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Abstract 

Nanotechnology is a new emerging field that involves many disciplines, including chemistry, 

materials science, medicine, electronics, environmental protection etc ... Nanotechnology aims 

at the design, synthesis, characterization and application of materials and devices on the 

nanoscale. Nanoparticles are defined as materials with the three dimensions in the space less 

than 100 nm. They possess chemical, biological, mechanical, electronic and magnetic properties 

hugely different from the corresponding macroscopic materials. Their peculiarities depend on 

the reduced size, shape, composition and interface, all aspects that can be controlled during the 

synthesis. Moreover, nanoparticles can act as platforms for assemble well-defined 

multifunctional structures able to perform varied tasks as drug delivery, sensors and contrast 

agent for bioimaging. Nanoparticles can be made by inorganic materials, as transition metals or 

silica, and by soft materials as molecular dye or organic polymers.  

In the currently work a wide range of nanoparticles have been designed, synthesized and 

characterized for various purposes. In chapter 4 we propose simple and cheap strategy to 

develop multi-stimuli sensitive perylene diimide (PDI) molecules to create new smart materials 

by self-assembly. PBI has been chosen as a platform because is a well-known fluorophore, 

stable and with a high emission quantum yield that decreases considerably when the 

fluorophore aggregates. 

Fluorescence is a powerful tool for mapping biological events in real-time with high special 

resolution. To achieve high sensitivity ultra-bright probes are needed as a huge number of 

fluorophores assembled in a single nanoparticle. Unfortunately, assembly results in 

fluorescence quenching because of short-range intermolecular interaction. In chapter 5 we 

report synthesis of designed molecule that self-assemble in nanoparticles in biocompatible 

environment without any dramatic decrease of fluorescence brightness. In chapter 6 a similar 

work has been repeated with commercial fluorophores. 

Detection of chemical and biological agents plays a fundamental role in environmental and 

biomedical sciences. Among the various investigation techniques, luminescence based are the 

most sensitive and selective. For investigation of biological systems are indicated luminescent 

sensors working in correspondence of the biological window in NIR region. Gold nanocluster 

offer a suitable platform for multi-functionalization with a wide range of organic or biological 

ligands for the selective binding and detection of small molecules and biological targets. Gold 

nanocluster with diameter lower than 2 nm show detectable light emission in NIR region. In 



chapter 7 small gold nanocluster functionalised with seven thiols in has been studied in 

presence active pharmaceutical ingredient (API). 

Another interesting material is melanin. Melanin is an abundant and heterogeneous biopigment 

found ubiquitously in many livings being. Melanin plays an exemplary role as a radioprotector, 

thanks to its broad band absorption spectrum, its ability to convert 90% of absorbed light  and 

free radical scavenger into heat. There are many sources in nature from which it is possible to 

extract melanin. Nevertheless, this operation has drawbacks. In fact, to date no extraction 

technique has been found that guarantees not to affect the properties of melanin in its natural 

environment. Therefore, researchers have sought alternative ways to obtain synthetic 

materials that reproduce the most interesting characteristics of melanin. 

Currently the best candidate is polydopamine (PDA), a black insoluble material produced by 

oxidative polymerization of dopamine under alkaline conditions. 

The unique characteristics of melanin, conferring antioxidant and radio- and photo-protective 

properties, are mostly due to the presence of unpaired electrons in the structure that results in 

a stable free radical property. We can suppose that increasing stable free radicals on melanin 

corresponds in increase the intrinsic free radical scavenging ability and consequently 

radioprotective effects. The presence of heavy transition metal, as Fe(III) and Mn(III) can 

contribute to increase  the intrinsic melanin free radical scavenging ability, at the basis of 

radiation protection activity. Indeed, when Fe(III) and Mn(III) meets a free electron it can catch 

them reducing respectively at Fe(II)and Mn(II). In chapter eight we try to increase melanin 

radiation protection activity both increasing number of stable free radicals and introducing 

oxidative ion transition metal. We have chosen Fe(III) and Mn(III) to increase oxidative ability 

and Zn(II), that do not possess oxidative ability as reference. We used 4-amino-TEMPO to 

increase number of stable free radicals. 
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Chapter 1: Introduction  

1.1 Supramolecular chemistry 
Supramolecular chemistry has been defined as the field of “chemistry of molecular assemblies 

and of intermolecular bond” or “chemistry of non-covalent bond”1. Supramolecular chemistry 

embraces organic and inorganic chemistry for precursors synthesis, physical and 

computational chemistry to understand properties and behaviour of supramolecular systems2.  

The first supramolecular systems observed were the host-guest system. They are formed by 

two molecules participating in a complex event to build a supramolecular structure. Usually the 

host is a large molecule, such as an enzyme or a synthetic cyclic compound, with a defined 

binding site. The binding site is the region where non-covalent interaction with the host 

happens. The guest could be an ion or a small molecule. Concepts at base of host-guest 

chemistry are recognitions and selectivity3. Fisher introduced them with the lock and key image, 

where geometric shape and size of guest are complementary to the host as shown in Fig.1.1.  

 

Fig.1.1 Schematic representation of a) the key (guest) and the lock (host); b) The lock-key and host-guest complex 

There are other elements that contribute in incrementing stability in supramolecular 

complexes, as the positive cooperativity4. It occurs when host species with multiple binding site 

covalently connected forms a more stable host-guest complex than a similar system with not 

joined sites. Another decisive element is the host preorganisation, i.e. host geometry does not 

require a significant conformational change to bind a guest in the most stable way possible. A 

common example of preorganisation principle is the increased stability of ring-based host 

complexes compared to acyclic analogues. This is called the macrocyclic effect5. Indeed, when 

a linear host wraps around a guest, it loses many freedom degrees, as consequence the entropy 

of the system decreases. A free macrocyclic host does not have such conformational freedom, 

so the entropy decrease is limited.  

An important characteristic of supramolecular systems is the stability of the complex in 

solution. To evaluate the host-guest affinity, binding constant, K, has been introduced and is 

defined as  



𝐾 =
[𝐻𝐺]

[𝐻][𝐺]
 

where [H] is host concentration, [G] is guest concentration and [HG] is complex concentration. 

To measure binding constant, it can be used any experimental technique that produces 

information about host-guest complex concentration as function of separated host and guest 

concentrations. Titrations are the more indicated experiments6. The most suitable can be 

chosen according to the characteristics of the system in question. For example, for macrocycles 

with tertiary amine, that can be protonated, protonation constant can be determined with a 

simple acid-base titration7. Another strategy is the isothermal titration calorimetry8. In this 

technique heat enthalpy, is measured as function of added guest or host concentration. If a 

fluorescent species is involved in the equilibrium fluorescence titration can be applied9. When 

complex or free host or guest possess a characteristic absorption band can be chosen10. 

Supramolecular systems are also formed by molecules, similar in size, that have 

complementary functionalities and interact to build more complex supramolecular species. The 

phenomenon is termed self-assembly and is the spontaneous equilibrium between two or more 

molecular components to produce an aggregate with a structure that is dependent only on the 

intrinsic information contained within the chemical building blocks11.  Reversibility is a key 

feature in self-assembly and this permit them to correct mistakes in the supramolecular 

structure to achieve the most thermodynamically stable product. Self-assembled systems can 

be classified according to the diversity of interactions involved. Single-interactions self-

assembly refers to systems where only one kind of interaction is present. Palladium/amine 

square in a classic example12. More often interactions of various nature are involved in self-

assembly, termed multiple-interaction self-assembly. In this case, self-assembly progress is 

dominated by the most stabilising interactions in a descending hierarchy. For example, metal-

ligand complexes may form initially and then combine into a larger architecture via hydrogen 

bonds13. When in self-assembly process it is possible recognise distinct steps, it is called 

hierarchical assembly14. If the order of steps cannot be inverted is a linear hierarchy.  

Formation of new interactions in self-assembly building is an enthalpically favourite process. 

However, formation of aggregate species has an entopic cost for the freedom degree lost by 

system. But the release of solvent molecules that were previously interacting with building 

block can reduce the entropic penalty. This is called solvophobic effect2.  

Self-assembly has attracted much interest from researchers in the last decades because 

ubiquitous in nature. In biological systems innumerable non-covalent interactions bring to 

highly complex architectures, that permit them to accomplish their tasks. It must be 



remembered, however, that final product of self-assembly represent the thermodynamic 

minimum of the system and mistakes can be corrected during the aggregation process. With 

this strategy errors or unwanted bioproducts can be avoid and biological process are 

characterized by high selectivity results. Reproducibility is a vital aspect because any deviation 

could have disastrous consequences. For example, many serious diseases, such as BSE, diabetes 

and Alzheimer’s Disease, are caused by the misfolding of proteins into toxic, aggregated -sheet 

fibrils15. Proteins are linear macromolecules, composed of typically 200–300 amino acid 

residues held together through peptide bonds Cit. This covalent sequence is referred to as the 

primary protein structure. In biological environment linear backbone undergo folding upon 

itself in secondary and tertiary structures. Some of them can join with other proteins in larger 

aggregates termed quaternary structure, as reported in Fig.1.2. 

 

Fig.1.2 Schematic proteins self-assembly16. 

Proteins represent biological examples of hierarchical assemblies. Indeed, the tertiary 

structure cannot be obtained until the secondary structure has been assembled and similarly 

the quaternary structure cannot assemble until the tertiary folding is complete. Often self-

assembly process is helped by species that are not involved in the final structure. For example, 

there are ‘molecular chaperones’ that protect protein until it is folded, to avoid that it may 

associate with other molecules rather than with itself. This is an example of assisted self-

assembly. The observation and study of such marvellous systems at the base of life pushed 

researchers in trying to imitate nature and develop new materials for high tasks. 

Over time the concept of self-assembly has been expanded to incorporate systems that do not 

fit into the first definition. Thus, subclasses have been created including assembly process that 

may require help, such as templation, or contain non reversible steps to complete aggregation2. 

The first subclass is called directed self-assembly and includes templated synthesis of 



supramolecular aggregate. The most common example is the metal-directed self-assembly. 

Indeed, metal ions owns unique features that permit them to act as template for high 

predictable systems. Their well-defined coordination chemistry is the key for synthesis of 

regular geometric structure, high convergence, fast and facile formation of the final product, 

inherent defect-free assembly, great directionality and great versatility. Thus, metal-directed 

self-assembly has been widely used to synthesize supramolecular species with novel 

topological structures, such as cages17, polyhedrons18, ladders, racks19, and helicates. The latter 

are coordination compounds displaying double- and triple helical structures that remember 

biological structure of DNA and collagen. A simple helicate is shown in Fig 1.3. The ligand (2, 

2′:6′, 2′′ :6′′, 2′′′-quaterpyridine) is forming a double helicate using tetrahedral Cu(I) ions as 

templates20. 

 

Fig.1.3 A simple example of a double-stranded helicate templated by tetrahedral Cu+ ions. The bidentate binding sites of the 
quaterpyridine ligand are shown by arrows. 

Self-assembly with post-modification is another important subclass is. Here are contained 

systems that undergo synthetic alterations after the self-assembly step. Mechanical 

interlocking of molecules is an attractive strategy for supramolecular complex building. 

Mechanical interlocking means that two or more species are intertwine each other to form a 

single entity, i.e. are topologically linked and a covalent bond breakage is necessary to separate 

the individual units. Interlocking structures have interesting physical properties or the 

potential for them. An example of self-assembly with post-modification are catenanes: 

mechanically interlocked macrocycles. Catenanes can be templated via hydrogen bonding 

between the component parts or by using metal-mediated synthesis. An example is shown in 

Fig.1.4, where Cu(I) ion acts as a tetrahedral auxiliary linker between two substituted 

phenanthroline units, forming a self-assembled intermediate which can be reacted to form a 

catenane21. 

 



Fig.1.4  The Cu(i) ion acts as a linker between two phenol-substituted phenanthroline units, forming a self-assembled 
intermediate which can be reacted to form a catenane 

Three rings ca be mutually interlocked without any catenane-like connections in the 

Borromean rings. The molecular graph of Borromean rings is shown in in Fig.1.5 and there are 

no two rings sharing a link22. 

 

Fig.1.5 Representations of Borromean rings:(a) the molecular graph; (b) three-dimensional view. 

Rotaxane is an example of self-assembly with post-modification are, that consist in a 

macrocyclic where a linear molecule inserted as thread. The ends of the axel are capped to trap 

the ring. Apparently, rotaxanes cannot be described as topologically connected species as it is 

possible to pull the ring off the axel. However, in practice the macrocyclic ring cannot usually 

be removed without breaking any covalent bond23. 

Over the years, researchers have found more and more strategies for the synthesis and 

development of new materials based on the knowledge acquired in the field of supramolecular 

chemistry. One of the most surprising results was the discovery of nanomaterials. 

1.2 Nanotechnology and Nanomaterials 
In the last century the idea of manipulating matter at ever lower levels emerged more and more. 

The first exponent in this field was Feynman who with his famous speech “There’s Plenty of 

Room at the Bottom” opened the way to a revolutionary approach to the design and production 

of materials. The challenge promoted by Feynman was matter manipulating at an extremely 

small scale, the level of molecules and atoms, i.e., the nanoscale. This event is considered by 

many to be the beginning of nanotechnology. Nanotechnology is the science of nanomaterials, 

i.e. materials with dimensions between about 1 and 100 nm. The first approach for 

nanotechnological devices preparation was the top-down approach2. It consists in breaking-

down materials using techniques developed by solid state physicists called microfabrication. 

This term contains all various kinds of lithography. To make things smaller, scientists generally 

start by coating a substrate and cutting features into the coating. For example, a large block of 

silicon wafer can be reduced to smaller components by cutting, etching and slicing down to a 

desired size or shape. The most common microfabrication technique is photolithography, the 



use of UV light as a pattern source. This technique contains an intrinsic limit, since it is not 

possible to overcome a resolution equal to /2, where  is the wavelength of the source. More 

and more energetic sources can be used to reduce the lambda value, but this is related to an 

increase in the costs of the instruments used24. Very soon researches understood that to evolve 

in nanotechnology a paradigm change was needed. Drexler first introduced the idea of building 

nanomaterials atom-by-atom in 1980s. His goal was to build molecular assemblers capable of 

constructing objects at any scale, atom by atom25. His vision soon proved to be impractical26, 

but the idea of developing nanomanipulation remained. The advent of nanoscale precision 

imaging tools allowed the nanomanipulation to move forward. Among the new techniques, 

scanning probe microscopes has emerged to be a unique tool for materials structuring and 

patterning with atomic and molecular resolution27. 

Scanning probe microscopes utilize nanoscale proximal probes that directly interact with 

samples and piezoelectric actuator that drives the probe with nanoscale precision. 

The first time atoms had been precisely positioned on a flat surface, scanning tunnelling 

microscope was used to arrange 35 individual xenon atoms on a substrate of chilled crystal 

of nickel to spell out the three letter of the company  IBM28, as shown in Fig.1.6.  

 

Fig.1.6 35 individual xenon atoms on a substrate of chilled crystal of nickel arranged with scanning tunnelling microscope  to 
spell out the three letter of the company  IBM 

Despite remarkable progresses on nanomanipulation, this approach is not suitable for making 

large quantities of functional nanoscale materials. Free atoms resulted highly reactive and 

difficult to generate and handle. Instead molecules exhibit distinct properties making them 

more convenient building blocks than atoms. Indeed, they possess specific shape and reactivity 

that can be tuned to meet any need. Rational design of molecular allowed to leave great and 

expensive equipment to arrange building blocks in the space with nano-precision. It is enough 

to exploit the natural tendency of molecules to self-assembly. Therefore, it is natural that the 

knowledge and skills learned in the field of the chemistry of self-assembly have played a central 

role in the development and realization of nanoscale architectures29. Moreover, in a chemical 

approach about an Avogadro’s number nano architecture are synthetized contemporaneously. 

Nanochemistry has permitted synthesis of a large range of nanomaterials. Today is still missing 

https://en.wikipedia.org/wiki/Scanning_tunneling_microscope
https://en.wikipedia.org/wiki/Scanning_tunneling_microscope
https://en.wikipedia.org/wiki/Xenon
https://en.wikipedia.org/wiki/Nickel
https://en.wikipedia.org/wiki/Xenon
https://en.wikipedia.org/wiki/Nickel
https://en.wikipedia.org/wiki/Scanning_tunneling_microscope


a single internationally accepted definition for nanomaterials. Indeed, in the legislation of 

European Union and USA are present in different definitions30. 

For example, the Environmental Protection Agency refers to nanomaterials as, “Materials that 

can exhibit unique properties dissimilar than the equivalent chemical compound in a larger 

dimension”31. According to The US Food and Drug Administration “nanomaterials have at least 

one dimension in the range of approximately 1 to 100 nm and exhibit dimension dependent 

phenomena”32. Similarly, The International Organization for Standardization has described 

nanomaterials as a “material with any external nanoscale dimension or having internal 

nanoscale surface structure”33. European Commission describes the term nanomaterial is 

described as “a manufactured or natural material that possesses unbound, aggregated or 

agglomerated particles where external dimensions are between 1–100 nm size range”34. The 

lack of a general and universally recognized definition is due to the continuous growth and 

evolution of the field. In this chapter we will try to take a quick look at some of the most 

interesting nanomaterials. This list is in no way intended to be exhaustive of all existing 

nanomaterials. A good starting point are nanodevice. Nanodevice are made by linked molecular 

components with identifiable properties intrinsic to each component. Molecular building 

blocks can carry out the purpose for which they were created when they are connected in a 

nanoarchitecture, often with covalent bonds2. Since the execution of the nanodevice goals 

proceed through intercomponent processes, we can consider these macromolecules as 

supramolecular systems regardless the nature of the connectivity between components. In 

general, supramolecular devices are addressed by supplying the molecule with chemical, 

electrical or electromagnetic energy. If photoactive moieties (groups that can absorb or emit 

light) are involved in the device architecture, the system is called photochemical device. The 

key point in the design of photochemical devices is presence of sub-units, bound in a well-

defined and controllable arrangement. Incident electromagnetic radiation excites an 

absorption moiety of the supramolecular system, changing the electronic interactions among 

the different components. Photophysical devices have been engaged for solar energy 

conversion. The key photophysical steps of solar energy harnessing are absorption of light 

which drives an initial electron–hole separation; cascade electron/hole transfer to the 

periphery of the system creating an independently reactive electron/hole pair and independent 

redox reactions at each site. A practical system should include a chromophore that absorbs 

sunlight, and electron donor and electron acceptor moieties, which are pre-organized in a way 

that permits the control of their electronic and steric interactions and therefore the rates and 

yields of electron transfer35 An example is the antenna of four zinc porphyrin moieties, linked 



to an artificial reaction center made up of a porphyrin electron donor joined to a fullerene 

acceptor, as shown in Fig.1.7 Excitation of any zinc porphyrin of  is followed by energy transfer 

to the free base porphyrin. The resulting excited state donates an electron to the fullerene to 

generate an energetic charge-separated state36. 

 

Fig.1.7 Photochemical device four zinc porphyrin moieties, linked to an artificial reaction center made up of a porphyrin electron 
donor joined to a fullerene acceptor 

Mimicking biological devices is an interesting goal. For example, muscle in the human body are 

activated with complex process initiated by a potential travelling down a motor neuron. This 

stimulation is a mechanism that puts our limbs into automatic action to carry out a task. To 

mimic biological energizing process that activates a device a molecule needs to be able to 

change shape upon stimulation. Ionic electroactive polymers are promising mimic of biological 

muscles. Ions movement causes the material bending. The complex is an example of 

thermodynamic self-assembly Indeed, complexation is reversible and after ion removal 

polymers regain their initial conformation. A chemical example of a prototype ion-triggered 

molecular muscle is the extended terpyridyl ligand. In the free state, the ligand adopts an 

extended conformation. Upon binding Pb2+ ions, it a coiled structure is formed37, as reported in 

Fig.1.8.  

 

Fig.1.8 Ionic electroactive polymers in extended and contracted conformation. They mimic muscle in the human body 

Nanochemistry has developed also new and fascinating nanomaterials, i.e. materials with at 

least one dimension between 1 and 100 nm. According this definition it is possible to divide the 



nanomaterials into classes according to the number of dimensions that fall within the 

nanometric range. For example, sheet or thin films can extend in width and length for micro 

and macro-metric distances. But they can have a nanometric thickness. In this case they are 

considered two-dimensional structure. Graphene is one of the most attractive examples of this 

class. Graphene is a single atomic plane of graphite, sufficiently isolated from its environment 

to be considered freestanding. It is shown in Fig.1.9. 

 

Fig.1.9 Structure of graphene38 

Long-range π-conjugation in graphene yields extraordinary thermal, mechanical, and electrical 

properties, which have long been the interest of many theoretical studies and more recently 

became an exciting area for experimentalists39. The first surprising fact about graphene is its 

only existence because two-dimensional crystals were thought to be thermodynamically 

unstable at finite temperatures. In no time he has climbed all the rankings, proving to be a 

material with almost infinite resources. Indeed, it is the thinnest40 known material in the 

universe and the strongest ever measured41. Its charge carriers exhibit giant intrinsic 

mobility42, have zero effective mass and can travel for micrometres without scattering at room 

temperature43. Graphene can sustain current densities six orders of magnitude higher than that 

of copper44, shows record thermal conductivity45 and is impermeable to gases46. 

Although it may seem hard to believe, the potential of two-dimensional materials goes far 

beyond graphene. One of the fields that has most affected the researchers is that of surfaces. 

The idea of create a coating to protect or functionalize surfaces has pushed research to develop 

two-dimensional layers always with greater precisions Y he results of these efforts was the 

discovery of monolayers. Self-assembly is a powerful strategy to form ordered two-dimensional 

monolayers chemisorption of appropriately functionalised molecules onto substrate surfaces. 

Monolayers are typically formed by amphiphiles comprising long alkyl chains in conjunction 

with a polar head group, or long-chain molecules bearing a functional group at one end capable 

of surface binding2. Self-assembled monolayers are commonly prepared by immersing a clean 

substrate with a reactive surface in a solution of the coating molecules. At the beginning, 

chemisorbed coating molecules will exist on the surface in a disordered fashion. But slowly 



intermolecular interactions will drive molecules in stable, ordered, close-packed monolayer. 

Thiol self-assembled monolayers are the most common and extensively studied monolayers. 

They exploit the strong and selective sulphur-gold bond. A gold surface is immersed into a 

solution of thiol that rapidly attach to the substrate. The stating random configuration evolves 

in an ordered monolayer according to self-assembly principles.  

 

Fig.1.10 Schematic showing an ordered self-assembled monolayer of densely packed alkane thiols47. 

Moreover, it is possible functionalize monolayer once it has formed. Many functional groups 

can be appended at the end of the thiol, which leads to the use of thiol self-assembled 

monolayers in molecular recognition48, bio sensing49 and devices50. A similar technique is used 

to prepare thiol-coated nanoparticles. In chapter x we report an original work where gold 

nanoparticles are decorated with a thiol-monolayer for active pharmaceutical ingredient 

sensing. The strong point of this technique is its simplicity, the weak point is that the choice of 

materials is limited by the mutual affinity of the substrate and the coating. 

Langmuir–Blodgett technique to overcome these limitations, by arranging molecules in 

organised assemblies. Highly structured, controlled multi-layered thin films are prepared by 

the repetitive dipping of a solid substrate through a mechanically compressed monolayer 

spread, usually, at the air–water interface2. Monolayer at the air–water interface is built 

exploiting intrinsic properties of molecules called surfactant. They have an amphiphilic nature 

and decrease the surface tension of water but are insoluble in it51. As the process proceeds the 

solid material is assembled onto the surface and this leads to a material that has a uniform 

thickness and laminar structure. 

Many surprises also derive from single-dimensional materials. This class includes whiskers, 

fibers or fibrils, nanowires and nanotubes. The latter exist as single-walled carbon nanotubes 

and multi-walled carbon nanotubes. The first structure can be described as an enrolled 

graphene sheet the second one is like as graphite fibres. They stand out among the one-

dimensional materials thanks to their electronic and mechanical properties. Nanotubes present 

high electrical conductivity, that depends on diameter and can modulated to pass from a 



semiconductor to metallic behaviour52 The large surface area can be used in catalytic53 or 

adsorption processes. They have been proposed in energy storage, particularly hydrogen 

storage54. Nanotubes curvature possess specific features. Indeed, here there is a −orbital 

mismatch which makes them selectively reactive points55. They can be exploited for specific 

endcap modifications56 or nanotubes purifications57. Also, mechanical properties of the 

nanotubes are remarkable. Indeed, nanotube are characterized by high tensile strength and 

stiffness, thanks to the strength of the C-C bond58. Then they could be excellent instruments 

because they would be able to withstand the impact with the surface and could lead to 

improved resolution and robustness in comparison to conventional materials, such as silicon 

and metal tips59. Moreover, elasticity of nanotubes in axial direction has been evaluated and 

resulted in a large Young’s modulus60. They, also, present high flexibility that suits for composite 

materials which need anisotropic properties61. In the end there are the materials of zero order, 

that is those materials with all three dimensions in the nanometric range. These are commonly 

referred to as nanoparticles and represent one of the most extensive and varied classes of 

nanomaterials. In fact, the enormous potentialities contained in these nanostructures have 

pushed the researchers to study them for decades producing an extremely wide range. The 

work in question focuses on nanoparticles versatility, the variety of their nature and their 

potential in many areas. 

1.3 Nanoparticles 
There are different ways to catalog nanoparticles, based on their synthesis, function, shape and 

composition. Here it was chosen to use the latter and nanoparticles can be organized into four 

material-based categories: i) Carbon-based nanoparticles; (ii) inorganic-based nanoparticles; 

(iii) organic-based nanoparticles. 

One of the most important proponents of this category are the fullerenes. The fullerenes are 

closed carbon-cage molecules containing only pentagonal and rings. Icosahedral C60 molecule 

is a celebre example. Kroto and all synthetized C60 unintentionally for the first time during their 

graphite laser vaporisation experiments62. The fullerene family includes larger molecular 

weight fullerenes Cn (n>60), as C70, that has a rugby ball-shaped symmetry C76, C78, C80. 

However, C60 besides being the founder of the family, it is also the most studied. The 60 carbon 

atoms in C60 are located at the vertices of a regular truncated 

icosahedron with a diameter of 7.10 Å63. The molecule is composed by 20 hexagonal faces and 

12 additional pentagonal faces. Each carbon atom has four valence electrons for the formation 

of three chemical bonds, and there will be two single bonds and one double bond. The 



hexagonal faces consist of alternating single and double bonds, whereas the pentagonal faces 

are defined by single bonds64. C60 possess 120 symmetrical operations and it is the most 

symmetrical molecule65 The first intentional fullerenes was reported by Kratschmer that used 

an arc discharge between graphite electrodes66. The formation of fullerenes is a remarkable 

example of thermodynamic self-assembly, since under these high-energy conditions even C–C 

bond formation becomes somewhat reversible and closed-shell species with no dangling bonds 

are the most stable forms of carbon under these conditions2. Fullerene chemistry has been a 

very active research field, because of the uniqueness of the C60 molecule and its ability to have 

a variety of chemical reaction. The C=C bonds of C60 react like those of very electron-deficient 

arenes and alkenes. Therefore C60 behaves as an electron-deficient ̀ superalkene' rather than as 

a `superaromatic'67. The most well-known derivatives of C60 are those with alkali metals, which 

become superconducting with high transition temperatures68. In general, fullerenes have found 

applications in many relevant sectors thanks to their intrinsic properties and thanks to 

possibility of large functionalization to achieve desired characteristic. For example C80 

fullerenes incarcerating rare-earth metals have been used for photovoltaic devices with 

excellent results69. One of the biggest fullerene limitations is water insolubility and aggregation 

in aqueous media. To overcome this limit many different fullerene derivatives have been 

functionalised and, today, the medical applications of fullerenes include antiviral activity, 

antioxidant activity and their use in drug delivery70. 

A new class of carbon-based nanoparticles is represented by carbon nanodots, nanoparticles 

with a size below 10 nm typically composed by carbon, oxygen, nitrogen and hydrogen71. They 

were observed for the first time during purification of single-walled carbon nanotubes through 

preparative electrophoresis in 200472. Carbon nanodots are ease of synthesis and of 

functionalization, water-soluble, biocompatible and non-toxicity71. Their most important 

properties is a bright fluorescence, tunable across the visible range73. Moreover, carbon 

nanodots were shown to possess excellent up-converted fluorescence. Interestingly, the  

carbon nanodots photoluminescence from can be quenched efficiently by either electron 

acceptor or electron donor molecules in solution, indicating that photoexcited carbon nanodots 

are excellent electron donors and electron acceptors71. Surprising photophysical properties of 

carbon nanodots and their interesting photoinduced electron transfer properties have 

stimulated interest in their application in fields such as energy and catalysis74. When exited 

with near-infrared emission carbon nanodots exhibit fluorescence in the ‘‘water window’’ a 

spectral region important for the transparency of body. This, combined with the high 



biocompatibility of the material, opens the door to applications in biological labeling75, 

bioimaging76 and drug delivery77. 

Among inorganic based nanoparticles, a special place is reserved to metal nanoparticles.  

The most ancient metal nanoparticles, and probably the most ancient nanomaterial, are gold 

nanoparticles.  Their appearance dates back around the 5th or 4th century B.C. in Egypt and 

China as colloidal gold used to make ruby glass78. Perhaps the most famous example of gold 

colloids is the Lycurgus Cup. Transmitted light gives it a red color and reflected light green 

color79. In 1857, Faraday observed that reduction of an aqueous solution of chloroaurate 

(AuCl4-)  with phosphorus in CS2  led to the formation of deep red solutions of colloidal gold80. 

During the twentieth century, the synthesis of gold nanoparticles was refined to reach citrate 

reduction of HAuCl4 in water, which was introduced by Turkevitch in 195181. Subsequently 

Brust and Schiffrin set up a method to synthetize thermally and air stable gold nanoparticles of 

reduced dispersity and controlled size for the first time. Gold nanoparticles have been stabilized 

by anionic mercaptoligand and they can be repeatedly isolated and redissolved in common 

organic solvents without irreversible aggregation or decomposition82. Later on, new synthetic 

strategies were developed that involve microemulsions83, copolymer micelles84, reversed  and 

micelles85. The surfactant is solubilized in an organic solvent and here it self-assembles forming 

a microemulsions or a reversed micelle. HAuCl4 is added and ions concentrate in the favorable 

microenvironment of surfactant. Then, a reducing agent starts the growth of the nanoparticles 

inside polar pools of surfactant allowing shape and size control86. The great interest in gold 

nanoparticles stems from their surprising properties. First, they are distinguished by their 

optical properties. Indeed, their broad absorption band in the visible region around 520 nm 

occurs only when gold is in this state of matter and is caused by the surface plasmon band Cit.  

When metal nanoparticles are hit by a radiation, the electron gas at the surface of nanoparticles 

begins to oscillate with the same frequency of  the electromagnetic field80.  To note that these 

arguments are not valid for particles with core sizes  less than 2 nm in diameter due to the onset 

of quantum size effects87. Researchers focused their efforts in trying  to exploit gold 

nanoparticles properties mainly for imaging88. Moreover, gold nanoparticles have been shown 

to be applied in many fields due to their reduced toxicity and to the fact that they can act as a 

functionalized scaffold to be functionalized. So recently, gold nanoparticles have found 

applications in biomedical fields as biosensors89, immunoassays90, genomics91, 

photothermolysis of cancer cell92 and targeted drug delivery93. Indeed, gold nanoparticles can 

be engineered to work as applicable nano-platforms for controlled drug delivery and as 

bioimaging probes at the same time94. The surface can be decorated with biological, biophysical, 



and biomedical carriers95. Another advantage in nanoparticle-based drug transport is that they 

can be functionalized to selectively recognize only target tissue or cells96. Controlled release of 

drug can happen with two processes: internal stimuli operated system, which could occur in a 

biologically controlled manner, or external stimuli, operated by the support of stimuli-

generated processes. Engineered gold nanoparticles can exploit both, enhancing  the targeted 

drug delivery, especially in cancer therapies97. Silver nanoparticles have inimitable properties 

making them interesting for commercial and scientific appliance as antimicrobial98, food 

storage99, health industry, disinfectant100 and chemotherapeutic agents101. Silver nanoparticles 

appear as a potential medication negotiator because of their massive surface-to-volume ratios 

and crystallographic surface structure98. Indeed, antimicrobial activity of silver nanoparticles 

is closely associated with their size. Smaller nanoparticles possess superior antibacterial 

activity. For this reason, specific synthetic strategies and stabilizers can be used to overcome 

the irregular size distribution. Most common chemical approaches are based on reduction, 

using a variety of inorganic and organic reducing agents102, physicochemical reduction, 

electrochemical techniques103, and radiolysis104. Lately, green chemistry approaches with 

proven validity are emerging. Here we mention polyoxometalates105, Tollens106, 

Polysaccharides107, irradiation108 and biological method108. Silver nanoparticles have been 

permitted as active ingredient by many agencies, including the US FDA, US EPA, SIAA of Japan, 

Korea’s Testing and Research Institute for Chemical Industry and FITI Testing and Research 

Institute98. Silver nanoparticles are becoming a substitute of antibacterial agents, thanks to their 

effectiveness against a broad spectrum of gram-negative and gram-positive bacteria109. 

and their ability to overcome the bacterial resistance against antibiotics110. They have good 

results also in fighting fungal infections111. Moreover, silver nanoparticles are biocompatible 

and low-toxic, suitable for immunodeficient patients. Because least amount of silver 

nanoparticles is safe for human antifungicidal and anti-bactericidal activities of has been  

exploited for sanitization of food and water and in daily product as soaps112, plastics113 and 

textiles114.  

There are inorganic based nanoparticles made by semiconductors, called quantum dots.  What 

distinguishes quantum dots from other inorganic nanoparticles are their optical properties. 

Indeed, they have dimensions and numbers of atoms between the atomic-molecular level and 

bulk material. The quantum confinement causes the electronic energy levels are not continuous 

as in the bulk, but are discrete (finite density of states), because of the confinement of the 

electronic wavefunction to the physical dimensions of the particles. This means that quantum 

confinement results in a widening of the band-gap with a decrease in the size of the quantum 



dots. The band-gap in a material is the energy required to create an electron and a hole at rest 

(i.e., with zero kinetic energy) at a distance far enough apart that their Coulombic attraction is 

negligible. When the energy spacing between the electronic levels exceeds the thermal energy 

(kT) substantial variation of fundamental electrical and optical properties with reduced size 

will be observed This is why quantum dots exhibit different color of emission with change in 

size. As consequence, use of these quantum dots properties requires enough control during 

their synthesis, because their intrinsic properties are determined by different factors, such as 

size, shape, defect, impurities and crystallinity. The unique optical properties of quantum dots 

can find applications for devices, such as light emitting devices and solar cells. Indeed, the 

absorption of quantum dots can be tuned from UV through the visible into the near-infrared 

and the width of emission peak from quantum dots is almost half of organic dyes. Then, surface 

passivation can enhance photostability of quantum dots. Moreover, inorganic materials usually 

present increased thermostability than organic materials. So, they represent a better choice, in 

operating conditions they are subjected at great thermal stress.  

Currently, a significant amount of research is aimed at using the unique optical properties of 

quantum dots in biological imaging. Quantum dots are very promising, respect common organic 

dyes thanks their higher extinction coefficients and emission quantum yield.  Quantum dots 

undergo less photobleaching and multiple quantum dots can be used in the same assay with 

minimal interference with each other and they may be functionalized with different bio-active 

agents115. 

In recent years a new class of nanomaterials has begun to be developed, based on organic 

molecules. The intrinsic characteristics of these materials have delayed their study and 

research. Indeed, in comparison with inorganic materials, organic materials present lesser 

thermal stability and lower mechanical properties. These disadvantages were thought to limit 

synthesis and applications. Besides, it was believed no size effect is manifested in organic 

nanomaterials. This last statement was soon denied. Indeed, the size effects were discovered in 

studying the spectral properties of particles with the sizes from several tens to several 

hundreds of nanometers116. Organic nanoparticles include interesting materials as conjugated 

polymers, polydopamine, dendrimers, but the most versatile are the nanoparticles of organic 

molecules. The hallmark of molecular materials is the ability to tailor their assembly, structure 

and function, realized through the fine-tuning of the relatively weak intermolecular 

interactions. Effective utilization of this unique attribute of molecular materials is bound to be 

reflected in the emerging field of molecular nanomaterials117. When choosing to work with 

these fascinating and innovative materials, one must keep in mind that their electronic and 



optical properties are fundamentally different from those of inorganic metals and 

semiconductors, due to weak intermolecular interaction forces of the van der Waals type. To 

understand how these properties, develop as a function of size is of fundamental and 

technological interest116. Indeed, the electronic properties of the obtained nanoparticles are 

very difficult to be predicted from the molecular structure. Now, weak intermolecular 

interactions, such as hydrogen bonds, − stacking, and Van der Waals contacts are responsible 

for the optical and electronic properties of organic nanostructures. 

One of the first and simplest strategies exploited for synthesis of molecular nanoparticles was 

controlled solvent evaporation. Preparation of an aqueous colloidal solution of b-carotene and 

poly(vinylpyrrolidone) was described for the first time in 1965118.They were dissolved in 

chloroform, that was evaporated. The solid mixture was redispersed in water forming an 

aqueous colloidal solution, called `hydrosol'. Commonly used techniques are drop casting, spin 

coating and zone casting. Best results can be achieved by optimizing polarity and volatility of 

the solvent, concentration of the solution and chain-length of any amphiphilic molecules 

present. Subsequently, by Nakanishi and coworkers reported reprecipitation method. It is 

based on quick exchange of the solvent environment that leads to limited crystal growth. 

