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Abstract  

Luminescent transition metal complexes (TMCs) represent a class of compounds with remarkable 

photophysical and electrochemical properties, arising from their unique electronic structures. 

Complexes containing Pt(II), Ir(III), Ru(II), Cu(I) for example are characterized by the presence of 

partially filled d-orbitals, exhibit a range of fascinating phenomena including phosphorescence, long-

lived excited states, and tuneable emission wavelengths. These features, in conjunction with their 

chemical versatility and stability, have rendered TMCs indispensable in numerous fields, spanning 

optoelectronics, sensing, and bioimaging. Within this diverse landscape of TMCs, platinum 

complexes have garnered particular attention owing to their exceptional luminescence properties and 

the pivotal role of supramolecular self-assembly in dictating their behaviour. Thanks to the square 

planar geometry, when the Pt(II) ion is coordinated to conjugated ligands self-assembly can occur 

leading to the creation of supramolecular structures. These complexes in the assemblies can exhibit 

strong metal-metal interactions that engender unique photophysical characteristics, including intense 

phosphorescence and long-lived excited states [8,9]. The self-assembly of these complexes is strongly 

medium dependent and can further modulates their electrochemical properties and modify their 

reactivities enabling the creation of stimuli-responsive materials and sophisticated functional 

systems.   In Professor De Cola's research group, the behaviour of self-assembling platinum 

complexes has been extensively studied. The possibility of using water-soluble, self-assembling 

platinum complexes makes them ideal candidates for in vivo imaging applications. It is known that 

one of the major problems of classic luminescent markers is the presence of oxygen in biological 

systems, as this is a known quencher of long-lived luminescent states. However, self-assembled 

structures would protect the metal centre, thus preventing oxygen access. Although the self-assembly 

process has been extensively studied to evaluate its spectroscopic effects, its potential for modulation 

at the biological level has never been thoroughly investigated 

While many Pt(II) complexes are toxic and several anticancer drugs have been developed taking 

advantage of their toxicity, there is a wide variety of transition metals, in biological systems that play 

crucial roles in enzymatic function, protein transport and storage, oxygen transport, and 

photosynthesis. Deficiencies in metals can lead to various of diseases in humans, such as anemia, 

growth retardation, and heart disease in infants due to iron, zinc, and copper deficiencies. Amongst 

the enzyme that play an important role in maintaining the cell metabolism and healthy our body 

superoxide dismutase (SODs), which utilize copper and zinc to neutralize reactive oxygen species, 

and catalase, which employs manganese to decompose hydrogen peroxide are very relevant. The 

significance of these metalloenzymes has spurred intensive research in recent years, with a particular 

focus on the synthesis of artificial metalloenzymes that mimic the catalytic processes of their natural 

counterparts.  To achieve the goal of mimicking enzymatic activity, it is crucial to simulate an 

environment that closely resembles the natural enzymatic task. One promising strategy involves 

confining these artificial metalloenzymes within nanostructures, thereby creating a controlled and 

restricted system. This approach aims to replicate the spatial constraints and microenvironment found 

within enzyme active sites, potentially enhancing the catalytic efficiency and selectivity of the 

artificial metalloenzymes. A promising approach for enhancing the stability of transition metal 

complexes (TMCs) in biological environments is the utilization of soft or hard porous nanomaterials 
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as confinement systems. Nanotechnology has experienced a remarkable surge in research and 

development across various sectors, including medicine. Nanomaterials, owing to their nanoscale 

dimensions, exhibit unique properties that differ significantly from their bulk counterparts, making 

them attractive for biomedical applications. The potential of nanomaterials as drug delivery vehicles 

stems from their ability to protect drugs from degradation, facilitate targeted delivery, enable 

relatively straightforward manufacturing processes, demonstrate biocompatibility, and accommodate 

diverse drug types. Consequently, employing nanomaterials for the transport and protection of 

catalytic TMCs complexes offers a promising strategy to overcome the challenges associated with 

their instability in biological systems. In this field, transition metal complexes represent a valuable 

resource for therapeutic and diagnostic applications in modern medicine. Their diverse chemical 

interactions, encompassing redox processes and coordination chemistry, allow for the development 

of tailored approaches to disease treatment. Ongoing research endeavours to discover and optimize 

novel metal complexes, enhancing their efficacy, safety, and specificity for various medical 

applications. As such, transition metal complexes are poised to play an increasingly pivotal role in 

the future of pharmacology and therapeutic interventions. 

The aim of my research is to develop transition metal complexes able to self-assembly to achieve new 

functions or simple catalysis-mimic compounds. To enhance their stability in biological media, I have 

investigated soft and hard porous structures creating hybrid nanosystems. The first objective of my 

research focused on Pt(II) complexes, containing conjugated ligands, exploiting the high tendency of 

such square planar compounds, to self-assembly in supramolecular structures. The synthesized water-

soluble Pt(II) complexes have been investigated to assess their assembly tendency and in a very 

complex media such as living organisms. The obtained results suggest that the self-assembly of the 

complexes, and in particular of a positively charged compound, modulate their photophysical 

properties, and, very interestingly, trigger important biological effects, suggesting a kind of 

antioxidant activity. For this reason, in the second objective I have designed and synthesized metallic 

complexes as mimic for the natural enzymes, containing Cu and Zn as metals. Artificial 

metalloenzymes have become increasingly important in the last decades as a promising approach to 

combine homogeneous catalysis and biocatalysis for therapeutical applications. In cell systems, the 

enzymes superoxide dismutase (SOD), catalase (CAT), oxidase (OXD) and peroxidase (POD) are 

involved in redox homeostasis. Therefore, artificial systems able to function as antioxidant under few 

pathological situations associated with an enhanced oxidative stress, such as diabetes, cancers, 

inflammatory bowel and neurodegenerative diseases are the basis of my ongoing research. In the last 

part, the third objective of my work, I have focused on the development of soft, non-lipid-based 

vesicle, i.e. Qs (QS), eventually covered with silica, and hard porous nanosystems such as 

organosilicates. The porous nanoparticles have been employed for the encapsulation of some of the 

complexes in order to confer water compatibility and to enhance their stability. 

In conclusion, this PhD research has yielded significant advancements in two key areas: i) 

understanding self-assembly in vivo and in particular the biological impact of redox active 

assemblies; ii) SOD mimic systems that can be used in biological samples due to the enhanced 

stability dictated by a nanocage and the water miscibility again promoted by the scaffold. These 

findings can open new venue on the design of systems in which the modulation of the redox activity 

can be tuned by molecule-molecule interaction as well as the novel way to protect unstable species.  
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1. General Introduction  

1.1 General Properties of Transition Metals, Complexes & 

Coordination Chemistry Fundamentals 
 

Transition metals, occupying the d-block (groups 3-12) of the periodic table, are characterized by 

partially filled d orbitals. This electronic configuration facilitates the formation of coordination 

complexes.1 A coordination complex, or coordination compound, comprises a central metal atom or 

ion bonded to an array of surrounding molecules or ions, known as ligands.  The pioneering work of 

Sophus Jorgensen2,3 in Denmark during the mid-1870s marked the beginning of the synthesis of metal 

complexes. Currently, there is a growing interest in transition metal complexes (TMCs) due to their 

potential and established applications in diverse fields4, including optoelectronics, photocatalysis, 

electrochemiluminescence (ECL), and medicine5. 

Organometallic chemistry, an interdisciplinary field bridging organic and inorganic chemistry, 

explores the interactions between inorganic metal ions and organic molecules. This field has not only 

introduced powerful new synthetic methodologies in organic chemistry but also intersects with 

biochemistry through the discovery of metalloenzymes involving organometallic intermediates. 

Furthermore, organometallic principles are crucial for understanding the chemistry of metal surfaces 

and colloids (nanoscale metal particles). Controlled pyrolysis of organometallic compounds has 

emerged as a valuable technique for synthesizing specific solid-state materials.  Significantly, this 

field played a pivotal role in the resurgence of inorganic chemistry during the mid-20th century6ï8. 

The distinctive chemical properties of transition metals, such as their ability to exist in multiple 

oxidation states, adopt diverse coordination geometries, and participate in electron transfer and redox 

reactions, render them essential in biological systems. 

1.2 Coordination Chemistry Fundamentals 
 

Coordination chemistry focuses on the study of coordination complexes, which are molecules or ions 

formed by the association of metal ions with ligands, including water molecules. The coordination 

process modifies the properties of both the metal and the ligand. A thorough understanding of 

coordination chemistry is indispensable for investigating metalloenzymes, metallodrugs, and other 

aspects of bioinorganic chemistry.9 

1.2.1 Hard & Soft Acid and Base Theory 
 

The Brßnsted-Lowry theory defines acids as proton (H+) donors and bases as proton acceptors. The 

more comprehensive Lewis theory broadens these definitions, classifying Lewis acids as electron-

pair acceptors and Lewis bases as electron-pair donors.  Lewis acids and bases can be charged or 

neutral. For example, molecules like water, nitrogen, and ammonia, with their lone electron pairs, act 

as Lewis bases, while trivalent boron compounds, with their empty p orbitals, function as Lewis acids.  
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The Brßnsted-Lowry theory can be considered a specific case of the Lewis theory, as the Brßnsted 

acid (H+) is also a Lewis acid. 

Trends in the thermodynamic stability of complexes formed between Lewis acids and bases, often 

quantified by the equilibrium formation constant (Kf), have led to the "hard and soft acids and bases" 

(HSAB) principle. 

Halides serve as a convenient set of Lewis bases (ligands) to assess the relative hardness or softness 

of Lewis acids. Fluoride is the hardest base, while iodide is the softest. Hard acids form halide 

complexes with increasing Kf in the following order: 

I- < Br- < Cl- < F-, 

whereas soft acids follow the opposite trend: 

F- < Cl- < Br- < I-. 

In this framework, a hard acid reacts with a hard base, forming a more stable complex than it would 

with a soft base. 

The nature of bonding between hard and soft acids and bases also differs. Hard acids, being smaller 

and less polarizable, tend to form bonds with greater ionic character, where the electron density 

remains localized on the donor atom. In contrast, soft acids, being larger and more polarizable, form 

bonds with greater covalent character, resulting in more delocalized electron density between the acid 

and the base. 

The HSAB principle elucidates many biological acid-base interactions. For example, the hard acid 

Mg2+ stabilizes hard bases like adenosine diphosphate (ADP) and transfer RNA (tRNA) through 

strong interactions with their phosphate groups. Similarly, Ca2+ forms stable complexes with 

carbonate and phosphate, which are crucial components of bones, teeth, and shells. 

A significant application of HSAB theory in biology lies in understanding the complexation of metal 

ions with amino acids and peptides. Amino acids, whether monomeric or as components of peptides 

and proteins, can bind metals in various ways. Monomeric amino acids contain amine (RNH2 and 

carboxylate (RCOO-) groups, which are hard bases. These groups preferentially bind hard acids like 

Na +, Mn2+, Mg2+, and Ca2+ over softer acids like Cu+, Cu2+, Fe2+, and Zn2+. 

During the formation of polypeptides and proteins, the amine and carboxylate groups condense to 

form amide (RNHCOR') linkages. Amide groups are not strong ligands for metal ions and are often 

involved in hydrogen bonding that stabilizes protein secondary structures like Ŭ-helices, ɓ-sheets, and 

loops.  Consequently, metal binding in proteins typically occurs through the side chains of amino acid 

residues. Nitrogenous side chains (e.g., histidine) and sulphur-containing side chains (e.g., cysteine 

and methionine) provide softer ligands suitable for coordinating softer metals like Cu+, Co2+Ni2+, and 

Zn2+. Conversely, amino acids with harder side chains, such as aspartate and glutamate (RCOO-), 

serine, and tyrosine (ROH), possess oxygen donor atoms that preferentially bind harder metal ions 

like Mg2+ and Fe3+. 
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1.2.2 Ligand field theory in the context of coordination chemistry 

 
Coordination complexes of transition metal ions often exhibit coordination numbers of six or four, 

though other numbers are also observed. The properties of complexes depend on the identities of the 

ligands, their coordination numbers, and geometries10.  

Ligand-field theory, evolved from crystal-field theory, effectively describes how ligand binding 

affects transition metal ion properties. In this theory, ligand electron pairs, modelled as point negative 

charges, interact with the metal ion's d orbitals. As ligands approach along the binding axes, they raise 

the d orbital energies due to repulsive interactions, the extent of which depends on the complex's 

coordination number and geometry.11 

 

Figure 1. Splitting of d-orbitals of a transition metal ion in the presence of a crystal field 

In an octahedral field, as ligands approach a metal ion arranged in a six-coordinate geometry, the 

energies of the d orbitals increase. If the charges were uniformly spread, all d orbitals would rise in 

energy equally. However, because the charges localize on the x, y, and z axes, they affect the dx2-y2 

and dz2 orbitals more than the dxy, dxz, and dyz orbitals. This results in two energy levels: the higher-

energy eg orbitals and the lower-energy t2g orbitals, separated by the ligand-field splitting parameter, 

ȹo. The magnitude of ȹo depends on the metal ion, its charge, and the ligand nature. This splitting 

often corresponds to visible light, making transition metal complexes coloured due to d-d transitions. 

In a tetrahedral field, ligands arranged in a four-coordinate geometry around the metal ion split the d 

orbitals differently. Here, the dx2-y2 and dz2 orbitals (e orbitals) are lower in energy, while the dxy,  

dxz, and dyz orbitals (t2 orbitals) are higher in energy because they interact more strongly with the 

off-axis ligands. The ligand-field splitting parameter in this case, ȹt, is typically smaller than ȹo, 

approximately four-ninths of ȹo due to fewer ligands interacting with the metal ion. 
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The spectrochemical series orders ligands based on their ability to split d orbital energies. Strong-

field ligands like CN- and CO cause larger splitting, while weak-field ligands like I- and Br- cause 

smaller splitting. This ordering influences the colour and magnetic properties of the complexes. For 

example, CN- and CO ligands, being strong-field, often lead to low-spin complexes with significant 

orbital splitting, while halide ligands result in high-spin complexes with smaller splitting. 

A partial spectrochemical series listing of ligands from large ȹ to small ȹ is given below: 

 

CN- ~ CO > NO2-> byp > en > NH3 > edta
4-> NCS->H2O>OH

->F->Cl->Br- >I- 

 

The arrangement and splitting of d orbitals are crucial in determining the electronic structure and 

properties of coordination complexes. For instance, in a tetrahedral complex, the t2g orbitals are higher 

in energy than the eg orbitals, while in a square pyramidal complex, such as Cu2+ in the CuZn-SOD 

enzyme, the arrangement differs due to the specific geometry and Jahn-Teller effect. This effect 

describes the geometrical distortion of non-linear molecules with degenerate electronic states, which 

lowers their overall energy. 

Ligand-field theory also emphasizes the significance of back donation in stabilizing metal complexes. 

Ligands with appropriate energies and symmetries can donate electrons to the metal's LUMO, and 

the metal can back-donate to the ligand's LUMO. The 18-electron rule often guides the synthesis of 

stable metal complexes, with many complexes aiming for an electronic structure of 18 valence 

electrons. 

In designing coordination complexes,12 focusing on the inner coordination sphere is crucial. Inner 

sphere complexes form when ions bind directly to the surface without intervening water molecules. 

Metalloenzymes, for example, have a second coordination sphere with molecules and ions attached 

in various ways, influencing the enzyme's function and stability. 

While Crystal Field Theory (CFT) offers a basic conceptual model for understanding the electronic 

structure of transition metal complexes, it has limitations. By treating ligands as point charges or 

dipoles, CFT neglects the overlap of ligand and metal orbitals, which plays a crucial role in bonding. 

A more comprehensive approach is provided by Ligand Field Theory (LFT), which incorporates 

principles from Molecular Orbital (MO) Theory. LFT describes the bonding in transition metal 

complexes by considering the formation of molecular orbitals from the linear combination of atomic 

orbitals (LCAO) of both the metal and the ligands13. This approach takes into account the symmetry 

of the complex and uses empirical energy and overlap considerations to estimate the relative energies 

of the resulting molecular orbitals. 

To understand photochemical processes involving d6 and d8 metal complexes, it is essential to 

consider the electronic transitions that occur upon excitation. When a metal is coordinated by -́

conjugated ligands, the metal's s, p, and d orbitals mix with symmetry-adapted ligand orbitals to form 

a set of molecular orbitals. Optical excitation induces electronic transitions between these orbitals, 

effectively redistributing electron density within the molecule. These transitions involve the 



9 

 

promotion of electrons from occupied molecular orbitals to unoccupied (virtual) orbitals, each with 

specific energy and character. (Figure 1.2). 

 

Figure 2 Simplified MO diagram for a transition metal complex with spectroscopic excitation transitions 

1.3 Transition Metal Complexes and their role in the 

biological processes 
 

Transition metal complexes are essential to a wide range of biological processes, significantly 

impacting health, disease, and biotechnology.14 Metals like iron, copper, zinc, and manganese are 

integral to the structure and function of numerous biomolecules, including enzymes, proteins, and 

DNA15. Their roles enclose catalysing essential biochemical reactions, facilitating electron transport, 

regulating gene expression, and maintaining cellular homeostasis. Bio-inorganic chemistry, an 

interdisciplinary branch combining inorganic chemistry and biological sciences, explores the role of 

metal ions in biological processes.16,17 Metal ions are vital for the proper functioning and healthy 

growth of the human body, with around 30 elements recognized as necessary for the synthesis of 

proteins, carbohydrates, and other structural materials in humans and plants. The most abundant 

elements in living systems are C, H, N, O, and P, present in bulk quantities. Other elements such as 

Na, K, Mg, Ca, S, Cl, Mo, Mn, Fe, Co, Cu, Zn, and I are found in trace quantities, while Si, V, Cr, Br, 

Ni, and Li are required in ultra-trace quantities.18 

 

Scheme 1. Intersection diagram 
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A variety of transition elements, present in trace and ultra-trace quantities, play crucial roles in 

enzyme function, protein transport and storage, oxygen transport, and photosynthesis. Metallic 

elements are integral to the function of metalloenzymes, which not only participate at the active site 

but also bind with it. These enzymes and proteins, such as haemoglobin, myoglobin, cytochromes, 

and ferredoxin, are essential for electron transport. 

Deficiencies in metals can lead to various diseases in humans, such as anemia, growth retardation, 

and heart disease in infants due to iron, zinc, and copper deficiencies. A decrease in haemoglobin 

(Hb) levels results in insufficient oxygen supply to the body, with dietary iron deficiency being a 

major contributor to global anemia. The use of metal complexes as therapeutic compounds is 

becoming increasingly significant.19 Understanding the function of these metal complexes not only 

provides insights into fundamental life processes but also informs the development of novel 

therapeutic and industrial applications, underscoring their profound impact on health and 

technology.20 

1.3.1 Role in Enzymatic Functions 
 

Transition metal complexes are essential to enzymatic functions, particularly through catalysis and 

redox reactions21. Metalloenzymes, which contain transition metals at their active sites, utilize these 

metalôs ability to undergo changes in oxidation state, facilitating various biochemical reactions crucial 

for life. To be active and efficient in reaching their goals, it is important to consider both the metal 

ion and the scaffold. In the context of a metalloenzyme, a scaffold is defined as a framework of atoms 

and bonds that supports the activity of the metal ion. This scaffold includes the primary coordination 

sphere of ligating atoms, usually sulphur, oxygen, and nitrogen, that are directly attached to the metal 

ion. The secondary coordination sphere, which consists of atoms near (but not directly attached to) 

the metal ion, is also considered part of the scaffold because their properties can significantly 

influence the metal ion's reactivity. For example, a counterion might be included in the secondary 

coordination sphere of the metal ion. 

