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ABSTRACT

DESIGN, SYNTHESIS AND BIOLOGICAL ACTIVITY OF NOVEL
ANTITUMOR ACTI VE PLATINUM AND COPPER BASED COMPLEXES
CONTAINING QUINOXALINE LIGANDS

Hager Sadek EBeshti

Supervisor: Prof . Dr. keniz ¥ZALI
January 2022193 pages

Across the globe, today, cancer accounts for many fatalities, thus calling for better and
updated atineoplastic agents within biomedicine and health sciences. In this regard,
inorganic chemistry for pharmaceutic purposes is essential in creating drugs based in
metal to fight cancer as such medicine has been shown to be potentially effective to
fight cencer in humans. In light of this background, this research focuses on synthesis
and anticancer activity of (2@&-pyridin-2-yl-quinoxaline), (2,3i-thenyt2-yl-
quinoxaline), (2,3,2',3etrapyridin-2-yl-[6,6']biquinoxalire) and (2,3,2',3tetra
thenyt2-yl-[6,6']biquinoxalire) containing copper(ll) and platinum(ll) compounds as

prodrug candidates.

The binding interaction of these compounds with calf thymus DNADG/R) and
human serum albumin (HSA) of the complexes were assessed with UV titration,
themal decomposition, viscometric, and fluorometric measurements. The nature of
the binding of the complexes on DNA were revealed as electrostatic interaction
betweenthe cationic metal complex ior@d the negative phosphate groups of CT
DNA upon removal ofone o two labile chloride ion(s), except Pt(tpbq)gl
Pt(ttbq)Ch, and Cu(tpbg)Cl van der Waals and hydrogen bonds interaction were
proposedor these complexedn addition, our complexes induced a surface contact

through the hygroscopic region ggium albumin

Antitumor activity of the complexes against human glioblastoma A172, LN229, and
U87 cell lines and human lung A549, human breast MI3A, human cervix Hela,

and human prostate PEcell lines were investigated by examining cell viability



(MTT), oxidative stress, apoptosi$JNEL, in vitro migration an invasionin vitro-

Comet DNA demage, and plasmid DNA interaction assays. The U87 and HelLa cells
were investigated as the cancer cells most sensitive to our complexes. The exerted
cytotoxic effectof complexes was attributed to the formation of the reactive oxygen
species in vitro. It is clearly demonstrated that Cuf@ig) Cu(ttbq)Ch, Pt(ttbq)Ch

and Pt(tpbg)Cl have the highest DNA degradation potential and anticancer effect
among the tested owplexes by leading apoptosis. Wound healing and invasion

analysis results also supported the higher anticancer activity of those complexes.

Keywords: Pt(ll); Cu(ll); Quinoxaline; DNA binding; HSA binding; DNA cleavage;

MTT cell viability; ROS generatiompoptosis; Invasion/Migration assay.
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KKNOKSALKN LKGANTLARI K¢EREN YENK ANTI TU
VE PLATKN TEMELLK KOMPLEKSLERKN TASARI M
BKYOLOJKK AKTKVKTELERK

Hager Sadek EBeshti

Tez Danékmane: Prof . Dr. Kkeniz ¥Z.

Ocak 2022193 sayfa

Bug¢n degnya genel gptenk@ahger sebebnder . Bu
sajl ek bilimlerinde daha 1ivyi ve g¢hnceel a
°nem takémaktadeéer. Met al temel | i il a-1a
potansiyele sahip ol dejpu vierliiemekt edckiérj.e |

arakter ma °n i-Hi-piddin2-d-kknpksaling (d@g), @,8li-tiyedyl23
il-kinoksalin) (dtq), (2,3,2',3etrapiridin-2-il-[6,6bikinoksalin (tpbq) ve (2,3,2',3'
tetratiyenyl2-il-[6,6']bikinoksalini- er en bakeéer (1 1)/ platin(l1)
antikanser aktivitelerini hedeflemektedir.

Sentezlenen Dbileki k|l e-DNA) bueraj@asanmser DN
(HSA) il e bajlanma etkilexkimler:i Uv titr
florometrik °1-¢mlerl e dejer |l enBtitpbg)Ch,mi kKt i r
Pt(ttbq)Ck ve Cu(tpbq)Cl d é k ésentealenent ¢ omplekslerin CTDNA'ya

el ektrostati k etkilekim ile bajlandéje,
kl or ngonlyap@dan wuzakl akmasé i-DBAoh@mkan
negati f fosfat grupl ar é araséendaki el e

° ng?®°r ¢ | Rpbg)Ck Pt(ttbq)Cl, ve Cu(tpbq)Ckomplekslerinin ise CIDNA
ile van der Waals vehydrogenbaj € ol uktur duj u Ayagrewca@auyna
kompl eksl erin HSAONnén higroskopik b°l gesi



Kompl ekslerin antit¢gmer aktiviteleri, I n:
hatl ar e, I nsan akciRHrinsaA Sek®OHelLaivanizsann me me |

prostat PES hg¢cre hatl arénda -al ékél mékter.
apoptozZi TUNAL, invitro-h ¢ c r e g ° in vitko-&ometDNA Hasar, ve plazmit
DNA etkilexkim test3eéerrdy¢ rgeelre mhtmdadd7me Il anri K

HelLa hg¢creleri, kompl eksl erimize en duya
Kompl ekslerin sitotoksik etkilerinin bu
oksijen te¢grlerinin ol ukGmGudtbgll, Rt@hg)Ch k1 an d
ve Ptitpbgq)& nin test edilen kompl eksl er arasé]
degradasyonu potansiyeline ve antar&kkanser
Il yil ekmesi ve istila anali zi serakiutesiniar é da

destekler niteliktedir.

Anahtar Kelimeler: Pt (I'1'); Cu(Ill); Kinoksalin; DNAOG

DNA kérél masé; MTT h¢gcre canl él ej ée; ROS
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CHAPTER 1

1 INTRODUCTION

As a cure for cancer patienthemotherapy relies on search for substances that can
annihilate such quickly multiplying growth to prevent their spread on larger scales. In
this relation, an important point is doing so while not inflicting any damage to other
cells [1]. A related fieldin chemotherapy incorporates the use of metal ion and
compounds for this purposdience the term Medicinal Inorganic Chemistry [2]. The
discipline is vital inmaking drugs to fight cancer based in metal with the high
likelihood of curing it [2]. Itis urderstoodthat a major success in this field has been
the application of cisplatin to hard tumeases, kill harmful celland free the body

from oncogenes. Known otherwise as cancer penicillin because of its high paotential
cure various forms of thigliless [3], the substance is in particular effective in cases of
testicular cancer. Very quickly, cisplatin can change deadly prognosis in these cases
to cured ones in 80% of incidents upon early application [4]. Yet, not all has gone so
well and cisplatinhad to confront some difficulties that resulted in restricted
application. To begin with, there are major dosstricting reactions, causing
inefficient massing of cisplatin in tumors; next comes the harder issue of its low effect
on other cancer forms agrtain tumors are simply immune toward this drug. Added

to this fact is that those that react can in time create their own immunity as well [5].
Consequently, additional studies have been in progress on cytotoxic platinum
coordinates, leading to a globalpplication of two additional platinuinased
treatments; these are carboplatin and oxaliplatin. Though the advancement has been
slow, there have been strides made with improved toxicity profile in case of
carboplatin and a wider range of operation forlipkatin and platinum(IV). Up to
present, platinurabased treatments have been applied in over half of all chemotherapy
cases [6]. Copper compounds are another case of such drugs with various nitrogen

donor ligands like purine and amino acids [7, 8]. Certai
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combinations of chelating drugs based in copper have shown more antineoplasticity
compared to cisplatin in vitro and in vivo cases [9]. Cofljzsed drugs seem to
operate quite differently compared to cisplatin [10]. Sigman et al. state that the bis
-(1,10-phenanthroline) copper(l) mixture with8& can significantly separate DNA
[11]. In this work, quinoxaline ligands are applied due to their major popularity in the
field over the past decade F12]. Quinoxaline is otherwise known as -1,4
benzodiazine, benzoparadiazine, phenpiazine and benzopyrazine, and it is a
heterocyclic material with circular formation of benzene and pyrazine [15]. Together
with its other offshoots, it establishes a major group of nitrdigesed heterocycles, in
which hetero atombave somehow less antibonding orbitals, thus being satisfactorily
receiving metal ebrbital density [16]. For this reason, this group of agents are
commonly applied as bridging in homobimetallic as well as heterobimetallic
compounds [17]. Quinoxalines (QXser benzopyrazines and their offshoots have
many drugrelated and biological characteristics mainly to fight viruses, bacteria,
fungi, cancerous growth, and malaria [18, 19]. Numerous works show us pyridine
platinum(ll) compounds similar to cisplatin cha useful as well, with one applying
peridylquinoxaline ligands as an agent in mdiased drugs [20]. The platinum(ll)
compounds and quinoxaline bonding ligands operations are crucial in terms of biology,

biochemistry, and mass produced pharmaceuticadays [21].

The present research is synthesizing a novel Pt(I1)/Cu(ll) compound with quinoxaline
ligands [2,3di-pyridin-2-yl-quinoxaline] (dpq), [2,3-di-theny}t2-yl-quinoxaline]

(dtq), [2,3,2',3‘tetrapyridin-2-yl-[6,6']biquinoxaling (tpbqg) and [2,3,23-tetra
thenyt2-yl-[6,6']biquinoxaling (ttbg) are examined using spectroscopy (FTIR, NMR,
UVi visible (UVi Vis)) as well as mass spectrometry. Here, we determine the binding
mode of action in between the compounds and@NA and as well as blood prate
(HSA) with the help of UWis, fluorescencaspectroscopythermal denaturatioand
viscometricmeasurementsAntitumor activity of the complexes against cancer cell
lines were investigated by examining cell viability, oxidative stress, apoptosis, and

migration/invasion. Cytotoxicity of the complexes was evaluated by MTT test.



1.1 Aim of the Study

The present work attempts to meet the following objectives:
1- Develop novel of monmuclear copper and platinum compounds.

2- Identify the interaction and bimth behavior taking place between these compounds
and DNA and blood protein (HSA).

3- Study the antitumor activity and cytotoxic processes in these compounds as opposed
to cisplatin given the many complexities associated with this kind of treatntieuns,
the motivation behind creating platinum and coppesed compounds for better and

more effective cancer treatment.

1.2 Thesis Structure

This work intends to contain in itself enough history as to the theories involved,
highlight the outcomes of the testsid explain these outcomes in detail to form a vivid
image of the subject at issue. To this end, the following describes each chapter

breakdown:
Chapter One offers a common introduction related to the issue and objectives.

Chapter Two contains the maihemotherapy agents considered for cancer therapy,
along with a short background as to how cisplatin compounds were made while
pointing to the objectives and scope of research. Included here will be a literature
review on the topic of platinum/copper amqanoxaline asantitumoragents.

Chapter Three proposes a new Pt(ll) / Cu(ll) complex using quinoxaline ligands,
together with a testing methodology to see their binding behavior with DNA and HSA
in different ways and antitumor activity of the complexes mga cancer cell lines

were investigated by examining cell viability, oxidative stress, apoptosis,

migration/invasion and cytotoxicity.

Lastly, Chapter Four concludes with a discussion related to the outcomes of the tests
to be contrasted with former athpts so as to validate and further develop the

approach.



In the end, the chapter offers a series of conclusions in accordance to the theory and
experiments employed herein.
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CHAPTER 2

2 LITERATURE REVIEW

2.1 Cancer and Causes

Cancer ranks among the top highly important topics facing the world today, both in
health and economic terms, wittethighest death ratelfowing heart failures. It may

be triggered in any cell within our body, which comprises billions and billions of them.

In general terms, these cells tend to develop and break up to generate new ones in time;
once aged or impairedyay cease to live and others come in their place [22]. Though,
upon cancer, this cycle is interrupted, and with a growing number of unusual cells the
old or impaired ones mutate to begin anew whereas they have to be replaced by other
healthy ones which, cwersely, might develop in places where there is no need for
such new lifé" hence, leading to a frenzy of cell division that eventually appears as a
tumor [23].

Cancer is nobeinga unique kind of iliness, but it has a considerable variety; that is,
over100 of them. The naming of these forms is based on where they start; for instance,

breast cancer and lung cancer [24].

In this respect, metastasis is the advancement of this illness from where it started to

spreadther regions in the body, calling férerapy that relies on a number of elements

as the nature of cancer and the way it spreads. Therapy, in general, can be either
operations, radiation and/or chemical treatment, with other alternatives as hormone

treatments, immunotherapy, biotherapy, or stethreplacement.

Cancer can be triggered by many ways and it can be prevented; in the United States
alone,some480,000 individuals lose their lives annually due to smoking based on
2014 survey. Other elements that can bring about cancer are excesskwegd
overweight, lack of bodily action, and unhealthy eating habits.
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Apart from these, no other cause can be avoidachong them, for now, the major
one being the process of getting old. Based on reports by the American Cancer Society,

87% of cancerare found in those aged 50 or more [25].

2.2 Medicinal inorganic chemistry

Inorganic chemistry for therapeutic purposes is the process of exposing the body to
metal ions by choice or by accident; in the former case, the goal can be for treatment
or for idertification of an illness. Metal ions can freely release their electrons from
their common elemental or metallic status and generate ions with a positive charge and
easy solution in any fluid and that is where they can start doing what they can in
biological terms. While they lack electrons, mamglogical cells like proteins and

DNA have plenty of them, leading to a swapping of thggeositecharges, which
results in bind formed between ions and molecules. The first streauttivity
relationship, whib was created by Paul Ehrlich early in the 1900s and gave rise to the
inorganic complex known as arsphenaminalso regarded as Salvarsan or Ehrlich
6061 which proved to be effective against syphilis. In this way, he became known as
the father of chemo#rapyi a topic that he described as applying medicine to damage

harmful cell while protecting its host [25].

2.2.1 Platinum Antitumor Complexes

In this regard, platinum plays a major part in pharmacological initiatives, having been

use by medical experts as-diamminedichloroplatinum(ll) or ciplatin and offering

significant advantages in the form of combination therapy against metastatic testicular,
ovarian and bl adder cancers [26]. The ma
well in the past [27], wiht its cytotoxic properties finally unfolded in the late 60s by

Barnett Rosenberg et al. [28]. Presently, cisplatin is one of the important for many anti
cancer drugs and the start of more advanced chemotherapy approaches that involve
metal compounds to cateract cancerous cell multiplication within the nuclear DNA

[29, 30].

Put differently, this compound is known to develop a very spontaneous species when
it is within the cell membrane [31, 32] able to interact with the DNA by creating intra
7



strand bondg 3 3, 34] . These bonds, in turn, ma
prevent further copying and multiplication, eventually killing the cell [31]. Yet, owing

to such impacts as toxicity of cisplatin [35], there have been attempts to come up with
other alternaives to employ platinum(lIjFigure 2.1) [3640] As a 29 generation and
similar to cisplatin, carboplatin somehow possesses fewer such effects while being
equally effective because of reduced levels of interaction; yet, this substance does not
have a wi@r scope of application as regards tumors and it requires intravenous use.
The 3¢ generation comprises those combinations with various chiral amines. To
illustrate, oxaliplatin first appeared in the French market in 1996 and, later, authorized
for use aanss Europe in 1999 followed by in the US in 2002 [41]; this compound was
efficient against cholorectal tumors, proved to be promising at thelipreal level in

cases where cisplatin proved ineffective, and was taken orally48p A different

form, redaplatin, isalso based on platinum from @samine or glycolate, authorized

for use in Japan in 199%ell reputedfor improved safety standards compared to
cisplatin [49], and serving in combination to tremblogical cancer [49]. Another
compound, lbaplatin, is based on platinum as well and introduced adidn@mince
I-methylcyclobutaneplatinum(ll)-lactate, with efficiency ranging from the lungs, to
ovarian and gastric cancer xenografts [41]. With-omssresistance to cisplatin,
specifically incase of highly subtle cancer cells, lobaplatin became initially authorized
to treat prolonged cases of myelogenous leukemia, smlhllng cancer (SCLGInd
metastatic cancer [SOPicoplatin, similar to cisplatin with -thethylpyridines and
previously naed ZD0473, became available for steric coverage engulfing the
platinum center and protecting the drug against nucleophiles andrEp& tracks

to improve resistance [51]. Another one, satraplatin(distad)(amminedlichioro-
(cyclohexylamine)platinuifiV), is a pioneer in as an oral platindmased product with

both different pharmacodynamics and pharmacokinetics as opposed to alternative
platinumbased products. For this reason, the range of its application varies as well
[41]. The compound Lipoplatinsiliposomal and based on cisplatin intended for
improved pharmacokinetics and better safetgndards, whichmake room for
changing the amount to be administered depending on the intended cancer cells [52].
The liposomes comprise dipalmitoyl phosphotidytglrol, soyphosphatidyl choline,
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cholesterol and methoxyolyethylene glycetistreatoyl phosphatidygthanolamine
[52]. A different drug, ProLindac, an oxaliplatin with a hydrophilic
(hydroxypropylmethacrylamide) polymer joined with the active moietyck# the

tumor and holds onto it at the cell level [53].
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Figure2.1 Someof the anticancer derivatives of platinum analogues [54].

2.2.1.1 Platinum(ll) Complexes with Nitrogen and Sulfur-Donor Ligands

There have been many other platinbased drugs created lately pending further
studies into how effective they can be for use against different kinds of tumor cells.
Such studies require constituent compound simulafioirs this case, platinuni
through coordination with other ligands for optimum efficiency. The
pharmacokinetics, range of application, and the degree of toxicity in many scenarios
can be enhanced toencome such difficulties arising from the original constituents or
parent compounds, while the technology continues to witness further developments

formulating new platinum(I)S compounds. [36] These formulations are inspired
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mainly by reference to detifying sulfur ligands and PSulfur bonds alongside
alternative nucleophiles [55].

The kinetics in this respect are evidence that tithbr ligands can move toward the
Pt(Il) compounds easilwhich represents an important opportunity considering that
Pt(Il)-DNA exchanges are the main driving force in combatting tumors by platinum
based treatments [56, 57]. In fact, many platinum(ll) and bidentate N, S ligand
complexes have so far proved to be effective ascaniter substances [35], and they
have sethie agenda for making other mebalsed treatments using nitrogen and sulfur

as complements [58].

Lots of studies refer to the benefits of pyridine platinum(ll) complexes and their
similarity with cisplatin [59], pointing to planar ligands being substitugth
pyridines and reducing deactivation and, at the same time, attaching to DNA in the
same manner as cisplatin [60]. What 0s
and 2pyridinecarboxaldehyde have shown promising outcomes in case of contact with
hormone independent human mammary carcinoma cell line MRBA231 [61],
namely [dichloo-N-(pyridine-2-yl)methylenebenzamine] platinum(ll) [62]. Those
similar to Cisplatin and having an aliphatic amine group have very elevated levels of
cytotoxicity concermg cell lines irresponsive against cisplatin [63, 64]. To find out

how platinumbased treatment havingdbnor atoms can be utilized most efficiently,

the main point is to see the way the material bonds the DNA to generate adducts [65].

DNA is still at theheart of many drugs used in advanced experiments; to mention one,
there are metabased compounds [66], and as regards platinum(ll), the drug starts the
activities by interacting with the DNA [67] based on an intercalative pattern; for
example, in planar forms like [Pt'(5,5diethylbarbituratd) and [PY(5,5
diethylbarbiturate)(terpyridine)N§D.5H0] [68]. In other events, groove binding or
electrostatic operations exist; to illustrate, [Rif@enyt2 , -@pMiidine)(2,4diaminc
6-(4-pyridyl)-1,3,5triazine)] and dichloreN-(pyridine-2-yl methylene)benzamine
platinum(ll) [69]. Also platinum(ll) dithiocarbamate complexes,
[Pt(SCNR)CI(PAr3)], [Pk(tpbd)CEICl2 (PP), [Pt(tpbd)CCl. (PP and
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[PdPt(tpbd)CHICl2 (PP (tpbd = N,N,NNjlNjetrakis(2pyridylmethyl)benzend ,4-
diamine) and their activity against some cancer cell lines [70, 71].

2.2.1.2 Cisplatin-DNA Coordinations

Genetic DNA, which is located in the nucleus. Any form of exchange involving
mitochondrial DNA can be regarded as inefficient so fahasntitumor properties of
platinum compounds are concerned [72]. Once the compound arrives at the DNA, the
possibilities for coordination are different, as the process mainly takes place through
the N7 atoms of guanine, whereas binds between N7 and Bdeofne and N3 of
cytosine take place rather minimally [73, 74]. Because DNA bears a different variety
of purine and pyrimidine bases, it accounts for 60% of the bindings of the type 1,2
(GPG).