Microliter quantities of a solution of the compound of interest in a good solvent are injected 

rapidly into excess of a second liquid which while being miscible with the first liquid, acts as a 

nonsolvent or poor solvent for the compound of interest. This addition is commonly carried out 

under vigorous stirring or ultrasonication. Molecules in the poor solvents start to aggregate in 

nanostructures dispersed homogeneously in the bulk medium119. The reprecipitation method 

was widely used to synthetize different molecular nanoparticles120 because is relatively simple, 

accessible and occurs under mild conditions, which allows fabrication of nanoparticles of 

thermally unstable compounds. Another strategy is ion association. No organic solvents are 

employed, but the driving force of aggregation is the presence of suitable ions that are 

complexed of molecules, bringing to formation of nanostructures in solution. The particle size 

can be controlled by varying the cation-to-anion molar ratio121. As mentioned before, optical 

and electronic properties of molecular nanoparticles are ruled by weak intermolecular 

interactions at the base of their architecture. Indeed, electronic structure of molecules is 

perturbed by the interaction with neighboring molecules leading to significant changes in many 

cases, in optical responses such as absorption and emission. The exciton coupling model  

provides a framework to understand such effects which have important consequences for 

photo and electroluminescence applications117.  Among the advantages in moving from simple 

organic molecules to molecular nanoparticles is that the properties of the latter can be 



modulated with size and above all they can often be dispersed in water. Indeed, they 

demonstrate a great application potential in `green' chemistry and chemical biology. 

Researchers are beginning to work on applying molecular nanoparticles in different sectors. 

For example, thanks to their photophysical properties122 were used, as the organic light-

emitting diodes (OLED). Usually, solid state materials have reduced or absent fluorescence 

quantum yield. But in some fluorophore aggregation enhanced fluorescence, by reducing 

competitive non-radiative mechanism. 

Production of drug nanoparticles is one of the main directions in the preparation of new highly 

efficient formulations. Indeed, often drugs are not water soluble and this reduces their efficacy, 

but and nanoforms of drugs exhibit unique properties solubilities  that  open new promising 

approaches to the treatment of different diseases123.  

1.4 Bioimaging and optical imaging 
The introduction of biomedical imaging has revolutionized the healthcare for diagnosis and 

treatment of human diseases. Thanks to it the diagnosis and treatment of diseases has become 

increasingly specific, early and non-invasive for the patient. Over the years, bioimaging has 

developed starting from when Wilhelm Roentgen captured the first X-ray image of his wife's 

hand in 1896124. Today there are different techniques such as computer-assisted tomography 

(CAT scan), ultrasound imaging, and magnetic resonance imaging (MRI). However, these 

techniques investigate mainly anatomical state at the tissue or organ levels125. The currently 

biomedical imaging techniques used have of limitations. For example, x-ray imaging and CAT 

scan utilize ionizing radiations, ultrasound cannot provide resolution smaller than millimeters 

as well as to distinguish between a benign and a malignant tumor. Among the various 

investigative techniques, optical imaging is emerging more and more. Optical imaging is based 

on interaction between light and matter. The light, in particular the one of near-infrared region, 

is able to penetrate deep into the tissues and it can be reflected, scattered, absorbed and 

emitted. Each of these portions of the radiation is at the base of various techniques. However, 

almost all use the laser as a light source to generate an optical response, highly sensitive 

charged-coupled device (CCD) technology and powerful mathematical modeling of light 

propagation through the biological systems126. Optical imaging has several advantages 

including not being harmful, size scale investigation range from macroscopic object to 100 

nm127. It can be applied for  in vitro 128, in vivo129, and ex vivo specimens130. Moreover, it is 

possible combine  optical imaging techniques in multidimensional imaging, or with other 

imaging techniques such as ultrasound (photoacoustic imaging)131.  



The next step is to extend imaging at the cellular level. Indeed, information on the biological 

and molecular composition of tissues at the cellular level is necessary for early detection, 

screening and diagnosis. For example, detection of early molecular changes can anticipate 

cancer diagnosis.  

A major step forward in optical imaging was made with the introduction of contrast agents. 

They allow to enhance the optical contrast by virtue of their contrast enhancing properties, for 

example reducing the background signal and improving the image resolution. The first contrast 

agents were organic fluorescent compounds, that possess strong signal capable to overcome 

tissue autofluorescence. A good contrast agent should be non-toxic, or low-toxic and they 

should be photostable and do not produce toxic products upon light excitation, so that they can 

be administered safely131. Then, they should have a high extinction coefficient for effective 

absorption and a high quantum yield for obtaining strong fluorescence signal, i.e. it should have 

high brightness. Brightness is defined as 

𝐵 =  ∙  

Where  is molar extinction coefficient and  is fluorescence quantum yield. 

Organic fluorescent contrast agents work very well at different level of investigation. Indeed, 

they have been used to study cells compositions, tissue damage and cancer propagations. But 

they have many limitations. First, organic molecules are not robust, but rapidly undergo 

photobleaching, when excited by light source. They can also undergo photoreactions with toxic 

sub product132. Then organic molecules are usually hydrophobic and this limit preparation of 

their aqueous-based formulation. Moreover, it is important that fluorescent compounds are 

delivered selectively to the target tissue to improve image contrast. 

Introduction of nanoparticles as contrast agents for optical imaging present many advantages. 

Usually, nanoparticles have improved photophysical properties, as brightness, compared to 

single molecules. Then, they are objects more resistant undergo photobleaching more difficult. 

As consequence, their photophysical signals are stable over time132. This improves sensitivity 

of imaging techniques and it has tremendous potential for real-time monitoring, for example of 

cancer progression. Nanoparticles can be engineered to work as contrast agent for multiple 

techniques at the same time133. For example, a multifunctional nanoparticle can be suitable for 

optical imaging, MRI and CAT. In that way, complementary techniques can provide a complete 

picture of patient clinical situation. Moreover, it is possible add water soluble external shells 

and prepare non-toxic aqueous solutions. Then, nanoparticles permit to target desired tissue. 

There two strategies active and passive targeting. In the first case surface nanoparticle can be 

decorated with biological molecules as proteins, antibodies and enzymes. In this way they can 



be programmed to recognize selectively a tissue target and accumulate here. The passive 

targeting is used mainly for tumor targeting. It is called enhanced permeation and retention 

and exploits  vessel damages that are commonly in cancer presence134. Nanoparticles with 

diameter lower that 100 nm can be delivered to the injury tissue by systemic circulation. 

Quantum dots have been largely studied for bioimaging purpose. They have a broad absorption 

spectrum with high molar extinction coefficient, that makes them bright probes in aqueous 

solutions and under photon-limited in vivo conditions. 

Emission band is narrow and intense, with large fluorescence quantum yield. This allows to 

increase the signal/noise ratio. Moreover, the emission spectra can be tuned across a wide 

range by changing the size and composition of the quantum dots. In particular, they show 

strong emission in near infrared range where there is biological window, and light penetration 

is deeper. Moreover, quantum dots have long fluorescence lifetimes on the order of 20–50 ns, 

which allows them to be distinguished from background and other fluorophores for increased 

sensitivity of detection135. Quantum dots can undergo photobleaching upon excitation. It 

happens when the absorbed radiation causes irreversible alterations in the fluorophore that 

cannot emit anymore light. In is found that surrounding the core with a large band-gap 

semiconductor shell increase photostability of quantum dots. Another problem, it that they, 

often, undergo photoreactions, as photooxidation in biological environment. To overcome this 

limit, they can be capped with a protective shell. The shell in theory should not alter quantum 

dot photophysical properties136. That means that it should be transparent at excitation 

wavelength and not fluorescent. Moreover, quantum dots usually are not water soluble, but 

they can be dispersed in aqueous media by surface functionalization mercaptoacetic acid, silica 

over coat or amine-modified poly(acrylic acid)137. The only major concern about the biomedical 

use of quantum dots is their possible toxicity. In this regard, researchers are working to make 

these materials increasingly safe. 

Silica nanoparticles offer a different approach to improve optical imaging with nanotechnology. 

They are made by amorphous silica dioxide, a transparent material, that do not possess own 

photophysical properties. But it is possible incorporate molecular fluorophore inside silica 

matrix. Encapsulation of dye do not alter its intrinsic photophysical properties and protect dye 

by chemical degradation in biological environment. For example, oxygen molecule penetration 

could quench the dye. Inside the silica the photostability of dye molecules increases 

substantially compared with bare dyes in solution. Silica nanoparticles are water soluble and 

can be used as medium to prepare stable water solution of organic hydrophobic dyes132. 

Moreover, dye doped silica nanoparticles are non-toxic and biocompatible. Their surface can 



be derivatized with a peptides, antibodies or oligonucleotides to increase selectivity to the 

target. The advantage of this strategy is the great versatility. Indeed, almost any dye can be 

encapsulated, so it is possible select the fluorescent probe with the best properties for any 

purpose. Due to these novel features, functionalized silica nanoparticles have found widespread 

applications in bioanalysis and bioimaging applications134. 

Lately, molecular nanoparticles are attracting interest of researchers thanks to their specific 

characteristics. Their properties meet many needs of optical imaging. Novel strategies allow to 

synthetize nanomaterials where fluorophores are encapsulated inside nanostructures that can 

make them soluble in water and reduce their toxicity. In comparison with inorganic 

nanomaterials molecular nanoparticles have advantages such as biocompatibility and 

structural versatility138. Optical properties of molecular nanoparticles are mainly determined 

by the organic dye encapsulated inside nanoparticles. It is possible choose the specific 

chromophore to meet the requirements for any imaging task. Moreover, it provide the 

feasibility to develop nanoparticles with the same size but different signal outputs, enabling 

multiplexed imaging at different wavelengths without variations in pharmacokinetic 

properties139. 

Molecular nanoparticles can exploit biocompatible polymers to functionalize surface to reach 

desired biodistribution. It is important that nanoparticles can recognize the target and 

accumulate in specific area, to give best signals.  

A common example of the proven efficacy of molecular nanoparticles is indocyanine green. It 

has been approved by FDA despite drawbacks such as poor photostability, extensive protein 

binding and degradation in water severely impede the biomedical application of free cyanine 

dye molecules140. The possibility to synthetize organic polymer core–shell nanoparticles permit 

to protect it by biodegradation and increase its photostability141. Another example are 

porphyrin chromophores. They possess strong absorption in Soret and Q bands and have been 

exploited as sensitizers for dye-sensitized solar cells142. Their use in the biomedical field was 

limited by their water insolubility. Porphyrin have been conjugated with phospholipid into 

nanovesicles via supramolecular self-assembly, which introduced a new kind of photonic 

nanomaterials143. 

Perylene tetracarboxylic diimide is a fluorophore with intense photoluminescence and 

photochemical stability used as industrial pigment144. The first perylene tetracarboxylic 

diimide based nanoparticles used in for bioimaging consisted of  perylene tetracarboxylic 

diimide encapsulated in the amphiphilic polymers to obtain water-soluble nanoparticles144a. 



1.5 Fluorescent nanoparticles for sensing 
A chemical sensor is a tool able to transform chemical information, such as analyte 

concentration or the complete composition of a sample, into a decodable analytical signal145. 

Classical analysis methods often require sample pretreatment and transport, the large data 

collection and often expensive instruments. Chemical sensors allow to overcome these limits, 

offering an economic and easy alternative. In its simplest design, a fluorescent chemosensor is 

composed of a fluorescent dye and a receptor, with a built-in transduction mechanism that 

converts recognition events into variations of the emission properties of the fluorescent dye. 

Such systems in solution can also behave as probes for the desired species, allowing them to 

monitor their variation in concentration over time and space146. Luminescent chemosensors 

have different advantages. Indeed,  fluorescence measurements are sensitive, economical, easy 

to perform and can provide a very high spatial and temporal resolution147. For best results, 

luminescent moiety in chemosensors must have a high molar coefficient and a high quantum 

luminescence yield. Furthermore, a luminescent chemosensor must have different 

requirements. In particular the material should be photochemically stable, should be 

compatible with the medium of interest and should have photophysical properties that do not 

depend on the environment or the specific analyte148. 

The main interferences are scattering light and autofluorescence, especially in biological 

systems. Systems with absorption and emission bands between 600-1100 nm are advantaged. 

Indeed, in this range scattering and natural fluorescence of biomolecules are reduced149. 

Unfortunately, fluorescence efficiency tends to decrease as the energy of the excited state 

decreases. Another strategy exploits luminescent units characterized by a particularly long life 

time150. The light derived from other phenomena is excluded using time-resolved spectroscopy 

since scattering light and the autofluorescence decay much faster than that coming from the 

chemosensor. Finally, systems with high Stokes-shifts permit to reduce interference due to the 

Rayleigh and Raman band. Usually these systems are characterized by charge-transfer excited 

states or use a combination of two different fluorophores between which energy transfer 

occurs efficiently151. 

A huge number of organic dyes, fluorescent proteins and luminescent metal complexes have 

been used for this purpose over the years. Even the most efficient among conventional 

fluorophores, however, suffer from some inherent limitations. Photobleaching, limited 

brightness and short lifetimes are serious drawbacks in many applications152. Fluorescent 

nanoparticles have emerged as a new class of fluorophores with the potential to overcome 



these limitations. At the beginning, nanoparticles were considered as better-performing 

substitutes of traditional dyes in chemosensing applications. It was early clear that the potential 

of nanoparticles went much further. The high amount of reactive sites found on their surface 

make them ideal multivalent scaffolds for the realization of supramolecular assemblies, while 

their high surface to volume ratio allows for distinct spatial domains (bulk, external surface, 

pores and shells) to be functionalized to a comparable extent with different organic species. 

Over the last few years, nanoparticles proved to be versatile synthetic platforms for the 

implementation of new chemosensing schemes153. Indeed, one of the main goals in 

chemosensors design is signal amplification that allows to lower the detection limit. A strategy 

is designing a chemosensor where coordination of a single analyte is able to change properties 

of a large number of active units. This approach is particularly favoured in luminescent 

chemosensors since even very weak electronic interactions may be sufficient to induce 

variations on a relatively large scale. In this way, each receptor is electronically bound to many 

chromophores simultaneously, so that luminescent properties of all of them can be modified by 

the state of a single receptor149. 

Typically, for chemosensors design with signal amplification are used as scaffolds polymers154, 

which do not guarantee control over the distribution of receptors and chromophores, or 

dendrimers155, obtainable exclusively through a very complex synthetic pathway. 

Nanoparticles offer an interesting alternative. Indeed, their surface can be functionalized with 

different fluorescent units in an ordered frame. 

In particular, luminescent silica nanoparticles are interesting. Silica nanoparticles appear to 

have no intrinsic toxicity and are transparent to visible light. Photophysical properties derive 

from the dye with which they are doped or from the capping agents. The silica matrix also has 

the function of protect the active material located inside the nanoparticle from the external 

chemical environment. The external species are unable to reach the fluorophore in the heart of 

silica reducing the possibility that undesired photodegradation processes take place, and 

maintaining the fluorophore in a chemically constant environment 148. Luminescent 

chemosensors that exploit silica nanoparticles can be used for the detection in biological 

environments of analytes such as cations, oxygen, ROS etc… both because they have a very low 

cytotoxicity and because they allow to considerably increase the signal by increasing the 

brightness and reducing background noise thanks to signal amplification. 

Quantum dots are nanoparticles of semiconductor materials and their properties depend by 

their size. They show a broad absorption and narrow emission spectrum. Emission is 

originating from the recombination of photogenerated electron-hole pairs, that happens on the 



surface of nanoparticle. When surface is functionalized with charged molecules, emission could 

be affected. Chemosensor building cannot been achieved only by simply grafting ligands to the 

particles. More sophisticated strategies are needed. For example Sensitivity towards organic 

molecules was obtained by decorating the quantum dots surface with calixarenes156 or 

cyclodextrins157.  

Several other strategies based on energy transfer have been designed. The general idea is to 

use the analyte recognition to modulate the energy transfer process between the quantum dot 

and a dye appended to its surface. For example, if the photophysical properties of the 

fluorophore and of the quantum dot are modulated appropriately it is possible induce an 

electron transfer from the coating molecules to the valence band of an excited quantum dot 

results in emission quenching. If the electron donor is bound to a substrate, this process may 

be interrupted by analyte presence and the emission restored.153 

Since their introduction in biological applications nanoparticles have quickly evolved from a 

generic “passive” fluorescent labels to “smart” nanoprobes that carry additional functions. 

Nanoparticles have made great impact on modern molecular biology by providing innovative 

tools to explore new biological events. Nanosensors based on energy transfer have been 

integrated into a great number of homogeneous molecular assays to detect specific targets and 

monitor reactions. Nanoparticles have also proven to be excellent systems in an assembly due 

to their extreme sensitivity158. 
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Chapter 2: Aim of the work 

Nanotechnology is a new emerging field that involves many disciplines, including chemistry, 

materials science, medicine, electronics, environmental protection etc... Nanotechnology aims 

at the design, synthesis, characterization and application of materials and devices on the 

nanoscale. Nanoparticles are defined as materials with the three dimensions in the space less 

than 100 nm. They possess chemical, biological, mechanical, electronic and magnetic properties 

hugely different from the corresponding macroscopic materials. Their peculiarities depend on 

the reduced size, shape, composition and interface, all aspects that can be controlled during the 

synthesis. Moreover, nanoparticles can act as platforms for assemble well-defined 

multifunctional structures able to perform varied tasks such as drug delivery, sensors and 

contrast agent for bioimaging. Nanoparticles can be made by inorganic materials, as in the case 

of transition metals or silica, and by soft materials as molecular dye or organic polymers.  

In the currently work a wide range of nanoparticles have been designed, synthesized and 

characterized for various purposes. In chapter 4 we propose simple and cheap strategy to 

develop multi-stimuli sensitive perylene diimide (PDI) molecules to create new smart materials 

by self-assembly. PBI has been chosen as a platform because it is a well-known fluorophore, 

stable and with a high emission quantum yield that decreases considerably when the 

fluorophore aggregates. Best results have been obtained for N,N’-bis[2-(1-piperazino)ethyl]-

3,4,9,10-perylenetetracarboxylic diimide (PIPER3). PIPER3 was prepared by microwave 

assisted reaction of PDA with aminoethylpiperazine (Fig.2.1). Presence of amine groups allow 

to control aggregation by pH thanks to protonable groups and made PIPER3 water soluble.  

 

 

Fig.2.1 Schematic synthesis of PIPER3 

PIPER3 emission quantum yield trend as a function of concentration increases and different pH 

is reported in Fig.2.2. As concentration increases, quantum yield decreases drastically. Indeed, 

in water − stacking interactions between perylene core promote dye aggregation in small 

nanoparticles, quenching fluorescence. Effect of pH was studied keeping constant PIPER3 

concentration (Fig.2.2).  



 

Fig.2.2 On the left: PIPER3 fluorescence quantum yield as concentration increases; on the right: PIPER3 fluorescence quantum 
yield at different pH 

From pH 5 to 2 quantum yield increases as the pH decreases, revealing increase of the fraction 

of free molecule in solution, i.e. system disaggregates because of amino groups protonation 

causes repulsion between molecular units. On the other hand, going from pH 2 to 0 there is a 

sharp quantum yield fall. This reveals that a new stimulus encouraged dye aggregation. It is 

likely that high ion chloride concentration in low pH solutions (derived by HCl) begin to 

intervene in PIPER3 aggregation. To demonstrate this hypothesis, salts with different anions 

were added to a controlled pH PIPER3 solution. Emission quantum yield trend as ionic strength 

increases is reported (Fig.2.3). 

 

Fig.2.3 PIPER3 fluorescence quantum yield as anion concentration increases 

Quantum yield decreases when the concentration of anion is increased suggesting that anions 

themselves participate in aggregation by shielding the repulsion of the protonated amine 

groups. In conclusion, new nanoparticles which disaggregate because of the effect of pH has 

been created. The free molecule fraction can be monitored by fluorescence detection. 

Ionic Strength

0,00 0,05 0,10 0,15


 (

q
u

a
n

tu
m

 y
ie

ld
)

0,0

0,1

0,2

0,3

0,4
Cl

-

Br
-

I
-

SO4

2-

NO
-

3



Therefore, system respond to anions that play an important role in the aggregation state. This 

system is potentially suitable for pH and anion sensor. 

Fluorescence is a powerful tool for mapping biological events in real-time with high special 

resolution. To achieve high sensitivity ultra-bright probes are needed as a huge number of 

fluorophores assembled in a single nanoparticle. Unfortunately, as just discussed for PBI, 

assembly results in fluorescence quenching because of short-range intermolecular interaction. 

In chapter 5 we report synthesis of designed molecule that self-assemble in nanoparticles in 

biocompatible environment without any dramatic decrease of fluorescence brightness 

(Fig.2.4). 4-Chloro-7-nitrobenzo-2-oxa-1,3-diazole (Cl-NBD) was the starting point to 

synthetize a stable and fluorescent trisphosphazene (NBD-PhM).  

 

Fig.2.4 Reaction scheme of NBD-PhM 

Nanoparticles (NBD-PhM_NPs) were prepared via nanoprecipitation in the presence of 

Pluronic F127 as a stabilizer in water. Nanoparticles presence was demonstrated by dynamic 

light scattering (DLS) and transmission electron microscopy (TEM) (Fig.2.5). 

 

Fig.2.5 TEM images of NBD-PhM_NPs; a) Size distribution1 

NBD-PhM and nanoparticles were characterized via UV-Vis absorption spectroscopy and 

steady-state and time resolved fluorescence spectroscopy. Result are in reported Table2.1. 

Table2.1 Photophysical properties of  NBD-PhM and nanoparticles 



 

Nanoparticles brightness results about six order of magnitude higher then molecular precursor 

one. This demonstrate that nanoparticles are suitable for bio-imaging, they were incubated 

with living HeLa cells and their ability to label the cells was demonstrated via confocal scanning 

fluorescence microscopy (Fig.2.6). Finally, toxicity assays demonstrated the high 

biocompatibility of the NPs (Fig.2.6). 

 

Fig.2.6 On the left: Fluorescence signal of NBD-PhM nanoparticles in cells. On the right: Cytotoxicity of NBD-PhM nanoparticles 

In conclusion we believe that these highly bright, nanoparticles represent a promising platform 

for designing new versatile multifunctional nanoprobes. 

In chapter 6 a similar work has been repeated with commercial fluorophores. The most 

interesting results have been obtained for diphenylanthracene (DPA) and N,N′-Bis(2,5-di-tert-

butylphenyl)-3,4,9,10-perylenedicarboximide (P) showed in Fig.2.7. 

 



Fig.2.7 10-Diphenylanthracene (DPA) a); N,N′-Bis(2,5-di-tert-butylphenyl)-3,4,9,10-perylenedicarboximide (P) b). 

In the first section of chapter 6, nanoparticles containing only one type of fluorophore have 

been studied. The photophysical properties of nanoparticles have been compared with those of 

the fluorophore in THF. The purpose of this first section of the work was to characterize a set 

of nanoparticles with high brightness that can cover the entire spectral zone from UV to NIR. 

As mentioned, the most interesting results have been obtained for diphenylanthracene (DPA) 

and N,N′-Bis(2,5-di- tert-butylphenyl)-3,4,9,10-perylenedicarboximide(P). In Fig.2.8 are 

reported absorption and emission spectra of DPA and P and respective nanoparticles (DPA-NP 

and P-NP). 

 

Fig.2.8 On the left: continuous lines are absorption specta of DPA (black line) and of DPA-NP (red line); dashed lines are emission 
spectra of DPA (black line) and of DPA-NP (red line); On the right: continuous lines are absorption spectra of P (black line) and of 

P-NP (red line); dashed lines are emission spectra of P (black line) and of P-NP (red line); 

In the second section of the work nanoparticles containing two fluorophores a donor D and an 

acceptor A, with a ratio 10 to 1 have been characterized. The two kind of fluorophore when 

incorporated in the nanoparticles, can give rise to energy transfer processes. In this way it was 

possible to modulate both the excitation and emission wavelengths and increase the brightness 

of the NPs. The main purpose of the second part of the second section was indeed to study the 

interaction between D and A in the nanoparticles obtained by co-precipitation, to verify 

presence of energy transfer processes. In Fig.2.9 (left) absorption spectra of DPA, P and 

nanoparticles with DPA and P (DPA_P-NP) are reported together with the emission spectra of 

DPA and DPA_P-NP (right): it can clearly be observed that in presence of P the DPA emission is 

quenched. This demonstrate that there is interaction between fluorophores inside 

nanoparticles. 



 

Fig.2.9 On the left: absorption spectra of DPA (black line), of P (red line) and of DPA_P-NP (green line). On the right: emission 
spectra of DPA-NP (black line) and of (DPA_P-NP (red line) 

In the third section of chapter 6, it has been studied the result of mixing two aqueous solutions 

containing nanoparticles of different molecules. The goal was to verify the possible exchange of 

molecules between the different particles. For this reason mixture of nanoparticles were 

prepared having exactly the same total concetration of fluorophore used in the second part of 

the work, With the difference that in this case, the two fluorophores D and A were 

nanoprecipitated separately and then mixed (DPA_Pm_NP). The absorption spectra of DPA_P-

NP and of DPA_Pm_NP are reported in Fig.2.10 (left) while the emission spectra of DPA_Pm_NP 

has been compared with emission spectra of DPA-NP in Fig.2.10 (right). It can be observed that 

in DPA_Pm_NP a strong emission of PDA is present, demonstrating that P is not quenching DPA, 

i.e. they are not incorporated in the same nanoparticles. We can conclude that, surprisingly, 

there is not molecular exchange between nanoparticles, even if they are not covalently bonded. 

This is very important since it demonstrated the high stability of these self-assembed 

nanoparticles in view of their application for bioimaging. 

 

Fig.2.10 On the left: absorption spectra of DPA_P-NP (black line) and of DPA_Pm-NP (red line. On the right: emission spectra of 
DPA_NP (black line) and of DPA_Pm-NP (red line) 
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Detection of chemical and biological agents plays a fundamental role in environmental and 

biomedical sciences. Among the various investigation techniques, luminescence-based ones are 

between the most sensitive and selective. For investigation of biological systems luminescent 

sensors working in correspondence of the biologically transparent optical window in NIR 

region are particularly advantageous. Gold nanocluster offer a suitable platform for multi-

functionalization with a wide range of organic or biological ligands suitable for the selective 

binding and detection of small molecules and biological targets. Gold nanocluster with diameter 

lower than 2 nm show detectable photoluminescence in NIR region. In chapter 7 small gold 

nanoclusters functionalised with seven different kinds of thiol have been studied in order to 

investigate their ability to recognize and signal the presence of some important active 

pharmaceutical ingredients (API). Best results have been obtained with thiols 1 and 3 showed 

in Fig.2.11. These gold nanoclusters have been respectively called AuNCs-1 and AuNCs-3. 

 

Fig.2.11 structure of thiols1(left) and 3(right) for coating gold nanoclusters 

Gold nanocluster were characterized via UV-Vis absorption photoluminescence spectroscopy. 

They absorb in all UV-visible region and show emission in NIR region (Fig.2.12). 

 

Fig.2.12 Photophysical properties of AuNCs-1 (left) and AuNCs-3 (right) 

Gold nanocluster have been tested with API reported in Fig.2.13, that are some of most common 

commercial anti-inflammatory molecules. 

 

Fig.2.13 API structures 
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Experiments have been conducted in biological conditions at pH 7 (HEPES buffer in water) 

where ligands have a terminal quaternary nitrogen positively charged and API are dissociated 

and have a negative charge. The driving force of gold nanoclusters and amphiphilic organic 

anions interaction is a combination of hydrophobic effects due to the presence of an apolar 

portion of the substrate which can accommodate in the apolar monolayer alkyl layer of the 

nanoclusters, and the simultaneous ion-pairing interaction which involves the charged head 

groups. This combination of effects provides selectivity and high affinity. A simple model to 

understand why the just described recognition process is expected to modify photophysical 

properties of gold nanoclusters takes into account two different mechanisms. The first 

mechanism considers the direct excitation energy and electron transfer processes involving API 

and gold nanoclusters upon binding. The second mechanism take into consideration the 

presence of positively charged API on gold nanoclusters surface that changes gold nanoclusters 

global charge distribution and hence influences their photophysical properties. We would like 

to stress that while the first mechanism is expected to affect the photoluminescence of both the 

API molecules and the gold NPs, the second one only modifies the gold emission. In Fig.2.14 are 

reported API photophysical properties. All of the molecules have an absorption band in the UV 

region and an emission in visible region. In order to discriminate which mechanisms of 

interaction between gold nanoclusters and API were involved, all the hybrid systems were 

exited at two different wavelengths: at 300 nm where API absorb, and both mechanisms can 

occur, and at 500 nm where API do not absorb and only the second mechanism can occur. 

 

Fig.2.14 On the left: API absorption spectra. On the right: API emission spectra 

In Fig.2.15 percentage variation of AuNCs-1NIR emission exited at 300 nm and at 500 nm as 

API concentration is increased are reported. 
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Fig.2.15 On the left: percentual variation of AuNCs-1 NIR emission exited at 300 nm; on the right: ) percentual variation of 
AuNCs-1 NIR emission exited at 300 nm 

Considering only most interesting trends, we can observe that in presence of Naproxen there is 

a considerable emission increase, almost 100%. Then, by comparing the response of the system 

excited at 300 nm and at 500 nm, we can deduce that both mechanisms discussed above 

contribute concurrently with the same importance. 

Similarly, with salicylate it is possible observe an emission increase of about 100%. But in this 

case direct energy transfer from the drug molecules to gold nanoclusters is the only 

contribution. In fact, when the system is excited at 500 nm there are no significative AuNCs-1 

emission changes. 

In Fig.2.16 the percentual variation of AuNCs-3 NIR emission exited at 300 nm and at 500 nm 

(Fig.2.16) as API concentration is increased are reported. 

 

Fig.2.16 On the left: percentual variation of AuNCs-3 NIR emission exited at 300 nm; on the right: ) percentual variation of 
AuNCs-3 NIR emission exited at 300 nm 

In presence of Naproxen a huge enhancement of emission is observed, more than 100%. Then, 

by comparing the system response upon excitation at 300 nm and at 500 nm, we can say that 

both mechanisms occur concurrently giving similar contributions. 
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As shown in Fig.2.16, in presence of Diclofenac at the beginning AuNCs-3 emission increases 

but beyond a concentration threshold emission is totally quenched. This result suggests that a 

high concentration of Diclofenac on the surface of gold the formation of organic dimer or 

aggregates quenches any emission. In conclusion in this work have been developed a new class 

of photophysical API-sensors operating in biological conditions and active in the NIR spectral 

region where biological samples and tissues are more transparent and that is attracting a lot of 

attentions for bioimaging and sensing. Gold nanoclusters based sensors have showed a good 

selectivity towards specific drugs, demonstrating that these systems are potentially suitable as 

drug sensors. 

In the final part of this thesis I worked on another interesting material: melanin. Melanin is an 

abundant and heterogeneous bio-pigment found ubiquitously in many livings being. In 

particular melanin plays an exemplary role as a radioprotector, thanks to its broad band 

absorption spectrum, its ability to convert 90% of absorbed light into heat and to behave as free 

radical scavenger. There are many sources in nature from which it is possible to extract 

melanin. Nevertheless, this operation has drawbacks. In fact, to date no extraction technique 

has been found that guarantees not to affect the properties of melanin in its natural 

environment. Therefore, researchers have sought alternative ways to obtain synthetic 

materials that reproduce the most interesting characteristics of melanin. 

Currently the best candidate is polydopamine (PDA), a black insoluble material produced by 

oxidative polymerization of dopamine under alkaline conditions. PDA shares chemical 

functionalities (i.e., catechol and nitrogen-containing groups) with natural eumelanin and 

present similar features as broad band absorption spectrum, it is insoluble in almost all 

solvents, ability in metal chelation, free radical stable and semiconducting activity. The unique 

characteristics of melanin, conferring antioxidant and radio- and photo-protective properties, 

are mostly due to the presence of unpaired electrons in the structure that results in a stable 

free radical property. We can suppose that increasing stable free radicals on melanin 

corresponds in increase the intrinsic free radical scavenging ability and consequently 

radioprotective effects. The presence of heavy transition metal, as Fe(III) and Mn(III) can 

contribute to increase the intrinsic melanin free radical scavenging ability, at the basis of 

radiation protection activity. Indeed, when Fe(III) and Mn(III) meets a free electron it can catch 

them reducing respectively at Fe(II)and Mn(II). In chapter eight we try to increase melanin 

radiation protection activity both increasing number of stable free radicals and introducing 

oxidative ion transition metal. We chose Fe(III) and Mn(III) to increase oxidative ability and 



Zn(II), that do not possess oxidative ability as reference. We used 4-amino-TEMPO to increase 

number of stable free radicals. 

Synthesis of PDA with 4-amino-TEMPO and Fe(III) is reported in Fig.2.17. 

 

Fig.2.17 Synthesis of PDA nanoparticles with Fe and 4-amino- TEMPO 

Reagents are presents with the sequent ratio: dopamine 3, Fe(III) 1, 4-amino-TEMPO 1. 

Since scalability is a major issue in melanin preparation synthesis has been carried out first in 

small scale (Fe_T_PDAss) and then in a large scale (Fe_T_PDAls). Then we tried to increase iron 

concentration. We repeated reaction with the sequent ratio of reagents: dopamine 3, Fe(III) 2, 

4-amino-TEMPO 1. Also, in this case synthesis has been carried out in small scale 

(Fe2_T_PDAss) and then in a large scale (Fe2_T_PDAls).  

Then we used Mn(III). Synthesis of PDA with 4-amino-TEMPO and Mn(III) is reported in 

Fig.2.18. 

 

Fig.2.18 Synthesis of PDA nanoparticles with Mn and 4-amino- TEMPO 

Reagents are presents with the sequent ratio: dopamine 2, Mn(III) 1, 4-amino-TEMPO 1. 

For starting, synthesis has been carried out in small scale (Mn_T_PDAss) and then in a large 

scale (Mn_T_PDAls). 

Then we used Zn(II). Synthesis of PDA with 4-amino-TEMPO and Zn(II) is reported in Fig.2.19. 

 

Fig.2.19 Synthesis of PDA nanoparticles with Zn and 4-amino- TEMPO 

Reagents are presents with the sequent ratio: dopamine 3, Zn(II) 1.5, 4-amino-TEMPO 1. 

For starting, synthesis has been carried out in small scale (Zn_T_PDAss). Unfortunately, it was 

not possible obtain this material in large scale. Then we tried to increase zinc concentration. 

We repeated reaction with the sequent ratio of reagents: dopamine 3, Zn(II) 3, 4-amino-TEMPO 

1. Synthesis has been carried out in small scale (Zn2_T_PDAss) and then in a large scale 

(Zn2_T_PDAls). 



All materials have been characterized by dynamic light scattering (DLS), transmission electron 

microscopy (TEM), energy dispersive spectroscopy (EDS), X-ray photoelectron spectroscopy 

(XPS), electron paramagnetic resonance (EPR) and inductively coupled plasma-atomic 

emission spectrometry (ICP- AES). In conclusion DPPH assay was used to test antioxidant 

activity of nanoparticles. 

2.1 Conclusions 
In this thesis nanoparticles have proven to be applicable in numerous high-profile fields 

as bioimaging, environmental and pharmaceutical sensors. We believe there is still much 

to be discovered about nanoparticles potential and applications. For this reason, we 

hope that in the coming years the study of these fascinating and surprising materials will 

continue. 
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Chapter 3: Techniques 

3.1. Electronic absorption spectra 
The acquisition of electronic absorption spectra was carried out at room temperature on air-

equilibrated solutions in quartz cuvettes. 

The absorption spectra of each compound in the 900-190 nm range was performed with a 

UV/Vis Perkin Elmer LS55 double beam spectrophotometers. The precision on the wavelength 

values was ± 1 nm.  Molar extinction coefficient values were determined using the Lambert-

Beer law and the experimental error associated to each value is estimated to be ±5%. Titrations 

with spectrophotometric method were carried out by the addition of small volume (usually in 

the range 1-50 μL) of a mM concentrated solution of titrating species. Titrating species were 

added to the titrated species directly into the cuvette. 

When the light passes through a sample or is reflected, the outgoing light have a lower intensity 

than the incident one. The transmittance (T) is defined by the ratio between the intensity of the 

transmitted radiation (I) and the intensity of the incident radiation (I0): 

T =
I

I0
 

The following equation defines the absorbance: 

A = - log10 T = log10

Io

I
 

The cell containing the sample in solution must be transparent to the incident radiation, even 

if is clean and completely transparent, it will never be possible to cancel the reflection 

phenomena that take place at the air / wall and wall / interface of the solution. To consider the 

instrumental error of this measurement, the intensity of the radiation transmitted by the 

solution is compared with the intensity of the beam transmitted by another cell containing only 

the solvent: 

A = log10

Isolvent

Isolution
≈ log10

Io

I
 

Furthermore, before carrying out the measurement, it is also necessary to calibrate the 

instrument by adjusting 0% and 100% transmittance. 

The empirical relationship that correlate the amount of light absorbed with the concentration 

of the sample is the Lambert-Beer law: 

T =
I

I0
= 10-εbc 



A = - log10 T = log10

Io

I
= εbc 

Where ε is the molar absorption coefficient, characteristic of each substance under defined 

conditions of wavelength, solvent and temperature, b is the length of the optical path (in 

centimetres) and c is the concentration in molarity of the sample in solution. The Lambert-Beer 

law is a limit law, that is perfectly verified only in the case of infinite dilution; it is however 

reasonable to apply it in the case of diluted solutions, even if it is not possible to define a unique 

limit value for the applicability area (for absorbances above 2-2.5 the equation is no longer 

applicable). 

