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ABSTRACT

The research activity of this PhD thesis was carried out as part of the collaborative research project:
New-Generation Nanostructured Fluorinated Materials fSMRI and their Biophysicochemical
Interactions (NiFty)

Amongdiagnostic techniques, magnetic resonance imaging (MRI) reprefentschnique of choice
because itis not invasive, does not generate ionizing radiation anovides detailed anatomical
information which would be otherwise unattainablélowever, the caventional diagnostic imaging
based on proton MRI suffers of some limitations such as the strong background signal and the need
of paramagnetic contrast agents at high doses. An alternative MRI approadmahahown promise

is 1% MRI. This technique isased on'°F, which is virtually absent from soft human tissues, and
therefore it does not suffer from interfering background signals but requires the use of fluorinated
contrast agents. At present, thlack of good contrast agenfsr °F MRIis one of tle bottlenecks
hindering its clinical applicationThis work addresses this point by developing two fluorinated
nanosystems: i) second generation fluorinated thiols for the coating of gold nanopartiefesNfs)

and CuS nanocrystals (NCs) ii) fluorinateterblock copolymers to form vescicles also for the
encapsulation ofCuSNCs. The design of both systems rely primarily on the use of commercially
available perfluoropolyethylene glycol, with about 12 fluorinated oxyethylene units, as a building
blockto provide the necessaifFa wL &AA 3yl f gAGK | ySi AyONBlas
times in respect to first nanosystems proposed. After a complete chemical characterization, to
investigate the'>F MRI performance of the obtainedAtINPs, préminary T1, T2 an&’F phantom
experiments were conducted on a 7 Tesla MRI instrument, in collaboration with the group of prof.
Pierangelo Metrangolo at the Politecnico of Milano. In parallel, to investigate their performance as
putative drug delivery sysins, electron spin resonance (ESR) experiments employing a radical probe
were performed to assess the affinity of the safisembled monolayer (SAM) for small hydrophobic
druglike molecules, in collaboration with the group of prof. Marco Lucarini at thavddsity of
Bologna. The results highlighted the synthesize®luNPs as a successful pradfconcept material

with improved®®F MRI performance, together with an affinity for the hydrophobic radical probe 7.5
times higher in comparison to previous nans®ms synthesized by our group, and thus
demonstrating promise for further studies.

The second nanosystem discussed in this thesis work is a preliminary attempt to form fluorinated
vescicles/polymersomes by using two novel fluorinated terblock copolynteseby designed,
synthesized and characterized, featuring a hydrophobic alkyl chain, a perfluorinated polymer moiety

and a pegylated chain of variable length. Their -asffembling properties, critical assembling

11
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concentration (CAC) arléF imaging properties are hereby investigated by means of TEM, DLS, T1 and
T2 experiments. The copolymers sa$isembly is studied further with the aid of preliminary molecular
dynamics (MD) calculations in collaboration with the group of prof. Francesdmet#e at the
University of Bologna.

The last nanosystem investigated is based QxS NCs due to their promising properties for
plasmonicphotothermal therapy(PPTT)Preliminary experiments on the synthesis of fluorinated
vescicles encapsulatingu-S NCs for!®F are here reported. Further studies will be required to
investigate their imaging applications for bdff MRI and PPTT. An alternative approach to introduce
fluorinated ligands on the coating @wxSNCs was also pursued by means of a-plkase ligand
exchange method with a fluorinated thiol and it is hereby discussed, for the dispersion in water of

copper sulfide nanocrystals with the aim to combiffeé MRI and therapeutic applications.
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RIASSUNTO

[ QFGGAGAGE RA NAOSNDI 8alta doceSparie Idi uidl Bagetto dRricerd #ili (i 2 NI
collaborazione: New-Generation Nanostructured Fluorinated Materials f6t~MRI and their
Biophysicochemical Interactions (NiFty).

Tra lediversetecniche di diagnostigda risonanza magnetica nucleatdK) rappresenta lsscelta

RQSf Sderkr yisilta non invasiva, non genera radiazioni ionizzarforeisce infornazioni

anatomiche dettaljate del paziente ¢ dzii ( | @ MikghosticdxbrvenAohafebasato SIMRI

al protonesoffre di importantilimiti come, per esempidl forte segnale di background e la necessita

di alte dosi dit ISy GA RA O2yGNI ad2 LI Nh MosHEayo8eli porizidle | v QF f |
NRALISGG2 | f QF LRAFKR Ak teCga/cieSiybhsa 8/ ¢hé duasi del tutto

assente nefessutiumanimolliz S LISNJ ljdzSad2 Y20A 02 y2dasegmEe FNE RS
di background YI NAOKASRS Gdzidlr @Al € Qdza2 RA F3ISYydA RA
divalidiagenti di contrastger **FMRIrisulta essere uno dei principali colli di bottiglia che rallentano

la sua applicazione in campo clinico. Qudaimrosi pone come obiettivo drattare questo punto

sviluppando due nuovi sistemi fluorurati: i) leganti fluoruratli seconda generazionger |l
rivestimentoRA Yy I ¥y 2 LI NJi-AuBIBs) &€ SanoRiSta&liNG rante Golfuf@w.,S NCsk ii)

copolimeNA | GNB o06f200KA LISNI T2 NXChSACsiGsviDgp®@t S LIS
SYGiNI YOA A aAAaGSYA &aA ol &l  LINNKMG gyciilefcor Sigtal 12 & dzf £ Q
unita ossietileniche fluoruratelisponibile in commerciocome elemento costitutivo principale per

fornire il segnalé’F NMR richiest®2y dzy ySiiG2 AyONBYSyid2 RSt ydzvySs
Slj dzA @I di $yvolte £in rispetto al primo anosstema proposto. Dopo una completa
caratterizzazione chimica, per investigare la performapee °F MRIdelle FAUNPs ottenute

esperimenti preliminari T1, T2 phantom experimentsono stati condotti su un strumenti MRI da

7 Tesla, in collaboramie con il gruppo del prof. Pierangelo Metrangolo al Politecnico di Milano. In
parallelo, per investigare lperformance come eventuale sistema per drug delivery, esperimenti di

electron spin resonance (ESR) sono stati seofiiun probe radicalico per &eSNXY Ay I NB f QI FFA
monostrato auto assemblato (SAM) per piccole molScolA RNR2 F20 A OKS O2y f Q206AS
FTIENNFEOAS Ay O2ftlF62NITA2yS 02y Af 3IANHAILRZ RSt LIN
hanno evidenziat@on successche le FAUNPs sono un sistema preaffconceptcon prestazioni per

19F MRI migliorate, a cui si aggiunge un affinita per il probe radicalico idrofobico di circa 7.5 volte
maggiore rispetto ai nanosistemi precedentemente sintetizzati dal nostro grupp@ereio

dimostrando promessa per futuri studl secondo nanosistema trattato in questo lavoro consiste

tentativi preliminari di formare vescicole/polimersosomi fluorurati impiegando due innovativi
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copoimeri a tre blocchi fluorurati, formati da unateaa alchilica idrofobica, una porziopelimerica

perfluorurata e una catena di PEG di lunghezza variabile. Le loro proprieta di auto assemblaggio,
concentrazionecritica di assemblaggio (CAC) e proprieta di imagingFdiono studiati in questo

lavoro attraverso tecniche quali TEM, DLS, esperimenti di T®e T2 QI dzi 2 aaSYof | 33IA 2
GASYS Ay@SadA3al G2 dzZ G Sddkol didrryfica SnoldcalaileNWDP Bealdirgari f Q| dz3
in collaborazione con il gruppo del prof. France¢S Nb S (12 RSt f Q! yADBSNREAGL
nanosistema investigato éabato suiCw.,S NCs aausa delle loro promettenti proprieta per terapia
fototermica plasmonica (PPTTEEsperimenti preliminari sulla sintesi di vescicole fluorurate che
incapsulanoCwxS NCsper °F MRI sono qua riportateStudi aggiuntivi saranno necessari per
investigare le loro applicaziosia per imaging di®F MRI che di PPTT. Un approccio alterngtiso

f QAVGNRRdzZI A2y S RA f S3I guiS NCE stazeaNdeNderSeyuitcdiatizaverseh &S & (
un metodo di scambio di leganti in due fasi e viene discusso in questo lavoro, per la dispersione in
acquadiCu,SNCscoh Q20 ASGGA B2 RA O2YO0AYFNB mdpC awlL S | LI
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PART :lIntroductian

1. History of nanotechnology

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

that of nanotechnology Nanotechnologys the science of designingreparing and usingobjects

having one or more dimensions of about 100 millionth of Bimétre (100nanometres) or less, called
nanoparticles(Figure 1)and italso deals with the implementation of these objects in usable devices

The concept of nanotechnology wafirst introduced, along with itspossible applications and
implicationson December 1959, when the Nobel Priaareate, Americaphysicist Richard Feynman,

held a lecture in which he described his vision of building molecular scale mdchimsthe
KelLRGKSaAra 2F GoNARGAY3T GKS Sy diNSo 9¢ O O NI SRG &
ddz0aSljdzSyite O2AYySR o6& ¢l yA3adzOKA Ay mdptn AYy GKAC
consolidation and deformation of materials by one atom or one molééute { Ay OS wmpT
nanotechnology has become of fundamental impace in a wide range of applications which range

from catalysis, across the food industo/the development oimedical devices. One of the fields in

which nanotechnology has still much untapped potential is medicine.
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Figurel: Sizecomparison of structures in the nanometre scale

2. Nanomedicine

As said above, in relatively little time the perspective on nanotechnology changed from a distant vision
to something which has become part of our daily life. The afemnotechnology directlgoncerning

medicinewasgivenits own specific term, nanomedicin&his in turn iflsovery broad term, since it
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encompasses the application of nanotechnology to different medical purposes: diagnosis, monitoring,
control, electronicsand the prevention and treatment of diseases. Furthermore, inside this broad
range of applicationsianodiagnosisand nanotherapy which deal respectively with diagnostic and
therapeutic applications that in turrhave ledto the exciting developmenbf theranostics (see
below). The importance of the field is such that in Europe nanomedicine is now considered to be a
technology capablef providing new and innovative solutions to as yet unmet medical need®y
Enabling Technology/

3. Applicationf nanomedicine

Since their conception, nanoparticles have shown several advantages in different fields of medicine,
ranging fromdiagnosis imagingandtherapy. They have demonstrated that it is not only possible to
have tailored carriers in the nano scale, but that solubility, diffusion propertieslifeahind drug
release characteristics whiclre fundamental properties of molecules, can also bedly modified

by designing the right nanocarriefo date, application has been found for nanoparticles in the
treatment of diseases such as cancer, diabetes and astHm&005 the optimism was such that it

gl a GK2dzaKG GKF G Weayall drugsScirdentifbaatigused wioyldRi® Enpraved ify
they were more efficiently delivered to their biological targets through appropriate application of
nanotechnologies. Some that have previously failed clinical trials might also-deamngined using
nanotechnological approachegsAs of 2016, 51 nanomedicines have been approved in the USA by the
FDA840% of which were in clinical tridtsthe previous two yearsand the EMA (European Medicines
Agency) has approved more than 40 nanomaterialinfiaging and therap§yMany of these approved
nanomedicines are considered rebranding of known drugs, which fit the optimistic view portrayed
earlier. As a first example of this we can take the case of doxorubicigs.dtcommonly used
chemotherapy mediation agent which althougheffective can cause cardiotoxicity and
myelosuppression, reducing by far its therapeutic in8i&or this reason, the formulation Daxil
consisting in PEGylated natiposomes loaded with doxorubicin, can be considered a huge success in
nanomedicinepeing the first FDApproved nanodrug (1995). The new formulatisboth a solution

to solubility issues of hydrophobic doxorubicin and alsoreasescirculation time by avoiding its
uptake by the reticuloendothelial system (RES) and, due to its higher therapeutic index, is now used
Ay GKS GNBFGYSyd 2F YIFLIR2aAQa aceNOaoherexampdetisi A LX S
Norvimt, which consists of a nanoemulsion of a cyclosporine (Ritonavir). This formulation is suitable
for the treatment of HIV infection¥ Yet another example can be found in paclitaxel, which is also

known as Taxol®, a mitubule-stabilizing agent which disrupts cell division with a broad range of

16



applications in different clinical applications. Due to its lealubility, it is administered with
Chremophor EL and ethanol, which have significant side effects. By explovnfgmeulatiors and

with the aid of nanotechnology different alternatives were found: Neelitaxel is a formulation of
paclitaxel in a protein nanoparticle alburdmnd (Nab), marketed as Abraxane®, which increases its
solubility in water and greatly ineases its antitumour activity compared to the standard
formulation.*> Another formulation, Genexol®M is a polymeric micelle formulation of paclitaxel
which, in preclinical studies, has shown paclitaxel reachixyg-éold higher concentration in treatig
melanoma B16 tumour compared to standard formulations. Many other stéidied*have shown

how different nanoparticle formulations can provide solutions to serious issues in conventional drug
delivery by enhancing its selectivity and decreasdisigpxicity.

Along with these great results in therapeutic usage, nanomedicines have also made great strides in
diagnostics. For example, iron oxide nanoparticlbat possess superparamagnetic properties
(SPIONS) provide excellenfagnetic resonance applicatio(®R) contrastat very low dosagé> 1617

This makes them ideal both for M&id as clinical hyperthermia agents due to their heat generation
properties. Ferumoxtrari0 is an ultrasmall SPION, comprised of an iron exare with a diameter

of 10-20 nm coated in dextran. Studies hastemonstrated that FerumoxtraiO can differentiate
tumour tissue irbone marrow and that it can be used as a lymphotropic MR contrast d8§&aime

of these achievements are shown in FigQ.

Important milestones in the development of nanomedicines

Tumor H

En(liothelial ./.\er
5%  cel wy
nanomedicines =" §

Blood vessel

Transferrin

siRNA targeting RRM2

Liposome Distéévery of First liposome  First Nab-paclitaxel  First targeted siRNA polymeric NP
structure was ~ First published  the EPR effec approved by approved by FDA entered clinical trials (CALAA-01)
discovered dendrimer i ‘ FDA (Doxil) (Abraxane) - gy g
Ceatninti - y  (mmmmmgmese - : e e Py S g\ @M ~~Polymer unite
i . \f . — ‘
<o 2% P . .:.o.... = "= - Ligand
o 9_ > 3 % :.’. ° jm\ % \@. ~Anticancer drug
[ I\ LA A \d .
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First controlled- | First targeted | Longcirculating | nanocrystal drug paclitaxel release polymeric NPs
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system YT jnanoparticles i (Rapamune) (Genexol-PM) | (BIND-014)
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1. Conceptualization of nanomedicine

commercialization of nanomedicine applications

Figure2: Progress, challenges, and future of nanomedidimagereproducedvith permissiorfrom ref.1® Copyrightd 2020,
Elsevier Ltd.
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4. Classification and synthesis of nanoparticles

When discussing nanopatrticles, it is important to highlight the fact that there is an incredible diversity
among different nanoparticles and nanocarrign®pertiesderived fromthe unique properties that
different nanomaterials pagess in the nanoscale hich vary according to size, shape and material
considerecf?

Regardless of that, there are two different approaches to choose from when preparing nanomaterials:
a) top down or b) bottom upThefirst approachconsists ina bulk material breakdowrgradualy
leading to the desired size in the nanoscale by means of mechanical forces, chemical reactions, or
through other forms of energy source (including high ball milling, etching or-#dsation). The
secondapproach consistsnainly of wet-chemicalprocessessuch as sefiel techniquesor other
chemical reactionstarting from simplechemicalprecursors?®?tallowing to obtain complex naro
objects withdesired size and shape

An important firstcategorizationamong nanoparticlesakes into considetion their composition
organic, inorganic and hybrid.

In thefirst categorywe have polymerimanoparticles made of simple polymers that serve as building
blocks. These includ®r instancepolyethylene glycol (PEG), poly (acrylic adltgrmo-responsive
polymers such apoly(N-isopropylacrylamidé¥2® and biodegradable polymers such as poly (amino
ester9.24252426 Often crosslinkers are also used to achieve more robust nanopaificieso the great
diversity ofpolymersthesenanoparticles cabe tailored for diverse applications that range from drug
delivery to imaging?And in the context of drug delivery these NPs may act as nanocarriersaand

be designed to release their cargo upon certain external stjnmahging from pH change to
photodegradation Block cepolymersare also interesting in drug delivery applications due to their
spontaneous selissembly in aqueous mediamoreoverthe hydrophilic blocks are often composed

of PEO, which prevents protein adsogstiandcellular adhesion, protecting the hydrophobic core
from degradatior?® Another interesting and very promisingnanosysters are lipid-based
nanocarriers®® which areall characterized by having a lipid structur@mong these,iposomal
nanopartices have been very successfuldasg delivery nanosystensince theyallow the hosting of
water-soluble drugs in thie inner waterpool and lipophilic drugs in the bilayét and have
demonstrated a higher stabilitgnd chemical resistance compared commondrug formulations,
such as capsulbased drugs.

Also, we havecarbon nanostructureswhich are carbofbased materialsthat include fullerenes,
carbon dots (CDs), carbon nanotubes (CNTs) and graphene dot${%D#8)Ts can bsinglewalled
(SWCNTs) or muitvalled (MWCNTSs). CNTs have gained much attention due to their distinctive
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properties, such as high aspect ratio, high cargo loattirgarbon dots (CDs) represent a fluorescent
type of nanoparticle with a high clearance rate and low toxicity with potential applications in
photoacoustic bioimaging and photodynamic therdmcause of theinbsorption and luminescence
properties. GDs, a ocent entry in the field of biological applicatidAsconsist ofragments of a single
atomiclayer of graphite and they have two dimensions in nanoscale.

The secondategory -inorganicnanoparticles, consistef systems based on metats metal oxides

with heterogeneous properties. They all, however, share certain common properties, such as the fact
that they can beproduced with a high degree of monodispersity and small sizes, hBl@mm of
diameter. Because of their intrinsic electronic, opticaldamagnetic propertiesthey have been
extensively studied for imaging applicatidf8-** such asViRI, orin cancer therapies such as thermal
ablation. Another important feature is the fact that the surface of these nanoparticles can be further
functionalized with organic compounds, such as thiols for gold nanoparticles (AUNBsgorganic
compounds, or ligands, diversify greatly the range of potential applicatibti®ese nanopatrticles in
medicine. Among the inorganic nanoparticles we also hgwrantum nanodots (QDs)a type of
ultrasmall semiconductor nanopartidewith a size range between 3 to 10 nm. They display size
dependenttuneableemission uporight excitation which could be empyed in the new generation

of optical probes for biomedical applicatiodsTheir application however, has found some limitations
due to their poor biocompatibilitywhich has been linked titie release of metal ions from their heavy
metal core®** Plasmonic nanocarriersare an interesting nanocarriepossestg strong localized
surface plasmon resonance (LSPR) peaks. Examples of such nanocarriers are nanoparticles made of
noble metals such as gold or silver that due to their different structures @amere, nanorod,
nanowire)displaytuneable LSPR which makes them suitable for a variety of different applications,
from biosensors to photothermal therap$®"*® However, in recent years, new materials such as
copper chalcogenides (&) (E S, Se, Tehave gained much interest due to their inexpensive
synthesis together with the possibility of tuning their plasmonic bandkériNear Infrared (NIF}4°
Magnetic nanocarrierssuch as iron oxide sugsEramagnetic nanoparticles (SPIONSs) that range from

5 to 50 nmof diametercan be employed as nanocarriers in cancer therapy due to their localized
induced heat production, which can directly kill cancer ¢&lghe third categorynentioned above,
organicinorganic hybridnanoparticlesconsists in nanoparticles thatay bemore complex, made of
RAFFSNBYy(H WEF@8SNEQ YR WO2NBaQs OFLIotS 2F O2yF¢
to being acombination of different materials’?> One example in this category astlicabased
nanocarriers like ORMOSIt (organically modified silica nanoparticles) have great potential for both

diagnostic andherapeutic applicationslue to their porous structur@and low density Furthermore,
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their size and porosity can be easily tuned to suit many applications and theicewfiemistry can

be easily modified to endow these systewith properties such as solubility and biocompatibility

5. Therapy and imaging modalities

It is thanks to the push for applications in cancer therapy that we megress in the use of
nanopatrticles. In 2004 the US National Cancer Institute (NCI) officially stated that they would devolve
144.3 million dollars to fund the development of nanotechnology to fight cancer, with the goal of
ending cancer by the year 201%'In 2016, the USA announcédK S W/ | yOSNJ a22y aK2 (i Q
order to provide financial support for cancer reseaf¢Now it is 203 while thegoal of ending cancer
is still far from its realizationsome real advances have been made and sepezifictherapeutic
strategies thabenefited ofthe measures abovare: -
A. Phototherapy,*® further divided inphotothermal therapy (PTTgnd photodynamic therapy
(PDT) The formerconvertselectromagnetic energy in the NifRo heat this in turn is used to
induce hyperthermia to kill cancer cells. Nanosystems designed for these applications are
usually made of materialhat absorb light in @iological transparenspectral window and
convert it into heat, such as gold, GO, MoSiBe and EG, and designed to selectively
accumulate in cancer tissues. Thater exploits light to generates ROSeactive oxygen
species) which kills the cancer cells.
B. Chemotherapy”*is one of the most employetherapiesto fight cancer and it exploits the
design of nanocarriers with high drimpdingcapacityin order to maximise the efficienand
selectivityof already existing drugs
C. Gene therapy?® Of recent interest, this involves the transfer of genetic matadahrget cells
in a patient in order to prevent or alter the course of a particular disease. Its potential relies
in the fact that it could be used to tregenetically transmittedliseases in addition to cancer,
ddzOK & tFNJAyazyeeis RAIFIOSGSazT yR o0f AYyRY
A schematic summary of some of therrenttherapeutic strategies is reported in Figure 3.
¢t2 RFEGS SFOK 2F (KA&A WY2Y20KSNILASEAQ KIFa o6SSy
great promise in preliminary clinical studies. However, therega@mbetween thee studies and
the actual results of clinical triatfue to the difficult translation frontt 6 S@K2 o6 S.RAA RS
Indeed, nanomedicine must simultaneously meet the requiremefitherapeutic efficacythe
feasibility of the carriematerial(s) to be finally proven as an excipient used in humnamg scale
up ability-to meet the safety, effectiveness, and producibility requirements for a.éfrug
Another limitation especially in the field of cancer treatment and diagnodéeservng some

mention, is the facthat asingle treatment modality is often incapable of treating tumour tissue

20



completely. For example, the main reasohywehemotherapyis rarely useds a single treatment

modalityis because tumours can develop multidrug seeme (MDIjJ®2andradiotherapy can lose

its effectiveness in hypoxic cancer cells, due to the lack of oxybah reduces its efficacy.

For thisreasonthe focus has shifted toward a new therapeutic approdel dzf G A Y2 Rl £ { @ y S1
¢ K S NJHé&r@@tleedim is not only to develomnoparticle that aresffectivein one diagnosticor

therapeutic application, bu& nanosystenthat can combine two or more trément alternatives

in a singlesystem This approachs of great utility wheradministeringactive pharmaceutical

ingredients (APIs) with @arrow therapeutic index (NTIn which small differences in dosage can

result intherapeutic failures or adverseaul reactionsby combining it with other treatments and

increasing theherapeutic index®

“Wﬂ \
/f Photothermal %
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o
« Efficient and accurate * Systemic treatment
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\ ® s
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Ifnerapy
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Figure3: schematic summary of therapeutic strategies exploited in monotherapies or in multimodal therapiestelmage
producedfrom reference®. Copyright © 2019, American Chemical Society

Progress in imaging techniques have similarly benefitech nanotechnology advansgthe

following arethose most relevan(Figire 4):

A. MRI, a non-invasivetechnique that exploits noionizing radiations in order to magnetize
spinsand reconstructs the resulting signal in imagaat can reach a very high spatial
resolution of 1.5 x 1.5 x 4mm? 46505657 Nanoparticles made with paramagnetic and
supeparamagnetic metals offer good potential for MRI. Among these metals there are the
smallparamagnetic iron oxideSPIQand gadoliniuncomplexesvhich work by altering the
relaxation times oprotons ofwater moleculesn the tissues in which they accumulaed in

doing so they increase their contrast compared to the surrounding tissues.
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B. PETand singlephoton emission computerized tomographySPECQ¥molecular imaging
techniquesbased on the measurement efitted positrons or -rays due teaNJ RA 2 y dzOf A RS |
decay(s 1'C,N, 0 and'®F) They have high sensitiyiand limitless penetration depth, for
which they are useful in molecular imaging in both clinical and preclinical studies.

C. Ultrasonography?®®is commonly employed in clinical applications. It is a routine technique
that employs frequencies of 2 MHz or higher. This technique is very useful for visualizing
internal organs, muscle, tissues and to investigate a broad range of pathologies. Some
examplesof nanoparticles that can be used to increase this technique range of applications
are microbubblesand nanobubblesthat are usually employed for imaging angiogenesis and

tumours.

CcT MRI PET SPECT Ultrasound

Scan body organs using Produces «slices> Nuclear Allows to Sound waves with high
X-rays and producea  through magnetic imaging create 3D temporal frequency
series of cross-sectional signals technique representatio that provide qualitative
based images via example where n of traceers and quantitative
computer the tracers are in the human diagnositc information
used in body through different
diagnosis methodologies

Figured: Some of the most employed imaging teicjuestogether with a short description.

6. Theranostics: the new frontier of nanomedicine

Given that studies have shown that combining two or more therapies can provide benefits greater
than the sum of the parts, the next step to consider is the designovel nanosystems so as to
O2Yo0AYyS y24 2yte GKS (GNBFdYSyd s nbvel adpidaohiF A O RA

calledTheranosticqFigure $.
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Figureb: Nanotheranostics is the conjugation of diagnosis, therapeutics and nanocarriers. fioragef 80
Theranostics is the new frontier in nanomedicine and as such is attracting a great deal of fit&r&st.
The termwas firstintroduced by Funkhouseén 2002 and is a portmanteau word synthesizing two
concepts: theranogtherapy) and gnosis (diagnosis). The revolutionary idea at its basisdsetit®n
of one nanopatrticle or a group of them together that not only serve as a drug vehidie i(aprove
the APpharmacokinetic properties and/or reducing its toxicity) but diasapplicationdn diagnosis.
So far as cancers are concerned, it is known they are extremely heterogenous even within the cancer
macrodefinitions themselves and furthrapre existing treatments are often successful only in limited
situations. Thus, the classic approach based first on diagnosis and then on the selection of optimal
therapy may not always be as successful as hoped for (reference). Nanotheranostics isnigigreas
gaining attention in this sphere because it would seem to provide the possibility to develop a more
LISNE2YFf AT SR LXFGF2NY ft26Aay3d GKS Oft2aS8S Y2yAiilz

efficacy, in real time and neimvasively

7. Cancetoday: how can nanomedicine help?

As introduced earlier, much of the investment that was dedicated to the development of
nanomedicine was also aimed at finding solutions for treatmerdasicerand this is still one of the
main focuses in medical research today. The reason is becaudbédtfisst or second leading cause

of premature death in more than 100 countries and third or fourth in an additional 45 coufitries
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with more thannew 10 million cases every year. Indeed, despite the decline in mortality from
infectious diseases therbas been a sharp increase in the trend of smmmmunicable diseases
(NCDs), a category undetich cancer falls, which went from 31.6 million deaths in 2000 to 40.5
million deathsin 2016(Figure 75°.

The rising trend of NCDs finds justification from two main factthrs:first factor is the fact that
modern society is facing a twiold transtion related to demographicsand epidemiology
Demographicshows a pattern of chang@r index)related to average age and death rate. These
indexe$§2% are changing from high fertility and low mortality rate to an inverse tendency leaving older
peope who are especially vulnerable to agdated diseases, which include cancer. Along with this,

the epidemiologicalransitionfaced byl 2 R @ Qa a2 OA S & Ay RtkeOrorfaya | I NI
rates and causes of death, from which it is possible toedisa pattern that highlights how infectious
diseases are beingeplaced bychronic or degenerative diseases. The second factor is that not all
countries belong in the same HDI (Human Development Index), which is an index designed to
represent?5® how advanced human development can be considered over different countries.
Generally speaking, countries with a higher HDI show incredible advances in the reduction of mortality
rates in certain diseases with respéatcountries with a mediunhigh HDI ad to a certain extent this
applies also to cancer. Here, mortality rate is declining, even if not at the same pace as other diseases
and in countries defined as beingtmansition, thesituation is stable for many cancer types including
breast cancer, prstate cancer and colorectal cancer. However, in other cases it is worseniage (Fig

6 )62,64.

Global age standardised mortality rates in ages 40—84, per 100 000 people =1981-85

800 @ =2006-10
-19%

-53%

200

Cardiovascular All All other Cardiovascular All All other
diseases cancers causes diseases cancers causes

Very high HDI Medium—high HDI
Figure6: Changes between 1981985 and 20062010 in agestandardized mortality rates per 100 000 people, for ages 40

84 years in ran and women combined, in populations with very high Human Development Index (HDI) and medium or high
HDI. Figure byef.62
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Figure7: Global map of cancer as leading cause of premature d&agfireby ref.62

The reasons why cancer in the’@®Entury is still causing millions of deaths, with the pain and suffering
those entails arecomplex and not easy to address, because they irciatioeconomic factors such

as a general need for sustainable choices, implementation of vaccination programmes, preventative
therapy and other governmental action such as screenings, which fall under ttfé HDI.

Regarding the treatment of cancer, thedwledge we possess about the biology of cancers has
increased thanks to a series of unsurpassed breakthroughs over the course of the last 25 years.
However, the translation of these breakthroughs into clinical practice can be said to have been poor
at best?' This is mostly because it is not a straightforward process to translate the discovery of a novel
drug or treatment from the lab to the clinliecause a patient is a live subject, dynamically reacting to
both the drug and to its administration. For example, the RES mentioned before is responsible for the
excretion of APIs well before they reach the desired targets, and even if they reachedrgeaicthe
tumour tissue has its own particular set of features ad obstacles, such as disorganized tumour blood
supply andheterogenouspermeability through tumour vessel walls and increased osmotic pressure
which tends to actively remove substances frore tamour.?5%¢ As a result, only 1 to 10 parts out of
100000 of monoclonal antibodies reach the desired target, for example, and the same can be said for
contrast agent$’ The second set of obstacles is given by shkectivity of a chosen nanoplatfm,

due to the fact that cancer cells have many similarities with the host cells they derived from, and it is
not an easy task to identify a specific set of markers that can safely distinguish a tumour tissue from
normal, healthy tissue.

