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ABSTRACT 

 

The research activity of this PhD thesis was carried out as part of the collaborative research project: 

New-Generation Nanostructured Fluorinated Materials for 19F-MRI and their Biophysicochemical 

Interactions (NiFty). 

Among diagnostic techniques, magnetic resonance imaging (MRI) represents the technique of choice 

because it is not invasive, does not generate ionizing radiation and provides detailed anatomical 

information which would be otherwise unattainable. However, the conventional diagnostic imaging 

based on proton MRI suffers of some limitations such as the strong background signal and the need 

of paramagnetic contrast agents at high doses. An alternative MRI approach that has shown promise 

is 19F MRI. This technique is based on 19F, which is virtually absent from soft human tissues, and 

therefore it does not suffer from interfering background signals but requires the use of fluorinated 

contrast agents. At present, the lack of good contrast agents for 19F MRI is one of the bottlenecks 

hindering its clinical application. This work addresses this point by developing two fluorinated 

nanosystems: i) second generation fluorinated thiols for the coating of gold nanoparticles (F-AuNPs) 

and Cu2-xS nanocrystals (NCs) ii) fluorinated terblock copolymers to form vescicles also for the 

encapsulation of Cu2-xS NCs. The design of both systems rely primarily on the use of commercially 

available perfluoropolyethylene glycol, with about 12 fluorinated oxyethylene units, as a building 

block to provide the necessary 19F awL ǎƛƎƴŀƭ ǿƛǘƘ ŀ ƴŜǘ ƛƴŎǊŜŀǎŜ ƻŦ άǉǳŀǎƛ ŜǉǳƛǾŀƭŜƴǘǎέ C ŀǘƻƳǎ ƻŦ с 

times in respect to first nanosystems proposed. After a complete chemical characterization, to 

investigate the 19F MRI performance of the obtained F-AuNPs, preliminary T1, T2 and 19F phantom 

experiments were conducted on a 7 Tesla MRI instrument, in collaboration with the group of prof. 

Pierangelo Metrangolo at the Politecnico of Milano. In parallel, to investigate their performance as 

putative drug delivery systems, electron spin resonance (ESR) experiments employing a radical probe 

were performed to assess the affinity of the self-assembled monolayer (SAM) for small hydrophobic 

drug-like molecules, in collaboration with the group of prof. Marco Lucarini at the University of 

Bologna. The results highlighted the synthesized F-AuNPs as a successful proof-of-concept material 

with improved 19F MRI performance, together with an affinity for the hydrophobic radical probe 7.5 

times higher in comparison to previous nanosystems synthesized by our group, and thus 

demonstrating promise for further studies. 

The second nanosystem discussed in this thesis work is a preliminary attempt to form fluorinated 

vescicles/polymersomes by using two novel fluorinated terblock copolymers, hereby designed, 

synthesized and characterized, featuring a hydrophobic alkyl chain, a perfluorinated polymer moiety 

and a pegylated chain of variable length. Their self-assembling properties, critical assembling 
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concentration (CAC) and 19F imaging properties are hereby investigated by means of TEM, DLS, T1 and 

T2 experiments. The copolymers self-assembly is studied further with the aid of preliminary molecular 

dynamics (MD) calculations in collaboration with the group of prof. Francesco Zerbetto at the 

University of Bologna.  

The last nanosystem investigated is based on Cu2-xS NCs due to their promising properties for 

plasmonic photothermal therapy (PPTT). Preliminary experiments on the synthesis of fluorinated 

vescicles encapsulating Cu2-xS NCs for 19F are here reported. Further studies will be required to 

investigate their imaging applications for both 19F MRI and PPTT. An alternative approach to introduce 

fluorinated ligands on the coating of Cu2-xS NCs was also pursued by means of a two-phase ligand 

exchange method with a fluorinated thiol and it is hereby discussed, for the dispersion in water of 

copper sulfide nanocrystals with the aim to combine 19F MRI and therapeutic applications. 
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RIASSUNTO 

 

[ΩŀǘǘƛǾƛǘŁ Řƛ ǊƛŎŜǊŎŀ Řƛ ǉǳŜǎǘŀ ǘŜǎƛ Řƛ ŘƻǘǘƻǊŀǘƻ ŝ ǎǘŀǘŀ svolta come parte di un progetto di ricerca di 

collaborazione: New-Generation Nanostructured Fluorinated Materials for 19F-MRI and their 

Biophysicochemical Interactions (NiFty). 

Tra le diverse tecniche di diagnostica, la risonanza magnetica nucleare (MRI) rappresenta la scelta 

ŘΩŜƭŜȊƛƻƴŜ perchè risulta non invasiva, non genera radiazioni ionizzanti e fornisce informazioni 

anatomiche dettagliate del pazienteΦ ¢ǳǘǘŀǾƛŀΣ ƭΩƛƳŀƎƛƴƎ diagnostico convenzionale basato sulla MRI 

al protone soffre di importanti limiti come, per esempio, il forte segnale di background e la necessità 

di alte dosi di ŀƎŜƴǘƛ Řƛ ŎƻƴǘǊŀǎǘƻ ǇŀǊŀƳŀƎƴŜǘƛŎƛΦ ¦ƴΩŀƭǘŜǊƴŀǘƛǾŀ ŎƘŜ ha mostrato del potenziale 

ǊƛǎǇŜǘǘƻ ŀƭƭΩŀǇǇǊƻŎŎƛƻ ŎƻƴǾŜƴȊƛƻƴŀƭŜ è la 19F MRI, una tecnica che si basa sul 19F, che è quasi del tutto 

assente nei tessuti umani molliΣ Ŝ ǇŜǊ ǉǳŜǎǘƻ ƳƻǘƛǾƻ ƴƻƴ ǎƻŦŦǊŜ ŘŜƭƭΩƛƴǘŜǊŦŜǊŜƴȊŀ Ŏŀǳǎŀǘŀ dal segnale 

di backgroundΣ Ƴŀ ǊƛŎƘƛŜŘŜ ǘǳǘǘŀǾƛŀ ƭΩǳǎƻ Řƛ ŀƎŜƴǘƛ Řƛ ŎƻƴǘǊŀǎǘƻ ŦƭǳƻǊǳǊŀǘƛΦ !ƭ ƳƻƳŜƴǘƻΣ ƭŀ ƳŀƴŎŀƴȊŀ 

di validi agenti di contrasto per 19F MRI risulta essere uno dei principali colli di bottiglia che rallentano 

la sua applicazione in campo clinico. Questo lavoro si pone come obiettivo di trattare questo punto 

sviluppando due nuovi sistemi fluorurati: i) leganti fluorurati di seconda generazione per il 

rivestimento Řƛ ƴŀƴƻǇŀǊǘƛŎŜƭƭŜ ŘΩƻǊƻ όC-AuNPs) e nanocristalli di rame solfuro (Cu2-xS NCs) e ii) 

copolimeǊƛ ŀ  ǘǊŜ ōƭƻŎŎƘƛ ǇŜǊ ŦƻǊƳŀǊŜ ǾŜǎŎƛŎƻƭŜ ǇŜǊ ƭΩƛƴŎŀǇǎǳƭŀȊƛƻƴŜ Řƛ Cu2-xS NCs. Lo sviluppo di 

ŜƴǘǊŀƳōƛ ƛ ǎƛǎǘŜƳƛ ǎƛ ōŀǎŀ ǇǊƛƴŎƛǇŀƭƳŜƴǘŜ ǎǳƭƭΩƛƳǇƛŜƎƻ Řƛ ǇŜǊŦƭǳƻǊƻǇƻƭȅŜtilene glycole con circa 12 

unità ossietileniche fluorurate disponibile in commercio, come elemento costitutivo principale per 

fornire il segnale 19F NMR richiesto Ŏƻƴ ǳƴ ƴŜǘǘƻ ƛƴŎǊŜƳŜƴǘƻ ŘŜƭ ƴǳƳŜǊƻ Řƛ ŀǘƻƳƛ Řƛ ŦƭǳƻǊƻ άǉǳŀǎƛ 

ŜǉǳƛǾŀƭŜƴǘƛέ di 6 volte in rispetto al primo nanosistema proposto. Dopo una completa 

caratterizzazione chimica, per investigare la performance per 19F MRI delle F-AuNPs ottenute, 

esperimenti preliminari T1, T2 e 19F phantom experiments sono stati condotti su un strumenti MRI da 

7 Tesla, in collaborazione con il gruppo del prof. Pierangelo Metrangolo al Politecnico di Milano. In 

parallelo, per investigare la performance come eventuale sistema per drug delivery, esperimenti di 

electron spin resonance (ESR) sono stati svolti con un probe radicalico per deǘŜǊƳƛƴŀǊŜ ƭΩŀŦŦƛƴƛǘŁ ŘŜƭ 

monostrato auto assemblato (SAM) per piccole molecolŜ ƛŘǊƻŦƻōƛŎƘŜ Ŏƻƴ ƭΩƻōƛŜǘǘƛǾƻ Řƛ ƳƛƳŀǊŜ ŘŜƛ 

ŦŀǊƳŀŎƛΣ ƛƴ ŎƻƭƭŀōƻǊŀȊƛƻƴŜ Ŏƻƴ ƛƭ ƎǊǳǇǇƻ ŘŜƭ ǇǊƻŦΦ aŀǊŎƻ [ǳŎŀǊƛƴƛ ŘŜƭƭΩ¦ƴƛǾŜǊǎƛǘŁ Řƛ .ƻƭƻƎƴŀΦ L Ǌƛǎǳƭǘŀǘƛ 

hanno evidenziato con successo che le F-AuNPs sono un sistema proof-of-concept con prestazioni per 

19F MRI migliorate, a cui si aggiunge un affinità per il probe radicalico idrofobico di circa 7.5 volte 

maggiore rispetto ai nanosistemi precedentemente sintetizzati dal nostro gruppo, e perciò 

dimostrando promessa per futuri studi. Il secondo nanosistema trattato in questo lavoro consiste in 

tentativi preliminari di formare vescicole/polimersosomi fluorurati impiegando due innovativi 
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copolimeri a tre blocchi fluorurati, formati da una catena alchilica idrofobica, una porzione polimerica 

perfluorurata e una catena di PEG di lunghezza variabile. Le loro proprietà di auto assemblaggio, 

concentrazione critica di assemblaggio (CAC) e proprietà di imaging di 19F sono studiati in questo 

lavoro attraverso tecniche quali TEM, DLS, esperimenti di T1 e T2Φ [ΩŀǳǘƻŀǎǎŜƳōƭŀƎƎƛƻ ŘŜƛ ŎƻǇƻƭƛƳŜǊƛ 

ǾƛŜƴŜ ƛƴǾŜǎǘƛƎŀǘƻ ǳƭǘŜǊƛƻǊƳŜƴǘŜ ŀǘǘǊŀǾŜǊǎƻ ƭΩŀǳǎƛƭƛƻ Řƛ calcoli di dinamica molecolare (MD) preliminari 

in collaborazione con il gruppo del prof. Francesco ½ŜǊōŜǘǘƻ ŘŜƭƭΩ¦ƴƛǾŜǊǎƛǘŁ Řƛ .ƻƭƻƎƴŀΦ [ΩǳƭǘƛƳƻ 

nanosistema investigato è basato sui Cu2-xS NCs a causa delle loro promettenti proprietà per terapia 

fototermica plasmonica (PPTT). Esperimenti preliminari sulla sintesi di vescicole fluorurate che 

incapsulano Cu2-xS NCs per 19F MRI sono qua riportate. Studi aggiuntivi saranno necessari per 

investigare le loro applicazioni sia per imaging di 19F MRI che di PPTT. Un approccio alternativo per 

ƭΩƛƴǘǊƻŘǳȊƛƻƴŜ Řƛ ƭŜƎŀƴǘƛ ŦƭǳƻǊǳǊŀǘƛ ǎǳƭ ǊƛǾŜǎǘƛƳŜƴǘƻ Řƛ Cu2-xS NCs è stato anche perseguito attraverso 

un metodo di scambio di leganti in due fasi e viene discusso in questo lavoro, per la dispersione in 

acqua di Cu2-xS NCs con ƭΩƻōƛŜǘǘƛǾƻ Řƛ ŎƻƳōƛƴŀǊŜ мфC awL Ŝ ŀǇǇƭƛŎŀȊƛƻƴƛ ǘŜǊŀǇŜǳǘƛŎƘŜΦ 
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 PART I: Introduction 

 

1. History of nanotechnology 

 

When we talk about nanomedicine it of paramount importance to first consider a much broader field, 

that of nanotechnology. Nanotechnology is the science of designing, preparing, and using objects 

having one or more dimensions of about 100 millionth of a millimetre (100 nanometres) or less, called 

nanoparticles (Figure 1) and it also deals with the implementation of these objects in usable devices. 

The concept of nanotechnology was first introduced-, along with its possible applications and 

implications, on December 1959, when the Nobel Prize laureate, American physicist Richard Feynman,  

held a lecture in which he described his vision of building molecular scale machines1 and the 

ƘȅǇƻǘƘŜǎƛǎ ƻŦ άǿǊƛǘƛƴƎ ǘƘŜ ŜƴǘƛǊŜ 9ƴŎȅŎƭƻǇŀŜŘƛŀ .ǊƛǘŀƴƴƛŎŀ ƻƴ ŀ ƘŜŀŘ ƻŦ ŀ ǇƛƴέΦ ¢ƘŜ ǘŜǊƳ ƛǘǎŜƭŦ ǿŀǎ 

ǎǳōǎŜǉǳŜƴǘƭȅ ŎƻƛƴŜŘ ōȅ ¢ŀƴƛƎǳŎƘƛ ƛƴ мфтп ƛƴ ǿƘƛŎƘ ƘŜ ŘŜŦƛƴŜŘ ǘƘŜ ǿƻǊŘ ŀǎ άǘƘŜ ǇǊƻŎŜǎǎ ƻŦ ǎŜǇŀǊŀǘƛƻƴ, 

consolidation and deformation of materials by one atom or one molecule2έΦ {ƛƴŎŜ мфтп 

nanotechnology has become of fundamental importance in a wide range of applications which range 

from catalysis, across the food industry to the development of medical devices. One of the fields in 

which nanotechnology has still much untapped potential is medicine. 

 

Figure 1: Size-comparison of structures in the nanometre scale. 

 

2. Nanomedicine 

 

As said above, in relatively little time the perspective on nanotechnology changed from a distant vision 

to something which has become part of our daily life. The area of nanotechnology directly concerning 

medicine was given its own specific term, nanomedicine. This in turn is also very broad term, since it 



16 
 

encompasses the application of nanotechnology to different medical purposes: diagnosis, monitoring, 

control, electronics and the prevention and treatment of diseases. Furthermore, inside this broad 

range of applications nanodiagnosis and nanotherapy which deal respectively with diagnostic and 

therapeutic applications that in turn, have led to the exciting development of theranostics (see 

below). The importance of the field is such that in Europe nanomedicine is now considered to be a 

technology capable of providing new and innovative solutions to as yet unmet medical needs, a Key 

Enabling Technology.3,4 

 

3. Applications of nanomedicine 

 

Since their conception, nanoparticles have shown several advantages in different fields of medicine, 

ranging from diagnosis,5 imaging and therapy. They have demonstrated that it is not only possible to 

have tailored carriers in the nano scale, but that solubility, diffusion properties, half-life and drug 

release, characteristics which are fundamental properties of molecules, can also be directly modified 

by designing the right nanocarrier. To date, application has been found for nanoparticles in the 

treatment of diseases such as cancer, diabetes and asthma.6 In 2005 the optimism was such that it 

ǿŀǎ ǘƘƻǳƎƘǘ ǘƘŀǘ Ψ¢ƘŜ ǘƘŜǊŀǇŜǳǘƛŎ ƛƴŘŜȄ ƻŦ ƴearly all drugs currently being used would be improved if 

they were more efficiently delivered to their biological targets through appropriate application of 

nanotechnologies. Some that have previously failed clinical trials might also be re-examined using 

nanotechnological approaches. 7 As of 2016, 51 nanomedicines have been approved in the USA by the 

FDA,840% of which were in clinical trials in the previous two years, and the EMA (European Medicines 

Agency) has approved more than 40 nanomaterials for imaging and therapy.8 Many of these approved 

nanomedicines are considered rebranding of known drugs, which fit the optimistic view portrayed 

earlier. As a first example of this we can take the case of doxorubicin. It is a commonly used 

chemotherapy medication agent which although effective can cause cardiotoxicity and 

myelosuppression, reducing by far its therapeutic index.9 For this reason, the formulation Doxilϰ, 

consisting in PEGylated nano-liposomes loaded with doxorubicin, can be considered a huge success in 

nanomedicine, being the first FDA-approved nanodrug (1995). The new formulation is both a solution 

to solubility issues of hydrophobic doxorubicin and also increases circulation time by avoiding its 

uptake by the reticuloendothelial system (RES) and, due to its higher therapeutic index, is now used 

ƛƴ ǘƘŜ ǘǊŜŀǘƳŜƴǘ ƻŦ YŀǇƻǎƛΩǎ ǎŀǊŎƻƳŀΣ ƳǳƭǘƛǇƭŜ ƳȅŜƭƻƳŀ ŀƴŘ ƻǾŀǊƛŀƴ Ŏŀƴcer.10 Another example is 

Norvirϰ, which consists of a nanoemulsion of a cyclosporine (Ritonavir). This formulation is suitable 

for the treatment of HIV infections.11 Yet another example can be found in paclitaxel, which is also 

known as Taxol®, a microtubule-stabilizing agent which disrupts cell division with a broad range of 
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applications in different clinical applications. Due to its low solubility, it is administered with 

Chremophor EL and ethanol, which have significant side effects. By exploring new formulations and 

with the aid of nanotechnology different alternatives were found: Nab-paclitaxel is a formulation of 

paclitaxel in a protein nanoparticle albumin-bond (Nab), marketed as Abraxane®, which increases its 

solubility in water and greatly increases its antitumour activity compared to the standard 

formulation.12 Another formulation, Genexol®-PM is a polymeric micelle formulation of paclitaxel 

which, in preclinical studies, has shown paclitaxel reaching a 2-3-fold higher concentration in treating 

melanoma B16 tumour compared to standard formulations. Many other studies9 ,13, 14have shown 

how different nanoparticle formulations can provide solutions to serious issues in conventional drug 

delivery by enhancing its selectivity and decreasing its toxicity. 

Along with these great results in therapeutic usage, nanomedicines have also made great strides in 

diagnostics. For example, iron oxide nanoparticles that possess superparamagnetic properties 

(SPIONs) provide excellent magnetic resonance applications (MRI) contrast at very low dosage.15,16,17 

This makes them ideal both for MRI and as clinical hyperthermia agents due to their heat generation 

properties. Ferumoxtran-10 is an ultra-small SPION, comprised of an iron oxide core with a diameter 

of 10-20 nm coated in dextran. Studies have demonstrated that Ferumoxtran-10 can differentiate 

tumour tissue in bone marrow and that it can be used as a lymphotropic MR contrast agent.18 Some 

of these achievements are shown in Figure 2. 

 

Figure 2: Progress, challenges, and future of nanomedicine. Image reproduced with permission from ref.19 Copyright © 2020, 
Elsevier Ltd. 
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4. Classification and synthesis of nanoparticles 

 

When discussing nanoparticles, it is important to highlight the fact that there is an incredible diversity 

among different nanoparticles and nanocarriers properties derived from the unique properties that 

different nanomaterials possess in the nanoscale, which vary according to size, shape and material 

considered.20 

Regardless of that, there are two different approaches to choose from when preparing nanomaterials: 

a) top down or b) bottom up. The first approach consists in a bulk material breakdown, gradually 

leading to the desired size in the nanoscale by means of mechanical forces, chemical reactions, or 

through other forms of energy source (including high ball milling, etching or laser-ablation). The 

second approach consists mainly of wet-chemical processes such as sol-gel techniques, or other 

chemical reactions starting from simple chemical precursors,20,21 allowing to obtain complex nano-

objects with desired size and shape. 

An important first categorization among nanoparticles takes into consideration their composition: 

organic, inorganic and hybrid.  

In the first category we have polymeric nanoparticles made of simple polymers that serve as building 

blocks. These include for instance polyethylene glycol (PEG), poly (acrylic acid), thermo-responsive 

polymers such as poly(N-isopropylacrylamide)22,23 and biodegradable polymers such as poly (amino 

esters).24,25,24,26  Often crosslinkers are also used to achieve more robust nanoparticles Due to the great 

diversity of polymers these nanoparticles can be tailored for diverse applications that range from drug 

delivery to imaging.22 And in the context of drug delivery these NPs may act as nanocarriers and can 

be designed to release their cargo upon certain external stimuli, ranging from pH change to 

photodegradation. Block co-polymers are also interesting in drug delivery applications due to their 

spontaneous self-assembly in aqueous media27, moreover the hydrophilic blocks are often composed 

of PEO, which prevents protein adsorption and cellular adhesion, protecting the hydrophobic core 

from degradation.28 Another interesting and very promising nanosystems are lipid-based 

nanocarriers,29 which are all characterized by having a lipid structure. Among these, liposomal 

nanoparticles have been very successful as drug delivery nanosystems since they allow the hosting of 

water-soluble drugs in their inner water-pool and lipophilic drugs in the bilayer.20 and have 

demonstrated a higher stability and chemical resistance compared to common drug formulations, 

such as capsule-based drugs. 

Also, we have carbon nanostructures which are carbon-based materials that include fullerenes, 

carbon dots (CDs), carbon nanotubes (CNTs) and graphene dots (GDs).30,22 CNTs can be single walled 

(SWCNTs) or multi-walled (MWCNTs). CNTs have gained much attention due to their distinctive 
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properties, such as high aspect ratio, high cargo loading.31. Carbon dots (CDs) represent a fluorescent 

type of nanoparticle with a high clearance rate and low toxicity with potential applications in 

photoacoustic bioimaging and photodynamic therapy because of their absorption and luminescence 

properties. GDs, a recent entry in the field of biological applications20, consist of fragments of a single 

atomic layer of graphite and they have two dimensions in nanoscale.  

The second category, -inorganic nanoparticles, consists of systems based on metals or metal oxides 

with heterogeneous properties. They all, however, share certain common properties, such as the fact 

that they can be produced with a high degree of monodispersity and small sizes, below 100 nm of 

diameter. Because of their intrinsic electronic, optical and magnetic properties, they have been 

extensively studied for imaging applications32,33ς35 such as MRI, or in cancer therapies such as thermal 

ablation. Another important feature is the fact that the surface of these nanoparticles can be further 

functionalized with organic compounds, such as thiols for gold nanoparticles (AuNPs). These organic 

compounds, or ligands, diversify greatly the range of potential applications of these nanoparticles in 

medicine. Among the inorganic nanoparticles we also have quantum nanodots (QDs), a type of 

ultrasmall semiconductor nanoparticles, with a size range between 3 to 10 nm. They display size-

dependent tuneable emission upon light excitation which could be employed in the new generation 

of optical probes for biomedical applications. 36 Their application however, has found some limitations 

due to their poor biocompatibility, which has been linked to the release of metal ions from their heavy-

metal core.37ς39 Plasmonic nanocarriers are an interesting nanocarrier possessing strong localized 

surface plasmon resonance (LSPR) peaks. Examples of such nanocarriers are nanoparticles made of 

noble metals such as gold or silver that due to their different structures (nanosphere, nanorod, 

nanowire) display tuneable LSPR which makes them suitable for a variety of different applications, 

from biosensors to photothermal therapy.20,37,38 However, in recent years, new materials such as 

copper chalcogenides (CUxEy) (E =S, Se, Te) have gained much interest due to their inexpensive 

synthesis together with the possibility of tuning their plasmonic bands in the Near Infrared (NIR).39,40 

Magnetic nanocarriers, such as iron oxide superparamagnetic nanoparticles (SPIONs) that range from 

5 to 50 nm of diameter can be employed as nanocarriers in cancer therapy due to their localized 

induced heat production, which can directly kill cancer cells.41 The third category mentioned above, 

organic-inorganic hybrid nanoparticles, consists in nanoparticles that may be more complex, made of 

ŘƛŦŦŜǊŜƴǘ ΨƭŀȅŜǊǎΩ ŀƴŘ ΨŎƻǊŜǎΩΣ ŎŀǇŀōƭŜ ƻŦ ŎƻƴŦŜǊǊƛƴƎ ŀŘŘƛǘƛƻƴŀƭ ŦŜŀǘǳǊŜǎ ǘƻ ǘƘŜ ƴŀƴƻǎȅǎǘŜƳ ƛƴ ŀŘŘƛǘƛƻƴ 

to being a combination of different materials. 42 One example in this category are silica-based 

nanocarriers, like ORMOSIL43 (organically modified silica nanoparticles) have great potential for both 

diagnostic and therapeutic applications due to their porous structure and low density. Furthermore, 
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their size and porosity can be easily tuned to suit many applications and their surface chemistry can 

be easily modified to endow these systems with properties such as solubility and biocompatibility. 

5. Therapy and imaging modalities 

 

It is thanks to the push for applications in cancer therapy that we see progress in the use of 

nanoparticles. In 2004 the US National Cancer Institute (NCI) officially stated that they would devolve 

144.3 million dollars to fund the development of nanotechnology to fight cancer, with the goal of 

ending cancer by  the year 2015.7,44 In 2016, the USA announced ǘƘŜ Ψ/ŀƴŎŜǊ aƻƻƴǎƘƻǘΩ ƛƴƛǘƛŀǘƛǾŜ ƛƴ 

order to provide financial support for cancer research.45 Now it is 2023 while the goal of ending cancer 

is still far from its realization, some real advances have been made and some specific therapeutic 

strategies that benefited of the measures above are: - 

A. Phototherapy,46 further divided in photothermal therapy (PTT) and photodynamic therapy 

(PDT). The former converts electromagnetic energy in the NIR into heat; this in turn is used to 

induce hyperthermia to kill cancer cells. Nanosystems designed for these applications are 

usually made of materials that absorb light in a biological transparent spectral window and 

convert it into heat, such as gold, GO, MoS2, CuSe and Ti3C2, and designed to selectively 

accumulate in cancer tissues. The latter exploits light to generates ROS (reactive oxygen 

species) which kills the cancer cells. 

B. Chemotherapy47ς49 is one of the most employed therapies to fight cancer and it exploits the 

design of nanocarriers with high drug loading capacity in order to maximise the efficiency and 

selectivity of already existing drugs.  

C. Gene therapy.50 Of recent interest, this involves the transfer of genetic material to target cells 

in a patient in order to prevent or alter the course of a particular disease. Its potential relies 

in the fact that it could be used to treat genetically transmitted diseases in addition to cancer, 

ǎǳŎƘ ŀǎ tŀǊƪƛƴǎƻƴΩǎΣ ŘƛŀōŜǘŜǎΣ ŀƴŘ ōƭƛƴŘƴess. 

A schematic summary of some of the current therapeutic strategies is reported in Figure 3. 

¢ƻ ŘŀǘŜ ŜŀŎƘ ƻŦ ǘƘƛǎ ΨƳƻƴƻǘƘŜǊŀǇƛŜǎΩ Ƙŀǎ ōŜŜƴ ŜȄǘŜƴǎƛǾŜƭȅ ǎǘǳŘƛŜŘ ŀƴŘ ŜŀŎƘ ƻŦ ǘƘŜƳ Ƙŀǎ ǎƘƻǿƴ 

great promise in preliminary clinical studies. However, there is a gap between these studies and 

the actual results of clinical trials due to the difficult translation from άōŜƴŎƘtop ǘƻ ōŜŘǎƛŘŜέ. 

Indeed, nanomedicine must simultaneously meet the requirement of therapeutic efficacy, the 

feasibility of the carrier material(s) to be finally proven as an excipient used in humans, and scale-

up ability -to meet the safety, effectiveness, and producibility requirements for a drug.51  

Another limitation, especially in the field of cancer treatment and diagnosis, deserving some 

mention, is the fact that a single treatment modality is often incapable of treating tumour tissue 



21 
 

completely. For example, the main reason why chemotherapy is rarely used as a single treatment 

modality is because tumours can develop multidrug resistance (MDI)5253 and radiotherapy can lose 

its effectiveness in hypoxic cancer cells, due to the lack of oxygen which reduces its efficacy.54  

For this reason, the focus has shifted toward a new therapeutic approach: ΨaǳƭǘƛƳƻŘŀƭ {ȅƴŜǊƎƛǎǘƛŎ 

¢ƘŜǊŀǇȅΩΦ Here the aim is not only to develop nanoparticle that are effective in one diagnostic or 

therapeutic application, but a nanosystem that can combine two or more treatment alternatives 

in a single system. This approach is of great utility when administering active pharmaceutical 

ingredients (APIs) with a narrow therapeutic index (NTI), in which small differences in dosage can 

result in therapeutic failures or adverse drug reactions, by combining it with other treatments and 

increasing the therapeutic index.55 

 .  

Figure 3: schematic summary of therapeutic strategies exploited in monotherapies or in multimodal therapies. Imagere 
produced from reference 49. Copyright © 2019, American Chemical Society. 

Progress in imaging techniques have similarly benefited from nanotechnology advances, the 

following are those most relevant (Figure 4): 

A. MRI, a non-invasive technique that exploits non-ionizing radiations in order to magnetize 

spins and reconstructs the resulting signal in images that can reach a very high spatial 

resolution of 1.5 x 1.5 x 4 mm3 46,50,56,57. Nanoparticles made with paramagnetic and 

superparamagnetic metals offer good potential for MRI. Among these metals there are the 

small paramagnetic iron oxide (SPIO) and gadolinium complexes which work by altering the 

relaxation times of protons of water molecules in the tissues in which they accumulate and in 

doing so they increase their contrast compared to the surrounding tissues.  
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B.  PET and single-photon emission computerized tomography (SPECT)58molecular imaging 

techniques based on the measurement of emitted positrons or ɹ-rays due to a ǊŀŘƛƻƴǳŎƭƛŘŜΩǎ 

decay (s 11C, 13N, 15O and 18F). They have high sensitivity and limitless penetration depth, for 

which they are useful in molecular imaging in both clinical and preclinical studies.  

C. Ultrasonography50,59 is commonly employed in clinical applications. It is a routine technique 

that employs frequencies of 2 MHz or higher. This technique is very useful for visualizing 

internal organs, muscle, tissues and to investigate a broad range of pathologies. Some 

examples of nanoparticles that can be used to increase this technique range of applications 

are microbubbles and nanobubbles that are usually employed for imaging angiogenesis and 

tumours. 

 

Figure 4: Some of the most employed imaging techniques together with a short description.  

 

6. Theranostics: the new frontier of nanomedicine 

 

Given that studies have shown that combining two or more therapies can provide benefits greater 

than the sum of the parts, the next step to consider is the  design of novel nanosystems so as to 

ŎƻƳōƛƴŜ ƴƻǘ ƻƴƭȅ ǘƘŜ ǘǊŜŀǘƳŜƴǘ ƻŦ ŀ ǎǇŜŎƛŦƛŎ ŘƛǎŜŀǎŜ ōǳǘ ŀƭǎƻ ƛǘǎ ŘƛŀƎƴƻǎƛǎΦΩ This novel approach is 

called Theranostics (Figure 5). 
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Figure 5: Nanotheranostics is the conjugation of diagnosis, therapeutics and nanocarriers. Image from ref.60  

Theranostics is the new frontier in nanomedicine and as such is attracting a great deal of interest.46,49,61 

The term was first introduced by Funkhouser in 2002 and is a portmanteau word synthesizing two 

concepts: theranos (therapy) and gnosis (diagnosis). The revolutionary idea at its basis is the creation 

of one nanoparticle or a group of them together that not only serve as a drug vehicle (so to improve 

the API pharmacokinetic properties and/or reducing its toxicity) but also has applications in diagnosis. 

So far as cancers are concerned, it is known they are extremely heterogenous even within the cancer 

macrodefinitions themselves and furthermore existing treatments are often successful only in limited 

situations. Thus, the classic approach based first on diagnosis and then on the selection of optimal 

therapy may not always be as successful as hoped for (reference). Nanotheranostics is increasingly 

gaining attention in this sphere because it would seem to provide the possibility to develop a more 

ǇŜǊǎƻƴŀƭƛȊŜŘ ǇƭŀǘŦƻǊƳ ŀƭƭƻǿƛƴƎ ǘƘŜ ŎƭƻǎŜ ƳƻƴƛǘƻǊƛƴƎ ƻŦ ōƻǘƘ ŘǊǳƎ ƻŦ ŎƘƻƛŎŜΩǎ ŘƛǎǘǊƛōǳǘƛƻƴ ŀƴŘ ƛǘǎ 

efficacy, in real time and non-invasively.  

 

7. Cancer today: how can nanomedicine help? 

 

As introduced earlier, much of the investment that was dedicated to the development of 

nanomedicine was also aimed at finding solutions for treatment of cancer and this is still one of the 

main focuses in medical research today. The reason is because it is the first or second leading cause 

of premature death in more than 100 countries and third or fourth in an additional 45 countries,62 
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with more than new 10 million cases every year. Indeed, despite the decline in mortality from 

infectious diseases there has been a sharp increase in the trend of non-communicable diseases 

(NCDs), a category under which cancer falls, which went from 31.6 million deaths in 2000 to 40.5 

million deaths in 2016 (Figure 7)63 . 

