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Resumo 

O câncer é a segunda causa de mortes no mundo, com mais de 18 milhões de novos casos registrados 

em 2018, com cerca de 9,5 milhões de mortes. A quimioterapia antineoplásica é o tipo de tratamento em 

que fármacos são utilizados para retardar ou impedir o crescimento de células cancerígenas, ou até 

mesmo matá-las. O uso de metalofármacos em quimioterapia começou com a descoberta das 

propriedades citotóxicas da cisplatina, que foi aprovada para uso em 1978. Desde então, a busca por 

outros metalofármacos tem sido um importante campo de investigação em Química Bioinorgânica e 

Medicinal. 

Nesta Tese, complexos metálicos com ligantes bioativos foram sintetizados, caracterizados e 

investigados quanto às suas atividades antiproliferativas sobre um painel de células tumorais. Na 

primeira parte da Tese são apresentados cinco complexos metálicos de Ag(I), Au(I), Pd(II) e Pt(II) com 

derivados de uracila como ligantes: os complexos de prata, paládio e platina com 5-fluorouracil (Ag-

5fu, Pd-5fu e Pt-5fu, respectivamente), o complexo de ouro com 2-tiouracil (Ph3P-Au-tuH) e o complexo 

de prata com 2,4-ditiouracil ([Ag2(dtu)]). O complexo Ag-5fu apresentou o melhor perfil 

antiproliferativo entre os complexos com 5-fluorouracil enquanto o complexo Ph3P-Au-tuH foi o que 

apresentou os melhores resultados dentre os complexos metálicos com tiouracilas. Os complexos Ag-

5fu e Ph3P-Au-tuH tiveram seus mecanismos de morte celular investigados em linhagens celulares 

específicas, sendo capazes de promover a parada do ciclo celular na fase G1, inibir a formação de 

colônias e promover a morte celular programada. 

A segunda parte desta Tese trata de tiossemicarbazonas, que são uma classe importante de agentes 

quelantes de metais também investigados como potenciais fármacos com ação sobre células tumorais. 

A COTI-2 é uma nova tiossemicarbazona desenvolvida pela Cotinga Pharmaceuticals, que está em 

ensaios clínicos de fase I. A COTI-2 e derivados da COTI-2, bem como os primeiros complexos 

metálicos de Fe(III), Cu(II) e Zn(II) com COTI-2 foram sintetizados e caracterizados por análises 

químicas e espectroscópicas. Todos os compostos tiveram suas atividades citotóxicas avaliadas in vitro 

sobre a linhagem tumoral SW480 (colorretal) e linhagens quimiorresistentes derivadas da SW480 (por 

exemplo a SW480/COTI que é resistente a COTI-2). A linhagem SW480/COTI foi sensível ao derivado 

N4-terminal dimetilado (COTI-NMe2) e o complexo de cobre(II) (Cu-COTI-2) apresentou os melhores 

resultados dentre os complexos metálicos, sendo mais ativo do que o ligante livre sobre as linhagens 

SW480 e SW480/COTI nas mesmas condições experimentais. 

 

 

 

 



 
 

Abstract 

Cancer is the second leading cause of deaths worldwide, with over 18 million new cases reported in 

2018, with about 9.5 million deaths. Antineoplastic chemotherapy is the type of treatment in which drugs 

are used to slow or stop the growth of cancer cells, or even kill them. The use of metallodrugs in cancer 

chemotherapy began with the discovery of the cytotoxic properties of cisplatin, which was approved for 

use in 1978. Since then, the search for other metallodrugs has been an important field of investigation 

in Bioinorganic and Medicinal Chemistry. 

In this Thesis, metal complexes with bioactive ligands were synthesized, characterized, and investigated 

concerning their antiproliferative activities over a panel of tumor cells. The first part of the Thesis 

presents five metal complexes of Ag(I), Au(I), Pd(II) and Pt(II) with uracil derivatives as ligands: the 

silver, palladium and platinum complexes with 5-fluorouracil (named Ag-5fu, Pd-5fu and Pt-5fu, 

respectively), the gold complex with 2-thiouracil (Ph3P-Au-tuH) and the silver complex with 2,4-

dithiouracil ([Ag2(dtu)]). The Ag-5fu complex presented the best antiproliferative profile among the 

complexes with 5-fluorouracil, and the Ph3P-Au-tuH complex presented the best results for the metal 

complexes with thiouracils. The Ag-5fu and Ph3P-Au-tuH complexes had their cell death mechanisms 

investigated in specific cell lines, being able to promote G1 phase arrest of the cell cycle, to inhibit 

colony formation, and promoted regulated cell death. 

The second part of this Thesis deals with thiosemicarbazones, which are an important class of metal 

chelating agents also investigated as potential drugs that can act on tumor cells. COTI-2 is a novel 

thiosemicarbazone developed by Cotinga Pharmaceuticals, which is currently in phase-I clinical trials. 

COTI-2 and COTI-derivatives, as well as the first metal complexes of Fe(III), Cu(II), and Zn(II) with 

COTI-2 were synthesized and characterized by chemical and spectroscopic techniques. All compounds 

had their cytotoxic activities evaluated in vitro over the SW480 (colorectal) tumor cell line, and SW480 

chemoresistant lines (for example SW480/COTI, which is resistant to COTI-2). The SW480/COTI line 

was sensitive to the dimethylated N4-terminal COTI-derivative (COTI-NMe2), and the copper(II) 

complex presented the best results among the metal complexes, being more active than the free ligand 

over the SW480 and SW480/COTI lines under the same experimental conditions. 
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COTI-Nchexyl – N-cyclohexyl-2-(6,7-dihydroquinolin-8(5H)-ylidene)-N-methylhydrazine-1-
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CP/MAS – Cross-polarization magic angle spinning 

Cu-COTI-2 – Copper(II) complex with COTI-2 
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DMF – Dimethylformamide 

DMSO - Dimethyl sulfoxide 

DPBS – Dulbecco’s phosphate buffered saline 
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FDA – U.S. Food and Drug Administration 
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GI50 – Concentration that inhibits 50% cell growth 

GSH – Glutathione 

HMG – High mobility group (protein) 

IC50 – Half minimal inhibitory concentration (inhibition of a biological process or component by 50%) 

IR – Infrared spectroscopy 

MRP – Mismatch repair proteins 

MS – Mass spectrometry 

MTT – 3-(4,5-Dimethylthiazole-2-yl)-2,5-diphenyltetrazolium 

NMR – Nuclear magnetic spectroscopy 

Pd-5fu – Palladium(II) complex with 5-fluorouracil 

PE – Platting efficiency 

P-gp – P-glycoprotein 

Ph3P or PPh3 – Triphenylphosphine 

Ph3P-Au-Cl – Chlorido(triphenylphosphine)gold(I) complex 

Ph3P-Au-tuH – Thiouracilato(triphenylphosphine)gold(I) or gold(I) complex with 2-thiouracil 

pIRES – Internal ribosome entry site plasmid 

PS – Phosphatidylserine 

Pt-5fu – Platinum(II) complex with 5-fluorouracil 

RA – Rheumatoid arthritis 

Rh123 – Rhodamine-123 

ROS – Reactive oxygen species 

RPMI – Roswell Park Memorial Institute; medium for cell culture 

RR – Ribonucleotide reductase 

SD – Standard deviation 



 
 

SI – Selectivity index 

SYBR Green – Nucleic acid electrophoresis stain: N',N'-dimethyl-N-[4-[(E)-(3-methyl-1,3-

benzothiazol-2-ylidene)methyl]-1-phenylquinolin-1-ium-2-yl]-N-propylpropane-1,3-diamine.  

TGI – Total growth inhibition; concentration that inhibits 100% cell growth 

TrxR – Thioredoxin reductase 

TSC – α-(N)-Heterocyclic thiosemicarbazone 

tuH – Deprotonated 2-thiouracil 

tuH2 – 2-Thiouracil 

WHO – World Health Organization 

Zn-COTI-2 – Zinc(II) complex with COTI-2 

 

Human tumor cell lines: 

U251 (glioma); MCF-7 (breast); NCI-ADR/RES (multidrug resistant ovarian); 786-0 (kidney); NCI-

H460 (lung, non-small cells); PC-3 (prostate); OVCAR-3 (ovarian); OVCAR-8 (ovarian); HT29 (colon 

adenocarcinoma); K562 (chronic myeloid leukemia); SW480 (colorectal adenocarcinoma); SW480/tria 

(colorectal, Triapine resistant); SW480/COTI (colorectal, COTI-2 resistant) 

 

Non-tumor human line: 

HaCat (immortal keratinocyte) 
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General Introduction 

 

What is cancer? 

 Cancer is the name given to a series of diseases which have in common the rapid, abnormal, and 

uncontrolled growth of cells at any part of the body, which can spread into surrounding tissues [1]. 

Normally, cells grow and divide to form new cells in a controlled way, and when cells get old or 

damaged, they die, giving place to new cells. However, it can happen that cells become abnormal or 

damaged, and survive. Consequently, if these cells survive, they divide and create more abnormal or 

damaged cells that are not needed. This is the developing of cancer, and if these cells continue to 

multiplicate without stopping they form what is called a cancerous tumor [2]. Also, the different types 

of cancer can be differentiated by the tissue of origin of the cancerous cell, the multiplication speed of 

the cell, the capacity to invade surrounding tissues or to spread throughout the body (as known as 

metastasis), and the formation of solid tumors (which are masses of tissue) or not. For example, cancers 

of the blood (as leukemia) do not form solid tumors [1,2]. 

 

Causes of cancer and risk factors 

 Cancer is a genetic disease; it is caused by alterations in the genes (sequences of the DNA). 

More specifically, it is caused by the mutation (activation) of proto-oncogenes or by the mutation 

(inactivation) of tumor suppressor genes [3]. The development of the disease can have a hereditary factor 

involved or not, normally occurring due to ageing (because ageing means that cells have had more cell 

cycles, so the probability of a mutation is higher). However, there are many environmental exposures 

which can lead to cancer, which are called risk factors [2,4]. In fact, 80% to 90% of cancer cases are 

related to external causes rather than to heredity [5]. For example, tobacco smoke (even secondhand) 

[6], alcohol consumption, obesity, exposure to radiation (as ultra-violet radiation from sunlight [7]), and 

infectious agents (hepatitis, papillomaviruses, HIV [8,9]) are common risk factors. 

Usually it is not possible to know the reason why some people develop cancer and others do not, 

however risk factors increase the chances of developing the disease [10], because the exposure to risk 

factors increases the chances of acquiring mutations in the genes. In this way, protective factors, that is, 

factors that are linked to a lower risk of cancer, as a healthy diet, being physically active, avoid smoking, 

among others, are ways of preventing cancer. However, it does not mean that one will not develop the 

disease, it just diminishes the risks. As an example, quitting smoking can avoid more than 60% of the 

risk of developing lung cancer [6]. 
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Cancer statistics worldwide and in Brazil 

In 2018 more than 18 million new cases were reported worldwide, with about 9.5 million deaths, 

according to the International Agency for Research on Cancer, from World Health Organization (WHO). 

Lung and breast cancers are the most diagnosed (about 2 million cases each), followed by colorectal 

(1.8 million cases), prostate (1.2 million cases), stomach (1 million cases) and liver (841 thousand cases). 

Lung cancer takes first place in mortality (1.7 million deaths), followed by colorectal (880 thousand 

deaths), stomach (762 thousand deaths), liver (781 thousand deaths) and breast (626 thousand deaths) 

cancers. Incidence and mortalities are higher in Asia and Europe, followed by North America, Latin 

America, Africa and Oceania [11]. 

In Brazil 559 thousand cancer cases were reported in 2018, with 243.5 thousand deaths 

(International Agency for Research on Cancer, WHO). Breast and prostate cancer represent 30% of new 

cases (about 85 thousand cases each), followed by colorectal, lung and thyroid cancers. In males, 

prostate cancer leads the number of new cases in 30.5%, followed by colorectal (8.9%), lung (6.9%), 

stomach (4.4%) and bladder (3.3%) cancers. For females breast cancer is in first place, representing 

30.5% of new cases, followed by colorectal (9.6%), thyroid (6%), cervix uteri (5.8%) and lung (5.5%) 

cancers [12]. Considering mortality, for both genders lung cancer leads with 14.6% of deaths, followed 

by breast (8.4%) and prostate (7.7%) cancers. Data from Brazil’s National Cancer Institute (2015) state 

that in males lung cancer is in first place of deaths (14.0%), followed by prostate (13.4%), colorectal 

(8.0%) and stomach (8.0%) cancers. For females breast cancer is in first place of deaths (16.1%), 

followed by lung (11.4%), colorectal (9.3%) and cervix uteri (6.2%) cancers [13]. 

 

History of cancer 

The oldest description of what could be considered as cancer was discovered in Egypt, dating 

back to 3000 BC. It is part of an ancient Egyptian textbook, which describes tumors or ulcers of the 

breast that were removed by cauterization. The writing says that the disease had no treatment. 

Nevertheless, the origin of the word “cancer” was coined much latter, being credited to the Greek 

physician Hippocrates (460-370 BC). In Greek, the word carcinos and carcinoma refers to a crab, which 

was applied to describe the disease, because the finger-like spreading projections from the tumor 

reminded the shape of a crab. Afterwards, the Greek expressions were translated to cancer, the Latin 

word for crab [14]. 

There are many old theories about cancer. Hippocrates himself believed that the body contained 

different body fluids, and an imbalance of these fluids would result in disease. The excess of one of the 

fluids in a particular organ site was thought to cause cancer. This theory was standard through the Middle 

Ages for over 1300 years. As autopsies were forbidden for religious reasons, not much was known about 
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cancer by that time. Also, until the 18th century scientists believed that cancer was contagious [15]. By 

that time the first autopsies relating patient’s illness to pathologic findings after death were done, what 

led to the foundation of scientific oncology, the study of cancer [16]. Also, with the development of 

anesthesia a century later, surgery was applied to “cure” cancer, and it was possible to correlate 

microscopic pathology (with the use of modern microscope) to illness [17]. It was only by the middle of 

the 20th century that scientists began to solve the complex problems of chemistry and biology behind 

cancer, and surgeons developed new methods for cancer treatment by combining surgery with 

chemotherapy and/or radiation [15]. The publication of Hanahan and Weinberg “The Hallmarks of 

Cancer” in the year 2000 was the breakthrough for a better understanding of the mechanisms of the 

disease [18,19].  

 

Cancer treatment and chemotherapy 

 There are many kinds of cancer treatment, and each treatment depends on the type of cancer and 

on how advanced it is. In general, most ill people receive a combination of treatments. Common 

treatments are surgery, radiation therapy, chemotherapy, targeted-therapy and immunotherapy [20]. In 

this Thesis the focus will be on chemotherapy. 

 The term “chemotherapy” was coined by Paul Ehrlich by the 1900s and is defined as “the use 

of chemicals to treat diseases” [21]. Chemotherapy is the type of cancer treatment that uses drugs to 

slow or stop the growth of cancer cells, or even kill them. It is interesting that until the middle of the 

20th century there was a lot of skepticism surrounding the clinical usefulness of chemotherapy for cancer 

treatment, because no one knew whether drugs caused more harm than good. It was only with 

combination therapy, that is, using more than one drug in treatment, that the concept of cure using 

chemotherapy in earlier stages of cancer was accepted [21]. 

Chemotherapeutic drugs can be administered orally, intravenously or topically. The first two 

delivery methods are systemic, that is, the drug goes through the bloodstream and throughout the body, 

while for the last method the drug is directed to a specific area of the body [22]. The first cures were 

obtained with systemic chemotherapy to treat leukemia, the cancer of the blood, by the 1960s [21,23]. 

 

Different types of chemotherapeutic agents 

 The idea of using toxic drugs for cancer therapy was inspired by the usage of nitrogen mustard 

during the World Wars [21,23]. Various DNA alkylating agents were then developed based on nitrogen 

mustard, however difficulty in administration and acute side effects such as nausea, vomiting and bone 

marrow suppression delayed the use of these drugs [24]. Folic acid antagonists were also synthesized by 
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the same time, based on experiments which showed that the administration of folic acid would accelerate 

tumor growth. Methrotrexate, a folate antagonist which is an anticancer drug used until nowadays in 

clinics was discovered by the 1950s [21,24]. After the first consistent successes of chemotherapy in the 

1960s, several efforts were made to identify new treatments for cancer from 1970s onwards. In this way, 

several new classes of drugs were identified, such as anthracyclines, vinca alkaloids, and platinum drugs 

(which will be further explored in this Thesis) [24]. 

 All cytotoxic chemotherapeutic agents exert their effect by disrupting the cell cycle by one or 

more processes. They cause cell death by apoptosis, either by directly interfering with DNA, or by 

targeting key proteins required for cell division. Unfortunately, they are also cytotoxic for normal cells, 

particularly to those with a high turnover, such as bone marrow and mucous membranes (mouth and 

intestine). Thus, chemotherapeutic drugs can be classified by their cell cycle effects, or by their 

biochemical properties. The ones which belong to the same biochemical class present a similar 

mechanism of action [25]. Table 1 shows the biochemical classification of chemotherapeutic drugs. 

 

Table 1. Biochemical classification of chemotherapeutic drugs (adapted from the reference [25]). 

Drug class Mechanism of action Examples 

Alkylating agents Impair cell function by forming 

covalent bonds in proteins, DNA, 

and RNA. 

Platinum compounds 

(cisplatin, carboplatin, 

oxaliplatin); 

 

Nitrogen mustards 

(chlorambucil, melphalan); 

 

Oxazophosphorines 

(cyclophosphamide, 

ifosfamide). 

Anti-metabolites Structural analogues of 

metabolites involved in DNA 

and RNA synthesis. May 

substitute a metabolite that is 

normally incorporated into DNA 

or RNA, or compete for the 

catalytic site of an enzyme. 

Pyridimide analogues 

(gemcitabine, 5-fluorouracil, 

capecitabine); 

 

Anti-folates (methotrexate, 

raltitrexed). 

Anti-tumour antibiotics Intercalate DNA at specific 

sequences, creating free radicals 

which cause strand breakage. 

Anthracyclines* 

(doxorubicin, epirubicin), 

bleomycin, mitoxantrone. 
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Drug class Mechanism of action Examples 

Topoisomerase inhibitors Topoisomerase I and II are 

enzymes responsible for the 

uncoiling of DNA during 

replication. These enzymes are 

required for DNA synthesis to 

occur. 

Irinotecan, topotecan 

(topoisomerase I inhibitors); 

 

Etoposide, teniposide 

(topoisomerase II inhibitor). 

Tubulin-binding drugs Prevent the formation of 

microtubule, which is important 

during mitosis, but also 

important for cell shape, and 

intracellular transport. 

Vinca alkaloids 

(vincristine, vinorelbine, 

vinblastine); 

 

Taxanes** (paclitaxel, 

docetaxel). 

Growth factor antagonists Block signal transduction 

pathways implicated in 

proliferation and survival of 

tumor cells. 

Gefitinib (tyrosine kinase 

inhibitor, targets the 

intracellular domain of the 

epidermal growth factor 

receptor - EGFR). 

Monoclonal antibodies Target specific proteins from 

tumors (targeted therapy). 

Herceptin (targets Her-2/neu 

positive breast cancer); 

 

Bevacizumab (blocks 

VEGF***, inhibiting 

angiogenesis). 

*Anthracyclines also have mechanism of action of topoisomerase I and II. 

**Taxanes also prevent the disassembly of microtubules, inhibiting its normal functioning. 

*** VEGF: Vascular Endothelial Growth Factor 

 

Resistance to chemotherapeutic agents  

Unfortunately, resistance to chemotherapy is one of the main reasons for treatment failure. After 

some chemotherapy sessions, the tumor cells can become resistant to drugs by a combination of different 

mechanisms, such as: (adapted from the reference [25]) 

1. Reduced delivery to the cell: as tumors grow they do not need much blood supply, so being 

further away from the blood stream they are exposed to lower concentrations of drug; 
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2. Decreased drug uptake: tumor cells can modify the structure or function of proteins involved 

in drug transport, affecting the amount of drug reaching the target. For example, a defective 

reduced folate carrier system confers resistance to methotrexate; 

 

3. Decreased drug activation: many chemotherapeutic drugs require metabolic activation. For 

example, carboxylesterase is responsible for the conversion of irinotecan to its active 

metabolite SN-38, and reduced enzyme expression may cause resistance (the drug is not 

converted to its active form); 

 

4. Increased drug efflux: presence of transport proteins that actively pump drugs out of cells. 

For example, MDR-1 (multi-drug resistance) gene, which codes for a trans-membrane P-

glycoprotein that correlates with resistance when it is overexpressed; 

 

5. Alteration in target protein: when a compound is designed to target a specific enzyme 

resistance can occur when the cell mutates the enzyme. It continues functioning; however, 

the drug has no affinity to the target; 

 

6. Increased DNA repair: overexpression of genes involved in DNA repair can inactivate the 

effects of DNA binders, such as platinum compounds; 

 

7. Inhibition of apoptosis, reducing cell kill; 

 

8. Increased drug metabolism and detoxification. 

 

Even though combination therapy reduces the chances of resistance by using compounds with 

different mechanisms of action, allowing additive of synergistic effects, toxicity plays a key role, and 

the absence of alternative results in the cessation of the therapy [25]. In this way, the search for new and 

improved chemotherapeutic compounds is of high interest. One recent example are targeted therapies, 

which can inhibit specific molecular targets implicated in cancer or single oncogenic drivers, rather than 

affecting cell division or DNA synthesis. Examples are small molecule inhibitors (as kinase inhibitors), 

monoclonal antibodies, and immunotherapeutics [26].  The last ones will not be discussed in detail here. 

This work has its focus on anticancer compounds in Medicinal Inorganic Chemistry, which can 

be divided into two categories: (1) drugs that target metal ions in some form, and (2) metal-based drugs 

where the central metal ion is essential to the clinical application [27]. The first part of this Thesis will 

deal with the development of anticancer metal-based drugs, while the second part will be on novel 

anticancer drugs that target metal ions. Data from the first part of the Thesis was published in the 

following journals: Journal of Fluorine Chemistry 195 (2017) 93-101, Journal of Molecular Structure 

1178 (2019) 169-178, and Toxicology In Vitro 60 (2019) 359-368. 
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PART 1: Metal complexes with uracil derivatives 

 

Introduction 

Metal compounds in cancer treatment 

 The vast majority of drugs in the market are organic (non-metal containing) substances, but there 

has been a great interest in the development of metal complexes as drugs or diagnostic agents. Based on 

the wide spectrum of coordination numbers and geometries, as well as kinetics properties, metal 

compounds offer mechanisms of drug action which cannot be achieved by organic compounds [28]. 

Also, therapeutic potentials of metal-based compounds date to ancient times. For example, arsenic 

trioxide was used as an antiseptic, in the treatment of rheumatoid diseases, syphilis and psoriasis by the 

Chinese, and was among the first compounds suggested for use in the treatment of leukemia during 18th 

and 19th centuries. Considering other therapeutic uses of metals, gold and copper were used by ancient 

Egyptians and Chinese in the treatment of syphilis [29], and copper was also used to sterilize water 

[30,31]. Silver was used by ancient Greeks and Romans to keep beverages pure for long periods [1], 

while in the middle ages it was applied in the treatment of skin wounds and burns [32]. 

 

Platinum compounds  

Platinum complexes are widely used as anticancer compounds in the clinics. As a matter of fact, 

50-70% of all chemotherapeutic treatments use a platinum compound [33,34], showing the importance 

of these metallodrugs in cancer chemotherapy. The discovery of the antiproliferative activities of 

cisplatin (cis-diamminedichloridoplatinum(II), [PtCl2(NH3)2], Figure 1a) by Rosenberg and co-workers 

can be considered the starting point of the use of metal complexes in cancer treatment [35]. Cisplatin 

was synthesized by Peyrone in 1844 and had its structure elucidated by Werner in 1893, however only 

in the 1960s its biological properties were observed [36]. While studying the effects of an electric field 

over Escherichia coli bacterial strain it was observed that the bacteria stopped to replicate. After 

investigating the reason of the replication cease it was found that platinum compounds were being 

generated by the platinum electrode and the ions in solution, and cisplatin was the main compound 

responsible for ceasing bacterial growth [37]. This led to the investigation of cisplatin in tumors (animal 

models) [38], which showed a great anticancer potential, and cisplatin was approved for clinical use by 

the FDA in 1978 [39]. 

 Cisplatin exerts its mechanism of cytotoxic action by covalently binding to DNA. When 

intravenously administered cisplatin interacts with plasma proteins (human serum albumin, hemoglobin, 
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transferrin) and is widely distributed into body fluids and tissues. It enters the cell by passive transport 

or by active protein-mediated transport systems, such as copper transport proteins. In the cytoplasm 

cisplatin is hydrolyzed, losing the chlorido ligands, allowing the binding to DNA bases, especially to 

N7-guanidine residues of DNA [40]. Cisplatin, due to its cis conformation, forms mostly intrastrand 

adducts with DNA, causing torsions in the biomolecule’s structure, what triggers programmed cell death 

by recognition of specific proteins as DNA-mismatch repair proteins (MRP) [41] and high-mobility 

group proteins (HMG) [42,43]. 

The trans-isomer, trans-diamminedichloridoplatinum(II) (transplatin), was also evaluated and 

appeared not to be therapeutically active. It forms mostly monofunctional adducts with DNA, which 

makes it easier to be deactivated by glutathione (GSH), for example, stressing the need for a cis-oriented 

geometry capable of bifunctional DNA binding and effective antitumor action. However, platinum 

compounds present many side effects, because platinum(II), being a soft Lewis acid, also binds to 

cysteine residues of proteins all over the body and, in special, glutathione and metallothionein inside the 

cell. Therefore, dosage is limited by general toxicity. Side effects include nausea, vomiting, loss of 

sensation in the extremities and nephrotoxicity [34]. 

 Considering dosage limiting due to general toxicity of cisplatin and knowledge about ligand 

substitution in coordination chemistry, carboplatin was created. Carboplatin (cis-

diammine(cyclobutane-1,1-dicarboxylate-O,O')platinum(II), [Pt(C6H6O4)(NH3)2], Figure 1b) is 

considered a second generation of cisplatin, in which the chlorido ligands are replaced by the 1,1-

cyclobutanedicarboxylato anion, a bidentate ligand. The hypothesis was that a more kinetically stable 

leaving group would lower the toxicity without affecting the antitumor efficacy, what turned out to be 

correct. Carboplatin is less toxic to the gastrointestinal tract, less neurotoxic and does not cause 

nephrotoxicity. However, other side effects as myelosuppression occur [44]. Even though, higher doses 

can be administered when compared to cisplatin. 

 Although carboplatin is less toxic than cisplatin because of differences in ligand exchange 

kinetics, both cause the same torsion to the DNA molecule [45], therefore having the same mechanism 

of action and presenting the same resistance patterns, because of the same cellular recognition. Examples 

of resistance factors would include efflux pumps, DNA repair systems, anti-apoptotic factors, deficient 

drug uptake, among others [46]. The resistance factors are cell line dependent; for example, cells that 

are deficient in DNA repair systems are more sensitive to cisplatin [47]. Also, cells deficient in MRP 

(mismatch repair proteins) and HMG (high mobility group) proteins are resistant to cisplatin, because 

the DNA torsion is not recognized and cell death is not triggered [48,49]. In this way, a hypothesis would 

be that different DNA torsions would cause different cell recognition and, therefore, different cellular 

responses. Oxaliplatin ([(1R,2R)-Cyclohexane-1,2-diamine](ethanedioato-O,O')platinum(II), 

[Pt(C2O4)(C6H14N2)], Figure 1c) is the third generation of cisplatin, in which the amino ligands are 

substituted by a diaminocyclohexane (DACH) and the chlorido ligands are substituted by an oxalato 
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anion. Interestingly, oxaliplatin showed a different pattern of sensitivity to that of cisplatin and 

carboplatin in in vitro tests. Moreover, the cellular accumulation seems to be less dependent on copper 

transporters and MRP do not recognize oxaliplatin-induced DNA adducts. This showed that the 

differences in the DNA intrastrand crosslinks formed by oxaliplatin retains its activity over some cancer 

cells with acquired resistance to cisplatin [44,49]. 

