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Anti-tumorais; ADN; BSA; Intercalação; Peroxidação lipídica; MTT; 

Seletividade 

resumo O sucesso da quimioterapia tem sido conseguido à base de fármacos de baixo 
peso molecular que têm demonstrado capacidade para destruir as células 
cancerígenas ou para controlar a sua proliferação. No entanto, existem vários 
efeitos secundários associados ao uso de muitos destes fármacos, 
maioritariamente devido ao facto de não apresentarem seletividade, isto é, tanto 
atuarem nas células tumorais como nas não tumorais. O uso de compostos de 
coordenação (metalofármacos) para terapia anticancerígena começou com o 
uso de compostos de platina, os quais, apesar das suas bem conhecidas 
severas limitações, continuam ainda a ser muito utilizados. Estas desvantagens 
levaram à necessidade de explorar novos metalofármacos com diferentes 
metais de transição. Iões metálicos diversificados podem levar à obtenção de 
complexos com características diferentes, como por exemplo, no que diz 
respeito a geometrias ou potenciais de redução. Esta flexibilidade torna-os 
atraentes para o desenvolvimento de novos agentes terapêuticos. O uso de 
fármacos pré-ativos como ligandos é um bom exemplo de como os compostos 
metálicos podem alterar/melhorar a atividade dos fármacos parentais. O 
presente trabalho mostra os resultados da síntese e caracterização de novos 
metalofármacos de diferentes metais de transição, do estudo da sua 
capacidade de interação com o ácido desoxirribonucleico (ADN) e com a 
albumina de origem bovina (BSA), bem como do seu comportamento 
anticancerígeno. Este desempenho foi avaliado através de ensaios biológicos 
in vitro, em linhas celulares cancerígenas e normais da mama que permitiram 
aferir da sua capacidade anti-tumoral e seletividade. 



 
 

 
 

  

  

Keywords Cancer; Metal complexes; Metallopharmaceuticals, NSAIDs; Anti-tumour; DNA; 

BSA; Intercalation, Lipid Peroxidation, MTT; Selectivity 

Abstract The success of chemotherapy has been achieved with low molecular weight 
drugs that have been shown to destroy cancer cells or to control their 
proliferation. However, there are several side effects associated with the use of 
many of these drugs, mainly due to the fact that they do not have selectivity, 
acting on both tumor and non-tumor cells. The use of coordinating compounds 
(metallo-pharmaceuticals) for anticancer therapy began with the use of platinum 
compounds, which, despite their well-known severe limitations, are still widely 
used. These disadvantages led to the need to explore new metallo-
pharmaceuticals with different transition metals. Diversified metal ions can lead 
to complexes with different characteristics, such as geometries or reduction 
potentials. This flexibility makes them attractive for the development of new 
therapeutic agents. The use of pre-active drugs as ligands is a good example of 
how metal compounds can alter/enhance the activity of parent drugs. The 
present work shows the results of the synthesis and characterization of new 
metallo-pharmaceuticals of different transition metals, the study of their ability to 
interact with deoxyribonucleic acid (DNA) and bovine albumin (BSA), as well as 
their anticancer behaviour.This performance was evaluated by in vitro biological 
assays, in tumoral and normal breast cell lines, which allowed to measure their 
anti-tumor capacity and selectivity. 
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1.1 A brief history of metallodrugs 
Metals have been utilized in health treatments since ancient times 1 . But, mainly in 

the last century, an exponential development of new drugs matching metals and organic 

ligands and more specifically a few molecules that per si have already pharmacological 

effects, have appeared and been available for different health issues. Chemotherapy is still 

mainly depending on platinum drugs, although they are facing a more and more restricted 

use due to their toxicity and to spontaneous or acquired resistance 1,2. 

 

Figure 1: Structure of carboplatin (A) and oxaliplatin (B). 

 

Within the ultimate purpose of overcoming these limitations, a vast number of 

other compounds with other metals have been emerging over the last years, in spite of 

only a very small number of these new compounds had reached clinical utility 2. In 

particular, we can highlight different “platinum complexes” used in oncology 3. Platinum 

complexes in the +4 oxidation state (Pt4+) started to appear soon the toxicity of cisplatin 

(Pt2+) became a major problem in cancer treatment. As octahedral Pt4+ complexes are 

kinetically more inert then the parent Pt2+ complexes, they are less toxic in bloodstream, 

but can be activated once they enter cancer cells 2,4. Satraplatin (JM216) and LA-12 are the 

two best known examples of this type of complexes 2. 

Carboplatin, a Pt(II) complex, is a second generation platinum drug, considered a 

pro-drug for cisplatin, received FDA approved for a therapy combination in the treatment 

of ovarian cancer 5. Other platinum derivates have been synthesized and also received FDA 

approval, like oxaliplatin, in which the diaminocyclohexane ligand (DACH) plays an 

A B 
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important role in its cytotoxicity. This drug has been mainly used in patients who are 

intolerant to cis-Pt 3,6.  

Recently other platinum complexes have been synthesized, involving the 

combination of the metal ion (platinum) with other types of different ligands, in order to 

overcome the common platinum drugs side effects to improve their anti-cancer activity 3. 

A good example of these new complexes are platinum complexes conjugated with sugars 8 

like [PtIICl2(AcGlc-pyta)] which has shown less cytotoxicity (to normal cells) than cis-Pt 2,7. 

The synthesis of complexes/coordination compounds involving transitions metal 

ions and nonsteroidal anti-inflammatory drugs (NSAIDs) as ligands started in 1978 with the 

preparation of an acetylsalicylic acid (aspirin) copper(II) complex 9. NSAIDs act as inhibitors 

of cyclooxygenase (COX) and in some cases their anti-inflammatory properties can be 

“improved” by the coordination to metal ions 10. For example, the above acetylsalicylic acid 

copper(II) complex showed a more effective anti-inflammatory effect and lower 

ulcerogenicity and irritation in the digestive tract compared to aspirin itself 11. This study 

was an important breakthrough because aspirin has no cyclooxygenase (COX) specificity, 

which means that, aspirin blocks the conversion of arachidonic acid into endoperoxide, 

catalysed by prostaglandin (PG) synthase (COX-2), stopping some steps of the inflammatory 

process, but also inhibiting COX-1 which is present in almost all tissues (stomach, kidneys, 

intestine, etc.) and its inhibition increases the risk of gastrointestinal bleeding and damage 

11–13. 

It is very important to study the composition and structural features as well as the 

behaviour at biological level (cell surface binding and intracellular targets 14) of that kind of 

complexes. For example, binding studies between this type of complexes and DNA or 

BSA/HSA are two of the most reported interaction studies 15. However, RNA interactions 

have been much less investigated. Recently, this gap has been filled, taking the advantage 

that RNA offers a much more extensive structural diversity than DNA16. A recent study show 

that in Saccharomyces cerevisiae the cisplatin treatment demonstrated that platinum 

accumulates 4- to 20-fold more times in cellular RNA than in genomic DNA 17.  
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Figure 2: Strategies to control Aβ aggregation by transition metal complexes. Adapted 18. 

 

 In a completely new approach, some metal complexes have also been applied in 

studies of Alzheimer’s disease. Three strategies have been proposed employing transition 

metal complexes towards modulation of Aβ aggregation pathways, oxidative modification, 

hydrolytic cleavage of Aβ as well as coordination to Aβ 18.  

 As we can see metal complexes can have various application. The metal ions by 

themselves can play a very important role on the drug design due to unique coordination 

environments, charge variation possibilities, Lewis acid properties, redox activity, etc. 3. 

1.1.1 The d-block metals – Biological Roles 

 The bonding established between metal ions and drugs (ligands) such as NSAIDs, is 

interesting in several aspects due to possible and frequent synergistic effects between the 

metal ion and the drugs themselves. An improvement is observed in the anti-ulcerous, anti-

tumour and anti-bacterial activities, for example with copper, zinc, cobalt and manganese 

19. Over past years multiple metal ions have been tested in order to take advantage of this 

synergic effect. Among them, copper (Cu)20, zinc (Zn)21, iron (Fe)22, cobalt (Co)23, 

manganese (Mn)24 and nickel (Ni)25 have been the most utilized (or highlighted). As the 

thermodynamic stability constants of the referred complexes are basically invariant 

regardless the ligand type, their values can be ordered as follow: Mn2+ <Fe2+ <Co2+ <Ni2+ 

<Cu2+ >Zn2+, which allows to identify copper(II) as one of the metal ions that forms the most 

stable complexes 26.  

Considering the above statements, it can be expected that, in this research field, 

those metal ions are the most used, and they are presented in the next sections, 

highlighting some of their biological features. 
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I) Copper (Cu) 

Copper plays a very important role in the human body, mostly because it allows 

many enzymes to function correctly. Copper is essential for keeping the strength of the 

skin, blood vessels and some tissues and is involved in the production of haemoglobin, 

myelin, and melanin. One of its most important characteristics is that it can act both as 

antioxidant and pro-oxidant centre. As an antioxidant cupper neutralizes free radicals that 

occur naturally in the body and helps to prevent some of the damage that they can cause 

27. When acting as a pro-oxidant it can have pathological effects, such as neurodegenerative 

and hepatic disorders, that are related to the overload of copper ions, so, it is accepted that 

the damage observed in these disorders are a consequences of the pro-oxidant properties 

of this metal ion 28. Additionally, copper also plays an important role in reducing 

inflammatory processes, and its role is achieved through the interference with the 

enzymatic activity of superoxide dismutase (SOD)29. 

Cu(II), is a d9 electronic configuration ion, can be coordinated in a large variety of 

structures, from 4 to 6 coordination numbers, originating mono-, bi- or polynuclear type of 

complexes 30. In what concerns to the ligands, besides NSAID’s 31–33, Schiff base 34–39, 

phenanthroline 40–42 or pyridines 43–48 are common Cu(II) ligands. 

II) Zinc (Zn) 

 Zinc is a trace essential element with a minor plasma pool and a rapid turnover, 

being involved in several steps of the cellular metabolism, playing a role in respiration, 

immune functions, DNA synthesis, cell division, and others 49,50. Although zinc is not a 

transition metal, by definition, it shows chemical properties similar to other transition 

metals. Because it possesses a full 3d level, ie, a 3d10 electronic configuration, zinc 

complexes lack a ligand field energy stabilization, showing however a wide coordination 

flexibility). Consequently, these characteristics are critical in what concerns their catalytic 

roles in metalloenzymes, because of the capacity to assume different structures and 

coordination numbers, along with different possibilities of interactions with subtracts.51. 

Variable coordination numbers/structures for Zn(II) complexes have been observed, 

although 4-coordination numbers, mainly in tetrahedral geometries, are the most 
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commonly found 52, as they represents the optimal and least strained structures among 

zinc polyhedra 53. 

The tetrahedral geometry is adopted in coordination modes to fundamental 

metalloproteins, like zinc fingers (the most abundant class of zinc-binding proteins in 

humans 54) or by metallo (Zn)-enzymes (10% of the human proteome are potentially zinc-

binding in vivo 54). Several polynuclear zinc(II) complexes have also been reported over the 

years 55–57. As an example, a 2017 study reported that NSAID’s, namely ibuprofen and 

naproxen, Zn-complexes, eased ulcerations caused by NSAID’s themselves. Thus these 

authors have proposed that zinc supplementation during a NSAID therapy may have a 

helpful effect on ulcer prevention and healing by reducing the dose of the NSAID’s and 

increasing its potency through the administration of the Zn-NSAID’s complexes 58.There are 

also some Zn-complexes that can inhibit the activity of specific proteins crucial for the DNA 

replication cycle. Polynuclear complexes of Zn (II) with flufenamic acid (flu), pyridine (py) 

or N,N,N’,N’-tetramethylethylene (tmen), respectively [Zn3(flu)6(py)2] and [Zn(flu)2(tmen)], 

can inhibit the catalytic activity of topoisomerase I 59. 

III) Iron (Fe) 

 Iron has two main important features in the human body, that are the ability for 

participating in reversible oxidation/reduction and in radical reactions, and also a very 

important and fundamental role in vital biological processes/functions, as electron 

transport, neurotransmission, oxygen transport, DNA interactions, steroid hormones, etc. 

60 As a redox-active metal centre, iron can originate reactive oxygen species (ROS), which 

lead to oxidative stress and initiation of signalling cascades that are both crucial for cell 

survival and cell death. Abnormal body accumulation of iron, and/or ROS formation is 

connected to an astounding number of traumas and chronic degenerative conditions, such 

as chronic obstructive pulmonary disease (COPD), for example 61. 

The electronic characteristics and the activation and transformation of substrates 

by different metalloproteins are correlated to the number and type of donor atoms and 

their geometric arrangements around the metal centre. In the case of iron, mainly as Fe2+ 

or Fe3, coordination’s compounds are commonly hexa-coordinated 62. 
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Multiple DNA interactions with iron (II and III) complexes have been reported. For 

example, a Fe(III) complex with a Schiff base (2,3-dimethyl-1-phenyl-4- (2-hydroxy-3-

methoxy benzylideneamino) -pyrazol-5-one showed good affinity with CT-DNA, the authors 

proposed intercalation as the interaction mode through the DNA minor groove 63. Using 

that iron complex, a positive antimicrobial activity has also been showed while the isolated 

Schiff base was inactive 63. This also has been verified for a complex with Fe(III) and 

mesalazine (5-aminosalicylic acid; 5-ASA) which has been tested against several species of 

bacteria, having showed a more intense antimicrobial activity than the parent drug (5-ASA) 

64. 

IV) Cobalt (Co) 

Cobalt is “the metal” of vitamin B12 (cobalamin), which plays an important role in 

mitosis. It is also important for the synthesis of amino acids and for some proteins involved 

in the formation of the myelin sheaths in nerve cells 65. Cobalt ions participate in free-

radical reactions, such as in the transformation of ribonucleotides into their corresponding 

deoxy derivatives 66. 

Cobalt can occur in different oxidation states from Co+1 to Co+5, although the most 

common are Co+2 and Co+3 23,67. 

Many cobalt (II) complexes with different NSAID’s and N,N’-donor ligands (2,2′-

bipyridylamine, 2,2′-bipyridine and 1,10- phenanthroline) have been reported and 

characterized. All the referred complexes interact with CT-DNA by an intercalation mode. 

