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Borik asitin sementoblast hiicrelerinde nikotin kaynakli biyoaktivite kaybi
uzerindeki etkisi

Melike Unliitiirk 1, Abdullah Emre Hasirc1 ©1, Serife Buket Bozkurt Polat © 2*
'Nigde Omer Halisdemir Universitesi, Tip Fakiiltesi, Nigde, 51240, Tiirkiye

2Nigde Omer Halisdemir Universitesi, Tip Fakiiltesi, Tibbi Biyokimya ABD, Nigde, 51240, Tiirkiye

MAKALE BILGISI OZET

Makale Gegmisi:

ilk génderi 19 Haziran 2023
Kabul 1 Ekim 2023

Online 29 Aralik 2023

Borik asit (BA), dental fizyolojide mineral kompozisyonu ile iligkili alveolar kemik
yogunlugunu etkiler ve nikotin (N) maruziyeti periodontal hastaligin patofizyolojisinde
onemli bir risk faktoridir. Bu c¢alismanin amaci, BA'in sementoblast hicrelerinde
N maruziyeti sonrasi biyoaktivite kaybi Uzerindeki etkisini arastirmaktir. Bu amacla,
sementoblast hiicreleri farkli konsantrasyonlarda (10", 102, 10, 104, 10%, 10* mM) N ve
10 ng/mL konsantrasyonda BA ile muamele edilmis ve hiicre canliligi 24 ve 72. saatlerde
MTT testi ile degerlendirilmistir. Hlicrelerin yara alanina gé¢ potansiyeli, hiicre gogu yara
iyilesmesi deneyi ile gorintilenmistir. Total RNA 3, 6 ve 9. glinlerde hucrelerden izole
edilmis ve mineralize doku ile iliskili belirteglerin gen ekspresyonu gergcek zamanli polimeraz
zincir reaksiyonu kullanilarak analiz edilmistir. Elde edilen sonuglar, N'in sementoblast
hicrelerinin canliligi, migrasyona dayali yara iyilesmesi ve 6zellikle mineralize doku ile ilgili
genlerin ekspresyonu tzerinde énemli bir etkiye sahip oldugunu géstermektedir (p<0,01).
Ayrica, N maruziyetinin giin bazinda artmasiyla birlikte hedef gen ifade paternlerinin
olumsuz etkilendigi (p<0,01) ve BA uygulamasinin ise sementoblast hiicre fonksiyonlarinin
korunmasinda gulglu bir prevantif terapétik ajan olabilecegi belirlenmistir.
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function in parkinson model

ARTICLE INFO ABSTRACT

Article History:

Received June 13, 2023

Accepted October 1, 2023

Available online December 29, 2023

Boric acid (BA) affects alveolar bone density related to mineral composition in dental
physiology and nicotine (N) exposure is an important risk factor in the pathophysiology of
periodontal disease. The aim of this study was to investigate the effect of BA on the deprive
of bioactivity in cementoblast cells after N exposure. For this purpose, cementoblast cells
were treated with different concentrations (10!, 102, 103, 104, 105, 10°* mM) of N and BA at
a concentration of 10 ng/mL and cell viability was evaluated at 24 and 72 h by MTT assay.
The migration potential of cells into the wound area was visualized by cell migration wound

Research Article

DOI: 10.30728/boron.1316579

Keywords: healing assay. Total RNA was isolated from cells on days 3, 6 and 9 and gene expression
Boric acid of mineralized tissue-associated markers was analyzed using real-time polymerase chain
Nicotin reaction. The results showed that N had a significant effect on the viability of cementoblast

Cementoblast cells, migration-based wound healing, especially on the expression of mineralized tissue-

related genes (p<0.01). In addition, it was determined that target gene expression patterns
were negatively affected with the increase in N exposure on a daily basis (p<0.01), and BA
application may be a powerful preventive therapeutic agent in the protection of cementoblast
cell functions.

1. Girig (Introduction)

Bor (B), kaya, toprak ve suda bulunan ve organizmada
onemli fizyolojik gorevler Ustlenen bir elementtir [1].
Bu element dogada daha c¢ok sodyum ve oksijenle
birleserek borik asit, boraks gibi bor tuzlar halinde
bulunmaktadir [2]. Cesitli deney modelleri kullanilarak
yapilan birgok arastirma sonucu, B’un yiksek yapili

organizmalar ve insanlar icin énemli bir element
oldugunu ortaya gikarmistir [3]. Ozellikle B’'un kemik
olusumu ve tamir mekanizmasinda trabekller ve
alveoler kemik Uizerinde etkin rol oynadigi belirlenmistir
[4]. Hakki ve ark. tarafindan yapilan galisma; B’un farkl
konsantrasyonlarinin (0, 0,1, 1, 10, 100, 1000, 2000,
4000, 8000, 10.000 ng/mL) osteoblast hicrelerinin
canlihgi, proliferasyonu, mineralizasyonu ve mineralize

*Corresponding author: buketbozkurt@ohu.edu.tr
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doku iligkili genlerin ekspresyonunu farkli seviyelerde
etkileyerek molekiler diizeyde kemik yapim sirecine
dahil oldugunu ve bu sebeple terapotik odakli
rejeneratif tip alaninda uygulama alani bulabilecegini
gOstermistir [5]. Ayrica B’'un kemik metabolizmasi
Uzerindeki etkilerini destekleyen bir diger calismada da
dusUk ve yuksek B icerikli diyetle beslenen tavsanlarin
femur ve tibia analizlerininin farkh oldugu o6zellikle
yuksek B igerikli beslenme ile femur dayaniklihdinin
arttigi bununla birlikte tibiada kalsiyum, magnezyum
ve fosfor konsantrasyonunun ylkselisine sebep olarak
osteogenezi pozitif yonde destekledigi belirlenmistir
[3]. Ayni arastirma grubunun yUksek ve dusuk B
icerikli diyetle beslenen tavsanlarin dis analizleri
Uzerindeki sonuglari ise yuksek B aliminin diglerin
yapisini, direncini, mineral yogunlugunu etkilemezken
dislerin mineral kompozisyonunu degistirdigi olarak
raporlanmigtir [6]. Literatirde yer alan baska bir
arastirmada, sicanlarin diyetlerine gunlik 0,1 mg/
kg ve 3 mg/kg B eklenmesi sonrasi 0,1 mg/kg B ile
beslenen sigcanlarda kemik hacmi fraksiyonunun
ve trabekiller kalinligin azaldigi ve bununla birlikte
trabekller bogluklarin da arttigir gdsterilmistir [7].
Ayni arastirmaci devam eden deneyleri sonucunda
B’un, kemik metabolizmasini osteoblast ve osteoklast
hicrelerinin magnezyum, potasyum, bakir ve ¢inko
iligkili mineraller Uzerinden etkileyebilecegini ortaya
koymaktadir [8,9].

Sigara dumani igeriginde bulunan yaklasik 4000'den
fazla kimyasal bilesik (benzen, nikotin, kotin, nitrik oksit,
karbon monoksit, asetaldehit vb.) ile hem sistemik
saglik Uzerinde zararli etkilere sahip olup hem de
kardiyovaskuler hastalik, solunum sistemi hastaliklari
ve periodontal hastalik gibi kronik enflamatuar suregler
icin dnemli bir risk faktérl olusturmaktadir [10-12].

Ozellikle nikotin (N) periodontal hastalik
patofizyolojisinde etkili olan dnemli bir bilesiktir [13-15].
Nikotin maruziyeti sonucunda konak immun cevabinda
T lenfosit ve B lenfosit dizeylerinde goérilen azalmayla
[16] birlikte oral dokunun hicrelerinde anjiyogenez,
osteogenez, fibroblast proliferasyonu, adhezyon ve
kollajen sentezi ile hicresel metabolizmada hasar
meydana gelmektedir [17-20]. Bununla birlikte
periodontal doku rejenerasyonunda énemli olan sert ve
yumusak doku iyilesmesi proseslerinde de N, negatif
etki olusturur [10,21]. Insan gingival fibroblast hiicreleri
ile yapilan in vitro bir galisma sonucu N’nin Rac sinyal
yolagi tarafindan organize edilen hiicre migrasyonunu
onemli seviyede hasara ugrattigini gostermistir [22].
Ayrica N’ininsan gingival fibroblast hiicrelerinin sadece
migrasyonunu bozmakla kalmayip ayni zamanda
ekstraselller matriksin  yeniden  sekillenmesini
etkileyerek hicresel dejeneratif degisikliklere sebep
olabilecegi belirlenmistir [23]. Hem cerrahi hem de klinik
periodontal tedavi uygulamalarinda N maruziyetinin
olusturabilecedi olumsuz etkiler halen asiimasi
gereken dnemli parametreler arasinda yer almaktadir.
Ozellikle periodontal cerrahi uygulama sonrasi yara
iyilesmesi, doku rejenerasyonu bakimindan kritik bir
asamadir.

Periodontal doku hasari sonrasi yara iyilesmesi se-
mentoblast, osteoblast, periodontal ligament fibrob-
last hiicrelerinin dahil oldugu bir siiregtir [24]. Ozellikle
yurGtilen periodontal tedavi prosesinde kok sement
dokusunun yeniden modellenmesi, yara iyilesmesi ve
rejeneratif tedavinin niteligini belirlemesi agisindan kri-
tiktir [25]. Disin kok kisminin formasyonu sirasinda se-
mentoblast hicreleri tarafindan sentezlenen semen-
tum dokusu, mineralize avaskdler bir dokudur [26,27].
Sementum dokusu, fiziksel ve biyokimyasal ozellikleri
bakimindan kemik doku ile benzerlik géstermektedir
[26]. Dental folikil icerisinde ektomezenkim orijinli
olan sementoblast hicreleri, kollajen sentezi, osteo-
kalsin ve bonesialoprotein ekspresyonu ile periodontal
dokularin idamesi/rejenerasyonu ve periodonsiyumun
homeostazi bakimindan énemlidir [28,29]. Daha 6nce-
ki arastirmamizda farkli konsantrasyonlarda (0, 10,
102, 103, 104, 10, 10°%, 1, 2.5, 5, 10 mM) N maruzi-
yetinin sementoblast (OCCM-30) hicrelerinin prolife-
rasyon, migrasyon ve mineralize doku iliskili genlerin
mRNA ekspresyon duzeyleri Uzerindeki etkisini de-
gerlendirilmistir. Arastirma sonucu, N uygulamasinin
sementoblast hiicrelerinin proliferasyon, migrasyon ve
mineralize doku belirtecleri gen ekspresyon duzeyle-
rini negatif etkiledigini ve bu fonksiyon kaybinin yeni
sement dokusu olusumu ic¢in olumsuz olabilecegini
gO6stermistir [30].

Bu calismada, sementoblast hicrelerinin, farkli
konsantrasyonlarda (10, 102, 103, 104, 105, 10°
mM) N maruziyeti ile surekli sigara kullanan bir bireyin
tikirik ve kan seviyelerindeki N miktari Gzerinden
in vitro kosullarda deney modeli olusturulmustur.
Olusturulan bu deney modeli Gzerine 10 ng/mL BA
uygulanarak sementoblast hucrelerinin  canhligi,
hicrelerinin yara alanina migrasyon potansiyelleri
ile mineralize doku iligkili gen [Bonesialoprotein
(BSP), Osteopontin (OPN), Osteocalcin (OCN),
Alkaline phosphatase (ALP), Osteoprotegerin (OPG),
Runt Related Transcription Factor 2 (Runx2), tip |
kollajen (COL-I)] mRNA ekspresyonlari lizerine etkisi
belirlenmistir.

2. Malzemeler ve Yontemler (Materials and Methods)
2.1. Sementoblast Hiicreleri (Cementoblast Cells)

Deneylerde kullanilan 18. pasaj fare sementoblast
(OCCM-30) hiicreleri 100 mm?lik 2 adet hiicre kltlri
kabi icerisinde %10 fetal sigir serumu (FBS) igeren
hicre kultari vasati (Dulbecco’s Modified Minimal
Essential Medium (DMEM)) ile ¢ozllerek %5 CO,li
inkUbatdre yerlestirildi. Ertesi gin inverted hicre
kalturd mikroskobu altinda incelenen hicrelerin kabin
tabanina yapistiklari ve mitoz bélinmeyle sayilarini
artirmaya basladiklari gézlendi. Giin asirn hicrelerin
ortamlari %10 FBS iceren DMEM ile degistirilerek
yeterli saylya ulagmalari beklendi. Yeterli sayiya ulasan
ve morfolojik olarak saglikli gériinen OCCM-30’lar
tripsin enzimiyle kabin tabanindan ve birbirlerinden
ayrilmalari saglanarak 4 adet 100 mm?lik hiicre kiltiri
kabina pasajlandi. Sementoblastlar, prolifere olup
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kabin tabanini tamamen kaplamasiyla deneylerde
kullanima hazir hale geldiler [31].

2.2. Borik Asit Deney Konsantrasyonlarinin
Hazirlanmasi (Preparation of Boric Acid Experiment
Concentrations)

Borik asit (H,BO,, Merck, Darmstadt, Germany) stok
sollsyonu (10.000 pg/mL) distile su ile hazirlandiktan
sonra biyoguvenlik kabini icerisinde 0,20 pm'lik
filtreden gecirilerek steril hale getirildi. Sonrasinda
bu stok soliisyondan seri dilisyonlarla 1000 pg/mL,
100 pg/mL, 10 pug/mL ve ideal stok konsantrasyon
olan 1 yg/mL’ye ulasildi. Daha 6nceki deneylerimizde
osteoblast (MC3T3-E1) hicrelerinin mineralize-doku
iliskili gen ekspresyon dizeylerini artiran 10 ng/mL
etkin dozu [5] her deney uygulamasi éncesinde olmak
sartiyla 1 pyg/mL borik asit konsantrasyonundan %5
FBS iceren DMEM igerisinde galisma konsantrasyonu
olarak hazirlandi.

2.3. Nikotin Deney  Konsantrasyonlarinin
Hazirlanmasi (Preparation of Nicotine Experiment
Concentrations)

Literatirde yer alan arastirma sonuglari, sigara igen
bireylerin  tukurikteki nikotin  konsantrasyonunu
1-9 mM [32] ve kan degerlerini ise 0,06-1,2 mM
[33] konsantrasyon olarak belirtmistir. Daha 6nceki
calismamizda sementoblast hiicrelerine 10-', 102, 10
3,10%,10%,10%,1, 2,5, 5 ve 10 mM nikotin uygulamasi
sonrasinda 1 mM Uzerindeki konsantrasyonlarda (1,
2,5, 5, 10 mM) hiicre proliferasyonu, mineralizasyonu
ve mineralize doku belirtegleri gen ekspresyonlarinda
onemli seviyelerde azalmaya sebep oldugu tespit
edildi [30]. Bu calismada sementoblast hicrelerine 1
mM’dan daha diisik olan 10, 105, 104, 103, 102, 10"
mM nikotin konsantrasyonlari kullanildi. Bu amagla
ticari olarak satin alinan nikotin (Merck, Darmstadt,
Germany) solisyonundan %5 FBS iceren DMEM
kullanilarak her bir deney uygulamasi 6ncesinde
hazirlanmak kaydiyla 106, 105, 104, 103, 102, 10" mM
N konsantrasyonlari elde edildi.

2.4. Hiicre Canlilik Deneyi (Cell Viability Assay)

Borik asit ve farkli konsantrasyonlarda N uygula-
masinin, sementoblast hdcrelerinin canhhidr Gzerin-
deki etkisi hicrelerin tetrazolium tuzunu, formazan
boyasina donuUstlrebilmesine dayali olarak yapilan
3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium
Bromide (MTT) analizi ile 24 ve 72. saatlerde deger-
lendirildi. Hucreler 96 kuyulu htcre kultart kaplari ice-
risine 2x10* hiicre/cm? olacak sekilde inkiibe edildik-
ten 24 saat sonra her bir kuyu tzerine 10!, 102, 103,
10+, 105, 10® mM konsantrasyonda N ve 10 ng/mL
konsantrasyonda BA %5 FBS iceren DMEM igerisin-
de ayni anda uygulandi (n=8). Bu islemi takip eden
24. saatte sementoblast hiicrelerinin canhliginin tespit
edebilmek i¢in hicre kiltirl kabinin kuyularindaki 10-
1,102, 103, 104, 105, 10® mM konsantrasyonda N ve
10 ng/mL konsantrasyonda BA iceren %5 FBS igeren

DMEM aspire edilip hiicrelerin fosfat tampon ¢ozeltisi
(PBS) ile yikanmasi sonrasinda her bir kuyuya hazir-
lanan MTT solusyonundan 200 uL (0,55 mg/mL MTT)
eklendi. Devaminda hicre kiltir kabi aliminyum fol-
yoya sarilarak sonraki 2 saat icin tekrar inklbatore
yerlestirildi. 96 kuyulu hicre kiltir kabinin 2 saatlik
MTT inkibasyonundan sonra, MTT igeren kdltir or-
tami ¢ikarilarak her bir kuyu 200 yL PBS ile yikanip
bu islem iki kez tekrar edildi. Devaminda kuyulardan
PBS’in uzaklastiriimasinin ardindan petri kabi kurula-
narak, her bir kuyuya 200 pL dimetil sulfoksit eklenip
¢6ziinen formazon’in analizi igin kultir kabi 30 dakika
oda sicakliginda galkalanip ve absorbansi 450 nm’de
spektrofotometrede okundu. Hazirlanmis olan ikinci
96 kuyulu deney kabi inkiibatérde bekletilerek dene-
yin 2. zaman periyodu olan 72. saatin sonunda da ayni
islemler uygulanarak tekrarlandi.

2.5. Hiicre Migrasyonu: Yara lyilesmesi Modeli (Cell
Migration: A Wound Healing Model)

Hucre migrasyonu: yara iyilesmesi deneyi, 60 mm’lik
hidcre kultira kaplarinda yapildi. Her bir petri kabi
icerisine 5x104 sementoblast hicresi 4 mL %10
FBS iceren DMEM igerisinde eklenip 24 saat inkiibe
edildi. Hiicre yogunlugu %90 Uzerine ulastiktan sonra
1000 pL steril pipet ucu kullanilarak vertikal yara
alani olusturuldu. Her bir petri kabinda baslangigta
olugturulan yara alani tersmikroskop altinda
fotograflanip deneyin baglangi¢ saati (0. saat) olarak
kabul edildi. Daha sonra sementoblast htcrelerine
sadece 107, 102, 10, 10* mM N konsantrasyonlari,
sadece BA konsantrasyonu (10 ng/mL), N ve BA
konsantrasyonlarini birlikte (BA+10-!, BA+102, BA+10-
3, BA+10*) iceren %5 FBS igeren DMEM uygulamalari
yapllip ters mikroskop altinda 0, 2, 4, 6 ve 24. saatlerde
fotograflari gekildi.

2.6. nRNA Ekspresyon Deneyleri (mnRNA Expression
Assays)

2.6.1. Sementoblast hiicrelerinden RNA izolasyonu
(RNA i1solation from cementoblast cells)

Sementoblasthticrelerinin, sadece N konsantrasyonlari
(10", 102, 103, 10* mM), sadece BA (10 ng/mL)
ile BA ve N konsantrasyonlarinin birlikte (BA+10,
BA+102, BA+10%, BA+10*“ N) uygulamasi sonrasinda
mineralize doku belirtegleri (BSP, OPN, OCN, ALP,
OPG, Runx2, COLI) mRNA ekspresyon dizeylerini
belirlemek icin deneyin 3, 6 ve 9. glnlerinde total RNA
izolasyonlari gergeklestirildi. Bu amagla tasarlanan
deney modeli kullanilarak sementoblast hcreleri
25.000/cm? olacak sekilde 60 mm’lik hicre kiltir
kaplarina dagitiip %10 FBS iceren DMEM ile 24
saat inkube edildi. Devaminda hucreler sadece N
konsantrasyonlari (10", 102, 103, 104 mM), sadece
BA (10 ng/mL), BA ve N konsantrasyonlarinin birlikte
(BA+10", BA+102, BA+103, BA+10* N) iceren %5
FBS iceren DMEM ile muamele edilip deneyin 3, 6 ve
9. gunlerinde total RNA izolasyonu yapildi. Bu deney
kapsaminda RNA izolasyonlari i¢in hicreler Gzerindeki
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Tablo 1. mRNA ekspresyonlari incelenen primerler (Primers analysed for mMRNA expression).

Primerler Forward (5’-3’) Reverse (3’-5’)

BSP GAGACGGCGATAGTTCC AGTGCCGCTAACTCAA

OPN TTTACAGCCTGCACCC CTAGCAGTGACGGTCT

OCN TGAACAGACTCCGGCG GATACCGTAGATGCGTTTG
ALP ATTGCCCTGAAACTCCAAAACC CCTCTGGTGGCATCTCGTTATC
OPG CCGTTTTATCCTCTCTACACT  TCAGAAAGGAAATGCAACACA
RunX2 CTTCATTCGCCTCACAAAC GTCACTGCGCTGAAGA

COLI GCAACATTGGATTCCCTGGACC GTTCACCCTTTTCTCCCTTGCC
GAPDH TGCACCACCAACTGCTTAG GATGCAGGGATGATGTTCTG

sadece N konsantrasyonlari (10, 102, 103, 104 mM),
sadece BA (10 ng/mL), BA ve N konsantrasyonlarinin
birlikte (BA+10", BA+102, BA+10®, BA+10* N) igeren
%5 FBS iceren DMEM aspire edilip hiicreler PBS ile
yikanmasi sonrasinda kullanilan RNA izolasyon kitinin
(In vitrogen, Camarillo, CA) bilesenlerinden EZ-RNA A
solisyonu 500 pL olarak ilave edilip hiicre zarlarinin
parcalanip nikleik asitlerin aciga c¢ikmasi saglandi.
Bu islem sonrasinda hicre lizatlari toplanarak
Uzerine izolasyon kitinin diger bileseni olan EZ-RNA B
solusyonundan 500 L ilave edilip hiicre-lizat karigimi
4°C 12.000 rpm’de 15 dakika santrifiij edildi. Boylece
tipler icerisindeki  karisimin  protein-DNA-RNA
fazlarina ayrilmasi saglanip RNA fazi baska bir tlipe
aktarilip Uzerine 500 pL izopropanol ilavesi yapildi.
Devaminda Orneklerin yeniden 4°C 12.000 rpm’de
15 dakika santrifij edilmesiyle RNA peletleri elde
edilip RT-PCR deneyleri yapilincaya kadar -80°C'de
saklandi.

2.6.2. RNA 6rneklerinin absorbanslarinin élgiilmesi
(Measuring the absorbance of RNA samples)

Elde edilen total RNA 6rnekleri muhafaza edildikleri
-80°C’den cikarildiktan sonra 4°C 12000 rpm’de 15
dakika santrifuj edilip dipteki RNA peletleri hareket
ettirimeden  etanol  (EtOH)-dietil  pirokarbonat
(DEPC)-distile su(dH,O) karigimi pipetor ile toplandi.
Orneklerin agzi agik birakilarak iglerindeki alkol
karisimin  tamamen u¢masi saglandi. Sonrasinda
RNA peletlerinin bulundugu tupler kapaklari agik
olarak 65°C’de 5 dakika Isitma islemine tabi tutuldu.
Bu iglemin ardindan RNA peletleri 25 yL DEPC dH,O
karisiminda ¢ozulerek isitici blok cihazinda 5 dakika
istyla muamele edildi ve DEPC-dH,O’da homojenize
edilen RNA o6rneklerinin 1 yL’'si spektrofotometrede
260 nm’de okunarak her bir gruptan elde edilen total
RNA miktarlari ve saflik oranlari belirlendi.

2.6.3. Tamamlayici DNA sentezi (Complementary
DNA (cDNA) synthesis)

Tamamlayict DNA sentezi, cDNA sentez Kkitinin
(RevertAid First Strand c¢DNA Synthesis Kit,
Thermo Scientific, USA) protokoliine uygun olarak
gerceklestirildi. RNA o6rneklerinin  her birinden,
icerisinde 1 pg RNA bulunacak miktar, 1 pl 20XRT
Enzym Mix, 10 pl 2XRT Buffer Solution ve dH,O
eklenerek reaksiyon hacmi 20 pl'ye tamamlandi.

Ornekler, Polymerase chain reaction (PCR) cihazinda
37°C'de 60 dakika, 95°C’de 50 dakika ve 4°C'de
inklbe edilip, islem sonunda elde edilen cDNAllar
RT-PCR deneylerinde kullanilacaklari zamana kadar
-20°C’de muhafaza edildi.

2.6.4. RT-PCR deneyleri (RT-PCR experiments)

Sementoblast hiicrelerinin sadece N konsantrasyonlari
(107,102, 103, 10* mM), sadece BA (10 ng/mL) ile BA
ve N konsantrasyonlarinin birlikte (BA+10", BA+107,
BA+103, BA+10“N) uygulamasi sonrasinda mineralize
doku belirtegleri (BSP, OPN, OCN, ALP, OPG, Runx2,
COLI) genlerinin ifade duzeyleri RT-PCR ile belirlendi
(Tablo 1). Normalizasyon amaci ile GAPDH kontrol
geni kullanildi. mRNA ekspresyonlari Maxima SYBR
Green/ROX gPCR Master Mix (Maxima SYBR
Green gPCR Master Mix (2X), Thermo Scientific) ile
calisildi. Mineralize doku belirtecleri olan BSP, OCN,
ALP, COL-l, RunX2 ve GAPDH igin BIORAD-CFX
Connect cihazi ile 94/180; 94/45, 55/45, 95/54, 55/30
ve 95/30 °C)/sn, amplifikasyon protokoll kullanilarak
35-40 siklus araliginda dongu gergeklestirildi. Bununla
birlikte OPG ve GAPDH icinse 94/180; 94/45, 57/45;
95/60, 55/30 ve 95/30 °C)/sn amplifikasyon protokolU
BIORAD-CFX Connect cihazi ile 35-40 déngu olarak
yapildi.

2.7. istatistiksel analiz (Statistical analysis)

Hucre canhhdimnin tespit edilmesi icin yapilan MTT
deney sonugclarinin analizinde giinler/saatler arasinda
farklihk olup olmadigi tek yonli varyans analizi
(ANOVA) ile degerlendirildi. Aritmetik ortalama ve
standart sapmalar alinmigtir. Yapilan degerlendirme
sonucunda ayni gin/saat igerisinde gruplar arasindaki
degisiklik Tukey HSD Testi ile analiz edildi. Real-time
PCR ile elde edilen sonuglarin degerlendirmesinde
karsilastirmali Ct yontemi kullanildi [34-36]. Normalize
edilmis ekspresyon degerleri tek yoénlu varyans
analizi yapilarak karsilastirilacak ve gruplardaki gen
ekspresyonunun GAPDH’e gore artis ya da azalislari
a=0,05 6nem seviyesine gore gosterildi.
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3. Sonuglar ve Tartisma (Results and Discussion)
3.1. Sonuglar (Results)

3.1.1. Hiicre canlilik deney sonucu (Cell viability
experiment result)

Sementoblastlarin farkli konsantrasyonlarda N (10,
102, 103, 104, 105, 105 mM) ve BA (10 ng/mL) uygu-
lanmasi sonrasi hucre canlilik oranlari 24. ve 72. sa-
atlerde MTT deneyi ile belirlenerek aritmetik ortalama
ve standart sapmalari alinmistir. Elde edilen sonuglara
gore; sadece N (10, 102, 10, 10+, 105, 10° mM) uy-
gulanan hicre gruplarinda kontrol grubuna kiyasla 24
ve 72. saatlerde doza bagiml olarak hucre canhhgin-
da istatistiksel olarak anlamli bir azalma tespit edildi
(p<0,01) (Sekil 1). Bununla birlikte sadece BA (10 ng/
mL) uygulanan grubun hem 24 hem de 72. saatte elde
edilen hucre canlilik degerlerinin kontrol grubu ile ayni
oldugu belirlendi (p>0,05). Farkli N (10", 102, 103, 10
4,10%, 10®° mM) konsantrasyonlarinin BA (10 ng/mL)
ile birlikte uygulandigi deney gruplarinda ise hicre
canlihdi kontrol grubuna goére 24 ve 72. saatlerde ista-
tistiksel olarak anlamli dizeyde az olmakla birlikte bu
degerin sadece N uygulanan gruplara goére huicre can-
i@ bakimindan istatistiksel olarak daha fazla oldugu
tespit edildi p<0,05).

3.1.2. Hiicre migrasyonu: yara iyilesmesi modeli
(Cell migration: a wound healing model)

Hucre migrasyonu: yara iyilesmesi deneyi, 60 mm’lik
hicre kultiri kaplarinda yapildi. Her bir petri kabi
icerisine 5x10* sementoblast hiicresi 4 mL %10 FBS
iceren DMEM igerisinde eklenip 24 saat inkliibe edildi.
Hicre yogunlugu %90 Uzerine ulastiktan sonra 1000
uL steril pipet ucu kullanilarak vertikal yara alani olus-
turuldu. Her bir petri kabinda baslangigta olusturulan
yara alani ters mikroskop altinda fotograflanip dene-
yin baslangi¢ saati (0. saat) olarak kabul edildi. Daha
sonra sementoblast hlcrelerine sadece 10, 102, 107,
10“ mM N konsantrasyonlari, sadece BA konsantras-
yonu (10 ng/mL), N ve BA konsantrasyonlarini birlikte
(BA+10", BA+102, BA+103, BA+10*) iceren %5 FBS
iceren DMEM uygulamalari yapilip ters mikroskop
altinda 0, 2, 4, 6 ve 24. saatlerde fotograflari c¢ekildi
(Sekil 2 a,c). Hicrelerin yara alanina migrasyon po-
tansiyelleri ImageJ programi kullanilarak degerlendi-
rilerek aritmetik ortalama ve standart sapmalar alin-
mistir (Sekil 2 b,d). Yara iyilesmesi deneyi sonuglarina
gore tiim N konsantrasyonlari (10, 102, 103, 10 mM)
kontrol grubuna goére tim zaman dilimlerinde (2, 4, 6
ve 24 saat) istatistiksel olarak anlamli seviyede hicre-
lerin migrasyon potansiyellerini azaltti (p<0,05) (Sekil
2 a,b). Bununla birlikte bu azalmanin 10 ve 10* mM
N konsantrasyonlarinda 10" ve 102 mM N konsant-
rasyonlarina gdre kontrol grubuna kiyasla 2, 4 ve 6.
saatlerde istatistiksel olarak daha az oldugu belirlendi
(p<0,05). Devaminda N gruplari arasindaki bu farkli-
lik 24. saatte esitlendi (p<0,05) (Sekil 2 a,b). Sadece
BA (10 ng/mL) uygulanan grup ise sementoblastlarin
migrasyon kapasitesini deneyin 4, 6 ve 24. saatinde

kontrol grubuna gére anlamli seviyede artirdi (p<0,05)
(Sekil 2 ¢,d). Ayrica N konsantrasyonlari ile birlikte BA
uygulanan gruplar (BA+10", BA+102, BA+103, BA+10
4 N) hicrelerin migrasyon sireglerini kontrol grubuna
gore istatistiksel olarak anlamli seviyede 2, 4, 6 ve 24.
saatlerde azaltmis olmalarina ragmen bu etki sadece
N uygulanan gruplara gére daha az olarak tespit edildi
(p<0,05) (Sekil 2 c,d). Bu sonuglar BA'in, sementob-
lastlarin N maruziyeti sonrasinda azalan migrasyonu-
na zaman bagimh olarak pozitif ydonde destekledigini
ortaya koydu.
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Sekil 1. BA'in N ile indiklenen sementoblast hiicre canliligi
Uzerindeki etkisi. Sementoblast hicrelerinin canliligi sadece
N konsantrasyonlari (10", 102, 103, 104, 10®°, 10® mM), sa-
dece BA (10 ng/mL) ile BA ve N konsantrasyonlarinin birlikte
(BA+10" N, BA+102 N, BA+10® N, BA+10“ N, BA+10° N,
BA+10° N) uygulanmasi sonucunda 24 saat sonuglari a).
Sementoblast hicrelerinin canliligi sadece N konsantras-
yonlari (10", 102, 103, 104, 10, 10® mM), sadece BA (10
ng/mL) ile BA ve N konsantrasyonlarinin birlikte (BA+10-
N, BA+102 N, BA+10° N, BA+10* N, BA+10° N, BA+10®
N) uygulanmasi sonucunda 72 saat sonuglari b). *p<0,05,
**p<0,001. (Effect of BA on N-induced cementoblast cell via-
bility. The viability of cementoblast cells only at N concentra-
tions (10, 102, 103, 10#, 105, 10° mM), only BA (10 ng/mL)
with BA and N concentrations together (BA+10" N, BA+107?
N, BA+10° N, BA+10* N, BA+105 N, BA+10° N) results after
24 hours of application a). the viability of cementoblast cells
only at N concentrations (10, 102, 103, 10#, 10, 10 mM),
only BA (10 ng/mL) and N concentrations together (BA+10"
N, BA+102 N, BA+10° N, BA+10“ N, BA+10° N, BA+10° N)
results after 72 hours of application b). *p<0.05, **p<0.001).
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Sekil 2. Sementoblast hiicrelerine N uygulamasi sonrasi migrasyon potansiyelinin BA ile module edilmesi. Sementoblast
hucreleri kontrol (sadece DMEM), sadece N konsantrasyonlari (101, 102, 103, 10* mM), sadece BA (10 ng/mL) ile BAve N
konsantrasyonlarinin birlikte (BA+10" N, BA+102 N, BA+10- N, BA+10* N) uygulanmasi sonucunda migrasyon potansiyel-
leri belirlendi (0, 2, 4, 6, 24 saat) a,c). Yara kapanma oraninin belirlenmesi b,d). *p<0,05; **p<0,01. (Modulation of migration
potential by BA after N treatment of cementoblast cells. Migration potentials were determined (0, 2, 4, 6, 24 h) after treatment
of cementoblast cells with control (DMEM only), N concentrations only (10, 102, 103, 104 mM), BA only (10 ng/mL) and BA

and N concentrations together (BA+10" N, BA+102 N, BA+10 N, BA+10*“ N) a,c). Determination of wound closure rate b,d).
*p<0.05, **p<0.01).
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3.1.3. Borik asit nikotin ile indiiklenen sementob-
lastlarda mineralize dokuyla iliskili belirtegleri dii-
zenler (Boric acid regulates markers associated with
mineralized tissue in nicotine-induced cementoblasts)

Real-time PCR deney sonuglarinin aritmetik ortalama
ve standart sapmalari alinmig ve buna gére BSP
ifadesi sadece N konsantrasyonlari (10", 102, 1073,
10“ mM) uygulanan sementoblast hiicrelerinde doza
ve zamana bagl sekilde kontrol grubuna kiyasla
istatistiksel olarak anlamli sekilde azaldi (p<0,01).
Bununla birlikte sadece BA (10 ng/mL) uygulamasi
sonrasi ise en fazla deneyin 6. gininde olmak Uzere
BSP mRNA ifadesi kontrol grubuna gore istatistiksel
olarak anlamli seviyede artti (p<0,01). Ayrica BA ve
N konsantrasyonlarinin birlikte (BA+10", BA+10?,
BA+10%, BA+10* N) uygulandidi gruplarda ise BSP
ifadesi kontrol grubuna goére dusik olmakla birlikte
sadece N konsantrasyonlarina goére bu disikligin
istatistiksel olarak anlamli seviyede daha az oldugu
tespit edildi (p<0,05) (Sekil 3a). OPN ifadesi de benzer
bir grafik sergilemekle birlikte sadece BA (10 ng/mL)
uygulamasinin zaman bagli olarak kontrol grubuna gére
istatistiksel olarak anlamli seviyede arttigi belirlendi
(p<0,01). Ayni zamanda, BAve N konsantrasyonlarinin
birlikte (BA+10"', BA+102, BA+103, BA+10* N)
uygulanmasinin da hucrelerin OPN ifadelerinin tek
basina ayni N konsantrasyonlarina (10", 102, 1073,
10 mM) gore kontrol grubuna gore istatistiksel olarak
daha az baskiladigini gosterdi (p<0,05) (Sekil 3b).
COL-I mRNA ifadesi sadece N konsantrasyonlari (10
1,102, 103, 10* mM) uygulamasi sonrasinda deneyin
3, 6 ve 9. gunlerinde kontrol grubuna gore istatistiksel
olarak anlamli seviyede azaldi (p<0,01). Sadece BA
(10 ng/mL) uygulamasi ise sementoblastlarin COL-I
ifadesini kontrol grubuna kiyasla istatistiksel olarak
anlamli seviyede zamana bagli olarak artirdi (p<0,01).
Ozellikle BA ve N konsantrasyonlarinin birlikte
(BA+10", BA+102, BA+103, BA+10“ N) uygulandigi
gruplarda, BA'in sadece N maruziyeti sonrasi olusan
COL-I ifade eksikligini kontrol grubuna gore istatistiksel
olarak anlamli seviyede artirdigi bu durumun deneyin
6. glninden itibaren olmak Uzere 9. ginde daha
belirgin oldugu tespit edildi (p<0,01) (Sekil 3c). OCN
mRNA ifadesi de sadece N konsantrasyonlari (10,
102, 103, 10* mM) uygulamasindan zamana ve doza
bagh olarak kontrol grubuna goére istatistiksel olarak
anlamli seviyede azalma ydnunde etkilendi (p<0,01).
Sadece BA (10 ng/mL) uygulamasi hicrelerde
OCN mRNA ifadesini kontrol grubuna gdére anlaml
seviyede artirmakla birlikte deneyin 9. glninde
BA ve N konsantrasyonlarinin birlikte (BA+10",
BA+102, BA+103%, BA+10“* N) uygulamasinin da
sementoblastlarda OCN ifadesini sadece BA ile
ayni seviyede istatistiksel olarak anlamli seviyede
artirdigini gosterdi (p<0,01) (Sekil 3d). ALP mRNA
ifadesi sadece N konsantrasyonlari (10, 102, 10
3, 10 mM) uyarisi sonrasinda kontrol grubuna gore
istatistiksel olarak anlamli seviyede azaldi (p<0,01).
Sadece BA (10 ng/mL) uygulamasinin kontrol grubuna
gore ALP ifadesini istatistiksel olarak anlamli seviyede

artirdigi bununla birlikte BA ve N konsantrasyonlarinin
birlikte (BA+10", BA+102, BA+103, BA+10* N)
hicrelere uygulanmasinin da ayni N konsantrasyonlari
maruziyetine goére ALP ifadesini kontrol grubuna
gore istatistiksel olarak anlamli seviyede daha az
azalttigi belirlendi (p<0,05) (Sekil 3e). OPG ifadesi
ise sadece N konsantrasyonlari (10", 102, 103, 10+
mM) sonrasinda kontrol grubuna gore istatistiksel
olarak anlamh seviyede azalirken (p<0,01), sadece
BA (10 ng/mL) uygulamasi ise kontrol grubuna gore
zamana bagimli sekilde OPG ifadesini istatistiksel
olarak anlamli seviyede artirdi (p<0,01) (Sekil 3f).
Bununla birlikte BA ve N konsantrasyonlarinin birlikte
(BA+10", BA+102, BA+103, BA+10* N) hicrelere
uygulanmasi sonrasinda OPG ifade dlzeyleri deneyin
3 ve 6. glunlerinde sadece BA (10 ng/mL) uygulanan
grupla yakin seviyelere ulagsmakla birlikte deneyin 9.
guinunde BAve N konsantrasyonlarinin birlikte (BA+10-
', BA+102, BA+103, BA+10* N) uygulanmasinin OPG
dlzeyini daha az ifade ettigini gésterdi (p<0,01) (Sekil
3f). RunX2 dizeyi de sadece N konsantrasyonlari (10-
1,102, 103, 10 mM) sonrasinda kontrol grubuna goére
istatistiksel olarak anlamli seviyede azalirken (p<0,01),
bu durum hem sadece BA (10 ng/mL) hem de BA ve
N konsantrasyonlarinin birlikte (BA+10", BA+10?,
BA+103, BA+10“ N) uygulanmasi sonrasinda kontrol
grubuna gore istatistiksel olarak anlamli seviyede artis
olarak tespit edilmistir (p<0,01) (Sekil 3g).

