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Abstract 
 

 

Fluorination represents a powerful tool to tailor the properties of organic molecules, and biomedical 

research gets big advantages from the resulting systems in the fields of bioimaging and drug delivery, 

which are both relevant to the present thesis. The multiple benefits provided by fluorine are mainly 

related to its unique properties, such as high electronegativity, hydrophobicity, low polarizability, 

small steric demand, and very good magnetic response. In particular, Magnetic Resonance Imaging 

(MRI) based on 19F provides an effective platform for diagnosis and selectively guided therapies. Due 

to the low amount of endogenous organic 19F atoms in the human body, this nucleus provides good 

contrast, and furnishes useful anatomical information, if coupled with 1H-MRI. However, fluorinated 

tracers have limited solubility in biological media. For this reason, proper formulations are a main 

target for their clinical use. 

In my thesis work, I focused on the study of amphiphilic fluorinated dendrimers that self-

assemble in aqueous environments into supramolecular structures, e.g., micelles and vesicles, 

creating fluorophilic regions able to host fluorinated tracers. In this context, two synthesized 

amphiphilic dendrimers, BFTG2-OH and BFTG2-S, were demonstrated to efficiently host the 

popular 19F-MRI tracer PERFECTA, allowing its efficient dispersion in water. An optimized 

formulation via nanoprecipitation was developed, which led to more than 50% of solubilized 

PERFECTA. Preliminary 19F-MRI experiments on PERFECTA@BFTG2-OH and 

PERFECTA@BFTG2-S demonstrated the validity of the approach, producing bright images. In 

particular, BFTG2-S dendrimer was designed with the aim to confer selectivity for cells involved in 

the inflammatory response, and preliminary data confirmed the targetability of the system.  

Another strategy I exploited to disperse PERFECTA in biological solutions was the use of two 

natural proteins, i.e., bovine serum albumin (BSA) and lysozyme (LYS). PERFECTA@protein 

formulations were prepared, exploring different stoichiometry ratios, achieving a good loading of 

PERFECTA. An interesting structural transition observed in LYS upon interacting with PERFECTA 

prompted us to study in more detail the supramolecular chemistry behind the formation of 

PERFECTA@LYS complexes. A detailed structural characterization along with computational 

modelling highlighted the formation of unprecedented rod-like oligomers. 
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Finally, fluorination was also demonstrated to have a key role in driving, enhancing, and 

modifying the self-assembly of N-Fmoc protected amino acids yielding hydrogels, which were used 

for drug delivery. In particular, we focused on N-Fmoc-pentafluorophenylalanine, an effective low 

molecular weight hydrogelator (LMWH), and tuned its properties by involving it in hydrogen-bonded 

co-crystals with biologically relevant molecules. Importantly, a supramolecular acidỄamide synthon 

formation between the -COOH group of the gelator and the -CONH2 group of the drug-like molecule 

was exploited to drive their co-crystallization in a two-component system. Importantly, the co-crystal 

structure was demonstrated to survive in the gel state, where efficient Fmoc group packing was 

frustrated resulting in gel rheology weakening. Delayed release of the co-crystal former from the gel 

was demonstrated also when involving Vitamin B3 as a biologically relevant co-crystal former. 

Finally, the strategy to modify gelation properties of Fmoc-based LMWHs by interfering with 

the fibre packing of Fmoc groups was also demonstrated by using a halogen bond (XB)-donor 

hydrogelator, namely N-Fmoc-2,3,5,6-tetrafluoro-4-iodophenylalanine. Involvement of the XB-

donor in interactions with solvents and salts resulted in weakening of the gel as a result of the 

perturbation of the Fmoc packing in the gel fibres, as demonstrated by solid-state X-ray structures. 

 

 



 

 

 

 

 

 

 

Chapter 1 
 

 

Introduction 
 

 

 

 

 

 

 



Chapter 1 

_________________________ 

_______________________ 

2 

 

1.1 Properties of the fluorine atom and effect of fluorination on organic 

molecules 

Fluorine is the most electronegative element of the periodic table, and the most reactive among the 

halogen atoms. Its configuration 1s22s2sp5 describes two electrons in the first energetic level and 

seven in the second one: this incomplete configuration of the external shell makes the fluorine atom 

highly chemically reactive. Consequently, to reach electronic stability it binds other elements, 

hydrogen, carbon, oxygen and metals to name a few. In particular, fluorine atom is known for its 

capacity in binding carbon. In opposition to the high reactivity of fluorine, the C-F bond is extremely 

stable, making it fundamental in many fluorinated organic compounds. This remarkable stability is 

due to the interaction between the polarized #  and &  atoms, conferring a more electrostatic than 

covalent nature to this bond.1 

Despite the larger size of fluorine (Table 1.1) and the partial charge inversion in comparison with 

hydrogen atom, the substitution of C-H with C-F (fluorine-scanning2) is considered isosteric. 

Isomerism is primarily defined by the similarity of the volumes and shapes of two isosteric molecules, 

but in medicinal chemistry this definition must be taken in its broadest sense. This is because isosteres 

are often much more alike in their biological than in their physical and chemical properties. 

Consequently, the relationship between shape and/or aspects of physicochemical properties of an 

isostere can be oblique.3 Thus, huge changes in the physico-chemical properties of organic materials 

are observable after this substitution: e.g., pKa of the nearby functional groups, solubility, hydro-

/lipophilicity, reactivity and stability.1  

 
Table 1.1: Comparison between the chemical properties of hydrogen and fluorine atoms and their bonds with carbon.1 

Electronegativity (Pauling) H (2.1) F (4) 

Van der Waals radii (¡) H (1.2) F (1.47) 

Bond length (¡) CïH (1.09) CïF (1.35) 

Bond dissociation energy (kcal/mol-1) CïH (98.8) CïF (105.4) 

 

To name an example, 1,2-difluoroethane (Figure 1.1) displays the stereoelectronic consequences of 

the introduction of polarized C-F bonds. In fact, the conformational study of the rotational isomers of 

the molecule revealed that they were not in perfect equilibrium, but the gauche-form was preferred 

to the anti-form.4 The so-called gauche effect is observed in presence of a fluorinated organic 

molecule containing vicinal electron-withdrawing groups (ʎ-bonds, nonbonding electron pairs, and 

ʌ-systems), favouring discrete conformations (Figure 1.1).5 Different halogen atoms do not bear the 
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same effect, because of steric reasons, advantaging the equilibrium towards the anti-conformation. 

The low steric demand in combination with the electronic arrangement and stability of the C-F bond 

are direct consequences of the unicity of the fluorine atom, opening a series of other observations and 

subsequently applications.4,6  

Figure 1.1 The fluorine gauche effect. X = F (1,2-difluoroethane), OCOR, NHCOR, etc. 

This attitude was useful to pre-organise molecules, finding application in i) catalysis, conferring a 

predictable topology and avoiding undesired side products;7,8 ii) pharmaceutics, to probe a specific 

active conformation;9,10 iii) in peptides for folding regulation;11 iv) synthesis of a new class of 

fluorinated alkanes (TeflonÈ).12,13 

Thus, engineering materials containing fluorinated moieties found a wide range of applications, 

animating a multibillion dollar industry.14 Oilfield industry took advantage of perfluorinated 

polyethers (PFPE) for their high chemical inertness, non-flammability and low interfacial energy for 

high-quality lubrification.15,16 Fluorosurfactants originated a new class of cleaning agents since their 

accidental discovery in 195317 and for the same principle they were subsequently applied on textiles 

and papers.14,18,19 Repellent surfaces derived from fluorosurfactantsô ability in creating low-surface-

energy coatings, and provided resistance to water, oils and stainings.20 Consequently, they resulted in 

anti-icing, antifouling, antiadhesive, and corrosion-resistant surfaces.14,21 

More generally, fluorinated substances are lipo- and hydro-phobic at the same time and show weak 

affinity for both polar and non-polar environments.22 This behaviour is triggered by the so-called 

fluorous effect, which is the propensity to favour fluorine-fluorine interactions over those with other 

elements.23 

Apart from the low wettability of fluorinated surfaces, fluorine scanning was shown to affect also 

boiling and melting points of a molecule. In many cases, they are higher in comparison with non-

fluorinated compounds with similar molecular weight. This is due to the interactions between C-F 

units which provide additional stabilization. This behaviour makes these materials useful for the 
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development of thermal fluids resistant to high temperatures, but also to harsh conditions of pH and 

salinity.15,24  

All these beneficial properties, which are typical of molecules bearing a high number of fluorine 

atoms, come with a main drawback represented by the fact that per- and polyfluoroalkyl substances 

(PFAS), especially those bearing more than six -CF2 units, suffer from long-lasting persistence in the 

environment.25 Thus, persistent organic pollutants are those that cannot be decomposed by natural 

physical agents in the environment (atmospheric conditions) or biological processes 

(microorganisms).25 

The persistence in the environment is associated to the absorption of PFAS on mineral soil, which 

cause their detection also in fresh water and oceans, the easiest vehicle to cause bioaccumulation and 

toxicity.25,26 Nowadays, this problematic has a huge impact on the environmental safety and urged 

researchers to find greener alternatives or make fluorinated compounds more degradable and better 

tolerated. This means paying attention in the design of new fluorinated molecules, reducing the 

number of -CF2, introducing degradable functional groups and preferring branched systems against 

linear ones to promote metabolism.27    

 

1.2 The role of fluorine in biomedicine and life sciences 

Aside from the industrial aspects of PFAS, fluorine atom has important applications in life sciences. 

Fluorination has been used as a tool for fashioning pharmaceuticals and agrochemicals in the last 50 

years.28,29 Therefore, many interesting advantages regarding the ADME system (Administration, 

Distribution, Metabolism and Excretion) and drug discovery are associated:29ï33 

ü enhanced oral and nervous system absorption because of the higher hydrophobicity;  

ü empowered selectivity of drugs for their pharmacological target and binding affinity, reducing 

off-target interactions and consequently lowering toxicity and dosage;  

ü delayed metabolic inactivation; 

ü bio-isosteric substitution of many other functional groups to alter metabolism and interaction 

with the target (Figure 1.2a); 

ü alteration of pKa of vicinal functional groups 

ü production of crop-protecting agents for the agrochemical field (insecticides, fungicides and 

herbicides). 
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Nowadays, the batch of drugs containing at least one fluorine atom counts more than 300 

pharmaceuticals with various effects and targets (Figure 1.2b), and it is not surprising that more than 

50% of blockbusters pharmaceuticals approved by FDA are fluorinated.34  

5-Fluorouracil for cancer treatment, fluoroquinolones (i.e., Ciprofloxacin) as antibiotics, Celecoxib 

for inflammatory diseases, Ezetimibe and Atorvastatin for heart failure prevention are just few famous 

examples.35 Close to these therapeutic purposes, there are also pharmaceuticals approved for imaging 

techniques, as better explained in the following section.  

Figure 1.2 a) Chemical functionalities which can be mimicked by fluorine atom.36  b) Diseases targeted by FDA-approved 

fluorinated drugs between 2015 and 2022.35 

 

1.2.1 Fluorine-based biomedical imaging  

In the scenario of personalized medicine, the development of effective imaging platforms for 

diagnosis and selectively guided therapies is nowadays a clinical demand.37 Fluorinated materials can 

answer to this need thanks to 19F-MRI (Magnetic Resonance Imaging) and 18F-PET (Positron 

Emission Tomography), whose combination can provide accurate anatomical and metabolic 

information.  

In the case of PET, 18F results to be particularly advantageous because of i) its relatively long half-

life (109.8 min), which admits the preparation and distribution to the hospitals, while other 

radionuclides have to be prepared on site.38 ii) The high percentage of positrons emitted and iii) the 

low positron energy, admitting a high resolution imaging.32 18F-labeled carbohydrates are currently 

used in PET imaging, and in particular 2-deoxy-2-[18F]fluoro-D-glucose ([18F]FDG) was the first 

approved and widely exploited in oncology.32,38 In fact, a 3D-mapping of tumor tissues can be 

evaluated after administration of [18F]FDG by following its pathway in the body. As all the 

carbohydrates, it follows the glucose metabolism in vivo. It is then uptaken by cells for energy 

production through glycolysis: the higher is the energy demand of the cell, the more is the uptake of 
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glucose. Cancer cells are high glucose-using cells because of their fast reproduction, so [18F]FDG is 

massively uptaken and it can be traced by 18F-PET returning a precise map of distribution in tissues.38 

After this first approval by FDA, the same approach was pursued with other radiolabelled-molecules, 

to explore other diseases and understand their molecular mechanisms.38,39  

Concerning the former imaging technique, a strong research effort is focused on 19F-MRI, coupled 

with 1H-MRI. The ability of a nucleus to generate a magnetic resonance (MR) signal is mainly related 

to the presence of a non-zero magnetic moment associated to the nuclear spin.40 

1H nucleus resonance is already established in clinical anatomical imaging, but its main limitation is 

due to the high water content of the human body (>60%), which disturbs the signal with a strong 

background noise, affecting sensitivity and resolution.41 For this reason, considering the high value 

of the technique, urged the necessity to develop contrast agents (CA) with the ability to increase 

sensitivity.42,43 There are two ways to enhance imaging contrast: mitigate the signal produced by the 

molecules surrounding the objective tissue (water in most cases) is the first method. As a result, it is 

possible to distinguish in a clearer way the anatomical features of the subject. These CAs are named 

1H relaxation agents, and they are not MRI active. It is the case of Gd3+-chelates, commonly used in 

clinics. Because gadolinium can bioaccumulate causing toxicity, new MRI techniques were 

developed, involving other magnetically active nuclei.44,45 The development of heteronuclear imaging 

probes represents the second way to produce contrast, exploiting the generation of a second MRI 

signal.43  

 

Table 1.2 Properties of some elements capable of generating a MR signal.40   
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Among the nuclei able to generate MR (Table 1.2), 19F took particular interest for its remarkable 

characteristics:46  

ü 100% abundance of the stable isotope (nuclear spin İ) 

ü Wide range of chemical shift (>350ppm). Thus, even a tiny change in the microenvironment 

has a detectable effect in the chemical shift of the fluorine atoms, unlocking the possibility to 

make precision studies.   

ü High MR sensitivity (83% compared to 1H) and high signal to noise ratio (SNR=89%), 

meaning high signal intensity. 

ü Gyromagnetic ratio very close to hydrogen (40.08 vs 42.58 MHz/T of 1H, Table 1.2). This 

allows to perform 19F-MRI with the same hardware used for 1H, just with the addition of a 

coil suitable for 19F. 

19F-MRI is indeed an emerging technique, powerful and non-invasive, and it can be combined with 

1H-MRI standard protocols.  

Furthermore, the presence of endogenous 19F atoms in the human body is strictly limited to bones and 

teeth (< 10-6M), where they are immobilized in the solid phase preventing interferences in the MRI. 

Consequently, the lack of endogenous 19F background admits the selective visualization of exogenous 

19F as ñhot spotsò, over 1H-MRI anatomical maps of the same subject (Figure 1.3).41,46,47  

 

 

Figure 1.3 a) Image of the first 19F-MRI of perfluorotributylamine acquired from Holland and co-workers.48 b) 

representative image of a modern 1H and 19F, and overlayed 1H/19F in vivo images of a mock-infected tumor-bearing 

mouse.49 

 

The principle behind MRI technique is the same of Nuclear Magnetic Resonance (NMR): the 

presence of a magnetic field causes the alignment of 19F atoms. The application of a transverse 

radiofrequency (RF) pulse disturbs the nuclei from their equilibrium state, and their relaxation while 

returning to the ground state can be recorded (as changes in the magnetic field), and processed to 

generate the signal.41 The term ñrelaxometryò is used to indicate the process of measuring the signal 

decay (relaxation) after excitation of the nuclei by RF pulses. The speed of signal decay is described 

by two main parameters: longitudinal or spin-lattice relaxation time (T1) and transverse or spin-spin 
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relaxation time (T2). Although occurring simultaneously, these two relaxation paths are mainly 

independent the one from the other. Deepening further, T1 describes the energy dissipation of the 

nuclei to the surrounding molecular lattice. T2 is not associated with a loss of energy, but is related to 

the loose of coherence in the oscillation of the nuclei after the RF pulse. The faster the coherence is 

lost, the faster the MR signal decays (short T2).
43 A short T1 can make MRI signal bright, improving 

SNR (between 102-103 msec50), while a short T2 can blur the image (<10
2 msec50), also causing a 

signal quenching, like in the case of 19F in bones and tooth aforementioned.41  

 

1.2.1.1 Fluorinated Magnetic Resonance Imaging contrast agents  

There are many types of CAs available in literature and the features which distinguish a good 19F CA 

are:46 

¶ High fluorine content. This can improve SNR, obtaining bright signals with low concentration 

of administration. 

