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ABSTRACT

During this doctoral research womrkew potential drug delivery vehicles fiargetedreatment

of cancersvere developed-or this purpose, both soft and hard materials were subject of study.
Firstly, the synthesis, the characterization and the biological evaluation of mondoreric
cyclodextrins functionalized with folic acid (FAyere the focus ahis researchin particular,

four new conjugates (CyPAS), both 3 and 6functionalzedb-Cy DsCy b3 &£yDé) b
linked to the U or o-carboxylic group of the FAwere synthesized, isolated and fully
characterized. Furthermore, the ability of these compotmisieludethe anticancer drubA -

12 and to delivert selectively to FR (+) tumor cell lines wamsvestigated.

Since the promising results obtained witliheseCyD-FA conjugates as carriers for L2,
polymeric nanoparticles based on crisked cyclodextrinavere designedor drug delivery
purposesThese systemsffer the advantages of Cylype complexation in a synergistic way,
resuling more effective than the parent CyDis particulay CyD-basedpolymers and
oligomerswere synthesized, functionalized with FA and tested as delsystemstowards
different hydrophobic anticancer or airiflammatory agents. Furthermore, fselected
systems, the bindingonstant®f the formed inclusion complexes weleterminedas well
Concening hard materials, mesoporous silica nanoparticles were investigatesly Alise
shaped mesoporous materidhe nanodiscs(NDs), was synthesized isolated and fully
characterizedThis material was firstly usefdr thepreparation okelfassembled manayers
(SAM), to be employed in targeted cancer cell adhesionirasdu drug delivery.For this
purposethe NDsmonolayers wernctiondized with FA as targeting moietyhanks tathar

large surface area and the possibility of high density of soérfunctionalization with
bioactive moleculeghese systems resulted effective in binding cancer cells even upon short
contact timesMoreover, exploiting the porosity of the synthesized partidies,intracellular
release of small hydropbic moleculepre-loaded in the channels of the Ni@sre achieved
Secondly, peliminary biological experimeatcarried outo testthe cellular uptake of NDs, and
the drugcarrier ability wereperformed Finally, in the attempt to increase the biodegradability
of the® interesting structuredjsulfide-doped mesoporous silica nanodisssNDs) were also
prepared. Fultharacterization and preliminary biological assafythese hybrid materials was
also performed, and their degradation in redox conditions investightésl.novel material,
taking advantage of bicedox reactions, undergoes a controlled disintegration prdoess

presence of reducing agefiite. glutathione)displayinganimproved drug delivery action.
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1 INTRODUCTION

Cancer is one of the most leading causes of death worldwide. In fact, according to the World
Health OrganizatiofWHO) report 2014, 8.2 milliomleaths were attributed to cancer, which
constituted 13% of all deaths and in the next twoades, new global cancer incidences are
expected to increaseThe lack of selective delivery of artancer compounds to neoplastic
tissues is one of the main reasons of such a high incidence for cancer disease. Currently available
therapies do not suffecto erase this plague and new technologies are required. In this context,
nanotechnology recent improvements towards the development of nanotherapeutic products
holds great promise to ameliorate therapeutic strategies against cancer. Nanocarriergb@ve uni
properties such as nanoscale size, high suttagelume ratio, and favorable physicbemical
characteristicd.They can enhance the drug therapeutic effect acting both on its pharmacokinetic
and pharmacodynamic profile. Embedding of drugs into remniecs can increasm Vvivo

stability, extend the life span of the drug, and allow for controlled drug release.

A wide range of nanomaterials based inorganic, lipid, proteinglycan or other organic

compounds have been employed for the developmargwfanticancer vehicles.

1.1 Nanotherapeutic platforms

The Nobelist Richard Feynmanin1959ave a | ecture entitled At
bottomodo introducing the concept of nanotecn:

handlingandengineering material with dimensions the nanometer scalei(l00 nm)®

Synthetic nanoparticles (NPs) are endowed with several advantage for the development of
nanotherapeutic products such as size in the nanometer range that give them the ab#isy to cro
biological barrier8including theblood-brain barrief or the cell membrane hyifferent uptake
mechanism& They can therefore interact with a wide phof biological entities (e.gfrom
proteins to cells). In addition, NPs exhibit tuneable physaamical or biological properties

that can dramatically chge as a function of their sizbue to modified gantum mechanical

properties’

Depending on the type of applications, NPs sapan different shapes (e.ganospheres,
nanotubes, nanorods, nanoed, nanodiscs) and materials (esgica, metal, lipid or polymer
based) so they can be hollow, porous or solid. An additional advantage of NPs may be their

increased loading capacity compared to molecular vectors. For instance, it has been shown a 70



nm NP can contain ~2,06(IRNA drug molecules whereas antiboaynjrigates have less than
10 siRNA molecules® These characteristics confer NPs high transport abilities, making them
attractive tools for the design of biosensors, imaging contrast agentsrastterapeutic carriers.

Various types of nanotherapeutic products have been used in clinical cancer care, including viral
vectors, drug conjugates, liplthsed nanocarriers, polyrAeased nanocarriers, and inorganic
nanoparticles. Some of these productsent in clinical studies or approved for clinical cancer
care are summarized table 1.

Concernig lipid-based nanocarrierghe most frequently investigated are liposomes and
micelles. A pegylated liposomal doxorubicin (Doxil® or Caelyx®) was the fiestocarrier
approved by the US Food and Drug Administration (FDA) in 19@g. 1). In the liposomal
formulation the critical cardiotoxicity of free doxorubicin is markedly redused. Concerning
polymeric nanparticles can be distinguished NPs based on natural polymers (i.e. protein or
glycans nanocarriers) or based on synthetic polymers. The only one {iraseth nanoparticle

has found its way into the clinic so far is an albwniind paclitaxel (Abraxane®) used for

the therapy of breast cancer, remallcell lung cancer, and pancreatic cancer.

LIPOSOME

PEG

Figure 1: Schematic structure of Doxil® fomulation

Among the synthetic polymers, poly (Dlactide-co-glycolide) (PLGA)andpoly(amidoamine)
dendrimers (PAMAM)have been the most extensively investigated for drug deliery.
Inorganic nanoparticles have been also used for a variety of applications, including tumor
imaging, enhancement of ratherapy, or drug deliver} In this group of NPs, iron oxide
nanoparticles (magnetic NHsgve been tested in clinical studies for maigrresonance imaging



of tumors!* For instance NanoTherm®, an aqueous colloidal dispersion of iron oxide

nanoparticlesyas approved in Europe in 2010 for theatiment of brain tumors.

Table 1: Nanocarrier-drug conjugates approved or in clinical trials.

Product Platform Drug Indication Status  Reference

Abraxane® Albumin Paclitaxel Breast cancer, 2005 16
bonded NP pancreatic cancer
Doxil®/Caelyx® Liposome DOX Breast cancer, 1999 17
ovarian cancer
Myocet® Liposome DOX Breast cancer 2000 18
CT-2106 Polyglutamic Camptothecin Colon cancer, Phase 19
acid drug ovarian cancer 1/2
conjugate
NKTR-102 PEG drug Irinotecan Breast cancer, Phase 3 20
conjugate ovarian cancer,

colorectal cancer

Lipoplatin Liposome Cisplatin Nonsmaltcell lung Phase 3 21
cancer
ThermoDox Thermo DOX Primary Phase 3 22
sensitive hepatocellular
liposome
CALAA-01 CyD SiRNA Solid tumors Phase 1 23

polymeric NP targeting
ribonucleotide

reductase
subunit 2
CRLX-101 (IT- CyD Camptothecin Solid tumors, renal Phase 24
101) polymeric NP cell carcinoma, 1/2

rectal cancer, nen
smallcell lung
cancer




1.2 Why develop nanosized therapetic?

There are persuasive topics in favor of developing nanocawignprove drug delivery.

First, nanoparticles may help to overcome problems of solubility and chemical stability-of anti
cancer drugs. Poor water solubility limits the bioavailabilitg compound and may prevents its
development as an asgaincer agerft Uptake and delivery of poorly soluble drugs could be
increased by loading the compound in a hydrophilic nanocarrier. At the same time, this may
improve their chemical stability. The di@sensitizer wortmannin is an example of a drug
Aabandonedd (neglected) because of iits- poor
based nanocarrier system, the solubility of wortmannin was increased from 4 mg/L to 20 g/L
while increasing itstability in vivo. Moreover, this nanoparticle formulation has both improved
wortmannin efficacy and reduced its toxictyCyclodextrins (CyDs) represents a means to
overcome drug solubility and availability. In literature are reported a plenty of papére use

of CyDs to develop drug delivery systeft$ This class of molecules will be disssed in detail

in the section 1.7.1.

Furthermore, nanocarrier can protect @atncer compounds from biodegradation or early
excretion influencing the pharmacokiiegorofile of a compound. For example, the encapsulation

of those drugs cleaved enzymatically (e.g., SIRNA by RNAses in the plasma, proteins by pepsin
or trypsin in the stomach) into nanocarriers or coupling to synthetic polymers may overcome this
problem It is widely known in the literature that the bioconjugation with polyethylene glycol
(PEG) derivatives prolongs the circulation time and the biocompatibility of a compound avoiding
premature degradation phenoméh&.Nanglatin (NG-6004 Fig. 2)is a PE>-PLGA polymeric
nanoparticles with cisplatin as payload. This NP formulation is currently in phase Il clinical study
thanks its good pharmacokinetic profile as well as minimized toxic effects related to the
administration of naked cisplatih.
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Figure 2: Structure of cisplatin-incorporated polymeric micelle, NG6004. Core part, cisplatin residue
bound to poly-L-glutamic acid (PLGA). Exterior part, PEG.

Nanotechnology can help to improve biodistribution and targeting otambr aents as well.
Distribution of anticancer drugs is defined by their physmwemical properties and is limited

by drug penetration into tumor tisstf€? which hampers its efficiencyf.However, nanocarries

can be engineered to improve this feature andeeddchemotherapeuticelectively to tumor

site. Both passive and active targeting strategies are used to directingreneti drugs.

Finally, nanocarriers can be designed to release their cargo upon a trigger resulting in stimuli
responsive nanomedicineéherapeutics. Triggers can be divided into internal (patho
physiological/pathochemical condition) and external (physical stimuli such as temperature, light,
ultrasound, magnetic force, and electric fields) stimuli. Internal stimuli include changes in pH,
redox, ionic strength, and oxidative stress in the target ti$3tfd=or instance, in solid tumors,

the extracellular pH is more acidic than the systemic®68énilarly, the pH of intracellular
organelles €.g, endosomes and lysosomes) differs from tiahe cytoplasm or blood. This
condition can be used to enhance intracellular release of drugs from nanocarriers. For example,
pH-responsive liposomes were used to trigger the release of the drug and therefore increase the

therapeutic efficacy?



1.3 Drug targeting

The goal to develop safer therapeutical agents that are efficiently and selectively delivered to the
desired site of action without affecting ntarget cells has begun an attractive and actively
pursued objective in pharmaceutical research. Teeaetumor targeting, nanocarriers must first
overcome systemic barriers, especially clearance via phagocytic uptake and hepatic filtration.
Then they are expected to extravasate the tumor vasculature and penetrate the tumor
microenvironment so that evearwer cells situated distal to the tumor vessel can be exposed to
the anticancer agent at high enough concentrations. Targeting of nanopatrticles to diseased tissue
and cells generally assumes two strategpessive (orphysica) and active (or chemica)

targeting

1.3.1 Passive targeting

Conventional surface unmodified nanoparticles are usually caught in the circulation by the
reticuloendothelial system, such as the liver and the spleen, depending on their size and surface
characteristics® The fate of injecteshanoparticles can be controlled by adjusting their size and
surface characteristics. One of the advantages of nanoparticles is that their size is tunable. The
size of nanopatrticles used in a drug delivery system should be large enough to prevenidheir rap
leakage into blood capillaries but small enough to escape capture by fixed macrophages that are
lodged in the reticuloendothelial systems. Usually the range of size should vary from 100 to 600
nm, because this is the range of size of gap junction betaredothelial cells of the leaky tumor
vasculaturé? In addition to their size, the surface characteristics of nanoparticles are also an
important factor determining their life span and fate during circulation relating to their capture
by macrophages. Naparticles should ideally have a hydrophilic surface to escape macrophage
capturet! This can be achieved coating the surface of nanoparticles with a hydrophilic polymer,
such as PEG, which protects them from opsonization by repelling plasma pfdteins.
Nanoparticles that satisfy the size and surface characteristics requirements described above for
escaping reticuloendothelial system capture can circulate for longer times in the bloodstream and
havea greater chame of reaching the targeted tumor tissues. Tumor vessels have the unique
pathophysiologic property to selectively accumulate macromolecules, including nanoparticles in
tumor tissue§’Thi s phenomenon called Aenhanced per
(Fig. 3) is due to abnormal and leaky architecture of blood vessels surrounding the¥tfmor.

