yaz

-
uy
c
S
©
>




Kimya Degerlendirmeleri

Editor
Doc¢.Dr. Zafer Omer OZDEMIR

yaz

yayinlari

2025



yaz

yayinlari

Kimya Degerlendirmeleri

Editor: Dog.Dr. Zafer Omer OZDEMIR

© YAZ Yayinlan

Bu kitabin her tiirli yaym hakki Yaz Yayinlari’na
aittir, tiim haklar1 saklidir. Kitabin tamami ya da
bir kismi1 5846 sayili Kanun’un hiikiimlerine gore,
kitabi yayinlayan firmanin 6nceden izni
almmaksizin elektronik, mekanik, fotokopi ya da
herhangi bir kayit sistemiyle ¢ogaltilamaz,
yayinlanamaz, depolanamaz.

E_ISBN 978-625-5838-65-0
Ekim 2025 — Afyonkarahisar

Dizgi/Mizanpaj: YAZ Yaymlar
Kapak Tasarim: YAZ Yaymlan

YAZ Yaynlari. Yaymer Sertifika No: 73086

M.Ihtisas OSB Mah. 4A Cad. No:3/3
Iscehisaty/ AFYONKARAHISAR

www.yazyayinlari.com
yazyayinlari@gmail.com

info@yazyayinlari.com



ICINDEKILER

Biyoinorganik Kimyada Nadir Toprak Elementlerinin

Serkan GUNEY

Molekiiler Baskilanms Polimer Temelli

Potansiyometrik Sensorler ...............ccccooviiiiiiiiin e 27
Nursen DERE
Innovation In Food Studies: Artificial Intelligence............. 38

Sema OZDEMIR, Biisra YUSUFOGLU

Investigation of the Interaction Between Fda-Approved
Antiviral Drugs and Sars-Cov-2 Protein Using Molecular
Docking Method ..o 75
Tolga Acar YESIL

Piroliz Gaz Kromatografisi Kiitle Spektrometresi
(Py-Ge/Ms) Cihazinda Mikro-Nanoplastik Analizinde

Kor (Blank) Numunelerin Onemi................cccocoevvvevniennnn, 91
Biisra SENSOY GUN

Machine Learning Algorithms and
Spectroscopic ApPlications..........cccccevvvevievieiie e 104
Fatih Mehmet AVCU

3,5-Dinitrobenzoksi Substitiie Triazol Tiirevlerinin
Sentezi ve Antioksidan EtKIileri........cccooevvvvieiiiiiiee e, 134
Sevilay DEMIRCI, Haydar YUKSEK

A Literature Review on the Determination of
5-Fluorouracil Using Electrochemical Sensors................... 152
Merve GENCOGLU

Antimalarial Properties of 1, 2, 3and 1, 2, 4-Triazoles...... 167
Ergiin GULTEKIN



2,5-Di(2-Tiyenil)-1h-Pirrol Tiirevlerinin Sentez
Yontemleri ve Uygulamalary................ccoooiiiinen, 184
Fatma COBAN

Plazma Lipidlerinin Gorevleri, Serumda Artmasi ya da
Azalmast Durumlari...............ccccooviiiiiiie e, 205
Burhan BUDAK

Stimuli-Responsive Liquid Crystals: From Molecular
Design to Smart Applications............cccccevvveveeieiiieie e, 216
Baris SEZGIN

2, 4, 4, 6, 6-Pentakloro-2-(2-Piridilokso) Siklo-21°, 42.°,
6).>-Trifosfazatrien’in 2-Merkaptopirimidin ile

REAKSIYONU ..o 239
Saliha BEGEC

Antibiyotiklerin Farmasotik ve Analitik Kimya Ac¢isindan
Degerlendirilmesi .................ccooiiiiiiiiii e 255

Yiicel KADIOGLU, Fatma DEMIRKKAYA MILOGLU,
Hilal KADIOGLU KALKANDELEN

DFT Yéntemi Kullanarak islevsel iyonik Sivi Tasarimu... 273
Murat YILDIZ

Important Mycotoxin ‘Aflatoxin (Af)’ .........cccccooeniivnnnn. 295
Ebru COTELI, Belgin ERDEM

Characterization and Analytical Applications of Schiff
Base Metal COMPIEXES ........cceevieeiiiiiiieiie e 305
Mustafa Umut KONANC



"Bu kitapta yer alan béliimlerde kullanilan kaynaklarin, goriiglerin,
bulgularin, sonuglarn, tablo, sekil, resim ve her tiirlii icerigin
sorumlulugu yazar veya yazarlarina ait olup ulusal ve uluslararasi
telif haklarima konu olabilecek mali ve hukuki sorumluluk da
yazarlara aittir."



Kimya Degerlendirmeleri

BiYOINORGANIK KiMYADA NADIR
TOPRAK ELEMENTLERININ ROLU

Serkan GUNEY!

1. GIRIS

Biyoinorganik kimya, inorganik kimya ve biyoloji gibi
daha klasik alanlarin kesistigi noktada yer alan bir disiplindir.
Biyoloji genellikle organik kimya ile iliskilendirilse de,
inorganik elementler de yasam siirecleri i¢in olmazsa olmazdir.
Biyoinorganik kimyacilar, 6zellikle canli organizmalarda nasil
islev gordiiklerine odaklanarak, bu inorganik tiirleri incelerler
(Lippard ve Berg, 1994). Bu alan, 6zellikle metal iyonlarinin
enzim katalizorliigii, oksidorediiksiyon reaksiyonlari, yapisal
stabilite saglama, sinyal iletimi ve molekiiler tanima gibi temel
biyolojik slireclerde oynadigi rolleri anlamaya yoOnelik
caligmalar1 kapsar (Bertini ve ark., 2007). Biyoinorganik kimya,
biyolojik olarak temel gecis metalleri lizerine odaklanmustir.
Ancak, nadir toprak elementlerinin (NTE'ler) kimyasal
ozellikleri ve biyolojik sistemlerle etkilesimleri iizerine yapilan
caligmalar sonucunda, bu elementlerin de biyolojik 6neme sahip
olabilecegini ortaya konmustur.

NTE’ler atom numarasi 57 olan La ile atom numarast 71
olan Lu arasinda yer alan lantanit grubu 15 elementi ve ek
olarak benzer fiziksel ve kimyasal 6zelliklere sahip olan Sc ve
Y’u kapsayan element grubudur. NTE’lerin mekanik, termal,
elektriksel, korozyon direnci, optik ve manyetik gibi bir¢ok
fiziksel oOzelligi 1yilestirme potansiyelinin anlasilmasindan
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itibaren bu elementler, modern yasamin pek ¢ok alaninda
vazgecilmez hale gelmistir. Giliniimiizde cep telefonlari,
televizyonlar, bilgisayarlar, elektrikli araglar, riizgar enerjisi
tiirbinleri, askeri sistemler, tarim teknolojileri ve hatta kanser
tedavisi gibi ¢ok c¢esitli uygulamalarda yaygin bi¢imde
kullanilmaktadir (Jha, 2014; Bade, 2010). NTE’ler; metalurji,
kimya, makine miihendisligi, otomotiv sanayi (6zellikle batarya
ve elektrik motoru iretimi), savunma sanayi, enerji teknolojileri,
saglik hizmetleri, elektrik-optik sistemler ve manyetik
malzemeler gibi birgok sektdrde stratejik éneme sahiptir (Ipek
ve Ayhan, 2021). Ozellikle enerji iiretimi ve ileri teknoloji
malzemelerinin gelistirilmesinde bu elementlerin kullaniminda
son yarim Yyiizyilda dikkate deger bir artis yasanmistir
(Dushyantha ve ark., 2020). Ancak, bu elementlerin temininde
karsilagilan arz riskleri nedeniyle, NTE’lere alternatif
malzemelerin gelistirilmesine yonelik aragtirmalar da halen
siirmektedir (Pavel ve ark., 2016).

NTE’lerin biyolojideki kesin rolleri bilinmemekle
birlikte, lantan (Ln), seryum (Ce), praseodim (Pr) ve neodim
(Nd) gibi bir NTE grubu olan bazi lantanitlerin gesitli metabolik
stiregleri etkiledigi gosterilmistir (Pol ve ark., 2014). Lantanitler
tarimda giibre olarak kullanilir ve olumlu etkileri ribuloz-1,5-
bisfosfat karboksilaz/oksijenaz (Liu ve ark., 2011) ve
fotosentetik sistemle etkilesimlerine atfedilmistir, ancak altta
yatan mekanizmalar yeterince anlasilmamustir (Tyler, 2004).

Biyolojik sistemlerde NTE’lerin dogal varligi genellikle
iz miktarlarda olsa da, bazi bakterilerin NTE’lere 06zgi
metalloenzimlere sahip oldugu gosterilmistir. Ornegin, metanol
dehidrojenaz (MDH) enziminin bazi metilotrofik bakterilerde
lantanit bagimli formlar1 tanimlanmistir (Pol ve ark., 2014). Bu
bulgular, NTE’lerin sadece endiistriyel veya teknolojik agidan
degil, aym1 zamanda evrimsel ve biyolojik anlamda da 6nem
tastyabilecegini gostermektedir.
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NTE’lerin biyoinorganik kimya ag¢isindan ilgi ¢ekici hale
gelmesinin  6nemli nedenlerinden biri de tipta kullanim
potansiyelleridir. Gadolinyum (Gd**) igeren kompleksler,
manyetik rezonans goriintiileme (MRG) tekniklerinde kontrast
madde olarak yaygin sekilde kullanilmaktadir (Runge, 2000).
Europiyum (Eu*") ve terbiyum (Tb*') igeren kompleksler ise
floresans tabanli  biyoanalitik uygulamalarda, Ozellikle
biyosensor tasarimlarinda  degerlendirilmektedir  (Biinzli,
2006a). Lantanid komplekslerinin luminesans, paramanyetizma
ve koordinasyon kimyasindaki avantajlari, biyomimetik
sistemlerde ve ilag gelistirme silireclerinde  yenilik¢i
uygulamalara kap1 aralamaktadir.

Bu bolimde, NTE’lerin biyoinorganik kimyadaki
kimyasal, biyolojik ve teknolojik rolleri ayrintili olarak ele
alinacaktir. Ozellikle bu elementlerin biyolojik sistemlerdeki
etkilesimleri, yapay enzim sistemlerindeki kullanimlari, tibbi
goriintliileme ve tedavi uygulamalarindaki potansiyelleri ve olasi
toksikolojik etkileri degerlendirilecektir. Ayrica gelecege
yonelik arastirma egilimleri ve biyoteknolojik perspektifler de
tartismaya agilacaktir.

2. NTE’LERIN KIMYASAL OZELLIiKLERIi

NTE’ler, periyodik tablonun 15 lantanoid (La—Lu)
elementiyle birlikte itriyum (Y) ve skandiyumu (Sc) igeren
toplam 17 elementten olusan bir gruptur (U.S. Geological
Survey). Bu elementlerin kimyasal 06zelliklerini anlamada
elektron konfigiirasyonlar1 ve iyonik yaricaplar: temel belirleyici
faktorlerdir.

2.1. Elektronik Yapi

Lantanitlerin genel elektron konfigiirasyonu [Xe]4{r6s?
seklindedir. NTE’lerin elektron konfigiirasyonlar1 asagida
goriilmektedir (Pecharsky ve Gschneidner, 2025).



Sembol Element Elektron Konfigiirasyonu
Sc Scandium [Ar] 3d' 4s?
Y Yttrium [Kr] 4d' 552
La Lanthanum [Xe] 5d! 652
Ce Cerium [Xe] 4f' 54! 652
Pr Praseodymium  [Xe] 4f 652
Nd Neodymium [Xe] 4f* 6s2
Pm Promethium [Xe] 4 652
Sm Samarium [Xe] 4f° 652
Eu Europium [Xe] 417 652
Gd Gadolinium [Xe] 417 5d" 652
Th Terbium [Xe] 41 652
Dy Dysprosium [Xe] 4f'° 652
Ho Holmium [Xe] 4f" 65
Er Erbium [Xe] 412 652
Tm Thulium [Xe] 41" 6s2
Yb Ytterbium [Xe] 4" 6s2
Lu Lutetium [Xe] 4% 5d" 652
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2.2. Oksidasyon Durumlan ve Iyonik Cap

NTE'lerin baskin oksidasyon durumu genellikle +3'tiir.
Bu durum, lantanitlerin kimyasal olarak birbirine benzer
olmasina neden olur. Ancak bazi elementler, 6zellikle Ce, Eu ve
Tb gibi, farkli oksidasyon durumlari da gosterebilir (Ce: +3 ve
+4; Eu: +2 ve +3; Th: +3 ve +4). Bu farkliliklar, bu elementlerin
redoks ozelliklerini etkiler ve 6zellikle katalizorler ve manyetik
malzemeler gibi uygulamalarda 6nem kazanir (Yaroshevsky,
2006).

Lantanit atomlarinda, en dis kabugun degerlik
elektronlarinin konfiglirasyonu tiim elementlerde aynidir, buna

karsilik atom numarasi arttikga 4f orbitalleri kademeli olarak
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dolmaktadir. 4f orbitallerinin zayif sekilde taranmasi, bu
elementlerin fiziksel ve kimyasal Ozelliklerinin son derece
benzer olmasina neden olur. Bu durumun bir bagka sonucu ise
"lantanit biizlilmesi" (lanthanide contraction) olarak adlandirilir;
bu olguda iyonik yaricap, La** (1.06 A) iyonundan Lu3* (0.85 A)
iyonuna dogru kademeli olarak azalir (Balaram, 2019). Sekil
1’de bu azalig goriilmektedir.
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1.000

La Ce Pr Nd P Sm Eu Gd Tb Dy Ha Er Tm Yo Lu
Lantanit Elementleri

Sekil 1. Lantanit Biiziilmesi (Atom numarasina gore yaricap)
(Henderson, 1984)

Bu c¢ap farki, NTE'lerin minerallerdeki ayrisma
davraniglarini ve iyon degisim siireclerini etkiler (Yaroshevsky,
2006).

Bu  ozellikler, NTE’lerin  jeolojik  ortamlardaki
dagilimini, ekstraksiyon stireclerini ve teknolojik
uygulamalardaki performanslarini belirlemede kritik rol oynar.

2.3. Koordinasyon Kimyasi ve Ligand Tercihleri

NTE'lerin, 6zellikle lantanitlerin koordinasyon kimyasi
ve ligand tercihleri hem temel kimya hem de endiistriyel
uygulamalar agisindan biiylik 6nem tasir. Bu elementlerin
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benzer kimyasal Ozellikleri, 6zellikle ayristirma siireclerinde
zorluk yaratirken, koordinasyon davranislarindaki ince farklar
bu siireglerin optimize edilmesinde kritik rol oynar.

Lantanitler genellikle yiiksek koordinasyon sayilari
gosterir (¢ogunlukla 8-10), ¢iinkii biiylik iyonik caplar1 daha
fazla ligandin merkez metale baglanmasina olanak tanir.
Koordinasyon geometrileri genellikle kiibik, dodekahedral veya

trikapped trigonal prizma gibi simetrik yapilardir (Li ve ark.,
2024)

Cambridge Structural Database (CSD) verilerine
dayanan kapsamli bir analizde, 49.000'den fazla lantanit
kompleksinin yapis1 incelenmis ve su egilimler gozlemlenmistir:

Koordinasyon sayisi, atom numarasi arttik¢a hafifce
azalir.

Ik koordinasyon kiiresindeki bag uzunluklari,
lantanit daralmasi nedeniyle sistematik olarak
kisalir.

Ligand tiirleri, genellikle oksijen ve azot iceren
donér gruplarima sahip bilesiklerdir. (Li ve ark.,
2024)

Lantanitler, o6zellikle oksijen dondrli ligandlara
(karboksilatlar, fosfonatlar, p-diketonatlar) yiiksek afinite
gosterir. Bunun nedeni, bu iyonlarin yiiksek elektrostatik yiik
yogunlugu ve diisiik polarize edilebilirligidir. Bu durum, sert-
asit/sert-baz (HSAB) teorisi ile uyumludur:

Sert Lewis asit olan Ln*" iyonlar1, sert Lewis bazlari
olan O-donoér ligandlar tercih eder.
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Azot dondrlii ligandlar (6rnegin 1,10-fenantrolin) de
siklikla ~ kullanilir,  ozellikle  komplekslerin
¢Oziinlirliglinii ve seciciligini artirmak ic¢in. (Li ve
ark., 2024)

Bu ligand tercihleri, NTE’lerin solvent ekstraksiyonu
gibi ayirma tekniklerinde se¢ici kompleksasyon igin kullanilir.
Ormnegin, 1,10-fenantrolin tiirevleri, lantanitler arasinda segicilik
saglamak i¢in yaygin olarak kullanilir.

2.4. Spektroskopik ve Manyetik Ozellikler

Lantanidlerin  f-f gecisleri dogasi geregi yasak
gecislerdir, bu nedenle emisyon siddeti diisiiktiir; ancak
koordinasyon ortamina bagli olarak belirgin ve keskin floresans
sinyalleri elde edilebilir (Biinzli, 2006a). Bu 6zellik 6zellikle
biyobelirteg ve sensér uygulamalarinda kullanighdir. Ornegin,
Eu** karakteristik kirmizi, Tb** ise yesil emisyon yapar.

Ayrica bazi lantanidler (6rnegin Gd**, Dy**) yiiksek
manyetik momentlere sahiptir. Gd*’in 7 eslesmemis elektronu
olmasi1 nedeniyle, paramanyetik 6zellikleri tibbi goriintiilemede
kontrast artirict madde olarak kullanimina olanak saglar (Runge,
2000).

3. BiYOLOJIK SISTEMLERDE NTE’LERIN
DOGAL VARLIGI

NTE’lerin biyolojik sistemlerdeki varligi uzun yillar
boyunca ihmal edilmis ya da 6nemsiz goriilmiistiir. Bunun temel
nedeni, bu elementlerin dogada diisiik konsantrasyonlarda
bulunmalar1 ve klasik biyokimyasal siireglerde dogrudan rol
aldiklarinin  diisiiniilmemesidir. Ancak son yillarda yapilan
arastirmalar, bazi mikroorganizmalarin bu elementleri aktif
olarak kullandigin1 ve baz1 biyolojik siire¢lerin NTE'lere bagimh
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olabilecegini ortaya koymustur (Pol ve ark., 2014; Daumann,
2019).

3.1. Metilotrofik Baterilerde Lantanid Bagimh
Enzimler

Metilotrofik bakteriler, metanol gibi bir karbonlu
bilesikleri enerji kaynag1 olarak kullanan mikroorganizmalardir.
Bu organizmalarda bulunan metanol dehidrojenaz (MDH)
enziminin klasik versiyonu kalsiyum (Ca?") bagimlidir. Ancak
bazi bakterilerde, o6zellikle Methylacidiphilum fumariolicum
gibi ekstremofilik tiirlerde, MDH enziminin aktif merkezinde
Ca*" yerine La**, Ce*', Pr** veya Nd*" gibi lantanid iyonlarinin
yer aldig1 gosterilmistir (Pol ve atk., 2014). Bu bulus, NTE’lerin
sadece biyoteknolojik uygulamalarda degil, dogrudan biyolojik
islevlerde de rol alabilecegini gostermistir.

3.2. Lantanid Ahm ve Tasima Mekanizmalari

Lantanidlerin metilotrofik bakteriler tarafindan alimi1 ve
tasinmasi, son yillarda yapilan arastirmalarla daha iyi
anlasilmaya baglanmistir. Bu siiregler, ozellikle XoxF tipi
metanol dehidrojenaz (MDH) enzimlerinin kesfiyle birlikte
onem kazanmistir.

3.2.1. XoxF Enzimine Bagimhhk

Lantanid iyonlari, XoxF tipi MDH enzimlerinin aktif
merkezinde yer alir. Bu enzimler, klasik Ca** bagimli MDH'lere
gore daha yiiksek katalitik verimlilik gosterir. Bu nedenle, bazi
metilotrofik bakteriler, ¢cevrede lantanid bulundugunda XoxF
enzimini tercihli olarak iiretir (Chistoserdova, 2016).

3.2.2. Tasima Sistemleri

Lantanidlerin hiicre i¢ine alinmasi igin 0Ozel tasima
sistemleri mevcuttur. Bu sistemler heniiz tam olarak
aydinlatilmamis olsa da, bazi bakterilerde ABC tasiyicilari,
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TonB-bagimli reseptorler ve siderofor benzeri molekiiller
araciligiyla lantanidlerin tasindig1 diisiiniilmektedir
(Chistoserdova, 2016).

3.2.3. Genetik Diizenleme

Lantanid varligi, XoxF enzimini kodlayan genlerin
ekspresyonunu artirirken, klasik MxaFI tipi MDH genlerinin
baskilanmasma neden olur. Bu durum, bakterilerin g¢evresel
metal iyonlarina  gdére metabolik  yollarin1  yeniden
diizenleyebildigini gosterir (Chistoserdova, 2016).

3.2.4. Biyolojik Secicilik

Bakteriler, farkli lantanid iyonlar1 arasinda secim
yapabilir. Ornegin, La** ve Ce* gibi daha biiyiik iyonlar
genellikle daha etkili enzim aktivasyonu saglar. Bu secicilik,
iyonik ¢ap ve koordinasyon kimyas ile iliskilidir.

3.3. Bitkilerde ve Diger Organizmalarla Etkilesim

Bitkilerde NTE’lerin varligina dair ¢ok az sayida
sistematik calisma bulunmakla birlikte, baz1 caligmalar bu
elementlerin koklerde biriktigini ve biiylime siireclerinde etkili
olabilecegini 6ne siirmektedir. Ozellikle NTE’lerin bazi tarimsal
tiriinlerde biiylimeyi tesvik edici etkileri oldugu bildirilmistir.
Ancak bu etkilerin dogrudan biyolojik mekanizmalardan mu,
yoksa toprak kimyas: Tlzerindeki dolayli etkilerden mi
kaynaklandig1 heniiz net degildir (Tyler, 2004).

3.4. Biyolojik Matrikslerde NTE Diizeyleri

Cizelge 1’de baz1 NTE’lerin farkli biyolojik drneklerde
(bitki, bakteri, insan dokusu) gozlenen tipik konsantrasyon
diizeyleri verilmistir:
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Tablo 1. Baza NTE’lerin Farkl Biyolojik Orneklerdeki
Tipik Konsantrasyon Diizeyleri

Element Organizma / Konssimtrasyon Referans

Materyal Aralig

La** M. fumariolicum ~1-10 uM (enzim  Pol ve ark.,
(bakteri) kofaktorii) 2014

Ce** Tarim bitkileri (kok 0.1-1.5 pg/gkuru  Tyler, 2004
dokusu) agirhik

Gd**  Insan (MRG sonrast 0.01-0.5 pg/mL Runge,
plazma) 2000

Eu* M. extorquens (kiiltiir 0.5-5 uM Daumann,
ortami) 2019

4. BIYOTEKNOLOJIK VE TIBBi
UYGULAMALARDA NTE

NTE’ler, 6zgiin kimyasal ve fiziksel 6zellikleri sayesinde
biyoteknoloji ve tip alanlarinda ¢igir acan uygulamalara sahiptir.
Ozellikle yiiksek manyetik momentleri, keskin emisyon
spektrumlar1 ve biyolojik ligandlara yiiksek afinite gostermeleri,
onlar1 ¢cok sayida tani, tedavi ve izleme teknolojisinin merkezine
yerlestirmistir (Biinzli, 2006b).

4.1. Goriuntiilleme Tekniklerinde Kullanim

4.1.1. Manyetik Rezonans Goriintiileme (MRG)

Gadolinyum (Gd*") iceren kompleksler, klinik MRG
uygulamalarinda kontrast madde olarak yaygin bicimde
kullanilmaktadir. Gd**  paramanyetiktir ve  protonlarin
relaksasyon siirelerini kisaltarak goriintii kontrastini artirir. Bu
ozellik, oOzellikle tiimor gibi yapisal anomalilerin detayli
goriintiilenmesinde oldukca degerlidir (Runge, 2000). Ancak
serbest Gd** iyonlarmin toksik olabilecegi bilindiginden,
genellikle DTPA  (dietilentriaminpentaasetik  asit)  gibi
selatorlerle kompleks halinde verilir (Geraldes ve Laurent,
2009).

10
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4.1.2. Optik Biyogoriintiileme

NTE'ler, o6zellikle lantanitler, optik biyogdriintiileme
alaninda giderek artan bir O6neme sahiptir. Bu elementlerin
benzersiz optik Ozellikleri, onlar1 geleneksel floresan boyalara
gore daha Tstiin kilar. NTE’lerin optik biyogoriintiilemede
kullanim 6zellikleri sdyledir:

4.1.2.1. Yukari Doniisiim (Upconversion) ve
Asagi1 Doniisiim (Downconversion)

NTE'ler, genis bir spektral aralikta (300-3000 nm)
yukar1 ve asag doniisiimlii liiminesans sergiler. Ozellikle Er**,
Nd** ve Yb*" gibi iyonlar, ikinci yakin kizilétesi (NIR-11, 1000
1700 nm) pencerede goriintiileme i¢in kullanilir. Bu pencere,
diisiik doku sagilmast ve otofloresans sayesinde daha derin ve
net goriintiileme saglar (Zhong, ve Dai, 2020).

4.1.2.2. NIR-II Gériintiileme Avantajlar

NIR-1Ib (1500-1700 nm) araliginda ¢alisan Er** bazli
nanopargaciklar, geleneksel organik boyalara gore daha yliksek
¢coziinlirlik ve daha derin doku penetrasyonu sunar. Nd**
iyonlari, 1050 ve 1330 nm dalga boylarinda emisyon yaparak

damar ve molekiiler goriintiileme i¢in uygundur (Zhong, ve Dai,
2020).

4.1.2.3. Uzun Omiirlii Liiminesans

NTE'ler milisaniyeye kadar uzanan liiminesans omiirleri
sayesinde, zaman ¢Oziliniirliiklii gorlintiileme tekniklerinde arka
plan giiriiltiisiinii azaltarak daha net sinyal elde edilmesini saglar
(Tan ve Chen, 2020).

4.1.2.4. Yiizey Fonksiyonellestirme

NTE bazli nanopargaciklar, biyouyumlu hale getirilerek
hedefe yonelik goriintiileme i¢in modifiye edilebilir. Bu, klinik
uygulamalara gegiste onemli bir adimdir (Zhong, ve Dai, 2020).
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4.2. Radyoterapi ve Kanser Tedavisinde Kullanimi

NTE’ler, radyoterapi ve kanser tedavisinde oOzellikle
nanoteknoloji ve goriintiilleme alanlarinda 6nemli roller
istlenmektedir. Son yillarda yapilan arastirmalar, bu
elementlerin biyouyumlu ve fizikokimyasal 6zellikleri sayesinde
kanser hiicrelerinin hedeflenmesinde ve tedavi etkinliginin
artirilmasinda kullanilabilecegini gostermektedir. Bazi1 kullanim
alanlar1 soyledir:

4.2.1. Radyosensitizasyon (Isin Duyarhhgini
Artirma)

Lantanid iceren nanoparcaciklar, radyoterapi sirasinda
timor hiicrelerinin 1s1ma karst duyarliligini artirabilir. Bu etki,
ozellikle gadolinyum (Gd?*") gibi yiiksek atom numarasina sahip
elementlerin  X-1s1n1  absorpsiyon  kapasitesi  sayesinde
gerceklesir (Mostafavi ve ark., 2025).

4.2.2. Goriintilleme ve Tam

Gadolinyum bazli kontrast maddeler, manyetik rezonans
goriintiileme (MRI) i¢in yaygin olarak kullanilir. Bu maddeler,
timorlerin daha net goriintiilenmesini saglar ve tedavi
planlamasinda kritik rol oynar (Bazhukova ve ark., 2020).

4.2.3. Lantanit Dopingli Luminisan Nanomalzemeler

Lantanid iyonlar1 ile dople edilmis nanomalzemeler,
uzun Omiirli ve yiiksek c¢oziiniirliklii 1si1ldama 6zellikleri
sayesinde hem tant hem de tedavi amach kullanilabilir. Bu
malzemeler, 6zellikle anti-Stokes 1s1ldama 6zellikleriyle derin
doku goriintiilemede avantaj saglar (Bazhukova ve ark., 2020).

4.2.4. Hedefe Yonelik Tedavi

Lantanid igeren nanopargaciklar, timor hiicrelerine 6zgii
biyomolekiillerle kaplanarak dogrudan kanserli dokulara
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yonlendirilebilir. Bu sayede saglikli dokulara zarar vermeden
tedavi uygulanabilir (Mostafavi ve ark., 2025).

4.3. Biyosensor ve Tam Kitlerinde Kullanimi

NTE’lere dayali “lanthanide chelate” sistemleri,
immiinolojik  tan1  kitlerinde (6rnegin ELISA  benzeri
sistemlerde) floresans prob olarak kullanilir. Bu sistemler,
geleneksel enzimatik veya radyometrik sistemlere kiyasla daha

uzun Omiirlii ve daha yiiksek sinyal-giiriiltii orani saglar (Selvin,
1995).

4.4. Nanoteknoloji Tabanh Tasiyic1 Sistemler

Son yillarda, NTE’ler iceren nanopargaciklar 6zellikle
hedefli ilag tasima ve tani-tedavi biitlinlesik sistemlerinde
(“theranostics”) 6n plana ¢ikmaktadir. Omegin, lantanid-
dopantli up-conversion nanoparcaciklar (UCNP’ler), diisiik
enerjili kizilotesi 15181 yiiksek enerjili goriiniir 1518a doniistiirerek
derin doku goriintiilleme ve fotodinamik terapi uygulamalarinda
kullanilmaktadir (Zhou ve ark., 2015).

5. NTE’LERIN TOKSIiKOLOJIK ETKIiLERI VE
BiYOGUVENLIK

NTE’ler biyolojik uygulamalardaki artan kullanimi, bu
elementlerin potansiyel toksisite ve biyogiivenlik profillerinin
detayli sekilde arastirilmasin1 zorunlu kilmistir. NTE’lerin
toksik etkileri, biiyiik oranda elementin kimyasal formuna, doza,
maruz kalma siiresine ve biyolojik sistemin tliriine baglhidir.
Ozellikle nanopargacik formundaki NTE bilesiklerinin hiicre
zarindan gegisi, reaktif oksijen tlirleri (ROS) iiretimi ve DNA
hasarma neden olabilmesi, ciddi biyogiivenlik tartigmalarini
beraberinde getirmistir (Pagano ve ark., 2015).
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5.1. Hiicresel Toksisite Mekanizmalari

Cesitli NTE’lerin hiicrelerde oksidatif stres olusturdugu,
mitokondriyal disfonksiyona neden oldugu ve apoptoz siirecini
tetikledigi gosterilmistir. Ozellikle CeO. nanoparcaciklari,
belirli kosullarda antioksidan Ozellik gosterirken, bazi hiicre
tiplerinde tam tersi sekilde ROS iiretimini artirarak sitotoksik
etki yaratabilir (Xia ve ark., 2008). Bu ¢ift yonlii davranis,
"redox paradox" olarak tanimlanmaistir.

5.2. Organ ve Sistem Bazh Etkiler

Hayvan deneylerinde yiiksek dozlarda gadolinyum,
karaciger ve bobrek fonksiyonlarini olumsuz etkileyebilmekte,
hematolojik parametrelerde degisikliklere yol acabilmektedir
(Coimbra ve ark., 2025). Insanlarda MRG icin kullanilan
gadolinyum bazli kontrast maddelerin bir kismi, 06zellikle
bobrek yetmezligi olan bireylerde nefrojenik sistemik fibrozis
(NSF) ile iliskilendirilmistir (Grobner, 2006). Bu nedenle,
kontrast maddelerin selatli formda verilmesi ve farmakokinetik
Ozelliklerinin detayli incelenmesi biiyiik 6nem tasir.

5.3. Ekotoksisite ve Biyoakiimiilasyon

NTE’ler cevredeki canlilar iizerinde de cesitli toksik
etkilere yol acabilir. Toprakta ve suda biriken NTE bilesikleri,
bitkiler, mikroorganizmalar ve omurgasizlar iizerinde birikerek
trofik zincir boyunca tagiabilir. Ozellikle lantan ve seryum gibi
elementlerin alg gelisimini engelleyebilecegi ve fotosentez
tizerinde olumsuz etkilere neden olabilecegi gosterilmistir
(Gonzalez ve ark., 2014).

5.4. Biyogiivenlik Standartlar: ve Yasal
Diizenlemeler

NTE'ler ile ilgili biyogiivenlik standartlar1 ve yasal
diizenlemeler, bu elementlerin ¢evresel etkileri, insan saglig
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tizerindeki potansiyel riskleri ve siirdiiriilebilir liretim siirecleri
baglaminda ele alinmaktadir. Ozellikle artan teknolojik kullanim
alanlar1 nedeniyle bu diizenlemeler giderek daha fazla 6nem
kazanmaktadir.

5.4.1. Biyogiivenlik Standartlar:

NTE'lerin ¢ikarilmasi ve islenmesi sirasinda ortaya ¢ikan
radyoaktif yan iirinler (0zellikle toriyum igeren cevherlerde)
nedeniyle ¢evresel ve saglik riskleri s6z konusudur. Bu durum,
madencilik faaliyetlerinde 6zel atik yonetimi ve is¢i sagligi
onlemlerini zorunlu kilar (Goodenough ve ark., 2017).

Inhalasyon ve dermal maruziyet yoluyla bazi NTE
bilesiklerinin toksik etkileri gozlemlenmistir. Bu nedenle, is
sagligr ve giivenligi standartlar1 kapsaminda kisisel koruyucu
ekipman (PPE) kullanimi ve havalandirma sistemleri zorunlu
hale getirilmistir (Hamzat ve ark., 2025).

5.4.2. Yasal Diizenlemeler

Avrupa Birligi, NTE’leri kritik hammaddeler listesine
alarak, bu elementlerin stirdiiriilebilir ve etik kaynaklardan
temin edilmesini tesvik etmektedir. Bu kapsamda REACH ve
RoHS gibi diizenlemeler, NTE igeren iirlinlerin ¢evreye zarar
vermeyecek sekilde tasarlanmasini zorunlu kilar (Hamzat ve
ark., 2025).

Cin, NTE f{retiminde diinya lideri olmasina ragmen,
cevresel etkileri azaltmak amaciyla ihracat kotalari, g¢evre
izinleri ve {retim lisanslar1 gibi siki  diizenlemeler
uygulamaktadir (Goodenough ve ark., 2017).

ABD ve diger lilkeler, stratejik rezervler olusturmakta ve
geri doniisiim teknolojilerini tesvik ederek disa bagimlilig
azaltmaya calismaktadir (Hamzat ve ark., 2025).
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6. GELECEKTE NTE’LERININ
BiYOINORGANIK ALANDAKI POTANSIYELI

NTE’ler, klasik biyoinorganik kimyanin sinirlarini
zorlayacak sekilde giderek daha fazla arastirma odagi haline
gelmektedir. Bu elementlerin sahip oldugu benzersiz kimyasal,
manyetik ve optik 6zellikler hem temel biyolojik stireglerin
anlasilmasinda hem de yeni nesil biyomedikal ve biyoteknolojik
uygulamalarin gelistirilmesinde biiyiik potansiyel tasimaktadir.
Gelecekteki arastirmalar, bu potansiyelin hem teorik hem de
uygulamal1 yonleriyle daha derinlemesine anlagilmasina olanak
saglayacaktir.

6.1. Yeni Biyolojik Kofaktorler ve Enzimatik
Sistemler

Metilotrofik bakterilerde lantanid bagimli enzimlerin
kesfi, NTE’lerin biyolojik kofaktor olarak kullanilabilecegine
dair ilk dogrudan kanitlar1 saglamistir. Bu durum, dogada hala
kesfedilmemis, NTE’lere 6zgii ¢ok sayida enzimatik sistemin
var olabilecegi ihtimalini dogurmustur (Cotruvo, 2019).
Gelecekte metagenomik ve protein miihendisligi teknikleriyle,
lantanidlere 6zel baglanma bolgelerine sahip enzimlerin
tasarlanmas1  ve  biyoteknolojik amagclarla  kullanilmasi
mumkiindiir.

6.2. Yapay Biyosistemlerde Kullanim

Sentetik biyoloji alaninda, NTE’lerin 6zglin baglanma
geometrileri ve yiikksek koordinasyon sayilari, yapay
metalloprotein  tasarimi  i¢in cazip bir secenek haline
gelmektedir. Ozellikle florasan ve manyetik &zelliklerin
biyolojik sistemlere entegre edilmesiyle, hiicre i¢i sensor
sistemleri veya kontrollii ilag salinimina yonelik molekiiler
cihazlar gelistirilebilir (Biinzli ve Piguet, 2005).
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6.3. Theranostik Uygulamalar

NTE'er, ozellikle lantanit bazli nanopargaciklar,
theranostik (tedavi + tan1) uygulamalarda biyoinorganik kimya
acgisindan biiyiik bir potansiyele sahiptir. Bu uygulamalar hem
hastaliklarin yiiksek c¢oOziiniirliiklii goriintiilenmesini hem de
hedefe yonelik tedaviyi ayni anda miimkiin kilar. Theranostik
uygulamalarda NTE'lerin rolii soyledir:

6.3.1. Goriintiileme (Tan1) Fonksiyonu

NTE bazli nanoparcaciklar (RENPs), ozellikle yukari
doniisiim (upconversion) ve asagi doniisiim (downconversion)
liminesans Ozellikleri sayesinde NIR-1I (1000-1700 nm)
araliginda yiiksek ¢oziintirliiklii goriintiileme saglar. Bu 6zellik,
ozellikle beyin hastaliklarinin non-invaziv goriintiillenmesinde
kullanilir. RENP'ler, kan-beyin bariyerini gecebilecek sekilde
yiizey fonksiyonellestirilerek hedefe yonlendirilebilir (Wei ve
ark., 2023).

6.3.2. Tedavi Fonksiyonu

RENP'ler, fotodinamik terapi (PDT), gaz terapisi,
sonodinamik terapi gibi yeni nesil tedavi yontemlerinde 1sikla
aktive edilerek tiimor hiicrelerini hedef alabilir. Ozellikle
glioblastoma gibi agresif beyin tiimorlerinde, RENP'lerin
tasiyict sistem olarak kullanilmasi, hem goriintiileme hem de

ilag salimi agisindan etkili sonuglar vermektedir (Wei ve ark.,
2023).

6.3.3. Yiizey Fonksiyonellestirme ve Hedefleme

RENP'ler, biyouyumlu polimerler veya peptitlerle
kaplanarak spesifik hiicre yiizey reseptorlerine baglanabilir. Bu
sayede hem goriintiileme hem de tedavi ajanlar1 ayn1 platformda
taginabilir, bu da theranostik yaklagimin temelini olusturur.
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6.4. Biyosensor ve Akilli Malzeme Gelistirme

Lantanid iyonlarinin uzun omiirlii ve yiiksek segicilige
sahip floresans oOzellikleri, akilli sensér sistemlerinin
gelistirilmesinde degerlendirilmektedir. pH, sicaklik, metal
iyonlar1 veya biyomolekiil konsantrasyonuna duyarli degisken
sinyal veren molekiiller sayesinde, hiicre i¢i metabolik olaylarin
anlik olarak takip edilmesi miimkiin olacaktir (Eliseeva ve
Biinzli, 2011).

6.5. Siirdiiriilebilir ve Yesil Kimya Acisindan Rolii

NTE'lerin biyoinorganik kimyada siirdiiriilebilirlik ve
yesil kimya agisindan gelecekteki potansiyeli, cevresel etkilerin
azaltilmasi, geri donilisiim teknolojileri ve g¢evre dostu sentez
yaklagimlariyla sekillenmektedir. Bu alan hem ¢evre bilinci hem
de ileri teknolojilerle entegre ¢oziimler iiretmeyi hedefler.

6.5.1. Yesil Sentez Yontemleri

NTE iceren nanomalzemelerin biyouyumlu ve cevre
dostu yontemlerle sentezlenmesi, toksik ¢oziiciiler yerine su
bazli sistemlerin kullanilmasiyla miimkiindiir. Ozellikle bitki
Ozleri, mikroorganizmalar veya biyopolimerler kullanilarak
yapilan biyojenik sentez yontemleri, yesil kimya ilkeleriyle
uyumludur (Dang ve ark., 2021).

6.5.2. Geri Doniisiim ve Dongiisel Ekonomi

Elektronik atiklardan (e-atik), komiir kiilii ve boksit
kalintilarindan NTE geri kazanimi, hem ekonomik hem de
cevresel siirdiiriilebilirlik agisindan Onemlidir. Bu siiregler,
geleneksel madencilige kiyasla daha diisiik karbon ayak izi

birakir ve dongiisel ekonomi ilkeleriyle uyumludur (Dang ve
ark., 2021).
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6.5.3. Cevresel Uygulamalar

NTE'ler, ¢evre temizligi ve siirdiiriilebilir tarimda da
kullanilmaktadir. Ornegin, lantanit bazli malzemeler, agir metal
iyonlarinin sudan uzaklastirilmasinda etkili adsorbanlar olarak
kullanilabilir. Ayrica, bazt NTE bilesikleri, fotosentezi artirici
etkileri nedeniyle bitki biliylimesini tesvik edici ajanlar olarak
arastirilmaktadir (Dang ve ark., 2021).

6.5.4. Ekotoksikolojik Degerlendirme ve Regiilasyon

NTE'lerin  ¢evresel etkileri hald tam  olarak
anlagilmamistir. Bu nedenle, siirdiiriilebilir kullanim i¢in
ekotoksikolojik calismalar ve biyogilivenlik diizenlemeleri biiyiik
onem tasir. Gelecekte, NTE iceren iiriinlerin yasam donglisii
analizleri (LCA) ve cevresel etki degerlendirmeleri (EIA)
zorunlu hale gelebilir (Dang ve ark., 2021).

7. SONUC VE DEGERLENDIRME

NTE’ler, biyoinorganik kimya alaninda sadece
laboratuvar ortamlarinda incelenen 6zel elementler olmaktan
¢ikip; tip, biyoteknoloji, ¢cevre bilimi ve malzeme miihendisligi
gibi cok sayida disiplini kesen stratejik dneme sahip bilesenlere
doniigmiistiir. Ozellikle lantanidlerin yiiksek koordinasyon
yetenekleri, paramanyetik ve floresan oOzellikleri, bu
elementlerin hem temel biyolojik sistemlerde hem de ileri diizey
uygulamalarda kullanilmasina olanak saglamaktadir.

Son yillarda metilotrofik mikroorganizmalarda NTE
bagimli metaloenzimlerin kesfi, bu elementlerin biyolojik
sistemlerde daha Once Ongoriilmeyen roller lstlenebilecegini
ortaya koymustur. Bu durum, biyolojik evrimde NTE’lerin daha
aktif bir rol oynamis olabilecegi yoOniindeki hipotezleri
giclendirmistir.  Aym1  zamanda bu bulgular, protein
mihendisligi ve sentetik biyoloji gibi alanlarda NTE’lerin
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bilingli tasarimla entegre edilebilecegi yeni biyosistemlerin
onuni agmistir.

Bununla birlikte, NTE’lerin biyolojik kullanimlarinda
karsilagilan en biiyiik zorluklardan biri toksikolojik etkileridir.
Ozellikle serbest iyonlar veya nanopargacik formundaki NTE
bilesiklerinin hiicresel stres, DNA hasar1 ve organ disfonksiyonu
gibi istenmeyen etkilere yol acabilecegi bilinmektedir. Bu
nedenle biyogiivenlik, dozaj sinirlar1 ve ¢evresel etkiler mutlaka
dikkate alinmali; bu elementlerin kullanimi, siirdiiriilebilir ve
giivenli sistemler ¢ergevesinde yiiriitiilmelidir.

Gelecekte NTE’lerin biyoinorganik kimyadaki roliiniin
daha da artacagt Ongoriilmektedir. Akilli  biyosensorler,
theranostik ajanlar, lantanid-temelli yapay enzimler ve gevre
dostu materyaller gibi alanlarda NTE’lere dayali ¢ok sayida
yenilik¢i  yaklagim  gelistirilecektir. Ancak bu teknolojik
ilerlemelerin etik, ¢cevresel ve saglik temelli degerlendirmelerle
birlikte yiiriitiilmesi, bilimsel sorumlulugun bir geregidir.

Sonu¢ olarak, NTE’ler biyoinorganik kimyanin
geleceginde ¢ok Onemli bir yere sahiptir. Bu alanda yapilacak
disiplinler aras1 caligmalar hem temel biyolojik anlayisimizi
derinlestirecek hem de insan saghigina yonelik ¢igir agici
uygulamalarin gelistirilmesine katki saglayacaktir.
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MOLEKULER BASKILANMIS POLIMER
TEMELLI POTANSiYOMETRIK SENSORLER

Nursen DERE?

1. GIRIS

Glinlimiizde, ¢0zilicii polimerik membran iyon segici
elektrotlar (ISE), miikkemmel segicilikleri, kolay hazirlanmalar
ve yiiksek giivenilirlikleri nedeniyle klinik tani, ¢evresel izleme
ve gida analizi dahil olmak iizere ¢esitli alanlarda 6nemli bir rol
oynamaktadir (Eric & Yu, 2006) (Zdrachek & Bakker, 2019).
Her yil ISE'larla kiiresel olarak yalnizca klinik laboratuvarlarda
bir milyardan fazla 6l¢iim yapildigi tahmin edilmektedir (Hu,
Stein, & Biihlmann, 2016). Bu elektrotlarin prensibi, hedef
iyonun aktivitesini bir potansiyele doniistiirmeye ve ardindan
iyon  aktivitesini  Nernst denklemine gore Olgmeye
dayanmaktadir. Iyonoforlar, segici iyon-ligand etkilesimi
yoluyla hedef iyonlarla kararli kompleksler olusturabilen
ISE'larin duyarliligr ve seg¢iciligi i¢in ¢ok dnemlidir (Biihlmann,
Pretsch, & Eric, 1998) (Bakker, 2016) Gegtigimiz yillarda, ¢ok
sayida iyonofor sentezlendi ve hatta ticari olarak mevcut hale
getirildi. Ancak, bu iyonoforlarin ¢cogunlukla inorganik iyonlarin
(0rnegin, elektrolit iyonlar1 ve agir metal iyonlar1) belirlenmesi
icin kullanildigini unutmayin. Simdiye kadar, organik ve
biyolojik tiirlerin se¢ici taninmasi icin sentetik reseptorler hala
oldukg¢a nadirdir.

Molekiiler olarak baskilanmis polimerler (MIP),
1990'arin sonlarindan bu yana biyo-/kemo-sensorlerde algilama

1 Ogr. Gér. Dr., Giresun Universitesi, Merkezi Arastirma Laboratuvar: Uygulama

ve Aragtirma Merkezi (GRUMLAB), nursen.dere@giresun.edu.tr, ORCID: 0000-
0001-7964-7445.
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elemanlar1 olarak siirekli bir gelisme gostermistir (Ye & Haupt,
2004), (Hayden, Lieberzeit, Blaas, & Dickert, 2006), (Hayden,
One binder to bind them all, 2016), (Uzun & Turner, 2016),
(Dickert, 2018), (Lowdon, ve digerleri, 2020). Organik ve
biyolojik tiirler i¢in olduk¢a uygun reseptdrler olarak, molekiiler
baskilanmis polimerler (MBP), antikorlar ve enzimler gibi dogal
reseptorlerle benzer yakinliklara ve segiciliklere sahip olduklari
icin kimyasal sensorlerde onemli ilgi gormiistiir (BelBruno,
2019) (Gui, Jin, Guo, & Wang, 2018). Ozellikle, MBP biyolojik
muadillerine kiyasla kararli, daha az maliyetli ve iiretilmesi daha
kolaydir (Ahmad, Bedwell, Esen, Garcia-Cruz, & Piletsky,
2019)

Genel olarak, bu polimerler, kovalent veya kovalent
olmayan  yontemlerle  gozenekli  c¢oziiciilerde  islevsel
monomerlerin, sablon molekiillerinin ve ¢apraz baglayici
ajanlarin kopolimerizasyonuyla sentezlenir. Islevsel
monomerler, sablon tanima i¢in islevsel gruplar tasir ve ¢apraz
baglayic1 ajanlar, baglanma yerlerini istenen yapilarda sikica
sabitler. Coziiciiler tarafindan hedef molekiiliin ¢ikarilmasindan
sonra, hedef molekiillerine sekil ve boyutta tamamlayici olan
tanima bosluklar1 olusur ve bunlar hedef molekiilleri segici
olarak yeniden baglayabilir.

2. MOLEKULER BASKILAMA TEKNIGINIiN
PRENSIPLERI

Molekiiler baskilama teknigi, fonksiyonel bir monomerin
ve c¢apraz baglayictnin  uygun bir kalip etrafinda
polimerlesmesinden meydana gelmektedir (Sekil 1). Olusturulan
baskilanmis yapinin literatiirde anahtar-kilit gibi bir etkilesime
benzetilmektedir. Ik asamada, fonksiyonel monomerler,
kovalent veya kovalent olmayan etkilesimle kalip molekiiliin
etrafinda birlestirilir. Her iki yontem i¢in islem; kalip molekiiliin
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polimerden c¢ikarilabilmesi, ancak kaviteye yeniden baglanma
yetenegine sahip olmasi icin tersine c¢evrilebilir olmalidir.
Fonksiyonel monomerler, kalip molekiille olusturabilecekleri
baglarin sayisina gore segilir.

Fonksiyonel .')
monomerler :1 Polimerizasyon 4 /Q)é
s » D %, Baskilanmis
& % % Qz/' polimer
& v?% % o ©
S = % T
RN
s\‘b (.?\k- La ’
g
1
. .
N\wn! |
o
Kalip 04'6/4@/?9/00 Polimerizasyon Q@\a
i w . 3 :
molekiil %, — -'oé) &c} & .
SIS L
(] & @

Sekil 1. Molekiiler baskilama tekniginin sematik gosterimi
(Kindschy & Alocilja, 2004)

On polimerizasyon asamasiin ardindan, monomer-kalip
kompleksi, capraz baglayici, baslatict ve genellikle porojenik
¢cOziicii 1ile birlestirilir. Porojenik ¢oziiciiniin rolli, bitmis
polimerde analitin baskili baglanma bolgelerine erismesine izin
verecek gozenekler veya kiiciik delikler olusturmaktir.
Polimerizasyondan once, serbest radikallerin olusumuyla
etkilesimi nedeniyle ya vakumla uzaklastirilarak ya da azot gibi
inert bir gazla degistirilerek, reaksiyon ortamindan oksijen
uzaklastirilmalidir.

Polimerizasyon tamamlandiktan sonra kalip molekiil
kovalent olmayan baskilama i¢in organik bir ¢oziicii ile yikama
asamalariyla veya kovalent baskilama yontemi kullanilmigsa
polimerden kimyasal yarma yoluyla ¢ikarilir. Polimer sentezinde
kiireleri elde etmek i¢in bircok prosediirde kullanilan genellikle
y1gm polimerizasyon yontemleri kullanilir. Kalip molekiiliin
¢ikarilmasindan sonra, baskilanmis polimerde kalip molekiiliin
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kimyasal hafizasina sahip olan bosluklar elde (Kindschy &
Alocilja, 2004).

