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1. Wstep teoretyczny

Wanad w $rodowisku naturalnym

Wanad to powszechnie wystepujacy pierwiastek o liczbie atomowej 23 nalezacy
do grupy metali przejsciowych [1]. W przemysle jego zwiagzki znajduja zastosowanie jako
katalizatory reakcji m.in. utleniania tlenku siarki(lV) [2] oraz sktadniki baterii
i akumulatoréw [3]. W $rodowisku naturalnym zwigzki wanadu mogg wystepowaé
w powietrzu, w glebie oraz w wodzie morskiej, gdzie wanad zajmuje drugie miejsce
pod wzgledem wystepowania ws$réd metali przejSciowych po molibdenie [2].
Do atmosfery zwigzki wanadu przedostajg sie na skutek wietrznej erozji skat (zrédto
naturalne) oraz poprzez spalanie paliw kopalnych (zrédto antropogeniczne) [4]. Wysokie
zanieczyszczenie gleby wanadem moze skutkowaé zwiekszong absorpcja

tego pierwiastka przez rosliny [5].

W s$rodowisku naturalnym dominuja zwigzki wanadu na +IV (gtéwnie w formie
VO?%) i +V stopniu utlenienia (w formie H,VO,, VO, VO,*") [4]. Wanad stanowi sktadnik
enzymoéw niezbednych do prawidtowego funkcjonowania grzybéw, bakterii i roslin,
np. nitrogenazy, ktéra odpowiada za przeksztatcanie azotu w jony amonowe
oraz halogenaz, ktére odpowiadajg za utlenianie halogenkow i tworzenie reaktywnych
form tlenu w celach bakteriobéjczych [2, 4, 6, 7]. Niektére organizmy, np. muchomor
czerwony w srodowisku ladowym, wieloszczety i zachwy w sSrodowisku morskim,
wykazujg tendencje do kumulowania wanadu. Funkcja biologiczna tej kumulacji
nie zostata jeszcze dogtebnie poznana. Sugeruje sig, ze wanad moze by¢ wykorzystywany
przez te organizmy jako katalizator redukcji NO> do N;O, do utleniania wody
do czagsteczek tlenu lubtez do ttumienia aktywnosci kinazy [4]. Istnieja réwniez
doniesienia o bakteriach oczyszczajacych wode pitng z wanadu(V) na drodze redukgji
H,VO, do VO?# i strgceniu w nierozpuszczalnej postaci VO(OH), [2, 4]. Pomimo tego,
ze funkcje biologiczne tego pierwiastka nie zostaty jeszcze dogtebnie poznane, wiele

wskazuje, ze wanad jest niezbedny do prawidtowego rozwoju zwierzat, w tym ludzi [5].



Metabolizm wanadu w organizmach zywych

Catkowita ilos¢ wanadu w organizmie cztowieka wynosi ok. 1 mg, co odpowiada
Sredniemu stezeniu 0,3 pM [1]. Gtéwnym Zrddtem ekspozycji niezwigzanym z praca
zawodowa jest zywnos¢é. Dzienne spozycie tego pierwiastka szacuje sie na 0,01-0,03 mg.
Za bezpieczng dawke dla organizmu uznaje sie 10 mg na kilogram masy ciata na dobe [8].
Rola wanadu w organizmie ludzkim nie zostata jeszcze dostatecznie poznana, a skutki
jego niedoboru nie sg dobrze zbadane, jednak sugeruje sie, ze jest on niezbedny
do prawidtowego funkcjonowania. Wanadowi przypisuje sie znaczacg role w procesach
metabolicznych weglowodandéw, lipidow, fosfolipidow i cholesterolu, a w odpowiednich
warunkach moze on petni¢ funkcje przeciwutleniacza. Jednoczesnie wykazuje
on wtasciwosci utleniajace, ktére mogg prowadzi¢ do powstawania reaktywnych form
tlenu oraz uszkodzen komoérek [5]. Gdy wanad sie dostaje do organizmu w postaci
wanadanu (VOy) jest przeksztatcany do jonu oksowanadu(lV) (VO?). W komérkach
rowniez odbywa sie redukcja wanadu(V) przez kwas askorbinowy i cysteine. We krwi
wanad zostaje zwigzany przez biatka transportujace (albuminy i transferryny).
Wchtanianie jonu VO?" moze zachodzi¢ takze na drodze transportu pasywnego oraz
wigzania przez immunoglobuliny oraz matoczagsteczkowe sktadniki osocza, takie

jak fosforany, cytryniany i szczawiany [5].

Transport wanadu we krwi odbywa sie za pomoca albuminy oraz apo-transferyny
[4]. Ludzka albumina (HSA) wiaze silniej jon VO?* w poréwnaniu do jonu VO3 [9]. Wigzanie
jondéw metali z biatkami ma na celu zapobieganie reakcjom redoks, ktére moga prowadzié
do generowania szkodliwych reaktywnych form tlenu [10]. Udowodniono, ze proste
zwigzki wanadu (VO(acac),, NavVO;, VOSQO,) wigzagc sie z albuming wotowg (BSA)
wptywaja na jej strukture, co moze spowolni¢ metabolizm tych zwigzkéw w organizmach
[11]. Zmiany w strukturze drugorzedowej BSA stwierdzono takze w przypadku bardziej
rozbudowanych zwigzkéw wanadu(lV) zawierajgcych ligand dipikolanowy oraz pochodne
imidazolowe [12]. Jon VO?* oraz jego kompleksy oddziatujg z transferyna ludzka (hTF) [13],
a takze tworza addukty z lizozymem, mioglobing i ubikwityng. W tych potaczeniach
nie wykryto procesu utleniania V(IV) do V(V). Zasugerowano, ze sita i sposéb wigzania
zalezy od geometrii przytgczanego zwigzku [14]. VO(acac), w stezeniu powyzej

1 UM powoduje uszkodzenia DNA. Badania wykazaty, ze na te wtasciwosci wptywa



obecnos¢ czasteczek tlenu, ozonu oraz nadtlenku wodoru, co sugeruje istnienie wiecej

niz jednego mechanizmu uszkadzania DNA w obecnosci VO(acac), [15].

Wanad moze odktadac¢ sie w organach takich jak watroba i nerki, jednak jego
gtdéwnym miejscem kumulacji sg kosci, gdzie prawdopodobnie zastepuje fosforany

w hydroksyapatycie zgodnie ze schematem [5, 16]:

Ca;o(PO,4)s(OH), + nVO,* 2 Ca,o(P0,)s.,(VO,),(OH), + nPO*

Przeprowadzono badania poréwnujgce absorpcje wanadu przez tkanki z prostej
soli nieorganicznej wanadu(lV) (VOSQ,), prostej soli nieorganicznej wanadu(V) (NH;VOs;)
oraz kompleksu oksowanadu(lV) (BMOV - akwa[bis(3-oksy-2-metylo-4-pirono)]-
-oksowanad(lV)). Na podstawie tych badan trudno jednoznacznie stwierdzié, czy stopien
utlenienia lub rodzaj liganda wptywa na kumulacje wanadu w organizmie. Wykazano,
ze zwigzki wanadu oddziatujg na sposob rozprzestrzeniania sie w organizmie cynku
i zelaza, jednak efekt ten byt specyficzny dla danego zwiazku i nie zalezat bezposrednio

od stopnia utlenienia [17].

Podobienstwo budowy tetraedrycznego anionu H,VO, do jonéw H.PO, i HPO,*
pozwala wanadowi uczestniczy¢ w fosforozaleznych procesach metabolicznych,
co moze byé przyczyng zaréwno terapeutycznego, jak i toksycznego dziatania na organizm
ludzki [2]. Wanad silnie wigze sie w miejscach aktywnych enzymoéw, co prowadzi
do spowolnienia dziatania fosfataz i fosforylaz [6, 18]. Zauwazono réwniez réznice miedzy
podawaniem niskich a wysokich dawek wanadu u myszy. Zaobserwowano zwiekszenie
masy mozgu wsrod zwierzat otrzymujacych niskie dawki, co moze wskazywac
na pozytywny wptyw niewielkich ilosci wanadu na rozwéj mézgu. Dodatkowo wykazano
poprawe funkcji motorycznych wsréd myszy przyjmujacych niskie dawki wanadu,
prawdopodobnie wynikajacg z wywotanego przez wanad wzrostu zawartosci glikogenu
w miesniach szkieletowych. Myszy traktowane niskimi dawkami wykazywaty rowniez
lepszg pamiec¢ niz te traktowane wiekszymi dawkami wanadu [19]. Badania sugerujg,
ze przyjmowanie wanadu moze poprawia¢ pamie¢ roboczg, co wskazuje na jego
potencjalny wptyw na funkcje poznawcze, cho¢ mechanizm tego dziatania nie zostat

jeszcze w petni poznany [20].



Toksycznos$¢ zwigzkdéw wanadu

Wanad w niewielkich stezeniach odgrywa kluczowa role dla funkcjonowania
organizmow zywych, jednak nadmierna ekspozycja na ten pierwiastek moze prowadzié
do niepozadanych efektow. Jako objawy zatrucia zwigzkami wanadu wsrdd zwierzat
wymienia sie utrate apetytu, spadek masy ciata, krwotoki, martwice tkanki limfatycznej
oraz uszkodzenie kanalikéw nerkowych. Ich nasilenie zalezy od przyjetej dawki oraz
od czasu ekspozycji [21]. Warto wspomnieé, ze ze wzgledu na krotki okres péttrwania
wanadu w organizmie, niepozgdane objawy zotgdkowo-jelitowe ustepowaty w ciggu

tygodnia [22].

Na toksycznos¢ zwigzkéw wanadu wptywa kilka czynnikéw: struktura zwigzku
wanadu, charakterystyka ligandéw w zwigzkach kompleksowych, stopien utlenienia
wanadu, dawka, sposdb podania, czas ekspozycji oraz indywidualna wrazliwos$é
organizmu [23]. Za najbardziej toksyczne uznaje sie zwigzki wanadu na pigtym stopniu
utlenienia [5]. W eksperymencie, w ktérym podawano szczurom i myszom wode
zawierajgcg siarczan(VI) oksowanadu(lV) (VOSO,) oraz metawanadan sodu (NaVOs;)
w stezeniach od 0 do 2000 mg/dm?3, zaobserwowano zmniejszone spozycie wody oraz
spadek masy ciata wraz ze wzrostem stezenia podawanych zwigzkow. Typowe objawy
zatrucia (zaburzenia oddychania, chodu oraz sennosc¢) wystepowaty tylko w grupie
otrzymujgcej wanad na pigtym stopniu utlenienia. Sugeruje sig, ze rédznice w toksycznosci
tych zwigzkébw mogg wynika¢ z odmiennych mechanizméw ich dystrybucji

w organizmie [24].

Nie istniejg jednoznaczne badania potwierdzajgce rakotwdérczos¢ soli wanadu.
Dotychczasowe préby indukcji nowotworéw u zwierzat z wykorzystaniem zwigzkéw
wanadu nie przyniosty oczekiwanych rezultatéw [21]. Jednym z udokumentowanych
przypadkéw sugerujgcych potencjalne dziatanie kancerogenne wanadu jest wzrost
zachorowan na nowotwory w latach 1950-2000 ws$rdd spotecznosci hrabstwa Montrose
(Kolorado, USA) narazonej na skazenie s$rodowiska zwigzane 2z wydobyciem
i przetworstwem rud uranu oraz tlenkéw wanadu na tym terenie [25]. Wskazuje
sie rowniez na korelacje miedzy obecnoscig wanadu w srodowisku przemystowym
azwiekszong czestoscig schorzen ptuc i uszkodzen DNA w leukocytach [2].

Nieorganiczne zwiazki wanadu nie sg klasycznymi mutagenami, jednak mogg wywotywac



roznego rodzaju efekty genotoksyczne, takie jak nieprawidtowa liczba chromosomoéw

w komorce [25].

Zastosowanie w medycynie

Prace nad zastosowaniem zwigzkéw wanadu w medycynie trwajg od wielu lat.
Zwraca sie uwage na ich dziatanie przeciwwirusowe, przeciwpasozytnicze,
przeciwgrzybicze oraz antybakteryjne [5]. Zwigzki wanadu byty rozwazane jako
potencjalne chemioterapeutyki w leczeniu chordb tropikalnych, infekcji wirusowych
takich jak AIDS i SARS, a takze gruzlicy [2]. Potwierdzono ich skutecznos$¢ w terapii

choroby Chagasa - tropikalnej choroby pasozytniczej [26].

Obecnie prowadzone sg badania nad zastosowaniem zwigzkéw wanadu jako
suplementow diety oraz substancji wspomagajgcych redukcje masy ciata [22].
Przyktadowo siarczan wanadylu (VOSO,) jest stosowany wsrdéd sportowcéw jako
suplement diety poprawiajgcy metabolizm glukozy [6]. Sugeruje sie réwniez
wykorzystanie zwigzkéw wanadu w terapii otytosci, poniewaz jednym ze skutkow
ubocznych podawania wanadu myszom i szczurom byt spadek apetytu [5]. Istniejg
doniesienia o potencjalnym dziataniu prewencyjnym zwigzkdw wanadu wobec

nowotwordéw indukowanych chemicznie [21].

Zwiagzki wanadu sg rozwazane w kontekscie immunoterapii [10], leczenia
miazdzycy [23] oraz terapii urazéw rdzenia kregowego [27]. Badania wskazuja
naich mozliwe dziatanie normalizujgce poziom cholesterolu, a takze potencjalne
wtasciwosci kardioprotekcyjne oraz neuroprotekcyjne [5]. Wiele zwigzkéow wanadu
wykazujgcych aktywnos¢ przeciwnowotworowg moze by¢é réwniez skutecznych
wtagodzeniu dysfunkcji serca [1], a takze w leczeniu pacjentéow z ryzykiem przerostu

komory serca oraz innych choréb miesnia sercowego, w tym zawatow [2].

Prowadzono badania kliniczne nad zastosowaniem zwigzkéw wanadu w leczeniu
stanéw przedrzucawkowych, stanu przedcukrzycowego oraz cukrzycy cigzowej [10].
W eksperymentach na myszach z wodogtowiem wykazano, ze podawanie prostej soli
wanadu NaVO; poprawiato uposledzone zdolnosci motoryczne oraz stymulowato
regeneracje zdegenerowanych komoérek, nawet przy wysokich dawkach. Autorzy badan

podkreslajg jednak, ze stosowanie duzych dawek moze prowadzi¢ do akumulacji wanadu



i przewlektego zapalenia uktadu nerwowego [27]. Terapia z uzyciem NaVO; tagodzita
skutki wodogtowia, poprawiajgc pamiec i zdolnos¢ uczenia sie przestrzennego. Najlepszy
efekt terapeutyczny zaobserwowano przy dawce, ktéra w organizmach zdrowych
wywotywata toksycznos¢, co sugeruje, ze stan wodogtowia moégt ostabiaé
neurotoksyczne skutki wysokich dawek wanadu [20]. Dodatkowo, kompleks
oksowanadu(lV) z kurkuming (VO(cur),) wykazat zwiekszone wtasciwosci
antyproliferacyjne wobec synowiocytow (komorek btony maziowej torebki stawowej) oraz
komorek miesni gtadkich, co wskazuje na jego potencjalne zastosowanie w terapii

reumatoidalnego zapalenia stawdw [28].

Wanad znajduje zastosowanie w medycynie, nie tylko jako bezposredni
chemioterapeutyk, ale réwniez jako sktadnik roznych biomateriatow, np. stopéw tytanu
stosowanych w produkcji implantéw [5]. Wskazuje sie na mozliwos¢ wykorzystania
izotopu *V w detekcji matych guzéw za pomocg pozytonowej tomografii emisyjnej
zewzgledu na jego zwiekszong tendencje do kumulowania sie w tkankach
nowotworowych w poréwnaniu do tkanek prawidtowych [29]. W tej technice obrazowania
nowotwordw wykorzystuje sie fluodeoksyglukoze, ktdrej wchtanianie przez komorki
nowotworowe jest zwiekszone w obecnosci acetyloacetonianu wanadylu (VO(acac),)
[30]. Ztego powodu znakowanie acetyloacetonianu izotopem “8V umozliwito opracowanie
syntezy nowego radioznacznika, wykorzystywanego w pozytonowej tomografii emisyjnej

[31].

Witasciwosci przeciwcukrzycowe i przeciwnowotworowe

Niektore zwigzki wanadu wykazuja wtasciwosci przeciwnowotworowe
i przeciwcukrzycowe [5], co stanowi obecnie jeden z gtéwnych kierunkéw badan nad ich
zastosowaniem w medycynie. Pierwsze proby leczenia z wykorzystaniem wanadu miaty
miejsce w latach 1897-1898 we Francji, gdzie u pacjentéw chorych na cukrzyce
zaobserwowane poprawe stanu zdrowia po podaniu wodnego roztworu zawierajgcego
anion HyVO, [2]. Zainteresowanie wanadem jako potencjalnym $rodkiem
przeciwcukrzycowym wzrosto po odkryciu jego reakcji z nadtlenkiem wodoru, ktéra
stymuluje fosforylacje receptoréw insuliny, a jednoczesnie nie wptywa negatywnie

na komorki tkanki ttuszczowej szczuréw [16].
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Zastosowanie zwigzkéw wanadu w leczeniu cukrzycy typu | i Il jest uzasadnione
ichzdolnoscia do nasladowania dziatania insuliny (tzw. insulinomimetyzm)
lub wzmacniania jej efektéw poprzez regulacje metabolizmu lipidéw i glukozy. Obecnosé
wanadu zwigksza wchtanianie glukozy przez komaorki, spowalnia glikogenolize i lipolize
oraz stymuluje lipogeneze [2]. Dodatek soli wanadanowych do wywaru z czarnej herbaty
wykazywat dziatanie hipoglikemiczne u szczuréw z indukowang cukrzycg, nie powodujac
przy tym efektdow ubocznych nawet przy dtugotrwatym podawaniu [18]. Siarczan
wanadylu (VOSO,) oraz niektdre zwiazki koordynacyjne wanadu dotarty do fazy | i [l badan
klinicznych jako potencjalne leki przeciwcukrzycowe [6]. Zwigzki wanadu wykazujg duzy
potencjat na wykorzystanie w leczeniu cukrzycy, zaktadajac, ze uda sie zniwelowaé

ich toksyczne dziatanie [8].

Pierwsze doniesienia o0 przeciwnowotworowym dziataniu soli wanadu
opublikowano juz w 1965 roku [29]. Od tego czasu wykazano, ze zwigzki wanadu wykazuja
wtasciwosci przeciwnowotworowe wobec linii komoérkowych kostniakomiesaka,
biataczki limfoblastycznej, raka watroby, okreznicy, piersi, oraz szyjki macicy [4]. Powstata
rowniez publikacja przegladowa opisujgaca dziatanie jedenastu zwigzkéw wanadu

na rozne linie komaorkowe czerniaka ludzkiego [32].

Zwigzki wanadu sg rozwazane w kontekscie terapii nowotwordw, ze wzgledu
naich cenne wtasciwosci: hamujg namnazanie sie komoérek (efekt antyproliferacyjny),
wykazujg dziatanie cytotoksyczne, prowadzac do nekrozy lub apoptozy, ograniczajg
zdolnos¢ komoérek nowotworowych do inwazji i przerzutéw oraz nie indukujg opornosci
komorkowej [21]. Niektére z nich moga takze wspomagac dziatanie wiruséw

onkolitycznych w leczeniu nowotwordéw opornych na dotychczasowe terapie [6].

Zwigzki koordynacyjne o potencjalnej aktywnosci przeciwnowotworowej moga
oddziatywaé na konkretne szlaki sygnatowe w organizmie, co stwarza mozliwosé
ich wykorzystania w terapii celowanej na komorki nowotworowe oraz w terapii
fotodynamicznej [33]. Terapia fotodynamiczna polega na podaniu substancji
Swiattoczutych (tzw. fotouczulaczy), ktére wnikaja do komodrek nowotworowych
i pod wptywem swiatta o odpowiedniej dtugosci fali prowadzg do ich zniszczenia,

nie uszkadzajgc przy tym tkanek prawidtowych.
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Badania sugeruja, ze ferrocenylowe kompleksy oksowanadu(lV) moga znalezé
zastosowanie jako fotouczulacze, poniewaz ich zdolnos¢ do wigzania sie z DNA komorek
raka szyjki macicy (HelLa) oraz raka piersi (MCF-7) byta zalezna od dziatania Swiatta [34].
Proponuje sie takze wykorzystanie zwigzkdw wanadu w terapiach skojarzonych
Zjuzistniejacymi lekami. Dzieki analizie unikalnego profilu genetycznego pacjenta
mozliwe bytoby indywidualne dopasowanie odpowiednich komplekséw wanadu,

co otwiera perspektywy dla spersonalizowanej terapii nowotworowej [35].

Waznym aspektem odgrywajgcym role w badaniach nad aktywnoscia biologicznag
zwigzkéw wanadu jest minimalizowanie ich toksycznosci. W tym celu
eksperymentowano z metodami podawania zwigzkéw wanadu - tlenek wanadu(V)
podawany w formie aerozolu redukowat liczbe komdrek nowotworowych ptuc wsréd
badanych myszy [36]. Kolejnym pomystem na zminimalizowanie toksycznego dziatania
zwigzkow wanadu jest dodatek innych metali, np. miedzi w postaci chlorku miedzi, ktory
moze zmniejsza¢ uszkodzenia jadrowego DNA powodowane przez wanad [37]. Zwraca
sie uwage réwniez na podobienstwa jonéw VO? do Mg?" i mozliwo$¢ zastosowania jonéw
magnezu w celu zapobiegania uszkodzeniom oksydacyjnym wywotanym dziataniem

wanadu [4].

Nie bez znaczenia pozostaje rowniez forma badanego zwigzku. Przyktadowo,
w poréwnaniu do prostych monomerycznych form wanadu, dekawanadany mocniegj
hamowaty wzrost grzyboéw Mycobacteria tuberculosis i Mycobacteria smegmatis [26].
Odwielu lat trwajg prace badawcze nad wykorzystaniem metali w medycynie,
ze szczegbélnym uwzglednieniem ich zwigzkéw kompleksowych. W nadziei na poprawe
efektéw terapeutycznych i zminimalizowanie skutkéw ubocznych, podejmuje sie préby
syntezy coraz to nowszych zwigzkéw kompleksowych i przeprowadza sie eksperymenty

na réznego rodzaju liniach komérkowych [33].

Zwigzki koordynacyjne wanadu od dtugiego czasu przyciggaja uwage badaczy
w kontekscie zastosowania ich w terapii cukrzycy, nowotwordw, czy tez wsparciu leczenia
COVID-19 [4], szczegblnie wsréd pacjentéw hiperglikemicznych [23]. Zwiazki wanadu
maja potencjat w spowalnianiu wzrostu guzéw i ograniczaniu przerzutéw [38]. Niektore
kompleksy wanadu wykazujg lepsze zdolnosci hamujgce rozwdéj komérek nowotworéw

piersi (MCF-7), prostaty (PC3) i jajnika (A2780) w poréwnaniu do powszechnie
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stosowanego czynnika przeciwnowotworowego - cisplatyny [38]. Wykazano réwniez
wtasciwosci przeciwnowotworowe komplekséw oksowanadu(lV) z pochodnymi
imidazolowymi i kwasem dipikolinowym wobec komadrek nowotworowych raka watroby
Hep3B[12]. Zwigzek koordynacyjny jonu VO?" i liganda organicznego okreslanego skréotem
[VO(etmalto).] (akwa[bis(3-oksy-2-etylo-4-pirono)]-oksowanad(lV)) przeszedt do fazy
l'ill badan klinicznych na ludziach, jednak badania zostaty przerwane z powodu efektow
ubocznych zwigzanych z oddziatywaniem na nerki u badanych [16]. Podjeto takze préby
syntezy kompleksow wanadylu(lV) ze zwiazkami posiadajgcymi juz udowodniong
aktywnos$¢ terapeutyczng. Kompleks wanadu i naproksenu spowalniat wzrost komoérek
nowotworowych kosci (UMR106). Warto wspomnie¢, ze naproksen samodzielnie
nie wykazywat takiego efektu. Kompleks z aspiryng spowalniat adhezje
i rozprzestrzenianie sie komoérek. Zsyntezowano tez zwigzek z cetyryzyna
(antyhistaminowym lekiem stosowanym w leczeniu alergii). Zwigzek ten wykazat
selektywnos$é wobec komoérek nowotworowych HCT-116 (rak jelita grubego) na poziomie
poréwnywalnym dla cisplatyny. Podobnie tez zwigzki z pochodnymi imidazolu, ktérych
cytotoksycznosé wobec nowotworowych linii komoérkowych MCF-7 (nowotwor piersi)

i HepG2 (rak watroby) rowniez byta zblizona do cytotoksycznosci cisplatyny [39].

Badania nad cytotoksycznosciag zwigzkéw wanadu byty przeprowadzane
dla szerokiego wachlarza nowotworowych linii komérkowych: BIU-87 (rak pecherza),
U266B1 (nowotwor krwi), HepG2, SMMC-7721 (rak watroby), A549 (nowotwor ptuc),
HS-SULTAN, HS445 (chtoniak), MOLT3, MOLT4, NALM-6, HL-60, L1210, ARH77
(biataczka) [40], HelLa (nowotwor szyjki macicy) [41, 42], HCT-116, HT-29 (rak jelita
grubego) [42-44], PC3 (nowotwodr prostaty) [42], A2780 (nowotwor jajnika) [45, 46],
SH-SY5Y , SK-N-SH (neuroblastoma) [47], 518A2 (czerniak), BxPc-3, PANC-1 (nowotwor
trzustki) [44]. Ponizej przedstawiono zestawienie dziatania wybranych komplekséw

oksowanadu(lV) na komadrki nowotworu kosci i komoérki raka piersi.
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Tabela 1. Wybrane zwiazki kompleksowe oksowanadu(lV) i ich dziatanie na linie

komorkowe kosci.

Wz6r strukturalny

Aktywnos¢ cytotoksyczna

UMR106 (komorki nowotworowe kosci)
MC3T3E1 (prawidtowe komaorki kosci)
(test fioletu krystalicznego, 24h)

zatrzymanie proliferacji w obu liniach
komadrkowych

brak selektywnosci [48]
MG-63 (komorki nowotworowe kosci)
(test MTT, 24h)

wartosc [Cs0>100 uM [49]

MG-63 (komorki nowotworowe kosci)
(test MTT, 24h)

ICs0 =58 pM [49]

MG-63 (komoérki nowotworowe kosci)
(test MTT, 24h)

wartosé ICso>100 uM [49]
UMR106 (komorki nowotworowe kosci)
MC3T3E1 (prawidtowe komorki kosci)
(test fioletu krystalicznego, 24h)

selektywne dziatanie wobec komodrek
nowotworowych [50]

MG-63 (komérki nowotworowe kosci)
(test MTT, 24h)

efekt hamujgcy rozwdj komérek
w stezeniach 5-25 pM

efekt cytotoksyczny w stezeniach 25-100 uM

brak zaleznosci cytotoksycznosci od stezenia [51]
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Tabela 1. Wybrane zwigzki kompleksowe oksowanadu(lV) i ich dziatanie na linie komoérkowe

kosci - cigg dalszy.

Wzor strukturalny

Aktywnosé cytotoksyczna

MG-63 (komorki nowotworowe kosci)
MC3T3E1 (prawidtowe komoérki kosci)
UMR106 (komarki nowotworowe kosci)
(test fioletu krystalicznego, 24h)

kompleks wykazuje silniejszy efekt cytotoksyczny
w poréwnaniu do wolnej sylibiny oraz
nieskompleksowanego kationu VO*

efekt cytotoksyczny poréwnywalny ze wzorcowa
substancjg przeciwnowotworowg (cisplatyna)

selektywne dziatanie wobec komérek
nowotworowych [52]

MG-63 (komadrki nowotworowe kosci - wszczepione
do organizmu myszy laboratoryjnych)

(test ACP (fosfataza kwasna), 24h)

silniejszy efekt cytotoksyczny w poréwnaniu do
wzorcowej substancji (cisplatyna)

kompleks prowadzit do zmniejszenia guza bez
skutkéw ubocznych w organizmach myszy [53]

. I

MG-63 (komorki nowotworowe kosci)
L929 (prawidtowe komoérki tkanki tgcznej)
(Analiza potencjatu btony mitochondrialnej, 24h)

efekt cytotoksyczny zalezny od stezeniai czasu
dziatania

selektywne dziatanie wobec komérek
nowotworowych

kompleks wykazuje silniejszy efekt cytotoksyczny
w porownaniu do wolnego liganda (kliochinolu)
oraz nieskompleksowanego kationu VO?* [54]
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Tabela 1. Wybrane zwigzki kompleksowe oksowanadu(lV) i ich dziatanie na linie komérkowe
kosci - cigg dalszy.

Wzor strukturalny Aktywnosé cytotoksyczna
=
/ MG-63 (komorki nowotworowe kosci)
S _CHs
o Q L929 (prawidtowe komorki tkanki tgcznej)
—N., ” 0] test MTT, 48h
S ( )
O/ . - selektywne dziatanie wobec komérek
N nowotworowych
(0]
H3C/ S - silniejszy efekt cytotoksyczny w poréwnaniu
/ do wolnego liganda oraz nieskompleksowanego
= kationu VO?*[55]

MG-63 (komorki nowotworowe kosci)
(test MTT, 48h)

podobny efekt cytotoksyczny zaréwno
dla swiezego, jak i starego roztworu
(IC50=0,75-0,83 uM) [56]
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Tabela 2. Wybrane zwigzki kompleksowe oksowanadu(lV) i ich dziatanie na linie komérkowe

nowotworow piersi.

Wzo6r strukturalny

Aktywnos¢ cytotoksyczna

=
\ Y =
N
0\\/ ~ \ W gos | D
Y~ ‘ o o) (.3 /"
Et—oH / rq /N\v<0303 >S/ \V/ \U/ 12H,0
X 2NN =
N= / ° o R ? \N ‘
N 038
\ » 7 \ : >
~

MCF-7 (komorki nowotworu piersi)

(test MTT, 24h)

stabszy efekt cytotoksyczny w poréwnaniu do
wzorcowej substancji przeciwnowotworowej
(doksorubicyna) [42]

MCF-7 (komoérki nowotworu piersi)

(test MTT, 24h)

kompleks wykazuje silniejszy efekt cytotoksyczny
w poréwnaniu do wolnego liganda

stabszy efekt cytotoksyczny w poréwnaniu
do wzorcowej substancji przeciwnowotworowej
(cisplatyna) [57]

MCF-7 (komorki nowotworu piersi)

(test MTT, 24h)

stabszy efekt cytotoksyczny w poréwnaniu
do wzorcowej substancji przeciwnowotworowej
(cisplatyna)

stabszy efekt cytotoksyczny w poréwnaniu
do analogicznych zwigzkéw zawierajgcych kation
miedzi [45]
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Tabela 2. Wybrane zwigzki kompleksowe oksowanadu(lV) i ich dziatanie na linie komérkowe

nowotworow piersi - ciag dalszy.

Wzor strukturalny

Aktywnosé cytotoksyczna

MCF-7 (komorki nowotworu piersi)
(test MTT, 24h)

efekt cytotoksyczny zwiekszony pod wptywem
Swiatta (potencjalne fotouczulacze)

efekt cytotoksyczny prawdopodobnie zwigzany
z generowaniem reaktywnych form tlenu [58]

MCF-7 (komorki nowotworu piersi)
(test MTT, 4h)

efekt cytotoksyczny zwiekszony pod wptywem
Swiatta (potencjalne fotouczulacze)

brak efektu cytotoksycznego w ciemnosci [59]

cio,

clo,

clo,

MCF-7 (komorki nowotworu piersi)
3T3 (prawidtowe komorki tkanki tacznej)
(test MTT, 4h)

efekt cytotoksyczny zwiekszony pod wptywem
Swiatta (potencjalne fotouczulacze)

selektywne dziatanie wobec komaérek
nowotworowych

efekt fotouczulajgcy poréwnywalny
ze wzorcowg substancjg (Photofrin®) [34]
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Tabela 2. Wybrane zwigzki kompleksowe oksowanadu(lV) i ich dziatanie na linie komérkowe

nowotworow piersi - ciag dalszy.

Wz6r strukturalny

Aktywnos¢ cytotoksyczna

HO

MCF-7 (komorki nowotworu piersi)

MCF-10A (prawidtowe komarki piersi)

(test MTT, 4h)

efekt cytotoksyczny zwiekszony pod
wptywem Swiatta (potencjalny fotouczulacz)

efekt fotouczulajgcy porownywalny
ze wzorcowg substancjg (Photofrin®)

selektywne dziatanie wobec komadrek
nowotworowych [60]

(e}
OH
o CHjy
QO\V/N
_
N O
H3C
HO

MCF-7 (komérki nowotworu piersi)

3T3 (prawidtowe komorki tkanki tacznej)

(test MTT, 48h, 72h)

selektywne dziatanie wobec komadrek
nowotworowych [61]

MCF-7 (komérki nowotworu piersi)

MRC-5 (prawidtowe komorki tkanki tacznej ptuc)

(test MTT, 48h)

kompleks wykazuje silniejszy efekt
cytotoksyczny w poréwnaniu do wolnych
ligandéw

silniejszy efekt cytotoksyczny w poréwnaniu
do wzorcowej substancji
przeciwnowotworowej (cisplatyna)

selektywne dziatanie wobec komaérek
nowotworowych [62]
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Tabela 2. Wybrane zwigzki kompleksowe oksowanadu(lV) i ich dziatanie na linie komoérkowe

nowotworow piersi - ciag dalszy.