The cutoff size of fenestrations and gaps between endothelial cells, varies from case to case, from

200 to 800 nm, in contrast to normal endothelium with pevigs 5110 nm gag™>“® This



damaged regulation of tumor blood vessels allow nanopatrticles to preferentially accumulate in
tumors rather than spread into healthy tissues. In addition, cancer cells use high rates of glycolysis
to obtain extra energy, resulg in a relatively acidic micrkenvironment when compared with
normal tissue&>*° These characteristics of tumor cells provide a strong rationale for releasing
drugs as a function of their pKa and the cellular pH gradient. In this pdaspeting mechasm,

the anticancer drug loaded on nanocarriers is engineered to be stable within microenvironments
at physiological pH (i.e. during transport), while the release of the drug can be triggered at the
tumor site, where the pH is lower than that of normdkscdlhe EPR effect provides several
benefits when compared to free diffusion of drug molecules into tumor tissues. However, EPR
based drug delivery systems as a passive targeting approach also face challenges. For instance.
the EPR effect is limited to spiic stages and types of tumad¥dn addition, the complexity of

the tumor micreenvironment offers many barriers (e.g., high interstitial fluid pressure, dense
collagen matrix, etc.) that hamper the effect of passively delivered drugs into the tumor.
Moreover, the longer circulation times of the nanosystems could be associated with several
chemotherapynduced side effects, such as stomatitis and pabtaatar erythrodysesthesia

(also known as hanfibot syndromejs foundor a PEGylated liposomal doxdsigin.>? A more
promising way to overcome these limitations is to usetaitgeted delivery systems discussed

in the section below.

Figure 3: Schematic illustration of EPR effect: extravasation of nanoparticles through fenestrate
vasculature leads to passive targeting of tumor tissue.



1.3.2 Active targeting

The concept of sitselective drug delivery has evolved since Nobelist Dr. Paul Ehrlich launched
his idea of the fAimagic bull et o, aseasesiteande ct
left the healthy tissues intact, over a century 2gBince then, the goal to develop safer
therapeutical agents that are efficiently and selectively delivered to the desired site of action
without affecting healty cells has begun ancattive and actively pursued task in pharmaceutical
research. Over the years, engineered nanoparticles with selective targeting ligands that recognize
particular receptors in target cells with subsequent uptake through recegatmted endocytosis

have bee developed. The internalization process starts with the formation of the endosome by
invagination of plasma membrane to envelop the conjugates formed by cell receptors and
nanomaterials. Subsequently, nefdgymed endosomes inside the cell can fuse with lyososomes,
which are highly acidic organelles rich in degrading enzymes. After endosomal escape, the cargo
is released and the receptor free from the conjugate returns to the cell membrane to start a second
round of transport through endocytic recycling pathw4y3ne of the most used strategy to

cause the rupture of the lysosomehiset s o pootn dpangk effedt® in which the use of

cationic polymers such as PHlolyethyleniming or PAMAM (polyamidoamine), acting as
buffering molecules trigger a dual purpogg:to inhibit the activity of lysosomal nuclease
avoiding the degradation of the cargo especially in the case of nucleic aci§ sm@¢hange

the osmolarity of acidic vesicles resulting in esdmal swelling and rupture (Figl).
Meanwhile, to increase the specificity, the corresponding antigen or receptor should be expressed

exclusively and homogeneously on all tumor cells but not present on healthy tissues.

Summarizing, the ideal features Emart anticancer nanosystems include long circulation time,
selective tumocell targeting, the ability to enter target cells, escape endosomal entrapment and

to trigger the release of cargoes in a controlled manner.



Early endosome

Endosomal escape
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Figure 4. Schematic representation of liganemeditated delivery of cargo. After endosomal escape, the
nanoparticle can be engineered to target various cellular compartments such as mitochondria, endoplasmic
reticulum, golgi, nucleus, and cytoplasm.

1.4 Biomolecules asell targeting agents

To achieve significant therapeutic effect, NPs may need to deliver their cargoes inside cells. This
is absolutely required when transported agents cannot diffuse freely through biological
membranes (e.g. nucleic acids and proteingl).ébtry can be induced by decoration of NPs with
biomolecules that not only function as determinants of cell targeting, but also promote the
internalization of NPs upon binding with their specific receptors. Often, cell proliferation
markers are a sigmifant target for cancer therapeutics, as many of these markers are highly
overexpressed on certain tumor cells. The most studied internalization strategy feceptor
mediated are:

1) The transferrin receptor. The transferrin receptor is a membrane proteireithwolvon
homeostasis and the regulation of cell growth. Many factors make this receptor an
attractive target for cancer therapysuch as the high levels of expression of transferrin
receptor in cancer cells (up to fif)d higher than the average exsies of normal

cells), its extracellular accessibility, its ability to internalize and its central role in the

9



2)

3)

1)

cellular pathology of human cancer. Transferrin receptor targeting for cancer therapeutics
has been used in human clinical trials with adriamyéicisplatin®® and diphtheria
toxin.>®

Glycoproteins expressed on cell surfaces. Lectins are proteins amnmmological

origin which are able to recognize and bind the carbohydrate moieties of glycoproteins
expressed on cell surface. Cancer cells adtgaress different glycoproteins compared to
normalcells;in addition the lectinscarbohydrate interaction is very specific. Lectins can
be incorporated into nanoparticles as targeting moieties that are directedstarfzeie
carbohydrates (direct lentitargeting) or carbohydrates moieties can be coupled to
nanoparticles to target l@as (reverse lectin targeting)These direct or reverse
approaches are currently agalifor colon drug targetinty

The Epidermal growth factor receptor (EGFR). The EGER imember of the ErbB
family, a family of tyrosine kinase receptors. Its activation stimulates key processes
involved in tumor growth and progression, including proliferation, angiogenesis, invasion
and metastasis. EGFR is frequently overexpressed troddancer, including colorectal,
ovarian, kidney, pancreatic and prostate caffc&rcurrent cancer treatment that address
EGFR is the monoclonal antibody Cetuximab (Imclone SystemsNew York, NY and
Bristol-Myers Squibb, Princeton, NJ), which tatgi¢he extracellular domain of EGFR
8283 Thus, the conjugation of nanoparticles with Cetuximab could provide an effective
tools fordrugtargeted deliver.

The folate receptor (FR). FR is a wkliown tumor marker overexpressed on 40% of
human cancers thhinds to the vitamin folic acid and folatleug conjugates with a high
affinity and moves these bound molecules into the cells via reeeiated

endocytosis.

1.5 Folic acid as targeting moiety

Folic acid (FA, vitamin B9) is a wateoluble vitamin esséial in biosynthesis of nucleotide
basesThe chemical structure of folic acid is reported in figbirén which three portions can be
distinguished, more precisely-aninc4-hydroxy-6-methylpterine (pteridine), paraminc
benzoic acid (PABA) and glutamiacid.FA can enter the cell through two different routes: 1)
by the Reduced Folate Carrier (RFC), a bidirectional asimmange mechanism, which has low

affinity for folate; and 2) by the Folate Receptor (FR) pathway, which hasaffiigiity for folate.
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FR is aglycosytphosphatidylinogol-anchored glycoprotein, and ane of the most highly

O§ OH
O
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NH
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@)
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J \
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Pteridine PABA Glutamic acid

researched targetsrfcancer therapeuti€$®’

Figure 5: Chemical structure of folic acid

The utility of folic acid as targeting mdiehas arisen primarily for its ease conjugation to both
therapeutic and diagnostic agent¥M),evenafterhi gh
conjugation, and finally for the limited distribution of its FRs in normal tis8tERs include &

|l east four isoforms, U , B , o9 [/ 92 N%nd
however to datemost of the literature Isdoeen feausedon FRU an-b . FR hese t wo i
share high amino acid sequence idenfity 0%) and are distguishable by differential affinities

for folic acid and stereoisomers of reduced folates. In particulat)FRi s over expr ess.
carcinomas, especially in ovarian, breast, splind renal cell carcinom&sWhereas, FRb i s

a differentiation meker in the myelomonocytic lineage during neutrophil maturétiand is

amplified in activatd monocytes and macrophag@dn additon, FRb i s expr esse
functional form in chronic myelogenous leukemia (CML), in 70% of acute myelogenous
leukemias (AM.)"*"3and in activated macrophages associated with rheumatoid arthritis and
other chionic inflammatory diseasé8 Tissue selective expression of AR an-db FaRd t he
lack of normal tissue expression of FRgygest that these can be used as markers for targeted
drug delivery. Folate conjugates have been shown to retain affinity for FRs and interact with the
target cells via high affinity binding and are internalized by recaptmatiated endocytosis.
Severalchemotherapeutic agents have been conjugated to folate for targeted delivery to FR (+)
cells.The functionalization have been achieved exploitwecarboxylic groups on the glutamic
residuethat can be functionalized through amide bond formation leating am d-FAU

der i v at tcarleosylate detivatives are the major products because of steric and electronic
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ef fects. Mor eover, it has been demonst-rated
but n o4{carbmxylat¢>Aerefore, theonjugation with FA is accompanied by a selectivity

i ssue requi ri ngfolatederivative.ol ati on of the 2

Folate conjugates of platinufi paclitaxel” or maytansinoid$ have been reporteahd in all the
casesthese conjugates have shown high affinfiéor FRs and selective cytotoxicity against
FR(+) cells. In early works, FA has been conjugated to randomly methplatgdodextrins, to

give per or monefunctionalized CyD<? Folate modifiedbCyD<P have been used as carriers

of doxorubicin modified wth an adamantyl residue. Generally, G conjugates used as drug
carriers were mixtures of U and 92 regioisor
conjugated todlate, including liposome® polymeric nanoparticle® metal nanoparticléor
mesoporous silica nanoparticf¥és.

Generally multiple folates molecules are conjugated to each particle, which enables high affinity
multivalent interaction to the FRs. Among the different class of NPs, several studies reported on
FA conjugation of mesoporous silica to achieve effective drug dgliseumor cell$>®7 In this

context, it has been reported that-Ekgeted camptothecin or paclitasteaded mesoporous

silica NPs could be effectively used for cancer imaging, targeting, and drug delivery in FR (+)
human pancreatic caer cells PANG1 and BxPG3.28 In addition, Fan et al. have developed the
pH-sensitive FAconjugated DOXoaded mesoporous silica NPs, which could selectively Kill

FR (+) HeLa cells, but not FR)(A549 and L929 cé.8° Also FA functionalized liposome are
widely represented in literature, for instance folate targeted liposomes have been employed for
the delivery of chemotherapeutic agents, such as paclitaxel and doxorubicin, avoiding the
common multidrug resistance experiegdby cancer patienf§°

1.6 Stimuli-responsive systems/triggered release

Stimuli-responsive systems promote the release of drugs exclusively in response to a trigger
present in the neoplastic tissue, minimizing systemic exposure to the compound. Triggers can be
divided into internal (pathphysiological condition) and external (physical stimuli such as
temperature, light, ultrasound, magnetic force, and electric fields) stimuli. Internal stimuli
include changes in pH, redox or ionic strength in damaged tig%iidishas been reported the

pH profile of pathological tissues, such as upon acquisition of inflammation, infection, and
cancer, is significantly different from that of the nottiesue®® The extracellular pH at systemic

sites of infections, primary tumors, and metastasized tumors is lower than the pH of normal

tissue®” In addtion, the pH of intracellular organelles (e.g., endosoared lysosomes) differs

12



from that of the cytoplasm or blood. The strategy of embeddirgegplonsive compounds into
nanocarriers or conjugated has been widely used to achieve efficient intracellular delivery and
sub-cellular localization of macromoleculeBor instance, Obata et3lreported pHresponsive
liposomes containing synthetic glutamic abigsed zwitterionic lipids used to trigger the release

of doxorubicin (DOX)and therefore increase the therapeefficacyin vitro andin vivo. In
addition, it has been widely adopted in literature the use of hydrdmas®ssl prodrug endowed

of selthydrolysis behavior in the acid environment of lysosomes resulting in the release of active
drug®? Also the hypoxic eea of tumors could be considered a microenvironment able to trigger
the drug release exhibiting low oxygen pressure and poor nutrient I8uels.an environment

is rich in reductive agents (i.e. glutathione) which can be used for triggered releasedoxm r
responsive nanocarrie¥$Disulfide-containing nanocarriers are the most widely studied redox
responsive technology. Increased glutathione levels lead to a cleavage of disulfide bonds and
hence trigger the release of drugs in the tumor ti¥sBeverhmaterials have been reported in

the literature in which & cleavable bonds were introduced into framework of the nanoparticles

to act as a selflestruction trigger in reducing media, such as: polymeric
particles?>%micelles?’ %8 mesoporous sili¢&'°° andorganosilicd®*19? nanoparticles.