Kamel ve arkadaglarinin 2024 yilinda yaptiklar1 bir
calismada, herbisit imidaklopridi (IMD) gozlemlemek igin ilk
kez kati temasli imidakloprid MIP membran tabanl
potansiyometrik sensor yapilmistir. Algilama ortami olarak
molekiiler  olarak  baskilanmis  (MIP/IMD)  boncuklar
kullanilmistir. Boncuklar bir PVC membran {izerine yayilmis ve
islenmis cams1 karbonla kaplanmistir. Potansiyometri ve
Kronopotansiyometri kullanilarak tanima sensoriiniin
elektrokimyasal 6zellikleri belirlenmislerdir. Sensoriin 56,2+0,4
mV egim degeri ile dogrusal ¢alisma arahgmm 5,0x107-
1,0x107° mol/L olarak belirlemislerdir. Sensoriin tayin limitinin
2,0<107" mol/L ve cevap zamammin <6 s olarak tespit
etmislerdir (Kamel & Abd-Rabboh, 2024).

]
S&~— o Dropping of the sensing
Dropping Modification membrane
—_— —_— —_—
rGO
GCE o
GCGO MIP beads
Analysis

}E Response
£ <

R

Tng IMD/M

Sekil 2. Onerilen IMD sensoriiniin iiretim asamalarin gosteren
temsili bir diyagram (Kamel & Abd-Rabboh, 2024)

30



Kimya Degerlendirmeleri

Fares ve arkadaslarinin 2025 yilinda yaptiklart bir
calismada; MIP'in giiglii ayrim yetenegine gilivenerek, carvedilol
(CAR) ve ivabradine (IVA) i¢in ilk kez birlesik tabletlerinde,
sivri plazmalarinda ve oksidatif bozunma triinlerinin varliginda
karmasik olmayan ve uzun omiirlii bir potansiyometrik yontemle
belirlemislerdir. Bu zorlu potansiyometrik yaklagim, ayni anda
karsilastirilabilir pozitif yiiklere sahip iki lipofilik bilesigi tespit
edebilir. Grafit ve c¢ok duvarli karbon nanotiiplerden
(MWCNT'ler) olusan kat1 bir temas macunu kullanilarak, her
ilag icin iki MIP/karbon macun elektrodu (CPE'ler)
olusturmuslardir. Segicilik sorununu asmak igin CAR ve
IVA'nin MBP'lerini bagimsiz olarak olusturmak i¢in ¢okelme
polimerizasyonu kullanmiglardir. Daha sonra baskilama ve
hedef molekiil ila¢ giderimini degerlendirmek i¢in tam
karakterizasyon gercgeklestirmislerdir. Karvedilol MIP tabanh
sensOr 55,30 mV/onluk Nernstian egimi gosterirken, ivabradin
icin karsilik gelen egim degeri 55,50 mV olarak belirlemislerdir.
Tayin limitleri 7,010 mol/L ve 6,0x10" mol/L idi.
Farmasotik formiilasyonun yardimer maddelerinden, yaygin
plazma iyonlarindan ve olast oksidasyon yan iriinlerinden
kaynaklanan girisim farkedilmemistir. Gelistirlen sensorleri
karvedilol ve ivabradinin tablet ¢d6zeltilerinde ve insan
plazmasinda dogrudan ve es zamanl tayininde kullanmislardir.
(Fares, ve digerleri, 2025).

Hassan ve arkadaglarinin 2024 yilinda yaptiklar1 bir
calismada, lidokain (LDC) tayini i¢in yeni bir minyatir kati
temas potansiyometrik serigrafi elektrot gelistirmislerdir.
Elektrot, hem kati temas malzemesi olarak tek duvarli karbon
nanotiipleri (SWCNT) hem de lidokaine 6zgii bir duyusal
malzeme olarak LDC-MIP'yi igerir. Bu malzemelerin
entegrasyonu, gelismis hassasiyet, hizli tepki siireleri, yiiksek
potansiyel kararliligt ve LDC i¢in olaganiistii segicilik dahil
olmak tizere birka¢ Onemli avantaj saglar. Dahasi, minyatiir
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tasarim, elektrotun tasinabilir, bakim noktasindaki teshis
cihazlarina kolayca dahil edilmesini saglar ve klinik ve adli
uygulamalar i¢in olduk¢a pratik bir ¢oziim haline getirir.
Elektrodun bazi potansiyometrik Ozelliklerini arastirmiglardir.
Elektrodun 58,92+0,98 mV egimle 4,53x10'-6,18x10 > mol/L
dogrusal ¢alisma araligma sahip oldugunu tespit etmisler.
Elektrodun cevap zamaninin <6 s oldugunu ve tayin limitinin
7,75x10°® mol/L olarak belirlemislerdir. Elektrodu ilag
numunelerinde ve insanda idrar 6rneginde lidokain tayinininde
basariyla kullanmislardir (Hassan & Fathy, 2024).

Y e
i I soveny
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|
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Sekil 3. Fonksiyonel matris monomeri olarak akrilamid (AAm)
bazh LDC ilacinin molekiiler olarak baskilanmis polimerizasyon

siirecinde yer alan adimlarin sematik gosterimi
(Hassan & Fathy, 2024)

Shanaah ve arkadaslarinin 2023 yilinda yaptiklart bir
calismada, 2,4,6-triklorofenoliin (TCP) hassas tespiti i¢in bir
tanima elemani olarak MIP tabanli yeni bir potansiyometrik
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sensoOr gelistirmiglerdir. Duyusal bir bilesen olarak kullanilan
MIP sentezinde, TCP ve 4-vinil piridin (4-VP) sirasiyla
baskilanmak istenen molekiil ve monomer olarak islev goriir.
Sensorler, iyon-elektron donistiiriicli bir madde olarak ¢ok
duvarli  karbon nanotiipler (MWCNT'ler) kullanilarak
gelistirmiglerdir. Sensoriin  55,4+42,1 mV egimle 8,0x10°-
1,0x10~* mol/L dogrusal ¢alisma araligina sahip oldugunu tespit
etmisler. Elektrodun cevap zamaninin <10 s oldugunu ve tayin
limitinin  5,0x10" mol/L olarak belirlemislerdir. Verilen
sensorlerin potansiyel kararliligt ve cift katmanli kapasitansi,
kronopotansiyometrik teknikler kullanilarak arastirmislardir.
Sonuglar, bu yontemin atik su drneklerinde TCP'yi tespit etmek
icin kullanilabilecegini ve hassas ve secici olduklarim
gostermislerdir (Shanaah, ve digerleri, 2023).

MIP beads TCP recognition site
(N,N-MBAA)

Sekil 4. TCP/MIP'nin baskilama siirecinin sematik diyagram
(Shanaah, ve digerleri, 2023).

2021 yilinda Dere ve arkadaslarinin ¢alismasinda;
dopaminin tayini i¢in membran yapisinda iyonofor olarak
dopamin baskili polimer kullanarak kati hal polivinilkloriir
(PVC) membran potansiyometrik dopamin segici mikrosensor
gelistirmislerdir. Baz1 potansiyometrik performans o6zelliklerini
aragtirmiglar ve sensorii ilag Orneklerinde dopaminin tayininde
basartyla kullanmiglardir. Mikrosensoriin tayin sinirt  siniri
3,71x10~" mol/L olarak belirlendi. Mikrosensér, 10°-10 mol/L
konsantrasyon araliginda dopamin igin siiper-Nernstian cevabi
gosterdi, kisa bir cevap siiresi (<15 s) ve egim degerinin 60,3 +
1,3 mV olarak belirlemislerdir (Dere, Yolcu, & Yolcu, 2022).
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Sekil 5. DOP-IP hazirlama siirecinin sematik gosterimi
(Dere, Yolcu, & Yolcu, 2022)

~

3. SONUC

MIP temelli potansiyometrik  sensorler,  diisiik
maliyetleri, kullanim kolayligi, miikkemmel secicilikleri ve
yiiksek stabiliteleri nedeniyle cevresel Kirleticilerin, tehlikeli
maddelerin ve biyoanalitlerin tespiti i¢in umut verici ve
kullanighh ~ bir teknolojidir. Son yillarda MIP temelli
potansiyometrik sensorlerde kayda deger artislar gozlendi. Bu
onemli basarilar, potansiyometrik sensorlerin geleneksel olarak
kullanilmadigr  yeni uygulamalar1 kolaylastirdi. Bu tiir
sensOrlerin gelistirilmesi, potansiyometrik algilama i¢in yeni
ufuklar agabilir ve alan1 daha da genisletebilir.
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INNOVATION IN FOOD STUDIES:
ARTIFICIAL INTELLIGENCE

Sema OZDEMIR*
Biisra YUSUFOGLU?

1. INTRODUCTION

Acrtificial intelligence (Al) is considered a developing
and continuing technology revolution. They are machines
developed with human intelligence abilities such as acquiring
information, perceiving, learning, thinking, and decision-making
by examining the mental functions of human intelligence with
computer models and integrating them into different systems
(Terzi et al., 2019). Al was first coined at Dartmouth
Conferences in 1956 by a group of computer scientists led by
John McCarthy and Marvin Minsky. However, this work has
continued despite limited resources, and although it made slow
progress, it has come to the present day. Today, with the rapid
and robust developments in computing technologies, the
increasing investments of large companies have paved the way
for Al studies. Al has become an indispensable part of daily life
in many areas, such as voice assistants, personalized
recommendations, and autonomous vehicles (Yan et al., 2022).
The ever-evolving, globalized world we inhabit, driven by
advancing technology, has brought about profound changes in
human needs. Rapid technological progress has permeated
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nearly every industry, including the food sector. The
phenomenon of variable demand has increased not only the
quantity of products but also their diversity. These technological
and market changes have necessitated companies to develop
more competitive strategies. It is therefore crucial to understand
that learning-based algorithms, such as Al, offer significantly
faster results than traditional methods do (Villegas et al., 2018).

The technology that enables the development of models
that can automatically learn from the patterns in the dataset with
the help of algorithms instead of coding the information into the
computer without human intervention is known as machine
learning (ML) (Yesil, 2023). Importantly, while algorithms
perform heavy lifting, human intervention is crucial in guiding
and fine-tuning the process. Obtaining high-performance results
from datasets directly relates to machine learning methods,
which are listed under three main headings: supervised,
unsupervised, and reinforcement. Suppose that the input (labeled
dependent and independent variables) and output data, which are
generally based on classification and regression, are available.
In that case, the solution to a problem is predicted via the
supervised learning method. The method that contributes to the
identification of unknown patterns in the dataset by processing
unlabeled data, mostly with clustering algorithms, is known as
the unsupervised method. In the reinforcement method, which
follows a different path from supervised and unsupervised
methods, a goal and a reward for this goal are defined for the
state in which the system is located.

Experiencing the process alone by making inferences
from errors through trial and error methods allows one to
achieve the goal (Janiesch et al.,, 2021). Deep learning, a
subgroup of ML, is the cornerstone of Al applications. Its usage
areas are expanding rapidly, driven by advancing technology.
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This method is designed to emulate human-specific abilities,
such as supervised or unsupervised feature extraction,
transformation, observation, learning, and decision-making. In
the pursuit of solutions to various Al problems, deep learning
methods have been applied, bringing us closer to technology
that mirrors our own abilities (Akin & Sahin, 2024).
Convolutional neural networks (CNNs) are artificial neural
networks that use many hidden layers to classify images and
group similar objects or objects. The recurrent neural network
(RNN) model uses information sequentially and sends the
hidden layer output back to the same layer as the input. Long
short-term memory (LSTM) networks, which are a derivative of
the RNN model, have memory blocks called cells in the hidden
layer and have a data flow mechanism that allows data to
proceed unchanged by transferring cell states to the next cell by
using Al-supported deep learning and ML methods such as
restricted Boltzmann machines (RBMs), which can learn
probability distributions on the input dataset and form the basis
of deep learning networks, and deep autoencoders, also known
as Diablo in the literature, and denoising autoencoders (DAES),
which copy the data in the input layer to the output layer.
Critical studies have been carried out on food chemistry and
safety, and successful results have been achieved by processing
many food components and databases of these components
(LeCun et al., 2015; Gavcar & Metin, 2021; Er & Isik, 2021;
Hinton, 2012; Lu et al., 2013).

The field of food chemistry, which investigates the safe
production of food, its composition, structure, and properties,
and its relationship with health, has experienced a surge in
interest in recent years. This interest has led to a wealth of
innovative studies. One notable outcome of these studies is the
development of therapeutic diets, which have shown promise in
the treatment of obesity and various food-related diseases. These
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diets are not just theoretical concepts but are supported by real-
world results achieved through the careful control of specific
nutrients or the application of unique nutritional methods (Tseng
etal., 2023).

Al applications in the food industry, a field that has been
evolving for years, are expanding in various areas, such as
parameter estimation, food classification, food quality, and food
safety. Techniques such as fuzzy logic, adaptive neuro-fuzzy
inference systems, expert systems, artificial neural networks,
and ML are widely used in this field. These practices aim to
increase people's awareness of food, obtain results related to
food production, and positively affect human health. The
conscious use of Al in food and other fields has resulted in a
multitude of benefits, significantly enhancing our daily lives.
With the advancement of food chemistry, the interaction
between food and health has become more pronounced, and it
has been revealed that food products can be a contributing factor
to some metabolic diseases.

Traditional research methods, while valuable, often
struggle to capture the complex interactions and dynamics
involved in these diseases. This limitation has spurred the
development and implementation of various Al-supported
innovations (Mavani et al., 2022). This study underscores the
pivotal role of Al technology, which is driving innovations in
food chemistry, and its potential to revolutionize the field.

Figure 1 systematically illustrates the subfields of the Al
ecosystem and the relationships between these fields (Kirk et al.,
2022; Yesil, 2023). Robotics, a key branch of Al, focuses on the
development of technologies that can perform autonomous
movements and tasks, such as automation systems, legged
robots, uncrewed aerial vehicles (UAVs), and uncrewed ground
vehicles (UGVs). ML is a subfield that provides data-driven
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learning capabilities and includes three basic approaches:
supervised, unsupervised, and reinforcement learning. In
supervised learning, a model makes predictions from labeled
data sets; in unsupervised learning, patterns and clusters are
identified in unlabeled data; in reinforcement learning, an agent
develops optimal decisions according to the reward-cost balance
by interacting with the environment. Computer vision
encompasses the processes of perception, processing, and
interpretation of image and video data by computers; In this
context, techniques such as object recognition, matching, image
processing, segmentation, and reconstruction are used. DL, a
subset of ML, uses multilayer artificial neural networks (ANNS)
to obtain meaningful representations from complex, high-
dimensional data. Common DL architectures include CNNs,
ANNs, RNN, deep neural networks (DNN), LSTM, and gated
recurrent unit (GRU). The deep learning process follows the
steps of defining the problem, selecting the appropriate dataset,
determining the algorithm, training the model with the data, and
then testing and evaluating its performance. This diagram
presents the hierarchical structure, theoretical foundations, and
application examples of the field of artificial intelligence from a
holistic perspective.
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Figure 1. Subgroups of Al and application techniques
(Kirk et al., 2022; Yesil, 2023).

2. ARTIFICIAL INTELLIGENCE TECHNOLOGY
AND SUBUNITS

Thanks to its human-like learning and decision-making
capabilities, Al is widely used in many areas such as quality
control, food waste prevention, and production automation in
the food industry (Terzi et al.,, 2019). ML, a subset of Al
technology, offers effective results in data-based processes such
as shelf life analysis, spoilage prediction, and consumer
preference modeling (Yesil, 2023). DL, on the other hand, can
perform  high-accuracy classification in  visual-centric
applications such as spoiled product detection, packaging
inspection, and food image analysis (Akin & Sahin, 2024). In
this context, CNNs is particularly preferred in quality control
processes such as foreign matter detection and fruit and
vegetable classification (LeCun et al., 2015). On the other hand,
LSTM and RNN applications stand out in time series analyses
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such as shelf life prediction and monitoring of sensor data
related to the production process (Gavcar & Metin, 2021; Er &
Isik, 2021). Additionally, models such as RBM and DAEs are
frequently used in data preprocessing, such as cleaning noisy
data and extracting meaningful features from sensor data
(Hinton, 2012; Vincent et al., 2010). All these Al techniques are
unlocking the potential to optimize production processes,
distribution logistics, and food safety, leading to exciting
efficiency improvements (Tseng et al., 2023).

Table 1 summarizes the basic components of artificial
intelligence technology, their functions, and application examples
in the food field. Al is defined as systems that mimic human
intelligence capabilities such as learning, perception, and
decision-making, and its conceptual foundation was laid at the
1956 Dartmouth Conference (Terzi et al., 2019; Blass et al., 2006;
Yan et al., 2022). This technology is widely used in daily life
applications such as autonomous vehicles and voice assistants and
is divided into subfields such as ML and DL. ML encompasses
three main approaches (supervised, unsupervised, and
reinforcement learning) that can learn from data without human
intervention and perform tasks such as regression, classification,
and clustering (Yesil, 2023; Janiesch et al., 2021). DL, a sub-
branch of ML, performs feature extraction, observation, and
decision-making processes through multi-layered structures.
CNN s include different architectures such as LSTM, RBM, RNN,
and DAEs (Akin & Sahin, 2024). CNNs are particularly used in
visual data analysis and object recognition applications (LeCun et
al., 2015; Hu et al., 2015), while RNN exhibit strong performance
on sequential data such as time series and text (Gavcar & Metin,
2021). LSTM architecture improves prediction accuracy by
improving the capacity of RNN to manage LSTM dependencies
through memory cells (Er & Isik, 2021; Laghrissi et al., 2021).
RBMs are two-layer structures that learn probability distributions
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and form the basis of DL networks (Hinton, 2012; Upadhya &
Sastry, 2019). DAEs, on the other hand, reduces noise while
copying the input to the output, and is used in feature extraction
and data cleaning tasks, particularly in unsupervised learning (Lu
etal., 2013; Vincent et al., 2010).

In the context of food-related Al applications,
approaches such as genetic algorithms, expert systems, fuzzy
logic, artificial neural networks, and ant colony optimization are
particularly prominent. These techniques provide practical and
applicable solutions for ensuring food safety, maintaining
quality control, and conducting nutritional assessments (Terzi et
al., 2019; Tseng et al., 2023).

Table 1. Artificial intelligence technology and subunits

Section / Definition & I
Subunit Purpose Key Features / Applications References
Systems that
mimic human | - Concept introduced at the 1956 .
intelligence Dartmouth Conference. Terzietal.,
o . - . 2019; Blass
abilities such as | - Used in daily life (voice .
Al - : et al., 2006;
learning, assistants, autonomous
. ; Yanetal.,
perception, and vehicles). 2022
decision- - Subunits: ML and DL.
making.
Models that - 3 types: Supervised,
learn Unsupervised, Reinforcement. .
. . - Yesil, 2023;
automatically | - Suitable for classification and -

ML . . Janiesch et
from data with regression. al. 2021
minimal human | - Can perform clustering and K

intervention. trial-and-error learning.
A subfield of
ML; multi- - Feature extraction, observation,

DL layered decision-making. Akin &
structures that | - Includes CNNs, RNN, LSTM, Sahin, 2024
imitate human- RBM, DAEs models.

like features.
Multi-layer
neural networks | - Image classification, object ;ecz%nlg
CNNs used for visual recognition. " '
. . Huetal.,
data and object | - Includes many hidden layers.
L 2015
classification.
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Section / Definition & L
Subunit Purpose Key Features / Applications References
Neural networks
suitable for - Feeds output back to the input.
A Gavcar &
RNN sequential/time | - Used for text, speech, and .
; Metin, 2021
series data sensor data.
analysis.
A derivative of
RhNar’:l d:ssat - Transfers cell states to next Er & Isik,
layers. :
LSTM long/short-term Y . . 202.1'.
d - - Strong in sequential data and Laghrissi et
ependencies time series prediction al., 2021
via memory : P ’ N
cells.
Atwo-layer | oneigts of visible and hidden Hinton,
neural network layers 2012;
RBM learning ' . Upadhya &
probability - Fotrms tkhe foundation of DL Sastry,
distributions. NELWOrKS. 2019
Neural network | - Mainly used in unsupervised Luetal.,
that copies input |  learning. 2013;
DAEs : . .
to output while | - Performs feature extraction and Vincent et
reducing noise. data cleaning. al., 2010
- Fuzzy logic, ANN, Genetic
Al Applications of Algorithms, Expert Systems, Terzi et al.,
Technique | Al in the food Ant Algorithms. 2019; Tseng
s in Food field. - Used for food safety, quality etal., 2023
control, and nutrient analysis.
Al: artificial intelligence; ANNs: artificial neural networks; CNNs: convolutional neural networks; DAE:
denoising autoencoder; DL: deep learning; LSTM: long short-term memory; ML: machine learning; RBM:
restricted boltzmann machine; RNN: recurrent neural networks

2.1. Artificial Intelligence (Al)

Artificial intelligence is considered one of the developing
and continuing technology revolutions. Al machines are
developed with human intelligence abilities such as acquiring
information, perceiving, learning, thinking, and decision-
making. Computer models examine the mental functions of
human intelligence and apply them to different systems (Terzi et
al., 2019; Blass et al., 2006). Al was first coined at
Dartmouth Conferences in 1956 by a group of computer
scientists led by John McCarthy and Marvin Minsky. However,
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this work has continued despite limited resources, and although
it has made slow progress, it has come to the present day.
Today, with the rapid and robust developments in computing
technologies, the increasing investments of large companies
have paved the way for Al studies and have become an
indispensable part of daily life in many areas (Yan et al., 2022).

2.2. Machine Learning (ML)

The technology that enables the development of models
that can automatically learn from the patterns in the dataset with
the help of algorithms instead of coding the information into the
computer without human intervention is known as machine
learning (Yesil, 2023). Obtaining high-performance results from
datasets directly relates to ML methods, which are listed under
three  main  headings: supervised, unsupervised, and
reinforcement. Suppose that the input (labeled dependent and
independent variables) and output data are generally based on
classification and regression and that the output data are available.
In that case, the solution to a problem is predicted via the
supervised learning method. The method that contributes to the
identification of unknown patterns in the dataset by processing
unlabeled data, mainly with clustering algorithms, is known as the
unsupervised method. In the reinforcement method, which
follows a different path from supervised and unsupervised
methods, a goal and a reward for this goal are defined for the state
in which the system is located. Experiencing the process alone by
making inferences from errors through trial and error methods
allows one to achieve the goal (Janiesch et al., 2021).

2.3. Deep Learning (DL)

Deep learning, a subgroup of ML, forms the basis of Al
applications produced with recently increasing usage areas and
advancing technology. The method aims to imitate human-
specific abilities such as supervised or unsupervised feature
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extraction, transformation, observation, learning, and decision-
making. Deep learning models in food applications is shown in
Table 2. While searching for solutions to many problems with
Al, DL methods have been applied and have led to various
approaches (Akin & Sahin, 2024).

Table 2. Deep learning models in food applications

Application Features/ Challenges/
Model Areas Advantages Limitations References
Food High accuracy in Requires larae
recognition, image-based Iabecie d datasgts
multi- classification, hiah com uta—tioﬁal Dingetal.,
CNNs ingredient defect/fraud gn compu 2025; Liu et
. C . cost in real-time use,
detection, detection, integration limited al., 2025
quality and with spectroscopy . -
safety control. and HSI systems. interpretability.
Food safety
risk prediction, Difficulty in
time-series Captures temporal learning long-term Wu et al.,
RNN analysis dependencies; useful dependencies 2025; Guo
(logistics, in loT+ blockchain (improved with & Zhang,
temperature/h integrated systems. LSTM); inefficient 2025
umidity in limited hardware.
tracking).
Foodborne
outbreak Solves long-term . High resource Wu et al.,
prediction, dependency problem; - i ;
L . requirements; 2025; Guo
LSTM storage effective in sequential | . A
L - interpretability still & Zhang,
monitoring, food environment .
an issue. 2025
safety alert data.
systems.
Ingredient
profile Strong in Sparse usage in
learning, unsupervised feature | food-related studies Sinah &
RBM flavor learning; potential for (2024-2025); g
- . : Verma, 2025
mapping complex data mainly theoretical
(limited representation. discussions
examples).
Noise Effect_n_/e in Few direct food-
A denoising, s . Yang &
reduction in . T specific case studies;
dimensionality - Zhang,
DAEs food sensor - - mostly found in .
data. anomal reduction, suitable for eneral anomal 2025; Tan et
' y loT-based food g y al., 2025

detection.

systems.

detection.

CNNs: convolutional neural network; DAES: denoising autoencoders; LSTM: long short-
term memory; RBM: restricted boltzmann machines; RNN: recurrent neural network
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According to Table 2, when examining the applications
of DL models in the food field, it is seen that CNNs and LSTM-
based models are the most frequently used and highly effective.
In this context, they provide strong results in processes such as
food safety risk estimation, time series analysis, and storage
monitoring. At the same time, CNNs-based models stand out
with their high accuracy rates in processes such as quality
control, portioning, and especially image-based classification.
The increasing and significant importance of DL applications in
the food field in general is emphasized, and they play a critical
role, particularly in the processing of image and time series data.
In addition, integration of deep learning models with
spectroscopy, microbial detection, and PCR in food applications
is given in Table 3.

Table 3. Integration of deep learning models with spectroscopy,
microbial detection, and PCR in food applications

Food- Microbial
Model Spectroscopy /PCR Features/ C_ha!len_ges/ References
& PCR . Advantages | Limitations
. Applications
Integration
. Alternative High .
Recognition accuracy in
: to PCR- .
of chemical spectral Requires
based e
components serotvoin classificatio large Lunetal.,
CNNs via spectral for r)z;p i dg n; suitable datasets, 2025;
data (NIR, visual /spectr for limited Rahman et
Raman, HSI); spe NIR+CNNs, | interpretabil al., 2024
al microbial !
food fraud Sl Raman+CN ity.
- identification
detection. Ns
applications.
Analysis of Time- Captures High
- temporal resource
spectral time- dependent . .
: dependencie demand;
series data pathogen . Lunetal.,
RNN/ 2 S in sensor- struggles )
(e.0., prediction . 2025; Quan
LSTM . based with long
fermentation, and . . . etal., 2024
P microbial dependencie
storage classification - . d
conditions). environment | s (improve
s. by LSTM).
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Food- Microbial
Spectroscopy Features/ | Challenges/
Model & PCR / PCR Advantages | Limitations References
. Applications
Integration
Feature unsupenise
extraction Theoretical per Limited -
. d learning - Singh &
from use in practical
: . and g Verma,
RBM | flavor/spectra microbial . studies in A
X . representati 2025; Li et
| profiles profile food
. . on of o al., 2024
(unsupervised modeling. complex applications.
learning). data.
Efficient in Few food-
Denoisin Filtering denoising, | specific case
s ectralg microbial dimensional studies; Yang &
pect sensor ity more Zhang,
DAEs | sensor signals iqnals and ducti . 2025: T
(HSI, Raman signals an reduction, common in 025; Tan et
IoTé stems)‘ anomaly preprocessin general al., 2025
y ' detection. g in food Al anomaly
systems. detection.

CNNs: convolutional neural network; DAEs: denoising autoencoders; LSTM: long
short-term memory; RBM: restricted boltzmann machines; RNN: recurrent neural
network

When the DL models presented in Table 3 are examined,

it is seen that each structure has the potential to be integrated
with analytical methods in the food sector at different levels.
CNNs applications, in particular, are known to be applied with
high accuracy in the food field in integration with spectroscopic
methods such as Raman and Near-Infrared (NIR), in quality
control and fraud detection components, as well as in
classification (Lun et al., 2025; Rahman et al., 2024). Time-
series-based networks such as LSTM and RNN models can be
used in the analysis of environmental factors such as
temperature, microbial load, and humidity, and pathogen
prediction, in addition to Polymerase Chain Reaction (PCR)
based approaches (Quan et al., 2024). DAEs and RBMs, on the
other hand, are used as auxiliary tools in spectral data
preprocessing processes due to their capacity to reduce data
noise and unsupervised learning capabilities (Yang & Zhang,
2025; Singh & Verma, 2025). Furthermore, it is noteworthy that
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some applications have limited application in food and are
represented mainly by theoretical studies. As a result, deep
learning models contribute to the development of decision
support systems by enhancing data interpretation through
collaboration with traditional methods in quality assessment and
food safety processes.

3. ARTIFICIAL INTELLIGENCE TECHNIQUES
APPLIED IN THE FOOD FIELD

In recent years, food science and technology have been
reshaped by the integration of Al methods. Across the entire
chain from production through to consumption, these methods
serve as valuable tools for addressing key challenges, including
improving quality control, streamlining production processes,
estimating product shelf life, safeguarding food safety, and
enhancing the efficiency of supply chain operations. Depending
on the nature of the data, the complexity of the problem, and the
desired outcomes, various Al algorithms can be tailored to
deliver specialized solutions. Notably, techniques such as expert
systems, artificial neural networks, genetic algorithms, fuzzy
logic, and ant colony optimization have gained prominence for
their broad application in both industry and academic studies.
These approaches play a key role in guiding well-informed
decisions within the food sector, bridging scientific research
with practical, real-world processes.

Table 4 below compiles the primary Al techniques used
in the food field, their definitions and principles, their basic
operating characteristics, and sample application areas. This
allows researchers and industry professionals to more clearly
assess which Al approach is most suitable for a given problem.
Fuzzy logic is prominent in modeling uncertain and imprecise
data; This method is particularly used in modeling food quality
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parameters with variable and uncertain data, shelf-life
prediction, and sensory evaluation studies (Memmedova, 2012;
Nabiyev, 2016). Artificial neural networks play an active role in
food quality prediction, content and flavor analysis, and
optimization of production processes thanks to their ability to
learn complex relationships between a large number of input and
output data (Krenker et al., 2011; Ozmerkez, 2006; Yilmaz,
2017).

Genetic algorithms, as search and optimization
techniques inspired by the principles of natural selection, are
applied in the development of food formulations, supply chain
optimization, and storage strategy improvement (Ozbilen, 2015;
Yilmaz, 2017). Expert systems are knowledge-based decision
support systems that mimic human expert knowledge and are a
critical tool in the detection of contamination risks and the
management of food safety protocols (Terzi et al., 2019). Ant
algorithms (ant colony optimization) provide practical solutions
in logistics processes and especially in the distribution planning
of perishable foods (Cakar, 2021).
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. Definition/ Key Features/ Applications

Technique Principle Operation in Food Field References

Fuzzy Logic Models - Mimics human- | - Modeling Memmedova,
uncertain and like reasoning. food quality 2012;
imprecise data | - Converts parameters Nabiyev, 2016
using fuzzy imprecise inputs with uncertain
set theory. to actionable data.

outputs. - Shelf-life

- Based on estimation
membership and sensory
functions and evaluation.
inference rules.

ANNSs Networks - Components: - Food quality Krenker et al.,
with inputs, outputs, prediction. 2011;
interconnected | weights, - Ingredient and | Ozmerkez,
nodes activation & flavor 2006; Yilmaz,
(neurons) transfer analysis. 2017
processing functions. - Process
numerical - Learns patterns optimization
data. and predicts in production.

unseen cases.

GA Search and - Uses crossover, | - Optimizing Ozbilen, 2015;
optimization mutation, and food Yilmaz, 2017
algorithms selection. formulations.
inspired by - Iteratively finds | - Improving
natural optimal supply chain
selection. solutions. and storage

strategies.

Expert Programs - Requires - Diagnosing Terzietal.,

Systems imitating detailed expert contamination | 2019
human expert <knowledge risks.
decision- base. - Decision
making. - Uses inference support in

engines for food safety
reasoning. protocols.

Ant Optimization - Steps: Initialize | - Optimizing Cakar, 2021

Algorithms based on ant pheromone logistics in

(Ant Colony foraging Move ants — food

Optimization) | behavior and Evaluate paths distribution.
pheromone — Update - Dynamic
trails. pheromones — routing for

Iterate. perishable
- Finds shortest goods.

or optimal
paths.

ANNs: artificial neural networks; GA: genetic algorithms

53




Kimya Degerlendirmeleri

Recent developments in food fields highlight the
importance of food ingredients for healthy living. These
developments have attracted significant attention, and studies
have established a meaningful connection between food
ingredients and human health (Delgado et al., 2021). Basic
information such as nutrition, food data sources, food
ingredients, and even bioactive compounds are collected from
various databases, making a significant contribution to
epidemiological research and the development of new products
and nutritional ingredients in the food industry. The contents of
these comprehensive large food databases vary widely, and the
data obtained are not just collected but are actively used to meet
information needs and support research in food chemistry
(Chiang & Castillo, 2017). Al technology, which imitates
human thinking ability and is improving daily, is used to analyze
the nutritional compositions, chemical properties, and flavor
molecules of different types of foods via DL, ML, and food
databases (Tseng et al., 2023).

The ever-changing, globalizing world and the relentless
march of technology have significantly altered human needs.
This technological revolution has left no industry untouched,
including the food sector. The emergence of variable demand
has increased not only the quantity of products but also their
diversity. These technological and market shifts have compelled
companies to devise more competitive strategies. Learning-
based algorithms, such as Al, deliver results much faster than
traditional methods do (Villegas et al., 2018). Figure 2 illustrates
five fundamental techniques used in artificial intelligence in the
food industry.

54



Kimya Degerlendirmeleri

Applies to control
PP -==--1 Handles uncertainty
systems -
'

Expert System> -- -‘ Used in medical diagnosis |- =

,{ Rule-based decision making |

Ant Algorithms>f - *! Inspired by ant behavior |- -

Solves path optimization

\ *| Genetic )
| Algorithms =71 Solves optimization problems |----1 Based on evolution
\

Artificial Neural
Network (ANN)

- ‘| Used in image recognition }» ==
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Figure 2. Al techniques in the food field (Terzi et al., 2019).

These include Fuzzy Logic, used in managing
uncertainty and control systems; ANNSs, inspired by the human
brain and frequently encountered in fields such as image

recognition and natural language processing; GA, which provide
highly effective results in solving complex optimization
problems based on evolutionary principles; Expert Systems,

which accelerate decision-making processes by transforming
expert knowledge into rules; and Ant Algorithms, inspired by
ant behavior in nature and effectively used in tasks such as route
finding and path optimization. These techniques are presented in
a conceptual framework, presenting their fundamental structures
and sample applications. These Al techniques are used in
various fields, including the food industry, and are becoming

increasingly common. Table 5 summarizes Al-based intelligent
system techniques in food applications.
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applications

Application
Technique Areas in Advantages Limitations Key References
Food Domain
. Handles Requires Best f_or
Cooking - situations
S Y uncertainty expert- .
optimization, ] with
: : and defined Lo .
Fuzzy ingredient imprecision rules; may Imgmspc/q Dogan,
N control, flavor . ’ ualitative 2024; RSC,
Logic -~ well; struggle -
profiling, . e variables 2025
. interpretable with highly -
supply chain ; like
) rule-based dynamic o
planning. reasonin inputs slightly
g puts. cooked”.
Yield Learns
prediction Needs large | Excellent
complex i .
(e.q., . training for image,
omegranate patterns; data; low chemical
ANNs pomeg highly gala, low ' | Wang, 2025
oil), process accurate when interpretabili | or sensory
modeling, . ty (“black- data-based
) trained » i
quality roperl box”) modeling
prediction. property
Optimization Global search
of food e Performance
capability; Powerful
processes - depends on - h
e avoids local arameter in multi-
GAs 9 minima; parame objective | Wang, 2025
extraction, . . tuning; S
. flexible with . optimizatio
fermentation), | .. computation
- ; fitness n problems
used in hybrid - -heavy
functions
Al systems
DeC|5|or) Hard to Works
support in Transparent scale or
- well when
food safety, logic and adapt to new -
Expert . - L . . domain Pennells,
ingredient decision trail; domains
Systems P - expert 2025
substitution, no need for without knowledae
bibliometric large datasets manual . edg
. is available
mapping updates
Logistics F?e\iIZtical Best suited
optimization, Efficient path P for
. - implementat S
supply chain finding; Lol distributio | Senaras
ACO L . ions in food
route finding, | adaptive and . n, route or | etal.,2025
. . so far; .
production decentralized scheduling
. mostly
scheduling . problems
theoretical

ACO: ant algorithms; ANNSs: artificial neural networks; GAs: genetic algorithms
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When the information in Table 5 is examined, fuzzy
logic offers flexible decision support systems in processes
dominated by uncertain and linguistic variables, particularly in
areas such as cooking optimization and flavor profiling. ANNs
stand out due to their ability to model complex relationships
with high accuracy in food composition, quality, and yield
prediction. GAs, thanks to their ability to optimize multiple
objective functions, are effectively used to improve process
parameters such as extraction efficiency. Expert systems,
particularly in areas such as food safety, ingredient alternatives,
and research mapping, provide user guidance by providing
explainable decisions based on human expertise. ACO, on the
other hand, provide practical solutions to problems in logistics
and supply chain planning, particularly route and schedule
optimization. The common denominator among all these
techniques is that they offer innovative approaches to improve
both efficiency and quality by adapting to the complex and
multivariate nature of the food industry.

4. ARTIFICIAL INTELLIGENCE
APPLICATIONS IN FOOD SAFETY

Food safety, which is extremely important for human
health and quality of life, has come together with various
technology applications to protect food from food-borne
diseases and the loss of reputation of producing companies, and
significant developments have been made in the food industry
(Liu et al., 2023). It is frequently observed in the food industry,
as robots have a sterile, noninfected environment. In this way, it
is considered an essential factor in minimizing the number of
diseases caused by food products. Strict and hygienic rules that
apply to all businesses have been prepared by the Food Safety
Modernization Act (FSMA). The most critical factor in
determining these rules is that studies have been carried out to
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increase the safety of grains, legumes, and spices, which are
most prone to contamination, and foods that do not need to be
stored in refrigerator conditions. While it was possible to keep
such foods free from contamination in ancient times, Al-based
systems that are simple and easy to maintain have been created
for these problems (Fedorova et al., 2020; Misra et al., 2020).

It is expected that there will be revolutionary new
inventions using Al technologies in food safety studies that will
be integrated into our lives very quickly. Recently, with changes
in eating habits, there has been a significant increase in
processed food consumption, which has led to various metabolic
diseases. Various developments in terms of food safety are
known to reduce food-borne diseases.

4.1. Next-Generation Sequencing (NGS) and
Electric Noses (ENs)

Next-generation sequencing (NGS) and electric noses
(ENS), considered the most influential innovations in the field of
food, are among the Al-based techniques. NGS quickly and
accurately detects factors that threaten the safety and quality of
food products. It is an effective method that replaces traditional
methods in food analysis laboratories with DNA methods and
completes the process positively and fastest (Khan, 2022). ENs
were developed as an alternative method in which the human
nose can easily detect many odors during the production of food
products or in analysis laboratories. Sensors that recognize these
various odors have been developed, and these sensors can detect
only odors in the environment. The detected data are transferred
to the data center, and a signal is sent to the production units
according to the results of the machine learning-based system
(Yuetal., 2020).
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4.2. Food Waste Management

Research has shown that Al technology can effectively
reduce and prevent food waste by 2030. These estimates show
that people cannot effectively utilize existing resources.
Therefore, data are collected through different sensors via Al-
supported methods instead of traditional methods. Thus,
supported by machine learning algorithms, appropriate solution
methods are offered for the problem (Filimonau et al., 2020).
Some suggestions for preventing food waste with artificial
intelligence are shown in Table 6 (Kumar et al., 2021).

« Food producers can reduce soil analysis costs via Al
technology, which requires significant capital.

« Owing to this method, food supply chains can
prevent food waste by using image processing
technology to monitor every step and manage this
situation.

« Owing to Al-supported tracking systems, food can be
offered for sale before it spoils. This allows
producers to reach more customers and prevents food
waste.

Table 6. Al-based strategies to prevent food waste

Al-Based Strategy Benefit References
Use of Al to reduce soil Minimizes agricultural Kumar et al.,
analysis costs for input waste by optimizing 2021

producers. resource usage.
Use of image processing Detects inefficiencies and
to monitor food spoilage early, allowing Kumar etal.,
throughout the supply corrective action before 2021
chain. waste occurs.
Al-powered tracking Prevents expiration-related | kumar et al
systems to ensure timely H g
waste and increases sales 2021
sales of food before ..
. efficiency.
spoilage.
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5. ARTIFICIAL INTELLIGENCE-SUPPORTED
FOOD STUDIES MENTIONED IN THE
LITERATURE

Recently, various studies and ideas have emerged
regarding global food production and the supply-demand
balance that influences it. This has raised significant concerns
about humanity's current ability to meet the nutritional needs of
a rapidly growing global population and ensure the
sustainability of agricultural production (Kakani et al., 2020). At
the global level, many factors have been identified, including
population growth, increasing prosperity in developing
countries, climate crises, and human-induced environmental
degradation (Anukwonke et al., 2022). In light of these
variables, agricultural production must be expanded in terms of
scale and efficiency to meet the growing food demand
(Hemathilake et al., 2022). However, this expansion will only be
possible through sustainable methods that minimize
environmental impacts; otherwise, the pressure on natural
resources will increase.

This research by Yang et al. (2025) comprehensively
examines the emerging applications of Al technology in the
food industry. It provides a comprehensive assessment of the
impact of Al-driven solutions on the industry in critical areas
such as quality control systems, industrial process automation,
food safety protocols, customer preference analysis, and supply
chain optimization. They also provide examples of the industry's
use of Al methodologies such as DL and ML and examine the
ethical, technological, and legal challenges faced in integrating
these technologies.

In another study, a bibliometric analysis conducted by
Azizi and Jabbari (2025) examined a total of 497 scientific
publications published in the field of Al and food security
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between 2009 and 2025. Using the VOS viewer software tool as
a bibliometric analysis tool, it was determined that India, the
United States, and China produced the most publications in this
field. The key words highlighted in the analysis included
"artificial intelligence,” "machine learning,” and "food security."
Al technologies have been reported to be significantly effective
in various areas, such as optimizing supply chains, increasing
agricultural productivity, and promoting the sustainable use of
natural resources. However, climate change, infrastructure
deficiencies, and technical inadequacies were highlighted as
factors hindering the large-scale adoption of Al applications.
Bibliometric findings serve as a strategic roadmap by revealing
international research collaborations, publication trends, and
potential future research areas in this field.

In a separate study, Menichetti and colleagues (2023)
created a machine learning model that can predict the extent of
food processing on the basis of nutrient composition data. The
study classified commonly consumed foods into four processing
classes: natural/minimally processed, processed culinary
ingredients, processed foods, and ultra-processed meals. A
labeled dataset was created via the NOVA classification method.
This dataset was evaluated across multiple dietary categories.
The developed approach was excellent at accurately identifying
ultra-processed meals. The results demonstrate that nutrient-
focused predictions can improve individual dietary choices and
strengthen nutrition policy via the use of digital tools.

6. FUTURE ROLE OF ARTIFICIAL
INTELLIGENCE IN THE FIELD OF FOOD

Al, which has been applied in various fields, has also
been used in critical studies in food chemistry. Successful
results have been achieved by processing many food ingredients
and databases of these food ingredients and using methods such
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as DL and ML (Tseng et al., 2023). Considering the studies in
recent years, it is predicted that Al applications are efficient in
food chemistry and will continue to increase in popularity in the
coming years. The interest in Al technology in food, as in every
field in almost every region of the world, has increased recently.
Al technology adds dimensions to this field, showing a
significant interaction between nutrition and food science
through various applied models. In line with the combination of
these fields, essential studies have been carried out on the
relationship between food science and health. Research has
shown that the effects of dietary components on the intestinal
microbiota, food safety, diet evaluation, and the development of
food components with immune modulatory properties can be
successfully measured (Miyazawa et al., 2022).

This study aims to lay solid foundations for the next
generation by using Al and ML models to detect various
metabolic diseases, such as obesity, diabetes, and chronic kidney
diseases caused by food, by changing eating habits, consuming
multimolecular foods, and applying the correct treatment
methods. Scientists continue to work on common ground with
food chemistry, nutrition, food analysis methods, and Al
technology, and their work on reliable analysis techniques in the
future continues rapidly. To determine the safety and quality of
food products, many applications, such as Al techniques, ANNSs,
expert systems, and fuzzy logic, are practical today, and the
necessary studies for their place in the future are rapidly
continuing. Al techniques used in food chemistry: The main aim
is to develop necessary interventions with fast and accurate
results, without human intervention, by minimizing long-term
analysis. In addition to these methods, excellent infrastructure
for future food studies has been created with computer vision
systems, a combination of ANNs and fuzzy logic with
mathematical shapes, an electronic nose, efficiency calculations,
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and system accuracy, as well as the formation of Al-based
advanced models and control systems (Ali et al., 2021).

7. FUTURE CHALLENGES

Food, which is indispensable in meeting people's most
basic needs, meets the most critical needs of human life and ranks
first among the most consumed compared with other units. With
the pollution of natural resources, deterioration of the ecological
balance, and changes in eating habits in recent years, it has
become necessary to manage food production worldwide in a
more reliable, higher-quality, and more sustainable way. In line
with these needs and concerns, Al, which is considered a
revolutionary feature of food in many fields, brings hope by
contributing to the development of more sustainable food
production methods. By optimizing production processes and
minimizing food waste, Al ensures that resources are used
efficiently, thus reducing environmental impacts and maximizing
economic efficiency. In this context, Al offers highly effective
solutions in the areas of food safety and quality. Al plays a vital
role in carefully monitoring food, detecting possible dangers in
advance, and making the necessary interventions without wasting
time. Thus, human health is protected best by ensuring high-
quality and reliable food production (Ilter, 2022). Today, various
Al methods are being developed in nutrition and food science,
offering significant advantages to the food industry (Zatsu et al.,
2024). Importantly, the potential of ML and Al, which are
frequently applied in the food industry, is not a replacement for
traditional food science but rather a powerful tool that enhances
our capabilities. Together, these findings provide valuable results
for the development of food ingredients with immunomodulatory
effects, nutritional evaluation, food safety, and determination of
the effects of food ingredients on the intestinal microbiota.
Ongoing research to develop Al models to predict the adverse
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effects of multimolecular foods on human health, as determined
by the International Life Sciences Institute (Thakkar et al., 2023),
highlights the necessity of continuous research and development
to create reliable knowledge bases in the future. This
collaborative effort between food chemistry, food analytical
methods, nutrition, and Al will continue to inspire and contribute
to the development of innovative technology in the following
fields (Miyazawa et al., 2022).

ANNSs, fuzzy logic, electronic noses, and expert systems
have various Al applications and are known to be frequently used
techniques in food science (Sun et al., 2019). The primary
purpose of these technologies, each of which has its own
characteristics and capabilities, is to reduce human labor and
intervention. In food quality evaluation, computer vision systems
determine quality parameters by processing images of foods to
follow them moment by moment, an electronic nose that analyzes
the smell of foods, and spectroscopic methods that evaluate the
quality by examining the chemical composition of foods,
nondestructive and hybrid models known as measurements made
without damaging the physical structure of foods (Hassoun et al.,
2023). Is used. Although these models are known as promising
resources in various food fields, it has been found that it is not
easy to integrate these models into existing systems. While ANNs
modeling stems from neural network mathematical theories that
need to be compatible with nonlinear dynamic systems, it stems
from a lack of theoretical knowledge in fuzzy logic and
optimization for expert systems. Considering all these reasons,
much more research needs to be done on modeling that can be
integrated into applications to detect problems in the field of food
with the development of data. It makes significant contributions
to scientific research in the future with the powerful algorithms
and prediction capabilities created by Al-centered systems (Ali et
al., 2021).
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INVESTIGATION OF THE INTERACTION
BETWEEN FDA-APPROVED ANTIVIRAL
DRUGS AND SARS-COV-2 PROTEIN USING
MOLECULAR DOCKING METHOD

Tolga Acar YESIL'

1. INTRODUCTION

1.1. The COVID-19 Pandemic and
Antiviral Therapeutics

First identified in Wuhan, China, at the end of 2019,
COVID-19, caused by the SARS-CoV-2 virus, swiftly evolved
into a global pandemic, resulting in millions of deaths and
placing extreme strain on healthcare systems worldwide [1].
SARS-CoV-2 is a positive-sense, single-stranded RNA virus
that depends on its RdRp enzyme to replicate its genome. As a
pivotal component in the viral life cycle, RdRp has emerged as a
prominent molecular target for the development of antiviral
therapeutics [2,3].

While vaccination efforts have significantly mitigated
the spread of the virus, the demand for effective antiviral drugs
remains pressing, especially in areas with limited access to
vaccines or among individuals with compromised immune
systems [4]. In this regard, assessing the therapeutic potential of
pre-approved antiviral medications against SARS-CoV-2 stands
at the heart of drug repurposing initiatives. This strategy
facilitates the expedited and economical application of existing
pharmaceuticals to address emerging infectious diseases.
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1.2. Selected Antiviral Drugs and Their
Characteristics

Within the scope of this study, ten FDA-approved
antiviral drugs effective against various viruses were selected.
These drugs belong to different classes and exhibit a broad
spectrum of antiviral activity. Each of them is briefly introduced
below:

Letermovir: It is a drug used for the prevention of
cytomegalovirus (CMV) infections. It inhibits the packaging of
viral DNA by binding to the viral DNA terminase complex [5].

Peramivir: An intravenously administered
neuraminidase inhibitor used against Influenza A and B viruses.
It prevents the release and spread of the virus from infected cells
[6].

Zanamivir: A neuraminidase inhibitor administered via
the respiratory tract for the treatment of influenza [7].

Sofosbuvir: A nucleotide analog inhibitor used against
chronic Hepatitis C virus. Sofosbuvir directly targets viral RNA
synthesis [8].

Entecavir: A guanosine analog effective against the
Hepatitis B virus. It inhibits viral DNA polymerase. Its
nucleoside-like structure makes it suitable for investigation in
RNA polymerase-targeted novel applications [9].

Acyclovir: This compound is a nucleoside analog
derived from purine, functioning primarily as an inhibitor of
viral DNA polymerase. It is commonly used in the treatment of
infections caused by Herpes simplex virus and Varicella-Zoster
viriis [10].

Oseltamivir: An orally administered neuraminidase
inhibitor widely used against influenza viruses [11]. Its
structural flexibility and low molecular weight may enhance its
binding affinity to RdRp.
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Famciclovir: Famciclovir is a prodrug administered
against herpesvirus infections. Upon metabolism in the body, it
Is converted into penciclovir, which acts by inhibiting the
replication of viral DNA [12].

Fostemsavir: An entry inhibitor used in HIV-1
infections. It binds to the gp120 glycoprotein, preventing viral
entry into host cell [13].

Lenacapavir: Known as an HIV-1 capsid inhibitor,
administered as a long-acting injectable formulation [14].
Although it targets capsid-protein interactions, its extensive
aromatic system may enable alternative binding sites.

Despite targeting various viral components, the
molecular-level interactions of these drugs with the 6M71
protein should be assessed using computational (in silico)
techniques. Such analyses facilitate the discovery of clinically
approved compounds that might be effectively repurposed as
treatments against SARS-CoV-2.