Surgical treatmat, therefore, is still one of the main approaches in the treatment and removal of
cancer.Howevercancer resection procedures are generally highly invasive and lead to postoperative
morbidity, with devastating effects on the patients and the farfilifurthermore, sugical treatment

often leads to postoperative complications that are associated witbrpancerspecific survival in

various types of cancer surgefRecent studies have highhted how systemic inflammation caused
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by recent surgical operan can induce&ancer recurrenc€® Some types of cancer, such as pancreatic
cancer are technically demanding due to the nature of the cancer itself, leading to high mortality
rates, which are still around 3@0%"°

For these reasors along with those above, cancer treatment without surgical interventiearly
recognition,together with avoidance of the occurrence of side effastatthe forefront of medical
research and is a real and tangible challenge wathventional drugsind gproaches. Nanomedicine

is proving to be the new frontier because there are many ways in which nanomedicine surpasses
conventional treatments and imaging modalities. One is thaain be formulated so to allostable
agueous dispersionsf poorly solublamolecular agents; another is that it can be designed so that its
cargo is not degraded before reaching the targeted tissue. It can also be tailored so as to release said
cargo only undethe effect ofcertain stimuli, for example internal variations suchchange of pH or
external such as with ultrasouridduced drug releasé It can also enhance and ensure absorption
of active components into a selected tissue via specific ad@ligery systems. Finally, intracellular
penetration can be improved*!

However, despite the projects and initiatives funding the developmant application of
nanotechnology and the evéncreasing humber of nanomedicines currently being developed, the
challenges that théield is facing are still present and difficult to overcome. For example, despite the
advantages listed above, pharmaceaticompanies are still opting to continue investment iR so
called natural produetirug discovery and drug delivery systefd&. They are loath to set out on the
expensive and extensive evaluation process which inclidekepth consideration of nan@pticle
biocompatibility as carriers, theibiodistribution and thereliability of their production protocols
which have to be evaluated carefully before introduction on the market. As with every drug and
delivery system, nanomaterials have to be evaluaésdto their pharmacokinetiproperties, their
distribution in blood and tissydut with the additional necessity to evaluate the metabolism of the
nano-formulation and/or its carrier and the elimination pathways of the raw materials tisd to
achievethe final nanosysterft because nanomaterials can lead to unpredictable toxicities or immune
side effects causkby theirlargesurface areas and increased tissue penetratién

However, there is still hugeeedfor the study and development of novel nanosystems that can be
employed as new generation theranostic nanoplatforms

The specifitopic of my thesis is theleveloping of novefluorinated contrast nanoparticleslesigned

specificallyfor what concers *°F MRI.
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8. ®FMRL apromising resourcéor human cancer imaging

MRI is a powerfudnd safe techniquéhat allows for detailed images of almaestery internal structure
in the human bodyy exploiting astrong monodirectional magnetic fak Chargedparticles, such as
nuclei containing an odd number of protgniike hydrogenalign themselves to this magnetic field
according to a particular motion @recessionThis process produces a small magnetic momehe
precession of nucleit®ut the magneticfield direction resembles gyroscopes and this behaviour is
calledLarmorprecessionThe frequency of Larmor precession is proportional to the applied magnetic
field strength as defined by tHearmor frequency , shown in Figre 8a

1 6
1 A gyroin&gBetic raticand Bis the strength of the applied magnetic field. RSLISY R 2y (KS
When an object is placed inside the uniform magnetic fidhe hydrogen nuclei aligareating a
magneticmoment, M parallel toBy,

Whena radiofrequency(RF) identical tothe Larmorfrequencgy is applied M, tilts away fromB,

T‘ time T; time

Figure8: Principles of MRI. (&)ydrogen aligning itself with the external magnetic fielg (B) RF pulse and temporary
disruption of thequilibrium. (c) T1 relaxation time (d) T2 relaxation tiReproducedvith permissiorfrom ref. 7> Copyright
© 2012Royal Society of Chemistry.

When the RF pulse is removed, the nuclei realign itselhatM; is again perpendicular tBy. This
return to the initial state is referred to aslaxation This process is shownhig. 8bDuring this phase

the nuclei lose energy by emitting their oMRt¥, called freenduction decay (FID).

The FID is measured byanductive field coil placed around the object imaged. The measurement is

then reconstructedo obtain MRI images.
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To obtain a 3D image, the FID resonance sipaal to be encoded for each dimension. This is
accomplished by adding a gradientignetic field ta®. The gradient causes the Larmor frequency to
change linearly with the axial direction. Thlby selecting RF equal to the corresponding Larmor
frequency it is possible timcus only on specific axial slic&he 2D frequencig reconstructedy using
FNEIljdzSyO0e | yR LKI &$S Sy O2iRappliet doth on tha-yaliB kdirdstions A 2 v ¢
allowing forthe resonant frequencies of the nuclei to vary according to both directions. A 2D Fourier
Transform is then used to transform the encoded image to the spatial domain.

Thevoxel, which is the volume element of the MRI im&gdirectly influenced by thproton density

of a certain tissugwhich in turn influences the strength of the FID sigfalr thiseason tissues with

a higher proton density have better contrast.

An MR image is also defined by two othissuespecific parameters: thiongitudinal relaxation time

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

T1is the time required for théongitudinal magnetization to recev 63% of theequilibrium valueand
alignitself to the By, (Fig. 8¢ whereasT2 measureshe transvers relaxatim time, which is the time
required fortransverse magnetization to drop to 37% of the initial magnit(fd&ig. 8d)Every tissue

has different T1, T2 and proton density due to their particular microenvironmentiasdespecific
properties such as varying rates of water diffusion along with peculiar differences of composition of
biomolecules betweendlifferent tissues, such as booe adipose tissueSeveral atoms with a nuclear
spin can be used for MRlch asHe,*C,**F,’0,%Na,*P, and*?°Xe. Howeverue toits abundance

in biological tissues and its higlgyromagnetic ratio, proton-based MRI (*H MRI)is the most
employedMRI technique™®

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

to allow doctors to differentiate abnormalities, such as cancer tissue, broken bones, effusions,
inflammationetc. Tl-weighted MRI gnerates bright signals and is used in clinical application to assess
fat tissue or liquieretainingdensestructures, whereas F&eighted imagegenerate darksignalsand

is particularly powerful in waterich tissues oinflamed tissueswhich will lookorighter compared to

the background®’’In Figure 9 is shown the difference between the two MRI imaging modalities.

Figure9: T1 (left) and T2 (right) weighted image
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Usually, in order to increase the contrasgmpoundsof different natures are administered to the
subject prior to the imaging. These compounds are callautrast agents (CAs Thesecompounds
are not directly visualized but they change the magnetization relaxation T1 and T2 of surrounding

tissuesaccording to the following equation:
Y - - i0.

R is the relaxation rate of the aqueous solutiofyis the relaxation time without the & C is the
concentration of the CAn mM and ris itsrelaxivity. MRI contrast agents decrease both T1 and T2
values they can be however divided in T1 contrast agents and T2 contrast afjaisperformance,

or relative effectiveness, is determined by the@axivity R1 (R1=1/T1)and R2(R2= 1/T2)values
respectivey.”® T1contrast agentsncrease R1 and R2 values in the same amount, whereas T2 contrast
agents affect especially R2, in comparison to IR1general, the efficiency of a contrast agent is
determined by Rhowever also the r2/r1 ratidetermines whether a contrast agent caa bsed as T1

or T2 contrast agen® However,alsoduakimaging contrast agentsapable of functioning for both
applicationsareimportant.”” Two important examples aontrast agents arparamagnetic metdbns,

such as Gdand Mr?* chelatesthat decrease the T1, which result in brighter contrast invElghted
images’® and SPIONgthat provide darker contrast in T2 weighted imagdes.

SPIONSs, other than being-W2ighted contrast agents ardss among the examples of the application
of nanopatrticles as contrast agenBomeother examples aré&d(lI)dithiolanegold nanoparticles Au
NP-Gd (Il)), which deliver a satisfying contrast enhancement inw&lghted images, with good
biocompatibility®®! which are usually functionalized with different chain length PEGs in order to
increase their biocompatibility and circulation timBanoparticlebased MRI contrast agents are
gaining much interest, indeed orwf their peculiar propertiess that it is possible to influence the
relaxivity of surrounding protons kyningtheir size

Despite the important features of MRI and the fact th@Ashave significantly improved MRI
performance, this diagnostic modality still shows some disadvantages. FirstG#sne employed
acquisition times are drasticaliycreased sinci is necessary to acquire images before and dfteir
administration.Second, water provides an always present endogenous background wigchican
result in poor contrastFor these reasons, high concentratiorC#fis usually required, with some risks

to the patient. For exampléhe most successfaind usedCA agents iMRlare GF* complexeswhich
have beeremployedfor about 18 years,ntil in2006they wereassociated with nephrogenic systemic
fibrosis (NSF), a deadly disease that can manifest itself months after the final administration. In
addition, itsrepeated usageleadsto accumulationin organs to the point that itan be detectabldy

MRI withoutpreviousadministrations®*®2 For this reasonGd* complexes are now prescribed with

precaution.
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An alternative approach that has been proposedahviate H-MRIlimitations, is to obtain a second
O2f 2dzNJ 2NJ | WK2{dG aLRiQ TNRY | BgRNaPB NBW, ivhick SGi SNRyYy
would add asecond layer of information to a standarcegrscale'H-MRI scan. lprinciple, anyNMR

active nucleus could be imaged through MRI. In the practice, however, the choice of a suitable nucleus
depends on a set athemical biological and inherent physical propertiesthe considered nuclei

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

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

There are different heteroatoms with good receptivihowever the mospromising seems to b&F

for different reasons.

First, the receptivity of fluorine igery high being 0.834, or 83% compared to prot&mlso,novel
tracerscan be easily created by the fluorination of compourdsreover, the'®F tracer is an atom
covalently bound to the structure of the molecule, rendering it more stable and reducing the risks of
degradation.In addition,*®F, has a 100% natural abundanaad spin 12; gyromagnetic ratio is very
close to hydrogen (40.08 vs 42.5 MHz/THdf which means that the same hardwarsed for'H NMR

with some adjustments can be employed 8 MRIAdditionally,°F chemical shifts vary in a broad
range (>350 ppm) which means, in theory, that it coulghbssible to differentiate between different
contrast agents having different chemical shifarthermore only trace amounts (30*® M) of 1°F are
present in the human body, which means that no background signal is present, allowing for the
instrument todetect only the CA®

For this list of reason$F MRI camasily be translated into clinical applicaticarsd, since 1985, when
McFarland presenteth vivo'*F scans of redbdomensthere have been hundreds of publications

19 MRE4

For thepurpose of exploiting®F MR] contrastagents have to have some kpyopertiessuch asi)

high fluorine contentji) easyand scalable synthesis preparation or formulatitogether withlong

shelf lifeiii) low in vivotoxicity and iv)simple!®F NMR sectrum with, possibly, a sharp and intense
peak

For thisreason,much research is focused in designing novel fluorinated contrast agehish can be
divided into three main classe¥.

The first class deals with perfluorocarbons (PFG)abilized through physical methodsyithin
nanoemulsion The second deals witfiuorinated polymers obtained through copolymerization
between different segments or blocks. In this class we have linear, branched ortitepdiymers.

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

inorganic crystals.
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Perfluorocarbons (PFCs) are among the compounds that seem to be the most promising and on which
most of research has beendosed onThey arecolourlesdiquids with a simple structure of carbon,
fluorine andpossiblyoxygen atomsThere are many PFCs, however they arassibciatedy the fact

that they have a high number of fluorine atontisey arehighlylipophilic, stableandbiologically inert.
Despite these important qualities, their biggest issue is their low solubility that requires formulations
such as emulsions for their administrati&if’ The first example of PFCs nanoemulsiates back to

1977 by Holland et & Since thendifferent fluorinated tracers have been developed otleg course

of the years Someof which are shown in fige 10. These compounds asenall commercially available
fluorinated molecules, which allow for precise dosagel quantitative applications. Many examples

of compounds irthis category have captured the interest of reseaoster the years. For example,
hexafluorobenzene (HFBpresent early in the literature, used to investigate tumour vascular
oxygenatiorf® and perfluorooctyl bromide (PFQBvhich gained prominence in the early 1990s due

its safe toxicology and clearance, and was the first PFC to be usadifeoa wL @ ¢ KS € | (G SNDa
CA for bowel imaging was approved by the Ritethe gastrointestinal tract did not absorb the
compound. However, one of its main downsides was that'tRespectrum showed 8 separate peaks,

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

undesired resoance peaks
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Figure10: Chemical structures difjuid perfluorocarbon nanoemulsions (Ahemical structures of some molecular tracers
and linear polymeric trace8) Reprinted with permission fronef.85 Copyright © 2022, American Chemical Society

Unlike PFORerfluoro-15-crownether (PFCH)as a single sharp peak in tH& NMR spectrum due

to its 20 chemically equivalent fluorine atoms and for this reason the literature has reported it to be
more promising in recent year8ccording tahe literature ithasproved to be ideal fomeasurement

of oxygenation in tissues becsel of itslow toxicity, long half life and goosignatto-noise ratio

(SNPP°. Nanoemulsiongontaining PFCs are commercially availainiéer the name of Cell Senaad
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V-sense ™ The former has found uder imaging, administration afansplanted cellsThe latte in

the detection ofinflamedtissues’?The main downside of all PFCs is their low solubility in water, which
requires special formulations, such@sv nanoemulsionsMoreover,the stability of the formulation

and the amout of PFC actually contained in each nanoemulsion droplet changes greatly according to
the chemical nature of the chosen PFC. The average droplet size is around or below 200 nm with high
monodispersity and low PDI (<0.2), even if it has been observedhtbse are often time limited, due

to emulsion degradatiornin addition, PFOB and PR&Rulsions often result in broad distribution in

the number ofencapsulated PFCs, whichn negatively affect their performanc&loreover,their
relaxation time is diretly dependent upon tissue oxygenation. For this reason, research is now
focused on new alternatives.

Another main category ofCAsare partially fluorinated organic nanomaterialswhich represent a
simple alternative to molecular tracets increase the amount of fluorine contentompared to the
simple PFCs nanoemulsjothese compounds providénteresting features, such as controlled
circulation timeand surface modification which allow for both further functionalization ahd
addition of hydrophilic groupdike PEGylated chains, which allow them to be soluble in water without
nanoemulsionsEssentiallythey consists offluorinated segments with a high number of fluorine
atomscombinedwith different moieties providingvater solubilty or other purposes, thus combining

in the same compound the advantages of PFC nanoemulsgether with a versatile polymeric
structure. The most promising among thes$eiorinated compoundsare linear perfluoropolyethers
(PFPEs), longhain polyethers in which all of the hydrogen atoms have been substituted by fluorine
atoms. They share common physiochempalperties such as, hydrophobicityigh boiling pointlow
surface tensiona short T1 and a sufficiently long.2n examplés given by &inear block copolymers

of PFPE and hydrophilic homopolymersligo ethylene glycol) methyl ether acrylate (pel@EGA)
PFPE, x = degree of polymerization of OE@#thesized by Zhgret al. in 201% as an effectivand
highly sensitivel®F MRI @s (Figure 11). Hyperbranched polymers having the same PFPE were also
synthesizedallowing for multimodal imaging applications opening to additional functional gréfups
An approach aimed at combining tpeculiar properties of PFPE and nanoemulsions was achieved by
Ahrens et af® which managed to obtain in 2@ chemically modified PFPE with fluorescent tags,
allowing them to track the tag emission inside cells. Furtiane, they obtained a stable emulsion of
160190 nm particle size with a lowDIl €0.15).In 2016 theyobtained paramagnetic PFPE
nanoemulsions, consisting of metfaihdingi -diketones conjugated to the fluorous PFPE phase of the

nanoemulsionsBoth R1 and®F MR imaging sensitivity is much higher compared ttcelates®
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Figurell: (A)linear poly(OEGAPFPE (Mn = 3200 g/mot,=f 28.5 wt %gnd (B)hyperbranched poly(OEGAPFPE (Mn =
6600 g/mol, = 13.8 wt %)Reproduced with permissidrom ref.8593Copyright © 2@2 American Chemical Socid€#)and
(B)Copyright ©2018American Chemical Society

Compared to standard molecular tracethis category of compoundbiasshown great promise in
different applications. Indeed, thetmique structurecharacterized of multipl€FO units allows not
only to have a higher number of fluorine atorbsit also anain sharp peak °F NMRwith less intense
additional peakslue to ts higher levebf nuclear chemical equivalencildeed,multiple peakswith
similar intensitymight result in artifacts or decreased sensitivityMoreover studies conducted on
the relaxation properties of these compound have shoavmuch shortef°F T1 of about 437 ms of
the CEO repeated unit, which is 2.2 times shorter compared the Tdeofluoro-15-crown-5-ethers,
commonly used in PFCs nanoemulsi¥ns.

Another important category of fluorinated tracer attracting renewed interissthat offluorinated
inorganic nanoparticles Fluorinated inorganic nanoparticles offer some interesting features
compared to standard dendrimer onicellarsystems: (i) they can be synthesized in a much smaller
size range compared to the standard 1500 nmPFC nanoemulsion dropjgii) they do not require
surfactants, which can possibly be harmful for the patient; and (iii), due to their organic/inorganic
hybrid nature, the surface can be further functionalized with different tracers, allowing tlebet
suitable for different applications. Some examples of functionalized fluorinateatganic
nanoparticles are fluorine accumulated silica nanopatrticles for MRI contrast enhancéri@iEY

and gold nanoparticles protected by fluorinated ligaB#uNPs)%°In the first, a PFPE filled core is
protected by a silica shell. This approash unique approach to overcomie known instability of
PFPE nanoemulsions using a biologically siiea shell with favourable colloidal properti&'s At the
same time, further functionalization of its shell with additiormabieties for target delivery or
additional functioralities is possible. The result is a nanoparticle with high stability and

biocompatibility, with a broad range of biomedical applications. In the seatagt nanoparticles are
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functionalized with thiolatesvith a perfluorinatedalkylchain andcomprising &EGylategbortion to
allow dispersibilityn waterto generate a signal appreciable'# NMR. The results showed that these
nanoparticles were suitable fofF MRI and that lipophilic drug molecules could be hosted in the
monolayer!® These nanoparticles we also proven amenable dirther functionalzation by

additional ligands, opening up the possibility for multimodal applications.

9. Chemical propertiesf fluorine and perfluorinated compounds

Perfluorinated compounsl present peculiaphysiochemicalproperties which originate from the
intrinsic properties ofF atomsand GF bonds. Fluorine is the most electronegatelement in the
period table, with a low polarizability and high ionization potentiat®indeed, fluorine is larger than
hydrogenwith avan der Waals radiusf 1.47! &s1.20! goccupies the same volume as oxygen, but
is less polarizablé-or thisreason perfluoroalkyl chains ¢(Ehains) areonsequentiybulkier than their
hydrogen chaircounterpart (cross sections: 30 &vs 20 A%). As a consequence tiie increased
occupied space, fluorinated chains have also decreased range of nawtibtend to adapt felical
conformations to minimize steric hindrancEBurthermore,the GF bond is the strongest bond in
organic chemistry, with 485 kJ mol as compared witd25 kJ mol of the GH bond Thecombined
strength of the & bond the unigue conformational structureombined with thedenseelectronic
cloud aroundF atomstranslate inrelatively inert compounds, chemically and thermally stalmet
flammable and highly resistant to a variety of harsh chengoalditions (acidic, basic, reducing or
oxidizing)t®® Consequently fluorocarbons havdow surface tensions, higHuidity, low dielectric
constant, high vapor pressur@nd high compressibility®® Another important derived property of
these compound is the fact that they do not misth hydrocarbons. Indeed, thlarger occupied
surface together with low polarizability lead to an enhanced hydrophobiaitg at the same e strong

lipophilic character.

10.Beyond'®Fimaging: multimodal gpications of:°F compounds.

As introduced earlierfluorinated compounds have a wealth of applicatipdsie to their unique
physiochemical properties. The natural absence of fluornkiological systemsombined withthe
lack of biological interactiomakes these compounddsointerestingfrom a biological point of view

especiallyfor multimodal imaging applications.
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Indeed, fuorinated compounds already have multiple applications in different imaging technigues
other than'®F MRIsuch asiltrasound(U9,'°6°’PET and Candthe possiblecombination of different
imaging techniquesn a single fluorinated traceppensinteresting and complementaryimaging
solutions

The combination of’F MRI imaging andS for example, is a good demonstratiohcomplementary
techniques Indeed *F MRkolves theshortcoming of US (limited imaging depth drigh background
signal)and US solves the shortcomings'# MRI (lon@cquisitiontimes). In a study byKoshkina e
all%® | polymeric NBcomposed of a shell gfoly (acticco-glycolic acid) (PLGANd a coe of PFCE,
stabilized with PVAvere prepared Thesesmaltsized NPs (100 nm diameter) allowed cellular uptake

andtumour extravasatiorfor both US and®F MR duamodality imagingFigire 12).
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Figurel1l2: a) chemicalstructure of the PFGBaded PLGA NPs. @ndritic cells (DCs) labelled with NPs shown with US,
fluorexence and®F MR imagesC)DCs labelled with NP injected in mice. Imagesgafinal lymph node (ILN) and popliteal
lymph node (PLNAdaptedwith permission fromRef108

Another interesting combination iF MRI andCT.CTprovides rapidacquisitionof crosssectional
images of the body with high resolutidf? Averyrecent use ofluorinated compounds i€ T has been
in the diagnosis c€EOVIBL9. Wang et all°synthesized multifunctional hyperbranched iodopolymers
(HBIPFand investigated their performance by capturibgth CT and®F MR phantom imagest
different concentrations of the watedispersed polymerThe preliminary resultidicate thatthese
polymerscould bepromising materials for C¥F dual imaging applications.

19F MR and Fluorescence Imagiatg yet another interesting combination due to thequisition of

reaktime image9f living organismsral tissues provided by fluorescence optical imaging*#One
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of the strategies pursued for the preparationtbbese CAssthe physical mixing of fluorophores with
PFCsn the same nanosystenwhich have beersuccessfullyemployed forin vivo detection of
canceritz113

Ultrasound and Photoacoustic ImaginGAswere achievedby using differentcombinations of
materials.For examplecopper sulphide nanoparticle€gSNP$ are inorganic nanoparticles that have
LSPR in the NIR (between 1000 and 1350*inand for this reason theyprovide superior
performances as photoacoustic CAs compared to organic mole@lsesCuS NPs are biodegradable
and are promptly eliminated &m the body via the hepatobiliary and renal excretion rates within one
month from the injection, as demonstrated by one study from Guo etallhe combination of PA
CAs and fluorinated compoundsave shownpromising resultsFor example, Santiesban o
workers'* reported laseractivated perfluoropentane nanodroplets containirmppper sulphie

0/ d bt C/ y 5 &-@nhah@daltr@dufidi add phdtoacoustic imagibigon laser irradiation,
the CuS NPisecomes hotteland induce a phase change of tREQontained in thenanodroplets to
microbubbles The result is a strong US and PA signal.

In addition to the aforementioned dudiaging modalitiestrimodal imagingsolutions are alsoan
area of emerging interest fofluorinated compounds Several examples which range from
combination of PAAF MRI/singlephoton emission computed tomography (SPEETUSAF
MRI/FE® and PET/PA/US’ are alreadybeing extensively researched.

For all these reasons, fluorinated compountdave much untappegbotential for application in the
field of oncologyboth as imaging and therapeutic agens.en though®F MRhas been around only
slightly less longer than standattl MRI, the technique has still not found applications in clinical
practice which testifies to the difficulty of developing suitable imaging agéhts.

An important obstacle tdheir clinical application in the past was partly related to technical reasons,
such as the lack of specific clinical scanners or the fact thriit Baaging studies relied on manual
tuning of a singldrequency coils, thus making the process of maximizing the SNR (signal to noise ratio)
cumbersome With the introduction of a more sophisticated setup, comprising autotuned
radiofrequency coils and diltcoil setupthese initial obstacleBavebeen partially overcome, despite
some limitations in terms of sensitivity, and inaccuracy when registering both proton and fluorine

signals'*®

11.Toxicity oPFASpplyfluoroalkyl substances

One rising concern that has cast shadow on @pglicationof fluorinated compoundsin biological
fields is the rising public concern regardagpecific class of fluorinated materialse PFASThis term

broadlyencompassesnore thanfour thousandmanufactured chemicathat have been extensively
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used from common household products to industrial applicattth®FASare a major concern
because they do not break down in the environment and for this reasonhbheg showrubiquitous
accumulation in wildlife and humanThemain route of exposure to these compounds occurs through
ingestion ofcontaminated wateyseafood,or indoor airsincePFA%ccumulates in the soil and in the
groundwater Differentstudies conducted on the accumulation of PFAS taked these compounds
to several problems which range framepatotoxicityto neurotoxicity*?%!23 These effectsnanifest at
dosesmuch higher compared to the ones human subjects are noynestbosed buthave however
raised theneed formore studies on the lonterm impact of these compoursdSome preliminaryn
vitro studies conducted on human cellave demonstrated how these compads affect fecunditypy
actingashormone disruptors?*?Recent studies have shown halevated levels of PFAS can also
affect theimmunesystem'?>Different studies have been conducted on animals given large doses of
PFAShighlighting effects in growth and development, reproduction and liver damage. More research
is still required to assess the human health effects of exposur®RAS Another major point
worthwhile considering is thgreatheterogeneityfound inthe categoy of PFA@nd consequentlyn
their the toxicity profile, whichvariesbetween eachcompound For instance, linear isomers appear
to be more toxic compared tbranched compounds, however their retention time in the body is
lower. Also, mostof the studiesfocused on two main PFCs, PFOA and RW@H are byproduct of
different commercial productfound commonly in the environmentvhereas knowledge about the
toxicity of other PFCs to human life is still unknowi.

Forthesereasors, when designingnddealing with fluorinated polymers for biological applications it
is important tokeep in mindtheir possibletoxicity sincethat, for the purpose of diagnosia singé
high dose of these compousds likely to be administeredn which case a shofterm toxicity study
profile issufficient butin the caseof multiple administrations, for examplé fluorous materials are
intended as therapeuti¢salongterm toxicity profile is relevant andwill be required and each case
has to bestudied separately.

Among the different perfluorinated polymers that can be useth@ifding block, onethat has shown
particular promisefor biological applicationgdue to its preliminary toxicity studiess a linear
perfluoropolyether(PFPE)ndeed multiple studies were conducteakgardingtheir performance and
toxicity by Ahrens et a@f%128which have shown that lined®FPEnanosystemsvere neithertoxic nor

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

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

Nanomedicine has been the subject of increasing industrial and academic interest in the last decades.
In particular, the development of novel theranostic nanosystems capable of providing functional
nanoplatforms for diagnostics and therapy is a subjedighificant importance. Among the various
diagnostic imaging technique¥F MRI has shown promise but, there is still lackdefl contrast
agentsto allow for clinical application. This is due to the limitationstb& currently proposed
perfluorinated tracers which suffer from several drawbacks, such as chemical shift artifacts due to the
presence of several resonance frequenciesgbioaccumulation anghergstency in the environment,
necessity of administration as emulsions due to the low solubility of perfluorinated compaunttls
scarce possibility of further chemical modification. With these limitations in mind, this thesis aims at
1. The design, synthesisnd characterization of a contrast agent f&iF MRI applications
featuring a second generation, preof-concept fluorinated gold nanoparticle with an
extended perfluoroethylene oxide units in order to impleméfff MRI performance with
respect tothe first system reported®and increase the affinity of its monolayer toward small
hydrophobic drugike molecules in respect to previous studiedAENPs nanosystems
designed by our research group.
2. The design, synthesis, and characterization of two tribldakrihated copolymers, the
determination of theirCAGand selfassembly properties and performants °F MR
3. The dispersion o€uw«S NG in agueous environment by following two different strategies,
one employing the fluorinated amphiphilic terblock copolymers previously described to form
polymeric carriers encapsulatirguxSc NG and a second employing a fluorinated thiol as
ligand forthe functionalization of the surface of th@w,S(NG.
The research activities were conducted within the framework of the PRIN project NNEWY:
Generation Nanostructured Fluorinated Materials féfF MRI and their Biophysicochemical
Interactions
The first part of the thesiswas conceived as a naturalolution of previous works or~=AuNPs
conducted by our research group, investigating both therapeutic funcii@ngutative drug carriers
and contrast agents fdfF MRI. Its aim is to provide a betté&eranostic nanoplatform with improved
imaging andh SAM capable of hosting small hydrophobic dikg molecules. IndeeduNPs are ideal
proof-of-concept materials ascaffolds to set up prototypes for therapy and diagnakie to the
variety of experimental procedures available for their synthesis and the control of properties such as
size, shape and dispersion. Moreover, the organic coating surrounding the gold core can be tailored

with a variety of methodologies to deliva biocompatible, multimodal final nanosystem.
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The secongart wasconceived in collaboration witlr. C Ingrosso of thdPCF Institute of Italian
National Researcfouncil(CNR)Bariwith the aim of obtaining selissembled fluorinated systems
with good '°F MRIproperties and dispersibility in water by synthesis and characterization of
fluorinated polymers, designed with a linear triblock combining a central perfluorinated polyethylene
oxide unit, a C18 alkyl chain and a pegylated chain of variabléhleng

As extension of the previous parts, thgélymers and the fhiols were used for the dispersion of
CuxS NCsaeyiKSaAl SR o0& GKS [/ ddu,s WNWash® saided medS | Y ¢
chalcogenide semiconductors that have a LSPR in the NIRapacige, which makes them ideal
candidates as nanoparticles fplasmonic photothermal therap§PPTT). By combining PPTT Wikh

MRI applications, a novel theranostic nanosystem combining multiple imaging and therapeutic
possibilities would be a promigj result. To this aim attempts to entrapment of CuS NCs inside vesicles
of the Fpolymers were explored. Moreover, the direct dispersion of.SUNCsin water by their
surface functionalization with a fluorinated thiol is proposed as an alternative escigular

nanosystems
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PART i1INovel nanocarriers fot® MRI and drug delivery: hybrid

organic/inorganic fluorinateAuNPs

1. BackgroundAuNPs

One class of nanoparticles that has been extensively stuthedbiomedical applications are
undoubtedly AuNP$This class of nanoparticles possesses unique properties, such the Surface
Plasmon Band (SPRB)ich gives rise ta broad absorption from 508round 550 nnt?°and the ability

to quench fluorescenc&%'*® Its additional property of converting light in the NilRo heat*! finds
interesting application in cancer therapy as thernaglents, forexample Agarwal et at*? used
photothermal imagingto detect prostate cancer by using attER2 conjugated gold nanorods
Furthermore, by exploiting AuNPs emulsions it is possibldo extend their applications to
photoacoustic imaging*® Due tothe incomplete coordinatig number of metal atoms on the surface
AuNPscan also be decorated with a variety of different moieties while leaving the core extremely
stable and resistant to chemicadents which can decrease further the immune response and prolong
their circulation time.37129130.134Tggether with the vasty of differentfunctionalization enabled by

the chemistry ofAuNPsthe preparation for these systems also allows to finely control parameters
such agore sizeanddispersionusing a variety of synthetic approachésst but not least among its
advangges, is the fact that gold is the ideal pradfconcept material: once a system is evaluated and
optimized with a gold scaffolanany otherdifferent materials can be employed.