They all exhibited more activity than the corresponding free ligands 23. Also, some Co(II) 

complexes with a Schiff base and N,N’-donor ligands may also have the ability to cleave 

DNA plasmid (pBR-322 plasmids) in the presence of an oxidant (H2O2), which can be 

attributed to hydroxyl free radicals formation from the metal complex and the oxidant 

reaction 68,69. 

V) Manganese (Mn) 

 Manganese (Mn) is also an essential element associated to various physiological 

processes. It is involved in enzymatic reactions and can act as a cofactor. Manganese plays 

a role as activator and cofactor in gluconeogenesis and in Krebs Cycle, respectively. 

Manganese ions are crucial in superoxide dismutase (SOD) activity. In humans, Mn-SOD is 
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a tetrameric enzyme with four subunits each one containing a Mn3+ ion in a complex with 

a distorted octahedral geometry (four N- and two O-donors atoms) 26.  

In the central nervous system (CNS), manganese ions act as a cofactor for glutamine 

synthetase (GS) 70. Extreme exposure to manganese is linked to adverse psychiatric, 

cognitive and motor disorders, known as manganism, and it is also been involved in the 

pathogenesis of hepatic encephalopathy, where it can be a potential neurotoxin 71.  

In biological condition, manganese can be found in three oxidation states, Mn(II) 

(more common), Mn(III) and Mn(IV) 66. 

Mn(II) have a d5 electron configuration, easily building complexes with 6 

coordination number. However these are often unstable interacting easily with other 

molecules/ligands which leads to alterations in their coordination spheres 26. The 

consequences of these situations are the type of their interaction modes with specific 

enzymes, which are determined by the spatial arrangements of the atoms in a certain 

complex 26. Three Mn (II) complexes containing mefenamic acid (mef), 2,2’-bipyridyl (bipy) 

and phenanthroline (phen) as ligands, exhibit a LOX-1 inhibitory activity higher than 

mefenamic acid by itself 72. LOX-1 (lectin-like oxidized low-density lipoprotein receptor-1) 

is upregulated in several different types of cancer 73. They concluded that a complex with 

two mefenamic acid ligands is capable of inhibiting the LOX-1 enzyme activity, while others 

with only one of this ligand (mef) tend to inhibit the enzyme activity uncompetitively 72. 

Additionally, it has also been reported that Mn(II) complexes with tolfenamic acid 

and N,N’-donor ligands (phen, pyridine, or 2,2’-bipyridylamine) and O-donors like H2O or 

DMF, interact with CT-DNA, probably via intercalation mode 24.  

VI) Nickel (Ni) 

 The biological role of nickel is not yet completely understood. In humans, it is found 

in the nucleic acids, particularly in RNA. Probably it has a role in stabilizing nucleic acids 

structures, and may help in the production of prolactin and so it is involved in human breast 

milk production 74. Nickel is also found in the active sites of some metalloenzymes such as 

urease, glyoxalase I, lactate racemase, acireductone dioxygenase, etc. 75. Ni(II) can be 

transported into cells through calcium channels and/or proteins like DMT-1 (divalent metal 

transporter 1) 76. 
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As Ni(II) has a d8 electronic configuration it can form octahedral, tetrahedral or 

square-planar complexes 66. 

 Several studies with nickel(II) complexes with different ligands have reported that 

the most probable, and found, interaction mode with CT DNA is by intercalation 77,78. As an 

example, a study in 2013, reported that a Ni(II) complex with NSAID diclofenac (dicl) and 

2,2’-dipyridylketoneoxime as ligands binds to CT-DNA by intercalation mode 25. However, 

two neutral mononuclear Ni(II) complexes with diclofenac and bipy or 1,10-phen as ligands, 

ie, [Ni(dicl)2(bipy)] and [Ni(dicl)2(phen)] respectively, were observed to interact with CT-

DNA in a different way, being so proposed that the type of interaction was a non-classical 

intercalative mode, that is by electrostatic or external groove-binding 25. 

1.2 Metal ions and ligands: Coordination chemistry 

 Aiming to improve the therapeutic action and/or to reduce the toxicity of some drug 

molecules, their coordination of bioactive molecules to metal ions is a very interesting 

strategy 79,26. 

The crystal field theory (CFT) was established to explain compounds electronic and 

structural formation. Although with strong limitations its statements keep being extremely 

useful. It is base in electrostatic interactions between the positively charged central metal 

ion and the electrons of the ligands, considered as negative point charges. Besides these 

electrostatic interaction repulsions between ligand electrons and d electrons of the metal 

have to be consider. The main point of this theory is focused on the initial five equal 

energetic d orbitals of the metal ion and how they are splitted, upon the presence of the 

“near” ligands, in two or more different energy levels, as illustrated in figure 3 for an 

octahedral complex (t2g and eg sets of orbitals). Different ligands will cause different energy 

splits of the d orbitals (∆oct, ∆tetrah, etc.), which also depends on the metal ion, on its 

oxidation state and on the complex geometry. For example, 2,2’-bipyridine, originates a 

large ∆oct (strong field). CFT theory is mainly theoretical and essentially didactic, showing 

strong limitations. Discrepancies between empirical observations and theory created a 

need for considering instead the overlap of atomic/molecular orbitals, leading to the ligand 

field theory (LFT). This theory combines the approximate energies and wave functions of 

all the atomic orbitals to obtain the best approximations for the energies and wave 
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functions of complexes making use of “covalency” in the interactions between the metal 

ion and the ligand 26,66,80.  

 

Figure 3: Crystal field d orbital splitting diagram in the formation of an octahedral complex. Adapted 26,79. 

 

1.2.1 N-donor ligands 

 Nitrogen donor ligands, usually heterocyclic molecules, coordinate to a great variety 

of metal ions, many of them functioning as typical bidentate, tridentate, etc, ligands 81. For 

example, pyridine, a monodentate ligand, is one of the N-donor ligands more used in metal 

complexes. It can coordinate to all transition metals resulting in different coordination 

compounds in different oxidation states 82. This fact is due to the nitrogen lone pair which 

gives to the pyridine ring its Lewis basic character (figure 4) 82,83. Some other pyridine 

derivative ligands, mainly polypyridine systems, also deserve to be noticed, as can act as 

multidentate ligands. Common examples are: 2,2’-bipyridine, 1,10-phenanthroline and 

terpyridine. 

 

Figure 4: Pyridine ring and its nitrogen lone electron pair. Adapted 82 
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1.2.2 NSAID’s as O-donors 

 NSAIDs can be divided into different classes according to their chemical structures, 

appearing commonly grouped into salicylic, arylalkanoic, arylanthranilic and other 

carboxylic acid derivatives, aniline, p-aminophenol and enolic acid derivatives, pyrazolone, 

naphthylbutanone, oxicams, sulfonamides, and benzoxazocine derivatives 84,85. 

These compounds, mainly because of their carboxylic acid functional groups, can, 

after deprotonation, easily coordinate to metal ions in a great versality of coordination 

modes, and consequently NSAID ligands are able to coordinate as mono, bidentate, or 

bridging ligands, in polynuclear complexes (figure 5) 84–86. 

 

Figure 5: Types of coordination modes between a metal ion and the deprotonated carboxylic group.     
Adapted 19. 

 

In this work, NSAIDs ibuprofen and diclofenac, were used as ligands in the synthesis of 

new complexes (figure 6). 

 

Figure 6: Structure of (S)-Ibuprofen and diclofenac. 

 

There are few reports of metal complexes coordinated with monodentate NSAIDs. 

For example, naproxen and mefenamic acid act as monodentate ligands in complexes with 

Co(II) and Zn(II) 86–89. 

2-[4-(2-methylpropyl)phenyl]propanoic acid 

(S)-Ibuprofen 

2-[2-(2,6-dichloroanilino)phenyl]acetic acid 

Diclofenac 



 
 

12 
 

A far greater number of complexes show bidentate NSAIDs. Zn(II) complexes with 

mefenamic acid (Hpko) or other heterocyclic ligands, give rise to distinct carboxylate 

binding modes, monodentate in [Zn(mef-O)2(Hpko-N,N′)2]·EtOH, bidentate in [Zn(mef-

O,O′)2(bipy)], and both in [Zn(mef-O)(mef-O,O′)(phen)(H2O)] 89. The same coordination 

arrangements of a O-donor (tolf - tolfenamic acid) ligand is found in a mononuclear Mn(II) 

complex, [Mn(tolf-O)(tolf-O,O)(phen)(H2O)] 24. 

On the other hand, Cu(II) complexes with several NSAIDs, such as ibuprofen, 

naproxen, tolmetin and diclofenac mainly leads to the dimeric [Cu2L4(H2O)2] structures with 

the two copper(II) ions bridged by four carboxylate groups of the two NSAIDs, where each 

of them is a bridging bidentate ligand 90 (figure 7).  

 

Figure 7: Paddle-wheel structural types involving Cu2+. (a) Paddle-wheel dimer and (b) polymeric dimer. 
Adapted 90 

 

1.2.3 Complexes structure determination analytical techniques and 

spectroscopic studies  

The determination of the structure of complexes can be accomplished by a series 

of spectroscopic methods and different analytical techniques, such as, X-ray diffraction, 

crucial to elucidate 3D structures, UV-Vis and CD (circular dichroism) spectrophotometry 

are useful to analysed the atoms distribution around the metal ion centre and to study the 

symmetry characteristics of the complex (chirality, isomers, etc.), another important 

technique is FTIR (Fourier transform infra-red) that can be used to explain the type of 

ligands coordination to the metal ion. Nuclear magnetic resonance (NRM) can also be sued 

with this same propose. 
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Other information’s on the coordination compounds can be acquired with recourse 

to TGA (thermogravimetric analysis) and DTA (differential thermal analysis) 19.  

 The complexes structural features, that is, coordination type and, numbers, 

geometry, redox states of the metal ions and ligands, the thermokinetics complexes 

behaviour, offers a wide range of targets that can and may be exploited 91. Regarding to 

their observable or expected biological activity, structural aspects of these complexes 

bearing NSAIDs ligands (drugs) are interesting coordination compounds to target different 

biological molecules. 

1.2 Molecular targets of the metal complexes  

The most frequent form of DNA is B-DNA, with major and minor grooves that, 

although differing in many aspects (size, shape and hydrogen bonding sites), provide 

binding/interactions sites for different molecules (figure 8) 92,93. 

The success of some modes of chemotherapy lays on interactions between 

metallodrugs and DNA, for most cases. The example of cisplatin was revolutionary in 

treating different types of cancer, precisely because of these possibilities of DNA 

interaction. Then, in particular, cisplatin binds covalently to DNA, as is schematically 

illustrated in figure 9 94,95.  

 

Figure 8: B-DNA form and its major and minor grooves. Adapted 91. 
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DNA is consequently an exceptional target for metal ions. Firstly because of the 

negatively charged phosphate groups, several ions like, Ca2+, Fe2+, Mn2+, Ni2+, and Zn2+, 

interact with DNA neutralizing its charge, so some of these metal ions are essential for DNA 

structure stability 95. Besides the most probable sites for these electrostatic interactions, 

that is the phosphate groups, some atoms of the heterocyclic nucleobases, N and/or O, as 

well, in minor extent, the hydroxyl groups of the sugars molecules scaffold are also 

adequate sites for interactions 96.  

 

 Figure 9: Adduct between cisplatin and DNA. Adapted 93. 

 

Concerning DNA-metal coordination compounds (drugs), the metal complex 

geometry and the spatial arrangement of its ligands, or their type, have an interesting 

influence on the binding activity of the drug 92,97. It may cause certain changes in the DNA 

structure with inherent consequences at the biological level mechanism, such as 

transcription, replication and DNA repair processes 98.  

Some complexes with different N-donor ligands have been investigated, like 

lanthanide complexes with 2,2’-bipyridine 99, cobalt (II) complexes with 2,2’-

bipyridylamine, 2,2’-bipyridine  and 1,10’phenanthroline for which intercalation was the 

author's suggestion as the most possible DNA-binding mode 23. In particular, some 

complexes show specific characteristics, for example, a palladium complex with 1,10-

phenanthroline showed higher anticancer activity against chronic myelogenous leukemia 
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cell lines that cisplatin 100. There are also examples of dinuclear complexes, like terpyridine 

complexes with different metals (ruthenium, osmium, iron, and cobalt) 101. 

1.3.1 Binding modes of metal complexes to DNA 

 Metal complexes bind to the DNA helix through several different ways. In general, these 

modes can be divided into two main groups, that is, covalent and non-covalent binding 92. 

In this last group (non-covalent binding) are clustered intercalation and groove binding, 

that used to be highlighted 102,103. 

Covalent binding  

Covalent binding of a metal coordination compounds to the DNA chain is actually 

the cisplatin DNA-binding mechanism, which was only fully understood in 1995, by Lippard 

group, through the determination of the crystal structure of the adduct “cis-platin/DNA”. 

As the solvent environment plays an essential role in many biochemical processes in 

general, is expected to have a particular strong effect on the activation (hydrolysis) of 

cisplatin, as well as cisplatin derivatives 104.  

Figure 10: Cisplatin hydrolysis and formation of aqua-complexes. Adapted 104. 

 

The covalent binding is possible only after the hydrolysis of Pt–Cl bonds, in order to 

form a Pt–aqua complex (figure 10). This reaction occurs inside the cell because the 

extracellular chloride high concentration blocks the hydrolysis process. However, once 

inside the cell, as the chloride concentration is lower, Pt-Cl bonds hydrolysate, which, at 

first place gives rise to the mono-aqua product [Pt(NH3)2Cl(OH2)]+, followed by the 

formation of another aqua complex [Pt(NH3)2Cl(OH2)]2+. These hydrolysed cisplatin 

complexes directly bind to DNA, through purine bases at the N7 position of either guanine 

(G) or adenine (A) in the dinucleotide sequences GG and AG to form interstrand cross-links 

and 1,2- or 1,3-intrastrand cross-links, thereby targeting the cell division process as its 
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primary mode of anticancer activity 92,104–107. After the binding of the cisplatin, DNA duplex 

is significantly bent, provoking a change of its conformation, B-DNA to A-DNA 103. 

 Another example of DNA-covalent binding by the same type of mechanism is the 

one carried out by phenanthriplatin, a cisplatin derivate. In this specific case, the binding 

to DNA involves, partial intercalation of the phenanthridine rings followed by Pt-Cl 

hydrolysis and  N7 purine base bonding 108. This mechanism is illustrated in figure 11. 