2. MATERIALS AND METHODS

2.1. Obtaining Optimized Geometries of
Compounds for Molecular Docking Studies

A total of 10 antiviral compounds evaluated in this study
were selected from FDA-approved drugs utilized in the
treatment of various viral infections. The two-dimensional (2D)
structures of these compounds were drawn using ChemDraw
Ultra software, followed by three-dimensional (3D) geometry
optimizations performed with Avogadro software [15]. All
ligands were saved in .mol2 format based on their low-energy
conformations. Detailed structural information of the drugs is
presented in Table 1.
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Table 1. Structural Information of the 10 Selected Antiviral Drugs

in the Study

Drugs Molecule Formula ng/lgor:ic(;yrir:ol) Stsrgl(jtrlégal
Letermovir CaoH2sF4N,O4 572.6 PubChem
Peramivir C15H2N4O4 328.4 PubChem
Zanamivir C12H20N4O4 332.3 PubChem
Sofosbuvir CoH29FN3OgP 529.5 PubChem
Entacavir C12H15N504 277.3 PubChem
Acyclovir CgH11N50; 225.2 PubChem
Oseltamivir Ci6H2sN,04 312.4 PubChem
Famciclovir C14H19N504 321.3 PubChem
Fostemsavir Cy3H33NgOgP 572.5 PubChem
Lenacapavir C39H3,CIF,N;05S 784.2 PubChem

2.2. Preparation of Protein (6M71)

This research utilized the crystal structure of the RNA-
dependent RNA polymerase (RdRp) enzyme, a critical
component in the replication process of the SARS-CoV-2 virus,
as the molecular target. The three-dimensional structure of
RdRp was obtained from the Protein Data Bank (PDB) under
the accession code 6M71. Subsequent structural analysis was
conducted employing BIOVIA Discovery Studio Visualizer
software [16].

During the protein preparation stage, co-crystallized
ligands, ions, and water molecules were systematically removed
from the structure. Subsequently, missing hydrogen atoms were
incorporated to complete the molecular framework. The protein
was then refined and optimized to ensure suitability for
molecular docking simulations.

2.3. Molecular Docking Study

Docking analyses were conducted utilizing AutoDock
Vina 1.1.2 to investigate the binding affinities between the
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compounds and the selected target proteins [17]. The binding
pocket was defined based on the spatial coordinates of the
ligand present in the co-crystal structure. The center of the grid
box surrounding the active site was determined using the
POCASA 1.1 web server [18], enabling accurate positioning of
a 40 x 40 x 40 A grid box for docking simulations at
coordinates X: 117.2, Y: 113.3, and Z: 131.1. The resulting
docking poses were visualized in 2D and 3D using BIOVIA
Discovery Studio Visualizer, allowing detailed analysis of
ligand-protein interactions.

3. RESULTS AND DISCUSSIONS

Throughout the COVID-19 outbreak, extensive efforts
have been made to assess the therapeutic potential of various
antiviral agents targeting SARS-CoV-2 at the molecular level. In
this context, the current study employed molecular docking
techniques to examine the interactions of ten selected drug
molecules (1-10) with the RdRp enzyme of SARS-CoV-2,
whose three-dimensional structure is available under PDB ID
6M71. Favipiravir, an antiviral drug granted emergency
approval and commonly used in the clinical management of
COVID-19, was incorporated as a reference ligand for
comparative evaluation. (Table 2).

Table 2. Docking Scores of 10 Antiviral Drugs with SARS-CoV-2
6M71 Protein and Comparison with Favipiravir

Brote Docking scores (kcal/mol)
(p[rge:gss) Ligands Standard

1 2 3 4 5 Favipiravir

-8.1 -60 | -69 | -7.3 -7.1

Ligands
6M71 -5.6

6 7 8 9 10

-56 | -55 | -58 | -85 -9.6
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The binding energy of Favipiravir with the 6M71 target
protein was calculated as -5.6 kcal/mol. The docking scores of the
compounds ranged from -5.5 to -9.6 kcal/mol, with compounds
10 (-9.6 kcal/mol), 9 (-8.5 kcal/mol), and 1 (-8.1 kcal/mol)
exhibiting significantly higher binding affinities. These binding
energies indicate that the respective compounds may bind more
strongly to the target protein compared to Favipiravir. Among the
total of 10 compounds, seven demonstrated binding energies
lower than -6.0 kcal/mol, thus exhibiting stronger affinities than
Favipiravir. In particular, the notably lower binding energy of
compound 10 suggests a high affinity of this molecule for the

enzyme.

Table 3. Observed Bonds and Bond Lengths in Ligand-Protein

Interactions

Protein- . .
Ligand Bond Aminoacid atlonr;e;?%téﬁ Dls(tlg)n ce
complex P-
CYS622 O atom of 4.03
Conventional LYS621 C=0 group 4.95
Hydrogen ASP623 H atom of OH 299
group
Fluorine atom
ASP760 of benzene 4.94
Carbon- ring
6M71-1 Hydrogen H atoms of
Bond LYS798 CHj group 4,56
Carbon atom
PR0O620 of CF group 3.93
Halogen TYR619 Fluorine atom 6.61
9 ASP618 of CF5 group 5.12
Pi-anion ASP761 Benzene ring 5.54
Alkyl, Pi-alkyl TRP800 CHj; group 5.51
Conventional TRP617 H atom of OH 6.14
Hydrogen group
6M71-2 C atom of CH
Pi-alkyl TRP800 2 7.03
group
. ASP760 415
C&n\aerrétéggal TRP617 H atgr:;s; OH 586
6M71-3 4 ASP761 4.80
Carbon- TRP800 O atom of 477
Hydrogen carbonyl group
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Protein- . .
Ligand Bond Aminoacid atlonr;eg?f:t(;cr)r? D'itz; ce
complex P.
Bond
ASP761 H atom of NH 4.67
Conventional TRP617 group 5.92
Hyd
yerogen LYS621 © 2tom of P 4.04
6M71-4 F gtompof
Halogen ASP760 4.37
carbon group
Pi-cation ASP623 P group 6.06
Pi-alkyl ARG624 Benzene ring 6.07
. ASP761 Hatomof OH | 5
Conventional group
Hydrogen TRP617 H atom of NH 5.38
6M71-5 ASP760 group 4.21
Carbon-
Hydrogen PHES12 OatomofOH | g g
Bond group
GLN444 H atom of OH 4.06
ASP445 group 4.05
Conventional H atom of NH
Hydrogen ASN447 group 3.43
6M71-6 ALAS54 N atom of 4.76
purin ring
Carbon-
Hydrogen SER451 O atom of 3.84
Bond carbonyl group
Pi-alkyl ALA448 Benzene ring 4.36
ALA554 O atom of 4.06
C tional GLN444 C=0 group 5.20
ﬁ'”‘:jerr(‘) '22"" SER451 H atom of NH 434
ydrog ASN447 a g:gj’p 3.92
6M71-7 ASP445 4,18
Carbon- TYRA455 CHthg‘er of 5.68
Hydrogen O atom of
Bond ARG553 _ 6.49
C=0 group
ASP445 H atom of NH, 4.74
ASN447 group 3.43
O atom of
Conventional GLN34 C=0 group 4.12
H
6M71-8 ydrogen ASN552 O atom of 5.16
ester group
ALAS554 N atom of 4.13
purin ring
Carbon- SER451 Purin rin 4.25
Hydrogen ALA448 g 3.39
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F;_riOt;r:g' Bond Aminoacid Interaction Distance
corgplex atom of comp. A)
Bond
Conventional ARG553 O atom of P 5.83
Hydrogen THR556 group 411
Carbon- O atom of
6M71-9 Hydrogen ASP618 carbonyl group 4.36
Bond
Pi-cation ASP623 Benzene ring 5.47
Pi-anion ARG624 Triazole ring 5.34
ARG555 5.22
ARG553 F at%rrnogg CFs ™ 6.08
ASN691 5.47
CYS622 O atom of 4.42
LYS621 carbonyl group 4,96
Conventional ASP623 H atg:glj); NH 3.71
Hydrogen
6M71-10
LYS798 O atom of P 5.14
group
F atom of CF;
LYS551 group 5.38
SER814 O atom of P 3.66
group
Halogen ASP760 Fatomof CF; | ¢ 43
group

The molecular docking analyses revealed a range of
interaction types and bond distances within the complexes
formed between the synthesized compounds and the SARS-
CoV-2 RNA-dependent RNA polymerase (PDB ID: 6M71), as
detailed in Table 3. These intermolecular interactions are critical
in determining both the binding affinity and the specificity of
each compound toward the target protein. In this context, the
compounds docked to 6M71 primarily interact with the target
protein through conventional hydrogen bonds, carbon-hydrogen
bonds, halogen bonds, and non-covalent interactions such as Pi—
alkyl and Pi—cation interactions (Table 4).

Among the analyzed complexes, it was observed that
almost all compounds formed multiple conventional hydrogen
bonds, with bond distances ranging between 3.3 and 4.9 A.
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These hydrogen bonds predominantly involve polar amino acid
residues such as ASP, TRP, LYS, and SER, indicating strong
anchoring of the ligands to the binding site. In addition to
conventional hydrogen bonds, the presence of carbon-hydrogen
bonds as well as hydrophilic and hydrophobic interactions like
Pi-alkyl and Pi—cation further contributes significantly to
binding stability. For instance, the halogen bond and Pi—cation
interaction observed in the 6M71-4 complex support specific
binding to the target protein. These interactions mostly occur
within a distance range of 4.0-6.0 A. Moreover, in some
complexes (e.g., 6M71-9 and 6M71-10), Pi—cation and Pi-alkyl
interactions with TRP and ARG residues are notably prominent;
these interactions generally facilitate the accommodation of
aromatic-ring-containing compounds in the binding pocket.

Regarding bond lengths, the average interaction
distances were mostly found between 3.5 and 4.5 A, which are
within ideal ranges for hydrogen bonds and van der Waals
forces. However, some interactions, such as Pi-alkyl bonds in
complexes 6M71-2 and 6M71-8, exceeded 6.0 A; while these
long-distance interactions contribute less energetically to
binding, they may play a complementary role in enhancing
binding stability.

Taken together, these data indicate that the compounds
exhibit rich and diverse binding profiles not only in terms of
binding energies but also through the multiplicity and variety of
bond types formed with the target protein. This supports the
consideration of these compounds as potential inhibitor
candidates. Nevertheless, it should be noted that, alongside the
number and types of bonds, the positions of the interacting
amino acids and their functional roles within the target protein
are critical. Interactions involving amino acids directly related to
the active site are especially important for inhibitor efficacy.
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Table 4. 2D and 3D Visualizations of Ligand-Protein Complexes

6M71-2

Interactions.
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6M71-10

4. CONCLUSION

In this study, the interaction potentials of ten FDA-
approved antiviral drugs with the SARS-CoV-2 RdRp target
protein (PDB ID: 6M71) were evaluated using molecular
docking methods. The obtained docking scores were compared
with those of the reference drug Favipiravir, revealing that
several drugs exhibited higher binding affinities. Among the
evaluated compounds, Sofosbuvir, Lenacapavir, Fostemsavir,
and Letermovir exhibited pronounced binding interactions with
the 6M71 protein, indicating their potential as promising
inhibitors of SARS-CoV-2. These results underscore the
relevance of drug repurposing as a strategic approach, offering
new therapeutic opportunities by redirecting existing antiviral
agents for COVID-19 treatment. Corroboration of these
computational findings through experimental and clinical
research could play a pivotal role in advancing novel treatment
options. Accordingly, comprehensive in vitro and in vivo
investigations are warranted to confirm the antiviral potential of
these candidate molecules.

87



Kimya Degerlendirmeleri

REFERENCES

[1]

[2]

[3]

[4]

[5]

[6]

Sannathimmappa, M. B. & Nambiar, V. (2020). COVID-
19: An Insight into SARS-CoV2 Pandemic Originated at
Wuhan City in Hubei Province of China, Journal of
Infectious Diseases and Epidemiology 6.

Fehr, A. R. & Perlman, S. (2015). Coronaviruses: An
Overview of Their Replication and Pathogenesis, in:
2015: pp. 1-23.

Shereen, M.A., Khan, S., Kazmi, A., Bashir, N.,
Siddique, R. (2020). COVID-19 infection: Emergence,
transmission, and characteristics  of  human
coronaviruses, J Adv Res 24, 91-98.

Yilmaz, F. (2024). Pandemi Tarihi, COVID-19
Pandemisi, Kiiresel ve Ulusal Miicadele Siiregleri,
Istanbul Universitesi-Cerrahpasa Universite Yaymevi.

Rahman, A., Lee, C., Rahman, S., Baranowska, J.,
Moeller, C.M., Valledor, A.F., Rubenstein, G., Oren, D.,
Alnatour, A.T., LaBarre, B., Oh, K.T., Bae, D,
Raikhelkar, J., Lotan, D., DeFilippis, E.M., Yunis, A.A,,
Fried, J., Latif, F., Yuzefpolskaya, M., Colombo, P.C.,
Lin, E., Majure, D.T., Clerkin, K.J., Choe, J., Sayer, G.
& Uriel, N. (2025). Efficacy of Letermovir for
Cytomegalovirus Prophylaxis in Heart Transplant
Recipients with Moderate to High-Risk CMV Serostatus,
J Card Fail.

Mei, C., Cai, X., Li, P., Chen, J., Lu, W., Pi, P., Shi, J.,
Li, W., Cai, X. (2025). Preparation and comprehensive
preclinical study of Peramivir inhalation solution:
Achieving accurate drug delivery, Biomedicine &
Pharmacotherapy 186, 118029.

88



[7]

[8]

[9]

[10]

[11]

Kimya Degerlendirmeleri

Euzen, V., Xhaard, A., Berreira-lbraim, S., Deville, L.,
Quentin, A., De Lima Prata, P.H., Gournay,V., Prot, M.,
Rahou, Y., Barbet, M., Mercier-Delarue, S., Peffault De
La Tour, R., Simon-Loriere, E., Legoff, J. (2024).
Zanamivir and baloxavir combination to cure persistent
influenza and coronavirus infections after hematopoietic
stem cell transplant, Int J Antimicrob Agents 64, 107281.

Gonzalez-Peralta, R.P., Wen, J.W., Hardikar, W.,
Karnsakul, W.W., Whitworth, S., Lin, C.-H., Indolfi, G.,
Rosenthal, P., Balistreri, W., Schwarz, K.B., Honegger,
J.R., Zhang, X., Svarovskaia, E.C., Suri, V., Kersey, K.,
Leung, D.H. (2025). Long-term efficacy and safety of
sofosbuvir-based direct-acting antiviral regimens in
paediatric patients with hepatitis C virus infection: an
international registry study, Lancet Child Adolesc Health
9: 248-254.

Fontana, R.J. (2009). Side effects of long-term oral
antiviral therapy for hepatitis B #, Hepatology 49: S185—
S195.

Aboelezz, A., Kharouba, M. & Mahmoud, S.H. (2025).
Acyclovir dosing strategies in herpes encephalitis: A
retrospective charts review, Journal of Clinical
Neuroscience 136, 111230.

Zhang, J., Jia, R., Jia, H., Li, P., Jiang, Y., Bonomini, A.,
Bertagnin, C., Xu, Q., Tan, Z., Ma, X., Loregian, A.,
Huang, B., Liu, X., Zhan, P. (2024). Elaborate Structural
Modifications Yielding Novel Boron-Containing N-
Substituted  Oseltamivir ~ Derivatives as  Potent
Neuraminidase Inhibitors with Significantly Improved
Broad-Spectrum Antiresistance Profiles, J Med Chem
67,22191-22217.

89



[12]

[13]

[14]

[15]

[16]

[17]

[18]

Kimya Degerlendirmeleri

Oka, T., Hishizawa, M., Yamashita, K., Shiraki, K.,
Takaori-Kondo, A. (2021). Successful treatment with
famciclovir for varicella zoster virus infection resistant to
acyclovir, Journal of Infection and Chemotherapy 27,
755-758.

Weiss, S., Alvarez, R.A., Goff, M., Li, H., Acosta, E.,
Chen, P., Seedhom, H.M., Swartz, T.H., Gartland, M.,
Clark, A., Aberg, J.A. & Chen, B.K. (2025). High HIV-1
viremia and low anti-Env antibody responses are
associated with delayed treatment response to
fostemsavir in highly treatment-experienced individuals,
Antiviral Res 235, 106096.

van Zyl, G., Prochazka, M., Schmidt, H.-M.A., Orrell,
C., Schapiro, J.M., McCluskey, S.M., Vitoria, M.,
Kantor, R., Parikh, U.M., Rodolph, M., Jordan, M.R. &
Shafer, R.W., (2025). Lenacapavir-associated drug
resistance: implications for scaling up long-acting HIV
pre-exposure prophylaxis, Lancet HIV.

Hanwell, M.D., Curtis, D.E., Lonie, D.C,,
Vandermeersch, T., Zurek, E. & Hutchison, G.R. (2012).
Avogadro: an advanced semantic chemical editor,
visualization, and analysis platform, J Cheminform 4, 17.

BIOVIA. (2021). Discovery Studio Visualizer, Version
21.1.0.20298. (San Diego, CA: Dassault Systemes).

Trott, O. & Olson, AJ. (2009). AutoDock Vina:
Improving the speed and accuracy of docking with a new
scoring  function,  efficient  optimization, and
multithreading, J Comput Chem.

Yu, J., Zhou, Y., Tanaka, I., Yao, M. (2010). Roll: a new
algorithm for the detection of protein pockets and cavities
with a rolling probe sphere., Bioinformatics 26, 4.

90



Kimya Degerlendirmeleri

PIROLIZ GAZ KROMATOGRAFISi KUTLE
SPEKTROMETRESI (PY-GC/MS) CIHAZINDA
MIiKRO-NANOPLASTIK ANALIZINDE KOR
(BLANK) NUMUNELERIN ONEMI

Biisra SENSOY GUN!

1. GIRIS

Plastikler, yiliksek dayanikliliklari, hafif yapilari,
esneklikleri ve diislik tiretim maliyetleri sayesinde giliniimiizde
ambalaj, tekstil, insaat, otomotiv, tip ve elektronik gibi bir¢cok
endiistride vazgecilmez malzemeler haline gelmistir. Ozellikle
tek kullanimlik iiriinlerde sagladiklar1 kolaylik, plastiklerin hizla
yayginlagmasina katki saglamaktadir. Ancak bu avantajlarin
beraberinde onemli sorunlar da ortaya c¢ikmaktadir. Kullanim
omrii tamamlanan plastik iriinlerin biiytik bir kismi geri
dontstiirilmeden dogrudan g¢evreye birakilmakta ve biyolojik
olarak kolayca parcalanmadiklar1 i¢in uzun yillar dogada
kalabilmektedir. Bu durum, sadece gorsel kirlilik yaratmakla
kalmaz; ayn1 zamanda ekosistemlerde birikerek toprak, su ve
hava kalitesini olumsuz etkiler. Denize ve tatli su kaynaklarina
ulasan plastikler, zamanla mikroplastik ve nanoplastik
pargaciklara doniiserek besin zincirine dahil olmakta ve hem
ekolojik denge hem de insan sagligi agisindan ciddi riskler
olusturmaktadir. Dolayisiyla plastiklerin yaygin ve kontrolsiiz
kullanimi, gliniimiizde kars1 karsiya oldugumuz en Onemli
cevresel sorunlardan biri olarak degerlendirilmektedir. (Kibria

! Ogr. Gér. Dr, Bilecik Seyh Edebali Universitesi Merkezi Arastirma Laboratuvari
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vd., 2023; Pilapitiya ve Ratnayake, 2024). Plastiklerin gevrede
fiziksel, kimyasal ve biyolojik siire¢ler sonucu pargalanmasiyla
Sekil 1’deki gibi mikroplastikler (5 mm’den kiigiik par¢aciklar)
ve daha kiiciik boyuttaki nanoplastikler (1 pm’den kiiciik
pargaciklar) olusmaktadir (Koelmans vd., 2015; Al-Thawadi,
2020; Yee vd., 2021).

—>--—>

Plastik Poset Mikroplastik Nanoplastik

Sekil 1. Mikro ve nanoplastikler

Mikro ve nanoplastikler; ambalaj atiklari, tekstil tiriinleri,
otomotiv, kozmetik, tarim ve endiistriyel faaliyetler gibi ¢ok
farkli kaynaklardan ¢evreye yayilabilmektedir. Ozellikle
denizler, nehirler, toprak ve hatta atmosferde tespit edilen bu
parcaciklar, ekosistemlerin siirdiiriilebilirligini tehdit etmektedir.
Canlilar bu plastikleri solunum, besin zinciri ya da dogrudan
temas yoluyla alabilmektedir (Khanna vd., 2024; Kochanek vd.,
2025).

Cevresel boyutta mikro ve nanoplastikler; sucul yasami
olumsuz etkilemekte, biyogesitliligi azaltmakta ve ekosistem
dengesini bozmaktadir (Hu vd., 2019). Insan saghig1 agisindan
ise bu pargaciklarin sindirim, dolagim ve solunum sistemine
ulasabildigi, hiicresel diizeyde oksidatif stres, inflamasyon ve
toksik etkilere yol acabilecegi bildirilmektedir (Chartres vd.,
2024; Kochanek vd., 2025). Giinlimiizde yapilan arastirmalar,
mikro ve nanoplastiklerin yalnizca ¢evresel degil, ayn1 zamanda
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ciddi bir halk saghg sorunu oldugunu gostermektedir
(Winiarska vd., 2024).

Mikroplastikler yalnizca fiziksel boyutlartyla degil, ayni
zamanda tasidiklar1 kimyasal katki maddeleri ile de risk
olusturmaktadir. Uretim siirecinde plastige esneklik, dayaniklilik
veya 1stya direng kazandirmak i¢in eklenen fitalatlar, bisfenol A
(BPA) ve organofosforlu bilesikler gibi maddeler, ¢evrede
coziinerek  veya  parcaciklardan  ayrilarak  canlilara
gecebilmektedir (Godswill ve Godspel, 2019; Karamchand vd.,
2025). Bu kimyasallar endokrin bozucu ozellikleri nedeniyle
Ozellikle hormonal sistem iizerinde olumsuz etkiler
yaratabilmekte; lireme sagligi sorunlari, gelisimsel bozukluklar
ve metabolik hastaliklarla iliskilendirilmektedir (Ullah vd.,
2023). Ayrica BPA ve fitalatlarin kanser olusum riskini
artirabilecegi, organofosforlu bilesiklerin ise sinir sistemi
tizerinde toksik etki gdsterebilecegi gesitli calismalarla ortaya
konmustur (Godswill ve Godspel, 2019; Costa ve  Cairrao,
2024). Dolayistyla mikroplastiklerin ¢evre ve insan sagligina
olan zararlari, sadece fiziksel bir kirletici olmalarindan degil,
aynt zamanda bu zararli kimyasal bilesiklerin tasiyicisi
olmalarindan da kaynaklanmaktadir.

Mikro ve nanoplastiklerin c¢evrede ve biyolojik
orneklerde varliginin belirlenmesi, boyutlarmin kiigiikliigii ve
karmagik matrislerde bulunmalari nedeniyle olduk¢a zorlu bir
siirectir. Bu nedenle cesitli analitik teknikler kullanilmaktadir.
On isleme ydntemleri arasinda filtrasyon, yogunluk ayirma ve
kimyasal sindirim yer almakta olup, daha sonra parcaciklarin
kimyasal yapist ve boyutlar1 farkli cihazlarla incelenmektedir
(Mahapatra vd., 2024). Fourier Doniisimli Kizil6tesi
Spektroskopisi  (FTIR) ve Raman spektroskopisi, polimer
tiirlerinin tanimlanmasinda en sik kullanilan yontemlerdir (Prata
vd., 2019; Sullivan vd., 2020). Daha kiigiik boyutlu
parcaciklarin incelenmesinde Raman oOne c¢ikarken, Gaz
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Kromatografisi-Kiitle Spektrometresi (GC/MS) plastiklerin
bozunma Tiriinlerini ve katki maddelerini analiz etmede
kullanilmaktadir (Zhang vd., 2021). Ayrica Py-GC/MS gibi
termal aymrma teknikleri, polimer bilesimini detayli sekilde
ortaya koymaktadir (Silva vd., 2018). Elektron mikroskopisi
(SEM, TEM) pargaciklarin morfolojisini ve yiizey Ozelliklerini
belirlemeye yardimci olurken, nanopartikiil izleme analizi
(NTA) ve akis sitometrisi gibi yontemler ozellikle
nanoplastiklerin boyut dagilimi ve yogunlugu hakkinda bilgi
saglamaktadir (Fu vd., 2020; Caputo vd., 2021).

Mikro ve nanoplastiklerin analizinde kullanilan
yontemlerin giivenilirligi acisindan kor (blank) numuneler
bliylik onem tasimaktadir. Laboratuvar ortaminda kullanilan
plastik malzemelerden, havadan veya kimyasal reaktiflerden
kaynaklanabilecek kontaminasyon, yanlis pozitif sonuglara yol
acabilmektedir. Bu nedenle her analizde blank kontrollerin
uygulanmasi, elde edilen sonuglarin  dogrulugunu ve
tekrarlanabilirligini ~ artirmaktadir. Blank numuneler, hem
cevresel hem de biyolojik drneklerin incelenmesinde arka plan
kirliligini ayirt etmeye ve gercek mikro ya da nanoplastik
varligin1 giivenle tespit etmeye olanak tanimaktadir (Shruti ve
Kutralam-Muniasamy, 2023). Bu yiizden mikro ve
nanoplastiklerin cevresel ve biyolojik etkilerinin yani sira,
kullanilan analiz tekniklerinde blank numunelerin rolii ve dnemi
de vurgulanmalidir.

2. MiKRO VE NANOPLASTIiKLERIN PY-GC/MS
ANALIZINDE BLANK NUMUNELER iLE
KONTAMINASYONUN ONLENMESI

Mikro ve nanoplastiklerin tespitinde siklikla kullanilan
Py-GC/MS teknigi, polimerlerin termal bozunma firiinlerini
analiz ederek plastik tiirlerinin  belirlenmesine olanak
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tamimaktadir (Ma vd., 2015). Ancak bu yontemde, 6zellikle
laboratuvar ortamindan, kullanicidan ve numune kaplarindan
kaynaklanan arka plan kontaminasyonu sonuglarin dogrulugunu
ciddi sekilde etkileyebilmektedir (Sekil 2). Cozelti hazirlama
asamalarinda kullanilan reaktifler, cam veya plastik laboratuvar

ekipmanlar1 ve hatta ortam havasi bile piroliz sirasinda sinyal
olusturabilecek bilesikler i¢erebilmektedir (Bhat vd., 2024).

PY-GC/MS Cihazinda Mikro ve Nanoplastik Analizlerde Olusan
Kontaminasyon Kaynaklari

N\

Hava Kaynakli Kullanici Kaynakl

/ PY-GC/MS \

Numune Kabi Laboratuvar Ekipmanlani
Kaynakli Kaynakl

Sekil 2. PY-GC/MS cihazinda mikro ve nanoplastik analizlerinde
olusan kontaminasyon kaynaklari

Py-GC/MS analizlerinde blank numunelerin kullanilmasi
kritik bir kontrol basamagidir. Blanklar, herhangi bir plastik
icermeyen ancak numune ile ayn1 6n islem ve analiz adimlarina
tabi tutulan Orneklerdir. Boylece sistemden, kullanilan
kimyasallardan veya laboratuvar kosullarindan kaynaklanan
sinyallerin ayirt edilmesi saglanmaktadir. Blank numuneler
sayesinde yanlis pozitif sonuclarin Oniine gecilerek, gercek
mikro ve nanoplastik varligmin gilivenilir bi¢imde ortaya
konmas1 miimkiin olmaktadir (Okoffo ve Thomas, 2024).
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Analiz siirecinde yalnizca cihazdan degil, laboratuvarin
farkli asamalarindan da kontaminasyon kaynaklari ortaya
¢ikabilmektedir. Oncelikle, cevresel faktdrler onemli bir risk
olusturur. Laboratuvar havasinda tasinan tozlar, havalandirma
sisteminden gelen partikiiller veya ortamdaki sentetik lifler
numunelere bulasarak analizde plastik sinyallerine yol agabilir
(Paiva vd., 2022; Jones vd., 2024). Bunun yan1 sira, kullanilan
kimyasal reaktifler, ¢oziiciiler ve laboratuvar malzemeleri de
kontaminasyonun baslica kaynaklaridir. Cam malzemelerin
yaninda ozellikle plastik esasli pipet uglari, filtreler, tiipler ve
kapaklar piroliz sirasinda bozunarak kromatogramda yanlis
pozitif sonuglara neden olabilir (Cheng ve Yu, 2020;
Bogdanowicz vd., 2021; Jones vd., 2024).

Buna ek olarak, numune hazirlama siirecinde kullanilan
ekipmanlar da kritik bir kontaminasyon kaynagidir. Numune
tutucular, stoperler, siringalar, contalar veya baglant1 elemanlari
polimer icerikli oldugunda, piroliz sirasinda bozunma {irtinleri
sinyal verebilir (Jones vd., 2024). Hatta analizde gorevli
personelden kaynaklanan Kkirlilikler bile dikkate alinmalidir.
Ornegin, laboratuvar c¢alisanlarmin kiyafetlerinden dokiilen
sentetik tekstil lifleri, eldivenlerden kopan parcalar veya kisisel
esyalar numunelere plastik bulastirabilir (Bogdanowicz vd.,
2021).

Bu nedenle Py-GC/MS analizlerinde kullanilan blank
numuneler, numune ile ayni iglem basamaklarindan gegirilip
plastik igermeyen kontrol Ornekleridir. Bdylece cihazdan,
malzemelerden, ortamdan veya kullanicidan kaynaklanan
sinyaller belirlenebilir ve gercek mikroplastik varligi giivenle
ayirt edilebilir. Sonug olarak, blank numuneler yalnizca yanlis
pozitifleri Onlemekle kalmaz; ayni zamanda analizlerin
tekrarlanabilirligini, dogrulugunu ve uluslararasi diizeyde
karsilastirilabilirligini garanti altina alir. Ayrica, Py-GC/MS ile
yapilan calismalarda blanklarin diizenli sekilde analize dahil
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edilmesi, tekrarlanabilirligini  ve gilivenilirligini
artirmakta, elde edilen diizeyde
karsilastirilabilir olmasina katki sunmaktadir. Bu nedenle, mikro
Ve nanoplastik arastirmalarinda Py-GC/MS metodolojisinin
ayrilmaz bir pargasi olarak blank numunelerin kullanimi

yontemin

verilerin  uluslararasi

onerilmektedir (Tablo 1).

Tablo 1. Py-GC/MS analizlerinde kontaminasyon kaynaklari ve

blank numunelerin rolii

Kontaminasyon

Blank Numunenin

Kaynag Agiklama Rolii
Piroliz odast, baglanti
. elemanlari, contalar ve Cihazdan gelen
Cihaz S . - . .
enjeksiyon sisteminden sinyallerin ayirt
(PY-GC/MS) . . L7
kaynaklanan polimer edilmesini saglar
bozunma firtinleri
Laboratuvar Havada taginan toz,
. . Ortamdan
Ortami havalandirma sisteminden K .
o . aynaklanan plastik
(Cevresel gelen partikiiller, sentetik sinvallerini belirler
Faktorler) lifler y
. Kullanilan
Kimyasal Coziciilerde veya .
Reaktifler ve reaktiflerde bulunan iz klmya§allardan gelen
. olas1 sinyalleri
Coziiciiler safsizliklar .
goster1r
. Plastik esasl
Laboratuvar gple;ruifr:kfl‘g;r(eézgﬂikle malzemelerden
Malzemeleri piel, kap olusan sinyalleri ayirt

plastik esaslt malzemeler)

eder

Numune Kaplar1
ve Hazirlama

Numune tutucular,
siringalar, stoperler,

Numune hazirliginda
kullanilan
malzemelerden gelen

Ekipmanlar1 contalar . S
sinyalleri gosterir
Kryafetlerden dokiilen Kullanicidan bulagan
Kullanici oo . .
sentetik lifler, eldiven kontaminasyonlari
Kaynakli

parcalari, kisisel esyalar

ortaya ¢ikarir

Mikroplastik analizlerinde heniiz uluslararas: diizeyde

tam standartlagmis metodolojiler bulunmamaktadir. Ancak farkli
kuruluglar kalite gilivencesi ve kalite kontrol (QA/QC)
uygulamalarmi vurgulayan kilavuzlar gelistirmektedir. Ornegin,

97



Kimya Degerlendirmeleri

ISO/TR  21960:2020 plastiklerin ¢evresel bozulmasimi ve
parcalanmasint ele alirken, mikroplastik karakterizasyonuna
yonelik ¢erceve sunmaktadir (ISO, 2020). Ayrica ASTM
D8333-20 standardi, su ortamlarinda  mikroplastiklerin
tanimlanmasima yonelik terminoloji ve test yoOntemlerini
tamimlamaktadir (ASTM International, 2020). Bu girisimler,
Ozellikle Py-GC/MS gibi yiiksek duyarlilikli yontemlerde blank
numunelerin diizenli kullanimini ve raporlanmasini tesvik eden
QA/QC protokollerinin 6n hazirligin1 olusturmaktadir. Hentiz
kesin standartlar olmasa da, bu kilavuzlar blank Ol¢limlerinin
gelecekte zorunlu hale getirilecegine isaret etmektedir.

3. SONUC

Sonu¢ olarak, mikroplastik analizlerinde Py-GC/MS
yontemi giiclii bir analitik ara¢ olsa da, elde edilen verilerin
giivenilirligi biiylik Olgiide blank numunelerle yapilan kalite
kontroliine baghdir. Blank kontroller, cihaz, laboratuvar ortamu,
kullanilan malzemeler ve personel kaynakli kontaminasyonun
tespit edilmesini saglayarak yanlis pozitif sonuglarin Oniine
gecer. Literatiirdeki  deneysel Ornekler, blank numune
kullanilmadan yapilan yorumlarin bilimsel agidan tartismali
olabilecegini gostermektedir. Bu nedenle, Py-GC/MS analiz
protokollerinde blank 6l¢timleri yalnizca 6nerilen degil, standart
bir uygulama haline getirilmelidir. Gelecekte 1SO, ASTM ve
AB kilavuzlarinin  harmonizasyon ¢alismalar1 ile blank
numuneler mikroplastik arastirmalarinda zorunlu QA/QC adimi
olarak yerlesecek, boylece farkli laboratuvarlar arasinda
karsilastirilabilir ve glivenilir veri liretimi miimkiin olacaktir.
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MACHINE LEARNING ALGORITHMS AND
SPECTROSCOPIC APPLICATIONS

Fatih Mehmet AVCU*

1. INTRODUCTION

Spectroscopy is a broad and dynamic scientific field
encompassing various techniques such as ultraviolet-visible
(UV-Vis), infrared (IR), Raman, nuclear magnetic resonance
(NMR), mass spectrometry (MS), atomic absorption/emission
spectroscopy, and X-ray fluorescence (XRF). Each technique
provides unique chemical and structural information by
illuminating different properties of matter. It has become an
indispensable tool in many disciplines, including chemistry,
physics, biology, medicine, environmental sciences, materials
science, food science, and forensic science. Traditionally, the
analysis of spectroscopic data has been performed using
chemometric methods (e.g., partial least squares regression -
PLS or multiple linear regression - MLR) that require expert
knowledge and manual interpretation. However, with the
development of modern spectrometers, the rapid production of
large amounts of high-resolution, high-dimensional, and
complex data has begun to push the limits of these traditional
methods. In this era of "big data,” manual analysis and
interpretation processes can be both time-consuming and
subjective, limiting analytical efficiency and accuracy.

Over the past decade, rapid advances in machine
learning (ML) and artificial intelligence (Al) have begun to
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overcome these challenges by providing powerful and
automated tools for analyzing spectroscopic data. ML
algorithms have the capacity to discover hidden patterns,
correlations, and trends in complex datasets, bringing new
solutions to challenging problems in spectroscopy such as
qualitative and quantitative analysis, classification, regression,
anomaly detection, and even spectrum prediction. Meza
Ramirez and colleagues (2020) have thoroughly examined the
fundamental principles and practical benefits of ML
applications in spectroscopic data. Debus and colleagues
(2019) have emphasized the rise of deep learning in analytical
chemistry, highlighting its superiority in processing high-
dimensional and complex spectral data.

This integration accelerates scientific discovery and
increases efficiency in industrial applications by providing
automation, speed, and accuracy in spectroscopic analysis. Han
et al. (2022) demonstrated how far this field has advanced by
presenting a comprehensive review of chemometrics and
machine learning in vibrational spectroscopy. In areas such as
food quality assessment, deep learning-supported spectroscopic
technologies offer unique advantages in terms of speed,
accuracy, and non-invasiveness (Lun et al., 2025). Across a
wide range of applications, from environmental monitoring to
nuclear diagnostics, ML-based approaches offer higher
accuracy and more robust models compared to traditional
methods (Rao et al., 2023). Furthermore, practical guides on
how to apply machine learning methods for analyzing
spectroscopic and diffraction data are available (Vizoso, D., &
Dingreville, R., 2025), facilitating the adoption of these
technologies by a wider audience. End-to-end machine
learning methods provide significant advantages in "big data"
problems such as the classification of spectral data (Sun et al.,
2021). This article comprehensively addresses the integration
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of machine learning in spectroscopic applications, its
fundamental algorithms, practical applications, and future
directions.

2. CHARACTERISTICS OF SPECTROSCOPIC
DATA AND THE CONTRIBUTION OF ML

Spectroscopic data is inherently high-dimensional, with
a single spectrum potentially consisting of hundreds or even
thousands of data points, i.e., signal intensities at different
wavelengths, mass-to-charge ratios, or energy levels. This high
dimensionality is a major factor complicating the visualization
and analysis of the data using traditional statistical methods.
Furthermore, instrumental noise, environmental factors, and
matrix-related interference signals can degrade the quality of
spectral data, negatively impacting analytical accuracy.
Particularly in biological samples or complex mixtures, effects
such as baseline shifts, fluorescence, or light scattering can
mask true analyte signals and further complicate interpretation.
Since matter-light interactions and chemical processes often
exhibit nonlinear behavior, the relationships between spectra
may also have a nonlinear structure; this leads to the
inadequacy of traditional linear calibration or classification
models. Furthermore, a spectrum often contains overlapping
signals from multiple chemical components, making the
separation and quantitative determination of individual
components a highly challenging task. Dealing with such
complex, noisy, and multi-component data has long been a
challenge for analytical chemists (Workman Jr., 2023).

Machine learning algorithms offer various powerful
strategies to overcome these inherent difficulties and extract
maximum information from spectroscopic data. First, ML
reduces noise and significantly increases computational
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efficiency by reducing high-dimensional data to a more
manageable dimension. These dimension reduction techniques
eliminate unnecessary or redundant information while
preserving the fundamental variance structure in the data.
Second, ML algorithms have the ability to automatically learn
meaningful features from raw spectra that correspond to
relevant chemical information. This feature extraction process
reduces the need for manual feature engineering required by
human expertise and enables the discovery of deeper, hidden
correlations. Third, they can reliably classify samples or
predict their specific properties with high accuracy by
recognizing complex spectral patterns. This pattern recognition
capability is particularly critical in applications such as quality
control, disease diagnosis, and counterfeit detection. Finally,
ML models trained on known references serve as powerful
calibration and regression tools to accurately predict the
properties of unknown samples, such as concentration, purity,
or other quality parameters. These multifaceted approaches
fully unlock the potential of spectroscopic data, automating
analytical processes and enabling previously unattainable
analytical goals (Zehtabvar et al., 2025).

2.1. Data Preprocessing

The success of machine learning models is directly
related to the quality of the data used; therefore, a
comprehensive preprocessing process is vital to make
spectroscopic data suitable for analysis. Raw spectroscopic
data often contains unwanted signals such as instrumental
errors (), environmental noise, artifacts from the sample
matrix, and variations in experimental conditions. Such
distortions can significantly reduce the performance of
machine learning algorithms and lead to incorrect results
(Rinnan et al., 2009). In this context, data preprocessing is a
critical step that enables ML models to make more accurate
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and reliable predictions by cleaning, standardizing, and
transforming the raw data.

To evaluate the spectroscopic data, we first need to
create synthetic data. Figure 1 and 2 show the parameters and
spectrum of the synthetic data created.

X

np.linspace (500, 3500, 2000)
peaks = [(800, 50, 30), (1200, 80, 40), (1600, 120, 50),
(2200, 70, 60), (2800, 90, 40)]

baseline = (3, 50)

raw_spectrum, true spectrum, true baseline

create synthetic raman spectrum (x, peaks, baseline,
noise_ level=0.3)

Figure 1. Code Snippet Used to Generate Synthetic Data

Synthetic Raman Spectrum

—— Raw Spectrum (Noisy)
——- True Signal + Baseline
=== True Baseline

120 4

100 +

80 4

60+

Intensity (a.u.)

40 A

204

T T T T y T T
500 1000 1500 2000 2500 3000 3500
Raman Shift (cm~)

Figure 2. Generated Synthetic Raman Spectroscopy

2.1.1. Noise Reduction Techniques

Applied to remove random noise from the spectrum.
Noise can mask analytical information, especially in spectra
with low signal-to-noise ratios, and cause the model to learn
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incorrect correlations. Various methods such as Savitzky-Golay
filtering, moving average, and wavelet transform are used to
solve this problem. The Savitzky-Golay filter effectively
suppresses noise while preserving the fundamental shape of
spectral signals by fitting a low-degree polynomial to the data
points within a window and replacing the point at the center of
the window with the value of this polynomial. The moving
average filter, on the other hand, simply averages the points
within a window to provide correction. Wavelet transform
separates the signal into different frequency components,
allowing noise to be filtered out from these components. These
approaches improve the signal-to-noise ratio by making
analytical peaks more visible and allowing the machine learning
model to focus on relevant features. The full spectrum is shown
in Figure 3, while the shift at 1600 (“™Yin the spectrum is shown
in close-up in Figure 4. The code snippet is also shown in Figure
5.

Comparison of Different Denoising Methods

—— Savitzky-Golay (window=21)
120 —— Wavelet Transform (sym5)
—— Moving Average (window=15)

100 4

Intensity (a.u.)

500 1000 1500 2000 2500 3000 3500
Raman Shift (cm~2)

Figure 3. Noise Reduction Algorithms
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Comparison of Different Denoising Methods

Raw Spectrum

—=-= True Signal

savitzky-Golay (window=21)
—— Wavelet Transform (sym5)
—— Moving Average (window=15)

130

128

Intensity (a.u.)

126

1580 1530 1600 1610 1620
Raman Shift (cm~*)

Figure 4. Noise Reduction Algorithm Comparison

def denoise_ spectrum(spectrum, method='savgol', **kwargs):

if method == 'savgol':

# Savitzky-Golay filter

window = kwargs.get ('window', 21)

polyorder = kwargs.get ('polyorder', 3)

return savgol filter (spectrum, window, polyorder)
elif method == 'wavelet':

import pywt

coeffs = pywt.wavedec (spectrum, 'sym5', level=3)

coeffs[l:] = [pywt.threshold(c, value=0.l*np.max(c))
for ¢ in coeffs[1l:]]

return pywt.waverec (coeffs, 'symb')
elif method == 'moving avg':
window = kwargs.get ('window', 15)

return np.convolve (spectrum, np.ones (window) /window,
mode="'same"')

else: return spectrum

denoised savgol = denoise spectrum(raw_spectrum, 'savgol',
window=21, polyorder=3)

denoised wavelet = denoise spectrum(raw_ spectrum, 'wavelet')

denoised avg = denoise spectrum(raw spectrum, 'moving avg',
window=15)

Figure 5. Noise Reduction Code Snippet
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2.1.2. Baseline Correction

This is necessary to eliminate baseline shifts and slopes
caused by fluorescence or other scattering effects, especially in
Raman spectroscopy. These baseline deviations can distort the
true intensities and positions of analytical peaks, leading to
errors in quantitative and qualitative analysis. For example, a
fluorescence signal can overlap with Raman peaks, making it
impossible to detect weak Raman signals. Various methods are
used to solve this problem, such as polynomial fitting,
asymmetric least squares (AsLS), or advanced iterative
algorithms. These methods estimate the shape of the baseline in
the spectrum and then subtract this estimated baseline from the
raw spectrum, leaving only the signals belonging to the analyte
and ensuring that analytical information is extracted correctly
(Xu et al., 2020).

The results of the baseline correction processes are
shown in Figure 6, and Figure 7 shows the code using the
‘polyfit’, ‘asls', and 'rubberband' operators.

Comparison of Different Baseline Correction Methods

Raw Spectrum
—=- True signal (without Baseline)
—— Polynomial Baseline Correction (3rd degree)
—— AsLS Baseline Correction

120 4

100 4

Intensity (a.u.}

500 1000 1500 2000 2500 3000 3500
Raman shift (cm~)

Figure 6. Baseline Correction
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corrected poly = baseline correction(denoised savgol,
'polyfit', degree=3)

corrected asls = baseline correction(denoised savgol, 'asls',
lam=1e5, p=0.01)

corrected rubber = baseline correction(denoised savgol,
' rubberband')

Figure 7. Baseline Correction Code Snippet

2.1.3. Normalization

Applied to eliminate signal intensity differences arising
from concentration differences between different samples,
variations in optical path length, or changes in instrument
response. These variations can cause spectra from different
samples with the same chemical composition to have different
amplitudes, which can lead machine learning models to
confuse such “physical" differences with "chemical"
differences. Techniques such as total area normalization
(scaling the sum of all signals in the spectrum to a specific
value), normalization relative to the maximum intensity of a
specific peak, or standard normal variant (SNV) transformation
bring spectra to a comparable scale, enabling ML models to
focus on the true chemical differences between samples
(pyOpenM, 2025). Multiplicative Signal Correction (MSC) is
also a normalization method widely used in NIR spectroscopy,
especially where scattering effects are present. This step
increases the model's generalizability, particularly in
quantitative analysis and classification tasks. The effect of
normalization on the spectra is visualized in the graph of
normalized spectra in the Python code.
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Figure 8. lllustration of Normalization

norm area = normalize spectrum(spectrum, 'area')
norm max = normalize spectrum(spectrum, 'max')
norm snv = normalize spectrum(spectrum, 'snv')
norm msc = normalize spectrum(spectrum, 'msc')
scaler std = StandardScaler ()

scaler minmax = MinMaxScaler ()

scaled std = scaler std.fit transform(spectrum.reshape (-1,
1l)).flatten ()
scaled minmax = scaler minmax.fit transform(spectrum.reshape (-

1, 1)).flatten()

Figure 9. Normalization Code Snippet

Normalization operations were performed as total area,
maximum value, SNV, and MSC normalization and are
presented in Figure 8. The parameters are shown in Figure 9.

It is particularly critical for distance-based machine
learning algorithms (e.g., Principal Component Analysis,
Support Vector Machines, or K-Means Clustering). These
algorithms can be disproportionately affected by features of
different scales; that is, features with larger numerical values
may carry more weight in the model's decision-making process.
Centering the data (bringing the mean to zero) and scaling it to a
specific range (e.g., standardization or min-max scaling) ensures
that all features contribute equally to the analysis and increases
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the model's convergence speed. Standardization (also known as
z-score normalization) transforms the data so that its mean is
zero and its standard deviation is one, while min-max scaling
compresses the data into a specific range (usually between 0 and
1). These processes help the model learn more stably and
efficiently (Dataforest, 2025).

2.2. Feature Selection and Dimension Reduction

Feature extraction steps are used to solve the problem of
computational complexity caused by high dimensionality and to
optimize the model's performance. High-dimensional data sets
increase both computational costs and the risk of the model
overfitting the training data. Feature selection eliminates
unnecessary or noisy data by identifying the most informative
wavelengths or variables. This reduces complexity by allowing
the model to focus only on the most relevant information.
Feature extraction transforms the original feature set into a new,
lower-dimensional feature set that preserves most of the data's
variance.

Principal Component Analysis (PCA) is a widely used
technique in this field; it reveals the fundamental structure of the
data by transforming correlated variables in the spectrum into
fewer independent components. Other techniques, such as
Independent Component Analysis (ICA), can also be used to
separate independent source signals in the spectrum (e.g., the
spectra of different components). These steps prevent model
overfitting, reduce computational cost, and in some cases
increase the interpretability of the model, as the new features
often provide a more compact and meaningful representation of
the original data (MathWorks, 2025). All these preprocessing
steps significantly increase the reliability and performance of
machine learning models by enabling the extraction of
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maximum analytical
(Number Analytics, 2025).

information from spectroscopic data

The code snippet used with dimension reduction,
variance, possible peaks, and PCA components of the generated
synthetic data is shown in Figures 10 and 11.
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Figure 10: PCA and Feature Selection Display
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processed spectra = np.array
([baseline correction(denoise spectrum(s, 'savgol'), 'asls')

for s in spectral)

processed spectra = np.array([normalize spectrum(s, 'snv') for
s in processed spectra])

pca_features, pca model =
feature selection extraction (processed spectra, 'pca', 3)

variance features, =
feature selection extraction(processed spectra, 'variance')

peaks features, peak indices =
feature selection extraction (processed spectra.mean(axis=0) .res
hape (1, -1), 'peaks')

Figure 11. Feature Selection Code Snippet

3. BASIC MACHINE LEARNING ALGORITHMS
AND SPECTROSCOPIC APPLICATIONS

Machine learning encompasses a wide variety of
algorithms used in the analysis of spectroscopic data. These
algorithms can be divided into two main categories: supervised
learning (learning from labeled data sets) and unsupervised
learning (discovering patterns in unlabeled data). Each
algorithm has unique principles and application areas that
respond to the specific challenges of spectroscopic data and
enable different analytical goals to be achieved. Below, some
basic machine learning algorithms frequently used in
spectroscopic applications are detailed.

3.1. Principal Component Analysis (PCA)

Principal Component Analysis (PCA) is an
unsupervised learning algorithm and a powerful dimension
reduction technique. It converts high-dimensional spectroscopic
data sets (e.g., spectra consisting of thousands of wavelength
points) into a lower-dimensional representation that retains most
of the variance of the original data (Jolliffe & Cadima, 2016).
The basic principle of PCA is to find orthogonal (perpendicular
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to each other) "principal components™ that explain the greatest
variance in the data. The first principal component explains the
most variance in the data, while the second principal component
explains the remaining variance, and so on.

In spectroscopic data, PCA is used primarily to reduce
noise, eliminate redundancy between highly correlated
wavelengths, and visualize the data. For example, it is possible to
visualize the subtle differences between different samples in a
two- or three-dimensional space to observe clusters or
separations. Furthermore, as a preprocessing step for other
machine learning algorithms, it increases computational
efficiency through dimension reduction and reduces the risk of
overfitting. The greatest advantage of PCA is its ability to
uncover hidden patterns by revealing the fundamental structure of
the data; however, interpreting each principal component
chemically may not always be straightforward, which can be
considered a disadvantage.

The synthetically generated three-class data was again
classified using PCA, and the results are shown in Figure 12.
The code that generated this data and Figure 12 is provided in
Figure 13.