For all these reasonguNPsare an important tool in the biomedical field dimnanotechnology, and

they would seem to be a promising platform feginotheranostic

2. Synthesis aAUNPs

The first synthesis oAuNPsin aqueous solution dates to 1857 and was performed by Michael
Faradg'*® with white phosphorous as reducing agent. This procedure laid the foundation for its
revision in 1951 by Turkevi¢ff in which he obtained 20 nm AuNPs. In 1973 Fféhandin 1995
Natans'*® optimized the protocol byadjustingthe initial ratio between sodium citrate and gold,
obtaining colloids in a different range of sizes, from 15 to 150 AoNPsave since been synthesized
with a variety of different techniques andpproaches, via both¥ (i-R 2Jg ¥ § Rottdéh-dzLIQ
approachesThe former employs diverse techniquesttansfer Au atoms ithe gas phasérom bulk

material toproduce NPs deposited on a substrate under utiigh vacuumconditions such as laser
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ablationt*® or UV irradiation®® However, it is often difficult to have narrow dispersions of stable
AuNPswithout resorting to surfactant$?C2 NJ (G KA & NB |[-d&zRg T | WKISR WO | ii B NB d
chemistry is most often preferred. Typically, adypkecursor is reduced to Au(0) in a process that
involves two stepsi) the reduction of a suitable gold precursor using appropriate reducing agents
(borohydrides, hydrazine, formaldehyde, hydroxylamine, saturated and unsaturated alcohols, citric
acid, polyols, sugars, carbon monoxidgdrogen peroxide, sulphites, and hydrogen, to name a few);
and ii) the stabilization of the AuNPs by suitaldas, polymers (PVA,PVP) sulphur ligands (in
particular thiolates}ollowing established protocols Eseabove), in a typical synthesis the gold
precursor (AuG) is reduced by sodium citrate in agueous solution under reflux with vigorous stirring.
At the end of the reaction, the colloids are stabilized by the excess of sodium citrate present in
solution, by electrostatic interactionsBy tweaking reaction conditions, such as tmcentration of

the reducingagent, it is possible to favour the formation of nanoparticles with different diameters,
ranging from 12 to 64 ni¥8 Furthermore, the peculiar feate of this synthesis is that sodium citrate

can be exchanged with different ligands, such as thiols, as proposed the first time by Mulvaney and
Giersig*?in 1993 The first direct synthesis of small AUNPs protected by thiolatesreported in 1994

by Brust and Schiffrif®?This methodology is one of the most employed to date for the preparation of
colloidal gold to the point that the mechanism was revised in 2016, extending the size range to 2 to
330 nm diamete* (synthetic scheme ifigurel3).
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Figurel3: A possiblenechanisnmof AuNP$ormation usingby Brust and Schiffrimethod

The Brustind Schiffrin methodnvolves a twestep procesaising asodium borohydride as reducing
agent and alkanethislas capping agent: in the first step the gold precuisdransferredrom water

to toluene through use of tetraoctylammonium bromide (TO/AB)phase transfer agent. To this

solution alkanethiols aredaled causing the reduction of Au(lll) to Au(l.88lding a solution of sodium

borohydride, Au(l) is reduced to Au(0) with nucleation of the nanoparticles thatismmediately
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stabilized by the thiols dispersed in the toluefide final reducingrocessoccursat the interphase
between toluene and watet*

This synthesisallows for the formatiorof AuNPssmaller than 5 nm due to the formation of micelles,

in which the nucleation and growth of the gold core begins with the addition of the reducing agent.
Theligand shelpassivateshe surface of the gold nanoparticferming a selfassembled monolayer
(SAM)!45146 SAMs are single layers formed by the adsorption of orgéagandson the surface of
substrate These organic, thin layetsave a larger number of chairmn the surface of the gold
nanoparticle (3B5AM) due to its curved shape compared to a-$iatfaced 2ESAM due to the
occupancy of alternative binding sit&§ SAM can provide a complete neveittity to nanomaterials

, since they provide additional peculiar properties to anjid,they passivate on. The composition and
the property of the monolayer depends entirely on thmature of the ligandso that it is possible to
tailor its propertiesacmrding to specifimanotechnological needs. In the specific cas@AwlPsthe
tightly packed thiolated monolayer allows high stability over a long time due to the stroi®jbnd

and van Der Waals interactions among #ikyl chains of thé¢hiolates, as opposed to citrate capped
AUNPg-30146

A very important milestone and a first step in the realm of biological applications was reached in 1998
by Murray et al!*” when they managed to confer water solubility 2uNPsby synthesizing UNPs
protected with a PEGylatedchain!*® However, although this finding was interesting, the high
molecular weight of the PE&DO00 that was usegrevented further modification. For this reason, a
number of different studies havexplored various alterrtaves to achieve aqueous solubility. One
interesting approach was reported by Pengo et‘din which, insteadf using dong-PEGylatedhain,

a short ligand designed with an alkyl chaonjugated toa terminal PEG chain was used to confer
solubilityand stability to the nanosystem. Furthermore, thethors demonstrated that by tuning the
molarratio between Au and thiol and the addition rate of sodium borohydride it was possible to obtain
nanoparticles ranging from 1.5 to 5 nm.

In terms of biocompatibilitythe size of the nanoparticles is a key factor in determitiigy toxicity

and, possiby, theirbioaccumulationas different studies have shown. For example, in one stiingy
effect of 5, 10, 30 and 60 nthameter PE@oated AuNPs was studied miceand the results showed
that the organs in which the NPs accumulated and also that theiglbgécal responses of the mice
changed according to the size of the nanoparti¢i@#nother study by Boselli et & studied how

the interactions and the tendency to form stable protein corona on the surface of AUNPs changed
drastically with the ize of the nanoparticles. Nanoparticles of 2 nore diameter showed transient
and lower signs of protein corona interactions, which could be directly correlated to a higher

biodistribution,excretionrate and lower accumulation rate compared to the larganoparticles.
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3. Functionalization of AUNPs

There are different methods thatan beemployed in the formation andhodificationof SAMs,but
they can all be grouped into 4 main categorie’s>?
1. Direct synthesis of AUNPag,process in whicAuNPs are directly synthesized with a blend of
desired ligands
2. Exchange reactionéor place exchange reactiongn enteringligand completely displaces
the exiting ligand. This is an equilibrium process compatible with any functional .group
3. Modification of preformed AuNPssynthesized with functional groups available for
subsequenmaodification
4. Weak protection displacementNPs are first forme@nd weakly stabilized and theweak
protective elemenis displaced by a ligaridrming strong bond with theAu surface atoms
The first methods usually a on@ot synthesis in which the golarecursorand the ligands forming
the final nanosystem arpresent at the same time, so that the ligands help the growing process and
stabilize the final nanosystem at the same time. ®yisthesis is usually performed in agueous
mixture containing both the gold ions (precursor) @hd ligand, or the mixture bligandsto which a
reducing agent is addedhemain downside of this method is represented by te#ong reducing
conditions which might not be ideal fail ligand$®.
Thesecondmethod is used when it is necessary to modify previously formed remtiofes This is an
equilibrium process in which the entrance of longer ligands is favoured whereas that of hindered
ligands is disfavouredne example is reported by the group of Pasquato et al. in which a portion of
the thiols decorating the surface tfie AuUNPs were exchanged with BODIPY, a fluorescent probe
molecule, to investigate the uptake of nanoparticles by HelLa cell 1th&¥(System represented in

Figure 4.
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Figurel4: example of placexchange reactions. Pictufim ref190 Copyright © 2013 The Royal Society of Chemistry

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

of AuNPs by covaiht modification with complex molecules or polymers, or to obtain hybrid structures
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as is shown in the work of Kim et!&l Amore recent example is reported by Arango et®&In which
fluorinated nanoparticles were obtained by first obtaining waseuble AuNPs with a thiol and
carboxylending PBE (HSPEGCOOH) and then conjugating th€ OOH group with the desired

fluorinated tracer shown in Figure 15.

HAUCI, + NaBH, ——“ ~ _
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Figurel5: example of modification of prioermed NPsFigureadapted from ref6

The fourth methodis often chosenfor NFs with a gold core bigger than 10 nm of diameter a
number of reasonsthe ligand of choice is particularly sensitive to the reaction conditions in which
AuNPsare formed,i.e.,there is a Ighly reductive environment. For this reasdxuyNPsare formed

with a temporary ligand that entertains weak bonds with the gold surface and that can be easily
replaced in a later phase. A classic example is shownureHig, in which gold colloids syntszed

with sodium citrate as reduction agent which also acts as stabilizer. The vozmls canbe then

displaced by different ligands that form stronger bonds with the gold surface, from PVP to thiélates
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Figurel6:15% Synthesis of citrate protected AuNPs and citrate displacement by thiols.

This first method stwn is by far the simplest, since it allows direct formation of ®8&Min the
NEFOGA2yY SY@ANRBYYSY(GzZ 2NJ 6GKS WINI FisunyP@ho& ¥ (KS
subsequent modification. lt:ain advantage is that it is a oqp@t technique simplifying the synthesis

and purification stepd®

All these methods enable the formation of mixed monolayer protected AuNPs.
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4. FluorinatedAuNPs (fAUNPS)

The first example afianoparticlesynthesized with fluorinated ligandis reportedin a workby Korgel

et al'® in which perfluorinated silver nanoparticles were synthesized. In 20@hezawa and
Kimizuka>*1%obtained the first examples &fuNP9rotected bythiols featuring a fluorinated chajn
by asinglephasemethod that precipitatedthe obtained nanoparticlefom organic solventswhich,
however,resulted being soluble in fluorocarborsn example of fluorinated NPs synthesized through
a BrustSchiffrin synthesiseported by Murray et at®* wherethey obtainedAuNPshrough a direct
grafting synthesis. The resulting nanoparticles were incredibly small, comprising erfiyAi4atoms

in the core but were found to be insoluble in most solvents except fludrased ones. In 2008
Gentilini et aP* managed to obtain the first example of waisoluble fluorinatedAuNPsanging from
1.6 to 2.9 nm in diameter, synthesized in a homogeneous phase in the presence of a short thiol with
a perfluoroalkyl polymer and a finREGylatee&nding(Figure 1J. PEG allowed the obtained NPs to
be dispersed in water. In addition, tlexcellentsolubility of these fluorinated nanoparticles allowed
for additional studies on the interactions and properties of the fluorinated SAMs irecau
environment.Moreover,it was demonstratedhe ligand exchange to obtained mixed monolayers of
different fluorinated ligands on the protected NPs.

An important step forward in the optimization of the solubilitytbese nanoparticlesvas achieved
by Niikura et at?1%3 in two separate studies in 2010 and 2012 in which they obtaiAetiPs
decorated with ashort, fluorinatedthiol (Figure 18)that strongly improved their solubility in organic
solventsthrough the formation of discrete assemblies of nanoparticlésissolubility allowed for
more indepth studies regarding the properties of these fluorinated nanoparticles in solution and the
interaction between its SAMs and other organic molectitéScanning tunnelling microscopy (STM)
studies conducted onhe nanoparticles synthesized by Niikura et &ig(rel8, left) indicated a
marked tendency of the AuNPs to form ordered structures anpedatticeson solid substrates
following the evaporation of the solvena property not possessed manoparticles with terminal
polyethylene glycol instead of fluorinated moietiésthis study, theuthorsattributed thisbehaviour

to the selflubricating properties of the-AuNPslIndeedthe fluorinated nanopatrticles showed weak
inter-particle interations during the solvent drying processhich led to the formation otlose
packed 3D structures in short amounts of tinte.other FAUNPs synthesized by the same authors
(Fig. 18, right), the-F interactions between different fluorinated moieties waplexted for the self
assembly of hollow superstructures with a size range below 100 nm of diantetsed, the F

interactionsbetweendifferent Fligandscausedhe formation of vesciclkdike superstructuresvhich,
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once formed in THF, remained stableoirganic solvents such as methylene chloride, etltgtate

and butanol.
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Figurel?: Structure of the fAUNPs synthesized by Gentilini efPattureadapted fromref.164 Copyright © 2015 Elsevier B.V.
All rightsreserved.
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Figurel8: Structure of the fAUNPs synthesized by Nikuura etPatture adapted fronnef.164 Copyright © 2015 Elsevier B.V.
All rights reserved

3-D SAMsare interesting in that they can be considerpdr seas a fom of nanotechnology*® In
nanopatrticles they are responsible for most of the interactions betweenaxgsheir surroundings

By tailoring the thiolateproperties it is possible both to condition the formation of SAMs and
determine what kind ofnteractions will be preferred.

The important property of fluorous ligands to form strong fluoriherine interactions has been
studied for the application d~AuNPsas drug delivery systems able to host lipophilic drug molecules
in their fluorinated lger.

by exploitingelectron spin resonance (ESRspectroscopyit is possible to investigate furthehis
behaviour.

ESR spectroscopy, also called electron paramagnetic resonance (EPR) specisosaopyhod for
studying materials that have unpaired eflems. The basic concepts of EPR are analogous to those of
nuclear magnetic resonance (NMR), but the spins excited are those of the electrons instead of the
atomic nuclei.The first study in whiciESR was used to determine tpartition coefficient of a
molecule between a aqueous solution and ron-fluorinated AUNPs with a SAM of short alkyl thiols

was performed byur research group®™
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In this studydifferent parasubstituted benzyl hydroxyalkyl nitroxidegere employed. Different
spectra ofdifferent nitroxides were registerednd their affinity for the AUNPSAM was determined.
Nitroxides with paraalkyl substituents showed a higher affinity with the SAMieed, in this case, the
registered ESR spectrum showed a new species whenever tleertoation of AUNPs increased
enough This behaviour was explained in this study as bdung to the lowernitrogen hyperfine
splittinga(N) compared to the free radical, which indicatedpresencef in a lesgpolar environment,
well shielded from thequeousenvironment.Moreover,the EPR linesf the radical probe inside the
monolayer were smaller, due to the slower motion inside the monolayefurther prove this theory,
the ESR spectra were registered with different concentration of AUNPs, shaimgar increase in
the molar ratio betweercomplexed and free radical at higher concentrations of AulRRRgire 19)
Further ESRexperiments conducted by our research group aima&dre conducted onAuNPs
protected by SAMs of eithemly H-ligands or Higands and it was found th#te affinity of the probe

for the FAUNPs was higher compared AuNPs protected only balkyl thiolates'®® These studies
showed that not only fluorinated ligands are a better host system compar&ubdPs ptected by
only hydrogenated alkyl chairf;n comparable size ranges) but also that the fluorinated ligands with
a more flexible distal region (for example an alkyl separator) increased the binding constant of the
radical probe witin the monolayer34166.167

The repercussions of these resudti® significant as several drugs usedamcertherapy suffer from
lack of solubility and would benefit from this kind of nanotechnological dieigvery platform
considering thaimore than half of the mossuccessfullrugs in the market containne or more F
atoms%8these studies are relevant for further applicatiodsstudy conducted by Kim et al. in 2008
highlighted this by synthesizing AUNPs with hydrophobic pockets loaded with different dyes gad dru

and demonstrated uptake by the cells by a membraiféusion mechanism®®
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Figurel9: Graphical representation of (ladical hosted in the MPC monolayer, in equilibrium with the free nitrp@JEPR
spectra of radical mbe in the presence of AUNPs at the same concentration at different temperatu(8)afER spectra of
(a) only radical probe (b) radical probe in the presence of AUNPs and (c) computer simulation of b.

Another interesting field of applications forANPswas proposed by Palermo et al. in 2(18in

which they demonstrated that the analysis of metabolite distribution in biological sampées
nanostructure imaging mass spectrometry (NIM&J)Id beassisted by employingAuNPs Through
irradiation of the nanoparticle surface, perfluorinated chains could be directly released with a low
amount of energy, preventing direct contact between the analyte and the thermal sanctallowing
direct detection ofdifferent biological molecules.

A field of application for=AuNP<hat | will be focusing on is the field ¥ MRI.I will not now enter

into the advantages of this imaging technigue as | have already discuss@u3hision 1.8, but it is

worth stressing how interestindAuNPscould be as potential scaffoldfor the synthesis of a
nanoparticle designed as contrast agémtthis application, at least as a preof-concept materiat’

The suitability oAuNPdor this application resides in the possibility to finely tune their size and obtain
a narrow size distribution with relative ease. In addition, it is possible to tailor and modify the
passivating monolayer to enhancethe biocompatibility of the final nawsystem and its
bioaccumulation. This is ideal in the design of any theranostic nanoplatform as it allows for
adjustments in real time with minimal synthetical effd8everal studies have been conductedbuild

a library of techniqguegrom which it is psgsible to choose frono effectively tailor the passivating
ligandfor optimal *°F MRI applications. For example, by adjusting the length of the alkyl spacer that
separates the fluorinated moiety from the gold core it is possible to keep a high degresbiityrfor

the ligand. This is a crucial factor f§F imaging in fluorinated polymers as the suppression of
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molecular mobility can induce a shorter Te&laxation time, which results in the attenuation of the
MRI signat®

Regarding the toxicity of tls® nanosystems and thefiocompatibility, thestudies are still in the
preliminary stages. It is, however, worth mentioning some of the more important preliminary reports.
In a study byNiikura et al’? sub-100 nm RAUNPs vesciclegAuNVs)crosslinked with dithiol
terminated PEG to impart water solubilityere synthesized and to assess thHawcompatibility and
potential use in drug deliver\Rhodamine was encapsulated and the AuNVs were tested on HelLa cell
lines The results indicatethat the small size of thevesciclesallowed them to beinternalized into
cellsand that they would release their cargo upon light irradiatibtareover, the death rate HeLA

cell lineswas less than 5%Boccalon M. et df° reported 95% cell viability iHeLa cell lines exposed

to FAuNPsfor 4 hours at 37° Gn the concentration range of 0c0 puM. Marson et al’”®
demonstrated how the presence of fluorinated ligaratsd the different ratio between fluorinated

and nonfluorinated ligands in mixed monolayers NPan drive the formation of surface patches
different size, which in turican influencethe membrane binding ability and cellular uptake of gold
nanoparticles. In addition, despitine lack of specific knowledge about fluorinated nanosystems,
there have been extensive reviews aimed at assessing the toxiggrifiorocarbons(PFCp’4in
which the chemical stability of PFCs was thoroughly investigatedeported irPart .11

Because of the above consideratigfiSAuNPs with gold acting as the scaffold together with a
passivating ligand consisting of a fluorinated moiety suitablé*f6IMRI, might constitute a valuable
addition to therepertoire of contrast agentdor °F MRland might thus represent an innovative
diagnosticplatform that can not only serve as a fluorinated contrast agent but can also be employed
as proofof-concept design for further functionalizati@nd likely useful for other imaging techniques
Moreover, ly exploiting the interaction between SAM and organic molecules, its potential as
theranostic nanoplatform for drug delivery could be explored further in different diseases, including

but not limited to cancer.
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Results an@discussion

The overall aim of this section of the thesis is to report the resultsdastlisghe implications of a
novel FAUNP synthesisyith a special focus otihe characterization of fluorinated nanoparticles. In
addition, the capability of hostingdrug molecules in SAM, compared to previous nanosystems

prepared by our research grouwyill also beconsidered.

1. Design of the Nanosystem
The design of the second generation fluorinated gold nanoparticles was based ypewvious model
developed by our group, shown in Figure Z8is design of nanoparticle was chosen afigplayed
low toxicity, as demonstrated by experiments in vitro ogLid cellswhile displayinggood SNR at low
concentration in'®F MRI phantom experiment&urthermore, the monolayer of these nanoparticles
showedhigh affinity hydrophobicadical probes mimicking small molecule hydrophobic dffys.
R FFRF
) /s\/\/\/\o/?ioﬁoﬁoﬁoé/o%

12-13

Figure20: Structure of MPCs with short, fluorinated polymer synthesized by our group.

To optimize this designhe previous background provided by studies on the synthedsfafNPg %

and the insights achieved with respect to the organization of homogeneous or heterogeneous
SAMs%175 to morphological characteristit®1’® and to nanoparticlesinteraction with other
molecules'®*'"” was taken in consideration armtiefly summarized here:

A major point that was considered in tloptimizationdesignof the new FAuNPswas related tats

size, because this directly influences the total numdned densityof passivating ligands, as reported
previously by Murray et aféwhere results showed that the smaller the nanoparticle theyerthe
available surfaceAnd therefore the conformational freedom of the ligandsatfdition,for very smaH

size nanoparticleghe ratio between the numbepf ligandsand thenumber of goldatomsis higher,
increasing further the number of passivating ligaadsl consequently the number & atomsOur
objectivewas thereforeto achieve nanoparticles with a core of ab@hmin diameter Considering

that the concentration of fluorine atosiin a biological system for a good MRI signal has to be in a
range of 18°-10'° atoms per voxel (volumetric picture elemepff the choice of a smaller gold
nanoparticle design can provide advantages compared to prewgsiems developed in the group
Furthermore, previous studies on toxicityAfiINPsn vivoshowed that AUNPs with a diameter size of
around 2 nm accumulated legs the liver,and AUNPs with daydrodynamic size radius under 10 nm

dispayedenhanced renal clearan€@’817%in respect to larger nanoparticlaghich would improve
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their biocompatibility and reduce theiioaccumulation In addition, increasinthe number of°F
atoms in the nanoparticle monolayer will also leadattextended lipophilic area thahight be useful
to increase the loading capacity and/or affinity of tffel y 2 LJ- Mdnaldér ®Osinall molecule
hydrophobic guestsThe most straigtforward approach toncreasehe number of F atomsompared

to previous designsvas to synthesizea novel ligand with arextended perfluoropolyether block
(PFPE)The extended PFRIBlymer wagequested by our group and synthesizegExFluoResearch
corp.which provided dong perfluoroethylene glycaliol obtained from a PEG of a MW of about 600
Da.(FPEG 600Q)hown in Figure 2The choice foan extended PFR&therthan a fluorocarbon (FC)
was dictated by two main considerations, whiclerer the result from previous studiesirst and
foremost, the structure of nanoparticleg/nthesized with a short PFRE&s more stable and flexible
compared tonanoparticles synthesized witRC and secondyaving several separate -OCECR-
domainsinstead of multiple CK2vould result inhavinga higher level of nuclear chemical equivalence,
asin previous studie®\uNPs synthesized wifAiFPE, the 1°F NMRshowed onemajor signal, instead
of three 1%

Linear polymer (from synthesis of F-MPCs) Perfluorinated polyethylene glycol diol (F-PEG600)

FF FF FF FF FF FF

HO\)QO)S(O%O)K/QH HO@%O%)%)VOH

FF FF FF FF

Figure2l: (right) shortperfluoropolyethylene glycol employéd the synthesis oMPCs andleft) perfluoropolyethyene
glycol diol (FPEG600¢hosen for the increased number of semuivalent fluorine atoms.

Moreover, the high number afxygen atomsthat would allow to accept Hhonds might represent a
improvement as hosting system for both the hydrogenated and fluorinated drug mole&alethese
reasons ~PEG 60@vas considered to bamore promisingpolymerrespect toa longerfluorocarbon
for the design of FAUNPs!® Another choice dictated by considering previous stutifés” was to
introduce analkyl spacetbetween the fluorinated polymer and the surface of the gold nanopatrticle

due to thelarger cross section of¢hains(~30 °A with respect to Fthains (~20 °A)
FR FR FR FR F

S (e)
Au W@Ofv%
FFFFFFFF

12-13
MPC-F8-PEG

Figure22: Structureof MPGF8PEGsynthesized biPasquato et al’”

Indeed, the larger crossection of Fchainscausel issuesduring the synthesis oAuNPsdecorated
with athiol featuring a sulphur atom in alpha position tdl@orinated polymer (F817"1% n addition,
the proximity of the fluorinated polymer to the gold atomvould have deteriorated the performance
of the nanosystems considering the severe broadeningMR signals of the nuclei in close proximity

to the gold surface. Moreover, thiatroduction of a fluorinated moiety close to the golas is shown
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in a previougesign by our group in Figure 22ould prove to besynthetically challenging due tbe
reduced nucleophilicity of the thiol installed atishposition as it was already demstrated by our
previous work from our group’’

Another point considered was ensuring an adequate level of flexibility for the monolayer because it
not only affects the stability of the final system, but also affects its performance as potential drug
delivery system as shown by the ESR studies performed on both sy&témBorall of thesereasors,

it was decided to introduce an alkyl spacer comprised of 11 C atoms, instead of the shorter C6
previously employedAs shown by previous studies, theesence oPEGylated chaifmPEG550as
0KA2f Q& wasyeRough MBaltalIfor watesolubility of the FAUNPSs Indeed, he size of the

PEGylateahain is essential to mask the fluorinated polyrteethe aqueous media.

2. Synthesis aAuNPgrotected by fluorinated thiols

To summarize all the previous points, the general structure of the gold nanopadg=éeher with a

short description of each of its pad the following:

Yo Fordor oy

1 FF FF ™ 12-13
\ |
| |
19F POLYMER PEG

1 Spacer:
The alkyl spacer provides stability to overall nastsy, decreasing the repulsion forces between
each chain and allowing for a more densely packed &AN& indirectly allowing a higher degree of
flexibility to the overall structure.

1 The fluorinated polymer:
It represent the core of the-AuNPs and the main novelty compared to previB#suNPsa long PFPE
will allow a higher number of fluorine atoms per nanopaetahd a strong signal ifiF MRI. Moreover,
the extended lipophilic surface provided by fluori@d moieties might provide a larger affinity for
small druglike molecules

1 PEG
The PEG is designed to protect the SAM of ##aNPs from the agueous environment aiding its
solubility and dispersibility while at the same timeducing the risk of opsonization in biological

environment.
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Synthesis of the fluorinated thiol.

The structure of the designed ligand is characterized by an -tarbon alkyl spacer, a
perfluoropolyethylene glycol diotomprising about elevemerfluoroethylene oxide unitswith a
molecular weight of ~1484 Cand amethoxypoly ethylene glycolrhain(mPEG 550)f MW ~550 Da

(12-13 ethylene oxide units) all linked together by ether bonds. The synthetic steps can be summarized

in thescheme 1:

Q Q Q NaH, dioxane
”M\ TrtSH, K,CO;4 TsCl, Et3N 0‘\s Ar, 100°C, 52%
Br OH —» M’\ SM\O/ o
°  EtOH/H,0 1:190°C O DCM Ar, 24 h O 9
quantitative 84% 3 72§ >§/0H

FFFF

Q NaH, dioxane
O F\. FE F 100°C, 48 h, 65%
F
(o] OH
SMO% Wo% )OK%A of
O 9 FFFF 4 FFFF11 12413
4

X TIPS, TFA DCM Ar 73%
\\ .0 >/

o 2f
12413 FOEE
DCM dry, Ar F
quantltatlve 6 HS/\M/\O/X(O%\%X/O%O%
9 FFFF 0 121
8

-13

Schemel: Complete synthesis scheme for the preparation of fluorinated ligand

This synthetic procedure for the synthesis of the fluorinated thiol follows the procedure introduced
for the preparation of the similar ligand presenting a much short&g&°

The synthetic scheme starts fromcammerciallyavailable bromoaldaol 1 which is transformed in

the trityl-protected alcohoR by SN reaction. The alcohol is then activated wjtholuenesolforyl

ester, a good leaving grauto obtain3. Thereaction betweer8 and FPEG 600 diol is conducted with

an excess opolymer to compensate for the formation of the disubstituted with sodibyurideto

form the intermediated. In parallel, commercially available mPEG 550 is activated with tosyl chloride
to form 6. The formation of trytil protectegroduct? is conductedn dioxaneand the deprotection is
conducted with TFA and TIPS which acts as cation scawerfgem product8.

The first step introduces a protected thiol moiety to the-irbmo-undecanol. The trityl group was
chosen as protective unit because it is Wyghesistant to bases, which are employed during the
following synthetic stepsAs mentioned before, the length of the alkyl chain is important for, among
other reasons, the stabilization of the gold core due to the formation of tightly paci@blayer by

van der Waal interactions between neighbouring ligantf§ This synthesis is a nucleophilic
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substitution of the bromideacting as leavingyroup by thetrityl-protected sulphur atom.The
formation of the thiolate is allowed by the use ofdQ acting as a base.

The compound is a bright yellow viscous oil, which solidifié®w temperatures. Yield is quantitative.
Compoundsl-3 display diagnostic signals in thed NMRspectra (400 ME, CDG) as illustrated in
Figure23. In paticular, the triplet pertaining the methylenen alpha tobromide of compoundL is
shifted from3.41ppmto 2.14 ppm (bond between the thiol functionality and the carbon chain
compound2. Moreover,aromatic signals for thé&ityl group (Figure23B and insert D) and also the
tosyl group (Figur@3C and insert D) appebetween 8 and 7.1 ppntonfirming further the formation
of the product 2 and 3. For compound (Figure23C) thesuccessful reaction onfirmed by a triplet
at 4.03 ppm pertaining thenethylene in alpha to the tosyl grpuand a singlet at 2.45 ppm pertaining
the methylof the tosyl group.

o 4 A
-CH2-OH (1)
3.64
ﬁ -CH2-Br (t)
3.41

T R e st e :
79 7.8 77 7.6 7.5 74 7.3 72 7.1 h
f1 (ppm) A

Trt(d)

-CH2-OH (t)
3.64

[crzTrey
2.14

water

] PPN

CH2-TrE(8)
2.16

4.03 2045

: T T T T T T T T T T T
85 80 725 70 65 60 55 50 45 .. 40....35...300 25 20 15 0 05 O
f1 (ppm)

Figure23: 1H NMR spectra (400 MHz, C§Gf compound 1 (A), 2 (B) and 3 (C) witlexpansion on the aromatic signals of
trityl group and tosyl group of compousd and 4 respectively (insert D).

Mass spectrunof compound 2 and3 show their respectivpseudomolecular peakM+Na]* at 469.2

m/z and 623.4 [MNa]* m/z as expectedFigure 24and 25 respectively
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Figure24: massspectrumof compound2 (TrtSC110H).

The maximum yield obtained was 80% as a white crystalline solid.
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Figure25: mass spectrm of compound3 (TrtSC11Tos).

The yield obtained for compound 2 wagantitative. The compounid a yellow viscous oil. Compound
3 was a white crystalline solid obtained with a yield 4¥8

Synthesis of TrtSC11FPEBB&)

During the preliminary trial runs the reaction wéisst performed with an excess of potassium
hydroxide to ensure the formation of the alcoholate ePEG 600 diol.

The reactionreachedcompletion after 3 days at 100C using 1,4-dioxaneas solvent During the
NEFOGA2Yy GKS F2NX¥IGAZ2Y 2F | & KA s nodéefdaeNdNieQ | G G
precipitation ofthe sodiumsalt of4, which could have formed due to the exces$ate In addition
to that, by andysing the crudemixture by *H NMR the presence o, with its characteristic triplet
centred at3.64 ppmwas noticed Its formation could have been prated by the presence dfaces
of water formed by deprotonatioraccording to the following reaction:

HOCHCROCECROCECHh I b H Y h LCROSESHOCHCHOK + 26D
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For this reasonin the following reactions sodium hydrideas usednstead of potassium hydroxide
to avoid the formation of waterAlthough he reaction timewasimproved to 48 hourscompound2
formedas byproduct andno precipitate was formedTlhe reaction wagerformedin 1,4dioxane This
solvent proved to be ideal because tfe peculiar solubility of the polymefThe reactionwas
monitored by means ofNMR spectroscopyand its canpletion was determined and confirmed by
both 'H NMR and®F NMR.