Concerning physical stimuli to trigger the release of drugs, the use of hyperthasthacome

an area of active investigation for the past 20 y¥4ts,induce the release of drugs from thermo
responsive nanocarriers sual ThermoDox%* In addition, hyperthermia increases vascular
permeability thus facilitating delivery of the agtincer agents deeply into the turf®rThe
temperature range for local hyperthermia rande between normal body temperature (37 °C) and a
maximum @ 42 °C1% Magnetic and electric fields are other possible external stimuli. Inorganic
and paramagnetic nanoparticles (iron oxide nanoparticles) are responsive to an applied magnetic
field. Thus, the nanocarrier can be guided to the tumor with high sjityciinc release its cargo

at the target side through a hyperthermic effect.
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1.7 Drug carriers investigated in this thesis

1.7.1 Cyclodextrin based drug carriers

Cyclodextrins CyDs) are cyclic oligomers of £+) glucopyranosyl units-2 linked which lave
atoroidal structure (Fig.)6. T h e -, n-abn dayaotextiih consist of six, seven, and eight
glucopyranose units, respectivelyhe intrinsic nature of CyDs provides them an external
hydrophilic surface and a hydrophobic cavity. The OH groupdigp@sed outside, the primary

OHs are around the upper rim and the second&8yd{s around the wider rim.

OH o
HOO OH o)
HO
o D 0
HQ HQ
OH
OH 0

HO
0
HO Cac])H OH ﬁ
HO OH
\0%/0 0 Hydrophobic cavity
o

Figure 6: Chemical structure ofb-CyD.

Cyclodextrin molecules have a large number of hydrogen donors and acceptang padrly
absorbed through biological membranes, and areaada at low to moderate oral dosages. The
presence of the hydrophobic cavity gives the ability of cyclodextrins to form inclusion complexes
with a wide range of molecules. As a result, thisslaf molecules has found a number of
applications in a wide range fi¢lds and among them in pharmaceutical field as solubilizers and

stabilizerst®’

Modified CyDs can be obtained by functionalizing the OH groijp® replacement of CyD
hydroxyl groups wit other functional groups has been shown to improve markedly the field of
application of CyDs, and the covalent conjugation of molecules with different properties provides
an attractive approach in the building of multifunctional systems with applications
supramolecular, bioinorganic, organic, pharmaceutical and materials chemistry and separation
sciences® Thus, a number of CyD conjugates with amino aétds? peptidest'®11® and
aromatic system&®'?°have been reported over the years. In literatureegrerted a plenty of

paper on the use of modified CyRs nanocarries for the transport of low moleculagight

drugs. In adidion, CyDs are also useful astwe pharmaceutical ingredients (APIs) for various
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diseases such as cancers, lysosomal diseasggpidosis ad septic shock. For instance,
sugammadex is one of t he most rel evai€yD exan
derivative designed to overcome the negative effect of rocurotftifurthermore, several
cyclodextrins are used extensivelyreamove cholesterol from food and cultured cells and in
2010, the Food and Drug Administration (FDA) approved the intrathecal and intravenous
administration-cyfcl oye x-GyD)yinpsixgeptptdbtwin girls suffering

from NiemannPick disease type C (NPC¥?

Meanwhile, the combinationf CyDs and other functional materials have also been developed
as drug carriers for lounolecularweight drugs. For example, Shi et al. developed -€gpped

gold nanoparticles as carriers of oxoplafii Additionally, Li et al. constructed the novel
polysaccharidgold nanocluster consisting of gold nanoparticles bearing adamantane moieties
and CyDgrafted hyaluronic acid and demonstratedutility as tumorselectivecarriers for
various antitumor drugs, sa@s DOX, paclitaxel, camptothecin, irinotecan and topot&éan.

A number of CyDderivativesare FAconjugated CyDs. For instance, Salmaso et al. reported that
the conjugate dfFA-b-CyD through a PEG spacer increases the uptake of rhod#&hiime KB

cells,a human squamous carcinoma cell line FR (+), but not into MCF7 cells, human breast
cancer cell lines FR)*?° In addition, Zhang et al. demonstrated thatttf@yD conjugate with

FA having a PEG spacer through a click chemistry strategy spontaneouslyafoameparticle

with 5-fluorouracil in aqueous solution and shows efficient uptake inJBRerexpressing
cells!?® More recently, Okamatsu et al. prepared folgtpended CyDs possessing one or two
caproic acids between FA and CyD molecules as spacercIFoyD and Folc2-CyD,
respectively) and evaluated the inclusion complexation ability with D&X) the antitumor
effects of the DOXinclusion complexesin vitro and in vivo.'?”1?8 Meanwhile, Yin et al.
synthesized folatbearing CyD by direct condensation FeA with 6-aminaCyDs as delivery
vehicle of an adamantyhodified DOX. They demonstrated an efficient and preferentially
targeted delivery of DX into FR (+) tumor cells and a sustained drug release piofiliro.8°
Recently, Motoyama et al. developed folafgpended methlgtCyD (FA-M-b-CyD) as a novel
antitumor drug carrief? FA-M-b-CyD increased antitumor activity of DOX and paclitaxel in

KB cells. Moreover, FAM-b-CyD/DOX complex showed markedly high antitumor activity,
compared to DOX alone and-MCyD/DOX complexin vivo.

These findings suggest that fappended-CyD is potential asa tumorselective drug carrier.
Nevertheless, CylFA conjwjates were used asixtures ofregioisomersaheU and 9 pos |
of the glutamic chain of FA. Furthermoiia,all these conjugates CyD whasctionalized at €

6 position
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1.7.2 CyD-based polymers

The ability of CyDs for complexation, as well as their capability to stabilidesalubilize guest
compounds, makes these molecules great candidates for development of delivery systems.
However, CyDs, i n pa-yDjhave$omelimitatiors sucloas poorevatanmo n
solubility (1.85 g/100 ml H2G¥°and the restriction ohte si ngl e cavity si z
To overcome these drawbacks, various CyDs derivatives have been devéloped.

A solution to these challenges is the development of polymeric cyclodextrin stryligyes)

which can simultaneously offer the advagga of both the amorphous state and Qye
complexation without toxic effects® The cyclodextrins fixed into polymeric structures behave
differently from their monomeric counterparts; the polymeric structure can constrenobiléy

of the CyDs. In adition, a high degree of branching may result in reduced complexation because
of the steric hindrance. In contrast, a high number of adjacent CyD cavities within the polymeric
structure, available to form inclusion complexes, can enhance their complexfailipnin a

synergistic way32 133

Figure 7: Schematic representation ob-CyD polymers.
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1.7.2.1 Applications ofCyD polymersin drug delivery

b-cyclodextrin based polymehas been attracted by many researchers in recent¥eansl a

large variety of crosnked CyD polymers exhibiting a dramatic enhancement of solubility and
bioavailability towards various guests have been synthesi2&8 This systems appeared highly
waters ol ubl e and often mor-EyDofdnahytb-Cype*t v t han t
Recently, Nie et al. evaluated the potential of a Qydlymerof 18 kDa for enhancing the
dissolution rate and oral bioavailability of glipizitfé By mean of phase solubility studies they
found CyD polymerl10-12 times more effective as solubilizer thaR-ByD. Furthermore, Jug

et al. studied the interaction of triclosan (TR), a practically wias®luble antimicrobial agent

with b-CyD andCyD polymer the stability constant of TR/Cypolymercomplex calculated

was 4.6 times higher than with the natbh€yD. Many other drug have been complexed with
pCyD such as pedunculosid& aceclofenaé®! ketoprofert®® or insulin.}4? All the above
examples confirme greater solubilizing and complexing ability of pCyD toward different
lipophilic molecules.

CyD polymers have also been modified through the incorporation of anionic or cationic groups
to increase their drug loading featutésCholine or carboxyl moietgeshave been added and their
effect on the upload of charged drugs was investigatétf

Among the wide set of different classes of polymers that have been investigated, copolymers of
cyclodextrin are extensively reported in literature as efficient drugedglsystems. One of the

most promising with anticancer applications is CRLXL (Fig. 8). This latter is a polymeric
nanoparticle (ca. 3071 40 -poyihylemaagtyel) aopolymerf C )
conjugated to camptothecin (CTP, a potent anticarrog) dcurrently in phase 1l developméfit.
CRLX-101 preclinical and clinical studies confirm that CyD copolymer can ameliorate not only
solubility, formulation, toxicity, and pharmacokinetic challenges assatiatth administration

of CPT, but more importantly, can impart unique biological properties that enhance camptothecin
pharmacodynamics and efficatyf14¢ CALAA -01 is another polymarnanoparticle (5070nm)

based on CyEPEG copolymers in clinical developmtefor siRNA delivery. It is targeted to
human transferrin receptors overexpressed on cancer cells to silence the expression of the M2
subunit of ribonucleotide reductase. Intracellular release of siRNA is triggered by an acidic
endosomal pH?*’ Another exarples concerns the anticancer drugs erlotinib that were loaded into
b-CyD conjugated to dendritic polyamine polymer for brain cancer treatment. In this case the
c o0 nj ug a-CyDdondendritic pblyamine polymer significantly reduced the cytotoxicity of

polyaminel4®
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Figure 8: Structure of CRLX -101, a nanopharmaceutical product made of camptothecin conjugated to
cyclodextrin-poly(ethylene glycol) (CyDPEG) copolymer.

Although there is available a great amount of research studi€yDnpolymers, just a few
reports on CyD oligomers have been published to 'dafé® The oligomers are expected to
possess intermediate properties between the merno and the polymericounterparand may

have several advantages with respect to their higher MW polymeric analogues. A less branched
architecture could provide a higher solubility and lower viscosity. Moreover, they can be more
easily cleared from the body, after drug release, by renal excreti@ieas polymers with a
higher molecular weight require a degradation process before removal (the MW threshold for
renal excretion of polymeric drugs ranges from 30 to 50 kDa depending on the polymer

structure)t>°

1.7.3 Mesoporous silica nanoparticles

In recent ears, multifunctional mesoporous silica nanoparticles (MSNs) have attracted great
attention due to their intriguing structural properties, such as a high internal surface area and pore
volume, tunabl@ore sizes, colloidal stability amdntrollablepartide morphology:>* Moreover,

it is possible to orthogonallfunctionalizeeither the inner pore systeon the external particle
surfacewith a variety of functional groups to further enhance drug loading and releasing

ability.1>2 The highly stable pore channei®tect encapsulated drug molecules from degradation
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in harsh environments during drug administratieor. this reasorYISNs have been extensively
employed to enhance the bioavailability of several hydrophobic drugs with limited applications
due to theipoor water solubility that results in poor absorption in the gastrointestinal tract after
oral dosing. For instance, Zhang etatliscovered that MSNs improves the bioavailability of
hydrophobic telmisartan (TEL) after oral administration compared withutllaaded product.