¶ Optimised synthesis, easy formulation, scalable and cost-effective on industrial level  

¶ Chemical and biological stability over time in order to guarantee a long shelf life. 

¶ Low biological toxicity  

¶ Clear and simple 19F-NMR spectrum: CAs with more than one signal are ambiguous, so the 

presence of one single sharp peak is preferred. 

¶ Short T1 and long T2  

19F-MRI CAs can be classified in three main groups according to their chemical structure 41,46: organic 

fluorides, metal-organic complexes, and inorganic fluorides. Just to name few examples for category, 

CaF2 nanoparticles were synthesised by Ashur et al. as inorganic tracers: in this case, the main 

drawback is represented by the short T2 typical of these nanoparticles. Consequently, specific 19F-

MRI sequences of magnetization for short T2 had to be developed before using CaF2 as CA.
51  

Later, metal-organic complexes were reported to be very interesting because of the combination of a 

paramagnetic metal ion, like Gd(III) or other lanthanide tracers, with a fluorinated molecule. The 

necessity of this combination was dictated by the poor relaxivity of the fluorinated ligand. The 

coordination of the metal ion gave place to the so-called paramagnetic relaxation enhancement 

(known as PRE effect), which was described in the pioneering work of Parker and co-workers to 

improve the relaxation properties of the fluorinated moiety, overcoming this issue.52ï54 The drawback 

associated with lanthanide-based CAs is the risk of unbound metal-ions in blood circulation, which 

can cause toxicity.  
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The class of organic fluorides constitutes a huge and varied source of CAs, and can be further divided 

in two subgroups55: i) perfluorocarbons (PFCs) stabilized and encapsulated in nanoemulsions, (i.e., 

perfluoro-n-crown-n-ethers ï PFCEs ï and FDA-approved perfluorooctyl bromide ï PFOB, Figure 

1.4)56,57 ii) partially fluorinated polymers. The latter ones derived generally from a copolymerization 

process between a fluorinated monomer and a hydrophilic part, which could be linear, (hyper)-

branched or dendritic (one example is reported in Figure 1.4).46,55  

Figure 1.4 Chemical structures of perfluorooctyl bromide (PFOB), perfluoro-15-crown-5-ether (PF-15-C-5-E ï PFCE) 

and the perfluoropolyether portion of the commercial (PFPE ï CellSenseÉ).58  

FCs need to be formulated because their high fluorine content hampers their solubility in aqueous 

media, and consequently limits their administration. On the other hand, the high content of C-F bonds 

makes these materials biologically inert and non-toxic in vivo.46 Their stability against enzymes and 

physiological pH requires a different clearance process from the body, exploiting in many cases the 

reticuloendothelial system and exhalation through lungs.59  

1.2.1.2 PERFECTA 

One of the main issues about the application in clinics of 19F-MRI is related to sensitivity problems. 

Despite 19F signal is detected like a hot spot when overlapped with 1H imaging map, it is difficult to 

reach the proper amount of 19F for the detection, and sometimes there is the need of long incubation 

times, affecting cell viability.60,61 Increasing the number of 19F atoms per molecule, although 

improving sensitivity, can cause the possibility to have not magnetically equivalent fluorine atoms, 

producing another drawback. This issue regards most of all linear PFCs, like PFOB (Figure 1.4), that 

generate more than one resonance frequency, and can induce chemical shift artefacts. On the other 

hand, PFCE (Figure 1.4) originates only one signal, but its high symmetry prevents the possibility to 

chemically alter its structure without losing the equivalence of fluorine atoms. Not less important is 

the absence of functional groups that could be hydrolysed by enzymes. This could be advantageous 

in terms of stability, but requires organ functions for clearance from the body. Researchers focused 

their attention on these molecules in order to overcome these cons. Among the possible alternatives, 
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they preferred branched molecules to linear ones, and introduced functional groups that could be 

processed by endogenous enzymes, instead of PFCs containing only C-F bonds. Starting from these 

studies, a new 19F-MRI probe was synthesised, called PERFECTA (suPERFluorinatEd ContrasT 

Agent, Figure 1.5).62   

Figure 1.5 Chemical structure of PERFECTA (left) and its single crystal X-ray structure (right).62 

PERFECTA bears all the good features required by a 19F-MRI contrast agent. Its 36 equivalent 

fluorine atoms originate only one resonance frequency with a good SNR. The 19F-NMR signal is a 

sharp singlet peak in the region of -73 ppm, making easy the interpretation, quantification and setting 

of a proper RF pulse for magnetic resonance. Moreover, both its relaxation times are suitable to 

guarantee a bright signal, and to be detected without the need of special pulse sequences. The one-

step synthesis of PERFECTA has been optimized for gram-scale production. Starting from 

pentaerythritol and perfluoro-tert-butanol, through a Mitsunobu reaction, the compound is obtained 

as a crystalline colourless solid, in good yield (>50%).62,63 Regarding biological stability and 

compatibility, the only partial fluorination degree of PERFECTA prevents its bioaccumulation. When 

administered in vivo, the presence of four ether bonds adds degradability to the molecule through 

enzymatic digestion.64  

More recently, PERFECTA was also proved to be an interesting probe for Raman spectroscopy.65 

This non-invasive technique relies on the specific recognition of chemical bonds present in the 

analysed molecule. Even if Raman microscopy is widely used as label-free technique, the application 

of a specific probe can enhance the difference between healthy and pathological tissues, extending 

sensitivity and specificity.66ï68 Indeed, Raman probes enable the optical imaging of cells and 

subcellular units with nanometric precision, which are not detectable through other techniques, as 

MRI.69 Among chemical groups which can originate a diagnostic vibrational signal there are triple 

bonds (i.e., alkyne67) and C-F bond. Comparing PFCE, PFOB (Figure 1.4) and PERFECTA, the latter 

was demonstrated to be the most performant as bimodal agent, joining 19F-MRI for in vivo full 

body/organs imaging and ex vivo Raman microscopy of tissues and cellular imaging.65  
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Despite all the promising features of PERFECTA, its X-ray crystal structure (Figure 1.5) clearly 

shows that the polar core constituted by ether bonds is completely shielded by the 36 fluorine atoms. 

This structure explains its insolubility in water and in most organic solvents, except for ethyl acetate 

and fluorinated solvents (i.e., hexafluoroisopropanol). Consequently, many efforts were made in 

studying appropriate formulations for its administration in aqueous media. Until now, all the reported 

formulation strategies required amphiphilic polymers or surfactants for the stabilization of 

nanoemulsions, demonstrating that all the promising features of PERFECTA are effectively working 

for in vivo imaging.62,65 Thus, it pushes the research towards further improvements. 

 

1.2.2 Fluorine in proteins, peptides and amino acids 

Among the interesting variety of fluorinated building blocks already mentioned, biomacromolecules 

play a central role in the related research context. Apart from nucleic acids,70 carbohydrates,71 and 

lipids,72 several research efforts are focused on proteins, peptides and amino acids. In particular, 

fluorinated amino acids (FAAs) are emerging as fundamental ingredients in fashioning materials for 

biomedical applications. Because of their chemical versatility and bio-reactivity, they attracted 

particular interest, and their consequent incorporation in peptides and proteins endowed the 

production of novel biopolymers employed as biosensors, molecular probes, and enzyme 

inhibitors.73ï76 The key role of fluorine is basically related to its ability to induce conformational 

changes in molecules. In addition, the inextricable correlation between the conformation of amino 

acids, peptides and proteins and their function makes this approach particularly relevant. Moreover, 

this conformation control starts from the single amino acid, and passes through the secondary 

structure of peptides, reaching the tertiary and quaternary structure of proteins.77 This long-range 

intermolecular interaction is potentiated by fluorine-fluorine interactions, and it is the direct result of 

the incorporation of electron-withdrawing fluorinated substituents (Figure 1.6).78  
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Figure 1.6 Representative examples of different supramolecular morphologies driven by incorporation of fluorinated 

amino acids (green spots) within peptides structures (blue features). From the left ribbons, cylindrical nanofibers, coiled 

coils and nanoparticles are reported.79  

Life sciences take inspiration from these templates, their folding and unfolding processes mainly due 

to their involvement in pathologies, i.e. Alzheimerôs disease.80 Furthermore, the biomedical field finds 

in these substrates a source for new-generation pharmaceuticals.77 Indeed, some FAAs and fluorinated 

peptide-based drugs reached the clinics, with approval from FDA (i.e. Sitagliptin for diabetic disease, 

Eflornithine as antiprotozoal drug used in case of sleeping sickness, and Fluciclovine as diagnostic 

agent for 18F-PET).81   

Although the impact of fluorination is somehow predictable and well-known when talking about 

small molecules, a robust understanding of how it contributes to the structural integrity of peptides 

and proteins remains still missing. These are the reasons why many efforts are spent nowadays to 

understand the role and the effect of amino acidsô fluorination, trying to find rational rules. The 

discovery of discrete trends could unlock the possibility to tune specific conformations and properties.  

Koksch and co-workers systematically described the consequences of fluorine introduction into the 

majority of amino acids, finding some common aspects: i) despite fluorine is described as 

hydrophobic, the introduction of a small number of fluorine atoms brings a polar character into 

hydrophobic amino acids. ii) Fluorination severely changes the secondary structure of aliphatic amino 

acids, and of the subsequently derived peptides and proteins. iii) The presence of fluorine can improve 

proteolytic stability. iv) The final outcome depends on the kind of fluorinated side chain, but at the 

same extent it relies on its interactions with the surrounding environment.77,78  

Recently, because of the increasing multiple choice of applications in life science and the lack of 

fluorination predictability, many synthetic strategies were fine tuned to obtain a huge library of 
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FAAs.81ï84 Moreover, there are two main approaches to incorporate fluorine atoms into peptide and 

proteins: (i) top-down, which involve post-modification of the final peptidic/proteic product; (ii) 

bottom-up, where FAAs are directly introduced in the sequence. Both of them can be supported by 

chemistry (solid phase peptide synthesis and fluorinating agents) and biology (incorporation of non-

canonical amino acids during transcription and post-transcriptional enzymatic modification).36 

Despite top-down strategies tend to be more efficient and economic, they are also more complicated 

to perform and required very specific conditions in comparison with bottom-up ones.36  

As already mentioned in Section 1.2, fluorinated compounds, in particular amino acids and peptides 

are advantageous for pharmacokinetic and physicochemical properties: absorption and distribution 

are enhanced by the general higher hydrophobicity which improves the membrane permeability. A 

highlighting example is offered by anticancer drug Mephalan (Figure 1.7). It represents a nitrogen 

mustard, used in chemotherapy as alkylating agent; it is administered as peptide-conjugate prodrug, 

with the incorporation of a 4-fluoro-phenylalanine. The presence of the fluorine atom enhances the 

membrane permeability imparting higher efficiency.77,85,86  

 

Figure 1.7 Chemical structure of Melphalan flufenamide (PepaxtoÈ), FDA approved drug against multiple myeloma. 

 

The introduction of FAAs into peptide sequences can also reduce in vivo metabolism thanks to the 

escape from circular proteases. The mechanism is quite unspecific, but mainly related to the steric 

demand of fluorine atoms. The presence of a proper number of fluorine can cause incompatibility 

with the binding pocket of the proteolytic enzyme, advantaging bioavailability of the molecule.87,88  
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Figure 1.8 Chemical representation of the conformational control originated by fluorination with the respective 
biological activities obtained.  

 

Indeed, amino acid and peptide design can pursue increased affinity for the target binding, reinforcing 

specific protein-protein interactions, advantaging both efficacy and selectivity.36,77 Aiming to give a 

practical example of the gauche effect described in Section 1.1, OôHagan and co-workers 

demonstrated that the fluorination of N-methyl-D-aspartate (NMDA) and g-aminobutyric acid 

(GABA) originates isomers with very different agonism activity toward NMDA and GABA receptors 

respectively. These receptors are involved in many nervous system disorders and their modulation is 

extremely useful to treat these pathologies. Such modulation occurs thanks to the possibility to 

interact with the receptors through specific lead compounds, whose discovery becomes particularly 

relevant. OôHaganôs group proved that there is only one conformation which leads to agonism, while 

the other defines dramatic changes (Figure 1.8).89,90 

The molecular pre-organization offered by fluorine atom can also reduce the entropic cost needed for 

the interaction with specific targets, obtaining higher binding affinity. This situation can be found not 

only for single FAAs, but also in peptides containing FAAs in the modulation of the secondary 

structure.77  Further details about the conformational contribution of fluorine atoms to supramolecular 

assemblies will be examined in Section 1.3. 



Chapter 1 

_________________________ 

_______________________ 

15 

 

Furthermore, efficacy can be enhanced by fluorination also for the different non-covalent interactions 

towards the biological target. Figure 1.9 reports some examples: a CF3 moiety can stabilize the 

interaction by hydrophobic bonds.  

 

Figure 1.9 Amino acid side chain fluorination and their contribute to binding interactions with the target. 

Phenylalanine, with the presence of only one fluorine atom, can define a dipole interaction as already 

mentioned by Koksch et al.78,91. On the other side, the perfluorination of the phenyl ring leads to a 

quadrupolar inversion of the aromatic, as a consequence, if the natural amino acid would instore a 

cation-́  interaction, the fluorine scanning disrupts the latter, obtaining a different outcome in the 

binding affinity92. Then, fluorine has a contribution to the pKa of the nearby chemical functionalities, 

improving their hydrogen bonding character.77,93  

Near to pharmacokinetic influence, FAAs can also improve antimicrobial activity if they are included 

in antimicrobial peptides (AMPs), a new class of therapeutics for bacterial infections.88,94,95 Moreover, 

fluorination of low molecular weight hydrogelators (LMWHs) exert an important role among 

biomedicine: small peptides and amino acids can originate hydrogels by their particular self-assembly 

when suspended in water. In particular, Nilsson et al. widely described hydrogels obtained by 

pentafluoro-phenylalanine, as scaffolds for mimic extracellular matrix and drug delivery of anti-

inflammatory agents.96ï99 The same amino acid was incorporated in a dental resin by Schnaider and 

co-workers to prevent bacterial growth.100 Yuran et al. synthesised anti-fouling fluoropeptides, 

containing two 4F-phenylalanine for implant coatings. These innovative materials can avoid bacterial 

biofilm deposition and integrate into the local tissue, preventing the implant rejection and support cell 

adhesion.101    

In conclusion, the presence of fluorine atoms can be useful as a ñspyò in 19F-NMR/MRI and 18F-PET. 

In this case, the FAA can act as a label for deciphering the destiny of the peptide agent after 

administration. Binding events can be monitored and studied by NMR, as well as conformational 
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changes in proteins. 19F-MRI can be also pursued with properly fluorinated peptides, as Stupp et al. 

reported,73 and also 18F-modified tyrosine represents one of the study objects as radiotracer for brain 

imaging.102  

FAAs offer a world of possibilities, and the potency of the approach can be further implemented for 

interesting new research lines in the biomedical field.  

1.2.2.1 Interactions between proteins and fluorinated materials 

Despite fluorination of proteins is highly widespread and studied in the scientific community, less 

information is available about the interactions between native proteins and fluorinated molecules. The 

bioaccumulation mechanism of perfluorocarbons highlights the importance of this topic. Indeed, the 

toxicity of perfluorooctanoic acid (PFOA), one of the most popular water contaminants, derive mainly 

by its interaction in the human body with human serum albumin (HSA). In fact, despite its 

hydrophobicity, PFOA does not accumulate in fatty tissues, but in those organs with a high protein 

content, like liver, kidneys and brain.103,104 The presence of more than 6 binding sites makes the 

binding affinity of HSA for PFOA very high. Wei and co-workers recently published a proof of 

concept about the disruption of this interaction by competition with cyclodextrins, in order to study 

the protein interaction, still quite unknown, and a mechanism of detoxification from this 

perfluorocarbon.103 Thus, this example defines the possibility to consider proteins as carriers of 

fluorinated molecules, ennobling the usage of their binding sites for biomedical purposes, as long as 

protein-based therapeutics gained increasing attention because of their high biological activity and 

specificity. Deepening, two major mechanisms are known for proteinsô interactions with hydrophobic 

guests: host-guest mechanism and protein corona formation.105  

In the first case, proteins are perfectly suitable for the Trojan horse approach. In fact, (i) they can 

recognise different materials as guests, distinguishing one another depending on the amino acids that 

compose the available cavity/-ies. (ii) The recognition process is based on complementarity; (iii) the 

3D structure of the protein favour the pre-organization needed to lower the entropic cost for the guest 

binding.106 Indeed, there are many interactions possible between hydrophobic guests and the amino 

acidic binding pockets: Van der Waals forces are the most frequent, followed by hydrogen bonding 

and electrostatic interactions.105 Despite the big chance offered by proteins, there is poor literature 

about highly fluorinated organic molecules encapsulated in proteins. On the other side, many other 

hydrophobic molecules encourage the possibility to follow this approach proving its efficacy. It is the 

case of fullerenes, carboranes and gold nanoclusters complexes, used to originate theranostic tools.105  



Chapter 1 

_________________________ 

_______________________ 

17 

 

More information is available about the interaction between fluorosurfactants and proteins. In 

particular, it was demonstrated that in comparison with hydrogenated surfactants, fluorinated ones 

interact stronger with proteins, and the length of the hydrophobic chain has an outcome in altering 

the protein structure. The challenge of understanding the nature of these interactions was faced 

investigating many proteins, i.e., bovine serum albumin (BSA), lysozyme (LYS, Figure 1.10), ɓ-

lactoglobulin and ubiquitin.107ï109 Recently, Scanavachi et al. explored the interaction between BSA 

and sodium perfluorooctanoate (SPFO), finding an increased aggregation propensity of this protein 

in the presence of this fluoro-surfactant. Moreover, the comparison with sodium dodecyl sulphate 

(SDS) revealed that the aggregation process can be also modulate by changing the geometry and the 

stiffness of the ligand/guest. This study highlighted another important biomedical application, since 

the comprehension of fluorosurfactant-protein interactions can be useful to understand the early 

stages of protein-aggregation-based diseases (Alzheimer, Parkinson, Huntington, bovine spongiform 

encephalopathy, dementia with Lewy bodies, among others).110 Nevertheless, there is still no sound 

of complete understanding of the interactions between fluorinated surfactants and proteins. 