The proton NMRshow the disappearance dhe triplet at 4.8 ppm retainingto the methylene in
alphato the tosylgroup anda multiplet betweer4.00and 3.94ppm dueto the methylene groups in
alpha position of the GRunits of the fluorinated polymersvas formed Moreover, a new triplet at
3.64 ppm is attributed to the methylene group of the alkyl chain in alpha to the newly formed ether
group.Thedesymmetrizatiorof FPEGs nicely in evidence iF NMRspectraof the precursor and of
product 4, Figur@6. Indeed, while the FPEG presents one signal@0.89 ppmpertaining tothe end
CR groups, the'®FNMR of 4 displays two different signals-78.30 ppm and80.86 ppm.
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Figure26: spectra of 1% NMR367 MHz, aceton€6)of FPEG diol 600 (top) and produkctbottom).

The crude of the reaction was purified by meaniagh chromatography and it was possible to isolate
the product

Synthesis omMPEG550T0%)

The conjugation of with mPEG58 requires the modification of the commercially available mPEG550
in order to have a good leaving grauphis was achieved by inttacing a tosyl groupAlso,in this
case!H and®®*C NMR spectrare diagnostic for this transformation. In particuléine signal of the

methyleneprotonsin alpha totosyl groupat 3.68 ppm {H NMR). To better characterize the obtained
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compound the mass spectra dPoly (ethylene glycol) methyl ether (550 Da) and tm®eg550Tos
were registered.

The typicalPoissordistribution given by a series of peaks each separated by 44 m/zZC{@bl), is

visible in both cases. The [Mbn is visible at 693Bm/z.By comparing the twdlistribution profiles,

the distribution of the intervals shifts to higher méompared to the precursowhich indicates the

presence of the tosyl groufFigure 27)
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Figure27: micrOTOR) mass spect of PEG55Qtop) and PEG550Tgbottom).

Product is a colourlessil, andthe yield is quantitative.

Synthesis of TrtSC11FPEG600PEGBH50 (

The protected thiol was obtained by conjugation of activated nB®b® with compound4.

The reaction wagonducted in 1,4ioxaneas solventwith sodium hydride and t© ensure total
conversion of the precursor, a slight excessm®EGTos was used 1.10 equivalents

The reaction was monitored by means of Nlgifectroscopyand its completion was confirmed by
both 'H NMR and®F NMR.For the'H NMRspectrum, he multipletat 4.00-3.94 ppmpertaining the
methylene unis of the FPEG600 inh to the alkyl chain and the hydroxyl growghift due to the
formation of a ether bond between the mMPEG550 and separate triplets a#t.10 ppm and 3.99 ppm
areidentifiable The triplet at 3.79 ppm is attributed to the methylene group of BtEeGylateadthain
inh to the FPEG60M the °F NMR spectrurthe peak at80.86 ppmdisappears and a new multiplet
relative tothe Ckin" to the PEGylatedhain appears af78.48 ppm, in close proximity to the GF

h to the alkyl chain.
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Spectralanalysesfor this compoundwere performed withMSESI in positive (Figure 28 top) and
negative mode(Figure 28 bottom) to gain insight on synthesized compodrite resulting spectra
show a low S/NOne of the reasons for this issigetechnical, as th&SIMS employed has a upper
threshold of detection set a2200 m/z. The second reasanight be related to the broad mass
distribution ofthe compound asit would be formed by two different polymers with differentass
distribution and mass intervals between PEG and FPEG oliggth&mremultiple clusters are visible
in negative modeThedifference beweenintervalsforming thePoissordistributionsis of eitherm/z
44,72 or 116. These intervalgan be attributed to the different number afxyethylene(44 m/z)or
perfluoroxyethyleneunits (116 m/z)of the compoundrespectively.The interval off2 m/z can be
explainedconsideringthe difference in mass betweetwo different copolymers havingne less
CHCHO unit and one more GEFRO unit such as in the case OfCECROMCHCHO..
(CECRO)+1(CHCHO)M.1=72 m/z.

Theproduct7 was obtained as a white solid, widhmaximum yield of 64%his represents the highest

yield obtained for several repetition of the synthesis.

17799 1067919999 pocc;
o il d bbbl s b
2

Figure28: ESIMSmass spectra ofrtSC11FPEG600PEG550 in positive ifiopleandnegative modéMSESI)bottom).

Synthesis of HSC11FPEG600PEGH50 (

The last step prior to the synthesis BAUNPSSs the deprotection thehiol group. This reaction is
performedwith an excess of trifloroacetic acid and triisopropylane, which actsascation scavenger

used to reduce the trityl cation formed during the reactidro avoid the formation of thdisulfide
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particular attention is given in keeping the reactgystemand thereagents deoxygenatedo ensure
the complete removal of TFA during the workup procedure, a flash chromatography civlisitica
gelwas employed to purify the thiol.

The product8 was characterized by means of NNMRectroscopyIn the *H NMRspectrum the
disappearance of the triplepertainingthe methylene group in alpha to the trityl at Zppm is
diagnostic, which iaccompanied byhe formation of a triplet at 2.54 pprthat is consistenwith a
methylene inh  LJ2 &df afantignalthiol group which found confirmation also bgerforming
simulations with the aid of MestreNova prediction plugInstead, he signal at 2.62 pprdue to the
methylene inh to the disulfide which formed despiteprecautions taken during deprotection &f
However, traces oflisulfide are not a problem due to the strong reducing conditions that will be
employed for the synthesis gAuNPsin the synthesis of FAUNPs The!°F NMRspectrumremains
unchanged in respedb the thiol precursorconfirming the reaction conditions employed did not
affect the fluorinated portion of compoun8. NMR spectra are represented in Figure 29.
Massspectrometrywas performed with MSESI in positive (Figure 30 top) or negative modgu(e

30 down) of compoun8. The S/N ratio inot optimal for the same reasorssiggested for its precursor.
In positive mode it is possible @ clusterwith intervals of 44 m/z, which might be attributed to
unreacted mPE&S0OTos Moreoverthe presence of dess intense signalt 243m/z can be attributed

to the loss of [@His|e which iscoherent with the mass of a trytilThe spectrum in negative mode
shows a series of cluster withfferent intervals each separated by eithét, 72 or 116 m/zas it was
the case for compound.

For compoundB, the 1°F T1 and T2 relaxation times were determined in aceton@id876MHz.The

T1 was determined by an inversion recovery experiment, which measures the transversal
magnetization after a 180° impuléallowed by a 90° pulse. By plotting the intensitysimnalat -89.56
ppmagainst different time intervalg value of 1.057 was obtained For the determination of the T2,
the CarrPurceltMeiboom-Gill (CPMG) pulse sequengas used t@assess the decay of the transverse
magnetization due to field inhomogeneities and the molecular environment causing spin dephasing.
By analysingthe sameset of signalsat -89.56 ppm a value of 806 ms for T2 was obtainée'8
Although the relaxationimes arerather long, we expect that they will decrease ortbéol 8 will be
grafted on thegold nanopatrticlesurfacenanoparticlesurface due to the slower molecular tumbling

rate'® of these objects.
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Figure29: 1TH NMR(400 MHz acetoned6) of the thiol (aboveyvith a zoom between 4.25 to 4 ppm as insand 1° F NMR
(376 MHz, acetond6) of the thiol8(below)
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Figure30: mass spectra diSC11FPEG600PEGESM) andrange 12002500 m/z (MSESIY bottom).
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3. Synthesis dAUNPswith fluorinated thiol

The synthesis of the AUNPsfollowed a previous preparatioprotocol developed by our grodf?

which was adaptedbr different NB size and functionalizatiot4184

FF

HAUCI, + HSHO/%O%

1 FFFF

FF ° ;
1) 0 °C 30 min 600 rpm
OK/OVC))/ Au \SH O/%o
NaBH,4 3.5 min, 600 rpm FF

1
" 1213 0°C, 2 hours

FF FF
ﬁo)@oéﬁoy
FF n 12-13

8
Scheme: scheme for the synthesis of AUNPs protected by HSC11FPEG600PEG550
The reaction wasarried out using deoxygenatelventsto ensure the formation oAuNPswith a
gold core of about 2 nndiameter. Multiple factors determine the size of the nanoparticles in a
homogeneous phase size synthe§idFor example, in a study by Pengo ef'&lthiol AUNPsa SAM
composed of short alkyl thialith different sizswere synthesized anil wasdemonstrated that the
rate of addition of the reducing agent is critical, especially in homogeneous phase synthesis, as it
controls therate of reduction of the AuNPs, in contrast to thasesystems in which the rate is
controlled by phase transfer proces$he Au/thiol rate is also an important factor, dt was
demonstrated in atudy that synthesized AUNRE& homogeneous phase syntheswith mPEGylated
chains ofdifferent length: by increasing the mPEG/Au molar ratiovas possible talecrease the
diameter distribution, obtaining narrow distribution of smAlINPS®” In thisspecific casgto obtain
nanoparticles witra core radius of abou nanometreswve usedamolarratio of 3:2 betweerthe gold
precursorand thiol, an aqueous solution ®aBH wasused as reducing agent, addition of the solution
to the reaction mixture was performeaaler 3.5 minutes with a dpping funnel to avoid the formation
of aggregatesTo ensure the formation afeasonablymonodispersd NPswithout the presence of
impurities we took somadditionalprecautions: we usedeoxygenatedilli-Q water and methanol
to avoid the formation of disulphide species before the addition of NaBtécrude nanoparticles
were purified withmultiple washing steps with hexanehichwas the solvent of choice due to the
high solubility of the free thiol and nanopatrticle insolubititydby dialysisusing acellulosemembrane
with a cutoff of 12400 MW in Milli-Q water. Thepurification stepsare crucial for the removal of
unreacted species and salts.
Nanoparticles were characterized trsgnsmission electronic microscofVEM), U\AVis spectroscopy,
dynamic light scatteringDL$, *H NMRand '°F NMR with preliminary?®*F MRIT1 T2 and Phantom
experiments SAXS measuremerds ESR experiments
TEMwas employed t@ssesshe sizeof the naroparticlescore;ImageJ softwargvas used for further

elaboration TEM image is shown in Figure 31, left.
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Figure31: TEM image ofhe Au@SC11FPEG6000EG550. (Right) histogram representing the size distribution determined by
ImageJ program.

The nanoparticles obtained displayed a core with an average diame2et am * 0.8 npdistribution

is displayed in Figure 31 right.

U\-Visspectum of the AuNPs in methanol with a concentration of 1 mgshbws a smooth band
around 503 nm which is consistent withe gold core size determined by TEM measurements and
literature, considering that, if present, th8PBoriginates an extinction spectnu which depends on
the size, shape and aggregation of AulfPand is usually absent in nanoparticles with diameter
smaller than 3 nn#*’ As it can be seen in Figure 32, there is a small absorption demdedat 503

nm, which probably arise from a small fraction of nanoparticles of size higher than eenfrigure

31, right.

Wavelength nm

Figure32: UV-Visspectrumof FAUNPsSn methanol. Concentration of 1 mg/mL of Au@SC110F110PEG500

While the TEM analyses proved to be useful for the characterization of the nanoparticles gold core, a
measure of overall nanoparticles size, i.e considering also the protecting shell, can be determined in
solution by Dynamitight Scattering (DL$).thiscase thigechniquewas employed to determinthe
hydrodynamic diameterdy) of the FAUNPs

Measurements were carried out at different concentrations of AuNPs dispersed in water, with or
without filtering beforehandFiltration was carried out with a Opin HDPE filter-rom the DLS profiles
reportedin Figure 32s intensiy and numbeit is evident that at higher concentratioise NPSorm
aggregates. By diluting the sampldee DLS profiles shoavdisruption of theemporary bonds formed

between NPswhich indicates a reversiblend concentratio- related aggregation behaviouihe
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average of the two measures at the lowest concentration was considered, gidingfaither 11.55
+ 2.63nm (filtered) or 12.71 nmt 3.26 nm (unfiltered) the two values are coincident within the
experimental uncertainty These measuresre consistent withthe hypothesizeddus, which was
estimated to around~10-12 nm, due to the sum of theaveragecore size diameter and the length of
two HSC11FPEG600PEGSEBAaInsof about~5 nm each,considering separately the three portions:
the alkyl part is around 1 nm, while the fluorinated moiatg eacharound2 nm long,'® considering

that both chainsare usually coiled umstead of presenting a straight structure.
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Figure33: DLS distributioreported as number (B) and intensity (©) ofunfiltered sampl€A,B)and unfiltered sample (B,D)
at different concentrations obtained by serial dilutitige mother saltion. Different concentrations are shown in different
shades of blue (from darker to lighter)

Tablel: Summary of the DLS size distribution by number of both filtered and unfiltered samples of AUNPs.

unfiltered filtered
Concentration Size £ SPnm PDI Size + SPnm PDI

mg/ml

5.0 47.67+10.22 0.547 - -

2.5 15.62+3.51 0.345 4.025+0.80 0.665
1.25 5.48+1.33 0.489 5.76+1.66 0.695
0.625 6.75+1.55 0.595 10.19+2.87 0.674
0.312 9.25+2.79 0.581 13.31+£3.39 1
0.16 13.85+2.46 0.604 12.10+£3.13 0.601

63



However the presence of aggregates is confirnadill concentrations, with or without filterindpoth

from the distribution data in terms of intensity, shown in Figure 33 B,C and fhen?DI index, which

isaparameter used to define the particle size distributioging in the range of 0.5 0.7, which may

indicate a broad patrticle size distribution.

In literature, examples oPEGcoated AuNPsshowgood stability andow PDI Multiple studies have

been conducteddemonstratingthat PEGylated chains confer good colloidal stabilityAttNPsand

gold clustersof different sizes, that range from 2 & nm. Moreover, previous DLS measurements

conducted on the=MPCssynthesizedy our group featuring the short fluorinated polymeith the

samePEG lengthdid not show a similar behavioti® An interesting studyoy Monego D. etal 1%

conducted with a combination of computer simulations and experimental wegkrding theeffect

of the ligand shell on colloidal stability of the overall nanoparticlemonstrated that for smaller

AuNPshe agglomeratioris mainy driven by the ligand shell, whereas for larger nanoparticles the

contribution of the van der Waals attractions between cores is more relevant for the their

agglomerationConsidering that ithis particularstudy, 6 nmof diameteris already considereatbe
I aayvYlfté yIy2LIl NIGAOE S hanap&ticldd ahigtb&havidur & evéerkKrmofie F 2 NJ

pronouncedand the dominant element leading to formation of agglomerates at higher concentration

islikely to be the influence of the ligand.

For thesereason, onesuggestion for this particular behaviour migtatke into consideratiorthe

structure of the thiol, whth, featuring a ligan@ith a shortmPEG chaiand a fluorinatedmnoiety of

similar length, the formemight notshield completely theatter from the surrounding environment,

leading to the formation of temporarynter AUNP$~F bonds

Thermogravimetric aalysis TGA is atechnique usedn this casdo determine the percentage dhe

organiccomponent ina sample, was also exploited determine the exachumber of ligandchains

per each NP.
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Figure34: TGA plot oAuNPgleft) and itsfirst derivative(right).
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to see a sigle broad peak which indicates single desorption event that is consistent withe
presence of a homoligand monolayer (Figure 34)

The data obtained from the TEM pictures were compared to the tabulated results in Murray*t al.
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Figure35: Correlation between the number of fluorinated chains in function of the diameter((eft)) with the trendline
and its equation andorrelation between diameter andumber of gold atoms per nanoparticle with trendline and its
equation obtained by plotting the tabulated results in the previous téigét).

Combination of TEM and TGA data aBow determine the average NP composition and their
molecular weight following the procedureportedin a previous work>

The averge compositiorso determined Aw10SRs, display a lower number of ligandscomparison

with data reportedby RW. Murray!®° This difference may be rationalized considering a longer and
spacerequiring ligand due to its fluorinated moiety withespect to dodecanehiolates used by
Murray et al. in the cited paper.

Proton and even moré’FNMR characterization of these fluorinated NPs is of paramount relevance
for further applications int°F MRIH NMR spectrand '%F spectraof the free thioland of AuNPs
protected by the fluorinated thiolates are reported in Figusé and 3 respectively The first
information from a visual inspection of the AuNPs speeistthat the sample does ndiaveimpurities
resulting from unreacted thiol or other spesi due to the lack of sharp signdiéoreover,in the H
NMR in Figre 36 the signals are significantly broadened in respect to the free thiol.mégylene

unit in alpha to the thiol at 2.54 pprisappeared completely. These changes are causest\mral
factorsarising because dhe close proximityof this part of the moleculéo the gold core. The closer
the atoms are to the gold core, the momnformationallyrestricted they areé®'%? Alsqg these
protons experience fast spin relaxation fnodipolar interactions, from the heterogenicity of the
binding sites (especially for small clusters), which causes a distribution of chemical shifts, and finally

from the slow rotational diffusion of the nanopatrticle that scales with its size.
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Figure36: H -NMR spectra400 MHz,acetoned6) of the (top) free thiol ligand (HSC11FPEG600PEG550) and (bottom)
passivated ligand on the gold surface (Au@SC11FPEG600PEG558)spéeetra show a similar behaviour.
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Figure37: 1%F-NMR spectr§376 MHz, acetond6 of the (tq) free thiol ligand (HSC11FPEG600PEG550) and (batt®)s

In the ®F NMR shown inFigure 37t is possible tginpointthe presence of ainglepeakcentered at

-90 ppmwhich, despite its broadenin@ respect to the same signal of the free thiolais excellent
starting point for the application of these nanopatrticles in MRI experiments.

To characterize th@ropertiesof FAUNPs as$°F MRI imaging contrast agents, T1 and T2 relaxation
times, shown in Figure 38yere determined at 25C and 37C in RO with the same experiments

described earliein previoussection(Synthesi®f compoundHSC11FPEG600PEG8K0
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Figure38: Data plot, exponential fitting, function parametrization féeff) T1 and (right) T2 relaxation times, determined at
25°C in RO at aconcentrationof 25 mg/mL.

The values for T1 and T2 were determittede 474 msand23 msat 25°C and434 msand25 msat

37 °Crespectively As expected, T1 and T2 are musthorter compared to the relaxation times
determined for free thiolB with a consequent increase in relaxivifgl =2.113 s and R2= 42.28. s)
These results are in line with previous studies on relaxation times extrapolated FilgifACs!%
characterized ¥ having a thiol comprising a shorter fluorinated polyroE8 quastequivalent fluorine
atoms ashorter alkyl spacer of 6 C atoms athPEG550 as end groufslso,in this case the T1 and
T2time decreased (588 ms and 67 ms févlPCs). Compared to those systems, the reduction of both
relaxation times could entail that due to the increased densitfiuafrine atomsin the polymer and

the increase in the number offFintramonolayer interactias, the mobility of the system was reduced
further.

These preliminary results are promising as one of the main issues with PFCs is their relatively long
T11#along T1 is directly linked to longer time recovER] interval$or the recovery of longitdinal
magnetization, which affects the time needed to recoréfla MRI image. The T2 parameter is also
important as a high or low number is often associated with a reduction of the SNR (signal to noise
ratio) through signal decay and sometimes this tratmesato stringent requirements in terms of
receiver bandwidth even at low Time to Echo (TE) tiiéslowever these data compare favourably
sincein the literature there are reports of perfluorinated gases, such.&s @hich, despite having T1

and T2 times of 20 and 10 ms are still suitable candidates for applicagéitsMRI contrast agentg®

In collaboration with Prof. Francesca Baldelli Bombelli at the Politecnico di Milano, we performed
additional charactdrations regarding th&F MRI properties of thAuNPsAU@ SC11FPEG600PEG550
through > Phantom MRdtudies To optimize the imaging protocol, MRI of the sample was carried
out by means of RARE sequences with varying repetition times, excitation bandwdlthatrix size.
Different phantoms were acquired simultaneously with increasiogcentrationsof AUNPsor SNR

calibration. The resulting optimal settingasused for the acquisitions.
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Figure 39: (left) Representation of SNR @%F signal in respect to the concentration and (righ9F MRI of
Au@SC11FPEG600PEG550 at concentratid)26fmg/mLB) 17.5 mg/mLC) 15 mg/mLD) 10 mg/mLE)5 mg/mL

The results of thé’F MRI experiments are in lingth previous studies by our grotf{3*8and show
that it is possible to detect @ fluorine signal at a concentration of&NPs as low as 5 mg/ims
shown in Figure 39rhe analysis were performed omultiple sliceswvith 1.5 mm thicknes. Onlythe
most representative slics reported, which corresponds #volume of15-25 pL of FAuUNPswhich
corresponds to 8.3 x 10’ F atoms, whichs above thenumber of fluorine atoms per voxel (around
10%-109)%4 normally required for a good signal fol®F contrast agentsConsidering previous
studies®the number ofF atoms required to hava good signal for the-MPCsvere estimated to be
2.41 x 1&, which indicats that the results are comparahleConsidering hower that the
concentration of fluorine atomper volume is higher compared to the ones estimated for thFCs
due to their shorter fluorinated polymethis proofof-concept system represents an improvement,
as it allows to reach a similar performane@h a lower concentration of gold nanopatrticles

Still in collaboration with Prof. Francesca Baldelli Bombelli and Chiara Cutizei Ralitecnico di
Milano we investigated the behaviour BIAUNPswvith Smallangle Xray scattering (SAX&) FAUNPs

at different concentrations.
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Figure40: SAXS pattern recorded on-AENPs at different concentration

SAXS is a useful technique as it provides size data weighted on the amount of light st¥4tf€hed

curves follow the samérend asfunction to the concentration. The presence of spherical NPs is
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confirmed by the higher §[A]. However, the increase of intensity at lowet egpeciallyat higher
concentrations of FAUNPs might indicate the format of aggregates, which is in agreement with
previous results obtained by DLS technique. For this reason, analysis at a concentration of 0.1 mg/mL
was performed, as this concentration showed a narrow size distribution during the preliminary DLS
experiments and the results were plotted in function of the lag time. The correlation factor shows
that there are no signs of aggregations at thiséoaoncentration(Figure 40)

ESR experiments were conducted in collaboration Withf.ssa Paola Franchi from the University of
BolognaAs introduced earlief=SR has many advantages compared to other nustho study the
morphology of AuNPs as it offers the possibility to gambling rate informationGold nanoparticles

are ESR silent due to the lack of paramagnetic molecules and for this repacam@agnetic material
needs to be added to the sample (spin probdet has to be a stable radicommonly used probes

are nitroxide ompounds due tdhe presenceof a paramagnetic unit {D. When the probe is in the
presence of theselfassembled monolayer of AuNPstle aqueous environment it partitions itself

between the water phase and the monolayses shown in Figure 41
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Figure4l: Equilibrium of the nitroxide group between the aqueous environment and the SAM eAtiNFS.

TheESR spectrum is characterized by the presence of two set @isighe hyperfine constants of
the signal of the probe in the matayer and the signal pertaining the prole the aqueous
environment. By measuring the concentration raitiavas possibly to calculate the affinity constant
of the probe for the organic monolayéfrhe measured spectra were in agreement with the theoretical
simulation, as shown in Figure 4Phe preliminary results indicathat the nitrogen hyperfine splitting
(an) is much lower in respect to water, which indicatest the probe is located in thBydrophobic
region of the AUNPs monolayérhe same can be said regarding gtieng reduction of the benzylic
protons coupling(az+) which indicates the changes of conformation of the lgoMoreover, the
experiments conducted at different temperaturetiaav that the partition coefficient does not
decreases drastically with the temperature, which might indidheg the probe entertains strong,
durable bonds with the hydrophobic layeFhese results are in line withe previous works by our

research group®>166.176.195
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Figure42: ESR spectrum of the radical probe recorded in the preserfre@uddPg1.6 x 16 M of ligands) at 338 K. In red is
reported the corresponding theoretical simulation obtained by employing the spectroscopic parameters reported in table.

Table2: Spectroscopic parameters for the radical probe in water anB-AnNPs (bold) and partition equilibrium ¢4
constants, at different temperatures.

T(K) an (G) aG) Keq (M)

298 16.26 10.31 4438
14.45 8.52

318 16.20 10.11 3475
15.04 8.45

338 16.15 9.90 2512
15.21 8.45

Theequilibrium constantKeq) determined at 25 °C is 4438Ms shown in Table&hich is, in respect
to the FMPCs introduced earliéf®7.5 times highe(593 M?Y). These preliminary resulsuggest that
the FAUNPs can solubilize small hydrophobic molecules much better comparelPCs.These
results are still preliminary but areowever of great importancéor further consideration ofthis

nanosystem for as drug carriand theranostic applications.
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Fluorinated AuNPfer °F MRI Conclusiomand future perspectives

In line with he aimof this project the fluorinated thiolwith the long perfluoropolyethylene glycol
with 40 quasi equivalertfF atomswvas obtained, purified and characterized wittoéal reactionyield

of 21% With thisthiol, AUNPs with a gold core size of 2 ware obtained and characterizdy means

of different techniquesTheir performance as'& MRkontrastagent and as a potential drumarrier

was investigated was evaluated, considering and comparing both the literature in general and that
concerning previous nanosystems obtained by our own research group. By evaluating the results
obtained thus far~AuNPsecorated withlong FPEG 600 show pmising preliminary results in T1

and T2 relaxation times. This data found additional confirmation in'tRephantom MRI studies
conducted by Prof. Francesca Baldelli Bombelli, showing that the fluorinated signal givAnNiP ks
detectablewith *°F phaatom experiments and that the results are comparable to the previedsRPs
synthesized by our research group, at lower concentration.

Moreover, consideringthe preliminary resultso far obtained by th&SR studies, thequilibrium
constant for thecompkex of Awhydrophobic radical probés 7.5times higher in respect to previous
fluorinated nanoparticlestudiedby our research groupontaining8 equivalent fluorine atomsyhich
makes the present nanosystem really promisasydrug delivery carrietikely due to theenlarged
fluorinated portioncombined with theincreased distance from thmetal surface, which allows for a
decreased packing of the ligandsd a higher number of hydrophobic guest molesule

With respect to he results obtained by SAXS and DLS at different concentrations, the formation of
temporary aggregates due to the interactions betweREGylatecchains or fluorinated polymers
might require further analysis. However, the colloidal stability of the systewaier is guaranteed as

the nanoparticles do not form irreversiblaggregation even atthe highest concentrations
investigated.

The information obtained from thisecondgeneration fluorinatednanosystem is of significant
importance in the quest for fluinated contrast agentdn addition, the presenivork contributes to

the ongoing investigation on the behaviour BfAuNPsand their performance as theranostic
materials.

Future research should focus on assessing biocompatilmfityhe new NPsin vitro, and on
investigating further gold NRemporaryaggregation behavioyonsidering the synthesis 6§AuNPs

with a longerPEGylate@hain to determine its influence on the colloidal stability and by performing
experiments on moladar modelling, to better investigate thgropertiesof these nanopatrticles in a

simulated environment. Moreover, given the excellent ESR preliminary results reported here with the
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small size of nanosystem we managed to obtain, further drug loading amgrelense studies could

be performed once a suitable drug candidate and disease target is chosen.
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Experimental part

1. General part

All reagents employed were purchased from Merck and used without purification, unless where
indicated. Fluorinated compounds were purchased from Exfluor. Solvents were purchased from Merck
and VWR. Deuterated solvents were bought from Merck. Deoxygenatedrds were prepared by
insufflating argon gas in solvents under sonication. Reactions were monitored by TLC on Merck silica
gel plates (0.25 mm) and visualized by UV light, KMH(Q or Pancaldi solution. Flash column
chromatography was performed on Noasil silica gel 60 463 mm, purchased from VWR.

NMR were recorded on a Varian 400 spectrometer operating at 400 MHz. The NMR spectra were
processed using MestReNova softwaltd-NMR spectra were referenced to the residual protons in

the deuterated solvent and recorded at 400 MFGNMR spectra were refereed to the solvent
chemical shift and recorded at 100 MH#E-NMR spectra (recorded on Varian 400 at 376 MHz) were
referencedto CFgp / KSYAOIf aKATFTGAa 010 FNB NBLR2NISR Ay L
described by the conventional abbretians: s for singlet, d for doublet, t for triplet, g for quartet, gn

for quintet, m for multiplet, br for broad peak.

T1 and T2 relaxation timesererecorded on Varian 400 employing respectively an inversion recovery
and a CarPurceltMeiboom-Gill (CPNB) pulse sequences. The data were processed employing
MestReNova software using a thrparameter exponential fit.

MS measurements on ligands were performed through electrospray ionization (ESI) technigue on a
Bruker Esquire 4000 with an idgrap analyserand recorded by Dr. Fabio Hollan at the Department of
Chemical and Pharmaceutical Sciences of the University of Trieste, Italy.

UV-Visible spectroscopwanalyses were conducted on a Perkin Elmer Lambda 35 spectrophotometer
having a scanning speed of 240 -mmrt! and a slit amplitude of 2 nm, or on a Shimadzu24%0

having a scanning speed of 210 nm-$hamd a slit amplitude of 2 nm, using quartz cuvettes whose
optical path was 10 mm.

TEMimages were collected by means of a Philips EM 208 Electron Mipesgerating at 100 kV
equipped with 11 MegaPixel bottomounted CCD Olympus Quemesa camera by Dr. Paolo Bertoncin
or Prof. Paolo Pengo at the University of Trieste. Samples for TEM were prepared employing 200 Mesh
carboncoated copper grids and dispersipg >f 2 F GKS al YLX S &2t dziaz2zyao !
through ImageJ software.

DLSanalyses were performed on a Malvern Zetasizer Nano ZS ZEN3600 (Malvern Instruments,

Worcestershire, UK) equipped with a 4 mW-MNe red laser operating at 632.8 nm aadcattering
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detector at 173°, using disposable polyethylene cuvettes whose optical path was 10 mm. The data
were processed using Zetasizer software

TGAwere performed on a TA instrument TGASQD using platinum pans and with a heating rate of

10 °C-mift up to 830 °C, previous equilibration at 100 °C for 20 minutes and recorded by Prof. Tatiana

Da Ros at the Department of Chemical and Pharmaceutical Sciences of the University of Trieste, Italy.

2. Synthesi®f fluorinated thiol

2.1.Synthesis ofrtSC110KR)

S

1-Bromoundecanol (3 g, 11.94 mmol), triphenylmethaneth{@®!63 g, 11.94 mmol) and potassium

OH

carbonate (3.30 g, 23.88 mmol) were dissolved in 30oma mixture of EtOH/HD 1:1 forming a
suspension. The reaction mixture was heated under reflux at 90°C for 24 hours. At the end of the
reaction, monitored by TL(he residue was neutralized with HCI 1M and extracted with DCM (3 x 50
mL). Organic layers were collected and washed with water (3 xJp@md(1 x 50 mlwith brine. The
organic layers were then dried over 14, filtered and solvent was removed at reautpressure.
Yield was quantitativ€s.33 g, 11.94 mmol).

