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ABSTRACT

Nowadays scientists are looking to investigate new macro- or nanoscale
systems to improve the efficacy of traditional therapy, mainly in patients with
chronic diseases requiring long-term or even lifetime therapy. The most
common side effects are linked to the toxicity of drugs and low bioavailability

in the organism.

In this regard, new systems based on Cyclodextrin were designed and
characterized. These were exploited and investigated as delivery systems for

drugs or as nanotherapeutics to overcome the limitations of topical medicines.

Cyclodextrins, oligosaccharides with a truncate cone structure, were
selected as the principal strategy exploit in this project. Their peculiarity is not
only the encapsulation of lipophilic drugs but also their application as potential
therapeutic nanocapsules. Moreover, cyclodextrin is a biocompatible system

that shows low toxicity.

In light of this, the present work has the objective of investigating the

role of the cyclodextrin cavity in different biological applications.

The first part of the thesis analyzed cyclodextrins as drug delivery
systems, starting from dimers to linear or crosslinked polymers. All systems
were designed and synthesized with  and y cyclodextrin to investigate the
role of the cavity, the backbone and specific target moieties chosen to increase

the uptake.

The results have proven that some systems can increase the

antiproliferative activity of drugs in vitro.

In the second part, the focus was the introduction of chelator units in

cross-linked cyclodextrin polymers. In this way, the polymer can target and



overcome the problem of metal dyshomeostasis. The nanochelators can act in

the bowel and may exceed systemic toxicity problems.

Finally, the last part was carried out in collaboration with the University
of Boku in Wien. The project was based on the synthesis and study of metal
nanoparticles coated with cyclodextrin polymers and a labeling unit. The
internalization through the blood-brain barrier and the cholesterol-mopping
action were studied in vitro proving a better action compared to free polymer

alone.



INTRODUCTION




1.  NANOPARTICLES

In the last century, nanoparticles (NPs) have fascinated scientists in

particular for biomedical applications [1].

“Nano” is a prefix that describes materials with dimensions less than
100 nm in diameter. This term was introduced by physics Richard P. Feynman
in 1959 when he famously stated, “There is plenty of room at the bottom” [2].
With Feynman began the revolutionary method based on the idea of
manipulating matter at the atomic scale. This will lay the foundations in 1974
for introducing top-down theory [3] and only ten years later for the bottom-up
approach when large systems are generated by atomic or molecular
components. During the 20" century, the concept of nanotechnology was born
for the first time.

The advantage of particular NPs is the possibility to have good
communication with the cell surfaces using the different biochemical and
physiochemical properties of this last. One widely spread application of NPs
is drug delivery (DD) or imaging [2]. In order to exploit the advantages of NPs
IS necessary to control the biostability, biocompatibility, and selectivity at a
specific site in the body for systemic administration. Another important
advantage to the use of NPs is the possibility to increase the concentration of
the therapeutic substance in the specific pathological site of an organism, as
well as the control of their size to evade the body's immune system, enabling
them to circulate in the blood for a longer time [4]. These important
characteristics of NPs enable using, active and passive targeting to interact

with a cell or a tissue.

There are several types of NPs which can be classified according to their

size, morphology, and physical and chemical properties (Figure 1). Typically,
8



the different nature of the NPs was linked to their function. Among the most
used NPs, there are Carbon-based NPs, Inorganic NPs, Protein NPs,
Polymeric NPs and Lipid NPs (Figure 1) [5].

Peptide Nanoparticles

&g,
- %&
M% «:ﬁ' .Qqq'.

K

Croosslinked polymers Linear polymer

Figure 1. Types of Nanoparticles

1.1. POLYMERIC NANOPARTICLES

Polymeric NPs could be used as a drug delivery system (DDS) [6] in
order to improve the selectivity, pharmacokinetic proprieties, drug solubility
and safety administration.

In 1906, Ehrlich developed the theory of the "Magic bullet”, based on
the concept of the carrier. Subsequently, Helmut Ringsdorf designed the first
model of "Polymer Therapeutics", which presents a polymer as a backbone.
This polymer was used to introduce different units (Figure 2) in three main
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areas: solubilizing residue, drug and targeting moiety. The first was the
macromolecule soluble and nontoxic which fulfills the purpose of enhancing
hydrophilicity [7], the second was the pharmakon and the third incorporated a

transport system, which carried the whole polymer to the target cells [8].

Drug
L o
qg’ 3 : Targeting
> 5 p— .
5 3 Moiety
a =4

Solubilizing

residue

Figure 2. Therapeutic Polymers

The challenge of researchers is to reduce the side effects of drugs
increasing the selectivity in a specific area of the organism. In fact, all types
of drugs, with any type of dosage, can not carry out their action if they do not
reach the specific site. Very often the drug is not active because it fails to reach
the site of interest [9]. In this regard, the concept of "vectorization” has been

developed, aiming to enhance the bioavailability of drugs or genes.

The polymeric NPs may exploit different strategies to increase the
internalization in tumor cells. These include the synthesis of stimulus-

sensitive nanocarriers [10], active targeting by the targeting moiety grafted on

10



the polymeric backbone and passive targeting achieved through the control of
NP dimensions [11, 12].

There is a slight difference between the semi-permeability of the
membrane of healthy and tumor cells, but this difference is useful to project
NPs with a specific dimension capable of increasing the permeability. For this
reason, NPs with a size of 50-200 nm are easy to be absorbed by tumor tissues
via the Enhanced Permeability and Retention (EPR) effect [13].

For this purpose, it is important to modulate the size of the NPs to
facilitate not only easier internalization but also better blood circulation.
Larger sizes allow for circulation that is more prolonged but smaller particles
make penetration into the tumor more effective [14]. Some studies show that
the passive target is promoted using polymers with a mass of approximately
6x10* Da [15]. The higher molecular weight allows better absorption of the
drug linked to NP than the drug alone [16]. This is possible especially in cancer
cells because the condition of hypoxia produces an extravasation that leads to
the formation of new vessels. Moreover, the NPs exploit the long retention in
the body improving the pharmacokinetics and the selectivity of the drug.
Conversely, small drugs alone can not use this unique feature because they are
fast washout from the body [17]. Another advantage was proven by using
polyamines and lipids for siRNA delivery [18]. Polymers were found to
prolong gene transfer and increase penetration through the bladder barrier
[19].

Recently, different strategies of synthesis were developed to prepare
various NPs with disparate sizes and shapes. Different types of polymers may

be designed: covalent crosslinked, linear, or branched polymers.

An example of a linear polymer is PGA, a homopolyamide of glutamic
acid, which can exist in two different structures poly(a-L-glutamic acid) and
poly(y-L-glutamic acid). The difference among these is in the bonding pattern

11



between the amino and carboxyl groups. More precisely, the poly(a-L-
glutamic acid) is characterized by amide linkages between a-amino and ao-
carboxyl groups [20], while in the poly(y-L-glutamic acid), amide linkages
form between a-amino and y-carboxyl groups [21]. PGA is water-soluble,
biodegradable and biocompatible, it degrades in water with hydrolytic

enzymes secreted by fungi and bacteria [22, 23].

The presence of anionic carboxyl groups offers weak interactions with
chemotherapeutic cationic drugs, such as Doxorubicin (Dox), without the
need for covalent conjugation [24, 25]. The PGA-Dox complex can release
Dox in a pH-dependent way (about 2.2) [26]. Another important advantage of
this polymer is its capability to sustain drug release at the site of action,
improve drug stability and enhance intracellular uptake [27]. Furthermore, it
is possible to graft the PGA polymer with target units in order to increase
active cellular uptake; an example is the system, in which folic acid (FA) was
introduced as a target, along with deep eutectic solvents, to form micelle. This
system, DES-g-PGA-FA micelles had demonstrated to increase in vitro the
release of Paclitaxel [28]. Another example is the conjugation of PGA to
epidermal growth factor receptor (EGFR) [29] antibody target to colon cancer
cells, which presents a high over-expression of EGFR. Comparing the two
systems; with and without EGFR; was observed that the targeted NPs

enhanced the tumor-selective therapeutic efficacy for colon cancer.

1.1.2. TARGETED NPs FOR ACTIVE UPTAKE

The presence of specific receptors expressed by the cell allows an easier
crossing of biological barriers by target molecules [30].

12



For this reason, is important to study the areas of the organism on which
a specific gene or drug acts, in order to insert in the nanocarrier target
molecules that are more expressed only by specific types of cells (Figure 3)
[31]. This allows to increase the availability of the drug but also to reduce its

toxicity.

In this connection is possible to select specific small molecules involved
in the normal growth of the cells. The object is the recognition and binding
among the targeting moiety and the surface receptors overexpressed on the

cancer cells or in the tumor microenvironment [32].