3.2. Tartisma (Discussion)

Periodonsiyumun nikotin ile olan direkt temasi sonu-
cunda htcre proliferasyonu, konak cevabi ve immin
sistem etkilenerek periodontal hastalik patogenezine
yatkin hale gelmektedir [37-39]. Disin sement dokusu-
nun ana hicreleri olan sementoblastlar, kdk yapisinin
yeniden sekillenmesi, periodontal rejenerasyon ve
saglikli periodonsiyum igin kritik Sneme sahip olup fiz-
yolojik olarak eksprese ettikleri ALP, BSP, OCN, COL-I,
OPN gibi mineralize doku belirteglerinin N maruziyeti
sonrasinda 6nemli derecede azaldidi bilinmektedir
[30,40,41]. Bununla birlikte BA'in ise osteoblast hiic-
relerinin kemik morfogenetik protein (BMP)-4, BMP-6,
BMP-7 diizeyleri ile BSP, OPN, OCN, COL-I mRNA
ekspresyon seviyelerini dnemli dizeyde artirdigi bdy-
lece kemik yapisinin direnci ve mineral kompozisyo-
nu ile disin mineral igerigi yaninda alveoler kemik yo-
gunlugunun farklilasmasina da olumlu katki sagladigi
belirlendi [3,5,6]. Bu calismada BAin, sementoblast
hicrelerinde N maruziyeti sonrasi biyoaktivite kaybi
Uzerindeki etkisini sementoblast hicrelerinin canhhigi,
migrasyon: yara iyilesmesi, mineralize doku belirtecle-
rinin MRNA ifade duzeyleri Uzerinden degerlendirildi.
MTT analiz sonuglari deneyin her iki zaman periyodun-
da da sadece N konsantrasyonlari (10”1, 102, 103, 104,
10°, 10®* mM) uygulanan gruplarda hiicre canliliginin
kontrol grubuna (sadece DMEM) goére istatistiksel ola-
rak anlaml seviyede azaldidini (p<0,01) bununla bir-
likte sadece BA (10 ng/mL) uygulamasinin ise kontrol
grubu ile benzer hiicre canlilik diizeyi sergiledigini gos-
terdi. Ayrica BA ve N konsantrasyonlarinin (BA+10" N,
BA+102 N, BA+10° N, BA+10* N, BA+10° N, BA+10°
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Sekil 3. BA'in N ile indiklenen sementoblastlarda mineralize dokuyla iliskili gen ekspresyon sonuglari. Sementoblast hiic-
releri sadece N konsantrasyonlari (10, 102, 103, 10* mM), sadece BA (10 ng/mL) ile BA ve N konsantrasyonlarinin birlikte
(BA+10" N, BA+102 N, BA+10° N, BA+10*“ N) uygulanmasi sonucunda 3, 6 ve 9. giin; BSP mRNA ifadesi a). OPN mRNA
ifadesi b). COL-l mRNA ifadesi ¢). OCN mRNA ifadesi d). ALP mRNA ifadesi €). OPG mRNA ifadesi f). RunX2 mRNA ifadesi
9). *p<0,05, **p<0,001. (Mineralised tissue-related gene expression results of BAin N-induced cementoblasts. Cementoblast
cells were treated with N concentrations only (10", 102, 103, 10* mM), BA only (10 ng/mL) and BA and N concentrations
together (BA+10" N, BA+10-2N, BA+10% N, BA+10* N) on day 3, 6 and 9; BSP mRNA expression a). OPN mRNA expressi-
on b). COL-I mRNA expression c), OCN mRNA expression d). ALP mRNA expression €). OPG mRNA expression f). RunX2
mRNA expression g). *p<0.05, **p<0.001).
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N) birlikte uygulanmasinin ise kontrol grubuna (sade-
ce DMEM) goére hiicre canlilik seviyesini sadece N
konsantrasyonlarina gore istatistiksel olarak daha az
azalttigi belirlendi (p<0,05). Daha 6nceki arastirma so-
nucumuz ile 1, 2,5, 5 ve 10 mM N konsantrasyonlari
dramatik dlizeyde hucre proliferasyonunu azalttigini
107, 102, 103, 10*, 10%5 10® mM N konsantrasyon-
larinin ise sementoblast proliferasyonunda anlamli bir
degisiklik olusturmadigini belirlemistik [30]. Simdiki
calismamizda hucre canlihdini MTT yontemiyle daha
onceki calismamizda [30] ise hiicre proliferasyonunu
gercek zamanli hiicre analizort (xCELLigence) ile test
etmistik. Proliferasyonda es zamanli olarak sonugclara
yansiyan stabil durum hiicre canhliginin azalmasi kay-
nakli olabilir. Bununla birlikte literattirde yeralan N’nin
sementoblast hiicrelerine uygulamasinin 1,5 mM’'dan
daha yuksek konsantrasyonlarinin toksik oldugu [28],
insan periodontal ligament hiicrelerine 100 ng/mL tze-
rinde N ilavesi sonrasi hticre proliferasyonunun inhibe
edildigi [42,43], 1 ve 100 mM N’nin ise insan gingival
fibroblastlarinin proliferasyonunu suprese ettigi [32]
yoniinde galisma sonuglari yer almaktadir. Orafasiyal
alandan izole edilen farkli doku orijinli hiicrelerin in vit-
ro sonuglarinda N konsantrasyonuna bagh farkhliklar
olmakla birlikte literattirde yer alan galisma sonuglari-
nin ortak noktasi N periodontal hiicre canlihgi ve proli-
ferasyonunu negatif olarak etkiledigi yoniindedir. Yara
iyilesmesi deneyi sonuglarina gore tim N konsantras-
yonlari (10", 102, 103, 10* mM) kontrol grubuna goére
tim zaman dilimlerinde (2, 4, 6 ve 24 saat) istatistiksel
olarak anlamli seviyede hucrelerin migrasyon potan-
siyellerini azaltti. Sadece BA (10 ng/mL) uygulanan
grup ise sementoblastlarin migrasyon kapasitesini
deneyin 4, 6 ve 24. saatinde kontrol grubuna gdre an-
lamli seviyede artirdi. Ayrica N konsantrasyonlari ile
birlikte BA uygulanan gruplar (BA+10" N, BA+102 N,
BA+10° N, BA+10“ N) hicrelerin migrasyon slireg-
lerini kontrol grubuna gore istatistiksel olarak anlamli
seviyede 2, 4, 6 ve 24. saatlerde azaltmis olmalari-
na ragmen bu etki sadece N uygulanan gruplara gore
daha az olarak tespit edildi. Boylece elde edilen so-
nuglar BA'in, sementoblastlarin N maruziyeti sonrasin-
da azalan migrasyonuna zaman bagiml olarak pozitif
ydnde katki sagladigini gdsterdi. Kaymaz ve ark.’lari
iyilesmesi uzun sure alan tendon yaralanmalarinda,
oral olarak BA uygulamasinin ekstraselller matriks
bilesenlerinin sentezi ile anjiyogenez indiklenmesi
uzerinden tendon hasarini iyilestirmede guvenli ve et-
kili bir tedavi bileseni olabilecegini in vivo rat deney
modelinde gosterdiler [44]. Biyolojik veya kimyasal bir-
¢ok ajan induklemesi sonucunda gelisen periodontal
hastalik etiyolojisinde sik karsilagilan dis kayiplarinin
Onlenebilmesi icin yeni kemik, yeni periodontal liga-
ment ve yeni sement dokusu olusumunu hedefleyen
tedavi yontemleri amaglanmaktadir. Rejeneratif odakl
tedavi yaklagimlarinin ana hedef hicresi periodontal
ligament hicreleri olup bu hicrelerin uygun uyaran-
larla osteoblast veya sementoblast hiicrelerine fark-
lllasmasi yeni kemik ve yeni sement doku olugsumu
icin elzemdir. Ozellikle periodonsiyumda doku yikimi-
na sebep olan ajanin uzun dénem ve kisa donemde

olusturdugu hasari ortadan kaldiracak ve yeni doku
olusumunu indikleyecek biyo-uyumlu molekdllerin,
etkinliklerinin ortaya konmasi ve mevcut tedavi planla-
rina katilmasi énemlidir. Dolayisiyla periodonsiyumun
N ile olan direkt temasi sonucunda hicre proliferasyo-
nu, konak cevabi ve immin sistem etkilenerek perio-
dontal hastalik patogenezine yatkin hale gelmektedir
[30]. Sementoblastlar, disin sement dokusunun ana
hicreleri olup kdk yapisinin yeniden sekillenmesi, pe-
riodontal rejenerasyon ve saglikli periodonsiyum icin
kritik Gneme sahiptir [27,45]. Literatirde yer alan daha
onceki arastirma sonuglari, sementoblast hicreleri-
nin mineralize doku belirtegleri arasinda yer alan ALP,
BSP ve OCN eksprese ettigini [40,41] bununla birlikte
N maruziyeti sonrasinda COL, OCN, OPN dizeyle-
rinin periodonsiyumun farkli hiicrelerinde azaldigi ve
arastirma grubumuzun da bir 6nceki galismasinda se-
mentoblast hiicrelerinde de N bagimli mineralize doku
belirteglerinin mMRNA seviyelerinin 6nemli derecede
azaldigi belirlendi [30]. Bununla birlikte daha énceki
arastirma sonuglarimiz, 0,1, 1, 10, 100 ng/mL bor kon-
santrasyonlarinin osteoblast (MC3T3-E1) hiicrelerinin
bone morphogenetic protein (BMP)-4, BMP-6, BMP-7
dizeyleri ile BSP, OPN, OCN, COL-I mRNA ekspres-
yon seviyelerini dnemli derecede artirdigini gosterdi
[5]. Arastirma grubumuzun yapmis oldugu basgka bir
arastirmada, BMP-7 uygulamasi sonrasinda semen-
toblast hucrelerinin COL-I, BSP, OCN seviyelerinin
dramatik dizeyde arttigi belirlendi [46]. Her iki aras-
tirma sonucumuza bakarak borik asit-BMP-7 indUkle-
mesi sonucunda sementoblast fonksiyonuna bagh pe-
riodontal hastalik sonucu gelisen doku kaybinin énine
gecilebilecedi 6ngdrulmastar. Arastirma ekibimizn bir
diger in vivo ¢alismasinda BA igeren diyetle beslenen
tavsanlarin kemik yapisinin direnci ve mineral kom-
pozisyonunun degistigi belirlenirken [3] dis yapisinda
ise mineral kompozisyonu ile alveoler kemik yogunlu-
gunun farklilastigi goérilda [6]. Borik asitin, osteoblast
hacreleri Uzerindeki etkinligini arastirdigimiz baska
bir calisma sonucumuzda da farklilagsma faktort olan
Tuftelin dizeyinin BA uygulamasi ile 6nemli dlizeyde
artis sergiledigi belirlendi [47].

4. Sonuglar (Conclusions)

Elde edilen sonuglar BA'in, N maruziyetine ugramis
sementoblast hlcrelerinin biyoaktivite kaybi Uzerinde
pozitif regllatdr rol oynayabilecegini gostermektedir.
Bununla birlikte N uygulamasinin sementoblast hiic-
relerinin canlihgi, migrasyon temelli yara iyilesmesi
Ozellikle de mineralize doku iligkili genlerin ekspres-
yonunda 6nemli bir etkisi oldugu, N maruziyetinin giin
bazinda artmasiyla birlikte hedef gen ifade paternleri-
nin olumsuz etkilendigi, BA uygulamasinin ise semen-
toblast hlcre fonksiyonlarinin korunmasinda aktif bir
rol alabilece@i sonucuna varilmigtir. Proje kapsaminda
in vivo deney modeli uygulamasinin olmamasi calis-
manin limitasyonu olup bundan sonraki asamalarda
BAin, N maruziyetinin olasi sonuglari Gizerindeki etki-
sinin in vivo deney modeli lizerinde degerlendirmeye
yonelik ilave analizler ve ¢alismalar yapilmasi gerek-
mektedir. Sementoblastlarin N maruziyeti sebebiyle
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karsilastiklari biyoaktivite kaybininin BA uygulamasi
ile hiicre canlligi, yara iyilesmesi ve mineralize doku
belirtecleri agisindan konsantrasyon ve zaman bazli
kiyaslanmasi sonucu elde edilen bulgularin hayvan
modelleri/klinik uygulamalara gegiste kritik bilgiler sag-
layip prevantif terapdtik ajan olarak kullanima ydnelik
aday olabilecegini disinmekteyiz.
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Diazonium salts were found to be useful intermediates for many applications. Although
few salts were isolated, they were found to be short-lived. Charged boron cages have
been known to be weakly coordinating anions. The cages were used to isolate short
lived cations for characterizations and further reactions. In this study, we have facilitated
dodecaborate dianion and carborate anion to isolate and characterize diazonium
cations. With these cages, it was found that diazonium cation was stable more than a

month at ambient conditions.
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1. Introduction

Since the discovery of aryl diazonium salts by Griefs in
1858 [1], they have been used in numerous application
areas. The most common one is dyeing. When
diazonium salts undergo diazo-coupling reactions,
diazo compounds are produced with great coloring
features [2,3], and some of the important diazo dyes
are shown in Figure 1a. Other than dyeing, some of
the diazo compounds have antimicrobial, anticancer,
antibacterial, antioxidant, antibiotic, antifungal
and anti-HIV activity (Figure 1b) [4-7]. Moreover,
some diazo compounds are known to be used in
photoelectronics, optical recording and gas storage
[8,9]. Also, aryl diazonium salts which have strong
electrophilic character arising from the reactivity of
diazonium group, can be used in Sandmeyer reactions,
Balz-Schiemann reaction, Pschorr reaction, Meerwein
reaction, Gomberg-Bachmann reaction and palladium
catalyzed cross-coupling reactions [10-18].

The syntheses of aryl diazonium salts are
straightforward. Starting with acidifying an aniline
derivative and proceeding through addition of a nitrite
resulting an aryl diazonium salt (Figure 2) [19,20].
Due to the high reactivity of diazonium cation, they
must be kept at low temperature [21]. In the literature,
there are many incidents reported coming from the
unstable nature of aryl diazonium cations such as wild
decomposition or explosion [22]. In order to use aryl
diazonium cations in further reactions, they should be
treated with the nucleophile in the same environment
where they were formed [17,23-28]. Meanwhile, these
cations can be stabilized by tosylates, disulfonamides,
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Figure 1. Examples of diazo compounds produced from
diazonium salts a). used as dyes and b). that have biological
activity.
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hexafluorophosphates and tetrafluoroborates which
are considered as the most effective anions to stabilize
aryl diazonium cations but not as good as expected

[22,29].
NH
(s
—_—
. Na OH,

Figure 2. Synthesis of aryl diazonium cations.

@
N,

The famous stabilized diazonium salt is the salt of tet-
rafluoroborate anion. However, this salt could lead to
fluoroaryl compounds upon heating. (Figure 3a) [11].
Besides, this compound is not as stable as it is ad-
vertised. A new stabilizing anion is needed. Charged
boron clusters are known to stabilize cationic interme-
diates [30,31]. For this purpose, dodecahydro-closo-
dodecaborate, dodecachloro-closo-dodecaborate and
mono-carba-closo-dodecaborate (Figure 3b-d) could
be used which are synthesized in our laboratory ac-
cording to the literature [32-35]. These boron clusters
are accepted as weakly coordinating anions which
have low affinity for coordination to their counter cat-
ions [36]. Also, these anions have high thermal stabil-
ity and high chemical stability [37].

® O
N, BF,
© heat
_
(b)

(a)

+ N, (g) + BF,

Q B-H
Conversion  of

O Bl
benzenediazonium
tetrafluoroborate into fluorobenzene upon heating. b).

Figure 3. a).

dodecahydro-closo-dodecaborate, c). mono-carba-closo-
deodecaborate and d). dodecachloro-closo-dodecaborate.

2. Materials and Methods
2.1. Materials

All chemicals were purchased from Sigma-Aldrich
(USA). IR spectrums were measured with Thermo
Scientific Nicolet iS10 Atr-IR (USA).

2.2. Synthesis of Boron Clusters

2.2.1. Synthesis of triethylammonium salt of
dodecahydro-closo-dodecaborate

A 3-necked round bottom flask equipped with a
condenser (connected to an acetone trap), a dropping

funnel and a stopper was charged with 30 g (0.793 mol)
NaBH, and 150 mL of diglyme under Ar atmosphere.
The silicon oil bath was heated to 120°C to dissolve
the sodium borohydride in the reaction mixture. 62.5 g
(0.246 mol) I, was dissolved in 200 mL of diglyme and
added to the dropping funnel. The solution of iodine in
diglyme was added to the solution containing sodium
borohydride dropwise in 6 hours. After the addition, the
solution was stirred overnight at 120°C. Temperature
of the oil bath was increased to 185°C and the solution
was stirred for 1 day. The solvent was removed with
distillation. 143 mL of distilled water was added to the
residue and 84 mL 37% HCIl was added to the reaction
mixture slowly. The reaction vessel was stored in
refrigerator overnight for completion of the formation
of boric acid. The reaction mixture was filtered and
boric acid was collected. To the filtrate, 150 mL Et,N
was added and white crystals of triethylammonium salt
of dodecahydro-closo-dodecaborate were started to
form immediately. The expected product was collected
by filtering the reaction mixture. (15.728 g, 0.046 mol,
68.9%) IR: 2473 cm™' (B-H str.), 3125 cm™ (N-H str.)

2.2.2. Synthesis of  sodium salt  of

dodecahydro-closo-dodecaborate

2.2 equivalent of NaOH was dissolved in distilled
water and 1 equivalent of triethylammonium salt
of dodecaborate was added into the solution. The
solution was heated and stirred until it became clear.
Then, the solvent was removed and the obtained solid
was the expected sodium salt of dodecaborate.

2.2.3. Synthesis of  sodium salt  of

dodecachloro-closo-dodecaborate

0.51 g (12.7 mmol, 2.2 eqv.) NaOH was dissolved in
water and 2 g (5.8 mmol, 1 eqv.) (Et,;NH),B,H,, was
added to the solution. The solution was heated and
stirred until it became clear. Solvent was removed and
Na salt of B, H,,> was obtained. Obtained Na,B, H.,,
was mixed with MeCN (~60 mL) and SO,CI, (~60
mL) was added to the suspension dropwise and the
solution became yellow. The solution was stirred for
20 minutes without applying heat and then, refluxed
for 1 day. Solvent was removed and the residue was
the expected compound. IR: 1031 cm™ (B-Cl str.) Also,
disappearance of the belonging to B-H stretching
proved the product formation.

2.2.4. Synthesis of trimethylammonium salt of
tetradecahydro-nido-undecaborate

30 g (0.793 mol) NaBH4 and 150 mL of diglyme were
charged into a 3-necked round bottom flask equipped
with a dropping funnel, a condenser (connected to an
acetone trap) and a stopper under Ar atmosphere.
Temperature of the silicon oil bath was raised to 120°C
for complete dissolution of sodium borohydride. 125
mL (0.995 mol) BF,.OEt, was added to the solution
dropwise with dropping funnel in 5 hours. Then, the
reaction mixture was cooled to room temperature
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(RT) and suction filtration was applied. During the
filtration process, both the reaction flask and the solid
were washed with diglyme until the solid becomes
white. To the filtrate, solvent exchange procedure
was applied with portions of 150 mL distilled water
(total 1050 mL) and the evaporated liquid was nearly
1060 mL. Resulting solution was cooled to RT and
6.5 g (0.068 mol) trimethylammonium chloride was
added to the solution. The solution was stored in
refrigerator overnight and filtered. Obtained solid was
dissolved in acetone and heated to reflux. Distilled
water was added to the solution until cloudiness was
observed. The solution was cooled to RT and stored
in refrigerator overnight. The solution was filtered and
the collected solid was dried yielding 5.8 g (0.03 mol,
41.7%) (CH,),NHB, H,,. IR: 2501 cm™ (B-H str.), 3169
cm™ (N-H str.).

2.2.5. Synthesis of trimethylammonium salt of
mono-carba-closo-dodecaborate

50 g (0.026 mol) trimethylammonium salt of
tetradecahydro-nido-undecaborate was dissolved
in freshly distled THF under Ar atmosphere and
cooled to 0°C in an ice bath. 17.5 g (0.648 mol) NaH
was washed with hexane and added to the solution
slowly. The solution was stirred for 1 hour at RT
and solvent was removed. After evaporation, freshly
distilled THF was added to the flask to dissolve the
solid. Then, 12.5 mL (0.156 mol) CHCI, was added
slowly at 0°C. The solution was stirred for 1 hour at
RT and EtOH was added to the solution dropwise
at 0°C and allowed to stir overnight. Next day, the
solvent was removed and distilled water was added
to the residue. The solution was acidified with 40
mL of 37% HCI + 80 mL of distilled water. After the
acidification process, trimethylammonium chloride
was added to the solution and filtered. Obtained solid
was dissolved with minimum amount of MeOH with
heating and after all the solid was dissolved, distilled
water was added to the solution and filtered. To the
filtrate, trimethylammonium chloride was added and
some precipitation occurred. The desired product
was collected with filtration yielding 0.18 g (0.9 mmol,
3.41%). IR: 3172 cm™ (N-H str.), 3037 cm™ (C-H str.),
2525 cm™' (B-H str.).

2.2.6. Synthesis of  sodium salt of

mono-carba-closo-dodecaborate

2.2 equivalent of NaOH was dissolved in distilled
water and 1 equivalent of triethylammonium salt
dodecahydro-closo-dodecaborate was added into the
solution. The solution was heated and stirred until it
became clear. Then, the solvent was removed and
the obtained solid was the expected sodium salt of
dodecahydro-closo-dodecaborate.

2.3. General Synthesis of Different
Benzenediazonium Salts of Boron Clusters

2.3.1. Synthesis of diazonium salts

of dodecahydro-closo-dodecaborate,
dodecachloro-closo-dodecaborate

2 equivalent of an aniline derivative was mixed with 2
M HClI solution. 2.5 equivalent of NaNO, was dissolved
in distilled water and added to the solution slowly at
0°C. The solution was stirred for 1 hour. 1 equivalent of
sodium salt of dodecaborate was dissolved in distilled
water and added to the solution slowly at 0°C. The
solution was stirred for 2 hours and after the filtration,
expected compound was obtained by filtration. IR:
ca. 2200 cm™ (-N=N str.), ca. 2400 cm™ (B-H str.), ca.
1030 cm™ (B-Cl str.)

2.3.2. Synthesis of diazonium salts of

mono-carba-closo-dodecaborate

1 equivalent of an aniline derivative was mixed with 2 M
HCI solution. 1.25 equivalent of NaNO, was dissolved
in distilled water and added to the solution slowly at
0°C. The solution was stirred for 1 hour. 1 equivalent of
sodium salt of dodecaborate was dissolved in distilled
water and added to the solution slowly at 0°C. The
solution was stirred for 2 hours and after the filtration,
expected compound was obtained by filtration. IR:
ca. 2200 cm™ (-N=N str.), ca. 2520 cm™ (B-H str.), ca.
3030 cm™" (C-H str.).

3. Results and Discussion

Dodecahydro-closo-dodecaborate was synthesized
according to the reported literature with modifications
(Figure 4a) [32]. The procedure starts with ensuring
the reaction setup was under inert atmosphere by
flushing Argon through setup. Sodium borohydride
was suspended in diglyme. Before addition of iodine
to the borohydride, the complete dissolution of NaBH,
was attained at 105-110°C. Then, iodine in diglyme
was added dropwise at this temperature. Faster
addition resulted in lower yields for the dodecaborate.
With the iodine addition over, the reaction mixture was
stirred for 12 hours at this temperature to ensure that
the conversion of all BH, to B,H,. Then, the reaction
mixture was brought to reflux temperature and kept
at that temperature for 24 hours. The cooled reaction
mixture was added water to quench the reaction. With
solvents removed, the formed B(OH), was separated,
and B,,H, > was precipitated as triethylammonium
salt. The IR spectrum of triethylammonium salt of
dodecahydro-closo-dodecaborate (Figure 4b) shows
the characteristic peaks as 2475 cm for B-H stretching
and 3125 cm™' for N-H stretching in the cation.

With dodecaborate in hand, perchlorination of the
dodecaborate was performed with refluxing the
dodecaborate with sulfuryl chloride (Figure 5a).
The perchlorinated dodecaborate was separated
as sodium salt. This salt was characterized with
IR spectroscopy. The IR spectrum of the obtained
compound (Figure 5b) shows B-CI stretching at 1030
cm™. Also, disappearance of the peak belonging to
B-H stretching proves the product formation.

137



Akdag A. and Unver O. /BORON 8(4), 135 - 143, 2023

(a)

Diglyme, 110°C ®
NaBH, +1, ——————— » (Et;NH),
Et;N

QB-H

(b) Wavenumber (cm’)
3500 3000 2500 2000 1500 1000
T T

100

80

60

40

% Transmittance

i
204 T
a
ot

Figure 4.°a). Synthesis of triethylammonium salt of
dodecahydro-closo-dodecaborate, b). IR Spectrum of
triethylammonium salt of dodecahydro-closo-dodecaborate.
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Figure 5. a). Synthesis of dodecahloro-closo-dodecaborate,
b). IR Spectrum of dodecachloro-closo-dodecaborate.

For the synthesis of mono-carba-closo-dodecaborate,
Michl’'s method was followed with modifications (Figure
6a). For that, tetradecahydro-nido-undecaborate
was synthesized by following Dunk’s method from
NaBH, treated with BF,.OEt, and characterized by IR
Spectroscopy (Figure 6b). The undecaborate anion
was then treated with dichlorocarbene which was
generated in situ from chloroform yielded the carborate.
The carborate was characterized by IR spectroscopy
and HRMS. The characterization of the salt was done
with IR Spectroscopy which shows characteristic B-H
stretching at 2525 cm™ and C-H stretching at 3037
cm™ (Figure 6¢).

It is known that the charged borate cages could be
used to stabilize cationic intermediates [38].
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Figure 6. a). Synthesis of mono-carba-closo-dodecaborate,
b). IR Spectrum of undecahydro-nido-undecaborate, c). IR
Spectrum of mono-carba-closo-dodecaborate.

With that in mind, they could also be used to
stabilize aryldiazonium cations. In order to test
this hypothesis, first, aniline was converted into
benzenediazonium cation by reacting with NaNO,
in the presence of an acid at 0°C. As soon as the
sodium salt of dodecaborates (dodecahydro-closo-
dodecaborate, dodecachloro-closo-dodecaborate and
mono-carba-closo-dodecaborate) were added onto
benzenediazonium cation, precipitates were formed
(Figure 7). The precipitates were characterized with
IR spectroscopy. The spectra showed characteristic
peaks for diazonium cations ca. 2200 cm™ and for
B,H,,*, B-H str., ca. 2480 cm™, for B, ,Cl %, B-Cl str.,

127 12 12

ca. 1030 cm™, for CB, H,, B-H str.,, ca. 2520 cm™ and
C-H str., ca. 3000 cm™. However, in the IR spectra of
1b and 1c, peaks belonging to diazo group (-N=N-)
were also observed. Figure 7 shows the IR spectra for

the benzenediazonium salts (Figure 8).

cation
(1a),

After
with

stabilizing benzenediazonium
dodecahydro-closo-dodecaborate
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Figure 8. Benzenediazonium salts of a). dodecahydro-
closo-dodecaborate, b). dodecachloro-closo-dodecaborate
and c). mono-carba-closo-dodecaborate

dodecachloro-closo-dodecaborate (1b) and mono-
carba-closo-dodecaborate (1c), some of the aniline
derivatives (Figure 9) were also converted into
aryldiazonium compounds and stabilized with
dodecaborates.

Figure 9. Some of the aniline derivatives that were
stabilized with dodecaborates.

First, compounds 2,4 and 5 were stabilized with
dodecahydro-closo-dodecaborate (the salts forms
numbered as 2a,4a and 5a) with the same procedure
which aniline was subjected. Then, these compounds
and also compound 1a were subjected into a stability
test. The tests were applied with the help of IR
spectroscopy. These compounds were characterized
immediately after they were synthesized. Then, for
4 weeks, they were characterized after each week
ended. The results showed that dodecahydro-closo-
dodecaborate was a good stabilizer since all the IR
spectra showed the same result (Figure 10). Apart from
these compounds, compound 6 was also tried to be
stabilized with the same procedure with dodecahydro-
closo-dodecaborate (6a). The compound 6a was
immediately characterized with IR spectroscopy
(Figure 10) but when it was fully dried under vacuum
and tried to be transferred into a vial, it exploded.

After obtaining meaningful results from 4-week stabil-
ity tests with dodecahydro-closo-dodecaborate, it was
decided to stabilize o-chlorobenzenediazonium (2), m-
chlorobenzenediazonium (3) and p-chlorobenzenedia-
zonium (4) cations with dodecachloro-closo-dodecab-
orate (2b, 3b and 4b). Same procedure was applied
for stabilization process and characterizations of these
salts were performed with IR spectroscopy. In IR spec-
tra of these compounds (Figure 12), there were peaks
for both diazonium salt ca. 2200 cm™" and diazo com-
pound ca. 1500 cm™' as observed in IR spectrum of 1b.

Next, these three cations were also tried to be stabilized
with mono-carba-closo-dodecaborate (2c, 3¢ and 4c).
Same procedure was applied for stabilization process.
The resulting compounds were characterized with IR
spectroscopy. IR spectra of these compounds (Figure
13) show peaks for diazonium salt ca. 2200 cm™' and
diazo compound ca. 1500 cm™ as observed in the IR
spectrum of 1c.
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Figure 10. Stability test results of a). benzenediazonium
cation, b). o-chlorobenzenediazonium salt,

c). p-chlorobenzenediazonium cation and

d). p-hydroxybenzenediazonium cation with
dodecahydro-closo-dodecaborate

Figure 12. IR spectra of a). o-chlorobenzenediazonium
cation, b). m-chlorobenzenediazonium cation and

c). p-chlorobenzenediazonium cation stabilized with
dodecachloro-closo-dodecaborate.
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Figure 13. IR spectra of a). o-chlorobenzenediazonium

cation, b). m-chlorobenzenediazonium cation and
c). p-chlorobenzenediazonium cation stabilized with
mono-carba-closo-dodecaborate.

4. Conclusions

In this study, dodecaborate and carborate anions are
synthesized successfully in our laboratories. These
anions were known to be weakly coordinating anions.
With this in mind, we employed these anions to stabilize
and capture aryldiazonium cations. The aryldiazonium
borate salts were found to be stable for months under
ambient conditions as judged by IR spectroscopy.
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Bu galismada saf bakir (Cu) tozuna agirlikga sabit oranda Krom (Cr) (%1) ve ayri olarak belirli
oranlarda Bor (B) (%1, %2, %3) ile Bor karbir (B,C) (%1, %2, %3) tozlarinin eklenmesiyle
hibrit bir karigim hazirlanmistir. Cu tozunun Cr, B ve B,C tozlari ile karistirimasinda toz
metalurjisi Uretim parametrelerinden yararlanilmistir. Hazirlanan hibrit kompozitlerin,
mikroyapi (X-Isini Difraktometresi (XRD), Taramali Elektron Mikroskobu (SEM) ve Eneriji
Dagilimi X-Isini (EDX)), sertlik ve kuru kosullar altinda sabit kayma mesafesinde asinma
testleri gerceklestirilmistir. Her kompozit numune icin agirlik kaybi grafikleri olusturulmus
ve surtinme katsayisi degerleri hesaplanmistir. Asinma deneyleri sonrasinda aginma
ylzeylerinde meydana gelen asinma izleri SEM analizleri ile incelenmistir. Sertlik ve
asinma testleri sonucunda en iyi sonuglari veren hibrit kompozit Cu-Cr-3B olurken, en
dustk performans ise saf Cu numunesinde gortlmistur. Cu-Cr-3B kompozitinde Cu
numunesine gore sertlik degerinde %32, asinma agiriginda ise %151 oraninda daha
iyi sonug elde edilmistir. Asinma sonrasi SEM gérintilerinde, B ve B,C pargaciklarinin
asinma yuzeyindeki direnci artirdigi goézlenmistir. Calismada elde edilen sonuclara gore
Ulkemiz igin 6nemli bir yeri olan B ve B,C’nin Cu matrisli kompozitlerin tribolojik 6zelliklerini
artirdigi ve galismalarin yeni hibrit karigsimlarla devam edebilecegini gostermistir.

Investigation of the effect of chromium, boron, and boron carbide
reinforcements on tribological properties in copper matrix hybrid composites
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In this study, a hybrid mixture was prepared by adding Chromium (Cr) (1%) in a fixed ratio
by weight and Boron (B) (1%, 2%, 3%), and Boron carbide (B,C) (1%, 2%, 3%) powders
separately in certain ratios to pure copper (Cu) powder. Powder metallurgy production
parameters were utilized for mixing Cu powder with Cr, B and B,C powders. The prepared
hybrid composites were tested for microstructure (X-Ray Diffraction (XRD), Scanning
Electron Microscope (SEM), and Energy dispersive X-ray (EDX)), hardness, and wear at
constant sliding distance under dry conditions. Weight loss plots and coefficient of friction
values were generated for each composite sample. After the wear tests, the wear marks on
the wear surfaces were analyzed by SEM analysis. As a result of hardness and wear tests,
the hybrid composite Cu-Cr-3B gave the best results, while the pure Cu sample had the
lowest performance. In Cu-Cr-3B composite, 32% better results were obtained in hardness
value and 151% better results were obtained in wear weight compared to Cu sample. In the
SEM images after wear, it was observed that B and B,C particles increased the resistance
on the wear surface. According to the results obtained in the study, it has shown that B and
B,C, which have an important place for our country, increase the tribological properties of
Cu matrix composites and that studies can continue with new hybrid mixtures.

1. Giris (Introduction)

Bakir (Cu) matrisli kompozitler, yulksek gerilme
mukavemeti, yliksek Young modull, asinma direnci,
iyi elektrik iletkenligi ve termal iletkenlik gibi Ustln

mekanik ve fiziksel Ozelliklerinden dolayl genis
capta arastinimistir. Bu nedenle, elektronik paketler,
sogutucular ve yakit hicresi elektrotlari alanlarinda
kullanilmak Uzere potansiyel yuksek performansh
malzemeler olarak kabul edilirler [1-4].