 

Figure 1. Structures of (a) cisplatin, (b) carboplatin, and (c) oxaliplatin. 

 

The understanding of the mechanisms of action of these compounds and the structure-activity 

relationships led to the development of many platinum(II) compounds for the treatment of cancer. 

However, only cisplatin, carboplatin and oxaliplatin are the ones approved worldwide for clinical use. 

Nedaplatin, heptaplatin, and lobaplatin are approved for use only in Japan, South Korea, and China, 

respectively. Many other platinum(II) compounds have been evaluated considering other strategies, as 

trans-geometry complexes with bulky ligands, which form mostly monoadducts with DNA and avoid 

deactivation by metallothioneins and GSH [50–52]. In addition, polynuclear platinum(II) complexes 

were developed, which present different DNA-adduct formation [53–55], therefore resulting in different 

cellular responses and differentiated cytotoxicity. Platinum(IV) compounds were developed as pro-

drugs, in which the intracellular reduction leads to the counter platinum(II) complex, which presents the 

known mechanisms of action. Nevertheless, platinum(IV) compounds are more lipophilic, what 

enhances the drug uptake, and they also suffer less deactivation by GSH and metallothioneins [56–58]. 

Also, these compounds can have linkers to target cancer cells, or bioactive linkers which can be 

intracellularly released and have an additive effect to the platinum(II) compound [59,60]. 

 

Other metals envisaged for cancer treatment 

Cisplatin is the center of metal-based compounds as anticancer drugs in the modern era [29]. 

However, the acquired or intrinsic resistance of some tumors and the side effects of platinum compounds 

are major drawbacks. There is a need for new approaches to circumvent these drawbacks [61]. In this 

way, other metal ions have been explored, considering that metal centers display various oxidation states 

and coordination numbers, as well as geometry diversity, kinetics and thermodynamics features that lead 

to multi-target agents [62]. For platinum compounds DNA is the main target, and other metal-based 
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compounds are known to present novel modes of DNA binding, which are considered “classical non-

platinum metal compounds”. On the other hand, other metal-based compounds can have proteins and 

enzymes as targets, which are considered “non-classical metal compounds” [61]. Other metal ions, some 

used in this work, and others that are very important considering Medicinal Inorganic Chemistry, in spite 

of platinum(II), are described next. 

 

Palladium 

Due to geometric similarities between Pt(II) and Pd(II) coordination compounds, palladium(II) 

complexes have been studied as anticancer drugs, although the chemistry concerning both metals is quite 

different. The aquation and ligand-exchange rates of palladium(II) complexes are about 105 times faster 

when compared to the platinum(II) counterparts, and the first present in general a better solubility. Most 

of the palladium-based compounds can be considered as classical non-platinum, because, in general, 

they have the DNA as the main target. Therefore, some palladium(II) complexes may have potential for 

cancer therapy [63], by tuning the substitution lability using steric and electronic effects of ligands [64]. 

In general, higher activity can be achieved using bulkier ligands (as bipyridine or phenanthroline, for 

example) that hand in a lower reactivity towards GSH, also being able to cause a greater distortion in 

DNA as consequence of palladium-DNA binding [65,66]. 

Nevertheless, there are also palladium(II) candidates which can be considered as non-classical 

metal compounds. As for an example of a palladium(II) compound evaluated in clinical trials, 

padeliporfin (Figure 2) is a photosensitizer based on a Pd(II) center, evaluated for photodynamic therapy 

of prostate cancer [67]. It is a water-soluble compound which is activated locally by the use of low-

power laser light, causing the induction of reactive oxygen species (ROS) [68]. 

  

Figure 2. Structure of padeliporfin. 
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Ruthenium 

Although not explored in this work, ruthenium compounds were the first non-platinum 

candidates to reach clinical trials and, therefore, it is important to cite them here. The biological activity 

of ruthenium ions was first examined by Dwyer et al. in the 1950s [69]. Ruthenium complexes are 

among the most studied non-platinum metal compounds with anticancer activities [70], and NAMI-A 

(imidazolium trans-tetrachlorido-(dimethylsulfoxide)imidazole-ruthenate(III), Figure 3a) was the first 

non-platinum candidate to reach clinical trials [71], followed by KP1019 (trans-tetrachloridobis-(1H-

indazole)ruthenate(III), Figure 3b) and its sodium salt KP1339 (Figure 3c) [72]. When compared to 

platinum drugs, these ruthenium(III) compounds present fewer and less side effects. The reduced 

toxicity is attributed, in part, to the ability of Ru(III) to mimic iron binding to serum protein, so these 

compounds possess high affinity to cancer cells with transferrin receptors, increasing the amount that 

reaches cancer cells when compared to healthy cells [29,34]. Also, these compounds do not target 

primarily the DNA, although they present DNA interactions. KP1019, for example, reacts with DNA 

and induces apoptosis via the intrinsic mitochondrial pathway, being accumulated mainly in cell nucleus 

[40]. 

 

Figure 3. Structures of (a) NAMI-A, (b) KP1019, and (c) KP1339. 

 

The activity of these ruthenium(III) compounds is based on the principle “activation by 

reduction”, that is, Ru(III) can be reduced to Ru(II) and then re-oxidized in the cellular environment 

[70]. This leads to the disturbance of redox homeostasis, leading to the generation of ROS. Also, the 

reaction with GSH can induce depletion of the intracellular GSH pools, which renders cells more 

susceptible to endogenous and exogenous oxidative stress [73]. Therefore, both DNA and protein 

interactions are discussed to be responsible for the anticancer activity of ruthenium drugs [74]. 
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Gold 

 About 3500 years ago gold was used in a variety of medicines in Arabia and China, however 

more as a result of its precious nature than of known medicinal properties [75]. The rational use of gold 

in medicine started in the end of the 19th century, when Robert Koch first described the antimicrobial 

activity of K[Au(CN)2] against tuberculosis [76]. Nevertheless, due the severe toxicities of gold cyanide 

compounds, Jacques Forestier identified the biological activities of thiolate gold compounds, which 

were further applied in the treatment of rheumatoid arthritis (RA) [70]. One of the most representative 

drugs of this type is auranofin (Figure 4), an orally administered thiolate phosphine gold(I) coordination 

compound [77]. Auranofin presents a two-coordination linear geometry. Gold(I) compounds can also 

form trigonal three-coordination and tetrahedral four-coordinated complexes [78]. 

 

Figure 4. Structure of auranofin. 

 

 Gold compounds were considered to be used as antitumor agents since RA patients treated with 

auranofin showed unexpectedly low rates of malignancies [40,70]. The mechanism of antitumor action 

of auranofin is not primarily based on DNA interactions, but on the interaction with cellular redox 

processes by targeting mitochondria [70]. One of the major impacts of Au(I) compounds is the inhibition 

of redox enzymes, such as the seleno-enzyme thioredoxin reductase (TrxR). Such enzymes are essential 

to many cellular processes, particularly in maintaining the ROS levels [79].  Elevated concentrations of 

TrxR have been found in human tumor cells and they have been associated with tumor proliferation, and 

the inhibition of TrxR induces mitochondria-dependent apoptosis [40].  Thus, TrxR inhibition and 

disturbance of mitochondrial respiration lead to an increase in the production of ROS, mitochondrial 

swelling, and a decrease in mitochondrial membrane potential, what leads to apoptosis [70]. This 

dissimilar mechanism of action of auranofin, when compared to cisplatin, concedes auranofin a 

contrasted scope of activity, for example by inducing apoptosis in some cisplatin-resistant cell lines [80]. 

This shows that a different mechanism of action can overcome tumor-resistance to some well-

established drugs. 
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 Because of the context of auranofin, gold(I) phosphine compounds have been evaluated as 

potential anticancer agents [77,81–84]. For example, studies have shown that larger and more lipophilic 

substituents of the phosphine enhance the cytotoxicity of the gold compounds [85], while the thiosugar 

moiety, present in auranofin, is not mandatory for its pharmacological action [86]. As mentioned before, 

gold(I) phosphine compounds have mitochondria as the main target [87,88]. 

 Last but not least, gold(III) compounds have also been evaluated as anticancer drugs. Gold(III) 

is isoelectronic and isostructural to Pt(II), forming square-planar four-coordinate complexes, so it is 

expected that the mechanism of action of gold(III) compounds is also based on DNA interactions. 

Indeed, there is a greater affinity of Au(III) when compared to Au(I) to the DNA, and binding can be 

both electrostatic and covalent [70]. However, gold(III) complexes rapidly react and reduce to gold(I) 

under physiological conditions, so the use of multidentate N,N- or N,N,N- donor ligands, such as 

ethylenediamine (en), diethylenediamine (dien), phenathroline (phen), or terpyridine (terpy) are applied 

for stabilization against ligand exchange and reduction [89]. 

 

Silver 

Silver has been extensively employed as an antimicrobial compound in medicinal chemistry. As 

an example, silver-sulfadiazine (Figure 5) is a coordination compound used in the treatment of burns, in 

order to avoid bacterial infections [90,91]. As an antibacterial agent, Ag(I) ions have been shown to 

interact with DNA, to impair essential enzymes, cause cell wall disruption, induce ROS formation and 

cause mitochondrial dysfunctions [92,93]. These interactions with different cellular components show 

that silver(I) compounds could also be evaluated as anticancer agents [94], and could result in multi-

targeted drugs [62]. In fact, silver(I) compounds have been evaluated as anticancer agents in the past 

years, which exhibit interesting cytotoxic activities, as well as a diversity of coordination geometries, 

with O-, N-, S- and P- donor ligands [95–98]. 

 

Figure 5. Structure of silver-sulfadiazine. 
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An advantage of the use of silver in comparison to other metals is its low toxicity towards 

humans, that is, the human body can tolerate the presence of silver in low doses without any toxic effects 

[96]. Also, a phenomenon termed “the zombie effect” was observed in silver-killed bacteria, in which 

the dead bacteria were able to induce death in viable bacteria. The killed bacteria acted as a reservoir of 

silver ions, and when in contact to viable bacteria the ions diffused or migrated towards the new target 

[96,99]. In principle, this could also occur for tumor cells [96], but no studies regarding this phenomenon 

have been reported for cancer cells so far. In fact, very little is reported regarding the mechanism of 

antitumor action of silver compounds, when compared to other metals, such as platinum and gold. Most 

reports on silver compounds focus on the cytotoxicity, and few really dig into the mechanism of action, 

specially comparing the roles of metal and ligand in the biological activity of the complex. It is known 

that the anticancer action of silver compounds differ from that of platinum derivatives in terms of DNA 

interactions. It seems that silver(I) compounds have a mechanism of action more likely to gold(I), having 

mitochondria as target [96,100]. 

One disadvantage of the use of silver compounds is the bioavailability, since Ag(I) ions are 

rapidly precipitated as AgCl or sequestered as Ag-protein complexes. In this way, encapsulation and 

drug delivery of silver compounds is necessary, especially considering that few is reported about in vivo 

testing, what is necessary for the developing of new pre-clinical silver agents [96,101]. 

 

Ligands 

 Despite the metal ion, ligands play a very important role in the biological activity of metal 

coordination compounds. Ligands (from the Latin word ligare, which means “to bind”) are metal-

binding molecules [102]. The concept of Lewis acid/base can be applied, in which the metal ion is a 

Lewis acid, and the ligand is a Lewis base. Ligands are, most often in Medicinal Inorganic Chemistry, 

organic compounds that can tune physical properties of the complex. For example, in the case of 

platinum(II) compounds, carboplatin has a slower ligand exchange rate than cisplatin, what confers the 

first a higher kinetic stability due to the chelating ligand. As another example, considering the use of 

silver(I) compounds in burns, Ag(I) ions are slowly released to the skin when silver-sulfadiazine is used, 

differently from silver nitrate, which results in lower side effects from the first when compared to the 

second. Sulfadiazine in this case acts as a carrier, despite being a sulfonamide with antibacterial activities 

as well. So, in general, ligands can modify reactivity and lipophilicity, stabilize oxidation states, and 

contribute to substitution inertness [102]. 

 One strategy in the development of metal-based anticancer drugs is the combination of a metal 

ion with a biologically active ligand, in which the ligand itself presents some biological activity. This 

strategy is employed in order to enhance the activities of free metal and free ligand, pursuing an additive 
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or synergistic effect. In this way, uracil derivatives were chosen as ligands in this work: 5-fluorouracil, 

2-thiouracil and 2,4-dithiouracil. 

 

5-Fluorouracil 

5-Fluorouracil (5fu or fuH2, C4H3FN2O2, Figure 6) is a fluoropyrimidine analogue to uracil and 

an important fluorine anticancer agent [103]. It acts by misincorporating itself into RNA and DNA, and 

also inhibiting the nucleotide synthetic enzyme thymidylate synthase, leading to DNA damage [104–

106]. Fluorination of nucleosides is an interesting feature, and it is suggested that the fluorine atom in 

5fu may mimic a hydrogen atom and then turn the substrate (uracil) into an inhibitor (5-fluorouracil) 

[107]. 5-Fluorouracil is widely used in the treatment of cancer, particularly for colorectal, breast, and 

aerodigestive tract tumors [104]. In the viewpoint of coordination chemistry, 5-fluorouracil is a versatile 

ligand and its coordination to metal ions may provide interesting effects among the antiproliferative 

activities of the metal ion and the free drug. The first silver(I), palladium(II) and platinum(II) complexes 

with 5-fluorouracil were reported in the literature in the 1970’s [108–110]. At that time, only the 

synthetic route and elemental and potentiometric studies of the obtained complexes were presented. No 

spectroscopic, structural or biological studies were discussed so far. Considering the cited 

circumstances, these compounds were revisited, and the synthesis, characterization, and antiproliferative 

assays of a silver(I) complex, a palladium(II) complex, and a platinum(II) complex with 5-fluorouracil 

are presented [111,112]. Besides, insights into the mechanism of cell death caused by the silver(I) 

complex over ovarian resistant tumor cells are presented as well. 

 

 

Figure 6. Structure of 5-fluorouracil. 
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2-Thiouracil and 2,4-Dithiouracil 

2-Thiouracil (tuH2, C4H4N2OS) is an uracil analog that presents a sulfur atom bound to carbon 

C2 instead of an oxygen atom (Figure 7a). 2-Thiouracil and its analogs are used in the treatment of 

hyperthyroidism [113]. Furthermore, 2,4-dithiouracil (dtuH2, C4H4N2S2) is an analog to 2-thiouracil, 

with a sulfur bound to carbon C4 instead of an oxygen atom (Figure 7b). Uracil derivatives, in general, 

present remarkable biological properties [104], and many metal complexes with these ligands are 

reported in the literature [114–118]. However, despite few cases [119,120], no biological studies were 

studied in deep so far. Here, a gold(I) complex with 2-thiouracil and triphenylphosphine and a silver(I) 

complex with 2,4-dithiouracil are presented, besides the evaluation for the first time of these compounds 

as antiproliferative agents. At last, preliminary studies of the cell death mechanism of the gold(I) 

complex with 2-thiouracil over lung tumor cells was also investigated. 

 

Figure 7. Structures of (a) 2-thiouracil and (b) 2,4-dithiouracil. 
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Objectives 

The objective of the first part of this Thesis was the synthesis, characterization and evaluation 

of the antiproliferative activities of Ag(I), Au(I), Pd(II), and Pt(II) metal complexes with uracil 

derivatives over a panel of tumor cells. The evaluation of the cell death mechanism of some compounds 

over selected cell lines was also envisaged. 
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Materials and Methods 

Starting Materials 

5-Fluorouracil (fuH2 or 5fu), 2-thiouracil (tuH2), 2,4-dithiouracil (dtuH2), silver nitrate 

(AgNO3), potassium tetrachloropalladate(II) (K2[PdCl4]), potassium tetrachloroplatinate(II) (K2[PtCl4]), 

potassium tetrachloroaurate(III) (K[AuCl4]), triphenylphosphine (Ph3P), potassium hydroxide (KOH), 

SYBR green (nucleic acid gel stain) 2′,7′-dichlorofluorescein diacetate and rhodamine-123 were 

purchased from Sigma-Aldrich Laboratories (purity >98%). The 1 Kb Plus DNA Ladder (1.0 μg μL-1) 

was purchased from Invitrogen (Thermo Fischer Scientific). All reagents were used without further 

purification. 

Culture medium RPMI 1640 and fetal bovine serum (FBS) were purchased from Gibco (Grand 

Island, New York, USA). Penicillin/streptomycin (1000 U/mL:1000 l g/mL) and trypsin-EDTA 0.25% 

were purchased from Vitrocell (Campinas, São Paulo, Brazil). Guava Nexin Reagent, Guava 

Multicaspase kit (Caspase Reagent Working Solution, Apoptosis Wash Buffer and Caspase 7-AAD 

Reagent Working Solution) and Guava Cell Cycle Reagent were purchased from Merck-Millipore. 

 

Synthesis of the silver(I) complex with 5-fluorouracil 

The complex was prepared by the reaction of AgNO3 (1.0 mmol, 0.17 g, 1 eq.) with fuH2 (1.0 

mmol, 0.13 g, 1 eq.) and KOH (1.0 mmol, 0.057 g, 1 eq.) in aqueous solution. The final volume of the 

synthesis was 10 mL. After 2 h of vigorous stirring at room temperature, a gelatinous white precipitate 

was obtained. The compound was vacuum filtered and washed with water. The final product was dried 

in desiccator with P2O5. Elemental analysis: Calcd. for [Ag3(C4HFN2O2)(C4H2FN2O2)] (%): C, 16.5 ; H, 

0.52 ; N, 9.6. Found (%): C, 16.8 ; H, 0.38 ; N, 9.6. The complex is slighlty soluble in dimethyl sulfoxide 

(DMSO). It is insoluble in water and in other common organic solvents. This complex will be further 

referred to as Ag-5fu. 

 

Synthesis of the palladium(II) complex with 5-fluorouracil 

This complex was prepared by the reaction of K2[PdCl4] (0.25 mmol, 0.082 g, 1 eq.) with fuH2 

(0.50 mmol, 0.065 g, 2 eq.) and KOH (0.50 mmol, 0.028 g, 2 eq.) in aqueous solution. The final volume 

of the synthesis was 5 mL. After 3 h of stirring at room temperature, a yellow to orange precipitate was 

obtained. The compound was vacuum filtered and washed with water, ethanol and diethyl ether. The 

final product was dried in desiccator with P2O5 and under low pressure. Elemental analysis, flame atomic 

spectroscopy and ICP-OES: Calcd. For K[PdCl(C4H2FN2O2)2]·H2O (%): C, 21.0 ; H, 1.32 ; N, 12.3 ; 
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Pd, 23.3 ; K, 8.5. Found (%): C, 20.7 ; H, 1.39 ; N, 12.8 ; Pd, 22.3 ; K, 6.6. The complex is soluble in 

DMSO and dimethylformamide (DMF), however it decomposes in these solvents. It is slightly soluble 

in methanol. It is insoluble in water and in other common organic solvents. This complex will be further 

referred to as Pd-5fu. 

 

Synthesis of the platinum(II) complex with 5-fluorouracil 

This complex was prepared by the reaction of K2[PtCl4] (0.125 mmol, 0.052 g, 1 eq.) with fuH2 

(0.25 mmol, 0.034 g, 2 eq.) and KOH (0.25 mmol, 0.014 g, 2 eq.) in aqueous solution. The final volume 

of the synthesis was 3 mL. After 2 h of stirring in a water bath (70 °C), a cold mixture of ethanol/ethylic 

ether 1:1 was added to the reaction solution, until the formation of a brownish precipitate. The solid was 

separated by centrifugation and washed with the same ethanol/ethylic ether solvent mixture. The final 

product was dried in desiccator under low pressure. Elemental analysis, flame atomic spectroscopy and 

ICP-OES: Calcd. for K2[PtCl2(C4H2FN2O2)2] (%): C, 15.9 ; H, 0.67 ; N, 9.3 ; Pt, 32.4 ; K, 13.0. Found 

(%): C, 15.9 ; H, 0.69 ; N, 9.0 ; Pt, 30.7 ; K, 10.7. The complex is soluble in water and DMSO, however 

it decomposes in these solvents. It is insoluble in other common organic solvents. This complex will be 

further referred to as Pt-5fu. 

 

Synthesis of the silver(I) complex of 2,4-dithiouracil 

The complex was prepared by the reaction of AgNO3 (0.60 mmol, 0.10 g, 2 eq.) with dtuH2 

(0.30 mmol, 0.044 g, 1 eq.) and KOH (1.0 mmol, 0.045 g, 3.3 eq.) in aqueous solution. The final volume 

of the synthesis was 6 mL. After 1 h of stirring at room temperature, an orange precipitate was obtained. 

The compound was vacuum filtered and washed with water. The final product was dried in desiccator 

with P2O5. Elemental analysis and ICP-OES: Calcd. for [Ag2(C4H2N2S2)] (%): C, 13.4 ; H, 0.56 ; N, 7.8. 

Found (%): C, 13.6 ; H, 0.47 ; N, 7.6. The complex is insoluble in water and in common organic solvents, 

such as methanol, ethanol, acetone, acetonitrile (ACN), dichloromethane, chloroform, DMF and DMSO. 

This complex will be further referred to as [Ag2(dtu)]. 

 

Synthesis of the gold(I) complex with 2-thiouracil 

First, the chlorido(triphenylphosphine)gold(I) complex (Ph3P-Au-Cl) was prepared by adding a 

solution of PPh3 (1.0 mmol, 0.26 g, 2 eq.) in chloroform (1.0 mL) to a solution of K[AuCl4] (0.50 mmol, 

0.19 g, 1 eq.) in ethanol/acetone 1:1 (1.0 mL). After 30 min, the Ph3P-Au-Cl was isolated by filtration 

in a Büchner funnel and washed with ethanol. Further, Ph3P-Au-Cl (0.10 mmol, 0.49 g, 1 eq.) dissolved 

in chloroform (1.0 mL) was added to AgNO3 (0.10 mmol, 0.017 g, 1 eq.) in methanol (1.0 mL), 
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producing AgCl, which was centrifuged and discarded. The (triphenylphosphine)gold(I) supernatant 

was reserved for posterior use as the precursor for the synthesis of the 2-

thiouracilato(triphenylphosphine)gold(I) complex. 

Proceeding with the preparation, tuH2 (0.10 mmol, 0.013 g, 1 eq.) was added to a 25 mL round 

bottom flask with methanol (3.0 mL) and triethylamine (0.50 mL) or ammonium hydroxide (10 drops), 

leading to the 2-thiouracilato (tuH) compound. To this solution the (triphenylphosphine)gold(I) 

supernatant was added, and the mixture was refluxed for 18 h. After concentration by evaporation of the 

solvents, the 2-thiouracilato(triphenylphosphine)gold(I) complex precipitated as a pale-yellow solid. 

The solid was washed with cold methanol and diethyl ether and dried under low pressure. Elemental 

analysis: Calcd. for [Au(C18H15P)(C4H3N2OS)] (%): C, 45.1 ; H, 3.09 ; N, 4.78. Found (%): C, 44.7 ; H, 

2.74 ; N, 4.41. Crystals were obtained from slow evaporation of the mother liquor. The complex is 

soluble in chloroform, acetone and methanol. This complex will be further referred to as Ph3P-Au-tuH. 

 

Equipments 

Chemical analyses: Elemental analyses for carbon, hydrogen and nitrogen were performed using a 

Perkin Elmer 2400 CHNS/O Analyzer. Atomic emission spectrometry measurements were performed 

in a flame photometer model Analyser C-910M (São Paulo, Brazil), kindly done by Professor Fabiana 

C. A. Corbi from FATEC/Campinas (Brazil). Inductively coupled plasma atomic emission spectroscopy 

(ICP-OES) measurements were performed in a Perkin Elmer-Optima 8300 equipment. 

 

Thermogravimetric analyses:  Thermogravimetric analyses were performed in a TA Instruments 2050 

TGA equipment in the following conditions: synthetic air, flow rate of 100 mL min-1, and heating rate 

of 5°C min-1, from 25°C to 1000°C. 

 

Mass spectrometric measurements: Electrospray ionization quadrupole time-of-flight mass 

spectrometric (ESI-QTOF-MS) measurements were carried out in a Waters Synapt HDMS instrument 

(Manchester, UK) in the positive mode for Ag-5fu, Pt-5fu and Ph3P-Au-tuH, while for Pd-5fu it was 

performed in the negative mode. Samples of the complexes were dissolved/suspended in the respective 

solvents (Ag-5fu in DMSO; Pd-5fu in methanol; Pt-5fu in water; Ph3P-Au-tuH in methanol) before being 

further diluted in methanol with 0.1% (v/v) formic acid. Such mixtures were then further diluted 100-

fold in methanol and directly infused into the instruments ESI source.  
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Nuclear magnetic resonance measurements: The 13C and 15N nuclear magnetic resonance (NMR) 

spectra of Ag-5fu, Pd-5fu, Pt-5fu and [Ag2(dtu)] were recorded in the solid state on a Bruker 300 MHz 

spectrometer, using the combination of cross-polarization and magic angle spinning (CP/MAS) at 10 

kHz for both 13C and 15N. For Ph3P-Au-tuH, NMR spectra were recorded in solution. Solution-state 1H 

and 13C NMR of tuH2 and Ph3P-Au-Cl were recorded on a Bruker Avance III 400 MHz. The 1H and 13C 

NMR of Ph3P-Au-tuH were recorded on a Bruker Avance III 500 MHz. 31P NMR of both Au(I) 

complexes were recorded on the Bruker Avance III 500 MHz. Samples of the Au(I) complexes were 

analyzed in CDCl3, while tuH2 was recorded in DMSO-d6, and the chemical shifts were given relative 

to tetramethylsilane (TMS) for 1H and 13C and relative to phosphoric acid for 31P. 

 

Infrared spectroscopy: For 5fu, Ag-5fu, Pd-5fu and Pt-5fu the infrared (IR) spectra were measured in 

KBr pellets using a Bomem MB-Series Model B100 FT-IR spectrophotometer in the range 4000-400 

cm–1 with resolution of 4 cm–1 and 16 scans. For tuH2, dtuH2, Ph3P-Au-tuH and [Ag2(dtu)] IR spectra 

were measured on an Agilent Cary 630 FTIR spectrometer, using the Attenuated Total Reflectance 

(ATR) method with a diamond cell. All spectra were recorded from 4000 to 400 cm−1, with 64 scans 

and resolution of 4 cm−1. 

 

Single crystal X-ray diffraction: The crystal structure of the Ph3P-Au-tuH complex was confirmed by 

single crystal X-ray diffraction on a Bruker APEX II DUO area detector diffractometer, equipped with 

a low-temperature device (Oxford Cryosystems CRYOSTREAM 700). Data were collected at 150 K 

crystal temperature, using Cu Kα radiation (λ = 1.54184 Å; Incoatec microfocus X-ray source), based 

on a strategy combining omega and phi scans, width of 0.5° and acquisition time of 10 s per frame. Cell 

refinement and data reduction were performed using SAINT [121] and multi-scan absorption correction 

was performed with SADABS-2014/5 [121]. The structure was solved by direct methods using 

SHELXTL XT-2014/4 [122] and refined by least-squares methods against F2, using SHELXle [123], 

with all non-hydrogen atoms refined anisotropically and all hydrogen atoms added geometrically. 

 

Antiproliferative assays in vitro 

The antiproliferative activities of Ag-5fu, Pd-5fu and Pt-5fu were investigated on nine human 

tumor cell lines: U251 (glioma), MCF-7 (breast), NCI/ADR-RES (ovarian expressing phenotype of 

multiple drugs resistance), 786-O (kidney), NCI-H460 (lung, non-small cells), PC-3 (prostate), 

OVCAR-03 (ovarian), HT-29 (colon adenocarcinoma) and K-562 (chronic myeloid leukemia)], kindly 

provided by Frederick Cancer Research & Development Center, National Cancer Institute, Frederick, 

MA, USA. The non-tumor cell line HaCat (human keratinocyte) used for cell viability was provided by 
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Dr. Ricardo Della Coletta (University of Campinas-UNICAMP, Brazil). The antiproliferative activities 

of [Ag2(dtu)] and Ph3P-Au-tuH were investigated on eight tumor cell lines and also on HaCat. The same 

cells were used as in the assays for Ag-5fu, Pd-5fu and Pt-5fu, despite the prostate (PC-3) cell line. For 

cell culture maintenance and experiments stock cultures were grown in 5 mL of RPMI-1640 

supplemented with 5% fetal bovine serum (RPMI/FBS 5%) at 37 ºC in 5% CO2 with a 1% 

penicillin:streptomycin mixture (1000 U mL-1) (complete medium). 