One prominent example is cytochrome P450 enzymes22,23, which contain heme iron centres 

(Schematic structure representation in Figure 3). These enzymes are vital for the metabolism of drugs 

and the synthesis of steroid hormones. The heme iron in cytochrome P450 can cycle between different 

oxidation states, enabling the transfer of electrons and the activation of molecular oxygen. This 

activation allows the enzyme to hydroxylate substrates, which is a critical step in detoxifying various 

compounds and in biosynthetic pathways. For instance, the metabolism of ibuprofen and the 

biosynthesis of cortisol rely on the catalytic action of cytochrome P450 enzymes. Similarly, 

cytochrome c, an iron-containing protein, is fundamental in the electron transport chain within 

mitochondria.24 Cytochrome c transfers electrons between complex III (cytochrome bc1 complex) 

and complex IV (cytochrome c oxidase), a process essential for the production of ATP. This electron 

transport is driven by the redox cycling of iron within cytochrome c, highlighting its role in cellular 

respiration and energy production. 
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Figure 3. A. Structure of cytochrome P450; B. Structure of cytochrome c 

 

Another example is provided by Superoxide dismutase (SOD)25 is another critical metalloenzyme, 

playing a significant role in detoxification and protection against oxidative stress. SOD exists in 

different forms, such as copper/zinc SOD (Cu/Zn-SOD) and manganese SOD (Mn-SOD), each 

containing respective metal ions. SOD catalyses the dismutation of superoxide radicals into oxygen 

and hydrogen peroxide. This reaction is crucial for defending cells against reactive oxygen species 

(ROS), which can cause cellular damage. The hydrogen peroxide produced by SOD is further broken 

down by catalase, an iron-containing enzyme, into water and oxygen, thus neutralizing potential 

oxidative damage.26,27 The activity of these metalloenzymes is vital for maintaining cellular 

homeostasis and preventing oxidative stress, which is linked to various diseases27,28, including cancer, 

cardiovascular diseases, and neurodegenerative disorders such as Parkinson's and Alzheimerôs. For 

example, mutations in the SOD1 gene, encoding Cu/Zn-SOD, are associated with familial 

amyotrophic lateral sclerosis (ALS), underscoring the importance of proper metal function in enzyme 

activity and cellular health. 

 

Figure 4. Cu/Zn SOD enzyme 

These examples illustrate the indispensable role of transition metal complexes in enabling efficient 

and regulated biochemical processes21, from drug metabolism and hormone synthesis to energy 

production and cellular defence mechanisms. Trace amounts of metals are essential for biological 

processes, as about 30-40% of all known proteins, including metalloenzymes, require metal cofactors 

(e.g., Fe, Cu, Zn, Ni, Mn) for proper folding into an active three-dimensional (3-D) structure. Their 
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ability to facilitate redox reactions and electron transfers is foundational to many critical physiological 

processes, highlighting their broad and essential impact on biological systems.  

1.4 Medicinal Applications of Transition Metal Complexes  

 
Pharmaceutical and therapeutic applications of transition metal complexes represent an emergent 

field at the intersection of chemistry, biology, and medicine20,29,30. These complexes exhibit diverse 

chemical properties that can be harnessed for targeted therapies, diagnostic imaging, and disease 

treatment. Below, we explore several notable examples and their implications in medical applications. 

One of the most prominent applications is in cancer treatment. The earliest reports on the therapeutic 

use of transition metal complexes date back to the sixteenth century31. In 1960, the anti-tumour 

activity of the inorganic complex cis-diamminedichloroplatinum (II) (cisplatin) was discovered32,33. 

Cisplatin has since become one of the most frequently used and effective cytostatic drugs for the 

treatment of solid carcinomas. It exerts its anti-cancer effects by binding to DNA34,35, forming cross-

links that inhibit DNA replication and transcription, ultimately leading to cell death. Despite its 

efficacy, cisplatin is associated with severe side effects, including nephrotoxicity and ototoxicity, 

prompting research into newer platinum complexes with improved safety profiles. In any case, this 

molecule served as the starting point for the development of various therapeutic agents based on 

platinum complexes. For example, carboplatin36 is a derivative of cisplatin that offers similar 

therapeutic benefits but with a significantly lower risk of dose-limiting neurotoxicity and 

nephrotoxicity associated with cisplatin. 

 

 

Figure 5. A. Cisplatin; B. Carboplatin 

 

Other transition metals have also shown promise in cancer therapy. Ruthenium-based complexes37, 

such as NAMI-A and KP101938,39, exhibit potent anti-tumour activity through mechanisms distinct 

from platinum drugs. These complexes interfere with cellular redox balance, inhibit metastasis, and 

induce apoptosis in cancer cells while sparing normal tissues to a greater extent than cisplatin. 

Beyond cancer, transition metal complexes are explored for treating other diseases. For instance, gold 

complexes40 like Auranofin41,42 have been repurposed from anti-rheumatic agents to potential 

treatments for cancer and parasitic infections. Auranofin, which structure is showed in Figure 4, 

inhibits thioredoxin reductase, an enzyme involved in cellular redox regulation, leading to oxidative 

stress and apoptosis in cancer cells. 
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Figure 6. Structure of Auranofin 

Another example is provided by zinc complexes or selenium43 complexes.  For instance, metallo-

drugs like metformin-complexed zinc have shown promise in treating diabetes by modulating insulin 

signalling pathways and improving glucose uptake. Metformin44 belongs to Biguanides that are a 

class of compounds known for their diverse biological properties, including anticancer, antimicrobial, 

antimalarial, and cardioprotective activities. These compounds are excellent N-donor bidentate 

ligands and readily form complexes with nearly all transition metals. The coordination of biologically 

active biguanides to various metal centres often enhances their pharmacological profiles, leading to 

reduced drug resistance and a broader spectrum of activity. Additionally, coordination to redox-active 

metal centres, such as Au (III), enables various activatable strategies that allow for the selective 

activation of prodrugs, this approach represent reducing off-target toxicity.  

 

Figure 7. Chemical structures of metformin and structurally similar biguanides, guanidine and diguanidines, commonly 

used in clinical practice in the 19ï20th centuries44 

Similarly, metal-based anti-inflammatory agents like Ebselen43, containing selenium, exhibit 

antioxidant properties and have been investigated for treating neurodegenerative diseases such as 

Alzheimer's and Parkinson's. Ebselen is a synthetic organoselenium compound known for its radical-

scavenging properties and glutathione peroxidase-like activity. It exhibits unique bioactivity by 

reacting with thiols, hydroperoxides, and peroxynitrites. Due to its high affinity for several critical 

reactions, Ebselen protects cellular components from oxidative stress and free radical damage. This 

makes it a valuable tool for studying redox-related mechanisms. 



14 

 

 
Figure 8. Ebselenôs structure 

In addition to their direct therapeutic roles, transition metal complexes are employed as diagnostic 

agents in medical imaging45. Since the introduction of FDA-approved platinum-based therapeutic 

agents (cisplatin, oxaliplatin, and carboplatin), significant efforts have been devoted to developing 

transition metal complexes for imaging and therapy28,46.  

Metal complex probes act as signal transducers, generating either a ñswitch-on,ò ñswitch-off,ò or 

radiometric change in response to analyte binding. Transition metal complexes offer several 

advantages, making them versatile candidates for biomolecular probes. Interactions between 

paramagnetic metal complexes and their biological environment can significantly influence their 

magnetic resonance imaging (MRI) contrast-enhancing properties47. MRI is a non-invasive imaging 

technique that provides high-resolution images of soft tissues in the body. The quality of MRI images 

depends on the differences in the relaxation times of water protons in different tissues. Contrast agents 

are used to enhance these differences, thereby improving the clarity and diagnostic value of the 

images. Contrast agents work by altering the magnetic properties of nearby water molecules, 

primarily through the mechanisms of longitudinal (T1) and transverse (T2) relaxation. 

Using transition metal complexes for this purpose is related to many reasons. Firstly, metal complexes 

typically exhibit high luminescent quantum yields, enhancing the sensitivity of detection platforms 

through stronger luminescence responses. Secondly, their long phosphorescent lifetimes allow 

emissions to be easily distinguished from the autofluorescence background in biological samples 

using time-resolved emission spectroscopy. Additionally, their large Stokes shifts enable the 

separation of emission and excitation wavelengths, preventing self-quenching. The optical properties 

of these complexes can be readily tuned by varying the attached ligands, including adjusting emission 

wavelengths to the near-infrared region, which is ideal for in vivo imaging due to better tissue 

penetration.48ï50 

Contrast agents (CAs), which are often applied are mostly based on Gd (III) complexes.51 These 

Gadolinium-based complexes, used as contrast agents in magnetic resonance imaging (MRI), exploit 

the magnetic properties of gadolinium to enhance the visibility of tissues and organs.52 These 

complexes are crucial for diagnosing conditions such as tumours, vascular abnormalities, and 

neurological disorders53. However, a major issue with the medical use of Gd (III), that is a heavy 

metal ion, is the significant toxicity of their "free" (aquaion) form.54,55 Therefore, for clinical 

applications, gadolinium (III) must be bound in a highly stable complex. Moreover, it is crucial that 

this complex demonstrates long-term resistance to transmetallation or transchelation, preventing the 

loss of the Gd (III) ion.  
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Figure 9. Clinically used contrast agents based on Gd-complexes 

 

The safety of gadolinium-based contrast agents (GBCAs) has garnered significant attention, spurring 

the development of safe, non-toxic, Gd(III)-free MRI contrast agents. Manganese-based contrast 

agents are important candidates56,57 in this regard and are anticipated to replace Gd(III) agents58. 

Manganese (Mn), a non-lanthanide metal essential in cell biology, is one of the earliest examples of 

paramagnetic contrast materials used in MRI. In its bivalent state (Mn2+), it has five unpaired 

electrons, providing effective positive contrast enhancement.56  

Thanks to its intrinsic properties such as a high spin number, long electronic relaxation time, and 

labile water exchange, making it effective as a contrast agent. Mn2+ functions similarly to other 

paramagnetic ions, such as gadolinium (Gd3+) and copper (Cu2+), by shortening the T1 of water 

protons, thereby increasing the signal intensity of T1-weighted MR images. Moreover, manganese 

has a minor T2 effect, so it reduces signal intensity to create dark signals. 

Biochemically, manganese is involved in mitochondrial function, with cells having higher 

mitochondrial density exhibiting greater Mn uptake. For this reason, manganese could be an excellent 

contrast agent for MRI of the liver and other mitochondria-rich organs, such as the pancreas and 

kidneys. 

Manganese-based contrast agents are classified into three broad categories: small molecule agents, 

hybrid manganese agents (such as oxo clusters), and agents incorporated into macromolecules or 

nanoparticles.59,60 
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Figure 10. Example of three small molecule ligands used for manganese chelation 

Chelated manganese has been widely used as a blood pool contrast agent because it deals with the 

toxicity problem of free manganese ions. 

Manganese offers significant advantages as a T1-weighted MRI contrast agent due to its electronic 

configuration and enriched biochemical features. Even if manganese is not entirely free from toxicity, 

it offers an interesting alternative as an MRI contrast agent. Thanks to novel nanotechnologies 

emerging to achieve high MRI contrast, there is also the possibility to use Manganese in nanoparticle 

form in order to reduces the risk of free metal toxicity by preventing premature release and at the 

same time, granting specificity target.60. 

In conclusion, these are just such examples for understanding how much transition metal complexes 

represent a rich source of therapeutic agents and diagnostic tools in modern medicine. Their ability 

to engage in diverse chemical interactions, including redox processes and coordination chemistry, 

enables tailored approaches to disease treatment. Ongoing research continues to explore novel metal 

complexes, optimizing their efficacy, safety, and specificity for various medical applications. As such, 

transition metal complexes are poised to play an increasingly important role in the future of 

pharmacology and therapeutic interventions. 

1.5 The Role of Nanomaterials in Enhancing the Stability of 

Transition Metal Complexes for Biomedical Applications 

 
Transition metal complexes (TMCs) have emerged as promising candidates for various biomedical 

applications, including catalysis, imaging, and sensing. However, their inherent instability in 

biological environments poses a significant challenge to their widespread use. A promising approach 

for enhancing the stability of TMCs is the utilization of nanomaterials as confinement systems. 

Nanotechnology has revolutionized various fields, including medicine, by offering unique solutions 

to long-standing challenges. Nanomaterials, with their nanoscale dimensions, possess distinct 

properties that differ from their bulk counterparts, making them attractive for biomedical 

applications.61,62 

The "nano" in nanomedicine signifies the utilization of materials and structures with dimensions in 

the nanometre range (1 to 100 nm). These nanoscale materials possess unique physicochemical 

properties that are not observed in their bulk counterparts, making them highly attractive for 
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biomedical applications.63,64 The ability to precisely engineer the size, shape, and surface 

functionalization of nanoparticles has led to the development of novel drug delivery systems and 

imaging agents with enhanced therapeutic and diagnostic capabilities. Nanoparticles can be designed 

to specifically target diseased cells or tissues, improving drug efficacy and reducing side effects. 

Additionally, nanoparticles can be used as imaging agents and biosensors, providing new tools for 

the diagnosis and treatment of diseases65,66. The use of nanomaterials in biomedicine has the potential 

to transform the way we approach healthcare, leading to more effective and personalized therapies. 

 

Figure 11. Nanoparticles with different properties for different biomedical application 67 

The potential of nanomaterials as drug delivery vehicles is well-established. They can protect drugs 

from degradation, facilitate targeted delivery, enable relatively straightforward manufacturing 

processes, demonstrate biocompatibility, and accommodate diverse drug types. 

The utilization of nanoparticles as carriers for therapeutic and diagnostic agents has emerged as a 

compelling strategy to enhance the precision and efficacy of biomedical interventions. By enabling 

targeted delivery of these agents to specific sites within a living organism, nanoparticle-based systems 

hold the potential to mitigate the adverse effects associated with non-specific drug distribution, 

thereby paving the way for safer and more effective treatments. 

Currently, most nanomedicines approved by regulatory bodies, such as the FDA 68and EMA, rely on 

liposomal or polymeric formulations of pre-existing drugs. While these formulations have 

demonstrated clinical utility, they are not without their limitations. Liposomal carriers, for instance, 

can exhibit suboptimal stability, premature drug release, and challenges in achieving active targeting, 

all of which can significantly impact their pharmacokinetic performance and therapeutic efficacy. 

The exploration of alternative nanomaterials for biomedical applications offers a promising avenue 

to address the shortcomings of current liposome-based therapies and expand the therapeutic potential 

of existing drugs, including those previously deemed unsuitable due to limitations in delivery or 

toxicity. It is worth noting that the success rate of small-molecule drugs progressing to Phase I clinical 

trials is a mere 9%, often hindered by issues related to efficacy and safety. Encapsulating such 
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molecules within nanoparticles can facilitate their targeted delivery to diseased tissues, thereby 

improving their therapeutic index by enhancing efficacy and reducing off-target effects.69,70 

In the realm of diagnostic imaging,71,72 nanoparticle encapsulation of fluorescent dyes can lead to 

improvements in circulation lifetimes, chemical stability, and photophysical properties, further 

enhancing the utility of these agents for in vivo imaging. Furthermore, the inherent properties of 

nanoparticles, such as their small size and unique physicochemical characteristics, can render them 

superior contrast agents for various imaging modalities. This is exemplified by the use of magnetic 

nanoparticles in magnetic resonance imaging and quantum dots in near-infrared optical imaging. 

Through judicious design and engineering, nanoparticles can be endowed with both imaging and drug 

delivery capabilities, creating multifunctional platforms for theragnostic applications. Such systems 

enable the simultaneous visualization of disease processes and targeted delivery of therapeutic agents, 

offering the potential for personalized medicine and improved patient outcomes. 

Employing nanomaterials for the transport and protection of catalytic TMCs offers a promising 

strategy to overcome the challenges associated with their instability in biological systems. The 

following sections delve into the specific types of nanomaterials and their mechanisms for enhancing 

TMC stability. 

In the realm of nanomedicine, the utilization of nanomaterials as carriers and protectors of transition 

metal complexes (TMCs) has emerged as a promising solution to address the instability of TMCs in 

biological environments. This approach capitalizes on the unique properties of nanomaterials, 

particularly their ability to encapsulate and shield TMCs from degradation, while also facilitating 

their controlled release.62,73 

Among the various nanomaterials, mesoporous silica nanoparticles74 (MSNs) stand out as ideal 

candidates for encapsulating and stabilizing TMCs. Their highly porous structure, coupled with a 

large surface area and tuneable pore size, provides a safe haven for TMCs, protecting them from 

degradation while allowing for their controlled release75,76. Another attractive option for TMC 

confinement are metal-organic frameworks (MOFs)77,78. These crystalline materials, formed by the 

coordination of metal ions or clusters with organic ligands, possess high porosity, tuneable pore size, 

and versatile functionality. The MOF structure can be tailored to create specific interactions with 

TMCs, further enhancing their stability and activity. 

Other type of nanomaterial useful are composed by polymers. Polymeric nanoparticles79, synthesized 

from a variety of natural or synthetic polymers, provide versatility in terms of size, shape, and surface 

functionalization. This adaptability allows for the tailored design of TMC confinement systems, with 

the polymer matrix effectively protecting TMCs from degradation and enabling their controlled 

release. 

The application of these nanomaterials as confinement systems for TMCs holds significant promise 

for improving the stability and functionality of TMCs in biological settings. This approach is expected 

to pave the way for significant advancements in various biomedical applications, including the 

development of more effective and targeted therapies. Thanks to the unique properties of 

nanomaterials, such as their small size, high surface area, and tuneable porosity, make them ideal 
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carriers for TMCs. The ability to precisely engineer the surface functionalization of nanomaterials 

further expands their potential for targeted delivery and stimuli-responsive release of TMCs. The 

continued development of nanomaterial-based confinement systems for TMCs is expected to lead to 

significant advances in various biomedical applications, including catalysis, imaging, sensing, and 

drug delivery. 
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2. Pt(II) Complexes for self-assembly in water and in 

living organisms 

2.1 General Introduction  

 
Transition metal complexes (TMCs), particularly those incorporating d-block elements, occupy a 

distinctive position in the field of coordination chemistry.1 They stand apart from main group element 

compounds due to their unique attributes arising from partially filled d orbitals2. These characteristics 

encompass an array of coordination geometries, tuneable electronic transitions leading to vibrant light 

absorption and emission, and notably long excited-state lifetimes. Such features bestow upon TMCs 

an array of potential applications spanning diverse fields such as photocatalysis3ï5, optoelectronics, 

sensing, and bioimaging6ï8 

 

Figure 2.1. Representation of the d orbitals of transition metal 

Within the realm of TMCs, platinum complexes have captured significant attention due to their 

intriguing photophysical properties and the critical role that supramolecular self-assembly plays in 

determining these properties. The self-assembly processes govern the organization of these 

complexes at the molecular level, leading to the emergence of distinctive structures and 

functionalities that are absent in their isolated molecular counterparts. 

Platinum, as element of the tenth group of period table of elements is characterized by a d  electronic 

configuration, predominantly adopts a square planar geometry in its +2-oxidation state. This 

preference for square planar coordination arises from the optimal balance between ligand field 

stabilization energy and steric factors. In this arrangement, the dz² orbitals, oriented perpendicular to 

the coordination plane, remain largely non-bonding and are available for intermolecular 

interactions.1,9 
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Figure 2.2. Crystal field stabilization energy for octahedral symmetry and square planar symmetry 

When two Pt(II) 10ï12atoms approach each other at distances close to 3.5 Å, a phenomenon known as 

metal-metal interaction or metallophilic interaction takes place. This interaction involves the overlap 

of the dz² orbitals from adjacent complexes facilitating a new type of electronic transition, referred to 

as metal-metal-to-ligand charge transfer (MMLCT). 

 

Figure 2.3. Frontier molecular orbital diagram showing the effect of intermolecular interactions and dz² orbital 

overlap. 

The MMLCT transition significantly impacts the photophysical behaviour of platinum complexes. It 

results in a decrease in the HOMO-LUMO energy gap, manifesting as a bathochromic shift (red-shift) 

in both absorption and emission spectra. This shift can lead to dramatic changes in the luminescent 

properties of the complexes, including altered emission colour, enhanced quantum yields, and 

prolonged excited-state lifetimes. 