The instrument that allows transmittance/absorbance measurements according to the 

wavelength is the spectrophotometer, a block diagram is shown below: 

 

Fig.3.1 General scheme of a spectrophotometer 

This instrument consists of a light source consisting of two lamps, one tungsten to cover the 

spectral range from 900 nm to 320 nm and one to the deuterium that radiates from 320 nm to 

190 nm, from a monochromator able to select a particular length wave in the broadband of the 

radiations emitted from the source, from a special sample-holder and from a detector 

(photomultiplier) able to convert the transmitted light signal into an electrical signal1. 

3.2 Luminescence spectra 

The emission spectra were recorded with a Perkin Elmer LS 50 spectrophotometer and a Varian 

Cary Eclipse spectrofluorometer. 

The electronically excited state populated by absorption of light is metastable and will decay 

with different pathways. The deactivation of the excited state could occur by radiative pathway, 

by emission of a photon and this process is called fluorescence (for spin-allowed transition) or 

phosphorescence (spin-forbidden transition). 

With a spectrofluorometer it is possible to record both emission and excitation spectra. 



 

Fig.3.2 General scheme of a spectrofluorometer 

The instrumentation is composed by a radiation source in the UV and visible spectrum (Xenon 

lamp), an emission and an excitation monochromator, a sample holder and a detection system 

that includes a reference photomultiplier used to correct the emission spectrum of the lamp 

and a photomultiplier used to detect the emission signal of the sample. 

To record an emission spectrum, the sample by a certain wavelength and the intensity varies 

as the emission wavelength varies operationally, the excitation monochromator is positioned 

at a certain wavelength and a scan is performed with the emission monochromator. To record 

an excitation spectrum, the emission monochromator is maintained at a given wavelength and 

the spectral interval in which the sample absorbs with the excitation monochromator is 

explored: for this reason, the excitation spectrum is expected to be proportional to the 

absorption one (the two spectra have the same shape) 2. 

3.3 Luminescence quantum yield 
Luminescence quantum yield represents a ratio between the number of photons absorbed by a 

chromophore and the number of photon emitted. This parameter is useful because is possible 

to compare different chromophore and evaluate their emission. The most employed method for 

the assessment of the luminescence quantum yield in solution is based on the direct 

comparison with a reference standard, whose quantum yield (r) is known. The equation that 

allows its determination is given by 

 =  r
S

Sr

n2

nr
2

 



where S and n represent the area of the emission profile and the refractive index of the solvent 

used to prepare both the solution of the sample and there refence, respectively. This equation 

is valid only if the absorbance values referring to the excitation wavelength of both the 

reference and the sample are the same and are below 0.1. 

The spectral region of its emission must be superimposable to the one of the samples, in order 

to obtain emission spectra using the same experimental conditions. The determination of the 

luminescence quantum yield was performed by following the experimental procedure 

proposed by Demas and Crosby3 and the most suitable standard for the measurement was 

chosen depending on the spectral region related to the emission of the sample1.  

3.4 Luminescence lifetime determination 
Fluorescence lifetime measurements were carried out at room temperature. Measurements 

were performed by using an Edinburgh Analytical Instruments time-correlated single photon 

counting (TCSPC) equipment, which allows the assessment of lifetimes in a time range between 

0.5 ns and 30µs. Like other time-domain measurements, TCSPC technique measures sample 

luminescence as a function of time, in terms of a direct proportionality between the number of 

emitted photons and the concentration of excited states of samples. 

The block diagram of TCSPC is depicted in Fig.3.3: 

 

Fig.3.3 General scheme of a time-correlated single photon counting (TCSPC) 

By observing the scheme, it is possible to distinguish the main components of the apparatus: 

−  sources(Lamp): they can be a pulsed diode laser or a low-pressure discharge lamp 

(nF900,filled with nitrogen or deuterium), which is able to deliver 0.5 ns pulses at a frequency 

in the range of 100KHz; 

− two monochromators (M); 



− two photomultipliers (PM1,PM2); 

− sample (S); 

− time-to-amplitude converter (TAC); 

− computer(PC). 

The measurement starts with the emission of a short laser pulse (1-5ns) and at the same time 

the start photomultiplier sends a signal to the TAC. The TAC run a linear voltage ramp until the 

first photon emitted by the sample is recorded and the stop photomultiplier and sends a stop 

signal to the TAC, thus blocking the voltage ramp. The TAC resembles a chronometer since it 

measures the time elapsed from the start and the stop signals and this time interval is sent to 

the multi-channel analyser (MCA) as an electrical signal. Repetition of many excitation emission 

cycles allows the MCA to accumulate and organize the obtained signals indifferent channels 

based on their delay form the excitation. For statistical reasons, the frequency of the registered 

events must be less than 2% of the working frequency of the lamp. In this way, it is possible to 

avoid detecting only the contribution of photons that are emitted immediately after the 

excitation: these photons have a high detection probability, and this results in a shift of the 

luminescence decay curve towards shorter times.  

Fluorescence lifetimes were determined by applying mono and biexponential fitting were 

models and the factor 2 was employed as quality parameter of the fits1. 

3.4 Dynamic light scattering 
The determination of the hydrodynamic diameter distribution of the NPs was carried out 

through Dynamic Light Scattering measurements employing a Malvern Nano ZS instrument 

equipped with a 633 nm laser diode. Samples were housed in disposable polystyrene cuvettes 

of 1 cm optical path length, using water as the solvent. PDl (Polydispersion Index) indicates the 

width of the DLS hydrodynamic diameter distribution. In case of a mono-modal distribution 

(Gaussian) calculated by means of cumulant analysis 

PDI = (
σ

Zavg
) 2 

where σ is the width of the distribution and Zavg is the average diameter of the particle 

population. 

The main components of a DLS are: 

• Laser: He-Ne laser; 

• Attenuator: reduces the light intensity of the laser; 



• Detector: records the light signal scattered from the sample and can be positioned at 173 

° or 90 ° with respect to the incident laser light. 

• Correlator: compare the scattering intensity for different time intervals 

• Software 

The diagram of the instrument is shown in Fig.3.4. 

 

Fig.3.4 General scheme of a DLS instrument 

The DLS is a useful technique for the determination of sub-micrometric particle size. This 

technique correlates Brownian motion and the size of particle, in terms of hydrodynamic 

diameter. Using the Stoke-Einstein equation and measuring the translational diffusion 

coefficient (D) it is possible to calculate the particle size. 

d(H) =
kT

3πηD
 

Where d (H) is the hydrodynamic diameter, k is the Boltzmann constant, T is the absolute 

temperature and η corresponds to the viscosity of the medium. 

The hydrodynamic diameter is the sum of the particle size and the first shell of solvation around 

it. This value depends on the temperature and viscosity of the medium, but also on the surface 

structure of the particle and the ionic strength of the medium. Rayleigh's approximation 

describes the relationship between the intensity of the scattered light (I) and the particle size 

(d) and the wavelength of the laser (λ). 

I ∝  d6          I ∝  λ4 

A DLS measurement in addition to the value of the hydrodynamic diameter give also other 

important parameters: 



• Correlation function: in order to have a good measure it must have a sigmoidal pattern 

and the intercept with the y axis must tend to 1. Furthermore, the time required for the 

decay from information on the particle size, for large particles there is a greater decay 

time. The angle of the decay from information about the particle distribution, the greater 

the most monodisperse slope is the sample, and the baseline can give information about 

the presence of large aggregates or dust. 

• Polydispersion index (PDI): indicates the size distribution of the sample population. For 

a monodisperse sample the value tends to be close to PDI values between 0.05 and 0.2 

indicate well monodisperse samples. Values above 0.2 indicate medium-to-

monodisperse or polydisperse samples whereas values below 0.05 indicate very 

monodisperse samples and these values are mainly for standards. 

3.5 Transmission electron microscopy  
Transmission Electron Microscopy (TEM) was performed on a FEI Sphera microscope 

operating at 200 keV. TEM grids were prepared by depositing small (3.5 μL) aliquots of sample 

onto grids (~ 2 min, Formvar stabilized with carbon (5-10 nm) on 400 copper mesh (Ted Pella 

Inc.), that had previously been glow discharged using an Emitech K350 glow discharge unit and 

plasma-cleaned for 90 s in an E.A. Fischione1020 unit. Micrographs were recorded on a 2 KX2 

KGatan CCD camera. 

Transmission electron microscopy (TEM) is a technique where an electron beam goes through 

a thin layer of sample. The interaction of accelerated electrons and sample generates an image 

that is focused on a fluorescent screen or a CCD. The resolution of TEM images reaches the 

Angstrom scale by the very low wavelength of the electron beam. 

 

Fig.3.5 General scheme of a trasmission electron microscopy 



The typical TEM instruments is composed by an electron gun, a sample holder, a set of lens and 

magnifiers and a detector. The electron gun is based on a thermoionic emission of a tungsten 

wire of LaB6 that generates an electron beam that are accelerated by an electric field. The 

electron gun has also condenser lens that align the electron beam on a precise small region of 

the sample. The electron beam hit the sample and is diffracted by the crystal reticulum of the 

sample with the formation of the Bragg ray along specific direction. The wave function phi 

transmitted from the sample is composed by the sum of all the diffused wave. This wave 

function has all the structural information but is transmitted in a non-linear way by the optic 

system. The parallel transmitted waves generate the diffraction pattern. The waves with an 

angle higher than q have a change in the phases due to the defocus effect of the lens. These 

waves have a longer pathway that generate a shift in the phase, this is the reason why phi is 

non-linear.  

The image on the retrofocale is unfocus and to obtain the right image a mathematical operation 

is required, the convolution of Fourier transform. 

TEM image could be recorded with three different contrast. The first is the diffraction contrast, 

where the defects in the amplitude of the trasmitted waves. For nanocrystals most of the defects 

are not in the volume of the crystals but on the surface, this kind of contrast could be useful to 

highlight deformation in the nanocrystal structure. 

A second type is the phase contrast, that is genarated by the modulation of the incident 

electronic waves when is trasmitted trough the crystal field. This type of contrast is sensitive to 

the atomic composition of the sample. 

The last contrast is the atomic number contrast. The atoms with different atomic number have 

different scattering properties. If the image is recorded by acquiring electrons at high angles, 

the contrast pictures is sensitive to the mean atomic number along the beam direction. This 

type os contrast is the most common. A TEM investigation at high resolution is crucial to obtain 

several information on the structure and the caracterization of nanomaterials4. 

3.6 Energy Dispersive Spectroscopy  
Energy dispersive spectroscopy (EDS) characterization was done using a Hitachi HD2300A 

microscope operating at 200 kV (beam current: 49 μA, extraction voltage: 2.4 kV), which is 

equipped with dual Thermo Fischer Scientific (Waltham, MA) EDS detectors (total X-ray 

collection angle ~0.7 steradian). Analysis and visualization of EDS data was done using Thermo 

Fischer Scientific NSS software. Grids were prepared by depositing small (3.5 μL) aliquots of 

sample onto grids (~ 2 min, Formvar stabilized with carbon (5-10 nm) on 400 copper mesh 



(Ted Pella Inc.), that had previously been glow discharged using an Emitech K350 glow 

discharge unit and plasma-cleaned for 90 s in an E.A. Fischione1020 unit. 

EDS is an analytical technique used to probe the composition of a solid materials. Several 

variants exist, but the all are based on exciting inner electrons, causing more distant electrons 

to drop energy levels to fill the resulting “holes.” One of the most common and useful ways 

energy can be transferred into and out of an atom is by electromagnetic radiation. Core shell 

transitions correspond to radiation in the X-ray portion of the spectrum; however, because the 

core shells are normally full by definition, these transitions are not usually observed. 

X-ray spectroscopy uses a beam of electrons to excite core electrons to high energy states, 

creating a low-energy vacancy in the atoms’ electronic structures. This leads to a cascade of 

electrons from higher energy levels until the atom regains a minimum-energy state. Due to 

conservation of energy, the electrons emit X-rays as they transition to lower energy states. It is 

these X-rays that are being measured in X-ray spectroscopy. Since each element has a different 

nuclear charge, the energies of the core shells and, more importantly, the spacing between them 

vary from one element to the next. While not every peak in an element’s spectrum is exclusive 

to that element, there are enough characteristic peaks to be able to determine composition of 

the sample, given sufficient resolving power5. 

3.7 Electron Paramagnetic Resonance 
Electron Paramagnetic Resonance (EPR) is a magnetic spectroscopy used to study materials 

with unpaired electrons. 

A charged spinning particle immersed in an external magnetic field B0 possess a magnetic 

moment µ. EPR spectroscopy is based on the interaction between µ with the magnetic 

component B1 of an incident electromagnetic radiation. 

Classical physics describe the energy of a magnetic dipole as the scalar product between the 

external magnetic field B0 and the intrinsic magnetic moment of the dipole, µ  

E = -|μB0|cos(μ, B0) 

where (µ, B0) is the angle between the magnetic moment of the dipole and the direction of the 

external magnetic field. According this equation, for a given B0, the minimum and the maximum 

energy levels occur when the dipole is oriented respectively in parallel and anti-parallel to the 

direction of B0, but it is not able to explain EPR spectroscopy. 

The mathematical models that describes the theory of this technique are the Zeeman effect and 

the hyperfine splitting The Zeeman effect describes the splitting of electronic energy levels of 

an atom, molecule or material immersed in an external magnetic field B0. 



It can be explained by the quantum mechanical physics, which reports that the quantization of 

the electron spin angular moment leads to the quantization of the energy levels of an electron 

immersed in a magnetic field. The energy levels can be described as follow:  

E = geβeB0Ms 

where ge is the Zeemann splitting constant for a free electron and the value is 2.0023, βe is the 

Bohr magneton and the value is 9.274∙10−24 JT −1, and Ms = ±1/2 is the z component of the spin 

 

Fig.3.6 Scheme of the energy levels splitting for a single spin system with spin quantum number MS = 1/2 and immersed in an 
external magnetic field B0.  

An EPR transition involves two electronic energy levels of a spin system separated by the 

energy, ∆E, and takes place when the spin system is irradiated by an electromagnetic radiation 

of frequency, ν, that meets the resonance condition: 

ΔE = geβeB0ΔMs = hν 

∆E increases linearly with the intensity of B0 applied. This description is valid only for free 

electrons immersed in a magnetic field. 

For unpaired electrons of molecules in real sample the magnetic field is a linear combination of 

the external magnetic field B0 and the local magnetic field Bloc generated by magnetically active 

nuclei eventually present in the molecule. 

Bact = B0 + Bloc 

where the Bloc has typically two contributions: a local field induced and proportional to the 

external B0 and a permanent local field that depends only on their mutual orientation with 

respect to B0. The spin-orbit coupling, caused by the electron spin interacting with its own 

motion along its orbit, generates a local field of the first type, the impact on Bact can be described 

as: 

Bact =  (1-σ)B0 = (
g

ge
) B0 



 where g is the effective Zeemann factor and σ, defined as a distance from the Zeemann splitting 

constant is the EPR analogous to the chemical shift in NMR. 

With the resonant magnetic field is not possible individuate a specific a spin system, because 

the resonant condition depends on instrumental parameters. The g-factor, instead, can be 

defined to indicate the resonant conditions unambiguously: 

g =
hν

βeB0
 

The g-factor helps to distinguish and characterize paramagnetic species under investigation. 

The spin-orbit coupling is usually weak for elements in the first row of the periodic table and 

strong for transition metals and heavier elements. The most important example of the second 

type of local field, is the permanent local field generated by the magnetic moment associated 

with the nuclear-spin angular moment. Magnetically active nuclei have non-zero nuclear-spin 

quantum number, I, which can assume values equal to 1/ 2, 1, 3/ 2, 2,···.I determines the 

number of nuclear spin states according to the 2I+1 and each nuclear spin state can assume 

values MI=±I. For hydrogen atoms I=1/2 and MI=±1/2. The resulting Bact is: 

Bact =  B0-a MI 

 

where a is the hyperfine constant, it has most commonly the unit of magnetic field and it can be 

determined experimentally, whereas 

B0 =
hν

gβe
 

is the resonant field resulting from the perturbation due to spin-orbit interactions6.  

3.9 X-ray photoelectron spectroscopy 
X-ray photoelectron spectroscopy (XPS) analysis were conducted on Thermo Fisher Scientific 

ESCALab 250Xi spectrometer using Al K-alpha X-ray source (1486.6 eV). The XPS spectra were 

calibrated with adventitious carbon peak at 284.8 eV. 

X-ray photoelectron spectroscopy (XPS) is based on irradiation of a solid sample with x-rays. 

It is an essential method to study the chemical composition of surfaces by qualitative and 

quantitative analysis. Most materials are not affected by x-rays and they may be examined with 

no change of the composition of their surfaces, as well as the conservation of the oxidation state 

of the specimen, if an appropriate sample preparation is performed. In addition, the chemical 

shift measured by XPS signal provides detailed information on the distribution of the chemical 

composition, including their oxidation state and the chemical binding of the species. 



The absorption of a high-energy x-ray photon causes the ionization of the material, especially 

ejection of electrons from core levels (within the energy range of the x-ray beam). Typical X-

ray sources are Al Kα and the Mg Kα radiations with energies hν = 1486.6 and 1253.6 eV and 

have a line width of 1.0 and 0.8 eV, respectively. This line width restricts in many cases the 

spectral resolution. It can be improved by an x-ray monochromator to 0.5 eV or less with a 

strong loss of the intensity of the exciting beam. This loss can be compensated for modern 

spectrometers by the use of magnetic lenses and more sensitive detectors. 

After absorption of x-ray, the electron is ejected from its level to the vacuum with the kinetic 

energy EK. This value depends material and x-ray energy with the equation 

hν =  Ek + Ee 

where Ee is the energy that electron needs to be removed from the material. 

This equation shows that knowing energy hν of the radiation source and measuring kinetic 

energy EK, Ee may be calculated. The energy spectrum of the ejected electrons is characteristic 

for the element involved in the process7. 

3.10 DPPH assay 
DPPH radical scavenging activity of PDA particles was measured according to the literature 

method. We freshly prepared 0.1 mM of DPPH solution in 95% ethanol before use. We mixed 

1.4-3.6-6.8-10.4-13.5-17.1-20 μL of PDA nanoparticles dispersed-water solution with 

concentration 1mg/mL in 0.45 mL of DPPH solution. The scavenging activity was evaluated by 

monitoring the absorbance decrease at 516 nm after it remained in the dark for 20 min. DPPH 

radical scavenging activity was calculated as 

I =
[1-(Ai-Aj)]

Ac
100 

where Ac is the absorbance of DPPH solution without DPA nanoparticle samples, Ai is the 

absorbance of the samples of DPA mixed with DPPH solution, and Aj is the of the samples of 

DPA nanoparticle themselves without DPPH solution8. 
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Chapter 4: Self-assembling supramolecular 

structures as stimuli-responsive systems for 

sensing pH and anions in water 

4.1 Introduction 
The class of pigments named perylene-3,4,9,10-tetracarboxylic acid diimide (PDI) has 

distinguished itself over the years in the last century thanks to the excellent chemical, thermal, 

and photostability1. They have a perylene core rigid, polycyclic and aromatic substituted with 

two dicarboxylic acid imide groups at the 3,4- and 9,10-peri-position, forming an acceptor-

donor-acceptor scaffold between the electron-rich core and the strongly conjugated electron-

withdrawing amino groups2.  

Most common synthetic approach consists of the condensation reaction of Perylene-3,4,9,10-

tetracarboxylic dianhydride (PTCDA), with anilines and aliphatic primary amines to obtain 

symmetrically N,N'-substituted PDIs3. Because PTCDA is strongly insoluble in almost all the 

most common organic solvents, the reaction can be carried out in molten imidazole or quinoline 

at temperatures higher than 160°C and with zinc acetate anhydrous (typically 10-30 mol %) as 

a catalyst1,4 or PTCDA can be treated with primary amines in hot alcohols (e.g. n-butanol), 

carboxylic acids (e.g. acetic and propionic acid), or alcohol/water mixtures (e.g. 1:1 n-

butanol/water) (B, scheme 5.1)4b. 

In the work under examination are studied the properties of N,N’-bis(2-(1-piperazinyl)ethyl)-

3,4,9,10-perylenetetracarboxylic acid diimide. In literature reported synthetic strategies are: 

i)1g PTCDA dissolved in 20 mL of 1-(2-aminoethyl) piperazine at 160°C and stirred for 22 h 

under nitrogen5; ii) PTCDA and 1-(2-aminoethyl) piperazine in a refluxing mixture of N,N-

dimethylacetamide and 1,4-dioxane6. The reaction products were precipitated adding water 

and separated by filtration. The resulting products were purified dissolving in HCl solution and 

precipitating the respective hydrochlorides with acetone. Both strategies are energy and time 

requiring. Here we propose an innovative, green and cheap synthetic strategy based on 

microwave heating. 

From a photophysical point of view PDI can be regarded as a closed system with an S0→S1 

transition polarized along molecular axis and described as a HOMO-LUMO excitation7. 

Absorption spectrum has maxima that changes from 517 nm in aliphatic solvents to 530 nm in 

chloroform for alkyl substituted PDIs8. This effect can be attributed to the excited state 

polarization by the solvent molecules. Absorption band is characterized by defined vibrational 



structure and peak absorption coefficients approaching 105 M-1cm-1. The fluorescence 

spectrum exhibits a small Stokes shift and mirrors the absorption spectrum. Fluorescent 

quantum yield is almost unitary because the triplet level is very low and the scaffold is rigid and 

planar. The symmetry of the orbitals implies that the nitrogen atoms are located on nodal 

planes of both HOMO and LUMO and, accordingly, the effects of imide substitution optical 

properties for absorption and emission maxima are very little. 

Presence of imide substituents could affect fluorescence quantum yield. Simple phenyl group 

can induce the vibrionic motion ('loose bolt effect')9 reducing the quantum yield of 30%7b while 

more electron-rich aromatic groups, such as alkylate and alkoxylate phenyl groups10 can reduce 

the quantum yield to values < 5%9, 11 in polar solvents, as a consequence of the photo-induced 

electron transfer that occurs from the substituent to the electron-poor perylene scaffold. 

 

Fig.4.1 (top) HOMO and (bottom) LUMO of perylene diimides. Both the frontiers orbitals exhibit nodes at the imide nitrogens.1 

When PDI forms self-assembled structure by − stacking interaction, the absorption spectrum 

can be bathochromically (longer wavelengths) shifted with band sharpening and increasing of 

absorption coefficient, or hypsochromically (shorter wavelengths) shifted with band 

broadening and intensity decreasing.  

 

Fig.4.2 UV/Vis absorption (solid lines) and fluorescence spectra (dashed lines) of (left) an H-aggregating PDI and (right) a J-
aggregating PDI in methylcyclohexane. (left) Monomer absorption (black, solid line; denoted with M) and emission spectra 
(black, dashed line) of the PDI at a low concentration of 2∙10−7 M and hypsochromically shifted absorption (blue, solid line; 

denoted with H) and bathochromically shifted, broad excimer emission spectra (blue, dashed line) upon aggregation at a higher 
concentration of 1∙10−3M at 25 °C. (right) Monomer absorption (black, solid line; at 90 °C; denoted with M) and emission spectra 
(black, dashed line; at 50 °C) of the PDI, and bathochromically shifted J-aggregate absorption (red, solid line; denoted as J) and 



emission spectra (red, dashed line) at 15 °C. For the H-aggregating PDI the concentrations of the absorption measurements are 
6∙10−7 M and of the fluorescence experiments 2∙10−7 M.12  

The simplest model1-2 considers dimer, where Van der Waals forces reduce both the energies 

of the ground state and of the excited state respect to that of the monomers. The effect is 

stronger for excited state, because here molecules are more polarizable and Van der Waals 

interactions are increased. The excited state of such dimer splits in two excitonic state because 

of excitonic coupling. 

In the two borderline cases transition moments are in-line with a slip angle of θ = 0° and 

resulting absorption spectrum is hypsochromically shifted. They are called J-aggregate. On the 

other hand, when dyes are stacked on top of each other with a slip angle of θ = 90° absorption 

spectrum is bathochromically shifted and they are called H-aggregate.  

 

 

Fig.4.3 Schematic energy level diagram for the excitonic coupling of PDI dimers with coplanar transition dipole moments (μeg, 
depicted as double arrows) tilted toward the interconnecting axis by the slip angle θ. The two borderline cases, i.e., in-line (θ= 0°) 
and sandwich-like arrangement (θ= 90°), are shown in the gray boxes on the left and right side of the diagram. Additionally, for 
these two alignments, the resulting overall oscillator strengths (small dashed arrows) as well as the oscillator strengths (f, small 

solid arrows) of the two individual PDI units are indicated.12  

In both dimers excitation of an individual chromophore can lead to new additional relaxation 

processes that could reduce fluorescence quantum yield. An example is formation of an excimer 

1(PDI-PDI)*, with a red-shifted fluorescence, or a PDI-PDI dimer at the ground state could be 

directly excited at the first 1(PDI-PDI)* state and then undergoes ISC to the triplet state, forming 

the triplet-singlet state 3(PDI-PDI). This path is facilitated in dimer because it may occur 

through intermediate charge transfer (PDI+-PDI-)13 or excimer state. However, if charge 

separation take place (PDI+-PDI-), the radiationless charge recombination become strongly 

competitive13-14. 



 

Fig.4.4 Simplified schematic energy level diagram for different excited states of a hypothetical PDI dimer (PDI−PDI) with possible 
radiative (solid arrows) or radiationless (dashed arrows) relaxation and excitation processes (A, absorption; F, fluorescence; SF, 
singlet fission; ISC, intersystem crossing; P, phosphorescence; CS, charge separation; CR, charge recombination). The respective 

higher vibrational levels of each state are not shown for clarity.12 

When the aggregated species become larger than dimer, this simple model does not fit anymore 

and other mathematical models has to be used to describe the aggregation process of PDIs in 

solution15, such as the isodesmic16 and the modified isodesmic model17. In the isodesmic model 

the PDIs ensemble grows as a chain with a binding constant (K) equal for every monomer 

addition16,18. To describe the situation in a more realistic way, the constant of the initial binding 

step (nucleation) can be considered different from that of the rest of the chain elongation. In 

this way it is possible to differentiate two situations, the cooperative mechanism, where the 

nucleation is less favourable than the chain elongation step, and the anti-cooperative, when the 

opposite situation is verified16. These common mathematical models revealed to be useful to 

explore the mechanisms of self-assembly process. It allows to analyse the process by simple 

fitting of the UV/Vis spectroscopic changes upon aggregation or fluorescence quantum yield 

variations. 

Formation of different kinds of aggregate structures and their sizes are dependent on many 

factors, such as temperature19, concentration20, solvent composition21, molecular structure and 

form of building blocks22, steric interactions between molecular units, presence of particular 

additives23 and relative ratio of hydrophobic and hydrophilic units within the molecules24. 

Sensibility to different stimuli is increased in assemblies formed by amphiphilic building blocks 

in water, where the hydrophobic effect exerts a decisive influence. 

These features, combined with the strong photostability, made PDIs attractive for sensing and 

stimuli-responsive engineered materials. Among the various types of materials stimuli-

responsive materials are one of the most interesting. They can adapt to their environment and 

to respond to external stimuli and they are emerging as “smart materials”. 



4.2 Summary 
Here we propose a simple and cheap strategy to develop multi-stimuli sensitive PDI molecules 

that can be used to create new smart materials exploiting self-assembly. 

PBI has been chosen as a platform because it is a well-known fluorophore, stable and with a 

high emission quantum yield that decreases considerably when the fluorophore aggregates. 

Best results have been obtained for N,N’-bis[2-(1-piperazino)ethyl]-3,4,9,10-

perylenetetracarboxylic diimide (PIPER3). PIPER3 was prepared by microwave assisted 

reaction of PDA with aminoethylpiperazine (Fig.4.5). Presence of amine groups allow to control 

aggregation by pH thanks to protonable groups and made PIPER3 water soluble.  

 

 

Fig.4.5 Schematic synthesis of PIPER3 

PIPER3 emission quantum yield trend as a function of concentration increases and different pH 

is reported in Fig.4.6. As concentration increases, quantum yield decreases drastically. Indeed, 

in water − stacking interactions between perylene core promote dye aggregation in small 

nanoparticles, quenching fluorescence. Effect of pH was studied keeping constant PIPER3 

concentration (Fig.4.6).  

 

Fig.4.6 On the left: PIPER3 fluorescence quantum yield as concentration increases; on the right: PIPER3 fluorescence quantum 
yield at different pH 

From pH 5 to 2 quantum yield increases as the pH decreases, revealing increase of the fraction 

of free molecule in solution, i.e. system disaggregates because of amino groups protonation 

causes repulsion between molecular units. On the other hand, going from pH 2 to 0 there is a 



sharp quantum yield fall. This reveals that a new stimulus encouraged dye aggregation. It is 

likely that high ion chloride concentration in low pH solutions (derived by HCl) begin to 

intervene in PIPER3 aggregation. To demonstrate this hypothesis, salts with different anions 

were added to a controlled pH PIPER3 solution. Emission quantum yield trend as ionic strength 

increases is reported (Fig.4.7). 

 

Fig.4.7 PIPER3 fluorescence quantum yield as anion concentration increases 

Quantum yield decreases when the concentration of anion is increased suggesting that anions 

themselves participate in aggregation by shielding the repulsion of the protonated amine 

groups. 

We demonstrate that aggregation of properly designed PDI amino derivate can be controlled 

by pH in water solution. As shown in Fig.4.8 the dye molecules aggregate in water because of 

− stacking interaction, causing fluorescence quenching. The system can be disaggregated and 

the fluorescence switched on by protonation exploiting the electrostatic repulsion between the 

positive cations. 
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Fig.4.8 Schematic response of the system at different stimuli 

Even more interestingly we observed that the protonated system can be re-assembled by 

increasing the concentration of anion that partially shield the positive charge of the ammonium 

substituents. Finally, our molecules show a unique response to protonation and anion 

concentration in water. These features make them very promising tools for ion sensing in view 

of biological and environmental applications. 

In conclusion, new nanoparticles which disaggregate because of the effect of pH has been 

created. The free molecule fraction can be monitored by fluorescence detection. Therefore, 

system respond to anions that play an important role in the aggregation state. This system is 

potentially suitable for pH and anion sensor 

4.3 Synthesis 
For the synthesis of our molecules we propose an innovative and green method that involves 

microwave (MW) heating to achieve convenient and efficient conversion of PDA into PDI in a 

few minutes using glycols as solvents. 

To functionalize the PDI we chosen ether and amine groups in the chain to control the 

aggregation by the presence of protonable groups. Amines have been chosen with a sufficiently 

low base dissociation constant so that protonation does not occur at too alkaline pH. In addition, 

the presence of these groups makes PDI derivative water soluble. 

What we expect from this system is that the molecules aggregate as the concentration increases 

and that they disaggregate as the pH decreases.  

In Fig.4.9 are reported the chains that we used to functionalize PDI derivative. 

 

Fig.4.9 Reaction scheme of PDI derivatives 

We used in all cases the same synthetic strategy: NH2-R group (20 equivalents) has been 

solubilized in ethylene glycol. Subsequently perylene-3,4,9,10-tetracarboxylic dianhydride 



(PTCDA) (1 equivalent) has been added. The reaction is carried out in a microwave oven at 

900w for 5 minutes. At the end of the solution appears black with suspended granules. For the 

work out, the solution has been centrifugated for 10 minutes. The ethylene glycol is thrown and 

the solid is washed with water and centrifugated for 3 times. Then water is thrown the solid is 

washed with ethanol and centrifugated for 3 times. At the end the solid is filtered and dried 

under vacuum. 

The product obtained by reaction with 4,7,10-Trioxa-1,13-tridecanediamine (chain R1  in 

Fig.4.9) is N,N’-Bis[2-(2-(2-(3-aminopropoxy)ethoxy)ethyl]-3,4,9,10-perylenetetracarboxylic 

diimide (PIPER1). ESI-MS m/z calculated for C44H53N4O10+797; obs.: 797 

The product obtained by reaction with 2,2′-(Ethylenedioxy)bis(ethylamine) (chain R2 in 

Fig.4.9) is N,N’-Bis[2-(2-(3-aminopropoxy)ethoxy)ethyl]-3,4,9,10-perylenetetracarboxylic 

diimide (PIPER2). ESI-MS m/z calculated for C36H37N4O8+ 653; obs.: 653  

The product obtained by reaction with 1-(2-Aminoethyl)piperazine (chain R3 in Fig.4.9) is N,N’-

bis[2-(1-piperazino)ethyl]-3,4,9,10-perylenetetracarboxylic diimide(PIPER3). ESI-MS m/z 

calculated for C36H35N6O4+ 615; obs.: 615  

4.4 PDI in water: concentration effect 
Unique photophysical properties of PDI has been exploited to monitor system answer to 

different stimuli. Based on the above, aggregates of PDI often do not show any emission 

spectrum and the only signal that can be recorded is the emission of the free molecule. That is, 

it is possible to calculate the molar fraction of the free molecule from this equation: 

where  is the quantum yield of the solution, m is the quantum yield of the monomer,  

a is the quantum yield of the aggregate, m is the quantum yield of the monomer and a is the 

quantum yield of the aggregate: By approximating that the free molecule has a quantum yield 

equal 1 and the one of aggregate equal to 0 the result is: 

 

The first stimuli that has been investigated was concentration. Indeed, as concentration 

increases p-p stacking interactions becomes more important and PIPER3 molecules starts to 

stack together in not fluorescent aggregates, as shown in Fig.4.10. 

 

aamm += 

m=



 

Fig.4.10 Schematic representation of concentration effect on PIPER3 aggregation 

To study the behaviour in aqueous solution, stock solution of the three molecules were 

prepared with a concentration of 2∙10-4 M in water at pH 2 (HCl 0.01M). The first molecules that 

we investigated was PIPER1. 

Increasing volumes (from 1L to x L) were taken from the stock solution and added to 2.5 mL 

of aqueous at pH 2 (HCl 0.01M). 

In Fig.4.11 are reported absorption spectrum (on the left) and emission spectrum (on the right). 

 

Fig.4.11 On the left: absorption spectrum of PIPER1 at pH 2. Black spectrum is the first addition, red spectrum is the last 
addiction. On the right: emission spectrum of PIPER1at pH 2. Black spectrum is the first addition, blue spectrum is the last 

addiction. 

It is obvious that PIPER1 it is not soluble in these conditions. For this reason, we did not 

investigate it anymore. 

Second molecule studied was PIPER2. Increasing volumes (from 1L to 40 L) were taken from 

the stock solution (2∙10-4 M in water at pH 2 (HCl 0.01M)) and added to 2.5 mL of different water 

solutions with buffers at increasing pH (from 0 to 8). 

In Fig.4.12 are reported absorption spectrum (on the left) and emission spectrum (on the right) 

at pH 4. 
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Fig.4.12 On the left: absorption spectrum of PIPER2 at pH 4. Black spectrum is the first addition, red spectrum is the last 
addiction. On the right: emission spectrum of PIPER2at pH 4. Black spectrum is the first addition, blue spectrum is the last 

addiction. 

PIPER2 demonstrated to be slightly soluble in all the range of pH investigated. In Fig.4.13 is 

reported fluorescence quantum yields measured at increasing concentration of PIPER2 at 

different pH. 

 

Fig.4.13 Fluorescence quantum yields measured at increasing concentration of PIPER2 at different pH. 

It is observed that as concentration increases, quantum yield decreases drastically as expected. 

In fact, in a polar solvent such as water − stacking interactions between perylene core 

become very important and therefore the fraction of free molecules decreases more and more. 

Subsequently, the behaviour of PIPER3 was investigated. Increasing volumes (from 1L to 40 

L) were taken from the stock solution (2∙10-4 M in water at pH 2 (HCl 0.01M)) and added to 

2.5 mL of different water solutions with buffers at increasing pH (from 0 to 9) In Fig.4.14 are 

reported absorption spectrum (on the left) and emission spectrum (on the right) at pH 3. 



 

Fig.4.14 On the left: absorption spectrum of PIPER3 at pH 3. Black spectrum is the first addition, red spectrum is the last 
addiction. On the right: emission spectrum of PIPER3 at pH 3. Black spectrum is the first addition, blue spectrum is the last 

addiction. 

PIPER3 demonstrated to be soluble in most the range of pH investigated. In Fig.4.15 is reported 

fluorescence quantum yields measured at increasing concentration of PIPER3 at different pH. 

 

Fig.4.15 Fluorescence quantum yields measured at increasing concentration of PIPER3 at different pH. 

It is observed that as concentration increases, quantum yield decreases drastically as expected. 

PIPER3 solubility is more pH dependent then PIPER2. Quantum yield value reaches 0.5 at pH 2 

and collapses to 0.05 at pH 5. Over pH 5, quantum yield decreases so much that it is no longer 

possible measure quantum yield. 

This behaviour is more interesting for our purpose. For this reason, our efforts focused on study 

PIPER3 behaviour. 



4.5 PIPER3 in water: pH effect 
Then, the effect of pH was studied keeping constant the concentration of PIPER3. We expected 

that when the pH decreases, the system disaggregates because of the protonation of the amino 

groups that causes electrostatic repulsion between PIPER3 molecules as shown in Fig.4.16. 