Figure 1.10 Docking profiles of perfluorodecanoic acid (PFDA) and lysozyme.108 

The latter mechanism of interactions between proteins and fluorinated agents is less specific and leads 

to the formation of a protein coating, which could be exploited for imaging purposes. In this case, 

proteins act as surfactants, which help to maintain in solution fluorinated liquids, otherwise insoluble 

in water. OptisonÈ is an FDA approved contrast agent for echocardiography, and consists of a 

colloidal suspension of octafluoropropane microdroplets coated by BSA.27 Similarly, another 

example of surfactant proteins is represented by hydrophobins (HFB), a class of small fungal 

amphiphilic proteins. Among them, HFBII ï produced by Trichoderma reseei ï is characterized by a 

remarkable surface activity. Its ability to organize in monolayers at interfaces was exploited to 
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formulate in water gaseous perfluorohexane microbubbles, as well as solid fluorinated nanoparticles 

for 19F-MRI.111,112 It is evident that protein-fluorine interactions constitute a huge resource for 

biomedicine and the lack of their full understanding boosts further studies in the field. 

 

1.3 Fluorinated supramolecular architectures: from vesicles to fibers 

The presence of C-F bonds has an influence on the chemical properties, as described in previous 

sections, and it plays a special role also in directing the supramolecular assemblies of molecules. 

Proteins, peptides and amino acids are strongly perturbed by the presence of fluorine atoms, and it 

was already mentioned that their conformation is intimately connected with their function. 

Interpreting the concept with another view, modifying their 3D architecture opens the possibility to 

tune specific properties. Indeed, the study of such interesting 3D structures and how to manipulate 

them has a high research value, and this is why the scientific community focuses wide attention on 

this topic. The term self-assembly refers to the ability of discrete molecules under thermodynamic 

equilibrium to spontaneously aggregate, generating hierarchical and well-defined structures, by virtue 

of the noncovalent interactions occurring among single units.113 The interactions involved are 

typically hydrogen bonding, ionic bonds, and Van der Waals interactions. Despite each single force 

is considered weak, the collective interactions can originate structures of high stability. 

Complementarity, compatibility, size and correct orientation are key elements to boost the self-

assembly.113 Indeed, self-assembly is considered a ñbottom-upò approach, meaning an autonomous 

organization of molecular components build up into more complex and structurally well-deýned 

nanoaggregates. On the contrary, it differs from ñtop-downò approach, which corresponds to the 

usage of nanofabrication tools, to create nanoscaled structures with the desired shapes and features, 

starting from larger dimensions and reducing them to the required values.114 In this case, the objective 

is reached through the control of external parameters, while in case of bottom-up the process is mainly 

spontaneous.114 Indeed, the latter has many benefits: it is cost-effective, versatile, easy to perform and 

it is highly selective and specific, avoiding defects (less energetically stable) and therefore guarantees 

high degree of perfection.115 It is evident that the fluorine scanning can alter completely this balance, 

resulting in a powerful tool to change the direction of the self-assembly. Amphiphiles, lipids, 

polymers, surfactants etc. has been central for colloidal and material scientists and continue to be 

attractive for their wide field of applications: pharmaceutical, food and cosmetic formulations, 
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catalysis and controlled synthesis of nanostructured materials.116 In particular, I will focus on the 

outcome regarding two different materials: amphiphiles and amino acids.  

1.3.1 Amphiphiles and their supramolecular assemblies 

Amphiphiles are molecules bearing two distinct portions: a hydrophilic and polar head, covalently 

bound to a lipophilic nonpolar tail. The polar head can be neutral or ionic (cationic, anionic or 

zwitterionic), while the hydrophobic tail is generally constituted by a hydrocarbon or fluorocarbon 

chain. The opposite nature of these two functions defines an intrinsic reciprocal incompatibility, and 

causes a special organization into ordered nanostructures, when suspended in particular solvents 

(mainly water) or at the solvent-air interface.117 Thus, aggregation occurs in the presence of a medium, 

and it is contemporarily driven and limited by solubility: the different solvophilicity of the two 

components makes the entire molecule more comfortable in a situation where each part is located in 

an appropriate environment, driving discrete orientations. This means that self-assembly is the 

outcome of the amphiphileôs attempt to reduce the enthalpic and entropic costs of its dispersion in the 

medium, considering the contribute of all the noncovalent interactions involved (solvent-solute, 

solvent-solvent and solute-solute).118,119 The soft nature of these interactions makes possible to 

manipulate the amphiphileôs aggregation by modifying temperature, pH (if the media is aqueous), 

ionic strength and nature of the electrolytes, polarity of the solvent, presence of other organic 

molecules in the media and concentration.120,121  

Figure 1.11 Basic amphiphile structure on the top, then, examples of self-assembly shapes adopted by amphiphiles in 

water.118  
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The high interest gained by amphiphiles is due to their solubility in water, generating superstructures 

which maintain a hydrophobic core. Thus, many of the architectures observable are referred to 

aqueous media, and consequently acquire importance for the biological environment. (Figure 

1.11).118  

The most familiar aggregate in water is micelle, consisting in a hydrophobic core, shielded from water 

by a surrounding corona formed by the hydrophilic heads of the amphiphile itself. Interestingly, 

amphiphiles can organise in micelles only above a discrete concentration, called critical micelle 

concentration (CMC). The self-assembly induced by exceeding this threshold causes dramatic 

changes in the physico-chemical properties of the resulting suspension (Figure 1.12).116 It is quite 

evident that those parameters which were already mentioned to tune the amphiphileôs aggregation are 

the same that influence also the CMC.  

Figure 1.12 Changes in physical properties at critical micelle concentration (CMC): (A)surface tension; (B) various 
other parameters.116 

 

Apart from micelles, amphiphiles are reported to aggregate in various supramolecular shapes, e.g., 

membranes, films, vesicles, tubules etc. (Figure 1.11).118 The resulting aggregate types depend on 

the different size and shape of both the hydrophilic head and the lipophilic tail. There are two 

important parameters which allow to predict the morphology of the nanoarchitectures and their 

behaviour after suspension:  

1. The molecular packing parameter (CPP) was introduced for the first time by Israelachvili, 

Mitchell, and Ninham in 1976. According to geometrical considerations about the amphiphile, 

there is a correlation between the value of the CPP parameter and the shape of the aggregate 

(Figure 1.13a).122 

2. The so-called hydrophilic-lipophilic balance (HLB), defined for the first time by the pioneer 

work of William C. Griffin in 1949.123,124 It correlates the size and the strength of the two 
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opposite groups of the amphiphile with the behaviour of the amphiphile dissolved. It admits 

to predict if it would work as emulsifier, wetting agent or other type of agents (Figure 

1.13b).123,124  

 

Figure 1.13 a) Molecular shapes and critical packing parameter (CPP) of surfactants and the structures formed (here, 

v=volume of hydrophobic tail, a0=effective head group area, lc=hydrophobic tail length).125 b) The hydrophobic-lipophilic 

balance (HLB) scale (MWh=molecular weight of the hydrophilic head and MWtot=total molecular weight of the 

amphiphile).126  

 

Another supramolecular morphology which gained the attention of researchers is constituted by 

vesicles. The reason is due to the natural involvement of vesicles in daily cell communication and 

biological processes, for instance membrane fusion, such as in fertilization process, synapses release, 

intercellular traffic, viral infection etc..127 Consequently, they result to be crucial for understanding  

biological processes, and for their mimicking for therapeutic necessities (drug delivery, 

pharmaceutical formulations) and more (cosmetic, material architectonic).116 From a supramolecular 

point of view, vesicles originate when CPP value is between 0.5 and 1, thus, when the head group 

surface area (a0) is similar to the hydrophobic tail cross section (influencing the parameters v and lc, 
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Figure 1.13a), coming up with 10-100 nm nanoparticles. When this situation occurs, micelles are 

disfavoured, making way for the formation of bilayers with a curvature smaller than in micelles. 

Furthermore, the number of bilayers defines a form of classification of vesicles, that can be 

unilamellar, but can also originate more complicated multilamellar architectures (Figure 1.14).116 

Figure 1.14 Bilayer vesicles originating a classic unilamellar system (A) and a multilamellar one (B).116 

 

Typically, the bilayer pattern is obtained thanks to the interactions between kindred parts of the 

amphiphile, involving polar interactions between heads (exposed to the aqueous solvent), and two 

monolayers of tails facing each other, stabilized by dispersion forces. Besides these interactions, 

vesicles are thermodynamically considered as non-equilibrium systems, but they are kinetically stable 

for quite a long period (over 1 year in some cases), confirming their applicability in 

pharmaceutical/cosmetic formulations.116 

The huge number of possible amphiphilic structures, their correlated nano-architectures and 

applications remark a strong interest in the continuous development of bigger amphiphiles, which 

nowadays can be classified into 4 different classes of macromolecules:128  

I. Linear amphiphiles, mainly constituted by polymers, with generally two end-groups and 

organising basically in random shapes. 

II. Cross-liked macromolecules, which are constituted by an insoluble network which swells in 

water due to penetration of the solvent. They can exhibit rubber-like elasticity, with 

susceptibility to diffusion and semi-permeability. 

III. Branched macromolecules, which differentiated from classical linear polymers by possessing 

more than two end-groups per molecule. They generally occupy a smaller volume, causing a 

lower viscosity increase after suspension in the medium, compared to linear macromolecules 

of similar molecular weight. 

IV. Dendrons and dendrimers, better described in the following section.  
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1.3.1.1 Dendrimers and dendritic architectures 

Dendrimers are classified as polymeric structures with many branching monomers originating from 

a central core. Each dendrimer is made up of branched subunits known as dendrons. Thus, in all 

dendrons, three main regions can be recognized: the core, the branches and the peripherical end 

groups. The number of branches identify the number of generation of the dendrimer (G1, G2,.. Gn).
129  

Figure 1.15 Anatomy of a dendrimer.130 

Dendrimers can be synthesised following two different routes: convergent or divergent synthesis. The 

latter indicates the exponential growth of the dendrimer from the core from one generation to the 

next, while in the convergent approach dendrons are synthesised separately, and then attached to the 

central core in the final step. Synthesis of dendrimers is in any case stepwise, close to solid-phase 

peptide synthesis and oligonucleotide one. Differently from polymerization, which follows a chain 

growth mechanism originating statistical and polydisperse products, the advantage of a stepwise 

synthesis is the theoretical obtainment of a monodisperse product, which is highly desirable for 

experimental reproducibility and applicability. Monodisperse dendrimeric products are normally 

quite easy to be obtained up to G3.
129  

The most exploited feature of dendrimers is probably their multivalency, due to the fact that the 

generation growth comes with the increase of the amount of end groups. Consequently, if the end 

group bears the functional activity of the dendrimer, such activity is sharpened. In addition, water 

solubility can be improved by the rising number of hydrophilic end groups, whereas hydrophobic 

peripheral moieties can make a dendrimer with hydrophilic core soluble in oils.129  

Nowadays, the dendrimer field is in continue expansion and, in particular, for biological applications 

there is a big variety of examples reported, based on polyamidoamines (PAMAM, commercially 

available), polyamines, polyamides (polypeptides), poly(aryl ethers), polyesters, Percec-type 

dendrimers. All these macromolecules, with all their different functionalities, can be designed in 
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different ways, and may originate very diverse architectures such as hyperbranched structures, linear-

branched polymers combinations and others (Figure 1.16).129,131 Moreover, they can cover a wide 

range of biological necessities, spanning from drug delivery (with various administration ways i.e. 

ocular, oral, intravenous, intranasal, pulmonary, transdermal and across central nervous system), gene 

delivery, bioimaging (magnetic resonance imaging, O2 sensing), drug/vaccine (prion-clearing agents, 

multivalent binding inhibitors), scaffold for tissue engineering.129,130  

Figure 1.16 Schematic representation of different dendritic architectures.132 

The strength of dendritic systems is their general high biocompatibility, including a proper 

elimination from biological organisms that avoids accumulation and toxicity against living cells and 

tissues. In fact, dendrimers of low molecular weight, generally below 30-40 kDa, are eliminated 

through renal filtration, whereas bigger substrates are designed to contain hydrolysable moieties, in 

order to be degraded. The low toxicity regards neutral or anionic dendrimers, while cationic ones, 

such as PAMAM, generally display a toxicity concentration-dependant and hemolysis.129 In other 

cases, pharmacokinetics can be tuned controlling dendrimer size and conformation.  

To name a practical example of the dendrimer power, recently, Filippi and co-workers proposed a 

new Janus dendrimer for bioimaging purposes. Janus dendrimers (JDs), schematically displayed in 

Figure 1.16, derived this name from their double-faced nature. In particular, JDs have two opposite 

peripheries, one hydrophilic and one hydrophobic, similarly to the bifunctional character of 

phospholipids. This dual nature facilitates the self-assembly in water in supramolecular aggregates of 

different morphologies, including nanosized bilayers vesicles called dendrimersomes, describer for 
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the first time by Percec et al. in 2010.133 In particular, Filippiôs group synthesised a JD, called  

JDG0G1(3,5), which bears a G0 generation on the hydrophobic periphery and a G1 derivative of Bis-

MPA (2,2-Bis(hydroxymethyl)propionic acid), ending with four -OH hydrophilic groups, linked 

together by an ethylene glycol residue (Figure 1.17a). The hydrophilic periphery makes it soluble in 

water environment, while the hydrophobic portion drives the self-assembly in nanosized 

dendrimersomes, as shown in the cryo-TEM image of Figure 1.17b. The presence of this bilayer 

vesicles delimitates an aqueous core which was exploited for the loading of the clinically approved 

MRI Gd-based contrast agent Gadoteridol (Figure 1.17a).134,135  

Figure 1.17 a) Chemical structures of JDG0G1(3,5) and the MRI contrast agent Gadoteridol. b) Cryo-TEM images of 

vesicles originated from JDG0G1(3,5) formulation in water. c) Representative MR images. Representative axial T1w-

images showing the evolution of T1 contrast over 15 days of MRI monitoring on murine melanoma model. 

 

 This formulation resulted to be highly biocompatible among three different cell lines (fibroblasts and 

two populations of murine macrophages) with optimum results in cell viability and proliferation. 

Indeed, the proof of the goodness of this new candidate for MRI was given by in vivo tests performed 

on a melanoma murine model.134,135 The authors then used a theranostic approach, implementing also 

an antitumor drug in the aqueous core of the vesicles, in order to have a real time imaging (Figure 

1.17c), coupled with cancer treatment. These results are in line with those obtained with already 

known liposomes for similar applications, but the great potential of these dendrimersomes is 

highlighted by their easier synthesis and lower costs of production.134,135  

 

1.3.1.2 Fluorinated dendrimers 

With the assessment of the powerful world of dendrimers, and obviously the well described potential 

of fluorine scanning, it is of special interest to explore the consequences of dendrimer fluorination. It 
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is clear that any little change in the amphiphileô structure may lead to dramatic consequences in the 

nano-architectonics derived. Decorating dendrimers and amphiphiles with fluorine moieties affects 

considerably the HLB, CPP and CMC and this may cause changes in their assembly, and applications 

as well. By virtue of the higher size of fluorine atoms in comparison with hydrogens, perfluoroalkyl 

chains result to be bulkier and stiffer than their hydrogenated counterparts. This affects the 

conformational freedom, and it is followed by a more rigid, but ordered packing into more stable 

aggregates.117,136 Indeed, fluorinated dendrimers have a considerably higher surface activity, 

compared to hydrogenated analogues, and their CMC is commonly two order of magnitude lower 

than hydrogenated surfactants of similar length. Then, CPP and HLB are significantly altered because 

of the different size and weight of fluorine atoms, causing a decrease of both values.14,136 

Thanks to this high tendency to aggregate and sometimes very pronounced micro-segregation, a low 

concentration is needed to obtain equal performances to those obtained from non-fluorinated 

amphiphiles. This favours the efficacy/toxicity ratio, and reduces also the costs of production.136 In 

summary, the properties of fluorinated dendrimers can be different from those of the analogous 

hydrogenated counterparts, and in particular they are deeply connected to the fluorophobic effect 

which drives the self-assembly.  

