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TiPiK TURK EVi VE iS YERLERINDE DUSUK FREKANSLI ELEKTROMANYETIK
ALAN KAYNAKLARI iCIN ELEKTROMANYETIK RiSK ANALIZi

ELECTROMAGNETIC RISK ANALYSIS FOR LOW FREQUENCY ELECTROMAGNETIC
FIELD SOURCES IN TYPICAL TURKISH HOMES AND WORKPLACES

Eda YAVUZ DIRIK*"*" Kayhan ATES?>*"*" Siikrii OZEN?

1 Kastamonu Valiligi, Kastamonu, Tiirkiye

2 Telecommunications and Remote Sensing Laboratory, Department of Electrical, Computer and Biomedical Engineering,
University of Pavia, Pavia, Italy

3 Elektrik-Elektronik Miihendisligi, Miihendislik Fakiiltesi, Akdeniz Universitesi, Antalya, Tiirkiye

ABSTRACT

The widespread usage of electronic devices in daily life has led to studies on the electromagnetic fields (EMF) caused by these
devices and their possible effects. In this study, EMF levels created in the vicinity of various household appliances and electrical
devices used in workplaces were determined and measurements were carried out for the low frequency region. Additionally,
EMF dosimetry analyzes were performed for children, females, and males. In this context, induced electric fields and current
densities in the child and adult human body by the effect of external magnetic fields in the frequency range of 50 Hz-100 kHz
were calculated using the ellipsoidal models. The results were obtained according to the realistic values by normalizing the
magnetic field intensity to 1 uT. Furthermore, electromagnetic risk analyzes were carried out depending on the interaction of
the external magnetic field with the body models. According to the measurements, the maximum electric field value was
measured at 3 cm away from the washing machine and was determined to be 7.52 V/m. The minimum electric field value was
measured at 1 m away from the electric razor and dishwasher and was detected to be 0.07 V/m. In magnetic field measurements,
the maximum value was recorded as 9.81 uT from an electric vacuum cleaner at 3 cm, while the minimum value was measured
as 0.023 uT at 1 m from smart watch and tablet devices. According to the results of the calculated induced current density in
the body tissue, the maximum value was observed when the magnetic field was perpendicular to the face domain. The results
were evaluated according to international standards. In addition, recommendations were declared to reduce electromagnetic
exposure in houses and workplaces in daily life.

Keywords: Electromagnetic Field Exposure; Model Analysis; Electromagnetic Dosimetry; Measurement and Simulation
OZET

Glinliik hayatta yayginlasan elektronik cihaz kullanimi, bu cihazlarin neden oldugu elektromanyetik alanlara (EMA) ve olast
etkilerine doniik ¢aligmalara neden olmustur. Bu calismada, ev ve is yerlerinde kullanilan gesitli elektrikli cihazlarin yakin
cevresinde olusturduklart EMA seviyeleri belirlenerek diisiik frekans bolgesi icin dl¢timler gergeklestirilmistir. Ayrica ¢ocuk,
kadin ve erkekler icin EMA dozimetri analizleri yapilmistir. Bu kapsamda, 50 Hz-100 kHz frekans araliginda dis kaynakli
manyetik alanlarin etkisiyle ¢ocuk ile yetigkin insan viicudunda indiiklenen elektrik alanlar ve akim yogunluklari, eliptik
modeller sayesinde hesaplanmistir. Sonuglar, manyetik alan siddeti 1 pT degerine normalize edilerek gercek degerler 15181nda
elde edilmistir. Ayrica, dis kaynakli manyetik alanin viicut modelleri ile etkilesim sekline bagli olarak elektromanyetik risk
analizleri yapilmustir. Olgiimlere gore, en yiiksek elektrik alan degeri camasir makinesinden 3 cm uzaklikta dl¢iilmiis ve 7,52
V/m olarak belirlenmistir. En diisiik elektrik alan degeri ise elektrikli tiras makinesinden ve bulagik makinesinden 1 m uzaklikta
6l¢tilmiis ve 0,07 V/m olarak tespit edilmistir. Manyetik alan dlgiimlerinde ise en yiiksek deger, 3 cm uzakliktaki bir elektrikli
stipiirgeden 9,81 uT olarak kaydedilirken, en diisiik deger akilli saat ve tablet cihazlarindan 1 m uzaklikta 0,023 pT olarak
6l¢ililmiistiir. Viicut dokusunda hesaplanan indiiklenen akim yogunlugu sonuglarina gore en yiiksek deger, manyetik alanin yiiz
hizasina dik gelmesiyle gézlenmistir. Sonuglar, uluslararasi standartlara gére degerlendirilmistir. Ayrica, giinliik hayatta ev ve
is yerlerinde elektromanyetik maruziyeti azaltmak i¢in dnerilerde bulunulmustur.

Anahtar Kelimeler: Elektromanyetik Alan Maruziyeti; Elektromanyetik Dozimetri; Model Analizi; Olgiim ve Simiilasyon
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1. GIRIiS

Teknolojinin gelismesiyle birlikte, yasam alanlarimizi elektrikli cihazlar ¢evrelemistir. Giiniimiizde
evlerde ve is yerlerinde cihaz yogunlugu cok arttigindan, kapali ortamlarda bu cihazlardan kaynakli
elektromanyetik alan maruziyeti de ciddi seviyelere ulagsmistir. Cogu yesil bina derecelendirme
sisteminde i¢ mekan cevre kalitesi, binada yasayanlar i¢in daha iyi ve saglikli bir ¢cevre saglamak igin
puanlama kategorilerinden biri olarak kabul edilmistir. Ortamin elektromanyetik alan seviyesi, saglikli
bir ¢evreyi olusturan parametrelerden birisidir. Iyonize olmayan elektromanyetik alan maruziyetindeki
kiiciik bir artis, saglik tehlikelerine neden olabileceginden biiyiik neme sahiptir.

Zamanla degisen elektromanyetik alanlarin insan viicudu ile etkilesimi, elektrik yiikiiniin hareketine ve
dokudaki elektrik dipollerinin tekrar yonlenmesine yol acar. Bu durum, viicudun elektriksel iletkenlik
ve dielektrik gecirgenlik ozelliklerine baghdir. Elektrik iletkenligi ve dielektrik gecirgenlik, viicut
dokusunun tiiriine gore degisir ve ayrica uygulanan alanin frekansina da baglidir. Dis kaynakli alanlarin
viicuda maruziyeti ile elektrik alan indiiklenir. Viicut iizerinde indiiklenen yiikler; viicudun maruz
kaldig1 kosullara bagl olarak indiiklenen akimlara déniisiir. indiiklenen alanlarin biiyiikliigii, manyetik
alanin degisim hizi, manyetik aki yogunlugu, dongiiniin yaricap1 ve dokunun elektriksel iletkenligi ile
orantilidir. S6z konusu bu etkileri engellemek icin uluslararas: kuruluslar tarafindan maruziyet limit
degerleri yaymlanmistir. Diinya Saghk Orgiitii (WHO) tarafindan da tanman ve uluslararasi bir
komisyon olan ICNIRP (International Commission on Non-Ionizing Radiation Protection — Iyonize
Olmayan Radyasyondan Korunma Komisyonu) tarafindan yayinlanmis Onceki standartlarda,
indiiklenen akim yogunlugu incelenmekteydi. Giiniimiizde anatomik modellerin gelismesi ve dokularin
elektriksel 6zellikleriyle beraber modellenmesi miimkiin hale geldigi i¢in viicutta indiiklenen akim
yogunlugu yerine indiiklenen elektrik alan ifadesi de ele alinabilmektedir. ICNIRP tarafindan 50 Hz
caligma frekansinda merkezi sinir sisteminde indiiklenen elektrik alanin genel halk referans seviyesi 20
mV m! iken galiganlar igin 100 mV m™dir [1]. ICNIRP nin yayinladig1 50 Hz frekansindaki elektrik
alan ve manyetik alan maruziyet degerleri ise genel halk i¢in sirasiyla 5 kV m™ ile 200 uT iken galisanlar
i¢in sirastyla 10 kV m™ ve 1000 puT dir.

Cok diisiik frekanstaki elektromanyetik alanlarin insan sagligi iizerindeki etkileri, 1979 yilinda
Wertheimer ve Leeper'in ¢ocukluk donemi kanseri ile ¢ok diisiik frekanstaki manyetik alan maruziyeti
arasindaki iliskiyi gosterdikten sonra aragtirmacilar tarafindan daha detayli bir sekilde incelenmektedir
[2]. El-Marakby tarafindan gergeklestirilen bir aragtirmada, evdeki elektrikli cihazlarin sebep oldugu
elektromanyetik maruziyet degerlendirilmistir [3]. Ev ortamindaki elektromanyetik alan seviyelerinin
enerji iletim hatlarina uzakliga, evdeki elektrikli cihazlarin sayisi ve tiirline, ev elektrik tesisatinin
konfigilirasyonuna gibi birgok faktore bagli oldugu belirtilmistir. Bu kapsamda ev ortaminda en yaygin
olarak kullanilan 13 farkli elektrikli cihaz segilerek 3 cm ve 100 cm i¢in Ol¢timler gergeklestirilmistir.
En yiiksek manyetik alan seviyeleri, elektrikli siiplirge makinesinden 154,6-198,3 mG araliginda ve sa¢
kurutma makinesinden 129,9-183,1 mG araliginda Olciilmiistiir. Olciim sonuclarma gore
elektromanyetik alan seviyelerinin beklendigi lizere mesafeyle azaldigi tespit edilmistir. Ayrica, ¢alisma
kapsaminda elektromanyetik alan riskini azaltmak i¢in bir dizi 6nlem Onerilmistir. Yaymlanan bagka bir
aragtirmada, Ispanya’daki gocuklarim diisiik frekanstaki elektromanyetik alanlara maruziyeti karakterize
edilmistir [4]. Calisma kapsaminda 104 evde, 26 okul ile oyun alanlarinda ve 105 parkta Ol¢iimler
gerceklestirilmistir. Ev ortaminda 24 saatlik zamanda ortalama en yiiksek manyetik alan siddeti degeri
0,15 uT olgiilmiistiir. Diisiik frekanstaki elektrik alan 6lglim sonuglarinin i¢ mekanlarda 1 ile 15 V/m
arasinda degismekteyken dig mekanlarda ise 0,3 ile 1,1 V/m arasinda degistigi gozlenmistir. En yliksek
elektrik alan degeri, bir okul bahgesinde 55,5 V/m oldugu belirtilmistir. Almanya merkezli yapilan bir
caligmada ise yerlesim yerlerine yakin yiiksek gerilim hatlarindan yayilan ¢ok diisiik frekansli manyetik
alanin testis kanseri ile iligkisi incelenmistir [5]. Caligma, 1995 ile 1997 yillar1 arasinda tani konulan, 15
ila 69 yaslan arasindaki 145 yeni vaka ve yaslar 5 yillik gruplar halinde eslenmis 313 kontrol grubunu
icermektedir. Hasta kisiler olarak Hamburg Kanser Kayit Merkezi tarafindan kaydedilmis testis kanseri
vakalarinin adresleri saptanmistir. Kontrol grubu olarak da Hamburg’daki zorunlu yerlesim yerleri
kaydindan rastgele kisiler se¢ilmistir. Analizler, iki ayr1 model referans alinarak gerceklestirilmistir. i1k
modelde (Model A) maruziyet, mesafe ile tanimlanmisken ikinci modelde ise (Model B), ikamet siiresi
ile en yakindaki yiiksek gerilim hattina mesafe dikkate alinmistir. Bu modellerde diisiik ve yiiksek
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maruziyet arasinda ayrim yapilmistir. 40 yasindan kii¢lik ve biiyiik erkeklerde sonuclar1 degerlendirmek
lizere ayr1 analizler yapilmistir. Hamburg’daki 100 m’lik bir koridor i¢inde yiiksek gerilim hatlarina
maruz kalma sikligi, vakalarda %6,9 ve kontrol grubunda %35.8 olarak elde edilmistir (%95 Giiven
araligl = 0,56-2,80). Daha genc erkekler her iki modelde de hafif artmis riskler géstermistir. Sonuglara
gore yliksek gerilim hatlarina maruz kalmanm testis kanseri i¢in biiyiik bir risk faktoriidiir. Ates ve
arkadaslar1 tarafindan yapilmig bir ¢alismada, ev ortaminda kullanilan elektronik cihazlarin yaydig
elektromanyetik alanlar Olciilmiistiir [6]. Bu baglamda, ev aletlerinin elektromanyetik 1s1ma
karakteristikleri FCC Part-15 Simif-A standardina gore degerlendirilmistir. Olgiimler, yansimasiz odada
3 metre uzaklik icin gerceklestirilmistir. Incelemeler sonucunda sa¢ kurutma makinesinin ve elektrikli
siipiirgenin beklenenden fazla elektromanyetik 1s1ma yaptig1r gézlenmistir. Elektrikli su 1sitici, iiti,
vantilatdr ve ampuliin ise standartlar1 sagladig1 belirtilmistir. Aragtirmacilar tarafindan gergeklestirilen
bagka bir ¢caligmada ise homojen eliptik modeller sayesinde 100 Hz ile 100 kHz arasindaki elektrik ve
manyetik alanlarim viicut dokusunda yarattigi etkiler incelenmistir [7]. Yetiskin ve ¢cocuk modellerinde,
disaridan uygulanan 1 uT manyetik alana benzer diizeyde elektrik alan indiiklemek i¢in 25 ila 2000 V/m
arasinda dig kaynakl elektrik alan seviyesinin gerektigi gozlenmistir. Konutlarda elektrik ve manyetik
alan bilesenleri ile ilgili veriler, genellikle manyetik alan bilesenin yetiskinlerde ve ¢ocuklarda elektrik
alana gore dokuda daha fazla elektrik alan ve akim indiikleyebilecegini gostermektedir. Yapilan baska
bir calismada ise, uygulanan 50 Hz frekansindaki elektrik ve manyetik alanlardan kaynakli dokuda
olusan akim yogunlugu hesaplanmistir [8]. Viicut pozisyonu, anatomisi, yas ve gebelik etkilerini
incelemek icin 25 farkli voksel modeli kullanilmistir. Farkli pozisyonlar ve voksel modelleriyle yapilan
hesaplamalar, dis kaynakl elektrik alanlar i¢in 0,32 mA/m*’ye ve manyetik alanlar i¢in 7 mA/m*’ye
kadar degisen maksimum akim yogunluklarina ulagilmistir.

Literatiire bakildiginda, diisiik frekans bolgesinde mesleki ve genel halk maruziyetini igeren farkli
caligmalar bulunmaktadir [9-13]. Gelisen teknoloji ile ev ve igyerlerinde artan cihaz yogunluguna bagh
olarak, disiik frekans bolgesi EMA kaynaklarini birlikte ele alan ve bu kaynaklara maruziyet i¢in EM
risk analizini igeren bir ¢aligma bulunmamaktadir. Bu ¢aligmada, ev ve is yerlerinde kullanilan gesitli
elektrikli cihazlarin yakin ¢evresinde olusturduklart EMA seviyeleri belirlenerek diisiik frekans bolgesi
icin Ol¢limler gerceklestirilmistir. Ayrica, farkli insan modelleri i¢in EMA dozimetri analizleri
gergeklestirilmistir. Bu kapsamda, 50 Hz ile 100 kHz frekans bolgesinde, dis kaynak tarafindan yayilan
manyetik alanlarin etkisiyle ¢ocuk (yas gruplarina gore) ve yetiskin insan viicuduna indiiklenen elektrik
alan ve akim yogunluklar1 hesaplanmistir. Manyetik alan siddeti 1 uT’ye normalize edilmistir ve farkli
boyutlardaki insan viicutlar i¢in eliptik modeller kullanilmistir. Dig kaynakli manyetik alanin viicut
modelleri ile etkilesim sekline bagli olarak risk analizleri yapilmistir. Bunun sonucunda giinliik hayatta
ev ve ig yerlerinde elektromanyetik maruziyet riskini diisiirmek i¢in dnerilerde bulunulmustur.