Consequently, decreasing pH fluorescence quantum yield should increase. 

 

Fig.4.16 Schematic representation of pH effect on PIPER3 aggregation 

PIPER3 presents four protonable nitrogen atoms, two in each chain. Because of perylene core 

presence between the two chains, it can be assumed that they do not influence each other. 

External nitrogen atom has a pKa≈5.5 and chain-connected nitrogen atom has a pKa≈1125. So 

that a small fraction of molecules will be singled charged in our experimental conditions, while 

most of molecules will be double charged. In Fig.4.17 is reported a logarithmic concentration 

diagram that shows concentration of all the species at different pH. 

 

Fig.4.17 Concentration of protonated species of PIPER3 at different pH. 

In Fig.4.18 is reported quantum yield of PIPER3 at 8∙10-8 M at different pH. 
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Fig.4.18 emission quantum yield of PIPER3 at different pH (8 10-8 M) 

What is observed is that initially the quantum yield increases as the pH decreases, indicating an 

increase in the concentration of free molecules of PIPER3. But from pH 2 to pH 1 there is a sharp 

decrease in quantum yield. Then by decreasing the pH beyond a threshold, system aggregates 

again. This behavior can be observed at any concentration of PIPER3 and cannot be explained 

just considering role of pH. 

In Fig.4.19 are reported molar extinction coefficient of PIPER3 at different pH. It is possible 

observe increasing of ratio of peak at 498 nm and at 535 nm as pH decrease, indicating 

aggregation of PBI molecules. 

 

Fig.4.19 Molar extinction coefficient of PIPER3 at different pH 

To understand what is happening we must take in account buffer preparation reported in Table 

4.1. 

pH

0 1 2 3 4 5


 (

q
u

a
n

tu
m

 y
ie

ld
)

0,0

0,1

0,2

0,3

0,4

0,5

0,6

 (nm)

400 500 600 700

 
(1

0
-3

 M
-1

 c
m

-1
)

0

20

40

60

pH 2

pH 3

pH 4

pH 5



Table 4.1 Buffer used for different pH 

pH Buffer 

0 HCl 1M 

1 HCl 0.1M 

2 HCl 0.01M 

3 HCl 10-3M 

4 
Acetate buffer 

0.1 M 

5 
Acetate buffer 

0.1 M 
 

For pH 4 and 5 common acetate buffer 0.1M have been chosen. Instead, for pH from 0 to 3 we 

used different concentration of HCl to regulate pH because volume of PIPER3 solution needed 

is so few that eventual pH change because of that can be neglected. But such high chloride ion 

concentration could interact with protonated amino chain of PIPER3 with electrostatic 

interaction. As consequence it could promote PIPER3 aggregation in water even at low pH To 

demonstrate this hypothesis, salts with different anions were added to a controlled pH PIPER3 

solution. 

4.6 PIPER3 in water: anions effect 
To demonstrate influence of chloride ions on PIPER3 aggregations, salts with different anions 

were added to 810-7 M PIPER3 solution at pH 2. In Fig.4.20 is reported fluorescence quantum 

yield as anion concentration is increased. To take in account the different contribution of 

different salts ionic strength has been chosen as parameter. 

Ionic strength has been calculated with the formula: 

I =
1

2
∑ mizi

2

i

 

Where I is the ionic strength, mi is concentration of ion and zi is ionic charge. In the final count 

of ionic strength HCl contribution has been added. 



 

Fig.4.20 Fluorescence quantum yield of 8 10-7 M PIPER3 solution at pH 2 at different anions concentration 

It is noted that in all cases the quantum yield decreases when the concentration of anion is 

increased. We have therefore deduced that anions participate in the aggregation. Indeed, they 

could interact with protonated amine groups of different chain and shield repulsion between 

them, as shown in Fig.4.21. 

 

Fig.4.21 Schematic representation of anion effect on PIPER3 aggregation 

4.7 Fluorescence quantum yield fitting 
In the chapters above, we have synthetized water soluble PBI and studied its aggregation in 

water. Moreover, we have investigated how different stimuli, as concentration, pH and ionic 

strength, influence equilibrium between monomer species and aggregate species. Next step 

consist in determinate which kind of aggregation is happening. Given the fact that aggregation 

causes a hypsochromic shift of maximum of absorption spectrum, it is possible deduce that in 

water PIPER3 forms H aggregates with monodirectional sandwich-like arrangement. The two 

borderline cases for aggregation are the monomer-dimer model and the isodesmic model18.  

In the first one PBI molecules exist only as monomer or dimer, because after aggregation of two 

molecules Ka, aggregation constant value is zero. Therefore, in solution the only possible 

chemical equilibrium is:  
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M + M ↔ M2 

Where M is the monomer and M2 is the dimer. The constant of equilibrium is 

KD =
C2

C1
2 

Where KD is the equilibrium constant, C1 is monomer concentration and C2 is dimer 

concentration. Total concentration CT of molecules is: 

CT = 2C2 + C1 

By it, derives that: 

C2 =
(CT-C1)

2
 

replacing this equation in the previous one it is possible to obtain the expression of C1 as 

function only of CT and KD: 

C1 =
-1 + √1 + 8KDCT

4KD
 

The molar fraction of monomer species 1 can be given as: 

χ1 =
C1

CT
 

This equation combined with the previous one becomes: 

χ1 =
-1 + √1 + 8KDCT

4KDCT
 

In the isodesmic model the aggregation constant is equal for all binding event and different 

extended dye aggregates coexist in solution. Thus, aggregation isodesmic model can be 

represented as: 

 

M + M ↔ M2                                                                 C2 = K2C1
2 

M2 + M ↔ M3                                       C3 = K3C2C1 = K2K3C1
3 

…                                                                                                             

Mn-1 + M ↔ Mn          Cn = KnCn-1C1 = K2K3 … Kn-1KnC1
n 

where  C1, C2, C3, . . ., Cn are the molar concentrations of monomer, dimer, trimer, and n-mer 

species, respectively, and K2, K3, Kn are the equilibrium constants for the addition of a monomer 

to another monomer, a dimer, and a (n-1)-mer, respectively. For the isodesmic model applies: 

K = K2 = K3 = ⋯ = Kn 

Accordingly, the concentration of n-mer Cn and the total concentration of molecules CT, 

respectively, can be given as: 

Cn = Kn-1C1
n 



 

CT = (C1 + 2KC1
2 + 3K2C1

3 + ⋯ + nKn-1C1
n) 

Considering the series expansion for 0<x<1: 

1 + 2x + 3x2 + ⋯ + nxn-1 =
1

(1-x)2
 

The previous equation becomes: 

CT =
C1

(1-KC1)2
 

The solution of equation x is: 

C1 =
2KCT + 1-√4KCT + 1

2K2CT
 

Substituting C1 with 1 (molar fraction): 

χ1 =
2KCT + 1-√4KCT + 1

2K2CT
2  

Now that we have expressed monomer molar fraction as function of total concentration and of 

aggregation constant it is possible fitting 1 trend as function of CT and calculate KD. Indeed, it 

is convenient to remember that fluorescence quantum yield can be approximated at monomer 

molar fraction. 

Here we report PIPER3 fluorescence quantum yield as function of PIPER3 concentration at 

different pH. Every trend has been fitted with formula of the monomer-dimer model and the 

isodesmic model. In Fig.4.22 are shown different cases (blue line for monomer-dimer model 

and red line for isodesmic model).  



 

Fig.4.22 PIPER3 fluorescence quantum yield as function of concentration at different pH. Every trend has been fitted with 
formula of the monomer-dimer model (blue line) and the isodesmic model (red line). 

 It can be observed that for pH from 0 to 3 monomer-dimer model fit data indicating that 

equilibrium in solution is between monomer species and dimer species and that larger 

aggregates are not favourite. On the other hand, for pH 4 and 5 isodesmic model fit data very 

well. This means that aggregation is changed and that larger aggregates are favourites. 

Therefore, changing pH we can tune aggregation type spacing from lower pH that favours 

dimer, to higher pH where larger aggregates are preferred. It was also possible calculate 

equilibrium constant at every pH for both models. They are reported in Table 4.2 



Table 4. 2 equilibrium constant calculated at every pH for both models 

pH K dimer K isodesmic 

0 1.6∙108 3.1∙107 

1 2.8∙107 9.8∙106 

2 6.5∙106 3.2∙106 

3 1.6∙108 3.1∙107 

4 4.3∙108 1.3∙108 

5 4.3∙108 2.0∙108 

4.8 Conclusions 
In conclusion in this work we have found an innovative synthetic cheap, fast and green way for 

PBI amine derivates. PBI derivates have been functionalized with polar chain that makes them 

both water soluble and pH sensitive. They have been tested at different concentration and 

different pH. PIPER3 has given best results responding to concentration, PH and ionic strength. 

It was also possible discriminate two different aggregations with monomer-dimer model and 

isodesmic model. Low pH favour dimer formation, on the other hand at higher pH larger 

aggregates are preferred. 
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Chapter 5: Self-assembled biocompatible 

fluorescent nanoparticles for bioimaging 

5.1 Introduction 
Fluorescence imaging is a not invasive, highly sensitive, technique that allows  biological 

organisms investigation with high three-dimensional resolution in real time, by making use of 

suitable fluorescent contrast agents1. Tailored fluorescent nanoparticles2, promise to surpass 

conventional molecular probes as fluorescent markers especially as far as sensitivity is 

concerned.  Indeed, nanoparticles potentially emit a much brighter signal with respect to 

molecules, in the same excitation conditions.  

Most of nanoparticles proposed and applied for bio-imaging, result from the assembly of 

molecular fluorophores in an organized nanostructure. These assemblies may be stabilized: (i) 

via covalent bonds, hence by modifying the molecular fluorophores chemical structure with 

reactive terminal groups [e.g., alkoxysilanes3, acrylates4, or thiolates5] to form 

polymer/copolymer or by (ii) non-covalent interactions, involving either molecular 

fluorophores or additional groups specifically introduced in the structure to achieve 

supramolecular polymerization6.  

Size control is a critical issue in nanoparticles design. It can be achieved by exploiting 

surfactants or stabilizers as templates, that physically or chemically incorporate molecules, 

typically giving a compartmentalized nanostructure (e.g., core-shell).  

Nevertheless, achieving an enhanced brightness is still a challenge7. 

Brightness is the parameter used to compare emission intensity.  It is defined as: 

B = ε ∙  

where 𝜀 is the molar absorption coefficient (and is a measure of the ability of nanoparticles to 

absorb the excitation light) and  is the quantum fluorescence yield (i.e. efficiency with which 

the molecules that have absorbed light emit photons). The brightness therefore represents a 

mixed parameter that considers both the absorption and the emission of light capacity of the 

chromophore. So, it can be used to evaluate intensity of fluorescence signal. Nanoparticles 

advantage lies in high number of molecular fluorophores in each one, that drastically increases 

nanoparticles molar extinction coefficient. Indeed, it is calculated as: 

εNP =< n > εMF 

Where NP is molar extinction coefficient of nanoparticles, <n> is the average number of 

molecular fluorophores in nanoparticles and MF is molar extinction coefficient of molecular 



fluorophores inside nanoparticles. But without a rational design, molecular fluorophores 

normally aggregate in highly densely packed nanoparticles, undergoing strong fluorescence 

quenching, a process which reduces drastically their emission quantum yield This phenomenon 

known as aggregation caused quenching8, typically occurs in self-assembled multi-fluorophoric 

systems and it is the result of short-range interactions between molecular fluorophores. It can 

be prevented, at least in part, by spacing the molecular fluorophores9 by incorporating them in 

an inactive matrix (e.g., silica) as in typical dye-doped nanoparticles. A major drawback of this 

strategy is the drastic reduction of emitting molecules density in nanoparticles and 

consequently, of the molar extinction coefficient of dye doped nanoparticles with respect to the 

matrix-free ones.  The challenge is to devise new synthetic strategies allowing the highest 

possible number of fluorophores to be packaged, without this resulting in a drastic drop in 

photophysical properties. 

5.2 Summary 
Here we describe the synthesis and the properties of a new family of molecular fluorophores, 

which are water insoluble and do not suffer from aggregation caused quenching. Moreover, we 

demonstrate that a rational design of the molecular structure allows us to achieve a molecular 

unit that self-organizes in highly bright, and fluorescent nanoparticles which are very stable in 

PBS (phosphate buffered saline) solution. 

In designing the new molecular fluorophores, our attention was attracted by the N-(7-

Nitrobenz-2-oxa-1,3-diazol-4-yl) (NBD) dye derivatives10. This family of dyes has interesting 

properties for imaging applications. 

In particular the synthetic precursor NBD chloride is cheap, and it is easily conjugated with 

amine derivatives, yielding fluorescent dyes featuring absorption and emission in the visible 

range, large Stokes shift and good quantum yields. 

Unfortunately, emission of NBD derivative in the aggregated form is often low and it is almost 

completely quenched in aqueous environment10a. We reasoned that such limitation could be 

overcome by the introduction of a triphenylphosphazene group in the NBD structure. This 

group has been reported to result into(i) a red shift of both the absorption and luminescence 

maxima,(ii) an increase of the Stokes-shift and (iii) an increase of the luminescence intensity11. 

Three different NBD-triarylphosphazene derivatives were prepared in high yields with 

straightforward procedures. Here we report synthesis of the most interesting NBD-

triarylphosphazene. 4-Chloro-7-nitrobenzo-2-oxa-1,3-diazole (Cl-NBD) was the starting point 

to synthetize a stable and fluorescent trisphosphazene (NBD-PhM) (Fig.5.1). 



 

Fig.5.1 Reaction scheme of NBD-PhM 

Nanoparticles (NBD-PhM_NPs) were prepared via nanoprecipitation in the presence of 

Pluronic F127 as a stabilizer in water. Nanoparticles presence was demonstrated by dynamic 

light scattering (DLS) and transmission electron microscopy (TEM) (Fig.5.2). 

 

Fig.5.2 TEM images of NBD-PhM_NPs; a) Size distribution1 

NBD-PhM and nanoparticles were characterized via UV-Vis absorption spectroscopy and 

steady-state and time resolved fluorescence spectroscopy. Result are in reported Table5.1. 

Table5.2 Photophysical properties of  NBD-PhM and nanoparticles 

 



Nanoparticles brightness results about six order of magnitude higher then molecular precursor 

one. This demonstrate that nanoparticles are suitable for bio-imaging, they were incubated 

with living HeLa cells and their ability to label the cells was demonstrated via confocal scanning 

fluorescence microscopy (Fig.5.3). Finally, toxicity assays demonstrated the high 

biocompatibility of the NPs (Fig.5.3). 

 

Fig.5.3 On the left: Fluorescence signal of NBD-PhM nanoparticles in cells. On the right: Cytotoxicity of NBD-PhM nanoparticles 

In conclusion we believe that these highly bright, nanoparticles represent a promising platform 

for designing new versatile multifunctional nanoprobes. 

5.3 Synthesis 
For molecular fluorophores synthesis NBD chloride (NBD-Cl) has been chosen as precursor 

because is quite inexpensive and it is easily conjugated with amine derivatives, yielding 

fluorescent dyes featuring absorption and emission in the visible range, large Stokes shift and 

good quantum yields.  

 

Fig. 5.4 Reaction scheme of NBD derivatives 

Synthetic pathway for molecular fluorophores has been reported in Fig.5.4. For the first step 

into a flask, covered with an aluminium foil and containing NaN3 (0.350 g, 5.39 mM) dissolved 

in a EtOH/H2O mixture (1:1 v/v, 20 mL), a solution of NBD-Cl (0.5 g, 2.505 mM) in EtOH (40 

mL) was added dropwise within a 1 h period. The reaction was left stirring for 6 h at room 

temperature. Subsequently, the solvent was removed under reduced pressure and crude was 



purified via column chromatography on silica gel using petroleum ether/AcOEt 4:6 as eluent. 

The product NBD-N3 was obtained as an orange solid in 90% yield. Subsequently into a flask, 

covered with aluminum foil and containing 1 (0.1 g, 0.485 mM) and the desired phosphine (3 

eq.) dissolved in THF (8 mL), H2O (2.6 mL, 145.553 mM) was added at once and left to react 

overnight under stirring. The formed solid was filtered-off, washed with cold THF and dried 

giving the final product as an orange solid with quantitative yield. 

Synthesis has been carried out by Professor Mancin at University of Padova, Department of 

Chemistry. 

Phosphazene has been decorated with three phenyl rings (NBD-Ph) in order to prevent 

aggregation caused quenching of nitrobenzene-2-oxa-1,3-diazole moiety. Then, phenyl 

substituent has been chosen to tailor photophysical properties. Indeed, methoxy, in NBD-PhMO, 

is a strong electron donating group, methyl, in NBD-PhM slightly an electron donating group 

and 3-fluoromethyl in NBD-PhCF3 is a strong electron withdrawing group. The first two create 

a “pull-push” system with nitro group. “Pull-push” systems can stabilize charge-separated 

excited states and emission is red-shifted as consequence. On the other hand, 3-fluoromethil 

groups have the reverse effect, so emission in blue-shift.  

5.4 Photophysical properties of the molecules in DCM 
NBD derivatives were characterized via UV-Vis absorption spectroscopy and steady-state and 

time resolved fluorescence spectroscopy in dichloromethane. UV-Vis absorption spectra and 

normalized fluorescence are shown in Fig.5.5. Photophysical properties are summarized in 

Table 5.2. 



 

Fig.5.5 Absorption (red line) and fluorescent (blue line) spectra of a) NBD-Ph; b) NBD-PhM; c) NBD-PhOM; d) NBD-PhCF3. 

Table 5.2 Photophysical properties of molecular dyes in DCM. 

Name Substituent 
max,abs 

(nm) 

max 

(M-1cm-1) 

max,em 

(nm) 
QY 

 

(ns) 

Exited state 

energy (eV) 

Stokes-

shift 

(eV) 

NBD-Ph 
 

482 34,300 536 0.50 5.7 0.26 2.44 

NBD-

PhM  

488 32,600 526 0.65 7.7 0.18 2.45 

NBD-

PhOM 

 

524 26,200 555 0.09 4.2 0.13 2.30 

NBD-

PhCF3 

 

467 16,600 533 0.72 7.7 0.32 2.49 

 



The absorption spectrum of NBD-Ph shows a maximum at  = 482 nm ( = 34,300 M−1cm−1) 

while the fluorescence band presents a peak at 536 nm. Fluorescence quantum yield results 

0.50 and the excited state lifetime is 5.7 ns. 

These bands are attributed to an electronic transition with charge transfer character, then they 

are affected by the polarity of substituents. Introduction of methyl group on phenyl substituent, 

in NBD-PhM, produces a shift of the absorption maximum to 488 nm and of the fluorescence to 

526 nm. It is interesting to observe that going from NBD-Ph to NBD-PhM, the energy of the 

lowest singlet excited state changes from 2.44 eV for NBD-Ph to 2.45 eV for NBD-PhM. This 

means that there is a little increase, even if electronic effect of methyl group, a weak electron 

donor, should promote singlet excited state stabilization. On the other hand, a relevant decrease 

of the Stokes shift from 0.26 to 0.18 eV occurs. This indicates that the effect of the methylation 

is to increase the hindrance of the bulky triphenylphosphazene substituents on the 

phosphorous atom. It reduces reorganization conformational degree of the excited states and 

this causes the Stokes shift decrease and lowest singlet excited state energy increase. The 

rigidification effect due to the bulkier substituents also affects the fluorescence quantum yield 

and the excited state lifetime that rise, with respect to NBD-Ph, to QY = 0.65 and  = 7.7 ns in 

NBD-PhM. Instead, the substitution of each of the three phenyl rings with three strong electron 

donor methoxy groups to give NBD-PhOM produces a large red-shift both of the absorption 

band,  = 524 nm ( = 26,200 M−1cm−1) and of the fluorescence maximum = 555 nm, 

corresponding to an energy decrease of the transition to 2.30 eV. The further increase of the 

hindrance of the phosphazene substituents in NBD-PhOM with respect to NBD-PhM leads to a 

decrease of the Stokes-shift to 0.13 eV. On the other hand, the presence of the electron rich 

trimethoxy phenyl group causes a decrease of the fluorescence QY to 0.09 and of the excited 

state lifetime to  = 4.2 ns. 

In the end, the substitution of each of the three phenyl rings with three strong electron 

withdrawing 3-fluoromethyl groups to give NBD-PhCF3 produces a blue-shift of absorption 

band,  = 467 nm ( = 16,600  M-1cm-1) of the fluorescence maximum  = 533 nm corresponding 

to an energy increase of the transition to 2.49 eV. Then, excited state has access to energy 

surplus that allows him to reach a new reorganization conformational, as demonstrated by the 

considerable increase of the SS to 0.32 eV. Presence of 3-fluoromethyl groups increase 

fluorescence QY to 0.72 and of the excited state lifetime to  = 7.7 ns. 



5.5 Preparation and characterization of nanoparticles 
Dye molecules NBD-Ph, NBD-PhM, NBD-PhOM and NBD-PhCF3 are water insoluble and 

nanoparticles were prepared by nanoprecipitation6c. A small volume (10 μL) of a THF solution 

of NBD-Ph, NBD-PhM, NBD-PhOM and NBD-PhCF3 (2 mg/ml) and the surfactant Pluronic F127 

(20 mg/mL) was rapidly injected into 2.5mL of Millipore water under vigorous stirring. The 

reaction vial was kept open to atmospheric air to allow complete organic solvent evaporation. 

After 2 h of stirring, a precipitate was formed in the case of compound NBD-Ph and NBD-PhCF3, 

while transparent, coloured suspensions were obtained for samples containing NBD-PhM and 

NBD-PhOM. The formation of nanoparticles constituted by NBD-PhM and NBD-PhOM was 

demonstrated by dynamic light scattering (DLS), transmission electron microscopy (TEM) and 

fluorescence microscopy (FM). Photophysical and chemical-physical properties have been 

reported in Table 5.3. 

Table 5.3 Photophysical and chemical-physical properties of NBD-PhM and NBD-PhOM nanoparticles 

Name 
max,abs 

(nm) 

max 

(M-1cm-1) 

max,em 

(nm) 
QY  (ns) <n> 

B 
(M-1cm-1) 

d DLS 
(nm) 

d TEM 
(nm) 

NBD-PhM 
NPs 

480 29,300 536 0.31 1.01 1.1∙106  1∙1010 128 91±13 

NBD-
PhOM 

NPs 
520 17,800 556 0.01 0.77 1.6∙105 2.8∙107 140 54 ± 9 

 

DLS measurements are showed in Fig.5.6 and it is possible observe the presence of a quite 

monodisperse single population of both nanoparticles. DLS of NBD-PhM nanoparticles shows a 

single population with a diameter of 128 nm and PdI = 0.11. For NBD-PhOM nanoparticles DLS 

reports a single population with a diameter of 140 nm and PdI = 0.06. The size distribution of 

the two samples is shown in Fig. 5.6. DLS measurements were performed after dilution of the 

nanoparticles suspension in phosphate-buffered saline (PBS) solution (1:50, v/v). After such a 

dilution, surfactant Pluronic F127 concentration resulted 0.13μM, more than three order of 

magnitude below the critical micelles concentration (cmc = 0.3mM at r.t.) (Rampazzo et al., 

2011). In order to exclude the formation of nanoparticles constituted by the surfactant 

(micelles that, on the other hand, have been reported to show size of tens of nm), a blank sample 

was prepared following the same procedure used for NBD-PhM and -PhOM nanoparticles. No 

relevant scattering signal was detected in the case of the blank samples, confirming the absence 

of NPs. 

The size distribution of NBD-PhM and -PhOM nanoparticles was also investigated by TEM: 

representative images of the two samples are shown in Fig.5.6 with the histogram obtained by 



measuring the size of the nanoparticles in the images with the software Image J. NBD-PhM 

nanoparticles size obtained by fitting data with a Gaussian model results 91 ± 13 nm. Using the 

same procedure NBD-PhOM nanoparticles, the size results 54 ± 9 nm. Diameter of NBD-PhM 

nanoparticles measured by TEM is consistent with the hydrodynamic diameter measured by 

DLS. Instead, a significant difference was observed in the case of NBD-PhOM nanoparticles. The 

larger hydrodynamic diameter measured by DLS for this latter sample revealed a partial 

aggregation of NBD-PhOM nanoparticles in water. 

 

Fig.5.6 Top: size distribution obtained by DLS analysis of NBD-PhM nanoparticles (a) and NBD-PhOM nanoparticles (b). Center: 
representative TEM images of NBD-PhM (c) and NBD-PhOM (d). Bottom: size distribution resulting from the analysis of the TEM 
images of NBD-PhM nanoparticles (e) and NBD-PhOM nanoparticles (f). 

The photophysical characterization of NBD-PhM and NBD-PhOM nanoparticles was performed 

in PBS and results are summarized in Table 5.3.  



Photophysical properties of NBD-PhM and NBD-PhOM nanoparticles are shown in Fig.5.7 

together with Photophysical properties of molecular dye. The molar extinction coefficient was 

calculated for the molecules NBD-PhM and NBD-PhOM in nanoparticles considering their 

average concentration.  

 

Fig.5.7 On the right: Absorption spectra (continuous line) and fluorescent spectra (dash line) of NBD-PhM (black line) 
and NBD-PhM nanoparticles. On the left: Absorption spectra (continuous line) and fluorescent spectra (dash line) of 
NBD-PhOM (black line) and NBD-PhOM nanoparticles. 

The absorption spectrum of NBD-PhM nanoparticles shows a maximum at  = 480 nm and  = 

29,300 M−1cm−1. If we compare these data with molecular dye photophysical properties ( = 

482 nm  and  = 34,300 M−1cm−1) it results clear that aggregation in nanoparticles has only a 

minor effect on the absorption properties of the dye molecules that undergo only a modest 

hypsochromic shift and a moderate decrease of . 

The absorption band of NBD-PhOM nanoparticles has a maximum at  = 520 nm and  = 17,800 

M−1cm−1. Also, in this case, photophysical properties of molecular dye aggregated in 

nanoparticles do not change significatively compared to molecular dye in solution ( = 524 nm 

and  = 26,200 M−1cm−1). 

The fluorescence band of NBD-PhM nanoparticles presents a peak at 536 nm, as the 

corresponding molecular dye. The fluorescence band of NBD-PhOM nanoparticles has at 

maximum at  = 556 nm, close to molecular dye value (555 nm).  

On the contrary, nanoparticles formation had strong effect on the fluorescence quantum yield 

of NBD-PhM and NBD-PhOM.  

NBD-PhM maintains in the nanoparticles an acceptable quantum yield (QY = 0.31) while NBD-

PhOM undergoes strong aggregation induced quenching (QY = 0.01). This observation suggests 

that the introduction of methyl on the bulky tri(phenyl)phosphazene group is suitable to 

decrease the intermolecular electronic interactions in the nanoparticles by reducing the 

overlap of the molecular orbitals of the fluorescent NBD units. Nevertheless, the presence of 



electron donating tri-methoxyphenyl groups is known to cause fluorescence quenching 

because of the formation of charge-transfer nonfluorescent excited states13. Fluorescence 

anisotropy measurements demonstrated that the quenching effect is enhanced by excitation 

energy migration inside the nanoparticles14. Indeed, NBD-PhM and NBD-PhOM molecular dyes 

showed in a high viscosity medium like propylene glycol, quite a high value of fluorescence 

anisotropy r. For NBD-PhM is 0.21 and for NBD-PhOM is 0.23 at r.t.). On the contrary, the two 

fluorophores immobilized in the nanostructure showed a fluorescence anisotropy which is zero 

both for NBD-PhM and NBD-PhOM nanoparticles. The complete depolarization observed in 

nanoparticles is in contrast with the lack of rotational freedom of the fluorophores in the 

nanostructures and can be explained only by considering a fast depolarization involving the 

homo-energy transfer processes8. Time resolved fluorescence measurements (time correlated 

single photon counting, TCSPC) showed that the spectral changes observed upon nanoparticles 

formation were due to the presence, in the nanoparticles, of populations of fluorophores 

experiencing different environments.  

If the sample possess more than one lifetime multi-exponential decay are observed and the 

amplitude-weighted lifetime of the fluorophore is then given by 

< τ > =
∑ Biτi

∑ Bi
 

where Bi is the pre-exponential factor and can be used to represent the fraction of fluorophores 

with lifetime τi. 

Triple-exponential decays were observed both in the case of NBD-PhM and NBD-PhOM 

nanoparticles.  Data collected for NBD-PhM nanoparticles are τ1 = 0.62 ns, B1 = 4,132, τ2 = 2.44, 

B2 = 372, τ3 = 7.81, B3 = 156 and average excited lifetime was calculated to be <τ> = 1.01 ns.  For 

NBD-PhOM resulted were τ1= 0.46 ns, B1 = 3,196, τ2 = 1.45, B2 = 1,085, τ3 = 6.16, B3 = 44 and 

average excited lifetime < τ > = 0.77 ns. This result agrees with the low fluorescence QY 

measured for NBD-PhOM nanoparticles. 

Dye molecules number per particles was calculated as 

ndye =
Vmol NP

Vmol dye 
 

Where ndye is number of dyes in nanoparticles, VmolNP is nanoparticles molar volume and Vmoldye 

dye molar volume. 

Sphere equation and Avogadro number have calculated nanoparticles molar volume, as shown: 

Vmol NP =
π

6
d3N 

where d is TEM diameter in dm and N is Avogadro number. 



Dye molar volume has been calculated as: 

Vmol dye = Vmolec dyeN 

where Vmolecdye is dye molecular volume that has been calculated with an online Molecular 

Volume Calculator. Molecular volume of NBD-PhM results 380.9 Å3 and for NBD-PhOM is 533.6 

Å3. Adopting previous equations, it is obtained that molar volume for NBD-PhM and NBD-PhOM 

are 0.23and 0.32 L mol−1, respectively. Instead, molar volume for NBD-PhM and NBD-PhOM 

nanoparticles result were 2.4∙105 and 5.0∙104 L mol-1. Hence NBD-PhM and NBD-PhOM 

nanoparticles contain about 1.1∙106 and 1.6∙105 dye molecules, respectively.  

Now, considering these values and the previous equation it is possible evaluate the order of 

magnitude of the fluorescence brightness of nanoparticles. The brightness of NBD-PhM 

nanoparticles results to be 1∙1010 M-1cm-1 while NBD-PhM molecular dye is about 2.1∙104 M-

1cm-1. Then, nanoprecipitation has increased brightness of six order of magnitude. For NBD-

PhOM nanoparticles brightness is about 2.8∙107 M-1cm-1 while for NBD-PhOM molecular dye is 

2.6∙103 M-1cm-1. Then, even if nanoprecipitation has caused a strong quenching of molecular 

dye, brightness results increased of four order of magnitude. 

5.6 Size Characterization by fluorescence optical tracking 
Thanks to their outstanding brightness, NBD-PhM nanoparticles could be detected, in 

suspension, as single bright spots in a conventional fluorescence microscope. Using an 

acquisition time as short as 10 ms, the nanoparticles appeared motionless as shown in Fig.5.8 

(inset). Thermal motions of nanoparticles were clearly observed by time lapsed acquisition 

(4,000 frames). The resulting movies were analysed to measure the linear displacements of the 

NPs using the plugin MOSAIC for Image J15. The displacements were then plotted in a histogram 

as shown in Fig.5.8. 



 
Fig.5.8 Histogram of the linear displacements measured for NBD-PhM nanoparticles in PBS by fluorescence microscopy for a time 
interval t = 10ms. Images were acquired in time-lapse mode (4,000 frames) with an EMCCD Camera and processed with Image J 
(Plug-in MOSAIC). Each pixel corresponds to 0.16μm. A representative image of the NP (bright white spots) is shown in the inset.  
 

We would like to stress that an analogous experiment was performed for a NBD-PhOM sample 

and no emissive spots attributable to nanoparticles diffusion could be observed. This 

demonstrated that these nanoparticles were not bright enough to be detectable as individual 

objects by fluorescence microscopy. Moreover, by comparing two samples of NBD-PhM and 

NBD-PhOM with the same concentration (8μg/ml), the average intensity measured within a 

frame in the case of NBD-PhM nanoparticles were more than 2 orders of magnitude higher than 

the one measured for NBD-PhOM nanoparticles. 

The diffusion coefficient of NBD-PhM nanoparticles were calculated by tracking the fluorescent 

nanoparticles via fluorescence microscopy considering the following equations: 

P(x, t) =
1

√4πDt
exp(-

(x-x0)2

4Dt
) 

Where P is the probability of observing a displacement of an nanoparticle from the position x  

to the position x0 after a time delay t and D is the diffusion coefficient of the nanoparticles that, 

in a spherical approximation, is dependent on the diameter d of the nanoparticles according to 

the Stokes-Einstein equation: 

D =  
kT

3πnd
 

Where k is the Boltzmann constant, T the temperature and n is the viscosity of the medium. 

Image sequences were processed to acquire the positions of the nanoparticles in each frame 

and to identify individual nanoparticles movements. The trajectories of the nanoparticles were 

used to get the displacement (in pixels, where a pixel corresponds to 0.16μm) of the 



nanoparticles in the frame acquisition time interval (t = 1.0∙10−2 s). Data represented in the 

histogram were fitted with a Gaussian model, as shown in Fig.5.8, to obtain the diffusion 

coefficient D = 2.65∙10−12 m2s−1; a value that corresponds to nanoparticles with an average 

diameter of 160 nm in good agreement with the DLS analysis.  

5.7 Biological experiments 
To demonstrate their efficacy as a fluorescent probe, NBD-PhM nanoparticles and of NBD-

PhOM nanoparticles were incubated with HeLa cells at the relatively low dose of 80 ng/ml at 

37◦C. After confocal microscopy analysis of 20 h, cells (Fig.5.9) revealed an intense structured 

of NBD-PhM nanoparticles signal within the cell cytoplasm, suggesting endosomal 

nanoparticles internalization, although cytoplasmatic internalization cannot be completely 

ruled out. As expected, based on their weak intrinsic fluorescence, of NBD-PhOM nanoparticles 

cellular signal was much weaker.  

 

Fig.5.9 Fluorescence signal of NPs in cells. HeLa cells grown on glass cover slips were incubated for 20 h with no nanoparticles 
(medium alone), NBD-PhM or NBD-PhOM nanoparticles, as indicated and analysed by fluorescence confocal microscopy with the 
same instrumental. 

MTS assays showed that both of NBD-PhM nanoparticles and of NBD-PhOM nanoparticles are 

devoid of the toxic effects on HeLa cells of up to 1μg/ml (Fig.5.10). 

Biological experiments were performed by Prof. Papini at University of Padova, Department of 

Biomedical Science. 



 

Fig.5.10 Cytotoxicity of NBD-PhM and NBD-PhOM nanoparticles. HeLa cells were incubated for 20 h with the indicated doses of 
NPs in DMEM at 37◦C and subjected to MTS assay. Data, expressed as % of control (no nanoparticles) samples, are mean ± SE 
(N=3). 

5.8 Conclusions 
Summarizing the results so far discussed, we found that molecule NBD-Ph does not form stable 

nanoparticles upon nanoprecipitation in our experimental conditions. On the contrary, 

nanoprecipitation of molecules NBD-PhM and NBD-PhOM leads to nanoparticles formation. 

The quantum yield of molecule NBD-PhOM, which is already low in the non-aggregated form, 

further decreases upon assembly in the nanoparticles. As a result, the brightness of NBD-PhOM 

nanoparticles is about two orders of magnitude lower than the one of NBD-PhM nanoparticles. 

Such a difference is so relevant that while NBD-PhM nanoparticles can be clearly tracked at the 

single NP level in solution at very low concentration by fluorescence microscopy, NBD-PhOM 

nanoparticles cannot be observed with the same technique. 

Most interestingly, the brightness of NBD-PhM nanoparticles could be estimated to be about six 

orders of magnitude higher than an NBD water soluble derivative used as reference. These 

results demonstrate that rational design of the molecular precursor is fundamental for 

producing stable and strongly bright nanoparticles by self-assembly. 

Cellular experiments proved that NBD-PhM nanoparticles are suitable to be used as fluorescent 

contrast agents for bioimaging, also thanks to their good biocompatibility. We believe that our 

approach can be extended to other molecules and surfactants in order to tune the 

excitation/emission wavelength as well as the nanoparticles size. 
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Chapter 6: Design and synthesis of molecular 

dye self-assembled nanoparticles 

6.1 Introduction 
In the last years interest in molecular nanoparticles is growing. This new approach stands out 

for its versatility. Indeed, it is potentially possible to create new nanoparticles from any organic 

molecule, paving the way for new materials. Possibility of encapsulating organic molecules in 

nanostructures has attracted interest in particular for organic dye1. Today, interaction of light 

and matter has been exploited for different applications, as photovoltaic devices, solar cells and 

biomedical imaging. Organic molecules have been surpassed by inorganic material because are 

more photostable and water soluble. But, molecular nanoparticles can overcome these limits. 

When one decides to work with molecular nanoparticles, it is important consider that 

interactions of dyes inside nanoparticles can lead to significative variations of photophysical 

properties.  

Generally, as already mentioned in the previous chapter, brightness is defined as 

B =  ε ∙  

where 𝜀 is the molar absorption coefficient (and is a measure of the ability of nanoparticles to 

absorb the excitation light) and  is the quantum fluorescence yield (i.e. efficiency with which 

the molecules that have absorbed light emit photons). The brightness therefore represents a 

mixed parameter that considers both the absorption and the emission of light capacity of the 

chromophore. So, it can be used to evaluate intensity of fluorescence signal. 