The attractive featureef MSNs made thema promising and widely applicable platform for
diverse biomedical applicationincluding bioimaging for diagnostid, biosensing®
biocatalysis!®> Moreover MSNs have also emerged as appealing candidatesdrioy
delivery>6158 MSNs with a particle size in the nanoscale range can accumulate in tumor tissues
via theEPReffect®® In addition, specific drug deliveldyave beemchieved via active targeting

by decorating MSNs with targetingginds such as F#

1.7.3.1 Synthesis and functionalization of MSMs

Sincethe9 0 dnespporous silica materials with different mesophases have been synthesized by
varying experimatal conditions such as pH, temperature, templates and molar 'fati&s.
MCM-41 and SBA15 are two of the most extensively investigated products, exhibiting a 2D
hexagonal mesopore arrangement and differing for pore sizes, inclu8@imgn2and 510 nm,
repectively. Both types of MSN materials have found applications as drug delivery dé¥ices.
165

Generally, the synthetic rout@ MSNSs is based on cooperative sadisembly of silica precursors
around a cationic surfactant template under basic conditiongsl proposed that the organic
surfactant sefbrganize into an hexagonal structure acting as template introducing the well
defined and uniform mesopore morphology, and the silica precursarsndense with the
cylindrical micelles to form MSNEFig. 9).1%¢ In a typical surfactarsilica precursor interaction,
tetramethyl (TMOS) or tetraethybrthosilicate (TEOS) is normally added as silica precursors,
and cationic alkyltrimethylammonium saltee(hexadecyltrimethylammonium bromide, CTAB)
are used as meplates under a basic reaction condition (NaOH oD solution). In order to
gain access to the pores, the templating surfactant molecules have to be remnoeethe
particles is formedThis can be achieved either by calcination or extraction metfdds.
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Figure 9: Synthetic scheme of MSNs

Recenstudies have furthefemamstratedhat the pasusstructure of MSNs could be determined

by controlling the relative amounts of silicausce and surfactant molecules in the reaction
mixture®” A variety of strategies have been proposed to achieve tunable pore sizes from less
than 2 nm up to 30 nm, including the adjustment of the hydrocarbon chain letigésoffactant
templates 68169

In order to exploit the whole potential of MSNs for drug delivery applications, it is desirable to
add functionality to the silica scaffold. Molecular functionality attached to the surfaces of
inorganic silica can dramatically change the properties of thaingal material, which is
important in hosguest interactions with the cargo.

The selective modification of the internal pore system and the external particle surface with
organic and inorganic moieties is often an essential requirement for these smaia@rate as
multifunctional drug carriers exhibiting the required features. External surface functionalization
is particularly important for colloidal and chemical stability as well as for interactwithshe
biological environmenti.e. ecific cel targeting.'®817° In general, is possible to achieve
functionalization of silica materialsia postsynthetic gafting?’* and cecondensatioh’

reaction.
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In order to increase the loading capacity of MSNs fomenhd drug dalery performance or to
entraplarge guest molecules such as protein or nucleic acid, a process of pore expansion could
be necessary. Indeed, one critical drawback of MSN delivery systems is the limited pore
dimension ofmesopores, which usilarangesfrom 2 to 5 nm. One of the most used strategy to
achieve pore expansion involves the use of hydrophobic pore expander molecules, which are also
called swelling agest'”3 The most commdy used are 1,3;&imethylbenzene (TMB) and N;N
dimethylhexaecylamine (DMHA).

In addition, to improve the drug delivery action of MSNs is usual to apply controls such as
060gatekeepersd over the pore entr sRig2)Theé o av
drugs cannot leavéhe silica carriers unless ¢hdrugloading system is exposed to external
stimuli, such as pH, redox potential, temperature, phicadiation, or enzymes, which trigger

the removal of the gatekeepers. Different §/pkgatekeeperhave been used such us: metal

NP< "4 polymers”™ or macocyclic moleculs such as CyD$’®

Drug loading/ External  ° .
stimuli

Capping

Gatekeeper Drug molecule
= o
Solid NPs Polymers CyDs

Figure 10 Mechanism of action and classes of gatekeeper

1.7.3.2 Cellular trafficking of MSNs

Many research groups have demonstrated that MSN materials can be efficiently internalized by
a variety olmammalian cells, including cancer cells and-sancer cel547"178 pParticles have
been found to enter cells through endocytosis pathways in the majority of thé&*8astmugh,

thorough understanding of cellular internalization mechanisms has not been fully unveiled.
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Several factors have been outlined to influence the kinetics and efficiency of intracellular
endocytosis of MSN materials. For instance, it hasnb®undthat positively charged MSN
materials exhibited better endocytosis efficiency than the negatively charged MSN, owing to a
higher electrostatic affinity to the natively charged cell membran&$.In addition, the
functionalization with targeting moiety such as folic acid could enhance the uptake efficiency
through a folateecepto mediated endocytosis pathwH.

The particeé size and morphology also playkeyrole on the endocytosis of MSNs. Generally,

the size of nanopatrticles for nanomedical applications should be designed to avoid immediate
elimination by the immune system, which occurs more strongly in the lamgethein at the

lower size On the t¢her hand, nanoparticles should be larger than 8 navead fast renal
clearancé’®

Concerning the morphology, it has been demonsttastdod-shaped particles were more easily
internalized into cells congped to spherical counterpaffS.in addition, Agarwal et al.'8!
reported that disshaped hydrophilic nanoparticles were internalized more efficiently than
nanorods. Interestingly, larger nanodiscs and long rods had higher uptake compared with the
smallest particles tested. The effect of shape and siaarigested through the interplay of three
parameters) contact area or adhesion forces between the particle surface and cell membranes,
i) the strain energy required for membrane deformation around the particls) aftect of
sedimentation or lo¢garticle concentration at the cell surface.

It has been recently reviewkthat although spherical architecture rensdalre dominant shape
described in literature due to synthesis and testing facilitiessplo@rical shape, such as werm

like or other unusual morphologies as needles orshape NPs may become the practice for

the next generation of nanocarrier.

Another important issue that make a nanovector a good therapeutic agent is its externalization
after the accomplishing of its action. Unfortunately, despite the verified biodegradability of
silica,'®2the issue of complete and safe excretion of MSNs from the biological system after
fulfilment of their diagnostic and therapeutic functions has not yeh kentirely addressed,
remaining one of the major obstacles impeding their peatiesiinical translation as nanwedical

tools.

Control on the fate of the nacarrier once internalized in the cells is of focal importance in order

to avoid toxic bieaccumuation phenomena. For this reason, a lot of effort has been devoted to
investigate the degradation of the particles inside the ‘€&
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To enhance the degradation and consequently decrease the toxicity of nanocarriers, a useful
strategy could be to doghem in order to respond with a sdistructive behavior to stimuli
present in the intracellular environment once reached the t#g/ét.

An example of this approach are redesponsive disulfidebased systems, beingSs one of

the most cleavablerlker from intra/extracellular redox reactiofis'9? Several materials have

been reported in the literature in whicksS:leavable bonds were introduced into framework of

the nanoparticles to act as a s#dftruction trigger in reducing media, such as: pelym

particles?>° micelles? %8 mesoporous silic¢d'% and organosilic®*1%2 nanoparticles.
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2 AIMS OF THE RESEARCH

The fiwar on cancer o i s now i n havebeehdevotedth d e
the development of novel nanotechnologies in order to reduce cancer mortality. Although
localized primary solid tumors can be successfully removed surgically, the treatment of spreading
tumors and tumor metastases requingensive chemotherapy which aims to kill tumor cells or

to inhibit their proliferation while preserving the normal cells in the body. However, two main
obstacles limit the success of chemotherapy: the lack of tumor selectivity and limited antitumor
activity. One of the most important goals of pharmaceutical science is addressing the
pharmacological activity of the drug to needed site of action through drug delivery systems
(DDS).

In this context, the main aim of this research was to design novel cayséems for targeted
cancer therapy. For this purpose, CyDs were chosen as scaffold to build effective drug carriers
exploiting their remarkable properties as solubilizer and stabilizer agents through the formation
of inclusion complexes at high stabilithiming to develop useful tools for active targeting
therapy the covalently functionalization with FA as targeting moigetycarried out. Although
folate-cyclodextrin conjugates have been already reported in literature, in this doctoral research
work for the first time, the FAconjugates at secondary side of Cyias investigated and
compared with the corresponding f€Anjugates at the upper rim of CyD in order to widely
explore the different behavior of the &nd 6 derivatives(Fig 11) In order to explag the

targeting ability of these novel CyD carriers antiproliferative asaaysperformed.

Figurell: o regioisomers of CyD3FA and CyD6FA
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Another goal of this work was the development of nanoparticles based onemlyhCyDs

which can simultaneously offer the advantages of -Gyi2 complexation in a synergistic way,
resulting more effective than the parent CyDs. Both CyD polymers and oliggkigrsl2)
differing on the number of CyD cavities in the framework ofigyzarticles as well as for the
ramification rateveresynthesized and functionalized with FA. Furthermore, these systeras

tested as delivery vehicleswvardsdifferent hydrophobic anticancer or antflammatory agents,
highlighting the unique inclusion dity of these novel polymeric particles compared with their
monomeric counterpart. In addition, the oligomers, may have several advantages respect to their

higher MW polymeric analogues.

Figure 12 Schematic representation of C¥D polymer and oligomer.

Also the field of hard materials was taking into account for the development of novel drug
delivery systems and in particular MSNs have been investigated. This study was carried out at
the Laboratoire de Chimie et des Biomatériaugr@moléculaires at the University of Strasbourg
under the supervision of the Professor Luisa De Cola. MSNs have attracted great attention due
to their intriguing structural properties, such as a high internal surface area and pore volume,
tunable pore sis, colloidal stability andontrollable particle morphology. In this context, the
attention have been focused on the development of nevslaiged mesoporous material, the
nanodiscs (NDsFig. 13, that taking advance of their peculiar morpholegyrefirstly used for

the preparation of seissembled monolayers (SAM), to be employed in targeted cancer cell
adhesion andh-situ drug delivery. For this purpose, the NB®nolayersverefunctionalized

with FA asthetargeting moiety. Thanks to their large sedaarea and the possibility of high

density of superficial functionalization with bioactive molecules, these systems resulted effective
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in binding cancer cells even upon short contact times. Moreover, exploiting the porosity of the
synthesizegbarticles,the intracellular release of small hydrophobic moleculedqaréed in the
channels of the NDwere tested

In addition in order to highlight the high tendency of these particles to enter within cells,
probably thanks to their unusual morphology prelimyniaiological experimentsvere carried
out to test the cellular uptake of NDs, and the dragier abilitywereperformed.