Fluorinated dendrimers are widely exploited in many areas, including chemistry (catalysis and 

moleculesô extraction from water), development of novel materials with improved mechanical 

properties, biology (drug delivery and gene vectors), in addition to the already mentioned 19F-MRI 

technique.136ï143  

Most fluorinated dendrimers contain fluorinated end groups, but this is not the only way. There are 

mainly four synthetic approaches, as presented in Figure 1.18. Fluorine can be grafted to the surface 

of the dendrimers (case A), or to the surface of the dendron (B); it can be covalently bound to the core 

of the dendrons (C), or even throughout the structure of the dendrimer (case D). 140 

Figure 1.18 Various types of fluorinated dendrimeric structures.140 
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Comparing hydrogenated dendrimers with fluorinated ones denoted the superiority of the latter in 

terms of bioavailability, with a higher cellular uptake and reduced cytotoxicity thanks to their low 

reactivity. 59,112 Furthermore, the highly stable aggregates originated in water can guarantee the 

delivery of hydrophobic and fluorinated molecules thanks to fluorine-fluorine interactions. 64,117,144,145 

In conclusion, to highlight the power of fluorine in making the difference from a supramolecular point 

of view, Percec-type dendrimers furnish a key example.146 The replacement of some hydrogen atoms 

with fluorines at the tail end of a dendron afforded an unexpected change in the structural motif and 

self-assembly behaviour (Figure 1.19).146 In more detail, the fluorine scanning at the tail portion of 

the dendron transforms the spatial conformation of the molecule from an elongated conical shape to 

a flatter crown-like shape.146  

Figure 1.19 The structure of the Percec-type dendron is represented in the middle. On the left, the non-fluorinated dendron 

its conical shape self-assembled to lead to spherical assemblies which self-organise in a cubic lattice. On the right the 

crown-like shape of the partially fluorinated dendron gives rise to columnar assemblies which self-organise in hexagonal 

liquid crystalline lattice.147 

 

The crown shape reported by Percec et al. prevented the formation of the usual supramolecular 

spheroids, and provided access to an unprecedented pyramidal stack that formed a columnar 
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supramolecular structure mediated by fluorophobic effect. In all previous examples, fluorination of a 

self-assembling dendron enhanced its ability to aggregate into the same structure of its hydrogenated 

homologue.148 So, the total change in self-assembly and self-organization patterns observed in this 

case comes as a surprise. Additionally, with the selection of this new architecture a liquid crystalline 

behaviour of the material appeared as new consequent property.146  

It is clear that fluorinated dendrimers have a huge potential, not only regarding biomedicine, and it is 

not surprising that researchers are spending lot of efforts in the continuous development and study of 

such fascinating macromolecules.  

   

1.3.2 Amino acidic hydrogels and their fibrillar network 

In Section 1.2.1 the concept of low-molecular-weight hydrogelators (LMWHs) was introduced as 

important feature of peptide and amino acids. The ability to self-assemble in supramolecular 

hydrogels arises from the organisation in anisotropic structures, most commonly fibers, thanks to 

noncovalent interactions.149,150 At a sufficiently high concentration (called minimum concentration of 

gelation, MCG), these fibers entangle immobilising the solvent through surface tension and capillary 

forces. Furthermore, the resulting porous soft materials show similarities with biological tissues for 

mechanical properties and high water content.149,150  

Traditionally, hydrogels originate from chemical cross-links between polymer chains via covalent 

bonds, but there are many advantages offered by supramolecular hydrogels, obtained via noncovalent 

interactions. In fact, the dynamic nature of the connections offers considerable flexibility, overcoming 

rigidity of the permanent bonds, which prevents injectability of these materials and generally 

precludes responsiveness.149 Processability of supramolecular gels often depends on the possibility 

of breakage and reformation of nonconvalent bonds. As a result, materials with reversible multi-site 

bonding structural motifs are expected to have exceptional processability.149  

Obviously, the typical noncovalent interactions involved are the same of the supramolecular 

architectures already described: hydrogen bonding, hydrophobic and Van der Waals interactions, -́́  

stacking, metal-ligand coordination and host-guest interactions (Figure 1.20).149  

Among the interactions, those affected by the presence of water are the most impacting on the 

swelling behaviour of the material. Giving an example, the presence of water molecules decreases 

the strength of hydrogen bonding connections. Therefore, engineering materials with excellent 

mechanical characteristics in the swollen state remains difficult.149,151  
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Figure 1.20 Non-covalent interactions used to form supramolecular hydrogels.149 

 

Nevertheless, such materials are gaining increasing relevance in a wide range of applications, which 

span from tissue engineering and cell culturing to sustained drug delivery, including wound healing, 

catalysis, and 3D bioprinting.149,150,152ï154 Consequently, the main challenge of scientists is to ensure 

that supramolecular hydrogels possess both the desired biomedical properties and the required 

mechanical characteristics.149   

 

Deepening in supramolecular hydrogelation of amino acids and peptides, the hydrophilic-lipophilic 

balance is fundamental. Interactions involving hydrophobic amino acidic side chains give an 

important contribution to the self-assembly. In fact, hydrophobic interactions and hydrogen bonds 

often result to cooperate synergistically.  

The association between hydrophobic domains, such as phenylalanine-phenylalanine (Phe-Phe), 

excludes water molecules from those domains, preventing the competition for hydrogen bonding. 

Consequently, the self-assembly stabilisation is maximised by hydrophobic interactions and, on the 

other side, by polar groups interacting with water through hydrogen bonding.149,155,156 The key role 

of the hydrophobic contribution during fibrilsô formation is shown by Phe-Phe dipeptide (Figure 

1.21).  
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Figure 1.21 On the top Phe-Phe dipeptide chemical structure. SEM analyses of its supramolecular self-assembly upon 

dissolution in high and low dielectric solvents is shown: nanotubes (a) and vesicular shape (b) respectively.157 

 

Phe-Phe has been widely studied for its properties in solution, and was one of the earliest dipeptides 

shown to self-assemble in supramolecular architectures like vesicles and nanotubes, although not into 

gels, according to Gazit et al.158 Demirel and co-workers supported Gazitôs data, studying deeply the 

behaviour of Phe-Phe in different solvents, explaining that increasing the dielectric constant of the 

solvent (water, methanol, ethanol) led to the solvation of the hydrophilic head groups in the medium, 

allowing self-assembly into nanotubes (Figure 1.21a). On the contrary, the choice of low dielectric 

constant solvents (e.g., acetone) led to the prevalence of hydrophobic interactions, and favoured the 

formation of vesicles-like aggregates (Figure 1.21b), in order to reduce the concentration of 

hydrophilic groups in the medium. Furthermore, using non-polar solvents, like toluene, chloroform 

or benzene, defined an extreme condition in which no peptide architecture was observed.157 This 

example shed a light on the delicate balance between hydrophobic and hydrophilic interactions.  

 

Figure 1.22 A) chemical structure of Fmoc-Phe-Phe. B) Model structures representing the molecular arrangements 
during Fmoc-Phe-Phe self-assembly. Note that the fluorenyl and phenyl groups are separately coloured orange and purple 

to illustrate the paired -́stacking nature of the aromatic moieties during self-assembly .159 

Gazitôs research went further with the addition of an aromatic protecting group upon the N-terminus 

of the same dipeptide (Figure 1.22).160 9-fluorenylmethoxycarbonyl-diphenylalanine (Fmoc-Phe-

Phe) formed fibrillar suprastructures very similar to amyloid fibrils obtained by much longer 
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polypeptides. Studies have confirmed that during self-assembly, Fmoc-Phe-Phe molecules form 

cylindrical nanofibrils by interlocking four twisted antiparallel ɓ-sheets through lateral antiparallel 

ḯ́  interactions (Figure 1.22).159 

The Fmoc protecting group, commonly used in peptide synthesis, is undoubtedly crucial for the self-

assembly, and it gave inspiration for several research lines involving single amino acids as gelators. 

Among the latter ones, those with aromatic side chains are the favoured, and include for instance 

tyrosine and tryptophan. The high aromaticity of these Fmoc-protected systems induces a great self-

assembly, higher thermal stability and elasticity of the hydrogel derived.154,161 In fact, the synergistic 

-́́  interactions between aromatic side chains and Fmoc-groups distinctly promotes self-

association.154,162  

Considering the strong fibrillation tendency, it remains a big challenge the prediction and tuning of 

the hydrogelation process.149 Aiming to deeply elucidate the mechanism and fine-tune hydrogel 

properties, various chemical modifications were perpetrated as co-assembly strategies. In particular, 

the pioneering work of Nilsson et al. on N-Fmoc-phenylalanine (Fmoc-Phe) is a clear evidence of the 

wide number of available strategies: protection at the C-terminus,97 halogenation of the phenyl-side 

chain - exploring both different halogen types and positions163,164 - co-assembly,97,165 

functionalization with poly(ethylene glycol) (PEG) chains,166 and synthesis of cationic 

derivatives.96,98,167  Among these, it is important to notice that fluorination of the aromatic side chain 

is a trend which appears in most of the approaches, and special attention will be reserved for 

fluorinated amino acids in the next section.  

 

1.3.2.1    Fluorination as a strategy to influence hydrogelation on the nanoscale  

The principal advantages and applications of amino acidsô fluorination were already described in 

Section 1.2.2. This section aims to provide an overview of the specific supramolecular properties 

originated by FAAs as LMWHs and how this chemical functionalization can affect gelation 

properties. In particular, the attention is focused on phenylalanine, because of its practical and 

widespread usage as LMWH. In 2010 Nilsson et al. studied the physico-chemical properties of Fmoc-

Phe upon fluorination in the three available positions on the phenyl ring, ortho-meta-para (Figure 

1.23).164  

The authors observed stronger gels after fluorination in comparison with Fmoc-Phe, and they 

identified also a different mechanical response, depending on the position of the fluorine atom.164  
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Figure 1.23 TEM images of fibril network of hydrogels derived by Fmoc-ortho-F-Phe (left), Fmoc-meta-F-Phe (centre) 

and Fmoc-para-F-Phe (right), the relative chemical structure and rheological parameters of hydrogel strength, Gô-Gôô.164  

Although fibrils were formed in all cases, and their morphology was not significantly different, there 

were different kinetics of formation, with the meta and para positions being faster in self-assembling 

than the ortho substituted one. There was also a big discrepancy in the strength of the relative 

hydrogels (quantified by the rheological parameter Gô), identifying one order of magnitude of 

difference between Gô of the para-fluorinated Phe and those of the other isomers (Figure 1.23). To 

explain these observations, both electronic and steric factors were claimed to be involved, influencing 

the geometry and conformation of the monomer and subsequently the assembly (helicity) of fibers, 

and the ultimate character of the hydrogel network. They also hypothesised that addition of the 

fluorine atom and its position can perturb the energy of aromatic ḯ́  interactions that mediate self-

assembly.164  

Recently, Lu and co-workers demonstrated such hypothesis. They synthesised C2-symmetric 

benzene-paradicarboxamide-based phenylalanine derivatives (L-phe) and three monofluorinated 

variants (L-2F-phe, L-3F-phe and L-4F-phe), showed in Figure 1.24. Experimental results, 

coherently with theoretical simulations, confirmed that the type and strength of fluorous interactions 

have a role in dictating the helical orientation and morphology of the supramolecular assemblies.168   
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Figure 1.24 Schematic illustration of helix inversion tuned by CArïFĀĀĀHïO/C interactions.168 

Furthermore, the influence on the nanoscale architecture of bis-fluorinated Fmoc-Phe was also 

studied by Adler-Abramovichôs group.169 Fmoc-3,4F-Phe and Fmoc-3,5F-Phe presented macroscopic 

differences in behaviour and hydrogelation performances. While Fmoc-3,5F-Phe organised in a 

transparent hydrogel and remains clear and stable over time, Fmoc-3,4F-Phe disintegrated and 

underwent phase separation after one month from gel preparation. Furthermore, the high stability of 

Fmoc-3,5F-Phe hydrogel is justified by a more ordered and aligned microstructure of the nanofibrils, 

with a consequent higher strength and density of the gel. On the contrary, an additional assembly into 

crystals is reached for Fmoc-3,4F-Phe, not obtained for the other compound where fibrillation is 

prevalent.169  
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Further fluorination in Fmoc-pentafluoro-phenylalanine (Phe(F5)), where fluorine scanning involves 

all the positions of the aromatic phenyl ring, leads to quadrupolar inversion due to the different 

electronegativity between H and F. As shown in Figure 1.25, the electrostatic potential and the partial 

charges of the pentafluorophenyl ring are completely different from the wild type.  

Figure 1.25 Electrostatic potential maps showing the reversed electron distribution of phenyl ring (a) upon 

perfluorination (b) and their calculated partial charges. Colour code: negative potential, red; positive potential, blu.170  

The term quadrupole refers to the negative potential of the -́face and positive potential around the 

periphery of a benzene/phenyl ring. This electron distribution allows aromatic moieties to engage in 

electrostatic interactions with a charge (i.e., cation-́  interaction), a partial charge, a dipole or another 

quadrupole.170 Perfluorination of the ring causes an inversion of this distribution, creating a positive 

potential on the aromatic face and a negative charge on the periphery. Theoretical studies have 

suggested that the shift of electron density upon fluorination is more localized to the carbon skeleton 

than the -́clouds.171 Nevertheless, charge distributions of phenyl and perfluorophenyl groups 

complement each other. The consequence is that the self-assembly of Phe(F5) is highly reinforced by 

fluorination in comparison with its hydrogenated counterpart.  

Figure 1.26 ́-́  interactions between Fmoc-moieties of Phe(F5) and edge-to-face interactions involving the partial 

charged fluorine atom and partial charged -́aromatic system thanks to quadrupolar effect. 

In 2009 Nilsson proposed a model of interaction, supported by experimental data, which displayed a 

crucial role of quadrupolar charge distribution of the perfluoro-ring. 163 In fact, the lowest energy 

model aligned Fmoc moieties in an offset, face-to-face stacking mode, and pentafluorophenyl rings 
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in an edge-to-face packing mode (Figure 1.26). In this alignment, it was fundamental the quadrupolar 

effect which allowed the interaction between fluorinated rings.  

Thus, hydrogelation occurred in a few minutes, while Fmoc-Phe did not produce hydrogels in the 

same conditions.163 Furthermore, the incorporation of Phe(F5) as a strategy to promote polar-́  

interactions, regulate self-assembly, and dictate the organization pattern, was used also in dipeptide 

hydrogels and in their co-assembly with not fluorinated phenylalanines.172ï174 

These examples underline efficiently how amino acidsô fluorination can face the challenge of 

hydrogels rational design. Fluorination is undoubtedly a technique for influencing supramolecular 

organization at the nanoscale, and understanding the self-assembly process may provide the key 

insight to facilitate the development of ideal amino-acid-based LMWHs, with tailored features and 

applications.  
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1.4 Aim and outline of the thesis 

Given the scientific importance of PERFECTA as CA for 19F-MRI, the first objective was the 

investigation of proper formulations for its administration in biological environments (Chapter 2.2). 

In particular, the carrier was designed in collaboration with the Freie Universitªt of Berlin, and it was 

chosen to exploit the promising potential of fluorinated Janus dendrimers. The novelty of this 

approach consisted in the presence of several equivalent 19F atoms both in the host (dendrimer) and 

in the guest (PERFECTA). The interest was focused first on the characterization of the self-

assembling mode of the system, and then on its performance in terms of 19F-MRI response and 

cellular biocompatibility and targetability.   

In Chapter 2.3, a second approach for solubilising PERFECTA in water was tested, exploiting 

biocompatible natural proteins. In collaboration with the University of Bologna, formulations of 

PERFECTA@lysozyme and PERFECTA@BSA (Bovine Serum Albumin) were studied and 

characterized, aiming to evaluate the applicability of this strategy, and also to elucidate the 

consequences of the interaction between proteins and fluorinated molecules, still quite unexplored.  