2. MATERYAL VE YONTEM

Insan viicudu icin temel bir eliptik model analizi, Sekil 1°de sunulmustur. Burada, 2a uzunlugu insan
boyunu, 2b kalgadan kalgaya genisligi ve 2c¢ ise govde ile kalga arasindaki uzunlugu belirtir [14].

Sekil 1. Eliptik model analizi.
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Tablo 1, c¢esitli anatomik eliptik model parametrelerini belirtir [14]. Doku modelinin farkli
frekanslardaki dielektrik 6zellikleri ise Tablo 2’de sunulmustur [14].

Tablo 1. incelenen insan modellerinin eliptik model parametreleri.

Model a (m) b (m) ¢ (m)
Ortalama erkek 0,875 0,195 0,098
Ortalama kadin 0,805 0,2 0,091
Ortalama endomorfik (sisman) adam 0,88 0,225 0,17
Ortalama endomorfik (zayif) adam 0,88 0,16 0,08
Kiiciik kadin 0,725 0,18 0,079
Biiyiik kadin 0,865 0,215 0,114
10 yasinda ¢ocuk 0,69 0,143 0,078
5 yasinda ¢ocuk 0,56 0,12 0,069
1 yasinda ¢ocuk 0,37 0,095 0,068

Tablo 2. Doku modelinin farkl frekanslardaki dielektrik zellikleri.

Frekans Dielektrik Sabit (&/) Iletkenlik (S/m)
50 Hz 1x10° 0,1
100 Hz 7x103 0,15
1 kHz 1x10° 0,15
10 kHz 3x10* 0,2
100 kHz 1x10% 0,3

Bir eliptik modelde Ey (V/m) genligindeki dis kaynakli elektrik alan tarafindan indiiklenen elektrik
alanin genligi, Denklem (1)’de verildigi sekilde hesaplanir [15].

_ Jjwé&y Ey

" M

Burada, w agisal frekans (rad/sn), &y boslugun dielektrik sabiti (8,854x107'2 F/m), A4 ise eliptik modelle
ilgili bir katsayidir. o*=0+jweep (S/m) kompleks elektriksel iletkenliktir. Dis kaynakli elektrik alan
govdeye dik geldiginde indiiklenen elektrik alan maksimum olarak hesaplanir [15]. Dokuda indiiklenen
elektrik alan tarafindan olusan akim yogunlugu ise Denklem (2)’deki gibi belirtilir:

J =oE )

Burada, J akim yogunlugu (uA/m?); o, insan modelinin elektriksel iletkenligi (S/m); E ise elektrik
alandir (V/m). Biyolojik dokuda ¢ok diistik frekans bolgesindeki manyetik alan tarafindan olusan ikincil
alanlar, literatiirde de belirtildigi gibi ihmal edilebilir [16].

3. ELEKTROMANYETIK ALAN OLCUMLERI

Elektrik ve manyetik alan 6l¢timleri ICNIRP nin belirlemis oldugu 6 dakikalik maruziyet siiresi referans
almarak gergeklestirilmistir. Ev ve isyerindeki elektromanyetik alan seviyeleri ve manyetik alan
degerleri 3 cm, 30 cm ve 1 m olmak lizere farkli mesafelerde gerceklestirilmistir. Daha Onceki
caligmalarda kullanilan HIOKI 3470 Magnetic Field Hitester ve Narda Broadband Field Meter NBM-
550 marka cihazlar sayesinde dl¢iimler yapilmistir [17, 18]. Olgiim sonuglari, Tablo 3’te ortalama deger
olarak sunulmustur.
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Tablo 3. Ev ve isyerinde kullanilan farkli cihazlarin uzakliga bagli olarak
manyetik alan siddetleri (B, uT) ve elektrik alan seviyeleri (E, V/m) 6l¢iim sonuglari.

Flektrikli Cihaz 3 cm Uzakhkta 30 cm Uzaklhikta 1 m Uzakhkta
B E B E B E
Bos Ortam 0,02 0,02 0,02 0,02 0,02 0,02
Sa¢ Kurutma Makinesi 2,17 0,92 0,13 0,36 0,037 0,32
Elektrikli Tiras Makinesi 0,23 0,12 0,068 0,1 0,061 0,07
Elektrik Siipiirgesi 9,81 0,67 0,243 0,2 0,091 0,16
Floresan Lamba 0,48 0,72 0,16 0,22 0,081 0,12
Su Isitict 0,093 0,42 0,039 0,2 0,03 0,12
Akillr Saat 0,048 0,11 0,024 0,09 0,023 0,07
Firmm 2,198 0,15 0,403 0,14 0,106 0,14
Camasir Makinesi 0,06 7,52 0,043 0,2 0,036 0,14
Utii 2,74 1,52 0,48 0,14 0,38 0,12
Bulasik Makinesi 0,186 0,5 0,138 0,12 0,089 0,07
Masaiistii Bilgisayar 0,04 0,86 0,028 0,35 0,025 0,17
Tablet 0,027 1,32 0,024 0,32 0,023 0,12
Buzdolab1 0,077 0,32 0,065 0,12 0,056 0,1
Klima 0,2 0,9 0,05 0,73 0,03 0,6
Diziistii Bilgisayar 0,05 0,73 0,03 0,35 0,026 0,28
Televizyon 0,22 0,33 0,04 0,18 0,29 0,1

Olgiim sonuglarina gére camasir makinesi, 3 cm uzaklikta 7,52 V/m ile en yiiksek elektrik alan degerine
sahipken elektrikli tirag makinesi ve bulasik makinesi ise 0,07 V/m ile 1 m uzaklikta en diistik elektrik
alan degerlerine sahiptir. Manyetik alan 6l¢iim sonuglarinda en yiiksek deger, 3 cm uzaklikta elektrik
siipiirgesinden 9,81 puT olarak elde edilmistir. En diisiik olarak akilli saat ve tabletten 1 m uzaklikta 0,023
uT olarak dl¢iilmiistir.

4. BULGULAR VE TARTISMA
4.1. Analitik Model Analizleri

Literatiirde, dokuda indiiklenen alan seviyeleri ve akim yogunlugu igin farkli ¢alismalar bulunmaktadir
[19-22]. Bu ¢alisma kapsaminda 1 puT genligindeki normalize kaynak manyetik alan siddetine maruz
birakilan eliptik modellerin analitik hesaplamalar1 gergeklestirilmistir. 50 Hz ve 100 kHz frekanslarinda
yapilan hesaplamalar sonucunda elde edilen indiiklenen elektrik alan ve akim yogunlugu sonuglari, Sekil
2 ve Sekil 3’te sunulmustur.

Hesaplanan indiiklenmis maksimum elektrik alan ve akim yogunluklari, sirasiyla Tablo 4 ve Tablo 5’te
sunulmustur. Manyetik alan, modelin uzun eksenine paralel olarak uygulandiginda viicutta indiiklenen
alan, diger konfigiirasyonlara gore daha diisiiktiir. En fazla indiiklenen alan, viicudun yan ekseniyle ayni
hizada oldugu senaryoda elde edilmistir. Indiiklenen alanmn genligi viicut sekli, boyutu, frekans ve
viicudun alana gore konumlanmasina bagli olarak degismektedir. Frekansin harmonik bilesenlerinin
analiz sonuglari, frekansa arttik¢a artmistir.
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Sekil 2. (a) 50 Hz igin farkli eliptik modellerde hesaplanan indiiklenen maksimum elektrik alan
sonuglari; (b) 50 Hz icin farkl eliptik modellerde hesaplanan indiiklenen maksimum akim yogunlugu

sonuglari.
Emax (pV/m)
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(b)

Sekil 3. (a) 100 kHz i¢in farkli eliptik modellerde hesaplanan indiiklenen maksimum elektrik alan
sonuglari; (b) 100 kHz i¢in farkli eliptik modellerde hesaplanan indiiklenen maksimum akim
yogunlugu sonuglari.
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Tablo 4. Farkli eliptik modellerde hesaplanan indiiklenen maksimum elektrik alan sonuglari.
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Tablo 5. Farkli eliptik modellerde hesaplanan indiiklenen maksimum akim yogunlugu sonuglart.

9'66/9T | 02T 8 '8 8 6'86€2T | 9'9z8 29 79 90z €'G/¥8 g9 v'ey A7 a 3N20d epurseA |
7'9¢9TZ | 8'TvvT | T'80T g'oT 9'c L'T182T | T'vs8 179 7'9 €T'e G116 | 9199 6'sy 67 9T 31005 epurseA ¢
8'v8se | €2t Z'6et 6'CT £y TLISVT | 8296 9'zL €'l ¥z €TeETT | ¥'ssL 1'9§ L's 6T 3No0d epurseA O
G'89T8E | 9'¥¥Sec | 8061 T'6T '9 9'1¢ITZ | T'8OVT | 9'S0T 9'0T g'e 622291 | Z'8T1T 6'c8 '8 8 upey nAng
7'6S6TE | 9'0€TC | 8'6ST 9T €'g Y'oTLYT | T'T86 9'cl 7'l gz 98vZT v'zes ¥'29 79 12 wpey ynony
6162 | €96l ol 9T 6 95611 1'/66 37 Gl gz 1'e902T | 2'vos €09 9 z Wepe (J1Kez) YJIOWOPUS BWE[EMO
6086 | 6'€59z | 0'66T 6'61 9'9 ¥'1680¢ | ¥'650C | S¥ST ¥'sT T's 1'66€0Z | 6'6GET 20T Z'ot 6E'c | wepe (UBWSIS) YYIOWOPUS BWE[EHO
v'086e | 2295 | SLLT 8'/T 6'G 1'9g69T | T'62TT L'v8 g'8 8z TTIevT | 106 TTL oT'L ¥'e wpey| BweelO
G'/T0G6E | S'¥ege | T'SLT g'IT 8's L'sve8t | 2912 Z'16 26 € L'IyIvT | 286 L'el vl gz 3349 elelelQO

ZH ZH| ZH ZH ZH ZH| ZH ZH ZH zZH ZH ZH ZHY ZH ZH

00T 0T 1 00T 0S 00T 0T 1 00T 0S 00T 0T T 00T 0S
9/°g a/°g /g [3poN

(uyy) xewp




| Akdeniz Mlhendislik Dergisi | AKUJE | Akdeniz Journal of Engineering |

9 E. YAVUZ DIRIK, K. ATES, S. OZEN
2023, 1(1), pp. 1-14

4.2. Sayisal Simiilasyon Sonuglari

50 Hz frekansinda 1 puT’ye normalize edilmis manyetik alan siddetine maruziyet sonucu viicutta
indiiklenen maksimum elektrik alan seviyesi, sonlu integrasyon yontemi (SIT) tabanli ¢alisan CST
Studio Suite ile hesaplanmistir. SIT, Maxwell denklemlerinin integral formlara gére ¢dziim yapan bir
yontemdir. Problem wuzayi zaman diizleminde sonlu farklar metoduna benzer sekilde
ayriklastirilmaktadir. Ardindan, uygun sinir kosullarina gére genel ¢oziime ulagilmaktadir. Tablo 1 ve
Tablo 2’de sunulan eliptik model parametrelerine gore simiilasyonlar gerceklestirilmistir. Sekil 4’te
simiilasyon sonuglar1 sunulmustur.

70 66.3 63,4
50 58,3 59.1
53,3
51 483
50 431
40 35.6 362

30,3 283 27.9

20,1 20,5

339
30 245 247 244 28 242
: 23.1 201 : g 214

2 16,2 14

- NN U IR A R e
0
Ortalama Ortalama Ortalama Orttalama Kigik kadin Biiyilk kadin 10 vasinda 5 vasinda 1 yaginda
erkek kadin endomorfik  endomorfik cocuk gocuk cocuk

(sisman)  (zayf) adam
2 wBs/a wBd/b  wBullc

=T =]

Sekil 4. Farkli eliptik modellerde indiiklenen maksimum elektrik alanlarin simiilasyon sonuglari.

Govde modelinin boyutu, sekli, manyetik alanin yonii ve frekans, indiiklenen elektrik alan ve akim
yogunlugu i¢in ana parametrelerdir. Manyetik alan modelin uzun eksenine paralel uygulandiginda
(Bo//a), dokuda indiiklenen elektrik alan diger konfigiirasyonlardan daha az hesaplanmistir.

4.3. Sonuclarin Karsilastirilmasi

Bu calisma sayesinde, ev ve is yerlerinde kullanilan cihazlarin elektromanyetik g¢evreye etkileri
incelenmistir. Ayrica sebeke frekansinda ve 100 kHz’e kadar olusturdugu manyetik alanlarin farkl viicut
modellerinde indiikledigi elektrik alanlar1 ve akim yogunluklari hesaplanmistir. En yiiksek alan seviyesi,
viicudun yan ekseninin uzunluguna gore elde edilmistir. Sonuclar incelendiginde indiiklenen alan
seviyesi; viicudun sekline, boyutuna, maruz kalma sikligina, viicudun alan kaynagina gore yonelimine
ve frekansa bagl olarak degismektedir.

Simiilasyonlar ile analitik sonuglar incelendiginde, birbirine yakin degerler elde edilmistir. Tablo 6’da
50 Hz frekansinda ayn1 senaryolara gore elde edilen analitik sonuglar ile simiilasyon sonuclari, hata
paylart gozetilerek sunulmustur. Ayrica, gerceklestirilen Olglimler sonucunda farkli yas ve
cinsiyetlerdeki kisilerin ¢esitli elektrikli cihazlarin kullanimi esnasinda maruz kaldig1 manyetik alandan
dolay1 viicutlarinda indiiklenecek elektrik alan ile akim yogunlugu degerleri de hesaplanmistir ve Sekil
5 ile Sekil 6°da belirtilmistir.
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Tablo 6. 50 Hz ¢alisma frekansindaki manyetik alanin farkli eliptik modeller i¢in govdeye z-ekseni
yoniinde dik gelmesiyle (Bo//a), gdvdeye y-ekseni yoniinde dik gelmesiyle (Bo//b) ve govdeye x-ekseni

yoniinde dik gelmesiyle (Bo//c) indiikleyecegi maksimum elektrik alaninin analitik sonuglari ile SIT

tabanli benzetim sonuglarinin karsilastirilmasi.
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Sekil 5. 50 Hz frekansindaki 6l¢iim sonuglarina gére gévdeye x-ekseni yoniinde dik gelen (By/c)
manyetik alanin farkli eliptik modellerde indiikledigi (a) maksimum elektrik alan seviyesi;
(b) maksimum akim yogunlugu.

Emax (nV/m)

-
I
i
o
A1

x10°

1400
1200

1000

300

600 mow -
400

o o =3
&5 - %
£
* Wl . ..
0 [ T (-

Sa¢ Kurutma Makinast Elektrik Siipiirgesi Elektrkli Furm

707,2
549.3

256,6
189.4

N
o
@

156.4
215
1584

123.1

m Ortalama erkek  ® Ortalama kadin = 10 yasinda gocuk 5 yasmda cocuk = 1 yagmda gocuk

(@)
Jmax (pA/m?)