Weak electronic interaction represents ideal conditions, where the molar absorption 

coefficient of a nanoparticle is the sum of coefficients of molecules that compose it. 

Molecular nanoparticles therefore have a high brightness value, since they contain a high 

number of chromophores within them. So, the above equation becomes: 

BNP = nmol ∙  εmol ∙   

where nmol is the number of dyes in a nanoparticle. 

Actually, when the chromophore is inside the molecular nanoparticles the molar absorption 

coefficient and the emission quantum yield, as a result of quenching processes between the 

same chromophores due to their proximity. 

Despite the reduction of photophysical properties of individual chromophores, a molecular 

nanoparticle is an entity with a much higher brightness than the starting fluorophore.  



A common fluorophore has a molar absorption coefficient of 105 cm-1M-1 and emission quantum 

yield of 12. The brightness results 105 cm-1M-1. Usually in a molecular nanoparticle there are 106 

dyes. If molar absorption coefficient of the fluorophore inside the nanoparticle is reduced by 

70%, becoming 3∙104 cm-1M-1, and emission quantum yield is reduced to 0.01, the brightness 

results 3∙104 cm-1M-1, one thousand times higher than the single fluorophore. 

This simple calculation demonstrates that, although in real systems brightness of nanoparticles 

does not grow linearly with the number of components, however it is possible to obtain 

nanoparticles with an extremely intense fluorescence.  

Several methods have been developed for molecular nanoparticles preparation, such as self-

assembly, macro / micro / nanoemulsion and nanoprecipitation. All of them exploit surfactant 

molecules. Surfactants are amphiphilic molecules; they have a hydrophobic and a hydrophilic 

portion. In a diluted aqueous solution, they are in monomeric form and behave like strong 

electrolytes, completely dissociated. By increasing the concentration of monomers until 

exceeding a concentration limit value, called critical micellar concentration, the amphiphilic 

nature of the species leads to the formation of supramolecular systems. Most common are 

spherical micelles, ellipsoidal micelles, cylindrical micelles and liquid-crystalline structures 

deriving from cylindrical micelles arranged neatly within a crystal lattice. The micelles are 

defined as stable and dynamic aggregates of amphiphilic molecules in water, whose 

constituents are subjected to rapid dynamic equilibrium regulated by diffusion. This balance is 

the result of two parallel processes: the first is faster and consists of the association and 

dissociation of a monomer from the aggregate, while the second, slower, consists in the 

formation and disintegration of the entire structure. An important requirement for micelle 

formation is that the alkyl chain has at least 8-10 methyl groups, so to reduce water solubility 

and a sufficiently active polar group to allow the solubility of the molecule itself. Micelles 

formation also depends on the balance between the tendency of the hydrocarbon chains to cling 

together, through hydrophobic interactions, to minimize the contact between the alkyl chains 

and the water molecules and the electrostatic repulsions of the polar heads that tend to remove 

the chains; this destabilizing effect is partly attenuated by the association of counterions on the 

micellar surface. 

The self-assembly method uses surfactant that tend to self-assemble into nano-aggregates in 

aqueous solution. When a non-solvent is added to the mixture of surfactant and organic 

molecules dissolved in a "good" solvent, the hydrophobic surfactant segments tend to aggregate 

and encapsulate the organic matrix within a polar pool while the hydrophilic head tend to form 



a shell that stabilizes the obtained nanoparticles. The organic species can also be directly linked 

to the hydrophobic end chains of surfactant or to the side chains3. 

The emulsification process is based on the formation of an emulsion. The term emulsion means 

a mixture of two or more liquids, completely or partially immiscible, obtained in the presence 

or absence of an active surfactant. Based on the size of the drops the emulsion can be classified 

as macro, micro or nanoemulsion. The last two are used for the preparation of molecular 

nanoparticles with size below 500 nm. In a typical emulsion process the emitting species and 

the surfactant are dissolved together in a solvent, which is immiscible with water. Then the 

solvent is added to the aqueous solution containing an emulsifier. Subsequently it can be 

sonicated or mixed vigorously to form organic drops which are stabilized by the emulsifier4.  

Finally, the nanoprecipitation method is very efficient and with low energy expenditure for 

molecular nanoparticles production. The main difference between this method and 

emulsification is the organic solvent used to solubilize the dye. Indeed, for the 

nanoprecipitation the solvent must be miscible in water and easily removable by evaporation. 

The solvents most often used are ethanol, acetone, hexane, THF etc. 

In a typical nanoprecipitation process the solution of the organic species and the surfactant is 

rapidly added to water that is present in excess. The sudden increase in solvent polarity leads 

to the aggregation of organic species and hydrophobic segments of the surfactant, with 

formation of molecular nanoparticles. This method permits to obtain molecular nanoparticles 

with a narrow size distribution. The formation of nanoparticles is influenced by many factors 

such as: the rate of organic phase addition, the mixing during the addition and miscibility of 

organic solvent and water. This method is widely used for the precipitation of molecular 

nanoparticles, thanks to its simplicity, rapidity and reproducibility5.  

For these reasons, in the present thesis work, nanoprecipitation method was used for 

nanoparticles preparation. The surfactant chosen to stabilize molecular nanoparticles is 

Pluronic F127. It is a three-block non-ionic copolymer, polyoxyethylene-polyoxypropylene-

polyoxiethylene (PEO-PPO-PEO), with a molecular weight of 12600 g / mol (Fig.6.1.) 

 

Fig.6.1 Pluronic structure 

Copolymer aggregation behaviour is complicated and it is not possible to define a single critical 

micellar concentration, since it depends on various factors. In fact it has been noted that 

aggregation occurs in a concentration range, rather than at a single critical micellar 



concentration value. Several researchers have hypothesized the presence of two or more types 

of micelles due to changes in shape, size and polarity. These observations have been attributed 

to the intrinsic polydispersity of the copolymer. However, critical micellar concentration at 

20°C has been estimated 3.174 mM. Pluronic forms micelles with a core mainly constituted by 

the PPO block, the hydrophobic moiety, and the shell is constituted by the PEO block, the 

hydrophilic moiety of the copolymer and therefore is in contact with the aqueous environment. 

Pluronic F127 is very suitable for solubilize hydrophobic molecular compounds that would 

otherwise be insoluble in water. As in our case, in which the surfactant surrounds the 

fluorescent organic nanoparticles, making them soluble in an aqueous environment and 

suitable for our purposes. 

Five fluorophores were used, selected for their structural and electronic properties. In 

particular, organic dyes have been chosen with a planar geometry and an extensive  system. 

These characteristics favour the emergence of intermolecular interactions, for example − 

stacking interactions, which can be exploited for the formation of organic nanoparticles in polar 

solvents.  

 

Fig.6.2 Commercial dyes used; ,10-Diphenylanthracene (DPA) a); 9,10-Bis(phenylethynyl)anthracene (DPEA) b); Coronene (C) c); 
N,N′-Bis(2,5-di-tert-butylphenyl)-3,4,9,10-perylenedicarboximide (P) d); Magnesium phthalocyanine (Mg) e). 

The first dye that has been studied is 9,10-Diphenylanthracene (DPA). The second dye is 9,10-

Bis(phenylethynyl)anthracene (DPEA). The third is Coronene (C), then there is N,N′-Bis(2,5-di-

tert-butylphenyl)-3,4,9,10-perylenedicarboximide (P) and at the end Magnesium 

phthalocyanine (Mg). 

This chapter will be developed in three sections with different objectives. 



o Section 1: Nanoparticles with a single dye 

In Section 1, nanoparticles containing only one type of fluorophore have been studied. The 

photophysical properties of nanoparticles have been compared with those of the fluorophore 

in THF. The purpose in Section 1 of the work is to characterize a set of nanoparticles with high 

brightness that can cover the entire spectral zone from UV to NIR. The work consists in: 

1) Verify nanoparticles formation. Dynamic Light Scattering have been performed. 

2) Study the effect fluorophores aggregation on photophysical properties by comparing the 

properties of nanoparticles with those of molecules in tetrahydrofuran (THF). 

3) Study the stability of nanoparticles over time. UV-vis, fluorescence and DLS measurements 

have been performed after the nanoprecipitation and in the following days. 

To prepare molecular nanoparticles studied Section 1, 2 mg of dye (DPA, DPEA, C, P) have been 

solubilized in 1 ml of THF containing 20 mg of Pluronic F127. 

1 mg of Mg was dissolved in 1 mL of THF containing 20 mg of Pluronic F127. Then from the 

starting solutions 10µl were taken and added in 2.5 ml of water (Fig 6.3). 

Nanoparticles samples have been indicated as F-NP where F is the symbol of the fluorophore.  

 

Fig.6.3 Schematic process of nanoprecipitation of a single dye. 

o Section 2: Nanoparticles of two dye, by coprecipitation 

In Section 2 have been characterized nanoparticles containing two fluorophores an excitation 

energy donor D and an excitation energy acceptor A, with a ratio 10 to 1, that incorporated in 

the nanoparticles, can give rise to energy transfer processes. In this way it is possible to 

modulate both the excitation and emission wavelengths and increase the brightness. The main 

purpose in Section 2 is study interaction between D and A in the nanoparticles obtained by co-

precipitation, to verify presence of energy transfer processes. 
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THF micelles in H2O

10 L in H2O



The systems studied are:  

1) DPA, as donor, and P, as acceptor 

2) DPEA, as donor, and P, as acceptor 

3) C, as donor, and P, as acceptor 

4) P, as donor, and Mg, as acceptor 

To prepare molecular nanoparticles studied in this Section 2 mg of dye (DPA, DPEA, C, P) have 

been solubilized in 1 ml of THF containing 20 mg of Pluronic F127. 1 mg of Mg was dissolved in 

1 mL of THF containing 20 mg of Pluronic F127. Then, 200 µl of the donor and 20 µl of the 

acceptor have been mixed. From this solution 10µl have been  taken and added in 2.5 ml of H2O. 

(Fig.6.3). Nanoparticles samples have been indicated as D_A-NP where D is the symbol of the 

donor, A is the symbol of acceptor. 

 

Fig.6.4 Schematic process of nanoprecipitation of two dyes 

o Section 3: Nanoparticles of two dye, by mixing  

In Section 3 we have studied the result of mixing two aqueous solutions containing 

nanoparticles of different molecules. The goal is to verify the possible exchange of molecules 

between the different particles. Systems will then be prepared with the same composition as 

the second part. In this case, however, the two fluorophores D and A will be nanoprecipitated 

separately and then mixed. Results obtained in the second part have been used as a reference. 

The work consists in: 

1) Investigate presence of dye exchange between nanoparticles 

2) Study the effect on photophysical properties of dyes. Analysis by UV-Vis and steady-state 

fluorescence spectroscopy and resolved over time have been performed. 
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To prepare molecular nanoparticles studied in this Section 2 mg of dye (DPA, DPEA, C, P) have 

been solubilized in 1 ml of THF containing 20 mg of Pluronic F127. 

1 mg of Mg was dissolved in 1 mL of THF containing 20 mg of Pluronic F127. Then, from the 

starting solutions were taken 10µl and added in 2.5 ml of water (Fig.6.3). Subsequently, 250 µl 

of water solution of acceptor were added to water solution of donator (Fig.6.5). Nanoparticles 

samples have been indicated as D_Am-NP where D is the symbol of the donor, A is the symbol 

of acceptor and m means mixed, in contrast with nanoparticles prepared in Section 2. 

 

 

Fig.6.5 Schematic process of nanoprecipitation of a single dye and successive nanoparticles mixing 

6.2 Summary 
The most interesting results have been obtained for diphenylanthracene (DPA) and N,N′-

Bis(2,5-di-tert-butylphenyl)-3,4,9,10-perylenedicarboximide (P) showed in Fig.6.6. 

 

Fig.6.6 10-Diphenylanthracene (DPA) a); N,N′-Bis(2,5-di-tert-butylphenyl)-3,4,9,10-perylenedicarboximide (P) b). 

In Section 1, nanoparticles containing only one type of fluorophore have been studied. The 

photophysical properties of nanoparticles have been compared with those of the fluorophore 

in THF. The purpose of Section 1 of the work was to characterize a set of nanoparticles with 
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high brightness that can cover the entire spectral zone from UV to NIR. As mentioned, the most 

interesting results have been obtained for diphenylanthracene (DPA) and N,N′-Bis(2,5-di- tert-

butylphenyl)-3,4,9,10-perylenedicarboximide(P). In Fig.6.7 are reported absorption and 

emission spectra of DPA and P and respective nanoparticles (DPA-NP and P-NP). 

 

Fig.6.7 On the left: continuous lines are absorption specta of DPA (black line) and of DPA-NP (red line); dashed lines are emission 
spectra of DPA (black line) and of DPA-NP (red line); On the right: continuous lines are absorption spectra of P (black line) and of 

P-NP (red line); dashed lines are emission spectra of P (black line) and of P-NP (red line); 

In Section 2, nanoparticles containing two fluorophores a donor D and an acceptor A, with a 

ratio 10 to 1 have been characterized. The two kind of fluorophore when incorporated in the 

nanoparticles, can give rise to energy transfer processes. In this way it was possible to modulate 

both the excitation and emission wavelengths and increase the brightness of the NPs. The main 

purpose of the second part of Section 2 was indeed to study the interaction between D and A in 

the nanoparticles obtained by co-precipitation, to verify presence of energy transfer processes. 

In Fig.6.8 (left) absorption spectra of DPA, P and nanoparticles with DPA and P (DPA_P-NP) are 

reported together with the emission spectra of DPA and DPA_P-NP (right): it can clearly be 

observed that in presence of P the DPA emission is quenched. This demonstrate that there is 

interaction between fluorophores inside nanoparticles. 

 

Fig.6.8 On the left: absorption spectra of DPA (black line), of P (red line) and of DPA_P-NP (green line). On the right: emission 
spectra of DPA-NP (black line) and of (DPA_P-NP (red line) 
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In Section 3, it has been studied the result of mixing two aqueous solutions containing 

nanoparticles of different molecules. The goal was to verify the possible exchange of molecules 

between the different particles. For this reason mixture of nanoparticles were prepared having 

exactly the same total concetration of fluorophore used in the second part of the work, With the 

difference that in this case, the two fluorophores D and A were nanoprecipitated separately and 

then mixed (DPA_Pm_NP). The absorption spectra of DPA_P-NP and of DPA_Pm_NP are 

reported in Fig.6.9 (left) while the emission spectra of DPA_Pm_NP has been compared with 

emission spectra of DPA-NP in Fig.6.9 (right). It can be observed that in DPA_Pm_NP a strong 

emission of PDA is present, demonstrating that P is not quenching DPA, i.e. they are not 

incorporated in the same nanoparticles. We can conclude that, surprisingly, there is not 

molecular exchange between nanoparticles, even if they are not covalently bonded. This is very 

important since it demonstrated the high stability of these self-assembed nanoparticles in view 

of their application for bioimaging. 

 

Fig.6.9 On the left: absorption spectra of DPA_P-NP (black line) and of DPA_Pm-NP (red line. On the right: emission spectra of 
DPA_NP (black line) and of DPA_Pm-NP (red line) 

6.3 Section 1: Nanoparticles with a single dye 

6.3.1 Characterization of DPA-NP 

Molecular nanoparticles with DPA have been prepared following procedure reported Fig.6.3. 

Photophysical properties of DPA in THF solution have been compared with DPA-NP.  

Absorption spectrum of DPA in THF presents a band between 320 and 410 nm with a defined 

vibrational structure characterized by three peaks at 340 nm, 370 nm and 400 nm. Absorption 

spectrum of DPA-NP samples have been registered after 30 minutes of THF solution injection 

in water.  Presence of well-defined absorption bands demonstrates that the nanoprecipitation 

process has allowed the dispersion of DPA in water. It can also be observed that the shape of 
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the absorption spectrum of DPA nanoparticles is the same of the monomer and is red-shifted of 

about 10 nm compared to that of DPA in THF (Fig.6.10) 

 

 Fig.6.10 Absorption spectra od DPA (black line) and DPA-NP (red line) 

Fluorescence spectrum of DPA in THF have been obtained by exciting samples at 380 nm, after 

30 minutes of THF solution injection in water. It presents a band between 420 nm and 520 nm 

with two peaks at at 405nm and 430nm. Absorption spectrum of DPA-NP samples have been 

registered by exciting samples at 380 nm. Fluorescence band results red-shifted of 10 nm and 

are lower in intensity compared with the monomer one in THF. Vibrational bands are less 

defined. Moreover, at about 500nm and 540nm appear two bands with lower intensity. The 

differences observed in the absorption and fluorescence spectra of the DPA-NP aqueous 

dispersions compared to those of the THF molecule are compatible with the formation of 

nanoaggregates (Fig.6.11). 
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Fig.6.11 Emission spectra of DPA (black line) and DPA-NP (red line) 

Nanoparticles presence in the DPA-NP was confirmed by the DLS measurements. In DPA-NP 

nanoparticles with a diameter of about 120 nm are presents with a PDI of 0.42.  It is important 

to note that sample with only F127 at the same concentration of DPA-NP have been analysed 

with DLS and it does not form stable micelles, because under the critical micellar concentration. 

The absorption spectrum recorded for DPA-NP have been compared with the one registered 24 

hours after injection. They are shown in Fig.6.12. Absorption spectrum registered after 24 

hours is different from the initial one. In particular it can be clearly observed a scattering signal 

due to the partial formation of precipitate. This shows that this system is partially unstable over 

time. 

 

Fig.6.12 Absorption spectra of DPA-NP 30 minute (black line) and after 24 hours (red line) after injection 
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Emission spectrum recorded for DPA-NP have been compared with the one registered 24 hours 

after injection. They are shown in Fig.6.13. In emission spectrum registered after 24 hours there 

is a decrease in intensity, probably due to a reorganization of the system over time, i.e. the 

passage from one aggregate to another, confirming instability of the system. 

 

Fig.6.13 Emission spectra of DPA-NP 30 minute (black line) and after 24 hours (red line) after injection 

6.3.2 Characterization of DPEA-NP 

Molecular nanoparticles with DPEA have been prepared following procedure reported in 

Fig.6.3. Photophysical properties of DPEA in THF solution have been compared with 

nanoparticles DPEA-NP. 

Absorption spectrum of DPEA in THF presents a band with two peaks at 450 and 475 nm. 

Absorption spectrum of DPEA-NP has been registered after 30 minutes of THF solution 

injection in water. Nanoparticles in water have a wide absorption band ranging from 350 nm 

to 520 nm. This demonstrates shows that nanoprecipitation allowed DPEA dispersion in water 

and that aggregation changes photophysical properties broadening absorption band (Fig.6.14). 
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Fig.6.14 Absorption spectrum of DPEA (black line) and of DPEA-NP (red line) 

Fluorescence spectrum of DPEA in THF has been obtained by exciting samples at 400 nm, after 

30 minutes of THF solution injection in water. It presents a band with maximum at 470 and a 

shoulder at 520 nm. Emission band of nanoparticles in water is red-shifted by about 50 nm and 

vibrational bands are less defined than the one of monomer in THF. These observable 

differences in the absorption and fluorescence spectra of the DPEA-NP aqueous dispersions 

compared to those of molecule in THF are compatible with the formation of nanoaggregates 

(Fig.6.15). 

 

Fig.6.15 Emission spectrum of DPEA (black line) and of DPEA-NP (red line) 

Nanoparticles presence in DPEA-NP was confirmed by the DLS measurements. In DPEA-NP 

nanoparticles with a diameter of about 120 nm are presents with a PDI 0.63. DLS measurement 
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of nanoparticles have been repeated after 24 hours. Results show that nanoparticles are still in 

solution with the same diameter of 120 nm and PDI of 0.50. 

The absorption spectrum recorded for DPEA-NP has been compared with the one registered 24 

hours after injection. They are shown in Fig.6.16. Absorption spectrum is not different from the 

initial one. This shows that this system is stable over time. 

 

Fig.6.16 Absorption spectrum of DPEA-NP 30 minutes (black line) and 24 hours (red line) after injection 

Emission spectrum recorded for DPEA-NP has been compared with the one registered 24 hours 

after injection. They are shown in Fig.6.17. In emission spectrum registered after 24 hours there 

is a decrease in intensity probably due to a change in the conformation of the aggregate of the 

system over time. Furthermore, the shoulder at 570 nm becomes more relevant with respect to 

the peak at 520 nm. 

 

Fig.6.17 Emission spectrum of DPEA-NP 30 minutes (black line) and 24 hours (red line) after injection 
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6.3.3 Characterization of C-NP 

Molecular nanoparticles with C have been prepared following procedure reported in Fig.6.3. 

Photophysical properties of C in THF solution have been compared with nanoparticles C-NP. 

Absorption spectrum of C in THF presents a band ranging from 280 nm to 350 nm with a 

defined vibrational structure. Absorption spectrum of C-NP has been registered after 30 

minutes of THF solution injection in water. Absorption band of nanoparticles solution in water 

ranges from 280 nm to 500 nm with a maximum at 300 nm. It is broaden and poorly defined in 

comparison with the one of monomer in THF solution. This demonstrate that nanoprecipitation 

allowed the dispersion of C in water and that aggregation changes photophysical properties 

broadening absorption band (Fig.6.18). 

 

Fig.6.18 Absorption spectrum of C (black line) and od C-NP (red line) 

Fluorescence spectrum of C in THF have been obtained by exciting samples at 370 nm, after 30 

minutes of THF solution injection in water (Fig.6.19). It ranges from 400 nm to 550 nm with a 

maximum at 450 nm. It is characterized by a well-defined vibrational structure. Fluorescence 

spectrum of nanoparticles solution presents a new band with a maximum at 500 nm. 

Vibrational structure is absent. These observable differences in the absorption and 

fluorescence spectra of the C aqueous dispersions compared to those of the THF molecule are 

compatible with the formation of nanoaggregates. 
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Fig.6.19 Emission spectrum of C (black line and of C-NP (red line) 

Nanoparticles presence in the C-NP was confirmed by the DLS measurements. In C-NP 

nanoparticles with a diameter of about 140 nm are presents with a PDI of 0.27. DLS 

measurement of nanoparticles have been repeated after 24 hours. Results show that 

nanoparticles are still in solution, but diameter increase of 40 nm corresponding at 180 nm 

with PDI 0.29. 

The absorption spectrum recorded for C-NP have been compared with the one registered 24 

hours after injection. They are shown in Fig 6.20. Absorption spectrum is not different from the 

initial one. This shows that this system is stable over time. 

 

Fig.6.20 Absorption spectrum of C-NP 30 minutes (black line) and 24 hours (red line) after injection 

Emission spectrum recorded for C-NP has been compared with the one registered 24 hours 

after injection. They are shown in Fig.6.21. In emission spectrum registered after 24 hours there 
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is a decrease in intensity probably due to a change in the conformation of the aggregate of the 

system over time.  

 

Fig.6.21 Emission spectrum of C-NP 30 minutes (black line) and 24 hours (red line) after injection 

6.3.4 Characterization of P-NP 

Molecular nanoparticles with P have been prepared following procedure reported in Fig.6.3. 

Photophysical properties of P in THF solution have been compared with nanoparticles P-NP. 

Absorption spectrum of P in THF presents a band from 450 nm to 550 nm with two peak at 470 

and 520 nm and a defined vibrational structure. Absorption spectrum of P-NP has been 

registered after 30 minutes of THF solution injection in water.  

Nanoparticles in water have a wide absorption band ranging from 400 nm to 600 nm. Intensity 

of peaks is inverted in comparison with emission band of monomer in THF. Indeed, in 

nanoparticles emission band the maximum is at 470 nm and the shoulder at 510 nm. This 

demonstrates shows that nanoprecipitation allowed P dispersion in water and that aggregation 

changes photophysical properties broadening absorption band (Fig.6.22). 
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Fig.6.22 Absorption spectrum of P (black line) and of P-NP (red line) 

Fluorescence spectrum of P in THF has been obtained by exciting samples at 470 nm, after 30 

minutes of THF solution injection in water (Fig.6.23). It presents a band with maximum at 520 

and a shoulder at 570 nm. Emission spectrum of nanoparticles in water presents a new broad 

band in the red and NIR region. 

These observable differences in the absorption and fluorescence spectrum of P-NP aqueous 

dispersions compared to those of the THF molecule are compatible with the formation of 

nanoaggregates. 

 

Fig.6.23 Emission spectrum of P (black line) and of P-NP (red line) 

Nanoparticles presence in P-NP was confirmed by the DLS measurements. In P-NP 

nanoparticles with a diameter of 102 nm are presents with a PDI 0.35. DLS measurement of 

nanoparticles have been repeated after 24 hours and diameter is 104 nm with PDI 0.28. After 
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48 hours diameter is 102 nm and PDI 0.35. Results show that nanoparticles are still in solution 

and there is a slight increase in diameter over the time. 

The absorption spectrum recorded P-NP has been compared with the ones registered one day 

(24h), two days (48 h) and 7 days (168 h) after injection. They are shown in Fig.6.24. Absorption 

spectra do not change over the time. This shows that this system is stable over time. 

 

Fig.6.24 Absorption spectrum of P-NP 30 minutes (black line), 24 hours (red line), 48 hours (green line) and 168 hours (blue line) 
after injection 

Emission spectrum recorded for P-NP has been compared with the ones registered one day 

(24h), two days(48 h) and 7 days (168 h) after injection. They are shown in Fig.6.25. It is 

observed that after 24 hours intensity of emission increases. Probably there is a reorganization 

in the most thermodynamically stable form, where non radiative process are reduced. Emission 

is still present after 7 days from and this is  prove the system is stable for long time. 
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Fig.6.25 Emission spectrum of P-NP 30 minutes (black line), 24 hours (red line), 48 hours (green line) and 168 hours (jellow line) 
after injection 

Time resolved fluorescence measurements (time correlated single photon counting, TCSPC) 

showed that the spectral changes observed upon nanoparticles formation were due to the 

presence, in the nanoparticles, of populations of fluorophores experiencing different 

environments. If the sample possess more than one lifetime multi-exponential decay are 

observed and the amplitude-weighted lifetime of the fluorophore is then given by 

< τ > =
∑ Biτi

∑ Bi
 

where Bi is the pre-exponential factor and can be used to represent the fraction of fluorophores 

with lifetime τi. Triple-exponential decays were observed P-NP.  Data collected for P-NP  are τ1 

= 1.8 ns, B1 = 2694, τ2 = 6.7 ns, B2 = 1207, τ3 = 29.9 ns, B3 = 190 and average excited lifetime 

was calculated to be < τ > = 4.52 ns. 

6.3.5 Characterization of Mg-NP 

Molecular nanoparticles with Mg have been prepared following procedure reported in Fig.6.3. 

Photophysical properties of Mg in THF solution have been compared with nanoparticles Mg-

NP. Absorption spectrum of Mg in THF presents a sharp peak with a maximum at 680 nm. 

Absorption spectra of Mg-NP have been registered after 30 minutes of THF solution injection 

in water. Nanoparticles in water  have a wide absorption band ranging from 500 nm to 900 nm. 

This demonstrates shows that nanoprecipitation allowed DPEA dispersion in water and that 

aggregation changes photophysical properties broadening absorption band.  

It is extremely interesting that absorption spectrum of Mg-NP presents the same NIR band of 

Mg in solid state in the X-phase6 (Fig.6.26). 
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Fig.6.26 Absorption spectrum of Mg (black line) and Mg-NP (red line) 

Fluorescence spectrum of Mg in THF have been obtained by exciting samples at 675 nm, after 

30 minutes of THF solution injection in water (Fig.6.27). It presents a sharp peak with a 

maximum at 680 nm and a small shoulder at 0 m. In fluorescence spectrum of nanoparticles 

there is a new band in the NIR region with a maximum at 850 nm. These observable differences 

in the absorption and fluorescence spectra of the Mg aqueous dispersions compared to those of 

the THF molecule are compatible with the formation of nanoaggregates. 

 

Fig.27 Emission spectrum of Mg (black line) and Mg-NP (red line) 

The absorption spectrum recorded Mg-NP has been compared with the ones registered one day 

(24h), two days (48 h) and 7 days (168 h) after injection. They are shown in Fig.6.28. Absorption 

spectra do not change over the time. This shows that this system is stable over time. 
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Fig.6.28 Absorption spectrum of Mg-NP 30 minutes (black line), 24 hours (red line), 48 hours (green line) and 168 hours (blue 
line) after injection 

Emission spectrum recorded for Mg-NP has been compared with the ones registered one day 

(24h), two days (48 h) and 7 days (168 h) after injection. They are shown in Fig.6.29. It is 

observed that emission is still present after 7 days from and this prove the system is stable for 

long time. It is not possible compare emission variation over the time, because it was not 

possible register emission quantum yield for instrumental limits. Only consideration about 

shape can be made. 

 

Fig.6.29 Emission spectrum of Mg-NP 30 minutes (black line), 24 hours (red line), 48 hours (green line) and 168 hours (blue line) 
after injection 
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6.4 Section 2: Nanoparticles of two dye, by coprecipitation 

6.4.1 Characterization of DPA_P-NP 

Molecular nanoparticles with DPA and P have been prepared following procedure reported in 

Fig.6.4. Photophysical properties of DPA and P in THF solution have been compared with 

nanoparticles DPA_P-NP. Absorption spectrum of DPA_P-NP samples have been registered after 

30 minutes of THF solution injection in water (Fig.6.30). 

The presence of well-defined absorption bands shows the nanoprecipitation process has 

allowed the dispersion of the DPA_P-NP in water, It can also be observed that the shape of the 

absorption spectrum of DPA_P-NP is the sum of the absorption spectra of the individual 

components in proportion to the quantities present in solution. The 500nm band differs from 

that of P in THF, as for P-NP in water. 

 

Fig.6.30 Absorption spectrum of DPA (black line), of P (red line) and of DPA_P-NP (green line) 

Fluorescence spectrum of DPA_P-NP has been obtained by exciting at 380 nm, 30 min after 

injection in water (Fig.6.31). It can be observed that there are two emissions: a band relative to 

the donor, similar to that of DPA-NP at 420 nm and the other band, due to the sensitized 

emission of the acceptor, characteristic of P-NP at 640nm. Both bands deviate from the 

behaviour of the individual monomers. These observable differences in the absorption and 

fluorescence spectra of the DPA_P-NP aqueous dispersions compared to those of the THF 

molecule are compatible with the formation of nanoaggregates. 
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Fig.6.31 Emission spectrum of DPA (black line), P (red line) and of DPA_P-NP (green line) 

In emission spectrum of DPA_P-NP there is a noticeable drop in intensity (around 90%) of the 

band at 420 nm, in comparison with emission spectrum of DPA-NP. This is due to the proximity 

of P which quenches DPA by an energy transfer process Fig.6.32. 

 

Fig.6.32 Emission spectrum of DPA-NP (black line) and of DPA_P-NP (red line) 

Nanoparticles presence in DPA_P-NP was confirmed by the DLS measurements. In DPA_P-NP 

nanoparticles with a diameter of 127 nm are presents with a PDI 0.42. DLS measurement of 

nanoparticles have been repeated after 24 hours and diameter is 120 nm with PDI 0.08. The 

relevant decrease of PDI after 24 hours indicates that the system needs this time to rearrange 

in the most thermodynamically stable state.  

The absorption spectrum recorded for DPA_P-NP has been compared with the one registered 

24 hours after injection. They are shown in Fig.6.33. Absorption spectrum registered after 24 
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hours is different from the initial one. In particular it can be clearly observed a scattering signal 

due to the partial formation of precipitate. This shows that this system is partially unstable over 

time. 

 

Fig.6.33 Absorption spectrum of P-NP 30 minutes (black line) and 24 hours (red line) after injection 

Emission spectrum recorded for DPA_P-NP has been compared with the one registered 24 

hours after injection. They are shown in Fig.6.34. Emission spectrum registered after 24 hours 

differ from the initial one. In particular it is observed that the characteristic band of the DPA 

with the maximum at 418nm, is always less intense while the fluorescence band of the P moves 

at 550 nm assuming characteristics more similar to those of the monomer. These changes 

observed over time clearly demonstrate that there is a reorganization of the structure that leads 

to an increase in the efficiency of the donor quenching process. 

 

Fig.6.34 Emission spectrum of P-NP 30 minutes (black line) and 24 hours (red line) after injection 
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6.4.2 Characterization of DPEA_P-NP 

Molecular nanoparticles with DPEA and P have been prepared following procedure reported in 

Fig.6.4. Photophysical properties of DPEA and P in THF solution have been compared with 

nanoparticles DPEA_P-NP. 

 Absorption spectrum of DPEA-NP samples have been registered after 30 minutes of THF 

solution injection in water (Fig.6.35). The presence of well-defined absorption bands shows the 

nanoprecipitation process has allowed the dispersion of the DPEA_P-NP in water. 

It can also be observed that the shape of the absorption spectrum DPEA-NP seems similar to 

that of the DPEA-NP, with a wide band ranging from 350nm to 550nm. This band falls in the 

same spectral region of the absorption band of P and cover the signal of P, that is present in 

smaller quantities. It does not allow to understand if P has a behaviour that is closer to that of 

the monomer or to the aggregate system. 

 

Fig.6.35 spectrum of DPEA (black line), P (red line) and of DPEA_P-NP (green line) 

Fluorescence spectrum of DPEA_P-NP has been obtained by exciting at 400 nm,  30 min after 

injection in water (Fig.6.36). It can be observed that DPEA emission band is red-shifted of 50 

nm-as for DPEA-NP. It is not observed the emission band of P. These observable differences in 

the absorption and fluorescence spectra of the DPEA_P-NP aqueous dispersions compared to 

those of the THF molecule are compatible with the formation of nanoaggregates. 
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Fig.6.36 Emission spectra of DPEA (black line), P (red line) and of DPEA_P-NP (green line) 

In emission spectrum of DPEA_P-NP there is a noticeable drop in intensity (around 90%) of the 

band at 520 nm, in comparison with emission spectrum of DPEA-NP (Fig.6.37). This is due to 

the proximity of P which quenches DPEA. However, no sensitized emission of P is observed. 

This result demonstrates that in this system an electron transfer process occurs which 

produces a non-luminescent excited state which is deactivated by non-radiative process. 

 

Fig.6.37 Emission spectrum of DPEA-NP (black line) and of DPEA_P-NP (red line) 

Nanoparticles presence in DPEA_P-NP was confirmed by the DLS measurements. In DPEA_P-

NP, nanoparticles with a diameter of 120 nm are presents with a PDI 0.63. DLS measurement 

of nanoparticles have been repeated after 24 hours and diameter is 120 nm with PDI 0.50. The 

decrease of PDI after 24 hours indicates that the system needs this time to rearrange in the 

most thermodynamically stable state. 
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The absorption spectrum recorded for DPEA_P-NP has been compared with the one registered 

24 hours after injection. They are shown in Fig.6.38. Absorption spectrum registered after 24 

hours is not different from the initial one. This shows that this system is stable over time. 

 

Fig.6.38 Absorption spectrum of DPEA_P-NP 30 minute (black line) and 24 hours (red line) after injection 

Emission spectrum recorded for DPEA_P-NP has been compared with the one registered 24 

hours after injection. They are shown in Fig.6.39. Emission spectrum registered after 24 hours 

differ from the initial one differs from the initial one, in particular it is observed that the 

characteristic band of the DPEA with the maximum at 522nm, is always less intense. This is 

probably due to a change in the conformation of the aggregate over time. 

 

Fig.6.39 Emission spectrum of DPEA_P-NP 30 minutes (black line) and 24 hours (red line) after injection 
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6.4.3 Characterization of C_P-NP 

Molecular nanoparticles with C and P have been prepared following procedure reported in 

Fig.6.4. Photophysical properties of C and P in THF solution have been compared with 

nanoparticles C_P-NP. 

Absorption spectrum of C_P-NP samples have been registered after 30 minutes of THF solution 

injection in water (Fig.6.40). The presence of well-defined absorption bands shows the 

nanoprecipitation process has allowed the dispersion of the C_P-NP in water. It can also be 

observed that the shape of the absorption spectrum C-NP seems similar to that of the C-NP, with 

a wide band ranging from 280 nm to 400 nm. This band cover the signal of P, that is present in 

smaller quantities. It does not allow to understand if P has a behaviour that is closer to that of 

the monomer or to the aggregate system. 

 

Fig.6.40 Absorption spectrum of C (black line), P (red line) an of C_P-NP (green line) 

Fluorescence spectrum of C_P-NP has been obtained by exciting at 380 nm, 30 min after 

injection in water (Fig.6.41). It can be observed that C emission band is red-shifted of 35 nm-as 

for C-NP. It is not observed the emission band of P. These observable differences in the 

absorption and fluorescence spectra of the C_P-NP aqueous dispersions compared to those of 

the THF molecule are compatible with the formation of nanoaggregates. 
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Fig.6.41 Emission spectrum of C (black line), P (red line and of C_P-NP (green line) 

In emission spectrum of C_P-NP there is a noticeable drop in intensity (around 90%) of the band 

at 520 nm, in comparison with emission spectrum of C-NP. This is due to the proximity of P 

which quenches C. However, no sensitized emission of P is observed. This result demonstrates 

that in this system an electron transfer process occurs which produces a non-luminescent 

excited state which is deactivated by non-radiative process (Fig.6.42). 

 

Fig.6.42 Emission spectrum of C-NP 30 minutes (black line) and 24 hours (red line) after injection 

Nanoparticles presence in C_P-NP was confirmed by the DLS measurements. In C_P-NP 

nanoparticles with a diameter of 131 nm are presents with a PDI 0.27. DLS measurement of 

nanoparticles have been repeated after 24 hours and diameter is 147 nm with PDI 0.26.  