*Corresponding author: mervehorlu@gmail.com
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Cu, otomotiv, elektrik ve elektronik sektdrlerinde
kullanilan cesitli mihendislik malzemeleri icin dnemli
Ozellikler tasimasina ragmen, uygulama alanlarinda
sinirlamalari  vardir.  Bu  kisitlarin  Ustesinden
gelmek icin temel faktdér olan mekanik ve tribolojik
Ozelliklerin iyilestiriimesi amaciyla dogru takviye
elemanlarini segcmek gereklidir [5]. Ozellikle bakir
matrisli kompozitlerin yukarida belirtilen 6zellikler
icin endustride kullanilabilecek en uygun malzemeler
oldugu ve daha uzun omurli kullanilabilecegdi
dusundlmektedir.

Cu ve alasimlari, geleneksel ve ileri sekillendirme
(aralarinda karistirmali dokim, basingl dokim, toz
metalurjisi (TM), basingli sivi metal siizdirme teknigi,
derin cekme, haddeleme, sicak ekstrizyon gibi sicak
ve soguk sekillendirme) teknikleri ile rahat ve hizli bir
sekilde Uretilmektedir. Son zamanlarda TMile malzeme
Uretimi en hizli biylyen Uretim yontemlerinden biri
haline gelmistir. Metal matrisli kompozitlerin kristal
kafes yapilari nedeniyle haddeleme ve ekstrizyon
gibi geleneksel yontemlerle sekillendirilebilirliginin
kisith  olmasi, bu alasimlarin farkli yéntemlerle
sekillendiriimesi konusunda c¢aligsmalar yapilmasini
gerekli hale getirmigtir. TM Uretim ydntemi, karisik metal
tozlarinin oda sicakhdinda veya ylksek sicaklikta,
yapilacak parganin sekil ve boyutlarina goére bir kalipta
preslenip kaliplanmasi ve ardindan belirli bir sicaklikta
sinterlenmesiyle gerceklestirilen bir Gretim yontemidir
[6-8]. Cu bazl toz metalurjisi islemlerinde, sirtiinme
bilesenleri olarak kullanilan tekli seramik partikdiller,
Cu matristeki esit olmayan dagilim ve daha duslk
baglanma ara yizi mukavemeti nedeniyle sirtinme
performansinin kararlihgini énemli élglide iyilestirmez.
iki veya daha fazla parcacigin kullaniimasi, yiiksek
sicaklikta mikemmel sirtinme performansi elde
etmek igin performans ve yapinin tamamlayicisini
saglayabilirken, metal matrisin gu¢lu karbur olusturucu
elementlerle (6rneg@in bor) alasimlanmasi, Cu'nun ara
ylzey yapisinin iyilestiriimesine yarar saglar [9].

Galismada takviye olarak kullanilan B,C partikUllerinin,
yuksek sicakliktaki bir ortamda kolayca oksitlenerek
B,O, c¢Okelmesine neden oldugu bilinmektedir [10].
Bu durum asinma yiizeyinde sirtiinme performansini
artirmak i¢in iyi bir yaglama filmi olusturabilen
akiskanhiga sahiptir [11]. Sathiskumar ve ark.,
takviye olarak kullanilan B,C partikillerinin asinma
mekanizmasi Uzerindeki etkisini goézlemlemistir [12].
Asinma Uzerinde B,C takviyesinin agindirmaya bir
direng olusturdugu gorulmastdr. Balalan ve ark., B,C
iceriginin (agirlikca %1,5-6) Cu matris kompozitlerin
mikro yapisi Gzerindeki etkisini arastirmis ve B,C
iceriginin artmasiyla daha Ustin asinma direncinin
olustugunu ortaya koymustur [13].

Bor takviyeli Cu matrisli kompozitler yiksek sertlik,
mukavemet ve termal stabilite gibi 6zelliklere sahip
olabilir. Bor korozyona dayanikli bir malzeme
oldugundan, Cu matrisli kompozitlerde takviye
malzemesi olarak kullanildiginda korozyon direncini
artirabilir [12,13]. Oda sicakliginda bor, metallerde

¢ok disUk cozunlrlige sahiptir. Sertlesebilirlik ve
donlistim o6zellikleri Gzerinde énemli bir etkiye sahip
olmasisebebiyle metallerin ylksek sicaklik direnci,
yiuksek mukavemet, ylksek elastikiyet, yiksek ylzey
korumasi, yiksek asinma ve korozyon direnci, yiksek
yapisma ve yapisma gibi o6zelliklerini gelistirmede
blylk fayda saglar [14].

Yapilan arastirmalarda Cu matrisli  malzemelere
katkilanan diger bir takviye elemani ise kromdur (Cr).
Cr takviyeli kompozitler, farkli takviye kategorileri ile
takviye edilmis kompozitlere kiyasla Ustln refrakterligi,
sertlesebilirligi artirmasi, nispeten ucuz olmasi, kolayca
geri donusturllebilir ve Ustlin tribolojik &zellikleri
olmasi nedeniyle diger alasim elementlerinden bir
adim 6ndedir ve tercih edilmektedir [15].

Bu calismada ise, saf Cu tozuna agirlikgca %1’'de
sabit kalacak sekilde Cr, agirhkca %1, %2 ve %3
oranlarinda B,C ve agirlikga %1, %2 ve %3 oranlarinda
B eklenerek yeni iki ayri hibrit karigsimi yapilmigtir.
Literatir ¢alismalari incelendiginde Cu tozlarina bu
calismadaki gibi Cr-B ve Cr-B,C takviyeleriyle hibrit
bir karisim yapilmadigi goértlmustir. Hazirlanan
numunelerin mikroyapisi (SEM, EDX ve XRD),
sertligi ve 10 N yiUk altinda kuru sartlarda asinma
testleri yapilarak agsinma sonrasi agirlik kaybi miktari,
surtinme katsayisi degisimi ve aginma sonrasi asinma
yuzey deformasyonun SEM analizleri ile incelenmistir.

2. Malzemeler ve Yontemler (Materials and Methods)

2.1. Hibrit Kompozit Karigimlarin Hazirlanmasi
(Preparation of Hybrid Composite Mixtures)

Calismada kullanilan tozlarin isimlendiriimesi ve
agirhkca katki miktarlari Tablo 1’de gosterilmistir.

Tablo 1. Calismada kullanilan takviye elemanlarinin
agirhkca katki miktarlar ve isimlendirilmesi (Nomenclature
and contribution amounts of the reinforcing elements used
in the study).

Ag. (%)

Numune

Cu Cr BC B
Cu 100 - - -
Cu-Cr 99 1 - -
Cu-Cr-1B 98 1 - 1
Cu-Cr-2B 97 1 - 2
Cu-Cr-3B 96 1 - 3
Cu-Cr-1B,C 98 1 1 -
Cu-Cr-2B,C 97 1 2 -
Cu-Cr-3B,C 96 1 3 -

Hibrit kompozit karisimlarin hazirlanma asamalari
Sekil 1" de gosterilmistir. Hazirlanan numuneler 12
mm ¢apa ve 5 mm et kalinligina sahip olacak sekilde
hazirlanmistir. Matris malzeme ve takviye elemanlari
Nanografi (Ankara) firmasindan satin alinmigtir.
Kompozit malzemelerin birlestiriimesinde, tozlar ilk
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olarak Sekil 1’deki karisim oranlarina goére tartimlari
yapilmistir. Manyetik karistiricida 750 rpm'de 75
dakika boyunca karigtinimistir. Karistirma isleminden
sonra karisimlar 25 ml etanol icerisinde 20 dakika

boyunca ultrasonik homojenizatorde homojenize
edilmistir. Karnistirilan tozlar 24 saat boyunca
80°C'de vakumlu firnda kurutulmustur. Birbirine

yakin partikdl boyutlarina sahip tozlarin homojen
karisimi tamamlanmistir.  Karistirma isleminden
sonra kompozitler 35 MPa basingta soguk presleme
teknigi ile preslenmistir. Presleme sirasinda tozlarin
kalip icerisinde daha kolay ¢ikmasi igin kalibin
ici cinko stearat (Zn(C..H ile yaglanmistir.

18" '35 2)2)

I R

Crtozu <A4pm

Cu tozu <44um B,c tozu <44pm

Tozlarin manyetik karistiricida
karistirilmasi

Tozlarin ultrasonik karistiricida
homojenizasyonu

(b)

Preslenen numuneler

(c)

Sicaklik (°C)
Iy

Bekleme siiresi
>

750

Kendi kendine
soguma

o » Zaman (dk)
40 130

Sekil 1. a). Hibrit karisimlarin hazirlanmasi, b). Uretilen
numuneler, c). Sinterleme sicaklik-zaman grafigi (a).
Preparation of hybrid mixtures, b). Produced samples, c).
Sintering temperature-time graph).

Sinterleme sicakligi secilirken matris malzeme ve
takviye malzemeleri arasinda kimyasal reaksiyonlara
yol acabilen yiksek isleme sicakliklari benimsenir;
bdylece, kompozit malzeme ara yuzinin bag
kuvvetini ve dzelliklerini degistiren yeni bir intermetalik
bilesik olusur. Sinterleme islemi Cu’nun ergime
noktasindan dusuk olan 750°C’de argon atmosferinde
90 dakika bekleme sulresinde gercgeklestiriimis ve bu
sure ile sicaklik belirlenirken literatlr ¢alismalarindan
yararlanilmistir [10,16,17]. Uretilen numuneler ve
sinterleme zaman grafigi Sekil 1'de gosterilmigtir.

2.2. Karakterizasyon (Characterization)

Sinterlenmis  numuneler, mikroyapr ve sertlik
testleri  yapilmadan Once bakalite alinmistir.
Bakalit numunelerin  mikroyapilarinin daha net

incelenebilmesi icin zimparalama ve parlatma islemleri
gerceklestiriimisti. Numuneler sirasiyla saf su ve
alkol ile yikanmigtir. Numunelerin mikroyapilarinda
Cu matris yapisi igerisinde dagiimis takviye element
partikillerinin  belirlenmesi ve asinma sonrasi
yuzeylerin incelenmesi icin SEM ve EDX (Zeiss EVO
MA10) analizleri yapilmistir. Hazirlanan numunelerin
faz tanimlamasi i¢cin XRD (Rigaku RINT-2000 X)
26=10 ila 80° tarama araliginda ve 40 kV/40 mA ile
gerceklestirilmistir.

2.3. Sertlik ve Asinma (Hardness and Wear)

Sertlik testlerinde HV, 'da 15 saniye bekleme siiresinde
3 farkli noktadan alinan degerlerin ortalamasi alinarak
sertlik deg@erleri belirlenmigtir. Asinma testleri pin-
on-disk asinma test cihazi ile 10 N yuk, 50 mm/sn
kayma hizi ve toplam 1000 metre kayma mesafesi
altinda kuru asinma kosullarinda c¢elik asinma pimi
kullanilarak gergeklestiriimistir. Toplam 1000 metre
kayma mesafesinde, numunelerin agirlik kaybi her 100
metrede bir 10* hassasiyet dederine sahip bir hassas
terazide OlclimuUs, olgllen degerler kaydedilmis ve
her numune icin mesafeye gore agirlik kaybi grafikleri
olusturulmustur. Asinma testlerindeki diger islem olan
surtinme katsayilarinin belirlenmesiicin herbirnumune
1000 metre kayma mesafesi boyunca asindiriimis ve
kompozitlerin surtinme katsayisi degerleri asinma
test cihazinda kaydedilmistir. Kaydedilen sirtinme
katsayisi degerleri bilgisayara aktariimis ve slrtlinme
katsayisi grafikleri olusturulmustur.

3. Sonuglar ve Tartisma (Results and Discussion)
3.1. Mikroyapi (Microstructure)

Mikroyap1 analizi i¢in hazirlanan numuneler Uzerinde
ilk olarak XRD analizi gergeklestiriimistir. XRD
analizleri Sekil 2' de gosterilmisti. XRD analizleri
bakalit alinmayan metalografik olarak hazirlanan ve
sinterlenen numunelerden alinmistir. XRD analizi
sonucunda Cu matris yapisi icerisinde Cr, B ve B,C
takviye elamanlarinin olustugu goérulmastir. XRD
analizlerinde bakir (Cu), bakir oksit (CuO), bor (B), bor
bakir (Cu-B), bor krom (Cr,B), karbon (C), krom bor
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karbir (Cr,BC,), bor krom (Cr,B) ve krom (Cr) bilesik
ve elementlerinin piklerinin olustugu gézlenmistir.
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Sekil 2. Hibrit kompozitlerin XRD kirinim desenleri a). Cu,
Cu-Cr, b). Cu-Cr-1B, Cu-Cr-2B, Cu-Cr-3B, c). Cu-Cr-1B,C,
Cu-Cr-2B,C, Cu-Cr-3B,C (XRD diffraction patterns of hybrid
composites a). Cu, Cu-Cr, b). Cu-Cr-1B, Cu-Cr-2B, Cu-Cr-
3B, ¢). Cu-Cr-1B,C, Cu-Cr-2B,C, Cu-Cr-3B,C).

Kompozitlerin 10 kat magnifikasyonlu SEM goériintileri
Sekil 3'te ve numune ylzeylerinden alinan EDX analiz
sonuglari Tablo 2’de gosterilmistir. SEM goruntileri
ve EDX analiz sonuglari takviye elemanlarinin matris
malzeme Uzerinde homojen bir sekilde dagildigini
gOstermektedir.

3.2. Sertlik (Hardness)

Numunelerin 3 farkh noktasindan alinan sertlik
degerlerinin ortalamalari Sekil 4'te gosterilmistir. B ve
B,C takviye miktarinin artmasi ile kompozitlerin sertlik
degerlerinde 6nemli artiglar gézlenmistir. En dusik
sertlik degeri saf Cu numunesinde elde edilirken diger

Tablo 2. EDX analiz sonuglari (EDX analysis results).

Ag. (%)

Numune

Cu Cr C B
Cu 100 - - -
Cu-Cr 98,91 1,09 - -
Cu-Cr-1B 96,58 1,34 - 1,83
Cu-Cr-2B 94,51 2,03 - 3,46
Cu-Cr-3B 92,64 1,49 - 5,87
Cu-Cr1B,C 94,86 1,17 253 145
Cu-Cr-2B,C 94,84 142 232 342
Cu-Cr-3B,C 88,74 152 432 542

bitiin hibrit kompozitlerde sertlik degerlerinin saf Cu’ya
gore arttigi gorilmastur. Sertlik testlerinde en yiksek
sertlik degeri Cu-Cr-3B kompozitinde elde edilmistir.
B, B,C ve Cr takviyesinin metal matrisli kompozitlerde
sertlik degerini arttirdigi literatir ¢alismalarinda da
gorilmektedir [9,11-15,18,19]. B ve B,C takviye
edilmesiyle metal matrisli kompozitlerin  sertlik
degerleri incelendiginde, %10; B,C takviyesiyle bakir-
nikel tozlari hazirlandiginda sertlik degerlerinde ise
%102,5’lik ylksek bir sonug elde edilmistir [22]. Diger
bir calismada ise 316L paslanmaz celigine agirlikca
%0,6’lik B katkisi ile sertlik degerinde %61,25’lik bir
artis gérulmustar [14].

Sekil 5' de 10 N yuk altinda asinma sonucundaki
toplam asinma agirlik kayiplari gdsterilmistir. Asinma
testleri sonucunda en fazla agirlik kaybi degeri saf Cu
numunesinde gdzlenirken, en az agirlik kaybi Cu-Cr-3B
kompozitinde gézlenmistir. Cr ve artan B, B,C katkilari
sertlik sonuglarina benzer sekilde hibrit kompozitlerin
asinma agirlik kayiplarinda da Ustliin sonuglar elde
edilmigtir [9,11-15,18,19]. Saf B kompozitlerinin B,C
kompozitlerine goére daha Ustin sonuclar vermesinde
sinterleme sicakligi olarak segilen 750°C’'de B,C ile
Cu matris malzemenin kendi aralarinda yeni bilesikler
olusturmasi ve B/C oraninin miktarinin sebep oldugu
disunilmektedir [20].

1000 metre kayma mesafesindeki asinma testleri
tamamlanan hibrit kompozitlerin surtinme katsayisi
degerleri Sekil 6’da gosterilmistir. Strtinme katsayisi
sonuglarinda Cr, B ve B,C katkilarinin surtinme
katsayisi degerini dislUrdigu ve sdrtinmeye kargi
direncin arttig1 gézlemlenmistir. B ve B,C katkisinin Cu
matrisine siki bir sekilde baglanmasiyla kdpru gorevi
gorur ve yalnizca mekanik baglanma yerine kimyasal
baglarin olusmasina yol agar; sonug olarak ara yluzey
tabakaya asinma esnasinda zarar vermek igin daha
fazla enerji tiketilmesi gerekir. B ve B,C, kirilgan
Cu matrisini ve kompozitlerini belirli bir dereceye
kadar kiriimaya karsi koruyabilen oldukga yuksek bir
dayanima sahiptir. Literatlr ¢alismalari incelendiginde
Cr, B ve B,C katkisinin asinma Ozellikleri Gzerinde
olumlu etkisi oldugu goéralmuastar [9,11-15,18,19].

hibrit
icin alinan

Asinma
izlerini

sonrasi
incelemek

kompozitlerdeki asinma
SEM goérantileri
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Sekil 3. Hibrit kompozitlerin SEM gorintdleri a). Cu, b). Cu-Cr, c). Cu-Cr-1B, d). Cu-Cr-2B, e). Cu-Cr-3B, f). Cu-Cr-1B,C, g).
Cu-Cr-2B,C, h). Cu-Cr-3B,C (SEM images of hybrid composites a). Cu, b). Cu-Cr, ¢). Cu-Cr-1B, d). Cu-Cr-2B, e). Cu-Cr-3B,
f). Cu-Cr-1B,C, g). Cu-Cr-2B,C, h). Cu-Cr-3B,C).
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the samples kayiplari (Total weight loss after wear).
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Sekil 6. a). Cr-B,C takviyeli kompozitlerin b). Cr-B takviyeli kompozitlerin surtinme katsayilari dederleri ve c). Uretilen
bltin kompozitlerin ortalama sirtlinme katsayilari (Friction coefficient values of a). Cr-B,C reinforced composites b). Cr-B
reinforced composites and c). Average friction coefficients of all composites produced).

Sekil 7' de gdsterilmisti. SEM goruntilerinde saf
Cu numunesinin ylzeyinde asinma sonrasl derin
catlaklar ve izler olustugu goézlemlenmistir. Bor
katkisinin artmasi ile asinma yulzeylerinde daha
yogun B partikdllerinin olustugu ve asinmaya karsi
direnci arttirdiyi gozlemlenmistir. Saf Cu ve Cu-Cr
numunelerinde gorilen gatlaklarin B ve B,C takviyeli
asinma yuzeylerinde gorilmedigi, numunelerin daha
az deforme oldugu ve asinma derinliginin azaldigi
gozlemlenmistir. B,C takviyesinin agindirici ug ile
Cu matris arasindaki asinmayi artirici bir direng
sergiledigi  dusunulmektedir  [11-17].  Sdrtnme
katsayisi degerlerindeki azalmanin temel nedeninin

ise, kayma asinmasi sirasinda B miktarinin artmasiyla
kompozitlerin pim ylzeyinde ince bir yaglayici film
olusturmasi oldugu dustnulmektedir [19]. Ayrica B,
asinma meydana gelen ylzeylerde grafit benzeri bir
yap! olusturabilir, bdylece sinir yaglama rejiminde
disuUk surtinmeyi kolaylastirmistir [21,22].

4. Sonuglar (Conclusions)

Uretilen Cu matrisli Cr, B ve B,C takviyeli kompozitlerin
mikroyapi, sertlik, asinma ve sirtinme katsayisi
Ozellikleri deneysel olarak incelenmistir. Yapisal ve
morfolojikanalizlersonucunda XRD analizlerinde matris
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Sekil 7. Asinma sonrasi SEM gérintileri a). Cu, b). Cu-Cr, ¢). Cu-Cr-1B, d). Cu-Cr-2B, e). Cu-Cr-3B, f).Cu-Cr-1B,C, g). Cu-

Cr-2B,C, h). Cu-Cr-3B,C (SEM images after wear a). Cu, b). Cu-Cr, c). Cu-Cr-1B, d). Cu-Cr-2B, e). Cu-Cr-3B, f).Cu-Cr-1B,C,

g). Cu-Cr-2B,C, h). Cu-Cr-3B,C).

malzemenin ve takviye elemanlarinin karakteristik
piklerini korudugu ve her bir kompozisyonun arasinda
yeni bilesiklerin olustugu go6zlemlenmistir. SEM
goruntilerinde ise takviye elemanlarinin matris yapi
Uzerinde homojen bir sekilde dagildigr goérdimustur.
Calismadaki tim takviyeli kompozitlerin sertlik
degerleri saf Cu numunesine goére onemli olglide
artmistir. En yiksek sertlik degerine sahip Cu-Cr-3B
hibrit kompozitinde saf Cu numunesine gore %61,26’lk
daha yuksek bir deger elde edilmistir. Agirlikga ytizde
3 B,C takviyesinde ise saf Cu numunesine kiyasla
sertlik degerinde %48,66’lik bir artis gértlmustir. Cr, B
ve B,C takviyeleri hibrit kompozitlerin agsinma direncini
artirmistir. Saf Cu numune ile karsilastirildiginda, Cu-
Cr-3B kompoziti %217 daha duguk toplam agirlik kaybi
ve %95,86 daha diuslk surtinme katsayisi degeri ile
en iyi sonuglari elde etmistir.
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Bu calismada, amonyum floroboratin (AFB), poliakrilonitrii (PAN) polimerinin termal
ozelliklerine olan etkisi incelenmistir. Bu amag igin, siirekli nanofiber tretim yontemlerinden
biri olan elektro-edirme yontemiyle, PAN ve AFB katkilanmig PAN (PAN-AFB) nanofiber
formunda Uretilmistir. Uretilen nanofiberlerin 1sil bozunma davranisi, termal gravimetrik
analiz (TGA) ile incelenmistir. Fiberlerin yapisal karakterizasyonu, Fourier DénlUsimli
Kizilétesi Spektroskopisi (FTIR) ve Taramali Elektron Mikroskobu (SEM) teknikleri
kullanilarak gerceklestirilimistir. Elde edilen sonuclara gore, PAN icerisine eklenen AFB
miktarinin artmasi ile nanofiberlerin agirlk kaybinin azaldigi ve termal kararhhgdinin
arttigi gozlenmistir. Polimer matrisine AFB katki oranlari %0,2, %0,4 ve %0,6 olarak
uygulanmistir. Deneysel ¢alismalarin sonuglarina gére, AFB’nin PAN Uzerindeki olumlu
etkileri gbzlenmis ve termal direncini artirdigi sonucuna variimistir. Bunun yani sira, SEM
goruntulleri, AFB partikullerinin, PAN icerisinde homojen olarak dagildigini géstermektedir.

Investigation of thermal behavior of ammonium fluoroborate doped PAN

nanofibers
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ABSTRACT

In this study, the effect of ammonium fluoroborate (AFB) on the thermal properties of
polyacrylonitrile (PAN) polymer was investigated. For this purpose, PAN and AFB doped PAN
(PAN-AFB) nanofibers were produced by electro-spinning method. The thermal degradation
behavior of produced nanofibers was examined by thermal gravimetric analysis (TGA).
Structural characterizations of the fibers were performed using Fourier Transform Infrared
Spectroscopy (FTIR) and Scanning Electron Microscopy (SEM) techniques. According
to the results, it was observed that the weight loss of the nanofibers decreased and the
thermal stability increased with the increase in the amount of AFB added to the PAN. AFB
additive ratios of 0.2%, 0.4% ve 0.6% were applied to the polymer matrix. According to the
results of the experimental studies, the positive effects of AFB on PAN were observed and
it was concluded that these effects increased its thermal resistance. Besides, SEM analysis
images showed that AFB particles were homogeneously dispersed in PAN.

1. Girig (Introduction)

ile karsilastirildiginda, nanofiberlerin yiksek mekanik
Ozelliklere ve genis ylzey alanina sahip olmasi, bu si-

Son yillarda gergeklestirilen nanoteknoloji uygulama-
lari, tekstil GrUnlerinde performans artirmayi ve yeni
fonksiyonel Ozellikler kazandirmayl amaglamaktadir.
Nano Olcekli farkli malzeme gruplarinin, makro 0l-
cekte Uretilmis durumlarina gore toplam hacim baki-
mindan ¢ok daha yuksek ylzey alanina sahip oldugu
bilgisine dayandirilarak, tekstil ve birgok uygulamada
kullanilmak Uzere nanofiber Uretimi alaninda yapilan
c¢alismalarda artis gézlenmektedir [1]. Nano boyutlu
malzeme gruplari icinde dnemli bir yere sahip olan
nanofiberler, genellikle ¢api 1 mikron altindaki fiber
yapilar olarak tanimlanmaktadirlar. Birgok malzeme

nif malzemeleri daha ¢ok tercih edilir hale getirmistir
[2]. Nanofiber Uretme ydntemlerinden biri olan elektro-
egirme yontemi, diger Uretim ydntemleri arasinda en
avantajli olanidir. Bu ydntem, polimer ¢ozeltisi veya
eriyigine ylksek elektrik alan uygulanarak nanoboyut-
lu fiberlerin olusumu ile sonuglanan ¢ok yonlu bir poli-
mer prosesidir. Polimer soliisyonunun elektrik yuklu jet
olusturabilmesi igin proses boyunca yuksek voltaj kay-
nagi kullaniimaktadir [3]. Toplayici plakaya ve enjektor
ucuna elektrot baglanarak polimerik sivinin ylizeyinde
yuk olugsmasi esasina dayanarak, prosesin gergek-
lestigi sOylenebilir [4]. Ancak bu yéntemde, nanofiber
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Ozelliklerini etkileyen birgok unsur vardir ve Uretim
esnasinda bunlar muhakkak g6z éntinde bulundurul-
malidir. Bunlar, ¢ozelti parametreleri (iletkenlik, ylzey
gerilimi, viskozite, derisim); proses parametreleri (uy-
gulanan voltaj, igne ucu ve toplayici arasindaki mesa-
fe, akis hizi, elektrik alan); cevresel etmenler (sicaklik,
nem) olarak siniflandiriimaktadir. Bu unsurlarin dikka-
te alinmasiyla yerine getirilen proses optimizasyonu,
istenen dizeyde ve boyutlarda nanofiber Uretimine
imkan saglamaktadir.

GUnumuzde organik/inorganik esasli maddelerin,
polimerler igine karistirilarak polimerik malzemelerin
uygulanabilirliginin genigletiimesi dnem kazanmaktadir.
Bu amagla, farkli nitelikler kazandirilmis nanofiber
kompozitlerin  Uretimi, c¢ogunlukla elektro-egirme
isleminden 6nce polimer c¢ozeltisine farkh katki
maddelerinin  eklenmesiyle  gergeklestiriimektedir.
Uygun alev geciktirici katki maddeleri ile olusturulmus
polimer sistemlerin termal Ozelliklerinde bulylk
degdisimler gdézlenmektedir. Bu tir maddeler, yanmanin
baslamasini  ve/veya ilerlemesini engelleyerek,
mudahale etme siresini artirmaktadirlar.  Alev
geciktirici 6zellikteki katkilar, icerdikleri kimyasallara
gore ve hedefledikleri polimer tiplerine gore, halojen
esasli, fosfor esasli, azot esasli, silikon esasli, bor
esasli ve inorganik alev geciktiriciler olmak Uzere
farkli siniflara ayrilmaktadir [5]. Nihai Uriinlere termal
dayanim kazandirmak amaciyla borat bilesikleri
yaygin olarak kullaniimaktadir. Borat bilesikleri,
yuksek dehidrasyon sicakligina sahip olmalari, ucuz
olmalar ve etkili duman bastirici 6zellik tasimalari
nedeniyle polimer esasli Urlnlerin imalatinda
tercih edilmektedir [6,7]. Bor igerikli floroboratlar
grubu da alev geciktirici olarak kullanilan katki
maddelerindendir ve en yaygin kullanilani amonyum
floroborattir (AFB) [8,9]. Bu galismada kullanilan AFB,
beyaz kristal yapidadir ve kati haldeki kristal yapisi
NH,BF, seklindedir. AFB, ylksek sicakliklarda kubik
yaplya sahipken, dusUk sicakliklarda ortorombik
yapida kristallenmektedir [10]. AFB, alev geciktirici
malzeme Uretiminde kullaniimasinin yani sira organik
reaksiyonlarda katalizor olarak gérev almaktadir. Metal
ve lehim islemlerinde, etanolden su ve metanolln
ayrilmasi prosesinde, mantar ve bdcek ile micadele
uygulamalarinda olmak Uzere endustrinin birgok farkl
alaninda kullaniimaktadir [11,12].

Bu calismada, termal direnci arttirlmis nanofiber
uretimi  hedeflenmistir. Bu amagcla, polimer matris
olarak PAN secilmis ve AFB katkilanarak elektro-
egirme ydntemiyle PAN nanofiber kompozit Uretimi
gerceklestiriimistir. PAN; kimyasal ve termal kararliligi,
disuk alevlenebilirligi ve yuksek mekanik dayanim
gOstermesinden dolayi yaygin olarak tercih edilen bir
polimerdir [13,14]. Calismada kullanilan floroborat
bilesigi ile termal direncinin artirlmasi amaglanmistir.
Deneysel c¢alisma sonucu hazirlanan nanofiberlerin
termal dayanim direncgleri TGA analizi ile yapisal ve
morfolojik 6zelikleri ise FT-IR ve SEM analizleri ile
incelenmisgtir.

2. Malzemeler ve Yontemler (Materials and Methods)
2.1. Malzemeler (Materials)

Calisma kapsaminda kullanilan, PAN, Dimetil
Formamid (DMF), Sigma-Aldrich firmasindan temin
edilmistir. AFB (NH,BF, ise tarafimizdan Es. 1'de
verilen reaksiyon dikkate alinarak laboratuvar
kosullarinda uretilmistir [12].

2NH,HF, + H,BO; & NH,BF, + 3H,0 + NH; (1)
2.2. Nanofiberlerin Uretimi (Production of Nanofibers)

Deneysel galismalarin baslangicinda, belirli galisma
sartlarinda saf PAN c¢dzeltisinden elektro-edirme
yontemi (Sekil 1) ile nanofiberler elde edilmis ve
belirlenen bu kosullar, sonrasindaki c¢alismalar
icin standart olarak kabul edilmistir. 20 kV voltaj
uygulanarak, enjektdor ucu ve Kkollektdr arasindaki
uzaklik 15 mm’de sabit tutularak, 0,1 mL/sa besleme
debisi ile AFB katkili nanofiber Uretimine gegilmigtir.
Bu asamada, PAN-AFB nanofiber Uretimi amaciyla; ilk
olarak DMF ortaminda AFB ¢6zllerek, uygun miktarda
PAN polimeri ortama eklenmigtir. Farkli miktarlardaki
(w/w; %0,2, %0,4 ve %0,6) AFB’nin ayri ayri 10 mL
DMF ortaminda ¢éziinmesi, ultrasonikasyon teknigi
ile saglanmis ve 1 g PAN polimeri eklenerek elektro-
egirme ¢ozeltisi hazirlanmistir. Homojen ¢ozelti elde
etmek amaciyla mekanik karistiricida (50°C) bir gece
boyunca karismasi saglanmistir. En son asamada,
besleme hizinin, nanofiber dzellikleri Gzerine etkisini
saptamak amaciyla 0,05 mL/sa, 0,1 mL/sa ve 0,3 mL/
sa debileri dikkate alinarak nanofiber 6rnekleri Gretilmis
ve SEM analizi ile fiber c¢aplarindaki degisimler
incelenmisgtir.

Enjektor

Enjektor Pompasi

Yilksek Voltaj Kollektdr (Toplayia plaka)
Sekil 1. Elektro-edirme cihazi ana elemanlarinin sematik

gosterimi (Schematic representation of the main elements
of electro-spinning device).

2.3. Karakterizasyon (Characterization)

2.3.1. Termogravimetrik analiz (Thermogravimetric
analysis)

Elektro-egirme yéntemi ile elde edilen nanofiberlerin
termal dayanimlarini tespit etmek amaciyla Mettler
Toledo TGA/DSC Il Star cihazi kullaniimistir. Azot
atmosferi altinda 10°C/dk. isitma hizi ile 25-700°C
sicaklik araliginda analiz yapilmigtir.

2.3.2. Fourier déniigiimlii kiziétesi analizi (Fourier
transform infrared analysis)

PAN-AFB nanofiberlerin fonksiyonel grup analizleri,
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FT-IR spektroskopisi kullanilarak gercgeklestirilmistir.
Infrared calismalari, Bruker Bruker-Platinum ATR-
vertex 70 spektrometresiyle gergeklestiriimistir.
Spektrumlar, 400-4000 cm™" arali§inda kaydedilmistir.

2.3.3. Taramali elektron mikroskobu analizi
(Scanning electron microscobe analysis)

Hazirlanan PAN ve PAN-AFB nanofiberlerinin
morfolojisi, EVO 1510 ZEISS marka cihaz ile
incelenmistir. Bu teknik ayni zamanda, farkli besleme
debilerinin  nanofiber boyutlarina olan etkisini
incelemek amaciyla kullaniimistir.

3. Sonuglar ve Tartisma (Results and Discussion)

3.1. Termogravimetrik Analiz (Thermogravimetric
Analysis)

Termal dayanimi incelenecek malzeme isitilirken
meydana gelen kltle kayiplari goézlenerek, sicaklik-
kitle kaybi egrisinde kirilmanin olustugu sicaklik
degeri bozunma sicakligi olarak degerlendiriimektedir.
PAN ve PAN-AFB nanofiber orneklerinin 25-700°C
araliginda elde edilen termogramlari Sekil 2'de
verildigi gibidir. Katkisiz PAN nanofiber 6rneginin
TGA termogrami incelendiginde, goérilen bozunma
egrisinde, yapida yer alan nemin uzaklagsmasindan
dolayr birinci kutle kaybinin yaklasik 100°C’de
gergeklestigi gorilmektedir. ilk dramatik kiitle kaybi, %6
orani ile 285°C’de gergeklesmistir. PAN nanofiberinin
tim bozunma egrisi incelendiginde, geriye kalan kul
orani, %34,24 olarak hesaplanmistir.

110
T~——
90 \::_—;gﬁ

80— &

—— PAN
— PAN-AAFB(0,2)
—— PAN-AAFB(0,4)

PAN-AAFB(0,6)

70

Kutle (%)

60—

50—

40 e
RS —

30 T T T T T T T T
25 100 175 250 325 400 475 550 625 700

Sicaklik (°C)
Sekil 2. PAN ve PAN-AFB nanofiber érneklerinin 25-700°C
araliginda elde edilen termogramlari (Thermograms of PAN
and PAN-AFB nanofibers obtained in the range of 25-700°C ).

Uretilen PAN-AFB nanofiber &rnekleri igin alinan
termogramlar incelendiginde ise kutle kaybinin daha
dusuk sicakliklarda bagladigi gérilmektedir. Yine ayni

sekilde 100°C civarinda nanofiber yapisinda yer alan
nemin uzaklastigi sdylenebilir. Bozunma egrisinde
gorulen ilk buyuk kutle kaybi, %10-14 oraniyla 282-
295°C’de izlenmektedir. Ikinci ve Gglincli biyik
katle kaybi, 315°C ile 420°C sicaklik araliginda
gerceklesmektedir. PAN-AFB (%0,2, %0,4 ve %0,6)
nanofiber o6rneklerinin tim bozunma sonuglarina
bakildiginda ol¢llen kil oranlar sirasiyla %37,01,
%37,64 ve %38,08 olarak tespit edilmistir. Bu sonuglar
Isiginda nanofiber igeriginde kullanilan AFB’nin g¢ok
dustk miktarlarda kullanilmasina ragmen polimerin
termal dayanim 6zelliklerini artirdigi belirlenmisgtir.

Ayrica polimerik malzemelerin aleve dayanim
davranigini belirlemek icin dikkate alinan bir diger
deger limit oksijen indeksi (LOI)'dir. Oksijen indeksi,
malzemenin yanmaya devam edebilmesiicin ortamdan
almasi gereken oksijen miktarini ifade eder. Bu degerin
pratik olarak hesaplanabilmesi igin van Krevelen bir
esitlik tiretmis ve TGA termogramindan faydalanarak
LOI degerini hesaplamistir [15]. Bu yontem, ekonomik
ve pratik olmasi agisindan malzemelerin alev dayanim
direncini belirlemede siklikla kullanilir. Bu g¢alismada
uretilen nanofiberlerin LOI degerleri, Es. 2 yardimiyla
hesaplanmis ve Tablo 1’de verilmistir. Es. 2'de yer alan
CY (Char Yield) ifadesi, TGA analizi sonucunda her bir
ornek icin hesaplanan kalinti miktarini (kil oranini, %)
temsil etmektedir.