=10°

400

350

300

250

200

150 =

100 Q

“ ll
N - —

343.5
384.3

2122
64,8

Sag Kurutma Makinasi Elektrik Siipirgesi Elektrkli Furm

m Ortalama ertkek = Ortalama kadm = 10 yasinda gocuk 5 yagmnda gcocuk  ® 1 yagmnda gocuk

(b)

Sekil 6. 100 kHz frekansindaki 6l¢iim sonuglarina gore govdeye x-ekseni yoniinde dik gelen (By/c)
manyetik alanin farkli eliptik modellerde indiikledigi (a) maksimum elektrik alan seviyesi;
(b) maksimum akim yogunlugu.
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4. TARTISMA VE SONUC

Bu caligmada, giinliik hayatta ev ve igyerinde kullanilan cihazlarin yaydig: diisiik frekans bolgesindeki
elektromanyetik alanlarin dozimetrik analizleri gerceklestirilmistir. Incelemeler, 50 Hz ile 100 kHz
arasinda yapilmistir. Buna gore, yaygin olarak kullanilan cihazlardan kaynaklanan elektrik ve manyetik
alanlarin diisiik frekans bolgesinde analitik ve niimerik model simiilasyonlari ve iyonize olmayan
dozimetri degerlendirmesi gerceklestirilmistir. Ayrica, giinliik hayatta kullanilan cihazlarin yaydigi alan
seviyeleri dl¢iilmiistiir. Ol¢iim sonuglarma gore, en yiiksek elektrik alan degeri 3 cm uzakliktaki gamagir
makinesinden 7,52 V/m genliginde, en diisiik elektrik alan degeri ise 1 m uzakliktaki elektrikli tirag
makinesinden ve bulasik makinesinden 0,07 V/m olarak 6l¢iilmiistiir. Manyetik alan siddeti 6l¢limlerine
gore en yiiksek deger, 3 cm uzakliktaki elektrik siipiirgesinden 9,81 puT olarak elde edilmistir. En diisiik
deger ise 1 m uzakliktaki akilli saat ve tablet cihazlarindan 0,023 pT olarak olgiilmiistiir. Elde edilen
6lciim sonuglari, ICNIRP’nin yayinladig1 genel halk ve mesleki maruziyet limit degerlerinin altindadir.

Elektromanyetik ¢evrede manyetik alanin ii¢ bileseniyle de karsilasilabilir ve o ¢evrede bulunan tiim
canlilar1 etkileyebilir. Bu c¢alisma kapsaminda farkli eliptik modellerde 50 Hz ile 100 kHz frekans
araliginda hesaplanan dokuda indiiklenen elektrik alan siddeti, kaynak manyetik alanin yoniine ve
modelin boyutuna gore degismektedir. Kaynak manyetik alan, modelin uzun ekseni ile ayni yonde
(Bo//a) uygulandiginda, viicutta indiiklenen alan seviyelerinin ve akim yogunluklarinin diger
konfigiirasyonlardan (By//b ve By//c) daha az oldugu hesaplanmistir. Sonuglara gore, viicut eksenine yiiz
hizasindan dik gelen manyetik alan (By/c) daha fazla akim yogunlugu indiiklemistir. 1 uT'ye normalize
edilen kaynak manyetik alanin etkisiyle dokuda indiiklenen elektrik alan, analitik ve niimerik olarak
elde edilmistir. Calisma kapsaminda incelenen frekans bandi sayesinde giinliik hayatta elektrik
sebekesinden kaynakli 50 Hz frekansindaki alanlarin ve farkli frekanslarda calisan anahtarlama
elemanlarinin sebep oldugu maruziyet modellenmistir. Burada yapilan hesaplamalar normalize degerler
olmasina ragmen ICNIRP’nin yaymladigi maruziyet limitlerinin altindadir. ICNIRP kilavuzu
incelendiginde belirtilen sinir degerlerinin saglik etkileri i¢in kesinlik arz etmedigi, konuyla ilgili daha
kapsamli aragtirmalar yapilmasi gerektigi belirtilmektedir. Bu ¢alisma kapsaminda hesaplanan sonuglara
gore dokuda indiiklenen en yiiksek akim yogunlugu, manyetik alanin yiiz hizasina dik gelmesiyle
gozlenmistir.

Literatiirdeki benzer caligmalarda, elektromanyetik alanlarin etkilerini azaltmak i¢in Oneriler
bulunmaktadir [3]. Elde edilen bulgulara gore, giinliik hayatta elektrikle ¢caligsan cihazlarin kullanimu ile
konutlardaki elektrik tesisat1 projelendirilmesine iliskin 6nlemler alinabilir. Ev ve ofis ortamlarinda
kullanilmayan cihazlarin figlerinin prizden ¢ekilmesi Onerilebilir. Cocuklarda maruziyet siirelerini
azaltmak i¢in elektrikli cihaz kullanimlarini olabildigince sinirlandirmak bir ¢6ziim olarak sunulabilir.
Ev ortaminda ¢ocuklarin ve yetiskinlerin yatak odalari, elektrik hatlarina ve yaydiklart manyetik alanlara
gore diizenlenebilir. Ofis ortamlarinda ise yiiksek alan kaynaklar1 olarak belirtilen cihazlar igin
elektromanyetik ekranlama yontemi sunulabilir. Ofis masalarmin konumlari, ¢alisanlarin maruz
kaldiklar1 alan seviyeleri ve maruziyet eksenlerine gore yeniden diizenlenebilir. Bu ¢aligma kapsaminda
gerceklestirilen 6l¢iim sonuglarina gore uzaklik arttikga elektromanyetik alan seviyeleri azalmaktadir.
Buna gore hem ev hem de ofis ortaminda kullanilmayan cihazlardan olabildigince uzaklasmak, diger bir
¢Ozlim olarak sunulabilir.

Elektromanyetik alanlara maruziyet, elektrigin kullaniminin artmasindan dolayr giinimiizde
incelenmesi gereken konulardan birisi olarak belirtilebilir. Arastirmacilar, bu disiplinle ilgili
caligmalarin1 yogun bir sekilde devam ettirmektedir. Gelecek calismalarda, konuyla ilgili gercekei
anatomik modeller {izerinde simiilasyonlar yapilabilir. Ayrica ¢dzliim onlemlerinin etkilerini ele almak
icin teorik ve deneysel incelemeler gerceklestirilebilir. Ilerleyen calismalarimiz, yiiksek frekans
bolgesindeki elektromanyetik alanlarin insan viicudu modeli iizerindeki dozimetrik analizleri ve
uluslararasi standartlara gére degerlendirilmesini de i¢ermektedir.
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ABSTRACT

Wound formation occurs as a result of chemical, chemical, mechanical, or thermal damage, leading to the disruption of tissue
integrity on the skin surface, and can potentially create complications in our body at any moment. The rapid treatment of
wounds and the care of wounds depend on the wound dressing material. Nanofiber wound dressings produced by the
electrospinning method have become a promising method for the rapid healing of wounds. The nano-sized fibers in nanofiber
wound dressings are highly preferred as an ideal treatment method due to their similarities to the extracellular matrix and their
ability to contain drugs/biological agents, providing a suitable environment for wound healing. In this study, the aim was to
develop a polymer-based nanofiber wound dressing that significantly accelerates the healing of wounds and enhances patient
well-being, utilizing Momordica charantia (bitter melon) oil containing active biological agents. For this purpose, Momordica
charantia oil was encapsulated into poly(lactic-co-glycolic acid) and electrospun into a polyethylene glycol-based nanofiber
wound dressing. Fourier Transform Infrared (FTIR) and Scanning Electron Microscope (SEM) analyses were performed to
determine the chemical structure and morphology of the obtained nanofiber wound dressing. In the FTIR analysis of the
nanofiber wound dressing developed with biodegradable nanocapsules, the chemical bonds of the nanofiber wound dressing
were observed in detail. In the SEM analysis, uniformly sized PLGA nanocapsules were obtained, and it was observed that
PLGA nanoparticles encapsulated with bitter melon oil were homogeneously distributed among the PEG nanospray structure.
In conclusion, the nanofiber wound dressing developed to protect wounds from infections and expedite the healing process is
an important candidate as an integrated polymeric wound dressing material, combined with traditional aromatic herbal oil
treatment.

Keywords: Electrospinning; Momordica charantia (bitter melon); Nanofiber Wound Dressing; PEG; PLGA
OZET

Yara, kimyasal, mekanik veya termal hasar sonucu cilt yiizeyindeki doku biitlinliigiiniin bozulmasiyla meydana gelmektedir ve
her an viicudumuzda komplikasyon yaratabilir. Yaranin hizli bir sekilde tedavi edilebilmesi ve yaralarin bakimi pansuman
materyaline bagli olarak degismektedir. Elektro-egirme yontemi ile iiretilen nanofiber yara ortiileri, yaralarin hizli iyilesmesi
acisindan umut verici bir yontem haline gelmistir. Nanofiber yara ortiilerinde yer alan nano boyutlu lifler, hiicre dis1 matrikse
benzerliklerinden dolay1 ve ilag/biyolojik ajan icerebileceginden kaynakli olarak yaralarin iyilesmesi ig¢in uygun ortam
sagladiklart i¢in oldukga tercih edilen ideal bir tedavi yontemidir. Bu ¢aligmada, aktif biyolojik ajanlar iceren Momordica
charantia (kudret nar1) yag1 sayesinde yaralarin iyilesmesini 6nemli dl¢iide hizlandiran ve hasta refahini artiran polimer tabanli
nanofiber yara Ortiisii gelistirilmesi amaglanmistir. Bunun igin, Momordica charantia yagi polilaktikoglikolik asit igerisine
enkapsiile edilerek, polietilen glikol tabanli nanofiber yara ortiisii elektro-spreylenmistir. Elde edilen nanofiber yara ortiistiniin
kimyasal yapist ve morfolojisi i¢in Fourier Doniistimlii Kizil6tesi (FTIR) ve Taramali Elektron Mikroskobu (SEM) analizleri
gerceklestirilmistir. Elde edilen nanofiber yara ortiisiiniin FTIR analizinde biyobozunur nanokapsiillerle gelistirilen nanofiber
yara Ortiisiiniin kimyasal baglar1 ayrintili bir sekilde gézlenmistir. SEM analizinde ise es boyutlu PLGA nanokapsiillerin elde
edildigi ve kudret nar1 yagi ile kapsiillenen PLGA nanopartikiillerinin PEG nanosprey yapisi arasinda homojen dagildigi
goriillmiistiir. Sonug olarak yaray: enfeksiyonlardan korumak, iyilesme siirecini hizlandirmak amaci ile gelistirilen nanofiber
yara Ortiisii geleneksel aromatik bitkisel yag tedavisi ile birlestirilerek entegre polimerik yara Ortii malzemesi olarak
kullanilabilecek nemli bir adaydir.

Anahtar Kelimeler: Elektrospinning; Momordica charantia (kudret nar1); Nanofiber Yara Ortiisii; PEG; PLGA
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1. GIRIS

Deri, canlilarin kendilerini ¢evre etkilerinden koruyan ve birgok biyolojik fonksiyonu yerine getiren en
biiylik duyu organidir. Travma, bocek 1siriklari, ameliyat gibi benzer durumlarda derinin anatomik yapisi
ve fonksiyonunun bozulmasi yara olarak adlandirilmaktadir. Yara iyilesmesinde derinin fonksiyonu
yeniden saglanilarak anatomik yapi yeniden olusmaktadir. Insan viicudunda yara iyilesmesi, dort
asamada gerceklesir: hemostaz, inflamasyon, proliferasyon ve yeniden sekillenme. Bu agamalar ve bu
asamalarin getirdigi biyofizyolojik islemler belirli zaman araliklarinda birbirini takip eden uygun bir
siralamada ve belirli bir siire boyunca devam etmelidir [1]. Inflamasyon, bozulan doku biitiinliigiine
kars1 yabanct maddelerin yayilimini engellemek, kan kaybini 6nlemek ve dokunun onarimi igin ortam
hazirlanan safhadir. Bu siirecte trombositler, trombosit kaynakli biiytime faktorii (PDGF), makrofajlar,
sitokinler i gormektedir. Hiicresel proliferasyon sathasinda fibroblast, keratosit, endotel hiicreler
bulunur ve yaranin oldugu bolgede graniilasyon dokunun olusumu gergeklesir. Yara iyilesme siirecinin
son ve en uzun evresi olan yeniden sekillenme, graniilasyon dokunun yerini skar dokunun aldig1 sathadir
[2, 3]. Siiregte bir kesinti, anormallik ya da siirede uzama gergeklestiginde yara iyilesmesi gecikebilir
veya iyilesmeyen kronik yaralar meydana gelmektedir.

Yaranin meydana gelmesinin ardindan patolojik istilayr engelleyebilmek ve viicut dengesinin
saglanmasi agisindan kisa siirede ve etkili tedavi yontemlerine ihtiya¢ duyulmaktadir [4]. Bu amagla
elektro-egirme yontemi ile {iretilen nanofiber yara ortiileri; genis ylizey alani, {i¢ boyutlu destek yapisi
ve kiiciik gozenekli yapilart sayesinde yaralarin hizli iyilesmesinde dnemli role sahiptir [5]. Nanofiber
yapilarin hiicre disi matrikse (ECM) benzerliginden dolay1 yara cevresinde bulunan hiicreler ile
etkilesim kurabilir ve hiicrelerin bilyiimesine, cogalmasinda yardimci olurlar [6]. Nanofiber yapili tedavi
malzemeleri, yiiksek hacim ve yiizey oranlarinin gesitli biyoaktif molekiilleri yiikleme kapasitelerine
sahip olmasi nedeniyle yara bakimi i¢in oldukea etkili potansiyele sahip yapilardir [7]. Elektro-egirme
yoOntemi, basit ve kusursuz morfolojik yapiya sahip nanofiberler elde etmek icin kullanilan bir tekniktir
[8]. Bu yontem, yliksek bir elektrik alani altinda enjektor ignesinden ¢ikan ¢ozeltiyi piiskiirtme islemi
yaparak karsisinda bulunan toplayicinin yiizeyinde nanofiber yapilarin meydana gelmesine
dayanmaktadir [9]. Elektro-egirme yontemi ile elde edilen nanofiberlerde poliiiretan, polivinilalkol,
polietilen glikol, jelatin gibi ¢esitli dogal veya sentetik polimerler kullanilabilir. Poliiiretan (PU),
esnekligi ve giicli mukavemet sergilemesi sayesinde nanofiber membranlar i¢in kullanilabilecek
miitkemmel bir matrikstir. Gelistirilen poliiiretan/propolis nanofiber yara ortiisii giiclii antibakteriyel
Ozelliklerine ek olarak fibroblast hiicrelerinde hiicre canliligini arttirarak yara pansumani ve cilt doku
mithendisliginde kullanilabilir [10]. Diger yandan polivinil alkol (PVA), miikkemmel biyouyumluluga
sahip bir polimerdir. PVA/glimiis nanopartikiiller/salyangoz mukus kompozitlerinden gelistirilen
nanofiber yara pansumani enfekte cilt bolgesinde bakteriyel biiyiimenin engellenmesiyle in vitro ve in
vivo yara iyilestirme ¢aligmalarinda hiicre canliligini artirmigtir [ 11]. Polilaktik-ko-glikolik asit (PLGA)
ise istenilen sekil ve boyutta islenebilmesi ve her boyuttaki molekiilleri kapsiilleyebilme 6zelligine sahip
olmasi sayesinde sik tercih edilen biyouyumlu kopolimerlerdendir [12, 13]. Polietilen glikol (PEG) hem
suda hem de organik ¢oziiciilerde ¢oziinebilir, diisiik toksisiteye ve diisiik erime noktasina sahiptir ve
miilkemmel biyouyumlulugu sayesinde ilag dagitim sistemlerinde ve doku miihendisliginde
kullanilabilir [14-16]. Elektro-egirme yontemi ile gelistirilen PLA/PEG/kurkumin (Cur) kompozit
nanofiberlerinin gozenekli yapisi sayesinde ilag salim 6zelligi gelistirilerek ilag dagitimi, biyolojik
iskele, tibbi pansuman ve antibakteriyel malzemeler gibi biyomedikal uygulamalar icin biiyiik
potansiyele sahip olabilir [17]. Momordica charantia (kudret nar1)’nin viral enfeksiyonlar, diyabet, HIV,
inflamasyon, kanser ve iilser gibi bircok hastaligin tedavisinde kullanilan tibbi bir bitki oldugu
bilinmektedir [18]. Ayrica baz1 ¢aligmalarda yara bakimi uygulamalarinda kullanilmaya baslandig
goriilmektedir. Momordica charantia PLA/Ag nanofiberlerin yesil sentezi i¢in tercih edilmistir [19],
yine baska bir caligmada farelerde anti-inflamatuar bir materyal olarak kudret nari kullanilmis ve
proinflamatuar sitokinleri azaltarak sepsisli farelerde inflamasyon tepkilerini artirarak etki gostermistir
[20]. PLGA nanotasiyici sistemleri, genellikle ilag, gen, protein ve diger biyoaktif maddelerin taginmasi
ve kontrollii salinimini saglamak {izere 06zel olarak tasarlanmistir. Bu biyopolimerin temel
ozelliklerinden biri, viicut iginde dogal olarak biyolojik olarak pargalanabilir olmasi ve bu parcalanma
siirecinde olusan iriinlerin zararsiz metabolitlere doniisebilmesidir. Bu 6zelligi, nanotasiyicilarin
viicutta uzun siireli bir kalmay1 dnleyerek istenmeyen birikimleri engelleyerek, biyolojik uyumluluk
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acisindan avantajli kilar. PLGA, ilag veya diger biyoaktif maddelerin kontrolli salinimim
gergeklestirmek amaciyla bir matriks olarak kullanilabilir. Bu 6zellik, tedavi edilen bolgede uzun siireli
bir etki saglamak acisindan kritiktir. PLGA nanotasiyicilari, 6zellikle ilag taginmasi alaninda yaygin
olarak kullanilmaktadir. Ilag molekiilleri, nanotasiyici icine entegre edilir ve bu nanotasiyicilar, hedef
bolgeye tasinarak zaman iginde kontrollii bir ilag salinimini gergeklestirir. Ayrica, PLGA nanotasiyicilari
gen terapisi uygulamalarinda da etkili bir rol oynayabilir. Bu sistemler, genetik materyali koruyarak ve
kontrollii salinim mekanizmalarini kullanarak gen terapisinin etkinligini artirabilir. PLGA nanotasiyici
sistemleri, sadece ilag ve gen terapisi alanlarinda degil, ayn1 zamanda as1 tasiyicisi, goriintiileme ajani
tastyicisi ve doku miihendisligi gibi genis bir uygulama yelpazesine sahiptir. Bu ¢ok yonli kullanim,
PLGA nanotastyicilarint biyomedikal arastirmalarda 6ne ¢ikan bir malzeme haline getirmistir. Bu
nanotastyicilar, genellikle emiilsiyon, ¢ift emiilsiyon, ¢dzelti ¢ekimi ve elektro-egirme gibi cesitli iiretim
yontemleri ile elde edilebilir.