 

Figure 11: Phenanthridine DNA- binding mechanism. Adapted 108. 

 

Non-covalent binding 

 In a different approach and by contrast with the DNA-covalent interaction described 

above, metal complexes can interact with DNA in a reversible and non-covalent manner. 

This type of interaction offers several possibilities to contribute to the binding, like 

hydrogen bonding, π-π stacking, and hydrophobic interactions 102. 

 One of the sub-types of a “non-covalent interaction” has already been slightly 

approached above, because as Manning’s polyelectrolyte theory affirms, the DNA negative 

can be compensated by small alkali cations 92–96,98,102,109.  

Other sub-types of non-covalent binding modes of metal complexes to DNA, are 

showed below 107. 

Intercalation 

 Intercalation is anti-cooperative at adjacent sites, meaning that intercalators can 

only bind at alternative DNA base pairs. When an intercalator binds to one DNA base pair 
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its two neighbouring sites may continue unoccupied 110,111. Essentially there are two modes 

of intercalation: classical intercalation and threading intercalation, both illustrated in figure 

12 102,112.  

Figure 12: Two modes of DNA-intercalation. Left: classical intercalation; right: threading intercalation.   

Adapted 101. 

 

Classical intercalators simply bind to double-stranded DNA with their all aromatic 

rings inserted between two base pairs, that is, intercalation DNA site. Threading 

intercalators instead, interact simultaneously with both DNA grooves 112. This binding mode 

is accomplished by the insertion of one of the ligands of the metal complex, usually a planar 

aromatic ring, into the DNA between two base pairs. Normally, full insertion of the 

intercalating ligand is observed in metal complexes with square-planar geometries 113. 

Inserting one more variable, we can still have full or partial intercalation like is illustrated 

in figure 13, where dipyridophenazine (dppz) ligand show classical full intercalation and 

1,10-phenanthroline (phen) just has partial intercalation or “semi-intercalation” 113. 
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Figure 13: Two types of intercalation. Full and partial intercalation by the ligands dppz (dipyridophenazine) 
and phen (phenanthroline). Adapted 113. 

Groove binding 

Groove binding is another DNA binding mode for complexes, which is the 

association of the whole or a part of the complex with one of the grooves or with both of 

them. This association is carried out by a combination of different parameters like, 

electrostatic forces, van der Waals contacts, hydrophobic interaction and hydrogen 

bonding 113. Once there is no free energy costs for this kind of binding, groove binders have 

bigger association constants than mere intercalators 102. 

 Most of complexes bind to the minor groove especially to the A/T-rich sequences, 

because these A/T-rich sequences have greater electronegative potential than the G/C-

ones and are more flexible (once they have only two hydrogen bonds between them).  

Essentially these characteristics make A/T-rich sites more “attractive” for the binding of 

complexes especially if they are positively charged compounds 102,113. 

Telomeric DNA 

With the consistent advance in cancer research and in anti-cancer metal 

compounds come the study of new targets, being telomeric DNA one of them. This region 

of DNA consists of a guanine-rich TTAGGG repeats folded into G-quadruplex structures or 

T-loops 114. In every cell division, the telomeric DNA shortens and after a limited number of 

divisions the cell stop dividing and dies by apoptosis. However, by the action of the 

telomerase enzyme the length of the telomeric DNA can be maintained 114. In the most part 

of tumours, this enzyme is overexpressed, which makes the cancer cells almost “immortal”, 
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once the missing biological signal of the telomerase don’t allow the cells to kill themselves 

102.  

 

Figure 14:Structure of pentacationic manganese (III) porphyrin. Adapted 115. 

 

Once telomerase is very specific for the type of DNA organization in telomere 

(single-stranded overhang), G-quadruplexes are a very interesting target for metal 

complexes with the purpose of avoiding telomerase to maintain telomere lengths 91,114. 

Consequently, here the crucial challenge in the drug design is the selectivity to G-

quadruplexes instead of to DNA duplex. One of the best examples of this situation is the 

pentacationic complex manganese (III)-porphyrin (figure 14), which shows an exceptional 

10000-fold selectivity for telomeric region over duplex DNA 115. 

1.3.2 Target proteins 

 For decades metallodrugs research was focus on DNA binding, which, as was 

described above, relies on the damage that metal complexes inflict on the DNA structure. 

However, metallodrugs can exert its effects on other molecules, proteins are one of these 

targets 116. Of all the molecules present in living organisms, proteins are the most abundant 

and they constitute a very interesting target for metal complexes, once they are involved 

on almost every life process. As was been pointed before, there are some proteins that play 

key roles on cancer initiation and progression 117. Topoisomerase role in cancer was already 

explained above, indeed there are metal complexes that bind to this protein and inhibit its 
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activity, which is another way to stop telomeres length maintenance 59,116. Another 

interesting target are the kinases proteins, deregulation of these proteins are usually found 

on tumours and can be crucial for the survival and progression of cancer cells 118. There are 

already a few metal complexes that were design with the purpose of binding to the ATP 

binding site of kinase proteins and act as its inhibitors 119,120. 

 However, we can’t look at proteins only as targets to fight cancer, they can also act 

as “self” drug delivery system. In this field, albumin (HSA) is one of the most interesting 

targets 121. HSA is the most abundant protein on blood plasma (60% of the total protein 

content) and because of its features it can reversibly bind to drugs, and this binding 

enhance the drug biodistribution and bioavailability, it is already known that aspirin, 

ibuprofen, and warfarin benefit from this interaction 116,122. This interaction has been 

exploited in Abraxane (FDA-approved oncologic drug), in this case HSA is responsible for 

the drug delivery, in fact, drug design has focused on this, several Pt(IV) were designed to 

bind to the fatty acids binding pocket of HSA 123. When approaching the evaluation of small 

molecules affinity for albumins, bovine serum albumin (BSA) is usually selected as a 

trustworthy model, due to its structural similarity with human serum albumin (76%) 124. 

1.3.3 Spectroscopic studies for biological measurements 

 Several techniques can serve the propose to study the interaction between metal 

complexes and biological targets such as DNA and HSA or BSA. For example, fluorescence 

spectroscopy can be used for study the binding of coordination compounds to HSA or DNA, 

and therefore calculate their binding constants. While HSA/BSA has intrinsic fluorescence, 

DNA has not, hence for this last biological target competitive assays has to be carried out, 

where ethidium bromide, usually serving as a probe, is used for competition intercalative 

assays 125–127. UV-VIS spectrophotometry is another spectroscopic technique very often 

used in this type of studies 128, allowing to observe the hyperchromic or hypochromic 

effects caused on the DNA structure by metal complexes 129. Circular dichroism 

spectroscopy is also used with the same propose as UV/Vis spectroscopy, although allowing 

other specificities (mainly chiral features), because with this spectroscopic technique the 

binding to specific motifs can be measure (like α-helix), both in DNA and BSA/HSA 126. 
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1.4 Objectives 

The main objective of this work was the synthesis and structure determination of 

new metal complexes with anti-tumoral properties. In order to obtain the novel 

metallodrugs, several synthesis with different transition metals (such as Cu, Co and Ni) 

combined with different ligands (such as NSAID’s and pyridine derivatives) were 

performed. Studies regarding the capacity of the new meal complexes to interact 

with deoxyribonucleic acid (DNA) and bovine albumin (BSA) were performed by several 

spectroscopic techniques. In vitro studies to determine the cytotoxic activity and lipid 

peroxidation of the metal complexes on breast cancer cell lines vs non-tumoural cells were 

also undertaken. At last, this work allows us to evaluate the influence of the metal centre 

on the biological behaviour of the metal complexes.  
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2.1 Reagents and materials 

ZnCl2, 2,2′:6′,2′′-terpyridine (terpy), diclofenac sodium salt (diclo), deoxyribonucleic 

acid sodium salt, from calf thymus (CT-DNA)  and S (+)-ibuprofen (ibu) were purchase from 

Sigma-Aldrich; 2,2’-bipyridine (bipy) and 2,2’-dipyridilamine (dipy) from Fulka;  1,10-

phenantroline (phen) from Alfa Aesar; CoCl₂·6H₂O from Panreac and CuCl2·2H2O from 

CARLO ERBA.  All chemicals were reagent grade and were used as purchase without any 

further purification. Solvents (ethanol and methanol) were of analytical grade and had 

been used as received (from VWR chemicals). BSA was purchase from VWRTM and used 

without further purification. 

2.2 Methods and instrumentation 

Infrared (IR) spectra were recorded on a Mattson-7000 FT-IR spectrophotometer 

with samples prepared as KBr disks. UV-visible (UV-Vis) spectra were recorded on a GBC 

Cintra 303 spectrophotometer. Circular dichroism (CD) experiments were performed with 

a JASCO J-1500 CD spectrometer, at room temperature. Powder XRD data were obtained 

on a PANalytical Empyrean diffractometer, using Kα(Cu) radiation with a curved graphite 

monochromator. Intensity data were collected by the step counting method (step 0.05°) in 

the range 3.5°  2Ɵ  50 °. TGA were carried out under air, with a heating rate of 10 °C 

min−1, using a Shimadzu TGA-50 analyser. The total weight losses (%TG) have been 

calculated assuming final decomposition of the complexes, at the end of the experiments, 

to a mixture of oxides. C, H, and N elemental analyses were performed on a Leco CHNS-932 

apparatus.  

2.3 X-ray crystallography (single-crystal X-ray) 

Crystalline samples were analysed using a Stemi 2000 stereomicroscope equipped 

with Carl Zeiss lenses. Crystals were mounted on a Hampton Research CryoLoops and data 

collected at 150 (2) K, or on a Bruker D8 QUEST, equipped with Mo-Kα sealed tube (λ = 

0.71073 Å), a multilayer TRIUMPH X-ray mirror with a PHOTON 100 CMOS detector, and a 

low-temperature system (Oxford Instruments Cryostrem 700+ Series), or collected on a 

Bruker X8 Kappa APEX II CCD area-detector diffractometer (Mo Kα graphite-
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monochromatic radiation, λ = 0.71073 Å) equipped with a low temperature system (also 

from Oxford Cryosystems Series 700) remotely monitored using Cryopad software. 

 2.4. Synthesis of the complexes 

2.4.1 Synthesis of complex [Cu(ibu)(2,2’-dipy)Cl] (1)  

NSAID ibuprofen (99.2 mg; 0.5 mmol) was dissolved in methanol (10 mL) and 

deprotonated with KOH (30.1 mg; 0.5 mmol), after 1h stirring. This solution was added 

dropwise, simultaneously with a methanolic solution of 2,2’-dipyridylamine (85.4 mg, 0.5 

mmol) to a stirred methanolic solution (20 mL) of CuCl2·2H2O (84.9 mg; 0.5 mmol). The 

resultant mixture was stirred for 30 min and left for slow evaporation at room temperature. 

Green crystals of [Cu(ibu)(2,2’-dipy)Cl] were collected after one week. 

2.4.2 Synthesis of complex [Ni(terpy)2](dicl)2·8H2O (2) 

An ethanolic solution (10 mL) of the NSAID diclofenac (127.0 mg; 0.4 mmol) and 

2,2’:6’,2’’-terpyridine (93.1 mg; 0.4 mmol) was added dropwise to a stirred ethanolic 

solution (10 mL) of NiCl2·6H2O (4.71 mg; 0.2 mmol). The resulting solution was stirred for 

half an hour and left to evaporate at room temperature. Dark orange crystals were 

obtained after 10 days. 

2.4.3 Synthesis of complexes [M(dicl)2(2,2’-bipy)]; M = Co(II) and Ni(II), 

for (3) and (4) 

Complexes 3 and 4 have been prepared in a similar way to complex 2, using 2,2’-

bipyridine as the N,N’-donor ligand (62.5 mg, 0.6 mmol) and diclofenac as the NSAID (126.8 

mg, 0.4 mmol) and CoCl2·6H2O (46.9 mg, 0.2 mmol) for complex 3, or NiCl2.6H2O (48.3 mg, 

0.2 mmol) for complex 4. Light red (3) and blue (4) crystals were collected after 2 weeks. 

2.4.4 Synthesis of complexes [M(dicl)2(1,10-phen)]; M = Co(II) and 

Ni(II)  for (5) and (6) 

 Complexes 5 and 6 were synthesised using the N,N’-donor ligand 1,10-

phenantroline (72.4 mg; 0.4 mmol) and diclofenac (126.8 mg; 0.4 mmol) and CoCl2·6H2O 

(47.1 mg; 0.2 mmol)  for complex 5, and NiCl2.6H2O (47.0 mg; 0.2 mmol) for complex 6. 

Light red (5) and green (6) crystals were collected after 2 weeks. 
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2.5 Albumin binding studies 

 2.5.1 Experimental details 

All experiments involving BSA have been performed in Tris-HCl/NaCl buffer 

solutions (5 mM Tris-HCl/50 mM NaCl buffer; pH 7.4). The concentration of the BSA was 

determined spectrophotometrically using an extinction coefficient 43824 M-1 cm-1 130.  

Albumin binding studies were performed by UV-Vis, CD and fluorescence spectroscopies. 

2.5.2 BSA interaction studies by UV-vis spectroscopy 

The UV spectra of BSA were recorded at room temperature (cell path length=1 cm). 

The BSA/complexes interactions experiments were performed in the absence and in the 

presence of the complexes in different concentration. Each spectrum was baseline 

corrected with Tris-HCl/NaCl buffer. 

2.5.3 BSA interaction studies by circular dichroism spectroscopy 

In the DC experiments BSA concentration and the path length of the cell used were 

0.3 µM and 1 cm, respectively. The spectrometer was purged with N2 (g), at a flow of 7 

L/min, prior and during to the experiment. Each spectrum was baseline corrected and taken 

as the average of five accumulations at a scan rate of 100 nm min -1 with a response time 

of 4s, and a bandwidth set on 0.50 nm. 