The strength of metal-metal interactions is often compared to that of hydrogen bonds, falling in the 

range of 30-50 kJ/mol. This interaction energy is sufficient to drive the formation of diverse 

supramolecular architectures. The self-assembly of Pt(II) complexes is a dynamic process influenced 

by various factors such as the nature of ligands, solvent environment, and temperature13. Aromatic 

ligands, for instance, can engage in ˊ-ˊ stacking interactions,14 further contributing to the self-

assembly process. The ability to control and manipulate the self-assembly of platinum complexes 

opens up exciting opportunities in various fields. The unique luminescent properties arising from 

metal-metal interactions make these complexes promising candidates for applications in OLEDs, 

sensors, and bioimaging agents. 15,16Moreover, the dynamic nature of self-assembly allows for the 
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development of stimuli-responsive materials, where external triggers can modulate the complexes' 

properties.17,18 

Continued research into the self-assembly of Pt(II) is crucial for unlocking their full potential. A 

deeper understanding of the factors governing their assembly, coupled with the development of novel 

ligand systems, will pave the way for the design of advanced functional materials with tailored 

properties. 

Platinum complexes, with their square planar geometry and propensity17 for metal-metal interactions, 

offer a fascinating platform for exploring the interplay between molecular structure and 

supramolecular organization19. The self-assembly of these complexes, driven by a delicate balance of 

intermolecular forces, leads to the emergence of unique photophysical properties and functionalities. 

The ability to control and harness these self-assembly processes holds immense promise for the 

development of next-generation materials with applications in diverse fields. 

The utilization of luminescent TMCs as labels in bioimaging has emerged as a burgeoning and 

captivating research frontier. Despite the current dominance of organic fluorophores in commercial 

cellular labels, TMCs hold tremendous potential to revolutionize bio-imaging techniques. These 

complexes possess an array of distinctive properties, including tuneable emission wavelengths, long 

excited-state lifetimes, and large Stokes shifts, rendering them particularly attractive for addressing 

the limitations of traditional organic dyes18,20. In order to successfully employ luminescent 

compounds as bioimaging probes, several critical requirements must be met. Solubility and stability 

in aqueous environments, such as phosphate-buffered saline (PBS), cell culture media, and other 

incubation media, are paramount. Additionally, the ability to permeate cell membranes is crucial, 

though the addition of permeabilization agents like DMSO or low-molecular-weight alcohols at non-

cytotoxic concentrations can sometimes enhance internalization. 

While water solubility is essential, a degree of hydrophobicity is equally important for facilitating the 

compound's passage across the phospholipid bilayer of the cell membrane. Consequently, 

amphiphilic complexes, characterized by the presence of both hydrophilic and hydrophobic moieties, 

are particularly desirable for bioimaging applications. These complexes exhibit the capacity to self-

assemble into supramolecular structures, potentially modulating their properties, including 

luminescence and reactivity, in response to the cellular microenvironment. Once internalized, the 

ideal bioimaging probe must demonstrate high photochemical stability, low cytotoxicity, and 

generate no toxic byproducts, at least within the timeframe of the imaging experiment. However, 

photoactive TMCs often face challenges in this regard, as they may sensitize the production of singlet 

oxygen upon light irradiation, which can lead to cellular damage. Thus, careful design and selection 

of TMCs are crucial to ensure their biocompatibility and minimize any adverse effects. The design 

and synthesis of amphiphilic molecules have been a subject of intensive research in recent decades, 

leading to a diverse array of structures. While the exploration of amphiphilic TMCs has been less 

extensive, they offer distinct advantages over their non-amphiphilic counterparts. Amphiphilic TMCs 

seamlessly integrate the inherent features of TMCs, such as tuneable photophysical properties, with 

the self-assembly capabilities of amphiphilic molecules. This duality enables them to form novel 

supramolecular architectures with emergent properties not observed in the individual components, 

opening new avenues for the development of advanced bioimaging probes. Amphiphilic TMCs have 
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showcased their potential in a variety of applications, including catalysis, magnetism, and 

luminescence. For example, Liao and co-workers have successfully developed amphiphilic TMC-

based catalysts for biphasic reactions21, showcasing the versatility of these complexes in facilitating 

chemical transformations in heterogeneous environments. Albrecht and co-workers have reported 

spin-crossover amphiphilic Mn (II) complexes22, demonstrating the potential for integrating magnetic 

properties with amphiphilic self -assembly. Furthermore, charged Cu (II) complexes have been shown 

to self-assemble into two-dimensional structures, highlighting the ability to control the spatial 

organization of TMCs through amphiphilic design.23 

While amphiphilic Pt(II) complexes have been less extensively explored compared to other TMCs, 

they have shown promise in catalysis and the study of self-assembled structures and properties. 

Kunitake et al.24,25 reported a mixed-valence Pt(II) complex that forms supramolecular structures 

upon the introduction of anionic lipid molecules as counterions.25 This example illustrates the ability 

of amphiphilic Pt(II) complexes to interact with biological components and self-assemble into 

organized structures, suggesting their potential for applications in bioimaging and drug delivery. The 

development of amphiphilic TMCs, encompassing those based on platinum and other transition 

metals, represents a fertile ground for innovation in bioimaging and related fields. By combining the 

unique properties of TMCs with the self-assembly capabilities of amphiphilic molecules, researchers 

can design sophisticated probes with enhanced functionality and responsiveness to the cellular 

environment. Continued exploration in this area is expected to yield significant advances in our ability 

to visualize and understand biological processes at the molecular level, paving the way for new 

diagnostic and therapeutic approaches. 
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2.2 Aim 

 
The central objective of the research presented in this chapter is to engineer luminescent 

supramolecular structures through the self-assembly of designed platinum complexes and to 

investigate the profound influence of this self-assembly process on their photophysical properties for 

in vivo application. In pursuit of this goal, we have undertaken the synthesis of two different 

amphiphilic complexes, depicted in Figure 2.4.  

 
Figure 2.4. Luminescent Platinum (II) compounds 

These complexes, previously reported by our research group,26,27 were feature a tridentate N^N^N 

dianionic ligand, 2,6-bis(3-(trifluoromethyl)-1H-1,2,4-triazol-5-yl)pyridine (pyC5CF3-tzH2), as the 

hydrophobic moiety coordinating to the central metal ion.  On the other hand, the nature of the 

ancillary ligand is important to understand how much it could affect the photophysical properties of 

the compound, its ability to self-assemble, and ultimately its potential for internalization by living 

organisms. 

In order to investigate their potential as marker for in vivo application, we decided to visualize them, 

within a transparent animal model, specifically the freshwater invertebrate Hydra.28(Figure 2.5) This 

organism, characterized by its simple anatomical structure, a hollow tube with a tentacle crown 

surrounding its mouth, and its similarity in key molecular pathways to vertebrate species, makes it a 

suitable model for investigating interactions with nanomaterials and functional devices.29 
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Figure 2.5. Anatomical structure and tissue organization of Hydra 

For this biological investigation studies, we carried out the experiments in collaboration with Dr. 

Claudia Tortiglione and Dr. Angela Tino of Istituto di Scienze Applicate e Sistemi Intelligenti 

ñE.Caianielloò, CNR, Pozzuoli. 

Our investigation into the photophysical behaviour of self-assembled Pt(II) complex nanostructures 

within living polyps led to an unexpected observation30. By simply immersing living polyps in a 

solution containing these complexes, we were able not only to assess the photophysical properties of 

the self-assembled nanostructures but also to uncover their remarkable influence on the host 

organism. Surprisingly, we witnessed an unusual proliferation of the interstitial cell lineage, a 

population known to encompass pluripotent stem cells and their derivatives. Through meticulous 

morphological, cellular, biochemical, and molecular analyses, we provide compelling evidence that 

the platinum complexes induce an augmented antioxidant capacity within these cells. This result 

suggests a potential avenue for modulating key cellular functions through the strategic application of 

these metal complexes. 

To further explore the implications of our initial findings, we extended our investigation to the sea 

anemone Nematostella vectensis,31,32 an invaluable in vivo model organism. This model enabled us 

to conduct controlled manipulation treatments during the critical embryonic larval development 

phase. Remarkably, we observed that exposure to the Pt(II)-based complexes accelerated the 

metamorphosis of larval stages into primary polyps, concurrently bolstering their overall antioxidant 

capacity. These results highlight the potentially far-reaching impact of these metal complexes on 

fundamental cellular processes, particularly their capacity to influence the delicate balance of redox 

homeostasis.  

The observations made in this study open up exciting and previously unexplored avenues for the 

application of platinum complexes in the realm of regenerative biomedicine. The ability to stimulate 

stem cell proliferation and enhance antioxidant defences suggests that these complexes could play a 

pivotal role in tissue repair and regeneration strategies. Moreover, the capacity to modulate redox 

equilibrium underscores their potential therapeutic value in combating oxidative stress-related 

diseases.  
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2.3 Results and Discussion 

 
The two target molecules depicted in Figure 4 were obtained using different synthetic strategies that 

have in common the portion related to the synthesis of the tridentate ligand, which synthetic route in 

showed in Scheme 2.1. The selection of the tridentate ligand, pyC5CF3-tzH2, is strategically motivated 

by several factors11,12,33. Firstly, tridentate ligands offer a chelating unit with inherent rigidity due to 

the presence of the triazole rings. This rigidity, coupled with the strong ligand field exerted by the 

tridentate coordination, contributes to the stability and defined geometry of the resulting Pt(II) 

complexes. Secondly, the incorporation of CF3 groups on the triazole rings serves a dual purpose. 

These electron-withdrawing groups enhance the solubility of the ligand and the corresponding 

complex in organic solvents, facilitating synthetic handling. Additionally, through an inductive effect, 

the CF3 groups stabilize the highest occupied molecular orbital (HOMO), leading to an increased 

HOMO-LUMO energy gap. This electronic modulation can potentially influence the photophysical 

properties of the complexes, impacting their absorption and emission characteristics. Lastly, the 

inherent hydrophobicity of the CF3 groups is expected to promote self-assembly of the complexes in 

aqueous environments, a crucial aspect of our design strategy aimed at creating well-defined 

supramolecular architectures. 10 

 

Scheme 2.1. Synthesis of tridentate ligand 

For the ancillary ligand, we selected different kinds of substitutes. For compound A26 we decided to 

use pyridinium positively charged substitute, for compound B27 instead we decided to use a neutral 

ligand.  

It is known that pyridinium salts are recognized as potent phosphorescence quenchers due to their 

pronounced electron-withdrawing nature. Moreover, the investigation of supramolecular assembly 

and its correlation with luminescent properties was extensively studied previous in the research group. 

The amphiphilic nature of the designed complexes, with the hydrophobic Pt(II) core and the 

hydrophilic pyridinium headgroup, predisposes them to self-organization in aqueous environments. 

(Scheme 2.2) 

 
Scheme 2.2. Synthesis of the ancillary ligand for compound A 
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In order to fine-tune the solubility characteristics of the Pt(II) complexes, we employed pyridine 

derivatives functionalized with hydrophilic tetraethylene glycol (TEG) branches at the benzene 

moiety as ancillary ligands (compound B). This organic building block feature a coordinating 

pyridine unit substituted at the 4-position with an amide bond, which links 3,4,5-tris (tetraethylene 

glycolyl) to the pyridine, resulting in TEG chains with methyl groups at the end. Our synthetic 

approach commenced with the tosylation (Scheme 2.3.1) of terminally methyl (Me) protected TEG 

using tosyl chloride (TsCl) under basic conditions. The activated glycol chains were then transferred 

to a methyl-3,4,5-trihydroxybenzoate (MTB) moiety (Scheme 2.3.2), under basic conditions, 

exploiting the superior leaving group ability of the tosyl group compared to the hydroxy group. 

Subsequently, the selected moiety was coupled to the coordinative pyridine via amide bond formation 

(Scheme 2.3.3). This amide formation was achieved through two-step process. In the two-step 

approach, a base-mediated saponification of the methyl ester preceded the amide formation using an 

activating agent. Finally, the terminal groups of the TEG chains were deprotected to yield the desired 

ancillary ligands. 

 

Scheme 2.3. Synthesis of the neutral ancillary ligand 

For the complexation reaction, acetonitrile was chosen as solvent under inert conditions. However, 

the selection of an appropriate base was crucial. The base needed to be sufficiently strong to facilitate 

the deprotonation of the ligand while also possessing enough steric bulk to prevent its coordination 

to the platinum metal centre. Diisopropylethylamine (DIPEA) emerged as an ideal candidate, 

fulfilling both criteria with its high basicity (pKa å 11) and its bulky structure.  
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The synthesized ligands and their corresponding Pt(II) complexes were comprehensively 

characterized employing a suite of spectroscopic and spectrometric techniques. 1H, 13C, and NMR 

spectroscopy provided valuable insights into the structural integrity and purity of the compounds. 

Additionally, mass spectrometry, utilizing the electrospray ionization method, confirmed the 

molecular weights and provided further evidence of successful complexation. Detailed 

characterization data for ligands and complexes are presented in the experimental section of this 

thesis. 

 

Figure 2.6. Absorption spectra for Compound A and B (on the left side); Normalised Emission and Excitation spectra 

for compound A and B (Emission ɚ(ex): 420 nm using a 4 nm a band pass (slit); Excitation ɚ(ex): 600 nm; Pt(II) 

complexes in water at 5x10-5 M)34 

The spectroscopic characterization of compound A and compound C is reported in Figure 2.6. The 

absorption spectra of the compounds, recorded in aqueous solutions at a concentration of    5x10^-5 

M and at room temperature, exhibit a consistent profile (Figure 2.6). A band is observed in the high-

energy region at 224 nm. Additionally, two distinct bands are evident at lower energies. A shoulder 

accompanies these lower-energy bands, these transitions are primarily assigned to ligand-centred 

(¹LC) and metal-perturbed ligand-cantered states, reflecting the electronic structure of the complexes. 

Furthermore, a broad, less intense band appears between 350 and 500 nm. This band is attributed to 

metal-to-ligand charge transfer (¹MLCT) transitions, indicative of electronic communication between 

the platinum centre and the surrounding ligands. The emission and excitation spectra were recorded 

under identical conditions: water solution at room temperature and at the same concentration (5·10-

5M). The emission profiles reveal a broad, featureless band at 585 nm, characteristic of the aggregated 

form of these Pt(II) complexes, and attributed to MMLCT transitions, consistent with previous reports 

for similar compounds.  

 

Biological investigations 

To assess the potential toxicity of the platinum-containing complexes, we employed the Wilby 

method, a well-established assay for evaluating the impact of chemical compounds on Hydra 

vulgaris. This approach involved exposing groups of 10 Hydra to varying concentrations of each 

complex (2 ɛM, 20 ɛM, and 50 ɛM) under chronic conditions, maintaining continuous incubation for 
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up to 72 hours. A control group, housed in Hydra solution without any complex, was also included 

for comparison.29 Observations were conducted every 24 hours to monitor both the internalization of 

the fluorescent complexes and the overall health of the Hydra, as reflected in their morphology. The 

Wilby method assigns a numerical score to each observed morphology, ranging from 10 for an intact 

animal to 0 for a disintegrated one (Table 2.1). Generally, a score exceeding 5 is considered indicative 

of favourable health. This systematic assessment allowed us to correlate complex concentration with 

morphological changes, providing a quantitative measure of their potential toxicity. 

 

 
Table 2.1. Explanation WILBY score and some images related to Wilby test for compound A. 

 

This assay revealed the complete biocompatibility of compound A within the concentration range of 

2-20 ɛM even after continuous incubation for 72 hours. Conversely, no significant changes were 

observed for compound B. This led us to hypothesize that it was not efficiently internalized by the 

Hydra because is a neutral compound. (Fig. 2.7) Based on this finding, we adopted this concentration 

range for all subsequent experiments. The inherent simplicity of Hydra's anatomical structure and its 

transparency provided an excellent platform for investigating the internalization and biodistribution 

of these luminescent platinum compounds. As depicted in Figure 2.8, fluorescence microscopy of a 

polyp treated for 24 hours exhibited an intense yellow granular staining throughout the body, with a 

notable concentration at the tentacle and head regions. On the other hand, our hypothesis was 

confirmed because no fluorescence was observed for animals treated with compound B.  

 

 
Figure 2.7. Data of Wilby test 
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Figure 2.8. Images of Hydra treated with compound A (left) and compound B (right) acquired by confocal microscope. 

 

Elemental analysis via ICP-OES conducted on compound A-treated polyps revealed a platinum 

concentration of 10.65 ng per animal, unequivocally confirming the efficient internalization of the 

complex into the tissues. To gain deeper insights into the cellular uptake and distribution of compound 

A, we dissociated Hydra polyps into single-cell suspensions using maceration. This method enabled 

us to quantitatively assess the abundance of each cell type under physiological conditions and 

correlate any perturbations with compound A treatment. An adult Hydra polyp comprises 

approximately 20 distinct cell types, organized within a bilayer body structure, originating from three 

stem cell populations: endoderm, ectoderm (unipotent), and interstitial (pluripotent). Our analysis 

demonstrated that compound A was localized within epithelial cells situated on both ectodermal and 

endodermal layers, as well as within nematocytes on the tentacles.35 

 
 

Figure 2.9. A. General scheme of the bilayer tissue with simplified schematic representation of Hydraôs cells 

differentiation; B. Treated polyps were macerated into single cell suspension. Fluorescence microscopy shows 

fluorescent signals inside the cytoplasm of diverse cell type. 
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Strikingly, while monitoring the abundance of each cell type, we observed a pronounced effect of 

compound A on the interstitial stem cell (ISC) lineage.  Specifically, we detected a significant 

increase in the population of 1s+2s cells, representing the pluripotent stem cells.36 The density of 

these cells was markedly elevated in polyps treated with 20 ɛM of Pt(II) complex, and even more so 

with the lower 2 ɛM dose (density of 0.52 versus 0.38 in untreated controls). Intriguingly, the 

observation that the lower tested dose elicited a stronger effect supports the hormetic response to the 

Pt(II) complex. Hormesis is characterized by a biphasic dose-response relationship, where a low dose 

stimulates a beneficial effect, while higher doses may be inhibitory or toxic.  This phenomenon 

warrants further investigation to fully understand the complex interplay between Pt(II) complexes 

and cellular processes in Hydra. The remarkable increase in interstitial stem cells (ISCs) triggered by 

our Pt(II) complex exposure led us to investigate the expression of a pivotal gene involved in 

maintaining stem cell pluripotency, namely Hymyc1, a homolog of the proto-oncogene c-myc found 

in vertebrates. The MYC family36 of transcription factors orchestrates various aspects of cell 

physiology, including cell growth, cell cycle progression, and biosynthetic metabolism. 

Unsurprisingly, its dysregulated expression is implicated in many human cancers. In Hydra, Hymyc1 

is expressed within the ISC lineage and functions as a negative regulator of ISC self-renewal. Given 

these insights, we assessed Hymyc1 expression levels using quantitative real-time PCR (qRT-PCR) 

following a 5-hour exposure to platinum compound. Additionally, we evaluated the effect of a longer 

treatment period (16 hours) to capture any potential delayed responses. The histograms presented in 

Figure 2.10 unveiled a statistically significant downregulation of Hymyc1 levels. This decrease in 

Hymyc1 expression offers a plausible explanation for the observed promotion of ISC proliferation. 