LOI = 17,5+ 0,4(CY) (2)
Tablo 1’de yer alan LOI degerlerine bakildiginda,
artan AFB miktarlariyla birlikte yukselen LOI degerleri
tespit edilmistir. Katkisiz PAN nanofiber 6rnegi
icin hesaplanan deger 31,19 iken, PAN-AFB(0,6)
orneginde yer alan ¢ok dusuk miktardaki AFB katkisi
(%0,6), LOI degerini yukseltmeyi basarabilmistir. Bu
sonug, yuksek dehidrasyon sicakligina sahip olan AFB
partikullerinin aleve dayanikli polimerik malzemelerin
uretiminde yaygin olarak kullanilabilecegi bilgisini
desteklemektedir [6]. Ceyhan ve arkadaslari tarafindan
yapilan c¢alismada, AFB’ye 06zgl Uretim sartlar
belirle~nerek, yanmaya dayanikl farkli malze~melerin
Uretiminde kullanilabilir yapida oldugu ifade edilmigstir
[12].

3.2. Fourier Transform Infrared Analizi (Fourier
Transform Infrared Analysis)

Sekil 3'de PAN ve PAN-AFB(0,4) nanofiberlerine ait
FT-IR spektrum analizi verilmistir. Grafikte yer alan
PAN nanofibere ait spektrum incelendiginde; 3260 cm-
"de C=N-H gerilim bandi tespit edilmistir. 2940 cm™"ve

Table 1. PAN ve PAN-AFB nanofiberlerinin termogravimetrik analiz sonuglari ve LOI degerleri (Thermogravimetric analysis

results and LOI values of PAN and PAN-AFB nanofibers).

200 250 300 450 700 Lol
PAN %97,13  %96,64 %70,13 %41,29 %34,46 31,19
PAN-AFB(0,2) %92,94 %90,71 %74,37 %43,50 %37,01 32,30
PAN-AFB(0,4) %94,43 %91,69 %74,29 %44,25 %37,64 32,56
PAN-AFB(0,6) %94,50 %89,12 %79,90 %44,77 %38,08 32,73
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2243 cm' pikleri sirasi ile [(C-H) gerilim] ve (-C=N)e
aittir. 2160 cm™ B-amino-C=N gerilim bandina isaret
etmektedir. 1450 cm™', 1382 cm™ ve 1251 cm™ pikleri
(C-H) egilme bandina ait piklerdir. 1677 cm"deki band,
amid gruplarinin C=0 geriliminden dolay! olusurken,
1070 cm™ piki C-C gerilim bandini géstermektedir.

——PAN-AFB(0,4)

——PAN

r T T T T
3500 3000 2500 2000 1500 1000 500

Dalga Sayisi, cm?!

Sekil 3. PAN ve PAN-AFB(0,4) nanofiberlerine ait FT-
IR spektrumu (FT-IR Spectra of PAN and PAN-AFB(0.4)
nanofibers).

PAN-AFB(0,4) nanofiberlerinin FT-IR sonuglarina
bakildiginda ise NH,* katyonunun, 3240-3290 cm™
ve 1436-1390 cm™ dalga sayisi araliklarinda sirasiyla
deformasyon ve gerilme seklinde iki adet dejenere
titresimine sahip oldugu goérulmektedir. Ayrica, 559
cm™ dalga sayisinda B-F geriliminden kaynaklanan
bir titresim mevcuttur [12]. PAN'da bulunan -CN
grubundan kaynaklanan pik, 2244 cm"de daha keskin
olarak go6zlenmigtir. Analizde, AFB partikillerinin
katkilandiriimasiyla pik siddetlerinde degisimler,
dalga sayilarinda az da olsa degisikliklerin oldugu
gorulmektedir. Ozellikle, 2940 cm™de alifatik C-H
gerilmelerine isaret eden pik, PAN-AFB nanofiberinde

EHT 000KV uhyos s000KX oo
| Pesbew  100A

ol WO $Emm

siddetini artirmistir. Yapidaki degisime neden olan yeni
bir pik degildir. PAN’In karakteristik piklerini korumus
oldugu goézlenmektedir. Bu sonug, PAN nanofiberinin
sahip oldugu islevsel gruplarin ytzeylerde muhafaza
edildigini gostermektedir.

3.2.1. Taramali elektron mikroskobu analizi
(Scanning electron microscobe analysis)

AFB’nin  PAN nanofiber caplari Uzerine etkisini
incelemek amaciyla SEM analizi yapilmistir. Sekil
4’te goruldugu gibi, nanofiberler %0,4 AFB varliginda
basarili bir sekilde elde edilmistir. Boncuksuz yapiya
sahip homojen PAN-AFB nanofiberleri 250-300
nm araliinda diizgiin bir yapiya sahiptir. Islem
parametrelerinin hassas kontroli ile farkli c¢aplara
ve yaplya sahip nanofiberlerin elde edilebilecegi
sonucuna varilabilir.

Nanofiber capini ve yapisini etkileyen parametrelerden
biri olan polimer ¢ozeltisi besleme hizinin etkisini
gézlemlemek igin farkli besleme debileriyle nanofiber
drnekleri Uretilmistir. SEM mikrograflari ve ¢cap dagilim
grafikleri 0,05; 0,1; 0,3 mL/sa besleme debisi degerleri
kullanilarak Uretilen nanofiberler igin Sekil 5'te
verilmigtir.

Her U¢ besleme debisinde de elde edilen nanofiberlerin
homojen ve hemen hemen boncuksuz bir yapiya
sahip oldugu gézlenmistir. Ancak nanofiber ¢aplarina
bakildiginda farkhlik hemen gbze carpmaktadir. En
disik besleme debisinde fiber ¢api 380-400 nm; 0,1
mL/sa. debi ile Uretilen fiber ¢caplari 300-310 nm iken,
0,3 mL/sa debi ile elde edilen fiberlerin ¢caplari ise 220-

240 nm araliginda degistigi gérilmektedir.

Sigral A= 5E1
WO s BEmm

I Prebem 100 pA
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EHT=2000K/  sug= soooKx |1‘E|
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Sekil 4. PAN ve PAN-AFB(0,4) nanofiberlerine ait SEM goruntileri (SEM images of PAN and PAN-AFB(0.4) nanofibers).
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Sekil 5. Farkl besleme debileriyle uretiimis PAN-AFB nanofiberlerinin SEM goéruntileri (SEM images of PAN-AFB nanofibers

produced at different flow rates).

Nasir ve arkadaslari tarafindan yapilan bir calismada
benzer bir sonug elde edilmistir [16]. Bu ¢alismada,
artan besleme debisiyle fiber c¢apinin giderek
distigu ve yine artan besleme debisinde ylzey yuk
yogunlugunun da distiga sonucuna varilmigtir. Farkli
morfolojilerin, ¢ozelti besleme debisini kontrol ederek
elde edilebilecedi belirtiimistir. Ayni zamanda, belirli
bir elektrik alanda denge sartlarinda ancak olusabilen
Taylor Konisi teorisinin g6z 6ninde bulundurulmasinin
onemli oldugu vurgulanmistir. Benzer sekilde, Theron
ve ark. tarafindan vyapilan bir calismada PVDF
nanofiberleri elde edilmis ve besleme debisinin
artmasiyla fiber ¢aplarinin distliigu ve daha homojen
bir dagihm sergiledigi belirlenmigtir [17].

4. Sonuglar (Conclusions)

Polimer ve tekstil endustrisinde malzemelerin alev
dayanim Ozelliklerini iyilestirmek icin farkh inorganik
katki maddeleri kullaniimaktadir. Borat bilesikleri,
diger alev geciktirici kimyasallara nazaran, yandiginda
zehirli gaz aciga cikarmadigr igin ¢evre dostu bir
kimyasal olarak karsimiza ¢ikmaktadir. Bu ¢alismada,
bir borat bilesigi olan AFB’nin, PAN’in termal dayanim
Ozelligi Uzerine etkisi incelenmigtir. Elektro-egirme

teknigi ile PAN ve AFB igerikli PAN-AFB nanofiberleri
basarih bir sekilde uretilmistir. Yapilan c¢alismada
ana hedef, PAN’In termal direnci Gzerine AFB etkisini
ortaya koymaktir. Bu amagla, artan miktarlarda
AFB katkilanarak polimer ¢ozeltileri hazirlanmis
ve nanofiber formunda Uretilmistir. Uygulanan
TGA analizi ve bu analiz yardimiyla hesaplanan
LOI degerlerine goére PAN’In termal dayaniminin
yukseldigi ve sicakhda karsi bir diren¢ kazandigi
g6zlemlenmistir. Bunun yani sira, yapilan SEM analizi
ile AFB’nin nanofiber formunu deforme etmedigi,
boncuksuz homojen dagiim gosteren kesiksiz
lifsi yapilarin Uretimine olanak tanidigi sonucuna
varilmistir. Polimerin LOI degerlerinde belirgin etkisi
oldugu saptanan AFB’nin, farkl uygulamalarda alev
geciktirici olarak kullanilabilecegi dusunitlmektedir.
Bu amacla gerceklestirilen bu ¢alisma, bir 6n ¢alisma
niteligindedir.
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The element boron (B) is in the IlIA group of the periodic table, with atom number 5 and
molecular weight of 10.81 mol/g. B is a rare element involving many biological processes
such as embryonic development, bone structure, and function, oxidative stress, etc. Over
the last decades, studies have shown that B-containing compounds regulate reactive
oxygen species (ROS) levels, involve DNA damage mechanisms, and inhibit different
enzymes. Improvements in medicine led researchers to think about B’s potential usage in
cancer diagnosis, treatment, and prevention. Nowadays, different research groups have
studied B-based compounds on several types of cancer including prostate, lung, breast,
colon, skin, brain, melanoma, etc. Studies revealed that B compounds can affect different
types of cancers with different pathways/mechanisms. Based on the potential therapeutic
effects of B, the first B-containing anti-cancer drug and a first-in-class proteasome inhibitor
Bortezomib (Velcade®), was approved by the Food and Drug Administration (FDA)
in 2003. On the other hand, boron neutron capture therapy (BNCT) is a very important
clinical cancer treatment based on B and B-containing delivery agents. During the past
20 years, researchers developed several new B delivery agents both for BNCT and B
itself. In summary, this review article offers an overview of B compounds used for cancer
diagnosis and treatment, delivery agents for BNCT, new therapeutic approaches containing
B carriers, and novel B-based cancer detection approaches.

1. Introduction

Boron (B) is a rare element on Earth, and it generates
just 0.001% of all the elements in the world [1]. 73.4%
of all known B reserves are in Turkiye [2]. Two major
producers, approximately 62% of Turkiye and 23% of
America supply most of the world's B consumption [3].
B belongs to the periodic table's IlIA group, which is
a metalloid (half-metal) with an atom number 5 with
molecular weight of 10.81 mol/g. There are 230 known
B derivatives, however, there is no B in its free form
in nature. The most important B types are borax or
tincal (Na,B,0,.10H,0), boric acid (H,BO,, BA),
colemanite (CaB,0,(OH),.H,0), kernite or rasorite
(Na,B,0,.4H,0), and ulexite (NaCaB,0,.8H,0). B
is found in sedimentary rocks, water, soil, and air
in nature. Organisms absorb a trace quantity of the
B into their bodies through the water and food they
consume. Almost all the B entering living systems
is absorbed by the gastrointestinal system. Green
vegetables and fruits, nuts, fish, milk, and meat have
a high content of B [4]. A wide range of application
areas may benefit from B's advantages, and it can be
used in more than 400 different industries, including
the nuclear, pharmaceutical, fertilizer, automotive,
glass and ceramics, chemistry, cleaning, aerospace,
cosmetics, weapon, agri-food industries, energy and

construction industries, metallurgy, superconductors,
electronics, and medicine [5]. Studies on the biological
and toxicological effects of B on a variety of organisms
have led to an increase in the usage of B in medicine.
Studies have shown that it participates in calcium
metabolism and hormone activity. However, the role
of B in biological processes is not fully known yet.
Though it is not classified as an "absolutely essential
element" for humans, the World Health Organization
(WHO) defined B as a "possibly essential element" in
1996 [6]. Daily consumption of B shows different rates
in every country and human. However, the average
amount of B taken was determined as 1.5-3.0 mg B/
day. WHO defined the maximum daily consumption
amount of B as 1-13 mg B/ day for adults [4]. B has
effects on many mechanisms, including carbohydrate
metabolism, mineral uptake, enzyme function, and the
regulation of hematological processes along with the
undefined effects. In addition, studies have shown that
B and its derivatives may have important roles in the
treatment and prevention of some cancer types [7,8].

1.1. Effects of Boron on Human Health
Human intestinal epithelia are capable of absorbing

B, and most of the B that has been ingested into the
body is excreted in the urine, whereas 2% is excreted
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in feces and a negligible amount by sweat, breath,
and bile. Over the decades, studies have shown
that B has a good influence and important roles in
embryonic development, energy metabolism, hormone
metabolism, bone structure and function, inflammatory
response, wound healing, oxidative stress, etc. (Figure

1),

Figure 1. Important processes and pathways that B is
involved and has regulatory role (Created with BioRender.
com).

B can interact with riboflavin, adenosine monophosp-
hate, pyridoxine, pyrimidine nucleotides, ribose, and
polysaccharides [9]. Furthermore, B functions as an
inhibitor for proteasome, arginase, nitric oxide syntha-
se, and transpeptidase. Therefore, B-containing drugs
could be beneficial for the treatment of various disea-
ses like; arthritis, metabolic abnormalities, neurologi-
cal issues, and numerous chronic and infectious dise-
ases. For decades, several B compounds have been
investigated as antibacterial and antifungal agents
such as natural biomolecules, diazaborine, oxazabo-
rolidines, diphenyl borinic esters, and benzoxaborole
[10-12]. Studies showed that B-containing compounds
regulate reactive oxygen species (ROS) levels and
are involved in DNA damage response mechanisms.
Based on these properties, researchers defined B and
B-containing compounds as important chemopreven-
tive agents [13-16].

1.2. Boron-containing Drugs in Use

To develop new pharmaceutical drugs, the utilization
of substances that aren't typically found in organisms
has a high chance of yielding unexpected biological
action. If a B atom is logically placed into a biologically
active molecule (at a site that is close to a donor
area in the target protein), interactions with the target
protein may be anticipated that involve both covalent
and hydrogen bonds, and these interactions would
result in a powerful biological activity [17]. Based on
this knowledge, various B-containing small molecules
have been reported to inhibit different enzymes (Figure
2).

The proteasome inhibitor and anti-cancer drug
Bortezomib (Velcade®) was approved by the Food
and Drug Administration (FDA) in 2003. In solid
tumors and hematological malignancies, it facilitates
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Figure 2. B-containing drugs approved by FDA (Created
with BioRender.com).
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apoptosis and disrupts the cell cycle [18]. It was the
first B-containing drug on the market and a first-in-
class proteasome inhibitor. A significant association
has been observed with the bortezomib doses and
positive regulation of prostate-specific antigen (PSA).
When combined with other treatments like radiation
or other chemotherapeutics, bortezomib is effective
to treat androgen-independent prostate cancer [19].
In addition, the anti-cancer activity of bortezomib has
been demonstrated alone and with other cytotoxic
agents such as 5-fluorouracil (5-FU), paclitaxel (PTX),
gemcitabine (GMT), or doxorubicin (DOX) in other
tumor types [18]. Late, two more B compounds,
Tavaborole (Kerydin®) and Crisaborole (Eucrisa®),
were approved by the FDA in 2014 for treating
onychomycosis and atopic dermatitis, respectively
[20]. The second-generation B-containing proteasome
inhibitor Ixazomib (Ninlaro®) was approved by the
FDA in 2015, for multiple myeloma patients who have
already undergone at least one prior therapy [21].
Vaborbactam® was the first boronic acid B-lactamase
inhibitor to receive FDA approval in 2017 [22]. The FDA
also approved the use of Vaborbactam® in combination
with Meropenem® (namely Vabomere?®) to treat urinary
tract infections.

2. Boron as a Chemopreventive and
Chemotherapeutic Agent

As the number of people suffering from the disease
is increasing around the world, development of novel
treatment strategies is gaining more importance.
Investigations aim to identify new compounds with
novel and effective anti-cancer characteristics.
Amongst, B-containing compounds have been
demonstrated to have promising effects so far for
prostate, breast, cervical, lung, and melanomas [23-
25]. Several studies have shown that low B intake
is associated with the progression of different types
of cancer. An epidemiological study by Cui and
coworkers (2014) suggested an inverse relationship
between daily B uptake and prostate cancer [23].
Furthermore, some studies revealed that B intake was
adversely related to the ratio of cervical cancer [24]
and lung cancer [25]. Based on these studies, natural
and synthetic B compounds such as borates, sugar-
borate esters (SBEs), B polyketides, boranes, boronic
acids/esters, borinic acids/esters, and dipyrromethene
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boron difluoride (BODIPY) for cancer therapy have
been further investigated (Figure 3).

Natural Boron Compounds Synthetic Boron Compounds

Boron Oxide
(B205)

Boranes |

Boronic
Acids and
Esters

Pro-apoptotic
Proteosome inhibition
Anti-oxid
Anti-inflammatory
Anti-metastatic
Enzyme inhibitor
Anti-proliferative

Boric Acid
(HsBO;

Borinic
Acids and
Esters

Sugar-Borate
Esters (SBEs)

Dipyrromethene
Boron
Difluoride
(BODIPY)

Boron
Polyketides

Figure 3. B-containing natural and synthetic compounds
and their potential therapeutic effects on cancer (Created
with BioRender.com).

Natural B compounds contain BA, boron oxide
(BO), sodium pentaborate pentahydrate (NaB),
disodium pentaborate decahydrate (DPD), sodium
perborate tetrahydrate (SPT), sodium pentaborate
decahydrate (SPD), borax pentaborate decahydrate
(BP) and numerous different molecules. These natural
chemicals contain B-oxygen bonds, and they belong
to the borate family. Since they are natural compounds
and showed effective therapeutic effects on different
diseases, various studies have been investigating their
effects on cancer. SBEs are one of the most important
members of B-containing natural compounds, and
may be found in many different structures like trigonal
or tetragonal and mono- or di-esters [26] (Figure 4).
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Figure 4. BA a). anionic monoesters b). and anionic diesters
with sugars containing cis-hydroxy groups c). d). Esterification
reaction of BA with sugars containing cis-hydroxy groups

(R=H, alkyl, aryl, acyl, created with BioRender.com).

Amongst, calcium fructoborate (CaFB) is naturally
absorbed by animals, and it is less toxic than almost
all B compounds. CaFB has shown to be effective in
preventing and treating several diseases, including
osteoporosis and osteoarthritis. Besides, it also exerted
anti-cancer effects through different mechanisms [27].
Another important group is B-containing antibiotics,
which include boromycin, tartolons, borophycin,

etc. which have been studied for their antibacterial,
antifungal, and anti-cancer properties [28].

Boromycin may also cause selective cell cycle arrest
of different cancer cell types during the G2 phase
and increase the susceptibility of cells to a variety of
anti-cancer drugs [29]. In addition, boranes showed
important therapeutic effects on many diseases.
The most important borane compounds are amine-
carboxyboranes, amine-cyanoboranes, carboranes,
trimethyl cyanoborane (TACB), and amine-boranes.
Studies revealed that amine-carboxyboranes were
cytotoxic and exhibited antineoplastic properties
against leukemias, lymphomas, sarcomas, and
carcinomas [30]. Amine-boranes also showed
cytotoxic activities on a variety of cancer cells, and they
are potential boron neutron capture therapy (BNCT)
agents. TACB was also suggested as a therapeutic
agent for its inhibitory function on DNA and protein
synthesis [31]. Due to their distinctive characteristics
and anti-cancer effects, boronic acids and esters have
been researched for decades as potential cancer
treatments. Boronic acids are more selective for
cancer cells and more stable than BA, which make
them attractive compounds for clinical use. Recent
developments in BNCT and targeted drug delivery
strategies based on boronic acids showed important
results for the treatment of cancer. Phenylboronic
acid (PBA) and diphenylboronic esters (DPBE), which
function as serine protease inhibitors, are the most
effective boronic acids and derivatives [30,31]. Another
synthetic group, borinic acids contain borinates and
oxoboranes which function as enzyme inhibitors
and regulators of membrane ion channels. Amongst,
BODIPYs are one of the most promising agents for
development of therapeutic and diagnostic strategies.
BODIPYs are B-based fluorophores probes that can be
used to identify specific molecules. BODIPY derivatives
can also be used as diagnostic or prognostic tools to
identify biomarkers of infections, diabetes, chronic
nervous diseases, cancer, and metabolic disorders
[31]. Over the decades, important developments in
cancer treatment based on B-containing compounds
showed very promising results for future clinical
applications. Recent studies showed that B-containing
compounds can be used for chemotherapy, radiation
therapy, targeted drug delivery, bio-imaging tools, and
other therapeutic and diagnostic strategies. In this
review article, we are mainly interested in the anti-
cancer effects of BA, BO, CaFB, PBA, boron nitride
(BN), and BODIPYs which are the most investigated
and promising B compounds. Furthermore, we will
also discuss their potential use in novel drug delivery
systems as well as combinational cancer treatment
and diagnostic strategies.

2.1. Borates and Their Anti-cancer Effects

As discussed in the previous section, borates are very
important B-containing therapeutics. Among these
compounds, BO, and BA (Figure 5) tests for cancer
treatment are a very common strategy.
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their chemopreventive and chemotherapeutic potencies
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Due to its structural characteristics, like carbon, BA
can serve as a competitive inhibitor for a variety of
carbon-containing molecules. Due to this quality, BA
is an excellent candidate to work as a pharmaceutical
agent [16,29]. Therefore, chemopreventive
and chemotherapeutic effects of BA have been
investigated on different types of cancer cells. The
proliferation of prostate cancer cells was inhibited in
a concentration-dependent manner [32,33], as well
as the non-tumorigenic prostate cell lines, though the
required concentrations to kill DU-145 and LNCaP
prostate cancer cells were lower respectively [32].
BA induced apoptosis, upregulated the pro-apoptotic
genes, and downregulated the anti-apoptotic ones
in ovarian cancer cells [34]. Cell cycle arrest-
related genes were unaffected by BA application.
Additionally, the expression of miR-21, miR-200a,
miR-130a, and miR-224 was downregulated in the
BA-treated groups. Findings suggested that the
anti-tumor activity of BA may be related to altered
miRNA levels as these miRNAs are indicators of
poor prognosis of ovarian cancer. Interestingly, the
oxidative stress index was higher in the BA-treated
groups, which also claims partition of oxidative stress
in cell death [34]. Hepatocellular carcinoma cells had
also showed decreased cell viability, survival, colony
formation capacity, migration, and spheroid growth
due to BA treatment. Furthermore, reduction of the
AKT phosphorylation was observed suggesting BA-
induced downregulation of the AKT survival pathway
[35]. Cebeci and colleagues (2022) demonstrated the
anti-cancer properties of borates against a small-cell
lung cancer model, DMS-114, for the first time. The
findings demonstrated that BA, NaB, and SPT caused
apoptosis by upregulating pro-apoptotic genes and
downregulating anti-apoptotic ones. Additionally, cell
cycle arrestinthe G2/M and sub-G1 stages was brought
on by BA and NaB. Conclusively, three B-containing
compounds studied showed promising results for their
effects on small-cell lung cancer cells in comparison
to their effects on healthy cells [36]. In another study,
24 mM BA caused a senescence-like profile and DNA
breaks on hepatocellular carcinoma HepG2 cells [37].
BA also inhibited growth, caused cell cycle arrest, and
promoted apoptosis in medullary thyroid carcinoma
cells, and therefore, may be employed as a potential
treatment agent for medullary thyroid carcinoma [38].

Tatiincl and associates (2022) examined the impact

of BA and DPD on cell survival and apoptosis
induction using metastatic prostate cancer cells; DU-
145 and PC-3. In both cell lines, DPD and BA therapy
lowered cell invasion and decreased cell proliferation.
Additionally, BA and DPD-induced the caspase-3-
dependent apoptosis. Results indicated that the
anti-cancer effects of DPD on the prostate cancer
cells were superior over BA [39]. To test the possible
effects of BA as a PSA inhibitor and chemopreventive
supplement, Gallardo-Williams and coworkers
(2004) used androgen-dependent human LNCaP
cells to obtain mice xenografts that produce PSA
after transplantation [40,41]. Although LNCaP cells
developed tumors in nude mice supplemented with BA
supplementation, treatment with low and intermediate
doses of BA had impacts on growth rate and size
of the tumors [42]. Korkmaz and colleagues (2014)
showed that DPD therapy caused DU-145 prostate
cancer cells to undergo apoptosis by decreasing the
activity of the human telomerase reverse transcriptase
(hTERT) enzyme at a rate of 38%. In DPD-exposed
cells, the regular arrangement of actin filaments was
also disturbed, causing change in cell shapes. Overall,
findings suggested that DPD may cause cytotoxicity
by reducing telomerase and interfering with the
dynamic characteristics of actin polymerization [43].
Another compound from the borate family is BO.
Albuz and coworkers (2019) studied the effects of BO
on colorectal cancer cells for the first time [44]. BO
showed strong cytotoxicity on both healthy mouse
L929 and DLD-1 colorectal adenocarcinoma cell lines,
with no genotoxicity. Kirlangic and coworkers (2022)
investigated the cytotoxicity and apoptotic effects of
borax on the DLD-1 colorectal adenocarcinoma cell
line in combination with 5-FU. The viability of DLD-1
cells significantly decreased by the combined therapy,
and the anti-proliferative effects of BA or 5-FU alone
or in combination were by induction of apoptosis
[45]. Simsek and coworkers (2019) tested the anti-
carcinogenic, anti-angiogenic, and anti-oxidant effects
of BA, BP, and SPD on the breast adenocarcinoma
MDA-MB-231 cells. Results showed that BP and SPD
inhibit the angiogenic potential of cells via the vascular
endothelial growth factor (VEGF) pathway. This study
was also the first one to report the relationship of BP
and SPD application with VEGF and inducible nitric
oxide synthase (iINOS) expression in a breast cancer
cell line [46].

Overall, borates are amongst the most investigated
B-containing compounds for their cancer treatment
potencies. Single borates and borates in combination
with chemotherapeutics have been mostly studied
on colon, breast, lung, prostate, and hepatocellular
carcinomas. Different types of borates have anti-
cancer effects on various cancer types through
complex cellular pathways and mechanisms which
involve VEGF release, PI3K/Akt pathway, hTERT
activity, DNA damage, induction of apoptosis, etc.
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2.2. SBEs and Their Anti-cancer Effects

CaFB (Figure 5) is one of the most intriguing
SBE compounds due to its properties (Section 2).
Tepedelen and coworkers (2017) first investigated
the link between CaFB and VEGF expression on
MDA-MB-231 cells. According to cytotoxicity tests,
CaFB reduced cell viability. Additionally, there was
a rise in the levels of phosphorylated ATM and p53
levels, and, but there is no noticeable alteration in
ATM or p53 expression. Results also indicated a
decrease in VEGF and an increase in caspase-3
and 9 levels [47]. Another study described the time-
course biodistribution of liposome-encapsulated CaFB
in the BALB/c mice breast cancer model for the first
time [48]. Accordingly, a concentration of 35 mg 10B/g
enhanced the accumulation of the drug within a 24-hour
incubation period following the drug introduction. The
findings can be used as a reference point for biologic
distribution, and accumulation of the designed drug-
containing B for the better understanding of B targeting
linked to the drugs. Kisacam and associates (2020)
sought to shed light on the preventive effects of CaFB
by studying effect of CaFB on the PI3K/Akt pathway
in a DMBA (7,12-Dimethylbenz(a)anthracene)-TPA
(12-O-tetradecanoylphorbol13-acetate) induced in
vivo skin cancer model. 92 female ALB/c mice were
separated into 6 experimental groups. HRAS, HIF1,
Akt, and PTEN protein and mRNA levels increased
significantly after topical DMBA and TPA treatments
with more TUNEL-positive cells in the DMBA-TPA
group. CaFB decreased the mRNA and protein levels of
HRAS and HIF1[49]. In addition, the anti-inflammatory
and anti-oxidant effects of CaFB were also studied in
this model. In contrast to control groups, the DMBA-
TPA group had higher levels of GAPDH activity, PGD,
GSH, IL-6, IL-1, and TNF-a, but malondialdehyde
levels were lower. Depending on the distribution time,
the CaFB application reduced the DMBA-TPA-induced
effects. Conclusively, CaFB was suggested as a
potential chemopreventive against skin cancer [50]. In
another study, they have also shown that CaFB affects
Akt and PTEN levels and apoptosis in the same skin
cancer model [51]. IC, of CaFB for colon cancer cells
was reported to be 10 mM, at which apoptosis and
autophagy were induced. CaFB modulated the P13K/
Akt/p70S6k pathway, elevated Bax, and decreased
Bcl-2 levels at 10 and 20 mM. CaFB has the potential
to inhibit carcinogenesis, particularly for the skin.

2.3. Boronic Acids/Esters and Their Anti-cancer
Effects

As we previously discussed in section 2 PBA and
DPBE (Figure 5) are the most effective derivatives of
boronic acids, which show selective inhibitory effects
on the migration and viability of various types of cancer
cells. Therefore, they are considered one of the most
important B compounds for the treatment of various
cancer types. The inhibitory effects of PBA and BA
on the migration of breast and prostate cancer cells
were investigated [13]. One mM BA and PBA was

administered to DU-145 prostate cancer cells for 8 days.
Cell migration decreased after 24-hour treatment with
BA or PBA. PBA, on the other hand, had a long-term
effect that reduced cell viability whereas exerted short-
term anti-migratory effect. In a different experiment, the
use of BA or PBA altered the actin distribution of DU-
145 cells that were grown on fibronectin, reduced the
activity of spreading proteins including the Rho family
GTPases and their targets, and caused growth arrest
[14]. Another study examined the anti-cancer effects of
PBA against mouse dermal fibroblasts L929, hamster
lung fibroblast V79, mouse mammary adenocarcinoma
4T1, and mouse squamous cell carcinoma SCC VIl
cell lines [52]. All cancer and non-cancer cell lines
were affected in a concentration-dependent manner.
After tumor transplantation into mice, PBA was found
to suppress the proliferation of tumor cell lines in
comparison to the control. In conclusion, PBA is a
better candidate as a novel anti-cancer agent since
it is a more effective and specific inhibitor than BA.
The use of PBA in diagnostic biosensors and as a drug
carrier will be covered in section 3.3.

3. Boron Carriers and Their Applications for
Cancer Treatment

Non-specificity, quick clearance, development of
drug resistance, toxicity, and damage to healthy
cells, side effects, and immune system failures are
the major drawbacks of conventional chemotherapy
[53]. Innovative targeted drug delivery systems can
increase therapeutic and diagnostic efficacy and
minimize negative side effects for cancer treatment.
Targeted and controlled drug delivery methods are
one of the most significant and appealing subjects of
nanotechnology to fight against cancer. Main goal in a
controlled delivery system is to maintain the medicine
at optimum therapeutic levels that are below toxic
thresholds while increasing the effectiveness through
continuous drug release. The goal of controlled drug
delivery systems is to give the drug or chemotherapy
at a specific location at a set pace for a longer period of
time [54]. For the delivery of chemotherapeutics, many
polymeric delivery systems have been developed,
such as hydrogels, liposomes (LP), dendrimers,
micelles, and nanoparticles (NPs) (both inorganic and
polymeric) (Figure 6) [55].

Polymeric Carriers

Micelle Dendrimers

Liposomes Hydrogels

Polymeric
nanoparticles

Polymeric
micelles

Inorganic Carriers

Carbon

nanoparticle nanotubes

Mesoporous silica Qu anl‘um dots

Figure 6. Nano-sized drug delivery systems for cancer
treatment (Created with BioRender.com).
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Furthermore, these nanocarriers have also been
used in different therapeutic strategies, including both
photodynamic and photothermal therapies (PDT and
PTT), chemotherapy, radiation, hormone, gene, and
immunotherapy therapy (Figure 7). When treating
cancer, combined chemotherapy is clearly superior
to single-agent therapy due to its increased efficacy
and fewer restrictions brought on by the emergence
of multidrug resistance (MDR) [54]. Combining diverse
therapeutic mechanisms in one carrier improves anti-
cancer benefits, and using two or more anti-cancer
drugs at once maximizes their therapeutic effects [56].
BNCT and advanced B-compounds for drug delivery
strategies have taken attention and B-containing
compounds and treatment strategies were combined
with traditional cancer therapy and chemotherapeutic
drugs [57].

CANCER TREATMENT STRATEGIES

Chemotherapy  Surgery Hormone Immuno therapy

therapy

Personalized  Photodynamic Gene Bone Marrow
Therapy Therapy Therapy Transplantation

Radiation

T |

Figure 7. Different strategies for cancer treatment (Crated
with BioRender.com).

The cutting-edge advancements in pharmaceutical
nanotechnology, particularly in BNCT, have found
crucial uses for B-based nanomaterials. Both boron
nitride nanotubes (BNNT) and hexagonal boron
nitrides (h-BN) are desirable nanostructures because
they have an enormous surface area, outstanding
mechanical properties, and necessary biocompatibility
[58]. In addition, PBA has been frequently introduced
to drug nanocarriers [59]. So, in this part of the review,
the focus is BNCT with emphasis on the different
B-containing compounds as drug carriers, and PBA,
h-BN, and BODIPY application areas in terms of
treatment and diagnosis of cancer.

3.1. BNCT for Cancer Treatment

Since the last decades, BNCT has been used to treat
cancer when chemotherapy and radiation therapy
have been ineffective. A two-part radiotherapeutic
method BNCT employs B neutrons to cure cancer.
When the stable isotope B-10 (°B) is exposed to low-
energy thermal neutrons (0.025 eV), which turn out
thermalized as they diffuse the tissue, nuclear capture,
and fission processes happen. This results in the
production of recoiling lithium-7 (“Li) nuclei and high-
linear energy transfer (LET) alpha (a) particles (*He)
[60] (Figure 8).

Figure 8. lllustration of the BNCT principle in graphical form
(Created with BioRender.com).

A deadly "B (n, a) "Li capture reaction must be able
to occur for the tumor cells to receive approximately
~20 ug/g of '°B per weight of the tumor and be able to
absorb enough neutrons. Particles can only injure cells
that contain B because of their incredibly short travel
distances (5-9 m), while they save nearby healthy
cells. The majority of clinical attention in BNCT has
been interested in patients with high-grade gliomas,
individuals with repetitive head and neck malignancies
who have not responded to traditional therapies, and
a far smaller population of individuals suffering from
cutaneous or extracutaneous melanomas. The most
crucial criteria for BNCT delivery agents are low
intrinsic toxicity, high tumor absorption (~20-50 pm
°B), swift removal from the bloodstream and healthy
tissue, and constant in tumor for at least a few hours
during neutron radiation exposure. For this, new
formulations with significant B contents are generated.

3.1.1. Boron delivery agents for BNCT

The proper number of °B atoms needs to be added
to neoplastic cells that can survive an enough amount
of neutron radiation to successfully complete the
BNCT reaction. More than 1000 individuals have
received BNCT treatment using two different types
of B-containing compounds i.e. boronophenylalanine
(BPA) and sodium borocaptate (BSH) [61]. New B
delivery agents have emerged over the past 20 years,
along with new methods of chemical synthesis and
enhanced biological and biochemical understanding
of B delivery. These agents are divided into three
generations [62-65] (Figure 9). In this part of the review,
we will be focusing on the 3-generation B delivery
agents for BNCT with in vitro and in vivo applications.

3.1.1.1. First and second-generation BNCT
compounds

The first-generation B-containing compounds used
for BNCT were not developed for this use but were
chosen since they were readily available, had well-
known pharmacology, and had non-toxic properties.
BA and its derivatives were the earliest B agents used
in BNCT in the 1950s and early 1960s. However, they
lacked tumor retention and had a low tumor/tissue
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therapeutic index since they were non-selective drugs
[62]. Second-generation agents BSH and BPA were
used in the 1960s, and they are less toxic, stay inside
the tumor longer, and show supra-unitary therapeutic
indices for the brain, blood, and tumor. BSH is the
most promising one among the B clusters due to its
superior and stable B amounts in tumors with low
systemic toxicity. There is a lot of interest in the use
of BPA for the treatment of malignant melanoma.
BPA can preferentially be absorbed by malignant
melanoma cells due to its chemical structural similarity
with tyrosine, which is necessary for melanogenesis.
However, neither BSH nor BPAmeets the requirements
of effective B delivery agents [64-67]. The difficulty in
accurately determining the optimum B concentration
in a patient's tumor due to patient-to-patient variability
is one of the most important drawbacks of BNCT. This
issue might be solved by double-modality agents used
in positron emission tomography (PET) guiding BNCT,
which provide real-time tracking of B accumulation in
patients' tumors. The radiolabeled derivative of BPA
called 4-borono-2-'®F-flurophenylalanine (*®F-BPA) is
a dual-modality BNCT agent. Numerous other tumor
forms, including malignant melanomas, malignant
gliomas, and various head and neck cancers, have
also been treated with '8F-BPA [66].

3.1.1.2. Third-generation BNCT compounds

To eliminate the drawbacks of first and second-
generation BNCT compounds, a wide spectrum
of low- to high-molecular-weight B delivery agents
targeting tumor cells have been developed in recent
years. Third-generation compounds that contain one
or multiple polyhedral anions of borane or carboranes
have been investigated. This group includes stable B
delivery molecules with low and high molecular weights

covalently bound to tumor-targeting moieties [68]. The
three subgroups of low and high-molecular-weight
substances include B-containing molecules with small
sizes, B-compound conjugates, and B-delivery NPs.