The Ag-5fu, Pd-5fu, Pt-5fu, [Ag2(dtu)] and Ph3P-Au-tuH compounds were prepared directly in 

complete medium (5 mg mL-1) and then diluted in the same medium, affording the final concentrations 

of 0.025, 0.25, 2.5 and 25 µg mL-1 for Pd-5fu and Pt-5fu, and 0.25, 2.5, 25 and 250 µg mL-1 for Ag-5fu, 

[Ag2(dtu)] and Ph3P-Au-tuH. Free ligands 5fu, tuH2 and dtuH2, the starting metals K2[PdCl4], K2[PtCl4], 

AgNO3 and Ph3P-Au-Cl (final concentrations of 0.025, 0.25, 2.5 and 25 µg mL-1 for 5fu, Pd(II) and 

Pt(II) salts, and 0.25, 2.5, 25 and 250 µg mL-1 for tuH2, dtuH2, Ag(I) and Au(I), all in complete medium), 

and the chemotherapeutic drugs cisplatin and doxorubicin (final concentrations of 0.025, 0.25, 2.5 and 

25 µg mL-1 in complete medium) were used as controls. 

Cells in 96-well plates (100 µL cells/well, inoculation density: 3.5 to 6.0 x 104 cell mL-1) were 

exposed to different concentrations of sample and controls (100 µL/well) in triplicate, for 48 h at 37 °C 

and 5% of CO2. Before (T0 plate, after 24 h from seeding) and after the sample addition (T1 plates, after 

72 h from seeding), cells were fixed with 50% trichloroacetic acid, washed with water, and cell 

proliferation was determined by the spectrophotometric quantification (540 nm) of cellular protein 

content using the sulforhodamine B assay [124–126]. The GI50 values (concentration that inhibits 50% 

cell growth or cytostatic effect) and TGI values (total growth inhibition, concentration that inhibits 100% 

cell growth or cytotoxic effect) were determined through non-linear regression, type sigmoidal, analyzed 

using Origin 8.0 software [127]. 

 

Gel electrophoresis assay 

For the gel electrophoresis assay, 1.0 mg of a given compound (in this case AgNO3, 5fu or Ag-

5fu) was primarily dissolved in 100 μL of H2O (for AgNO3) or suspended in 100 μL of DMSO (for 5fu 

and Ag-5fu). Then, 10 μL of the solution or suspension containing the respective compounds were mixed 

with 5 μL of pIRES DNA plasmid solution and incubated at 37°C for 1 h. The samples were 

electrophoresed for 10 minutes at 50 V and 1 hour at 100 V using a 0.8% agarose gel matrix in Tris-

Borate-EDTA 0.5x buffer at pH 8.3. After electrophoresis, the gel was stained with 1x SYBR green for 

1 hour and photodocumented using a GelDoc-It Imager [49]. As control pure pIRES DNA plasmid was 

used. A DNA Ladder was used as a weight marker. The pIRES DNA plasmid was kindly provided by 

Professor Marcelo Lancellotti from the Faculty of Pharmaceutical Sciences/UNICAMP, Brazil. 



42 
 

Colony formation assay 

NCI/ADR-RES and NCI-H460 cells were seeded in RPMI-1640 supplemented with 5% FBS 

and 1% penicillin:streptomycin (complete medium) T25 flasks (5x104 cells mL-1 and 4x104 cells mL-1, 

respectively, 5 mL/flask) and incubated at 37 ºC in 5% CO2 to reach ~ 80% confluence. For NCI/ADR-

RES, seven T25 flasks were prepared, being one for each treatment (two concentrations of each sample) 

plus one for untreated cells. Then, cells were treated in the flasks with 5fu (0.75 and 1.5 µg mL-1), 

AgNO3 (0.75 and 1.5 µg mL-1) or Ag-5fu (1.5 and 3.0 µg mL-1) for 24 h. For NCI-H460, five T25 flasks 

were prepared, being one for each treatment (two concentrations of each sample) plus one for untreated 

cells. NCI-H460 cells were treated in the flasks with Ph3P-Au-Cl (5.05 and 10.1 µg mL-1) and Ph3P-Au-

tuH (6.0 and 12.0 µg mL-1) for 24 h. All compounds were prepared in complete medium. 

After trypsinization, each resulting cell suspension was adjusted to 50 or 100 cells mL-1 (NCI-

H460 and NCI/ADR-RES, respectively) and seeded in complete medium in triplicate in 6-well 

microplates (2 mL/well). For NCI/ADR-RES, cells were allowed to grow during 12 days, with complete 

medium being substituted once after the first 5 days. For NCI-H460, cells were allowed to grow during 

6 days, with complete medium being substituted once. At last, for both cell lines, cells were rinsed with 

DPBS (Dulbecco’s phosphate-buffered saline), fixed with methanol/DPBS 1:1 for 2 minutes, and 

afterwards with methanol for 10 minutes. Cells were stained with 0.1% crystal violet for 30 minutes and 

washed with water. Using a light microscope, the number of colonies was counted, considered as one 

grouping with at least 50 cells. Using these results, plating efficiency (PE) and surviving fraction (SF) 

were calculated according to formulas [128]: 

 

𝑃𝐸 = 100 𝑥 
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑓𝑜𝑟𝑚𝑒𝑑 𝑐𝑜𝑙𝑜𝑛𝑖𝑒𝑠

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑒𝑒𝑑𝑒𝑑 𝑐𝑒𝑙𝑙𝑠
 

 

𝑆𝐹 =
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑜𝑙𝑜𝑛𝑖𝑒𝑠 𝑓𝑜𝑟𝑚𝑒𝑑 𝑎𝑓𝑡𝑒𝑟 𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠 𝑠𝑒𝑒𝑑𝑒𝑑 𝑥 𝑃𝐸
 

 

Flow cytometry: cell culture and treatments 

The human tumor cell lines NCI/ADR-RES (ovarian expressing phenotype of multiple drug 

resistance), NCI-H460 (lung, non-small cells) and OVCAR-8 (ovarian) were used. Stock cultures were 

grown in RPMI-1640 supplemented with 5% FBS and 1% penicillin:streptomycin (complete medium) 

at 37 ºC in 5% CO2. These conditions were used both for cell lines maintenance and for experiments. 

The compounds Ag-5fu, 5fu, AgNO3, Ph3P-Au-tuH and Ph3P-Au-Cl were prepared directly in complete 

medium (1.0 mg mL-1) and then diluted in the same medium, affording the final concentrations for each 

experiment. Only for the measurement of intracellular oxidants the compounds were prepared in DPBS 
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and further diluted in this buffer. In all experiments, cells without treatment were used as control. Flow 

cytometry experiments and analysis were performed using Guava EasyCyte Mini Flow Cytometry 

System (Millipore). A total of 5,000 events per replicate were acquired for flow cytometry assays. 

 

Cell cycle arrest 

NCI/ADR-RES (5x104 cells mL-1) and NCI-H460 cells (4x104 cells mL-1) were seeded on 6-

well microplates (2 mL/well) and incubated. After 24 h, cell medium was changed to RPMI-1640 

supplemented with 1% penicillin:streptomycin without FBS and cells were incubated for more 24 h. 

Then, NCI/ADR-RES cells were treated with 5fu (0.37 and 0.75 µg mL-1), AgNO3 (0.37 and 0.75µg 

mL-1) or Ag-5fu (0.75 and 1.5 µg mL-1) for 36 h, while NCI-H460 cells were treated with Ph3P-Au-tuH 

(6.0 and 12.0 µg mL-1) and Ph3P-Au-Cl (5.05 and 10.1 µg mL-1) for 18 h. After trypsinization, cells were 

washed with PBS and fixed with ethanol 70% for at least 12 h. After washing with PBS, each treated or 

untreated cellular pellet was suspended in 200 µL Guava Cell Cycle Reagent, kept in the dark during 20 

min at room temperature and analyzed in the flow cytometer. 

 

Mitochondrial membrane depolarization – Rhodamine-123 assay 

NCI/ADR-RES (6x104 cells mL-1), NCI-H460 (4x104 cells mL-1) and OVCAR-8 cells (6x104 

cells mL-1) were seeded on 12-well microplates (1 mL/well) and incubated for 24 h. Then, NCI/ADR-

RES cells were treated with 5fu (1.5 µg mL-1), AgNO3 (1.5 µg mL-1) or Ag-5fu (3.0 µg mL-1); NCI-

H460 cells were treated with Ph3P-Au-tuH (24.0 µg mL-1) and Ph3P-Au-Cl (20.2 µg mL-1); and OVCAR-

8 cells were treated only with Ag-5fu (3.0 µg mL-1). Cells were incubated (37 °C, 5% CO2) for 1, 2 and 

3 h. Afterwards, cells were trypsinized and Rhodamine-123 (Rh123) solution (1 µg mL-1 solution in 

PBS, 200 µL per cell suspension) was added to cells. After 15 min-incubation (37 °C, 5% CO2, in the 

dark), each cell suspension was centrifuged, washed with PBS to eliminate unincorporated probe and 

suspended in fresh PBS (300 µL per suspension) before injection in the flow cytometer.  

 

Phosphatidylserine externalization – Nexin assay 

NCI/ADR-RES (5x104 cells mL-1) and NCI-H460 (4x104 cells mL-1) cells were seeded on 12-

well microplates (1 mL/well) and incubated for 24 h. Then, NCI/ADR-RES cells were treated with 5fu 

(0.75 and 1.5 µg mL-1), AgNO3 (0.75 and 1.5 µg mL-1) or Ag-5fu (1.5 and 3.0 µg mL-1) for 8 and 24 h, 

while NCI-H460 cells were treated with Ph3P-Au-tuH (12.0 and 24.0 µg mL-1) and Ph3P-Au-Cl (10.1 

and 20.2 µg mL-1) for 24 h.  In a second experiment, NCI/ADR-RES cells were treated with 5fu (1.5 µg 

mL-1), AgNO3 (1.5 µg mL-1) or Ag-5fu (3.0 µg mL-1) for 14 and 18 h, and NCI-H460 cells were treated 

with Ph3P-Au-tuH (24.0 µg mL-1) and Ph3P-Au-Cl (20.2 µg mL-1) for 18 h. After each exposition time 
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cells were harvested with trypsin-EDTA 0.25%, washed with PBS and re-suspended in 100 µL Guava 

Nexin Reagent (Annexin-V PE/7-AAD) for 20 min at room temperature and in the dark before injection 

in the flow cytometer. 

 

Detection of activated caspases 

NCI/ADR-RES (5x104 cells mL-1) and NCI-H460 (4x104 cells mL-1) cells were seeded on 12-

well microplates (1 mL/well) and incubated for 24 h. NCI/ADR-RES cells were then treated with 5fu 

(1.5 µg mL-1), AgNO3 (1.5 µg mL-1) or Ag-5fu (3.0 µg mL-1) and incubated for 17 h, while NCI-H460 

cells were treated with Ph3P-Au-tuH (24.0 µg mL-1) and Ph3P-Au-Cl (20.2 µg mL-1) and incubated for 

18 h. Afterwards, cells were trypsinized, washed with PBS and re-suspended in 10 µL of Guava Caspase 

Reagent Working Solution. After 1h-incubation in the dark at 37 °C and 5% CO2, cells were washed 

with 100 µL 1x Apoptosis Wash Buffer and re-suspended in 200 µL Caspase/7-AAD Reagent Working 

Solution. After 10 min at room temperature in the dark, each cell suspension was analyzed by the flow 

cytometer. 

 

Measurement of intracellular oxidants – DCFH-DA assay 

NCI/ADR-RES cells (6x104 cells mL-1) were seeded on 12-well microplates (1 mL/well) and 

incubated for 24 h. Afterwards, cells were trypsinized and 2′,7′-dichlorofluorescein diacetate (DCFH-

DA) solution (10 µmol L-1 solution in DPBS with 1% DMSO, 100 µL per cell suspension) was added 

to cells followed by 30 min-incubation (37 °C, 5% CO2) in the dark. Then, cells were treated in 

suspension with 5fu (1.5 µg mL-1), AgNO3 (1.5 µg mL-1), Ag-5fu (3.0 µg mL-1) or hydrogen peroxide 

(H2O2, 200 µmol L-1, positive control) and incubated (37 °C, 5% CO2) for 1, 2 or 3 h, before injection 

in the flow cytometer. 

 

Statistical analysis 

Data were expressed as mean ± standard deviation (SD) of at least two independent experiments 

with duplicate or triplicate samples. Statistical analyses were performed using 2-way ANOVA followed 

by Bonferroni test comparing treated cells to untreated ones, and p-values less than 0.05 were regarded 

as significant. For these analyses, the GraphPad Prism 5 software was used. 
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Characterization and antiproliferative assays of Ag(I), Pd(II) and Pt(II) metal 

complexes with 5-fluorouracil 

 

Results and Discussion 

Synthesis 

Metal complexes of Ag(I), Pd(II) and Pt(II) with 5-fluorouracil were first described in the 

literature  by Gel’fman and Kustova in the 1970’s [108–110]. Some of the coordination compounds 

described by these authors were re-prepared and it was possible to compare the results that will be 

presented in this Thesis with the first data previously published by the authors. 

It is important to emphasize that all synthesis here described were performed in alkaline 

medium, by using KOH for deprotonation of the ligand, since 5-fluorouracil contains two heterocyclic 

nitrogen atoms, which may act as Lewis bases to coordinate to metal ions. Gel’fman and Kustova 

described different methodologies to obtain Pd(II), Ag(I) and Pt(II) complexes, in which they obtained 

different compositions for each metal ion, with many of them containing potassium as a counter ion. In 

addition, the authors suggested different charges for the 5-fluorouracil ligand, with one or two nitrogen 

atoms deprotonated (here described as fuH and fu, respectively). Therefore, flame atomic emission 

spectrometric measurements were performed to determine the presence or absence of potassium in the 

compounds here described. 

 

Ag-5fu complex: for the Ag(I) complex, no potassium content was found. Considering this information 

and the results of elemental analysis of carbon, hydrogen and nitrogen, the molar composition 3:2 

metal/ligand was suggested. To maintain electroneutrality, one 5-fluorouracil ligand is supposed to have 

one nitrogen deprotonated (fuH), while the other has both nitrogen atoms deprotonated (fu). Therefore, 

the minimal formula of the complex can be suggested as [Ag3(fu)(fuH)], which is dissimilar from those 

early described by Gel’fman and Kustova [108]. 

 

Pd-5fu complex: for the Pd(II) complex 6.6% of potassium was found. Considering elemental analysis 

of carbon, hydrogen and nitrogen, and ICP-OES results (palladium content), the molar composition 1:2 

metal/ligand was suggested, with one coordinated chlorido ion and one potassium as a counter ion, and 

one hydration water molecule. To maintain electroneutrality, both ligands are supposed to be 

deprotonated (fuH). Therefore, the minimal formula of the complex can be suggested as 

K[PdCl(fuH)2]·H2O, also being dissimilar from those early described by Gel’fman and Kustova [109]. 
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Pt-5fu: for the Pt(II) complex 30.7% of potassium content was found. Considering the elemental 

analysis of carbon, hydrogen and nitrogen, and ICP-OES results (platinum content), the molar 

composition 1:2 metal/ligand was suggested, with two coordinated chlorido ligands and two potassium 

as counter ions. To maintain electroneutrality, both ligands are supposed to be deprotonated (fuH). 

Therefore, the minimal formula of the complex can be suggested as K2[PtCl2(fuH)2], being the only 

coordination compound here described that is similar from one previously reported by Gel’fman and 

Kustova  [110]. 

 

Thermogravimetric analyses 
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Figure 8. Thermogravimetric curves of Ag-5fu (black), Pd-5fu (red), and Pt-5fu (blue). 

 

Figure 8 shows the thermogravimetric curves for Ag-5fu, Pd-5fu, and Pt-5fu. For Ag-5fu, the 

decomposition of the complex starts at 250 °C and continues until 380 °C, with weight loss of 48.0%. 

Such weight loss is attributed to two 5-fluorouracil ligands (anal. calcd. for the loss of fuH and fu, 

44.2%). The final residue of 49.7% was assigned to metallic silver (calcd. 55.7%). 

For Pd-5fu, the complex loses 6.0% of weight until 200 °C, which is consistent with one 

hydration water molecule as proposed by elemental analysis (calcd. 3.9%). Decomposition of the ligand 

starts at 250 °C until 360 °C, with 52.2% weight loss, which is attributed to two 5-fluorouracil ligands. 

In this case, while the ligand decomposes the formation of PdCl2 and K2O is suggested, with the oxygen 

being provided by the ligand (anal. calcd. for the loss of two fuH, 44.2%). At 350 °C there is a residue 
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of 40.1% (suggested formation of PdCl2 and K2O), and from 350 °C to 745 °C there is the decomposition 

of PdCl2 and suggested formation of PdO [129].  

For Pt-5fu, the decomposition of the complex starts at 270 °C and continues until 390 °C with 

weight loss of 36.8%. Such weight loss is attributed to two 5-fluorouracil ligands (anal. calcd. for the 

loss of two fuH, 42.9%). At 390 °C until 770 °C there is a residue of 55.2%, consistent with the suggested 

formation of PtCl2 and K2O (calcd. 59.8%).  

 

Mass spectrometric studies 

High-resolution mass spectrum of the Ag-5fu complex is shown in Figure 9-a. The most 

abundant peak was observed at m/z 580.7721, being consistent with the formation of the 

[Ag3(C4HFN2O2)(C4H2FN2O2)+H]+ ion. The presence of this peak confirmed the 3:2 metal/ligand 

composition as earlier suggested by thermal and elemental analyses. Other peaks at m/z 474.8398, 

688.6959 and 818.7207 were also observed, being attributed to the species [Ag2(C4H2FN2O2)2+H]+, 

[Ag4(C4HFN2O2)(C4H2FN2O2)]
+ and [Ag4(C4HFN2O2)(C4H2FN2O2)2+H]+. The presence of species with 

four silver atoms led us to consider a polymeric arrangement for the silver(I) complex with 5-

fluorouracil. The multiple species observed in the spectrum of the complex may be result of the polymer 

fragmentation. Such remark was reported previously in the literature for silver complexes [130]. 

 A comparison between the theoretical and experimental isotopic pattern for the 

[Ag3(C4HFN2O2)(C4H2FN2O2)+H]+ ion is presented in Figures 9-b and 9-c. The mass error for this ion 

was +63 ppm [C8H4F2N4O4Ag3]
+ (calcd. m/z 580.7350, exp. m/z 580.7721), considering the 

monoisotopic ion. Table 2 shows the different species of the isotopic pattern of Ag-5fu. 
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Figure 9. Mass spectra for the Ag-5fu complex. (a) ESI(+)QTOF mass spectrum from m/z 450 to 930, 

showing the [Ag3(fu)(fu-H)+H]+ ion as the most abundant species. (b) Calculated and (c) experimental 

isotope pattern comparison for the [Ag3(fu)(fu-H)+H]+ ion at m/z 580.7721 (mass error +63 ppm). 

 

Table 2. Different species of the isotopic pattern of Ag-5fu. 

m/z Species 

578.8 [107Ag3(C4HFN2O2)(C4H2FN2O2)+H]+ 

580.8 [107Ag2
109Ag(C4HFN2O2)(C4H2FN2O2)+H]+ 

582.8 [107Ag109Ag2 (C4HFN2O2)(C4H2FN2O2)+H]+ 

584.8 [109Ag3(C4HFN2O2)(C4H2FN2O2)+H]+ 
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High-resolution mass spectrum of the Pd-5fu complex is shown in Figure 10-a. The most 

abundant peak was observed at m/z 400.8918, being consistent with the formation of the 

[PdCl(C4H2FN2O2)2]
- ion. The presence of this peak confirmed the 1:2 metal/ligand composition as 

earlier suggested by thermal and elemental analyses. A comparison between the theoretical and 

experimental isotopic pattern for the [PdCl(C4H2FN2O2)2]
- ion is presented in Figures 10-b and 10-c. 

The mass error for this ion was -0.75 ppm [C8H4F2ClN4O4Pd]- (calcd. m/z 400.8921, exp. m/z 400.8918), 

considering the monoisotopic ion. Table 3 shows the different species of the isotopic pattern of Pd-5fu. 

 

Figure 10. Mass spectra for the Pd-5fu complex. (a) ESI(-)QTOF mass spectrum from m/z 200 to 1000, 

showing the [PdCl(C4H2FN2O2)2]
-  ion as the most abundant species. (b) Calculated and (c) experimental 

isotope pattern comparison for the [PdCl(C4H2FN2O2)2]
- ion (mass error -0.75 ppm). 
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Table 3. Different species of the isotopic pattern of Pd-5fu. 

m/z Species 

396.8 
[102Pd37Cl(C4H2FN2O2)2]

- 

[104Pd35Cl(C4H2FN2O2)2]
- 

397.9 [105Pd35Cl(C4H2FN2O2)2]
- 

398.8 
[104Pd37Cl(C4H2FN2O2)2]

- 

[106Pd35Cl(C4H2FN2O2)2]
- 

399.9 [105Pd37Cl(C4H2FN2O2)2]
- 

400.8 
[106Pd37Cl(C4H2FN2O2)2]

- 

[108Pd35Cl(C4H2FN2O2)2]
- 

402.8 
[108Pd37Cl(C4H2FN2O2)2]

- 

[110Pd35Cl(C4H2FN2O2)2]
- 

404.8 [110Pd37Cl(C4H2FN2O2)2]
- 

 

High-resolution mass spectrum of the Pt-5fu complex is shown in Figure 11-a, presenting many 

ions with high abundance. This may be due to the decomposition of the complex in solution; however, 

the decomposition products could not be assigned. The [K2PtCl2(fuH)2+K]+ ion is present in the ESI+ 

mass spectra (Figure 11-c), however with low abundance. The presence of this peak confirmed the 1:2 

metal/ligand composition as earlier suggested by thermal and elemental analyses. A comparison between 

the theoretical and experimental isotopic pattern for the [K2PtCl2(C4H2FN2O2)2+K]+ ion is presented in 

Figures 11-b and 11-c. The mass error for this ion was -4.68 ppm [C8H4F2K3Cl2N4O4Pt]+ (calcd. m/z 

640.8115, exp. m/z 640.8085), considering the monoisotopic ion. Table 4 shows the different species of 

the isotopic pattern of Pt-5fu. 
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Figure 11. Mass spectra for the Pt-5fu complex. (a) ESI(+)QTOF mass spectrum from m/z 450 to 1000. 

(b) Calculated and (c) experimental isotope pattern comparison for the [K2PtCl2(C4H2FN2O2)2+K]+  ion 

(mass error -4.68 ppm). 
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Table 4. Different species in the isotopic pattern of Pt-5fu. 

m/z Species 

638.8 [K2
195Pt35Cl2(C8H4N4O4F2)2+K]+ 

639.8 [K2
194Pt35Cl2(C8H4N4O4F2)2+K]+ 

640.8 
[K2

194Pt35Cl37Cl(C8H4N4O4F2)2+K]+ 

[K2
196Pt35Cl2(C8H4N4O4F2)2+K]+ 

641.8 [K2
195Pt35Cl37Cl(C8H4N4O4F2)2+K]+ 

642.8 

[K2
196Pt35Cl37Cl(C8H4N4O4F2)2+K]+ 

[K2
194Pt37Cl2(C8H4N4O4F2)2+K]+ 

[K2
198Pt35Cl2(C8H4N4O4F2)2+K]+ 

643.9 [K2
195Pt37Cl2(C8H4N4O4F2)2+K]+ 

644.8 [K2
196Pt37Cl2(C8H4N4O4F2)2+K]+ 

 

Solid-state NMR spectroscopy 

Nuclear magnetic resonance (NMR) studies of the metal complexes with 5fu were carried out 

in solid state due to the insolubility of the Ag-5fu complex in common solvents, and also because both 

Pd-5fu and Pt-5fu decompose in the solvents in which they are soluble. The 13C and 15N solid-state NMR 

spectra of free 5fu, Ag-5fu, Pd-5fu and Pt-5fu are shown in Figures 12 and 13, respectively, and 

assignments are in Table 5. 

 

Figure 12. Solid-state 13C NMR spectra of (a) 5fu, (b) Ag-5fu, (c) Pd-5fu, and (d) Pt-5fu. 
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Figure 13. Solid-state 15N NMR spectra of (a) 5fu, (b) Ag-5fu, (c) Pd-5fu, and (d) Pt-5fu. 

 

Table 5. Solid-state 13C and 15N NMR assignments for 5fu, Ag-5fu, Pd-5fu and Pt-5fu. 

 

Atom 
5fu 

(ppm) 
Ag-5fu 
(ppm) 

Pd-5fu 
(ppm) 

Pt-5fu 
(ppm) 

N1 160 134 162 162 

C2 151 160 159 160 

N3 126 123 107 159 

C4 164 167 161 167 

C5 141 143 144 143 

C6 132 128 127 126 

 

For 13C-NMR spectrum of Ag-5fu, the highest shift is observed for carbon C2 (Δ = 9 ppm) when 

compared to free 5fu, while other carbons showed only minor differences. Considering that carbon C2 

is bounded to an oxygen, it is suggested that this oxygen atom (O2) coordinates to silver(I). Considering 

now the 15N-NMR spectrum an upfield shift is observed for the signals of the nitrogen atoms when the 

spectra of the Ag-5fu complex and the ligand are compared, and for N1 it is more pronounced (Δ = -26 

ppm) when compared to N3 (Δ = -3 ppm). These results suggested that the coordination of the ligand to 

silver also occurs by the nitrogen atoms, being more pronounced for nitrogen atom N1. 

Concerning the 15N-NMR spectra of Pt-5fu and Pd-5fu, the highest shifts are observed for 

nitrogen atom N3, with Δ = -19 ppm for Pd-5fu and Δ = 33 ppm for Pt-5fu. Both complexes showed the 

same shift for nitrogen atom N1, with Δ = 2 ppm. These results show that 5fu may coordinate by nitrogen 
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N3 to Pd(II) and Pt(II). It is interesting that for the Pd(II) complex nitrogen N3 is shielded, while for the 

Pt(II) complex nitrogen N3 is unshielded. 

 

Infrared spectroscopy 

The infrared (IR) spectra of 5fu, Ag-5u, Pd-5fu and Pt-5fu are presented in Figure 14. 

Considering the structure of 5fu, the characteristic absorption bands of the ligand in the IR spectrum can 

be assigned to the following vibration modes: ν(N-H) at 3184 cm-1 and 3138 cm-1 [131], ν(=C-H) at 

3069 cm-1, ν(C=O) at 1725 cm-1 and 1675 cm-1 (carbons C2 and C4, respectively, numeration as in Table 

4), δ(C-N-H) at 1635 cm-1 (shoulder), ν(C-N) at 1430 cm-1 and ν(C-F) at 1248 cm-1 [132]. In this way, 

we can conclude that 5fu is in the keto form in the solid state. 
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Figure 14. Infrared spectra of 5fu (black), Ag-5fu (red), Pd-5fu (blue), and Pt-5fu (green), from 4000-

400 cm-1. 

 

For all complexes a broad band is observed in the region of the N-H group from 3200 to 3000 

cm-1. Due to the enlargement of the bands, no conclusions can be taken for the N-H stretching modes. 

The ν(C=O) modes are observed in the region 1664-1619 cm-1 for Ag-5fu, 1676-1655 cm-1 for Pd-5fu, 

and 1663-1623 cm-1 for Pt-5fu. These results lead to the conclusion that the 5fu ligand remains in the 

keto form after complexation. Since one nitrogen atom of the ligand remains protonated in the complexes 
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(fuH), a δ(C-N-H) band is observed at 1589 cm-1 for Ag-5fu, 1618 cm-1 for Pd-5fu, and 1596 cm-1 for 

Pt-5fu. The ν(C-N) is observed at 1410 cm-1 for Ag-5fu, 1412 cm-1 for Pd-5fu, and 1421 cm-1 for Pt-5fu. 