In other words, the process occurs by means of two moleofilgaanosine -

mo n o p h o s gGMRB)tpesitiohesl @n opposite strands of DNA. Another 25%
appears as coordination by A&PG), that is, bindings with adenosibe

mo nophos pAVEPt) e a{BBIP afath on opposite strands of DNA. The
remaining forms bhinding only occasionally take place among them, monofunctional
with 1,3(GPG), and by means of guanosine positioned on the same strand. In this

sense(Figure 22) illustrates the cisplatitbNA binding forms [75, 76].
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Figure2.2 Thedifferent ways of coordinations of cisplatin to DNA [75].

2.2.1.3 The mechanism of action of platinum drugs.

The action mechanism of platinum drugs, approved by the US Food and Drug
Administration (FDA) and the European Medign&gency (EMA), can be divided
into four mechanisms: (i) cellular uptake, (ii) aguation/activation, (iii) DNA binding;

and (iv) cellular processes ending up in apoptd3gute 2.3).
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Figure2.3 Mechanisnof action of platinum complexes; (i) cellular uptake, (ii)
aquatioractivation, (iii) DNA binding and (iv) apoptosis cell [50].

Chemotherapy with cisplatinum administered intravenously involves its supglemen
within a saline fluid dilute it. Next, it has to travel through the cell membrane to interact
with DNA. Its perception has been under question as far as initial studies show,
depending on passive or active transmission. However, today both these ifessibil
have been acknowledged [77]. In particular, now a lot of research is going into the
significance of copper carriers like CTRL1 to facilitate intake of cisplatin by yeast [78].
Still, there is enough information to support the idea that human ceéiptaCdR1
cisplatin in some way capable of binding DNA and causing apoptosis [79]. Alternative
membrane proteins can as well prove beneficial in platihased drug intake. In
addition, overexpressing membranes of OCT1 and OCT2 organic cation carriers have

been shown to react more to oxaliplatin compared to cisplatin [80].

Within the cell, platinum compounds are replaced with ligands. For cisplatin, cytosolic
chloride ion concentration that lowers (approx. 4 mM), compared with the the
extracellular matrixgpprox. 100 mM).
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Within the cell, the charg&ee cisplatin molecule also experiences hydrolysis, by
means of which a chlorine ligand takes the place of eerkblecule, thus creating a
type with positive charge. Such hydrolysis inside the cell takese gb@cause of
significantly reduced values of chloride ion {28 mM) andhigh amounts of HO
[81,82].

Within the cell, cisplatin can aim for a series of destinations, such as DNA, &dA
sulfurcontaining enzymes like metallothionein and glutathioreraitochondria [83].

As a common trend, the nucleophilic place on DNA is the N7 atoms of the purine, and
that is open in the main groove. These locations are ideally platinated [83]. It is
possible for a variety of cisplatiiDNA compounds or adducts to geatei of which,

the primary ones include two chlorine ligands of cisplatin substituted with purine
nitrogen atoms on the neighboring bases within one string of the DNA [84]. When
damage occurs to DNA in cellfye commorresponse is to stop the evolutiohthe

cell cycle so that it can repair the damage the DNA prior to transferring to the

daughter's cells, thereby avoiding the moveneéihiarmfulmutagenic lesions [85].

2.2.1.4Adverse effects of cisplatin

After decreasing impacts on kidneys by means of watesumption and those effects
related to the digestive system by means of antiemetics, neurotoxicity is the next
crucial side effect that cisplatin chemotherapy can have on the body, and it accounts
for about ~47% of the cases. The sings associated watisithe effect are numbness,
tingling, paresthesiae in the extremities, walking uneasily, feeling numb in the toes,
deep tendon reactions, reduced reflex in ankles, and reduced dexterity. Regrettably,
these effects are likely to remain and continue to aeste within the initial four
months, even likely to last up to 52 months once treatment is terminated. Added
amounts of platinum inside the cells from the neighboring nervous system, as opposed
to tissues within the central nervous system, have beemdihpomesearch to be among

the other clinical signs associated with peripheral neuropathy [86, 87]. Cisplatin, in
combination with alternative cytotoxic materials proves to be effective in increasing
the survival ratio according to tests on a sizeable gofupdividuals with various

malignancies. The overall dose administered, however, remains a major concern in
14



terms of forming nephrotoxicity in subjects taking increased volumes ifosfamide,
cisplatin and etoposide together [88, 89].

2.2.2 Copper Complexes as Atitumor Agents

There have also been attempts to examine the tligiding properties of many basic
copper compounds containing nitrogen donor ligands, for instance purine,
thiosemicarbazone, imidazole, benzohydmic acid and amino acid9Qi 92].

Among hese, combined chelate copfpased compounds show better antineoplastic
properties compared to cisplatin as far asotatory and clinical attempts are
concerned [93, 94]. Copper compounds display another set processes that differ from
cisplatin used in @ients. To begin with, [Cu(malonate)(phgrijas proved to trigger
apoptosis in cultured mammalian cells, apart from its reputation for intervening in
cellular oxidative stress, improving membrane lipid peroxidation, and disrupting

mitochondriac breathingrocesses in fungi [95, 96].

Copper(ll) compoundswvith ethyt2-[bis(2-pyridylmethyl)amino]propionate ligand
(ETDPA), as CUETDPA)Cl; and [CUETDPA)(phen)](ClQ).. The DNAbinding
attributes of these copper compounds vary. In det@i(ETDPA)|Cl> connets in a

way that differs from classical intercalation binding; where&@yETDPA)
(phen)](CIQ)2 does so in the intercalation style. The cytotoxicity properties reveal that
[CUW(ETDPA)(phen)](ClQ). can act more efficiently against cancer cell multiplimati
compared toCu(ETDPA)|Cl2 [10].

The chemistry of coppegspeciallyphenanthroline compounds, are mainly sugar
based and often do not involve in nucleobase oxidation; yet, they can cut up strand
straight away upon removing the hydrogen atom from tbgyd#ose moiety. Sigman

et al. proved that the b{4,10-phenanthroline)copper(l) compound, mixed witiOh|

can effectively split DNA [11]. In this respe@u(Phen) have been shown to be much
more efficient compared ©Gu(Phen) though there is a fdowerassociation constant

as regards the second phenanthroline ligaalinost 105.5M?, which is far below
applicability levels in biological terms [97]. As a result, there have been two other

alternatives, 2and 3Clip-Phen, formulateth (Figure 2.4 which accommodate two
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phenanthroline ligands connected by the 2 or 3 positions with a serinol bridge to better
account for the two phenanthroline unit sc¢
copper ion. The oxidative nuclease processes pertainirigese compounds and
molecules have been seen much more active compared to phenanthroline. The Clip
Phen compounds are of advanced DNA cleavage activity [98]. After the synthesis of
the active Cu(Zlip-Phen) compound, various structural platin compoune®\also
generated to include this ingredient, with just a single-Bhpn unit to examine the
nuclease activity. Accordingly, e[®t(Cu-3-Clip-Phen)Cl;] in geometries with Cis

trans and irregular forms is shown to disintegrate; still, though|RIECu-3-Clip-
Phen)Cl] appears to have far more antiproliferative effect as opposed to the rest of
the platinum compounds [99]. Also, CuC Top inhibitors are efficient anticancer
compounds used alone or in combination with other diQgpper complexes exsr

an effective inhibitory action on topoisomerases, which participate in the regulation of
DNA topology [100].

MHz

Cu-2-ClipFhen Cu3-ClipFhen

Figure2.4 Structure of [Ce2-Clip-Phen, CeB8-Clip-Phen] [98].

2.2.2.1The mechanism of action otopper compounds

The cancefighting properties of copp@y complexes can be attributed to various
functions, chiefly the potential to generatgive oxygen species (ROS).(@Quons are

able to decrease hydrogen peroxide to form hygnadical. In thesame way, Cl)
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ions canturn to Cyl) through superoxide anion §Q, or glutathioneAs a result,
forming of reactive oxygen species such as @id driven by the coppetegardless
of the form in which it is initially introduced into the body be it"Cor CL?*.

C+OyY CU+ O (2.1)
Cu + H02 Y Cuw?*+ OH + OH (2.2)

Superoxide aniofO?’) can be obtained upon the reduction of the molecular oxygen as
it takes place in numerous biological settings. Next, it is changed to hydrogen peroxide
upon dismutation. These two can geteraf ROS a different kind of active oxygen
group, that ishe hydroxyl radical (OHi, upon catalysis by Cu or Fe ions. A radical
like this has been reported as the primary condition that harms DNA in cells under
oxidative stress [101, 102].

2.3 Quinoxaline

Quinoxalines have been studied extensively for the last d¢tdfidt is also known

as 1,4benzodiazine, benzoparadiazine, phenpiazine and benzopyragoee (2.5),
forming a heterocyclic circular complex comprising a benzene ring and a pyrazine
[15]. Along with its derivatives, quinoxaline account for a majaugr of nitrogen
based heterocycles. Witieteroatomsn rings, they possess a rather reduced orbits
serving as ideal receptors of metadrthital density [103]. Due to this feature, they are

often applied for bridging in homobimetallic as well as heterebaflic compounds

[17].
e
O 0

Figure2.5 Structure of benzopyrazine [15].

Molecular weight of the quinoxaline is 130.15 and is expressedHNg being of

white and crystal powder appearance under normahgettl04]. It is a low melting
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point (2930AC), can be purified, and has a fraction of boiling point220-223AC)

[105]. Quinoxaline varieties are soluble in water to form mquaternary salts upon
applying quaternization with dimethyl sulfate andtinyép-toluene sulphonate. These
salts of 2alkylquinoxalines are steady and may be changed to a variety of colored
materialsupon oxidation [105]. It is acidic with a pKa of 0.60 in water Q0while
nitration takes place just upon forcing (Conc. Hj@leum, 9@&C) to release 2
complexes: namely, -Bitroquinoxaline (1.5%) and 5dinitro-quinoxaline (24%)

[15]. The 29pKa is 5.52, which implies that quinoxaline can be largely diprotonated
in the presence of very potent acidic solutions [108].

Researk on (QXs) or benzopyrazines, along with their byproducts is also a major field
now owing to the large number of biological and therapeutic uses found for them. For
instance,echinomycincontains quinoxalinyl moiety while certain drugs, such as

Brimoniding can reduce glauconja04].

Antimicrobial property is very essential as regards the global public health, in part due
to a reckless use of drugs made for the goal [106], thus calling for relentless research
to find improved antimicrobial formula that camthstand and fight pathogeny. Many

quinoxaline derivatives can be use for this purpose [107].

Apart from antimicrobial properties, quinoxaline derivatives are essential in treatment
of several cases of both chronic and metabolic disorders like diabetes|agical
illnesses, atherosclerosis and inflammation [108].

Quinoxaline nucleuses have some caffigditing benefits, thus setting them apart for
use in this way [109]. To this end, a new group -@fi¥/Icarbonyl and benzoyi3-
trifluromethylquinoxalire-1,4-di-N-oxide byproducts is formed and assessed clinical
use against a-8ell line panel (MCF7 (breast), NCIH 460 (lung) andZg8 (CNS))

[108], a number of studies demonstrate the application of pyridine platinum(ll)
compounds to be imitated by cisfitais effective; one of them is applied as peridyl
quinoxaline as agent to contain metal [20]. The Interactions taking place between
platinum(ll) compounds and quinoxaline bonding ligands have proved to be essential
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in both biological and biochemical tesnand, hence, for massive drug production in
the past decade or so [21].

2.4 DNA Binding

Drugs interact with DNA through two different ways, covalent and/orcuvalent
modes.

2.4.1Covalent binding

Covalent bonds occur between the sugar of one nucleotide amihdbkateof an
adjacet nucleotidéVhen nucleotides are incorporated into DNA, adjacent nucleotides
are linked by a phosphodiester bond: a covalent bond is formed betweeg the 5

phosphategwp of one nucOHgooupiotasotharnd t he 3 E

DNA as carier of genetic information is a major target for anticancer drug interaction
because of the ability to interfere with transcription and DNA replication, a majer step

in cell growth and division. The covaleype ofbinding of drugDNA is irreversible
andinvariably causes the cqiete inhibition of DNA processes and subsequent cell
death. A major advantage of covalent binders is the high binding strength. However,
covalent bulky adducts can cause DNA backbone distortion, which affect both
transcription ad replication (disrupting protein complex recruitment). The covalent
binders are also called alkylating agents due to adduct formation because they are used
in cancer treatment to attach an alkylating agents due to adduct formation because they
are used ircancer treatment to attach an alkyl groupH%+1) to DNA [110]. for
examplesarboplatin and cyclophosphamide.

2.4.2 Non- Covalent binding

Non Covalentbinders interacthrough small aromatic ligand molecules that bind to
DNA double helicalstructuresby different ways: (i) intercalation, and (ii) groove
binding. Non Covalent DNA intercttn agents are generally considered less cytotoxic
than agents producing covalent DNA adduobrnrcovelent DNA interacting agents
can change DNAconformation, DNAtorsional tension, interrupt proteidDNA
interaction, and potentially lead to DNA strand break®]11
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2.4.2.1 Groove Binding

DNA Groove Binding involves temporary naovalent interaction through
intermolecular physical forces of attraction by a protein or low moleculaghive
ligand with double stranded DNA in either the major or minor groove formed by the
double helical structure, in either a sequence dependent or independent fashion. These
grooves allow proteins to bind to and recognize DNA sequences from the outside of
the helix. The grooves expose the edges of each base pair located inside the helix,
which allows proteins to chemically recognize specific DNA sequences. There are two
grooves that run the length of the DNA double helix. Each groove is lined by potential
hydrogenrbond donor and acceptor atoms, and these interact with-RihoAng
proteins that recognize specific DNA sequences. Major groove is the wider of the two
grooves in a DNA double helix. It has the nitrogen and oxygen atoms of the base pairs
pointinginward toward the helical axis, whereas in the minor groove, the nitrogen and
oxygen atoms point outwards; important because the major groove is more dependent
on base composition and may be the site for protein recognition of specific DNA

sequences or rems. [11].
Electrostatic interaction

Minor Groove Binders or MGBs are creseghiped molecules that selectively bind
noncovalently to the minor groove of DNA, a shallow furrow in the DNA helix. DNA
binding with specific sequences, mostly AT, tagksce by means of a combination of
directed hydrogen bonding to base pair edges, van der Waals interactions with the

minor groove walls and generalized electrostatic interactions.

For example, endonucleases bind electrostatically to the minor grodve a@duble

helical DNA.The major and minor grooves are opposite each other, and each runs
continuously along the entire length of the DNA molecule. They arise from the
antiparallel arrangement of the two backbone strands. The grooves are important in
the atachment of DNA Binding Proteins involved in feption and transcription

[112 113 (Figure 2.6).
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Groove Binding

T

Figure2.6 Adsorption of the complex in the DNA groovedsl].

Hydrogen bond

The hydrogen bonding betweeomplementary bases holds the two strands of DNA
together. Hydrogen bonds occur between an H and two straeghtively charged
groups (e.g., N, O, F). Over short distances and can be easily formed and broken.
Although individually eash hydrogen bondnsich weaker than the covalent bond,
they can stabilize the double helix because of their large nunigrsvhen several
hydrogen bonds occur simultaneously, they can increase the strength and stability of a
drugreceptor interaction substantially. Ngisin is known to bind specifically to the

DNA minor groove by selective hydrogen bondi$4].

2.4.2.2 Intercalators

Intercalation is the insertion of molecules between the planar bases of
deoxyribonucleic acid (DNA). This process involves positioning planar mekecu
between deoxyribonucleic acid base couples to decrease the winding within the
deoxyribonucleic acid helix and elongate it insteadb]1They involve heterocyclic
sets, some of which within the planar aromatic or hedeooatic category can find
their way between the base couples of deoxyribonucleic acid to steady the duplex
while maintaining the coupled shape as it is, replication and transcription by disrupting
the topoisomerases. Intensively studied DNA intercalators include berberine, ethidium
bromde, proflavine, daunomycin, doxorubicin, and thalidomide. DNA intercalators
are used in chemotherapeutic treatment to inhibit DNA replication in rapidly growing
cancer cells. Examples include doxorubicin (adriamycin) and daunorubicin (both of
21



which are ued in treatment of Hodgkin's lymphoma), and dactinomycin (used in
Wilm's tumour, Ewng's Sarcoma, rhabdomyosarcoifid] (Figure 2.7).

Figure2.7 Intercalation of a planar ligand of the complex in the DiNise pairs
stack [L17].

2.5 DNA Cleavage

Cleavage of DNA is an essential process in all living systems. For example,
topoisomerase enzymes resolve topological problems of DNA in replication,
transcription and other cellular transactions by cleaving onethrdbrands of the DNA
[118]. Another examplas restriction enzymes (or restriction endonucleases), which
protect the cell against virus infection by cleavage of the foreign DNA. DNA cleavage
is widely observed in dying cells that display apoptotic magiiocal changes. In
contrast to the random DNA degradation that occurs in necrotic cells, DNA degradation
in apoptotic cells most often involves generation of large CiNymentsso-called
domainsized 50to 300kilobase pair fragments followed by the appance of a ladder

of low molecular weightragments that are multiples 880 base paifbp) and reflect
doublestrand cleavage of linker DNA between nucleosome8][1The activity of
many anticance drugs rely on their ability to introduce extendedgiho the DNA in

the (affected) cells (g. bleomycin) [120], which can trigger apoptosis 21], leading to

the cell deathln general three different types of DNA cleavage can be distinguished,

namely i) hydrolytic cleavageji) oxidative cleavageandiii) photochemical cleavage
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2.5.1 Hydrolytic Cleavage

This process is described as DNA splitting on the phosphor diester bonds to make

pieces in an agoussolution, as shown ifFigure 2.9, for relegation. The halffe

pertaining to any given phosphatester bond within the DNA in such a solution and

at

IS required to speed up the process about 1017 times to materialize successful

room

temperatur e

of

2 oh idicatiorethat acatatyst e d

hydrolysis of the phosphate in a wawtls practically sound and feasible.

To achieve this, requires metal ions to serve as Lewis Acids and stimulate the

phosphates for nucleophilic reaction, activate water or hydroxide as nucleophile, or

alternatively intensify the departure of the alcohAl.common way for DNA

hydrolysis is through nucleophilic invasion within the DNA phosphate backbone so as

to generate a-boordinate medium for subsequent steadying through catalysis. Next,

spl i ttdiP@igasis dften the ase for enzymesr
scission. Once this invasion is complete, one group departs in the form of alcohol

t-PCecanbyiéld a strand

[122].
RO— B
RO, ~ B RO 3.0 By 30"
— 53.-0 | . 3 < ?
OH \\p : OH
I!I D -~ HG\ _?'-
0-P=0 .‘-.'F'-—;'D .
0‘_‘5 Bi - ':/—“ ‘\ - ﬂl
5 "D: i 0 O &0 B; C--'I?—G
OR ﬂ_-‘i‘ 0 ;’I
OR
OR

Figure2.8 Proposedeaction mechanism for the hydrolysis of DNA 2.2

2.5.2 Oxidative Cleavage

This approach comprises oxidizing a deoxy ribose upon the removal of sugar hydrogen

or oxidizing the nucleobases, often requiring otheitagd and other agents such as

direct light sources or #D- to start the splitting. Similar hydrolytic cleavage, here the

DNA pieces are not religated, and the process can take place at the carbohydrate level
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and/or at the nucleic base level. This, newadss, may harm the entire nucleobases

or the deoxy ribose sugar. As a whole, Hydroxyl radical groups ¢D8) take part

in oxidative cleavage, which can be done in three different ways: by hydrogen

abstraction, removing or supplying electron delivdry.case of cleavage at the

deoxyribose sugar, should this happen within the carbohydrate, removing a hydrogen

from the deoxyribose will be sufficien{Figure 2.9 refers to the process after

removingthe @ 6 o f

to apply it at guanine due to its lower oxidation potential. Once supplied, hydroxyl

radical reacts with the heterocyclic bases in DNA. In pyramidines, OH intensifies to

deoxyri bose.