 
Figure 2.10. Quantification Hymyc1 expression levels 

The substantial increase in interstitial stem cells (ISCs) induced by Pt(II) compound prompted us to 

investigate the intracellular redox status, recognizing its pivotal role in regulating crucial cellular 

functions. 37The treatment with the interested compound, led to a dose-dependent increase in total 

antioxidant capacity (TAC) and intracellular thiol levels, indicative of an activated antioxidant 

defence system. This suggests a mild stress-based adaptive response to compound A exposure, 

promoting cell survival and proliferation. As showed in Figure 2.11, gene expression analysis further 

supported this observation, revealing an upregulation of CuZnSOD and PPOD1, key genes involved 

in the oxidative stress response. Importantly, despite the observed redox alterations, this platinum 

compound did not induce oxidative damage to DNA or lipids, nor did it trigger apoptotic cell death, 

underscoring its biosafety at the tested dose. 
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Figure 2.11. Study of the antioxidant activity 

Subsequently, to acquire additional evidence regarding the reducing activity of Compound A, a 

straightforward functional assay was conducted, targeting a distinctive phylum-specific processð

nematocyst discharge. In brief, Hydra tentacles are equipped with nematocytes, which are 

mechanosensory cells composed of a hollow capsule (nematocyst) containing a long, eversible tubule 

(Fig. 2.12A). The presence of cysteine-rich domains within the nematocyst proteins facilitates 

discharge through redox reactions, leading to the release of neurotoxin and prey capture. Notably, 

following treatment with Compound A, fully fluorescent discharged nematocysts38 (identifiable by 

the external tubule) were observed at the bottom of the well containing the polyp (Fig. 2.12B), 

suggesting a direct impact on this cell type. Upon toluidine blue staining, the organization of 

nematocytes within Pt(II) complex-treated tentacles appeared markedly different from the highly 

organized structure of untreated tentacles. This revealed a severe depletion of nematocytes and a 

disorganization of the battery cells throughout the tentacles (Figure 2.12C-E,). This effect mirrored 

the impact of the reducing agent dithiothreitol (DTT) on tentacle structure (Fig. 2.12F), furnishing 

further evidence of the effect of Compound A on redox-controlled processes. 

  

 

Figure 2.12. Study of antioxidant capacity effect on nematocytes 
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The unique effects of this platinum compound in Hydra inspired us to investigate its potential 

influence on other organisms, particularly in modulating biological processes regulated by redox 

equilibrium.  We focus on starlet sea anemone Nematostella vectensis, an ideal model due to its 

readily accessible and observable developmental stages. The results obtained on this other modal 

organism confirm the surprising results obtained on Hydra. The summary of this investigation on 

Nematostella vectensis is reported below in Figure 2.13. Treatment of swimming planulae with 

compound A resulted in accelerated metamorphosis into primary polyps, with no apparent toxicity. 

Furthermore, the treatment increased total antioxidant capacity (TAC) and thiol levels in planulae, 

suggesting a mild modulation of ROS levels, without causing oxidative damage to DNA or lipids. 

(Figure 2.13E-13F) Interestingly, Pt(II) complex also decreased 5-hydroxymethylcytosine (5-hmC) 

pools, an epigenetic marker of development and aging, suggesting its involvement in the observed 

accelerated morphogenesis. 

 

 
Figure 2.13. A) Scheme of Nematostella development following embryogenesis; B) Compound A causes an acceleration 

of the planula/polyp transition, indicated by the significant increase of primary polyps, at all tested doses C-D) 

Representative images of developmental stages detected 6 days from untreated and treated planulae; E) Quantification 

of antioxidant capacity F) Evaluation of the thiol levels; G) Evaluation of the levels of 5-hmC. 

 

To confirm the role of self-assembly in these effects, we synthesized a non-assembling Pt(II) 

complex, depicted in figure 2.14.10 The synthetic strategy involved the incorporation of two 

adamantane groups into the tridentate ligand moiety. Consequently, the self-assembly process is 

hindered due to the substantial steric hindrance introduced. The full synthetic strategy step for rich 

the target compound and its characterization are reported in the experimental part of this work.  As 

expected, compound C did not affect the timing of metamorphosis (Figure 2.15). Moreover, only 

compound A, and not compound C, induced a slight increase in superoxide production, further 

supporting the hypothesis that the platinum compound that is able to self-assembly modulates 
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intracellular redox status and epigenetic patterns, leading to accelerated metamorphosis. 

 

 
Figure 2.14. Control compound 

Figure 2.15. Comparison between the effect of Compound A and Compound C on Nematostella 

In conclusion, our findings in Nematostella demonstrate that the influence compound A extends 

beyond Hydra, highlighting its potential to modulate redox-regulated biological processes in a 

broader context. This opens new avenues for exploring the applications of Pt(II) complexes in 

developmental biology and regenerative medicine.  

However, the results obtained from our initial investigations prompted us to explore a derivative of 

compound A, wherein structural modifications were introduced specifically at the ancillary ligand. 

The central concept behind this modification was to extend the carbon chain that bridges the pyridine 

moiety of the ancillary ligand and the pyridinium salt. This strategic alteration was motivated by two 

primary considerations. In the first instance, pyridinium salts are well-established as potent 

phosphorescence quenchers owing to their inherent electron-withdrawing character. By 

systematically modulating the length of the alkyl chain that links the pyridinium unit to the platinum 

complex, we aim to conduct a rigorous examination of how the spatial separation between the 

luminescent centre and the quencher impacts the system's emission properties in vivo on the model 

organism. It is hypothesized that such modulation of the spatial arrangement will yield valuable 

insights into the efficiency of energy transfer processes and their subsequent ramifications for the 

luminescence behaviour exhibited by these complexes. Based on these considerations, we would like 

to prove the behaviour of new compound (D)26, reported in Figure 2.16, in vivo to understand if we 

could replicate, and even improve, the results observed with compound A. 
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Figure 2.16.  Structure of compound D 

The synthesis of the tridentate ligand was consistent across all the compounds analysed previously. 

The ancillary ligand was obtained through a two-step reaction sequence, commencing from 

commercially available dibromoalkanes (Scheme 4). The initial step involved the deprotonation of 4-

picoline (pKa å 19) using lithium diisopropylamide (LDA, pKa å 36). LDA, a strong, non-

nucleophilic base due to its steric bulk, facilitates the formation of a resonance-stabilized carbanion 

at the picoline's 4-position. Subsequently, the dibromoalkane derivative is introduced into the reaction 

mixture, where it undergoes a double nucleophilic substitution with the deprotonated 4-picoline. The 

carbanion, being more reactive than the pyridine nitrogen, acts as the nucleophile in this 

transformation. The resulting di(pyridin-4-yl)alkane product is then purified via column 

chromatography using silica gel, prior to its reaction with iodomethane. One equivalent of 

iodomethane is employed to selectively generate the mono-alkylated product 4, which is subsequently 

isolated and purified by column chromatography. Notably, this latter purification step was performed 

using alumina as the stationary phase, since the high polarity of silica gel precluded successful 

purification. It is crucial to emphasize that both steps in this reaction sequence necessitate an inert 

atmosphere. This precaution is essential because strong bases like LDA are highly sensitive to 

moisture, and iodomethane is inherently unstable and prone to reaction with water. 

 
Scheme 2.4. Synthetic strategy for the ancillary ligand 
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The synthesized ligand and its corresponding Pt(II) complex were subjected to comprehensive 

characterization utilizing a suite of spectroscopic and spectrometric techniques.  ¹H and ¹³C NMR 

spectroscopy furnished valuable insights into the structural integrity and purity of the compound. 

Furthermore, mass spectrometry, employing electrospray ionization, corroborated the molecular 

weight and provided additional evidence supporting the successful formation of the complex. 

Exhaustive characterization data pertaining to both the ligand and the complex are meticulously 

documented within the experimental section of this thesis. 

 

Figure 2.17. A. Absorption spectra of Pt(II) complexes in water at 5x10-5 M; B.  Emission ɚ(ex): 420 nm using a 4 nm a 

band pass (slit); C. Excitation ɚ(ex): 600 nm of Pt(II) complexes in water at 5x10-5 M. 

Once compound D was synthesized and characterized, we proceeded to test it on the two model 

organisms utilized in this study: Hydra vulgaris and Nematostella vectensis.  

Firstly, we would test the possible toxicity of this new compound, for this reason we repeat the same 

experiment model based on Wilby method: different groups of 10 Hydra were treated with different 

concentrations of Compound D (2 ɛM, 20 ɛM, and 50 ɛM) under chronic conditions, maintaining 

continuous incubation for up to 72 hours. A control group was included in the experiment for 

comparison. Also in this case, the results obtained (Figure 2.18A) showed that Compound D is safe 

up a concentration of 20 µM. Figure 2.18 illustrates that fluorescence microscopy (Fig. 2.18B)39 of a 

polyp subjected to a 24-hour treatment revealed a pronounced yellow staining distributed throughout 

the organism, with a particularly high intensity observed in the tentacle and head regions. Once we 

figure out that the compound D doesnôt show a toxic behaviour we decided to investigate if could 

have any negative effects on Nematostella vectensis. We carried out a treatment with two different 

concentrations of compound D on different groups of planulae in order to see if we can have the same 

beneficial effect of compound A. The results show that also the compound D is able to upregulate the 

metamorphosis of planulae into primary polyps (Figure 2.18C).  
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Figure 2.18. Investigation of compound D on Hydra and Nematostella 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



44 

 

2.4 Conclusion 

 
In this work different amphiphilic Pt(II) complexes were synthesized and fully characterized. Even if 

this compound were previously studied by the research group in order to investigate their behaviour 

in different media, the novelty of this part of the work was related to the study of this water-soluble 

compound and their self-assembly in vivo model organisms, Hydra vulagaris and Nematostella 

vectensis.  

The obtained results present a discovery rooted in a novel strategy that stimulates redox signalling 

and increases cell proliferation. This approach leverages the unique properties of self-assembled 

Platinum complexes, which exhibit both biocompatibility and redox reactivity. Beyond their 

exceptional optical attributes, facilitating imaging and autonomous tracking, these complexes have 

demonstrated the ability to bolster cell proliferation in Hydra and promote the larva-to-adult transition 

in Nematostella. These findings not only reveal unexpected biological phenomena but also underline 

the promising biomedical potential of such metal-based compounds, showing, for the first time, their 

therapeutic efficacy. 
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2.5 Experimental Section  

 
1H, 13C Nuclear magnetic resonance (NMR) spectra were recorded on a Bruker Avance 400 

spectrometer. The 1H NMR chemical shifts (ŭ) are given in ppm and refer to residual protons of the 

corresponding deuterated solvent. All deuterated solvents were used as received without any further 

purification. Signal splitting is described as singlet (s), doublet (d), triplet (t), multiplet (m). Coupling 

constants (J) are given in Hertz (Hz). Absorption spectra were measured on a Shimadzu UV-3600 

spectrophotometer double-beam UVïVISïNIR spectrometer and baseline corrected. Quartz cuvettes 

with path length of 10.0 mm were used for the recording of UV-Vis absorption spectra. The steady-

state emission spectra were recorded on a HORIBA Jobin-Yvon IBH FL-322 Fluorolog 3 

spectrometer equipped with a 450 W xenon arc lamp as a source of exciting light which passes 

through a monochromator (2.1 nm/mm dispersion; 1200 grooves/mm) and is directed to a reference 

detector and to the sample. Dynamic light scattering (DLS): the measurements were conducted on a 

Delsa Nano C Particle Analyzer (Beckman Coulter, operative wavelength 655 nm). Scanning electron 

microscopy (SEM) images were recorded with SEM-EDS JSM-IT500 LV of JEOL Spa (Italia) with 

an acceleration voltage of 20 kV.  

Synthesis of 2,6-bis(3-(trifluoromethyl) -1H-1,2,4-triazol -5-yl)pyridine (3)1:   

 

Pyridine-2,6-dicarbonitrile (1g, 1 eq.) was dissolved in EtOH (28 mL). To this, Hydrazine 

monohydrate (65%, 10 eq.) was added, which led to an immediate precipitation. The reaction mixture 

was stirred for 24h at room temperature and subsequently the solvents were evaporated in vacuo to 

obtain a white solid, which in turn was dissolved in trifluoroacetic acid (50 mL). This mixture was 

heated to 80°C for 18 h and afterwards concentrated in vacuo. Ethylene glycol (50 mL) was added, 

and the mixture heated to 140 °C for 2h. After cooling down to room temperature, the product was 

precipitated in an excess of water and filtered. The subsequent recrystallization from acetone yielded 

pure crystals.  

1H NMR (400 MHz, CD2Cl2): ŭ 13.69 (s, 2H), 8.31 (d, J = 7.8 Hz, 2H), 8.14 (t, J = 7.5Hz, 1H).  

HR-ESI-MS (negative scan, m/z): [M-H]-calcd. 677.0566; found 677.0559. 

Synthesis of PtCl2(DMSO)2 

K2PtCl4 (3000 mg,0.722 mmol) was dissolved in 50 mL of deionized water. The mixture appears red 

and transparent. Then, DMSO (2,97 mL, 3.4 mmol) was added to the mixture reaction. The reaction 

was stirred at room temperature. After 1 hour and half a light-yellow precipitated is formed. The 

product was filtrated and washed with H2O. The product is a light-yellow solid obtained with a 

quantitative yield. 

Elemental analysis: Calculated: C 11,39%, H2,86% - Founded: C 11,42%, H 2,80%. 
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Synthesis of 1-methyl-4-(2-(pyridin -4-yl)ethyl)pyridin -1-ium iodide 

 

 

1,2-di(pyridin-4-yl)ethane (147 mg, 0.8 mmol) and CH3I (912 mg, 6.4 mmol) are added to a 100 mL 

flask in 15 mL of ethylacetate at 50°C for one hour and half. The desire product is expected to be 

insoluble in the solvent. The solid were filtered and washed with ethylacetate and dried. A solid light 

yellow is obtained (169,1 mg). (Yield 64,8%) 

1H NMR (300 MHz, CDCl3) ŭ: 9.09 (d, J = 6.5 Hz, 5H), 8.53 (d, J = 6.0 Hz, 4H), 7.85 (d, J = 6.7 Hz, 

5H), 7.14 (d, J = 5.7 Hz, 4H), 4.63 (s, 7H), 3.27 (t, J = 7.4 Hz, 5H), 3.08 (t, J = 7.7 Hz, 4H). 

Data according to literature.26 

Synthesis of COMPOUND A  

 

In a 1-neck flask, under Nitrogen atmosphere, compound 1 (180.8 mg, 0.518 mmol) were dissolved 

in 20 mL of ACN, then was added compound 2 (169.1 mg, 0.518 mmol) and PtCl2(DMSO)2. The 

mixture was kept under constant stirring and then DIPEA (134.1 mg, 1.036) was added.  The mixture 

was heated to 65°C and kept under stirring overnight.  The solvent was removed under vacuum. The 

crude was washing using a mixture of DCM:EtOH : 90:10. Further purification werenôt required, we 

obtained 140 mg of orange solid. (Y=30,8%) 

1H NMR (300 MHz, DMSO) ŭ: 9.19 (d, J = 5.8 Hz, 1H), 8.86 (dd, J = 21.3, 9.6 Hz, 2H), 8.41 (dd, J 

= 39.1, 12.7 Hz, 2H), 8.35 ï 8.13 (m, 1H), 8.05 (dd, J = 16.5, 7.8 Hz, 2H), 7.85 (t, J = 8.5 Hz, 1H), 

7.73 (d, J = 5.9 Hz, 1H), 7.29 (d, J = 5.1 Hz, 1H), 4.47 ï 4.05 (m, 3H), 3.29 ï 2.80 (m, 3H). 

13C NMR (126 MHz, DMSO) ŭ: 163.97, 160.54, 154.64, 152.26, 151.57, 151.21, 149.95, 148.09, 

145.68, 144.73, 142.92, 127.86, 126.74, 126.08, 123.99, 123.26, 121.19, 119.45, 119.24, 118.86, 

117.07, 47.61, 33.96, 33.69. 

HR-ESI-MS (negative scan,m/z): [M-H]-calcd. 742.54; found 741.54 
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Elemental analysis: [Calculated]: C=33.19%,H=2,09%,N=14,52%,  [Found]: 

C=32,22%,2,69%,N=13,08%. 

 

 

 

 

 

 

 

 

 

 

 

Synthesis of 2,5,8,11-tetraoxatridecan-13-yl 4-methylbenzenesulfonate 

 

In a 1-neck flask tetraethylene glycol mono methyl ether (5.2 g, 25 mmol) was dissolved in THF (25 

mL), separately NaOH (1.7 g, 42.5 mmol) was dissolved in water (5 mL) and cooled to 0°C and added 

to the solution of tetraethylene glycol. The solution was under constant stirring. The reaction mixture 

was kept at 0 °C and p-toluenesulfonyl chloride (TsCl, 6 g, 32 mmol) dissolved in THF, was carefully 

added. The reaction mixture was allowed to heat to room temperature and stirred overnight. The 

reaction was monitored by TLC (3:2 = Hex:AcOEt). The crude reaction mixture was concentrated 
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and subsequently two times extracted with DCM. The combined organic layers were dried over 

Na2SO4 and all volatiles were evaporated in vacuo. The product was a colourless viscous liquid (8,83 

g, 24.3 mmol, 97,3%). Data according to literature.40 

Synthesis of Ts-O-TEG-O-Me 

 

 

In a 2-neck flask, under nitrogen atmosphere, were added in the following order K2CO3 (811 mg, 5.9 

mmol) in dry DMF (20 mL), methyl 3,4,5-trihydroxybenzoate (MTB, 200 mg, 1.09 mmol), the 

mixture was heated to 70°C. After 10 min Ts-O-TEG-O-Me (1135 mg, 3.26 mmol) was added to 

solution and the mixture was stirred for 18 h.  Water was added and the crude reaction mixture was 

extracted with DCM. The organic layers were washed with water as well as brine and subsequently 

dried over Na2SO4. After evaporation of the solvents, the brown product was used without further 

purification. 

HR-ESI-ToF-MS (positive scan, m/z): [M+Na]+ calcd. 777.4329; found 777.4382.  

Synthesis of ancillary ligand for COMPOUND B 

 

In a 2-neck flask, under nitrogen atmosphere, were added in the following order dry THF (1 mL), 4-

aminopyridine (5.3 mg, 0.056 mmol) and compound 2 (50 mg, 0.051 mmol). The mixture was stirred 

for 2 hours. The solvents were evaporated and the crude product subject to column chromatography 

(Silica, DCM:MeOH = 90:10)) yielding a colourless viscous liquid (55 mg, 0.067 mmol, 76%). 

1H NMR (400 MHz, CD2Cl2, ppm) ŭ 9.16 (s, 1H), 8.53 (s, 2H), 7.77 (s, 2H), 7.33 (d, J = 8.5 Hz, 2H), 

4.26 (m, 6H), 3.63 (m, 48H), 3.37 (s, 3H), 3.32 (s, 6H).  

HR-ESI-ToF-MS (positive scan, m/z): [M+H]+ calcd. 817.4329; found 817.4382.  
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Synthesis of N',N'''-(pyridine-2,6-diylbis(iminomethylene))bis(adamantane-1-

carbohydrazide):  

Compound 2 was synthesized as reported previously for compound 3 (see above). 

 

 

A flame-dried, argon-purged Schlenk tube, was loaded with compound 2 (1,00 g, 5.2 mmol) and 

sodium carbonate (1.21 g, 11,44 mmol). The Schlenk tube was gently heated and refilled with argon. 

Once it was cooled to rt, dry DMF (32 mL) was added and the mixture was cooled to 0°C. In a 

separately Schlenk tube, a 1-adamantanecarbonyl chloride (2,00 g, 10.4 mmol) was dissolved in 12 

mL of dry DMF and then was slowly added to the cooled suspension under strong stirring. The 

reaction was warmed to room temperature and was kept under constant stirring overnight. Then the 

reaction volume was doubled by the addition of water and the resulting suspension was strongly 

stirred for 1.5 hour and then filtered and washed by water. The yellow solid 7 was dried under vacuum 

and used without further purification for the next step (2.24 g, 84% yield). 

Synthesis of 2,6-bis(3-adamantan-1-yl)-1H-1,2,4-triazol -5-yl)pyridine:  

 

 

Compound 7 (1,00 g) was suspended in ethylene glycol in a 1 mL/100 mg ratio in an open round-

bottom flask. and the resulting suspension heated to 180 °C. Once the solution was clear, the reaction 

mixture was heated under reflux for an additional hour. After the reaction mixture was cooled to rt, 

the product was precipitated with water and stirred strongly for 1 h. The white solid 8 was filtered 

off, washed with water and dried under vacuum (670 mg, 72% yield).  