Bu galismada, antibakteriyel, antidiyabetik, antioksidan [21] 6zelliklere sahip Momordica charantia
(kudret nar1) yagi PLGA igerisine ¢ift emiilsiyon ugurma yontemi ile enkapsiile edilmistir. Ardindan
pansuman malzemesi {lizerine tasiyict katman olarak adlandirdigimiz ve igerisinde tedavi edici 6zellige
sahip Momordica charantia yagininda bulundugu biyobozunur nanokapsiil-PEG kompleksi elektro-
egirme yontemi ile iretilmistir. Boylelikle akut ve kronik olarak meydana gelen yaralarin
iyilestirilmesinde kullanilmak iizere yenilikgi bir yara pansuman malzemesinin iiretimi
gercgeklestirilmistir. Yara pansuman malzemesinde yaranin biyolojik aktivitesi oldukea iyi olan kudret
nar1 yag ile hizli bir sekilde iyilesmesi ve bu siire igerisinde elastik yapiya sahip olmasi nedeniyle
hastanin giinliik konforunu olumsuz yonde etkilemeden yaranin kapanmasina destek¢i olmast
amaglanmigtir. Gelistirilen yara Ortiisiiniin kimyasal karakterizasyon c¢alismalari FTIR, SEM ve DLS
kullanilarak gergeklestirilmistir. Sonug olarak, gelistirilen nanofiber yara ortiisii geleneksel aromatik
bitkisel yag tedavisi ile birlestirilerek entegre polimerik yara ortii malzemesi olarak kullanilabilecek
onemli bir aday niteligi tasimaktadir.

2. MATERYAL VE YONTEM
2.1. Malzemeler

Polilaktik-ko-glikolik asit (PLGA, Mw:100 kDa), Polietilen glikol (PEG, Mw = 100 kDa), Polivinil
alkol (PVA, Mw: 130 kDa), Diklorometan (DCM) ve Dimetilformamid (DMF) Sigma-Aldrich
(Missouri, ABD)’den satin alinmistir.

2.2. Biyobozunur Nanokapsiil Sentezi

Nanokapsiiller ¢ift emiilsiyon ugurma ydntemine gore sentezlenmistir. Oncelikle 50 mg PLGA tartilarak
500 uL. DCM igerisinde ¢ozdiirilmistir. %4 PVA ve %0,3 PVA c¢ozeltileri ayr1 ayri dH,O’da
hazirlanmistir. Momordica charantia (Kudret Nar1) yagi kapsiilasyonu icin PLGA ¢6zeltisi i¢ine 150 pL
kapsiilasyon maddesi, PVA (%4) ve PVA (%0,3) eklenerek DCM’nin uzaklagmasi i¢in 3 saat boyunca
manyetik karistiricida  karistirilmigtir.  Nanokapsiiller 10.000 x rpm’de 15 dakika boyunca
santrifiijlenmistir. Yikama islemi dHO ile yapilmistir ve 3 kez tekrarlanmistir. Santrifiij ve yikama
islemleri sonunda nanokapsiiller-110°C’de liyofilizatérde kurutularak kati hale getirilmistir [22].

2.3. Nanofiber Yara Ortiisii Tasarim

PEG ve biyobozunur nanokapsiil igeren nanofiber yara ortiisii elektro-egirme yontemiyle gelistirilmistir
[23]. Ideal bir yara ortiisii iiretebilmek amaciyla optimizasyon calismalari igin %3, %5 ve %10
konsantrasyonlarda PEG ¢ozeltisi DMF ¢oziiclisiinde ayr1 ayri hazirlanmistir. Polimer ¢6zeltileri 5
ml’lik bir siringaya yerlestirilmistir. Elektro-egirme kullanim parametreleri olarak 10-22 kV, 0,5-1,5
ml/saat akis hiz1 ve 10-20 cm toplayict mesafesi ayarlanarak optimum kosullar arastirilmistir. En ideal
konsantrasyon olarak %5 PEG seg¢ilmistir ve nanofiber yara Ortiisii i¢in bu konsantrasyon 1:10 oraninda
biyobozunur nanokapsiillerle birlestirilmistir. Polimer ve nanokapsiil karisimi 5 mL’lik siringaya
almarak 20 kV, 1 ml/saat akis hizinda, 18 cm mesafede 60 dk boyunca elektro-spreylenmistir.
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2.4. Morfolojik Analiz

Biyobozunur nanokapsiillerin boyut dagilimlar1 ve zeta potansiyelleri Dinamik Isik Kirilimi (DLS,
Malvern) ile aragtirilmisti. PEG ve biyobozunur nanokapsiil i¢eren nanofiber yara ortiisiiniin yiizey
gruplar1 ve kimyasal yapist ATR-FTIR (Thermo Scientific Nicolet iS-5 ATR/FTIR Spektrometresi) ve
ylizey morfolojisi ise taramali elektron mikroskopu (SEM) kullamilarak (JEOL JSM 7600F)
incelenmistir [24].

3. BULGULAR

Yara oOrtiistinii ideal kosullarda tiretebilmek ic¢in dncelikle farkli konsantrasyonlarda hazirlanan PEG
polimer ¢ozeltileri i¢in farkli elektro-egirme parametreleri kullanilarak optimizasyon calismalar
gergeklestirilmistir (Tablo 1). En etkili ve bagarili nanofiber iiretim siireci i¢in ideal PEG
konsantrasyonu %S5 olarak secilmistir. Voltaj 20 kV, siringa ucu ve kolektor arasindaki uzaklik 18 cm,
akis hiz1 1.0 mL/saat olacak sekilde nanofiber iiretilmistir (Sekil 1).

Sekil 1. Olusturulan biyobozunur nano yapili yara ortiisti a) Elyaf malzeme; b) Elyaf malzeme iizerine
kudret nar1 iceren PLGA kapsiilleri ile PEG karisimi

Tablo 1 Yara ortiisii iiretiminde kullanilan PEG polimeri i¢in farkli elektro-egirme kosullari. Gézlem
stitunundaki + igareti nanofiberlerin basarili bir sekilde olustugunu gdsteren proses kosullarimi ifade

etmektedir.
Polimer Voltaj Mesafe Enjeksiyon iz Gézlem
Konsantrasyonu (%) (kV) (cm) (ml/saat)
12 15 0.8 -
%3 PEG 15 15 0.8 -
18 18 1.0 -
15 12 0.5 -
%5 PEG 20 18 1.0 +
22 15 0.5 +
18 15 1.0 +
%10 PEG 22 15 0.5 -

22 18 0.5 -
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Biyobozunur nanokapsiillerin boyut dagilimlarin1 6grenmek i¢in Oncelikli olarak DLS analizi
gergeklestirilmigtir. Kudret nar1 yagi ile kapsiillenen PLGA nanopartikiillerinin boyutunun 100-300 nm
arasinda oldugu goriilmiistiir. Sekil 2a’ya gore nanopartikiillerin ortalama pargacik boyutu 283.6 +39.07
nm olarak belirlenmistir. PLGA nanopartikiillerinin, nanopartikiil yilizeylerinde karboksil u¢ gruplarinin
varligindan dolay1 -3.34 + 3.81 mV zeta potansiyeline sahip oldugu gézlenmistir (Sekil 2b). Elektro-
egirme yontemi ile gelistirilen nanofiber yara oOrtiisiiniin SEM goriintiisiinde es boyutlu PLGA
nanokapsiillerin elde edildigi ve kudret nar1 yag: ile kapsiillenen PLGA nanopartikiillerinin PEG
nanosprey yapisi arasinda homojen dagildigi goriilmektedir (Sekil 2¢). PLGA nanofiberlerin PEG ile
elektro-sprey yapmasi sonucu ve yapida kudret nar1 yaginin bulunmasi ile SEM goriintiilerinde mikro
kiire olusumlar1 gézlenmistir. Sekil 2d’deki ATR-FTIR sonuglarina goére biyobozunur nanokapsiillerle
gelistirilen nanofiber yara Ortiisiiniin kimyasal baglari ayrintili bir sekilde gozlenmistir. FT-IR
spektrumunda gozlenen 1466 cm™’deki pik muhtemelen kopolimerin karbonil grubunun bir pargasidir.
1059 cm'1’deki pik PEG’in varligi sonucu yapida meydana gelen C-O-C bagindan kaynaklanabilir.
PLGA nin varligi ise 2877 cm™’de C-H bandin1 gosteren bant ile dogrulanmugtir [25].

a) b)

Mean (mV) Area (%) StDev (mV)
Size (d.nm): %Intensity: St Dev (d.nm):

Z-Average (d.nm): 368 1 Peak 1: 2836 100,0 3907

Pdk: 03 Peak2 0000 00 0,000

Intercept: 0,082 Peak3: 0000 00 0,000
Result quality : Refer to quality report

Zota Potential (mV): 334 Peak1: 334 1000 381
Zeta Deviation (mV): 381 Peak2: 000 00 000
Conductivity (mSiem): 00350 Peak3: 000 00 000

Result quality :
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Sekil 2. Kudret nar1 yag yiiklii biyobozunur nanokapsiillerin kimyasal karakterizasyonlarina ait analiz
sonuglari a) Ortalama partikiil boyutlari; b) Zeta potansiyelleri; ¢) SEM goriintiileri; d) ATR-FTIR
sonuglari.

4. TARTISMA

Yara iyilesmesi siirecinde, hemostatik, inflamatuar, proliferatif ve remodelleme olmak iizere dort temel
adim mevcuttur. Cildin bariyer fonksiyonu, viicudu ¢evresel etkenlere kargi koruma, nemin muhafazasi
ve patojenlere karsi direng gdsterme gibi kritik bir rol oynar. Bu nedenle, cilt biitiinliigiiniin zarar
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gormesi, viicut i¢in potansiyel ciddi saglik riskleri dogurabilir. Hasar gormiis cildin hizli iyilesmesini
saglamak amaciyla, yara bolgesindeki intrinsik iyilesme siireci derhal baslatilir. Yara iyilesme siireci
karisik stirecleri icinde barindiran patofizyolojik bir siiregtir. Yara iyilesmesi siirecine engel olan yara
enfeksiyonunun onlenmesine ek olarak etkili ve kapsamli yara bakiminin yapilmasi yara bakimi
acisindan 6nem kazanmaktadir. Bu baglamda gelistirilen yeni nesil nanofiber yara ortiiler icerdigi ¢esitli
polimerler sayesinde ve biyoaktif ajanlar1 dahil etme yetenegi ve ECM’yi taklit edebilme
yeteneklerinden dolayi tercih edilmektedir [12]. Bu ¢alismada kudret nar1 yagi PLGA igerisine ¢ift
emiilsiyon ugurma yontemi ile enkapsiile edilerek PEG ile kompleks olusturulmus ve elektro-egirme
yontemi ile yara Ortiisii liretilmistir. Gelistirilen yara Ortiisiiniin amaci seker hastalar1 basta olmak {izere
akut ve kronik yaralanmalara maruz kalan hastalarin iyilesmelerinde kullanilmak {izere, mevcut yara
pansuman malzemelerinden farkli olarak bitkisel tedavi edici ajan1 biyobozunur polimer nanopartikiil
icerisine kapsiilleyerek nanopiiskiirtme yontemi ile yara Ortiisiiniin destek yiizeylerini olusturmaktir.
Elektrospinning yalmizca tek bir polimer nanofiberin hazirlanmasina degil, ayn1 zamanda birden fazla
polimerin karistirilmasina ve bunlarin biyoaktif maddelerle yiiklenmesine olanak tanir ve genis bir
sekilde yara iyilesmesinde kullanilmaktadir [26]. Derinin ekstraselliiler matriksi, kollajen, elastin,
laminin ve ¢esitli polisakkaritler ve proteoglikanlarin fibroz yapisal proteinler olarak bir araya
gelmesinden olusur. Elektrospinning ile deri dokusundaki ECM ile benzer bir kompozisyon ve
yapt/sistemdeki nanofiberler iiretilebilir. Elektrospun nanofiberler, deri hiicre proliferasyonu, gocii,
diferansiyasyonu ve ekstraselliiler matriks birikimi tepkilerini diizenleyebilir [27]. Bu benzersiz
Ozellikler nedeniyle nanofiberler, cerrahi dikisler, yara pansumanlar1 ve yara iyilesmesi ile doku
mithendisligi gibi alanlarda kullanilabilecegi gibi, ayn1 zamanda enfeksiyon oOnleme amaciyla
antimikrobiyal ajanlar igeren nanofiber pansumanlar veya dikisler ile de kullanilabilir, ¢linkii bakteriler
¢ogu antimikrobiyal ajan, 6rnegin antibiyotiklere karsi bazi direng gelistirmislerdir [28]. Nanofiber yara
ortiileri tasarlanirken yara iyilesmesi siirecini tesvik etmek ve bu siirecte mikrobiyal kontaminasyonun
oniine gecebilmek i¢in uygun polimerler secilmelidir. Yapiya dogal iiriinler eklemek biyouyumlulugu
ve tibbi Ozellikleri gelistirerek yesil kimyanin avantajlarini sunmaktadir. Literatiirde nanofiber yara
ortiisii tasarlanirken Momordica charantia farkli amaglarla kullanilmistir. Momordica charantia
ekstraktinin indirgeyici olarak kullanildigi PLA/Ag nanofiberlerin antibakteriyel 6zellikleri ve in vitro
biyouyumlulugunun arttigir gézlenmistir [19]. Farkli bir ¢alismada Momordica charantia yiikli PVA
nanofiberleri hem gram pozitif hem de gram negatif bakterilere karsi uygun antibakteriyel aktivite
gostermistir [29]. Momordica charantia’daki vicin ve polipeptit-p gibi aktif bilesikler hipoglisemik
ozellikler sergilerken ayn1 zamanda pektinler, saponinler ve steroidal glikozitler de igerir [30]. Bitkisel
kaynaklardan elde edilen pektin ve saponinlerin yara iyilestirici 6zelliklere sahip oldugu bilinmektedir.
Momordica charantia 6ziitii kullanilarak hazirlanan merhem sigan yaralarini povidon merheminden
daha iyi ve daha hizli bir sekilde iyilestirmistir [31]. Gelistirilen yara Ortiisliniin kimyasal
karakterizasyonu basarili bir sekilde nanofiber yapinin tiretildigini gdstermektedir. Ancak iiretilen yara
oOrtiistinlin tam iyilesme mekanizmasini ortaya c¢ikarmak igin daha fazla calismaya ihtiyag¢ vardir.
Yapilacak in vitro ve in vivo ¢aligmalar neticesinde yara Ortiisliniin iyilestirme giicii arastirilarak
molekiiler mekanizmasinin aydinlatilmasi gerekmektedir.