The ν(C-F) is observed at 1280 cm-1 for Ag-5fu, 1271 cm-1 for Pd-5fu, and 1267 cm-1 for Pt-5fu. We can 

infer that coordination causes modifications in the vibrational modes of the chemical groups of 5-

fluorouracil, so the shifts in the IR spectrum of the complex, when compared to the ligand, reinforce the 

coordination of 5-fluorouracil to the metal ions.  

Considering the experimental data set, a structural proposition for the silver(I) complex with 5-

fluorouracil is presented in Figure 15. For the palladium(II) and platinum(II) complexes no structural 

propositions could be done. 

 

Figure 15. Coordination structure proposal for [Ag3(fu)(fuH)] complex. 

 

Antiproliferative assays 

All three metal complexes were evaluated concerning their in vitro antiproliferative activities 

over nine human tumor cell lines and over one non-tumor cell, and they were compared to the controls 

(free 5fu, metal reagents and cisplatin). The Ag-5fu, Pd-5fu and Pt-5fu complexes were evaluated by 

the GI50 parameter (concentration that inhibits 50% cell growth), because of the antiproliferative profile 

of 5fu (for comparison). GI50 data are presented in Table 6, while graphics of the antiproliferative profiles 

are presented from Figures 16 to 18. GI50 data in µM can be found in Appendix, Table A1. 

 

 

 

 

 

n 
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Table 6. GI50 values in µg mL-1 of the in vitro antiproliferative activity of free 5fu, Ag-5fu, Pd-5fu,      

Pt-5fu, K2[PdCl4], K2[PtCl4]. 

Compounds 
Cell lines*  

2 M A 7 4 P O H K Cat 

5fu 0.78 0.061 2.3 0.17 0.085 0.51 0.091 0.42 0.19 0.087 

Ag-5fu 1.13 <0.25 0.36 0.29 0.46 2.28 0.39 0.34 0.25 <0.25 

Pd-5fu 3.22 0.11 >25 0.73 0.44 2.05 1.15 2.57 >25 0.41 

Pt-5fu >25 8.14 >25 >25 5.69 >25 4.99 22.2 >25 10.0 

AgNO3 3.37 1.66 3.21 3.56 5.75 2.99 2.88 2.87 0.48 2.7 

K2[PdCl4] >25 >25 >25 >25 >25 >25 >25 >25 >25 >25 

K2[PtCl4] 7.30 4.74 5.99 5.07 5.73 3.09 5.78 5.69 2.50 3.50 

Cisplatin 1.28 2.17 2.49 1.12 0.18 2.61 3.21 5.11 2.42 1.14 

*Human tumor cell lines: 2: U251 (glioma); M = MCF-7 (breast); A = NCI/ADR-RES (ovarian 

multidrug resistant); 7 = 786-0 (renal); 4 = NCI-H460 (lung, non-small cells); P = PC-3 (prostate); O = 

OVCAR-3 (ovarian); H = HT29 (colon); K = K562 (leukemia); Non-tumor human line: Cat = HaCat 
(immortal keratinocyte). GI50 values were determined by nonlinear regression analysis using ORIGIN 

8.0. 

 

 

 
Figure 16. Cell growth profiles after 48h-exposition 5fu (A), Ag-5fu (B), AgNO3 (C) and cisplatin (D). 

For Ag-5fu a measurement error was observed for MCF-7 cells at 25 µg mL-1 and for all cell lines at 

concentrations above 25 µg mL-1, due to the colorimetric assay. 
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Figure 17. Cell growth profiles after 48h-exposition to 5fu (A), Pd-5fu (B), and K2PdCl4 (C). 

 

 

 

Figure 18. Cell growth profiles after 48h-exposition to 5fu (A), Pt-5fu (B), and K2PtCl4 (C). 
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Considering Figure 16, silver nitrate showed a cytocidal effect (negative values for cell growth) 

at the highest concentration (25 µg mL-1), while 5fu was mainly a cytostatic agent. For all tested cell 

lines, Ag-5fu presented lower GI50 values than those observed for AgNO3. Moreover, GI50 values for 

Ag-5fu were lower than those of 5fu for ovarian multidrug resistant (NCI/ADR-RES) tumor cells and 

similar to 5fu for K562 (leukemia), HT29 (colon) and 786-0 (renal) cells. Similarly to 5fu, the Ag-5fu 

complex also inhibited cell proliferation of the immortalized keratinocytes (HaCat). 

Comparing 5fu with cisplatin, it is interesting to observe that the differences in cell growth 

profiles (Figures 16-A and 16-D, respectively) and in GI50 values (Table 5) reflect the differences in the 

mechanism of action between the two compounds. According to Zaharevitz et al. [133], similarities and 

differences in the antiproliferative profile in a tumor cell panel could be an important indicative of the 

mechanism of action by comparison with known chemotherapeutics. Cisplatin is a DNA-reactive drug 

inducing DNA damage by coordination of Pt(II) ions with nitrogen bases (mainly guanine), while 5fu is 

a DNA replication disruptor by inhibiting thymidylate synthase enzyme [103,106,134]. Moreover, in 

the Ag-5fu complex, the silver(I) ions can have multiple mechanisms, for example being able to bind 

proteins and DNA [92]. 

The combination of Ag(I) and 5-fluorouracil may thus be responsible for the increasing on the 

antiproliferative activity on ovarian multidrug resistant (NCI/ADR-RES) tumor cell line observed for 

Ag-5fu (GI50 = 0.36 µg mL-1) when compared to the free ligand. 5-Fluorouracil is not commonly used 

in the treatment of ovarian tumors [106]. Therefore, the activity observed by the Ag-5fu complex may 

be related to a combination effect of the silver(I) ions and 5-fluorouracil, with the release of the 

individual compounds inside the cell. Since NCI/ADR-RES is resistant to cisplatin [135], this result is 

of high significance. Therefore, this complex was chosen to be further studied regarding the mechanism 

of cell death of Ag-5fu in NCI/ADR-RES cells. 

Considering the metal complexes of Pd(II) and Pt(II) with 5fu, they did not show relevant 

antiproliferative activities, in a different way from Ag-5fu. Although Pd-5fu showed a better activity 

(lower GI50 values) when compared to K2[PdCl4], it has a minor activity when compared to free 5fu. The 

best result for Pd-5fu was over the MCF-7 (breast cancer) tumor cell line (GI50 = 0.11 µg mL-1). In the 

case of Pt-5fu, the complex decomposes in aqueous medium and this may be the reason for its lack of 

activity when compared to free 5fu and K2[PtCl4]. The antiproliferative profile in this case is a 

combination of all the decomposition sub products, which probably did not reach the concentration to 

inhibit proliferation. The best obtained results for Pt-5fu were over the OVCAR-3 (ovarian cancer) and 

NCI-H460 (lung cancer) tumor cells (GI50 = 4.99 and 5.69 µg mL-1, respectively). 

The selectivity index (SI) is a parameter which can be used to compare the toxicity of 

compounds towards non-tumor and tumor cells [136]. Here, it can be calculated by the ratio between 

the GI50 of a non-tumor line (HaCat) and the GI50 of tumor lines. The higher the SI values, the greater 
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the selectivity of a compound towards a tumor cell when compared to a normal one. According to the 

literature, considerable SI values would be higher than 2.0 or 3.0, which means that a compound would 

be twice or three times more toxic to a tumor cell when compared to a non-tumor one [136]. The SI 

values for 5fu, Ag-5fu, Pd-5fu, Pt-5fu and cisplatin are presented in Table 7. Pd-5fu was shown to be 

selective over the MCF-7 (breast) tumor cells (SI = 3.7), while Pt-5fu was selective over the OVCAR-3 

(ovarian) tumor cells (SI = 2.0) and cisplatin was very selective over the NCI-H460 (lung) tumor cells 

(SI = 6.3). 

 

Table 7. SI values for 5fu, Ag-5fu, Pd-5fu, Pt-5fu and cisplatin. 

Compounds 
Cell lines*  

2 M A 7 4 P O H K  

5fu 0.11 1.4 0.037 0.51 1.0 0.17 0.96 0.21 0.46  

Ag-5fu <0.22 1.0 <0.69 <0.86 <0.54 <0.11 <0.64 <0.73 <1.0  

Pd-5fu 0.13 3.7 <0.02 0.56 0.93 0.20 0.36 0.16 <0.02  

Pt-5fu <0.40 1.23 <0.40 <0.40 1.8 <0.40 2.0 0.45 <0.40  

Cisplatin 0.89 0.52 0.46 1.0 6.3 0.44 0.35 0.22 0.47  

*Human tumor cell lines: 2: U251 (glioma); M = MCF-7 (breast); A = NCI/ADR-RES (ovarian 

multidrug resistant); 7 = 786-0 (renal); 4 = NCI-H460 (lung, non-small cells); P = PC-3 (prostate); O = 

OVCAR-3 (ovarian); H = HT29 (colon); K = K562 (leukemia); Non-tumor human line: HaCat 

(immortal keratinocyte). SI = GI50(HaCat)/GI50(tumor line). 
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Partial conclusions 

Three complexes with 5-fluorouracil were synthesized and characterized by chemical and 

spectroscopic techniques. The silver(I) complex, Ag-5fu, presented a 3:2 metal/ligand composition, with 

formula [Ag3(C4HFN2O2)(C4H2FN2O2)]. The palladium(II) complex, Pd-5fu, presented a 2:1 

metal/ligand composition, with formula K[PdCl(C4H2FN2O2)2], while the platinum(II) complex, Pt-5fu, 

also presented a 2:1 metal/ligand composition, with formula K2[PtCl2(C4H2FN2O2)2]. Antiproliferative 

activity assays were performed with free 5-fluorouracil, the metal complexes and their respective metal 

salts, and results were also compared to cisplatin. The Ag-5fu complex presented the best 

antiproliferative profile, and its activity seems to be a combination of the activities of 5fu and silver(I), 

probably due to the release of the individual compounds inside the cell. Also, Ag-5fu presented a better 

activity than free 5fu and cisplatin over the NCI/ADR-RES cell line. The Pd-5fu complex presented a 

better activity than its respective metal salt, K2[PdCl4], although not presenting a better activity than free 

5fu and cisplatin. Best antiproliferative results were found for the MCF-7 cell line for Pd-5fu. The Pt-

5fu complex did not show considerable antiproliferative results, probably due to hydrolyzation of the 

complex in solution, and did not present a better activity than K2[PtCl4]. The best results for Pt-5fu were 

for the NCI-H460 cell line. Although not very cytotoxic when compared to Ag-5fu, Pd-5fu and Pt-5fu 

presented selectivity over MCF-7 and OVCAR-3 tumor cells, respectively. Data for the silver(I) 

complex with 5-fluorouracil presented in this section was published in Journal of Fluorine Chemistry 

195 (2017) 93-101. 
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Characterization and antiproliferative assays of the Au(I) complex with 2-

thiouracil and the Ag(I) complex with 2,4-dithiouracil 

 

Results and Discussion 

Synthesis of the [Ag2(dtu)] complex 

A silver(I) complex with 2,4-dithiouracil (dtuH2) was described in 1972 by Dwivedi and 

Agarwala [137]. In this paper, the authors described different metal complexes with dtuH2, and there 

was no indication of the used amounts of metal salt or ligand in synthesis, nor specification of which 

silver metal salt was used for preparing the silver(I) complex. Mostly, the authors described the results 

of elemental analysis (of nitrogen, sulfur and silver) and assignments of the major infrared bands. By 

elemental analysis they conclude that the complex has a 2:1 silver/dithiouracil composition. 

Consequently, this was the stoichiometry chosen for the synthesis of the silver(I) complex here 

presented. Elemental analyses (CHN and ICP-OES) corroborate with 2:1 metal/ligand composition, with 

electroneutrality achieved with complete deprotonation of the ligand (dtu, charge -2) and two silver(I) 

ions. 

 

Thermogravimetric analysis of the [Ag2(dtu)] complex 

The thermogravimetric analysis for the [Ag2(dtu)] complex is shown in Figure 19. The 

decomposition of the complex starts at 270 °C and continues until 660 °C with weight loss of 33.8%. 

Such weight loss is attributed to one dithiouracil ligand (calcd. for loss of dtu, 39.7%). The final residue 

of 64.7% was assigned to metallic silver (calcd. 60.3%). This analysis reinforces the 2:1 metal/ligand 

composition of the [Ag2(dtu)] complex. 
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Figure 19. Thermogravimetric analysis of [Ag2(dtu)]. 

 

Infrared spectroscopy of the [Ag2(dtu)] complex 

The infrared (IR) spectra of dtuH2 and [Ag2(dtu)] complex are presented in Figure 20. The IR 

spectrum of the complex was analyzed in comparison to the spectrum of the ligand. Considering the 

structure of dtuH2, the characteristic absorption bands of the ligand in the IR spectrum can be assigned 

to the following vibration modes: ν(N-H) at 3077 cm-1, and ν(C=S) at 1610 cm-1 and 1563 cm-1. 

In the spectrum of the complex no absorption bands are observed in the region of the N-H group 

from 3200 to 3000 cm-1, confirming the total deprotonation of the ligand. Moreover, the ν(C=S) 

stretching mode is shifted to lower energies, to 1526 cm-1 and 1492 cm-1. This shift may be due to 

coordination of the thiol groups to silver(I) since the new S–Ag bond weakens the C=S bond. 
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Figure 20. Infrared spectra of dtuH2 (black) and [Ag2(dtu)] (red). 

 

Solid-state NMR spectroscopy of the [Ag2(dtu)] complex 

Nuclear magnetic resonance (NMR) studies of the [Ag2(dtu)] complex were carried out in solid 

state due to the insolubility of the complex in common solvents. Figure 21 shows the 13C NMR spectrum 

of the complex in comparison to the one of the free ligand.  

 

 

Figure 21. Solid-state 13C NMR spectra of (a) [Ag2(dtu)] and (b) dtuH2. 

(a) 

(b) 
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The 13C NMR spectrum of tuH2 shows the following chemical shifts (and assignments): 120 

ppm (C6), 139 ppm (C5), 172 ppm (C2), 188 ppm (C4) 37. For the [Ag2(dtu)] complex the chemical 

shifts are 118 ppm (C6), 155 ppm (C5) and 177 ppm (C2 + C4). Considering the lack of information 

from the 15N NMR spectrum, and that carbon C6 in the 13C NMR spectrum showed the minor chemical 

shift, coordination may not occur near this environment, so it probably does not occur by nitrogen N1. 

As thiol groups present high affinity for soft metal ions, as silver(I), it is probable that the ligand 

coordinated by these S-donor groups. In fact, carbons C2 and C4, which are bonded to the sulfur atoms, 

seemed to aggregate in one broad signal at 177 ppm. Also, the highest shift is observed for carbon C5 

(Δ = 16 ppm), which is close to a sulfur atom (possible coordination site).  

 

Synthesis of the Ph3P-Au-tuH complex 

This complex was already reported in the literature by Hoskins et al., however only the crystal 

structure and IR spectroscopic studies of the crystal were presented by that time [138]. The synthesis 

previously described involves the mixture of 2-thiouracil and chlorido(triphenylphosphine)gold(I) in 

methanol and alkaline medium. The authors obtained a precipitate, which was recrystallized, and the 

obtained crystals are used for posterior analyses. Here, the synthesis described involves the use of silver 

nitrate to eliminate the chloride from chlorido(triphenylphosphine)gold(I) before reaction with 2-

thiouracil, because some previous attempts of synthesis showed some 

chlorido(triphenylphosphine)gold(I) residue without the use of silver nitrate. Despite the crystal 

structure solved by single-crystal X-ray diffraction, all other analyses were done with the precipitate and 

not with the crystals. The synthesis of the complex was performed in alkaline medium, with 

deprotonation of 2-thiouracil (tuH2) to the thiouracilato (tuH) anion, which corroborates elemental 

analysis (only one deprotonation). Thus, electroneutrality is achieved with one tuH (charge -1) and one 

gold(I). 

 

Infrared spectroscopy of the Ph3P-Au-tuH complex 

Considering free tuH2, this molecule can present keto/enol and thione/thiol tautomeric forms 

(Figure 22), which is of high importance for the determination of the coordination sites. Using infrared 

spectroscopy to determine the tautomeric form of free tuH2 in the solid state (Figure 23), we were able 

to determine the prevalence of the keto/thione form of tuH2 by the presence of the ν(N-H) band of tuH2 

at 3038 cm-1 and the absence of the ν(O-H) (~3300 cm-1) and ν(S-H) (~2570 cm-1) bands [41]. 
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Figure 22. Tautomeric forms of 2-thiouracil, (a) keto/enol form, (b) thione/thiol form. 
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Figure 23. Infrared spectra of tuH2 (black) and Ph3P-Au-tuH (red). 

 

Previous computational studies of 2-thiouracil showed that deprotonation of the nitrogen atom 

N1 is more favorable than for the nitrogen atom N3 (see Figure A1 in Appendix for atom numbering) 

[139]. In this way, deprotonation will enhance the basicity of the ligand, favoring a nucleophilic attack 

on gold(I). Considering deprotonation at nitrogen atom N1, three possible coordination sites are 

expected: O-, N- and S- (Figure 24). Previous computational studies have also shown that the negative 

charge is largely localized on the sulfur atom, which might be a more favorable coordination site [139]. 

Considering hard-hard and soft-soft interactions, gold(I) is a soft acid and it is readily coordinated to 
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triphenylphosphine, which enhances its softness. Consequently, it is most probable that tuH will 

coordinate by the S-donor atom, which is the softest base. An example from the literature shows that 

mercaptothiazoline, a molecule which also presents thione/thiol tautomeric forms, can coordinate to 

gold(I) through a N-donor group when gold(I) is coordinated to cyanide, but coordinates through the S-

donor group when gold(I) is coordinated to triphenylphosphine [140,141]. Here, however, just observing 

the IR spectra of the complex it is not possible to address the coordination site of the tuH2 ligand. 

 

Figure 24. Resonance structures of tuH with deprotonation of nitrogen atom N1. 

 

Crystal structure of the Ph3P-Au-tuH complex 

Crystals of the Ph3P-Au-tuH complex suitable for single-crystal X-ray diffraction were obtained 

by slow evaporation of a methanol/chloroform mixture. The details about the analyzed crystal, data 

collection and structure refinement are shown in Table 8(a), (b) and (c). 
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Table 8. Crystallographic data, data collection and refinement for the Ph3P-Au-tuH crystal. 

(a) Crystal data 

C22H18AuN2OPS Dx = 1.876 Mg m−3 

Mr = 586.38 Cu Kα radiation, λ = 1.54178 Å 

Monoclinic, P21/n Cell parameters from 120 reflections 

a = 17.4687 (8) Å θ = 8.0–37.5° 

b = 11.2334 (5) Å µ = 15.10 mm−1 

c = 21.1684 (10) Å T = 150 K 

β = 91.401 (2)° Plate, colorless 

V = 4152.7 (3) Å3 0.12 × 0.11 × 0.06 mm 

Z = 8  

F(000) = 2256  

 

(b) Data collection 

Absorption correction: multi-scan  

SADABS (Bruker, 2010) 

Rint = 0.053 

Tmin = 0.524, Tmax = 0.753 θmax = 68.2°, θmin = 4.7° 

27145 measured reflections h = −20 21 

7386 independent reflections k = −13 13 

6686 reflections with I > 2σ(I) l = −24 25 
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(c) Refinement 

Refinment on F2 H-atom parameters not refined 

Least-squares matrix: full w = 1/[σ2(Fo
2) + (0.1264P)2]  

where P = (Fo
2 + 2Fc

2)/3 

R[F2 > 2σ(F2)] = 0.053 (Δ/σ)max = 0.001 

wR(F2) = 0.160 Δρmax = 3.82 e Å−3 

S = 1.07 Δρmin = −3.02 e Å−3 

7386 reflections  

508 parameters  

 

The crystal structure here presented belongs to P21/n space group, whose asymmetric unit 

contains two Ph3P-Au-tuH complex units (Figure 25-a). The tuH ligand coordinates to gold(I) by the 

sulfur atom, showing that the thiol form is predominant upon coordination, as expected. Each Ph3P-Au-

tuH complex unit is composed by one triphenylphosphine, one gold(I), and one 2-thiouracilato ligand 

(tuH, charge -1) (Figure 25-b). For clarity, it is important to emphasize that atom numbering for the 

crystal is different from that of Figure A1 (Appendix). 
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Figure 25. (a) The two Ph3P-Au-tuH complex units in the asymmetric unit of the crystal, with selected 

atoms labels and 50% probability displacement ellipsoids. Ph3P-Au-tuH complex unit 1 containing Au1 

and Ph3P-Au-tuH complex unit 2 containing Au2. H-bond (N1―H1A∙∙∙N4) shown in green dashed line.  

(b) The structure of the Ph3P-Au-tuH complex unit 1 with atom labels and 50% probability displacement 

ellipsoids. 

 

Triphenylphosphine, gold(I) and tuH are in an almost linear geometry (P1—Au1—S1 angle of 

176.31(6) ° for unit 1, and P2—Au2—S2 angle of 175.90(6) ° for unit 2). Au1—P1 and Au1—S1 bond 

lengths are similar to each other (2.253(2) Å and 2.307(2) Å, respectively), and the same is observed for 

Au2—P2 and Au2—S2 (2.254(2) Å and 2.306(2) Å, respectively). These bond lengths and angles are 

in agreement with the structure previously described by Hoskins and Zhenrong [138]. The differences 

in the P—Au—S angles of the two Ph3P-Au-tuH units in the asymmetric unit of the crystal may be due 

to the different orientations of the phenyl groups and different intermolecular interactions from each 

Ph3P-Au-tuH motif, as also observed in the structure previously reported [138]. 

In the crystal, nitrogen atom N4 is deprotonated, confirming the (-1) charge of the tuH ligand. 

The two Ph3P-Au-tuH complex units interact via a classical intermolecular hydrogen bond 

(N1―H1A∙∙∙N4), while neighbor asymmetric units are connected by other two classical intermolecular 

hydrogen bonds (N3―H3A∙∙∙O2), building up a chain of unit 1 – unit 2 – unit 2 – unit 1 sequence (Figure 

26). It is important to mention that the N3―H3A∙∙∙O2 H-bond is also observed for the 2-

thiouracilato(triethylphosphine)gold(I) complex previously reported [142]. Hydrogen bonds for the 

crystal here presented are described in Table 9. 
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Figure 26. Crystal packing of Ph3P-Au-tuH showing hydrogen bonds (N1―H1A∙∙∙N4 and 

N3―H3A∙∙∙O2 as green dashed lines) that form unit 1 – unit 2 – unit 2 – unit 1 sequences, with two 

sequences represented. Labels for selected atoms to allow identification of units 1 and 2 and 50% 

probability displacement ellipsoids. 

 

Table 9. Hydrogen-bond geometry of Ph3P-Au-tuH crystal. 

D—H···A D—H (Å) H···A (Å) D···A (Å) D—H···A (°) 

N1—H1a···N4 0.94(10) 2.02(10) 2.955(9) 171(8) 

N3—H3a···O2 0.88 1.84 2.716(9) 178 

 

Based on the bond distances from the X-ray data, the predominant tautomer form of the ligand 

upon coordination to gold(I) can be determined. The most relevant bond distances are presented in   

Table 10, together with data of the free ligand from the literature [143]. 
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Table 10. Bond lengths in thiouracil moieties of units 1 and 2 of Ph3P-Au-tuH complex in the crystal 

(atom labels as depicted in Figure 25-b) in comparison to the crystal structure of free tuH2 [143]. 

Atoms 

Complex unit 1 / Complex unit 2 

Bond lengths (Å) 
Bond lengths (Å) of tuH2 

[143] 

S1-C19 / S2-C41 1.754 (7) / 1.749 (8) 1.683(3) 

N1-C19 / N3-C41 1.348 (9) / 1.355 (9) 1.357(3) 

N1-C22 / N3-C42 1.408 (9) / 1.387 (10) 1.389(4) 

N2-C19 / N4-C41 1.322 (9) / 1.319 (10) 1.338(4) 

N2-C20 / N4-C44 1.371 (10) / 1.371 (11) 1.373(4) 

O1-C22 / O2-C42 1.228 (10) / 1.237 (9) 1.227(4) 

C20-C21 / C43-C44 1.337 (12) / 1.357 (11) 1.338(5) 

C21-C22 / C42-C43 1.430 (12) / 1.432 (12) 1.432(5) 

 

Considering the carbon-sulfur bond, C—S single bonds are of 1.82 Å, while C=S double bonds 

are of 1.61 Å [144]. In the crystal here presented the C19—S1 bond is of 1.75 Å, therefore being an 

intermediate between a single and a double bond. When compared to free tuH2, an elongation of the C—

S bond is observed upon coordination of the sulfur atom to gold(I), which can also be interpreted as the 

changing from a double bond to a single bond. Therefore, free tuH2 is in the thione form, while upon 

complexation to gold(I) the thiol form is preferable. Now, considering the carbon-nitrogen bonds, C—

N single bonds are of 1.46 Å and C=N double bonds are of 1.21 Å [144]. Here, the C19—N2 bond (1.32 

Å) has a greater double bond character, so the predominant tautomer of the ligand upon coordination 

would be the thiol form (see Figure 24). For the free ligand this bond is longer, showing the shift from 

a single bond to a double one. The C20—N2 (1.37 Å) bond has a greater single bond character. Also, 

for the carbon-oxygen bond, C—O single bonds are of 1.42 Å and C=O double bonds are of 1.21 [144]. 

Here the C22—O1 (1.23 Å) is a double bond, proving that the ligand is in the keto/thiol form. When 

compared to the free ligand no major changes were observed for the C—O bond (free ligand is also in 

the keto form). For carbon-carbon bonds, C—C single bonds are of 1.53 Å and C=C double bonds are 

of 1.34 Å [144]. Here, the C—C bonds have a greater double bond character and did not change upon 

coordination. The different bond distances of the complex when compared to the free ligand show the 

modification of the electronic structure of the ligand upon coordination to gold(I). 
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Mass spectrometric studies of the Ph3P-Au-tuH complex 

High-resolution mass spectrum of the Ph3P-Au-tuH complex is shown in Figure 27. The peak at 

m/z 587.0639, which is one of the most abundant species, is consistent with the formation of the 

[Au(C4H3N2OS)(C18H15P)+H]+ ion. The presence of this peak confirmed the 1:1 metal/ligand 

composition as suggested before. Other peaks at m/z 459.0456 and 721.1308 were attributed to the 

[Au(C18H15P)]+ and [Au(C18H15P)2]+ species, respectively, due to fragmentation and recombination of 

the gold(I) complex in solution. 

A comparison between the theoretical and experimental isotopic pattern for the 

[Au(C4H3N2OS)(C18H15P)+H]+  ion is also presented. The mass error for this ion was -3.1 ppm, (calcd. 

m/z 587.0621, exp. m/z 587.0639), considering the monoisotopic ion. 

 

Figure 27. Mass spectra for the Ph3P-Au-tuH complex. (a) ESI(+)QTOF mass spectrum from m/z 430 

to 800, showing the [(C18H15P)Au(C4H3N2OS)+H]+ ion as one of the most abundant species. (b) 

Calculated and (c) experimental isotope pattern comparison for the [(C18H15P)Au(C4H3N2OS)+H]+  ion 

(mass error -3.1 ppm). 
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Solution NMR spectroscopy of the Ph3P-Au-tuH complex 

Solution state 1H, 13C and 31P NMR spectra of Ph3P-Au-Cl and Ph3P-Au-tuH were acquired to 

confirm the coordination of 2-thiouracil to (triphenylphosphine)gold(I). 1H and 13C NMR spectra of free 

tuH2 were recorded in DMSO-d6, because of the high solubility of the ligand in this solvent. 1H NMR 

spectra are presented in Figure 28 and assignments are in Table 11.  

 

 

Figure 28. 1H NMR spectra of (a) Ph3P-Au-tuH complex in CDCl3, with an inset of the 9.0-11.0 ppm 

region; (b) Ph3P-Au-Cl complex in CDCl3; (c) tuH2 free ligand in DMSO-d6. In (a) and (b) the signal at 

7.28 ppm is referred to CHCl3. 

 

Table 11. 1H NMR assignments for free tuH2, Ph3P-Au-Cl complex and Ph3P-Au-tuH complex. 