ACTIVE TARGETING
Tar geting /@@
Moieties '

Figure 3. Target-Receptor recognition for active transport

Among the various receptors, the transferrin receptor is certainly of
great importance. Transferrin (Tf) is an iron-binding blood glycoprotein that
can facilitate the uptake of NPs to cancer cells via a receptor-mediated
endocytosis pathway [33]. This protein is recognized by the transferrin

receptors present in the blood-brain barrier (BBB). In the last years, Tf has
13



been used in the delivery of drugs/genes and therapeutic peptides or proteins
into the brain [34, 35].

Another important molecule employed for active targeting is RGD.
RGD is a tripeptide (arginine-glycine-aspartic acid) with a structural
recognition motif for cell surface integrins, including avps (highly upregulated
in vascular cells of tumors while minimal expression is found in resting or
normal blood vessels) and asPi, that are associated with the process of
anchoring cells to the extracellular matrix. These cell surface receptors are
universally expressed by tumor cells and by normal cells. It is important to
stress that integrins constitute an important class of cell adhesion receptors
responsible for cell-matrix adhesion and for signaling bidirectional across the
membrane. Integrins are involved in many biological processes, such as
angiogenesis, thrombosis, inflammation, osteoporosis and cancer [36].
Studies have shown that to increase tumor-specific targeting delivery, it is
possible to use, in addition to conventional RGD peptide, another bifunctional
internalizing RGD peptide (iRGD) [37].

Other targeting systems that can be used are vitamins, such as Biotin
(Bio) and folate. Bio is a vitamin of family H or B7, which is involved in
different biological processes, including fatty acid synthesis, gluconeogenesis,
amino acid metabolism and the growth of the cell [38]. It is well known that
cancer cells are subject to a faster cell cycle than healthy cells; for this reason,
Bio, being a cofactor for a wide range of carboxylases, is a necessary vitamin
for cancer growth. It has been observed that the receptors for Bio SMVTs
(Sodium-Dependent Multi-Vitamin Transporters) are among the most present
on the surface of the cancer cells. Mammals, unlike bacteria, are not able to
synthesize Bio. For this reason, it must be introduced exogenously via
intestinal absorption. Following the above, high levels of expression have
been found in intestinal and liver epithelial cells, including Caco-2 and HepG-

14



2 [39]. Another example of a vitamin used as a target unit is folic acid (FA).
The passive transport of FA through cell membranes in physiological
conditions is minimal. At physiological pH, FA has two groups of carboxylic
deprotonated: the ionic molecule is poorly permeable to the membrane. In
view of active transport, FA can recognize its specific receptor, folic receptors
(FR) that in cancer cells are present on the cell surface in a variable percentage.
Since folate is needed in the synthesis of nucleotide bases, and since rapidly
dividing cells require nucleotide bases to replicate their DNA [40]. On the
contrary, in healthy cells, there is a low expression of this receptor, which is

observed only on macrophages, in the kidneys and at low levels in the thyroid.

In all tissues where the receptors of FR are expressed, it has been
observed to internalize the attached vitamin/vitamin-conjugate via a process

termed receptor-mediated endocytosis.

Another important feature that makes this vitamin an excellent targeting
agent is that folate moiety maintains its affinity for the receptor even when the

y carboxylic group is involved in bonds with other molecules conjugated to it
[41].

Molecules that allow better cell uptake also include positively charged
systems. NPs positively charged can interact with negative charges of drugs
or with oligonucleotides [42, 43]. The oligonucleotides are small fragments of
RNA, about these, there is a short interfering RNA (siRNA) that is proving to
be an excellent candidate for the fight against cancer; in fact, such fragments
of oligonucleotides can down-regulate specific proteins by performing the
silencing of the latter. The interaction between siRNA and positively charged
systems can increase the internalization of the oligonucleotide but also prevent
it from being degraded by the nucleases and promote its accumulation in the
cells of interest [44].

15



Moreover, to exploit the active targeting effect, it is possible to utilize
specific polymers that can recognize receptors, including for example
hyaluronic acid (HA) [45]. HA is an endogenous polysaccharide composed of
a repeating disaccharide of D-glucuronic acid and N-acetyl-D-glucosamine
linked by B (1—3) and (1—4) linkages [46]. This polymer is the principal
component of the extracellular matrix (ECM) and, is involved in different
biological processes; such as cell proliferation, cell migration and the
inflammatory state of the ECM. The biological activities change in function

of the molecular weight of the polymer [47].

HA can have different molecular weights, the acronym LMW (lower
than 200 kDa) [48] is used when it has a low molecular weight. On the other
hand, if it has a higher molecular weight, it is indicated with HMW (more than
1000 kDa) [46]. In physiological conditions, the receptor of HA can interact
with a polymer that has a weight of about 40-400 kDa, for this reason, the
interaction with HALMW is associated with certain pathological conditions,
including inflammation, cancer, and induction of angiogenesis [48]. HA can
be recognized by different receptors (Figure 4) among these there are CD44,
RHAMM for HA-mediated motility, and LYVE-1 a lymphatic vessel
endothelial receptor-1, all of these are overexpressed on the surface of tumor
cells. Furthermore, other receptors not specific to HA, can interact with it; an
example is the TRL-4 (Toll-Like Receptor), a component of the innate
immune system, distributed in the gastrointestinal tract [49]. Studies have
shown that the interaction between HA-CD44 and HA-TRL-4 has increased
cell proliferation, especially, since this last had an important role against

cellular apoptosis in colon cancer [50].
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Figure 4. Active targeting between HA and CD44

The CDA44 receptor is the most abundant and it belongs to a family of
cell adhesion molecules (CAMs) [51]. It is a broadly distributed
transmembrane glycoprotein that plays a critical role in malignant cell
activities, including adhesion, migration, invasion, and survival. It is also
strongly implicated in the cell signaling cascades associated with cancer
initiation and progression. CD44 is a key component in the internalization and
metabolism of HA and is endogenously expressed at low levels on various cell
types in normal tissues. Tumor-derived cells, however, express CD44 in a
high-affinity state that can promote the binding and internalization of HA [49].
In addition, significant CD44 cleavage increases were found in many cancers,
58% of gliomas, 67% of breast cancer, 45% of breast cancer not small cell
pulmonary tumors, 90% of colon carcinomas and 25% of ovarian carcinomas
[52].
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HA  has good biocompatibility,  biodegradability,  and
nonimmunogenicity [49, 53]. Moreover, HA can be coated with positively
charged nanocarriers and can achieve improved antitumor efficacy by
releasing the drugs after specific stimuli, such as redox reactions or acidic pH
of the tumor microenvironment that is in the range of 6.4-6.8 [54]. HA
conjugation allows for an increase in drug solubility, stability in biological
fluids, and enhanced blood circulation. HA-attached drugs/nanocarriers
ensure increased drug accumulation specifically in CD44 overexpressing
cancer cells. In addition to the targeting function, HA-modified delivery
systems can enter cells more efficiently via the HA receptor-mediated
endocytosis pathway [55]. One example is HA functionalized with Paclitaxel,
which has proved as a good inhibitor of T47D human breast cancer cells
compared to the drug alone [56]. Another important study has demonstrated
that the conjugate of HA-oxalate-camptothecin, modified with nitroimidazole
with the encapsulation of all-trans retinoic acid, can induce the differentiation
of cancer stem-like cells. This, in turn, reduces stemness-related drug
resistance, enhances the chemotherapeutic response, and suppresses cancer
growth [57].

1.2. INORGANIC NANOPARTICLES

The inorganic NPs include different families of NPs such as quantum
dots, metal, and magnetic NPs. The metal NPs include silver, platinum, and
gold, which are employed in different biomedical applications. For instance,
drugs are conjugated to gold NPs for controlled release using photothermal
and photodynamic therapies [58]. Platinum NPs are commonly employed in
electrocatalysis and induce the apoptosis of cancer cells, through DNA

damage [59]. Recently, a system containing both gold and platinum has shown
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efficacy against glioblastoma. This system seems to be an efficient drug
nanocarrier, capable of enhancing anticancer activity by acting on targets
EGFR and promoting the quality of life for the patients by minimizing
conventional chemotherapy side effects [60]. On the other hand, silver NPs

exhibit good antimicrobial properties and DD activity.

Another class is magnetic inorganic NPs broadly exploited in
biomedical applications [61]. These NPs are characterized by an inorganic
core of magnetic material. There are core-shell structures, where the metal
core is coated with an organic layer, or multicore-shell structure, in which the
outer coating is represented by an organic matrix. This inorganic core can
exhibit ferromagnetic or superparamagnetic behavior. This characteristic
enables interaction with a magnetic field, leading to their usage as contrast
agents in magnetic resonance imaging (MRI), magnetically targeted DD,
magnetically assisted gene transfection, magneto-mechanical actuators of cell
surface receptors, magnetically triggered drug release and magnetic fluid
hyperthermia (MFH) [62].