Figure 13: Schematic representation of NDs

The last an of this study was to improvke biodegradabilt of these interesting structures, and
for this purpose disulfiddoped mesoporous silica nanodiscsNEss, Fig.14 wasalso prepared.
Full characterization and preliminary biological assays of these hybrid mategatsalso
performed, and their degréada in redox conditionsvasinvestigated.

breakable
Linker

Figure 14: Schematic representation o6sNDs.
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3 RESULTSAND DISCUSSION

3.1 Functionalized cyclodextrins as selective nanocarriers of LAL2

3.1.1 Synthetic aspects

Watersoluble CyD-FA conjugaes (Fig. 15) CyD6-FA2, CyD6-FAU, CyD3-FAo and CyD3

FAU were syntheged through amide condensation reactions starting fronario3A-
deoxy 2A(S),3A(R)}bCyD or 6A-aminc6A-deoxybCyD and folate Nhydroxysuccinimide
(FA-NHS). It is known that the activah of FA occurs by 80% to thecarboxyl group and by
20% to theU-carboxyl group of the glutamate residd&Therefore, the reaction of amino
bCyD and FANHS leads to a mixture of two regioisomers with the folate linked either through
its U-carboxyl groupor its o-carboxyl group. The CyiFFA regioisomers were isolated through
anionexchange chromatography and fully charagesti by ESIMS, NMR and CD

spectroscopy.
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Figure 15: Structures of CyD-FA conjugates FA and LA-12.
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3.1.1.1 NMR spectoscopy

NMR spectra were assigned by 2D COSY, TOCSY, ROESY and HSQC NMR spectroscopy.
The NMR spectra were not affected by the &yl conjugatesoncentration

CyD6-FAs TheH NMR spectra of CyD&As are shown irfigure 16 In the CyD6FAU
spectrum, tharomatic protons of the-@minobenzoic acid residue (PABA, Fith) resonate
at6.57 and 7.57 ppm; 9 resonates at 4.0 ppm whereas diastereotopilHiesonate at 2.63
ppm and diastereotopic F&2 resonate at 1.99 and 2.16 ppm. Thelks theb-CyD moiety

are split into six groups as a consequence of the functzatiah, as observed faimilar
derivatives.!®* 19 Also the other protons of the CyD moiety are spread upon the
functionalzation. The diastereotopic 6A protons are shifted upfield (to 2.668d”d ppn),
whereas other 6X protons alifted upfield or downfield, depending upon the interaction with
the aromatic moiety of FA. In particular, two-@1protons, assigned to the G glucose ring,
appear at about 4 ppm. Twe3-Hprotons (H3B an H3X) are $ifted upfield at about 3.02 and
2.87 ppm, respectively. The overall trend of the Cy28J spectra suggests the inclusion of
the folate moiety into the cavity. Such an inclusion is also supported by the ROESY spectrum
(Fig. 18), which shows crospeak corelations between PABA ring protons and proton8 H
and H5 inside the CyD cavity. PABA protons also correlate with th@B-and H3X protons

that are shifted significantly upfield because of the ring current effect. The overall disposition
of the FA is sub to bring the PABA ring inside the cavity and the pteryl moiety out of the
cavity, next to the upper riff® In the spectrum of regioisomer CyiF&\o the chemical shifts

of the aromatic PABA protons are quite similar to those othisemer. In ddition, H9 of FA
resonates at 4.25 ppm,42& at1.92 and 2.49 ppm and 22 at 2.10 and 2.25 ppm. The signals
of the CyD protons are spread over a widgrge. Overall, théH NMR spectum suggesithe
inclusion of the FA moiety into the CyD cavity. Some3hbrotons are shifted upfield and two
H-6 protons are shifted downfield because of the ring current effects. MoreevArig$hifted
upfield at 3.52 pm whereas one 48A is shifted downfield at 4.04 ppm. Also, the ROESY
spectum suggest the inclusion of the chain into the CyD cavity with correlations between

PABA protons and CyD inner protons.
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Figure 16: H NMR (500 MHz, D20) spectra: CyD6F AU ( bl ackFAandr €Y D6
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Figure 17: COSY spectrum (500 MHz D:0) of CyD6FAU.
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Figure 18 ROESY spectrum (500 MHz D-0) of CyD6FAU.

CyD3FAs Unlike 6-functionalzed CyD6FA derivatves, theH NMR spectra of 3
functionalzed CyD3FA derivatives (Fig19) are very different for thelando isomers. In the

case of CyDFAU, the CyD protons are spread in a way quite similar to those of the-CyD6
FAs thus suggesting the sdticlusion ofthe side chain. Of the i signals, only the HA

could be assigned. The functiorzalion at position 3 modifies a glucose unit in an altrose
residue, thereby increasing the reguivalence of the sugar units in the NMR spectrum. The
Jia2a value of CyD3FAU (about 3 Hz) is smaller than tldea 24 value (about 7 Hz) of the
precursor 3Aamino-3A-deoxy2A(S),3A(R) bCyD .1’ This suggests that the altrose residue,
which is inthe 1C4 conformation in the@minoCyD, has a different conformation (4C1 or
0S2) inCyD3-FAUbecause of the interaction with the cavity of the side chain, as reported for
similar cases?® In addition to the downfield shift of the-BA proton, as a consequence of the
OH substution by NH, the other two ¥ protons are shifted downfield whastwo H6
protons are shifted upfield. This trend suggests the inclusion of the aromatic ring, which
therefore influences the chemical shifts of CyD inner protons owing to the ring current effect.
The ROESYspectum show crosgpeak correlations betweeret?ABA aromatic protons and

the inner protons of the CyD cavity, thus confirming the-seliusion of the FA residue. In

accord with a selinclusion mechanism, the spectra do not depend upon the concentration of
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CyD3-FAUin the analyed sample. Unlike thdisomer, theH NMR spectrunof CyD3-FA2

show broad signals with less spreading of the signals. Presumptively the moiety is-not self
included owing to the glutamate chain and the wide secondary rim of CyD, but some
intermolecular interactions may occur leading to colloidal solutions. Similar colloidal solutions

have been reported for related systéffs.

Figure 19: 'H NMR (500 MHz, D-0) spectra:CyD3-F AU ( bl &yD8F Aandr ed) .
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Figure 20: COSY (500 MHz D-0) spectrum of CyD3FAU .
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3.1.1.2 CD spectroscopy

All compounds were also claterizd by CD spectroscopy to further investigate the
interaction of FA with thé-CyD cauty.

CyD6-FAs CD spectra o€yD6-FAs show bands in ¢habsorption region of the folate moiety.

The CD spectrum of CyDBAJ (Figure?21) is charactered by an intense positive band at 205

nm, two positive bands at 280 and 310 nm and two small negative bands at 230 and 290 nm. A
similar spectrum is obtainedrf@yD6-FAU (Fig. 21 inset dot pldt The intensities of the CD

bands in the CyEFA conjugates are higher than those in free FA. This behavior suggests an
interaction of the folate moiety with the cavity in accord with the NMR re&tf/hen the
competitiveguest tadamanthanol (ADM) was added to the CyE solution, the intensities

of the CD bands decreaseqliggesting the displacement of FA from CyD cavity. This result

confirms the inclusion of the folate moiety into the cathigyhlighted from NMR expements

34

29

24 ¥ 15
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Figure 21: CD spectra of CyD6F Ao (L0t M, black) at increasing concentrationsof ADM (red, from
1 10%to5 103M); inset: CD spectra of CyD6FAJ(- - - -) and CyD6FAD ( ) (1 x 16 M) in H20.
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CyD3FAs bCyD3-FAU has a CD speaim resembling that of YD6-FA (Fig. 22). When
ADM was alded, the CD spectrum 6fyD3-FAUchanged significantly andf high molar ratio
(1:10 CyD/ADM), the CD spectrum becasrsimilar to that of free FAFig. 22 dot plot in red)
in keeping with the exclusioof the folate moietyrom the cavity Differently, the CyD3-FA2
regioisomer has a CBEpectrum with weak bands aisdvery similar to that of freEA (Fig. 2
inse)d: in particulartwo small positive bands at 220d 290 nntan be observed his suggests
that thefolate moiey does not interatignificantly with the cavityr has a different orientation
in the cavity. Accordingly,ite CD spectrum of CyDBAO did not change by addition of ADM.

0/mdeg

2/nm

Figure 22: CD spectra of CyD3F AU  (1@* M, black) at increasing concentrationsof ADM (green, from
1 10%*to5 10%M); FA (1 x 10* M, red). In inset CD spectrum of CyD3F A o .

Probably the different chain length in tbendo isomers determines a different disposition of
the FA moiety in the case o€yD3d er i vati ves. I n the U isomer
moi ety coul d i nteract intramol ecul arly wit

interactions might be preferred, as also suggested by the NMR data.
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3.1.2 Interaction of CyD-FA conjugateswith LA-12

The ability of CyDE-A conjugates to form inclusiocomplexes with hydrophobic drugs was
investigated by using the anticancer agent cistrans
Cis[PtCb(CHsCQy)2(adamantylamine(N§J] (LA-12, Fig. 15). LA-12 is anantitumordrug®?
that acts as a prug of cisplatin, this latter representa cornerstone in preseday
chemotherapy. Unftunately significant side effects, suck aephrotoxicity, neurotoxicitgnd
tumour resistance, kia considerably limited the usé cisplatin in cancer therapy. Ftires
reasons, the developmeuit novel platinumbased cancer chemotherapeutadjve even on
cisplatinresistant cancer types, would be higtigsirable. Onef the promising new drugjis

the complex LA12 which hasdisplayed a high degree of cytotoxicitggainst both cisplatin
sensitiveand cisplatifresistant ovariagancer cell$%%2°2LA-12 hasreached phaskclinical
trials and its oratlose regimeihas beestudied in mase models and in intrinsicaltysplatin
resistant ovaan adenocarcinonfd? However,LA-12 is poorly soluble in water (0.03 mgmL
1), which representa severe limitation for itscaministration.The adamantane residue present
iNLA-12 is known t o hav-€yDlravity{Ka affabout 5000 ¥).2°f o r
thereforea greatnumber of dugs have been functionzdid with adamantane to form inclusion
complexes with CyDs% Moreover, the inclusion ofLA-12 into CyDs, to obtain a
phamaceutical formulation suitabl@r intravenousadministration has been patentétf. A
well-known cased thatof doxorubicin, althoughn this case funa@nalization has led to
reducedpharmacological activit§ In addition LA-12 is aplatinum(IV) complex rather inert
and does not undergo ligand substitution in ghesence of FA conjugates as confirmed by
NMR spectra.

The inclusion complexes of L-A2 with CyDHE-A conjugates were investigated by NMR
spectroscopy through addition of a concentrated dimethyl sulfoxide (DMSQO) solution of LA
12 to an aqueous solution of@H-As. The stability of the inclusion complexes was measured
as a function of time. The ROESY spectrum (BR) showed that the signals of the adamantane
residue at 1.90 and 1.60 ppm have cosak correlations with the signals in the range'B.90

3.40 ppn at which CyD protons 3 and H5, locatedinside theb-CyD cavity, resonate.
Therefore, the NMR data support the formation of an inclusion complex betweé&2 bAd

the CyD cavity with displacement of the sel€luded folate moiety.
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Figure 23 ROESY spectrum (500 MHz, BO) of CyD6-F Ao wi-12h L A

3.1.3 Antiproliferative activitystudy (MTT assay)

To verify if the functionalized-CyDs can favor the cellular uptake of 1¥2, we investigated

the antiproliferative activity of LAL2 inthe presence of CyBAs. These measurements were
carried out athe Department of Integrated Oncological Therapies, IRCCS AOU S. Martino
IST (Genoa) The inclusion complexes between CyD conjugate andlRAwere freshly
prepared in aqueous solution contagi02 % DMSO and at molar ratio of host and guest
molecules of 1:Jand 5:1. Furthermore, for this set of experiments only the CyD conjugates at
9 position of gl utami c cheenidemonstfatetifatAhe folate e a s
receptor (FR) recognizeflate derivatted at thes- but not at theU-carboxylate’® Cell
proliferation assays were performed on cancer cell lines differing in the degree of FR
expressionMore precisely A2780 (ovarian cancer), MEMB-231 (breast cancer) and ¥
(breast cancer) have been empld$’®?1° MCF-7 (breast cancenells were used as negative
control. The most remarkable nél$s were obtained with MDAMB-231 cells, for which the

ICs0 values of LA12 coadministered with CyD& A2 (1:5) were notably smaller than those
obtained with LA12 alone or LA12 coadministered with wfunctionalizedb-CyD (1:5)
(Table 2). The effect of ceadministration with CyBFAs was also observed in the case of
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A2780 (with lower degree of FR overexprasn), but in less extenthanfor MDA-MB-231.
T47-D cells seemed to be more sensitive to the presence eFBghan tdb-CyD but with a
lower cytotoxic activity than that of LA12. As expected, in the control cell line (ME&#H no
variation in cytotoxidy was observed upon @dministration of LA12 with b-CyD or CyD
FAs.