5. SONUC

Yara ortiileri tasarlanirken nanofiber yapilarin ve pozitif biyolojik aktiviteye sahip dogal maddelerin
kombinasyon halinde kullanimlar1 biyoaktif/interaktif yara pansuman malzemeleri gelistirilmesi
acisindan dikkat cekici ozellikler tasimaktadir. Nanofiber yapilarin yiiksek yilizey/hacim oranlari,
kontrollii ilag salinim kapasiteleri, ayarlanabilen gbzenekli yapilari, su buhar ve oksijen gegirgenlikleri
biiytileyici 6zellikler sunmaktadir. Gelistirilen nanofiberlerin bu fiziksel ozelliklerine ek olarak
Momordica charantia yag yiikli biyobozunur nanokapsiillerin antioksidan o6zellikleri ve hiicre
proliferatif aktiviteleriyle birlestirilerek biyolojik &zelliklerinin giiglendirilmesi amaglanmistir. Elde
edilen kimyasal karakterizasyonlar neticesinde nanofiberlerin ¢aplari, nanofiberlerin morfolojileri ve
gbozenek yapilari yara iyilesmesi i¢in uygun ortam saglayabilecek Ozelliklere sahip oldugunu
gOstermistir.
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ABSTRACT

The n™-order model commonly used in kinetic modeling and an empirical model were used to describe previously published
denaturation of a-lactalbumin at different temperatures (67.5, 70, 72.5, 75, 77.5 and 80°C) as the primary models and a
comparison was made. Application of the models revealed that the first-order kinetic model could not be used to describe these
data i.e., the first-order kinetic model would be inadequate. The n™-order model produced slightly better fits at five
temperatures, while the empirical model had better result at only one temperature. Since one parameter of each model did not
depend on temperature, it was possible to fix these parameters by using the average values of six temperatures, and hence
reduce the models. The reduced n™-order model had better results at four temperatures, whereas the empirical model produced
better fits at two temperatures. It was observed that the sole parameter in the reduced models changed linearly with temperature,
and secondary modeling was performed by simple linear regression. Secondary models were integrated into the primary
(reduced) models and predictions were made at three different temperatures. Although the predictions of the two models were
different at 68°C, the models had almost the same predictions at 74 and 76.5°C. It was concluded that both models can be used
to describe the data for kinetic modeling purposes; however, outcomes may be different for other data sets.

Keywords: Denaturation Kinetics; Kinetic Modeling; Model Fitting; Model Prediction; Regression
OZET

Kinetik modellemede kullanilan n’inci dereceden (n-derece) model ile baska bir ampirik model birincil model olarak daha dnce
yaymmlanmis o-laktalbumin’in farkli sicakliklardaki (67.5, 70, 72.5, 75, 77.5 ve 80°C) denatiirasyonunu tanimlamak igin
kullanilmig ve karsilagtirilmigtir. Modellerin uygulamasindan birinci dereceden kinetik modelin bu verileri tanimlamak igin
kullanilamayacagi ya da bu veriler i¢in yetersiz kalacagi anlasilmistir. Az farkla da olsa bes sicaklikta n-derece model daha iyi
uyum gostermis, ampirik model ise sadece bir sicaklikta daha iyi sonug vermistir. Her iki modelin de birer parametresi sicakliga
bagl olarak degismediginden bu parametreleri alt1 sicakligin ortalamasi olarak sabitlemek ve modelleri sadelestirmek ya da
indirgemek miimkiindiir. Benzer sekilde indirgenmis n-derece model dort sicaklik degerinde daha iyi sonuglar vermis, ampirik
model iki sicaklikta daha iyi uyum gdstermistir. Indirgenmis modellerde yer alan tek parametrenin de sicaklikla dogrusal olarak
degistigi goriilmiis ve ikincil modelleme basit dogrusal regresyon kullanilarak yapilmistir. fkincil modeller birincil
(indirgenmis) modeller icerisine yerlestirilerek ti¢ farkli sicaklikta tahmin ¢alismasi yapilmistir. Her ne kadar 68°C’de iki
modelin tahmini farkli ¢ikmis olsa da 74 ve 76.5°C’lerde iki model de hemen hemen ayni tahmini vermistir. Sonug olarak
kinetik modelleme amaciyla bu veri setleri i¢in her iki modelin de kullanilabilecegi ancak farkli veri setleri i¢in farkli sonuglar
elde edilmesinin miimkiin olabilecegi degerlendirilmistir.

Anahtar Kelimeler: Bozunma Kinetigi; Kinetik Modelleme; Model Tahmini; Model Uyumu; Regresyon
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1. GIRIS

Kinetik, zamana bagh degisiklikleri tanimlayan bilim dali olup bu degisiklikler gidalar i¢in kimyasal,
fiziksel veya mikrobiyolojik olabilir [1]. Kinetik modelleme gida bilimlerinde siklikla kullanilmakta ve
gidalardaki bazi bilesenler icin denatiirasyon veya bozunma (Ornegin vitaminlerin zamana bagh
bozunmasi) genellikle sifirinci, birinci ya da ikinci dereceden bozunma kinetigi ile tanimlanmaya
caligilmaktadir [2]. Ancak son yillarda gidalarin bozunma kinetigi ic¢in yapilan ¢alismalar
gostermektedir ki bozunma kinetiginde tepkime (reaksiyon) derecesi sifir, bir ya da iki yerine herhangi
bir dereceden (6rnegin 1.7 derece) olabilmektedir [3].

Jaskulka vd. [4] yapmis olduklar1 calismada daha 6nce tepkime derecesi birinci ya da ikinci derecede
olarak rapor edilen B-laktoglobulin’in 1s1l denatiirasyonu icin gercek tepkime derecelerinin 0.5 ile 2.5
arasinda degistigini gostermislerdir. Bu nedenle gidalarda yapilan ¢alismalarda tepkime derecesini
onceden sabitlemek ya da ongorerek modellemeye baslamak yerine tepkime derecesini modelleme
yaparak elde etmek dogru bir yaklagim olacaktir.

Bu calismanin ana amaci daha 6nce yayimlanmig veri setlerini iki farkli modelle tanimlamak, bu
modellerin performansini ve tahmin yeteneklerini karsilastirmaktir. Ikinci amacimiz geleneksel
modellemelerden farkli bir yol izleyerek kinetik modellemeyi uygulayacak aragtirmacilara farkli bir
bakis acis1 kazandirmaktir.

2. YONTEM
2.1. Veri setleri

Bu galigma i¢in kullanilan veriler Halabi vd.’den [5] alinmigtir. Halabi vd. [5] sicakligin a-laktalbumin
denatiirasyon kinetigi iizerindeki etkisini ¢aligmiglardir. Bu verileri kullanmamizin amaci (i) ¢alismanin
6 farkli sicaklikta (67.5, 70, 72.5, 75, 77.5 ve 80°C) yapilmis olmasi, (ii) her bir sicaklik i¢in yiiksek o-
laktalbumin konsantrasyonundan diisilk konsantrasyona dogru veri toplanmasi (en az %90
denatiirasyon), (iii) her bir sicaklik i¢in en az 13 farkli zamanda veri alinmis olmasi yani veri sayisinin
fazlaligidir. Literatiirde yapilan kinetik ¢alismalar genellikle az sayida sicaklikla (< 3), az sayida veri ile
(< 5) ve denatiirasyon/bozunma orani %50’yi gecmeyecek sekilde yapildigindan kullanilan bu veri seti
modelleme i¢in ¢ok uygundur. Veriler WebPlotDigitizer (https://automeris.io/WebPlotDigitizer)
kullanilarak sayisallastirilmis ve Excel® programina aktarilmistir.

2.2. Modelleme

Bozunma kinetigi i¢in kullanilan n-derece denklem asagidaki sekilde ifade edilir.
dc
— =k -Cc" 1
7 (1)

Bu denklemde C a-laktalbumin konsantrasyonu (g/L), t zaman (dakika), k' hiz sabiti (g' ™ L"!/dakika),
n ise birimsiz tepkime derecesidir. Denklem 1°i diizenleyip integral alirsak:

C(t):[cg—”+(n—1)-k'-t]ﬁ n#1 (2

Burada C,, a-laktalbumin’in ilk (t = 0) konsantrasyonudur. Denklemi yeniden diizenlersek:
C(t 1
C()=[1+(n_1)-1(-t]1—n n#l 3)
0
Bu denklemde K yeni hiz sabiti olup (K = k' - CI*~1) birimi 1/dakika’dir.
Eger Denklem 1°de n = 1 olursa
dc
= _k-C 4
Fr 4

Denklem 4 ¢oziiliirse:
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C(t)
—— =exp(—k-t) (5)
Co

Burada da k (1/dakika) hiz sabiti olup, exp = e ise Euler sayisidir (e = 2.71828)

Literatiirde Denklem 3’e alternatif olarak asagidaki denklem onerilmistir [6]:

C(¢)
= =exp(~b-t™) (©)
Co
Burada b hiz sabiti olarak diisiiniilebilir ¢iinkii birimi 1/dakika™dir, m ise birimsiz bir parametredir.
Dikkat edilecek olursa, eger m = 1 ise tamamen ampirik bir model olan Denklem 6, birinci dereceden
denkleme (Denklem 5) doniismektedir. Hem Denklem (3) hem de Denklem (6) ikiser parametreye
sahiptir ve verileri tanimlamak i¢in kullanilmislardir.

2.3. Modellerin karsilastirilmasi
Verileri tanimlamak i¢in kullanilan modeller asagidaki gibi karsilastirtlmistir:

(i) Gorsel karsilastirma: Gorsel olarak modellerin veriyle uyumuna bakilmistir. Ancak, bu
kargilagtirma sayisal bir deger vermedigi gibi bazi durumlarda yaniltict da olmaktadir. Bu
nedenle tek basina bir sey ifade etmeyen bu karsilastirma sadece modellerin verilere yakinligini
degerlendirmektedir. Sonug olarak verilere daha yakin olan model tercih edilmelidir.

(i) Model parametrelerinin istatistiksel olarak anlamli olup olmadigi: Parametreleri anlamsiz olan
model (p > 0.05) varsa anlamli parametrelere (p < 0.05) sahip model tercih edilmelidir.

(iii) Model uyum géstergeleri: Belirleme katsayis1 (R?) ile ayarli belirleme katsayist (ngarll) yiiksek

ve 1’e yakin olan model tercih edilmelidir. Ote yandan, modelin standart hatasmin (RMSE)
diisiik ve 0’a yakin olmast model uyumunun iyi oldugunun gostergesidir.

(iv) Modellerin tahmin yetenegi: Model icin kullanilan sicakliklardan farkli sicaklik ya da
sicakliklar i¢in modellerin tahminlerine bakilarak daha iyi tahmin veren model tercih
edilmelidir.

3. BULGULAR VE TARTISMA

Sekil 1°de her iki modelin (Denklem 3 ve Denklem 6) 6 farkli sicakliktaki a-laktalbumin
denatiirasyonunu tanimlamasi gosterilmistir. Sekil 1 incelendiginde her sicaklik igin yiiksek
konsantrasyondan diger deyisle C(t)/C, = 1’den diisiik konsantrasyona diger deyisle C(t)/C, = 0’a
¢ok sayida veri alinmis ve sonugta modelleme igin son derece uygun bir veri seti ortaya ¢ikmistir. Gorsel
olarak her iki model de verilerle uyumludur. Hatta bazi sicakliklarda (67.5, 75, 77.5 ve 80°C) her iki
model hemen hemen aynm1 uyumu gostermistir (Sekil 1). Ayrica iki modelin de parametreleri tim
sicakliklarda istatistiksel olarak anlamli (p < 0.05) ¢ikmustir.

Tablo 1°de modellerin uyum gostergeleri (R?, ngarll ve RMSE) listelenmis olup n-dereceden model

(Denklem 3) ampirik modele (Denklem 6) gore az farkla da olsa daha iyi uyum gostermistir. Ampirik
model sadece 75°C sicaklikta daha iyi sonug¢ vermistir, onun digindaki tiim sicakliklarda n-dereceden
model daha iyidir (Tablo 1).

Tablo 1. Birincil modellerin (Denklem 3 ve Denklem 4) uyum gostergelerinin karsilastirilmasi

Sicaklik (°C) R? Rayarh RMSE
Denklem 3 Denklem 6 | Denklem3 Denklem6 | Denklem3 Denklem 6

67.5 0.9975 0.9958 0.9973 0.9955 0.0157 0.0202
70 0.9967 0.9928 0.9965 0.9923 0.0210 0.0310
72.5 0.9948 0.9907 0.9944 0.9900 0.0248 0.0332
75 0.9965 0.9970 0.9964 0.9969 0.0193 0.0178
77.5 0.9961 0.9958 0.9958 0.9954 0.0220 0.0230
80 0.9980 0.9971 0.9979 0.9968 0.0137 0.0166
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Sekil 1. Denklem 3 (siirekli mavi egriler) ve Denklem 6’nin (kesikli kirmiz1 egriler) alt1 farkli
sicaklikta a-laktalbumin denatiirasyon verilerine (gri daireler) uygulanmasi. Orijinal veriler Halabi
vd.’den [5] alinmustir.

Sekil 2’de n-dereceden modelin (Denklem 3) ve ampirik modelin (Denklem 6) sirasiyla n ve m
parametrelerinin sicaklikla degisimi gosterilmektedir. Denklem 3’teki n parametresinin de Denklem
6’daki m parametresinin de sicakliga bagli olmadig1 anlagilmaktadir. Diger bir deyisle bu parametrelerin
sicakliga bagli modelini (ikincil model) elde etmek miimkiin degildir. n parametresi 0.9 ile 1.6 arasinda
degisirken, m parametresi 0.8 ile 1.1 arasinda degismektedir. Sekil 2°den ¢ikarabilecegimiz bir diger
sonug ise a-laktalbumin’in sicakliga bagli denatiirasyonunun birinci derecen olmadigidir ¢linkii m
degeri higbir sicaklikta 1 degildir. Dahasi n degeri 5 sicaklik i¢in 1°den biiyiik, bir sicaklik (75°C) igin
1’den kiigiiktiir ve birinci dereceden kinetik model bu veriler i¢in uygun degildir.