1.2.2. SPIONs

The broad field of application has heightened the interest of scientific
society in the study of magnetic NPs, in particular for SPIONs. The acronyms
indicate “Superparamagnetic iron oxide nanoparticles”. SPIONs are
crystalline structures consisting of an iron oxide core that includes magnetite
(Fe304), hematite (a-Fe2O3) and maghemite (y-Fe203) [63]. The metal core
surface normally is coated with organic materials, including polymers such as
dextran, HA, poly (ethylene glycol) (PEG) or polypeptides. This shell

modification provides stability in water or in physiological conditions and
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prevents aggregation. The importance of core-shell lies in its hydrophobic
nature, which facilitates the opsonization in the bloodstream by blood
proteins, in order to facilitate aggregation. Consequently, this approach can

improve the concentration in local tissues [64].

SPIONs can be used in different areas, from environmental to
biomedical applications. However, to harness their full potential, it is essential
to design them while paying attention to certain features. Therefore, it is
important to control characteristics, including shape, size, hydrodynamic

volume, surface charge and colloidal stability (Figure 5).
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Figure 5. Physiochemical properties of SPIONs

The shape of the iron NPs was analyzed for the purpose of improving
biodistribution. Studies have reported that rod-shaped and no spherical NPs
show a longer blood circulation time compared to spherical particles [65-67].
Moreover, short-rods, which are more or less spherical, were found to
accumulate in the liver and showed rapid clearance rates via urine, instead the

long-rod-shaped NPs collected in the spleen and were hardly excreted.
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Additionally, the shape was linked to cell toxicity. Nanosphere-shaped
SPIONSs indicated greater cellular toxicity compared with nanorods and
colloidal nanocrystal clusters [68].

Regarding the time of circulation in the body, it depends on the size of
the NPs. Particles with a smaller size of about 10 nm are removed by renal
clearance, whilst particles with a dimension of 200 nm are more concentrated
in the spleen or are phagocyted [64]. The optimum size is considered a range
of 10-100 nm, this dimension ensures a long circulation and escape of the
reticuloendothelial system in the body. The small size of SPIONs is also
responsible for the enhanced permeability and retention effect, which leads to
the concentration of the particles in the target tumor tissue. However, SPIONs
with a particle size smaller than 2 nm are not suitable for medical use due to
the increased potential of particles in this size range to diffuse through cell
membranes, damaging intracellular organelles and thus exhibiting potentially
toxic effects. Therefore, control of particle size during the preparation of

SPIONs is of paramount importance.

Finally, the surface properties can increase the stability of the NPs. NPs
with positive or negative charges have good dispersion stability. The surface
charge is also important for increasing internalization in cells, a positive
charge has proven to be more effective for internalization in human breast
cancer cells than a negative charge SPION. For this reason, it is important to
engineer the shell with polymers that are able to evade phagocytosis and
increase the therapeutic efficacy [69].

These particles have been used for the diagnosis of progressive diseases
using MRI and for therapy. Lately, SPIONs have been widely employed for

drug or gene delivery to their site of action [70-72].
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It is important to emphasize that the application of SPIONs in the
biomedical field requires a sufficient internalization of NPs in the body for
efficient treatment, therefore it is necessary to understand the risk associated
with exposure to SPIONs [73]. In many cases is possible that the NPs can
generate an adverse cellular response [74]. For this reason, numerous studies
are focused on the analysis of maximum concentration that can ensure safety
for a long time [75, 76]. It has been observed that uncoated SPIONs with
different physiochemical properties do not present any toxicity at the
concentration range < 100 pg ml? [77]. Other studies have shown that low
doses of SPIONs (20.8 pg FesOs Kg?), were completely cleared from the
injection site in 3 weeks, indicating that these can be metabolized from the
injection site. Nevertheless, SPIONSs at high doses (520 ug FesO4 Kg™?) have
not been eliminated from the injection site, even up to 2 months [63].
Moreover, the iron NPs coated with tetramethylammonium 11-amino
undecanoate (bipolar surfactant) are nontoxic to the glial cells at
concentrations ranging from 0.1-10 ug mL? while cytotoxicity could be
observed at 100 pg mL™. In vivo studies have shown that the NPs induced
only mild side effects in a short duration. The SPIONs can be degraded by the
liver, and after this, the iron will be used in the formation of red blood cells
before being excreted via the kidneys. Researchers evaluated the toxicity in
the organ tissue sections of iron NPs coated with silica [78]. Histological
analysis showed that when the silica coated SPIONs were injected in
experimental animals, no major organs showed lesions or necrosis until 7
weeks, and no signs of tissue toxicity were found. With the continuous
development of SPION research, the challenge is to find a new system that

increases biocompatibility [79].

22



1.2.2.1. MODIFICATIONS OF SPIONs

To prevent aggregation, precipitation and decrease the cytotoxicity of
SPIONS, it is crucial to find a suitable coating. The best biocompatible coating
should be able to be broken down into particles with diameters less than 5 nm,
allowing excretion through the renal system with minimal cytotoxicity [80].
The coating can be based on a variety of materials including PEG, polyvinyl
alcohol (PVA), HA, and dextran. Two examples are Sinerem and Endorem
[81], the SPIONs coating with dextran that has demonstrated good
biocompatibility. The two systems do not show any inflammation or toxicity
at concentrations of 11.3 pg/ mL [80, 82]. In addition, dextran prevents the
incorporation of SPIONs into hemoglobin and immediate degradation; in fact,
degradation has been observed after about two months [83]. The presence of
PEG polymer can increase the dimension of NPs [84] which translates to the
extended circulation time in the blood. Additional evidence shows that PEG
protects the NPs by cytotoxicity. Nevertheless, is important to control the size
of PEG-coated SPIONs. Indeed, it was observed that when the size of the
PEGylated SPIONs was increased as far as 129.3 nm and positively or
negatively charged functionalization groups were introduced, an increase in
inflammatory biomarkers, lipid peroxidation, and DNA damage was observed
compared to the control mice [80]. Concerning PVA, it contains amino and
carboxyl groups that can be used as an attachment point for proteins, peptides,
antibodies and drugs. Additionally, this polymer can regulate the dimension
of the NPs, obtaining a diameter of 45 nm. Toxicity studies have found that at
low concentrations, about 6 or 24 ug of PVA-coated SPION, there are not
immune responses in vivo. However, high concentrations induce an acute
inflammatory response [85]. Another coating is represented by the

conjugation of SPIONs with HA. This polymer is used to improve the uptake.
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In the presence of HA, a decrease in T2 transverse relaxation times has been
observed, suggesting that HA-SPIONs could be used as a T negative MRI
contrast agent [86].

Finally, another strategy to enhance the active uptake is coating the
SPIONs with target units, for example, FA. Two different studies have
analyzed the efficiency of internalization in the presence of FA. Both have
shown that in the MCF-7 cells, there is a higher level of NPs uptake. This
could increase the efficiency of the DDS, for example, for Dox, but also
significantly enhance signal intensities in the MRI technique [87, 88]. An
example is the FesO4s@PCA-PEG-FA system (Figure 6), which was obtained
by precipitating FesO4 followed by coating with poly-citric acid (PCA)
functionalized with PEG. Finally, the NPs were further surface functionalized

with an FA as a targeting moiety.
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Figure 6. Schematic structure of Fes0s@PCA-PEG-FA

The nanocarrier was analyzed for the delivery of Quercetin in two

different cell lines: Helaand MDA-MB231. The data show that in the presence
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of the nanocarrier, Quercetin exhibited greater toxicity compared to the drug
alone, while the nanocarrier showed no apparent cytotoxicity against
cancerous cell lines. Also, MRI studies prove that FesOs@PCA-PEG-FA NPs

can be used as a negative contrast agent [89].

1.2.2.2. APPLICATIONS OF SPIONs

The SPIONs are considered NPs used for multimodal therapy, including
magnetic targeting, hyperthermia, imaging, radiation and with a particular
functionalization as chemotherapeutics, for photodynamic, cholesterol

mopping activity and immunotherapy.