1H NMR (300 MHz, CD2Cl2): ŭ 8.52 (s, 2H), 8.16 (d, J = 7.7 Hz, 2H), 7.91ī7.85 (m, 1H), 2.41-2.08 

(m, 18H), 1.77ī1.64 (m, 12H) 

13C NMR (75 MHz, CD2Cl2) ŭ: 151.44, 148.04, 139.63, 119.22, 61.03, 42.11, 32.22, 29.85 

ESI-MS m/z: calculated 481.30; found 482.72 [M+H]+ 
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Synthesis of compound C 

 

In a 2-neck flask, under nitrogen atmosphere, compound 8 (150 mg, 0.311 mmol) was dissolved in 

15 mL of ACN, then compound 5 (101.7 mg, 0.311 mmol) and PtCl2(DMSO)2. (131.4 mg, 0.311 

mmol) were added. The mixture was kept under constant stirring and then DIPEA (80.54 mg, 0.622 

mmol) was added.  The mixture was heated to 65°C and kept under stirring overnight. The crude was 

purified using an alumina column (eluent mixture from 90:10 = DCM : MeOH to 0:100 = DCM : 

MeOH). The desired product  was obtained as an orange solid (140 mg, 31% yield). 

1H NMR (300 MHz, DMSO-d6) ŭ: 8.90-8.86 (m, 3H), 8.68 (d, J = 6.5 Hz, 1H), 8.48 (d, J = 5.7 Hz, 

1H), 8.08-8.01 (m, 3H), 7.73 (dd, J = 14.1, 7.9 Hz, 1H), 7.50-7.43 (m, 1H), 7.31 (d, J = 5.2 Hz, 1H), 

4.29 (s, 3H), 3.30 (s, 24H), 3.18-3.05 (m, 4H), 2.53 (s, 2H), 2.05-2.02 (m, 4H), 1.77 (d,  J = 9.2 Hz, 

2H) 

13C NMR (126 MHz, DMSO-d6) ŭ: 170.95, 162.66, 160.67, 153.56, 153.44, 149.84, 148.96, 145.58, 

145.48, 127.79, 126.02, 125.07, 42.75, 42.01, 36.87, 35.16, 34.97, 34.43, 34.30, 33.98, 33.45, 29.36, 

28.36 

ESI-MS m/z: calculated 873.37; found 873.76 [M]+ 

Elemental analysis for C42H48F6IN9Pt: Calculated: C 50.40%, H 4,83%, N 12,59%; Found: C 50,28%, 

4.77%, N 12.67% 

Synthesis of 1,12-di(pyridin -4-yl)alkane: 

 

To a 2.0 M solution of lithium diisopropyl amide in a mixture THF/heptane/ethylbenzene (9.5 mL, 

2.2eq) at -78°C was added dropwise 4-picoline (2.14 mL, 2.2 eq) and the reaction medium was stirred 

for 1 hours. The dibromododecane (25g , 1 eq) was then added at -78°C and stirred for 24 h at room 

temperature. Deionized water (100 mL) was added and the mixture was transferred into an extraction 

funnel, extracted with 3×100 mL of diethylether and dried over magnesium sulphate. The mixture of 

solvents was removed under reduced pressure and the product didnôt required further purification.  
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Synthesis of 1-methyl-4-(n-(pyridin -4-yl)acyl)pyridin -1-ium iodide: 

 

 

 

To a solution of 1,2-di(pyridin-4-yl)alkane  (6.7 mmol, 1eq) in chloroform (21.7 ml) was added 

slowly iodomethane (950 µL, 6.7 mmol, 1eq) and the reaction mixture was stirred at room 

temperature for 24 h. Chloroform was then removed under reduced pressure. The crude was 

characterized by 1HNMR, according to the NMRôs spectra we got the doble methylation so for this 

reason we need to repeat the reason for obtaining the desire compound.  The product was obtained 

according to literature.26 

1H NMR (400 MHz, CDCl3) ŭ [ppm]= 9.15 (2H), 8.46 (2H), 7.82 (2H), 4.36 (3H) 2.88 (2H), 2.59 

(2H), 1.63 (2H), 1.60 (4H) 1.24 (12H) 

 

Synthesis of compound D  

 

 

A solution of 2,6-bis(3-(trifluoromethyl)-1H-1,2,4-triazol-5-yl)pyridine (0.68 mmol, 1 eq), 

PtCl2(DMSO)2 (0.68 mmol, 1 eq) and DIPEA (1.5  mmol, 2.2 eq) were in acetonitrile was stirred and 

heated up to 50°C for 10 minutes. The compound TP68 (0.68 mmol, 1 eq) was then added and the 

media was stirred at 50°C overnight. The crude was dried under reduced pressure and was purified 

using basic alumina (eluent: DCM 96-90: MeOH 4-10). Data confirmed by literature.26 

1H NMR (400 MHz, MeOD) ŭ [ppm]= 8.77 (2H), 8.54 (2H), 7.94 (2H), 7.74 (1H), 7.05 (2H), 6.80 

(2H), 4.36 (3H), 2.95 (2H) 2.61 (2H),1.76 (2H), 1.63 (2H), 1.35 (20H);  
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13C NMR (75 MHz, MeOD) ŭ [ppm]= 164.9, 164.1, 157.8, 152.8, 152.6, 152.4, 148.1, 146.0, 

144.6,127.0, 122.1, 119.4, 36.6, 36.11, 31.0, 30.9, 30.8, 30.8, 30.7, 30.7, 30.6, 30.6, 30.5, 30.4, 30.3 

 HR-ESI-MS (m/z): [M+H]+ calculated 909.3112; found 909.3175 

 

BIOLOGICAL ASSAY  

Animal culturing and in vivo experiments 

Hydra vulgaris (strain Zurich, originally obtained by P. Tardent, Zurich, Switzerland) were asexually 

cultured in Hydra medium (1 mM CaCl2 and 0.1 mM NaHCO3, pH 7), according to the method of 

Loomis and Lenhoof 32. Polyps were fed three times per week with freshly hatched Artemia salina 

nauplii and kept at 18 ± 1 °C with a 12:12 h light: dark regime. Polyps from a homogeneous 

population starved for 24 h were selected for all the experiments, performed at 18 °C. In a typical 

experiment of toxicological evaluation and internalization, 10 polyps were treated continuously with 

increasing doses of compound A (ranging from 2 to 100 µM) in a plastic multiwell. During 

incubation, polyps were monitored in vivo at regular interval of 24 h and up to 72 h by fluorescence 

microscopy (Olympus SZX7) and the morphological alterations were quantified using a numeric 

score. We selected the lowest doses and treatment period for further experiments.  

Imaging and tissue analysis 

Confocal images and 3D optical section were collected on whole fixed animals. Animals were 

anaesthetized in 2% urethane in Hydra medium for 2 min. The relaxed polyps were fixed with PFA 

4%, washed with Hydra medium and mounted on microscope slides in Glycerol 50% in PBS (8 g/l 

NaCl; 0.2 g/l KCl; 1.44 g/l Na2HPO4.7H2O; 0.24 g/l KH2PO4). For tissue sectioning, treated 

animals were fixed as previously described, soaked overnight in 30% sucrose in PBS and then 

embedded in the frozen section medium OCP (Richard-Allan Scientific). Cryo-sections of 10 ɛm 

thickness were obtained by a cryostat (Leitz, digital 1760), collected on gelatine coated slides 

(Superfrost microscope slides, Menzel) and mounted in PBS/Glycerol 50% (Sigma) before imaging.  

Hydra maceration and cell distribution analysis 

For analysis of cell type distribution, group of 5 polyps were treated 5 h with different concentration 

of compound A, cultured for 16 h in Hydra medium and then macerated to obtain a single-cell 

suspensions as described 12. The obtained single-cell suspensions were fixed with 4% 

paraformaldehyde and spread on slides. For cell nuclei detection cells were labelled with 49,6-

diamidino-2- phenylindole dihydrochloride (DAPI) 0,25 mg/L before mounting. After extensive 

washing in PBS (NaCl 137 mM, KCl 2.7 mM, Na2HPO4 10 mM, KH2PO4 1.8 mM) cell suspensions 

were observed by a fluorescence inverted microscope (Axiovert 100, Zeiss, JENA, Germany) 

equipped with a digital colour camera (Olympus, DP70). The software system Cell F (Olympus) was 

used for imaging acquisition and analysis. To quantify cell type distribution, the number of single and 

pairs interstitial stem cells (1S+2S), nests of four ïsixteen proliferating or differentiating 

nematoblasts (4s-16s), gland cells, neurons and epithelial cells (EPI) were scored. An average of 600 

EPI cells was counted, per condition. Data are representative of three independent biological replicate 
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and are reported as ratio relative to total epithelial cell counted. Untreated samples were also 

quantified using the same techniques. 

Asexual reproduction rate analysis 

Animals (four polyps with one bud) were treated with 2, 20 µM of compound A for 24 h, washed and 

placed in 12-well plate (1 animal/well). Control polyps at the same developmental stage were not 

treated. Both treated and untreated Hydra were fed once daily for 14 days. The growth rate constant 

(k) of an exponentially growing group of animals was determined according to Bosch and David 33. 

K was determined from ln(n/n0) = kt, where n is the number of animals at time t and n0 the number 

of founder animals at t0.  Three independent experiments were conducted for each growth rate.  

Nematocyte distribution in tentacles  

Nematocyte distribution was evaluated by toluidine-blue staining 35. Polyps were relaxed for 1 min 

in 2% urethane in Hydra medium and fixed by pouring 99.5% ethanol. After 5 min polyps were 

rehydrated through an ethanol series, rinsed 3 times in distilled water and stained 1ô with 0.05% 

toluidine blue in 10 mM TrisïHCl (pH 7.5). Following extensive washes polyps were dehydrated 

stepwise with 50, 75, and 95% ethanol and twice in 100% ethanol. Polyps were finally cleared in 

xylene and mounted in DPX, a non-aqueous mounting medium. Stained tentacles were observed 

under bright field and phase-contrast microscopy (Axiovert 100, Zeiss) equipped with a digital colour 

camera (Olympus, DP70).  

Analysis of DNA modifications  

Oxidative DNA damage, namely the levels of 8-hydroxy-2ǋ-deoxyguanosine (8-OHdG) were 

measured using EpiQuik 8-OHdG DNA Damage Quantification Direct Fluorometric Kit (Epigentek, 

USA) according to the manufacturerôs instructions. Briefly, DNA was extracted from Hydra vulgaris 

and Nematostella vectensis in each experimental condition (200 ng) and subjected to 8-OHdG content 

analysis. 5-Hydroxymethylcytosine (5-hmC) was measured using MethylFlash Global DNA 5-

Hydroxymethylation ELISA Easy Colorimetric Kit (Epigentek, USA) according to the 

manufacturerôs instructions. Briefly, DNA was extracted from Nematostella vectensis in each 

experimental condition (40 ng) and subjected to 5-hmC content analysis. Data were normalized to 

untreated animal samples. 

Total Antioxidant Capacity (TAC)  

Total Antioxidant Capacity was determined in homogenized Hydra and Nematostella cell extracts 

using Total Antioxidant Capacity Assay Kit (Sigma Aldrich, USA) according to manufacturerôs 

protocol. Protein Mask Reagent was used to prevent Cu2+ reduction by proteins, enabling the analysis 

of only the small molecule antioxidants. The results were normalized to untreated control animals. 

Thiol level assay 

Thiol levels were determined in homogenized Hydra and Nematostella cell extracts using 

Fluorometric Thiol Quantitation Kit (Sigma Aldrich, USA) according to manufacturerôs protocol. 

The results were normalized to untreated control animals. 

 



54 

 

Superoxide determination 

The analysis of superoxide levels was assessed using dihydroethidium (DHE) fluorogenic probe 

(InvitrogenÊ, USA) after 20 min incubation of samples at 4°C. Fluorescence was read at 

518ex/605em using a Tecan Infinite® M200 fluorescence mode microplate reader. The results were 

normalized to untreated control animals. 

DNA fragmentation associated with apoptotic cell death. 

The apoptotic DNA fragmentation was determined in fixed Hydra cells using DeadEndÊ 

Fluorometric TUNEL System (Promega, USA) according to manufacturerôs protocol. The cells were 

then stained using DAPI mounting solution. The fluorescein-12-dUTP-labeled DNA was visualized 

using fluorescence microscopy (BX61 Olympus) and CellF software. The nuclei with/without 

fluorescein-12-dUTP-labeling were scored and expressed as % of total analysed cells.  

Nematostella vectensis culture and gametogenesis induction 

Nematostella adult polyps were cultured in Nv medium (one-third artificial seawater made by diluting 

sea waters (30 g/L of Optimum Sea professional salt mix, Wave) in distilled water (1:3 v/v, pH 7.5ï

8.0) at 18°C in the dark and fed three times a week with freshly hatched Artemia salina nauplii. 

According to an established method 36, gametogenesis was induced in adult male and female polyps 

kept in separate beakers by increasing the temperature at 24°C and exposure to light for 16 h. To 

achieve synchronized developmental stages, spawned eggs and sperms were transferred to a Petri 

dish and mixed for in vitro fertilization. Swimming planula larvae were collected 3 days post-

fertilization (p.f.) 

Nematostella treatments  

Nematostella embryos 3 h p.f. or swimming planulae 3 days p.f were treated with platinum complexes 

(2, 20 and 50 µM). In a typical experiment, 50 embryos and 150 swimming planulae for condition 

were treated 3 h with compound A, then carefully and extensively washed with Nv medium and 

allowed to develop at 18ºC. To quantify the metamorphosis rate, for each condition the total number 

of primary polyps, late planula and swimming planula was counted 6 days p.f, using a 

stereomicroscope (Olympus SZX7). Data are reported as the mean percentage of primary polyps upon 

the total of animals. Embryos and planulae were treated with the control compound C using the same 

experimental design and the reported data are representative of two independent biological replicates.   

ICP-AES 

The amount of Pt internalized by the animals was quantified by inductively coupled plasma atomic 

emission spectroscopy (ICP-AES) using a Shimadzu ICPE-9800 with mini plasma torch in axial 

reading mode. The calibration was performed using a Pt standard for atomic spectroscopy (Sigma-

Aldrich) and Ytterbium as an internal standard (calibration curve between 10 ɛg/l and 5 mg/l). Pt was 

detected through the optical emission line at 214 nm, the corresponding detection limit was estimated 

at 50 ɛg/l. Solutions containing 800 polyps incubated with the Pt compounds for 24h were 

mineralized 55 °C in 65% HNO3 overnight and diluted in MilliQ water prior to analysis. 
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Toxicological analysis 

Hydra and Cnidaria species represent well known biological indicator of water pollution, due their 

high sensitivity to the presence of organic and inorganic compound contaminating the external 

medium. Chemicals may severely affect the soft Hydra tissue, resulting in both behavioural response 

(contractions, elongation) and damage of cells, tentacles and body tissues. We used a morphometric 

approach to evaluate the effect of Compound A exposure as straightforward toxicological endpoint, 

based on numerical scores to describe morphological alterations. The test originally developed to 

assess the toxic effect of organic compounds on Hydra4-9 is based on monitoring the animal 

morphology after addition of a test compound to the medium bathing living animals, and for the 

quantification a numerical score is assigned to each specimen, from 10 (healthy animal) to zero 

(disintegrated animal). Dose-response curves were determined in the range of 2-100 µg mL-1 in 

chronic condition from 1 h up to 72 h. 
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3. Synthesis of dinuclear transition metal complexes as 

mimic of natural enzymes 

3.1 General Introduction 

 
The human body is a complex network of interconnected systems that function in harmony to 

maintain life. At the cellular level, a delicate balance exists between the production of reactive oxygen 

species (ROS) and the body's antioxidant defences. ROS, such as superoxide radicals, are generated 

as byproducts of normal cellular metabolism, and while they play essential roles in various 

physiological processes, their excessive accumulation can lead to oxidative stress that consist in a 

state of imbalance between ROS production and antioxidant capacity. This overproduction of 

oxidative products and depletion of oxygen has been implicated in a wide array of pathological 

conditions, including neurodegenerative diseases, cancer, cardiovascular diseases, and aging. The 

first actor against the oxidative stress is the superoxide dismutase (SOD)1 enzyme, a critical 

antioxidant that catalyses the dismutation of the superoxide radical (O2
ī) into hydrogen peroxide 

(H2O2) and molecular oxygen (O2). Exploring the structural and functional diversity of this class of 

enzyme, their significance in maintaining redox homeostasis and their implications in health could 

be an important point for avoiding many diseases. 

Structural and Functional Diversity of SOD 

SOD is not a single entity but a family of metalloenzymes with distinct metal cofactors at their 

active sites. Each isoform is tailored to specific cellular compartments2, enabling them to neutralize 

superoxide radicals generated in different locations. There are known three different isoforms, 

SOD1 that have copper and zinc as cofactors, SOD2 in which is present manganese as metal 

cofactor and SOD3 that has a similar catalytic portion of the isoform SOD1 composed by copper 

and zinc.3 

 

Figure 3.1. A) Genomic organization of the three known members of the human SOD enzyme family;2 B) Distribution 

of the SOD enzyme family in the cell compartments4 - (Images reproduced with permission)  
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Copper-Zinc SOD (CuZnSOD or SOD1) is primarily located in the cytosol and nucleus of the cells, 

and is a homodimer with a copper and zinc ion at each active site. Its strategic localization enables it 

to neutralize superoxide generated during normal cellular metabolism, such as in the electron 

transport chain, and in response to various stressors, including radiation, toxins, and inflammation. 

The copper ion in SOD1 acts as the primary redox-active centre, cycling between Cu(II) and Cu(I) 

during the catalytic cycle. The zinc ion plays a structural role, stabilizing the active site and facilitating 

the binding of superoxide.5 

Instead, Manganese SOD (MnSOD or SOD2) is found exclusively in the mitochondrial site. This 

isoform is a homotetramer with a manganese ion at each active site. Mitochondria are the 

powerhouses of the cell, responsible for generating ATP through oxidative phosphorylation. 

However, this process also generates significant amounts of superoxide as a byproduct. MnSOD acts 

as a crucial guardian, protecting mitochondria from oxidative damage and ensuring their proper 

function. The manganese ion in MnSOD, like the copper ion in CuZnSOD, cycles between Mn(III) 

and Mn(II) during the catalytic cycle. 

Extracellular SOD (EC-SOD or SOD3) is predominantly localized in the extracellular space. From a 

structure point of view, EC-SOD is a tetramer with a copper and zinc ion at each active site and the 

catalytic mechanism is similar to those of CuZnSOD. It is found in various tissues, including the 

lungs, blood vessels, and kidneys. EC-SOD acts as a first line of defence against extracellular 

superoxide, protecting tissues from oxidative injury caused by environmental pollutants, 

inflammatory cells, and other sources.  

The catalytic mechanism of all SOD isoforms, as shown in Scheme 3.1, involves a ping-pong reaction 

where the metal cofactor cycles between reduced and oxidized states. The superoxide radical, that is 

a negatively charged free radical, generated as a byproduct of various cellular processes, including 

mitochondrial respiration and immune cell activation, is able to initiate chain reactions and generate 

other reactive oxygen species (ROS) poses a significant threat to cellular integrity. Superoxide 

dismutase (SODs) play an indispensable role in maintaining the delicate balance of cellular redox 

homeostasis. From a mechanical point of view, the superoxide radical donates an electron to the 

oxidized metal cofactor, reducing it while being converted to molecular oxygen. Subsequently, 

another superoxide radical donates an electron to the reduced metal cofactor, oxidizing it back to its 

original state and generating hydrogen peroxide (H2O2). Although less reactive than superoxide, 

hydrogen peroxide can still be harmful, and it is further detoxified by enzymes such as catalase and 

glutathione peroxidase. 
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Scheme 3.1. Investigated reaction mechanism for the dismutation by CuZnSOD- Images reproduced by permission5 

 

Superoxide dismutase (SODs) play an indispensable role in maintaining the delicate balance of 

cellular redox homeostasis. By catalysing the dismutation of the superoxide radical (O2Å
-), a highly 

reactive and potentially damaging molecule, SODs act as a crucial line of defence against oxidative 

stress. In addition to their direct role in superoxide detoxification, SODs also indirectly regulate the 

formation of other potent ROS, such as peroxynitrite (ONOO-). Peroxynitrite is generated through 

the reaction of superoxide with nitric oxide (NOÅ), and its accumulation can have deleterious effects 

on cellular function. By efficiently scavenging superoxide, SODs effectively limit peroxynitrite 

formation, thereby contributing to cellular redox balance and protecting against oxidative stress. 