PCA Results: Data Colored by Classes

Principal Component 2
Class Label

Figure 12. PCA
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wavelengths = np.linspace (400, 700, n features)

mul, sigmal = 450, 10

sl = np.exp (- ((wavelengths - mul)**2) / (2 * sigmal**2))
mu2, sigma2 = 550, 15

s2 np.exp (- ((wavelengths - mu2)**2) / (2 * sigma2**2))
mu3, sigma3 = 650, 20

s3 = np.exp (- ((wavelengths - mu3)**2) / (2 * sigma3**2))

X_synth = np.zeros((n_samples, n_ features))
classes = np.random.randint (0, 3, size=n_ samples)
np.random.seed (42)
for i in range(n_samples):

if classes[i] ==

cl, c2, ¢3 = np.random.rand() * 0.8 + 0.2,
np.random.rand() * 0.3, np.random.rand() * 0.3

elif classes[i] ==

cl, c2, c¢3 = np.random.rand() * 0.3, np.random.rand() *
0.8 + 0.2, np.random.rand() * 0.3
else:
cl, c2, c¢3 = np.random.rand() * 0.3, np.random.rand() *

0.3, np.random.rand() * 0.8 + 0.2

X synth[i, :] = cl * sl + c2 * s2 + c3 * s3
noise = np.random.normal (0, 0.05, n features)
X_synth[i, :] += noise

print (f"Size of the generated dataset:{X synth.shape}")

scaler = StandardScaler ()
X scaled = scaler.fit transform(X_ synth)

pca = PCA (n_components=2)

X pca = pca.fit transform(X scaled)

Figure 13. PCA Code Snippet

3.2. Support Vector Machines (SVM)

Support Vector Machines (SVM) are a supervised
learning algorithm that is effective for both classification and
regression problems. The main goal of SVM is to find a
"hyperplane” that best separates data points belonging to
different classes. This hyperplane maximizes the margin
(boundary) between classes, providing better generalizability
to new, unknown data. In spectroscopic applications, SVMs are
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widely used for sample classification (e.g., separating different
types of polymers, drugs, or food products) and quantitative
analysis (e.g., estimating the concentration of a compound)
(Vapnik, 1998). SVMs can handle even linearly inseparable
data thanks to the "kernel trick"; this trick allows finding a
linear separation by mapping the data to a higher-dimensional
space. This is a major advantage for modeling nonlinear
relationships in spectroscopic data. Their effectiveness with
high-dimensional data and good generalizability are among
their advantages. However, selecting the appropriate kernel
function and hyperparameters can be critical, and training
times can be long for very large datasets. The randomly
generated 3-class data was again classified using SVA, and the
result is shown in Figure 14. The hyperparameters used are
given in Figure 15.

Synthetic Spectroscopic Data Classification with SYM (Accuracy: 1.00)
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Figure 14. Support Vector Machines
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svm = SVC (kernel='"'rbf', gamma='scale')
svm. fit (spectra scaled, labels)
predictions = svm.predict (spectra scaled)

accuracy = accuracy score (labels, predictions)
print (£f"SVM Accuracy: {accuracy:.2f}")

plt.figure(figsize=(8,6))

colors = ['red', 'green', 'blue']

x_min, X _max = spectra pcal:,0].min () - 1,
spectra pcal:,0] .max() + 1

y min, y max = spectra pcal:,1].min() - 1,

spectra pcal:,1].max() + 1
xX, yy = np.meshgrid(np.linspace(x min, x max, 200),
np.linspace(y min, y max, 200))

grid points = np.c_[xx.ravel(), yy.ravel()]

grid original = pca.inverse transform(grid points)
Z = svm.predict (grid original)

Z = Z.reshape (xx.shape)

Figure 15. Support Vector Machines Code Snippet

3.3. Artificial Neural Networks (ANN)

Artificial Neural Networks (ANN) are supervised
learning algorithms developed by drawing inspiration from the
structure and functioning of the human brain. They consist of
interconnected layers of neurons and are successful in many
applications such as classification, regression, and pattern
recognition of spectroscopic data thanks to their ability to model
complex, non-linear relationships through these layers
(McCulloch & Pitts, 1943). Deep learning architectures (e.g.,
Convolutional Neural Networks - CNNs and Recurrent Neural
Networks - RNNs), which have gained popularity in recent
years, are particularly effective at automatically learning the
spatial (e.g., pixel-to-pixel relationships) or temporal (e.g.,
sequential data points) features of spectra. While CNNs excel at
identifying local patterns in spectral data (e.g., peak shapes or
band positions), RNNs are effective at capturing sequential
dependencies in time-series spectroscopic data (e.g., reaction
kinetics tracking). The greatest advantage of ANNSs is their
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ability to model highly complex and nonlinear relationships and
learn deep features from large datasets. However, their
disadvantages include being "black box™ models (i.e., it is
difficult to interpret the reasons for their decisions) and typically
requiring large amounts of labeled data and high computational
power to be trained effectively. The resulting 3-class data was
again classified using artificial neural networks, and the result is
shown in Figure 15. The artificial neural network parameters are
provided in Figure 16.

Synthetic Spectroscopic Data Classification with Neural Network (Accuracy: 1.00)
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Figure 16. Artificial Neural Networks

y train cat = to categorical(y train, num classes=n classes)
y test cat = to categorical(y test, num classes=n classes)
model = Sequential ([

Dense (64, activation='relu', input shape=(n_features,)),
Dense (32, activation='relu'),
Dense (n_classes, activation='softmax')
1)
model.compile (optimizer="adam',
loss='categorical crossentropy', metrics=['accuracy'])
history = model.fit (X train, y_train cat, epochs=30,
batch_size=16, validation_split=0.2, verbose=0)
test_loss, test_acc = model.evaluate (X_test, y_test_cat,
verbose=0)

print (f" Accuracy: {test_acc:.2f}")

Figure 17. Artificial Neural Networks Code Snippet
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3.4. Random Forest

Random Forest is a supervised algorithm based on
ensemble learning, which is a collection of decision trees. It
provides high accuracy and generalizability in classification
and regression tasks (Breiman, 2001). The algorithm works by
taking random subsamples from the training dataset and
creating independent decision trees on each subsample. Each
tree makes its own prediction, and the final prediction is
determined by averaging all the trees' predictions (for
regression) or by majority vote (for classification). This
"forest” approach reduces the overfitting tendency of a single
decision tree and makes the model more robust. In
spectroscopic data, Random Forest is particularly useful for
sample classification, quantitative predictions, and identifying
important wavelengths (through feature importance analysis).
Their resistance to overfitting and high accuracy are significant
advantages. They may also be more interpretable than some
other complex models. Among their disadvantages are that
they can be computationally slow when trained with a large
number of trees and that their interpretation can sometimes be
difficult. The created 3-class data was classified using the
random forest algorithm for spectroscopic data, and the result
is shown in Figure 17. The data, first reduced to 2 dimensions
using PCA, was then subjected to the classification process.
The created figure, PCA operations, and classification process
are shown in Figure 18.
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Synthetic Spectroscopic Data Classification with Random Forest (Accuracy: 1.00)
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Figure 18. Random Forest Algorithm

rf = RandomForestClassifier (n_estimators=100, random state=42)
rf.fit (X train, y train)

y pred = rf.predict (X test)

accuracy = accuracy score(y test, y pred)
print (f"RF Accuracy: {accuracy:.2f}")

pca = PCA(n_components=2)

X pca = pca.fit transform(scaled spectra)
y _pred all = rf.predict(scaled spectra)
plt.figure(figsize=(8,6))

colors = ['red', 'green', 'blue']

for class_idx in range(n_classes):

plt.scatter (X _pcaly pred all==class_idx, 0],

c=colors[class_idx],
label=f"Prediction {class_idx+1}",
edgecolor="k', s=50, alpha=0.7)
plt.xlabel ("PCA 1")
plt.ylabel ("PCA 2")

plt.title (f"Synthetic Spectroscopic Data Classification
Accuracy with Random Forest: {accuracy:.2f})")

plt.legend()
plt.grid(True)
plt.show ()

Figure 19. Random Forest Algorithm Code Snippet

123




Kimya Degerlendirmeleri

3.5. K-Means Clustering

K-Means Clustering is an unsupervised learning
algorithm used to group data points into clusters based on similar
characteristics. The algorithm starts with a predefined number of
clusters K and creates clusters by assigning data points to the
nearest cluster center (centroid). It then calculates the new center
of each cluster and repeats this process until the cluster
assignments remain unchanged or a specified number of iterations
is reached (MacQueen, 1967). In spectroscopic data, K-Means
can be used for the automatic grouping of unknown samples, the
discovery of hidden structures or subpopulations within spectra,
and anomaly detection (samples falling into unexpected groups).
For example, spectra taken from a production line can be grouped
using K-Means to automatically detect different production
batches or samples with quality issues. The advantages of the
algorithm are its simplicity, speed, and applicability to large data
sets. However, the requirement to pre-determine the number of K
and the assumption that cluster shapes are global can limit its
performance on data with non-linear or complex cluster shapes.
The synthetic data created was finally subjected to clustering, and
the results are shown in Figure 20.

Synthetic Spectroscopic Data Clustering with K-Means (Centers Shown)
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Figure 20. K-Means Clustering
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To visualize the multidimensional data, it was first
reduced to two dimensions using PCA. The clustering
hyperparameters are shown in Figure 21.

kmeans = KMeans (n_clusters=n_classes, random_state=42,
n_init=10)
clusters = kmeans.fit predict(scaled_spectra)
pca = PCA(n_components=2)
X pca = pca.fit transform(spectra scaled)
centers _pca = pca.transform(kmeans.cluster centers )
plt.figure(figsize=(8,6))
colors = ['red', 'green', 'blue']
for cluster idx in range(n_classes):
plt.scatter (X pcal[clusters==cluster idx, 0],
X pcalclusters==cluster idx, 1],
c=colors[cluster idx],
label=f"Cluster {cluster idx+1}",

edgecolor="k', s=50, alpha=0.7)

plt.scatter(centers pcal:,0], centers pcal:,1],
c='yellow', marker='X', s=200, edgecolor='k', linewidth=2,
label="Cluster Centers')

plt.xlabel ("PCA 1")

plt.ylabel ("PCA 2")

plt.title("Synthetic Spectroscopic Data Clustering with K-Means
(Centers Shown)")

plt.legend()
plt.grid (True)
plt.show ()

Figure 21. K-Means Clustering Algorithm Code Snippet
The working principles of the algorithms used in the

study, along with their advantages and disadvantages, and how
they can be used in spectroscopy are shown in Table 1.
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Table 1. Advantages/Disadvantages of the Algorithms Used

ﬁ;gnciglthm Type E?isr:gi ple i\%ﬁﬁggﬁfgﬁgc Advantages Disadvantages
Principal Unsupervised | Data Noise Dimension Loss of
Component dimension reduction, data reduction, interpretability,
Analysis reduction, visualization, correlation a linear method
(PCA) variance feature reduction
preservation extraction
Support Supervised Finding the Classification Effective in Kernel function
Vector best (sample type), high- selection, slow
Machines hyperplane regression dimensional on large datasets
(SVM) that separates | (concentration) data,
data classes generalizability
Artificial Supervised Learning Classification, Modeling non- Black box
Neural complex regression, linear model, requires
Networks relationships pattern relationships, large amounts
(ANN) through recognition, powerful of data and
neural layers spectrum learning computational
estimation power
Random Supervised A collection Classification, Resistant to Slow with many
Forest of multiple regression, overfitting, high | trees, may be
decision trees | feature accuracy difficult to
importance interpret
determination
K-Means Unsupervised | Grouping Grouping Simple, fast, Assumes
Clustering data points unknown applicable to spherical
based on samples, large data sets clusters,
similarity anomaly requires K
detection number
selection

4. EXAMPLES OF MACHINE LEARNING IN
SPECTROSCOPIC APPLICATIONS

Machine learning has a wide range of applications in
various types of spectroscopy:

4.1. Quality Control and Counterfeit Detection

Counterfeiting in food, pharmaceuticals, and industrial
products creates serious economic and health problems.
Fingerprint spectra obtained by NIR, IR, or Raman spectroscopy
reflect the chemical composition of the product. Machine
learning algorithms (e.g., SVM or ANN) can learn from the
spectra of known original products and classify unknown
samples with high accuracy to determine whether they are
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counterfeit or whether their quality meets standards. For
example, there are successful applications in determining the
geographical origin of olive oil or the purity of honey.

4.2. Disease Diagnosis and Biomedical Applications

Spectroscopic analysis of biological samples (blood,
urine, saliva, tissue biopsies) is a promising approach for the
early diagnosis of diseases and monitoring their progression. For
example, Raman spectroscopy can track biomolecular changes
in cells, while NMR metabolomics studies can reveal disease-
related metabolite profiles. ML algorithms can learn the subtle
but diagnostic differences between the spectra of healthy and
sick individuals to develop automated diagnostic models for
diseases such as cancer, diabetes, and Alzheimer's.

4.3. Environmental Monitoring and
Pollution Detection

Monitoring air, water, and soil pollution is critical for
environmental health. UV-Vis or IR spectroscopy can be used
for the detection and quantitative analysis of heavy metals in
water, gaseous pollutants in air, or pesticides in soil. Machine
learning models can analyze this spectral data to predict the type
and concentration of pollutants, thereby contributing to
environmental risk assessments and the development of
pollution control strategies.

4.4. Chemical Process Control and Optimization

In industrial chemical processes, it is crucial to monitor
reaction progress, product yield, and quality in real time. Within
the scope of process analytical technologies (PAT), in-situ
spectroscopic measurements (e.g., NIR or Raman) are
frequently used. Machine learning algorithms can analyze this
real-time spectral data to predict reaction kinetics, monitor
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product purity, and even provide feedback to optimize process
parameters. This increases production efficiency and reduces
waste.

5. CHALLENGES

Although machine learning has great potential in
spectroscopic applications, there are significant challenges and
areas for future development in this field. Overcoming these
challenges and capitalizing on new opportunities is critical to
realizing the full potential of machine learning in spectroscopic
analysis. Despite the success of machine learning models in
spectroscopy, a number of practical and theoretical challenges
remain:

5.1. Data Quality and Quantity

Machine learning models, especially deep learning
algorithms, typically require large, diverse, and high-quality
labeled datasets for high performance. In spectroscopy,
collecting such datasets can be time-consuming, costly, and
complex. Heterogeneity and inter-instrument variations between
data obtained from different instruments, laboratories, or
experimental  conditions can  negatively affect the
generalizability and transferability of models. Furthermore, it
can be difficult to find sufficient labeled data for rare events
(e.g., very low concentrations of a specific contaminant) or
anomaly detection.

5.2. Model Interpretability (Explainable Al - XAl)

Complex machine learning models, such as deep neural
networks, are often referred to as "black boxes." This means it is
difficult to understand why the model made a particular decision
or which spectral features most influenced a prediction. In
chemical and biological systems, understanding the scientific
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reasons behind a model's decisions is critical not only for
reliable applications but also for new scientific discoveries. For
example, in diagnosing a disease or controlling a chemical
reaction, the interpretability of the model's decisions increases
user confidence and allows for error correction. Therefore, the
development and implementation of XAl techniques erinin and
are vital for the wider acceptance of spectroscopic ML models
(Sperling, 2025).

5.3. Overfitting

Complex machine learning models trained on small or
noisy datasets may exhibit a tendency to overfit by memorizing
noise or specific patterns in the training data. This results in the
model performing well on the training data but having poor
generalization ability on new and unknown data. To prevent
overfitting, strategies such as cross-validation, regularization
techniques (e.g., L1/L2 regularization, dropout), and collecting
more data should be applied.

Inter-Instrument Variability and Model
Transferability: Small but significant spectral differences may
occur between different spectrometer models, different
laboratories, or even calibrations of the same instrument at
different times. This inter-instrument variability can prevent a
machine learning model trained on one instrument from being
directly applied to another instrument or cause it to perform
poorly. To solve this problem, techniques such as data
standardization, transfer learning, or domain adaptation must be
developed and applied.

6. CONCLUSION

Machine learning algorithms have revolutionized the
analysis and interpretation of spectroscopic data. Thanks to their
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ability to extract meaningful information from high-
dimensional, noisy, and complex spectral data, they offer new
and effective solutions across a wide range of applications, from
quality control to disease diagnosis, environmental monitoring
to chemical process control. Despite the challenges encountered,
continuous developments in areas such as deep learning,
AutoML, and data fusion further enhance the future potential of
machine learning-supported spectroscopy. This interdisciplinary
approach will continue to accelerate scientific discoveries and
offer practical applications in various industrial and scientific
fields.
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3,5-DINITROBENZOKSIi SUBSTITUE
TRIAZOL TUREVLERININ SENTEZi VE
ANTIOKSIDAN ETKILERI"

Sevilay DEMIRCi*
Haydar YUKSEK?

1. GIRIS

Triazoller, 6zellikle kimyada ve tarimda yaygin olarak
kullanilan bir heterosiklik bilesik grubudur. Hem endiistriyel
hem de biyolojik uygulamalarda 6zellikle antifungal 6zellikleri
nedeniyle 6nemli yer tutarlar. Triazol halkasi, ii¢ azot ve iki
karbon atomundan olusan bes iiyeli bir halkadir. Triazoller, iki
ana izomerik formda bulunurlar:

1,2,3-Triazoller:  Azot atomlar1  ardisik  olarak
stralanmistir, click chemistry uygulamalarinda yaygindir.

1,2,4-Triazoller: Azotlar 1,2 ve 4 pozisyonlarinda yer
alir, fungisit 6zellikleri nedeniyle ilag yapiminda sik¢a kullanilir.

1,2,4-triazol halkasini igeren ¢ogu heterosiklik bilesigin
antifungal [1-3], antimikrobiyal [4-6], anti HIV [7], antiviral
[7,8], antidepresan [9], antitiiberkiiloz [10] ve anti-inflamatuar
[11,12] gibi cesitli farmakolojik o6zelliklere sahip oldugu
bildirilmistir.

Bu ¢alisma Sevilay Demirci’nin 294878 nolu doktora tezinden tiretilmistir.
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Bu calismada 1,2,4-triazol halkasini i¢eren bazi schiff
bazi tiirevleri olan (3a-g) ve bunlarin N-asetil tiirevleri (4a-Q)
bilesikleri sentezlenmis, yapisal karakterizasyonlar1 yapilmaistir.
Devaminda bu bilesiklerin antioksidan 6zellikleri arastirilmistir.

2. MATERYAL VE METOT

2.1. Sentez

Yuvarlak dipli bir balonda 3-etoksi-4-
hidroksibenzaldehidin (1,66 g, 0,01 mol) 100 mL etil asetattaki
cozeltisine 3,5-dinitrobenzoil kloriir (2,31 g, 0,01 mol) buz
banyosunda karistirarak ilave edildi. Bu ¢ozeltiye karistirarak
trietilaminin (1,42 mL, 0,01 mol) 20 mL etil asetattaki ¢ozeltisi
yavas yavas ilave edilerek 30 dakika 0-5 °C de karistirildiktan
sonra 1 saat daha oda sicakliginda karistirildi. Daha sonra geri
sogutucu altinda 3 saat magnetik karistiricidda kaynatildi.
Sogutulduktan sonra ¢oken tuz siiziilerek wuzaklastirildi.
Stiziintii evaporatdrde buharlastirildi, kalint1 su ile yikandi,
desikatorde CaCl, tuzerinde kurutuldu ve DMSO-sudan
kristallendirildi.

OCH,CH; &N OCHCH: NO-
T 0
EN
HOC OH *+ coct ——— HOC of
Hcl
ON NO,
1

Yuvarlak tabanli bir sisede 2a-g'lik bilesikler, 20 mL
asetik asit icindeki 3-etoksi-4-(3-nitrobenzoiloksi)benzaldehid
(1) (3,60 g, 0,0lmol) ¢ozeltisiyle 1 saat boyunca geri akis
altinda kaynatildi. Sogutulduktan sonra ¢ozelti, damitilmis su
eklenerek ¢oktiirildii. Cokelen ham {iriin siiziildi, soguk suyla
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yikandi, bir desikatorde CaCl2 iizerinde kurutuldu ve etanolden
kristallendirildi.

OCH;CH; Ny
A OCH:CE: Fo x=CE@—oc©
?/_ O -0{:4@7034@ — \}_i C") N0,
1—: NO; “ﬁ ©
2 1 3
2-4 R
a CH;
b CH,CHj;
c CH,CH,CHj;
d CH-CsHj5
e | CH,CsH:CH:(p-)
f CH,CgH:Cl(p-)
g | GeHs
OCHLCH NO e
R AI=E i 8 a i
-\E—i 0 O[CH 1C0)z O-—CC?-IH\E?_% © NGy
--..\_ O
I ocw,
) 4

Sentezin son asamasinda 3 tipi yedi bilesik, 20 mL asetik
anhidrit ile bir CaCl, tiipiinde 30 dakika boyunca geri akista
kaynatildi, etanol eklendi ve tekrar kaynatildi. 4 tip bilesik elde
edildi.
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2.2. Antioksidan Aktivite

Sentezlenen bilesiklerin antioksidan aktiviteleri ii¢ farkli
yontemle (indirgeyici gii¢, serbest radikal temizleme ve metal
selatlama aktivitesi) analiz edildi. Indirgeyici Gii¢ Aktivitesi i¢in
Oyaizu [11] tarafindan verilen ydntem kullanildi. Orneklere (50-
250 pg/mL) DMSO'da (1 mL) fosfat tamponu (2,5 mL, 0,2 M,
pH = 6,6) ve potasyum ferrisiyaniir (2,5 mL, %]1) eklendi.
Karisim 50 °C'de 20 dakika inkiibe edildi ve trikloroasetik asit
(%10, 2,5 mL) eklenerek karistm 1000 rpm'de 10 dakika
santrifiij edildi. Cozeltinin st tabakasi (2,5 mL), damitilmig su
(2,5 mL) ve FeCls (0,5 mL, %0,1) ile seyreltildi ve ardindan 700
nm'de bir spektrofotometrede absorbans oOlciildii. Serbest
Radikal Temizleme Aktivitesi i¢in Blois [12] tarafindan verilen
yontem kullanildi. Etanolde (1 mL) 0,1 mM DPPH c¢ozeltisi,
DMSO'da (3 mL) 6rnek cozeltilerine (50-250 pg/mL) eklendi.
Ardindan, absorbans bir spektrofotometrede 517 nm'de Slgiildii.
Reaksiyon karisiminin daha diisiik absorbansi, daha yiiksek
serbest radikal temizleme aktivitesini gosterdi. Reaksiyon
ortamindaki DPPH konsantrasyonu (mM), asagidaki kalibrasyon
egrisinden hesaplandi ve dogrusal regresyon (R:0,997) ile
belirlendi:

Absorbans = 0.0003 x DPPH. — 0.0174

DPPH radikalini temizleme kapasitesi asagidaki denklem
kullanilarak hesaplanmaistir:

DPPH. Temizleme etkisi (%) = (A0 — A1/A0) x 100

Burada A0, kontrol reaksiyonunun absorbansi ve Al,
numunelerin veya standartlarin varligindaki absorbanstir.

Metal Selatlama Aktivitesi analizi i¢in Dinis [13]
tarafindan verilen yontem kullanildi. Orneklere 2 mM FeCl, -
4H,0 (0,05 mL) cozeltisi eklendi (30-60 pg/mL). Bu ¢ozeltiye
5 mM ferrozin (0,2 mL) eklendi ve ardindan karisim siddetle
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calkalandi. Cozeltinin absorbansi bir spektrofotometrede 562
nm'de l¢iildii. Ferrozin-Fe?* kompleks olusumunun inhibisyon
yiizdesi su formiille verildi: % inhibisyon = (A0—A1/A0)x100,
burada AO kontroliin absorbansidir ve Al oOrneklerin veya
standartlarin varliginda absorbanstir.

3. SONUC VE TARTISMA

3.1. Sentezlenen Bilesiklere Ait Spektrum Verilerinin
Yorumlanmasi

Bu ¢alismada, iyi verimlerle (yaklasik %77-97) on bes
yeni bilesik sentezlendi. Sentezlenen bilesiklerin yapilar1 FTIR,
IH NMR ve 13C NMR spektroskopisi kullanilarak karakterize
edildi.

3a-g ve 4a-g bilesiklerinin FTIR spektrumlarina ait
veriler Tablo 1'de verilmistir. 3a-g bilesiginin N-H gerilme
bantlar1 3256-3154 cm™'de gozlenmistir. Beklendigi gibi, 3a-g
bilesiklerinde iki C=0O gerilme bandi1 ve 4a-g bilesiklerinde ii¢
C=0 gerilme band1 goriilmiistir. Imin grubunun (CH=N)
gerilme bantlart 1600 cm-1 civarinda gozlenmistir. Nitro
grubunun (NO,) gerilme bantlari ise 1340 ve 1540 cm™
civarinda goriilmiistiir. Bu bantlar karakteristik bantlardir ve
yapilarla uyumludur.

3a-g ve 4a-g bilesiklerinin IH NMR ve 13C NMR
spektrumlarina ait veriler Tablo 2 ve 3'te verilmistir. 3a-g
bilesiklerinin N-H protonlarinin pikleri 6 12,42 — 11,85 ppm'de
bir singlet olarak goriilmiistiir. Beklendigi gibi bu pikler 4a-g
bilesiklerinin spektrumlarinda gorilmemistir. N=CH
protonlarinin pikleri 8 9,75 — 9,55 ppm'de bir singlet olarak
goriilmustir. O-CH,CH3 ve O-CH,CH3 protonlarinin pikleri
sirastyla & 4.11 ppm civarinda bir dortlii ve 6 1.20 ppm'de bir
tclii olarak goriilmistiir. Ayrica, 4a-g bilesiklerinin asetil
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grubunun (N-COCHj) protonlari 6 2.60 - 2.50 ppm'de bir singlet
olarak olugmustur. 13C NMR spektrumlari incelendiginde, ester
karbonil (C=0) karbonlarinin pikleri 6 164.0 ppm civarinda
gbzlenmistir. 4 tipi bilesikler i¢in asetil karbonil (N-COCHj3)
pikleri & 161.00 - 160.00 ppm civarinda goriilmiistiir. Triazol C-
5 karbonlariin pikleri 6 152.0 ppm'nin tlizerinde ve N=C ve C-3
karbonlarinin pikleri 6 150.0 ppm civarinda goriilmiistiir. Son
olarak, O-CH, ve O-CH,CHgs karbonlarinin pikleri sirasiyla &
64.0 ve 6 14.0 ppm civarinda gézlenmistir.

Tablo 1. IR Spectrum Data of Types 3 and 4 Compounds

(KBr, cm™)
. . V1'4-
Bilesik Vin Veeo Ven Voo Veoo disubstitue  YMonosubstitue
No B B aromatik aromatik halka
halka
3a 3168 1755, 1627, 1539 ve 1261
1697 1597 1345
3b 3170 1757, 1628, 1541ve 1263
1699 1594 1345
3c 3197 1750, 1626, 1543 ve 1273
1703 1592 1347
3d 3170 1745, 1626, 1543 ve 1259 - 759 ve 703
1713 1596 1348
3e 3179 1750, 1627, 1543 ve 1266 816
1704 1594 1347
3f 3256 1749, 1628, 1545ve 1271 848
1712 1599 1346
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Via-
Bl|l\T(§)lk Vi Veso Voo Vio2 Veoo disubstitue VMono?ubstitue
aromatik aromatik halka
halka
39 3154 1754, 1629, 1542 ve 1265 - 768 ve 693
1709 1598 1344
4a - 1774, 1623, 1544 ve 1259 - -
1745, 1597 1348
1720
4b - 1765, 1628, 1547ve 1265 - -
1730 1582 1344
4c - 1752, 1624, 1543 ve 1259 - -
1735 1590 1345
4d - 1778, 1629, 1544 ve 1264 - 755 ve 709
1740 1610 1345
4e - 1774, 1604, 1548 ve 1268 805 -
1742 1580 1347
4f - 1767, 1627, 1546 ve 1264 803 -
1735 1590 1346
49 - 1758, 1629, 1544 ve 1261 - 756 ve 689
1734 1594 1345
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Tablo 2. 'H-NMR Spectrum Data of Types 3 and 4 Compounds
(DMSO-d6, &/ppm)

Bi,'\fgik CH, CHs CH, COCH; CH,  OCH, Ammat'k N=CH NH
3a | 125 231 - - - 417(q, 749757 975 118
(t, ) J=6,82Hz) (m, 2H); ) 5(s)
J=6,8 7,67 (s,
4Hz) 1H);
9,03-9,13
(m, 3H)
3b a a 27 - - 412 (q, 735779 975 118
@ J=6,25Hz) (m, 3H); ©) 8(s)
J=74 8,77-9,13
2Hz) (m, 3H)
3 | 098 125 171 - 267  417(q, 759769 973 119
(t, (t, (sext, (t, 2H,J=6,25 (m, 3H); ) 0(s)
J=74 J=70 J=74 J=74 Hz) 9,08-9,13
2Hz) 3Hz) 2H2) 2Hz (m, 3H)
3d 1,27 - - - 409  414(q, 7,337,609 971 120
(t, (s) J=6,64Hz) (m, 8H); ) 4(s)
J=6,6 9,08-9,12
4Hz) (m, 3H)
3e 1,31 2,24 - - 4,02 4,14 (q, 7,09-7,24 9,69 12,0
® (s) (s) J=7,03Hz) (m, 4H); (s) 2
7,47-7,69 ()
(m, 3H);
9,07-9,13
(m, 3H)
3f 1,26 - - - b b 7,34-7,68 9,70 12,0
t, (m, 7H); s) 6
J=6,6 9,07-9,12 (s)
4Hz) (m, 3H)
39 1,24 - - - - 4,15 (q, 752-769 971 124
(t, J=6,80Hz)  (m, 6H); ©) 2
7,92-7,97 ©)
J=6,8 (m, 2H);
6Hz) 9,08-9,16
(m, 3H)
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Bi,'\fgik CH, CHs CH, COCHs CH,  OCH, Ammat'k N=CH
4a 1,25 236 - 2,50 (5) - 4,17 (q) 7,54-7,70 9,63
(. © (m, 3H); ©)
J=6,6 9,07-9,14
4Hz) (m, 3H)
4b 127 125 279 250(s) - 4,17 (q, 7,50-7,72 9,62
t, (t, (a, 2H,J=7,03 (m, 3H); s)
=14 =10 y=74 Hz) 9,07-9,12
2Hz)  3HZ) ) (m, 3H)
4c 101 126 174 251(s) 274 4,16 (g, 7,3-7,55 9,61
(t, (t (sext, (t, 2H,J=7,03 (m, 2H); )
J=74 J=10 J=74 J=74 Hz) 7,67 s,
2Hz) 3Hz) 2H2) 2Hz 1H);
9,07-9,13
(m, 3H)
4d 1,27 - - 251(s) 418 4,17 (q, 7,28-7,59 9,60
(t, () 2H,J=7,03 (m, 8H); )
=70 Hz) 9,07-9,13
3Hz) (m, 3H)
e 127 2,25 - 252(s) 412 400420  7,11-7,29 9,58
(t, ©) ©) (m) (m, 4H); ()
1=6,6 7,50-7,58
4Hz) (m, 3H);
9,07-9,12
(m, 3H)
4f 1,30 - - 2,60 (5) c c 7,20-7,40 9,70
® (m, 7H); (s)
9,25-9,35
(m, 3H)
4g 1,24 - - 2,58 (5) - 4,11 (q) 7,49-7,60 9,55
® (m, 6H); ()
7,93-7,97
(m, 2H);
9,06-9,11
(m, 3H)

a: 01,20-1,29 (m, 6H, CH,CH3 + OCH,CH3)
b: 64,03-4,20 (m, 4H, CH2Ph + OCH>CH3) c: 64,05-4,20 (m, 4H, CH2Ph +
OCH,CHz3)
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Tablo 3. *C-NMR Spectrum Data of Types 3 and 4 Compounds
(DMSO-dg, 8/ppm)

£2| co coo Tl noy THEl aomaikc  Alifatike
8 x Cs Cs
sa | - 16119 15310 15166 14909  15066; 64,85
14810,  (OCH.CHy);
144,79, 1487
14464, (OCH.CHy);
14178, 1156 (CHy)
13367;
131,82,
13026;
129,77,
123,79,
120.88; 113,13
8 | - 16040 15119 15040 14847 150,05 64,80
14817, (OCH.CHy);
14359, 18,96
L1 (CH.CHY);
13551, 14,79
13120, (OCH.CHy);
131,04 1047
12923, (CH.CH)
12352,
123,25,
113,08, 11247
sc | - 16041 15180 15034 14848 14848 64,36
13620, (OCH.CHy);
13551, 26,57
133,11, (C_HzCHzC
131,04(2C); Hs);
1292320, 1421
12352, (OCH,CH:);
1232500);, 1389
113,03 (CH.CH,C
Ha);
9,80
(CH:CH:C
Hs)
sd | - 16048 15206 15191 14877 15038 64,48
141,50, 31,96
135,61 (CHPh);
133,64, 1458
13278, (OCH.CH;)
129,01(2C);
128,85,
128,73(20);
128,52(2C);
126,91,
12301;
122,75,

121,43; 111,09
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$2| c=0o coo  THeol ooy TrEol o Anatikc o Alifatike
Aa x Cs Cs
- 160,59 151,82 151,07 148,45 149,99; 64,16
146,24; (OCH,CHy);
139,75; (CHZPh);
135,67; 2049
135,51; (PhCH9):
133,06;
132,64, 14,27
129,18(2C);
128,90(2C);
128,47(2C);
123,52;
123,24; 111,57
- 160,57 151,06 150,34 148,44 150,00; 64,38
145,73; (OCH,CHb);
141,19; (CHZPh);
135,49;
134,75; 14,27
(OCH,CH>)
132,99;
131,29;
131,20;
131,06;
130,50;
129,21(2C);
128,27(2C);
123,52;
123,24, 112,99
- 161,20 155,58 151,76 149,07 150,65; 64,74
149,08; (OCH.CHy);
WL96 (OCH,CH)
133,52;
131,77;
130,65;
129,78(2C);
128,98(2C);
128,47(2C);
127,03(2C);
123,78;

121,24; 112,98
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£2| cco coo Mol oy Tr@ol - aonatike  Alifatikc
Aa x Cs Cs
4a | 16410 160,62 153,10 150,11 148,47 148,47; 64,05
133,70; 23,39
131,19; (COCH3);
130,30; 1431
129.202C);  (OCH,CH);
129,06; 9,29 (CH,)
127,20;
123,21;
120,66; 113,20
4c | 16620 160,53 152,70 150,08 148,95 148,45; 64,23
147,86; (OCH,CHa);
141,48, 26,54
132,53(2C);  (CH,CH,C
131,14(2C); Ha);
12918(2C); 23,38
123,31; (COCHg);
120,50; 112,69 18,40
(CH,CH,C
Hs);
14,24
13,39
(CH.CH:C
H3)
4f | 166,25 160,41 154,46 14859 14841 150,64; 64,65
148,88; (OCH,CHa);
142,21; 31,49
133,43; (CH,Ph);
133,87; 23,63
132,77, (COCHy);
132,61; 14,60
130,18(2C);  (OCH,CHy)
129,97(2C);
128,96;
128,84(2C);
123,02;
122,98;

121,86; 111,46
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3.2. Antioksidan Incelemesi Sonuclarinin
Degerlendirilmesi

Yeni bilesikler, antioksidan aktiviteleri ag¢isindan {i¢
farkli yontemle (indirgeyici gii¢, serbest radikal siipiiriicii ve
metal selatlayici aktivite) analiz edilmistir.

Sentezlenen bilesikler, indirgeyici gili¢ analizi igin 700
nm'de yapilan dl¢limlerde diisiik konsantrasyonlarda standartlara
yakin absorbans gostermistir. Anlamli bir sonug elde edilemese
de, bilesiklerin diisiik konsantrasyonlarda orta diizeyde
indirgeyici 6zelliklere sahip oldugu sdylenebilir.

Serbest radikal siipiiriicii aktivite analizinde, bilesiklerin
serbest radikal siipiiricii aktiviteleri, 517 nm'de farkh
konsantrasyonlarda yapilan o6l¢iimlerde % inhibisyon olarak
Olclilmiistir. Bu bilesiklerin standart antioksidanlardan daha
yiikksek absorbans, kontrolden ise daha diisik absorbans
degerleri gostermesi, ¢cok iyi olmasa da serbest radikal siipiiriicii
aktiviteye sahip olduklarimi gostermektedir.

Sekil 1 ve 2’de 3 ve 4 tipi bilesiklerin grafikleri
verilmistir. Bu bilesikler arasinda 3d bilesigi anlamli olarak
standart antioksidanlardan daha iyi, 4c ve 4f bilesikleri ise yakin
degerde selatorliik gostermektedir.

Tablo 4. 3 Tipi Bilesiklerin Indirgeme Giicii

indirgeme Giicii (ug/mL, 700 nm)
Bilesikler
50 100 150
3a 0,374 0,375 0,378
3b 0,384 0,373 0,373
3c 0,384 0,369 0,374
3d 0,389 0,386 0,406
3e 0,376 0,383 0,390
3f 0,390 0,389 0,415
39 0,377 0,359 0,369
BHT 0,654 1,293 2,102
BHA 0,967 1,804 2,729
o-Tokoferol 0,748 1,185 1,871
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Tablo 5. 4 Tipi Bilesiklerin Indirgeme Giicii

indirgeme Giicii (ug/mL, 700 nm)

Bilesikler
50 100 150

4a 0,388 0,368 0,376

4b 0,401 0,397 0,388

4c 0,375 0,372 0,373

4d 0,394 0,377 0,373

4e 0,377 0,376 0,382

4f 0,381 0,376 0,371

49 0,375 0,393 0,381
BHT 0,654 1,293 2,102
BHA 0,967 1,804 2,729
a-Tokoferol 0,748 1,185 1,871

Tablo 6. 3 Tipi Bilesiklerin Absorbans Degerleri ve Karsin Olan
% Serbest Radikal Giderme Aktiflikleri

Absorbans ve %Serbest Radikal Giderme Aktivitesi
(ng/mL, %inh, 517 nm)
Bilesikler 12,5 25 37,5
% % %
A | akivite | A | Aktiviee | | Aktivite
3a 0,145 14,2 0,146 13,6 0,148 12,4
3b 0,147 13,0 0,146 13,6 0,139 17,8
3c 0,144 14,8 0,143 15,4 0,142 16,0
3d 0,140 17,2 0,138 18,3 0,136 19,5
3e 0,143 15,4 0,144 14,8 0,133 21,3
3f 0,140 17,2 0,143 15,4 0,142 16,0
39 0,146 13,6 0,152 10,1 0,145 14,2
BHT 0,100 40,8 0,086 49,1 0,075 55,6
BHA 0,072 57,4 0,063 62,7 0,052 69,2
a-
Tokoferol | 0,050 70,4 0,050 70,4 0,049 71,0

Kontrol reaksiyonunun absorbansi 0,169°dur.
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Tablo 7. 4 Tipi Bilesiklerin Absorbans Degerleri ve Karsin Olan
% Serbest Radikal Giderme Aktiflikleri

Absorbans ve %Serbest Radikal Giderme Aktivitesi

(ng/mL, %inh, 517 nm)

Bilesikler
12,5 25 37,5
A % Aktivite A % Aktivite A % Aktivite
4a 0,143 15,4 0,146 13,6 0,146 13,6
4b 0,149 11,8 0,147 13,0 0,145 14,2
4c 0,153 9,5 0,151 10,7 0,150 11,2
4d 0,144 14,8 0,141 16,6 0,148 12,4
4e 0,143 15,4 0,207 | NEGATIF | 0,194 | NEGATIF
4f 0,179 | NEGATIF | 0,147 13,0 0,145 14,2
49 0,146 13,6 0,145 14,2 0,146 13,6
BHT 0,10 40,8 0,086 49,1 0,075 55,6
BHA 0,072 57,4 0,063 62,7 0,052 69,2
a-
Tokoferol | 0,050 70,4 0,050 70,4 0,049 71,0

Kontrol reaksiyonunun absorbansi 0,169°dur.
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Sekil 2. 4 Tipi Bilesiklerin Derisime Kars1 % Metal Selat
Aktiflikleri

NOT: Bu ¢calisma 108T984 nolu proje ile TUBITAK tarafindan
desteklenmistir.
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A LITERATURE REVIEW ON THE
DETERMINATION OF 5-FLUOROURACIL
USING ELECTROCHEMICAL SENSORS

Merve GENCOGLU*

1. INTRODUCTION

5-Fluorouracil ~ (5-fluoro-  1H-pyrimidin-  2,4-dione,
C4H3FN,O,, also known as 5-FU), whose molecular
conformation is illustrated in Figure 1, is an anticancer
medication. Its molecular weight is 130.08 g/mol.

L—=

Figure 1. Molecular formula of 5-FU

5-FU is among the active compounds of the drug and
functions as an antimetabolite. After it inhibits thymidylate
synthase, it prevents thymidylate production for DNA synthesis
(Wigmore et al., 2010).

The mechanism of action of 5-FU, along-established
anticancer drug, has been the subject of numerous studies over
the past two decades. The strategies are improved to increase the
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drug’s activity. Although significant progress has been made,
the therapeutic use of 5-FU in clinical practice is still restricted
by resistance phenomena. The appearance of DNA microarray
profiling offers the capability of explaining potential new genes
for effective resistance to this drug. This is proof of manifesting
a 5-FU-dependent predictive biomarker (Longley et al., 2003).

Antimetabolite drugs work by preventing biosynthetic
processes or damaging normal function by interacting with
macromolecules such as DNA and RNA (Longley, Paul Harkin,
and Johnston, 2003). The cytotoxicity mechanism of 5-FU
causes the wrong match of DNA and RNA’s fluoronucleotides,
and it results in inhibition of enzymes that are beneficial to
produce nucleotide synthesis, such as thymidylate synthase
(Longley et al., 2003).

5-FU is an antimetabolite that interacts with DNA and
RNA, which prevents daily cell activities and biosynthetic
processes. It is utilized in the management of diverse cancer
types, most notably breast and colorectal carcinomas.
Synergistic effects have been observed when the drug is
combined with other chemotherapeutic agents, leading to
superior clinical outcomes in the treatment of head, breast, and
neck malignancies. The best treatment is for colorectal cancer,
among other cancer types (Lima et al., 2018; Longley et al.,
2003; Rahimi-Nasrabadi et al., 2020).

Among the different analytical methods available e.g.
capillary electrophoresis (Forough et al., 2017), chromatography
(Déporte et al., 2006; Jacobs et al., 2016), spectrophotometry
(Selvaraj & Alagar, 2007), and microbiological analysis, the
electrochemical quantification of 5-FU has been insufficiently
explored in the literature.
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2. THE PREVIOUS ELECTROCHEMICAL
STUDIES OF 5-FU

Mirceski et al. investigated the determination of 5-FU by
square wave voltammetry (SWV) on a hanging drop mercury
electrode (HDME). In this study, where the redox reaction
scheme was L* 5 — L* @ag + Hgg) — Hgl) + 2. It was
found that 5-FU was chemisorbed onto the electrode surface and
formed a complex compound with low solubility with the
electrode material. The electrode mechanism was theoretically
investigated, and it was observed that the results calculated by
SWV measurements were consistent with the experimental data.
The impact of Cu(ll) ions on the adsorptive SWV response of 5-
FU was also investigated. The researchers carried out the
determination of 5-FU under a nanomolar concentration level by
SWV in the existence of Cu(ll) ions. When 5-FU reacted with
Cu(ll), a stable complex was formed, which was effectively
adsorbed on the electrode surface, and the 5-FU response on the
electrode surface was increased. A linear calibration plot was
constructed with a correlation coefficient of R?=0.992 at
1-9x107 mol L™, and a detection limit of 7.7x10™* mol L™
was obtained (Mirceski et al., 2000).

Zhan et al. first studied with an ionic liquid carbon paste
electrode (IL-CPE) to investigate the electrochemical oxidation
of 5-FU. 1-butylpyridinium hexafluorophosphate (BPPF6) was
used to prepare modified IL-CPE. The quantitative analysis of
5-FU is made by Britton-Robinson (B-R buffer) solution (pH 7).
There are two linear ranges (5x10°—2x10° mol L' and
2x10°-8x107* mol L) in DPV measurements, and the limit of
detection is 1.3x10°® mol L™. The electrode was stored at room
temperature, and the storage stability of IL-CPE is found to be
95.9%. There is no interference effect in the presence of other
electroactive species. The commercial injection samples of 5-FU
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were measured by DPV, and the recovery value was
97.2—102.1% (Zhan et al., 2011).

Stable silica-molecularly imprinted polymer (MIP)
composite fibers were fabricated by Prasad et al. using
carboxylated multi-walled carbon nanotubes by a non-hydrolytic
sol-gel method. The modified MIP-composite fibers were used
as an electrochemical sensor with ultra-trace-level selectivity
and sensitivity for the analysis of 5-FU and uracil in plasma and
pharmaceutical samples. These modified electrodes were used in
field studies and clinical studies (detection limit (30, aqueous
solution): 1.30 ng mL™* of 5-FU and 0.56 ng mL™" of uracil)
without the effect of matrix and cross-reactivity. These
fabricated sensors are inexpensive, reproducible, disposable, and
reliable for clinical studies. The 5-FU selectivity of the MIP
composite fiber electrode was investigated for purine and
pyrimidine bases such as adenine, guanine, thymine, cytosine,
and important biological molecules such as barbituric acid,
hypoxanthine, caffeine, uric acid, ascorbic acid, dopamine, urea,
glucose, and creatinine. It was found that the signals observed
for other electroactive species, except 5-FU and uracil, were
insignificant (Prasad et al., 2012).

The electrochemical activity of 5-FU on a glassy carbon
electrode modified with bromothymol blue (BTB) and multi-
walled carbon nanotubes (MWCNTS) was reported by Hua et al.
Quantitative analysis of 5-FU in 0.2 mol L™ PBS (pH 6.8) with
CV was 2.67x107" mol L™ with the limit of detection (LOD)
obtained in the logarithmic 8x107'-5x10° mol L™
concentration range; the graph obtained is linear. Using this
method for the determination of 5-FU in pharmaceutical
formulations, 2.8% relative standard deviation (RSD) and 96.8%
recovery results were obtained (Hua et al., 2013).

A modified GC electrode with Au NP-coated MWCNT
composite, an electrochemical sensor that rapidly and easily
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determines 5-FU at the ppb level within 25 seconds, was developed by
Satyanarayana et al. MWCNT and Au NP-modified electrodes were
synthesized in the presence of chitosan (Chit), which is a natural
polymer. The electrochemical capacity of the AuNPs-MWCNTSs-
Chit/GCE produced for the determination of 5-FU was investigated by
CV, electrochemical impedance spectroscopy (EIS), and DPV.
Linearity was observed in the DPV peak current in the concentration
range of 0.03-10 pmol L. Recovery values from 97.6% to 101.4%
were obtained. Information was provided about the storage stability
and reusability of the developed electrode. 20 pmol L DPV
measurements of 5-FU were recorded by storing the data from the
AUNPs-MWCNTSs-Chit/GC  electrode for seven days under
appropriate laboratory conditions. Only a 3.8% decrease in the DPV
peak current recorded in 25 measurements was observed. The
determination of 5-FU in urine and pharmaceutical formulations was
shown to have good recovery limits, confirming that this sensor can be
used in the biomedical field (Satyanarayana et al., 2015).

The determination of 5-FU was investigated by Pattar and
Nandibewoor using GCE (ladder voltammetry), SCV, and SWV
methods modified with chemically reduced graphene oxide chitosan
composite (CRGO/CS) film. The CRGO/CS/GCE sensor (1.24 nmol
L™t for SCV and 4.93 nmol L™ for SWV) showed a low detection
limit, and the determination of 5-FU was successfully applied in real
samples. This analytical method was enhanced and standardized for
assessing 5-FU in pharmaceutical preparations. 5-FU was determined
by the SCV method using the Florac Injection® (50 mg mLfl)
standard addition method. The application of CRGO/CS/GCE was
confirmed by analyzing urine samples. High recovery values
(97.3-100.7%) and RSD values (0.79-1.15%) were reported.
Precision and accuracy values of the proposed method were revealed
(Pattar & Nandibewoor, 2015).

Abbar, Shetti, and Nandibewoor investigated the voltammetric
oxidation of 5-FU with MWCNTs-paraffin oil paste electrode using
CV and DPV methods. Controlled diffusion was observed over the
working pH range (pH 3.0—11.2). Linearity was observed between the
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measured currents and concentrations in the DPV method, with a
detection limit of 3.94x10 8 mol L™* and a concentration range of 10~
"—5x10"® mol L ™! 5-FU. The proposed method was validated by DPV
measurements using standard addition to pharmaceutically formulated
Aduracil® tablets, and the results were shown to be consistent with
the label content. The recovery of 5-FU was found between 97.15%
and 101.82% for various samples, and the value of relative standard
deviation (RSD) was 2.09% (Abbar et al., 2016).

The electrochemical properties of methylene blue (MB) as a
water-soluble cationic dye are well known. The electrochemical
activity of 5-FU was characterized by CV and DPV with a methylene
blue-modified GC electrode by Bukkitgar and Shetti. The sensitivity
of the sensor for 5-FU determination was improved with the modified
material. The peak currents of 5-FU measured by DPV were found to
be linear in the working range of 10 —4x107> mol L™} with a low
detection limit of 2.04 nmol L%, Under the optimum experimental
conditions, the effect of the voltammetric response of 0.1 mmol L !5
FU on potential interferences was investigated. It was shown that 5-
FU did not affect the voltammetric signal when used 100 times more
than citric acid, gum acacia, oxalic acid, uric acid, urea, sucrose, and
xanthine. A significant change in the peak potential was observed with
the application of caffeine and ascorbic acid to 5-FU (Bukkitgar &
Shetti, 2016).

Shojaei et al., CPE modified with 1,3-dipropylimidazolium
bromide ionic liquid (carbon paste electrode) prepared with ZnFe,O4
magnetic nanoparticles (ZnFe,O4/MNPs) was applied for the analysis
of 5-FU. The electrochemical activity of 5-FU was investigated using
linear scanning voltammetry (LSV), SWV, CA, and EIS. After
optimizing the experimental conditions, it was found that the electro-
oxidation peak currents at pH 7 varied linearly with pH. Comparison
of ZnFe,O4/MNPs/IL/CPE with conventional carbon paste electrodes
for the determination of 5-FU found that the modified electrode has
low surface resistance and high electron transport capacity. In the
measurements performed with the SWV method using the
ZnFe>04/MNPs ionic liquid carbon paste electrode
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(ZnFe,04/MNPS/IL/CPE), linearity was observed in the 5-FU
concentration range of 0.1-1400 mol LY. This modified electrode
was shown to have the advantages of high sensitivity, good
observability, and reproducibility in trace analyses. 5-FU analysis was
successfully applied to pharmaceutical and urine samples (Dodevska
et al., 2023; Fallah Shojaei et al., 2016; Ghalkhani et al., 2022).

A modified carbon paste electrode with AuNPs (CPE/AUNPs-
PFR) was developed by Lima et al. for the first time using porphyran
(PFR), a sulfated polysaccharide extracted from red seaweed, and an
effective electrochemical sensor was fabricated for the determination
of 5-FU. The porphyran-coated AuNPs composite exhibits high
conductivity and a large surface area. From DPV measurements, the
designed electrochemical platform was found to have a detection limit
of 0.66 pmol L " and a lower detection limit of 2.22 pumol L in the
concentration range of 29.9-234.4 pmol LY I pharmaceutical
injection samples, the determination of 5-FU with DPV achieved
successful results with 96.6—104.2% recovery and 2.80% RSD in the
determination of 5-FU (Dodevska et al., 2023; Lima et al., 2018).