Wzo6r strukturalny

Aktywnos¢ cytotoksyczna

SRS
= O\H/N = NH
\,‘V/T\N S N/>'©
N\(S ~ (;L N
NH, 0
= O\H/ = NH C
\w/s\\‘ N MCF-7 (komorki nowotworu piersi)
A W =
S ﬁ/N' P (Test MTT, 48h)
AN
SN av, .
R ~ efekt cytotoksyczny skorelowany ze zdolnoscig
N
., 2wiazku do wiazania sie z DNA [47]
o [
s sses
\T/S‘\ N &
Ny ' >
NH,
MCF-7 (komorki nowotworu piersi)
X S
o |l (Test MTT, 3-72h)
3SO\H/ OSSO\U N
\N/‘\ \N/,L\N \ kompleksy wykazuja silniejszy efekt
NS N~ cHy cytotoksyczny w poréwnaniu do wolnych
“ ligandow, ale tylko w krétszym czasie inkubacji
CHs
o silniejszy efekt cytotoksyczny w poréwnaniu
SN /N Nz do wzorcowej substancji przeciwnowotworowej
v
N NS (cisplatyna) [46]
= N
%
=
NH,
MCF-7 (komoérki nowotworu piersi)
MDA-MB-231 (komérki nowotworu piersi)
3T3 (prawidtowe komorki tkanki tacznej)
HUVEC (prawidtowe komorki srédbtonka)
(Test MTT, 72h)
OCHj4

silniejszy efekt cytotoksyczny w poréwnaniu
do wzorcowej substancji przeciwnowotworowej
(cisplatyna)

selektywne dziatanie wobec komdrek
nowotworowych [63]
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Tabela 2. Wybrane zwigzki kompleksowe oksowanadu(lV) i ich dziatanie na linie komoérkowe
nowotworow piersi - ciag dalszy.

Struktura i nazwa zwiazku Aktywnosé cytotoksyczna
MCF-7 (komorki nowotworu piersi)
// MDA-MB-231 (komérki nowotworu piersi)
S O/CH3 L929 (prawidtowe komaérki tkanki tgcznej)
0
=~ || o (test MTT, 48h)
v
o] R selektywne dziatanie wobec komadrek
nowotworowych
0
FaC )/ $ silniejszy efekt cytotoksyczny w poréwnaniu
= do wolnego liganda oraz nieskompleksowanego
kationu VO?*[55]
MCF-7 (komérki nowotworu piersi)
HaG O MDA-MB-231 (komérki nowotworu piersi)
/ O\| |/O
/V\ 3T3 (prawidtowe komarki tkanki tacznej)
N\ N=— (test MTT, 72h)
H3C N:<
- selektywne dziatanie wobec komoérek
S_\‘ nowotworowych
CHj
- najsilniejsze dziatanie sposréd badanych
zwigzkow [64]

Mechanizm aktywno$ci biologicznej

Mechanizmy dziatania zwigzkéw wanadu na poziomie biologicznym nadal
pozostajga przedmiotem szeroko prowadzonych badan. Dzieki podobienstwu
strukturalnemu H,VO, i H.PO, wanad moze hamowac dziatanie fosfataz oraz aktywowacé
kinazy regulowane sygnatami zewnatrzkomorkowymi. Ta aktywnos$é hamujgca wanadu
jest szczegblnie istotna w kontekscie jego wtasciwosci
insulinomimetycznych - dezaktywacja fosfatazy zapobiega defosforylacji tyrozyny
w poblizu receptora insuliny. W efekcie przywracany jest sygnat umozliwiajgcy wnikanie
insuliny do komodrek i degradacje glukozy wewnatrzkomorkowej [4]. Efekt
insulinomimetyczny zwigzkéw wanadu w szczurzych adipocytach (komérkach
ttuszczowych) moze byé zwigzany z dwoma systemami aktywacji szlakéw

metabolicznych - jednym zaleznym od wanadu(V), a drugim od wanadu(lV) [65].
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W kontekscie aktywnosci przeciwnowotworowej sugerowane mechanizmy
to: zwiekszenie produkcji reaktywnych form tlenu, zatrzymywanie cyklu komérkowego
poprzez blokowanie szlakéw sygnalizacyjnych [18], oddziatywanie ze sktadnikami
wrzeciona podziatowego [5], a takze, podobnie jak w przypadku cisplatyny, wigzanie

sie z DNA i zaburzanie jego funkcji [2, 66].

Badania nad cytotoksycznoscig zwigzkow wanadu wobec komdrek raka ptuca
(A549) wykazaty, ze ten mechanizm opiera sie na interakcji z DNA oraz generowaniu
reaktywnych form tlenu [67]. W przypadku czerniaka ludzkiego, cytotoksycznosé
objawiata sie zmianami w morfologii komédrek, produkcjg reaktywnych form tlenu

oraz zaburzeniami mitochondrialnymi [32].

Aktywno$¢ przeciwnowotworowa zwigzkow wanadu moze by¢ zwigzana

z oddziatywaniem na nastepujgce szlaki sygnatowe nowotwordw:

Szlak MAPK/ERK odpowiedzialny za cykl komoérkowy - jego zaburzenie
prowadzi do wzrostu apoptozy, co skutkuje zmniejszeniem guza.

Kaskada sygnalizacyjna PI3K/AKT, odpowiedzialna za kontrole
przezywalnosci i metabolizmu komoérek - zwigzki wanadu, poprzez
generowanie reaktywnych form tlenu, zwiekszajg apoptoze i zatrzymuja
przezywalnos$é komorek nowotworowych.

Szlak JAK/STAT - interakcja z tym szlakiem powoduje wzrost liczby i rozmiaru

ptytek krwi, co prowadzi do stanu podobnego do nadptytkowosci [68].

Wykazano, ze wanadany i VO(acac); o wtasciwosciach zaréwno
przeciwcukrzycowych, jak i przeciwnowotworowych, aktywowaty sciezki PI3K/AKT
i MAPK/ERK w komoérkach raka trzustki (AsPC-1) i powodowaty zatrzymanie cyklu
komorkowego w fazie G2/M [69].
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Zwigzki kompleksowe wanadu jako nowy kierunek projektowania lekéw

Wykorzystanie zwigzkow kompleksowych jako potencjalnych
chemioterapeutykdéw moze pozwoli¢ na zredukowanie dawki potrzebnej do osiggniecia
efektu terapeutycznego, co moze ograniczy¢ toksyczne dziatanie wanadu na organizm
[17]. W badaniach biologicznych, zaréwno na liniach komdrkowych, jak i na zwierzetach,
zwiagzki koordynacyjne wykazywaty lepszg efektywnos¢ w poréwnaniu do soli

prostych [22].

W badaniach nad potencjatem przeciwcukrzycowym zwigzki kompleksowe
oksowanadu(lV) zawierajgce ligand organiczny wykazywaty skuteczniejsze dziatanie
w poréwnaniu do nieorganicznej formy jonu VO?*(VOSQ,) [16]. W niektérych przypadkach
ani prosty zwigzek wanadu, ani sam ligand nie wywotywaty takich efektow
przeciwnowotworowych jak kompleks [70]. Zwigzek kompleksowy VO(acac).,,
w poréwnaniu do prostej soli VOSO,, okazat sie byé efektywniejszym czynnikiem
stymulujgcym lipogeneze w izolowanych komérkach ttuszczowych oraz obnizajgcym
poziom glukozy w osoczu szczuréw chorych na cukrzyce, co mogtoby wskazywac
na wiekszg skutecznos¢ zwigzkéw kompleksowych w poréwnaniu do prostych soli
wanadu. Warto jednak zwrdci¢ uwage, ze w tych samych badaniach kompleks, w ktérym
ligand stanowita etylowa pochodna acetyloacetonianu, podawany w tej samej dawce,
nie wykazywat zadnego efektu, co wskazuje na ztozono$é mechanizméw dziatania

terapeutycznego komplekséw wanadu [71].

Przeprowadzono eksperyment, podczas ktérego w ciggu 12-tygodniowej terapii
badano zdolnos¢ zwigzkéw wanadu do obnizania poziomu glukozy we krwi szczuréw
zwywotang laboratoryjnie cukrzycg. Trzy zwiazki kompleksowe: VO(acac).
(acetyloacetonian oksowanadu(lV)), VO(Et-acac), (3-etylo-2,4-pentanodionian
oksowanadu(lV)) oraz VO(malto), (akwalbis(3-oksy-2-metylo-4-pirono)]-oksowanad(lV))

okazaty sie by¢ efektywniejsze w poréwnaniu do prostej nieorganicznej soli VOSO, [72].

Poprzez synteze komplekséw jondw metali z ligandami posiadajgcymi
juz udowodnione wtasciwosci terapeutyczne mozna zminimalizowaé efekt toksyczny
oraz zwiekszy¢ lipofilowos¢ powstatych zwigzkéw, co przektada sie na usprawnienie
ichtransportu przez btony komédrkowe [39]. Flawonoidy, petniagce funkcje

przeciwutleniajgce, znalazty sie w centrum zainteresowania jako potencjalne ligandy
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w kompleksach oksowanadu(lV). Zwigzek koordynacyjny z kurkuming (VO(cur),)
wykazywat efektywniejszg  aktywnos¢ przeciwnowotworowg w  porédwnaniu

do nieskompleksowanej kurkuminy i prostego jonu VO?* [73].

Modyfikujac wtasciwosci kompleksu poprzez dobdr odpowiedniego liganda
mozna wptywaé na sposoéb jego rozprzestrzeniania sie oraz absorpcje przez komorki
aktywnego farmakologicznie jonu VO?* [14]. Wymiana dwoéch czgsteczek wody
w molekule zwigzku VO(oda)(H.0). na jeden ligand dwukleszczowy powodowata
znaczgce zmiany w jego aktywnosci biologicznej [50]. Zwigzki zawierajgce fenantroline
(phen) w sferze koordynacyjnej wykazywaty wyzszg toksyczno$é¢ w pordwnaniu
zkompleksami zawierajgcymi bipirydyne (bpy) [45]. W przypadku kompleksu
oksowanadu(lV) z chryzyna (VO(chrys).,) wprowadzenie dodatkowego liganda phen
poprawito selektywnosé zwigzku wobec komadrek nowotworowych raka ptuc (A549) [74].
Rowniez wobec komdrek nowotworowych kosci (MG-63) wymiana ligandéw akwa
w kompleksie VO(oda)(H:0), na ligand phen zwiekszyta jego cytotoksycznos¢ [49].
Probowano takze obnizy¢ toksycznosé zwigzkéw oksowanadu(lV) z kurkuming
oraz poprawic¢ ich wtasciwosci obnizajgce poziom glukozy poprzez modyfikacje grupami
acetylowymi. Nie przyniosto to jednak oczekiwanego efektu, a jedynie zmniejszyto

potencjat przeciwutleniajacy [73].

Obecnosé struktur aromatycznych w sferze koordynacyjnej kompleksu moze
zwieksza¢ jego dziatanie hamujgce wzrost komoérek nowotworowych [1]. Podczas badan
na liniach komérkowych A549 (nowotwodr ptuc) i Hela (rak szyjki macicy) odkryto,
ze najnizsze wartosci 1Cso byty skorelowane z liczbg pierscieni aromatycznych
w strukturze liganda [41]. Whtasciwosci hydrofobowe mogg by¢é czynnikiem
determinujagcym aktywnosé cytotoksyczng zwigzkow wanadu [4]. Zwrécono rowniez
uwage na wptyw obecnosci grup odciggajacych elektrony lub elektronodonorowych [41].
Przyktadowo, obecnos¢ grup odciggajacych elektrony zwiekszata cytotoksycznoscé

wobec linii komoérkowych nowotworéw pecherza, ptuc i szyjki macicy [33].

Cytotoksycznosé zwigzkdw mocno korelowata ze zdolnoscia kompleksu
dowigzania sie z DNA [45]. Obecnos¢ czasteczki wody w bezposredniej sferze
koordynacyjnej wanadu moze zwiekszaé cytotoksycznosé zwigzku, poniewaz

jestto labilny ligand, mogacy sie tatwo uwolni¢ i stworzy¢ miejsce do potaczenia
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z DNA[41]. Jako jeden z czynnikdw mogacych wptywaé na powinowactwo kompleksow
wanadu do DNA wymienia sie réwniez obecnos¢ w odpowiednich pozycjach grup

odciggajacych elektrony [66].

Sugeruje sie, ze na aktywnos$é biologiczng komplekséw wanadu wptywajg
nastepujgce czynniki strukturalne: geometria kompleksu, skoordynowanie miejsca
labilnego oraz liczba i rodzaj ligandéw chelatowych [75]. Kompleksy oksowanadu(lV)
zawierajgce w sferze koordynacyjnej fenantroling wykazujg najbardziej obiecujaca
cytotoksycznosé. Kompleksy zawierajace ligandy chelatowe sg aktywniejsze od zwigzkow
z ligandami pojedynczymi, a modyfikacja pierscieni fenantrolinowych grupami
elektronoakceptorowymi (np. grupy -Cl, -NO,) lub grupami elektrodonorowymi (np. grupa

-CH;) zwieksza aktywnosé przeciwnowotworowa [76].

Poszerzanie wiedzy na temat zaleznosci miedzy aktywnoscig biologicznag
zwigzkow koordynacyjnych a ich cechami strukturalnymi moze w przysztosci umozliwié
projektowanie lekéw o pozadanym efekcie terapeutycznym oraz ich modyfikowanie
w zaleznosci od dalszych potrzeb. Podczas projektowania lekéw bazujgcych
na zwigzkach wanadu zaleca sie stosowanie przede wszystkim zwigzkéw wanadu(lV).
Jezeli konieczne jest wykorzystanie innego stopnia utlenienia, nalezy zadba¢ o stabilnosc¢
powstatych  zwigzkéw poprzez odpowiedni dobdr liganddéw  organicznych,
tak aby nie ulegaty one utlenieniu, redukciji ani dysocjacji [77]. Odpowiedni ligand moze
utatwi¢ wchtanianie zwigzku w organizmie, usprawni¢ jego transport do komoérek,
a tym samym zmniejszy¢ dawke potrzebng do uzyskania pozgdanego efektu [13, 18].
Na terapeutyczne dziatanie wanadu moze wptywa¢ m.in. to, czy ligand jest
jednokleszczowy czy wielokleszczowy, a takze jego sztywnos$¢ lub elastycznosé [70].
Oprécz doboru odpowiedniego liganda, projektowanie zwigzkéw o pozadanych
wtasciwosciach terapeutycznych moze rowniez opiera¢ sie na modyfikacji centrum
koordynacyjnego. Zwigzki zawierajgce w centrum koordynacyjnym kation wanadu
wykazywaty wiekszg stabilnos¢ i mniejszg toksycznosé wobec ryb danio rerio (danio

pregowanego) w poréwnaniu do komplekséw molibdenianowych [78].

Projektowanie lekéw przeciwcukrzycowych w przysztosci moze koncentrowaé
sie na zwigzkach zawierajgcych indywidua wanadowe o udowodnionych wtasciwosciach

przeciwcukrzycowych (np. VO%*, H,VOy) oraz ligandy charakteryzujace sie odpowiednio
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dtugim okresem pottrwania. Takie podejscie umozliwia ich rekombinacje oraz ponowne
rozpuszczenie zwigzkéw nieorganicznych w procesie wydalania przez nerki [18].
Aby zwigzki wanadu wykazywaty efekt farmakologiczny, muszg spetnia¢c okreslone
kryteria, takie jak niska toksycznos¢, odpowiednia stabilnos¢ oraz zrownowazona hydro-
i lipofilowosé. Ponadto zwigzek powinien by¢ wystarczajgco stabilny, aby nie ulegaé
rozktadowi podczas transportu z zotgdka do jelit, a nastepnie do krwioobiegu i komérek

docelowych [1].

Trudnos$ci w prowadzeniu badan nad zwigzkami wanadu

Zwiagzki kompleksowe oksowanadu(lV) ulegajg hydrolizie w roztworach wodnych,
mogg reagowac ze sktadnikami surowicy krwi i ulegaé utlenieniu. Dlatego kluczowym
elementem badan nad zastosowaniem zwigzkéw wanadu w medycynie jest okreslenie
formy, w jakiej dany zwigzek wystepuje w okreslonych warunkach eksperymentalnych,
poniewaz to ona decyduje o jego aktywnosci biologicznej [16]. Stanowi tojedna
z gtéwnych trudnosci w badaniach nad terapeutycznym potencjatem tych zwigzkéw.
Kolejng istotng kwestia, ktdrg nalezy uwzglednié przy rozwazaniu zwigzkéw wanadu jako
potencjalnych chemioterapeutykow, jest ich metabolizm itransport w organizmie.
Zdolnosé zwigzkéw wanadu do aktywacji $ciezek sygnalizacyjnych jest pozadana
w kontekscie ich potencjalnego zastosowania jako chemioterapeutykdow, jednak moze

rowniez stanowi¢ zagrozenie, wptywajgc na prawidtowe struktury komorkowe [8].

Podczas eksperymentéw majgcych na celu potwierdzenie aktywnosci biologicznej
zwigzkéw wanadu czesto nie poswieca sie wystarczajgcej uwagi procesom takim
jak hydroliza komplekséw, wymiana ligandow czy reakcje redoks. Na wyniki badan mogag
wptywac rowniez takie czynniki jak stezenie jonu metalu, sita jonowa roztworu, natura

zastosowanego buforu, czas trwania eksperymentu i temperatura jego prowadzenia.

Dla zwigzkéw o udowodnionym dziataniu cytotoksycznym kluczowe
jest okreslenie diagramu stezeniowego i identyfikacja indywiduéw wystepujgcych
w danym medium, co pozwala ustali¢, ktére z nich odpowiada za aktywnos$¢ biologicznag.
Nalezy rowniez uwzgledni¢ mozliwos¢ zmian w strukturze liganda i powstawania nowych
kompleksow, ktére moga korzystnie lub negatywnie wptywaé na dziatanie biologiczne

zwiagzku [79].
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Zwigzki wanadu na czwartym i pigtym stopniu utlenienia moga wigzac
sie ze sktadnikami pozywek wykorzystywanych do hodowli komoérek, co stwarza
koniecznos¢ badan nad stabilnoscia kompleksow w tych $rodowiskach [80].
Jest to jednak wyjagtkowo trudne zadanie ze wzgledu na ztozony sktad medium oraz niskie
stezenia metali stosowanych w badaniach komadrkowych [81]. W pozywkach do hodowli
komodrkowych powszechnie stosuje sie albumine wotowg (BSA), a ze wzgledu na zdolnos$é
zZwigzkéw wanadu do wigzania sie z albuminami, wyniki badan biologicznych moga
ulegac¢ zaburzeniu. W zwigzku z tym rozwaza sie wykorzystanie niektérych zwigzkéw jako
blokeréw miejsc wigzgcych w biatkach [82]. Okreslenie czasu rozpadu komplekséw
metali w pozywkach komodrkowych jest kluczowe dla wyjasnienia mechanizmu

ich cytotoksycznego dziatania [80].

Efekt terapeutyczny wanadandéw i ich pochodnych moze by¢ specyficzny
dla danego rodzaju komoérki, dlatego tez przeciwnowotworowa aktywnos$é¢ wobec jednego
rodzaju komérek nie musi oznaczag, ze zwigzek ten bedzie cytotoksyczny wobec innej linii
komodrkowej [9]. Z tego powodu wazne jest, aby przeprowadzaé¢ badania nad zwigzkami
wanadu na wielu réznych liniach komérkowych. Cytotoksyczne efekty zwigzkédw wanadu
roznig sie nie tylko miedzy liniami komodrkowymi i zastosowanymi technikami
pomiarowymi, ale nawet w obrebie jednej techniki i jednej linii komérkowej wyniki moga
sie réznic¢. Przyktadowo, wartos¢ I1Cs, dla NazVO,4 wobec linii komdrkowej nowotworu ptuc

(A549) okreslona za pomoca testu MTT, wynosita od 9,5 do ponad 50 uM [81].

Badania dotyczgce aktywnosci biologicznej zwigzkéw wanadu sg niezwykle
skomplikowane i upraszczanie ich interpretacji moze prowadzi¢ do nieporozumien
i nieprawidtowych wnioskéw [79]. W celu uwiarygodnienia wynikdw prébuje sie stosowad
metody posrednie w badaniach biologicznych, czyli np. poréwnywanie cytotoksycznosci
wolnych ligandéw i komplekséw oraz poréwnywanie dziatania roztworéw sSwiezo
przygotowanych i odstatych [81]. Wysoka ztozonos¢ aktywnosci biologicznej zwigzkéw
wanadu moze by¢ czynnikiem prowadzacym do projektowania terapii
przeciwnowotworowych o selektywnym dziataniu, jednak jest to niezwykle
skomplikowane zadanie z uwagi na silng reaktywnos¢ kompleksow wanadu. Zrozumienie
tego, jak wanad oddziatuje ze sktadnikami komoérek oraz jak to wptywa na ich metabolizm

to pierwszy krok do projektowania zwigzkdéw o pozadanych wtasciwosciach.
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2. Cel pracy

Ze wzgledu na udokumentowane wtasciwosci przeciwnowotworowe, wcigz rosnie
zainteresowanie mozliwosciami zastosowania zwigzkéw wanadu w nowoczesnej
medycynie. Opracowanie strategii syntezy nowych zwigzkéw koordynacyjnych
oksowanadu(lV) oraz ocenaich aktywnosci biologicznej wobec komdrek nowotworowych

to zadania wazne zaréwno z punktu widzenia naukowego, jak i praktycznego.

Gtownym celem rozprawy doktorskiej byto zbadanie struktury oraz
wtasciwosci fizykochemicznych nowych zwigzkow koordynacyjnych
oksowanadu(lV) z wybranymi ligandami polikarboksylanowymi, a takze ocena ich

dziatania na linie komérkowe nowotworow piersi, prostaty oraz kosci.

Wyniki badan przeprowadzonych w ramach niniejszej pracy maja na celu
dostarczenie informacji o aktywnosci biologicznej nowych zwigzkdéw, co w przysztosci
pozwoli okreslié¢ kierunek dalszych badan na liniach komérek nowotworowych podatnych
na ich selektywne dziatanie. Charakterystyka strukturalna, fizykochemiczna oraz
biologiczna nowych zwigzkéw pozwoli wytypowaé kandydatéow do roli potencjalnych
srodkéw wykazujagcych pozgdane wtasciwosci biologiczne wobec danych linii

komérkowych.

Zadania badawcze, ktore zostaty zaplanowane w ramach pracy doktorskiej,

obejmowaty nastepujace dziatania:

opracowanie odpowiednich metod syntezy zwigzkéw oksowanadu(lV) typu soli
zawierajagcych w swojej strukturze ligandy nta, oda lub tda w anionie
kompleksowym oraz heterocykliczne zwigzki organiczne w roli przeciwjonu,
charakterystyka strukturalna otrzymanych zwigzkéw,

charakterystyka wtasciwosci fizykochemicznych otrzymanych zwigzkéw w ciele
statym i w roztworze,

zbadanie aktywnosci biologicznej komplekséw wzgledem wybranych linii komorek
nowotworowych (MCF-7, MDA-MB-231 - nowotwor piersi, PC3 - rak prostaty,
MG-63 - nowotwodr kosci) i prawidtowych (HEK-293 - komérki nerek,
hFOB - osteoblasty).
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3. Czes¢ doswiadczalna

Synteza zwiazkdéw koordynacyjnych typu soli

W 40 mililitrach wody przygotowano zawiesine zawierajacg rownomolowe ilosSci
VO(acac); (0,005 mol; 1,33 g) oraz wybranego kwasu: Hsnta (0,005 mol; 0,96 g), H,oda
(0,005 mol; 0,67 g) lub Hytda (0,005 mol; 0,75 g). Mieszanine nastepnie ogrzewano
pod chtodnica zwrotng przez 30 minut. Po uzyskaniu klarownego, niebieskiego roztworu,

usunieto chtodnice zwrotng i kontynuowano ogrzewanie przez kolejne 15 minut.

W kolejnym etapie dodawano bezposrednio do roztworu prekursor kationu:
akrydyne (0,005 mol; 0,90 g), chinoline (0,005 mol; 0,55 mL), izochinoline (0,005 mol;
0,55 mL) lub 4,4’-dimetoksy-2,2’-bipirydyne (0,005 mol; 1,08 g). Nastepnie mieszanine
ponownie ogrzewano pod chtodnicg zwrotng przez 30 minut. Roztwdr przesaczano
na gorgco w celu usuniecia pozostatosci reakcji, a nastepnie odstawiano do krystalizacji
w temperaturze pokojowej. Zwigzek kompleksowy wytracat sie z roztworu w czasie
od jednej doby do tygodnia. Wydajno$é syntez miescita sie w przedziale 75-85%.

Wykorzystane w syntezach odczynniki umieszczono w Tabela 3.
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Tabela 3. Odczynniki zastosowane do syntezy zwigzkéw kompleksowych.

Nazwa zwigzku Wzér zwiazku Czystosé Producent
acetyloacetonian wanadylu(lV) VO(CsH50) > 97% Fluka
(VO(acac)y)
kwas nitrylotrioctowy (Hsnta) CgHgNOs 99% Sigma-Aldrich
kwas diglikolowy (H.oda) C4HeOs 98% Sigma-Aldrich
kwas tiodioctanowy (H,tda) C4HeO4S 98% Sigma-Aldrich
akrydyna (acr) CisHsN =297% Sigma-Aldrich
chinolina (Q) CoH;N 98% Sigma-Aldrich
izochinolina (isoQ) CoHsN 97% Sigma-Aldrich
4,4'-dimetoksy-2,2'-bipirydyna 0 . .
(4,4'—dm0—2,2'(bpy)) C12H12N20, 97% Slgma Aldrich

Analiza elementarna

Oznaczenie procentowej zawartosci wegla, wodoru, azotu i siarki w badanych
statych prébkach zwigzkéw kompleksowych przeprowadzono w Zespole Pracowni
Fizyko-Chemicznych na Wydziale Chemii Uniwersytetu Gdanskiego, wykorzystujac
analizator Elementarny EA 1108 firmy Carlo Erba. Wyniki analizy elementarnej znajduja
sie w nastepujacych publikacjach: zwigzek N1 i N2 - Publikacja P1, zwigzek
N3 - Publikacja P2, zwigzki O1, 02, O3 - Publikacja P3, zwigzki T1i T2 — Publikacja P4.

Spektroskopia IR

Widma w podczerwieni (pastylka KBr, zakres 4600 — 400 cm™) zarejestrowano
zapomocag spektrofotometru BRUKER IFS66 (1995) w Zespole Pracowni

Fizyko-Chemicznych na Wydziale Chemii Uniwersytetu Gdanskiego.

Spektroskopia UV-Vis

Widma w swietle widzialnym (zakres 900 — 500 nm) zarejestrowano w Katedrze
Chemii Ogdlnej i Nieorganicznej Uniwersytetu Gdanskiego, przy uzyciu spektrofotometru

LAMBDA 650 firmy Perkin Elmer.
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Pomiary rentgenograficzne (X-ray)

Strukture krystaliczng badanych zwigzkéw wyznaczono z wykorzystaniem
dyfraktometru Oxford Diffraction Gemini R Ultra z detektorem Ruby CCD we wspotpracy
z dr. hab. Arturem Sikorskim, prof. UG w Pracowni Krystalochemii na Wydziale Chemii
Uniwersytetu Gdanskiego. Dodatkowe pomiary przeprowadzono Katedrze Chemii
Nieorganicznej Woydziatu Chemicznego Politechniki Gdanskiej we wspotpracy
z prof. dr. hab. Jerzym Chojnackim i dr hab. Katarzyng Kazimierczuk wykorzystujac
dyfraktometr IPDS 2T (STOE& Cie GmbH). Szczegétowe parametry pomiarow
zostaty podane w publikacjach: zwigzek N1 i N2 — Publikacja P1, zwigzek N3 — Publikacja
P2, zwigzki 01, 02, 03 - Publikacja P3, zwigzki T1i T2 — Publikacja P4.

Pomiary potencjometryczne

Pomiary potencjometryczne wykonano przy uzyciu mikrotitratora
Cerko Lab System (CLS) w Katedrze Chemii Ogolnej i Nieorganicznej na Wydziale Chemii
Uniwersytetu Gdanskiego. State asocjacji oraz diagramy stezeniowe zostaty wyznaczone
z wykorzystaniem programu Hyperquad2008 (wersja 5.2.19) [83]. Informacje dotyczace
parametréw pomiarowych oraz zastosowanych do obliczen modeli réwnowag zostaty
szczegbtowo opisane w publikacjach P3 (seria [VO(acac)(oda)] - zwigzki 01, 02, 03)
i P4 (seria [VO(acac)(tda)] — zwigzki T1i T2).

Spektrometria mas z metoda jonizacji electrospray

Widma MS zarejestrowano w Zespole Pracowni Fizyko-Chemicznych na Wydziale
Chemii Uniwersytetu Gdanskiego z wykorzystaniem spektrometru masowego z putapka
jonowag HCT Ultra firmy BRUKER. Szczegétowe parametry pomiardw zostaty podane
w publikacjach P3 (seria [VO(acac)(oda)] - zwigzki 01, 02, 03) i P4 (seria [VO(acac)(tda)]
-zwigzkiT1iT2).

Obliczenia teoretyczne

Obliczenia teoretyczne wykonano we wspotpracy z dr. Jakubem Brzeskim
w Pracowni Oddziatywan Miedzyczasteczkowych Katedry Chemii Bionieorganicznej
Wydziatu Chemii UG. Geometrie badanych uktadéw okreslono za pomocg funkcjonatu
MN15 oraz bazy funkcyjnej Dunninga aug-cc-pVDZ2-5. Efekty rozpuszczalnika

przyblizono przy uzyciu modelu solwatacji SMD. Wszystkie obliczenia
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kwantowo-chemiczne  zostaty przeprowadzono z  wykorzystaniem pakietu
obliczeniowego  GAUSSIAN16  (wersja  C.01) [[84]. Analize oddziatywan
V-0 oraz V-S wykonano z wykorzystaniem teorii QTAIM Badera (Quantum Theory of Atoms
in Molecules) [85]. W celu doktadniejszego zbadania rozktadu gestosci elektronowej
w badanych zwigzkach, przeprowadzono analize NBO (Natural Bond Orbital) za pomoca
programu NBO 7.0. Szczegétowe parametry obliczen zostaty podane w publikacjach
P3 (seria [VO(acac)(oda)] - zwigzki O1, 02, O3) i P4 (seria [VO(acac)(tda)] — zwiazki
T1iT2).

Badania biologiczne

Eksperymenty biologiczne, obejmujgce testy MTT i LDH, przeprowadzono
na liniach komérkowych MCF-7 (nowotwor piersi), PC3 (rak prostaty) i HaCaT (ludzkie
keranocyty) we wspétpracy z dr Magdaleng Zdrowowicz-Zamojé w Pracowni
Sensybilizatoréw Biologicznych Katedry Chemii Fizycznej Uniwersytetu Gdanskiego.
Testy MTT dla linii MG-63 (nowotwodr kosci), hFOB 1,19 (prawidtowe osteoblasty),
MDA-MB-231 oraz MCF-7 (nowotwory piersi) przeprowadzono w Katedrze i Zaktadzie
Patofizjologii Farmaceutycznej Gdanskiego Uniwersytetu Medycznego we wspotpracy
zprof. dr hab. Ilwong Inkielewicz-Stepniak. Hodowle komdérkowe prowadzono
wwarunkach standardowych (37°C, 5% CO,, wilgotnoS¢ 95%) przy uzyciu
rekomendowanych pozywek hodowlanych. Szczegotowe protokoty postepowania oraz
strategie prowadzonych badan biologicznych zostaty opisane w nastepujacych
publikacjach: publikacja P1 (linie MCF-7, PC3, HaCaT; zwigzki N1 i N2), publikacja P2
(linie MG-63, hFOB 1,19; zwigzki N1, N2, N3), publikacja P3 (linie MDA-MB-231, MCF-7;
zwiagzki 01, 02, 03), publikacja P4 (linie MG-63, hFOB 1,19; zwiazki 01, 02, T1, T2)
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4. Wyniki badan

Projektowanie nowych zwigzkéw i opracowanie strategii syntezy

a) Synteza komplekséw nitrylotrioctanowych (zwigzki N1-N3)

W pierwszym etapie syntezy przygotowano zawiesine VO(acac), oraz kwasu
nitrylotrioctowego (Hsnta) w wodzie. Mieszaning ogrzewano przez 30 minut

az do otrzymania klarownego roztworu. Na tym etapie zachodzita reakcja:

VO(acac), +H nta+H, 0 2 [VO(nta)(HZO)]-+ 2acacHT +H'

Nastepnie do mieszaniny bezposrednio dodawano prekursor kationu: zwigzek
N1 - chinoline (Q), zwigzek N2 - akrydyne (acr) lub w przypadku zwiazku
N3 - 4,4-dimetoksy-2,2’-bipirydyne (4,4'-dmo-2,2'(bpy)) i mieszanine ponownie

ogrzewano. Zachodzity nastepujace reakcje:

N1) Q+ [VO(nta)(HZO)]'+ H'2 [QH][VO(nta)(H,0)]
N2) acr+ [VO(nta)(HZO)]'+ H'2 [acr(H)][VO(nta)(H,0)]
N3) 4,4'-dmo 2,2'(bpy) + [VO(nta)(HZO)]'+ H 2 [4,4'-dmo 2,2'(bpy)(H)][VO(nta)(H,0)]
Na sposdb koordynacji jonu VO?* wptywa rodzaj uzytego przeciwjonu. Wykorzystanie
prostych jonéw nieorganicznych (np. NH,*, Eu®*, Nd®*') sprzyja powstawaniu dimerycznej
jednostki koordynacyjnej typu [(VO)2(p2-O)(nta).]* [86], natomiast uzycie zwigzkow

N-heterocyklicznych (akrydyna, chinolina) w roli kationu prowadzi do otrzymania soli

koordynacyjnej zawierajgcej monomeryczny anion [VO(nta)(H20)] [87] (Rysunek 1).
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[VO(H,0)s]** | H,nta

3
Kationy Nd *

' : Eu® Zwigzki '
nieorganiczne & N-heterocykliczne m‘
Wk v

[(VO),(u2-O)(nta),]* [VO(nta)(H,O)J

Rysunek 1. Schemat ilustrujacy wptyw uzytego kationu na rodzaj jednostki koordynacyjnej V(IV)
b) Synteza komplekséw heteroligandowych (zwiagzki 01-03, zwigzki T1iT2)

Przygotowano wodng zawiesine VO(acac), oraz kwasu diglikolowego (H.oda) (zwiazki
01-03) lub kwasu tiodioctanowego (H,tda) (zwigzki T1 i T2). Mieszanine ogrzewano przez

30 minut az do otrzymania klarownego roztworu. W pierwszym etapie zachodzity reakcje:

01-03) VO(acac)2 + Hzoda 2 [VO(acac)(oda)]_+ acacHT + H+

T1-T2) VO(acac)2 + H2tda 2 [VO(acac)(tda)]_+ acacHT + H+
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Nastepnie do mieszaniny bezposrednio dodawano prekursor kationu: akrydyne (acr),
chinoling (Q) lub izochinoling (isoQ) i mieszanine ponownie ogrzewano. Zachodzity

nastepujace reakcje:
01) Q+[VO(acac)oda)] + H'2 [QH][[VO(acac)(oda)]
02) isoQ +[VO(acac)(oda)] +H 2 [isoQ(H)I[[VO(acac)(oda)]
03) acr+[VO(acac)(oda)] +H 2 [acr(H)][VO(acac)(oda)]
T1) Q+[VO(acac)(tda)] +H 2 [QH][[VO(acac)(tda)]

T2) acr + [VO(acac)(tda)] + H'2 [acr(H)][VO(acac)(tda)]

Rodzaj uzytego w syntezie heterocyklicznego zwigzku aromatycznego wptywa
na budowe otrzymanego zwiazku kompleksowego. W przypadku zastosowania zwigzkéw
posiadajgcych jeden donorowy atom azotu (np. akrydyna) tworzg sie zwigzki
kompleksowe typu soli, gdzie zwigzek heterocykliczny petni funkcje kationu. Natomiast,
w tych samych warunkach syntezy zastosowanie zwigzku posiadajgcego dwa donorowe
atomy azotu (np. 1,10-fenantrolina) powoduje bezposrednie przytaczenie sie zwigzku
heterocyklicznego w centrum koordynacyjnym wanadu i utworzenie kompleksu

obojetnego (

<
VO({acac), H,oda
bez liganda W =,
pomocniczego f::p-d;} N-N ligand "jj ((N-ligand)H]*
’ 3 Lo .i' . I
-3 ' v’jj
’ ’ A

VO(oda)(H,0), VO(oda)(N-N ligand) [(N-ligand)H]* [VO(acac)(oda)]

Rysunek 2).
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Rysunek 2. Schemat Sciezek syntezy zwigzkéw oksowanadu(lV)

W wyniku przeprowadzanych syntez otrzymano osiem zwigzkéw kompleksowych
oksowanadu(lV), ktérych wzory strukturalne i oznaczenia zamieszczono w Tabela 4.
Sktady pierwiastkowe komplekséw potwierdzono metoda analizy elementarnej. Wyniki
analizy elementarnej znajdujg sie w nastepujgcych publikacjach: zwigzki
N1i N2 - Publikacja P1, zwigzek N3 - Publikacja P2, zwigzki 01, 02, O3 - Publikacja P3,
zwigzki T1i T2 - Publikacja P4.

