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ABSTRACT

Cancer always is among the major causes of death worldwide and only limited
progresses were carried onto in order to reduce its morbidity and mortality. Starting
from its approval in 1979, cisplatin became probably the most important
component of chemotherapy for treating the ovarian, testicular, lung and bladder
carcinomas, as well as lymphomas, myelomas and melanoma. Although, cisplatin
is a widely used anticancer drug, its clinical exploitation leads to several side effects
(decline of kidney, tubular and marrow cells, auditory system). Moreover, several
cancer cells are not or poorly sensitive to the cis-Pt action. As a consequence, the
recognition of suitable alternatives able to reduce of side effects during the antican-
cer therapy, some researches were carried out for providing other cis-Pt type
complexes free from these contraindications. Therefore, several hundreds of
cisplatin analogues were tested during the last 20 years, and many of these species
were rejected in preclinical or early clinical stages of testing. Then, the develop-
ment of more selective and less toxic Pt-based drugs than cisplatin is still highly
desirable. Recently, the anticancer activity of naturally occurring substances
obtained from plants, such as flavonoids, curcumin and caffeine, has been tested
and about 20 new drugs derived from natural products were introduced from 2001
to 2005. So, a lack of knowledge also occurs about the possibility to combine the
anticancer capability of cis-Pt related complexes with the limited contraindications
for the human health given by the exposure to substances obtained from plants.
This study is focused on the scope to fill this gap providing information about the
cytotoxic activity. of cis-Pt type complexes synthetized using ligands extracted from
natural substances obtained from plants. The research was carried out according
two different paths. Firstly, these new complexes were synthetized, characterized
according spectroscopic investigations and then their cytotoxic activity assessed
towards several cancer cell lines in terms of IC50 values. As follows, further
investigations were carried out in order to provide information about the extent of
interactions between DNA and the new synthetized Pt-complexes with curcumin
and caffeine, that were obtaining through different characterization techniques. Our
results suggest that the exploited metal complexes act as efficient DNA binders.
Suitable crystals for XRD analyses were also obtained for some of the synthesized

complexes.
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EXTENDED ABSTRACT (eng)

Cancer always is among the major causes of death worldwide and only limited
progresses were carried onto in order to reduce its morbidity and mortality. Starting
from its approval in 1979, cisplatin became probably the most important component of
chemotherapy for treating the ovarian, testicular, lung and bladder carcinomas, as well
as lymphomas, myelomas and melanoma. Although, cisplatin is a widely used anti-
cancer drug, its clinical exploitation leads to several side effects (decline of kidney,
tubular and marrow cells, auditory system). Moreover, several cancer cells are not or
poorly sensitive to the cis-Pt action. As a consequence, the recognition of suitable al-
ternatives able to reduce of side effects during the anticancer therapy, some researches
were carried out for providing other cis-Pt type complexes free from these contraindi-
cations. Therefore, several hundreds of cisplatin analogues were tested during the last
20 years, and many of these species were rejected in preclinical or early clinical stages
of testing. Then, the development of more selective and less toxic Pt-based drugs than
cisplatin is still highly desirable. Recently, the anticancer activity of naturally occurring
substances obtained from plants, such as flavonoids, curcumin and caffeine, has been
tested and about 20 new drugs derived from natural products were introduced from
2001 to 2005. So, a lack of knowledge also occurs about the possibility to combine
the anticancer capability of cis-Pt related complexes with the limited contraindications
for the human health given by the exposure to substances obtained from plants.

This study is focused on the scope to fill this gap providing information about the
cytotoxic activity of cis-Pt type complexes synthetized using ligands extracted from



natural substances obtained from plants. The research was carried out according two
different paths. Firstly, these new complexes were synthetized, characterized according
spectroscopic investigations and then their cytotoxic activity assessed towards several
cancer cell lines in terms of IC50 values. As follows, further investigations were carried
out in order to provide information about the extent of interactions between DNA and
the new synthetized Pt-complexes with curcumin and caffeine, that were obtaining
through different characterization techniques. Our results suggest that the exploited
metal complexes act as efficient DNA binders. Suitable crystals for XRD analyses were
also obtained for some of the synthesized complexes.

key words

Platinum(ll) complexes; Citotoxicity; Flavonoids; Curcumin; Caffeine;
Crystal structure, Drugs-DNA interactions.



EXTENDED ABSTRACT (ita)

Il cancro da sempre & una delle maggiori cause di morte nel mondo e vi sono stati
solamente pochi progressi nella riduzione della sua morbosita e mortalita.

A partire della quando é stato approvato nel 1979, il cisplatino & divenuto probabil-
mente il piu importante agente chemioterapico per il trattamento dei carcinomi ovarici,
testicolari, del polmone e dalla vescica, come pure dei linfomi, dei mielomi e dei mela-
nomi. Sebbene il cisplatino sia ampiamente usato come antitumorale, il suo uso clinico
comporta alcuni effetti collaterali (problemi renali, alle cellule del midollo e al sistema
uditivo). Inoltre, numerose cellule cancerogene sono debolmente sensibili al cisplatino.
Di conseguenza si é resa necessaria la ricerca di alternative valide capaci di ridurre gli
effetti collaterali del cisplatino, quindi sono state portate avanti alcune ricerche nel de-
siderio di trovare dei complessi analoghi del cisplatino privi delle sue controindicazioni.

Negli ultimi vent’anni sono stati testate alcune centinaia di analoghi del cisplatino e
molte di queste sostanze sono state respinte durante i test preclinici o ai primi stadi dei
test clinici. Quindi, ancora di grande interesse lo sviluppo di nuovi composti piu selettivi
nell’azione antineoplastica e meno tossici del cisplatino.

Recentemente é stata studiata I'azione antitumorale di sostanze di origine naturale
quali flavonoidi, curcumina and caffeina e circa venti nuovi farmaci derivanti da prodotti
naturali sono stati introdotti tra il 2001 e il 2005.

Nasce cosi il desiderio di combinare I’azione antitumorale di complessi analoghi del
cisplatino con gli effetti benefici delle sostanze naturali.



Questo studio punta I'attenzione sul ricercare un’azione sinergica tra I'azione anti-
cancerogena dei complessi analoghi del cisplatino e proprieta benefiche delle sostanze
estratte dalle piante.

La ricerca si & sviluppata in piu step; in primis la sintesi di nuovi complessi di Pla-
tino(1l) la cui formazione é stata verificata mediante indagini spettroscopici e sui quali
sono stata svolte analisi di citotossicita in vitro su selezionate linee cellulari in termini
di 1C.

Successivamente sono state effettuate ulteriori analisi nel desiderio di studiare il
meccanismo di interazione tra il DNA e i complessi con la curcumina e la caffeina,
mediante I'uso di differenti tecniche di investigazione. | risultati ottenuti suggeriscono
che i complessi testati interagiscono con in DNA. | cristalli ottenuti per alcuni dei com-
plessi selezionati sono stati utilizzati per un’ulteriore conferma della struttura del com-
plesso sintetizzato.

key words

Complessi di Platino(ll); Citotossicita; Flavonoidi; Curcumina; Caffeina;
Struttura cristallina, interazioni complesso-DNA.
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1. INTRODUCTION/INTRODUZIONE

1.1 Cancer

The cancer is the wide and unregulated proliferation of cells growing and divid-
ing according to an uncontrolled scheme. These invade normal tissues and organs and
spread throughout the body. The most important issue in cancer pathology is the dis-
tinction between benign and malignant tumours. A benign tumour is a mass of cells
that lacks the ability to invade neighbouring tissue or metastasize. Thanks to the lack
of such characteristics, proper of the cancerous tumour, the benign cancer is defined
not cancerous. Malignant tumor is capable of both invading surrounding normal tissue
and spreading throughout the body via the circulatory or lymphatic systems (Cooper,
2000); B. Alberts et al., Molecular Biology of the Cell, 4th Edition, 2002, New York,
Garland). Malignant tumours are a major cause of mortality all over the world. The
burden of cancer is increasing in economically developing countries (Fig. 1).

The transformation from a normal cell into a tumour cell is a multistage process,
from a pre-cancerous lesion to malignant tumours. These changes are the result of the
interaction between a person’s genetic factor and 3 categories of external agents, in-
cluding:

o Physical carcinogens, such as ultraviolet and ionizing radiation;



o Chemical carcinogens, such as asbestos, components of tobacco smoke, food
contaminants and water contaminants;

o Biological carcinogens, such as infections from certain viruses, bacteria or par-
asites.

- ‘
¥ The probability of developing a cancer before age 65, 2002
A .

no data 5.0%74% [1175-09
100-124 [l 125-149 [15.0% and above ”

P

Fig. 1 - Increase cancer risk in the developed regions

Advances in detection, surgery, radiotherapy and chemotherapy are needed to
improve the curability of cancer. These therapies are often coupled to particular alimen-
tary dietary based on the assumption of natural substances from vegetables since their
recognised anticancer activity.

Chemotherapy was first defined by Paul Ehrlich (Nobel Prize in medicine in
1908). It is a treatment with cytotoxic antineoplastic agents which basically interfere
with cell replication of sick cells and conduct them to the apoptosis. This is related to
the lack of selectivity of antineoplastic agents towards malignant cells. As a conse-
quence, severe neuro-, oto-, hepato- and nephrotoxic effects are associated to the ex-
posure to the chemotherapeutics. These can be distinguished according to their struc-
tures and mechanisms of action:

o Alkylating agents: damage cell function by alkylation of RNA (Ribonucleic

Acid), DNA (Deoxyribonucleic acid) and proteins and therefore inhibit replica-

tion.
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o Metal-based drugs: according to their different structures there are many mech-
anisms of action. An important example are platinum(ll) complexes (cisplatin,
carboplatin, oxalilplatin, that induce structural changes on DNA by covalent
binding of metal centre to nucleic acids leading to the cell death.

o Topoisomerase inhibitors: they are essential enzymes that maintain the topol-
ogy and integrity of DNA. Inhibition of topoisomerase interferes with all central
DNA processing steps such as replication, transcription, translation and recom-
bination.

o Antimetabolites: compete or substitute biomolecules involved DNA and RNA
synthesis and therefore alter the critical pathways of nucleotide synthesis (ex-
ample is 5-fluorouracil).

Coupled with the chemotherapic approach, the cancer treatment was carried
out exploiting several natural substances extracted from plants. There is a long history
of plant use in the cancer treatment so that over 60% of currently used anti-cancer
agents come from natural sources.

Natural dietary agents including fruits, vegetables, and spices have drawn a
great deal of attention from both the scientific community and the general public owing
to their demonstrated ability to suppress cancers. Recent studies suggest that the con-
sumption of food rich in fruits, vegetables and spices have a lower incidence of cancers
(stomach, esophagus, lung, oral cavity and pharynx, endometrium, pancreas and co-
lon).

Dietary agents consist of a wide variety of biologically active components that
are responsible for the anti-cancer effects like curcumin, genistein, resveratrol, diallyl
sulfide, S-allyl cysteine, allicin, lycopene, capsaicin, diosgenin, gingerol, ellagic acid,
ursolic acid, silymarin, anethol, catechins, eugenol, isoeugenol, dithiolthiones, isothio-
cyanates, indole-3-carbinol, isoflavones, saponins, phytosterols, inositol hexaphos-
phate, Vitamin C, D-limonene, lutein, folic acid, beta carotene, selenium, Vitamin E and
flavonoids. Many of which have been used in traditional medicines for thousands of
years. These dietary agents are believed to suppress the inflammatory processes that

1



lead to transformation, hyperproliferation, and initiation of carcinogenesis. Their inhibi-
tory influences may ultimately suppress the final steps of carcinogenesis i.e angiogen-
esis and metastasis.

1.2 Platinum(ll) anticancer drugs

Cisplatin (cis-Diamminedichloroplatum(ll) or ¢is-Pt or ¢is-DDP) is a metal cy-
tostatic owing complex accidentally discovered by Rosemberg in 60th during studies
focused on the effects of electric fields on bacterial growth(Rosenberg et al., 1969).

This phenomenon appeared to be caused by the presence of small amounts
of compounds, like cis-[PtCl,(NH,),] and cis-[PtCl,(NH,),] (cisplatin, Fig. 2), formed by
slowly dissolving Pt electrodes in the ammonium chloride electrolyte(Chu, 1994).
Rosemberg noticed that the fragmentation bacterial reproduction was inhibited in the
electrolytic working space, whereas the stringy growth was about 300 times larger
relative to the standard behaviour.

Cl \Pt /NH3
Cl/ \NH
Fig. 2 - Cisplatin structure

Although there were some initial difficulties related to the popular opinion that
heavy metals and related compounds could be highly toxic, Rosemberg used severe
biological examinations and found that cis-Pt formed in the electrolytic baths, produc-
ing anticancer activity. The results obtained both /n vitro and eventually /in vivo systems
were amazing, paving the way for a new class of anticancer compounds (Rosenberg
etal., 1965). Still today, cisplatin (c/s-Pt) is one of the most powerful chemotherapeutic
agents, and it is highly active over a wide spectrum of neoplasia in the lungs, oesoph-
agus, stomach, and cervix, as well as the urinary and reproductive systems.

The process by which ¢is-Pt occurs in cells is not fully understood, but it ap-
parently occurs both by passive diffusion through protein membrane and a further
membrane transporter that is currently not well-identified (Arnesano et al., 2013). After
intravenous delivery, ¢/s-Pt maintains a stable neutral status due to the large chloride

3
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concentration in blood plasma. On the contrary, coming into the cells where low chlo-
ride concentration occurs, the Pt-complex in the cytoplasm is easily hydrolysed there
where [cis-Pt(NH,),(H,0)]?* is formed (Fig. 3), retaining the original cis-configuration

of the Cl-complex (Jung and Lippard, 2007).
HaN, el

"x'("‘ﬂ passive diffusion
ﬂ Ctri receptor
v e, T
Reduced Woa e o
i

accumulation i

Elevated GSH

Enhanced

Fig. 3 - Cisplatin hydrolysis mechanism

Both the formed mono- and di-aquo cationic complexes are highly reactive and
can interact with DNA, forming several adducts (Fig. 4) that induce structural modifica-
tions in the nucleic acid. If unfixed by the organism, these modifications can lead to
apoptosis. The formation of the mono- and bifunctional adduct has been followed by
%Pt NMR analyses that considered changes related to a chemical shift that was rec-
orded in the NMR spectrum (Fig. 5). The active complexes enter the nucleus and be-
come attracted by the negatively charged(Lippard, 1994).
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Fig. 4 - Cisplatin adducts, A) 1,2 intrastrand crosslinking, B) 1,3 intrastrand crosslinking (Lippard, 1994).

This electrostatic interaction is followed by complexation with nitrogen atoms
of purine bases, normally the N-7 atoms of two vicinal guanine units that displace the
two water molecules leading to intrastrand cross-linking, which deforms the DNA ter-
tiary conformation and causes its unwinding at the complexation site (Fig. 6)(Takahara

etal., 1995).
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Fig. 5 - "Pt NMR spectra that show the interaction among [PtCI(H,0)(NH,),]* and DNA extracted by
red globules of chicken. Molecular Weight among 13 and 30 MDa (Lippard, 1994).
So, therefore high-mobility group (HMG) domain proteins become bound to

DNA by intercalation of a phenylalanine unit at the unwound DNA damage site and the
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protein lies along a widened minor groove, preventing DNA replication (Ohndorf et al.,
1999).
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Fig. 6 - Coordination complex generated from the cisplatin active species and DNA

Although, strictly speaking, Pt coordination with DNA bases cannot be consid-
ered an alkylation reaction, cisplatin and its analogues are normally studied among the
alkylating agents.

Despite this success as anticancer drug, there is still a limited range of tumors
sensitive to cisplatin intervention—some cancers are inherently resistant. This behav-
iour is consistent with a particular membrane opposition towards the entry of this drug
inside the cell or to the large glutathione contents in the cytoplasm that would favour
cis-Pt removal before it can interact with the DNA. On the other hand, the possibility
that the cancer cells can have a suitable restoring mechanism available that is able to
remove Pt-bound DNA fragments before that apoptosis can occur cannot be ruled out
(Kartalou and Essigmann, 2001). A further disadvantage is the onset of clinical acquired
resistance after treatment with the platinum complex. The side effects of cisplatin treat-
ment are dangerous and include the dose-limiting nephrotoxicity, neurotoxicity, ototox-
icity, and blood-genesis.

In order to try to limit possible side effects, the coupled delivery of protective
compounds (penicillammine for renal toxicity and amifostine for neurotoxicity) was car-
ried out(Dasari and Tchounwou, 2014). Moreover, experiments were carried out in or-
der to develop the possible structural analogues of cisplatin in order to identify less
toxic drugs that are active towards the stems of resistant cell cancers (Lebwohl and
Canetta, 1998). A diffuse strategy used to try solving the problem of the resistance of
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some cancers to ¢is-Pt and its analogues consists of changing the nature of the coor-
dinating ligand. The design and synthesis of more effective and less toxic platinum
complexes constitutes a broad area of research with the aim of overcoming the prob-
lems associated with cisplatin in chemotherapy (Jamieson and Lippard, 1999). Toxicity
can be decreased by exchanging the labile chlorine ligands for comparatively more
stable bidentate leaving groups, thereby slowing down the hydrolytic activation of the
drugs (Jakupec et al., 2003).
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Fig. 7 - Structure of antitumor drugs in clinic, carboplatin, nedaplatin, oxaliplatin, lobaplatin.

When the chloride leaving groups are substituted for more stable ligands, such
as 1,1-cyclobutanedicarboxylate, the renal effects are decreased, while the antitumor
activity remains. (Christian, 1992). Three of the “second-generation” platinum drugs
fufilling the requirements mentioned above are currently used in cancer chemotherapy:
carboplatin, nedaplatin and oxaliplatin, lobaplatin (Fig. 7).

Cis-diammine-1,1-cyclobutane-dicarboxylatoplatinum(ll) (carboplatin), the most
successful of these second-generation platinum complexes, entered the clinic in 1998,
principally to satisfy the necessity to reduce the toxic side effects of the parent drug.
Despite this lower toxicity, carboplatin is essentially active against the same cancer
cellular lines of cisplatin. For some cancer categories, cisplatin is even therapeutically
more effective than carboplatin (germ cell tumors, head and neck, and bladder)
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whereas for lung cancer and ovarian cancer the result is comparable. The choice of the
most appropriate analog is a function of the cancer being treated, treatment intention
(palliative or curative), and other component drugs used in combination (Christian,
1992, Lokich and Anderson, 1998).

Cis-diammine(glycolato)-platinum(ll) (nedaplatin) is cisplatin derivative that
show less renal and gastrointestinal toxicity than cisplatin as well as reducing the ne-
phrotoxicity and vomiting (Calvert et al., 1982, Allan and Smyth, 1986, Sasaki et al.,
1991). Carboplatin has gained worldwide approval and steadily increasing acceptance
as a less toxic alternative to cisplatin, while nedaplatin has received only limited regional
approval (Jakupec et al., 2003).

Changing the ammines of carboplatin results in (1R,2R-diaminocyclohexane) ox-
alatoplatinum(ll), (oxaliplatin, I.OHP), (Fig. 7). This compound was first reported in Ja-
pan;(Kidani et al., 1977, Kidani et al., 1978) and entered the clinic in France(Misset,
1998). It has been approved for secondary treatment of lung and ovarian cancers and
it is first line combination therapy for colon cancer.

It shows a different range of activities compared with cisplatin(Mathé et al.,
1986), and it overcomes cisplatin resistance, it is active in cisplatin-resistant cell
lines(Harrap, 1995).

Cancer continues to be one of the major causes of death worldwide and only
modest progress has been made in reducing the morbidity and mortality of this disease.
Cancers may be caused in one of three ways, namely incorrect diet, genetic predispo-
sition, and via the environment. As many as 95% of all cancers are caused by life style
and may take as long as 20— 30 years to develop.

The prognosis for a patient with metastatic carcinoma of the lung, colon, breast,
or prostate remains a concern and accounts for more than half of all cancer deaths.

Chemoprevention or chemotherapy via nontoxic agents could be one approach
for decreasing the incidence of these cancers. Many naturally occurring agents have
shown chemopreventive and chemotherapeutic (anticancer) potential in a variety of
bioassay systems and animal models. An effective and acceptable chemopreventive or
anticancer agent should have certain properties: (a) no toxic effects in healthy cells, (b)
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high efficacy against numerous type of cancers, (c) known mechanism of action,
(d)may be taken by mouth and (e) low cost.

The resolution of neoplasm resistance towards the cis-Pt can be bypassed
changing the nature of ligands bound to the platinum. The following investigation of
antineoplastic activity of the new synthetized complexes allows us of correlating their
molecular structure to the cytotoxic activity recognising the most promising complexes.
In order to attain this goal, the diethyl(pyridine-4-dimethyl)-phosphine (pmOpe), the
trans-[PtCl,(4-pmOpe),] (Fig.8) and the [Pt(02,03-asc)TPA2] complexes were studied
(Fig. 9).
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Fig. 8 - trans-[PtCl,(4-pmOpe),] complex structure

The cytotoxic activity of the trans-[PtCl,(4-pmOpe),] complex was assessed to-
wards the HT 29 and A549 cell lines (colon-rectum and small cells pulmonary carci-
nomas, respectively) and the toxicity towards lymphoid cells of human blood was
checked. The obtained results showed the significant selectivity of the above-men-
tioned complex whose cytotoxicity was more pronounced towards cancer cells rather
than towards the unaffected human blood ones. The [Pt(02,03-asc)TPA,] complex
was studied for its largely solubility determined by the presence of the 1,3,5-Triaza-7-
phospho-adamantane (TPA) ancillary ligand and showing a similar antiproliferative ac-
tivity than cis-Pt if carried out on 2-5 cm wide cancer cells (T2). (Kalinowska-Lis et al.,
2008).
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Bergamini et al. (2008) showed a larger antiproliferative activity of several P-
bearing Pt(ll) complexes towards the investigated cell lines than cisplatin. Previous
studies investigated the cytotoxic activity of trans-[PtCl,(L)(L’)]-type complexes
(Fig.-9A) where L is an obstructed phosphine as PPh, or PMe,Ph, whereas L’ is NH,,
aliphatic phosphines as isopropylamine, dimethylamine or 1-aminoindane. These com-
plexes show a IC,, values (representing the concentration of the selected species able
to kill at least 50% of exposed cancer cells) and values of the drug resistance factor
(RF) larger than those recognised for cis-Pt and other trans-Pt complexes towards
SKOV3, CH1cisR and SR2910 cell lines (ovarian carcinoma and Ewing sarcoma, re-
spectively).