Zahed et al. studied an electrochemical sensor based on a
silver  nanoparticle/polyaniline  nanotube  (AgNP@PANINT)
nanocomposite-modified pencil electrode. The Taguchi chemometric
method was used to provide optimum experimental conditions and
minimize material consumption. In this study, the electrochemical
determination of 5-FU was performed for the first time using a pencil
electrode. In the electrochemical measurements made with DPV
methods, a linear graph was obtained in the concentration range of
1.0-300.0 pmol L™! with a detection limit of 0.06 pmol L™*. The
recovery values in serum samples were found to be 95.085-101.83%
(Zahed et al., 2018).

Fouladgar  fabricated a  1-ethyl-3-methylimidazolium
tetrafluoroborate/copper (m oxide-single-walled carbon
nanotubes/carbon paste electrode (EMITFB/CuO-SWCNTSs/CPE) by
applying the combination of carbon nanotubes, copper (Il) oxide
nanoparticles, and ionic liquid onto CPE for the analysis of two
anticancer drugs (Fouladgar, 2018; Fouladgar, 2020). Doxorubicin
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and 5-FU can be oxidized on the EMITFB/CuO-SWCNTSs/CPE
surface at potentials of approximately 0.68 V and 0.97 V (vs.
Ag/AgCI), and it was shown that the simultaneous determination of
these drugs can be done by SWV (Fouladgar, 2018). The linearity of
doxorubicin was 160—760 umol LY and the limit of detection was
found to be 6.0 nmol L. Otherwise, the linearity of 5-FU is found
20-180 pumol L™ and the limit of detection was 0.4 pmol L *. The
modified electrode reacted to doxorubicin the same way whether 5-FU
was present or not, and the oxidation of doxorubicin and 5-FU did not
affect each other. Simultaneous determination of the two compounds
was applied. Positive results were obtained from the application of
EMITFB/CuO-SWCNTSs/CPE in real samples (serum and commercial
pharmaceutical samples) for the quantitative analysis of doxorubicin
and 5-FU (Fouladgar, 2018).

Roushani et al. prepared a modified GC electrode with 1-
methyl-3-octimidazolium tetrafluoroborate ionic liquid copper
nanoparticles/multiwalled carbon nanotubes/ionic liquid/chitosan
(CuNPs/MWCNTS/IL/Chit). This nanocomposite film enhanced the
catalytic activity for the electrochemical oxidation of 5-FU by 5-fold.
The improvement in the electrode sensitivity was attributed to the
elevated the catalytic activity of the surface. High current sensitivity
(1-110 pmol LY, durability, detection limit (0.15 umol LY, and
good reproducibility proved the potential detection property for the
experiments of this drug. The long-term durability of the modified
electrode was demonstrated by 95% stability after the first two weeks
of storage and 93% stability after one month (Dodevska et al., 2023;
Roushani et al., n.d.).

FEAUs modified Babassu Mesocarp (BM) and chemically
modified babassu mesocarp phthalic anhydride (BMPA) were
developed by Teixeira et al. for the determination of 5-FU (flexible
gold electrode). The modified electrodes achieved high sensitivity (8.8
uA/umol LY and a low detection limit (0.34 pmol L) in acidic
medium. When the plain and modified electrodes were compared, an
improvement in 5-FU determination was observed. These improved
electrodes were found to be simple, fast, and effective alternatives for
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the imaging applications of 5-FU in pharmaceutical formulations
(Teixeira et al., 2019).

A new type of button-like temperature-controlled 5-FU
electrochemical sensor was developed by Mutharani et al., which
consists of conductive and temperature-responsive polymer microgel
N-isopropylacrylamide (NIPAM) and PEDOT. The resulting
conductive Microgel was thermo-recycled by controlling the internal
temperature of the expanded PNIPAM at 20-40°C due to the
contraction and expansion. A thermo-switch-controlled 5-FU sensor
was used for the first time. By adjusting the solution temperature, the
electrochemical process was effectively changed, and sensitive
quantitative detection of 5-FU was achieved. Good results were
obtained for selectivity and reproducibility in the determination of 5-
FU with the help of PNIPAM-PEDOT/GCE. With this developed
sensor, accurate results were achieved for the detection of 5-FU in real
human blood serum samples (Mutharani et al., 2020).

Emamian, Ebrahimi, and Karimi-Maleh fabricated a carbon
paste electrode (GQD/BPBr/CPE) by combining graphene quantum
dots (GQD) with ionic liquid 1-butylpyridinium bromide (BPBr). The
applicability of GQD/BPBr/CPE for 5-FU was evaluated by
voltammetric analysis. In SWV analysis, GQD/BPBr/CPE showed
high selectivity and sensitivity and linearity for 5-FU over a wide
concentration range from 0.001 to 400 pmol L. Due to the
synergistic effect of GQD and BPBr (S/N=3), a low detection limit
(0.5 nmol Lfl) was obtained. The modified electrode proved to have
good stability, with the oxidation current of 5-FU in GQD/BPBr/CPE
showing 92.3% of its original signal after fourteen days. The amount
of 5-FU in pharmaceutical samples was successfully measured, and
acceptable results were obtained (Emamian et al., 2020).

Nanostructures of lanthanides (or f-block metallic elements)
have interesting electrocatalytic properties and can be used as
modification materials in sensors (Dodevska, Hadzhiev, and Shterev,
2023). A novel voltammetric sensor, Pr:Er nanoparticles-modified
CPE, was developed by Rahimi-Nasrabadi et al. for the determination
of 5-FU. The pH and the amount of modified material to be used for
this electrode were optimized. An irreversible 5-FU oxidation peak
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was recorded at 1.0 V (vs. Ag/AgCl) in 0.01 mol L' PBS (pH 7). A
linear calibration range (0.01-50 umol L_l) and LOD of 0.98 nmol
L™! were obtained using SWV. This method can be used for trace
amounts of analyte analysis. It has been proven to be a good
electrochemical sensor with its low detection limit, good sensitivity,
reproducibility, short response time, easy production, electrode
modification, and surface renewability. Recovery in pharmaceutical
formulations was found to be 96—102%. The practical applicability of
the developed Pr: Er/CPE was tested in urine and plasma samples, and
the results obtained were consistent with the high-performance liquid
chromatography (HPLC) results, proving the reliability of the
electrochemical method (Rahimi-Nasrabadi et al., 2020).

Vishnu et al. reported a category of reductant-free chitosan-
based hybrid semipermeable nanogel catalysts by synthesizing AuUNPs
in a chitosan-poly(methacrylic acid) (CS-PMAA) polymer network
(Au@CS-PMAA). The semi-IPN (semipermeable) with covalently
cross-linked polymethacrylic acid (PMAA) in chitosan (CS) chains
was proved to be applicable for a 5-FU electrochemical sensor
platform with superior colloidal stability and enhanced catalytic
activity.  Under  appropriate  conditions, the  developed
AU@CSPMAA/GC electrode was shown to have good performance in
the determination of 5-FU with a wide linear range of 0.1-497 pmol
L™ and a detection limit of 0.03 pmol L > After thirty days of
storage, the initial peak current value of this modified electrode was
found to be 92.5%, demonstrating long-term storage stability.
Practicable appropriateness of the sensor was demonstrated in DPV
measurements of diluted human serum (Dodevska et al., 2023; Vishnu
S. Ket al., 2020).

3. CONCLUSIONS

There are several electrochemical studies in the literature about 5-
FU. This review shows different modified materials, including
conducting polymers, metal nanoparticles, and carbon materials, by
employing disparate sorts of electrodes, such as PGE, GCE, and
CPE.
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ANTIMALARIAL PROPERTIES OF 1,2,3 AND
1,2,4-TRIAZOLES

Ergiin GULTEKIN?

1. INTRODUCTION

Malaria persists as a significant public health concern
globally; in 2023 alone, it was associated with roughly 263
million cases and upwards of 597,000 deaths. (World Health
Organisation, 2024). P. falciparum accounts for the most life-
threatening manifestations of malaria in humans. (Chugh et al.,
2020; Upadhyay et al., 2020; Rathod et al., 2022; Ravindar et
al., 2023). One of the major challenges in malaria control is the
increasing prevalence of drug-resistant strains of the parasite.
Over the past decade, efforts to develop new therapeutic agents
have intensified (Pazhayam et al., 2019) driven by the inevitable
rise of drug-resistant Plasmodium clones—the parasite that
causes malaria (Tse et al., 2019). To combat the disease, various
classes of antimalarial drugs have been employed, including 4-
amino  alcohols,  8-aminoquinolines,  4-aminoquinolines,
endoperoxides, antifolates, antibiotics, sulfonamides,
naphthoquinones, and several other agents. However, despite the
availability of these drugs, the emergence of resistance—
particularly against first-line treatments such as artemisinin-
based combination therapies (ACTs)—remains a serious
concern, as no equally effective alternatives are currently
available (Singh et al., 2018; Poonam et al., 2018).
Consequently, new cost-effective and highly active antimalarial
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agents are urgently required—effective against resistant and
sensitive Plasmodium strains alike and capable of targeting
multiple life-cycle stages (Alven and Aderibigbe, 2019; Tibon et
al., 2020). Considerable effort in recent years has centered on
five-membered N-heterocyclic azole motifs with potential
antimalarial efficacy (Kalaria et al., 2018; Queiroz et al., 2022;
Ravindar et al., 2023). Among these, triazoles—nitrogen-rich
heterocycles containing three nitrogen atoms—have attracted
particular interest from chemists and pharmacologists due to
their structural versatility, ease of synthesis, and wide spectrum
of biological and pharmacological properties (Xu et al., 2018;
Ali and Alimuddin, 2018; Parada et al., 2018; CS Pinheiro et al.,
2019; Evangelinet al., 2019; Singh et al., 2020; Jadhav and Mali,
2022; Endait, 2022).

In this context, the present section delineates and
evaluates studies investigating the antimalarial properties of
1,2,3- and 1,2,4-triazole derivatives.

2. SCOPE OF THE STUDY

2.1. Antimalarial Activity of 1,2,3-Triazoles

Given the well-established antimalarial potential of
hybridized 1,2,3-triazoles (Mabasa et al., 2019; Lopes et al.,
2021; da Silva Santos et al., 2021), this section explores the
antimalarial properties of 1,2,3-triazole-based derivatives
conjugated with different heterocyclic scaffolds -including
coumarin, benzoquinone, pyrimidine, quinoline, B-lactam, and
chalcone- that have been developed and evaluated by
researchers against various Plasmodium falciparum strains.

A series of 1,2,3-triazole—quinoline hybrids described by
Singh et al. in 2019 exhibited strong falcipain-2 (FP2) binding,
inhibited its catalysis at micromolar concentrations, and
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consequently restricted parasite growth. Structure—activity
relationship (SAR) analysis revealed that variations in the
electronic characteristics of the substituents on the phenyl ring
of these hybrids influenced their inhibitory potency against FP2
and Plasmodium falciparum. Among the tested compounds,
hybrids 1 and 2 inhibited FP2 with ICso values of 25.64 uM and
16.16 uM, respectively. Furthermore, these conjugates impeded
P. falciparum development at the trophozoite stage with ECso
values of 21.89 uM and 49.88 uM, respectively. Morphological
alterations and food vacuole abnormalities similar to those
induced by E-64, a well-known FP2 inhibitor, were also
observed in the treated parasites (Fig. 1) (Singh et al., 2019).

NO
=N =

1 2

Figure 1. Quinoline containing antimalarial 1,2,3-triazole
compounds.

Chan et al. synthesized a library of pyrimidine-1,2,3-
triazole hybrid compounds (3-5) and evaluated their
antimalarial potential under varying thiamine concentrations.
Most of the hybrids displayed moderate inhibitory activity,
exhibiting ICso values greater than 60 pM against the
chloroquine-sensitive (CQS, 3D7) Plasmodium falciparum
strain. The 4’-N-benzyl derivative 5 was the most potent (single-
digit ICso; SI = 45); in HFF cells, 3—-4 were non-cytotoxic,
whereas 5 was cytotoxic only at the highest dose (Fig. 2) (Chan
etal., 2022).
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Figure 2. Pyrimidine containing antimalarial 1,2,3-triazoles.

Irfan and colleagues developed a series of novel 1,2,3-
triazole-linked chalcone—indole—quinoline hybrids through a
click-chemistry approach aimed at overcoming emerging drug
resistance in malaria parasites. The synthesis involved reacting
various alkynes with azides in a THF:H2O (1:2) solvent system,
using sodium ascorbate and CuSO4-5H.O as catalysts, and
allowing the reaction to proceed for 20-24 hours at room
temperature to yield the desired hybrids. Both 6 and 7 showed
strong activity versus P. falciparum 3D7 and RKL-9 and
minimal toxicity to HEPG2/HEK293. Docking, MST, and
kinase assays converged on selective PFCDPK1 engagement and
inhibition, explaining their antiparasitic effect and sparing
human kinases (Fig. 3) (Irfan et al., 2024).

N1 vﬁ@
oL e

Figure 3. Chalcone-indole—quinoline linked antimalarial 1,2,3-
triazoles.
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A coumarin-1,2,3-triazole series (8) made via click
chemistry showed moderate—excellent activity against P.
falciparum 3D7 (ICso = 0.763—15.40 pg/mL), with most ICso
values <10 pg/mL. SAR indicated ortho/para-F on the triazole-
attached phenyl enhanced potency versus Cl. The most active
was 8a (R = 2,4-diOMe; ICso = 0.763 pg/mL), while 8b (R =
3,4,5-triOMe) was weaker (11.06 pg/mL). Substituting the
triazole acidic proton generally reduced activity; 8e
outperformed 8d, likely due to a para-NO: benzyl group. The 7-
chloroquinoline hybrid 8f was least active (10.60 pg/mL) (Fig.
4) (Andhare et al.,2022).

H,CO
3 N
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Figure 4. coumarin-linked antimalarial 1,2,3-triazole derivatives.

A concise library of benzoquinone-tethered 1,2,3-
triazoles (series 9) was synthesized by Tarawneh et al. and
evaluated against P. falciparum D6 and W2. The hybrids
exhibited meaningful activity with ICso values between 0.58 and
8.36 uM. Among them, 9d—with a fluoro substituent on the
triazole-linked benzyl ring—proved superior to 9a (ClI) and 9c
(NO2), and was roughly twelve times more potent than the
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electron-donating methyl analogue 9b (Fig. 5) (Tarawneh et al.,
2018).

QN o
N Cl
N W Nen NO,
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Figure 5. Benzoquinone hybrid antimalarial 1,2,3-triazoles.

To access a new family of high-potency antimalarial
hybrids, Jarrahpour’s team synthesized a broad library of novel
1,2,3-triazoles (10) featuring a p-lactam (2-azetidinone)
scaffold, a hallmark of many bioactive compounds. These
conjugates arose from propargyl-p-lactams and various azides in
THF (rt, 24 h) under TEA/Cul catalysis. Evaluation of the
synthesized analogs against the Plasmodium falciparum K1
strain revealed ICso values ranging from 0.85 to 125 uM,
indicating strong antimalarial potential. Notably, compounds
bearing a benzyl substituent on the triazole ring (10a-d)
exhibited excellent inhibitory activity against the chloroquine-
resistant (CQR) K1 strain. Among them, the most active
derivative, 10a, demonstrated potency comparable to that of the
reference drug chloroquine (ICso = 0.80 uM) (Fig. 6) (Jarrahpour
etal., 2018).
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Figure 6. p-lactam core containing antimalarial 1,2,3-triazoles.

2.2. Antimalarial Activity of 1,2,4-Triazoles

Prior work has underscored the therapeutic importance of
N-heterocyclic hybrid scaffolds against malaria (Patel et al.,
2021). In particular, 1,2,4-triazoles exhibit notable efficacy
across multiple Plasmodium life-cycle stages, especially when
embedded within hybrid N-heterocyclic frameworks.

In 2019, de Silva et al. prepared 4-aminoquinoline-1,2,4-
triazole derivatives (11, 12) and assessed their antiplasmodial
activity against the chloroquine-resistant P. falciparum W2
strain, using mefloquine (ICso = 0.019 uM), amodiaquine (ICso =
0.006 uM), and chloroquine (ICso = 0.25 pM) as standards. In
vivo efficacy was further examined in P. berghei-infected mice.
The methyl-substituted triazole 11b was the most active against
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P. falciparum (ICso = 0.083 puM) and produced favorable
outcomes by day 5 in the P. berghei model; it also showed low
cytotoxicity (127 uM) and a high selectivity index (SI = 132),
highlighting its promise as a lead (Fig. 7) (da Silva et al., 2019).

'7'N\> N’N\>\ NN
| CH |
HN/LN HN/LN ? HN/LN>\CF3
H H
SNTO CF, SN7CF, cl SN
CF3 CFs3
11a 11b 12

Figure 7. Qinoline containing antimalarial 1,2,4-triazoles.

Prasad et al. used microwave-assisted one-pot synthesis
to generate hybrids (13,14) integrating imidazo[1,2-
a]pyrimidine, pyrazole, and 1,2,4-triazole pharmacophores and
evaluated them against P. falciparum versus chloroquine (ICso =
0.020 pg/mL) and quinine (ICso = 0.268 pg/mL). While none
surpassed chloroquine, 14b, 14e, and 14g (ICso = 0.041-0.092
ug/mL) outperformed quinine, with 14b most potent (ICso =
0.041 pg/mL). SAR indicated reduced potency for para electron-
donating groups (—Me, —-OMe) on the imidazo[1,2-a]pyrimidine-
linked phenyl, whereas —OH (14e) improved activity and N/S-
heterocycles on the core (14f, 14g) further enhanced
antiplasmodial effects (Fig. 8) (Prasad et al., 2018).
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Figure 8. Imidazo[1,2-a]pyrimidine and/or pyrazole containing
antimalarial 1,2,4-triazoles.

Meva and colleagues synthesized a new 1,2,4-triazole
intermediate,  5-(pyridin-2-yl)-1H-[1,2,4]triazole-3-carboxylic
acid ethyl ester (15), by condensing monoethyl oxalyl chloride
with  N'-aminopyridine-2-carboximidamide.  Against  the
chloroquine-sensitive Plasmodium falciparum 3D7 strain, this
precursor showed moderate inhibition (ICso = 176 pM),
indicating baseline activity prior to further conjugation with
additional pharmacophores (Fig. 9) (Eya’ane Meva et al., 2022).

Silveira et al. designed and prepared a library of twenty-
one [1,24]triazolo[1,5-a]pyrimidine hybrids (16, 17) and
assessed their activity against P. falciparum. All members were
active, with ICso values spanning 0.030-9.1 uM. SAR analysis
highlighted the importance of substituents directly attached to
the triazolopyrimidine ring (R) and at the para position of the
phenyl ring on the benzene-sulfonamide core (Ri): CFs
substitution at either site (R = CFs; R: = CF3) enhanced potency
relative to unsubstituted (R = H; R: = H) or methyl-substituted
analogues (R=CHs). Incorporating a naphthalene ring into the
sulfonamide core (17a—c) further boosted antiplasmodial
activity—by as much as 39-fold compared with the
corresponding unsubstituted benzene analogues (16a-c). All
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hybrids were non-cytotoxic toward HepG2 cells (ICso = 46—367
uM; Fig. 47) (Silveira et al., 2021). Moreover, the series
inhibited PFDHODH in the low-micromolar to nanomolar range
(ICso = 0.08-1.3 pM) while sparing the human homologue
HsDHODH (0-30% inhibition at 50 uM). (Fig. 9).
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Figure 9. Pyridine or pyrimidine containing antimalarial 1,2,4-
triazoles.

Mokariya and co-workers designed and synthesized a set
of sixteen novel 1,2,3-triazole hybrids incorporating either
benzimidazole or 1,2,4-triazolopyrimidine frameworks (18,19)
and evaluated their antimalarial potential against Plasmodium
falciparum. Most of the synthesized hybrids exhibited stronger
inhibitory activity than the reference drug quinine (ICso = 2.71
uM), with ICso values ranging from 0.82 to 2.24 pM. Within the
1,2,4-triazolopyrimidine series (18a-h), compound 18c, bearing
a para-trifluoromethyl substituent (R = 4-CFs) on the benzamide
group, demonstrated the highest potency (ICso = 0.82 uM).
Conversely, in the benzimidazole—pyrimidine-linked triazole
series (19a-h), compound 19b, featuring a para-fluoro
substituent (R = 4-F) on the benzamide moiety, emerged as the
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most active analogue (ICso = 0.99 uM) (Fig. 10) (Mokariya et
al., 2023).
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To) lo) d: 4-C|
e: 3-Cl
f: 2-Cl
g: 2-CH,
o Y o Y h: 4-CH,3
YW YW
N= N N= N
H H
18a-h 19a-h

Figure 10. benzimidazole or 1,2,4-triazolopyrimidine containing
antimalarial 1,2,4-triazoles.

3. CONCLUSION

This review shows that 1,2,3- and 1,2,4-triazole scaffolds
are robust and versatile frameworks for antimalarial drug
discovery. 1,2,3-triazole-based hybrids—when merged with
quinoline, pyrimidine, chalcone, coumarin, benzoquinone, and
B-lactam cores—exhibit activities against P. falciparum ranging
from the micromolar level (e.g., 0.58-8.36 uM) to strong
potency, with some series (B-lactam—triazole hybrids) achieving
results comparable to chloroguine. SAR findings indicate that
electron-withdrawing substituents such as halogens (especially
F) and trifluoromethyl (—CFs), ortho/para-F placements, and
bulky benzyl-like substitutions on the triazole ring can enhance
activity, whereas certain substitutions at the acidic triazole
proton can attenuate it. Mechanistically, inhibition of FP2,
selective engagement of PfCDPK1, and suppression of
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PfDHODH collectively support the multi-target potential of
triazole derivatives.

For 1,2,4-triazole derivatives, sub-micromolar potencies
(e.g., 0.083 uM) and favorable non-toxicity profiles have been
reported against  chloroquine-resistant  strains.  Within
triazolopyrimidine libraries, —CFs substitution and enrichment of
the aromatic core (e.g., naphthalene) significantly improved
activity; in imidazo[1,2-a]pyrimidine—pyrazole—triazole triple
hybrids, several compounds outperformed quinine. Overall,
rational hybridization with appropriate heterocyclic cores, fine-
tuning of electronic/hydrophobic substituent patterns, and
medicinal-chemistry optimizations (lipophilicity, polar surface
area, metabolic stability) position triazole-based candidates for
development across blood, hepatic, and gametocyte stages of
malaria.

In summary, the triazole scaffold—particularly with —
CFs/halogen enrichment and judicious hybridization with N-
heterocycles—offers a strong starting point for multi-target,
cost-effective antimalarial candidates with high resistance
barriers at a time of rising ACT resistance. The SAR trends and
target profiles synthesized here provide a practical roadmap for
downstream optimization and in vivo validation.

178



Kimya Degerlendirmeleri

REFERENCES

Ali, K., & Alimuddin, A. S. (2018). Short review on 1, 2, 4-
Triazole with various pharmacological activity. SD Int. J.
Pharm. Sci, 1(1), 14-22.

Andhare, N. H., Anas, M., Rastogi, S. K., Manhas, A., Thopate,
Y., Srivastava, K., ... & Sinha, A. K. (2022). Synthesis and in
vitro SAR evaluation of natural vanillin-based chalcones
tethered quinolines as antiplasmodial agents. Medicinal
Chemistry Research, 31(12), 2182-2194.

Bozorov, K., Zhao, J., & Aisa, H. A. (2019). 1, 2, 3-Triazole-
containing hybrids as leads in medicinal chemistry: A recent
overview. Bioorganic & Medicinal Chemistry, 27(16), 3511-
3531.

Chan, A. H., Fathoni, 1., Ho, T. C., Saliba, K. J., & Leeper, F. J.
(2022). Thiamine analogues as inhibitors of pyruvate
dehydrogenase and discovery of a thiamine analogue with
non-thiamine related antiplasmodial activity. RSC Medicinal
Chemistry, 13(7), 817-821.

Chugh, A., Kumar, A., Verma, A., Kumar, S., & Kumar, P.
(2020). A review of antimalarial activity of two or three
nitrogen atoms containing heterocyclic  compounds.
Medicinal Chemistry Research, 29(10), 1723-1750.

CS Pinheiro, L., M. Feitosa, L., O. Gandi, M., F. Silveira, F., &
Boechat, N. (2019). The development of novel compounds
against malaria: quinolines, triazolpyridines,
pyrazolopyridines and pyrazolopyrimidines. Molecules,
24(22), 4095.

da Silva, R. M., Gandi, M. O., Mendonga, J. S., Carvalho, A. S,
Coutinho, J. P., Aguiar, A. C., ... & Boechat, N. (2019). New
hybrid trifluoromethylquinolines as antiplasmodium agents.
Bioorganic & Medicinal Chemistry, 27(6), 1002-1008.

179



Kimya Degerlendirmeleri

da Silva Santos, L., de Carvalho, M. F., de Souza Pinto, A. C.,
da Fonseca, A. L., Dias Lopes, J. C., de Pilla Varotti, F., ...
& Alves, R. B. (2021). Synthesis of novel 1, 2, 3-triazole
derivatives of isocoumarins and 3, 4-dihydroisocoumarin
with potential antiplasmodial activity in vitro. Medicinal
Chemistry, 17(8), 820-833.

Endait, R. S. (2022). Triazole derivatives and their biological
potential: a review. Int. J. Adv. Appl. Sci., 9, 176.

Evangelin, M. P., Yanamadala Pavani, D., Kumar, P., Monica,
K., Venni, D., Sukeerthika, S. U., & Anusha, A. R. (2019).
An updated review on 1, 2, 4 Triazoles. J. Pharmacogn.
Phytochem, 8(4), 292-299.

Eya’ane Meva, F., Prior, T. J., Evans, D. J., Shah, S., Tamngwa,
C. F., Belengue, H. G. L., ... & Llinas, M. (2022). Anti-
inflammation and antimalarial profile of 5-pyridin-2-yl-1H-
[1, 2, 4] triazole-3-carboxylic acid ethyl ester as a low
molecular intermediate for hybrid drug synthesis. Research
on Chemical Intermediates, 48(2), 885-898.

Irfan, 1., Uddin, A., Jain, R., Gupta, A., Gupta, S., Napoleon, J.
V., ... & Singh, S. (2024). Biological evaluation of novel
side chain containing CQTrICh-analogs as antimalarials and
their development as PFCDPK1 kinase inhibitors. Heliyon,
10(3).

Jadhav, P. M., & Mali, P. R. (2022). A review on the recent
advancements in biological activity of triazoles and
tetrazoles. J. Emerg. Technol. Innov. Res., 9, b422.

Jarrahpour, A., Aye, M., Rad, J. A., Yousefinejad, S., Sinou, V.,
Latour, C., ... & Turos, E. (2018). Design, synthesis,
activity evaluation and QSAR studies of novel antimalarial
1, 2, 3-triazolo-B-lactam derivatives. Journal of the Iranian
Chemical Society, 15(6), 1311-1326.

180



Kimya Degerlendirmeleri

Kalaria, P. N., Karad, S. C., & Raval, D. K. (2018). A review on
diverse heterocyclic compounds as the privileged scaffolds
in antimalarial drug discovery. European Journal of
Medicinal Chemistry, 158, 917-936.

Lopes, F. V., Stroppa, P. H. F., Marinho, J. A., Soares, R. R., de
Azevedo Alves, L., Goliatt, P. V. Z. C., ... & da Silva, A. D.
(2021). 1, 2, 3-Triazole derivatives: synthesis, docking,
cytotoxicity analysis and in vivo antimalarial activity.
Chemico-Biological Interactions, 350, 109688.

Mabasa, T. F., Awe, B., Laming, D., & Kinfe, H. H. (2019).
Design, synthesis and antiplasmodial evaluation of
sulfoximine-triazole hybrids as potential antimalarial
prototypes. Medicinal Chemistry, 15(6), 685-692.

Mokariya, J. A., Rajani, D. P., & Patel, M. P. (2023). 1, 2, 4-
Triazole and benzimidazole fused dihydropyrimidine
derivatives: Design, green synthesis, antibacterial,
antitubercular, and antimalarial activities. Archiv der
Pharmazie, 356(4), 2200545.

Parada, L. K. L., Méndez, L. Y. V., & Kouznetsov, V. V.
(2018). Quinoline-substituted 1, 2, 3-triazole-based
molecules, as promising conjugated hybrids in biomedical
research. Organic & Medicinal Chemistry, 7(2), 1-10.

Patel, N. B., Soni, H. I., Parmar, R. B., Chan-Bacab, M. J., &
Rivera, G. (2021). 1, 2, 4-triazoles clubbed pyrimidine
compounds with synthesis, antimicrobial, antituberculosis,
antimalarial, and anti-protozoal studies. Letters in Organic
Chemistry, 18(8), 617-624.

Pazhayam, N. M., Chhibber-Goel, J., & Sharma, A. (2019). New
leads for drug repurposing against malaria. Drug Discovery
Today, 24(1), 263-271.

181



Kimya Degerlendirmeleri

Poonam, Gupta, Y., Gupta, N., Singh, S., Wu, L., Chhikara, B. S.,
... & Rathi, B. (2018). Multistage inhibitors of the malaria
parasite: Emerging hope for chemoprotection and malaria
eradication. Medicinal Research Reviews, 38(5), 1511-1535.

Prasad, P., Kalola, A. G., & Patel, M. P. (2018). Microwave
assisted one-pot synthetic route to imidazo [1, 2-a]
pyrimidine derivatives of imidazo/triazole clubbed pyrazole
and their pharmacological screening. New Journal of
Chemistry, 42(15), 12666-12676.

Queiroz, J. E., Dias, L. D., Verde, G. M. V., Aquino, G. L., &
Camargo, A. J. (2022). An update on the synthesis and
pharmacological properties of pyrazoles obtained from
chalcone. Current Organic Chemistry, 26(2), 81-90.

Rathod, G. K., Jain, M., Sharma, K. K., Das, S., Basak, A., &
Jain, R. (2022). New structural classes of antimalarials.
European Journal of Medicinal Chemistry, 242, 114653.

Ravindar, L., Hasbullah, S. A., Rakesh, K. P., & Hassan, N. I.
(2023). Recent developments in antimalarial activities of 4-
aminoquinoline derivatives. European Journal of Medicinal
Chemistry, 256, 115458.

Silveira, F. F., de Souza, J. O., Hoelz, L. V., Campos, V. R,
Jabor, V. A., Aguiar, A. C., ... & Pinheiro, L. C. (2021).
Comparative study between the anti-P. falciparum activity of
triazolopyrimidine,  pyrazolopyrimidine and quinoline
derivatives and the identification of new PfDHODH
inhibitors. European Journal of Medicinal Chemistry, 209,
112941.

Singh, A., Kalamuddin, M. D., Mohmmed, A., Malhotra, P., &
Hoda, N. (2019). Quinoline-triazole hybrids inhibit
falcipain-2 and arrest the development of Plasmodium
falciparum at the trophozoite stage. RSC advances, 9(67),
39410-39421.

182



Kimya Degerlendirmeleri

Singh, S., Sharma, N., Upadhyay, C., Kumar, S., & Rathi, B.
(2018). Small molecules effective against liver and blood
stage malarial infection. Current Topics in Medicinal
Chemistry, 18(23), 2008-2021.

Singh, V., Hada, R. S., Uddin, A., Aneja, B., Abid, M., Pandey, K.
C., & Singh, S. (2020). Inhibition of hemoglobin degrading
protease falcipain-2 as a mechanism for anti-malarial activity
of triazole-amino acid hybrids. Current Topics in Medicinal
Chemistry, 20(5), 377-389.

S. Alven, B. (2019). Aderibigbe, Combination therapy strategies
for the treatment of malaria, Molecules 24, 3601.

Tarawneh, A. H., Al-Momani, L. A. A., Leon, F., Jain, S. K.,
Gadetskaya, A. V., Abu-Orabi, S. T., ... & Cutler, S. J. (2018).
Evaluation of triazole and isoxazole derivatives as potential
anti-infective agents. Medicinal Chemistry Research, 27(4),
1269-1275.

Tibon, N. S., Ng, C. H., & Cheong, S. L. (2020). Current progress
in antimalarial pharmacotherapy and multi-target drug
discovery. European Journal of Medicinal Chemistry, 188,
111983.

Tse, E. G., Korsik, M., & Todd, M. H. (2019). The past, present
and future of anti-malarial medicines. Malaria journal, 18(1),
93.

Upadhyay, C., Chaudhary, M., De Oliveira, R. N., Borbas, A,
Kempaiah, P., S, P., & Rathi, B. (2020). Fluorinated scaffolds
for antimalarial drug discovery. Expert Opinion on Drug
Discovery, 15(6), 705-718.

World Health Organisation. (2024). World malaria report,
https://www.who.int/teams/global-malaria-
programme/reports/world-malaria-report-2024.

Xu, J. H,, Fan, Y. L., & Zhou, J. (2018). Quinolone-triazole
hybrids and their biological activities. Journal of heterocyclic
chemistry, 55(8), 1854-1862.

183



Kimya Degerlendirmeleri

2,5-Di(2-TIYENIL)-1H-PIRROL
TUREVLERININ SENTEZ YONTEMLERI VE
UYGULAMALARI

Fatma COBAN'

1. GIRIS
1.1. Pirrol ve Tiyofen Halkalarinin Onemi

Pirrol ve tiyofen, organik kimyanin ve materyal biliminin
temel taslar1 olan bes iiyeli aromatik heterosiklik bilesiklerdir.
Pirrol halkasi, klorofiller ve hem gibi biyolojik agidan hayati
oneme sahip molekiillerin temelini olustururken, ayni zamanda
BODIPY (4,4-difloro-4-bora-3a, 4a-diaza -s- indaken bilesigi,
yaygin adi1 “Boron-Dipirromethen’) boyalar1 ve cesitli organik
farmasotiklerin ana yapisinda yer almaktadir (Atalar, Cihaner,
and Algi 2009). Tiyofen ise, konjiige polimerler ve organik yari
iletkenler alaninda diisiik bant aralifi ve yiiksek tasiyici
hareketliligi potansiyeli nedeniyle kritik bir rol oynamaktadir.

1.2. 2,5-Di(2-Tiyenil)-1H- Pirrol (DTP) Yapisinin
Ozellikleri

2,5-Di(2-tiyenil)-1H-pirrol (kisa: DTP, bazen “SNS”
ailesinin bir tiyesi olarak anilmaktadir) heteroaromatik bir
monomer olup merkezinde bir pirrol halkast ve 2-,5-
pozisyonlarinda  (o-konumlar)  2-tiyenil  (tiyofen-2-yl)
siibstitiientleri tasimaktadir. Bu molekiiler iskelet, hem yiiksek
elektron dondrliige sahip pirrol azotu (N-atomu genellikle N-
alkil veya N-aril gruplan ile tiirevlendirilir) hem de konjuge
tiyofen halkalar1 sayesinde gli¢lii m-konjugasyon saglar; bu
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nedenle DTP tiirevleri diisiik oksidasyon potansiyeline, iyi
elektrokimyasal polimerize edilebilirlige ve
porfirin/oligomer/polimer uygulamalarinda ©6ne c¢ikan optik-
elektronik  6zelliklere  sahiptir.  Bu  6zellikler DTP’yi
elektrokromik malzemeler, iletken/p tipi yar1 iletken polimerler
ve molekiiler elektronik i¢in cazip kilmaktadir(Zhao et al. 2023)
(Belen’kii, Gromova, and Smirnov 2008), (Kart et al. 2015).

1.3. Boliimiin Kapsami

Bu boéliim, Kimya ve malzeme bilimleri alaninda biiyiik
6enm tasityan DTP tiirevlerinin sentezine yonelik hem temel
hem de modern kimyasal stratejileri detaylica inceleyecektir.
Ana odak noktamiz, ilk olarak DTP c¢ekirdeginin insasi i¢in
stirecidir. Bu sliregte baglangic maddelerinin kullanilan klasik
Paal-Knorr reaksiyonu ile sentez basamaklari ve verimliliginin
artirllmasina yonelik calismalar ele alinacaktir. ikinci olarak
sentezlenen = DTP  ¢ekirdegi  lizerinde  gerceklestirilen
fonksiyonalizasyon reaksiyonlar1 detaylandirilacaktir.  Son
olarak, elde edilen DTP tiirevlerinin yapisal ve optoelektronik
potansiyellerini ortaya koymak amaciyla, bilesiklerin fiziksel,
spektroskopik ve yiizey morfolojisi gibi kritik 6zelliklerini
inceleyen karakterizasyon uygulamalar1 kapsamli bir sekilde
sunulacaktir. Bu analizler, DTP'lerin sensorler, boyalar veya
fotokatalizorler ~ gibi  farkli  uygulama  alanlarindaki
performanslarin1 anlamak icin temel teskil edecektir.

2. KLASIK SENTEZ YONTEMLERI: PAAL-
KNORR REAKSIiYONU

2.1. Paal-Knorr Pirrol Sentezi: 1,4-Diketon Yontemi

DTP cekirdegi sentezinde en yaygin ve etkili yol, Paal-
Knorr Pirrol Sentezinin kullanilmasidir. Paal-Knorr Pirrol
sentezi, Alman kimyagerler Carl Paal ve Ludwig Knorr
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tarafindan, temeli 1884 yilinda atilmis klasik bir reaksiyondur.
Her iki kimyager de 1884 yilinda, 1,4-diketonlarin siklizasyon
yoluyla bes iiyeli heterosiklik halkalar1 (ilk basta furanlar)
olusturabildigini bagimsiz olarak yayimmlamislardir. Carl Paal,
1,4-diketonlarin derisik amonyak veya amonyum asetat ile
reaksiyonu sonucu pirrolleri olusturdugunu rapor etmistir.
Ludwig Knorr ise, 1,4-diketonlarin birincil aminlerle reaksiyonu
sonucu azota siibstitiie olmus (N-siibstitiie) pirrolleri elde
ettigini rapor etmistir (Knorr 1886). Paal-Knorr sentezi yaygin
olarak kullanilmis olsa da, mekanizmasi 1990'larda V. Amarnath
ve arkadaslar1 tarafindan agiklanana kadar tam olarak
anlasilamamistir (Amarnath and Amamath 1995).

Bu nedenle, 1,4-diketonlarin pirrole doniistiiriilmesi
reaksiyonu, her iki bilim insaninin katkilar1 nedeniyle Paal-
Knorr Pirrol Sentezi olarak anilmaktadir. Bu yontem, 1,4-
diketon Onciiliiniin bir azot kaynagi (primer amin veya
amonyak) ile siklizasyonu prensibine dayanmaktadir (Sekil 1).

(o]
R’ Lewis asidi / \
R * R"—NH, ———> g .
N R
c |
R"

Sekil 1. Paal-Knorr reaksiyonu pirrol halka kapatma
sentez semasi.

2.1.1. 1,4-Di(2-tiyenil) biitan-1,4-dion Onciiliiniin
Sentezi (Friedel-Crafts Acilasyonu)

DTP sentezinin ana 6nciilii olan 1,4-di(2-tiyenil) biitan-
1,4-dion bilesigi, genellikle tiyofenin siiksinik asit dikloriir ile
Friedel-Crafts agilasyonu sonucu elde edilir (Sekil 2). Bu
diketon, pirrol halkasinin insas1 i¢in gerekli olan iki karbonil
grubunu ve iki terminal tiyofen halkasini igerir.
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Sekil 2. 1,4-di(2-tiyenil) biitan-1,4-dion bilesigin sentez semasi.

2.1.2. Pirrol Halka Kapatma Reaksiyonu

1,4-Di(2-tiyenil)  biitan-1,4-dion,  birincil  aminler
(0rnegin metilamin, oktilamin, aril amin) veya amonyum tuzlari
ile asidik kosullar altinda (genellikle asetik asit veya propiyonik
asit varliginda) 1sitilir (Sekil 3) (Tarkuc et al. 2008), (Soyleyici
et al. 2013). Reaksiyon, bir siklokondenzasyon ve takiben
dehidrasyon ile pirrol halkasini olusturur. N-siibstitiie DTP
tirevlerinin sentezi i¢in en ¢ok tercih edilen yontemdir.
Reaksiyon sirasinda olusan su, azeotropik damitma (Dean-Stark
tuzagl) ile sistemden wuzaklastirilarak verim artirilir. Bu
yontemin avantaji yiiksek verimle tek adimda DTP molekiilii
elde edilir. N-siibstitiient (R) se¢imi ile nihai bilesigin 6zellikleri
kolayca ayarlanabilmektedir. Dezavantaji ise baslangic maddesi
olan 1,4-diketonun hazirlanmasi birka¢ basamak gerektirebilir.

NH, 7

Propiyonik asit
veya asetik asit
—_—

Sekil 3. 1-Oktil-2,5-Di(2-tiyenil)-1H-Pirrol bilesiginin sentezi.

2.1.3. Diger Klasik Sentezlerin Uyarlanabilirligi

Knorr pirrol sentezi gibi diger klasik yontemler de teorik
olarak DTP benzeri tiirevler (6zellikle C3 veya C4 konumundan
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siibstitiie) elde etmek mimkiin olsa da 1,4-diketonlarin ticari
olarak bulunabilirligi ve reaksiyonun basitligi nedeniyle Paal-
Knorr metodu bu bilesik sinifi i¢in baskin sentez yoludur.

4/ \3 _» 0 konumlarn
5Z >2 —> B konumlari
N1
H

Sekil 4. Pirrol molekiilii ve karbon atomu konumlari.

C3 veya C4 konumlarindan siibstitiie pirrol tiirevleri
(6rnegin 3,4-dimetilpirrol, 3,4-difenilpirrol) genellikle iletken
polimer olusturmaz, ¢linkii siibstitiientler n-konjugasyonu ve o
baglanma yolunu engeller (Sekil 4). Bu nedenle DTP gibi 2,5-
distibstitiie tiirevler polimer kimyasinda tercih edilmektedir.

3. MODERN VE FONKSIiYONALIZE SENTEZ
YONTEMLERI

3.1. Katalitik Capraz Baglama Yoéntemleri

Pirrol halkasinin 6nce sentezlenip daha sonra tiyofen
birimlerinin eklenmesi, alternatif bir stratejidir. Bu, O6zellikle
halojenlenmis pirrol dnciillerinden yararlanilarak gergeklestirilir.
Bu yontemdeki temel prensip, 2,5-dihalojen pirrol ¢ekirdeginin
sentezlenmesi ve ardindan C-X bagina (X = halojen) sahip
tiyofen reaktiflerinin bu halojenlere baglanmasidir. ilk adimda,
genellikle Paal-Knorr reaksiyonu ile elde edilen N-siibstitiie
pirrol, uygun halojenleme reaktifleri (6rnegin N-bromo
stiksinimit (NBS) veya N-kloro siiksinimit (NCS)) kullanilarak
2,5-dihalojenpirrole doniistiirek halojenlenmis pirrol onciilii elde
edilmektedir.
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3.1.1. Suzuki-Miyaura Capraz Baglama Reaksiyonu

Halojenlenmis pirrole tiyofen birimlerini eklemek i¢in en
yaygin ve gilivenilir yontemlerden biridir. 2,5-dibromopirrol ve
2-tiyenilboronik asit bilesiklerinim Pd katalizorliiglinde, 2,5-
di(2-tiyenil) pirrol tiirevi Suzuki-Miyaura c¢apraz baglama
reaksiyonu sonucu ger¢eklesmektedir (Sekil 5). Tiyenilboronik
asit tiirevleri olduk¢a kararhidir ve ticari olarak bulunabilir.
Ayrica reaksiyon yan tirlini (borik asit tuzu) genellikle kolayca
ayrilabilir.

H

o
|

Br N Br HO/B = PdKataIizérﬁ/ \ N / \

RYARRVA St

Sekil 5. 5-Dibromopirrol ve 2-tiyenilboronik asit bilesiklerinim
Pd katalizorliigiinde, 2,5-di(2-tiyenil) pirrol tiirevi Suzuki-
Miyaura capraz baglama reaksiyonu.

3.1.2. Stille Capraz Baglama Reaksiyonu

Suzuki-Miyaura'ya bir alternatif olan Stille reaksiyonu,
kalay (tin) reaktifleri kullanir ve 6zellikle hassas siibstitiientler
tagiyan tiyofenler icin tercih edilebilir. Stille reaksiyonlari
genellikle yliksek verimli olup, reaksiyon kosullarina daha
toleranslidir. Dezavantaji ise kalay reaktifleri
(organostannanlar) toksiktir ve yan lriinlerin uzaklastirilmasi
bazen zor olabilmektedir. Stille reaksiyonu pirrol onciilii olarak
elektrofil (halojenlenmis pirrol) 2,5-dibromopirrol tiirevi,
tiyofen reaktifi olarak niikleofil (organokalay bilesigi) trimetil
tiyenil kalay ve katalizor olarakta Pd (0) kaynagi Pd(PPhs)s
(tetrakis (trifenilfosfin) paladyum (0)] kullanilmaktadir (Sekil
6).
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7
Y s
Br\@/Br +\/\/s q Pd Katalizirii / P \ N / / . \

Sekil 6. 2,5-Dibromopirrol tiirevinin trimetil tiyenil kalay ile
reaksiyonu.

Capraz baglama yontemlerinin temel 6zellikleri, pirrol ve
tiyofen birimlerini ayr1 ayr1 fonksiyonalize etme esnekligidir.

1. Pirrol tarafi: Azot (N) lizerinde istenen siibstitlient
(6rnegin bir polimerizasyon baslangi¢c grubu) kolayca
sabitlenebilmektedir.

2. Tiyofen tarafi: Kullanilan tiyenil boronik asit veya
tiyenil kalay reaktifleri, tiyofen halkas1 {izerinde
farkli gruplar (0rnegin daha ileri reaksiyonlar igin
halojenler, alkil gruplari) tagiyabilir.

Boylece  arastirmacilar,  2,5-di(2-tiyenil) pirrol
tirevlerinin elektronik ve sterik 6zelliklerini  Paal-Knorr
yontemiyle sinirli kalmaksizin, ¢ok daha genis bir tasarim
esnekligi icinde optimize edebilmektedir.

3.2. Tandem ve Cok Bilesenli Reaksiyonlar

DTP c¢ekirdegi i¢in Paal-Knorr hala baskin olsa da
metinde bahsedecegimiz tek kap reaksiyonlari (Tandem) ve Cok
Bilesenli Reaksiyonlar (MCR), ozellikle siirdiiriilebilirlik ve
verimlilik agisindan biiylik potansiyel tasir. Son yillarda, daha
yesil ve verimli sentez yollar1 arayisiyla bu reaksiyon tiirleri
epey ilgi gormektedir. Bu yaklagimlar, DTP yapisina benzer
kaynasik ya da halkalarla birlesmis pirrol bilesiklerinin (fused
pyrrole compounds) sentezinde basariyla uygulanmistir ve DTP
cekirdeginin dogrudan sentezi i¢in de potansiyel tasimaktadir.
Genellikle bu reaksiyonlarda birden fazla reaksiyon adimini
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(6rnegin bir halka agilmasi, ardindan bir halka kapatilmasi) tek
bir kapta birlestirerek ara iiriin izolasyonu ihtiyacin1 ortadan
kaldirir. Tandem ve MCR reaksiyonlar, 1,4-diketon Onciiliine
dolayli olarak ulasabilen veya 1,4-diketon esdegerlerini in situ
(reaksiyon ortaminda) olusturan reaksiyonlari igerir.

3.2.1. Mikrodalga Destekli Paal-Knorr Reaksiyonlari

Geleneksel Paal-Knorr sentezi, genellikle uzun reaksiyon
stireleri ve yiiksek sicakliklar gerektirir. Tandem reaksiyonlari
daha verimli ve "yesil" hale getiren modifikasyonlar1 igerir. 1,4-
diketon ile birincil amin, genellikle katalitik miktarda asit
(6rnegin p-toluen stilfonik asit veya bir Lewis asidi) varliginda,
mikrodalga 1smimi altinda kisa siirede (dakikalar icinde)
isitilarak  reaksiyonun kisa siirede ve yiiksek verimle
siklizasyonunu saglamaktir (Minetto et al. 2005).

3.2.2. Alkinlerden ve Alkenlerden Tek Kap Sentezi

DTP benzeri pirrol tiirevleri, tiyofen igeren daha basit
alkin veya alken Onciillerinden yola ¢ikarak, ardigik reaksiyonlar
zinciriyle tek kapta sentezlenebilir. Ug farkli bileseni (6rnegin
aldehit, amin, alkin) bir araya getirerek, in situ bir dizi ara tiriin
olusturmas1 ve son adimda halka kapatmay1 gerceklestirmektir.
Ornegin bir tiyofen halkasi tasiyan baslangic maddesinin, bir
aldehit ve bir amin ile Lewis asidi katalizorii varliginda 1sitilarak
gerceklesir ve nihayetinde bir 1,4-dikarbonil esdegeri
olusturarak pirrol halkasina doniismektedir (Korostova et al.
1992).

3.2.3. Metal Katalizli [3+2] Siklo ilaveler
(MCR/Tandem)

DTP benzeri pirrol tiirevlerinin sentezinde kullanilan
metal katalizli siklo ilave reaksiyonlar1 (MCR/Tandem), modern
sentetik kimyanin en zarif ve verimli yollarindan biridir. Bu
reaksiyonlar, li¢ atomlu bir bilesen (C3 veya C2N) ve iki atomlu
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bir bilesen (C2 veya C3 iskeletini tamamlayan) ile pirrol
halkasimi tek adimda ve yiiksek segicilikle inga eder. Au(l) veya
Au(Ill) katalizorleri, terminal alkinin w-bagini aktive ederek
elektrofilik karakterini artirir. Bu aktivasyon, amin grubunun
veya bagka bir niikleofilin terminal karbona saldirarak bir halka
kapatma ve takiben izomerizasyon ile aromatik pirrol halkasini
olusturmasin1  saglar. Tiyofen siibstitiientlerini igeren bir
propargil amin onciilii kullanilir. Bu 6nciilde azot atomu ve ii¢
karbon atomu zaten mevcuttur. Siklizasyon, bu yapinin kendi
icindeki reaksiyonuyla gergeklesir (intramolekiiler) veya harici
bir alkin ile reaksiyon (intermolekiiler) ile tamamlanmaktadir.
Ozetle gecis metali katalizli propargil amin siklizasyon
reaksiyonu temelini olusturmaktadir (Dudnik and Gevorgyan
2010).

4. DTP CEKIRDEGIi UZERINDEKI POST-
SENTEZ FONKSiYONALIZASYON

DTP ¢ekirdegi elde edildikten sonra, elektronik ve sterik
ozellikleri ayarlamak i¢in ek kimyasal modifikasyonlar
(fonksiyonalizasyon) uygulanmaktadir. DTP ¢ekirdeginin
fonksiyonalizasyonu baslica iki ana noktada odaklanmaktadir
Azot (N) atomu ve Pirrol halkasinin 3. Konumu (Cs).

4.1. N-H Pirrollerin N-Siibstitiisyonu

Amonyak kullanilarak elde edilen N-H DTP, baz
(genellikle NaH veya K;CO3) varliginda alkil halojeniirler veya
aril halojeniirler ile reaksiyona sokularak N-alkilasyon veya N-
arilasyon ile tiirevlendirilebilmektedir. Bu, o6zellikle N-
siibstitlientlerin Paal-Knorr reaksiyonu kosullarma
dayanamayacagl durumlarda 6nemlidir. N-Alkilasyon sirasinda
zincir uzunlugunun ayarlanmast (6rnegin hekzil, oktil) ile
¢ozlinirliik ve film morfolojisi kontrol edilir. N-Arilasyon ise
DTP c¢ekirdeginin redoks potansiyelini ve elektronik yapisini
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ayarlamak i¢in kullanilir. Bu, genellikle Ullmann veya
Buchwald-Hartwig  ¢apraz  baglama  reaksiyonlari ile
gerceklestirilmektedir (Seifinoferest et al. 2021).