CD results are presented in terms of the mean residue ellipticity (MRE), in 

deg.cm2.dmol-1 according to the following equation 131: 

𝑀𝑅𝐸 =
𝑂𝑏𝑠𝑒𝑟𝑣𝑒𝑑𝐶𝐷 (𝑚𝑑𝑒𝑔)

𝐶𝑝.𝑛.𝑙.10
  (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 1)  

where Cp is BSA molar concentration, n is the number of amino acid residues (583 for this 

protein) and l the path-length (1 cm). To calculate the α-helix contents of the free and 

altered BSA, the following equation was used 131: 

α − helix (%) =
𝑀𝑅𝐸208−4000

33000−4000
× 100 (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 2)  

where MRE208 stands for the observed value of MRE, 4000 is the MRE value of the 

β-form and random coil conformation cross, and 33000 the MRE value of the α-helix of the 

pure protein, all the MRE values at 208 nm.  
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2.5.4 BSA interaction studies by fluorescence spectroscopy 

BSA owe its intrinsic fluorescence to the two tryptophan residues (Trp-134 and Trp-

212) 132. The interaction between the metal complexes and BSA can be monitored by the 

quenching of this fluorescence upon the addition of complexes. The spectra’s were 

recorded on a Jasco Spectrofluorometer FP-8300 fluorometer, excitation bandwidth set at 

5nm; emission bandwidth set at 5 nm; sensitivity low; excitation wavelength 295.0 nm; at 

a scan speed 200 nm/min. 

 The results can be analysed by the Stern–Volmer equation (equation 3). 

𝐹0

𝐹
= 1 + 𝐾𝑠𝑣[𝑄] (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 3)  

where F0 and F are fluorescence intensities of free BSA and in the presence of the quencher 

(complexes) respectively, at different concentrations [Q], which can be used to calculate 

the Stern-Volmer quenching constant (Ksv) 133. The value of Ksv can be obtained directed 

from the slope of the obtained lines calculated by equation 3. 

2.6 Interaction with CT-DNA 

 2.6.1 Experimental details 

All experiments involving CT-DNA were performed in Tris-HCl/NaCl buffer solution 

(5 mM TRIS-HCl/50 mM NaCl buffer; pH 7.4), at room temperature. The purity of CT-DNA 

solutions was confirmed by UV absorbance at 260 nm and 280 nm (A260/A280), ratio, 

considering that a value of 1.81 which is indicative that a CT-DNA solution was sufficiently 

free of protein. The CT-DNA concentration was calculated from the UV absorbance 

intensity, at 260 nm, as follows 1,0 = 50 µg/mL 134.  

 2.6.2 EB competitive studies by fluorescence spectroscopy 

 Competitive studies with ethidium bromide (EB) for each of the synthesised 

complexes have been carried out by fluorescence spectroscopy in order to examine 

whether the complex can displace EB from its CT-DNA – EB adduct. The CT-DNA – EB adduct 

was prepared by adding equal volumes of 0.36 mM EB and 1.15 mM CT-DNA solutions, in 

Tris-HCl/NaCl buffer (5 mM TRIS-HCl/50 mM NaCl buffer; pH 7.4). The “interaction effect” 

of the complexes with the DNA-EB was studied by adding fixed volumes of increasing 
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concentrations of the complexes to CT-DNA – EB solution. The spectra’s were recorded on 

a Jasco Spectrofluorometer FP-8300 fluorometer; excitation bandwidth set at 5nm; 

emission bandwidth set at 5 nm; sensitivity low; excitation wavelength 295.0 nm; at a scan 

speed 200 nm/min. 

 2.6.3 CT-DNA interaction studies by circular dichroism spectroscopy 

 CT-DNA/complexes interaction studies were also analysed by circular dichroism at 

room temperature. The CD-spectrometer was purged with N2(g) prior and during the 

experiments (flow rate = 7 L/min). Each spectrum was baseline corrected and taken as the 

average of five accumulations at a scan rate of 100 nm min -1 with a response time of 4s, 

and a bandwidth set on 0.50 nm. The CT-DNA concentration was 100 µM, except for 

interactions with complexes (1) and (2) which were 50 µM (1cm cell path length). 

 2.6.4 CT-DNA interaction studies by UV-vis spectroscopy 

The spectra of CT-DNA were recorded at room temperature (cell path length=1 cm). 

The CT-DNA/complexes interactions experiments were performed in the absence and in 

the presence of the complexes in different concentration. Each spectrum was baseline 

corrected with Tris-HCl/NaCl buffer. 

 2.7 In vitro biological assays 

 2.7.1 Materials  

 RPMI 1640 medium, human epidermal growth factor, cholera toxin, bovine insulin, 

hydrocortisone and MTT(3,4,5-dimethylthiazolyl- 2–2,5-diphenyl-tetrazolium bromide) 

were purchased from Sigma-Aldrich (St. Louis, MO, USA). Dulbecco’s Modified Eagle´s 

Medium (DMEM:Ham’s F12 medium (1:1)), L-glutamine, sodium bicarbonate, fetal bovine 

serum (FBS) and antibiotic/antimycotic were purchase from Biochrom, Berlin, Germany. 

Horse serum was purchased from GIBCO (Life Technologies Corporation, CA, USA). All other 

chemicals used were of analytical grade. 

 2.7.2 Cell culture  

MCF-7, an estrogen receptor (ER)-positive human breast epithelial adenocarcinoma 

cell line and MDA-MB-231, a triple negative human breast adenocarcinoma cell line, were 
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obtained from the American Type Culture Collection (ATCC) and used between passages 

83-98 and 70-86, respectively. MCF-12A cell line, a non-tumorigenic epithelial cell line, was 

also obtained from ATCC and used between passages 28-34. Cells were maintained in a 

humidified atmosphere of 5% CO2-95% air and were grown in RPMI 1640 supplemented 

with 2 mM L-glutamine, 10 mM sodium bicarbonate, 15% heat-inactivated FBS and 1% 

antibiotic/antimycotic (MCF7 and MDA-MB-231 cells); DMEM:Ham’s F12 medium (1:1) 

supplemented with 20 ng/ml human epidermal growth factor, 100 ng/mL cholera toxin, 

0.01 mg/mL bovine insulin, 500 ng/mL hydrocortisone, 5% heat-inactivated horse serum 

and 1% antibiotic/antimytotic (MCF-12A). Culture medium was renewed every 2-3 days, 

and the culture was split every 7 days. For the determination of viability and oxidative stress 

cells were seeded on 24-well culture dishes (2 cm2; Ø 16 mm; TPP®, Trasadingen, 

Switzerland) and used after 5 days (90% confluence).  

2.7.2 MTT assay 

After a 24 h-exposure of the cells to increasing concentrations of the complexes 

(10–100 μM), 50 μL of MTT solution (5 mg/mL) was added to each well and the cells were 

further incubated for 3 h at 37 °C. Afterwards, the MTT solution was removed and the cells 

were lysed by the addition of 200 mL of dimethyl sulfoxide (DMSO) followed by plate 

shaking for 10 min at room temperature. Optical density (OD) for the solution in each well 

was determined at both 540 and 660 nm. OD at 660 nm corresponds to unspecific light 

absorption and was subtracted from the OD at 540 nm to give the OD value specific to 

formazan crystals derived from MTT cleavage, which is proportional to the number of 

viable cells with active mitochondria. Results are presented as number of viable cells (in % 

of control) (n=6). 

 2.7.3 TBARS assays  

 Cells were exposed to the highest complex’s concentration tested in the MTT assay 

(50 or 100 μM) for 24h, and oxidative stress was determined by lipid peroxidation 

(malondialdehyde). At the end of the 24h-treatment period the reaction was started by 

addition of 50% (w/v) trichloroacetic acid (TCA) to each sample, followed by a 

centrifugation for 2 min at 10000 rpm. Then, 1% 2-thiobarbituric acid was added to the 
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supernatant and the reaction was carried out in a boiling water bath for 40 min. A pink-

coloured complex was quantified spectrophotometrically at 535 nm.  

2.8 Statistical analysis  

The results are expressed as Mean ± SD from 6 similar experiments, each one 

performed in triplicate. Student’s “t-test” was used to determine the level of significance 

and the following values * P0.05, calculated compared to control unless stated otherwise.
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Within this work we were able to synthesise six new different complexes that can be 

divided into two different groups. The complexes (1) and (2) will be discussed individually, 

and because of their structural similarities, complexes (3) to (6) were clustered together in 

a second group. 

3.1. Complex [Cu(Ibu)(2,2’-dipy)Cl] (1) 

3.1.1 Synthesis 

The synthesis of complex (1) was performed as described in detailed in section 2. 

(2.4.1). Briefly, a methanolic solution of ibu was added dropwise and simultaneously with 

a methanolic solution of 2,2’-dipyridylamine to a stirred methanolic solution of CuCl2·2H2O. 

3.1.2 Single crystal structure 

Complex (1) was unveiled by single-crystal X-ray diffraction analysis and formulated 

as [Cu(Ibu)(2,2’-dipy)Cl], crystallizing in the monoclinic space group P21. More 

crystallographic data are shown in annex I. The asymmetric unit is composed of two 

complex units, each containing a molecule of ibuprofen bidentated (O,O) to the metal 

centre, one molecule of 2,2’-dipyridylamine coordinated to Cu(II) ion, also in a bidentated 

mode by two N-atoms, and a chloride ion acting as a-charge balancing ion. The Cu(II) metal 

centre is then pentacoordinated with the coordination sphere {CuO2N2Cl} resembling a 

pyramidal quadrangular geometry (figure 16). The powder X-ray diffraction pattern of 

complex (1) prepared in this work agrees well with the powder X-ray diffraction calculated 

from the single crystal X-ray data (figure 15). 

Figure 15: Experimental and by crystal X-ray data XRD graph for complex (1). Black line = single crystal X-ray 

data; Grey line = Complex (1) 
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Figure 16: Representation of the complex [Cu(Ibu)(2,2’-dipy)Cl] (1) showing all atoms represented as small 
spheres with arbitrary radius. The asymmetric unit is composed of two [Cu(Ibu)(2,2’-dipy)Cl] units.  

 

 3.1.3 Infrared spectra  

 The most important spectral bands of the ligands and complex (1), that provide 

information regarding the type of functional groups, are listed in Table 1. 

 

Figure 17: IR spectra of complex (1) with all the relevant peak highlighted. 
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According to literature 20, the difference between the asymmetric peak of 

carboxylate and the symmetric peak (∆ν=νasym(COO)-νsym(COO)) of this same group give us 

information about its coordination mode, if this difference is lower than 200 cm-1 the 

coordination between the metal and the carboxylate ligand is bidentate. In the IR spectra 

of complex (1) (figure 17) the ∆ν = 150 cm-1, so the ibuprofen is probably bidentate to the 

copper ion. The absence of the strong band ν(C=O)=1700 cm-1 also supports the fact that 

the coordination is bidentate. The presence of the peak ν(C-N)=1162 cm-1 in complex’s 

spectra confirms that the coordination is through all the nitrogen atoms of the N-donor 

molecule. In the same way the absence of the peak ν(C=N)=1604 cm-1 also comes to 

confirms that. For complex (1) lower intensity bands like ν(M-N) and ν(M-O) are also 

present at 422 and 526 cm-1, respectively, proving again the coordination of both the 2,2-

dipyridylamine and the ibuprofen molecule. 

 

Table 1: The characteristic IR absorption frequencies (cm¯¹) of the free ligands and complex (1). 

Assignment Ibu 2,2’-dipy [Cu2(Ibu)2(2,2’-bipy)2Cl2] 

νsym(COO) 1538 - 1538 

ν(C-N) - - 1162 

νasym(COO) 1417 - 1438 

ν(C=O) 1706 - - 

ν(M-N) - - 422 

ν(C=N) - 1604 - 

ν(M-O) - - 526 

 

3.1.4 Elemental and thermogravimetric analysis 

 Elemental analysis (C,H,N) confirmed the chemical composition of the complex, and 

as is presented in table 3, the values obtained through EA analysis are in good agreement 

with the ones that were calculated (Table 2). 
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Table 2: Elementary analysis data for complex (1). “AE” = obtained values; “Cal” = calculated values base on 
the chemical formula from single crystal X-ray.  

 

 

 

 

Figure 18 shows the results of the thermogravimetric analysis performed on 

complex 1. The data characteristic of the thermal decomposition was collected in table 3. 

The TG and DTG curves of complex 1 show that compound is thermally stable in the 

temperature range of 24-130 °C. A further increase in temperature causes a four-stage 

decomposition. In the first place, complex 1 loses 54 mg, which represents 4.9 % of the 

sample, that can be attributed to the loss of two molecules of water. The second stage is 

up to 310 °C and represents the degradation of 1 molecule of 2,2-dipyridylamine and the 2 

chloride ions, which represents 28.3% of the sample mass, the last step occurring up to 750 

°C and is attributed to the other 2,2-dipyridylamine molecule and the 2 ibuprofen 

molecules representing 53.3% of the sample and is up to 750 °C. Further heating gives CuO 

(observed 12.5 %, calculated 15.8 %) as the final product.  

 

Figure 18: TGA/DSC results for complex 1. 
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Table 3: TG analysis data for complex (1). “AE” = obtained values; “Cal” = calculated values base on the 
chemical formula from single crystal X-ray. 

 

 

3.2 BSA interaction studies 

3.2.1 Fluorescence quenching and binding constant 

 For macromolecules, fluorescence measurements can provide information of the 

binding at the molecular level of small molecular substances to proteins, such as the 

binding mechanism, binding mode, binding constant, intermolecular distances, etc. Thus, 

the intrinsic fluorescence of proteins can supply significant information regarding their 

structure and dynamics and is often considered in the study of protein folding and 

association reactions 135,136. It should be noted that the intrinsic fluorescence of protein is 

very sensitive to its microenvironment. When local surrounding of protein is slightly 

altered, its intrinsic fluorescence becomes significantly weakened, and factors such as 

protein conformational transition, biomolecular binding, etc., should be responsible for 

such weakening 137.  

BSA fluorescence comes from the three amino acid residues with intrinsic 

fluorophore groups present in the protein, i.e. tryptophan (Trp), tyrosine (Tyr), and 

phenylalanine (Phe). Actually, the fluorescence of BSA comes almost completely from Trp 

and Tyr, since phenylalanine has a very low quantum yield 138. When a small molecule binds 

to BSA, it may trigger changes in the intrinsic fluorescence intensity due to alterations in 

the microenvironment of the Trp/Tyr residues. The participation of each residue in this 

process can be further distinguished by different excitation wavelengths: with 280 nm 

fluorescence of albumin comes from both tryptophan and tyrosine residues, whereas 295 

nm wavelength excites only tryptophan residues 139,140. 