Ramos-Lima et al.(2007) suggest that the larger activity observed during in-vitro
experiments can be consistent to the lipophilic character of phosphine favouring the
drug transition through the cell membrane.

Pt(ll) complexes with DMSO have shown antineoplastic activity towards
A2780cisR, AMD473 and A2780473R cell lines towards which ¢is-Platinum was inac-
tive. At the same time trans-[PtCl,(DMSO)(tetrahydro-1,4-oxazine)] highlights the ef-
fectiveness of trans-platinum complexes as anticancer drugs.
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Fig. 10 - trans - [PtCl,(DMSO)(tetrahydro-1,4-oxazine)] complex structure

The first studies on trans-Pt complexes suggested their limited cytotoxicity if
compared with ¢is-Pt. As follows, several frans-Pt complexes were synthesized and
studied demonstrating that their cytotoxicity could be similar to the cis-isomers (Farrell
etal., 1989).

O

1.3 Natural substances
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Plants have a long history of use in the treatment of cancer and it is significant
that over 60% of currently used anti-cancer agents are come from natural sources. In
between 2001 and 2005, 23 new drugs derived from natural products were introduced
for the treatment of disorders such as bacterial and fungal infections, cancer, diabetes,
dyslipidemia, atopic dermatitis, Alzheimer’s disease and genetic diseases.

Natural dietary agents including fruits, vegetables, and spices have drawn a great
deal of attention from both the scientific community and the general public owing to
their demonstrated ability to suppress cancers. Recent studies suggest that the con-
sumption of food rich in fruits, vegetables and spices have a lower incidence of cancers
(stomach, esophagus, lung, oral cavity and pharynx, endometrium, pancreas and co-
lon).

Dietary agents consist of a wide variety of biologically active components that
are responsible for the anti-cancer effects like curcumin, genistein, resveratrol, diallyl
sulfide, S-allyl cysteine, allicin, lycopene, capsaicin, diosgenin, gingerol, ellagic acid,
ursolic acid, silymarin, anethol, catechins, eugenol, isoeugenol, dithiolthiones, isothio-
cyanates, indole-3-carbinol, isoflavones, saponins, phytosterols, inositol hexaphos-
phate, Vitamin C, D-limonene, lutein, folic acid, beta carotene, selenium, Vitamin E and
flavonoids. Many of which have been used in traditional medicines for thousands of
years. These dietary agents are believed to suppress the inflammatory processes that
lead to transformation, hyperproliferation, and initiation of carcinogenesis. Their inhibi-
tory influences may ultimately suppress the final steps of carcinogenesis i.e angiogen-
esis and metastasis.

Flavonoids are present in a lot of plants and they belong to a group of natural
substances with different phenolic structures. Flavonoids are benzo-y-pirone deriva-
tives that have been classified according to their chemical structure according to pres-
ence of different substituents on the rings and the degree of benzo-y-pyrone satura-
tion(Fig. 11).

More than 4000 different naturally occurring flavonoids were described and their
list is updating. Flavonoids have been known as plant pigments for over a century and
belong to a vast group of phenolic compounds that are widely distributed in all foods
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of plant origin. They have numerous beneficial properties for the human health, because
they interact with numerous cellular target. Scientists are interested in the potential
health effects associated with fruit and vegetable-rich diets.

They are present in the feeding of a lot of populations in different parts of world,
such as in the Mediterranean coast, where the diet is rich in olive oil, citrus fruit and
grapes, wine, in Netherlands where onions, apples and tea are usually consumed, in
Asia where the diet is rich in vegetables, tea and fruit.
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Fig. 11 - Chemical structure of some groups of flavonoids: A) flavone, B) flavanone, C) flavan-3-olo, D)
flavanol, E) flavanolol, F) isoflavone
Several studies recognise the wholesome effects of flavonoids as anti-inflamma-

tory, anti-allergic, antimicrobial, hepatoprotective, antiviral, antithrombotic, cardiopro-
tective capillary strengthening, antidiabetic, anticarcinogenic and antineoplastic effects
(Fig. 12)(Middleton et al., 2000, Kandaswami and Middleton, 1994, Castillo et al.,
1989, Huang et al., 1999).
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In-vivo and in-vitro experiments demonstrated that flavonoids the inhibit carcin-
ogenesis through:
e Inhibition of protein kinase activity,
o Inhibition of metastasis and angiogenesis,
e Induction of apoptosis,
o Anti-oxidative activity
2. Inhibition of

o : protein kinase activities )
1. Inhibition of 3. Induction of
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Fig. 12 - Antitumour activities of flavonoids

It is widely accepted that the inhibitory effects of flavonoids on the growth of
cancer cells could be a result of their interference with the protein kinase activities tak-
ing part to the regulation of cell proliferation. On the last years several researches have
evaluated the inhibitory potencies of different flavonoids on various serine/threonine
and tyrosine kinases. At the cellular level, flavonoids from different chemical classes
exhibit inhibitory effects on protein kinase activity.
Protein kinase C (PKC), Ca®* and phospholipid-dependent, multifunctional serine- and
threonine phosphorylating enzyme plays a fundamental role in an entire range of cellular
activities, including tumor promotion. Specific dietary flavonoids were found to be po-
tent inhibitor of signal transduction enzymes, PKC in vitro, protein tyrosine Kinase (PTK)
and phosphoinositide 3-kinase(PIP3). Quercetin was the most efficient inhibitor of PKC,
because is known that quercetin diminished the phosphorylating activity of Rous sar-
coma virus (a retrovirus capables of inducing the tumor formation in vivo and in vitro)
(Ferriola et al., 1989, Gschwendt et al., 1983, End et al., 1987, Hagiwara et al., 1988,
Makita et al., 1996).
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The capabilities of selected flavonoids to arrest solid tumour growth may be due
to their inhibition of the neo-angiogenic process (Paper, 1998). Angiogenesis is the
formation of new blood vessels beginning from the pre-existing ones, therefore repre-
sent a crucial trial in the development and in the progression of the tumour. When de-
prived of proper vascularization, the high proliferation rate in the tumour would be bal-
anced by cell death due to the lack of diffusion of nutrients and oxygen. Angiogenesis
inhibitors such as flavonoids are able to contrast with various points of angiogenesis,
like basement destruction of blood vessels, proliferation and migration of endothelial
cells or the lumen formation (Tosetti et al., 2002). Therefore, these compounds may
have potential for the treatment of solid tumours.

In addition to the arrest of angiogenesis processes, another molecular mecha-
nism of antiproliferation may be the inhibition of the pro-oxidant process that causes
tumour promotion. Growth promoting oxidants and ROS are the major catalysts of the
tumour promotion and progression stages(Chahar et al., 2011a).

Among the multitude of anticancer actions developed by flavonoids, the most
relevant is to give origin to the apoptosis. Apoptosis is programmed cell death or sui-
cide, caused by extra - or intra - cellular signals.

Dysregulation of apoptosis plays a fundamental role in oncogenesis and flavo-
noids have shown to induce apoptosis only in cancer cell lines and not on healthy cells.
The precise molecular mechanism followed by flavonoids in inducing apoptosis is not
well known. Several paths may be involved, including inhibition of DNA topoisomerase
I/l activity, decrease of ROS, regulation of heat shock protein expression, modulation
of signal pathways, down regulation of nuclear transcription factor kappa B (NF-x B),
activation of endonuclease, and suppression of Mcl-1 protein(Lee et al., 2002).

Among the most known properties of flavonoids there is their antioxidant activity,
that derives from the presence of a large number of hydroxyl groups in their structure,
and at the same time to a highly conjugated m-electron system, let flavonoids to act
like free radical scavengers via hydrogen atom. Furthermore, they can arrest the for-
mation of ROS (reactive oxygen species), such as the hydroxyl radical, through chela-
tion of redox-active transition metal ions. This can have a positive effect on cancer

24



prevention by the minimization of phenomena such as oxidative damage to DNA. Re-
search on breast cancer cell lines has shown that polyphenols exert strong inhibitory
effects due to their antioxidant properties of antagonizing the oxidizing activity of H,0,
by scavenging ROS or inhibiting ROS production(McPhail et al., 2003, Damianaki et al.,
2000, Martinez-Perez et al., 2014).

Like all flavonoids, flavonols revealed nutritional, biochemical and anticancer
properties(Sakagami et al., 2000).

Flavonols as quercetin (Fig.14), 3-hydroxyflavone (Fig.13), 3',4'-dihydroxyfla-
vone, 2',3'-dihydroxyflavone, inhibited the proliferation of normal and tumor cells, as
well as in vifro angiogenesis, at half-maximal concentrations in the low micromolar
range.

OH

0
Fig. 13 - 3-Hydroxyflavone structure

It has been clearly demonstrated the antiangiogenic effects of flavonoids and
precisely for this reason a series of flavonoid metabolites were tested focusing on their
effect on the recombinant basic Fibroblast Growth Factor (bFGF)-stimulated prolifera-
tion of Bovine Brain Capillary Endothelial (BBCE) cells. Among all flavonols, 3-hy-
droxyflavone, inhibits the bFGF-induced proliferation of BBCE cells (Bovine Brain Capil-
lary Endothelial cells) more potently than genistein. The obtained results show that the
inhibitory activity of the most potent flavonoids was approximately 2 or 3 foldstronger
than that of the isomeric genistein. Another group of flavonoids to which it belongs
quercetin put on view inhibitory activity comparable to that of genistein, whereas sev-
eral flavonoids had minimal or no effect on the proliferation of endothelial cells.

Endothelial cells were not the only target for flavonoids. Flavonoids inhibited the
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proliferation of low-density cultures of various normal (HFK2 human fibroblasts and
HaCaT human keratinocytes) and tumor (MCF7 human breast cancer and SHEP and
WAC2 human neuroblastoma-derived) cells. 3-hydroxyflavone, as well as other flavo-
nols, at low inhibitory concentrations was more potent than the isoflavonoid genistein.

The presence of a hydroxyl function in position 3, as occurs in flavonols, is the
cornerstone of changing of the antimitotic activity in an unpredictable manner. Thus, 3-
hydroxyflavone, the 3-hydroxylated flavonol derived from flavone, has antiproliferative
activity much greater than other flavonols. In addition, 3-hydroxyflavone, which has no
catechol functions, has antiproliferative activity comparable to the catecholic metabo-
lites luteolin and 3',4'-dihydroxyflavone(Fotsis et al., 1997).

Quercetin (3,3’,4’,5,7-pentahydroxyflavone; Fig.14) belongs to an extensive
class of polyphenolic flavonoid compounds almost ubiquitous in plants and plant food

sources.
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Fig. 14 - Quercetin structure

Quercetin is the major bioflavonoid in the human diet and brings many health
benefits, like antioxidant, anti-inflammatory, anti-anaphylaxis, neuroprotection and so
on. Quercetin mechanisms of action is still partially unclear, but one of major mecha-
nisms of action seems to be the Tyrosine kinases inhibition.

Tyrosine kinases are a family of proteins located in or near the cell membrane
involved in the transduction of growth factor signals to the nucleus. In patients with
advanced cancers, intravenous administration of quercetin (dosages 60-1700 mg/m2)
led to inhibition of lymphocyte tyrosine kinase at one hour in nine of eleven cases. This
inhibition was seen as late as 16 hours post-administration.
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In-vitro experiments have confirmed these results, both in non-malignant cells
and in rat mammary tumor cells.(Levy et al., 1984, Yokoo and Kitamura, 1997) Tyro-
sine kinase expression is thought to be involved in oncogenesis via an ability to override
normal regulatory growth control.(Boutin, 1994) Drugs targeting tyrosine kinase activity
(tyrphostins) are envisioned as possible antitumor agents without the cytotoxic side-
effects found with conventional chemotherapy. Quercetin was the first tyrosine kinase
inhibiting compound tested in a human phase | trial(Ferry et al., 1996, Klohs et al.,
1997).In addition to this, quercetin has radical scavenging potential, preventing cancer
induced by oxidative stress (Chahar et al., 2011b). Another quercetin activity is the
chemoprotective action through apoptosis and metastasis against tumour cell lines
(Gibellini et al., 2011). Moreover, quercetin anticancer action is being done both alone
and in combination with drugs. In many cases the use of quercetin increases the anti-
cancer effect of conventional drugs (Du et al., 2010). In fact, during in vitro study using
human MCF-7 cells (Michigan Cancer Foundation-7), quercetin has been reported to
inhibit angiogenesis in tamoxifen-resistant cancer in breast cells (Oh et al., 2010).

Polyphenols are the antioxidant compounds most abundant in the nutrition(Scal-
bert et al., 2005). The term “polyphenols” describes a broad range of chemicals with
this general structure. Polyphenols are biochemical compounds that have increasingly
significant public health implications. Polyphenols are found in fruits and vegetables,
green and black tea, red wine, coffee, nuts, chocolate, and extra virgin olive oil(Manach
et al., 2004, Visioli et al., 2011). The main function of polyphenols is the prevention or
the treatment at an early stage of degenerative diseases, such as cancer and cardio-
vascular diseases or the treatment of disease at an early stage.

Ethyl gallate is a natural compound belonging to the polyphenolic family. It is
present in fruits and in a variety of plant sources including nuts, such as Indian
gooseberry (Phyllanthus emblica) Ethyl gallate is the ester of gallic acid and it has
been shown to exhibit antibiotic and relaxant functions. One of the most important ac-
tion carried out by Ethyl gallate is to inhibit the lysozyme’s vasodilator effect. There-
fore, the use of ethyl gallate is fundamental to treat septic shock. Ethyl gallate (Fig.
15), like some polyphenols, has an anticancer action against many types of cancer
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lines, but the mechanism of action is different for each type of cancer. For breast can-
cer MCF-7 cell lines, the results showed that ethyl gallate is an important bioactive
constituent in the chemotherapy through the pathways of marked induction of cell
apoptosis(Cui et al., 2015). Against human oral squamous carcinoma cell line KB,

ethyl gallate acts as anticancer agent with antiproliferative effect(Mohan et al., 2015).
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Fig. 15 - Ethylgallate structure

Curcumin (diferuloylmethane) is the principal curcuminoid derived from the Cur-
cuma longa plant, commonly known as turmeric. Curcumin (Fig.16) has been used as
coloring agent in foods and textiles, and as treatment for a wide variety of food. In
addition to this, tumeric is present inside of traditional Indian medicine to cure biliary
disorders, anorexia, diabetic wounds, hepatic disorders, rheumatism, and sinusitis and
in Ayurvedic medicine because it is nontoxic and has a variety of therapeutic properties
including anti-oxidant, anti-inflammatory, neuroprotective and antiseptic activity. Only
recently has been demonstrated that curcumin has anti-cancer activities affecting many
biological pathways involved in mutagenesis, oncogene expression, cell cycle regula-
tion, apoptosis, tumorigenesis and metastasis(Aggarwal et al., 2003). The anti-oxidant
activity of curcumin has been treated findings from Sharma demonstrating that curcu-
min prevent the oxidation of hemoglobine(Sharma, 1976). Studies carried out in recent
years have suggested the mechanism of curcumin antioxidant activity(Sun et al.,
2002). Some scientists have underlined the crucial role of the OH phenolic groups sug-
gesting the loss of H-atom from OH(Barclay et al., 2000), others focused their attention
on the central CH, group in the heptadienone link, arguing that the H-abstraction from
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central CH, occurs more frequently than H-abstraction from the phenolic group that
happens for only ~15% of the reactions (Jovanovic et al., 1999). Many researches
show that curcumin is a highly pleiotropic molecule capable of interacting with numer-
ous molecular targets involved in inflammation. The anti-inflammatory effect of curcu-
min occurs operating on the suppression of the activation of NF-AB, an inducible tran-
scription factor that regulates the expression of a host of genes involved in inflamma-
tion, cellular proliferation and cell survival. The suppression of this eukaryotic transcrip-
tion factor inhibits anti-inflammatory process but, consequently inhibits carcinogenesis
in a number of cancer types, including colorectal, pancreatic, gastric, prostate, hepatic,
breast, and oral cancers, and leukemia, and at various stages of carcinogenesis(Ju-
renka, 2009). In fact, studies have supported the concept that cancers frequently orig-
inate at the site of chronic inflammation.

Carcinogenesis is a multistep process driven by genetic instability. Continuous
exposure to environmental and endogenous genotoxic agents can cause sirong DNA
damage. The damaged molecules can be spread during cell division giving rise to mu-
tated clones which results in the expansion of premalignant cells. The consequence is
an uncontrolled cell proliferation with invasive properties. Curcumin has been classified
as a chemopreventive agent with the capability to suppress or retard the carcinogenic
process induced by various chemical carcinogens.

The mechanisms by which curcumin exercises its anti-cancer effects consists
of targeting many levels of regulation in the processes of cellular growth and apoptosis.
In addition to the vertical effects of curcumin on various transcription factors, onco-
genes and signalling proteins, its action is divided into different temporal stages of car-

cinogenesis, from the initial process of tumorigenesis, growth and metastasis.
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Fig. 16 - Curcumin structure
Caffeine (1,3,7-trimethylxanthine) (Fig. 17) is the most consumed psychoactive
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substance in the world. Although caffeine is naturally present in many plant-based
foods, the main sources in the Western diet are coffee, tea, cocoa products and cola
products.
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Fig. 17 - Caffeine structure
The most widely known are the disadvantages caused by the assumption of caf-

feine, but we should also remember the variety of benefits of caffeine. Caffeine affects
brain function and researchers have been investigating whether caffeine improves
memory and learning retention or hinders it(Klaassen et al., 2013).Studies suggested
that assuming optimal amount of coffee protects against brain form degenerative dis-
gases, such as Alzheimer’s(Arendash et al., 2009, Cao et al., 2009). Therefore, the
Mediterranean diet has lowers risk of Alzheimer’s or other neurodegenerative sickness.
However, cola beverage or caffeinated soft drinks do not bring any benefit because they
contain a large amount of sugars, which increases the risk for hypertension or high
blood pressure. In addition, coffee consumption may help to prevent chronic diseases
as type 2 diabetes mellitus, Parkinson's disease and liver disease (cirrhosis and hepa-
tocellular carcinoma).

Another study has shown that in U-87MG human glioma cells, the caffeine treat-
ment reduces cancer cell proliferation through cell cycle arrest and apoptosis induction
through caspase-3 activation and poly (ADP-ribose) polymerase cleavage. Glioblasto-
mas, also known as glioblastoma multiform (GBM) is an aggressive malignant primary
tumour found in the cerebral hemispheres of the brain(Cheng et al., 2016).

Another mechanism of anticancer action of caffeine is based on its capability of
interacting with DNA base pairs intercalator.
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Basically many antitumor drugs which are used in the clinical trials are DNA in-
teracting agents with polyaromatic core able to intercalate between DNA bases. With
longer exposure times (several days), caffeine potentiated the cytotoxic activity of sev-
eral intercalators (Sabisz and Skladanowski, 2008).

1.4 Aim of the thesis

Both the chemotherapic approach and that dietary based on the assumption of
natural essences demonstrated their efficiency in the anticancer activity. This finding
suggested the topic of this research as the recognition of selected species derived from
cis-Pt like dsp? square planar complexes substituted with ligands coming from different
natural substances and their anticancer properties assessment. For achieving to these
goals an approach based on several fronts was carried out:

o Synthesis of cis-Pt like square planar complexes substituted exploiting suitable
ligands derived from several classes of natural substances and ancillary ligands
like PPh, and DMSO.

o Recognition of their chemical-physical properties according to spectroscopic
(IR, NMR, XRD) and mass spectrometric investigations coupled to theoretical
model calculations.

o Recognition of drug-DNA interactions through the formation of adduct, charac-
terising the ability of the metal-drugs to induce modification of DNA structure.
Investigation of the reaction mechanisms and binding character of interactions
between synthetized complexes and DNA. This goal was obtained according to
chemical-physical assays using Agarose Gel electrophoresis, UV-Vis, Circular
Dichroism (CD) and Fluorescence spectroscopy. These were associated to
Atomic Force Microscopic (AFM) observations.

o Assessment of anti-cancer activity of newly synthetized compounds as re-
gards of selected cell lines.
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CHAPTER/CAPITOLO 1

2. NOVEL Pt(ll) COMPLEXES WITH NATURAL POLYPHENOLS

2.1 Materials and methods

Tap water was de-ionized by ionic exchange resins (Millipore) before use. All
chemicals and solvents were purchased from commercial suppliers and used without
further purification. cis-Pt(PPh3)2CI2 was synthetized according to literature proce-
dures (Crudden and Alper, 1992).