4.2. Pirrol Halkasinin C3 Konumunun
Fonksiyonalizasyonu

Pirrol halkasi, tiyofene kiyasla daha elektronca zengin
oldugu i¢in, elektrofilik siibstitiisyonlar oncelikle pirrol
halkasinin C3 ve C, konumunda gerceklesir. Bu, DTP tiirevlerini
polimerizasyon veya uzun konjiige sistemler i¢in biiyiitmeye
yarayan en Onemli fonksiyonalizasyonlardan biridir. Bu
reaksiyon, Vilsmeier-Haack formiilasyonunu igeren fosfor
oksikloriir (POCI3) ve dimetilformamid (DMF) kullanilarak
pirrol halkasinin 3. konumuna bir aldehit (-CHO) grubu
eklenmektedir (Atalar et al. 2009). Elde edilen 1-R-2,5-di(2-
tiyenil)-1H-pirrol-3-karbaldehit tiirevleri, daha sonra uzatilmis
n-konjuge sistemler i¢in Onemli bir yapr tasidir. Elde edilen
aldehitler, daha sonra polimer zincirini uzatmak i¢in
malononitril veya rodamin gibi reaktiflerle Knoevenagel
kondenzasyonu reaksiyonu gerceklestirilerek, bu da bilesigin
optik bant araligin1 diisiiriilmektedir (Prabhakar et al. 2024).

5. UYGULAMALAR VE iLERIYE DONUK
ARASTIRMALAR

5.1. Fiziksel ve Spektroskopik Ozellikler

5.1.1. UV-Vis ve Floresans

DTP monomerleri tipik olarak konjuge tiyofen-pirrol sistemi
nedeniyle goriinlir-UV bolgede kuvvetli m—n* absorpsiyon
bandlar1 gosterir; N-siibstitiient ve yan zincir uzatilmasiyla Amax
degerleri kirmiziya kayar ve molar absorpsiyon katsayilar1 artar.
Ayrica bazi tlirevler zayif-orta derecede floresans ozellik
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gosterir; bu ozellikler elektron dondr/gekici siibstitiientlere gore
degismektedir (Li et al. 2025).

5.1.2. FT-IR (Fourier Doniisiimlii Kizilotesi
Spektroskopisi) / Niikleer Manyetik Rezonans
(NMR) /Kiitle Spektroskopisi (MS)

FT-IR spektrumunda pirrol-NH (eger serbestse) ve
tiyofen C-H gerilmeleri goriilmektedir; 'H-NMR’de pirrol
protonlar1 (~6.5-7.5 ppm) ve tiyofen (7-8 ppm) protonlar1 ayirt
edilmektedir. Siibstitiientlere bagli olarak N-H kaymas1 ve *C
proton spektrumlar1 degismektedir. Kiitle spektrometrisi analizi,
polimerin Olgiilebilir molekiil agirliginin (Dalton cinsinden)

belirlenmesi amaciyla gergeklestirilmektedir (Belen’kii et al.
2008).

5.2. Elektrokimyasal Ozellikler ve Polimerlesme

5.2.1. Diisiik Oksidasyon Potansiyeli

DTP monomerleri genelde nispeten diisiik oksidasyon
potansiyeline sahiptir; bu sayede elektrokimyasal oksidatif
polimerizasyon (CV ile, galvanostatik veya potansiyostatik
yontemlerle) kolayca gergeklesir ve iletken polimer filmleri
vermektedir. Bu polimerlesme, monomerin bir-elektron
oksidasyonunu  takiben  radikal-katyon  dimerizasyonu/
oligomerizasyonu mekanizmast ile ilerlemektedir. Siklik
voltametri (CV) ile monomer oksidasyon potansiyeli, polimerin
hole tasiyict davranisi ve stabilitesi Olglilmektedir (Cai et al.
2017).

5.2.2. Polimer Ozellikleri

Elde edilen poli (DTP) ve DTP igeren kopolimerlerin elektriksel
iletkenlik, elektrokromik davranis ve ¢oziinebilirlik/islenebilirlik
gibi  Ozellikleri, N-  siibstitiisyon stratejileriyle  optimize
edilebilmektedir. ~ Ayrica, bu  polimerlerin  elektriksel
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iletkenlikleri ve optik gecis Ozellikleri (renk degisimi) uygun
doping islemleriyle daha da gelistirilebilmektedir (Cai et al.
2017).

5.3. Optik & Elektrokromik Uygulamalar
5.3.1. Elektrokromizm

DTP tabanli polimerler, oksidasyon-indiiklenmis renk
degisimleri (6rn. iletken/doped hali ile notr hali arasi) gosterir;
bu yiizden elektrokromik pencereler, akilli camlar, gosterge
cihazlar1 gibi uygulamalarda incelenmektedir (Carbas 2025)
(Ayranci et al. 2015), (Coban, Ayranci, and Ak 2020). Ayni
zamanda bu polimerler UV-Vis ve fotoliminesans spektroskopi
yontemleriyle, optik bant araligi ve uyarilmig hal davraniglari
incelenmektedir (Kung, Cao, and Hsiao 2020),(Gumusay et al.
2017).

5.3.2. Foto-elektronik Cihazlar

D-A-D (donor-acceptor-dondr) yapilarina veya capraz-
bagli kopolimerlere entegre edildiklerinde, DTP polimerlerin
fotofiziksel ozellikleri iyilestirilerek giines hiicreleri, organik
151k yayan diyotlar (OLED) ve organik transistorler gibi
cihazlarda katki saglayabilmektedir. Ornegin D-n-A-n-D
yapilarinda DTP odakli donér birimi olarak kullanim
(Rybakiewicz-Sekita ve arkadasari tarafindan raporlanmistir.
(Rybakiewicz-Sekita et al. 2022), (Akbayrak and Onal 2016).

5.4. Kristalografi, Film Olusumu ve Morfoloji

5.4.1. Kristal Film Davranisi

DTP monomerlerinden vakum buhar c¢okelmesi veya
kontrollii sogutmayla elde edilen ince filmler yiiksek derecede
tane (grain) biiylimesi gosterebilmektedir; bu da optik ve
elektronik uygulamalarda film morfolojisini iyilestirir. Kristal
film olusumu, depolama kosullar1 ve substrat etkilesimlerine

195



Kimya Degerlendirmeleri

bagli oldugundan degisiklik gostermektedir (Seta ve arkadaslari
2023).

5.4.2. Amorf vs. Kristalin Polimer

Polimerlesme kosullar1 (elektrokimyasal vs. kimyasal),
yan zincir uzunluklar1 ve kopolimer bilesimi, elde edilen
malzemenin kristal/amorf oranini ve dolayisiyla tasima/iletim
ozelliklerini belirlemektedir (Bezgin Carbas and Ergun 2022).

5.4.3. X-Isim Kirimmmi (XRD) / Atomik Kuvvet
Mikroskobu (AFM) / SEM (Taramali Elektron
Mikroskobu)

Kimya, malzeme bilimi ve fizik alanlarinda sentezlenen
malzemelerin yapisal, morfolojik ve yiizey 6zelliklerini (Kristal
yapi, film morfolojisi ve yiizey topografyas: karakterize etmek
icin temel araclardir. iste bu tekniklerin DTP (2,5-di(2-tiyenil)
pirrol) ve benzeri organik yar1 iletken malzemelerin
incelenmesindeki rolleri ve temel islevleri:

5.4.4, X-Istm1 Kirmmimi (XRD)

Sentezlenen poli(DTP) filmlerinin veya tozlarinin
kristallik derecesini belirler. Yiiksek kristallik, genellikle yiik
tagtyicilarinin - daha  verimli  hareket etmesi anlamina
gelmektedir. Polimer zincirleri arasindaki  d-araliklarini
(yiginlama mesafelerini) Olcerek, malzemenin kati haldeki
molekiiler diizenlenmesi hakkinda bilgi verir. Bu, elektronik
cihazlardaki performanst dogrudan etkileyen bir faktordiir.
Polimerin tek bir faz m1 yoksa farkli kristalin fazlarin karigimi
m1 oldugunu tespit eder.

Poli (DTP) ve DTP-tirevli kopolimerlerin XRD
desenleri genellikle genis ve diisiik siddetli difraksiyon pikleri
gostermektedir; bu da amorf veya kismen diizenli yapilarin
varlifina isaret etmektedir. Ancak N-siibstitiisyon ve yan zincir

196



Kimya Degerlendirmeleri

uzatilmasi, n—m istiflenmesini artirarak yar1 kristalin diizen
olusturabilmektedir (Seta ve arkadaslari, 2023).

5.4.5. Atomik Kuvvet Mikroskobu (AFM)

AFM, nanometre Olgeginde bir malzemenin gercek {i¢
boyutlu (3D) yiizey topografyasi hakkinda bilgi saglamaktadir.
Yiizey piirtizliligii (RMS), tanecik boyutu ve nano-morfolojik
yapiy1 inceler. AFM analizleri, polimer filmlerinin homojen,
yogun ve nanometrik taneli ylizey morfolojisine sahip oldugunu
gosterir. N-siibstitiisyon ve polimerizasyon kosullart yiizey
puriizliligini (R,) etkiler; genellikle 5-30 nm araligindadir
(Carbas ve arkadaslari, 2022).

5.4.6. Taramah Elektron Mikroskobu (SEM)

SEM, vyiksek biiyiitme oranlarinda bir Ornegin Yyiizey
morfolojisini (lifli, kiiresel, piirtizsiiz vb.) ve film homojenligini
inceler ve bilesenlerin dagilimi hakkinda bilgi saglayabilir. SEM
goriintiileri, poli (DTP) filmlerinin kompakt, lifsi veya graniiler
yiizey yapilan sergileyebildigini ortaya koyar. Elektrokimyasal
polimerizasyon kosullarina bagli olarak film morfolojisi degisir;
bu durum iletkenlik ve optik gecis performanslarin1 dogrudan
etkiler (Cai et al., 20179), (Belen’kii et al., 2008).

5.5. Yogunluk Fonksiyonel Teorisi (DFT):

DFT hesaplamalari, DTP molekiiliinin ve onun
tirevlerinin  optoelektronik, geometrik ve spektroskopik
ozelliklerini teorik olarak HOMO/LUMO seviyelerini incelemek
icin yaygin olarak kullanilan bir yontemdir (Kolanji and
Baumgarten 2020). DFT hesaplamalarinin  en  6nemli
ciktilarindan biri HOMO-LUMO enerji farki (yani bant boslugu,
Eg) degeridir, asagidaki gibi denklemde yer almaktadir:

E¢=ELumo—EHomo
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Diisiik bir bant boslugu, molekiilin daha kolay
uyarilabilir oldugunu ve dolayisiyla yapisal iletkenliginin
yiiksek oldugunu gosterir. Zamana Bagli Yogunluk Fonksiyonel
Teorisi (TD-DFT) metodu kullanilarak ise elektronik gegisler
(absorpsiyon ve emisyon spektrumlar1) teorik olarak
incelenmektedir.. Bu, molekiiliin UV-Vis spektrumunun analizi
ve m—nx gibi elektronik gegislerin belirlenmesinde yardimci
olmaktadir.

5.6. Termal ve Kimyasal Stabilite

DTP tiirevlerinin termal stabilitesi N-siibstitiientlere ve
yan zincirlere bagl olarak degisir; genel olarak tiyofen iceren
konjuge sistemler 1siya karst makul stabilite gdsterir, ancak
polimerize filmlerin termal bozunma sicakliklart analiz
edilmelidir. Kimyasal olarak ise polimerler oksidasyona
hassasiyet gosterebilirler ve de kontrolli doplama/dedoplama
protokolleri uygulamak bu bilesik tiirevleri icin O6nem arz
etmektedir (Bezgin Carbas and Ergun 2022).

6. GUVENLIK, DEPOLAMA VE TEMIZLIiK

Tiyofen tiirevleri ve pirrol tiirevleri bazi durumlarda
tahris edici olabilir; toksikolojik Gzellikleri sentezlenen tiireve
gore degismektedir. Malzeme Giivenlik Bilgi Formu (MSDS)
okunmali, uygun eldiven/koruyucu gozlik ve c¢ekme dolabi
altinda calisma yapilmalidir. Kuru, inert atmosfer ve +4°C civari
soguk ve karanlik depolama, oOzellikle monomerlerin
oksidasyondan korunmasi i¢in Onerilmektedir. Monomer
saflastirmasi kromatografi veya vakum
distilasyon/rekristalizasyon ile; polimer saflagtirmasi igin
dedoplama,  ¢oktlirme  ve  ekstraksiyon  yOntemleri
kullanilmaktadir (Bezgin Carbas and Ergun 2022).
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7. SONUC VE ARASTIRMA ONERILERIi

2,5-Di(2-tiyenil)-1H-pirrol (DTP) tiirevlerinin sentezi,
bliyiik 0l¢iide giivenilir Paal-Knorr reaksiyonu {izerine
kuruludur, ancak modern katalitik yontemler, daha karmasik ve
islevsellestirilmis yapilar elde etme konusunda gelecekteki
potansiyeli temsil etmektedir. Bu bilesik sinifinin elektronik,
optik ve elektrokimyasal 6&zellikleri, organik elektronik
alanindaki ilerlemeler icin kritik 6neme sahiptir. DTP cekirdegi,
fonksiyonellestirmeye acik, elektrokimyasal olarak
polimerlestirilebilen ve zengin opto-elektronik  6zellikler
sergileyen esnek bir monomer platformudur. Gelecek ¢alismalar
su alanlarda verimli olabilmektedir: 6rnegin (i) N-yiiksek islevli
siibstitlientlerin  etkileri tizerine sistematik DFT deneysel
calismalar; (i1) kontrollii ince film morfolojisi (vakum-
depozisyon, spin-kaplama, elektrokimyasal polimerizasyon) ile
cihaz performans iligkisi; (iii) DTP-bazli kopolimerlerin
fotovoltaik/elektrokromik cihazlarda uzun donem stabilite
caligmalaridir (Seta ve arkadaslari, 2023.
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PLAZMA LiPIDLERININ GOREVLERI,
SERUMDA ARTMASI YA DA AZALMASI
DURUMLARI

Burhan BUDAK!

1. GIRIS

Lipitler yag asitleri ile iligkili suda c¢oziinmeyen
(hidrofobik) apolar yapiya sahip hetero bilesiklerdir. Apolar
yaptya sahip olduklarindan dolayr suda c¢oziinmezken polar
yapilarda (kloroform, eter, benzen, alkol ve aseton vs.)
coziinebilirler.  Viicut  metabolizmasinda  baz1 lipitler
sentezlenirken (VLDL, IDL ve LDL) baz1 lipitler ise
sentezlenmez (monogliseridler, serbest yag asitleri ve serbest
kolesterol) disaridan diyetle alimir. Diyetle alinan lipitler
karacigerde sentezlenir ve periferik dokulara tasinir. Periferik
dokulara tasmman lipitlerde enerji ihtiyact olarak kullanilir.
Lipitlerin enerji degerleri karbohidrat ve proteinlere kiyasla iki
kat daha fazladir ve yaklasik 9kcal/g’dir. Lakin viicutta
yakilmas1 durumunda karbohidratlara ve proteinlere kiyasla
daha fazla oksijene ihtiya¢ duyarlar.

Diyetle alinan ve viicutta sentezlenen lipitler kendi igerisinde;
« Trigliserid-yag asitleri
« Kolesterol
 Fosfolipidler

» Lipoproteinler olarak ayrim gosterirler (1).

Ogr. Gor. Dr, Hatay Mustafa Kemal Universitesi, Saglik Hizmetleri Meslek
Yiiksekokulu, Tibbi Hizmetler ve Teknikler Boliimii,
burhanbudak_DR@hotmail.com, ORCID: 0000-0002-3715-5861.
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1.1. Trigliserid-yag Asitleri

Gliseroliin li¢ tane hidroksil grubu ile yag asitlerinin
olusturdugu esterlere trigliserid denir. Metabolizmada
lipoprotein lipaz enzimi tarafinda pargalanir ve elde edilen yag
asitleri enerji eldesi i¢in kullanilir. Yag asitleri bir ucunda metil
grubu diger ucunda karboksil grubunu bulunduran diiz zincirli
hidrokarbon molekiilleridir. Yag asitleri kendi icerisinde ¢ift bag
icermeyen doymus (satlire) ve cift bag iceren doymamis
(ansatiire) olarak ayrilir. Doymamis yag asitleri igerisinde
linoleik, linolenik ve arasidonik 18-20 karbon uzunluguna sahip
cift bag iceren esansiyel yag asitleri vardir. Bu esansiyel yag
asitleri viicut tarafindan sentez edilmez ve disaridan alinmasi
gerekmektedir. Doymus ve doymamis yag asitlerinin 6zellikleri
ve hangi besinlerde bulundugu Tablo 1°de gosterilmistir (2).

Tablo 1. Doymus ve doymamis yag asitlerinin 6zellikleri ve
bulundugu besinler (1,2)

Yag Kisa Doveunlusu Erime Bulundugu
asitleri gosterimi ye g noktasi (°C) kaynak

Butirik C-4:0 Doymus -8 Siit yagi

Kaproik C-6:0 Doymus -2 Siit yagi
Stit-palmiye

Kaprilik C-8:0 Doymus 16 hind}i,:tgalr;cevi

zi yag1
Siit-palmiye

. . yagi-
Kaprik C-10:0 Doymus 31 hindistancevi

zi yagi
Stit-
Laurik C-12:0 Doymus 44 hindistancevi
zi yagi
Siit-
Miristik C-14:0 Doymus 54 Hindistancev
izi yag1
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Yag Kisa Dovounlusu Erime Bulundugu
asitleri gosterimi ye g noktasi (°C) kaynak

Hayvansal-
bitkisel yag

Hayvansal-
bitkisel yag

Palmitik C-16:0 Doymus 63

Stearik C-18:0 Doymus 70

Yer fistigi-
siit yagi
Balik-
Palmitoleik C-16:1 Doymamig 1 hayvansal
yag
Hayvansal-
bitkisel yag

Arasidik C-20:0 Doymus 76

Oleik C-18:1 Doymamis 13

Yer fistigi-
Linoleik* C-18:2 Doymamis -6 pamuk-soy-
misir yagi
Keten
tohumu-
soya-ceviz-
balik

Et-balik-siit
yumurta-
soya-aycicegi
yagi

Linolenik* C-18:3 Doymamig -11

Aragsidonik
3 * C-20:4 Doymamis -50

C-16:1 ile C-20:4 arasindaki yag asitleri doymamustir ve yandaki sayilar gift
bag sayisini gosterir. Doymamis yag asitleri viicut tarafindan sentezlenebilir.
Sadece yildiz (*) ile gosterilen yag asitleri esansiyel yag asitleridir. Viicut
tarafindan sentezlenemez. Saglik agisindan disaridan besin takviyesi ile
almmmas1 gerekir. Ayrica doymamis yag asitlerinin ¢ift bag sayis1 (C:1, C:2,
C:3) arttikca erime sicaklig1 azalir.

1.2. Kolesterol

Kolesterol steroid yapida kat1 bir alkol olup, 17.karbon
atomuna bagli hidrokarbon yan zincirlerinden dolayi lipit 6zelligi
gosterir. Kolesterol digsaridan diyetle alindig1 gibi, viicutta asetil-
CoA’dan da kolayca sentezlenebilir. Kolesterol safra asitleri, D
vitamini ve steroid hormonlarinin sentezinde kullanilir. Ayrica
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hiicre zarmin yapisina dahil olur. Hiicre zarinin kendine ozgii
akiskan formunda kalmasina yardimci olur. Kolesterolden enerji
tiretilmediginden dolayi, sentezi kolay yikimi ise zordur. Normal

plazma kolesteroliiniin %70 yag asitleri ile esterlesmis (ester
kolesterol), %30 da serbest kolesteroldiir. Biitiin yaslar i¢in ideal
kolesterol miktar1 200 mg/dL den diisiik olmalidir. Kolesterol
bazi1 durumlarda artabilir yada azalabilir (1,2).

Kolesteroliin arttig1 durumlar;

Ateroskleroz

Diabetes mellitus

Hipotiroidi

Losemi

Eklampsi

Bobrek hastaliklari (nefrit, nefroz)

Karaciger hastaliklari (sarilik, infeksiyoz hepatit)

Kolesteroliin azaldig1 durumlar;

Anemi
Infeksiyon
Malnutrisyon
Hemofili
Steatore
Hipertirodizm

Karaciger hastaliklar1 (terminal portal siroz) gibi
durumlar kolesteroliin serumdaki degerlerini etkiler
1,2).
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1.3. Fosfolipidler

Fosfolipidler, hiicre zarinda bulunan hidrofilik bir bag
grubu ve iki hidrofobik asil zincirden olusan amfililik
molekiillerdir. Hiicrelerde sinirsel iletim gibi bir¢ok Onemli
fonksiyonlarda rol alirlar. Fosfolipidler gliserofosfolipidler ve
sfingofosfolipidler olmak iizere ikiye ayrilir. Gliserofosfolipidler
ise fosfotidilkolin (PC), fosfotidiletanolamin (PE), fosfotidilserin
(PS), fosfatidik asit (PA), fosfatidilinositol (Pl) ve
fosfatidilgliserol (PG) olmak iizere alti gruba ayrilir. Memeli
hiicrelerde en bol bulunan fosfolipid fosfatidilkolindir. Okaryotik
hiicrelerdeki bu lipitler zara gdmiilii proteinlerin fonksiyonlarina
onemli etkileri vardir. Ayrica memeli hiicrelerinin farkli
organellerinde farkli fosfolipid bilesimine sahiptir (3,4).

1.4. Lipoproteinler

Lipoproteinler, lipidlerin plazmada taginma seklidir.
Lipidler suda ¢oziinmediklerinden dolayi, plazmada proteinler
tarafindan tasmirlar. Hem lipitleri plazmada tasirken ¢oziiniir
halde tutmay1 saglarlar hem de yapilarindaki lipit igerikleri
cesitli dokulara aktarilmasi saglanir. Lipoproteinler;

» Silomikron,

« VLDL,
« IDL,
- LDL

« HDL olmak iizere bes ana gruba ayrilir (1,2).

Silomikron, lipoproteinlerin en biiyiigii ve yogunlugu en
az olamdir. Bilesiminde en fazla trigliserid en az ise protein igerir.
Eksojen (diyet) kaynakli lipidlerin ince bagirsaktan diger
dokulara taginmasini saglarlar. VLDL, silomikrondan daha kii¢iik
yaptya sahiptir. Karacigerde olusur. Endojen trigliserid
bakimindan olduk¢a zengindir. Karacigerde sentezlenen
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trigliserid ve kolesteroliin ekstrahepatik dokulara tagimakta gorev
alir. LDL, VLDL artig1 olarak damar iginde sentezlenir.
Trigliserid igerigi az lakin kolesterol acisindan en zengin
lipoproteindir. LDL, kolesterolii karacigerden baska dokulara
tasimakla sorumludur bu sebeple kotii kolesterol olarak bilinir.
Ayrica, makrofajlar tarafindan endositoz (klatrin) araciligiyla
katabolize edilebilir. Ozellikle okside LDL tercihen kullamlir. Bu
yizden plazmada LDL arttifi durumlarda makrofaj fazla
miktarda kolesterol alarak yagla dolmus kesecik halini alirlar. Bu
hiicrelere kopiik hiicre denir. Kopiik hiicreleri ateroskleroza sebep
olabilmektedirler. HDL, LDL’den daha kiigiiktiirler. HDL’ nin
kitlece oraninda % 50 protein, % 30 fosfolipid ve % 20 kolesterol
icerir. HDL partikiilii karaciger ve ince bagirsaktan sentezlenirler.
Baslica fonksiyonu dokulardan karacigere kolesterol tagimaktir.
Bu sebeple 1iyi kolesterol olarak bilinir. HDL artmasi
organizmanin lehine, azalmasi ise aleyhine bir durumdur (5,6).

Kandaki trigliserid ve kolesterol gibi lipit diizeyine
lipidemi ve lipemi denir. Kan lipitlerinin normal sinirda
olmasina normolipidemi, normal sinirlarinin iizerinde olmasina
hiperlipidemi, normal sinirlar altinda olmasina ise hipolipidemi
denir. Lipit degerleri degiskendir. Bu degerler;

* Yas,
+ Genetik

« Beslenme yapisina gore degiskenlik gosterebilir.

Japonyada kolesterol degeri 165mg/dL iken bati
tilkelerinde kolesterol siirt 210 mg/dL'dir. (1,2).

2. HIPERLIPIiDEMIi

Hiperlipidemi, kan serumunda trigliserit veya kolesterol
yiiksekligi olarak tamimlanir. Hiperlipidemi primer (genetik)
veya sekonder (cevresel) faktorlerden kaynaklanabilmektedir.
Sekonder hiperlipidemi ise obezite, diyabet, alkolizm, anabolik
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steroidler ve hipotiroidizm gibi durumlar sonucu gergeklesebilir.
Primer hiperlipidemide genetik faktorlerden kaynaklanan
yiiksek lipit degerleri gozlemlenir. Primer hiperlipidemi kendi
igerisinde hiperkolesterolemi, hipertrigliseridemi ve karisik
hiperlipidemi olarak siniflandirilir. Primer hiperlipidemi alt
gruplar1 ve nedenleri Tablo 2’de gosterilmistir. (2, 7).

Tablo 2: Primer hiperlipidemi alt gruplari ve hastalik nedenleri (2)

Hiperlipidemi alt grublart

Hastalik tanimi ve nedenleri

TiP-1
Hiperlipoproteinemi

Hipersilomikron hastaligidir. Lipoprotein
lipaz yokluguna bagli olarak silomikron
miktari artar. Splenomegali, hepatomegali,
pankreatit ve eriiptif ksantoma goriilebilir.

TiP-I1
Hiperlipoproteinemi
(ailesel
hiperkolesterolemi)

LDL reseptorleri az yada hi¢ olmayabilir.
Buna bagli olarak LDL ve VLDL
miktarlarinda artig goziikiir. Buna bagh
olarak elin sirt kistmlarinda, dirsekte ve goz
¢evresinde kolesterol birikir.

TiP-111
Hiperlipoproteinemi
(Dis-beta lipoproteinemi)

Apo EIl’'nin Apo E reseptorlerine olan ilgisi
diistiktiir. Bu sebepten 6tiirii IDL’nin
LDL’ye doniisiimii yetersizdir. Bu nedenle
IDL artig1 fazladir.

TIP-1V Ailesel Hipertrigliseridemi

Familyal defektif Apo B-
100

Apo B-100’de bir mutasyon sonucu
goriiliir. LDL metabolizmasi yetersizdir.

Wolman hastahg

LDL’yi metabolize eden hiicrelerin
lizozomlarda kolesterol ester hidrolaz
yetersizligi sonucu geligir. LDL klirens
hiz1 azaldiginda hiperkolesterolemi
goriiliir.

Hepatik lipaz hastahi

VLDL artiklarinin temizlenmesinde
kusur vardir.

Lesitin kolesterol agil
transferaz (LCAT)
eksikligi

LCAT enzim eksikligi ters kolesterol
tasinmasinda yetersizlige yol agar.
Kolesterol yakalama ve esterlestirme
fonksiyonunu gosteremez. Cesitli
hiicrelerde serbest kolesterol birikir.
Hastaligin en tipik 6zelligi, gozlerde
balik gozii gibi bugulu bir hal almasina
sebep olur.
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3. HIPOLiPiDEMIi

Hipolipidemi, plazma lipoprotein diizeylerinde primer
(genetik) veya sekonder (kazanilmis) faktorlere bagli olarak
gelisen lipit diizeylerinin normal sinirlar altina olmas1 durumuna
denir. Primer hipolipidemi, sekonder hipolipidemi kiyasla daha
az siklikta karsimiza c¢ikar. Primer hipolipidemi, lipid
metabolizmasindaki genetik bir bozukluktan kaynaklanir. LDL
ve HDL disiikligiine gore farkliliklar gosterir. Diyetle alinan
lipitler 6nce liimende emiilsifiye ve hidroliz olur, hidrolize
yaglar enterositlere alinir ve enterositlerde yeniden sentezlenip
lipoprotein olarak paketlenip sekresyon edilmesi seklinde ii¢
asamada gerceklesir. Silomikron olusumu esnasinda Apo BS,
sarlB GTBase ve mikrozomal transfer proteinlere ihtiya¢ vardir.
Bu proteinlerdeki eksiklikler LDL lipolipidemi olusumuna
neden olmaktadir. Sekonder hipolipidemi ise malabsorpsiyon,
kronik inflamatuvar hastaliklar, malnutrisyon, karaciger
hastaliklar ve baz1 endokrinolojik bozukluklar nedeniyle
gelisebilir (8). Primer ve Sekonder hipolipidemi alt gruplar1 ve
nedenleri Tablo 3’de gosterilmistir.

Tablo 3. Primer ve Sekonder hipolipidemi alt gruplar: ve hastahk
nedenleri (8)

Hipolipidemi alt

grublan Hastalik tanimi ve nedenleri

Primer

MTP geninde mutasyon sonucu meydana
gelir. Yagda eriyen vitaminlerde eksiklik
goziikiir. Klinikte ataksi, tremor, fasiyal
parazi, dismetri ve parestezi goziikebilir.

APOB gen defekti sonucu meydana gelir.
ApoB defekti sonucu silomikron sentez
bozuklugu gelisir ve hipolipidemi goziikiir.
Klinikte karinda sislik ve yagli digkilama
goriilebilir.

Abetalipoproteinemi

Familyal
hipobetalipoproteinemi
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Hipolipidemi alt
grublar

Hastalik tanimi ve nedenleri

Silomikron retansiyon
hastalig:

Sarl B geninde mutasyon sonucu meydana
gelir. Bu gen bozuklugu sonucu vizikiil
olusumu bozulur ve silomikronun hiicre i¢ine
trafiginde bozukluklar gelisir.

Tangier hastalig

ABCAL geninde mutasyon sonucu meydana
gelir. Bu gen bozuklugu sonucu dokularda
bulunan kolesterol HDL yapisina katilamaz.
Dalak, karaciger ve kemik iligi baz1 dokularda
kopiik hiicre olusumu gozlemlenebilir ve
noronlarda kolesterol esterleri birikebilir.

APO A-1 eksikligi

APO A-1 gen eksikligi sonucu HDL
partikiiliiniin ve lesitin kolesterol agil
transferaz (LCAT) enzim aktivasyonu
olumsuz etkilenir. Plazmada HDL koelsterol
diiseylerinde diisiis gozlemlenir. Klinikte
palmar, ksantoma, ksantelazma ve koroner
kalp hastalig1 gelisebilir.

Lesitin kolesterol acil
transferaz (LCAT)
eksikligi

Lesitin kolesterol agil transferaz (LCAT)
enzim eksikligi sonucu serbest kolesterol
kolesterol esterine doniistiiriilemez ve HDL
yapisina katilamaz. Klinikte nefrotik sendrom,
kornea bulaniklagmasi, anemi ve bobrek
tutulumu gézlemlenebilir.

Sekonder
Anemiler Anemili hastalarda ¢ogalan eritrositler sonucu
kolesterol gereksinimi artar.
. Proinflamatuvar (IL-6, TNF ve IL-10) lipid
Kronik hastaklar metabolizmasi tizerinde etkileri vardir.
Hipertiroidi LDL katabolizmasinda artis goziikiir ve

kolesteroliin safradan atilim artar.

Enfeksiyonlar

Bakteriyel, parazitik ve viral tiim
enfeksiyonlarda proinflamatuvar sitokinler
lipid metabolizmasi tizerine olumsuz etkilenir.

Malabsorpsiyon
sendromlari

Diyetle yetersiz alinan lipidler eksojen lipid
kaynagini olumsuz etkiler. Ayrica yag emilim
bozukluklar1 sonucu hipolipidemi
gergeklesebilir.
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4. SONUC

Lipitler disaridan diyetle alinir ve viicutta metabolize
edilerek  doniisime ugrarlar. Lipitlerin  diyetle alinma
asamasinda yada metabolize edilme asamasinda serumdaki lipit
miktarinda degisiklikler gozlemlenebilir. Metabolize edilme
asamasinda lipitlerin serumda artmast durumu sonucu
hiperlipidemi azalmasi sonucunda hipolipidemi gelisebilir.
Viicuttaki lipitlerin metabolize edilmesi farkliliklar1 primer
(genetik faktor) ve sekonder (¢evresel faktor) sonucu gelisebilir.
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STIMULI-RESPONSIVE LIQUID CRYSTALS:
FROM MOLECULAR DESIGN TO SMART
APPLICATIONS

Banis SEZGIN'

1. INTRODUCTION

Stimuli-responsive liquid crystals (LCs) combine the
orientational order of crystals with the fluidity of liquids while
responding reversibly to external stimuli such as temperature,
light, electric or magnetic fields, and chemical environment.
This dynamic self-organization and tunable anisotropy have
expanded their use far beyond display technologies into
photonic devices, soft actuators, sensors, and adaptive optics.

This chapter examines how diverse molecular design
strategies integrate thermal, photoinduced, and supramolecular
responsiveness into liquid-crystal systems, leading to tunable,
reprogrammable, and reversible soft-matter functionalities.
Finally, it connects these molecular principles to device-level
applications such as optical data storage, soft robotics, and smart
windows, offering an integrated perspective on how stimuli-
responsiveness can be engineered in next-generation adaptive
LC materials.
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2. MOLECULAR DESIGN PRINCIPLES OF
STIMULI-RESPONSIVE LIQUID CRYSTALS

2.1. Calamitic, Bent-Core, Dimeric, and
Side-Chain Liquid Crystals

Covalent LC architectures control responsiveness by
modulating  anisotropy, conformational  freedom, and
intermolecular forces at the molecular level. Rod-like calamitics
remain central to nematic and smectic phases, where terminal
polarity, lateral groups, and spacer length determine
mesomorphism. Bent-core and dimeric mesogens expand this
scope through spontaneous chirality, polar order, and odd-even
spacer effects, stabilizing twist-bend or atypical smectics.
Embedding mesogens into side- or main-chain polymers
(LCPs/LCEs) connects molecular order with macroscopic
actuation under heat or light, bridging small-molecule and
polymer systems (Bisoyi & Li, 2022; Mandle, Gibb, & Hobbs,
2024; White & Broer, 2015). Bent-core systems often show
ferroelectric or blue-phase-like textures and unusual SmA
behavior, extending electro-optic  possibilities  beyond
calamitics. Recent reports highlight how core geometry and
transverse dipoles dictate mesoscopic order (Giesselmann,
Kitzerow, & Zentel, 2024; Mishra, Pratap, & Roy, 2024).
Dimers, linking two mesogens via flexible spacers, exhibit
parity-dependent phase stability odd spacers favor bent
conformations and N phases, while even spacers suppress
them (Jakli, 2022; Pardaev et al., 2016; Yu & Wilson, 2022;
Yuan et al., 2024). Imine and ester linkages do more than adjust
molecular dipole or flexibility; they also introduce dynamic
covalent features that allow reprogramming, self-healing, and
recyclability in liquid-crystal elastomer networks. Several
studies have shown that imine or ester exchange reactions play a
central role in stress relaxation and vitrimer-like behavior, while
certain photo-active imines can couple light absorption directly
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to bond-exchange events (Nada et al., 2022; Z. Wang & Cai,
2020; Wu & Greenfield, 2024). Lateral halogenation further
adjusts polarizability, viscosity, and birefringence, sometimes
yielding broad SmA windows or polar nematics. Systematic
fluorination lowers Ty, and widens nematic ranges, whereas
terminal halogens shift phase spans. Broader studies link
halogen bonding and heavy-atom effects to directional
mesogenic assembly (Devadiga & Ahipa, 2021; Gibb, Hobbs, &
Mandle, 2025; Liang et al., 2024; Saccone & Catalano, 2019;
Strachan, Goérecka, Hobbs, & Pociecha, 2025)

2.2. Hydrogen-Bonded and Halogen-Bonded Systems

Supramolecular liquid crystals (SMLCs) are built
through reversible hydrogen and halogen bonds, which organize
mesogenic units without permanent covalent links. In hydrogen-
bonded systems, donor-acceptor pairs such as acid-pyridine or
phenol-pyridine enable easy control of mesophase type and
transition temperature by adjusting stoichiometry or substitution
(Lugger et al., 2022). Because these interactions can form and
break reversibly, the materials respond to temperature, solvent,
or guest molecules often showing broad SmA ranges, columnar
order, and sometimes chirality from achiral components (Liu et
al., 2021). Halogen bonding adds c-hole directionality and
tunable strength (Cavallo et al., 2016). Complexes of
iodoperfluoroaryl donors with pyridyl acceptors yield stable
nematic or smectic phases, where heavy atoms and fluorinated
groups enhance thermal stability and birefringence. Compared
with H-bonded analogues, X-bonded LCs align more sharply
and remain stable over wider ranges, occasionally giving rise to
chiral superstructures (Saccone & Catalano, 2019). A hallmark
of SMLCs is dynamic reversibility: H- or X-bond networks can
disassemble and reassemble under mild stimuli, enabling self-
healing, reprocessing, and erasable alignment. Hybrid networks
combining H-bonding and coordination bonds exhibit shape
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memory and self-repair (Uchida, Yoshio, & Kato, 2021).
Incorporating azobenzene or other photochromophores couples
photoisomerization to mesophase transitions. H-bonded
azobenzene polymers display light-driven bending and phase
switching (Nie, Liu, Yan, & Zhang, 2017), while halogen-
bonded fluorinated azobenzene-stilbazole complexes undergo
efficient LC-isotropic transitions with < 4 % cis-isomer content
(Fernandez-Palacio et al., 2016). Because binding affinity and
packing shift under light, multistable, light-written states can be
kinetically trapped in both frameworks.

2.3. Photoactive Motifs and Multistability

Azobenzene and related chromophores are widely used
in liquid-crystal design because their reversible trans-cis
photoisomerization produces large geometric and dipolar
changes. When embedded in mesogenic cores or as side chains,
this transformation can induce phase transitions, alignment
changes, and photomechanical motion enabling optical
switching and actuation without wiring (Bisoyi & Li, 2016).
Recent advances in visible-light-responsive azobenzenes
overcome the limitations of UV activation and open the door to
low-power, biocompatible devices (Lv, Zhang, Wang, Zhang, &
Tang, 2024). Embedding azopyridine units into hydrogen-
bonded supramolecular frameworks, as demonstrated by Anders
et al., provides a direct route to photo-responsive nematic
materials. In these systems, a benzoic acid derivative acts as a
proton donor while azopyridine derivatives serve as acceptors,
forming N---H-O hydrogen bonds that stabilize the nematic
phase. Upon UV irradiation (365 nm), trans-cis
photoisomerization of the azopyridine disrupts molecular
alignment, inducing a rapid and reversible nematic-isotropic
transition within seconds, which recovers spontaneously in the
dark. This coupling between photoisomerization and
supramolecular self-assembly enables light-controlled phase
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switching without any covalent modification. The study
highlights how incorporating azo units into hydrogen-bonded
dimers yields self-healing, reprogrammable, and optically
addressable liquid-crystalline materials, providing a blueprint
for future photonic and nonlinear optical applications (Anders,
Abu Bakar, Nirgude, & Alaasar, 2025).

2.4. Structure-Property-Application Correlations

Establishing  reliable  structure-property-application
relationships is essential for translating stimuli-responsive liquid
crystals (LCs) from the laboratory to functional devices. Even
small changes in core geometry, linker type, or substituent
pattern can cause major shifts in transition temperatures,
dielectric anisotropy, rotational viscosity, and birefringence. For
instance, lateral fluorination in calamitic mesogens typically
lowers the nematic-isotropic transition and widens the SmA
range, influencing switching thresholds and optical contrast
(Bisoyi & Li, 2022). Likewise, azobenzene incorporation
induces light-driven conformational changes that modulate
elastic constants and trigger reversible phase transitions, directly
affecting response speed and stability (Bisoyi & Li, 2016). To
establish these correlations, complementary in situ techniques
are required. Differential scanning calorimetry (DSC) quantifies
enthalpy and entropy changes during thermal transitions, serving
as a thermodynamic fingerprint of molecular order. Polarized
optical microscopy (POM) visualizes texture evolution and
defect dynamics, confirming mesophase identity and alignment.
Dielectric spectroscopy vyields field-dependent permittivity and
dielectric anisotropy, while UV-Vis spectroscopy tracks
photoisomerization  kinetics of chromophores such as
azobenzenes. Variable-temperature FT-IR probes H-bond
rearrangements and cooperative interactions in supramolecular
systems. Correlating these spectroscopic and morphological data
enables quantitative links between molecular design, light-
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induced motion, and macroscopic photomechanical output,
forming the foundation for programmable LC systems (Kato,
Uchida, Ichikawa, & Sakamoto, 2018; Priimagi, Barrett, &
Shishido, 2014). Such multi-parameter correlations are key for
device optimization. In soft actuators and LCEs, matching phase
transition temperature and cross-link density to the operational
range ensures large, reversible deformations. In optical data
storage, materials with stable, reversible photo-birefringence
and low fatigue are favored. Smart windows and adaptive
coatings benefit from wide thermal ranges and low-voltage
switching combined with durable alignment layers. Feeding
structure-property-performance feedback into design cycles
enables the creation of predictable, adaptive LC systems (Ula et
al., 2018; White & Broer, 2015).

3. THERMALLY PROGRAMMABLE SMECTIC
SYSTEMS

Thermally programmable smectic systems represent a
promising subclass of stimuli-responsive liquid crystals, where
the smectic phase exhibits a form of thermal memory or
persistent structural state after heating/cooling cycles. Such
behavior enables “write-once, read many” style programming,
and is especially valuable for applications in reconfigurable
optics, memory devices, and thermomechanical actuators.

3.1. Thermal Memory Effects in Smectic A Phases

Smectic A (SmA) phases are particularly suited for
thermal memory due to their layered structure and relatively
high viscosity, which hinders rapid relaxation of molecular
orientation. In a notable recent work, Varshney et al.,
demonstrated a prolonged memory effect in the SmA phase of
pure 8CB (4-octyl-4'-cyanobiphenyl), showing that molecular
orientation persisted after removal of the driving stimulus
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(Varshney, Prakash, & Singh, 2024). More recently, Neu et al.
(2024) studied a series of novel smectic molecules with
reversible molecular conformation transitions and showed
light/bias-gated memory in SmA systems, attributing the effect
to the stabilization of a particular conformer during cycling (Neu
et al.,, 2024). These observations suggest that by careful
molecular design selecting cores, linkages, and substituents that
favor kinetic trapping in a layer structure one can program
smectic states that persist under ambient conditions.

3.2. Phase Transition Control and
Programming Strategies

Designing thermally programmable SmA  systems
requires control over transition temperature hysteresis, kinetic
barriers, and conformational stability. One strategy is to use
molecules that undergo conformation locking (cis/trans,
twist/planar) near clearing temperatures, so that the “written”
conformation relaxes slowly. Another is to choose lateral
substituents (e.g. Cl, F) that increase the activation barrier for
reversion, thus stabilizing the written state. Sezgin et al., for
example, a new series of 3,5-dichlorinated imine-ester liquid
crystal compounds were shown to produce thermally
programmable SmA phases with robust memory windows
(Sezgin & Serbetcioglu, 2026). Furthermore, in the domain of
soft actuators, Kotikian et al., developed liquid crystal elastomer
lattices whose deformations are thermally programmable by
encoding SmA organizational states in the network (Kotikian et
al., 2024).

3.3. Device-Level Implications and Challenges

From a device perspective, thermally programmable
smectic systems must balance stability vs reversibility. A very
strong memory may impede erasure; too weak a memory may
relax prematurely. Key parameters include the hysteresis width
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between write and erase temperatures, cycle durability, and
mechanical  stability —under environmental stress. In
implementations like memory shutters or smart windows, the
programmed smectic orientation should survive minor thermal
fluctuations. In actuators, the memory can bias motion, giving
“directional memory” in thermal cycling. Embedding these
materials into devices also requires attention to interface
alignment  layers, encapsulation effects, and strain
accommodation.

4. PHOTOACTIVE AND AZOBENZENE-BASED
LIQUID CRYSTALS

Light-responsive liquid crystals, particularly those
incorporating azobenzene or related chromophores, have
emerged as a key subclass of stimuli-responsive materials. The
reversible trans-cis photoisomerization of azobenzene under
illumination produces significant changes in molecular
geometry, dipole moment, and polarizability, which can
reorganize mesophases and enable optical switching, actuation,
and modulation of optical properties. Recent research
emphasizes shifting activation wavelengths into the visible
range, improving photostability, and coupling
photoisomerization to nanoscale morphologies and device-level
performance (Lv et al., 2024; Meng et al., 2024)

4.1. Trans-Cis Photoisomerization and
Mesophase/Morphology Behavior

Upon UV irradiation, azobenzene units in liquid-crystal
matrices undergo trans-cis isomerization, introducing a steric
kink that disrupts orientational order and can induce nematic or
smectic-isotropic transitions. Thermal or visible-light back-
isomerization  restores the original mesophase. The
isomerization Kinetics, quantum yield, and thermal relaxation
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rate define the responsiveness of such systems (Lv et al., 2024).
Recent studies have extended this concept to hybrid and Recent
studies extended this principle to hybrid and nanoparticle-LC
systems. For instance, cellulose nanocrystals bearing
azobenzene pendants acted as photoswitchable chiral dopants in
nematic hosts: UV light modified the helical twisting power by
shifting the trans-cis equilibrium, tuning the cholesteric pitch
(Sezgin & Hegmann, 2022). Similarly, bent-core mesogens
incorporating azobenzene within one rigid arm showed light-
induced morphological reorganization coexisting helical
nanofilaments (HNFs) and layered nanocylinders transformed
into only HNFs upon UV exposure. Related chiral difluorinated
bent-core analogues exhibited field-induced transitions from
crystalline filaments to tilted smectic phases, demonstrating that
both light and electric fields can direct nanoscale morphology in
bent-core architectures (Sezgin et al., 2023). Design strategies
also include placing azobenzene moieties as side chains,
terminal groups, or bridging units, and tuning steric/electronic
environments to optimize coupling between isomerization and
mesophase organization. In cholesteric systems, doping with
chiral bis-azobenzene dopants has enabled light-controlled pitch
modulation and switching between reflective states in smart
optical devices.

4.2. Visible-Light-Activated Liquid Crystal Systems

One limitation of classical azobenzene systems is their
reliance on UV light, which can cause fatigue or
photodegradation. Recent efforts have shifted the absorption of
azobenzene derivatives into the visible region by introducing
push-pull substituents, extended conjugation, or donor-acceptor
motifs, enabling lower-energy, safer switching (Lv et al., 2024).
Light-responsive liquid crystal elastomers (LCEs) exemplify
this trend. Ceamanos et al., demonstrated a photomechanical
contraction of ~7 % in azobenzene-containing LCE actuators
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under physiological buffer conditions, proving feasibility in real
environments (Ceamanos et al., 2023). Zhan et al., fabricated
LCE coils mimicking plant tendrils: under UV they bent and
twisted; under visible light (455 nm) they contracted reversibly
(~120° bending, ~30 % contraction within seconds). Such
visible-light systems extend potential applications to biomedical
and wearable devices (Zhan et al., 2025).

4.3. Light-Driven Actuation and Optical Data
Storage

Coupling photoisomerization to mechanical deformation
or refractive-index modulation enables actuators, switches, and
memory elements. In photonic cholesteric systems, embedding
azobenzene in the LC matrix allows tunable reflection
wavelengths, switchable transparency, or display modulation
(Luu, Jo, Jeong, & Park, 2025). A light-responsive photonic
cholesteric film can change its pitch under illumination, shifting
reflected color bands and enabling pixel-level patterning in
photonic devices. Furthermore, photoalignment techniques
where surfaces are patterned by polarized light using azo dyes
allow non-contact, high-resolution alignment for photonic
elements and waveguides (Xi, Yan, Shen, Wang, & Cheng,
2023). These advances, together with nanoscale azobenzene
incorporation strategies, point toward robust, reconfigurable
optical components.

5. DEVICE-LEVEL APPLICATIONS

Stimuli-responsive liquid crystals enable contactless
control, low-power switching, and programmable mechanics,
which is why they’re now central to soft actuators, smart
windows, and reconfigurable photonics. Below, recent device
advances are highlighted, with an emphasis on their implications
for materials selection and design.

225



Kimya Degerlendirmeleri

5.1. Soft Robotics and Actuators

Recent perspectives and reviews converge on LCEs as a
leading materials platform for artificial muscles and autonomous
soft machines, emphasizing multiscale programming and
integration with simple stimuli. These works also chart routes to
higher work densities and “physical intelligence” via anisotropic
architectures and topological patterning (Jiang, Liu, Xiao, &
Zhao, 2024; Zang et al.,, 2025). Thick, well-aligned light-
responsive LCE films (=0.4-1 mm) now actuate efficiently
under optical input, simplifying packaging and scaling. Recent
advances show how braided LCE fiber actuators, made by
weaving liquid-crystal filaments with conductive yarns, can
produce fast and load-bearing motion at low voltages through
localized Joule heating. Using additive or screen-printing
methods, researchers have also created fully printed LCE-circuit
hybrids, suggesting that soft mechatronic devices may soon be
fabricated on demand. Meanwhile, azobenzene-based LCE coils
and springs exhibit reversible twist-coil contractions under
visible light, offering compact, bio-inspired actuation. Together,
these developments signal a move beyond simple test strips
toward functional, device-scale architectures capable of real
mechanical work(Guillen Campos et al., 2024; X. Wang et al.,
2023; Zhan et al., 2025; Zheng et al., 2024).

5.2. Smart Windows and Adaptive Coatings

Polymer-stabilized cholesteric devices have
demonstrated true bistable smart windows, which is attractive
for always-on building skins and e-paper-like glazing.
Separately, low-voltage CLC windows achieve clear/scattering-
free transmittance modulation, trimming drive electronics and
energy budgets. Hybrid smectic/cholesteric stacks further
deliver dual-function windows with reversible switching
between privacy and clarity (Oh, Ji, Han, & Yoon, 2022; Zhou,
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Zhang, Halder, Hu, & Yang, 2024). Electrically induced
coloration of polymer-stabilized CLC films has reached
broadband reflection suitable for thermal management
(visible+NIR). These advances sit alongside updated reviews on
PDLC/PSLC device physics and dopant strategies (conductive,
photonic, or IR-active) for lowering thresholds and widening
working Windows (Agarwal et al., 2025; Sun & Lu, 2023).

5.3. Photonics, Optical Memory, and Alignment-
Patterned Elements

In recent years, azobenzene-based liquid-crystal
polymers (LCPs) have been shown to enable rewritable optical
data storage, in which reversible birefringence and
holographic/grating writing can be induced and erased multiple
times with light. These systems now display markedly improved
fatigue resistance and retention, keeping non-contact, light-
addressable memory relevant for micro-opto-mechanical
application (Bugakov, Shibaev, & Boiko, 2024; Kinashi et al.,
2025). Photoalignment methods have matured into device-class
elements e.g., ultrathin, broadband micropolarizers patterned via
azo-based alignment, and updated best-practice guidance for
alignment design/processing in next-gen LC photonics. On the
display/optics side, reflective CLC architectures are being
evaluated for active-matrix reflective panels and adaptive Bragg
elements (Huang, Wu, Luo, & Huang, 2024). Sunlight-driven
azobenzene thin-film coatings with red-shifted absorbers (tetra-
ortho-chloro-azobenzenes) enable passive, large-area optical
reconfiguration and smart skins that respond under natural
illumination (Das, Charlton, & Semiao, 2025).