Almseflevet, it iobetierd i

the C5 or C6 double bond, which causes cleavage. As forgsuthe hydroxyl ion

attaches to the C4, C5 & C8 []2
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O
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o
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o

OR*

H
a

Figure2.9 Cleavageat nucleobases [2P

2.5.3 Photoinduced DNA Cleavage

This operation involves applying light so as to initiate nuclease respomskjcted

by means of normal or nebdlV light to investigate transcription as well as nucleic

acid formations that are also known as pHotatprinting or photesequencing agents.

Apart from this, photosensitization carried out using drugs has been prosed/¢o

against tumor development as well. Pholeavage is often materialized in different
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ways [121], namely by removing hydrogen atoms from the sugar ring through-photo
chemically induced radicalslirectly carrying electrons from the baseftentimes,
guanine- to the photoexcited cleaver A2 generating one oxygen by carrying energy
from the activated photocleaver, and §lL2enerating of base adducts. The harm
caused to DNA due to phesersitization is often grouped d&igure 210) type |,
which involves a single electron, angpe Il that comprises a path with one oxygen

[127].

photesensization Typsl (0.3
DM A ckavine agent e[ DN Acizaving agant*]

suanine
oxidation

TypsI

Figure2.10 Type | and Il photochemical cleavage of DNA 71.2

2.6 Serum Albumin

A very stable protein, albumin appears in blood as gpootein molecule that is self
sufficient in operational terms and comprises 585 amino acidsowhfifty minor
variations of the series. The appearance of human serum albumin (HSA) can be seen
using high-resolution X-ray crystallography [128] to reveal the tertiary structure.
Albumins among other living forms resemble one another as regardsdiie obr
amino acid, secondary and tertiary structufegure 2.11). Nonetheless, the most
minute of changes within the amino acid can alter its capabilities for attaching to
various solutes, thus proving critical to have a sufficiehityr+resolutionimage for
additional studies on the protein and its properties. Serum albumin is believed to be
adaptable and not be affected in structure due to the surroundings or upon ligand
binding. Albumin is resilient structure and can flex upon disulphide links toneeha

its structural integrity, in particular in different physiological settings. Upon damage,

the molecule repairs the links and retrieves its original form [129]. Denaturation might
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only take place upon dramatic and ramysiological fluctuations withinhie ambient
temperature, pH, and ionic or chemical configuration of the surroundings.

Figure2.11 Threedimensional structures of HSA with tryptophan residues shown in

green [129]

2.6.1The importance of Albumin

This protein accounts for about 75 to 80 % of all osmotic pressure within blood vessels

to maintain the flow and avoid leakage, thus making it a vital ingredient within plasma

and interstitial fluid [129]. Albumin is key to carrying drugs, ligands, hormspand

vitamins as it attaches to them and, in this way, decreases the serum amount of these
compounds. Four main binding points appear on albumin, each of a specific
importance for a certain compound. In cases, the competitive binding of substances
strugglesamong themselves for such bonding spots, thereby leading to issues related

to conformity, such as the case with warfarin and diazepam. In this way, albumins
serve as transporters for many exogenous and endogenous complexes within the blood
[128]. Albumin constitutes a major provider for the sulfhydryl series, making "thiols"

into collectors of free radicals like nitrogen and oxygen groups, not to mention sepsis
[129]. This protein is negatively charged and is abundant in the plasma, which feature
makesit a major contributortothesmal | ed fani on gapo phenon
(Na + K) 1 (Cl) = AG (mEq/l). it i's i mpc
cations and anions within the plasma, where the rest of the latter originates mainly

from albumin, inorganic phosphate and hemoglofiine protein in red blood cells that

account for the color. Therefore, under hypoalbuminemic conditiomsther words,
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elevated albumin within the plasmathe anion gap requires a narrowed [129].
Albumin contrbutes to the reduction of fluid seeping through capillary beds induced
increase occur in the perviousness of the vessels triggered by stress. Put differently,
the endot heli al cell sé power to manage
spaces in betves depends upon the amount of albumin in circulation. In this way, the
protein can seal the gap or affect the process owing the negativity it bears, hence
resulting in the notion that colloids can play a role in the maintaining vascular
architecture [129].

2.6.2 HSA Binding

Albumins are heavily attracted to metals, though bond efficiency relies on their main
structure since metal ions have selective coordination properties when it comes to the
side chain of amino acids. Any secondary structural componentjsmidly, can be
decreased as opposed to its original state, which forces albumin to bind in reverse
preference in case of soft metal ions as opposed to hard ones [130]. Human serum
albumin comprises some 585 amino acid residues shaped in three configutation

and lll, where ever one has two subdomins A and B (exactlyBikéne serum
albumin BSA). The places for bonds on HSA are such that there is major efficiency
in carrying, dispensing, and processing of any drug [127]. In this sense, the molecules
interact either with the polar amino acidshat is, make firm bonds with the protein
through electrostatic processes and opposite charges in amind awidgith non

polar ones that is, hydrophobic process [J3Figure 2.12. The binding sites where

the bonds form are within domain |, arranged by side chains of aspartic and glutamic
remainders of the acid as they remain uncovered on the surface of the protein. [132].
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Electrostaticinteraction  Hydrophobic interaction H-bonding interaction
AG= Negatlve AG= Negatlve AG= Negative

Al= Positive or negative Al= Positive AH= Negative

ASw= Positive ASw= Positive AS=Nezgative

Figure2.12 Types of HSA Binding [13]
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CHAPTER 3

3 EXPERIMENTAL PART

3.1 Material

3.1.1 Instruments and Apparatus

The glasswareconical flasks, measuring cylindebgakerspetriplates andest tubes)
wer e aut ocl av e tin, ardinsirngnés Gnadipparatus,2whiclused
throughout the experiments was carefully sterilized.

3.1.2 Chemicals

The pure and analytical grade chemicals weredudirectly without any further

purification in all experiments.

3.2 Synthesis

3.2.1 Synthesis of{2,3-di-pyridin -2-yl-quinoxaline](dpq), [2,3-di-thenyl-2-yl-
quinoxaline] (dtq).

Synthesiof dpganddtq were performed using the methods described in the literature.

Details of the synthesis and the identification of the compounds can be found

elsewhere [133.34]. After the crystallization in toluene, the yield of dpg andwlé&sg

calculated as 76.96%, and 80.77%, respectifeture 31).

3.2.2 Synthesis of £,3,2',3*Tetra-pyridin -2-yl-[6,6']biquinoxaline] (tpbq),
[2,3,2',3-Tetra-thenyl-2-yl-[6,6']biquinoxaline] (ttbq).

A mixture of 2 mmol 2dipyridyl ethandionge or mixture of2 mmol 2 -@ithienyl
ethandionewith Immo | -d&amiBobenzidine and two drops of glacial acetic acid
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was refluxed in 25 ml ethanol for 5 hours. Afteflux period,reaction mixture was
pouredinto 75 mlice waterand neutrailized with 30 % NIDH soldion. Theresultant
predpitate was filtered and recrystallizedttvmethanol. Green crystals dpbqg were
obtained with 87 % vyield; Yellow crystals of dtbq were obtained with 6§ieal
(Figure 32).

(tpbq): Anal. calc. for CssH22Ns (%): C, 76.240; H, 3.883; N, 19.766. Found C,
74.80; H, 4.03; N, 19.20. R ( '3):/310@w, 3054w, 3003w, (AH), 1609m (C=N),
1585s (C=C), 1148m (@), 1469s (ph), 1277m (€),1073m, 995m (€H out of plane
ring), 790s, 748vs (L out of plane), 1347s (B in plane), 1433s ({CH in plane).
'H NMR (600 MHz, CDC#$) d 8.65 (2H, s5 & 5j-H), 8.41 (4H, d, J = 6 Hz, 4x6

H), 8.38 (2H, d, J = 12 Hz-& 8j-H), 8.30 (2H, d, J = 12 Hz- & 7j-H), 8.08 (4H, t,

J =12 Hz, 4x #-H), 7.91 (4H, 2xd, J = 12 Hz, 4x%j3H), 7.31 (4H, m, 4x f-H).13C-
NMR (CDCls, 400 MHz, 0124.67pleav)77, 13D.253134.45, 141. 41,
141.74, 147.88, 156.6@-igure B1). ESIi MS (m/z, DCM): 566.63 (calc. 566.82)
[M]*, 567.628 (calc. 567.20)gbq)+H].

(ttbg): Anal. calc. for Cs2H18S4N4 (%): C, 65.442; H, 3.068; N, 9.544; S, 21.814.
Found C, 65.Q; H, 2.96; N, 9.09; S, 18.60. R  ( 3):/3@98w, 3062w, 2921w (Ar
H), 1610m (C=N), 1519m (C=C), 1184w D), 1477s (ph), 1299s ¢&),1079w,
1058w, 1041w (€H out of plane ring), 748s, 698vs-Cout of plane), 1358s (d in
plane), 1431s (€H in plane),833m (GS-C). 'H NMR (600 MHz, CDC#) d 8.55
(2H, s, 5 & 5j-H), 8.28 (2H, d, J = 6 Hz,-& 8j-H), 8.21 (2H, d, J =6 Hz,-& 7j-

H), 7.56 (4H, d, J = 6 Hz, 4x8H), 7.36 (4H, s, 4x@H), 7.08 (4H, s, 4xgH).13C-
NMR (CDCl, 400 MHz, U 126.92p12i).31, 129.253 129.70, 139.30,
142.25, 144.8{Figure B2) ESIi MS (m/z, DCM): 586.78 (calc. 587.05) [M]587.78
(calc. 588.05)tfbq)"™H™].

3.2.3 Synthesis of{bis(2,3-di-pyridin -2-yl-quinoxaline)dichlorocopper(ll)]:
[Cu(dpq)2Cl2]

0.128g (0.4519 mnipdpgwascompletely dissolved in 10 ml ethanol and then added
to 10 ml aqueous copper chloride (Cu6H.O) (0.03 g, 0.223 mmol) solution
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dropwise while stirring. Afterwards that mixture was refluxed for 24 h at abeb045-
C. The greenish precipitaté the copper complex wamllected under vacuum and
wash with cold water and ethanol, and dried at room temperature. Themgasld

40.66%.

Anal. calc. for CssH24NsCl2Cu (%): C, 61.5; H, 3.4; N, 15.9. Found C, 61.9; H, 3.3;
N, 16.2.1 R (73):/3@98w, 301w, 3018w, (ArH), 1597m (C=N), 1560s (C=C),
1159m (CN), 1480s (ph), 1281m (€l), 1083m, 992m (¢H out of plane ring), 782s,
751vs (CGC out of plane), 1354s (8 in plane), 1431s ({CH in plane), 3424w
(HOH). Dispersive Raman(785cm' %): 240w, 346 vw (MCI), 473m(M-N), 141m
(CI-M-Cl), 220w (CHM-N), 115m (NM-N). *H NMR (400 MHz, CDC$) d 8.37 (4H,
m, 2x5H & 2x8-H), 8.22 (4H, dd, J = 4 & 8 Hz, 2x8 & 2x7-H), 7.96 (12H, m, 4x3
4X4i- & 4x6i-H), 7,43 (4H, m, 4xBH). UV-vis (H20) & ma Osnaf/MY Jom' i 246
(49072.7), 272 (30845.5), 338 (1600&8SIi MS (m/z, EtOH): 703.1 (calc. 704.0)
[M]*, 382.3 (calc. 382.0) [Cu(dpq)CJ]666.6 (calc. 666.1) [Cu(dpg)2CIB30.2(calc.
631.1) [Cu(dpg]™, 181.3 (calc. 182.0) [CuCHEtOH, 347.9 (calc. 347.0)
[Cu(dpq)]?, 284.3 (calc. 285.1) [dpq].

3.2.4 Synthesis of{bis(2,3-di-thenyl-2-yl-quinoxaline)dichloro copper(ll)]:
[Cu(dtq)2Cl2]

0.031g (0.1061 mmol) dtg was dissolved in10 ml ethaaraladded to 10 ml aqueous

copper chloride (Cu@I6H.0) (0.0071g, 0.0528 mmdl solution dropwise while

stirring. Themixturethenwas refluxed for 24 at 4550 C~The yellowishprecipitate

of Cu(dtqyCl> collectedand driedunder vacuum and waisig with cold water and

cold ethanol(Yield: 79.75 %

Anal. calc. for Cs2H204N4Cl2Cu (%): C, 53.2; H,2.8; N, 7.7; S, 17.7. Found C, 53.5;
H, 2.4; N, 7.6; S, 17.1. R ('3):/3@7tw, (ArH), 1591m (C=N), 1560m (C=C),
1130w (GN), 1471s (ph), 1312s ¢8), 1078w, 1015w, 989w (i out of plane ring),
761s, 704vs (€ out of plane), 1351s (d in plane), 1435s (€CH in plane), 819m
(C-S-C). Dispersive Raman(785 cm'1): 313w, 325m (M-CI), 460m, 527w (M-N),
173m (CIM-CI), 206w (CHM-N), 118m (NM-N). 'H NMR (400 MHz, CDC}) d

31



8.07 (4H, 2xd, J = 4 Hz, 2x8 & 2x8-H), 7.86 (4H, dd, J = 4 & 6 HzxB-H & 2x7-
H), 7.62 (4H, d, J = 4 Hz, 4¥51), 7.24 (4H, d, J = 4 Hz, 4%3), 7.13 (4H, t, I = 4
Hz, 4x4-H).UV-vis (Acetoritrile) ma@nm (Oma'M'lcm'1): 257 (30260), 286 (26110),
378 (18537.5)ESIi MS (m/z, Acetoritrile): 7231 (calc. 722.5) [M], 428.5(calc.
430.2) [Cu(dtq)C], 392.9 (calc. 392.0) [Qdtq)CI]*, 651.6 (calc. 652.9) [Gdtq)] ™2,
726.1 (calc. 727.5) [Cu(dtgPl]*+K*, 745.4 (calc. 745.5) [Qdtq)]™>+Na’, 294 (calc.
295.0) [dtq]

3.2.5 Synthesisof [bis(2,3-di-pyridin -2-yl-quinoxaline)dichlor o platinum(Il) ]:

[Pt(dpq)2Cl2]
100 mg (0.241 mmol), #2tCl wasdissolved in 5 mL of double distilled water. Next,
163.7 mg (0.964mmol) AgNOwasadded directly to thaqueous platinumsolution
and stirred at room temperature at the dark overnigien precipitatel AgCl was
removed by filtration. 5 mL DMF solution of 0.1377 g (0.482 mmol) dpg added
dropwiseto the filtrate by string and the mixtwweas ref |l uxed at 40AC
h. The precipitate of RtdpqpCl> was collected under vacuum andedr at room
temperature. The percent yield for the [Pt(d@dp)] is 34.37%.

Anal. calc. for CzsH24NsCl2Pt (%): C, 51.8; H, 2.9; N, 13.4. Found C, 51.1; H, 3.0;
N, 13.1.1 R ('3):/3t0iw, 3082w, 3065w, (AH), 1606m (C=N), 1550s (C=C),
1185w (CN), 1474s (ph), 1301m ¢(€l),1096w, 1012w (€H out of plane ring), 783s,
759vs (GC out of plane), 1419s (68 in plane), 1435s (€CH in plane).Dispersive
Raman (785cm'1): 343m (MCl), 422m (M-N), 112m (CIM-CI), 200w (CHM-N),
253m (NM-N). IH NMR (600 MHz, CDC}) d 8.37 (4H, m, 2xEH & 2x8-H), 8.22
(4H, dd, J = 4 & 8 Hz, 2x61 & 2x7-H), 7.96 (12H, m, 4xB, 4x4i- & 4x6j-H), 7,43
(4H, m, 4x5H).UV-vi s ( Acet on iU M tnel): 276 @2285/7)n 384 (
(19900). ESITMS (m/z, EtOH): 834.6 (calc. 833.4) [M]+, 799.2 (calc. 801.0)
[Pt(dpg)Cl]*, 763.7 (calc. 763.1) [Pt(dpd)? 841.8(calc. 843.6) [Pt(dpd)>+2K",
845.3 (calc. 846.0) [Pt(dp}I]*+EtOH, 809.8 (calc. 810.0) [Ptid)]*>+2EtOH,
284.3 (calc. 285.1) [dpq].
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3.2.6Synthesis offbis(2,3-di-thenyl-2-yl quinoxaline)dichloroplatinum(ll) ]:

[Pt(dtq)2Cl2]
163.7 mg (0.964mmol) AgN£Ds dissolved in 5 mL aqueous solution of 100 mg (0.241
mmol), KoPtCl at dark and stirred overriig Then recipitated AgCl was filtered out.
5 mL DMF solution of 0.1418 g (0.482 mmol) dtq ligand was added dropwise in to
the filthate. The resultant mi xXture was
precipitate of Pt(dtgClo.collected and dried undeacuum. The percent yield for the
[Pt(dtqRCl] is 31.67%.

Anal. calc. for C32H204N4Cl2Pt (%): C, 44.9; H, 2.4; N, 6.6; S, 15.0. Found C, 44.7,
H, 2.4; N, 8.9; S, 14.4. R  ( '%):/307dw, 2920w, (AH), 1594w (C=N), 1519w
(C=C), 1132w (GN), 1474m (pl, 1298m (CH),1061w, 1045w, 981m (& out of
plane ring), 760s, 709vs {C out of plane), 1354m (€ in plane), 1433m (&H in
plane), 844m (€5-C), 3347w (HOH)Dispersive Raman(785cm' 1): 324m (MClI),
416m (M-N), 114m (CM-CI), 200w (CHM-N), 251m (NM-N). 'H NMR (400 MHz,
CDCls) d 8.06 (4H, 2xd, J =4 Hz, 2x8 & 2x8-H), 7.86 (4H, dd, J = 4 & 6 Hz, 2x6
H & 2x7-H), 7.62 (4H, d, J = 4 Hz, 4x51), 7.24 (4H, d, J = 4 Hz, 4x31), 7.13 (4H,
t,J=4Hz, 4x#H).UV-vis( Acet oni t r imh/Mfcm &:n288(49106), 382
(34171.4).ESIiMS (m/z, CHCIy): 854.6 (calc. 855.1) [M] 783.1 (calc. 783.0)
[Pt(dtqk]*?, 829.1 (calc. 830.3) [Pt(dtj*+2Na+, 559.9 (calc. 602.3) [Pt(dto)F,
829.2 (calc. 830.5) [Pt(dtq)Z}EtOH, 294 (calc. 295.0) [dtq].

3.2.7 Synthesis of[2,3,2',3-Tetra-pyridin -2-yl-[6,6']biquinoxaline (dichloro)
copper(I)]: [Cu(tpbqg)Cl2]
0.128g (0.2268 mmolpbgwas dissolved in about 10 ml ethanol and added to 10 ml
aqueouds).0305g (0.2268mmol) copper chloride (CuGleH.0O) solution dropwise
while stirring. Then the solution was refluxed for 24 ralabut45-50 C-The solid
formed during this stage was collected by filtration and dried under vaaiftem
washng with cold water andcold ethanol The percent yieldvas 13.71 % for
[Cu(tpbg) Cl2].
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Anal. calc. for CzsH22NsCl2Cu (%): C, 61.676; H, 3.163; N, 15.983. Found C,
61.466; H, 3.341; N, 15.13T R  ( '3):/3065dw, 3005w, 2924w, (AH), 1706m
(C=N), 1577s (C=C), 1149m (M), 1472s (ph), 1290m (€l),1072m, 993m (€ out

of plane ring),789s, 742vs (€ out of plane), 1386s (8 in plane), 1430s ({CH in
plane), 3366w (HOH)Dispersive Raman(785 cm' Y): 246m,353m (M-Cl), 394m,
460m (M-N), 186m (CHM-CI), 220w (CHM-N), 114m (NM-N). 'H-NMR (DMSO-

d, 400 MHz ,;7.6%i(d 2k, pi5N) 5 N , 7 .-3830Nj;4 n4 Nja H, 8 H2 4
2 H, H 68, 8INj(m, 2HEHs3)8.60 (s, HEHs). UV-vis (DMF) ma@nm
(Omax/M' tcm' ): 285 (2310), 373 (13490ESIi MS (m/z, EtOH): 7@.1 (calc. 7@.07)
[M]*, 382.32 (calc. 382.0) [Ctgbg)Cl]", 699.41 (calc. 7007) [Cutpbq)Cl]*-2H,
630.12(calc. 631.16) [Gtpbg)]*2, 417.22.3 (calc. 418.76) [Cufl, 567.20 (calc.
566.63) [(pbq)2], 284.32 (calc. 283.31jdbq].