Disruption of SOD function has been implicated in a wide range of pathological conditions,6,7 

including neurodegenerative diseases, cardiovascular disorders, and cancer. For this reason, SODs 

serve as key regulators of cellular redox homeostasis by catalysing the dismutation of superoxide, a 

potent ROS. The crucial role of SODs in maintaining cellular health and organism viability is 

evidenced by their ubiquitous presence in aerobic species and the pathological consequences 

associated with their dysfunction. 1 

 

 

Figure 3.2. Biochemical effects of superoxide generation  

Understanding the molecular mechanisms underlying SOD activity and their role in redox signalling 

pathways8 is an active area of research that holds promise for the development of novel therapeutic 
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strategies for oxidative stress-related diseases.9,10 For instance, reduced SOD activity and increased 

oxidative stress have been observed in neurodegenerative diseases11 such as Alzheimer's disease, 

Parkinson's disease, and amyotrophic lateral sclerosis (ALS). Mutations in the SOD112 gene have 

been linked to familial ALS, highlighting the critical role of SOD in maintaining neuronal health. In 

Alzheimer's disease, oxidative damage to proteins and lipids has been implicated in the formation of 

amyloid plaques and neurofibrillary tangles, hallmarks of the disease. In Parkinson's disease, 

oxidative stress contributes to the degeneration of dopaminergic neurons in the substantia nigra. 

Furthermore, oxidative stress is a major contributor to the development of cardiovascular diseases1, 

including atherosclerosis, hypertension, and heart failure. SOD has been shown to protect against 

endothelial dysfunction, a key early event in atherosclerosis, by scavenging superoxide and 

preventing its reaction with nitric oxide, a potent vasodilator. Also, in cancer therapy, SOD could 

have a really important role, affecting both tumour-suppressive and tumour-promoting effects. On 

the one hand, SOD can protect against DNA13 damage and inhibit oncogenic signalling pathways, 

thereby suppressing tumour initiation and progression. On the other hand, SOD can promote tumour 

cell survival and metastasis by scavenging ROS generated by immune cells and creating a more 

favourable microenvironment for tumour growth. The balance between these opposing effects 

depends on the specific cancer type, stage, and microenvironmental context. 

Beyond its established therapeutic value, this enzyme presents a promising avenue for preventative 

intervention against tissue aging, warranting further exploration into its potential for promoting 

healthy longevity. The free radical theory of aging14,  proposes that the gradual accumulation of 

oxidative damage throughout an organism's lifespan is a primary contributor to the aging process. 

Superoxide dismutase has emerged as a potential modulator of longevity within this theoretical 

framework.15 Studies conducted in model organisms have revealed that the overexpression of SOD 

can lead to an extension of lifespan16, whereas a decrease in SOD activity is associated with 

accelerated aging. In humans, an age-related decline in SOD activity has been observed across various 

tissues, further suggesting a potential link between oxidative stress and the aging process. 

Given its pivotal role in combating oxidative stress, SOD has emerged as an attractive therapeutic 

target for various diseases. Strategies to enhance SOD activity or deliver SOD mimetics have shown 

promise in preclinical and clinical studies.17ï19 

This approach has been investigated for treating various conditions, including stroke, myocardial 

infarction, and inflammatory diseases. SOD mimetics offer several advantages over native SOD, 

including increased stability, improved bioavailability, and the ability to target specific tissues or 

cellular compartments.20,21 

In natural enzymes like catalytic specificity arises from two key factors: substrate binding, which 

ensures the enzyme catalyses specific reactions, and the coordination environment of the active site, 

which regulates electron transfer. To mimic this catalytic activity, two approaches are possible: 

ñfunctional mimickingò, where metal complexes are synthesized to exhibit similar activity as the 

natural enzyme, or ñstructural mimickingò, focusing on replicating the enzymeôs structure. 
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Figure 3.3. The figure illustrates two proposed pathways for the cellular activity of SOD mimics: Pathway A, the direct 

superoxide dismutation, and Pathway B, a pro-oxidant effect linked to H2O2 production- Images reproduced by 

permission.22  

Several pathways have been proposed for mimicking the activity of SOD. One possibility consists in 

the direct and expected dismutation of superoxide anion (O2Åī) (Pathway A showed in Figure 3.3). 

On the other hand, a different approach could involve the possibility to exhibit a pro-oxidant effect 

through the production of H2O2. Interestingly, this H2O2 production can activate the Nrf2-signaling 

pathway, a crucial cellular defence mechanism against oxidative stress.  

The balance between these direct and indirect pathways depends on several factors, including the rate 

of the dismutation reaction (kcat), the cell's detoxification capacity, and its H2O2 content.  

However, the redox dependence crucial for SOD activity has not always been experimentally 

observed in mimics. The work by Policar et al.23 highlighted the importance of a water molecule 

within the metal centreôs coordination sphere. This water molecule may facilitate inner-sphere 

electron transfer, enabling rapid exchange with superoxide, or donate a proton to the reduced 

peroxide, leading to the release of H2O2. 

From a structural perspective, many metalloenzymes, including SOD, exhibit coordinative 

unsaturation, asymmetry, and rigidity. In the case of SOD mimics, while Zn(II) plays an indirect role 

in catalysis and could be removed or replaced, doing so might reduce catalytic activity due to the 

stabilizing influence of the zinc coordination sphere. 

Within the intricate domain of enzyme mimicry, the catalytic site is crucially important.24This 

meticulously engineered microenvironment within the synthetic construct, often mirroring the active 

site of its natural counterpart, serves as the epicentre where the defining chemical transformations of 

the mimic unfold. The catalytic siteôs profound importance is rooted in its multifaceted roles. 

Foremost, it functions as the arena for substrate recognition and subsequent catalytic turnover. The 

precise spatial arrangement of functional groups within this microenvironment, coupled with their 

inherent electronic properties, governs the selectivity and efficiency with which the mimic engages 



65 

 

with and transforms its intended substrate.  Hence, the rational design and meticulous construction of 

the catalytic site are indispensable for achieving the high activity and specificity that distinguish 

successful enzyme mimics.25,26 Beyond its role in substrate binding and transformation, the catalytic 

site also plays a pivotal part in mediating the complex electron and proton transfer processes that 

frequently underpin enzymatic reactions. The strategic positioning of redox-active centres and proton 

donors/acceptors within the site ensures the seamless flow of these subatomic particles, thereby 

facilitating the desired chemical transformations. Moreover, the catalytic site exerts a significant 

influence on the overall stability and robustness of the enzyme mimic. A well-structured and 

organized site can effectively shield reactive intermediates from detrimental side reactions, thereby 

augmenting the mimic's efficiency and operational lifespan. Additionally, the unique 

microenvironment within the catalytic site can modulate the reactivity of the catalytic centres 

themselves, allowing for fine-tuning of their activity to align with the specific demands of the target 

reaction. 

To achieve the goal of mimicking enzymatic activity, it is crucial to simulate an environment that 

closely resembles the natural enzymatic task. One promising strategy involves confining these 

artificial metalloenzymes within nanostructures, thereby creating a controlled and restricted system. 
25,26This approach aims to replicate the spatial constraints and microenvironment found within 

enzyme active sites, potentially enhancing the catalytic efficiency and selectivity of the artificial 

metalloenzymes. 

A promising approach for enhancing the stability of the synthetic mimic metalloenzymes in biological 

environments is the utilization of soft or hard porous nanomaterials as confinement systems. 

Nanotechnology has experienced a remarkable surge in research and development across various 

sectors, including medicine. Nanomaterials, owing to their nanoscale dimensions, exhibit unique 

properties that differ significantly from their bulk counterparts, making them attractive for biomedical 

applications. 

 

 

Figure 3.4 Nanoparticles and their different physicochemical properties. - Image reproduce by permisison27 

Catalysis plays a fundamental role in a vast array of biological and technological processes. In recent 

years, there has been a growing trend towards conducting catalysed reactions within confined 
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structures, known as micro- or nanoreactors28,29. These compartmentalized structures consist of 

cavities enclosed by a wall, enabling the introduction of specific functions at defined concentrations 

and desired locations. These containers, often referred to as nano- or microcapsules, function as 

reactors when chemical reactions occur within them. Among the various types of structures available, 

polymer-based systems are particularly interesting due to their versatility and functionality 30,31. 

Confining molecules within these micro- or nanoreactors offers several advantages. It can help 

stabilize molecular structures and tailor their reactivity, leading to improved catalytic efficiency [1]. 

Additionally, compartmentalization allows for the controlled segregation and organization of 

different catalysts, enabling complex cascade reactions to be carried out within a single structure. 

This mimics the organization and functionality of biological cells, where multiple reactions and 

transport processes occur in tandem 32ï34.  

Various molecules can be used to construct confined microenvironments, including lipids, 

amphiphilic diblock and triblock copolymers, metal oxides, and polymers.28,33,35,36 These nano- or 

microcapsules are multifunctional materials with potential applications as reactors in a wide range of 

fields, including catalysis, biomedicine, materials science, energy, electronics, separation technology, 

food science, and environmental science. Regardless of the material used, nanoreactor design should 

prioritize efficient encapsulation of the catalyst within the capsules and the ability to respond to 

environmental changes such as pH, temperature, and ionic strength variations.37 

Several methods are available for producing polymer capsules, each with its own characteristics and 

properties that depend on the fabrication route employed.38ï43 These methods include copolymer self-

assembly, emulsion polymerization, the flow focusing method, and layer-by-layer (LbL) assembly. 

Emulsion polymerization involves the formation of a polymer layer at the interface of emulsion 

droplets, creating a core-shell structure. LbL assembly is a versatile technique for preparing multishell 

capsules by the alternating deposition of oppositely charged polyelectrolytes onto a template. 

Polymersome manufacturing relies on the self-assembly of amphiphilic block copolymers into 

vesicle-like structures. The hydrodynamic flow focusing method generates a double emulsion, 

allowing for the encapsulation of a polymer solution within a core-shell structure. The choice of 

capsule type, membrane properties, and encapsulation method depends on the specific application 

and the desired functionality. By carefully considering these factors, researchers can design and 

engineer polymer capsules to effectively mimic biological systems, control enzymatic reactions, and 

develop innovative solutions for a variety of challenges in biomedicine, biotechnology, and other 

fields. 

One interesting example is reported by Arnal et al. 44,45 proposed a novel approach to address this 

challenge by encapsulating metal nanoparticles within hollow, porous spheres. This method involves 

combining two established techniques: coating metal nanoparticles with a silica layer and 

synthesizing monodisperse, hollow, zirconia-based spheres with nanometre-sized pores. The authors 

demonstrated the effectiveness of this approach using gold (Au) nanoparticles supported on zirconia 

(ZrO2) as a model catalyst system. The encapsulation method preserves the catalytic activity of the 

catalyst after high-temperature treatment. This finding further highlights the benefits of encapsulation 

in maintaining the performance of the catalyst under harsh conditions 
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The approach presented by Arnal et al. offers a promising strategy for the development of sinter-

resistant catalysts. The encapsulation method is highly flexible and can be adapted to different metal 

and shell materials. By controlling the synthesis parameters, the size of the spheres, the thickness of 

the shell, and the pore size can be tuned to optimize the catalyst for specific applications. This 

approach has the potential to lead to significant advances in the design of stable catalysts for a wide 

range of application. 
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3.2 Aim of the work 

 
The aim of this chapter is the synthesis and characterization of binuclear compounds containing 

Copper (Cu) and Zinc (Zn) with the goal of mimicking the catalytic activity of the natural enzyme 

SOD1 (shown in Figure 3.5). To enhance the complexes stability and mimicking the complexity of 

the natural protein residues the dinuclear systems have been entrapped in a cage-like scaffold. 

 

Figure 3.5. Catalytic site of natural SOD1 

 

 In particular, the complexes to achieve this goal (that are reported in figure 3.6) are structurally 

characterized by two metal centres and a triazole linker that replaces the imidazolate bridge of the 

natural enzyme. A Schiff-base and a pyridine-pyrazole derivates have been investigated as ligands. 

Schiff-base ligands have been considered due to their chelating and SOD enzyme mimicking abilities, 

the pyrazole-pyridine was chosen because of the strong ů donation of the nitrogen of the pyridine and 

the similarity of the pyrazole to the histidine. 

 
Figure 3.6. Target molecules selected as SOD mimic  

 

Following the successful synthesis and optimization of the target compounds, we encapsulated them 

within silica nanocages to enhance their stability, overcome their poor water solubility and mimic the 

natural enzyme confinement. The schematic representation of our strategy is depicted in Figure 3.7 

The nanocages employed are present in De Colaôs lab and are made of silica. They possess nanoscale 

dimensions, 20-30 nm, and possess a single pore of 10-12 nm and openings of 3.5-4 nm, see Figure 

2.7 for a concept scheme.  
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Figure 3.7. Schematic representation of final system for mimic natural enzyme 

 

The strategy of confining these artificial metalloenzymes within nanostructures allows us to create 

even less stable catalyst, that can potentially enhance the catalytic efficiency and selectivity of the 

artificial metalloenzymes. 
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3.3 Results and Discussion  
Three distinct dinuclear compounds, their full chemical characterization and their encapsulation is 

described in this chapter. In addition, the evaluation of the catalytic activities and comparison with 

the metalloenzyme are presented. The target molecules were synthesized via a convergent synthetic 

strategy (showing in Scheme 3.2) involving the separate preparation of Schiff base and pyridine-

pyrazole ligands, followed by their coupling through click chemistry to obtain the final scaffold. The 

final step involved the coordination of the metals centre into the scaffold to yield the target 

compounds. 

 

 

Scheme 3.2 Synthetic strategy for artificial SOD mimetic  

 

Synthesis of Shiff base ligand  

Schiff bases are versatile compounds formed through the nucleophilic addition of an aliphatic or 

aromatic amine to a carbonyl compound. 46,47They are widely employed as ligands in coordination 

chemistry due to their ability to form stable complexes with metal ions. 

Schiff bases containing both nitrogen and oxygen donor atoms (N,O-chelated Schiff bases) have 

garnered significant attention for their potential therapeutic applications, including antitumor, 

antifungal, and antibacterial activities.48,49 Additionally, these compounds have demonstrated notable 

antioxidant properties. In this context, the synthesized tetradentate ligand, classified as a Salen-type 

Schiff base50, holds promise for further exploration in various fields, including medicinal chemistry 

and catalysis. 

To achieve our goal, we decided to introduce the azide group required for the reaction with the 

pyridine-pyrazole ligand prior to performing the condensation reaction necessary to obtain the Schiff 

base. 

For this reason, the first reaction performed was the insertion of a protective group to the amine 

(Scheme 3.3) functions to avoid any competition reactions during the formation of the azideôs 

synthesis.  
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Scheme 3.3. Synthesis of di-tert-butyl (2-hydroxypropane-1,3-diyl)dicarbamate (1)51 

The chosen protective group was the tert-butyl carbonate anion ((BOC)2O) Two equivalents of di-

tert-butyl dicarbonate were necessary to achieve a double protection reaction. Boc O was added 

dropwise to a chilled solution of 1,3-diaminopropan-2-ol in a mixture of water (H2O) and 

tetrahydrofuran (THF). During the addition, the initially colourless solution turned white and cloudy. 

To monitor the reaction's progress, the detection with a basic potassium permanganate (KMnO ) 

solution was employed, as no chromophore residues are present in the structure of compound 1. 

Several extractions were performed to remove the tert-butyl carbonate anion from the organic layer 

(using water, saturated sodium bicarbonate, and brine). Ultimately, the anion was successfully 

removed through chromatographic purification. The resulting colourless oil solidified upon standing. 

The desired product 1 was obtained in an 86% yield, which is consistent with literature reports. The 

structure of compound 1 was further confirmed by ¹H NMR, ¹³C NMR, and MS (ESI) analyses. Once 

the amine groups were protected, the second step required for inserting the azide is to improve the 

reactivity of the alcohol function, which was a mesylation reaction. (Scheme 3.4. The mesylation 

reaction involves the conversion of an alcohol into a mesylate (methanesulfonate ester) using 

methanesulfonyl chloride (MsCl) and a base, typically triethylamine or pyridine. 52 

 
Scheme 3.4. Synthesis of Di-tert-boc-2-methanesulfonyl-1,3-diaminopropane (2) 

This transformation serves a crucial purpose by converting the hydroxyl group, a poor leaving group, 

into an excellent one, facilitating subsequent nucleophilic substitution or elimination reactions. 

Mesylates exhibit high reactivity due to the electron-withdrawing nature of the sulfonyl group, which 

stabilizes the developing negative charge on the leaving oxygen during the reaction. The widespread 

utility of mesylation is underscored by its applications in diverse fields, including the synthesis of 

complex natural products, pharmaceuticals, and materials. Then, as reported in Scheme 3.5, the 

insertion of the azide was performed, that represents a powerful and versatile transformation with 

broad implications in synthetic chemistry and chemical biology. Azides, characterized by their unique 

reactivity and stability, can be readily introduced into a variety of substrates through diverse methods 

such as nucleophilic substitution, electrophilic addition, and cycloaddition reactions. The resulting 

azide-containing compounds serve as valuable intermediates for subsequent transformations, 

including the renowned Staudinger ligation53, copper-catalysed azide-alkyne cycloaddition 

(CuAAC)13,51, enabling the construction of complex molecular architectures and bioconjugates. 
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Scheme 3.5. Synthesis of Di-tert-boc-2-azido-1,3-diaminopropane (3)51 

 

Once the insertion of azide group on the scaffold, the next step for the synthesis of the Shiff-base 

ligand was the deprotection of the amine groups in order to perform the condensation with the 

salicylic aldehyde. 

The removal of the tert-butyloxycarbonyl (Boc) protecting group54 is typically achieved under acidic 

conditions. As reported in Scheme 3.6, strong acids such as trifluoroacetic acid (TFA) or hydrochloric 

acid (HCl) are commonly employed to cleave the Boc group, generating the corresponding amine, 

isobutylene, and carbon dioxide. The mechanism involves protonation of carbonyl oxygen, followed 

by elimination of the tert-butyl cation. The resulting carbamic acid intermediate readily 

decarboxylates to yield the desired amine. The Boc group's popularity stems from its stability to a 

wide range of reaction conditions, yet facile removal under relatively mild acidic conditions, making 

it an ideal choice for protecting amines during multi-step syntheses (Scheme 3.6). 

 
Scheme 3.6. Synthesis of 2-azidopropane-1,3-diamine dihydrochloride (4)55 

 

The synthesis of the tetradentate Salen ligand56 (Scheme 3.7) was conducted under an inert 

atmosphere to safeguard the formed imino bonds from potential air-induced degradation. Anhydrous 

ethanol, obtained by drying over molecular sieves, served as the reaction solvent. Mechanistically, 

the reaction proceeds via a nucleophilic addition, wherein the lone pair of electrons on the amine 

nitrogen attacks the electrophilic carbonyl carbon. This initial step leads to the formation of a 

hemiaminal intermediate, which subsequently undergoes dehydration to yield the desired imine 

(Schiff base). 

 

 

Scheme 3.7. Synthesis of Salen ligand (5)   
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Synthesis of the pyridine-pyrazole ligand  

As depicted in Scheme 3.2, the final scaffold of the artificial metalloenzymes necessitated the 

independent synthesis of the two ligands prior to their coupling. 