5.4. Sensors, Electronics and Biosensing Interfaces

Beyond actuators and smart windows, stimuli-responsive
liquid crystals (LCs) are increasingly applied in sensing and
electronic platforms. Their anisotropic optical and dielectric
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behavior makes them inherently sensitive to interfacial binding
and environmental stimuli. Polymer-stabilized nematic or
cholesteric films, for instance, serve as label-free ion or VOC
sensors, where analyte adsorption shifts the refractive index or
reflection wavelength, producing visible color changes at trace
levels. LC droplets in microfluidic arrays function as
biointerfaces for cell adhesion and culture, reporting local pH,
temperature, or metabolite changes through distinct texture
transitions. Meanwhile, hybrid LC-electrode systems exploit the
LC phase as a tunable dielectric and optical transducer, enabling
capacitive or impedance-based detection in flexible electronics.
These examples illustrate the transition from passive optical
switching to active, adaptive LC coatings capable of real-time
chemical or biochemical sensing, paving the way for wearable
diagnostics, environmental monitoring, and lab-on-chip
technologies (Liao et al., 2012; Luan, Luan, & Luo, 2020;
Oladepo, 2022; Schelski, Reyes, Pschyklenk, Kaul, &
Lagerwall, 2021; Tang et al., 2024).

6. FUTURE PERSPECTIVES

Stimuli-responsive liquid crystals (LCs) are reaching a
point where molecular design, supramolecular assembly, and
device engineering begin to overlap. In the coming years, the
focus will likely shift toward multi-responsive and hierarchical
systems that combine light, heat, electric, magnetic, or chemical
cues within one framework. Better alignment control and
scalable manufacturing methods will help move these concepts
from the lab to practical devices. At the molecular level, fatigue-
resistant chromophores and dynamic covalent bonds can provide
durable and tunable LC phases, while reversible supramolecular
networks may support self-healing and recyclable materials
consistent with green-chemistry aims. Meanwhile, integrating
LC actuators and coatings into soft robotics or adaptive photonic
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devices will require standardized ways to measure performance
and lifetime. Looking ahead, combining computational design
with in situ experiments should make it possible to predict
structure-property-application trends more reliably, paving the
way for truly programmable and sustainable LC technologies.
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2,4,4,6,6-PENTAKLORO-2-(2-PIRIDILOKSO)
SIKLO-2)>, 4)°, 61.>-TRIFOSFAZATRIEN’IN
2-MERKAPTOPIRIMIDIN ILE REAKSIYONU

Saliha BEGEC!

1. GIRIS

Amonyak ile fosfor pentakloriir’iin reaksiyonlar
sonucunda fosfor ve azot atomlarinin birbirlerine ardisik olarak
baglanmast [(N=PXz)n (n=3, 4, 5..)] ile fosfazen olarak
adlandirilan 6nemli inorganik bilesikler olusur. Bu bilesikler
organik ¢oziiciilerde ¢oziindiikleri i¢in organik P=N ¢ift bagina
sahip olduklari i¢in de anorganik karakter tasirlar.

Fosfazenler diiz zincirli veya halkali yapida olabilirler.
Halkali yapida olan fosfazenler -[PNX;]- tekrarlayan birimi ile
tic degerli azot ve bes degerli fosfor atomu igerirler.
Hekzaklorosiklotrifosfazatrien  [1, trimer, N3PsClg] ve
oktaklorosiklotetrafosfazatetraen [2, tetramer, NsP4Clg] en
onemli halkali fosfazen tiirevi bilesiklerdir.

N N Cl Cl
\p/ Cl—P=—N——P—Cl
o NS | |
\FI,I FI,/ ’H T
N b N—p___
CI/ N \CI Cl—P—N=—P—Cl
) Cl g O
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saliha.begec@inonu.edu.tr, ORCID: 0000-0001-5331-6736.
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Bu bilesiklerden trimer, alt1 tane reaktif P-Cl bagi igeren
cok cesitli siklotrifosfazen tiirevinin hazirlanmasinda kullanilan
ve en yogun caligilan 6nemli bir baglangi¢ bilesigidir.

Fosfazenlerin degisik monofonksiyonel (-OH, -NH, -SH
gibi) niikleofilik gruplarla reaksiyonlar1 yaygin bir sekilde
calistlmaktadir [1-11]. Bu c¢alismalardan elde edilen farkli
niikleofil siibstitiie fosfazen tiirevi bilesiklerin fiziksel ve
kimyasal Ozellikleri, siibstitiie gruplarin dogasina bagli olarak
farklilik gosterir. Fosfor atomuna baglanan gruplar degistikce
elde edilen yeni fosfazen tiirevi bilesikler, organik 11k yayan
diyotlar [12, 13], lityum-iyon pilleri [14], biyomedikal
uygulamalar [15], aleve dayanikli malzemeler [16-19], iyonik
stvilar [20], sivi1 kristal [21-23] ve antitumor maddeler [24, 25]
gibi degisik ozellikler sergilerler.

Bu nedenle farkli fonksiyonel grup igeren yeni fosfazen
tiirevi bilesiklerin sentezi ve yapilarinin aydinlatilmasi oldukca
onemlidir.

Bu c¢alismada 2-hidroksi piridin (3) ve 2-merkapto
pirimidin (4) siibstitiie yeni fosfazen tiirevi bilesigin (6) sentezi
planlandi.

Bu amag¢ i¢in ilk olarak 2-piridilokso fosfazen tiirevi
bilesik (5) sentezlendi [26].

Cl Cl
./ —
e
Ny | °
AN
5)

Sekil 1. (5) Bilesiginin yapisi
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Ikinci asamada ise ayni fosfora hem 2-hidroksi piridin’in
hem de 2-merkapto pirimidin’in baglandig1 fosfazen tiirevi
bilesik (6) sentezlendi ve yapist 'H NMR, *C NMR, 3P NMR
spektroskopisi ve elementel analiz teknikleri kullanilarak
aydinlatildi.

/
N
Cl\P/Cl \
Cl N/ \N (0] =
N
CI/ S \s
©) >/N
AN
1
—

Sekil 2. (6) Bilesiginin yapisi

Elde edilen yeni fosfazen tiirevi bilesik (6) hem piridin
hem de pirimidin halkasi igerdigi i¢in 6nemlidir. Ciinkii piridin
ve pirimidin tiirevi bilesikler degisik biyolojik aktiviteler
gosterir ve farkl klinik uygulamalar sergilerler. Bu bilesikler
ilag ve vitamin iiretiminde kullanilan kimyasal ara firiinler,
boyalar endiistriyel ¢oziiciiler, renklendiriciler, kaucuk iirtinleri
ve yapistiricilar gibi endiistriyel maddelerde kullanilirlar. Ayrica
herbisitler, bocek ilaglari, mantar ilaclar1 ve bitki biiyiime
diizenleyicileri dahil olmak {izere tarim iriinlerinde de
kullanilirlar [27].

Siklofosfazenlerin piridilokso siibstitiie tilirevleri farkl
metal komplekslerinin hazirlanmasi i¢in milkemmel ligantlardir.
Piridiloksofosfazenler ¢cok merkezli koordinasyon ligantlar1 olup
son yillarda oldukca ilgi ¢cekmekte ve bu bilesiklerin metal
kompleksleri ile ilgili ¢ok fazla ¢alisma yapilmaktadir [28-34].
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2. DENEYSEL
2.1. Materyal ve Metod

Hekzaklorosiklotrifosfazatrien (N3PsClg, trimer,
phosphonitrilic chloride), 2- hidroksi-piridin, 2-merkapto-
pirimidin, metalik sodyum, potasyum karbonat, tetrahidrofuran
(THF), n-hekzan, aseton, dotero kloroform Merck firmasindan
temin edilmistir. Trimer n-hekzandan kristallendirilerek
saflagtirildiktan diger kimyasallar ise piyasadan temin edildigi
sekli ile herhangi bir saflastirma yapilmadan kullanildi. Saf
halde elde edilen iirliniin karakterizasyonu i¢in elementel analiz
CHNS-932 (LECO) marka elementel analiz cihazi, *H NMR,
3C NMR, *'P NMR él¢iimleri i¢in A Bruker Avance 111 HD 400
MHz NMR spektrofotometresi kullanildi. NMR olgiimleri igin
¢Oziicii olarak CDCl3 kullanilda.

2.2. Sentez ve Karakterizasyon

2.2.1. (5) Bilesiginin Sentezi

Bu ¢alismada ilk olarak trimer (1) 2-hidroksi piridin (3)
ile metalik sodyumun varliginda tetrahidrofuran (THF) i¢inde
etkilestirilerek 2-piridilokso fosfazen tiirevi bilesik olan 2, 4, 4,
6, 6-pentakloro-2- (2-piridilokso) siklo-2A°,  4A>,  6)>-
trifosfazatrien [N3P3Cls(OCsH4N-2)] (5) literatiirden
yararlanarak sentezlendi [27].

CI\P/CI W C'/\P<CI W
CI\”/ \l/CI + Ho \ / _ Na/THF _ CI\” o |/o \ /
CI/P\ /P\m CI/P\ /P\m

Sekil.3 (5) Bilesiginin sentezi
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2.2.2. (6) Bilesiginin Sentezi

Bilesik (5) ile 2-merkapto-pirimidin K,CO3 {in varliginda
THF icinde etkilestirildi. 2, 4, 4, 6, 6-Pentakloro-2- (2-
piridilokso) siklo-22°, 41>, 6A°-trifosfazatrien (5) (2g; 0.0049
mmol) 25 mL tetrahidrofuranda ¢oziilerek tizerine K,CO3 (0.745
0; 5.39) bilesigi ilave edildi. Hazirlanan bu ¢ozeltiye 20 mL THF
de ¢oziilen 2-merkaptopirimidin (4) (0.552 g; 0.0049 mmol)
damla damla ilave edildi. Reaksiyon karigimi oda sicakliginda 5
giin magnetik karistirici ile karistirildi. Daha sonra 2 saat reflux
edildi. Coken kisim filtreden siiziildii. Siiziintiiniin ¢oziiciisi
vakum uygulanarak uzaklagtirldi. Kalintida kag farkli madde
oldugunu gérmek ve uygun ¢oziicli sistemini belirlemek amaci ile
ince tabaka kromatografisinden yararlanildi.

Kolon kromatografisi igin aseton: n-hekzan (1:3)
karisiminin uygun oldugu tespit edildi. Ham iiriin silica gel
dolgulu kolondan elue edildiginde 2, 4, 4, 6, 6-Pentakloro-2- (2-
piridilokso) 2- (2-merkaptoprimidinil) siklo-21>, 4A°, 6A>-
trifosfazatrien (NgP3Cl,OSCgoH7; MA: 482 g/mol) (6) bilesigi (R¢
= 0.39; e.n: 190 °C dan siyahlasarak bozunuyor) izole edildi. Bu
reaksiyonda K,CO3z; HCI akseptorii olarak kullanildi. Elde edilen
yeni agik sar1 renkli kati bilesik (6) hava ve neme Kkarsi
dayaniklidir.

Bu reaksiyonun sonunda bagka bir {iriin elde edilemedi.

/
N/ \ /N N/ \
cl Y \N/< "
NZ N4
N/P\N N/PXN
Cl\y l/CI + K,CO,/ THF C'\l|\ /l/c'
CI/ ~ 7 \CI CI/ N \CI

Sekil .4 (6) Bilesiginin sentezi
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Elde edilen bilesiklerin yapisal karakterizasyonlari
elementel analiz, FT-IR, 'H NMR, *C NMR ve *P NMR
spektroskopisi teknikleri kullanilarak yapildi.

(6) Bilesiginin elementel analiz sonucu elde edilen
degerler hesaplanan degerlerle uyum gostermektedir (Cizelge 1).

Element % C % N % H
Hesaplanan 22.41 17.43 1.45
Bulunan 22.50 17.62 1.59

Cizelge 1. (6) Bilesiginin element analizi sonuglar:

Bilesigin (6) 'H NMR (400 MHz, CDCls) spektrumu
incelendiginde 'H NMR (400 MHz, CDCl;) & = 6.91
ppm de H(a) hidrojenine ait dublet (d, J = 8.2 Hz, 1 H); bir pik,
6 = 7.11 ppm de H(b) (1H) hidrojenine ait multiplet bir pik,
& = 7.19 ppm de H(c) hidrojenine ait singulet bir pik, 6 = 7.70
ppm de H(d) hidrojenine ait triplet (t, J = 7.8 Hz, 1H) bir pik;
& = 8.20 ppm de H(e) hidrojenine ait multiplet (m, 1H) bir pik;
6 = 8.59 ppm de H(f) hidrojenine ait dublet (d, J = 4.9 Hz, 2H)
bir pik gozlenmektedir.

s 2 7
f1 (ppm)

Sekil 6. (6) Bilesiginin 1H NMR spektrumu
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Bilesigin (5) **C NMR (101 MHz, CDCls) spektrumu
incelendiginde & = 185.41 ppm de pirimidin halkasi C (a)
karbonuna ait singulet bir pik; & = 158.01 ppm de piridin
halkas1 C (b) karbonuna ait singulet bir pik ; 6 = 147.33 ppm de
piridin halkas1 C (c) karbonlarina ait singulet bir pik; & =
140.16 ppm de piridin halkas1 karbonuna ait singulet bir
pik; 6 =121.03 ppm de pirimidin halkasi karbonuna ait
singulet bir pik, 6 = 118.85 ppm de piridin halkasi C (f)
karbonuna ait singulet bir pik; & = 113.22 ppm de piridin
halkas1 C (g) karbonlarina ait singulet pikler gézlenmektedir.

C\\P /CI :‘\ /\cu
e e
CI\H ‘ /s
ANEN
Cl 0,
@) \"/N\\

T T T T T T T T T T T T
202 130 180 17C 160 13C 140 13C L20 11 1co ac &0 T 60 3C <0 ac 20 g o

f1{ppm)
Sekil 7. (6) Bilesiginin *C NMR spektrumu

Bilesigin (5) **P NMR (162 MHz, CDCIs) spektrumu
incelendiginde bilesigin iki farkli c¢evreye sahip fosfor
merkezine sahip olmasindan dolay1 AB; spin sisteminde oldugu
gortilmektedir.
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o = 2460 ppm de P(OS) grubuna ait triplet
(J = 28.4 Hz) bir pik; 6 = 25.58 ppm de ise PCI, gruplarina ait
dublet (J = 28.4 Hz) bir pik gézlenmektedir.

Biitiin bu spektral veriler bilesigin Onerilen yapisini

dogrulamaktadir.
7
CI\P/CI \
PN =

CI\H |/0

c1 /P\ =z P\
(6) 7/ \
’ —

" Rl IR \wwﬂw
1 (P]mr? = 2 = (wm% =

120 100 B0 €0 <0 i) o -20 --Jfﬂl(ppm-)fﬂ -80 -1co -132 -150 -190

ekil 8. (6) Bilesiginin *'P NMR spektrumu
g p

3. SONUC VE TARTISMA

Bu c¢alismanin sonucunda hazirlanan fosfazen tiirevi
bilesik (6) ile ilgili elde edilebilecek sonuglari su sekilde
aciklayabiliriz:

1. Sentezlenen yeni bilesik piridin ve pirimidin halkasi
icerdigi icin degisik biyolojik aktiviteler gosterebilir.
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2. Bilesik metal iyonlarinin baglanabilecegi azot ve
kiikiirt dondr atomlari igermesi nedeni ile c¢ok
merkezli koordinasyon liganti olarak davranir. Bu
nedenle bu bilesigin degisik metaller ile kompleksleri
hazirlanabilir.

3. Elde edilen bilesikte dort tane P-Cl bagi
bulunmaktadir. Bu nedenle bu bilesik degisik
fonksiyonel grup igeren niikleofillerle etkilestirilerek
yeni fosfazen tiirevleri hazirlanabilir. Biitiin bu
sebeplerden dolayi (6) bilesigi olduk¢a onemlidir.
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ANTIBIYOTIKLERIN FARMASOTIK VE
ANALITIK KIMYA ACISINDAN
DEGERLENDIRILMESI

Yiicel KADIOGLU*
Fatma DEMIRKAYA MiLOGLU?
Hilal KADIOGLU KALKANDELEN?®

1. GIRIS

Antibiyotikler, mikroorganizmalar tarafindan {iretilen
veya kimyasal olarak sentezlenen, diisiik konsantrasyonlarda
bakterilerin biiylimesini durduran (bakteriostatik) ya da onlari
oldiiren (bakterisidal) bilesiklerdir. “Antibiyotik™ terimi ilk kez
1942 yilinda Amerikali mikrobiyolog Selman A. Waksman
tarafindan kullanilmis olup, “bir mikroorganizma tarafindan
uretilen ve baska mikroorganizmalarin yasamini engelleyen
madde” anlamina gelmektedir. Giinlimiizde ise bu tanim,
yalnizca dogal iirlinleri degil; kimyasal olarak modifiye edilmis
yar1 sentetik ve tamamen sentetik bilesikleri de kapsamaktadir
(Aminov, 2010; Hutchings vd., 2019).

Antibiyotikler, modern tibbin en Onemli terapotik
ajanlar1 arasinda yer almakta olup; enfeksiyon hastaliklarmin
tedavisinde devrim niteliginde bir etki yaratmistir. Bu

1 Prof. Dr., Atatiirk Universitesi, Eczacilik Fakiiltesi, Temel Eczacilik Bilimleri

Analitik Kimya Anabilim Dali, yucel@atauni.edu.tr, ORCID: 0000-0001-6590-
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Prof. Dr., Atatiick Universitesi, Eczacilik Fakiiltesi, Temel Eczacilik Bilimleri
Analitik Kimya Anabilim Dali, fdkayal@atauni.edu.tr, ORCID: 0000-0001-5729-
7181.

% Ass. Dr., TC. Saglik Bakanhgn Etlik Sehir Hastanesi, I¢ Hastaliklar1 Boliimii,
hilkadi@gmail.com, ORCID: 0000-0002-4404-1950.
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bilesiklerin terapodtik kullanimi, bakteriyel patojenlerin neden
oldugu mortalite ve morbiditede onemli diistisler saglamstir.
Ayrica cerrahi operasyonlar, organ transplantasyonlar1 ve
kemoterapi gibi immiin sistemi baskilayan tedavilerin glivenli
bir sekilde uygulanabilmesine olanak tanimistir (Muteeb vd.,
2023;

Antibiyotiklerin  etki mekanizmalari, bakterinin  hayati
biyokimyasal  siireglerine  miidahale edecek  bicimde
tasarlanmigtir (Muteeb vd., 2023; Halawa vd., 2024). Bu
mekanizmalar genellikle;

= Hiicre duvart sentezinin inhibisyonu (6r. B-laktam
antibiyotikler),

= Protein sentezinin engellenmesi (Or.
aminoglikozidler, makrolidler, tetrasiklinler),

= Niikleik asit sentezinin bozulmasi (6r. kinolonlar,
rifamisinler),

= Folid asit metabolizmasinin inhibisyonu (or.
stilfonamidler)
seklinde siniflandirilabilir.

Etki mekanizmasi ve kimyasal yapisina bagli olarak her
antibiyotik ~ grubunun  etki  spektrumu farkhidir. Baz
antibiyotikler yalnizca belirli bir bakteri tiirline kars1 etkiliyken
(dar  spektrumlu antibiyotikler), bazilart ¢ok sayida
mikroorganizmaya  karst  etkilidir  (genis  spektrumlu
antibiyotikler). Bu nedenle antibiyotik sec¢imi, enfeksiyon
etkeninin dogru tanimlanmasi ve ilacin farmakokinetik
ozelliklerinin degerlendirilmesiyle yapilmalidir (Levison ve
Levison, 2009; Muteeb vd., 2023; Gajic vd., 2025).
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2. ANTIBIYOTIKLERIN KESFi VE
TARIHSEL GELISIiM

Antibiyotiklerin kesfi, tip tarihinde en onemli bilimsel
doniim noktalarindan biridir. Bu siire¢ 19. yiizyilin sonlarinda
mikrobiyolojinin gelismesiyle baslamis ve 20. yiizyilda klinik
uygulamaya aktarilmistir (Aminov, 2010; Hutchings vd., 2019).

Modern antibiyotik c¢aginin baslangici olarak kabul
edilen olay, Alexander Fleming’in 1928 yilinda yaptig
gozlemdir. Fleming, Staphylococcus aureus bakterilerini igeren
bir kiiltiir kabinda, Penicillium notatum isimli kiif mantarinin
bakterilerin cogalmasini engelledigini fark etmistir. Bu gozlem,
ilk dogal antibiyotik olan penisilinin kesfine yol a¢mustir.
Ancak penisilinin terapétik olarak kullanilabilir hale gelmesi,
1940’1 yillarda Howard Florey ve Ernst Boris Chain
tarafindan gerceklestirilen saflagtirma ve iiretim caligsmalari
sayesinde miimkiin olmustur (Tan ve Tatsumura, 2015; Chhabra
vd., 2024).

Ikinci Diinya Savas: sirasinda penisilinin kitlesel iiretimi,
cok sayida askerin bakteriyel enfeksiyonlardan kurtulmasini
saglamis ve bu basari, antibiyotik arastirmalarina biliyiik ivme
kazandirmigtir.  1940-1970  wyillar1  arasindaki ~ donem
“antibiyotiklerin altin ¢ag1” olarak adlandirilmaktadir. Bu
donemde streptomisin, kloramfenikol, tetrasiklin, eritromisin ve
vankomisin gibi bircok onemli antibiyotik sinifi kesfedilmistir
(Quinn, 2013).

3. ANTIBIYOTIKLERIN KULLANIM ALANLARI

1940’lardan itibaren ise dogal kaynaklardan yeni
antibiyotiklerin bulunmas1 zorlagsmis, arastirmalar daha ¢ok yari
sentetik modifikasyonlar ve tam sentetik antibiyotiklerin
gelistirilmesine yonelmistir. Bu sayede mevcut antibiyotiklerin
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farmakolojik Ozellikleri iyilestirilmis, direngli bakterilere karsi
yeni jenerasyon bilesikler tretilmistir (Cars, 2011; Leisner,
2020).

Gilinimiizde antibiyotik arastirmalarinda yalnizca yeni
bilesiklerin sentezi degil, ayn1 zamanda antibiyotik direncinin
onlenmesi, biyoanalitik yontemlerle antibiyotik
kalintilarimin izlenmesi ve metabolomik yaklasimlarla
antibiyotik etki mekanizmalarimin aydinlatilmasi da biiyiik
onem kazanmigtir. Antibiyotiklerin kesfinden bu yana yaklasik
bir asir ge¢mis olmasina ragmen, bu bilesikler halen tip,
veterinerlik, gida giivenligi ve c¢evre sagligi agisindan kritik
oneme sahiptir (Kapoor, 2017; Halava vd., 2024).

4. ANTIBIYOTIKLERIN SINIFLANDIRILMASI

Antibiyotikler ¢ok g¢esitli kimyasal yapilar, etki
mekanizmalar1 ve etki spektrumlarina sahip bilesiklerdir. Bu
nedenle, antibiyotikleri tek bir Olgiite gore smiflandirmak
mimkiin  degildir. Genellikle kimyasal yapilara, etki
mekanizmalarina, etki spektrumlarina ve kaynaklarma gore
cesitli stniflandirma sistemleri kullanilmaktadir. Antibiyotiklerin
sistematik  bigimde siiflandirilmas;, hem farmakolojik
etkilerinin anlagilmas1 hem de yeni bilesiklerin gelistirilmesi
acisindan biiyiik onem tasir. Ayrica, analitik kimya agisindan
siiflandirma; her antibiyotik grubunun farkh fizikokimyasal
ozelliklere sahip olmasi nedeniyle, analiz yonteminin (Or.
HPLC, GC, UV-spektroskopi vb.) dogru segilmesine de
yardimci olur (Dafale vd., 2016; Chawla ve Cahudhary, 2019;
Joseph  wvd.,, 2021.  Antibiyotikler,  solunum  yolu
enfeksiyonlarinda, {iriner sistem enfeksiyonlarinda, deri ve
yumusak doku enfeksiyonlarinda, gastrointestinal
enfeksiyonlarinda, Cinsel yolla bulasan enfeksiyonlarinda ve
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diger bakteri kaynakli enfeksiyonlarda kullanilmaktadirlar
(Stephen, 2023).

5. ANTIBIiYOTIKLERIN ANALiZ YONTEMLERI

Antibiyotikler, bakteriyel enfeksiyonlarin tedavisinde
devrim yaratan farmasotik ajanlar oldugundan dolayr bu
bilesiklerin terapotik etkinligi, farmakokinetik profilleri ve
biyoyararlanim &zellikleri biiyiik 0Olgiide analitik  tayin
yontemlerinin dogruluguna baghdir. Plazma ve serum gibi
biyolojik sivilarda antibiyotiklerin izlenmesi, terapétik ilag
izlemi (Therapeutic Drug Monitoring, TDM) kapsaminda
hastaya 6zgii doz ayarlamalari i¢in kritik 6neme sahiptir. Bunun
yaninda, farmasotik formiilasyonlarda antibiyotik miktarinin
dogru belirlenmesi, ila¢ kalite kontrolii ve stabilite calismalar
acisindan  gereklidir.  Antibiyotiklerin  analitik  tayininde
kullanilan yontemler, ila¢ formiilasyonunun tipi (tablet,
enjeksiyon, siispansiyon), analit konsantrasyonu, matris bilegimi
ve hedeflenen dogruluk diizeyine bagli olarak farklilik gosterir.
Karmagik biyolojik matrislerde (6rnegin plazma ve serum)
proteinler, lipitler ve tuzlar gibi bilesenler, analit sinyalini
zayiflatabilir veya girisimlere neden olabilir. Bu nedenle
giivenilir sonuglar elde edebilmek icin oncelikle uygun 6rnek
hazirlama iglemi yapilmalidir.

6. ANALIZ MATRIKSLERI

Matris etkileri, ayirma tekniklerinin dogrulugunu,
hassasiyetini ve gilivenilirligini 6nemli Olgliide engelleyerek
analitik siirecte zorlu bir zorluk olusturabilir. Karmasik
matrislerde dogru ve hassas Ol¢iimler elde etmek i¢in matris
etkilerinin ele alinmasi1 hayati 6nem tagir. Hedef analit, numune
hazirlama protokolli, kompozisyon ve cihaz se¢imi gibi
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faktorlerden etkilenebilen matris etkilerinin ¢ok yonli yapisi,
karmagik matrisleri analiz ederken pragmatik bir yaklasim
gerektirir (Williams vd., 2023; Fu vd., 2024).

6.1. Plazma, Serum ve Farmasotik Formiilasyonlar

Antibiyotiklerin analitik tayininde kullanilan matriks
tiirli, yontemin hassasiyetini ve dogrulugunu dogrudan etkiler.
Plazma ve serum, ilaglarin farmakokinetigini yansitan temel
biyolojik sivilardir. Bu matrisler, proteinler (%6-8), lipidler,
karbonhidratlar, elektrolitler ve diger metabolitleri igerir.
Antibiyotiklerin ¢ogu, plazma proteinlerine farkli oranlarda
baglanir; bu nedenle, toplam ve serbest ila¢ fraksiyonlarinin
belirlenmesi 6nem tasir (Dafale vd., 2016; Hu vd., 2024).

6.1.1. Plazma ve Serumda Analiz

Plazma ve serum oOrnekleri, genellikle antikoagiilanli
tiiplerden alinarak kisa siire i¢inde santriflyj edilir ve iist sivi
kismi analiz i¢in ayrilir.

Bu orneklerdeki yiiksek protein ve lipid igerigi, UV-Vis
spektroskopisi, HPLC veya GC yontemleri ile analizinde sinyal
bozulmalarina yol agabilir. Bu nedenle protein ¢oktiirme veya
ekstraksiyon adimlar1 ile matriks etkisinin azaltilmasi gerekir.
Plazmadaki antibiyotik konsantrasyonu genellikle pg/mL
seviyesindedir; bu da duyarlilig1 yiiksek yontemlerin (6r. HPLC-
DAD, LC-MS/MS veya optimize UV yontemleri) kullanilmasini
gerektirir (Hu vd., 2024).

6.1.2. Farmasotik Formiilasyonlarda Analiz

Farmasotik  formiilasyonlarda antibiyotik tayini, ilag
gelistirme ve kalite kontrol siireclerinde biiyiik 6neme sahiptir.
Tablet veya kapsiil formiilasyonlarda tayin, ¢oziindlirme sonrasi
UV-Gor. Bolge Spektrofotometri, HPLC veya diger yontemlerle
yapilabilir. Sivi preparatlarda (surup, silispansiyon, enjektabl
cozelti) analiz  dogrudan uygun seyreltilme sonrasi
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gerceklestirilebilir.Analiz matriksine gore secilecek ydntemin
hem dogrusal aralifit hem de oOzgilligli dikkate alinmalidir
(Dafale vd., 2026).

7. NUMUNE HAZIRLAMA TEKNIKLERi

Numune hazirlama asamasi, Ozellikle biyolojik
orneklerde en kritik basamaktir. Matris bilesenlerinin etkisini en
aza indirmek i¢in ekstraksiyon veya ¢oOktiirme islemleri
uygulanir. Dogru hazirlama yontemi, analitik hatalar1 en aza
indirir ve tayin dogrulugunu artirir. Bu teknikler (Mitra, 2003):

7.1. Protein Coktiirme
(Protein Precipitation, PPT)

En sik kullanilan basit yontemdir. Metanol, asetonitril
veya triklorasetik asit (TCA) gibi ¢oziiciiler eklenerek
plazmadaki proteinler ¢oktiirtiliir. Coktiirme sonrast santrifiij
edilen siipernatant kisim alinir ve oOnceden secilen analiz
yontemiyle analizi yapilir. Bu islem hem 6rnek saflastirma hem
de On derisiklendirme etkisi saglar. Azitromisin gibi orta
polariteye sahip antibiyotikler i¢cin metanol/karbonat tampon
karigimi1 uygun sonuglar verir (Mitra, 2003).

7.2. Sivi-Siv1 Ekstraksiyon
(Liquid-Liquid Extraction, LLE)

Bu yontemde antibiyotik etken maddesi bulundugu
ortamdan uygun bir organik ¢oziicii ortamina alinarak plazma
matriksinden ayrilmasi prensibine dayanir. Uygun pH secimi ile
iyonlasma azaltilir ve ekstraksiyon verimi artirilabilir. Ornek:
azitromisin i¢in pH 9 civarinda, organik faz olarak etil asetat
veya kloroform kullanilabilir. Sivi-sivi ekstraksiyon yontemiyle
elde edilen geri kazanim orani genellikle %80 ile %98 arasinda
degisebilmektedir (Mitra, 2003).
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7.3. Kat1 Faz Ekstraksiyon
(Solid Phase Extraction, SPE)

Kat1 faz ekstraksiyon yontemi yiiksek saflikta ekstrakt
elde etmeyi saglayan modern bir tekniktir. C18, Oasis HLB gibi
ters faz kartuslar, antibiyotiklerin secici tutulmasini saglar. On
yikama, ylikleme, durulama ve eliisyon asamalar dikkatle
yiritilmelidir. Kat1 faz ekstraksiyon yoOntemiyle analitik
caligmalarda matriksen gelebilecek karistirict maddelerini biiyiik
Olciide azaltarak daha dogru ¢alisma sonuglart elde edilir (Mitra,
2003).

7.4. Yeni Nesil Mikroekstraksiyon Teknikleri

Son yillarda miniaturized teknikler (6r. DLLME -
Dispersive Liquid-Liquid Microextraction, SPME- Solid Phase
Microextraction) yaygimlagmistir. Bu yontemler, diisiik ¢oziicii
tilketimi ve g¢evreci yapilari nedeniyle yesil analiz yaklasimina
uygundur. Ayrica ¢ok kiiciik 6rnek hacimleriyle yiliksek on
yogunlastirma faktorii elde edilmesini saglarlar (Zhang vd.,
2024).

8. ANTIBIiYOTIKLERIN ANALIiZLERINDE
KULLANILAN ANALITIK YONTEMLER

Antibiyotiklerin analizlerinde kullanilan yOntemler,
analit yapisina, matris tiirline ve hedeflenen duyarlilia gore
degismektedir. Klasik yontemler (titrimetrik, spektrofotometrik)
basit ve ekonomik olmalari nedeniyle rutin analizlerde tercih
edilirken, modern yontemler (HPLC, LC-MS/MS, GC, GC-
MS/MS ve elektroanalitik yontemler) yiiksek secicilik
gerektiren ¢aligsmalarda kullanilir.
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8.1. Spektrofotometrik Yontemler

UV-Gor. Bolge Spektrofotometri, antibiyotik
analizlerinde yaygin kullanilan bir yontemdir. Antibiyotiklerin
cogu, aromatik halkalar veya konjuge sistemler icerdiginden,
UV bolgesinde karakteristik absorpsiyonlar gosterirler. Bu
yontem, azitromisin, amoksisilin, seftriakson, kloramfenikol gibi
bircok antibiyotigin hem farmasdtik hem biyolojik 6rneklerde
tayininde basartyla uygulanmistir (Algahtani vd., 2024). UV-
Gor. Bolge Spektrofotometri ydntemiyle yapilan tayinlerde
dogruluk, kullanilan dalga boyu (Amax), ¢oziicii tiirii ve 0rnek
hazirlama adimlarina bagl olarak degismektedir. Azitromisin
spktrofotometre ile analiz edildiginde Amax = 217 nm dalga
boyu secilmekte ve analiz gergeklestirilmektedir. Bu dalga boyu,
antibiyotigin makrolid halkasindaki konjuge sistemin m—m*
gecislerine karsilik gelir.

Y 6ntemin avantajlart:

» Hizli, ekonomik ve kolay uygulanabilir olmasi,

« Karmagsik cihaz altyapisi gerektirmemesi,

e Cevre dostu ve diisiik ¢oziicii tiikketimli olmasidir.
Siirlamalar1 ise segiciligin diisiik olmasit ve matris

girisimlerine duyarliliktir. Bu nedenle 6zellikle plazma/serum
orneklerinde uygun ekstraksiyon oncesi saflagtirma yapilmalidir.

8.2. Kromatografik Yontemler

HPLC yontemi, antibiyotiklerin kantitatif analizinde
altin standart olarak kabul edilir. C18 kolonlar, ters faz kosullari,
tamponlu metanol/asetonitril mobil fazlar ve UV veya DAD
dedektorleri kullanilir.

LC-MS/MS yonteminde 6zellikle plazma diizeylerinin
ng/mL seviyesinde dl¢limiinii saglar; MRM gecisleriyle yiiksek
dogruluk elde edilir. Ancak cihaz maliyeti ve uzman gereksinimi
yiiksektir.
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8.3. Elektroanalitik ve Spektrokimyasal Yontemleri

Voltametri, amperometri ve diferansiyel puls voltametri
(DPV) teknikleri, antibiyotiklerin redoks aktif gruplarini tespit
etmek i¢in kullanilir.

Tetrasiklin, kloramfenikol, nitrofurantoin gibi redoks
aktif antibiyotikler i¢in uygundur (Bitew ve Amare, 2020).

9. YONTEM GELISTIRME VE VALIDASYON

Antibiyotiklerin  analitik  tayini ig¢in  gelistirilen
yontemlerin giivenilirligini saglamak amaciyla, uluslararasi
kilavuzlara uygun validasyon yapilmasi zorunludur. Bu
kapsamda ICH Q2(R1) kilavuzu referans alinir (ICH, 1994).
Validasyon parametreleri ve kabul kriterleri Tablo 1’de
verilmistir.

Tablo 1. Validasyon Parametreleri

Parametre Tanim Kabul Kriteri
D(?grus?llhk Per1§1m ile sinyal arasindaki R2>0.999
(Linearity) iliski

Olgiilen deger ile gercek deger

Dogruluk (Accuracy) fark %Recovery = 98-102

- . Ayni kosullarda <o
Kesinlik (Precision) tekrarlanabilirlik RSD < %2
LOD (Tespit Snirr) En fil:l$uk tespit edilebilir Sinyal/giirtiltii oran1 >

derisim 3
. En diisiik kantitatif Sinyal/giiriiltii oran1 >

LOQ (Tayin Smurt) i cnebilir derisim 10

L Matris bilesenlerinden L N
Segicilik etkilenmeme Spektral girisim < %2
Dayaniklilik Kiiciik degisikliklere karsi %Geri kazanim
(Ruggedness) kararlilik degisimi < +2
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10. UYGULAMA ORNEGI: AZITROMISINIiN
FARMASOTIK FORMULASYONLARDA UV-
GOR. BOLGE SPEKTROFOTOMETRI
YONTEMIYLE MIKTAR TAYINi

Cozelti Hazirlanmasi: Azitromisin‘in 100 mg/mL
derisimde stok ¢ozeltisi analitik grade metanolde hazirlandi. Bu
stok c¢ozeltiden belirli hacimlerde alinip analitik grade metanol
ile seyreltilerek 100, 200, 300 500, 600, 900, 1000, 1200, 1300
ve 1400 pg/mL derisimlerde standart calisma g¢ozeltileri ve iig
farkli derisimde (200, 600 ve 1350 pg/mL) kalite kontrol
¢Ozeltileri hazirlandi.

Azitromisin  ¢ozeltileri 200-600 nm dalga boyu
araliginda taranarak 217 nm dalga boyunda maksimum
absorbans verdigi belirlendi. Azitromisin, makrolid halkasinda
bulunan konjuge sistem nedeniyle bu dalga boyunda
karakteristik absorpsiyon vermektedir. 100, 200, 300 500, 600,
900, 1000, 1200, 1300 ve 1400 pg/mL derisimlerde hazirlanan
azitromisin standart ¢alisma cozeltileri spektrofotometrede 217
nm dalboyunda spektrumlari alindi ve absorbanslart okundu.
Derisime kars1 absorbans degerleri gecirilerek kalibrasyon egrisi
belirlendi. Sekil 1. ‘de spektrum ve kalibrasyon egrisi verildi.
Elde edilen kalibrasyon egrisi dogrusal olup A=
0.0009x+0.1653 (R? = 0.9983) esitligi elde edildi.
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7N

Absorbans
- (] - (]
T N [22] T

=
=

200 205 210 215 220 225 230 235 240 245

Dalga Boyu (% nm)

Sekil 1. Azitromisin UV-Gor. Bolge Spektrometri yontemiyle
alinan spektrumu ve kalibrasyon egrisi

Elde edilen kalibrasyon egrisi dogrusal olup A=
0.0009x+0.1653 (R? = 0.9983) esitligi elde edildi. Denklemdeki
A: Absorbans, X: Derigimi (ug/mL). Yontemin Gozlenebilme
siir1 (LOD) degeri 90 pg/mL Miktar Tayin Sinir1 (LOQ) degeri
1se 100 pg/mL olarak tespit edildi.

Yontemin dogrulugu ve kesinligi giin i¢i ve giinler arasi
degiskenlerle belirlendi. Giin i¢i ve giinler aras1 deney sonuglari,
1350 pg/mL) hazirlanan azitromisin ¢ozeltileri i¢in elde edilen
degerlerin ortalamasi, standart sapmasi, bagil standart sapmasi
ve bagil hatalar1 belirlendi. Dogruluk % Bagil Hata (% BH)
kesinlik ise % Bagil Standart Sapma (% BSS) ile verildi.
Yontemin giin i¢i ve gilinler aras1 % Bagil Hata degeri %8.0’den
ve % Bagil Standart Sapma degeri %4.0’den kii¢iik ve ayni
zamanda standart ekleme yontemine gore yontemin %Analitik
Geri kazanim degeri de %99-%101 arasinda belirlendi.
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Yontemin ger¢ek numuneler uygulanmasi: Gelistirilip
gecerlilik testleri yapilan UV-Goriiniir Bolge Spektrofotometri
yontemin uygulamasi i¢in 250 mg azitromisin etkin maddesini
iceren Azitro tableti Serbest Eczaneden temin edildi. Bu
tabletten 300 pg/mL derisimde tablet ¢ozeltisi hazirlandi. Bu
¢Ozeltinin spektrumu alind1 ve absorbanslar1 alti kez okundu.
Elde edilen verilerin ortalamasi, standart sapmasi, bagil standart
sapmasi, ylzde geri kazanim degerleri belirlendi. % Bagil
Standart Sapma (%BSS) degeri %4.5 olarak belirlendi

Bu c¢aligma sonucunda farmasotik formiilasyonlarda UV-
Gor. Bolge Spektrofotometri yontemiyle giivenilir bir seklide
analiz edilebilir oldugu sdylenebilir.

11. SONUC

Antibiyotikler, enfeksiyon hastaliklarinin tedavisinde
modern tibbin en dnemli yap1 taslarindan biri olmaya devam
etmektedir. Ancak etkin ve giivenli bir tedavi igin
antibiyotiklerin farmasétik formiilasyonlarda, biyolojik sivilarda
ve ¢evresel orneklerde dogru sekilde tayin edilmesi biiyiik onem
tasimaktadir. Bu baglamda analitik kimya, antibiyotiklerin
kalitatif ve kantitatif analizinde vazgecilmez bir rol
oynamaktadir.

Bu bolimde antibiyotiklerin siniflandirilmasi, etki
mekanizmalari, kullanim alanlar1 ve analitik tayinlerinde
kullanilan yontemler detayli bicimde ele alinmistir. Plazma,
serum ve farmasotik formiilasyonlarda  gerceklestirilen
analizlerde uygun ornek hazirlama tekniklerinin (protein
¢oktiirme, sivi—sivi ekstraksiyon, kati faz ekstraksiyon vb.)
secilmesinin  sonuglarin  dogrulugunu dogrudan etkiledigi
gorilmiistiir.
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Ayrica, antibiyotiklerin tayininde kullanilan UV-Goriiniir
Bolge Spektrofotometri yontemi, basit, ekonomik ve ¢evre dostu
olusu nedeniyle hem arastirma hem de kalite kontrol
laboratuvarlarinda etkili bir alternatif sunmaktadir. Bu yontemle
azitromisinin 217 nm’de karakteristik absorpsiyon gosterdigi ve
yiiksek dogrusal iliski (R? = 0.9983) sagladigi belirlenmistir.
Yontemin duyarlili§i, dogrulugu ve kesinligi ICH Q2(R1)
kilavuzuna uygun sekilde dogrulanmis olup, farmasdtik
formiilasyonlarda  uygulanabilirligi  basarili  bir  sekilde
kanitlanmustir.

Sonug olarak, antibiyotiklerin analitik degerlendirmesi,
yalnizca ilag gelistirme siireclerinde degil, aym1 zamanda
farmakovijilans, kalite giivencesi ve g¢evresel izleme
calismalarinda da biiyilk Onem tasimaktadir. Gelecekte
yapilacak calismalarin, yesil analiz yaklagimlari,
mikroekstraksiyon teknikleri ve LC-MS/MS gibi yiiksek
duyarlilikli sistemlerin entegrasyonu ile antibiyotik analizlerinde
dogruluk, secicilik ve siirdiiriilebilirlik boyutlarin1 daha da
ileriye tasiyacagi ongoriilmektedir.
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DFT YONTEMIi KULLANARAK iSLEVSEL
IYONIK SIVI TASARIMI

Murat YILDIZ!

1. GIRIS

Gilinlimiizde kimya endiistrilerinde yiiriitiilen
aragtirmalarin biiylik bir kismi iirlin tasarimina, yani 6zel olarak
belirlenmis oOzelliklere sahip yeni malzemelerin kesfine
odaklanmaktadir. Ancak hammadde ve siire yetersizlikleri bilim
insanlarmi teorik molekiil tasarimlarina yonlendirmistir. Bu
noktada en ilgi cekici bilesik smiflarinin basinda da genis bir
uygulama alan1 olan oda sicakligina yakin sicakliklarda sivi
halde bulunan organik tuzlar olan iyonik sivilar (ILS)
gelmektedir.

Iyonik sivilar genellikle ihmal edilebilir derecede buhar
basincina sahiptir ve bu nedenle hava kirliligine katkida
bulunmazlar (Wei vd.,2021. Ayrica ¢ozinirlik, difiizivite ve
asidite gibi hedeflenen fiziko-kimyasal o6zelliklere uyacak
sekilde molekiiler olarak tasarlanabilmektedirler. Ancak
tahminlere gore iyonik sivi olarak kullanilabilecek 10'* kadar
farkli katyon/anyon kombinasyonu miimkiindiir (Revelli vd.,
2010). Dolayisiyla, bu devasa molekiiler uzayr deneysel
yontemlerle gergek anlamda tarayarak yeni bir iyonik sivi
bulmak zaman ve maliyet agisindan son derece giictiir. Ustelik
tyonik sivi karigimlarinin da dikkate alinmasi gerekmektedir ve
bu durum “deneme-yanilma” yaklagimin1 daha da uygulanamaz
hale getirmektedir.

1 Ogr. Gér. Dr., Usak Universitesi, Ulubey Meslek Yiiksekokulu, Tasarim Bolimii,

murat.yildiz@usak.edu.tr, ORCID: 0000-0002-9577-9840.
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Sekil 1. Yaygin kullanilan iyonik sivi anyon ve katyonlar

Su anda bu tiir bilesikler i¢in Onerilen yeni tasarimlar,
genellikle daha O6nce  kullanilan  yapilara  benzerlik
gostermektedir. Halihazirda kullanilanlardan oldukga farkli yeni
tyonik sivilarin kesfedilebilmesi i¢in ise verimli bir hesaplamali
tarama  prosediiriine  ihtiyag  duyulmaktadir.  Yogunluk
fonksiyonel teorisi (DFT) yontemi ile teorik olarak molekiiliin
uzayda en kararli konformasyonunu, yik dagilimini,
HOMO/LUMO  enerjileri ve termodinamik ozelliklerin
hesapladig1 gibi ikili molekiil sistemlerinde iki farkli ya da aym
yapmin etkilesim noktalari, kararli bir sekilde molekiiler arasi
etkilesim kurabilmelerini termodinamik olarak
hesaplanabilmektedir (Cho vd., 2014).

Iyonik sivilarin genis uygulama yelpazesi ve amaca
yonelik sentezlenebilirligi Ongoriildiiglinde oncelikle DFT
yontemi kullanarak uygulama simiilasyonunun
gerceklestirilmesi hem zaman hem de hammadde israfinin
Oniine gegilebilmektedir.
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2. HESAP YONTEMLERI

Iyonik sivilarin tasariminda deneysel ydntemler énemli
bilgiler sunsa da, bu sistemlerin karmasik yapisi ¢ogu zaman
yalnizca deneysel verilerle tam olarak agiklanamaz. Bu nedenle
hesaplamali kimya yontemleri, Ozellikle de yogunluk
fonksiyonel teorisi (DFT) tabanli yaklagimlar, iyonik sivilarin
elektronik, yapisal ve termodinamik o6zelliklerini anlamada
giiclii bir arag haline gelmistir.

Bu bdliimde, iyonik sivilarin tasariminda kullanilan
baslica hesaplama yontemleri sistematik olarak ele alinacak; her
bir yontem icin teorik temel, uygulama bi¢imleri ve sundugu
katkilar ayr1 basliklar altinda incelenecektir. Boylece, iyonik
stvilarin fonksiyonel ozelliklerini agiklamada DFT’nin nasil
stratejik bir rol iistlendigi net bir bigimde ortaya konacaktir.

2.1. HOMO-LUMO Analizi

Molekiillerin elektronik yapisini anlamak, 6zellikle de
ILs gibi karmasik ve c¢ok yonlii sistemlerde, onlarin kimyasal
reaktivite, kararlilhlk ve fonksiyonel ozelliklerini 6ngdrmek
acisindan kritik bir adimdir. Bu baglamda HOMO-LUMO
analizi, en ¢ok kullanilan yontemlerden biridir (Kahk vd., 2020).
HOMO (Highest Occupied Molecular Orbital) molekiiliin en
yiiksek enerjili dolu orbitali, LUMO (Lowest Unoccupied
Molecular Orbital) ise en diisiik enerjili bos orbitaldir. Bu iki
orbital arasindaki enerji farki, molekiiliin elektronik 6zellikleri,
optik davranis1 ve reaktifligi hakkinda onemli bilgiler sunar
(Fukui, 1982).

Kuantum kimyasinda HOMO ve LUMO, molekiiliin 6n
cephe orbitalleri (frontier orbitals) olarak adlandirilir. On
Molekiil Orbital Teorisp (FMO) (Fukui vd., 1961), kimyasal
tepkimelerin  gerceklesme mekanizmalarini bu orbitallerin
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etkilesimleriyle = agiklar.  HOMO  genellikle  elektron
bagislayabilme kapasitesini, LUMO ise elektron kabul edebilme
kapasitesini temsil eder. HOMO-LUMO enerji araligi (AE),
molekiiliin kimyasal sertligi () ve reaktivitesi ile dogrudan
iliskilidir. Kiiclik AE degerine sahip molekiiller daha yiiksek
reaktivite gosterirken, biiylik AE degerine sahip olanlar daha
inert davranir (Miar vd., 2021).

Molekiillerin ~ elektronik  yapisinin  yalnizca enerji
seviyeleriyle degil, ayn1 zamanda uzaysal dagilimlariyla da
incelenmesi gerekir. Molekiiler orbitallerin gorsellestirilmesi,
elektron yogunlugunun hangi atomlarda veya fonksiyonel
gruplarda yogunlagtigin1 ortaya koyar. Bu analiz, iyonik sivilar
(ILs) gibi ¢cok merkezli etkilesimlere sahip sistemlerde, katyon
ve anyonun hangi bolgelerden etkilesime girdigini anlamak i¢in
biiylik 6nem tasir (Ali vd., 2025). Gorsellestirmede genellikle
izoylizey (isosurface) haritalar1 kullanilir. Elektron yogunlugu
dagilimi, belirli bir sinir deger segilerek tic boyutlu olarak ¢izilir.
Bu sayede orbitallerin hangi atomlar veya gruplar iizerinde
lokalize oldugu acikca goriilebilir.

HOMO LUMO

[Bis(mim)Cs|[NTf]2

Sekil 2. [Bis(mim)Cs][NTf,], HOMO/LUMO gorsellestirilmesi
(Torkzadeh ve Moosavi, 2022)
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HOMO-LUMO analizi, iyonik sivilarin tasariminda
sadece teorik bir parametre degil, ayni zamanda deneysel
ozelliklerle dogrudan korelasyonu olan giiglii bir aractir (Fang
vd., 2020). Optik, katalitik ve elektrokimyasal uygulamalarda
dogru tahminler yapabilmek i¢in HOMO-LUMO degerlerinin
DFT tabanli yontemlerle belirlenmesi, iyonik sivilarin hedefe
yonelik tasarimina olanak saglar. Molekiiler orbitallerin
gorsellestirilmesi, yalnizca enerji seviyelerinin degil, ayni
zamanda uzaysal etkilesim bolgelerinin de anlagilmasini saglar.
Bu yontem sayesinde iyonik sivilarin tasariminda fonksiyonel
gruplarm katkist net bigimde goriilebilir. Ozellikle ¢oziicii
secimi (Ali vd., 2025), kataliz tasarim1 (Fang vd., 2020) ve gaz
depolama (Torkzadeh ve Moosavi, 2022) uygulamalari igin
orbitallerin dagilim1 yol gdsterici bir parametre haline gelir.