The rising trend of NCDs finds justification from two main factors: the first factor is the fact that 

modern society is facing a two-fold transition related to demographics and epidemiology. 

Demographics shows a pattern of change (or index) related to average age and death rate. These 

indexes62,63 are changing from high fertility and low mortality rate to an inverse tendency leaving older 

people who are especially vulnerable to age-related diseases, which include cancer. Along with this, 

the epidemiological transition faced by ǘƻŘŀȅΩǎ ǎƻŎƛŜǘȅ ƛƴŘƛŎŀǘŜǎ ŀ ƎǊŀŘǳŀƭ ŎƘŀƴƎŜ ƛƴ the mortality 

rates and causes of death, from which it is possible to discern a pattern that highlights how infectious 

diseases are being replaced by chronic or degenerative diseases. The second factor is that not all 

countries belong in the same HDI (Human Development Index), which is an index designed to 

represent62,63 how advanced human development can be considered over different countries. 

Generally speaking, countries with a higher HDI show incredible advances in the reduction of mortality 

rates in certain diseases with respect to countries with a medium-high HDI and to a certain extent this 

applies also to cancer. Here, mortality rate is declining, even if not at the same pace as other diseases 

and in countries defined as being in transition, the situation is stable for many cancer types including 

breast cancer, prostate cancer and colorectal cancer. However, in other cases it is worsening (Figure 

6 )62,64. 

 

Figure 6: Changes between 1981ς1985 and 2006ς2010 in age-standardized mortality rates per 100 000 people, for ages 40ς
84 years in men and women combined, in populations with very high Human Development Index (HDI) and medium or high 
HDI. Figure by ref.62 
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Figure 7: Global map of cancer as leading cause of premature death. Figure by ref.62 

The reasons why cancer in the 21st century is still causing millions of deaths, with the pain and suffering 

those entails, are complex and not easy to address, because they include socioeconomic factors such 

as a general need for sustainable choices, implementation of vaccination programmes, preventative 

therapy and other governmental action such as screenings, which fall under the HDI.62 

Regarding the treatment of cancer, the knowledge we possess about the biology of cancers has 

increased thanks to a series of unsurpassed breakthroughs over the course of the last 25 years. 

However, the translation of these breakthroughs into clinical practice can be said to have been poor 

at best.21 This is mostly because it is not a straightforward process to translate the discovery of a novel 

drug or treatment from the lab to the clinic because a patient is a live subject, dynamically reacting to 

both the drug and to its administration. For example, the RES mentioned before is responsible for the 

excretion of APIs well before they reach the desired targets, and even if they reached said target the 

tumour tissue has its own particular set of features ad obstacles, such as disorganized tumour blood 

supply and heterogenous permeability through tumour vessel walls and increased osmotic pressure 

which tends to actively remove substances from the tumour.65,66 As a result, only 1 to 10 parts out of 

100000 of monoclonal antibodies reach the desired target, for example, and the same can be said for 

contrast agents.67 The second set of obstacles is given by the selectivity of a chosen nanoplatform, 

due to the fact that cancer cells have many similarities with the host cells they derived from, and it is 

not an easy task to identify a specific set of markers that can safely distinguish a tumour tissue from 

normal, healthy tissue.  

Surgical treatment, therefore, is still one of the main approaches in the treatment and removal of 

cancer. However, cancer resection procedures are generally highly invasive and lead to postoperative 

morbidity, with devastating effects on the patients and the family.68 Furthermore, surgical treatment 

often leads to postoperative complications that are associated with poor cancer-specific survival in 

various types of cancer surgery. Recent studies have highlighted how systemic inflammation caused 
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by recent surgical operation can induce cancer recurrence.69 Some types of cancer, such as pancreatic 

cancer, are technically demanding due to the nature of the cancer itself, leading to high mortality 

rates, which are still around 30-40%.70  

For these reasons along with those above, cancer treatment without surgical intervention, early 

recognition, together with avoidance of the occurrence of side effects is at the forefront of medical 

research and is a real and tangible challenge with conventional drugs and approaches. Nanomedicine 

is proving to be the new frontier because there are many ways in which nanomedicine surpasses 

conventional treatments and imaging modalities. One is that it can be formulated so to allow stable 

aqueous dispersions of poorly soluble molecular agents; another is that it can be designed so that its 

cargo is not degraded before reaching the targeted tissue. It can also be tailored so as to release said 

cargo only under the effect of certain stimuli, for example internal variations such as change of pH or 

external such as with ultrasound-induced drug release.71 It can also enhance and ensure absorption 

of active components into a selected tissue via specific active-delivery systems. Finally, intracellular 

penetration can be improved. 8,31 

However, despite the projects and initiatives funding the development and application of 

nanotechnology and the ever-increasing number of nanomedicines currently being developed, the 

challenges that the field is facing are still present and difficult to overcome. For example, despite the 

advantages listed above,  pharmaceutical companies are still opting to continue investment in so-

called natural product-drug discovery and drug delivery systems.72,73 They are loath to set out on the 

expensive and extensive evaluation process which includes in depth consideration of nanoparticle 

biocompatibility as carriers, their biodistribution and the reliability of their production protocols 

which have to be evaluated carefully before introduction on the market. As with every drug and 

delivery system, nanomaterials have to be evaluated as to their pharmacokinetic properties, their 

distribution in blood and tissue, but with the additional necessity to evaluate the metabolism of the 

nano-formulation and/or its carrier and the elimination pathways of the raw materials that used to 

achieve the final nanosystem21 because nanomaterials can lead to unpredictable toxicities or immune 

side effects caused by their large surface areas and increased tissue penetration. 74 

However, there is still huge need for the study and development of novel nanosystems that can be 

employed as new generation theranostic nanoplatforms. 

The specific topic of my thesis is the developing of novel fluorinated contrast nanoparticles designed 

specifically for what concerns 19F MRI . 
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8. 19F MRI: a promising resource for human cancer imaging 

 

MRI is a powerful and safe technique that allows for detailed images of almost every internal structure 

in the human body by exploiting a strong monodirectional magnetic field. Charged particles, such as 

nuclei containing an odd number of protons, like hydrogen, align themselves to this magnetic field 

according to a particular motion or precession. This process produces a small magnetic moment. The 

precession of nuclei about the magnetic field direction resembles gyroscopes and this behaviour is 

called Larmor precession. The frequency of Larmor precession is proportional to the applied magnetic 

field strength as defined by the Larmor frequency, ‫ , shown in Figure 8a. 

‫ ‎ὄ 

ʴ ƛǎ ǘƘŜ gyromagnetic ratio and B0 is the strength of the applied magnetic field. ʴ ŘŜǇŜƴŘ ƻƴ ǘƘŜ ƴǳŎƭŜƛΦ  

When an object is placed inside the uniform magnetic field, the hydrogen nuclei align creating a 

magnetic moment, Mz parallel to B0.  

When a radiofrequency (RF), identical to the Larmor frequency is applied, Mz tilts away from B0. 

 

Figure 8: Principles of MRI. (a) hydrogen aligning itself with the external magnetic field B0. (b) RF pulse and temporary 
disruption of the equilibrium. (c) T1 relaxation time (d) T2 relaxation time. Reproduced with permission from ref. 75 Copyright 
© 2012 Royal Society of Chemistry. 

When the RF pulse is removed, the nuclei realign itself so that Mz is again perpendicular to B0. This 

return to the initial state is referred to as relaxation. This process is shown in Fig. 8b. During this phase 

the nuclei lose energy by emitting their own RF, called free-induction decay (FID).  

The FID is measured by a conductive field coil placed around the object imaged. The measurement is 

then reconstructed to obtain MRI images. 
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To obtain a 3D image, the FID resonance signal has to be encoded for each dimension. This is 

accomplished by adding a gradient magnetic field to B0. The gradient causes the Larmor frequency to 

change linearly with the axial direction. Thus, by selecting a RF equal to the corresponding Larmor 

frequency it is possible to focus only on specific axial slices. The 2D frequency is reconstructed by using 

ŦǊŜǉǳŜƴŎȅ ŀƴŘ ǇƘŀǎŜ ŜƴŎƻŘƛƴƎΦ ! άǇǊŜǇŀǊŀǘƛƻƴέ ƎǊŀŘƛŜƴǘ is applied both on the y- and x-directions 

allowing for the resonant frequencies of the nuclei to vary according to both directions. A 2D Fourier 

Transform is then used to transform the encoded image to the spatial domain. 

The voxel, which is the volume element of the MRI image is directly influenced by the proton density 

of a certain tissue, which in turn influences the strength of the FID signal. For this reason, tissues with 

a higher proton density have better contrast. 

An MR image is also defined by two other tissue-specific parameters: the longitudinal relaxation time 

(T1) and the transverse relaxation time (T2). 

T1 is the time required for the longitudinal magnetization to recover 63% of the equilibrium value and 

align itself to the B0, (Fig. 8c) whereas T2 measures the transverse relaxation time, which is the time 

required for transverse magnetization to drop to 37% of the initial magnitude.75 (Fig. 8d). Every tissue 

has different T1, T2 and proton density due to their particular microenvironment and tissue-specific 

properties, such as varying rates of water diffusion along with peculiar differences of composition of 

biomolecules between different tissues, such as bone or adipose tissue. Several atoms with a nuclear 

spin can be used for MRI, such as 3He, 13C, 19F, 17O, 23Na, 31P, and 129Xe. However, due to its abundance 

in biological tissues and its high gyromagnetic ratio, proton-based MRI (1H MRI) is the most 

employed MRI technique.75 

The goal of MRI imaging is to generate contrast in the image and highlight the region of interest (ROI) 

to allow doctors to differentiate abnormalities, such as cancer tissue, broken bones, effusions, 

inflammation etc. T1-weighted MRI generates bright signals and is used in clinical application to assess 

fat tissue or liquid-retaining dense structures, whereas T2-weighted images generate dark signals, and 

is particularly powerful in water-rich tissues or inflamed tissues, which will look brighter compared to 

the background.76,77 In Figure 9 is shown the difference between the two MRI imaging modalities. 

 

Figure 9: T1 (left) and T2 (right) weighted image. 
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Usually, in order to increase the contrast, compounds of different natures are administered to the 

subject prior to the imaging. These compounds are called contrast agents (CAs). These compounds 

are not directly visualized but they change the magnetization relaxation T1 and T2 of surrounding 

tissues according to the following equation: 

Ὑ ὶὅ. 

Ri is the relaxation rate of the aqueous solution, Ti0 is the relaxation time without the CA, C is the 

concentration of the CA in mM and ri is its relaxivity. MRI contrast agents decrease both T1 and T2 

values, they can be however divided in T1 contrast agents and T2 contrast agents. Their performance, 

or relative effectiveness, is determined by their relaxivity R1 (R1=1/T1) and R2 (R2= 1/T2) values 

respectively.78  T1 contrast agents increase R1 and R2 values in the same amount, whereas T2 contrast 

agents affect especially R2, in comparison to R1. In general, the efficiency of a contrast agent is 

determined by Ri, however also the r2/r1 ratio determines whether a contrast agent can be used as T1 

or T2 contrast agent.75 However, also dual-imaging contrast agents, capable of functioning for both 

applications are important.77 Two important examples of contrast agents are paramagnetic metal ions, 

such as Gd3+ and Mn2+ chelates that decrease the T1, which result in brighter contrast in T1-weighted 

images,79 and SPIONs, that provide darker contrast in T2 weighted images.75 

SPIONs, other than being T2-weighted contrast agents are also among the examples of the application 

of nanoparticles as contrast agents. Some other examples are Gd(III)-dithiolane gold nanoparticles (Au 

NP-Gd (III)), which deliver a satisfying contrast enhancement in T1-weighted images, with good 

biocompatibility,8081 which are usually functionalized with different chain length PEGs in order to 

increase their biocompatibility and circulation time. Nanoparticle-based MRI contrast agents are 

gaining much interest, indeed one of their peculiar properties is that it is possible to influence the 

relaxivity of surrounding protons by tuning their size.78 

Despite the important features of MRI and the fact that CAs have significantly improved MRI 

performance, this diagnostic modality still shows some disadvantages. First, when CAs are employed, 

acquisition times are drastically increased since it is necessary to acquire images before and after their 

administration. Second, water provides an always present endogenous background signal which can 

result in poor contrast. For these reasons, high concentration of CA is usually required, with some risks 

to the patient. For example, the most successful and used CA agents in MRI are Gd3+ complexes, which 

have been employed for about 18 years, until in 2006 they were associated with nephrogenic systemic 

fibrosis (NSF), a deadly disease that can manifest itself months after the final administration. In 

addition, its repeated usage leads to accumulation in organs to the point that it can be detectable by 

MRI without previous administrations.81,82 For this reason, Gd3+ complexes are now prescribed with 

precaution. 
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An alternative approach that has been proposed to obviate 1H -MRI limitations, is to obtain a second 

ŎƻƭƻǳǊ ƻǊ ŀ ΨƘƻǘ ǎǇƻǘΩ ŦǊƻƳ ŀ ŘƛŦŦŜǊŜƴǘ ƘŜǘŜǊƻƴǳŎƭŜŀǊ awL ŀǘƻƳ ǎǳŎƘ ŀǎ 13C, 23Na, 31P, or 19F, which 

would add a second layer of information to a standard grey-scale 1H-MRI scan. In principle, any NMR 

active nucleus could be imaged through MRI. In the practice, however, the choice of a suitable nucleus 

depends on a set of chemical, biological and inherent physical properties of the considered nuclei. 

One of the key properties is receptivity and it is often used to express the NMR sensitivity of a nucleus 

at natural abundance, in respect to proton, which has the highest receptivity (1 or 100% in comparison 

to other heteroatoms).  

There are different heteroatoms with good receptivity, however the most promising seems to be 19F 

for different reasons.  

First, the receptivity of fluorine is very high, being 0.834, or 83% compared to proton.83 Also, novel 

tracers can be easily created by the fluorination of compounds. Moreover, the 19F tracer is an atom 

covalently bound to the structure of the molecule, rendering it more stable and reducing the risks of 

degradation. In addition, 19F, has a 100% natural abundance and spin 1/2; gyromagnetic ratio is very 

close to hydrogen (40.08 vs 42.5 MHz/T of 1H) which means that the same hardware used for 1H NMR 

with some adjustments can be employed for 19F MRI. Additionally, 19F chemical shifts vary in a broad 

range (>350 ppm) which means, in theory, that it could be possible to differentiate between different 

contrast agents having different chemical shifts. Furthermore, only trace amounts (< 10ҍ6 M) of 19F are 

present in the human body, which means that no background signal is present, allowing for the 

instrument to detect only the CA.56 

For this list of reasons 19F MRI can easily be translated into clinical applications and, since 1985, when 

McFarland presented in vivo 19F scans of rat abdomens, there have been hundreds of publications on 

19F MRI.84  

For the purpose of exploiting 19F MRI, contrast agents have to have some key properties such as: i) 

high fluorine content, ii) easy and scalable synthesis preparation or formulation, together with long 

shelf life iii) low in vivo toxicity and iv) simple 19F NMR spectrum with, possibly, a sharp and intense 

peak. 

For this reason, much research is focused in designing novel fluorinated contrast agents, which can be 

divided into three main classes.85 

The first class deals with perfluorocarbons (PFC) stabilized through physical methods, within 

nanoemulsion. The second deals with fluorinated polymers obtained through copolymerization 

between different segments or blocks. In this class we have linear, branched or dendritic polymers. 

The third class is less developed compared to the other two classes and it comprises fluorinated 

inorganic crystals.  
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Perfluorocarbons (PFCs) are among the compounds that seem to be the most promising and on which 

most of research has been focused on. They are colourless liquids with a simple structure of carbon, 

fluorine and possibly oxygen atoms. There are many PFCs, however they are all associated by the fact 

that they have a high number of fluorine atoms, they are highly lipophilic, stable and biologically inert. 

Despite these important qualities, their biggest issue is their low solubility that requires formulations 

such as emulsions for their administration.86,87 The first example of PFCs nanoemulsion dates back to 

1977 by Holland et al.88 Since then, different fluorinated tracers have been developed over the course 

of the years. Some of which are shown in figure 10. These compounds are small commercially available 

fluorinated molecules, which allow for precise dosage and quantitative applications. Many examples 

of compounds in this category have captured the interest of research over the years. For example, 

hexafluorobenzene (HFB), present early in the literature, used to investigate tumour vascular 

oxygenation,89 and perfluorooctyl bromide (PFOB) which gained prominence in the early 1990s due 

its safe toxicology and clearance, and was the first PFC to be used for in vivo awLΦ ¢ƘŜ ƭŀǘǘŜǊΩǎ ǳǎŜ ŀǎ ŀ 

CA for bowel imaging was approved by the FDA since the gastrointestinal tract did not absorb the 

compound. However, one of its main downsides was that the 19F spectrum showed 8 separate peaks, 

a detrimental feature in terms of imaging quality, requiring special MRI sequences to suppress the 

undesired resonance peaks. 

 

Figure 10:  Chemical structures of liquid perfluorocarbon nanoemulsions (A), Chemical structures of some molecular tracers 
and linear polymeric tracers (B). Reprinted with permission from ref.85 Copyright © 2022, American Chemical Society. 

Unlike PFOB, perfluoro-15-crown-ether (PFCE) has a single sharp peak in the 19F NMR spectrum due 

to its 20 chemically equivalent fluorine atoms and for this reason the literature has reported it to be 

more promising in recent years. According to the literature it has proved to be ideal for measurement 

of oxygenation in tissues because of its low toxicity, long half life and good signal-to-noise ratio 

(SNR)90. Nanoemulsions containing PFCs are commercially available under the name of Cell Sense and 
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V-sense. 91 The former has found use for imaging, administration of transplanted cells. The latter in 

the detection of inflamed tissues.92 The main downside of all PFCs is their low solubility in water, which 

requires special formulations, such as o/w nanoemulsions. Moreover, the stability of the formulation 

and the amount of PFC actually contained in each nanoemulsion droplet changes greatly according to 

the chemical nature of the chosen PFC.  The average droplet size is around or below 200 nm with high 

monodispersity and low PDI (<0.2), even if it has been observed that these are often time limited, due 

to emulsion degradation. In addition, PFOB and PFCE emulsions often result in a broad distribution in 

the number of encapsulated PFCs, which can negatively affect their performance. Moreover, their 

relaxation time is directly dependent upon tissue oxygenation. For this reason, research is now 

focused on new alternatives. 

Another main category of CAs are partially fluorinated organic nanomaterials, which represent a 

simple alternative to molecular tracers to increase the amount of fluorine content. Compared to the 

simple PFCs nanoemulsion, these compounds provide interesting features, such as controlled 

circulation time and surface modification which allow for both further functionalization and the 

addition of hydrophilic groups, like PEGylated chains, which allow them to be soluble in water without 

nanoemulsions. Essentially, they consists of fluorinated segments with a high number of fluorine 

atoms combined with different moieties providing water solubility or other purposes, thus combining 

in the same compound the advantages of PFC nanoemulsion together with a versatile polymeric 

structure. The most promising among these fluorinated compounds are linear perfluoropolyethers 

(PFPEs), long-chain polyethers in which all of the hydrogen atoms have been substituted by fluorine 

atoms. They share common physiochemical properties such as, hydrophobicity, high boiling point, low 

surface tension, a short T1 and a sufficiently long T2.56 An example is given by a linear block copolymers 

of PFPE and hydrophilic homopolymers of oligo (ethylene glycol) methyl ether acrylate (poly-(OEGA)x-

PFPE, x = degree of polymerization of OEGA) synthesized by Zhang et al. in 201793 as an effective and 

highly sensitive 19F MRI CAs (Figure 11). Hyperbranched polymers having the same PFPE were also 

synthesized, allowing for multimodal imaging applications opening to additional functional groups.94 

An approach aimed at combining the peculiar properties of PFPE and nanoemulsions was achieved by 

Ahrens et al.95 which managed to obtain in 2005 chemically modified PFPE with fluorescent tags, 

allowing them to track the tag emission inside cells. Furthermore, they obtained a stable emulsion of 

160-190 nm particle size with a low PDI (<0.15). In 2016 they obtained paramagnetic PFPE 

nanoemulsions, consisting of metal-binding ̡ -diketones conjugated to the fluorous PFPE phase of the 

nanoemulsions. Both R1 and 19F MR imaging sensitivity is much higher compared to Gd3 chelates.96  
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Figure 11: (A) linear poly(OEGA)4-PFPE (Mn = 3200 g/mol, fF = 28.5 wt %)and (B) hyperbranched poly(OEGA)10-PFPE (Mn = 
6600 g/mol, fF = 13.8 wt %). Reproduced with permission from ref.85,93 Copyright © 2022 American Chemical Society (A) and 
(B) Copyright © 2018 American Chemical Society. 

Compared to standard molecular tracers, this category of compounds has shown great promise in 

different applications. Indeed, their unique structure characterized of multiple CF2O units allows not 

only to have a higher number of fluorine atoms, but also a main sharp peak in 19F NMR with less intense 

additional peaks due to its higher level of nuclear chemical equivalence. Indeed, multiple peaks with 

similar intensity might result in artifacts or decreased sensitivity.97  Moreover studies conducted on 

the relaxation properties of these compound have shown a much shorter 19F T1 of about 437 ms of 

the CF2O repeated unit, which is 2.2 times shorter compared the T1 of perfluoro-15-crown-5-ethers, 

commonly used in PFCs nanoemulsions.98 

Another important category of fluorinated tracer attracting renewed interest is that of fluorinated 

inorganic nanoparticles. Fluorinated inorganic nanoparticles offer some interesting features 

compared to standard dendrimer or micellar systems: (i) they can be synthesized in a much smaller 

size range compared to the standard 150-200 nm PFC nanoemulsion droplet; (ii) they do not require 

surfactants, which can possibly be harmful for the patient; and (iii), due to their organic/inorganic 

hybrid nature, the surface can be further functionalized with different tracers, allowing them to be 

suitable for different applications. Some examples of functionalized fluorinated inorganic 

nanoparticles are fluorine accumulated silica nanoparticles for MRI contrast enhancement (FLAME)99 

and gold nanoparticles protected by fluorinated ligands (F-AuNPs) .100 In the first, a PFPE filled core is 

protected by a silica shell. This approach is a unique approach to overcome the known instability of 

PFPE nanoemulsions using a biologically inert silica shell with favourable colloidal properties101. At the 

same time, further functionalization of its shell with additional moieties for target delivery or 

additional functionalities is possible. The result is a nanoparticle with high stability and 

biocompatibility, with a broad range of biomedical applications. In the second case, nanoparticles are 
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ǎȅƴǘƘŜǎƛȊŜŘ ǿƛǘƘ ŀ ƳƻŘƛŦƛŜŘ .ǊǳǎǘΩǎ ǘǿƻ ǇƘŀǎŜ ƳŜǘƘƻŘ102 as scaffold and their surface is then 

functionalized with thiolates with a perfluorinated alkyl chain and comprising a PEGylated portion to 

allow dispersibility in water to generate a signal appreciable in 19F NMR. The results showed that these 

nanoparticles were suitable for 19F MRI and that lipophilic drug molecules could be hosted in the 

monolayer.100 These nanoparticles were also proven amenable of further functionalization by 

additional ligands, opening up the possibility for multimodal applications. 

 

9. Chemical properties of fluorine and perfluorinated compounds 

 

Perfluorinated compounds present peculiar physiochemical properties which originate from the 

intrinsic properties of F atoms and C-F bonds. Fluorine is the most electronegative element in the 

period table, with a low polarizability and high ionization potential.103,104 Indeed, fluorine is larger than 

hydrogen with a van der Waals radius of 1.47 !ɕ vs 1.20 !ɕ, occupies the same volume as oxygen, but 

is less polarizable. For this reason, perfluoroalkyl chains (F-chains) are consequently bulkier than their 

hydrogen chain counterpart (cross sections: 30 !ɕ2 vs 20 A°2). As a consequence of the increased 

occupied space, fluorinated chains have also decreased range of motion and tend to adapt F-helical 

conformations to minimize steric hindrance. Furthermore, the C-F bond is the strongest bond in 

organic chemistry, with a 485 kJ mol-1 as compared with 425 kJ mol-1 of the C-H bond. The combined 

strength of the C-F bond, the unique conformational structure, combined with the dense electronic 

cloud around F atoms translate in relatively inert compounds, chemically and thermally stable, not 

flammable and highly resistant to a variety of harsh chemical conditions (acidic, basic, reducing or 

oxidizing).105 Consequently, fluorocarbons have low surface tensions, high fluidity, low dielectric 

constant, high vapor pressure and high compressibility.103 Another important derived property of 

these compound is the fact that they do not mix with hydrocarbons. Indeed, the larger occupied 

surface, together with low polarizability lead to an enhanced hydrophobicity and at the same e strong 

lipophilic character. 

 

10. Beyond 19F imaging: multimodal applications of 19F compounds. 

 

As introduced earlier, fluorinated compounds have a wealth of applications, due to their unique 

physiochemical properties. The natural absence of fluorine in biological systems combined with the 

lack of biological interaction makes these compounds also interesting from a biological point of view, 

especially for multimodal imaging applications.  
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Indeed, fluorinated compounds already have multiple applications in different imaging techniques 

other than 19F MRI, such as ultrasound (US),106,107 PET and CT and the possible combination of different 

imaging techniques in a single fluorinated tracer opens interesting and complementary imaging 

solutions: 

The combination of 19F MRI imaging and US, for example, is a good demonstration of complementary 

techniques. Indeed, 19F MRI solves the shortcoming of US (limited imaging depth and high background 

signal) and US solves the shortcomings of 19F MRI (long acquisition times). In a study by Koshkina e 

al.108 , polymeric NPs composed of a shell of poly (lactic-co-glycolic acid) (PLGA) and a core of PFCE, 

stabilized with PVA were prepared. These small-sized NPs (100 nm diameter) allowed cellular uptake 

and tumour extravasation for both US and 19F MR dual-modality imaging (Figure 12). 

 

 

Figure 12: a) chemical structure of the PFCE-loaded PLGA NPs. B) dendritic cells (DCs) labelled with NPs shown with US, 
fluorescence and 19F MR images. C) DCs labelled with NP injected in mice. Images of inguinal lymph node (ILN) and popliteal 
lymph node (PLN). Adapted with permission from Ref.108  

Another interesting combination is 19F MRI and CT. CT provides rapid acquisition of cross-sectional 

images of the body with high resolution.109 A very recent use of fluorinated compounds in CT has been 

in the diagnosis of COVID-19. Wang et al.110 synthesized multifunctional hyperbranched iodopolymers 

(HBIPF) and investigated their performance by capturing both CT and 19F MR phantom images at 

different concentrations of the water-dispersed polymer. The preliminary results indicate that these 

polymers could be promising materials for CT/19F dual imaging applications. 

19F MR and Fluorescence Imaging are yet another interesting combination due to the acquisition of 

real-time images of living organisms and tissues provided by fluorescence optical imaging (FL).111 One 
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of the strategies pursued for the preparation of these CAs is the physical mixing of fluorophores with 

PFCs in the same nanosystem, which have been successfully employed for in vivo detection of 

cancer.112,113 

Ultrasound and Photoacoustic Imaging CAs were achieved by using different combinations of 

materials. For example, copper sulphide nanoparticles (CuS NPs) are inorganic nanoparticles that have 

LSPR in the NIR (between 1000 and 1350 nm)114 and for this reason they provide superior 

performances as photoacoustic CAs compared to organic molecules. Also, CuS NPs are biodegradable 

and are promptly eliminated from the body via the hepatobiliary and renal excretion rates within one 

month from the injection, as demonstrated by one study from Guo et al. 115 The combination of PA 

CAs and fluorinated compounds have shown promising results. For example, Santiesban and co-

workers114 reported laser-activated perfluoropentane nanodroplets containing copper sulphide 

ό/ǳ{ҍtC/ƴ5ǎύ ŦƻǊ ŎƻƴǘǊŀǎǘ-enhanced ultrasound and photoacoustic imaging. Upon laser irradiation, 

the CuS NPs becomes hotter and induce a phase change of the PFC contained in the nanodroplets to 

microbubbles. The result is a strong US and PA signal. 

In addition to the aforementioned dual-imaging modalities, trimodal imaging solutions are also an 

area of emerging interest for fluorinated compounds. Several examples, which range from 

combination of PA/19F MRI/single-photon emission computed tomography (SPECT),116 US/19F 

MRI/FL108 and PET/PA/US117  are already being extensively researched. 

For all these reasons, fluorinated compounds have much untapped potential for application in the 

field of oncology, both as imaging and therapeutic agents. Even though 19F MRI has been around only 

slightly less longer than standard 1H MRI, the technique has still not found applications in clinical 

practice which testifies to the difficulty of developing suitable imaging agents.118 

An important obstacle to their clinical application in the past was partly related to technical reasons, 

such as the lack of specific clinical scanners or the fact that early imaging studies relied on manual 

tuning of a single-frequency coils, thus making the process of maximizing the SNR (signal to noise ratio) 

cumbersome. With the introduction of a more sophisticated setup, comprising autotuned 

radiofrequency coils and dual-coil setup, these initial obstacles have been partially overcome, despite 

some limitations in terms of sensitivity, and inaccuracy when registering both proton and fluorine 

signals.119 

 

11. Toxicity of PFAS (polyfluoroalkyl substances) 

One rising concern that has cast shadow on the application of fluorinated compounds in biological 

fields is the rising public concern regarding a specific class of fluorinated materials, the PFAS. This term 

broadly encompasses more than four thousand manufactured chemical that have been extensively 
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used from common household products to industrial applications.120 PFAS are a major concern 

because they do not break down in the environment and for this reason they have shown ubiquitous 

accumulation in wildlife and humans. The main route of exposure to these compounds occurs through 

ingestion of contaminated water, seafood, or indoor air since PFAS accumulates in the soil and in the 

groundwater. Different studies conducted on the accumulation of PFAS have linked these compounds 

to several problems which range from hepatotoxicity to neurotoxicity.121ς123 These effects manifest at 

doses much higher compared to the ones human subjects are normally exposed but have however 

raised the need for more studies on the long-term impact of these compounds. Some preliminary in 

vitro studies conducted on human cells have demonstrated how these compounds affect fecundity by 

acting as hormone disruptors.124 124Recent studies have shown how elevated levels of PFAS can also 

affect the immune system.125 Different studies have been conducted on animals given large doses of 

PFAS, highlighting effects in growth and development, reproduction and liver damage. More research 

is still required to assess the human health effects of exposure to PFAS. Another major point 

worthwhile considering is the great heterogeneity found in the category of PFAS and consequently in 

their the toxicity profile, which varies between each compound. For instance, linear isomers appear 

to be more toxic compared to branched compounds, however their retention time in the body is 

lower. Also, most of the studies focused on two main PFCs, PFOA and PFOS which are byproduct of 

different commercial products found commonly in the environment, whereas knowledge about the 

toxicity of other PFCs to human life is still unknown.123 

For these reasons, when designing and dealing with fluorinated polymers for biological applications it 

is important to keep in mind their possible toxicity since that, for the purpose of diagnosis, a single 

high dose of these compounds is likely to be administered, in which case a short-term toxicity study 

profile is sufficient, but in the case of multiple administrations, for example if fluorous materials are 

intended as therapeutics, a long-term toxicity profile is relevant and will be required and each case 

has to be studied separately. 

Among the different perfluorinated polymers that can be used as building blocks, one that has shown 

particular promise for biological applications due to its preliminary toxicity studies is a linear 

perfluoropolyether (PFPE). Indeed, multiple studies were conducted regarding their performance and 

toxicity by Ahrens et al.126ς128 which have shown that linear PFPE nanosystems were neither toxic nor 

did stimulate T cells proliferation in vitro, which is of paramount importance if this category of 

compounds is to be used for any kind of biological application. 
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Aim of this thesis 

 

Nanomedicine has been the subject of increasing industrial and academic interest in the last decades. 

In particular, the development of novel theranostic nanosystems capable of providing functional 

nanoplatforms for diagnostics and therapy is a subject of significant importance. Among the various 

diagnostic imaging techniques, 19F MRI has shown promise but, there is still lack of ideal contrast 

agents to allow for clinical application. This is due to the limitations of the currently proposed 

perfluorinated tracers which suffer from several drawbacks, such as chemical shift artifacts due to the 

presence of several resonance frequencies, long bioaccumulation and persistency in the environment, 

necessity of administration as emulsions due to the low solubility of perfluorinated compounds and 

scarce possibility of further chemical modification. With these limitations in mind, this thesis aims at: 

1. The design, synthesis and characterization of a contrast agent for 19F MRI applications 

featuring a second generation, proof-of-concept fluorinated gold nanoparticle with an 

extended perfluoroethylene oxide units in order to implement 19F MRI performance with 

respect to the first system reported100 and increase the affinity of its monolayer toward small 

hydrophobic drug-like molecules in respect to previous studied F-AuNPs nanosystems 

designed by our research group.  

2. The design, synthesis, and characterization of two triblock fluorinated copolymers, the 

determination of their CAC and self-assembly properties and performance for 19F MRI. 

3. The dispersion of Cu2-xS NCs in aqueous environment by following two different strategies, 

one employing the fluorinated amphiphilic terblock copolymers previously described to form 

polymeric carriers encapsulating Cu2-xSx NCs and a second employing a fluorinated thiol as 

ligand for the functionalization of the surface of the Cu2-xSx NCs. 