 (nm)

450 500 550 600 650 700

I(
a

.u
.)

0

20

40

60

80

100

120

140 C

P

C_P-NP 

 (nm)

400 450 500 550 600 650 700

I 
(a

.u
.)

0

200

400

600

800

1000
C-NP 0 h

C_P-NP 24 h



The absorption spectrum recorded for C_P-NP has been compared with the one registered 24 

hours after injection. They are shown in Fig.6.43. Absorption spectrum registered after 24 

hours is not different from the initial one. This shows that this system is stable over time. 

 

Fig.6.43 Absorption line of C_P-NP 30 minutes ( black line) and 24 hours (red line) after injection 

Emission spectrum recorded for C_P-NP has been compared with the one registered 24 hours 

after injection. They are shown in Fig.6.44 Emission spectrum is few different from the initial 

one. In particular we observe that the characteristic band of C is a little less intense. Results 

show that, in this case, system reorganization over time is limited. 

 

Fig.6.44 Emission spectrum of C_P-NP 30 minutes (black line) and 24 hours (red line) after injection  
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6.4.4 Characterization of P_Mg-NP 

Molecular nanoparticles with P and Mg have been prepared following procedure reported in 

Fig.6.4. Photophysical properties of P and Mg in THF solution have been compared with 

nanoparticles P_Mg-NP. Absorption spectrum of P_Mg-NP samples have been registered after 

30 minutes of THF solution injection in water (Fig.6.45). The presence of well-defined 

absorption bands shows the nanoprecipitation process has allowed the dispersion of the P_Mg-

NP in water. The shape of P_Mg-NP absorption spectrum of is similar to that of P-NP, with a 

band ranging from 400nm to 600nm. The characteristic broad band of Mg-NP is not present, 

but there is a peak at 675nm, like that of Mg in the monomeric form in THF. 

 

Fig.6.45 Absorption spectrum of Mg (black line), P (red line) and of P_Mg-NP (green line) 

Fluorescence spectrum of P_Mg-NP has been obtained by exciting at 470 nm, 30 min after 

injection in water (Fig.6.46). It can be observed that emission band at 650 nm is similar at the 

emission band of P-NP. There is not emission of Mg, even exiting at 675 nm. These observable 

differences in the absorption and fluorescence spectra of the P_Mg-NP aqueous dispersions 

compared to those of the THF molecule are compatible with the formation of nanoaggregates. 
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Fig.6.46 Emission spectrum of Mg (black line), P (red line) and Mg_P-NP (green line) 

In emission spectrum of P_Mg-NP there is a noticeable drop in intensity (around 85%) of the 

band at 650 nm, in comparison with emission spectrum of P-NP. This is due to the proximity of 

Mg which quenches P. However, no sensitized emission of Mg is observed. This result 

demonstrates that in this system an electron transfer process occurs which produces a non-

luminescent excited state which is deactivated by non-radiative process (Fig.6.47). 

 

Fig.6.47 Emission spectrum of P-NP (black line) and of P_Mg-NP (red line) 

Nanoparticles presence in P_Mg-NP was confirmed by the DLS measurements. In P_Mg-NP 

nanoparticles with a diameter of 95 nm are presents with a PDI 0.24. DLS measurement of 

nanoparticles have been repeated after 24 hours and diameter is 91 nm with PDI 0.25. After 48 

hours diameter is 92 nm and PDI 0.25. The measurement have been repeated after 168 hours 
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(7 days) and diameter is 110 nm with PDI 0.19. Results show that nanoparticles are still in 

solution and there is a slight increase in diameter and PDI reduction over the time. 

The absorption spectrum recorded P_Mg-NP has been compared with the ones registered one 

day (24h), two days (48 h) and 7 days (168 h) after injection. They are shown in Fig.6.48. 

Absorption spectra do not change over the time. This shows that this system is stable over time. 

 

Fig.6.48 Absorption spectrum of P_Mg-NP 30 minutes (black line), 24 hours (red line), 48 hours (green line) and 168 hours (blue 
line) after injection 

Emission spectrum recorded for P_Mg-NP has been compared with the ones registered one day 

(24h), two days (48 h) and 7 days (168 h) after injection. They are shown in Fig.6.49. It is 

observed that after 24 hours intensity of emission increases. Probably there is a reorganization 

in the most thermodynamically stable form, where non radiative process is reduced. Emission 

is still present after 7 days from and this prove the system is stable for long time. 
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Fig.6.49 Emission spectrum of P_Mg-NP 30 minutes (black line), 24 hours (red line), 48 hours (green line) and 168 hours (blue 
line) after injection 

TCSPC measurements showed that the spectral changes observed upon nanoparticles 

formation were due to the presence, in the nanoparticles, of populations of fluorophores 

experiencing different environments. Triple-exponential decays were observed P-NP.  Data 

collected for P-NP are τ1 = 0.76 ns, B1 = 2901, τ2 = 8.84 ns, B2 = 1196, τ3 = 21.4 ns, B3 = 110 and 

average excited lifetime was calculated to be < τ > = 2.17 ns.   

6.5 Section 3: Nanoparticles of two dye, by mixing 

6.5.1 Characterization of DPA_Pm-NP  

Molecular nanoparticles with DPA and P have been prepared following procedure reported in 

Fig.6.5. Absorption spectrum of DPA_Pm-NP samples have been registered after 30 minutes of 

THF solution injection in water. The presence of well-defined absorption bands shows that the 

nanoprecipitation process allowed the formation of nanoparticles in water. It has been 

compared with absorption spectrum of DPA_P-NP. No significant difference in spectrum shape 

are observed, showing that changing nanoprecipitation method does not affect the absorption 

properties of the nanoparticles (Fig.6.50). 

 (nm)

550 600 650 700 750 800

I 
(a

.u
.)

0

2

4

6

8

10
P_Mg-NP 0 h

P_Mg-NP 24 h

P_Mg-NP 48 h

P_Mg-NP 168 h



 

Fig.6.50 Absorption spectrum of DPA_P-NP (black line) and of DPA_Pm-NP (red line) 

Fluorescence spectrum of DPA_Pm-NP has been obtained by exciting at 380 nm, 30 min after 

injection in water. It has been compared with emission spectrum of DPA_P-NP. 

In the spectrum there is the broad band of the donor from 400nm to 600nm, much more intense 

than DPA_P-NP. The emission band of the acceptor is not observed. These results demonstrate 

that the particles of DPA and P, prepared separately and mixed, do not change their composition 

in the short term, i.e. there is no exchange of molecules between particles (Fig.6.51). 

 

Fig.6.51 Emission spectrum of DPA_P-NP (black line) and of DPA_Pm-NP (red line) 

As confirmation, emission of DPA-NP and DPA_Pm-NP is compared. A negligible variation of the 

donor emission is observed, showing that the DPA-NPs are not quenched by P-NP (Fig.6.52) 
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Fig.6.52 Emission spectrum of DPA-NP and of DPA_Pm-NP 

 The absorption spectrum recorded for DPA_Pm-NP has been compared with the one registered 

24 hours after injection. They are shown in Fig.6.53. Absorption spectrum registered after 24 

hours is not different from the initial one. This shows that this system is stable over time. It is 

interesting to note DPA-NP mixed with P-NP are more stable than DPA_P-NP.  

 

Fig.6.53 Absorption spectrum of DPA_Pm-NP 30 minutes (black line) and 24 hours (red line) 

Emission spectrum recorded for DPA_Pm-NP has been compared with the one registered 24 

hours after injection. It is observed a decrease of donor emission band and to the appearance 

of the acceptor emission band. These results show that after a day there is a partial exchange of 

molecules that leads to the formation of mixed nanoparticles where energy transfer process 

happens (Fig.6.54). 
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Fig.6.54 Emission spectrum of DPA_Pm-NP 30 minutes (black line) and 24 hours after injection 

6.5.2 Characterization of DPEA_Pm-NP  

Molecular nanoparticles with DPEA and P have been prepared following procedure reported in 

Fig.6.5. Absorption spectrum of DPEA_Pm-NP samples have been registered after 30 minutes 

of THF solution injection in water. The presence of well-defined absorption bands shows that 

the nanoprecipitation process allowed the formation of nanoparticles in water. It has been 

compared with absorption spectrum of DPEA_P-NP. No significant difference in spectrum shape 

are observed, showing that changing nanoprecipitation method does not affect the absorption 

properties of the nanoparticles (Fig.55). 

 

Fig.6.55 Absorption spectrum of DPEA_P-NP (black line) and of DPEA_Pm_NP (red line) 
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Fluorescence spectrum of DPEA_Pm-NP has been obtained by exciting at 400 nm, 30 minutes 

after injection in water. It has been compared with emission spectrum of DPEA_P-NP. In the 

spectrum there is the broad band of the donor with a maximum at 550 nm, much more intense 

than DPEA_P-NP. The emission band of the acceptor is not observed (Fig.56). 

 

Fig.6.56 Emission spectrum of DPEA_P-NP (black line) and of DPEA_Pm-NP (red line) 

However, by comparing the DPEA and DPEA_mP emission spectra, shown in Fig.6.57, it can be 

observed that there is donor emission is quenched of about 60%. These results demonstrate 

that the particles of DPEA and P, prepared separately and mixed, change their composition in 

the short term, i.e. there is exchange of molecules between particles. 

 

Fig.6.57 Emission spectrum of DPEA-NP (black line) and of DPEA_Pm-NP (red line) 

The absorption spectrum recorded for DPEA_Pm-NP has been compared with the one 

registered 24 hours after injection. They are shown in Fig.6.58. Absorption spectrum registered 
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after 24 hours is not different from the initial one. This shows that this system is stable over 

time.  

 

Fig.6.58 Absorption spectrum of DPEA_Pm-NP registered 30 minutes (black line) and 24 hours after injection 

Emission spectrum recorded for DPEA_Pm-NP has been compared with the one registered 24 

hours after injection. It is observed a huge decrease of donor emission band. This confirms that 

the process of exchange of molecules between different nanoparticles continues over time 

(Fig.6.59). 

 

Fig.6.59 Emission spectrum of DPEA_Pm-NP registered 30 minutes (black line) and 24 hours (red line after injection 

6.5.3 Characterization of C_Pm-NP  

Molecular nanoparticles with C and P have been prepared following procedure reported in 

Fig.6.5. Absorption spectrum of C_Pm-NP (Fig.6.60) samples have been registered after 30 
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minutes of THF solution injection in water. The presence of well-defined absorption bands 

shows that the nanoprecipitation process allowed the formation of nanoparticles in water. It 

has been compared with absorption spectrum of C_P-NP. No significant difference in spectrum 

shape are observed, showing that changing nanoprecipitation method does not affect the 

absorption properties of the nanoparticles. 

 

Fig.6.60 Absorption spectrum of C_P-NP (black line) and of C_Pm-NP (red line) 

Fluorescence spectrum of C_Pm-NP has been obtained by exciting at 370 nm, 30 min after 

injection in water. It has been compared with emission spectrum of C_P-NP. In the spectrum 

there is the broad band of the donor with maximum at 500 nm, much more intense than C_P-

NP. The emission band of the acceptor is not observed (Fig.6.61). 

 

Fig.6.61 Emission spectrum of C-P-NP (black line) and of C_Pm-NP (red line) 
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However, by comparing the C and C_mP-NP emission spectra, shown in Fig.6.62, it can be 

observed that donor emission is quenched of about 60%. These results demonstrate that the 

nanoparticles of C and P, prepared separately and mixed, change a little bit their composition 

in the short term, i.e. there is exchange of molecules between particles. 

 

Fig.6.62 Emission spectrum of C-NP (black line) and of C_Pm-NP (red line) 

The absorption spectrum recorded for C_Pm-NP has been compared with the one registered 24 

hours after injection. They are shown in Fig.6.63. Absorption spectrum registered after 24 

hours is not significatively different from the initial one.  

 

Fig.6.63 Absorption spectrum of C_Pm-NP registered 30 minutes (black line) and 24 hours (red line) after water injection 

Emission spectrum recorded of C_Pm-NP has been compared with the one registered 24 hours 

after injection. It is observed a decrease of donor emission band. These results show that after 
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a day there is a partial exchange of molecules that leads to the formation of mixed nanoparticles 

where energy transfer process happens (Fig.6.64). 

 

Fig.6.64 Emission spectrum of C_Pm-NP 30 minutes (black line) and 24 hours (red line) after injection 

6.5.4 Characterization of Mg_Pm-NP  

Molecular nanoparticles with P and Mg have been prepared following procedure reported in 

Fig.6.5. Absorption spectrum of P_Mgm-NP (Fig.6.65) samples have been registered after 30 

minutes of THF solution injection in water. The presence of well-defined absorption bands 

shows that the nanoprecipitation process allowed the formation of nanoparticles in water. It 

has been compared with absorption spectrum of P_Mg-NP. It is observed that the peak at 675 

nm of Mg is much more evident 

 

Fig.6.65 Absorption spectrum of P_Mg-NP (black line) and of P_Mgm-NP (red line) 
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Fluorescence spectrum of P_Mgm-NP has been obtained by exciting at 470 nm, 30 minutes after 

injection in water. It has been compared with emission spectrum of P_Mg-NP. 

In the spectrum there is the broad band of the donor from 600nm to 800nm, much more intense 

than P_Mg-NP. The emission band of the acceptor is not observed (Fig.6.66). 

 

Fig.6.66 Emission spectrum of P_Mg-NP (black line) and of P_Mgm-NP (red line) 

However, by comparing the P-NP and P_Mgm-NP emission spectra, shown in Fig.6.67, it can be 

observed that donor emission is quenched of about 50%. These results demonstrate that the 

nanoparticles of P and Mg, prepared separately and mixed, change a little bit their composition 

in the short term, i.e. there is exchange of molecules between particles. 

 

Fig.6.67 Emission spectrum of P-NP (black line) and of P-Mgm-NP (red line) 
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The absorption spectrum recorded P_Mgm-NP has been compared with the ones registered one 

day (24h), two days (48 h) and 7 days (168 h) after injection. They are shown in Fig.6.68. Peak 

at 675 nm disappear over the time, probably because of Mg degradation.  

 

Fig.6.68 Absorption spectrum of P_Mgm-NP registered 30 minutes (black line), 24 hours (red line), 48 hours (green line) and 168 
hours (blue line) after injection 

Emission spectrum recorded for P_Mgm-NP has been compared with the ones registered one 

day (24h), two days (48 h) and 7 days (168 h) after injection. They are shown in Fig.6.69 It is 

observed that after 7 days intensity of emission increases, showing that the degradation of the 

acceptor leads to the recovery of the donor emission. 

 

 

Fig.6.69 Emission spectrum of P_Mgm-NP registered 30 minutes (black line), 24 hours (red line), 48 hours (green line) and 168 
hours after injection 
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TCSPC measurements showed that the spectral changes observed upon nanoparticles 

formation were due to the presence, in the nanoparticles, of populations of fluorophores 

experiencing different environments. Triple-exponential decays were observed P_Mgm-NP.  

Data collected are τ1 = 0.44 ns, B1 = 654, τ2 = 2.36 ns, B2 = 275, τ3 = 9.9 ns, B3 = 46 and average 

excited lifetime was calculated to be < τ > = 1.42 ns.   

6.6 Conclusions 
The aim of the present work was synthesis and characterization of new molecular 

nanoparticles potentially useful in the diagnostic and therapeutic field (optical imaging, 

photoacoustic imaging and photoacoustic therapy, photothermal therapy and photodynamic). 

Molecular nanoparticles were synthesized using different chromophores (DPA, DPEA, C, P, 

MgPh) with similar chemical-physical characteristics to allow aggregation in aqueous solution. 

Molecular nanoparticle were synthesized by the nanoprecipitation method (Section 1, 2, and 3) 

to obtain nanoparticles containing a single chromophore (Section 1), nanoparticles containing 

two chromophores, acceptor and a donor (Section 2) and systems consisting of two types of 

nanoparticles containing one the donor and the other the acceptor (Section 3). 

In Section 1 the properties of molecular nanoparticles obtained from DPA, DPEA, C, P and Mg 

were analysed.  In the presence of Pluronic F127 as a stabilizer NP with dimensions typically of 

100-150 nm have been synthetized. Nanoparticles possess photophysical properties very 

different from molecules in THF. In most cases it is observed a widening and redshifting of the 

absorption and emission bands. In some cases the appearance of new emission bands 

characteristic of nanoparticles is observed. This shows that nanoprecipitation is effective for 

dispersing insoluble molecules in water.  

Over time, some nanoparticles tend coalescing nanoparticles and precipitate, this is the case of 

DPA, but other chromophores such as P and Mg form stable suspensions for more than a week. 

In Section 2, nanoparticles with two fluorophores have been analysed. In all nanoparticles, 

fluorescence of the donor is partially quenched, but only in DPA_P-NP it was observed 

sensitized emission of acceptor, confirming presence of energy transfer process. In the other 

cases, an electronic transfer process is happened. This result shows that nanoparticles dissipate 

absorbed light in heat and this makes them very promising for applications based on the 

photothermal effect. 

In Section 3 have been studied nanoparticles of a single fluorophore mixed in water. Uv-Vis and 

fluorescence spectra show that such nanoparticles tend to exchange molecules. In this way, the 



system is reorganized in mixed nanoparticles, where occur energy and electron transfer 

processes, already described in Section 2.  

This exchange process, which leads to variations in the fluorescence signal can depend on 

environmental parameters (such as temperature and viscosity) and can be exploited for 

sensorial or diagnostic purposes. 
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Chapter 7: Near-infrared luminescent gold 

nanoclusters as biosensors 

7.1 Introduction 
Fluorescence, and more in general photoluminescence, is a powerful tool for investigating 

living organisms in real time and space, both in vivo and in vitro1. In the last decades, thanks to 

the advent of nanotechnology and nanochemistry, the use of ultra-bright nanoparticles, has 

been proposed as an innovative and advantageous alternative to molecular probes2. Gold 

nanoparticles  have found wide spread in bioimaging3 and nanomedicine4 demonstrating high 

biocompatibility5. Nevertheless, the first investigators who observed the photoluminescence of 

gold nanoparticles reported photoluminescence quantum yield of the order of 0.1 % or lower6, 

hence not suitable for fluorescence imaging. Improving the poor photoluminescence brightness 

of gold nanoparticles was a real challenge and involved a wide interdisciplinary scientific 

community including chemists, physicists, biologists and engineers. Although, achieving ultra-

bright7 gold nanoparticles, with features that make them actually superior to conventional 

fluorescent probe, is still challenging. 

Photoluminescence is peculiar of small gold nanoparticles: roughly, only particles with a 

diameter below 2 nm show detectable light emission8. Nanoparticles of these sizes show 

discrete electronic states due to the strong quantum confinement effect9 and present optical 

and electronic molecular-like properties. For these reasons they are specifically classified as 

gold nanoclusters in order to distinguish them from larger gold nanoparticles3a, 4, 10. 

Stabilization of gold nanoclusters in solution typically exploits surface functionalization with 

suitable organic ligands11. In order to achieve specific interaction and to produce protected 

nanoparticle high affinity of the ligand for the gold surface is required and organic thiolate are 

the first choice ligands12. The use of optimal thiolate ligands was a key strategy for the 

preparation of molecular like gold clusters with well-defined atomic composition10b. These 

atomically precise thiolate protected golds nanoclusters can be described with the general 

formula Aun(SR)m, where R is a generic organic residual. 

Bottom-up (chemical) approach to gold nanoclusters has been recognized to guarantee a good 

control on particle size and mono-dispersity10b,c,12. Reduction of gold ionic species (e.g. AuIII in 

the form of AuCl4–) in the presence of thiols as stabilizer had been first proposed by Brust and 

Shiffrin for the synthesis of gold nanoparticles in a two-phase liquid system using 

tetraoctylammonium bromide(TOAB) as a phase-transfer agent13. The groups of Whetten and 



Murray greatly contributed to optimize the process in order to decrease the size of the particles 

and improve structural control6, 14. As schematized in Fig.7.1, in the first step (i) a large excess 

of thiol (molar ratio at least 3:1 with respect to gold) converts AuIII into AuI–SR polymers. 

 

Fig.7.1 Scheme of the synthesis of gold nanoclusters. In the first stage (i) Au-thiolate oligomers are formed. In a second step (ii) 
the oligomers are reduced to give the gold nanoclusters 15. 

We would like to stress that according to recent investigation these polymeric motifs are 

partially maintained in the final nanoclusters structure and they are considered to play a major 

role in determining the photoluminescence properties of the nanoclusters and in particular 

their photoluminescence quantum yield. AuI-thiolate polymers are hence reduced to give Au0 

using a large excess of reductant15. Despite such an excess of reducing agent the reaction is not 

complete and the presence of residual AuI atoms in the nanoclusters surface is fundamental 

both in conferring adequate chemical stability and in determining the optical and 

photoluminescence properties. 

In the size-focusing phenomenon the first step, reduction of AuIII by excess thiol to form the 

AuI/SR polymeric inter-mediate, was done at a low temperature (e.g. 0 °C) rather than at room 

temperature. After addition of NaBH4 a gradual growth of monodisperse Au25 nanoclusters 

from the size mixed product was observed (Fig.7.2). 

 

Fig.7.2 Schematization of the size focusing approach to the atomically controlled synthesis of gold nanoclusters. 

This size-focusing growth process was found to be quite common (e.g., not limited by the type 

of thiol) and was demonstrated for other NC sizes [e.g. Au38(SR)24, Au144(SR)60]16.The 



underlying principle of this size-focusing process is primarily related to the peculiar stability of 

certain sized Aun(SR)m nanoclusters. 

The use of mild reduction conditions has been proposed to achieve a better control on the size 

of gold nanoclusters. In particular carbon monoxide has been proposed as a mild reducing agent 

to control and tune gold nanoclusters size17. Reduction in alkaline conditions (NaOH) was also 

proposed as a size-control strategy in order to control the reducing activity of NaBH418. 

Differently from large nanoparticles (diameter larger than 2 nm, that show a typical broad 

surface plasmon resonance band at ca. 2.4 eV in the absorption spectrum)19,  gold nanoclusters 

present molecular-like transition arising from efficient quantum effect10c. The absorption 

spectra of series of nanoclusters have been recently reviewed. 

The absorption spectrum of one of the most characterized and representative nanoclusters 

Au25(RS)18 is shown in Fig.7.3 where defined distinct absorption bands can be observed at 1.8, 

2.75 and 3.1 eV. 

 

Fig.7.3 The theoretical absorption spectrum of Au25(SH)18. Peak assignments: peak a corresponds to 1.8 eV, observed peak b 
corresponds to 2.75 eV (observed), and peak c corresponds to 3.1 eV (observed) 

Attribution of these transitions. Attribution of these transitions by Jim and co-workers was 

based on time-dependent density functional theory (TD-DFT) calculations20 taking into account 

the structure obtained by X-ray crystallographic analysis. The calculated absorption spectrum 

matches quite satisfactory the experimental one. In particular, the experimental peak at 1.8 eV 

was interpreted essentially as an intraband (sp-sp) HOMO-to-LUMO transition. Moreover, the 

HOMO and LUMO derive mainly from the combination of atomic orbitals of the 13 gold atoms 

in the icosahedral core rather than the 12 surface gold atoms. As a consequence, the lowest 

energy optical absorption involves a transition localized on the Au13 core. 

Independently on the size, the molar absorption coefficient21 is of the order of 104∙M–1 cm–1. 

The position of the absorption peaks is, on the contrary, strongly size dependent and the lowest 

energy transition, in particular, it decreases its maximum wavelength upon decreasing the 

nanocluster size as expected for quantum effect. 



For larger gold nanoclusters, as the ubiquitous Au144(SCH2CH2Ph)6022 (that still exhibit a 

stepwise, multiple-band absorption spectrum, indicating quantum confinement of electrons in 

the particle) a molar extinction coefficient 4∙105 M–1 cm–1 at 510 nm was reported. This value 

is considerably higher than what reported for smaller particles, nevertheless a significant 

contribution to light extinction due plasmon resonance as well as light scattering is expected 

considering the size of the nanoclusters and actual absorption coefficient is expected to be 

much less. 

In bulk conductive metals, valence electrons are free to move in the lattice through the 

conduction band. In the case of gold nanoclusters, size of the metal starts to become comparable 

to the Fermi wavelength of an electron, and quantized electronic states23 and energy levels start 

to emerge24. As a consequence, the most characteristic photoluminescence properties of gold 

nanoclusters can be interpreted in terms of molecular orbitals and transitions between 

electronic states, analogously to what happens in molecules. Both metal atoms and stabilizing 

ligands are expected to be involved in the electronic transition responsible for the 

photoluminescence emission to an extent that depends on their contribution to the HOMO–

LUMO molecular orbitals. The typical core shell structure of the gold nanoclusters and the 

presence of staple-like motif suggested simplified interpretations where the emission is 

assumed to arise from a specific part of the nanoclusters. 

Surface ligands have undoubtedly been proven to play a fundamental role in gold nanoclusters 

photoluminescence 25. This emerges clearly in the work of Wang et al., which showed that gold 

nanoclusters ranging from Au11 to Au201 and protected by different ligands, showed similar NIR 

emissions (Fig.7.4), which did not scale accordingly to their number of atoms26. 

 

Fig.7.4 Gold nanoclusters with different core sizes and monolayers. C6, C12,PhC2, PEG, and PPh3 represent hexanethiolate, 
dodecanethiolate, phenyl-ethanethiol, poly(ethylene glycol) (MW 350) thiolate, and triphenylphosphine, respectively 

The same group reported that this NIR emission intensity linearly increases with the fraction 

of polar thiolate introduced on the clusters surface by ligand exchange (conserving core sizes). 

In particular, they showed that the photoluminescence enhancement was proportional to the 



electron withdrawing capability of the ligand inserted and to the charge shift of the cluster core 

toward more positive values. 

As discussed in the previous section, the effect of the nature of the stabilizing ligands on the 

photoluminescence properties of gold nanoclusters is well documented and generally accepted. 

This effect was partially attributed to the polarity of the ligands, but different authors suggested 

that strong electronic coupling between gold atoms and ligand molecules originates charge 

transfer states where electrons are photo-injected form the ligands to the metal core. According 

to Jin and co-workers, formation of the charge transfer state can occur according to two 

different mechanisms (Fig.7.5): (i) charge transfer from the ligands to the metal nanoparticle 

core through the gold–S bonds, and (ii) direct donation of delocalized electrons from electron-

rich atoms or groups of the ligands to the metal core. 

 

Fig.7.5 Mechanisms of formation of emissive LMCT states in Au NC. (A) charge transfer from the ligands to the metal 
nanoparticle core through the Au–S bonds, and (B) direct donation of delocalized electrons of electron-rich atoms or groups of 

the ligands to the metal core. 

First reports about the photoluminescence of gold nanoclusters revealed very low 

photoluminescence  quantum yield (typically below 0.1 %) and hence a brightness too low for 

practical application in bio-imaging and bio-sensing27. A big effort has been done by several 

research groups to enhance the brightness of gold nanoclusters mostly by improving the 

photoluminescence quantum yield. 

Brightness of nanoprobes depends not only on the photoluminescence quantum yield but, 

strongly, on the efficiency of absorption of the excitation light (ε). Gold nanoclusters present a 

molar absorption coefficient (ε ≈ 104 M–1cm–1) which is about one order of magnitude lower 

than organic chromophores. In order to improve this feature, our and other groups proposed 

the design of hybrid structures that combine the photoluminescence properties of gold 

nanoclusters with the optical properties of organic dyes in order to enhance the brightness of 

the inorganic emitters. A considerable improvement of brightness can in fact be achieved by 

introducing ligands able to efficiently adsorb light (chromophores) and to transfer the 

excitation energy to the emitting gold core28. According to this strategy, Montalti group 



prepared Au101 nanoclusters29 stabilized with phosphine ligands terminated with a pyrene 

chromophores  (Fig.7.6). 

 

Fig.7.6 Scheme of a hybrid gold nanoparticles functionalized with pyrene chromophores. The ligands absorb the excitation light 
very efficiently and they transfer the excitation energy to the Au core producing sensitized emission. The light-harvesting process 

increases the NCs brightness. 

Absorption spectra of nanoparticles are dominated by the contributions of the pyrene 

chromophores in the UV regions and are almost coincident with the absorption spectrum of the 

nanoclusters in the visible-NIR range. A partial broadening and bathochromic shift of the 

pyrene was observed upon binding to the nanoclusters. An increase of brightness of about one 

order of magnitude was detected upon excitation of the organic chromophores demonstrating 

that excitation energy absorbed by the pyrene was transferred with high efficiency (> 95 %) to 

the gold nanoclusters producing sensitized NIR emission (Fig.7.6). The occurrence of the 

efficient energy transfer process30 was confirmed by the presence of the pyrene electronic 

transition peaks in the photoluminescence excitation spectrum of the gold NC. More detailed 

investigation revealed that the enhanced brightness was not only the effect of the energy 

transfer process from the pyrene ligand to the gold but that also a large increase of the 

photoluminescence quantum yield occurred because of the replacement of the simple 

triphenylphosphine with the pyrene terminated ligands. 

More recently, Montalti group proposed a different strategy to turn on/off the 

photoluminescence  of Au144 nanoclusters using as organic sensitizer a photoswitchable 

azobenzene derivative (Fig.7.7)28b. 

 



Fig.7.7 Chemical formula of the trans azobenzene tA and of its cisisomercA bound to gold nanoparticles (GNP). When the ligands 
are in the trans form (left, tAGNP, ON state) ET from tA to the GNP produces NIR-sensitized emission upon ligand excitation. Such 

contributions, owing to sensitization, are lost upon PI in cA covered NPs (right, cA-GNP, OFF state). 

The conversion of the trans form of the ligand into the cis one took place almost quantitatively 

(> 95 %) with a quantum yield identical to the one measured for the same molecule free in 

solution (upon irradiation at 360 nm). Regeneration of 70 % of trans was, in turn, achieved by 

irradiation of cA-GNP at 480 nm. 

Photophysical results confirmed the occurrence of an excitation energy transfer process from 

the ligands to the gold nanoclusters that produced sensitized near-infrared emission. Because 

of this process, the excitation efficiency of the gold core, upon excitation of the ligands, is much 

higher for the trans form than for the cis one (Fig.7.8). 

 

Fig.7.8 Chemical formula of the trans azobenzene tA and of its cisisomer cA bound to gold NP (GNP). When the ligands are in the 
trans form (left, tAGNP, ON state) ET from tA to the GNP produces NIR-sensitized emission upon ligand excitation. Such 

contributions, owing to sensitization, are lost upon PI in cA covered NPs (right, cA-GNP, OFF state). 

Moreover, thanks to the energy transfer process the photoluminescence brightness of the gold 

nanoclusters is enhanced upon excitation of the ligands, both in the cis and trans form with 

respect to the bare nanoclusters. Interestingly, in these azobenzene functionalized gold 

nanoclusters, the photo-isomerization rate of the ligands was not affected by the interaction 

with the gold nanoclusters. This outcome demonstrated that excitation energy transfer to gold 

assists photo-isomerization, rather than competing with it. Recent developments in the design 

of photoluminescence gold nanoclusters demonstrated that several approaches permit to 

enhance the initially reported poor brightness of these nanoparticles. We believe that 

luminescent nanocluster will pave the road to hybrid ultra-bright nanoparticles that will match 

the best properties of organic and inorganic nanomaterials to give innovative 

photoluminescence probes for bio-applications. 



7.2 Summary 
In this chapter  small gold nanoclusters functionalised with seven different kinds of thiol have 

been studied in order to investigate their ability to recognize and signal the presence of some 

important active pharmaceutical ingredients (API). Best results have been obtained with thiols 

1 and 3 showed in Fig.7.9. These gold nanoclusters have been respectively called AuNCs-1 and 

AuNCs-3. 

 

Fig.7.9 structure of thiols1(left) and 3(right) for coating gold nanoclusters 

Gold nanocluster were characterized via UV-Vis absorption photoluminescence spectroscopy. 

They absorb in all UV-visible region and show emission in NIR region (Fig.7.10). 

 

Fig.7.10 Photophysical properties of AuNCs-1 (left) and AuNCs-3 (right) 

Gold nanocluster have been tested with API reported in Fig.7.11, that are some of most common 

commercial anti-inflammatory molecules. 

 

Fig.7.11 API structures 

Experiments have been conducted in biological conditions at pH 7 (HEPES buffer in water) 

where ligands have a terminal quaternary nitrogen positively charged and API are dissociated 

and have a negative charge. The driving force of gold nanoclusters and amphiphilic organic 

anions interaction is a combination of hydrophobic effects due to the presence of an apolar 

portion of the substrate which can accommodate in the apolar monolayer alkyl layer of the 

nanoclusters, and the simultaneous ion-pairing interaction which involves the charged head 
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groups. This combination of effects provides selectivity and high affinity. A simple model to 

understand why the just described recognition process is expected to modify photophysical 

properties of gold nanoclusters takes into account two different mechanisms. The first 

mechanism considers the direct excitation energy and electron transfer processes involving API 

and gold nanoclusters upon binding. The second mechanism take into consideration the 

presence of positively charged API on gold nanoclusters surface that changes gold nanoclusters 

global charge distribution and hence influences their photophysical properties. We would like 

to stress that while the first mechanism is expected to affect the photoluminescence of both the 

API molecules and the gold NPs, the second one only modifies the gold emission. In Fig.7.12 are 

reported API photophysical properties. All of the molecules have an absorption band in the UV 

region and an emission in visible region. In order to discriminate which mechanisms of 

interaction between gold nanoclusters and API were involved, all the hybrid systems were 

exited at two different wavelengths: at 300 nm where API absorb, and both mechanisms can 

occur, and at 500 nm where API do not absorb and only the second mechanism can occur. 

 

Fig.7.12 On the left: API absorption spectra. On the right: API emission spectra 

In Fig.7.13 percentage variation of AuNCs-1NIR emission exited at 300 nm and at 500 nm as 

API concentration is increased are reported. 
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Fig.7.13 On the left: percentual variation of AuNCs-1 NIR emission exited at 300 nm; on the right: ) percentual variation of 
AuNCs-1 NIR emission exited at 300 nm 

Considering only most interesting trends, we can observe that in presence of Naproxen there is 

a considerable emission increase, almost 100%. Then, by comparing the response of the system 

excited at 300 nm and at 500 nm, we can deduce that both mechanisms discussed above 

contribute concurrently with the same importance. 

Similarly, with salicylate it is possible observe an emission increase of about 100%. But in this 

case direct energy transfer from the drug molecules to gold nanoclusters is the only 

contribution. In fact, when the system is excited at 500 nm there are no significative AuNCs-1 

emission changes. 

In Fig.7.14 the percentual variation of AuNCs-3 NIR emission exited at 300 nm and at 500 nm 

as API concentration is increased are reported. 

 

Fig.7.14 On the left: percentual variation of AuNCs-3 NIR emission exited at 300 nm; on the right: ) percentual variation of 
AuNCs-3 NIR emission exited at 300 nm 

In presence of Naproxen a huge enhancement of emission is observed, more than 100%. Then, 

by comparing the system response upon excitation at 300 nm and at 500 nm, we can say that 

both mechanisms occur concurrently giving similar contributions. 

As shown in Fig.7.14, in presence of Diclofenac at the beginning AuNCs-3 emission increases 

but beyond a concentration threshold emission is totally quenched. This result suggests that a 

high concentration of Diclofenac on the surface of gold the formation of organic dimer or 

aggregates quenches any emission. In conclusion in this work have been developed a new class 

of photophysical API-sensors operating in biological conditions and active in the NIR spectral 

region where biological samples and tissues are more transparent and that is attracting a lot of 

attentions for bioimaging and sensing. Gold nanoclusters based sensors have showed a good 

selectivity towards specific drugs, demonstrating that these systems are potentially suitable as 

drug sensors. 
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7.3 Gold nanocluster synthesis 
Monolayer protected gold nanoclusters have been prepared by Prof. Mancin at Department of 

Chemistry of University of Padova. Monolayer protected gold nanoclusters were prepared 

modifying a previously reported two-step procedure31. A solution of HAuCl4·3H2O (50 mg, 

0.127 mmol, 1 equiv) in water (2 mL) was extracted with a solution of tetraoctylammonium 

bromide (0.175 g, 0.318 mmol, 2.5 equiv) in N2 purged toluene (125 mL). To the resulting 

reddish-orange organic solution dioctylamine (0.613 g, 2.539 mmol, 20 equiv) was added (the 

amount of dioctylamine was calculated in order to obtain 2 nm nanoparticles). The mixture is 

vigorously stirred under N2 for 1,5 hours. During this period of time the color of the mixture 

fades. Then the solution is cooled at 0°C and a NaBH4 solution (48.0 mg, 1.269 mmol, 10 equiv) 

in H2O (1 mL) is then rapidly added. The color of the solution turns rapidly to black and after 

1.5 hours of stirring at 0°C, the aqueous layer is removed. To the obtained nanoparticle solution, 

the desired thiol (0.254 mmol, 2 equiv) dissolved in 3 mL of ethyl acetate was rapidly added. 

The reaction mixture was stirred for 3 hours at 0°C. Then the solvent was evaporated and the 

resulting crude was purified. Gold nanocluster were dissolved in 5 ml of milliQ water and then 

washed 7 times with EtOAc. Then water was evaporated under reduced pressure and the 

resulting nanoparticles were purified by gel permeation chromatography with Sephadex G25. 