2.2. Molekiiler Elektrostatik Potansiyel (ESP) Analizi

Molekiiler elektrostatik potansiyel (ESP), molekiiliin
etrafindaki elektrostatik yiikk dagilimmi ii¢ boyutlu olarak
gorsellestirmeye yarayan en Onemli araglardan Dbiridir
(Breneman ve Wiberg, 1990). Bu analiz sayesinde molekiiliin
elektrofilik ve niikleofilik bdlgeleri, hidrojen bagi yapma
potansiyeli, ¢Ozilicii—¢oziinen etkilesimleri ve iyon—molekiil
etkilesimleri hakkinda kapsamli bilgi elde edilir. Iyonik sivilar
gibi yiiksek polariteye sahip sistemlerde, ESP analizi katyon—
anyon ciftlerinin etkilesim boélgelerini dogru bi¢cimde tahmin
etmek icin kritik 6neme sahiptir.

Molekiiler elektrostatik potansiyel, bir molekiiliin
cevresindeki herhangi bir noktada hissedilen potansiyelin,
molekiiliin tiim atomlar1 ve elektron yogunlugu tarafindan
olusturulan toplam etkisidir. Matematiksel olarak ESP, Coulomb
yasas1 temelinde hesaplanir (Scrocco ve Tomasi, 1978). Elde
edilen potansiyel degerleri renk kodlariyla gorsellestirilir:
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« Kirmuzi bélgeler — Elektron yogunlugunun fazla
oldugu, elektrofilik merkezlere saldirtya uygun
bolgeler.

 Mavi bolgeler — Elektron yogunlugunun diistik
oldugu, niikleofilik saldirilara agik bolgeler.

* Yesil bolgeler — NoOtr veya orta derecede yiik
yogunlugu bolgeleri.

ESP analizi, iyonik sivilarin reaktif bdlgelerinin
haritalandirilmasinda giiglii bir aragtir. Bu yontem sayesinde,
yalnizca teorik bir yik dagilimi elde edilmez, ayni zamanda
iyonik sivilarin segicilik, katalitik etkinlik ve ¢oziicli 6zellikleri
de ongoriilebilir (Silve vd., 2020). Ozellikle deneysel olarak
gozlemlenmesi zor olan mikroskobik etkilesim bdolgeleri, ESP
haritalar1 sayesinde acik¢a gorsellestirilebilir.

2.3. Enerji ve Kararhlik Hesaplamalari

Bir molekiilin veya molekiiler kompleksin toplam
enerjisi  ve  kararlilig, onun kimyasal davranisini,
¢oziinlirliiglinii, faz ozelliklerini ve etkilesim giiciinii belirleyen
en temel parametrelerdendir. Iyonik sivilar (ILs) katyon—anyon
ciftlerinden olustugu icin bu c¢iftlerin olusum enerjileri, bag
ayrisma enerjileri ve etkilesim enerjileri dogrudan sistemin
termodinamik kararlihigimi etkiler (Izgorodina vd., 2009). Bu
nedenle enerji hesaplamalari, iyonik sivilarin tasarimi ve
uygulanabilirligi i¢in vazgecilmezdir. Temel kavramlar:

 Toplam Enerji (E): Molekiiliin tim ¢ekirdek ve
elektronlarinin potansiyel ve kinetik enerjilerinin
toplamudir.

« Etkilesim Enerjisi (AEi,): Iki molekiil veya iyonun
bir araya gelerek olusturdugu  kompleksin
kararliligin ifade eder.
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AEint: EKompIeks‘ (AEAny0n+ AEKatyon)

« Olusum Serbest Enerjisi (AG): Iyon ciftlerinin
spontane olarak olusup olusmadigini belirler. Negatif
AG, siire¢ ic¢in termodinamik olarak elverisli
oldugunu gosterir.

« Geometri Optimizasyonu: Ilk adim, katyon ve
anyonun kararli yapisinin belirlenmesidir.

« Enerji Hesaplamalari:
o Tek nokta enerji (single-point) hesaplamalari
o Termokimyasal analizler (AH, AG)

Enerji ve kararlilik hesaplamalari, iyonik sivilarin
molekiiler diizeydeki etkilesim mekanizmalarini1 agiklamak igin
giiclii bir aractir. Ozellikle etkilesim enerjisi (AEiy) ve olusum
serbest enerjisi (AG) degerleri, IL tasariminda “uygun iyon ¢ifti
secimi” acisindan yol gostericidir. Bdylece hem deneysel
verilerle uyumlu hem de yeni tasarimlar1 6ngdren sonuglar elde
edilir.

2.4. Kiiresel Reaktivite Parametreleri (3, 1, S, ®)

Molekiillerin reaktivitesini anlamak i¢in sadece HOMO
ve LUMO seviyeleri yeterli olmayabilir. Bu nedenle kuantum
kimyasinda Kkiiresel reaktivite tammmlar1 gelistirilmistir.
Elektronegatiflik (y), kimyasal sertlik (n), yumusaklik (S) ve
elektrofiliklik indeksi (@) gibi parametreler, molekiiliin elektron
alma—verme kapasitesini, kararliligini ve reaksiyon egilimini
sayisal degerlerle ifade eder (Parr ve Pearson, 1983). Iyonik
stvilar (ILs) gibi ¢ok yonlii sistemlerde bu parametreler, hangi
iyon ciftinin daha kararli veya daha reaktif oldugunu 6ngdérmek
icin giiclii bir aragtir. Kiiresel reaktivite parametreleri, genellikle
HOMO ve LUMO enerji seviyelerinden tiiretilir.
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« Elektronegatiflik (y): Molekiilin elektron c¢ekme
egilimini tanimlar.

_ Enomo + ELymo
X=- 2

« Kimyasal Sertlik (n): Elektron dagilimma karsi
gosterilen direngtir.

_ Erumo — Enomo
2

« Kimyasal Yumusakhk (S): Sertligin tersidir ve
molekiiliin elektron transferine agikligini gosterir.

1
S=-
n
« Elektrofiliklik indeksi (®): Bir molekiiliin elektron

kabul etme kapasitesini ifade eder.

Kiiresel reaktivite parametreleri, iyonik sivilarin
reaktivite—kararlilik dengesini kantitatif olarak tanimlayan giiclii
gostergelerdir. Bu parametrelerin  hesaplanmasiyla IL’lerin
hangi uygulamalarda daha avantajli olacagi (o6r. Kkataliz,
ekstraksiyon, elektrokimya) oOnceden Ongoriilebilir (Bhatia,
2024). Boylece deneysel tasarima rehberlik eden 6nemli teorik
araglar elde edilir. Bu parametreler, molekiilin niikleofilik—
elektrofilik dengesi ve reaktivite potansiyeli hakkinda net bir
tablo sunar.
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2.5. NBO (Dogal Bag Orbital) Analizi

Dogal Bag Orbital (NBO) analizi (Foster ve Weinhold,
1980), molekiillerdeki elektron yogunlugunun dagilimini ve bag
karakterini ayrintili sekilde inceleyen bir yontemdir. HOMO-
LUMO analizi genel reaktivite hakkinda bilgi verirken, NBO
analizi elektron yogunlugunun baglar, lone pair (yalmiz ciftler)
ve yuk transferleri lizerinden nasil organize oldugunu gosterir.
Iyonik sivilar (ILs) gibi yiiksek etkilesimli sistemlerde, katyon—
anyon arasindaki elektron transferini aciklamak icin NBO
analizi kritik bir aractir.

NBO analizi, iyonik sivilarin mikroskobik etkilesimlerini
anlamak i¢in en ayrintili yontemlerden biridir (Dong vd., 2016).
Ozellikle hidrojen baglarinin giicii, anyon—katyon yiik transferi
ve bag karakterleri tizerine sundugu kantitatif veriler, IL
tasariminda vazgecilmezdir.

2.6. UV-Vis ve IR Spektrum Simiilasyonlar1
(TD-DFT)

Spektroskopik yontemler, molekiillerin elektronik ve
titresimsel Ozelliklerini anlamak icin en Onemli deneysel
araglardir. Ancak yalnizca deneysel dlgiimler, 6zellikle karmasik
iyonik sivilarda (ILs), hangi molekiiler etkilesimlerin hangi
bantlara karsilik geldigini agiklamada yetersiz kalabilir. Bu
nedenle yogunluk fonksiyonel teorisi (DFT) ve zaman bagimh
DFT (TD-DFT) ile yapilan spektrum simiilasyonlari, deneysel
verilerle karsilastirildiginda molekiiler diizeyde detayli yorumlar
yapilmasina imkan tanir (Singh vd., 2023).

UV-Vis ve IR spektrum simiilasyonlari, iyonik sivilarin
optik ve titresimsel Ozelliklerini 6ngdérmede giiclii araglardir.
Deneysel dl¢timlerle birlikte kullanildiginda:

» Elektronik gecislerin dogasi,

« Titresim modlarinin kayma nedenleri,
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« Katyon-anyon etkilesimlerinin molekiiler diizeyde
aciklamalar1 ortaya konabilir.

Bu sayede IL’lerin fotokimya, kataliz ve sensor
teknolojilerindeki potansiyeli daha iyi anlasilir.

2.7. Solvent Etkisi Hesaplamalar1 (PCM, SMD vb.)

Molekiillerin ve iyonik sivilarin (ILs) 6zellikleri yalnizca
vakumda degil, ¢ogunlukla farkli ¢0Oziicii ortamlarinda
degerlendirilir. Coziicii etkileri, iyon ciftlerinin kararliligini,
elektron dagilimini, reaktivitesini ve spektral ozelliklerini
onemli Olc¢iide degistirir. Bu nedenle solvatasyon modelleri,
iyonik sivilarin gercek uygulama kosullarina en yakin sekilde
incelenmesini saglar.

Solvent etkisi hesaplamalari, iyonik sivilarin gercekci
uygulama kosullarinda davranislarini anlamak igin kritik 6neme
sahiptir. PCM ve SMD gibi modeller, hizli ve dogru tahminler
saglayarak mikroskobik etkilesimleri daha ayrintili bigimde
ortaya koyar (Yijia vd., 2023). Boylece IL’lerin ¢oziiniirlik,
kataliz, gaz yakalama ve elektrokimya gibi alanlardaki
kullanimlar1 daha iyi 6ngoriilebilir.

2.7.1. PCM (Polarizable Continuum Model)

PCM, c¢oziiciiyii stirekli bir dielektrik ortam olarak kabul
eder (Dewar ve Thiel, 1977). Molekiil, bu ortamda bir “kavite”
icine yerlestirilir ve elektron yogunlugu ile ¢dziicii arasindaki
karsilikli  polarizasyon hesaplanir. Elektrostatik etkilesim,
kavitasyon enerjisi, dispersiyon katkist ve repulsiyon katkisinin
toplanmas ile elde edilir. Iyon ciftlerinin farkli ¢oziiciilerdeki
kararliligin1 6ngérmek, Spektrum simiilasyonlarinda (UV-Vis,
IR) ¢o6ziicii kaymalarini agiklamak ve farkli dielektrik sabitine
sahip coziiclilerde IL davranisini karsilastirmak i¢in basarilt bir
modeldir (Zhou vd., 2021).
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2.7.2. SMD (Solvation Model Based on Density)

SMD modeli (Marenich vd., 2009), PCM’ye benzer
sekilde siirekli ortam yaklasimina dayanir ancak ek olarak
kuantum kimyasal elektron yogunlugunu kullanarak solvatasyon
enerjisini hesaplar. Bu sayede ¢oziicli etkisi, molekiiliin elektron
dagilimma daha dogru sekilde entegre edilir. Polar ve apolar
¢oziciiler arasindaki farklarin daha hassas incelenmesi, iyonik
stvilarin gaz, su veya organik coziiciilerle olan etkilesimlerinin
modellenmesi  ve reaksiyon mekanizmalarinin  ¢oziici

ortamindaki serbest enerji profillerinin hesaplanmasi igin
kullanilmaktadir (Cui, 2021).

3. UYGULAMA ALANLARI
3.1. Gaz Yakalama ve Depolama (CO:, SOz, NHs vb.)

Iyonik sivilar, yiiksek polariteleri ve tasarlanabilir
yapilar1 sayesinde 6zellikle CO:’nin se¢ici yakalanmasinda umut
vadeden ¢oziiclilerdir. DFT hesaplamalari, gaz molekiilleri ile
IL’ler arasindaki baglanma enerjilerini ve etkilesim bolgelerini
ortaya koyar. ESP haritalar1 ile gazlarin elektrofilik bolgelerinin
anyon veya katyonlarla nasil etkilesime girdigi gorsellestirilir
(Liu ve Turner, 2021). Ayrica HOMO-LUMO analizleri,
CO2’nin antibonding orbitallerine hangi IL bilesenlerinin
elektron transferi yapabilecegini gosterir (Torkzadeh ve
Moosavi, 2022).

Ab initio MD ve QM/MM hibrit yaklagimlari ile CO2’nin
IL icinde ¢oziiniirliigi ve diflizyon davranisi zaman Olceginde
incelenebilir. DFT destekli IR simiilasyonlar1 da, CO2’nin IL ile
etkilesimi sonucunda karakteristik titresim kaymalarini tahmin
etmede kullanilir (Shah, 2018). Bu tiir hesaplamalar, sadece CO-
degil, ayn1 zamanda SO (Jiang vd., 2022) ve NHs (Cao vd.,
2024) gibi endiistriyel gazlarin yakalanmasi ve depolanmasinda
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da uygulanir. Boylece DFT, cevresel agidan kritik dneme sahip
gaz ayirma ve depolama teknolojilerinde iyonik sivilarin
tasarimina yon veren temel bir yontem haline gelir.

3.2. Kataliz ve Reaksiyon Mekanizmalari

Iyonik sivilar, kataliz siireclerinde hem ¢dziicii hem de
aktif bilesen olarak kullanilabilir. DFT, bu siireclerde IL’lerin
roliinii anlamak i¢in giiclii bir aractir. NBO analizi ile katyon—
anyon ciftleri arasindaki yiik transferi ve substrat molekiiliiyle
etkilesimleri belirlenebilir (Wang vd., 2020). Ayrica HOMO-
LUMO enerji boslugu, IL’in katalitik aktiviteye katkisini
ongormekte kullanilir (Tian vd., 2022).

Katalizor tasariminda DFT, reaksiyon mekanizmalarinin
serbest enerji profillerini ortaya koyar. Gegis durumlarinin
optimizasyonu ve enerji bariyerlerinin hesaplanmasi, IL
ortaminda katalizoriin nasil davrandigini gosterir. Bu sayede
farkli katyon ve anyon kombinasyonlarinin reaksiyon hizina ve
secicilige etkisi tahmin edilebilir (Bessac ve Maseras, 2008).
IL’lerin katalitik = siire¢lerde kullanimmnin yayginlagmasiyla
birlikte, DFT tabanli mekanistik ¢alismalar, deneysel kataliz
tasarimlarina dogrudan rehberlik etmektedir.

3.3. Ayirma ve Ekstraksiyon Siirecleri

Iyonik sivilar, ugucu olmamalar, yiiksek termal
kararliliklar1 ve ayarlanabilir kimyasal yapilar1 nedeniyle ayirma
ve ekstraksiyon stireclerinde yaygin olarak
degerlendirilmektedir. DFT, bu tir uygulamalarda IL’lerin
secicilik ve verimliligini 6ngdérmek icin giiclii bir teorik aragtir.
ESP haritalar1 ve HOMO-LUMO analizleri, IL’lerin hedef
molekiillerle hangi bolgelerden etkilesime girdigini gosterirken,
etkilesim enerjisi hesaplamalart (AE_int) seciciligin nicel
Olciitlerini saglar (Zheng vd., 2024).

284



Kimya Degerlendirmeleri

Fenolik bilesiklerin veya agir metal iyonlarmin IL’ler
kullanilarak ayrilmast durumunda, DFT hesaplamalar1 baglanma
enerjilerinin  biliylikliglini ve hangi fonksiyonel gruplarin
ekstraksiyona katki sagladigin1 ortaya koyar. Ayrica NBO
analizi ile elektron yogunlugunun transfer mekanizmalari
incelenerek ekstraksiyon siirecindeki anahtar baglanma noktalari
belirlenebilir (Ventura vd., 2017). Bu yaklasim sayesinde, farkli
anyon ve katyon kombinasyonlarinin hangi tiir molekiilleri daha
etkin ayirabilecegi 6nceden tahmin edilir.

3.4. Spektroskopik Uygulamalar

DFT ve 6zellikle TD-DFT, iyonik sivilarin spektroskopik
Ozelliklerini anlamada ©nemli bir rol oynar. UV-Vis
simiilasyonlari, katyon—anyon ciftlerinin elektronik gecislerini
ve ¢Oziicli ortamina bagl spektral kaymalar1 dngoriir. IR frekans
hesaplamalar1 ise hidrojen baglarmin ve fonksiyonel gruplar
aras1 etkilesimlerin deneysel spektrumlarda neden kaymalara yol
actigin1 agiklamada kullanilir (Kumar vd., 2021).

Iyonik sivilarla galisilan spektroskopik deneyler g¢ogu
zaman karmagik bant yapilari sergiler. DFT hesaplamalari, bu
bantlarin hangi titresim modlarina veya elektronik gegislere
karsilhik geldigini  belirleyerek deneysel verilerin dogru
yorumlanmasini saglar (Kumar ve Panja, 2023). Ozellikle CO:
veya organik molekiillerin IL i¢inde ¢oziinmesi durumunda
gozlenen spektral degisimler, DFT ile modellenerek molekiiler
diizeyde agiklanir (Fang vd., 2023). Boylece IL’lerin sensor,
spektroskopik prob veya fotokimyasal uygulamalardaki
potansiyeli netlestirilir.

3.5. Fotovoltaik ve Optoelektronik Uygulamalar

Iyonik sivilar, diisiik ucuculuklar, yiiksek termal
kararliliklar1 ve iyonik iletkenlikleri sayesinde giines pilleri,
LED’ler ve optoelektronik cihazlarda potansiyel malzemeler
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olarak degerlendirilmektedir. DFT ve TD-DFT hesaplamalari,
IL’lerin bu sistemlerdeki roliinii anlamada kritik bir yere
sahiptir. Dye-sensitized solar cells (boya duyarli giines pilleri)
uygulamalarinda IL’lerin iletkenlik ve 151k emme Ozellikleri
incelenir, TD-DFT ile hesaplanan elektronik gegisler, boya
molekiiliiniin IL ortaminda spektral davranigin1 ortaya koyar
(Bousrez vd., 2021).

DFT tabanli dipol moment ve polarizabilite analizleri,
IL’lerin dielektrik sabitlerini ongdrerek optik gecirgenlik ve
foton emilimini agiklamada kullanilir. Ayrica HOMO-LUMO
analizleri, IL’in elektron ve delik transfer siireglerinde hangi
fonksiyonel gruplarin aktif rol aldigin1 belirler. Bu tiir teorik
veriler, deneysel Ol¢iimlerle birlestirildiginde IL’lerin optimum
fotovoltaik performans icin nasil tasarlanabilecegini ortaya
koyar (Parida vd., 2021).

3.6. Cevresel ve Yesil Kimya Uygulamalari

Iyonik sivilar, geleneksel organik ¢oziiciilere kiyasla
diisiik uguculuklar1 ve ayarlanabilir yapilar1 sayesinde yesil
coziicii adaylan olarak 6ne cikar. DFT, bu sistemlerin gevresel
faydalarin1 teorik olarak ongdrmede kullanilir. Solvent etkisi
hesaplamalar1 (PCM, SMD) ile IL’lerin farkli ¢oziiciilerdeki
¢cozlinirlik ve kararliligi incelenebilir (Da Silva vd., 2021).
Ayrica elektrofiliklik ve sertlik parametreleri (y, m, ©)
kullanilarak IL’lerin reaktivite profilleri belirlenir ve toksisiteye
egilimleri tahmin edilir (Vijayalakshmi vd., 2020).

Cevresel uygulamalarda DFT, IL’lerin geri doniislim
stireclerindeki kararliliklarin1 ve biyolojik sistemlerle potansiyel
etkilesimlerini agiklamada kullanilir. Bu sayede yalnizca “yesil
¢oziicii” olarak degil, ayn1 zamanda ¢evre dostu ayirma ve geri
doniisiim teknolojilerinde de etkin bir sekilde tasarlanabilirler
(Taylor vd., 2024). Boylece DFT, yesil kimya prensiplerine
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uygun yeni nesil IL’lerin gelistirilmesinde hem teorik hem de
pratik bir yol gosterici olur.

4. SONUC

Bu calismada iyonik sivilarin tasariminda yogunluk
fonksiyonel teorisi (DFT) tabanli yontemlerin sundugu olanaklar
sistematik bi¢imde ele alinmigtir. HOMO-LUMO analizi, ESP
haritalari, enerji ve kararlilik hesaplamalari, kiiresel reaktivite
parametreleri, dipol moment ve polarizabilite tayini, NBO
analizi, spektral simiilasyonlar (UV-Vis, IR) ve solvent etkisi
hesaplamalar1 gibi yontemlerin her biri, iyonik sivilarin yapisal
ve fonksiyonel Ozelliklerinin Ongoriilmesinde kritik araglar
olarak oOne ¢ikmaktadir. Bu yOntemler sayesinde yalnizca
molekiiler diizeyde kararlilik ve reaktivite degerlendirmeleri
yapilmakla kalmayip, ayni zamanda deneysel dogrulamaya 1s1k
tutan kapsamli ongoriiler de saglanabilmektedir

Iyonik sivilarin genis uygulama yelpazesi, DFT destekli
analizlerin Onemini daha da artirmaktadir. Elektrokimyasal
uygulamalarda  iletkenlik  ve  redoks ozelliklerinin
ongoriilmesinden, CO2 ve SO: gibi gazlarin yakalanmasina;
katalizor tasarimindan ayirma—ekstraksiyon  siireglerine;
optoelektronik cihazlardan biyomolekiil ¢dziintirliigiine kadar
pek ¢ok alanda DFT hesaplamalari, molekiiler etkilesimlerin
dogasin1 ortaya koyarak hedef odakli tasarima rehberlik
etmektedir. Ayrica metal iyon komplekslesmesi, termal ve
mekanik dayaniklilik, cevresel ve yesil kimya uygulamalari
gibi farkli alanlarda da DFT, iyonik sivilarin geleneksel
coziiclilere alternatif olusturma potansiyelini teorik agidan
desteklemektedir

Sonu¢ olarak, iyonik sivilarin tasariminda DFT
yontemlerinin  kullanimi, hem deneysel deneme-yanilma
siireglerini minimize eden hem de c¢evre dostu, yiiksek
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performansl yeni nesil ¢oziiciilerin kesfine kapi aralayan bir
yaklasim sunmaktadir. Bu baglamda DFT, iyonik sivilarin
yalnizca temel 6zelliklerinin anlasilmasinda degil, ayn1 zamanda
yesil kimya prensiplerine uygun, siirdiirtilebilir ve fonksiyonel
malzemelerin gelistirilmesinde stratejik bir ara¢ haline gelmistir.
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IMPORTANT MYCOTOXIN ‘AFLATOXIN (AF)’

Ebru COTELI*
Belgin ERDEM?

1. INTRODUCTION

Mycotoxins are secondary metabolites of some sub-fungi
that develop and reproduce depending on ecological conditions
in agricultural products from field to consumption. Mycotoxins
reach humans, even at residue levels, through contaminated
foods and products derived from animals fed contaminated feed.
In underdeveloped or developing countries, approximately 25%
of foods are contaminated with mycotoxins and their
metabolites [1]. These toxins are produced by some molds, such
as Aspergillus, Penicillium, and Fusarium, under certain
humidity and temperature conditions [2, 3]. The most common
mycotoxins we see in our environment are aflatoxin (AF),
patulin, fumonisin, ochratoxin, zeranol, trichothecene, and
cyclopiazonic acid [3]. Among the 400 known mycotoxins in
the world, aflatoxins are the most dangerous for human health
[4]. Aflatoxins, in particular, are toxic substances produced by
the molds Aspergillus flavus, Aspergillus parasiticus, and
Aspergillus nomius [2]. Studies have shown that A. parasiticus
produces AFB1, AFB2, AFG1, and AFG2 aflatoxins, while A.
flavus rarely produces AFG1 and AFG2 [5]. The resulting toxins
can have harmful effects ranging from acute deaths to chronic
diseases [6].
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Figure 1. Aflatoxin contamination routes

2. CONDITIONS FOR THE FORMATION OF
AFLATOXINS

Aflatoxins can form during the harvesting, drying,
storage, and processing of produce into food and feed. They can
also occur while produce is growing in the field or orchard.
Relative humidity and temperature are important factors in the
development of aflatoxins. For these molds to thrive, relative
humidity above 70% and optimum temperatures between 24 and
35°C are required [7, 8]. Controlling temperature and water
activity, in particular, can prevent aflatoxin production and
mycelial development. In addition to these factors, temperature
treatment, modified atmosphere packaging, and the use of
preservatives also prevent aflatoxin production [9]. Aflatoxin is
a contaminant commonly found in air- or sun-dried seeds such
as hazelnuts, grains, peanuts, and cotton [10]. Corn plants, in
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particular, are exposed to mycotoxins during cultivation,
harvesting, storage, processing, and transportation processes.

s D
Aflatoxin can % (@)
be found in ... ... ground- &=
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>
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Figure 2. Life cycle of Aspergillus and aflatoxins in feed and food
[11].

3. STRUCTURE OF AFLATOXINS

Aflatoxins are molecules with a difuranocoumarin
structure that contain two chemical groups. These are the
difuracoumarocyclopentanone series, which includes AFB1,
AFB2, AFB2 A, AFM1, AFM2, AFM2 A and aflatoxicol, and
the difuracoumarolactone series, which includes AFG1 and
AFG2 [12]. Although there are twenty types of aflatoxin, the
most common types are AFB1, AFB2, AFG1, and AFG2. When
viewed under ultraviolet light, AFB1 and AFB2 species give
blue fluorescence, while AFG1 and AFG2 species give green
fluorescence [13, 14].
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Aflatoxin M,

Figure 3. Aflatoxin types and structures

4. INACTIVATION OF AFLATOXINS

Inactivation or structural degradation of aflatoxins is
possible with the use of chemical substances. Degradation can
be achieved especially with chlorine gas, chlorine dioxide,
sodium hypochlorite, organic and inorganic acids from
hydrolytic agents, and alkaline substances such as potassium
hydroxide, ammonium hydroxide, and sodium hydroxide [15,
16]. Some of these chemicals are used in the food industry.
However, they are not suitable for use because they leave toxic
residues in food and damage taste, odor, color, and nutritional
content [15]. Recently, contamination of human food and animal
feed has been controlled using biological, chemical, and
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physical methods, as these methods aim to transform the toxin
into a less mutagenic and less harmful form [17]. Today,
detoxification of aflatoxin-contaminated foods is carried out by
many physical and chemical methods, such as treatment with
ammonia and ozone (ozonation) and microwave heating.
Especially triatomic oxygen (Os), or ozone, is used as a
powerful disinfectant and oxidizing agent [18].

5. EFFECTS OF AFLATOXIN ON METABOLISM

Mycotoxins enter the body through two different routes:
the first is through consumption of contaminated food, and the
other is through inhalation and skin contact with toxigenic
spores [19]. Literature studies show that the daily aflatoxin
intake of people living in different regions varies between 0 and
30.000 ng kg™ [14]. Most people can be exposed to this toxin
even in small amounts. Long-term exposure to low doses of
aflatoxin without being noticed can cause very dangerous
metabolic events [20, 21]. In particular, the amount of aflatoxin
toxicity ingested by individuals varies depending on the
individual's age, diet, and duration of exposure to aflatoxin [22].
Aflatoxins cause diseases such as chronic gastritis, cirrhosis,
kidney diseases, and hepatitis in metabolism [23]. Especially in
children, aflatoxins cause kwashiorkor disease. Studies have
shown that aflatoxin is found in human cord blood and can
easily pass to the fetus [14]. Acute and chronic mycotoxicosis
caused by aflatoxins in human and animal metabolism is called
aflatoxicosis [22]. In animal metabolism, these mycotoxins
cause cancer, loss of productivity, decreased weight gain, and
immunosuppression in animals. Thus, they poison the animals
and lead to their death [21]. Studies have reported that the toxic
effects of aflatoxins are AFB1 > AFG1 > AFB2 > AFG2 [12].
The most toxic aflatoxin type in human metabolism is AFB1
[23, 24]. In particular, AFB1 has been identified as a Group 1

299



Kimya Degerlendirmeleri

carcinogen and AFM1 as a Group 2 carcinogen by the
International Agency for Research on Cancer (IARC) [25].
Aflatoxins, in particular, have been reported to reduce the
immune system in children and increase the risk of infectious
diseases [26]. These harmful effects of aflatoxins are due to lipid
peroxidation and oxidative damage to DNA [27].

6. AFLATOXIN ANALYSIS METHODS

Determining the aflatoxin content of food and feed in
human and animal nutrition is of vital importance. The oldest
method used in aflatoxin analysis is thin-layer chromatography
(TLC) [28]. Today, liquid chromatography mass spectroscopy
(LCMS), HPLC (high-performance liquid chromatography), and
ELISA (enzyme-linked immunosorbent assay) are used [29-31].
Aflatoxins are generally identified based on their absorption and
emission spectra. In particular, B toxin varieties show blue
fluorescence at 425 nm, while G toxins show green fluorescence
at 540 nm under UV irradiation. In addition to these methods,
immunological assays and various biosensors have been
developed to detect ultra-traces of aflatoxins.

7. CONCLUSIONS

Aflatoxins are a significant threat to human and animal
life. Consumption of aflatoxin-contaminated food and feed by
these organisms can lead to serious illness and death. Excessive
aflatoxin levels in foods, especially in non-industrialized
countries, are a major concern. Some physical, chemical,
biological, and genetic engineering techniques must be used to
control and manage aflatoxins in foods. The detection and
elimination of foods containing aflatoxin is vital.
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CHARACTERIZATION AND ANALYTICAL
APPLICATIONS OF SCHIiFF BASE METAL
COMPLEXES

Mustafa Umut KONANC!

1. INTRODUCTION

Schiff bases represent one of the most prominent classes
of organic compounds, playing a crucial role in the advancement
of coordination chemistry. Initially synthesized in 1869 by Hugo
Schiff, these compounds are formed through a condensation
reaction between a primary amine and a carbonyl compound.
The reaction results in the formation of a characteristic carbon—
nitrogen double bond (C=N), giving rise to a group of
compounds known as imines or, more specifically, Schiff bases.
Due to their structural versatility and ability to coordinate with
various metal ions, Schiff bases have attracted considerable
attention in inorganic and analytical chemistry, serving as key
intermediates in the synthesis of metal complexes and functional
materials.

1.1. Mechanism of Schiff base ( Imine) Formation

The formation of Schiff bases involves two main steps:
addition and elimination reactions. First, a primary amine reacts
with a carbonyl group to form an intermediate known as a
carbinolamine. This step is usually the rate-limiting step and is
classified according to the type of carbonyl compound involved.
If the carbonyl compound is an aldehyde, the resulting product

L Assoc. Prof. Dr., Artvin Coruh University, Artvin Vocational School, Chemical

and Chemical Processing Department, umutkonanc@artvin.edu.tr, ORCID: 0000-
00024141-3923.
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Is an azomethine; if it is derived from a ketone, it is an imine or
ketimine [1].In the second step, the carbinolamine intermediate
undergoes dehydration to form the Schiff base. This elimination
process usually occurs under basic or neutral conditions (Fig.1).

o:

o
RNH2 . )I\ _‘—H-_+ [— Tr[—T—R] _— R-N=c<+ H,0

primary amine  aldehyde or ketone carbinoamine Schiff base

Figure 1. General Formation Mechanism of Schiff Bases

1.2. Physicochemical Properties of Schiff Base

Schiff bases are weakly basic compounds characterized
by stability in alkaline media, thereby exhibiting resistance to
hydrolysis. Conversely, these compounds are susceptible to
hydrolysis under acidic conditions, resulting in the
regeneration of the parent amine and carbonyl compounds. The
electronic nature of the substituents attached to the azomethine
group exerts a significant influence on this behavior: electron-
donating groups enhance the electron density on the imine
nitrogen, thereby increasing the basicity and stability of the
Schiff base, whereas electron-withdrawing substituents such as
nitro (-NO:) and cyano (—CN) groups decrease basicity and
promote acid-catalyzed hydrolysis. The relationship between
electronic effects and hydrolytic stability is of considerable
importance in analytical chemistry, particularly in the design
and application of Schiff base ligands for metal ion
complexation.

In general, Schiff bases are insoluble in water. However,
it has been reported that those obtained through the
condensation of ethylenediamine or triethylenediamine with
acetylacetone undergo dissociation in aqueous solutions. Certain
Schiff bases are easily hydrolysed, reverting to their original
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amine and aldehyde precursors. The coordination structures of
such compounds are often disrupted as a consequence of
hydrolysis; therefore, any factor that enhances the stability of
the coordinated structure decreases the tendency towards
hydrolysis [2].

The presence of donor atoms in Schiff bases is essential
for the formation of coordination compounds. The size and
geometry of the resulting chelate rings can be finely tuned by
varying the position and nature of donor atoms or functional
groups within the molecular framework. Moreover, functional
groups such as hydroxyl (—OH), thiol (-SH), and nitro (—NOx)
can serve as effective chelating sites, thereby enhancing the
metal-binding efficiency of the synthesised ligand [1,3]

1.3. Spectroscopic Properties of Schiff Base

The spectroscopic behaviour of Schiff bases has attracted
considerable attention due to their widespread use in analytical
and biochemistry. Nuclear magnetic resonance (NMR)
spectroscopy and  Fourier transform infrared (FTIR)
spectroscopy are essential tools for elucidating the structural and
electronic characteristics of these compounds. NMR studies of
aromatic azomethines have revealed intramolecular hydrogen
bonding between azomethine nitrogen and hydroxyl groups.
This leads to distinctive azomethine proton chemical shifts
depending on the conjugative and inductive effects of the
substituents. FTIR spectra typically exhibit characteristic
absorption bands corresponding to the stretching vibrations of
the azomethine group (v(C=N)) in the 1630-1640 cm™' range
(Ertiirk, 2015). The O—H stretching band, observed above 3500
cm”(—1), broadens or disappears upon complex formation due to
hydrogen bonding or metal coordination. The appearance of a
broad band between 2700 and 2800 cm™' indicates
intramolecular hydrogen bonding between the ortho-hydroxyl
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proton and the azomethine nitrogen, resulting in a conjugated
chelate structure.

The stability and decomposition behaviour of Schiff base
metal complexes are also strongly influenced by the presence of
anions in the medium. For example, 'H NMR and UV-Vis
spectroscopic studies of the uranyl complex of salophene
(bis(salicylaldehyde-phenylenediimine))  revealed  selective
interactions with phosphate and fluoride ions. In the presence of
phosphate ions, spectral changes were attributed to the
breakdown of the ionophore through uranyl phosphate
formation, followed by hydrolysis of the Schiff base. This
anion-induced hydrolysis indicates that the equilibrium between
complex formation and decomposition can be significantly
altered by competing coordination processes [4.5].

2. SYNTHESIS AND STRUCTURAL
CHARACTERISTICS OF SCHIiFF BASES AND
THEIR DERIVATIVES

Schiff bases and their derivatives can be synthesized in a
variety of dentate forms depending on the number and type of
donor atoms present in the ligand framework. Among these,
tetradentate and tridentate Schiff bases are the most extensively
studied due to their ability to form stable and well-defined metal
complexes that are of great interest in analytical chemistry and
coordination studies.

Tetradentate Schiff bases are commonly synthesized by
the condensation of a B-diketone or an appropriately substituted
salicylaldehyde with a diamine in a 2:1 molar ratio under reflux
in ethanol, methanol, or benzene. The resulting products
generally precipitate in high yields (80-90 %) [3, 6,7]. For
instance, Abdullah et al. [6] prepared a tetradentate Schiff base
through the condensation of o-phthalaldehyde with two
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equivalents of 2-aminobenzoic acid. The use of unsymmetrical
diamines or mixed aldehyde/ketone systems allows the
formation of unsymmetrical tetradentate ligands, although
isolation may be more challenging due to the formation of oily
intermediates. These products typically solidify upon washing
with ether-n-hexane and can be recrystallized from dry n-
hexane—ethanol mixtures. Stepwise condensation reactions, in
which a mono-Schiff base intermediate is first prepared and then
condensed with a second carbonyl compound, provide an
effective route to asymmetric ligands [8,9].

Tridentate Schiff bases are typically synthesized by
refluxing equimolar amounts of a [B-diketone, salicylaldehyde
(or a related carbonyl compound), and a primary amine in
methanol, followed by filtration of the resulting solid [10].
Functionalized tridentate systems, such as O,N,O-donor ligands
derived from nicotinoyl hydrazone and  substituted
salicylaldehydes, or from vanillin and aminobutyric acid, further
demonstrate the structural diversity achievable through
controlled condensation strategies [10,11]. The ability to
manipulate  the denticity, symmetry, and electronic
characteristics of Schiff base ligands provides a versatile
platform for tailoring their coordination behavior toward various
metal ions—an essential aspect in the design of analytical
reagents and metal-based sensing systems.

2.1. Schiff Base Metal Complexes

Schiff bases function as "Lewis bases” in the context of
complex formation with metals, contributing lone pairs of
electrons to the central atom. A distinctive feature of these
compounds is the presence of the imine (C=N-) functional
group, which exhibits a high degree of reactivity with metal
ions, leading to the formation of stable complexes. The donor
atoms within the molecular structure of a Schiff base have the
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capacity to transfer one or more electron pairs to the central
metal atom, thereby accounting for their basic character.
Additional factors influencing complex stability include the size,
charge, and ionic potential of the metal ion [12]. Depending on
the number of available single electron pairs, Schiff bases can
behave as multidentate ligands. The presence of oxygen and
nitrogen donor atoms facilitates the formation of structurally
stable complexes with transition metals [13]. The formation of
coordination compounds occurs when a metal ion accepts
electron pairs from a donor ligand. In the event of two or more
donor atoms being involved in binding, the resulting structures
are referred to as chelates. The nature of the ligand and the metal
ion can influence the character of the chelate complexes, which
may exhibit either covalent or ionic characteristics. Furthermore,
their capacity to form selective, stable, and frequently coloured
complexes with various metal ions represents a significant
advantage, rendering Schiff base ligands widely applicable in
diverse areas such as analytical chemistry, catalysis, and
bioinorganic studies.

2.2. Chemical and Biological Applications of
Schiff Base Metal Complexes

Schiff bases and their metal complexes are widely
acknowledged as nitrogen analogues of carbonyl compounds,
and they are renowned for their extensive range of chemical and
analytical applications.It has been reported that Schiff base
metal complexes have been shown to exhibit a variety of
biological and physicochemical properties over the years. These
properties include, but are not limited to, the following:
antimicrobial ,anti-inflammatory,antitumour and  anticancer
activities.[14,15]. Moreover, Schiff base complexes have
demonstrated remarkable antioxidant capacity and a broad range
of biological functions, including antibacterial, anti-
inflammatory, and antioxidant activities [16]. They also exhibit
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pronounced antimicrobial and anthelmintic effects and have
been widely studied as efficient catalysts in various organic
transformation reactions.[17].

3. SCHIFF BASES AS ANALYTICAL REAGENTS
IN QUANTITATIVE CHEMICAL ANALYSIS

The quantitative determination of metal ions can be
effectively achieved through a variety of analytical methods
employing Schiff bases as chelating (complex-forming) agents.
Most of these methods follow similar experimental procedures,
in which the characteristic color change resulting from the
complexation reaction between the Schiff base and the metal ion
serves as the analytical basis. Schiff bases are capable of
forming stable complexes with numerous metal ions under
different experimental conditions, allowing simultaneous
interactions with multiple ions within the same medium. This
distinctive property makes them valuable and selective chelating
agents, particularly in chromatographic and electrophoretic
techniques applied to the quantitative analysis of metal ions.

3.1. Spectroscopic Techniques

UV-Visible spectrophotometry is considered one of the
most widely utilized classical techniques for the determination
of metal ions through the use of derivatizing organic reagents. In
spectrophotometric  analysis, Schiff bases have proven
particularly useful for the quantitative determination of metal
ions (Table 1).
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Table 1. Spectroscopic Applications in the Differentiation of

Schiff Base Metal Complexes

Metal | Detection . Linear Range | LOD |Applicat
lons | Technique Schiff bases (mgmL?Y | (ugL™) | ions Ref.
Ni(ll) [ UV-Visible- 4-Hdroxy 3,5- 0.058-0.586 9.0 Edible |[18]
Spectrophoto [dimethoxybenzaldehy oils,
metry de4- plant
hydroxybenzoylhydraz materials
one (HDMBHBH) 0.146-1.467 80 [andiin
Cinnamaldehyde 4- alloy
hydroxy
benzoylhydrazone
(CMHBH)
Al(Il) | UV-Visible- 2hydroxynaphthaldehy| 0.01-2.0 1.0 |CRM’s,|[19]
Spectrophoto| debenylhydrazone envi-
metry (HNPBH) ronmental
| waters,
biologica
| fluids,
soils, &
pharma-
ceutical
Hg(ll) | UV-Visible- | Diacetyl Monoxime | 1.003-12.03 [ N.M.* [Synthetic| [20]
Spectrophoto| |sonicotinoyl hydra- samples
metry (First zone(DMIH) of alloy.
Order
Derivative)
Cu(Il) [ UV-Visible- | N-salicylideneaniline N.M.* N.M.* | NM.* |[21]
Spectrophoto
metry (CP
E/ Cation
Exchange)

Schiff

According to Table 1, various Schiff-base ligands have
been successfully employed for the quantitative determination of
transition and post-transition metal ions using UV-Visible
spectrophotometric techniques. Nickel(ll) was determined with
4-hydroxy-3,5-
dimethoxybenzaldehyde and cinnamaldehyde hydrazones, both

bases

derived

from
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forming 1:1 metal-ligand complexes that exhibited distinct
absorption bands near 400 nm and were effectively applied to
edible oils, plant materials, and alloy samples. Aluminium(I11)
was analyzed using 2-hydroxynaphthaldehyde
benzoylhydrazone (HNPBH), producing a 2:3 Al-ligand
complex with a A max at 412 nm and a high molar absorptivity
of 221 x 10* L mol! cm™, suitable for diverse matrices
including environmental waters, biological fluids, soils, and
pharmaceuticals. Mercury(ll) was quantified via first-derivative
UV-Vis spectrophotometry employing diacetyl monoxime
isonicotinoyl hydrazone (DMIH); the resulting 1:1 Hg-ligand
complex showed maximum absorption at 351 nm and
demonstrated strong selectivity toward Hg?" in synthetic alloy
samples. Copper(ll) ions were determined using N-
salicylideneaniline as the Schiff-base ligand within a cation-
exchange extraction system, where a 1:2 metal-to-ligand
complex was formed, enabling accurate and reliable analysis
across multiple sample matrices. Collectively, these studies
illustrate the analytical versatility and sensitivity of Schiff-base
reagents as chromogenic ligands for spectrophotometric metal-
ion determination.[18-21]

3.2. Chromatographic Techniques

The chromatographic behavior of Schiff base metal
complexes is largely influenced by their lipophilic character,
which governs their distribution between aqueous and organic
phases. This partitioning property, frequently denoted as the
octanol/water partition coefficient, is pivotal not only for
evaluating the bioactivity of metal complexes but also for
optimizing their separation and detection. Changes in the
physicochemical characteristics of Schiff base complexes have
been effectively used for the determination of metal ions by
means of various chromatographic and electrophoretic
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techniques. In such approaches, target metal ions are derived
with Schiff base ligands to form stable, often coloured,
complexes that can be introduced into chromatographic or
capillary electrophoretic systems. The utilization of these
methodologies confers numerous benefits, encompassing the
capacity to ascertain multiple metal ions in a concurrent manner
through the employment of minimal sample volumes and to
undertake nondestructive speciation of metal ions across diverse
oxidation states.

A wide variety of Schiff base reagents, synthesized from
different aldehydes and amines, provide structural flexibility and
selectivity toward specific metal ions. Furthermore, the
modification of analytical parameters, including pH, solvent
composition, and instrumental settings in HPLC or CE,
facilitates the establishment of highly selective and efficient
analytical procedures. A plethora of studies have demonstrated
the efficacy of Schiff base derivatives in the determination of
metal ions through liquid chromatography (LC), gas
chromatography (GC), and capillary electrophoresis (CE). For
instance, metal complexes involving salicylaldimines,
fluorinated ~ B-diketones,  PB-dithiones, and hexadentate
macrocyclic Schiff bases have been separated and characterized
chromatographically.

The utilization of both gas chromatography (GC) and
liquid chromatography (LC) methods resulted in the effective
resolution  of  lanthanides,  transition  metals and
oxovanadium(lV) diastereoisomers. This finding serves to
underscore the remarkable versatility of Schiff base complexes
in their capacity as derivatizing agents within the domain of
contemporary analytical chemistry [22].
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Table 2. Chromatographic Applications in the Differentiation of
Schiff Base Metal Complexes

Tech- | Metal Linear
nique | ions Reagent ranges LODs Comments |Ref.

LC V, Ni, |bis(acetylpivalylmethane)| 0-10 (ug| 1 pg | Separationand |[23]

Fe, ethylenediimine mL?) determina- tion
Cu (H2APM2en) of four metal
ions
Cu, Ni, | bis(salicylaldehyde)-dl- | 40-200 | 10ng | Comparison of |[24]
Fe stilbenediimine ng/ |injection”] meso and dI
injection forms of reagent

for metal ions

LC U, Fe, N,N-ethylenebis 0-100 pg | 12-15 ng |Pharmaceuticals |[25]
Ni, (salicylaldimine) mL ™ |injection |and ore samples
Cu (H2SA2¢en) 1

GC |Cu,Ni,| N,N-ethylenebis(5,5- |5-100 pg [0.8-8.6 ng| Optimization of |[26]
Pd, V |dimethyl-4-oxohexane-2-| mL atomic emission
imine) (H2APM2en) parameters and
higher
sensitivity was
achieved

According to Table 2, a range of chromatographic
methods have been applied for the simultaneous separation and
quantification of metal ions using Schiff-base ligands as
derivatizing reagents. Liquid-chromatographicstudies
demonstrated efficient separation and determination of V, Ni,
Fe, and Cu ions within the concentration range of 0—-10 pg mL™,
with detection limits as low as 1 pg, confirming the ligand’s
ability to form well-defined and extractable complexes. In a
comparative study, bis(salicylaldehyde)-dI-stilbenediimine was
utilized for the analysis of Cu, Ni, and Fe, where both meso and
dl isomers exhibited distinctive chromatographic behaviors;
linear calibration was observed between 40 and 200 ng per
injection, with detection limits around 10 ng per injection.
Another  liquid-chromatographic ~ approach  used  N,N-
ethylenebis(salicylaldimine) (H2SAzen) for the quantitative
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determination of U, Fe, Ni, and Cu across 0-100 pg mL™,
achieving low detection limits of 12-15 ng per injection and
successful application to pharmaceutical and ore samples.
Complementarily, a gas-chromatographic method employing
N,N-ethylenebis(5,5-dimethyl-4-oxohexane-2-imine)
(H2APM:zen) enabled the separation and detection of Cu, Ni, Pd,
and V over the range 5-100 pg mL™'. Optimization of atomic-
emission  detection  parameters  substantially  improved
sensitivity, reducing limits of detection to the 0.8-8.6 ng range.
Collectively, these investigations highlight the versatility of
Schiff-base ligands in chromatographic analysis, demonstrating
their capacity to form stable, selective, and analytically
responsive complexes suitable for both LC and GC
determination of multimetal systems [23-26]

On the other hand, ion-selective electrodes incorporating
Schiff bases as ion-exchange materials have gained considerable
attention because of their versatility and selectivity toward
specific metal ions. These electrodes are typically fabricated by
embedding Schiff base compounds into inert polymeric matrices
such as polyvinyl chloride (PVC), polyethylene, or silicone
rubber. The sensing mechanism is based on measuring the
potential developed across the ion-selective membrane under
zero-current or low-current conditions.

Two main configurations of ion-selective electrodes are
commonly recognized: symmetrical and asymmetrical types. In
symmetrical electrodes, the ion-selective membrane is
positioned between two electrolyte solutions, functioning as a
classical ion-exchange interface. In contrast, asymmetrical ion-
selective electrodes have one side of the membrane in direct
contact with a solid phase, while the other side interfaces with
the sample solution. This structural distinction affects the
electrode’s response characteristics, sensitivity, and stability,
making Schiff-base-modified membranes particularly useful for
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selective and reliable potentiometric detection of metal ions
[22].

4. RESULTS AND DISCUSSION

Schiff base ligands and their metal complexes are of
central importance in contemporary analytical chemistry, due to
their structural versatility, stability, and wide analytical
applicability. A collective analysis of spectroscopic,
chromatographic, and electrochemical studies has confirmed
that Schiff bases act as efficient chelating agents. These agents
have been shown to form stable, selective, and often
chromogenic complexes with a wide variety of transition and
post-transition metal ions.

Spectroscopic methods, most notably UV-Visible, FTIR,
and NMR, have been instrumental in characterising the bonding
modes, coordination geometry, and electronic transitions of
Schiff base metal complexes. These techniques provide insight
into structural features such as the C=N stretching frequency and
metal-ligand charge-transfer bands. Furthermore, they serve as
practical analytical tools for quantifying trace metals in
environmental, biological, and industrial matrices.

The chromatographic and electrophoretic applications of
Schiff base derivatives further demonstrate their flexibility as
derivatizing reagents for simultaneous  multi-element
determination. The use of ligands such as bis(salicylaldehyde)-
dl-stilbenediimine, N,N-ethylenebis(salicylaldimine),  and
bis(acetylpivalylmethane)ethylenediimine has facilitated the
efficient separation and detection of metal ions, including Cu,
Ni, Fe, U, Pd, and V, through LC and GC techniques. This has
resulted in detection limits being achieved in the nanogram
range. These findings underscore the significance of optimising
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ligand structure, solvent polarity, and instrumental parameters to
enhance analytical sensitivity and selectivity.

With regard to the field of electrochemistry, Schiff-base-
modified ion-selective electrodes offer a complementary
approach for the detection of metal ions. The incorporation of
these nanostructures into polymeric matrices, such as PVC or
silicone rubber, results in the formation of membranes that
exhibit high selectivity, rapid response times, and operational
stability under a range of conditions. The following discourse
aims to establish a clear distinction between symmetrical and
asymmetrical electrodes.

In conclusion, Schiff base metal complexes exhibit a
dual scientific importance. On one hand, they constitute
valuable model systems for elucidating coordination behavior,
structural geometry, and electronic properties through advanced
spectroscopic and crystallographic methods. On the other hand,
their versatile chemical nature enables their use as active
components in diverse analytical and catalytic applications. The
continuing development of functionalized Schiff base ligands,
coupled with the integration of modern instrumental techniques
such as high-resolution chromatographic systems and
spectroelectrochemical analysis, is expected to significantly
expand their potential in fields such as environmental
monitoring, pharmaceutical quality control, and bioinorganic
chemistry.
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