Assignment
 

tuH2  

(ppm) 

Ph3P-Au-Cl 

(ppm) 

Ph3P-Au-tuH 

(ppm) 

Multiplicity 

1 12.38 - - s 

3 12.38 - 10.17 s 

5 5.82 - 6.07 d 

6 7.41 - 7.69 d 

Ph - 7.52 7.55 m 

 

It is possible to notice the disappearance of the hydrogen H1 in the Ph3P-Au-tuH complex 

spectrum, confirming the ligand deprotonation. Also, the presence of the hydrogen atoms H3, H5, H6 

(a)

(b)

(c) H1 + H3

H3

Ph

Ph

CHCl3

CHCl3

H6

H6

H5

H5
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of the ligand and also the hydrogen atoms of triphenylphosphine (Ph) confirmed the formation of Ph3P-

Au-tuH complex. The 13C NMR spectra and assignments are presented in Figure 29 and Table 12, 

respectively. 

 

Figure 29. 13C NMR spectra of (a) Ph3P-Au-tuH complex in CDCl3; (b) Ph3P-Au-Cl complex in CDCl3; 

(c) tuH2 free ligand in DMSO-d6. 

 

Table 12. 13C NMR assignments for free tuH2, Ph3P-Au-Cl complex and Ph3P-Au-tuH complex. 

Assignment
 

tuH2  

(ppm) 

Ph3P-Au-Cl 

(ppm) 

Ph3P-Au-tuH 

(ppm) 

Multiplicity 

2 176.6 - 169.0 s 

4 161.5 - 163.3 s 

5 105.8 - 109.8 s 

6 142.6 - 154.3 s 

a - 128.7 129.0 d 

b - 132.0 132.0 d 

c - 129.3 129.4 d 

d - 134.2 134.3 d 

  

Comparing the 13C NMR spectra of the Ph3P-Au-Cl and Ph3P-Au-tuH complexes, carbons from 

the phenyl rings of the phosphine did not show considerable chemical shifts. Considering the tuH ligand, 

C2 C4
C6 C5

C2 C4 C6
C5

a

a

c

b

d

c

b

d

(a)

(b)

(c)
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only carbon C2 from the Ph3P-Au-tuH complex was shifted to an upper field when compared to the free 

ligand (tuH). Carbon C2 is the one directly bonded to the sulfur atom which coordinates to gold(I). Other 

carbons (C4, C5, C6) follow the trend of being unshielded upon coordination of the thiol group to 

gold(I). At last, Figure 30 presents the 31P spectra of Ph3P-Au-Cl and Ph3P-Au-tuH, in which the 

phosphorous atom is shifted to a lower field upon coordination of the 2-thiouracilato ligand to gold(I). 

As the chlorido ion is a α,π-donor ligand, the electronic density of gold(I) and consequently of the 

phosphorous atom is higher in the Ph3P-Au-Cl complex when compared to Ph3P-Au-tuH. 

 

Figure 30. 31P NMR spectra in CDCl3 of (a) Ph3P-Au-tuH complex; b) Ph3P-Au-Cl complex. The 

phosphorous atom is shifted to a lower field upon coordination of the 2-thiouracilato ligand to gold(I). 

 

Antiproliferative assays 

The antiproliferative activities of [Ag2(dtu)] and Ph3P-Au-tuH were compared to controls (dtuH2 

and AgNO3 for [Ag2(dtu)], and tuH2, Ph3P-Au-Cl and doxorubicin for Ph3P-Au-tuH) through the TGI 

parameter (concentration that inhibits 100% cell growth), provided by in vitro evaluation assay. Here 

the TGI was chosen due to the antiproliferative profile of the gold(I) complexes and lack of activity of 

the ligands and silver(I) complex. The obtained data are provided in Table 13 and Figures 31 and 32. 

TGI data in µM can be found in Appendix, Table A2. 
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Table 13. TGI values in µg mL-1 of the in vitro antiproliferative activity of dtuH2, [Ag2(dtu)], AgNO3, 

tuH2, Ph3P-Au-tuH, Ph3P-Au-Cl, and doxorubicin. 

Compounds 

Cell lines*  

2 M A 7 4 O H K Cat 

dtuH2 141.4 >250 >250 >250 >250 >250 >250 >250 >250 

[Ag2(dtu)] >250 >250 >250 >250 >250 >250 >250 >250 >250 

AgNO3 7.2 3.0 33.7 22.8 23.8 6.1 13.6 1.1 38.4 

tuH2 >250 >250 >250 >250 >250 >250 >250 >250 >250 

Ph3P-Au-tuH 1.5 5.1 11.0 2.3 26.7 10.4 28.5 <0.25 6.1 

Ph3P-Au-Cl 2.3 4.7 10.5 4.0 >250 5.9 >250 3.3 14.5 

Doxorubicin 0.81 0.57 >25 1.1 >25 1.8 >25 1.2 0.58 

*Human tumor cell lines: 2: U251 (glioma); M = MCF-7 (breast); A = NCI-ADR/RES (multidrug 

resistant ovarian); 7 = 786-0 (renal); 4 = NCI-H460 (lung, non-small cells); O = OVCAR-3 (ovarian); 

H = HT29 (colon); K = K562 (leukemia); Non-tumor human line: Cat = HaCat (immortal keratinocyte). 

TGI values were determined by nonlinear regression analysis using ORIGIN 8.0. 
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Figure 31. Cell growth profiles after 48h-exposition to dtuH2 (A), [Ag2(dtu)] (B), and AgNO3 (C). For 

AgNO3 measurement errors were observed for MCF-7 and K-562 cells at 2.5 µg mL-1 and for all cell 

lines at concentrations above 25 µg mL-1, due to the colorimetric assay. 
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Figure 32. Cell growth profiles after 48h-exposition to tuH2 (A), Ph3P-Au-tuH (B), Ph3P-Au-Cl (C) and 

doxorubicin (D). For Ph3P-Au-tuH measurement errors were observed for MCF-7 and K-562 cells at 2.5 

µg mL-1 and for OVCAR-3, K-562, 786-0 and U251 cells at concentrations above 25 µg mL-1. For Ph3P-

Au-Cl measurement errors were observed for most cell lines at concentrations above 25 µg mL-1. Errors 

were observed due to the colorimetric assay. 

  

Considering dtuH2 and the [Ag2(dtu)] complex (Figure 31), none of them presented considerable 

antiproliferative effects. The dtuH2 ligand presented some activity only at the highest tested 

concentration, while the [Ag2(dtu)] complex was not active, despite AgNO3 has shown to be quite 

cytotoxic. The poor solubility of the [Ag2(dtu)] complex may be responsible for its lack of activity. 

Considering tuH2, Ph3P-Au-tuH and Ph3P-Au-Cl, free tuH2 did not present antiproliferative 

activity, even at the highest tested concentration (Figure 32-A). On the other hand, Ph3P-Au-tuH and 

Ph3P-Au-Cl complexes showed cytocidal effects (negative values for cell growth) for almost all cell 

lines, with Ph3P-Au-tuH being cytotoxic at lower concentrations (2.5 µg mL-1, Figure 32-B) when 

compared to Ph3P-Au-Cl (25 µg mL-1, Figure 32-C). Both compounds were also cytotoxic for the non-

tumor line (HaCat). 

In general, the Ph3P-Au-tuH and Ph3P-Au-Cl complexes presented TGI values of the same order 

of magnitude. Therefore, both complexes presented the same activity for glioma (U251), breast (MCF-

7), ovarian multidrug resistant (NCI/ADR-RES), renal (786-0) and ovarian (OVCAR-3) tumor cells. 
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The Ph3P-Au-tuH complex was more active against leukemia (K-562, TGI <0.25 µg mL-1), lung (NCI-

H460; TGI = 26.7 µg mL-1) and colon (HT-29; TGI = 28.5 µg mL-1) tumor cells than the Ph3P-Au-Cl 

complex. Also, the Ph3P-Au-tuH complex was more active against leukemia than doxorubicin (Figure 

32-D), which is an antitumor drug used in clinics. 

As discussed before, the selectivity index (SI) is a parameter which can be used to compare the 

toxicity of compounds towards non-tumor and tumor cells [136]. In this case, it can be calculated by the 

ratio between the TGI of a non-tumor line (HaCat) and the TGI of tumor lines. Again, the higher the SI 

values, the greater the selectivity of a compound towards a tumor cell when compared to a normal one 

(considerable SI values would be higher than 2.0 or 3.0). The SI values for Ph3P-Au-tuH, Ph3P-Au-Cl 

and doxorubicin can be found in Table 14. The best SI values for Ph3P-Au-tuH complex were found for 

the glioma (U251, SI = 4.07), renal (786-0, SI = 2.65) and leukemia lines (K-562, SI = 24.4). 

 

Table 14. SI values for Ph3P-Au-tuH, Ph3P-Au-Cl and doxorubicin. 

Compounds 

Cell lines* 

2 M A 7 4 O H K  

Ph3P-Au-tuH 4.07 1.20 0.55 2.65 0.23 0.59 0.21 24.40  

Ph3P-Au-Cl 6.30 3.09 1.38 3.63 0.06 2.46 0.06 4.39  

Doxorubicin 0.72 1.02 0.02 0.53 0.02 0.32 0.02 0.48  

*Tumor human cell lines: 2: U251 (glioma); M = MCF-7 (breast); A = NCI/ADR-RES (multidrug 

resistant ovarian); 7 = 786-0 (kidney); 4 = NCI-H460 (lung, non-small cells); O = OVCAR-3 

(ovarian); H = HT29 (colon); K = K562 (leukemia); Non-tumor human line: HaCat (immortal 

keratinocyte). SI = TGI(HaCat)/TGI(tumor line) 

 

According to the literature, the chlorido(triphenylphosphine)gold(I) (Ph3P-Au-Cl) compound is 

able to induce apoptosis in breast tumor cells (MCF-7) with low level of ct-DNA interaction, and Ph3P-

Au-Cl interacts with sulphydryl groups present in serum albumin (BSA) [145]. These activities could 

partially explain the antiproliferative effect observed for Ph3P-Au-Cl. It is possible that some of the 

effects caused by Ph3P-Au-Cl can also be promoted by the Ph3P-Au-tuH complex. Therefore, these 

complexes were chosen to be further studied regarding the mechanism of cell death in NCI-H460 cells. 
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Partial conclusions 

Two complexes with thiouracils were synthesized and characterized by elemental and 

spectroscopic techniques. The silver(I) complex with 2,4-dithiouracil, [Ag2(dtu)], presented a 2:1 metal 

ligand composition, with formula [Ag2(C4H2N2S2)]. The triphenylphosphinegold(I) complex with 2-

thiouracil, Ph3P-Au-tuH, presented a 1:1 metal/ligand composition, with formula 

[Au(C4H2N2OS)(C18H15)]. For the latter complex the crystal structure shows the coordination of the 2-

thiouracilato ligand to gold(I) by its thiol group. Antiproliferative activity assays were performed with 

the metal complexes and also with the free ligands, 2-thiouracil and 2,4-dithiouracil, silver nitrate (metal 

salt) and chloridotriphenylphosphinegold(I) precursor complex (Ph3P-Au-Cl). The results were also 

compared to doxorubicin. The [Ag2(dtu)] complex presented no antiproliferative activity, probably due 

to its lack of solubility. The Ph3P-Au-tuH complex and its precursor complex, Ph3P-Au-Cl, showed 

noticeable antiproliferative profiles. The Ph3P-Au-tuH complex showed a better activity than 

doxorubicin over the K562 cell line. Data obtained for the gold(I) complex with 2-thiouracil presented 

in this section was published in Journal of Molecular Structure 1178 (2019) 169-178. 
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Studies of the cell death mechanism caused by Ag-5fu and Ph3P-Au-tuH 

complexes in ovarian and lung tumor cells 

 

A short introduction to flow cytometry 

Flow cytometry is a technique in which it is possible to measure multiple physical characteristics 

of a single cell simultaneously as the cell flows in suspension. Its working depends on the light scattering 

features of the cells under investigation, which may be derived, for example, from dyes targeting either 

extracellular molecules located on the surface or intracellular molecules inside the cell. In this way, flow 

cytometry can measure the fluorescence characteristics of a single cell in a fluid stream when they pass 

through a light source [146]. 

The principle of flow cytometry is related to light scattering and fluorescence emission, which 

occurs as light from a laser strikes the moving cells. The fluorescence emission that derives from a 

fluorescence probe will be proportional to the amount of fluorescent probe bound to the cell or cellular 

component. Therefore, it is possible to determine the influence of a compound in a cell or on cell 

components by choosing the appropriate dyes for each of them and using flow cytometry to study the 

extent of this influence. 

 

Results and Discussion 

The noteworthy antiproliferative activities observed for Ag-5fu and Ph3P-Au-tuH complexes led 

to further in vitro studies of these compounds. In this way, different cell lines were chosen to be studied 

for each compound. For the Ag-5fu complex the NCI/ADR-RES cells (multidrug resistant ovarian tumor 

cells) were chosen, because the Ag-5fu complex was shown to be more active than cisplatin over this 

cell line, showing that Ag-5fu may overcome the resistance mechanism. Also, 5fu and AgNO3 were 

used as controls, in order to understand the role of each one of them in the activity of the complex. Now, 

for the Ph3P-Au-tuH complex the NCI-H460 cells (lung tumor cells, non-small) were chosen and 

compared to Ph3P-Au-Cl, because the Ph3P-Au-tuH complex was shown to be more active than Ph3P-

Au-Cl over this cell line, and also because the results could be further compared to in vivo lung tumor 

models, as a possible further investigation. Free 2-thiouracil was not tested, because it did not present 

antiproliferative activity in the highest tested concentration. 

The compounds were evaluated by the colony formation capacity and flow cytometry assays to 

analyze cell cycle and cell death induction [phosphatidylserine residues (PS) exposition, multicaspases 

activation, production of reactive oxygen species (ROS) and mitochondrial membrane depolarization]. 
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For Ag-5fu preliminary studies of interaction with plasmid DNA by gel electrophoresis were done and 

are also presented. 

 

Gel electrophoresis assay 

In order to investigate the mechanism of action of the Ag-5fu complex, preliminary studies about 

the interaction of this compound with biomolecules such as DNA are of interest. Considering the 

differences in cell growth profiles observed in the antiproliferative assays, the mechanism of action of 

the Ag-5fu complex may differ from that of cisplatin. As already mentioned, the main target of cisplatin 

is DNA, where Pt(II) ions form covalent bonds with nitrogen bases [46]. Therefore, a preliminary gel 

electrophoresis assay was performed to evaluate a possible interaction of Ag-5fu with DNA [48,49]. 

K2[PdCl4], K2[PtCl4], AgNO3, 5fu and Ag-5fu were mixed and incubated with pIRES DNA 

plasmid (pIRES: internal ribosome entry site plasmid). Pure pIRES DNA plasmid was used as control 

and K2[PdCl4] and K2[PtCl4] were controls of compounds that interact with DNA. DNA Ladder was 

used as a weight marker, based on the number of nucleotide base pairs (bp). The compounds were 

electrophoresed in agarose gel and the results are presented in Figure 33. 

 

 Figure 33. Electrophoresis agarose gel. Control (Ctrl) is pure pIRES DNA plasmid, (1) AgNO3, (2) 

K2[PdCl4], (3) K2[PtCl4], (4) 5fu, (5) Ag-5fu. OC is the open circular form of the plasmid DNA (slower 

migration) and CCC is the supercoil form (faster migration). Ladder shows bands of 12000 bp to 1650 

bp. Separate parts of the figure are from the same gel. 

 

The pIRES DNA plasmid presents four different forms (control, Figure 33) in the 

electrophoresis agarose gel. The form which presents the slower migration is the open circular form 

(OC) and the form which presents the faster migration is the supercoil form (CCC). We can observe that 

5fu has a minor interaction with the DNA in the open circular form (absence of the band, Figure 33), 

when compared to K2[PdCl4] and K2[PtCl4], while AgNO3 and Ag-5fu do not seem to interact with 

DNA, due to the presence of all four bands (same pattern as the control). The observed results suggest 
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that the mechanism of antiproliferative action of the complex is dissimilar from that of cisplatin and 

does not involve interaction with DNA. 

 

Cell cycle arrest 

We investigated the influence of Ag-5fu and its precursors (5fu and AgNO3) on NCI-ADR/RES 

cell cycle, and the influence of Ph3P-Au-tuH and Ph3P-Au-Cl on NCI-H460 cell cycle. Divided in two 

steps (interphase and mitosis), the cell cycle comprises the molecular events that occur since the 

formation of a cell until its division into new cells. While in the interphase cell grows and prepares itself 

for a new division (divided into G1, S and G2 phases), mitosis is the proper cell division process, 

characterized by the formation of new cells (division of both nuclei and cytoplasm) [147]. According to 

literature, the doubling time (i.e. the period required to complete one cell cycle) varies depending on the 

cell line, and for NCI/ADR-RES it is reported as 34 h, while for NCI-H460 it is of 17.8 h [148]. The 

most used method to cell cycle evaluation is flow cytometry analysis of the DNA content. By using a 

fluorescent DNA dye, for example propidium iodide (PI), it is possible to observe three different cell 

subpopulations named G1 (DNA = 2n), S (2n < DNA < 4n)  and G2/M (DNA = 4n) phases according 

to the DNA quantity [149]. Figure 34 shows the results on NCI/ADR-RES cell cycle after treatment 

with Ag-5fu, 5fu and AgNO3 (histograms are in Figures A2 to A4, Appendix), while Figure 35 shows 

the results on NCI-H460 cell cycle after treatment with Ph3P-Au-tuH and Ph3P-Au-Cl (histograms are 

in Figures A5 to A6, Appendix). 

 

 

 

 



84 
 

C
ontr

ol

A
g-5

fu
 0

.7
5 

µg
/m

L

A
g-5

fu
 1

.5
 µ

g/m
L

5f
u 0

.3
7 

µg
/m

L

5f
u 0

.7
5 

µg
/m

L

0.
37

 µ
g/m

L

3 

A
gN

O
 0

.7
5 

µg
/m

L

3

A
gN

O

0

50

100

G1

S

G2/M

***

***
***

***

***

***

***

***

***

**

C
e

ll
 p

o
p

u
la

ti
o

n
 (

%
)

 

Figure 34. Influence of Ag-5fu, 5fu and AgNO3 on NCI/ADR-RES cell cycle. NCI/ADR-RES cells 

were treated for 36 h with Ag-5fu (0.75 and 1.5 µg mL-1), 5fu (0.37 and 0.75 µg mL-1) or AgNO3 (0.37 

and 0.75 µg mL-1). Cell subpopulation (%) after propidium iodide staining: G1 (DNA = 2n), S (2n < 

DNA < 4n) and G2/M (DNA = 4n) phases. Statistical analysis: 2way-ANOVA followed by Bonferroni 

test (*p < 0.05, **p < 0.01 and ***p < 0.001, relative to untreated cells). 
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Figure 35. Influence of Ph3P-Au-tuH and Ph3P-Au-Cl on NCI-H460 cell cycle. NCI-H460 cells were 

treated for 18 h with Ph3P-Au-tuH (6.0 and 12.0 µg mL-1), or Ph3P-Au-Cl (5.05 and 10.1 µg mL-1). Cell 

subpopulation (%) after propidium iodide staining: G1 (DNA = 2n), S (2n < DNA < 4n) and G2/M 

(DNA = 4n) phases. Statistical analysis: 2way-ANOVA followed by Bonferroni test (*p < 0.05, and 

***p < 0.001, relative to untreated cells). 



85 
 

Regarding NCI/ADR-RES cells, (Figure 34) when compared to the untreated ones (control), 

both Ag-5fu and 5fu promoted cell cycle arrest at G1 phase (G1 = 51% for untreated cells, 66% for Ag-

5fu and 67% for 5fu-treated cells, respectively), independent on the concentration. No significant 

changes induced by AgNO3 were observed, independent on the concentration (G1 = 50%). According 

to the literature, DNA damage caused by 5fu can activate the p53 protein [106,150], which influences 

proliferation by acting predominantly in the G1 phase of cell cycle progression [151], as already 

observed on smooth muscle cells treated with 5fu [152]. The results on cell cycle (Figure 34) may 

suggest that the effect of Ag-5fu on NCI/ADR-RES cells could be due to 5fu, since both compounds 

present the same pattern of cell cycle arresting, without participation of silver(I) ions. 

Now, for NCI-H460 cells, both Ph3P-Au-tuH and Ph3P-Au-Cl caused arrest at G1 phase (G1 = 

44% for untreated cells, 48% for Ph3P-Au-tuH and 52% for Ph3P-Au-Cl), and for Ph3P-Au-tuH the effect 

was greater at the highest concentration. It seems here that the phosphinegold(I) moiety is causing the 

effect on NCI-H460 cell cycle. 

 

Colony formation assay 

To expand the knowledge about how the compounds are acting on cells, we evaluated their 

influence on the colony forming ability. The colony formation assay determines the ability of one cell 

to proliferate, retaining its reproductive ability to form a colony after ceasing the sample exposition. By 

counting the aggregates of at least 50 cells (named one colony), this assay allowed to infer whether the 

sample promotes reversible or irreversible effects on cell proliferation [128,153,154]. Figure 36 shows 

the survival fraction of NCI/ADR-RES cells for cells treated with Ag-5fu, 5fu, and AgNO3 (number of 

counted colonies is in Table A3, Appendix; Figures A7 to A9 show pictures of the stained plates). 
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Figure 36. Survival fraction of NCI/ADR-RES cells for cells treated with Ag-5fu, 5fu, and AgNO3 in 

the concentration range of 0.75 – 3.0 µg mL-1. Control shows the plating efficiency (PE). 

 

Considering the NCI/ADR-RES doubling time (34 h), even after about 8 cell cycles, Ag-5fu 

was able to totally inhibit colony formation [Survival Fraction (SF) = 6.5 and 0% at 1.5 and 3.0 µg mL-

1, respectively] after one single exposition, being the effect dependent on complex concentration. 

Besides, 5fu almost totally inhibited colony formation only at the higher concentration (SF = 41 and 

1.2% at concentrations 0.75 and 1.5 µg mL-1, respectively) (Figure 35), while AgNO3 partially inhibited 

NCI/ADR-RES colony formation (SF = 52 and 32% at 0.75 and 1.5 µg mL-1, respectively). 

Figure 37 shows the survival fraction of NCI-H460 cells for cells treated with Ph3P-Au-tuH and 

Ph3P-Au-Cl (number of counted colonies is in Table A4, Appendix; Figures A10 and A11 show pictures 

of the stained plates). 
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Figure 37. Survival fraction of NCI-H460 cells for cells treated with Ph3P-Au-tuH and Ph3P-Au-Cl in 

the concentration range of 6.0 – 12.0 µg mL-1. Control shows the plating efficiency (PE). 

 

Considering the NCI-H460 doubling time (17.8 h), even after about 8 cell cycles, Ph3P-Au-tuH 

was able to almost totally inhibit colony formation after one single exposition only at the highest 

concentration (SF = 32% and 1% at 6.0 and 12.0 µg mL-1, respectively). Ph3P-Au-Cl presented the same 

pattern of effect (SF = 18% and 2% at concentrations 5.05 and 10.1 µg mL-1, respectively), however 

being more potent than Ph3P-Au-tuH at the lowest concentration. 

The results indicate that the antiproliferative effect of Ag-5fu, Ph3P-Au-tuH and Ph3P-Au-Cl 

cannot be reverted by cells after complex removal. Moreover, for Ag-5fu, considering the effect of both 

precursors (5fu and AgNO3), the inhibition of colony formation promoted by Ag-5fu could be partially 

explained by a combination effect of silver(I) ions and 5fu. Considering the results of cell cycle arrest 

and of colony formation, it is possible to infer that the increasing survival of the NCI/ADR-RES cells 

observed at G1 phase after Ag-5fu or 5fu treatments, and of the NCI-H460 cells at G1 phase after 

treatment with Ph3P-Au-tuH or Ph3P-Au-Cl, may actually be cells entering G0 phase, since cell 

replication was not observed in the colony formation assay. Therefore, we started to evaluate whether 

these compounds promoted other alterations triggering the cell death. 
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Mitochondrial membrane depolarization – Rhodamine-123 assay 

The depolarization of the mitochondrial membrane is an indicative of early stages of cell death 

[155]. One strategy to evaluate this event by flow cytometry is using the fluorescent probe Rhodamine 

123 (Rh123). When mitochondrial membranes show the normal polarization, Rh123 accumulates within 

mitochondria, while the depolarization process results in loss of Rh123 with consequent decrease of 

intracellular fluorescence [156,157]. For the interpretation of the obtained results, cells were divided 

into three subpopulations according to the respective fluorescence intensities as M1 (100-101, total 

depolarization), M2 (101-103, partial/transient depolarization) and M3 (103-104, normal polarization). 

Figure 38 shows cell population of NCI/ADR-RES cells stained with Rh123 after 1 h, 2 h and 3 

h of treatment with Ag-5fu, 5fu and AgNO3. After 1h-exposition, only AgNO3 promoted a significant 

increase in M2 population (91%) when compared to untreated cells (83%). As the exposure time 

increased up to 3 h, Ag-5fu promoted M1 population increasing (M1 = 25 and 28% for Ag-5fu-treated 

cells after 2 h and 3 h, respectively) followed by M2 subpopulation decreasing (M2 = 78 and 53% for 

Ag-5fu-treated cells after 2 h and 3 h, respectively) in comparison to untreated cells (M1 = 13 and 10%, 

M2 = 91 and 82% for untreated cells after 2 h and 3 h, respectively). In addition, 5fu did not promote 

any change in subpopulation distribution. 
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Figure 38. Cell population of NCI/ADR-RES stained with Rh123. NCI/ADR-RES cells were treated 

for 1 h, 2 h and 3 h with Ag-5fu (3.0 µg mL-1), 5fu (1.5 µg mL-1) and AgNO3 (1.5 µg mL-1). Cell 

subpopulation (%) in M1, M2 and M3 after Rh123 staining. M1 is the fluorescence intensity between 

100-101 (total depolarization), while M2 is the fluorescence intensity between 101-103 (partial/transient 

depolarization), and M3 is the fluorescence intensity between 103-104 (normal polarization). Statistical 

analysis: 2way-ANOVA followed by Bonferroni test (*p < 0.05, **p < 0.01, ***p < 0.001, relative to 

untreated cells). 
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The obtained results (Figure 38) were suggestive to the disruption of the mitochondrial 

membrane potential of NCI/ADR-RES cells by Ag-5fu. However, one limitation of this protocol regards 

on the presence of P-glycoprotein (P-gp) in the chosen cell line. The P-glycoprotein promotes drug efflux 

from the intracellular environment and Rh123 can be used to evaluate this characteristic (a decrease in 

the intracellular fluorescence is proportional to P-gp activation) [158]. Considering that NCI/ADR-RES 

cells express multiple drug resistance because of the super expression of P-gp [159,160], a reduction in 

the fluorescent intensity after Rh123 staining may indicate the Ag-5fu-induced mitochondrial membrane 

depolarization or just the P-gp activity promoting Rh123 and drug efflux. To clarify this question and 

considering that NCI/ADR-RES cells derive from OVCAR-8 cells, which do not super express P-gp 

[159], the Rh123 assay was performed on OVCAR-8 cells after treatment with Ag-5fu (Figure 39). 
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Figure 39. Cell population of OVCAR-8 stained with Rh123. OVCAR-8 cells were treated for 1 h, 2 h 

and 3 h with Ag-5fu (3.0 µg mL-1). Cell subpopulation (%) in M1, M2 and M3 after Rh123 staining. M1 

is the fluorescence intensity between 100-101 (total depolarization), while M2 is the fluorescence 

intensity between 101-103 (partial/transient depolarization), and M3 is the fluorescence intensity between 

103-104 (normal polarization). Statistical analysis: 2way-ANOVA followed by Bonferroni test (*p < 

0.05, **p < 0.01, ***p < 0.001, relative to untreated cells). 