The molar ratio between CyD and L play an important rolen the cytotoxic activity.
Indeed, when CyEFAs and LA12 were administered in a 1:1 ratio, the cytotoxicity of 1A
did not change. This result is in agreement wvilile fact thathigher concentratiaof host
moleculewith respect to LA12 (e.g9.5:1), promot the formation of inclusion compleswith
higherantiproliferative activityPossibly higher molar ratios could becassary to promote the
displacement of FA from the CyD cavity, favoring more stable inclustonplexes involving
AMA of LA-12 and CyD cavityThese data confirm the ability of the folate derivatives of

CyDs to act as targeted drug carriers when the dangarminclusion complexes with CyDs.

Table 2: Summary of ICso values uM] of CyD-FAs on human tumour cell lines.

Cyclodextrin

A2780 MDA -MB-231 T47-D
conjugates’

LA-12 0.59+0.15 2.40+0.45 1.61+0.36 4.29+0.86
CVD3T£§91})LA-12 0.51+0.13 3.02+0.36 1.61+0.41 3.500.40
CyD3Té%LA-12 0.34%0.15 0.700.1% 1.48+0.11 4.07+0.71
CyDﬁTf:%LA-ﬂ 0.80%0.22 2.39+0.45 1.99+0.62 4.17+0.62
CyD62%LA-12 0.29+0.14 0.84+0.28 2.45+0.30 5.59+0.49
CyD-LA-12 (1:1) 0.4640.21 2.20+0.45 3.25+0.23 5.40+0.36
CyD-LA-12 (5:1) 0.58+0.16 2.79+0.20 3.76+0.75 5.52+0.57

The values are the meanstandard deviationuM] of 4i 7 data points[a] The ratio CyD/LA12 is given in
parenthesegdb] CyD3-FAJi LA-12 (5:1) versus LAL2, p=0.@5. [c] CyD6-FAJi LA-12 (5:1) versus LAL2,
p=0.010. [d] CyD6FAoi LA-12 (5:1) versus LAL2, p<0.001.

3.2 Cyclodextrin polymers and oligomers

The promising results obtained with CGyEA conjugates as nanocarriersthe anticancer drug
LA-122* prompted us to exta the investigatin to CyD polymers and oligomers, which can
offer the advantage of Cyype complexation in a synergistic way without toxic effects,

resulting more effective than the parent CyDs. Different polymeric systems were taken into
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accountdiffering in size and consequently in the contents of CyD cavities inside the polymeric

structures, and their behavior towards different guest moleculesewgred.

3.2.1 Synthdic aspects

For the synthesis of CyD polymeepichlorohydrin (EPI, <hloro-2,3-epoxypropane Fig. 29
wereusedascrosslinking reagent for the pragttion of branched CyD polymerghis branting
agent is known from past 50 yearsd is relatively easy to us¥?21* EPI is a bifunctional agent
containing two reactive functional groups,epoxide group and a chloroalkyl moiety, which can

form bonds with CyD moleculemnd/or itself
@)

Cl

Figure 24: Epichlorohydrin (EPI) .

Depending on the requirements of application both highly soluble and-wstduble polymers

(gds, resins) can be produced simply modulating the CyD/EPI molar Zatidsually the
synthesis requires a single step condensation and polymerization reaction. Generally,
cyclodextrin polymersverepreparedrom CyD andEPI in strong alkaline mediumequiring a
purification step usally throughultrafiltration. The reaction wasaffected by change in the

concentration and amount of NaOH, EPI and CyD used.

In figure 25 are listed th€yD polymers and oligomers synthesized
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Compounds X b n XY
oCyD OH OH 7-8
oCyDNH, NH, NH, 7-8
oCyDNH,30 NH, OH 7-8 0.3
oCyDFA NH-FA OH 7-8 0.12
pCyD OH OH 55-60
pCyDFA NH-FA OH 55-60 0.12

Figure 25: Schematic representation of CyD polymerand oligomers synhesized.

Three novel watesoluble CyD oligomeswere synthesized and fully claaterizedIn particular
oCyD an oligomer ob-CyD units, and two aminoligomersof b-CyD differing on the
percaeitage of amino groups the architecture of the oligomers, 30 and 100%CyDNH>30
and oCyDNH respectively were gntheszed oCyDNH, and a commercial CyD patyer of 90
kDa (pCyD)were also functionalized with FG@CyDFA and pCyDFA respectively, see Fip)

for active targeting purpose.

oCyD was synt he s-¢ydodaxtrins Tthe polymenzgtionfreactiom was carried
out under basic conditions using epichlorohydrin (EPI) as a-tirdésg agent. The low
EPIl/monomer ratio (EPI/CyD = 5) ensurd¢de obtainment of an oligomeas reported
elsewheré?* oCyD was characterized by NMé&d light scatteringpectroscopy

The NMR spectrum of oCyDHg. 26) gave broad peaks, as tgplly observed for these ckas

of compounds$3* The integrated intensities of the signal of Hef CyDat 5.24.8 ppmand the
broad signal at 4:3.2 ppm provide the ratio of the number of hydrogens of CyDs to that of the
cross linker popylenic chains in the oligomer. The obtained value suggestdhe oligomer

has a CyD content of about 65%
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Figure 26: *H NMR spectrum (500 MHz, D20) of oCyD.

DLS measurements show that oCy@ms stable nanoparticles of about 4 nm diameter.(Fig
27a in red. The weightaveraged molecular weight (Mw) of the oligomer was determined
throudh light scattering measurement$ie plot of Ko/R4P vs.the concentration of oligomer is
shown infigure 27b.The intercept of the straight line was used to determine the Mw value,
which was found to be 12 +1 kDa. This Mw corresponds to an average nurBlmavifes per

molecule.
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Figure 27: A) Volume size distribution of oCyD (red) and pCyD (black) in Tris buffer pH 7.4 at 25°C; B)
intensity of scattered light (Kc/RyPg) vs.0CyD concentration.
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Amino-cyclodextrin oligolymers (0CyDNEBO and oCyDNH) were synthesizestartingfrom
3A-tert-Butoxycarbonylamino 3A-deoxy2A(S),3A(R)-b-cyclodextrin  (CyD3NHBoc). The
polymerization reaction was carried out under basi@imn, usingePI. Also in this case a

low EPI/CyD derivatives ratio (EPI/CyD3NHBoc = 5) was used in order to obtain an oligomer.
In the case of copolymerCyDNH>30, CyD and CyD3NHBod?2:1 w/w, respectivelyyvere
used. Boc protected aminoCyD was used to avoid tloellateralreaction of the amino group
with EPI. After Boc deprotectionunder aciecatalyzed hydrolysisconditions using
trifluoroacetic acid TFA), wate-soluble products wengurified through ultrafiltration (at-off

5000 Da) and recovered by freedying process Their solubility was moréhan 100 mg/mL.
These polymers/ere characterizebly meanof spectroscopic tools such as NMR and DLS.

In the NMR spectra ofoCyDNH, and the Boc protected counterpgseaks are broad, as
typically observed for these classes of compoUie[s.! segnaiibro non & definito. |n the 14 NMR
spectrumof oCyDNHBoc (Fig. 28 in back)the tbutyl protons resonate at 1.45 ppm. Cross
peak correlations betweeibtityl Boc protons and CyD protons at-82 ppm can be observed

in the ROESY spectra as expecteay( 29). Moreover, the Hs of the cross linker chains can be
identified in hie region around 3.46 and 3.50 ppm together with the broad signal of CyD protons.
In the'*C and HSQC spectra is possible to identify the carbons of cyclodextrins as well as those
of the cross linker chains (CH and €&t 71.8 ppm and 805pm respectively(Fig. 30). The
integrated intensities of the signal of-H®f CyD and the broad signal at 82 ppm provide

the ratio of the number of hydrogens of CyDs to that of the cross linker propylenic chains in
the oligomer; this value was used to determirentiimber of protons of the linker chains in the
oligomer This value suggests that about 70% of CyDNHBoc was containie ioligomer.

The spectrum of @yDNH: is very similar to that of the Bggrotectedoligomer. The signals

due to the-butyl group disppeared in the spectra as expected. In the casgy@iNH30Boc

(Fig. 2 in red)the integral of the peaks confirm the 30% numbetavities containing Boc
moiety. NMR characterization highlighthe advantage aihe synthetic procedure adopted
More precigly, thefine-tuningof molar ratio between the reactants leads to an accurate control

of the amount of amino functional moieties inside the architecture of the oligomer.
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Figure 28: '"H NMR (500 MHz, D20) spectra:oCyDNHBoc (black) and oCyDNH30Boc (ed).
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Figure 29: ROESY spectrum (500 MHz D20) of oCyDNHbaoc.
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Figure 30: gHSQC spectrum(500 MHz, D20) of oCyDNHBoc.

DLS measurements sh@dthatoCyDNH. derivativesorm stable nangarticles of about 3 nm
diameter Fig. 31b). The z potential valuesvere measured and the values obtained wwere
agreementith the protonation state of the amino growgsdifferent pHs (Fig. B). The
weightaveraged molecular weight (Mw) of the oligome&as determinedor oCyDNH,

through light scattering measurements. The best set of data was obtained in the case of
oCyDNHBoc. The Boc deprotection does not modify the number of cavities in the oligomer
and thus the Mw was determined &&@yDNHBoc.The pbt of K¢/R4P vs. the concentration of
oCyDNHBoc is shown in Fig.Rl. The intercept of the straight line was used to obtain the Mw

value, which was found to be 12 +1 kDa.
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Figure 31: a) Schematic representatiorof the synthesized oCyDNHk b) size distribution of oCyDNH2; ¢) z
potential at neutral and acid pH values measurer for ocCyDNHand oCyDNH:30; d) Intensity of scattered
light (Kc/R 4P) vs pCyDNHBocC concentration

An average number of about 8 cavities can be hypothesized on thef liasig@o of CyDNH
in the oligomer obtained from NMR data and the Mw of 12 kDa. The waightaged
molecular weight of oCyDNFcan be calculated by subtracting the molecular weight of the

Boc groups and thesemated value is about 11 kDa.

To synthesizemincpolymers, acommercial CyD polymergpCyD) of 90 KDa and forming
nangarticles of 8.5 nm (Fig.7a in black was tosylated using the samegedure used for the
synthesis of 3osykb-cyclodextrin?'® The tosylatevas not isolated and was convertetb ian
amino group, according to the synthefpicocedure reported for 3Amine3A-dideoxy-
2A(S),3A(R)b-cyclodextrint®’

Both the amino polymer and the amino oligopmaeviously discussedayere functionalized
with FA-NHS using the same condition discussed for monomeric ai@iyids and purified by

dialysis.
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The'H NMR spectrum of pCyDFARig. 3) shows brod bands as typically found in the case

of CyD polymersThe aromatic protons of a pterine and PABA moiatieSA resonaten the
aromatic region of the spectrum, the peaks are broad in comparison to that of folic acid alone
From integration of the sigrebf the folic acid moiety and that of thelHtyclodextrin protos

it is possible to estimate that-1%% of G/D cavitieswerefunctionalized with folic acid.

Similar amountf FA was found when oCyDNHvas used as scaffold for the conjugatiath
FA.

. W
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a.n a.5 BO 75 24 6.5 aa
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Figure 32 *H NMR spectrum (500 MHz, D2O) of pCyDFA.

3.3 Cyclodextrin polymers ad oligomersas nanocarrier for anionic

drugs

oCyDNH: (Fig. 31a) bearing amino groups that are ionizable as function of pH vatoeid be
suitable toolas delivery systems towards negatively charged sliruthe occurrence of
electrostatic interactiortould support the formation of a more stable host/guest inclusion
complex. For thispurpose,the inclusion ability of oCyDNHE towards the well know anti
inflammatory agent diclofenac (DCF, FigB)3vasinvestigated in neutral agueous solution by
mean of spectroscopy (CD and Ws) and nanasothermal titration calorimetry (ITC). In

particular, the latter technique allowed for the determination of the bindimgfants and the
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energetics of the complex formation by direct measurements of the reaction heats thus providing

a complete thermodynamic characterization of the-B&¥ systems.