Tabela 4. Zwigzki kompleksowe zsyntezowane w ramach rozprawy doktorskie;.

Lp. | Skrot Wzor Wz6r strukturalny
N " /“-—NLQC=0 -
1 | N1 | [QH]VO(nta)(H-0)](HO). C(j °=%on,| %o | . won
NT H20/||‘Vo/
(o]
: . —
/N0
7 = \
2 | N2 | HacnHIvOme)H:ONH0) | (I T | | ('D
H 2
L [+]
3 | N3 [4,4'-dmo-2,2'(bpy)H] < o o=c\/‘*T \ )
Qi b W0 o= * Hy
[VO(nta)(HzO)]HZO i \M / Hgoifli]f‘l‘*oc o
o J
7 = HaC . ?@C:o
4 01 H][VO(acac)(oda m C ~J 9" e=0
[QH]VO(acac)(oda)] | k)
H HsC fo]
= _ + i ) OKXCZO -
5 02 [isoQ(H)][VO(acac)(oda)]H.O - |NH <:0>‘]!|<~00 c=0| . 0
HsC o
i f /e=0
6 | 03 |[acr(H)][VO(acac)(oda)](H:0) ~ i SURY 7 SN P
2o Sy S e
H,C o
i =0
7 | T [QHI[ VO(acac)(tda)] | | oo 0 k0
Sy N -o/\]!\“o/
H HaC 0
K />c=0
7 HyC §—X
8 | T2 [acr(H)][VO(acac)(tda)] \N ] €Z>¢I<i/c=o
H HsC o
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Charakterystyka strukturalna zsyntezowanych zwigzkdéw

a) Struktury krystaliczne zwigzkéw N1-N3

Kompleks [QH][VO(nta)(H-0)](H-0). (N1) krystalizuje w uktadzie tetragonalnym.
Czes¢ niezalezna komorki elementarnej obejmuje dwa aniony [VO(nta)(H.O)],
dwa kationy  chinoliniowe oraz jedng czasteczke wody  krystalizacyjnej.
Z kolei s6l kompleksowa [acr(H)][VO(nta)(H.O)](H20). (N2) krystalizuje w uktadzie
rombowym izawiera w czesci niezaleznej jeden kation akrydyniowy, jeden anion
nitrylotrioctanowy oraz dwie czgsteczki wody (Publikacja P1, N1 - Figure 2, N2 - Figure 3).
Kompleks [4,4’-dmo-2,2’-(bpy)H][VO(nta)(H.O)](H20) (N3) krystalizuje w uktadzie
jednoskosnym, ajego cze$é¢ niezalezna komdrki elementarnej zwiera anion
nitrylotrioctanowy [VO(nta)(H.0)], kation [4,4’-dmo0-2,2’-(bpy)H]* oraz jedna czgsteczke
wody (Publikacja P2, Figure 2).

Badania krystalograficzne potwierdzity charakterystyczne cechy anionu
[VO(nta)(H.0)], takie jak geometria znieksztatconej bipiramidy tetragonalnej,
koordynacja atomu azotu w pozycji trans wzgledem liganda oksydo oraz zajecie pozycji
ekwatorialnych przez atomy tlenu pochodzgce od liganda nta* i czgsteczki wody.
Szczegotowe wartosci dtugosci wigzan oraz wartosci poszczegolnych katéow znajduja sie
w publikacjach P1 (zwigzki N1 i N2) oraz P2 (zwigzek N3). Rodzaj przeciwjonu, zwtaszcza
liczba pierscieni aromatycznych i ich utozenie, wptywa na sposéb upakowania jonéw
w sieci krystalicznej (Tabela 5). W analizowane;j strukturze aniony [VO(nta)(H.0)] tworza
wstegi stabilizowane przez wigzania wodorowe, natomiast kationy
[4,4’-dmo-2,2’-(bpy)H]" uktadajg sie w kolumny, miedzy ktérymi wystepujg oddziatywania
typu m-1t. Obie podstruktury oddziatuja miedzy sobg poprzez wigzania wodorowe

N-H---O lub C—H-:-Owods (Publikacja P2).
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Tabela 5. Dane krystalograficzne dla zwigzkéw [4,4’-dmo-2,2’-(bpy)H][VO(nta)(H,0)],
[(acr)H][VO(nta)(H20)](H20)., [QH][VO(nta)(H-0)](H-O)-.

R Uktad Grupa . . . .
Zwigzek krystalograficzny przestrzenna Upakowanie jonéw w sieci krystalicznej
* //‘-‘.N/\I‘IC—D
OQ|[eke
D, C—O (HzOl
b H)o"n"'o
rombowy P212121
N1
[QH][VO(nta)(H20)](H20)-

oS

tetragonalny 14

N2
[(acr)H][VO(nta)(H20)](H20)2

p g | "o
/l"i-o

oS

jednoskos$n P2
N3 j y 1/n

[4,4’-dmo-2,2’~(bpy)H]
[VO(nta)(H,0)](H-0)
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b) Struktury krystaliczne zwigzkéw heteroligandowych (01-03, T1-T2)

Zwiagzki [QH][VO(acac)(oda)] (01), [(isoQ)H][VO(acac)(oda)](H.O) (02),
[(acr)H][VO(acac)(oda)](H20). (03), krystalizuja odpowiednio w uktadzie rombowym
(Pbca), jednoskosnym (C2/c) oraz tréjskosnym (P-1) (Publikacja P3, Figure 3).
W ich strukturze kation wanadu(lV) jest skoordynowany z ligandem acac w pozycji
ekwatorialnej oraz ligandem oksydo w pozycji aksjalnej. W pozycji trans wzgledem liganda
oksydo znajduje sie eterowy atom tlenu pochodzacy od liganda oda, natomiast
dwa pozostate miejsca w strukturze znieksztatconego oktaedru zajmujg atomy tlenu grup

karboksylanowych tego samego liganda.

We wszystkich analizowanych strukturach anion [VO(acac)(oda)] stabilizujg stabe
oddziatywania van der Waalsa oraz wigzania wodorowe, a kationy oddziatujg ze sobg
poprzez interakcje typu T-t. W kompleksach chinolinowym oraz akrydynowym
dodatkowo wystepujg wigzania wodorowe miedzy atomem wodoru grupy NH* kationu
a atomem tlenu grupy karboksylanowej. W [(isoQ)H][VO(acac)(oda)](H20) nie obserwuje
sie bezposredniego wigzania wodorowego miedzy kationem i anionem - stabilizacja
struktury zachodzi poprzez wigzania wodorowe miedzy czgsteczkg wody krystalizacyjne;j

a atomem azotu kationu oraz atomem tlenu anionu (Publikacja P3).

Zwiazki [QH][VO(acac)(tda)] (T1) oraz [(acr)H][VO(acac)(tda)] (T2) krystalizuja
odpowiednio w uktadzie jednoskosnym (Cc) i tréjskoénym (P1). W obu kompleksach
kation wanadylu VO?* jest skoordynowany z ligandem acac w pozycji ekwatorialnej,
podczas gdy ligand oksydo zajmuje pozycje aksjalna. W pozyciji trans wzgledem liganda
oksydo znajduje sie atom siarki pochodzacy od liganda tda, ktéry dodatkowo koordynuje
jon wanadu poprzez atomy tlenu grup karboksylanowych. Dtugosé wigzania
V-S(T1 - 2,785 A, T2 - 2,851 A) w anionie [VO(acac)(tda)] jest istotnie wieksza
niz analogiczne wiazanie V-O (01 - 2,360 A, 03 - 2,307 A) w strukturach zawierajacych
anion [VO(acac)(oda)], co wynika z wiekszego promienia atomowego siarki. Zmiany
te sg rowniez widoczne w kacie walencyjnym C-S-C, ktdry jest mniejszy w poréwnaniu

do analogicznego kata C-O-C w ligandzie oda (Publikacja P4).
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c¢) Charakterystyka widm w podczerwieni

Widma IR zwigzkéw N1 i N2 zostaty umieszczone w publikacji
P1 (N1 - Figure S6, N2 - Figure S7). Liczby falowe drgan charakterystycznych dla zwigzkéw
01, 02 i O3 zostaty umieszczone w publikacji P3. Widma zwigzkéw N3, T1 i T2 zostaty

umieszczone na rysunkachRysunek 3,Rysunek 4Rysunek 5.

@
S
(%]

50

Transmitancja

40

30

20

10

4400 3900 3400 2900 2400 1900 1400 200 400
Liczba falowa [cm™]

Rysunek 3. Widmo IR zwigzku N3 - [4,4’-dmo0-2,2’-(bpy)H][VO(nta)(H.0)](H-0)
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Rysunek 4. Widmo IR zwigzku T1 - [QH][ VO(acac)(tda)]
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Transmitancja [96]

Rysunek 5. Widmo IR zwigzku T1 - [acr(H)][ VO(acac)(tda)]

Najbardziej charakterystycznymi pasmami na widmach IR badanych zwigzkow
sg pasma drgan rozciggajgcych wigzania V=0 oraz pasma pochodzgce od grupy
karboksylanowej. Pasma drgan rozciggajacych grupy C=0, obecne w kwasach Hgjnta
(1734 cm™), H,oda (1736 cm™) i Hotda (1697 cm®), ulegajg w zwigzkach kompleksowych
rozszczepieniu na dwa pasma drgan wigzania C-O grupy karboksylanowej COO:
asymetryczne (1577-1676 cm™) oraz symetryczne (1354-1402 cm™). Znaczna rdznica
miedzy czestosciami tych drgan wskazuje na jonowy charakter oddziatywan miedzy
atomami tlenu grupy karboksylanowej a jonem wanadu(lV). Charakterystyczne pasmo
kompleksow oksowanadu(lV) (V=0) ulega przesunieciu w zaleznosci od rodzaju atomu
zwigzanego w pozycji trans wzgledem liganda oksydo. Dla anionu [VO(acac)(oda)]
czestosci te sg wyzsze (01 - 983 cm™, 02 - 985 cm™, O3 - 981 cm™) w poréwnaniu
do anionu [VO(acac)(tda)] (T1-969cm™, T2-976 cm™). Prawdopodobnym wyjasnieniem
tego zjawiska jest ostabienie wigzania V=0 (oksydo) w powstatych kompleksach
na skutek redukcji dodatniego tadunku czgstkowego jonu wanadu, wynikajace z zajecia
szOstego miejsca koordynacyjnego (trans wzgledem liganda oksydo) przez atom tlenu

[O(3) liganda oda] lub siarki [S(1) liganda tda].
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Trwatos$é komplekséw w roztworach

Waznym aspektem oceny potencjatu biologicznego zwiazkéw oksowanadu(lV)
jest okreslenie zmian, jakim ulegajg badane kompleksy w srodowisku wodnym. W swoich
badaniach skupiono sie wytgcznie na zwiagzkach zawierajgcych aniony [VO(acac)(oda)]
oraz [VO(acac)(tda)], poniewaz wptyw pH na trwato$é anionu [VO(nta)(H.O)]" zostat
opisany wczesniej w literaturze [88]. [VO(nta)(H.0)] jest stabilny w roztworze wodnym
ponizej pH=5. Wraz ze wzrostem pH zachodzi jego hydroliza prowadzaca do powstania
hydroksokompleksu [VO(nta)(OH)]*, ktéry powyzej pH 10 wykazuje tendencje
do dimeryzacji, tworzac kompleks [(VO)2(u2-O)(nta).]*[88].

Metoda potencjometryczna zostata wykorzystana do zbadania statych trwatosci
komplekséw heteroligandowych, na podstawie ktérych mozliwe byto obliczenie
zaleznosci udziatow procentowych poszczegdlnych indywidudéw obecnych w roztworze

kompleksu w zaleznosci od pH srodowiska.

W réwnomolowej mieszaninie sktadnikéw (VO?:Hacac:H,oda) anion
[VO(acac)(oda)] dominuje w zakresie pH 5-8 (Publikacja P3, Figure 4), a jego trwatos¢ jest
wyzsza w poréwnaniu do komplekséw dwusktadnikowych [VO(acac)]® oraz
[VO(oda)(H20).]. Stabilnos¢ tego anionu w srodowisku wodnym potwierdzono réwniez
metodg spektrometrii masowej] - sygnatm/z=297,8 odpowiada indywiduum
[VO(acac)(Hoda)] ([M-H]) oraz [VO(acac)(oda)] ([M]). Widma UV-Vis wodnych roztworéw
badanych zwigzkéw charakteryzujg sie dwoma pasmami absorpcji, ktdore mozna
przypisaé¢ do przej$é d-d: z orbitalu dyy na dy; lub dy; (b2 2 €) oraz z dyy na dezy2 (b2 > by).
Pasmo odpowiadajgce przejsciu b, > b, pojawia sie przy wyzszych poziomach
energetycznych niz w przypadku [VO(oda)(H.0),], co moze wskazywaé¢ na wiekszag
stabilnos¢ termodynamiczng anionu kompleksowego w poréwnaniu do kompleksu

obojetnego (Publikacja P3).

Anion [VO(acac)(tda)] wykazuje podobna stabilnos¢ do [VO(acac)(oda)], o czym
swiadczg wartosci statych trwatosci logB wynoszace odpowiednio 16,91 oraz 16,45.
Sugeruje to, ze atom centralny ma zaniedbywalny wptyw na catkowitg stabilnos¢
kompleksu. W srodowisku o pH 4-5,5 [VO(acac)(tda)] wspoétistnieje w réwnowadze

z [VO(acac)(Htda)]. Obecnosc i stabilnos¢ tych form w roztworze wodnym potwierdzono
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widmem masowym, ktérym zaobserwowano sygnat przy m/z = 314 odpowiadajacy

[VO(acac)(Htda)] ([M-H]) oraz [VO(acac)(tda)] ([M]) (Publikacja P4).

W przeciwienstwie do anionu [VO(nta)(H.O)J, ktéry ulega hydrolizie w roztworach
o pH powyzej 5 [87], aniony [VO(acac)(tda)] oraz [VO(acac)(oda)] pozostaja w formie
niezdysocjowanej w szerokim zakresie pH.

Analiza parametréw termodynamicznych tworzenia kompleksdéw i charakteru wigzan
w badanych zwigzkach

Dla trzech izomeréw anionu [VO(acac)(oda)]” wyznaczono parametry
termodynamiczne (AH, AG) oraz energie wzgledng (AE). Na tej podstawie ustalono,
Ze najtrwalszg forma jest izomer |, co odpowiada rzeczywistej konformacji tego anionu
w ciele statym. Wykazano ponadto, ze proces tworzenia izomerdw jest napedzany
entalpowo. Analiza charakteru wigzan w kompleksie wykazata, ze wigzania
V-O z atomami tlenu pochodzgcymi odligandéw acac i oda majg bardziej jonowy
charakter, podczas gdy w przypadku grupy oksydo wigzanie miedzy wanadem a tlenem
wykazuje cechy charakteru kowalencyjnego. Na podstawie analizy gestosci spinowej
elektronéw zaobserwowano, ze donorowe atomy tlenu w grupie eterowej, charakteryzuja
sie nizszymi wartosciami tadunkéw ujemnych. Taki wynik wskazuje na ich zdolnos¢
do silniejszego przesuwania gestosci elektronowej w kierunku jonu metalu stanowigcego
centrum koordynacyjne. We wszystkich rozwazanych izomerach niesparowany elektron
jest zlokalizowany gtéwnie na atomie wanadu. W izomerze | obserwuje sie delokalizacje
elektronu na dwoéch atomach tlenu ligandu acac oraz dwédch atomach tlenu liganda oda,
jednak nie obejmuje ona eterycznego atomu tlenu, z ktérym wanad jest koordynacyjnie
zwigzany. Wizomerze Il gestos¢ elektronowa niesparowanego elektronu nie jest
wspotdzielona z aksjalnymi atomami tlenu. W izomerze lll delokalizacja obejmuje

wszystkie atomy tlenu w pozycji ekwatorialnej (Publikacja P3).

Proces powstawania izomerow [VO(acac)(tda)] jest napedzany entalpowo
|AH:orm|>|TAStom|). Ujemne wartosci entalpii tworzenia z nadmiarem kompensujg
niekorzystng, ujemng warto$¢ czynnika entropowego wynikajgcego ze zmniejszania
swobody konformacyjnej ligandéw zwigzanych z jonem wanadu(lV). Kluczowa role
w stabilizacji heteroligandowego kompleksu oksowanadu(lV) odgrywajg oddziatywania

elektrostatyczne. W wigzaniach V-O,4a(3) i V-Swa(1), wystepujacych odpowiednio
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w kompleksach [VO(acac)(oda)] i [VO(acac)(tda)], zaobserwowano rdézne udziaty
charakteru kowalencyjnego i jonowego. Wartosci parametréw |V_BCP|/G_BCP obliczone
dla [VO(acac)(oda)] (0,975) oraz [VO(acac)(tda)]” (1,058) sugerujg, ze wigzanie V-O(3)
ma nieco wiekszy udziat charakteru jonowego w poréwnaniu z wigzaniem V-S(1).
Zastgpienie aksjalnego atomu tlenu w ligandzie odaatomem siarki w ligandzie
tda prowadzi do znacznego wzrostu ujemnego tadunku na atomie tlenu liganda oksydo
oraz atomow tlenu grup karboksylanowych w pozycji ekwatorialnej. Wieksza gestos¢
elektronowa przekazywana jonowi wanadu przez atom w pozycji trans wzgledem liganda
oksydo powoduje ostabienie wigzania V-O(oksydo), co potwierdzajg obserwowane
przesuniecia pasm absorpcji IR w kierunku nizszych liczb falowych. Energie orbitali
granicznych sg zblizone dla jonéw [VO(acac)(tda)] i [VO(acac)(oda)], cojest zgodne
zobliczonymi wartosciami statych trwatosci uzyskanymi na podstawie pomiaréw

potencjometrycznych (Publikacja P4).

Ocena aktywnosci przeciwnowotworowej

a) Linie komoérkowe nowotworu piersi (MCF-7, MDA-MB-231) i nowotworu

prostaty (PC3)

W Publikacji P1 przeanalizowano wptyw dwdéch nitrylotrioctanowych kompleksow
oksowanadu(lV) (N1 - [QH][VO(nta)(H-0)](H20),, N2 - [(acr)H][VO(nta)(H.O)](H-0).
na przezywalnosé komarek za pomoca testow MTT i LDH dla trzech linii komdrkowych:
MCF-7 (rak piersi), PC3 (rak prostaty) oraz HaCaTl (prawidtowe ludzkie keranocyty).
Do badan wybrano cztery zwigzki, r6znigce sie miedzy sobg jedynie kationem: dwa nowo
zsyntezowane (N1 i N2) oraz dwa wczesniej badane, zawierajgce kationy
1,10-fenantroliniowy oraz 2,2’-bipirydyniowy, ktére wykazywaty aktywnosé
przeciwnowotworowg wobec komodrek raka kosci [88]. Wszystkie badane zwigzki
wykazaty cytotoksycznos$¢ zalezng od stezenia wobec wszystkich testowanych linii
komorkowych, przy czym najsilniejsze dziatanie zaobserwowano wobec linii raka prostaty
(PC3). Analiza wskaznikéw selektywnosci (Sl), czyli stosunku wartosci ICso dla komodrek
prawidtowych do ICs dla komérek nowotworowych, pokazuje, ze zwigzki zawierajace
kationy z pierscieniami aromatycznymi utozonymi liniowo i w bezposrednim potaczeniu

(QH* i acr(H)*) osiggaty wyzsze wartosci SI w poréwnaniu do pozostatych zwigzkow.
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Jednak te obliczone wartosci parametrow Sl wcigz sg ponizej progu uznawanego

za obiecujacy w terapii przeciwnowotworowej.

Przeprowadzona analiza wptywu badanych zwigzkéw na cykl komorkowy pozwolita
ustali¢, ze w przypadku linii PC3 wszystkie zwigzki powodowaty zwiekszenie liczby
komérek w fazie Go/G; oraz zmniejszenie ich liczby w fazie G./M. Dla linii
MCF-7 zaobserwowano zalezno$s¢ miedzy utozeniem pierscieni aromatycznych
w strukturze kationu a etapem cyklu, na ktérym nastepowato zahamowanie. Kompleksy
z kationami chinoliniowym i akrydyniowym zatrzymywaty cykl komérkowy w fazie
G2/M, natomiast zwigzki z kationami fenantroliniowym i bipirydyniowym — w fazie Go/Gs.
Etap zatrzymania cyklu komérkowego moze dostarcza¢ cennych informacji na temat
mechanizmu cytotoksycznego dziatania badanych komplekséw. Na przyktad
zahamowanie w fazie G./M moze wskazywaé¢ na interakcje zwigzku z DNA i jego

uszkodzenie.

W Publikacji P3 przedstawione zostaty wyniki badan przezywalnosci komoérek
(testMTT) dla  trzech  zwigzkéw  zawierajgcych anion [VO(acac)(oda)]:
[QH][VO(acac)(oda)] (01), [(isoQ)H][VO(acac)(oda)](H20) (02) oraz
[(acr)H][VO(acac)(oda)](H:0), (03). Do badan wykorzystano dwie linie komodrkowe
nowotworu piersi— MCF-7 oraz MDA-MB-231 - oraz nienowotworowa linie komorek nerek
HEK-293 (materiat nieopublikowany). Wszystkie badane zwiagzki wykazywaty
cytotoksycznosc¢ zalezng od stezenia, jednak ich skutecznosc¢ byta nizsza w poréwnaniu
do powszechnie stosowanej substancji przeciwnowotworowej - doksorubicyny.
W przypadku prawidtowych komodrek zwigzki koordynacyjne cechowaty sie nizszg
toksycznosciag nizdoksorubicyna, co jednak nadal nie pozwala na uznanie

ich za potencjalne chemioterapeutyki w terapii nowotworéw.

b) Linie komdrkowe nowotworu kosci (MG-63)

Poprzednio badane na komoérkach nowotworu piersi zwigzki
[QH][VO(nta)(H.0O)](H20)2) (N1) i [(acr)H][VO(nta)(H.0)](H-0). (N2), a takze nowo
zsyntezowany [4,4’-dmo-2,2’-(bpy)H][VO(nta)(H.O)] (N3) poddano badaniom
cytotoksycznosci wobec linii komérkowej nowotworu kosci (MG-63) oraz prawidtowych

ludzkich osteoblastéw (hFOB) za pomocag testu MTT. Wszystkie badane zwigzki
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wykazywaty cytotoksycznos¢ zalezng od stezenia wobec komoaérek nowotworowych,
jednak  byta ona nizsza w  poréwnaniu do  wzorcowego czynnika
przeciwnowotworowego - cisplatyny. Warto podkresli¢, ze kompleksy oksowanadu(lV)
charakteryzowaty sie réwniez mniejszg toksycznoscig wobec komoérek prawidtowych,
cosugeruje ich potencjalng  selektywnosé.  Wspodtczynniki  selektywnosci

(SI) dla badanych zwigzkéw wyniosty:

[4,4’-dmo-2,2’-(bpy)H][VO(nta)(H20)] (N3) 2,89

[QH][VO(nta)(H20)](H20)2) (N1) 4,69
[(acr)H][VO(nta)(H20)](H20).(N2) 9,31
cisplatyna 3,8

Trzy badane w tej pracy kompleksy oksowanadu(lV) wykazujg potencjalne
dziatanie przeciwnowotworowe, jednak doktadny mechanizm ich selektywnego dziatania

wcigz pozostaje do wyjasnienia (Publikacja P2).

Wobec tych samych linii komérkowych (MG-63 oraz hFOB) przebadano zwigzki
heteroligandowe, czyli: [QH][VO(acac)(oda)] (01), [(acr)H][VO(acac)(oda)](H.0). (03),
[QH][VO(acac)(tda)] (T1), [(acr)H][VO(acac)(tda)] (T2) oraz akrydyne i chinoline. Wyniki
testu MTT wykazaty, ze badane sole wykazujg cytotoksycznos¢ wobec nowotworowe;j linii
komoérkowej MG-63. Dziatanie cytotoksyczne akrydyny oraz chinoliny byto minimalne,
co sugeruje, ze aktywnosc¢ biologiczna kompleksdéw moze wynikac¢ gtéwnie z obecnosci
anionu kompleksowego oksowanadu(lV). Jednak nie mozna wykluczy¢ mozliwego
wspotdziatania kationu i anionu kompleksowego. W niskich stezeniach badane sole
kompleksowe cechowaty sie wiekszg selektywnoscig niz cisplatyna. Nie zaobserwowano
istotnych réznic w aktywnosci biologicznej pomiedzy zwigzkami zawierajgcymi anion
[VO(acac)(oda)] (01 i O3) a tymi zawierajgcymi anion [VO(acac)(tda)]” (T1 i T2)
(Publikacja P4).

Ze wzgledu na brak wyraznych réznic w cytotoksycznosci pomiedzy obiema
seriami zwigzkow, do dalszych badan nad mechanizmem dziatania wybrano kompleksy
T1i T2. Przezywalnos¢ komérek MG-63 malata pod wptywem obu zwigzkéw w sposdb

zalezny zaréwno od stezenia, jak i czasu ekspozycji. Smieré komdrek nastepowata
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gtéwnie w wyniku apoptozy, szczegélnie przy niskich stezeniach, podczas gdy udziat
nekrozy byt ograniczony. Analiza cyklu komdrkowego wykazata zmniejszenie odsetka

komoérek w fazie Go/G1 przy jednoczesnym wzroscie w fazie S (Publikacja P4).

Struktura a aktywnos¢ przeciwnowotworowa

W celu przeanalizowania wptywu struktury chemicznej na aktywnos¢ biologiczna,
w TabelachTabela 6-Tabela 9 zestawiono dane dotyczace przezywalnosci réznych linii
komoérkowych poddanych dziataniu komplekséw wanadu o charakterze soli. Do analizy
wybrano zaréwno zwigzki otrzymane w ramach niniejszej pracy doktorskiej, jak i dane

literaturowe dotyczace nitrylotrioctanowych komplekséw oksowanadu(lV).

Przeprowadzono badania dla trzech zwigzkdéw zawierajgcych anion [VO(nta)(H20)T
wobec linii komorkowej PANC-1 (nowotwor trzustki) [89]. Wszystkie wykazaty dziatanie
selektywne, jednak ich aktywnos$¢ byta stabsza w poréwnaniu do substancji wzorcowej
(gemcytabiny). Analiza wartosci 1Csy sugeruje, ze obecnos¢é wiekszej liczby
skondensowanych pierscieni aromatycznych koreluje ze wzrostem cytotoksycznosci

badanych komplekséw.

Tabela 6. Aktywnosc biologiczna nitrylotrioctanowych komplekséw oksowanadu(lV) wobec linii

komadrkowej nowotworu trzustki PANC-1 [89]

PANC-1
komaérki nowotworowe trzustki
(Test MTT, 48h)
Wartosé Dziatanie Efekt w poréwnaniu
ICso selektywne z substancjg wzorcowa
L‘; . |’ ;»_\.J O=C/—._‘_N /c:o
f ‘“r T “Ofr,._v..v\0/0=o 12,59 uM tak stabszy
~NH H_.o"'||"'o
Jd L (o]
NH Tr /“NQC:O“ )
O=C /
"Gn,._\!‘,_.nc’fﬁ:u 29,51 yM tak stabszy
Ho? | Yo
L 4 L o .
B | ’ml Itr /—-.._N"/__\QC:OH_
’ o=cC f)
'i"""':‘*:rl""l'“ N \Gn,._‘!,.-\‘o c=0 40,74 uM tak stabszy
| NH Hzof’ﬂ“.o
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Z kolei analiza cytotoksycznosci wobec komdérek nowotworowych prostaty
(linia PC3) wskazuje, ze na aktywnosc¢ biologiczng oraz selektywnos¢ komplekséw moze
wptywacé nie tylko liczba pierscieni aromatycznych, lecz takze sposéb ich utozenia.
Zwigzek zawierajgcy kation 1,10-fenantroliniowy, w ktérym pierscienie aromatyczne
nie sg rozmieszczone liniowo, wykazat istotnie wyzszg cytotoksycznos¢ w poréwnaniu
do kompleksu z kationem akrydyniowym. Natomiast zwigzki z liniowym uktadem
aromatycznych chinoliniowy oraz akrydyniowy)

pierscieni (zawierajgce kation

wykazywaty niewielkg selektywnos$¢, podczas gdy pozostate zwigzki cechowaty

sie brakiem selektywnosci (Publikacja P1).

Tabela 7. Aktywnosc¢ biologiczna nitrylotrioctanowych komplekséw oksowanadu(lV) wobec linii

komaorkowej nowotworu prostaty PC3 i prawidtowych keranocytéw HaCaT (Publikacja P1)

Wartoscé |Cso
(Test MTT, 48h)
PC’3 . HaCaT Dziatanie
komorki . selektywne
prawidtowe
nowotworowe
keranocyty
prostaty
6 R Sy “oi, ) w0 o= 18,06 uM 6,37 uM nie
o r " o ’ ’
B e NH HO C|J| ©
¥ ars
W Sow i Yo 40,78 UM 30,15 uM nie
| o Hzo/ﬁ"o/
T = W
J N N /
=~ 2 | =%, [ X iewielki
N & ”o;v‘:cr/no 44,16 uM 52,11 uM tak, niewielkie
Ho% || Yo
L o
! - _ /‘\“/\/C‘G
= ) 5”“‘0;\1,@.;@ 61,90 uM 76,08 uM tak, niewielkie
—NH 0™ || ™0
L [s]
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Badania na linii komdérkowej nowotworu piersi (MCF-7) obejmowaty kompleksy
zawierajgce aniony [VO(nta)(H.0)] oraz [VO(acac)(oda)].Ze wzgledu na wysokie wartosci
ICso uzyskane dla analizowanych zwigzkéw, trudno jednoznacznie oceni¢ bezposredni
wptyw rodzaju anionu na ich cytotoksycznos¢. Warto jednak zauwazyc,
ze nitrylotrioctanowe kompleksy nie wykazywaty sie selektywnoscia w poréwnaniu
do zwigzkdéw zawierajgcych ligandy oda i acac. Réwniez w tych badaniach najwyzszg
toksycznos¢ wykazat kompleks zawierajgcy kation fenantroliniowy, co ponownie
sugeruje, ze zaréwno liczba, jak i sposéb aranzacji pierscieni aromatycznych w strukturze

kationu mogg wptywaé na toksycznosé zwigzku.

Tabela 8. Aktywnos¢ biologiczna kompleksdw oksowanadu(lV) wobec linii komorkowej

nowotworu piersi MCF-7 (Publikacja P2 i P3)

MCF-7
komaorki nowotworowe piersi
(Test MTT, 48h)
Efekt w poréwnaniu
Wartosc ICso Dziatanie selektywne z substancja
Wzorcowa
¢ T
| | D=CPN_¥{C =0
NN ‘0;\',‘20/c=c 56,16 uM nie brak poréwnania
ANH IR H; 0 H o
SlI=are
Ny W ‘“of,.._l..nu c=0 86,93 uM nie brak poréwnania
| AN | H;o"'g“'a
= ‘ /\CZD
= ' lo=¢ rj{
T Y "o, .0 =0 116,50 uM nie brak poréwnania
{ —HH H‘O(”“O/
= [ ’/_N'N— fE=C
— o=t | G\\ . P .
i o il 117,03 uM nie brak poréwnania
H0"% || Yo
[ T c=0]"
HyC 0”',\
m {:034’:\0/6:0 | 100 uM tak stabszy
| N _ He' 0 '.J L
HyG OZ__\XC:D
@:)L,H CO:;\';;O P B >100 uM tak stabszy
e =o”"|[ o
| [wer . o
m CO“}\LQ‘J o >100 uM tak stabszy
N ==xg” || o
H HsC o
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W badaniach przeprowadzonych na linii komorkowej nowotworu kosci (MG-63)
kompleksy zawierajagce anion [VO(nta)(H:O)]7 wykazywaty na ogoét wyzsza
cytotoksycznosé niz zwigzki z anionami [VO(acac)(oda)] oraz [VO(acac)(tda)]. Nalezy
jednak zaznaczyé, ze nie wszystkie dane sg bezposrednio poréwnywalne, ze wzgledu
na zastosowanie réznych metod oceny przezywalnosci komadrek — testu MTT oraz testu
LDH. Nie zaobserwowano istotnych réznic w cytotoksycznosci pomiedzy zwigzkami
zawierajgcymi aniony [VO(acac)(oda)] i [VO(acac)(tda)], natomiast kompleksy

nitrylotrioctanowe wykazywaty wyzsza toksycznos¢ (Publikacje P2 i P4).