The research activities were conducted within the framework of the PRIN project NiFTy: New-

Generation Nanostructured Fluorinated Materials for 19F MRI and their Biophysicochemical 

Interactions. 

The first part of the thesis was conceived as a natural evolution of previous works on F-AuNPs 

conducted by our research group, investigating both therapeutic functions as putative drug carriers 

and contrast agents for 19F MRI. Its aim is to provide a better theranostic nanoplatform with improved 

imaging and a SAM capable of hosting small hydrophobic drug-like molecules. Indeed, AuNPs are ideal 

proof-of-concept materials as scaffolds to set up prototypes for therapy and diagnosis due to the 

variety of experimental procedures available for their synthesis and the control of properties such as 

size, shape and dispersion. Moreover, the organic coating surrounding the gold core can be tailored 

with a variety of methodologies to deliver a biocompatible, multimodal final nanosystem. 
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The second part was conceived in collaboration with dr. C. Ingrosso of the IPCF Institute of Italian 

National Research Council (CNR), Bari with the aim of obtaining self-assembled fluorinated systems 

with good 19F MRI properties and dispersibility in water by synthesis and characterization of 

fluorinated polymers, designed with a linear triblock combining a central perfluorinated polyethylene 

oxide unit, a C18 alkyl chain and a pegylated chain of variable length. 

As extension of the previous parts, the F-polymers and the F-thiols were used for the dispersion of 

Cu2-xSx NCs ǎȅƴǘƘŜǎƛȊŜŘ ōȅ ǘƘŜ /Φ LƴƎǊƻǎǎƻΩǎ ǘŜŀƳΦ LƴŘŜŜŘΣ Cu2-xS NCs are self-doped metal 

chalcogenide semiconductors that have a LSPR in the NIR spectral range, which makes them ideal 

candidates as nanoparticles for plasmonic photothermal therapy (PPTT). By combining PPTT with 19F 

MRI applications, a novel theranostic nanosystem combining multiple imaging and therapeutic 

possibilities would be a promising result. To this aim attempts to entrapment of CuS NCs inside vesicles 

of the F-polymers were explored. Moreover, the direct dispersion of Cu2-xSx NCs in water by their 

surface functionalization with a fluorinated thiol is proposed as an alternative to vescicular 

nanosystems. 
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PART II: Novel nanocarriers for 19F MRI and drug delivery: hybrid 

organic/inorganic fluorinated AuNPs 

 

1. Background: AuNPs 

 

One class of nanoparticles that has been extensively studied for biomedical applications are 

undoubtedly AuNPs37.This class of nanoparticles possesses unique properties, such the Surface 

Plasmon Band (SPB), which gives rise to a broad absorption from 500 around 550 nm,129 and the ability 

to quench fluorescence.129,130 Its additional property of converting light in the NIR into heat131 finds 

interesting application in cancer therapy as thermal agents, for example Agarwal et al. 132 used 

photothermal imaging to detect prostate cancer by using anti-HER2 conjugated gold nanorods. 

Furthermore, by exploiting AuNPs emulsions it is possible to extend their applications to 

photoacoustic imaging.133 Due to the incomplete coordinating number of metal atoms on the surface, 

AuNPs can also be decorated with a variety of different moieties while leaving the core extremely 

stable and resistant to chemical agents, which can decrease further the immune response and prolong 

their circulation time .37,129,130,134 Together with the variety of different functionalization  enabled by 

the chemistry of AuNPs, the preparation for these systems also allows to finely control parameters 

such as core size and dispersion using a variety of synthetic approaches. Last, but not least among its 

advantages, is the fact that gold is the ideal proof-of-concept material: once a system is evaluated and 

optimized with a gold scaffold, many other different materials can be employed. 

For all these reasons, AuNPs are an important tool in the biomedical field and in nanotechnology, and 

they would seem to be a promising platform for nanotheranostic.  

 

2. Synthesis of AuNPs  

 

The first synthesis of AuNPs in aqueous solution dates to 1857 and was performed by Michael 

Faraday135 with white phosphorous as reducing agent. This procedure laid the foundation for its 

revision in 1951 by Turkevich,136 in which he obtained 20 nm AuNPs. In 1973 Frens,137 and in 1995 

Natans,138 optimized the protocol by adjusting the initial ratio between sodium citrate and gold, 

obtaining colloids in a different range of sizes, from 15 to 150 nm.  AuNPs have since been synthesized 

with a variety of different techniques and approaches, via both ΨǘƻǇ-ŘƻǿƴΩ ŀƴŘ Ψbottom-ǳǇΩ 

approaches. The former employs diverse techniques to transfer Au atoms in the gas phase from bulk 

material to produce NPs deposited on a substrate under ultra high vacuum conditions, such as laser 
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ablation139 or UV irradiation.140 However, it is often difficult to have narrow dispersions of stable 

AuNPs without resorting to surfactants.141 CƻǊ ǘƘƛǎ ǊŜŀǎƻƴΣ ǘƘŜ ΨōƻǘǘƻƳ-ǳǇΩ ŀǇǇǊƻŀŎƘ ǘƘǊƻǳƎƘ ǿŜǘ-

chemistry is most often preferred. Typically, a gold precursor is reduced to Au(0) in a process that 

involves two steps: i) the reduction of a suitable gold precursor using appropriate reducing agents 

(borohydrides, hydrazine, formaldehyde, hydroxylamine, saturated and unsaturated alcohols, citric 

acid, polyols, sugars, carbon monoxide, hydrogen peroxide, sulphites, and hydrogen, to name a few); 

and ii) the stabilization of the AuNPs by suitable ions, polymers (PVA,PVP) or sulphur ligands (in 

particular thiolates).Following established protocols (see above), in a typical synthesis the gold 

precursor (AuCl4
-) is reduced by sodium citrate in aqueous solution under reflux with vigorous stirring. 

At the end of the reaction, the colloids are stabilized by the excess of sodium citrate present in 

solution, by electrostatic interactions. By tweaking reaction conditions, such as the concentration of 

the reducing agent, it is possible to favour the formation of nanoparticles with different diameters, 

ranging from 12 to 64 nm.138 Furthermore, the peculiar feature of this synthesis is that sodium citrate 

can be exchanged with different ligands, such as thiols,  as proposed the first time by Mulvaney and 

Giersig142 in 1993. The first direct synthesis of small AuNPs protected by thiolates was reported in 1994 

by Brust and Schiffrin.102 This methodology is one of the most employed to date for the preparation of 

colloidal gold, to the point that the mechanism was revised in 2016, extending the size range to 2 to 

330 nm diameter143 (synthetic scheme in Figure 13). 

 

Figure 13: A possible mechanism of AuNPs formation using by Brust and Schiffrin method.  

The Brust and Schiffrin method involves a two-step process using a sodium borohydride as reducing 

agent and alkanethiols as capping agent: in the first step the gold precursor is transferred from water 

to toluene through use of tetraoctylammonium bromide (TOAB) as phase transfer agent. To this 

solution alkanethiols are added causing the reduction of Au(III) to Au(I). By adding a solution of sodium 

borohydride, Au(I) is reduced to Au(0) with nucleation of the nanoparticles that are immediately 
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stabilized by the thiols dispersed in the toluene. The final reducing process occurs at the interphase 

between toluene and water.144  

This synthesis allows for the formation of AuNPs smaller than 5 nm due to the formation of micelles, 

in which the nucleation and growth of the gold core begins with the addition of the reducing agent. 

The ligand shell passivates the surface of the gold nanoparticle forming a self-assembled monolayer 

(SAM).145,146 SAMs are single layers formed by the adsorption of organic ligands on the surface of a 

substrate. These organic, thin layers have a larger number of chains on the surface of the gold 

nanoparticle (3D-SAM) due to its curved shape compared to a flat-surfaced 2D-SAM, due to the 

occupancy of alternative binding sites.145 SAM can provide a complete new identity to nanomaterials 

, since they provide additional peculiar properties to any solid, they passivate on. The composition and 

the property of the monolayer depends entirely on the nature of the ligand, so that it is possible to 

tailor its properties according to specific nanotechnological needs. In the specific case of AuNPs, the 

tightly packed thiolated monolayer allows high stability over a long time due to the strong Au-S bond 

and van Der Waals interactions among the alkyl chains of the thiolates, as opposed to citrate capped 

AuNPs.130,146 

A very important milestone and a first step in the realm of biological applications was reached in 1998 

by Murray et al. 147 when they managed to confer water solubility to AuNPs by synthesizing AuNPs 

protected with a PEGylated chain.148 However, although this finding was interesting, the high 

molecular weight of the PEG 5000 that was used prevented further modification. For this reason, a 

number of different studies have explored various alternatives to achieve aqueous solubility. One 

interesting approach was reported by Pengo et al. 149 in which, instead of using a long-PEGylated chain, 

a short ligand designed with an alkyl chain conjugated to a terminal PEG chain was used to confer 

solubility and stability to the nanosystem. Furthermore, the Authors demonstrated that by tuning the 

molar ratio between Au and thiol and the addition rate of sodium borohydride it was possible to obtain 

nanoparticles ranging from 1.5 to 5 nm.  

In terms of biocompatibility, the size of the nanoparticles is a key factor in determining their toxicity 

and, possibly, their bioaccumulation, as different studies have shown. For example, in one study, the 

effect of 5, 10, 30 and 60 nm diameter PEG-coated AuNPs was studied on mice and the results showed 

that the organs in which the NPs accumulated and also that the physiological responses of the mice 

changed according to the size of the nanoparticles.150 Another study by Boselli et al.151 studied how 

the interactions and the tendency to form stable protein corona on the surface of AuNPs changed 

drastically with the size of the nanoparticles. Nanoparticles of 2 nm core diameter showed transient 

and lower signs of protein corona interactions, which could be directly correlated to a higher 

biodistribution, excretion rate and lower accumulation rate compared to the larger nanoparticles.  
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3. Functionalization of AuNPs 

 

There are different methods that can be employed in the formation and modification of SAMs, but 

they can all be grouped into 4 main categories:152,153  

1. Direct synthesis of AuNPs, a process in which AuNPs are directly synthesized with a blend of 

desired ligands. 

2. Exchange reactions (or place exchange reactions), an entering ligand completely displaces 

the exiting ligand. This is an equilibrium process compatible with any functional group. 

3. Modification of preformed AuNPs synthesized with functional groups available for 

subsequent modification. 

4. Weak protection displacement, NPs are first formed and weakly stabilized and then weak 

protective element is displaced by a ligand forming strong bonds with the Au surface atoms. 

The first method is usually a one-pot synthesis in which the gold precursor and the ligands forming 

the final nanosystem are present at the same time, so that the ligands help the growing process and 

stabilize the final nanosystem at the same time. This synthesis is usually performed in an aqueous 

mixture containing both the gold ions (precursor) and the ligand, or the mixture of ligands to which a 

reducing agent is added. The main downside of this method is represented by the strong reducing 

conditions which might not be ideal for all ligands153.  

The second method is used when it is necessary to modify previously formed nanoparticles. This is an 

equilibrium process in which the entrance of longer ligands is favoured whereas that of hindered 

ligands is disfavoured. One example is reported by the group of Pasquato et al. in which a portion of 

the thiols decorating the surface of the AuNPs were exchanged with BODIPY, a fluorescent probe 

molecule, to investigate the uptake of nanoparticles by HeLa cell lines 100,154 (System represented in 

Figure 14. 

 

Figure 14: example of place-exchange reactions. Picture from ref.100 Copyright © 2013 The Royal Society of Chemistry  

The third method, on the other hand, is particularly useful when it is necessary to modify the surface 

of AuNPs by covalent modification with complex molecules or polymers, or to obtain hybrid structures 
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as is shown in the work of Kim et al.155 A more recent example is reported by Arango et al.156 in which 

fluorinated nanoparticles were obtained by first obtaining water soluble AuNPs with a thiol and 

carboxyl-ending PEG (HS-PEG-COOH) and then conjugating the -COOH group with the desired 

fluorinated tracer, shown in Figure 15. 

 

Figure 15: example of modification of pre-formed NPs. Figure adapted from ref.156 

The fourth method is often chosen for NPs with a gold core bigger than 10 nm of diameter for a 

number of reasons: the ligand of choice is particularly sensitive to the reaction conditions in which 

AuNPs are formed, i.e., there is a highly reductive environment. For this reason, AuNPs are formed 

with a temporary ligand that entertains weak bonds with the gold surface and that can be easily 

replaced in a later phase. A classic example is shown in Figure 14, in which gold colloids synthesized 

with sodium citrate as reduction agent which also acts as stabilizer. The weak bonds can be then 

displaced by different ligands that form stronger bonds with the gold surface, from PVP to thiolates.157 

160161 

Figure 16:159 Synthesis of citrate protected AuNPs and citrate displacement by thiols. 

This first method shown is by far the simplest, since it allows direct formation of the SAM in the 

ǊŜŀŎǘƛƻƴ ŜƴǾƛǊƻƴƳŜƴǘΣ ƻǊ ǘƘŜ ΨƎǊŀŦǘƛƴƎΩ ƻŦ ǘƘŜ ŘŜǎƛǊŜŘ ƭƛƎŀƴŘ ƻƴǘƻ ǘƘŜ ǎǳǊŦŀŎŜ ƻŦ ǘƘŜ AuNPs without 

subsequent modification. Its main advantage is that it is a one-pot technique, simplifying the synthesis 

and purification steps.163 

All these methods enable the formation of mixed monolayer protected AuNPs. 
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4. Fluorinated AuNPs (F-AuNPs) 

 

The first example of nanoparticles synthesized with fluorinated ligands is reported in a work by Korgel 

et al.158 in which perfluorinated silver nanoparticles were synthesized. In 2001 Yonezawa and 

Kimizuka159,160 obtained the first examples of AuNPs protected by thiols featuring a fluorinated chain, 

by a single-phase method that precipitated the obtained nanoparticles from organic solvents, which, 

however, resulted being soluble in fluorocarbons. An example of fluorinated NPs synthesized through 

a Brust-Schiffrin synthesis reported by Murray et al.161  where they obtained AuNPs through a direct 

grafting synthesis. The resulting nanoparticles were incredibly small, comprising only 44-75 Au atoms 

in the core but were found to be insoluble in most solvents except fluorine-based ones. In 2008 

Gentilini et al.25 managed to obtain the first example of water-soluble fluorinated AuNPs ranging from 

1.6 to 2.9 nm in diameter, synthesized in a homogeneous phase in the presence of a short thiol with 

a perfluoroalkyl polymer and a final PEGylated ending (Figure 17). PEG allowed the obtained NPs to 

be dispersed in water. In addition, the excellent solubility of these fluorinated nanoparticles allowed 

for additional studies on the interactions and properties of the fluorinated SAMs in aqueous 

environment. Moreover, it was demonstrated the ligand exchange to obtained mixed monolayers of 

different fluorinated ligands on the protected NPs. 

An important step forward in the optimization of the solubility of these nanoparticles was achieved 

by Niikura et al.162,163 in two separate studies in 2010 and 2012 in which they obtained AuNPs 

decorated with a short, fluorinated thiol (Figure 18), that strongly improved their solubility in organic 

solvents through the formation of discrete assemblies of nanoparticles. This solubility allowed for 

more in-depth studies regarding the properties of these fluorinated nanoparticles in solution and the 

interaction between its SAMs and other organic molecules.164 Scanning tunnelling microscopy (STM) 

studies conducted on the nanoparticles synthesized by Niikura et al. (Figure 18, left) indicated a 

marked tendency of the AuNPs to form ordered structures and superlattices on solid substrates 

following the evaporation of the solvent, a property not possessed by nanoparticles with terminal 

polyethylene glycol instead of fluorinated moieties. In this study, the authors attributed this behaviour 

to the self-lubricating properties of the F-AuNPs. Indeed the fluorinated nanoparticles showed weak 

inter-particle interactions during the solvent drying process which led to the formation of close-

packed 3D structures in short amounts of time. In other F-AuNPs synthesized by the same authors 

(Fig. 18, right), the F-F interactions between different fluorinated moieties was exploited for the self-

assembly of hollow superstructures with a size range below 100 nm of diameter. Indeed, the F-F 

interactions between different F-ligands caused the formation of vescicle-like superstructures which, 
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once formed in THF, remained stable in organic solvents such as methylene chloride, ethyl acetate 

and butanol. 

 

Figure 17: Structure of the F-AuNPs synthesized by Gentilini et al. Picture adapted from ref.164 Copyright © 2015 Elsevier B.V. 
All rights reserved. 

 

Figure 18: Structure of the F-AuNPs synthesized by Nikuura et al. Picture adapted from ref.164 Copyright © 2015 Elsevier B.V. 
All rights reserved 

3-D SAMs are interesting in that they can be considered per se as a form of nanotechnology.146 In 

nanoparticles they are responsible for most of the interactions between NPs and their surroundings. 

By tailoring the thiolate properties, it is possible both to condition the formation of SAMs and 

determine what kind of interactions will be preferred. 

The important property of fluorous ligands to form strong fluorine-fluorine interactions has been 

studied for the application of F-AuNPs as drug delivery systems able to host lipophilic drug molecules 

in their fluorinated layer. 

by exploiting electron spin resonance (ESR) spectroscopy it is possible to investigate further this 

behaviour.  

ESR spectroscopy, also called electron paramagnetic resonance (EPR) spectroscopy is a method for 

studying materials that have unpaired electrons. The basic concepts of EPR are analogous to those of 

nuclear magnetic resonance (NMR), but the spins excited are those of the electrons instead of the 

atomic nuclei. The first study in which ESR was used to determine the partition coefficient of a 

molecule between an aqueous solution and a non-fluorinated AuNPs with a SAM of short alkyl thiols 

was performed by our research group.165  
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In this study different para-substituted benzyl hydroxyalkyl nitroxides were employed. Different 

spectra of different nitroxides were registered and their affinity for the AuNP SAM was determined. 

Nitroxides with para-alkyl substituents showed a higher affinity with the SAM. Indeed, in this case, the 

registered ESR spectrum showed a new species whenever the concentration of AuNPs increased 

enough. This behaviour was explained in this study as being due to the lower nitrogen hyperfine 

splitting a(N) compared to the free radical, which indicated its presence of in a less polar environment, 

well shielded from the aqueous environment. Moreover, the EPR lines of the radical probe inside the 

monolayer were smaller, due to the slower motion inside the monolayer. To further prove this theory, 

the ESR spectra were registered with different concentration of AuNPs, showing a linear increase in 

the molar ratio between complexed and free radical at higher concentrations of AuNPs (Figure 19). 

Further ESR experiments conducted by our research group aimed were conducted on AuNPs 

protected by SAMs of either only H-ligands or F-ligands and it was found that the affinity of the probe 

for the F-AuNPs was higher compared to AuNPs protected only by alkyl thiolates.166 These studies 

showed that not only fluorinated ligands are a better host system compared to AuNPs protected by 

only hydrogenated alkyl chains (in comparable size ranges) but also that the fluorinated ligands with 

a more flexible distal region (for example an alkyl separator) increased the binding constant of the 

radical probe within the monolayer. 134,166,167 

The repercussions of these results are significant as several drugs used in cancer therapy suffer from 

lack of solubility and would benefit from this kind of nanotechnological drug-delivery platform, 

considering that more than half of the most successful drugs in the market contain one or more F 

atoms,168 these studies are relevant for further applications. A study conducted by Kim et al. in 2008 

highlighted this by synthesizing AuNPs with hydrophobic pockets loaded with different dyes and drugs 

and demonstrated uptake by the cells by a membrane-diffusion mechanism.169 
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Figure 19: Graphical representation of (1) radical hosted in the MPC monolayer, in equilibrium with the free nitroxide, (2) EPR 
spectra of radical probe in the presence of AuNPs at the same concentration at different temperature and (3) EPR spectra of 
(a) only radical probe (b) radical probe in the presence of AuNPs and (c) computer simulation of b. 

Another interesting field of applications for F-AuNPs was proposed by Palermo et al. in 2018,170 in 

which they demonstrated that the analysis of metabolite distribution in biological samples via 

nanostructure imaging mass spectrometry (NIMS) could be assisted by employing F-AuNPs. Through 

irradiation of the nanoparticle surface, perfluorinated chains could be directly released with a low 

amount of energy, preventing direct contact between the analyte and the thermal source and allowing 

direct detection of different biological molecules. 

A field of application for F-AuNPs that I will be focusing on is the field of 19F MRI. I will not now enter 

into the advantages of this imaging technique as I have already discussed this in Section 1.8, but it is 

worth stressing how interesting AuNPs could be as potential scaffold for the synthesis of a 

nanoparticle designed as contrast agent for this application, at least as a proof-of-concept material.171 

The suitability of AuNPs for this application resides in the possibility to finely tune their size and obtain 

a narrow size distribution with relative ease. In addition, it is possible to tailor and modify the 

passivating monolayer to enhance the biocompatibility of the final nanosystem and its 

bioaccumulation. This is ideal in the design of any theranostic nanoplatform as it allows for 

adjustments in real time with minimal synthetical effort. Several studies have been conducted to build 

a library of techniques from which it is possible to choose from to effectively tailor the passivating 

ligand for optimal 19F MRI applications. For example, by adjusting the length of the alkyl spacer that 

separates the fluorinated moiety from the gold core it is possible to keep a high degree of mobility for 

the ligand. This is a crucial factor for 19F imaging in fluorinated polymers as the suppression of 
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molecular mobility can induce a shorter T2 relaxation time, which results in the attenuation of the 

MRI signal.99 

Regarding the toxicity of these nanosystems and their biocompatibility, the studies are still in the 

preliminary stages. It is, however, worth mentioning some of the more important preliminary reports. 

In a study by Niikura et al.172 sub-100 nm F-AuNPs vescicles (AuNVs) cross-linked with dithiol 

terminated PEG to impart water solubility were synthesized and to assess their biocompatibility and 

potential use in drug delivery, Rhodamine was encapsulated and the AuNVs were tested on HeLa cell 

lines. The results indicated that the small size of the vescicles allowed them to be internalized into 

cells and that they would release their cargo upon light irradiation. Moreover,  the death rate HeLA 

cell lines was less than 5%. Boccalon M. et al.100 reported 95% cell viability in HeLa cell lines exposed 

to F-AuNPs for 4 hours at 37° C in the concentration range of 0.6ς10 µM. Marson et al.173 

demonstrated how the presence of fluorinated ligands and the different ratio between fluorinated 

and non-fluorinated ligands in mixed monolayers NPs can drive the formation of surface patches of 

different size, which in turn can influence  the membrane binding ability and cellular uptake of gold 

nanoparticles. In addition, despite the lack of specific knowledge about fluorinated nanosystems, 

there have been extensive reviews aimed at assessing the toxicity of perfluorocarbons (PFCs) 174 in 

which the chemical stability of PFCs was thoroughly investigated, as reported in Part I.11 

Because of the above considerations, F-AuNPs, with gold acting as the scaffold together with a 

passivating ligand consisting of a fluorinated moiety suitable for 19F MRI, might constitute a valuable 

addition to the repertoire of contrast agents for 19F MRI and might thus represent an innovative 

diagnostic platform that can not only serve as a fluorinated contrast agent but can also be employed 

as proof-of-concept design for further functionalization and likely useful for other imaging techniques. 

Moreover, by exploiting the interaction between SAM and organic molecules, its potential as 

theranostic nanoplatform for drug delivery could be explored further in different diseases, including 

but not limited to cancer. 
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Results and Discussion 

 

The overall aim of this section of the thesis is to report the results and discuss the implications of a 

novel F-AuNP synthesis, with a special focus on the characterization of fluorinated nanoparticles. In 

addition, the capability of hosting drug molecules in SAM, compared to previous nanosystems 

prepared by our research group will also be considered.  

 

1. Design of the Nanosystem 

The design of the second generation fluorinated gold nanoparticles was based upon a previous model 

developed by our group, shown in Figure 20. This design of nanoparticle was chosen as it displayed 

low toxicity, as demonstrated by experiments in vitro on HeLa cells, while displaying good SNR at low 

concentration in 19F MRI phantom experiments. Furthermore, the monolayer of these nanoparticles 

showed high affinity hydrophobic radical probes mimicking small molecule hydrophobic drugs.100 

 

Figure 20:  Structure of F-MPCs with short, fluorinated polymer synthesized by our group. 

To optimize this design, the previous background provided by studies on the synthesis of F-AuNPs,100 

and the insights achieved with respect to the organization of homogeneous or heterogeneous 

SAMs,100,175 to morphological characteristics166,176  and to nanoparticles interaction with other 

molecules.134,177  was taken in consideration and briefly summarized here: 

A major point that was considered in the optimization design of the new F-AuNPs was related to its 

size, because this directly influences the total number and density of passivating ligands, as reported 

previously by Murray et al.148 where results showed that the smaller the nanoparticle the larger the 

available surface. And therefore the conformational freedom of the ligands. In addition, for very small-

size nanoparticles, the ratio between the number of ligands and the number of gold atoms is higher, 

increasing further the number of passivating ligands and consequently the number of 19F atoms. Our 

objective was therefore to achieve nanoparticles with a core of about 2 nm in diameter. Considering 

that the concentration of fluorine atoms in a biological system for a good MRI signal has to be in a 

range of 1016-1019 atoms per voxel (volumetric picture element),164 the choice of a smaller gold 

nanoparticle design can provide advantages compared to previous systems developed in the group. 

Furthermore, previous studies on toxicity of AuNPs in vivo showed that AuNPs with a diameter size of 

around 2 nm accumulated less in the liver, and AuNPs with a hydrodynamic size radius under 10 nm 

displayed enhanced renal clearance151,178,179 in respect to larger nanoparticles which would improve 
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their biocompatibility and reduce their bioaccumulation. In addition, increasing the number of 19F 

atoms in the nanoparticle monolayer will also lead to an extended lipophilic area that might be useful 

to increase the loading capacity and/or affinity of the ƴŀƴƻǇŀǊǘƛŎƭŜΩǎ monolayer for small molecule 

hydrophobic guests. The most straightforward approach to increase the number of F atoms compared 

to previous designs was to synthesize a novel ligand with an extended perfluoropolyether block 

(PFPE). The extended PFPE polymer was requested by our group and synthesized by ExFluor Research 

corp. which provided a long perfluoroethylene glycol diol obtained from a PEG of a MW of about 600 

Da. (F-PEG 600), shown in Figure 21. The choice for an extended PFPE rather than a fluorocarbon (FC) 

was dictated by two main considerations, which were the result from previous studies: first and 

foremost, the structure of nanoparticles synthesized with a short PFPE was more stable and flexible 

compared to nanoparticles synthesized with FC and second, having several separate -OCF2CF2- 

domains instead of multiple CF2, would result in having a higher level of nuclear chemical equivalence, 

as in previous studies AuNPs synthesized with PFPEs, the 19F NMR showed one major signal, instead 

of three.100 

 

Figure 21: (right) short perfluoropolyethylene glycol employed in the synthesis of F-MPCs and (left) perfluoropolyethyene 
glycol diol (F-PEG600) chosen for the increased number of semi-equivalent fluorine atoms. 

Moreover, the high number of oxygen atoms, that would allow to accept H-bonds, might represent a 

improvement as hosting system for both the hydrogenated and fluorinated drug molecules. For these 

reasons, F-PEG 600 was considered to be a more promising polymer respect to a longer fluorocarbon 

for the design of F-AuNPs. 100 Another choice dictated by considering previous studies100,177  was to 

introduce an alkyl spacer between the fluorinated polymer and the surface of the gold nanoparticle 

due to the larger cross section of F-chains (~30 °A) with respect to H-chains (~20 °A). 

 

Figure 22: Structure of MPC-F8-PEG synthesized by Pasquato et al.177 

Indeed, the larger cross-section of F-chains caused issues during the synthesis of AuNPs decorated 

with a thiol featuring a sulphur atom in alpha position to a fluorinated polymer (F8).177,100 In addition, 

the proximity of the fluorinated polymer to the gold atom would have deteriorated the performance 

of the nanosystems considering the severe broadening of NMR signals of the nuclei in close proximity 

to the gold surface. Moreover, the introduction of a fluorinated moiety close to the gold, as is shown 
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in a previous design by our group in Figure 22, would prove to be synthetically challenging due to the 

reduced nucleophilicity of the thiol installed at this position as it was already demonstrated by our 

previous work from our group.177  

Another point considered was ensuring an adequate level of flexibility for the monolayer because it 

not only affects the stability of the final system, but also affects its performance as potential drug 

delivery system as shown by the ESR studies performed on both systems.100,177 For all of these reasons, 

it was decided to introduce an alkyl spacer comprised of 11 C atoms, instead of the shorter C6 

previously employed. As shown by previous studies, the presence of PEGylated chain (mPEG550) as 

ǘƘƛƻƭΩǎ ŜƴŘ ƎǊƻǳǇ was enough to allow for water-solubility of the F-AuNPs. Indeed, the size of the 

PEGylated chain is essential to mask the fluorinated polymer to the aqueous media. 

 

2. Synthesis of AuNPs protected by fluorinated thiols 

 

To summarize all the previous points, the general structure of the gold nanoparticle together with a 

short description of each of its part is the following: 

  

¶ Spacer:  

The alkyl spacer provides stability to overall nanosystem, decreasing the repulsion forces between 

each chain and allowing for a more densely packed SAM while indirectly allowing a higher degree of 

flexibility to the overall structure. 

¶ The fluorinated polymer: 

It represent the core of the F-AuNPs and the main novelty compared to previous F-AuNPs: a long PFPE 

will allow a higher number of fluorine atoms per nanoparticle and a strong signal in 19F MRI. Moreover, 

the extended lipophilic surface provided by fluorinated moieties might provide a larger affinity for 

small drug-like molecules 

¶ PEG 

The PEG is designed to protect the SAM of the F-AuNPs from the aqueous environment aiding its 

solubility and dispersibility while at the same time reducing the risk of opsonization in biological 

environment. 
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Synthesis of the fluorinated thiol. 

The structure of the designed ligand is characterized by an 11-carbon alkyl spacer, a 

perfluoropolyethylene glycol diol comprising about eleven perfluoroethylene oxide units with a 

molecular weight of ~1484 Da and a methoxy poly (ethylene glycol) chain (mPEG 550) of MW ~550 Da 

(12-13 ethylene oxide units) all linked together by ether bonds. The synthetic steps can be summarized 

in the scheme 1: - 

  

Scheme 1: Complete synthesis scheme for the preparation of fluorinated ligand. 

This synthetic procedure for the synthesis of the fluorinated thiol follows the procedure introduced 

for the preparation of the similar ligand presenting a much shorter F-PEG.100 

The synthetic scheme starts from a commercially available bromoalcohol 1 which is transformed in 

the trityl-protected alcohol 2 by SN2 reaction. The alcohol is then activated with p-toluenesolfonyl 

ester, a good leaving group to obtain 3. The reaction between 3 and F-PEG 600 diol is conducted with 

an excess of polymer to compensate for the formation of the disubstituted with sodium hydride to 

form the intermediate 4. In parallel, commercially available mPEG 550 is activated with tosyl chloride 

to form 6. The formation of trytil protected product 7 is conducted in dioxane and the deprotection is 

conducted with TFA and TIPS which acts as cation scavenger to form product 8.  

The first step introduces a protected thiol moiety to the 11-bromo-undecanol. The trityl group was 

chosen as protective unit because it is highly resistant to bases, which are employed during the 

following synthetic steps. As mentioned before, the length of the alkyl chain is important for, among 

other reasons, the stabilization of the gold core due to the formation of tightly packed monolayer by 

van der Waals interactions between neighbouring ligands.180 This synthesis is a nucleophilic 
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substitution of the bromide acting as leaving group by the trityl -protected sulphur atom. The 

formation of the thiolate is allowed by the use of K2CO3 acting as a base. 

The compound is a bright yellow viscous oil, which solidifies at low temperatures. Yield is quantitative. 

Compounds 1-3 display diagnostic signals in the 1H NMR spectra (400 MHz, CDCl3) as illustrated in 

Figure 23. In particular, the triplet pertaining the methylene in alpha to bromide of compound 1 is 

shifted from 3.41 ppm to 2.14 ppm (bond between the thiol functionality and the carbon chain) in 

compound 2. Moreover, aromatic signals for the trityl  group (Figure 23B and insert D) and also the 

tosyl group (Figure 23C and insert D) appear between 8 and 7.1 ppm, confirming further the formation 

of the product 2 and 3. For compound 3 (Figure 23C) the successful reaction is confirmed by a triplet 

at 4.03 ppm pertaining the methylene in alpha to the tosyl group and a singlet at 2.45 ppm pertaining 

the methyl of the tosyl group. 

 

 

Figure 23: 1H NMR spectra (400 MHz, CDCl3) of compound 1 (A), 2 (B) and 3 (C) with an expansion on the aromatic signals of 
trityl group and tosyl group of compounds 3 and 4 respectively (insert D). 

Mass spectrum of compounds 2 and 3 show their respective pseudo molecular peak [M+Na] + at 469.2 

m/z and 623.4 [M+Na] + m/z as expected (Figure 24 and 25 respectively). 
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Figure 24: mass spectrum of compound 2 (TrtSC11OH). 