Melting points were determined with a Biichi Melting Point B-540 apparatus.
Elemental analyses were carried out with a Perkin EImer 2400 CHN Elemental Analyser
at the Microanalytical Laboratory of the University of Bari, Department of Pharmacy. IR
spectra were recorded on a Bruker-Vector 22 spectrometer. NVIR spectra were rec-
orded on BRUKER Advance 400 spectrometer; frequencies are referenced to Me,Si ('H
and ™*C), 85% H,PO, (*'P) and H,PtCl, ("**Pt). The signal attributions and coupling con-
stant assessment were made on the basis of a multinuclear NMR analysis of each
compound including, besides 'D spectra, 'H-3'P HMQC, "H-'Pt HMQC, 'H-"3C HSQC,
'H-"3C HMBC and 'H COSY. High resolution mass spectrometry (HR-MS) analyses
were performed using a time-of-flight mass spectrometer equipped with an elec-
trospray ion source (Bruker micrOTOF). All analyses were carried out in positive ion
mode. The sample solutions were introduced by continuous infusion with the aid of a
syringe pump at a flow rate of 180 uL/min. The instrument was operated at end plate
offset -500 V and capillary -4500 V. Nebulizer pressure was 1.5 bar (N,), and the drying
gas (N2) flow was 10 L/min. Capillary exit and skimmer 1 were 120 and 40 V, respec-
tively. The drying gas temperature was set at 220°C. The software used for the simu-
lations is Bruker Daltonics Data Analysis (version 3.3). The ESI-MS and MS/MS anal-
yses were carried out on a triple quadrupole PE Sciex instrument (mod. API 365),
equipped with a Turbospray source.
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2.2 Synthesis and characterisation

2.2.1 Synthesis of cis-[Pt(PPh,),(que)] (que = dianion of quercetin) (hereafter
defined complex-1)

A solution of KOH (2.90 mmol, 162.7 mg) in ethanol (7.0 mL) kept at 40°C was
added dropwise to a clear yellow solution of cis-[PtCI2(PPh3)2] (1.45 mmol, 1.149 g)
and quercetin (1.45 mmol, 0.439 g) in CH2C12 (80 mL) at room temperature under
stirring. After overnight stirring at room temperature, the resulting dark orange reaction
mixture was filtered (in order to remove KCl) and dried under reduced pressure. The
red orange residue was dissolved in CH,CI, (10 mL) and added of n-hexane (30 mL),
which caused the formation of a red-orange precipitate. This solid was filtered after
overnight cooling at 4°C, washed with n-hexane (3 x 10 mL) and dried under vacuum.
Yield: 1.073 g, 72.3%. Mp=212.5°C (dec). 'H and *C{'H} NMR features are reported
in tables 2 and 3, respectively, except those belonging to PPh, groups. PPh, region: 'H
NMR (400 MHz DMS0-d6, 25 °C) & = 7.45 ppm (m, 12 H, Horto), 7.42 ppm (m, 6
H, Hpara), 7.29 ppm (m, 12 H, Hmeta); *C{'H} NMR (100 MHz DMS0-d6, 25°C) &
= 134.7 ppm (s, Corto), 131.6 (s, Cpara), 128.8 (s, Cipso), 128.6 (s, Cmeta). *'P{'H}
NMR (121.5 MHz, DMSO0, 25 °C): & = 9.6 ppm (d,"Jp» = 3565 Hz, %Jp = 23 Hz); 8.3
ppm (d, "Jpp = 3600 Hz, 2Jpe = 23 Hz).195Pt NMR (85.99 MHz, DMSO0, 25 °C): & = -
4062 ppm (dd).IR (KBr, cm™): 3372-3633 (b, m, 0-H), 3058 (m, C-H), 1650 (s, C=0),
1617 (s, C=C), 1515 (s, C=C), 1491 (s, C=C), 1426 (s, C=C), 1354 (m, 0-H), 1270
(s, C-0-C), 1162 (m, 0-H), 1099 (m, C-H), 997 (m, C-0-C), 741 (m, C-H), 530 (m,
Pt-0). HRMS (ESI, acetonitrile, positive ion mode) m/z: calcd. for Cs;H4,0,P,Pt [M]*
1019.1740; found 1019.1681. HRMS (ESI, acetonitrile, negative ion mode) m/z: calcd.
for C4;H,,0,P,Pt [M-H] 1018.1672; found 1018.1678.

2.2.2 Synthesis of c¢is-[Pt(PPh,),(3-Hfl)]CI (3-Hfl = monoanion of 3-hy-
droxyflavone) (hereafter defined complex-2)

A solution of KOH (1.29 mmol, 72.4 mg) in ethanol (4.5 mL) kept at 40°C was
added dropwise to a clear yellow solution of ¢is-[PtCl,(PPh,),] (0.64 mmol, 0.505 g)
and 3-hydroxyflavone (1.29 mmol, 0.308 g) in CH,Cl, (40 mL) at room temperature

34



under stirring. After overnight stirring at room temperature, the reaction mixture was
filtered to remove KCI and the resulting orange solution was concentrated to 2 mL under
reduced pressure and added of ethanol (10 mL). Addition of pentane (30 mL) caused
the precipitation of an orange solid from the orange solution. The solid was washed
with pentane (3 x 10 mL) and dried under vacuum. Yield: 0.403 g, 31.5 %. Anal. Calcd.
for 2, C51H3903P2PtCI: C, 61.68; H, 3.93. Found: C, 60.69; H, 4.18. Mp=219.1°C
(dec).'H and "*C{'H} NMR features are reported in tables 2 and 3, respectively, except
those belonging to PPh, groups. PPh, region: 'H NMR (400 MHz DMS0-d6, 25 °C) &
= 7.78-7.16 ppm; *C{'"H} NMR (100 MHz DMSO0-d6, 25 °C) & = 135-128 ppm.
SP{"H} NMR (121.5 MHz, DMS0, 25 °C): & = 8.60 ppm (d,"Jpp = 3667 Hz, 2Jpp =
24 Hz); 4.26 ppm (d,"Jpp = 3991 Hz, 2Jpp = 24 Hz)."**Pt NMR (85.99 MHz, DMSO, 25
°C): & = -4077 ppm (dd). IR (nujol mull, cm™): 3059 (m, C-H), 1613 (s, C=0), 1568
(s, C=C), 1257 (m, C-0-C), 1093 (m, C-H), 996 (m, C-0-C), 755 (s, C-H), 515 (m,
Pt-0). HRMS (ESI, acetonitrile, positive ion mode) m/z: calcd. for Cs;H4404P,Pt [M]*
956.2021; found 956.2021.

2.2.3 Synthesis of cis-[Pt(PPh,),(etga)] (etga = dianion of ethyl gallate) (here-
after defined complex-3)

A solution of KOH (1.29 mmol, 72.4 mg) in ethanol (4.5 mL) kept at 40°C was
added dropwise to a clear yellow solution of cis-[PtCI2(PPh,),] (0.64 mmol, 0.505 g)
and ethyl gallate (1.29 mmol, 0.135 g) in CH,CI, (40 mL) at room temperature under
stirring. After overnight stirring at room temperature, the reaction mixture was filtered
to remove KCI and the resulting solution was evaporated under reduced pressure and
added of CH,Cl, (10 mL). Addition of pentane (30 mL) caused the precipitation of a
yellow solid from the dark yellow solution. The solid was washed with pentane (3 x 10
mL) and dried under vacuum. Yield: 0.376 g, 64.6%. Anal. Calcd. for 3, C5,H,,05P,Pt:
C 58.97, H4.15; found C 58.21, H4.22. IR (nujol mull, cm'"): 3496 (s, 0-H), 3049 (m,
C-H), 2000-1813 (w, aromatic overtone), 1688 (s, C=0), 1591 (s, C=C), 596 (s, Pt-
0). '"H NMR (400 MHz DMSO0-dq, 25 °C) & = 7.44 ppm (m, 12 H, H,,, PPh;,), 7.43
ppm (M, 6 H, H,,,, PPh;), 7.28 ppm (m, 12 H, H,.., PPh;), 6.56 ppm (s, 1H, 6-H),
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6.41 ppm (s, 1H, 2-H), 5.60 ppm (s, 1H, 5-H), 4.10 ppm (q, 2 H, CH,, *J,,, = 7.1 Hz),
1.20 ppm (t, 3H, CH,, *J,y = 7.1 Hz). *C{'"H} NMR (100 MHz DMS0-d6, 25 °C) &
= 167.2 ppm (s, C0), 163.1 ppm (s, C-3), 154.6 ppm (s, C-4), 144.6 (s, C-5), 134.8
ppm (S, Gy, PPh3), 131.8 ppm (S, G,y PPh), 128.8 ppm (S, Gy, PPh), 128.5 ppm
(S, Cipsor PPN3), 116.8 ppm (s, C-1), 109.6 ppm (s, C-2), 104.3 ppm (s, C-6), 59.9 8s,
CH2), 14.8 (s, CH,).*'P{"H} NMR (121.5 MHz, DMSO0, 25 °C): & = 11.2 ppm (d, Jpp
= 3552 Hz, 2y = 24 Hz); 6.4 ppm (d,'Jpe = 3660 Hz, °Jpp = 24 Hz). °Pt NMR
(85.99 MHz, DMSOQ, 25 °C): & = -4062 ppm (pseudot). HRMS (ESI, acetonitrile) m/z:
caled. for CysHs505P,Pt [M]* 916.1841; found 916.1845; calcd. for C,5H,,0,P,PtNa
[M+Na] + 938.1739; found 938.1755; calcd. for C,5H,305P,PtK [M+K]+ 954.1478;
found 954.1496.

2.3 Crystallographic analysis

Compounds 1 and 3 underwent batch crystallization, by slow drift of n-pentane
in a solution of tetrahydrofuran containing the respective complex. Suitable crystals for
diffraction analysis were obtained after 2 weeks.

The single-crystal X-ray diffraction data for crystals 1 and 3 were collected on
a Kappa CCD Nonius area detector diffractometer, in ¢ and w scans mode. Reflection
data were measured at 293K, using graphite monochromated MoKo radiation (A =
0.71073 A). Data were corrected for Lorentz and polarisation effects (Duisenberg et al.,
2003), and for absorption(Sheldrick, 2008).

The structures were solved by the Patterson deconvolution procedure of
SIR2014(Burla et al., 2015) and refined by the full-matrix least-squares technique
based on F2 with SHELXL2014/7 (Sheldrick, 2015), using collected reflections with
1=20(1); up t0 0.85 A (crystal 1) and 0.83 A (crystal 3) resolution; measured reflections
with | (Iss —1cal)/SigW (1) | > 10 were excluded during the refinement process.
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Compound 1 Compound 3
Chemical formula CsH30,P,Pt C4sH3505P,Pt
M, 1019.84 915.78
Cystal system Orthorhombic Triclinic
Space group Pbnb Pi

a b c(h 15.372, 22.066, 11.038, 12.269, 15.242
32.445

a, B, v (%) 90.00, 90.00, 72.53, 85.16, 89.25
90.00

V(A% 11005.3 1961.7

Z 8 2

R000) 4040 912

D, (Mgm=) 1227 1.550

p (mm™) 2.65 3.70

Cystal shape Prismatic Rod-shaped

Colour Red Pale yellow

Cystal size (mm) % x 0.25 x  0.25 x 0.13 x 0.03

No. of measured reflections 42439 20642

No. of independent reflections 42439, 4313 7631

R 0.110 0.128

o values (°) max = 20.9, By By = 27.5, B, = 5.0
=50

RIP. > 20(P)], wR(P), S 0.052,0.136,  0.065, 0.173, 0.89
1.07

No. of observed reflections [/ > 2o(/)] 4010 5327

No. of parameters 373 480

BOra Bprn (€ A7) 146, -0.58  1.36, —1.55

Table 1- Crystal data, experimental details and refinement parameters for 1 and 3.

The non-hydrogen atoms were refined with anisotropic thermal parameters.
The aromatic, methyl and hydroxyl hydrogen atoms were placed in calculated positions,
refined with isotropic thermal parameters [U(H) = 1.2Ueq(C), U(H) = 1.5Ueq(Me,0)],
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and allowed to ride on their carrier atoms. Crystallographic data collection and refine-
ment parameters are given in Table 1. Molecular graphics were generated by using
MERCURY CSD 2.0 (Macrae et al., 2008) and JAV [(Burla et al., 2012). Two atoms
separated by less than the sum of their Van der Waals radii have been considered in
contact: for intermolecular contacts the two atoms must belong to different symmetry-
equivalent molecules, for intramolecular contacts the additional requirement is that the
two atoms must be separated by more than 4 bonds.

2.4 Computational details

The Density Functional Theory (DFT) calculations were used to study the hy-
drolysis reaction for cis-[Pt(PMe,),(etga)], cis-[Pt(PMe,),(3-Hfl)]* and cis-
[Pt(PMe,),]using mPW1PW91 functional, which has been previously demonstrated to
provide reliable structures and energies for cisplatin and its derivatives(Melchior et al.,
2011).

Phenyls in PPh, groups have been replaced by methyl (Me) groups for compu-
tational convenience. Geometry optimizations were carried out in vacuum and with a
6-31+G(d) basis set for all atoms except the platinum atom, which was described by
the quasi-relativistic Stuttgart—Dresden pseudopotential (SDD) (Andrae et al., 1990). In
order to confirm that stationary points were actually minima or transition state geome-
tries, the analytical calculation of second derivatives of the energy and vibrational fre-
quency analysis were carried out. Due to the key role of solvation in influencing ther-
modynamic and kinetic parameters in metal complex reactivity (Comuzzi et al., 2003,
Del Piero et al., 2007, Melchior et al., 2013b, Di Bernardo et al., 2012, Endrizzi et al.,
2015, Andrae et al., 1990), environmental effects have been introduced by representing
water surrounding the reagents, transition states and the products, as a polarizable
continuum (PCM) (Tomasi et al., 2005). Potential energy profiles were estimated from
total electronic energies and adding zero point energy (ZPE) and thermal corrections at
298.15 °K. Total electronic energies plus thermal corrections (instead of free energies)
are reported in order to uniform our data to those obtained in previous works (Melchior
etal., 2011, Alberto et al., 2009, Lucas et al., 2009). DFT calculations were performed
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with the Gaussian 09 program (Gaussian 09, Revision D.01, M. J. Frisch et al. Gauss-
ian, Inc., Wallingford CT, 2016).

2.5 Cytotoxicity Assays and Combination Index (CI) Calculations

Cell Lines: U87 cells from human glioblastoma and MCF-7 cells from breast car-
cinoma were grown in Dulbecco’s modified Eagle’s medium (DMEM, Euroclone).

The complete culture medium was supplemented with 10% heat-inactivated fetal
bovine serum (Euroclone), streptomycin (0.2 mg mL-1), and penicillin (200 IU mL-1).
For U87 cells the complete medium was added with

1% of non-essential amino acids. Cells were incubated at 37 °C and 5% CO2 in
a humidified incubator. The cytotoxicity assays were performed as previously de-
scribed(Margiotta et al., 2014). Briefly, U87 cells from human glioblastoma and MCF-
7 cells from breast carcinoma were exposed to tested compounds for a period of 72 h.
All tested compounds were dissolved in dmso prior to their dilution with complete cell
culture medium to the predetermined experimental concentrations (seven concentra-
tions ranging from 0.10 to 200 uM). In all experiments the percentage of dmso never
exceeded 1%. Cytotoxicity (IC50) values for the tested compounds were determined
using the metabolic reduction of the soluble 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide (MTT) by a mitochondrial enzyme of cultured cells into an insoluble
colored formazan product. In particular, cells were seeded at a density of about 5,000
cells/well in a 96 well plate and incubated at 37 °C for 72 hin the presence and absence
of the tested compounds. Untreated cells were used as positive control. Then, 10 uL
of 5 mg mL—1 MTT solution was added to each well and the plates were incubated for
additional 3 h at 37 °C. Next, cells were lysed by the addition of 150 uL of 50% (v/v)
dmso and 50% (v/v) ethanol solution, and the absorbance of each individual well was
measured using a microplate reader at 570 nm (Wallac Victor3, 1420 Multilabel Coun-
ter, Perkin- EImer). The reported values are the average of triplicate measurements per-
formed in three separate experiments.

The cytotoxic effects measured for tested compounds were further analyzed ac-
cording to the Chou and Talalay method on CompuSyn software (ComboSyn, Inc.,
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Paramus, NJ, USA). The combination index (CI) was calculated according to the equa-
tion of Chou-Talalay for two drugs: Cl = (D)1/(Dx)1 + (D)2/(Dx)2, where (Dx)1 and
(Dx)2 are the doses (concentrations) of Drug1 alone and Drug2 alone, respectively,
that inhibit x% of cell viability. (D)1 and (D)2 are the doses of Drug1 and Drug2, re-
spectively, used in combination (D)1 + (D)2, able to inhibit x% of cell viability. Com-
plexes 2 and 3 were considered at a fixed-dose-ratio combination (1:1) of their building
blocks [(D)1 = (D)2]. Cl = 1 indicates an additive effect in the absence of synergism
or antagonism; Cl < 1 indicates synergism; Cl > 1 indicates antagonism.

3. RESULTS AND DISCUSSION

3.1 Synthesis and characterisation Pt(ll) complexes

The synthesis of all platinum phosphynic complexes has been carried out ac-
cording to a common route(Boeré and Willis, 1985) starting from c¢is-[PtCl,(PPh;),] in
presence of different ligands. Regarding the synthesis of the precursor, the problem
was to synthesize a complex of Pt (Il) that had an ancillary ligand to the phosphorus.
The phosphorus ligand has been identified in the triphenylphosphine, a solid phosphine
easily to isolate and purify. The coordination of an alcoholic oxygen atom (hard donor)
to platinum (soft acid) is thermodynamically disfavored and occurs exclusively when it
is supported by an additional driving force, like for example the precipitation of an in-
soluble side product. In fact, in all cases insoluble KCI was recovered at the end of the
reaction.

As shown in the reaction scheme, the complex 1, has been prepared by slowly
adding a solution of ethanolic KOH to a solution containing an equimolar amount of ¢is-
[PtCl,(PPh,),] and quercetin (scheme 1). In this reaction way, quercetin is deprotonated
as anionic bidentate ligand and PPh3 is neutral ligand.
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Scheme 1 - synthesis of cis-[Pt(PPh3)2(que)] (que = dianion of quercetin) (1)

If we tried to obtain the same product by adding an ethanolic solution of the pre-
formed salt of quercetin to a solution of ¢/s-[PtCl,(PPh;),]], the reaction was not selec-
tive at all and obtaining platinum byproduct compounds that were detected in the rele-
vant *'P{'"H} NMR spectrum. Indeed, the *'P{"H}NMR spectrum of the reaction mixture
reported in scheme 1 showed that the singlet belonging to cis-[PtCl,(PPh;),] (*'P NMR:
13.8 ppm, "Jpp= 3677 Hz) almost disappeared after 14 hour stirring, while two major
doublets (with 1:1 integration areas) with satellites mutually coupled (3Jpp = 23 Hz)
formed. The *'P{'H}} NMR spectrum of the isolated product dissolved in DMSO-d6
reported the above mentioned doublets belonging to complex 1, falling the first one at
9.6 ppm ("vhp = 3565 Hz) and the second one at 8.3 ppm ('vpp = 3600 Hz).
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Their coupling constant 'J,, values are typical of a PPh, group trans to an oxygen
atom(Arendse et al., 1999). The *C{'"H} NMR spectrum of the complex reported a
significant downfield shifting of the 3’-C and 4’-C signals compared to those of the free
ligand (Table 3), due to coordination to platinum center. In fact, they changed from &
= 145.0 and 147.6 ppm to 6 = 166.6 and 163.4 ppm, respectively, on passing from
free to platinum bound quercetin, remaining nearly unchanged the chemical shifts of
the carbon signals belonging to A and C rings, far away from the coordination site.
Their NMR attributions were verified also by 'H-"*C HMBC and 'H-"3C HSQC two di-
mensional NMR experiments (Supporting Information), useful also for assessing B-ring
proton signals falling under triphenylphoshane 'H NMR region (7.2+7.5 ppm). On the
base of the latter 2D NMR analyses and 'H COSY experiment, we assigned to the 2'-H
proton the doublet at 6 = 7.00 ppm (*dye = 2.1 Hz), to the 5’-H proton the doublet
at & = 6.19 ppm (e = 8.4 Hz) and to the 6°-H proton the chemical shift value of
7.23 ppm. The 'H NMR spectrum in DMSO-d, shows (beside the above mentioned
proton signals) also two doublets at 5 = 6.12 ppm and at 5 = 6.32 ppm, for 6-H and
8-H protons, respectively (‘s = 2.0 Hz), while the sharp singlets at 5 = 12.64 and
8.81 ppm are assigned to 5-OH and 3-0H protons, respectively. The 7-OH proton signal
is a broad peak falling at 10.63 ppm. All of the hydroxyl protons give a cross-peak with
the water proton signal in the relevant NOESY-EXSY spectrum (Figure 18).
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Fig. 18-'"H NOESY-EXSY spectrum of 1 in DMSO-d6

The chemical shifts of the proton signals belonging to A and C rings are very
similar to the corresponding ones found in 'H NMR spectrum of free quercetin(Kim et
al., 1999) (Table 2). The Pt NMR spectrum consists of a doublet of doublets at -
4062 ppm, whose chemical shift is typical for Pt(ll) phosphane complexes (Arendse et
al., 1999). The IR spectrum shows broad signals at 3372-3633 cm, that can be as-
signed to the hydroxyl groups 7-0H, 5-0H and 3-0H, and the typical bands ascribed
to the skeletal C=C (1650 and 1426 cm™") and C-0-C (1270 cm™) stretching vibrations.
All the bands assigned to coordinated deprotonated quercetin are shifted in comparison
to those assigned to free quercetin(Nakamoto, 2008b, Nakamoto, 2008a).
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Complex 1 Quercetin Complex 2 3-Hydroxyflavone

2 1289 1356 1736 139.1
c 149.4 1468 1826 145.2
c’ 175.5 175.7 207.0 173.1
c* 161 160.6 1255 124.8
c 98.5 98.1 1289 1245
g 163.8 163.8 1343 133.7
s 93.6 933 1183 1184
ot 156.3 156.1 155.2 154.6
cr 103.2 103 1218 121.2
c* 1184 1219 1318 131.3
X 114.1 1151 1282 127.6
c* 166.6 147.6 1284 128.6
c* 1634 145.0 129.1 129.6
c* 115.1 1155 1284 128.6
c® 118.1 1199 1282 127.6

Table 2- 3C NMR spectral data of 1, 2, quercetin and 3-hydroxyflavone (dmso-d6, 298 K). Bold typeface
refers to largest changes in chemical shifts observed comparing free with metal coordinated ligand.