OH

O/ Cl

HN

Cl
Figure 33 Chemical structure of diclofenac (DCF)

3.3.1 CD spectroscopy

The inclusion ability of oOCyDNKHf or DCF was investi g&ybDeah by C
uncharged and solubmmercialCyD polymer (pCyD) and oCyDNHBoc weresal tested

for comparison. Fjure34 shows the induced C@CD) spectra obtained when DCF was added

to a oCyDNH solution at pH7 4. The spectra show a negative band at 285 nm and a positive
band at 310 nm. The intensity of the bands increased when the guest/host molar ratio increased
thus suggesting that DCF can interact with the oligomer. The ICD spectra obtained in the
presencef eitherb-CyD, pCyDor oCyDNHBoc were recorded and shownfigure 35. For

an easier comparison among hosts which have a different number of cavities, CD spectra were
carried out at the same concentration of CyD cavities in the samples. The highest intensity of
the CD bands was observed in the casgCyDNH.. This is about twice the intensity detected

for the DCFpCyD system. Indeed, when oCyDNHBoc was used as the host, a lower intensity
in the CD bands was observed (R3§). The different intensity of the CD sgptra suggests that

the amino groups play a key role in the inclusion process of DCF.
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Figure 34 CD spectra of DCF (read from black to light red: 0, 0.5, 1.0, 2.0, 3.0, 5.0, 7.0, 10, 13 ® ID)
with oCyDNH: ( #£yD cavity concentration: 1.3 x 16 M) at pH 7.4 (10 mM Tris buffer).
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Figure 35. CD spectra of DCF (7.0 x 1M) wi t h d i f {CgD cavitytconbeatsmtiors 1.3 X016
M): oCyDNH: (black); pCyD (blue); oCyDNHBoc (red); -GyD (green).

3.3.2 Binding features and thermodynamic parameters

Spectroscopic titrations carried out for the determination of the binding affinity of DCF with
ei t hGyD (uskd as a reference compound) or pCyD in neutral aqueous solution (40 mM
phosphatéduffer, pH 6.9) resulted in changes of the observable which were not appropriate for
the determination of binding consta@onsequently, narld C was useds a powerful tool for

the evaluation of the energetics of molecular recognition processes insoluti

Calorimetric experiments were carried out in buffered aqueous solution (40 mM phosphate
buffer, pH 6.9) to minimize any contribution resulting from the interaction of either the guest
or the host with protons.
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Figure 36: a) Typical ITC titration of diclofenac into pCyD in buffered aqueous solution (pH 6.9) at 25 °C;
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Figure 37: a) Typical ITC titration of diclofenac into oCyDNH 2 in buffered aqueous solution (pH 6.9) at
heat
of the host).
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to be used as reference values for the study of the binding features of the CyD polymers with

the guest under homogeneous experimental conditions. Values found for tHe O@F1:1

inclusion complex (see Tabl® are in good agreement with those previously repctted

Typical thermograms for the interaction of DCF with pCyD or oCyDRMH25 °C are shown

in figure 36 and37, respectively.

Titrations were carried out by adding a number of equivalents of DCF (uslked t@sant) to

the host in the ITC sample cell in order to satisfy the saturation fraction criteria proposed for

the formation of a 1.1 compleXsually, a 5 mM DCF solution was used to titrate CyD

derivative solutions having a 0.010.08 mM total polyme concentration. Such small
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concentration values emphasize #avantagef nanelTC technique for the study of binding
interactions in solution by using amounts of reactants which are comparable to those commonly
employed for spectrophotometric measuretsermhe simultaneous hegtiest equilibria
occurring in solution between DCF and the multiple binding sites (cavities) present on the CyD
polymerstructuremake the data fitting process rather cumbersome. Consequently, a simplified
model which assumes tliermation of a formal 1:1 complex stoichiometry was chosen. For
data analysis, the host-Cgbncawnittrpdi oonwvast ea
on the base of t he e-€yDi %neontend (w/&)vok theapplgmerMw  ar
According to his 1:1 complex model, the equilibrium constant is referred to a singlghest
interaction regardless of the number of binding sites (cavities) actually accessible on the host
structure. Assuming that all the binding sites for the guest are identitah the polymer,

logK values are expected to be nearly comparable along the whole set of cavities, if progressive
saturation of the binding sites is not considered. This approach seems reasonable when
assuming that, on average, some of the CyD cavitidgeolymer will not be fully available

or properly exposed for guest inclusion whereas others may act in a cooperative way resulting

in a more effective guest bindi§ As reported for similar muksite polymeric host$}® when

CyD cavity concentratiorsi used as the input value for dat
sited values (expressed in terms of kJ/ mol
process. On the other hand, the use of the total polymer concentration for data analysis does n
take into account the effective number of binding sites of the host and, in the absence of any
cooperative effect among the cavities, wo ul
value whichshouldbet i mes t hat o b {CgD unitenithnf oumbeaof cavitiesg | e b
of the polymer. Intriguingly, the value afcalculated both for pCyD and oCyDNHy simply
dividing the fioverall ent hal py of coGypl ex at
1:1 complex {12.69 kJ/mol)is according withwith the number of cavities (558 and 78,
respectively) estimated for the two different CyD polymers by DLS measurements (see Table

3).

The logK values and the thermodynamic parameters for the interaction of DCF with pCyD and
0CyDNH; are reported in Tdb 3. The binding constants of the two CyD polymers, assuming

a 1:1 complex stoichiometry, are cOybwitor abl e
DCF thus indicating that the polymerization process does not affect the molecular recognition

ability of theCyD cavities on the polymer backbone
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Table3: Stability constant values and ther mody+#€ pmi c par
pCyD and oCyDNH: at 25 °C in buffered aqueous solution (pH 6.9)

®S A Number of
(J deg* molY)?2 CyD cavitie?
b-CyD 241+ 3 -12.69% 2 3.6x5
pCyD 2.8+1 -17.54+ 8 -5+ 12 55-58
oCyDNH; 3.47+6 -9.58+ 22 34+ 22 7-8
aUnits are to be intended as fiper moles of host sitec
b Number of cavities estimatedlolyi vi di ng t he fAoverall ent hal py of comp

s i n gdy@-guést complex-12.69 kJ mot).

Similarresuls has been observed for other dr@yD polymer systems in which the presence
of a macromolecular arrangement doet weaken or negatively influence the stability and
efficiency of the inclusion complexed®2?! The larger logK value found for the DEF
oCyDNH, complex may be ascribed to the supplementary contribution provaglethe
interactions between the negatively clerguest and the amino groups present on the CyD
cavities of the oligomeilin addition to hydrogebonds and van der Waals forcés fact, the
pKa value reported? for the carboxylic group of DCF is 4.84 while the amino moieties on the
CyD units are expeetl to be nearly protonateat pH 6.9. On the whole, the favorable
combination of different attractive forces makeSyDNH. an efficient receptor for the
simultaneous complexation of several target guésts.enthalpic and entropic contribution to
the freeenergy term of each hegtiest complexareshown infigure 38. The complexation of
DCF i s ent hal pically favored ( pHA<0) for
(| oHA| >| T pSGyP aind pQyd and by ertiropy (although by a small extenthe
case of oCyDNHK

ot}

Factors affecting the thermodynamic partenedue to guest inclusion into CyDs are the result

of a balance of several effects: the insertion of the hydrophobic portion of the guest molecule
into the CyD cavity, the formation of weak interactions (such as hydrogen bonds, van der Waals
and/or elegbstatic forces), the desolvation of the guest, the release of water molecules from

the CyD cavity and conformational changes of the host upon guest compléxation.
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Figure 38 Thermodynamic parameters for the different hostguestcomplexes at 25 °C in buffered
aqueous solution (pH 6.9).

For both CyD polymer and oligomer, a combination of hydrogen bonds and van der Waals
interactions between DCF and the CyD cavities triggers theduest complex formation.

These enthalpically favable contributions override the cost in energy needed for the
desolvation of all the interacting components. However, the differences observed in both the
enthalpy and entropy values suggest that the mechanism of binding is slightly different for the
two CyD polymers. In particular, the larger amount of cavities of pCyD enhances the
enthalpically favorable attractive interactions with the guest resultiggfnvalue larger than

that found both for the shorter oCyDNH o | y me r a n dCyb.©Oe thesthenhyarilde b
the large and favorablyS A v al ue o bt aCyDNH corhptex maly beeasciib&lF

to a combination af. a reorganization of water molecules released upon guest inclusion and

a significant translational and conformational freedom egpedd by this flexible and less
constrained polymer when guest molecules are entrapped within its cavities. Such increase of
the entropic gain, along with a small decr
literature in the case of similar hegte s t compl e x eByD eligopdlymgric ng b

structures as muisite receptors!®?24

3.3.3 DFC solubility study

The effect of th@CyDNH2 oligomer on the DCF solubility was investigated at pHa&&Zb °C

since thesolubility of DCF is very low (about2.5x20M) at t hi s pH-Cylal ue.
were used for comparison. Results of the phase solubility studies are repdigaceif9 that

shows the solubility profiles of DCF as a function of increasing condemtra n-€yDpplCyDb
oroCyDNHi n aqueous solution at pH 5.5. -Gybe hos

cavity concentration for a more appropriate comparison among the different systems.
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Interestingly the solubility of the drug increased lineanlith the increase of the host
concentration. This linear correlation between DCF and host concentration, with & dlppe
suggests the formation of a 1:1 Hgsest inclusion complex with the CyD unit. The solubility

of DCF in the presence of eith@€yDNH> or pCyD increases of about 10 times. The oligomer
is a slightly more efficient solubilizing agent than pCyD. Interestingly, the length and size of
the polymeric chain seetn notimprovethe solubilizing effect of the polymer in comparison

with that d the oligomer.
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Figure 39: Solubility of DCF vs. b-CyD cavity concentration of different hosts at pH 5.5: o0CyDNH
(bl ack); p&yDed).bl ue); b

3.4 Cyclodextrin polymers as nanocarriers of anticancer agerst

Since the well establishedlentof CyD polymersn the formatiorof inclusion complexes more
effective than the parent CyDwe tested the ability of theselpmeric NPs as drug delivery
systems of hydrophobic anticancer agents, improving their water solubility and consequently

their bioavailability.

3.4.1 CyD plymers as nanocarriers of LA2

The inclusionability of the newly synthesized CyD polymers and oligomerward the

anticancer prodrug LA 2 wasinvestigatedy mean of NMR spectroscopy. particular, oCyD,
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oCyDFA, pCyD and pCyDFAsge Fig 25 were taking into account for this studyoreover,
antiproliferative experiments to test the targeting abilityhef EAfunctionalized systems were
performed.

3.4.1.1 Interaction with LA-12

The water solubility of LA12 increased markedly both in the presencéhefpolymer or
oligomer, due toits inclusion in the CyD cavity. The inclusion of E¥ into pCyDFA and
oCyDFA was investigated by NMR spectroscopy. The NOESY spectrum of a mixture of
pCyDFA and LA12 is shown irfigure 40 The NOE cross peaksetween the adamantane
protons of LA12 and the CyD protonsonfirm the formation of the inclusion complex. A

similar behaviowas found for oCyDFA.
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Figure 40: NOESY spectrum (500 MHz, D;0) of pCyDFA/LA -12.

3.4.1.2 Antiproliferative activitystudy(MTT assay)

Cell proliferation assays were performed on cancer cell lines differing for the degr& of F
expresn (A2780, MDAMB-231). MCF-7 cells were used as a negative control.
pCyDFA/LA-12, oCyDFA/LA12, pCyD/LA-12 and oCyD/LA12 complexes were tested in
all the cell lines (Tabld). When the cells were incubated wiglCyD or oCyD at 50 puvho
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toxicity effect was observedToxicity of b-CyD/LA is also reported in tabkefor comparison
purposes

As shown in Tabld, MCF-7 cells did not show a great sensitivity to41& and thus to any of
the complexes testebh A2780 cells, the most sensitive cell line to-Il& and MDAMB-231
cells pCyDFA/LA12 and pCyD/LA12 complexes were the most actif@mulation and
showed an increased toxicity in comparisothi® free druglCso values were reduced of 59%
and 68% in comparison to LA2, in A2780 and MDAMB-231, respectiely. The
administration of the complex oCyD/l-A2 or oCyDFA/LA12 did not significantly changed
the activity in comparison to LA2 in A2780 and MCH cells but they shied a slight decrease
of ICsovalues in MDAMB-231 cell when theCyDFA or oCyD was irhigher molar ratio with
respect to LA12. It is noteworthy that the complex of A2 with high molecular weights
(pCyDFA and pCyD) are significantly more active tha@ tomplexes with CyD oligomers.