The maximum yield obtained was 80% as a white crystalline solid. 

 

 

Figure 25: mass spectrum of compound 3 (TrtSC11Tos).  

The yield obtained for compound 2 was quantitative. The compound is a yellow viscous oil. Compound 

3 was a white crystalline solid obtained with a yield of 84%. 

Synthesis of TrtSC11FPEG600 (4) 

During the preliminary trial runs the reaction was first performed with an excess of potassium 

hydroxide to ensure the formation of the alcoholate of F-PEG 600 diol.  

The reaction reached completion after 3 days at 100 °C using 1,4-dioxane as solvent. During the 

ǊŜŀŎǘƛƻƴ ǘƘŜ ŦƻǊƳŀǘƛƻƴ ƻŦ ŀ ǿƘƛǘŜ ΨǎƭǳǊǊȅΩ ŀǘ ǘƘŜ ōƻǘǘƻƳ ƻŦ ǘƘŜ ǊŜŀŎǘƛƻƴ Ŧƭŀǎƪ was noticed, due to the 

precipitation of the sodium salt of 4, which could have formed due to the excess of base. In addition 

to that, by analysing the crude mixture by 1H NMR, the presence of 2, with its characteristic triplet 

centred at 3.64 ppm was noticed. Its formation could have been promoted by the presence of traces 

of water formed by deprotonation according to the following reaction: 

HOCH2CF2OCF2CF2OCF2CH2hI Ҍн YhI Ҧ Yh/I2CF2OCF2CF2OCF2CH2OK + 2H2O 
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For this reason, in the following reactions sodium hydride was used instead of potassium hydroxide 

to avoid the formation of water. Although the reaction time was improved to 48 hours, compound 2 

formed as by-product and no precipitate was formed. The reaction was performed in 1,4-dioxane. This 

solvent proved to be ideal because of the peculiar solubility of the polymer. The reaction was 

monitored by means of 1NMR spectroscopy and its completion was determined and confirmed by 

both 1H NMR and 19F NMR.  

The proton NMR show the disappearance of the triplet at 4.03 ppm retaining to the methylene in 

alpha to the tosyl group and a multiplet between 4.00 and 3.94 ppm due to the methylene groups in 

alpha position of the CF2 units of the fluorinated polymers was formed. Moreover, a new triplet at 

3.64 ppm is attributed to the methylene group of the alkyl chain in alpha to the newly formed ether 

group. The desymmetrization of F-PEG is nicely in evidence in 19F NMR spectra of the precursor and of 

product 4, Figure 26. Indeed, while the F-PEG presents one signal at -80.89 ppm pertaining to the end 

CF2 groups, the 19F NMR of 4 displays two different signals at -78.30 ppm and -80.86 ppm. 

 

Figure 26: spectra of  19F NMR (367 MHz, acetone-d6) of F-PEG diol 600 (top) and product 4 (bottom). 

The crude of the reaction was purified by means of flash chromatography and it was possible to isolate 

the product. 

Synthesis of mPEG550Tos (6) 

The conjugation of 4 with mPEG550 requires the modification of the commercially available mPEG550 

in order to have a good leaving group. This was achieved by introducing a tosyl group. Also, in this 

case 1H and 13C NMR spectra are diagnostic for this transformation. In particular, the signal of the 

methylene protons in alpha to tosyl group at 3.68 ppm (1H NMR). To better characterize the obtained 
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compound, the mass spectra of Poly (ethylene glycol) methyl ether (550 Da) and the mPeg550Tos 

were registered. 

The typical Poisson-distribution given by a series of peaks each separated by 44 m/z (CH2CH2O), is 

visible in both cases. The [M]+ ion is visible at 693.30 m/z. By comparing the two distribution profiles, 

the distribution of the intervals shifts to higher m/z compared to the precursor which indicates the 

presence of the tosyl group. (Figure 27) 

 

 

 

 

Figure 27: micrOTOF-Q mass spectra of PEG550 (top) and PEG550Tos (bottom). 

Product is a colourless oil, and the yield is quantitative. 

 

Synthesis of TrtSC11FPEG600PEG550 (7) 

The protected thiol was obtained by conjugation of activated mPEG550 6 with compound 4. 

The reaction was conducted in 1,4-dioxane as solvent with sodium hydride and to ensure total 

conversion of the precursor, a slight excess of mPEGTos was used 1.10 equivalents.  

The reaction was monitored by means of NMR spectroscopy and its completion was confirmed by 

both 1H NMR and 19F NMR.  For the 1H NMR spectrum, the multiplet at 4.00-3.94 ppm pertaining the 

methylene units of the F-PEG 600 in ʰ to the alkyl chain and the hydroxyl group shift due to the 

formation of a ether bond between the mPEG550 and two separate triplets at 4.10 ppm and 3.99 ppm 

are identifiable. The triplet at 3.79 ppm is attributed to the methylene group of the PEGylated chain 

in h  to the FPEG600. In the 19F NMR spectrum the peak at -80.86 ppm disappears and a new multiplet 

relative to the CF2 in h  to the PEGylated chain appears at -78.48 ppm, in close proximity to the CF2 in 

ʰ to the alkyl chain. 
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Spectral analyses for this compound were performed with MS-ESI in positive (Figure 28 top) and 

negative mode (Figure 28 bottom) to gain insight on synthesized compound. The resulting spectra 

show a low S/N. One of the reasons for this issue is technical, as the ESI-MS employed has a upper 

threshold of detection set at 2200 m/z. The second reason might be related to the broad mass 

distribution of the compound, as it would be formed by two different polymers with different mass 

distribution and mass intervals between PEG and FPEG oligomers.181 The multiple clusters are visible 

in negative mode. The difference between intervals forming the Poisson-distributions is of either m/z 

44, 72 or 116. These intervals can be attributed to the different number of oxyethylene (44 m/z) or 

perfluoroxyethylene units (116 m/z) of the compound respectively. The interval of 72 m/z can be 

explained considering the difference in mass between two different copolymers having one less 

CH2CH2O unit and one more CF2CF2O unit such as in the case of (CF2CF2O)n(CH2CH2O)m-

(CF2CF2O)n+1(CH2CH2O)m-1=72 m/z.  

The product 7 was obtained as a white solid, with a maximum yield of 64%. This represents the highest 

yield obtained for several repetition of the synthesis. 

 

 

Figure 28: ESI-MS mass spectra of TrtSC11FPEG600PEG550 in positive mode (top) and negative mode (MS-ESI) (bottom). 

 

Synthesis of HSC11FPEG600PEG550 (8) 

 

The last step prior to the synthesis of F-AuNPs is the deprotection the thiol group. This reaction is 

performed with an excess of trifluoroacetic acid and triisopropylsilane, which acts as cation scavenger 

used to reduce the trityl cation formed during the reaction. To avoid the formation of the disulfide, 
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particular attention is given in keeping the reaction system and the reagents deoxygenated. To ensure 

the complete removal of TFA during the workup procedure, a flash chromatography column in silica 

gel was employed to purify the thiol. 

The product 8 was characterized by means of NMR spectroscopy. In the 1H NMR spectrum, the 

disappearance of the triplet pertaining the methylene group in alpha to the trityl at 2.15 ppm is 

diagnostic, which is accompanied by the formation of a triplet at 2.54 ppm that is consistent with a 

methylene in h  Ǉƻǎƛǘƛƻƴ  of a functional thiol group, which found confirmation also by performing 

simulations with the aid of MestreNova prediction plug-in. Instead, the signal at 2.62 ppm due to the 

methylene in h  to the disulfide which formed despite precautions taken during deprotection of 8. 

However, traces of disulfide are not a problem due to the strong reducing conditions that will be 

employed for the synthesis of AuNPs in the synthesis of F-AuNPs. The 19F NMR spectrum remains 

unchanged in respect to the thiol precursor, confirming the reaction conditions employed did not 

affect the fluorinated portion of compound 8. NMR spectra are represented in Figure 29. 

Mass spectrometry was performed with MS-ESI in positive (Figure 30 top) or negative mode (Figure 

30 down) of compound 8. The S/N ratio is not optimal for the same reasons suggested for its precursor. 

In positive mode it is possible to a cluster with intervals of 44 m/z, which might be attributed to 

unreacted mPEG550Tos. Moreover the presence of a less intense signal at 243 m/z can be attributed 

to the loss of [C19H15]ɕ which is coherent with the mass of a trytil. The spectrum in negative mode 

shows a series of cluster with different intervals each separated by either 44, 72 or 116 m/z, as it was 

the case for compound 7.  

For compound 8, the 19F T1 and T2 relaxation times were determined in acetone d6 at 376 MHz. The 

T1 was determined by an inversion recovery experiment, which measures the transversal 

magnetization after a 180° impulse followed by a 90° pulse. By plotting the intensity of signal at -89.56 

ppm against different time intervals, a value of 1.057 s was obtained. For the determination of the T2, 

the Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence was used to assess the decay of the transverse 

magnetization due to field inhomogeneities and the molecular environment causing spin dephasing. 

By analysing the same set of signals at -89.56 ppm, a value of 806 ms for T2 was obtained.182,183 

Although the relaxation times are rather long, we expect that they will decrease once thiol 8 will be 

grafted on the gold nanoparticle surface nanoparticle surface, due to the slower molecular tumbling 

rate184 of these objects. 
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Figure 29: 1H NMR (400 MHz, acetone-d6) of the thiol (above) with a zoom between 4.25 to 4 ppm as insert and 19 F NMR 
(376 MHz, acetone-d6) of the thiol 8(below). 

 

Figure 30: mass spectra of HSC11FPEG600PEG550 (top) and range 1200-2500 m/z (MS-ESI) (bottom). 
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3. Synthesis of F-AuNPs with fluorinated thiol 

 

The synthesis of the F-AuNPs followed a previous preparation protocol developed by our group185 

which was adapted for different NPs size and functionalization.134,184 

 

Scheme 2: scheme for the synthesis of AuNPs protected by HSC11FPEG600PEG550 

The reaction was carried out using deoxygenated solvents to ensure the formation of AuNPs with a 

gold core of about 2 nm diameter.  Multiple factors determine the size of the nanoparticles in a 

homogeneous phase size synthesis.185 For example, in a study by Pengo et al.,186 thiol AuNPs a SAM 

composed of short alkyl thiol with different sizes were synthesized and it was demonstrated that the 

rate of addition of the reducing agent is critical, especially in homogeneous phase synthesis, as it 

controls the rate of reduction of the AuNPs, in contrast to two-phase systems in which the rate is 

controlled by phase transfer process. The Au/thiol rate is also an important factor, as it was 

demonstrated in a study that synthesized AuNPs via homogeneous phase synthesis with mPEGylated 

chains of different length: by increasing the mPEG/Au molar ratio it was possible to decrease the 

diameter distribution, obtaining narrow distribution of small AuNPs.187 In this specific case, to obtain 

nanoparticles with a core radius of about 2 nanometres we used a molar ratio of 3:2 between the gold 

precursor and thiol, an aqueous solution of NaBH4 was used as reducing agent, addition of the solution 

to the reaction mixture was performed over 3.5 minutes with a dropping funnel to avoid the formation 

of aggregates. To ensure the formation of reasonably monodispersed NPs without the presence of 

impurities we took some additional precautions: we used deoxygenated Milli-Q water and methanol 

to avoid the formation of disulphide species before the addition of NaBH4. The crude nanoparticles 

were purified with multiple washing steps with hexane, which was the solvent of choice due to the 

high solubility of the free thiol and nanoparticle insolubility and by dialysis using a cellulose membrane 

with a cut-off of 12400 MW, in Milli-Q water. The purification steps are crucial for the removal of 

unreacted species and salts. 

Nanoparticles were characterized by transmission electronic microscopy (TEM), UV-Vis spectroscopy, 

dynamic light scattering (DLS), 1H NMR and 19F NMR, with preliminary 19F MRI T1 T2 and Phantom 

experiments, SAXS measurements an ESR experiments. 

TEM was employed to assess the size of the nanoparticles core; ImageJ software was used for further 

elaboration. TEM image is shown in Figure 31, left. 
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Figure 31: TEM image of the Au@SC11FPEG600OEG550. (Right) histogram representing the size distribution determined by 
ImageJ program. 

The nanoparticles obtained displayed a core with an average diameter of 2.1 nm ± 0.8 nm, distribution 

is displayed in Figure 31 right. 

UV-Vis spectrum of the AuNPs in methanol with a concentration of 1 mg/mL shows a smooth band 

around 503 nm which is consistent with the gold core size determined by TEM measurements and 

literature, considering that, if present, the SPB originates an extinction spectrum which depends on 

the size, shape and aggregation of AuNPs188 and is usually absent in nanoparticles with diameter 

smaller than 3 nm.147 As it can be seen in Figure 32, there is a small absorption band centred at 503 

nm, which probably arise from a small fraction of nanoparticles of size higher than 2 nm, see Figure 

31, right. 
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Figure 32: UV-Vis spectrum of F-AuNPs in methanol. Concentration of 1 mg/mL of Au@SC11OF11OPEG500. 

While the TEM analyses proved to be useful for the characterization of the nanoparticles gold core, a 

measure of overall nanoparticles size, i.e considering also the protecting shell, can be determined in 

solution by Dynamic Light Scattering (DLS). In this case this technique was employed to determine the 

hydrodynamic diameter (dH) of the F-AuNPs. 

Measurements were carried out at different concentrations of AuNPs dispersed in water, with or 

without filtering beforehand. Filtration was carried out with a 0.2 µm HDPE filter. From the DLS profiles 

reported in Figure 33 as intensity and number it is evident that at higher concentrations the NPs form 

aggregates. By diluting the samples, the DLS profiles show a disruption of the temporary bonds formed 

between NPs which indicates a reversible- and concentration- related aggregation behaviour. The 
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average of the two measures at the lowest concentration was considered, giving a dH of either 11.55 

± 2.63 nm (filtered) or 12.71 nm ± 3.26 nm (unfiltered), the two values are coincident within the 

experimental uncertainty. These measures are consistent with the hypothesized dH, which was 

estimated to around ~10-12 nm, due to the sum of the average core size diameter and the length of 

two HSC11FPEG600PEG550 chains of about ~5 nm each, considering separately the three portions: 

the alkyl part is around 1 nm, while the fluorinated moiety are each around 2 nm long,166 considering 

that both chains are usually coiled up instead of presenting a straight structure.  

 

Figure 33: DLS distribution reported as number (A-B) and intensity (C-D) of unfiltered sample (A,B) and unfiltered sample (B,D) 
at different concentrations obtained by serial diluting the mother solution. Different concentrations are shown in different 
shades of blue (from darker to lighter) 

Table 1: Summary of the DLS size distribution by number of both filtered and unfiltered samples of AuNPs. 

 unfiltered filtered 

Concentration, 
mg/ml  

Size ± SD, nm PDI Size ± SD, nm PDI 

5.0 47.67 ± 10.22 0.547 - - 

2.5 15.62 ± 3.51 0.345 4.025 ± 0.80 0.665 

1.25 5.48 ± 1.33 0.489 5.76 ± 1.66 0.695 

0.625 6.75 ± 1.55 0.595 10.19 ± 2.87 0.674 

0.312 9.25 ± 2.79 0.581 13.31 ± 3.39 1 

0.16 13.85 ± 2.46 0.604 12.10 ±3.13 0.601 
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However, the presence of aggregates is confirmed at all concentrations, with or without filtering, both 

from the distribution data in terms of intensity, shown in Figure 33 B,C and from the PDI index, which 

is a parameter used to define the particle size distribution being  in the range of 0.5 - 0.7, which may 

indicate a broad particle size distribution. 

In literature, examples of PEG-coated AuNPs show good stability and low PDI. Multiple studies have 

been conducted demonstrating that PEGylated chains confer good colloidal stability to AuNPs and 

gold clusters of different sizes, that range from 2 to 8 nm. Moreover, previous DLS measurements 

conducted on the F-MPCs synthesized by our group featuring the short fluorinated polymer with the 

same PEG length did not show a similar behaviour.100 An interesting study by Monego D. et al.189 

conducted with a combination of computer simulations and experimental work regarding the effect 

of the ligand shell on colloidal stability of the overall nanoparticles demonstrated that for smaller 

AuNPs the agglomeration is mainly driven by the ligand shell, whereas for larger nanoparticles the 

contribution of the van der Waals attractions between cores is more relevant for the their 

agglomeration. Considering that in this particular study, 6 nm of diameter is already considered to be 

ŀ άǎƳŀƭƭέ ƴŀƴƻǇŀǊǘƛŎƭŜΣ ǿŜ ŎƻǳƭŘ ǎŀȅ ǘƘŀǘ ŦƻǊ н ƴƳ nanoparticles this behaviour is even more 

pronounced and the dominant element leading to formation of agglomerates at higher concentration 

is likely to be the influence of the ligand. 

For these reason, one suggestion for this particular behaviour might take into consideration the 

structure of the thiol, which, featuring a ligand with a short mPEG chain and a fluorinated moiety of 

similar length, the former might not shield completely the latter from the surrounding environment, 

leading to the formation of temporary inter AuNPs F-F bonds. 

Thermogravimetric analysis (TGA) is a technique used in this case to determine the percentage of the 

organic component in a sample, was also exploited to determine the exact number of ligand chains 

per each NP. 

 

Figure 34: TGA plot of AuNPs (left) and its first derivative (right). 

The weight loss of 78% is observed at around 350 °C and is associated with the desorption of the 

passivated ligands. By determining the derivate of the peak in ŦǳƴŎǘƛƻƴ ƻŦ ǘƘŜ ǘŜƳǇŜǊŀǘǳǊŜ ƛǘΩǎ ǇƻǎǎƛōƭŜ 
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to see a single broad peak which indicates a single desorption event that is consistent with the 

presence of an homoligand monolayer (Figure 34). 

The data obtained from the TEM pictures were compared to the tabulated results in Murray et al. 148 

 

Figure 35: Correlation between the number of fluorinated chains in function of the diameter (nm) (left)  with the trendline 
and its equation and correlation between diameter and number of  gold atoms per nanoparticle with trendline and its 
equation obtained by plotting the tabulated results in the previous table (right). 

Combination of TEM and TGA data allows to determine the average NP composition and their 

molecular weight following the procedure reported in a previous work.154 

The average composition so determined, Au310SR98, display a lower number of ligands in comparison 

with data reported by R.W. Murray.190 This difference may be rationalized considering a longer and 

space-requiring ligand due to its fluorinated moiety with respect to dodecane thiolates used by 

Murray et al. in the cited paper.  

Proton and even more 19F NMR characterization of these fluorinated NPs is of paramount relevance 

for further applications in 19F MRI. 1H NMR spectra and 19F spectra of the free thiol and of AuNPs 

protected by the fluorinated thiolates are reported in Figure 36 and 37 respectively. The first 

information from a visual inspection of the AuNPs spectra is that the sample does not have impurities 

resulting from unreacted thiol or other species due to the lack of sharp signals. Moreover, in the 1H 

NMR in Figure 36 the signals are significantly broadened in respect to the free thiol. The methylene 

unit in alpha to the thiol at 2.54 ppm disappeared completely. These changes are caused by several 

factors arising because of the close proximity of this part of the molecule to the gold core. The closer 

the atoms are to the gold core, the more conformationally restricted they are.191,192 Also, these 

protons experience fast spin relaxation from dipolar interactions, from the heterogenicity of the 

binding sites (especially for small clusters), which causes a distribution of chemical shifts, and finally 

from the slow rotational diffusion of the nanoparticle that scales with its size.  
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Figure 36: 1H -NMR spectra (400 MHz, acetone-d6) of the (top) free thiol ligand (HSC11FPEG600PEG550) and (bottom) 
passivated ligand on the gold surface (Au@SC11FPEG600PEG550). The 19F spectra show a similar behaviour. 

 

Figure 37: 19F -NMR spectra (376 MHz, acetone-d6 of the (top) free thiol ligand (HSC11FPEG600PEG550) and (bottom) AuNPs. 

In the 19F NMR, shown in Figure 37 it is possible to pinpoint the presence of a single peak centered at 

-90 ppm which, despite its broadening in respect to the same signal of the free thiol, is an excellent 

starting point for the application of these nanoparticles in MRI experiments. 

To characterize the properties of F-AuNPs as 19F MRI imaging contrast agents, T1 and T2 relaxation 

times, shown in Figure 38, were determined at 25 °C and 37 °C in D2O with the same experiments 

described earlier in previous section (Synthesis of compound HSC11FPEG600PEG550 8). 
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Figure 38: Data plot, exponential fitting, function parametrization for (left) T1 and (right) T2 relaxation times, determined at 
2 5°C in D2O at a concentration of 25 mg/mL. 

The values for T1 and T2 were determined to be 474 ms and 23 ms at 25 °C and 434 ms and 25 ms at 

37 °C respectively. As expected, T1 and T2 are much shorter compared to the relaxation times 

determined for free thiol 8 with a consequent increase in relaxivity (R1 = 2.113 s and R2= 42.28 s). 

These results are in line with previous studies on relaxation times extrapolated from F-MPCs 100 

characterized by having a thiol comprising a shorter fluorinated polymer of 8 quasi-equivalent fluorine 

atoms, a shorter alkyl spacer of 6 C atoms and a mPEG550 as end group. Also, in this case the T1 and 

T2 time decreased (588 ms and 67 ms for F-MPCs). Compared to those systems, the reduction of both 

relaxation times could entail that due to the increased density of fluorine atoms in the polymer and 

the increase in the number of F-F intramonolayer interactions, the mobility of the system was reduced 

further. 

These preliminary results are promising as one of the main issues with PFCs is their relatively long 

T1:174 a long T1 is directly linked to longer time recover (TR) intervals for the recovery of longitudinal 

magnetization, which affects the time needed to record a 19F MRI image. The T2 parameter is also 

important as a high or low number is often associated with a reduction of the SNR (signal to noise 

ratio) through signal decay and sometimes this translates to stringent requirements in terms of 

receiver bandwidth even at low Time to Echo (TE) times. 174 However, these data compare favourably 

since in the literature there are reports of perfluorinated gases, such as C2F6, which, despite having T1 

and T2 times of 20 and 10 ms are still suitable candidates for applications as 19F MRI contrast agents.193  

In collaboration with Prof. Francesca Baldelli Bombelli at the Politecnico di Milano, we performed 

additional characterizations regarding the 19F MRI properties of the AuNPs Au@SC11FPEG600PEG550 

through 19F Phantom MRI studies. To optimize the imaging protocol, MRI of the sample was carried 

out by means of RARE sequences with varying repetition times, excitation bandwidth and matrix size. 

Different phantoms were acquired simultaneously with increasing concentrations of AuNPs for SNR 

calibration. The resulting optimal setting was used for the acquisitions. 
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Figure 39: (left) Representation of SNR of 19F signal in respect to the concentration and (right) 19F MRI of 
Au@SC11FPEG600PEG550 at concentrations of A) 20 mg/mL, B) 17.5 mg/mL, C) 15 mg/mL, D) 10 mg/mL, E) 5 mg/mL. 

The results of the 19F MRI experiments are in line with previous studies by our group100,184 and show 

that it is possible to detect a 19F fluorine signal at a concentration of F-AuNPs as low as 5 mg/mL, as 

shown in Figure 39. The analysis were performed on multiple slices with 1.5 mm thickness. Only the 

most representative slice is reported, which corresponds to a volume of 15-25 µL of F-AuNPs, which 

corresponds to ~8.3 x 1017 F atoms, which is above the number of fluorine atoms per voxel (around 

1016-1019)164 normally required for a good signal for 19F contrast agents. Considering previous 

studies,100 the number of F atoms required to have a good signal for the F-MPCs were estimated to be 

2.41 x 1017, which indicates that the results are comparable. Considering however that the 

concentration of fluorine atoms per volume is higher compared to the ones estimated for the F-MPCs 

due to their shorter fluorinated polymer, this proof-of-concept system represents an improvement, 

as it allows to reach a similar performance with a lower concentration of gold nanoparticles.  

Still in collaboration with Prof. Francesca Baldelli Bombelli and Chiara Curizzi at the Politecnico di 

Milano we investigated the behaviour of F-AuNPs with Small-angle X-ray scattering (SAXS) on F-AuNPs 

at different concentrations. 

 

Figure 40: SAXS pattern recorded on f F-AuNPs at different concentration. 

SAXS is a useful technique as it provides size data weighted on the amount of light scattered194. The 

curves follow the same trend as function to the concentration. The presence of spherical NPs is 
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confirmed by the higher q-1 [A]. However, the increase of intensity at lower q-1 especially at higher 

concentrations of F-AuNPs might indicate the formation of aggregates, which is in agreement with 

previous results obtained by DLS technique. For this reason, analysis at a concentration of 0.1 mg/mL 

was performed, as this concentration showed a narrow size distribution during the preliminary DLS 

experiments, and the results were plotted in function of the lag time. The correlation factor shows 

that there are no signs of aggregations at this lower concentration (Figure 40). 

ESR experiments were conducted in collaboration with Prof.ssa Paola Franchi from the University of 

Bologna. As introduced earlier, ESR has many advantages compared to other methods to study the 

morphology of AuNPs as it offers the possibility to gain tumbling rate information. Gold nanoparticles 

are ESR silent due to the lack of paramagnetic molecules and for this reason a paramagnetic material 

needs to be added to the sample (spin probe) that has to be a stable radical. Commonly used probes 

are nitroxide compounds due to the presence of a paramagnetic unit N-O. When the probe is in the 

presence of the self-assembled monolayer of AuNPs in the aqueous environment it partitions itself 

between the water phase and the monolayer as shown in Figure 41. 

 

Figure 41: Equilibrium of the nitroxide group between the aqueous environment and the SAM of the F-AuNPs. 

The ESR spectrum is characterized by the presence of two set of signals, the hyperfine constants of 

the signal of the probe in the monolayer and the signal pertaining the probe in the aqueous 

environment. By measuring the concentration ratio it was possibly to calculate the affinity constant 

of the probe for the organic monolayer. The measured spectra were in agreement with the theoretical 

simulation, as shown in Figure 42 . The preliminary results indicate that the nitrogen hyperfine splitting 

(aN) is much lower in respect to water, which indicates that the probe is located in the hydrophobic 

region of the AuNPs monolayer. The same can be said regarding the strong reduction of the benzylic 

protons coupling (a2H) which indicates the changes of conformation of the probe. Moreover, the 

experiments conducted at different temperatures show that the partition coefficient does not 

decreases drastically with the temperature, which might indicate that the probe entertains strong, 

durable bonds with the hydrophobic layer. These results are in line with the previous works by our 

research group.165,166,176,195 
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Figure 42: ESR spectrum of the radical probe recorded in the presence of F-AuNPs (1.6 x 10-3 M of ligands) at 338 K. In red is 
reported the corresponding theoretical simulation obtained by employing the spectroscopic parameters reported in table. 

Table 2: Spectroscopic parameters for the radical probe in water and in F-AuNPs (bold) and partition equilibrium (Keq) 
constants, at different temperatures. 

T (K) aN (G) a2H(G) Keq (M-1) 

298 16.26 
14.45 

10.31 
8.52 

4438 

318 16.20 
15.04 

10.11 
8.45 

3475 

338 16.15 
15.21 

9.90 
8.45 

2512 

 

The equilibrium constant (Keq) determined at 25 °C is 4438 M-1 as shown in Table 2 which is, in respect 

to the F-MPCs introduced earlier,100 7.5 times higher (593 M-1). These preliminary results suggest that 

the F-AuNPs can solubilize small hydrophobic molecules much better compared to F-MPCs. These 

results are still preliminary but are however of great importance for further consideration of this 

nanosystem for as drug carrier and theranostic applications. 
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Fluorinated AuNPs for 19F MRI: Conclusion and future perspectives 

 

In line with the aim of this project, the fluorinated thiol with the long perfluoropolyethylene glycol 

with 40 quasi equivalent 19F atoms was obtained, purified and characterized with a total reaction yield 

of 21%. With this thiol, AuNPs with a gold core size of 2 nm were obtained and characterized by means 

of different techniques. Their performance as a 19F MRI contrast agent and as a potential drug carrier 

was investigated was evaluated, considering and comparing both the literature in general and that 

concerning previous nanosystems obtained by our own research group. By evaluating the results 

obtained thus far, F-AuNPs decorated with long F-PEG 600 show promising preliminary results in T1 

and T2 relaxation times. This data found additional confirmation in the 19F phantom MRI studies 

conducted by Prof. Francesca Baldelli Bombelli, showing that the fluorinated signal given by F-AuNP is 

detectable with 19F phantom experiments and that the results are comparable to the previous F-AuNPs 

synthesized by our research group, at lower concentration. 

Moreover, considering the preliminary results so far obtained by the ESR studies, the equilibrium 

constant for the complex of Au-hydrophobic radical probe is 7.5 times higher in respect to previous 

fluorinated nanoparticles studied by our research group containing 8 equivalent fluorine atoms, which 

makes the present nanosystem really promising as drug delivery carrier, likely due to the enlarged 

fluorinated portion combined with the increased distance from the metal surface, which allows for a 

decreased packing of the ligands and a higher number of hydrophobic guest molecules. 

With respect to the results obtained by SAXS and DLS at different concentrations, the formation of 

temporary aggregates due to the interactions between PEGylated chains or fluorinated polymers 

might require further analysis. However, the colloidal stability of the system in water is guaranteed as 

the nanoparticles do not form irreversible aggregation, even at the highest concentrations 

investigated. 

The information obtained from this second-generation fluorinated nanosystem is of significant 

importance in the quest for fluorinated contrast agents. In addition, the present work contributes to 

the ongoing investigation on the behaviour of F-AuNPs and their performance as theranostic 

materials. 

Future research should focus on assessing biocompatibility of the new NPs in vitro, and on 

investigating further gold NPs temporary aggregation behaviour, considering the synthesis of F-AuNPs 

with a longer PEGylated chain to determine its influence on the colloidal stability and by performing 

experiments on molecular modelling, to better investigate the properties of these nanoparticles in a 

simulated environment. Moreover, given the excellent ESR preliminary results reported here with the 
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small size of nanosystem we managed to obtain, further drug loading and drug-release studies could 

be performed once a suitable drug candidate and disease target is chosen. 
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Experimental part 

 

1. General part 

 

All reagents employed were purchased from Merck and used without purification, unless where 

indicated. Fluorinated compounds were purchased from Exfluor. Solvents were purchased from Merck 

and VWR. Deuterated solvents were bought from Merck. Deoxygenated solvents were prepared by 

insufflating argon gas in solvents under sonication. Reactions were monitored by TLC on Merck silica 

gel plates (0.25 mm) and visualized by UV light, KMnO4ҍH2SO4 or Pancaldi solution. Flash column 

chromatography was performed on Normasil silica gel 60 40-63 mm, purchased from VWR.  

NMR were recorded on a Varian 400 spectrometer operating at 400 MHz. The NMR spectra were 

processed using MestReNova software. 1H-NMR spectra were referenced to the residual protons in 

the deuterated solvent and recorded at 400 MHz. 13C-NMR spectra were referenced to the solvent 

chemical shift and recorded at 100 MHz. 19F -NMR spectra (recorded on Varian 400 at 376 MHz) were 

referenced to CFCl3Φ /ƘŜƳƛŎŀƭ ǎƘƛŦǘǎ όʵύ ŀǊŜ ǊŜǇƻǊǘŜŘ ƛƴ ǇǇƳ ŀƴŘ ǘƘŜ ƳǳƭǘƛǇƭƛŎƛǘȅ ƻŦ ŜŀŎƘ ǎƛƎƴŀƭ ƛǎ 

described by the conventional abbreviations: s for singlet, d for doublet, t for triplet, q for quartet, qn 

for quintet, m for multiplet, br for broad peak.  

T1 and T2 relaxation times were recorded on Varian 400 employing respectively an inversion recovery 

and a Carr-Purcell-Meiboom-Gill (CPMG) pulse sequences. The data were processed employing 

MestReNova software using a three-parameter exponential fit. 

MS measurements on ligands were performed through electrospray ionization (ESI) technique on a 

Bruker Esquire 4000 with an ion-trap analyser and recorded by Dr. Fabio Hollan at the Department of 

Chemical and Pharmaceutical Sciences of the University of Trieste, Italy.  

UV-Visible spectroscopy analyses were conducted on a Perkin Elmer Lambda 35 spectrophotometer 

having a scanning speed of 240 nm·minς1 and a slit amplitude of 2 nm, or on a Shimadzu UV-2450 

having a scanning speed of 210 nm·minς1 and a slit amplitude of 2 nm, using quartz cuvettes whose 

optical path was 10 mm. 

TEM images were collected by means of a Philips EM 208 Electron Microscope operating at 100 kV 

equipped with 11 MegaPixel bottom-mounted CCD Olympus Quemesa camera by Dr. Paolo Bertoncin 

or Prof. Paolo Pengo at the University of Trieste. Samples for TEM were prepared employing 200 Mesh 

carbon-coated copper grids and dispersing р ˃ƭ ƻŦ ǘƘŜ ǎŀƳǇƭŜ ǎƻƭǳǘƛƻƴǎΦ !ƭƭ ¢9a ƛƳŀƎŜǎ ǿŜǊŜ ŀƴŀƭȅǎŜŘ 

through ImageJ software. 