In particular, the C=0 frequency (1661 cm™ in free quercetin) is only slightly
shifted in complex 1 (1650 cm'"), suggesting that the coordination of quercetin does
not involve the oxygen atom of the carbonyl group. The shift is a result of ring defor-
mation caused by platinum bonding to quercetin. The structure proposed for 1 was
confirmed also by HR ESI-MS analysis. The ESI-MS spectrogram in the negative scale
of a diluted acetonitrile solution of 1 showed the peak at m/z 1018.1678, whose isotope
pattern is perfectly superimposable on that calculated for the anion [Cq,H,,0,P,Pt]" (cor-
responding to [1-H]"), obtained by deprotonation of a hydroxyl group under analysis
conditions.

Some side products were also detected in the *'P{'"H} NMR spectrum of the
reaction mixture as doublets or singlet in really small amount. Their formation is prob-
ably due to the fact that quercetin has different coordination sites (de Souza et al.,
2003). Generally in metal(ll) complexes the quercetin acts as a bidentate ligand, involv-
ing its C=0 group and the 3-OH oxygen atom(Zhou et al., 2001), even in the case of
Pd(ll) (MaleSev and Kunti¢, 2007). Indeed, it has been shown that the low pK, (7.03)
of the 4’ -OH moiety in the B-ring results in easy deprotonation, facilitated by charge
delocalization of the anion. Also the 7-OH in the A-ring is susceptible to deprotonation
at physiological pH(Lemariska et al., 2001). This implies that these two sites are also
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capable of forming a metal complex. Another study on the absorption spectra of plati-
num complexes of quercetin suggests that the metal(ll) center binds with the 3' -OH
and 4’ -OH sites of the B-ring of quercetin according to the structure of complex 1.

3H 5H 6-H 7-H 8H 2-H 3-H 4"-H 5-H 6"-H
Complex 1 5.81 1264 6.12(d. 1063 632(d.  7.00(d. B - 6.19 (d.  7.25(m)
Unens Unens Vnrme ne e
2.1 Hz) 2.1 Hz) 2.0 Hz) 8.4 Hz)
quercetin 9.00 12.42 6.18(d. 10.76 6.40 (d, 7.67(d, 931 9.39 6.89 (d, T7.53 (dd,
e pis Uite ns Tz e hs e 83 Hz 22
2.0 Hz) 2.0 Hz) 2.2 Hz) 83 Hz) Hz)
Complex 2 - 8.10(d, 751 (m) T8T(m) TI98(d 8.24 (d. T.74 (m) 7.55 (m) T.74 (m) 8.24(d,
Uias ps Uy Uz Ui e
8.4 Hz) 7.7 Hz) 7.7 Hz) 7.7 Hz)

3-hydroxyflavon  9.68 816 (d, 750 (my  T.82{m) T.TE(d 8.26 (d. T.63 (m) 7.54 (m) T.63 (m) 8.26 (d,
Unsie “Jung iz s e
8.1 Hz) 8.0 Hz) 7.9 Hz) 7.9 Hz)

Table 3- TH NMR spectral data of 1, 2, quercetin and 3-hydroxyflavone (dmso-d6, 298 K).

When 3-hydroxyflavone instead of quercetin reacted with the platinum precursor under
alkaline conditions, the reacting groups were selectively 4-0 and 3-0, and the cationic
complex 2 formed (scheme 2), although the chloride ion is not a weakly coordinating
anion.

In the 3'P{'H} NMR spectrum of 2 in DMSO-d,, two doublets (3, = 24 Hz) with sat-
ellites at & = 8.60 and 4.26 ppm with U = 3667 and 3991 Hz, respectively, were
observed. The Pt NMR spectrum consists of a doublet of doublets at 6 = -4077
ppm, whose chemical shift is typical for Pt(ll) phosphane complexes(Nakamoto,
2008b, Nakamoto, 2008a).

As it happened for complex 1, also the *C{'H} NMR spectrum of complex 2 showed
a significant down-shield shifting of the carbon signals close to the coordination site,
on passing from free (4-C, 3-C and 2-C 6 = 173.1, 145.2 and 139.1 ppm, respec-
tively) to metal bound (4-C, 3-C and 2-C & = 207.2; 173.4 and 154.0 ppm, respec-
tively) ligand (Table 3). On the contrary, the 13C chemical shift values belonging to
nuclei of A- and B-rings were very similar to the ones reported for free 3-hydroxyflavone
(Burns et al., 2007).
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Scheme 2 - synthesis of cis-[Pt(PPhs),(3-Hfl)]CI (3-Hfl = monoanion of 3-hydroxyflavone) (2)

The H NMR spectrum consists of a doublet at & = 8.24 ppm for the equivalent
2’-H and 6-H protons with *J, o = 7.7 Hz, a multiplet at 6 = 7.74 ppm for the
equivalent 3’-H and 5’-H protons and a triplet at & = 7.55 ppm for the 4’-H proton with
Sdhany = 7.0 Hz, besides all the expected signals belonging to the protons of the A-
and triphenylphoshane rings (Table 2). The IR spectrum shows no signal in the O-H
stretching region and a strong sharp peak at 1613 cm™, which can be assigned to the
coordinated carbonyl! group. Its 50 cm™ ca. displacement with respect to the free 3-
hydroxyflavone (de Souza et al., 2003, Burla et al., 2012) suggests that the metal co-
ordination involves oxygen atoms of the carbonyl and 3-0H groups. The structure pro-
posed for 2 was confirmed also by HR ESI-MS analysis. The ESI-MS spectrogram in
the positive scale of a diluted acetonitrile solution of 2 showed the peak at m/z
956.2021, whose isotope pattern is perfectly superimposable on that calculated for the
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cation [Cs,H50,P,Pt] " (corresponding to cis-[Pt(PPh;),(3-Hfl)]*), obtained by loss of
the chloride anion.

Scheme 3- alternative penta-coordinated structure proposed for 2.
The cationic structure proposed for 2 is very unusual, because the chlorine is not co-

ordinated to the metal center. This ionic structure was confirmed both by XRD analysis
(see below) and by NMR experiments carried out on a DMSO-d, solution of 2 reacted
with excess AgNO3. The addition of AgNO, to the yellow solution of 2 caused the pre-
cipitation of a white solid (AgCl), but the chemical shifts of the *'P signals of 2 did not
changed after the displacement of the chloride for a no coordinating anion (NO;), ruling
out the possibility for 2 of a neutral penta-coordinated structure (scheme 3), similar to
those proposed for some dppm and dppa platinum(ll) complexes bearing CI.

To gain insights into the stability of complex 2 under physiological conditions, a 200
1M solution of 2 in cell culture media kept in the dark at 37 °C was time monitored by
means of *'P{"H} (figure 19a) and 'H NMR. We found out that compound 2 completely
lost its polyphenol ligand after 3 h under physiological conditions. On the basis of the
all over reported findings, we could assume that 3 h might be a reasonable period of
time for complex 2 to pass the cell's lipid bilayer (compound 2 bears lipophilic thi-
phenylphosphane ligands).
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The photo degradation of 3-hydroxyflavone in polar solvents in the absence of
metal ions has been extensively described in literature (Matsuura et al., 1973, Yokoe et
al., 1981, Tommasini et al., 2004, Sisa et al., 2010).

35 30 25 20 15 10 s 0 -5 -10 ppm

Fig. 19a-3'P NMR spectra of compound 2 (DMS0-d6) under the following conditions: (t=0) immediately
after solution preparation and (t=3h) after 3 hours at 37°C under physiological conditions.

Although the nature of the photochemical processes occurring is not com-
pletely understood, the main photoproduct is reported to be 3-hydroxy-3-phenyl-1,2-
indandione (Scheme 4), even under aerobic conditions. A possible explanation for the
presence of salicylic acid in the elemental cell of compound 2 analysed by XRD tech-
nique can be found in ref. (Saraf et al., 2014), where it is demonstrated that the anion
of 3-hydroxyflavone coordinated to Ru(ll) undergoes photochemistry degradation un-
der aerobic conditions with loss of CO.
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Scheme 4- main photoproduct of the degradation of 3-hydroxyflavone in the absence of metal ions.

Also Berreau et al. (Grubel et al., 2013, Grubel et al., 2012) observed photoin-
duced oxidative degradation of some divalent metal flavonolato complexes, as the pri-
mary reaction, with formation of 0-benzoyl salicylate. In this context, in the case of our
Pt(I) complex (2) the salicylic acid would be the result of the aerobic degradation of
the coordinated 3-idrossiflavonate, followed by hydrolysis in the presence of water,
inevitably present in the thf solution, in which crystals suitable for XRD analyses grew
up (scheme 5).

b —PPhy
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l " o
OH
0,
hy » » 0 — o)
)
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Scheme 5- plausible pathway for the aerobic degradation of 2.
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The observation of salicylic acid formation confirms what has been previously
hypothesized: the photo-degradation of 3-hydroxyflavone in solution follows a different
pathway if a metal(ll) complex is present. Moreover, these findings are in agreement
with the additional peaks found in the carboxylic region of the 'H NMR spectrum of
compound 2 let standing in DMSO-d; solution for nine days (figure 19b). In particular,
the 'H singlet at 5= 12.38 ppm could belong to the carboxylic proton depside.

|1
) o l“ “\\LL“JM
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B } " M
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1l2 | 111 | ‘IIO ' 9l | é | 71’ | BI
ppm

Fig. 19b-'H NMR spectra of compound 2 (DMSO0-d6) under the following conditions: (A) immediately
after solution preparation; (B) after 9 days.

The presence of the additional fragments observed in the elemental cell of 2 ,
such a p-xylene and n-butane, might be due to retro Diels-Alder reactions, followed by
C-C bond formation processes, whose mechanism is still deeply obscure(Lewars and
March, 2007). Further studies are necessary aiming at explaining the obtained results.
Overall, the photoreactivity of 2 may represent an approach toward altering the biolog-
ical chemistry of this compound.
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Complex 3 was synthetized by reacting ethyl gallate with the platinum precursor
cis-[PtCl,(PPhs),] under alkaline conditions (scheme 6).

(0]
HO.
Ph,P, Cl
SN 0/\
AL T
PhyP Cl
HO

+KOH OH
CH,Cly/EtoH | ~KC
0
Ph,P 0
3 \ /
/Pt
Ph,P \o

3) OH

Scheme 6- synthesis of cis-Pt(PPh,),(etga) (etga = dianion of ethyl gallate) (3)
The *'P{"H} NMR spectrum of 3 in DMS0-d6 shows two doublets with satellites

at & = 11.2 and 6.4 ppm with 'vp, = 3552 and 3660 Hz, according to its 195Pt NMR
spectrum reporting a pseudo-triplet at & = -4400 ppm. The 'H NMR spectrum consists
of the triphenyl phoshane proton signals, a quartet at 6 = 4.10 (*dyy 43 = 7.1 Hz) and
a triplet at & = 1.20 ppm, belonging to —CH, and —CH, of the ethyl chain, and three
singlets at 6 = 6.56 (6-H), 6.41 (2-H) and 5.60 ppm, integrated 1:1:1. The latter was
assigned to the proton of the 5-OH moiety, because the 'H-"C HSQC spectrum of 3
does not report any cross peak for this signal, but the relevant 'H-"*C HMBC spectrum
shows that it couples with 5-C (6 = 144.6 ppm), 6-C (6 = 104.3 ppm) and 4-C (6
= 154.6 ppm). The pairs of carbon nuclei 5-C and 3-C belonging to the phenyl ring,
magnetically and chemically equivalent in the free ligand (6 = 145.6 ppm), became
very different when the complex formed and a significant downfield shift was observed
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for 3-C nucleus (6 = 163.1 ppm), which couples with 2-H, but it does not with the far
away 6-H. The assessment of 4-C signal was given on the base of 'H-"3C HMBC cross
peaks, showing that 4-C nucleus couples with both 2-H and 6-H.

The IR spectrum shows a strong sharp peak at 3496 cm™, which can be as-
signed to the free O-H bond stretching.

3.2 Crystallographic analysis

Compound 1: 3’-0 and 4’-0 form contacts with the hydrogens of the nearest
phenyl rings of PPh,, 3-OH is in contact with 2’-C, and an H-bond is formed between
4-0 and 5-0.

Fig. 20- Crystal structure of compound 1. Asymmetric unit with atoms shown by their thermal ellipsoids
at 50% probability and short contacts highlighted in cyan (left), and crystal packing (right).

Compound 3: 3-0 always forms contacts with the hydrogen of one PPhs. In one
of the two molecules of crystal 3a this occurs also for 4-0, while in the other molecule
two hydrogens of different PPh, rings are in contact with 3-0.

In complex 1 the Pt atom has a distorted square-planar coordination geometry
imposed by the 0,0’ chelation of quercetin. In the molecular unit of 1 the Pt atom is
displaced from the mean plane passing through the basal atoms P1, P2, 05 and 02 by
3.0 A. The Pt-P (2.25 A) and Pt-0 (2.06 A) distances are similar to those reported
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for other triarylphosphane platinum(ll) complexes containing chelating phenoxides(Ber-
gamini et al., 2008). Table 4 reports selected bond lengths and angles for 1.

Bond lengths
Pt1-P2 2253(2) Pr1-02 2.059(6)
Pt1-P1 2249(3) C17-05 1338(10)
Pt1-05 2.055(6) C7-02 1.386(10)

Angles

P1-Pt1-P2 9867(9) P2-Pt1-02 16727(19)
P2-Pt1-05 8478(18) P1-Pt1-02 93.48(18)
P1-Pt1-05 176.51(18) Pt1-02-C7 108.0(57)
PR2-03'-C17 1106(6) 05-Pr1-02 83.0(2)

Table 4- Selected bond lengths [A] and angles [°] for complex 1.

Compound 1 is the only one having orthorhombic symmetry, and has the larger
crystal cell (cell volume 11005.3 A3, volume per atom 22.6 A3). The packing in the
crystal cell is dominated by the interactions among the PPh, rings, which arrange them
in planes perpendicular to the longer ¢ axis. The dianion of quercetin are instead ar-
ranged parallel to the ¢ axis, spacing out the stacked PPh, ligands (Fig.20).

Fig. 21- Crystal structure of compound 3. Asymmetric unit with atoms shown by their thermal ellipsoids
at 50% probability and short contacts highlighted in cyan (left), and crystal packing (right).
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Single crystals of 2 obtained by slow diffusion of 7-pentane into the thf reaction solution
were submitted to XRD analysis, but were not of sufficient quality to warrant a complete
X-ray structure determination.

Slow diffusion of n-pentane into a thf solution of 3 afforded crystals suitable for
XRD analysis. An ORTEP(Farrugia, 2012) drawing of 3 is shown in Fig. 21, while rele-
vant bond lengths and angles are collected in Table 5. The Pt atom adopts an almost
square-planar coordination geometry imposed by the 0,0’ chelation of the dianion of
ethyl gallate, as well as by the crystal packing on the PPh3 ligands.

Bond lengths

Pt1-P1 2.261(3) Pt1-01 2.028(7)
Pt1-P2 2.260(3) C7-02 1.346(13)
Pt1-02 2.053(7) C1-01 1.357(13)
Angles
P1-Pt1-P2 99.17(10) P1-Pt1-01 169.9(2)
P1-Pt1-02 87.6(2) P2-Pt1-01 90.4(2)
P2-Pt1-02 172.3(2) Pt1-02-C7 109.6(6)
Pt1-01-C1 110.3(6) 01-Pt1-02 83.1(3)

Table 5- Selected bond lengths [A] and angles [°] for complex 3

In the elementary cell, ethyl gallate moieties are all aligned in the (113) plane.
Deviation from planarity of the PtP202 plane was observed, as measured by the im-
proper dihedral angle value (3.2°), being the plane of the two P atoms rotated with
respect to the plane of the ethyl gallate molecule.

3.3 DFT calculations

On the basis of a large number of experimental data, it is widely accepted that the
hydrolysis of platinum(ll) anticancer complexes is a bimolecular nucleophilic substitu-
tion (SN2) which is the ratedetermining step of the process leading to the formation of
the adduct with DNA nucleobases(Jamieson and Lippard, 1999). In particular, for cis-
platin the mono-aquo species is believed to be the key player, since it coordinates to
the N7 atom of a guanine base in DNA producing a monofunctional adduct (Jamieson
and Lippard, 1999).0nce coordinated, the second chloride is released and platinum
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binds a second base producing the crosslink, which distorts DNA (Jamieson and Lip-
pard, 1999). Due to their importance, the hydrolysis reactions of platinum complexes
have been studied by means of a variety of theoretical methods in the last decade(Mel-
chior et al., 2011, Melchior et al., 2013a, Pavelka et al., 2007, Melchior et al., 2015,
Lucas et al., 2009). In our case, the activation energies for the hydrolysis reactions of
complexes 2 and 3 have been calculated because they could be correlated to their
potential synergic cytotoxicity, since polyphenols are released in solution.

The first hydrolysis leads to the ring-opening process, with the 3-Hfl and etga de-
rivatives remaining mono-coordinated to the metal ion centre. The second hydrolysis
(second step) leads to the complete release of 3-Hfl and etga (Scheme 7). For com-
parison purposes, we considered also the hydrolysis of cis-[Pt(PMe;),(Cl,)] and that
of cisplatin (Melchior et al., 2011).
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Scheme 7- Hydrolysis reactions for: a) ¢is -[Pt(PMe,),(etga)]and b) cis-Pt[(PMes),(3-Hfl)]*.

3.3.1 Hydrolysis reaction for cis-[Pt(PMe;),(etga)]
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The theoretical geometry of the model complex cis-[Pt(PMe,),(etga)] is in excel-
lent agreement with the experimental ones found for complex 3 (Table 5), thus con-
firming the reliability of the computational protocol used. In Figure 4 the structures of
reactants (R), products (P) and transition states (TS) are shown for both reaction paths
of cis-[Pt(PMe,),(etga)] (Scheme 10a). The reaction energy (E) profiles are shown in
Figure 32. The energy values are referred to the separated reactants (R) rather than
reactant adducts (RA) (Figure 22), since it is wide accepted that at the beginning of the
reaction, the water molecule in the second coordination shell of the metal is possible
only in vacuum, but it seems an artifact in solution(Lamm and Pack, 1990). The de-
tachment of the etga ligand in the first hydrolysis can occur in two different ways
(Scheme 7a): by breaking of the bond that involves the oxygen in o position to the OH
group (01 path) or the other Pt-0 bond (02 path).

Both 01 and 02 paths (Figure 22a) showed a proton transfer from the incoming
water molecule to the closer oxygen of the ligand (OL). This result has been previously
reported also for the hydrolysis of other platinum drugs under neutral conditions
(Pavelka et al., 2007, Lucas et al., 2009). Mono- and di-hydroxo complexes should
form under physiological conditions, although it has been reported that the local pH in
the vicinity of macromolecules could be different from the physiological one (Alberto et
al., 2011, Despaigne et al., 2014). The energy profiles for the first step of the hydrolysis
indicate that the formation of the reactant adducts (RA1-01 and RA1-02) is energeti-
cally favored (Figure 23a). Both transition states TS1-01 and TS1-02 have a penta-
coordinated structure, with imaginary frequencies of 99.7 cm™ for TS1-01 and 157.8
cm-1 for TS1-02 corresponding to the rupture of the platinum-ligand bond (Pt-OL) and
the simultaneous formation of a new bond between the metal and a water molecule.
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PA1-O1

PA1-02

R2-02 RA2-02 T52-02 PA2-02

Fig. 22- Optimized structures for the hydrolysis reaction of cis-[Pt(PMe3)2(etga)]. a) First step; b)
second step.
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Fig. 23- Activation energy profiles of: a) the first and b) the second step of the hydrolysis reaction of
cis-[Pt(PMe3)2(etga)] (both 01 and 02 paths), cis-[PtCl,(PMe;),] and cisplatin in PCM water. The en-
ergy values for cisplatin are taken from ref (Melchior et al., 2011)

The activation energies (Ea = Etransition state — Ereactants) for the two paths
are rather different: for the 01 path Ea = 22.8 kcal mol™, while the 02 path shows a
Ea = 18.7 kcal mol™. According to these results, the release of ethyl gallate by the
opening of the Pt-02 bond is kinetically preferred. Furthermore, 02 pathway leads to
the most stable product [AE = E(PA1- 01) — E(PA1-02) = 3.6 kcal mol™']. This dif-
ference could be due to the formation of two hydrogen bonds in the case of PA1-02
with respect to PA1-01 where only one hydrogen bond is possible (Figure 22a). The
transition states in the second hydrolysis have a penta-coordinated structure with im-
aginary frequencies of 103.9 cm™ for TS2-01 and 101.7 cm™ for TS2-02 (Figure 22b)
corresponding to the simultaneous rupture of the bond between platinum and the ligand
(Pt-OL) and the formation of the metal-water bond. The calculated profiles (Figure 23b)
show that the two reaction paths have comparable activation energy [AEa = Ea(TS2-
01) —Ea(TS2-02) = 0.4 kcal mol™]. Also the final products (P2) have almost the same
energy of TS2-01 and TS2-02. As shown in Figure 23, the first hydrolysis step has a
higher activation energy with respect to the second step, irrespective of the ring opening
order, thus the first hydrolysis process is the Rate Determining Step (RDS) of the whole
reaction leading to the release of ethyl gallate in solution. Regarding the first hydrolysis
(Figure 23a), by comparing the energy profiles of cis-[Pt(PMes),(etga)] with those of
the highly cytotoxic cisplatin, it appears that the Ea in 02 path is lower than the cisplatin
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one (AEa = Ea(TS1-02) — Ea(cisplatin) = —2.7 kcal mol™); on the contrary the Ea in
01 path is higher than the one calculated for cisplatin (Ea = +1.4 kcal mol™) (Figure
23a). For the second hydrolysis step, Ea values for both 01 and 02 paths are much
lower than cisplatin one (AEa = -6 kcal mol™ for 01 path and AEa = — 6.4 kcal mol™
"for 02 path) (Figure 23b). The obtained results suggest that cis-[Pt(PMe,),(etga)]
leads to a mono-hydroxo complex with etga mono-coordinated to the metal, which
promptly reacts with another water molecule giving the di-hydroxo species. The mono-
hydroxo and di-hydroxo species are considered poorly reactive for DNA coordination,
thus their formation can limit the efficacy of a platinum metallodrug(Wilson and Lippard,
2012). Furthermore, the low activation energy barriers of the second step and the con-
sequent high hydrolysis reaction rate might make this complex subject to fast degra-
dation, causing potentially poor pharmacological activity(Johnstone et al., 2016). The
obtained Ea value (11.3 kcal mol-1) calculated for the first hydrolysis of cis-
[PtCl,(PMe,),] (taken as a model for the biologically inactive (vide infra) cis-
[PtCl,(PPh;,),]) is much lower than the Ea calculated for cis-[Pt(PMe,),(etga)] and cis-
platin (Figure 32). Then, the Ea calculated for the second hydrolysis of cis-
[Pt(PMe;),(etga)] is close to that of ¢is-[PtCl,(PMe,),] (Figure 23) and much lower than
cisplatin. On this basi of DFT calculations, complex 3 should not be expected highly
cytotoxic.