On the other hand, gold nanocluster were dissolved in the minimum amount of AcOEt and then 

precipitated with diethyl ether (2 times) and subsequently with petroleum ether (5 times). The 

resulting gold nanocluster were finally purified by gel permeation chromatography with 

Sephadex LH-20. The general formula of synthetized gold nanocluster is Au144(SR)60, where R 

is a generic organic residual. In Fig.7.15 are reported thiols chosen for coating gold 

nanoclusters. 



 

 

Fig.7.15 Thiols structure chosen for coating gold nanoclusters. 

The selected thiols can be grouped in thiols positively, negatively charged or with a crown and 

neutral ether. The first group (with 1,2 and 3) it is supposed to interact with negatively charged 

substrates, indeed the second group (4,5 and 6) should interact with positively charged 

substrates or cations. Finally, 7 should not have a preferential interaction with the various 

substrates. 

Gold nanoclusters have been called AuNCs-n where n is the number of thiols for coating. 

7.4 Gold nanoclusters and fluorescein sodium salt 
Gold nanoclusters have been tested with fluorescein sodium salt (F) (Fig.7.16), that is a well-

known water soluble negatively charged. 

 

Fig.7.16 Fluorescein sodium salt structure 

A water solutions of AuNCs-n (n=1,2,3,4,5,6, and 7) with a concentration of thiol of 20 mM and 

0.33 mM of AuNCs has been prepared. From this solution 5 L have been taken and added in 



2.5 mL of a water solution of HEPES 0.01M. The final concentration of thiol (or binding site) is 

40 M and the final concentration of AuNCs is 0.67 M. These solutions have been called 

AuNCs-n (n=1, 2, 3, 4, 5, 6, and 7). 

A water solution of F with concentration 0.0022 M have been prepared. From this solution 5 L 

have been taken and added in 2.5 mL of a water solution of HEPES 0.01M. The final 

concentration of F is 4 M, this solution has been called F. Absorption spectrum of F is reported 

in Fig.7.17. 

 

Fig.7.17 Absorption spectrum of F in water 0.0022M 

A water solutions of AuNCs-n (n=1,2,3,4,5,6 and 7) with a concentration of thiol of 20 mM and 

0.33 mM of AuNCs has been prepared. From this solution 5 L have been taken and added in 

2.5 mL of a water solution of HEPES 0.01M. The final concentration of thiol (or binding site) is 

40 M and the final concentration of AuNCs is 0.67 M. Subsequently 5 L of a water solution 

of F with concentration 0.0022 M have been added. The final concentration of F is 4 M, with a 

ratio 1:10 with binding site. These solutions have been called AuNCs-n+F (n=1,2,3,4,5,6,7 and 

8). 

Molar extinction coefficient of AuNCs-1 is reported in Fig.7.18. The value along the whole 

spectrum is of the order of 105, which for this material is high. This is an advantage for obtain a 

high brightness. 
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Fig.7.18 Molar extinction coefficient of AuNCs-1 

In Fig.7.19 are reported absorption spectra of AuNCs-1 and AuNCs-2+F and emission spectra of 

F and AuNCs-1+F excited at 450 nm. It is clearly observed that in presence of AuNCs-1 emission 

of F is totally quenched and this suggests that there is interaction between F and AuNCs-1. 

 

Fig.7.19 On the left: absorption spectra of AuNCs-1 (black line) and of AuNCs-1+F (red line). On the right: emission spectra of 
AuNCs-1+F (black line) and of F (blue line). 

To demonstrate that AuNCs-1 quenches F by energy transfer, NIR emission spectra of AuNCs-1 

and AuNCs-1+F have been obtained by exciting at 450 nm (Fig.7.20). Emission intensity is 

increased of almost 50% in presence of F, proving that energy transfer happens from F to 

AuNCs-1. 
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Fig.7.20 NIR emission spectra of AuNCs-1(black line) and of AuNCs-1+F (red line) 

Molar extinction coefficient of AuNCs-2 is reported in Fig.7.21. The value along the whole 

spectrum is of the order of 105, which for this material is high. This is an advantage for obtain a 

high brightness. 

 

Fig.7.21 Molar extinction coefficient of AuNCs-2 

In Fig.7.22 are reported absorption spectra of AuNCs-2 and AuNCs-2+F and emission spectra of 

F and AuNCs-2+F excited at 450 nm. It is observed that in presence of AuNCs-2 emission of F is 

partially quenched and this suggest that there is partial interaction between F and AuNCs-2. 
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Fig.7.22 On the left: absorption spectra of AuNCs-2 (black line) and of AuNCs-2+F (red line). On the right: emission spectra of 
AuNCs-2+F (black line) and of F (blue line). 

Molar extinction coefficient of AuNCs-3 is reported in Fig.7.23. The value along the whole 

spectrum is of the order of 105, which for this material is high.  

 

Fig.7.23 Molar extinction coefficient of AuNCs-3 

In Fig.7.24 are reported absorption spectra of AuNCs-3 and AuNCs-3+F and emission spectra of 

F and AuNCs-3+F excited at 450 nm. It is observed that in presence of AuNCs-3 emission of F is 

quenched and this suggest that there is interaction between F and AuNCs-3. 
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Fig.7.24 On the left: absorption spectra of AuNCs-3 (black line) and of AuNCs-3+F (red line). On the right: emission spectra of 
AuNCs-3+F (black line) and of F (blue line). 

To demonstrate that AuNCs-3 quenches F by energy transfer, NIR emission spectra of AuNCs-3 

and AuNCs-3+F have been obtained by exciting at 450 nm (Fig.7.25). Emission intensity is 

increased of almost 50% in presence of F, proving that energy transfer happens from F to 

AuNCs-3. 

 

Fig.7.25 NIR emission spectra of AuNCs-3(black line) and of AuNCs-3+F (red line) 

Molar extinction coefficient of AuNCs-4 is reported in Fig.7.26. The value along the whole 

spectrum is of the order of 105, which for this material is high. This is an advantage for obtain a 

high brightness. 

 

Fig.7.26 Molar extinction coefficient of AuNCs-4 

In Fig.7.27 are reported absorption spectra of AuNCs-4 and AuNCs-4+F and emission spectra of 

F and AuNCs-4+F excited at 450 nm. It is observed that in presence of AuNCs-4 emission of F is 

partially quenched and this suggest that there is partial interaction between F and AuNCs-4. 

This is interesting because AuNCs-4 is not supposed interact with F. Indeed, they are both 
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negatively charged. However, quenching is smaller than the one of positively charged AuNCs, 

demonstrating that engineering coating permit to drive substrate interactions. 

  

Fig.7.27 On the left: absorption spectra of AuNCs-4 (black line) and of AuNCs-4+F (red line). On the right:  emission spectra of 
AuNCs-4+F (black line) and of F (blue line) 

Molar extinction coefficient of AuNCs-5 is reported in Fig.7.28. The value along the whole 

spectrum is of the order of 105, which for this material is high. This is an advantage for obtain a 

high brightness. 

 

Fig.7.28 Molar extinction coefficient of AuNCs-5 

In Fig.7.29 are reported absorption spectra of AuNCs5 and AuNCs-5+F. and emission spectra of 

F and AuNCs-5+F excited at 450 nm. It is observed that in presence of AuNCs-5 emission of F is 

partially quenched and this suggest that there is partial interaction between F and AuNCs-5. 

This is interesting because AuNCs-5 is not supposed interact with F. Indeed they are both 

negatively charged. However quenching is smaller than the one of positively charged AuNCs, 

demonstrating that engineering coating permit to drive substrate interactions. 
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Fig.7.29  on the left: absorption spectra of AuNCs-5 (black line) and of AuNCs-5+F (red line). On the right: emission spectra of 
AuNCs-5+F (black line) and of F (blue line) 

Molar extinction coefficient of AuNCs-6 is reported in Fig.7.30. The value along the whole 

spectrum is of the order of 105, which for this material is high and is useful to increase 

brightness. 

 

Fig.7.30 Molar extinction coefficient of AuNCs-6 

In Fig.7.31 are reported absorption spectra of AuNCs-6 and AuNCs-6+Fand emission spectra of 

F and AuNCs-6+F excited at 450 nm. It is observed that in presence of AuNCs-6 emission of F is 

almost the same, suggesting that interaction between coating and AuNCs is limited, as we 

expected.  
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Fig.7.31 on the left: absorption spectra of AuNCs-6 (black line) and of AuNCs-6+F (red line). On the right: emission spectra of 
AuNCs-6+F (black line) and of F (blue line) 

Molar extinction coefficient of AuNCs-7 is reported in Fig.7.32. The value along the whole 

spectrum is of the order of 105, which for this material is high. This is an advantage for obtain a 

high brightness. 

 

Fig.7.32 Molar extinction coefficient of AuNCs-7 

In Fig.7.33 are reported absorption spectra of AuNCs-7 and AuNCs-7+F and emission spectra of 

F and AuNCs-7+F excited at 450 nm. It is observed that in presence of AuNCs-7 emission of F is 

almost the same, suggesting that interaction between coating and AuNCs is limited, as we 

expected. 
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.  

Fig.7.33 on the left: absorption spectra of AuNCs-7 (black line) and of AuNCs-7+F (red line). On the right: emission spectra of 
AuNCs-7+F (black line) and of F (blue line) 

As expected, gold nanocluster coated with thiols positively charged have interacted more than 

the others with fluorescein sodium salt. In particular AuNCs-1 and AuNCs-3 have completely 

quenched fluorescein sodium salt, showing that interaction with negatively charged substrates 

is very favorite. For this reason, these gold nanoclusters have been tested with negatively 

charged active pharmaceutical ingredients (API). 

7.5 AuNCs-1 and API 
We have decided to test our positively charged nanoparticles with API reported in Fig.7.34, that 

are some of the most common commercial anti-inflammatory. In particular they are Naproxen 

(N), Diclofenac (D), Ketoprofen (K) and Salicylate (S).  

 

Fig.7.34 API structures 

Tests have been conduced in biological conditions in water at pH 7 (HEPES buffer 0.01M), when 

these molecules are dissociated and have a negative charge.  

The driving force of the interaction between gold nanoclusters and amphiphilic organic anions 

is a combination of the accommodation of the hydrophobic portion of the substrate in the alkyl 

portion of the monolayer and the simultaneous ion-pairing interaction with the head groups. 

This grants selectivity and high affinity. In Fig.7.35 photophysical properties of API are 
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reported. All of them have an absorption band in the UV region and an emission in visible 

region.  

 

Fig.7.35 API photophysical properties. On the left: absorption spectra. On the right: emission spectra 

The interaction between gold nanoclusters and API has been studied by photophysical means 

for monitor any possible changes in the photophysical properties of gold nanoparticles caused 

by API presence. The system can be simplified by approximating that API can modify 

photophysical properties of gold nanoclusters with two mechanisms. First mechanism: direct 

energy transfer from API to gold nanoclusters. Second mechanism: the presence of positively 

charged substrate on gold nanocluster surface changes the global charge distribution of gold 

nanocluster and this influences their photophysical properties. In order to discriminate which 

mechanism is activated by the interaction between nanoparticles and drugs, the system has 

been excited at two different wavelengths: at 300 nm where API absorb, and both mechanisms 

can occur, and at 500 nm where API do not absorb and only the second mechanism can occur. 

7.5.1 AuNCs-1 and N 

A water solutions of AuNCs-1with a concentration of thiol of 20 mM and of AuNCs of 0.33 mM 

has been prepared. From this solution 5 L have been taken and added in 2.5 mL of a water 

solution of HEPES 0.01M. The final concentration of thiol (or binding site) is 40 M and the final 

concentration of AuNCs is 0.67 M. This solution has been called AuNCs-1. 

A solution 1:1 H2O:DMSO of N 0.0022 M has been prepared. Titration of AuNCs-1 with N has 

been carried out. In particular at AuNCs-1 have been added 0-1-3-5-10-20-30-50 -70-100-130-

160-200 L of N solution. In Fig.7.36 are reported absorption spectra of titration.  
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Fig.7.36 Absorption spectra of AuNCs-1 titrated with N 

Emission spectra of system excited at 330 nm are reported in Fig.7.37a and of system excited 

at 500 nm are reported in Fig.7.37b. 

 

Fig.7.37 Emission spectra of AuNCs-1 titrated with N excited at 330 nm (a) and 500 nm (b) 

Variation of area of emission spectra has been reported as function of N equivalent (calculated 

respect binding site concentration) (Fig.7.38). 

The first thing that we can observe is that there is a considerable enhance of emission, almost 

70%, when excited at 330 nm. Then, by comparing the answer of the system excited at 300 nm 

and at 500 nm, we can say that both mechanisms (energy transfer and polarity change effect) 

occur concurrently with the same importance. 
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Fig.7.38 Variation of area of AuNCs-1 emission spectra as function of API equivalent 

7.5.2 AuNCs-1 and D 

A water solutions of AuNCs-1with a concentration of thiol of 20 mM and of AuNCs of 0.33 mM 

has been prepared. From this solution 5 L have been taken and added in 2.5 mL of a water 

solution of HEPES 0.01M. The final concentration of thiol (or binding site) is 40 M and the final 

concentration of AuNCs is 0.67 M. This solution has been called AuNCs-1. 

A water of D 0.0022 M has been prepared. Titration of AuNCs-1 with D has been carried out. In 

particular at AuNCs-1 have been added 0-1-3-5-10-20-30-50 -70-100-130-160-200 L of D 

solution. In Fig.7.39 are reported absorption spectra of titration.  

 

Fig.7.39 Absorption spectra of AuNCs-1 titrated with D 

Emission spectra of system excited at 300 nm are reported in Fig.7.40a and of system excited 

at 500 nm are reported in Fig.7.40b. 
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Fig.7.40 Emission spectra of AuNCs-1 titrated with D excited at 300 nm (a) and 500 nm (b) 

Variation of area of emission spectra has been reported as function of D equivalent (calculated 

respect binding site concentration) (Fig.7.41). 

This is the most curious trend. At the beginning is observed an increase in emission of AuNCs. 

But adding drug beyond a threshold emission is totally quenched. This indicates that over a 

certain concentration API aggregates are formed on the NP surface that quench any emission. 

 

Fig.7.41 Variation of area of AuNCs-1 emission spectra as function of API equivalent 

7.5.3 AuNCs-1 and K 

A water solutions of AuNCs-1with a concentration of thiol of 20 mM and of AuNCs of 0.33 mM 

has been prepared. From this solution 5 L have been taken and added in 2.5 mL of a water 

solution of HEPES 0.01M. The final concentration of thiol (or binding site) is 40 M and the final 

concentration of AuNCs is 0.67 M. This solution has been called AuNCs-1. 

A solution 1:1 H2O:DMSO of K 0.0022 M has been prepared. Titration of AuNCs-1 with K has 

been carried out. In particular at AuNCs-1 have been added 0-1-3-5-10-20-30-50 -70-100-130-

160 L of K solution. In Fig.7.42 are reported absorption spectra of titration.  
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Fig.7.42 Absorption spectra of AuNCs-1 titrated with K 

Emission spectra of system excited at 300 nm are reported in Fig.7.43a and of system excited 

at 500 nm are reported in Fig.7.43b. 

 

Fig.7.43 Emission spectra of AuNCs-1 titrated with K excited at 300 nm (a) and 500 nm (b) 

Variation of area of emission spectra has been reported as function of K equivalent (calculated 

respect binding site concentration) (Fig.7.44). 

It is observed that emission of AuNCs-1 do not changes in any case, both exciting at 300 nm or 

500 nm. That means that there is no interaction between coating of AuNCs and K. 
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Fig.7.44 Variation of area of AuNCs-1 emission spectra as function of API equivalent 

7.5.4 AuNCs-1 and S 

A water solutions of AuNCs-1with a concentration of thiol of 20 mM and of AuNCs of 0.33 mM 

has been prepared. From this solution 5 L have been taken and added in 2.5 mL of a water 

solution of HEPES 0.01M. The final concentration of thiol (or binding site) is 40 M and the final 

concentration of AuNCs is 0.67 M. This solution has been called AuNCs-1. 

A water of S 0.0022 M has been prepared. Titration of AuNCs-1 with S has been carried out. In 

particular at AuNCs-1 have been added 0-1-3-5-10-20-30-50 -70-100-130-160-200 L of S 

solution. In Fig.7.45 are reported absorption spectra of titration. 

 

Fig.7.45 Absorption spectra of AuNCs-1 titrated with S 

Emission spectra of system excited at 300 nm are reported in Fig.7.46a and of system excited 

at 500 nm are reported in Fig.7.46b. In this case is also possible observe an enhance of emission 

about 70%.  
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Fig.7.46 Emission spectra of AuNCs-1 titrated with S excited at 300 nm (a) and 500 nm (b) 

Variation of area of emission spectra has been reported as function of S equivalent (calculated 

respect binding site concentration) (Fig.7.47). 

But now is evident that the only contribution is the one of the direct energy transfers. In fact, 

when the system is excited at 500 nm no significative changes in emission of gold nanocluster 

are reported. 

 

Fig.7.47 Variation of area of AuNCs-1 emission spectra as function of API equivalent 

7.6 AuNCs-3 and API 

7.6.1 AuNCs-3 and N 

A water solutions of AuNCs-3 with a concentration of thiol of 20 mM and of AuNCs of 0.33 mM 

has been prepared. From this solution 5 L have been taken and added in 2.5 mL of a water 

solution of HEPES 0.01M. The final concentration of thiol (or binding site) is 40 M and the final 

concentration of AuNCs is 0.67 M. This solution has been called AuNCs-3. 
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A solution 1:1 H2O:DMSO of N 0.0022 M has been prepared. Titration of AuNCs-3 with N has 

been carried out. In particular at AuNCs-3 have been added 0-1-3-5-10-20-30-50 -70-100-130-

160-200 L of N solution. In Fig.7.48 are reported absorption spectra of titration. 

 

Fig.7.48 Absorption spectra of AuNCs-3 titrated with N 

Emission spectra of system excited at 330 nm are reported in Fig.7.49a and of system excited 

at 500 nm are reported in Fig.7.49b.  

 

Fig.7.49 Emission spectra of AuNCs-3 titrated with N excited at 330 nm (a) and 500 nm (b) 

Variation of area of emission spectra has been reported as function of N equivalent (calculated 

respect binding site concentration) (Fig.7.50). It is observed that there is a huge enhance of 

emission more than 100%. Then, by comparing the answer of the system excited at 330 nm and 

at 500 nm, we can say that both mechanisms occur concurrently with the almost same 

importance. 
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Fig.7.50 Variation of area of AuNCs-3 emission spectra as function of API equivalent 

7.6.2 AuNCs-3 and D 

A water solutions of AuNCs-3 with a concentration of thiol of 20 mM and of AuNCs of 0.33 mM 

has been prepared. From this solution 5 L have been taken and added in 2.5 mL of a water 

solution of HEPES 0.01M. The final concentration of thiol (or binding site) is 40 M and the final 

concentration of AuNCs is 0.67 M. This solution has been called AuNCs-3. 

A water of D 0.0022 M has been prepared. Titration of AuNCs-3 with D has been carried out. In 

particular at AuNCs-3 have been added 0-1-3-5-10-20-30-50 -70-100-130-160-200 L of D 

solution. In Fig.7.51 are reported absorption spectra of titration.  

 

 Fig.7.51 Absorption spectra of AuNCs-3 titrated with D 

Emission spectra of system excited at 300 nm are reported in Fig.7.52a and of system excited 

at 500 nm are reported in Fig.7.52b. This is the most curious trend. At the beginning is observed 
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an increase in emission of nanoparticles. But adding drug beyond a threshold emission is totally 

quenched. 

 

Fig.7.52 Emission spectra of AuNCs-3 titrated with D excited at 300 nm (a) and 500 nm (b) 

Variation of area of emission spectra has been reported as function of N equivalent (calculated 

respect binding site concentration) (Fig.7.53). 

 

Fig.7.53 Variation of area of AuNCs-3 emission spectra as function of API equivalent 

7.6.3 AuNCs-3 and K 

A water solutions of AuNCs-3 with a concentration of thiol of 20 mM and of AuNCs of 0.33 mM 

has been prepared. From this solution 5 L have been taken and added in 2.5 mL of a water 

solution of HEPES 0.01M. The final concentration of thiol (or binding site) is 40 M and the final 

concentration of AuNCs is 0.67 M. This solution has been called AuNCs-3. 

A solution 1:1 H2O:DMSO of K 0.0022 M has been prepared. Titration of AuNCs-3 with K has 

been carried out. In particular at AuNCs-3 have been added 0-1-3-5-10-20-30-50 -70-100-130-

160-200 L of K solution. In Fig.7.54 are reported absorption spectra of titration. 
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Fig.7.54 Absorption spectra of AuNCs-3 titrated with K 

Emission spectra of system excited at 300 nm are reported in Fig.7.55a and of system excited 

at 500 nm are reported in Fig.7.55b. 

 

  

Fig.7.55 Emission spectra of AuNCs-3 titrated with K excited at 300 nm (a) and 500 nm (b) 

Variation of area of emission spectra has been reported as function of K equivalent (calculated 

respect binding site concentration) (Fig.7.56). 
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Fig.7.56 Variation of area of AuNCs-3 emission spectra as function of API equivalent 

 7.7 Conclusions 
In this work a new class of photophysical system based on gold have been developed. In 

particular we focused on demonstrating that appropriate engineering of coating can tailor 

interaction between gold nanoclusters and substrate in order to achieve selectivity and 

sensibility. In the first part of the work we used fluorescein sodium salt, a fluorophore 

negatively charged in the working conditions (HEPES 0.01M). Gold nanoclusters coated with 

positively charged thiols have shown much higher affinity for fluorescein sodium salt, 

quenching its fluorescence. Most interesting results have been obtained for AuNCs-1 and 

AuNCs-3 and we demonstrate that energy transfer happens between fluorescein sodium salt 

and gold nanoclusters. Subsequently, AuNCs-1 and AuNCs-3 have been tested with API presents 

in commercial drugs. API have been chosen with amphiphilic structures. They have a negatively 

charged head and a lipophilic moiety. The driving force of the interaction between gold 

nanoclusters and amphiphilic organic anions is a combination of the accommodation of the 

hydrophobic portion of the substrate in the alkyl portion of the monolayer and the 

simultaneous ion-pairing interaction with the head groups. This grants selectivity and high 

affinity. Results demonstrate that there is interactions between gold nanoclusters and API. 

Moreover, API are able to influence gold nanoclusters emission with two mechanism. First 

mechanism: direct energy transfer from API to gold nanoclusters. Second mechanism: the 

presence of positively charged substrate on gold nanocluster surface changes the global charge 

distribution of gold nanocluster and this influences their photophysical properties. In order to 

discriminate which mechanism happens between nanoparticles and drugs, the system has been 

excited at two different wavelengths: at 300 nm where API absorb, and both mechanisms can 

occur, and at 500 nm where API do not absorb and only the second mechanism can occur. In 
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conclusion we demonstrate that gold nanoclusters are very promising as biological sensors, 

indeed they can be easily engineered to have specific interactions with selected substrates, they 

can work in biological conditions (water at pH 7) and they emit in in near infrared region where 

there is the biological window and for this reason is attracting a lot of attentions. 
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Chapter 8: Polydopamine for radiation 

protection 

8.1 Introduction 
Melanin is an abundant and heterogeneous biopigment found ubiquitously in many livings 

being. It is present in bacteria, fungi and animals. There exist three major types of melanins: 

brown-to-black eumelanin, reddish-yellow pheomelanin and neuro melanin. In humans, 

melanin plays a key role in determining skin, eyes and hair color. 

The abundance of eumelanin in the hair has a darker color, tending to brown or black. Vice versa 

if the pheomelanin prevails the color is red or blonde. 

 Mammalian melanocytes in the epidermis produce eumelanin and pheomelanin. The first steps 

in the synthesis of pigments are similar and under control of enzyme tyrosinase, which catalyse 

oxidation of tyrosine or 3,4-Dihydroxy-L-phenylalanine (L-DOPA) to DOPAquinone. Synthesis 

of eumelanin proceeds with later oxidation of DOPAquinone to L-dopachrome which 

tautomerises to form 5,6-dihydroxyindole-2-carboxylic acid (DHICA) aided by dopachrome 

tautomerase, or reaction proceeds spontaneously with decarboxylation to give mainly 5,6-

dihydroxyindole (DHI). Oxidative polymerization of DHI and/or DHICA, carried out by 

tyrosinase-related protein 1, gives rise to the deposition of black insoluble eumelanin polymers. 

In the case of pheomelanin, the next step of biosynthesis involves cysteine which can bind in 

position 2 or 5 of the benzene ring. Subsequently, substrates are oxidized to cysteine-

dopaquinones that cyclize in 1,4 benzothiazine intermediate. The latter polymerize producing 

pheomelanin. 

The last one is neuromelanin, dark insoluble polymer pigment produced in specific populations 

of catecholaminergic neurons in the brain, where dopamine undergoes oxidation and 

cyclization that results in DHI, which polymerize and precipitate as neuromelanin.  Humans 

have the largest amount of neuromelanin, which is present in lesser amounts in other primates, 

and totally absent in many other species.  



 

Fig.8.1 biological synthetic pathway of melanin1  

Eumelanin and pheomelanin differ not only chemically but also in their physical properties.  In 

fact, eumelanin plays an exemplary role as a radioprotector, thanks to its broad band 

absorption spectrum, its ability to convert 90% of absorbed light2  and free radical scavenger 

into heat. On the other hand, pheomelanin is much less able to block UV energy and in fact may 

synergize with UV photons to promote free radical formation and carcinogenesis in the skin3. 

Consequently, research focused on eumelanin and its interesting properties. Despite the 

growing interest a fundamental obstacle still exists in this field: no complete structural 

elucidation of eumelanin is available to date. Indeed, they are macromolecular systems whose 

structure is still poorly understood. It is still uncertain how the constituent molecules organize 

and bond each other. This knowledge gap impedes attempts to discover the relationship 

between intrinsic properties and functions. Because of its amorphous nature and insolubility 

in all solvents it has been difficult to resolve the structure at molecular level. Despite obstacles, 

several clues have accumulated over the years. It is now widely accepted that molecular units 

of eumelanin are DHI, DHICA and their reduced forms.4 These molecular units or monomers 

serve as the building blocks of eumelanin and in-plane oligomerize to form low molecular 

weight oligomers, called protomolecules5 mainly tetramers or pentamers with porphyrin-like 



structures6 that tend to stack together due to strong out-of-plane noncovalent intermolecular 

interactions such as van der Waals and π−π interactions7. Stacked sheets of protomolecules 

weak interact to form onion-like nanostructures randomly oriented. Presence of amorphous 

supramolecular structure have been confirmed by TEM8, Raman measurement9, NMR solid-

state study10 and computational methods. Available information to date on the composition of 

eumelanin fail in expanding the peculiar properties that characterize these materials. It is 

therefore necessary to build a structure–property model that can fill this gap. The most 

characteristic and challenging behavior of eumelanin is the broad absorption spectrum in the 

UV and visible range, 700–200 nm. This behavior is central to some of its biological functions, 

such as the blocking of UV radiation, and is puzzling because it lacks any of the sharp features 

typical of other key biomolecules in the UV range6c. Best interpretation of eumelanin properties 

and characteristics is based on the model of chemical and geometric disorder. First there is 

chemical (or static) disorder of monomer involved in the polymerization process. Second 

electronic disorder relates to the distribution of redox states (i.e., catechol, semiquinone or 

quinone) within the oligomeric scaffolds. Then geometric (dynamic) disorder describes 

structural heterogeneity that comes from the broad range of possible aggregates generated by 

intermolecular interactions between oligomers that are in varied sizes and randomly oriented. 

Most advanced study conclude that eumelanin broadband absorption is not due simply to the 

overlap of static chromophore defined intrinsically by the conjugation length across the carbon 

frame but is also extrinsic in character resulting from aggregation-dependent intermolecular 

perturbations of the π-electron systems6b, 7, 11. The peaks in red and NIR region present most 

difficult interpretation. Excitonic interactions among the stacked eumelanin protomolecules 

may be responsible for the peaks at the lower-energy end of the spectra. The role of the 

excitonic couplings is suggested by the mix of stacked conjugated protomolecules and the short 

interlayer distance among them2.  Thanks to broad band absorption spectrum eumelanin 

absorb UV and visible radiation. Melanin has been found have a relevant role in radioprotection. 

Survival rates of melanized and non-melanized fungi were evaluated under exposure to 

extremely high doses of gamma radiation. Results reported a significatively higher survival in 

melanized fungi and that radiation promoted growth of fungi. This attraction of fungi to 

radiation is called ‘radiotropism’12 

It was assumed that melanin pigments, participating in redox reactions, can perceive the energy 

of radiation and make it available for metabolic processes. The mechanism of eumelanin 

radioprotection involves quenching of ROS generated by the radiolysis of water and trapping 

high-energy electrons within eumelanin structure preventing harmful secondary ionizations13 



A study demonstrated that irradiation of melanin resulted in melanin oxidation over time. 

Quinone moieties, present in melanin composition, are believed responsible for its redox 

behavior14. The radioprotective and antioxidant activities of melanin nanoparticles were 

investigated in mice in vivo and can protected mice against oxidative stress and DNA damage 

induced by ionizing radiation. Melanin nanoparticles appeared not produce tissue damage and 

may be considered as harmless antioxidant and antiradical compounds15. Melanin 

radioprotective ability have attracted a lot of interest by researchers. They could be exploited 

in space travel16 in medical treatment, in tough environments. There are many sources in 

nature from which it is possible to extract melanin. Nevertheless, this operation has drawbacks. 

In fact, to date no extraction technique has been found that guarantees not to affect the 

properties of melanin in its natural environment. Therefore, researchers have sought 

alternative ways to obtain synthetic materials that reproduce the most interesting 

characteristics of melanin. Currently the best candidate is polydopamine (PDA), a black 

insoluble material produced by oxidative polymerization of dopamine under alkaline 

conditions. PDA shares chemical functionalities (i.e., catechol and nitrogen-containing groups) 

with natural eumelanin17 and present similar features as broad band absorption spectrum, it is 

insoluble in almost all solvents, ability in metal chelation, free radical stable and 

semiconducting activity. Although, it is currently impossible to provide an accurate picture of 

eumelanin and PDA structure it is important stress that DHICA-derived units are absent as 

building blocks in PDA, for this reason PDA cannot be considered as synthetic melanin4c. The 

unique characteristics of melanin, conferring antioxidant and radio- and photo-protective 

properties, are mostly due to the presence of unpaired electrons in the structure that results in 

a stable free radical property13. We can suppose that increasing stable free radicals on melanin 

corresponds in increase the intrinsic free radical scavenging ability and consequently 

radioprotective effects. A simple strategy to achieve this goal is exploit nitroxide radical 

coupling (NRC) reactions obtained through bioinspired copolymerization of dopamine and a 

nitroxide functional dopamine derivative as monomers. A widely followed procedure to obtain 

functionalized adhesive precursor molecules is to use 3,4-dihydroxy-L-phenylalanine (L-

DOPA) carrying a carboxylic acid moiety as a ligation point, which can be esterified or amidated 

for the introduction of the desired functionality. Thereby, the catecholamine unit is preserved, 

and thus, the ability to self-polymerize in a dopamine-like manner is maintained18. At the time 

that this thesis in written different studies with this interesting material are carried out to test 

its effective radiation protection properties. Together with the other considerable properties 

of melanin, there is the ability in ionic metal complexation. Gianneschi et all have been 



developed an innovative prepolymerization doping strategy method for synthesis of 

Fe(III)−polydopamine complex nanoparticles. The results show that Fe(III)−catechol 

complexation, covalent bonding, and self-assembly take place simultaneously in the 

“polymerization” process19. Subsequently this strategy has been adapted for a large number of 

transition metal20. The presence of Fe(III) can contribute to increase  the intrinsic melanin free 

radical scavenging ability, at the basis of radiation protection activity. Indeed, when Fe(III) 

meets a free electron it can catch it reducing at Fe(II). Then it appears interesting increase 

melanin radiation protection activity both increasing number of stable free radicals and 

introducing oxidative ion transition metal. 

8.2 Summary 
In this chapter we try to increase melanin radiation protection activity both increasing number 

of stable free radicals and introducing oxidative ion transition metal. We chose Fe(III) and 

Mn(III) to increase oxidative ability and Zn(II), that do not possess oxidative ability as 

reference. We used 4-amino-TEMPO to increase number of stable free radicals. 

Reagents are presents with the sequent ratio: dopamine 3, Fe(III) 1, 4-amino-TEMPO 1. 

Since scalability is a major issue in melanin preparation synthesis has been carried out first in 

small scale (Fe_T_PDAss) and then in a large scale (Fe_T_PDAls). Then we tried to increase iron 

concentration. We repeated reaction with the sequent ratio of reagents: dopamine 3, Fe(III) 2, 

4-amino-TEMPO 1. Also, in this case synthesis has been carried out in small scale 

(Fe2_T_PDAss) and then in a large scale (Fe2_T_PDAls).  

Then we used Mn(III). Reagents are presents with the sequent ratio: dopamine 2, Mn(III) 1, 4-

amino-TEMPO 1. For starting, synthesis has been carried out in small scale (Mn_T_PDAss) and 

then in a large scale (Mn_T_PDAls). 

Then we used Zn(II).  Reagents are presents with the sequent ratio: dopamine 3, Zn(II) 1.5, 4-

amino-TEMPO 1. For starting, synthesis has been carried out in small scale (Zn_T_PDAss). 

Unfortunately, it was not possible obtain this material in large scale. Then we tried to increase 

zinc concentration. We repeated reaction with the sequent ratio of reagents: dopamine 3, Zn(II) 

3, 4-amino-TEMPO 1. Synthesis has been carried out in small scale (Zn2_T_PDAss) and then in 

a large scale (Zn2_T_PDAls). 

All materials have been characterized by dynamic light scattering (DLS), transmission electron 

microscopy (TEM), energy dispersive spectroscopy (EDS), X-ray photoelectron spectroscopy 

(XPS), electron paramagnetic resonance (EPR) and inductively coupled plasma-atomic 



emission spectrometry (ICP- AES). In conclusion DPPH assay was used to test antioxidant 

activity of nanoparticles. 

8.3 Copolymerization of dopamine and nitroxide functional 
dopamine derivative (L-DOPA TEMPO) 

 

Fig.8.2 Synthesis of PDA NPs with Fe and L-DOPA TEMPO 

In polymerization mechanisms of catecholamines, for example, dopamine (3,4-

dihydroxyphenethylamine), many unknown passages are still present after years of study. 

However, it has now been established that the oxidation of the catechol group by atmospheric 

oxygen has a fundamental role. The resulting compounds are 5,6-dihydroxy indole and indole 

5,6-quinone that start the polymerization process. The use of polymerizable catechol 

precursors for the introduction of targeted functional moieties is an efficient ligation technique.  

A widely followed procedure to obtain functionalized adhesive precursor molecules is to use 

3,4-dihydroxy-L-phenylalanine (L-DOPA) carrying a carboxylic acid moiety as a ligation point, 

which can be esterified or amidated for the introduction of the desired functionality. Thereby, 

the catecholamine unit is preserved, and thus, the ability to self-polymerize in a dopamine-like 

manner is maintained18b.  

Herein, we used a functionalized L-DOPA monomer carrying a 4-amino-2,2,6,6-

tetramethylpiperidine (4-amino-TEMPO) for introduction of TEMPO moiety. 

The catechol-functionalized network of the nanoparticle acts as a scaffold for chelation of 

paramagnetic metal ions. A common approach to the preparation of metal-loaded PDA hybrid 

materials involves the synthesis of colloidal PDA nanoparticles, followed by doping with the 

appropriate metal salt. However, this methodology leads to limited metal loadings. Recently, 

prepolymerization strategies were reported for the preparation of Fe(III)-loaded dopamine 

nanoparticles in a single pot19-20. 

In the present case we have chosen to use the last approach starting from a solution of 

dopamine and iron with a 3:1 ratio. After many attempts to synthesize the desired material, an 

efficient NRC protocol in presence of iron was established. In a 50 mL flask dopamine 

hydrochloride (4.50 mg, 0.024 mmol) has been solubilized in 13 mL of water with iron chloride 

hexahydrate (2.04 mg, 0.0075 mmol) and solution was strongly stirred for one hour at room 



temperature to allow the metal center coordination with dopamine catechol group. Then was 

added L-DOPA-TEMPO (2.52 mg, 0.0075 mmol) and Tris base (300 mg in 2 ml). It was observed 

that the solution colour immediately turned red, gradually turning black after 0.5 h. Solution 

was strongly stirred overnight. Resulting nanoparticles (Fe_LDT_PDA) were separated by 

centrifugation and washed three times with deionized water. 

To understand how the presence of L-DOPA-TEMPO affect dopamine polymerization and 

resulting properties, dopamine nanoparticles without L-DOPA-TEMPO were synthetized with 

the same procedure (Fe_PDA). 

The first investigation was carried out by measuring the polymerization kinetics by absorption 

in both cases. 

 

Fig. 8.3 on the left: absorption spectra of Fe_PDA at different time; on the right: absorption spectra of Fe_LDT_PDA at different 
time 

In Fig.8.3 is reported dopamine and iron chloride spectrum (green line) with the spectrum 

collected after tris base was added (black line). Subsequently different spectra have been 

collected at different time (grey lines) and the last one was collected after 27 hours (last one in 

red).   

 

Fig.8.4 on the left: Fe_PDA absorbance at 345 nm at differet time;on the right: Fe_LDT_PDA absorbance at 345 nm at different 
time 



In Fig.8.4 is reported absorbance at 345 nm at different time. Absorbance at 345 nm has been 

chosen as probe, because in other regions of spectrum there are different trends that can 

disturb the signal. At 280 nm there is the peak ok of dopamine that is disappearing, but intensity 

does not change significantly because of polymerization process increase the ground. 