Tabela 9 . Aktywnos¢ biologiczna kompleksow oksowanadu(lV) wobec linii komdérkowe;j

nowotworu kosci MG-63 (Publikacja P2 i P4)

MG-63
komaorki nowotworowe kosci
Przezywalnos¢ dla Dziatanie Efekt w poréwnaniu
stezenia 50 uM selektywne z substancjg wzorcowg
18%
(Test MTT, 48h) (P2) tak stabszy
20%
(Test MTT, 48h) (P2) tak stabszy
22%
(Test MTT, 48h) (P2) tak stabszy
38%
(Test MTT, 48h) (P4) tak stabszy
- 38%
(Test MTT, 48h) (P4) tak stabszy
38%
(Test MTT, 48h) (P4) tak stabszy
40%
(Test MTT, 48h) (P4) tak stabszy
4% tak silniejsz
(Test LDH, 48h) [88] jszy
50%
(Test MTT, 48h) [90] tak stabszy
70%
(Test LDH, 48h) [88] tak stabszy
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Istotnym zagadnieniem jest ustalenie, czy cytotoksycznos¢ badanej soli
kompleksowej jest zalezna od aktywnosci anionu kompleksowego, czy tez wynika
zdziatania przeciwjonu. Przyktadowo, w poréwnaniu do dziatania zwigzku
[phen(H)][VO(nta)(H.0)], cytotoksycznosé¢ wolnej fenantroliny byta silniejsza wobec linii
komorkowych nowotworu watroby (HepG2 oraz SMMC-7721), natomiast kwasu
nitrylotrioctowego - stabsza [75]. W przypadku komplekséw heteroligandowych (01, O3,
T1, T2) ich kationy wykazaty znikome dziatanie cytotoksyczne w pordwnaniu do soli

kompleksowych stosowanych w tych samych stezeniach (Publikacja P4).

Na podstawie przedstawionych wynikow mozna wymieni¢ elementy strukturalne,
ktére moga odgrywac¢ kluczowa role w projektowaniu soli kompleksowych
oksowanadu(lV) wykazujgcych cytotoksycznosé wobec linii komdrkowych badanych
w niniejszej rozprawie: liczba oraz sposéb utozenia pierscieni aromatycznych w strukturze
kationu, a takze obecnos¢ ligandu akwa w anionie kompleksowym. Aby potwierdzi¢
i zweryfikowaé powyzsze wnioski dotyczgce wptywu wymienionych cech strukturalnych
na aktywnos$é biologiczng, konieczne jest przeprowadzenie dalszych, szczegdtowych
badan. Ich celem bedzie lepsze poznanie i zrozumienie mechanizmdéw odpowiedzialnych

za dziatanie biologiczne badanych zwigzkow.
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5. Podsumowanie

Niniejsza rozprawa doktorska obejmuje sposoby syntezy, charakterystyke
wtasciwosci fizykochemicznych i biologicznych osmiu soli kompleksowych
zawierajacych nastepujace jednostki koordynacyjne [VO(nta)(H.O)], [VO(acac)(oda)]
lub [VO(acac)(tda)]. Dla kazdego z tych zwiagzkéw dobrano odpowiednie warunki syntezy
oraz opracowano metody krystalizacji umozliwiajagce uzyskanie monokrysztatow
odpowiednich do badan krystalograficznych. Struktury otrzymanych komplekséw
scharakteryzowano na podstawie wynikéw spektroskopii w podczerwieni (IR) oraz analizy
rentgenostrukturalnej. Badania krystalograficzne pozwolity na okreslenie geometrii
komplekséw, sposobu koordynacji jonédw VO?#, upakowania jondw w sieci krystalicznej

oraz oddziatywan stabilizujgcych te uktady.

Zastgpienie atomu tlenu bezposrednio zwigzanego z atomem wanadu atomem
siarki prowadzi do wydtuzenia wigzania V-X oraz zmniejszenia kata C-X-C w ligandzie
(gdzie X oznacza atom tlenu w przypadku liganda oda lub atom siarki w przypadku tda).

Zmiana ta wptywa réwniez na przesuniecie pasm drgan wigzania V=0 w widmach IR.

Na podstawie wynikéw spektrometrii mas oraz pomiaréw potencjometrycznych
ustalono, ze aniony [VO(acac)(oda)] i [VO(acac)(tda)] wystepujg w roztworach wodnych
w formie niezdysocjowanej w stosunkowo szerokim zakresie pH. Okreslono
najstabilniejsze formy tych kompleksoéw w zaleznosci od pH oraz wyznaczono ich state
trwatosci. Uzyskane diagramy stezeniowe pozwalaja na zdefiniowanie sktadu roztworu
w okreslonych warunkach pH. Z wykorzystaniem metod obliczeniowych okreslono
stabilnos¢ izomerdw oraz charakter wigzan w kompleksach zawierajacych ligandy oda

i tda.

W ramach badan biologicznych przeprowadzono testy cytotoksycznosci
na siedmiu liniach komérkowych: MCF-7 (rak piersi), PC3 (rak prostaty), HaCaT
(prawidtowe ludzkie keranocyty), MDA-MB-231 (rak piersi), HEK-293 (nienowotworowa
linia komodrek nerek), MG-63 (nowotwdr kosci) oraz hFOB (prawidtowe ludzkie
osteoblasty). Wyniki wskazujg, ze aktywnosci badanych zwigzkéw zalezy
od specyficznych cech lub wtasciwosci poszczegdlnych typéw komoérek uzywanych

w eksperymentach.
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Zwigzki N1 - [QH][VO(nta)(H20)](H20). oraz N2 - [(acr)H][VO(nta)(H.0)](H20).
wykazaty umiarkowang selektywnos¢ wzgledem linii PC3, jednak uzyskane wartosci byty
nizsze od oczekiwanych. Seria zwigzkéw zawierajgcych anion kompleksowy
[VO(acac)(oda)] (01, 02, 03) nie wykazata toksycznosci wobec komodrek prawidtowych,
jednak ich cytotoksycznos¢ wobec komorek raka piersi byta nizsza w poréwnaniu

do substancji referencyjnej.

Najbardziej obiecujace wyniki uzyskano w testach przeprowadzonych na linii
MG-63, gdzie przy niskich stezeniach badane sole wykazywaty wyzszg selektywnosc¢
niz cisplatyna. Warto zauwazy¢, ze zwigzki heteroaromatyczne, petnigce funkcje
przeciwjondéw w badanych solach kompleksowych, nie wykazywaty aktywnosci
przeciwnowotworowej. Na tej podstawie mozna przypuszczaé, iz o toksycznosci
opisanych w pracy zwigzkéw decyduje anion kompleksowy oksowanadu(lV).
Nie stwierdzono takze istotnych réznic miedzy serig [VO(acac)(oda)] a [VO(acac)(tda)].
Kompleksy zawierajgce labilny ligand akwa ([VO(nta)(H.0)]) wykazywaty ogélnie wyzsza
toksycznos$é w poréwnaniu do zwigzkdéw nieposiadajgcych tego liganda ([VO(acac)(oda)]
oraz [VO(acac)(tda)]), ale jednoczesnie byty mniej selektywne. Moze to wynikac¢

z ich wiekszej podatnosci na hydrolize oraz zmiane stopnia utlenienia.

Uzyskane wyniki badan strukturalnych, fizykochemicznych oraz biologicznych
wskazujg na nowy, interesujacy kierunek badawczy skoncentrowany na grupie
acetyloacetonianowych  zwigzkéw  oksowanadu(lV), zawierajacych w  sferze
koordynacyjnej ligandy polikarboksylanowe (oda, tda). Przedstawiono jednoczesnie
nowe strategie syntezy tych zwigzkdéw, ktére wykazujg cechy pozwalajgce
na ich potencjalne zakwalifikowanie jako kandydatéw do przysztych zastosowan w terapii
nowotworowej. Sposréd badanych linii komérkowych szczegélng uwage zwraca
ich dziatanie cytotoksyczne i selektywnos$¢ wobec komérek nowotworowych raka kosci.
To otwiera perspektywy dla dalszych badan nad zwigzkami oksowanadu(lV) w kontekscie

ich potencjalnego zastosowania w terapii nowotworow kosci.
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Streszczenie w jezyku polskim

Przedmiotem niniejszej rozprawy doktorskiej jest synteza nowych kompleksowych
zwigzkéw oksowanadu(lV) z ligandami polikarboksylanowymi oraz charakterystyka

ich wtasciwosci fizykochemicznych i biologicznych.

We wspoétczesnej medycynie z roku na rok wzrasta zainteresowanie
zastosowaniem zwigzkéw wanadu do leczenia chordb o réznej etiologii. Wielu badaczy
zwraca uwage na fakt, ze zwigzki te moga wykazywac¢ wtasciwosci przeciwnowotworowe
lub insulino-mimetyczne. Gtownym problemem napotykanym w trakcie poszukiwan
potencjalnych chemioterapeutykdéw przeciwnowotworowych jest zréwnowazenie
ich korzystnych efektéw i skutkdw ubocznych terapii. Jednym ze sposobéw
minimalizowania niepozgdanych efektéw jest wykorzystanie zwigzkéw kompleksowych,
dlatego tez uwaga badaczy jest skupiona na otrzymywaniu nowych pochodnych

oksowanadu(lV)

Czes¢ doswiadczalna obejmuje opis syntezy soli kompleksowych
oksowanadu(lV), w ktérych role kationu petni N-heterocykliczny zwigzek organiczny
(np. chinolina, akrydyna), zas anion koordynacyjny sktada sie z kationu oksowanadu(lV)
oraz ligandéw polikarboksylanowych. Otrzymano osiem zwigzkéw kompleksowych
podzielonych na trzy serie: N1 - [QH][VO(nta)(H20)](H20).,
N2 - [(acr)H][VO(nta)(H.0)](H.0),, N3 - [4,4'-dmo-2,2'(bpy)H][VO(nta)(H.O)]H-O
(Q -chinolina, acr - akrydyna, 4,4'-dmo-2,2'(bpy) - 4,4'-dimetoksy-2,2'-bipirydyna,
nta - ligand nitrylotrioctanowy), o1 - [QH][VO(acac)(oda)],
02 - [isoQ(H)][VO(acac)(oda)]H-0, 03 - [acr(H)][VO(acac)(oda)](H20).
(isoQ - izochinolina, acac- ligand acetyloacetonianowy, oda - ligand diglikolanowy) oraz

T1 - [QH][VO(acac)(tda)], T2 - [acr(H)][ VO(acac)(tda)] (tda - ligand tiodioctanowy).

Zwigzki te scharakteryzowano strukturalnie przy uzyciu metody dyfrakcji
promieniowania rentgenowskiego oraz spektroskopii w podczerwieni. Na podstawie
wynikéw badan potencjometrycznych opracowano diagramy stezeniowe obrazujgce
rozktad poszczegdlnych form kompleksow w zaleznosci od pH w roztworach wodnych.
Przeprowadzono obliczenia teoretyczne, ktére umozliwity okreslenie charakteru wigzan

w sferze koordynacyjnej wanadu w kompleksach heteroligandowych.
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Ocena cytotoksycznosci przeprowadzona na siedmiu liniach komdérkowych
(zarowno nowotworowych, jak i prawidtowych) wskazata na umiarkowang selektywnos¢
niektorych zwiazkéw oraz ich potencjat przeciwnowotworowy. Najlepsze wyniki uzyskano
dla linii MG-63 (osteosarcoma), gdzie przy niskich stezeniach niektére ze zwigzkdow
wykazywaty wiekszg selektywnos¢ niz cisplatyna. Heteroligandowe kompleksy
(zawierajgce anion [VO(acac)(oda)] lub [VO(acac)(tda)]) okazaty sie by¢ silniegj
cytotoksyczne w poréwnaniu do wolnych kationdw (akrydyny i chinoliny). Zwigzki
kompleksowe zawierajgce labilny ligand akwa ([VO(nta)(H.O)]) wykazywaty wyzsza

toksycznosé, lecz mniejszg selektywnosé.

Praca ta stanowi wktad w rozwéj wiedzy na temat chemii koordynacyjnej
oksowanadu(lV). W przysztosci uzyskane rezultaty moga przyczynié
sie do ukierunkowanego projektowania zwigzkdw o potencjalnym zastosowaniu

farmaceutycznym.
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Streszczenie w jezyku angielskim

The subject of this doctoral dissertation is the synthesis of new oxidovanadium(lV)
complex compounds with polycarboxylate ligands and the characterization of their

physicochemical and biological properties.

In modern medicine, interest in the use of vanadium compounds for the treatment
of diseases of various etiologies has been increasing year by year. Many researchers point
out that these compounds may exhibit anticancer or insulin-mimetic properties. A major
challenge encountered in the search for potential anticancer chemotherapeutic agents
is balancing their beneficial effects with the side effects of therapy. One strategy
to minimize adverse effects involves the use of coordination compounds, which
has directed research attention towards the synthesis of novel oxovanadium(IV)

derivatives.

The experimental part of this work describes the synthesis of oxidovanadium(lV)
complex salts, in which the cationic part is an N-heterocyclic organic compound
(e.g., quinoline, acridine), while the coordination anion consists of an oxidovanadium(IV)
cation and polycarboxylate ligands. Eight complex compounds were obtained
and divided into three series: N1 - [QH]VO(nta)(H,0),, N2 - [(acr)H]VO(nta)(H,0),,
N3 - [4,4'-dmo-2,2'(bpy)H][VO(nta)(H,O0)]H,O (Q - quinoline, acr - acridine,
4,4'-dmo-2,2'(bpy) - 4,4'-dimethoxy-2,2'-bipyridine, nta - nitrilotriacetate ligand);
o1 - [QH][VO(acac)(oda)], 02 - [isoQ(H)][VO(acac)(oda)]H,0,
O3 - [acr(H)]VO(acac)(oda), (isoQ - isoquinoline, acac - acetylacetonate ligand,
oda - diglycolate ligand); T1 - [QH][VO(acac)(tda)], T2 - [acr(H)][VO(acac)(tda)]

(tda—thiodiacetate ligand).

These compounds were structurally characterized using single-crystal X-ray
diffraction and infrared spectroscopy. Potentiometric studies were performed
to construct concentration—-pH diagrams illustrating the distribution of different complex
species in aqueous solution. Theoretical calculations provided insight into the bonding

nature within the vanadium coordination sphere in heteroligand complexes.
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Cytotoxicity assessments conducted on seven cell lines (both cancerous
and non-cancerous) indicated moderate selectivity for certain compounds
and confirmed their anticancer potential. The best results were obtained for the MG-63
(osteosarcoma) cell line, where at low concentrations some of the compounds exhibited
greater  selectivity than cisplatin. Heteroligand complexes (containing
the [VO(acac)(oda)]” or [VO(acac)(tda)]™ anion) proved to be more cytotoxic compared
to the free cations (acridine and quinoline). Complex compounds containing a labile aqua

ligand ([VO(nta)(H,0O)]") showed higher toxicity but lower selectivity.

This work contributes to the advancement of knowledge in the field of oxovanadium(lV)
coordination chemistry. In the future, the obtained results may support the targeted

design of compounds with potential pharmaceutical applications.
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Abstract: The crystal structures of two newly synthesized nitrilotriacetate oxidovanadium(IV) salts,
namely [QH][VO(nta)(H,0)](H,O); (I) and [(acr)H][VO(nta)(H,O)](H,O), (II), were determined. Ad-
ditionally, the cytotoxic effects of four N-heterocyclic nitrilotriacetate oxidovanadium(IV) salts—1,10-
phenanthrolinium, [(phen)H][VO(nta)(H,O)](H,0)g 5 (I11), 2,2"-bipyridinium [(bpy)H][VO(nta)(H,0)]
(Hy0) (IV), and two newly synthesized compounds (I) and (II)—were evaluated against prostate
cancer (PC3) and breast cancer (MCF-7) cells. All the compounds exhibited strong cytotoxic effects on
cancer cells and normal cells (HaCaT human keratinocytes). The structure-activity relationship anal-
ysis revealed that the number and arrangement of conjugated aromatic rings in the counterion had an
impact on the antitumor effect. The compound (III), the 1,10-phenanthrolinium analogue, exhibited
the greatest activity, whereas the acridinium salt (II), with a different arrangement of three conjugated
aromatic rings, showed the lowest toxicity. The increased concentrations of the compounds resulted
in alterations to the cell cycle distribution with different effects in MCF-7 and PC3 cells. In MCF-7
cells, compounds I and II were observed to block the G, /M phase, while compounds III and IV
were found to arrest the cell cycle in the Gy/G; phase. In PC3 cells, all compounds increased the
rates of cells in the Gy /Gy phase.

Keywords: vanadium complexes; crystal structure; prostate cancer cells; breast cancer cells;
antitumor activity

1. Introduction

The nitrilotriacetate ligand (Hynta®~™~) has flexible coordination properties that
allow for the construction of fairly stable oxidovanadium(IV) complexes, including het-
erometallic ones, with a range of interesting coordination entities. These types of V(IV)
complex anions can exist as binuclear or mononuclear entities. However, unlike the pre-
vious units, which are stabilized in the solid state with inorganic cations [1], namely
[(VO)»(12-O)(nta), ][4~ and [(VO),(pp-O)(nta),M(H,0)4]2~, the presence in the crystal lat-
tice of a distantly separated, monomeric anion, [VO(nta)(H,O)]~, is unique. Previous
reports have shown that aqua-(nitrilotriacetato-N,0,0’,0”)-oxidovanadium(IV) anions are
formed with protonated N-heterocyclic compounds (Figure 1). The observed phenomenon
is subsequently confirmed in this paper with two other N-heterocyclic counterions, i.e., the
quinolinium cation, [QH]* (I), and acridinium cation, [(acr)H]* (II).
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Figure 1. Examples of the counterions stabilizing discrete mononuclear [VO(nta)(H,O)]~ coordi-
nation units: (1) the quinolinium cation [QH]*, (2) the acridinium cation [(acr)H]*, (3) the 1,10-
phenanthrolinium cation [(phen)H]* [2], (4) the 2,2/-bipyridinium cation [(bpy)H]* [3], (5) the 4-
methylpyridinium cation [(4-Mepy)H]" [4], and (6) the 4-amino-2-methylquinolinium cation [(4-NH,-
2-MeQ)H]™* [5].

Recently, several biological studies have shown that oxidovanadium(IV)-based com-
plexes [6-8] have potential as anticancer agents. These complexes disrupt cellular metabolism
and alter cellular organelles, such as lysosomes and mitochondria, which are the main
targets for their antitumor effects. Additionally, vanadium can cause genotoxic effects
on the nuclei of cells and DNA damage, which can also disturb cell proliferation [9].
Table 1 summarizes the biological activities of certain [VO(nta)(H,O)] ™ salts with proto-
nated N-heterocyclic cations.

Table 1. Anticancer properties of some nitrilotriacetate oxidovandium(IV) salts.

Structure

Antitumor Activities References

/N

o=C

Hyc'/”V
=)

Cell lines:
Human HepG2 and SMMC-7721 hepatocellular carcinoma cell
lines
Activity:

/=01 Inhibition of cell proliferation. The ICs values (the

/ concentration for a 50% growth inhibition) are 42.46 uM for [10]

oo SMMC-7721 cells and 101.62 uM for HepG2 cells

4]

A relatively high cytotoxic effect (36.11 uM for SMMC-7721 and
107.79 uM for HepG2) was reported for the free phen ligand.
The nta and bpy ligands did not reveal significant cytotoxicity
(IC50 > 400 uM for HepG2 and SMMC-7721 cell lines)
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Structure Antitumor Activities References
_ o
O=C/\ ”/\\/C Cell lines:
o,,,,_v‘\\o’/c§0 Human pancreatic ductal adenocarcinoma cell line (PANC-1),
e ]]V‘J non-tumor human immortalized pancreas duct epithelial cells
- - ° (hTERT-HPNE)
- L.and Activity:
& ) A~ o Selective cytotoxicity of the complexes was observed for
« /T /C/ PANC-1 cells but their action was slightly lower than
N N O | \' itabine (a positive control, commonly used in pancreatic 5]
| Qi S Gy gemcita p ’ y p
2N " o |17 cancer treatment)
- - o Inhibition of autophagy process in selective cytotoxic
and concentration. The cell cycle arrest in the G, /M phase is
) . associated with mitotic catastrophe. Induction of a mixed type
m/\/c’o of cell death in PANC-1 cells, including apoptotic and
"™ |>C\ necroptotic processes
1oy O b=g
Hzo/”‘o
a]
o=c/\ T/\\/Cgo Cell lines:
\o,,,“w\g'/c§0 Human MG-63 and HOS osteosarcoma cell lines and the
no?” ]]‘0 untransformed (normal) human osteoblast cell line (hFOB1.10)
© Activity: 3
and The compounds showed selectivity for malignant cells. The 3]
} phenH salt exhibited a higher anti-proliferative activity towards
\ /\w/\/"’LJ MG-63 and HOS than the bpyH salt and cis-Pt(NH3),Cl, (a
LJ:L‘\OIIH:V“‘O’ te,, positive control)
Ho? | v
8]
Cell lines:
I Human MG-63 and HOS osteosarcoma cell lines and the
| 20" untransformed (normal) human osteoblast cell line (hFOB1.10)
(j o=c/\ N \ /C Activity: [4]
Sy \ou,,.v.\\o'/c§0 The cytotoxic effect was observed only at the higher
) O ”‘o concentration (>10 uM). Very low antiproliferative activity
0

(MG-63 and HOS cells). Lack of selectivity for normal and
malignant cells

However, the underlying anticancer mechanisms involving vanadium compounds
remain to be elucidated [9,11,12]. Therefore, it is necessary to conduct systematic studies
on the structure—activity relationships of this class of compounds in biological systems to
gain a better understanding of their action.

In this paper, we present the crystal structures of two newly synthesized nitrilotriac-
etate oxidovandium(IV) salts with the quinolinium cation, [QH][VO(nta)(H>O)](HO) (I),
and the acridinium cation, [(acr)H)][VO(nta)(H,O)](H,O); (II). Additionally, to gain a better
insight into the role of the counterions on the biological properties of the investigated salts,
the cytotoxic effects of the compounds (I) and (II) as well as their 1,10-phenanthrolinium
(III) and 2,2’-bipyridinium (IV) analogues on breast cancer cells (MCF-7), prostate cancer
cells (PC3), and human keratinocytes (HaCaT lines) were assessed and compared. Breast
cancer is the second leading cause of cancer death among women after lung cancer [13,14],
whereas prostate cancer was the second most frequent and fifth major cause of cancer-
associated death among men in 2020. These types of human cancers are among the 200
known varieties that pose major public health concerns [15]. Systematic studies on the
structures and physicochemical and biological properties of the investigated complexes
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will allow for a more thorough search for vanadium-based complexes that are candidates
for the formulation of pharmaceuticals with the desired biological properties.

2. Results and Discussion
2.1. Structural Description

The crystal structures of two new oxidovanadium(IV) compounds, [QH][VO(nta)(H,O)]
(H20); (I) and [(acr)H][VO(nta)(H,O)I(H,O), (II), are shown in Figures 2 and 3, re-
spectively. Tables 2 and 3 list selected interatomic bond distances and angles for both
compounds. Tetragonal crystals of compound (I) consist of two aqua-(nitrilotriacetato-
N,0,0/,0")-oxidovanadium(IV) anions, [VO(nta)(H,0)] ~, two quinolinium cations, [QH]",
and one water molecule. Three water molecules in the asymmetric unit of (I) were found
to be highly disordered, with atoms in special positions, and could therefore not be sat-
isfactorily modeled. They were removed from the electron density map using the OLEX
solvent mask command. Compound (II) crystallizes in an orthorhombic system con-
taining one [VO(nta)(H,O)]~ anion, one acridinium cation [(acr)H]*, modeled as disor-
dered over two positions, and two water molecules in the asymmetric unit. In contrast,
salts of [VO(nta)(H,0)]~ with the 1,10-phenanthrolinium cation [2], 2,2’-bipyridinium
cation [3], and 4-methylpyridinium cation [4] crystallize in the monoclinic system. The
crystal structure of the investigated complexes confirms the previous finding that proto-
nated N-heterocyclic compounds acting as counter-ions prevent the assembling of these
coordination units to dimers via an oxide bridge.

Figure 2. The molecular structure of [QH][VO(nta)(H,0)](H,0), (I). Displacement ellipsoids are
drawn at the 50% probability level, hydrogen atoms are drawn as spheres of arbitrary radii. Atom
colors: O—red, N—blue, C—grey, H—white.
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Figure 3. The molecular structure of [(acr)H][VO(nta)(H,O)](H20), (II). Displacement ellipsoids
are drawn at the 50% probability level, hydrogen atoms are drawn as spheres of arbitrary radii. The
hydrogen bonds are indicated by dashed lines. Atoms belonging to the disordered part (thick dashed
lines) were refined isotropically. Atom colors: O—red, N—blue, C—grey, H—white.

Table 2. Selected structural data of [QH][VO(nta)(H,O)](H,O), ().

Distance/Angle A- Distance/Angle Ac-
VIA—O7A 1.611(3) V1B—O7B 1.600(4)
V1A—O8A 2.001(3) V1B—O8B 2.006(4)
V1A—O1A 2.001(3) V1B—O1B 2.015(3)
VIA—O3A 1.984(3) V1B—O3B 1.990(3)
V1A—O5A 2.002(3) V1B—O5B 1.998(3)
VIA—NI1A 2.332(3) V1B—NI1B 2.321(3)

O1A—V1A—O3A 90.57(1) O1B—V1B—O3B 91.13(1)
O1A—V1A—O5A 150.27(1) 0O1B—V1B—O5B 150.13(1)
O1A—V1A—O7A 101.91(1) 0O1B—V1B—O7B 106.03(2)
O1A—V1A—O8A 85.02(1) 0O1B—V1B—O8B 84.94(1)
O3A—V1A—O5A 87.37(1) 0O3B—V1B—O5B 89.65(1)
O3A—V1A—O7A 96.19(2) 03B—V1B—O7B 92.97(2)
O3A—V1A—O8A 161.96(1) O3B—V1B—O8B 165.83(1)
O5A—V1A—O7A 107.80(1) O5B—V1B—O7B 103.71(2)
O5A—V1A—O8A 87.85(1) O5B—V1B—O8B 87.08(1)
O7A—V1A—O8A 101.84(1) O7B—V1B—O8B 101.20(2)

Table 3. Selected structural data of [(acr)H][VO(nta)(H,O)](H,O), (II).

Distance A Angle °
V1—08 1.594(5) 01—V1—03 92.25(2)
vV1—07 2.038(5) 01—V1—-05 150.55(2)
V1—O1 2.020(5) 01—V1—07 86.90(2)
V1—03 2.016(5) 01—V1—08 103.57(2)
V1—05 2.009(4) 03—V1—05 87.27(2)
V1—N1 2.334(6) 03—V1—-07 163.03(2)
03—V1—08 95.20(2)
05—V1—07 85.23(2)
05—V1—08 105.79(2)
07—V1—08 101.48(2)

The structural features of the [VO(nta)(H2O)]~ coordination units in compounds (I)
and (II) are similar to those found in other compounds containing mononuclear nitrilo-
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triacetate oxidovanadium(IV) moieties [2-5]: (i) the coordination sphere of the V4* cation
adopts a slightly distorted tetragonal bipyramidal geometry, (ii) the nitrogen atom of the
nta3~ anion always occupies the trans position relative to the oxido- ligand, (iii) the V-N
bond distance is longer than that found for dinuclear units containing a bridging oxy-
gen atom (u-O), and (iv) the aqua ligand and the oxygen atoms of carboxylate groups
occupy equatorial positions. Furthermore, the difference in wavenumber between the
asymmetric and symmetric stretching vibrations of carboxylate groups in the IR spectra
of the [VO(nta)(H,O)] ™ salts is similar to that observed in the IR spectrum of the nitrilo-
triacetate sodium salt, Nagnta [2]. This confirms the involvement of carboxy groups in
the coordination of the V#* cation in a monodentate fashion and suggests the ionic nature
of these interactions [16]. The O-H---O, N-H---O, C-H---N, and C-H---O intermolecular
hydrogen bonds between the oxygen atoms of nitrilotriacetato- and aqua ligands and
non-coordinated water molecules (Tables 4 and 5) as well as the 7---7t stacking interactions
of the neighboring organic cations play an important role in the stabilization of the crystal
lattice of the investigated complexes. In structure (I), the two quinolinium cations located in
the asymmetric unit form layer-type interactions with each other. Additionally, they stack
with other quinolinium cations, extending along the crystallographic c-axis (Figure 4 and
Table 6). In structure (II), the acridinium cations also participate in layer-type interactions,
contributing to the disorder observed in the acridinium cation. These cations form stacks
extending along the crystallographic a-axis. Both arrangements of the acridinium cation are
stabilized by N-H---O hydrogen bonds, each interacting with a different water molecule
(Figure 5 and Table 7). The water molecules, extracted from the electron density, form
channels extending along the crystallographic c-axis.

Table 4. Hydrogen bonding interactions for [Q(H)][VO(nta)(H,O)](H20),.

D—H-A d(D—H) d(H--A) d(D---A) <(D—H--A)
OSB—HS8BA-02A 0.92 1.78 2.636 (5) 1525
O8B—HSBB---02B 0.92 1.68 2.583 (5) 164.2
O8A—HB8AA---010C 0.92 1.74 2.624 (6) 158.9
O8A—HS8AB--O3B 0.92 2.36 2.928 (6) 1195
N11B—H11B---O5B 0.96 (8) 1.71 (8) 2.666 (6) 172 (7)
N11A—H11C---O1A 0.88 2.20 2.862 (6) 131.8
N11A—H11C---O2A 0.88 226 3.083 (6) 154.6

Symmetry code: (i) y, —x +1, —z + 1.

Table 5. Hydrogen bonding interactions for [acr(H)][VO(nta)(H,O)](H>O),.

D—H---A d(D—H) d(H---A) d(D---A) <(D—H:--A)
O8—HB8A.---06 i 0.84 (3) 1.80 (4) 2.597 (6) 157 (9)
O8—H8B---02 i 0.85 (3) 1.77 (3) 2.614 (6) 171 (9)

010—H10B---011 0.85 (3) 2.05 (10) 2.777 (10) 143 (14)
010—H10C---O4 0.85 (3) 2.00 (9) 2.762 (8) 149 (15)

O11—H11A.--04 0.85 (3) 2.13 (11) 2.839 (9) 141 (16)

011—H11B---010? 0.85 (3) 1.90 (5) 2.735 (13) 166 (18)
N10—H10---010 0.88 2.16 3.038 (15) 174.9

C22—H22---03 0.95 2.32 3.234 (14) 162.6

N10A—H10A---O11 0.88 2.19 3.069 (14) 174.3

C22A—H22A.--07 0.95 2.39 3.297 (8) 160.1

Symmetry codes: (if) —x+ 1,y — 1/2, —z+3/2; (iii) —x+ 1,y +1/2, =z +3/2; ((v) x + 1, y,z, (v) x + 1/2, —y + 3/2,
—z+1.
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Table 6. Stacking interactions in (I) (A, °].

R(@D)---R(J) Cg--Cg « B dy
Cgl---Cg3 ¥ 3.691(3) 177.63(19) 177.3(6) —3.432(5)
Cg2---Cga ™ 3.835(4) 177.3(2) 179.1(5) —3.404(6)

Cgl---Cg3 3.634(3) 2.37(19) 6.3(6) 3.415(5)

Cg2---Cg4 3.676(4) 2.7(2) 7.7(6) 3.446(5)
Cg3---Cgl v 3.691(3) 177.63(19) 177.3(6) 3.481(4)
Cg4---Cg2 Vi 3.835(4) 177.3(2) 179.1(5) 3.483(5)

Cgl, Cg2, Cg3, and Cg4 indicate the centroids of six-membered aromatic rings (R) depicted in Figure 4, a is a
dihedral angle between planes I and ], B is an angle between the Cg(I) and Cg(J) vectors that is normal to plane,
and d,, is a perpendicular distance of Cg(I) on the ring | plane. Symmetry transformations: (vi): x,y, — 1 + z; (vii):
Xy 1+z

Figure 4. Schematic representation of layer interactions in structure (I). The centroids are marked
with black dots. Cgl: (C14A-C19A); Cg2: (N11A, C11A-C14A, C19A); Cg3: (N11B, C11B-C14B, C19B);
Cg4: (C14B-C19B). Symmetry transformations: (vi): x, y, — 1 + z; (vii): x, y, 1 + z.

Figure 5. Schematic representation of layer interactions in structure (II). Atoms belonging to the
disordered part (thick dashed lines) were refined isotropically. Cgl: (C11-C16); Cg2: (N10, C11, C16,
C17,C18, C23); Cg3: (C18-C23). The centroids are marked with black dots. Symmetry transformations:
viii: = Vo+x, Vo —y, 1 —zix:Ya+x, % —y,1 —z.
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Table 7. Stacking interactions in (II) [A, °].

R(D---R(]) Cg---Cg « B dy
Cgl---Cg3 vt 3.740(9) 1.4(5) 2.5(11) —3.324(13)
Cg2---Cg3 il 3.833(8) 0.4(5) 0.6(11) —3.352(14)
Cg2---Cg2 vl 3.702(8) 0.1(5) 0.109) —3.353(14)
Cg3---Cg2 Vil 3.158(7) 0.6(5) 0.8(9) —3.372(16)
Cg3---Cgl v 3.645(8) 0.3(5) 0.6(12) —3.364(12)
Cgl---Cg3 ™ 3.652(9) 1.4(5) 2.9(11) 3.335(17)
Cg2---Cg3 ™ 3.544(8) 0.4(5) 0.9(12) 3.342(14)
Cg2---Cg2 ™ 3.673(8) 0.1(5) 0.3(12) 3.340(12)
Cg3---Cg2 ™ 3.577(7) 0.6(5) 1.5(12) 3.336(11)
Cg3---Cgl * 3.725(8) 0.3(5) 0.2(10) 3.343(12)

Cgl, Cg2, and Cg3 indicate the centroids of six-membered aromatic rings (R) depicted in Figure 5, « is a dihedral
angle between planes I and ], B is an angle between the Cg(I) and Cg(]J) vectors that is normal to plane I, and d, is
a perpendicular distance of Cg(I) on the ring J plane. Symmetry transformations: (viii): — %+ x, % — y, 1 — z; (ix):
Yo+x,Va—y, 11—z

2.2. Cytotoxic Activity of Vanadium Complexes

The cytotoxicity of the investigated salts on breast cancer cells (MCF-7), prostate cancer
cells (PC3), and human keratinocytes (HaCaT lines) was tested at the mitochondrial level
(the MTT assay) and the plasma membrane level (the LDH leakage). The results showed a
dose-dependent anticancer effect for all compounds (Figures 6 and 7).