 

Ag-5fu was able to promote depolarization of the mitochondrial membrane in OVCAR-8 cells, 

as observed by M1 subpopulation increasing after 2h-treatment (34% of cells treated with Ag-5fu 

compared to 11% of untreated cells). This result corroborates the hypothesis of Ag-5fu-induced 

mitochondrial membrane depolarization in NCI/ADR-RES cells rather than just P-gp-induced Rh123 

efflux. Depolarization of the mitochondrial membrane was reported before for silver(I) complexes 

[161,162]. However, in a different way from the other assays here reported, only the Ag-5fu complex 

promoted the depolarization, which was not observed for the free ligand or the free metal ion. It seems 

that the combination of ligand (5fu) and silver(I) plays an important role for mitochondrial membrane 

depolarization of NCI/ADR-RES cells. 
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For NCI-H460 cells and Ph3P-Au-tuH and Ph3P-Au-Cl compounds, the Rh123 assay was also 

performed and, in this case, it will show loss of Rh123 from the mitochondria if depolarization occurs, 

with a decrease of intracellular fluorescence. P-gp is not super expressed in this cell line, therefore not 

evaluated here. Figure 40 shows cell population of NCI-H460 cells stained with Rh123 after 1 h, 2 h 

and 3 h of treatment with Ph3P-Au-tuH and Ph3P-Au-Cl. 

It is interesting that only Ph3P-Au-tuH caused depolarization of the mitochondrial membrane 

within 1 h (37% of cells treated with Ph3P-Au-tuH compared to 24% of untreated cells) and 2h (33% of 

cells treated with Ph3P-Au-tuH compared to 23% of untreated cells) of treatment, while Ph3P-Au-Cl did 

not present a statistical relevant effect. Here, it may be that 2-thiouracil plays a role in mitochondrial 

membrane depolarization. 

 



92 
 

1h

C
ontr

ol

g/m
L



P-A
u-tu

H
 2

4.
0 

3
Ph

g/m
L



P-A
u-C

l 2
0.

2 

3
Ph

0

50

100 M1

M2

M3

*

C
e
ll 

p
o
p
u
la

tio
n
 (

%
)

2h

C
ontr

ol

g/m
L



P-A
u-tu

H
 2

4.
0 

3
Ph

g/m
L



P-A
u-C

l 2
0.

2 

3
Ph

0

50

100 M1

M2

M3

**

C
e
ll 

p
o
p
u
la

tio
n
 (

%
)

3h

C
ontr

ol

g/m
L



P-A
u-tu

H
 2

4.
0 

3
Ph

g/m
L



P-A
u-C

l 2
0.

2 

3
Ph

0

50

100 M1

M2

M3

C
e
ll 

p
o
p
u
la

tio
n
 (

%
)

 

Figure 40. Cell population of NCI-H460 stained with Rh123. NCI-H460 cells were treated for 1 h, 2 h 

and 3 h with Ph3P-Au-tuH (24.0 µg mL-1) and Ph3P-Au-Cl (20.2 µg mL-1). Cell subpopulation (%) in 

M1, M2 and M3 after Rh123 staining. M1 is the fluorescence intensity between 100-101 (total 

depolarization), while M2 is the fluorescence intensity between 101-103 (partial/transient 

depolarization), and M3 is the fluorescence intensity between 103-104 (normal polarization). Statistical 

analysis: 2way-ANOVA followed by Bonferroni test (*p < 0.05, **p < 0.01, relative to untreated cells). 
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Phosphatidylserine externalization – Nexin assay 

There are many different mechanisms of cell death [163]. Apoptosis is the cell death mechanism 

that occurs naturally when cells get old and start developing problems. It is an active and regulated 

process of cellular dismantling that avoids eliciting inflammation [164]. It is important to notice that 

cancer cells do not trigger cell death, so they proliferate indefinitely. Considering this, one desired 

feature of an anticancer compound is to induce cell death through modulating an endogenous “suicide” 

mechanism, such as apoptosis or autophagy [165]. Phosphatidylserine (PS) is a phospholipid contained 

in the inner side of the cell membrane, and the exposure or externalization of PS to the outer side is a 

cellular event involved in some cell death mechanisms, such as apoptosis [156,166]. This characteristic 

allowed the development of assays to evaluate mechanisms of regulated cell death by assessing PS 

externalization. One strategy is based on the high affinity of Annexin-V for PS residues. As Annexin-V 

is not fluorescent by itself, it is chemically coupled to a fluorescent probe. Moreover, to differentiate 

whether PS residues were in the inner or in the outer side of the cell membrane, a second dye, such as 

7-aminoactinomycin D (7-AAD), with low permeability through unimpaired plasmatic membrane and 

high DNA affinity, is used to evaluate the membrane integrity [167]. 

As a dynamic process, we evaluated the PS externalization in NCI/ADR-RES cells induced by 

Ag-5fu, 5fu and AgNO3 after different exposition times (8 h, 14 h, 18 h and 24 h), and in NCI-H460 

cells induced by Ph3P-Au-tuH and Ph3P-Au-Cl (18 h and 24 h). Figure 41 shows phosphatidylserine 

externalization of NCI/ADR-RES after 18 h of treatment with Ag-5fu, 5fu and AgNO3. For 8 h, 14 h 

and 24 h, see Figures A12 to A14 in Appendix. Dot-plot graphs for 18 h of treatment is in Figure A15, 

Appendix. 
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Figure 41. Influence of Ag-5fu, 5fu, and AgNO3 on phosphatidylserine externalization. NCI/ADR-RES 

cells were treated for 18h with Ag-5fu (3.0 µg mL-1), 5fu (1.5 µg mL-1) or AgNO3 (1.5 µg mL-1). Cell 

subpopulation (%) after Annexin-V and 7-AAD staining. Statistical analysis: 2way-ANOVA followed 

by Bonferroni test (***p < 0.001, relative to untreated cells). 

 

The obtained results show that silver(I) ions and Ag-5fu induced PS externalization on 

NCI/ADR-RES cells [Annexin-V(+)/7-AAD(-) = 2% in untreated cells, 8 and 11% in cells treated with 

AgNO3 and Ag-5fu, respectively]. Also, the PS externalization effect was greater (p < 0.001) for Ag-

5fu (49%) when compared to AgNO3 (28%) after 18 h for cells with both PS externalization and loss of 

membrane integrity [Annexin-V(+)/7-AAD(+)]. Moreover, 5fu did not alter the PS externalization 

profile observed for untreated NCI/ADR-RES cells after 18h-treatment. 

After 18h-exposition, both Ag-5fu and AgNO3 induced significant increasing on the 

subpopulations showing PS externalization, with or without loss of membrane integrity, in comparison 

to untreated cells (Figure 41). The obtained results suggest that the silver(I) ions present in the metal 

complex contributed to Ag-5fu-induced PS externalization on NCI/ADR-RES cells. According to the 

literature, 24h-exposition to AgNO3 (10 µM) induced programed cell death in Vitis vinifera cells [168]. 

Depending on the cell line and the exposition period, 5fu may (as in colon carcinoma cells after 1 – 3 

days of treatment) or may not (as in smooth muscle cells after 24h-exposition) cause PS externalization 

apoptosis [152]. 

Figure 42 shows phosphatidylserine externalization of NCI-H460 cells after 18 h of treatment 

with Ph3P-Au-tuH and Ph3P-Au-Cl. For 24 h exposition time, see Figure A16 in Appendix, and for dot-

plot graphs of 18 h of treatment see Figure A17. 



95 
 

C
ontr

ol

g/m
L



P-A
u-tu

H
 2

4.
0 

3
Ph

g/m
L



P-A
u-C

l 2
0.

2 

3
Ph

0

20

40

60

80

100
Annexin(-) 7-AAD(-)

Annexin(+) 7-AAD(-)

Annexin(-) 7-AAD(+)

Annexin(+) 7-AAD(+)

***

***

***

*** ****

C
e
ll 

p
o
p
u
la

tio
n
 (

%
)

 

Figure 42. Influence of Ph3P-Au-tuH and Ph3P-Au-Cl on phosphatidylserine externalization. NCI-H460 

cells were treated for 18 h with Ph3P-Au-tuH (24.0 µg mL-1) or Ph3P-Au-Cl (20.2 µg mL-1). Cell 

subpopulation (%) after Annexin-V and 7-AAD staining. Statistical analysis: 2way-ANOVA followed 

by Bonferroni test (*p < 0.05 and ***p < 0.001, relative to untreated cells). 

 

Both Ph3P-Au-tuH and Ph3P-Au-Cl compounds induced PS externalization in NCI-H460 cells 

after 18 h of treatment [Annexin-V(+)/7-AAD(-) = 7% in untreated cells, 11 and 14% in cells treated 

with Ph3P-Au-tuH and Ph3P-Au-Cl, respectively]. The effect was greater (P < 0.05) for cells treated with 

Ph3P-Au-Cl with both PS externalization and loss of membrane integrity [Annexin-V(+)/7-AAD(+) = 

6% in untreated cells, 15 and 19% in cells treated with Ph3P-Au-tuH and Ph3P-Au-Cl, respectively]. 

 

Detection of activated caspases 

As suggested by PS externalization, it seems that the compounds are inducing cell death in the 

NCI cells by apoptosis. This mechanism of regulated cell death begins with cellular signalization in the 

cytosol mediated by a group of proteases called caspases, which are triggered in response to pro-

apoptotic signals. Once activated, caspases cleave protein substrates leading to the eventual dismantling 

of the cell, as cytosol condensation and nuclear membrane disintegration. Caspases can be divided into 

“initiators”, which regulate apoptosis upstream (caspases 8, 9, and 10) and “effectors”, which are 

responsible for proteolytic cleavages that lead to cell disassembly (caspases 3, 6, and 7) [169]. To 

evaluate the multicaspases activation (initiators and effectors) we choose the method based on the 
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unspecific caspase inhibitor SR-VAD-FMK dye (SR: sulforhodamine B; VAD: trimer Val-Ala-Asp; 

FMK: fluoromethylketone) [170] that binds covalently to active caspases. Once again, 7-AAD was used 

as an indicator of membrane integrity [156]. 

Figure 43 shows the caspases activation of NCI/ADR-RES after 17 h of treatment with Ag-5fu, 

5fu and AgNO3. Dot-plot graphs are in Figure A18, Appendix. 
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Figure 43. Influence of Ag-5fu, 5fu, and AgNO3 on caspases activation. NCI/ADR-RES cells were 

treated for 17h with Ag-5fu (3.0 µg mL-1), 5fu (1.5 µg mL-1) and AgNO3 (1.5 µg mL-1). Cell 

subpopulation (%) after SR-VAD-FMK and 7-AAD staining. Statistical analysis: 2way-ANOVA 

followed by Bonferroni test (*p < 0.05, **p < 0.01, ***p < 0.001, relative to untreated cells). 

 

Ag-5fu and AgNO3 promoted significant reduction on NCI/ADR-RES cells subpopulation 

without caspase activation and loss of membrane integrity [SR-VAD-FMK (-)/7-AAD (-) = 92, 74 and 

28%, for untreated cells, AgNO3 and Ag-5fu treatments, respectively). Besides, both Ag-5fu and AgNO3 

increased NCI/ADR-RES cell subpopulation with both caspase activation and loss of membrane 

integrity after 17h-exposition [SR-VAD-FMK (+)/7-AAD (+) = 4, 19 and 64% for untreated cells, 

AgNO3 and Ag-5fu treatments, respectively]. As expected, 5fu did not promote caspases activation on 

NCI/ADR-RES cells after 17 h of treatment. In agreement with the PS externalization results, Ag-5fu 

and AgNO3 promoted significant reduction on NCI/ADR-RES cells subpopulation without caspase 

activation and loss of membrane integrity [SR-VAD-FMK (-)/7-AAD (-)]. Besides, both Ag-5fu and 

AgNO3 increased NCI/ADR-RES cell subpopulation with both caspase activation and loss of membrane 

integrity after 17 h-exposition [SR-VAD-FMK (+)/7-AAD (+)]. As observed in colony formation and 
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PS externalization assays, the caspase activation by Ag-5fu was much more intense than that promoted 

by AgNO3 (Figure 43). Furthermore, the loss of membrane integrity occurred almost simultaneously 

with PS externalization and caspases activation. These characteristics reinforce the suggestion that Ag-

5fu might be inducing apoptosis on NCI/ADR-RES cells. 

Figure 44 shows the caspases activation of NCI-H460 cells after 18 h of treatment with Ph3P-

Au-tuH and Ph3P-Au-Cl. Dot-plot graphs are in Figure A19, Appendix. 
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Figure 44. Influence of Ph3P-Au-tuH and Ph3P-Au-Cl on caspases activation. NCI-H460 cells were 

treated for 18 h with Ph3P-Au-tuH (24.0 µg mL-1) and Ph3P-Au-Cl (20.2 µg mL-1). Cell subpopulation 

(%) after SR-VAD-FMK and 7-AAD staining. Statistical analysis: 2way-ANOVA followed by 

Bonferroni test (***p < 0.001, relative to untreated cells). 

 

Both compounds promoted reduction on NCI-H460 cells subpopulation without caspase 

activation and loss of membrane integrity [SR-VAD-FMK (-)/7-AAD (-) = 79, 64 and 37%, for untreated 

cells, Ph3P-Au-tuH and Ph3P-Au-Cl, respectively). Also, both increased NCI-H460 cell subpopulation 

with both caspase activation and loss of membrane integrity after 18h-exposition [SR-VAD-FMK (+)/7-

AAD (+) = 12, 29 and 56% for untreated cells, Ph3P-Au-tuH and Ph3P-Au-Cl treatments, respectively]. 

Again, effect was greater (P < 0.001) for cells treated with Ph3P-Au-Cl with both caspases activation 

and loss of membrane integrity. These results, together with PS externalization, reinforce the suggestion 

that Ph3P-Au-tuH and Ph3P-Au-Cl may be inducing the regulated cell death of NCI-H460 by apoptosis. 
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Measurement of intracellular oxidants – DCFH-DA assay 

Considering the previous experiments (mitochondrial membrane depolarization, PS 

externalization, caspases activation), it was observed that the metal compounds here evaluated induced 

cell death in the tested cells by apoptosis. This regulated cell death mechanism can be initialized by two 

different ways. The extrinsic apoptosis is initiated by extracellular microenvironment perturbations and 

propagated by caspase activation, while the intrinsic apoptosis can be initiated both by extra or 

intracellular microenvironment perturbations, and limited by caspase activation [155]. 

In this context, we evaluated whether Ag-5fu and its precursors 5fu and AgNO3 induce the 

production of intracellular reactive oxygen species (ROS) as an initiation event of regulated cell death 

in NCI/ADR-RES cells. The NCI-H460 cells treated with Ph3P-Au-tuH and Ph3P-Au-Cl were not 

evaluated so far. One protocol used to evaluate intracellular ROS generation is based on the probe 2′,7′-

dichlorofluorescein diacetate (DCFH-DA) [171]. This probe can readily diffuse into the cells and get 

deacetylated by intracellular enzymes (esterases) to the non-fluorescent 2,7-dichlorodihydrofluorescein 

(DCFH). In a proportional way, DCFH is oxidized by intracellular hydrogen peroxide into the highly 

fluorescent 2,7-dichlorofluorescein (DCF) [156,172]. In addition, cells treated with hydrogen peroxide 

were used as a positive control. Based on DCF fluorescence, cells can be divided into two subpopulations 

of increasing fluorescence, named as M1 (fluorescence intensity between 100 and 101, non-marked 

cells), and M2 (fluorescence intensity between 101 and 104, marked with DCF because of high 

concentration of intracellular ROS). 

Figure 45 shows the intracellular ROS formation in NCI/ADR-RES after 1 h, 2 h and 3 h of 

treatment with Ag-5fu, 5fu and AgNO3.  
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Figure 45. Influence of Ag-5fu, 5fu, and AgNO3 on intracellular ROS formation in NCI/ADR-RES. 

NCI/ADR-RES cells were treated for 1 h, 2 and 3 h with Ag-5fu (3.0 µg mL-1), 5fu (1.5 µg mL-1), 

AgNO3 (1.5 µg mL-1) and H2O2 (200 µM). Cell subpopulation (%) in M1 and M2 after DCFH-DA 

staining. M1 is the fluorescence intensity between 100 and 101 (non-marked cells), while M2 is the 

fluorescence intensity between 101 and 104 (marked with DCF). Statistical analysis: 2way-ANOVA 

followed by Bonferroni test (***p < 0.001, relative to untreated cells).  

  

As expected, hydrogen peroxide promoted a significant increase on intracellular ROS 

concentration as observed by increased M2 subpopulations in comparison to the untreated NCI/ADR-

RES cells (M2 = 30 and 82% for untreated cells and H2O2-treated cells after 1 h, respectively). In 

addition, Ag-5fu, 5fu or AgNO3 did not promote any alteration on intracellular ROS concentration 

(Figure 42). In this way, the observed results suggest that up to 3h-treatment the Ag-5fu complex did 

not induce intracellular microenvironment perturbations that could initiate the apoptotic mechanism in 

NCI/ADR-RES cells. 
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Partial conclusions 

The antiproliferative activity of Ag-5fu over multi-resistant ovarian tumor cells (NCI/ADR-

RES) was shown to be a combination of the activities of free 5fu and silver(I) ions. The Ag-5fu complex 

may induce regulated cell death in NCI-ADR/RES cells considering mitochondrial membrane 

depolarization, PS externalization and multicaspases activation. Moreover, the Ag-5fu complex 

promoted cell cycle arrest at G1 and inhibited colony formation, indicating that the cancer cells, which 

do not go through a regulated cell death pathway, lost their proliferation ability. However, the 

mechanism of cell death could not be completely elucidated. The production of ROS by the complex 

was not observed, what means that the reason for cell death triggering is still unknown. Moreover, the 

differentiation between intrinsic and extrinsic apoptosis could not be done.  

Furthermore, the Ph3P-Au-tuH complex showed a higher antiproliferative activity when 

compared to Ph3P-Au-Cl over NCI-H460 cells. Both compounds induced regulated cell death in NCI-

H460 cells, considering PS externalization and multicaspases activation. Both compounds promoted cell 

cycle arrest at G1 and inhibited colony formation. For the gold(I) complexes only Ph3P-Au-tuH showed 

mitochondrial membrane depolarization. Again, the mechanism of cell death could not be completely 

elucidated for the same reasons observed for Ag-5fu. 

Data for the silver(I) complex with 5-fluorouracil presented in this section was published in 

Journal of Fluorine Chemistry 195 (2017) 93-101, and Toxicology In Vitro 60 (2019) 359-368. 
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PART 2: Thiosemicarbazones and their metal complexes 

 

This part of the Thesis was done in a 9-month internship in the Institute of Inorganic Chemistry 

of the University of Vienna (Vienna, Austria), under the supervision of Ass. Prof. Dr. Christian Kowol 

(Keppler Group). The biological investigations were done in the Institute for Cancer Research of the 

Medical University of Vienna, under the supervision of Assoc. Prof. Dr. Petra Heffeter. The internship 

was funded by OeAD (Austrian service center for European and international mobility and cooperation 

programmes in the fields of education, science and research). 

 

Introduction 

α-(N)-Heterocyclic thiosemicarbazones (TSCs) are an important class of metal chelating agents. 

They are formed by condensation of carbonyl compounds and thiosemicarbazides, resulting in N,N,S-

donor ligands [173]. TSCs, as well as their metal complexes, are widely investigated as antibacterial, 

antiviral, and anticancer agents [174]. More specifically, concerning the anticancer activities of TSCs, 

the investigations started in 1956, when Brockman et al. observed the antileukemic activity of pyridine-

2-carboxaldehyde thiosemicarbazone [175]. At that time, no evidences were found concerning the mode 

of action of this compound. In 1958, French and Freedlander observed the activity of glyoxal bis-

(thiosemicarbazones) against Sarcoma 180 and proposed a possible mechanism of action involving 

inactivation or translocation of metal ions in the tumor due to chelation by α-(N)-heterocyclic 

thiosemicarbazones [176]. 

As a result of the first investigations, many TSCs were studied for their anticancer activities. For 

example, 2-keto-3-ethoxybutyraldehyde bis(thiosemicarbazone) (KTS) was shown to be active against 

several tumors in rats [177] and studies showed the dependence of KTS’s activity with the presence of 

metal ions such as copper(II) and zinc(II) in the animals’ diet [178]. Further research indicated the 

antitumor activity of the Cu(II)KTS metal complex, confirming the dependence of the interaction of the 

TSC with copper as being part of the mechanism of action [179]. Also, the Zn(II)KTS complex presented 

antitumor activity [180], although being less active than the Cu(II)KTS complex and considered to 

potentiate the activity of Cu(II)KTS [179]. In addition, Booth and Sartorelli [181] observed a greater 

assimilation of copper by neoplasic cells treated with Cu(II)KTS than with CuCl2, due to the greater 

lipid solubility of the metal complex. Besides, they detected at least three distinct copper-induced 

biochemical lesions by Cu(II)KTS. Moreover, studies by Petering et al. with bis(thiosemicarbazonato) 

copper(II) complexes described a correlation between the cytotoxicity and the reactivity toward thiol 

groups, with the antitumor activity being related to the reduction of Cu(II) to Cu(I) [182,183]. 
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Regarding the mechanism of action of TSCs, Moore et al. showed the interference of 1-

formylisoquinoline thiosemicarbazone (IQ-1) with the biosynthesis of DNA [184]. This was found to 

be due to the inhibition of the ribonucleotide diphosphate reductase (RR) enzyme. The inhibition was 

thought to be related to the binding of IQ-1 to an iron-containing form of RR or by formation of an iron-

complex with IQ-1, which binds to the RR. Further studies by Thelander and Graslund indicated the 

target of IQ-1 to be the tyrosine free radical of a subunit of RR. It was suggested that the active form of 

the drug is the iron(II) complex [Fe(II)IQ-1], which reacts with molecular oxygen, leading to reversible 

destruction of the tyrosine free radical [185]. Regarding the redox properties of iron complexes, the 

pathway most likely involves the oxidation of Fe(II) to Fe(III), with the release of one electron and 

inactivation of the tyrosine free radical, followed by the reduction of the Fe(III) complex by cellular 

thiols [186,187]. Therefore, the redox activity of the metal complexes seems to be correlated with their 

cytotoxicity [187–189]. 

The first member of the α-(N)-heterocyclic thiosemicarbazone series to be clinically evaluated 

was 5-hydroxy-2-formylpyridine thiosemicarbazone (5-HP, Figure 46-a) in 1972 [190]. However, the 

promising antineoplasic activity found in animals could not be found in humans. 5-HP presented low 

affinity to the human ribonucleotide reductase (RR) enzyme, with rapid excretion, due to the formation 

of the O-glucuronide conjugate. Therefore, structure-activity relationships investigations were 

performed in order to develop second generation α-(N)-heterocyclic thiosemicarbazones with greater 

affinity for the target [187]. 

Triapine (3-aminopyridine-2-carboxaldehyde thiosemicarbazone; Figure 46-b) was the most 

investigated TSC, and it was evaluated in several phase I and II clinical trials against a number of 

different cancers [191]. Despite these numerous clinical trials, Triapine showed only promising activity 

against advanced leukemia but failed against a variety of solid tumors [192]. The reasons are currently 

widely unknown and might be due to the inappropriate drug delivery and/or fast excretion/metabolism. 

Since 2004 Richardson et al. developed a series of di-2-pyridylketone thiosemicarbazones [193,194], 

the DpT series, which are ligands similar to Triapine, but with much higher cytotoxic activity in the 

nanomolar range due to a terminal dimethylation. Terminal nitrogen dimethylation of α-N-heterocyclic 

thiosemicarbazones was found to enhance the toxicity of the compounds, and also of their metal 

complexes [195–197]. Recently, the Richardson group developed a new analog, di-2-pyridilketone 4-

cyclohexyl-4-methyl-3-thiosemicarbazone, known as DpC (Figure 46-c) [183,198] which due to its 

promising antitumor activity and pharmacological characteristics entered phase I clinical trials in 2016 

[199]. 
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Figure 46. Molecular structures of (a) 5-HP, (b) Triapine and (c) DpC. 

 

More recently, Cotinga Pharmaceuticals (formerly Critical Outcome Technologies Inc., Boston, 

MA, United States) developed a third generation TSC known as COTI-2 (4-(pyridine-2-yl)-N-{[(8E)-

5,6,7,8-tetrahydroquinolin-8-ylidene]amino}piperazine-1-carbothiamide; Figure 47) which entered 

phase I clinical trials for the treatment of gynecologic malignancies in 2017 [200]. It is a small molecule 

and an anticancer drug candidate, designed using a computational platform, which can be obtained in a 

three-step synthesis procedure [201,202]. Biological investigations revealed that COTI-2 possesses high 

efficacy against multiple cancers both in vitro and in vivo. Additionally, COTI-2 demonstrated a low 

toxicity profile in mice and better efficacy when compared to standard chemotherapeutic agents, as 

cetuximab and erlotinib, for example. Regarding the mechanism of action, it was found that COTI-2 

activates the caspase signaling cascade, inducing apoptosis in cancer cells [202]. In addition, it was 

found that COTI-2 is more active in mutant p53 tumors, and it increases intracellular zinc concentrations 

[203]. This fact shows that COTI-2 may also act as a chelating agent, but different to other 

thiosemicarbazones. 

 

 

Figure 47. Molecular structure of COTI-2. 

 

Nevertheless, studies about structure-activity relationships of COTI-2 or metal complexes with 

this molecule have not been reported so far. Therefore, considering the background of α-N-heterocyclic 

thiosemicarbazones and their importance in metal metabolism, the synthesis of the first metal complexes 

with COTI-2 are presented, with the biologically relevant ions Fe(III), Cu(II) and Zn(II), which could 

help elucidate the biological properties of this compound. Also, new COTI-derivatives (COTI-NH2, 
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COTI-NMe2, COTI-Nchexyl, Figure 48) were prepared, and the cytotoxic activities of these compounds 

were evaluated, in order to try to address structure-activity relationships. 

 

 

Figure 48. The COTI-derivatives: (a) COTI-NH2 [2-(6,7-dihydroquinolin-8(5H)-ylidene)hydrazine-1-

carbothioamide], (b) COTI-NMe2 [2-(6,7-dihydroquinolin-8(5H)-ylidene)-N,N-dimethylhydrazine-1-

carbothioamide], and (c) COTI-Nchexyl [N-cyclohexyl-2-(6,7-dihydroquinolin-8(5H)-ylidene)-N-

methylhydrazine-1-carbothioamide]. 
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Objectives 

The objective of the second part of this Thesis was the synthesis, characterization and evaluation 

of the cytotoxic activities of COTI-2 and new COTI-derivatives, and of Fe(III), Cu(II), and Zn(II) metal 

complexes with COTI-2. 
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Materials and Methods 

Starting Materials 

N-(2-pyridyl)piperazine was purchased from Alfa Aesar; 1,1’-thiocarbonyldiimidazole, 

hydrazine hydrate, N-methylcyclohexylamine, carbon disulfide,  sodium chloroacetate and zinc(II) 

chloride were purchased from Sigma-Aldrich; 5,6,7,8-tetrahydroquinolin-8-one was purchased from 

abcr; hydrazinecarbothioamide was purchased from Fluka; 4,4-dimethyl-3-thiosemicarbazide was 

purchased from TCI; copper(II) chloride dehydrate was purchased from Merck; iron(III) nitrate 

nonahydrate was purchased from Acros Organics. All reagents were used without further purification. 

 

Equipments 

Chemical analyses: Elemental analyses were performed on a Perkin Elmer 2400 CHNS Elemental 

Analyzer at the Microanalytical Laboratory of the University of Vienna. 

 

Mass spectrometric measurements: Electrospray ionization (ESI) mass spectra were recorded on a 

Bruker anaZon SL ion trap mass spectrometer in positive mode by direct infusion (COTI-2, COTI-

NMe2, Cu-COTI-2, Zn-COTI-2). High resolution mass spectra were measured on a Bruker maXis UHR 

ESI time of flight mass spectrometer (COTI-NH2, COTI-Nchexyl, Fe-COTI-2) [M = metal; HL = 

protonated ligand; L = deprotonated ligand]. Spectra are shown in Figures A20 to A26 in Appendix. 