3.2.8 Synthesis 0f[2,3,2',3-Tetra-thenyl-2-yl[6,6']biquinoxaline (dichloro)
copper(lD]: [Cu(ttbqg) Clz]

0.0312g 0.0532mmol) ttbg was dissolved in 10 ml ethanol and added to 10 ml

aqueoussolution of 0.0072g (0.535mmol) (CuChk.6H.0) dropwiseand resultant

solutionwas refluxed for 24 h at 450 C.the solid was collected by filtration and

dried under vacuumafter washng with cold water andcold ethanol at room

temperatureThe percent yieldvascalculated a26.08 %.

Anal. calc. for Cs2H18&4N4Cl2Cu (%): C, 53.291 H, 2.516; N, 7.768; S, 17.783.
Found C, 53.655; H, 3.211; N, 7.548; S, 185(R  ( '3):/3@58w, 2922w (AiH),
1607m (C=N), 1519m (C=C), 1179w ), 1473s (ph), 1296s (€),1045w, 978w,
934w (GH out of plane ring), 744s, 696vs-Cout of plane), 13&3(GH in plane),
1423s (CCH in plane), 835m (&-C), 3462w (HOH)Dispersive Raman(785cm'’
1): 239m,280m (M-CI), 381m, 41¥n (M-N), 146m (CHM-CI), 206w (CtM-N), 120m
(N-M-N).*H-NMR (DMSO-ds, 400 MHz, G, gBpm)Nj) ,7.021 7(. 8,0
H-44Nj) , 8. 005 (8Nj) , 28&. ¢HHB.60 ¢5dHEH:)R2UV ;vis (OMF)
AmadnM [Uma/M'tem'Y): 287 (55990), 415 (58830ESIi MS (m/z, Acetoritrile):
7219 (calc. 721.23) [M], 723.51 (calc. 722.23) [Citipq)Cl,]+H, 685.44 (calc.
685.78) [Cittbg)Cl]*, 649.18 (calc. 650.33) [Qitbq)]*?, 743.52 (calc. 744.23)
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[Cu(ttbq)Clz]™>+Na",663.46 (calc. 662.78) [Qiibg)]*>-(Cl+Na), 587.05 (calc.
586.78) [(tbq)z].

3.2.9 Synthesis of [2,3,2',3Tetra-pyridin -2-yl-[6,6']biquinoxaline (dichloro)
platinum(ll): [Pt(tpbq)Cl2]

163.7 mg (0.964nmol) AgNG; is dissolvedin 5 mL aqueousolutionof 100 mg
(0.241 mmol), KPtCL at dark. The solution was kept overnigiittoom temperature
and then formedgCl was filtered out. To thisolution,5 mL DMF solution of 0.136

g (0.882 mmol)tpbgwas addedlowly andthe mixturewasr e f | u x e during t

40AC

24h. ThePt(tpbqg)Chk was collected under vacuum and dried at room temperature. The

percent yield for the [PigbgClz] was16.45%

Anal. calc. for CssH22NsCl2Pt (%): C, 51.932; H2.663; N, 13.458. Found C, 49.237;
H, 3.013; N, 13.9301 R ( '3):/3200w, 3055w, 2915w, (AH), 1707m (C=N),
1580s (C=C), 1152w (@), 1472s (ph), 1293m (&),1076w, 1042w (€H out of
plane ring), 789s, 744vs {C out of plane), 1380s (8 in plane), 1426s ({CH in
plane), 3365w (HOH)Dispersive Raman(785 m): 340m (M-CI), 404m (M-N),
113m (CHM-CI), 213w (CHM-N), 240m (NM-N). *H-NMR (DMSO-ds, 400 MHz,
U, )p:p7@®(d,2H, H5, 5Nj), 7-3833Njm,NN4H,8. ENyB. (d
50 (m, 2HGHs3), 8.68 (s, HGH3). UV-vis ( D MF pa/nne (mad/M'lcm'Y): 287
(67930), 373 (43540ESIi MS (m/z, EtOH): 833.11 (calc. 832.62) [M]799.01 (calc.
797.65) [Pt(pbg)Cl]*, 762.04 (calc. 762.20) [@pbq)]™?, 764.04 (calc. 764.20)
[Pt(tpbg)]*2+2H, 587.51 (calc. 587.63)tpbg) +2Cl]*-2H, 567.20 (calc. 566.63)
[(tpbq)], 284.10 (calc. 283.31)dbq].

3.2.10 Synthesis of [2,3,2',3Tetra-thenyl-2-yl-[6,6'Tbiquinoxaline (dichloro)
platinum(ll): [Pt(ttbq)Cl 2]

100 mg (0.241 mmol), #tCL wasdissolved in 5 mL of double distilled water. 163.7

mg (0.964mmol) AgNG; wasdissolvel in that equeouglatinumsolution and stirred

at room temperature at the dark overnigtite pgecipitateof AgCl wasremoved by

filtration. Afterwards 5 mL DMF solution of 0.1413 g (0.482 mmadthbqg was added

dropwiseto thisandt he r ef | u x eadothex R4h, 4r@ A€ prdcipitate of
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Pt(ttbq)Chk was collected under vacuum and dried at room temperature. The percent
yield for the [Pt{tbq)Cl2] was13.19%

Anal. calc. for Cs2H18&4N4Cl2Pt (%): C, 45.071; H, 2.128; N, 6.570; S, 15.039.
Found C, 45.2464, 2.368; N, 6.509; S, 16.38 R ( '3):/3@54w, 2924w, (AH),
1606w (C=N), 15198w (C=C), 1178w {§), 1473m (ph), 1295m (&l),1048w,
978w, 933m (CH out of plane ring), 744s, 695vs-(Cout of plane), 1368m (€ in
plane), 1422m (€CH in plane), 835m (&-C), 3358w (HOH).Dispersive Raman
(785cm'Y): 388m (M-CI), 528m (M-N), 118m (CHM-CI), 200w (CHM-N), 250m (N
M-N). 'H-NMR (DMSO-ds, 400 MHZz7,15@,2H,pip M Nj) , UG: 7.
H-4, 4 Nj) , &#H, B-5,( 3IMj), , 28 . 5H6),8.60 (5,dHGHsR BV,-vis (DMF)
AmadnNM UmaM'icm'l): 284 (49140), 414 (48890KESIi MS (m/z, CH:Cl,): 852.95
(calc. 852.77) [M], 815.51 (calc.815.32Pt(ttbq)Cl2] -[Cl+2H], 910.39 (calc. 910.75)
[Pi(ttbg)Cl2] +[Na+K]-5H, 851.39 (calc. 851.77) [@ibqg)Cl] -H, 891, (calc.
892.76) [Ptitbg)Cl2] +K, 587.05 (calc. 586.78)tpq)].

3.3 Solubility

Solubility of all the complexes was studied in different solvents such as acetonitrile,
ethanol, methanol, acetone and DMF. As observed fron(Tiégle 3.} that all the
compleses are very soluble in common organic solvents; methanol, ethanol and DMF.

Almost all complexes are insoluble in®| but all aresery soluble in DMF.

Table3.1 Solubility of the complexes

Complexes | AN H20 | EtOH MeOH | Acetone | DMF
[Cu(dpQq)2Cl2] SS VS VS VS SS VS
[(Cu(dtq)2Cl2] VS NS VS VS VS VS
[Pt(dpq)2Cl2] NS NS VS VS NS VS
[Pt(dtq)2Cl2] VS NS VS VS SS VS
[Cu(tpbq)Cl2] NS NS SS SS NS S
[Cu(ttbq )CI2] SS NS S S S VS
[Pt(tpbq)Cl2] VS S S S S S
[Pt(ttbg)Cl2] NS NS SS SS S S
SS: Slightly Soluble; VS: Very Soluble and NS: Not Soluble
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3.4 Methods

3.4.1 DFT studies

For the computational analysis of the metal ligand complexes, densitijohaic
theory calculations were performed by utilizing the hybrid functional B3LY3%[

136]. First, the lowest energy structures of the isolaleq, dtq,tpbq andtbqligands

in their neutral form were obtained through the conformational analysisRsing | e 6 s
triple zeta quality basis set;3.1++G(d,p) 137]. Conformers of the metdigand
complexes were prepared by using the minimum energy structures of thdtapq
dpbg and dtbdjgands, and they were fully optimized at the B3LYP/LANL2DZ level

of theory. For the calculations on the complexes, the LANL2DZ basis set was used
due to the unavailability of the &L1++G(d,p) basis set for the metal atoms Cu and Pt
and for its performance on similar systejh38-139]. Hessian calculations were also
performel on optimized metédigand complexes, both to verify if the geometries were
true minima and to obtain zero point vibrational energies that were used in the
calculation of the relative energies of the different conformers. Following the
conformational angkes, reorganization energies and ligand binding energies were
calculated at the BSLYP/LANL2DZ level of theory. All DFT calculations included
Gri mmeds empirical di s pJhnson damping, amdrtheyc t i o n
were performed by using the Gaussi@9 Rev. D.01 software packad@40].

Molecules were visualized by GaussView 5 [1491].

3.4.2DNA and HSA interaction
3.4.2.1 Electronic absorption spectroscopy (EAS)

Conventionally, one can look for any interaction among DNA and rbatdd
compounds by detecting @hges in absorption bands in the presence of nucleic acid.

To do so, the compounds were diluted in a mixture of DMF for all copper and platinum
compounds except [Cu(dtgl2> in AN, and [Cu(dpg]Cl2in H20O with Tris HCI by

1.1 by volume buffer (5 mM TridHCl; 50 mM NaCl, pH 7.11). EAS monitoring was
carried out with an HP Agilent E8453 Spect

was monitored upon maintaining the concentration accumulation of compounds at a

37



fixed level at the same time as while incregghre concentration of Calf Thymus DNA
(CT-DNA) (R= [DNA]J/[Complex]= 0-10). The intrinsic binding constant gKof the
compounds with CIDNA is found with the help of this formula [142].

[ DNAKE) (& [ D bl MUK 86 (3.1)

He r dsthedpperene x t i nct i o ra  @shdvthe extinaioncaefficients

of both free and bound compounespectively and K, is determined based on the
proportion of the slope to the s&wsercep
[DNA]. Selected incubation times for each platinum and copper complex are given in
(Table 3. 2. Thermodynamic parameters were also obtained by EA®riexents

conducted at 310, 320, 330, aB40 K The standard Gibbs free enerdd&() was

calculated bysing the following equation (3.2
DG°=-R T Ln Kp (3.2)

The binding enthalpy and entropy were determined from the slope and the intercept of
t he Maifipld3]equation(3.3).

Ln(Kp)= (-DHY%RT)+(DS/R)
(3.3)

Table3.2. Experimental Concentration of the complexes and theDINA

Complexes Concentration (M) Incubation

Complexes Calf thymus DNA | Time (min)
[Cu(dpq)2Cl7] 3.04x 103 0-1.25x 103 45
[Cu(dtq)2Cl7] 2.74x 103 0-7.80 x 10* 30
[Pt(dpQq)2Cl_2] 3.00x 103 0-5.02x 10* 30
(Pt(dtq)2Cl7] 3.2x 103 0-5.86x 10* 30
[Cu(tpbg) Cl7] 3.00x 103 0-9.60 x 10* 45
[Cu(ttbqg) Cl2] 0.50x 10° 0-4.20x 10* 30
[Pt(tpbq) Cl2] 3.00x 10° 0-8.00x 10* 60
[Pt(ttbq) Cl7] 3.00x 103 0-1.19x 103 45
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UV-titration with HSA weremonitoredwith the same spectrometer applied for the
DNA test. Additionally, the compounds were diluted in a mixture of DMF for all
copper and platima compounds except [Cu(d&l> in AN, and [Cu(dpg)Cl2 in

H20 with Tris' HCI by 1:1 by volume buffer (5 mM Tiigi1Cl; 50 mM NacCl, pH 7.11).
Under these circumstances, the EAS variations were recorded while maintaining fixed
the HSA concemrM)yaad altesimg that f. the 2dmpdind between 0
and 2 :%M2Furthé@more, the concentration of the representative EA band of
HSA at about 280 nm was monitoredith the series being twice reciprocal of /(A

Ao) asversusto 1/[complex] [14}], in which A and A represent absorptiovalues

both in the presence and absence of the compounds, respectively. The intrinsic binding
constant (k) of the compounds to the protein was found based on spectral variations
and determined as the proportion of the stogtbe intercept as appearing in the series.
Selected incubation times for each platinum and copper complex are gifabla

3.9. In order to understand the nature of the interaction between the complexes, CT
DNA, and HSA, thermodynamic experiments vee also performed and the

temperature dependgwdas deeimmedian3d0o, 320, 830 taral n t

340 K.
Table3.3 ExperimentalConcentration of the complexes and the HSA.
Concentration (M)
Complexes Human serum _
Complexes albumin (HSA) Incubation
Time (min)
[Cu(dpq)2Cl2] 3.13x 10° 2.12x 10° 30
(Cu(dtqg)2Cl2] 3.27x 10* 2.12x 10° 30
(Pt(dpq)2Cl2] 2.99x 10* 2.12x 10° 45
(Pt(dtq)2Cl2] 2.57x 10* 2.12x 10° 45
[Cu(tpbq)Cl2] 3.18x 10* 2.12x 10° 60
[Cu(ttbq)Cl2) 2.77x 10* 2.12x 10° 30
[Pt(tpbq)Cl2] 3.00x 10* 2.12x 10° 60
[Pt(ttbg)Cl2] 3.05x 10* 2.12x 10° 30
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3.4.2.2 Viscosity measurements

These tests were done to additionally shed light on the processes taking place between
metal compounds and DNA [3§ , wi t h a rl0 VIBR®/iEconseiér) at

room temperature. The concentration values for each compound changed from 0 to 70

em whereasDNAatemdi nCefld t he same at 60 &m
hydrochloric acid: 50 mMNaCl buffer mixture at pH = 7.11. The viscosity of the-CT

DNA wi th (d)),tleecanpounds gresanttwas(cliecked aatwally and

t he v aldy)®emuarfedtd 1dR ahd set against [complex]/[DNA] concentration

rati o, Her e, cdsi $yt hyaithdotNe campainds present.

Accordingly, similar assessments wered@#&or HSA in the same manner.

3.4.2.3 Thermal Denaturation

Thermal study specimens were made with 1:1 (V/V) 5 mM Tris HCI:50 mM NaCl

buffer mixture at pH=7.11. The absorbarat 260 nm wamonitoredwith and without

the compounds present with t Hometdtendp of a
HAAKE circular bath. Throughout the procedure,-DNA value remained the same

at 60 OM and those of th&0 c@MpoTUemdse rcditainrg
elevated by 4 min. In case osamplesontainingHSA, the absorbance of the peak

of albumin at 280 nm wasgollowed as temperature was raised. The ultimate
concentration of t h i°9V asdothatiofttie composintdoat d at
2. 12°510MO based 0B mM Tris HE:50/mWINaCl buffer mixture at

pH=7.11.

3.4.2.4 Fluorescence Titration

The scope of fluorescence of ethidium bromide (&B$applied to see DNA binding

scopes occurring in the metadsed compounds and DNA46]. EB releases sharp
fluorescence raysn the presence of DNA thanks to robust processes occurring
between the joined DNA base couples. Research has shown that increased
fluorescence may be suppressed through supplying another molecudjel{8}
Fluorometric assessments were carried out,uas & , using a Ther mo

Lumina Fluorescence Spectrometer and keeping constant the EB preG&dddtA
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concentratiorand changing those of the compounds in 1:1 (V/V) 5 mM Tris HCI:50
mM NaCl buffer mixture at pH=7.11. These assessments also imategdoan
excitation wavelength of 478 nm with an emission scope fixed from 500 to 800 nm
using a luminous software wave scan. The final spectra were examined based on the

common SteriVolmer Eq [14)].
lo/ 1=1+ Ksur (34)

In which, b and | represent fluorescence intensities at 605 nm with and without
quencher, respectively;sikrepresents the linear Starivolmer quenching constant;

is the concefration of quencher.

In case of protein specimens, the HSA value was kept constanOavll whi | e
assessments took place, whereas those of the compounds were altered between 0 and
500M in 1:1 (V/V) 5 mM Tris HCI:50 mM Na
HSA fluorescence spectra was determined upon keeping constant the agitation

wavelength at 280 nm and the release was monitored between 200 and 500 nm.
3.4.3 Biological Activity

3.4.3.1 MTT Cell Viability Assay

Cell culture conditions: Several cancer cell lines fronfedént origins including
human glioblastoma172 (CRL-1620) LN229 (CRL-2611) U87 ( HTB-14) cell lines;
human lung A549 (CCL-185), human breast MDA231 (HTB26), human cervix
HelLa (ATCC, CCL2), human prostate RE (ATCC, CRL-1435) cell lines; and
Chinese hamster ovary CHOK1lldene (CCL61) used as an control were purchased
from American Type Culture Collection (ATCC, USA). They were cultured in
Dul beccods modi f-Fl12 (DMEVHR]2, #0547, Bignildricin
supplemented with 5% Fetal Bovine Serum (FBS, # 10500 0fp&t 1% antibiotic
antimycotic (#15240, Gibco) and incubated at 87 and 5% C@ They were

subcultured and used for the following assays when they reackgfp@@onfluency.

MTT Cell Viability Assay A172, LN229, U87, A549, MDA31, HelLa, PE3 and

CHO-K1 were seeded at a cell density of 6 X délis/well in the 96well plates and
41


https://www.lgcstandards-atcc.org/products/all/CRL-1620.aspx
https://www.lgcstandards-atcc.org/products/all/CRL-2611.aspx
https://www.lgcstandards-atcc.org/products/all/HTB-14.aspx

incubated at 37°C and 5% CQ for 24 h. The following day, copper(ll) and
platinium(ll) compounds were applied to the cell monolayers at concentrations of 6.25,
12.5,25,50,md 100 OM-F12mandihtliEakéd at 3T and 5% CQfor 24,

48, and 72 h. To examine the cytotoxic effects of our compounds, the colorimetric
agent MTT (3[4,5-dimethylthiazoi2-yl]-2,5-diphenyltetrazolium bromide, # M5655,
SigmaAldrich) tetrazolium alt converted into a purple formazan product after
reduction by the mitochondrial enzymes of the metabolically active live cells was
dissolved in phosphate buffer solution (PBS, 5 mg/ml, w/v). After each incubation
period, MTT (5 Og/ nd )eadaomh DWEIM wearsd aidrdceudb a
5% CQfor 4 h. The formazan crystals dissolving solution, dimethyl sulfoxide (DMSO
# D 8418, Sigm&ldrich), was added into each well and placed in the shaker for 2 h.
The absorbance was measured on a microplateredath a test wavelength of 570

nm and a reference wavelength of 630 nm.

3.4.3.2 Oxidative stress testing (DCFDA assay)

The reactive oxygen species (ROS) formation on the selected cell lines upon exposure

to the synthetized Cu and Pt complexes was investigaiegl the oxidatiorsensitive

dye 2, 7j-dichlorofluorescein diacetate (DCFDA, #D6883 SigAidrich). The cell

lines (A172, LN229, U87, HeLa, MDAR31, PG3, A549, and CHEX1) were seeded

(6 x 1 cells/well) into the 9évell plates and incubated at°87and5% CQ for 24

h. After that,theCuah Pt compl exes at a concentratic
added on the cell monolayers. Hydrogen peroxid®gHat concentrations from 50 to

500 OM was utilized as a positive contro
was added into the cell mongéxs and then the plate was incubated fod30min.
Consequently, the fluorescence intensity was measured with 485 nm excitation and

535 nm emission wavelengths using a microplate reader. The fluorescence values of
each treatment was normalized to theatieg control including only growth medium

without any treatment. The assay was repeated in triplicate.
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3.4.3.3 TUNEL assay

The sensitive cell lines selected according to the results of the cell viability assay, U87

and HelLa in 5x1fcells, were seeded on 12 mound cover slips in the 24ell plate

and incubated at 3, and 5% C®@for 24 h. The following day, the cell monolayers

were treated with freshly prepared the C
incubated for 24 h. The dawfter, the cell monolaysr were fixed in 4%
paraformaldehyde (15 min at room temperature). Then, DNA fragmentation associated
with apoptosis was examined by the terminal deoxynucleotidyltransferase- (TdT)
mediated dUTP nick end labeling (TUNEL) method using a commercial assay Kit,
Situ Cel l Death Detection Kit (Roche, #1
instructions. The experiment was repeated at two independent times with the tested
cell lines. Images were taken using a Leica DMI 6000 fluorescencesoape with

40X manification.