IH-NMR (400 MHz, CD§ : 7443 (d, 6H, Trt, eCH), 7.9 (t, 7H, Trt, mCH + CD§}} 7.2 (t, 3H, Trt, p

CH); 3.8 (t, 2H,0+LOH); 2.5 (t, J= 7.4 Hz, 2HH:STrt), 1.6 (p, J= 14.5, 6.6 Hz, 2H, §12H,-CH-
CH-OH);1.31(m, 16H, CH).

BGNMR(101 MHz, CD@ : 145.21 (TrtQ), 129.73 (Trt, €H), 127.91 (Trt, REH), 126.61 (Trt, 4€H),
66.48 TrtGS), 63.17-0H,-OH), 32.9X-CH-CH-OH),32.15(TrtSCH-), 29.67 (TrtSCh-(G)n-ChH),
29.58 (TrtSCH-(G})n-CH), 29.52 (TrtCH-(CH)n-CH), 29.50 (TrtCH-(CH)N-CH), 28.71 (TrtS
(CH)2-CHy-), 28.69 (TrtSCH-(CH)N-CH), 25.85 (CHz-(CH)2-OH).

2D HSC@nalysis was performed to help attribution betwethand*Csignals

ESIMS (MeOHpositive mods :469.2 [M+Na]m/z.

2.2.Synthesis oTtSC110Td8)

(O o ST
S O/S\b
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P-toluensulfonylchloridg2.50 g, 13.14 mmol) was solubilized in anhydrous DCM (25 mL) under Argon.
The mixture was cooled to 0°C with an ice b&§#(5.33 g, 11.94 mmol) t& (3.33 mL, 23.89 mmol)

in DCM (25 ml) was added dropwise to the mixture. Reaction was completed after 24 hours. Mixture
wasdissolvedn DCM (100 mLgnd washed with water (100mL) in a separatory funAgjueous phase

was washed with DCM (3 x 100mL). @iggphases were reunited and washed with HCI 6N (120 mL),
NaHCG®(120 mL) and water (2 x 120 mL). Organic phase was dried-8@N&olvent was dried under
vacuum. Crude product was purified by flash chromatography with PE/&IdCGis eluent. Solvent
wasremoved to obtain a white precipitate. Yield: 8@8673 g, 11.93 mmol).

'H-NMR (400 MHz, CD@l : 7.81(d,J= 8.1 Hz2H, Ts, eCH); 7.4 (d, J= 8.3 Hz, 6H, Trt-GH); 7.3

(d,J= 7.9 Hz2H, Ts, mCH); 7.9 (m, 6H, Trt, mCH + CD§J 7.2 (t, J= 7.5 Hz6H, Trt, pCH); 4.8 (t,

J= 6.5 Hz, 2H,KBOTs); 2.8 (s, 3H, To€H); 216 (t, J= 7.3 Hz, 2H, G8ITrt), 1.8 (dg, J=8.3 Hz 6.6

Hz, 2H;OH,-CH20Ts); 141 (p, J= 7.0 Hz, 2H, THSH-CH-CH); 1.31¢ 1.07 (m, 14H).

3GNMR (101 MHz, CD@ : 145.16 (TrtQ), 14469 (TosC), 129.88 (Ts, RCH), 129.69 (Trt,-6H),
127.95 (Trt, riCH), 126.58 (Trt, 40H), 70.77 {0H-OTos), 66.45 (S), 32.10 (Trt€H,-), 28.85 (TrtS
CH-CH-), 28.69 (Trt§CH)>-CHy-), 25.39 {CH-(CH)2-0Tw) 21.72 {CHs).

2D HSCQ@nalysis was performed to help attribution € signals

ESIMS (MeOH, Positive mode): 623.4 [M+Naj/z.

2.3.Synthesis of tSC11FPEG60D

The fluorinatedPFPBEwvas weighed under argon (4.84 g, 3.33 mmol) iRyeex flask. 10 mL of
anhydrous dioxane was added under stirring until a turbid white dispersion was formed. Sodium
hydride (NaH 60%, 266.25 mg, 6.66 mmol) was washed five times with hexane and slowlyoadded
the mixture. Bubbles formed. After 10 minutes a solutiorf3)f(1 g, 1.66 mmol) in 10 mL of dioxane

was added to the Pyrex flask. Temperature was raised to 100°C under continuous stirring. The reaction
was finished after 48 hours. Supernatant was kepd precipitate was washed with dioxane
(supernatant and washes were bright yellow). Crude was purified by @laskmatographywith
hexane/AcOEt 9:1 on SiC¥ield i$2%(1.62 g,0.86 mmol).

'H-NMR (400 MHz, aceton€sV : 7441 (d, 6H, Trto-CH); 7.32 (m, 6H, Trt,-@H); 7.24 (t, 3H, Trt-p

CH); 5.26 (t, 1H, @PH); 4.02 (m, 4H2H, OHGLCE + 2H, CHDGHLCER); 3.64 (t,J= 6.5 Hz, 2H,
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GHLOCHCER); 2.15 (tJ= 7.3 Hz, 2H,HB-STrt); 1.59 (dg)= 13.9, 6.7 Hz, 2HHECHOCHCE); 1.37 (p,
2 H, TrftSCH-CH;-,); 1.31¢ 1.10 (m, 16H5-CH..).

IENMR(376 MHz, acetondsV :-78.32 (m, E Trt OCHCR-); -80.86 (m, 2F0~-CHOPe():89.25
(m, 4F, TrtS_OGEBRO-C-CR- + -CR-CR-OCECHOH);-89.50 (m, 40F, OGER,).
BGNMR (126 MHz, acetoneds0 : 146.9 (Trt,0), 130.41 (Trt, €H), 128.67 (Trt, REH), 127.44 (Trt,
p-CH ), 115.13 ({00~-C-) , 78.37 (Trt_CH@), 69.94 (t, Trt_GCH2CF2), 67.19 (€S), 62.51 (£O-
CF2CH20H), 32.69 (Trt8H2), 30.44(-CH2CH20F11), 30.04 CH2(CH2)30F11), 29.88 (THSH2
CH2), 26.73 {CH2CH20F11), 2%7 (- CH2(CH2)30F11).

2D HSC@nalysis was performed to help attribution 8€ signals

ESIMS:623.26 [M}".

2.4.Synthesis tmPEG5500s(6)

(0]
\ /O
S\\ \</\O>/
6}
12-13

A solution of ptoluenesulfonyl chloride (785 mg, 4.12 mmol) in @¢M(5 mL) was cooled at 0°C
under Ar. A mixture anPEG550 (2.00 mL, 3.96 mmol), triethylamine (1.1 mL, 7.92 mmol) in dry DCM
(5 mL) was added drop wise at the mixture and stirred uglgonfor 24 h. The reaction mixture was
poured into distilled water (30 mL) and the aqueous layer was extractedd@kl(3 x 50 mL). The
organic layers were collected and were washed with HCI 6N (1 x 100 mL), 5% bak@Q00 mL),
and distilled water (1 x 100 mL), dried over anhydrousSK filtered and concentrated. Solvent was
removed in vacuo to afford compour@las a colourless 0il2.75 g of product(3.85 mmol)were
obtainedwith quantitative yield.

'H-NMR (400 MHz, CD&) : 7.80 (d,J= 8.3 Hz, 2H, Ts), 7.34 J& 8.2 Hz, 2H, Ts), 4.16J% 4.9 Hz,
2H, CHOTSs); 3.68 (t)= 5.0 Hz, 2HO-CH-CH-OTs); 3.6&, 3.60 (m, 42H, OGBH), 3.58 (4H;CH,-
OH-O-CH,-CH,-OCHCHOTS) 3.38 (s, 3H, B}, 2.44 (s, 3H, TsHg).

13GNMR(126 MHz, CD@ : 144.87 (Tos, C); 133.11 (TECH); 129.92 (Tos, MH); 128.07 (Tos,-0
H); 72.02 (CHO-CH,-); 70.83 {0H-OCH-CH-OTos); 70.68 (GACHCH-O-GH,-); 70.64 {O-CH.-
QHy)1243 -); 70.61; 70.59 (GHO-CH-CH-); 69.35 {O-CHx-CH-OTos); 68.78-0-CH-GH-OTos); 59.13
(OH-0); 21.75 (TosGCOH).

ESIMS (micreTOF) 693.30 [M} m/z.
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2.5.Synthesis oTtSC11FPE600PEG%H0

(42
AR i s e
O 9 F FFF 1 12413

Compound4) (200 mg, 106.22 umol) was dissolved in 4 mL of dioxane under argon atmosphere in a
pyrexflask. NaH 60% in mineral oil (16.99 mg, 424.87 umol) previously washed five times with hexane
was added to the mixture and left to react for 10 mins. (Bubbles formed). Compdwas added
dropwise to the reaction mixture. Reaction temperature was rateeti00°C and left under vigorous
stirring overnight. Reaction was monitored through NMR. Completion was reached after 48 hours.
Flash chromatography was required to purify the product. Elution system was DCM and DCM/MeOH
5%. Yield is 64%266 mg68.44umol).

IH-NMR (400 MHz, acetonels0 : 7A41 (m, 6H, Trt,-«€H); 7.27 (m, 7H, Trt,-®H +CD§)| 7.20 (m, 3H,

Trt, pCH); 5.25 (t, 1HFPEG60DH); 4.10 (t,J= 10.2 Hz, 2H, PEBI+CR); 3.99 (t,J= 10.1 Hz, 2H,

TrtS_ OCH.CFR), 3.80 (tJ=4.4,2H, CECH-O-G+-PEQG; 3.60¢ 3.54 (m, 43, OGEH); 3.29 (s, 3H 8-

Peg); 3.29 (s, 3H, B¢ 2.15 (t,J= 7.3 Hz2H, G-STrt); 1.58r0, 2H, GLCHOCHCE), 1.37 ¢, 2 H,
TrtSCH-CH,-); 1.32¢ 1.10 (m, 16HCH(CH).CH).

9RNMR(376 MHz, acetones0 :-78.32 (m, 2F, & OCH-CR-);-80.86 (m, 2FRCH-CHOPEG; -89.25

(m, 4F, TrtS_OGERO-C~-CF- + -CR-0R-OCECHOPEG; -89.59 (m, 40F, OGER).

BGNMR (126 MHz, acetones0 : 146.23 (Trt, C), 130.55 (Trt@H),128.81 (Trt, riCH), 127.58 (Trt,
p-CH), 115.21 (£{O-CE-CF2]n), 73.47 (Trt_CHO-), 72.82 (CHPEG), 72.75 (GIREG), 71.40 (GH
PEG), 70.47 (t, Trt-O-CE-), 70.01 (t-O-Ch-CH-O_Peg), 58.930:-0), 32.65 (Trt€H;-),26.67 {
CHx-(CH2)n -FPEEG600).

ESIMS (MeOH, positive mode)243.1, 2172.8, 2128.8, 2099.7, 2055.8, 2011.8, 1939.9, 1693.7,
1633.6, 1605.7, 1561.6 m/z

ESIMS (MeOH, negative mode®172.8, 2128.8, 2099.7, 1939.9, 1895.8, 1867/3

2.6.Synthesis dHSC11FPEGG600PEGE)0

FFF

Hsb\oﬂ( 0%0% O‘EAoy

1 FFFF 1213
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Compound(7) (250 mg, 103.07 umol) was dissolved in 4 mL of anhydrous deoxygenated DCM in a
RBF, with magnetic stirrer and argon atmosphere. Trifluoroacetic acid (TFA) (U&7 256 mmol)

was added to the reaction flaskhe solution turned bright yellow and yellow vapour formed. After 5
minutes Triisopropylsilane (TIPS) (40.80 mg, 52LF%vas added. Reaction was left overnight at room
temperature. Solvent was removed at rotavapor in argon atmosphere. Excess of Trefnwasd by
coevaporation with deoxygenated methanol (5 times). Flash chromatography column was required to
purify product. Elution system was DCM, DCM + 5% MeOH, DCM + 10% MeOHM3%igld5 mg,
75.57umol).

IH-NMR (400 MHz, acetones) ¢ : 4.10 (t,J= 10.2 Hz, 2H, PEGCH,CE); 4.04t, J= 10.1 Hz, 2H,
CHOCH.CR), 379 (t, 2H, CFCH20-GH-CH); 376 ¢ 3.44 (m, 43,(OCHCH)n); 3.29 (s, 3HHs-Peg);

3.29 (s, 3H, O); 2.62-2.51 (g/t, 2H, SSCH- + HSCH-), 1.57 (M, 2H, GH,CHOCHCR); 1.32¢ 1.10

(m, 16HCH(CH).CH).

RNMR(376 MHz, acetones0 :-78.30 (m, 2F, SH_OGIER-); -78.49(m, 2F;0~-CHO_Peg;-89.25

(M, 4F, SH_OGERO-Or-CF- + -Om-0R-OCECHOPeg); -89.59 (M, 40F, [ CR]40).

3GNMR(101 MHz, acetoneds) 1 : 11507 (t, -[O-CF2CF2]R), 7269 (CH PEG), 781 (CH PEG)72.01

(CH PEG),7133(t, -O-CF2CH2-O_Pey 69.89t, HS O-CH2-CF2), 5880 (OH:-OPEG, 26.67 (CH:-

(CHy)n -FPEEG600).

ESIMS (micreTOF):2089.39, 2045.37, 1974.39,973.39, 1857.41, 1813.39, 1697.39, 1653.37,
1401.24, 1313.20, 513.24 m/z

3. Synthesis d~AUNPs

Au \s@o/%ojggoﬂi/oéﬂoy

1 FFFF 1 12-13

FAuNPswere synthesized througla homogeneous phase reaction following previous works by
Pasquato et af149.173

Product 6 (HSC11FPECG600PEG550, 236.54 mg, 0.108 mmol) was dissolved in a round bottom flask
(RBF)in deoxygenated Methanol (50 mL) under an argon atmosphere. In a 4 tatrachloroauric

acid tetrahydrate (64 mg, 0.163 mmol) was dissolved in-RliNiater under argon atmosphere and
transferred in a three neck RBF. The methanol solution was transferred to theriboks RBF through

a cannula system and the mixture wstirred for 30 minutes at RT, then 30 minutes at 0°C, under

argon. While the system was stabilizing at 0°C a solution of Né6BHB3 mg, 1.79 mmol) 0.1 Min 17.9
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mL of MilltQ water was prepared. The solution was then added to the RBF wvdtbpgingfunnel
dropwise in 3.5 minutes. The colour of the solution turned to dark violet, and it was stirred at 0°C for
one hour and then at RT for 2 hours.

At the end of the reaction, the solvent was partially removed in vacuum. The NPs were transferred in
a 15 mlFalcon tube. 3 mL of hexane was added, and the NPs were centrifuged (4000 rpm, 10 minutes,
RT). The supernatant was discarded, and the procedure was repeated for three more times. NP were
then purified by dialysis in MHQ water for two days at RT whithanging the water every day.

NMR was conducted at the end of the purification steps.

TEM (MilkQ water): d 2.1 + 0.8 nm.

UWVis (Milliv - & | in&NIDYnm<broad).

DLS (MiliQ water): d = 11.582.71 nm

TGA: organic loss = 78%.F 350 °C.

'HNMR (400 MHz, acetor® ¢ ©4.163.95 (br, PE@CH,CR + Au@s OCH,CF), 3.803.45 (br, PEG,

-[O CHx- CH;), 3.30 (s, OCH3) 1.8500 (br, aliphatic H).

19~NMR (376 MHz, acetorie ¢ H=78- -79.69 (br, A-OCHCE- + - CR-CHOPeg);87.50- -90.30
(m),-90.69 (m- [O CE CF] n-).

T1 relaxation time (400 MHz,O, Inversion recovery pulse sequence): T1°@6474 ms T1(37°C)

=434 ms

T2 relaxation time (400 MHz,D, CPMG pulse sequence): T2 (2523)ms T2(37°C) 25 ms
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PART LHIA promising theranostic toolFluorinated linear block

terpolymersfor 1°F imaging

1. Backgroundselfassembly of amphiphiles

Selfassembly is the autonoaus organization of components, ar 6 dzA f R A yni paitér O] a ¢
structures without human interventio®® Selfassembly isubiquitouslypresent in nature and it is
thanks to its existence that highly functional structures such as cells, despite being formed by few
repeatedbuilding blocksare able to attain a level of complexity and functionality that is to date still
matter of intense stidy.’®” Molecular selassembly is a powerful tool or approatthachieveseveral
different supramolecular architectures. Since 1975 it fiaggested the necessity of having a general
framework in whichthermodynamics, interaction free energies and geameavould allowto better
understandthe selfassembly proces$®

The building blocks are generally structurally simple monomeric units that due tdr timrinsic
structural propertiesand the solvent in which they are dispersed tend to-ssemble Among the
building blocks that are the most employed by nature in the assembly of supramolecular structures
there are amphiphile$®” Amphiphile derives from two Greek wordls> . and. * <wkdith mean
GRdzl £ ¢ | yR af 2 Jatfedfdct thatyitiese ampohdsld i &f8nyfyiifor both polar
systens (hydrophilicity) and apolar systesm(hydrophobicity). An amphiphilés comprisedby a
hydrophilic head, can be neutral, ionic or zwitterionic, coviljelinked to a hydrophobic tail, which

is usually formed by one or more alkyl chaiRgure 2.

Y,

Hydrophilic head
Figure43: schematic representation of an amphiphile

Because of their polar head amphiphiles are watelubleandbecause of the dual nature they tend

to form supramolecular aggregates once dispersedhis solvent However, dependingn the

features of the amphiphilesselfassembly is also possible in different solveriithe process of

aggregation can be eithgarogrammed®?2% or synkinetic In the first case, selissembly is induced

08 GKS adNHzOGdzZNBE 2F GKS FYLKALKAES AdaStFTzr 6KAOI
KS WodAftRAY3 020140 (2 AyGSNI OWo RAFRENBYGE 20D 4

[N
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same environment. The second case is more like a spontaneousssethbly whereby the
supramolecular aggregates form nudged along by the design of the chemist.

Looking particularly at water as the solvent, upon dispersamnphiphiles rearrange themselves so
that the polar headgroups interacts with it, and the hydrophobic tag#aggregatein order to
maximize the interactions between each other and to reduceitieractions with waterWhen the
cohesive energy at the surfacedisrupted a microphase separation is favoured between the solvent
and the amphiphile, which leads to the formationagfgregateg®

The interactions involveth the formation of these aggregates are not covalent bonds, but weaker
ones such as hydrogemonds, van der Waals forces, and electrostatic interactions. Howéver
themselvesthe sum of these interactions allows for the formation of aggregates which are strong but
at the same timedynamicenoughto withstandsystemperturbation.2%

Theoverdl stability of the selfassembledsystem is given by both theydrophilic and hydrophobic
portion of the amphiphile. The first contributes to an enthalpic gain due to the solvation of the
headgroups. The second allows for a gain in entropy of theweatkr. For this reason, the two main
driving forces in the formation of micelles are hydrogen bofttibonds)and their disruption and the
hydrophobicinteractions?°32%4 which is important as it regulates the tendency of the molecules to
selfaggregée. Micelle formation can be summarized in three main consequential events: first, upon
dispersion of the amphiphile in water-lbbnds are disrupted and thé&rmation of cavitiesare
favoured; second, the cavities are occupied by nonpoiaretieswhich pa& together to maximize

the weak interactions between each hydrophobic tail; and third, netaoHds are formed between

the polar heads of the amphiphileghich act as a sort of cage around the hydrophdahits called
clathrate2

The formation of suprawlecular aggregates does not happen immediately upon dissolution of the
amphiphile in waterindeed one of the main requirements farfavourable spontaneousganization
towards an aggregatis thatthere has to be the mimum energy configuration at edjibrium, or a
lower entropy in respect to the monomers dispersed in solution.

In terms of free energythe elements that contribute to the formation of micelles aifferent: firstly,

the Van der Waals forces between the hydrophobic taiécondlya so called balancing factor that
takes into account the two opposing factors of electrostatic repulsion between the polar head group
and the tendency to form tight aggregates to minimibhe tiydrocarborwater interactionsthirdly a

so called packing element that takes into account the fact that the hydrophobic core strives to exclude
water molecules from the inside and so it limits the possible geometries achievable.

The taracterization 6 micelle structure andheir formation is fundamental in order to investigate

their possible applications in different fields

81



1.1. Properties okelfassembled superstructures

One of the most importantchemical and physical parameter that can be deterrdirfer self
assemblingnoleculesis the critical aggregation concentration (GA®hich is also commonly found
referred asCMC, or critical micelle concentratiohhe two terms are commonly used as synonyms,
however there is an important distinction betwedime two parameters. Indeedhey are both used

to indicate the critical poinat whichamphiphilic molecules assemble into objedtowever the CMC

is commonly used to describe the formation of micellar structures, whereas CAC is used to define the
formation ofcompound aggregates of various nati#e2°’This means than solutionsbelow theCAC
amphiphilewill exist asa monomer above the CAC it will likely start to form aggregatad above

the CMQhe amphiphilewill be in the form ofmicellesas shown in Fige 43.

Monolayer
C>CMC

J )OO0 Jy—

Micelles
C>CMC

C\‘\ oA
\’\/\,\,\O

Monomers

C<CMC C)\,Wv\

Figured4: representation of thdehaviour of amphiphilic monomers below and above the CMC.

The CMC is a key property for a particular class of amphiphilic molecules thataied
surfactants?06208209210 These compounds angsedin many applicationsvith the specific purpose of
decreasing the surface tensio the solventjn the case of waterisurface tensions particularlyhigh
due to the formation of Fbonds. Surfactants break these bonds gehetrate into the aiwater
interface, so lowering the surface tension of wat8ince their purposés decreasingthe surface
tension, a low CMC is optimal.

The aggregates that some amphiphiles forat lower CMG are also calledpremicellar
aggregates?®?1+212which may lead to interesting dredglivery vehicles due to tliesmall size and

enhanced resistance to dilutiorin the realm of biological @fications, CMC in amphiphiles is,
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however, of particular importance as it affects their stability in biological environment. Indeed,
amphiphiles with high CMC are usually found to be unsuitable as drug or imaging targeting devices
since they are unstablén an aqueous environment and easily dissociate updntion.?'® The
importance of CMC is such that even the physical propeofitise amphiphilechangeselow, at and

over the CMC (Fige 44). For thisreasonthere are many complementary techniquénsat can be used

to assess the CMC, some of which éeasiometry, spectrofluorometryconductometry and dynamic

light scattering?*
I 1 > g
Free amphiphiles 1 Micellar aggregates
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Figure45: Figure showing the discontinuous chargfesome physical properties below and after reaching the CMC. Picture
from ref.201Copyright © 2015 Domenico Lombardo et al

Moving on to the aggregation number, this is another important property, because it contains
information onaggregatesize and shape, which may be important in determining the stability and
the practical applications of the investigateygstems'® bearing in mind thasmall diameter andhe
shape of micellar aggregates are important featutbe average size of thesggregatesn the range
of 10-100 nm make them to be of great interest in the field of nanotechnologgarticularly in
biologicalapplications such as drug delivergr asimaging agentsHowever, within the typical size
range mentioned above the structaiof the chosen amphiphile leads to significant variations.
An important theoretical model that can predict shape and size (or diameter) of aggregates is the so
called critical packing factor {§£ which was developed by Israelachvili, based upon the nrechaf
phospholipidst®®216 According to this theory, the structure of an aggregate can be predicted by the
Gyp value that can be calculated accordingie following formula:
®
0 O

VWois the effective volume occupied by the hydrophobic chains in the aggregategsitbel maximum

effective length and # is the effective hydrophilic headgroup surface area.
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When the Cpp value increases, the structure of the aggregate caphmricdd / LILJ cimdkricad =
0/ LILJ )X )/ahdlamekwm(€pp =1%"2°L(Figire 45)
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Figure46: different shapes that amphiphiles can attain according to the critical packing para@gt®icture fromref.201
Copyright © 2015 Domenico Lombardo et al

This prediction model is accurate for small amphiphiles with conventional aliphatic €faims with
other molecules having peculiatructures such asliblock polymerg!&22°However, irsomecases it
has proven less reliable, especially when rigid segments are added tostheture of the
amphiphil&?' or whenits structure is more complex, as in the casenfiti-block polymerswhich are
amphiphiles formed ofmany blockseach withdifferent hydrophilcity or hydrophobicity. For this
reason,aggregates witta multitude of different shapes cdormed asthe result of seHassembly of
different amphiphiles, including needihaped, ango-called¥?ad 2 0 ® § KIQ .2ZXR0St f S &
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Conventionamethods for the study of both size and shape of micelles indRid&® small angle (X

ray or neutron) scatterig,??®fluorescence quenching methot#$and cryeTEM?22which is especially
useful when it is necessary to investigate complex structures.

Because of its ability to simulate phenomena at atomic saal@ecular dynamics (MPhasalso
becomea tool employed for the study of micelles, especially in casieamphiphiles with complex
structure. 2?7228

MD can be used tstudy different aspects of micellar aggregates although with a varying degree of
computational cost. In first place, MD allowsgetting insight on the selassemblyprocess leading to
micelles starting from the single monomé?&2°In addition MD can be used to simulate a singular
set of propertiesof the aggregatesuch as diameter, eccentricity, and solvent accessible surface
provided thatother information such as the aggregation number is already kndW@ther ways in

which MD Is useful in this context is in the modelling of micellar interaction with its surrourtdings.

1.2.Block polymer meellar systems in therapticand imaging applications

Due to their interesting setissembly properties and the possibility of design fsample monomeric
structure,block polymemicelles have gained much attention in field of pharmaceutical technology.
Indeed, since the first appktion of micelles as drug delivery nanocarrier$9802%they havebeen
studied inseveralclinical and medicahpplications, ranging from therappamelydrug deliveryto
diagnosticg3213.235

These systems share the already cited advantageks$ical nanosystemsuch asheir reduced size,
which allow them to reach with greater ease smaller vessélsa decreased risof opsonizatiorand
phagocytosis by macrophagd3ue to their smallerige, he enhancedpermeation and retention
factor (EPR)s also enhanced, which is of great importance for imaging and treatment of tumour
tissug as it indicates the likelihood of intracellulzation and longer retention by certain tissues
Further propeties, specific to this class of nanosystems and for which they have gained much interest
especially in pharmaceutical applications, gigtheir high surfae activity,?%ii) their low CMC and

low diffusion coefficient, which is paramount, as the rhen of free monomers has to be low for
biological applicationand finaly (iii)the possibility for their finduning by changinghe structure of

the single monomef??

Not unlike other selfassemblednanosystemsthe chemical nature of thenonomers that form
polymeric micelles plays an important role in théiral application. The micelless composedy an
outer shell, which determines its hydrophilicity, charge and further modificafidns is also the

portion of the nanosystem tha#éngages the most with thesurroundingbiological environment, and
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for this reason it is usually designedth specific propertiegn mind, such astealth propertieswhich

allow the micelle to reach the designéatrget without beingprematurely clearedrom the bodyor a

high blood circulation, which is important for imaging agents and for-B&Rated drug

delivery?33237:238The proper design of the outer shell directly influences the biocompayilmfithe

micelle, itsdistribution andthe release kinetis of the incorporated drud.he next structural element
of the micelle, its cords independent fronthe outer shellandits main purpose is to protect its cargo
from the biological environment, which can degrade or oxidise the drug before iiee&h the desired
target. 238239

A number of different polymers have been studied and researdbethe formation of micelles for

biological applications. Some of which are summarizethie 3

Hydrophilic corona
Ideal characteristics:

Biodegradable
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Low toxicity
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Provide stability

Pravent aggragation
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Table 3: List of some ofthe polymers employed in the design of micelles for drug delagplications. Picture from
reference233 Copryright© 2015 Wiley Periodicals, Inc

1.3.Micellar nanosystems firug deliverycommon strategies

Micelles show different promising practical applicationsling delivery One of the most exploited
features of micelles is the solubilization of poorly soluble drugs, which is of great interest considering
that most recent drugs have poor aqueous solutyil and pharmacokinetic propertieand are

categorized under class Il oritVthe Biopharmaceutical Classification System (B€&hich often
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precludes their commercializatiofit-2*> Developing novel formulations capable of surpassing these
problems is crucial to tackle diseases that are still problematitreat?*>, There are a number of
examples of successful studies that show the benefit of polymeric micelle ditigsespect to their

free drug counterparts. For example, NK105, which consists micellar nanopatrticles filled with
Paclitaxel, currently in Phase Il clinical trials, has shown afolidéarger plasma concentration and
twenty-sixfold lower clearancerate in respect to the free druiid®and, recent studies are being
conductedo investigate its safety in phase Il tri&téAnother example is N6300, which is a micellar
nanosystem with a payload of epirubicin, a known antitumour drug plagued by cardiotoxicity. In a
study conducted in mice, the unique micellarmulation has shown thatcardiac functions were
maintained in respect teepirubicin as freedrug?®®. Yet another example is Genex@M, already
mentioned earlier, a micellar system that provides an alternative to standard formulations that
employ Cremrphor EL, which has been linked with hypersensitivity reactions. An interesting feature
of micellar formulations is thepeculiar, sustainedeleaseprofile (SRPyvhichallowsthem to release

a fixed amount of drug long over time spans. Usually, polyenaicelles are particularly promising
systems due to their low CMC and high dynamical stability. This is especially importantiioo
applications since it directly influences the possibility of retaining their structure even below CMC. To
obtain an opimal drug release profile it is important to closely regulate both the composition of the
hydrophobic chains, where highly viscous and poorly mobile chains favour the stability of the system,
and at the same time allow for enough mobility to permit a Ibut steady diffusion SRP. For this
reason, importance to carefully tailor the micelle components for each situation. In the case of NK105
for example, the hydrophobic block was partially modified wighhgnyt1-butanol, which resulted in

a higher AUC thaim free paclitaxel?®

Micellar nanosystems share the same obstacles that affect other nanoparticles developed for the
delivery of anticancer drugs or imaging agents, including a number of physiological barriers that need
to be overcome in order to bemployed in clinical settinghe two common ways to overcome
physiological barriers are either to developassiveor anactive drug delivery systenThe former
approach is based upon the welbcumented and studied phenomenon of E#R* This condition is
characterized by leaky vasculature in the tumour tissue together with larger gap sizes, all boosted by
a poorly functional lymphatic drainage system. The combination of these main elements causes a
higher retention rateof nanosized objds respect to healthy tissue, which is especially favourable for
nanosystemsused in both imaging and drug delivery applications. However, tumours are
heterogeneous and for this reason the @it size that allow micelles to reach the interstitium varies
enormouslyfrom one individual to another For example, tumours hawdfferent cutoffs ranging

from 200 nm to 1.21m, and in some cases even smaller if they are located in the intracragiah?*°

87



All previous examples shown, such as NK105 or Gefichre ideal examples of passive drug
delivery systems. They provide better performance compared to the free drug counterparts and in the
case of the latter it has found clinical applications.