The synthesis of the pyridine-pyrazole ligand commenced with a commercially available compound, 

the5-Bromo-2-(1H-pyrazol-1-yl)pyridine.  The initial step involved the introduction of the alkyne 

functionality. Acetylene derivatives of pyridine were synthesized via a palladium-catalysed coupling 

reaction between the corresponding bromopyridine and 2-methylbut-3-yn-2-ol. This transformation 

afforded the desired 2-methyl-4-(n-pyridyl)but-3-yn-2-ol derivatives.57 (Scheme 3.8)  

 

 

Scheme 3.8. Synthesis of 4-(6-(1H-pyrazol-1-yl)pyridin-3-yl)-2-methylbut-3-yn-2-ol (6) 

 

At last, for allowing the coupling reaction with the Schiff based ligand, was necessary to obtain a free 

alkyne. Starting from 4-(6-(1H-pyrazol-1-yl)pyridin-3-yl)-2-methylbut-3-yn-2-ol ( compound 6), 

thanks to the elimination of acetone in basic condition we were able to obtain the desired product, 5-

ethynyl-2-(1H-pyrazol-1-yl)pyridine (Scheme 3.9). 

 
Scheme 3.9. Synthesis of 5-ethynyl-2-(1H-pyrazol-1-yl) pyridine (7) 

 

Once the two ligands are obtained, the last step for the synthesis of the final scaffold consists in a 

coupling reaction between the azide group and the acetylene derivatives. This kind of reaction 

belonged to the class of reaction present in the frame of click chemistry. Click chemistry, a concept 

pioneered by K. Barry Sharpless58, embodies a modular approach to chemical synthesis, emphasizing 

reactions that are high-yielding, selective, and tolerant of diverse functional groups. The hallmark of 

click reactions is their biorthogonality59, enabling them to proceed efficiently in complex biological 

environments without interfering with native biochemical processes. Among the most prominent 

examples is the copper-catalysed azide-alkyne cycloaddition (CuAAC), a transformation 

characterized by its exceptional selectivity, reliability, and versatility. Click chemistry has found 

widespread applications in various fields, including drug discovery, materials science, and 

bioconjugation, owing to its ability to facilitate the rapid and efficient assembly of complex molecular 

architectures. 
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The reaction performed (showed in Scheme 3.10) required the use of CuSO4 and sodium ascorbate 

for catalysing the reaction.  

 

Scheme 3.10. Synthesis of  2,2'-((1E,1'E)-((2-(4-(6-(1H-pyrazol-1-yl)pyridin-2-yl)-1H-1,2,3-triazol-1-yl)propane-1,3-

diyl)bis(azanylylidene))bis(methanylylidene))diphenol (8) 

 

All the intermediates described were characterized by the use of different techniques such as 1H-

NMR, 13C-NMR, mass analysis and elemental analysis. A more detailed description is reported in the 

experimental section of this chapter.  

Following the successful synthesis and characterization of the requisite scaffold for obtaining the 

desired dinuclear complexes, metal insertion reactions were carried out, as illustrated in Scheme 3.11. 

All reactions were performed under an inert nitrogen atmosphere. 

 

 
Scheme 3.11. Metal insertion reaction for the synthesis of the final target compounds  

 

The three target complexes of this thesis work (previously shown in Figure 2.6) were characterized 

using various analytical techniques. Notably, due to the paramagnetic nature of the inserted metal 

centres, conventional NMR analysis was not feasible for the final complexes. Therefore, we 

employed alternative spectroscopic methods, such as Energy Dispersive X-ray Analysis (EDX)60, to 

confirm the presence of the metal centres. After the full characterization of the target complexes, we 

wanted to investigate their behaviour as a SOD mimic.  
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SOD like activity 

For the evaluation of the antioxidant behaviour of the target complex we used a commercially 

available kit provided by Sigma Aldrich.  

The SOD Determination Kit is used to measure superoxide dismutase (SOD) activity. The kit offers 

a convenient method based on a water-soluble tetrazolium salt, WST-1, which changes colour in the 

presence of superoxide radicals. The intensity of the colour change is inversely proportional to SOD 

activity. The kit includes WST solution, enzyme solution, buffer solution, and dilution buffer. 

Additional materials needed are a plate reader, microplate, pipettes, incubator, and SOD standard 

solutions. An inhibition curve can be generated to visualize the relationship between SOD 

concentration and its activity. Reducing agents may interfere with the assay, but the kit accounts for 

this. The experiment protocol consists in preparing the working solutions of WST-1 and an enzyme 

solution, adding samples to a 96-well microplate. Absorbance measurements at 450 nm are used to 

quantify SOD activity as an inhibition rate.  

Different concentrations were tested, we checked the activity for sample concentration of 25, 50 and 

100 µM. 

The results obtained (Figure 3.8 B) show that the highest activity is related to Cu-Cu-SOD mimic 

and, in particular, for concentration of 100 µM this compound shows an inhibition activity of 41%.  

 
Figure 3.8. A. Principle of the SOD Assay Kit; B. Investigation of SOD like activity for the three target compounds  

 

SOD activity can be expressed as the percentage of inhibition of reactive oxygen species. Marklund 

et al.61 conducted a study in which they evaluated the activity of the SOD enzyme through its 

interaction with pyrogallol. From this study, they were able to plot a calibration curve to evaluate the 

enzymatic activity. The result obtained is that the maximum inhibition achievable is 97.5% (therefore 

corresponding to a maximum activity of 97.5%) inhibition. 

These results suggest that the synthesized complexes can function exhibiting appreciable antioxidant 

activity.  

However, to enhance their stability and activity, we decided to investigate the encapsulation of these 

complexes within the nanocages. 62 This strategy aims to study their behaviour in an environment that 

closely mimics the enzymatic pocket containing the catalytic site. 
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Nanosilica cages for mimic application   

The synthesis and characterization of 20 nm-sized cage-like organosilica nanoparticles follow 

Wiesner's work62. More details are provided in the experimental section of this chapter. These 

particles have been thoroughly characterized using standard techniques employed for porous 

materials. Furthermore, we demonstrated the successful encapsulation of our artificial SOD-mimic 

within the cavity of these nanoparticles. 

After their preparation, the material was characterized before proceeding with the encapsulation. 

A transparent and stable colloid was obtained and as depicted in Figure 2.9, DLS (Dynamic light 

scattering) analysis revealed the particle mean hydrodynamic diameter to be 20 nm and the Zeta 

Potential z= -22mV indicates that the cages are characterized, as expected, by a negative surface 

(Figure 3.9 A). Moreover, transmission electron microscopy images (TEM) confirm the morphology 

of the cage-like structure (Figure 3.9 B). The presence of an inner cavity was further confirmed by 

N2 adsorptionïdesorption measurements. Sorption isotherms (Figure 3.9 C) show a characteristic 

hysteresis indicating the presence of a porous material, and a pore size distribution with an average 

size of 4,6 nm (Figure 3.9 D). 

 

 

Figure 3.9. A. DLS and Zeta Potential analysis; B. TEM image; C. N2 adsorptionïdesorption isotherms recorded; D. 

Pore size distribution calculated. 

After obtaining and characterizing the nanomaterial, the encapsulation of the SOD-mimicking 

complexes within the nanocages was performed. As depicted in Figure 3.10, the different dinuclear 

complexes, previously characterized, were added to a solution of nanocages (EtOH:H2O = 50:50 
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mixture). The mixture was stirred overnight at 50 °C. Subsequently, centrifugation was performed to 

remove any non-encapsulated material. 

 

 
Figure 3.10. Schematic representation for the encapsulation reaction.  

 

The obtained materials were characterized using various techniques to assess the effects of 

encapsulation in nanomaterials and to confirm the presence and quantify the amount of the 

encapsulated SOD-mimicking complexes. Dynamic Light Scattering (DLS) and Transmission 

Electron Microscopy (TEM) were employed to monitor any changes in the size and morphology of 

the nanomaterials following the encapsulation process. Infrared (IR) spectroscopy was used to verify 

the presence of the organometallic compounds within the nanomaterials. Finally, Thermogravimetric 

Analysis is employed to determine the thermal stability of the nanocages and to quantify the amount 

of organic material present, including the encapsulated complexes, and Inductively Coupled Plasma 

(ICP) Spectroscopy, necessary for quantifying the metal content within the nanocages. More details 

are available in the experimental section of this chapter.  

As we can observe for the infrared spectroscopy, we can observe the signals characteristic of the 

aromatic rings present in the system (2000-1800 cm-1) and the corresponding stretching vibrations of 

the conjugated C=C double bonds of the ring (1600-1500 cm-1). In the case of the encapsulated 

complexes, the band around 1100 cm-1 clearly indicates the presence of silica, thus confirming the 

confinement of the systems within the nanocages. 
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Figure 3.11. A. IR analysis for all the three complexes both free and encapsulated: B. Corresponding TEM images of 

the encapsulated compounds 

The materials were then characterized using thermogravimetric analysis (TGA). The recorded values 

indicate that all three samples exhibit mass losses below 30%, suggesting a comparable amount of 

organic material present in each sample. 

 

 
Figure 3.12 TGA of the free complexes and the encapsulated complexes 
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To quantify the amount of metal present within the nanocages, we performed an ICP analysis, as 

detailed in the experimental section of this chapter. (See Table 3.1) 

.  

Table 3.1. ICP analysis 

 

Given the results obtained for the free CuCu-SOD complex, we sought to repeat the SOD-like activity 

experiment, comparing the free complex (in this case, the CuCu-SOD compound) and the nanocage-

confined complex, using the same concentrations at which we observed positive results. 

The results obtained (Figure 3.13) show that, at the same concentrations, the complexes confined 

within the nanocages maintain activity compared to the free complex. 

 

 

 

Figure 3.13. SOD assay activity 

Having fully characterized the complexes, their superoxide dismutase (SOD) activity was assessed. 

By analyzing the inhibition rates, we were able to calculate the IC50 values for each complex and 

compare them to the native enzyme. 
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Table 3.2. IC50 values for each complex compered to results present in literature. [63][64]  

 

Our complexes exhibited IC50 values approximately 100 times higher than the native enzyme. 

However, when compared to recent literature, our complexes show promise. For instance, Green et 

al. reported a new series of SOD mimics with IC50 values 10 times higher than the native enzyme. 

Similarly, Valigura et al. presented Cu(II) complexes that acted as SOD mimics and exhibited IC50 

values 10 times higher than the natural enzyme. 

These findings suggest that, although our complexes have less competitive IC50 values, they still 

possess SOD-mimicking activity. To enhance their efficacy, structural modifications may be 

necessary. 

Studies of both free and encapsulated complexes are currently underway in vitro using the H460 cell 

line. This cell line was selected due to its overexpression of reactive oxygen species (ROS), enabling 

quantification studies to assess the potential enzymatic activity of the administered compounds. 

 

 

 

 

 

 

 

 

 

 

Compound IC50(µm)

CuCu 18,6

ZnCu 16,5

ZnZn 19,4

[CuNMe2PyN3]
2+

(Green et al.)
1,7

[Cu
OMe

PyN3]
2+

(Green et al.)
5

[CuCNPyN3]
2+

(Green et al.)
0,7

[Cu(4-Mesal)2(2-

Meim)2]

(Valigura et al.)

2,7

[Cu(4-Mesal)2(im)2]

(Valigura et al.)
5,2

[Cu(3-

Mesal)2(bzim)2]·2H2O

(Valigura et al.)

14

Native SOD 0,01
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3.4 Conclusions  

 
This work focuses on the synthesis and characterization of three distinct dinuclear complexes 

featuring different metal centres: a complex containing two copper centres, one containing two zinc 

centres, and a mixed complex with both the metals. 

The aim of synthesizing these complexes is to artificially reproduce natural enzymes, specifically 

mimicking the superoxide dismutase (SOD) enzyme. SOD plays a crucial role in protecting cells from 

oxidative damage by catalysing the dismutation of superoxide radicals into hydrogen peroxide and 

molecular oxygen. 

Once synthesized and characterized, the complexes were tested using a commercially available kit to 

assess their potential SOD-like activity. The results indicated that the compounds, particularly the 

one with both copper metal centres -, exhibited significant antioxidant SOD-like activity. 

To enhance the stability of these complexes and more faithfully mimic enzymatic structures, they 

were encapsulated within silica nanomaterials featuring pores on their surface, known as nanocages. 

This material, due to its morphology, provides protection to the organometallic compounds while 

allowing them to interact with the external environment and perform their catalytic activity. 

In particular, in this case the encapsulation strategy aimed to provide a confined environment similar 

to the enzyme's active site, potentially improving the complex's stability without affecting its activity. 

After encapsulation, the metallic-nanocage complex system maintained the same antioxidant activity, 

indicating that it functions and can therefore be applied for in vitro/vivo studies. 

Currently, in vitro activity tests are underway to fully evaluate their activity and stability in biological 

environments. This will provide valuable insights into their potential applications as SOD mimics for 

therapeutic applications. 
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3.5 Experimental section  
 
1H, 13C Nuclear magnetic resonance (NMR) spectra were recorded on a Bruker Avance 400 

spectrometer. The 1H NMR chemical shifts (ŭ) are given in ppm and refer to residual protons of the 

corresponding deuterated solvent. All deuterated solvents were used as received without any further 

purification. Signal splitting is described as singlet (s), doublet (d), triplet (t), multiplet (m). Coupling 

constants (J) are given in Hertz (Hz). Absorption spectra were measured on a Shimadzu UV-3600 

spectrophotometer double-beam UVïVISïNIR spectrometer and baseline corrected. Quartz cuvettes 

with path length of 10.0 mm were used for the recording of UV-Vis absorption spectra. The steady-

state emission spectra were recorded on a HORIBA Jobin-Yvon IBH FL-322 Fluorolog 3 

spectrometer equipped with a 450 W xenon arc lamp as a source of exciting light which passes 

through a monochromator (2.1 nm/mm dispersion; 1200 grooves/mm) and is directed to a reference 

detector and to the sample. Dynamic light scattering (DLS): the measurements were conducted on a 

Zetasizer Ultra equipment equipped with Multi-Angle Dynamic Light Scattering (MALDLS) 

technology from Malvern Panalytical and using the software ZS Xplorer. TEM analyses were 

performed using a Talos L10C (FEI) electron microscope. All the samples were analysed on Lacey 

Carbon Film Coated with a Continuous Layer of Ultrathin Carbon Film. Copper Grid, 300 mesh 

provided by Sigma Aldrich. For the Nano tracking Analysis (NTA) was used MalvernPanalytical 

NanoSight Pro. For the multi well plate reader a Tecan instrument was used Infinite M200. 

 

Synthesis of di-tert -butyl (2-hydroxypropane-1,3-diyl)dicarbamate (1) 

 

 

To a solution of 1,3-diamino-2-propanol and triethylamine in 1:1= THF: H2O (80 mL) stirred ad 0°C, 

was added dropwise di-tert-butyl-dicarbonate dissolved in 40 mL of THF. The solution was stirred 

overnight at room temperature. Once the THF was removed, the reaction was extracted using EtOAc. 

Organic layer was dried over NaSO4 and then the solvent was removed. The product is a white solid. 

Yield: 5.617 g, 87%.  

1H NMR (600 MHz, CDCl3): 5.14 (s, 2H, NH), 3.78 ï 3.73 (m, 1H, CH), 3.31 ï 3.14 (m, 4H, 

(CH2)2), 1.46 (s, 18H, Boc) ppm. 

MS (ESI): [M+Na]+: 313.35 m/z 
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Synthesis of Di-tert -boc-2-methanesulfonyl-1,3-diaminopropane (2) 

 

In a 2-neck flask, under anhydrous condition of N2, compound 1(17.22 mmol, 1 eq) and triethylamine 

were dissolved in 80 mL of anhydrous DCM. The mixture was degassed and then methansulfonyl 

chloride (dissolved in 8 mL of anhydrous DCM) was added dropwise. The reaction was stirred for 30 

minutes at 0°C and then was allowed to gradually worm to room temperature and stirred overnight. 

The reaction was stopped by adding 70 mL of water and then the organic layer was washed using 

NaHCO3 and brine and was dried by NaSO4. The crude obtained was a pale-yellow solid that was 

recrystallized using hexane. The product is a white solid and the yield of the reaction goes in a range 

from 69-80%.  

1H NMR (300 MHz, CDCl3) ŭ 5.16 (s, 2H), 4.76 ï 4.51 (m, 1H), 3.60 ï 3.40 (m, 2H), 3.31 (dt, J = 

14.7, 5.6 Hz, 2H), 3.12 (d, J = 15.4 Hz, 4H), 1.44 (s, 21H). 

13C NMR (151 MHz, CDCl3): 156.47, 80.19, 79.20, 40.96, 38.31, 28.46 ppm.  

MS (ESI): [M+Na]+: 391.74 m/z 

 

Synthesis of Di-tert -boc-2-azido-1,3-diaminopropane (3) 

 

In a 2-neck flask, under anhydrous condition of N2, compound 2 (1,375 mmol, 1 eq.) was dissolved 

in 90 mL of anhydrous DMF, then NaN3 was added and the mixture was stirred ad 80°C for 18h. The 

reaction was allowed to cool at room temperature and water was added, then the mixture was cooled 

at 0°C with an ice bath for allowing the formation of a precipitate. The solid was filtrated and a pure 

product as white solid was obtained.  

1H NMR (300 MHz, CDCl3): 5.06 (s, 2H,), 3.64 (s, 1H,), 3.43 ï 3.31 (m, 2H,), 3.18 ï 3.07 (m, 2H), 

1.44 (s, 18H,) ppm.  

13C NMR (151 MHz, CDCl3): 156.20, 79.91, 60.92, 40.80, 28.35 ppm. 

MS (ESI): [M+H]+: 316.38 m/z 

Synthesis of 2-azidopropane-1,3-diamine dihydrochloride (4) 
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In a 1-neck flask 2,6 g of compound 3 were dissolved in 20 mL of EtOAc, then 9 mL of HCl 6M 

were added dropwise. The mixture was under stirring at 0°C for 30 minutes and then was allowed to 

cool at room temperature and stirred overnight. The day after the reaction mixture was cooled at 5°C 

over the weekend for allowing the formation of a precipitate. The solid was filtered and washed 

several times with EtOAc. The product is a white crystalline solid. (Y =87%) 

1H NMR (300 MHz,DMSO-d6) : 8.39(s,6H), 4.22 (m,1H), 3.12,(dd,2H), 2.91(dd,2H) 

13C-NMR (400 MHz, DMSO-d6): 57.70 , 40.49 ppm 

Synthesis of 2,2'- ((1E,1'E) - ((2-azidopropane ï 1,3 -diyl) bis(azanylylidene))bis 

(methanylylidene) ) diphenol (5) ï Salen ligand 

 

 

In a 1-neck flask, compound 4 were dissolved in 20 mL of EtOH in presence of K2CO3, the reaction 

mixture was stirred for 30 minutes then the salicylaldehyde was added. The reaction was stirred at 

room temperature overnight. There was the formation of a precipitate. The reaction was filtered, and 

the supernatant was concentrated under vacuum. The product appears like a green-yellow solid. 

1H NMR (300 MHz, cdcl3) : 8.15 (s,2H); 7.33 (m,4H), 6.97(m,4H), 4.02- 3.77 (m,6H) ppm 

Synthesis of 4-(6-(1H-pyrazol-1-yl)pyridin -3-yl)-2-methylbut-3-yn-2-ol (6) 

 

 

 

In a Schlenk, under anhydrous condition of N2, 5-Bromo-2-(1H-pyrazol-1-yl)pyridine (2,67 mmol ) 

and 2-Methyl-3-butyn-2-ol (3,1  mmol)  were dissolved in 7 mL of anhydrous DEA. The mixture was 

cooled ad 0°C with an ice bath and Pd(PPh3)2Cl2 (0,0255 mmol) and CuI (0,017 mmol) were added. 

The reaction was stirred overnight at room temperature. The DEA was removed under vacuum and 

the crude mixture was washed with DCM. The organic layer was dried with NaSO4 and concerted 

with rotavapor. The product is a brown solid.  