3.4.3.4 Matrigel invasion analysis

To assess the metastatic potential of tumor cells, Matrigel invasion analysis is useful

to evaluate cell invasion of malignant cells. Matrigel invasion assay was performed
usingat r answel | inserts with 8 em pore si z
Costar, Cambridge, MA). First of all, transwell inserts were coated with 1/5 of
Matrigel (Beckton Dickinson, Bedford, MA) in FBS free DMERM 2 and they were

air-dried at room temperatufer 4 to 5 h. Selected sensitive U87 and HelLa cell lines

( 3 Y cell$/ibsert) with previously prepared Cu or Pt complexes at concentrations

of 6.25 or 12.5 €M in the medium containi
the inserts. The basolatesatle of the inserts was filled with DMEM®12 including

10% FBS and incubated at°®7in a humidified incubator with 5% CG@br 24 h. After

that, the cell monolayers in the transwell inserts were fixed withattemethanol and

then stained with 0.05% ciyd violet. The invasion of the cells to the basolateral side

of the inserts was imaged with the light microscope with 40X magnification. The

experiment was repeated twice.
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3.4.3.5 In vitro scratch wound healing

Cell migration, invasion, and adhesion are crusiaps in cancer development and
progression, invasion, and metastasis therefore, it is very important to inhibit these
mechanisms wusing novel drugs to dvercon
cells/insert) were seeded into-@@ll plates. When they relaed 80 90% confluence,
scratches were created by wusing AutoScra
monolayers were washed with PBS to remove floating cells. After that, the cell
monolayers were exposed to the Cu or Pt complexes at concentratéBs of 12.5

eM and i nc°G and 5% CRIina humidlified incubator for 24 h, 48 h, and

72 h. Images were taken at the beginning of the exposure (time 0), and every 24, 48

and 72 incubation periods.

3.4.4Analysis of DNA Damage
3.4.4.1 In-vitro comet assay

A gel electrophoresibased method (comet assay) was performed to detect DNA
damage in the used cell lines as described by Olive and B2dathwith some minor
modification. The selected cell lines were seeded at a cell density b 4cells in a

24wellpl at e and i ncub atdod24at The3fieshig prepared 5 % |
concentrations of the 50 and 100 OM of ¢
to the cell monolayers and incubated for another 24 h. The cells were treated with

Ethyl methanesulfonat€EMS, MerckMillipore #8.20774) at a concentration of 40

OM for 1 h and serviced as a positive coc
only treated with the medium. By the end of the exposure period, the cells were
trypsinized and suspended at aaamtration of 1.6 10* cells/mL in DPBS. The cell
suspensions were mixed with 1% l@elling-temperature agarose (#9018 Sigma

Al drich) at 40AC at a ratio of 1:3 and
gellification, the slides were submerged ittte lysis solution (1.2 M NaCl, 100 mM
NeEDTA, O0.1% sodium | auryl sarcosinate, O
for 1820 h. The day after, the slides were washed three times in an alkaline carrier
buffer at pH=13 for 20 min and then submerged iinesh alkaline solution (0.03 M
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NaOH, 2 mM NatEDTA, pH ~12.3). The slides were placed in an electrophoresis
chamber filled with a consistent volume of the buffer, and electrophoresis was
conducted in the alkaline solution for 25 min at a voltage of GcéVThe slides were
washed with distilled water and stained
SigmaAldrich) for 20 min. The slides were analyzed at ExEErB35/~617 nm, and

the images were taken using a fluorescence microscope. The experiment was

performed in triplicate, and 50 cells were individually examined in each repeat.

3.4.4.2 Plasmid DNA interaction assay

DNA cleavage activities of the synthetized Cu or Pt complexes were evaluated by
determining their ability of converting the plasmid DNA in thpexweoiled form (SC)

to the its nick circular form (NC) and the linear form (LF). In this assay,Gi8V1

plasmid (3.1 kb, #631630, Clontech) was grown inolt and then purified using a
Machery Nagel DNA isolation kifthewppehe 100
and platinum compounds were incubated with 200 ng of plasmid DNA in double
distiledwater(ddkO) f or 16 h at RT in a total wvolu
samples were electrophoresed on 1% agarose gels by means cheelatsEDTA

(TAE) buffer at 100 V for 1 h. The gel eventually was stained using ethidium bromide,

and the images of the bands were captured using a ChemiDoc imaging system

(BioRad). The testing was done in two rep¢ats)].

3.4.5 Statistical analysis

Significance analses were performed by means of -oveey analysis of variance
(ANOVA) and Tukey's post hoc test. The level of statistical significance was p < 0.05
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CHAPTER 4

4 RESULTS & DISCUSSION

4.1 Computational studies

The DFT calculation gives more suitable informatitoat structural features, in the
absence of crystal data, in addition to the energy minimized conformation, such as
coordination behaviour in metal complexes and HGMOMO energy gap [2 L

The lowest energy structures of the Cu(d@y) Cu(dtq}Clz, Pt(doq)xClz, Pt(dtq}Cl2,
Cu(tpbg)Cl2, Cuftbqg)Cl2, Pttpbqg)Cl2, and Pt(ttbq).Cl> complexes based on the
calculations at the B3SLYP/LANL2DZ level of theory are giver{figure4.1).

As can be seen fromigure 4.1, while theCu(dtq}Cl, Pt(dpg}Cle, and Pt(dtg)Cl2

structures seem to have square planar geometry around the metal center, the
Cu(dpgXCl> geometry significantly deviates from planarity due to #uglitional

interaction between Ctiand the nitrogen atom in the pyridyl group with a distance of
2.26 |, which does not exist i n the other
the N:Cl4-N2-C1 3 di hedr al , whi ch w&e(dhg@lag ul at e
given in (Table 4.1). Pt(dpgdl- slightly deviates from planarity by ad1-Cl4-N2-

CI3 dihedral ofonly 1.6A , wQu(dth€l> and Pt(dtg)Cl. seem to be perfectly

planar. Pt interacts with the nitrogen atoms in the quinoxaline group andictlo

atoms through a longer distance by comparing with Gtor example, PN distance

was calculated to be 2.04 and 2;0%vhile CuN distance was found to be 2.01 and

202 . Si mi-Clardiyst &tces areCR.dRstiambovear e
bdow.

Geometry optimized structures of [Cu(tpbg)@nd [Pt(tpbq)C] displayadeviation
from thesquare planar struate around the metal cent&his deviation beame
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significant for [Cu(tpbq)CG] with the N1CI4-N2-C|1 3 di hedr al angl e
Deviaion from planarity for Pt(dpaflzisrather slight by aiN1-Cl4-N2-CI3 dihedral
ofonly3A ( Table 4.1).

In these complexes Pinteractswith the chlorine atoms through a longer distance by
comparing with C& and PiN distances were calculated as 2208 2.04 while Cu-

N distances were found to be 2.10and 2.02 The opti mi zed geome
for [Cu(ttbq)Ch] and [Pt(ttbq)C], on the other hand, exhibited coordination between

the metal ions and a H atom of the quinoxaline as well ascgeitratom coordination

of the same unit. The chlorine atoms filled the empty coordination sites as depicted in
Figure 4.1. The interaction of the metal ions with thatbim led the deviation of from

the planarity, which was also proveg highN1-Cl4-N2-CI3 dihedral 0f59.8A a n d
59.5Afor [Cu(ttbq)Ch] and [Pt(ttbq)Cd], repectively. For both complexes?™MN and

M2*-H distances were obtained almost equal, while longer metalidistances were

calculated for the platinum complex than that of the coppaptax (Table 4.1).
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Table4.1 Selected geometrical parameters for the retalg a n d
i n. A

compl exes

(bondl engt hsgvanr e

A
Complexes Geometrical Parameter
M-N1 M-N2 M-CI3 M-Cl4 N1-M-N2 CI3-M-Cl4 N1-M-Cl4 N1-Cl4-N2-CI3
[Cu(dpg)Cl] | 2.02 201 239 239 174.2 160.4 86.9 14.4
[Cu(dtg)Clz] | 2.01 201 234 236 178.2 180.0 90.9 0.0
[Pt(dpq)Cl2] | 2.05 204 242 2.44 176.2 178.2 90.4 1.6
[Pt(dtq)2Cl2] 2.04 2.04 2.42 2.45 179.4 180 90.3 0.0
[Cu(tpbg)Clz] | 2.10 2.02 228 2.28 78.9 101.8 144.5 49.3
[Pt(tpbg)Clz] | 2.05  2.03 240 2.40 79.6 87.7 172.6 3.6
M-N1 M-H2 M-CI3 M-Cl4 N1-M-H2 CI3-M-Cl4 N1-M-Cl4 N1-Cl4-H2-CI3
[Cu(ttbg)Clz] | 1.99 265 222 224 68.7 148.7 102.6 59.8
[Pt(ttbq)Cl] | 1.97 2.60 240  2.39 70.3 171.3 95.4 59.5

M: Metal center (Cti or P£")
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4.2 ldentification of the complexes

4.2.1 Mass spectrometry

Mass spetrometry is a robust methaao find outmoleculamweight ofcompoundsThe
complete process involves the conversion of the sample into gaseous ions, with or
without fragmentation, which are then characterized by their mass to charge ratios

(m/z) and relative abundances 1.5

Mass spectrum measeements obur complexeslemonstrate the molecular ion peaks
corresponding to M species confirmd that all the compounds were synthesized
successflly. Molecular mass and the main mass fractions ofeskein the mass
spectrum of theomplexeswerelisted in Table 4.2 andnass spectrum of selected
compoundswere presented in Figure4$.2-4.5. The masspectrumresults indicated
coordinationof the dpq, dtq, tpbgand ttbq ligands t€u(ll) and Pt(ll)ions with o
chlorines bysupporting the data presented kheoretical calculation&igures AL-A6).
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Table4.2 Mass Spectral data for the complex&alculaed molecular weight of the
fractionsaregiven in parentheses next to the experimental values.

Complexes

Theoretical
Mwt (g/mol)

Complex ion
peak (m/z)

Other main ions (m/z)

tpbq

566.63

[M*] (566.82)

567.628 $67.20) [pbg+H']

tthbq

586.78

[M*] (587.05)

587.78 688.05) [ttoq+H]

[Cu(dpq)2Cl;]

703.1

[M*] (704.034)

[Cu(dpg)Cl]*, 666.64666.11)
[Cu(dpa}]*? 630.19(631.14)
[Cu(dpg)CIT, 382.32882.00)
[Cu(dpq)]? 347.87(347.03)
[dpq], 284.320285.11)

[Cu(dtq)2Cly]

723.1

[M*] (722.51)

[Cu(dtqxCI]*+ K*, 726.09( 727.46)
[Cu(dtq)] 2 651.55(652.99)
[Cu(dtq)Ch], 428.452430.242)
[Cu(dtq)CIT, 39299(392.04)

[dtq], 294 95.04)

[Pt(dpq)2ClJ]

834.63

[M*] (833.36)

[Pt(dpg)Cl]*, 799.18 801.04)
[Pt(dpqgh]*? 763.73 763.11)
[dpq], 284.32 285.11)

[Pt(dtq)=Cl3]

854.63

[M*] (855.06)

[Pt(dta)]*? 783.0§783.01)
[Pt(dtq)CL], 559.98602.27)
[dtq], 294(295.04)

[Cu(tpbq)Cly]

702.1

[M*] (702.07)

[Cu(tpba)CIJ-2H*, 699.4170007)
[Cu(tpbq)]2, 630.12(631.16)
[tpba], 567.20666.63)

[Cu(ttbq)CI;]

721.9

[M*] (721.23)

[Cu(ttbq)CL]+H, 723.51722.23)
[Cu(ttbq)CI}, 685.44(685.78)
[Cu(ttba)]2, 649.18650.3)
[ttbg], 587.05 686.78)

[Pt(tpbq)Cl]

833.11

[M*] (832.62)

[Pt(tpbg)CIT ,799.01 (797.65)
[Pt(tpbq)]+2H,764.04(764.20)
[tpbq],567.20 (566.63)

[Pt(ttbq)]Cl>

852.95

[M*] (852.77)

[Pt(ttbq)Cb]+K *, 891.54 892.76)
[Pt(ttbq)CIT'i [2H'], 815.51815.32)
[ttbq], 587.0%586.78)
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4.2.2 H-NMR Nuclear Magnetic Resonanance Spectrometry

H-NMR spectrum isa technique used to determine the number of H atoms in
molecularstructureand give infomationabout structure of any malglar containing

hydrogen. Poton NMR of dpq, dtq, tpbg, ttbqg were compared with that of our
complexes tprovethe coordination of thee ligands to Qi) and P{(Il) ions. The'H-

NMR data of dpq and dtq can be fourldewherg154, 155jandtheprotonNMR data

of all our ligandsare tabulatedin Table 4.3. This table shows thathe *H-NMR
Spectrumofl pg contains ar omat-838pmnlseis]land bet we
the signal positions moved to a: . 7. 42
Correspondingly'H-NMR si gnal s of dt g o0i843Fkppmed at
appeaeda t  U-8.07ppnm@FRyures 4.8 4.9 and B, B4) for our complexes.

As for the!H-NMR spectrum offibg, protonhh ave si gnal s-8.@8epgmween
(Figre 4.6)whose positionchandeé o UG4: 7. 42 and 8. 34 upon tl
metalions. Likewise,'H-NMR spectrum of ttbg ont ai ns t he si-gnal s
8.54 ppm(Figure 4.7)and thecoordination of ttbq to copper and platinum icasised

shift of thesearomaticsignalst owar ds uU: 7 (FighresB6B8. 8. 6 0 ppm

2.3-Di-thien-2-yl-quinoxaline 2.3-Di-pyridin-2-yl-quinoxaline

232 3 -Tetraprridin-2-41-[6.§ ] biguinoxaline
" 3"

Scheme 4.1 Numbering system usetHANMR assignments
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Table4.3 'H-NMR spectral datdor the complexes ds-DMSO.

Complexes

‘H-NMR (ds-DMSO)

dpq

G: 7. 2545,m,5N)H, 7-3.9 73 Njd,
H4, 44j, 1Nj), 8.-8,.86N)d, &H5
[154,155.

dtq

U: -7.687(18, 2H, H5 , 5 NjJ.49 (7 2H5 &3 ,
8.138.04 (m, 2H, H4 , 4 Nj)7,25 (@, 2B,7H1 , 1 Nj}
7.02(m, 2H, H2 , 1B2§) |

tpbq

d 8.65 (2H, s, 5& 5i-H), 8.41 (4H, d, J = 6 Hz, 4x6eH),
8.38 (2H, d, J = 12 Hz-& 8i-H), 8.30 (2H, d, J = 12 Hz;
& 7i-H), 8.08 (4H, t, J = 12 Hz, 4xidH), 7.91 (4H, 2xd, J 3
12 Hz, 4x 3i-H), 7.31 (4H, m, 4x f-H).

ttbq

d8.55 (2H, s, 5& 5i-H), 8.28 (2H, d, J = 6 Hz,-& 8j-H),
8.21 (2H, d, J =6 Hz-& 7j-H), 7.56 (4H, d, J = 6 Hz, 4x5
H), 7.36 (4H, s, 4x@H), 7.08 (4H, s, 4x@H).

[Cu(dpq)2Cl2]

d 8.37 (4H, m, 2x&H & 2x8-H), 8.22 (4H, dd, J = 4 & 8 H3z
2X6-H & 2x7-H), 7.96 (12H, m, 4x3, 4x4- & 4x6j-H), 7,43
(4H, m, 4x5-H).

[Cu(dtq)2Cl2]

d8.07 (4H, 2xd, J = 4 Hz, 2x8 & 2x8-H), 7.86 (4H, dd,
= 4 & 6 Hz, 2x6H & 2x7-H), 7.62 (4H, d, J = 4 Hz, 4x%),
7.24 (4H, d, J = 4 Hz, 4%3), 7.13 (4H, t, ¥ 4 Hz, 4x4-H).

[Pt(dpq)2Cl2]

d8.37 (4H, m, 2x8H & 2x8-H), 8.22 (4H, dd, J =4 & 8 Hz
2X6-H & 2x7-H), 7.96 (12H, m, 4x{3, 4x4- & 4x6j-H), 7,43
(4H, m, 4x5-H).

[Pt(dtq) 2Cl2]

d8.06 (4H, 2xd, J = 4 Hz, 2x8 & 2x8-H), 7.86 (4H, dd,
= 4 & 6 Hz, 2x6H & 2x7-H), 7.62 (4H, d, J = 4 Hz, 4¥51),
7.24 (4H,d, J =4 Hz, 4%}), 7.13 (4H, t, J = 4 Hz, 4xH).

[Cu(tpbq)Cl2]

U:7.61(d,2H,H5, 5 Nj) , 7-3 8 03] NHd4
2H, K& 41Mj2HEH3)8.60 (s, HGHS3).

[Cu(ttbq)Cl7]

7.21(d,2H,H3 , 3 Nj) , a: -47 B8R0 2H, H
5, 5Nj) , 8 . 6M3B8.60 (d, tHEH3).2 H C

[Pt(tpbq)Cl]

0:7.59(d,2H,H5, 5 Nj) , 7-3 8 33 NjmhNNH
2H, H6, 6Nj) ,6H),868(s5HBH3. m, 2 HC

[P(ttbq)Cl7]

715(d,2H,H3, 3 Nj) , U:-47 43p , (t,
8.15(dd, 2H, 5 , 5 Nj) , 8 .6H3)8.60 (8, tHEH3)2
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Figure4.6'H-NMR spectrum ofpbg in CDCls.
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Figure4.7 'H-NMR spectrunof tthg in CDCl.
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Figure4.8 'H-NMR spectrum of Cu(dpg}Clz] complex in ¢-DMSO
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Figure4.9 H-NMR spectrunof [Cu(dtq)2Cl;] complexin ds-DMSO.
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4.2.3 UVI Vis spectroscopy

The Cu(dpyCl2 and Cu(dtpCl. complexes exhibit three absorption bands in their
electronic absorption spectrum. The bands observed at around 246 andi@ ¥Zaten

for Cu(dpg)Cl2 and 257 and 286 nin AN for Cu(dtq}Cl. were attributed tpY =~ *

charge transfer transitions. Additionally, the bands obtained at about 338 and 378 nm
are assigned as n YXCBandQu@Etgsd respeotimesfFigule Cu ( d
4.10) Pt(dpg)Cl> and Pt(dtpClz have two main electronic transition band$MF.

The bands that were observed at about 275 and 288 nm for P&ldjamd Pt(dtgCly,
respectivelywere recognized gsY *~ *ransitions and those obtained at 334 and 382

nm were assigned as aChand Pt{dipaln especiivgins o f
[156]. Correspondinglythereare twomain absorption bands within the electronic
absorption spectrum of tt@u(ll) and Pt(ll) withtpbg andtbqwhich were monitored

in DMF. The bands appearing at about 285, 287, a8d@ 284 nm for Cafbq)Cb,
Cu(ttbq)Cl,, Pttpbqg)Ch and Ptttbq)Ch, respectively, were attributed to they ~ *

charge transfer transitio$57]. Furthermorethe bandobservedat around 373 nm

for Cu(tpbg)Ct and Pt(tpbq)Gl complexeswere attributedas nY’  * tr ansi
(Figure 4.11)Howevern Y ° trtansitionsband was shifted t415 nmfor Cu(tbq)Cl»

and Pt{tbq)Cl> complexeg§158,159. The spectral datgivenin Table4.4.
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Table4.4 Electronic absorption spectral data for the platinum and copper complexes

Band No. Stnm) v (nm) Q Mtem )
[Cu(dpq)2Cl2] in water
I 246 4065.04 49072.73
Il 272 3676.47 30845.455
n 338 2958.58 16000
[Cu(dtg) 2Cl2] in acetonitrile
I 257 3891.05 30260
Il 286 3496.50 26110
i 378 2645.50 18537.5
[Pt(dpq)2Cl2] in DMF
I 275 3636.36 4228571
I 334 2994.01 19900
[Pt(dtq) 2Cl2] in DMF
| 288 3472.22 49100
Il 382 2617.80 34171.43
[Cu(tpbq)Clz] in DMF
| 285 3508.77 2310
I 373 2680.96 13490
[Cu(ttbg)Clz] in DMF
| 286 3496.5 55990
I 415 2409.64 58330
[Pt(tpbg)Clz2] in DMF
I 287 3484.32 67930
I 373 2680.96 43540
[Pt(ttbq)Cl2] in DMF
| 284 3521.13 49140
Il 414 2415.46 48890
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4.2.4 Infrared Spectrometry

FTIR spectrunof the complexes exhibit all the characteristic absorption peaks of dpq,
dtq, tpbg anditbq, especially, observedrsall deviations in aromatic ring-&, C=N,

C=C, GS-C peak positions confirrthe coordination of the metals to these ligands.
Bond frequency of which confirmed theaingroups of the ligands and the complexes
givenin Table4.5.