3.3.2 Hydrolysis reaction for cis-[Pt(PMe,),(3-Hfl)]

In Figures 24 the optimized structures of the complexes involved in the hydrolysis
of cis-[Pt(PMe3)2(3-Hfl)] + are displayed. The formation of the intermediate RA1-02
is slightly energetically favored, while RA1-01 formation energy is slightly positive. Also
in this case, the transition states of both 01 and 02 paths have a penta-coordinated
structure with imaginary frequencies of 87 cm-1 for TS-01 and 78 cm-1 for TS-02.
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R2-01 RA2-01 T52-01 PA2-01

R2-Q2 RA2-Q2 TS2-02 PA2-0Q2

Fig. 24- Optimized structures for the hydrolysis reaction of cis-[Pt(PMe3)2(3-Hfl)] +. a) First step; b)
second step.
The calculated Ea values are 14.4 kcal mol-1and 15.7 kcal mol-1 for 01 and 02

path, respectively. The 01 opening produces the mono-aqua derivative, while in the 02
path a proton. In conclusion in the first hydrolysis step the 01 path, leading to a mon-
oaquo Pt complex, should be more favored than the 02 one (which leads to a mono-
hydroxo Pt complex). In the second hydrolysis (Figure 24b), transition states with a
penta-coordinated Pt geometry are obtained characterized by a single imaginary fre-
quency (89 cm™ for TS2-01 and 83 cm™" for TS2- 02). The calculated Ea values are
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11.9 kcal mol™ and 9.5 kcal mol-'for 01 and 02 path, respectively. Therefore, also for
cis-[Pt(PMe,),(3-Hfl)]* the first hydrolysis is the rate determining step of the whole
process leading to the complete release of the 3-Hfl. Furthermore, byanalyzing the ob-
tained Ea values (Figures 24b), it emerges that the second hydrolysis step proceeds
faster for cis-[Pt(PMe,),(3-Hfl)]* (both 01 and 02 paths) than for cisplatin and cis-
[Pt(PMe,),(etga). On the contrary, the first hydrolysis is slower for cis-[Pt(PMe,),(3-
Hfl)]* with respect to cis-[PtCl,(PMe,),] (Figure 24a). In the 01 path the final product
shows a proton transfer from the water molecule bonded to platinum to the closer ox-
ygen of the ligand, while in the 02 path this does not occur. The final product of cis-
[Pt(PMe,),(3-Hfl)]* hydrolysis is the monoaquo-monohydroxo complex (cis-
[Pt(PMe,),(H,0)(OH)]*, Figure 23b). On the basis of DFT calculations, some synergic
cytotoxic effect between platinum centre and 3- hydroxyflavon leaving group effect
might be expected for cis-[Pt(PMe,),(3-Hfl)]*, because the mono-aqua platinum spe-
cies formed in both first and second hydrolysis steps, could coordinate DNA (Jamieson
and Lippard, 1999). On the other hand, the theoretical hydrolysis activation energy
(mainly affected by the trans influence of the carrier ligand), is significantly lower with
respect to cisplatin (Figure 24) and could lead to fast deactivation of platinum com-
pound and thus poorer biological activity(Johnstone et al., 2016).

3.4 Citotoxicity

The antiproliferative action of the new complexes (2 and 3) was assessed in
human glioblastoma (U87) and human breast cancer (MFC-7) cells, being the first cel-
lular line sensitive to cisplatin and the latter cisplatin resistant. Complex 1 was not taken
into consideration, due to the difficulty in separating it from the side-products formed
in minor amounts during its synthesis. For comparison purposes, the cytotoxicities of
3-hydroxyflavone, ethyl gallate and cis-[PtCl,(PPh,),] were evaluated under the same
experimental conditions employed for the metal complexes.

Cellular viability was determinated by colorimetric MTT assay [MTT = 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide]. The viability of cells in the
presence of the tested compounds was compared to that observed for control cultures
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and the inhibition of growth (%) was calculated. Ting concentrations (from 0.1 to 200
UM) of the different compounds for 72 h are shown in Table 6, which reports also the
relevant IC50 values for cisplatin taken by the literature(Despaigne et al., 2014, Wilson
and Lippard, 2012).

ICs) (M)

Compound uUs7* MCF-7*
complex 2 263+2.1 552+ 1.7
3-hydroxyflavone 27523 108.1£35
complex 3 123.7+38 >200
ethyl gallate 97.7+2.6 > 200
cis-[PtCly(PPhs)z], > 200 > 200
cisplatin 1.76 +0.22" 14+ 3¢

[a] Cells were seeded at a density of ~5000 cells per well into 96-well microliter plates. Following overnight
incubation, cells were treated with a range of drug concentrations from 0.10 to 200 uM) and incubated at
37 °C under a humidified atmosphere with 5% CO2 for a period of 72 h. Data are themean values =SD of
three independent experiments performed in triplicate.

[b] Data taken from ref. (Despaigne et al., 2014).

[c] Data taken from ref. (Wilson and Lippard, 2012)

Table 6 - Cytotoxicity of hydroxyflavone, ethyl gallate, Pt complex 2, Pt complex 3, and Cis-PtCl,(PPh,),
toward U87 and MCF-7 cancer cell lines
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4.0 CONCLUSIONS/CONCLUSIONI

In this chapter the synthesis and in vitro anticancer features of new cis-diphe-
nylphosphane platinum(ll) complexes bearing biologically active polyphenolate leaving
group ligands has been presented. Using this synthesis route, three novel platinum(ll)
complexes with natural ligands have been designed and synthesised in a few steps with
overall yields. The coordination modes of deprotonated quercetin, 3-hydroxyflavon and
ethylgallate to platinum(ll) were determined in solution by NMR spectroscopy and in
the solid state by X-ray diffraction. Biological assays carried out on complexes 2 and 3
indicate that these compounds did not show higher cytotoxicity compared to cisplatin
for the considered cell lines (U87 and MCF-7). Theoretical calculations confirm that the
studied complexes easily release their biologically active ligand in solution, thus sug-
gesting a possible origin of the fact that their cytotoxicity is at least similar to that of
their natural leaving groups. Although complexes 2 and 3 have similar 0,0’ chelate
structure, there is a small difference in their natural ligand coordination mode, being the
leaving group a deprotonated a-hydroxy ketone in the first complex and a double depro-
tonated 1,2-diol in the second one. This small difference may affect the biological ac-
tivity of the new compounds. In fact, a biological synergic effect between the ligand
and the starting platinum compound was interestingly observed for complex 2 bearing
3-hydroxyflavonate, for which mono-aqua platinum species (able to coordinate DNA)
smoothly forming both first and second hydrolysis steps, according to theoretical stud-
ies. However, the cytotoxicity of cisplatin is still higher than that of complex 2 one be-
cause of a too fast hydrolysis rate of the latter, due to the higher trans effect of the
carrier ligand.

When compound 3 is considered, theoretical calculations suggest that the lack
of synergic cytotoxicity effect may be due either to production of relatively inert mono-
and di-hydroxo complexes under physiological conditions (determined by ethyl gallate
leaving group) and to a too fast hydrolysis rate (determined by carrier ligand features).
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In conclusion, this study suggests that fine tuning of chemical parameters of both leav-
ing groups and carrier ligands is a key step in designing biologically active Pt com-
plexes. Therefore, further studies are warranted to synthesize new platinum(ll) 3-hy-
droxoflavonate complexes bearing carrier ligands different than triarylphosphanes.
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5. NOVEL Pt(ll) COMPLEXES WITH CURCUMIN AND CAFFEINE.

5.1 Pt-complexes-DNA interactions

Deoxyribonucleic acid (DNA) is one of the most important biomolecules in living
organisms. DNA is a molecule that contains the instructions an organism needs to de-
velop, live and reproduce.

DNA is an organic polymer constituted by monomeric nucleotides formed by
three fundamental components: a phosphate group, a sugar pentose (deoxyribose) and
a nitrogen-containing base that is linked to the deoxyribose through a N-glycosidic bond
(Fig. 25).

H,N
N SN
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OH OH
Phosphate Ribose sugar Base

Figure 25-Example of a nucleotide, namely adenosine

There are four different nitrogenous bases, /.. adenine (A), thymine (T), cytosine
(C) and guanine (G) (Fig. 19), which constitute the nucleotides that are incorporated in
the DNA molecule. The first two, namely adenine and guanine, are purine bases, while
cytosine and thymine are pyrimidine bases.

Guanine Adenine Cytosine Thymine

Figure 26-Nitrogenous bases
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The nucleotides are covalently bonded between the phosphate and the sugar
moieties of two contiguous nucleotides, to form polynucleotide chains (A.L.Lehninger;
Principi di biochimica, Zanichelli (1983), 27, 765).

The structure of DNA was elucidated by Watson, Crick and Wilkins (Watson and
Crick, 1953), who were awarded the Nobel Prize in Medicine in 1962. The 3D model
for DNA consists of two polynucleotide chains wrapped around the same axle to form
a double right-handed helix (Fig. 27).

The two strands are held together by hydrogen bonds between nitrogenous ba-
ses; hence, only certain base pairs are inserted with precision in the supramolecular
structure. Actually, hydrogen bonds are established between purine and pyrimidine ba-
ses, namely between adenine and thymine through two hydrogen bonds, and between
guanine and cytosine via three hydrogen bonds.

The two complementary chains run in opposite directions, the inside of the re-
sulting double helix containing the nitrogenous bases. The nitrogenous bases are ex-
tremely close together and are perpendicular to the longitudinal axle of the double helix;
the spatial arrangement of the two chains generates the major and minor grooves,
which result from the non-symmetrical connection of the base pairs to the ribose-phos-
phate backbone.
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Figure 27-DNA (a) double-stranded helix, and (b) adenine-thymine and cytosine-guanine base pairs.
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The DNA can have different conformations, the more common ones being the A,
B and Z forms (Garcia-Ramos et al., 2013). Initial X-ray diffraction studies, performed
on concentrated DNA solutions, disclosed two different types of DNA structure viz. form
B and form A. Form B is characterized by a double helix that makes one complete turn
about its axis every about 10 base pairs, and exhibits an ample major groove and a
more closed minor groove.

Figure 28-A, B and Z forms of DNA
A DNA is also a right-handed helix, which can be observed under non-physiolog-

ical, dehydrating conditions. It is less compact since every helix turn contains 11 base
pairs. This A conformation is generated when at least 4 purines (or pyrimidines) are
present in a row; hence, it can be found locally, within a helix of mainly B conformation.
Under physiological conditions, confirmation A characterizes RNA-DNA heteroduplexes
and complexes formed by DNA-protein associations.

Z DNA is typical for sequences including chemical modifications, such as meth-
ylations or for rich d(GC) sequences. It is narrower than the A and B conformations,
with a diameter of 18.4 A and 12 base pairs per turn. Z DNA is a left-handed double
helix that winds to the left in a zig-zag pattern.

The role of DNA is to encode all biological processes taking place in a living
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organism. Its involvement in crucial cellular events such as DNA replication or gene
expression makes it a target of choice for drugs or diagnosis agents. A large and varied
range of natural and synthetic ligands that bind to DNA, hence inhibiting or altering its
biological activity, have been discovered or developed as therapeutic agents. The de-
sign of new molecules with a higher specificity for DNA may lead to a greater control
of gene expression and therefore to an improved anticancer efficacy.

There are many types of drug-DNA interactions: upon DNA binding, the resulting
adduct can be stabilized through a series of interactions. Actually, the molecules can
bind to DNA in a covalent manner or in a non-covalent mode (Sirajuddin et al., 2013).

The covalent binding mode is irreversible and invariably causes the complete
inhibition of DNA functions and subsequent cell death. Many anticancer complexes, like
cisplatin, exert their anticancer activity through the formation of adducts via alkylation
or intra-strand and inter-strand crosslinks.

Alkylating agents belong to a class of compounds that have the ability to transfer
an alkyl group to DNA. Alkylating agents preferentially proceed at the N-7 position of
guanine and the N-3 position of adenine. DNA alkylation thus inhibits base pairing,
which leads to DNA miscoding (errors in the transcription and translation of the genetic
code).

A second mechanism by which alkylating agents may cause DNA damage is the
formation of cross bridges, namely the creation of bonds between atoms in the DNA,
linking two bases. This Cross linking prevents DNA from being separated to allow syn-
thesis or transcription. The most famous anticancer alkylating agent, namely cisplatin,
forms intra and inter-strand crosslinks with DNA (Fig. 4), which inhibits its replication.
Cisplatin is used for the treatment of bladder, ovarian, neck, and testicular cancer(Paul
and Bhattacharya, 2012).

The non-covalent binding of molecules to DNA includes various types of interac-
tions, because the nucleic acid has a number of different binding sites, viz. (i) between
two base pairs (intercalation), (i) in the minor groove, and (jii) in the major groove.

The major groove of B DNA is wider than the minor groove (Fig. 29), and is
therefore usually the target for large molecules, such as most DNA-binding proteins In
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contrast, the minor groove, which is narrower, is the target for small molecules (Stofer
and Lavery, 1994).

Major and minor groove of the double
helix

Major
Wide and deep groove

Minor

Narrow and deep groove

Figure 29-Major and minor groove of DNA

Some proteins can recognize a specific DNA sequence and bind to it, both
grooves can be recognized but the major groove is the major binding site for such
proteins. Protein—nucleic acid interactions therefore play a crucial role in central bio-
logical processes, ranging from the mechanism of replication, transcription and recom-
bination to enzymatic events utilizing nucleic acids as substrates. For these reasons the
biochemical and structural bases of the protein-DNA recognition process has been a
field of intense study. X-ray crystallography, along with NMR and many other chemical
and physical methods have been applied to analyse how protein and DNA interact with
each other. Mainly non-covalent hydrogen-bonding interactions between DNA base
pairs and the binding proteins take place; in addition, the formation of van der Waals
contacts may play a role as well. Hence, the interacting protein recognises hydrogen
bond donor/acceptor groups of the DNA base pairs on the major groove floor. The
binding in the major groove often causes kinking or bending at the interaction site,
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changing the width and depth of the DNA groove. The part of the protein that actually
interacts with the DNA major groove is most commonly an a-helix moiety. An example
of major groove binding molecules are synthetic zinc fingers (ZnFs), whose design
originates from naturally-occurring motifs in proteins (Laity et al., 2001).

ZnFs represent a group of different binding motifs where a zinc ion coordinates
and stabilizes the fold of an amino acid sequence. ZnF motifs bind to DNA, usually in a
sequence-specific manner, and typically wrap around the outside of the double helix,
following a right-handed helical path. ZnFs may also bind to RNA and proteins. Multiple
DNA contacts are usually made, often involving more than one ZnF domains. DNA-
binding ZnF proteins are involved in transcription processes.

Minor-groove binding molecules are usually small molecules built from hetero-
cyclic or aromatic hydrocarbon rings and that possess rotational freedom. These fea-
tures allow the molecule to fit into the minor groove, through displacement of water.
Minor-groove binding drugs usually exhibit a crescent shape, which effectively com-
plements the shape of the groove and facilitates their interaction via van der Waals
contacts with the N-3 of adenine and 0-2 of thymine. Most minor-groove binding drugs
bind to A/T rich sequences (Abu-daya et al., 1995). This preference, in addition to the
designed propensity for the electronegative pockets of AT sequences (Pullman and
Pullman, 1981), is probably due to better van der Waals contacts between the ligand
and groove walls in this region, since A/T regions are narrower than G/C groove regions
and also because of the steric hindrance in the latter, presented by the C2 amino group
of the guanine base (Geierstanger and Wemmer, 1995). However, a few synthetic pol-
yamides like lexitropsins and imidazole-pyrrole polyamides have been designed which
have specificity for G/C and C/G regions in the grooves.

The intercalation (Fig.30a) consists in the insertion of a molecule between two
adjacent base pairs (Long and Barton, 1990). Intercalators typically contain planar het-
erocyclic moieties, which n—r stack between adjacent DNA base pairs, giving rise to a
stable DNA-molecule complex. When a molecule intercalates, structural changes occur
both for the DNA and the interacting agent itself; these structural alterations can be used
to study the nature of the drug-DNA interactions.
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Figure 10-DNA Interaction via (a) intercalation, and (b) minor-groove binding

Thus, the intercalation planar molecules induce a geometric distortion of the
structure of the double helix, lengthening it by about 3 A per bound drug molecule,
resulting in DNA unwinding, which prevents replication and transcription. The degree
of unwinding depends on the structure of the intercalating molecule and the site of
intercalation. A well-known example of an organic DNA-intercalating molecule is eth-
idium bromide (Palchaudhuri and Hergenrother, 2007).

The external DNA binding is electrostatic in nature. Some ligands are also capable
of forming non-specific, outside edge stacking interactions with the DNA phosphate
backbone. This binding mode usually occurs when the ligand self-associates to form
higher-order aggregates, which may stack on the anionic DNA backbone in order to
reduce charge—charge repulsion between ligand molecules.

5.2 Materials
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9.2.1 UV-Vis spectroscopy experimental details

The absorption titrations were achieved by adding increasing amounts (0-25 uM
of calf-thymus DNA (ct-DNA) to the complexes investigated (constant complex con-
centration of 25 uM) in 1 mM cacodylate — 20 mM NaCl buffer at pH = 7.2. The con-
centration of ct-DNA was determined from its absorption intensity at 260 nm with a
molar extinction coefficient of 6600 Mcm™. The UV-Vis experiments were performed
with a Varian Cary-100 spectrophotometer.

After addition of ct-DNA to the solution of the metal complex, the resulting mixture
was allowed to equilibrate at 25 °C for 5 min in the case of [PtCI(DMSQO)(PPh,),]Cl,
while it was incubated for 24 h at 37 °C for complexes trans-[PtCI2(DMSO(caffeine)]
and [PtCI(DMSO)(curcumin)]Cl, after which the absorption spectra were recorded.

9.2.2 Fluorescence spectroscopy experimental details
The relative binding affinities of the complexes towards ct-DNA were investigated with
EB-bound DNA (EB = ethidium bromide) in 1 mM cacodylate — 20 mM NaCl buffer at
pH = 7.2, containing 2.5% DMSO (DMSO was used to dissolve the platinum(ll) coor-
dination compounds).
All samples contained 15 uM DNA and 75 uM EtBr in a fixed volume of 3 mL. In a first
instance, DNA and EtBr were mixed in the buffer solution, followed by incubation for 30
minutes, to allow the intercalation of EtBr between DNA base pairs. Afterwards, increas-
ing amounts of the studied compounds were added and the final samples were incu-
bated for 24 h.
The fluorescence measurements were carried out with a iHR320 HORIBA JOBIN YVON
spectrofluorometer. The experiments were carried out at constant concentrations of ct-
DNA and EB, of respectively 150 uM,,, adding increasing amounts of the complex
studied (from 0 to 50 uM).
The fluorescence spectra of all complexes were recorded at room temperature applying
an excitation wavelength, A, of 514 nm. For the experiments with the minor-groove
binder, a solution of Hoechst33258 bound to ct-DNA in 1 mM cacodylate — 20 mM
NaCl buffer at pH = 7.2, containing 2.5% DMSO (DMSO was required to dissolve the
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platinum(ll) coordination compounds) was used.
The experiments were carried out at constant concentrations of ct-DNA and
Hoechst33258, of respectively 0.1 uM and 150 uM,,, adding increasing amounts of
the complex studied (from 0 to 50 uM).

The fluorescence spectra were recorded at room temperature applying an exci-
tation wavelength, A, of 350 nm.

5.2.3 CGircular Dichroism experimental details.

Circular dichroism (CD) spectra were recorded at the Serveis Cientificotécnics of the
Universitat de Barcelona, using a JASCO-810 spectropolarimeter, equipped with a
xenon-arc lamp of 450 W, and connected to a computer to carry out the data pro-
cessing. The sample compartment is cleaned before use, and dried in a current of ni-
trogen of 5 L/min. For the measurements, quartz cuvettes with an optical path of 0.5
cm were used. The absorption titrations were achieved by adding increasing amounts
(0-25 uM) of platinum(ll) complexes to ct-DNA in 1 mM cacodylate — 20 mM NaCl
buffer at pH = 7.2. The concentration of ct-DNA was determined from its absorption
intensity at 260 nm, with a molar extinction coefficient of 6600 M-1 cm-1.

After addition of the metal complex to the solution of ct-DNA, the resulting mixture was
incubated for 24 h at 37 °C, after which the absorption spectra were recorded.

5.2.4 Agarose Gel Electrophoresis experimental details

Stock solutions of the platinum(ll) compounds were prepared in 1 mM caco-
dylate — 20 mM NaCl buffer (pH = 7.2) containing 2% DMSO0. pBR322 plasmid DNA
aliquots (0.2 mg mL™) in 1 mM cacodylate — 20 mM NaCl buffer were incubated with
the complexes for 24 h at 37 °C.