However, despite being one of the pillars on which nanomaedit based on, the EPR effects suffers
from some limitationsindeed,the heterogeneity of tumour tissues directly affects the accumulation
of the desired drug, despite using the same micellar systems. Another downsidesis¢abedPEG
dilemma?Pin short, studies conducteith vivohave shown how PEGylation of micelles increases the
stability of the micelle but decreases the intracellular delivery of the cargo. The result of this condition
is that whenever the cargo has to be delivered directiydimshe cell membrane, such as for example
pDNA or siRNA, this approach suffers some severe shortcomings, Whtre other handthe cargo

can spontaneously accumulate in the nucleus, suéh e case of doxorubicin, the passive targeting
system desigmvorks as designed.

Theactive targeting systemepresents an upgrade on passive targeting system as it aims to selectively
target the area of interest and increase the uptake of the desired drug. Some exampledatee fo
based targetingwhichexploitsthe overexpression of folateeceptorsin many cancer cells. In one
study conducted on MCFand HepG2 cell lines, curcumin loadetblate-modified micelles resulted

in better curcumin solubility and cellular uptak® Other examplesre peptide- and protein based
targetingthat exploit the overexpression of certain proteins by some tumour tissues. For example,
due to their increased proliferation rate, some tumour tissues overexpress Transferrin (TfR) which is
responsible for the transporta&in of iron into cells via surface receptors. In a studyn&éiated
micelles demonstrated brain accumulation of aglioma drugs with poor BBBermeability?®? In
addition tothese active targeting systemsnart micellar drug delivery systerhave ben developed,
which release their payload according to changepkft®>2>* or temperaturemediatec®>2°° drug

delivery.

Micelles have been studied not only as drug delivery systems, but also as diagnostic and imaging
agents. Micellar nanosystems pegg some advantages compared to small molecules, such as for
example the slower clearance rate and the possibility of both carrying the imaging agent inside the
micellar coreand by modification of the outeshell’

Some imaging techniques that have benefited from micellar nanosystem$HaviR12>® where for
example pHesponsive micellemadedwith gadoliniumcomplexesshowed an enhancement of the

T1 relaxation time in the acidic tumour environment. Another exlarip given by carbocyanine
loadedmicelles, which due to their optimal features for sustained drug release and small size showed

potential applications for both photothermal therapy and canieaging?*®
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Block Polymer Micelles anfluorine-basedpolymers.

As was introduced earlier in thisverview there is a wide variety of polymers that are employed in

the formation of micelles, some of which have shaava particularly promising from clinical trials

As said before, micelles are generally constitlof simple amphiphilipolymers?°tserving as building
blocks. However, due to their interesting featurgslymersformed by multipleelements socalled
blockpolymers, aralso a category of building blocks often employed for theasdembly of micellar
aggregates. The structure and molecular weights of copolymers can be finely tuned, thus allowing
control of both shape and size of the final system.

Copolymers used foht preparationof micellesare usually formed by twemmiscibleblocks, A and

B, one of which is usually hydrophobic and the other hydrophilic. This simpleattidesignusually

leads tospheric micelles or vesicles. However, if a third block C is attaadthedifferent properties

of each polymercontribute to the formation of astructure which ismore complex. For example,
multicompartmentmicelle€®® can be formedaccording to the preferential segregation of each-sub

unit of the monomer The finalstructure of the micelle in the case ofulticompartmentmicelles is

the result of an intricate free energy balance and thteraction between each component block.
Taking as an example a copolymer of three blocks A, (hydrophilic), B and C (hydrophelsie)t
assembly dynamics will take into consideration not only the length of three blocks, as in the classic
critical packing proced%y), previously introducedn this overview but also themagnitude of the
interfacial energies between each block. For this reason, an ABC copolymer might act differently than
BAC208

Some of the different structures that can result from triblock structures are summarizegureB6.
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Figure47. Representation of some of the structures that can form with different ABC blocks morphologies.fRioture
Macromolecule®012, 45, 1, 29.Reprinted with permission fronef.208 Copyrigh2012American Chemical Society.

Properties of fluorinated copolymers.

Due to peculiar properties dhe F atom and < bond, copolymers havingflaorinated moietyhave
found important applications as surfactantBluorinated surfactants(Fsurfactants) successfully
decrease the superficial tension of water more efficiently compared-soitfactants having the same
chain length, and in fact they have low@MCthan their hydrogenated counterpatt>1%It has been
estimated that the catribution towards micellization of one g§roup is~1.5 times the contribution

of a Chgroup a rule that however, does not always apply, such as in the case of partially fluorinated
perfluorocarbons, like hydrogenatetlorinated diblock polymerg®1% However, Fsurfactants
demonstrate specific properties of their own: their safsembly behavior is influenced by the
increased rigidity and bulkiness of theclkains, which decreases the curvature of the forming
aggregates, favoring rod shapedugttures, vescicles and lamellar phases at the same concentration
of Hsurfactants, rather than micelle&°

Famphiphiles have a stronger tendency to aggregate in water than tiegirfluorinated analog&*

The first examples of fluorinated vescicles are reported by Kurtftaéed Ringsdoff3in 1984. Since
then, a variety of different fluorinated amphiphilic polyméosmed bytwo or three chaindhiave been
synthesized, includingfhospholipids by Res and coworker&*26°

The reason behind the interest behines&rfactants and fluorinatedopolymers is the fact that due

high hydro and lipophobicity, they can lead to the formation of multicompartment micelles and to the
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manifestation of a behaviagucalled super strong segregation limit (SSSL), a concept introduced by
Semenov, Khokhlov, and-amorkers?6267g K SNBX ¢S KI @S | NBIAYS Ay HKAOF
structures due to the large interfacial energyhich is not possible to obin with conventional
polymers or surfactantdn biological applications, multicompartment micelles are of especial interest
due to the possibility of having not only one hydrophobic interior, but possibly several inner
compartments with diversified affities for hydrophobic molecules. Although tbinicalapplications

of these multicompartment micelles are to date still limited, nevertheteey deserve consideration.

An element of paramount importance, when considerfhgrinated block polymerds therelative
position of the fluorine moiety in the final structucd the copolymer®®

Other fluorine moiety properties of interest are related to their relative insolubility in both water and
organic medias, if ndluorinated.?®® It has been demonstrated that in perfluorinated carbon chains,
the -Ck- group reduces the CMBy about 4 times compared to the neperfluorinated equivalent
group?”® This lowered CMC also influences the stability of these systems. Indebds been
demonstrated that fluorinated vescicles aneore stable comparedo a non fluorinated vescicles
counterpart and have a lower permeability to desgt

Another is in recent finding highlighting the possible applicationalkidated phosphdpids shells for

the delivery of oxygen ttissues*’22"3

1.4.Micellar nanosystems as tools #8F imaging.

At present there are not many examplebmicelles containin§uorinated polymers designed fofF
MRI. However, previous works on the synthesis of micelles!fBr MRI applications exploited
(hyper)branchedholymersin order to obtain a high fluorine nuclei density and increase sensitfity
the contrast agentEarly works exploited simple branched poéys)containing'*F imaging tracer or
9FITpresenting 27 equivalent fluorine atoms which give é#feNMR signdFigire 47), whichform

small micelles in PBS with acceptable $N&perimentsperformedin mice?’*

CONH(CH,CH,0)H
(F41C),0C

o Oy N« CONH(CH,CH,0),H
F-C).
(JC)JOCD&/O\/‘LNT CONH(CH,CH,0)H
(F5C)s0C (
%chonu(cuzcnzom
0

OFIT

Figure48: Chemical structure é#FIT. The molecule contains-aémispherical region and arthémispherical regiorRicture
reproduced with permissidinom ref.56 Copyright © 2015, American Chemical Society.

91



In the yearsfollowing, anumber of new dendrimelike structures or hyperbranchefiuorinated

polymers werealso designed.However, the synthesis of these compouridsoften very long and
complicated In addition,the determination of cytocompatibility and cellular uptake is often complex

For examplefor dendrimerlike structureshA Gt Q&8 06SSy NBLR2NISR GKFG GKSANI
with increasing generation numbgealthough some dendrimeric polymers up to the fifth generation

do not show toxicityn vivo.?”® Forthesereasors, the number offluorinated dendrimes used as MRI

probeswith applications in thelinicis still limited®®

Despitethis, the tools at disposal for the synthesis of different copolymers*¥oMREapplications are

vast and studies are still being conducted in thigarel. For example, a recent stuti§developed a

GFE A2 NAY I GSR G KSNY2NB& LIERBE)A vhish chnsistsSof mdte Plock N2 G S A Y
polymerfor the formation of nanoscale micelles and the detectinrvivoof the contrast agent was
demonstratal, despite the decreasing, Hue to the increased structural order and constriction

Moreover, in previous works that used the same protein copolymer, it was demonstrated that the

structure can also carry a payload of a chosen drug, thus paving themthgranostic applications’”

2. Aims of this chapter

The activities described in this chapter are aimed at develapémgfluorinatednanosystem, obtained
by the selfassembly of novel fluorinatedinear copolymers, hereindesigned,synthesized and
characterizedduring my PhD. These polymezemprise a central perfluoroethylene glycol unit, a
terminal hydrophobic moiety and a hydrophiR&Gylatedhain of varying lengthd he selfassembly
and the'®F MRI properties of these polymers have been thohdugtudies andwithing the NiFTy
project, in collaboration withDr. C.Ingrosso and DiG. Mandriota at the Bari CNRhese polymers
were usedto encapsulate hydrophobic copper sulphide nanocrystals (EUINCs) in the lipophilic
micelle core, so as to lmain a novel micellar nanosystem that can be emplogsdamultimodal
nanotheranostic tool for both°F MRI and photothermal applicationBinally, with theof Prof. F.
Zerbettg within the NiFTy projecturther molecular dynamicéViD) simulationswere performed to

further characterize the obtained nanosystems.
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Results and Discussion

In order to obtain stable seHssemblingfluorinated nanosystemstwo different triblock linear
polymers (Figre 48) were synthesizedresenting an alkyl chain of £t8rbon atomgblock B)a central
perfluorinated PEGylated moietyith a MW of ~1484 Da and 44juasiequivalentfluorine atoms
(block Chand final hydrophilienPECGchain of different lengtha short pegylated (methyl ester) chain
of ~550 MW, or a long (methyl ester) pegylated chair-2000 MW(C) in order toobtain the most
stablefluorinated nanogstem.8*All three portons are immiscibland form a linear &Bterpolymer,

where the blocks are ordered for increasing hydrophobicity.

FFF F
o% >4>,o{/\ )/ 8n=12-13
ﬁO/Y 0 0 n = 44-45
17 FFFF 11 no 9
\ 1 )

Y Y k_Y_J

Alkyl portion (B)  F-PEG 600 (C) PEG (A)

Figure49: structure of the two designed triblock linear polymers

The role of the hydrophilic portion in a micelle is to allow for an effectsagregation of the

hydrophobic portion to confer enough stability to the micelle.

1. Synthesis divo amphiphilic copolymers featuring PEGylated chains of different size

The amphiphilic fluorinated polymers were prepared according to experimental procepluinéished

in literature with minor optimization$®
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Figure50: Synthetic scheme for the synthesis of compounds C180F11PBEETD C180F11PEG200) (

In Figure49the synthetic scheme is reported.

The purpose ofhe firststep was taransformthe -OH functional groujn a good leaving groufor a

SN2 reaction, by formation of the tosgter with a procedure similar to the thosesed for the

synthesis of TrtSC11C5({@ompound3 Part 11)

The formation of the product was confirmed by Nigectroscopyand masspectrometryanalyses

The!H NMR(Figure B) of compoundl andthe tosylate2 wasregistered in acetonel6 anddisplay

the shift of thesignalcentred at 3.53 ppnof the methylene protongnh  LJ2 20 iXKyS h1 G2 0
positionto the tosyl group centred a#.04ppmin compound2. Also, the'*C spectrunof compound

2 showa signal at 749 ppm pertaining to the carbon atom of the methylene unitin'the LJ2 &k G A 2 v
respectthe tosyl group which is consistent with the proposed structure.

Mass spectrunfFigure 3) showed thepseudemolecularion + sodiumM+Na] at 447.28m/z.
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Figure51: 1H-NMR (400 MHz, acetord6) ofcompoundl (top) and compound 2 (bottomiJhe relevant multiplets are in blue.
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Figure52: Massspectrum(micrOTOR) of compound?2.

This step of the synthesis is meant to introduce the fluorine@&tGylateanoiety and relies on the
use of the commercially availablePEG 60@n the alkyl chairof compound2. The reaction is &2
promoted by a base needed to deprotonate the termig@H groups of th&PEG 60diol.

This step was optimizday a series of trial reactions aimedidéntifyingthe best reaction conditions.

The conditions and yield are summarized in the followingetdbl

Table4: Reaction conditions explored for the preparation of compound 3 ugregjaivalents of PEG 600 polymet 100°C.

Reaction| Base, equiyy  Solvent Reaction | Yield%
time
1 t-BuOK, 0.4 t-BuOH 8 hours 5%
2 t-BuOK.8 t-BuOH 7 days 32%
3 t-BuOK, 1| t-BuOHdry 7 days 41%
4 KOH, 1.5 | dioxanedry | 48 hours 47 %
5 NaH, 4 dioxanedry | 24hours 52%

The conditionsusedin runs 1 to 3 were based upon patent by Kato T.et al.?’®and the following

reactions were based upon previowgorks by our group with minor improvementslhe faster
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reaction times combined with the higher yielddse to the higher reaction temperature allowed by
dioxanel,4 in comparison to-BuOH Moreover, asighlighted previouslyNaH does not lead to the
formation of water molecules, in respect to KOMe characterization of the product washievedoy
means of NMR and mass spedtanalysisTheH NMR spectrum @ (Figure 2) displays a shift of
the triplet at 4.04 ppm pertaining to the methylene protonshin  LJ2 &ohthie Xo8yy/groupto 4.02
ppm (in part overlapping with the triplet in a&lp to the OH grou@t 3.99 ppm This is confirmedy
the presence of the triplet at.84 ppm ofthe methylene of the alkyl chain forming the ether bond.
Compared to its precursor, th8C spectrunof 3 doesnot displayof the singlet at 71.49 pprbut
instead anew signalat 73.36 ppm. Moreover, 3 new sets of signals appear, pertaininthe¢o
fluorinated polymer: three triplets at 115.08 pp(@-C~-Cr), 69.88 (t, @H,-Ck) and 62.50 (t;O-
CR-GH,-OH).

The'®F spectrum shosone mainsignalcentredat -89.56 ppmpertaining to the repetitive @CRL-Ck
units and two smallerignalsof lower intensityat -78.32 ppm (CEHO-C18) and-80.90 ppm
(CHCHOH).

By analyzing the mass spectrum in negative mode of comp8yRajure 3 bottom) it waspossible
to identify a clister between 2136.9 and 460.9 mfrom whichit is possible to recogniz@tervals
each separated b¥15.9 m/zwhichcan be attributed tahe different number ofCRCFEO units of the
fluorinated polymer, thugonfirming the successful introduction of tfleorinated moiety

Several batches obmpound 3were prepared and the highest yield achieved was26,0btained

as a whitewaxysolid.

0 e5 8o 75 70 65 60 55 50

Figure53: 1H-NMR (400 MHz, acetor#6) ofcompound3.
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Figure54: MS-ESI in positive (top) and negative (bottom) mode in Me¢dmpound 3

The introduction of themPEG chain in the structure of the target amphiphile required the
preparation of building block in which the termingDH goup of MPEG55@nonomethylether 4
was transformedinto a good leaving group. This was achieved by tosylatiothe 'H NMR
spectrumof 5 (Figure 8) the triplet centred at4.16 ppm s diagnostic of the methylene protons
inh  LJ2 &oitileko®y group andhis corresponds ithe 3C NMRspectrum to the signadt
68.78ppm.

To better characterize thproduct, mass spectra of both th@PEG550 and & were registered
(Figure 5). And compared.The Poissordistribution profile, givenby a series of peaks each
separated by 44 m/&CHCHO-), was visible in both case$he clusteiof 5 wascentred around
693.30 m/z.
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Figure56: Mass spectra of PEG 550 (top) and mass spectrd@&G550Tos (bottom)

Product is a colourless oil and yield is quantitative.

Theconversion omPEG 2006 the corresponding tosylaté wasperformed in the same mannexf

5. However, likelydue to the higher molecular weight and diffettesolubility of the mPEG2000 in
comparison to mPEG55te kinetic of the reaction was slower with reaction completion reached at
24 hours
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Forthe workup, solutios of saturatedammoniumchloride bicarbonateand brine were employetb
minimize the solubility of the product in the agueous phadéss procedure was based on a patent
by Musa et al. (Patent ndS 10,961,204 BI, Mar. 30, 2021)
The chemical shiftsof the proton resomances ofcompound? were identical in all respect® 5.
However theintegrationof the -CHCHO- signas was higher, due to the presence of me@HCHO-
units.
Mass spectra of both theompound7 and its precursob were registeredFigure ¥ and 3B). Inboth
casesthe Poissonrdistributions are visible. In the spectra of the precursor, three main clusters are
clearly discerniblgistributed aroundn/z 679.69 and 986.08nd around 1727 .98 igure 57 CWwhich
can be attributed to theri-, di and mono-chargedclusters.In the sgctra of the mPEG2000T¢8
also three main clusters are presentratz 441.4, B8.40 and 1040.5%hich can be attributed to the
tri- and dichargedclusters The mono charged cluster is not discernitiee distance btween
differentintervals wasn/z 22 distributed around 986.0@/z, whichis coherent with different number
of CHCHO units for z= 22"°The estimated differencef 170 g/molbetween5 and 7 due to the
increased MWdue to the tosyl (GH100.S = 170.04 g/mol) could not bdiscerned from the mass
spectra.
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Figure57: Mass spectra of PEG2000N#) with focus on ranges 810180 m/z(B)and 14062100 m/z(C)
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Figure58: Mass spectra of TosPEG2000Me with focus in the range 910 to 2000 m/z.

The introduction of the PEG moiety in the final structure of the surfactant required the deprotonation
of the terminal¢OH group of the fluorinated intermediat@which acts as a nuabphile towards the
activated PE®uildingblocks. This step required anhydrous solveas all operation were carried
under inert atmosphere.

The reaction was monitored by means!efNMR and its completion wasssessedy bothH NMR
13C NMRand*FNMRspectroscopyFigure59). In the proton NMR spectrum of produ@&showstwo
triplets centredat 4.10 ppmand a second centred &899 ppm the former at 4.10 ppm pertaimig to
the methylenein h LJ2 &td theh PEGylated chain and the latter 3199 ppm pertaining the
methylene inh  LJ2 Aditlie/C28yalkyl chainAnotherdiagnosticsignal was a triplet at 3.80 ppm
pertainingthe methyleneprotonsof the PEGylateihh  LJ2 & A (i KPE@ 600agmeintK S

The'®F NMRanalysesonfirmed the formation of the product and treompleteconversion of PEG
600 by the disappearance of the signat&®.90 ppm with the presence of two close multiplets at
78.33ppm pertaining thefluorinated methylene closest to the alkyl chaand -78.53 ppm for the
fluorinated methylene closst to the PE&hain

The mass spectrum of compouBdFigure60) was registered in botpositive anchegative modeThe
spectra in psitive mode did not show the moleculemm peak [M+] of the compound. However, the
Poisen-distribution ofpeaksis centred aroundm/z 1835.9with intervals separated eaatf 44 or 72
m/z. The former can be attributed wligomers with a different number afinitsand the latter is likely
to oligomers with a different number of Ci#€HO unitsin a polymer having a different number or
perfluorinated oxyethylene unitsi.e.: (CECROW(CHCHO - (CECROh+1((CHCHOMW.1=72 m/z

The spectra in @gative mode sbws different intervals betweemm/z 250 and 2200, separated each

by m/z 115.99 which pertains the different number of units of LCRO of the compound
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Figure 59: Mass spectra acquired in positive (top) and negative mode (bottoimn) methanol of compound
C18FPEG600PEG550
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Figure60: a) TH-NMR (400 MHz); BYC NMR (126 MHz); ¥F NMR (376.16 M#ji spectra of compound in acetoned6.
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Compound9 was prepared following the same procedure described8owith similar precautions
regarding reaction parameters and workup procedure as for the synthesis of compound 5.

As expected, proton NMR spectrum presents the signal of the same chefiftabbserved for 8 but
with different integrals for the proton signals pertaining to the PEG mdleiyure6l).

The mass spectrum of compou®ds, however, more difficult to interpret as three main Gaussian
distributions are present between m/z 400 £800. The Gaussian curves are distributed around
6217.36, 1179.79 and 1670.14 nffigure &).
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Figure61: a) NMR spectraf compound: a) tH-NMR (400 MHznethanold4); b)13C NMR (126 MHmethanotd4); c)1%F
NMR(376.16 MHz, acetoné6).
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Figure62: Registered mass speatfmicrOTOR)) ofcompound9.

2. Characterization

The®®F T1 and T2 relaxation times of bdhorinated copolymersvere measuredn acetoned6 and
again, inD;O. The same method followed in previous sections for their determination was followed.
The T1 forC18FPEG600PEG55@s determined as1.099 s andfor C18FPEG600PEG2008s
determined asl.133sin acetoned6. The T2 was measured and determined withadue of975 ms

for C18FPEG600PEG550 and 867 ms C18FPEG600PEG2000

The long relaxation times of these compounds in acetd@eare comparable to the T1 and T2
measured for the synthesized fluorinated thiol in the previohapter. Part Il, results and discussion,
2.(1.057 s and 806 ms).

To obtain some preliminary information regarding the aggregation profile of these compounds, T1
and T2relaxation timeswvere also measured in:D. For the C18FPEG600PEG550, the T1 was of 463
ms and the T&f 23 msrespectively whereas for CLBFPEG600PEG2000 the T1 was 478 ms and the T2
12 ms A summary of T1 and?Tisreported in Table 4
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Table5: Relaxation times for the two amphiphilic compour8iand 9 in acetone6 and RO.

C18FPEG600PEGY C18FPEG600PEG2(
Tl T2 T1 T2

Acetoned6 | 1.099s | 975ms | 1.133 s 867 ms
DO 463 ms |[21ms | 478 ms 12 ms

The relaxation times decreases in water, which might indieasérongersegregatiorand foldingof
the FPEG 600 in water nespect to acetonalue to theselfassemblyprocessand the consequent

decrease of mobilitpf both amphiphilicpolymers?’”

Critical micelle concentratiofCMC)

For the determination of the CMC of the copolymésand 9, Dynamic LightScattering (DLS)
measurements were obtained, following the procedilastrated in ref??° and by consulting the
literature.?%°

DLS is a relatively new method employed in the determination of CMC of surfactants and amphiphilic
compounds in general disis a technique that was developed for measurement of particle size and in
particular of hydrodynamic diameter (dof nanoparticleg®

The principle upon which DLS can be employed to determine the CMC is the incseatedng of

the solution when nielles start tdform.?t In fact, below the CMQyhere aggregates are not formed

yet, the intensity of the scattered light is similar to the solution in which the compound is dispersed.
However, above the CMC the intensity of the scattered light incsestsarplydue to the formation of
aggregates and micellg®

Accordinglya set ofsolutionat increasingoncentrationsof the amphiphileswere prepared in Milk

Q water at room temperature and briefly sonicated to aid the dispersion. Each sampltheras
analysed by DL& 25°C The autocorrelation functiongenerated from the DLS measurements is
reported inFigure 64 and the variation of the intensity of the scattered lighd afunction of the
concentration(mg/mL) is reported in Figure 63

Below the CMC, the scattering detected for both compounds were similar to the ones registered for
Milli-Q water (3860 cps). When the CMC was reached the scattering intensity increased linearly with
the logarithm of the concentration, which indicates theofmation of micelles. Considering the
autocorrelation functiondor each measurementt is possible to see hoat lowerconcentrations the
signal to noise ratio (SNR) was poor, which confirmed the absence of micelles.

The CM®f C18FPEG600PEG550 was esttioh to be at around).45 mg/mL (19 x 10*M), whereas

the CMC ofC18FPEG600PEG2000 29 mg/mL (6.2 x 1OM).
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The CMC of thesamphiphilic copolymewas in the same order of magnitude, whican be explained
bythe fact that the length of théaydrophobic portion, which is one of the driving forces that influences
the aggregation factor, was identical for batbmpounds?®However,commercially available nen
fluorinated surfactants featuring an alkyl chain and a PEG d®ang to theBriJfamily indicate a
much stronger influence of the pegylated chairdetermining theCMC In a study byBagheri et aj?*
different non-ionic BriJ surfactants featuring a C16 alkyl chain as hydrophobic,ldodka variable
number or polyethylenainits as hydrophilic blogkvere comparedand their CMC was determindxy
means of tensiometryThe results from this study highlighted hdwy increasingthe number of
polyethylene unitgin the study the range studied was between 2 to 20 un#éigothe vdue of the
CMC increasesharply, from 0.2%M with 2 oxyethylene units, to 2.8M for 12 unitsto 85.9uM for

20 repetitive units(a 37-fold increase) In another studyby Klammtet al?®2 Brij 78 a nonionic BriJ
surfactant formed by al8 carborchain and 20 oxyethylene units wasentioned and itsCMC
determined as 46M. Following these results, we might have expectextranger influence of the
pegylated chain on th€MC However, comparing th€MCof these fluorinated copolymers to other
fluorinated commercidy available surfactants is not trivial due their unique structure and the
presence of three immisciblelocks with different properties, instead of just two blockéoreover,
DLS is an ofatal method whiclcan be used to deduce tHermation of any type of aggregatésrough

the increaseof scatteredlight in comparison tdhe scattered light of the solvenindependently from

the morphology of the obtained structure§or this reason it idifficult to discriminatewhen dealing
with copolymers with unknown sedssembly propertiesvhether the determined values indicate
effectively the critical point in which the copolymers form micetiesescicle®r if, more likelythey
indicate thecritical aggregation point (CAC) of the monomers. Further experiments with different
techniques, such as tensiometry, should be evaluated for further studies to corroborate the obtained

values.
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Figure63: Scattered intensity (cps) of (a) C18FPEG600PEG550, b) C18FPEG600PEG2000 as dliercdimsenfration
mg/mL. The intersection of the regression lines iGN
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Figure64: Correlation functions of C18FPEG600PEG550 (feftlCA8FPEG600PEG2000 (right) at various concentrations.
Variation of colour (from darker to lighter blue) is correlated togamples at different concentration (from higher to lower
concentration).

To determine thedy of the obtained nanosystemfLSvasemployed Samples were measured @
concentration of 9 mg/mL in M) water The d4 of CL8FPEG600PEG550 wamasuredto be of
41.01+ 14 nm (PDI: 0.342) expressed as intensity by numibénereas at the same concentration
C18FPEG600PEG2000 showeddd #1.06+ 3.15nm (PDI: 0.201fFigure 6).

From these preliminary results, it would seem that increasifigi@the length of the pegylated chain
influencesthe capability of the hydrophilic portion to efficiently cover thedrophobicportion of the
compoundleading to the formation of smallexggregateswhich are likely formed by a lower number

of monomers?83284
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Figure65: DLS distributioby intensity (A0 and by number (B) of CLBFPEG600PEG%BB) andC18FPEG600PEG20C0
D). Data is reported as average &measurements per each graph.
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TGA

To further characterize the polymers, TGA analysis paformed for compound3, 8, 9 and the

commerciabperfluorinated PEG dipFigure 6.
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Figure66: TGA thermogram overlagf FPEG600 (blue), compound 3 (black), 8 (red) and 9 (green).
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Figure67: TGAfirst derivativefor FPEG600 (blue), compound 3 (k)a8 (red) and 9 (green).

Thefirst derivativeof each thermogranin Figure @ show the different decomposition temperature
of each amphiphilic copolymeincreasing th&1W, the temperature of phase transition increases for

polymer 8 and 9, as expect&e

Differential Scanning Calorimeter (DSC)

The fluorinated amphiphilic polymers were characterized by meandiiéérential scanning

calorimeter (DSC), to determine themnelting and crystallization points.

As it can be seen from graptigure &, the melting point of C18FPEG600PEG550 during thenigeat

ramp has a concave and broad shape, which is typical of polymeric samples, due togh&W.

The onset point is at 20.67 °C with a peak temperature of 30.13 °C.
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The crystallization happersuddenlyin a sharp range of temperatureas it can be seen from the
almost vertical line of the melting point, with an onset at 21.46 °C and a peak temperature at 20.3 °C.
The melting point of C18FPEG600PEG2000 show a a more rapid transition, due to the longer
PEGylate¢hairt®as it can beseen in Figre 69. However, with theonset point is close to the peait

higher temperature with respect to those observed for polymer § 46.78 °Cand 49.72° C

respectively. The same can be said about the crystallization point.
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Figure68: DSC thermogram showing the heating and cooling ramp for C18FPEG600PEG550, with the peak temperature and
onset points for both the melting point and the glass transition point, together with the enthalpy change.
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Figure69: DSC thermogram showing the heating and cooling ramp for C18FPEG600PEG2000, with the peak temperature and
onset points for both the melting point and the glass transition point, together with the enthalpy change.

The alkyl chainni the polymers is expected to form a crystalline phase at low temperature.
Consequentially, since the DSC profile display ahigher T, with respect to polymeB and a higher

enthalpy associated to the melting process, it could imply that in compdutite C18 chain is
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determining the formation of a stable crystalline phase despite the presence of a longer PEGylated

chain.

Seltassembly experiments and investigatidor micelles formation

In collaboration with DrC.Ingrosso and DG.Mandriota at theinstitute IPCF, CNBxperiments were
conducted in order to determine the optimal conditions for the formation of stafterinated
nanosystemsBYy considering thEMC(or CACYyalue determined by DLSsaries of experiments with
different concentrations of amphiphilic compoudvere performed followinga onepot, oilphase
evaporationinduced seHassemblystrategy,conduced at room temperatureschematically shown in

Figure D according to an experinmtal procedure adapted by Tang et &Y.

C18FPEG600PEG, Tip sonicator J——
( E 7
Q » ,“.':
CHCI, \
Sonicaion of evaporation 1step
Mixing for 6h onication of (Rotavapor) 1 o
gfor® CHCI,/PBS 10 mM P 9000 rpm; 1min e

Figure70: schematic representation of the procedure for the preparation of micelles adapted from Tar#é8et al.

The preliminary results obtained from this set of experimehtst allowed to establishthe optimal
preparation parametersare reported in Figure 71As suggestedby these preliminary studieshe

aggregates obtained have a high polidispersity Brahd dstribution range Due to the low PDI and
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reduced size ahe sample®®~NS5, obtained with 2.7 mg of amphiphilic compo@this formulation

wasused for subsequent studies.
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Figure71: Initial concentrations and results obtainby the preliminary experiment®nducted on compourél A) summary
of DLS results for each analysed sample, presented as mean values + SD of three r8pl&iated;stribution bitensity
per each sample.