Moreover, in presence of L-DOPA-TEMPO it is observed that the maximum shifts to blue during 

polymerization. 

Size and morphology of nanoparticles were investigated by transmission electron microscopy 

(TEM). TEM grids were prepared by diluting solution in ethanol (5 μL in 20 μL) and depositing 

small (2 μL) aliquots of resulting sample onto grids (Formvar stabilized with carbon (5−10 nm) 

on 400 copper mesh, Ted Pella Inc.) that had previously been glow.  

In Fig.8.5 are reported images of nanoparticles of Fe_LDT_PDA (first line) and Fe_PDA (second 

line).  

 

Fig.8.5 first line: Fe_LDT_PDA TEM images; second line: Fe_PDA TEM images  

Fe_LDT_PDA nanoparticles have a spherical shape with a homogeneous diameter 172±16nm 

and Fe_PDA nanoparticles diameter of 207±46 nm. 

EDS (energy dispersive spectroscopy) analysis have performed to proof presence of iron ions 

inside both nanoparticles. 

 



 

 

Fig.8.6 EDS results for Fe_LDT_PDA 

In Fig.8.6 has been reported results of EDS signals for iron in sample Fe_LDT_PDA. It can be 

observed that its presence is confirmed by the high number of counts (139) and that origin of 

signal is concentrated in nanoparticles. 

Comparable results are obtained for sample Fe_PDA as shown in Fig.8.7. 

 

 

Fig.8 7 EDS results for Fe_PDA 



Further evidence of iron presence has been obtained by X-ray photoelectron spectroscopy 

(XPS), which also provides quantitative information on the composition of nanoparticles. 

Table 8.1 XPS Elemental analysis of Fe_PDA and Fe_LDT_PDA 

Name 
Peak BE 

Fe_PDA 

Atomic % 

Fe_PDA 

Peak BE 

Fe_LDT_PDA 

Atomic % 

Fe_LDT_PDA 

C1s 284.655 63.15 284.566 65.35 

N1s 399.622 8.37 399.579 8.72 

O1s 531.373 26.26 531.445 24.35 

Fe2p 711.265 2.22 711.166 1.57 

 

In Table8.1 are shown XPS results for both samples. Iron is present in a similar percentage 

2.22% (without L-DOPA-TEMPO) and 1.57 (without L-DOPA-TEMPO) and this demonstrate 

that presence of L-DOPA-TEMPO do not interferes with iron uptake. Another interesting result 

is the difference in percentage of carbon and oxygen (respectively 63.15% and 26.26% without 

L-DOPA-TEMPO; 65.35% and 24.35 % with L-DOPA-TEMPO). This is an indirect evidence of the 

presence of L-DOPA-TEMPO. Indeed, atomic composition of dopamine (without hydrogen) is 8 

carbons (72 %), 2 oxygens (18 %) and 1 nitrogen (9 %). Atomic composition of L-DOPA-TEMPO 

is 18 carbons (75 %), 4 oxygens (16%) and 2 nitrogen atoms (8%). In L-DOPA-TEMPO carbon 

percentage is a little bit higher than in dopamine and oxygen percentage is a little bit lower, as 

results from XPS analysis. 

8.4 Copolymerization of dopamine and 4-amino-TEMPO 
Unfortunately, synthesis of Fe_LDT_PDA is not completely reproducible and it does not work 

on large scale. Moreover, synthesis of L-DOPA-TEMPO is time demanding and gives the product 

in low yield. For this reason, it was necessary to find an innovative approach.  

As mentioned above, presence of catechol groups is fundamental for polymerization process, 

but when it is started it is not clear what happens.  It is possible, for example, that dopamine, 

which has not turned into 5,6-dihydroxy indole or indole 5,6-quinone, binds covalently to 

polydopamine via the amino group. This means that maybe catechol group is not indispensable 



for participating in the polymerization process and it is possible carries out nitroxide radical 

coupling reaction, just exploiting amine group of TEMPO. 

 

Fig.8 8 Synthesis of PDA NPs with 4-amino-TEMPO 

As proof of concept polydopamine nanoparticles (T_PDA) have been synthetized with TEMPO 

with the following procedure: in a 50 mL flask dopamine hydrochloride (40 mg, 0.211 mmol) 

has been solubilized in 11 mL of water and 2 mL of ethanol with 4-amino-tempo (12 mg; 0.07 

mmol) and 63 L of NH4OH have been added. Solution was strongly stirred overnight. Resulting 

nanoparticles were separated by centrifugation and washed three times with deionized water. 

To understand how the presence TEMPO affect dopamine polymerization and resulting 

properties, dopamine nanoparticles without TEMPO were synthetized with the same 

procedure (PDA). 

Size of nanoparticles was investigated by DLS: hydrodynamic diameter of T_PDA is 544 nm with 

0.1 PDI and the one of PDA results 250 nm with 0.0 PDI. 

Morphology of nanoparticles was investigated by TEM. TEM grids were prepared following the 

procedure described above. 

In Fig.8.9 are reported images of nanoparticles T_PDA (first line) and PDA (second line).  

 

Fig.8.9 TEM images of T_PDA (first line); TEM images of PDA (second line)  



T_PDA nanoparticles have a spherical shape with a homogeneous diameter of 498±45 nm and 

PDA nanoparticles have a diameter of 241±27 nm. Such a large difference in size is indirect 

evidence that TEMPO intervened during the polymerization process.  

Presence of TEMPO free radical has been confirmed by EPR (Electron Paramagnetic Resonance) 

analysis on nanoparticles. In Fig.8.10 is reported EPR spectrum of a water solution of T_PDA 

2.5 mg/mL collected in a range of 328-345 mT with a power of 20.0 mW and a speed of 120.0 s 

 

Fig.8.10 EPR analysis of T_PDA 

It is clearly visible the characteristic signal of TEMPO radical with three peaks at 334.6, 336.3 

and 338.0 mT. There are also two small and broad peaks at 333.34 and 340.25 mT. Signals of 

TEMPO overlap the one of melanin that cannot be detected in these conditions. 

Next step is to synthesize new polydopamine nanoparticles with TEMPO and transition metals.  

For the first attempt iron was chosen. 

8.5 Copolymerization of dopamine and 4-amino-TEMPO and 
FeCl3 

 

Fig.8.11 Synthesis of PDA nanoparticles with Fe and 4-amino-TEMPO 

The following procedure was developed (Fe_T_PDAss): in a 500 mL flask dopamine 

hydrochloride (10.4 mg, 0.055 mmol) has been solubilized in 100 mL of water with iron 

chloride hexahydrate (4.7 mg, 0.017mmol) and solution was strongly stirred for one hour at 

room temperature to allow the metal center coordination with dopamine catechol group. Then 

was added TEMPO (2.9 mg,0.017mmol) and 4.6 mL of Tris base (1500 mg/5mL). It was 



observed that the solution colour immediately turned red, gradually turning black after 0.5 h. 

Solution was strongly stirred overnight. Resulting nanoparticles were separated by 

centrifugation and washed three times with deionized water. 

The hydrodynamic diameter measured by DLS is 307 nm with 0.1 PDI. 

Size and morphology of Fe_T_PDAss nanoparticles were investigated by TEM. TEM grids were 

prepared following the procedure described above. In Fig.8.12 are reported images of 

nanoparticles. 

 

Fig.8.12 TEM images of Fe_T_PDAss 

These nanoparticles have a spherical shape with a homogeneous diameter of 227±19 nm. 

Resonance) analysis on nanoparticles.  

EDS analysis have performed to proof presence of iron ions inside Fe_T_PDAss nanoparticles. 

 

 

Fig.8.13 EDS results for Fe_T_PDAss:  



In Fig.8.13 has been reported results of EDS signals for iron in sample Fe_T_PDAss. It can be 

observed that its presence is confirmed, and that origin of signal is concentrated in 

nanoparticles. 

Further evidence of iron presence has been obtained by XPS as shown in Table8.2. 

Table 8.2 XPS elemental analysis of Fe_T_PDAss 

Name 
Peak BE 

Fe_T_PDAss 

Atomic % 

Fe_T_PDAss 

C1s 284.65 65.59 

N1s 399.497 9.01 

O1s 531.363 23.25 

Fe2p 711.099 2.15 

  

We note that the percentage of iron present in these last nanoparticles is very similar to that of 

the nanoparticles previously studied (Fe_PDA and Fe_LDT_PDA). 

After obtaining these very positive preliminary results, to demonstrate the efficacy and 

reproducibility of the synthetic protocol developed, the synthesis was repeated on the larger 

scale (40 mg of dopamine) three time (Fe_T_PDAls a, b, c). 

The resulting nanoparticles were analyzed separately via DLS. Their hydrodynamic diameter is 

respectively for Fe_T_PDAls a, b, c: 224 nm with 0.1 PDI, 232 nm with 0.1 PDI and 245 nm with 

0.2 PDI. 

Size and morphology of nanoparticles were investigated by TEM. TEM grids were prepared 

following the procedure described above. In Fig.8.14 are reported images of nanoparticles 

Fe_T_PDAls a (a), Fe_T_PDAls b (b) and Fe_T_PDAls c (c). 



 

Fig.8.14 TEM images of Fe_T_PDAls a (a); Fe_T_PDAls b (b) and Fe_T_PDAls c (c); 

These nanoparticles have a spherical shape with a homogeneous diameter respectively of 

174±16 nm, 171±24 nm and 154 ±18 nm. These morphological data demonstrate that synthesis 

is reproducible also on large scale. In Fig.8.15 is reported molar extinction coefficient of 

Fe_T_PDAls nanoparticles as cm-1 (mg/mL). It is necessary adopt these these units of 

measurement, although they are improper, because it is not possibly knowing polydopamine 

molar concentration.  

 

Fig.8.15 Molar extinction coefficient of Fe_T_PDAls  
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To evaluate how iron uptake varies in different samples of nanoparticles have been collected 

inductively coupled plasma atomic emission spectroscopy (ICP-AES) measurement of 

Fe_T_PDAls a, b, c that present respectively 7.24 %, 13.35% and 13.34% (wt) of iron. 

Presence of TEMPO free radical has been confirmed by analysis on nanoparticles. In Fig.8.16 is 

reported EPR spectrum of a water solution of Fe_T_PDAls a 2.5 mg/mL collected in a range of 

328-345 mT with a power of 20.0 mW and a speed of 120.0 s 

 

Fig.8.16 EPR signal of Fe_T_PDAls a 

It is visible the characteristic signal of TEMPO radical with three peaks at 334.6, 336.3 and 338.0 

mT. Signals are not very intense because of presence of Fe(III). Signals of TEMPO overlap the 

one of melanin that cannot be clearly detected in these conditions. 

The next step is trying to incorporate a higher iron percentage in polydopamine nanoparticles 

doubling iron concentration.  

To achieve this goal different conditions have been screened. In particular we focused on tris 

base concentration because pH plays a central role in dopamine polymerization and 

Fe(III)Cl3∙6H2O in a Lewis acid. That means that a mayor concentration of tris base is needed to 

obtain the desired basic conditions. By the way, it is important do not exceed with base, because 

too alkaline pH cause destruction of catechol group. Here reported tested conditions 

(respectively Fe2_T_PDAss a, b, c, d). In a 10 mL flask dopamine hydrochloride (1.04 mg) has 

been solubilized in 3 mL of water with iron chloride hexahydrate (0.94 mg) and solution was 

strongly stirred for one hour at room temperature to allow the metal center coordination with 

dopamine catechol group. Then was added TEMPO (0.29 mg) and for a 0.55 mL of Tris base 

(1500 mg/5mL), for b 0.64 mL, for c 0.73 mL and for d 0.82 mL. It was observed that the 

solution colour immediately turned red, gradually turning black after 0.5 h. Solution was 

strongly stirred overnight. Resulting nanoparticles were separated by centrifugation and 
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washed three times with deionized water. Size and morphology of nanoparticles were 

investigated by TEM. The flask with best results is Fe2_T_PDAss a. 

 

Fig.8.17 TEM images of Fe2_T_PDAss a 

These nanoparticles have a spherical shape with a homogeneous diameter of 124±16nm. 

After obtaining these preliminary results, to demonstrate the efficacy and reproducibility of the 

synthetic protocol developed, the synthesis was repeated on the larger scale (35 mg of 

dopamine) three time (Fe2_T_PDAls a, b, c). The resulting nanoparticles were analyzed 

separately via DLS. Their hydrodynamic diameter is respectively for Fe2_T_PDAls a, b, c: 259 

nm with 0.1 PDI, 268 nm with 0.1 PDI and 242 nm with 0.1 PDI. 

Size and morphology of nanoparticles were investigated by TEM. TEM grids were prepared 

following the procedure described above. In Fig.8.18 are reported images of nanoparticles 

Fe2_T_PDAls a (a), Fe2_T_PDAls b (b) and Fe2_T_PDAls c (c). 

 

Fig.8.18 TEM images of Fe2_T_PDAls a (a); Fe2_T_PDAls b (b); Fe2_T_PDAls c (c); 



These nanoparticles have a spherical shape with a homogeneous diameter respectively of 

144±19 nm, 158±21 nm and 152±21 nm. Presence of TEMPO free radical has been confirmed 

by analysis on nanoparticles. In Fig.8.19 is reported EPR spectrum of a water solution of 

Fe2_T_PDAls a 2.5 mg/mL collected in a range of 328-345 mT with a power of 20.0 mW and a 

speed of 120.0 s 

 

Fig.8.19 EPR signal of Fe2_T_PDAls a  

It is visible the characteristic signal of TEMPO radical with three peaks at 334.6, 336.3 and 338.0 

mT. Signals are not very intense because of presence of Fe(III). Signals of TEMPO overlap the 

one of melanin that cannot be clearly detected in these conditions. 

EDS analysis have performed to proof presence of iron ions inside Fe2_T_PDAls nanoparticles. 

 

 

Fig.8.20 EDS results for Fe2_T_PDAls a 



In Fig.8.20 has been reported results of EDS signals for iron in sample Fe2_T_PDAls a. It can be 

observed that its presence is confirmed, and that origin of signal is concentrated in 

nanoparticles. 

Further evidence of iron presence has been obtained by XPS as shown in Table 8.3. 

Table 8.3 XPS elemental analysis of Fe2_T_PDAls a 

Name 
Peak BE 

Fe2_T_PDAls a 

Atomic % 

Fe2_T_PDAls a 

C1s 284.187 60.59 

N1s 399.088 8.23 

O1s 530.693 26.88 

Fe2p 710.729 4.29 

 

We note that the percentage of iron present in Fe2_T_PDAls a nanoparticles is the double of the 

one of the nanoparticles previously studied (Fe_T_PDAss). 

In Fig.8.21 is reported molar extinction coefficient of Fe2_T_PDAls nanoparticles as cm-1 

(mg/mL)-1. 

 

 

Fig.8.21 Molar extinction coefficient of Fe2_T_PDAls   

To evaluate how iron uptake varies in different samples of nanoparticles have been collected 

ICP-AES measurement of Fe2_T_PDAls a, b, c that present respectively 11.07 %, 19.88 % and 
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13.60% (wt) of iron. Unfortunately, we were able to double the iron concentration only in one 

sample. 

8.6 Copolymerization of dopamine and 4-amino-TEMPO and 
Mn(Ac)3 
Having obtained such interesting results for iron, we decided to try functionalizing the 

nanoparticles with other transition metals and we started by testing manganese(III).  

 

Fig.8.22 Synthesis of PDA nanoparticles with manganese and 2-amino-TEMPO 

Synthetic procedure was developed based on synthesis reported in literature: in a 50 mL flask 

dopamine hydrochloride (3.51 mg, 0.018 mmol) has been solubilized in 27 mL of water with 

manganese(III)acetate dihydrate (2.47 mg, 0.009 mmol) and solution was strongly stirred for 

one hour at room temperature to allow the metal center coordination with dopamine catechol 

group. Then was added TEMPO (1.2 mg, 0.007 mmol) and 1.4 mL of Tris base (300 mg/5mL). 

It was observed that the solution colour immediately turned orange, gradually turning black 

after 0.5 h. Solution was strongly stirred overnight. Resulting nanoparticles (Mn_T_PDAss) 

were separated by centrifugation and washed three times with deionized water.  

The hydrodynamic diameter measured by DLS is 207 nm with 0.1 PDI.  

Size and morphology of nanoparticles were investigated by TEM. 

 

Fig.8.23 TEM images of Mn_T_PDAss 

These nanoparticles have a spherical shape with a homogeneous diameter of 145±16nm. 

EDS analysis have performed to proof presence of manganese ions inside Mn_T_PDAss 

nanoparticles. 



 

 

Fig.8.24 EDS results for Mn_T_PDAss 

In Fig.8.24 has been reported results of EDS signals for manganese in sample Mn_T_PDAss. It 

can be observed that its presence is confirmed, and that origin of signal is concentrated in 

nanoparticles. 

Further evidence of manganese presence has been obtained by XPS as shown in Table8.4. 

Table 8.4 XPS elemental analysis of Mn_T_PDAss 

Name 
Peak BE 

Mn_T_PDAsl 

Atomic % 

Mn_T_PDAsl 

C1s 284.693 59.97 

N1s 399.400 8.90 

O1s 531.951 29.72 

Mn2p 641.053 1.41 

 

After obtaining these preliminary results, to demonstrate the efficacy and reproducibility of the 

synthetic protocol developed, the synthesis was repeated on the larger scale (20 mg of 

dopamine) three time (Mn_T_PDAls a, b, c).  



The resulting nanoparticles were analyzed via DLS. Their hydrodynamic diameter is 

respectively for Mn_T_PDAls a, b, c: 242 nm with 0.1 PDI, 255 nm with 0.1 PDI and 59 nm with 

0.1 PDI. Last data is on disagreement with other results. 

Size and morphology of nanoparticles were investigated by TEM. TEM grids were prepared 

following the procedure described above. In Fig.8.25 are reported images of nanoparticles 

Mn_T_PDAls a (a), Mn_T_PDAls b (b) and Mn_T_PDAls c (c). 

 

Fig.8.25 TEM images of Mn_T_PDAls a (a); Mn_T_PDAls b (b); Mn_T_PDAls c (c);  

Sample Mn_T_PDAls a and b have a spherical shape with a homogeneous diameter respectively 

of 169±15 nm and 109±19 nm. In Mn_T_PDAls c it is possible see that there are large and 

unregular aggregate that may have distorted results on DLS. Such bad morphology could due 

to something that went wrong during stirring and probably it is a casual problem of sample 

Mn_T_PDAls c and not a limitation of synthetic procedure. That is, morphological data 

demonstrate that synthesis is reproducible also on large scale. 

In Fig.8.26 is reported molar extinction coefficient of Mn_T_PDAls nanoparticles as cm-1 

(mg/mL)-1. 



 

Fig.8.26 Molar extinction coefficient of Mn_T_PDAls 

To evaluate how manganese uptake varies in different samples of nanoparticles have been 

collected inductively coupled plasma atomic emission spectroscopy (ICP-AES) measurement of 

Mn_T_PDAls a, b, c that present respectively 11.64 %, 8.89% and 9.36% (wt) of manganese.  

Presence of TEMPO free radical has been confirmed by analysis on nanoparticles. In Fig.8.27 is 

reported EPR spectrum of a water solution of Mn_T_PDAls a 2.5 mg/mL collected in a range of 

300-380 mT with a power of 20.0 mW and a speed of 180.0 s 

 

Fig.8.27 EPR signals of Mn_T_PDAls a 

It is visible the characteristic signal of TEMPO radical with three peaks at 334.6, 336.3 and 338.0 

mT overloaded with characteristic. Signals are not very intense because of presence of Mn(III). 

Signals of TEMPO overlap the one of melanin that cannot be clearly detected in these conditions. 

As for the particles loaded with iron, also in this case we tried to increase the presence of 

manganese, but it was not possible to find a synthesis to obtain this material. 
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8.7 Copolymerization of dopamine and 4-amino-TEMPO and 
ZnCl2 

 

Fig.8.28 Synthesis of PDA nanoparticles with Zn and 4-amino-TEMPO 

The last metal that has been tested is zinc. Also, in this case, the synthesis of nanoparticles was 

adapted on what is reported in the literature. in a 100 mL flask dopamine hydrochloride (8.34 

mg, 0.044 mmol) has been solubilized in 20 mL of water with zinc chloride (3 mg, 0.022 mmol) 

and solution was strongly stirred for one hour at room temperature to allow the metal center 

coordination with dopamine catechol group. Then was added TEMPO (2.5 mg, 0.014 mmol) and 

10 mL of Tris base (300 mg/5mL). Solution was strongly stirred overnight. Resulting 

nanoparticles (Zn_T_PDAss) were separated by centrifugation and washed three times with 

deionized water. The hydrodynamic diameter measured by DLS is 198 nm with 0.1 PDI.  Size 

and morphology of nanoparticles were investigated by TEM. 

 

Fig.8.29 TEM images of Zn_T_PDAss 

These nanoparticles have a spherical shape with a homogeneous diameter of 63±6 nm. 

EDS analysis have performed to proof presence of zinc ions inside Zn_T_PDAss nanoparticles. 

 



 

Fig.8.30 EDS results for Zn_T_PDAss:  

In Fig.8.30 has been reported results of EDS signals for zinc in sample Zn_T_PDAss. It can be 

observed that its presence is confirmed, and that origin of signal is concentrated in 

nanoparticles. 

Further evidence of zinc presence has been obtained by XPS as shown in Table8.5. 

Table 8.5 XPS elemental analysis of Zn_T_PDAss 

Name 
Peak BE 

Zn_T_PDAss 

Atomic % 

Zn_T_PDAss 

C1s 284.478 59.70 

N1s 399.385 11.3 

O1s 531.525 26.38 

Zn2p 1021.691 2.62 

 

After obtaining these preliminary results, to demonstrate the efficacy and reproducibility of the 

synthetic protocol developed, the synthesis was repeated on the larger scale (40 mg of 

dopamine) three time. 

Unfortunately, in this case the large-scale synthesis proved ineffective and very often the yield 

was too low or even no material was obtained. 

Despite this failure, we still tried to synthetize nanoparticles with more zinc. The first attempt 

was simply to double the amount of zinc added and the result was very positive (Zn2_T_PDAss). 

Size and morphology of nanoparticles were investigated by TEM. 



 

Fig.8 31 TEM images of Zn2_T_PDAss  

These nanoparticles have a spherical shape with a homogeneous diameter of 192±20 nm. 

To prove efficacy and reproducibility of the synthetic protocol developed, the synthesis was 

repeated on the larger scale three time (Zn2_T_PDAls a, b, c). In a 500 mL flask dopamine 

hydrochloride (41.75 mg) has been solubilized in 100 mL of water with zinc chloride (30 mg) 

and solution was strongly stirred for one hour at room temperature to allow the metal center 

coordination with dopamine catechol group. Then was added TEMPO (12.5 mg) and 50 mL of 

Tris base (300 mg/5mL). Solution was strongly stirred overnight. Resulting nanoparticles were 

separated by centrifugation and washed three times with deionized water.  

Their hydrodynamic diameter is respectively for Zn2_T_PDAls a, b: 373 nm with 0.1 PDI and 

327 nm with 0.1 PDI. For sample Zn2_T_PDAls ∙ it was not possible obtain DLS data. 

Size and morphology of nanoparticles were investigated by TEM. 

In Fig.8.32 are reported images of nanoparticles Zn2_T_PDAls a (a), Zn2_T_PDAls b (b) and 

Zn2_T_PDAls c (c). 



 

Fig.8.32 TEM images of Zn2_T_PDAls a (a); Zn2_T_PDAls b (b); Zn2_T_PDAls c (c);  

Sample Zn2_T_PDAls a and b have a spherical shape with a homogeneous diameter respectively 

of 233±27 nm and 247±28 nm. In Zn2_T_PDAls c it is possible see that there are large and 

unregular aggregate that may have distorted results on DLS. Such bad morphology could due 

to something that went wrong during stirring and probably it is a casual problem of sample 

Zn2_T_PDAls c and not a limitation of synthetic procedure. That is, morphological data 

demonstrate that synthesis is reproducible also on large scale. 

EDS analysis have performed to proof presence of zinc ions inside Zn2_T_PDAls a nanoparticles. 

 



 

Fig.8.33 EDS results of Zn2_T_PDAls a 

In Fig.8.33 has been reported results of EDS signals for zinc in sample Zn2_T_PDAls a. It can be 

observed that its presence is confirmed, and that origin of signal is concentrated in 

nanoparticles. 

Further evidence of zinc presence has been obtained by XPS as shown in Table 8.6. 

Table 8. 6 XPS elemental analysis of Zn2_T_PDAls a 

Name 
Peak BE 

Zn2_T_PDAls a 

Atomic % 

Zn2_T_PDAls a 

C1s 284.066 60.83 

N1s 398.964 6.58 

O1s 531.254 28.43 

Zn2p 1021.921 4.16 

 

We note that the percentage of zinc present in Zn2_T_PDAls a nanoparticles is the double of the 

one of the nanoparticles previously studied (Zn_T_PDAss). 

In Fig.8.34 is reported molar extinction coefficient of Zn2_T_PDAls nanoparticles as cm-1 

(mg/mL)-1. 



 

Fig.8.34 molar extinction coefficient of Zn2_T_PDAls 

To evaluate how zinc uptake varies in different samples of nanoparticles have been collected 

ICP-AES measurement of Zn2_T_PDAls a, b, c that present respectively 13.74 %, 25.04 % and 

20.86% (wt) of zinc.  

Presence of TEMPO free radical has been confirmed by analysis on nanoparticles. In Fig.8.35 is 

reported EPR spectrum of a water solution of Zn2_T_PDAls a 2.5 mg/mL collected in a range of 

328-345 mT with a power of 20.0 mW and a speed of 120.0 s 

 

Fig.8.35 EPR signals of Zn2_T_PDAls a 

It is clearly visible the characteristic signal of TEMPO radical with three peaks at 334.6, 336.3 

and 338.0 mT. There are also two small and broad peaks at 333.34 and 340.25 mT. Signals of 

TEMPO overlap the one of melanin that cannot be detected in these conditions. 
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8.8 DPPH Test 
The potential antioxidant activity of synthesized melanin-like nanoparticles was evaluated by 

2,2-diphenyl-1- picrylhydrazyl (DPPH) radical-scavenging assay according to the literature 

method21. 

Here we report results for polydopamine nanoparticles (PDA), polydopamine nanoparticles 

and TEMPO radical (T_PDA), polydopamine nanoparticles with iron (Fe_PDA), Fe_T_PDAls a 

and Fe2_T_PDAls a.  

 

Fig.8.36 DPPH test for free radical scavenger activity. Black line PDA; Red line: T_PDA; Green line: Fe_PDA; yellow line: 
Fe_T_PDAls a; blue line: Fe2_T_PDAls a. 

Results show that free radical scavenging activity is not increased by presence of TEMPO radical 

or iron ions. Indeed, Fe_PDA is the only sample with high scavenging activity, but probably this 

is due to small nanoparticles side (70nm) and not to iron presence. 

Here we report results for polydopamine nanoparticles (PDA), polydopamine nanoparticles 

and TEMPO radical (T_PDA), polydopamine nanoparticles with manganese (Mn_PDA) and 

Mn_T_PDAls a. 
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Fig.8.37 DPPH test for free radical scavenger activity. Black line PDA; Red line: T_PDA; Blue line: Mn_PDA; green line: 
Mn_T_DPAls a 

Results show that free radical scavenging activity is not increased by presence of TEMPO radical 

or manganese ions. 

Here we report results for polydopamine nanoparticles (PDA), polydopamine nanoparticles 

and TEMPO radical (T_PDA), polydopamine nanoparticles with zinc (Zn_PDA) and Zn2_T_PDAls 

a. 

 

Fig.8.38 DPPH test for free radical scavenger activity. Black line PDA; Red line:T_ PDA; green line: Zn_PDA with zinc; blue line: 
Zn2_T_PDAls a. 
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8.9 Conclusions 
Experimental results clearly demonstrate that several different radicals species can be 

efficiently incorporated in melanin nanoparticles. Hence the synthesis of the material was 

successful as demonstrated in particular by EPR measurements. Demonstrating the actual 

enhanced radioprotective activity of these new NPs is beyond the objective of this thesis, 

Nevertheless DPPH experiment failed in confirming that free radical scavenging activity is 

increased by presence of TEMPO radical or zinc ions. 

Although I would like to stress that beside DPPH experiment are very convenient and easy to 

perform, they cannot be considered as conclusive. and future applcability of the new NPs to 

radioprotection cannot be ruled out. Moreover, PDA-Mn nanoparticles promise to be good 

contrast agents both for magnetic resonance imaging (MRI) and electron paramagnetic 

resonance imaging (EPRI). This is in agreement with results by Gianneschi et al. who have 

reported that  presence of manganese in PDA nanoparticles permit them to act as MRI probes20. 

Now we added free radical TEMPO that present most of required properties to be chosen as 

EPRI probe22. 
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Chapter 9: Conclusions 

In this thesis have been synthesized nanomaterials with different strategies. In chapter four we 

have found an innovative synthetic cheap, fast and green way for PBI amine derivates. PBI 

derivates have been functionalized with polar chains that makes them both water soluble and 

pH sensitive. They have been tested at different concentration and different pH. PIPER3 has 

given best results responding to concentration, pH and ionic strength in a unique way. It was 

also possible discriminate two different aggregations with monomer-dimer model and 

isodesmic model. Low pH favour dimer formation, on the other hand at higher pH larger 

aggregates are preferred. This spread new light on the intriguing mechanisms of self-

organization of molecular unit in water environment. 

In chapter five we found that molecular design is fundamental in driving self-assembly and it 

determines the stability of self-assembled nanoparticles. In fact, starting from molecule NBD-

Ph that does not form stable nanoparticles upon nanoprecipitation in physiological conditions 

we introduced minor structural modification to give species NBD-PhM and NBD-PhOM. 

Nanoprecipitation of these new molecules leads indeed to the formation of very stable 

nanoparticles. Unfortunately the quantum yield of molecule NBD-PhOM, which is already low 

in the non-aggregated form, further decreases upon assembly in the nanoparticles. As a result, 

the brightness of NBD-PhOM nanoparticles is about two orders of magnitude lower than the 

one of NBD-PhM nanoparticles. Such a difference is so relevant that while NBD-PhM 

nanoparticles can be clearly tracked at the single nanoparticle level in solution at very low 

concentration by fluorescence microscopy, NBD-PhOM nanoparticles cannot be observed with 

the same technique. 

Most interestingly, the brightness of NBD-PhM nanoparticles could be estimated to be about six 

orders of magnitude higher than an NBD water soluble derivative used as reference. These 

results demonstrate that rational design of the molecular precursor is fundamental for 

producing stable and strongly bright nanoparticles by self-assembly. 

Cellular experiments proved that NBD-PhM nanoparticles are suitable to be used as fluorescent 

contrast agents for bioimaging, also thanks to their good biocompatibility. We believe that our 

approach can be extended to other molecules and surfactants in order to tune the 

excitation/emission wavelength as well as the nanoparticles size. 

In chapter six the aim of the present work was synthesis and characterization of new molecular 

nanoparticles potentially useful in the diagnostic and therapeutic field (optical imaging, 

photoacoustic imaging and photoacoustic therapy, photothermal therapy and photodynamic). 



Molecular nanoparticles were synthesized using different chromophores (DPA, DPEA, C, P, Mg) 

with similar chemical-physical characteristics to allow aggregation in aqueous solution. 

Molecular nanoparticle were synthesized by the nanoprecipitation method (section 1, 2, and 3) 

to obtain nanoparticles containing a single chromophore (section 1), nanoparticles containing 

two chromophores, acceptor and a donor (section 2) and systems consisting of two types of 

nanoparticles containing one the donor and the other the acceptor (section 3). 

In section 1 the properties of molecular nanoparticles obtained from DPA, DPEA, C, P and Mg 

were analysed. In presence of Pluronic F127 as a stabilizer, nanoparticles with dimensions 

typically of 100-150 nm have been synthetized. Nanoparticles possess photophysical 

properties very different from molecules in THF. In most cases it is observed a widening and 

red-shifting of the absorption and emission bands. In some cases, the appearance of new 

emission bands characteristic of nanoparticles is observed. This shows that nanoprecipitation 

is effective for dispersing insoluble molecules in water and that this very simple and quite 

general synthetic approach can be exploited to achieve water compatible and stable 

nanoparticles with tailored spectral feature 

Over time in fact only some nanoparticles undergo coalescence (this is the case of DPA), while 

other very interesting chromophores such as P and Mg form durable stable suspensions. 

In section 2, self-assembled nanoparticles containing two different fluorophores (a potential 

excitation energy donor and a potential excitation energy acceptor) have been prepared and 

analysed. In all nanoparticles, fluorescence of the donor is totally or partially quenched by the 

acceptor, and in DPA_P-NP it was observed sensitized emission of acceptor, confirming 

presence of energy transfer process. Thanks to this feature these nanoparticles possessed a 

broad pseudo-Stokes shift suitable for highly sensitive detection in bioimaging. In the other 

cases, electronic transfer processes happened. This result was also very interesting since it 

demonstrated that nanoparticles dissipate absorbed light in heat, and this makes them very 

promising for applications based on the photothermal effect. 

In section 3 the effect of mixing of different nanoparticles made by a single fluorophore in water 

was investigated. Uv-Vis and fluorescence spectra showed that depending on their nature such 

nanoparticles tend to exchange molecules or not. These results demonstrate that surprisingly, 

in the case of some specific molecules self-assembled nanoparticles are very stable although 

molecular components are to covalently bound. In other cases, nanoparticles reorganized in 

mixed nanoparticles, where energy and electron transfer processes occurred. Also, this 

exchange process is very interesting since it can be exploited for sensorial or diagnostic 



purposes, considered that it leads to variations in the fluorescence signal can depend on 

environmental parameters (such as temperature and viscosity) it. 

In chapter seven a new class of photophysical system based on gold have been developed. These 

gold NP show a very interesting photoluminescence in the NIR region a window more 

transparent and suitable for optical detection in biological samples. In this work we focused on 

demonstrate that appropriate engineering of coating can tailor interaction between gold 

nanoclusters and substrate in order to achieve selectivity and sensibility on sensing application. 

In the first part of the work we demonstrated that photoluminescence brightness of gold NPs 

can be strongly enhanced by sensitization using organic molecules as light harvesting antenna. 

In particular we used fluorescein sodium salt, a fluorophore negatively charged at physiological 

pH (HEPES 0.01M). Gold nanoclusters coated with positively charged thiols have shown much 

higher affinity for fluorescein sodium salt, quenching its fluorescence. Most interesting results 

have been obtained for AuNCs-1 and AuNCs-3 and we demonstrate that energy transfer 

happens between fluorescein sodium salt and gold nanoclusters producing a strongly enhanced 

luminescence signal of the gold nanoparticles upon excitation of the organic antenna. This was 

an important step forward in the development of new bright gold based NIR nano-emitters. 

Subsequently, AuNCs-1 and AuNCs-3 have been tested as luminescent sensors for very diffused 

API presents in commercial drugs. API have been chosen with amphiphilic structures. They 

have a negatively charged head and a lipophilic moiety. The driving force of the interaction 

between gold nanoclusters and amphiphilic organic anions is a combination of the 

accommodation of the hydrophobic portion of the substrate in the alkyl portion of the 

monolayer and the simultaneous ion-pairing interaction with the head groups. This grants 

selectivity and high affinity. Results demonstrate that there is interactions between gold 

nanoclusters and API. Moreover, API are able to influence gold nanoclusters emission with two 

mechanism. The first mechanism involves the direct energy transfer from API to gold 

nanoclusters. The second mechanism results from changes of polarity on the nanocluster 

surface: the presence of charged molecules adsorbed on gold nanocluster surface changes the 

global charge distribution of gold nanocluster and this influences their photophysical 

properties. In order to discriminate which mechanism modified the properties of the 

nanoparticles upon recognition of the drug molecules, the system has been excited at two 

different wavelengths: at 300 nm where API absorb, and both mechanisms can contribute, and 

at 500 nm where API do not absorb and only the second mechanism can occur. In conclusion 

we demonstrate that gold nanoclusters are very interesting biological sensors, indeed they can 

be easily engineered to have specific interactions with selected substrates, they can work in 



biological conditions (water at pH 7) and they emit in in near infrared region where there is the 

biological window and for this reason is attracting a lot of attentions. 

In chapter eight we clearly demonstrate that several different radicals species can be efficiently 

incorporated in melanin nanoparticles in view of the preparation of better performant chemical 

screens for radiation. Demonstrating the actual enhanced radioprotective activity of these new 

nanoparticles was beyond the objective of this thesis, nevertheless EPR revealed the presence 

of a high amount of free radicals  with potential scavenging activity. Although DPPH experiment 

did not confirm any enhanced protective action the application of these new nanoparticles to 

radioprotection cannot be ruled out.  

Moreover DPA-Mn nanoparticles promise to be good contrast agents both for magnetic 

resonance imaging (MRI) and electron paramagnetic resonance imaging (EPRI). This is in 

agreement with results by Gianneschi  

In conclusion nanoparticles have proven to be applicable in numerous high-profile fields as 

bioimaging, environmental and pharmaceutical sensors. We believe there is still much to be 

discovered about nanoparticles potential and applications. For this reason, we are sure that in 

the coming years the study of these fascinating and surprising materials will continue revealing 

unpredicted properties and applications. 

 