In Chapter 3.2 amino acidic hydrogels obtained from Phe(F5) were studied in order to tailor the 

release of small molecules, like benzamide and nicotinamide (Vitamin B3). The big challenge about 

LMWHs is the tuning of their properties in order to reach a specific performance. Aiming to face this 

challenge, a crystallographic approach was investigated as a new tool to engineer hydrogels. The 

objective was the study of the supramolecular system and the mechanical properties of the composite 

hydrogels, aiming to tune the release of pharmaceuticals exploiting noncovalent interactions. Then, 

the effect of fluorination upon the same amino acid has been further investigated in presence of a 

different halogen atom (Chapter 3.3). For this purpose, N-Fmoc-2,3,5,6-tetrafluoro-4-

iodophenylalanine (Phe(F4I)) was synthesised and investigated from a supramolecular point of view, 

as a potential tool to enable additional noncovalent forces. 
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2.1 Oligoglycerol-based dendrimers and model proteins 

During my research stay at Freie Universitªt Berlin (Germany), in the research group led by Prof. R. 

Haag, three different oligoglycerol Janus dendrimers (Figure 2.1) were tested for their ability to 

solubilize the 19F MRI contrast agent PERFECTA, with the objective to provide a new supramolecular 

tracer for magnetic resonance imaging.  

Figure 2.1 Molecular structure of the three Janus-dendrimers tested for the encapsulation of PERFECTA. 

Literature examples of supramolecular assemblies and potential applications of different generations 

of oligoglycerol-based dendrimers (from generation 1 to generation 3, G1-G3) bearing linear 

fluoroalkyl chains were reported, and compared with their hydrogenated counterparts.175ï179 Recently, 

linear fluoroalkyl chains were substituted by a multibranched one, containing perfluoro-t-butoxyl 

groups (F27, Figure 2.1, green dotted square). Indeed, fluorinated branched groups with ether bonds 

showed enhanced biodegradability and lower bioaccumulation in comparison with linear ones.27,63,180 

Based on this background, the second-generation oligoglycerol dendron (G2) was linked to the 

branched (B) fluorinated F27 (F) unit through a triazole core (T), leading to BFTG2-OH (Figure 

2.1).181 This compound was dispersible in water, thanks to its eight -OH end-groups. In order to 

prevent the contact between the lipophilic fluorinated part and the aqueous solvent, it self-assembled 

into unilamellar vesicles.181 Moreover, this supramolecular assembly displayed good 

biocompatibility, holding potential as special carrier for biomedical applications.  
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The structural similarity between the F27 group and PERFECTA made BFTG2-OH a promising 

carrier for hosting this MRI tracer, exploiting fluorine-fluorine interactions. In this chapter, the first 

focus pointed on the design and optimization of PERFECTA formulations using the Janus dendrimer 

BFTG2-OH, which was provided by the collaborators at Freie Universitªt Berlin. In a second 

instance, its hydrogenated counterpart BHTG2-OH was synthesised, and tested as a carrier as well 

(Figure 2.1). In this second case the investigation pointed to the possibility to exploit hydrophobic 

interactions ï different from F-F ï to encapsulate PERFECTA.  

BFTG2-S was the last dendrimer tested with the aim to impart targetability to the system. In fact, the 

substitution of -OH end-groups with sulphates -OSO3
- was demonstrated to confer particular affinity 

for inflammatory cells.182ï186 Generally, polyglycerol sulphate dendrimers (dPGS) showed a heparin-

like structure,187 which defined a strong binding a nity to cellular targets involved in the 

inflammatory process e.g. cell adhesion molecules consisting of L-selectin and P-selectin expressed 

on leukocytes, platelets, and vascular endothelium.187,188 The positive charge at the ligand interface 

of such molecules addressed the negatively charged dPGS towards inflammatory cells, ending with 

an anticoagulant and anti-inflammatory activity. 187 

The totally new dendrimer BFTG2-S was characterised in terms of self-assembly properties and 

capacity to encapsulate PERFECTA. BFTG2-OH was compared with BFTG2-S for hosting 

efficiency, cellular uptake and 19F-MRI performance (in collaboration with IRCCS San Raffaele 

Hospital and Istituto Neurologico ñCarlo Bestaò in Milan).  

In the second section of this chapter, another interesting tool to solubilise PERFECTA was 

investigated in collaboration with Prof. M. Calvaresi and Prof. F. Zerbetto (University of Bologna, 

Italy). In particular, two proteins were studied as surfactants, Bovine Serum Albumin (BSA, Figure 

2.2) and hen egg white lysozyme (LYS, Figure 2.2). Cow-derived BSA shares 76% identity with 

Human Serum Albumin, including the three-domain structure (583 amino acids and ~ 66 kDa 

molecular weight versus 585 amino acids and ~ 66.5 kDa) and the distribution of its 17 disulfide 

bridges. Additionally, the physiological role of all serum albumins is crucial for maintaining plasma 

osmotic pressure, as free radical scavengers, regulating immune responses and transporting 

endogenous compounds. Thus, this globular protein represents the transport protein par excellence in 

the blood stream.189ï191 On the other hand, LYS is a smaller protein of only 129 amino acids (14.3 

kDa), known by the scientific community as a model protein among the most studied so far.192 LYS 

is the abbreviation for peptidoglycan N-acetylmuramoylhydrolase, from which it can be deduced its 

physiologic activity. In fact, it is an antimicrobial enzyme belonging to the innate immune system. 
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By virtue of its catalytic activity, LYS can hydrolyse glycosidic bridges contained in peptidoglycans, 

basic constituents of gram-positive bacterial cell walls.  

BSA and LYS were already present in studies about host-guest interactions.105,106,193 BSA presents at 

least 6 nonpolar cavities, able to interact with other molecules for their transport.194 On the contrary, 

the presence of only one catalytic channel along LYS sequence could admit the interaction with 

mainly one molecule at a time.192   

Figure 2.2  Left) Domain division of BSA structure (PDB reference 4F5S). Right) LYS structure (PDB reference 193L).  

 

Considering these premises, BSA and LYS were selected as potential hosts for PERFECTA with two 

main purposes: i) the possibility of using proteins as Trojan horses for the probe transport and ii) 

investigate the interactions between proteins and fully fluorinated molecules. In fact, apart from few 

information about the effect of fluorinated molecules on proteins,108,109 this topic was still quite 

unexplored.  
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Results and discussion 

2.2 PERFECTA@dendrimers as 19F MRI contrast agents 

2.2.1 Optimization of formulation protocols  

The first aim of the project was to design a formulation to incorporate PERFECTA within BFTG2-

OH vesicles and/or BFTG2-S to admit stabilization of the probe in water environment. Indeed, the 

high amount of fluorine atoms of PERFECTA prevents its solubility in water, rather hampers also the 

solubility in most organic solvents, except for hexafluoroisopropanol and ethyl acetate. On the other 

hand, by virtue of its hydrophilic end groups, BFTG2-OH and BFTG2-S displayed good solubility in 

protic solvents, such as alcohols and water, but they were not soluble in ethyl acetate. Three different 

formulation methods were tested, considering the necessity to solubilise both components. The 

method and parametersô optimization started from the study of the BFTG2-OH, which was available 

in a bigger amount. In particular, the optimization regarded: i) temperature, ii) sonication time, iii) 

ratio between guest and host, iv) purification method.  

All formulations were prepared in 1 mL amount, in order to have a 5 mg/mL theoretical concentration 

of dendrimer, as previously reported.181 Starting from three different approaches, a preliminary 

investigation was conducted in order to determine the real possibility to encapsulate PERFECTA: 

1. Solvent-dry method: it consisted in the solubilization of PERFECTA (1 mg) and BFTG2-

OH (5 mg) in the minimum amount of organic solvent (ethyl acetate and methanol, 

respectively). The two solutions were mixed and vacuum-dried in order to get a homogeneous 

film. One mL of pure water was then added, and stirred at room temperature overnight. The 

formulation was filtered on a 0.45-ɛm filter, to remove non-encapsulated PERFECTA.  

2. Melting method: 1 mg of PERFECTA was melted at 80ÁC. A water solution of BFTG2-OH 

(5 mg/mL) was directly added. The mixture was stirred overnight and then purified by 

filtration (0.45-ɛm filter). 

3. Thin film method: 1 mg of PERFECTA was solubilized in 250 ɛL of ethyl acetate and air-

dried overnight in a glass vial. To the remaining thin film, a water solution of BFTG2-OH (5 

mg/mL) was added. The mixture was stirred overnight and then purified by filtration (0.45-

ɛm filter). 

All the formulations were analysed by DLS and 19F-NMR to determine size of the self-assembled 

supramolecular systems, polydispersity and encapsulation amount. Preliminary NMR analyses 
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showed the presence of PERFECTA in at least two samples, confirming the success of the proposed 

approach. The thin film method gave the best results (Table 2.1), while the absence of PERFECTA 

19F-NMR signal when using the solvent-dry method excluded it from further optimization (Figure 

2.3a).  

Table 2.1 DLS data and 19F-NMR quantification about preliminary formulations using three different method of 

preparation. Legend: S = Solvent dry method; M = melting method; T = thin film method. The control formulation 0 was 

obtained by dissolving BFTG2-OH in water. 

 Method 

DLS 
19
F NMR quantification 

PERFECTA BFTG2OH F/mL 

total 

Diameter 

(nm) PDI Theor. 
mg/mL 

Experi

m. 
mg/mL 
(%) 

Theor. 
mg/mL 

Experim. 
mg/mL 
(%) 

0 - 442 0.2 - - 5 
1.8 

(35%) 2 x 10
19

 

1 S 150 0.3 1 x 5 3.5 

(69%) 4 x 10
19 

2 M 144 0.2 1 0.24 

(24%) 5 2.2 

(44%) 3 x 10
19 

3 T 120 0.2 1 0.4 

(40%) 5 2.5 

(50%) 4.2 x 10
19 

 

This initial screening underlined three main issues: 

i) Beside the similar chemical structure of PERFECTA and F27 building block, their 19F-NMR 

resonance frequencies were slightly different. The latter allowed to quantify both compounds. 

Additionally, for future MRI performance, the short distance constituted an advantage, because the 

two peaks would be detected as a unique and more intense signal improving signal to noise ratio 

(SNR) and reducing the acquisition time.  

ii) The experimental concentration of BFTG2-OH was always lower than the theoretical one. This 

fact could derive from two factors: self-assembly in water reduced the -CF3 mobility, or filtration 

caused a loss of material.  

iii) All the formulation protocols reduced the size of the aggregates and, apart from solvent-dry 

method, this might be a good parameter to evaluate the success of the encapsulation.  
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The attempt to improve the melting and thin film formulation methods proceeded with the 

introduction of tempering and sonication steps, taking inspiration from already known protocols of 

PERFECTA formulation with other polymers.57,65  

In more detail, 3 cycles of bath sonication (1 min, 40 kHz) alternated with heating at 70ÁC for 15 min 

were added to the previously described melting and thin film protocols, finishing with a heating step 

at 70ÁC. Then, formulations were left to cool down to room temperature and stirred overnight. 

Filtration was maintained as final purification step. 

 

Figure 2.3 a) 19F-NMR spectra of the three preliminary formulations compared to a solution of BFTG2-OH in water. 

Chemical shifts are referred to an external reference of TFA in D2O set at -75.5 ppm. b) DLS autocorrelation function 

(left) and size distribution vs intensity (right) of preliminary formulations in comparison with BFTG2-OH solution in pure 

water.   
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The comparison between melting and thin film (conditions 4 and 5, Table 2.3) gave no significant 

difference, while a good improvement in term of polydispersity was obtained if compared with the 

same protocols without temperature control and sonication (conditions 2 and 3, Table 2.1). Since the 

same loss of BFTG2-OH was observed also in case of 4 and 5, a different final purification step was 

tested. Additionally, given the small difference between melting and thin film methods, it was decided 

to proceed with the optimization of the thin film protocol only, which gave better results comparing 

conditions 3 and 2 (Table 2.1). The removal of unloaded PERFECTA was pursued by centrifugation 

(2 x 2 min, 3000 rpm), which gave a good improvement, as shown by the comparison between 5 and 

6 (Table 2.2). The loss of 40% of BFTG2-OH still recorded by NMR seemed to support the hypothesis 

of reduced 19F-NMR signal because of the self-assembly.  

The weight ratio of 1:5  between PERFECTA and BFTG2-OH, which was kept so far, was then 

changed for further optimization.  

Table 2.2 DLS data and 19F-NMR quantification about formulations during parameter optimization.  Different method of 

preparation. Legend: M ȹ+s = melting method with heat and sonication cycles; T = thin film method with heat and 

sonication cycles. 

 Method Purifica-

tion 

DLS 
19

F NMR quantification  

PERFECTA BFTG2OH F/mL 

total 

Diameter 

(nm) PDI Theor. 
mg/mL 

Experim. 
mg/mL 

(%) 
Theor. 
mg/mL 

Experim. 
mg/mL 

(%) 

4 M Filtration 107 0.13 1 0.14 

(14%) 5 2.0  
(40%) 2.5 x 10

19 

5 T Filtration 125 0.14 1 0.1  
(10%) 5 1.9  

(38%) 2.3 x 10
19 

6 T Centrifuge 115 0.16 1 0.32 

(32%) 5 2.7  
(54%) 3.5 x 10

19 

7 T Centrifuge 114 0.15 2.5 0.36 

(15%) 5 3.5  
(70%) 4.6 x 10

19 

8 T Centrifuge 126 0.16 5 0.33 

(6.5%) 5 2.4  
(48%) 3.4 x 10

19 

9 T Centrifuge 161 0.21 10 0.22  
(2%) 5 1.9  

(38%) 3.7 x 10
19 

10 T Centrifuge 158 0.17 0.5 0.19 

(38%) 5 3.1  
(62%) 3.9 x 10

19 
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Four different ratios PERFECTA/BFTG2-OH were explored (1:2, 1:1, 2:1; 1:10, respectively case 7, 

case 8, 9 and 10 in Table 2.2). The best result was obtained with formulation 7, with a ratio 1:2, 

dissolving 2.5 mg/mL of PERFECTA for the thin film, while maintaining 5 mg/mL the concentration 

of BFTG2-OH. The optimized final protocol is reported in Figure 2.4a.  

Interestingly, the simple dissolution of BFTG2-OH in water (formulation 0, Table 2.1) produced 

vesicles of ~ 440 nm. On the other hand, formulation of the same dendrimer following the optimized 

thin film method in the absence of PERFECTA gave vesicles of ~ 500 nm (Figure 2.4b).  

 

Figure 2.4 a) Scheme of the optimized formulation protocol. b) DLS chart of size distribution vs intensity; on the bottom 

PDI, diameter distribution by intensity and volume are reported for formulation 1 (BFTG2-OH) and 2 

(PERFECTA@BFTG2-OH). c) 19F-NMR spectra of 1 and 2 in water. Chemical shifts are referred to an external reference 

of TFA in D2O set at -75.5 ppm. Standard deviations were reported considering n=3. 
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The size reduction observed upon addition of PERFECTA was attributed to additional fluorine-

fluorine interactions, which had a consistent effect on self-assembly (Figure 2.4b). Additionally, the 

optimized protocol afforded good polydispersity and reproducibility, and a satisfactory number of F 

atoms/mL (4.6 x 1019 F/mL) considering the sum of both PERFECTA and BFTG2-OH (Figure 2.4c). 

On the other side, the issue regarding the reduced amount of resonant fluorine atoms of BFTG2-OH 

was still present, and it was confirmed when an organic co-solvent was added. In fact, with the 

addition of 25%v/v of methanol, the amount of BFTG2-OH which could be quantified by 19F-NMR 

reached 89% (4.4 mg/mL). On the opposite, the detected concentration of PERFECTA remained the 

same observed in pure water (Figure 2.5). For comparison, the 25%v/v of pure water was then added 

to another aliquot of stock formulation: the amount of BFTG2-OH and PERFECTA quantified upon 

dilution was the same of the stock. 

 

Figure 2.5 19F-NMR comparison between the original optimized formulation (1), after the addition of 25% of water (2) 

and 25% of methanol (3). The peak intensity of BFTG2-OH had a consistent increase upon dilution with the organic 

solvent.  

This experiment confirmed that the reduction of resonant -CF3 of BFTG2-OH was due to the self-

assembly, which was not altered upon the addition of water. On the opposite, the addition of methanol 

disrupted the aggregates, causing the solubilisation of the dendrimer and increasing the mobility of 

the fluorine atom during the magnetization.  

Furthermore, the presence of the triazole group, which absorbs in the UV-visible spectral region, 

allowed to crosscheck the total amount of BFTG2-OH in the final formulation with this technique. 