DLS analyses were performed on a Malvern Zetasizer Nano ZS ZEN3600 (Malvern Instruments, 

Worcestershire, UK) equipped with a 4 mW He-Ne red laser operating at 632.8 nm and a scattering 
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detector at 173°, using disposable polyethylene cuvettes whose optical path was 10 mm. The data 

were processed using Zetasizer software. 

TGA were performed on a TA instrument TGA Q-500 using platinum pans and with a heating rate of 

10 °C·minς1 up to 830 °C, previous equilibration at 100 °C for 20 minutes and recorded by Prof. Tatiana 

Da Ros at the Department of Chemical and Pharmaceutical Sciences of the University of Trieste, Italy. 

 

2. Synthesis of fluorinated thiol 

 

2.1. Synthesis of TrtSC11OH (2) 

 

 

1-Bromo-undecanol (3 g, 11.94 mmol), triphenylmethanethiol (3.63 g, 11.94 mmol) and potassium 

carbonate (3.30 g, 23.88 mmol) were dissolved in 50 mL of a mixture of EtOH/H2O 1:1 forming a 

suspension. The reaction mixture was heated under reflux at 90°C for 24 hours. At the end of the 

reaction, monitored by TLC, the residue was neutralized with HCl 1M and extracted with DCM (3 x 50 

mL). Organic layers were collected and washed with water (3 x 50 mL) and (1 x 50 mL) with brine. The 

organic layers were then dried over Na2SO4, filtered and solvent was removed at reduced pressure. 

Yield was quantitative (5.33 g, 11.94 mmol).  

1H-NMR (400 MHz, CDCl3ύ ʵ: 7.43 (d, 6H, Trt, o-CH), 7.29 (t, 7H, Trt, m-CH + CDCl3), 7.22 (t, 3H, Trt, p-

CH); 3.64 (t, 2H, CH2OH); 2.15 (t, J = 7.4 Hz, 2H, CH2STrt), 1.56 (p, J = 14.5, 6.6 Hz, 2H, CH2, 2H, -CH2-

CH2-OH); 1.31 (m, 16H, CH2). 

13C-NMR (101 MHz, CDCl3ύ ʵ: 145.21 (Trt, C), 129.73 (Trt, o-CH), 127.91 (Trt, m-CH), 126.61 (Trt, p-CH), 

66.48 (TrtC-S), 63.17 (-CH2-OH), 32.91 (-CH2-CH2-OH), 32.15 (TrtS-CH2-), 29.67 (TrtS-CH2-(CH2)n-CH2), 

29.58 (TrtS-CH2-(CH2)n-CH2), 29.52 (TrtS-CH2-(CH2)n-CH2), 29.50 (TrtS-CH2-(CH2)n-CH2), 28.71 (TrtS-

(CH2)2-CH2-), 28.69 (TrtS-CH2-(CH2)n-CH2), 25.85 (-CH2-(CH2)2-OH). 

2D HSCQ analysis was performed to help attribution between 1H and 13C signals. 

ESI-MS (MeOH, positive mode) : 469.2 [M+Na]+ m/z. 

 

2.2. Synthesis of TrtSC11OTos (3) 

 



75 
 

P-toluensulfonylchloride (2.50 g, 13.14 mmol) was solubilized in anhydrous DCM (25 mL) under Argon. 

The mixture was cooled to 0°C with an ice bath. (2) (5.33 g, 11.94 mmol), Et3N (3.33 mL, 23.89 mmol) 

in DCM (25 ml) was added dropwise to the mixture. Reaction was completed after 24 hours. Mixture 

was dissolved in DCM (100 mL) and washed with water (100mL) in a separatory funnel. Aqueous phase 

was washed with DCM (3 x 100mL). Organic phases were reunited and washed with HCl 6N (120 mL), 

NaHCO3 (120 mL) and water (2 x 120 mL). Organic phase was dried on Na2SO4. Solvent was dried under 

vacuum. Crude product was purified by flash chromatography with PE/CHCl3 4:6 as eluent. Solvent 

was removed to obtain a white precipitate. Yield: 80% (5.73 g, 11.93 mmol). 

1H-NMR (400 MHz, CDCl3ύ ʵ:  7.81 (d, J = 8.1 Hz, 2H, Ts, o-CH); 7.44 (d, J = 8.3 Hz, 6H, Trt, o-CH); 7.35 

(d, J = 7.9 Hz, 2H, Ts, m-CH); 7.29 (m, 6H, Trt, m-CH + CDCl3); 7.22 (t, J = 7.5 Hz, 6H, Trt, p-CH); 4.03 (t, 

J = 6.5 Hz, 2H, CH2OTs); 2.45 (s, 3H, Tos-CH3); 2.16 (t, J = 7.3 Hz, 2H, CH2STrt), 1.63 (dq, J = 8.3 Hz, 6.6 

Hz, 2H, -CH2-CH2-OTs); 1.41 (p, J = 7.0 Hz, 2H, TrtS-CH2-CH2-CH2); 1.31 ς 1.07 (m, 14H).  

13C-NMR (101 MHz, CDCl3ύ ʵ: 145.16 (Trt, C), 144.69 (Tos, C), 129.88 (Ts, m-CH), 129.69 (Trt, o-CH), 

127.95 (Trt, m-CH), 126.58 (Trt, p-CH), 70.77 (-CH2-OTos), 66.45 (C-S), 32.10 (TrtS-CH2-), 28.85 (TrtS-

CH2-CH2-), 28.69 (TrtS-(CH2)2-CH2-), 25.39 (-CH2-(CH2)2-OTos) 21.72 (-CH3).  

2D HSCQ analysis was performed to help attribution of 13C signals. 

ESI-MS (MeOH, Positive mode): 623.4 [M+Na]+ m/z. 

 

2.3. Synthesis of TrtSC11FPEG600 (4) 

 

 

 

The fluorinated PFPE was weighed under argon (4.84 g, 3.33 mmol) in a Pyrex flask. 10 mL of 

anhydrous dioxane was added under stirring until a turbid white dispersion was formed. Sodium 

hydride (NaH 60%, 266.25 mg, 6.66 mmol) was washed five times with hexane and slowly added to 

the mixture. Bubbles formed. After 10 minutes a solution of (3) (1 g, 1.66 mmol) in 10 mL of dioxane 

was added to the Pyrex flask. Temperature was raised to 100°C under continuous stirring. The reaction 

was finished after 48 hours. Supernatant was kept and precipitate was washed with dioxane 

(supernatant and washes were bright yellow). Crude was purified by flash chromatography with 

hexane/AcOEt 9:1 on SiO2. Yield is 52% (1.62 g, 0.86 mmol). 

1H-NMR (400 MHz, acetone-d6ύ ʵ: 7.41 (d, 6H, Trt, o-CH); 7.32 (m, 6H, Trt, m-CH); 7.24 (t, 3H, Trt, p-

CH); 5.26 (t, 1H, OF11OH); 4.02 (m, 4H, 2H, OHCH2CF2 + 2H, CH2OCH2CF2); 3.64 (t, J = 6.5 Hz, 2H, 
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CH2OCH2CF2); 2.15 (t, J = 7.3 Hz, 2H, CH2-STrt); 1.59 (dq, J = 13.9, 6.7 Hz, 2H, CH2CH2OCH2CF2); 1.37 (p, 

2 H, TrftS-CH2-CH2-,); 1.31 ς 1.10 (m, 16H, --CH2--). 

19F-NMR (376 MHz, acetone-d6ύ ʵ: -78.32 (m, 2F, Trt_OCH2-CF2-); -80.86 (m, 2F, -CF2-CH2OPeg); -89.25 

(m, 4F, TrtS_OCH2CF2O-CF2-CF2- + -CF2-CF2-OCF2CH2OH); -89.50 (m, 40F, OCF2-CF2). 

13C-NMR (126 MHz, acetone-d6ύ ʵ: 146.9 (Trt, C), 130.41 (Trt, o-CH), 128.67 (Trt, m-CH), 127.44 (Trt, 

p-CH ), 115.13 (t, -OCF2-CF2-) , 78.37 (Trt_CH2-O-), 69.94 (t, Trt_O-CH2-CF2-), 67.19 (C-S),  62.51 (t, -O-

CF2-CH2-OH), 32.69 (TrtS-CH2-), 30.44 (-CH2-CH2-OF11), 30.04 (- CH2-(CH2)3-OF11), 29.88 (TrtS-CH2-

CH2-), 26.73 (-CH2-CH2-OF11), 29-57 (- CH2-(CH2)3-OF11). 

2D HSCQ analysis was performed to help attribution of 13C signals. 

ESI-MS: 623.26 [M]3+. 

 

2.4. Synthesis of mPEG550Tos (6) 

 

 

 

A solution of p-toluenesulfonyl chloride (785 mg, 4.12 mmol) in dry DCM (5 mL) was cooled at 0°C 

under Ar. A mixture of mPEG550 (2.00 mL, 3.96 mmol), triethylamine (1.1 mL, 7.92 mmol) in dry DCM 

(5 mL) was added drop wise at the mixture and stirred under argon for 24 h. The reaction mixture was 

poured into distilled water (30 mL) and the aqueous layer was extracted with DCM (3 x 50 mL). The 

organic layers were collected and were washed with HCl 6N (1 x 100 mL), 5% NaHCO3 (1 x 100 mL), 

and distilled water (1 x 100 mL), dried over anhydrous Na2SO4, filtered and concentrated. Solvent was 

removed in vacuo to afford compound 6 as a colourless oil. 2.75 g of product (3.85 mmol) were 

obtained with quantitative yield. 

1H-NMR (400 MHz, CDCl3ύ ʵ:  7.80 (d, J = 8.3 Hz, 2H, Ts), 7.34 (d, J = 8.2 Hz, 2H, Ts), 4.16 (t, J = 4.9 Hz, 

2H, CH2OTs); 3.68 (t, J = 5.0 Hz, 2H, -O-CH2-CH2-OTs); 3.66 ς 3.60 (m, 42H, OCH2CH2), 3.58 (4H, -CH2-

CH2-O-CH2-CH2-OCH2CH2OTs) 3.38 (s, 3H, OCH3), 2.44 (s, 3H, Ts, CH3).  

13C-NMR (126 MHz, CDCl3ύ ʵ: 144.87 (Tos, C); 133.11 (Tos, -C-CH3); 129.92 (Tos, m-CH); 128.07 (Tos, o-

CH); 72.02 (CH3-O-CH2-); 70.83 (-CH2-OCH2-CH2-OTos); 70.68 (CH3OCH2CH2-O-CH2-); 70.64 (-[O-CH2-

CH2]12-13 -); 70.61; 70.59 (CH3-O-CH2-CH2-); 69.35 (-O-CH2-CH2-OTos); 68.78 (-O-CH2-CH2-OTos); 59.13 

(CH3-O); 21.75 (Tos, -C-CH3). 

ESI-MS (micro-TOF): 693.30 [M]+ m/z. 
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2.5. Synthesis of TrtSC11FPE600PEG550 (7) 

 

 

 

Compound (4) (200 mg, 106.22 µmol) was dissolved in 4 mL of dioxane under argon atmosphere in a 

pyrex flask. NaH 60% in mineral oil (16.99 mg, 424.87 µmol) previously washed five times with hexane 

was added to the mixture and left to react for 10 mins. (Bubbles formed). Compound 6 was added 

dropwise to the reaction mixture. Reaction temperature was raised to 100°C and left under vigorous 

stirring overnight. Reaction was monitored through NMR. Completion was reached after 48 hours. 

Flash chromatography was required to purify the product. Elution system was DCM and DCM/MeOH 

5%. Yield is 64% (166 mg, 68.44 µmol). 

1H-NMR (400 MHz, acetone-d6ύ ʵ: 7.41 (m, 6H, Trt, o-CH); 7.27 (m, 7H, Trt, m-CH +CDCl3); 7.20 (m, 3H, 

Trt, p-CH); 5.25 (t, 1H, FPEG600OH); 4.10 (t, J = 10.2 Hz, 2H, PEG-OCH2CF2); 3.99 (t, J = 10.1 Hz, 2H, 

TrtS_OCH2CF2), 3.80 (t, J = 4.4, 2H, CF2CH2-O-CH2-PEG ); 3.60 ς 3.54 (m, 43, OCH2CH2); 3.29 (s, 3H,CH3-

Peg); 3.29 (s, 3H, OCH3) 2.15 (t, J = 7.3 Hz, 2H, CH2-STrt); 1.58 (m, 2H, CH2CH2OCH2CF2), 1.37 (q, 2 H, 

TrtS-CH2-CH2-); 1.32 ς 1.10 (m, 16H, CH2(CH2)nCH2). 

19F-NMR (376 MHz, acetone-d6ύ ʵ: -78.32 (m, 2F, C18_OCH2-CF2-); -80.86 (m, 2F, -CF2-CH2OPEG); -89.25 

(m, 4F, TrtS_OCH2CF2O-CF2-CF2- + -CF2-CF2-OCF2CH2OPEG); -89.59 (m, 40F, OCF2-CF2). 

13C-NMR (126 MHz, acetone-d6ύ ʵ: 146.23 (Trt, C), 130.55 (Trt, o-CH), 128.81 (Trt, m-CH), 127.58 (Trt, 

p-CH), 115.21 (t, -[O-CF2-CF2]n-), 73.47 (Trt_CH2-O-), 72.82 (CH2 PEG), 72.75 (CH2 PEG), 71.40 (CH2 

PEG), 70.47 (t, Trt_O-CH2-CF2-), 70.01 (t, -O-CF2-CH2-O_Peg), 58.93 (CH3-O), 32.65 (TrtS-CH2-),26.67 (-

CH2-(CH2)n -FPEEG600). 

ESI-MS (MeOH, positive mode): 243.1, 2172.8, 2128.8, 2099.7, 2055.8, 2011.8, 1939.9, 1693.7, 

1633.6, 1605.7, 1561.6 m/z. 

ESI-MS (MeOH, negative mode): 2172.8, 2128.8, 2099.7, 1939.9, 1895.8, 1867.8 m/z. 

 

2.6. Synthesis of HSC11FPEG600PEG550 (8) 
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Compound (7) (250 mg, 103.07 µmol) was dissolved in 4 mL of anhydrous deoxygenated DCM in a 

RBF, with magnetic stirrer and argon atmosphere. Trifluoroacetic acid (TFA) (157.75 µL, 2.06 mmol) 

was added to the reaction flask. The solution turned bright yellow and yellow vapour formed. After 5 

minutes Triisopropylsilane (TIPS) (40.80 mg, 52.79 µL) was added. Reaction was left overnight at room 

temperature. Solvent was removed at rotavapor in argon atmosphere. Excess of TFA was removed by 

coevaporation with deoxygenated methanol (5 times). Flash chromatography column was required to 

purify product. Elution system was DCM, DCM + 5% MeOH, DCM + 10% MeOH. Yield: 73% (165 mg, 

75.57 µmol). 

1H-NMR (400 MHz, acetone-d6) :ɻ 4.10 (t, J = 10.2 Hz, 2H, PEG-OCH2CF2); 4.00(t, J = 10.1 Hz, 2H, 

CH2OCH2CF2), 3.79 (t, 2H, CF2CH2-O-CH2-CH2 ); 3.76 ς 3.44 (m, 43, (OCH2CH2)n); 3.29 (s, 3H,CH3-Peg); 

3.29 (s, 3H, OCH3); 2.62-2.51 (q/t, 2H, S-S-CH2- + HS-CH2-), 1.57 (m, 2H, CH2CH2OCH2CF2); 1.32 ς 1.10 

(m, 16H, CH2(CH2)nCH2). 

19F-NMR (376 MHz, acetone-d6ύ ʵ: -78.30 (m, 2F, SH_OCH2-CF2-); -78.49 (m, 2F, -CF2-CH2O_Peg); -89.25 

(m, 4F, SH_OCH2CF2O-CF2-CF2- + -CF2-CF2-OCF2CH2OPeg); -89.59 (m, 40F, [OCF2-CF2]40). 

13C-NMR (101 MHz, acetone-d6) ɻ : 115.07 (t, -[O-CF2-CF2]n-), 72.69 (CH2 PEG), 72.61 (CH2 PEG), 72.01 

(CH2 PEG), 71.33(t, -O-CF2-CH2-O_Peg), 69.88(t, HS_O-CH2-CF2-), 58.80 (CH3-OPEG), 26.67 (-CH2-

(CH2)n -FPEEG600). 

ESI-MS (micro-TOF): 2089.39, 2045.37, 1974.39, 1973.39, 1857.41, 1813.39, 1697.39, 1653.37, 

1401.24, 1313.20, 513.24 m/z 

 

3. Synthesis of F-AuNPs 

 

 

 

F-AuNPs were synthesized through a homogeneous phase reaction following previous works by 

Pasquato et al. 100,149,173 

Product 6 (HSC11FPECG600PEG550, 236.54 mg, 0.108 mmol) was dissolved in a round bottom flask 

(RBF)in deoxygenated Methanol (50 mL) under an argon atmosphere. In a 20 mL vial tetrachloroauric 

acid tetrahydrate (64 mg, 0.163 mmol) was dissolved in Milli-Q water under argon atmosphere and 

transferred in a three neck RBF. The methanol solution was transferred to the three-necks RBF through 

a cannula system and the mixture was stirred for 30 minutes at RT, then 30 minutes at 0°C, under 

argon. While the system was stabilizing at 0°C a solution of NaBH4 (67.63 mg, 1.79 mmol) 0.1 M in 17.9 
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mL of Milli-Q water was prepared. The solution was then added to the RBF with a dropping funnel 

dropwise in 3.5 minutes. The colour of the solution turned to dark violet, and it was stirred at 0°C for 

one hour and then at RT for 2 hours.  

At the end of the reaction, the solvent was partially removed in vacuum. The NPs were transferred in 

a 15 mL Falcon tube. 3 mL of hexane was added, and the NPs were centrifuged (4000 rpm, 10 minutes, 

RT). The supernatant was discarded, and the procedure was repeated for three more times. NP were 

then purified by dialysis in Milli-Q water for two days at RT while changing the water every day. 

NMR was conducted at the end of the purification steps. 

TEM (Milli-Q water): d = 2.1 ± 0.8 nm. 

UV-Vis (Milli-v ǿŀǘŜǊύΥ ˂max = 503 nm (broad). 

DLS (Milli-Q water): d = 11.55-12.71 nm 

TGA: organic loss = 78%, Tmax= 350 °C. 

1H-NMR (400 MHz, acetone-Řсύ ʵ: 4.15-3.95 (br, PEG-OCH2CF2 + Au@S- OCH2CF2), 3.80-3.45 (br, PEG, 

-[O CH2- CH2], 3.30 (s, OCH3) 1.85-1.00 (br, aliphatic H).  

19F-NMR (376 MHz, acetone-Řсύ ʵ: =-78 - -79.69 (br, Au-OCH2CF2- + - CF2-CH2OPeg), -87.50 - -90.30 

(m), -90.69 (m, - [O CF2- CF2] n-). 

T1 relaxation time (400 MHz, D2O, Inversion recovery pulse sequence): T1 (25 °C) = 474 ms, T1 (37 °C) 

= 434 ms 

T2 relaxation time (400 MHz, D2O, CPMG pulse sequence): T2 (25°C) =23 ms, T2(37°C) = 25 ms 
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PART III: A promising theranostic tool: Fluorinated linear block 

terpolymers for 19F imaging 

 

1. Background: self-assembly of amphiphiles  

 

Self-assembly is the autonomous organization of components, or άōǳƛƭŘƛƴƎ ōƭƻŎƪǎέ into patterns or 

structures without human intervention.196 Self-assembly is ubiquitously present in nature and it is 

thanks to its existence that highly functional structures such as cells, despite being formed by few 

repeated building blocks, are able to attain a level of complexity and functionality that is to date still 

matter of intense study.197 Molecular self-assembly is a powerful tool or approach to achieve several 

different supramolecular architectures. Since 1975 it has suggested the necessity of having a general 

framework in which thermodynamics, interaction free energies and geometry would allow to better 

understand the self-assembly process.198 

The building blocks are generally structurally simple monomeric units that due to their intrinsic 

structural properties and the solvent in which they are dispersed tend to self-assemble. Among the 

building blocks that are the most employed by nature in the assembly of supramolecular structures 

there are amphiphiles.197 Amphiphile derives from two Greek words h˃ ˒ʽˌ and ˒ ʽ˂Ɲʰ which mean 

άŘǳŀƭέ ŀƴŘ άƭƻǾƛƴƎέ ŀƴŘ ƛǘ ǊŜǇǊŜǎŜƴǘs the fact that these compounds have affinity for both polar 

systems (hydrophilicity) and apolar systems (hydrophobicity). An amphiphile is comprised by a 

hydrophilic head, can be neutral, ionic or zwitterionic, covalently linked to a hydrophobic tail, which 

is usually formed by one or more alkyl chains, Figure 42.  

 

Figure 43: schematic representation of an amphiphile. 

Because of their polar head amphiphiles are water-soluble and because of their dual nature, they tend 

to form supramolecular aggregates once dispersed in this solvent. However, depending on the 

features of the amphiphiles, self-assembly is also possible in different solvents. The process of 

aggregation can be either programmed199,200 or synkinetic. In the first case, self-assembly is induced 

ōȅ ǘƘŜ ǎǘǊǳŎǘǳǊŜ ƻŦ ǘƘŜ ŀƳǇƘƛǇƘƛƭŜ ƛǘǎŜƭŦΣ ǿƘƛŎƘ ŀŎǘǎ ƭƛƪŜ ŀ ǎƻǊǘ ƻŦ ΨǇǊƻƎǊŀƳΩ ŦƻǊ ŘƛŦŦŜǊŜƴǘ ǇƻǊǘƛƻƴǎ ƻŦ 

ǘƘŜ ΨōǳƛƭŘƛƴƎ ōƭƻŎƪǎΩ ǘƻ ƛƴǘŜǊŀŎǘ ŘƛŦŦŜǊŜƴǘƭȅ ōŜǘǿŜŜƴ ŜŀŎƘ ƻǘƘŜǊ ŀƴŘ ǿƛǘƘ ƻǘƘŜǊ ΨōǳƛƭŘƛƴƎ ōƭƻŎƪǎΩ ƛƴ ǘƘŜ 
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same environment. The second case is more like a spontaneous self-assembly whereby the 

supramolecular aggregates form nudged along by the design of the chemist. 

Looking particularly at water as the solvent, upon dispersion, amphiphiles rearrange themselves so 

that the polar headgroups interacts with it, and the hydrophobic tails self-aggregate in order to 

maximize the interactions between each other and to reduce the interactions with water. When the 

cohesive energy at the surface is disrupted a microphase separation is favoured between the solvent 

and the amphiphile, which leads to the formation of aggregates.201 

The interactions involved in the formation of these aggregates are not covalent bonds, but weaker 

ones such as hydrogen bonds, van der Waals forces, and electrostatic interactions. However, in 

themselves, the sum of these interactions allows for the formation of aggregates which are strong but 

at the same time dynamic enough to withstand system perturbation.202 

The overall stability of the self-assembled system is given by both the hydrophilic and hydrophobic 

portion of the amphiphile. The first contributes to an enthalpic gain due to the solvation of the 

headgroups. The second allows for a gain in entropy of the bulk water. For this reason, the two main 

driving forces in the formation of micelles are hydrogen bonds (H-bonds) and their disruption and the 

hydrophobic interactions,203,204 which is important as it regulates the tendency of the molecules to 

self-aggregate. Micelle formation can be summarized in three main consequential events: first, upon 

dispersion of the amphiphile in water H-bonds are disrupted and the formation of cavities are 

favoured; second, the cavities are occupied by nonpolar moieties which pack together to maximize 

the weak interactions between each hydrophobic tail; and third, new H-bonds are formed between 

the polar heads of the amphiphiles which act as a sort of cage around the hydrophobic tails called 

clathrate.205 

The formation of supramolecular aggregates does not happen immediately upon dissolution of the 

amphiphile in water. Indeed, one of the main requirements for a favourable spontaneous organization 

towards an aggregate is that there has to be the minimum energy configuration at equilibrium, or  a 

lower entropy in respect to the monomers dispersed in solution. 

In terms of free energy , the elements that contribute to the formation of micelles are different: firstly, 

the Van der Waals forces between the hydrophobic tails; secondly, a so called balancing factor that 

takes into account the two opposing factors of electrostatic repulsion between the polar head group 

and the tendency to form tight aggregates to minimize the hydrocarbon-water interactions; thirdly a 

so called packing element that takes into account the fact that the hydrophobic core strives to exclude 

water molecules from the inside and so it limits the possible geometries achievable. 

The characterization of micelle structure and their formation is fundamental in order to investigate 

their possible applications in different fields.  
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1.1.  Properties of self-assembled superstructures 

 

One of the most important chemical and physical parameter that can be determined for self-

assembling molecules is the critical aggregation concentration (CAC), which is also commonly found 

referred as CMC, or critical micelle concentration. The two terms are commonly used as synonyms, 

however there is an important distinction between the two parameters. Indeed, they are both used 

to indicate the critical point at which amphiphilic molecules assemble into objects. However the CMC 

is commonly used to describe the formation of micellar structures, whereas CAC is used to define the 

formation of compound aggregates of various nature.206,207 This means that in solutions below the CAC 

amphiphile will exist as a monomer, above the CAC it will likely start to form aggregates and above 

the CMC the amphiphile will be in the form of micelles as shown in Figure 43. 

 

Figure 44: representation of the behaviour of amphiphilic monomers below and above the CMC. 

The CMC is a key property for a particular class of amphiphilic molecules that are called 

surfactants.206,208,209,210 These compounds are used in many applications with the specific purpose of 

decreasing the surface tension of the solvent, in the case of water, surface tension is particularly high 

due to the formation of H-bonds. Surfactants break these bonds and penetrate into the air-water 

interface, so lowering the surface tension of water. Since their purpose is decreasing the surface 

tension, a low CMC is optimal. 

The aggregates that some amphiphiles form at lower CMCs are also called premicellar 

aggregates,201,211,212 which may lead to interesting drug-delivery vehicles due to their small size and 

enhanced resistance to dilution. In the realm of biological applications, CMC in amphiphiles is, 
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however, of particular importance as it affects their stability in biological environment. Indeed, 

amphiphiles with high CMC are usually found to be unsuitable as drug or imaging targeting devices 

since they are unstable in an aqueous environment and easily dissociate upon dilution.213 The 

importance of CMC is such that even the physical properties of the amphiphile changes below, at and 

over the CMC (Figure 44). For this reason, there are many complementary techniques that can be used 

to assess the CMC, some of which are: tensiometry, spectrofluorometry, conductometry and dynamic 

light scattering.214 

 

Figure 45: Figure showing the discontinuous change of some physical properties below and after reaching the CMC. Picture 
from ref.201 Copyright © 2015 Domenico Lombardo et al. 

Moving on to the aggregation number, this is another important property, because it contains 

information on aggregates size and shape, which may be important in determining the stability and 

the practical applications of the investigated systems215  bearing in mind that small diameter and the 

shape of micellar aggregates are important features, the average size of these aggregates in the range 

of 10-100 nm make them to be of great interest in the field of nanotechnology, particularly in 

biological applications, such as drug delivery or as imaging agents. However, within the typical size 

range mentioned above the structure of the chosen amphiphile leads to significant variations. 

An important theoretical model that can predict shape and size (or diameter) of aggregates is the so-

called critical packing factor (Cpp) which was developed by Israelachvili, based upon the mechanics of 

phospholipids.198,216 According to this theory, the structure of an aggregate can be predicted by the 

Cpp value that can be calculated according to the following formula: 

ὅ
ὠ

ὃ  Ὅ
 

V0 is the effective volume occupied by the hydrophobic chains in the aggregate core, Ic is the maximum 

effective length and Amic is the effective hydrophilic headgroup surface area. 
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When the Cpp value increases, the structure of the aggregate can be spherical ό/ǇǇ ҖмκоύΣ cylindrical 

ό/ǇǇ Җ /ǇǇ Җмκн), and lamellar (Cpp =1)197,201 (Figure 45) 

 

Figure 46: different shapes that amphiphiles can attain according to the critical packing parameter Cpp. Picture from ref.201 

Copyright © 2015 Domenico Lombardo et al. 

This prediction model is accurate for small amphiphiles with conventional aliphatic chains217 and with 

other molecules having peculiar structures, such as diblock polymers.218ς220 However, in some cases it 

has proven less reliable, especially when rigid segments are added to the structure of the 

amphiphile221 or when its structure is more complex, as in the case of multi-block polymers, which are 

amphiphiles formed of many blocks each with different hydrophilicity or hydrophobicity. For this 

reason, aggregates with a multitude of different shapes can formed as the result of self-assembly of 

different amphiphiles, including needle-shaped, and so-called ΨǎƻŎŎŜǊ-ōŀƭƭΩ ƳƛŎŜƭƭŜǎ. 222ς225  
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Conventional methods for the study of both size and shape of micelles include DLS,209 small angle (X-

ray or neutron) scattering,226 fluorescence quenching methods209 and cryo-TEM,223 which is especially 

useful when it is necessary to investigate complex structures. 

Because of its ability to simulate phenomena at atomic scale, molecular dynamics (MD) has also 

become a tool employed for the study of micelles, especially in cases of amphiphiles with complex 

structure. 227,228  

MD can be used to study different aspects of micellar aggregates although with a varying degree of 

computational cost. In first place, MD allows to getting insight on the self-assembly process leading to 

micelles starting from the single monomers.229,230 In addition MD, can be used to simulate a singular 

set of properties of the aggregate such as diameter, eccentricity,  and solvent accessible surface 

provided that other information such as the aggregation number is already known.231 Other ways in 

which MD Is useful in this context is in the modelling of micellar interaction with its surroundings.232 

 

1.2. Block polymer micellar systems in therapeutic and imaging applications  

 

Due to their interesting self-assembly properties and the possibility of design from simple monomeric 

structure, block polymer micelles have gained much attention in field of pharmaceutical technology. 

Indeed, since the first application of micelles as drug delivery nanocarriers in 1980,233 they have been 

studied in several clinical and medical applications, ranging from therapy, namely drug delivery to 

diagnostics.234213,235 

These systems share the already cited advantages of classical nanosystems, such as their reduced size, 

which allow them to reach with greater ease smaller vessels with a decreased risk of opsonization and 

phagocytosis by macrophages. Due to their smaller size, the enhanced permeation and retention 

factor (EPR) is also enhanced, which is of great importance for imaging and treatment of tumour 

tissue, as it indicates the likelihood of intracellularization and longer retention by certain tissues. 

Further properties, specific to this class of nanosystems and for which they have gained much interest 

especially in pharmaceutical applications, are: (i) their high surface activity,236 (ii) their low CMC and 

low diffusion coefficient, which is paramount, as the number of free monomers has to be low for 

biological applications and finally (iii) the possibility for their fine-tuning by changing the structure of 

the single monomer.222 

Not unlike other self-assembled nanosystems, the chemical nature of the monomers that form 

polymeric micelles plays an important role in their final application. The micelle is composed by an 

outer shell, which determines its hydrophilicity, charge and further modification. This is also the 

portion of the nanosystem that engages the most with the surrounding biological environment, and 
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for this reason it is usually designed with specific properties in mind, such as stealth properties, which 

allow the micelle to reach the designed target without being prematurely cleared from the body or a 

high blood circulation, which is important for imaging agents and for EPR-mediated drug 

delivery.233,237,238 The proper design of the outer shell directly influences the biocompatibility of the 

micelle, its distribution and the release kinetics of the incorporated drug. The next structural element 

of the micelle, its core, is independent from the outer shell and its main purpose is to protect its cargo 

from the biological environment, which can degrade or oxidise the drug before it can reach the desired 

target. 238,239, 

A number of different polymers have been studied and researched for the formation of micelles for 

biological applications. Some of which are summarized in Table 3. 

 

Table 3: List of some of the polymers employed in the design of micelles for drug delivery applications. Picture from 
reference.233 Copryright © 2015 Wiley Periodicals, Inc. 