Radiotherapy and hyperthermia have complementary effects, in fact, the
areas with poor perfusion are less sensitive to hyperthermia but resistant to
ionizing radiation, which depends on the formation of toxic oxygen radicals.
Therefore, these two techniques are usually combined. Regarding
hyperthermia, heating is determined by the dimensions, structure, volume and
concentration of NPs in the site of action. The ideal NP for hyperthermia has
a high surface absorption rate, meaning that a small number of particles
releases a large amount of heat in a short magnetization time window [90]. It
IS not yet established if size is the decisive factor in hyperthermia treatment.
Studies show a change in results with an alteration of SPIONS’ shape. It was
observed that cubic SPIONs are more effective in hyperthermia than the
spherical, but at high concentrations, they attempt to aggregate. Moreover, a
substantial increase in temperature is not required to kill the cancer cells
indeed, it could affect safety [91]. The mechanism of radiotherapy is based on
the inhibition of DNA double strands and the binding of radionuclides to
SPION-induced damage, promoting the apoptosis of target cells. Also,
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SPIONs have shown their potential as X ray-enhancers for low-dose
irradiation therapy. After radiation, the amount of toxic ROS in tumor cells
with engulfed NPs substantially increases [92, 93].

The ideal SPIONSs possess uniform physical and chemical properties to
provide a homogenous signal via MRI [94, 95]. Currently, there are two
different NPs based on SPIONs available in clinical, Feridex IV which thanks
to the larger diameter, provides an increased negative contrast improving the
result of imagining [95], and Ferumoxtran-10. This last has the advantage of
being distributed to the reticuloendothelial system (RES) and lymph nodes
[96]. SPIONs have a theranostic capability, in fact, they can give information
about the progression of disease but at the same time, they can be used to
administrate drugs because they can be phagocytized [97]. In addition to
phagocytosis, SPIONs may also undergo a process that occurs more rapidly,
called nanoparticle-induced endothelial leakiness where the SPION induces
gaps of over 10 um in size between endothelial cells by rearranging the

cytoskeleton via the binding and phosphorylation of VE-Cadherin [98].

Moreover, the drug carried by SPIONSs can be accumulated in a specific
area using the external magnetic field. When the magnetic forces overcome
the forces due to blood flow, the particle is absorbed in the tissue or in the
organism of interest [99]. Nevertheless, this method is not entirely efficient
because the release can not be fully controlled, so new techniques have been
sought. A release that allows more control is achieved by changing the
patient's physiological parameters such as temperature, pH, osmolality, etc
[100]. The major limitation of DD is the external magnetic field strength; the
necessary value exceeds the level suitable for the human body. However, this
level can not generate a high enough magnetic gradient to control the targeted
movement of NPs or to activate drug desorption because the magnetic gradient
decreases with distance. Another problem that can occur in DD is a possible
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agglomeration of magnetic NPs, especially as a result of the removal of the
applied external magnetic field, due to their high surface energy. In addition,
smaller NPs possess force weaker magnetic force. Thus, the ultrasmall size
required for the NPs may result in greater difficulty in controlling the
movement or position, especially in the presence of intense force due to the
high blood flow [101]. Consequently, it is necessary to modify a metal core to
avoid aggregation and protect the drug up to the area of interest but also to

guide the NPs to a specific site.

1.3. NANOPARTICLES BASED ON
CYCLODEXTRINS

Cyclodextrins (CyDs) have been widely used to build a variety of NPs.
CyDs can overcome the limitations of NPs; increasing for example drug
loading [102], while for magnetic NPs, CyDs could be used to stabilize them

in an agueous medium.

A multitude of NPs based on CyDs have been used as drug carriers for
controlled and sustained drug release due to their controllable properties.
CyDs have also been introduced into NPs because they have proven to be
therapeutic agents, for example, they have shown good capabilities to deliver
drugs or remove lipophilic molecules, such as cholesterol from cells [103—
105].

In this context, it was observed that CyDs may directly interact with
biological membranes, without readily penetrating them, in order to extract
lipids such as cholesterol from cell membranes, thus modifying cell

metabolism and functions [106].
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Cholesterol is a component of the cell membrane that plays an essential
role in physiological processes. Dyshomeostasis of this sterol can generate
neurodegenerative diseases including Alzheimer's (AD), Parkinson's (PD),
Huntington's disease (HD), and other atypical cognitive deficits that arise in
old age [107]. Nowadays, CyDs and their derivates are widely employed in
therapy. These molecules are able to improve solubility and disponibility. A
lot of CyDs derivates such as KLEPTOSE®, CRYSMEB (BCyD 6 and 4
methyl groups, respectively) [106] and 2-hydroxypropyl-B-cyclodextrin
(HPBCyD) are employed against different neurological disorders as well in
the treatment of Niemann-Pick disease type C (NPC) [108]. NPC is a rare
progressive genetic disorder characterized by an inability of the body to
transport cholesterol and other fatty substances (lipids) inside cells. In NPC,
the functional role of the protein regulating cholesterol trafficking in the cell
IS compromised, leading to an excessive accumulation of unesterified
cholesterol in endolysosomes. This leads to the abnormal accumulation of
these substances within various tissues of the body, including brain tissue.
Symptoms of the disease change from person to person, and the disease can
be fatal as early as the first months of life [109]. HPBCyD is a drug that is
currently in phase I/11 and phase I1/111 clinical trials for NPC treatment [110].
Other studies have been carried out using Nifedipine and Probucol on animal
models, unfortunately, these drugs show a reduction of cholesterol in the liver
but there is not improvement in brain pathology [111]. Probably the reason is
linked to the possibility that the pharmacological agents used do not penetrate
the BBB and, hence, do not affect the neurological progression of the disease
[112].
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1.3.1. CYCLODEXTRINS

CyDs, also called cycloamyloses, Schardinger dextrins, or
Cycloglycopyranoses, are obtained through enzymatic degradation of amylose
by the enzyme CyD glucosyl-transferase (CGTase) [113]. CyDs are cyclic
oligosaccharides of D (1)-glucopyranosyl units linked by a-1, 4-glycosidic

bonds, as in amylose.

o "
w o ° { | e T
T LU s A SR e
o L f fmon X \‘ 1~/ ¥ |
o o e i N LA o N |
= N/ \ & N
4 P U\ . \ K
3 r'd B ~ A N
|5 A, \e” " o )
/., Dn=6 > ) r
4 o & i)
o [ 4 o058
¢ A~
)\ 7

e |2 ?—7—;2// —_—
a

Figure 7. Three common structures of CyDs

The three most common structures are o, B and y (Figure 7), which
contain six, seven and eight glucose monomers in a ring [114]. All have a
typical truncated cone structure, with a hydrophilic exterior and an inner
hydrophobic cavity [115]. The larger opening of the molecule is surrounded
by the secondary (C-2 and C-3, secondary rim) hydroxyl groups, while the
primary (C-6, primary rim) hydroxyl groups constitute the smaller end of the

cone. The presence of the primary and secondary hydroxyl groups on the outer
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portion of the molecule makes the exterior face hydrophilic. The interior
cavity, comprised of methylene linkages and glycosidic oxygen bridges, is
relatively hydrophobic compared to polar solvents such as water. The OH
groups are a point of structural modification and can be used to form cross-

linked CyD polymers; each OH group has different reactivity [116].

a, B and y CyDs have different and lower solubility than similar acyclic
sugar molecules. This is understandable as the solid-state cyclic saccharides

have high crystalline lattice energy.

Considering the three structures, the most rigid structure is BCyD,
because it can form six H-bonds; this determines a reduced water solubility.
On the other hand, this hydrogen bonding cycle is incomplete in aCyD
because one glucopyranose unit is in a distorted position, forming only four
hydrogen bonds; this structure increases the solubility. yCyDs have a more

flexible non-planar structure and are the most water-soluble CyDs [117].

Furthermore, CyDs at millimolar concentration can form NPs in water
with a size of about 200-300 nm [118]. The aggregation of these molecules
has been studied with different techniques (DLS, TEM and NMR), identifying
different shapes including spherical, rods and fibers [119, 120]. Despite this,
the aggregates are metastable and affected by dilution, heating or solvent. For
this reason, different methods are used to study their behavior in water and
non-polar solvents. In this last class of solvents, the hydrodynamic diameter
has been evaluated at about 80 nm with a very low polydispersity index. The
electrostatic and dipolar forces stabilize the structures [121].

The most common structures are channels or cages. Cages can take
shapes such as “herringbone” and “brick wall”, instead, the channel can be

broken in two different orientations: head-to-head, or head-to-tail [120, 121].
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Among the advantages of CyDs, one of the most important is definitely
the capability to form inclusion complexes [122]. Molecular encapsulation
may exist with different stoichiometry, stated in the order H/G, in which the
CyD is the host (H) and the drug is the guest (G), the most common is 1:1, but

are also known more other stoichiometries: 1:2, 2:1 and 2:2 [123].