 

Nuclear magnetic resonance measurements: One- and two-dimensional 1H-NMR and 13C-NMR 

spectra were recorded on a Bruker Avance III 600 MHz spectrometer at 298 K. For 1H-NMR spectra 

the solvent residual peak was taken as internal reference [s = singlet; d = doublet; t = triplet; quint = 

quintet; dd = doublet of doublets; ddd = doublet of doublet of doublets; br = broad signal; m = multiplet; 

py = pyridine; compound numbering for NMR can be found in Appendix, Figures A27 to A30]. Spectra 

for the final products (COTI-2, COTI-derivatives and Zn-COTI-2) are shown in Figures A31 to A47, in 

Appendix. 

 

Single crystal X-ray diffraction: The X-ray intensity data were measured on a Bruker D8 Venture 

diffractometer equipped with multilayer monochromator, MoKα for COTI-2 and CuKα for Cu-COTI-

2, INCOATEC micro focus sealed tube and Oxford cooling system. The structures were solved by direct 

methods and refined by full-matrix least-squares techniques. Non-hydrogen atoms were refined with 

anisotropic displacement parameters. Hydrogen atoms were inserted at calculated positions and refined 
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with riding model. The following software was used: Bruker SAINT software package [204] using a 

narrow-frame algorithm for frame integration, SADABS [205] for absorption correction, OLEX2 [206] 

for structure solution, refinement, molecular diagrams and graphical user-interface, Shelxle [207] for 

refinement and graphical user-interface SHELXS-2015 [208] for structure solution, SHELXL-2015 

[209] for refinement, Platon [210] for symmetry check. Experimental parameters for COTI-2 and Cu-

COTI-2 are in Appendix, Table A5. 

 

Synthesis of N’-(6,7-dihydroquinolin-8(5H)-ylidene-4-(pyridine-2-yl)piperazine-1-

carbothiohydrazide (COTI-2) 

The compound was prepared in three steps according to the patent US8034815B2 [201]. 

Synthesis of 1H-imidazol-1-yl-(4-(pyridin-2-yl)piperazin-1-yl)methanethione (1a): 

Thiocarbonyldiimidazole (0.89 g, 5.0 mmol, 1eq.) was dissolved in dichloromethane (30 mL) 

and N-(2-pyridyl)piperazine (762 µL, 5.0 mmol, 1eq.) was added. The solution was stirred for 20 hours 

and further washed three times with water. The organic phase was dried over magnesium sulphate, which 

was filtered off, and the solvent was evaporated. The resulting yellow oil of 1a was dried under vacuum 

and used in the next step without further purification. Yield: 1.36 g (99%). 1H-NMR (DMSO-d6): δ = 

2.77 (m, 2H, piperazine), 3.38 (m, 2H, piperazine), 6.70 (ddd, 1H, py), 6.84 (d, 1H, py), 7.06 (dd, 1H, 

imidazole), 7.56 (t, 1H, imidazole), 7.59 (ddd, 1H, py), 8.08 (t, 1H, imidazole), 8.15 (ddd, 1H, py). 

 

Synthesis of 4-(pyridin-2-yl)-piperazine-1-carbothiohydrazide (1b): 

The compound 1a (1.36 g, 5.0 mmol, 1 eq.) was dissolved in ethanol (20 mL) and hydrazine 

hydrate was added (267 µL, 5.5 mmol, 1.1 eq.). The mixture was stirred under reflux for 2 h, and a white 

solid of 1b was formed which was collected by filtration, washed with cold ethanol, dried under vacuum 

and used in the next step without further purification. Yield: 0.77 g (65%). 1H-NMR (DMSO-d6): δ = 

3.53 (m, 2H, piperazine), 3.85 (m, 2H, piperazine), 4.84 (br, 1H, NH), 6.66 (ddd, 1H, py), 6.83 (d, 1H, 

py), 7.55 (ddd, 1H, py), 8.12 (ddd, 1H, py), 9.35 (s, 1H, NH2), 10.23 (s, 1H, NH2). 

 

Synthesis of N’-(6,7-dihydroquinolin-8(5H)-ylidene-4-(pyridine-2-yl)piperazine-1-

carbothiohydrazide (COTI-2): 

The compound 1b (0.77 g, 3.26 mmol, 1 eq.) was suspended in ethanol (25 mL) and 5,6,7,8-

tetrahydroquinolin-8-one was added (0.48 g, 3.26 mmol, 1 eq.). The mixture was stirred under reflux 

for 20 h, resulting in a yellow solid, which was collected by filtration, washed with cold ethanol and 
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diethyl ether, and dried under vacuum. Yield: 1.01 g (85%). Elemental analysis: Calcd. For C19H22N6S 

(%): C, 62.27 ; H, 6.05 ; N, 22.9 ; S, 8.75. Found (%): C, 61.87 ; H, 5.93 ; N, 22.58 ; S, 8.61. MS in 

ACN/MeOH + 1% H2O (positive): m/z 367.60, [HL + H]+ ; 389.6, [HL + Na]+. 1H-NMR (DMSO-d6): 

Major isomer (91%) δ = 1.98 (quint, 2H, CH2, H6), 2.90 (t, 2H, CH2, H7), 3.09 (t, 2H, CH2, H5), 3.56 

(t, 2H, CH2, H12,13), 4.10 (s, 2H, CH2, H11,14), 6.66 (dd, 1H, CH, H16), 6.85 (d, 1H, CH, H18), 7.45 

(dd, 1H, CH py, H2), 7.56 (ddd, 1H, CH, H17), 7.78 (dd, 1H, CH py, H3), 8.13 (dd, 1H, CH, H19), 8.59 

(dd, 1H, CH py, H1), 14.57 (s, 1H, NH, N3). 13C NMR (125.75 MHz, DMSO-d6): δ = 20.2 (CH2, C6), 

26.3 (CH2, C5), 27.2 (CH2, C7), 44.4 (CH2, C12,13), 47.9 (CH2, C11,14), 107.1 (Cpy, C18), 113.1 (Cpy, 

C16), 125.4 (Cpy, C2), 136.4 (Cq, C4), 137.6 (Cpy, C17), 137.8 (Cpy, C3), 148.3 (Cq, C9), 148.2 (Cpy, C1), 

143.3 (C=N, C8), 147.6 (Cpy, C19), 158.8 (Cq, C15), 184.0 (C=S, C10). 1H-NMR (DMSO-d6): Minor 

isomer (9%) δ = 15.52 (s, 1H, NH, N3). Crystals were obtained from slow evaporation of the mother 

liquor. 

 

Synthesis of 2-(6,7-dihydroquinolin-8(5H)-ylidene)hydrazine-1-carbothioamide (COTI-NH2) 

This compound was synthesized by a procedure from reference [211] with slight modifications 

to avoid column chromatography.  

Hydrazinecarbothioamide (0.37 g, 4.0 mmol, 1 eq.) was suspended in isopropanol (10 mL), and 

the mixture was stirred at 80 ºC. Then, 5,6,7,8-tetrahydroquinolin-8-one (0.59 g, 4.0 mmol, 1 eq.) was 

added, and the mixture was stirred under reflux for 5 h. A pale-yellow solid was formed, which was 

collected by filtration, washed with cold isopropanol and dried under vacuum. Yield: 0.65 g (74%). 

Elemental analysis: Calcd. For C10H12N4S (%): C, 54.52 ; H, 5.49 ; N, 25.43 ; S, 14.55. Found (%): C, 

54.53 ; H, 5.48 ; N, 25.35 ; S, 14.59. MS in ACN/MeOH + 1% H2O (positive): m/z 243.0675, [HL + 

Na]+. 1H NMR (DMSO-d6): δ = 1.93 (quint, 2H, CH2, H6), 2.69 (m, 2H, CH2, H7), 2.91 (t, 2H, CH2, 

H5), 7.47 (dd, 1H, CH py, H2), 7.85 (dd, 1H, CH py, H3), 7.96 (s, 1H, NH2, N4), 8.37 (s, 1H, NH2, N4), 

8.61 (dd, 1H, CH py, H1), 14.28 (s, 1H, NH, N3). 13C NMR (DMSO-d6): δ = 22.2 (CH2, C6), 28.9 (CH2, 

C5), 33.4 (CH2, C7), 124.4 (Cpy, C2), 137.7 (Cq, C4), 138.6 (Cpy, C3), 139.2 (C=N, C8), 145.9 (Cpy, C1), 

148.7 (Cq, C9), 178.2 (C=S, C10). No isomerization was observed for this compound. 

 

Synthesis of 2-(6,7-dihydroquinolin-8(5H)-ylidene)-N,N-dimethylhydrazine-1-carbothioamide 

(COTI-NMe2) 

5,6,7,8-Tetrahydroquinolin-8-one (0.37 g, 2.5 mmol, 1 eq.) was dissolved in isopropanol (10 

mL) and concentrated HCl (1 drop) was added. Then, 4,4-dimethyl-3-thiosemicarbazide (0.30 g, 2.5 

mmol, 1 eq.) was added, and the mixture was stirred under reflux for 5 h. A yellow solid was formed, 
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which was collected by filtration, washed with cold isopropanol and diethyl ether, and dried under 

vacuum. Yield: 0.45 g (71%). Elemental analysis: Calcd. For C12H16N4S·0.25H2O (%): C, 57.00 ; H, 

6.58 ; N, 22.16 ; S, 12.68. Found (%): C, 57.25 ; H, 6.42 ; N, 25.53 ; S, 12.44. ESI-MS in ACN/MeOH 

+ 1% H2O (positive): m/z 271.20, [HL + Na]+. Major isomer (67%) 1H-NMR (DMSO-d6): δ = 1.93 

(quint, 2H, CH2, H6), 2.72 (t, 2H, CH2, H7), 2.91 (t, 2H, CH2, H5), 3.34 (s, 6H, N(CH3)2, H11,12), 7.47 

(dd, 1H, CH py, H2), 7.88 (dd, 1H, CH py, H3), 8.62 (dd, 1H, CH py, H1), 14.48 (s, 1H, NH, N3). 13C 

NMR (DMSO-d6): δ = 22.1 (CH2, C6), 28.8 (CH2, C5), 33.4 (CH2, C7), 40.7 (CH3, C11,12), 124.1 (Cpy, 

C2), 136.0 (Cq, C4), 138.7 (Cpy, C3), 141.1 (C=N, C8), 145.4 (Cpy C1), 148.4 (Cq, C9), 179.9 (C=S, 

C10). Minor isomer (33%) 1H-NMR (DMSO-d6): δ = 1.96 (quint, 2H, CH2, H6), 2.88 (t, 2H, CH2, H7), 

3.05 (t, 2H, CH2, H5), 3.34 (s, 6H, N(CH3)2, H11,12), 7.42 (dd, 1H, CH py, H2), 7.76 (dd, 1H, CH py, 

H3), 8.57 (dd, 1H, CH py, H1), 15.51 (s, 1H, NH, N3). 13C NMR (DMSO-d6): δ = 20.0 (CH2, C6), 26.3 

(CH2, C5), 27.4 (CH2, C7), 40.7 (CH3, C11,12), 125.1 (Cpy, C2), 137.1 (Cq, C4), 137.7 (Cpy, C3), 141.6 

(C=N, C8), 148.2 (Cpy, C1), 144.1 (Cq, C9), 184.4 (C=S, C10). 

 

Synthesis of N-cyclohexyl-2-(6,7-dihydroquinolin-8(5H)-ylidene)-N-methylhydrazine-1-

carbothioamide (COTI-Nchexyl) 

The first two steps were prepared according to a modified procedure from reference [212]. 

Synthesis of 2-((cyclohexyl(methyl)carbomothioyl)thio)acetic acid (2a):  

N-Methylcyclohexylamine (1.3 mL, 10.0 mmol, 1 eq.) was added to 1M NaOH (12 mL), 

resulting in a white suspension. This suspension was stirred while 0.6 mL of carbon disulfide (10.0 

mmol, 1 eq.) was added dropwise. A yellow precipitate was formed, and the mixture was stirred for 20 

min. Then, sodium chloroacetate (1.16 g, 10.0 mmol, 1 eq.) in water (8 mL) was added. The mixture 

was stirred for 18 h at room temperature. After that, concentrated HCl (30 drops) was added to the yellow 

solution and the resulting white precipitate (2a, see Figure 50) was separated by filtration, washed with 

water, dried under vacuum and used in the next step without further purification. Yield: 1.89 g (76%). 

1H-NMR (DMSO-d6): δ = 1.16-1.83 (m, 10H, CH2 cyclohexyl), 3.20 (s, 3H, NCH3), 4.09 (s, 2H, CH2), 

4.34-5.27 (m, 1H, CH cyclohexyl), 12.78 (br, 1H, OH). 

 

Synthesis of N-cyclohexyl-N-methylhydrazinecarbothioamide (2b): 

Compound 2a (1.04 g, 4.23 mmol, 1 eq.) was dissolved in hydrazine hydrate (5 mL, 0.10 mol, 

excess) and 2 mL of water was added. The mixture was stirred at 50-60 ºC for 2 h. A white precipitate 

(2b, see Figure 50) was formed, which was filtered, washed with water, dried under vacuum and used 

in the next step without further purification. Yield: 1.05 g (75%). 1H-NMR (DMSO-d6): δ = 1.04-1.76 
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(m, 10H, CH2 cyclohexyl), 2.85 (s, 1H, CH cyclohexyl), 3.34 (s, 3H, NCH3), 4.70 (s, 1H, NH), 4.85 (s, 

1H, NH2), 8.70 (s, 1H, NH2). 

 

Synthesis of N-cyclohexyl-2-(6,7-dihydroquinolin-8(5H)-ylidene)-N-methylhydrazine-1-

carbothioamide (COTI-Nchexyl): 

Compound 2b (0.58 g, 3.12 mmol, 1 eq.) was suspended in isopropanol (8 mL), and the mixture 

was stirred at 80 ºC. Then, 5,6,7,8-tetrahydroquinolin-8-one (0.46 g, 3.12 mmol, 1 eq.) was added, and 

the mixture was stirred under reflux for 3 h. A yellow solid was formed, which was separated by 

filtration, washed with cold isopropanol and dried under vacuum. Yield: 0.59 g (60%). Elemental 

analysis: Calcd. For C17H24N4S (%): C, 64.52 ; H, 7.64 ; N, 17.70 ; S, 10.13. Found (%): C, 64.24 ; H, 

7.64 ; N, 17.65 ; S, 9.94. ESI-MS in ACN/MeOH + 1% H2O (positive): m/z 339.1607, [HL + Na]+.  1H-

NMR (DMSO-d6): Major isomer (97%) δ = 1.12 (m, 2H, CH2, H14), 1.50 (m, 2H, CH2, H12,16), 1.64 

(m, 2H, CH2, H13,15), 1.96 (quint, 2H, CH2, H6), 2.88 (t, 2H, CH2, H7), 3.04 (t, 2H, CH2, H5), 3.23 (s, 

3H, NCH3, H17), 5.09 (s, 1H, CH, H11), 7.41 (dd, 1H, CH py, H2), 7.76 (dd, 1H, CH py, H3), 8.58 (dd, 

1H, CH py, H1), 14.65 (s, 1H, NH, N3). 13C NMR (DMSO-d6): δ = 20.0 (CH2, C6), 25.1 (CH2, C13,15), 

25.4 (CH2, C14), 26.2 (CH2, C5), 27.2 (CH2, C7), 29.5 (CH2, C12,16), 30.1 (CH3, C17), 58.4 (CH, C11), 

125.0 (Cpy, C2), 135.9 (Cq, C4), 137.7 (Cpy, C3), 144.2 (Cq, C9), 148.2 (Cpy, C1), 148.4 (C=N, C8), 183.8 

(C=S, C10). 1H-NMR (DMSO-d6): Minor isomer (3%) δ = 15.38 (s, 1H, NH, N3). 

 

Synthesis of the iron(III) complex with COTI-2 (Fe-COTI-2) 

COTI-2 (0.20 g, 0.54 mmol, 2 eq.) was suspended in methanol (10 mL) and stirred at 50 ºC. 

Next, a solution of iron(III) nitrate nonahydrate (0.13 g, 0.30 mmol, 1.1 eq.) in methanol (2 mL) was 

added dropwise. A dark green solution was formed, which was stirred under reflux for 2 h. The solvent 

volume was reduced by evaporation under reduced pressure and the solution was cooled in the freezer 

overnight. On the next day a dark brown-greenish solid was formed, which was filtered, washed with 

cold methanol, and dried under vacuum. Yield: 21%. Elemental analysis: Calcd. For 

[Fe(C19H22N6S)2](NO3)3·3H2O (%): C, 44.36 ; H, 4.90 ; N, 20.42 ; S, 6.23. Found (%): C, 44.61 ; H, 

4.48 ; N, 20.08 ; S, 6.17. ESI-MS in ACN/MeOH + 1% H2O (positive): m/z 393.60, [ML(HL)]2+ ; 786.24, 

[ML2]
+. The complex is soluble in methanol, ethanol and DMSO. 
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Synthesis of the copper(II) complex with COTI-2 (Cu-COTI-2) 

Copper(II) chloride dihydrate (0.17 g, 1.0 mmol, 1,1 eq.) was dissolved in methanol (10 mL) at 

40 ºC, and concentrated HCl (134 µL) was added. Next, a suspension of COTI-2 (0.30 g, 0.8 mmol, 1 

eq.) was added dropwise to the copper(II) solution. A dark green solid was formed. The mixture was 

stirred for 2 h, and the solid was filtered and washed with cold methanol and diethyl ether and dried 

under vacuum. Yield: 0.28 g (72%). Elemental analysis: Calcd. For [CuCl2(C19H22N6S)] (%): C, 45.56; 

H, 4.43; N, 16.78; S, 6.40. Found (%): C, 45.25; H, 4.41; N, 16.47; S, 6.14. ESI-MS in ACN/MeOH + 

1% H2O (positive): m/z 214.5, [M(HL)]2+ ; 428.09, [ML]+. The synthesis was repeated without HCl, 

yielding the same complex (Calcd. For [CuCl2(C19H22N6S)·0.25H2O] (%): C, 45.15; H, 4.49; N, 16.63; 

S, 6.34. Found (%): C, 44.85; H, 4.39; N, 16.47; S, 6.36). Green crystals were obtained by slow 

evaporation of the mother-liquor from the synthesis without HCl. The complex is partially soluble in 

DMSO. 

 

Synthesis of the zinc(II) complex with COTI-2 (Zn-COTI-2) 

COTI-2 (0.10 g, 0.28 mmol, 1 eq.) was suspended in methanol (5 mL) at 50 ºC under stirring. 

Next, a solution of zinc(II) chloride (0.06 g, 0.31 mmol, 1.1 eq.) in methanol (5 mL) was added dropwise 

at 50 ºC. A pale-yellow solid was formed, which was stirred at 50 ºC for 20 min. The solid was separated 

by filtration, washed with cold methanol and diethyl ether, and dried under vacuum. Yield: 0.10 g (71%). 

Elemental analysis: Calcd. For [ZnCl2(C19H22N6S)]·0.5H2O (%): C, 44.59 ; H, 4.53 ; N, 16.42 ; S, 6.26. 

Found (%): C, 44.72 ; H, 4.24 ; N, 16.20 ; S, 6.23. ESI-MS in ACN/MeOH + 1% H2O (positive): m/z 

429.38, [ML]+. 1H-NMR (D2O): δ = 1.96 (quint, 2H, CH2, H6), 2.92 (t, 2H, CH2, H7), 2.97 (t, 2H, CH2, 

H5), 3.79 (m, 2H, CH2, H12,13), 4.18 (m, 2H, CH2, H11,14), 6.92 (t, 1H, CH, H16), 7.21 (m, 1H, CH, 

H18), 7.48 (dd, 1H, CH py, H2), 7.70 (d, 1H, CH py, H3), 7.84 (dd, 1H, CH, H19), 7.95 (t, 1H, CH, 

H17), 8.34 (d, 1H, CH py, H1). The complex is slighlty soluble in DMSO and partially soluble in water. 

 

Cell culture 

 The following human cell line and chemoresistant sublines were used: the colon carcinoma cell 

line SW480 (from American Type Culture Collection, Manassas, VA), and the drug resistant lines 

SW480/COTI and SW480/tria (generated by continuous exposure of SW480 cells to increasing 

concentrations of COTI-2 and Triapine, respectively). Cells were grown in minimal essential medium 

with 10% fetal bovine serum (FBS). To maintain the resistance of the chemoresistant lines, compounds 

(COTI-2 and Triapine) were administered to the cells once a week at the day after passage, when cells 

had attached to the cell culture flasks. 
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Cytotoxicity assays 

 Cells were seeded (2x104 cells/well for SW480 and SW480/COTI; 3x104 cells/well for 

SW480/tria) in 100 µL/well in 96-well plates and allowed to attach for 24 h at 37 ºC and 5% CO2. 

Compounds were diluted in DMSO and then further diluted in growth medium (DMSO concentration < 

1%), being added in 100 µL/well, affording the final concentrations of 0, 0.005, 0.01, 0.05, 0.1, 1, 5, 10 

and 20 µM, depending on the compound and the cell line (see Table A6, Appendix). Afterwards, cells 

were exposed for 72 h, being incubated at 37 ºC and 5% CO2. The proportion of viable cells was 

determined by 3-(4,5-dimethylthiazole-2-yl)-2,5-diphenyltetrazolium assay (MTT) following the 

manufacturer’s recommendations (EZ4U, Biomedica, Vienna, Austria). Cytotoxicity was expressed as 

IC50 values (drug concentrations inducing 50% reduction of cell survival in comparison to the control 

cultured in parallel, untreated cells) calculated from full concentration-response curves using GraphPad 

Prism software. 
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Results and Discussion 

Syntheses and characterizations 

  COTI-2 and three derivatives with N4-modifications were synthesized by different methods. 

COTI-2 was obtained in a three-step procedure, starting with the piperazine insertion to 

thiocarbonyldiimidazole (1a, Figure 49). Next, the COTI-2 thiosemicarbazide (1b, Figure 49) was 

prepared by reaction of 1a with hydrazine hydrate, and at last, 1b was condensed with the appropriate 

ketone, leading to COTI-2. 

 

 

 

Figure 49. Synthetic route for COTI-2 

 

For the COTI-Nchexyl derivative a different route was used, starting with the obtainment of the 

differentiated N4-moiety by reacting carbon disulfide with N-methyl-cyclohexylamine and sodium 

chloroacetate (2a, Figure 50). The thiosemicarbazide (2b, Figure 50) was obtained by reacting 2a with 

hydrazine hydrate, and the COTI-Nchexyl was obtained by the condensation of 2b with the ketone. 

COTI-NH2 and COTI-NMe2 were obtained by the simple condensation of the ketone with the 

appropriate N4-NH2 and N4-NMe2 thiosemicarbazides. 
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Figure 50. Synthetic route for COTI-Nchexyl. 

 

The 1H NMR spectra of the different COTI-derivatives in dimethylsulfoxide-d6 (DMSO-d6) 

show interesting trends. Despite COTI-NH2, which only shows one isomer in solution, COTI-2 and the 

other two N4-substituted compounds show two isomers. Due to the high chemical shifts observed for 

the N-H proton (in the range of 14.5 - 15.5 ppm), it can be affirmed that the Z-isomer and E’-isomer are 

observed, which present intramolecular hydrogen bonding [213]. For the E-isomer (no intramolecular 

hydrogen bonding) it is reported that the N-H signal appears around 9.0 ppm [213], and it was not 

observed for COTI-2 or the COTI-derivatives here presented (the different isomers for COTI-2 are 

represented in Figure 51). 

 

Figure 51. Different possible isomers of COTI-2. 

 

The metal compounds were obtained by reaction of COTI-2 with appropriate metal salts. For 

the iron(III) complex (Fe-COTI-2), the reaction of COTI-2 with Fe(NO3)3·9H2O resulted in a complex 
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with 1:2 metal ligand ratio, with two protonated ligands and a (+3) charge, with three nitrates as counter-

ions. This composition is different from what was observed for the iron(III) complex with Triapine, in 

which both ligands are deprotonated and the complex presents a (+1) charge and one nitrate as counter-

ion [195]. For the copper(II) and zinc(II) complexes (Cu-COTI-2 and Zn-COTI-2, respectively) COTI-

2 was reacted with  the CuCl2·2H2O and ZnCl2 metal salts, yielding complexes with 1:1 metal ligand 

ratios, where two chloride ions are coordinated to the metal center, in addition to one protonated ligand. 

This composition was observed for other Cu(II) and Zn(II) thiosemicarbazone complexes [214,215]. 

Regarding the mass spectra, the isotopic patterns of the signals fit well with the theoretical 

isotopic distributions of the complexes. In this way, considering the compositions based on elemental 

analysis and mass spectrometry, Figure 52 shows the proposed structures for the complexes.  

 

Figure 52. Proposed structures for Fe(III), Cu(II), and Zn(II) complexes with COTI-2. 

 

Single crystal X-ray diffraction 

 Crystals were obtained for COTI-2 and Cu-COTI-2, which were suitable for analysis by single 

crystal X-ray diffraction technique. The solved structure for COTI-2 crystal is presented in Figure 53, 

and Tables 15 and 16 show the crystal data, data collection and structure refinement details for COTI-

2.  
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Figure 53. ORTEP plot of COTI-2 with atom numbering. Ellipsoids are drawn at 50% probability level. 

Selected bond lengths (Å) and bond angles (º): C8–N2 1.300(9), N2–N3 1.354(3), N3–C10 1.351(8), 

C10–S 1.717(1), C10–N4 1.361(4); N1–C9–C8 116.3, N2–N3–C10 112.0. 

 

Table 15. Crystal data for COTI-2. 

Chemical formula C19H22N6S Crystal system triclinic 

Formula weight 

[g/mol] 
366.48 Space group P-1 

Temperature [K] 100 Z 2 

Measurement 

method 
\f and \w scans Volume [Å

3
] 891.36(3) 

Radiation 

(Wavelength [Å]) 
MoKα (λ=0.71073) 

Unit cell 

dimensions [Å] 

and [°] 

6.98620(10) 80.7487(7) 

Crystal size / [mm
3
] 0.1 × 0.08 × 0.04   7.7749(2) 89.3429(7) 

Crystal habit clear brown block   16.8747(3) 80.2082(8) 

Density (calculated) / 

[g/cm
3
] 

1.365 
Absorption 

coefficient / 

[mm
-1

] 

0.198 

Abs. correction Tmin    0.6911 
Abs. correction 

Tmax 
0.746 

Abs. correction type     multiscan F(000) [e
-
] 388 
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Table 16. Data collection and structure refinement for COTI-2. 

Index ranges 
-9 ≤ h ≤ 9, -10 ≤ k ≤ 

10, -23 ≤ l ≤ 22 

Theta range for 

data collection 

[°] 

4.892 to 60.168 

Reflections number              30290 
Data / restraints 

/ parameters 
5204/0/239 

Refinement method Least squares 

Final R indices 

all data 
R1 = 0.0711, 

wR2 = 0.1308 

Function minimized Σ w(Fo
2 - Fc

2)2  I>2σ(I) 
R1 = 0.0565, 
wR2 = 0.1205 

Goodness-of-fit on F
2
 1.073 

Weighting 

scheme 

w=1/[σ2(Fo
2)+(0.0382P)2 

+1.0496P]  

Largest diff. peak 

and hole [e Å
-3

] 
0.65/-0.61 where P=(Fo

2+2Fc
2)/3 

 

COTI-2 crystalized in the triclinic P1̅ space group. Selected bond distances and angles are 

quoted in the legend of Figure 53. COTI-2 crystal adopted the E’-isomeric form [213] (also observed in 

NMR spectrum, see Figure 51), in which an intramolecular hydrogen bonding is observed between N1, 

S1, and the hydrogen H–N2. The parameters for this hydrogen bonding (bond lengths and angles) are as 

follows: N1···H 2.28 Å, N1···N2 2.67 Å, N2–H···N1 106.8 °, S1···H 2.35 Å, N2···S1 2.85 Å, N2–

H···S1 116.4 °, N2–H 0.880(0) Å. Also, the piperazine moiety is in a chair configuration, while the 

cyclohexyl from the tetrahydroquinolin moiety is in a half-chair configuration. 

The structure for Cu-COTI-2 crystal is presented in Figure 54, and Tables 17 and 18 show the 

crystal data, data collection and structure refinement details for Cu-COTI-2. It is important to note here 

that the crystal structure obtained for Cu-COTI-2 differs from the one proposed for the powder sample 

(see Figure 52), since crystals were obtained from slow evaporation of the mother-liquor and 

recombination in solution might have occurred. 