3.1.1.2.1. Low molecular weight agents

This section will concentrate on low molecular weight
substances that comprise boronated amino acids,
peptides, nucleosides, derivatives of boronated
porphyrins, and DNA-binding compounds.

3.1.1.2.1.1. Boronated natural and unnatural
amino acids for BNCT

During the past 60 years, different amino acid-based
B carriers have been synthesized. However, only a
few of them have been investigated based on their
biological properties. Among these boronated amino
acids, the most-studied compound is BPA [69,70].
There are boronated amino acids both non-natural
and natural. Naturally amino acids that have been
examined include cysteine, tyrosine, aspartic acid,
alanine, methionine, and glycine (Figure 10) [71]. The
advantage is that, based on their weight, they contain
more B than BPA, which enables them to deliver more
intratumoral B without increased toxicity. The boronated
derivatives  of  1-aminocyclobutane-1-carboxylic
acid (ABCHC) (Figure 10 a,b) and 1-amino-3-boron
cyclopentane carboxylic acid (ABCPC) (Figure 10
c,d) are two examples of these substances [72]. Most
amino acids used in BNCT have been documented
for the precise treatment of malignant brain tumors
[73]. As a theragnostic agent for both B administration
and cancer diagnostics, Li and coworkers (2019)
[74] reported the metabolically sustainable B-derived
tyrosine (fluoroboronotyrosine, FBY) (Figure 10 e),
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Figure 9. 3 generations of BNCT delivery agents (Created with BioRender.com).
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Figure 10. Examples of boronated amino acids. a). cis-ABCHC, b). trans-ABCHC, c). cis-ABCPC, d). trans-ABCPC, and e).

FBY (Created with BioRender.com).

which paved the way for PET imaging-guided BNCT.
The produced FBY was shown to have a high degree
of resemblance to natural tyrosine. Additionally,
the administration of an effective dose of FBY
combined with an ("®F) FBY tracer revealed significant
accumulation in the tumor of B16-F10 melanoma cells
derived mouse model and minimal uptake in healthy
tissue. The prospect of detecting B concentration
by a noninvasive technology is suggested by the
link between the PET images and B biodistribution.
Thermal neutron irradiation was performed on B16-F10
tumor-bearing mice that received FBY injections, and
the mice had longer median lives without experiencing
any systemic damage. The use of FBY in clinical trials
and as an effective diagnostic agent for imaging-
guided BNCT offers a practical means of determining
the local B concentration using PET imaging.
4-Borono-L-phenylalanine (4-BPA) was launched
as Borofalan (Steboronine®) in Japan in May 2020
for people suffering from severe or localized chronic
unreported head and neck cancer [75] following the
publication of encouraging findings from two clinical
trials. Even though 4-BPA is the only BNCT agent that
is commercially available, there are several problems
with it because of how poorly it dissolves in water. This
research produced 3-borono-L-phenylalanine (3-BPA),
an isomer of 4-BPA that is considerably more soluble
in water. In an experiment, Kondo and coworkers
(2022) administered 3-BPA without the solubilizer
fructose, which is contained in 4-BPA formulations
and has adverse consequences due to its great water
solubility. Studies utilizing 3-BPA-Fru and 4-BPA-Fru
demonstrated identical levels of B accumulation both
in vitro and in vivo. Additionally, 3-BPA had a similar
distribution within cells to 3-BPA-Fru, which made it
possible to get rid of the solubilizer. 3-BPA becomes
a promising agent for BCNT because it targets tumor
tissue as effectively as 4-BPA and has a higher level of
water solubility [76].

3.1.1.2.1.2. Boronated peptides for BNCT

Due to their significant capacity to bind receptors

or transporters that are overproduced in tumor
cells with excellent sensitivity and selectivity,
peptides have garnered a lot of interest as targeted
B delivery agents [61]. Peptides both linear and
cyclic containing B administered to BSH have been
investigated since they exhibit low toxicity, simple
to synthesize, non-immunogenic, and strong tissue
penetration properties [86]. Peptide ligands targeting
overexpressed receptors on tumor cells, such as the
somatostatin receptors, the VEGRF [78], and the
endothelial growth factor (EGFR) [79-81] are of special
interest. Isocyanato-closo-dodecaborate was used to
functionalize poly (; -lysine) and bind it to monoclonal
antibodies (mAbs) [80]. Polymeric linker minimized
the reduction of immunoreactivity of mAb when the
B clusters were present. Because they maintain 40
to 90% of immunogenicity and contain over 1000 B
atoms per macromolecule, the bioconjugates are
able to distribute BNCT. To attack the excessively
expressed human Y1 (hY1) receptor seen in
cancerous cells, a peptide molecule was created.
The deoxygalactopyranosylated carborane building
blocks used to create this peptide were functionalized
by two lysines. The saccharide moieties made the
peptides appropriately soluble in water and permitted
the inclusion of up to 80 B atoms. Low in vitro toxicity
on MCF-7 cells and high rec~ntor responsiveness with
hY receptor subgroups, in (F')thicular with hY1, were
two characteristics of the bioconjugate systems [82]. A
prospective diagnostic and therapeutic target, peptide
transporter 1 (PepT1) is an oligopeptide transporter
that is overexpressed in a variety of malignancies
[83,84]. Miyabe and coworkers (2019) discovered that
a PepT1-mediated mechanism was responsible for
the uptake of dipeptides of BPA and tyrosine to AsPC-
1 human pancreatic cancer cells [85] which paved the
way to administer B to tumor cells via PepT1.

3.1.1.2.1.3. Boronated nucleosides for BNCT

Other substances that have been proposed as
BNCT compounds include pyrimidine compounds
thymidines, purines, nucleosides, and nucleotides.
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As an illustration, the thymidine kinase-1 (TK1)-
expressing cancer cells are preferentially targeted by
3-carboranyl thymidine analogs (3CTAs) (Figure 11 a,b)
[86-88]. These substances may increase the caption
and intratumoral retention of B through nucleotide
synthesis. Since the incorporation of these agents into
DNA takes place in the S phase and the mechanism
of action is cell cycle-dependent, the effects may be
enhanced by combining with a cell cycle-independent
agent [86]. For instance, in vivo, biodistribution, and
BNCT tests were performed on rats with brain tumors
after in vitro experiments of the thymidine analog N5-
20H showed specific tumor absorption, a good rate of
phosphorylation, and minimal toxicity (Figure 11 c) [89].
Convection-enhanced delivery (CED) with N5-20H
showed success in delivering efficacious dosages of B
to tumors with incredibly high tumor: blood and tumor:
brain percentages in rats bearing intracerebral RG2
gliomas without producing any concomitant toxicity.
The median survival time (MST) in the tumor-bearing
rats significantly increased following BNCT. Studies
utilizing the nearly same F98 rat glioma, which also
showed elevated TK1, suggest that N5-20H may
not be as a successful B delivery agent as originally
believed. In these tests, there was just a very slight
rise in MS [87].

(b)

OH OH

n=4~7 n=4~7
R:o-carboranylalkyl R:o-carboranylalkyl

(c)

Figure 11. BExamples of boronated nucleosides as BNCT
agents. a) and b). 3-carboranyl thymidine analogs, c). N5-
20H (Created with BioRender.com)

3.1.1.2.1.4. Boron-containing porphyrin
derivatives for BNCT

B-containing porphyrin derivatives have been
extensively studied because of their minimal toxicity
and natural affinity for tumors. Several B clusters
might be joined to a single porphyrin skeleton to
give a lot of B. Due to the development of porphyrin-
DNA conjugates that cause significant tumor uptake
and protracted retention of the chemical substrates,
porphyrin derivatives as B carriers have come under
increased scrutiny. Research on selective B delivery of
porphyrin derivatives in vitro and in vivo will be covered
in this section. Since 1992, Miura and colleagues have
concentrated on lipophilic porphyrins that include the B

atom and created a small number of metal-complexed
porphyrins (Figure 12a) [90-93].

The most extensively in vitro and in vivo studied
porphyrin derivatives have been Cu (ll) and Zn (Il)
complexed porphyrins, which are CuTCPH and
ZnTCPH. After receiving injections of ZnTCPH or
CuTCPH, the macro distributions of B in various
organs were comparable with EMT-6-bearing animals,
with the liver absorbing a greater quantity of B than the
cancerous tissue. The ZnTCPH-injected tumor-bearing
animals also displayed fluorescence in the spleen, liver,
and tumors. Additionally, CuTCPH or ZnTCPBr probes
are applied to %Cu-based single-photon emission

(a)
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CuTCPH, M=Cu ﬁ%

ZnTCPH, M=Zn
(b)

H,TCP
(d) |
\\\ // \\L,;///
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7 \ >J\>
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Figure 12. BExamples of B containing porphyrin derivatives
as BNCT agent. a). metal-complexed porphyrins, b). H2TBP,
c). H2TCP, d). H2DCP (Created with BioRender.com)
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computed tomography (SPECT) or %Cu-based PET
for imaging tumors [94]. Vicente and coworkers
(2018) focused on the evaluation, characterization,
synthesis, and biological assessment of porphyrin
analogs for BNCT, such as anionic carbonylated
porphyrins, porphyrin-labeled carbonyl phosphate
diesters, cobaltacarborane-porphyrin-HIV1-Tat 48-60
conjugate, etc. [95]. The derivatives and conjugates
were successful in penetrating T98G cells and were
visible under fluorescence microscopy, but they had
limited blood-brain barrier (BBB) solubility in vitro,
which may be related to their elevated hydrophilic
properties, high molecular weight, and propensity to
aggregate [96]. Carborane was included in BODIPY
to further increase permeability. The BBB permeability
was increased throughout human hCMEC/D3 brain
endothelial cell monolayers, with higher cellular
uptake and B content, less cytotoxicity, and minimum
cell damage [97,98].

The effectiveness of carboranyl porphyrins as B
delivery agents for BNCT was first demonstrated by
Kawabata and coworkers (2011) [99] in brain tumor-
bearing rats. After assessing the photosensitizing
potential and positioning of water-soluble H2TBP
(Figure 12b), H2TCP (Figure 12c), and H2DCP (Figure
12d), the researchers determined the biodistribution
and effectiveness of H2TBP and H2TCP as B delivery
systems for BNCT in F98 glioma-bearing rats. Rats
given an intracerebral injection with either CED or
ALZET osmotic pump infusion experienced increased
tumor B concentrations that persisted for 24 hours.
Low B amounts were found in the healthy brain.
Histopathologic analysis of the brains of BNCT-treated
rats revealed enormous amounts of extracellular
aggregation and porphyrin-containing macrophages,
suggesting limited tumor cellular absorption and
intracellular localization.

Viaggi and colleagues (2004) have investigated
the effects of the B-containing tetrakis-carborane
carboxylate ester of 2,4-bis-(a b-hydroxyethyl)-deutero-
porphyrin IX (BOPP) (Figure 13a) on animal models of
different malignancies [100,101]. In the Phase | clinical
trial of PDT for high-grade early-stage gliomas, they
assessed the appropriate dosage, toxic effects, and
pharmacokinetics of BOPP and discovered moderate
effects [102]. These are used as a point of reference for
the BOPP application in BNCT. When BOPP and BPA
were administered together, thyroid tumors exhibited
higher B uptake. In their study of BOPP's toxicity,
biodistribution, and CED. Ozawa and coworkers
(2005) found that switching from intravenous injection
to CED, BOPP delivery dramatically increased the B
content in 9L tumor-bearing rats [103]. Additionally,
Ozawa and the research group (2004) synthesized
a series of tetraphenyl porphyrins (TABP, TEBP, and
TOBP) (Figure 13b) with polyhedral borane anions,
and they assessed the biological characteristics of the
compounds in vivo [104]. Studies on the production of
porphyrin analogs containing B and their application in
BNCT have been carried out over the years. Patients

with various malignancies may benefit from using
porphyrin derivatives as BNCT agents.

BOPP
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Figure 13. BExamples of B containing porphyrin derivatives

o

as BNCT agent. a). BOPP, b). Tetraphenyl porphyrin
derivatives (Created with BioRender.com)

3.1.1.2.1.5. Boron-containing DNA binding

compounds for BNCT
Alkylating compounds, minor groove binding
agents, platinum complexes, DNA intercalators,

polyamines, and derivatives of aziridines, acridines,
phenanthridines, and carbonyl polyamines are
examples of B-containing-DNA binding substances.
Because of their affinity for binding to the DNA of
healthy cells and/or numerous cationic charges, some
of these chemicals exhibit minimal tumor selectivity
and substantial toxicity. Peptides, polyamines, and
antisense oligonucleotides have also been studied
as alternative agents to B delivery. Nicotinamides,
which also have radio-sensitizing properties, have
been studied either in combination with a B delivery
agent or administered prior to the agent. B-complexed
sugars, including analogs of glucose, maltose, ribose,
mannose, and galactose have been studied, and the
results showed increased water solubility. This group
of compounds often has low tumor uptake but low
tumor toxic effects, in part because of their hydrophilic
properties and quick tissue elimination. They can
be connected to other compounds, such as steroid
hormone antagonists, that have an affinity for certain
[105,106].

3.1.1.2.2. High molecular weight agents

Due to their exceptional characteristics, advanced
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nanomaterials have drawn a lot of interest as potential
new B delivery systems. The most studied high
molecular weight boronated agents include mAbs,
polymeric systems, NPs, dendrimers, and LPs. This
class of agents has the most significant outcomes due
to their targeting and selective binding properties. High
molecular weight agents are studied in vivo and in vitro
for various cancer types.

3.1.1.2.2.1. mAbs for BNCT

High molecular weight B delivery methods based on
mAbs have been intensively studied based on mAb’s
ability to detect tumor-associated epitopes. Barth and
coworkers have used EGFR mAbs for BNCT [79-
81,107]. As B delivery agents, tEGF bioconjugates
that exhibit sensitivity for tumors overexpressing
EGFR can be employed. Highly boronated dendrimers
with five dendritic generations to bind EGFR targeting
mAbs cetuximab (Erbitux™) [81], EGFRv targeting
mAbs L8A4 [80] or EGF [107] itself have been
employed as heterobifunctional reagents. These
bioconjugates led to a two- to three-fold enhancement
of MST in comparison to controls when combined with
intravenous BPA injection. Rats carrying receptor-
positive F98 glioma-bearing animals [99] received
these bioconjugates intracerebrally through CED.
Additionally, according to Sun and colleagues (2016),
a highly boronated poly (amido amine) (PAMAM)
dendrimer might be delivered to specifically target stem
cells both in vitro and in vivo using a mAb against the
widely expressed stem cell marker CD133 on glioma
cells. BSH was used to fill the gaps in the PAMAM
dendrimer structure (Figure 14).

=Fluorescent tag

@ =Encapsulated BSH

Figure 14. BmAbs containing BSH encapsulated within the
PAMAM dendrimer (Created with BioRender.com)

Glioma stem cells are resilient cells that avoid
cell death induced by traditional radiation and
chemotherapy and promote tumor development.
Studies showed that the CD133 negative SU2 cells
received more than 10° B atoms which are above the
B concentration threshold defined for BNCT. Survival
was significantly prolonged when BNCT was given
to BALB/c mice with intracerebral CD133(+) SU2
cells as opposed to CD133(-) SU2 cells. When the
B-containing bioconjugate and free BSH were given
before neutron irradiation, the MST was prolonged.
Compared to animals with intracerebral CD133(-)
SU2 glioma cells, BALB/c mice with these cells had

a considerably longer lifespan [108]. These results
suggest that more investigation on bioconjugates is
required to evaluate their potential. Overall, mAbs
have been used extensively for BNCT treatment.
Researchers used combination therapy strategies with
chemotherapeutic agents and radiation and combined
the agents that are already used for BNCT such as
BSH. When B-containing drugs were combined
with mAbs, they showed effective results for cancer
treatment as they are targeting the factors that are
overexpressed in tumors.

3.1.1.2.2.2. Polymeric systems for BNCT

Due to their high B content, most polymeric systems
use carborane derivatives as B compounds.
Polymers are an alternative delivery system for B
compounds, and they may improve their solubility and
pharmaceutical kinetics by increasing their half-lives
in the bloodstream and tumor accumulation. Over
the past 20 years, different strategies to generate
B-based polymeric systems such as B-conjugation,
B-encapsulation, or conjugation with specific targeting
or labeling moieties (Figure 15) have been studied.

(b)

()

B =Boron ‘aé’ =Conjugated boron

i =Targeting/labelling moieties k:EncapsuIated boron

Figure 15. BAlist of the various B-based polymeric systems,
including those that are conjugated or encapsulated, along
with any potential conjugations to targeting or marking
moieties. a). Micelles derived from polymers or polymers
that have been dendronized; b). Dendrimers; and c). LPs
(Created with BioRender.com)
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Amphiphilic  carborane-conjugated polycarbonate
micelles were synthesized using a carborane cyclic
carbonate monomer and a poly (ethylene glycol)
(PEG) macroinitiator. Polymeric micelles with varied
sizes were produced. Even though the larger ones
showed more liver uptake, tumor cells were more
probable to be absorbed by the smaller ones. The
NPs were not cytotoxic to L929 and Hela cells, but
the monomer containing carborane had a higher
50% inhibitory concentration on L929 cells (1.8 mM)
compared to other small molecules [109]. In order to
produce polymeric NPs via the thiol-ene reaction in
a slightly different manner, researchers emulated the
organization of a tiny surfactant with the carborane
unit as the hydrophobic head and the PEG2000 unit
as the hydrophilic tail [110]. The hydrophilic rhodamine
B dye was applied to the second accessible site
of the carborane unit to further mark the polymeric
chains. When compared to BSH, either alone or in
combination with other carborane-containing PEG
compounds, the molecules did not cause toxicity in
HepG2 cells and had a greater in vivo circulation time.
In vitro fluorescence analyses of U87 cells revealed
that the fluorescent substance had accumulated
in the cytoplasm. The fluorescent molecules were
administered intravenously to mice, and it was found
that they concentrated in the spleen but not in other
organs, indicating their potential as drug delivery
systems. As boronic acid delivery methods, different
acrylamide and N-acryloyl-diaminoethane pipes were
produced to form boronated cationic copolymers
[111]. After boronic polymers were administered
intravenously, the resulting tri-block polymer produced
14 to 21 g/g of B/g of tumor and had a higher cationic
monomer ratio in the cancerous tissue compared to
healthy peri-colonic tissue. PEGylated-polyglutamic
acid is one such polymer that was created by coupling
BSH with sulfur via a disulfide bond. After 24 hours,
there was a 5-fold increase in tumor B content when
BSH was combined with PEGylated-Polyglutamic
Acid (PEG-b-P(GIlu-BSH), which boosted tumor cell
absorption within an hour [112,113]. BALB/c mice that
had received dermal implantation of the C26 malignant
colon cancer cell line was given the PEG-b-P(Glu-
BSH) intravenous injection.

24 hours after providing mice with tumors through
intravenous injection of PEG-b-P(GIu-BSH), in vivo
BNCT was carried out to show that enough '°B had
been given to eradicate the tumor. Accordingly, larger
tumor: normal tissue ratios and better tumor: blood
ratios suggested that Glu-BSH was more effective than
BSH [114]. For the active and targeted administration
of B and DOX in BNCT, Chen and colleagues (2019)
suggested iRGD-modified polymeric NPs. They
synthesized '°B-polymers by covalently grafting the
10B-enriched BSH onto PEG-PCCL, altering their
surface with iRGD, and then physically incorporating
DOX into the polymers. After 24 hours of injection, the
resultant polymers exhibit improved "B accumulation
in tumors and longer blood circulation when compared

to BSH as well as optimal B concentration ratios for
human normal tissue in A549 tumor-bearing mice.
However, additional research is required to use these
polymers in clinical trials [125]. Another important type
of polymeric materials for drug delivery systems and
cancer therapy strategies is NPs. Polymeric NPs have
been investigated as promising delivery systems for
gadolinium neutron capture therapy (Gd-NCT) and
delivery of drugs to metastatic malignancies [116].

It has been demonstrated that micelles containing B
have better blood circulation, tumor accumulation,
and stability [117]. Redox NPs made of B clusters
have recently been obtained, and they exhibited great
therapeutic efficacy, little side effect, and scavenged
ROS [118]. They were created by combining positively
charged polymers with BSH conjugates and positively
loaded polymers with redox-responsive sections in a
static process. After 48 hours, these NPs increased
C26 tumor absorption by more than 5% of the injected
amount per gram tumor and demonstrated an extended
blood circulation length.

3.1.1.2.2.3. Nanoparticles for BNCT

Directing the drug to the tumor with minimal harm to
healthy tissue is one of the key challenges of cancer
chemotherapy. Since all chemotherapeutic agents
are naturally cytotoxic, targeting or localizing these
drugs close to the tumor enables the administration of
decreased drug concentrations. This can be achieved
by coupling the therapeutic agent to a biomolecule
that is highly expressed in cancer cells or a receptor
molecule. Using some external means to physically
drive a cancer drug to the tumor also increases its
effectiveness. Fundamentals of magnetically targeted
therapy are based on this strategy [119]. The benefit
of this approach is that fewer cytotoxic medications
would be needed, lowering the risk of unfavorable
side effects. This method can be considered a
suitable vector for BNCT treatment. Pure B NPs
are effective B carriers because of their substantial
B content. The production of magnetic dopamine-
functionalized B NPs with a size range of 100-700
nm was reported [120]. The production of magnetic
compositions including PEG, Fe,O,, and mono- or bis-
(ascorbatoborate) was also studied by this group [121].
The final nanocomposites were typically 10-15 nm in
size and exhibit good paramagnetic properties. Since
the composites are effective anti-cancer agents and
radical scavengers when paired with ascorbic acid,
these materials are considered possible magnetic
biomedicine components. One study showed that it
is possible to create encapsulated magnetic materials
with an efficient amount of loaded carborane cages
and analyze their biodistribution properties in cancer
cell lines [122].

There have also been reports of other B-containing
NPs made from B carbides, block copolymers, B
powder, borosilicates, and gold NPs (AuNPs) with
mercaptocarborane caps [123-131]. B carbide
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functionalized with the transacting transcriptional
activator peptide and the synthetic dye lissamine; the
final nanomaterials can be relocated into B16-F10
malignantmelanomacells. Followingneutronirradiation,
the particles considerably suppressed the proliferation
of both loaded and unloaded neighboring cells [123].
By using neutron capture, the functionalized B carbide
NPs exhibited promising results for suppression of the
growth of aggressive solid tumor B16-OVA melanoma
in vivo [124]. By radical copolymerization of acetal-
PEG-block-poly(lactide)-methacrylate  with  4-vinyl
benzyl substituted closocarboranes, polymer-based
B-containing NPs were synthesized. The particles
from the copolymerization of 1,2bis(4vinylbenzyl)
closocarboranes demonstrated prolonged circulation
time and increased tumor cell accumulation [118].
The same group has reported similar outcomes for
particles made from mono-4-vinyl benzyl substituted
closocarborane self-assembly and copolymerization
[125]. By milling a 2SiO,-BO xerogel, borosilicate NPs
with a size range of 100 to 200 nm were obtained
[126]. The resultant particles showed enhanced
incorporation to the tumor cells and hemocompatibility
after being functionalized with FA[127]. Two nm AuNPs
with mercaptocarborane ligands on the surface were
obtained, and these monolayer-protected clusters
(MPCs) displayed substantial toxicity, the ability to
access the maijority of cell sections, and an increased
tendency to accumulate inside membranes [128].
The material should be appealing as a B-rich BNCT
agent. Ciani and associates (2013) obtained unique
B carriers utilizing ortho-carborane functionalized
AuNPs (GNPs). The hydrophilic nature of GNPs
was further increased to facilitate cell absorption by
covering them with a properly suited diblock copolymer
(PEObLPCL). To anchor the pre-functionalized GNPs,
this polymer additionally included pendant carboranes.
Testing on osteosarcoma cells revealed outstanding
biocompatibility in addition to the ability to concentrate
B atoms in the target, which is encouraging for
further in vivo applications. In vitro tests on rats with
osteosarcoma cells revealed that these modified
AuNPs had no discernible toxicity and were capable of
accumulating B atoms which is extremely encouraging
for their use in BNCT [129]. Using the water-in-olil
emulsion approach, the production of pure B NPs
made of an LP of azolectin-based phospholipid
has been recently suggested [130]. This unique
substance is composed of poly (maleic anhydride-
alt-1-octadecene) and PEG on the surface, along
with B NPs and Cy5 near-infrared (NIR) dye that is
fluorescent in its center (3PCB). A folate-functionalized
LP was made by combining folic acid (FA), a tumor-
specific targeting ligand, with PEG. This increased B
accumulation and allowed for more precise delivery to
cancer cells. The aggregation of FA-conjugated LP in
C6-brain cancer cells was discovered to be significantly
greater than that of non-FA-conjugated LPs under the
same conditions. Under physiological circumstances,
these LPs exhibit exceptional stability, BBB crossing
capability, and low cytotoxicity. Therefore, these LPs

are thought to be novel B carriers for BNCT. Wu and
colleagues (2019) [131] have employed theranostic
AuNPs with B cage assembly (B-AuNPs) to assess its
practicality for BNCT use. The commercially available
citrate-coated AuNPs experienced PEGylation, azide
addition, and surface carborane change. They also
created 61-BAuNPs by coupling anti-HER2 antibodies
with B-containing AuNPs with increased absorption.
Based on the findings of this study, noninvasive
imaging may prove to be a practical technique for
monitoring the concentration of B in the tumor and
assessing the mechanism of action of AUNPs.

3.1.1.2.2.4. Dendrimers for BNCT

Dendrimers are interesting materials for drug delivery
and imaging applications because of their negligible
toxicity, accessibility to reactive terminating groups,
and potential inclusion into active targeting moieties
[132]. Numerous researchers have investigated the
selectivity of dendrimers and tumor-targeting agents
in BNCT. The targeting of dendrimers with EGF,
FA, and VEGF may enhance the targeted transport
of B [78,107,133]. mAbs and other biomolecules
attached to boronated PAMAM dendrimers have been
thoroughly explored by Barth and colleagues (2003).
Wu and colleagues (2004) linked Cetuximab, an anti-
EGFR mAbs, to B-rich PAMAM dendrimers to function
as a B delivery agent for BNCT. In rats with F,,LEGFR
gliomas, the combination was effective in specific
targeting of EGFR by intratumoral injection [134]. The
thiol-maleimide "click" chemical reaction is one among
the several techniques developed to obtain boronated
EGF. Starburst dendrimers of repeated PAMAM groups
have their terminal amine groups functionalized by
an isocyanate polyhedral borane to engage with the
maleimide groups of EGF derivatives. It was found that
960 B atoms were included in each stable bioconjugate
with a fourth-generation dendrimer. Each antibody
molecule needs to travel 1000 B atoms to achieve a
critical local B concentration [107] (Figure 16).
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Figure 16. B bioconjugates used for BNCT (Created with
BioRender.com).
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The initial focus of BNCT was glioblastomas, which
could not be treated using current therapeutic methods.
To improve tumor absorption, CED (Figure 17) was
studied by Yang and colleagues (2002) utilizing a
highly boronated dendrimer EGF bioconjugate. CED
is a method that can transport drugs directly into the
extravascular area of the central nervous system
skipping the BBB [135].

Convection-Enhanced Therapy
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Figure 17. Schematic representation of convection-
enhanced delivery (CED) (Created with BioRender.com).

Additionally, the 1B16-6 antibody was linked to
PAMAM dendrimers that were functionalized using a
decaborane cluster. The presence of the antibody on
the outer shell of the dendrimer enabled localization in
in vitro studies. However, in vivo studies on rats with
B16 melanomas showed that there was no tumor-
specificity, and the tumors tended to be concentrated
in the liver and spleen [136]. Parrott and colleagues
(2005) developed polyester dendrimers rich in B with
interiors filled with as many as 16 p-carboranes to
improve the efficacy of boronated dendrimer delivery
to tumor sites. They demonstrated the possibility of
using these structures as BNCT agents in the future
[137]. In additional trials, carborane cages were also
incorporated into the dendritic structure to improve
the distribution of boronated dendrimers to tumor cells
[138]. These findings suggest that dendrimers are
good platforms for B delivery in BNCT because they
naturally have low cytotoxicity and may be generated
with a range of reactive terminal functionalities [139].
According to Shukla and coworkers (2003), boronated
PEG containing PAMAM dendrimers modified with FA
that lowers their absorption by using reticuloendothelial
system (RES) via mononuclear phagocyte system
(MPS) might attain the B concentrations required
for BNCT [133]. Hosmane and colleagues (2012),
obtained tiny dendrimers with phenylene cores and
three, six, or nine o-carborane clusters on the periphery
[138]. The dendrimer containing nine carborane units
was evaluated in vitro, and the results revealed that

after 20 hours of incubation, it either accumulated in
or was bound to the surface of human hepatocellular
carcinoma cells. However, no additional research
has been done on these systems. Additionally, the
use of an exclusive core composed of AuNPs that
is customized by dendrons with thiol moieties on the
top and carborane and PEG units at the outside was
investigated [140], though the BNCT properties of these
water-soluble AuNPs have not been investigated.

3.1.1.2.2.5. Liposomes for BNCT

LPs have drawn attention for therapeutic and
diagnostic applications due to the entrapment capacity
of hydrophilic agents and the prevention of their release
in circulation. LPs were the first nanomedicines in
clinical trials after Doxil®, a PEGylated LP formulation
encapsulating DOX, was approved by the FDA in
1995 [141]. B LPs stand as another possible agent
for B delivery. Similar to the dendrimers, LPs may be
coupled with mAbs, peptides, or polymeric materials.
The first LP-encapsulated °BSH which coupled with
mAbs was reported in 1989. It has been demonstrated
that the immunoliposomes specifically target tumor
cells in vitro and inhibit their proliferation after
thermal neutron irradiation [142]. Though numerous
B-encapsulated LPs have been obtained over the
past few decades, most of these formulations lacked
the necessary amount of B in their core, preventing
them from achieving the therapeutic range required
for BNCT [143]. The production of encapsulated
BSH with 10% distearoyl B lipid (DSBL) LPs with a
high B concentration to be used as a BNCT carrier
has been reported demonstrating high performance
for B delivery to the tumor [144]. The functionalized
LPs combined with thermal neutron irradiation had
better anti-cancer activity. Three weeks after receiving
thermal neutron irradiation at a dose of 15 mg B/kg
through injection, the tumors in mice carrying C26 had
entirely vanished. The conjugation of LP with a v3 ligand
and a cyclic arginine-glycine-aspartic acid-tyrosine-
cysteine peptide (c(RGDyC)-LP) was demonstrated
by thiol maleimide coupling. These functionalized LPs
demonstrated promising results for delivering precise
amounts of B to glioblastoma multiforme (GBM) when
connected to a B cage. As a result, 70-80% cell death
was attained in 3 hours [145].

3.2. PBA-based Diagnostic and Therapeutic
Strategies for Cancer

As previously discussed in section 2.3. boronic
acid derivative PBA has significant roles in cancer
treatment and has been investigated extensively.
PBA has advantages like being inexpensive, highly
stable, compact, immune-suppressive, and simplicity
of chemical modification. Based on these properties’
materials functionalized with PBA have a wide range
of application areas. PBA can quickly and irreversibly
bind with 1,2 or 1,3-diols to obtain cyclic boronated
esters [13,14,146]. The use of PBA compounds as an
affinity chromatography ligand for the separation of
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RNA has received substantial attention. The following
developments involved applications for optical and
electrical chemosensing, some of which focused on
glucose detection. PBA can also interact with a range
of biological membranes.

PBA-based functional compounds have been used in
drug administration, cellular imaging, and glycoprotein
detection (Figure 18). Since PBA-based chemicals
can detect glycoproteins, whether these materials
might bind to sialic acid (SA) on the surface of cancer
cells was investigated.
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Figure 18. PBA-based therapeutic strategies (Created with
BioRender.com).

The diol structure of PBA and SA can combine to
produce reversible borate (Figure 19), which aids
malignant cells to accept PBA-based functional
chemical compounds. In concordance, it is possible
to visualize cancer cells that overexpress SA using
PBA and fluorophores. PBA and nanocarriers make it
possible for therapeutic medications to be transported
effectively, improving their accumulation at tumor
locations, and boosting their anti-cancer potential.
PBA contains a chemical functional group that can
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Figure 19. Phenyl boronic acid and sialic acid interaction
and cyclic boronated esters formation via binding to 1,2-diols
or 1,3-diols (Created with BioRender.com).

be used to target therapeutic medicines and nano
drugs to tumors and malignant cells. This section of
the article will provide a summary of the most current
uses of PBA-based effective nanomaterials in cancer
therapy, imaging, and diagnosis.

3.2.1. SA targeting strategies

PBA and its derivatives are most frequently employed
in insulin delivery for diabetes mellitus treatment using
glucose-responsive polymers that can detect blood
glucose [147]. The capacity of PBA-based polymeric
NPs to bind SA in acidic environments, such as the
tumor microenvironment, makes them useful in anti-
cancer drug delivery systems. The strong specificity
and selectivity of PBA to SA can improve carriers'
capacity to target cancer cells, increase duration
in tumors, and slow down the quick clearance from
tumors, which places PBA in an important place in
nanomedicine. SA overexpression on cell membrane
is related to the malignant and metastatic phenotypes
of numerous cancer types, including lung, breast,
prostate, colon, bladder, and stomach [148]. Therefore,
methods for tracking SA expression would have
particular importance for both diagnosis and treatment
of cancer [149]. Based on this, PBA and SA detection
methods such as biosensors have been investigated
for both synthetic and natural polymeric materials.

Chen and colleagues (2013) generated a density-
tunable dendrimeric array for in situ monitoring of
glycan density based on overexpressed SA on the
BGC-823 cell surface. They first modified the slide
with PAMAM before electrostatically coating it with
functionalized gold nanoclusters (AuNCs) made of
3-aminophenyl boronic acid (APBA). The plot of change
compared to dendrimer density was used to determine
the SA density on the cell surface [150]. Based on the
PBA's capacity for the selective recognition of SA
from other saccharides, Matsumoto and coworkers
(2009) developed a technique to directly assess the
expression of SA on the surface of cancerous cells by
a PBA-modified electrode. Potentiometric detection
can measure SA on cell surfaces under physiological
circumstances without the use of enzymes or labeling
techniques. The experiments with the electrode
showed that the amount of SA presented on metastatic
murine melanoma cells B16-F10 was about four times
as high as the number of healthy pneumocytes. It was
discovered that the amount of SA on the outside of
the H22 murine hepatic cancer cell was roughly 1.9-
fold greater than that on the surface of normal murine
hepatocytes, showing that the enhanced expression
of SA on the cell surface is related to malignancy and
cancer spread. Thus, it has been demonstrated that
SA is overexpressed on the surfaces of numerous
different types of cancer cells utilizing borate ester
chemistry [151].

Using surface-enhanced Raman scattering
spectroscopy (SERS), Deng and colleagues (2018)
designed a glucose-bridged and 4-mercapto
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phenylboronic acid-decorated silver NPs (Glucose-
MPBA@AgNPs) as a nanoprobe for hypersensitive
identification of SA expression profiles on the
surface of both normal and cancer cells. This unique
complex demonstrated extraordinarily strong SERS
enhancement activity, which is comparable to the SERS
hot spot effect. Accumulation was significantly different
from HepG2 cells and BNL CL.2 cells expressing
differing quantities of SA on their surfaces. Nanoprobe
may be advantageous in delivering highly efficient
recognition of the edges of tumor tissues in clinical
settings [152]. In recent years, numerous studies
have used polymeric NPs with diverse designs and
combinations as drug delivery agents based on PBA-
SArecognition for cancer therapy. For instance, Zhang
and colleagues (2016) used AuNP-labeled biotinylated
PBA (biotin-APBA) to design an SA-recognition
system. The average amounts of SA expressed on
MCF-7 and HepG2 cell surfaces were reported to be
7.0x10° and 5.4x10°, respectively [153]. This approach
may be applied to diverse biological research and
clinical diagnostics. Because SA overexpression
is correlated with tumor aggressiveness and a bad
prognosis, PBA-mediated targeting presents a highly
translational approach to the clinical diagnosis and
therapy of solid malignancies. It also offers safety and
non-immunogenicity. Deshayes and coworkers (2013)
developed PBA-functionalized polymeric micelles by
incorporating PBA moieties into block copolymers to
target SA overproduced on cancer cells. Additionally,
they synthesized a PBA-PEG-b-poly (L-glutamic acid)
copolymer (PBA-PEG-b-PLGA) [154]. To show the
selectivity of the PBA-modified copolymer for SA, they
investigated the steady-state fluorescence quenching
affinities of PBA-PEG-b-PLGA and a number of
sugars, including glucose, mannose, galactose, and
N-acetylneuraminic acid (Neu5Ac). It was discovered
that PBA had a higher SA binding affinity in the
intratumoral environment, suggesting that SAwould be
the main target of the PBA-containing micelles in the
highly acidic environment of tumors. Based on these
tests, dichloro (1,2-diamino-cyclohexane) platinum
(I (DACHPt), an anti-cancer drug, was added to the
PBA-PEG-b-PLGA micelles. DACHPt-loaded PBA-
installed micelles exhibit better anti-cancer efficacy
than DACHPt-loaded micelles without PBA providing
another practical strategy for the treatment of solid
malignancies. Another drug delivery system was
generated by Zhao and colleagues (2016) which is the
PBA-terminated PEG monostearate (PBA-PEG-C,,)
and pluronic P, (PEG,-PPG,-PEG,) targeted
system. They created fructose-coated PBA-targeted
mixed micelles that could precisely attach and be
absorbed by tumor cells via pH-triggered competitive
binding to overcome the nonspecific interaction
of PBA with normal cells or other components in
the circulation. In a physiological environment, the
shielding of fructose on the outside of the combined
micelles successfully lowered the targeting affinity of
PBA for normal cells; however, in a highly acidic tumor
environment, it would reactivate due to the competitive

binding of fructose and SA overexpressed on tumor
cells. Therefore, this simple decorating method may
make it simpler to create PBA-targeted NPs for the
delivery of chemotherapeutics to tumors [155].