Modellerin her ikisinde de model parametreleri birbirleriyle baglantilidir (gosterilmeyen sonuglar) ve
bu da bir parametre degerindeki hatanin diger parametredeki hata ile dengelenebilecegi, dolayisiyla
istatistiksel olarak bir sorun teskil edebilecegi anlamimi tagimaktadir [7]. Bu nedenle sicakliga bagh
olmayan ya da sicakligin “zayif” bir fonksiyonu olan n ve m parametrelerini sabitlemek bu sorunu
¢Ozecektir. Her iki parametrenin alti sicakliktaki degerinin ortalamasi alinarak parametreler
sabitlenmistir: nyrtq1ama = 1.26 Ve Myrtqaiama = 0.92. Bu durumda Denklem 3 asagidaki gibi
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C(t 1
Qz [14+0.26-K-t] 026 (7)
Co
Denklem 6 agagidaki gibi yazilabilir:
C(t
(0 _ exp(—b - t*%%) ®)
Co

Bu indirgenmis modeller artik iki degil tek parametreye sahiptir ve orijinal hallerine gére daha basit
modellere doniigsmiislerdir. Ayni veri setlerine indirgenmis modeller uygulanmigtir ve bunlar Sekil 3’te
gosterilmektedir. Modeller her sicaklik i¢in gorsel olarak neredeyse ayni uyumu gostermistir.

Tablo 2°de indirgenmis modellerin uyum gostergeleri (R?, ngarll ve RMSE) verilmistir. Orijinal

modellerde (Denklem 3 ve Denklem 6) oldugu gibi indirgenmis modellerde de n-dereceden model
ampirik modele gore az da olsa daha iyi sonug¢ vermistir. Indirgenmis ampirik model sadece 75 ve
77.5°C’lerde indirgenmis n-dereceden modelden daha iyi uyuma sahiptir (Tablo 2). Modellerin
indirgenmis halleri orijinal modellerin uyumuna goére daha diisiik olsa da 80°C indirgenmis modeller
veriyle daha uyumludur (Tablo 1 ve Tablo 2). Ayrica indirgenmis modeller tek parametreye sahip
olduklarindan R? = R% ., [8].

Tablo 2. indirgenmis modellerin (Denklem 7 ve Denklem 8) uyum gostergelerinin karsilastiriimasi

Sicaklik (°C) R2 Rayar: RMSE
Denklem7 Denklem8 Denklem7 Denklem8 Denklem7  Denklem 8

67.5 0.9933 0.9919 0.9933 0.9919 0.0247 0.0271
70 0.9962 0.9922 0.9962 0.9922 0.0216 0.0312
72.5 0.9940 0.9897 0.9940 0.9897 0.0256 0.0336
75 0.9886 0.9903 0.9886 0.9903 0.0341 0.0315
77.5 0.9939 0.9946 0.9939 0.9946 0.0264 0.0250
80 0.9980 0.9971 0.9980 0.9971 0.0131 0.0160

Indirgenmis modellerden elde edilen parametrelerin yani Denklem 7°den elde edilen K parametresi ile
Denklem 8’den elde edilen b parametresinin sicakliga bagl degisimleri Sekil 4’te gosterilmektedir. Her
ne kadar hiz sabiti geleneksel olarak Arrhenius denklemi ile tanimlansa da [1], Arrhenius denkleminin
kullanilmasi siirekli elestiri konusu olmustur [6, 9]. Dahasi Arrhenius denkleminin mevcut verilere
(Sekil 4) uygulanmasi neticesinde daha kotii model uyumu ortaya ¢ikmistir (gdsterilmeyen sonuglar).
Bu nedenle her iki parametrede miimkiin olan en basit modelle tanimlanmis ve iki parametrenin de
sicaklikla dogrusal olarak arttig1 gézlemlenmistir (Sekil 4).

Ikincil modeller asagidaki gibi elde edilmistir:
K =0.0066-T — 0.4443 )

b =0.0069-T — 0.4619 (10)

Bu denklemlerde T sicakhiktir (°C). ikincil modeller karsilastirildiginda b parametresinin K
parametresine gore dogrusal modelle daha uyumlu oldugu anlasilmaktadir (Sekil 4). Eger ikincil
modeller indirgenmis birincil modellerin (Denklem 7 ve Denklem 8) igerisine yerlestirilirse asagidaki
modeller elde edilir:

C(t) 1
——=[1+026-(0.0066 - T — 0.4443) - t] 026 (11)
0
c(t
# = exp[—(0.0069 - T — 0.4619) - £0-92] (12)
0

Denklem 11 ve Denklem 12 kullanilarak modelleri olusturmak i¢in kullandigimiz sicakliklardan farkli
sicakliklarda a-laktalbumin denatiirasyonunu tahmin edebilmek miimkiindiir. Bu amagla 67.5-80°C
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araliginda ¢ farkli sicaklik sec¢ilmistir: 68, 74 ve 76.5°C. Tahmin benzetimleri Sekil 5°te
gosterilmektedir. Her ne kadar 68°C’de iki modelin tahmini farkli olsa da 74 ve 76.5°C’lerde iki model
hemen hemen ayni tahminleri vermistir. Maalesef tahmin sonuglarimi degerlendirebilecek veriler
elimizde bulunmamaktadir. Orijinal verilerin alindig1 Halabi vd. [5] de herhangi bir tahmin ¢aligmasi
yiiriitmemisleridir. Yine de bu tiir calismalarda sabit sicakliklarda model tahminlerinin nasil yapildigim
gostermesi bakimindan sonuglarimiz 6nemlidir.

A

1.8

1.6 —

1.4

n(-)

1.2~

1.0

%

T T T T T T T

66 68 70 72 74 76 78 80
Sicaklik (°C)

1.2

;

1.0

m (-)

0.9

0.8

0.7

06 T T T T T T T
66 68 70 72 74 76 78 80
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Sekil 2. Denklem 3’te yer alan n parametresinin sicaklikla degisimi (A) ile Denklem 6’da yer alan m
parametresinin sicaklikla degisimi (B). Her bir grafikteki kesikli ¢izgiler degerlerin ortalamasidir:
Nortatama = 1.26 Ve Myrtaiama = 0.92. Hata ¢ubuklart %95 giiven araliklarini gostermektedir.
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Sekil 3. indirgenmis modellerin yani Denklem 7 (siirekli mavi egriler) ve Denklem 8’in (kesikli
kirmizi egriler) alt1 farkl sicaklikta a-laktalbumin denatiirasyon verilerine (gri daireler) uygulanmasi.
Orijinal veriler Halabi vd.’den [5] alinmugtir.
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Sekil 4. Denklem 7’de yer alan K parametresinin sicaklikla degisimi (A) ile Denklem 8’de yer alan b
parametresinin sicaklikla degisimi (B). Hata ¢cubuklar %95 giiven araliklarim gostermektedir.
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Sekil 5. Denklem 11 (siirekli mavi egriler) ve Denklem 12’nin (kesikli kirmizi egriler) ii¢ farkli
sicaklikta tahmin egrileri

4. SONUC

Bu ¢alismada iki farkli modelin alt1 farkli sicakliktaki a-laktalbumin denatiirasyonunu tanimlamasi ve
tahmini gosterilmistir. Bu ¢alismadan ¢ikarilabilecek sonuglar sunlardir:

(1) Denklem 3 Denklem 6’ya gore verilere az farkla da olsa daha iyi uyum saglamistir (Sekil 1 ve
Tablo 1). Her iki modeli de o-laktalbumin denatiirasyonunu tanimlamak ig¢in kullanmak
miimkiindiir. (Birincil modelleme)

(i) Denklem 3’teki n parametresi ile Denklem 6’daki m parametresi sicakliga bagh degildir ve
sabitlenebilir (Sekil 2). Bu parametreler sabitlenerek modeller indirgenebilir yani parametre
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sayilar1 ikiden bire diistiriilebilir. Béylece Denklem 7 ve Denklem 8 elde edilir. (Yeniden birincil
modelleme)

(iii) Indirgenmis modeller (Denklem 7 ve Denklem 8) en az orijinal modeller kadar kullanislidir

(Sekil 3 ve Tablo 2). Burada da az farkla olsa da Denklem 7 Denklem 8’e gore daha iyi sonug
vermistir (Tablo 2).

(iv) Denklem 7°deki K parametresi ile Denklem 8’deki b parametresi sicaklikla dogrusal

degismektedir (Sekil 4). (ikincil modelleme)

(v) Ikincil modeller (Denklem 9 ve Denklem 10) birincil modellerin (Denklem 7 ve Denklem 8)

icine yerlestirilip elde edilen modeller (Denklem 11 ve Denklem 12) tahmin ¢aligmasi igin
kullanilabilir.

(vi) Denklem 11 ve Denklem 12, 68°C hari¢ ¢ok yakin tahmin sonuglar1 vermistir.

Nihai olarak bu calismanin kinetik modellemeyi arastirmalarinda kullanacak bir¢ok kisi i¢in yol
gosterici olabilecegi sOylenebilir.
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ABSTRACT

In this study, polyphenol recovery from feijoa (Feijoa sellowiana) peels was investigated in terms of mass transfer, kinetics
and thermodynamics approaches. Ultrasound-assisted extraction (UAE) was employed. 3 different amplitudes (10, 15 and 20%)
were use. It was observed that all three systems reached equilibrium within the first five minutes. Increasing the amplitude of
the energy increased the temperature of the environment, and in this case, the efficiency increased slightly (= 17 mg-GAE/g-
DP to = 18 mg-GAE/g-DP). In the UAE system, the diffusion coefficient varied between 2.120x10® and 3.995x10 8 m?min.
The Biot number changed between 150.333x10° and 206.867x%103, while the mass transfer coefficient was calculated between
9.507 and 14.050 m/min. The kinetic data of the UAE system was represented by both kinetic models (R?>0.97). Additionally,
it was observed that the rate constants (ki and k2) of both kinetic models generally increased with temperature. When the
thermodynamic structure of the UAE system was evaluated with parameters such as AH (>0), AS (>0) and AG (<0), the system
has been endothermic, spontaneous and moving towards disorder.
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OZET

Bu caligmada feijoa (Feijoa sellowiana) kabuklarmdan polifenol geri kazanimi kiitle transferi, kinetik ve termodinamik
yaklasimlar agisindan incelenmistir. Ultrason destekli ekstraksiyon (UDE) kullamIMISTIR. 3 farkli genlikte (%10, 15 ve 20)
cahigilmistir. Ik bes dakika icinde her ii¢ sistemin de dengeye ulastig1 gozlendi. Enerjinin genliginin arttirilmas1 ortamin
sicakligini arttirdi ve bu durumda verim bir miktar artt1 (= 17 mg-GAE/g-DP'den =~ 18 mg-GAE/g-DP'ye). UDE sisteminde
difiizyon katsayist 2,120%1078 ile 3,995x10°8 m*dk arasinda degisiyordu. Biot sayis1 150.333%x10° ile 206.867x10° arasinda
degisirken, kiitle transfer katsayist 9.507 ile 14.050 m/dk arasinda hesaplandi. UDE sisteminin kinetik verileri her iki kinetik
modelle (R2>0.97) temsil edildi. Ayrica her iki kinetik modelin hiz sabitlerinin (k1 ve k2) genel olarak sicaklikla arttig1
gozlenmistir. UDE sisteminin termodinamik yapist AH (>0), AS (>0) ve AG (<0) gibi parametrelerle degerlendirildiginde
sistemin endotermik, kendiliginden ve diizensizlige dogru ilerledigi goriilmektedir.
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1. INTRODUCTION

Biorefinery approach simply comprises the conversion processes where raw materials of biological
origin are processed to produce high value-added products such as heat, electricity, fuel and fine
chemicals. Therefore, particularly biowaste by-products have recently attracted the attention of
researchers working in natural products chemistry. Agro-food industry produces huge amounts of solid
waste, which is generally employed as feed or fertilizer [1]. Actually, valorization of this biowaste is of
great value from an economic perspective. Moreover, recovery of high-added value materials from waste
of agro-food industries attracts interest because of the novel technologies in process engineering [2].
The peel, which is almost half the weight of the fruit, is also a rich source of antioxidant polyphenols
[3]. So, the recent studies on the bioactive extraction from peels of several fruits show the related source
is of significant importance. Suleria et al. screened the bioactive properties of the 20 different fruit peels
[4]. The peels of apple, apricot, avocado, banana, custard apple, dragon fruit, grapefruit, kiwifruit,
mango, lime, melon, nectarine, orange, papaya, passionfruit, peach, pear, pineapple, plum and
pomegranate were compared in terms of total polyphenols, flavonoids and antioxidant activity. Phaleria
macrocarpa peels were also investigated as raw material with respect to antioxidant activity and total
polyphenols [5]. Microwave-assisted extraction was used as the obtaining method. Guthrie et al.
recovered phenolic antioxidants from green kiwifruit peel using subcritical water extraction [6]. Hanafy
et al. used pomegranate, orange and banana peels to extract bioactive metabolites [7].

In the current study, we applied ultrasound-assisted extraction (UAE). Castafieda-Valbuena et al. and
Safdar et al. extracted polyphenols from mango peels by means of UAE [8,9]. Pomegranate peels were
also extracted by the same method (UAE) [10-12]. Mandarin peels were used as polyphenol source by
application of UAE [13,14]. Ultrasound treatment was also used for the extraction of polyphenols from
orange peels [15]. In this study, we used feijoa (Feijoa sellowiana) peels as polyphenol source. This
research material was used as potential antioxidant source in previous studies. Santos et al. used
pressurized liquid extraction and supercritical fluid extraction methods for the concerned material [16],
while Abishli et al. employed microwave-assisted extraction for the recovery of polyphenols [17]. The
polyphenols have been recovered from feijoa peels by means of UAE. The UAE system has been
investigated in terms of mass transport, kinetics and thermodynamics. The response of the UAE system
was selected as total polyphenol content (TPC). The aim of this study is to produce findings on effective
diffusivity, kinetics and thermodynamics for the first time. So, this study will serve as a guide for further
similar studies on the recovery processes of several biomass.

2. MATERIALS AND METHODS
2.1. Materials

Fruit samples were brought from Azerbaijan. The peels were separated from the fruit samples after the
fruit was cleaned by distilled water. The peels were dried at ambient conditions before grounded. The
moisture content was ~16%. The particle size of the solid material was adjusted to 855 um. Additionally,
ethanol, methanol, Folin reagent, gallic acid and Na,COs were from Merck (Darmstadt, Germany).

2.2. Extraction Procedure

The UAE method was used to examine the kinetics, thermodynamics and mass transfer mechanisms of
the extraction process. The UAE device was produced by Sonics and Materials Inc (Newtown, USA;
750 W and 20kHz). The device had a probe system. Ethanol-water solution (60%, v/v) was used as the
solvent. The solvent volume was kept at 35 mL, and the weight of the solid was set at 0.5 g. Extract
samples with a volume of approximately 30 mL were stored in centrifugal plastic test tubes with a
capacity of 50 mL.