 Figure 19 shows the effect of complex (1) concentration on the fluorescence 

intensity of BSA at λex=295 nm. As can be seen, it is clear that the presence of complex (1) 

 
 
 

Complex (1) 

Stage 1 (%)  Stage 2 (%) Stage 3 (%) Stage 4 (%) 

TG Cal TG Cal TG Cal TG Cal 

4,9 5,3 28,3 24,5 53,3 54,5 12,5 15,8 
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quenches the fluorescence intensity of BSA (up to 59.6 %). The maximum fluorescence 

emission is reached at 342.5 nm and quenching was accompanied by a small shift in 

maximum intensity of emission towards greater wavelengths (342 nm to 345 nm). This shift 

reflects an increase in the hydrophobicity of the microenvironment nearby the tryptophan 

residues as a consequence of complex binding 122. This same behaviour as previously been 

observed in the interaction between other Cu-NSAIDs and BSA 31,141–143.  

As indicated in Figure 19, the Stern-Volmer plot obtained for complex 1 is linear and 

this fact allow us to calculate the value of Ksv = 1.54 x 104 M-1. The binding strength of any 

drug to serum albumin is the main factor for availability of that drug to diffuse from the 

circulatory system to target tissues 144. The linear plot obtained (figure 19 – inset) is 

indicative that only one type of quenching mechanism is involved, it can be static or 

dynamic, however, for more conclusive results further studies are needed. For example, 

performed this same experience at different temperatures can show us with more certainty 

if the quenching mechanism is dynamic or static, this because if the quenching is static an 

increase in temperature leads to a lower stability of the complex bound to the protein 

which leads to a decrease in the quenching constant, on the other hand if the quenching 

mechanism is dynamic, at higher temperatures the quenching constant increases 122. The 

Ksv for complex (1) is indicative that the interaction between these metal complexes and 

the BSA is moderately strong 122. 
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Figure 19: The fluorescence quenching spectra of BSA in the presence of various concentrations of complex 
(1) at λex = 295 nm and [BSA] = 5 µM. Arrow indicates the change upon increasing the complex 
concentration (R=0.2; R=1; R=2; R=3; R=4; R=5; R=6; R=7). The plot F0/F versus [Q] according with 
the Stern-Volmer equation is depicted in the inset. 

 

3.2.2 Circular Dichroism spectroscopic studies 

 When drugs bind to a protein, the intermolecular forces responsible for maintaining 

the secondary and tertiary structures can be altered, resulting in a conformational change 

in the protein 145. CD technique is particularly suited to provide information on the specific 

binding of small substrates to chiral macromolecules 145. Therefore, in this work the 

conformational alteration in BSA as a result of binding with metal complexes was 

monitored using CD spectroscopy.  

As reported in literature the CD spectra of native BSA exhibited two negative bands 

at 208 and 222 nm which are typical characterization of the α-helical structure of proteins. 

These negative peaks are the contribution from the π→π* (208 nm) and n→π* (222 nm) 

transitions of the peptides in the α-helix 131,146. As depicted in Figure 20, complex (1) was 

able to reduce the two negative bands of the native BSA along with a slight red peak shift. 

This phenomenon clearly indicates decrease in the α-helical content of the protein. Herein, 

we have calculated the α-helical content of free and bound BSA with complex (1) calculated 

from MRE values at 208 nm using the equation (2) as discussed in section 2.5 (table 4). 

According to quantitative analysis, native [BSA]=0.25 µM have about 37% of α-helical 
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content and complex (1) was able to reduce this percentage in about 6 and 7 % for R=0.5 

and R=1.0, respectively.  

 

Figure 20: CD spectra of BSA in the presence of various concentrations of complex 1. Arrow indicates the 
change upon increasing the complex concentration. ([BSA]= 0.25 µM; R=0.5; R=1). 

 

 The decreased in the α-helical content suggest that the complexes induce a slight 

unfolding of the polypeptides, and once secondary structure reflects the local 

conformations within a polypeptide chain and are mostly defined by hydrogen bonds, the 

results suggest that this hydrogen bonds are disturbed by complex (1) 147,148. These 

conformational changes may also increase the exposure of some hydrophobic regions that 

were previously buried 148. Another Cu-NSAID’s complexes have showed a different effect, 

increasing the α-helix content of BSA 149.  

 

Table 4: α-helix content in free [BSA]=0.25 µM (Ratio=0) and in the presence of different ratios of complex 
(1). 
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3.2.3 UV absorption spectra 

 UV-visible absorption spectroscopy can be used to further explore the structural 

changes of protein and to investigate protein-ligand complex formation. UV-Vis spectra of 

BSA exhibit to absorptions peaks at 198 and 280 nm, the first peak is due to the transitions 

of π → π* of BSA’s characteristic polypeptide backbone and the second one correspond to 

the aromatic ring amino acids 150,151. 

This technique is also useful to confirm the possible quenching mechanism of 

complex (1). If a dynamic quenching is present the interaction between the quencher and 

the protein does not result in any changes in the BSA absorption spectra, on the other hand, 

in a static quenching the absorption spectra of BSA will be significantly affected 122,152. 

 

Figure 21: UV-visible absorption spectra of BSA in the presence and absence of complex (1). Arrow indicates 
the change upon increasing the complex concentration ([BSA]= 0.47 µM; R=0.2; R=2.1; R=10.6; 
R=21.3; R=53.1). 

 

 In figure 21 we can observe that the 198 nm peak decreases upon the addition of 

the complexes which indicates perturbation on the protein secondary structure (peptide 

bonds), the changes in the 280 nm peak are slightest and indicate that the surrounding 

environment of the aromatic rings of the amino acids was altered. These findings are 
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characteristic of a static interaction between BSA and complex (1) 122, confirming the results 

obtain in section 3.2.1 by tryptophan emission-quenching studies. 

3.3 CT-DNA interaction studies 

3.3.1 Competitive DNA-Binding studies 

 Ethidium bromide (EB) is commonly used to probe drug binding to the DNA 

structure, which can tell us if the drugs can intercalate between the DNA base pairs and 

how strongly this type of interactions is 153. EB is a well-known intercalator, the binding of 

EB to double strand DNA increase its fluorescence intensity at 600 nm, this phenomenon is 

due to the strong intercalation of the planar phenantharidinium ring between the DNA base 

pairs 154. 

 

Figure 22: Structure of ethidium bromide [(3,8-diamino-5-ethyl-6-phenyl phenanthridinium bromide)]. 

 

Upon the addition of the metal complexes, if they intercalate with the DNA base 

pairs, they will compete with the EB for the intercalation sites and the displacement of the 

EB from the intercalative sites will create a decreasing in the intensity of the fluorescence  

154. The result of this experiment is presented on Figure 23. The addition of complex (1) to 

CT-DNA pre-treated with EB leads to a quenching of the fluorescence intensity which 

indicate that complex (1) compete with EB in the intercalation with DNA and displace this 

dye from DNA. This shows that complex (1) bind to DNA at by intercalation 154. 
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Figure 23: Effect of addition [complex (1)]=1-30 µM on the fluorescence intensity of the CT-DNA bound 

ethidium bromide (EB). Arrow show the effect of complex (1) on the EB-DNA adduct fluorescence. 

 

 3.3.2 UV-Vis absorption spectroscopic studies  

 The UV-Vis absorption spectroscopy is one of the most used techniques to study the 

interaction between coordination compounds and DNA, this interaction can be explored 

based on the differences of the absorption spectra before and after the addition of the 

metal complexes. The spectra of freex DNA in the UV region exhibit one intense absorptions 

band at 256 nm, which can be attributed to π→π* intraligand transitions 155. 

 A decreased in the absorbance (hypochromic effect=5,24%) and a bathochromic 

shift (0.4-0.9 nm) is observed in figure 24, these two effects are characteristics of molecules 

that bind to DNA by intercalation 156. This study represents one more evidence that 

complex (1) act as intercalator of the DNA chains. 
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Figure 24: UV spectra of CT-DNA in the absence (a) and absence of different concentrations of complex (1).  
([CT-DNA] = 0.5 µM; [Complex (1)]= b-5 µM; c-15 µM; d-30 µM). 

 

3.4 In vitro biological assays 

 Breast cancer can be classified into different subtypes depending on their molecular 

features, they can be divided into hormone receptor positive tumours (regarding to 

estrogen receptor (ER) or progesterone receptor (PR)), HER-2/Neu (Human Epidermal 

growth factor Receptor 2) amplified tumours, and the ones that don’t express ER, PR and 

do not have the oncogene HER-2/Neu amplified, this last group is known as triple-negative 

breast cancer (TNBC), because of the three missing molecular markers 157. 

 All the biological assays were done in three different cell lines, MCF-7, MDA-MB-

231 and MCF-12A (non-tumour cell line). MCF-7 is ER-positive and PR-positive, is poorly 

aggressive and non-invasive cell line, considered to have low metastatic potential 158. On 

the other hand, MDA-MB-231 is a triple-negative breast cancer cell line, very aggressive 

and is associated to a highly invasive behaviour 157,159. 

3.4.1 MTT assay 

  MTT results revealed a concentration dependent cytotoxicity response, observed 

for the three cell lines, after the 24h exposure to different concentrations (10 and 50 µM) 

of complex (1) – Figure 25. In particular, it was possible to confirmed that the copper 

coordination compound presented higher cytotoxicity, in comparison with the tumoral 
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cells, to the non-tumoral line (MCF-12A). The results are similar to others reported in 

literature160 regarding the in vitro cytotoxicity of copper complexes to MCF-7 cells. 

Mašković et. al (2018) reported a Cu(II) complex that reveal the lowest IC50 when tested on 

MDA-MB-231 compared to several tumoral cell lines 161. However, most of the cytotoxic 

studies do not test the cytotoxicity of the complexes in non-tumoral cells. 

 

Figure 25: Cytotoxicity assessment by MTT assay induced by complex (1). The cells were exposed to different 
concentrations of each complex for 24h. *p<0,05 vs control. 

 

3.4.2 TBARS assay 

 It well known that oxidative stress caused by the increasing of ROS (reactive oxygen 

species)  or other free radical species may play an important part in the treatment of cancer 

with chemotherapeutic drugs 162–164. Cells are continuously producing ROS as a 

consequence of their metabolic processes, however, the balance between the prooxidant 

and antioxidant levels keeps the biological equilibrium of the redox states in the cell 163. It’s 

well known that high levels of ROS can inflict direct damage to the lipids (oxidative stress) 

165. The reaction that translates the lipid damage is call lipid peroxidation (LPO), and it can 

be described as the process under which free radicals attack lipids, especially 

polyunsaturated fatty acids (cellular membrane lipids) 163. Most chemotherapeutics 

increase the intracellular levels of ROS, for example cisplatin or doxorubicin, involve both 

ROS-dependent and ROS-independent pathways 166. 
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 As illustrated in figure 26, MDA (malondialdehyde) is one of the secondary products 

resulting from lipid peroxidation and it can be used as a biomarker for lipid oxidation 162. 

The TBARS (thiobarbituric acid reactive substances) assays is a quantification method to 

determinate the MDA concentration. The reaction of TBA with MDA gives rise to MDA-TBA2 

and this adduct can be detected by calorimetry 165. 

Lipid peroxidation is one of the most studied consequences inflicted by ROS 

generation in cell membrane structure and function. It is also known that the lipid 

hydroperoxides and oxygenated products of lipid degradation, as well as initiators (i.e., 

ROS), can contribute to cell proliferation, signal transduction cascade, differentiation and 

apoptosis 160. 

 

Figure 26: Principal steps in the formation of MDA. PLA2 – Phospholipase A2. Adapted from 162. 
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Figure 27: Lipid peroxidation levels of the cell lines after 24h treatment with complex (1). *p<0,05 vs control 
(t-test). 

 

Therefore, in this work, we have studied the value of LPO (MDA levels in %) in MCF-

7 and MDA-MB-231 cells exposed to complex (1) using the TBARS method (figure 27). 

Overall, the results showed that MDA levels increased significantly after 24h exposure of 

both cell lines to complex 1 (values compared with control). However, the MDA levels were 

significantly higher, when both cells were compared, in MDA-MB-231 line after complex 

exposure. The TBARS results correlated well with the MTT study. Complex (1) seems to 

have the ability to disrupt the redox homeostasis (TBARS assay) of this cell lines which 

appears to be the reason of the decreased in the cell viability (MTT assay). 

There is a thin line between the role of ROS in cancer progression and cancer cell 

death, and this line is called redox homeostasis. Like normal cells, the cancer cells also need 

to maintain their own redox homeostasis, moderate levels of ROS may promote 

proliferation and support survival. However, if the levels of ROS exceed a certain level, LPO 

products induce signalling for cancer cells apoptosis 167,168.  

With this in mind, this assay suggests that complex (1) promote lipid peroxidation by 

increasing the oxidative stress levels which reduce cell viability, however this doesn’t 

exclude that other mechanisms may act 169. 
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3.5. Complex [Ni(terpy)2](diclof)2·8H2O (2) 

3.5.1 Synthesis 

The synthesis of complex (2) was performed as described in detailed in section 2. 

(2.4.1). Briefly, a methanolic solution of diclofenac was added dropwise and simultaneously 

with a methanolic solution of 2,2′:6′,2′′-Terpyridine to a stirred methanolic solution of 

NiCl2·6H2O. 

3.5.2 Single crystal structure 

 Complex (2) was unveiled by single-crystal X-ray diffraction analysis and formulated 

as [Ni(terpy)2](diclof)2·8H2O crystallizing in the orthorhombic space group Pbcn. More 

crystallographic data is shown on annex I. The metal centre in complex (2) presents an 

octahedral geometry, arising from its coordination to two terpyridines ligands coordinated 

by 3 nitrogen atoms to the central Ni(II) ion. The remaining part of this complex is 

composed of two deprotonated diclofenac molecules, that act as counterions, and 8 

crystallization waters molecules which help stabilize the crystal structure by providing with 

several intermolecular hydrogen interactions (Figure 29). The powder X-ray diffraction 

pattern of complex (2) prepared in this work agrees well with the powder X-ray diffraction 

calculated from the single crystal X-ray data (figure 28). 