The comparison between UV-vis spectroscopy and NMR quantifications (Figure 2.6) was consistent 

with the hypothesis proposed. The self-assembly in water hampered the magnetic response of the F27 

building block, and this was something to be considered for MRI performance. Indeed, formulation 
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7 was confirmed to be the best candidate, thanks to the highest amount of BFTG2-OH detectable by 

NMR (Figure 2.6).  

 

Figure 2.6 Top) UV-vis absorption spectra of different concentrations of BFTG2-OH. The wavelength of the absorbance 

maximum was used to define the calibration curve. Bottom) Comparison between the experimental concentrations of 

BFTG2-OH in the formulation reported in Table 2.1 and Table 2.2, quantified by 19F-NMR and the amount quantified by 

UV-vis spectroscopy.   

 

Beside the good colloidal properties and reproducibility of the formulations, the amount of 

PERFECTA which could be loaded was still small. Considering that its limit of detection by 19F-MRI 

was 0.3 mg/mL,65 the optimized formulation loaded a concentration of PERFECTA too close to this 

threshold. For this reason, a fourth method of formulation was tested. Inspired by a previously 

published protocol,195 a nanoprecipitation process was followed for formulating PERFECTA in 

presence of BFTG2-OH (Figure 2.7a).  
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Figure 2.7 a) Scheme of the optimized nanoprecipitation protocol. b) DLS chart of size distribution vs intensity (left) and 

size distribution vs volume (right); at the bottom PDI, diameter distribution by intensity and volume are reported for 

formulation 1 (BFTG2-OH) and 2 (PERFECTA@BFTG2-OH). c) 19F-NMR spectra of 1 and 2 in water. Chemical shifts 

are referred to an external reference of TFA in D2O set at -75.5 ppm. Standard deviations were reported considering n=3. 

 

The new protocol involved a bi-phase, constituted by the aqueous solution of BFTG2-OH (5 mg/mL) 

to which was added a PERFECTA (5 mg) solution in ethyl acetate (0.4 mL). Dropwise addition was 

followed by sonication (1 min, 40 kHz) to create a white emulsion, and then magnetic stirring for 3 

hours at controlled temperature (25ÁC). After this stirring time, the formulation appeared transparent 

and it was vacuum dried to remove the organic solvent. Centrifugation was maintained as purification 

method to exclude unloaded PERFECTA.  

The first difference between the two formulation methods regarded diameter distributions in the 

presence of PERFECTA. Good polydispersity properties reached with the optimized thin film 

method, gave vesicles of 109 Ñ 3 nm (Figure 2.4b). In the case of nanoprecipitation two main peaks 
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were observable in the distribution: 190 Ñ 8 nm and 14 Ñ 1 nm (Figure 2.7b, left), indicating presence 

of aggregation. Due to the presence of two species, the latter measured a much higher PDI. 

Interestingly, the double peak situation was fixed analysing the diameter distribution in term of 

volume (Figure 2.7b, right), where only the smaller population could be identified. The dramatic 

decrease of diameter as a consequence of the introduction of PERFECTA was much more pronounced 

in the nanoprecipitation than in the thin film method and a huge change in self-assembly could be 

hypothesised. Indeed, it is difficult to imagine vesicles of such a small diameter. Furthermore, the 

reduced size was followed by a significant increase in PERFECTA loading (Figure 2.7c). In fact, the 

intensity of its peak in the NMR spectrum exceeded that of BFTG2-OH signal, defining an opposite 

situation than in the thin film method (Figure 2.4c). Thus, the F/mL count reached the threshold of 1 

x 1020 atoms/mL, more than two times higher than in the case of formulation 7.  

The nanoprecipitation data reported were referred to the already optimized protocol. Different weight 

ratios were tested (1:1, 1:2 and 2:1), proving that the formulation with 5 mg of PERFECTA and 5 mg 

of BFTG2-OH gave the best loading (54 % of encapsulation, against 15 % achieved with the thin 

film method). In conclusion, the fourth protocol of formulation seemed to be more promising than 

the others, and was then used with the second dendrimer BFTG2-S.  

 

2.2.2 Characterization and formulation of sulphated Janus dendrimer 

BFTG2-S (Figure 2.1) was synthesized in collaboration with Prof. Haagôs research group, at the Freie 

Universitªt Berlin (FUB) through a multistep pathway, using the F27 building block I synthesised at 

Politecnico of Milano. More details about the synthesis are provided in the Experimental section 

2.4.  

 

Figure 2.8 Critical micelle concentration (CMC) profile for BFTG2-OH (a, published)181 and BFTG2-S (b). 
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First, the critical micelle concentration (CMC) of BFTG2-S was determined using Nile Red as a 

fluorescent probe. Indeed, this dye has a solvatochromic behaviour, meaning that the intensity of its 

fluorescence emission increases when micelles and vesicles are formed.196 The comparison between 

CMC of BFTG2-OH and BFTG2-S is reported in Figure 2.8. Although water solubility of BFTG2-

S was expected to be higher than BFTG2-OH, thanks to the presence of eight negative charges, its 

CMC was very close to that of BFTG2-OH, indicating a similar aggregation propensity.  

After CMC, the dendrimer was characterized for its hydrophilic-lipophilic balance (HLB) in order to 

predict its self-assembly behaviour in water and its capacity to solubilize PERFECTA.  

 

Figure 2.9 a) Picture of BFTG2-OH suspension in water. b) Picture of BFTG2-S suspension in water. On the bottom HLB 

determination of BFTG2-OH vs BFTG2-S are reported. Equation of Griffin was used. 123 c) The hydrophobic-lipophilic 

balance (HLB) scale ï ñGriffin scaleò.126  

According to the HLB scale proposed by Griffin (Figure 2.9c and Section 1.3.1)123,124, BFTG2-S 

(HLB = 14.3) has a much higher capacity of solubilizing in water than BFTG2-OH (HLB = 8.5). 

These HLB values determined also which type of suspension should be obtained after the dispersion 

of the dendrimer. Specifically, BFTG2-S should result in a translucent-to-clear solution, whereas 

BFTG2-OH should produce a milky dispersion. Experimentally, the prediction was perfectly verified 

as shown in Figure 2.9a and 2.9b, confirming the lower solubility of the BFTG2-OH in the medium 

than the sulphated dendrimer. Following the same estimation, BFTG2-S should be applied as O/W 
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emulsifier (Figure 2.9c), and it should behave as a detergent/solubilizer. On the contrary, 8.5 obtained 

from BFTG2-OH classified the dendrimer as a wetting agent, with a lower ability to dissolve and to 

be dissolved in water than BFTG2-S. Therefore, in line with the HLB scale, the sulphated dendrimer 

was expected to solubilise PERFECTA better then BFTG2-OH.  

Then, BFTG2-S was tested to dissolve PERFECTA in water, following the nanoprecipitation 

protocol. An ethyl acetate solution containing 5 mg of PERFECTA was added dropwise to a 5 mg/mL 

solution of BFTG2-S. Similarly to BFTG2-OH, the size distribution of the aggregates was evaluated 

both in terms of intensity and volume. Interestingly, the self-assembly of bare BFTG2-S produced 

aggregates of different sizes, a small one with a diameter of 8 nm, a medium of ~ 280 nm and a bigger 

one of a micrometric size which could not be removed by centrifugation. However, the DLS volume 

distribution individuated only one predominant population of few nanometre dimension (Figure 

2.10).  

 

Figure 2.10 DLS charts of size distribution vs intensity (left) and size distribution vs volume (right); on the bottom PDI, 

diameter distribution by intensity and volume are reported for formulation 1 (BFTG2-S) and 2 (PERFECTA@BFTG2-S). 

Standard deviations were reported considering n=3. 

This result was consistent with the theoretical considerations about HLB values and the corresponding 

different types of architectures expected for BFTG2-S and BFTG2-OH.  
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On the other hand, it was curious that the supramolecular aggregates found in PERFECTA@BFTG2-

S and PERFECTA@BFTG2-OH solutions had identical dimensions: 14 Ñ 2 nm vs 13 Ñ 1 nm, 

respectively.  

The difference between the formulations was definitively shown by NMR (Figure 2.11). The 

encapsulation of PERFECTA was much higher with BFTG2-S, which gave a loading of ~ 3.9 mg/mL 

(78% of the starting 5 mg, Figure 2.11), while only 2.7 mg/mL were achieved with BFTG2-OH (54%, 

Figure 2.7c).  

 

Figure 2.11 19F-NMR spectra of 1 and 2 in water. Chemical shifts are referred to an external reference of TFA in D2O set 

at -75.5 ppm. Standard deviations were reported considering n=3. 

Interestingly, BFTG2-S originated more than one resonance peak in water, both in the presence and 

in the absence of PERFECTA. This behaviour was already reported for anionic dendrimers.197ï200 The 

downfield signal (-70.2 ppm) in the spectrum of BFTG2-S probably belonged to the monomer state 

of the dendrimer, while the peak at -71.1 ppm was related to the self-assembled architecture, probably 

micelles.195,198 The presence of one more peak (-71.6 ppm) in PERFECTA@BFTG2-S, closer to 

PERFECTA signal, could be related to those micelles involved in F-F interactions with PERFECTA. 

The complexity of the system and the exchange between different populations of aggregates would 

be interesting to be studied in detail. Because of the poor amount of BFTG2-S available, this study 

will be carried on in the future, after synthesizing a new batch of dendrimer. By the way, NMR results 
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confirmed that PERFECTA@BFTG2-S system was polydisperse, probably containing not only 

mixed aggregates, but also monocomponent of only BFTG2-S.  

2.2.3 Morphological characterization  

The diversity of the supramolecular assemblies afforded by the different methods of preparation, the 

presence of PERFECTA, and the different type of dendrimer was investigated by cryogenic 

transmission electron microscopy (cryo-TEM). Pictures were acquired by Dr. Boris Shade (FUB).   

 

Figure 2.12 a) Cryo-TEM analysis of BFTG2-OH in water.181 b) Cryo-TEM analysis of PERFECTA@BFTG2-OH 

formulation through thin film method. The insert shows the cross section distribution calculated upon measurement of 

100 vesicles.  

The thin film method gave supramolecular architectures similar to those reported in the literature for 

the same dendrimer.181  Vesicles were clearly well defined in both cases (Figure 2.12), and the 

presence of PERFECTA did not alter the overall morphology, but conferred a strong reproducibility 

to the vesicles size. This result was consistent with DLS data (Section 2.2.1, Figure 2.4a), confirming 

both the low polydispersity and the reduction of vesicles diameter. The average cross section was 

measured to be 97 Ñ 17 nm and matched perfectly the 109 Ñ 3 nm value measured by DLS. The low 

encapsulation yield of PERFECTA could be due to the fact that PERFECTA might be positioned in 

between the bilayer formed by BFTG2-OH, where its polar head with eight -OH groups was exposed 

to the water environment, while the F27 building block was confined inside. If PERFECTA and F27 

could come into contact only in this latter region, only a reduced amount of PERFECTA might fit in.  
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Cryo-TEM analysis of BFTG2-OH in water, obtained through nanoprecipitation (Figure 2.13a) 

evidenced vesicles similar to the previous ones (Figure 2.12a). Surprisingly, a complete change of 

self-assembly was observed after addition of PERFECTA (Figure 2.13b-c), when vesicles were 

mostly replaced by micelles.  

Figure 2.13 a) Cryo-TEM analysis of BFTG2-OH formulated by nanoprecipitation in water. b-c) Cryo-TEM analysis of 

PERFECTA@BFTG2-OH formulation through nanoprecipitation method. White arrows indicate vesicles observed. d) 

Cross section distribution calculated upon measurement of 100 micelles.  

Dynamic light scattering investigation confirmed these morphological observations. The diameter 

obtained fitting DLS data showed ~ 14 nm of cross section, and the medium diameter calculated upon 

the measure of 100 micelles was around 10 nm. The difficulty of manual measuring such small 

architectures could justify the little discrepancy between the two techniques. This impressive change 

of self-assembly between thin film and nanoprecipitation methods determined also the different 

loading of 19F MRI probe. The amount of PERFECTA which could be stably loaded in the micelles 
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was considerably higher than in the vesicles. It was probably easier to prevent the contact of 

PERFECTA with the aqueous solvent within micelles, than in the vesiclesô bilayer. 

The cryo-TEM analysis of BFTG2-S confirmed the expectations, according to HLB considerations. 

The higher solubility of the dendrimer and the obtainment of a clear solution was supported by the 

presence of small micelles in the cryo-TEM picture reported (Figure 2.13a).  

 

Figure 2.13 a) Cryo-TEM analysis of BFTG2-S formulated by nanoprecipitation in water. b) Cryo-TEM analysis of 

PERFECTA@BFTG2-S formulation through nanoprecipitation method. The insert shows the cross section distribution 

calculated upon measurement of 100 micelles.  

Due to low contrast and small size, it was not possible to accurately measure the size of the micelles 

given by BFTG2-S, and so they were supposed to be smaller than those obtained by 

PERFECTA@BFTG2-S (average diameter of 3 nm). Considering the experimental error due to 

manual measurement, this result was not significantly different from what found by DLS, and it 

confirmed that the presence of PERFECTA increases the dimension of aggregates. A resume of the 

data was furnished in the following Table 2.3.  
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Table 2.3 Comparison between size of the aggregates measured by DLS versus cryo-TEM for all the formulation tested. 

Formulation  Formulation 

method 
DLS size 
(ɲ nm) 

Cryo-

TEM size  
(ɲ nm) 

BFTG2-OH Thin film  500 Ñ 3 nm ~ 280* 
PERFECTA@BFTG2-OH  Thin film  109 Ñ 3  97 Ñ 17  

BFTG2-OH Nanoprecipitation 326 Ñ 17 ~ 265* 
PERFECTA@BFTG2-OH  Nanoprecipitation 14 Ñ 1 10 Ñ 1 

BFTG2-S Nanoprecipitation 8 Ñ 1 < 3** 
PERFECTA@BFTG2-S  Nanoprecipitation 12 Ñ 3 3 Ñ 1 

* Amount of aggregates observed was too low to determine a statistical standard deviation  

** Aggregates size was too small to be measured manually 

 

 

 

 

2.2.4 19F-MRI performance 

The suitability of these formulations for magnetic resonance imaging was assessed through the initial 

evaluation of the relaxation properties of their components. In particular, three samples were tested:  

1. PERFECTA@BFTG2-OH formulated via thin film method 

2. PERFECTA@BFTG2-OH formulated via nanoprecipitation 

3. PERFECTA@BFTG2-S formulated via nanoprecipitation  

T1 ï spin-lattice relaxation ï and T2 ï spin-spin relaxation ï were determined through specific 

experiments by 19F-NMR. It was already mentioned that a good MRI probe should have a sufficiently 

short T1, in order to improve signal brightness and SNR, and a long T2 to guarantee signal detection. 

Information about PERFECTA relaxation properties were already available in the literature,62 with 

T1 ranging from 350 to 700 msec and T2 = ~ 200 msec, depending on the carrier (protein, polymer or 

surfactant).62,65,195,201  
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Table 2.4 Experimental T1 and T2 relaxation times 

Method Formulation code  T1  
[msec] 

T2  
[msec] 

Thin film  1 
PERFECTA@BFTG2-OH 

BFTG2-OH  381 25 
PERFECTA 420 60 

 

Nanopre- 
cipitation 

2 
PERFECTA@BFTG2-OH 

BFTG2-OH 400 35 
PERFECTA 460 101 

 

Nanopre-

cipitation 
3 

PERFECTA@BFTG2-S 
BFTG2-S 497 44 
PERFECTA 489 110 

 

Since the peak of PERFECTA was not overlapped to 19F-NMR signals of the dendrimers, it was 

possible to separately evaluate T1 and T2 of each component of the formulations. From Table 2.4 

PERFECTA and dendrimers always displayed similar spin-lattice relaxation times, shorter than what 

reported for PERFECTA in the literature. Similarly, T2 was always shorter. In detail, the MRI probe 

showed quite good T2 in the case of formulations 2 and 3. In formulation 1 the rigidity of the vesicles 

affected the -CF3 mobility and its spin-spin relaxation was the shorter recorded among all the 

formulations. Formation of micelles might improve the mobility of fluorine atoms, and resulted in T2 

> 100 msec, which could be considered effective for MRI. Regarding the dendrimers, without any 

doubt BFTG2-OH was more rigid than BFTG2-S, and gave a very short T2 which could blur the MRI 

signal.  

Given the promising results of PERFECTA encapsulation and the acceptable relaxation properties, 

19F-MRI measurements were performed by Dr. Cristina Chirizzi, thanks to the collaboration with San 

Raffaele Hospital and Istituto Neurologico ñCarlo Bestaò. 