In the aqueous environment, water molecules occupy the cavity of CyD,
but other molecules can easily replace them. Furthermore, thanks to their
chiral cavity can also act as chiral selectors, obtaining a complexation in a
stereospecific way. The driving force for the formation of the H/G complex is
determined by entropic and enthalpic contributions [124]. This produces a
displacement of water molecules from the hydrophobic cavity of CyD,
resulting in an increase in hydrogen bonds between solvent molecules.
Simultaneously, it reduces the repulsive interactions between the hydrophobic
guest molecule and the surrounding aqueous environment, and a rise of
hydrophobic interactions when the guest molecule enters the apolar cavity of
CyD. The formation of a complex between CyDs and poorly soluble

molecules in an aqueous solution generates chemical-physical changes [125].

The forces that favor complexation are weak interactions; such as van
der Waals interactions and hydrogen bonds [126].

Moreover, the capability of CyD to include lipophilic molecules can
increase or inhibit their aggregation, modifying in some cases the binding
strength [127]. The presence of CyDs can modify the drug aggregate,
increasing the solubility in a particular solvent. An example is the addition of
sulfobutiletereBCyDs in a solution of remdesivir, achieving the self-

aggregation of the drug forming small clusters, stabilizing by 2-4 CyDs [128].
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To enhance the complexation, it is also possible to use a single-cavity or
multi-cavity system. The H/G interaction can be enhanced by modifying the
OH groups of CyDs [129].

1.3.1.1. FUNCTIONALIZATION OF
CYCLODEXTRINS

CyDs with different functionalization groups provide a very attractive
approach, especially in the pharmaceutical field. Cavity modifications may
increase the solubility in a specific solvent. CyD may be functionalized in one
or more OH groups, at the primary or secondary rim [130]. The OH groups of
CyD have different reactivity; 6-OH at the primary rim is more basic and more
accessible to a reagent, in this position even the least reactive reagents can
functionalize it. Conversely, the 2-OH is the most acid, and the 3-OH is the
least accessible; they are usually functionalized only with very reactive agents
[131].

The strategies to modify CyDs depend on the application. For example,
whether the objective is to increase solubility for DD, such as HPBCyD,
(Encapsin®) and sulphobutyl-ether- B CyD (Captisol®) used to improve the
bioavailability of drugs [132].

A typical strategy to modify CyDs is the introduction of sulfonate
groups. Is possible to obtain 6-sulfonate CyD or 2-sulfonate CyD [133]. 6-
sulfonate can undergo a nucleophilic attack by iodide, azide, thiols,

hydroxylamines, carboxylates, amines, and others [134].

2-sulfonate CyD can be obtained by tosylimidazole and can form with

high-yield 3-functionalized CyD. The reaction is in three steps: the tosylation
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at 2-OH, the formation of 3-manno-epoxide in a basic aqueous medium, and
the opening of the epoxide by a nucleophile. During this third step, there is an
inversion of the configuration of two chiral centers (C-2 and C-3) and the

functionalized glucose rings of CyD become altrose units [134, 135].

Other examples are CyDs containing amphiphilic chains, including
amphiphilic perfluorofCyDs and perfluoroalkylthioBCyDs, investigated as
oxygen carriers. These functionalized CyDs are obtained by protecting of the
6-OH groups, followed by esterification of 2- and 3-OH with
decafluorooctanoyl chloride [136]. An application of this system is the
formation of inclusion complexes with the prodrug, Molsidomine. The
hydrophobic chains allow to retard the release of highly water-soluble drugs
[137].

Furthermore, by modifying the cavity, it is possible to increase the
interaction between the drugs and the CyD, a strategy is the synthesis of CyD
dimers [138]. In the dimers, the presence of two CyDs can improve the
stability of inclusion complexes. In this regard, some dimers linked through
secondary faces (“tail to tail”) or primary faces (“head to head”) have been
synthesized. In addition, linkers more or less rigid with different lengths have
been studied. The length of the linker can also modify the flexibility of two
CyDs changing the interaction between drug and cavity and the

thermodynamic parameters of complexation [129, 139].

Finally, cyclodextrins have also been functionalized with specific
chelators to reduce their toxicity or poor solubility. An example is the
conjugation of CyD with Deferasirox, a clinical iron chelator used to treat
hemosiderosis. In this system, CyD reduces the toxicity of the chelator and
increases its solubility [140, 141]. Furthermore, they can be conjugated with
ligands modulating properties of the metal center including charge, redox and

magnetic activity, stability and so on [142].
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1.3.1.2. CYCLODEXTRINS IN BIOMIMICRY

Enzyme mimetics are small molecules able to catalyze reactions in a
similar way to natural enzymes operating under conditions hostile to a protein
[143]. Artificial enzymes with modified specificities and activities have been

developed in the last decades.

CyDs have been studied to catalyze reactions [144, 145]. The cavity can
bind the substrate and catalyze specific reactions, mimicking the action of the
natural enzyme [146, 147]. The functionalization of CyDs improves this

capability.

An example is the lipase mimetic based on CyD that increases the
hydrolyze of Glycerophospholipids (lyso-GPLs) under physiological
conditions [148].

Another class of systems includes hemoglobin (Hb) mimetics.
Typically, the Hb mimetics synthesized are iron complexes that can bind O
only in organic solvents and non-physiological conditions [149, 150]. In order
to overcome these limits, Hb mimetics based on CyD have been investigated.
CyDs can include Fe (Il)-tetrasulfonate phenyl porphyrin (TSPP). Moreover,
the presence of imidazole in the structure acts as an axial ligand, and the CyD
facilitates the stabilization of Fe (11), similar to the native globins. This system
has also been functionalized with PEG to increase blood circulation time and
stability. It was observed that Hemo-CyD can complex CO with a higher
affinity than Hb [149, 151].

Another similar system is Co (lll)-PPIX@Py2CyD (Figure 8). This
system is based on a per-O-methylated-cyclodextrin dimer (Py2CyD)
combined with cobalt proto-porphyrin (Co"'-PP1X), forming the biomimetic
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catalyzer defined as Co"'-PPIX@Py2CyD. This catalytic enzyme, inspired by
vitamin B12 structure, has a high affinity to oxygenated substances that
promote the reduction of hydrogen peroxide (H20>) [152].
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Figure 8. Scheme of Co (I11)-PPIX@Py2CyD

Furthermore, superoxide dismutase and catalase mimetics have been

developed.

SOD is a family of enzymes that catalyzes the reaction of superoxide
ions into H202, Oz and Oz

SOD mimetics based on CyDs functionalized with redox metal
complexes improved the SOD-like activity compared to the parent complex
[153, 154]. In this case, the improved SOD activity is due to the
microenvironment offered by the cavity. This last acts as a second sphere
ligand that ensures a dielectric constant that modifies the redox potential of
metal and confers rigidity [155]. Moreover, the hydroxylic groups of CyD can
interact with the superoxide ion (O2) and increase the activity of
metalloenzyme mimetics [156].
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Furthermore, CyD could also improve SOD activity through the steric
effects of the cavity leading to structural distortion and mimicking the entatic
state of the protein.

Even systems containing Mn®" have been functionalized with CyD. The
CyD was conjugated with Salen (Salicylaldehyde and ethylenediamine Schiff
bases) ligands, EUK 108 and EUK 113. The presence of CyD has been proven
to increase the solubility of EUK 108 and EUK 113 in water, and they have
shown a SOD-like activity about 10 times higher than free EUK 108 [157,
158].

1.3.1.3. CYCLODEXTRINS AS MOLECULAR
CHAPERONES

CyDs have also acted as a protein chaperone due to their ability to
include aromatic side chains of amino acids [159]. The inclusion of an
aromatic amino acid side chain in the cavity can avoid the aggregation of

proteins.

The first study that showed that CyDs can counteract the aggregation of
APao in PC12 cells dates back to 1991 [160, 161]. This result paved the way
for new studies that also demonstrated the effects of CyDs in vivo [162-164].
BCyD can reduce the aggregation of beta-amyloid peptides in vitro and in vivo.
CyD exploits the cavity to include Phe19 and Phe20 side chains of Ap [160,
165, 166].

Phel9 is considered a critical residue in amyloid peptide aggregation,
for this reason, the substitution of this amino acid with proline would lead to

a significant reduction in the process of aggregation [167]. Other studies have
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suggested the higher antiaggregant activity of some functionalized CyDs with
aromatic moieties. CyD dimers also acted as inhibitors of Af4o aggregation
[168].

An example is the per-6-alkylaminofCyD, which has been shown to
inhibit amyloid fibril formation modulating cholesterol efflux from cellular
membranes. CyDs conjugated with curcumin were also studied against the
aggregation of a-synuclein. In this case, the role of CyDs is to increase the
antiaggregant activity. Moreover, this system has been proven to be able to
break up the preformed aggregates [169]. Good results are also obtained using
oligomers or polymers based on CyDs, which can inhibit aggregation at uM
concentrations [170, 171].