 

1.3. Micellar nanosystems in drug delivery: common strategies 

 

Micelles show different promising practical applications in drug delivery. One of the most exploited 

features of micelles is the solubilization of poorly soluble drugs, which is of great interest considering 

that most recent drugs have poor aqueous solubility and pharmacokinetic properties and are 

categorized under class II or IV in the Biopharmaceutical Classification System (BCS),240 which often 
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precludes their commercialization.241,242 Developing novel formulations capable of surpassing these 

problems is crucial to tackle diseases that are still problematic to treat241. There are a number of 

examples of successful studies that show the benefit of polymeric micelle drugs with respect to their 

free drug counterparts. For example, NK105, which consists of a micellar nanoparticles filled with 

Paclitaxel, currently in Phase II clinical trials, has shown a nine-fold larger plasma concentration and 

twenty-six-fold lower clearance rate in respect to the free drug243 and, recent studies are being 

conducted to investigate its safety in phase III trials.244 Another example is NC-6300, which is a micellar 

nanosystem with a payload of epirubicin, a known antitumour drug plagued by cardiotoxicity. In a 

study conducted in mice, the unique micellar formulation has shown that, cardiac functions were 

maintained in respect to epirubicin as free drug245. Yet another example is Genexol-PM, already 

mentioned earlier, a micellar system that provides an alternative to standard formulations that 

employ Cremorphor EL, which has been linked with hypersensitivity reactions. An interesting feature 

of micellar formulations is their peculiar, sustained release profile (SRP) which allows them to release 

a fixed amount of drug long over time spans. Usually, polymeric micelles are particularly promising 

systems due to their low CMC and high dynamical stability. This is especially important for in vivo 

applications since it directly influences the possibility of retaining their structure even below CMC. To 

obtain an optimal drug release profile it is important to closely regulate both the composition of the 

hydrophobic chains, where highly viscous and poorly mobile chains favour the stability of the system, 

and at the same time allow for enough mobility to permit a low but steady diffusion SRP. For this 

reason, importance to carefully tailor the micelle components for each situation. In the case of NK105 

for example, the hydrophobic block was partially modified with 4-phenyl-1-butanol, which resulted in 

a higher AUC than in free paclitaxel.246  

Micellar nanosystems share the same obstacles that affect other nanoparticles developed for the 

delivery of anticancer drugs or imaging agents, including a number of physiological barriers that need 

to be overcome in order to be employed in clinical settings. The two common ways to overcome 

physiological barriers are either to develop a passive or an active drug delivery system. The former 

approach is based upon the well-documented and studied phenomenon of EPR.247,248 This condition is 

characterized by leaky vasculature in the tumour tissue together with larger gap sizes, all boosted by 

a poorly functional lymphatic drainage system. The combination of these main elements causes a 

higher retention rate of nanosized objects respect to healthy tissue, which is especially favourable for 

nanosystems used in both imaging and drug delivery applications. However, tumours are 

heterogeneous and for this reason the cut-off size that allow micelles to reach the interstitium varies 

enormously from one individual to another.  For example, tumours have different cut-offs ranging 

from 200 nm to 1.2 µm, and in some cases even smaller if they are located in the intracranial region.249 
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All previous examples shown, such as NK105 or Genexol-PM are ideal examples of passive drug 

delivery systems. They provide better performance compared to the free drug counterparts and in the 

case of the latter it has found clinical applications.  

However, despite being one of the pillars on which nanomedicine is based on, the EPR effects suffers 

from some limitations. Indeed, the heterogeneity of tumour tissues directly affects the accumulation 

of the desired drug, despite using the same micellar systems. Another downside is the so-called PEG 

dilemma:250 in short, studies conducted in vivo have shown how PEGylation of micelles increases the 

stability of the micelle but decreases the intracellular delivery of the cargo. The result of this condition 

is that whenever the cargo has to be delivered directly inside the cell membrane, such as for example 

pDNA or siRNA, this approach suffers some severe shortcomings. When, on the other hand, the cargo 

can spontaneously accumulate in the nucleus, such as in the case of doxorubicin, the passive targeting 

system design works as designed. 

The active targeting system represents an upgrade on passive targeting system as it aims to selectively 

target the area of interest and increase the uptake of the desired drug. Some examples are folate-

based targeting, which exploits the overexpression of folate receptors in many cancer cells. In one 

study conducted on MCF-7 and HepG2 cell lines, curcumin loaded in folate-modified micelles resulted 

in better curcumin solubility and cellular uptake.251 Other examples are peptide- and protein- based 

targeting that exploit the overexpression of certain proteins by some tumour tissues. For example, 

due to their increased proliferation rate, some tumour tissues overexpress Transferrin (TfR) which is 

responsible for the transportation of iron into cells via surface receptors. In a study, Tf-mediated 

micelles demonstrated brain accumulation of anti-glioma drugs with poor BBB permeability.252 In 

addition to these active targeting systems, smart micellar drug delivery systems have been developed, 

which release their payload according to change in pH253,254 or temperature-mediated255,256 drug 

delivery. 

 

Micelles have been studied not only as drug delivery systems, but also as diagnostic and imaging 

agents. Micellar nanosystems present some advantages compared to small molecules, such as for 

example the slower clearance rate and the possibility of both carrying the imaging agent inside the 

micellar core and by modification of the outer shell.257 

Some imaging techniques that have benefited from micellar nanosystems are 1H MRI,258 where for 

example pH-responsive micelles loaded with gadolinium complexes showed an enhancement of the 

T1 relaxation time in the acidic tumour environment. Another example is given by carbocyanine 

loaded micelles, which due to their optimal features for sustained drug release and small size showed 

potential applications for both photothermal therapy and cancer imaging.259  
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Block Polymer Micelles and fluorine-based polymers. 

As was introduced earlier in this overview, there is a wide variety of polymers that are employed in 

the formation of micelles, some of which have shown are particularly promising from clinical trials.  

As said before, micelles are generally constituted of simple amphiphilic polymers,201 serving as building 

blocks. However, due to their interesting features, polymers formed by multiple elements, so-called 

block polymers, are also a category of building blocks often employed for the self-assembly of micellar 

aggregates. The structure and molecular weights of copolymers can be finely tuned, thus allowing 

control of both shape and size of the final system.  

Copolymers used for the preparation of micelles are usually formed by two immiscible blocks, A and 

B, one of which is usually hydrophobic and the other hydrophilic. This simple di-block design usually 

leads to spheric micelles or vesicles. However, if a third block C is added, then the different properties 

of each polymer contribute to the formation of a structure which is more complex. For example, 

multicompartment micelles208 can be formed, according to the preferential segregation of each sub-

unit of the monomer. The final structure of the micelle in the case of multicompartment micelles is 

the result of an intricate free energy balance and the interaction between each component block. 

Taking as an example a copolymer of three blocks A, (hydrophilic), B and C (hydrophobic), the self-

assembly dynamics will take into consideration not only the length of three blocks, as in the classic 

critical packing process (Cpp), previously introduced in this overview, but also the magnitude of the 

interfacial energies between each block. For this reason, an ABC copolymer might act differently than 

BAC.208 

Some of the different structures that can result from triblock structures are summarized in Figure 46. 
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Figure 47: Representation of some of the structures that can form with different ABC blocks morphologies. Picture from 
Macromolecules 2012, 45, 1, 2-19. Reprinted with permission from ref.208  Copyright 2012 American Chemical Society. 

Properties of fluorinated copolymers. 

Due to peculiar properties of the F atom and C-F bond, copolymers having a fluorinated moiety have 

found important applications as surfactants. Fluorinated surfactants (F-surfactants) successfully 

decrease the superficial tension of water more efficiently compared to H-surfactants having the same 

chain length, and in fact they have lower CMC than their hydrogenated counterpart.103,105 It has been 

estimated that the contribution towards micellization of one CF2 group is ~1.5 times the contribution 

of a  CH2 group, a rule that however, does not always apply, such as in the case of partially fluorinated 

perfluorocarbons, like hydrogenated-fluorinated di-block polymers.103,105 However, F-surfactants 

demonstrate specific properties of their own: their self-assembly behavior is influenced by the 

increased rigidity and bulkiness of the F-chains, which decreases the curvature of the forming 

aggregates, favoring rod shaped structures, vescicles and lamellar phases at the same concentration 

of H-surfactants, rather than micelles.260 

F-amphiphiles have a stronger tendency to aggregate in water than their non fluorinated analogs.261 

The first examples of fluorinated vescicles are reported by Kunitake262 and Ringsdorf263 in 1984. Since 

then, a variety of different fluorinated amphiphilic polymers formed by two or three chains have been 

synthesized, including F-phospholipids by Reiss and coworkers.264,265  

The reason behind the interest behind F-surfactants and fluorinated copolymers is the fact that due 

high hydro and lipophobicity, they can lead to the formation of multicompartment micelles and to the 
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manifestation of a behaviour called super strong segregation limit (SSSL), a concept introduced by 

Semenov, Khokhlov, and co- workers.266,267 ǿƘŜǊŜ ǿŜ ƘŀǾŜ ŀ ǊŜƎƛƳŜ ƛƴ ǿƘƛŎƘ ƛǘ ƛǎ ǇƻǎǎƛōƭŜ ǘƻ ŦƻǊƳ ΨŦƭŀǘΩ 

structures due to the large interfacial energy which is not possible to obtain with conventional 

polymers or surfactants. In biological applications, multicompartment micelles are of especial interest 

due to the possibility of having not only one hydrophobic interior, but possibly several inner 

compartments with diversified affinities for hydrophobic molecules. Although the clinical applications 

of these multicompartment micelles are to date still limited, nevertheless they deserve consideration. 

An element of paramount importance, when considering fluorinated block polymers, is the relative 

position of the fluorine moiety in the final structure of the copolymer.268 

Other fluorine moiety properties of interest are related to their relative insolubility in both water and 

organic medias, if not fluorinated.269 It has been demonstrated that in perfluorinated carbon chains, 

the -CF2- group reduces the CMC by about 4 times compared to the non-perfluorinated equivalent 

group.270 This lowered CMC also influences the stability of these systems. Indeed, it has been 

demonstrated that fluorinated vescicles are more stable compared to a non fluorinated vescicles 

counterpart and have a lower permeability to drugs.271 

Another is in recent finding highlighting the possible application of F-alkylated phospholipids shells for 

the delivery of oxygen to tissues.272,273  

 

1.4. Micellar nanosystems as tools for 19F imaging. 

 

At present there are not many examples of micelles containing fluorinated polymers designed for 19F 

MRI. However, previous works on the synthesis of micelles for 19F MRI applications exploited 

(hyper)branched polymers in order to obtain a high fluorine nuclei density and increase sensitivity of 

the contrast agent. Early works exploited simple branched polymers, containing 19F imaging tracer or 

19FIT presenting 27 equivalent fluorine atoms which give one 19F NMR signal (Figure 47), which form 

small micelles in PBS with acceptable SNR in experiments performed in mice.274 

 

Figure 48: Chemical structure of 19FIT. The molecule contains a F-hemispherical region and an H-hemispherical region. Picture 
reproduced with permission from ref. 56 Copyright © 2015, American Chemical Society. 
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In the years following, a number of new dendrimer-like structures or hyperbranched fluorinated 

polymers were also designed. However, the synthesis of these compounds is often very long and 

complicated. In addition, the determination of cytocompatibility and cellular uptake is often complex. 

For example, for dendrimer-like structures, ƛǘΩǎ ōŜŜƴ ǊŜǇƻǊǘŜŘ ǘƘŀǘ ǘƘŜƛǊ ŎȅǘƻŎƻƳǇŀǘƛōƛƭƛǘȅ ŘŜŎǊŜŀǎŜǎ 

with increasing generation number, although some dendrimeric polymers up to the fifth generation 

do not show toxicity in vivo.275 For these reasons, the number of fluorinated dendrimers used as MRI 

probes with applications in the clinic is still limited.56 

Despite this, the tools at disposal for the synthesis of different copolymers for 19F MRI applications are 

vast and studies are still being conducted in this regard. For example, a recent study 276 developed a 

άŦƭǳƻǊƛƴŀǘŜŘ ǘƘŜǊƳƻǊŜǎǇƻƴǎƛǾŜ ŀǎǎŜƳōƭŜŘ ǇǊƻǘŜƛƴέ όC-TRAP), which consists of a protein block 

polymer for the formation of nanoscale micelles and the detection in vivo of the contrast agent was 

demonstrated, despite the decreasing T2 due to the increased structural order and constriction. 

Moreover, in previous works that used the same protein copolymer, it was demonstrated that the 

structure can also carry a payload of a chosen drug, thus paving the way for theranostic applications.277 

 

2. Aims of this chapter 

 

The activities described in this chapter are aimed at developing new fluorinated nanosystem, obtained 

by the self-assembly of novel fluorinated linear copolymers, herein designed, synthesized and 

characterized during my PhD. These polymers comprise a central perfluoroethylene glycol unit, a 

terminal hydrophobic moiety and a hydrophilic PEGylated chain of varying lengths. The self-assembly 

and the 19F MRI properties of these polymers have been thoroughly studies and, withing the NiFTy 

project, in collaboration with Dr. C. Ingrosso and Dr. G. Mandriota at the Bari CNR, these polymers 

were used to encapsulate hydrophobic copper sulphide nanocrystals (CuнҍȄS NCs) in the lipophilic 

micelle core, so as to obtain a novel micellar nanosystem that can be employed as a multimodal 

nanotheranostic tool for both 19F MRI and photothermal applications. Finally, with the of Prof. F. 

Zerbetto, within the NiFTy project, further molecular dynamics (MD) simulations were performed to 

further characterize the obtained nanosystems. 
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Results and Discussion 

 

In order to obtain stable self-assembling fluorinated nanosystems, two different triblock linear 

polymers (Figure 48) were synthesized presenting an alkyl chain of 18 carbon atoms (block B), a central 

perfluorinated PEGylated moiety with a MW of ~1484 Da and 44 quasi equivalent fluorine atoms 

(block C) and final hydrophilic mPEG chain of different length, a short pegylated (methyl ester) chain 

of ~550 MW, or a long (methyl ester) pegylated chain of ~2000 MW (C), in order to obtain the most 

stable fluorinated nanosystem.84 All three portions are immiscible and form a linear ACB terpolymer, 

where the blocks are ordered for increasing hydrophobicity. 

 

Figure 49: structure of the two designed triblock linear polymers 

The role of the hydrophilic portion in a micelle is to allow for an effective segregation of the 

hydrophobic portion to confer enough stability to the micelle. 

 

1. Synthesis of two amphiphilic copolymers featuring PEGylated chains of different size 

 

The amphiphilic fluorinated polymers were prepared according to experimental procedures published 

in literature with minor optimizations.100 
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Figure 50: Synthetic scheme for the synthesis of compounds C18OF11PEG550 (8) and C18OF11PEG2000 (9).  

 

In Figure 49 the synthetic scheme is reported. 

The purpose of the first step was to transform the -OH functional group in a good leaving group for a 

SN2 reaction, by formation of the tosylester with a procedure similar to the those used for the 

synthesis of TrtSC11OTos (Compound 3 Part II). 

The formation of the product was confirmed by NMR spectroscopy and mass spectrometry analyses. 

The 1H NMR (Figure 50) of compound 1 and the tosylate 2 was registered in acetone-d6 and display 

the shift of the signal centred at 3.53 ppm of the methylene protons in h  Ǉƻǎƛǘƛƻƴ ƻŦ ǘƘŜ hI ǘƻ ǘƘŜ ʰ 

position to the tosyl group centred at 4.04 ppm in compound 2. Also, the 13C spectrum of compound 

2 show a signal at 71.49 ppm pertaining to the carbon atom of the methylene unit in the ʰ Ǉƻǎƛǘƛƻƴ in 

respect the tosyl group, which is consistent with the proposed structure. 

Mass spectrum (Figure 51) showed the pseudo-molecular ion + sodium [M+Na]+ at 447.28 m/z. 
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Figure 51: 1H-NMR (400 MHz, acetone-d6) of compound 1 (top) and compound 2 (bottom). The relevant multiplets are in blue. 

 

Figure 52: Mass spectrum (micrOTOF-Q) of compound 2. 

This step of the synthesis is meant to introduce the fluorinated PEGylated moiety and relies on the 

use of the commercially available F-PEG 600 on the alkyl chain of compound 2. The reaction is a SN2 

promoted by a base needed to deprotonate the terminal ςOH groups of the F-PEG 600 diol.  

This step was optimized by a series of trial reactions aimed at identifying the best reaction conditions. 

The conditions and yield are summarized in the following table 4: 

 

Table 4: Reaction conditions explored for the preparation of compound 3 using a 2 equivalents of F-PEG 600 polymer at 100°C. 

Reaction Base, equiv Solvent Reaction 
time 

Yield % 

1 t-BuOK, 0.8 t-BuOH 8 hours 5 % 

2 t-BuOK, 0.8 t-BuOH 7 days 32 % 

3 t-BuOK, 1 t-BuOH dry 7 days 41 % 

4 KOH, 1.5 dioxane dry 48 hours 47 % 

5 NaH, 4 dioxane dry 24 hours 52 % 
 

The conditions used in runs 1 to 3 were based upon a patent by Kato T. et al.278 and the following 

reactions were based upon previous works by our group with minor improvements. The faster 
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reaction times combined with the higher yield is due to the higher reaction temperature allowed by 

dioxane-1,4 in comparison to t-BuOH. Moreover, as highlighted previously, NaH does not lead to the 

formation of water molecules, in respect to KOH. The characterization of the product was achieved by 

means of NMR and mass spectral analysis. The 1H NMR spectrum of 3 (Figure 52) displays a shift of 

the triplet at 4.04 ppm pertaining to the methylene protons in ʰ Ǉƻǎƛǘƛƻƴ to the tosyl group to 4.02 

ppm (in part overlapping with the triplet in alpha to the OH group at 3.99 ppm. This is confirmed by 

the presence of the triplet at 3.64 ppm of the methylene of the alkyl chain forming the ether bond. 

Compared to its precursor, the 13C spectrum of 3 does not display of the singlet at 71.49 ppm but 

instead a new signal at 73.36 ppm. Moreover, 3 new sets of signals appear, pertaining to the 

fluorinated polymer: three triplets at 115.08 ppm (O-CF2-CF2), 69.88 (t, O-CH2-CF2) and 62.50 (t, -O-

CF2-CH2-OH). 

The 19F spectrum shows one main signal centred at -89.56 ppm, pertaining to the repetitive O-CF2-CF2 

units and two smaller signals of lower intensity at -78.32 ppm (CF2CH2O-C18) and -80.90 ppm 

(CH2CH2OH). 

By analyzing the mass spectrum in negative mode of compound 3 (Figure 53 bottom) it was possible 

to identify a cluster between 2136.9 and 460.9 m/z from which it is possible to recognize intervals 

each separated by 115.9 m/z which can be attributed to the different number of CF2CF2O units of the 

fluorinated polymer, thus confirming the successful introduction of the fluorinated moiety. 

Several batches of compound 3 were prepared and the highest yield achieved was of 52%, obtained 

as a white waxy solid. 

 

Figure 53:  1H-NMR (400 MHz, acetone-d6) of compound 3. 
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Figure 54: MS-ESI in positive (top) and negative (bottom) mode in MeOH of compound 3. 

 

The introduction of the mPEG chain in the structure of the target amphiphile required the 

preparation of building block in which the terminal ςOH group of mPEG550 monomethyl ether 4 

was transformed into a good leaving group. This was achieved by tosylation. In the 1H NMR 

spectrum of 5 (Figure 54) the triplet centred at 4.16 ppm is diagnostic of the methylene protons 

in ʰ Ǉƻǎƛǘƛƻƴ to the tosyl group and this corresponds in the 13C NMR spectrum to the signal at 

68.78 ppm. 

To better characterize the product, mass spectra of both the mPEG550 and of 5 were registered 

(Figure 55). And compared. The Poisson-distribution profile, given by a series of peaks each 

separated by 44 m/z (-CH2CH2O-), was visible in both cases. The cluster of 5 was centred around 

693.30 m/z. 
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Figure 55: 1H-NMR (400 MHz, acetone-d6) of compound 5. 

 

 

Figure 56:  Mass spectra of PEG 550 (top) and mass spectra of mPEG550Tos (bottom). 

Product is a colourless oil and yield is quantitative. 

The conversion of mPEG 2000 to the corresponding tosylate 7 was performed in the same manner of 

5. However, likely due to the higher molecular weight and different solubility of the mPEG2000 in 

comparison to mPEG550, the kinetic of the reaction was slower with reaction completion reached at 

24 hours.  
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For the workup, solutions of saturated ammonium chloride, bicarbonate and brine were employed to 

minimize the solubility of the product in the aqueous phases, this procedure was based on a patent 

by Musa et al. (Patent no US 10,961,204 Bl, Mar. 30, 2021). 

The chemical shifts of the proton resonances of compound 7 were identical in all respects to 5.  

However the integration of the -CH2CH2O- signals was higher, due to the presence of more -CH2CH2O- 

units. 

Mass spectra of both the compound 7 and its precursor 5 were registered (Figure 57 and 58). In both 

cases the Poisson-distributions are visible. In the spectra of the precursor, three main clusters are 

clearly discernible, distributed around m/z 679.69 and 986.03 and around 1727.95 (Figure 57 C), which 

can be attributed to the tri-, di- and mono-charged clusters. In the spectra of the mPEG2000Tos (7) 

also three main clusters are present at m/z 441.4, 738.40 and 1040.55 which can be attributed to the 

tri- and di-charged clusters. The mono charged cluster is not discernible. the distance between 

different intervals was m/z 22 distributed around 986.03 m/z, which is coherent with different number 

of CH2CH2O units for z= 2. 279 The estimated difference of 170 g/mol between 5 and 7 due to the 

increased MW due to the tosyl (C8H10O2S = 170.04 g/mol) could not be discerned from the mass 

spectra.  

 

Figure 57: Mass spectra of PEG2000Me (A) with focus on ranges 810-1180 m/z (B) and 1400-2100 m/z (C). 
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Figure 58: Mass spectra of TosPEG2000Me with focus in the range 910 to 2000 m/z. 

 

The introduction of the PEG moiety in the final structure of the surfactant required the deprotonation 

of the terminal ςOH group of the fluorinated intermediate 3 which acts as a nucleophile towards the 

activated PEG building blocks. This step required anhydrous solvents and all operation were carried 

under inert atmosphere. 

The reaction was monitored by means of 1H NMR and its completion was assessed by both 1H NMR, 

13C NMR and 19F NMR spectroscopy (Figure 59). In the proton NMR spectrum of product 8 shows two 

triplets centred at 4.10 ppm and a second centred at 3.99 ppm, the former  at 4.10 ppm pertaining to 

the methylene in ʰ Ǉƻǎƛǘƛƻƴ to the PEGylated chain and the latter at 3.99 ppm pertaining the 

methylene in h  Ǉƻǎƛǘƛƻƴ to the C18 alkyl chain. Another diagnostic signal was a triplet at 3.80 ppm 

pertaining the methylene protons of the PEGylated in h  Ǉƻǎƛǘƛƻƴ ǘƻ ǘƘŜ FPEG 600 fragment. 

The 19F NMR analyses confirmed the formation of the product and the complete conversion of F-PEG 

600 by the disappearance of the signal at -80.90 ppm with the presence of two close multiplets at -

78.33 ppm pertaining the fluorinated methylene closest to the alkyl chain and -78.53 ppm for the 

fluorinated methylene closest to the PEG chain. 

The mass spectrum of compound 8 (Figure 60) was registered in both positive and negative mode. The 

spectra in positive mode did not show the molecular ion peak [M+] of the compound. However, the 

Poisson-distribution of peaks is centred around m/z 1835.9 with intervals separated each of 44 or 72 

m/z. The former can be attributed to oligomers with a different number of  units and the latter is likely 

to oligomers with a different number of CH2CH2O units in a polymer having a different number or 

perfluorinated oxyethylene units.  i.e.: (CF2CF2O)n(CH2CH2O)m - (CF2CF2O)n+1(CH2CH2O)m-1 =72 m/z.  

The spectra in negative mode shows different intervals between m/z 250 and 2200, separated each 

by  m/z 115.99, which pertains the different number of units of CF2CF2O of the compound. 
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Figure 59: Mass spectra acquired in positive (top) and negative mode (bottom) in methanol of compound 
C18FPEG600PEG550. 

 

 

 

Figure 60: a) 1H-NMR (400 MHz); b) 13C NMR (126 MHz); c) 19F NMR (376.16 MHz) spectra of compound 8 in acetone-d6. 
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Compound 9 was prepared following the same procedure described for 8, with similar precautions 

regarding reaction parameters and workup procedure as for the synthesis of compound 5.  

As expected, proton NMR spectrum presents the signal of the same chemical shifts observed for 8 but 

with different integrals for the proton signals pertaining to the PEG moiety (Figure 61). 

The mass spectrum of compound 9 is, however, more difficult to interpret as three main Gaussian 

distributions are present between m/z 400 to 2800. The Gaussian curves are distributed around 

6217.36, 1179.79 and 1670.14 m/z (Figure 62). 

 

Figure 61: a) NMR spectra of compound 9: a) 1H-NMR (400 MHz, methanol-d4); b) 13C NMR (126 MHz, methanol-d4); c) 19F 
NMR (376.16 MHz, acetone-d6). 
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Figure 62: Registered mass spectra (micrOTOF-Q) of compound 9. 

 

2. Characterization 

 

The 19F T1 and T2 relaxation times of both fluorinated copolymers were measured in acetone-d6 and 

again, in D2O. The same method followed in previous sections for their determination was followed. 

The T1 for C18FPEG600PEG550 was determined as 1.099 s and for C18FPEG600PEG2000 was 

determined as 1.133 s in acetone-d6. The T2 was measured and determined with a value of 975 ms 

for C18FPEG600PEG550 and 867 ms C18FPEG600PEG2000. 

The long relaxation times of these compounds in acetone-d6 are comparable to the T1 and T2 

measured for the synthesized fluorinated thiol in the previous chapter. Part II, results and discussion, 

2. (1.057 s and 806 ms).  

To obtain some preliminary information regarding the aggregation profile of these compounds, T1 

and T2 relaxation times were also measured in D2O. For the C18FPEG600PEG550, the T1 was of 463 

ms and the T2 of 23 ms respectively, whereas for C18FPEG600PEG2000 the T1 was 478 ms and the T2 

12 ms. A summary of T1 and T2 is reported in Table 4. 
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Table 5: Relaxation times for the two amphiphilic compounds 8 and 9 in acetone-d6 and D2O. 

 C18FPEG600PEG550 C18FPEG600PEG2000 

 T1 T2 T1 T2 

Acetone-d6 1.099 s 975 ms 1.133 s 867 ms 

D2O 463 ms 21 ms 478 ms 12 ms 

 

The relaxation times decreases in water, which might indicate a stronger segregation and folding of 

the FPEG 600 in water in respect to acetone due to the self-assembly process and the consequent 

decrease of mobility of both amphiphilic polymers.277 

 

Critical micelle concentration (CMC) 

For the determination of the CMC of the copolymers 8 and 9, Dynamic Light Scattering (DLS) 

measurements were obtained, following the procedure illustrated in ref.280 and by consulting the 

literature.209 

DLS is a relatively new method employed in the determination of CMC of surfactants and amphiphilic 

compounds in general as it is a technique that was developed for measurement of particle size and in 

particular of hydrodynamic diameter (dH) of nanoparticles.209 

The principle upon which DLS can be employed to determine the CMC is the increased scattering of 

the solution when micelles start to form.201 In fact, below the CMC, where aggregates are not formed 

yet, the intensity of the scattered light is similar to the solution in which the compound is dispersed. 

However, above the CMC the intensity of the scattered light increases sharply due to the formation of 

aggregates and micelles.209 

Accordingly, a set of solution at increasing concentrations of the amphiphiles were prepared in Milli-

Q water at room temperature and briefly sonicated to aid the dispersion. Each sample was then 

analysed by DLS at 25°C. The autocorrelation functions generated from the DLS measurements is 

reported in Figure 64 and the variation of the intensity of the scattered light as a function of the 

concentration (mg/mL) is reported in Figure 63. 

Below the CMC, the scattering detected for both compounds were similar to the ones registered for 

Milli-Q water (38-60 cps). When the CMC was reached the scattering intensity increased linearly with 

the logarithm of the concentration, which indicates the formation of micelles. Considering the 

autocorrelation functions for each measurement, it is possible to see how at lower concentrations the 

signal to noise ratio (SNR) was poor, which confirmed the absence of micelles. 

The CMC of C18FPEG600PEG550 was estimated to be at around 0.45 mg/mL (1.9 x 10-4 M), whereas 

the CMC of C18FPEG600PEG2000 was 2.29 mg/mL (6.2 x 10-4 M).  
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The CMC of these amphiphilic copolymer was in the same order of magnitude, which can be explained 

by the fact that the length of the hydrophobic portion, which is one of the driving forces that influences 

the aggregation factor, was identical for both compounds.210 However, commercially available non-

fluorinated surfactants featuring an alkyl chain and a PEG chain belong to the BriJ family indicate a 

much stronger influence of the pegylated chain in determining the CMC: In a study by Bagheri et al.,281 

different non-ionic BriJ surfactants featuring a C16 alkyl chain as hydrophobic block, and a variable 

number or polyethylene units as hydrophilic block, were compared and their CMC was determined by 

means of tensiometry. The results from this study highlighted how by increasing the number of 

polyethylene units (in the study the range studied was between 2 to 20 units), also the value of the 

CMC increased sharply, from 0.25 µM with 2 oxyethylene units, to 2.3 µM for 12 units to 85.9 µM for 

20 repetitive units (a 37-fold increase). In another study by Klammt et al,282 Brij 78, a non-ionic BriJ 

surfactant formed by a 18 carbon-chain and 20 oxyethylene units was mentioned and its CMC 

determined as 46 µM. Following these results, we might have expected a stronger influence of the 

pegylated chain on the CMC. However, comparing the CMC of these fluorinated copolymers to other 

fluorinated commercially available surfactants is not trivial due to their unique structure and the 

presence of three immiscible blocks with different properties, instead of just two blocks. Moreover, 

DLS is an optical method which can be used to deduce the formation of any type of aggregates through 

the increase of scattered light in comparison to the scattered light of the solvent, independently from 

the morphology of the obtained structures. For this reason it is difficult to discriminate when dealing 

with copolymers with unknown self-assembly properties whether the determined values indicate 

effectively the critical point in which the copolymers form micelles or vescicles or if, more likely, they 

indicate the critical aggregation point (CAC) of the monomers. Further experiments with different 

techniques, such as tensiometry, should be evaluated for further studies to corroborate the obtained 

values. 

 

Figure 63: Scattered intensity (cps) of (a) C18FPEG600PEG550, b) C18FPEG600PEG2000 as a function of the concentration 
mg/mL. The intersection of the regression lines is the CMC. 
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Figure 64: Correlation functions of C18FPEG600PEG550 (left) and C18FPEG600PEG2000 (right) at various concentrations. 
Variation of colour (from darker to lighter blue) is correlated to the samples at different concentration (from higher to lower 
concentration). 

To determine the dH of the obtained nanosystems, DLS was employed. Samples were measured at a 

concentration of 9 mg/mL in Milli-Q water. The dH of C18FPEG600PEG550 was measured to be of 

41.01 ± 14 nm (PDI: 0.342) expressed as intensity by number. Whereas at the same concentration 

C18FPEG600PEG2000 showed a dH of 11.06 ± 3.15 nm (PDI: 0.201) (Figure 65). 

From these preliminary results, it would seem that increasing 3-fold the length of the pegylated chain 

influences the capability of the hydrophilic portion to efficiently cover the hydrophobic portion of the 

compound leading to the formation of smaller aggregates, which are likely formed by a lower number 

of monomers.283,284 

 

Figure 65: DLS distribution by intensity (A,C) and by number (B,D) of C18FPEG600PEG550 (A-B) and C18FPEG600PEG2000 (C-
D). Data is reported as average of 3 measurements per each graph. 
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TGA 

To further characterize the polymers, TGA analysis was performed for compound 3, 8, 9 and the 

commercial perfluorinated PEG diol, Figure 66. 

 

Figure 66: TGA thermogram overlay of FPEG600 (blue), compound 3 (black), 8 (red) and 9 (green).  

 

Figure 67: TGA first derivative for FPEG600 (blue), compound 3 (black), 8 (red) and 9 (green). 

The first derivative of each thermogram in Figure 67 show the different decomposition temperature 

of each amphiphilic copolymer. Increasing the MW, the temperature of phase transition increases for 

polymer 8 and 9, as expected.285  

 

Differential Scanning Calorimeter (DSC) 

The fluorinated amphiphilic polymers were characterized by means of differential scanning 

calorimeter (DSC), to determine their melting and crystallization points. 

As it can be seen from graph Figure 68, the melting point of C18FPEG600PEG550 during the heating 

ramp has a concave and broad shape, which is typical of polymeric samples, due to their high MW. 

The onset point is at 20.67 °C with a peak temperature of 30.13 °C. 
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The crystallization happens suddenly in a sharp range of temperatures, as it can be seen from the 

almost vertical line of the melting point, with an onset at 21.46 °C and a peak temperature at 20.3 °C.  

The melting point of C18FPEG600PEG2000 show a a more rapid transition, due to the longer 

PEGylated chain286 as it can be seen in Figure 69. However, with the onset point is close to the peak at 

higher temperature with respect to those observed for polymer 8 of, 46.78 °C and 49.72° C 

respectively. The same can be said about the crystallization point. 

 

Figure 68: DSC thermogram showing the heating and cooling ramp for C18FPEG600PEG550, with the peak temperature and 
onset points for both the melting point and the glass transition point, together with the enthalpy change. 

 

Figure 69: DSC thermogram showing the heating and cooling ramp for C18FPEG600PEG2000, with the peak temperature and 
onset points for both the melting point and the glass transition point, together with the enthalpy change. 

The alkyl chain in the polymers is expected to form a crystalline phase at low temperature. 

Consequentially, since the DSC profile of 9 display a higher Tm with respect to polymer 8 and a higher 

enthalpy associated to the melting process, it could imply that in compound 9 the C18 chain is 
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determining the formation of a stable crystalline phase despite the presence of a longer PEGylated 

chain. 