In addition to synthetic polymers, natural polymers
could also be coated with PBA to target SA specifically.
In order to enhance targeting and delivery to tumors,
NPs containing 3-aminomethyl phenylboronic acid
(AMPB)-functionalized chondroitin sulfate A (CSA)-
deoxycholic acid (DOCA) have been synthesized.
CSA-DOCA-AMPB NPs could target and penetrate
tumors through reactions of boronic acid with SA and
CSA with CD44 receptor, which could be tracked by
NIR fluorescence imaging. In xenograft animal models,
multiple intravenous injections of CSA-DOCA-AMPB
NPs packed with DOX successfully inhibited the
growth of A549 tumors. These NPs with high boronic
acid content demonstrated promise as imaging and
cancer therapy tools [156,157].

3.2.2. Drug delivery strategies

Chemotherapeutic medications have severe adverse
effects and systemic toxicities. For chemotherapy to be
effective, patients must give and utilize the drugs often
over an extended period of time. Multidrug resistance
(MDR) may also develop against chemotherapeutic
drugs. PBA, combined with various materials, is
frequently used to transport and administer anti-cancer
drugs. Exosomes have recently received attention as
potential anti-cancer drug delivery systems as they are
nanosized particles made by cells. To achieve anti-
cancer effects, significant concentrations of drugs must
be loaded into exosomes. The surface is decorated
with APBA and 4-carboxyphenylboronic acid (CPBA)
to load DOX into exosomes. The DOX-loaded PBA-
conjugated exosomes showed enhanced cytotoxicity
in comparison to free DOX and DOX-loaded non-
conjugated exosomes on the MDA-MB-231 cells.
Results indicated that PBA might increase the uptake
of DOX by exosomes, leading to increased cytotoxicity
of PBA-conjugated exosomes in tumor cells [158].
Consequently, PBA conjugation to exosomes for
the delivery of anti-cancer agents is a potential
method to enhance the efficacy of chemotherapy.
In another study, DOX-loaded low molecular weight
gels (LMWGs) based on oligopeptides modified with
PBA were administered by intratumoral injection
to reduce systemic toxicity and increase treatment
effectiveness. According to ex vivo imaging, DOX was
continuously released from gels while maintaining an
efficient chemotherapeutic concentration. The addition
of gel caused a decrement in the systemic toxicity
of DOX, and its adverse effects were significantly
diminished, which makes the gel a promising local
chemotherapeutic drug delivery mechanism [159].

In order to obtain a water-soluble nano construct, Kim
and colleagues (2017) first synthesized a boronic
ester of the cis-1,3-diol of andrographolide (AND) and
hydrophilically polymerized PBA (pPBA). This construct
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displayed improved tumor targeting both in vitro and
in vivo [160]. DOX-loaded fluorescent NPs based on
PLA-PEI copolymer with boronic acid modifications
were developed by Liand colleagues (2014) for cellular
imaging and pH-responsive drug administration. DOX-
loaded NPs showed pH-responsive drug release
and effectively slowed the growth of MCF-7 breast
cancer cells. The fluorescent NPs also allowed for
real-time imaging to track the endosomal escape
procedure [161]. Zhang and coworkers (2017) [162]
presented enzyme and redox dual-reaction polymeric
micelles with active targeting capacity. Polymerized
micelle prodrugs were also created by conjugating
camptothecin (CPT) to monomethyl PEG by a
redox-responsive linker. Through receptor-mediated
endocytosis, micelles were able to specifically infiltrate
tumor cells, and by simultaneously energizing redox
and enzyme processes in the cytoplasm, therapeutic
medicines could be released quickly. With only minor
negative effects on healthy tissues, this had strong
inhibitory effects on tumor cells. CPT and GMT were
successfully self-delivered in a synergistic manner via
a rod-shaped nanomicelle coated with CPBA [163].
Assembled nanomicelles modified with 4 CPBA also
improved cellular internalization. Based on the PBA's
active targeting capability, assembled nanomicelles
appeared to congregate preferentially near the site of
the tumor, decreased adverse effects, and enhanced
the therapeutic potential.

3.2.3. siRNA delivery systems

Another application area of PBA is siRNA delivery.
Amphiphilic PBA-decorated PEI (PEI-PBA) NPs were
obtained as a quick and adaptable siRNA delivery
strategy to study anti-cancer RNA interference
efficiency. Findings demonstrated that PEI-PBA NPs
encapsulated siRNA to generate a stable form of PEI-
PBA/siRNA nano complexes. These nano complexes
not only significantly increased the cellular uptake of
siRNA via the chemical interactions between PBA and
SA on cancerous cell surfaces, but also influenced
siRNA to escape from the lysosome effectively
inhibiting the target gene expression. Gene silencing
and anti-tumor effects of PEI-PBA/siRNA were also
tested in nude mice which revealed considerably
increased effectiveness. PEI-PBA was identified as a
straightforward and highly effective nanocarrier that
could bind with increased SA residues on cancer cell
membranes to transport siRNA specifically to cancer
cells [164].

In order to obtain composites based on polyion
complex (PIC) micelles, electrostatic relations
among anionic siRNA and cationic polymers are
used. Using simple PBA functionality, Naito and
colleagues (2012) published a method that includes
all the siRNA stabilizing techniques mentioned
previously [165]. A platform cationic polymer known
as 3-fluoro-4-carboxyphenylboronic acid (FPBA)-
modified PEG-block-poly(L-lysine) (PEG-b-PLys)
has been assembled. The ratio of siRNA to polymer

and the level of PBA modification were both tuned.
The stability of the complex under quasi-extracellular
circumstances was demonstrated to be maintained by
the hydrophobic interactions of PBA and the binding of
the PBA moieties to the 3'-ends of ribose at both ends
of the double-stranded siRNA. They also found that
ATP interfered with the ideal complex at a range near
its intracellular concentration. A well-known proto-
oncogene called polo-like kinase 1 (PLK-1) was dose-
dependently silenced by the PIC micelle. PIC micelles
with PBA may be able to deliver siRNA to intracellular
settings.

3.2.4. Imaging-guided phototherapy

Phototherapy (PT) is a noninvasive method that
targets the treatment spot and minimizes the adverse
effects of therapy. It holds great promise for cancer
treatment. Examples of PT include photothermal
therapy (PTT) and photodynamic therapy (PDT). With
the development of cellular imaging technologies, a
novel cancer treatment approach called image-guided
tumor therapy has also evolved. The PTT generates
heat while damaging the cells at the light-irradiated
site. The most frequently used photothermal agents
are magnetic NPs, polydopamine (PDA), and AuNPs
[166]. LAPONITE (LAP)-Fe,O, NPs were coated
with PBA as a novel photothermal agent for the
improvement of surface modification capacity and the
PTT effect [167]. PBA photothermal NPs presented
multimode imaging and selective targeting properties.
Magnetic resonance image of the tumor deteriorated
after intravenous delivery, although the photoacoustic
(PA) signal increased. The NPs were collected in the
tumor through the bloodstream. The tumor responded
positively to the PBA targeting in terms of suppression
within two weeks. Indocyanine green (ICG) and the
anti-cancer agent SN38 loaded PBA-functionalized
multivalent peptide nanotubes (I/S-PPNT) for the
controlled release were assembled [168]. Confocal
imaging was carried out utilizing PNNTs with different
PBA graft densities in order to demonstrate the roles of
PBAand SAin targeting. The intracellular fluorescence
intensity grew gradually as graft density increased, but
it reduced abruptly in cells treated with PBA, suggesting
that PBA can target cells with high SA expression
selectively. To demonstrate the effectiveness of
tumor therapy, intravenous injections of PBS, PPNT,
[-PPNT, and I/S-PPNT solutions were administered
at the same ICG and SN38 dosages. Combining
PDT and chemotherapy resulted in an approximate
90% 1/S PPNT-mediated tumor inhibition. In addition
to significant inhibition of pulmonary metastasis and
tumor growth, the combination of precisely targeted
and locally activated therapy also led to significant
PPNT material accumulation in tumors. Another study
is interested in an optical substance known as an up-
conversion nanomaterial (UCNP), which is triggered
by NIR light to produce ROS. When activated by NIR
light, UCNPs-lanthanide-doped optical nanomaterials-
can emit UV and visible light. Hyaluronated fullerene
(HAC60) and amino APBA-functionalized UCNPs
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(APBAUCNPs) were employed to build the nano
platform by a specific binary borate condensation. It
resulted in a dual-target nano platform with dual-color
fluorescence imaging [169]. Fluorescence resonance
energy transfer (FRET) between APBA-UCNPs and
HACG60 helped to produce '0,. The nanomaterial might
concurrently target polysialic acid (polSA) and CD44 for
precise targeting of cancer cells. Experiments on cells
have demonstrated that PBA can target overexpressed
SA on PC12 cells. Dual targeting improved tumor cell
uptake as evidenced by the simultaneous presentation
of higher fluorescence intensities in tumor cells by
UCNPs with dual targeting. Functional compounds
based on PBA that are used as photosensitizers and
photothermal agents are currently being investigated
as potential pharmaceuticals to carry out proper PT.

3.2.5. Fluorescence imaging

The technique of biological imaging is crucial for
understanding the composition and biological
processes. Fluorescence imaging (FLI) has a
variety of uses for biological imaging due to its high
sensitivity, selectivity, variation, and noninvasive
nature. When FLI is utilized for in vivo cell imaging,
fluorescent probes are typically stimulated with
light in order to generate fluorescence signals for
imaging. By effectively differentiating normal cells from
cancer cells and normal tissues and tumor tissues,
the functionalized fluorescent probes enable early
cancer diagnosis and imaging-based tumor therapy.
A glycoprotein that is overexpressed on cancer cells
can be recognized by fluorescent probes with PBA
groups, enabling fluorescence imaging of tumors. A
modular and affordable fluorescence-based imaging
system was generated in 1999 by Atlamazoglu and
colleagues by using Rhodamine derivatives [170].
Rhodamine B-leucine amide and rhodamine B-phenyl
boronic acid discriminate healthy tissue from malignant
colon tissue sections. Both products are primarily
accumulated in neoplastic crypts. Both fluorescence-
based optical biopsy approach and fluorescence
microscopy can be used to diagnose colon cancer
using this strategy. As SA imaging agents, cyclic metal
iridium (Ill) polypyridine complexes functionalized with
APBA and transition metal complexes as fluorophores
[171] were developed. While the probe without PBA
(complexes2) only showed sporadic fluorescence in
cells, the PBA-containing probe (complexes1) was
successful in imaging HepG2 cells. Since the binding
affinity of PBA to SA on the cell surface reduces in
the presence of free Neu5Ac and neuraminidase, the
probe was unable to image cells. Because HEK293T
cells have less SA on their surface, they did not emit
any light when incubated with complexes1 under
identical conditions, demonstrating that complexes1
are able to recognize SA residues on the cell surface
and exhibit cellular selectivity. These results suggested
a novel approach to the cancer diagnostic probes. The
surface glycosylation of polymers, "clicking" polymer
brushes, and cell surface modification are only a
few biological alterations that could be made via the

thiol-ene click reaction. In this study, well-dispersed
FSNPs were first produced via reverse microemulsion,
and these FSNPs were afterward surface-modified
with PBA tags using a 'thiol-ene' click reaction [172].
Effective silica fluorescent probes with PBA tags were
created for visualizing SA on living HelLa cells. As a
result, the PBA-FSNPs can be utilized to develop a
rapid, precise, and non-invasive method for tagging
SA on living cells. This method may one day be useful
for the clinical diagnosis of cancer and its therapy.
Fluorescent 3-(dansylamino) phenylboronic acid
(DAPB) was used to functionalize AuNPs embedded
with polSA for in situ imaging and detection of SA. The
assembly of DAPB was released from the surface of
polSA-embedded AuNPs in the presence of more SA
or SA-abundant cells due to the competitive binding
of DAPB with SA and polSA, which caused DAPB
to fluoresce on the surface of SA-abundant cells.
The proposed approach employed a dual functional
molecule to generate FRET from DAPB to AuNPs and
the precise recognition of SA by the boronic group.
They hypothesized that the suggested methodology
would be advantageous for investigating biological
processes, cancer diagnosis, and developing SA-
targeted anti-cancer therapies [173].

4. Boron Nitride Nanomaterials for Cancer
Treatment

Designing efficient, soluble, biocompatible, and
physiologically stable nanocarriers for anti-
cancer medications remains difficult. Due to their
biocompatibility, significant surface area, and
superior mechanical strength, h-BN and BNNT are
attractive nanomaterials that have the potential as
anti-cancer drug nanocarriers. Due to their distinct
physicochemical characteristics, hBN NPs have
attracted a lot of attention [159]. On BNNTs or h-BN
nanosheets, peptides, proteins, single-stranded
DNA, and polysaccharides have been conjugated.
The bio-conjugation improved biocompatibility and
biorecognition while facilitating water solubility.
Combining bN materials with conventional cancer
treatment strategies such as radiation therapy,
phototherapy, and delivery vehicles for anti-cancer
drugs such as DOX is a promising strategy for cancer
therapy (Figure 20) [174].

Investigations on the therapeutic effectiveness of hBN
against prostate cancer were made in comparison to
BA, a potential degradation product. The outcomes
show that hBNs significantly restrict DU145 cell
growth in a concentration-dependent manner. A
detailed cell cycle analysis revealed that both hBN-
and BA-exposed DU145 cells were arrested in the
mitotic phase during extended incubation periods.
Long-term incubation of the highest concentration
of hBN enhanced ROS production in DU145 cells
which resulted in a higher apoptosis rate. The gradual
long-term breakdown of hBN NPs, which results in a
therapeutic effect on prostate cancer cells, explains
the inconsistencies between the effects of hBN and BA
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Figure 20. Different areas of boron nitride nanomaterials
have been used (Created with BioRender.com).

[175]. A comparative study to explore the potential of
BNNTs and hBNs as novel drug carrier was conducted
by Emanet and coworkers (2017). They demonstrated
that BNNTs could be loaded with a higher concentration
of DOX than hBNs. The medium pH at the time of
loading and release was significant. The enhanced
drug release from BNNTs was sparked by the drop in
pH. Since intracellular compartments like lysosomes
are acidic, this can be a crucial time for optimal
release following uptake into the cells. Additionally,
the coupling of folate with DOX-BNNTs aids in the
efficient targeting of cancer cells. The findings show
that even when the DOX molecules were coupled to
the carrier BNNT structures, they still accumulated in
the cell nuclei. In order to increase therapeutic efficacy
and lessen adverse effects [176], study reveals that
BNNTs are a possible contender as an efficient carrier
of chemotherapeutic medicines that include aromatic
rings. AuNP-containing h-BNis regarded as a promising
material for PDT and cancer medication delivery. The
exfoliated h-BN was functionalized with AuNPs to
produce nano-hybrid (h-BN with Au) particles. The
h-BN-Au particles significantly suppressed MCF-7 cell
proliferation compared to L929 cells after 72 hours of
incubation. The results offer new information regarding
the potential of hybrid materials for cancer treatment
[177]. Li and colleagues (2017) examined the effects
of hollow BN spheres on the apoptosis, necrosis, and
proliferation of prostate cancer cells in vitro, and found
that they increased caspase 3/7 activity and LDH
release. Male BALB/c-nu/nu mice models implanted
with LNCap cells exhibit a markedly reduced incidence
and formation of tumors when hollow BN spheres are
used. Hollow BN spheres and PTX work together
synergistically to produce the most potent antitumor
effectiveness of any combination. Rather than
preventing prostate cancer in healthy people, the data
suggest that hollow BN nanospheres may be used
therapeutically to reduce tumor recurrence in prostate
cancer patients [178]. Feng and coworkers (2018)
developed a novel pH-responsive DOX delivery
technique for cancer chemotherapy. pH-responsive
poly (allylamine hydrochloride)-citraconic anhydride

(PAH-cit) functionalized boron nitride nanospheres
(BNNS) (DOX@PAH-cit-BNNS) were created for the
transport and regulated release of DOX into cancer
cells. Up to a high concentration of 100 g/mL, PAH-cit-
BNNS complexes had no effect on MCF-7 and HelLa
cells. However, DOX@PAH-cit-BNNS complexes
demonstrated improved drug-release characteristics
in an acidic environment. Due to their controlled drug
release and pH responsiveness, PAH-cit functionalized
BNNS is another promising delivery agent for cancer
therapy [179].

DOX-loaded BN NPs (DOX-BNNPs) were assessed on
drug-resistant cells by Zhitnyak and coworkers (2017).
The DOX-BNNP nanoconjugates were internalized
by both sensitive and multidrug-resistant neoplastic
cells and localized in the cytoplasm between actin
bundles. Results demonstrated that sensitization of
the leukemia cells to doxorubicin carried by the DOX-
BNNPs was the highest. DOX internalization of DOX-
BNNP nanoconjugates by the endocytic mechanism
was different from that of free DOX, and allowed
maintenance of high and stable DOX levels in nuclei of
MDR cells [180]. Sukhorukova and coworkers (2015)
obtained a novel and straightforward technique for
chemical vapor deposition manufacturing of BNNPs.
These structures were discovered to have high cellular
absorption and negligible cytotoxicity. These BNNPs,
which have porous architectures, can be used as
nanocontainers to transport various chemotherapeutic
drugs to MDR cells. At equal concentrations, the
cytotoxicity of BNNPs-DOX was comparable to that of
free DOX. Endocytic pathways allowed BNNPs-DOX
nanocarriers to enter IAR-6-1 cancer cells. Following
the release of DOX from the nanosized drug delivery
carriers, it accumulated in the cytoplasm and nucleus
and caused cell death [181]. FA-conjugated BNNS
complexeswerecreatedtotransportDOXintracellularly.
When compared to free DOX, complexes had stronger
anti-cancer effects in vitro. These encouraging in vitro
results and the possible application of BNNS in BNCT
suggest that BNNS-FA/DOX may be further developed
to improve the efficacy of cancer therapy in vivo [182].
The production and characterization of chitosan/OH-
BNNS nanocomposites were studied by Dhanavel and
coworkers (2021). Different methods were described
to prepare a nanocomposite that was loaded with 5-FU
and CUR in single and conjugated forms. Chitosan/
OH-5-FU BNNS and CUR release profile has been
studied. 5-FU-loaded, CUR-loaded, and 5-FU+CUR-
loaded CS/OH-BNNS nanocomposites were prepared
using the simple chemical synthesis method, and their
cytotoxicity has been assessed on the HT-29 human
colon cancer cell line. At dual-drug-loaded composite,
the loading and encapsulation efficiencies of 5-FU
were calculated to be 85.4% and 91.2%, respectively
[183].

5. BODIPY Theranostics for Cancer Diagnosis and
Therapy

Since John Funkhouser first presented theranostics
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as a cancer treatment in 1998 [184], it has been
proven to be the most successful treatment strategy.
NPs or molecules with therapeutic and imaging
characteristics are theranostic agents. Theranostic
agents with imaging capabilities can all be used to
visualize in vivo release and delivery of drugs, and
other pharmacokinetic characteristics variables, such
as FLI, photoacoustic imaging (PAl), PET, computed
tomography (CT), and photothermal imaging (PTI)
[185-187]. Combining theranostics with conventional
cancer treatment methods provides some advantages
in dose administration, therapy frequency, and
recovery projections.

Theranostic medications with tumor-targeting and
stimulus-responsiveness characteristics have shown
tremendous promise for the treatment of cancer during
the past 20 years. The 'one-for-all' theranostic system
BODIPY, which typically uses multimodal imaging
and treatment, is very intriguing to researchers in the
medical, chemical, and life science fields. Theranostics
has been applied in monotherapy via a variety of
techniques. Haeberle and colleagues developed the
BODIPY, a non-tetrapyrrolic photosensitizer, for the first
time in 1970 [188]. BODIPYs have shown outstanding
photophysical properties due to their varied electronic
properties and effective transition energy. BODIPY
dyes are used in a wide range of areas such as
organic lasers (Figure 21a), bioimaging (Figure 21b),
PDT (Figure 21c), light harvesters (Figure 21d), and
photovoltaic devices (Figure 21e) [189].

BODIPY chemical dyes are simple to make and work
great as a basis for various imaging modalities. High
NIR absorption (kabs>650 nm), NIR-I/Il emissions

(650-1700 nm), and adjustable fluorescence quantum
outputs are typical properties of BODIPY dyes.
Modifications in the molecular structure can be used
to control the PDT and PTT efficacy of BODIPY [190-
192]. BODIPY agents can be modified with other
chemically functionalized molecules, such as drugs,
tumor-targeting ligands, etc. for novel therapies and
imaging techniques. Additionally, BODIPY dyes have
essentially minimal influence on biological processes
with excellent photostability, minimal toxicity, strong
molar extinction value, and strong phototoxicity.
Therefore, a lot of BODIPY-based theranostics with
applications in multimodal therapies (PDT/PTT/
chemotherapy) and multimodal imaging (FLI/PAI/PTI)
have been created (Figure 22) [193].
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Figure 22. Different cancer diagnostic and therapeutic
strategies that BODIPY can use alone or in combination with
conventional strategies (Created with BioRender.com).
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Figure 21. BODIPYs main usage areas; a). tunable organic dye lasers, b). fluorescent probes and sensors for bioimaging, c).
photosensitizers for photodynamic therapy, d). light-harvesting artificial antenna, and e). dye-sensitized solar cells (Created

with BioRender.com).
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The chromophoric core of BODIPY, which is easily
accessible for a broad variety of organic synthetic
routes, is primarily responsible for the success and
adaptability of the compound. The BODIPY core
has been thoroughly and arbitrarily functionalized
using reactions such as electrophilic and nucleophilic
replacements, Pd-mediated c-C coupling,
Knoevenagel, Suzuki, Sonogashira, and Liebeskind-
Snogl [194].

BODIPYs cover the full visible spectrum in terms of
emission and absorption. Molecular cassettes made
solely of BODIPY building blocks can be modified by
grafting blue-emitting and/or green-emitting derivatives
to a red-emitting dye (Figure 23).
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Figure 23. BODIPYs that have adjustable emission and
absorption across the entire visible spectrum (Created with
BioRender.com).

Other dyes, such as coumarin or rhodamine, which
have complementary spectral bands at the visible
orange-red and UV blue edges of the spectrum, can
also be used. There are two types of BODIPY dyes:
Aza-BODIPY and conventional BODIPY dyes (Figure
24 a). Aza-BODIPYs have extended NIR absorption
as well as emission durations and easier chemical
group modification due to the substitution of nitrogen
for the meso-carbon in typical BODIPY dyes [195].
Due to the numerous modification sites, BODIPY dyes
can be developed into theranostic platforms such as
PAI, PDT, and PTT, in addition to NIR fluorescent
fluorophores. In theory, visible to near-infrared photon
absorption causes individual states of excitement (S,
n=1,2, and 3) in BODIPY dyes. There are two probable
ways for the "S " state BODIPY dye to reach its ground
stage (S,): fluorescence and non-radiation channels
(heat or PAI signals). Intersystem transfer (ISC)
crossover is used to move the "S," state BODIPY
into the triplet state (T,) (Figure 24 b). Through two
different pathways, BODIPY dye in the "T," phase
returns to the S to create ROS. The one involved
converting local oxygen into 'O,, commonly referred to
as "type-ll PDT," via transporting energy. In contrast,
"Type-I PDT" involves moving electrons to oxygen,
water, or different substrates to create radicals such

as the superoxide anion and hydroxyl radicals. The
one entails producing 'O,, also known as "type-ll
PDT," by transferring energy to nearby oxygen. The
adjustable photochemistry characteristics of BODIPY
dyes, shown in the Jablonski diagram in Figure 24 b,
make them reliable theranostic platforms [196,197].
Mao and coworkers (2023) published a review article
and they divided BODIPY-based theranostics into six
groups fluorescence imaging-guided chemotherapy,
fluorescence imaging-guided PDT and PTT,
fluorescence imaging-guided multi-modal-therapies,
PAl-guided phototherapy, and multi-modal imaging-
guided multi-modal therapies. There have been
numerous well-generated BODIPY-based theranostic
platforms developed in recent years, many of which
combine chemotherapy and fluorescence [190].

Overall, BODIPYs showed important improvements
in cancer diagnosis and treatment. Furthermore,
BODIPYs hold great promise for future clinical
applications not only for cancer treatment but also for
the treatment of other diseases. Since all BODIPY-
based theranostics and therapy or combined therapy
strategies have their unique features and important
results in this article we will not discuss their specific
cancer applications further.
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Figure 24. a). Conventional-BODIPYs and Aza-BODIPYs
structures and b). therapeutic strategies for BODIPYs deve-
loped based on Jablonski Diagram (Created with BioRender.
com).

6. Conclusion

Over the decades, studies showed important
bioactivities of B such as regulation of cellular
pathways, involvement in energy and hormone
metabolisms, involvement in inflammatory and
wound healing processes, and impacts on embryonic
development, bone structure, and function. However,
the main reason for clinical use of B is based on its
enzyme inhibition properties. Studies have shown
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that B-containing drugs may be beneficial for the
treatment of various diseases like arthritis, metabolic
abnormalities, neurological issues, and numerous
chronic and infectious diseases. Over the decades,
several B-based antibiotics, antimycotics, and enzyme
inhibitors have been developed so far. In addition,
there is growing evidence of the potential usage of B
as a chemopreventive, chemotherapeutic, diagnostic
agent for cancer as discussed in this review.

Some B-based drugs for clinic usage are approved by
the FDA and are currently in clinical use for treatment
of different diseases including cancer. Although various
B derivatives have been used for cancer treatment,
the underlying molecular mechanisms of B in cancer
cells are still under investigation. Carbon-like features
of B enable use in different drug designs, and provide
the advantage of chemical modification of other
bioactive agents. Cancer cells generally have very
active energy metabolism due to their unlimited cell
division and growth. Since B and its derivatives can
interact with energy metabolism, reducing the levels of
the essential molecules involved energy metabolism
by B is important. In addition, cancer cells have high
levels of ROS. B and B-containing molecules can be
involved in ROS mechanisms and deregulate ROS
levels. Interaction of B and B-containing molecules
with the pyrimidine nucleotides, ribose, and other
molecules seems to be another mechanism in which
excess DNA damage may cause cancer cell death in
transformed cells in particular with reduced DNA repair
capacity. Inhibition of several crucial enzymes such as
nitric oxide synthase or kinases by B compounds may
disturb critical signaling pathways including cell cycle
regulation, PI3K/Akt, VEGF, ATM, p53 etc.

On the other hand, the most important and most
used clinical treatment approach where B is used is
BNCT. A lot of strategies have been developed for
the combination of B-based compounds, treatment
strategies, and conventional cancer treatment
methods such as chemotherapy, PDT, PTT, radiation,
etc. Approaches consider B derivatives such as
PBA, hBN, BODIPY, and others rather than B itself.
Recently, B-based compounds gained more attention
in biomedical research and applications, particularly in
drug delivery systems and BNCT. Due to the unique
features of the boronic acids, especially PBA is
frequently introduced to drug nanocarriers. Additionally,
h-BN and BNNT are promising nanomaterials due
to their excellent properties. On the other hand,
BODIPYs have excellent properties to be considered
as diagnostic and therapeutic agents for cancer in
future clinical applications. Although there are review
articles based on the above-mentioned topics in the
literature, almost all application areas of B and its
derivatives from borates to BODIPYs with numerous
studies and novel approaches in terms of cancer
are covered and revisited, currently. Finally, B and
B-containing compounds are of great interest for the
development of new-generation bioactive diagnostic
and therapeutic agents for cancer.

References

[1] Argust, P. (1998). Distribution of boron in the environment.
Biological Trace Element Research, 66(1), 131-143.
https://doi.org/10.1007/BF02783133.

2].

—

Karakas, A. V., & Yilmaz, M. (2022). Academic perception
of the strategic assessment of boron reserves in Turkey.
Ankara University Journal of Social Sciences, 13(2), 10-
25. http://dx.doi.org/10.33537/sobild.2022.13.2.2.

[3]. Etimine S.A. (2023) 2022 Boron Sector Report. Strategy
Development Department. https://www.etimaden.gov.tr/
storage/2023/2022_Bor_Sektor_Raporu.pdf.

[4]. Biatek, M., Czauderna, M., Krajewska, K. A., &
Przybylski, W. (2019). Selected physiological effects of
boron compounds for animals and humans. A review.
Journal of Animal and Feed Sciences, 28(4), 307-320.
https://doi.org/10.22358/jafs/114546/2019.

[5].Kar, Y., Sen, N., & Demirbas, A. (2006). Boron minerals
in Turkey, their application areas and importance
for the country's economy. Minerals & Energy-
Raw Materials Report, 20(3-4), 2-10. https://doi.
org/10.1080/14041040500504293.

[6]. World Health Organization (1996).Boron. Trace Elements
in Human Nutrition and Health (pp. 175-179). ISBN
92-4-156173-4.

[7]. Nielsen, F. H. (2017). Historical and recent aspects of
boron in human and animal health. Journal of Boron,
2(3), 153-160. Retrieved from https://dergipark.org.tr/en/
pub/boron/issue/33625/373093.

[8]. Gallardo-Williams, M. T., Maronpot, R. R., Wine, R. N.,
Brunssen, S. H., & Chapin, R. E. (2003). Inhibition of the
enzymatic activity of prostate-specific antigen by boric
acid and 3-nitrophenyl boronic acid. The Prostate, 54(1),
44-49. https://doi.org/10.1002/pros.10166.

[9]. Devirian, T. A., & Volpe, S. L. (2003). The physiological
effects of dietary boron. Critical Reviews in Food
Science and Nutrition, 43(2), 219-231. https://doi.
org/10.1080/10408690390826491.

[10]. Baldwin, A. G., Tapia, V. S., Swanton, T., White, C. S.,
Beswick, J.A.,Brough,D., & Freeman, S. (2018). Design,
synthesis and evaluation of oxazaborine inhibitors of
the NLRP3 inflammasome. ChemMedChem, 13(4),
312-320. https://doi.org/10.1002/cmdc.201700731.

[11]. Nocentini, A., Supuran, C. T., & Winum, J. Y. (2018).
Benzoxaborole compounds for therapeutic uses:
A patent review (2010-2018). Expert Opinion on
Therapeutic Patents, 28(6), 493-504. https://doi.org/10.
1080/13543776.2018.1473379.

[12]. Baker, S. J., Zhang, Y. K., Akama, T., Lau, A., Zhou,
H., Hernandez, V., ... & Plattner, J. J. (2006). Discovery
of a new boron-containing antifungal agent, 5-fluoro-1,
3-dihydro-1-hydroxy-2, 1-benzoxaborole (AN2690), for
the potential treatment of onychomycosis. Journal of
Medicinal Chemistry, 49(15), 4447-4450. https://doi.
org/10.1021/jm0603724.

[13]. Bradke, T. M., Hall, C., Carper, S. W., & Plopper, G.
E. (2008). Phenylboronic acid selectively inhibits
human prostate and breast cancer cell migration and

179



iseri O. D. and Dikkatli O. I. / BORON 8(4), 158 - 188, 2023

[14].

[15].

[16].

[17].

[18].

[19].

[20].

[21].

[22].

[23].

[24].

decreases viability. Cell Adhesion & Migration, 2(3),
153-160. https://doi.org/10.4161/cam.2.3.6484.

McAuley, E. M., Bradke, T. A., & Plopper, G. E. (2011).
Phenylboronic acid is a more potent inhibitor than boric
acid of key signaling networks involved in cancer cell
migration. Cell Adhesion & Migration, 5(5), 382-386
https://doi.org/10.4161/cam.5.5.18162.

Scorei, R., & Popa, R. (2010). Boron-containing
compounds as preventive and chemotherapeutic
agents for cancer. Anti-Cancer Agents in
Medicinal Chemistry, 10(4), 346-351 https://doi.
org/10.2174/187152010791162289.

Nikkhah, S., & Naghii, M. R. (2017). Using boron
supplementation in cancer prevention and treatment: a
review article. The Cancer Press, 3, 113-119. https://
doi.org/10.15562/tcp.56.

Ciani, L., & Ristori, S. (2012). Boron as a platform for
new drug design. Expert Opinion on Drug Discovery,
7(11), 1017-1027. https://doi.org/10.1517/17460441.20
12.717530.

Palumbo, A., Gay, F., Bringhen, S., Falcone, A,
Pescosta, N., Callea, V., ... & Boccadoro, M. (2008).
Bortezomib, doxorubicin and dexamethasone in
advanced multiple myeloma. Annals of Oncology,
19(6), 1160-1165. htitps://doi.org/10.1093/annonc/
mdn018.

Frankel, A., Man, S., Elliott, P., Adams, J., & Kerbel,
R. S. (2000). Lack of multicellular drug resistance
observed in human ovarian and prostate carcinoma
treated with the proteasome inhibitor PS-341. Clinical
Cancer Research, 6(9), 3719-3728. PMID: 10999766.

Fernandes, G. F. S., Denny, W. A., & Dos Santos, J.
L. (2019). Boron in drug design: Recent advances in
the development of new therapeutic agents. European
Journal of Medicinal Chemistry, 179, 791-804. https://
doi.org/10.1016/j.ejmech.2019.06.092.

Offidani, M., Corvatta, L., Caraffa, P., Gentili, S., Maracci,
L., & Leoni, P. (2014). An evidence-based review of
ixazomib citrate and its potential in the treatment of
newly diagnosed multiple myeloma. OncoTargets and
Therapy, 1793-1800. https://doi.org/10.2147/OTT.
S49187.

Food and Drug Administration. (2018). 2017 New
Drug Therapy Approvals. Center for Drug Evaluation
And Research. Retrieved from https://www.fda.
gov/drugs/new-drugs-fda-cders-new-molecular-
entities-and-new-therapeutic-biological-products/
novel-drug-approvals-2017.

Cui, Y., Winton, M. |, Zhang, Z. F., Rainey, C., Marshall,
J., De Kernion, J. B., & Eckhert, C. D. (2004). Dietary
boron intake and prostate cancer risk. Oncology
Reports, 11(4), 887-892. https://doi.org/10.3892/
or.11.4.887.

Korkmaz, M., Uzgoren, E., Bakirdere, S., Aydin, F,,
& Ataman, O. Y. (2007). Effects of dietary boron on
cervical cytopathology and on micronucleus frequency
in exfoliated buccal cells. Environmental Toxicology:
An International Journal, 22(1), 17-25. https://doi.
org/10.1002/tox.20229.

[25].

[26].

[27].

[28].

[29].

[30].

[31].

[32].

[33].

[34].

[35].

[36].

Mahabir, S., Spitz, M. R., Barrera, S. L., Dong, Y. Q.,
Eastham, C., & Forman, M. R. (2008). Dietary boron and
hormone replacement therapy as risk factors for lung
cancer in women. American Journal of Epidemiology,
167(9), 1070-1080. https://doi.org/10.1093/aje/kwn021.

Scorei, R. |, & Popa, R. (2013). Sugar-borate
esters-potential chemical agents in prostate cancer
chemoprevention. Anti-Cancer Agents in Medicinal
Chemistry, 13(6), 901-909. https://doi.org/10.2174/187
15206113139990124.

Hunter, J. M., Nemzer, B. V., Rangavajla, N., Bita, A.,
Rogoveanu, O. C., Neamtiu, J., ... & Mogosanu, G. D.
(2019). The fructoborates: Part of a family of naturally
occurring sugar-borate  complexes-biochemistry,
physiology, and impact on human health: A review.
Biological Trace Element Research, 188(1), 11-25.
https://doi.org/10.1007/s12011-018-1550-4.

Petasis, N. A. (2007). Expanding roles for organoboron
compounds-Versatile and valuable molecules for
synthetic, biological and medicinal chemistry. Australian
Journal of Chemistry, 60(11), 795-798.

Arai, M., Koizumi, Y., Sato, H., Kawabe, T., Suganuma,
M., Kobayashi, H., ... & Omura, S. (2004). Boromycin
abrogates bleomycin-induced G2 checkpoint. The
Journal of Antibiotics, 57(10), 662-668. https://doi.
org/10.7164/antibiotics.57.662.

Soriano-Ursua, M. A., Das, B. C., & Trujillo-Ferrara,
J. G. (2014). Boron-containing compounds: Chemico-
biological properties and expanding medicinal potential
in prevention, diagnosis and therapy. Expert Opinion on
Therapeutic Patents, 24(5), 485-500. https://doi.org/10.
1517/13543776.2014.881472.