 Although complex (2) is not a metallodrug, since diclofenac is not coordinated with 

the metal ion, but as was obtained during the course of the work, all studies were 

performed. 
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Figure 28: Experimental and by crystal X-ray data XRD graph for complex (2). Black line = single crystal X-ray 
data; Grey line = Complex (2) 

Figure 29: Asymmetric unit of [Ni(terpy)2](diclof)2·8H2O (2) showing all atoms represented as small spheres 
with arbitrary radius. 

 

3.5.3 Infrared spectra 

 The most significant spectral bands of the ligands and complex (2), that provide 

information regarding the type of functional groups, are listed in Table 5. Complex (2) IR 

spectra (figure 30) present the peak ν(C-N)=1159 cm-1 which confirms the coordination of 

the N-donor molecule, the absence of the peak ν(C=N)=1604 cm-1 confirm that and proves 

that the coordination is through all the N atoms . Regarding to lower intensity bands like 

ν(M-N) and ν(C-Cl) they are also present at 414 and 775 cm-1, respectively, proving again 

the terpyridine coordination and the presence of the diclofenac molecule. 

The νO-H(H2O)=3421 cm-1 is due to the presence of the 8 hydration waters. 
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Figure 30: IR spectra of complex (2) with all the relevant peak highlighted. 

 

Table 5: The characteristic IR absorption frequencies (cm¯1) of the free ligands and complex (2). 

Assignment diclof Terpy [Ni(terpy)2](diclof)2·8H2O 

νO-H (H2O) - - 3421 

νsym(COO-) 1556 - - 

νasym(COO-) 1399 - - 

ν(C=O) 1573 - - 

ν(C=N) - 1579 - 

ν(C-N) - - 1159 

ν(C-Cl) 745 - 775 

ν(M-N) - - 414 

 

 

3.5.4 Elemental and thermogravimetric analysis 

 Elemental analysis (C,H,N) confirmed the chemical composition of complex (2), and 

as is presented in table 6, the values obtained through EA analysis are in good agreement 

with the ones that were calculated (Table 6). 
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Table 6: Results of the elementary analysis. “AE” are the values obtain from the analysis and “Cal” are the 
calculated values based on the chemical structure given by the x-ray. 

 

 

 

 

TG and DSC analysis of complex (2) are show in figure 31 and the decomposition 

percentages are in table 7. It’s TG graphic can be divided into 3 stages, the first step 

represents the loss of 11.9% of the sample mass, which is the thermal degradation of the 

10 molecules of H2O, the second one can be attributed to the loss of the 2 molecules of 

terpyridine and the 2 molecules of diclofenac which corresponds to the loss of 81.6% of the 

sample mass. The last heating from 655 ◦C up to 800 ◦C give the final decomposition 

product, NiO (observed 8.1 %, calculated 5.8 %). 

 

Figure 31: TGA/DSC results for complex (2). 
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Table 7: Results of the TGA analysis. Comparation between the “TG” values, obtain by the analysis and the 
“Cal” that were calculated based on their chemical structure. 

 

 

 

 

3.6 BSA Interaction studies 

 3.6.1 Fluorescence quenching studies 

 Fluorescence spectroscopy, as was described above, can be used to study the 

conformational changes of the protein by the measurement of intrinsic fluorescence of two 

tryptophan residues (Trp-134 and Trp-212) 132. The interaction between the metal 

complexes and BSA can be monitored by the quenching of this fluorescence upon the 

addition of complexes. 

 Complex (2) exhibit a very high fluorescence intensity at lower concentrations 

(Annex II) and 

 for that reason the interactions with BSA were only preformed with three concentrations 

of this complex and because of this limitation the Ksv was not calculated. 

Figure 32 shows the effect of complex (2) on the fluorescence intensity of BSA at 

λex=295 nm. As can be seen, it is obvious that the presence of complex (2) quenches the 

fluorescence intensity of BSA (up to 9 %). The maximum fluorescence emission is reached 

at 342.5 nm and quenching was accompanied by a small shift in maximum intensity of 

emission towards greater wavelengths (342 nm to 345 nm). As was observed for complex 

(1), this shift reflects changes on the microenvironment of the tryptophan residues 

resulting from the complex binding 122. 

 Stage 1 (%)  Stage 2 (%) Stage 3 (%) 

TG Cal TG Cal TG Cal 

Complex (2) 11.9 13.9 78.6 81.6 8.1 5.8 



 
 

50 
 

 

Figure 32: The fluorescence quenching spectra of BSA in the presence of various concentrations of complex 
(2) at λex = 295 nm and [BSA] = 6.5 µM. Arrow indicates the change upon increasing the complex 
concentration (R=0.02; R=0.04; R=0,06). 

 

3.6.2 Circular Dichroism spectroscopic studies 

The results observed from the interaction between complex (2) and BSA are 

represented in Figure 33. Complex (2) was able to reduce the two negative bands of the 

native BSA and cause a slight peak shift. Herein, we have calculated the α-helical content 

of free and bound BSA with complex (2) (table 8) calculated from MRE values at 208 nm 

using the equation (2) as discussed in section 2.5. According to quantitative analysis, native 

[BSA]=0.25 µM have about 37.2% of α-helical content and complex (2) was able to reduce 

this percentage in about 4.6 and 6.8 % for R=1 and R=2, respectively.  

 The decreased in the α-helical content suggest that the complex induces a certain 

unfolding of the polypeptides, and once this secondary structure are mainly defined by 

hydrogen bonds, the results suggest that this hydrogen bonds are disturbed by complex (2) 

147,148. Beyond these conformational changes, complex (2) may also increase the exposure 

of some hydrophobic regions that were previously buried 148.  
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Figure 33: CD spectra of BSA in the presence of various concentrations of complex (2). Arrow indicates the 
change upon increasing the complex concentration. ([BSA]= 0.25 µM; R=1; R=2). 

 

Table 8: α-helix content in free BSA at 0.25 µM (Ratio=0) and in the presence of different ratios of complex 
(2) 

 

 

 

3.6.3 UV-Vis absorption spectroscopic studies 

The results in figure 34 show that complex (2) can disturb the peptide bonds and 

the aromatic ring of the amino acids in the BSA molecule. The 198 nm peak decreases upon 

the addition of the complexes due to the perturbation of the secondary structure (peptide 

bonds), the changes in the 280 nm peak are slightest and indicate that the surrounding 

environment of the aromatic amino acids was altered 122, this phenomenon is indicative of 

a static mechanism 122,152. 
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Figure 34: UV-visible absorption spectra of [BSA]=0.16 µM in the absence (black line) and presence of complex 
(2). (R=0.1;R=0.9;R=25) 

 

 3.7 CT-DNA interaction studies 

3.7.1 Competitive DNA-Binding studies 

The result of this competitive experiment is presented on figure 35. The addition of 

complex (2) to CT-DNA pre-treated with EB leads to a quenching of the fluorescence 

intensity which indicate that this complex competes with EB for the intercalation with DNA 

and displace this dye from DNA. This shows that, as was suggested before, complex (2) bind 

to DNA at by intercalation 154. 

 

Figure 35: Effect of addition [complex (2)]=0.5-35 µM on the fluorescence intensity of the CT-DNA bound 
ethidium bromide (EB) 
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 3.7.2 UV-Vis absorption spectroscopic studies 

 The UV absorption studies is commonly used to study the interaction between 

coordination compounds and DNA, as was pointed above.  

In figure 36 is observable a decreased in the absorbance (hypochromic 

effect=31.7%), this phenomenon is characteristic of molecules that bind to DNA by 

intercalation 156. This is further evidence that complex (2) act as intercalator of the DNA.

 Other Ni(II)-NSAID complexes with nitrogen-donor heterocyclic ligands cause the 

same changes upon their addition to DNA and intercalation is its most likely the binding 

mode, which was also evaluated through other studies 170. There still are other Ni(II)-NSAID 

complex that shows a hyperchromic effect of DNA UV spectra, but did not interact with 

DNA through intercalation 171. 

  

Figure 36: UV spectra of CT-DNA in the absence (a) and presence of different concentrations of complex (2). 
(a-[CT-DNA] = 0,5 µM, b- 2 µM; c- 4 µM; d- 7 µM, e- 35 µM). The arrow shows the absorbance 
changes upon increasing concentrations of the complex. 
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3.8 In vitro biological assays 

3.8.1 MTT assay 

The MTT assays were performed under the same conditions used for complex (1). 

The results of the cytotoxic activity obtained for complex (2) on MCF-7 and MDA-

MB-231 cells revealed low anticancer activity (Figure 37) especially regarding the MCF-7 

cell line. On the other hand, complex (2) presented higher cytotoxicity, when compared 

with cancer cell lines, for the non-tumoral cells (MCF-12A).  

Figure 37: Cytotoxicity assessment by MTT assay induced by complex (2). The cells were exposed to different 
concentrations of each complex for 24h. *p<0,05 vs control. 

 

 3.8.2 TBARS assays  

 As can be seen in figure 38 the MDA levels measured after the MCF-7 cells being 

24h exposure to complex (2) were not significantly different from the values of the control. 

This fact is consistent with the results obtained by the MTT assay, regarding the same cell 

line, in which the metal complex was able to only decrease around 10% the cell viability. 

This result leads us to conclude that the small decrease on the cell viability of MCF-7 cells 

is not due to oxidative stress, this was already observed for other metal complexes that 

have antiproliferative and proapoptotic activities and do not trigger the redox cascade 

pathway  172,173. TBARS results for the MDA-MB-231 cell line revealed higher MDA levels (in 

comparison with the control and with the MCF-7 line), meaning that lipid peroxidation may 

be behind the decrease on cell viability of the MDA-MB-231 cell line. 
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Figure 38: Lipid peroxidation levels of the cell lines after 24h treatment with complex (2). *p<0,05 vs control 
(t-test). 
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3.9 Complexes [M(diclo)2(2,2’-bipy)] (M2+ = Co2+(3) or Ni2+(4))   

3.9.1 Synthesis 

The synthesis of complex (3) and (4) was performed as described in detailed in 

section 2. (2.4.1). Briefly, an ethanolic solution of diclofenac was added dropwise and 

simultaneously with a methanolic solution of 2,2-bipyridine to a stirred methanolic solution 

of CoCl2·6H2O (3) or NiCl2·6H2O (4). 

3.9.2 Single crystal structures 

Complex (3) and Complex (4) were both unveiled by single-crystal X-ray diffraction 

analysis and were formulated as [M(diclo)2(2,2’-bipy)] (where M2+ = Co2+(3) or Ni2+(4)) 

crystallizing in the monoclinic space group I2/a (Figure 39). Since both compounds have the 

same structural features, a more detailed description will be provided only for complex (3). 

The asymmetric unit is composed of half a 2,2’-bipyridine molecule, one diclofenac 

molecule and half metal centre. This metal centre is hexacoordinated with a highly 

distorted octahedral geometry, being coordinated to two diclofenac. 

Co(CH3COO)2 + C10H8N2 + C14H10Cl2NNaO2      [Co(diclo)2(2,2’-bipy)] (3) 

NiCl2 · 6H2O + C10H8N2 + C14H10Cl2NNaO2  [Ni(diclo)2(2,2’-bipy)] (4) 

 

Figure 39: Crystal Structure of [M(diclo)2(2,2’-bipy)] (where M2+ = Co2+(3) or Ni2+(4)) showing all non-hydrogen 
atoms represented as thermal ellipsoids drawn at the 50% probability level and hydrogen atoms 
as small spheres with arbitrary radius. The asymmetric unit is composed of only half of the 
represented complex, with the remaining atoms being generated by symmetry.  
Complex (3)  = Cobalt; Complex (4)  = Nickel 
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As we can see from Figure 40, there are π-π interactions between 2,2'-bipyridine 

aromatic rings (d = 3,5016 (1) Å) and between the diclofenac aromatic rings (d = 3,6339 (1) 

Å). This is indicative of the intercalator potential of this complex with a DNA, as it is 

positioned at distances that are analogous to the distance between the nitrogenous bases 

of DNA which is 3.4 Å 174. 

 

Figure 40: Packaging diagram of complex (3) and (4) showing the interactions (dashed line in the figure; π-π 
interaction) between various structural units of the complexes. 

 

3.10 Complexes [M(diclo)2(1,10-phen)] (M2+ = Co2+(5) or Ni2+(6)) 

 3.10.1 Synthesis  

 The synthesis of complex (5) and (6) was performed as described in detailed in 

section 2. (2.4.1). Briefly, an ethanolic solution of diclofenac was added dropwise and 

simultaneously with a methanolic solution of 1,10-phenatroline to a stirred methanolic 

solution of CoCl2·6H2O (3) or NiCl2·6H2O (4). 

3.10.2 Single crystal structures 

The structural features of complex (5) and complex (6) were also unveiled by single-

crystal X-ray diffraction, showing similarities to complexes (3) and (4) (see next for more 

detail). These compounds were formulated as [M(diclo)2(1,10-phen)] (where M2+ = Co2+(5) 

or Ni2+(6)) crystallizing in the same monoclinic space group I2/a (Figure 41). As for 
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previously, since both complexes have the same crystalline structure, only complex (5) is 

described here. The asymmetric unit in these complexes contain half of the 1,10-

phenantroline molecule, one diclofenac molecule and half of metal centre. This metal 

centre as also a highly distorted octahedral geometry, being coordinated to two diclofenac 

molecules and to one 1,10-phenantroline molecule that is coordinated by two nitrogen 

atoms. 

Co(CH3COO)2 + C12H8N2 + C14H10Cl2NNaO2      [Co(diclo)2(1,10-phen)] (5) 

 NiCl2 · 6H2O + C12H8N2 + C14H10Cl2NNaO2  [Ni(diclo)2(1,10-phen)] (6) 

Figure 41: Crystal Structure of [M(diclo)2(1,10-phen)] (where M2+ = Co2+(5) or Ni2+(6)) showing all non-
hydrogen atoms represented as thermal ellipsoids drawn at the 50% probability level and hydrogen atoms 
as small spheres with arbitrary radius. The asymmetric unit is composed of only half of the represented 
complex, with the remaining atoms being generated by symmetry. Complex (5)  = Cobalt; Complex (6)  
= Nickel 

 
As was observed for complexes (3) and (4), also complex (5) and (6) present π-π 

interactions between 1,10-phenantroline aromatic rings (d = 3,6222 (2) Å) and between the 

diclofenac aromatic rings (d = 3,7366 (2) Å) (Figure 42). This is indicative of the intercalator 

potential of this complex with a DNA, as it is positioned at distances that are analogous to 

the distance between the nitrogenous bases of DNA which is 3.4 Å 174. 