Table 4: ICs0s (UM) of LA-12/CyD polymers in human tumor cells.

CyD polymers A2780 MDA -MB-231 MCF-7
LA-12 0.59+0.13 2.40t045 4.29+0.86
pCyDFA/LA -12 (5:1) 0.24+0.05°¢ 0.78+0.24 5.55+0.76
oCyDFA/LA-12(5:1) 0.66+0.18 1.41+0.12 5.62+0.45
oCyDFA/LA-12 (1:1) 0.36+0.13 2.86+£0.44 6.91+1.68
pCyD/LA-12 (1:1) 0.44+0.08 0.67+0.18 4.04+0.51
pCyD/LA-12 (5:1) 0.34+0.16" 0.53+0.07 5.05+1.01
oCyD/LA-12 (1:1) 0.41%0.11 2.87+0.52 7.2742.42
oCyD/LA-12 (5:1) 0.72+0.25 1.63+0.14 4.53+0.53
b-CyD/LA-12 (5:1) 0.58+0.16 2.79+0.20 5.51+0.57
pCyD >50 >50 >50

aThe values represent the mean+SD-aD4data® p<0.001 vs LA12;°p<0.01 vs pCyD + LA12 (1:1);° p<0.001
vs LA-12 and pCyD + LAL2 (1:1);¢p<0.05 vs LA12;" p<0.01 vs LA12;9p<0.02 vs LA12;" p<0.01 vpCyD
+ LA-12 (1:5);' p<0.001 vs pCyD + LA12 (1:5).

3.4.2 CyD polymers as nanocarriers of sorafenib

Sorafenib or, Nexavar Fig. 41) is an oral multikinase inhibitor approved by the U.S. Food and
Drug Administration(FDA) for the treatment of patients with advanced renal cell carcinoma
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(RCC) and those with unresectable hepatocellular carcinoma (HCC). This drug displayed
antitumor activity across a variety of tumor types, including renal cell, hepatocellular, breast, and
colorectal carcinomagilthough originally identified as a Raf kirasnhibitor, sorafenib also
inhibits several receptor tyrosine kinases involved in tumor progression and tumor
angiogenesig?®Despite its efficacy, the hydrophobic nature of this anticancer drug could
decrease its bioavailabilityAt present, 400 mg of & is recommended for the livexancer
treatment although severe drradated toxicity has been reportddtis dosagé?® In the last few

years, different nargystems have been reported to improve its therapeutic efficacy, including

lipidic??’, magnetié®® and pdymeric??® nanoparticles.

Cl

HN/CH3
F
] OA\NH AN
Figure 41: Chemical structure of Sorafenih

In this thesis, oCyD and pCyD were used as nanocarrier of B@Rapparent stability constants
of the hosfguest complexesvere also determined Moreover, peliminary antiproliferative

assays of the complexegre performed.

3.4.2.1 SOR solubility study

pCyD or oCyD significanty affect SOR solubility. Figu4@b shows that a clear solution of
sorafenib & mM is obtained only in th presence of pCyD or oCyD (Figb, vials 3 and4).

Wh e RrCybwas used at the same concentration of cavities of the polymer or oligagné2i{

vial 2) a suspension was obtained, similar to that observed in absence of any solubilizing agents
(Fig 42b vial 1). For these experimen8OR wassolubilized in DMSO and added to the water
solution of CyD systems, the final solutions contained about 0.2% DM@IDsion complexes

were characterized with UV/Vis spectroscapyTr i s b uf f e rCylawas ysétl for . 4 ,

comparison, as shown figure 42a
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Figure 42:a) Solubility of SORvs. b-CyD cavity concentration of different hosts at pH7.4: oCyD (black);
pCyD (red) ;-Cyb (blue); B) digital photograph of a solution of 0.5 mM SOR impresence of any 1) or
different hostsb-CyD (2), pCyD (3) and oCyD @).

Apparent stability constants were obtained from solubility measurements with thednudt
Higuchi and Connor$® This method has been widely used for determining stability constant of
Drug/CyDs also in the case of Ipmeric hosts based on Cyt"?3!Solubility phase diagram
obtained by plotting SOR concentration as a function of increasing concentratibiyb¥,

oCyD or pCyD were reported in figu#afor all the systems CyI3OR. A A_-type phase
diagramwith alinear correlation between SOR and the host concentratidthe slope less of

unity, was obtained and this suggests the formation of a 1:1 host/guest inclusion complex with
the CyD unit. The host concentration hasrbegported ab-CyD cavity concentration for a more
appropriate comparison among the different systems. Interestingly the solubility of the drug
increased linearly with the increase of the host concentration. The solubility of SOR in the
presence of either pCyD or oCybcrease®f 4 and 8 timesompareé to b-CyD, respectively

The oligomer is the mosffective solubilizing agent, moreftective than pCyD This behavior
suggests that a longer polymer chain might reduce solubilizing properties of these systems as
earlier observed?? Moreover, he SOR solubility is slightly affected bf-CyD at the
experimental condition useéccording to the slope and the intercept of the line obtained the

value of inclusion constant Kare listedn tableb.
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Table5: St ability constant val ueCD,pQyDb and dCyD at 2b¢Q inkmffe@sh of S
aqueous solution (pH7.4)

Hosts Kc
b-CyD 793450
pCyD 7464180
oCyD 21629+400

3.4.2.2 CD spectroscopy

The inclusion abilityof oCyD or pCyDfor SORwas investigated b D s pect fCgDscopy
was also tested as comparativeteyss.Figure 48 shows the induced CD spectra obtained when
Sorafenibwas added toraoCyD solution at pH 7.4The spectra sho® positive bandst 215

nm and275 nm and a negativend a240nm. The intensity of the bands increased when the
guest/host malr ratio increased thus suggesting tBatafenibcan interact with the oligomer.

The CD spectra obtained in ther e s e n ¢ e -Cgl, pCyD ot dC¢Drwerb recorded and
shown infigure 4. For an easier comparison among hosts which have a different namber
cavities, CD spectra were carried out at the same concentration of CyD cavities in the samples.
The highest intensity of the CD bands was observed in the case of oCyD, in keeping with the Kc
values.Thisresult highlight the advantage of using polyraestructures as solubilizing systems.
Furthermore, in the case of oCyB less branched and more flexible systems, the strongest
induced CD signala/as obtainedompared to the other systeat®equal concentration of CyD

cavities suggestin@ better hosgjuest interaction in aqueous solution.
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Figure 43: CD spectra of SOR (read from black to lightred: 0.5, 1,2and3xfM ) wi t hCy@dCy D ( b

cavity concentration: 1.3 x 1 M) at pH 7.4 (10 mM Tris buffer).
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Figure 44: CD spectra of SOR (2 x 16 M) with different hosts (b-CyD cavity concentration: 1.3 x 16 M):
0oCyD (red); pCyD (blue); b-CyD (black).
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3.5 Antiproliferative activity (MTT assay)

The SORpolymerinclusioncomplexes were evaluated for theytotoxic effecs on different
cancer cell lined-or these set of experiments we selected threerdift cancer cell line: MGF
7 (breast cancers line), GILIN (human neuroblastoma cell line) and Héip&2hepatocellular
carcinoma)

pCyD/SOR o0oCyD’SOR complexes were tested in all the cell lireesd theirtoxicity were
compared to that 3OR, the 1Ges values obtained are listed in table

As shown in table ,6the administration of sorafenibsinclusion complex with a polymeric
systemsdid not undego significant decreases of its antitumor activity in all the cell lines
treated.Furthermore in the case of GILIN cell linepCyD seems toslightly improve the
cytotoxicactivity of SOR

In addition in vivo experiments arstill ongoing toinvestigatehe effectof CyD polymers on

the pharmacokinetic profile of SOR.

Table 6: Summary of IC50s (uM) of SOR and its inclusion complex with pCyD and oCyD on MCH, HepG2
and GILIN cells.

Cellular lines SOR pCyD/SOR oCyD/SOR
MCF-7 8.59+1.17 21.8+3.7 15.9+34
HepG2 4.10+0.32 5.99+0.65 7.80+2.34
GILIN 5.12+1.18 4.24+0.77 2.91+0.39

3.6 Mesoporous silica nanodiscs (NDs) as powerful tools for biosensor

design

In the field of hard materiaJmesoporous silica nanoparticlddNs) represenagood candidate

for drug delivery systems thanks their ability to store |gadoadswvithin their porous structure.

Both the particles morphology and the organization of the mesophase are important and tunable
features to improve the encapsulatextent as well as the cellular uptake eféacy of the
particles. In addition, their external surface can be easily functionalized adding to the MNPs new

targeting or functional moieties by simple exploitation of the vwsthblished silicate chemistry.
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Amongthe wide range of particles nowadays available, the best synthetic route to obtain disc
shaped mesoporous material, the nanodiscs (M2 selected This novel materialtaking
advanageof its extraordinaryliscoidalshape could be successfully implemtedin a prototype
biosensor device (se#fssembled monolayer of NDs) fitre selective recognitioand adhesion

of cancer cellsSpecifically, a folic acid functionalisedel-assembled monolay¢SAMSs) of
nanodiscs was prepared and employed in celadaesion experiments. These systéiageso

far been widely use@s twaedimensional (2D)artificial surfaces in biomedicaksearci3 In

this case, SAMs of well ordered poronanodiscscompared tdlat surfacesallow to take
advantage of the pores difet particledor hostingfluorescentlyes or biomolecules thaan be

used for imaging oin situdrugdelivery from 2D surfaces

3.6.1 Synthetic aspects

The mesoporous silica nanodiscs (NDs) were synthesized tesirggmethyl orthosilicate
(TMQOS) as silica saee and octadecyltrimethylammoniwtmoride (GsTMACI) as surfactant.

The reaction was conducted in presencarofequimolar amourdf surfactantemplate and
silica source under moderate stirring (500 rmw@rnight at r.tThe NDs were recovered by
centifugation (4000 rpm) and washed several times with water and then with ethanol. Finally,
to remove the surfactant template from the porous framework, the product was calniaated
at550 °Cfor 8 hours.

The material was first morphologically characted by scanning and transmission electron
microscopy (SEM and TEMEig.45). SEM and TEM images display the homogenous discoidal
structure of the material, characterized by an average diameter and thickness 405006and

80+ 4 nm respectively. Morear, TEM images display a regular and perpendicular distribution
of pores. N adsorption studies confirmed the presence of pores, characterized by an average pore
size of 3.8 nn{Fig. 46b), and a total pore volume of82 cm3/g. Smalhngle Xray scattering
(SAXS) pattern shows two broad peaks (Fég) centered atj = 1.71 nm* andq = 3.2 nntt,

that can be related to the (100) and (110) Bragg peaks of hexagonally ordered*pores
Nevertheless, the absence of sharp peaks reveals tiNDf1ack of a highy ordered packing.
The broadness of the (100) peak and the value of the Braggsdaging 3. 7 nm (d =
in agreement with the pore diameter distribution determinec bpsbrption. Elemental analysis

of the material by Xay photoelectron speciscopy (XPS) was also performed. The material
resulted composed of Si(2p) and O(1s), which were prasédt9 + 0,4 and 65,1 £ 0,4 atomic

% respectively in the sample. TGhalysisshowed thaegligibleweight loss of 4%Kig. 47a)
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highlighting that he calcination process removed all organic surfactanglly, z-potential

analysis oNDsresulted-25.9 mV in PBS pH 7.4, indicating an intense negative surface charge

for these nanoparticles in physiological conditions.

Figure 45: a) and b) SEM images of NDs at different scale bar; &) and €) TEM images of NDs at different

scale bar.
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Figure 46: a) SAXS profile of NDs; b) N absorption determined average pore diameter.
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