Next, the reaction samples were quenched with 4 ulL of loading buffer (5mM
xylene cianol and 4mM glycerol) and then electrophoretized on agarose gel (1% in TBE
1X buffer) for 1.20 h at 6.5 V cm™.

The electrophoresis in agarose gel was realized in a BioRad horizontal tank connected
to a CONSORT EV231 electrophoresis power supply. Free DNA was used as control.
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Afterwards, the DNA was stained with SYBRs safe and the gel was photographed with
a BioRad Gel Doc EZ Imager

9.2.5 Atomic Force Microscopy experimental details
Stock solutions of the Pt(ll) compounds were prepared in 40 mM HEPES — 10 mM
MgCl, buffer (pH = 7.2). pBR322 plasmid DNA aliquots (0.2 mg mL") in 40 mM
HEPES - 10 mM MgCl, buffer were incubated with the complexes for 24 h at 37 °C.

The AFM samples were prepared by casting a 5 uL drop of test solution onto
freshly cleaved muscovite green mica disks as the support. The drop was allowed to
stand undisturbed for 3 min to favour the adsorbate-substrate interaction. Each DNA-
laden disk was rinsed with Milli-Q water and was blown dry with clean compressed
argon gas directed normal to the disk surface. The samples were stored over silica prior
to AFM imaging.

5.2.6 Cell cultures and cell-viability assays

Human melanoma (A375) and lung (A549), breast (MCF-7), ovary (SKOV3) and
colorectal (SW620) adenocarcinoma cell lines were obtained from the American Type
Culture Collection (ATCC, Manassas, VA, USA). The cell lines A549, A375, SKOV3 and
SW620 were cultured in DMEM medium. All media were added with 10% heat-inacti-
vated fetal bovine serum (FBS; Life Technologies, Carlsbad, CA, USA), 100 U mL~"'pen-
icillin, 100 ug mL~" streptomycin, and 2 mM glutamine. The MCF-7 cell line was cul-
tured in DMEM-F12 (HAM) media (1:1) added with 5% horse serum (Life Technolo-
gies), 100 uM sodium pyruvate (Sigma-Aldrich Chemical Co., St. Louis, MO, USA), 10
ug mL~"insulin (Sigma-Aldrich), 100 U mL~" penicillin, 100 g mL™" streptomycin,
and 2 mM glutamine. Both the media and the added chemicals whenever not stated
were obtained from the Biological Industries, Beit Haemek, Israel. Cells were grown at
37 °Cina 5% CO2 atmosphere.

Cells (1 A ~ 105 cells mL~") were seeded in 96-well plates and allowed to grow
for 24 h. For single-point experiments, the cells reacted with the investigated drugs at
two different concentrations (i.e. 10 uM and 50 uM). For the dose-response curves,
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the cells were treated with different concentrations of the compounds; in the range
0.63-80 uM for 24 h. After the treatment, a 10 uM solution of MTT (3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyl-tetrazolium bromide; Sigma-Aldrich) was added to each well
and the plates were incubated at 37 °C for further 4 h. As follows, the medium was
removed and the purple formazan crystals were dissolved in DMSO. The absorbance
was measured at 570 nm using a multiwell plate reader (Multiskan FC, Thermo Scien-
tific). The cell viability was calculated according to the relation:

viability (%) = [(absorbance of the treated wells)/(absorbance of the control wells)] A
~100.

The IC,, values (corresponding to the compound concentrations in uM that pro-
duce 50% cell-viability reduction) were obtained from the dose-response curves using
GraphPad Prism V5.0 for Windows™ (Graphpad Software, San Diego, CA, USA). All
data are shown as the mean value + S.D. of three independent experiments for single-
point assays and for the dose-response curves.

5.3 Methods

5.3.1 UV-Vis spectroscopy

Absorption spectroscopy is a technique that can be used to evaluate the interac-
tion of molecules with DNA. UV-Vis speciroscopic measurements are usually per-
formed with a solution of the complex investigated and DNA in water or in a buffer.

The absorption wavelength and the absorbance strength of a molecule depend
not only on its chemical nature but also on the molecular environment of its chromo-
phores, e.g. alternating single and double bonds that absorb visible light. Absorption
spectroscopy is therefore an excellent technique to follow ligand-binding reactions,
such as complex-DNA interactions. In fact, it is perhaps the most employed instrumen-
tal technique for this purpose. The concentration of nucleic acid in solution is deter-
mined by its absorbance. The absorbance (A) is correlated to the intensity of the light
passing through the reference cell (10) and the sample cell (I) according to the Lambert-
Beer equation:

A= —log (Ii) (1)
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Hence, according to this equation, the absorbance is proportional to the concen-
tration of the substance in solution (Schmid, 2001):
A =ecl (2)

Figure 31-Schematic view of a conventional UV-Vis spectrophotometer

The UV-Vis spectrum of DNA showns a maximum of absorption at 260 nm, with
a broad band between 200 and 350 nm. This absorption is due to the purine and py-
rimidine bases, which contain chromophoric groups that are responsible for the elec-
tronic transitions.

Drug-DNA interactions can usually be studied by UV-Vis spectroscopy because
ligands/complexes show absorption maxima in a different range of the UV region or of
the visible region with respect to DNA. When a compound binds to DNA via intercala-
tion, hypochromism associated with a red shift is observed, which is caused by a con-
traction of the DNA along the helix axis and also by conformational changes. These
alterations have been attributed to electrostatic interactions, minor/major groove inter-
actions or hydrogen bonding (Shi et al., 2006). Because the intercalative interactions
involve stacking contacts between ligand aromatic chromophores and DNA base pairs,
the extent of the hypochromism can be correlated with the strength of the intercalation.
Actually, the strength of this electronic interaction is expected to decrease as the cube
of the distance between the chromophore and the DNA bases. These features are con-
sistent with a combination of the = electrons of the interacting compound and the =
electrons of the DNA bases. Consequently, the energy of the n—=* transition decreases
and a red shift is observed.

Conversely, hyperchromism derives from alterations of the DNA double-helix
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structure. For instance, conformational or structural DNA changes upon complex-DNA
formation through electrostatic interactions will be reflected by an hyperchromic effect.
A hyperchromic effect may also be attributed to a partial uncoiling of the helix structure
of DNA, causing a major exposition of DNA bases.

Finally, for weak interactions, hypochromic or hyperchromic effects are solely
observed, without significant spectral shifts.
Based on the variation in absorption, the intrinsic binding constant or the association
constant (Kb) of a metal complex interacting with DNA can be calculated applying the
Benesi-Hildebrand equation:

DNA DNA 1

e = ey T ®
where [DNA] is the concentration of DNA in base pairs, €a is the extinction coefficient
observed at a given DNA concentration, &f is the extinction coefficient of the free com-
plex in solution (Aobs/[complex]), and €0 is the extinction coefficient of the complex
when fully bound to DNA.

A plot of [DNA]/(e, - &) vs [DNA] gives a slope corresponding to 1/(s, - ;) and
a y-intercept equal to 1/K, (¢, - ). Thus, the intrinsic binding constant K, is the ratio of
the slope to the intercept.

K, Values above 10° M are considered to be indicative of a relatively strong
interaction between DNA and the corresponding metal complex (Sirajuddin et al.,
2013).

9.3.2 Fluorescence spectroscopy

A molecule can absorb a photon and thereby excite to an upper energy state,
which is unstable. Relaxation of the electrons back to the ground state may lead to the
emission of photons (luminescence); molecules undergoing such a process are called
fluorophores.

The phenomenon of luminescence can be divided into two different types,
namely fluorescence and phosphorescence. Phosphorescence takes place when a
molecule does not immediately re-emit the radiation it absorbs.
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In this case, the excitation of the electrons to an excited state occurs via a pro-
cess called intersystem crossing, in which a singlet state passes to an excited triplet
state, which then gives off a photon and relaxes to the ground state (singlet state).

Fluorescence happens when an orbital electron from a molecule (or atom) re-
laxes emitting a photon from an excited singlet state after having been excited.

In fluorescence, the excited state exists for a finite time, typically 17° seconds.
During this time, the fluorophore undergoes conformational changes and is subject to
a multitude of possible interactions with its molecular environment. For organic mole-
cules, the ground state is usually a singlet state. According to the Franck-Condon prin-
ciple, the transitions between electronic levels can be considered as instantaneous
transitions when compared to molecular dynamics; therefore, they are represented by
vertical lines. Thus, the Franck-Condon factor determines the probability of transitions
among the initial electronic state, and the new vibrational state is called the vibronic
state.

excited vibrational states

/ (excited rotational states not shown)

A = photon absorption

F = fluorescence {emission)
P = phosphorescence

S = singlet state

Ic T = triplet state

IC = internal conversion
ISC = intersystem crossing

\@/\\A?——TQ
A : IC T1

P

4 Y
electronic ground state

Figure 32-Jablonsky diagram
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In order to investigate the possible interaction of the synthesized compounds with
DNA, fluorescent-dye displacement studies have been performed with ethidium bro-
mide (EtBr) (Fig.33) and Hoechst 33258 (Fig.35). EtBr is a well-known intercalator
which binds to DNA with a weak preference for GC-rich sequences.

Figure 33-Representation of the chemical structure of Ethidium Bromide
Free EtBr (Fig.33) is almost non fluorescent in solution; however, upon binding

to DNA through intercalation, its fluorescence increases significantly, which can be fol-
lowed by spectroscopy. This increase of fluorescence is a consequence of steric pro-
tection provided by the DNA bases to the intercalating cationic agent, hence avoiding
the deactivation of its excited state. This shielding effect increases the half-life of the
excited state of dye, resulting in the observed increase of the fluorescent emission.

Figure 24-Ethidium bromide intercalated between two adenine-thymine base pairs.
Hoechst33258 (Fig.35) is a minor groove binder that shows high preference for

AT-sequences (Reddy et al., 1999, Abu-daya et al., 1995). lts fluorescence is en-
hanced upon binding to DNA at stretches of at least 3 A-T base pairs, but no binding to
stretches of 2 or more G-C base pairs (Loontiens et al., 1990). Hoechst 33258 requires
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the binding to a [dA-dT]3-[dG-dC] 1 sequence to enhance its fluorescence, with binding
to the bottom of the minor groove as an essential condition.

HCI
HC HCI
N
N\
N

-G

Figure 35-Structure of Hoechst 33258

OH

The simultaneous interaction of EtBr and Hoechst33258 with double-strand DNA
reveals that their respective prevailing influence is dependent on their concentration: at
low concentration, the effect of EtBr is dominant, whereas an increase of the concen-
tration of Hoechst33258 leads to its stronger effect (Palchaudhuri and Hergenrother,
2007).

Figure 36-Hoechst 33258 interaction in the minor groove
Competitive studies are based on the addition of a second DNA-interacting mol-

ecule that will displace EtBr or Hoechst33258. Thus, a decrease of the emission inten-
sity of the fluorescence of EtBr or Hoechst33258 reflects the degree of coordination of
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the interacting compounds to DNA, as well as their binding mode. If the emission de-
crease is observed in the presence of EtBr, the interaction will be of intercalative mode.
If the decrease occurs in the presence of Hoechst33258, then the interaction will be in
the minor groove.

The experiment consists of recording the emission spectra of DNA-EtBr or DNA-
Hoechst33258 adducts in the presence of increasing concentrations of the compound
investigated, and to examine the corresponding variations of the maximum emission
intensities.

With the objective to estimate quantitatively the affinity of different compounds
studied for ct-DNA, their quenching efficiency has been determined using the Stern-
Volmer equation,

170 =1+ K, [complex] (4)

where [complex] is the quencher concentration, lo is the measured fluorescence

intensity without quencher present, and | is the measured fluorescence intensity with

complex present. After plotting (lo / 1) against [complex], the slope gives the value of
Ksv, i.e. the Stern-Volmer constant.

It can be noticed that the Stern-Volmer equation does not contain a variable for
the fluorophore concentration and therefore suggests that the fluorescence quenching
is independent of it.

Fluorescence quenching generally takes place through either a static or a dy-
namic mechanism. For the former type, complexation occurs in the ground state be-
tween the fluorophore and the quenching (interacting) compounds; in this case, the
quenching of the excited fluorophore takes place upon irradiation. For the dynamic pro-
cess, collision between the quencher and the fluorophore occurs during the excitation
lifetime of the fluorophore. The efficiency of the dynamic quenching is associated with
the lifetime of the excited state of the fluorophore and with the quencher concentration.

5.3.3-Circular Dichroism (CD)

Circular Dichroism spectroscopy is a valuable analytical tool useful to study the
structure of biomolecules, such as proteins or DNA, in solution (Ivanov et al., 1973).
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This technique is also widely used in inorganic chemistry, particularly in coordi-
nation chemistry, to investigate the interaction between a metal ion and a chiral ligand.
CD has two major advantages: (i) it allows measurements with very small amounts of
compound in physiological buffers and (ji) it provides one of the best methods for mon-
itoring any structural alterations that might result from changes in environmental con-
ditions, such as pH, temperature and ionic strength.

In the UV range, CD spectroscopy provides fundamental information concerning
the possible variations that can suffer the conformation of DNA in solution. In fact, it is
possible to characterize different structural forms of DNA, viz. the B-, A- and Z-forms,
guanine quadruplexes, cytosine quadruplexes, triplexes and other less characterized
structures.

Figure 37-Schematic representation of right-handed (clockwise) polarized light

In CD, left and right circularly polarized light is produced, which passes alternately
through the sample compartment (Bulheller et al., 2007). In the detector, the intensities
of the two beams are measured and compared. If the sample compartment contains
an optically active compound, the extinction coefficients for the left and right circularly
polarized light, respectively g, and g5, may differ depending upon the wavelength (A) of
the polarized incident beam. Therefore, the difference between the two extinction coef-
ficients, namely Ae = g, - g5, may not be zero (A is called circular dichroism). Ae
values depend on the wavelength of the radiation used, and the representation of A as
a function of the wavelength is the CD spectrum of the sample.
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The direct measurement gives an algebraic mean value:
AA(A) = AL (D) — Ar(D) ()
with:
AA = circular dichroic absorbance,
A, = absorbance of left circularly polarised light,
A; = absorbance of right circularly polarised light
Using Beer-Lambert law, equation (1) can also be written as

AAA) = AL (D) — Ar(D) = [e,(A) — eg(D)]lc (6)
AAQQ) = [Ae(D)]lc (7)
where Ae = molar circular dichroism or molar differential dichroic absorptivity
expressed in litre mole™" cm™,
g, = molar absorptivity of left circularly polarised light,
gz = molar absorptivity of right circularly polarised light,
¢ = concentration of the studied solution in mole litre™",
| = optical path of the cell in centimetres.
A CD instrument determined 3 values that are: the absorbance (A), the molar
circular dichroism (Ae) and the ellipticity (6).
0 (degrees) = 32.98 AA
To remove the linear dependence of the pathlength and solute concentration, the
molar ellipticity can be defined:

[6]=100 = 3298A¢ 8)
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Figure 38-A) Elliptically polarized light, E, produced by the vectorial sum of right (R) and left (L) circularly
polarized light. B) Ellipticity, 6, where the elliptically polarized light has been rotated through the angle o.

5.3.4- Agarose Gel Electrophoresis
Electrophoresis is a technique based on the migration of biomolecules through a

matrix upon application of an electric field. The matrix may be polyacrylamide, agarose
or a mixture of them. Agarose gel electrophoresis is a widely used method for the sep-
aration of DNA fragments by size, charge or conformation (Wink, 2006).

The separation is achieved thanks to the different mobility towards the anode
exhibited by the negatively charged macromolecules submitted to an electric field, as
consequence of their charge-to-mass ratio. For DNA, the negative charge is given by
the polynucleotide chains, and is therefore approximately equal to the number of phos-
phate groups.

Agarose gel electrophoresis is usually carried out in an electrophoresis tank con-
taining two indispensable elements i.e. the mobile phase and the stationary phase. The
stationary phase or support is a polymer of gelatinous nature with homogeneous pore
size that is submerged and shrunk in the mobile phase. The electric current provides
the mobile phase, which will induce the migration of the DNA towards the positively
charged anode.

For nucleic acids of great size, namely of 100bp-10kbps, agarose is the station-
ary phase typically used. In the present study, pBR322 DNA was used, which is a
plasmid of 4.36 kbp, found as extrachromosomal genetic material in bacteria.
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Blue Tray

Figure 39-Agarose gel

This small circular, double-stranded DNA molecule exhibits two major confor-
mations, namely the opened circular (OC) form (or relaxed form), and the circular co-
valently closed (CCC) form(or supercoiled form), which has a more compact structure
(Figure 40).

Figure 40-pBR322 DNA conformations: supercoiled and open circular forms
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A third form may be observed, i.e. the linear form, which results from double-
strand DNA cleavage.

Each of these conformations presents a different electrophoretic mobility, so that
they will be separated by this technique, and the CCC form presents a major electro-
phoretic mobility than that of the OC form, due to its major degree of compaction.

Hence, the aptitude of metallic compounds to notably modify the proportion of
these forms can be evaluated using this analytical procedure; actually, the changes
produced by metal complexes in the tertiary structure of the DNA can be investigated
(Bertini et al., 1994).

A well-known example of DNA/metal complex interaction is that of cisplatin. The
interaction of this complex with plasmid DNA causes an unwinding of form CCC (re-
sulting in lower compaction), and at the same time, promotes a certain folding of the
0C form (Hintermann et al., 1981). Thus, at high cisplatin concentrations, the bands
due to the two different forms coalesce to one sole band.

5.3.5- Atomic Force Microscopy (AFM)

Atomic Force Microscopy (AFM)(Cubillas and Anderson, 2014) represents an
application of Scanning Probe Microscopes (SPM). The first device was introduced by
Binning and Rohrer in 1981. Early models obtained images representative of differences
in electrical potential occurring between two different objects on the surface of a flat
sample. They were aimed at recognizing the surface properties from the sub-micro-
scopic to the atomic scale. In these instruments, the desired property is investigated
by the changing of the z-position of a transductor (cantilever) which touches or scans
a sample along the x-y plane. At the same time, a computer gathers the information
from the cantilever transforming it in an image on its screen. The AFM device, devel-
oped in 1986, generated images based on the attraction and repulsion forces between
the cantilever and the objects on the slide.
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Fig. 41 -AFM apparatus

A small tip (Fig.42), made of very rigid conductive material, has fixed to the ex-
tremity of the cantilever that presses the point on the sample during the process of
measure. the tip of a AFM results roundish and the terminal radius of curvature (end
radius) constitutes an important parameter for the instrument resolution. The deflection
degree of the lever constitutes a measure of the strength that occurs between the sam-
ple surface and the tip. The amplitude of the deflection of the lever has been verified
assessing the tunnel current that is created between the microlever and a second tip
posts above it. The motion of the cantilever is regulated by a piezoelectric 3D scanner,
the tip flows on the sample surface moving along the three Cartesian axis.

.
Fig. 42- AFM Tip

The AFM can works in "constant strength" mode gathering information on the
strength of interaction between the sample surface and the cantilever. Otherwise, the
instrument can work in "constant height" mode recording the variation of sample height.
The z cantilever motions are monitored by an optic laser system recording the light
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movements. In "constant strength" mode, the z-changes lead to the deflection of the
laser beam. The related results consist in a 3D image of the scanning surface where,
x-y changes are related to the object features, and z represents the distance between
sample surface and tip. The strengths between tip and sample vary between 10- 11
and 10-6 Ns. The cantilever deflection Ax is direct proportion to the strength acting on
the tip, through Hook law.
F = —kAx 9)
where K is the strength constant of the cantilever. There are three different oper-
ation modes of Atomic Force Microscope:
o Contact mode
¢ No contact mode
e Tapping mode

Contact mode

Non-contact mode

Fig. 43- Operation modes of Atomic Force Spectroscopy

In the contact mode the tip is making contact with the sample that is kept moving
through micropositioning devices. The tip depicts an image of the sample surface de-
termined by the cantilever deflection during its motion. In the contact mode the tip can
scan at constant high above the surface and at force constant.

The no-contact mode requires that the cantilever position remains always the
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same between sample and tip ranging close to 5-15 nm. Under this mode, the obtained
image of examined surface represents the extent of Van de Waals forces occurring
between tip and the sample surface.

The tapping mode (Holscher, 2012) is a refinement of no-contact mode. This
approach requires that the cantilever waves closely to the resonance frequency whose
amplitude is related to the surface-to-tip distance. In any case, the high-resolution mi-
cro-topographical image of the sample surface in AFM mirrors the extent of the feed-
back signal resulting by the interactions between cantilever tip and scanned surface.

5.3.6 Cytotoxic Activity
This calorimetric /n-vitro test provides the cytotoxic activity assessment of the
studied complexes. This assay is based on the effect of cell proliferation leading to the
yellow tetrazolium transformation MTT (3-(4, 5-dimethylthiazolyl-2)-2,5-diphenylte-
trazolium bromide) to in purple formazan.

Fig. 44- In vitro MTT assays

The MTT colorimetric assay is carried out in a 96-well plate. The pre-incubation
times is usually ranging up to 24 h according to the properties of the cell line. These
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are usually exposed to the drug from 24 to 96 h depending on the drug activity. MTT is
reduced both by metabolically active cells, and by the action of dehydrogenase en-
zymes, forming some reducing equivalents such as NADH and NADPH. The resulting
intracellular formazan can be dissolved in an organic medium and analysed spectro-
photometrically. Viable cells, as opposed to no-viable cells, reduce MTT and the
amount of formazan, that is formed, is proportional to the number of metabolically ac-
tive cells.

The cell viability is assessed by absorbance measurements (570 nm) carried out
on the crystals mother solution (Ahmadian et al., 2009). The obtained results compared
to the analysis of a procedural blank allow us to the assess of the percentage of sur-
viving cancer cells after the assay. This represents the extent anticancer activity of the
studied drug and its G, value.