19F-MRI was performed on phantoms containing undiluted PERFECTA formulations (Figure 2.14a-

b) using a 7T instrument. The low amount of PERFECTA loaded in the vesicles of formulation 1 gave 

a MRI signal with a very low contrast. Additionally, the short T2 worsened the analysis. In the images 

of formulations 2 and 3, the brightness of the two signals was immediately verified, visible as a red 

spots over a black background. The resonance signals were recorded setting the pulse radiofrequency 

for the experiment in between the 19F chemical shift frequencies of the dendrimer ï BFTG2-OH or 

BFTG2-S ï and PERFECTA. SNR was measured on a slice corresponding to a sample volume 

ranging from 24.5 to 31.6 ÕL for all formulations.  
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 Figure 2.14 a-c) 19F-MRI of PERFECTA formulations 1, 2, 3 with their respective SNR scale. d) quantification of the 

SNR for each sample. e) 19F/mL quantification obtained with the usage of proper references. Standard deviation were 

calculated upon 3 replicates. 

 

The evaluation of SNR made possible to identify the detection limit, which was very close to the 

signal originated by formulation 1 (Figure 2.14d). On the other side, 2 and 3 were distant from the 

limit and this justified the good spot visualized. Then, experiments were conducted in the presence 

of external references, to quantify the MRI active F/mL in each sample. More details are provided in 

the Experimental section 2.4.  

 

Table 2.5 F/mL quantification for formulation 1, 2 and 3. Quantification by NMR was reported as contribute in F/mL 

from PERFECTA and the respective dendrimer. Then, the total amount was compared with the MRI quantification.  

 19
F NMR (F/mL x 10

19
) 19

F MRI (F/mL x 10
19
) 

 PERFECTA Dendrimer  Total  Total  

1 0.75 BFTG2-OH 
4.23 4.98   1.6 Ñ 0.94 

2 4.76 BFTG2-OH 
5.23 9.99   4.7 Ñ 0.94

  

3 15.1 BFTG2-S 
1.9 17.0 18.2 Ñ 2.41 

 

The number of 19F atoms/mL obtained by MRI was compared with the quantification acquired by 

NMR (Table 2.5). As expected, the amount of resonant fluorine atoms for formulation 1 and 2 mainly 

derived from PERFECTA. This could be due to the too short T2 of BFTG2-OH, which caused signal 
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decay before the end of the acquisition. On the contrary, formulation 3, surprisingly, showed the 

amount of F/mL corresponding to the summary contribution of PERFECTA and BFTG2-S. 

In summary, BFTG2-S demonstrated to be strongly interesting not only as emulsifying agent for 

PERFECTA, but also for MRI. Its T2 resulted to be long enough to be detected, improving the overall 

signal quality. The results of this preliminary MRI screening seemed to identify formulation 3 as the 

best candidate for imaging purposes.  

 

2.2.5 Cellular compatibility and uptake 

In order to evaluate the potential of these formulations for in vivo administration, cytotoxicity was an 

important aspect to be addressed. Two different cellular lines were tested, namely HeLa cells and 

monocyte macrophages U937. The former was chosen to have a direct comparison with the reference 

article,181 while U937 are known to be main actors in inflammatory response, and consequently they 

could be actively targeted by the sulphated dendrimer.182  

Cells were incubated with diluted formulations in order to reach a final dendrimer concentration of 

0.5, 0.25, 0.125 mg/mL, respectively, and viability was assessed after 24 h using the CCK8 assay 

(Figure 2.15).  

Figure 2.15 Cell viability of HeLa cells and U937 incubated with BFTG2-S, formulation 3, BFTG2-OH and formulation 

2 for 24 h. Cell viability was determined using a CCK8 assay (SigmaïAldrich). Each bar represents the mean value of 

three experiments. Sodium dodecyl sulphate (SDS) (1%) and Milli-Q water (MQ) treated cells served as a control. 
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Only formulations 2 and 3 were tested, according to the preliminary 19F-MRI performance, and 

compared to formulations of BFTG2-OH and BFTG2-S as controls. All the developed systems 

exhibited no cytotoxicity, and could be potentially appropriate for use in biological applications. 

A preliminary uptake experiment was also performed, using fluorescent formulations analogous to 2 

and 3, prepared encapsulating both PERFECTA and the dye Nile Red in the same step. A stock 

solution of Nile Red (1 mg/mL) in ethyl acetate was prepared, and 100 ɛL of it were added to 

PERFECTA solution in ethyl acetate. The mixture was added dropwise to the stirred water solution 

of dendrimer, and then treated according to the optimized nanoprecipitation protocol described in 

Section 2.2.1. HeLa and U937 cells were then treated with Nile Red loaded formulations. After 9 h 

of incubation, confocal microscopy images were acquired thanks to the collaboration with SupraFAB 

(FUB). As positive control, a Nile Red solution in DMSO was used and cell nuclei were stained with 

Hoechst, becoming visible as blue spots (Figure 2.16).   

 

Figure 2.16 Fluorescence microscopy images of stained nuclei (negative control) of HeLa cells (a) and U937 cells (e). 

Positive control of Hela cells (b) and U937 (f) treated with a solution 0.0002 mg/mL of Nile Red in DMSO. Cellular 

uptake images of formulation 2ô Nile Red internalized by Hela cells (c) and U937 (g). Cellular uptake images of 

formulation 3ô Nile Red internalized by in Hela cells (d) and U937 (h).  

 

 The experiments showed that the Nile Red (visible as red spots) loaded by formulation 2 and 3 was 

uptaken from both cell lines. In particular, HeLa cells seemed to display a higher intensity of 

fluorescence after the treatment with formulation 3 than with formulation 2, suggesting a higher 

uptake of the former (Figure 2.16 c-d). On the other hand, no particular difference could be observed 
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for U937. From this experiment it could be concluded that formulations were uptaken from both cell 

lines and the uptake did not affect cellular viability, consistently with cytotoxicity tests.  

The internalization of Nile Red was not the proof that PERFECTA was effectively internalized. In 

order to proceed with further MRI experiments on cells, there was the necessity to demonstrate the 

carrier efficacy of dendrimers. Thus, after incubation of HeLa and U937 cells with formulation 2 and 

3 (0.5 mg/mL of dendrimer) for 24 h, cells were washed, counted and lysate using TRITON X 

detergent. The cellular lysate was analysed by 19F-NMR to evaluate the success of uptake and the 

amount of 19F/cell. For the quantification, an external reference of trifluoroacetic acid (TFA) in D2O 

was used. Preliminary data obtained for one single sample will be replicated in the future.  

 

Table 2.6 Quantification of 19F/mL uptaken in comparison with the F/mL administered to HeLa cells uptake. Values are 

referred to the sum of both contributes of dendrimer and PERFECTA. Total amount of F/cell and percentage of uptake 

are also reported. The uptake refers to the F/mL uptaken vs administered.  

HeLa 

Sample  
19F/mL (x 10

19
) 

administered 
19F/mL (x 10

19
)
 

uptaken 

19F/cell 
(x 10

13
) 

% uptaken 

Formulation 3 2.73  0.096  1.63 3.5 

BFTG2-S 0.25  0.031  0.35  12.5 

Formulation 2 2.96  0.11  0.69  3.7 

BFTG2-OH 1.61 0.06  0.58  3.7 
 

Data exposed in Table 2.6 did not evidence a significantly different uptake between the two 

formulations, with a percentage around 4 % in both cases. A curious increase in internalisation was 

found for the control BFTG2-S. As these data have to be repeated, it is not safe to make considerations 

about the possible reasons of this phenomenon. Anyway, a further increase was obtained with the 

administration of BFTG2-S to U937 macrophages (12.5% for Hela versus 23.7%  for U937) (Table 

2.6 and 2.7), which could be due to the selectivity of the sulphated dendrimer for targeting 

inflammatory cells. 
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Table 2.7 Quantification of 19F/mL uptaken in comparison with the F/mL administered to U937 cellar uptake. Values are 

referred to the sum of both contributes of dendrimer and PERFECTA. Total amount of F/cell and percentage of uptake 

are also reported. The uptake refers to the F/mL uptaken vs administered.  

U937 

Sample  
19F/mL (x 10

19
) 

administered 
19F/mL (x 10

19
)
 

uptaken 

19F/cell 
(x 10

13
) 

% uptaken 

Formulation 3 2.73 0.17  1.34  6.3 

BFTG2-S 0.25 0.06  0.52  23.7 
 

Formulation 2 2.96 0.11 1.03 3.7 

BFTG2-OH 1.61 - - - 

 

Moreover, the comparison between the uptake of formulations 2 and 3 displayed a significant 

difference, 3.7 % vs 6.3 %. This result enhanced the initial hypothesis and pushed the conclusion that 

BFTG2-S could be the best candidate for further optimization and in vivo 19F-MRI tests. The absence 

of internalization of BFTG2-OH could be due to handling problems during the experiment, thus it 

will be necessary to replicate the experiment.   

 

2.2.6 Fluorinated versus hydrogenated dendrimers 

As a final proof of the intense F-F interactions between PERFECTA and F27 moiety of BFTG2-OH 

and BFTG2-S, the hydrogenated counterpart of BFTG2-OH was synthesised for the first time. This 

dendrimer, called BHTG2-OH (Figure 2.1) was used for comparison to test the superiority of the 

fluorinated one, as well as to verify the possibility to encapsulate PERFECTA through hydrophobic 

interactions instead of fluorous effect.  

Again, the hydrophilic part of the dendrimer was provided by FUB, while I synthesised the 

hydrophobic part. The procedure for this synthesis has never been reported before, and was carried 

out through 4 steps, starting from pentaerythritol and t-butyl acrylate. Details about the synthesis of 

BHTG2-OH are reported in the Experimental section 2.4.  

The estimated HLB of 12.8 defined BHTG2-OH as dendrimer with detergent behaviour, that could 

act as O/W emulsifier similarly to BFTG2-S. The solubilization of this hydrogenated derivative 

formed one main population of aggregates, observed by volume distribution through DLS (Figure 
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2.17). These self-assembled architectures had an approximate diameter of 8 nm, comparable with the 

micelles of the sulphate dendrimer and consistent with HLB. The high PDI was justified by the 

presence of bigger aggregates, which appeared in the intensity distribution of size (Figure 2.17).  

The nanoprecipitation protocol was used to encapsulate PERFECTA also in this case, starting from a 

5 mg/mL solution of BHTG2-OH. The outcome was a high polydisperse formulation, which 

displayed two main populations, a bigger one of 250 nm and a smaller of 49 nm, very different from 

what obtained with the bare dendrimer (Figure 2.17).   

 

Figure 2.17 left) DLS chart of size distribution vs intensity and size distribution vs volume; on the bottom PDI, diameter 

distribution by intensity and volume are reported for BHTG2-OH and PERFECTA@BHTG2-OH. Right) 19F-NMR spectra 

of PERFECTA@BHTG2-OH in water. Chemical shifts are referred to an external reference of TFA in D2O settled at -75.5 

ppm. 

Unfortunately, 19F-NMR analyses were not much encouraging (Figure 2.17). The quantified amount 

of PERFECTA was 0.07 mg/mL, equivalent to 1 % of total encapsulation. The amount of 0.15 x 1019 

F/mL was too low for any further application in 19F-MRI.  

This last result confirmed that fluorine-fluorine interactions are necessary to stabilize PERFECTA in 

water, determining the straightforward superiority of the fluorinated dendrimer for this purpose.  
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2.3 PERFECTA@protein complexes: interaction study  

In collaboration with the University of Bologna, PERFECTA was encapsulated within BSA and LYS, 

originating two new systems PERFECTA@BSA and PERFECTA@LYS. In particular, the calculated 

volume of BSA was ~ 120 nm3 (ellipsoid with dimensions: 14.0 x 4.0 x 4.0 nm)202 while for LYS was 

~ 21 nm3 (ellipsoid with dimensions: 4.5 x 3.0 x 3.0 nm)203. Thus, considering that PERFECTA has 

an estimated volume of ~ 3 nm3,62 more than one molecule of PERFECTA could be hosted by both 

proteins. Additionally, BSA has more than one hydrophobic cavity which could possibly interact with 

PERFECTA. For this reasons, different stoichiometric ratios between PERFECTA and proteins were 

analysed.  

2.3.1 Characterization of the formulations 

Formulations were prepared by Dr. M. Di Giosia, research assistant at Prof. Calvaresi group  

(University of Bologna) by ultrasonication of the protein aqueous solution in the presence of solid 

PERFECTA. The procedure was previously developed by the same group to formulate fullerenes C60 

and C70 with the same proteins.106,193 Samples were analysed here at Politecnico of Milano.  

The loading of PERFECTA was quantified through 19F-NMR, by means of an external reference of 

TFA in D2O. Additionally, characterization of the hydrodynamic size of the protein particles was 

performed by multiangle dynamic light scattering.  

PERFECTA@BSA (in this chapter PERFECTA will be abbreviated as ñPò, consequently the protein 

complexes will be named P@BSA and P@LYS) were prepared in different molar ratios in order to 

investigate the presence of discrete cavities able to host PERFECTA. Two conditions with an excess 

of PERFECTA were studied (6:1 and 2:1 molar ratio between PERFECTA and BSA), two samples 

with an excess of BSA (1:2 and 1:4), and one in equimolar ratio 1:1. As shown in Table 2.8, a fixed 

amount of PERFECTA was used for all the samples, while the amount of BSA was changed according 

to the different molar ratios. It is worth to mention that increasing the protein concentration 

determined a rise in viscosity of the final solution. For this reason, sample P@BSA 6:1 was prepared 

by halving the concentration of PERFECTA from 1 mM to 0.5 mM and maintaining a 2 mM 

concentration of BSA, the highest which could be reached without hampering its handling.  
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Table 2.8 Samples analysed with the theoretical concentrations of BSA and PERFECTA used for the formulation.  

Sample code Molar ratio 
PERFECTA:BSA 

[BSA] mM 
(mg/mL) 

 [PERFECTA] mM 
(mg/mL) 

P@BSA 

6:1 0.17 
(11.0) 

1.0 
(1.0) 

2:1 0.5 
(33.0) 

1.0 
(1.0) 

1:1 1.0 
(66.0) 

1.0 
(1.0) 

1:2 2.0 
(132.0) 

1.0 
(1.0) 

1:4 2.0 
(132.0) 

0.5 
(0.5) 

BSA - 
1.0 

(66.0) 
- 

 

 19F-NMR spectra acquired from aqueous samples showed the presence of a signal (Figure 2.19a), 

that could derive only from PERFECTA. Interestingly, the shape of this signal was far away from the 

classical sharp peak of this 19F-MRI probe. Indeed, the typical peak at 72.4 ppm observed also with 

the dendrimers in Chapter 2.2, was accompanied by another broad peak with a close chemical shift. 

Furthermore, the latter did not disappear when increasing the acquisition temperature from 32ÁC to 

40ÁC (Figure 2.19b). This result could be due to the presence of different binding sites for 

PERFECTA. Thus, molecules in the different pockets might generate diverse 19F signals by virtue of 

changed environment. This observation could confirm that there were more than one nonpolar cavity 

in BSA which could play a hosting role. Additionally, if this hypothesis was correct, there seemed to 

be no specific priority in binding PERFECTA among the available sites. An excess of protein, such 

as in case of P@BSA 1:4, should originate a predominant peak, corresponding to the binding site with 

the highest affinity for PERFECTA. On the other hand, the increase of the guest concentration should 

originate a second peak because of the saturation of the first site. This was not the case, and both the 

peaks appeared in all cases, suggesting an equal affinity of the sites.  

Moreover, the quantification of encapsulated PERFECTA revealed always an amount between 65-

70%. Even an excess of probe, as in P@BSA 6:1, did not induce an increased loading. In addition, a 

0.7 mM concentration of PERFECTA (corresponding to 70% of encapsulation) corresponded to the 

presence of ~ 1.5 x 1019 F/mL, very close to 19F-MRI detection limit observed in Section 2.2.4. This 
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makes these samples scarcely suitable for MRI purposes. The situation could be improved by 

concentrating the samples to consequently increase F/mL, but this would affect their viscosity, 

making this solution not practicable.  

 

Figure 2.19 a) 19F-NMR spectra of P@BSA samples described in Table 2.8. Chemical shifts and quantification were 

referred to an external reference of TFA in D2O, settled at -75.5 ppm. b) Comparison between 19F-NMR spectra of sample 

P@BSA 1:1 acquired at different temperatures. c) Amount of PERFECTA loaded were reported as percentage for each 

sample.  

 

Samples were then characterized by multiangle DLS (Figure 2.20). All formulations had a high 

polydispersity index (0.3 < PDI < 0.5), and in all cases more than one population were identified. 