The ICs values indicate that the tested compounds have greater antitumor activity
against PC3 cells than MCF-7 cells (Table 8). The oxidovanadium(IV) salts with phen(H)*
and bpy(H)* exhibited relatively higher cytotoxicity than the others. It is worth noting that
the 1,10-phenanthrolinium analogue exhibited the highest activity, while the acridinium salt,
which also comprises three conjugated aromatic rings but with a different ring arrangement,
showed the lowest toxicity for all the cells investigated.

Table 8. ICsy values and selectivity indexes (SI) of studied compounds. The selectivity index
represents the ratio of ICsy for the normal cell line and ICsg for the cancer cell line after 48 h of
treatment.

ICs0 [uM] SI
Compound
MCE-7 PC3 HaCaT MCE-7 PC3
I 117.03 44.16 52.11 0.46 1.18
I 116.50 61.90 76.08 0.65 1.23
I 56.16 18.06 6.37 0.11 0.35
v 86.93 40.78 30.15 0.35 0.74

Previous reports have shown that the intercalating properties of nitrogen-containing
heterocyclic compounds, which result in DNA damage, increase with the number of
heterocyclic moieties. Therefore, VO** complexes with phen ligands are typically more
effective in DNA cleavage than their bpy-containing counterparts [17-20]. This study
demonstrates that the anticancer effect of the tested compounds is not only enhanced by
the number of aromatic rings of the counterions [21,22] but also by their mutual geometric
configuration. The ICsy parameters of the [VO(nta)(H,O)]™ complexes differ depending on
the cations present. Specifically, complexes with cations containing three aromatic rings
(phen, acr) exhibit different parameters compared to those with cations containing two
aromatic rings (Q, bpy).
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Unfortunately, at concentrations above 10 uM for (1), (II), and (IV), and above 1 uM
for (III), the compounds have stronger effects on both normal (HaCaT) and tumoral (PC3
and MCEF-7) cells. The selectivity indexes, calculated as the ratio of ICsj for the normal cell
line and ICs for the cancer cell line, are low and indicate a lack of selectivity for both types
of cells (Table 8).
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Figure 6. The viability of PC3, MCF-7, and HaCaT cells assessed by MTT assay after 48 h treatment
with tested compounds (I-IV). Results are shown as the mean =+ standard deviation (SD) of three
independent experiments performed in triplicate. * Statistically significant difference is present
between treated cultures and the control (untreated culture), p < 0.05.
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Figure 7. The LDH release for PC3 and MCF-7 cells after 48 h treatment with the tested compounds
(I-IV). Results are shown as the mean + standard deviation (SD) of three independent experiments
performed in triplicate. * Statistically significant difference is present between treated cultures and

the control (untreated culture), p < 0.05.

2.3. Cell Cycle Analysis

Although the investigated compounds do not appear to be potential antitumor agents,
we examined the possible mechanism of their cytotoxic action by analyzing the cell cycle of
breast (MCF-7) and prostate (PC3) cancer model cells (Supplementary Figures S1-54).

Changes in the cell cycle distribution were not seen in the low, non-toxic concentration
range of the complexes compared with the control. However, higher concentrations of
compounds caused slight changes in the cell cycle phase distribution. In MCF-7 cells,
compounds I and II inhibited cell growth by inducing a block in the G, /M phase of the
cell cycle, whereas compounds III and IV arrested the cell cycle in the Gy/G; phase.

In PC3 cells, all compounds tested at higher concentrations caused a slight increase in
the Gp/Gj phase. At the same time, a decrease in the cell population in the G, /M phase was
observed. Thus, in contrast to sodium metavanadate, a simple inorganic salt that induced
Gy /M cell cycle arrest in prostate PC3 cancer cells [23], the tested compounds are thought
to have a cytotoxic effect resulting from Gy /G cell cycle arrest. However, it is important to
note that the impact of oxidovanadium(IV) complexes on cell progression depends on several
factors, including the type of organic ligand [9]. Some oxidovanadium(IV) complexes with
bpy and phen, namely [VO(ox)(bpy)(H20)], [VO(ox)(phen)(H,O)], [VO(ida)(bpy)l(H20),,
(phen)[VO(ida)(phen)](HO)4, and [phenH][VO(nta)(H,O)](H20), (ox = oxalate ligand, bpy
= 2,2-bipyridine, phen = 1,10-phenanthroline, ida = iminodiacetate ligand, nta = nitrilotri-
acetate ligand), were reported to arrest the cell cycle in the S and G, /M phases in hepatocel-
lular carcinoma cell lines [10]. Some other vanadium(IV) complexes with the phen ligand,

[VO(satsc)(phen)] (satsc = salicylaldehyde thiosemicarbazone, phen = 1,10-phenanthroline)
and [VO(3,5-dibrsatsc)(phen)] (3,5-dibrsatsc = 3,5-dibromosalicylaldehyde thiosemicar-
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bazone), have been found to cause the Gy/G cell cycle arrest in human hepatoma cell lines
(BEL-7402, HUH-7 and HepG2) [24].

The examples above demonstrate that selecting the appropriate types of heterocyclic
organic bases to act as auxiliary ligands (neutral complexes) or counterions (salt-type
complexes) creates opportunities to design new coordination compounds with interesting
physicochemical and biological properties.

3. Materials and Methods
3.1. Reagents

The reagents (Sigma-Aldrich, Poznan, Poland) used for the chemical studies were of an-
alytical grade and were used without further purification. They were as follows: VO(acac);
(>98%), nitrilotriacetic acid (Hznta) (>99%), acridine (>97%), and quinoline (>99%).

3.2. Synthesis of [QH][VO(nta)(H,0)I(H,0); (1) and [(acr)H)][VO(nta)(H,O)I(H,0); (II)

The synthesis of the complexes was carried out similarly to the methods used to
obtain compounds with 2,2’-bipyridyl and 1,10-phenanthroline as the cation [2,3]. Hsnta
(0.01 mol; 1.91 g) and VO(acac), (0.01 mol; 2.66 g) were mixed and dissolved in 40 mL
of water. After refluxing the mixture for approx. 0.5 h, the hot solution was filtered and
cooled. The appropriate organic compound was then added (0.01 mol; 1.29 g quinoline, or
1.79 g acridine). To eliminate Hyacac by evaporation, the mixtures were concentrated by
heating. The solutions were allowed to crystallize at room temperature. Within 10 days,
[QH][VO(nta)(H,O)](H,O), was obtained in the form of blue crystals, whereas the synthesis
of [(acr)H)][VO(nta)(H,0)](H,O), gave light green fiber-like structures. The composition
of the compounds studied was determined by elemental analysis of carbon, hydrogen, and
nitrogen (Vario EL analyser Cube CHNS).

Anal. Calcd for [QH][VO(nta)(H,O)](H,O), (I): C, 43.7%, H, 4.2%, N, 6.8%, Found: C,
43.5%, H, 4.2%, N, 6.7%.

Anal. Calcd for [(acr)H][VO(nta)(H,O0)](H,O), (I1): C, 46.6%, H, 4.5%, N, 5.7%, Found:
C, 46.4%, H, 4.4%, N, 5.6%.

Anal. Caled for [(phen)H][VO(nta)(H,O)l(H2O)o 5 (IIT): C, 46.6%, H, 4.5%, N, 5.7%,
Found: C, 46.4%, H, 4.4%, N, 5.6%.

Anal. Calcd for [(bpy)H][VO(nta)(H,0)](H,0) (IV): C, 42.9%, H, 4.3%, N, 9.4%, Found:
C, 42.6%, H, 4.3%, N, 9.2%.

3.3. X-ray Measurements

Crystal data, data collection, and structural refinement details are summarized in
Table 9. The crystal structure data were collected on an IPDS 2T dual beam diffractometer
(STOE & Cie GmbH, Darmstadt, Germany) at 120.0(2) K with MoK« radiation of a microfo-
cus X-ray source for 1 (GeniX 3D Mo High Flux, Xenocs, Sassenage, France), and CuKo
radiation for 2. Crystals were cooled using a Cryostream 800 open-flow nitrogen cryostat
(Oxford Cryosystems, Long Hanborough, UK). Data collection and image processing were
performed with X-Area 1.75 [25]. Intensity data were scaled with LANA (part of X-Area)
in order to minimize differences in intensities of symmetry-equivalent reflections. The
structures were solved using the intrinsic phasing procedure implemented in SHELXT
and all non-hydrogen atoms were refined with anisotropic displacement parameters by
applying a full-matrix least-squares procedure based on F2 using the SHELX-2014 program
package [26,27]. The Olex2 version 1.2.10 [28] and WinGx version 2023.01 [29] program
suites were used to prepare the final version of CIF files. Olex2 [28] was used to prepare the
figures. Hydrogen atoms were refined using the isotropic model with Uiso(H) values fixed
to be 1.2 or 1.5 times Ueq of the atoms to which they were attached. In the crystal structure
of (II), one of the acridinium cations was modeled as disordered over two positions. Three
water molecules in the asymmetric unit of (I) were found to be highly disordered, with
atoms in special positions, and could therefore not be satisfactorily modeled. They were
removed from the electron density map using the OLEX solvent mask command.
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Table 9. Crystal and structure refinement data of [QH][VO(nta)(H,O)I(H,0), (I) and [(acr)H]
[VO(nta)(H,O)](H20), (II).

Compound [QHI[VO(nta)(H,O)1(H,0), [(acr)HI[VO(nta)(H, O)1(H,0),
Empirical formula C30H34N4017V2 [+SOlV€I‘1t] C19H22N2010V
Formula weight 824.49 489.37

Crystal system, space group

tetragonal, 14

orthorhombic, P 2; 27 2;

Unit cell dimensions [A]

a = 31.8596(17)

a=6.9331(13)

b =31.8596(17) b=9.950(3)
¢ =7.1243(4) ¢ =29.644(7)
V (A% 7231.4 (9) 2044.9 (8)
Z 8 4
Radiation type Mo Ku Cu Ka
i (mm—1) 0.60 4.62

Crystal size (mm)

0.52 x 0.06 x 0.05

0.57 x 0.06 x 0.03

Absorption correction

Multi-scan
STOE LANA, absorption correction by
scaling of reflection intensities [30].
Afterwards, a spherical absorption
correction was performed within STOE

LANA
Tmin, Tmax 0.318,0.818
Noégigfjds‘gi% l(r;ﬁeringggxnd 7652, 5666, 4355 17,394, 3485, 3351
Rint 0.040 0.049
(sin 8/A)max (A1) 0.596 0.593
R[F? > 20(F?)], wR(F?), S 0.043, 0.091, 0.96 0.058, 0.155, 1.09
No. of reflections 5666 3485
No. of parameters 488 328

H-atom treatment

H atoms treated by a mixture of
independent and constrained refinement

H atoms treated by a mixture of
independent and constrained refinement

APmax, APmin (€ A73)

0.33, —0.26

0.51, —0.69

Absolute structure

Refined as an inversion twin

Flack x determined using 1321 quotients

[(I+) — A9)1/[(I+) + I-)] [31]

Absolute structural parameter

0.09 (3)

—0.006 (4)

CCDC number

2341557

2341558

3.4. IR Spectra

The IR spectra were recorded on the BRUKER IFS 66 spectrophotometer in a KBr pellet
over the 4400-650 cm ! range (Supplementary Figures S5-S7).

3.5. Biological Studies
3.5.1. MTT Assay

The MTT assay was used to determine the cytotoxicity of the compounds tested
against MCF-7 (breast cancer cells), PC3 (prostate cancer cells), and HaCaT (human ker-
atinocytes) lines. Cells were seeded in 96-well plates at a density of 4000 per well and
incubated overnight (37 °C, 5% CO,). The cells were then treated with the compounds in
the concentration range of 0.1 to 300 uM (aqueous solutions). The wells to which the vehicle
alone (H,O) was added served as controls. The prepared plates were further incubated for
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48 h. Then, aqueous MTT salt solutions (4 mg/mL, 25 uL./well) were added and, after 3 h
incubation, the formazan product was dissolved in DMSO. Absorbance was measured at
570 nm, and the wavelength of 660 nm was used as a reference (EnSpire microplate reader,
Perkin Elmer Lambda 650 (Waltham, MA, USA). The cell viability of the control was as-
sumed to be 100%. Three independent experiments were performed in three replicates. The
results were statistically analyzed using GraphPad Prism 7 (one-way ANOVA, Dunnett’s
multiple comparison test).

3.5.2. LDH Assay

The cells were incubated with the tested compounds in aqueous solutions at a con-
centration range of 0.1-200 uM and incubated at 37 °C with 5% CO; for 48 h. After the
appropriate incubation time, the level of LDH in the supernatant was analyzed using the
CyQUANT LDH Cytotoxicity Assay from Thermo Fisher, following the manufacturer’s
protocol. The solutions were then analyzed using a 96-well plate reader at 490 nm. LDH
release was expressed as a percentage of the maximum release resulting from cell lysis (as-
sumed to be 100%). Three independent experiments were carried out with three repetitions
each. The results were statistically analyzed using GraphPad Prism 7 (one-way ANOVA,
Dunnett’s multiple comparisons test).

3.5.3. Cell Cycle Analysis

The cells were treated with the studied compounds in aqueous solutions at concen-
trations of 10, 50, and 100 uM. After incubation at 37 °C with 5% CO, for 24 h, the cells
were dissociated using Accutase solution, fixed with ice-cold 70% ethanol, and stained with
propidine iodate for 30 min using Guava Cell Cycle Reagent from Luminex. The cells were
then analyzed using flow cytometry with a Guava easyCyte 12 from Merck. The scatter
plot FSC (Forward Scatter) versus the DNA content of the cell sample was used to gate the
cells and exclude cell debris and cell aggregates. The GuavaSoft 3.3 software (InCyte mode)
was used to evaluate the cells in different phases of the cell cycle.

4. Conclusions

Two new nitrilotriacetate oxidovanadium(IV) complexes with quinolinium and acri-
dinium cations were successfully synthesized and their crystal structures were described
based on X-ray measurements. Furthermore, the general structural features of complexes
with some N-heterocyclic aromatic cations were compared and discussed. Biological
studies have proven that newly synthesized complexes exhibit anticancer effects in a dose-
dependent manner on prostate cancer (PC3) and breast cancer (MCE-7) cell lines. Here,
higher concentrations of compounds led to changes in the cell cycle distribution, with
different effects in MCF-7 and PC3 cells. In MCF-7 cells, compounds I and II blocked the
Gy /M phase, while compounds III and IV arrested the cell cycle in the Gy/G; phase. In
PC3 cells, all compounds at higher concentrations increased the Gy/G; phase. Our studies
have shown that the number of conjugated aromatic rings in the counterion is not the only
factor influencing the anticancer activity of the tested salts. The arrangement of these rings
also plays a key role in affecting the biological action. Unfortunately, our investigation
found that the studied complexes lack selectivity, meaning they do not distinguish between
cancer cells and normal human keratinocytes (the HaCaT cell line), which is a critical issue
in developing effective anticancer treatments. In conclusion, our studies on vanadium
compounds have brought some understanding of their physicochemical properties and
biological activities, but unfortunately they indicate that the compounds presented in this
paper cannot stand as effective anticancer agents for the treatment of prostate and breast
cancer cells in vitro.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /molecules29122924 /s1, Figure S1: The cell cycle distribution of
MCE-7 cells after 24 h treatment with tested compounds (I-IV). Results are shown as the mean +
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standard deviation (SD) of three independent experiments performed in triplicate; Figure S2: The
histograms of MCE-7 cell cycle distribution after 24 h incubation with tested compounds. Histogram
regions correspond to the Gy/Gq, S and G, /M phases; Figure S3: The cell cycle distribution of PC3
cells after 24 h treatment with tested compounds (I-IV). Results are shown as the mean =+ standard
deviation (SD) of three independent experiments performed in triplicate; Figure S4: The histograms
of PC3 cell cycle distribution after 24 h incubation with tested compounds (I-IV). Histogram regions
correspond to the Gg/Gj1, S and G, /M phases; Figure S5: The IR spectra of Hsnta (1) and Naznta
(2); Figure S6: The IR spectrum of [QH][VO(nta)(H,O)](H,O), (I); Figure S7: The IR spectrum of
[(acr)H][VO(nta)(H,O)](H,0), (ID).
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Figure S1. The cell cycle distribution of MCF-7 cells after 24 h treatment with tested
compounds (I-IV). Results are shown as the mean =+ standard deviation (SD) of three
independent experiments performed in triplicate.
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Figure S2. The histograms of MCF-7 cell cycle distribution after 24 h incubation with tested
compounds. Histogram regions correspond to the Go/G1, S and G2/M phases.
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Figure S3. The cell cycle distribution of PC3 cells after 24 h treatment with tested compounds
(I-IV). Results are shown as the mean + standard deviation (SD) of three independent
experiments performed in triplicate.
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Figure S4. The histograms of PC3 cell cycle distribution after 24 h incubation with tested
compounds (I-IV). Histogram regions correspond to the Go/G1, S and G2/M phases.
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Investigations on the complex salts that comprise the nitrilotriacetate oxidovanadium(IV) anions, [VO(nta)
(H20)]17, and cations derived from the protonation of N-heterocyclic compounds have shown that their biological
activities are highly dependent on the specific biological characteristics of cancer cells. These compounds have
previously been reported as ineffective anticancer agents against prostate and breast cancer cells in vitro;
however, they exhibited significant selectivity for malignant cells in one particular case. As a result, these
compounds demonstrate potential as antitumor agents in osteosarcoma models that involve bone-related cells in
vitro. In this paper, we validate the previous findings by investigating the biological action of three [VO(nta)
(H20)]1~ salts with 4,4-dimethoxy-2,2"-bipyridinium [4,4-dmo-2,2-(bpy)H]", quinolinium [QH]", and acridi-
nium [(acr)H]" counterions, namely [4,4'-dmo-2,2-(bpy)H][VO(nta)(H20)]H20 (1), [QH][VO(nta)(H20)]
(H20)5 (2), [(acr)H][VO(nta)(H,0)](H20)5 (3) towards the human osteosarcoma cell line (MG-63) and the
normal osteoblast cell line hFOB 1.19. Additionally, the crystal structure of [4,4-dmo-2,2-(bpy)H][VO(nta)
(H20)1H20 (1) is presented. The compounds studied showed a selective cytotoxic effect on tumour cells, with the
selectivity index increasing in the following order 1 < 2 < 3. The mechanism of action of these salts on cells is not
yet fully understood. However, these types of oxidovanadium(IV) compounds show promise as potential anti-

cancer agents for human osteosarcoma cells.

1. Introduction

Vanadium is ubiquitous in the natural environment, revealing an
affinity to low- and high-molecular-weight compounds. Due to natural
evolution, this element participates in various naturally occurring pro-
cesses in nature [1]. Not surprisingly, there is interest in using vanadium
compounds in modern medicine to treat diseases of various etiologies.
Research on the biological activity of synthetically obtained vanadium
compounds is mainly focused on several fundamental areas, namely
antiviral and anti-inflammatory effects, antidiabetic properties, as well
as anticancer activity [2-7]. Numerous cancer cell lines have been the
subject of extensive research, particularly breast cancer cell lines [8-10]
and pancreatic cancer cell lines [11-13]. Among these, the treatment of
bone cancer has garnered significant attention, largely due to the pro-
pensity of vanadium to accumulate within skeletal structures [2,14,15].
Table 1 provides an overview of selected examples of compounds that
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E-mail address: dariusz.wyrzykowski@ug.edu.pl (D. Wyrzykowski).
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have been evaluated for their anticancer effects on bone cancer cells. It
should be noted that the ICs( values presented in Table 1 are intended
for illustrative purposes only, as they may be affected by differences in
experimental conditions under which the bioassays were conducted.
Despite numerous efforts to characterise the biological activity of oxi-
dovandium(IV) complexes, the proposed mechanisms underlying their
action have yet to be fully elucidated.

However, it remains a major challenge in the field to find the right
balance between the beneficial effects and side effects of vanadium-
based therapies [22]. The toxicity of vanadium compounds is affected
by the susceptibility to change the oxidation state of the metal ion, hy-
drolysis due to changes in environmental pH, and their affinity for
biologically important ligands [23]. An appropriate strategy of the
synthesis of new vanadium complexes through the selection of appro-
priate organic moieties may contribute to strengthening their cytotoxic
effect on cancer cells (both animal and human) and at the same time

0277-5387/© 2025 Elsevier Ltd. All rights are reserved, including those for text and data mining, Al training, and similar technologies.
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minimize their negative impact on healthy cells [24-26]. An additional
critical factor influencing the biological activity of vanadium com-
pounds is the variability in biological characteristics across different cell
types. These variations can be attributed to several factors, including
distinct metabolic pathways, differential receptor expression, and
diverse signalling mechanisms [27]. Consequently, these differences can
significantly impact the interaction between vanadium compounds and
cellular entities.

It is important to highlight that salts containing [VO(nta)(H20)] ™
have been reported to be ineffective as anticancer agents against pros-
tate and breast cancer cells in vitro [28]. Unexpectedly, the combina-
tions of the [VO(nta)(H,O)]  anions with cations derived from the
protonation of N-heterocyclic compounds, specifically 1,10-phenanthro-
linjum, [(phen)H]", and 2,2-bipyridinium, [(bpy)H]", have revealed
significant selectivity for malignant cells, namely on human osteosar-
coma cells [19]. Consequently, these findings suggest their potential as
antitumor agents in osteosarcoma models involving bone-related cells in
vitro [19].

As part of our ongoing research into the design, synthesis and anti-
tumor properties of vanadium compounds, we have explored the use of
different N-heterocyclic cations as counterions. Specifically, we have
selected  4,4-dimethoxy-2,2"-bipyridinium [4,4-dmo-2,2-(bpy)H] ™,
quinolinium [QH] ", and acridinium [(acr)H] " for the synthesis of new
[VO(nta)(H20)] ™ salts (Fig. 1). These counterions differ in terms of the
number and arrangement of aromatic rings.

This paper assesses the antitumour activity of newly synthesized
salts, [4,4-dmo-2,2'-(bpy)H][VO(nta)(H20)]H20 (1), [QH][VO(nta)
(H20)]1(H20)4 (2) and [(acr)H][VO(nta)(H20)](H20), (3) on the human
osteosarcoma cell line (MG-63) and human osteoblast cell line (hFOB
1.19), and compares them with the properties of cis-platin. Additionally,
the crystal structure of [4,4-dmo-2,2"-(bpy)H][VO(nta)(H20)]H,0 (1) is
presented.

2. Materials and methods
2.1. Reagents

The reagents (Sigma-Aldrich) used for the chemical studies were of
analytical grade and were used without further purification. They were
as follows: VO(acac), (>98 %), nitrilotriacetic acid (Hsnta) (>99 %), 4-
4'-dimethoxy-2-2"-bipyridine (>97 %), quinoline (Q, >97 %), acridine
(acr, >97 %).

2.2. The synthesis of [4,4-dmo-2,2-(bpy)H][VO(nta)(H>0)]H20

The mixture of VO(acac), (1.3 g, 0.005 mol) and Hsnta (1 g, 0.005
mol) in water (20 mL) was refluxed until receiving a clear, blue solution.
Then, 4-4"-dimethoxy-2,2-bipyridine (1.1 g, 0.005 mol) was added. The
mixture was heated for ca. 15 min and left for crystallization at room
temperature. After 2-3 days compound crystallizes in the form of blue
crystals. The composition of the compound studied was established
based on elemental analysis of carbon, hydrogen and nitrogen (Vario EL
analyzer Cube CHNS). Anal. Calcd for [4,4-dmo-2,2"-(bpy)H][VO(nta)
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(H20)]H20 (1): C, 42.52 %, H, 4.53 %, N 8,27 %, Found: C, 42.39 %, H
4.56 %, N 8.27 %. The syntheses, X-ray crystal structure, physico-
chemical and biological properties of the two remaining complexes,
[QHI[VO(nta)(H20)](H20)2 (blue) (2) and [(acr)H][VO(nta)(H20)]
(H20): (green) (3), were previously described in the literature [28].

2.3. Single-crystal X-ray diffraction

Single-Crystal X-Ray Diffraction data were collected at T = 291(2) K
on an Oxford Diffraction Gemini R ULTRA Ruby CCD diffractometer
with MoKo (A = 0.71073 /0\) radiation (Table 2). The lattice parameters
were obtained by least-squares fit to the optimized setting angles of the
reflections collected by means of CrysAlis CCD and were reduced using
CrysAlis RED software [29] and applying multi-scan absorption cor-
rections. The structural resolution procedure was carried out using the
SHELX [30]. The structure was solved with direct methods that carried
out refinements by full-matrix least-squares on F> using the SHELXL-
2017/1 program [30]. H-atoms bound to O/N-atoms were located on
a difference Fourier map and refined freely with Uj,(H) = 1.5/
1.2Uq(O/N). H-atoms bound to C-atoms were placed geometrically and
refined using a riding model with C—H = 0.93-0.97 A and Uiso(H) =
1.2U¢q(C) (C—H = 0.96 A and Uiso(H) = 1.5U¢q(C) for the methyl
groups). All interactions were found using the PLATON program [31]
whereas ORTEPII [32], and Mercury [33] programs were used to pre-
pare the molecular graphics. Crystallographic data for the structure re-
ported in this article have been deposited at the Cambridge
Crystallographic Data Centre, under deposition number No. CCDC
2326576. Copies of the data can be obtained free of charge via htt
ps://www.ccde.cam.ac.uk/structures/.

2.4. The cell culture

The human osteosarcoma cell line (MG-63) and the osteoblast cell
line (hFOB 1.19) obtained from ATTC were used to determine the
cytotoxic effect of three vanadium compounds (1, 2, 3). MG-63 cells
were cultured in Eagle’s Minimum Essential Medium containing sodium
pyruvate at a concentration of 110 mg/mL supplemented with 10 % fetal
bovine serum, 6 pg/mL penicillin-G, and 10 pg/mL streptomycin. For
the hFOB cells, a mixture of Dulbecco’s modified Eagle’s medium and
HAM F12 medium in a 1:1 ratio was used for growth.

2.5. The MTT assay

The MTT assay (PROMEG, Poland) was used to check the viability of
the hFOB and MG-63 cell lines. Cells were seeded in triplicate in 96-well
plates, at a density of 6000 cells/well in a cell culture medium. The cells
were then treated with compounds 1, 2 and 3 at the following concen-
trations: 12.5 pM, 25 pM, and 50 pM for 48 h. Absorbance was recorded
at 570 nm (ASYS Hitech GmbH microplate reader, Biogenet). Results
were calculated as a percentage of the control values (unexposed
cells-100 %). The compound blank was used for each concentration to
correct the absorbance values for the background.

Table 1

Selected examples of oxidovanadium(IV) compounds and their ICso values (1M) on bone cancer and normal cell lines.
Compound UMR106 MG-63 MC3T3E1 hFOB 1.19 Ref.

Bone cancer cells Bone cancer cells Normal bone cells Normal bone cells

VO(oda)(H20)2 2.5-100 100 2.5-100 - [16,17]
[VO(oda)(dppz)1H,0 - 25-100 - - [18]
VO(oda)(phen) - 58 - - [17]
VO(oda)(bpy) - 100 - -
[(phen)H][VO(nta)(H,0)1(H;0)o.5 - 50-100 - 10-50 [19]
[(bpy)H][VO(nta)(H,0)1H20 - 50-100 - 100-250
[VO(chrysin)2(EtOH)]» - 16 - - [20]
Metvan - 0.75 - - [21]
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Fig. 1. Structures of investigated compounds.

Table 2
Crystal and structure refinement data of [4,4-dmo-2,2-(bpy)H][VO(nta)
(H20)]H20.

Empirical formula C18H23N2015V
FW/g mol ™! 508.33
Crystal system monoclinic
Space group P2;/n

a/A 7.1101(4)
b/A 10.0822(5)
c/A 30.2341(17)
a/® 90

B/° 92.401(4)
v/ 90

v/A® 2165.5(2)

Z 4

Peaie/g cm > 1.559

20 range for data collection/® 3.37-25.00
Reflections collected 12,607
Reflections unique 3699 [Rint = 0.0290]
Data/restraints/parameters 3699/4/316
Goodness-of-fit on F? 1.068

Final R, value (I > 26(D)) 0.0396
Final wR,, value (I > 26(D) 0.0932
Final R; value (all data) 0.0458
Final wR; value (all data) 0.0967

CCDC number CCDC 2326576

3. Results and discussion
3.1. The crystal structure description

Compound (1) crystallizes in the monoclinic P2;/n space group with
one [4,4-dmo-2,2-(bpy)H]™ cation, one [VO(nta)(H,0)]~ anion and
one water molecule in the asymmetric unit (Fig. 2, Table 2). Fig. 2 shows
a molecular structure of the [4-4-dmo-2,2"-(bpy)H] [VO(nta)(H,0)]H20
with the atom labelling scheme, whereas Table 3 lists the interatomic
bond distances and angles. The [4,4-dmo-2,2-(bpy)H]T cation is
another example of an ion formed by the protonation of an N-hetero-
cyclic compound capable of stabilizing mononuclear [VO(nta)(H30)]™
anion instead of dinuclear [(VO)-g(pg-O)(nta)z]“’ ones [34-36].

The coordination sphere of the V(IV) cation involves three oxygen
atoms from the nitrilotriacetato ligand and one oxygen atom from a
water molecule in the equatorial plane. The axial positions are occupied
by the nitrogen atom of the nta ligand and the oxido ligand. The anion
structure of [VO(nta)(H20)]™ exhibits a distorted tetragonal bipyra-
midal geometry. Both the coordination mode of V(IV) and the geometry
of the complex ion are typical for this type of structural unit presented in
other known nitrilotriacetate oxidovanadium(IV) salts [19,28,37,38].
However, it is worth noting that the type of the counterion, namely the
number of aromatic rings and their mutual geometric configuration af-
fects the packing arrangement of ions in the crystal lattice. Single-crystal
X-ray diffraction measurements show that compounds 1-3 crystallize in

Fig. 2. The molecular structure of [4,4-dmo-2,2-(bpy)H][VO(nta)(H,0)]H,0.
Displacement ellipsoids are drawn at the 35% probability level, hydrogen atoms
are drawn as spheres of arbitrary radii.

Table 3
Selected geometric parameters (;\, °) for [4,4"-dmo-2,2-(bpy)H] [VO(nta)(H,0)]
H-0.

Bond d [A] Valence angle z [°]
V1—08 1.595(2) 08—V1—01W 101.29(8)
V1—N7 2.318(2) 08—V1—01 106.46(8)
V1—01W 2.029(2) 08—V1—03 94.08(8)
V1—01 2.007(2) 08—V1—05 102.47(8)
V1—03 2.005(2) 08—V1—N7 171.32(8)
V1—05 2.000(2)

the monoclinic P2;/n, tetragonal I4, and orthorhombic P212; 2; space
group, respectively.

The distance between the neighbouring V(IV) coordination centres
(6.597 A) in (1) is slightly longer than that found for [(bpy)H][VO(nta)
(H20)]H20 (V---V = 6.474 j’\) [19]. This finding can be explained by the
smaller volume of [(bpy)H]+ compared to [4,4-dmo-2,2"-(bpy)H] ™. In
the crystal lattice, the [VO(nta)(H20)]™ anions are linked by Ocwater)-
—-H-.-:O and C—H---O hydrogen bonds to form ribbons along the b-axis,
whereas neighbouring [4,4’-dm0-2,2’-(bpy)H]+ cations interact by n---n
interactions (with centroid---centroid distances [d(Cg---Cg)] 3.699(2) A
and separation 3.408 A between the mean planes of aromatic rings of
bipyridyl moiety) producing n-stacked columns (Fig. 3, Table 4). In the
crystal packing, adjacent ribbons of [VO(nta)(H20)] ™ ions interact with
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Fig. 3. The crystal packing of [4,4-dmo-2,2-(bpy)H][VO(nta)(H20)]H20
viewed along the b-axis (n-stacked columns of bipyridine are highlighted in
green, whereas tapes of [VO(nta)(H,O)]  anions are highlighted in yellow
(hydrogen bonds are represented by dashed lines). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)

Table 4

The hydrogen bonds geometry of [4,4-dmo-2,2"-(bpy)H][VO(nta)(H20)]H20.
D—H--A d(D—H) d(H--A) d(D---A) <D—H--A

@& @& @) ©)

O1W-H1WA.--06' 0.90(2) 1.72(2) 2.625(2) 175(3)
O1W-H1WB...02 0.91(3) 1.72(3) 2.635(3) 176(3)
02W-H2WA---01  0.94(3) 2.07(4) 2.976(3) 162(4)
O2W-H2WB---04"  0.94(4) 2.03(4) 2.849(4) 144(4)
N11-H11A..-03 0.77(3) 2.35(3) 2.897(3) 129(3)
C4-H4A.--08" 0.97 2.43 3.289(3) 148
C13-H13A---02" 0.93 2.46 3.336(3) 157
C15-H15A-.-04"i 0.93 2.41 3.335(3) 177
C18-H18A..-04"1 0.93 2.36 3.286(4) 178
C20-H20A---02W 0.93 2.36 3.273(4) 168
C24-H24B.--02W"i 0,96 2.60 3.469(4) 151

Symmetry codes: (i) 1/2 —x, —1/2+y,3/2 —z; (i) 1/2 - x,1/2 +y, 3/2 — z;
(i) 1 -x, -y, 1 -z @(v) —x, -y,1 —z; (v) -1 +x,y, z; (vi) X, 1 +y, z; (vii) —x,
1-y,1—-z i)l -x,1-y,1—1z
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n-stacked columns of [4,4’-d1‘no-2,2’-(bpy)H]+ cations directly by
N—H.--O or through water molecule via C—H-:-Owater) hydrogen bonds
(Fig. 3, Table 4).