As represented in figure 39 and 41, these complexes share similar features. All 

compounds crystallize in the monoclinic I2/a space group, with the only difference being in 

the co-ligand used: 2,2’-bipyridine for (3) and (4) or 1,10-phenantroline molecule for (5) 
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and (6). This is evidence of the similarity between these complexes structure and that, 

therefore, we can study the influence of metallic centre and ligands since their 

structure/geometry is not a variable in this equation. More information related to the 

crystal data are presented in table 9. Powder X-ray diffraction analysis were also 

performed, which allowed us to confirm that the complex pairs (complexes (3) and (4); 

complexes (5) and (6)) have the same diffractogram as compared to the ones generated by 

their single-crystal X-ray data, which confirms the representativeness of the entire sample 

obtained and its purity. All the XRD spectra are on figure 42 to 46. 

Figure 42: Packaging diagram of complex (5) and (6) showing the interactions (dashed line in the figure; π-π 
interaction) between various structural units of the complexes. 

 

Figure 43: Experimental and by crystal X-ray data XRD graph for complex (3). Black line = single crystal X-ray 
data; Grey line = Complex (3). 
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Figure 44: Experimental and by crystal X-ray data XRD graph for complex (4). Black line = single crystal X-ray 
data; Grey line = Complex (4).  

 

 

Figure 45: Experimental and by crystal X-ray data XRD graph for complex (5). Black line = single crystal X-ray 
data; Grey line = Complex (5) 

 

 

Figure 46: Experimental and by crystal X-ray data XRD graph for complex (6). Black line = single crystal X-ray 
data; Grey line = Complex (6) 
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Table 9: Crystal data collection and structure refinement details 

 Complex 3 Complex 4 Complex 5 Complex 6 

Formula C20H10ClN4CoO4 C20H10ClN4NiO4 C40H28Cl4CoN4O4 C40H28Cl4NiN4O4 

Formula weight 464.70 464.46 829.42 829.18 

Temperature / K 150(2) 150(2) 150(2) 150(2) 

Crystal system Monoclinic Monoclinic Monoclinic Monoclinic 

Space group I2/a I2/a I2/a I2/a 

a / Å 11.8082 (9) 11.7935 (3) 11.3114 (6) 11.3506 (13) 

b / Å 11.7278 (8) 11.8095 (3) 12.8361 (6) 12.7840 (14) 

c / Å 25.233 (2) 24.9864 (9) 24.8738 (14) 24.737 (3) 

 / º 90 90 90 90 

 / º 93.386 (4) 93.360 (2) 95.708 (2) 95.469 (3) 

 / º 90 90 90 90 

Volume / Å3 3488.2 (5) 3474.01 (18) 3593.6 (3) 3573.1 (7) 

Z 8 8 8 8 

(Mo K) / mm-1 1.18 0.92 1.28 1.27 

Crystal type Red Block Blue Plate Red Block Green Block 

Crystal size / mm 0.17×0.06×0.06 0.12×0.11×0.04 0.24×0.19×0.09 0.17×0.16×0.16 

θ range (°) 2.87 – 25.38 2.44 – 25.39 1.64 – 29.23 2.82 – 25.36 

Index ranges -14  h  13 

-14  k  14 

-30  l  30 

-13  h  14 

-14  k  14 

-26  l  30 

-15  h  15 

-17  k  17 

-34  l  28 

-13  h  13 

-15  k  15 

-29  l  29 

Collected Reflections 20425 16152 49229 23241 

Independent Reflections 3192 (Rint = 0.089) 3208 (Rint = 0.031) 4888 (Rint = 0.029) 3267 (Rint = 0.028) 

Completeness to θ = 25.24 99.9% 99.9% 100% 99.6% 

Final R indices [I > 2(I)] R1 = 0.0621 

wR2 = 0.1058 
R1 = 0.0297 

wR2 = 0.0675 
R1 = 0.0287 

wR2 = 0.1058 
R1 = 0.0323 

wR2 = 0.11328 
Final R indices (all data) R1 = 0.0823 

wR2 = 0.1279 
R1 = 0.0400 

wR2 = 0.0709 
R1 = 0.0343 

wR2 = 0.1138 
R1 = 0.0351 

wR2 = 0.1167 
Largest diff. peak and hole /eÅ-3 0.51 and -0.63 0.47 and -0.39 0.49 and -0.45 0.50 and -0.52 

a 1 /o c oR F F F= −   

b ( ) ( )
2 2

2 2 22 /o c owR w F F w F   = −
         

c ( ) ( )
22 21/ ow F mP nP = + +

   where ( )2 22 /3o cP F F= +  
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3.11 Infrared spectra 

 The most significant spectral bands of the ligands and complex (3), (4), (5) and 

(6) that provide information regarding the type of functional groups, are listed in table 

10. 

 As already been said, the difference between the asymmetric peak and the 

symmetric peak of the carboxylate group give us information about its coordination 

mode. All IR spectra of the complexes show a difference ((∆ν=νasym(COO)-νsym(COO)) 

inferior to 200 cm-1, 106 and 126 cm-1 for complex (3) and (4) respectively, and 130 and 

127 cm-1 for complex (5) and (6), respectively. So the diclofenac molecule is probably 

bidentate to the metal centre in all the four complexes, the absence of the strong band 

ν(C=O)=1700 cm-1 also supports this feature. The peak ν(C-Cl)=760 cm-1 also proves the 

presence of diclofenac molecules on the complex. The presence of the low intensity 

peaks like ν(M-N)=410 and ν(C-N)=1160 cm-1 validates the coordination between the 

nitrogen atoms of the N-ligands with the metal ion, at the same time the absence of the 

peak ν(C=N)=1500 cm-1 is also proof that the N-donor molecules are coordinated to the 

metal ion. Complex (6) presents the moderate band νO-H (H2O) due to the presence of 

solvent residues on the crystals sample. All the data regarding to the IR spectra of the 

complexes are exposed in table 10 and in figure 47 – 50. 

 

Table 10: The characteristic IR absorption frequencies (cm-1) of the free ligands and complex (3) to (6). 

Assignment diclo 2,2-bipy (3) (4) 1,10-phen (5) (6) 

νsym(COO-) 1556 - 1554 1550 - 1554 1550 

νasym(COO-) 1399 - 1448 1424 - 1424 1424 

ν(C=O) 1573 - - - - - - 

ν(C=N) - 1528 - - 1504 - - 

ν(C-N) - - 1166 1168 - 1168 1168 

ν(C-Cl) 745 - 763 763 - 762 754 

ν(M-O) - - 543 547 - 547 547 

ν(M-N) - - 412 410 - 402 445 
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Figure 47: IR spectra of complex (3) with all the relevant peak highlighted. 

 

Figure 48: IR spectra of complex (4) with all the relevant peak highlighted. 
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Figure 49: IR spectra of complex (5) with all the relevant peak highlighted. 

 

 

Figure 50: IR spectra of complex (6) with all the relevant peak highlighted. 
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3.12 Elemental and thermogravimetric analysis 

 Elemental analysis (C,H,N) confirmed the chemical composition of the 

complexes, and as is presented in table 11, the values obtained through EA analysis are 

in good agreement with the ones that were calculated. 

 

Table 11: Elementary analysis data for complex (1). “AE” = obtained values; “Cal” = calculated values 
base on the chemical formula from single crystal X-ray. 

 

 

 

 

 

Figure 51 shows the results of the thermogravimetric analysis performed on 

complex (3), (4), (5) and (6). The data characteristic of the thermal decomposition was 

collected in table 12. The TG and DTG curves of the complexes show that they are stable 

until ± 380 ◦C, except for complex (4) where the first stage can be attributed to the loss 

of two molecules of ethanol. A further increase in temperature causes a two-stage 

decomposition. In the first place, the complexes lose the respective ligands molecules 

(NSAIDs and two molecules of the N-donor) which represents the biggest % of the 

sample weight. Further heating gives to the final product, nickel oxide (NiO) in case of 

complex (4) and (6) and cobalt oxide (CoO) in case of complex (3) and (5). 

 
Complex 

Carbon (%) Hydrogen (%) Nitrogen (%) 

AE Cal AE Cal AE Cal 

(3) 56.2 56.5 3.86 3.50 7.54 6.94 

(4) 55.4 56.5 3.60 3.50 7.31 6.94 

(5) 58.9 57.9 3.72 3.40 7.23 6.76 

(6) 59.0 57.9 3.51 3.40 7.34 6.76 
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Figure 51: TGA/DSC results for complex (3) to (6). 

 

Table 12: Results of the elementary analysis. “AE” are the values obtain from the analysis and “Cal” are 
the calculated values based on the chemical structure given by the x-ray. 

 

 

 

 

 

 

With all this evidence, we can move on to interaction studies and in vitro studies 

with the certainty that, within each pair, the only variable between the complexes is the 

central metal and thus we can evaluate the influence of the metal ion and the N-donor 

ligands on the behaviour of a metal complex. 

 

 

 

 Stage 1 (%)  Stage 2 (%) Stage 3 (%) 

 TG Cal TG Cal TG Cal 

Complex (3) 93.8 92.7 6.40 9.28 --------------- 

Complex (4) 11.1 10.3 81.1 83.2 7.81 8.31 

Complex (5) 90.2 92.9 9.84 9.01 --------------- 

Complex (6) 93.3 93.2 6.73 9.01 --------------- 
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3.13 BSA interation studies  

3.13.1 Fluorescence quenching studies 

 As already shown for the complexes discussed earlier, the interaction between 

the complexes and BSA was evaluated by fluorescence. 

Complex (4) exhibit a very high fluorescence intensity at lower concentrations 

(Annex III) and because of that the interaction with BSA was only preformed with two 

concentrations of this complex, and for this reason its Ksv was not calculated. 

Figure 52 shows the effect of these four complexes on the fluorescence intensity 

of BSA at λex=295 nm. As can be seen, it is obvious that the presence of the complexes 

quenches the fluorescence intensity of BSA. The quenching was accompanied by a small 

shift, all of this evidence reflects changes on the microenvironment of the tryptophan 

residues resulting from the complex interaction 122. This can be analysed by the Stern–

Volmer equation (equation 3). The Ksv values obtain are presented on table 13 and show 

that complex (3) and (5) bind to BSA with more strength that complex (6). The linearity 

of the plots (figure 52 – inset) are indicative that only one type of quenching mechanism 

is involved, it can be static or dynamic 122. 
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Figure 52: The fluorescence quenching spectra of BSA in the presence of various concentrations of 
complexes at λex = 295 nm and [BSA] = 3 µM. Arrow indicates the change upon increasing the 
complex concentration. Complex (3) - (R=0.02; R=0.07; R=0.3; R=3.3; R=6.7; R=10); Complex 
(4) - (R=0.02; R=0.07); Complex (5) – (R=0.07; R=1.7; R=3.3); Complex (6) – (R=0.07; R=0.33; 
R=1.67; R=1.33). The plots F0/F versus [Q] according with the Stern-Volmer equation are 
depicted in the insets.  

 

Table 13: Quenching constant (KSV) for the interactions of complex (3), (5) and (6) with BSA. 

Complex Ksv (M-1) 

(3) 1,01 x 104 

(5) 5,29 x 104 

(6) 5,30 x 103 

 

3.13.2 Circular Dichroism spectroscopic studies 

The results observed from the interaction between these four complexes and 

BSA are represented in Figure 53. All complexes were able to reduce the two negative 

bands of the native BSA and cause a slight peak shift. Herein, we have calculated the α-

helical content of free and bound BSA with the complexes (table 14) calculated from 

MRE values at 208 nm using the equation (2) as discussed in section 2.5. According to 

quantitative analysis, native [BSA]=0.25 µM have about 34.6% (average) of α-helical 

content and complex (3) and (6) was able to reduce this percentage in about 4.6 and 6.8 

% respectively, for R=1, complex (4) and (5) cause a higher decrease in about 14.5 and 

11.7 %, respectively, for R=1. These results show that all the four complexes were 

capable to change the secondary structure of BSA significantly at higher concentrations. 
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This phenomenon is due to the unfolding of the polypeptides which happens because 

of the disturbance in the hydrogen bonds caused by the metal complexes 147,148. 

 

 

Figure 53: CD spectra of BSA in the presence of various concentrations of complex (3), (4), (5) and (6). 
Arrows indicates the change upon increasing the complex concentration. ([BSA]= 0.25 µM; 
R=0.5; R=1). 

 

Table 14: α-helix content in free BSA at 0,25 µM (R=0) and in the presence of different ratios of complex 
(3) to (6). 

Ratio Complex (3) Complex (4) Complex (5) Complex (6) 

R=0 36.1 32.7 35.1 34.6 

R=0.5 35.0 23.9 29.4 34.3 

R=1 32.7 18.2 23.4 30.7 
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 3.13.3 UV-Vis absorption spectroscopic studies 

As previously discuss UV-Vis is a simple method that can be used to distinguish 

between the two possible quenching mechanisms, static or dynamic, by which the metal 

complexes interact with BSA 122. 

The results in figure 54 show that all complexes can disturb the peptide bonds 

and the aromatic ring of the amino acids in the BSA molecule. The 198 nm peak 

decreases upon the addition of the complexes due to the perturbation of the peptide 

bonds which reflects on changes in the secondary structure, as was seen on the DC 

studies – section 3.12.2. The changes in the 280 nm peak are slightest and indicate that 

the surrounding environment of the aromatic amino acids was altered 122, this 

phenomenon is indicative of a static mechanism 122,152.By the fluorescence quenching 

studies (figure 54) we were able to conclude that only one type of mechanism is present, 

this comes to confirm that the mechanism may be static.  
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Figure 54: UV-visible absorption spectra of [BSA] in the absence (orange line) and presence of the four 
complexes. (Complex (3) – [BSA] = 0.5 µM; R=20; R=40; R=100); (Complex (4) – [BSA] = 0.47 
µM; R=0.02; R=0.05; R=21); (Complex (5) – [BSA] = 0.46 µM; R=0.11; R=1.1); (Complex (6) – 
[BSA] = 0.4 µM; R=12; R=50; R=74); 

 

3.14 CT-DNA interaction studies 

3.14.1 Circular Dichroism spectroscopic studies 

 Circular dichroism is a very sensitive technique that can be used to record 

conformational changes in CT-DNA structure. The CD spectra of CT-DNA exhibit two 

characteristic bands, a positive one at 275 nm and a negative one at 240 nm that are 

characteristic of the B-DNA form in solution 175. The positive band is due to the base 

stacking interactions and the negative one is due to right-handed helicity of DNA 176.  