Excessive polydispersity prevented the determination of the size for sample P@BSA 1:2 and for BSA 

alone, proving that the presence of high amounts of BSA afforded worse results. Additionally, a big 

difference in size was appreciated with increasing amounts of guest. Particle size decreased of near 

40% with an excess of PERFECTA (~ 120 nm), compared to the 1:1 ratio (~ 190 nm).  

Considering that the best results were obtained with P@BSA 1:1 and 2:1 and 6:1, T1 and T2 

experiments were conducted on these samples. The following relaxation times were found: 

¶ P@BSA 1:1 Ą T1 = 646 msec; T2 = 31 msec   

¶ P@BSA 6:1 Ą T1 = 663 msec; T2 = 33 msec   
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Figure 2.20 a) Comparison between DLS profiles of size distribution of samples described in Table 2.8 measured at ɗ = 

90Á. Samples were diluted with Milli-Q water in order to reach a protein concentration of 0.2 mM. b) Auto-correlation 

functions of the same samples at ɗ = 90Á. c) Hydrodynamic diameters were determined by a cumulant fitting of the auto-

correlation function obtained through DLS measurements at ɗ = 70Á, 90Á, 110Á and 130Á .  

 

Even if the long T1 and too short T2 values were not encouraging for MRI purposes, it was still 

interesting to study the interactions involved between BSA and PERFECTA.  

The same preliminary investigations were conducted for lysozyme. In this case, in all formulations 

the concentration of LYS was maintained constant (1 mM), while modifying the amount of 

PERFECTA to reach the desired ratio (Table 2.9). 

Table 2.9 Samples analysed with the theoretical concentrations of LYS and PERFECTA used for the formulation.  

Sample code Molar ratio 
PERFECTA : LYS 

[LYS] mM 
(mg/mL) 

 [PERFECTA] mM 
(mg/mL) 

P@LYS 

5:1 1.0 
(14.0) 

5.0 
(5.0) 

2:1 1.0 
(14.0) 

2.0 
(2.0) 

1:1 1.0 
(14.0) 

1.0 
(1.0) 

1:2 1.0 
(14.0) 

0.5 
(0.5) 

LYS - 1.0 
(14.0) - 
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The choice to limit the proteinôs concentration avoided an enhancement of solution viscosity. The 

presence of one single catalytic channel might assume the possibility to host one molecule at a time, 

potentially a 1:1 molar ratio. On the contrary, preliminary NMR quantification results obtained from 

screening different PERFECTA:LYS ratios displayed that a higher amount of probe could be hosted. 

Indeed, P@LYS 5:1 showed a higher amount that the supposed equimolar one, quantifying a 

PERFECTA concentration of 3.1 Ñ 0.3 mM (Figure 2.21b).  

On the other side, the percentage of successful loading was around 60% in almost all cases. An 

exception was constituted by P@LYS 1:2, where all the 0.5 mg/mL of starting PERFECTA were 

detected.  

Looking at the 19F NMR signal, a situation similar to that observed with BSA was identified also in 

LYS formulations (Figure 2.21a). The typical peak of PERFECTA was accompanied by a second 

shoulder, which reached the same intensity in 1:1 molar ratio. A possible explanation of this behaviour 

could be the presence of a second nonpolar site able to interact with PERFECTA, different from the 

catalytic channel. This scenario could justify both the two different frequencies of resonance, and the 

loaded amount of PERFECTA higher than the expected one. 

 

Figure 2.21 a) 19F-NMR spectra of P@LYS samples described in Table 2.9. Chemical shifts and quantification were 

referred to an external reference of TFA in D2O, settled at -75.5 ppm. b) Amount of PERFECTA loaded for each sample 

were reported as percentage and molar concentration. Standard deviation was calculated upon analyses of 2 independent 

samples.   
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The colloidal properties of LYS complexes were analysed through multiangle DLS (Figure 2.22). 

Although polydispersity was still high (> 0.2), a predominant scattering peak was always identified 

of about 40 nm of diameter. Interestingly, the presence of PERFECTA denoted a net improvement of 

the auto-correlation function in comparison with bare LYS. Considering the low dimension of 

monomeric LYS, DLS was not the ideal technique to identify such small particles. The interaction 

with PERFECTA increased the particle size (Figure 2.22b).  

Figure 2.21 a) Comparison between DLS profiles of size distribution of samples described in Table 2.9 measured at ɗ = 

90Á. Samples were diluted with Milli-Q water in order to reach a protein concentration of 0.5 mM. b) Auto-correlation 

functions of the same samples at ɗ = 90Á. c) Hydrodynamic diameters were determined by a cumulant fitting of the auto-

correlation function obtained through DLS measurements at ɗ = 70Á, 90Á, 110Á and 130Á.  Standard deviation was 

calculated upon analyses of 2 independent samples (apart from P@LYS 2:1 where n=1) and fitting error was always 

R2>0.95. 

 

Relaxation properties were determined for P@LYS 1:1. In particular, a T1 of 485 msec and a very 

short T2 of 35 msec were measured. Although spin-lattice relaxation was better than in BSA situation, 

T2 was still too short to determine a good MRI signal. Anyway, the intriguing effect of PERFECTA 

upon the self-assembly of LYS, and the fact that LYS is often used as a model protein, unveiling its 

interactions with a high fluorinated molecule represents a hot research topic. For this reason, a 

structural characterization of these complexes was carried out, with a particular focus on lysozyme.  
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2.3.2 Structural and morphological characterization 

In order to provide an insight into the structural modification occurred upon addition of PERFECTA, 

the spectroscopic properties of the complexes were further characterized by Attenuated Total 

Reflectance-Fourier Transform Infrared spectroscopy (ATR-FTIR) and circular dichroism (CD).  

The latter was performed on all the samples to identify a possible effect of changes in stoichiometry 

(Figure 2.22).  

Figure 2.23 a) CD spectra of BSA and its complexes with PERFECTA. All samples were diluted with Milli-Q water to 

reach a protein concentration of 0.1 mg/mL. b) CD spectra of LYS and its complexes with PERFECTA. All samples were 
diluted with Milli-Q water to reach a protein concentration of 0.2 mg/mL. 

Concerning BSA, no particular change was observed. All spectra presented two minima, at 209 and 

220 nm, typical of a protein rich in Ŭ-helices (Figure 2.23a).204 On the contrary, LYS displayed a 

huge change after the encapsulation of PERFECTA. In fact, the two minima at 209 and 222 nm were 

substituted by one minimum at 218 nm, which was typical of a ɓ-sheet.205 The amyloidogenic nature 

of lysozyme was not a novelty, but in our case the formation of fibrils occurred in unprecedented 

conditions. Generally, it occurred in denaturating conditions, such as in the presence of co-solvents 

(e.g. ethanol), strongly alkaline or acidic pH, detergents or heating.192,206,207 Some studies assessed a 

change in conformation upon addition of fluorinated molecules, such as lithium perfluorononanoate 

(PFN)109 and perfluorooctyl sulfonate (PFOS).108 These conformational alterations had a totally 

different outcome in the CD spectrum, and were attributed to protein unfolding, causing toxicity. In 

our case, the transition from Ŭ-helix to ɓ-sheet was particularly net, and the clear CD spectrum let us 

think of a structural transition, not an unfolding or denaturation process. This phenomenon constitutes 

something new for fluorinated compounds like PERFECTA. 
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CD data were supported by FTIR analyses. In particular, samples containing the higher amount of 

PERFECTA were compared with the formulation of the respective protein alone. Both complexes 

spectra (P@BSA 6:1 and P@LYS 5:1) showed clearly the presence of PERFECTA , with its two 

typical C-F signals at 736 and 726 cm-1 (Figure 2.23, red square) and the signals at 1017 and 971 cm-

1 (blue square).  

The regions of interest for structural information about the protein are located between 1700-1600 

cm-1 ï corresponding to the amide I region ï and 1600-1500 cm-1 ï amide II region.208 The position 

and shifts of peaks in these sites could give useful indication about changes in the secondary structure 

of proteins.  

 

Figure 2.23 a) ATR-FTIR spectra of BSA (violet line), P@BSA 6:1 (green line), PERFECTA (red line). b) ATR-FTIR 

spectra of LYS (blue line), P@BSA 6:1 (yellow line), PERFECTA (red line). Blue square and red square highlight the 

signals belonged to PERFECTA. 

Interestingly, both these signals underwent a consistent shift, but with an opposite shift direction 

between BSA and LYS complexes.  
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Amide II blue-shifted of +16 cm-1 when PERFECTA was present in the BSA complex, while a red-

shift occurred in LYS situation, bearing a difference of -12 cm-1. This result demonstrated that both 

protein structures were affected by the presence of the guest. Despite BSA did not display any 

difference in the CD spectra, FTIR open up a new scenario.  

The amide I peak, relative to C=O stretching had a consistent movement of position (+9 cm-1 for BSA 

and -13 cm-1 for LYS in presence of PERFECTA). Although the position of the amide I signal of 

P@BSA 6:1 still fell into the Ŭ-helix position, the shift of P@LYS 5:1 at 1629 cm-1 can be attributed 

to the presence of a ɓ-sheet intermolecular constrain.208   Moreover, deconvolution analyses of amide 

I peaks gave an insight into the secondary structure composition of the proteins and their respective 

complexes (Figure 2.24).  

 

Figure 2.24 Gaussian fitting of amide I region (1600-1700 cm-1) of the ATR-FTIR spectrum (black curve) of BSA (a), 

P@BSA 6:1 (b), LYS (c) and P@LYS 5:1 (d). Fitting error was always R2 > 0.99. Yellow arrow indicates the peak of the 

ɓ-sheet contribute and the green one indicates the peak of mainly the Ŭ-helix contribute.   

The fitting of BSA spectrum underlined a strong Ŭ-helix contribute, with the peak positioned at 1650 

cm-1.209 The same peak was conserved also in the pattern of P@BSA 6:1, confirming CD 

observations. Additionally, in the latter chart (Figure 2.24b), the peak at 1620 cm-1 indicated the 

contribution of a ɓ-sheet component,209,210 which was present also before the addition of PERFECTA. 

Overall, this analysis suggested a predominance of Ŭ-helix, with the presence of a less pronounced ɓ-
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sheet component. On the other hand, the presence of PERFECTA in P@LYS 5:1 determined a big 

increase of the ɓ-sheet peak at 1627 cm-1, while the occurrence of an Ŭ-helix signal (1655 cm-1) was 

still maintained, but with reduced intensity. Thus, the overall red shift observed in Figure 2.23b was 

the result of the net increase of ɓ-sheet content, consistent with CD observations.  

The ɓ-sheet presence was furtherly shown upon treatment of the samples with Congo Red assay. The 

brightness obtained from the sample exposed to polarized light was the ultimate proof of the amyloid 

nature of the sample (Figure 2.25). The treatment of LYS formulation did not gave any visible spot 

under the polarized microscope (data not shown).  

Figure 2.25 Congo Red assay. Picture of dried P@LYS 1:1 exposed to white light (a) and polarized light (b-c).  

All the reported data pointed towards the same direction, and were further confirmed by 

morphological analysis by cryo-TEM.  

Pictures obtained from a five-fold dilution of 1 mM sample of BSA (Figure 2.26a) showed the 

presence of small particles with average cross section diameter of 2.8 Ñ 2 nm, much different from 

the aggregates observed by DLS. This phenomenon might indicate the formation of transient 

aggregates, whose dynamicity could give explanation of the high PDI observed.  

Figure 2.26 a) Cryo-TEM image from BSA solution 13 mg/mL. Zoom square represents a threefold magnification of a 

small area of the ice film. Chart insert shows the Gaussian distribution of the cross section calculated with imaJ software 

upon the measurement of 50 particles. b-c) Cryo-TEM images of P@BSA 1:1 (dilution up to 13 mg/mL of protein). Red 

circle indicates the presence of larger aggregates. 
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Some changes were displayed after the addition of equimolar amount of PERFECTA. P@BSA 1:1 

sample was diluted five times to determine the presence of different populations (Figure 2.26b-c). 

Although no highly ordered assemblies or crystals occurred, BSA entities became obviously bigger, 

and sometimes even larger lumps formed (Figure 2.26 b-c, red circles). The close-ups suggested a 

distinct super structuring reminiscent of other single protein particles in vitreous ice.  A preliminary 

test with a small number of automatically acquired micrographs analysed by standard Single Particle 

Acquisition (SPA) revealed no hints of uniformly ordered assemblies. The low contrast of the 

aggregates made too harsh to define a size distribution, but confirmed the consideration of structural 

change of BSA obtained from FTIR analysis.  

Remarkable results were obtained through the analyses of LYS complex. Images of pure LYS 

formulation revealed the presence of small particles (Figure 2.27a), with an approximate averaged 

cross section of ~ 2 nm. Differently from BSA, DLS and morphological examination were totally 

consistent. Indeed, the impossibility to have a good auto-correlation function from DLS measurement 

of LYS could be attributed to such a small dimension of the particles. Using PERFECTA as a guest 

clearly altered the structure of LYS in water (Figure 2.27c-e). P@LYS 1:1 showed elongated 

aggregates, probably short needle-like crystals, that formed next to quite uniform small and round 

aggregates (red circle). Such crystals remained stable even upon dilution, that was necessary to 

achieve an appropriate concentration for observing the aggregates. 

Figure 2.27 a) Cryo-TEM image from lysozyme solution 2.8 mg/mL. Zoom square represents a threefold magnification 

of a small area of the ice film. b) Gaussian distribution of the cross section calculated with imaJ software upon the 

measurement of 50 particles. c, e) Cryo-TEM images of P@LYS 1:1 (dilution up to 2.8 mg/mL of protein). Red circle 

indicates the presence of small spherical aggregates. Zoom square represents a threefold magnification of a small area 

of the ice film. d) Gaussian distribution of the cross section and length of the rods calculated with imaJ software upon the 

measurement of 50 particles.     
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The rod-like shapes had ~ 4 nm of cross section and ~ 50 nm of length. The fitting of multiangle DLS 

analysis of this specific sample, before cryo-TEM acquisition, gave an average diameter of 54 nm 

(R2 = 0.99, PDI: 0.25, graph not shown), perfectly in line with the previous investigation (Figure 

2.21). 

The interesting and discrete morphology seen by cryo-TEM was confirmed by a Small Angle X-ray 

Scattering (SAXS) analysis (Figure 2.28). 

 

 

Figure 2.28 Experimental SAXS profiles, reporting scattered intensity versus scattering vector q, of the LYS and P@LYS 

samples. The protein concentration in both samples is 14 mg/mL.  

 

From the comparison of experimental data, it was immediately noticeable the profile change upon 

addition of PERFECTA. A model-independent data analyses allowed to infer information about the 

nature of the samples.  The presence of a flat region at low q values (q0 slope, Figure 2.29a) in the 

SAXS profile of the LYS sample indicates the presence of globular particles.211 Then, in the limit of 

small q values (qRg <1, where Rg is the radius of gyration) scattering objects exhibit a universal shape-

independent geometry that could be approximated by the so-called Guinier law: 

Ὅή ὍπÅØÐ 
ήὙ

σ
 

 

A linear trend in the Guinier plot (I(q) versus q2, Figure 2.29b) indicates a monodisperse system and 

from the slope of the linear fitting Rg can be obtained. Rg gives an estimation of the overall size of the 

scattered particles in solution. We obtained from the fitting Rg = 14.4 ¡ , which is a value comparable 

to previous ones reported in literature for the same system.212 Of note, the radius of the particle can 

be obtained from Rg, considering that for a sphere Ὑ Ὑ .213 Thus, from the Guinier 
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approximation the radius of the particles in the LYS sample is about 18 ¡. Consequently, the diameter 

measures ~ 3.6 nm, in agreement with the cryo-TEM measurement. As mentioned, the Guinier regime 

guarantees a long range order that dominates in the low q region. As the scattering vector increases 

the scattering curves could be described by a power law:213 Ὅήᶿή  

In this case, the curve slope followed a q-4 regime (Porod law), which further confirmed the globular 

nature of the particles in suspension. (Figure 2.29a).213  

Figure 2.29 SAXS analyses of LYS sample. a) Experimental SAXS profile and fitting curve according to the model reported 

in Table 2.4.3 obtained by SASview analysis. b) Guinier plot and linear fitting. c) Kratky plot that indicates the presence 

of a folded protein in solution. d) P(r) distribution obtained with automatic derivation of the experimental data through 

SASview software.   

 

The Kratky plot ï I(q)*q2 versus q ï (Figure 2.29c) is useful to appraise whether the protein of interest 

was properly folded in solution. The observation of a bell-shaped curve for the LYS sample confirmed 

the presence of a folded globular protein.211 Thus, all the preliminary observations pointed toward a 

globular protein, which could be fitted with a spherical-type model. Before fitting the curve, we 




























































































































































