3.2. Biological studies

The cytotoxicity of three oxidovanadium compounds, namely [4,4'-
dmo-2,2"-(bpy)H] [VO(nta)(H20)1H20 (1), [QH][VO(nta)(H20)1(H20);
(2), [(acr)H][VO(nta)(H20)](H20)> (3), towards the osteosarcoma cell
line MG-63 and the normal osteoblast cell line hFOB was determined
using the MTT test. The results were compared to the activity of a cis-
platin, cis-Pt(NH3)5Cly, the well-known chemotherapeutic drug [39].
Concentrations of 12.5 pM, 25 pM, and 50 uM were tested for 48 h. The
results for both cell lines are presented in Figs. 4 and 5.

MTT assays showed that all three oxidovanadium(IV) complexes
exhibited a cytotoxic effect on cancer cells in a concentration-dependent
manner. However, cisplatin was found to have more potent cytotoxic
activity compared to the other compounds. Furthermore, the cytotoxic
effect of cisplatin was also observed on the osteoblast cell line (hFOB),
while the other compounds either had no cytotoxic effect or displayed
only a slight effect. The selectivity index (SI) quantifies the percentage of
viability of the hFOB 1.19 osteoblast cell line compared to a cancer cell
line. For (1), (2) and (3) (at a concentration of 50 uM), the selectivity
indexes were 2.89, 4.69, and 9.31, respectively. In comparison, cis-platin
had a selectivity index of 3.8. Generally, selectivity index values above
5.0 are considered more desirable. Interestingly, although (2) and (3)
had a lower cytotoxic effect on the osteosarcoma cell line, they had a
higher selectivity index than cis-platin.

MTT: hFOB cells

=
=
2

cell viability [% control]
]
"
H

§ (1)

Fig. 5. The viability of human osteoblast cells MG-63 following treatment with
tested compounds for 48 h. Cis-platin was used for comparison purpose. Mean
values + SD; ***p < 0.001 vs control cells set as 100 %.
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Fig. 4. The viability of osteosarcoma cancer cells MG-63 following treatment with tested compounds for 48 h. Cis-platin was used for comparison purposes. Mean

values + SD; ***p < 0.001 vs control cells set as 100 %.
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4. Conclusions

We have previously demonstrated the potential of [VO(nta)(H20)] ™~
salts with protonated N-heterocycles, specifically 1,10-phenanthroli-
nium ([(phen)H]™) and 2,2-bipyridinium ([(bpy)H]'), to inhibit
tumour growth in osteosarcoma bone-related cells cultured in vitro. This
research further validates these findings by investigating other nitrilo-
triacetate oxidovanadium(IV) salts comprising mononuclear [VO(nta)
(H20)]1™ coordination entities and 4,4-dimethoxy-2,2"-bipirydynium,
([4,4’-dmo-2,2"-(bpy)H] 1), quinolinium ([QH] ™), and acridinium ([(acr)
H]™) counterions, namely [4,4-dmo-2,2-(bpy)H)][VO(nta)(H,0)]H,0
(1), [QHI[VO(nta)(H20)1(H20)2 (2) and [(acr)H][VO(nta)(H20)]
(H20)2 (3). Consequently, these compounds represent a remarkable
class of substances that could serve as promising antitumour agents,
although their precise mechanism of action on the cells studied remains
to be fully understood. Finally, it is important to recognise that the
biological activity of the vanadium complexes studied is significantly
influenced by the specific cell lines used. In contrast to bone cells,
nitrilotriacetate oxidovanadium(IV) complexes show limited efficacy as
anticancer agents against prostate and breast cancer cells in vitro. This
difference in efficacy is likely to be due to differences in cellular re-
sponses between different cell types.Abbreviations

acac acetyloacetonate

acr acridine

bpy bipyridine

dmo dimethoxy

dppz dipyrido[3,2-a:2',3"-c] phenazine
hFOB 1.19 normal osteoblast cell line
MG63 human osteosarcoma cell line
MTT -(4,5-dimetrylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
nta nitrilotriacetate ion

phen 1,10-phenanthroline

Q quinoline

oda oxydiacetate
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Structural, Physicochemical, and Biological Insights into
Novel (Acetylacetonate)(Oxydiacetato)Oxidovanadium(IV)
Complexes with N-Containing Aromatic Compounds

Katarzyna Chmur,*® Jakub Brzeski,” ¢ Swathy Reghukmar,” Aleksandra Tesmar,”
Artur Sikorski,” Iwona Inkielewicz-Stepniak,” and Dariusz Wyrzykowski®

The crystal structures of three novel oxidovanadium(lV) salts
containing the [VO(acac)(oda)]” anion (acac=acetylacetonate,
oda=oxydiacetate) and quinolinium ([QHIY), isoquinolinium
((isoQ)H™) and acridinium ([(acr)H")] counterions, of molecular
formulas [QHI[VO(acac)(oda)] (1), [(isoQ)H][VO(acac)(oda)l(H,0)
(2) and [(acr)H][VO(acac)(oda)l(H,0), (3) are reported. Notably,
these complexes represent the first structurally characterized
salts comprising the heteroligand [VO(acac)(oda)]- complex
anion. A comprehensive physicochemical characterization of
the complexes in both solid state and solution is provided, with
general discussions on the role of nitrogen-containing hetero-

Introduction

The oxydiacetate anion, [oda, O(CH,COO™),] is recognised as a
multi-donor, flexible ligand capable of forming relatively stable
complexes with various metal ions!? Rich coordination
chemistry of metal-oxydiacetate complexes arises from the
presence of five oxygen donor atoms, allowing this ligand to
engage in various coordination modes with metal centres.”
This versatility also extends to the formation of heteronuclear
metal-organic frameworks, which further enriches the structural
and functional diversity of these complexes” Consequently,
the oda ligand exhibits significant potential for constructing
coordination compounds with captivating architectures and
framework topologies. These properties make such compounds
particularly valuable for a range of applications in fields such as
catalysis and materials science.?® In the solid state, the oda
ligand can adopt two conformations in the coordination sphere
of the metal ion: a planar arrangement (meridional, mer) and a
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cyclic compounds on the structure of the resulting ternary
oxidovanadium(lV) complexes. The experimental results were
complemented by density functional theory (DFT) calculations
to evaluate possible ligand conformations in the coordination
sphere of V(IV). In addition, the nature of the bonds involved in
the chelation of the vanadium(lV) cation is considered and a
detailed assessment of the electron spin density is presented.
Finally, the cytotoxic activity of the compounds was tested
against breast (MDA-MB-231 and MCF-7) cancer cell lines to
assess their potential use as chemotherapeutic agents in cancer
therapy.

non-planar arrangement (facial, fac) (Figure 1). However, the
mer conformation of the oxydiacetate (oda) ligand is more
frequently observed. Structural studies have shown that oda
adopts a meridional geometry in the binary complexes of
oxidovanadium(lV) ([VO(oda)(H,0),]),"® manganese(ll) ([{Mn-
(oda)(H,0)}H,01,® and [Mn(H,0)(oda)l(H,0)"), iron(ll) ([{Fe-
(oda)(H,0),} H,01),"™ zinc ({[Zn(oda)ysH,01,"? and {[Zn-
(oda)(H,0),]H,01.™), magnesium ([{Mg(oda)(H,0)}-H,0],"* and
calcium ([Ca(oda)(H,0)s]-H,0)." In contrast, the fac conforma-
tion is observed for the nickel(ll) and copper(ll) compounds,
[Ni(oda)(H,0);1(H,0), 5" and [Cu(oda)(H,0);],-3H,0.1"”

The synthesis conditions have been shown to influence the
distribution of adjacent donor and acceptor groups in the
crystal lattice. Consequently, this arrangement can facilitate
hydrogen bonding interactions that stabilize specific conforma-
tions of the oxydiacetate ligand. A representative example is
cobalt(ll)-oxydiacetate complexes, which can exist as either
mono- or polymeric species depending on the synthesis
conditions. In these complexes, the oda ligand is capable of
adopting both mer ([{Co(oda)(H,0)}-H,01,"® and fac ([Co-
(0da)],"” [Co(oda)(H,0),]-1.5H,0"®) coordination geometries.

~ T~ Dp—

(o] ———r

mer fac

Figure 1. The meridional (mer) and facial (fac) conformations of the oxy-
diacetate (oda) ligand.

© 2025 Wiley-VCH GmbH
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The presence of aqua ligands (H,0) in the coordination sphere
of a metal ion in [M(oda)(H,0),] enables their substitution by
ligands exhibiting a stronger affinity to the coordination centre
(M) than H,O. In the resulting heteroligand complexes, the
secondary ligand forces oxydiacetate to take on a specific
conformation that minimizes steric hindrance. Outstanding
examples of heteroligand complexes are those with the oxy-
diacetate ion as the primary ligand and the phenanthroline
(phen) or bipyridine (bpy) as the secondary ligand. In the
complexes of Mn(I)®, Cu(I)™™, and Zn(I)"'?, the original meri-
dional conformation of the oxydiacetate (oda) ligand is
maintained. Interestingly, an exception is the oxidovanadium-
(IV) complex [VO(oda)(H,0),], where the exchange of aqua
ligands induces a ligand conformational change from mer to
the fac ®'*?%, In this case, the transition from the mer to the fac
conformer results in an extension of the bond between the
central atom and the ether oxygen of the oda ligand. The
elongation of this bond effectively reduces the strain within the
five-membered rings formed by the oda ligand, thereby
enhancing the stability of the complex” An unexpectedly
different situation is observed in Co(Il)®**" and Ni(l)®**? com-
plexes, where the conformation of the oda ligand changes from
fac to mer in the presence of bpy or phen.

In our ongoing investigations into polycarboxylate
oxidovanadium(lV) complexes, we aim to expand the under-
standing of their structural and functional capabilities. This
paper presents a novel synthesis strategy for hetero-ligand
complexes that incorporate acetylacetonato (acac) and oxy-
diacetato (oda) ligands in the coordination sphere of the VO**
cation, [VO(acac)(oda)]”. The choice of these ligands is predi-
cated on their ability to modulate the electronic and steric
properties of the resulting complexes, thereby influencing their
stability and reactivity. In addition, the results presented also
address their detailed structural and physicochemical character-
isation. Finally, preliminary investigations of the biological
effects of the newly synthesized, hetero-ligand complexes on
breast cancer cell lines are also reported and their potential for
cancer therapies is discussed.

Experimental Part

Reagents

The reagents (Sigma-Aldrich) used for the chemical studies were of
analytical grade and were used without further purification. They
were as follows: VO(acac), (>98%), 2,2-oxydiacetic acid (H,oda) (>
98%), quinoline (Q, >97%), isoquinoline (isoQ, >97%), acridine (acr,
>97%).

The Synthesis of Complexes

The reactants were mixed in equimolar amounts: VO(acac), (1.34 g,
5 mmol) and H,oda (0.67 g, 5 mmol) and dissolved in water (40 mL).
The resulting mixture was then heated to boiling under a reflux
condenser for ca. 30 min. Upon forming a clear blue solution, the
reaction mixture was concentrated to appr. ; of ist original volume.
Subsequently, N-heterocyclic organic compounds were added to
the reaction mixture as follows: (1) quinoline (0.65 g, 5 mmol), (2)

Chem. Eur. J. 2025, 31, 202404496 (2 of 9)

isoquinoline (0.65 g, 5 mmol), or (3) acridine (0.90 g, 5 mmol). The
resulting mixture was heated for ca. 20 minutes. Compounds (1)
and (2) crystallise after one week as blue-green crystals, while
compound (3) crystallises as green needle-like crystals. Yields of the
reactions: 75-85%. The compositions of compounds (1-3) were
determined by elemental analysis of carbon, hydrogen and nitro-
gen. (Vario EL analyzer Cube CHNS). Anal. Calcd for [QHI[VO-
(acac)(oda)] (1): C, 504%, H, 45%, N 3.3%, Found: C, 50.5%, H
4.3%, N 3.2%. Anal. Calcd for [(isoQ)H][VO(acac)(oda)l(H,0) (2): C,
484%, H, 48%, N33%, Found:C,487%, H 5.1%, N3.3%.
Anal. Calcd for [(acr)H][VO(acac)(oda)l(H,0),: C, 51.4%, H, 49%, N,
2.7%, Found: C, 51.6%, H, 47%, N, 2.9%. FT-IR (KBr, cm™") for
[QH][VO(acac)(oda)]l (1): 1580 (V4 coo ), 1357, 1312 (¥ oo ), 1132
Vas ceodr 983 (w_o). FTIIR (KBr, cm™") for [(isoQHIVO-
(acac)(oda)l(H,0) (2):1583 (V45 coo ) 1363 (Vs coo )i 1139 (Vo5 c0-0)s
982 (vy_o). FT-IR (KBr, cm™) for [(acr)H][VO(acac)(oda)l(H,0),: 1589
(Vascoo )r 1359, 1319 (V500 ), 1145 (Vg5 c_0-0), 985 (Wy_o).

Single-Crystal X-Ray Diffraction

Single-Crystal X-Ray Diffraction data for compounds 1 and 2 were
collected at T=291(2)K on an Oxford Diffraction Gemini R ULTRA
Ruby CCD diffractometer with MoKa (L=0.71073A) radiation,
whereas for compound 3 was collected at 100.0(1)K, on a Rigaku
Synergy Dualflex automatic diffractometer (Rigaku Corporation,
Tokyo, Japan) equipped with a Pilatus 300 K detector and micro-
focus sealed Photonlet X-ray tube with CuKa (A=1.541844)
radiation, with shutterless @ scan mode (Table S1). The lattice
parameters were obtained by least-squares fit to the optimized
setting angles of the reflections collected by means of CrysAlis CCD
and were reduced using CrysAlis RED software® and applying
multi-scan absorption corrections. The structural resolution proce-
dure was carried out using the SHELX.?" The structure was solved
with direct methods that carried out refinements by full-matrix
least-squares on F* using the SHELXL-2017/1 program.?* H-atoms
bound to N-atoms were located on a difference Fourier map and
refined freely with Ui,(H)=1.2U(N). H-atoms from water mole-
cules were located on a difference Fourier map and refined with
restrains (DFIX command) with U,(H)=1.5U,(O). H-atoms bound
to C-atoms were placed geometrically and refined using a riding
model with C-H=0.93-0.97 A and U,,,(H)=1.2U(C) (C-H=0.96A
and U;,,(H) =1.5U.,(C) for the methyl groups). All interactions were
found using the PLATON program™' whereas ORTEPIL,?® and
Mercury®” programs were used to prepare the molecular graphics.
Crystallographic data for the structure reported in this article have
been deposited at the Cambridge Crystallographic Data Centre,
under deposition numbers No. CCDC 2407833 (compound 1), CCDC
2407834 (compound 2) and CCDC 2407835 (compound 3). Copies
of the data can be obtained free of charge via https://www.ccdc.
cam.ac.uk/structures/.

Potentiometric Measurements

A Cerko Lab System titrator equipped with a combined pH
electrode (Hydromet-model ERH-13-6) was used for pH-potentio-
metric titrations of the VOSO,/H,SO,/Hacac/H,oda system. The
measurements were conducted at 298.15 £0.10K. All the solutions
were prepared immediately before measurements. The composi-
tions of the sample solutions used in the experiments were as
follows: 1) VOSO, (2 mM), H,SO, (2 mM), Hacac (2.4 mM), and H,oda
(2.4 mM), 2) VOSO, (1.8 mM), H,SO, (1.8 mM), Hacac (2.7 mM), and
H,oda (2.2 mM) and 3) VOSO, (1.8 mM), H,SO, (1.8 mM), Hacac
(2.2 mM), and H,oda (3.3 mM). Each titration was repeated at least
twice to check the reproducibility of the data. The equilibrium
constants defined by Egs. (1) and (2):
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p(VO) + g(acac) + r(oda) + sH = (VO),(acac),(oda),H, m

_ [(VO),(acac),(oda),H;]
Pras =~ 0] acac" odal [H] <

(where p, q, r, s are stoichiometric coefficients for the reaction)
were refined by least-squares calculations using the Hyper-
quad2008 (ver. 5.2.19) computer program.?®

Electrospray lonization Mass Spectrometry (ESI MS)

HCT Ultra ion trap mass spectrometer (Bruker Daltonics, Billerica,
Massachusetts, US) with an ESI source was used to determine the
masses of the ternary oxidovanadium(lV) complexes. Data were
collected in negative ionization scan mode using the following
parameters: 10 psi nebulizer pressure; 7 L/min dry gas (nitrogen)
flow; 300°C dry gas (nitrogen) temperature. The capillary voltage
was 4 kV. The concentration of the sample complex solution was
0.02 mM.

UV-VIS Spectra

UV-Vis spectra were recorded using a Perkin-Elmer Lambda 650
spectrophotometer equipped with a temperature-controlled Peltier
system. The instrument operated with a scan accuracy of 1 nm and

a slit width of 1 nm, at a scanning rate of 120.00 nm-min~".

Computational Methods

The equilibrium geometries of all studied systems were established
using global-hybrid MN15 DFT functional from Truhlar's group.”
The selection of the DFT functional was motivated by the study of
Chan et al., who found the MN15 functional to be among the top
performers for the description of both main-group and transition-
metal-based systems.”® Geometry optimizations were followed by
vibrational frequency analysis in order to both confirm the nature
of calculated stationary points and to obtain thermochemical
parameters characterizing the systems. Since the studied coordina-
tion compounds possess an overall negative charge a double-C
quality Dunning basis set cc-pVDZ augmented with additional
diffused functions - aug-cc-pVDZ was used throughout the
calculations for all atoms (including V).®'*¥ The presence of solvent
was approximated using Solvation Model based on Density (SMD)
within Self-Consistent Reaction Field (SCRF) method.®” The equili-
brium structures of three investigated isomers together with
corresponding cartesian coordinates are collected in Table S3. All
quantum chemical calculations were conducted using GAUSSIAN16
(Revision C.01) package.®®

The electron densities obtained from MN15 calculations, as well as
generalized densities from the CCSD method, were used as inputs
for the Quantum Theory of Atoms In Molecules (QTAIM)®” analysis.
The QTAIM analysis was used in order toanalyze the O-V
interactions  within  coordination = compounds. The ratio
|Viep|/Gpep > 2 corresponds to the shared-shell region associated
with covalent bonds. When this parameter is less than 1, it indicates
a closed-shell region, which is characteristic of ionic bonds
and van der Waals interactions. In the intermediate range,
(1 < |Viep|/Ggep < 2) dative bonds and ionic bonds with a low
degree of covalence are observed.**

To assess the partial charges on the vanadium and oxygen atoms,
which can also be used to evaluate the ionic character of the
interaction, Natural Bond Orbital (NBO) analysis was carried out
using the NBO 7.0 program.””

Chem. Eur. J. 2025, 31, 202404496 (3 of 9)

Orbital composition analysis in a variant derived by Ros & Schuit
(SCPA)*" was conducted on molecular orbitals dominated by
contributions from vanadium’s d-type atomic orbitals. Electron spin
densities were calculated in order to assess how the density
associated with an unpaired electron is distributed within studied
systems. This parameter is often established when dealing with
open-shell coordination compounds.**™* Electron spin densities of
radical systems were calculated as follows:

P() = () — p(F)

Where p“(r) and p?(r) are the electron densities associated with o
and [ electrons respectively. The QTAIM, orbital composition and
electron spin density analyses were carried out in Multiwfn software
(Version 3.8(dev)).*

The Cell Culture

Cytotoxicity of synthesized compounds was tested on two human
breast cancer cell lines (MDA-MB-231, MCF-7). The cells were
cultured in PAN Biotech DMEM - with 4.5 g/L Glucose, L-Glutamine,
Sodium Pyruvate, 1.5g/L Sodium Bicarbonate with 10% fetal
bovine serum (FBS), 6 pg/mL penicillin-G, and 10 ug/mL streptomy-
cin. The breast cancer cell lines MDA-MB-231 and MCF-7 are
commercially available and were purchased from ATCC (American
Type Culture Collection). 10% fetal bovine serum (FBS) was
purchased from Merck KGaA.

The MTT Assay

To check the viability of the cell lines, the MTT assay (PROMEG,
Poland) was used. Cells (MDA-MB-231 and MCF-7) were seeded in
triplicate in 96-well plates, at a density of 10 000 cells/well in a cell
culture medium. The cells were treated with compounds (1), (2)
and (3) for 48 h at concentrations 25 pM, 50 uM, and 100 pM.
Absorbance was recorded at 570 nm (ASYS Hitech GmbH micro-
plate reader, Biogenet). The compound blank was used for each
concentration to correct the absorbance values for the background.
Results were calculated as a percentage of the control values
(unexposed cells set up as 100 %).

Results and Discussion
Crystal Structures

Bis(acetylacetonato)oxidovanadium(lV) [VO(acac),] is generally
used as a starting material for synthesizing oxidovanadium(lV)
complexes. An excellent review of strategies for the synthesis of
vanadium coordination compounds via [VO(acac),] provided by
Maurya highlights several critical factors that influence the
composition and structural properties of the resulting
complexes.*® Key elements discussed include the nature of the
ligands, the solvents used and the pH of the reaction medium.
We seek to contribute to the knowledge regarding the syn-
thesis and structural characterization of polycarboxylate
oxidovanadium(lV) complexes. Our findings indicate that the
specific type of nitrogen-containing heterocyclic compounds
employed in the synthesis of oxidovanadium(lV) oxydiacetate
complexes exerts a considerable influence on the reaction
pathway. In the reaction of [VO(acac),] with 2,2’-oxydiacetic acid
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Figure 2. The schemes of reaction pathways of synthesis of oxidovanadium(lV) complexes.

(H,o0da), a ligand exchange occurs, wherein the two acac ligands
are replaced by the one oda® anion and two aqua ligands
(Figure 2 Scheme A). This exchange yields a neutral complex
[VO(oda)(H,0),], which incorporates the oda ligand in the mer
conformation.”® In the presence of nitrogen-containing hetero-
cyclic compounds comprising two nitrogen donor atoms (i.e.
bpy or phen) under the same synthesis conditions, two acac
ligands are replaced by the one oda® anion and one N-N
ligand, yielding heteroligand complexes with the oda ligand in
the fac arrangement (Figure 2 Scheme B).%'9?! A notably differ-
ent scenario emerges when heterocyclic aromatic compounds
containing a single nitrogen donor atom, such as quinoline (Q),
isoquinoline (isoQ), and acridine (acr), are employed for syn-
thesis. Under the given conditions, our observations indicate
that the ligand exchange leads to the substitution of only one
acac ligand by the oda ligand. The second acac ligand remains
in the coordination sphere of the resulting complex anion,
[VO(acac)(oda)]™. In the solid state, this complex anion is
stabilised by N-heterocyclic cations acting as counterions
(IQH1*, [(isoQ)HI*, [(acr)H]™). This selective exchange indicates
the specificity of the ligand interactions and suggests that the
mechanism underlying the formation of the complex depends
on the type of N-heterocyclic cation (Figure 2 Scheme Q).

In this way, three new heteroligand oxidovanadium(lV)
complexes, namely [QH][VO(acac)(oda)]l (1), [(isoQ)H][VO-
(aca)(oda)l(H,0) (2) and [(acr)HI[VO(acac)(oda)l(H,0), (3) were
synthesized and their X-ray crystal structures were determined.
Notably, according to the Cambridge Structural Database
(version 5.42), these represent the first structurally characterized
salts that incorporate [VO(acac)(oda)]™ anion.

Single-crystal X-ray diffraction measurements show that
compounds 1-3 crystallize in the orthorhombic Pbca, mono-
clinic C2/c, and triclinic P-1 space group, respectively (Table S1).
The particular components of the asymmetric unit of the unit
cell for the investigated complex salts (1-3) are shown in

Chem. Eur. J. 2025, 31, 202404496 (4 of 9)

Figure 3. In all cases, the coordination sphere of the V(IV) cation
includes the acac ligand in the equatorial position and the
oxido ligand in the axial position. The oda ligand completes the
octahedral coordination sphere and adopts a fac conformation
with two carboxylate oxygen atoms in a basal plane and the
third, ethereal oxygen atom in a trans position to the oxido
ligand. The selected geometric parameters describing the
coordination environment of V(IV) in the compounds under
study are summarised in Table 1. The geometric parameters
characterising the counterions ([QH]*, [(isoQ)H]", [(acnH]™) -

Table 1. Selected geometric parameters (A, °) for compounds 1-3.

Compound Bond dA) Valence angle /[

1 V1=08 1.587(3) 01=V1=05 89.0(1)
V1=07 1.986(2) C2=03=C3 114.8(2)
V1=06 1.979(3) 06=V1=07 88.0(1)
V1=01 1.994(3) 03=V1=08 171.3(1)
V1=03 2.360(2)
V1=05 2.015(2)

2 V1=08 1.583(2) 01=V1=05 89.47(9)
V1=07 1.989(2) C2=03=C3 115.7(2)
V1=06 1.981(2) 06=V1=07 88.0(1)
V1-01 2.009(2) 03-V1-08 171.7(1)
V1-03 2.349(2)
V1-05 1.992(2)

3 V1-08 1.600(1) 01-V1-05 88.48(6)
V1-07 1.979(2) C2-03-C3 115.8(2)
V1-06 1.988(2) 06-V1-07 89.28(7)
V1-01 2.017(2) 03-V1-08 173.96(7)
V1-03 2.307(1)
V1-05 2.019(2)
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(acac)(oda)]™ anions are similarly linked by weak C—H--O hydro-
gen bonds and van der Waals forces, forming blocks along the
[1 0 0] direction. The isoquinolinium cations, on the other hand,
are connected through =---w interactions, with d(Cg---Cg)
between 3.648(2) and 3.846(2) A and separations of 3.44 to 3.58
A (Figure S1, Table S2). Additionally, a water molecule plays a
crucial role in the crystal structure by interacting with both the
cation and the anion. It forms strong N*—H--O .., hydrogen
bonds with the endocyclic N-atom of isoquinolinium ions,
linking adjacent n-stacked columns of cations (Figure S1,
Table S2). Furthermore, the water molecule participates in
Owaten—H*"Oniony  hydrogen bonds, connecting the nearest
blocks of [VO(acac)(oda)]™ anions. In the crystal of compound 3,
the [VO(acac)(oda)]” anions are directly linked by C—H:--O
hydrogen bonds and through interactions with water molecules
Via Ogater—H"Oanionr Owaten—H"*Ofaten) aNA C—H-+Ojyaren hydrogen
bonds, forming blocks along the b-axis. The acridinium cations
are arranged in m-stacked columns, with centroid-to-centroid
distances between 3.531(2) and 3.675(2) A and separations of
3.35 to 3.40 A. The interactions between adjacent cations and
anions are mediated by N*—H-O, Ciion—H"Owaten and
Cication—H**Oaniony hydrogen bonds, resulting in a 3D-network
within the crystal structure (Figure S3, Table S2).

Characterization of VO?**—Hacac—H,oda Complexes in
Aqueous Solutions

Table 2 lists the stability constants of the resulting complexes
formed in the VOSO,/H,SO,/Hacac/H,oda system. The equili-
brium model presented in Table 2 provided the best fit
between the calculated data and the experimental results.

Table 2. The equilibrium constant values (logB,,.) of the investigated
systems.
1098, p(VO) + q(acac) + r(oda) + sH = (VO),(acac),(oda),H,
VO**/Hacac/ vo?t/ vo*t/ References
H,oda Hacac H,oda
Figure 3. The molecular structure of compounds 1-3 with atom labelling l0aB 876 876 . 1501
scheme: (a) [QH][VO(acac)(oda)]; (b) [(isoQ)H][VO(acac)(oda)l(H,0); (c) [(acr)- 9oton : )
HI[VO(acac)(oda)]l(H,0),. Displacement ellipsoids are drawn at the 10% 10gByy11 3.93 - 3.93 e
probability level, hydrogen atoms are drawn as spheres of arbitrary radii. 10980012 6.86 B 6.86 51]
10981100 8.73 8.73 - (501
. . . logf 16.27 16.27 - 50l
including bond lengths and valence angles - are similar to those 09200
. . e o g [47-49] |Ongm 4.82 - 4.82 1
observed in other salts containing these moieties.
. - [51]
In the crystal of compound 1, the [VO(acac)(oda)]”~ anions | 1098100 8.4 8.4
interact via weak C—H--O hydrogen bonds and van der Waals | 109810 124 - 124 en
interactions, building blocks along the b-axis. Concurrently, 109850, > 297 - 297 511
established n-stacking columns, characterized by centroid-to- l0gB, 11y 21.14 - - This work
centroid distances (d(Cg---Cg)) of aromatic rings ranging from 10981110 16.45 B B This work
3.531(2) to 3.675(2) A, with separations between the mean 10981001 _594 _594 _s504 511
planes of tuhe qulnollnlum skeleton meas.urlng petween 335 0GB 695 695 695 511
and 340 A (FigureS1, Table S2). The interaction between 51
. . . - 4 1096100-3 —18.0 —18.0 —18.0
cations and anions is facilitated by N*-H--O and | o
—22, —22. —22,
Clation—H"*Oniony hydrogen bonds. In compound 2, the [VO- °9ha00-s 0 0 0
Chem. Eur. J. 2025, 31, 202404496 (5 of 9) © 2025 Wiley-VCH GmbH
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In the investigated systems the proton competes with the
VO** for the acac™ and oda”™ ligands. Thus, the stability and
concentration of the resulting complexes are highly dependent
on pH. Due to the pH-dependent equilibrium between
individuals, the mentioned competition may, in turn, affect
processes such as metal ion delivery, catalysis, or the bioavail-
ability of metal ions.

The representative species distribution diagrams for the
studied systems were constructed using data collected in
Table 2 and are illustrated in Figure 4.

When all components are present in equimolar ratios (VO*':
acac: oda®” = 1:1:1), the concentration of the ternary complex
[VO(acac)(oda)]” predominates in the solution within the pH
range of 5 to 8 (Figure 4). The higher stability of the ternary
complexes compared to the binary complexes ([VO(acac)]* and
[VO(oda)]) indicates the presence of a cooperative interaction
between the acac™ and oda’" ligands within the coordination
sphere of the vanadium(lV) cation. The presence of the hetero-
ligand complex in an aqueous solution was investigated by
electrospray ionization-mass spectroscopy (ESI-MS). In the
negative mode, the MS peak occurred at m/z 297.8, which can
be assigned to either the [VO(acac)(Hoda)] species ((IM—H]") or
the [VO(acac)(oda)] species ([M]7). This result suggests that the
coordination structure of the ternary oxidovanadium(lV) com-
plex anions remains stable and intact while in an aqueous
environment. Both species, [VO(acac)(Hoda)] and VO-
(acac)(oda)] ™, coexist in an equilibrium that can be described by
the proton dissociation constant: pK, = logf3;,,,-logf8;;,,, defined
by the equation:

[VO(acac)(Hoda)] = [VO(acac)(oda)]” + H* pK, = 4.69

A different scenario occurs in the binary systems (VO** :
acac” = 1:1 or VO**: oda®~ = 1:1). Under the same experimental
conditions, the concentration of hydroxide complexes is
dominant (Figures S2 and S3).
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Figure 4. Concentration distribution curves of the oxidovanadium(lV) com-
plexes formed in the system VO?*/Hacac/H,oda with a 1:1:1 ratio and the
concentration of the components 0.001 M
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Spectroscopic Characterization

The Vis spectra of oxidovanadium(lV) complexes in aqueous
solution show two distinct sets of absorption bands which can
be assigned to d-d transitions from d,, to (d,, d,,) and d,, to d,,.
,» orbitals, namely b, — e and b, — b,, respectively.®” The
absorption maximum associated with the b, — e and b, — b,
transitions are observed at 792nm and 618nm for [VO-
(oda)(H,0),] and 786 nm and 590nm for [VO(acac)(oda)]”~ (Fig-
ure S4).

It is worth noting that the absorption band associated with
the b, — b, transition for [VO(acac)(oda)]” occurs at a higher
energy level than the same transition for [VO(oda)(H,0),]. The
position of the b, — b, transition has a direct impact on the
value of the cubic field splitting parameter, 10Dq.***¥ Higher
values of 10Dq usually correlate with increased thermodynamic
stability of metal complexes. Substituting two coordinated
water molecules in [VO(oda)(H,0),] with a stronger acac ligand
does not change the coordination geometry of the resulting
[VO(acac)(oda)]” complex ion. However, it leads to an increase
in the splitting of d-orbital energies. The presence of a stronger
ligand in the coordination sphere may in turn contribute to
stabilising the oxidation state of the vanadium(lV) cation, which
in turn may affect the reactivity of the [VO(acac)(oda)]- complex
anion.

Theoretical Studies

To gain a better understanding of the influence of the acac
ligand on the coordination mode of the flexible oda ligand in
solution, three varying arrangements of the ligands within the
coordination sphere of the V(IV) cation were considered
(Figure 5).

The calculated relative energies (AE) of the isomers studied
(I-11), along with the thermodynamic parameters (AH and AG)
associated with complex ion formation, indicate that isomer |
possesses the lowest electronic energy (Figure 5). Notably, the
coordination mode of the ligands in isomer | corresponds to
their arrangement in the solid state. The negative values of the
entropy factors indicate that the formation of the investigated
isomers is an enthalpy-driven process (|AH| > |TAS|) (Figure 5).

The covalent vs. ionic nature of the V-O interactions in the
studied isomers (I-lll) was assessed based on the ratio of
|Vgeo|/Gsep, Obtained from the topology of electron density
analysis (Table 3). The highest values of |V;p|/Ggep, approaching
1.4, were observed for the vanadium(lV)-oxido bond, V-O(8).
Thereby, this indicates that the V-O(8) bond is the most
covalent of all bonds involved in the chelation of the vanadium-
(IV) ion. In contrast, the oxygen atoms of the oda ligands [O(5),
0O(3) and O(1)] and the acac ligands [O(7) and O(6)] exhibit
Vice|/Gaep Values close to 1, indicating closed-shell interactions
characteristic of ionic or van der Waals bonding. These results
highlight the different nature of the V-O bonds formed by the
oda and acac ligands, demonstrating that these bonds are more
ionic than covalent in nature compared to the vanadium(IV)-
oxido bond.
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Isomer (I)
AE =0 [keal mol]
AH = -88.47 [kcal mol™]
TAS =-15.65 [kcal mol™)
AG = -52.82 [kcal mol]

Isomer (1)
AE =5.99 [kcal mol']
AH = -62.38 [keal mol]
TAS = -15.45 [kcal mol™]
AG =-46.93 [kcal mol™]

Isomer (1)
AE =6.67 [kcal mol™]

AH =-61.95 [kcal mol™]
TAS = -15.77 [kcal mol]
AG =-46.18 [kcal mol]

Figure 5. The investigated coordination modes of ligands in solution
together with relative energies (AE) and thermodynamic parameters of the
isomers (I-1ll) formation (AH, TAS and AG at 298K).

