¿nyanēn en b¿y¿k yeraltē 

sirk¿lasyon ve baĵlantē aĵēdēr. Yaklaĸēk 32 kilometrelik bu devasa aĵ; metrolarē, ticari alanlarē, 

otelleri ve ¿niversiteleri yer altēndan birbirine baĵlamaktadēr (Gºrsel 30, Gºrsel 31).  
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Gºrsel 30. RESO Yer Altē ķehri 

 

 

Gºrsel 31. RESO Yer Altē ķehri 

Aĵēn tasarēmē, iklimsel koruma (sert kēĸ ĸartlarēndan korunma) saĵlarken; devasa cam atriumlar, 

yeraltē meydanlarē, bitkilendirilmiĸ i­ mek©n cepleri ve su ºgeleri aracēlēĵēyla 

zenginleĸtirilmiĸtir (Gºrsel 32). 


































































































































