5.4 Synthesis and characterisation

95.4.1 Synthesis of cis-[Pt(PPh,),(curcumin)]CI (hereafter defined complex-4)

A solution of KOH (1.4646 mmol, 0.0853 g) in ethanol (4.0 ml) at 40°C, was
added dropwise to a green solution of cis-PtCl,(PPh,), (0.7250 mmol, 0.5766 g) and
curcumin 1.4646 mmol, 0.5408 g)(1% in excess) in CH,Cl, (40 ml) at room tempera-
ture with stirring. After overnight stirring at room temperature, the reaction mixture was
filtered to remove KCI and dried under vacuum. The green product was recrystallized
from CH,Cl, and the solid was filtered and washed with ether and dried under vac-
uum.Yield: (0.7950 g, 98% vyield). Mp=200.1°C (dec). Anal. Calcd for CyH;;04P,Pt
[Mw: 1123.41]: C, 60.99; H, 4.37. Found: C, 62.18; H, 4.77.

HRMS (ESI, acetonitrile, positive ion mode) m/z: calcd. for CyeHss04P,Pt [M]*
1087.96; found. 1087.26. 'H NMR features are reported in table 7, except those be-
longing to PPh, groups. PPh, region: '"H NMR (400 MHz DMS0-d6, 25 °C) § = 7.60-
7.36 ppm. “C{'H} NMR (100 MHz DMS0-d6, 25 °C) & (ppm) = 148.46 (C9,9),
141.09(C-3,3’, 126.63 (C-5,9’), 123.71(C-6,6’), 121.4(C-4,4'),116.3(C-7,7’),
111.79(C-10,10’), 55.70(-0CH,). PPh, region: *C{'H} NMR (100 MHz DMS0-d6, 25
°C) & = 135-129 ppm. *'P{'H} NMR (121.5 MHz, DMSO0, 25 °C): & = 8.7 ppm
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(d,"dhp = 3873 Hz, 2pr = 25 Hz). Pt NMR (85.99 MHz, DMS0, 25 °C): § = -3951
ppm (pseudot).

IR (nujol mull, cm-1): 3419 (s, 0-H), 1971-1813 (w, aromatic overtone), 1620
(s, C=0), 1600 (s, C=C,,,), 1511 (s, C-0), 1294 (s, enol C-0), 1028 (s, C-0-C), 956
(s, benzoate trans-CH vibration), 744 (s, cis-C-H vibration of aromatic ring).

5.4.2 Synthesis of ¢is-[PtCl(curcumin)(DMSO0)] (hereafter defined complex-5)
0.0686 g (1.6389-10** mol) of K[PtCl,(DMSO0)] (Kukushkin et al., 1968) was dissolved
in 5 ml water. A solution of an equimolar quantity of curcumin (0.0710g 0.009 g
(1.6043 x10* mol) and KOH in ethanol (2.5 ml), followed by a 20% excess of curcumin
was added dropwise to [KPtCl,(DMSO0)] solution. After the first drops of ethanolic so-
lution, the colour changed from yellow to dark orange. After 36 hours under vigorous
stirring at room temperature, the reaction mixture was stored in refrigerator for the night.
Then, the reaction mixture was filtered off, washed with ether and dried under vacuum
at 60°C for 3 hours and at room temperature overnight. Yield: (0.0786 g, 71% yield).
Mp=142.4°C (dec). Anal. Calcd for Cs,H,,04P,CIPt [Mw: 676.04]: C, 40.88; H, 3.73.
Found: C, 40.50; H, 3.47. 'H NMR features are reported in table 7, except those be-
longing to DMSO group. 'H NMR (400 MHz DMS0-d6, 25 °C) of DMSO group: 3.90 (s,
6H). *C{"H} NMR (100 MHz DMS0-d8, 25 °C) & (ppm) = 161.3(C2,2"), 150.1(C8,8’),
149.4(C9,9’), 142.1 (C4,4’), 131.8, 127.8(C5,5’), 124.6 (C6,6’), 122.5 (C3,3’), 117.1
(C7,7’), 112.8 (C10,10’), 102.3 (C1), 57.2(-0CH,). *C{'"H} NMR (100 MHz DMSO-
d6, 25 °C)of DMSO group: & 41.8 (~CH,) (ppm) "*°Pt NMR (86.0 MHz, DMSO0, 25 °C):
5 = -3941 ppm. IR (KBr, cm™): 3378 (s, 0-H), 3049 (m, C-H), 2000-1813 (w, aro-
matic overtone), 1639 (s, C=0), 1599 (s, C-C), 1509 (s, C=0), 1028 (s, C-0-C), 958
(s, S-0 stretching), 713 (s, cis-C-H vibration of aromatic ring). IR (nujol mull, cm-1):
446 cm™ (m, Pt-0) symmetric stretching, 379 cm™ (w, Pt-0) asymmetric stretching.
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95.4.3 Synthesis of frans-[PtCl,(caffeine)(DMSO)] (hereafter defined complex-
6)

0.2503 g (5.97*10* mol) di [KPtCl,(DMS0)] was dissolved in 5 ml water,
and an equimolar quantity of caffeine, followed by a 10% excess, was dissolved in 9
ml water and was added dropwise to resulting solution. The first drops of caffeine
changed the colour of solution from orange to peach pink, and a white precipitate
formed immediately. After overnight vigorous stirring at room temperature, the reaction
mixture was filtered off, washed with alcohol and ether and dried under vacuum. Yield:
(0.1786 g, 87% yield). Mp=232.4°C (dec). Anal. Calcd for C;H;;0,SN,CI,Pt [Mw:
588.22]: N, 9.52; C, 20.40; H, 9.52. Found: N, 9.34; C, 20.36; H, 2.79. 'H NMR (700
MHz DMSO0-d6, 25 °C): & (ppm) = 7.29 (s, 1H, 8-H), 4.39(s, 3H, 3-H), 4.12(s, 3H, 7-
H), 3.52 (s, 6H, -CH, of DMSO group), 3.44 (s, 3H,1-H). *C{'"H} NMR (100 MHz
DMSO0-d6, 25 °C) & (ppm) = 154.3 (C6), 151.0 (C2), 145.0 (C4), 140.7 (C8), 108.4
(C5), 43.1(-CH, of DMSO group), 35.1 (C7), 33.4 (C3), 28.5 (C1). Pt NMR (85.99
MHz, DMSO0, 25 °C): & = -3009 ppm. IR (nujol mull, cm™): 3419 br, 1713 (s, C=0),
1668 (s, C=0 overlapped with C=C stretch), 1612 (s, C=N), 1459 (s, C=C), 1378
(s, C-N), 1236 (s, C=0 ketonic group), 1141 (s, C=0 ketonic group; w, C-C), 1035
(m, C=0), 844 (w, C-C).
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6. RESULTS AND DISCUSSION

6.1 Synthesis and characterisation of Pt(ll) complexes

When curcumin reacted with the platinum precursor under alkaline conditions the
cationic complex 4 formed (scheme 7), although the chloride ion is not a weakly coor-
dinating anion. In curcumin exists a tautomeric equilibrium, with two possible enol
structures through intramolecular hydrogen transfer. In some organic solvents the enol
form predominates. Curcumin is @ monobasic bidentate ligand and forms stable com-
plexes with almost all the metals. The a,B-unsaturated p diketo moiety of curcumin is
an excellent chelating agent (Priyadarsini, 2014).

The *'P{'"H} NMR spectrum of 4 in DMSO-d, shows a singlet with satellite at
= 8.7 ppm with ', = 3882 Hz, according to its **Pt NMR spectrum reporting a triplet
at 6 = -4400 ppm. The 'H NMR spectrum consists of the triphenyl phoshane proton
signals between & =7.40-7.60 ppm, the olephinic proton H4, H4’adjacent to aromatic
rings appear upfield as compared to H3, H3’ (doublet at 6 = 7.56; *Jyy = 7.1 Hz).
The signals from aromatic protons H10,H10’ and H6,H6’ appear at downfield than
H7 H7’. The latter was assigned to the proton of the 5-OH moiety, because the 'H-*C
HSQC spectrum of 4 report any relevant cross peaks: 3C,3’C signal that coupled with
3H,3’H and also with 1H, 6-6’C coupled with 6-6’H and with adjacent 7-7’H(Payton et
al., 2007). The IR spectrum shows a strong sharp peak at 3419 cm™, which can be
assigned to the free 0-H bond stretching and an intense band at 1620 cm™" assigned
to carbonyl group (Kim et al., 2013).

The ESI-MS spectrogram in the positive scale of a diluted acetonitrile solution of
4 showed the peak at m/z 1087.26, whose isotope pattern is perfectly superimposable
on that calculated for the cation C4H;0,P,Pt* (corresponding to [Pt(PPh,),(curcu-
min)]*), obtained by loss of the chloride anion.
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CH,Cl,/
CH,CH,OH/ -KCl
KOH

Cr

Scheme 7- synthesis of [Pt(PPhs),(curcumin)]Cl (4)

Curcumin-metal complexes not only modify the physico-chemical properties of
curcumin but they also affect the biological reactivity of the metals. For this reason, the
next step of the present research was the synthesis of platinum complexes from a Pt(ll)
precursor with dimethyl sulphoxide as ancillary ligand. The selected precursor was
K[PtCl;(DMSO0)] (Yu.N. Kukushkin 1968), where DMSQO is the abbreviation for dimethyl
sulphoxide.

The synthesis of platinum complex with curcumin and DMSO (complex 5), as
ancillary ligands, has been carried out according to a new synthetic strategy shown in
scheme 8.

For complex 5 spectroscopic evidences indicate that Pt-0,0’-curcumin involves
the 2 and 2’ oxygens. This is mainly highlighted by the change of stretching frequency
towards lower wavenumbers. For chelate B-diketonate complexes(De Pascali et al.,
2014), the highest reported stretching frequencies for C=0 decrease, in agreement
with the “aromatic” nature of the system resulting from delocalization of the m electrons
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in the chelate ring. Depending on the identity of the metal and other ancillary ligands,
DMSO can exhibit S-, O- coordination mode.

H,0 / CH;CH,0OH,
-2KCl
KOH (leq)

Scheme 8- synthesis of [PtCl(curcumin)(DMSO0)] (5)

Generally for Pt(ll) and for late transition metals DMSO coordination is via the
sulfur atom, but O-coordination has also been observed. The 2D NMR 'H{"*C}-HMQC
of 5 complex shows the ancillary DMSO ligand bonded to Pt through O atom. The O-
coordination is testified by the upfield of the CH, protons whereas the S-coordination
would provide their downfield of the chemical shift(Diao et al., 2012). The O-
coordination is also confirmed by Infra-Red spectrum of complex 5, both in KBr and
Nujol mull. These IR spectra of complex 5 show an intense S-0 stretching band at
lower frequency value than free DMSO (Fig.45) (Cotton and Francis, 1960, Nakamoto,
2008b, Nakamoto, 2008a).
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Fig. 45- Infra Red spectrum of complex 5 in Nujol mull 4000-200cm’’

The 'H NMR spectrum of complex 5 shows an exchange of the chemical shift
values between 3,3’-H and 4,4’-H protons. This phenomenon is not recognised in 4
complex, where 3,3’-H and 4,4’-H protons are addressed to 3,3’-C and 4,4’-C, respec-
tively. So, a long-range effect could be responsible of the exchange of 3,3’-H and 4,4’-
H protons values recognised in complex 5(Benassi et al., 2008).

1-H 33-H 44-H 6,6'-H 7.7-H 8,8-H 10,10-H CH,0-
[PH{PPh,),(curcumin)]C 6.06 (s) 754 (d 6.75(s, 715 (dd, 682 (d - 732 (s) 3.81(s)
Yow=152 Juin=152 Jwur=80 H2 "ow=8.1H2)
Hz) Hz) Uswa=17Hz)
Curcumin 6.10 (s) 7.50 (d, 6.70 (s) 7.20 (dd. 6.80 (d, 9.60(s) 7.30 (s) 390 (s)
=160 o= B.1H,  “Jypy=B.THz)
Hz) *Jpuni= 2.0 Hz)
[PtCl{curcumin)(DMSO)] 6.05(5) 6.73 (d, 752 (d, 713 (da, 6.80 (¢, 7.28 (doy 390 (s)
Yowm=17 =187 hu=81H2 "y w=8.1Hz)
Hz) Hz) =12 H2)

Table 7- "H NMR spectral data of 4, 5 and curcumin (dmso-ds, 298 K).

Complex 6 was synthetized from the same precursor of complex 5 but using caffeine
as natural ligand. The 2D NMR 'H™®C-HMBC of complex 6 shows the coupling of
quaternary carbon atom and carbonyl groups. This spectrum displays that 2-C
carbonyl group, at =151 ppm, coupled with 1-H and 3-H and the other carbonylic
carbon (6-C) coupled with 1-H and 8-H. At the same time the quaternary carbon atom
4 coupled with 3-H and 8-H, and 4-C coupled with 7-H and 8-H(Sitkowski et al., 1995).
A phenomenon recognised in 'H"*C -HMBC of complex 6 is the upfield of chemical shift
of 8-C and consequently of 8-H directly bonded.
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Cl Cl

Cl DMSO

H,O -KCl

Scheme 9- synthesis of frans-[PtCI2(caffeine)(DMSO0)] (6)

The change in 8-H proton chemical shift is quite clear comparing 'H-NMR of free
ligand with complex 6 'H-NMR spectrum (Fig.47). So, a caffeine binding through 9-N
atom could be responsible of the change of 8-H and 8-C values recognised in complex
6. The 'H NMR spectrum of complex 6 shows a change of the CH3 protons chemical
shift values of DMSO. This phenomenon testifies S-coordination that implies the
downfield of the CH, protons chemical shift(Diao et al., 2012). The S-coordination is
also confirmed by Infra-Red spectrum of complex 6, because it shows an intense band
at 1035 cm™" assigned to the S-0 stretching (Fig. 46) (Cotton and Francis, 1960, Cotton
etal., 1960).
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Fig. 46- Expansion of Infra-Red spectrum of complex 6 in Nujol mull between 1340-200 ¢cm-1
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PICI2(DMSOXCaffeina) in CDCI3

Fig. 47 -'H NMR spectrum of free caffeine (A) in comparing with '"H NMR spectrum of caffeine in
Complex 6, both in CDCI,
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At the same time, the IR spectrum highlights the trans-geometry of complex 6,
as testifies the CI-Pt-Cl stretching values at 341 and 327 cm™ (Fig. 46).

6.2 UV-Vis Studies

The ability of the platinum complexes to interact non-covalently with DNA was
examined by UV-Vis absorption spectroscopy. Hence, absorption spectra were rec-
orded at a constant complex concentration of 25 uM and adding increasing amounts
of ct-DNA, from 0 to 100 uM. The corresponding spectra for [PtCI(DMSO)(PPhs),]Cl
are shown in Fig.35. Those for [PtCI(DMSO)(curcumin)] and frans-[PtCl,(DMSO) (caf-
feine)] are depicted in Fig.49 and Fig.50, respectively.

The absorption bands in the region 200-650 nm, which are attributed to metal
to-ligand charge transfer (MLCT), were used to monitor the interaction of the complexes
with duplex DNA.

Assorbance

300 350 400 450 500 550 600 650 700 750 800

Wavelenght (nm)

Figure 48-Absorption spectra of complex [PtCl(curcumin)(PPh3)2] in cacodylate-NaCl buffer (pH = 7.2)
upon addition of ct-DNA. [complex] = 25 uM, ct-[DNA] = 0-25 uM

Hypochromism is clearly observed, which suggests an electrostatic interaction
between the binding complex and the biomolecule (Navarro, 2009) (E. C. Long and J.
K. Barton, Acc. Chem. Res., 1990, 23, 271-273). No redshifts of the absorption bands
are observed; actually, a shift towards a longer wavelength is indicative of an interca-
lative binding mode. (Bradley et al., 2004, Barton et al., 1984). Therefore, frans-
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[PtCl,(DMSO(caffeine)] and [PtCI(DMSO)(curcumin)] do not seem to intercalate be-
tween DNA base pairs; rather it appears that frans-PtCl,(DMSQ)(Caffeine) and
[PtCI(DMS0)(Curcumin)] tend to interact electrostatically or via groove binding with the
double helix.

Indeed, addition of [PtCl(curcumin)(PPh,),]Cl in small aliquots to a solution of
ct-DNA resulted in a bathochromic shift of the maximum absorption associated with a
significant hypochromicity. Such hypochromism is due to strong interactions between
the electronic states of the intercalating chromophore and those of the DNA base pairs
(Sirajuddin et al., 2013).

0.8
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Figure 49-Absorption spectra of complex [PtCl(curcumin)(DMS0)] in cacodylate-NaCl buffer (pH =
7.2) upon addition of ct-DNA. [complex] = 25 uM, ct-[DNA] = 0-25 uM.
The value of the complex—DNA affinity constant Kb obtained for trans-[PtCl,(DMSO(caf-
feine)] is 3.0 x 10" M and that of [PtCI(DMSO0)(curcumin)] is 8.7 x 10° M.

For [PtCl(curcumin)(PPh,),]Cl, a linear fitting of the spectroscopic data could not
be obtained; therefore, only a qualitative analysis of the DNA-complex interaction could
be achieved.
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Figure 50-Absorption spectra of complex frans-[PtCl,(Caffeine)(DMSO)] in cacodylate-NaCl buffer (pH
= 7.2) upon addition of ct-DNA. [complex] = 25 uM, ct-[DNA] = 0-25 uM.

The affinity constant values determined for #rans-[PtCl,(DMSO)(caffeine)],
[PtCI(DMSO0)(curcumin)] are respectively 3.0x 10” M and 8.8 x 10° M™". For [PtCl(cur-
cumin)(PPh,),]Cl, K, could not be determined. The results obtained suggest that there
are strong interactions between the metal complexes and DNA; however, other charac-
terization studies are necessary to confirm this assumption.

Complex Intercept (x 10"") Slope (x 10°%) K, (M)
trans-[PtCl,(DMSO0)(caffeine)] 1.0 3.0 3.0x10
[PCI(DMSO) (curcumin)] 0.8 7.0 8.8x10°

Table 8- Intrinsic binding constant Kb determined for complex #rans-[PtCl,(DMSQ)(caffeine)],
[PtCI(DMSQ)(curcumin)]
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6.3 Fluorescence Studies
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Figure 51 - Plots of 10/I vs. [complex] for the titration of DNA-EB with [PtCl(curcumin)(PPh3)2]CI at
aexc = 514 nm and 2em = 610 nm: experimental data points and linear fitting of the data.

Aiming at fully understanding the behaviour of the metallic complexes in presence
of DNA, fluorescence measurements have been performed with ethidium bromide (EtBr
or EB), which is a planar cationic dye well-known to intercalate into the DNA double
helix. A second fluorophore, namely Hoechst33258, was also used, which binds to
DNA in the minor groove at low dye-to-DNA ratios.

The changes observed in the fluorescence emission spectra of a solution of EB—
DNA upon addition of the Pt(Il) complexes can be used to explore their ability to displace
the intercalated EB. The addition of [PtCl(curcumin)(PPh,),]Cl to EB-DNA causes a
significant reduction of the fluorescence intensity, which suggests that this platinum(ll)
compound is capable of displacing EtBr through its interaction with ct-DNA (Fig.52A).
To investigate the quenching efficiency of this process, the linear Stern—Volmer
quenching constant (k,,) was calculated applying the Stern-Volmer equation. K,
amounts to 5.0 x 10* M for [PtCl(curcumin)(PPh,),]Cl. This high value may be as-
cribed to the interaction of the complex between adjacent DNA base pairs (Mukherjee
etal., 2016) (Fig.51)
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Figure 52-Emission spectra of the DNA-EB complex, 2exc = 514 nm, Aem = 610 nm, upon addition
of increasing amounts of [PtCI(curcumin)(PPhy),]CI (A), [PtCI(DMSO)(curcumin)] (C) and trans-
[PtCl,(DMSQ)(caffeine)] (E). Emission spectra of the DNA-Hoechst33258 complex, aexc = 350 nm,
aem = 458 nm, upon addition of increasing amounts of [Pt(curcumin)(PPh),]Cl (B),
[PtCI(DMSQ)(curcumin)] (D) and frans-[PtCl,(DMSO0)(caffeine)] (F).
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. The changes observed in the fluorescence emission spectra of a solution con-
taining Hoechst33258-DNA upon addition of increasing amounts of this complex indi-
cates that it most likely interacts with DNA through different ways.

I/1

¢oee °

0 0.5 1.0 1.5 2.0 25 3.0
[complex] uM x 10

Figure 53 - Plots of 10/l vs. [complex] for the fitration of DNA-Hoechst33258 with
[PtCl(curcumin)(PPh3)2]Cl at Aexc = 350 nm and A.em = 458 nm: experimental data points and linear
fitting of the data.

The study of the interaction of [PtCI(DMSO)(curcumin)] with DNA-EtBr shows
that the addition of increasing amounts of the metal complex does not produce any
significant decrease of the fluorescence intensity. This result clearly suggests that
[PtCI(DMSO)(curcumin)] does not compete with ethidium bromide for DNA intercala-
tion (Fig.52C) (Basu and Kumar, 2013).
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Figure 54 - Plots of 10/I vs. [complex] for the titration of DNA-EB with [PtCl(curcumin)(DMSQ)] at Aexc
= 514 nm and 2em = 610 nm: experimental data points and linear fitting of the data

Fluorescence studies of the same complex with DNA-Hoechst33258 have also
been carried out.

The Ky value for the interaction of [PtCI(DMSO)(curcumin)] with DNA-EtBris 1.7
x 10°M™" (Fig.54). For the interaction with DNA-Hoechst33258, the K., value could not
be determined, because the complex induces a combined dynamic and static fluores-
cence quenching (Fig.55).

Fluorescence quenching can occur by different mechanisms, which are usually
classified as dynamic and static quenching. Dynamic quenching refers to a process in
which the fluorophore and the quencher come into contact during the transient exist-
ence of the excited state. Static quenching characterizes the formation of a fluorophore-
quencher complex. In general, dynamic and static quenching can be distinguished by
their differing dependence on the temperature and the excited state lifetime. Since in
both cases the fluorescence intensity is related to the concentration of the quencher,
the quenched fluorophore can serve as an indicator for the quenching agent.
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Figure 55 - Plots of 10/l vs. [complex] for the fitraton of DNA-Hoechst33258 with
[PtCl(curcumin)(DMSO0)] at xexc = 350 nm and Aem = 458 nm: experimental data points and linear
fitting of the data.