 

Self-assembly experiments and investigation for micelles formation 

In collaboration with Dr. C. Ingrosso and Dr. G. Mandriota at the institute IPCF, CNR, experiments were 

conducted in order to determine the optimal conditions for the formation of stable fluorinated 

nanosystems. By considering the CMC (or CAC) value determined by DLS, a series of experiments with 

different concentrations of amphiphilic compound 8 were performed, following a one-pot, oil-phase 

evaporation-induced self-assembly strategy, conduced at room temperature, schematically shown in 

Figure 70 according to an experimental procedure adapted by Tang et al. 287  

  

Figure 70: schematic representation of the procedure for the preparation of micelles adapted from Tang et al.288 

The preliminary results obtained from this set of experiments that allowed to establish the optimal 

preparation parameters are reported in Figure 71. As suggested by these preliminary studies, the 

aggregates obtained have a high polidispersity and broad distribution range. Due to the low PDI and 
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reduced size of the sample 19F-NS5, obtained with 2.7 mg of amphiphilic compound 8, this formulation 

was used for subsequent studies. 

 

Figure 71: Initial concentrations and results obtained by the preliminary experiments conducted on compound 8. A) summary 
of DLS results for each analysed sample, presented as mean values ± SD of three replicates, B) Size distribution by intensity 
per each sample.  

The same preliminary experiments were performed also for compound 9. 

Following the optimal preparation conditions determined by previous experiments, self-assembly of 

compound 8 and 9 were obtained through the formation of emulsions of the 19F polymers in mixture 

of chloroform and PBS (0.01 M) (1:6 ratio) with ultrasonication treatment at RT. The results of this 

preparation method indicated the formation of transparent and colloidally stable suspensions. The 

TEM micrographs reported in Figure 72 A-B show spherical NS with a relatively high image contrast, 

obtained without staining agents for compound 8 and 9. The average diameter estimated from the 

TEM micrographs is of  28.0 ± 4.5 nm and 17.0 ± 4.2 nm respectively (Figure C-D). The higher image 

contrast in the NSs of Figure A-B can be ascribed to the spontaneous phase-segregation of the high 

electron density 19F atoms-rich polymer blocks from the H-chains.289 The colloidal stability of the 

achieved 19F-NSs-PEG550 and 19F- NSs-PEG2000 has been assessed by Dynamic Light Scattering (DLS) 

investigation, which shows, in the spectra, single populations of NSs with an average hydrodynamic 

size and a polydispersity index (PDI) of 32 ± 7 nm and 0.480 and 20 ± 4 nm and 0.416, respectively 

(Figure 72 E-G and table 6). The size range of the dH determined by DLS is higher compared to the size 

determined through TEM estimation but was however expected taking into consideration that the dH 

obtained through DLS is higher compared to TEM. 
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Figure 72: TEM micrographs micelles with the short (A) and long (B) amphiphile and corresponding statistical size analysis 
from TEM images (C-D) and size distribution by number from DLS spectra (E-F) of samples in (A-B). Table summarizing the 
characteristics of samples (A-B), namely average number hydrodynamic diameters and PDI. Results by Dr. Ingrosso 

Table 6: All reported statical data from DLS as mean values ± SD of three replicates.  

Sample DLS dH, nm PDI 

NS-C18FPEG600PEG550 32 ± 7 0.480 

NS-C18FPEG600PEG2000 20 ± 4 0.416 

 

Moreover, the size discrepancy between the preliminary experiments and the follow-up experiments 

reported in Figure 72 find explanation in the way the data was reported, as in Figure 71 the data is 

reported as distribution by intensity, which is extremely sensitive to  small numbers of large 

aggregates. Combining the two information the results seems to indicate that the self-assembly 

procedure followed leads to the formation of small fluorinated nanosystem and that, however, also 

few larger aggregates are present, which is in line with the polydispersity index obtained. 

During the preliminary experiments that led to the identification of the conditions to obtain stable 

nanosystems, for compound 8, the formation of peculiar structures was observed by TEM (Figure 73).  
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Figure 73: άƭŀōȅǊƛƴǘƘ-ƭƛƪŜέ structures observed by TEM formed during the preliminary experiments for the formation of 
micellar nanosystems with polymer 8. Pictures by Dr. Chiara Ingrosso.  

These structures appeared only during the experiments that involved the use of short amphiphilic 

polymer but did not form with the longer amphiphilic polymer.  

The formation of these structures can be rationalised considering previous literature reports in which 

we found that similar structures were obtained with different ABC triblock terpolymers which 

featured, like in this case, fluorinated moieties with peculiar segregation properties. 223 Indeed, both 

amphiphilic compounds synthesized by our group were formed ƻŦ ǘƘǊŜŜ ŘƛǎǘƛƴŎǘ ǇŀǊǘǎΣ ƻǊ ΨōƭƻŎƪǎΩΣ 

which are namely, the alkyl block (A), the fluorinated block (B) and finally the pegylated portion (C), 

which lead to a triblock linear terpolymer. 

What determines the shape and structure of the self-assembled aggregate in complex multiblock 

polymers is not only the length of each block but also the different block-to-block immiscibility. In 

literature there are reports of linear triblock structures comprising fluorinated moieties with peculiar 

structures.208,290 

It is thought that the different length of the pegylated chain might segregate differently the 

hydrophobic portion due to its increased surface in order to reduce the contact of the fluorinated 

portion with water. 

In a study by Timothy Lodge,291 the formation of multicompartment micelles with separate dominions 

was observed by  employing a triblock polymer comprising polyethylene oxide (PEO), 

polyethylethylene (PEE) and polyperfluoropropylene oxide (PFPO) and in another study by Kemper et 

al.223 the formation of peculiar vesicular-like and spiral-like micelles was observed and the Authors 

proposed that the EtOx polymer and its low solubility could have influenced the aggregation of the 

micelles, while the Temperature of glass transition (Tg) of the EPOx block polymer could have provided 

enough flexibility for the rolling up of the micelles. (Figure 74) 

200nm 
200nm 

200nm 
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Figure 74: Schematic representation of the chemical structure of the poly (ODFOx23-b-EPOx28-b-EtOx49) triblock terpolymer, 
cryo-TEM picture of a spiral-like micellar aggregate and its schematic representation. Picture adapted from ref.223 Copryright 
Royal Society of Chemistry 2010. 

 

Due to the to the abundancy of literature reports showing peculiar structures as a result of the 

presence of fluorinated moieties, combined with the characteristic structures observed during the 

preliminary self-assembly studies, we began investigating the formation of these structures with 

compound 8 changing some key parameters during the preparation of the self-assembled object, in 

particular for what concerns: 

-The external driven stimuli, or the ultrasonication process on the self-assembly procedure. 

-The effect of PBS on the self-assembly, due to the interactions between the PEG chains and free ions. 

-The stability over time, which might be a key parameter in the formation of these structures. 

Regarding the first parameter, it is indeed believed that ultrasonication is a superior approach in the 

self-assembly of amphiphilic compounds as it can lead both to better kinetic control of the aggregation 

process in liquid and to the assembly of nanostructures with narrow size dispersion and excellent 

yield.292,293,294  

Regarding the second parameter, studies have shown how inert salts can decrease the CMC of ionic 

surfactants.295 Indeed the salts screen the electrostatic repulsions between head groups and increases 

the hydrophobic interactions by reducing the hydrophilicity of the surfactant. This in turn, causes them 

to aggregate at lower CMCs. This effect does not pertain only ionic surfactants but it can manifest 

itself also for non ionic surfactants, although weaker.296 

The interaction between the PEG chains, and in particular, between the oxygen atoms within the ether 

chains, might form complexes with the ions dissolved in the buffer solution and influence the self-

assembly of the polymers in the final structures.297,298 

 

To determine the contribution of the external driving stimuli and the effect of PBS on the self-

assembly, 8 was dispersed in either Milli-Q water or PBS (0.1 M) and the solution was immediately 

analysed by TEM without the sonication of the sample. 
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By analysing the sample prepared in Milli -Q Water by TEM (Figure 75), it was possible to see a number 

of dark large spherical objects with dimensions in the range of 140- 340 nm and areas of lighter grey. 

.ȅ ŜƭŀōƻǊŀǘƛƴƎ ǘƘŜ ƛƳŀƎŜ ǿƛǘƘ ƛƳŀƎŜWΩǎ CC¢ bandpass filter utility, it was possible to further enhance 

the contrast and differentiate between the brighter corona and the darker core and highlight smaller 

objects. The distribution was estimated to be around 160 nm, with high polydispersity, with objects 

that ranged from 25 nm to 500 nm of diameter. 

 

Figure 75: TEM images of 8 dispersed in Milli-Q water with (A) and without (B) FFT Bandpass Filter, zoom on vescicles (C) and 
frequency distribution (> 150 values) (D). 

 

The darker areas could be attributed to the segregation of fluorinated moieties, already observed in 

various studies.268,291 Also, the lighter grey area could be attributed to the PEGylated chain, which due 

to its hydrophilicity is exposed to the outside of the nanosystem. Likely the alkyl chain is segregated 

in the inside of the structure.  

The analysis of the sample dispersed in PBS showed a reduction in the average size of the micelles and 

a narrower size distribution compared to the preparation in Milli-Q water, with a value of 81 ± 57 nm, 

which might indeed suggest a contribution of the PBS to the self-aggregation of the polymer. 
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Figure 76: TEM images of 8 dispersed in PBS with (A) and without (B) FFT Bandpass Filter, zoom on vesicles (C) and frequency 
distribution (> 150 values) (D). 

Large spherical objects are clearly discernible in Figure 76 but the formation of labyrinth-like 

aggregates was not observed. Without the additional energetic contribution transferred to the 

solution by ultrasonication, the formation of the shapes encountered in the initial experiments did not 

occur. The structure observed resemble raspberry-like domains of F-chains over the hydrocarbon 

surrounded by the PEG block as a hydrophilic corona.  

Further experiments were conducted by replicating the initial procedure (employing ultrasonication) 

with the sample being analysed immediately and then after one month, to investigate the stability of 

the nanosystems. The sample was subsequently analysed by means of TEM and DLS. The TEM images 

show evidence of the presence of both spherical objects, which appear to be vescicles, and worm-like 

structures (Figure 77). These structures show large darker domains, which resemble the segregated 

patterns that were encountered initially in Figure 73 during the preliminary experiments, however 

they are larger in size (500-600 nm vs 200-400 nm). Considering previous studies on triblock polymers 

featuring fluorinated moieties, one hypothesis is that the worm-like structures seen in Figure 77 might 

represent metastable intermediates towards the formation of vescicles223 that we see in Figure 77 B. 

If that were to be case, considering the intrinsic difficulty of capturing metastable structures by 

conventional TEM, in order to reproduce the structures first obtained in Figure 73 more in depth 

studies would be required with different techniques, such as cryo-TEM. 
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Figure 77: TEM images of 8 prepared in PBS following the preparation method of Vischio et al.299 it is possible to recognize 
worm-like structures (A, C) and vescicles. (B) 

 

Figure 78: Size distribution by intensity from DLS spectra and report summarizing Z-average and main peaks of compound 8. 
All reported statical data are presented as mean values ± SD of three replicates. 

The presence of both structures was also confirmed by means of DLS (Figure 78), as it is possible to 

discern a high polydispersity index. 

A further study was conducted to investigate the stability of the samples. Indeed, the same samples 

were analysed via TEM and DLS again after one month. Samples were stored in PBS solution at RT. 

From the TEM acquisitions displayed in Figure 79, it is possible to see a heterogeneity of the samples, 

with spheric structures (A), worm-like structures (B), multicompartment vescicles (C) and large 

aggregates (D). 
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Figure 79: TEM images of C18FPEG600PEG550 in PBS and close-up on some different structures after 1 month storage in at 
RT. 

The presence of heterogeneous structures is also confirmed by DLS technique performed on the aged 

sample. 

  

 

Figure 80: Size distribution by intensity from DLS spectra and report summarizing Z-average and main peaks of compound 8. 
All reported statical data are presented as mean values ± SD of three replicates.  
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The peculiar structures obtained during the preliminary experiments conducted on 8, were not 

observed during the formation of nanosystems with 9. Nevertheless, an experiment was conducted 

following the same preparation procedure previously described in which the samples were prepared 

with or without PBS buffer, in order to determine the influence of the ionic force on the shape, size of 

the structures. In Figure 80 there is a short summary of the results obtained by the experiments on 

the formation of micelles in PBS, conducted on three different concentrations of 9: 1, 6 and 16 times 

the CMC, respectively. 

 

Figure 81: TEM images of obtained structures showing aggregates and (B) multicompartment micelles;(C) DLS distribution at 
different concentrations (1, 6 and 16 times the CMC) and (D) summary table of the DLS results of compound 8. 

Its is possible to observe in the TEM images the formation of aggregates (Figure 81 A) and of structures 

resembling multicompartment micelles (Figure 81 .ύΣ ƘƻǿŜǾŜǊ ǘƘŜ ǇŜŎǳƭƛŀǊ άǿƻǊƳ-ƭƛƪŜέ ƻǊ άƭŀōȅǊƛƴǘƘ-

ƭƛƪŜέ ǎǘǊǳŎǘǳǊŜǎ ǿŜǊŜ ƴƻǘ ƻōǎŜǊǾŜŘΦ The experimental results obtained from the TEM find further 

confirmation by DLS technique as it is possible to verify the presence of two main populations, around 

20 ± 5.8 nm and 119 ± 4.5 nm. 

By changing the medium from PBS to Milli-Q water, it is possible to see that the structures previously 

ŘŜǎŎǊƛōŜŘ ŀǎ άƳǳƭǘƛŎƻƳǇŀǊǘƳŜƴǘ ƳƛŎŜƭƭŜǎέ Řƻ ƴƻǘ ŀǇǇŜŀǊΣ ŀƭǘƘƻǳƎƘ ǘƘŜ ǎŜƎregation of the fluorine 

block in respect to the rest of the structure is discernible by the different contrast of the images. 

(Figure 82 A, B) 
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Figure 82: TEM images of obtained structures in Milli-Q water showing segregation of fluorine moieties (A, B); DLS distribution 
at different concentrations © and summary table of the DLS results(D) of compound 8. 

The shape of the structures does not appear to have been influenced by the variation of medium, 

however the size of the larger objects is twofold in respect to the micelles formed in PBS, whereas the 

size of the smaller objects is identical (Figure 82 C, D). 

 

Molecular Dynamics Simulations and Coarse Grain Parameterization studies 

In collaboration with Professor ZerbŜǘǘƻΩǎ team at the University of Bologna, molecular dynamics 

simulations and coarse grain parametrization were conducted to study the interactions of two distinct 

copolymer chains by means of All-Atom Molecular Dynamics simulations (AA-MD), and a systematic 

scheme of parametrization for dissipative particle dynamics (DPD) by matching the calculated AA-MD 

and CG-MD molar volumes of pure and mixed systems. The results were then analysed by means of 

three structural parameters: i) the radius of gyration, Rg, ii) the end-to-end distances and iii) the Radial 

Distribution Function (RDF) of main chemical groups. Some of the results of these experiments are 

shown in Table 7 and Figure 83. 
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Table 7: Averages values of radius of gyration (ROG) and end-to-end distances (in Å) calculated during the dimer simulation 
dynamics for every copolymer block and for both polymeric chains. In parenthesis the corresponding RMS value (in Å). 

  C18FPEG600PEG550 C18FPEG600PEG2000 

  C18 19F-PEG PEG550 C18 19F-PEG PEG2000 

Rog, Å 5.75, 
(0.48) 

5.67, (0.44) 6.81, (0.91) 5.70, 
(0.49) 

5.79, (0.47) 6.79, (0.88) 

End-to-End, Å 15.56, 
(2.70) 

11.79, (3.46) 14.32, (4.76) 15.18, 
(2.87) 

12.24, (3.63) 14.52, (4.91) 

 

Figure 83: Aggregation number and eccentricity (╚) determined by simulation experiments. The eccentricity value is comprised 
between 0 (spherical shape) and 1 (linear shape). 

¢ƘŜ ǊŜǎǳƭǘǎ ƻŦ ǘƘŜǎŜ ǎǘǳŘƛŜǎ ǇŜǊŦƻǊƳŜŘ ōȅ tǊƻŦŜǎǎƻǊ ½ŜǊōŜǘǘƻΩǎ ǘŜŀƳ suggests that the length of the 

PEG chain seems to affect the kinetics of the aggregation mechanism; that the size of the amphiphile 

clusters depends on the PEG length; and that the system aggregates forming highly spherical clusters. 

Moreover, the aggregation number for micelles formed with the polymer 9 is around ~30, whereas 

the aggregation number of the micelles formed with the polymer 8 is around ~80 with higher 

polydispersity. This further corroborates the experimental measurements obtained with DLS, as the 

micelles obtained with compound 8 were larger and more polydisperse compared to 9. From these 

preliminary studies, the formation of labyrinth-like, worm-like or more complex structures was not 

contemplated as final stable structures and it can therefore be deduced that these structures might 

not be stable, final structures. However, it is worth mentioning that the common preparation method 

of a TEM carbon grid involves drying of the sample, which makes it difficult to discern whether the 

aggregates present in the TEM micrograph are the result of the aggregation behaviour of the sample 

in solution or upon drying.300 For this reason, different techniques should be employed to explore the 

matter further, such as cryo-TEM223 which could highlight whether the observed structures represent 

metastable intermediates or they are the result of different factors correlated on how the sample for 

the TEM were prepared. Instead, the spherical vescicular nanosystems obtained with both copolymers 
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8 and 9, prepared according to the induced one-pot self-assembly procedure, appeared to be stable, 

with a narrow PDI and size dispersion which would seem to be promising for further experiments and 

applications. 

The 19F NMR characterization of the micellar nanosystems was performed in collaboration with Prof. 

Baldelli Bombelli and Dr. Chirizzi at the Politecnico di Milano with particular focus on the 

determination of the number of fluorine atom/mL, relaxation times and perform some preliminary 19F 

MRI studies.  

These experiments were conducted with a Bruker III HD 400 Avance NMR instrument. To determine 

the number of fluorine atoms, a coaxial NMR tube insert with a known concentration of trifluoroacetic 

acid (TFA) in D2O reference. The results are summarized in the following table 8: 

 

Table 8 number of fluorine atoms determined for the short and long amphiphilic polymer at different concentrations. 

Sample 19F/mL (*1018) T1/T2 [ms] polymer concentration  

C18FPEG600PEG550 6.7 506.8/20.45 2.7 mg/mL 

C18FPEG600PEG2000 8.6 516.8/49 3 mg/mL 

 

T1 and T2 relaxation times were in good agreement with the preliminary relaxation times measured 

on the self-aggregated polymer in D2O. The slight increase in both T1 and T2 could be related to the 

fact that during the formation of micelles, the excess of amphiphilic compound was removed, in order 

to have a stable monodispersed solution of micellar nanosystem, whereas the self-aggregated 

polymer exists as different structures, as shown in the previous TEM images, with different degrees 

of structural mobility. These results confirmed that these micelle aggregates might be promising for 

19F MRI applications. 

It was, however, not possible to perform 19F MRI phantom experiments on these preliminary samples 

as the polymer concentration in the preliminary sample was too diluted, which caused the number of 

fluorine atoms to be below the detection threshold for the instrument (1016ς1019 atoms per voxel). 
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Fluorinated linear block terpolymers for 19F imaging: conclusion and 

future perspective 

 

In conclusion, two linear terblock copolymers were synthesized, comprising an alkyl chain, a 

perfluorinated pegylated portion and a pegylated chain of variable length. They were characterized 

by means of NMR, MS, TGA, DLS and differential scanning calorimeter (DSC). To determine their self-

assembly properties, the CMC was determined by means of DLS, and its determination was of 

paramount importance for the following experiments on the formation of nanosystems, which was 

evaluated in both PBS and Milli-Q water under a variety of conditions, aimed to characterize the 

obtained structures in greater detail, taking into consideration the peculiar segregation properties of 

perfluorinated moieties and their influence in the final structure of the nanosystems by means of TEM 

ŀƴŘ 5[{Φ ¢ƘŜ ŦƻǊƳŀǘƛƻƴ ƻŦ ΨƭŀōȅǊƛƴǘƘ-ƭƛƪŜΩ ƳƛŎŜƭƭŜǎΣ Ƴǳƭǘƛ-lamellar vesicles and other peculiar 

structures was observed in the experiments performed with the short amphiphilic polymer 

C18FPEG600PEG550. These peculiar structures formed in both Milli-Q water and PBS with the 

contribution of sonication, which proved to be a key element, indicating that external stimuli is 

required for the formation of these structures. The amphiphilic polymer C18FPEG600PEG2000 did not 

lead to the formation of labyrinth-like structures, however the formation of multi-lamellar vescicles 

was noticed in both PBS and Milli-Q water. Moreover, by confronting the DLS distribution summary 

for the two polymers it was possible to observe that the size of the obtained nanosystems was smaller 

for polymer 9, which was consistent with the presence of the longer pegylated chain which could 

shield more effectively the hydrophobic blocks. The preliminary simulations conducted by Prof. 

ZerbettoΩǎ ǘŜŀm did not witness the formation of labyrinth-like structures as stable finished entities 

but did however confirm the role of the longer pegylated chain in the formation of smaller structures 

with a lower aggregation number. In both cases the simulations showed the formation of small 

spherical structure, as confirmed by DLS distributions expressed as intensity by number. 

The possible application of these micellar nanosystems for 19F MRI applications was investigated by 

19F relaxation T1 and T2 studies which indicated favourable values. It was not however possible to 

perform preliminary 19F phantom studies due to the limited concentration of the available samples, 

which will require further experiments at higher concentration to investigate their 19F MRI 

performance.  
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Experimental Part 

 

1. General part 

 

All reagents employed were purchased from Merck and used without purification, unless where 

indicated. Fluorinated compounds were purchased from Exfluor. Solvents were purchased from Merck 

and VWR. Deuterated solvents were bought from Merck. Reactions were monitored by TLC on Merck 

silica gel plates (0.25 mm) and visualized by UV light, KMnO4ҍH2SO4 or Pancaldi solution. Flash column 

chromatography was performed on Normasil silica gel 60 40-63 mm, purchased from VWR.  

NMR spectra were recorded on a Varian 400 or Varian 500 spectrometers operating respectively at 

400 MHz and 500 MHz for proton. The NMR spectra were processed using MestReNova software. 1H-

NMR spectra were referenced to the residual protons in the deuterated solvent. 13C-NMR spectra 

were referenced to the solvent chemical shift and recorded at 101 or 126 MHz. 19F-NMR spectra, 

recorded on Varian 400 at 376 MHz, were referenced to CFCl3Φ /ƘŜƳƛŎŀƭ ǎƘƛŦǘǎ όʵύ ŀǊŜ ǊŜǇƻǊǘŜŘ ƛƴ ǇǇƳ 

and the multiplicity of each signal is described by the conventional abbreviations: s for singlet, d for 

doublet, t for triplet, q for quartet, qn for quintet, m for multiplet, br for broad peak. The longitudinal 

T1 and the transverse T2 19F relaxation times measurements were recorded on Varian 400 employing 

respectively an inversion recovery and a Carr-Purcell-Meiboom-Gill (CPMG) pulse sequences. The data 

were processed employing MestReNova software using a three-parameter exponential fit. 

MS measurements were performed through electrospray ionization (ESI) technique on a Bruker 

Esquire 4000 with an ion-trap analyzer or on a Bruker micrOTOF-Q equipped with TOF analyzer and 

recorded by Dr. Fabio Hollan at the Department of Chemical and Pharmaceutical Sciences of the 

University of Trieste, Italy. 

DLS analyses were performed on a Malvern Zetasizer Nano ZS ZEN3600 (Malvern Instruments, 

Worcestershire, UK) equipped with a 4 mW He-Ne red laser operating at 632.8 nm and a scattering 

detector at 173°, using disposable polyethylene cuvettes whose optical path was 10 mm. The data was 

processed with Zetasizer software. 

DSC analyses were performed with a TA Instruments DSC 250 equipped with internal coolant and 

nitrogen purge gas. The heating and cooling rates were 10 °C min-1 with a temperature range of -30 to 

70 °C. The samples were loaded on 20 µL Tzero aluminium pans closed with hermetic lids. The data 

was processed with TRIOS software.  

TEM images were collected by means of a Philips EM 208 Electron Microscope operating at 100 kV 

equipped with 11 MegaPixel bottom-mounted CCD Olympus Quemesa camera by Dr. Paolo Bertoncin 

or Dr. Paolo Pengo at the University of Trieste. Samples for TEM were prepared employing carbon-
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through ImageJ software 

TGA were carried out on a TA instrument TGA 5500 using platinum pans and with a heating rate of 10 

°C·minς1 up to 830 °C, with previous equilibration at 100 °C for at least 2 minutes.  

 

2. Synthesis of C18FPEG600PEG550 and C18FPEG600PEG2000 

 

2.1. Synthesis of C18Tos (2) 

 

 

p-toluenesulfonyl chloride (TosCl) (1.55 g, 8.13 mmol) was dissolved in 3 mL of dry DCM (5 mL) under 

argon. The mixture was cooled to 0 °C. A mixture of octadecanol (2 g, 7.39 mmol), triethylamine (2.06 

mL, 14.79 mmol) in dry DCM (5 mL) was added dropwise. Reaction was monitored with TLC 

(hexane/CHCl3 6:4) and display complete conversion after 24 hours. The reaction mixture was 

transferred in a separatory funnel with a mixture with DCM (30 mL) and water (30 mL). Aqueous phase 

was washed with DCM (3 x 30 mL). Organic phases were combined and washed with HCl 6N (70 mL), 

NaHCO3 (70 mL) water (2 x 70 mL) and brine (1 x 70 mL). Organic phase was dried over Na2SO4 and the 

solvent was removed under reduced pressure. 3.12g (7.35 mmol) was obtained with quantitative 

yield. 

1H-NMR (400 MHz, acetone-d6ύΥ ʵ тΦул όнIΣ ŘΣ J = 6.3 Hz, Tos); 7.49 (2H, d, J = 5.4 Hz, Tos); 4.04 (3H, t, 

J = 6.4 Hz, CH2OTs); 2.46 (3H, s, CH3-Ts); 1.62 (2H, q, J = 10.0 Hz, CH2-CH2-OTs); 1.35 ς 1.17 (30H, m, 

(CH2)15); 0.88 (3H, t, J = 6.7 Hz, CH3). 

13C- NMR (101 MHz, acetone-d6)Υ ʵ мпрΦсс ό¢ƻǎΣ Ǉ- CH), 134.52 (Tos, C), 130.82 (Tos, o-CH), 128.64 

(Tos, m-CH); 71.49 (CH2-OTos); 32.64 (CH2-CH2-OTos); 26.03 (CH2-CH2-CH2-O); 23.33 (CH2-CH3); 21.52 

(CH3 Tos); 14.37 (CH3). 

MS: 447.28 m/z [M+Na] +. 

 

2.2. Synthesis of C18FPEG600 (3) 
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F-PEG 600 polymer (3.71 g, 2.55 mmol) was weighed in argon atmosphere and solubilized in 

anhydrous 1,4-dioxane (5 mL) in a Pyrex flask. To the mixture sodium hydride (NaH) (204.30 mg, 5.11 

mmol, washed 5 times with hexane) was added and then it was stirred for 10 minutes. A solution of 

compound 1 (325 mg, 1.28 mmol) in 5 mL of dioxane was added to the Pyrex flask under argon. The 

reaction mixture was stirred for 24 hours at 100 °C. Solvent was removed under reduced pressure. 

The product was extracted with hexane (3 x 30 mL) and purified with flash chromatography with 

hexane/ethyl acetate 9/1 as eluent giving a yield of 52% (1.04 g, 667 µmol) 

1H-NMR (400 MHz, acetone-d6ύΥ ʵ рΦнс όмIΣ ǘΣ J = 7.0 Hz, CF2-CH2-OH); 4.00 (4H, td, J = 10.3, 4.5 Hz, 

CF2-CH2-O, CH2-O-CH2-CF2); 3.64 (2H, t, J = 6.3 Hz, CH2-O-CH2-CF2); 1.58 (2H, p, J = 6.8 Hz, CH2-CH2-O-

CH2-CF2); 1.29 (30H, s, CH2); 0.88 (3H, t, J = 7.0, 6.6 Hz, CH3). 

13C- NMR (101 MHz, acetone-d6)Υ ʵ ммрΦмн όǘΣ -[O-CF2-CF2]n-); 73.36 (CH2-O-F-PEG600); 69.88 (t, O-CH2-

CF2); 62.50 (t, -O-CF2-CH2-OH); 32.68 (CH2-CH2-O-CH2-F-PEG600); 30.43 (CH2-CH2-F-PEG600); 26.56 

CH2-CH2-CH2; 23.36 (CH2-CH2-CH2); 14.53 (CH3-CH2-CH2). 

19F-NMR (376 MHz, acetone-d6ύΥ ʵ -78.32 (2F, m, C18_OCH2-CF2-); -80.90 (2F, m, -CF2-CH2OH); 89.27 

(m, 4F, C18_OCH2CF2O-CF2-CF2- + -CF2-CF2-OCF2CH2OH); -89.56 (m, 40F, (OCF2-CF2)40). 

MS (MS-ESI, Negative mode, MeOH): 115.9 m/z [CF2CF2O] M+. 

 

2.3. Synthesis of TosPEG550OMe (6) 

 

 

A solution of TosCl (785 mg, 4.12 mmol) in dry DCM (5 mL) was cooled at 0 °C under argon. A mixture 

of PEG550 (2.00 mL, 3.96 mmol), Et3N (1.1 mL, 7.92 mmol) in dry DCM (5 mL) was added drop wise at 

the mixture and stirred under Argon for 24 h. The reaction mixture was poured into distilled water (30 

mL) and the aqueous layer was extracted with DCM (3 x 50 mL). The organic layers were collected and 

were washed with HCl 6N (1 x 100 mL), 5% NaHCO3 (1 x 100 mL), and distilled water (1 x 100 mL), dried 

over anhydrous Na2SO4, filtered and concentrated. Solvent was removed in vacuo to afford compound 

3 as a colourless oil. 2.75 g of product (3.85 mmol) were obtained with quantitative yield. 

1H-NMR (400 MHz, CDCl3ύΥ ʵ тΦул όнI ŘΣ J = 8.3 Hz, Ts); 7.34 (2H, d, J = 8.2 Hz, Tos); 4.16 (2H, t, J = 4.9 

Hz, CH2OTos); 3.68 (2H, t, J = 5.0 Hz, -O-CH2-CH2-OTos); 3.66 ς 3.60 (42H, m, OCH2CH2); 3.58 (4H, -CH2-

CH2-O-CH2-CH2-OCH2CH2OTos); 3.38 (3H, s, OCH3); 2.44 (3H, s, Tos, CH3).  

13C-NMR (126 MHz, CDCl3ύΥ ʵ мппΦут ό¢ƻǎΣ /ύΤ мооΦмм ό¢ƻǎΣ -C-CH3); 129.92 (Tos, m-CH); 128.07 (Tos, o-

CH); 72.02 (CH3-O-CH2-); 70.83 (-CH2-OCH2-CH2-OTos); 70.69; 70.68 (CH3OCH2CH2-O-CH2-); 70.64 (-[O-
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CH2-CH2]12-13 -); 70.61; 70.59 (CH3-O-CH2-CH2-); 69.35 (-O-CH2-CH2-OTos); 68.78 (-O-CH2-CH2-OTos); 

59.13 (CH3-O); 21.75 (Tos, -C-CH3). 

MS (micrOTOF-Q): 913.43, 869.40, 781.35, 693.30, 649.27, 605.25, 561.22, 517.20 m/z (-CH2CH2O-) 

M+. 

 

2.4. Synthesis of TosPEG2000Me (7) 

 

 

A solution of TosCl (208.20 mg, 1.09 mmol) in dry DCM (5 mL) was cooled at 0 °C under argon. A 

mixture of PEG 2000 (2 g, 1 mmol), Et3N (0.726 mL, 1.99 mmol) in dry DCM (5 mL) was added drop 

wise at the mixture and stirred under Ar for 24 h. Reaction was washed with NH4Cl sat. (1 x 10 mL), 

NaHCO3 sat. (1 x 10 mL), and brine (3 x 10 mL), dried over anhydrous Na2SO4, filtered and 

concentrated. Solvent was removed in vacuo to afford compound 7 as a white solid. 2.19 g of product 

(0.9 mmol) were obtained with quantitative yield. 

1H-NMR (400 MHz, acetone-d6ύΥ ʵ тΦун όнIΣ ŘΣ J = 8.3 Hz, Tos); 7.50 (2H, d, J = 8.0 Hz, Tos); 4.17 (2H, t, 

J = 4.5 Hz, CH2OTos); 3.68 (2H, t, J = 4.5 Hz, -O-CH2-CH2-OTos); 3.64 ς 3.45 (157H m, OCH2CH2); 3.29 

(3H, s, OCH3); 2.47 (3H, s, CH3).  

13C- NMR (101 MHz, CD3h5ύΥ ʵ мпрΦло ό¢ƻǎΣ Ǉ- CH); 133.01 (Tos, C); 129.68 (Tos, o-CH); 127.68 (Tos, 

m-CH); 71.56 (CH2-OTos); 70.16; 69.96; 69.57; 68.35 ((CH2CH2O)45); 57.69 (PEG-OCH3); 21.52 (CH3 Tos).  

MS (MicrOTOF-Q): 1195.14, 1173.13, 1151.11, 1107.09 m/z (-CH2CH2O-) M+. 