Another example is the CyD-Crocetin (CRT) complex used against A
aggregation. CRT has a good neuroprotective effect [172], but its poor water
solubility and bioavailability hinder pharmaceutical applications. These limits
have been exceeded with the formation of the CRT-yCyD inclusion complex.
Moreover, this inclusion complex did not show toxicity for normal neuronal
cells [173].

1.3.2. LINEAR POLYMERS OF
CYCLODEXTRINS

Despite the numerous advantages mentioned earlier, CyD monomers
present specific problems such as poor pharmacokinetics, cytotoxicity, and
hemolytic activity [174]. These problems can be overcome by incorporating
CyDs into biocompatible polymers, allowing the benefits of the cavity to be

synergistically combined with those of the polymers [175, 176].
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CyDs can be integrated into the backbone or be a pendant of pre-existing

polymers.

An example of a linear polymer containing CyDs is Cyclodextrin-
polyethylene glycol (CyD-PEG). This co-polymer is the precursor of a
successful system CRLX101 (Figure 9), used in the pharmaceutical field.
Different lengths of this polymer have been characterized, controlling the
number of PEG units in the polymer [177]. This polymer was investigated for
the delivery of Camptothecin, a DNA topoisomerase-I inhibitor, covalently
linked to the CyD-PEG polymer [178]. It has already exceeded the phase | and
Il clinical trials [179].
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Figure 9. Structure of CRLX101

Generally, CyDs are grafted in the polymers encapsulation and transport
of drugs with low solubility but high permeability (Biopharmaceutics
Classification System, BCS I1) or low solubility and permeability (BCS IV)
[180].
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An example of a system for the transport of drugs is based on PEG
grafted with BCyD and linked to Ibuprofen (IbuprofeneCyDPEG) [181]. The
in vitro release profile of Ibuprofen indicated that the activation of the
polymeric conjugate occurred specifically in the rat colon. Moreover, the
polymeric conjugate demonstrated a long and stable pharmacodynamic
efficiency over a 24 h period in mice, including anti-inflammatory, analgesic,
and antipyretic activities. Therefore, IbuprofenCyDPEG polymer holds
promising as an orally administered, long-acting prodrug of Ibuprofen through

colon-targeting delivery.

A recent example involves a polymer of €-lysine functionalized with
glycinepCyD designed to deliver the Scutellarin drug [182]. Data evidenced
that the inclusion complex increases the thermal stability and the solubility
properties of the drug in comparison with the CyD monomer. Furthermore,
the positive surface enhances the internalization through endocytosis. The
system was tested as a delivery system in vitro and the polymer was found to
better inhibit tumor growth compared to the free drug of Scutellarin
conjugated to CyD [182].

Good results were also obtained by loading poly (lactic-co-glycolic
acid) (PLGA) and sulfobutyl ether BCyD (SBEBCyD) NPs with an antitumor
drug, Erlotinib. The complex enabled a 3-fold increase in antitumor activity
against non-small-cell lung carcinoma via apoptosis and autophagy. These
promising results suggest extending the study to preclinical animal models
[183].

Another successful example of a linear polymeric NP based on CyDs is
CALAA-01 (Figure 10), designed as a gene delivery system. It is
characterized by four regions: a polycationic CyD polymer, PEG adamantine,
transferrin as the target system and siRNA [184]. CALAA-01 is a DDS in

Phase Il [44, 176]. In this system, the CyD was chosen to include a transferrin
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derivative to target transferrin receptors up-regulated in human tumor cells,

including melanoma [185].

CAL101

Figure 10. Schematic structure of CALAAOL polymer

Recently HA was used as a backbone in which was introduced one or
more CyDs [186-188]. The advantage of these conjugations is to exploit the
advantages of both molecules: HA and the recognition by CD44 receptors and
CyDs’ capability to encapsulate lipophilic drugs. Many studies have used Dox
as a drug model in both in vitro and in vivo experiments, revealing the ability
of the new NPs to improve antiproliferative activity and inhibit the Dox side

effects, particularly, cardiovascular effects [186, 187].

1.3.3. CROSS-LINKED POLYMERS OF
CYCLODEXTRINS

The cross-linked CyD polymer was first synthesized around 1997 when
E. Renard demonstrated that it was possible to obtain a cross-linked polymer
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using BCyD and epichlorohydrin (EPI), through a polycondensation process
[189]. These polymers can weigh approximately 100 kDa, and the average
molecular weight can be modulated by the experimental conditions.
Polymerization occurs by reaction of the cross-linked EPI groups with
deprotonated hydroxyl groups of CyD, in water. This is a cascade process
(Figure 11), in fact, CyD products can react with another CyD molecule,
forming a dimer, or with OH", forming CyD functionalized with a glycerol
moiety. These species can further react with EPI and increase the polymer
length [190].
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Figure 11. Synthesis of Crosslinked CyD polymer with EPI

As mentioned above, the reaction environment has an important role; in
fact, the concentration of NaOH can influence the EPI-CyD ratio and

molecular weight. The disadvantage of this reaction mechanism is its
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polydispersity. Other synthesis strategies include, for example, using amino
groups in the EPI-pCyD network, starting from amino tert-butoxy carbonyl
(BOC) protected CyDs [191]. This synthesis method permits obtaining
oligomers of cross-linked CyD polymers of about 11kDa. Recently, a cross-
linked CyD polymer (3D matrix system, MAX) was obtained by conducting
the reaction in the presence of the drug. In this case, the reaction was started
by the Sulfobutyl BCyclodextrin SBEBCyD and pre-absorbed Moxiflacina
with 1,6-hexamethylene diisocyanate (HMD) as a linking agent in molar
excess [192].

The advantage of MAX is that it increases the dissolution of the
hydrophobic drug compared to native CyD.

Among other examples of polymer-based CyD for the transport of
drugs, there is the citric acid cross-linked yCyD with a different number of
cavities. The binding constants show that the presence of the polymer
improves the inclusion of Dox. Including Dox in the citric acid cross-linked
yCyD polymer stabilizes the monomer Dox, a pharmacologically active
species, against the formation of dimers, thereby improving their
effectiveness. The interaction with Dox was favored by the presence of
negatively charged carboxy groups that stabilize the positive charge of the
drug and by the 3D frame of the yCyD polymer [193].

Finally, a new amino BCyD cross-linked polymer with a pyromellitic
anhydride was synthesized, via the oxoanion (or epoxide) intermediate. This
strategy makes it possible to obtain a negative cross-linked polymer or a
polymer with many cationic and anionic groups. These polymers could be
used in different fields, for example, to improve the water solubility of

molecules, synthesize new DDS or remove heavy metals [190, 194, 195].

42



1.3.4.SPIONs MODIFIED WITH CYCLODEXTRINS

All the above properties of BCyD make it an excellent surface modifier
for SPIONs. It allows magnetite NPs to become water-dispersible
magnetically targetable nano vehicles suitable for hydrophobic anti-cancer
DDS, magnetic hyperthermia, and theragnostic applications [196]. Some
studies report that guest molecular docking also induces the self-assembly of
SPIONs [197]. An example is Poly-paclitaxel/cyclodextrin-SPION nano-
assembly, which exhibited anticancer effects in vivo and in vitro owing to
magnetically induced targeting effects. Moreover, the presence of the cavity
has facilitated the formation of nano-assembly with cluster structures of
SPIONSs [198].

Another example is the a-CyD-OEI-SPION complex, a system that
contains a metal core (SPIONSs) coated with a cationic star polymer based on
aCyD grafted on multiple oligoethylenimine (OEI) chains. This system allows
the delivery of a gene thanks to positive charges on the polymer and increases
the water solubility of the hydrophobic SPIONs [199]. Another study was
carried out to modify SPIONs with BCyDs to deliver Dox. This system
improves the colloidal stability of particles and the loading capacity by
supramolecular host-guest and electrostatic interactions between the two
systems [200].

Another field in which the SPIONs coated with BCyDs have shown their
potential is their ability to cross the BBB, proving to be a promising system
against neurodegenerative diseases [201]. This is possible because they can

reach a hydrodynamic diameter of only 30 nm.
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Figure 12. Mechanism of internalization and action of SPIONs

Moreover, SPIONSs respond specifically to alternating magnetic fields
due to their unique magnetic properties. This interaction of magnetic
nanocarriers and magnetic fields may increase drug transition across the BBB,
thus contributing to therapeutic efficacy in treating various neuronal diseases
[202]. Additionally, enhancing the transport ability of SPIONSs across the BBB
can be achieved by coating them with biocompatible/biodegradable polymers
[203]. Based on the results obtained by CyDs cholesterol mopping activity
and the properties of SPIONs, a colloidally stable nanoparticle system
(CySPION) has been synthesized [204]. This system is based on a SPION core
and a functional PMOXA shell. Its nano-architecture was engineered to
release its CyD payload at slightly acidic pH levels, which are suitable for
lysosomal delivery and therapy (Figure 12). The packaging of CyDs into a
nano-architecture such as CySPION and its smart pH-triggered release have
demonstrated significant advantages over the current administration of CyDs

in its monomeric form [204].
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1.4. AIM OF THE THESIS

Over the years, a major challenge for scientists has been to overcome
side effects and achieve targeted administration of conventional drugs. The
undesirable effects of a drug can lead to severe consequences for the entire
organism, mainly if the drugs are used to treat chronic diseases and are

administered over very long periods.