Das, B. C., Thapa, P., Karki, R., Schinke, C., Das,
S., Kambhampati, S., ... & Evans, T. (2013). Boron
chemicals in diagnosis and therapeutics. Future
Medicinal Chemistry, 5(6), 653-676. https://doi.
org/10.4155/fmc.13.38.

Barranco, W. T., & Eckhert, C. D. (2004). Boric acid
inhibits human prostate cancer cell proliferation.
Cancer Letters, 216(1), 21-29. https://doi.org/10.1016/j.
canlet.2004.06.001.

Barranco, W. T., & Eckhert, C. D. (2006). Cellular
changes in boric acid-treated DU-145 prostate cancer
cells. British Journal of Cancer, 94(6), 884-890. https://
doi.org/10.1038/sj.bjc.6603009.

Cabus, U., Secme, M., Kabukcu, C., Cil, N., Dodurga,
Y., Mete, G., & Fenkci, I. V. (2021). Boric acid as a
promising agent in the treatment of ovarian cancer:
Molecular mechanisms. Gene, 796, 145799. https://doi.
org/10.1016/j.gene.2021.145799.

Kahraman, E., & Goker, E. (2022). Boric acid exert
anti-cancer effect in poorly differentiated hepatocellular
carcinoma cells via inhibition of AKT signaling pathway.
Journal of Trace Elements in Medicine and Biology, 73,
127043. https://doi.org/10.1016/j.jtemb.2022.127043.

Cebeci, E., Yuksel, B., & Sahin, F. (2022). Anti-cancer
effect of boron derivatives on small-cell lung cancer.
Journal of Trace Elements in Medicine and Biology, 70,
126923. https://doi.org/10.1016/j.jtemb.2022.126923.

180



iseri ©. D. and Dikkatli O. I. / BORON 8(4), 158 - 188, 2023

[37].

[38].

[39].

[40].

[41].

[42].

[43].

[44].

[45].

[46].

[47].

Tombuloglu, A., Copoglu, H., Aydin-Son, Y., & Guray,
N. T. (2020). In vitro effects of boric acid on human
liver hepatoma cell line (HepG2) at the half-maximal
inhibitory concentration. Journal of Trace Elements
in Medicine and Biology, 62, 126573. https://doi.
org/10.1016/j.jtemb.2020.126573.

Yildinm, O., Segme, M., Dodurga, Y., Mete, G. A, &
Fenkci, S. M. (2021). Effects of boric acid on invasion,
migration, proliferation, apoptosis, cell cycle and
miRNAs in medullary thyroid cancer cells. Research
Square. https://doi.org/10.21203/rs.3.rs-553226/v1.

Tatiinel, M., Ozsengezer, S. K., Karakayali, T., & Altun,
Z. S. (2022). The effects of boric acid and disodium
pentaborate dechydrate in metastatic prostate cancer
cells. Journal of Radiology and Oncology, 6(2), 012-
017. https://doi.org/10.29328/journal.jro.1001041.

Blutt, S. E., Polek, T. C., Stewart, L. V., Kattan, M. W.,
& Weigel N. L. (2000).A Calcitriol Analogue, EB1089,
Inhibits the Growth of LNCaP Tumors in Nude Mice.
Cancer Research, 60(4), 779-82. PMID: 10706079.

Bylund, A., Zhang, J. X., Bergh, A., Damber, J.
E., Widmark, A., Johansson, A., ... & Hallmans,
G. (2000). Rye Bran and Soy Protein Delay
Growth and Increase Apoptosis of Human LNCaP
Prostate Adenocarcinoma in Nude Mice. Prostate,
42(4), 304-14. https://doi.org/10.1002/(SICI)1097-
0045(20000301)42:4<304::AID-PR0OS8>3.0.CO;2-Z.

Gallardo-Williams, M. T., Chapin, R. E., King, P. E.,
Moser, G. J., Goldsworthy, T. L., Morrison, J. P., &
Maronpot, R. R. (2004). Boron supplementation inhibits
the growth and local expression of IGF-1 in human
prostate adenocarcinoma (LNCaP) tumors in nude
mice. Toxicologic Pathology, 32(1), 73-78. https://doi.
org/10.1080/01926230490260899.

Korkmaz, M., Avci, C. B., Gunduz, C., Aygunes,
D., & Erbaykent-Tepedelen, B. (2014). Disodium
pentaborate decahydrate (DPD) induced apoptosis
by decreasing hTERT enzyme activity and disrupting
F-actin organization of prostate cancer cells. Tumor
Biology, 35(2), 1531-1538. https://doi.org/10.1007/
s$13277-013-1212-2.

Albuz, O., Diilger, D., Tunali, B. C., Aydin, F., Yalcin,
S., & Turk, M. (2019). Effects of B203 (boron trioxide)
on colon cancer cells: Our first-step experience and in
vitro results. Turkish Journal of Biology, 43(3), 209-223.
https://doi.org/10.3906/biy-1901-34.

Kirlangic, O. F., Kaya Sezginer, E., Oren, S., Gir,
S., Yavuz, O., & Ozgurtas, T. (2022). Cytotoxic and
Apoptotic Effects of the Combination of Borax (Sodium
Tetraborate) and 5-Fluorouracil on DLD-1 Human
Colorectal Adenocarcinoma Cell Line. Turkish Journal
of Pharmaceutical Sciences, 19(4), 371-376. https://
doi.org/10.4274/tjps.galenos.2021.29726.

Simsek, F., Inan, S., & Korkmaz, M. (2019). An in vitro
study in which new boron derivatives maybe an option
for breast cancer treatment. Breast Cancer, 13(1), 22-
27. https://doi.org/10.14744/ejmo.2018.0020.

Tepedelen, B. E., Korkmaz, M., Tatlisumak, E., Uluer, E.
T., Olmez, E., Degerli, I., ... & Inan, S. (2017). A study
on the anticarcinogenic effects of calcium fructoborate.
Biological Trace Element Research, 178(2), 210-217.

[48].

[49].

[50].

[51].

[52].

[53].

[54].

[55].

[56].

[57].

[58].

https://doi.org/10.1007/s12011-016-0918-6.

Pirouz, F., Najafpour, G., Jahanshahi, M., & Baei, M.
S. (2019). Biodistribution of calcium fructoborate as a
targeting agent for boron neutron capture therapy in
an experimental model of MDA-MB-231 breast cancer
cells. Biocatalysis and Agricultural Biotechnology, 22,
101389. https://doi.org/10.1016/j.bcab.2019.101389.

Kisacam, M. A., Kocamuftuoglu, G. O., Ozan, I. E,,
Yaman, M., & Ozan, S. T. (2020). Calcium fructoborate
prevents skin cancer development in balb-c mice.
Biological Trace Element Research, 196(1), 131-144.
https://doi.org/10.1007/s12011-019-01897-y.

Kisacam, M. A., Kocamuftuoglu, G. O., Ozan, I. E,,
Yaman, M., & Ozan, S. (2021). Calcium Fructoborate
Prevents Skin Cancer Developmentin Balb-c Mice: Next
Part, Reverse Inflammation, and Metabolic Alteration.
Biological Trace Element Research, 199(7), 2627-
2634. https://doi.org/10.1007/s12011-020-02363-w.

Kisacam, M. A., Ambarcioglu, P., & Yakan, A. (2022).
Calcium fructoborate regulate colon cancer (Caco-2)
cytotoxicity through modulation of apoptosis. Journal of
Biochemical and Molecular Toxicology, 36(5), €23021.
https://doi.org/10.1002/jbt.23021.

Marasovic, M., lvankovic, S., Stojkovic, R., Djermic,
D., Galic, B., & Milos, M. (2017). In vitro and in vivo
antitumour effects of phenylboronic acid against
mouse mammary adenocarcinoma 4T1 and squamous
carcinoma SCCVII cells. Journal of Enzyme Inhibition
and Medicinal Chemistry, 32(1), 1299-1304. https://doi.
org/10.1080/14756366.2017.1384823.

Ulldemolins, A., Seras-Franzoso, J., Andrade, F,
Rafael, D., Abasolo, |., Gener, P., & Schwartz Jr. S.
(2021). Perspectives of nano-carrier drug delivery
systems to overcome cancer drug resistance in the
clinics. Cancer Drug Resistance, 4, 44-68. https://doi.
org/10.20517/cdr.2020.59.

Fenton O. S., Olafson K. N., Pillai P. S., Mitchell M. J.,
& Langer R. (2018). Advances in biomaterials for drug
delivery. Advanced Materials, 30(29), 1705328. https://
doi.org/10.1002/adma.201705328.

Chen, C. K., Law, W. C., Aalinkeel, R., Yu, Y., Nair, B.,
Wu, J., ... & Cheng, C. (2014). Biodegradable cationic
polymeric nanocapsules for overcoming multidrug
resistance and enabling drug-gene co-delivery to
cancer cells. Nanoscale, 6(3), 1567-1572. https://doi.
org/10.1039/C3NR04804G.

Vivek, R., Thangam, R., NipunBabu, V., Rejeeth, C.,
Sivasubramanian, S., Gunasekaran, P., ... & Kannan,
S. (2014). Multifunctional HER2-antibody conjugated
polymeric nanocarrier-based drug delivery system
for multi-drug-resistant breast cancer therapy. ACS
Applied Materials & Interfaces, 6(9), 6469-6480. https://
doi.org/10.1021/am406012g.

Laurentia, G. N., & Rodica, A. M. (2016). Boron
neutron capture therapy: Delivery agents used in boron
administration. Therapeutics, Pharmacology & Clinical
Toxicology, 20(1), 25-32.

Ma, R., & Shi, L. (2014). Phenylboronic acid-based
glucose-responsive polymeric nanoparticles: Synthesis
and applications in drug delivery. Polymer Chemistry,

181



iseri O. D. and Dikkatli O. I. / BORON 8(4), 158 - 188, 2023

[59].

[60].

[61].

[62].

[63].

[64].

[65].

[66].

[67].

[68].

[69].

[70].

5(5), 1503-1518. https://doi.org/10.1039/C3PY01202F.

Sharker, S. M. (2019). Hexagonal boron nitrides
(white graphene): A promising method for cancer drug
delivery. International Journal of Nanomedicine, 14,
9983. https://doi.org/10.2147/1JN.S205095.

Hu, K., Yang, Z., Zhang, L., Xie, L., Wang, L., Xu, H.,
... & Zhang, M. R. (2020). Boron agents for neutron
capture therapy. Coordination Chemistry Reviews, 405,
213139. https://doi.org/10.1016/j.ccr.2019.213139.

Issa, F., Kassiou, M., & Rendina, L. M. (2011). Boron in
drug discovery: Carboranes as unique pharmacophores
in biologically active compounds. Chemical Reviews,
111(9), 5701-5722. https://doi.org/10.1021/cr2000866.

Pitto-Barry, A. (2021). Polymers and boron neutron
capture therapy (BNCT): A potent combination. Polymer
Chemistry, 12(14), 2035-2044.https://doi.org/10.1039/
DOPY01392G.

Yuan, T. Z., Xie, S. Q., & Qian, C. N. (2019). Boron
neutron capture therapy of cancer: Critical issues
and future prospects. Thoracic Cancer, 10(12), 2195.
https://doi.org/10.1111/1759-7714.13232.

Axtell, J. C., Saleh, L. M., Qian, E. A., Wixtrom, A. |, &
Spokoyny, A. M. (2018). Synthesis and applications of
perfunctionalized boron clusters. Inorganic Chemistry,
57(5), 2333-2350. https://doi.org/10.1021/acs.
inorgchem.7b02912.

Luderer, M. J. (2019). Development of novel tumor-
targeted compounds for boron neutron capture
therapy (Publication No. 1782) [Doctoral dissertation,
Washington University]. https://doi.org/10.7936/
enim-vp71.

Tani, H., Kurihara, H., Hiroi, K., Honda, N., Yoshimoto,
M., Kono, Y., ... & Itami, J. (2014). Correlation of
18F-BPA and 18F-FDG uptake in head and neck
cancers. Radiotherapy and Oncology, 113(2), 193-197.
https://doi.org/10.1016/j.radonc.2014.11.001.

Ishiwata, K. (2019). 4-Borono-2-18F-fluoro-L-
phenylalanine PET for boron neutron capture therapy-
oriented diagnosis: Overview of a quarter century of
research. Annals of Nuclear Medicine, 33(4), 223-236.
https://doi.org/10.1007/s12149-019-01347-8.

Wu, G., Barth, R. F,, Yang, W, Lee, R. J., Tjarks, W.,
Backer, M. V., & Backer, J. M. (2006). Boron containing
macromolecules and nanovehicles as delivery agents
for neutron capture therapy. Anti-Cancer Agents
in Medicinal Chemistry, 6(2), 167-184. https://doi.
org/10.2174/187152006776119153.

Detta, A., & Cruickshank, G. S. (2009). L-amino acid
transporter-1 and boronophenylalanine-based boron
neutron capture therapy of human brain tumors.
Cancer Research, 69(5), 2126-2132. https://doi.
org/10.1158/0008-5472.CAN-08-2345.

Wongthai, P., Hagiwara, K., Miyoshi, Y., Wiriyasermkul,
P., Wei, L., Ohgaki, R., ... & Kanai, Y. (2015).
Boronophenylalanine, a boron delivery agent for boron
neutron capture therapy, is transported by ATB 0,+, LAT
1 and LAT 2. Cancer Science, 106(3), 279-286. https://
doi.org/10.1111/cas.12602.

[71].

[72].

[73].

[74].

[75].

[76].

[77].

[78].

[79].

[80].

[81].

Kabalka, G. W., Yao, M. L., Marepally, S. R., &
Chandra, S. (2009). Biological evaluation of boronated
unnatural amino acids as new boron carriers. Applied
Radiation and Isotopes, 67(7-8), S374-S379. https://
doi.org/10.1016/j.apradis0.2009.03.104.

Kabalka, G. W., Shaikh, A. L., Barth, R. F., Huo, T,
Yang, W., Gordnier, P. M., & Chandra, S. (2011).
Boronated unnatural cyclic amino acids as potential
delivery agents for neutron capture therapy. Applied
Radiation and Isotopes, 69(12), 1778-1781. https://doi.
org/10.1016/j.apradis0.2011.03.035.

Timonen, J. M. (2020). Amino acids in boron neutron
capture therapy-Prospects for precise treatment of
malignant brain tumors. General Chemistry, 190024.
https://doi.org/10.21127/yaoyigc20190024.

Li, J., Shi, Y., Zhang, Z., Liu, H., Lang, L., Liu, T, ...
& Liu, Z. (2019). A metabolically stable boron-derived
tyrosine serves as a theranostic agent for positron
emission tomography guided boron neutron capture
therapy. Bioconjugate Chemistry, 30(11), 2870-2878.
https://doi.org/10.1021/acs.bioconjchem.9b00578.

Kanno, H., Nagata, H., Ishiguro, A., Tsuzuranuki,
S., Nakano, S., Nonaka, T., ... & Suzuki, H. (2021).
Designation products: Boron neutron capture therapy
for head and neck carcinoma. The Oncologist, 26(7),
€1250-e1255. https://doi.org/10.1002/onco.13805.

Kondo, N., Hirano, F., & Temma, T. (2022). Evaluation
of 3-borono-I-phenylalanine as a water-soluble boron
neutron capture therapy agent. Pharmaceutics, 14(5),
1106. https://doi.org/10.3390/pharmaceutics14051106.

Mier, W., Gabel, D., Haberkorn, U., & Eisenhut,
M. (2004). Conjugation of the closo-borane
mercaptoundecahydrododecaborate (BSH) to a
tumour selective peptide. Journal of Inorganic and
General Chemistry, 630(8-9), 1258-1262. https://doi.
org/10.1002/zaac.200400064.

Backer, M. V., Gaynutdinov, T. |, Patel, V,
Bandyopadhyaya, A. K., Thirumamagal, B. T. S., Tjarks,
W., ... & Backer, J. M. (2005). Vascular endothelial
growth factor selectively targets boronated dendrimers
to tumor vasculature. Molecular Cancer Therapeutics,
4(9), 1423-1429. https://doi.org/10.1158/1535-7163.
MCT-05-0161.

Yang, W., Barth, R. F., Wu, G., Kawabata, S., Sferra,
T. J., Bandyopadhyaya, A. K., ... & Wikstrand, C. J.
(2006). Molecular targeting and treatment of EGFRVIII-
positive gliomas using boronated monoclonal antibody
L8A4. Clinical Cancer Research, 12(12), 3792-3802.

Wu, G,, Yang, W., Barth, R. F., Kawabata, S., Swindall,
M., Bandyopadhyaya, A. K., ... & Fenstermaker, R.
A. (2007). Molecular targeting and treatment of an
epidermal growth factor receptor—positive glioma
using boronated cetuximab. Clinical Cancer Research,
13(4), 1260-1268. https://doi.org/10.1158/1078-0432.
CCR-06-2399.

Yang, W., Wu, G., Barth, R. F., Swindall, M. R,
Bandyopadhyaya, A. K., Tjarks, W., ... & Wikstrand, C. J.
(2008). Molecular targeting and treatment of composite
EGFR and EGFRuvlll-positive gliomas using boronated
monoclonal antibodies. Clinical Cancer Research,
14(3), 883-891. https://doi.org/10.1158/1078-0432.

182



iseri ©. D. and Dikkatli O. I. / BORON 8(4), 158 - 188, 2023

[82].

[83].

[84].

[85].

[86].

[87].

[88].

[89].

[90].

[91].

CCR-07-1968.

Worm, D. J., Hoppenz, P., Els-Heindl, S., Kellert, M.,
Kuhnert, R., Saretz, S., ... & Beck-Sickinger, A. G.
(2019). Selective neuropeptide Y conjugates with
maximized carborane loading as promising boron
delivery agents for boron neutron capture therapy.
Journal of Medicinal Chemistry, 63(5), 2358-2371.
https://doi.org/10.1021/acs.jmedchem.9b01136.

Gong, Y., Zhang, J., Wu, X,, Wang, T., Zhao, J.,
Yao, Z., ... & Jian, X. (2017). Specific expression of
proton-coupled oligopeptide transporter 1 in primary
hepatocarcinoma a novel strategy for tumor-targeted
therapy. Oncology Letters, 14(4), 4158-4166. https://
doi.org/10.3892/01.2017.6724.

Inoue, M., Terada, T., Okuda, M., & Inui, K. I. (2005).
Regulation of human peptide transporter 1 (PEPT1)
in gastric cancer cells by anti-cancer drugs. Cancer
Letters, 230(1), 72-80. https://doi.org/10.1016/].
canlet.2004.12.023.

Miyabe, J., Ohgaki, R., Saito, K., Wei, L., Quan, L.,
Jin, C., ... & Kanai, Y. (2019). Boron delivery for boron
neutron capture therapy targeting a cancer-upregulated
oligopeptide transporter. Journal of Pharmacological
Sciences, 139(3), 215-222. https://doi.org/10.1016/j.
jphs.2019.01.012.

Al-Madhoun, A. S., Johnsamuel, J., Barth, R. F.,
Tjarks, W., & Eriksson, S. (2004). Evaluation of human
thymidine kinase 1 substrates as new candidates for
boron neutron capture therapy. Cancer Research,
64(17), 6280-6286. https://doi.org/10.1158/0008-5472.
CAN-04-0197.

Barth, R. F., Yang, W., Wu, G., Swindall, M., Byun, Y.,
Narayanasamy, S., ... & Riley, K. J. (2008). Thymidine
kinase 1 as a molecular target for boron neutron capture
therapy of brain tumors. Proceedings of the National
Academy of Sciences, 105(45), 17493-17497. https://
doi.org/10.1073/pnas.0809569105.

Sjuvarsson, E., Damaraju, V. L., Mowles, D., Sawyer,
M. B., Tiwari, R., Agarwal, H. K., ... & Tjarks, W. (2013).
Cellular influx, efflux, and anabolism of 3-carboranyl
thymidine analogs: Potential boron delivery agents for
neutron capture therapy. Journal of Pharmacology and
Experimental Therapeutics, 347(2), 388-397. https://
doi.org/10.1124/jpet.113.207464.

Lewis, O., Woolley, M., Johnson, D., Rosser, A., Barua,
N.U., Bienemann,A.S., ... & Evans, S. (2016). Chronic,
intermittent convection-enhanced delivery devices.
Journal of Neuroscience Methods, 259, 47-56. https://
doi.org/10.1016/j.jneumeth.2015.11.008.

Miura, M., Micca, P. L., Fisher, C. D., Heinrichs, J. C.,
Donaldson, J. A., Finkel, G. C., & Slatkin, D. N. (1996).
Synthesis of a nickel tetracarboranylphenylporphyrin
for boron neutron-capture therapy: Biodistribution and
toxicity in tumor-bearing mice. International Journal
of Cancer, 68(1), 114-119. https://doi.org/10.1002/
(SIC1)1097-0215(19960927)68:1<114::AID-
1JC20>3.0.CO;2-A.

Miura, M., Morris, G. M., Micca, P. L., Lombardo,
D. T, Youngs, K. M., Kalef-Ezra, J. A, .. &
Coderre, J. A. (2001). Boron neutron capture
therapy of a murine mammary carcinoma using

[92].

[93].

[94].

[95].

[96].

[97].

[98].

[99].

a lipophilic carboranyltetraphenylporphyrin.
Radiation Research, 155(4), 603-610. https://doi.
org/10.1667/0033-7587(2001)155[0603:BNCTOA]2.0.
CO;2.

Miura, M., Morris, G. M., Micca, P. L., Nawrocky, M. M.,
Makar,M.S.,Cook,S.P.,&Slatkin,D.N.(2004). Synthesis
of copper octabromotetracarboranylphenylporphyrin
for boron neutron capture therapy and its toxicity and
biodistribution in tumour-bearing mice. The British
Journal of Radiology, 77(919), 573-580. https://doi.
org/10.1259/bjr/71404908.

Miura, M., Morris, G. M., Hopewell, J. W., Micca, P. L.,
Makar, M. S., Nawrocky, M. M., & Renner, M. W. (2012).
Enhancementoftheradiationresponse of EMT-6tumours
by a copper octabromotetracarboranylphenylporphyrin.
The British Journal of Radiology, 85(1012), 443-450.
https://doi.org/10.1259/bjr/87260973.

Smilowitz, H. M., Slatkin, D. N., Micca, P. L., & Miura,
M. (2013). Microlocalization of lipophilic porphyrins:
Non-toxic enhancers of boron neutron-capture therapy.
International Journal of Radiation Biology, 89(8), 611-
617. https://doi.org/10.3109/09553002.2013.782446.

Xuan, S., & Vicente, M. D. G. H. (2018). Recent
advances in boron delivery agents for boron neutron
capture therapy (BNCT). In E. Hey-Hawkins, & C.
Vifias Teixidor (Eds.). Boron-Based Compounds:
Potential and Emerging Applications in Medicine
(pp.- 298-342). John Wiley & Sons Ltd. https://doi.
org/10.1002/9781119275602.ch3.2.

Sibrian-Vazquez, M., Hao, E., Jensen, T. J., & Vicente,
M. G. H. (2006). Enhanced cellular uptake with a
cobaltacarborane-porphyrin-HIV-1 Tat 48-60 conjugate.
Bioconjugate Chemistry, 17(4), 928-934. https://doi.
org/10.1021/bc060047v.

Gibbs, J. H., Wang, H., Bhupathiraju, N. D. K., Fronczek,
F.R., Smith, K. M., & Vicente, M. G. H. (2015). Synthesis
and properties of a series of carboranyl-BODIPYs.
Journal of Organometallic Chemistry, 798, 209-213.
https://doi.org/10.1016/j.jorganchem.2015.05.009.

Xuan, S., Zhao, N., Zhou, Z., Fronczek, F. R., & Vicente,
M. G. H. (2016). Synthesis and in vitro studies of a
series of carborane-containing boron dipyrromethenes
(bodipys). Journal of Medicinal Chemistry, 59(5), 2109-
2117. https://doi.org/10.1021/acs.jmedchem.5b01783.

Kawabata, S., Yang, W., Barth, R. F., Wu, G., Huo, T,
Binns, P. J., ... & Vicente, M. G. H. (2011). Convection
enhanced delivery of carboranylporphyrins for neutron
capture therapy of brain tumors. Journal of Neuro-
oncology, 103(2), 175-185. https://doi.org/10.1007/
s11060-010-0376-5.

[100].Viaggi, M., Dagrosa, M. A., Longhino, J., Blaumann,

H., Calzetta, O., Kahl, S. B., ... & Pisarev, M. A. (2004).
Boron neutron capture therapy for undifferentiated
thyroid carcinoma: preliminary results with the
combined use of BPA and BOPP. Applied Radiation
and Isotopes, 61(5), 905-909. https://doi.org/10.1016/j.
apradiso.2004.05.005.

[101].Dagrosa, M. A., Viaggi, M., Rebagliati, R. J., Batistoni,

D., Kahl, S. B., Juvenal, G. J., & Pisarev, M. A. (2005).
Biodistribution of boron compounds in an animal model
of human undifferentiated thyroid cancer for boron

183



iseri O. D. and Dikkatli O. I. / BORON 8(4), 158 - 188, 2023

neutron capture therapy. Molecular Pharmaceutics,
2(2), 151-156. https://doi.org/10.1021/mp049894a.

[102].Rosenthal, M. A., Kavar, B., Hill, J. S., Morgan, D. J.,
Nation, R. L., Stylli, S. S., ... & Kaye, A. H. (2001).
Phase | and pharmacokinetic study of photodynamic
therapy for high-grade gliomas using a novel
boronated porphyrin. Journal of Clinical Oncology,
19(2), 519-524.

[103].0zawa, T., Afzal, J., Lamborn, K. R., Bollen, A. W.,
Bauer, W. F., Koo, M. S., ... & Deen, D. F. (2005).
Toxicity, biodistribution, and convection-enhanced
delivery of the boronated porphyrin BOPP in the 9L
intracerebral rat glioma model. International Journal of
Radiation Oncology*Biology*Physics, 63(1), 247-252.
https://doi.org/10.1016/j.ijrobp.2005.05.030.

[104].0zawa, T., Santos, R. A., Lamborn, K. R., Bauer, W. F.,
Koo, M. S., Kahl, S. B., & Deen, D. F. (2004). In vivo
evaluation of the boronated porphyrin TABP-1 in U-87
MG intracerebral human glioblastoma xenografts.
Molecular Pharmaceutics, 1(5), 368-374. https://doi.
org/10.1021/mp049933i.

[105].Crossley, E. L., Ziolkowski, E. J., Coderre, J.
A., & Rendina, L. M. (2007). Boronated DNA-
binding compounds as potential agents for

boron neutron capture therapy. Mini Reviews in

Medicinal Chemistry, 7(3), 303-313. https://doi.
org/10.2174/138955707780059808.
[106].Nakamura, H., & Kirihata, M. (2012). Boron

compounds: new candidates for boron carriers in
BNCT. Neutron Capture Therapy, 99-116. https://doi.
org/10.1007/978-3-642-31334-9_7.

[107].Capala, J., Barth, R. F., Bendayan, M., Lauzon, M.,
Adams, D. M., Soloway, A. H., ... & Carlsson, J. (1996).
Boronated epidermal growth factor as a potential
targeting agent for boron neutron capture therapy
of brain tumors. Bioconjugate Chemistry, 7(1), 7-15.
https://doi.org/10.1021/bc950077q.

[108].Sun, T, Li, Y., Huang, Y., Zhang, Z., Yang, W., Du, Z., &
Zhou, Y. (2016). Targeting glioma stem cells enhances
anti-tumor effect of boron neutron capture therapy.
Oncotarget, 7(28), 43095. https://doi.org/10.18632/
oncotarget.9355.

[109].Xiong, H., Wei, X., Zhou, D., Qi, Y., Xie, Z., Chen, X,
... & Huang, Y. (2016). Amphiphilic polycarbonates
from carborane-installed cyclic carbonates as potential
agents for boron neutron capture therapy. Bioconjugate
Chemistry, 27(9), 2214-2223. https://doi.org/10.1021/
acs.bioconjchem.6b00454.

[110].Chen, G., Yang, J., Lu, G, Liu, P. C., Chen, Q., Xie,
Z.,, & Wu, C. (2014). One stone kills three birds:
Novel boron-containing vesicles for potential BNCT,
controlled drug release, and diagnostic imaging.
Molecular Pharmaceutics, 11(10), 3291-3299. https://
doi.org/10.1021/mp400641u.

[111]. Azab, A. K., Srebnik, M., Doviner, V., & Rubinstein,
A. (2005). Targeting normal and neoplastic tissues
in the rat jejunum and colon with boronated, cationic
acrylamide copolymers. Journal of Controlled
Release, 106(1-2), 14-25. https://doi.org/10.1016/].
jconrel.2005.03.015.

[112].Mi, P., Yanagie, H., Dewi, N., Yen, H. C., Liu, X., Suzuki,
M., ... & Nishiyama, N. (2017). Block copolymer-boron
cluster conjugate for effective boron neutron capture
therapy of solid tumors. Journal of Controlled Release,
254, 1-9. https://doi.org/10.1016/j.jconrel.2017.03.036.

[113].Dewi, N., Mi, P., Yanagie, H., Sakurai, Y., Morishita,
Y., Yanagawa, M., ... & Takahashi, H. (2016). In vivo
evaluation of neutron capture therapy effectivity
using calcium phosphate-based nanoparticles as Gd-
DTPA delivery agent. Journal of Cancer Research
and Clinical Oncology, 142(4), 767-775. https://doi.
org/10.1007/s00432-015-2085-0.

[114].Luderer, M. J., De La Puente, P, & Azab, A. K.
(2015). Advancements in tumor targeting strategies
for boron neutron capture therapy. Pharmaceutical
Research, 32(9), 2824-2836. https://doi.org/10.1007/
s$11095-015-1718-y.

[115].Chen, J., Yang, Q., Liu, M., Lin, M., Wang, T., Zhang,
Z., ... & Wei, Q. (2019). Remarkable boron delivery
of iIRGD-modified polymeric nanoparticles for boron
neutron capture therapy. International Journal of
Nanomedicine, 14,8161-8177. https://doi.org/10.2147/
IUN.S214224.

[116].Mi, P., Dewi, N., Yanagie, H., Kokuryo, D., Suzuki,
M., Sakurai, Y., ... & Kataoka, K. (2015). Hybrid
calcium phosphate-polymeric micelles incorporating
gadolinium chelates for imaging-guided gadolinium
neutron capture tumor therapy. ACS Nano, 9(6), 5913-
5921. https://doi.org/10.1021/acsnano.5b00532.

[117].Sumitani, S., Oishi, M., & Nagasaki, Y. (2011).
Carborane confined nanoparticles for boron neutron
capture therapy: improved stability, blood circulation
time and tumor accumulation. Reactive and Functional
Polymers, 71(7), 684-693. https://doi.org/10.1016/j.
reactfunctpolym.2011.03.010.

[118].Gao, Z., Horiguchi, Y., Nakai, K., Matsumura, A,
Suzuki, M., Ono, K., & Nagasaki, Y. (2016). Use of
boron cluster-containing redox nanoparticles with
ROS scavenging ability in boron neutron capture
therapy to achieve high therapeutic efficiency and low
adverse effects. Biomaterials, 104, 201-212. https://
doi.org/10.1016/j.biomaterials.2016.06.046.

[119].Sincai, M., Ganga, D., Ganga, M., Argherie, D., & Bica,
D. (2005). Antitumor effect of magnetite nanoparticles in
cat mammary adenocarcinoma. Journal of Magnetism
and Magnetic Materials, 293(1), 438-441. https://doi.
org/10.1016/j.jmmm.2005.02.074.

[120].Icten, O., Hosmane, N. S., Kose, D. A., & Zumreoglu-
Karan, B. (2016). Production of magnetic nano-
bioconjugates via ball milling of commercial boron
powder with biomolecules. Journal of Inorganic and
General Chemistry, 642(14), 828-832. https://doi.
org/10.1002/zaac.201600181.

[121].Icten, O., Hosmane, N. S., Kose, D. A., & Zumreoglu-
Karan, B. (2017). Magnetic nanocomposites of boron
and vitamin C. New Journal of Chemistry, 41(9), 3646-
3652. https://doi.org/10.1039/C6NJ03894H.

[122].Zhu, Y., Lin, Y., Zhu, Y. Z., Lu, J., Maguire, J. A,
& Hosmane, N. S. (2010). Boron drug delivery
via  encapsulated magnetic  nanocomposites:
A new approach for BNCT in cancer treatment.

184



iseri ©. D. and Dikkatli O. I. / BORON 8(4), 158 - 188, 2023

Journal of Nanomaterials, 2010,
org/10.1155/2010/409320.

1-8. https://doi.

[123].Mortensen, M. W., Bjorkdahl, O., Sgrensen, P. G.,
Hansen, T., Jensen, M. R., Gundersen, H. J. G., &
Bjgrnholm, T. (2006). Functionalization and cellular
uptake of boron carbide nanoparticles. The first step
toward T cell-guided boron neutron capture therapy.
Bioconjugate Chemistry, 17(2), 284-290. https://doi.
org/10.1021/bc050206v.

[124].Petersen, M. S., Petersen, C. C., Agger, R., Sutmuller,
M., Jensen, M. R., Sarensen, P. G, ... & Hokland, M.
(2008). Boron nanoparticles inhibit tumour growth by
boron neutron capture therapy in the murine B16-OVA
model. Anticancer Research, 28(2A), 571-576. https://
doi.org/10.0250-7005/2008

[125].Sumitani, S., Oishi, M., Yaguchi, T., Murotani, H.,
Horiguchi, Y., Suzuki, M., ... & Nagasaki, Y. (2012).
Pharmacokinetics of  core-polymerized, boron-
conjugated micelles designed for boron neutron capture
therapy for cancer. Biomaterials, 33(13), 3568-3577.
https://doi.org/10.1016/j.biomaterials.2012.01.039.

[126].Gao, Z., Walton, N. I., Malugin, A., Ghandehari, H., &
Zharov, |. (2012). Preparation of dopamine-modified
boron nanoparticles. Journal of Materials Chemistry,
22(3), 877-882. https://doi.org/10.1039/C1JM12655E.

[127].Grandi, S., Spinella, A., Tomasi, C., Bruni, G.,
Fagnoni, M., Merli, D., ... & Balduini, C. (2012).
Synthesis and characterisation of functionalized
borosilicate nanoparticles for boron neutron capture
therapy applications. Journal of Sol-Gel Science and
Technology, 64, 358-366. https://doi.org/10.1007/
s$10971-012-2865-9.

[128].Cioran,A. M., Musteti,A.D., Teixidor, F., Krpetic, Z., Prior,
I.A.,He, Q., ... & Vinas, C. (2012). Mercaptocarborane-
capped gold nanoparticles: electron pools and ion
traps with switchable hydrophilicity. Journal of the
American Chemical Society, 134(1), 212-221. https://
doi.org/10.1021/ja203367h.

[129].Ciani, L., Bortolussi, S., Postuma, I., Cansolino, L.,
Ferrari, C., Panza, L., ... & Ristori, S. (2013). Rational
design of gold nanoparticles functionalized with
carboranes for application in boron neutron capture
therapy. International Journal of Pharmaceutics,
458(2), 340-346. https://doi.org/10.1016/j.
ijpharm.2013.10.008.

[130].Singh, A., Kim, B. K., Mackeyev, Y., Rohani, P,
Mahajan, S.D., Swihart, M. T., ... & Prasad, P. N. (2019).
Boron-nanoparticle-loaded folic-acid-functionalized
liposomes to achieve optimum boron concentration
for boron neutron capture therapy of cancer. Journal
of Biomedical Nanotechnology, 15(8), 1714-1723.
https://doi.org/10.1166/jbn.2019.2800.

[131].Wu, C. Y, Lin, J. J., Chang, W. Y., Hsieh, C. Y.,
Wu, C. C., Chen, H. S., ... & Kuo, W. Y. (2019).
Development of theranostic active-targeting boron-
containing gold nanoparticles for boron neutron
capture therapy (BNCT). Colloids and Surfaces B:
Biointerfaces, 183, 110387. https://doi.org/10.1016/j.
colsurfb.2019.110387.

[132].Liko, F., Hindre, F., & Fernandez-Megia, E. (2016).
Dendrimers as innovative radiopharmaceuticals

in cancer radionanotherapy. Biomacromolecules,
17(10), 3103-3114. https://doi.org/10.1021/acs.
biomac.6b00929.

[133].Shukla, S., Wu, G., Chatterjee, M., Yang, W., Sekido,
M., Diop, L. A., ... & Tjarks, W. (2003). Synthesis
and biological evaluation of folate receptor-targeted
boronated PAMAM dendrimers as potential agents
for neutron capture therapy. Bioconjugate Chemistry,
14(1), 158-167. https://doi.org/10.1021/bc0255860.

[134].Wu, G., Barth, R. F., Yang, W., Chatterjee, M., Tjarks,
W., Ciesielski, M. J., & Fenstermaker, R. A. (2004). Site-
specific conjugation of boron-containing dendrimers
to anti-EGF receptor monoclonal antibody cetuximab
(IMC-C225) and its evaluation as a potential delivery
agent for neutron capture therapy. Bioconjugate
Chemistry, 15(1), 185-194. ttps://doi.org/10.1021/
bc0341674.