2.3. Quantification of Total Polyphenols

Total polyphenol content (TPC) was measured by Folin method as described earlier [18]. The
spectrophotometric measurements were performed by UV-Visible spectrophotometer (PG Instruments,
T60/Leicestershire, UK). Incubation time was adjusted as 30 min. After 30 min, the absorbance of the
solution was read at 765 nm. The data was given as the gallic acid equilance per g dried peel (mg-
GAE/g-DP).
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2.4. Mass Transfer, Kinetics and Thermodynamic Calculations

Diffusion coefficient (D), mass transfer coefficient (Kr) and Biot number (Bi) were calculated for the
UAE of polyphenols from feijoa peels by using the Eqs.1-3. Eq.1 is derived from Fick’s second law,
while Bi determines the ratio of internal and external resistances of mass transfer by Eq.2 [19].
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Y= TPC yield at equilibrium (mg-GAE/g-DP)
Y= TPC yield at any time (mg-GAE/g-DP)

r= Particle radius (m)

D= Diffusion coefficient (m?/sec)

n(e =)= () @

Co= TPC concentration at equilibrium (mg-GAE/L)
Ct=TPC concentration at any time (mg-GAE/L)
K= Mass transfer coefficient (m/min)
A= Particle total surface area (m?)
Vs= Solution volume (m?)
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| A De
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The kinetic data was evaluated by pseudo-first-order model (Eq.4), pseudo-second-order model (Eq.5)
and Arrhenius equation (Eq.6), respectively [20]:
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Co= Initial TP concentration (mg-GAE/L)

C= TPC concentration at equilibrium (mg-GAE/L)
C= TPC concentration at any time (mg-GAE/L)
t= Time (min)

k= First-order rate constant (1/min)

ko= Second-order rate constant (L/mg min)

k= Extraction rate constant (L/mg sec) or (1/min)
E.= Activation energy (kj/mol)

ko= Frequency factor

T= Temperature (K)

R= Universal gas constant (8.314 J/mol K)
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The thermodynamics of the system was evaluated in terms of enthalpy (AH), entropy (AS) and Gibbs
free energy (AG) [21]. Eqs.7-9 were used to calculate the related terms:

AH 1 AS
- wx_a1_- 7
InK, R X T + R (7
— ®)
¢ Ymax - Ys
AG = AH — TAS )

Ke= Equilibrium constant rate

Y= TPC yield at equilibrium (mg-GAE/g-DP)
Y max= TPC yield at maximum (mg-GAE/g-DP)
AG= Gibbs free energy change (kj/mol)

AH= Enthalpy change (kj/mol)

AS= Entropy change (kj/mol K)

3. RESULTS AND DISCUSSIONS

3.1. Ultrasound-Assisted Extraction

Table 1 and Figure 1 demonstrate the polyphenol levels in the peel extracts obtained by UAE under
several amplitude values depending on the time. The amplitude of the ultrasound indicates the energy.
The temperature values were also recorded after each run. The given temperature values are the
arithmetic mean of the all extracts under constant amplitude.

Table 1. TPC levels of the Feijoa sellowiana peel extracts obtained by UAE under different amplitude
and time values.

Amplitude Time TPC Temperature
(%) (min) (mg-GAE/g-DP) (°O)
1 9.9+0.01
2 15.3+£0.03
3 16.5+0.01
10 4 16.6+0.01 21
5 16.9+0.02
10 16.9+0.01
15 16.89+0.05
20 16.88+0.04
1 12.87+0.01
2 16.07+0.01
3 17.057+0.06
4 17.26+0.01
15 25
5 17.2340.05
10 17.30+0.01
15 17.25+0.01
20 17.23£0.01

1 12.34+0.01
2 16.12+0.01
3 18.23+£0.06
4 18.3+0.01

20 30
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5 18.3+0.01
10 18.340.05

As seen in Figure 1, the related system is in equilibrium within the first five minutes. Increasing the
amplitude of the energy increased the temperature of the environment, and in this case, the efficiency
increased slightly. The TPC yield increased from approximately 16.5 (10%) to = 17 mg-GAE/g-DP
(15%), and finally to = 18 mg-GAE/g-DP (20%). These findings are superior than those of the
supercritical fluid extraction (with CO» and ethanol) [16]. Our results were also in convenient with the
values of microwave-assisted extraction [17].

20
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g) 10 15%
8 g 8 20%
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= 2
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0 5 10 15 20 25

Extraction time
(min)

Figure 1. Identification of the equilibrium time under different amplitude values.

3.2. Mass Transfer Studies

The mass transfer mechanism in obtaining extract from F. sellowiana fruit peels using UAE was
expressed by diffusion coefficient, mass transfer coefficient and Biot number, respectively. The UAE
system operated under three different temperatures (294, 298 and 304 K). Table 2 shows the diffusion
coefficient, mass transfer coefficient and Biot number values for the system depending on the
temperature.

Table 2. Mass transport parameters of the UAE system for the recovery of F. sellowiana fruit peels.

Temperature (K)

Parameter
294 298 304
De (m*min)x10-8 2.120 2.823 3.995
Bi x10? 191.710 206.867 150.333
Kt (m/min) 9.507 13.661 14.050

As seen in Table 2, the diffusion coefficient varies between 2.120x10 ® and 3.995x10 ® m?*/min (Figure
2). The mass transfer coefficient was calculated between 9.507 and 14.050 m/min (Figure 3). It is
observed that mass transfer increases with temperature. This is an expected result, since increasing the
temperature decreases the viscosity. In this case, it increases the transmission of the target component
to the solvent system.
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Figure 2. Diffusion coefficients under different temperature values.

The Biot number varies between 150.333x10° and 206.867x10° (Figure 4). The level of Bi gives an idea
about the resistance between the internal and external. So, our Bi was calculated as high (>100),
indicating that internal resistance is higher than external resistance. This means that the contact between

the feijoa peel and the solvent (60% of ethanol solution) [22].
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Figure 3. Mass transfer coefficients under different temperature values.
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Figure 4. Biot numbers under different temperature values.
3.3. Kinetics Studies

Within the scope of this study, the kinetics mechanism for the obtaining extract from F. sellowiana fruit
peels using UAE was explained with 2 different mathematical models. These models are pseudo-first-
order kinetic model and pseudo-second-order kinetic model. The kinetics were studied at three different
temperatures (294, 298 and 304 K). Table 3 shows the first- and second-order rate constants, activation
energy and R? values for the related equations.

Pseudo-first-order constant increases by temperature as seen in Table 3. Similar observation on pseudo-
first-order constant tendency was also recorded by Sant’Anna et al, who investigated polyphenol
extraction from grape marc [23]. Additionally, the R? values of the model are satisfactory. The kinetic
data was represented much better with pseudo-second-order kinetic model depending on the R? values
(>0.99). Hence, activation energy was calculated by Arrhenius equation using the constant of pseudo-
second-order kinetic model (kz).

Table 3. Kinetic parameters of the UAE system for the recovery of F. sellowiana fruit peels.

Model Parameter Temperature (K)

Pseudo-first-order 294 298 304
ki1 (1/sec) 0.6235  0.8959 0.9215
R? 0.9949  0.9985  0.9757

Pseudo-second-order 294 298 304
kz (L/mg sec) 0.0023  0.0029  0.0024
R? 0.9976  0.9984  0.9960

Ea (kJ/mol) 4.90
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R? 0.9520

The relationship between 1/T and Ink; is indicated by Figure 5. E, was calculated as 4.9 kJ/mol as seen
in Table 3. 3.52 kJ/mol was reported for the UAE of polyphenols from moringa leaves [24].

0

0.00328 0.0033 0.00332 0.00334  0.00336  0.00338 0.0034 0.00342
-0.05 +

o—
-0.1 4

Ink,

UT (LK)

Figure 5. Application of Arrhenius equation to calculate activation energy.
3.4. Thermodynamics Studies

The thermodynamic structure of the system was evaluated with parameters such as AH, AS and AG in
obtaining extract from F. sellowiana fruit peels using UAE. Table 4 shows the relevant parameters.

Table 4. Thermodynamics parameters of the UAE system for the recovery of F. sellowiana fruit peels.

Parameter Temperature (K)
294 298 304
Ke 3.8259 4.1276 6.2390
AH (kJ/mol) 37.45
AS (kd/mol K) 0.138
AG (kd/mol) -3.122 -3.674 -4.502
R? 0.9272

A positive enthalpy change indicates that the system is endothermic. A positive entropy change is an
indication that the system is heading towards disorder. Gibbs free energy was calculated as negative at
all temperature values. This indicates that the UAE system studied behaves spontaneously. Similar
thermodynamic tendency in case of entropy, enthalpy and Gibbs free energy changes was also reported
for the UAE of polyphenols from moringa leaves [24], microwave-assisted extraction of metabolites
from Terminalia bellerica [25], and UAE of bioactive substance from UAE Taxus chinensis leaves [26].

4. CONLCUSION

Feijoa fruit (Feijoa sellowiana) peel was chosen as the source of polyphenol within the scope of this
study. Ultrasound-assisted extraction was chosen to achieve the target material. The extraction time was
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determined by obtaining the kinetic data of the ultrasound-assisted extraction method. The kinetic
mechanism of the method was explained by two different mathematical models: pseudo-first-order
kinetic model and pseudo-second-order kinetic model. Additionally, the activation energy of the relevant
system was calculated using the kinetic data. The mass transfer mechanism of the ultrasound-assisted
extraction process was expressed by the diffusion coefficient, mass transfer coefficient and Biot number
under different temperature values. Thermodynamic parameters (enthalpy, entropy and Gibbs free
energy changes) of the same system were also calculated. To conclude, the outcome of the current study
indicates that the peel of feijoa fruit is a rich source of bioactive components. The data produced is of
great value for the prediction of process conditions in industrial scales.
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ABSTRACT

Addressing the critical global need to combat agricultural scarcity, this research introduces artificial intelligence (AI) based
smart greenhouse prototype as a holistic solution for enhanced productivity and sustainable practices. The study presents the
design and implementation of an Al-powered intelligent greenhouse that integrates advanced technologies to optimize
agricultural processes. Central to this prototype are integrated sensors that continuously capture real-time data on environmental
parameters and crop conditions. This data is then used to develop predictive models, mitigating potential issues such as crop
diseases. Complementing these capabilities, renewable energy sources, specifically solar power, are harnessed to meet the
greenhouse's energy requirements, fostering eco-friendly operations. The research outlines a comprehensive system
architecture, encompassing sensor data acquisition, serial communication, Python-based data analysis, and integration with the
Thingspeak platform for data visualization and access. This cohesive setup allows stakeholders to gain insights into the
greenhouse environment and crop well-being, facilitating informed decision-making. The proposed smart greenhouse prototype
presents an innovative approach to precision agriculture, showcasing the potential of Al and renewable energy integration in
revolutionizing conventional farming practices. By enhancing productivity, energy efficiency, and adaptability, this prototype
offers a promising solution to address the challenges of modern agriculture while promoting sustainability.
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Tarimsal kitlikla miicadele i¢in kritik kiiresel ihtiyaci ele alan bu arastirma, gelismis verimlilik ve siirdiiriilebilir uygulamalar
icin biitliinsel bir ¢6ziim olarak yapay zeka (Al) tabanli bir akilli sera prototipini tanitmaktadir. Bu ¢alisma, tarimsal siiregleri
optimize etmek igin gelismis teknolojileri entegre eden yapay zeka destekli akilli bir seranin tasarimini ve uygulamasini
sunmaktadir. Bu prototipin merkezinde, ¢evresel parametreler ve mahsul kosullar1 hakkinda gercek zamanli verileri siirekli
olarak yakalayan entegre sensorler bulunmaktadir. Bu veriler daha sonra tahmine dayalt modeller gelistirmek i¢in kullaniliyor
ve mahsul hastaliklar1 gibi potansiyel sorunlar1 hafifletebilmektedir. Bu yetenekleri tamamlayan yenilenebilir enerji kaynaklari,
ozellikle de giines enerjisi, seranin enerji gereksinimlerini karsilamak i¢in kullaniliyor ve ¢evre dostu operasyonlart tesvik
etmektedir. Bu ¢aligmada sensor veri toplama, seri iletisim, Python tabanli veri analizi ve veri gorsellestirme ve erisim i¢in
Thingspeak platformuyla entegrasyonu i¢eren kapsamli bir sistem mimarisinin ana hatlar1 sunulmustur. Bu uyumlu kurulum,
paydaslarin sera ortami ve mahsuliin refah1 hakkinda bilgi edinmesini saglayarak bilingli karar vermeyi kolaylastirmaktadir.
Onerilen akilli sera prototipi, geleneksel tarim uygulamalarinda devrim yaratmada yapay zeki ve yenilenebilir enerji
entegrasyonunun potansiyelini sergileyerek hassas tarima yenilikgi bir yaklasim sunmaktadir. Uretkenligi, enerji verimliligini
ve uyarlanabilirligi artiran bu prototip, siirdiiriilebilirligi tesvik ederken modern tarimin zorluklarimi ele almak i¢in umut verici
bir ¢6ziim sunmaktadir.
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1. INTRODUCTION

The World Bank's projections indicate that the global population is set to surpass 9.6 billion by 2050
[1]. However, the expansion of urban areas, coupled with land degradation and the diversion of crops
for biofuel production, is expected to result in a reduction of suitable agricultural land ranging from 8%
to 20% by 2050 [2]. Given these circumstances, there's a pressing need for agricultural production to
escalate by approximately 50% by 2050. In terms of energy consumption, insights from greenhouse
practices across various nations reveal that cultivating 1 kg of dry lettuce demands 70 kWh of electricity
in the Netherlands, 111 kWh in the United Arab Emirates, 195 kWh in Sweden, and 247 kWh in
Colombia [3].

Considering the conditions of Turkey and the climate conditions and level of development in the
researched countries, it can be argued that this country can provide better greenhouse conditions than
the countries involved in the research.

There is a close relationship between global warming and arable land for agriculture. The impact of
global warming can result in land degradation, drought, and diminishing water resources, leading to a
decrease in agricultural productivity. Excessive heat and climate change can have adverse effects on
agricultural production and reduce the amount of land suitable for farming. Additionally, the decline in
water resources can restrict the amount of water available for agricultural irrigation. Climate change is
also one of the sources threatening food security. It is critical to effectively handle water resources,
enhance farming methods, and adopt climate-conscious agricultural approaches to strengthen the
resilience and sustainability of agriculture [4].

The main focus of smart greenhouses is to realize more efficient crop production with less energy
compared to conventional methods, while also improving the quality of the harvested crops. Among the
objectives, renewable energy and energy efficiency are also included in the greenhouse prototype to
meet the energy requirements. This is achieved by harnessing solar energy through the use of solar
panels within the greenhouse.

The sensors located in the greenhouse, which are connected to a microcontroller, provide data on various
parameters such as temperature, humidity, and air quality. Through the microcontroller, the controlled
units such as fans and water motors are regulated to maintain optimal conditions for plant growth. This
integration of sensors and control units enables the greenhouse to acquire the smart greenhouse feature,
ensuring optimal conditions for plant development.

In summary, this paper presents the basic parameters of a greenhouse for a smart greenhouse and the
proposed solutions to renewable energy and energy efficiency issues. For this, an example smart
greenhouse prototype and microcontroller software have been developed. The primary objectives of this
paper and its addition to the literature are as follows:

1) Development of a low-cost smart greenhouse prototype with various electronic hardware to enhance
Al applications in agriculture,

2) Demonstration of the use of Industry 4.0 tools such as the Internet of Things in a greenhouse,

3) Transferring the basic parameters such as temperature and humidity that need to be controlled in a
greenhouse to remote servers via the Internet of Things, thus enabling the development of data analysis
techniques for monitoring plant growth processes in the greenhouse.

In the remainder of the article, Section 2 describes the materials and methods used in the formation of
the smart greenhouse. Afterward, Section 3 is the general working diagram of the developed smart
greenhouse. Finally, Section 4 describes in detail the results obtained and future work.
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2. MATERIALS AND METHODS

In this study, a smart greenhouse prototype has been developed for Al-based precision agriculture
applications. The flow diagram of the development stages of this prototype is given in Figure 1.
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Figure 1. Flow Diagram

As shown in Figure 1, firstly, the greenhouse prototype is prepared with the physical layer and control
unit stage. Then, the software to control the greenhouse is developed in the general working diagram
section and finally, the results obtained from the smart greenhouse are exhibited in the conclusion
section. For this developed greenhouse, all the main process steps are explained in detail below.