FTIR spectrum of dpg contas absorption peaks of aromatidH3vibrations at around
3098, 3056, and 3002 chil60, 161] For both copper and platinum coordinated dpq,
these absorption peaks appetin the range of 3100 and 3065 énWhile the peak

of aromatic C=N vibratioiis obsrved at 1590 crhfor dpg, the same vibration leah
absorption at 1597 and 1606 ¢nupon Cu(ll) and Pt(ll) coordinationof dpq,
respectively. Th@c=c)stretching vibration of dpq is displayed at about 155%;amn

the other hand, thec-c)absorptim wasobtainedat around.560cm for Cu(dpq)}Clz
(Figure 4.2) and 1550cm for Pt(dpq)}Cl. (Figure C1) Observation of shift in the
peak position ofic.ny (1145 cmt) toward 115%nd 1185cmt in the IR spectrunof
copper and the platinunnespectivel, is a good indication and confirmation for the

coordination ofdpq tothe metal

As reported earlief162a], the absorption peaks appeared at around 3893and
3054 cmt in the FTIR spectrum of the dtq is attributed to the aronmagig) vibrations
[160-161]. Through the coordination of dtq to both Cu(ll) and Pt(j3,n) vibrations
shiftedto 3071 cri. Similarly, the aromatityc=n) vibration frequency at 1606m*

of dtq was detected at around 1591 and 1594*cm the spectrum of Cu(dtgll,

(Figure C2)and Pt(dtepCl2 (Figure Q), respectively. Thec=c) stretching vibration
frequency of the aromatic groups at around 1520 daviates about 40 chand was
observed at about 1560 drLikewise, the peak determined at about 84¢ cwhich

is atributed to thenc-sc ring)for dtg, wasobserved at42 cm* for Cu(dtg}Cl, and at
844 cm! for Pt(dtg}Cl..

The FTIR spectrurof tpbg (Figure 4.13exhibitedabsorption peaks of aromatickC

vibrations at about 3100, 3054 and 3003ci@oncerningcopper and platinum
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coordinated tpbghe stated peaksereshown upataround 3200, 3055 and 2924 cm
1 Whereas, the peak of aromatic C=N vibration appears around 160®mcipbgand
causedin absorption &t606 cmi! uponthe coordingbn to Cu(ll) and Pt(Il). Thenc=c)
stretching vibration of tpbq appearat around 1585 cthwhereasnc=c) absorption
does so at about 1577 ¢nfor Cu(tpbq)Ch (Figure 4.14)and at 1580 crh for
Pt(tpbq)C# (Figure C4) Additionally, nic.ny vibrationat 1148cm? shiftedto 1149 and
1152 cmtin the tpbq coordinatedopper and platiumcomplexesrespectively

These absorption peaks emerged at about 3095, 3062, 2921 ttva FTIR spectrum
of the ttbq(Figure 4.15)were attributedto the aromatiac-H) vibrations.Owing to
metatttbq coordination here, thecH) vibrationswere shifted to 3053, 2924, 2856
cmt (Figures C5 and C6)n a similar vein, the aromatigc-ny vibration frequency at
1600 cm' of ttbqwasseenataround 1607 crhin thelR spectrum ofCu(ttbq)Chk and
Pt(ttbq)Cb. The nc=c) vibration frequency of the aromatic groupsservecdat about
1520 cmt for Cu(ttbq)Ck and Pt(tbq)Ch.

Apart from this a peakappearedt around 83 cm! wasrelated to th@c.sc ring) for
ttbq and wasdentified at835 cm? for Cu(ttbqCl. and Pt{tbg)Clz, showing no bond

formation between metaind sulfur atom.

Based onall observationsjt canbe stated that these complexesre synthesized
successfullyand IR resultssuppored the geometryoptimized structuresof all our

complexes
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Table4.5 Selected infrared vibration frequencies ®rfor ligands and coppetl) and platinunill) complexes

Frequencies (?:I;gl) [Cu(dpg)2Cl2] | [Pt(dpq)2Cl2] dtq [Cu(dtq)2Cl2] | [Pt(dtq)2Clz] | tpbq [Cu(tpbg)Cl2] | [Pt(tpbg)Cl2] ttbg [Cu(ttbg)]Cl 2 | [Pt(ttbg)]C I2
(cm?) (cm?) (cm?) (cmb) (cm?) (cm?) (cm?) (cmh) (cm?) (cm?) (cm?)
3(Hom 3424 3347 3366 3365 3462 3358
3098 3099 3107 3100 3054 3200 3095 3053 3054
arz(rcﬁgl)tic 3056 3071 3082 gggi 3078 gg;é 3054 3005 3055 3062 2922 2924
3002 3018 3065 3003 2924 2915 2921 2856 2851
3(C=N)
aromatic 1590 1597 1606 1600 1591 1594 1609 1606 1607 1610 1607 1606
arsc.)((r:r:;ic 1555 1560 1550 1520 1560 1519 1585 1577 1580 | 1519 1519 1518
S(eh) 1493 1480 1474 1474 1471 1474 1469 1472 1472 1477 1473 1473
U(c-cH)
in plane 1412 1431 1435 1422 1435 1433 1433 1430 1426 1431 1423 1422
Uy in
plane 1351 1354 1419 1338 1351 1354 1347 1386 1380 1358 1368 1368
bending
3(C-N)
aromatic 1145 1159 1185 1129 1130 1132 1148 1149 1152 1184 1179 1178
ticc-H) 1081 1083 1096 1061 1078 1061 1073 1072 1076 1079 1045 1048
out of plane 995 992 1012 1013 1015 1045 995 993 1042 1058 978 978
ring 981 989 981 1041 934 933
-0 786 782 783 790 789 789
out of plane 241 751 759 845 842 844 748 742 744 833 835 835
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4.2.5 Raman Spectrometry

Raman Spectrometry waseasuredh order to identify the structure of our complexes
by mairtaining possible &nd vibratiors between the metal andll, -S or-Cl atoms.

TheRamanSpectrometry data for our complexes&vgiven in Table 4.6.

The vibrational modes appeared at arolih@dand118cm in Ramanspectrumwere
assigned tacrrtcy stretchings for all P complexes CI-Cu-Cl absorption, on the
otherhand, were observed at about 1886 cm! [162g-i]. Thesevibrations cledy
indicatedthe direct coordination of cbiine atons to the metal ions. Similarly)n-c
band vibrationsvereobtainedat around313-346 cm' for dpg and dtq complexesd
at340-381 cm! for tpbqg and ttbq complexe$¢2a-d].

CI-M-N vibrations were detected atound200i 220 cm?, while the absorption bands
of M-N vibrations for symmetric and assymetrioaes wereseen at around 416 to
528 cm! (Table 4.6andFigures D1D8). Likewise, N-M-N vibrational nodes were
obtained at around 11520 cm! for Cu(ll) complexes and at abo240i 253 cm! for
Pt(Il) complexes.

The data pesented in Table 4.6 and tRiggures inAppendixD suggested that all the
ligands coordinated to the metal ionsatigh the Nlatom ofquinoxaline unitsand the
chlorine atoms interacted to the metal centers direatlythe inne shell of the
complexes. It was very interesting that no absorgisomd appeared at around 265 cm
for Cu(dtg}Clz and Cu(ttbg)Gland at about 280 ctrfor Pt(dtq}Clz and Pt(ttbq)CGl
complexesthis couldbe attributedo Cui S and RtS vibrations, respectivelylp2a

f].

These resultslearly showed that the theifyduinoxaline ligandsvere not coordinated
to the metal ionthrough Satoms in our complexes. The simitasults were obtained

from the symmetry optimized structures of the complexes.
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Table4.6 Raman Spectraspydata for thePt(Il) andCu(ll) complexes

Comp |l e] CI-M-CI | CI-M-N | N-M-N M-CI M-N

[ Cu ( gL£hlg 141 220 115 240, 346 473

[ Cu(Et]q 173 206 118 313,325 | 460, 527
[ Pt (BHq 112 200 253 343 422
[ Pt L@l g 114 200 251 324 416
[ Cu(tplbl 186 220 114 246,353 | 394, 460
[ Cu(tt]bl 146 206 - 239,280381 417
[Pt (tghb 113 213 240 340 404
[ Pt (t b 118 200 - 388 528

4.3 DNA- Binding Studies

4.3.1 Electronic Absorption Spectroscopy (EAS)

Thedrug compound attaches to the DNA in various positions either covalently-or non
covalently. In order to demonstrate the affinity of our copper and platinum quinoxaline

complexes tCT-DNA, electronic absorption spectroscopy was used.

It is known that intrcalationinteraction between the metal compound and DNA leads

to hypochromism (decrease of the intensity band), a stacking interaction between the
base pairs of DNA and an aromatic groughile hydrogen bonding, electrostatic
interactions and groove bimd) attraction between the drug and DNA has been
attributed to hyperchromism (increase of the intgrisand)[163, 164.

The UV-Vis absoption spectrum of DNA contairessharp ban@t280 nm in the UV
regionas a result of electronic shifts inside chrgnoric groups in the pyrimidine and
purine basesThe band position and intensity depend on pH or ionic strength within
the medium [142].
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The binding ability of our coppét) and platinunll) complexes to C-IDNA was
studied byuV- titration method, wherthe change in the EAS of our complexes was
monitored during the addition of increasecamount of CT-DNA
(R=[DNA]/[compound]=010).

The change irthe electronicabsorptionbands at around 400 nm four complexes
duringthe UV titrationstudies performed &7 °C were shown in Figures 4.16 and
4.17. The UVtitration of all our complexes exhibited hyperchromic change in the
presence of the DNA, without any change in the peak posgioce hyperchromism

is generally correlated with the naovalent mode of inding [165], the observed
increase in the electronic absorption band intensity may indamatelectrostatic
interaction between our compleations and the phosphate groups irMNA duplex

[166] after releasingne or twdabile chlorideligand(s) from the complex structure

The intrinsic binding constant gKof our complexes wadeterminedof using the

equation(4.1)
[ DNAFE)([4D N Afa)+ 1/ )] (4.1)

Theplot[ D N A Ji &) ¢eisus [DNA])wasdrawn for all complexes arith, valuewas
calculated from theslopeto-interceptof theseprofiles, in which &ais the apparent
extinctionc o e f f iracr gsnév the extinction coefficients both free and bound

compound

The obtained Kvalues at 3A Gvere tabulated iTable 47 and it was observed that
Kp values changed between 780%to 7.5x10°for dpg and dtq complexes, aBd76
x10%to 6.00x10° for tpbg and ttbq complexes. The careful inspection oKihealues
for dpg and dtgCu(ll) and Pt(ll) complexes indicated that the complexes haygg d
ligandbindedto the DNA duplexmore stronglythantheir counterparts having dttpr
instance, Cu(dpg}Cl> was interacted with GDNA approxmately three times
stronger thanCu(dtq}Cl, and K, of P{dpqpCl. was two time more thanthat of
Pt(dtq}Cl.
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On the other hand, platinum@ttqg and dpg complexes have higher tendency toward
CT-DNA compared to that of the Cu(ll) complexes. Table 4.8 presents the binding
constants of platinum(ll) and copper(ll) complexes containing thd ttbg. The
similar trend in K values of the complexes was obtained when the ligands changed
with tpbg and ttbg.

Platinum and copper complexes having tpbq exhibitede times more affinity
towards to CIDNA with respect to the complexes containitigqg. It was also
observed that the copper(ll) tpbg and ttbg complexes maintained stronger interactions

with the CFDNA than that of platinum(ll) complexes.

The obtainedKy valuesindicated that dpg and tpbq derivatives of the copper and
platinum compourslare higher thathat ofthe dtq and ttbg derivatives, whiahight
be attributed tahe different donation ability of pyridine and thienyl containing

quinoxalineligands to the metal ions.

Intrinsic binding constants obtained falf our complexes areven lower than the K
values reportetbr well-known intercalat@such as ethidium bromide gk 7x10° M-

1 and daynomycir(Kp = 4.9 1P M'1) [167i 169. Conversely, the Kvalues of our
complexes are close to that of [Ru(phécdpq)l (Kb = 4 18 ™Y and
[Ru(phen)]*? (K, = 9.7 10° M'1) which were cited as groove bindg{170, 171].
These results clearly suggedthe noncovalent inteaction between our complexes
and CFDNA as well.

In order to verify the nature of the binding affinity of the complexes towarDNA,
temperaturedependent binding constants pjKwere obtained by means of the
electronic absorption titratioexperiments aaied out at 37, 47, 57 and 8T, where
the ratio (R) of the concentrations of our completcethat of CFDNA were varied

betweerD and10 with the optimized incubation time (Figures-ER).

Thermodynamic parameters were also obtained by EAS experiooentsgcted at 310,
320, 330, and 340 K. T h €) wad caleuldtedrbylusi®i b b s

the following equation (4.2):
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PGC=-R T kn(Kaq (4.2

Here, R is the gas constant (8.314 J/mol. K) and T stands for the temperature (K). The
binding enthalpy and entropy were determined from the slope and the intercept of the
vanot Hoff [143] equation (4. 3):

Ln (bKEpH RT) °#R) ( @S (4.3)

Based on thealuesf o r °aqH °, ap&Scan determine the mode of interaction taking

pl ace between compounds and biomd3J0ecul es
a n d °>@Sydrophobicfo c e s ; °<( ) atghd vapder Waals reaction and
hydrogen bonds; (3pH< 0 a Rx0, efeStrostatic reactions [173].

T h e °\vplGes were obtairnkin a range of{15.4 to 26.0 kJ) (Table 4and4.8) for

all complexes suggesting the spontaneodormation of DNAcomplex adducts.
Generally, dpgand dtgcontaining Cu(ll) and Pt(ll) complexes have more negative
g G than ttose containingpbq and ttbq

T h e °wpltes, on the other hand varied betwe@rll@ and 50.19 kJ/mol), while the
pSvaluesc hange between 60. 36 7and FRISBEP®HO J/ mo
Pt(dpgXClz, Pt(dtq}Cl, Cu(dpg)Cl, and Cu(dtgyCl. complexesP o s i t dwithe @S

t he positi Welletanfgreedtheelectragtétic interaction that took place
between thoseomnplexes and the GDNA, thus implying that the binding was mainly
enthalpydriven in the presence of unfavorable entropy conditidns.e ° wpldes

were calculated in the range 6fL(.45 to-85.29 kJ/mol) for Pt(tpbq)&l Pt(ttbq)Ch,

and Cu(tpbq)Cl repectively (Table 8 and Figure E1pD . T hvaluespd tlese
complexes, on the other hand, changed betw&6r/4 to-207 . 58 J/ K, e
Cu(ttbg)Ch complex with 26.8 JJKN e g at i°a e d “qéhies of the Pt(tpbq)&l

Pt(ttbg)Ch, and Cu(tpbq)Glsuggstedvan der Waks and hydrogen bonidteraction

whereas the@s i t iwiet lipSn e § @lua of €u(tti)Cl was attributed to
electrostatic interaction to DNA [173].
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These thermodynamic data obtained for our complexes are very close to the reported

values for several groove binders with electrostatic interaction or van der Waals

i nteraction.

pGCof-40. 17

G of -37.66 kd/mol [174].

° v&lue rof the DB293aigix0€ kJ/madMith a negative
k J/ madValue oathedDB75 e®20 Kol with a negative

Tabled.7aG A, °aguHd ° dgig&forPt(dpa}Clz, Pt(dtq»Clz, Cu(dpg)}Clz, and

Cu(dtq)Cla.
Compound | Temp (°C) KéMY PG (kJ) pH k) SU/K)
37 1.00 x 10 -23.74 8.15 99.72
[Cu(dpq)-Cl] 47 5.00 x 10* -28.78
57 5.00 x 10° -23.37
67 1.02x 10* -26.04
37 7.50 x 107 -17.06 5019  218.89
[Cu(dtq)-Cl] 47 2.67 x 1¢0¢ -2029
57 2.67 x 10° -21.64
67 500 x 10° -24.07
37 7.50 x 10° -22.99 -8.76 46.91
[Pt(dpq)-Cl,] 47 1.00 x 1¢° -18.38
57 5.00 x 10° -23.37
67 1.00 x 10 -26.04
37 3.75 x 10° -21.21 -2.19 60.36
[Pt(dtq):Cl> a7 2.00 x 1C° -20.22
57 2.86 x 10° -21.84
67 3.00 x 10° -22.63
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Table4.8aG A, °agmHd ° dgi&for Cu(dpbq)G) Cu(dtbq)Ct, Pt(dpbag)C4, and
Pt(dtbq)Ch.

Compound | Temp(°C) KéM? PBkI) PHKI) PS3J/K)
37 6.00 x 10° -22.40 -85.29 -207.58
[Cu(tpba)Cl ] 47 450 x 10 -16.25
57 5.00 x 1¢° -17.05
67 2.33x 107 -15.41
37 2.00 x 1C¢° -19.60 -11.45 26.78
[Cu(ttba)Cl 2] 47 2.50 x 10° -20.29
57 1.60 x 10° -20.24
67 1.40 x 10° -20.48
=i 2.22 x 10° -19.90 -3825  -59.89
[Pt(tpba)Cl 2] 47 1.00 x 10° -18.38
57 1.11 x 1¢° -19.24
67 5.00 x 1¢? -17.57
37 6.76 x 107 -16.80 -28.75 -39.74
[Pt(ttba)Cl 2 47 3.33x 107 -15.45
57 3.00 x 1¢? -15.65
67 2.33x 107 -15.45

4.3.2Viscosity measurements

Viscosity measurements provideclear viewof the type of interactignsincethey
showfluctuationsas themoleculedimensionshangeThe classical intercalation rde

of action of the drugs causeparatiorbetween the base strands. The elongation of the
DNA helix, thusleadsan increase itheviscosity[175].
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On the contrary, compounds with limited bimglin the DNA grooves formed through
partial or nonclassical intercalation process®es/ cause bend or kink in the DNA
helix, thus reducing its length as well as viscosityatternatively resulting in no shifts

in its viscosity Furthermorejn the case of electrostatic interaction the aggregation
reduces the number of freely moving DNA molecules, leading the decrease in DNA
viscosity. [L76.

In order togain further insight to the binding nabe of our complexes to GDNA,

viscosity measurements of €ONA were cari ed o u't in the prese
a b s e n)ofeur ¢omhplexegR, [DNA]/[compound] =010]. Then relative viscosity

( do)*Pws. 1/R, plots werdrownto obtainthe slopes.

The measured relative viscosity slopasre 0.032, 0.033, 0.044 and 0.159 rfo
Pt(dtqClo, Cu(dtqpCl., Cu(dpg)Cl> and Pt(dppClz, respectively while 0.0Z,
0.0, 0.030 and 0.044 for Cuifig)Chk, Cu(pbqg)Chk, Pt(ttbq)Ct and Pt(tpbq)Cl
respectively, as seen in Figure48land4.19. It was observed that the slope of the
relaive viscosity plots of CIDNA were slightly increased with the effect of our
compounds, suggesting an electrostatic groove binding, similar to netrapdin
causng slight or no changes in DNA solution viscosity [177&kdA in arother study
[Ni(hhmh)] and Ni(PPhs)(hpeh)] complexesvere reported as gro@vbinder via
electrostatic interactiorwhich produced no sigficant slopes [177b].Thus, an
intercalative DNA binding mode could unequivocally be excluedause slopes for
intercalators reach up o[176, 178].
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4.3.3 Thermal Denaturation

The conformational changestheDNA strands were studied by following the change
in the electronic absorption band of B&-DNA at 260 nm in the existence of the
complexes between 30 and’@in Tris HCI buffer. The melting temperaturenjTis
considered to be treneat which 50% of DNA islenaturalized or melted, half of the
nucleic acid being found in the douldranded state and the other half in the single
stranded state [181].

The magnitude ahe Tmvalue of DNA in the presence of any binder furtinelicates
the binding mode [179]. &ed on these facts, a rise i réveals an intercalative or
phosphatébinding mode, whereas a drop in the temperature signifies-lhiaseng
[180].The intercalative mode can maintain the dual helix formation and cause T
ri se at ab o adthefhand,ane@térca@tive binding results no obvious
increase in  [182, 183].