1H NMR (300 MHz, cdcl3) : 8.54 (dd, J = 2.6, 0.6 Hz, 1H), 8.43 (s, 1H), 7.94 (s, 1H), 7.77 (s, 2H), 

6.49 (s, 1H), 1.62 (s, 3H), 1.52 (s, 4H) ppm. 
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MS (ESI): [M+H]+: 228,28 m/z 

Synthesis of 5-ethynyl-2-(1H-pyrazol-1-yl) pyridine (7) 

 

 

In a Schlenk, under anhydrous atmosphere of N2, compound 6 (2.72 mmol ) was dissolved in 7 mL 

of anhydrous toluene, then NaOH was added and the reaction mixture was refluxed for 2 hours. At 

the end of the time, the reaction was allowed to cooled to room temperature and the solvent was 

removed. The crude was washed with a mixture of EtOAc :Hex = 2:1. The reaction mixture was 

filtered and then was concentrated with rotavapor. The product is a dark brown solid.  

1H NMR (300 MHz, CDCl3) ŭ 8.52 (s, 1H), 7.97 (s, 1H), 7.75 (s, 1H), 6.48 (s, 1H). 

13C NMR (300 MHz, CDCl3) ppm: 141.7,127,3.116.64,111.7,108.2,80.5,80.04,76.6 

MS (ESI): [M+H]+: 169.69 m/z 

Synthesis of  2,2'-((1E,1'E)-((2-(4-(6-(1H-pyrazol-1-yl)pyridin -2-yl)-1H-1,2,3-triazol -1-

yl)propane-1,3-diyl)bis(azanylylidene))bis(methanylylidene))diphenol (8) 

 

 

In a Schlenk, under anhydrous atmosphere of N2 , compound 7 (1.44 mmol ) and compound 5 (1.44 

mmol) were dissolved in 17 mL of anhydrous acetone, then were added CuSO4 (47 µL) and Na 

Ascorbate (142 µL) in the following order. The reaction mixture was stirred at room temperature and 

followed by TLC. (6:4 = CicloHex :EtOAc). Once the reaction was considered ended, the solvent 

was removed, and the crude mixture was resuspended in MeOH and then it was centrifugated. The 

precipitated was isolated. The product is a light brown solid.  

1H NMR (300 MHz, cd2cl2) ŭ 8.80 (s, 1H), 8.61 (s, 1H), 8.43 (s, 2H), 8.21 (s, 1H), 7.97 (d, J = 25.1 

Hz, 2H), 7.73 (s, 1H), 7.31 (d, J = 24.5 Hz, 4H), 6.91 (s, 4H), 6.49 (s, 1H), 4.33 (s, 4H). 
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13C NMR (75 MHz, cd2cl2) ŭ 168.49, 161.45, 161.18, 151.14, 145.09, 143.52, 141.70, 135.63, 133.19, 

131.72, 126.83, 124.04, 120.73, 120.41, 119.26, 118.61, 116.76, 108.30, 107.98, 62.37, 60.53, 55.42, 

53.04. 

MS (ESI): [M+H]+: 493.36 

Synthesis of Cu-Cu SOD mimic  

 

 

 

In a Schlenk, under anhydrous atmosphere of N2 compound 8 (0.203 mmol) was dissolved in a 

mixture of DCM:MeOH (3 mL), then CuOAc (0.405 mmol) was added and the mixture was refluxed 

for 90 minutes and then was cooled to room temperature. The reaction was stirred overnight at room 

temperature. The solvent was removed, and the crude was washed with Et2O. The product is a green 

crystalline solid. 

MS (ESI): [M-OAc]+: 677.64 

EDX ANALYSIS:  
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Synthesis of compound Cu-Zn SOD mimic  

 

 

In a Schlenk, under anhydrous atmosphere of N2 Zn(OTf)2 (0,203 mmol) and CuOAc (0,203 mmol) 

were dissolved in a mixture of DCM:MeOH (3 mL), then compound 8 (0.203 mmol) was added and 

the mixture was refluxed for 90 minutes and then the reaction mixture was cooled to room 

temperature. The reaction was stirred overnight at room temperature. The solvent was removed and 

the crude was washed with Et2O. The product is a light green solid. 

MS (ESI): [M-OTf]+: 768.64 
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Synthesis of Zn-Zn SOD mimic  

 

 

In a Schlenk, under anhydrous atmosphere of N2 compound 8 (0,203 mmol) was dissolved in a 

mixture of DCM:MeOH (3 mL), then Zn(OTf)2 (0.405 mmol )was added and the mixture was 

refluxed for 90 minutes and then was cooled to room temperature. The reaction was stirred overnight 

at room temperature. The solvent was removed and the crude was washed with Et2O. The product is 

a yellow solid. 
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Synthesis Silica Cages 

625 mg (1.715 mmol) of cetyltrimethylammonium (CTAB) was dissolved in 50 mL of deionized 

water. Then 500 ɛL of trimethyl benzene was added and the mixture was magnetically stirred for 4 

hours at 700 rpm at 50 ÁC. Then, an ammonia aqueous solution 2M freshy prepared (50 ɛL) was 

added. Subsequently, 750 ɛL (2 mmol) of tetraethyl orthosilicate (TEOS) were mixed and added to 

the previous solution and stirred at 700 rpm, for 18 h at 50 °C. The particle dispersion was purified 

by dialysis against an EtOH/H2O/AcOH (1:1:0.007 v/v/v) mixture for 24 h and finally against an 

EtOH/H2O (1:1 v/v) mixture for another 24 h.  

 CAGES final concertation 8.6 mg/mL (EtOH/H2O 50:50), average size 20 nm, zeta potential -22 

mV, average pore size from nitrogen sorption 4.6 nm. 

Dynamic light scattering measurements: Samples for DLS measurements were prepared 

withdrawing 0.1 mg of cages solution (10 ɛL) and resuspended in 990 ɛL of fresh DI water. (Figure 

(A) 

 

TEM analysis: Samples for measurements were prepared withdrawing 0.1 mg of capsules solution 

(10 ɛL) and resuspended in 990 ɛL of fresh DI water, then 10 ɛL of this solution was deposited on 

carbon grid. (B) 
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Encapsulation of Cu-Cu SOD, Cu-Zn SOD and Zn-Zn SOD procedure  

The procedure for the encapsulation were performed all in the same time. 

Compound Cu-Cu SOD (5,70 mg), Compound Cu-Zn SOD (5,68 mg)  and Compound Zn-Zn SOD 

(5,70 mg)  were dissolved in 200 µL of DMSO and directly add in 6 mL of NB CAGEs suspension 

(8.6 mg/mL EtOH:H2O 50:50) and heated at 50 °C for 18 h. The non-encapsulated compound was 

washed away with three cycles of centrifugation (35k rpm, 1 h, 4 °C) and resuspended in 6 mL of 

EtOH. 600 ɛL of 3-[methoxy(polyethylenoxy)6-9]propyltrimethoxysilane was added to the ethanolic 

suspension to provide a 6-9 PEG coating of the nanoparticles. The suspension was mixed at 50 °C 

for 18h. The unreacted PEG silane was washed away with three cycles of centrifugation (35k rpm, 1 

h, 4 °C) and finally resuspended in 6 mL of H2O. 

1 mL of each solution was lyophilized to get the final concentration of each solution:  

- Cu-Cu SOD@Cages : 5.61 mg/mL  

- Cu-Zn SOD@Cages: 4,83 mg/m L  

- Zn-Zn SOD@CAGES: 4,23 mg/mL 

Quantification by ICP-MS of:  

- Cu-Cu SOD@Cages 5.61 mg/mL corresponding to 0.41  mM of Cu2+ 

- Cu-Zn SOD@Cages 4.83 mg/mL corresponding to 0.19  mM of Cu2+ 0.03 mM of Zn2+ 

- Zn-Zn SOD@Cages 4.23 mg/mL corresponding to  0.06 mM of Zn2+ 

 

Dynamic light scattering measurements: Samples for DLS measurements were prepared 

withdrawing 10 ÕL of each SOD@cages solution (10 ɛL) and resuspended in 990 ɛL of fresh DI 

water.  
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The results obtained suggest the presence of aggregates. 

TEM analysis: Samples for measurements were prepared withdrawing 10 µL of capsules solution 

(10 ɛL) and resuspended in 990 ɛL of fresh DI water, then 10 ɛL of this solution was deposited on 

carbon grid. (In order : CuZn SOD, CuCu SOD and ZnZn SOD) 
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TEM analysis confirm the presence of aggregates. 

The samples were also analysed by IR measurements:  

2 mg of each compound were analysed.  
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4.Breakable Silica coated Quatsomes: A new type of 

hybrid nanocapsules for drug delivery 

4.1 General Introduction  
Liposomes, first described by Alec D. Bangham at the Babraham Institute in the 1960s1, have 

emerged as a cornerstone of drug delivery systems. These versatile structures, composed of concentric 

lipid bilayers encapsulating an aqueous core, mimic the morphology of cellular membranes and offer 

a unique platform for the delivery of both hydrophilic and lipophilic therapeutic agents. While the 

initial liposomal formulations relied solely on natural lipids, contemporary iterations incorporate a 

diverse array of natural and synthetic lipids and surfactants, expanding their functionality and 

therapeutic potential.2,3 

The size of liposomes can vary considerably, ranging from a few tenths of nanometres to several 

micrometres in diameter.4 However, for medical applications, liposomes typically fall within the 50 

to 450 nm range, optimizing their biodistribution and cellular uptake. Their inherent biocompatibility, 

coupled with their ability to encapsulate a wide range of therapeutic agents, has positioned liposomes 

as a leading drug carrier system for over half a century.3,5,6 

The field of liposomal drug delivery has witnessed remarkable progress in recent decades, with 

numerous liposome-based formulations currently undergoing clinical trials or already approved for 

clinical use. 4,7,8 

This sustained interest stems from their interesting properties: 

¶ Biocompatibility: Liposomes are generally well-tolerated by the body due to their 

composition of naturally occurring phospholipids. 

¶ Versatility: They can encapsulate both hydrophilic and hydrophobic drugs, allowing for the 

delivery of a wide range of therapeutic agents. 

¶ Targeted delivery: Surface modifications can enable targeted delivery to specific cells or 

tissues, enhancing therapeutic efficacy and minimizing off-target effects. 

¶ Protection of cargo: The lipid bilayer protects the encapsulated drug from degradation and 

premature release, ensuring its delivery to the target site. 

Despite the excellent premises, their tendency to aggregate and their limited structural homogeneity 

pose significant challenges for their pharmaceutical use. Indeed, their storage is limited by their 

instability and such limitations have driven the exploration of alternative vesicular systems for drug 

delivery applications9 and to the developments of more stable and monodisperse vesicle platforms.10ï

12 

One promising avenue in this pursuit is the utilization of Quatsomes (QS).13 These novel vesicular 

structures, pioneered by the research group of N. Ventosa, are self-assembled structures made of 

quaternary ammonium surfactants and sterols, resulting in highly positively charged surfaces (Figure 

4.1). Unlike liposomes, QS exhibit exceptional homogeneity in size, lamellarity, and membrane 

organization, and demonstrate remarkable stability over extended periods, even upon dilution. These 

characteristics position QS as an attractive platform for theragnostic nanomedicine.14ï18 
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Figure 4.1. Schematic representation of Quatomesôs structure (Image adapted with permission)37 

To further enhance the structural integrity and functionality of QS, the research performed and 

discussed in this chapter focuses on the development of a strategy to coat the QS with a silica-

based layer. By integrating a rigid silica shell around the soft QS core,12,19ï22 (See figure 4.2) we aim 

to create a robust drug delivery system that addresses the limitations of both liposomes and QS.23 

This hybrid approach, combining the advantages of both soft and hard materials, is expected to 

provide multiple benefits. In fact, the silica shell will act as a protective barrier, preventing 

aggregation and leakage of the encapsulated cargo during storage, transport, and administration. 

Furthermore, the easy functionalization of the silica both in its network, allowing for the fine-tuning 

of drug release profiles, and on its surface, enabling targeted delivery to specific sites while 

minimizing off-target effects, make the coating a multifunctional smart material.17,24  

 

Figure 4.2. Schematic representation of intermolecular interactions to cover the Qs (Image adapted with permission)37 

 A first work related to the use of silica for improving vesicle structure was provide by Hubert et al.2 

Before this work, silica coating of vesicles often relied on harsh conditions or complex multi-step 

procedures. This paper presented a novel approach using vesicle-directed growth which was 

innovative in several ways, such has the use of mild reaction conditions and the possibility to control 

the morphology of the resulting silica structure. The work by Hubert et al. paved the way for more 

sophisticated techniques to encapsulate various substances within silica shells using vesicle 
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templates. Researchers have further refined this approach, exploring different types of vesicles, silica 

precursors, and functionalization strategies to create advanced materials for various applications. 

Zhang et al.34 investigated how the phase of didodecyldimethylammonium bromide (DDAB) vesicle 

templates influenced the structure of silica nanoparticles synthesized within them. This work was 

really important because investigate different parameters that could be crucial for silica manipulation.  

Modifications or incorporating specific functional groups within the silica framework, it becomes 

possible to engineer a stimulus-responsive coating designed to be specifically degraded at a target 

site. For instance, in the context of targeted drug delivery, the incorporation of redox-sensitive 

moieties (as depicted in Figure 4.3), such as disulfide bridges, within the silica network enables the 

design of systems capable of selective degradation in the reducing glutathione microenvironment 

characteristic of tumour cells. This strategy aims to achieve localized intracellular drug release, 

enhancing therapeutic efficacy while minimizing off-target effects. Furthermore, the biocompatibility 

of the system is ensured through the generation of silica debris, which are readily cleared from the 

body, reducing the risk of long-term toxicity. This approach represents a significant advancement in 

the design of controlled drug delivery systems. By exploiting the unique properties of silica and its 

susceptibility to tailored functionalization, it becomes possible to develop sophisticated drug carriers 

that respond to specific physiological cues, paving the way for more effective and personalized 

therapeutic interventions.25ï27 

 

Figure 4.3. Schematic representation of breakable silica shell system (Image adapted with permission)37 

 

To spectroscopically investigating these novel systems, we have employed Fºrster electronic energy 

transfer, FRET, a strategy involving fluorescent dye molecules loaded within the silica-coated QS and 

on the hydrophobic part of the Qs (Figure 4.4). These systems act as luminescent bioprobes, and their 

study is geared towards exploring the potential of these materials as drug delivery systems. 

FRET is a phenomenon originally described by Theodor Fºrster, and is a valuable tool in studying 

molecular interactions. This photophysical process involves the non-radiative transfer of energy from 

an excited donor fluorophore to a nearby energy acceptor molecule.   

This energy transfer arises from dipole-dipole coupling between the donor and acceptor molecules 

and it is critically dependent on three factors: 

- Driving force: The donor molecule must possess an excited state higher in energy of the 

acceptor molecule.  



101 

 

- Spectral Overlap: A significant spectral overlap between the donor's emission spectrum and 

the acceptor's absorption spectrum is required for an efficient energy transfer. 

- Intermolecular Distance: FRET efficiency is highly sensitive to the distance between the 

donor and acceptor, typically operating within a range of 2-10 nm. This distance dependence 

has led to FRET being referred to as a "spectroscopic ruler" or "molecular ruler," enabling the 

determination of intermolecular distances with nanoscale precision. 

The equation connecting all these parameters and derived by Forster is: 

 

Ὁ
ρ

ρ
ὶ
Ὑ

 

Formula 4.1. Forsterôs equation 

It is ultimately necessary that all the energy emitted by the donor be transferred via FRET to the 

acceptor. For this to happen, the two molecules must be close: E in fact depends on the distance 

between donor and acceptor according to the law reported in Formula 4.1, where the distance between 

the molecules is indicated by r. R0 indicates the Fºrster critical distance, a parameter related to the 

characteristics of the pair of molecules. R0 typically ranges between 2 and 6 nm. 

The relationship between FRET efficiency and donor-acceptor distance allows for the calculation of 

the distance between the two molecules, providing valuable insights into molecular proximity and 

interactions.  This principle has found widespread applications in various fields, including structural 

biology, biochemistry, and materials science, for investigating protein-protein interactions, 

conformational changes, and nanoscale organization. 

For the above mentioned reasons, the choice of the labels is crucial. Good fluorescent candidates, for 

labelling the silica and the hydrophobic QS membrane are for example, 2Z)-2-[(E)-3-(3,3-dimethyl-

1-octadecylindol-1-ium-2-yl)prop-2-enylidene]-3,3-dimethyl-1-octadecylindole; perchlorate (DiI), 

an orange emitting dye specific for the lipid component, thus excellent for the functionalization of 

quatsomes, and the deep red emitting dye, Cyanine 5 (Cy5), often used in biology that can be 

covalently anchored on the silica surface. 

 

 

Figure 4.4. Systems labelled with the selected dyes: A. Free Qs labelled with DiI; B. Qs coated with the breakable silica 

layer labelled with DiI; C. Qs coated with the breakable silica layer labelled with Cy5; D. Qs coated with the breakable 

silica layer labelled with both DiI and Cy5 (FRET system). 

(Image adapted with permission)37 
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4.2 Aim  

 
These QS employed in this study have been synthesized accordingly to a previous reported strategy 

described by Professor Nora Ventosaôs group13 and are composed of cetyltrimethylammonium 

Bromide, CTAB, and Cholesterol in an equimolar ratio.  

The silica-coated QS are synthesized as a prototype of a new hybrid material capable of providing 

greater structural and mechanical stability to the nanovesicle. This coating aims to safeguard the QS 

from fusion and internal leakage during the storage, transportation, and application of the material. 

The responsive silica-coating has been realized using a disulfide silane precursor and TMOS. Silica 

shell, as mentioned in the introduction of this thesis chapter, could be functionalized and the QS can 

be also loaded with molecules that have a therapeutic relevance.   

The resulting system, designed to break in small fragments, in the presence of a reducing agent, for 

example glutathione that is present in very high concentration in cancer cells, can therefore release 

the cargo and can be eliminated by the body31,32. 

We demonstrate the feasibility of the approach and studied the formation and destruction of the hybrid 

nanoparticles, studying the release of the cargo and their preliminary efficacy in vitro. 
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4.3 Results and Discussion  

 
This work focused on the development of two distinct hybrid materials: non-breakable silica-coated 

Qs (NBSQS) and stimuli-responsive breakable silica-coated Qs (BSQS), depicted in Figure 4.5. The 

key difference between these materials lies in the composition of the silica shell. NBSQS were 

designed for enhancing the QS stability and utilized as silica precursor, tetramethyl orthosilicate 

(TMOS), to form a robust, non-degradable silica framework around the Qs core. In contrast, BSQS 

were engineered for controlled release applications. The silica network of BSQS was created by 

reacting TMOS and bis(triethoxysilylpropyl)disulfide (BTSPD), in a ratio of 20% molar. In order to 

incorporate disulfide groups into the silica network. This redox-sensitive coating allows for targeted 

cargo release in specific environments, such as the intracellular milieu of tumour cells, which exhibit 

elevated levels of reducing agents. 

 

Figure 4.5. 1. Non-breakable silica-coated Qs (NBSQS); 2. Breakable silica-coated Qs (BSQS) (Image adapted with 

permission)37 

 

Both NBSCQs and BSCQs were prepared using a two-step process. Initially, unilamellar vesicles 

were created through a single-step method employing the eco-friendly technique known as the 

depressurization of expanded liquid organic solution-suspension (DELOS-suspension) methodology. 

This involved the self-assembly of a mixture of sterol/quaternary ammonium surfactants (Cholesterol 

and CTAB) in an equimolar ratio of 1:1 in a solution of EtOH/water28. The resulting QSs were then 

subjected to diafiltration using KrosFlo Diafiltration equipment to eliminate ethanol and residual 

membrane components from the QS membrane. Finally, the aqueous solution of QSs obtained were 

stored in water. 

The second step was to cover the QSs with silica shell.  Therefore, it is crucial to identify conditions 

that preserve the desired characteristics of these nanocontainers. The encapsulation of QS with a silica 

shell using tetraethyl orthosilicate (TEOS) as a precursor was adapted from procedures reported by 

Hubert33 et al. and Zhang et al.34.Hubert et al. described the encapsulation of liposomes using 

tetramethyl orthosilicate (TMOS) in a protocol that avoided ethanol (in which Qs are not stable at all) 

and maintained a pH of 8 through the addition of diluted ammonia. For their reaction, they achieved 




















