In the case of frans-[PtCl,(DMSO) (caffeine)], the competitive binding studies

conducted in presence of DNA-EB show a weak decrease of the emission intensity

when increasing amounts of metal complex are added (Fig.52E)
1.6 ¢

y=129.75x +1.0977
R2=0.00094

0 1.0 2.0 3.0 4.0 5.0 6.0

[complex] uM x 107

Figure 56-Plots of 10/l vs. [complex] for the titration of DNA-EB with frans-[PtCl,(DMSO)(caffeine)] at
Aexc = 514 nm and Zem = 610 nm: experimental data points and linear fitting of the data.
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Upon addition of #rans-[PtCl,(DMSO)(caffeine)] to DNA-Hoechst33258, a de-
crease of the fluorescence is detected, which suggests that this platinum complex ap-
parently binds in the minor grove of the DNA double helix (Fig.52F) (Samper et al.,
2014).

25 ¢
2.0 (]
1.5
1.0
y=35590x +0.9351
R*=0.94392
05
0.0
0 0.1 1.0 1.5 2.0 2.5 3.0

[complex] uM x 10
Figure 57-Plots of 10/l vs. [complex] for the titration of DNA-Hoechst33258 with frans-
[PtCl,(caffeine)(DMSO)] at Aexc = 350 nm and rem = 458 nm: experimental data points and linear
fitting of the data.

The K,, value for this interaction is 3.6 x 10* M. For DNA-EB, a lower K, value
is obtained (Fig.52), illustrating the poorer ability of trans-[PtCl,(caffeine)(DMSO)] to
display the DNA intercalator. This feature thus suggests that this compound may have
a greater propensity to act as a groove binder, hence corroborating the UV-Vis obser-
vations (Brissos et al., 2014).

6.4 Circular Dichroism studies.

In general, the calf thymus DNA CD spectrum shows a positive band (275 nm
UV: Amax = 260 nm) representing an effect of the base stacking and a negative one
(245 nm) determined by the helicity characteristic of the DNA in right-handed B form.
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Fig. 58-Circular dichroism spectra of CT-DNA in Cacodilate (1mM) — NaCl (20mM), in the presence of
increasing amounts of the trans-PtCl,(DMSO)(Caffeine) complex.
Figure 58 shows the CD spectrum of the CT DNA added of trans-PtCl,(DMSO)(Caffeine)

complex at concentration ratio ranging from 0 to 1. The findings of Fig. 58 indicate that
the CD intensity increases at low complex concentrations whereas the CD signal de-
creases as the trans-PtCl,(DMSO)(Caffeine) concentration increases. This evidence
suggests that the metal complex is partially inserted in DNA base pairs while minor
groove interactions occur (Shahabadi and Moghadam, 2012). These results represent

a further confirmation of evidences from the fluorescence analyses.
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Fig. 59 - Circular dichroism spectra of ct-DNA in Cacodilate (1mM) — NaCl (20mM) buffer, in the pres-
ence of increasing amounts of the [Pt(PPhs),(Curcumin)]CI complex.
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Figure 59 shows the CD spectrum of the CT DNA added of [Pt(PPh,),(Curcu-
min)]Cl complex at concentration ratio spanning from 0 to 0.2. The findings of Fig. 59
indicate that the CD intensity of the positive band is increased and the negative band
depressed by the metal complex addition. This behavior suggests an insertion of the
[Pt(PPh,),(Curcumin)]CI complex in the DNA structure with some changes of the DNA
conformation from B to A (Shahabadi and Moghadam, 2012, Zhu et al., 2015).

Figure 60 shows the CD spectrum of the CT DNA to [PtCl(Curumin)(DMS0)]
complex at concentration ratio spanning from 0 to 1. The spectrum highlights a de-
creasing extent of the positive dichroic signal and a remarkably reductions in the inten-
sities of negative bands (Basu and Kumar, 2013). For this reason, a weak negative
induced CD signal can be observed. It is suggestive of a strong complex-ct-DNA inter-
action. These negative-induced CD changes in complex-DNA interactions could agree
with minor groove interaction modes (Nguyen et al., 2004).

)

o

0 (mde

-10

Fig. 60- Circular dichroism spectra of CT-DNA in Cacodilate (1mM) — NaCl (20mM), in the presence of
increasing amounts of the [[PtCI(Curumin)(DMSQ)] complex.

6.5 Agarose Gel Electrophoresis studies
The action of the complexes on the tertiary structure of DNA was established by

their capability to change the electrophoretic mobility of the different forms of pBR322
plasmid DNA. In that context, agarose gel electrophoresis is a common and simple
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method to visualize the different typical shapes of plasmid DNA, namely the normal
supercoiled form (form 1), the circular nicked form (form Il), which is obtained after
cutting apart only one of the two strands, and the linear form (form Ill), which is pro-
duced when both strands are broken. Hence, uncut plasmids (form I) will migrate more
rapidly than linearized plasmid (form IIl).

1 23 4 5 6 7 8 9 10 11 12 13 14 15 16
Figure 61-Agarose gel electrophoresis images of pBR322 plasmid DNA incubated for 24 h at 37 °C with
increasing  concentrations of complexes. [PtCI(DMSO)(curcumin)] (lanes 3 1o 6),
[PtCI(curcumin)(PPhj),]CI (lanes 7 to 10) and trans-[PtCl,(DMSO(caffeine)] (lanes 13 to16).

Moreover, the nicked circles (form Il), which are the bulkiest, will be the slowest
migrating species in the gel (since the separation is not only by charge but also by
size). Thus, increasing amounts of the complexes were incubated with pBR322 DNA
for 24 h. In Figure 61, free DNA can be observed at lanes 1 and 11, cisplatin at lanes 2
and 12, [PtCI(DMSQ)(curcumin)] at lanes 3 to 6, [PtCl(curcumin)(PPh;),|Cl at lanes 7
to 10 and frans-[PtCl,(DMSO(caffeine)] at lanes 13 to 16. At low complex concentra-
tions, a significant decrease of the electrophoretic mobility of form | is noticed. For all
the complexes investigated, the mobility of form | decreases until its band merges with
that of the nicked relaxed form (form Il). This can arise from an increasing formation of
an adduct between the DNA and the metal compound (Roy et al., 2009). However, at
higher concentrations, the mobility of this form tends to increase for both
[PtCI(DMSO)(curcumin)] and trans-[PtCl,(DMSO(caffeine)]. A bound drug-to-nucleo-
tide ratio (rb) characterizes the coalescence point, which is the point corresponding to
the amount of platinum complex required for the complete removal of all supercoiled
DNA. Beyond this point, the migration rate begins to increase again as positive super-
coils are produced (Keck and Lippard, 1992). This behavior is similar to that observed
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for cisplatin at high concentrations. The electrophoretic behavior of pBR322 DNA incu-
bated with the compounds [PtCI(DMSO)(curcumin)] (Fig. 61, lane 4), [Pt(curcu-
min)(PPh,),]Cl (Fig.61, lanes 7-9) and #rans-[PtCl,(DMSO(caffeine)] (Fig.61, lanes 13-
15), is close to that of cisplatin at low concentrations, which seems to indicate that the
interaction of this compound is not only intercalative (Grau et al., 2015, Ruiz et al.,
2005).

6.6- Atomic Force Microscopy studies

1: Heigh 20 um
Fig. 62- AFM image of pure pBR322 plasmid DNA

AFM investigations were carried out after samples incubation with pBR322
(37 °C for 24 h in the dark). Figure 62 shows that the original open circular structures
of DNA are altered after the incubation with complexes. This evidence suggests that an
interaction between these complexes and DNA occur. These indications are consistent
with other spectroscopic analyses.

Figure 63 shows the effects induced in DNA by the interactions with the studied
complexes. Figure 63a shows the effects of the addition of the [PtCI(Curumin)(DMSO)]
complex (10 uM) to pBR322 DNA. The recognition of some crossing points suggests
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the possible supercoiling inception highlighted by the appearance of some supercoiled
forms.

00 1: Height 20um 00 1: Height 20um

1: Height 20ym 00 1: Height 20um

Fig. 63- Plasmid DNA in the presence of complexes[PtCl(Curumin)(DMSQ0)] 10uM (a) and 50 uM (b),
trans-PtCl,(DMS0)(Caffeine) 10uM (c) ) and 50 uM (d). 15uM bp DNA per sample.

Figure 63b shows the effects of the addition of the [PtCI(Curumin)(DMSQO)] com-
plex (50 uM) to pBR322 DNA. Here, the appearance of super coiled form with globular
aggregates suggestive of stronger interactions between complex and DNA is shown
(Liu et al., 2010, Grau et al., 2015). These evidences agree with results obtained from
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electrophoresis that show the almost complete disappearance of the form Il of DNA
induced by the addition of the [PtCI(Curumin)(DMSO0)] complex (50 uM), as reported
by the behaviour of the lane 6 (Fig. 61). Figures 61c and d show the pBR322 DNA
incubated with the trans-PtCI2(DMSQ)(Caffeine) respectively at complex concentration
of 10 and 50 uM, respectively. Both these images show slightly modifications of the
CT-DNA structure induced by interactions with the metal complex. Otherwise, these
evidences can suggest some kicks more than pure pBR322 DNA and presence of
supercoiled form (Gay et al., 2015). These results are consistent with the electropho-
retic data (lane 16, fig.61) showing the disappearance of Il bands after the addition of
metal complex (50uM.)

6.7 Cytoxicity studies

Pt(PPh;),(Curcumin)
B PICIDMSO)(Curcumin)
& trans-PiCl(Caffeine)(DMSO)

80

60

40

10uM 50pM 10uM 50uM 10uM 50uM 10uM 50uM 10uM 50uM
AS549 SKOV-3 A375 MCF-7 SW620

Fig. 64- Cell-viability assays (single-point screening, % of cell viability) of the free ligands Curcumin and
Caffeine and [PtCI(Curumin)(DMSO0)], trans-PtCl,(DMSO)(Caffeine) and [Pt(PPhs),(Curcumin)]Cl
complexes with different cancer cell lines, namely A549 (lung adenocarcinoma), A375 (melanoma),
MCF-7 (breast adenocarcinoma), SKOV3 (ovary adenocarcinoma) and SW620 (colorectal
adenocarcinoma), using [compound] = 10 and 50 uM and an incubation time of 24 h.
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A549 SKOV-3 A375 MCF-7 SW620

(lung adenocarcinoma) (ovarian carcinoma) (melahoma) (breast cjrcinoma) (colorectal karcinoma) |

10uM 50uM 10uM 50uM 10uM 50uM 10uM 50uM 10uM 50uM

X o X ) X o X o X o X o X ) X ) X ) X o
Curcumin @89,7 (125 |0625 (31 |@1047 |49 |[@%04 [100 D604 (16 [@192 |27 [@95 (37 |@194 [13 974 (53 |[@42 |06
Caffeine @1081 (7,6 |@91,7 [12,7 |@1036 |37 |@985 |52 |D707 |19 |@1000 (63 |@101,0 (3,1 |@1006 [2,6 100,0 |11,2 |@94,7 |62
Pt(PPh3)2(Curcumin)+ @1108 (99 (@949 [142 |@1143 |63 |@136,6 |50 80,3 38 |De62 |79 D522 (42 |@92 |05 471 (49 |[@103 |11
PtCI(DMSO)(Curcumin) @1061 (9,7 |@793 |38 |[@1031 |18 |@995 |59 50,1 (48 [De02 |64 [@11,2 |13 |[@153 |12 261 |24 |@60 |04
trans-PtCl2(Caffeine)(DMSO)  |@106,9 (6,1 |@934 |66 |@103,7 |45 |@976 [40 857 (12,8 |@89,5 (100 |[@100,7 |14 |@106,7 [2,0 1027 |68 |@970 |101
Cisplatin (CDDP) @973 |18 [@931 [23 |@9s5 |27 [@9s9 |63 |@949 139 [@sse [74 |@96s [s2 [@1034 [25 |@999 34 [@1033 [s9

Green — higher than 75% of viability (little or no effect)
Yellow — between 50% and 75% of viability (some effect, IC25 or IC50 could be reached in dose-response experiments)
Red — below 50% of viability (high effect, IC50 or IC75 could be reached in dose-response experiments)

Table 9- Cell-viability assays (single-point screening, % of cell viability) of the free ligands Curcumin and Caffeine and [PtCI(Curumin)(DMSO)],
trans-PtCl,(DMSO0)(Caffeine)and [Pt(PPhs),(Curcumin)]CI complexes with different cancer cell lines, namely A549 (lung adenocarcinoma), A375
(melanoma), MCF-7 (breast adenocarcinoma), SKOV3 (ovary adenocarcinoma) and SW620 (colorectal adenocarcinoma), using [compound] =
10 and 50 uM and an incubation time of 24 h. The results are means = SD.
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Compound name

Cell line

MCF-7 MCF-7 10A SW620
IC,s ICs, IC4 IC,s ICs, IC;s IC,s ICs, IC,s
Cisplatin >100 >100 >100 >100 >100 >100 >100 >100 >100
Curcumin 7609 20.8+1.7 40.5+0.7 | 51.9+1.2 69.2+t0.6 86.5£0.1 | 9.3+0.5 26.5+0.5 45.4+3.2
Caffeine >100 >100 >100 >100 >100 >100 >100 >100 >100
[Pt(PPh,),(Curcumin)]Cl |  N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
[PtCI(Curumin)(DMSO)] | 6.1+0.3 12.9+1.0 35.1+3.5] 39.0£0.1 59.8+0.1 94.9+1.4 | 55+0.7 15.0£1.7 31.8+£1.3
trans- >100 >100 >100 >100 >100 >100 >100 >100 >100
[PtCI,(DMSO0)(Caffeine)]

Table 10- 1C25, 1C50 and IG75 values (uM) of the free ligands Curcumin and Caffeine and [PtCI(Curumin)(DMSO)], frans-PtCl,(DMSQ)(Caffeine)
and [Pt(PPh,),(Curcumin)]Cl complexes and cisplatin for MCF-7 (breast adenocarcinoma), MCF-7 10A (non tumorigenic epitelial cell lines) and
SW620 (colorectal adenocarcinoma) after an incubation time of 24 h. The results are means + SD of three independent experiments.
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Cell-viability assays were carried out with the free ligands (curcumin and caffeine) and
complexes  [PtCI(Curcumin)(DMS0)],  [Pt(PPh,),(Curcumin)]Cl  and trans-
PtCl,(DMSO)(Caffeine). Each metal complex was tested at 10 and 50 uM concentra-
tions during single-point assays with the cancer cell lines A549 (lung adenocarcinoma),
A375 (melanoma), MCF-7 (breast adenocarcinoma), SKOV3 (ovary adenocarcinoma)
and SW620 (colorectal adenocarcinoma). Figure 64 shows the obtained results after
24 h incubation time. Results are also reported in Table 9.

As shown, frans-PtCl,(DMSQ)(Caffeine) complex is inactive with all the tested cell lines.
At metal complex concentration 10 uM, only [PtCI(Curcumin)(DMSO0)] complex
achieves to a 11% cell viability with MCF-7 (breast adenocarcinoma) after 24-h incu-
bation time (Fig.64). At higher metal complex concentration, the cytotoxic behaviour of
[PtCI(Curcumin)(DMSQ)] complex is confirmed. Under these conditions, also
[Pt(PPh,),(Curcumin)]CI complex shows a very good cytotoxic activity attaining to 9%
cell viability. [PtCI(Curcumin)(DMSQ)] complex shows optimal cytotoxicity activity to-
wards colon-cancer SW620 cells (26% cell at 10 uM metal complex, 24-h incubation
time). Under the same conditions, the [Pt(PPh,),(Curcumin)]CI complex attains to 47%
cell viability. Under the same experimental conditions at 50 uM, the cells viability at-
tained by both the metal complexes is 6 % for [PtCl(Curcumin)(DMSO)] and 10% for
[Pt(PPh,),(Curcumin)]Cl. Only the Curcumin at 50 uM shows cytotoxicity activity to-
wards breast adenocarcinoma MCF-7 and colon-cancer SW620 cells. The half maximal
inhibitory concentration (IC,,) values for all compounds were determined for the active
cell lines and for the cisplatin, chosen as reference coordination compound used clini-
cally. The related results are reported in Tab. 10 for 24-h incubation time.

Table 10 indicates that the [PtCl(Curcumin)(DMSO)] activity is good towards MCF7
and SW 620 cancer cells. But the most interesting evidence is represented by the
selectivity of the complex action with respect to MCF-7 (cancerous) and MCF 10A (nor-
mal) cell lines.
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7.CONCLUSIONS/CONCLUSIONI

In this chapter, a novel Platinum(ll) complexes synthesis route has been
presented which allows the easy and efficient coordination of natural ligands. It has
been demonstrated that different ancillary ligands can be attached to the Pt centre via
this route, in few reaction steps.

Using this synthesis route, three novel platinum(ll) complexes with curcumin and
caffeine have been designed and synthesised with very good yields, with respect to the
starting material.

The coordination modes of curcumin and caffeine to platinum(ll) were
determined in solution by NMR spectroscopy and Infra-Red spectra.

Unfortunately, these complexes are insoluble in water, however their solubility in
DMSO allowed DNA binding studies to be carried out.

DNA binding studies, including UV visible, fluorescence, circular dichroism with
ct-DNA and atomic force microscopy, gel electrophoresis with plasmid DNA, were
carried out for all complexes.

All compounds are able to interact with DNA, Complex 4 as intercalating and
complex 5 and 6 as groove binders.

Almost all of them show significant cytotoxicity properties, as evidenced by the
submicromolar IC,, values achieved in some cases, with various cancer cell lines.
Interestingly, the results obtained show that the most efficient metal complex is 5,
which contains the Curcumin ligand and DMSO group and exhibits the best DNA-
interacting properties. Unexpectedly, complex 6 which is capable of cleaving the DNA
strands is less cytotoxic than 4 and 5 (at least in the cell lines tested). Therefore, a
coordination compound displaying high DNA-cleaving abilities would not necessarily
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exhibit greater cytotoxicity behaviour than a related complex which does not act as a
DNA cleaver.
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PhD in Inorganic Chemistry and Spectroscopy in the
Environmental, Regional and Construction Risk and De-
velopment School (Polytechnic University of Bari).

Master (Inorganic Chemistry) at the University of Pisa
(Italy).

Thesis: Synthesis, characterization, in vitro antitumor
activity of some complexes of Pt (Il) and their interac-
tion with phospholipids model of the cell membrane

(110 pp).

Bachelor (Physical Chemistry) at the University of Pa-
lermo (ltaly) Thesis: Physical-chemical characterization
of biocompatible copolymers (26 pp).
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2016 Feb-Dec

2016 Sept 25-30

2013 Sept-Dec
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November, 18-21
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Maturita Classica (high school) at the Liceo G. Garibaldi
in Palermo (ltaly)

Research period at the Lab of Bio-Inorganic Chemistry
(Prof. P. Gamez) in University of Barcelona in the set-
ting of PhD studies.

School oh Analytical Chemistry for PhD’s students on
environmental chemistry, chemometrics, LC-MS,
piezo-electric, optical, electronical and electro-chemi-
cal bio-sensors, doping, speciation of trace elements,
sampling and calibration of gaseous mixtures, industrial
process management.

Four-months molecular spectroscopy (NMR and IR)
stage on food matrices for metabolomics analyses and
geographical determination of oil and wine origin (Bru-
ker Corporation, Milan, Italy).

During this period the following courses were attended:

Theoretical and practical course on NMR spectroscopy
focused on structural molecular analysis (Bruker Cor-
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Theoretical and practical course on NMR spectroscopy
focused on molecular detection (Bruker Corporation,
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Basic course on OPUS/IR software for molecular spec-
troscopy determination (Bruker Corporation, Milan,
Italy).

Theoretical and practical course on NMR spectroscopy
focused on food and clinical applications (Bruker Cor-
poration, Milan, Italy).

137



2011 -2012

(2011-2012):

2010

2008

2006 - 2008

PAPERS
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Dr. C. Forte Petrini). Study of interactions between
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and alkalinity determination. Sediment collection with
box corer device for paleo-environmental analyses.

2017 -Parisi M.G., Cammarata |., Cammarata M., Censi V., Rare Earth, zirconium and
hafnium distribution in coastal areas: the example of Sabella spallanzanii. Che-

mosphere (submitted).

138



2017 - Censi P., Inguaggiato C., Chiavetta S., Schembri C., Sposito F., Censi V., Zuddas
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cally active natural polyphenols: Synthesis, crystal structure, molecular mode-
ling and cytotoxic studies, Jour.of Inorg. Biochem. 163, 346-361.
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study. Phys. Chem. Chem. Phys., 17, 1458-1468.

EXPERTISE

Electronic spectroscopy: (UV-vis, fluorescence, Circular dichroism), X-Ray
spectrometry (single crystal and powder samples), ICP-Optical Emission Spec-
troscopy, NMR spectroscopy in liquid phase (1H, 19F, 31P, 13C, 195Pt) and in
solid phase (2H, 31P, 13C).

Optical spectroscopy: AFM (atomic force spectroscopy)

Vibrational spectroscopy: IR both in liquid and solid phases,

Environmental sample collection (solids and liquids), their handling for trace ele-
ment analyses (enrichments onto ion-exchange resins, filtration and storage), lab
measurements (alkalinity and pH analyses).

Biological technique: Gel electrophoresis

Sediment, soil and natural water collection, environmental determination of inor-
ganic and organic compounds.

COMPUTER SKILLS

Software packages: MatLab, Mestre Nova, Office, ChemDraw, Origin, TopSpin,
CrystalMaker.
Operating System: (Excellent) Mac OsX, (Good) Windows
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. [talian (mother tongue),
. English (B2a)

. French (A2)

e  Spanish (B1)
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