2.1. Physical Layer

The physical layer of the greenhouse consists of three parts. These parts are explained in detail in the
sub-headings

2.1.1. Flower Pot and Plexiglass

While constructing the prototype greenhouse, plexiglass was used. The reason for using Plexiglass is
that it is lighter and more durable than glass. In addition, the light transmittance of plexi is better than
other materials. Likewise, plastic pots were used to make the greenhouse lighter and more portable. The
use of plexiglass and plastic containers for the greenhouse is shown in Figure 2.
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Figure 2. Flower Pot and Plexiglass
2.1.2. Solar Panel and Batteries

A 24V solar panel was used to meet the energy needs of the prototype greenhouse. The solar panels used
are shown in Figure 3. The electrical energy obtained with this panel was transferred to 2 parallel
connected 12V 9Ah batteries via a solar charge controller. When the energy consumption of the
greenhouse is examined, two different situations are observed.
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Figure 3. Solar Panel, Batteries, and Charge Controller

When the indoor environment needs to be heated in cold weather conditions, the energy consumed
increases and the energy need of the system is met by the solar panel at a rate of 25 percent. This is
because the heater draws a large amount of current. However, in hot weather, 80 percent of the system’s
energy needs are met by the solar panel.

2.2. Control Unit

The control unit of the smart greenhouse to be developed consists of three parts. These are the
microcontroller, sensors, and components controlled by the microcontroller.

2.2.1. Microcontroller

The microcontroller to be used in this research is Arduino. Arduino has a relatively simple programming
process compared to other microcontrollers with its simple software language, which is open to
development thanks to its open-source codes. It is a kind of small computer that can read inputs from
sensors, control actuators, and communicate with other devices through various communication
protocols. Arduino development environment is software that allows one to write code for the
microcontroller and upload the code to the board. It is also generally used in education and research to
teach programming and electronics. In this system, an Arduino "MEGA" microcontroller will be used
because there are many analog inputs [5]. The Arduino Mega used in this study is shown in Figure 4.
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Figure 4. Arduino “MEGA” Microcontroller [6]
2.2.2. Sensors

In this study, in determining the sensors to be used in smart the greenhouse, the parameters to be
followed in a greenhouse were examined and the parameters that could be important for the plants were
determined. These are the preferred air temperature and humidity, soil moisture, light measurement, air
quality, and CO2 parameters for plant status indicators. In this case, suitable sensors that will enable the
microcontroller preferred in this study to measure these parameters are explained in detail below.
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In the smart greenhouse, it was first preferred to use DHT22 to measure air temperature and humidity.
DHT?22 is an air temperature and humidity sensor that works with Arduino. This sensor uses a capacitive
humidity sensor and a thermistor to measure the surrounding air and sends digital data over a single wire
interface [7]. Another used sensor is the soil moisture sensor. This sensor is used in this system to
measure the moisture ratio in the soil. It includes a sensor that can be installed into the soil and an analog
interface, connected to the sensor to an Arduino board. When it is connected, the Arduino can be
programmed to read the sensor's output and convert it into a moisture level reading [8]. For light
measurement in the smart greenhouse, Light Dependent Resistor (LDR) is preferred for the
measurement of the light state. This sensor has the feature of changing the resistance of the sensor
depending on the intensity of light coming into the sensor. In this way, it sends data to Arduino depending
on the light intensity coming into the greenhouse and undertakes the task of providing data in the
operation of the plant growth light [9]. For air quality measurement, MQ-135 is a sensor that detects
harmful gases (alcohol and smoke) in the air and gives a value of “ppm” according to the particle ratios
of these gases in the air. It is connected to the Arduino via an analog pin [10]. For the CO2 measurement
of a smart greenhouse, an MH-Z14 sensor is preferred. The MH-Z14 is an Arduino-compatible sensor
that measures the CO2 composition in the air. It works by measuring the absorption of infrared light at
a specific wavelength by CO2 molecules. The sensor has an infrared emitter and a detector, and it uses
a microcontroller to analyze the signal and calculate the CO2 concentration [11]. In summary, in total,
five sensors were used to monitor the basic parameters in the smart greenhouse in this study.

2.2.3. Controlled Components

Optimum conditions for plant growth are provided by these components, these components are
controlled by the microcontroller with relays. These are ventilation fans, heater fans, plant grow lights,
and peristaltic liquid pumps. Its use is detailed below.

As ventilation fans, two fans will be used. The first is for fresh air to enter the greenhouse. Our aim here
is to provide the most suitable conditions for the plant to perform photosynthesis. For this purpose, it
will be ensured that fresh air from the outside is taken into the greenhouse. The second fan will be used
to remove the harmful gases accumulated in the greenhouse from the greenhouse. The Arduino will
control the fans. Thanks to the data it receives from the Arduino sensors, it will monitor the air in the
greenhouse and run the fans when necessary. On another issue, temperature is an important factor for
plant growth. The appropriate temperature for each plant may vary. The Arduino will monitor the
temperature in the greenhouse with sensors and perform the necessary actions. The heater fan will be
used to heat the greenhouse interior and will be controlled by the Arduino. Plant growth light is used for
plant growth.

The purpose of using plant growth light is to achieve plant growth as soon as possible. Plants develop
in a light environment. For this reason, in this study, we will use these special lights so that the plant can
develop overnight. Finally, the peristaltic liquid pump provides the facility's water needs by drawing
water from the water tank with a water pump.

2.3. Communication and Data Tracking Unit

In this subsection, Raspberry Pi is used for data collection and the Thingspeak interface is used for data
monitoring. Details of these uses are given below.

2.3.1. Raspberry Pi 3B+

Raspberry Pi 3B+ is a small and affordable single-board computer with a 1.4 GHz quad-core processor,
1GB RAM, built-in Wi-Fi and Bluetooth, multiple ports for connectivity, and support for various
operating systems. It is widely used for educational, DIY, and IoT projects [12]. Arduino sends the data
it receives from the sensors to the Raspberry via serial communication (USB). These data are recorded
as strings with the developed Python software and then these data are sent to the Thingspeak interface
created for the smart greenhouse. The Python code developed for the data read via Arduino and sent to
the Thingspeak interface is given in Figure 5.
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isport serfal

arduing = serial.Serial('/dev/ttyUsse’, 9609)
isport urllib.request

sport requests

isport threading

list_values » []

=idef sain_func():
print("Established serial connection to Arduino')
arduino_data = arduino.readline()
decoded_values = str(anduin_data[@:len(arduino_data)].decode("utf-8"))
print(decoded_values)
list_values = decoded_values.split('x")
print(list_valves[e])
sensor_readingse(api_key':"K0796GCPIEEGLFFS’, ‘fieldl :1ist values[@], 'field2" :list values[1],'field3':list values[2],'fields':1ist values[3],'fieldS':1ist values[4],'fields’:1ist_values[S], field?" :1ist values[6]}
urls'hktps: //api. thingspeak. con/update. {son"
requests_headers={'Content-Type': "application/jsca’}
print("Sending data to thingspeak.cos®)
responsesrequests.post(url, sensor_readings,requests_headers)
print("Response code:”,response. status_code)
print("Response code:",response.text)

schedule.every(15).seconds.do(sain_func)
=while True:
schedule. rua_pending()
tize.sleep(1)

Figure 5. Python Code for ThingSpeak
2.3.2. ThingSpeak

An Internet of Things (IoT) platform called ThingSpeak.com allows users to gather, examine, and
visualize data from connected devices. In addition to providing tools for data processing, analysis, and
visualization, it offers cloud-based storage for sensor data. ThingSpeak enables customers to effortlessly
monitor and control their IoT applications by supporting a variety of IoT devices and integrating with
well-known platforms. For advanced data analysis and machine learning capabilities, it also provides
MATLAB Analytics integration. ThingSpeak offers a flexible and user-friendly solution for IoT data
administration and application development thanks to its open-source status and vibrant community.
The data of the smart greenhouse was sent to ThingSpeak via Raspberry Pi with Python Code and the
graphic examples obtained are given in Figure 6.
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Figure 6. Illustration of smart greenhouse data posted to Thingspeak
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3. GENERAL WORKING DIAGRAM

The general operation diagram is detailed in two parts the control unit and communication subsections.
3.1. Controller Unit

All steps performed in the controller unit of the general flow diagram are explained below.

1) Data Acquisition from Sensors: The system acquires data from sensors, which detect various
physical or environmental variables. These variables are converted into electrical signals and
transmitted to the Arduino microcontroller.

2) Data processing: The signals that are received are processed by the Arduino microcontroller.
The data from the sensors are analyzed as part of this processing, and they are then mapped to
particular value ranges. The Arduino code makes decisions in accordance with this data
processing and analysis.

3) Relay Control: The Arduino code utilizes relays to control the operation of the monitored
components.

4) Signal Transmission: Based on the specified value ranges in the Arduino code, the relays of the
monitored components receive "HIGH" or "LOW" signals. The "HIGH" signal shows that a
component should be activated and operated, while the "LOW" signal shows that a component
should be deactivated and not operate.

5) Operation of Components: The "HIGH" or "LOW" signals sent to the relays affect their
switching. This enables the operation of the monitored components.

Therefore, by transmitting data from the sensors to the Arduino microcontroller, decisions are made
based on this data, and appropriate signals are sent through the relays of the monitored components to
enable their operation. An example of the general operation diagram of the smart greenhouse is given in
Figure 7.

Cloud
System

A

Sensor data transfer

SERA 4.0

Figure 7. General working diagram of smart greenhouse

As seen in Figure 7, basic parameters such as temperature and humidity obtained from a greenhouse can
be given as input to an artificial neural network (ANN). In this direction, a sample ANN model can be
developed for the estimation of parameters such as energy, heat, etc., or the determination of
normal/abnormal conditions in the greenhouse (14). ANN, one of the Al methods, is a method used in
many different fields for processing and modeling numerical values. For this purpose, this study aims
to show that the sensor information obtained can be processed with an ANN model and feedback can be
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provided on a smart greenhouse using digital twin technology. Accordingly, in this study, the
development of a smart greenhouse example modeling that can provide mutual feedback between the
digital twin and the greenhouse and take actions according to the situation is shown.

3.2. Communication
All steps performed in the communication section of the general flow diagram are explained below.

1. Data Acquisition from Sensors: The system collects data from sensors that detect various
physical or environmental variables. This sensor data is transmitted to the Arduino
microcontroller.

2. Serial Communication: The Arduino microcontroller uses serial communication to transmit the
sensor data to Raspberry Pi. Serial communication allows data transfer between Arduino and
Raspberry Pi.

3. Data Analysis with Python: Raspberry Pi receives sensor data and uses Python code to analyze
the data. The Python code processes and interprets the received data according to the desired
analysis algorithms or logic.

4. Sending Data to Thingspeak: After data analysis, Raspberry Pi sends the processed data to the
Thingspeak platform. Thingspeak is an [oT analytics platform that allows users to store, analyze,
and visualize their sensor data.

5. Accessing Data: By sending the data to Thingspeak, the user gains access to the latest sensor
data. Users can access this data through the Thingspeak platform’s user interface or retrieve it
programmatically through APIs provided by Thingspeak.

By employing this setup, the sensor data is transmitted from the sensors to the Arduino via serial
communication. The Arduino forwards the data to the Raspberry Pi, where it is analyzed using Python
code. Finally, the processed data is sent to Thingspeak, enabling users to access and interact with the
data for various purposes. The developed smart greenhouse prototype is shown in Figure 8.

Figure 8. Prototype smart greenhouse
4. RESULTS AND FUTURE WORKS

The system has been carefully designed to be self-sustaining in terms of energy consumption and user-
friendly for easy control. The prototype greenhouse serves as a confirmation of these qualities. However,
the system has further development potential and there are future studies that could expand its
capabilities. One of the areas of development is digital twin technology. Thanks to the real-time
information and insights provided, digital twin technology offers various advantages such as improved
performance, predictive capabilities, and remote monitoring. In this context, this technology involves
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creating a virtual copy of a physical system in a computer environment. Accordingly, sensors data from
a greenhouse can be used for remote monitoring and predictive features to improve performance.

Digital twin technology involves creating a virtual replica of a physical system in a computer
environment. In the case of the prototype greenhouse, the most significant resource for creating a digital
twin would be the sensor data. Once this data is stored, it can be used to generate various scenarios. Risk
analysis can be performed based on these scenarios, and necessary warnings or alerts can be provided
to the user. Ultimately, by automating the control of the components within the system, the goal is to
achieve a fully automated system.

Future developments in the system's evolution encompass the integration of digital twin technologies
and its transition toward a fully automated state. These advancements are poised to augment the system's
capabilities, efficiency, and dependability, thereby paving the way for a more sophisticated and
intelligent control of the greenhouse environment. The incorporation of a soil mineral level sensor
represents a noteworthy contribution to the research endeavor. This sensor enables us to monitor the
essential minerals required for plant growth. Consequently, it allows us to supply the requisite minerals
to the soil via the irrigation system. The irrigation system, equipped with sensor data, is poised to deliver
the essential minerals to the plants automatically. For instance, in the event of a sensor detecting a low
nitrogen level, it can administer a nitrogen-rich fertilizer or nutrient solution to the soil autonomously.
This proactive approach promotes the healthy growth and development of the plants. The soil mineral
level sensor plays a pivotal role in furnishing minerals necessary for plant growth promptly and
accurately. This not only enhances plant development and productivity but also facilitates the judicious
utilization of fertilizers and water, thereby contributing to the optimization of resource management.

This new development will improve the ability to provide the essential mineral nutrients for optimal
plant growth, transforming it into a more sophisticated plant cultivation and management system. Plant
growth optimization will boost production and improve resource management. Image processing is
widely used for plant disease detection. Plant diseases are symptoms produced by pathogenic organisms
or infections that degrade plant health and reduce production. Image processing tools let us detect plant
illness by analyzing photos of plant leaves or other plant elements [13].

The following steps are commonly included in the identification of plant diseases using image
processing:

1. Image Acquisition: First, high-resolution photographs of plant leaves or plant components are
obtained. These photos will be obtained with the help of a Raspberry Pi camera.

2. Preprocessing: The resulting images go through preprocessing steps. These steps are contrast
enhancement, color conversion, noise reduction, and image corrections. Their purpose is to
improve image quality to get better analysis.

3. Feature Extraction: To identify disease signs, features are retrieved from photos. The color,
shape, texture, and morphological properties of leaves are examples of these qualities. Feature
extraction allows for picture analysis utilizing statistical or artificial intelligence-based
techniques.

4. Classification: The collected characteristics are added to the classification models utilizing
machine learning or artificial intelligence approaches. These models are used to tell the
difference between healthy and diseased plants. Diseases are detected using categorization
findings.

5. Disease Detection and Analysis: Plant diseases are detected and evaluated based on
classification results. The purpose of this analysis is to ascertain the type, severity, or scope of
the disease. Based on this knowledge, relevant actions or interventions can be implemented to
lessen the disease's impacts.

Image processing represents a rapid, efficient, and automated approach to the detection of plant diseases.
This technology has evolved into a pivotal tool for both monitoring plant health and facilitating the early
diagnosis of diseases within the agricultural sector.
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In summary, in this study, a smart greenhouse prototype was developed and an exemplary digital twin
technology infrastructure was prepared. In future research, a completely automated greenhouse system
could be realized through the analysis of collected data using Al techniques. Sophisticated greenhouse
management systems can be created by capturing parameter values from sensors at specific intervals.
This process can facilitate the generation of recommendations for optimal climatic conditions conducive
to plant growth.
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