Different interactions between small molecules and the DNA show different 

perturbations in the CD spectra of the DNA, for example, simple groove binding or 

electrostatic interactions show very small perturbations or no perturbation at all on the 
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base stacking and helicity bands 176. While intercalation cause significant changes in both 

bands 100. 

By the data showed in figure 55 its clear that the addition of the complexes 

causes an decreased on both bands, meaning that all four complexes induced 

disturbance on DNA base stacking and DNA right-handed helicity, by the literature this 

tell us that the complexes might interact with the DNA double strands in a intercalative 

way 176,177. 

 

Figure 55: Circular dichroism spectra of [CT-DNA]=100 µM in the absence and presence the complexes. 
[Complex (3)] - 0.05 µM; [Complex (4)] - 0.1 µM; [Complex (5)] - 0.05 µM; [Complex (6)] - 0.2 
µM; 

 

3.14.2 Competitive DNA-binding studies 

Upon the addition of complexes to CT-DNA–EB adduct a quenching of the 

fluorescence intensity was observed (Figure 56), which indicate that these complexes 

compete with EB for the intercalation with DNA and they displace this dye from DNA. 

This shows that, as was suggested before,  that complex (3), (4), (5) and (6) probably 

interact with DNA by intercalation 154. 

-10

0

10

20

220 270 320

θ
(m

d
e

g)

 (nm)

Complex (4)

-10

0

10

20

220 270

θ
(m

d
e

g)

Complex (3)

-10

0

10

20

220 270 320

θ
(m

d
e

g)

 (nm)

Complex (5)

-10

0

10

20

220 270

θ
(m

d
e

g)

 (nm)

Complex (6)



 
 

75 
 

Figure 56: Effect of addition of complex (3), (4), (5) and (6) on the fluorescence intensity of the CT-DNA 
bound ethidium bromide (EB). The arrows show the tendency upon the addition of increasing 
concentrations of the complexes. [Complex (3)] – 0.05 µM; 0.2 µM; 1 µM; 10 µM; 20 µM; 30 
µM; [Complex (4)] - 0.1 µM; 0.25 µM; 1 µM; 2 µM; 7.4 µM; 14.8 µM; [Complex (5)] - 0.05 µM; 
1 µM; 5 µM; 10 µM; 29.6 µM; [Complex (6)] - 0.05 µM; 0.2 µM; 1 µM; 20 µM; 30 µM; Zoom of 
the quenching zone are displayed in insets. 

 

3.14.3 UV-Vis absorption spectroscopy studies  

 In figure 57 is observable a decreased in the absorbance of the complexes UV-

spectra, a hypochromic effect, this phenomenon is characteristic of molecules that bind 

to DNA by intercalation 156. This constitute another evidence that these complexes bind 

to DNA through intercalation, which confirms the findings discuss above. This 

experiment was only preformed for complex (3) and (6). As shown in all DNA interaction 

assays, all complexes behave the same way, in figure 57 are only represented the 

interaction for complex (3) and (6), but the hypochromic effect found for these 

complexes is probably representative of the behaviour of complexes (4) and (5). 
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Figure 57: UV spectra of complex (3) and (6) (black line) with increasing concentrations of CT-DNA. The 
arrows show the effect upon the addition of CT-DNA. [Complex (3)]=20 µM;[CT-DNA]=10 µM; 

20 µM; [Complex (6)]= 20 µM; [CT-DNA]=10 µM; 15 µM; 25 µM; 

 

3.15 In vitro biological assays  

3.15.1. MTT assay  

The cytotoxicity of all the four Co and Ni complexes (3-6) was tested on the MCF-

7, MDA-MB-231 and MCF-12A cell lines by exposing them for 24h to the medium 

containing the complex at concentrations 10 and 100 µM. As can be seen in figure 58 

the cytotoxicity of the four complexes was different between them and different for 

each cell line under study. 

0,00

0,05

0,10

0,15

0,20

220 240 260 280 300 320

A
b

so
rv

an
ce

 (cm-1)

0,00

0,05

0,10

0,15

0,20

0,25

0,30

240 250 260 270 280 290 300

A
b

so
rv

an
ce

 (cm-1)



 
 

77 
 

Regarding to the MCF-7 cell line, complexes (4) and (6) were not able to 

significantly decrease their cell viability at any of the tested concentrations. On the other 

hand, complexes (3) and (5) were able to significantly decreased cell viability for the 

highest concentration (100 µM). The main difference between compounds (4) and (6) 

and compounds (3) and (5) is the nature of metallic centre, the former are nickel 

complexes and the last ones have cobalt, this fact prompted us to search studies where 

the type of the metal could be related with the development and progression of 

tumours. The search revealed that some studies have suggested that heavy metals such 

as cadmium and nickel can function as endocrine disruptors by mimicking the action of 

estrogen. As a result, these metals are often referred to as metalloestrogens 178,179 . 

Since estrogen itself plays an important role in the development and progression of the 

disease, the ability of metalloestrogens to bind to and activate the estrogen receptors 

suggests that these compounds may also contribute to the development of breast 

cancer 180. Once the MCF-7 cells are ER positive (estrogen receptor positive) and the 

compounds (4) and (6) are nickel complexes we must considered the possibility of they 

act as metalloestrogens. However more (and different) biological assays will be needed 

to validate this hypothesis. 

The MTT results obtained for the MDA-MB-231 cell line revealed a concentration 

dependent cytotoxicity effect for the complexes (3), (4) and (5). Data obtained for 

complex 6 revealed a significant increase of the cell viability for the same cell line. MDA-

MB-231 cell line is known as triple-negative breast cancer (TNBC), because of the three 

missing molecular markers, and therefore no relationship between cell viability and 

nature of metal centre was expected.  

Regarding to the non-tumoral line (MCF-12A) it was possible observed that 

complexes (4) and (5) revealed a concentration dependent cytotoxicity effect towards 

the normal cells. As can be seen this effect is more pronounced for complex (4). On the 

other hand, complexes (3) and (6) did not cause any significant change on MCF-12 

cellular viability. 

Combination of the MTT results obtained for the four complexes, regarding 

tumoral and non-tumoral lines, allow us to conclude that complex (3) shows selectivity 

(is cytotoxic to both tumoral lines but present almost no toxicity regarding normal cells). 
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Figure 58: Cytotoxicity assessment by MTT assay induced by complex (3), (4), (5) and (6). The cells were 

exposed to different concentrations of each complex for 24h. *p<0,05 vs control. 
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3.16.2. TBARS assay 

As previously mentioned, the results obtained by TBARS assay gives information 

about the lipid peroxidation promoted by the metal complexes, and conclusions can be 

made about its role on cancer cell death. In figure 59 are presented the results obtained 

for complexes (3) to (6). For the MCF-7 cell line, only complexes (4) and (5) increased 

significantly the levels of lipid peroxidation. This increase was much more evident to 

complex (5) which can be well correlated with the MTT results, once this complex was 

the one that exhibited the higher decreased on cell viability. On the other hand, and 

although complex (4) also promoted an increase of the LPO, the MTT results do not 

revealed the capacity of this complex to reduce the MCF-7 line viability. According to 

literature, and as previously mentioned, ROS doesn’t always have to contribute to 

decreasing the cell viability, they also can contribute to cell proliferation, signal 

transduction cascade and differentiation 160. 

Regarding to the MDA-231-MB cell line, the TBARS results showed that only 

complex (3) significantly increased the levels of LPO. Although it was possible to observe 

an increase for the LPO levels for complexes (4) and (5) these results were not 

significantly higher than the control. This observation can be well correlated with the 

MTT results since complexes (3), (4) and (5) were able to significantly decrease the cell 

viability of the MDA-231-MB cells but complex (3) was the only that was able to 

significantly decrease viability even for the lowest concentration. Combination of the 

MTT and TBARS results seems to evidence that LPO may not be the mainly mechanism 

of action of complexes (4) and (5) on the tumoral cells, phenomenon that was already 

seen with other complexes 172,173. 
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Figure 59: Lipid peroxidation levels of the cell lines after 24h treatment with the metal complexes. *p<0,05 
vs control (t-test). 
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4.1 Conclusions 

In the present study, six novel metal complexes containing NSAIDs and N-donor 

ligands have been designed, synthesized, characterized and evaluated for is in vitro 

anticancer activity. Investigation by several techniques (UV–vis, fluorescence and CD) 

revealed that intercalation seems to be the most probable interaction mechanism 

between all the complexes and CT-DNA. By the same techniques it can be observed that 

the interaction between the complexes and BSA, is probably by a static mechanism, in 

which they induce changes in the secondary structure of the protein with a decreased 

in the α-helix content and interfere in the microenvironment of the tryptophan residues. 

With regard to the second group of complexes tested (3 to 6), the metal centre doesn’t 

seem to determinate the type of interaction with DNA or BSA, since all of them present 

the same interaction properties. 

Regarding to the in vitro biological assays, complex (1) and (2) were identified as 

anti-proliferative agents against both cancer cell lines, MCF-7 and MDA-MB-231 (a triple 

negative cell line). Complex (1) have the ability to disrupt the redox homeostasis (TBARS 

assay) of these cell lines which results on a decrease the cell viability (MTT assay). 

Complex (2) only increase the LPO on MDA-MB-231, which appears to contribute to the 

decrease on cell viability, however this not seem to be the mechanism on the MCF-7, in 

which complex (2) decrease the cell viability but did not cause significative changes on 

the MDA levels (lipid peroxidation). 

The comparative studies between complex (3), (4), (5) and (6), led us to conclude 

that the nature of the metal centre is a key feature on the biological properties of the 

metal complex that need to be more investigated. Complex (5) and (6), that only are 

different on their metal centre, present great differences regarding their response on 

the MTT assays. The Co(II) complexes exhibit cytotoxic activity to the two tumoral cell 

lines, while the Ni(II) complex don’t seem to have any effect of MCF-7 cell line. In the 

same way, complex (3) and (4) also present interesting differences, the Co(II) complex 

exhibit selectivity to the tumoral cells, once this complex didn’t show cytotoxic activity 

for the non-tumoral cell line (MCF-12), while the Ni(II) complex presented higher 

cytotoxicity, in comparison with the tumoral cells, to the non-tumoral line (MCF-12A). 

Interesting differences were also found on the TBARS assay, complex (5) seems to 

decrease the cell vitality of the MCF-7 cells by causing significant lipid peroxidation, the 
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same conclusion can be made about complex (3) on the MDA-MB-231 cell line. Other 

complexes that cause a decrease on cell viability and did not increase the MDA levels 

seem to have other active mechanisms that are not related with lipid peroxidation. 

On the basis of the obtained results it can be evidenced that the metal complexes 

resulting from the combination of NSAIDs and N-donor ligands, may be strong 

candidates for further evaluation as chemotherapeutic agents.  

4.2 Further perspectives 

In order to understand better the mode of action these complexes further 

studies can be carry out. Analysis the viscosity of the DNA upon the interaction with the 

metal complexes is another method that helps to clarify the binding mode of the 

complexes with DNA. Perform the BSA fluorescence quenching studies with different 

temperature is another way to elucidate if the interaction mechanism is static or 

dynamic. 

 Once the nature of the metal centre seems to make a major difference on the 

toxicity of cancer cells other features need to the examined, like measure the influence 

of the metal centre on the cell cycle of cancer cells using flow cytometry. Using the same 

method, it will the interesting to study the differences between complexes (3) to (6) on 

the type of death that they can inflict on cancer cells (apoptosis/necrosis), using the 

annexin V/PI method. It will be also interesting to see specific intracellular targets of 

these complexes and evaluate if different metal centres can determinate different 

targets, this study can be made by laser scanning confocal microscopy.
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Annexes 
 

Annex I: Crystal data collection and structure refinement details of complex (1) and (2). 

 Complex (1) Complex (2) 

Formula C23H22ClCuN3O2 C58H58Cl4N8NiO12 

Formula weight 471.42 1259.64 

Temperature / K 150(2) 150(2) 

Crystal system Monoclinic Orthorhombic 

Space group P21 Pbcn 

a / Å 7.0886 (5) 18.9673 (12) 

b / Å 8.8940 (6) 16.5441 (12) 

c / Å 34.759 (3) 36.632 (2) 

 / º 90 90 

 / º 92.211 (5) 90 

 / º 90 90 

Volume / Å3 2189.8 (3) 11495.1 (13) 

Z 4 16 

(Mo K) / mm-1 1.14 0.59 

Crystal type Green Plate Colourless Plate 

Crystal size / mm 0.17×0.10×0.04 0.23×0.20×0.06 

θ range (°) 2.34 – 25.57 2.33 – 29.18 

Index ranges -8  h  8 

-10  k  10 

-36  l  42 

-25  h  25 

-22  k  16 

-50  l  50 

Collected Reflections 21254 122187 

Independent Reflections 7979 (Rint = 0.141) 15492 (Rint = 0.040) 

Completeness to θ = 25.24 99.9% 99.9% 

Final R indices [I > 2(I)] R1 = 0.2177 

wR2 = 0.5054 

R1 = 0.0372 

wR2 = 0.0817 

Final R indices (all data) R1 = 0.2379 

wR2 = 0.5151 

R1 = 0.0477 

wR2 = 0.0859 

Largest diff. peak and hole /eÅ-3 3.66 and -2.16 0.38 and -0.33 

a 1 /o c oR F F F= −   

b ( ) ( )
2 2

2 2 22 /o c owR w F F w F   = −
         

c ( ) ( )
22 21/ ow F mP nP = + +

   where ( )2 22 /3o cP F F= +  
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Annex II: Fluorescence spectra of complex (2) at 0.8 µM. 

 

Annex II: Fluorescence spectra of complex (4) at 1.0 µM 
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