The thermal denaturation experments of @A were conducted in the presence and
absence of our complexes in various concentralibe.melting temperature of DNA

was neasured as 7980° C in absence of complexes.

Then under the same conditions, complexes were added to tBINETTris-buffer
solution and absorbance values awthi@60 wer
every 2 min. Afterwerds, the melting temaemre of CFDNA was determined from

the plot of absorbanceversustemperatureby choosing the temperature value
corresponding to the midpoint of the curtAgure 4.20 highlight the melting curves

of the CTFin the existence of our dp@nd dtgcontaining omplexes. The melting
temperature of CDNA was obt ai ned 28l [P§dgpCL],andf or [ P
81AC and 82. 0and[@udt)CId; vespdctivgly. As cabe easily

undersbod, the change in o, DTm=Tm omplexr Tm (cT-DNA), WAS amaxmum 2.5,

indicating electrostatic interaction [179].

The melting curves obtained for €NA in the presence of tpbq and ttbg Cu(ll) and
Pt(Il) complexesevealsno change was occurred in tineelting point of CTDNA
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upon the adition of complexegFigure4.21). The maximunDTn, values was obtained
for [Pt(ttbq)Ck]  wi t hThelinsignfi€nt change innTwas further attributed to
the weak electrostatic interaction of those compo(ibéé-186].

The extent of the change in the melting temperat®n) of DNA with the
interactions of some Cu(ll) complexes wittridentate ligandN-((1H-imidazole2-
yl)methyl)-2-(pyridine-2-yl)ethanamine  and N-((2-methyt1H-imidazole2-
yl)methyl)-2-(pyridine-2-yl)ethanamine, reveal minor structural changeSBfDNA
in presence of complexeghis is also indicative of aglectrostatic interactiowith the

compound through the phosphate groups in the grooves [1836].

80



0,5
. “.,00000
*
= *
o 0,45 P ¢
5 R T, =80.0°C
2 YX X 24 i
< 0,4 T T T T 1
70 75 80 85 90
Temperature (°C) a)
= 0,69
3 0,66 et b0
8 0,63 00900
g 0,6 P 4
5 0,57 oo?
2 054 XXX l T, =81.0°C
< 70 75 80 85 b) 90
Temperature (°C)
_ 0,52 .
3 05 o L XX 4
% 0,48 ‘0’
g 0,46 . *o l T, =82.5°C
2 0,44 e009 : .
B 70 75 80 85 90
Temperature (°C) C)
= 076 XXX X
>
8 073 o
3 X g
S 07 *®
8 o067 eoe? l
— ' - [o]
g 0,64 reee” N Tm .80'5C .
< 70 75 80 85 920
Temperature (°C) d)
0,62
2 o057 o**?
8 052 oo
§ : PO T, =80.5°C
2 047
o ! "“’ l
§ 0,42 T "‘ T T T T 1
65 70 75 80 85 90
Temperature (°C) e)

Figure4.20 Thermal denaturation plots obtained &ICT-DNA b) [Cu(dpg}Cl2],
c) [Cu(dtq)Cl2], d) [Pt(dpq)XClz] ande) [Pt(dtq)Cl2].
81



=)
& L X X X2
p 0,6 *® * K 4
% 00"
ot 0,5 - 0
S .’,,‘00 l T, =79.0°C
< 04+ : : : .
70 75 80 85 90
Temperature (°C) a)
- 0,75 - """.“
E 07- *
@ o
c T,=81.0°C
S 065399000
o
3 06 . . . .
< 70 75 80 85 90
Temperature (°C) b)
0,55
05 . L XX XX R X~
© *®
S 045 ot®®
% YT SNPRRPAR ¢ l Tm=80.0°C
2 035 : . : .
70 75 80 85 90
Temperature (°C) C)
056
3; 0,54 P X X X X J
o 052 *®
e 0,5 * L 2 4
@ 4
e 0,48 ‘ ‘ l Tm= 80.2°C
3 046000000
g 0,44 T T T T 1
70 75 80 85 90
Temperature (°C) d)
057
g 0,52 PP XX
@ ' o L A A &K~
c 0,47 V'S ¢
S 0.4 *® * Tm=80.5
o} , *
2 sede®? l
< 0,37 T T T T 1
70 75 80 85 90
Temperature (°C) e)

Figure4.21 Thermaldenaturation o) DNA b) [Cu(tpbgCl2], c) [Cu(ttbq)Cl2], d)
[Pt(tpbg)Cl2], and & [Pt(ttbg)Cl2].
82



4.3.4 Fluorescence Titration

Fluorescence spectroscopy is a very helpful method to study the interactions between
a metal complex and DNA. For this purposejdithm bromide EtBmpretreated CF

DNA is used to find the binding affinity ofommundsto DNA [187 The EtBr
intercalates between the adjacent DNA base pairs and releases sharp fluorescence,
which could be quenched upon the addition of another molecule. The presence of
another spaes with an affinity towards DNA may result in a change in the emission
intensity of the EtBIDNA adduct, which is caused by either a competition for binding
sites, a change in the DNA conformation, or through a photoelectron transfer
mechanism. It is posde to observe a decrease in the fluorescence intensity in the
EtBr-DNA, in the case of groove binding, electrostatic, hydrogen bonding or
hydrophobic interaction [188,189] due to the inhibition of the EtBsrcalated sides

of DNA by the large complexes

In order to evimate the Inding ability of our complexg fluorescence titration studies
wereperformedat 37 AC. The EDNBsolutipr werdncebatedeitd CT

our complexes in different concentratsg® - 50M] in Tris HCI buffer at pHZ.11.

The EtBr- DNA solution was egited at 478m in the presence and absence of our
complexes and the changeghe Fluorescence Spectrum were rded between 500
800nmregionsby using Thermo ScientificE Lumin
Those specttadaia were then used to find out the Stdfolmer quenching anstant

Ksv, by using the equation below [190].

lo/1=1 + Keur (4.4

Here r is the ratio of oncentration of the quencher to DNA whidéd the fluorescence
intensity in the absence of quencher and | is the fluorescence intensity in the presence
of quencher.

A decrease in the emission intensifythe EtBr pretreated C"DNA occuredin the
presencecopper(ll) and platinum(ll) complexeduring thefluorometrictitration as
depcted in the Figures 22 and4.23.
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Quenching might be associated with the potential intercalation of the aromatic groups
of our complexes by substitution of EtBr or theveong of the EtBr binding sites of

DNA by our complexes through electrostatic interactions {189].

The pots of 4/l versuscomplex concentration ag drawn to calculate K values

directly from the ratio of slopeo-interceptfor eachplots.

Ksv values with a magnitude of 20 or greater are generallggardedas indicating

a strong interaction between metal complexes and DNAI][ but the results
suggested that the interaction @ir complexes with DNA was rather weak The
obtained SteiiVolmer quenching constants, & were 5.16 x 18, 9.70 x10¢, 6.16
x102% and 2.83 x 18 for Cu(dtqCly, Cu(dpg)Clz, Pt(dtg)Clz, and Pt(dpgClz,
respectively Likewise, he Ksv values were 1.05x10?, 1.37x1®, 8.2x10° and
1.43x10? for Cu(tpbq)Ch, Cu(ttbgCly, Pt(tpbq)Cs, and Pt(itbq)Gl respectively.
Thesdow Ksy values of complexesonfirmedthe electrostatic interaction via groove
binding [188, 189] as observed in the spectroscopic and viscometric reshti#sned

previously

Although Cu(dtCle, Pt@dtqkClz, Cu(ttbg)Ct and Pt(ttbq)Gl complexes have
stronger binding affinity compared to that of their dpg and tpbq colleagues, one can
say that all the complexes inhibit the fluorescence of EtBr bounhCT-DNA by
surface binding [190
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4.4 HSA- Binding Studies

4.4.1 Electronic Absorption Spectroscopy (EAS)

Binding affinity of our comptxes toward a plasma transport protein HSA was
demonstrated b¥AS. To establish the nature ofishprocess UV titration was
conductedby using a fixed amount of HSA (2.12x30M) and varying the
concentrations of theompound (2.12x10*- 2.12x10> M). The spectral changes
were then,displayed athe representative absorption band of the pro280 nm
[192].

The observed decline in the band intensity is attributed the formation of a surface
adduct ofcompoundproteinin general; his, however, cause® restrictions to the

movement of the compound on the protein (H3A)addition, this effect can imply

that the amount of polarity circling the tryptophan residoereasedand the
hydrophobicity droppefL93], hence the joining of compounds to hydropitoareas

of the protein and changing the HSA configurafit®4]. On the contrary, arise in the
absorption or the hyperchromic effect can take place upon supplying the HSA with
compounds andowing to their reactions on the protedimough external contg

possibly through electrostaiicr ocesses i n the plehteinds s

The spectroscopic titration testere performedin a molar ratio of the HSA to the
platinum and copper compounds (R= [HSA]/[complexes]) between 1 and 10 and an
optimumincubation period ranging between 30 and 45 minutes. Band intensity at 279
nmwasseen to drop once the compounds are added to the protein solution at R=1 to
10, as depicted inigures 424 and4.25.

The hypochromic effect detected on the addition of camplexes can be related to
hydrophobic protestsaskcagsedl bByian bet we ¢
our compounds and the phenyl rings in tryptophan, tyrosine, and phenylalanine

residues within the joint groove of the protei®%$jL

The ntrinsic binding constant, & of the complexes was calculated from the ratio of
the intercept to the slope of the linear plot HAL Ao) versus 1/[complex]

87



Kp wascalculated for all HSAcomplex adducts at around®1a* (see Table4.9 and

4.10), and indicted relatively high affinity of all the complexes toward HSA as
observed for other drsghaving strong affinity tevordsHSA with binding constants
ranging from 10to 1P [196. There exist such protein conformational transitions
upon the cisplatin bindg to HSA in the literaturelP7]. As shownin Tables 49 and

4.10 the intrinsic binding constantpkof the complexes increases with the function of
temperaturesuggesting an endothermic process mgikace between the complexes
and HSA (Figures H-F8) [198]. Four types of interactionss hydrogen bond,
hydrophobic interaction, van der Waals interaction, and ionic interactioay be
related to the noncovalent protein association reactions [198]. To clarify the major
interaction mode, thermodynamic datargecollected related to our complexes.
St andar d é&ntahnadl peyn t(raoPpwere aldo aalcgated acfodiSg to
the slope and intercept of the linearn 6t Hof f ser i epversuysl/B3] r el
in precisely the samwvay as explained prewmusly for DNA-binding experiments
(Figures B andF10) The variations in standard Gibbs Fige e r g Y) re{ated3o

protein binding were examined based on the equdtian
a&5° =- RT LnKp (4.5)

UV titration experimentsconductedat four different temperatures between 310 and

340 K demonstratespontaneous affinity of our complexes toward HSA with negative

a&G° value [199]. Based on the thermogdynic assessments shown in Tabl&sahd

410, such posit i a dPreptsentedtertropdrivea ¢lectopSatic

binding processes occurring between the compounds and HSA and also a significant
hydrophobic effect [200]Our complexes contai aromatic rings,implying that
hydrophobic interactions and °“~T1° stackir
present in the hydrophopic region in H&fereasonable, in contrast with cisplatin

that mainly forms irreversible adducts with HSA through cewabonds [198
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Table4.9aG A, °agmHd ° dgi&for [Cu(dpaClz], [Cu(dtakCly], [Pt(dpg)Cl2], and
[Pt(dtgq)Cly].

Compound |[Temp(°C) KéM?1) Gkl oH(Kkl) pS3JI/K)
37 1.32x 10 -24.45 60.61 278.19
47
57 9.83x 16 -31.54
67 1.21x 16 -33.08
37 6. 04x 10° -22.44 135.02 504.22
[Cu(dtq) 2Cl2] 47 9. 45x 10° -24.35
S7 1.02x 1°  -31.64
67 4. 77x 10° -36.96
37 2.20x 10* -25.80 39.74 21122
[Pt(dpg)=Cl2] 47 3.32x 100 -27.69
57 6. 00x 10 -30.18
67 8. 18x 10* -31.98
37 3.16x 10 -26.80 84.18 359.89
47 1.84x 1¢° -32.25
[Pt(dtq) 2Cl2]
57 2.58x 1P -34.19
67 6. 84x 1P -37.98
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Table4.10 2G A , °a e ° dgisfor [Cu(tpbqg)Cl, [Cu(ttbq)Ch], [Pt(tpbqg)Ch]

and [Pt(ttbq)C]].

Compound |Temp(°C) KéM?Y oGk H(kd) @3(J/K)
37 2.19x 10° -19.82 120. 45 8.
47 2.37x 10 -26.79

[Cu(tpba)Cl2]
57 1.05x 10° -33.14
67 1.76x 10° -32.68
37 4.97x 10 -27.87 53.11 258.51
47 3.99x 10* -28.19

[Cu(ttbq) CI2]
57 1.32x 10° -32.36
67 2.56x 10° -35.20
37 1.98x 10° -31.43 22.92 174.97
47 1.68x 10° -32.77

[Pt(tpbq)Cl2]
57 3.60x 1¢° -35.10
67 4.04x 1¢° -36.49
37 6.67x 10 -28.63 33.16 198.00
47 7.49x 10 -29.86

[Pt(ttbqg) Cl2]
57 9.63x 10* -31.50
67 2.20x 10° -34.77
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4.4.2 Viscosity measurements

Viscosity measurements were selected as anotfectige method to confirm the
nature of binding between the copper and the platinum compounds and the albumin
structure. The electrostatic processes taking place between the metal compounds and
HSA may cause a rise in the relative viscosity in the mixf@gd]. Insignificant

positive or negative fluctuations in relatealuescan be seen once bindings are formed

in the HSA groovg202. Yet, should there be minor increases in relative specific
viscosity once compound concentrations also rise, then thanginith HSA can be

said to have occurred lmgeans of hydrophobic process283.

The viscometric titration was carried out on the proteins to see the nature of binding
between the compounds an&A all compoundwasincubated at 37C for half an

hour b record the variations in viscosity with the help of arI®WIBRO instrument.

The relaivev i s c 0s i 9JY( di na pedat taigpecific viscosity addition from
serum albumins both with and without compounds being present, respeatarsiy3

the ratio of the increasing concentrations of complexes to HSA concentFagjores

4.26 and 4.27 depict the relative viscosity change of HSA in the existence of our

complexes.

It wasobserved that the addition of our complexes to the albumin solutions result in a
slight increasing in the viscosity values of the solutidre measured relative vissity
slopeswere0.03L, 0.03, 0.038and 0.046 for Cu(at)2Clz, Pt(dtq}Clz, Cu(dq)Cl>

and Pt(dpg)Clz, respectivelywhile 0.049,0.051,0.052 and).066 for Cuf(tbq)Ch,
Cu(tpbq)Ch, Pt(pbq)Ck and Pt(thq)Ch, respectivelyln this way theminor increases
obtained in the slope of the plot of relative viscosity readifle processesere indeed

takenplace in the hydrophobic aréar all complexe$204.
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4.4.3 Thermal Denaturation

The thermal denaturation in the protein®sgessesa major challenge on
segregating/reposition of proteins, biotransformation, biosensing, dmugfacturing,
and finally food productionAs a whole, once a compound binds with a protein at a

native state, istabilizes the temperature, thus improving the related index.

According to other researchers, temperature of HSA decreasing after the aafdition
the drug is an indication that the drug is gradually denaturating the protein AZ05].

to this study, the HSA thermal denaturatiras examined with and without
compoundgo seehe extent of thermal stabilization within the proteins upon binding.
The related diagrams were obtained upon measuring the variations in absorbance
levels of the HSA at 279 nm as the function of temperature, and the melting
temperature ofiSA wasstudied betweeB0 - 140° C in our laboratory conditions.

Thermal denaturation sdies carried out in this work indicated a drop in the melting
point of HSA from 118Cto1 12 AL0OBB,A C, 102A C, and 98A
Pt(dpgXCl2, Cu(dpg}Clz, Cu(dtgClz, and Pt(dtpClo, respectively (Figure 28). In

addition, the melting pointdeclinal gradually in the presence dEu(ttbq)Ch,

Cu(tpbq)Ch, Pt(tpbq)C}, and Pt(itbq)Glto 1 1 1 A1 1M,A C, 1096 C anc

respectivelyasseen in Figure 29.

In the light of these findings, it can be stated that albumin lost its stahigjbygly upon

binding with platinum and copper complexes.
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4.4.4 Fluorescence Titration

The Fluorescence quenching tekis albumin are significant since they show the
processes the protein can engagih any drugs 206. In most cases, such
fluorescence appears due to three inherent features: namely tryptophan, tyrosine and
phenylalanine remains. In practice, the shemréscence in most proteins is primarily
formed by tryptophan and no others; yet, given the very low quantum yield of
phenylalanine, fluorescence of a tyrosine can be entirely removed by ior#@ifg [

Related tests were carriedtfor HSA upon examinig the variations in the emission
intensity of the band at 346 nmthe presence and in the absence of our compiexes
different concentration. The emission intensity of the representative band related to
protein at 346 nm dropped accordingly with addedcentrations in a stdpy-step
manner as depicted Figures4.30and4.31.

Furthermore, the highest emission wavelength of HSA did not differ throughout the
processwhich indicates thatur complexes quenched the intrinsic fluorescence of the
protein HSA) without altering the environme{207].

Quite often, the albumin fluorescence reduction with many compounds can be
represented with a linear Steviolmer (SV) series and calculated with the classical
SternVVolmer formula asexplained for DNA studiesThe Ks values related to
Cu(dtgyClz, Cu(dpg)Clz, Pt(dtg>Cl., and Pt(dpgCl> were found a.0066 0.1626,
0.0112 and 0.8769, respectivelfthose values for Cu(tpbq)Ch, Cu(ttbq)Ch,
Pt(tpbq)Ct, and Pt(ttbq)Ch were calculatecas 0.0059, 0.0720, 0261 and 0.0589,
respectivelyThe observed values ofsiwere very closéo thequenching constant of
various kinds of quencher suchBgLClI3](ClO4)3(L=(N,N,NI,NI,NII,NII -hexakis(2
pyridylmethyl)1,3,5tris(aminomethyl)benzene)(Ks=1.04 x 10% M) [208].
Evidently, our complexes redudghe emission intensity without insignificant shifts
in the peak position, suggestitigat theyinteractedwith HSA by producingnon
fluorescentadducts [209]that is,the cper and platinum complexes interacteth

theserumalbumin via the hydrophobic region located inside the pr¢2€ia].
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4.5 Cytotoxicity
4.5.1 Cell Viability

The cytotoxicity of Cu(dpafClz, Cu(dtq¥Clz, Pt(dpg)Cl., Pt(dtqyClz, Cutpbg)Cly,
Cu(ttbq)Cl2, Ptgpbq)Cl> and Pt{tbq)Cl. complexeswas investigatedy using MTT
assay.For this purpose,he human cancer cell lines, glioblastoma (A172, LN229,
U87), cevix (HelLa), breast (MDA 231), lung (A549), prostate (P3) and non
cancer Chinese hamster ovary GIH® cell line as a control were usadd he half
maximal inhibitory concentrations (§¢) of our copper and platinum complexes were
obtained from the pis for each compound for 24, 48, and 72 h exposure period was
obtainel from the doseesponse curve. MTT assay was conducted by separating the
complexes into two subgroups; (i) dpq and dtq containing Cu(ll) and Pt(ll) complexes

and (ii) tpdq and ttbg contang Cu(ll) and Pt(ll) complexes.

Based on these calculations, the cytotoxic effect of the compauris first group
was found to increase in the order of Cu(d@tpy < Pt(dpg)Cl> < Pt(dtq}Cl> <
Cu(dtg)Clz in cancer cells compared to roancer CHEK1 cell lines, as seen in
Figure 4.32. It clearly indicated that dtq derivatives of the copper and platinum
compounds have higher cytotoxicitpmparedo the dpq derivatives for the chosen
cell lines(Table4.11).

The cytototocity of the compounds in tlsecond group, on the other hand, was
changed in the order @u(tbq)Cl> > Ptpbq)Cl> > Ptttbq)Cl> > Cugpbqg)Cl2 (Figure
4.33andTable4.12). Contrary to the first group oaplexes, naelationship was found
between the cytotoxicgnd the type of thedands.In another wordsttbq derivative

of the C(ll) was more cytotoxic thathat of thepbq derivativesvhile the cytotoxicity

of tpbq derivative of the Bit) washigher than that afs ttbq derivative.