The samereliminary experimentsvere performedalsofor compoundo.

Followingthe optimal preparatn conditionsdetermined by previous experiments, sasembly of
compound8 and9 were obtained through the formation @mulsions of the®F polymers in mixture

of chloroform and PB®.01 M)(1:6 ratio) with ultrasonication treatment at RTlhe resultof this
preparation method indicaté the formation of transparentind colloidally stable suspensions. The
TEM micrographs reported in Figure &B show spherical NS with a relatively high image contrast,
obtained without staining agent®r compound8 and 9. The average diameter estimatdéem the

TEM micrographs is 028.0 + 4.5 nm and 17.0 + 4.2 mespectively FigureGD). The higher image
contrast in the NSs of kige A-B can be ascribed to the spontaneous phasgregation of the high
electron density’®F atomsrich polymer blocks from the hains?®® The colloidal stability of the
achieved®~NSsPEG550 ant?~ NSsSPEG2000 has been assessed by Dynamic Light Scattering (DLS)
investigation, which shows, in the spectra, single popafegiof NSs with an average hydrodynamic
size and a polydispersity index (PDI) of 32 + 7 nm and 0.480 and 20 = 4 nm and 0.416, respectively
(Figire 72EGand table . The size range of theydetermined by DLS Fgher compared to the size
determined through TEMstimation but was however expected taking into consideration that the d

obtained through DLS is higher compared to TEM.
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Figure72: TEM micrographs micelles with the short éAfl long (B) amphiphile and corresponding statistical size analysis
from TEM images (D) and size distribution by number from DLS spectfg (& samples in (B). Table summarizing the
characteristics of samples-8), namely average number hydrodynardiameters and PDI. Results bylbgrosso

Table6: All reported statical data frorDLSas mean values = SD of three replicates.

Sample DL, nm PDI
NSC18FPEG600PEG550 32+7 0.480
NSC18FPEG600PEG200( 20+4 0.416

Moreover,the sizediscrepancy between the preliminary experiments and the follgnexperiments

reported in Figure 72 find explanation the way the data was reported, &s Figure 71 the data is

reported asdistribution by intensity which is extremelysensitive to small numbers of large

aggregates Combining the two information the results seems to indicate that sedFassembly

procedure followed leads to the formation of small fluorinated nanosystem and that, however, also

few largeraggregates are presenivhich is in line with the polydispersity index obtained.

During thepreliminaryexperimentsthat led to the identification of theconditionsto obtain stable

nanosystemgsfor compounds, the formation of peculiar structures was obrised by TEM (Fige 73).
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. e
Figure73: ¢ t | 0 & NJsiétires observed by TEM formed during phreliminary experiments for the formatioof
micellar nanosystemwith polymer8. Pictures by Dr. Chiara Ingrosso

These structures appeared only during the experiments that involvedisieeofshort amphiphilic
polymer but did not form with the longer amphiphilic polymer.

The formation of these structures can be rationalised caariig) previous literature reports in which
we found that similar structures wereobtained with different ABC triblock terpolymers which
featured, like in this casefluorinated moietieswith peculiarsegregation propertieg?® Indeed, both
amphiphilic compounds synthesized by our group were fordefl G KNBES RA&aGA Yy Oil
which are namely, the alkyl block (A), the fluorinated block (B) and finally the pegylated portion (C),
which lead to a triblock linear terpolyme

What determines the shape and structure thie selfassembled aggregate complex multiblock
polymers is not only the length of each block but also the different Bloddockimmiscibility. In
literature there are reports of linear triblock structiseomprising fluorinated moieties with peculia
structures?08.2%0

It is thought that the different length of the pegylated chain might segregate differethity
hydrophobic portion due to its increased surfaiceorder toreduce the contact of the fluamated
portion with water.

In a study by Timothy Lodg#& the formation ofmulticompartmentmicelleswith separate dominions
was observed by employing a triblock polymer comprising polyethylene oxide (PEQ)
polyethylethylene (PEE) apalyperfluoropropylene oxide (PFP@nd inanother study by Kemper et
al222 the formation of peculiar vesiculdike and spiralike micelles was observed atide Authors
proposed that the EtOx polymer and its low solubility could have influenced tipegation of the
micelles, while th@ emperature of glass transitioig of the EPOx block polymer could have provided

enough flexibility for the rolling up of the micelléEigure 74)
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Figure74: Schematic representation of the chemical structure of the poly (ODHERR®X2&-EtOx49) triblock terpolymer,

cryo-TEM picture of a spirdike micellar aggregate and its schematic representation. Pictdagtedfrom ref223Copryright
Royal SocietyfaChemistry 2010.

Due to the to the abundancy of literature reports showing peculiar structures as a result of the
presenceof fluorinated moieties combined with the characteristic structures observed during the
preliminary selfassembly studieswe bega investigating the formation ofhese structureswith
compound8 changing some key parameters during threparation of theselfassembéd object in
particular for what concerns:

-The external driven stimulipr the ultrasonication process on tlselfassembly procedure.

-Theeffect of PBS on the sedssemblydue to the interactions between the PEG chains and free ions
-Thestability over time, which might be a key parameter in the formation of these structures.
Regarding the first parameter, it is indeed believed that ultrasonication is a superior approach in the
selfassembly of amphiphilic compounds as it can lead both to better kinetic carfittod aggregation
processin liquid and to the assembly of nanosictures with narrow sizéispersionand excellent
yield_292,293294

Regarding the second parametstudies have shown how inert salts can decreaseG@MCof ionic
surfactants®®® Indeed the salts screen the electrostatic repulsibaveen head groupand increases

the hydrophobic interactions by reducing the hydrophilicity of the surfact@inits in turn, causes them

to aggregate at lower CMCshis effectdoes not pertain only ionic surfactants biitcan manifest

itself also for n ionic surfactantsalthough weaker*®

Theinteraction between the PEG chains, and in particular, between the oxygen atoms within the ether
chains, might form complexasith the ions dissolved in the buffer soluticand influence the self

assembly ofhe polymers in the final structures?-2%8
To determine the contributiorof the external driving stimuli and the effect of PBS on the- self

assembly8 was dispersed in either M water or PBS (0.1 M) and the solution was immediately

analysed by T# without the sonication of the sample.
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By analysing the sample preparedMiili-Q Waterby TEMFigure 75)it was possible to seenumber
of dark large spherical objectgth dimensions in the range d#40- 340 nm and areas of lightereyr.

. @ StlFo0o2NY GAyYy3 (K Sbakdyasst& utifity, iil ias podsiblats fwhér enGadde
the contrast and differentiate betweetie brighter corona and the darker coamd highlight smaller
objects. The distribution was estimated to be anal 160 nm, with high polydispersity with objects

that ranged from 25 nm to 500 nf diameter.

Frequency Distribution

PEPPPPPELPPPELS
size (d.nm)

Figure75: TEM images d dispersed in MiHQ water with (A) and without (B) FFT Bandpass Filter, zoorasmicle$C) and
frequency distribution (> 150 values) (D).

The darker areas could be attributed to the segregation of fluorinated moieties, already observed in

various studieg®2%1Also, the lighter gry area could be attributed to the PEGylated chain, which due
to its hydrophilicity is exposed to the outside of thanosystem Likely the alkyl chain is segregated
in the inside of thestructure.

The analysis of theampledispersed irPBShowed aedudion in the average size of the micelles and
a narrower size distribution compared tioe preparation inMilli-Q water, with a value of 81 + 57 nm

which might indeed suggest a contribution of the PBS to thesgglfegation of the polymer.
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Figure76: TEM images d dispersed in PBS with (A) and without (B) FFT Bandpass Filter, zoom on vesicles (C) and frequency
distribution (> 150 values) (D).

Large spherical objectare clearly discernible in Figure 7®ut the formation of labyrinthlike
aggregates was not observewithout the additional energetic contributiotransferred to the
solution byultrasonication, the formation of the shapes encountered in the initial experiments did not
occur. The structure observedesemble raspberdike domains of ¥hains over the hydrocarbon
surrounded by the PEG blockalsydrophilic corona.

Further experiments were conducted by replicating the inpiacedure(employing ultrasonication
with the sample being analysed immatkly and then aftepne month, to investigate thestability of

the nanosystemsThe sample wasubsequenthanalysed by means of TEM and DLS. Theifmialyks
show evidence of the presence of both sphatabjects which appear to be vesciclemdworm-like
structures(Figure 7). These structureshowlarge darker domains, which resemble tbegregated
patternsthat were encountered initially in Figure 73 during the preliminary experiments, however
they arelargerin size(500-600 nm vs 20@00 nm) Considering previous studies on triblock polymers
featuring fluorinated moieties, onkypothesids that the wormlike structuresseen in Figure 7iight
representmetastable intermediates towards the formation eéscicle¥®that we see in Figure 77.B

If that were to be casegonsideringthe intrinsic difficulty ofcapturing metastable structuresy
conventional TEMin order to reproduce the structures first obtained in Figure 73 more in depth

studies would be required with different techniques, sashcryeTEM.
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Figure77: TEM images o8 prepared in PBS following theeparation methodf Vischio et af*it is possible to recognize
worm-like structures(A, C) andescicles(B)

Size (d.nm): % Intensity: St Dev (d.nm):
Z-Average (d.nm): 2450 Peak 1: 3878 975 319
Pdl: 0.402 Peak 2: 4971 25 628.1
Intercept: 0.966 Peak 3: 0.000 0.0 0.000

Result quality : Good
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Figure78: Size distribution by intensity from DLS spectra and report summarizimerage and main peaks compound.
All reported statical data are presented as mean values + SD of three replicates.

Thepresence of both structures wasdsoconfirmed by means of DI(Bigure 78), as it is possible to
discern a high polydispersity index.

A further study was conducted to investigate the stability of saenples Indeed, the same samples
were analysedvia TEM and DL&jainafter one month Samples were stored iPBSsolutionat RT.
From theTEMacquisitiongdisplayed in Figur@9, it is possible to see a heterogeneity of the samples,
with spheric structures (A), wormilike structures (B), multicompartment vescicles (C) aargd

aggregates (D).
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Figure79: TEM images of C18FPEG600PEG550 in PBS angpctmssome different structuredter 1 month storage it
RT.

The presence of heterogeneous structures is also confirmed by DLS technique pdréorthe aged

sample.
Size (d.nm): % Intensity: St Dev (d.nm):
Z-Average (d.nm): 252.1 Peak 1: 3401 79.4 119.3
Pdl: 0.348 Peak 2: 96.41 206 2379
Intercept: (0.941 Peak 3: 0.000 0.0 0.000

Result quality : Good
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Figure80: Size distribution by intensity from DLS spectra and report summarizimgrage and main peaks compound.
All reported statical data are presented as mean values + SD ofrdpheates.
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The peculiar structures obtained during the preliminary experiments conducte8, avere not
observed duringhe formation ofnanosystemswith 9. Neverthelessan experiment was conducted
following the same preparation procedupgeviously dscribedin which the samples were prepared
with or without PBS bulffer, in order to determine the influence of ittrgic force on the shape, size of
the structures. In Figure@here is a short summary of the results obtained by éxperiments on

the formation of micellesn PBSconducted orthree different concentrationsof 9: 1, 6 and 16 times
the CMC respectively.

25 D
—_— — :l Nis -1 O
=J —_— N o0 2
Ezo C r“ - o gage 10 £ Sample Size (nm) PDI
21 \ 19F-NSs6 | 20+58 0.297
] | CMC
5 10 119:45
€S \\ \
0 g \[_\

-

1.0 100 1000 10000
Size (d.nm)

Figure81: TEM images of obtained structures showing aggregates andyBijcompartment micelles;(C) DLS distribution at
different concentrations (1, 6 and 16 times the CMC) and (D) summary table of the DL®fresuifsoundB.

Its is possible tobservein the TEM images the formation afjgregatesKigure 8 A) and of stuctures
resembling multicompartment micelleBigure 8. 0 X K2 g S@SNI 1 K & 1193 O &NA 16 NI @ & ;
f A1S¢ ad NHzO G dzNB dhe éxPaxidentyl Besults DidtainE&dN@drs RedTEM find further
confirmation by DLS technique as it is possibleetify the presence of two main populations, around

20 £5.8 nmand 119 £ 4.5 nm

By changing the medium from PBS to Mjllivater,it is possible to see that the structures previously
RSAONAROSR |a avYdzZ GAO2YLI NIYSy (G Mgatos ofthe fluérineR2 y 2
block in respect to the rest of the structure déscernible by the different contrast of the images.

(Figure A, B
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Figure82: TEM images of obtained structures in Millwater showingegregation of fluorine moietied\(B; DLS distribution
at different concentration® and summary table of the DLS res{iXgpf compoundB.

The shape of the structuredoesnot appear tohave beeninfluenced by the variation of medium

however the sizef the larger objedistwofold in respect to themicelles formed in PBS, whereas the

size of the smaller objectsidentical(Figure 82 C, D).

Molecular Dynamics Simulations and Coarse Grain Parameterization studies

In collaboration with Professor Ze8hii (itBafhat the University of Bologna, rexular dynamics
simulationsand @arsegrain parametrizatiorwere conducted to study the interactions of two distinct
copolymer chains by means of-Alom Molecular Dynamics simulations (MD), and asystematt
scheme of parametrization for dissipative particle dynan@i3D) by matching the calculated-AMb
and C@&vVD molar volumes of pure and mixed systerfibe results were then analysed by means of
three structural parameters) the radius of gyration,dRii) the endto-end distances and iii) the Radial

Distribution FunctionRDF)f main chemical groupsSome of the results of these experiments are
shown inTable7 and Figure33.
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Table7: Averagesralues of radius of gyratiofROG)Rnd endto-end distances (in A) calculated during the dimer simulation
dynamics for every copolymer block and for both polymeric chains. In parenthesis the corresponding RMS )alue (in A

C18FPEG600PEG550 C18FPEG600PEG2000
c18 RPEG PEG550 c18 RPEG PEG2000
Rog A 5.75 5.67,(0.44 |6.81(0.91) |5.70 5.79,(0.47) 6.79 (0.89
(0.48 (0.49
Endto-End A | 15.56 11.79 (3.46 | 14.32(4.76 | 15.18 12.24(3.63 | 14.52(4.91)
(2.70 (2.87)
PEG500 PEG2000
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Figure83: Aggregatiomumber and eccentricityly determined by simulation experiments. The eccentricity value is comprised
between 0 (spherical shape) and 1 (linear shape).

¢KS NBadAZ §a 2F GKSaS adidzRA Sa sugheddra thefeddghofahe t NB F S
PEG chain seems to affect the kinetics of the aggregation mechanism; that the sizawfathiphile
clusters depends on the PEG length; and that the system aggrefgateimg highly spherical clusters.
Moreover, theaggregation number for micelles formed with the polyn®ais around~30, whereas

the aggregation number othe micelles formed with the polyer 8 is around ~80with higher
polydispersity Thisfurther corroboratesthe experimentaimeasurements obtainewith DLS, athe
micelles obtained with compoun8@were largerand morepolydispersecompared t09. Fromthese
preliminary studiesthe formation of labyrinthlike, wormtlike or more complex structures was not
contemplatedas final stable structureand itcantherefore be deducedhat these structures might

not be stable, final structuredHowever, it is worth mentionintpat the common preparation method

of aTEM carbon grid involves dryindg the sample, which makes it difficult to discern whether the
aggregates present in the TEM micrograph are the result of the aggregation behaviour of the sample
in solution or upon drying® For this reason, different techniques should be employed to explore the
matter further,such as cryd EM?which couldhighlight whether the observed structurespresent
metastable intermediatesr they are the result of different factors correéd on how the sample for

the TEM were preparedinstead the spheri@l vesciculananosystems obtained with bottopolymers
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8 and9, prepared according to the inducaxhe-pot selfassembly procedure, appeared to be stable,
with a narrow PDI and size dispersion whighuld seento be promising for further experiments and
applications.

The!*FNMRcharacterization of the micellar nanosystemasperformed in collaboration wittProf.
Baldelli Bombelli and Dr. Chirizzi at the Politecnico di Milanth particular focus on the
determination of thenumber of fluorine atonmL, relaxation timesand perform somereliminaryF

MRI studies.

These experiments were conducted with a BrukeHD 400 Avance NMR instrument. To determine
the number of fluorine atoms, a coaxial NMR tube insert with a known concentration of trifluoroacetic

acid (TFA) in D reference. The results are summarized in the following t&ble

Table8 number of fluorine atomdetermined foithe short and long amphiphilic polymer at different concentragion

Sample ¥F/mL (*16% | T1/T2[ms] polymer concentration
C18FPEG600PEG5S 6.7 506.8/20.45 2.7 mg/mL
C18FPEG600PEG2( 8.6 516.8/49 3 mg/mL

T1 and T2 relaxation timasgere in good agreement with the preliminary relaxation times measured

on the selfaggregated polymer indD. The slight increase in both T1 and T2 could be related to the
fact that during the formation of micles, the excess of amphiphilic compound was removed, in order

to have a stable monodispersed solution of micellar nanosystem, whereas thagge#fgated
polymer exists as different structures, as shown in the previous TEM images, with different degrees
of structural mobility. These resultonfirmedthat these micelle aggregates might be promising for

1 MRI applications.

It was, however, not possible fmerform*°F MRI pantomexperimentson these preliminary samples
asthe polymer concentration in therpliminary samplevastoo diluted, which causethe number of

fluorine atomsto be below thedetection thresholdor the instrument(10'°¢10"° atoms per voxel)
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Fluorinated lineablock terpolymersfor °F imaging: conclusioand

future perspective

In conclusion, two linear terblock copolymers were synthesized, comprising an alkyl chain, a
perfluorinated pegylated portion and a pegylated chain of variable length. They were characterized
by means of NMRJVIS TGA DLSanddifferential scanning calorimeter (DSTd determingheir self
assemblyproperties the CMCwas determined bymeans ofDLS and its determination wa®f
paramount importance for the following experiments on the formatiminnanosystemswhichwas
evaluated inboth PBS andMilli-Q water under a variety of conditionaimedto characterizethe
obtained structuresn greater detail taking into consideration the peculiaegregatiorproperties of
perfluorinated moieties and their influence in the final structafeéhe nancsystemsy means of TEM
FYR 5[ {® ¢KS F2NWYAWUSRY Y RadeNtSkadoieNAdtihdApeculiar
structures wasobserved in the experimentgperformed with the short amphiphilic polymer
C18FPEG600PEG5dMese peculiar structures formed in both M) water and PBSvith the
contribution of sonication which proved to be a keyelement indicating thatexternal stimuliis
required for the formation of these structureShe amphiphilic polymer C18FPEG600PEG2a0todi
lead to the formation of labyrintfike structures, however the formation of mulimellar vescicles
was noticedin both PBS and MHQ water. Moreover, by confronting the DHBtribution summary

for the two polymers it was possible to observetttize size of the obtainedanosystemsvas smaller

for polymer9, which was consistent with the presence of the longer pegylated civhich could
shield more effectively the hydrophobic blocks. Teliminary simulationsconducted byProf.
ZerbettaQ & miii8 hotwitnessthe formation oflabyrinth-like structuresas stable finishe@ntities

but did however confirm theole of thelongerpegylated chain in the formation of smallgructures

with a lower aggregation number. In both cases 8imulations showed thdéormation of small
spherical structureas confirmed by Dldistributions expressed as intensity by number.

The possible application ¢tfiese micellar nanosystemfor °F MRI applications wasvestigated by

19F relaxation T1 and T&udies which indicated favourable valudswas not however possible to
perform preliminary!®F phantom studies due to the limited concentration of the available samples,
which will require further experiments at higher concentration to investigate rtiéF MRI

performance.
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Experimental Part

1. Generapart

All reagents employed were purchased from Merck and used without purification, unless where
indicated. Fluorinated compounds were purchased from Exfluor. Solvents were purchased from Merck
and VWR. Deuterated solvents were bought from Merck. Reactionsmenéored by TLC on Merck

silica gel plates (0.25 mm) and visualized by UV light, KB#Ha8Q or Pancaldi solution. Flash column
chromatography was performed on Normasil silica gel 663lénm, purchased from VWR.

NMR spectravere recorded on a Varian @0r Varian 500 spectrometers operating respectively at
400 MHz and 500 MHz for proton. The NMR spectra were processed using MestReNova stitware.
NMR spectra were referenced to the residual protons in the deuterated soNV&BNMR spectra

were refererced to the solvent chemical shift and recorded at 101 or 126 MiFANMR spectra,
recorded on Varian 400 at 376 MHz, were referenced tod®FCI KSYA OF f aKAFda 610 |
and the multiplicity of each signal is described by the conventionaleaidtions: s for singlet, d for
doublet, t for triplet, g for quartet, gn for quintet, m for multiplet, br for broad peak. The longitudinal

T1 and the transverse T relaxation times measurements were recorded on Varian 400 employing
respectively an iversion recovery and a CdPurceliMeiboom-Gill (CPMG) pulse sequences. The data
were processed employing MestReNova software using a thaeameter exponential fit.

MS measurementswere performed through electrospray ionization (ESI) technique on aeBruk
Esquire 4000 with an ietrap analyzer or on a Bruker micrOFQFequipped with TOF analyzer and
recorded by Dr. Fabio Hollan at the Department of Chemical and Pharmaceutical Sciences of the
University of Trieste, Italy.

DLSanalyses were performed on Mlalvern Zetasizer Nano ZS ZEN3600 (Malvern Instruments,
Worcestershire, UK) equipped with a 4 mW-Ne red laser operating at 632.8 nm and a scattering
detector at 173°, using disposable polyethylene cuvettes whose optical path was 10 mm. The data was
processed with Zetasizer software.

DSCanalyses were performed with a TAstruments DSC 250 equipped with internal coolant and
nitrogen purge gas. The heating and cooling rates were 10 *©witima temperature range o0 to

70 °C. The samples were loadma 20 pL Tzero aluminium pans closed with hermetic lids. The data
was processed with TRIOS software.

TEMimages were collected by means of a Philips EM 208 Electron Microscope operating at 100 kV
equipped with 11 MegaPixel bottomounted CCD Olympus Quesa camera by Dr. Paolo Bertoncin

or Dr. Paolo Pengo at the University of Trieste. Samples for TEM were prepared employing carbon
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through ImageJ software
TGAwerecarried out on a TA instrument TGA 5500 using platinum pans and with a heating rate of 10

°C-mift up to 830 °C, with previous equilibration at 100 °C for at least 2 minutes.

2. Synthesis of C18FPEG600PEG550 and C18FPEG600PEG2000

2.1.Synthesis o€18To042)

p-toluenesulfonyl chloride (TogQM.55 g, 8.13 mmol) was dissolved in 3 mL of dry DCM (5 mL) under
argon. The mixture was cooled to 0 °C. A mixture of octadecanol (2 g, 7.39 mmol), triethylamine (2.06
mL, 14.79 mmol) in dry DCM (5 mL) was added dropwise. Reaction was monitored with TLC
(hexane/CHEI6:4) and display complete conversion after 24 hours. The reaction mixture was
transferred in a separatory funnel with a mixture witicM (30 mLand water (30 mL)Aqueous phase

was washed with DCM (3 x 30 mL). Organic phases were combidedsahed with HCI 6N (70 mL),
NaHC®(70 mL) water (2 x 70 mL) and brine (1 x 70 mL). Organic phase was dried-8@maNd the
solvent was removed under reduced pressuBel2g .35 mmol) was obtained with quantitative
yield.

IH-NMR (400 MHz, acetones0 Y { T dy613 Ha, Ads)E7.4R @H,X: 5.4 Hz, Tos); 4.04 (3H, t,

J= 6.4 Hz, BOTS); 2.46 (3H, sHETs); 1.62 (2H, @= 10.0 Hz, B:-CH-OTs); 1.3% 1.17 (30H, m,
(GH)15); 0.88 (3H, t)= 6.7 Hz, CH

3G NMR (101 MHz, acetonelsY { Mn p ®CH), 134.622(Fog, C).130.82 (Te€H), 128.64

(Tos, mCH); 71.49@H,-OTos); 32.640H,-CH-0OTo0s)26.03 H-CH-CH-0); 23.33 (H,-CH); 21.52

(CHs Tos); 14.37QHs).

MS:447.28 m/z [M+Na].

2.2.Synthesis o€18FPEG6Q0)

F FFRF
/\WO%O%OKOH
5 F FF F

"
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FPEG600 polymer @.71 g, 2.55 mmol) was weighed in argon atmosphere and solubilized in
anhydrous 1,4ioxane (5 mL) in Byrex flask. To the mixture sodium hydride (Na204.30mg,5.11
mmol, washed 5 times with hexane) was added and then it was stirred for 10 miusedution of
compoundl (325 mg,1.28mmol) in 5 mL of dioxane was added to Agex flask under argorihe
reaction mixture was stirred fa24 hours at 100 °C. Solventas removed under reduced pressure.
The product was extracted with hexane (3 x 30 mL) and purified with flash chromatography with
hexane/ethyl acetate 9/1 as eluegtving a yield 052%(1.04 g,667 pumol)

H-NMR (400 MHz, acetones0 Y { p d3r 20 Ha, FCE-OI);34.00 (4H, td)= 10.3, 4.5 Hz,
CR-GH-O, CHO-CH:-CR); 3.64 (2H, tJ= 6.3 Hz, B;-O-CH-CF); 1.58 (2H, pJ= 6.8 Hz, B--CH-O-
CH-CR); 1.29 (30H, s,HB); 0.88 (3H, t)= 7.0, 6.6 HZHs).

3G NMR(101 MHz, acetonéls)Y { M M@-@MRIn-)) 18386 CH-O-FPEG600); 69.88 (t-O-
CR); 62.50 (t,-O-CR-CH,-OH); 32.68 @H,-CH-O-CH-RPEG600); 30.430,-CH-~PEG600); 26.56
CH-GH-CH; 23.36 (CHOH-CH); 14.53 (Hs-CH-CH).

=NMR (376 MHz, acetonels0 Y-78132 (2F, m, C18_OEER-); -80.90 (2F, mC~-CHOH); 89.27
(m, 4F, C18_OGERO-C-CR- +-CR-CR-OCECHOH);-89.56 (m, 40F, (0%CR)a0).

MS (MS-ESI, Negative mode, MeOH)15.9 m/z [CEERO] M+.

2.3.Synthesis of TosPEG55008e (

o
\ /O
S\\ \</\O>/
o
12-13

A solution of TosClI (785 mg, 4.12 mmol) in dry DCM (5 mL) was cooled at 0 °@rgodek mixture

of PEG550 (2.00 mL, 3.96 mmol}NAtl.1 mL, 7.92 mmol) in dry DCM (5 mL) was added drop wise at
the mixture and stirred undefrgonfor 24 h. The reaction mixture was poured into distilled water (30
mL) and the aqueous layer was extracted with DCM (3 x 50 mL). The organic layers eeedcmtid
were washed with HCI 6N (1 x 100 mL), 5% NaKIiCOL00 mL), and distilled water (1 x 100 mL), dried
over anhydrous N&Q, filtered and concentrated. Solvent was remowedacuao afford compound

3 as a colourless o2.75 g of product (3.81mol) were obtained with quantitative yield.

HNMR(400 MHz, CD@l Y 1 T dy8B Hp, Ad); 7.8X2H J& 8.2 Hz, Tos); 4.16 (2H)E 4.9

Hz, €LOTos); 3.68 (2H,d~ 5.0 Hz;0-GH-CH-OTos); 3.6 3.60 (42H, m, OCHR); 3.58 (4H;CH.-
OH-O-CH,-CH,-OCHCHOTos); 3.38 (3H, s, &), 2.44 (3H, s, TosHg).

BGNMR(126 MHz, CD@IY 1+ wmMnn dy T 6 ¢GH)Z129.92 [TosmaHY, I128.67 (Tos-@ a =
CH); 72.02 (CHO-CHy-); 70.83 {GH-OCH-CH-OTos); 70.69; 70.68 (GBCHCH-O-CHs-); 70.64 (O
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CHx-CHol1243 -); 70.61; 70.59 (GHO-CH-(Hy-); 69.35 {O-G+H-CH-OTos); 68.78-0-CH-G+-OTos);
59.13 (Hs-0); 21.75 (TosCCHs).

MS (micrOTOR): 913.43, 869.40, 781.35, 693.30, 649.27, 605.25, 561.22, 517.200MCHO-)
M*.

2.4.Synthesis of TosPEG2000ME (

A solution of TosClI (208.20 mg, 1.09 mmol) in dry DCM (5 mL) was cooled at 0 °@rgodeh
mixture of PEG 2000 (2 g, 1 mmolxNE(0.726 mL, 1.99 mmol) in dry DCM (5 mL) was added drop
wise at the mixture and stirred under Ar for 24 h. Reaction was washed witGlNHt. (1 x 10 mL),
NaHC® sat. (1 x 10 mL), and brine (3 x 10 mL), dried over anhydrouSQ\diltered and
concentrded. Solvent was removed in vacuo to afford compouras a white solid2.19g of product
(0.9mmol) were obtained with quantitative yield.

IH-NMR(400 MHz, acetonels0 Y + T dy 83 Hz,Hos) 7.5 ©2HJd, 8.0 Hz, Tos); 4.17 (2H, t,
J= 4.5Hz, ¢1LOTos); 3.68 (2H, 8= 4.5 Hz;O-CH-G+-OTos); 3.64 3.45 (157H mOG-CHy); 3.29
(3H, s, OK); 2.47 (3H, s,HE).

BGNMR(101 MHZ, C®h 50 Y 1+ ™ n-|0H4);/183.00 (T A $29.68) (Tos,-@H); 127.68 (Tos,
m-CH); 71.56 (H,-OTos); 70.16; 69.96; 69.57; 68.35-HCH:0)s); 57.69 (PE@CH,); 21.52 CHs Tos).
MS (MicrOTO#R)):1195.14, 1173.13, 1151.11, 1107.09 m@HCHO-) M*.

2.5.Synthesis of C18FPEG600PEGH50 (

FFFF
S e e ol
Compound3 (200 mg, 117.18 umol) was dissolved in anhydrousdiggane (5 mL) under argon
atmosphere. To the mixture NaH (11.25 mg, 0.47 mmol, washed 5 times with hexane) was added and
then it was stirred for 10 minutes. TosPEG550B)€&6.47 mg, 128.90 umablasadded. The reaction

was left under stirring at 100 °C for 48 hours. Solvent is removed under reduced pressure. The residue
was recovered with a mixture of methanol and hexane (5 mL and 25 mL) and transferred in a
separatory funnel. Methanol solution was sfged with hexane (2 x 25 mL). Hexane fractions were

reunited, and solvent was removed under reduced pressiieduct 8 is obtained by flash
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chromatography with CHgZMethanol 9:1 as eluentProduct was obtained a white solid with a yield
of 76% 01200 mg, 88.91 umol)

1HNMR(400 MHz, acetonds0 Y { n @=m10.2 ¥zHGEEL-OPEY; 4.00 (2H, t)= 10.0 Hz, GH
O-G+-CFk); 3.80 (2H, )= 4.7 Hz, GEH20-CH,-CH); 3.69¢ 3.44 (42H, m, O&CHy); 3.29 (3H,s, Ks-
Peg); 1.58 (2H, P= 6.8Hz, EL-CH-O-CH-CR); 11.42¢ 1.21 (32H, m, &,); 0.88 (3H, tJ= 7.0, 6.5
Hz, Gh).