It is noteworthy that for isomers | and Il, the average value
of Vigep|/Gyep is higher for acac than for oda. However, this trend
does not hold for isomer I, where the value is 0.011 higher for
oda. This phenomenon can be attributed to the structural
differences, as illustrated in Figure 5, with isomer lll being the
only considered isomer in which the two oxygen atoms of acac
are bonded to the vanadium(lV) cation through a mode distinct
from that observed in the remaining two complex ions.

The NBO charges of the vanadium atoms were calculated to
be 1.575, 1.583, and 1.576e for isomers |, Il, and lll, respectively.
These results indicate that the overall electronic environment

surrounding the metal centre remains relatively consistent
across the investigated isomers. The slightly higher charge on
the vanadium atom in isomer Il correlates with a reduced
electron density withdrawal by the donor oxygen atoms, as
evidenced by the minor changes in Vpep|/Gger for selected
oxygen atoms within the system. The partial charges on the O
atoms vary only to a certain level, depending on the type of
ligand (oda, acac or oxido) and its geometric arrangement in
the coordination sphere. In general, lower negative charges are
observed for the donor oxygen atoms of the oxido ligand [O(8)]
and the ethereal (central) donor oxygen atom [O(3)] of the oda
ligand, indicating stronger electron donation to the electron-
deficient vanadium(IV) centre. The O(3) atom is characterized by
the lowest values of | Vgep|/Gger among all oxygen atoms from
the oda and acac ligands, irrespective of the isomer considered.
This observation is likely attributable to the distinctive etheric
nature of the O(3) atom.

Analysis of the electron spin densities indicates that the
unpaired electron is predominantly localised on the vanadium
atom in all isomers considered (Figure S5). In isomer |, the
delocalisation of the electron occurs over two oxygen atoms of
the acac ligand and two oxygen atoms of the carboxylate
groups of oda. Notably, the unpaired electron is not delocalised
to the ethereal oxygen atom to which it is coordinatively
bonded. A similar observation is found in isomer Il, where the
electron density of an unpaired electron is not shared with the
axial oxygen atoms. In isomer lll, the delocalisation involves all
the equatorial oxygen atoms of the oda and acac ligands,
although one of the latter is axially positioned. Interestingly, the
lobes associated with the oxido ligand show a negative phase
in each of the examples studied. This phenomenon is probably
due to the interaction between the unpaired electron in the
vanadium(lV) d-orbital and the oxygen p-orbitals via n-bonding.

Biological Action on the Human Breast Cancer Cell Lines —
in vitro Studies

Polycarboxylate oxidovanadium(lV) complexes have attracted
significant interest due to their therapeutic potential. Recent
biological studies have highlighted their promising biological
activities, particularly concerning cancer treatment.”**” How-
ever, the mechanisms underlying the therapeutic action of
oxidovanadium(lV) complexes remain to be elucidated. Thus,

Table 3. Values of the |Vyep|/Ggep corresponding to the critical points of bonds formed by vanadium in a given system together with NBO-calculated partial
charges on oxygen atoms. Partial charges are expressed in units of e, whereas |V|/Ggep is @ dimensionless quantity.

Donor atom origin Atom | I 1]
|Vacr|/ Gac Gnso IVacr| / Gocr Gneo [Visce|/Gacp Anso
oda 0(5) 0.983 —0.795 0.962 —0.819 1.001 —0.791
0@3) 0.975 —0.635 0.947 —0.613 0.953 —0.609
o(1) 0.985 —0.793 0.992 —0.794 0.999 —0.790
acac 0o(7) 0.986 —0.741 1.006 —0.738 0.990 —0.751
0o(6) 0.989 —0.747 0.980 —0.726 0.957 —0.767
oxido 0(8) 1.406 —0.638 1.389 —0.660 1.391 —0.647
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the exploration of novel oxidovanadium(lV) derivatives may
provide valuable insights into the structural and physicochem-
ical characteristics of these compounds and eventually facilitate
the identification of specific features required for complexes to
exhibit the desired biological activity. In this context, we
conducted a screening of the cytotoxic activity of the synthe-
sized compounds against breast cancer cell lines.

To investigate the cytotoxic effects of the examined
complexes, two distinct subtypes of breast cancer represented
by the MCF-7 and MDA-MB-231 cell lines were utilized
(Figures S6 and S7). All tested compounds showed a dose-
dependent cytotoxic effect on breast cancer cells. However,
their effects were not as significant as those of doxorubicin, a
commonly used chemotherapeutic agent for breast cancer.”**”

Conclusion

In conclusion, this study has described the design and
characterisation of a series of oxidovanadium(lV) ternary
complexes comprising oxydiacetate (oda) and acetylacetonato
(acac) ligands. The investigated compounds represent the first
structurally characterized salts that incorporate the [VO-
(acac)(oda)]” anionic complex. These complex ions are stabilised
in the crystal structure through interactions with quinolinium
(IQH]™), isoquinolinium ([(isoQ)H]") and acridinium ([(acr)H]")
counterions. It has been proven that the number of nitrogen
donor atoms among different nitrogen-containing heterocyclic
compounds ultimately affects the coordination environment of
the vanadium(lV) centre. As a result, the appropriate choice of
the heterocycle is essential for synthesis and tailoring the
coordination compounds of desired structure and properties.
The experimental findings were further complemented by
density functional theory (DFT) calculations, which allowed for
the evaluation of potential ligand conformations in the
coordination sphere of V(IV) and provided valuable insights into
the nature of the bonds (ionic vs. covalent) involved in the
chelation of the vanadium(lV) cation. Additionally, a detailed
assessment of the electron spin density distribution contributed
to a deeper understanding of the electronic structure and
bonding characteristics of the reported complexes. Importantly,
the cytotoxic activity of the compounds evaluated on breast
cancer cells (MDA-MB-231 and MCF-7) gave first insights into
the potential of these vanadium-based complexes as chemo-
therapeutic agents for cancer therapy. The in vitro cytotoxicity
assays revealed that the investigated complexes exhibited a
certain degree of cytotoxicity against the tested cancer cell
lines. However, the observed activity was lower than that of
doxorubicin, which was used as a reference chemotherapeutic
agent. This suggests that the potential application of these
types of coordination compounds as anticancer agents is still
an open question.
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Supporting Information Summary

The Supporting Information contains a list of reagents, synthesis
procedures, technical data of methods used (Single-crystal X-
Ray diffraction, Potentiometric measurements, ESI-MS, UV-VIS,
Computational methods, Biological Studies), and additional
figures and tables mentioned in the article.
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Results

Table S1. Crystal and structure refinement data for compounds 1-3.

Empirical formula CisHi9sN Os V Cis H21t N Og V C22 H2s N O10 V
FW/g mol- 428.28 446.30 514.37
Wavelength/ A 0.71073 0.71073 1.54184
Crystal system orthorhombic monoclinic triclinic
Space group Poca C2/c P-1

alA 7.1703(2) 20.3661(10) 7.5720(1)
b/A 15.4983(6) 7.0577(3) 10.5863(2)
c/A 33.5573(13) 28.0261(15) 15.2492(2)
al® 90 90 75.342(2)
B° 90 101.770(5) 76.398(1)
y/° 90 90 77.497(2)
VIA3 3729.2(2) 3943.7(3) 1133.29(3)
Z 8 8 2

Peak/g cm=3 1.526 1.503 1.559

L/ mm- 0.579 0.554 4.184

6 range for data collection/® 3.58 — 25.00 3.31 - 25.00 3.05-78.90
Reflections collected 26035 14126 52216
Reflections unique 3282[Rin=0.0366] 3476[Rint=0.0290] 4605 [Rint=0.0685]
Data/restraints/parameters  3282/0/258 3476/2/273 4605/4/324
Goodness-of-fit on F2 1.255 1.190 1.090

Final Ry value (/> 20(/)) 0.0578 0.0541 0.0525

Final wR2value (/> 20(l)) 0.1221 0.1250 0.1602

Final R1 value (all data) 0.0621 0.0611 0.0540

Final wR2 value (all data) 0.1240 0.1283 0.1623
CCDC number 2407833 2407834 2407835




Figure S1 The crystal packing of compounds 1-3 (hydrogen bonds are represented by dashed lines):
(a) [QH][VO(acac)(oda)]; (b) [(isoQ)H][VO(acac)(oda)](H20); (c) [(acr)H][VO(acac)(oda)](Hz20).



Table S2. The hydrogen bonds geometry for compounds 1-3.

Compound D-H---A dD-H) (A) dH—--A)(A) dD--A)(A) <D-H---A(°)

1 N11—H11A---O4 1.03(4) 1.72(4) 2.718(5) 163(4)
C3-H3A---02 0.97 2.52 3.440(4) 158
C15-H15A.--O5i 0.93 2.49 3.415(4) 172
C16-H16A...O1i 0.93 2.23 3.135(5) 163
C17-H17A---O6ii 0.93 2.46 3.377(6) 167

Symmetry codes: (i)3/2-x,-1/2+y,z; (ii)1-x,-1/2+y,1/2-z; (iii))1/2+x,y,1/2-z.

2 O1W-HIWA--02  0.93(3) 1.86(3) 2.795(4) 177(4)
O1W-H1WB---02  0.91(4) 2.12(4) 2.945(4) 150(3)
N11-H11A--O1W  0.83(4) 1.92(4) 2.713(4) 160(5)
N11-H11A---O1Wi  0.83(4) 2.60(4) 3.005(5) 112(4)
C2-H2A.-08gii 0.97 2.45 3.378(4) 161
C3-H3A---04v 0.97 2.53 3.491(5) 172
C12-H12A---O1 0.93 2.52 3.340(5) 148
C17-H17A.--04v 0.93 2.53 3.333(5) 145
C18-H18A---O7i 0.93 2.54 3.463(5) 173

Symmetry codes: (i)1/2-x,3/2-y,1-z; (ii)1/2-x,1/2-y,1-z; (iii)x,1+y,z; (iv)1-x,y,3/2-z; (v)1-x,1-y,1-Z.

3 O1W-HI1WA--O2W  1.05(5) 1.67(5) 2.701(4) 165(4)
O1W-H1WB:--04  1.02(4) 2.05(3) 3.060(3) 170(4)
O2W-H2WA---O51  0.93(3) 1.91(4) 2.836(3) 173(4)
O2W-H2WB---02  0.93(3) 1.91(3) 2.805(3) 159(4)
N20—-H20A:--O1 0.91(3) 2.60(3) 3.257(2) 130(3)
N20—-H20A. --O2i 0.91(3) 1.81(3) 2.721(2) 173(2)
C2-H2A.---O4ii 0.97 2.40 3.307(3) 155
C2-H2B---O4i 0.97 2.53 3.479(3) 165
C8-HB8A---O1WW 0.96 2.57 3.282(4) 132
C9-H9C--O1WY 0.96 2.58 3.533(4) 173
C16-H16A.--08 0.93 2.57 3.188(3) 125
C18-H18A..-08vi 0.93 2.52 3.196(3) 130
C19-H19A---O2Wvii  0.93 2.43 3.312(3) 159

Symmetry codes: (i)1-x,1-y,-z; (i) 1+x,y,z; (iii) X,1-y,-z; (iv)-1+x,-1+y,z; (V)X,-1+y,z; (Vi)x,1+y,Z; (vii)-x,1-
y,1-z; (viii)1-x,1-y,1-z.
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Figure S2. Concentration distribution curves of the oxidovanadium(lV) complexes formed in the
system VO2+*/Hacac with a 1:1 ratio and the concentration of the components 0.001 M.
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Figure S4. Vis spectra of [VO(oda)(H20)2] (Amax: 792 and 618 nm) and VO(acac)(oda)] (Amax: 786 and
590 nm) complexes in aqueous solution.

Table S3. Equilibrium structures of three isomeric coordination compounds together with

corresponding cartesian coordinates (in A).

System

Coordinates
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Figure S5. Contours of electron spin densities plotted with isocontour value of 0.001 au
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Figure S6. The viability of the breast cancer cells MCF-7 following treatment with vanadium complex
for 48 hours. Doxorubicin was used for comparison purpose. Mean
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Abstract

This study presents a comparative analysis of the crystal structure, physicochemical and
biological properties of novel (acetylacetonate)(thiodiacetato)oxidovanadium(IV) complex
salts, namely [QH][VO(acac)(tda)] (1) and [(acr)H][VO(acac)(tda)] (2) (acac® =
acetylacetonate, tda> = thiodiacetate, Q = quinoline, acr = acridine) and their corresponding
oxydiacetate (oda®") analogues: [QH][VO(acac)(oda)] (3) and [(acr)H][VO(acac)(oda)](H20)2
(4). A combination of experimental data, including X-ray crystallography, IR spectroscopy,
potentiometric measurements and ESI-MS, and density functional theory (DFT) calculations
was employed to analyse the effect of V-S (thioether) and V-O (ether) bonds on the geometric
parameters and overall stability of the thiodiacetate and oxydiacetate complexes. Furthermore,
the nature of the dative bonds, orbital energy levels, and spin density distribution were
elucidated. Finally, biological studies exhibit selective cytotoxicity against the human
osteosarcoma cell line (MG-63). The underlying mechanisms of their biological activity were

thoroughly investigated and analysed.



Introduction

Vanadium complexes have attracted considerable attention in various fields, ranging
from catalysis[1] and materials science[2] to medicinal chemistry[3]. Oxidovanadium(IV)
complexes, including those with polycarboxylate ligands, are particularly promising candidates
for therapeutic applications, particularly as insulin-mimetic or insulin-enhancer agents[4,5],
and in cancer treatment[6—8]. Consequently, significant efforts have been made to elucidate the
structural and physicochemical factors that enable the use of vanadium-based compounds in
modern medicine for the treatment of diseases of various aetiology. The design of novel metal
complexes through careful ligand selection has proven to be a powerful strategy for obtaining

compounds with desirable biological properties[9].

A major challenge in studying the biological activity of metal complexes is the
discrepancy between the conditions used to study their chemical properties and those found in
biological systems. The in vitro behaviour of these complexes may not accurately reflect their
in vivo activity due to the different environments. Several factors are crucial when studying
their biological activity. The selection of an appropriate molecular target, guided by the choice
of a suitable cell line, is a key aspect. Metal complexes often show different levels of activity
on specific cellular pathways depending on the cell line being studied[10]. In addition, cell lines
can differ significantly in their ability to take up and distribute metal complexes. Furthermore,
the pH of the biological system and the presence of redox-active agents can influence the
susceptibility of the complex to hydrolysis, ligand exchange reactions and the tendency of the
central ion to participate in electron exchange processes[11]. Therefore, a comprehensive
understanding of these factors is essential for accurate assessment and prediction of the

biological activity of vanadium complexes.

Our previous work reported the structure, physicochemical properties and biological
activity of (acetylacetonate)(oxydiacetate)oxidovanadium(IV) complexes against breast cancer
cell lines (MDA-MB-231 and MCF-7)[12]. However, initial evaluations showed limited
cytotoxicity against these cell types. In view of the known affinity of vanadium for bone
tissue[13], we decided to expand our focus and investigate the biological effects of these
oxidovanadium(IV) complexes on bone cancer cells. This decision was further supported by
our previous research[14,15] and literature survey[16—18], which indicated that
polycarboxylate oxidovanadium(IV) complexes have antitumor potential against human

osteosarcoma cells.



In this work, we extended our investigation to a comparative analysis to gain a better
understanding of how the type of polycarboxylate ligand influences the physicochemical and
biological properties of these compounds. In particular, we compared complexes containing
oxydiacetate ([VO(acac)(oda)]’) and thiodiacetate ([VO(acac)(tda)]") complex anions and

quinolinium ([QH]") and acridinium ([acr(H)]") counterions (Figure S1).

Experimental Part

Reagents

The reagents (Sigma-Aldrich) used for the chemical studies were of analytical grade and were
used without further purification. They were as follows: VO(acac): (=98%), VOSO4 (=99%
trace metals basis), 2,2'-thiodiacetic acid (Hztda, 98%), quinoline (Q, >97%), and acridine (acr,
>97%).

The synthesis of complexes

The syntheses of [QH][VO(acac)(tda)] (1) and [(acr)H][VO(acac)(tda)] (2) were carried out
according to the procedure previously described in the literature for the
(acetylacetonate)(oxydiacetato)oxidovanadium(IV) complexes[12] with the difference that 2,
2'-thiodiacetic acid (Hatda) was used instead of 2,2’-oxydiacetic acid (H>oda). Compounds (1)
and (2) crystallised after two weeks as blue-green needle-like crystals with a reaction yield of
about 70%. The compositions of the compounds were determined by elemental analysis
of carbon, hydrogen and nitrogen. (Vario EL analyzer Cube CHNS). Anal. Caled for
[QH][VO(acac)(tda)] (1): C, 48.7%, H, 4.3%, N 3.2%, Found: C, 48.5%, H 4.2%, N 3.2%.
Anal. Caled for [(acr)H][VO(acac)(tda)] (2): C, 53.5%, H, 4.3%, N 2.8%, Found: C, 53.6%,
H, 4.1%, N 2.7%.

Single-Crystal X-Ray Diffraction

Single-Crystal X-Ray Diffraction data for compounds (1) were collected at T =291(2) K on an
Oxford Diffraction Gemini R ULTRA Ruby CCD diffractometer with MoKo (A = 0.71073 A)
radiation, whereas data for compound (2) was collected at 100.0(1) K, on a Rigaku Synergy
Dualflex automatic diffractometer (Rigaku Corporation, Tokyo, Japan) equipped with a Pilatus
300 K detector and micro-focus sealed PhotonJet X-ray tube with CuKo (A=1.54184 A)

radiation, with shutterless @ scan mode (Table S1). The lattice parameters were obtained by



least-squares fit to the optimized setting angles of the reflections collected by means of
CrysAlis CCD and were reduced using CrysAlis RED software[19] and applying multi-scan
absorption corrections. The structural resolution procedure was carried out using the
SHELX]20]. The structure was solved with direct methods that carried out refinements by full-
matrix least-squares on F? using the SHELXL-2017/1 program[20]. H-atoms bound to N-atoms
were located on a difference Fourier map and refined freely with Uiso(H) =1.2Ucq(N). All H-
atoms were placed geometrically and refined using a riding model with C-H = 0.86 — 0.88 A
and Uiso(H) = 1.2U¢q(N) and with C-H = 0.93 — 0.97 A and Uiso(H) = 1.2U¢q(C) (C-H=10.96 A
and Uiso(H) = 1.5Ueq(C) for the methyl groups). All interactions were found using the PLATON
program[21] whereas ORTEPII[22], and Mercury[23] programs were used to prepare the
molecular graphics. Crystallographic data for the structure reported in this article have been
deposited at the Cambridge Crystallographic Data Centre, under deposition numbers No.
CCDC xxxx (compound 1) and CCDC xxxx (compound 2). Copies of the data can be obtained

free of charge via https://www.ccdc.cam.ac.uk/structures/.

Potentiometric measurements

The pH-metric measurements were performed at 298.15 K on a Cerko Lab System titrator
equipped with a combined pH electrode (Hydromet - model ERH-13-6). The composition of
the sample solutions: 1) VOSO4 (2 mM), H2SO4 (2 mM), Hacac (2.4 mM), and Hxtda (2.4 mM),
2) VOSO4 (1.8 mM), H2SO4 (1.8 mM), Hacac (2.7 mM), and Hxtda (2.2 mM) and 3) VOSOq4
(1.8 mM), H2SO4 (1.8 mM), Hacac (2.2 mM), and H»tda (3.3 mM). Titrant: 0.05 M NaOH. The
experimental data were processed using the Hyperquad2008 computer program (version

5.2.19)[24]. The equilibrium constants (Ppqrs) were defined according to the equation:

3 [(VO)p(acac)q(tda)rHs]
Boars = [VO]P[acac)i[tda]"[H]®

where p, g, r and s represent the stoichiometric coefficients in the reaction:

p(VO) + g(acac) + r(tda) + sH = (VO)p(acac)q(tda).Hs

The equilibrium model used in the fyqrs calculations, together with the values of the stability
constants of Hacac and the hydroxo complexes of oxidovanadium(IV) species, has been
reported previously[12]. The acid dissociation constants of Hztda (logBooi2 =7.5 and logBoo11 =

3.2) were taken from the literature[25].


https://www.ccdc.cam.ac.uk/structures/

Electrospray ionization mass spectrometry (ESI MS)

The masses of the ternary oxidovanadium(IV) complexes were determined using an HCT Ultra
ion trap mass spectrometer (Bruker Daltonics, Billerica, Massachusetts, USA) equipped with
an ESI source. Data were acquired in negative ionisation scan mode under the following
conditions: nebuliser pressure of 10 psi, dry gas (nitrogen) flow rate of 7 L/min, 300°C dry gas.

The capillary voltage was maintained at 4kV. The sample complex solution was 0.02 mM.

Computational methods

Spatial and electronic structure of [VO(acac)(oda)] was taken from our previous work[12]. The
calculations on [VO(acac)(tda)]” were performed at the same level of theory to ensure
comparability. Namely, its geometry (Table S2) was determined with the use of MNI5
functional[26] together with Dunning type basis set aug-cc-pVDZ[27-30]. Solvent effects were
approximated using the Solvation Model based on Density (SMD) model[31]. All quantum
chemical calculations were conducted using GAUSSIAN16 (Revision C.01) package[32]. The
Bader’s Quantum Theory of Atoms in Molecules (QTAIM)[33] analysis was performed using
Multiwfn package (version 3.8-dev)[34]. The Natural Bond Orbital (NBO) analysis was
performed in order to better understand the electron density distribution within the studied

compounds employing the NBO 7.0 program[35].

The cell culture

MG63 cells were cultured in MEM Eagle's medium (Pan Biotech catalogue number P04-
08056), supplemented with 10% foetal bovine serum (FBS), 100 U/mL penicillin and 100
pg/mL streptomycin, and maintained at 37°C with 5% CO2 and 95% humidity. Cells were
routinely subcultured and split to maintain 80-90% confluence, typically two to three times per
week. The cells were seeded at densities of 1 < 10° and 8 x 10* cells per well in 12-well plates
for 24- and 48-hour experiments, respectively. The cells were allowed to attach and grow in an
incubator under standard conditions for 24 hours. After this, the cells were incubated for either
24 or 48 hours in a serum-free medium containing the compounds under study, dissolved in a
1:1 mixture of water and dimethyl sulfoxide (DMSO). An equal volume of solvent was added
to the control wells, resulting in a final concentration of 0.5% DMSO in the medium. After the
incubation periods, cell viability was evaluated using annexin V/propidium iodide staining or
propidium iodide staining was used to analyse the cell cycle following cell processing with

ethanol.



The MTT assay

The MTT assay (PROMEG, Poland) was used to evaluate the viability of hFOB and MG-63
cell lines treated with the tested compounds at concentrations between 12.5 uM and 100 uM

for 48 hours, following the method previously described[36].

Apoptosis and cell morphology

FITC Annexin V Apoptosis Detection Kit I (BD Pharmingen™) was used for apoptosis
analysis. After the incubation time, floating and attached cells were collected (the latter after
trypsinisation, centrifugation regimen for floating cells was 800 g acceleration 5, deceleration
5, for attached cells — 1500 rpm, acceleration 9, deceleration 9 in both cases at 4 °C for 5 min),
further washed with ice-cold phosphate-buffered saline (PBS) containing 2.5% of foetal bovine
serum (FBS), centrifuged at the same regimen and resuspended in 100 pl binding buffer (0.01
M Hepes/NaOH (pH 7.4), 0.14 M NaCl, 2.5 mM CacCl,). 5 pl of FITC Annexin V and 5 pl of
propidium iodine (PI) were added to the cells, gently resuspended once again, and incubated at
room temperature in the dark for 15 min. Before the flow cytometry analysis, the cells were
diluted further in binding buffer. The analysis was then carried out using a Guava® EasyCyte™
automatic cytometer and the software provided by the manufacturer. 10000 cell-specific events
were analysed for each experiment. Compensations and quadrants were set up using the control
samples as follows: unstained cells, cells stained with FITC Annexin V (no PI), and cells stained
with PI (no FITC Annexin V). Before cell collection for apoptosis assay,
microphotographs were taken from the cells seeded in 12-well plates using the microscope

Opta-tech MW 50.

Cell Cycle Analysis

After the incubation time, floating and attached cells were collected (the latter after
trypsinisation, centrifugation regimen for floating cells was 800 g acceleration 5, deceleration
5, for attached cells — 1500 rpm, acceleration 9, deceleration 9 in both cases at 4 °C for 5 min),
further washed with ice-cold phosphate-buffered saline (PBS), centrifuged at the same regimen
and fixed overnight with 70% ethanol at 4 °C. After this, ethanol was removed via
centrifugation, the cells were washed with phosphate-buffered saline (PBS), centrifuged once
more and resuspended in PBS containing RNAse A (20 pg/mL) and propidium iodide (50
pg/mL). After a 30 min incubation at 37 °C, the cells were analysed via flow cytometry. The

signals from the debris and droplets were removed by gating the appropriate population of the



cells before analysis. The number of cells in each cell cycle phase was determined using the
licensed software (Guava EasyCyte™ HT System, version 2.7). Before analysis, additional
microphotographs were taken from the cells seeded in 6-well plates using the microscope Opta-

tech MW 50 at the time periods of 24 hours and 48 hours of incubation.

Results and Discussion
Crystal structure

Oxydiacetate (oda) and thiodiacetate (tda) anions are considered to be multidentate ligands
capable of forming a wide variety of metal complexes with mono- and polymeric architectures
(including heterometallic systems)[37,38]. It has previously been reported that the aqua ligands
present in oda and tda metal complexes can be replaced by stronger ligands[12]. This
phenomenon offers a versatile approach to tailoring the physicochemical properties of metal
complexes. Consequently, the appropriate selection of additional ligands allows the design of
new complexes with desired physicochemical and biological properties. Recently, we have
reported on crystal structure and some physicochemical and biological properties of new
oxidovanadium(IV) ternary complexes containing a discrete mononuclear complex anion,
[VO(acac)(oda)], and quinolinium ([QH]") and acridinium ([(acr)H]") serving as
counterions[12]. It was demonstrated in one specific case that these types of coordination anions
are rare compared to other known ternary VO(IV) complexes, which typically form neutral
complexes with the oda ligand and other N-containing organic ligands in the coordination
sphere. The results obtained have outlined the general relationship between the type of N-
containing aromatic compound and the type of complex formed. In particular, it is worth noting
that using VO(acac), and 2,2’-oxydiacetic acid (H.oda) as starting materials, nitrogen-
containing heterocyclic compounds with two nitrogen donor atoms, such as phen and bpy, can
participate in chelating the vanadium(IV) cation[17]. The situation differs for single nitrogen
donor ligands such as quinoline, isoquinoline or acridine. Under the same synthesis conditions,
these compounds do not participate in the formation of the coordination sphere. Instead, they
act as counterions. Based on previous findings for oxydiacetate complexes, it was assumed that
the thiodiacetate ligand would form analogous complexes. This assumption was based on the
structural similarity between thiodiacetate and oxydiacetate, the main difference being the
presence of a donor sulphur atom in thiodiacetate instead of the ethereal (central) donor oxygen

atom in oxydiacetate.



The molecular structures of salts containing the
acetylacetonate(thiodiacetate)oxidovanadium(IV) complex anion, [VO(acac)(tda)]’, and the
[QH]" and [(acr)H]" cations, namely [QH][VO(acac)(tda)] (1) and [(acr)H][VO(acac)(tda)] (2),
are shown in Figure 1. In both complexes, the vanadium(IV) cation is chelated by the acac
ligand [O(6) and O(7)], which occupies the equatorial position, and an oxido ligand [O(8)] in
the axial position. The coordination sphere is completed by the sulphur atom of the tda ligand
[S(1)], located in the trans position relative to the oxido ligand, and two oxygen atoms of the
tda ligand [O(1) and O(4)], located in the basal plane, resulting in a six-coordinate distorted
octahedral geometry. Coordination units [VO(acac)(tda)]” show a slightly distorted octahedral
geometry with four angles O=V-O slightly larger than the values for an ideal octahedral angle
(Table 1).

Figure 1. The molecular structures of the complexes with atom labelling scheme: (a)
[QH][VO(acac)(tda)] (1) and (b) [(acr)H][VO(acac)(tda)] (2). Displacement ellipsoids are
drawn at the 10% probability level, hydrogen atoms are drawn as spheres of arbitrary radii.



Table 1. Selected geometric parameters (A, °) for [QH][VO(acac)(tda)] (1) and
[acr(H)][VO(acac)(tda)] (2).

Compound Bond d(A) Valence angle £ [°]

1 VI—08 1.589(4) O1—VI—O05 88.2(1)
V1—07 1.992(3) C2—S1—C3 101.9(1)
VI—06 1.993(3) 06—V1—07 87.8(1)
Vi—O01 1.997(3) S1—V1—08 171.8(1)
V1—S1 2.785(1)
V1—O05 1.981(4)

2 VI—08 1.595(1) O1—VI1—O05 87.1(1)
V1—07 1.987(1) C2—S1—C3 100.4(1)
VI—06 1.995(1) 06—V1—07 88.2(1)
VI—O1 1.990(1) S1—V1—08 171.8(1)
VI—S1 2.851(1)
VI—O05 2.006(1)

Based on previous X-ray studies, it has been observed that the oda ligand can adopt two
different conformations depending on the type of metal ion and the synthesis conditions, i.e.
planar (meridional, mer) and non-planar (facial, fac). It is worth noting that, unlike the oda
ligand, the facial mode is only observed for complexes containing the tda ligand. This
observation is consistent with the conformation adopted by the tda ligand within the

coordination sphere in all the structures studied (Figure 1).

The vanadium-sulphur bond lengths in [VO(acac)(tda)]” (2.785 A and 2.851 A for (1)
and (2), respectively) are significantly longer than the V-O(ethereal) bond lengths observed in
[VO(acac)(oda)] species with the same counterion (2.360 A and 2.307 A)[12]. This difference
is due to the larger atomic radius of sulphur compared to oxygen. The lengthening of the V-S
bond has significant structural implications. Specifically, it reduces the valence angle tensions
within the two five-membered rings formed by the tda ligand, making the fac arrangement less
rigid. In addition, the longer V-S bond length also affects the valence angle of the thioether
group, C2-S1-C3, resulting in smaller angles (101.9° and 100.4°) compared to the
corresponding ether group, C2-O3-C3, in the [VO(acac)(oda)]” complexes (114.8° and 115.8°).
In turn, the geometric parameters characterising the [QH]* and [(acr)H]" ions, such as bond
lengths and valence angles, are similar to those observed in other salts containing these

cations[12].



In the crystal of both (1) and (2) compounds, the [VO(acac)(tda)]™ anions interact via C—H---O
hydrogen bonds and van der Waals interactions, while the adjacent cations ([QH]" and
[(acr)H]") interact with each other via n-w interactions. In the crystal packing, the neighbouring
cations and anions are linked by N"~H---O and Ccationy~H" **Oanion) hydrogen bonds (Figure S2,
Table S3). It is important to note that the crystal structure of compound 1 is not isostructural
with [QH][VO(acac)(oda)], but the crystal packing of both compounds is similar — we can

observe that adjacent anions are only shifted relative to each other.

The complexes in aqueous solutions

The investigated complexes are sensitive to pH changes due to the presence of the
ligands with functional groups capable of taking up or releasing the proton. To assess the effect
of environmental pH on their hydrolysis, the stability constants of the resulting complexes in
the VOSO4/H>SO4/Hacac/Htda system were determined using potentiometric titration data.

The species distributions as a function of pH are shown in Figure S3.

The study revealed that within a low pH range (ca. 4 to 5.5), the ternary complexes
[VO(acac)(Htda)] and [VO(acac)(tda)]™ coexist in equilibrium, as represented by the following

equation:
[VO(acac)(Htda)] = [VO(acac)(tda)]” + H+ pKa =4.68
where Ka denotes a proton dissociation constant: pKa = logfi111—logfi110 =21.59-16.91 = 4.68.

However, at physiological pH, the above equilibrium is shifted towards the [VO(acac)(tda)]
anions and these species predominate, reaching the highest concentration at pH 6.7 (Figure
S3). It is noteworthy that the stability of the ternary tda and oda complexes is very similar:
logf1110 {[VO(acac)(tda)] } = 16.91 and logf1110 {[VO(acac)(oda)]’} = 16.45[12]. The different
nature of the coordinating atoms (sulphur in thiodiacetate versus oxygen in oxydiacetate) and
the resulting difference in V-Sthioether and V-Oether bond lengths do not translate into differences
in the stability of the complexes. This suggests that the central coordinating atom of the ligand
(oda, tda) has a negligible effect on the overall thermodynamic stability in this class of
complexes. The presence of ternary species in the solution was verified by mass spectrometry
(MS) analysis, using the negative mode. The observed MS peaks at m/z = 314 corresponding
to [VO(acac)(Htda)] ([M-H]") and [VO(acac)(tda)]” ([M]’) confirm the presence and stability of

these hetero-ligand complexes within the aqueous environment.



Theoretical studies

A theoretical analysis of the thermodynamic parameters (AH }Zczfm; TAS;me; AG?Bfm,
in kcal mol!) for the formation of [VO(acac)(tda)]" (-66.72; -16.38; -50.34) and
[VO(acac)(oda)] (-68.47; -15.64; -52.82 ) complexes indicated that their formation is primarily
an enthalpy-driven process, |AHfom|>| TASfrm|. The negative values of the enthalpy of formation
overcome the unfavourable entropy effects associated with the reduced flexibility of the ligands
chelated to the vanadium(IV) ion. This observation suggests that electrostatic interactions play
a significant role in stabilizing these complex ions. Additionally, the less negative value of

AHﬁzfm (-66.72 kcal mol ™) for [VO(acac)(tda)] may arise from the lower electronegativity and

softer nature (according to the hard and soft acids and bases theory) of the sulphur donor atom

in tda, compared to the oxygen donor atom [O(3)] in oda.