In the both groups, dtq and its combined fomthg, containing Cu(ll) chloride
complexes werdound tohavethe most antcancer potential among the examined
complexes across the tested cell lindse most sensitive cancer cells upon exposure
to all complexes were found to be U87 and HelLa cell limkgh were then, selected

to use for the further assays. @b¢)Cl. also exerted high cytotoxic effect on
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MDAZ231 cell linewhichwas not sensitive to the other complexes studied in this work.
These results indicadethat our complexes selectively eattheir cytotoxicity

towardsglioblastomacervix andbreastumor cell lines.

The noncancer control CHE&X1 cell line was less responsivme among the all

examined cell lines as expected.

In the literature,tiis possible to find many Cu(ll) and Pt(ll) mplexes containing
nitrogen and/or sulphur donor ligands showing cytotoxic effect towards several cell
lines For instame symmetric and asymmetric the Cu(ll) complexes with 2 Nj
pyridyl g u i-pypligamd weredgund (mdre @ytdfoxic on humaeast
MCF-7 and human embryonic kidney HE293 cell lines than that of ejdatin used

as a positive controRfL(. Another Cu(ll) complex with &2-pyridyl)pyrazolebased
ligand was show to have aonsiderable inhibitorgffect and cytotoxic specificity
against six different cancer cell lines (6D cells, PE3M-1E8 human prostate tumor
cells, BGG832 cells, MDA cells, Ber402 human hepatoma cells andLidenuman
cervix cancer cellgR11]. Similarly, platinum(ll) terpyridine complexesere reported

as strongly cytotoxic to the human cancer cell lineCT116 (colorectal), SW480
(colon), NCHH460 (nonsmall cell lung), and SiHa (cervix). Theird§values were
ranged fr om 021D Sevetaloplatdhurridased ddmplexesontaining
varioustypes of lgands revealing excellent anticancer activity against MCA549,
and HCT116 cell lines in comparison with clinically used cisplatin and oxaliplatin
[213. As a result, one can say that our Cu(ttbg}@mplex is almost twice as much
as active against U8humanglioblastoma(Table 4.2) compared to cisplatin (K.
5.88 OM). Li k e has slightly lower (cytogidity tpwatds U87 than
cisplatin and all our complexes were much more active to tHisireelcompared to
carboplatin214.
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Table4.111Cso values of the tested compounds examined by MTT cell viability assay
using the cancer cell lines from different origins such as A172, LN229, U87 A549,
Hela, MDA231, PC3 and the control roancer celline CHOK1 upon exposure for

24 hr, 48 hr and 72 hr.

Cell  Exposure Cu(dpg)2Clz  Cu(dtq)2Cl2  Pt(dpg)2Clz  Pt(dtg)2Cl2
lines hr
24 > 100 66.66 0.38 >100 67.82 27.11
A172
48 > 100 56.63 7.28 >100 66.66 0.38
72 >100 34.97 1.27 >100 83.69 4.00
24 > 100 > 100 > 100 92.84 5.25
LN229 48 >100 48.79 5.78 > 100 71.16 3.16
72 >100 36.79 10.83 > 100 93.98 4.72
24 >100 >100 23.67 6.97  38.37 9.13
us? 48 >100 73.11 5.43 78.31 28.26 19.17 5.78
72 >100 53.85 1.22  35.46 3.18  15.02 0.89
24 >100 24.82 4.32 =00 60.22 26.59
HelLa
48 >100 24.19 0.83 >100 72.78 22.62
72 >100 25.55 6.63 > 100 60.94 11.51
24 >100 57.67 1.13 >100 83.36 0.98
24 > 100 > 100 > 100 78.78 057
PC3
48 > 100 > 100 > 100 81.37 1.43
72 > 100 > 100 > 100 > 100
24 > 100 > 100 > 100 > 100
CHO- 48 > 100 > 100 > 100 > 100
K1 72 > 100 > 100 > 100 > 100
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Table4.12ICso values of the tested compounds examined by MTT cell viability assay
using the cancer cell lines from different origins such as A172, LN229, U87 A549,
Hela, MDA231, PC3nd the control nerancer cell line CHEK1 uponexposure for

24 hr, 48 hrand 72 hr

Cell Exposure ICsoVal ues, oM
lines hr Cu(tpbqg)Cl>  Cu(ttbqg)Cl - Pt(tpbq)Cl Pt(ttbq)Cl >
24 > 100 69.440.19  94.29\12.27  93.5(\18.37
A172 48 > 100 63.89B.56  39.3811582  65.5N17.73
72 92.047.46 57.41M13.68  73.6M0.28 49.476.73
24 > 100 42.00N13.99 > 100 67.86\16.32
48 > 100 36.00\6.38 91.89N049 44.78\11.61
LN229 72 > 100 54.01\8.1 83.89\8.16 38.76\1.46
24 79.46\26.38 31.18\0.43  58.33\11.81 > 100
48 5.49\0.01 2.99\0.97 34.68\2.16 9.24\4.16
us7 72 13.536.06  5.79\0.03 22.0% 5.95\1.68
10016.24
24 > 100 73.55\1.35 > 100 95.0A\2.93
A549 48 > 100 70.68\4.09 58.44\6.35 > 100
72 > 100 66.90\8.70 40.26\3.42 > 100
24 > 100 67.5N2.78 > 100 88.89\8.31
HelLa 48 > 100 7422M0.45 57.9M26.86  79.69\4.21
72 > 100 64.992.75 42.86\1.69 > 100
24 72.1406.04 20.59\2.39 94.81N2.57 85.0N10.81
MDA231 48 > 100 32.11N1.05 > 100 > 100
72 > 100 40.99\0.60 99.3M56.71 > 100
24 > 100 65.75\65.35 > 100 > 100
PC3 48 > 100 75.50\3.16 > 100 > 100
72 > 100 62.31N4.02 > 100 > 100
24 > 100 > 100 > 100 > 100
CHO-K1 48 > 100 > 100 86.63\1.98 > 100
72 > 100 > 100 77.500.87 > 100
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Figure4.32 The doseaesponse curves for the synthetized Cu and Pt complexes using
cell lines from different origins (A172, LN229, U87, A549, HelLa, MHMB-231,

PC3, CHOK1) were obtained upon exposure for 24 h, 48 h, and 72 h by MTT cell
viability assay.
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Figure4.33 The dosaesponse curves for the synthetized Cu and Pt complexes using
cell lines from different origins (A172, LN229, U87, A549, HelLa, VHMB-231,

PC3, CHOK1) were obtained upon exposure for 24 h, 48 h, and 72 h bl &1
viability assay.
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4.5.2 Oxidative stress testing (DCFDA assay) (ROS Productin i DCFDA
Assay)

Cancer cells exhibit various differences in cellular biological activities, including the
level of reactive oxygen species (ROS), which is involved in redox ¢calaellular
proliferation, and cancer progression. Cellular oxidative stress is generally
demonstrated by using the fluorescent marker H(2)YDBF
(dihydrodichlorofluorescein diacetat&l5, which is then deesterified and oxidized

to fluorescent DCF (Z'-dichlorofluorescein) in plasma. The oxidation process
observed in this process is generally considered to involve ROS. Hence, it is an indirect
method to measure total ROS generat@id]. In this method, in order to determine
DCFDA activity that inceases in response te® treatment (positive control), the
determined DCFDA signal for a particular condition is referenced to the corresponding
proliferation counts. In our work, A172, LN229, U87, A549,Llde MDA-231, and

PG-3 cell lines were used for R8experiments. The doses used in cell viability assays
were administered for 24 h for ROS formation, which was measured in a fluorescence

spectrophotometer using DCFDA. The results are showigures 434 and 435.

We detected substantial initiation 8&0OS production in cells in response to our
Cu(dpgXClz, Cu(dtg)Cle, Pt(dpg)Cly, and Pt(dtgCl> complexes. Interestingly,
compounds generated different amounts of ROS in different cells compared to the
negative control, including growth medium DMEM_F1Ror instance, neither
platinum nor copper compounds produced an ROS response in PC3 cells. However,
Pt(dtgyCl> significantly increased ROS production in human glioblastoma A172,
LN229, U87, cervix HelLa, and breast MA231 cells. Cu(dpg¥l. did not induceany

ROS formation on the examined cell linadhereau(dtqpClz> caused approximately
fourfold ROS formation on only A172 cells and approximately twofold increase in
human lung A549 cells with respect to the negative control. Pt@pdhcreased the
amount of ROS in human glioblastoma U87 and breast MDA231 cells approximately
by twofold.

The level of ROS generation in the cells compared to the negative control including

growth medium in responge Cu(tpbqg)Cl, Cu(ttbq)Ct, Pt(tpbqg)Cl, and Pt(ttbq)Cl
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complexes (Figuret.35) indicated that tetrathenyl derivatives (ttbg) of Cu(ll) and
Pt(Il) complexes produced more ROS than the terapyridyl counterparts (tpbq) of the
Cu(ll) and Pt(ll) complexes. Generally, Cu(ttbapCaused the highest level of ROS
formation, which was followed by Pt(ttbgyCGind Cu(tpbq)Clin the used cell lines.
Cu(ttbg)Ch and Pt(ttbq)Glincreased the ROS production by 3 t6 falds in human
glioblastoma (A172, LN229, U87) and induced almost 2 folds ROS production in the
lung A549 cervix Hela, and breast MB231 cells. Pt(tpbq)Gldid not display any

ROS formation in tese cell lines.

Careful inspection of the results indicated that ROS formation significantly enhanced
almost in all cell line tested when they treated with Cua(l IPt(11)-ttbq complexesAt

this stage, it has to be remembered titaf is the combined form of two dtp units. For
instanceCu(ttbq)Cl> and Pttbg)Cl. led approximatelys.5 and 5 folROS formation

in A172 cells while Cu(dtg)Cl> and Pt(dtgCl2 yielded 3.5 and 3 fold ROS in the
same cell line, respectively. Similarigu(tbg)Cl. rised ROS formation fror fold

to about 5 fold irhuman lung A549 cellsompared to its dtqounterpartCu(dtqClz,

with respect to the negative contrdl. was also obsrved that ROS generation
increased nearly four timagon exposure of Cu(ttbq)Cand Pt(ttbg)Glin human
glioblastoma LN 229 cell lineMoreover,Cu(tpbq)Ch triggered three times better
ROS formation in human glioblastoma U87 while Cu(ttbg¥eid Pt(tbq)Chk led 4
times higher ROS generation in the same cell line. ROS formation was also better in
cervix HelLa cell lines in the presence of Cu(ttbg)&id Pt(ttbq)G with respect to

that could only be observed in theesencef Pt(dtq)»Cl.. Remarkablyprostate PC3
cells were unresponsiveo all our complexes with respect to ROS generation. As
depicedin Figure 434 and 435, H.O» was tested as a positive control and caused 3
fold ROS generation only &igh G 0 0 ) €Mentration. As a result, it cae baid

that the complexes cauk®xidative stress in tested cells lines and incrédbe
amount of ROS in the cells, causing disruption of mitochondrial membrane
polarization anddeath of cells via apoptosis becauseoxidative damagen DNA
double strad [217].
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Figure4.34The ROS production dhecancercell lines fromdifferentorigins such as
Al172, LN229, U87, A549, Hea, MDA-231, PG3, and the contrahon-cancercell
line CHO-K1 upon exposuréo the testedcopper and platinum compounfis 24 h
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Figure4.35The ROS generation of the used cell lines from diffecgigtins (A172,
LN229, U87 A549, Hea, PC3, and MDA231) upon exposure to the tested Cu and Pt

complexes for 24 h was determined by the DCFDA ass#): Was used as a positive
control at the indicated doses.
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4.5.3 Apoptosis- TUNEL assay

There two known main dledeath patterns: necrosis and apoptosis. Apoptosis is a
cellular suicide process triggered by specific proteins. However, toxins or insufficient
blood supply may lead to necros® §]. In order to investigate the cell death pathway

of our copper and plamum quinoxaline chloride complexes, we completed the
terminal deoxynucleotidyl transferase dUTP nick end staining (TUNEL). TUNEL
assay designed to detect apoptotic cells that undergo extensive DNA fragmentation
during the late stages of apoptosis resglfrom the activation of endonucleases and

the DNA fragmentation patterns of the U87 and Hela cells were analyzed after 24 h
exposure to the copper and platinum compounds (Figusé).4A significant
difference in the cellular DNA degradation potency af(d@qkCl> was observed
compared to that of the other copper and platinum complexes tested here at the
concentrations of 50 and 100 OM aascordin
seen inFigure 436.

Cu(dtgyCl> caused DNA fragmentation to a greaggtent than in the negative control

in both concentrationdndeed, Cdtq)Cl> induced higher DNA fragmentation at

hi gher concentration (100 OM) with respe
OM), and insignificant DONA#ehradatempotensyoiver e
Cu(dtg)Clz in both used cell lines, U87 and HelLa. Since U87 and Hela cells were

found to be sensitive to the TUNEL assay upon exposure to Cititghducing the

apoptotic cell death, Cu(duf)l> might be a good anticancer droaandidate.

The DNA fragmentations were too low for the Cu(d@hp, Pt(dpg)Cl,, and

Pt(dtg»Cl. complexes; hence, their results were not contained in Figdée 4.

Figure 4.37 depictsthe apoptotic potential of the87 cells after Cutbq)Cl> and

Pttpbo)Cl2 treatments a6 0 @id 1@ OM concentrations. On
apoptosis on Hela cells was only observed upon expadute Ptf{tbq)Cl. at the

selected concentratiorSu(tpbq)Cl> and Pt{tbq)Cl. on the U87 cells, and Citi§q)Clo,

Cu(tpbq)Cl2, P(tpbq)Cl2 on the Hela cells were not induced any apoptosis upon 24 h

treatment (data were not presented hergjer the same experimental conditions.
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Relatively higher DNA fragmentations were detected in HeLa and U87 cell lines after
the treatment of th&00 O Mconcentrations of our active complexes compared to one
obtained after 5@ Mcomplex accumulatiorT.hese results were similar to those were
reportedas potential artancer agenis the available literature for some platinum(ll)
complexes containm pyrazole ligands that wereinduced cell cycle arrest and
apoptosis in breast cancer MCFRand MDAMB-231 cellg[219.

Positive Control Cu(dtq)50 pM Cu(dtq) 100 pM

Negative Control

us7
VNd

TANNL

TANNL+VYNA

HelLa
vNd

TANNL

T3INNL+VYNA

Figure 4.36 Apoptosisi DNA fragmentation orlJ87 and HelLecells treated at the
concentrations 050 and 1000 M[Cu(dtq}Clz] for 24 hi was evaluated by using
terminal deoxynucleotidyl transferase dUTP nick end labeling assay (TJNE
Negative control was treated only with growth medium and the positive control was
treated with Dnase. The pictures of the DNA fragmentation were taken with 40
magnificationusing a fluorescence microscope.
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Figure 4.37 Apototic potency of the U87 and Hela cells treated with Cu and Pt
compl exes at concentrations of 50 and 1
TUNEL assay. Negative control was treated with only growth medium and positive
control was treted with Dnase. Images were taken with 40X magnification using
fluorescence microscope.

4.5.4 In vitro cell invasion and migration assays

Since the main cause of death in cancer patients is related to metastatic progression,
cell migration studies are importan cancer research. For cancer to spread throughout

the body, cancer cells must migrate and invade through the extracellular matrix (ECM)
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and enter the bloodstream, attach to a distant site, and spread out of the vessel. Tumor
metastasis is one of the st obstacles in anticancer treatn{@20, 221]. The first

step in tumor metastasis is the migration and the invasion of tumor cells. Various
biological methods can be used to study cell migration in dé&aibng them in

vitro cell invasion assais awidely used method of providing an assessment of cell

i nvasive capacity i nMavirtirge, Ewhmart-gitiotxh ea cC &
membrane that prevents nowvasive cells from migratingHowever,invading cells
(malignant and nomalignant) enzyntecally degrade the Corning Matrigel matrix

and spread through the membrane pores. The behavior of cells can be examined under
a microscopg22? (Figure 438). Matrigel Invasion Analysis was accomplishiadhe
presence of our most effective complexes(diyCl> and Pt(dtCl. in the first

group and Cu(ttbq)@J Pt(tpbq)Ch and Pt(ttbq)Gin the second group.

In this studythe invasion potency of U87 and HelLa cell lines across the Matrigel after
24 h treat ment of 6Lo2PYdtigaOh das hkestiGatelirdtly, Cu ( dt c
as shown inFigure 4.38. Both compounds at the tested concentrations negatively
regulated the invasion potential of the HelLa cell line as compared with the negative
control, whereas the treatment of Cu(e®}) resulted in aigher potency to prevent

the invasion of HelLa cells with respect to the Pt{dit)treatment, as seen kgure

4.38. There were no differences between the-emasive effects on the Hela cells

upon exposure to both tested concentrations of the capleplatinum compounds.
According to these results, one can say that Cu{dkghas more anticancer potential

than the Pt(dtgl> under selected conditions. The inhibitory effectCo{dtq»Cl.
andPt(dtg»Cl> compounds at the same concentrations en87 cell invasion was

also examined, and no difference observed between the tested compounds and control

treatment®n U87.

The nvasion potency of U87 and HelLa cell lines across the Matrigel after 24 h
treatment of  &u(§)ChaPutpobg)dbkandPt(ttbgyd was also
explored and shown in Figure39. Careful assessmeat the results indicated that
Cu(ttbg)Cl2 and Pftpbq)Cl> complexes have high astivasive effect®n the HeLa
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Figure4.38 In vitro U87 and HelLa cell invasion toward the Matrigel after 24 h
treatment with Cu(dtqClz] or [Pt(dtgyCl2] at concentratins of 6. 25 and
Both compounds at the tested concentrations negatively regulated the invasion
potential of the HelLa cell line as compared with the negative control, whereas the
treatment of Cu(dtgClz] resulted in higher potency to prevent theasion of HeLa

cells than didPt(dtqpClz] treatment, as seen in the image. There was no difference
between the treatments Eu(dtqpClz]/[Pt(dtq}Cl2] and the control in U87 cell
invasion shown in the image.
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cell monolayer at both concentrations with respect to the negative control. Indeed, no
significant difference was observed between theianéisive capacity of Cu(ttbq)&l
and Pt(tpbo}l> complexes on the Hela cells in relation with the concentrations,

except Pt(dtbg)Gwhi ch was only effective at 12.5

Unfortunately, Cu(ttbq)G| Pt(tpbg)Ct and Pt(ttbq)G did not demonstrate anti

Il nvasive effect on U87 <cells at concentr a
Cu(tpbq)Ct did not have any antnvasive effecion both cell lines and hence, data

were not presented here. Interestingly, some studies in the literature also reported that

the copper compounds inhibited the invasion abilities of HeLa cells, whereas there was

no significant difference found in the U8&Il line [223].

The cell culture scratch wousttealing assay is widely used for screening the novel
anticancer compounds. It can provide the necessary data that may allow for an
understanding of how well a particular cell type can spontaneously migratpond

to a chemeattractant and directionally migrate toward it. Because the invasion
potential of the HelLa cell line was unregulated by the tested compounds, this cell line
was chosen to use for the cell migration assay. The potential inhibitoryseffiect
platinum and copper compounds on the migration of HelLa are preserfegliies
440and 441

As a result of the cell migration assay, the migration capacity of HelLa cells decreased
in the treatment o€u(dtq}Cl2, Pt(dtq}Clz, Cu(ttbq)Ch, Pt(ttbqlCl2, and Pt(tpbq)Cl

at concentrat i on suring®4 hg482ahd 72 campated toGhe O M
control including growth medium. The number of HelLa cells migrating toward the
scratch zone on treatment with Cu(d@j)} diminished with increasing conatations.

On the other handhis decrease in thmigration was found to be independent from
concentration of Pt(dtgFrl,, Cu(ttbq)Ch, Pt(ttbq)Ch, and Pt(tpbg)Gl as
demonstrated iffigures 4.40 and 441

As a summary, thexamined C(l) and P{ll) complexes had an anmigration
potential on the HelLa cell linélenceforth, hey could be ancancer drug candidate

for further investigation.
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Figure4.40 In vitro cell migration assay using cervical canHelLa cell line after 24
h treatment witfCu(dtqpCl2] or [Pt(dtq}Cl2] at concentrations of 6.25 and 12/9.
[Cu(dtq}Cl] had an increasing antiigration potential with increasing
concentrations, but theame increased potential was not observefPofutg)»Cl:]
treatment. Images were acquired at 0, 24, 48, and 72 h in wound healing assay.
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