3G NMR (101 MHz, aceton€ls0 Y 1 M §OpCB-AR)12156); WL 33 OH-O-FPEG600); 72.64 (d,
PEGCH,-O-FPEG600); 71.19 (mH.GHOh213); 70 (i, -PEGAH-CE + t, -C180-CH,-CF); 58.80
(PEGOCH); 32.65 (H,-CH-O-CH-FPEG600); 30.460H,-CH-FPEG600); 26.53 (g8-CH), 23.33
(CH-CH-CH); 14.33 (CHOH,-CH).

9RNMR(376 MHz, acetones0 ¥78.29 (m, 2F,B-CH-O-CH); -78.49 (m, 2F,B-CH-O-Peg)-89.31
(m, 4F, C18_OGERO-CR-COF- + -CR-CR-OCECHO_PEG)89.59 (m, 40F, (FBCR)40).
MS-ESI(MeOH Positive mode) : 2111.8, 2039.8, 1995.8, 1923.9, 1879.9, 1835.9, 1791.8, 1719.9,
1675.9, 1559.9 m/z.

MS-ESKMeOH, Negative mode): 1973.2, 1857.3, 1741.3, 1509.4, 1393.5 m/z.

2.6.Synthesis of CI8FPEG600PEGZA)00 (

RFRF
AR T e s

Compaund 3 (540.00 mg, 316.39 umol) was dissolved in anhydrouslibXdane (5 mL) under argon

atmosphere. To the mixture NaH (50.62 mg, 1.26 mmol, washed 5 times with hexane) was added and

then the solution was stirred for 10 minutes. TosPEG2000M€686.14 mg, 3.39 mmol)was

added. The reaction was left under stirring at 100 °C for 48 hours. Solvent was removed under reduced

pressure. The residue was recovered with 10 mL of dichloromethane. Precipitate was discarded and

supernatant was washed with hexane. Fipabduct 9 is obtained by flash chromatography with

DCM/methanol 9:1 as eluenroduct was obtained with geld of 75% (480 mg, 236.75 pumol).

HNMR(400 MHz,Cih 5 0 Y + n ®-AH-O-BEGI338 (ZH:t, GHBCH,-CR); 3.673.54 (54H,

m, OGLCH); 3.54 (2H, m, GEH20-CH,-CHy; 3.36 (3, s G-PEG); 1.58 (2H, pHECH-O-CH-CR);

1.52-1.11 (32H, m, 8); 0.90 (3H, t, Bs).

BGNMR(126 MHz, CIh 50 Y +  OvPB20R2Ry); B3BEC0H-O-FPEG600); 73.01 (d, PEB;-

O-RPEG600); 71.59 (MCH.(H,O)s); 70.81 (t-PEGECH-CR); 70.37 (t-C180-CHx-CR); 62.50 (t-
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O-CR-CH-OH); 59.11 (PEGCH:); 33.06 (H-CH-O-CH-FPEG600); 30.74-QH-CH-FPEG600);
30.64; 30.60; 30.46; 30.40; 26.90 ¢@H,-CH); 23.72 (CHCOH-CH); 14.41 0H-CH-CH).
IENMR(376 MHz, acetones0 ¥78.82 (m, 2F,I6-CH-O-CH); -78.49 (m, 2F,-CH-O-Peg)-89.31
(m, 4F, C18_OGERO-CR-COF- + -CR-CR-OCECHO_PEG)89.56 (m, 40F, (FBCR)).
MS-ESKMicrOTOR)Q, MeOH,Positive modg 1670.14, 1179.79, 627.35 m/z

3. Determination of the CMBy means oDLS technique.

CMC was determined by means of DLS technique according to an experimental procedure reported in
literature?l Y R al f @SNy Qa3 I LIJX AOF A2y y2iSo
C18FPEG600PEGS550
For the determination of the CMC of18PEG6MREG550, a set o$olutions at different
concentrations of the amphiphilic organic compound, ranging from 2 mg/n2l*td0® mg/mL, were
prepared. All solutions were prepared in MH#) water and dispersion was facilitated via a bath
sonicator. The solutions wefdtered with a 0.22micron PTFE filter.
Each solution was analysed in triplicate with 173° Backscatter (NIBStdataoleasurement angle.
Duration and attenuation for each measurement set were set to automatic for optimal results. The
ratio between concentratiopexpressed as mg/mhind scattering intensityexpressed as counts per
second (cpswas plotted. TheCMGwas determined from the intersection of two trendlines that were
the best fit for the data

PW TQOoOoUWd Yop

CW CBpuyp T@O

Above are reported the two equations of the best fit lines through the data poirtig. intercept of

the two equations providec& CMCof 0.45mg/mL @.9x 10*M).

C18FPEG600PEG2000

For the determination of C18FPEG600PEG2000 CMC, a set of solutions were prepared at different
concentrations of the amphiphilic organic compound, ranging from 18 mg/rAlo@0137 mghL. All

solution were prepared in MilliQ water and dispersion was facilitated via a bath sonicator. The
solutions were filtered with a 0.2ghicron PTFE filter.

Each solution was analysed in triplicate with 173° Backscatter (NIBS default) as measureneent ang
Duration and attenuation for each measurement set were set to automatic for optimal results. The

ratio between concentration (expressed as mg/mL) and scattering intensity expressed as counts per
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second (cps) was plottetheCMCQwas determined from théntersection of two trendlines that were
the best fit for the data.
For the determination of the CMC the intercept of the equations of the two best fit lines that better
represent the data points was determined:

pPw PpTXPXC Y WP

W PP o®puU
Above are reported the two equations of the best fit lines through the data poirite. intercept of

the two equations provided with @MC of 2.2 mg/mL (6.2 x 106M).

4. Preparation of°~NSsPEG micellar nanosystems.

Micellar nanosystemscomposed of polymers featuring linear hydrocarbon and perfluorocarbon
chainsC18FPEG600PEG550 and C18FPEG600PEGERZ26(G0epared by means of a ormot, oik
phase evaporatiofinduced seHassembly strategy, at room temperature (RT), accordimgan
experimental procedure reported in literature with minorodifications®” In a typical synthesis, 10
uL of°FligandPEG (3 mymL), dispersed in 500 puL of CEl&l the critical micellar concentration
(CMC), were added to 3 mL of a 10 mM PBSisolutvith the 1:6 CHEHO v/v. The mixture was
sonicated for ca. 5 min by a Branson Sonifier 150 atR% W, during which the emulsion changes
from optically transparent to milkjike. The organic solvent was then removed by a rotary evaporator
(Buch, Switzerland) at 60 °C, and the obtained micellar nanosystems were transferred into a plastic
vial and centrifuged at 9000 rpm for 30 s to ensure removal ofatm@hiphiles in excesg he final
product was collected and filtered by PTFE filter to nartoswsize distribution of the achieved micellar

nanosystems. Finally, the achieved nanosystems were further stored at 4 °C until use
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PART I\Strategiedor the encapsulation of GuS NCs fof’F MRI

1. BackgroundCu, 13 NCstheir properties and applications in the biological field

Copper sulfie (CuS) nanoparticles have attracted increasing attention from biomedical researchers
across the globe, because of their intriguing properties which lh@es mainly explored for energy
and catalysiselated applications to datelndeed,these nanoparticles are atype semiconductor
with unique properties that span from charge transport to thermal diffusidrOne of the fields in
which these nanoparties have recently gained an entrybiesmedical sciences and nanomedicine.
Indeed the most interesting feature for the application Gf4S, materials in biomedical applications

is the fact that they can absorb light in the NIR rarfigbove 900 nmyvhere biobgical tissues have
almost no absorbancehich means that photoacoustic imagiimgolving these materials haveo
background signdrom surrounding tissuem biological applicationand can be thus exploited for
enhanced photoasustic imagingvith no ham to the patients.Moreover, it is possible to synthetize
small CuS, whicimproves their clearance rate and opens further applications in cancer therapy due
to the enhanced EPR fact®fFor these reasonuS, nanoparticledind applications as sensing®®®
molecular imaging® photothermaltherapy?® and drug delivery®

These nanoparticldsave been synthetised with a variety of different morphologies which range from
solid nanospherescoreshel particles anchanocages, 2D nanoplates, 1D nanorods, nanotubes and
nanowires with a variety of different approaches: hydrothermal/solvothermal appro#¢h,
microwaveirradiation >°® sonochemical synthesf and so forth

Among thesanethods, themost straightforwards the hydrothermal route, as i$ an easy synthesis
that leads to good yield and narrow CuS dispersiafithout recurring to toxic organometallic
reactants A commorsynthesisemploysCu precursors lik€uOor CuCl and Sprecursors suciNaS
Na$S, which are then autoclaved in a range of 130 to 17@%Cfew hours whichyields CuS
nanospheres with-10 nm diametef®3%’The advantages ahe hydrothermal process are mainly
related to the possibilityo variatedifferent parameters such as precursors, reaction time, reaction
temperature, which allow to obtaidifferent size and shapes of nanoparticles.

Another synthetic method that is promiginis microwave irradiation. Indeed, compared to the
hydrothermal method it represents an evolution, as it allows for a faster and more energy efficient

reactiors. 308

Biomedical applications bCuS nanoparticles
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Figure84: Representatiomf biomedical applications of CuS nanopatrticles. Intageoduced fromreference3o!

Copper sulfidemanoparticles have found applications in a variety of different fields. Some of the most
relevant are reported in Figure48

Some of the most promising applications for whiClaS NPsare currently being studiedire
applications in cancer thergplndead, CuS NPshave found applications as photoacoustic imaging
(PAI) which is nornvasive and recently established technig&éotoacousticsignals are produced

by eitherin vivomolecules or contrast agents such as Ao, NFs, which absorb laser @adiation

and convert it into thermal energi°One interesting feature of PAl is that it involves Hnequency
ultrasound which canreach up until afew inches deep into biological tissue®ne important
applicationof PAl is the detection afolid tumours in the brain tissue.

One important flaw of photoacoustic imaging resides in the visible and i¢drons, since most of the
radiation is absorbed by biological tissue®wever, photons in the second region of NIR (10000

nm) are less dsorbed by biological tissues. For this reason, materials designed to absorb light in this
regionare of great interest to improve the limitations of this technique. Different materials have been
proposed as contrast agents, however they all suffer fromtditioins sut astheir high cost(gold
based materialsuch as gold nanocages, nanorods and nanoghailpoor and reduced absorption
(carbon based materials such as carbon nanoturegapheney!!

In contrast, CekS NPs @ less expensivendcan absrb light in a much broader range (62200 nm)

312compared tosphericalgold nanoparticleAuNPg500-800 nm).313:314
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Another application o€uS for cancer treatment i®TT which is, as PAI, not invasi\&y converting
NIR light into heat, it is possible to induce localized apoptotic damage to cancer tissues, which lead to
cell death. Different CuS, nanostructures have been proposddr this application. Among these,
plate-like nanocrystaf@®have a geat conversion efficiency angeak absorption at 980 nmCuS,
structures also offer the possibilitg allowmultimodal imaging platforms. For example, hollGuS,
nanostructures with pores can successfully combine chemotherathyphotothermal therapy due

to their reduced sizand the presence of a porous structure which could host hydrophobic molecules
In one such example, hollo@usS, of 130 nm diameter and loaded with camptotheeiere used3'®
Another example is givenby CuSNPs synthetized by Mou ell.*'? NPs whichcould be used for
multimodalapplicationof both PAI and PPT by switching to two different wavelengpon irradiation
with 1064 nmthe nanosystem showed optimal applications &l and at980 nmPTTtherapy. The
combined applications allowed to botineat the tumour tissue and to monitor thefficacy of the
therapy.

Other applications ofCuS NPs beyond the scope of cancer treatment includesdermal drug
delivery systems, in which the photothermal propertiesSfS, are exploited tocreate micrepores

in the stratum corneum of the skjrwhich acts as a natural barrier and limits the absorption of
hydrophilc compounds, in ordeto faciltate the transdermaladministration routeof drugs. One
example is given by synthesized CuSdiPersed in Carbomer 940 hydrogel which, once applied
topically onmice showed that upon irradiation only tlratum corneumwas damagedMoreover,a
hydrophiic drug, a fluoresceiisothiocyanatewas successfully absorbed tlugh the skinwhich
makes this technique particularly useftd enhance the absorption of hydrophilic medications.
Glucosesensorghat exploitCuSare also a promising applicatiomdeead, Zhanget al. preparedCuS
nanocomposites and determined thahe amperometric response ofuS nanoparticles toward
different concentrations ofglucosewas much better compared tdare Cu electrode.!® CuS
nanoparticles have been also studied as DNA sen&mserally biosensor works byecognizing a
specific biological element and converting its signal samething recognizabl&he importance of
DNA biosensors iglatedto the fact that their developmet canlead to fast recognitiomf diseases

or gene muations. One example of DNA sensors developsihg CuS enhanced the solubility of
graphene nanosheets, increasing the overall connectivity of the biosenémm the doublestranded
structure of the DNA probe recognized thtarget DNA it decreased the electrochemical response of

the biosensor®®
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Currently, the development of novel theranostic materials comprising@uWs T or foPAl is of much
interest3’ However despite the effors, obtaining novel nanoprobes that combine adequate size,
stability, biocompatibility and dispersids a great challenge.

Furthermore the possibility of combining PTT or PAI W MRhas been addressed in literature and
someinteresting solutions havéeen proposed in two studies by the team of Wang L. ét'&l®
published in 201@&nd represented in Figurd5. In the first studyCuS@PSH°F nanoprobes were
synthesized with a high number of fluorine atoms per particleifiovivo'®F MRI and photothermal
therapy (PTT)The system was comprised GivS; nanoparticlesencapsulated by anixture oftwo
amphiphilic polymers, oleyaminefunctionalized bis(trifluoromethyl)benzaldehyde*Fpar) and
oleyaminefunctionalized polysuccinimide (RB&) which guaranteed their solubility in water.
Preliminary studies conducted on these nanoparticles indicated promising applications fol°Both
MRI and PTT therapy. The second system developgsl a multifunctionalCu.7sS*°F@OFFRSIQ
nanoprobe compsing Cu.7sS nanoparticlescovered byoleyaminefunctionalized polysuccinimide
(OFP) and trimethoxy(octadecyl)silane (TM®IsEh acted as coencapsulation agents. padluoro-
15-crown5-ether (PFCEwasanchored through hydrophobic interactions within the alkyl chains and
trapped by athin layer of silica shell. This methatbpped PFCE leaking from the structure and the
silica layer was adequately thin to allow for enough chain mobility, in order tinratgood'®F NMR

signal

To contribute to the research of novel multimodal imaging tools for combined#TMRI
applicationswe decided to investigate thencapsulation ofCu, 15 NCsynthesized by C. Ingrosso of
the CNPof Bariwithin the context oforoject NiFTylndeed, as of yet, there are no repoitditerature

of Cu 13 NCencapsulated with perfluoropolyethylene polymers 8 MRI applications

A S rY  PRCE B
o 7 AAAASI{OCH;),
VINNNAOFP

Figure85: (A)Structure and applications €u 7 PC X h Ct band (BXuS@PSHF.Figuresreproduced with permission
from ref.287.318Copyright © 2016, American Chemical Socety Copyright © 2016, Tsinghua University Press and Springer
Verlag Berlin Heidelberg
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Results and Discussion

The Cu 13 NCaused inthis section wereprotected by residues of oleic acid and oleyaminae, (&
NCg€OL/OLA3ynthesized by hot injection method under airless conditions in the presence of both
oleic acid and oleyamine agabilization agent8°and were providedy the group of Bari as a solution
in chloroformat the concentration of 120 mg/mlAn overview of their synthesis is reported in Figure
86.The initial information provided regarding the (G& NCs indicatea size distribution determined
by TEM of7.0+1.1 nm

The were derived from the synthetprocessherein reported?®® and wereprovided bythe group of

Barias asolution in chloroform athe concentration of 120 mg/mL.

Copper(l) s, ° s

e L
Chloride ®

N, Flow .
Sulphur = 3¢%%"  ———p ;
100°C * o e |
___> « b : : ’
Coordinating 180°C K.' < Organic Capped
agents - ('u:_\g NC

Figure86: scheme of the synthesis of &8 NCsReproduced with permission froref.2% Copyright © 2019 American
Chemical Societleic acid and oleyamine are the coordinating agents used for the synthesisCof §eNCs

1. Experiments of selssembly for the encapsulation of coppeulfide

nanocrystals (GuS:NCs).

One of the strategies pursued for the encapsulatiorCof 1§ NCsvas to adapt the formation of
micelle with the fluorinated amphiphilésand 9 to accommodatehe NCs in their hydrophobic care
These experiments were conducted Cu S NCs synthesized the group of Dr. C. Ingros¥8 with
their collaboration Preliminaryattemptson the formation of suitable micellar nanosystearsd their
stability for the encapsulation afopper sulphide nanocrystalsCi, .3 NCpwere made exclusively
with assynthesizedoolymers8 and 9 without the addition of additional stabilizing amphiphiles
order to achievethe highest number of fluorin@toms possible per micelléd number of runs
performed withdifferent molarratios betweenCu, .3 NCand amphiphilevere performed andt was
possible to obtain the optimal formulation to encapsulae, & NCside the hydrophobic layer of

the micelles.
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The proceduredllowed for the preparation ofmicellar nanosystemencapsulating GuS$ NCENS
Cu, .3 NCewasadapted from gorocedure byHuet al2®’

For the short amphiphilipolymer,the best results were obtained with a fetog-one andeightto-one
ratio of CI8FPEG600PEG560/ .S NCsTheformulations thus obtaineavere investigated by means

of DLS and TEMhese experiments are summarized in Figufe 8

BE-NS8@CuS NCs_2 68 mg- 0. 5 mg
B F-NS9@CuS NCs_2 68 mg: 0.25 mg

20+ — "F.NS8@CUS NCs N
~ 1E_NSI@CUS NCs _ F-NS8@CuS NCs.
< 15
=
2
o) 10
L

51 a / \ﬁ:v-

200nm_ 200 nm
! o 100 1000 10000 Low colloidal stability
Size (d.nm)
Sample Size (nm PDI

MF-NS9@Cu$S NCs 624 + 208 0.374

Figure87: On theleft the DLS results of the two trials conducted with different ratios amphiphieuteS(4 to 1 forl%~
NS8@CuS NCs and 8 to I1BNS9@CuS NCs) with a summary table. Onighétwo TEM images of the first sampi&~
NS8@CuS NCs.

The preliminary redts indicated a high PDdr both samples and low stability. For this reason, in
order to increase the stability of the obtained systesmditional runswere performedto preparing
micelles in the presence of 1,2-dipalmitoytsnglycera3-phosphoethanolenine-N-
[methoxy(polyethylene glyceB000] (ammonium saltfPEG:PE 16:03 polyethylene glycol (mPEG)
phospholipid conjugatethat in literature was usedto obtain water stable CiS@PSHF
nanocomposites (NC$Y In order to determinean optimalratio between amphiphile and PEG:PE
allowing for a stable system without sacrificitige number of fluorinated chains (antbnsequently
fluorine atoms) in the final micelléhe lowest ratio to allow stable structures wasmsidered.

Once the optimal mixture of PEG:PE and amphighilas found, essecond set of experiments was
then conducted with different concentrations d@u».S NCsthe successfuformation of micelles
encapsuhting a payload ofCu, 1.$NCs wagonfirmed by TEMindeed, in Figure®8Cit is possible to
see a number of micelles featuring segregation of fluormaetiesand darker spots attributed to
encapsulatedCu, 1.5 NCsBy consulting the literaturethe obtained nanosystems resembleon-

concentricalmultivescicularvescicles (MVVsY®In fact, vescicleare often formed by bilayer which
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consistsof one or several types of amphiphil@gich distributein the two monolayers The most
common types of vescicles are the-calledunilamellar vesicles, however in some caskB/Vs form,
when vesicleforming amphiphilesare dispersed in agueous medium under mechanical agitation
free-thawing procedures, which are commonly employedpeed up the hydration of the polar head

groups of dried amphiphiles and to accelerate fbemation of the bilayer.

A D
Sample Cu2-xSNCs__|Size (nm)| _ PDI ]
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Figure88: A) samplest different concentration o€u, .3NCsand DLS results summaBy DLS distributionybintensity,Q
TEM pictures representing the vescicles loaded @ithS NCor each sample, D) schematic representation of vescicles with
norntconcentrically arranged internal vescicles (MVVSs)

Considering that in the proces$ micelle formation great deal of energy is given to the system in the
form of ultrasonication, together with the followingvaporaton process, in whickehloroform is
evaporated at the rotavapounder constant agitation we might speculate thahe comhbnation of
these harsh conditions might have contributed to the formation of MVmsidering also the
presence of PEGER which in literaturdnas been used for the preparation of liposoni&sThe same
procedure was followedvith polymer9. In this cae, the formed structures resulted in more stable
micellar nanosystems and for this reason PEG:PE was not requiinedformation of micelles
encapsulatingCu, 13was confirmed by TEMNd characterized by means of DLS, as shown in Figure
89. The obtained nanosystenappear to be more stable and homogeneous compared to the ones

prepared with the short amphiphilic polymer, moreover they did not require addition of PEG:PE for
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their further stabilization.
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Figure89: (A, B) TEM image and magnification showing the formed structures and (C, D) DLS distribution by intensity and
table showing the size and PDI of the-feffned structuresResults by Dr. Chiara Ingrosso

2. Directdispersion ofCu, 1§ NCs in water via thiol fttionalization.

é\} o Q@ Loéﬂ y A sﬁoﬂ((%;goiz/oé/\o}

FF FE M ra45 " FF FF 1 44-45

RT sty f
A“M Oleic/Oleyilamine
In parallel with the synthesis of the amphiphilic copolymers for the dispersion of copper sulphide NCs
a second approach aimed at obtaining watlispersibleCu, 15 NCghrough ligand exchangeias
pursued.In order to disperse @ .S NCslirectly in water, a thiol comprisingshort alkyl spacer, the
perfluorinatedPEG ané PEGylated chain about 2000 Da was prepared in order to allow for the
grafting of the thiol on the surface otC.S NC&y removal of the weakly bonded ollymine and the
dispersion of the @, 1S NCs

Synthesis of the thiol for the decoration of the Cus NCs

The synthetic strategy adapted to obtain this thiol is the same described for the shorter thiol

HSFPEGmMPEGS550 reépdrin Chapter II.
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Due to thelargediameterof the Cu, 3 NG, the thiol was designed with a longer pegylated chain, to
better aid the dispersion of the NCs in agueous environment. The preparation of the mPEG2000
tosylate was a Williamson reactiavas as describegreviously in Ghapter I, page.23.

Synthesis ofompound3 wascarried out under dy conditions.

The reaction was conducted in igdbxane with NaH as base. To ensure total conversion of the
precursor, aslight excess of PEG2000Tos was used (1.10 equivalents), removed in the following
workup steps by recaring the crude with hexane.

In theH NMRspectrum of the productiwo distinct multipletscentredat 4.00 ppm and 3.87 ppean

be assigned to the protons of thmethylene unit inthe h position respecto the PEGylated chaiand

to the proton ofthe methylene unit inh to the alkyl chain, which was not possible to assign in the
NMR spectra of the precursor. The peak-&®.86 ppm in the'*F NMR spectrunof the precursor
disappears and a new multiplet relative to the;@Falpha to the PEGylated chaippeears at-79.16

ppm, in close proximity to the € alpha to the alkyl chaiflBoth spectra are shown in Figu?e.
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Figure90: 'H NMR (400 MHz, acetos) (A) andF NMR376 MHz, acetond6) (B) otompound3.

The last step is the deprotection thkiol functional group frontrityl moiety, which was performed
following the sameorecautions indicated in Chapter 1.

To ensure the complete removal of TFA during the wopkggedure, a flash chromatography column
was employed to purify the thiol.

The product was characterized by means of N$fiectroscopyIn the 'H NMR spectrum of the
product,the disappearancef the tripletof the methylene group ih  LJ2 doihé &it®l ¢t 2.13ppm
isaccompanied by the formation of a triplet at 2.50 ppm related to the methylgnoeipin h position

to the thiol function. The'®F NMR show no variation in terms of peaks compared to the comp8und
which confirms that the reaction conditions employed did not causéoreseen side reactions.

Spectra are shown in Figuré.9
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Figure91: *H NMR(400 MHz) (A) ahe thiol and(B)°*F NMR376 MHz)f the thiol in acetonel6.

After the synthesighe °F T1 and T2 relaxation times were determined in methaldoFor T1a value
of 548 ms was obtainedror T2a value of 406 ms for T2 wabtained®21®3Both relaxation times
were long; however, we expect that they will decrease once bounthéosurface of G, 1S NCsdue

to the slower molecular tumblingate of the nannosysten®

Ligandexchange betwen OL/OLA residues and synthesized thiol

To determine an estimated number of thiolates that would be required for the complete
functionalization of a singleuz.S NCwe assimilated thesurfaceof these nanocrystal to a spheric
gold nanopatrticle witthe same diameter.

Considering the surface area @fi, .$to be 7 nm, the numbeof chainsrequired to fully cover the

surface of eacNCs was estimateih be 726.29 chains

For the functionalization of GuS NCs, a twphase ligand exchange procedure was adapted from
Oversteeg enl > Briefly, thereactionwasperformed in two phasenixture of CHGIMIlli -Q water
with particular care to use deoxygenated solveatsl working under inert atmospherguring the
setup and the reactioto avoid the formation of disulfideAn excess of thiol was used favour the
ligand exchangwith the organic coating o€u, .3 NCdn order to facilitate the exchange process, the
thiol was deprotonated by increasing the pH the water solution topH 11.60 by adding
tetramethylammonium hydroxid (TMAH). The reaction was conducted at @iie of the reasons why

the two-phase ligand exchange procedueactionwas considered is becaeit would allow tofollow
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the reaction progress byisual feedbaclas during the reaction it could be possible to assess the
discolouring of therganic phase (dark yellow) and the colouring of the aqueous plbassed by th
different solubilityof Cu, 13 NCencethey hadsuccesfullyexchanged ligands on their surfagdgure

92).

Figure92: Reaction progress monitored after (from left to right): 0 hours, 8 hours; 72 hours; 120 hours.

After five dayghe reaction was stoppedue to the formation of vible aggregatesndeed,despite

the long reaction times, the change of colour was only partiaicating onlya marginal success

this exchange procedurén addition, it is possible tanotice from Figure92 how the aqueous solution
changed from transparent to a millke colour, suggesting the possible formation of micelles. Indeed,
the conditions employed for the ligand exchange share some similarities with the procedure followed
for the formation of seHassembled structures described in the previqeragraphg?’:2%°

After the workup procedure adapted by Oversteeg efahoth the organic and aqueous phase were
analysed by means of TEM and DLS and compared to the characterizatiosfohatonalizel Cu .S

NCs.

Analysis of aqueous phaséfter the synthesis, the workup procedure consisted in purifying the as
synthesized G, .S NC@&thiol by multiple cycles of centrifuge and washes by ethanol to remove the
unreacted thiol. NCs were dispersed in Mliwater and analysed by means'#f NMR, DL&dTEM
andthe data obtained wereompared tothose of the ufunctionalized CurS NCs.

1%F NMR and relaxation time T1 and TBhe assynthesized G S NC@thiol sampledispersed in
Milli-Q watershoweda single broad signal at 89.42 ppm, relative to fluorinateethylether and
consistent with tke samesignal reported for the free thiol. The two small peaks of timeninal Ck

are not visible. This may be due to the low concentration of the sarijpie broadening of the main

peak and absence of therminal Ck suggests thathe fluorinatedthiol was successfully bound to the
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surface of the Gu.S NCs. Thmainpeak remainedelatively sharp which iafavourableconditionfor

MRIapplications?®’
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Figure93: 1% NMR (376 MHz) of Ci NCs@thiol inzD.

T1 and T2 relaxation timgshown in Figure®were muchshorter compared tahose of freethiol and
their values were determined to be 386 ms for T1 and 7 msZofhesdow values may be affected

by the low concentration of the sampémalysed

. Y = B+F*exp(-X*G)

Y' = B+Ffexp(-X*G) _ o G .
B=3.455e+4; F=-5.04% +4; G=2.569; Errgfnig’st 3.956e+4; G=128.5;
Error: 0.09778 T

E3
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Figure94: relaxation time of Cu,S NCs@thiol in,D (left) T1 réaxation time with equation (insert) and (right) T2 relaxation
time with equation (insert)

TEM and DLS analysiBhe aqueous solution was analysed with TEM and DLS. In order to compare the

Quw 13 NC@thiol, the stock solution ofi: 13 NCén chloroform wasalsoanalysed (FigureS).
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Figure95: TEM image of GuS NCsand size distribution obtained using with imageJ (insert).

From the TEMmage (Figure®) it is possible to clearlyinpoint Qu, 1. NCsf differentmorphologies
Indeed,some structuresan be associated touc.S NCaind a dark grey area likely associated to the

LI2f @ YSNI ¢ KS T 2iNav| Sk 2&/0 NeHEO (MHENTRO3dZE H yNih FipueBNTBE | G S &
formation of these polydisperse aggregatis also confirmed by DLS. The size distribution by number
indicates a majority of smaller object§ 41.64 nm+ 6.03 (Size d. nm + SWih a PDI of 0.491.
However, the size distribution by intensity, whielkes into account the presence of large aggtes,

indicates two distributionsit 360.4 + 74.28 and 44.24 + 4.75 nm. Figufeudd B.

Figure96:¢ 9a A Yl 3S& 2F [/ dznbE{ RWwaskiKA2f RAALISNBESR Ay aiffaA
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Figure97: DLS sizdistribution of CS$ NCs (CHEI

Figure98: DLS size distribution by numbap) and intensity down)of Cu & NCs@thiol (MHD watel Figure

The DLS experimenshiownin Figure 97 report a distributioof 13.05+ 3.48nm with a PDI of 0.903

for Cu, 1§ NCswhich indicates highly polydisperse system, in accordance with the TEM experiments
previously shown in Figure 95.

The summary of the TEM and DLS studies condumiekde sample disperseth water,indicate how
although these systems have been triarsed to the aqueous phasthere is also a tendency to form
large aggregatewhich, however, do not precipitate but remain completely dispersed in the agueous
solution. A reasonable hypothesis for this curious behaviour might be caused byrésznce of the

fluorinated moietywhich could influencehe formation ofthe observed tubulatfike structures seen
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