 



118 
 

 

Figure 54. ORTEP plot of the asymmetric unit of Cu-COTI-2 crystals with atom numbering. Ellipsoids 

are drawn at 50% probability level. Selected bond lengths (Å) and bond angles (º): Cu–Cl 2.255(8), N1–

Cu 2.029(9) Å, N2–Cu 1.961(3), S1–Cu 2.268(2) Å, Cl–Cu–S 97.8, N1–Cu–N2 80.9, N2–Cu–S 84.2, 

N1–Cu1–Cl 96.3. 

 

Table 17. Crystal data for Cu-COTI-2. 

Chemical formula C19H21ClCuN6S Crystal system triclinic 

Formula weight 

[g/mol] 
464.47 Space group P-1 

Temperature [K] 100 Z 2 

Measurement 

method 
\f and \w scans Volume [Å

3
] 961.59(4) 

Radiation 

(Wavelength [Å]) 
CuKα (λ = 1.54178) 

Unit cell 

dimensions [Å] 

and [°] 

7.7583(2) 84.8825(8) 

Crystal size / [mm
3
] 0.2 × 0.15 × 0.05   10.6920(3) 83.7478(8) 

Crystal habit clear green block   11.7233(3) 86.5583(8) 

Density (calculated) / 

[g/cm
3
] 

1.604 

Absorption 

coefficient / 

[mm
-1

] 

4.043 

Abs. correction Tmin    0.5536 
Abs. correction 

Tmax 
0.7535 

Abs. correction type     multiscan F(000) [e
-
] 478 
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Table 18. Data collection and structure refinement for Cu-COTI-2. 

Index ranges 
-9 ≤ h ≤ 9, -13 ≤ k 
≤ 13, -14 ≤ l ≤ 14 

Theta range 

for data 

collection [°] 

8.314 to 144.116 

Reflections number              13178 

Data / 

restraints / 

parameters 

3733/0/253 

Refinement method Least squares 

Final R indices 

all data 
R1 = 0.0319, wR2 = 

0.0811 

Function minimized Σ w(Fo
2 - Fc

2)2  I>2σ(I) 
R1 = 0.0300, wR2 = 

0.0792 

Goodness-of-fit on 

F
2
 

1.045 
Weighting 

scheme 

w=1/[σ2(Fo
2)+(0.0406P)2 

+0.7951P]  

Largest diff. peak 

and hole [e Å
-3

] 
0.53/-0.41 where P=(Fo

2+2Fc
2)/3 

 

Cu-COTI-2 also crystalized in the triclinic P1̅ space group. While Figure 54 shows the 

asymmetric unit of the complex, Figure 55 shows two bridging chlorido anions which are observed in 

between the copper(II) centers, what has already been reported for copper(II) complexes [216–219]. 

Selected bond distances and angles are quoted in the legend of Figure 54, and are in agreement with 

distances and angles of the copper(II) complex with Triapine previously reported [214]. The copper-

copper distance is Cu···Cu 3.52 Å and the angle in between the copper ion and the chloride ligands is 

of Cl–Cu–Cl’ 191.2 °. The copper(II) ion here presents the coordination number of five, being in a 

square-pyramidal geometry, where N1, N2, S1 and Cl1 are the base of the pyramid (forming the 

asymmetric unit of the complex), and the Cl’ from another unit is in the axial position (2.749 Å). The 

C10–S1 bond length is of 1.754 Å, showing the elongation of the C–S bond due to coordination to Cu(II) 

(for COTI-2 crystal structure C10–S1 = 1.717 Å). 
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Figure 55. Structure of the Cu-COTI-2 complex, showing the bridging chlorido ions (in green) between 

the copper(II) centers (in purple). Hydrogen atoms were omitted for clarity and only non-carbon atoms 

are discriminated. 

 

Cytotoxicity in SW480 cells 

 Cytotoxicity of COTI-2, COTI-derivatives and metal complexes was determined by 

concentration-response curves (0.005 – 20 µM, depending on the compound – concentration range for 

each compound can be found in Table A6 in Appendix) based on the MTT assay. Results are 

summarized in Table 19. 
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Table 19. Cytotoxic activity of COTI-2, COTI-derivatives and metal complexes with COTI-2 over 

chemoresistant SW480 sublines compared to their SW480 parental line. 

Compound 

SW480 

(IC50, µM)
a
 

SW480/COTI 

(IC50, µM)
a
 

Relative resistance
b 

(parental x COTI) 

SW480/tria 

(IC50, µM)
a
 

Relative resistance
b 

 (parental x tria) 

COTI-2 0.56 ± 0.16 6.87 ± 0.29 12.2 0.41 ± 0.16 0.7 

COTI-NH2 7.78 ± 1.03 4.39 ± 0.56 0.6 >20 >2.6 

COTI-NMe2 0.07 ± 0.01 0.08 ± 0.01 1.1 0.07 ± 0.01 1.0 

COTI-Nchexyl 0.64 ± 0.10 3.98 ± 0.40 6.2 0.71 ± 0.17 1.1 

Fe-COTI-2 7.10 ± 1.32 7.46 ± 0.78 1.1 3.23 ± 0.10 0.5 

Cu-COTI-2 0.06 ± 0.01 0.46 ± 0.05 8.0 0.07 ± 0.01 1.1 

Zn-COTI-2 0.12 ± 0.06 4.00 ± 0.28 33.0 0.13 ± 0.07 1.0 

Triapine 0.77 ± 0.18 0.81 ± 0.08 1.1 >20 >26 

a) IC50 values were calculated from concentration-response curves. Values are given as mean ± 

SD of three independent experiments, in triplicates. 

b) Differences in sensitivity calculated by dividing the IC50 values of the chemoresistant subline by 

those of the parental line. 

 

The SW480/COTI resistant cell line was generated by continuous exposure of SW480 cells to 

increasing concentrations of COTI-2 over a period of approximately one year. COTI-2 was administered 

to the cells once a week at the day after passage, when cells had attached to the cell culture flasks, which 

was the same protocol adopted to generate the SW480/tria cells [220]. 

As observed in Table 18, the SW480/COTI presented a 12-fold resistance to COTI-2 when 

compared to the parental line. Interestingly, the SW480/COTI line also presented resistance to COTI-

Nchexyl (6-fold), Cu-COTI-2 (8-fold), and Zn-COTI-2 (33-fold). However, it was not resistant to COTI-

NMe2, which was the only compound active over the SW480/COTI line in the nanomolar range (IC50 = 

0.08 µM). This shows that the terminal dimethylation not only enhanced the activity of the 

thiosemicarbazone [195], as it could overcome the resistance mechanism [196]. 

The SW480/COTI line was also not resistant to Fe-COTI-2, however it presented high IC50 

values when compared to the other compounds (12-7 fold when compared to COTI-2 against the SW480 
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line, and 1.1-fold when compared to COTI-2 against the SW480/COTI line). The same was observed 

for COTI-NH2, but in this case it presented a collateral sensitivity, being more active in the SW480/COTI 

than in the parental line (0.6-fold), what was unexpected. Also, this compound was the only COTI-

derivative to which the SW480/tria cells were resistant (2.6-fold). This is probably due to the terminal-

NH2 of COTI-NH2 and Triapine, showing that this structural feature may be related to the acquired 

resistance to Triapine. 

Despite COTI-NH2, COTI-2 and the other compounds did not present cross-resistance to 

Triapine. These results can be better observed in the dose-response curves, which are comprised in 

Figures 56 and 57, and Figure A48 in Appendix (where different compounds can be observed in a same 

graph). 

 

 

Figure 56. Concentration-response curves for COTI-2, COTI-NH2, COTI-NMe2 and COTI-Nchexyl 

over the SW480 line and the chemoresistant lines SW480/COTI and SW480/tria. 
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Figure 57. Concentration-response curves for Triapine, Fe-COTI-2, Cu-COTI-2 and Zn-COTI-2 over 

the SW480 line and the chemoresistant lines SW480/COTI and SW480/tria. 

 

It was previously shown that the SW480/tria line overexpresses P-gp, this being an acquired 

resistance mechanism of SW480 to Triapine [220]. It can be supposed that ABC-transporter 

overexpression may be related to the acquired resistance of SW480/COTI, since this was previously 

observed for thiosemicarbazones [196,221]. Due to the absence of cross-resistance between Triapine 

and COTI-2, the resistance mechanism of SW480/COTI may not be overexpression of P-gp, but of 

another ABC-transporter. This hypothesis must still be evaluated. 
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Partial conclusions 

 COTI-2, as well as three COTI-derivatives with N4-terminal modifications, COTI-NH2, COTI-

NMe2 and COTI-Nchexyl, were synthesized and characterized, as well as three metal complexes of 

Fe(III), Cu(II) and Zn(II) with COTI-2. All compounds had their cytotoxic activities evaluated in SW480 

cells by the MTT assay. For the parental cell line COTI-NMe2 (IC50 = 0.07 µM), Cu-COTI-2 (IC50 = 

0.06 µM), Zn-COTI-2 (IC50 = 0.12 µM) presented a better activity when compared to COTI-2 (IC50 = 

0.56 µM). The COTI-NH2 compound presented cross-resistance to Triapine, showing that the terminal-

NH2 may play a role in Triapine resistance. The SW480/COTI line presented a 12.2-fold resistance to 

COTI-2 when compared to the parental line, and the COTI-NMe2 could overcome the resistance of 

SW480/COTI (IC50 = 0.08 µM), showing that the terminal dimethylation not only enhanced the activity 

of COTI-2, as it could overcome the resistance mechanism. 
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Conclusions 

  

In the first part of the Thesis five complexes with 5-fluorouracil, 2-thiouracil and 2,4-dithiouracil 

were described. The Ag-5fu, complex presented a 3:2 metal/ligand composition, with formula 

[Ag3(C4HFN2O2)(C4H2FN2O2)]. The Pd-5fu presented a 2:1 metal/ligand composition, with formula 

K[PdCl(C4H2FN2O2)2], and the Pt-5fu complex also presented a 2:1 metal/ligand composition, with 

formula K2[PtCl2(C4H2FN2O2)2]. The [Ag2(dtu)] complex presented a 2:1 metal ligand composition, 

with formula [Ag2(C4H2N2S2)], and the triphenylphosphinegold(I) complex with 2-thiouracil, Ph3P-Au-

tuH, presented a 1:1 metal/ligand composition, with formula [Au(C4H2N2OS)(C18H15)]. For this last 

complex the crystal structure shows the coordination of the 2-thiouracilato ligand to gold(I) by its thiol 

group. The Ag-5fu complex presented the best antiproliferative profile among the complexes with 5fu, 

and its activity seems to be a combination of the activities of 5fu and silver(I). Also, Ag-5fu presented 

a better activity than free 5fu and cisplatin over the NCI/ADR-RES cell line. Considering the complexes 

with thiouracils, the [Ag2(dtu)] complex presented no antiproliferative activity, probably due to its lack 

of solubility. The Ph3P-Au-tuH complex and its precursor complex, Ph3P-Au-Cl, showed interesting 

antiproliferative profiles, while the Ph3P-Au-tuH complex showed a better activity than doxorubicin 

over the K562 cell line and a better activity when compared to Ph3P-Au-Cl over the NCI-H460 line. 

The Ag-5fu and Ph3P-Au-tuH complexes were chosen to have their mechanisms of cell death 

studied in NCI/ADR-RES and NCI-H460 cells, respectively. Both compounds were evaluated by colony 

formation capacity and flow cytometry assays to analyze cell cycle and cell death induction 

[phosphatidylserine residues exposition, multicaspases activation, and mitochondrial membrane 

depolarization]. It was shown that the Ag-5fu complex may induce regulated cell death in NCI-

ADR/RES cells considering mitochondrial membrane depolarization, PS externalization and 

multicaspases activation. Moreover, the Ag-5fu complex promoted cell cycle arrest at G1 and inhibited 

colony formation, indicating that the cancer cells, which do not go through a regulated cell death 

pathway, lost their proliferation ability.  

Considering Ph3P-Au-tuH and Ph3P-Au-Cl, both compounds induced regulated cell death in 

NCI-H460 cells, considering PS externalization and multicaspases activation. Also, both compounds 

promoted cell cycle arrest at G1 and inhibited colony formation. For the gold(I) complexes only Ph3P-

Au-tuH showed mitochondrial membrane depolarization. 

The second part of the Thesis was based on the thiosemicarbazone COTI-2. COTI-2 and COTI-

derivatives, as well as the first metal complexes of Fe(III), Cu(II), and Zn(II) with COTI-2, were 

synthesized and characterized. All compounds had their cytotoxic activities evaluated in vitro by the 

MTT assay over the SW480 tumor cell line, and SW480 chemoresistant lines. COTI-2 presented a 12.2-
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fold resistance when comparing the SW480 parental line to the SW480/COTI resistant one. Despite 

COTI-NH2, all other COTI-derivatives and the metal complexes did not present cross-resistance to 

Triapine. The COTI-NMe2 not only presented an enhanced activity when compared to COTI-2, as it 

could overcome the resistance mechanism of the SW480/COTI line. The Cu-COTI-2 complex presented 

the best results among the metal complexes, being more active than COTI-2 itself. 
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Appendix 

 

FIGURES 

PART 1: Metal complexes with uracil derivatives 

 

Figure A1. Molecular structure of tuH2 (C4H4N2OS) with atom numbering. 

 

 

Figure A2. Histograms of cell cycle analysis of Ag-5fu over NCI/ADR-RES cells (36 h) in comparison 

to control. 
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Figure A3. Histograms of cell cycle analysis of 5fu over NCI/ADR-RES cells (36 h) in comparison to 

control. 

 

 

Figure A4. Histograms of cell cycle analysis of AgNO3 over NCI/ADR-RES cells (36 h) in comparison 

to control. 

 

 

Figure A5. Histograms of cell cycle analysis of Ph3P-Au-tuH over NCI-H460 cells (18 h) in comparison 

to control. 
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Figure A6. Histograms of cell cycle analysis of Ph3P-Au-Cl over NCI-H460 cells (18 h) in comparison 

to control. 

 

 

 

Figure A7. Plates with fixed NCI/ADR-RES cells after 12 days of growth from 200 cells previously 

treated with 1.5 and 3.0 µg mL-1 of Ag-5fu. Untreated cells are expressed as control. 
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Figure A8. Plates with fixed NCI/ADR-RES cells after 12 days of growth from 200 cells previously 

treated with 0.75 and 1.5 µg mL-1 of 5fu. Untreated cells are expressed as control. 

 

 

Figure A9. Plates with fixed NCI/ADR-RES cells after 12 days of growth from 200 cells previously 

treated with 0.75 and 1.5 µg mL-1 of AgNO3. Untreated cells are expressed as control. 
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Figure A10. Plates with fixed NCI-H460 cells after 6 days of growth from 100 cells previously treated 

with 12.0 and 24.0 µg mL-1 of Ph3P-Au-tuH. Untreated cells are expressed as control. 

 

 

Figure A11. Plates with fixed NCI-H460 cells after 6 days of growth from 100 cells previously treated 

with 10.1 and 20.2 µg mL-1 of Ph3P-Au-Cl. Untreated cells are expressed as control. 
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Figure A12. Influence of Ag-5fu, 5fu, and AgNO3 on phosphatidylserine externalization of NCI/ADR-

RES after 8 h of treatment. NCI/ADR-RES cells were treated for 8 h with Ag-5fu (1.5 and 3.0 µg/mL), 

5fu (0.75 and 1.5 µg/mL) or AgNO3 (0.75 and 1.5 µg/mL). Cell subpopulation (%) after Annexin-V and 

7-AAD staining. Statistical analysis: 2way-ANOVA followed by Bonferroni test (*p < 0.05, **p < 0.01 

and ***p < 0.001, relative to untreated cells). 
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Figure A13. Influence of Ag-5fu, 5fu, and AgNO3 on phosphatidylserine externalization of NCI/ADR-

RES after 14 h of treatment. NCI/ADR-RES cells were treated for 14 h with Ag-5fu (3.0 µg/mL), 5fu 

(1.5 µg/mL) or AgNO3 (1.5 µg/mL). Cell subpopulation (%) after Annexin-V and 7-AAD staining. 

Statistical analysis: 2way-ANOVA followed by Bonferroni test (*p < 0.05, relative to untreated cells). 
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Figure A14. Influence of Ag-5fu, 5fu, and AgNO3 on phosphatidylserine externalization of NCI/ADR-

RES after 24 h of treatment. NCI/ADR-RES cells were treated for 24 h with Ag-5fu (1.5 and 3.0 µg/mL), 

5fu (0.75 and 1.5 µg/mL) or AgNO3 (0.75 and 1.5 µg/mL). Cell subpopulation (%) after Annexin-V and 

7-AAD staining. Statistical analysis: 2way-ANOVA followed by Bonferroni test (***p < 0.001, relative 

to untreated cells). 

 

 

Figure A15. Dot-plot graphs of Nexin assay of Ag-5fu, 5fu and AgNO3 over NCI/ADR-RES cells (18 

h) in comparison to control. 
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Figure A16. Influence of Ph3P-Au-tuH and Ph3P-Au-Cl on phosphatidylserine externalization of NCI-

H460 after 24 h of treatment. NCI-H460 cells were treated for 24 h with Ph3P-Au-tuH (6.0, 12.0 and 

24.0 µg/mL), or Ph3P-Au-Cl (10.1 and 20.2 µg/mL). Cell subpopulation (%) after Annexin-V and 7-

AAD staining. Statistical analysis: 2way-ANOVA followed by Bonferroni test (*p < 0.05, **p < 0.01 and 

***p < 0.001, relative to untreated cells). 

 

 

Figure A17. Dot-plot graphs of Nexin assay of Ph3P-Au-tuH and Ph3P-Au-Cl over NCI-H460 cells (18 

h) in comparison to control. 
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Figure A18. Dot-plot graphs of Caspases assay of Ag-5fu, 5fu and AgNO3 over NCI/ADR-RES cells 

(17 h) in comparison to control. 

 

 

Figure A19. Dot-plot graphs of Caspases assay of Ph3P-Au-tuH and Ph3P-Au-Cl over NCI-H460 cells 

(18 h) in comparison to control. 
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PART 2: Thiosemicarbazones and their metal complexes 

 

Figure A20. Mass spectrum of COTI-2. 
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Figure A21. Mass spectrum of COTI-NH2. 
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Figure A22. Mass spectrum of COTI-NMe2. 
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Figure A23. Mass spectrum of COTI-Nchexyl. 
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Figure A24. Mass spectrum of Fe-COTI-2. 
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Figure A25. Mass spectrum of Cu-COTI-2. 
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Figure A26. Mass spectrum of Zn-COTI-2. 

Experimental

Theoretical
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Figure A27. COTI-2 numbering for NMR. 

 

 

 

 

Figure A28. COTI-NH2 numbering for NMR. 
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Figure A29. COTI-NMe2 numbering for NMR. 

 

 

Figure A30. COTI-Nchexyl numbering for NMR. 
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Figure A31. 1H-NMR spectrum in DMSO-d6 of COTI-2. 

 

Figure A32. Q-DEPT 13C-NMR spectrum in DMSO-d6 of COTI-2. 
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Figure A33. HSQC 1H-13C NMR in DMSO-d6 of COTI-2. 

 

Figure A34. HMBC 1H-13C NMR in DMSO-d6 of COTI-2. 
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Figure A35. 1H-NMR spectrum in DMSO-d6 of COTI-NH2. 

 

Figure A36. Q-DEPT 13C-NMR spectrum in DMSO-d6 of COTI-NH2. 
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Figure A37. HSQC 1H-13C NMR in DMSO-d6 of COTI-NH2. 

 

Figure A38. HMBC 1H-13C NMR in DMSO-d6 of COTI-NH2. 
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Figure A39. 1H-NMR spectrum in DMSO-d6 of COTI-NMe2. 

 

Figure A40. Q-DEPT 13C-NMR spectrum in DMSO-d6 of COTI-NMe2. 
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Figure A41. HSQC 1H-13C NMR in DMSO-d6 of COTI-NMe2. 

 

Figure A42. HMBC 1H-13C NMR in DMSO-d6 of COTI-NMe2. 
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Figure A43. 1H-NMR spectrum in DMSO-d6 of COTI-Nchexyl. 

 

Figure A44. Q-DEPT 13C-NMR spectrum in DMSO-d6 of COTI-Nchexyl. 
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Figure A45. HSQC 1H-13C NMR in DMSO-d6 of COTI-Nchexyl. 

 

Figure A46. HMBC 1H-13C NMR in DMSO-d6 of COTI-Nchexyl. 
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Figure A47. 1H-NMR spectrum in D2O of Zn-COTI-2. 

 

 

Figure A48. Concentration-response curves for Triapine, COTI-2, COTI-NH2, COTI-NMe2, COTI-

Nchexyl, Fe-COTI-2, Cu-COTI-2 and Zn-COTI2 over the SW480 line and the chemoresistant line 

SW480/COTI. 

 

SW480

0.01 0.1 1 10
0.0

0.5

1.0 Triapine

COTI-2

COTI-NH2

COTI-Nchexyl

COTI-NMe2

M

-f
o

ld
 g

ro
w

th

SW480/COTI

0.01 0.1 1 10
0.0

0.5

1.0

Triapine

COTI-Nchexyl

COTI-NMe2

COTI-2

COTI-NH2

M

-f
o

ld
 g

ro
w

th

SW480

0.01 0.1 1 10

0.0

0.5

1.0 Fe-COTI-2

Zn-COTI-2

Cu-COTI-2

COTI-2

M

-f
o

ld
 g

ro
w

th

SW480/COTI

0.01 0.1 1 10

0.0

0.5

1.0 Cu-COTI-2

Zn-COTI-2

Fe-COTI-2

COTI-2

M

-f
o

ld
 g

ro
w

th



182 
 

TABLES 

PART 1: Metal complexes with uracil derivatives 

 

Table A1. GI50 values in µmol L-1 of the in vitro antiproliferative activity of free 5fu, Ag-5fu, Pd-5fu,      

Pt-5fu, K2[PdCl4], K2[PtCl4]. 

Compounds 

 Cell lines*  

MM 

(g mol-1) 

2 M A 7 4 P O H K Cat 

5fu 130.08 6.00 0.47 17.68 1.31 0.65 3.92 0.70 3.23 1.46 0.67 

Ag-5fu 580.73 1.95 <0.43 0.62 0.50 0.79 3.93 0.67 0.59 0.43 0.43 

Pd-5fu 457.12 7.04 0.24 54.69 1.60 0.96 4.48 2.52 5.62 54.69 0.90 

Pt-5fu 602.32 41.51 13.51 41.51 41.51 9.45 41.51 8.28 36.86 41.51 16.60 

AgNO3 169.87 19.84 9.77 18.90 20.96 33.85 17.60 16.95 16.90 2.83 15.89 

K2[PdCl4] 326.43 76.59 76.59 76.59 76.59 76.59 76.59 76.59 76.59 76.59 76.59 

K2[PtCl4] 415.09 17.59 11.42 14.43 12.21 13.80 7.44 13.92 13.71 6.02 8.43 

Cisplatin 300.05 4.27 7.23 8.30 3.73 0.60 8.70 10.70 17.03 8.07 3.80 

*Human tumor cell lines: 2: U251 (glioma); M = MCF-7 (breast); A = NCI/ADR-RES (ovarian 
multidrug resistant); 7 = 786-0 (renal); 4 = NCI-H460 (lung, non-small cells); P = PC-3 (prostate); O = 

OVCAR-3 (ovarian); H = HT29 (colon); K = K562 (leukemia); Non-tumor human line: Cat = HaCat 

(immortal keratinocyte). 
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Table A2. TGI values in µmol L-1 of the in vitro antiproliferative activity of dtuH2, [Ag2(dtu)], AgNO3, 

tuH2, Ph3P-Au-tuH, Ph3P-Au-Cl, and doxorubicin. 

Compounds 

 Cell lines*  

MM 

(g mol-1) 

2 M A 7 4 O H K Cat 

dtuH2 144.22 980 1733 1733 1733 1733 1733 1733 1733 1733 

[Ag2(dtu)] 357.94 698 698 698 698 698 698 698 698 698 

AgNO3 169.87 42.39 17.66 198.4 134.2 140.1 35.91 80.06 6.48 226.1 

tuH2 128.15 1951 1951 1951 1951 1951 1951 1951 1951 1951 

Ph3P-Au-tuH 586.4 2.56 8.70 18.76 3.92 45.53 17.74 48.60 0.43 10.40 

Ph3P-Au-Cl 494.7 4.65 9.50 21.22 8.09 505 11.93 505 6.67 29.31 

Doxorubicin 543.52 1.49 1.05 46.00 2.02 46.00 3.31 46.00 2.21 1.07 

*Human tumor cell lines: 2: U251 (glioma); M = MCF-7 (breast); A = NCI-ADR/RES (multidrug 

resistant ovarian); 7 = 786-0 (renal); 4 = NCI-H460 (lung, non-small cells); O = OVCAR-3 (ovarian); 

H = HT29 (colon); K = K562 (leukemia); Non-tumor human line: Cat = HaCat (immortal keratinocyte). 

 

Table A3. Number of counted colonies of NCI/ADR-RES cells after 12 days of growth from 200 cells 

previously treated with Ag-5fu, 5fu and AgNO3. 

Treatment Triplicate 1 Triplicate 2 Triplicate 3 

Control 121 115 113 

Ag-5fu 1.5 µg/mL 5 9 9 

Ag-5fu 3.0 µg/mL 0 0 0 

5fu 0.75 µg/mL 48 60 35 

5fu 1.5 µg/mL 1 1 2 

AgNO3 0.75 µg/mL 47 72 62 

AgNO3 1.5 µg/mL 58 32 22 
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Table A4. Number of counted colonies of NCI/ADR-RES cells after 6 days of growth from 100 cells 

previously treated with Ph3P-Au-tuH and Ph3P-Au-Cl. 

Treatment Triplicate 1 Triplicate 2 Triplicate 3 

Control 137 140 140 

Ph3P-Au-tuH 12 µg/mL 47 45 40 

Ph3P-Au-tuH 24 µg/mL 2 1 2 

Ph3P-Au-Cl 10.1 µg/mL 34 20 20 

Ph3P-Au-Cl 20.2 µg/mL 4 4 1 

 

 

PART 2: Thiosemicarbazones and their metal complexes 

 

Table A5. Experimental parameters for COTI-2 and Cu-COTI-2. 

Sample Machine Source Temp. 
Detector 

Distance 

Time/ 

Frame 
#Frames 

Frame 

width 

 Bruker  [K] [mm] [s]  [°] 

COTI-2 
D8 Mo 100 30 5 5110 0.200 

Cu-COTI-2 
D8 Mo 100 30 1 3502 0.500 

 

Table A6. Concentration range for MTT assays. 

Compound Conc. SW480 (µM) Conc. SW480/COTI (µM) Conc. SW480/tria (µM) 

COTI-2 0.01; 0.05; 0.1; 1; 5 0.1; 1; 5; 10; 20 0.01; 0.05; 0.1; 1; 5 

COTI-NH2 0.01; 0.05; 0.1; 1; 5 0.05; 0.1; 1; 5; 10 0.1; 1; 5; 10; 20 

COTI-NMe2 0.005; 0.01; 0.05; 0.1; 1 0.005; 0.01; 0.05; 0.1; 1 0.005; 0.01; 0.05; 0.1; 1 

COTI-Nchexyl 0.01; 0.05; 0.1; 1; 5 0.01; 0.05; 0.1; 1; 5 0.01; 0.05; 0.1; 1; 5 

Fe-COTI-2 0.1; 1; 5; 10; 20 0.1; 1; 5; 10; 20 0.1; 1; 5; 10; 20 

Cu-COTI-2 0.01; 0.05; 0.1; 1; 5 0.01; 0.05; 0.1; 1; 5 0.01; 0.05; 0.1; 1; 5 

Zn-COTI-2 0.01; 0.05; 0.1; 1; 5 0.01; 0.05; 0.1; 1; 5 0.01; 0.05; 0.1; 1; 5 

Triapine 0.01; 0.05; 0.1; 1; 5 0.01; 0.05; 0.1; 1; 5 0.1; 1; 5; 10; 20 

 

 