In light of this, the main aim of this thesis is to design nanoparticles
based on CyDs chemistry that may overcome these problems. In particular,

three application areas were focused on (Figure 13):

» Drug delivery of anticancer drugs
» Chelation therapy to modulate metal dyshomeostasis

» Therapeutical nanocarrier systems for removing biological molecules.
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CROSS-LINKED POLYMERS
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b
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Figure 13. CyD NPs and their applications

The aim of the first part is to design and study CyD systems from dimers

to polymers (Figure 14). They were functionalized with different targeting
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moieties. Also, the polymeric NPs of B or y CyDs have linear or crosslinked
structures, positive or negative charges. The objective was to investigate
systems with different dimensions and structures as potential drug delivery
systems and compare their selectivity for specific cancer cells. The

encapsulation of the most common drugs used for cancer therapy was assayed

in vitro.
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Figure 14. Schematic structures of products used as Drug Delivery systems

The aim of the second part is the synthesis of new nanochelator NPs
(Figure 15) that can chelate metal ions, such as copper. One of the goals is to
exploit the capability of polymers to act in the bowel, overcoming the
problems of common chelators used in diseases, such as Wilson’s disease.
These polymers contain histidine and carcinine, bioligands in the body with
an essential physiological role. Moreover, they are known for their antioxidant
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activity. The SOD-like systems can protect the cells from oxidative damage

due to a dyshomeostasis of copper.
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Figure 15. Schematic structure of new nanochelators

In the last part, in collaboration with the University of Wien (Natural
Resources and Life Sciences), metal NPs coated with two different polymers
were designed (Figure 16). This study aimed to exploit the capability of
SPIONSs coated with CyDs to overcome the BBB and remove cholesterol from
the cells, as already well-known in literature for free CyDs. Therefore, a ferric
oxide core was coated with CyDs polymer and a fluorescent polymer ended
with fluorescein. This approach allowed us to study the internalization of NPs

by confocal microscopy and quantify the concentration of CySPIONs that
47



overcome the BBB. The successful crossing of the BBB indicates a decisive

advantage of the responsive nanoparticle delivery system.
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Figure 16. Schematic structure of metal NPs used as a therapeutical nanocarrier
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2. RESULTS AND DISCUSSION
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2.1. DRUG DELIVERY SYSTEMS

Multicavity systems based on CyDs with different molecular weights,
functionalizations and charges were synthesized and characterized to study
how the differences between these systems can enhance the DD (Figure 17).

Figure 17. NPs based on CyD functionalized to increase active targeting.

This section is divided as sketched in Figure 18: CyD Dimers, linear
CyD, crosslinked CyD polymers and NPs based on iron (I11) coordination to

build targeted and labeled systems.
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Figure 18. Scheme of systems studied for DD.

2.1.1. DIMERS OF CyDs

The dimers have been investigated as potential nanocapsules. The two
CyDs can improve the encapsulation, solubility and stability of guest
molecules rather than the single cavity. Furthermore, recent studies have
shown that B and yCyD dimers participate in complexing guests such as Dox
with a 2:1 host/guest stochiometry [129]. CyD2Glu dimers (Figure 19) were

functionalized with biotin (Bio) as the targeting moiety.

Bio is among the most used targeting moiety due to its involvement in
the growth of cancer cells. Hence, this vitamin can be recognized by the
receptors SMVT, ((the biotin receptor is codified by SLC5A6 gene (human
chromosome 2p23.3)) overexpressed in different cancer cells including
mammary epithelium, placenta, intestine, brain, liver, lung, kidney, cornea,
retina and heart [205].
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The drug selected to test the dimers in vitro and for the solubility assay
Is Dox, an anthracycline drug with low water solubility at physiological pH
and side effects such as cardiotoxicity [206]. Furthermore, Dox is an antitumor
model drug used in the study of DD, and its complexation with CyDs is well-
known characterized [187, 207].

CyD2GIuAc systems were also synthesized for comparison with the
targeted systems CyD2GluBio (Figure 19). The amido group cannot be
protonated, allowing a more significant comparison with the biotinylated

systems.
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Figure 19. Synthetic scheme of § or y CyD dimers

2.1.1.1. SYNTHETIC ASPECT

The CyD2GIuAc dimers were synthesized as reported for CyD2Glu
[129], starting from yCyDNH: or BCyDNH2 and Glutamic acid acetylate (Ac-
Glu-OH) using HOBt and EDC as activating agents (see Figure 19).
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CyD2GluBio derivatives were synthesized from CyD2Glu [129] and
Bio, with amino-hexanoic acid as a linker activated by the N-Succinimidyl
group (see Figure 19). Amino-CyDs contain an altrose unit due to the

preparation methods of 3-functionalized CyDs.

All of the products were characterized by NMR spectroscopy, and the
spectra confirmed the identity of the products (Figures 20 and 21, Figures S79-
S89).

Figure 20. 'H NMR spectrum of yCyD2GIluAc (D20, 500 MHz)

The spectrum of yCyD2GIuAc (Figure 20) shows the signals of CyD
and Glu. In the region at 5.17-4.95 ppm, the signals of H-1 of glucose and
altrose are observed. The other signals of CyD are identified in the range of
3.4 to 4.1 ppm, while the signals of glutamate linker are clearly identified at
4.3,1.9 and 2.3 ppm. Similar patterns are observed for BCyD2GIuAc (Figure
S83).
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Figure 21. 'H NMR spectra in D20 (500 MHz): BCyD2GluBio (top) and yCyD2GluBio
(bottom)

In the spectra of CyD2GluBio, the signals due to the Bio moiety and the
hexane linker can be assigned using 2D spectra (COSY, HSQC, HMBC,
TOCSY, ROESY) (Figures S84-S89).

Also in this case, it is possible to distinguish the signals of CyDs at 5.1-
4.8 ppm for the H-1 and from 4.0 to 3.4 ppm for the other protons of CyDs.
The signal of Bio and its chain is observed in the range of 4.5-4.3 and 1.7-1.2

ppm.
Additionally, the spectra of B and y CyD2GluBio showed slightly

different chemical shifts of the Bio moiety protons. Differences are also
evident in the H-1 CyD region. ROESY spectra of the dimers suggest the
interaction of the Bio and hexanoic chain with the cavities. Particularly in
BCyD2GluBio spectra (Figure S89), the hexane chain, h and e Bio protons

showed more intense ROE correlation with the H-5, -3 region.
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2.1.1.2. SOLUBILITY EXPERIMENTS

The interaction of CyD2GIuAc with Dox was investigated at
physiological pH (pH=7.4). The affinity for Dox was determined using the
phase solubility method as described elsewhere by Higuchi and Connors
[208]. The Dox concentration increased linearly with increasing CyD
concentration, obtaining an A_-type phase diagram. These diagrams were
fitted with the following equation, considering the concentration of dimers
CyD:

SDox = SoDox + [K11So/ (1 + K11So)] x [CyD]

The diagram was obtained by plotting the concentration of the drug
versus the concentration of dimers, as can be observed in Figure 22. The
angular coefficient of the straight line was <1 for both systems, indicating an
AL-type graph.
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Figure 22. Dox solubility (phosphate buffer, pH= 7.4) versus the concentration of
BCyD2GIuAc (®) or yCyD2GIuAc (m).
The complexation efficiency (CE) was evaluated, considering the slope

of the line. The yCyD2GluAc at 0.01 M concentration increased the solubility
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of Dox about 10 times. The CE for yCyD2GluAc is significantly higher (six
times) than that of pCyD2GluAc. This trend is in keeping with the higher
affinity of the yCyD cavity for Dox, as reported elsewhere [209]. Furthermore,
data are in keeping with the different structures obtained from molecular
docking studies for BCyD2GIlu and yCyD2Glu dimers [129].