[135].Yang, W., Barth, R. F., Adams, D. M., Ciesielski, M.
J., Fenstermaker, R. A, Shukla, S., ... & Caligiuri, M.
A. (2002). Convection-enhanced delivery of boronated
epidermal growth factor for molecular targeting of EGF
receptor-positive gliomas. Cancer Research, 62(22),
6552-6558.

[136].Barth, R. F., Adams, D. M., Soloway, A. H., Alam, F., &
Darby, M. V. (1994). Boronated starburst dendrimer-
monoclonal antibody immunoconjugates: evaluation
as a potential delivery system for neutron capture
therapy. Bioconjugate Chemistry, 5(1), 58-66. https://
doi.org/10.1021/bc00025a008.

[137].Parrott, M. C., Marchington, E. B., Valliant, J. F.,
& Adronov, A. (2005). Synthesis and properties
of  carborane-functionalized aliphatic  polyester
dendrimers. Journal of the American Chemical Society,
127(34), 12081-12089. https://doi.org/10.1021/
ja053730l.

[138].Dash, B. P., Satapathy, R., Bode, B. P, Reidl, C. T,
Sawicki, J. W., Mason, A. J., ... & Hosmane, N. S.
(2012). “Click” chemistry-mediated phenylene-cored
carborane dendrimers. Organometallics, 31(7), 2931-
2935. https://doi.org/10.1021/om201255b.

[139].Cabrera-Gonzalez, J., Xochitiotzi-Flores, E., Vinas,
C., Teixidor, F., Garcia-Ortega, H., Farfan, N., ... &
Nunez, R. (2015). High-boron-content porphyrin-
cored aryl ether dendrimers: Controlled synthesis,
characterization, and photophysical properties.
Inorganic Chemistry, 54(10), 5021-5031. https://doi.
org/10.1021/acs.inorgchem.5b00618.

[140].Li, N., Zhao, P., Salmon, L., Ruiz, J., Zabawa, M.,
Hosmane, N. S., & Astruc, D. (2013). “Click” star-
shaped and dendritic PEGylated gold nanoparticle-
carborane assemblies. Inorganic Chemistry, 52(19),
11146-11155. https://doi.org/10.1021/ic4013697.

[141].Bobo, D., Robinson, K. J., Islam, J., Thurecht, K. J.,
& Corrie, S. R. (2016). Nanoparticle-based medicines:
a review of FDA-approved materials and clinical trials
to date. Pharmaceutical Research, 33(10), 2373-2387.
https://doi.org/10.1007/s11095-016-1958-5.

[142].Yanagie, H., Tomita, T., Kobayashi, H., Fujii, Y,
Takahashi, T., Hasumi, K., ... & Sekiguchi, M. (1991).
Application of boronated anti-CEA immunoliposome to
tumour cell growth inhibition in in vitro boron neutron

185



iseri O. D. and Dikkatli O. I. / BORON 8(4), 158 - 188, 2023

capture therapy model. British Journal of Cancer,
63(4), 522-526 https://doi.org/10.1038/bjc.1991.124.

[143].Nakamura H. (2013). Boron lipid-based liposomal
boron delivery system for neutron capture therapy:
Recent development and future perspective. Future
Medicinal Chemistry, 5(6), 715-730. https://doi.
org/10.4155/fmc.13.48.

[144].Koganei, H., Ueno, M., Tachikawa, S., Tasaki, L.,
Ban, H. S., Suzuki, M., ... & Nakamura, H. (2013).
Development of high boron content liposomes and
their promising antitumor effect for neutron capture
therapy of cancers. Bioconjugate Chemistry, 24(1),
124-132. https://doi.org/10.1021/bc300527n.

[145].Zhu, Y., & Hosmane, N. S. (2018). Nanostructured
boron compounds for cancer therapy. Pure and Applied
Chemistry, 90(4), 653-663. https://doi.org/10.1515/
pac-2017-0903.

[146].Cambre, J. N., Roy, D., & Sumerlin, B. S. (2012).
Tuning the sugar-response of boronic acid block
copolymers. Journal of Polymer Science Part A:
Polymer Chemistry, 50(16), 3373-3382. https://doi.
org/10.1002/pola.26125.

[147].Fuster, M. M., & Esko, J. D. (2005). The sweet and
sour of cancer: Glycans as novel therapeutic targets.
Nature Reviews Cancer, 5(7), 526-542. https://doi.
org/10.1038/nrc1649.

[148].0Otsuka, H., Uchimura, E., Koshino, H., Okano, T.,
& Kataoka, K. (2003). Anomalous binding profile of
phenylboronic acid with N-acetylneuraminic acid
(Neub5Ac) in aqueous solution with varying pH. Journal
of the American Chemical Society, 125(12), 3493-
3502. https://doi.org/10.1021/ja021303r.

[149].Djanashvili, K., Frullano, L., & Peters, J. A. (2005).
Molecular recognition of sialic acid end groups by
phenylboronates. Chemistry-A European Journal,
11(13), 4010-4018. https://doi.org/10.1002/
chem.200401335.

[150].Chen, Y., Ding, L., & Ju, H. (2013). In situ tracing of
cell surface sialic acid by chemoselective recognition
to unload gold nanocluster probe from density tunable
dendrimeric array. Chemical Communications, 49(9),
862-864. https://doi.org/10.1039/C2CC37761F.

[151].Matsumoto, A., Sato, N., Kataoka, K., & Miyahara,
Y. (2009). Noninvasive sialic acid detection at cell
membrane by using phenylboronic acid modified self-
assembled monolayer gold electrode. Journal of the
American Chemical Society, 131(34), 12022-12023.
https://doi.org/10.1021/ja902964m.

[152].Deng, R., Yue, J., Qu, H., Liang, L., Sun, D., Zhang, J.,
... & Xu, S. (2018). Glucose-bridged silver nanoparticle
assemblies for highly sensitive molecular recognition
of sialic acid on cancer cells via surface-enhanced
raman scattering spectroscopy. Talanta, 179, 200-206.
https://doi.org/10.1016/j.talanta.2017.11.006.

[153].Zhang, X., Chen, B., He, M., Zhang, Y., Peng, L., &
Hu, B. (2016). Boronic acid recognition based-gold
nanoparticle-labeling strategy for the assay of sialic
acid expression on cancer cell surface by inductively
coupled plasma mass spectrometry. Analyst, 141(4),
1286-1293. https://doi.org/10.1039/C5AN02402A.

[154].Deshayes, S., Cabral, H., Ishii, T., Miura, Y.,
Kobayashi, S., Yamashita, T., ... & Kataoka, K. (2013).
Phenylboronic acid-installed polymeric micelles for
targeting sialylated epitopes in solid tumors. Journal
of the American Chemical Society, 135(41), 15501-
15507. https://doi.org/10.1021/ja406406h.

[155].Zhao, D., Xu, J. Q., Yi, X. Q., Zhang, Q., Cheng, S.
X., Zhuo, R. X., & Li, F. (2016). pH-activated targeting
drug delivery system based on the selective binding
of phenylboronic acid. ACS Applied Materials
& Interfaces, 8(23), 14845-14854. https://doi.
org/10.1021/acsami.6b04737.

[156].Lee, J. Y., Chung, S. J., Cho, H. J., & Kim, D. D. (2015).
Phenylboronic acid-decorated chondroitin  sulfate
A-based theranostic nanoparticles for enhanced
tumor targeting and penetration. Advanced Functional
Materials, 25(24), 3705-3717. https://doi.org/10.1002/
adfm.201500680.

[157].Li, S., Hou, X., Ma, Y., & Wang, Z. (2022).
Phenylboronic-acid-based functional chemical
materials for fluorescence imaging and tumor therapy.
ACS Omega, 7(3), 2520-2532. https://doi.org/10.1021/
acsomega.1c06558.

[158].Kim, H., Kang, S. J., & Rhee, W. J. (2021).
Phenylboronic  acid-conjugated  exosomes  for
enhanced anti-cancer therapeutic effect by increasing
doxorubicin loading efficiency. Biotechnology and
Bioprocess Engineering, 26(1), 78-85. https://doi.
org/10.1007/s12257-020-0107-5.

[159].Gao, W., Liang, Y., Peng, X., Hu, Y., Zhang, L., Wu,
H., & He, B. (2016). In situ injection of phenylboronic
acid based low molecular weight gels for efficient
chemotherapy. Biomaterials, 105, 1-11. https://doi.
org/10.1016/j.biomaterials.2016.07.025.

[160].Kim, J., Lee, J., Lee, Y. M., Pramanick, S., Im,
S, & Kim, W. J. (2017). Andrographolide-loaded
polymerized phenylboronic acid nanoconstruct for
stimuli-responsive chemotherapy. Journal of Controlled
Release, 259, 203-211. https://doi.org/10.1016/j.
jeonrel.2016.10.029.

[161].Li, S., Hu, K., Cao, W.,, Sun, Y., Sheng, W., Li, F., ...
& Liang, X. J. (2014). pH-responsive biocompatible
fluorescent polymer nanoparticles based on
phenylboronic acid for intracellular imaging and drug
delivery. Nanoscale, 6(22), 13701-13709. https://doi.
org/10.1039/C4NR04054F.

[162].Zhang, L., Wang, Y., Zhang, X., Wei, X., Xiong, X,
& Zhou, S. (2017). Enzyme and redox dual-triggered
intracellular release from actively targeted polymeric
micelles. ACS Applied Materials & Interfaces, 9(4),
3388-3399. https://doi.org/10.1021/acsami.6b14078.

[163].Xu, Y., Huang, Y., Lu, W,, Liu, S., Xiao, Y., & Yu, J.
(2019).  4-Carboxyphenylboronic  acid-decorated,
redox-sensitive rod-shaped nano-micelles fabricated
through co-assembling strategy for active targeting
and synergistic co-delivery of camptothecin and
gemcitabine. European Journal of Pharmaceutics
and Biopharmaceutics, 144, 193-206. https://doi.
org/10.1016/j.ejpb.2019.09.019.

[164].Ji, M., Li, P., Sheng, N., Liu, L., Pan, H., Wang, C., ...
& Ma, Y. (2016). Sialic acid-targeted nanovectors with

186



iseri ©. D. and Dikkatli O. I. / BORON 8(4), 158 - 188, 2023

phenylboronic acid-grafted polyethylenimine robustly
enhance siRNA-based cancer therapy. ACS Applied
Materials & Interfaces, 8(15), 9565-9576. https://doi.
org/10.1021/acsami.5b11866.

[165].Naito, M., Ishii, T., Matsumoto, A., Miyata, K,
Miyahara, Y., & Kataoka, K. (2012). A phenylboronate-
functionalized polyion complex micelle for ATP-
triggered release of siRNA. Angewandte Chemie,
43(124), 10909-10913. https://doi.org/10.1002/
ange.201203360.

[166].Yin, D., Li, X., Ma, Y., & Liu, Z. (2017). Targeted
cancer imaging and photothermal therapy via
monosaccharide-imprinted gold nanorods. Chemical
Communications, 53(50), 6716-6719. https://doi.
org/10.1039/C7CC02247F.

[167].Liu, M., Zhang, J., Li, X, Cai, C., Cao, X., Shi, X., &
Guo, R. (2019). A polydopamine-coated LAPONITE®-
stabilized iron oxide nanoplatform for targeted
multimodal imaging-guided photothermal cancer
therapy. Journal of Materials Chemistry B, 7(24), 3856-
3864. https://doi.org/10.1039/C9TB00398C.

[168].Lei, L., Xu, Z., Hu, X,, Lai, Y., Xu, J., Hou, B., ... &
Zhang, W. (2019). Bioinspired multivalent peptide
nanotubes for sialic acid targeting and imaging-guided
treatment of metastatic melanoma. Small, 15(22),
1900157. https://doi.org/10.1002/smll.201900157.

[169].Wang, X., Yang, C. X., Chen, J. T., & Yan, X. P. (2014).
A dual-targeting upconversion nanoplatform for two-
color fluorescence imaging-guided photodynamic
therapy. Analytical Chemistry, 86(7), 3263-3267.
https://doi.org/10.1021/ac500060c.

[170].Atlamazoglou, V., Yova, D. M., Kavantzas, N., &
Loukas, S. (1999). Fluorescence diagnosis of colon
cancer using two novel Rhodamine B derivatives.
In 1. J. Bigio, H. Schneckenburger, J. Slavik, K.
Svanberg, & P. M. Viallet (Eds.), Optical biopsies and
microscopic techniques Il (pp. 2-10). SPIE. https://doi.
org/10.1117/12.336828.

[171].Peng, N., Xu, R., Si, M., Victorious, A., Ha, E.,
Chang, C. Y., & Xu, X. D. (2017). Fluorescent probe
with aggregation-induced emission characteristics
for targeted labelling and imaging of cancer cells.
RSC Advances, 7(19), 11282-11285. https://doi.org/
10.1039/C6RA25674K.

[172].Cheng, L., Zhang, X., Zhang, Z., Chen, H., Zhang, S.,
& Kong, J. (2013). Multifunctional phenylboronic acid-
tagged fluorescent silica nanoparticles via thiol-ene
click reaction for imaging sialic acid expressed on living
cells. Talanta, 115, 823-829. https://doi.org/10.1016/].
talanta.2013.06.060.

[173].Qian,R.,Ding, L., Yan, L., &Ju, H.(2015). Fluorescence
imaging for in situ detection of cell surface sialic acid by
competitive binding of 3-(dansylamino) phenylboronic
acid. Analytica Chimica Acta, 894, 85-90. https://doi.
org/10.1016/j.aca.2015.08.054.

[174].Weng, Q., Wang, X., Wang, X., Bando, Y., & Golberg,
D. (2016). Functionalized hexagonal boron nitride
nanomaterials: emerging properties and applications.
Chemical Society Reviews, 45(14), 3989-4012. https://
doi.org/10.1039/C5CS00869G.

[175].Ciofani, M. E., Sen, O., & Culha, M. (2020). Hexagonal
boron nitride nanoparticles for prostate cancer
treatment. ACS Applied Nano Materials, 3(3), 2364-
2372. https://doi.org/10.1021/acsanm.9b02486.

[176].Emanet, M., Sen, O., & Culha, M. (2017). Evaluation of
boron nitride nanotubes and hexagonal boron nitrides
as nanocarriers for cancer drugs. Nanomedicine, 12(7),
797-810. https://doi.org/10.2217/nnm-2016-0322.

[177].Jedrzejczak-Silicka, M., Trukawka, M., Dudziak, M.,
Piotrowska, K., & Mijowska, E. (2018). Hexagonal
boron nitride functionalized with Au nanoparticles-
properties and potential biological applications.
Nanomaterials, 8(8), 605. https://doi.org/10.3390/
nano8080605.

[178].Li, X., Wang, X., Zhang, J., Hanagata, N., Wang,
X., Weng, Q., ... & Golberg, D. (2017). Hollow boron
nitride nanospheres as boron reservoir for prostate
cancer treatment. Nature Communications, 8(1), 1-12.
https://doi.org/10.1038/ncomms13936.

[179].Feng, S., Zhang, H., Zhi, C., Gao, X. D., & Nakanishi,
H. (2018). pH-responsive charge-reversal polymer-
functionalized boron nitride  nanospheres for
intracellular doxorubicin delivery. International Journal
of Nanomedicine, 13, 641. https://doi.org/10.2147/1JN.
S153476.

[180].Zhitnyak, 1. Y., Bychkov, I. N., Sukhorukova, I. V.,
Kovalskii, A. M., Firestein, K. L., Golberg, D., ... &
Shtansky, D. V. (2017). Effect of BN nanoparticles
loaded with doxorubicin on tumor cells with multiple
drug resistance. ACS Applied Materials & Interfaces,
9(38), 32498-32508. https://doi.org/10.1021/
acsami.7b08713.

[181].Sukhorukova, I. V., Zhitnyak, I. Y., Kovalskii, A. M.,
Matveev, A. T., Lebedey, O. I., Li, X., ... & Shtansky,
D. V. (2015). Boron nitride nanoparticles with a petal-
like surface as anti-cancer drug-delivery systems. ACS
Applied Materials & Interfaces, 7(31), 17217-17225.
https://doi.org/10.1021/acsami.5b04101.

[182].Feng, S., Zhang, H., Xu, S., Zhi, C., Nakanishi, H., &
Gao, X. D. (2019). Folate-conjugated, mesoporous
silica functionalized boron nitride nanospheres for
targeted delivery of doxorubicin. Materials Science and
Engineering: C, 96, 552-560. https://doi.org/10.1016/j.
msec.2018.11.063.

[183].Dhanavel, S., Sivaranjani, T., Sivakumar, K., Palani,
P., Gupta, V. K., Narayanan, V., & Stephen, A. (2021).
Cross-linked chitosan/hydroxylated boron nitride
nanocomposites for co-delivery of curcumin and
5-fluorouracil towards human colon cancer cells.
Journal of the Iranian Chemical Society, 18(2), 317-
329. https://doi.org/10.1007/s13738-020-02031-9.

[184].Lee, M. H., Sharma, A., Chang, M. J., Lee, J., Son,
S., Sessler, J. L., ... & Kim, J. S. (2018). Fluorogenic
reaction-based prodrug conjugates as targeted cancer
theranostics. Chemical Society Reviews, 47(1), 28-52.
https://doi.org/10.1039/C7CS00557A.

[185].Tao, W., & Farokhzad, O. C. (2022). Theranostic
nanomedicine in the NIR-Il window: Classification,
fabrication, and biomedical applications. Chemical
Reviews, 122(6), 5405-5407. https://doi.org/10.1021/
acs.chemrev.2c00089.

187



iseri O. D. and Dikkatli O. I. / BORON 8(4), 158 - 188, 2023

[186].Ji, X., Ge, L., Liu, C., Tang, Z., Xiao, Y., Chen, W, ... &
Tao, W. (2021). Capturing functional two-dimensional
nanosheets from sandwich-structure vermiculite for
cancer theranostics. Nature Communications, 12(1),
1124. https://doi.org/10.1038/s41467-021-21436-5.

[187].0Ouyang, J., Xie, A., Zhou, J., Liu, R., Wang, L., Liu, H.,
... & Tao, W. (2022). Minimally invasive nanomedicine:
nanotechnology in  photo-/ultrasound-/radiation-/
magnetism-mediated therapy and imaging. Chemical
Society Reviews, 51(12), 4996-5041. https://doi.
org/10.1039/D1CS01148K.

[188].Treibs, A., Kreuzer, F. H., & Haberle, N. (1970).
Tripyrryl-trismethane (Hexahydro-cyclononatripyrrole).
European Journal of Organic Chemistry, 733(1), 37-
43. https://doi.org/10.1002/jlac.19707330105.

[189].Sola-Llano, R., & Bafiuelos, J. (2018). Introductory
Chapter: BODIPY Dye, an All-in-One Molecular
Scaffold for (Bio) Photonics. In J. Bafiuelos-Prieto, & R.
Sola Llano (Eds.), BODIPY dyes-a privilege molecular
scaffold with tunable properties. IntechOpen. https://
doi.org/10.5772/intechopen.82682.

[190].Mao, Z., Kim, J. H., Lee, J., Xiong, H., Zhang, F., &
Kim, J. S. (2023). Engineering of BODIPY-based
theranostics for cancer therapy. Coordination
Chemistry Reviews, 476, 214908. https://doi.
org/10.1016/j.ccr.2022.214908.

[191].Qi, S., Kwon, N., Yim, Y., Nguyen, V. N., & Yoon, J.
(2020). Fine-tuning the electronic structure of heavy-
atom-free BODIPY photosensitizers for fluorescence
imaging and mitochondria-targeted photodynamic
therapy. Chemical Science, 11(25), 6479-6484. https://
doi.org/10.1039/DOSC01171A.

[192].Turksoy, A., Yildiz, D., & Akkaya, E. U. (2019).
Photosensitization and controlled photosensitization
with BODIPY dyes. Coordination Chemistry Reviews,
379, 47-64. https://doi.org/10.1016/j.ccr.2017.09.029.

[193].Nguyen, V.N., Ha, J., Koh, C. W., Ryu, B., Kim, G., Park,
J. H., ... & Yoon, J. (2021). Access to the triplet excited
states of heavy-atom-free boron-dipyrromethene
photosensitizers via radical pair intersystem crossing
for image-guided tumor-targeted photodynamic
therapy. Chemistry of Materials, 33(19), 7889-7896.
https://doi.org/10.1021/acs.chemmater.1c02776.

[194].Banuelos, J. (2016). BODIPY dye, the most versatile
fluorophore ever?. The Chemical Record, 16(1), 335-
348. https://doi.org/10.1002/tcr.201500238.

[195].Shi, Z., Han, X., Hu, W., Bai, H., Peng, B., Ji, L., ... &
Huang, W. (2020). Bioapplications of small molecule
Aza-BODIPY: from rational structural design to in vivo
investigations. Chemical Society Reviews, 49(21),
7533-7567. https://doi.org/10.1039/D0CS00234H.

[196].Xu, C., Ye, R., Shen, H., Lam, J. W., Zhao, Z.,
& Zhong Tang, B. (2022). Molecular motion and
nonradiative decay: Towards efficient photothermal
and photoacoustic systems. Angewandte Chemie,
134(30), €202204604. https://doi.org/10.1002/
ange.202204604.

[197].Feng, G., Zhang, G. Q., & Ding, D. (2020). Design of
superior phototheranostic agents guided by Jablonski
diagrams. Chemical Society Reviews, 49(22),

8179-8234. https://doi.org/10.1039/DOCS00671H.

188



YAZAR KILAVUZU

GENEL BILGILER

» Makale basvurusu i¢cin Makale Metni Dosyasi, Telif

Hakki Devir Dosyasi ve Benzerlik Oran Dosyasi olmak
Uzere g ayri formun doldurulmasi ve sisteme yiklenmesi
gerekmektedir.

» Basvurularda iletisimde bulunulacak yazar ve diger
yazarlarin iletisim bilgileri bulunmalidir.

» Makale metni igerisindeki makale kontrol listesi ve kapak
sayfasi eksiksiz olarak doldurulmalidir.

» Makale metni dosyasi igerisinde bulunan makale kontrol
listesi ve kapak sayfasi eksiksiz doldurulmalidir.

» Derleme makalelerde baska yayinlara ait sekil ve
tablolar kullanilacaksa, kaynak gosterilecek makalenin
yayincisindan izin alinmalidir. Yayincidan izin alindigi ve
sekillerin uyarlanip uyarlanmadidi veya dogrudan kullanilip
kullaniimadig bilgisi sekil bagliginda belirtiimelidir. ilgili

izin yazisinin journalofboron@tenmak.gov.tr adresine
gonderilmesi gerekmektedir.

» Her makale, konusu ile ilgili en az iki hakeme goénderilerek
sekil, icerik, 6zglin deger, uluslararasi literatiire katkisi
bakimindan incelettirilir. Hakem goéruslerinde belirtilen
eksikler tamamlandiktan sonra, son baski formatina getirilir
ve yazarlardan makalenin son halinin onayi alinir. Dergide
basildigi haliyle makale iginde bulunabilecek hatalarin
sorumlulugu yazarlara aittir.

MAKALE METNi DOSYASI

» Makale metninin yaziminda yazim kurallarina uyulmasi
gerekmektedir.

» Makale metninde kapsayici ve bilimsel bir dil
kullaniimahdir.

» Makale metni referanslar dahil aragtirma makaleleri igin
14.000 kelimeyi tarama makaleleri icin ise 22.000 kelimeyi
gecmemelidir.

* Makalenin metni, Times New Roman 12 punto ile Makale

Metni DosyasI’nin sayfa diizeni degistiriimeden yaziimalidir.

» Makale metninin Microsoft Office Word 2010 ve uzeri bir
kelime islemci ile hazirlanmasi ve yazim hatalarinin kontrol
edilmesi ve dizeltiimesi gerekmektedir.

» Eger makale Turkge ise, Turkge basliklarla bire bir uyumiu
olacak sekilde olusturulmus ingilizce bagliklar parantez
icerisinde yazilmalidir.

» Makale icerisinde kullanilan kisaltma ve sembollerin
anlamlari ilk kullanildiklarinda agiklanmalidir.

» Makale metni igerisindeki alt basliklar
numaralandiriimalidir. Numaralandirma islemleri ana
bélimler igin 1.'den baslamali ve tiim ana bagliklar (Ozet,
Tesekkir ve Kaynaklar ve Ekler bolumleri harig) igin devam
etmelidir. ikincil basliklar ana béliim numaralandirmasina
uygun olarak 1.1., 1.2., 1.3., ... seklinde devam etmelidir.
Uclincii basliklar ikinci basliklara uygun olarak 1.1.1.,
1.1.2.,1.1.3., ... seklinde devam etmelidir.

TELIF HAKKI DEVIR DOSYASI

« Imzali Telif Hakki Devir Dosyasi taranarak sisteme
ylklenmelidir.

« Imzali Telif Hakki Devir Dosyasi’ni géndermeyen
yazarlarin bagvurulari degerlendirmeye alinmaz.

BENZERLIK ORAN DOSYASI

» Makalenin referanslar bolimu harig metni "iThenticate"
veya "Turnitin" programlari ile taranmalidir.

» Benzerlik orani raporunun PDF formatinda sisteme
ylklenmelidir.

* Benzerlik orani %15'in lizerinde olmamalidir.

GIZLILIK POLITIKASI

Journal of Boron gizlilige saygr duymaktadir. Kisisel
bilgiler, sadece derginin belirtilen amagclari dogrultusunda
kullanilacak ve Uglincu kisilerle paylasiimayacaktir.




YAZIM KURALLARI

MAKALE BASLIGI

» Makale basligi standart kisaltmalarla birlikte en ¢ok 15
kelimeden olugmalidir.

+ Eger makale Tirkge ise, ingilizce baslikla bire bir uyumlu
olacak sekilde Tirk¢e makale basligi da olusturulmalidir.

OZET

« Ozet, 250 kelimeyi gegmemelidir.

« Standart olmayan kisaltmalar ilk kullanildiginda tam agik-
lamalarindan sonra parantez icerisinde yaziimalidir.

+ Eger makale Tirkge ise, ingilizce ézetle bire bir uyumlu
olacak sekilde Tirkge 6zet de olusturulmalidir.

ANAHTAR KELIMELER

* En fazla 5 anahtar kelime, alfabetik siraya gore yazilma-
hdir.

* Kisaltmalar anahtar kelime olarak kullaniimamalidir.

+ Eger makale Tirkge ise, ingilizce anahtar kelimelerle bire
bir uyumlu olacak sekilde Tirkge anahtar kelimelere de
olusturulmahdir.

GIRIS

« ligili literatiiriin 6zeti, galigmanin amaci ve 6zgiin degeri
ve kurulmus olan hipotezi icermelidir.

» Kaynaklar, toplu olarak ve aralikli veriimemeli (6rnek [1-5]
veya [1, 2, 3, 5, 8]), her kaynagin calismaya katkisi irdelen-
meli ve metin igerisinde belirtiimelidir.

MALZEMELER VE YONTEMLER

* YUritulmis olan galisma deneysel bir galisma ise deney
prosediri/metodu anlasilir bir sekilde agiklanmalidir.

* Teorik bir calisma yurutiimuisse teorik metodu detaylh bir
sekilde verilmelidir.

* Yapilan galismada kullanilan metot daha dnce yayinlan-
mis bir metot ise diger calismaya atif yapilarak bu galisma-
nin diger ¢calismadan farkl belirtiimelidir.

SONUCLAR VE TARTISMA

* Elde edilen sonuglar agik ve 6z bir sekilde verilmelidir.

* Elde edilen tim sonuglar atif yapilarak literatir ile karsi-
lastiriimalidir.

* Tablolar numaralandiriimalidir ve diizenlenebilir formatta
olmalidir. Eger makale Turkge ise, tablo st yazilarinin bire
bir ingilizce gevirileri parantez igerisinde veriimelidir.

» Makale igerisindeki sekiller numaralandiriimalidir ve en az
300 dpi ¢oziinurlikte olmalidir. Sekillerin Gzerindeki yazilar
okunabilir blyUklikte ve yazi tipinde olmalidir. Kabul edilen
sekil formatlan TIFF, JPG ve JPEG’dir. Eger makale Turkce
ise, sekil alt yazilarinin bire bir ingilizce gevirileri parantez
icerisinde verilmelidir.

SONUCLAR

» Calismadan elde edilen ana sonuglar ve gikarimlar kisa
ve 0z bir sekilde verilmelidir.

» Calismaya ait gelecek perspektifleri bu boélimde verilir.

TESEKKURLER

» Calismanin gergeklesmesi icin saglanan maddi kaynaklar
ve kullanilan altyapi bu bélimde belirtilir.

Yazar Katkilari

* Her yazarin katkilari belirtiimelidir.

 Katki rolleri su sekildedir: kavramsallastirma, veri analizi,
veri iyilestirme, finansman saglama, metodoloji, proje yone-
timi, kaynak saglama, yazilim analizi, denetim, dogrulama,
gorsellestirme, orijinal taslak yazma, inceleme yazma ve
diizenleme.

KAYNAKLAR

» Basilmis kaynaklarin DOI ve ISBN numarasi belirtiimelidir.
« internet sitesi adresleri (URL) kaynak olarak veriimeme-
lidir. Ancak metin igerisinde istatistiksel bir verinin gectigi
yerde veriden sonra belirtilebilir.

» Kaynaklar listesi metin igerisinden kullanilma sirasina
uygun olarak numaralandiriimalidir.

» Kaynaklar, “APA Publication Manual, Seventh Edition”
kurallarina uygun olarak hazirlanmalidir.

« Kaynaklar ingilizce olarak hazirlanmalidir. Tiirkge kaynak-
larin ingilizce karsiliklari kdgeli parantez igerisinde belirtil-
melidir.

» APA formati ve orneklere asagidaki baglantidan ulasilabi-
lir.
https://apastyle.apa.org/style-grammar-guidelines/referen-
ces/examples

EKLER

» Makaledeki ekler EK A (Appendix A), EK B (Appendix B)
ve EK C (Appendix C) vb. olarak adlandiriimaldir.

* Ekler icerisindeki denklemler A1, A2, A3 vb. olarak adlan-
dirilmalidir, tablo ve sekiller Tablo A1, Tablo A2, Sekil A1,
Sekil A2 vb. olarak adlandirilmalidir.




AUTHOR’S GUIDE

GENERAL INFORMATION

 For article application, 3 individual files which are Manu-
script File, Copyright Transfer File and Similarity Ratio File,
must be filled in and uploaded to the system.

 Applications should include the contact information of the
author and other authors to be contacted.

» The article checklist and cover page in the Manuscript File
should be filled in completely.

» Each article is sent to at least two referees related to its
subject and examined in terms of format, content, novelty,
contribution to literature.

« If figures and tables from other publications are to be used
in review articles, permission must be obtained from the pub-
lisher of the article to be cited. The information that permis-
sion has been granted from the publisher and whether the
figures have been adapted or used directly should be men-
tioned in the figure caption. The relevant permission letter
should be sent to journalofboron@tenmak.gov.tr.

« After the deficiencies stated in the referee's comments are
completed, it is brought to the final print format and the ap-
proval of the final version of the article is obtained from the
authors. The responsibility of errors that may be found in the
article as it is published in the journal belongs to the authors.

MANUSCRIPT

» Writing rules must be followed, during writing of the manu-
script.

* Inclusive and scientific language must be used in the man-
uscript.

* Manuscript should not exceed 14,000 words for research
articles and 22,000 words for review articles, including refer-
ences.

* The manuscript should be written in Times New Roman 12
points without changing the page layout of the Manuscript
File.

* The manuscript should be prepared with a word processor
of Microsoft Office Word 2010 and above, and spelling errors

should be checked and corrected.

* Abbreviations and symbols used in the manuscript must be
explained when used fort he first time.

» Subheadings in the article should be numbered. Number-
ing should start at 1 for the main section and continue for
all main headings (except the Summary, Acknowledgments
and References and Appendices sections). Secondary titles
continue as 1.1, 1.2., 1.3., ... in accordance with the main
chapter numbering. The third headings continue as 1.1.1.,
1.1.2,, 1.1.3., ... in accordance with the second headings.

COPYRIGHT TRANSFER FILE

« Signed Copyright Transfer File should be scanned and up-
loaded to the system.

* Applications of the authors who do not send the signed
Copyright Transfer File will not be evaluated.

SIMILARITY RATIO FILE

» The manuscript should be scanned with "iThenticate" or
"Turnitin" programs, except for the references section.

* The similarity ratio report should be uploaded to the system
in PDF format.

* The similarity ratio should not exceed 15%.

PRIVACY POLICY

Journal of Boron respects privacy. Any personal information
will only be used in line with the stated purposes of the jour-
nal and will not be shared with third parties.




WRITING RULES

TITLE
* The title of the manuscript should consist of a maximum of
15 words with standard abbreviations.

ABSTRACT

» The abstract should not exceed 250 words.

* Non-standard abbreviations should be written in parenthe-
ses after their full explanation, when they are used for the
first time.

KEYWORDS

» A maximum of 5 keywords should be written in alphabetical
order.

 Abbreviations should not be used as keywords.

INTRODUCTION

» The summary of the relevant literature, aim and novelty
of the study, and the established hypothesis should be in-
cluded.

» References should not be given in bulk and in intervals (ex-
ample [1-5] or [1, 2, 3, 5, 8]), the contribution of each source
to the study should be examined and stated in the text.

MATERIALS AND METHODS

« If the study carried out is an experimental study, the test
procedure/method should be clearly explained.

« If a theoretical study has been carried out, the theoretical
method should be given in detail.

* If the method used in the study is a previously published
method, the other study should be mentioned by citing.

RESULTS AND DISCUSSION

» Obtained results should be given in a clear and concise
manner.

« All of the results should be compared with the literature by
citing.

* Tables should be numbered and in editable format.

* Figures in the manuscript should be numbered and have
at least 300 dpi resolution. The texts on the figures should
be in legible size and font. Accepted figure formats are TIFF,
JPG, and JPEG.

CONCLUSIONS

» Main conclusions and inferences obtained from the study
should be given concisely.

* Future perspectives of the study are given in this section.

ACKNOWLEDGEMENTS
» The financial resources provided and the infrastructure
used during the study are specified in this section.

AUTHOR CONTRIBUTIONS

« Contributions of each author must be stated.
 Contribution roles are as follows: conceptualization, data
analysis, data curation, funding acquisition, methodology,
project administration, sourcing, software analysis, supervi-
sion, validation, visualization, writing original draft, writing
review and editing.

REFERENCES

« DOl and ISBN numbers of printed sources should be speci-
fied.

* Website addresses (URLs) should not be given as a
source. However, it can be specified after the data where a
statistical data is mentioned in the text.

* The list of references should be numbered according to the
order in which they are used in the text.

» References should be prepared in accordance with the
rules of “APA Publication Manual, Seventh Edition”.
 References should be prepared in English. English equiva-
lents of sources should be indicated in square brackets.

» APA format and examples can be found at the link below.
https://apastyle.apa.org/style-grammar-guidelines/referenc-
es/examples

APPENDICES

» Appendices in the manuscript must be named as Appendix
A (Appendix A), Appendix B (Appendix B) and Appendix C
(Appendix C) etc.

» Equations in the appendices must be named as A1, A2, A3,
etc., and table and figures numberings must be named as
Table A1, Table A2, Figure A1, Figure A2 etc.







BOR DERGisi

BOREN JOURNAL OF BORON L

https://dergipark.org.tr/boron

ICINDEKILER/CONTENTS

Borik asitin sementoblast hiicrelerinde nikotin kaynakli biyoaktivite kaybi lizerindeki etkisi
(Arastirma Makalesi) ................... Melike Unltirk, Abdullah Emre Hasircl, Serife Buket Bozkurt Polat

Isolation and stabilization of aryldiazonium cations with boron clusters (Arastirma Makalesi) ..
..................................................................................................................... Ozan Unver, Akin Akdag

Bakir matrisli hibrit kompozitlerde krom, bor ve bor karbiir takviyelerinin tribolojik
ozelliklere etkisinin incelenmesi (Arastirma Makalesi) .............ccooiiiiiiiiiiiiiii e

........ Merve Horlu, Cevher Kiirgat Macit, Gamze ispirlioglu Kara,Burak Tanyeri, Blinyamin Aksakal

Amonyum floroborat katkili PAN nanofiberlerin termal davranisinin incelenmesi (Arastirma
MEKEIESI) ...oeeieeeeeeeeeiee et Havva Tutar Kahraman, Ayhan Abdullah Ceyhan

Boron and beyond: Where do we stand in cancer diagnosis and treatment? (Derleme Makalesi)
....................................................................................... Oyku Irmak Dikkatli, Ozlem Darcansoy igeri

TENMAK Bor Arastirma Enstitlisii

Dumlupinar Bulvari (Eskisehir Yolu 7. km), No:166, D Blok, 06530, Ankara
Tel: (0312) 201 36 00

Faks: (0312) 219 80 55

e-mail: boren.journal@tenmak.gov.ir

web:https://dergipark.org.tr/boron

123-134

135-143

144-151

152-157

158-188