 

2.5. Synthesis of C18FPEG600PEG550 (8) 

 

 

Compound 3 (200 mg, 117.18 µmol) was dissolved in anhydrous 1,4-dioxane (5 mL) under argon 

atmosphere. To the mixture NaH (11.25 mg, 0.47 mmol, washed 5 times with hexane) was added and 

then it was stirred for 10 minutes. TosPEG550Me (3) (86.47 mg, 128.90 µmol) was added. The reaction 

was left under stirring at 100 °C for 48 hours. Solvent is removed under reduced pressure. The residue 

was recovered with a mixture of methanol and hexane (5 mL and 25 mL) and transferred in a 

separatory funnel. Methanol solution was washed with hexane (2 x 25 mL). Hexane fractions were 

reunited, and solvent was removed under reduced pressure. Product 8 is obtained by flash 
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chromatography with CHCl3/Methanol 9:1 as eluent. Product was obtained a white solid with a yield 

of 76% of (200 mg, 88.91 µmol) 

1H-NMR (400 MHz, acetone-d6ύΥ ʵ пΦмл όнIΣ ǘΣ J = 10.2 Hz, CF2-CH2-O-Peg); 4.00 (2H, t, J = 10.0 Hz, CH2-

O-CH2-CF2); 3.80 (2H, t, J = 4.7 Hz, CF2CH2-O-CH2-CH2); 3.69 ς 3.44 (42H, m, OCH2CH2);  3.29 (3H,s, CH3-

Peg); 1.58 (2H, p, J = 6.8 Hz, CH2-CH2-O-CH2-CF2); 11.42 ς 1.21 (32H, m, CH2); 0.88 (3H, t, J = 7.0, 6.5 

Hz, CH3). 

13C- NMR (101 MHz, acetone-d6ύΥ ʵ ммрΦлу όǘΣ -(O-CF2-CF2)12-13-); 73.33 (CH2-O-F-PEG600); 72.64 (d, 

PEG-CH2-O-F-PEG600); 71.19 (m, (CH2CH2O)12-13); 70 (t, -PEGO-CH2-CF2 + t, -C18-O-CH2-CF2); 58.80 

(PEG-OCH3); 32.65 (CH2-CH2-O-CH2-F-PEG600); 30.40 (-CH2-CH2-F-PEG600); 26.53 (CH2-CH2-CH2), 23.33 

(CH2-CH2-CH2); 14.33 (CH3-CH2-CH2). 

19F-NMR (376 MHz, acetone-d6ύΥ ʵ-78.29 (m, 2F, CF2-CH2-O-CH2); -78.49 (m, 2F, CF2-CH2-O-Peg); -89.31 

(m, 4F, C18_OCH2CF2O-CF2-CF2- + -CF2-CF2-OCF2CH2O_PEG); -89.59 (m, 40F, (OCF2-CF2)40). 

MS-ESI (MeOH, Positive mode) : 2111.8, 2039.8, 1995.8, 1923.9, 1879.9, 1835.9, 1791.8, 1719.9, 

1675.9, 1559.9 m/z.  

MS-ESI (MeOH, Negative mode): 1973.2, 1857.3, 1741.3, 1509.4, 1393.5 m/z.  

 

 

2.6. Synthesis of C18FPEG600PEG2000 (9) 

 

 

Compound 3 (540.00 mg, 316.39 µmol) was dissolved in anhydrous 1,4-dioxane (5 mL) under argon 

atmosphere. To the mixture NaH (50.62 mg, 1.26 mmol, washed 5 times with hexane) was added and 

then the solution was stirred for 10 minutes. TosPEG2000Me (4) (686.14 mg, 316.39 mmol) was 

added. The reaction was left under stirring at 100 °C for 48 hours. Solvent was removed under reduced 

pressure. The residue was recovered with 10 mL of dichloromethane. Precipitate was discarded and 

supernatant was washed with hexane. Final product 9 is obtained by flash chromatography with 

DCM/methanol 9:1 as eluent. Product was obtained with a yield of 75% (480 mg, 236.75 µmol). 

1H-NMR (400 MHz, CD3h5ύΥ ʵ пΦлл όнIΣ ǘΣ /C2-CH2-O-PEG); 3.88 (2H, t, CH2-O-CH2-CF2); 3.67-3.54 (54H, 

m, OCH2CH2); 3.54 (2H, m, CF2CH2-O-CH2-CH2); 3.36 (3H, s, CH3-PEG); 1.58 (2H, p, CH2-CH2-O-CH2-CF2); 

1.52-1.11 (32H, m, CH2); 0.90 (3H, t, CH3). 

13C-NMR (126 MHz, CD3h5ύΥ ʵ ммрΦрр όǘΣ -[O-CF2-CF2]10-); 73.80 (CH2-O-F-PEG600); 73.01 (d, PEG-CH2-

O-F-PEG600); 71.59 (m, (CH2CH2O)45); 70.81 (t, -PEGO-CH2-CF2); 70.37 (t, -C18-O-CH2-CF2); 62.50 (t, -
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O-CF2-CH2-OH); 59.11 (PEG-OCH3); 33.06 (CH2-CH2-O-CH2-F-PEG600); 30.74 (-CH2-CH2-F-PEG600); 

30.64; 30.60; 30.46; 30.40; 26.90 (CH2-CH2-CH2); 23.72 (CH2-CH2-CH2); 14.41 (CH3-CH2-CH2). 

19F-NMR (376 MHz, acetone-d6ύΥ ʵ-78.32 (m, 2F, CF2-CH2-O-CH2); -78.49 (m, 2F, CF2-CH2-O-Peg); -89.31 

(m, 4F, C18_OCH2CF2O-CF2-CF2- + -CF2-CF2-OCF2CH2O_PEG); -89.56 (m, 40F, (OCF2-CF2)). 

MS-ESI (MicrOTOF-Q, MeOH, Positive mode): 1670.14, 1179.79, 627.35 m/z. 

 

3. Determination of the CMC by means of DLS technique. 

 

CMC was determined by means of DLS technique according to an experimental procedure reported in 

literature2 ŀƴŘ aŀƭǾŜǊƴΩǎ ŀǇǇƭƛŎŀǘƛƻƴ ƴƻǘŜΦ3 

C18FPEG600PEG550 

For the determination of the CMC of C18FPEG600PEG550, a set of solutions at different 

concentrations of the amphiphilic organic compound, ranging from 2 mg/mL to 2 * 10-8 mg/mL, were 

prepared. All solutions were prepared in Milli-Q water and dispersion was facilitated via a bath 

sonicator. The solutions were filtered with a 0.22-micron PTFE filter. 

Each solution was analysed in triplicate with 173° Backscatter (NIBS default) as measurement angle. 

Duration and attenuation for each measurement set were set to automatic for optimal results. The 

ratio between concentration, expressed as mg/mL, and scattering intensity, expressed as counts per 

second (cps), was plotted. The CMC was determined from the intersection of two trendlines that were 

the best fit for the data. 

ρ ώ τφσσυØρυψσρ 

ς ώ ςȢςρυφ ὼ τφȢσσ 

 

Above are reported the two equations of the best fit lines through the data points. The intercept of 

the two equations provided a CMC of 0.45 mg/mL (1.9 x 10-4M). 

C18FPEG600PEG2000  

For the determination of C18FPEG600PEG2000 CMC, a set of solutions were prepared at different 

concentrations of the amphiphilic organic compound, ranging from 18 mg/mL to 0.000137 mg/mL. All 

solution were prepared in MilliQ water and dispersion was facilitated via a bath sonicator. The 

solutions were filtered with a 0.22-micron PTFE filter. 

Each solution was analysed in triplicate with 173° Backscatter (NIBS default) as measurement angle. 

Duration and attenuation for each measurement set were set to automatic for optimal results. The 

ratio between concentration (expressed as mg/mL) and scattering intensity expressed as counts per 
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second (cps) was plotted. The CMC was determined from the intersection of two trendlines that were 

the best fit for the data. 

For the determination of the CMC the intercept of the equations of the two best fit lines that better 

represent the data points was determined: 

ρ ώ ρπχςχ Ø ςψτρȢσ 

ς ώ φȢψρὼ σψȢχρυ 

Above are reported the two equations of the best fit lines through the data points. The intercept of 

the two equations provided with a CMC of 2.29 mg/mL (6.2 x 10-4 M). 

 

4. Preparation of 19F-NSs-PEG micellar nanosystems. 

 

Micellar nanosystems composed of polymers featuring linear hydrocarbon and perfluorocarbon 

chains C18FPEG600PEG550 and C18FPEG600PEG2000 were prepared by means of a one-pot, oil-

phase evaporation-induced self-assembly strategy, at room temperature (RT), according to an 

experimental procedure reported in literature with minor modifications.287 In a typical synthesis, 10 

µL of 19F-ligand-PEG (3 mg/mL), dispersed in 500 µL of CHCl3 at the critical micellar concentration 

(CMC), were added to 3 mL of a 10 mM PBS solution, with the 1:6 CHCl3:H2O  v/v. The mixture was 

sonicated for ca. 5 min by a Branson Sonifier 150 at RT at 75 W, during which the emulsion changes 

from optically transparent to milky-like. The organic solvent was then removed by a rotary evaporator 

(Buchi, Switzerland) at 60 °C, and the obtained micellar nanosystems were transferred into a plastic 

vial and centrifuged at 9000 rpm for 30 s to ensure removal of the amphiphiles in excess. The final 

product was collected and filtered by PTFE filter to narrow the size distribution of the achieved micellar 

nanosystems. Finally, the achieved nanosystems were further stored at 4 °C until use. 
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PART IV: Strategies for the encapsulation of CuнҍȄS NCs for 19F MRI 

 

1. Background: CuнҍȄS NCs, their properties and applications in the biological field 

 

Copper sulfide (CuxSy) nanoparticles have attracted increasing attention from biomedical researchers 

across the globe, because of their intriguing properties which have been mainly explored for energy- 

and catalysis-related applications to date. Indeed, these nanoparticles are a p-type semiconductor 

with unique properties that span from charge transport to thermal diffusion.301 One of the fields in 

which these nanoparticles have recently gained an entry is biomedical sciences and nanomedicine. 

Indeed, the most interesting feature for the application of CuxSy materials in biomedical applications 

is the fact that they can absorb light in the NIR range (above 900 nm) where biological tissues have 

almost no absorbance which means that photoacoustic imaging involving these materials have no 

background signal from surrounding tissues in biological applications and can be thus exploited for 

enhanced photoacoustic imaging with no harm to the patients. Moreover, it is possible to synthetize 

small CuS, which improves their clearance rate and opens further applications in cancer therapy due 

to the enhanced EPR factor.302 For these reasons CuxSy nanoparticles find applications as in sensing, 303 

molecular imaging,304 photothermal therapy305 and drug delivery.306 

These nanoparticles have been synthetised with a variety of different morphologies which range from 

solid nanospheres, core-shell particles and nanocages, 2D nanoplates, 1D nanorods, nanotubes and 

nanowires with a variety of different approaches: hydrothermal/solvothermal approach,307 

microwave irradiation,308 sonochemical synthesis309 and so forth.  

Among these methods, the most straightforward is the hydrothermal route, as it is an easy synthesis 

that leads to good yield and narrow CuS dispersions without recurring to toxic organometallic 

reactants. A common synthesis employs Cu precursors like CuO or CuCl2 and S precursors such Na2S 

Na2S5, which are then autoclaved in a range of 130 to 170°C for few hours which yields CuxSy 

nanospheres with ~10 nm diameter.301,307 The advantages of the hydrothermal process are mainly 

related to the possibility to variate different parameters, such as precursors, reaction time, reaction 

temperature, which allow to obtain different size and shapes of nanoparticles. 

Another synthetic method that is promising is microwave irradiation. Indeed, compared to the 

hydrothermal method it represents an evolution, as it allows for a faster and more energy efficient 

reactions. 308 

 

Biomedical applications of CuS nanoparticles 
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Figure 84: Representation of biomedical applications of CuS nanoparticles. Image reproduced from reference.301 

Copper sulfide nanoparticles have found applications in a variety of different fields. Some of the most 

relevant are reported in Figure 84.  

Some of the most promising applications for which CuxSy NPs are currently being studied are 

applications in cancer therapy. Indeed, CuxSy NPs have found applications as photoacoustic imaging 

(PAI), which is non-invasive and recently established technique. Photoacoustic signals are produced 

by either in vivo molecules or contrast agents such as Au or CuxSy NPs, which absorb laser irradiation 

and convert it into thermal energy.310 One interesting feature of PAI is that it involves low-frequency 

ultrasound which can reach up until a few inches deep into biological tissues. One important 

application of PAI is the detection of solid tumours in the brain tissue. 

One important flaw of photoacoustic imaging resides in the visible and NIR-I regions, since most of the 

radiation is absorbed by biological tissues. However, photons in the second region of NIR (1000-1700 

nm) are less adsorbed by biological tissues. For this reason, materials designed to absorb light in this 

region are of great interest to improve the limitations of this technique. Different materials have been 

proposed as contrast agents, however they all suffer from limitations such as their high cost (gold 

based materials such as gold nanocages, nanorods and nanoshells) or poor and reduced absorption 

(carbon based materials such as carbon nanotubes or graphene).311 

In contrast, Cu2-xS NPs are less expensive and can absorb light in a much broader range (600-1100 nm) 

312 compared to spherical gold nanoparticles AuNPs (500-800 nm).313,314 
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Another application of CuxSy for cancer treatment is PTT, which is, as PAI, not invasive. By converting 

NIR light into heat, it is possible to induce localized apoptotic damage to cancer tissues, which lead to 

cell death. Different CuxSy nanostructures have been proposed for this application. Among these, 

plate-like nanocrystals315 have a great conversion efficiency and peak absorption at 980 nm. CuxSy 

structures also offer the possibility to allow multimodal imaging platforms. For example, hollow CuxSy 

nanostructures with pores can successfully combine chemotherapy with photothermal therapy due 

to their reduced size and the presence of a porous structure which could host hydrophobic molecules. 

In one such example, hollow CuxSy of 130 nm diameter and loaded with camptothecin were used.315 

Another example is a given by CuS NPs synthetized by Mou et al.,312 NPs which could be used for 

multimodal application of both PAI and PPT by switching to two different wavelength: upon irradiation 

with 1064 nm the nanosystem showed optimal applications for PAI, and at 980 nm PTT therapy. The 

combined applications allowed to both treat the tumour tissue and to monitor the efficacy of the 

therapy. 

Other applications of CuxSy NPs beyond the scope of cancer treatment include transdermal drug 

delivery systems, in which the photothermal properties of CuxSy are exploited to create micro-pores 

in the stratum corneum of the skin, which acts as a natural barrier and limits the absorption of 

hydrophilic compounds, in order to facilitate the transdermal administration route of drugs. One 

example is given by synthesized CuS NP dispersed in Carbomer 940 hydrogel which, once applied 

topically on mice showed that upon irradiation only the stratum corneum was damaged. Moreover, a 

hydrophilic drug, a fluorescein isothiocyanate was successfully absorbed through the skin, which 

makes this technique particularly useful to enhance the absorption of hydrophilic medications. 

Glucose sensors that exploit CuxSyare also a promising application. Indeed, Zhang et al. prepared CuxSy 

nanocomposites and determined that the amperometric response of CuxSy nanoparticles toward 

different concentrations of glucose was much better compared to bare Cu electrodes.316 CuxSy 

nanoparticles have been also studied as DNA sensors. Generally, biosensor works by recognizing a 

specific biological element and converting its signal into something recognizable. The importance of 

DNA biosensors is related to the fact that their development can lead to fast recognition of diseases 

or gene mutations. One example of DNA sensors developed using CuxSy enhanced the solubility of 

graphene nanosheets, increasing the overall connectivity of the biosensor. When the double-stranded 

structure of the DNA probe recognized the target DNA it decreased the electrochemical response of 

the biosensor.313 
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Currently, the development of novel theranostic materials comprising CuS for PTT or for PAI is of much 

interest.317 However, despite the efforts, obtaining novel nanoprobes that combine adequate size, 

stability, biocompatibility and dispersion is a great challenge.  

Furthermore, the possibility of combining PTT or PAI with 19F MRI has been addressed in literature and 

some interesting solutions have been proposed in two studies by the team of Wang L. et al.287,318 

published in 2016 and represented in Figure 85. In the first study Cu7S4@PSI-19F nanoprobes were 

synthesized with a high number of fluorine atoms per particle for in vivo 19F MRI and photothermal 

therapy (PTT). The system was comprised of Cu7S4 nanoparticles encapsulated by a mixture of two 

amphiphilic polymers, oleyamine-functionalized bis(trifluoromethyl)benzaldehyde (19FOAm) and 

oleyamine-functionalized polysuccinimide (PSIOam) which guaranteed their solubility in water. 

Preliminary studies conducted on these nanoparticles indicated promising applications for both 19F 

MRI and PTT therapy. The second system developed was a multifunctional Cu1.75S-19F@OFP-SiO2 

nanoprobe comprising Cu1.75S nanoparticles covered by oleyamine-functionalized polysuccinimide 

(OFP) and trimethoxy(octadecyl)silane (TMOS) which acted as coencapsulation agents. The perfluoro-

15-crown-5-ether (PFCE) was anchored through hydrophobic interactions within the alkyl chains and 

trapped by a thin layer of silica shell. This method stopped PFCE leaking from the structure and the 

silica layer was adequately thin to allow for enough chain mobility, in order to retain a good 19F NMR 

signal. 

 

To contribute to the research of novel multimodal imaging tools for combined PTT/ 19F MRI 

applications, we decided to investigate the encapsulation of CuнҍȄS NCs synthesized by C. Ingrosso of 

the CNR of Bari within the context of project NiFTy. Indeed, as of yet, there are no reports in literature 

of CuнҍȄS NCs encapsulated with perfluoropolyethylene polymers for 19F MRI applications. 

 

Figure 85: (A) Structure and applications of Cu1.75{ҍ19CϪhCtҍ {ƛh2 and (B) Cu7S4@PSI-19F. Figures reproduced with permission 
from ref.287,318 Copyright © 2016, American Chemical Society and Copyright © 2016, Tsinghua University Press and Springer-
Verlag Berlin Heidelberg. 
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Results and Discussion 

 

The CuнҍȄS NCs used in this section were protected by residues of oleic acid and oleyamine (CuнҍȄS 

NCs@OL/OLA) synthesized by a hot injection method under airless conditions in the presence of both 

oleic acid and oleyamine as stabilization agents299 and were provided by the group of Bari as a solution 

in chloroform at the concentration of 120 mg/mL. An overview of their synthesis is reported in Figure 

86.The initial information provided regarding the CuнҍȄS NCs indicated a size distribution determined 

by TEM of 7.0 ± 1.1 nm. 

 

The were derived from the synthetic process herein reported,299 and were provided by the group of 

Bari as a solution in chloroform at the concentration of 120 mg/mL. 

 

 

Figure 86: scheme of the synthesis of Cu2ςxS NCs. Reproduced with permission from ref.299 Copyright © 2019 American 
Chemical Society. Oleic acid and oleyamine are the coordinating agents used for the synthesis of the CuнҍȄS NCs. 

 

1. Experiments of self-assembly for the encapsulation of copper sulfide 

nanocrystals (CuнҍȄS NCs). 

 

One of the strategies pursued for the encapsulation of CuнҍȄS NCs was to adapt the formation of 

micelle with the fluorinated amphiphiles 8 and 9 to accommodate the NCs in their hydrophobic core. 

These experiments were conducted on CuнҍȄS NCs synthesized by the group of Dr. C. Ingrosso299, with 

their collaboration. Preliminary attempts on the formation of suitable micellar nanosystems and their 

stability for the encapsulation of copper sulphide nanocrystals (CuнҍȄS NCs) were made exclusively 

with as-synthesized polymers 8 and 9 without the addition of additional stabilizing amphiphiles in 

order to achieve the highest number of fluorine atoms possible per micelle. A number of runs 

performed with different molar ratios between CuнҍȄS NCs and amphiphile were performed and it was 

possible to obtain the optimal formulation to encapsulate CuнҍȄS NCs inside the hydrophobic layer of 

the micelles.  
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The procedure followed for the preparation of micellar nanosystems encapsulating CuнҍȄS NCs (NS- 

CuнҍȄS NCs) was adapted from a procedure by Hu et al.287  

For the short amphiphilic polymer, the best results were obtained with a four-to-one and eight-to-one 

ratio of C18FPEG600PEG550/ CuнҍȄS NCs. The formulations thus obtained were investigated by means 

of DLS and TEM. These experiments are summarized in Figure 87. 

 

Figure 87: On the left the DLS results of the two trials conducted with different ratios amphiphile to CuнҍȄS (4 to 1 for 19F-
NS8@CuS NCs and 8 to 1 for 19F-NS9@CuS NCs) with a summary table. On the right two TEM images of the first sample 19F-
NS8@CuS NCs.  

The preliminary results indicated a high PDI for both samples and a low stability. For this reason, in 

order to increase the stability of the obtained system, additional runs  were performed to preparing 

micelles in the presence of 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-

[methoxy(polyethylene glycol)-2000] (ammonium salt) (PEG:PE 16:0), a polyethylene glycol (mPEG) 

phospholipid conjugate that in literature was used to obtain water stable Cu7S4@PSI-19F 

nanocomposites (NCs).287 In order to determine an optimal ratio between amphiphile and PEG:PE 

allowing for a stable system without sacrificing the number of fluorinated chains (and consequently 

fluorine atoms) in the final micelle, the lowest ratio to allow stable structures was considered. 

Once the optimal mixture of PEG:PE and amphiphile 8 was found, a second set of experiments was 

then conducted with different concentrations of Cu2-xS NCs. the successful formation of micelles 

encapsulating a payload of CuнҍȄS NCs was confirmed by TEM. Indeed, in Figure 88 C it is possible to 

see a number of micelles featuring segregation of fluorine moieties and darker spots attributed to 

encapsulated CuнҍȄS NCs. By consulting the literature, the obtained nanosystems resemble non-

concentrical multivescicular vescicles (MVVs).319 In fact, vescicles are often formed by bilayer which 
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consists of one or several types of amphiphiles which distribute in the two monolayers. The most 

common types of vescicles are the so-called unilamellar vesicles, however in some cases, MVVs form, 

when vesicle-forming amphiphiles are dispersed in aqueous medium under mechanical agitation or 

free-thawing procedures, which are commonly employed to speed up the hydration of the polar head 

groups of dried amphiphiles and to accelerate the formation of the bilayer. 

  

Figure 88: A) samples at different concentration of CuнҍȄS NCs and DLS results summary B) DLS distribution by intensity, C) 
TEM pictures representing the vescicles loaded with CuнҍȄS NCs for each sample, D) schematic representation of vescicles with 
non-concentrically arranged internal vescicles (MVVs). 

Considering that in the process of micelle formation great deal of energy is given to the system in the 

form of ultrasonication, together with the following evaporation process, in which chloroform is 

evaporated at the rotavapor under constant agitation, we might speculate that the combination of 

these harsh conditions might have contributed to the formation of MVVs, considering also the 

presence of PEG:PE, which in literature has been used for the preparation of liposomes.320 The same 

procedure was followed with polymer 9. In this case, the formed structures resulted in more stable 

micellar nanosystems and for this reason PEG:PE was not required. The formation of micelles 

encapsulating CuнҍȄS was confirmed by TEM and characterized by means of DLS, as shown in Figure 

89. The obtained nanosystems appear to be more stable and homogeneous compared to the ones 

prepared with the short amphiphilic polymer, moreover they did not require addition of PEG:PE for 



137 
 

their further stabilization. 

 

Figure 89: (A, B) TEM image and magnification showing the formed structures and (C, D) DLS distribution by intensity and 
table showing the size and PDI of the self-formed structures. Results by Dr. Chiara Ingrosso. 

 

2. Direct dispersion of CuнҍȄS NCs in water via thiol functionalization. 

 

 

In parallel with the synthesis of the amphiphilic copolymers for the dispersion of copper sulphide NCs 

a second approach aimed at obtaining water-dispersible CuнҍȄS NCs through ligand exchange was 

pursued. In order to disperse CuнҍȄS NCs directly in water, a thiol comprising a short alkyl spacer, the 

perfluorinated PEG and a PEGylated chain of about ~2000 Da was prepared in order to allow for the 

grafting of the thiol on the surface of CuнҍȄS NCs by removal of the weakly bonded oleylamine and the 

dispersion of the CuнҍȄS NCs. 

 

Synthesis of the thiol for the decoration of the CuнҍȄS NCs 

 

The synthetic strategy adapted to obtain this thiol is the same described for the shorter thiol 

HSFPEGmPEG550 reported in Chapter II. 
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Due to the large diameter of the CuнҍȄS NCs, the thiol was designed with a longer pegylated chain, to 

better aid the dispersion of the NCs in aqueous environment. The preparation of the mPEG2000 

tosylate was a Williamson reaction was as described previously, in Chapter III, page 123. 

Synthesis of compound 3 was carried out under dry conditions. 

The reaction was conducted in 1,4-dioxane with NaH as base. To ensure total conversion of the 

precursor, a slight excess of PEG2000Tos was used (1.10 equivalents), removed in the following 

workup steps by recovering the crude with hexane.  

In the 1H NMR spectrum of the product, two distinct multiplets centred at 4.00 ppm and 3.87 ppm can 

be assigned to the protons of the methylene unit in the h  position respect to the PEGylated chain, and 

to the proton of the methylene unit in h  to the alkyl chain, which was not possible to assign in the 

NMR spectra of the precursor. The peak at -80.86 ppm in the 19F NMR spectrum of the precursor 

disappears and a new multiplet relative to the CF2 in alpha to the PEGylated chain appears at -79.16 

ppm, in close proximity to the CF2 in alpha to the alkyl chain. Both spectra are shown in Figure 90. 
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Figure 90: 1H NMR (400 MHz, acetone-d6) (A) and 19F NMR (376 MHz, acetone-d6) (B) of compound 3. 

 

The last step is the deprotection the thiol functional group from trityl moiety, which was performed 

following the same precautions indicated in Chapter II. 

To ensure the complete removal of TFA during the workup procedure, a flash chromatography column 

was employed to purify the thiol. 

The product was characterized by means of NMR spectroscopy. In the 1H NMR spectrum of the 

product, the disappearance of the triplet of the methylene group in h Ǉƻǎƛǘƛƻƴ to the trityl at 2.13 ppm 

is accompanied by the formation of a triplet at 2.50 ppm related to the methylene group in h  position 

to the thiol function. The 19F NMR show no variation in terms of peaks compared to the compound 3 

which confirms that the reaction conditions employed did not cause unforeseen side reactions. 

Spectra are shown in Figure 91. 
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Figure 91: 1H NMR (400 MHz) (A) of the thiol and (B) 19F NMR (376 MHz) of the thiol in acetone-d6. 

After the synthesis, the 19F T1 and T2 relaxation times were determined in methanol-d4. For T1, a value 

of 548 ms was obtained. For T2 a value of 406 ms for T2 was obtained.182,183 Both relaxation times 

were long; however, we expect that they will decrease once bound to the surface of CuнҍȄS NCs, due 

to the slower molecular tumbling rate of the nannosystem.184  

 

Ligand-exchange between OL/OLA residues and synthesized thiol 4. 

 

To determine an estimated number of thiolates that would be required for the complete 

functionalization of a single CuнҍȄS NC, we assimilated the surface of these nanocrystal to a spheric 

gold nanoparticle with the same diameter.  

Considering the surface area of CuнҍȄS to be 7 nm, the number of chains required to fully cover the 

surface of each NCs was estimated to be 726.29 chains. 

 

For the functionalization of CuнҍȄS NCs, a two-phase ligand exchange procedure was adapted from 

Oversteeg et al.321 Briefly, the reaction was performed in two phase mixture of CHCl3/Milli -Q water 

with particular care to use deoxygenated solvents and working under inert atmosphere during the 

setup and the reaction to avoid the formation of disulfide. An excess of thiol was used to favour the 

ligand exchange with the organic coating of CuнҍȄS NCs. In order to facilitate the exchange process, the 

thiol was deprotonated by increasing the pH of the water solution to pH 11.60 by adding 

tetramethylammonium hydroxide (TMAH). The reaction was conducted at RT. One of the reasons why 

the two-phase ligand exchange procedure reaction was considered is because it would allow to follow 
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the reaction progress by visual feedback as during the reaction it could be possible to assess the 

discolouring of the organic phase (dark yellow) and the colouring of the aqueous phase, caused by the 

different solubility of CuнҍȄS NCs once they had successfully exchanged ligands on their surface (Figure 

92). 

 

Figure 92: Reaction progress monitored after (from left to right): 0 hours, 8 hours; 72 hours; 120 hours. 

After five days the reaction was stopped due to the formation of visible aggregates. Indeed, despite 

the long reaction times, the change of colour was only partial, indicating only a marginal success of 

this exchange procedure. In addition, it is possible to notice from Figure 92 how the aqueous solution 

changed from transparent to a milk-like colour, suggesting the possible formation of micelles. Indeed, 

the conditions employed for the ligand exchange share some similarities with the procedure followed 

for the formation of self-assembled structures described in the previous paragraphs.287,299 

After the workup procedure adapted by Oversteeg et al.321 both the organic and aqueous phase were 

analysed by means of TEM and DLS and compared to the characterization of non-functionalized CuнҍȄS 

NCs. 

 

Analysis of aqueous phase: After the synthesis, the workup procedure consisted in purifying the as-

synthesized CuнҍȄS NCs@thiol by multiple cycles of centrifuge and washes by ethanol to remove the 

unreacted thiol. NCs were dispersed in Milli-Q water and analysed by means of 19F NMR, DLS and TEM 

and the data obtained were compared to those of the unfunctionalized CuнҍȄS NCs. 

19F NMR and relaxation time T1 and T2: The as-synthesized CuнҍȄS NCs@thiol sample dispersed in 

Milli-Q water showed a single broad signal at 89.42 ppm, relative to fluorinated methylether and 

consistent with the same signal reported for the free thiol. The two small peaks of the terminal CF2 

are not visible. This may be due to the low concentration of the sample. The broadening of the main 

peak and absence of the terminal CF2 suggests that the fluorinated thiol was successfully bound to the 



142 
 

surface of the CuнҍȄS NCs. The main peak remained relatively sharp which is a favourable condition for 

MRI applications.287 

 

 

Figure 93: 19F NMR (376 MHz) of CuнҍȄS NCs@thiol in D2O. 

 

T1 and T2 relaxation times, shown in Figure 94 were much shorter compared to those of free thiol and 

their values were determined to be 386 ms for T1 and 7 ms for T2. These low values may be affected 

by the low concentration of the sample analysed.  

 

  

Figure 94: relaxation time of CuнҍȄS NCs@thiol in D2O (left) T1 relaxation time with equation (insert) and (right) T2 relaxation 
time with equation (insert) 

 

TEM and DLS analysis: The aqueous solution was analysed with TEM and DLS. In order to compare the 

CuнҍȄS NCs@thiol, the stock solution of CuнҍȄS NCs in chloroform was also analysed (Figure 95). 
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Figure 95: TEM image of CuнҍȄS NCs and size distribution obtained using with imageJ (insert).  

From the TEM image (Figure 95) it is possible to clearly pinpoint CuнҍȄS NCs of different morphologies. 

Indeed, some structures can be associated to CuнҍȄS NCs and a dark grey area likely associated to the 

ǇƻƭȅƳŜǊΦ ¢ƘŜ ŦƻǊƳŀǘƛƻƴ ƻŦ ΨǘǳōǳƭŀǊ-ƭƛƪŜΩ ǎǘǊǳŎǘǳǊŜǎ ŀƴŘ ŀƎƎǊŜƎŀǘŜǎ Ŏŀƴ ōŜ ƴƻǘƛŎŜŘ in Figure 96. The 

formation of these polydisperse aggregates is also confirmed by DLS. The size distribution by number 

indicates a majority of smaller objects of 41.64 nm ± 6.03 (Size d. nm ± SD) with a PDI of 0.491. 

However, the size distribution by intensity, which takes into account the presence of large aggregates, 

indicates two distributions at 360.4 ± 74.28 and 44.24 ± 4.75 nm. Figure 97 and 98. 

 

 

Figure 96: ¢9a ƛƳŀƎŜǎ ƻŦ /ǳнҍȄ{ b/ǎϪǘƘƛƻƭ ŘƛǎǇŜǊǎŜŘ ƛƴ aƛƭƭƛ-Q water. 
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Figure 97: DLS size distribution of CuнҍȄS NCs (CHCl3). 

 

Figure 98: DLS size distribution by number (up) and intensity (down)of CuнҍȄS NCs@thiol (Milli-Q water) Figure:  

The DLS experiments shown in Figure 97 report a distribution of 13.05 ± 3.48 nm with a  PDI of 0.903 

for CuнҍȄS NCs, which indicates a highly polydisperse system, in accordance with the TEM experiments 

previously shown in Figure 95.  

The summary of the TEM and DLS studies conducted on the sample dispersed in water, indicate how 

although these systems have been transferred to the aqueous phase, there is also a tendency to form 

large aggregates which, however, do not precipitate but remain completely dispersed in the aqueous 

solution.. A reasonable hypothesis for this curious behaviour might be caused by the  presence of the 

fluorinated moiety which could influence the formation of the observed tubular-like structures seen 