To get a better understanding of the covalent vs. ionic nature of the metal-ligand dative
bonds in [VO(acac)(tda)] the ratios of |Vgcp|/Gpcp derived from the topology of electron
density analysis were initially considered. The obtained results were subsequently referred to
previously studied parameters for [VO(acac)(oda)]” (Table 2). Generally, typical covalent
bonds are characterised by the |Vpcp|/Ggcp ratio value greater than two. In a 1<
|Vecp|/Ggcp < 2 range dative bonds and ionic bonds of weak covalence degree are found. In

contrast, the value of |Vgcp|/Gpcp smaller than one is reserved for closed-shell interactions[39—

411.

The |Vgcp|/Gpcp analysis revealed a predominant ionic nature in the bonds between the
vanadium(IV) cation and the organic ligands, namely acac and tda (and oda). Exceptions occur
in the case of the vanadium(IV)-oxido O(8) bond, where values of 1.406 and 1.408 were
calculated for the complexes [VO(acac)(oda)] and [VO(acac)(tda)], respectively. These values
confirm the multiple covalent nature of the V-O(8) bond due to the electron sharing resulting
from the m-backbonding donation of p-electrons from the oxido ligand to the d-orbitals of
vanadium(IV), leading to increased bond strength and stability[42]. It is worth noting that
different contributions of covalent and ionic character are observed in the coordinate bonds in
the axial position (trans to the oxido ligand), namely between V-O(3) and V-S(1) in the
complexes [VO(acac)(oda)]” and [VO(acac)(tda)], respectively. The |Vgcp|/Gpcp value
calculated for [VO(acac)(oda)]™ (0.975) suggests a slightly higher ionic character of the V-O(3)
bond than the V-S(1) bond in [VO(acac)(tda)] (1.058).



Table 2. Values of the |Vgcp|/Gpcp corresponding to the critical points of bonds formed by
vanadium in a given system, along with NBO analysis results i.e., partial charges (qygo) and
bond orders: total (t), covalent (c) and ionic (i). Partial charges are expressed in units of e,
whereas remaining parameters are dimensionless.

[VO(acac)(oda)| [VO(acac)(tda)]”
Donor Donor
atom Atom atom Atom
origin 14 origin v
e l/Gf;l 4nso t c 1 e l/ GB;;' qdnBo t c 1
0(5) 0.983 -0.795 0.432 0.055 0.377 0o(5) 0.978 -0.803 0.432 0.053 0.379
oda 0(3) 0.975 -0.635 . tda S(1) 1.058 0.216
o(1) 0.985 -0.793 0.432 0.059 0.373 o(1) 0.981 -0.798 0.432 0.057 0.375
Oo(7) 0.986 -0.741 0.280 0.047 0.233 o) 0.991 -0.737 0.280 0.048 0.232
acac acac
0O(6) 0.989 -0.747 0.288 0.049 0.239 0O(6) 0.994 -0.746 0.288 0.049 0.239
oxido 0(8) 1.406 -0.638 1.068 0.438 0.630 oxido 0O(8) 1.408 -0.648 1.068 0.439 0.629

¥ Electron density between vanadium and that atom is insufficient for the NBO analysis to recognize a bond.

The replacement of a bidentate acac ligand in the coordination sphere of VO(acac), with a
tridentate ligand, such as oda or tda, results in a change in coordination geometry from square
pyramidal (VO(acac)) to distorted octahedral ([VO(acac)(oda)]” and [VO(acac)(tda)]’). The
occupation of the sixth coordination site by oxygen [O(3)] or sulphur [S(1)] atom is responsible
for the reduction of the positive partial charge of the vanadium atom in the resulting complexes,
[VO(acac)(oda)] (V, 1.575 e) and [VO(acac)(tda)] (V, 1.523 e). This effect is more pronounced
in the tda-containing complex, as the V-S(1) bond has a more covalent character than the V-
O(3) bond. The NBO partial atomic charges calculated for O(3) and S(1) are equal to -0.635 e
and 0.216 e. Replacing the axial O(3) atom with S(1) in the tda ligand results in a significant
increase in the negative charge of the O(8) atom by 0.010 e, increasing its nucleophilicity (Table
2). At the same time, this substitution also increases the negative charges of the equatorially
bonded oxygen atoms [O(5) and O(1)] in [VO(acac)(tda)]. On the other hand, the partial
charges of the oxygen donor atoms in acac [O(7) and O(8)] remain constant at around -0.74 e
and are thus unaffected by the presence of the co-ligand (oda and tda) in the vanadium(IV)

coordination sphere.

The greater electron density donated to the vanadium(I'V) ion by the donor atom situated
in the trans position to the oxido ligand leads to a weakening of the V-O(oxido) bond. This is
reflected in a decrease in the vibrational frequency of the V=0 stretching mode, resulting in a

shift of the absorption band towards lower wavenumbers: VO(acac), (995 cm™),




[QH][VO(acac)(oda)] (983 cm™)[12], [(acr)H][VO(acac)(oda)](H20)> (985 cm™)[12],
[acr(H)][VO(acac)(tda)] (976 cm™) and [QH][VO(acac)(tda)] (969 cm™).

Finally, the NBO analysis results reflect the total bond order as well as its components,
which include covalent and ionic contributions. All coordination bonds in the complex ions
considered are characterised by their predominantly ionic nature. In particular, for bonds
involving atoms in the axial position, i.e. V-(O3) and V-S(1), the electron densities
characterising the interaction are too small for the NBO analysis to consider them as bonds. The
Atoms In Molecules (AIM) analysis corroborates this finding, indicating that the electron
density at corresponding Bond Critical Points (BCPs) (p) is over two times smaller than for the
equatorial oxygen atoms. To be precise, the calculated electron densities for axially bonded
atoms are equal to 0.034 e /A3 (oda) and 0.025 e/A3 (tda), while the values for the equatorially
bonded oxygen atoms are nearly identical, around 0.080 e/A3. Overall, regarding the bonding
of oda®" and tda®, the ionic contribution is six times greater than the covalent contribution,
which stems from the ionic character of the free ligand. In contrast, for the acac™ anion, the

ratios are close to five in the two studied cases.

The energies of frontier orbitals, along with corresponding contours, are presented in Figure
S4. 1t is evident that the energies of said orbitals [VO(acac)(oda)]” and [VO(acac)(tda)]™ are
almost identical. The calculated HOMO-LUMO gaps are equal to 5.853 and 5.906 eV for
[VO(acac)(oda)] and [VO(acac)(tda)]> respectively. Based on the difference, one could
speculate that the latter is expected to exhibit higher stability and lower chemical activity.
Similarly, the 0.079 eV higher HOMO energy of [VO(acac)(oda)]” makes it more nucleophilic.
On the other hand, when it comes to energies of the LUMO, that of [VO(acac)(tda)] is slightly
lower (by 0.026 eV), making it a better electron acceptor within the studied pair. It must,
however, be noted that the difference in frontier orbital energies is too small to draw any
definitive conclusions. These findings are consistent with the calculated values of the stability
constants for the complex ions, which indicate that there is no significant difference in their
stability. In the same way, the analysis of the frontier orbitals and the spin density distribution,
which describe the behaviour of the unpaired electrons, showed no significant differences
between the two species. The results for [VO(acac)(tda)]” are almost identical to those for
[VO(acac)(oda)], as detailed in our previous work[12]. Therefore, the electronic structures of

the compounds studied can be considered very similar.



Biological studies

The affinity of vanadium for high- and low-molecular-weight compounds has
contributed, through natural evolution, to the involvement of this element in various biological
processes. The documented biological activity has led to interest in the potential use of synthetic
vanadium compounds in treating diseases of various aetiologies. In particular, considerable
attention has been devoted to exploring their therapeutic potential in treating diabetes as insulin-
mimetic agents[43—45], as well as cancer and other diseases[45—47]. However, to realise the
future potential of vanadium compounds as candidates for use in modern medicine, it is
necessary to understand the mechanisms of their biological action. Equally challenging is the
balance between the cytotoxic effects of vanadium compounds on cancer cells and minimising

damage to normal cells.

Vanadium, which is primarily stored in the bone tissue of vertebrates, has attracted
considerable interest due to its potential anti-cancer properties, particularly with regard to bone
cancer. Osteoblast cells in the bone marrow play a key role in bone remodelling. They can
interact with metastatic tumour cells, such as breast cancer cells, which can induce osteolytic
changes, and prostate cancer cells, which often cause osteoblastic changes. Literature reports
have also pointed to the ability of vanadium complexes to inhibit some parameters associated
with cancer metastasis, such as cell adhesion, migration and clonogenicity[48]. In turn, our
previous studies on nitrilotriacetate oxidovanadium(IV) complexes with quinolinium and
acridinium cations have revealed that these types of complexes exhibit anticancer effects in a
dose-dependent manner on prostate cancer (PC3) and breast cancer (MCF-7) cell lines[36].
Unfortunately, the lack of selectivity between cancer cells and normal human keratinocytes
(HaCaT cell line), a critical issue in the development of effective anticancer therapies,
disqualifies these compounds for further testing as effective anticancer agents for the treatment

of prostate and breast cancer cells in vitro.

On the one hand, a significant challenge in vanadium research lies in understanding its
biological mechanisms, particularly its ability to induce apoptosis and cell cycle arrest through
interactions with DNA, oxidative stress, and modulation of signalling pathways[49]. But on the
other hand, it is crucial to ensure that these compounds exert selective toxicity towards cancer
cells while minimizing adverse effects on healthy tissues. To overcome these problems, various
organic ligands are considered to modify the physicochemical properties of vanadium
complexes[50], enhancing their selectivity and efficacy against cancer cells while reducing

toxicity to the normal osteoblast cell line[51]. Recent in vitro cytotoxicity assays have shown



that [QH][VO(acac)(oda)] (3) and [(acr)H][VO(acac)(oda)](H20). (4) are cytotoxic against the
breast cancer cell lines MDA-MB-231 and MCF-7[52]. However, their cytotoxicity is
significantly lower than that of doxorubicin, a standard chemotherapeutic agent used in cancer

treatment.

Assessment of the selectivity of the investigated compounds

The biological effects of vanadium complexes are influenced by the cell lines used in in vitro
studies[49]. Therefore, the selection of appropriate cell lines is crucial for the evaluation of their
biological effects. Considering the proven effects of vanadium on bone cancer[36,53—-56], we
assessed the cytotoxic potential of the examined compounds: [QH][VO(acac)(tda)],
[(acr)H][VO(acac)(tda)], [QH][VO(acac)(oda)] and [(acr)H][VO(acac)(oda)](H20)> on the
human osteosarcoma cell line MG-63. As the complex salts dissociate readily in aqueous
solutions, we also evaluated the effect of counter ions on the cell lines studied. To further
understand the selectivity of these complexes, the cytotoxicity tests were performed on the

normal osteoblast cell line hFOB 1.19 (Figures S5 and S6).

MTT assays showed that the studied complexes exhibited cytotoxicity against the MG-
63 cell line. Their cytotoxic effect is mainly driven by the complex ions, namely
[VO(acac)(oda)]” and [VO(acac)(tda)]. Notably, the two complexes had no significant
differences in cell viability. The counterions, acridine and quinoline, had minimal effects on
cytotoxicity, with acridine reducing cell viability by approximately 20% and quinoline by about
10% compared to the control. The slightly more remarkable effect of acridine on cytotoxicity
is attributed to the presence of one more aromatic ring compared to the quinoline structure. The
correlation between cytotoxicity and the number of aromatic rings, as well as their mutual
geometric configuration, has been observed previously[57-59]. In contrast, the vanadium
complexes significantly reduced cell viability to below 50% at the same concentrations as free
acridine and quinoline. This suggests that vanadium species are the primary contributors to the
observed cytotoxic effects. However, a certain cooperative effect of the counter ions cannot be
excluded. The observed phenomena are supported by previous studies on various
oxidovanadium(IV) complexes. For example, the complex [(phen)H][VO(nta)(H20)](H20)0.5
showed a significantly higher cytotoxic effect against human hepatoma cell lines (SMMC-7721
and HepG2) compared to its counterion (phen)[60]. Similarly, the quinoline derivative, namely

4-amino-2-methylquinoline and its nitrilotriacetate (nta) oxidovanadium(IV) salt, [4-NH»-2-



Me(Q)H][VO(nta)(H20)](H20), showed a marked contrast in cytotoxic effects, with the

complex exhibiting much greater efficacy against the PANC-1 pancreatic cancer cell line[59].

It is interesting to note that the selectivity of the investigated complex salts is particularly
impressive at low concentrations. At a concentration of 12.5 uM, the complex salts showed no
cytotoxic effects on normal cells (hFOB 1.19) while reducing tumour cell viability by 50%. In
addition, all the complex salts tested have higher selectivity parameters compared to cisplatin
(the reference chemotherapeutic agent). This selective cytotoxicity highlights the potential of

these oxidovanadium complexes as promising anticancer agents.

The analysis of cell death pathways

The types of cell death, namely necrosis and apoptosis, were analysed to better understand the
cytotoxic effects of the studied compounds on the MG63 cell line. MTT assays revealed no
significant differences in biological activity between oxydiacetate (oda) and thiodiacetate (tda)
complex salts. Consequently, further studies focused on salts containing [VO(acac)(tda)]” and

their respective counterions.

The cytotoxic effects of the investigated compounds on tumour cells were evaluated
using Annexin V and propidium iodide (PI) staining. Results showed that the viability of tumour
cells treated with [(acr)H][VO(acac)(tda)](1) and [QH][VO(acac)(tda)](3) decreased in a
manner dependent on both concentration (from 12.5 uM to 100 pM) and exposure time (24 and
48 hours) (Figures S7 and S8). On the other hand, the cytotoxic effects of the corresponding
counterions, [QH]*(4) and [(acr)H]"(2), on cell viability were found to be relatively minor. This
finding supports the previous suggestion that the primary components of the examined salts

responsible for their biological activity are the [VO(acac)(tda)]” anions.

Preliminary analysis of the type of cell death showed no notable increase in the
percentage of necrosis (Figure S9). Only a slight increase in necrosis, not reaching the level of
statistical significance, was observed when the cells were treated with the compounds at the
highest concentration (100 uM). Conversely, there was an increase in the percentage of cells
undergoing late apoptosis as the concentration of the compounds increased (Figure S9). This
situation is particularly evident in the case of [(acr)H][VO(acac)(tda)] and
[QH][VO(acac)(tda)], which show the highest cytotoxic activity (and the changes were highly

statistically significant at higher concentrations). Therefore, it can be concluded that the



compounds primarily induce cell death through apoptosis rather than necrosis, especially at

lower concentrations.

The cell cycle analysis

The analysis of the cell cycle in osteosarcoma (MG63) cancer model cells was used to explore
the possible mechanism underlying the cytotoxic action of the investigated compounds. For this
analysis, the cells were incubated with the compounds at a concentration of 50 uM for 48 hours

(Figure S10).

The changes in cell cycle distribution induced by [(acr)H][VO(acac)(tda)] (1)
[QH][VO(acac)(tda)] (3) are evidenced by an increased proportion of cells in the subG1 phase.
This finding is consistent with the annexin/propidium iodide staining results, which showed
that these salts had strong cytotoxic effects at the experimental concentration of 50 puM.
Moreover, after 48 hours, [(acr)H][VO(acac)(tda)] (1) [QH][VO(acac)(tda)] (3) caused a
statistically significant decrease in the percentage of cells in the GO/G1 phase, which was
accompanied by an increase in the S phase. In the case of [(acr)H][VO(acac)(tda)] (1), a
significant increase in the percentage of cells in the G2 phase was also observed compared to
the control group. On the other hand, it is important to emphasise that the corresponding

counterions, acr (2) and Q (4) did not significantly alter the cell cycle distribution.

The analysis of morphological changes in MG63 cells

+

The cytotoxic activity of the [VO(acac)(tda)]™ species, rather than that of acridinium [(acr)H]
and quinolinium [QH]" cations, is confirmed by microphotographs showing morphological
changes in MG63 cells exposed to the action of the complex salts [(acr)H][VO(acac)(tda)] and
[QH][VO(acac)(tda)] and their corresponding counterions (Figure S11). Unlike the complex
salts, acridine did not induce any notable changes to observable cellular structures. However, a
slight increase in the number of cells showing signs of apoptosis was observed. Similarly,
quinoline had only a minimal effect on visible cellular structures, with the overall morphology

of the cells remaining most similar to that of the control cells.



Conclusions

In conclusion, this study has described the crystal structures, physicochemical and biological
properties of oxidovanadium(IV) salts comprising the hetero-ligand [VO(acac)(tda)]” complex
anion and quinolinium ([QH]") or acridinium ([(acr)H]") counterions. These types of
coordination entities are rarely found among other known compounds containing
(acetylacetonate)oxidovanadium(IV) moieties. It has been shown that unlike 2,2'-bipyridine or
1,10-phenanthroline, which act as chelating ligands for the oxidovanadium(IV) cation and form
neutral complexes, single nitrogen heterocyclic aromatic compounds such as quinoline (Q) and
acridine (acr) in their protonated forms act as counterions in salts containing the
[VO(acac)(tda)]” and [VO(acac)(oda)]” coordination units. These findings provide a pathway
for the design of new hetero-ligand coordination compounds by incorporating other
polycarboxylate ligands with desirable properties into the (acetylacetonate)oxidovanadium(IV)
entity, which could be useful in a variety of fields, including catalysis, materials science and

medicinal chemistry.

X-ray measurements revealed that the coordination mode of the vanadium(IV) cation in
[VO(acac)(tda)]” and [VO(acac)(oda)] is identical, characterised by a six-coordinate distorted
octahedral geometry, with the tda and oda ligands adopting a fac conformation. Differences in
the length of the V-S bonds in [VO(acac)(tda)]” and the V-Oectmer bonds in [VO(acac)(oda)] are
reflected in a slight reduction of the valence angle of the thioether group (C2-S1-C3) compared
to the corresponding angle in the ether group (C2-0O3-C3). The distinction between thioether
and ether donor atoms is evident in the characteristics of the resulting coordination bonds. While
all coordination bonds in the complex ions studied are primarily ionic, the V-S(1) bond exhibits
a greater degree of covalency compared to the V-O(3) bond. This difference contributes to a
slightly greater reduction of the positive partial charge on the vanadium atom in
[VO(acac)(tda)] compared to [VO(acac)(oda)]. The differences in the chemical nature of the
V-S and V-O bonds do not affect the calculated energies of the HOMO and LUMO orbitals.
This is consistent with the experimentally determined stability constants of the complexes and

also explains their similar stability in aqueous solutions.

Finally, in vitro cytotoxicity assays showed selective toxicity against the human
osteosarcoma cell line MG-63 while showing no harmful effects on normal cells (hFOB 1.19).

This biological activity is associated with the induction of apoptosis, indicating the potential of



these coordination compounds as anticancer agents. Further investigation of the mechanisms

underlying their biological effects is therefore warranted.
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Figure S1. Chemical structures of investigated compounds.



Figure S2. The crystal packing of compounds of: (a) [QH][VO(acac)(tda)] and
(b) [(acr)H][VO(acac)(tda)] (hydrogen bonds are represented by dashed lines).
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Figure S5. The MTT tests. The viability of the hFOB 1.19 cell line (non-cancer) and the MG-
63 cell line after 48 hours of incubation with the investigated compounds, acridine acridinium
complexes and cis-platin. Mean values + SD; * p<0.05; ** p<0.01; *** p<0.001, compared to
control cells set as 100%.
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Figure S6. The MTT tests. The viability of the hFOB 1.19 cell line (non-cancer) and the MG-
63 cell line after 48 hours of incubation with the investigated compounds, quinoline,
quinolinium complexes and cis-platin. Mean values = SD; * p<0,05; *** p < 0,001, compared
to control cells set as 100%.
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Figure S7. The results of the 24-hour viability assessment in MG63 cells treated with the
compounds (1) [(acr)H][VO(acac)(tda)], (2) acridine, (3) [(Q)H][VO(acac)(tda)], (4) quinoline,
and annexin/propidium iodide staining. The Y axis shows the change in cell survival compared
to the control value. Black signs indicate statistically significant differences compared to
control values, blue signs — statistically significant differences between the values of groups (1)
[(acr)H][VO(acac)(tda)] and (2) acridine or the values of groups (3) [(Q)H][VO(acac)(tda)] and
(4) quinoline.
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Figure S8. The results of the 48-hour viability assessment in MG63 cells treated with the compounds (1) [(acr)H][VO(acac)(tda)], (2) acridine, (3)
[(QH][VO(acac)(tda)], (4) quinoline, and annexin/propidium iodide staining. The Y-axis shows the change in cell survival compared to the control value.
Black signs indicate statistically significant differences compared to control values, blue signs — statistically significant differences between the values of
groups (1) [(acr)H][VO(acac)(tda)] and (2) acridine or the values of groups (3) [(Q)H][VO(acac)(tda)] and (4) quinoline.
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Figure S9. The results of the 48-hour viability assessment in MG63 cells treated with the
compounds: (1) [(acr)H][VO(acac)(tda)], (2) acridine, (3) [(Q)H][VO(acac)(tda)], (4)
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quinoline, annexin/propidium iodide staining. Along the Y axis is the percentage of cells. Black
signs indicate statistically significant differences compared to control values, blue signs —

statistically significant differences between the values of groups 1 and 2 or the values of groups
3and 4
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Figure S10. The results of 48 hours of cell cycle assessment in MG63 cells incubated with the

investigated compounds at a concentration of 50 uM, propidium iodide staining. Along the Y
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axis is the percentage of cells. A — Cell cycle phases distribution for [(acr)H][VO(acac)(tda)]
(1) and acridine (2). B. Cell cycle phases distribution for [QH][VO(acac)(tda)] (3) and quinoline
(4). Black signs indicate statistically significant differences compared to control values, blue
signs — statistically significant differences between the values of groups 1 and 2 or the values

of groups 3 and 4.
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Figure S11. Microphotographs of MG63 cells incubated with the studied compounds for 24 hours or 48 hours. Typical morphological structure of the control
cells (A1-A3) with only occasional round-shaped cells with the signs of apoptosis after 48 hours (6A—6C).

Description: Changes of the cells shape at the early term (after 24 hours) rounded shape of the cell, decreased quantity of the cells in the field of vision (2A,
2B), changes in the intracellular structures at high magnification (2C). Increase in the quantity of visible presumably apoptotic cells being round-shaped, detached
and floating at later term (after 48 hours, 7A—7C), reduced number of the attached cells with the changes of the shape (rounded cells, 7B, 7C). Typical morphological
structure of the cells is maintained, a slight reduction of the quantity of visible attached cells and a moderate increase in the quantity of the round-shaped cells with
the signs of apoptosis (3A—3C, 8A—8C). Changes of the cells shape at the early term (after 24 hours) rounded shape of the cell, a significantly decreased quantity of
the cells in the field of vision (4A, 4B), changes in the intracellular structures at high magnification (4C). Increase in the quantity of visible presumably apoptotic cells
being round-shaped, detached and floating at later term (after 48 hours, 9A-9C), significantly reduced number of the attached cells with the changes of the shape
(rounded cells, 9B, 9C). Typical morphological structure of the cells is maintained, a slight reduction of the quantity of visible attached cells and a slight increase in
the quantity of the round-shaped cells with the signs of apoptosis (SA-5C, 10A—10C). The structure of the cells in this group is the most similar to that of control
cells.
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Tables

Table S1. Crystal and structure refinement data for compounds [QH][VO(acac)(tda)] (1) and

[acr(H)][VO(acac)(tda)] (2)

Empirical formula CooH2INOsSV CisHisNO;SV
FW/g mol™ 494.40 44434
Wavelength/ A 1.54184 0.71073
Crystal system triclinic monoclinic
Space group P1 Cc

alA 7.6379(1) 7.8773(2)
b/A 9.4691(1) 33.6120(12)
c/A 15.4346(2) 7.2277(2)
al® 84.7470(1) 90

pI° 76.040(1) 92.248(3)
y/° 81.062(1) 90

VIA3 1068.46 1912.22

A 2 4

Peaid/g cm> 1.537 1.543

W/ mm! 5.197 0.669

6 range for data collection/° 4.74 - 178.74 3.64 -25.00
Reflections collected 45464 12945

Reflections unique
Data/restraints/parameters
Goodness-of-fit on F>
Final R; value (I > 20([))
Final wR; value (/ > 20([))
Final R, value (all data)
Final wR> value (all data)

CCDC number

4371 [Rin=0.0528]

4371/0/291
1.122
0.0302
0.0852
0.0307
0.0855

XXX

3381 [Rin=0.0344]

3381/2/255
1.060
0.0344
0.0864
0.0369
0.0881

XXX
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Table S2. Equilibrium structure of [VO(acac)(tda)]” with corresponding cartesian coordinates

(in A).
System Coordinates
V -0.009388000000 -0.266119000000 1.132481000000
0 -1.420753000000 1.144101000000 0.964802000000
C -1.590298000000 2.049629000000  0.063609000000
0 -2.222180000000 3.100517000000  0.259333000000
C -1.003513000000 1.812676000000 -1.320451000000
H -1.707714000000 2.184070000000 -2.072538000000
H -0.076025000000 2395134000000 -1.407180000000
S -0.576399000000 0.086981000000 -1.629905000000
C -2.196025000000 -0.702068000000 -1.435466000000
H -2.453359000000 -1.255878000000 -2.343965000000
H -2.958087000000 0.077058000000 -1.298136000000
0 -1.398726000000 -1.617923000000  0.668889000000
C -2.292366000000 -1.662118000000 -0.257376000000
0 -3.241879000000 -2.463807000000 -0.247266000000
C 3.040764000000 -2.555532000000 -0.844961000000
H 3271660000000 -3.232998000000 -0.013126000000
H 3.957034000000 -2.300048000000 -1.384685000000
H 2349977000000 -3.081441000000 -1.517730000000
0 1.287622000000 -1.559627000000 0.372833000000
C 2352291000000 -1.339203000000 -0.311310000000
0 1261663000000 1.171163000000 0.656513000000
C 2872421000000 -0.063361000000 -0.579267000000
H 3.775176000000 0.007067000000 -1.181215000000
C 2325429000000 1.119142000000 -0.066533000000
C 2969844000000 2.438820000000 -0.349281000000
H 2240512000000 3.079572000000 -0.864398000000
H 3.868354000000 2331090000000 -0.963309000000
H 3222465000000 2925627000000 0.601633000000
0 0.118881000000 -0.397940000000  2.710180000000
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Ja, nizej podpisana Katarzyna Chmur-Woziriska o$wiadczam, ze méj wktad w publikacje
wchodzace w sktad mojej rozprawy doktorskiej byt nastepujacy:

P1. Exploring the Antitumor Efficacy of N-Heterocyclic Nitrilotriacetate Oxidovanadium(IV) Salts
on Prostate and Breast Cancer Cells

Autorzy: Katarzyna Chmur, Aleksandra Tesmar, Magdalena Zdrowowicz, Damian Rosiak, Jarostaw

Chojnacki, Dariusz Wyrzykowski
Opublikowana: Molecules 2024, 29, 2924, liczba pkt. MNiSW — 140, IF = 4,2

M6j wkiad w powstawanie publikacji jest nastepujacy:
1. Konceptualizacja: udziat przy planowaniu i projektowaniu eksperymentéw
2. Przeprowadzenie badan: opracowanie warunkéw syntezy pozwalajacej na otrzymanie
monokrysztatéw komplekséw z kationem akrydyniowym i chinoliniowym oraz zbadanie
czystosci otrzymanych zwigzkéw
Interpretacja wynikow spektroskopii w podczerwieni oraz rentgenostrukturalnych
Przygotowanie manuskryptu: przygotowanie formatowania zgodne z wymogami czasopisma
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(539-T090-B111-24)

Ll Al R

P2. Antitumour potential of aminopolycarboxylate-oxidovanadium(IV) complexes against human
osteosarcoma cells

Autorzy: Katarzyna Chmur, Aleksandra Tesmar, Katarzyna Kazimierczuk, Artur Sikorski, Justyna Budka,
Iwona Inkielewicz-Stepniak, Dariusz Wyrzykowski

Opublikowana: Polyhedron 2025, 269, 1-6, liczba pkt. MNiSW - 100, IF = 2,4

Méj wkiad w powstawanie publikacji jest nastepujacy:

1. Przeprowadzenie badan: opracowanie warunkéw syntezy pozwalajgcej na otrzymanie

monokrysztatéw kompleksu z kationem 4,4'-dimetoksy-2,2'-bipirydyniowym oraz zbadanie

czystosci otrzymanego zwigzku

Interpretacja wynikdw dyfraktometrycznych

3. Zarzadzanie danymi: przechowywanie wynikéw pomiaréw rentgenostrukturalnych,
biologicznych
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4. Przygotowanie manuskryptu: przygotowywanie opisow Czgsci eksperymentalnej,
formatowania manuskryptu pod wymogi czasopisma

Branie udziatu w dyskusjach nad odpowiedziami na uwagi recenzentéw

6. Pozyskiwanie finansowania: finansowanie w ramach badar miodych naukowcéw BMN 2023
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P3. Structural, physicochemical, and biological insights into novel
(acetylacetonate)(oxydiacetato)oxidovanadium(lV) complexes with N-containing aromatic

compounds
Autorzy: Katarzyna Chmur, Jakub Brzeski, Swathy Reghukmar, Aleksandra Tesmar, Artur Sikorski,

Iwona Inkielewicz-Stepniak, Dariusz Wyrzykowski
Opublikowana: Chemistry-A European Journal 2025, 31, 1-9, liczba pkt. MNiSW —140, IF = 3,9
Mo6j wktad w powstawanie publikacji jest nastepujacy:

Konceptualizacja: udziat przy planowaniu i projektowaniu eksperymentow

Przeprowadzenie badan: powtérna synteza oraz badanie czystosci otrzymywanych zwigzkoéw

Interpretacja wynikéw dyfraktometrycznych i potencjometrycznych

Zarzadzanie projektem: kompletowanie wynikéw badan, branie udziat w dyskusjach nad

projektem

5. Zarzadzanie danymi: przechowywanie wynikéw pomiaréw rentgenostrukturalnych,
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6. Przygotowanie manuskryptu: przygotowywanie opisow czesci eksperymentalnej,
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Wizualizacja: przygotowanie schematéw i rysunkéw
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Autorzy: Dariusz Wyrzykowski, Katarzyna Chmur, Jakub Brzeski, Artur Sikorski, Olga Tovchiga,
Justyna Budka, Iwona Inkielewicz-Stepniak, Aleksandra Tesmar
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M6j wktad w powstawanie publikacji jest nastepujacy:

1. Konceptualizacja: udziat przy planowaniu i projektowaniu eksperymentéw

2. Zarzadzanie projektem: kompletowanie wynikow badan, branie udziat w dyskusjach nad

projektem
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Oswiadczam, e jestem wspdlautorem nastgpujgcych publikacji wchodzacych w sklad
rozprawy doktorskiej mgr Katarzyny Chmur-Wozinskiej:

P3.  Structural, physicochemical, and biological insights into  novel
(acetylacetonate)(oxydiacetato)oxidovanadium(IV) complexes with N-containing
aromatic compounds

Autorzy: Katarzyna Chmur, Jakub Brzeski, Swathy Reghukmar, Aleksandra Tesmar, Artur
Sikorski, Iwona Inkielewicz-Stepniak, Dariusz Wyrzykowski

Opublikowana: Chemistry-A European Journal 2025, 31, 1-9, liczba pkt. MNiSW — 140,
IF=39

Moj wklad w powstanie powyzszego artykulu polegal na przeprowadzeniu obliczen
kwantowochemicznych oraz opracowaniu i opisaniu ich wynikéw w manuskrypcie.

P4. Thiodiacetate vs. oxydiacetate: physicochemical and biological properties of new
heteroligand (acetylacetonate)oxidovanadium(I'V) complexes

Autorzy: Dariusz Wyrzykowski, Katarzyna Chmur, Jakub Brzeski, Artur Sikorski, Olga
Tovchiga, Justyna Budka, Iwona Inkielewicz-Stepniak, Aleksandra Tesmar

Manuskrypt przygotowany do wyslania

M6j wkiad w powstanie powyzszego artykutu polegal na przeprowadzeniu obliczen
kwantowochemicznych oraz opracowaniu i opisaniu ich wynikéw w manuskrypcie.
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Os$wiadczam, ze jestem wspotautorem nastepujacych publikacji wchodzacych w sktad
rozprawy doktorskiej mgr Katarzyny Chmur-Wozinskiej:
P2. Antitumour potential of aminopolycarboxylate-oxidovanadium(IV) complexes
against human osteosarcoma cells
Autorzy: Katarzyna Chmur, Aleksandra Tesmar, Katarzyna Kazimierczuk, Artur Sikorski,
Justyna Budka, Iwona Inkielewicz-Stgpniak, Dariusz Wyrzykowski
Opublikowana: Polyhedron 2025, 269, 1-6, liczba pkt. MNiSW — 100,IF=2,4

M6j wkiad w powstanie powyzszego artykutu polegal na przeprowadzeniu eksperymentow
biologicznych (test MTT), wykonaniu analizy formalnej i zarzadzaniu danymi.

P4. Thiodiacetate vs. oxydiacetate: physicochemical and biological properties of new
heteroligand (acetylacetonate)oxidovanadium(IV) complexes

Autorzy: Dariusz Wyrzykowski, Katarzyna Chmur, Jakub Brzeski, Artur Sikorski, Olga
Tovchiga, Justyna Budka, Iwona Inkielewicz-Stepniak, Aleksandra Tesmar

Manuskrypt przygotowany do wyslania

M6j wkiad w powstanie powyzszego artykutu polegal na przeprowadzeniu eksperymentow
biologicznych (test MTT), wykonaniu analizy formalnej i zarzgdzaniu danymi.
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Oxidovanadium(IV) Salts on Prostate and Breast Cancer Cells

Autorzy: Katarzyna Chmur, Aleksandra Tesmar, Magdalena Zdrowowicz, Damian Rosiak,
Jarostaw Chojnacki, Dariusz Wyrzykowski

Opublikowana: Molecules 2024, 29, 2924, liczba pkt. MNiSW — 140, IF =4,2

Moj wkiad w powstanie powyzszego artykutu polegat na interpretacji eksperymentow
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Oswiadczam, ze jestem wspolautorem nastepujacych publikacji wchodzaecych w skiad
rozprawy doktorskiej mgr Katarzyny Chmur-Wozinskiej:
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M¢j wkiad w powstanie powyzszego artykulu polegal na opracowaniu metodologii,
przeprowadzeniu eksperymentéw biologicznych, wykonaniu analizy formalnej i zarzadzaniu
danymi.
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danymi.
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