2.1.1.3. ANTIPROLIFERATIVE ACTIVITY

In order to select the best cell model for vitro studies, the expression
level of SLC5A6 was evaluated by Human Transcriptome Array analysis
(HTA 2.0) in five human cell lines and here, the transcript levels are reported
as RMA values (Figure 23): CACO-2 (RMA 6.74), HCT-116 (RMA 7.77),
HT-29 (RMA 7.19), MCF-7 (RMA 8.81) and PC-3 (RMA 7.78). SLC5A6
resulted in a higher expression in the MCF-7 cell line, thus it was used for

subsequent experiments to evaluate the cell viability.
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Figure 23. The expression level of the biotin carrier SMVT in tumor cell lines

Inclusion complexes of Dox with CyD dimers acetylate and biotinylate

were studied in MCF-7 cells to obtain the dose-response curve (Figure S90)
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and determine the half-maximal inhibitory concentration (ICso) of the Dox.
The graphic was obtained by plotting the logarithms of molar concentration

on the x-axis and the responses on the y-axis.
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Figure 24. Effect of Dox, yCyD2GluBio/Dox, yCyD2GluAc/Dox on the viability of
MCF-7 (A, B, C), Effect of Dox, pCyD2GIluBio/Dox, pCyD2GIluAc/Dox on the viability
of MCF-7 (D, E, F)

yCyD2GluBio/Dox vs only Dox **** p-value <0,0001; yCyD2GluBio/Dox vs
yCyD2GluAc/Dox #### p-value <0,0001 (A). yCyD2GluBio/Dox vs only Dox *** p-value
<0,001; yCyD2GluBio/Dox vs yCyD2GluAc/Dox ## p-value <0,01 (B). BCyD2GluBio/Dox
vs only Dox *** p-value <0,001; BCyD2GluBio/Dox vs BCyD2GluAc/Dox ## p-value
<0,001 (D). BCyD2GluBio/Dox vs only Dox **** p-value <0,0001 (E). BCyD2GluBio/Dox
vs only Dox ** p-value <0,01 (F).

In all cases, data showed higher toxicity compared to free Dox, although
in some cases low. The most interesting data for yCyDGIluBio/Dox at 1uM
concentration (Figure 24 A)) for which the cell viability is approximately 60%
of free Dox. At the same concentration (1uM), a similar result can be observed
comparing yCyDGluBio and yCyDGluAc. This result suggests that the
increase in concentration of CyD2GluBio promotes a higher cytotoxicity of
Dox, reasonably due to the better internalization of the drug. In this view, it

would seem that Bio has a role in the DD by being recognized by the SMVT
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receptor. Moreover, data suggest that the system with yCyD may promote
better Dox internalization compared to the system with BCyD. This can be
explained by the higher affinity of Dox for the CyD cavity.

2.1.2. CyDs GRAFTED INTO HYALURONIC
ACID POLYMERS

Two different HA polymers with molecular weights (HAL 8-15 kDa and
HAH 40-50 kDa) were functionalized with BCyDNH2 (Figure 25), in order to
investigate the difference between the two weights and the capability of CyDs
for DD. HAHBCyD and HALBCyD, were tested with a Dox in vitro at two
drug/polymer molar ratios (8/1 and 16/1) in cancer neuroblastoma cell lines:
SK-N-SH and SK-N-SH-PMA. SK-N-SH-PMA overexpress CD44 receptors.

Moreover, the neuroblastoma cell lines were selected because studies
have proven that Dox is one of the chemotherapeutics administrated in high-

risk neuroblastoma carcinoma [210].

vCyDNH2 was grafted to HA polymers and tested with Sorafenib (Sor).
The commercial name of Sor is Nexavar, it is an inhibitor of kinase protein
approved for the treatment of kidney, liver and thyroid carcinoma [211]. In
spite of it being widely used, Sor exhibits many side effects such as
hypertension, bilirubin elevation and very low water solubility.
Notwithstanding this, Sor remains the first-line drug against hepatocellular
carcinoma [212]. This drug was associated with yCyD because the dimension
of the cavity can increase the host/guest complexation. A study has analyzed
both types of the cavity in the presence of Sor, showing that Sor in yCyD
achieved superior therapeutic efficacy and also exhibited promising outcomes

in the treatment by intratumoral injections compared to the same system with
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BCyD [213]. For this reason, CyD was investigated to increase the solubility
and decrease the administrated dose. The HAyCyD polymers were tested in
three different cell lines: A2780 (ovarian cancer), SK-HeP-1
(adenocarcinoma) and MDA-MB-453 (breast cancer) with a ratio of CyD

cavities/drug 2:1.
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Figure 25. Synthetic scheme of synthesis of HACyD conjugates

2.1.2.1. SYNTHETIC ASPECT

The synthesis of HA conjugates with CyD3NH> was carried out under
green conditions using water as the solvent and DMTMM as the activating
agent. In all cases, the conjugates were obtained with a good yield (about
50%).

'H NMR spectra of HAHCyD and HALCyD showed common patterns:
the Hs-1 of CyD resonates at about 5 ppm, and the broad signals between 3
and 4 ppm are due to the protons of HA and CyD sugar rings. The peaks
observed at 4.3-4.4 ppm are due to the Hs-1 of the glucuronic acid and
glucosamine units of HA. The singlet peak at 1.9 ppm corresponds to CH3z of
the N-Acetyl group of HA.
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Figure 26. 'H NMR spectrum of HALBCyD (D:0, 500 MHz)

For all polymers, the degree of substitution (DS) was evaluated by the
ratio between the integral of the CHssignal at 1.9 ppm and CyD Hs-1 at 4.9
ppm. In the case of HABCyD polymers, the integration shows that about 15%
of carboxylic groups of HAHBCyD were functionalized with CyD (about 16
units), while 30% of carboxylic groups of HALBCyD (Figure 26) were
functionalized with CyD units (about 8 units) (Figures S91 and S92).
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Figure 27. 'H NMR spectrum of HALyCyD (D20, 500 MHz)

In the case of the HAyCyD polymers, the integration of signals showed
that about 45% of the carboxylic groups of HAH were functionalized with
CyD (about 50 cavities), while about 50% of carboxylic groups of HAL
(Figures 27 and S93) were functionalized with CyD units (about 14 cavities).

2.1.2.2. SIZE OF NPs

The hydrodynamic diameter was measured by Dynamic Light
Scattering (DLS) (Table 1). HA can form self-assembled NPs with a
hydrodynamic diameter of about 40 nm (Figure S94). The conjugates with 3
or yCyD show a common pattern (Figures S95 and S96), the NPs based on
HAH show a higher dimension than those based on HAL. The samples were
investigated at a concentration of 1mg/ml in phosphate buffer (pH= 7.4, 100
mM).
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Table 1. Z-Average (d, nm) of HA polymers grafted to CyDs

HACyD POLYMERS Z-Average (d. nm)
HAH 5348
HAL 3043
HAHyCyD 531460
HALyCyD 9045
HAHBCyD 424+40
HALBCyD 176+15

In the spectra (Figures S95 and S96), is possible to observe the
distribution of intensity of NPs. The HALCyD polymers present more peaks

compared to the same systems with HAH.

2.1.2.3. SOLUBILITY EXPERIMENTS

The polymers of HABCyD were assayed as solubilizing agents of Dox.
The CE and the apparent stability constants were reported in Table 2 for
drug/CyD complexes [214, 215]. Solubility experiments were carried out at
physiological pH= 7.4 (Figure S97).

Table 2. CE and apparent stability constant (K) values for Dox with HAHBCyD and
HALBCyD (25 °C, Phosphate buffer, pH 7.4)

K1 (M_l)
HALBCyD 0.018 480(£50) 0.018 3.50x107°

HAHBCyD 0.034 971(+80) 0.033 3.78x10°5
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Figure 28. Dox solubility (phosphate buffer, pH=7.4) versus the amount of HAHBCyD
(A) or HALBCyD (e) (reported as CyD cavity concentration)

In particular, the graph (Figure 28) reported the concentration of Dox

solubilized versus the concentration of CyD cavities in polymers.

CyD polymers have many binding sites, which were assumed to be
identical and independent. The apparent stability constant (K) can be
calculated as K= nKzyz (n is the number of CyDs in the polymer) [215]. The
constants were calculated, and K is 3840 (M) for HALBCyD and 15,536
(M) for HAHBCyD. Carboxylate groups can also contribute to the affinity
for Dox, which is protonated at physiological pH.

The CE and K11 values are in the same range as those obtained for other
BCyD systems [105, 193].

Data in Table 2 show that CyD in HAHBCyD (DS = 16) is more
effective than CyD in HALBCyD (DS = 8). This behavior is in keeping with
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the general trend reported for CyD grafted to dextrans [216]. It has been noted
that in CyD-based polymers, CE is inversely proportional to DS [216]. In fact,
for higher DS, the cavity becomes less accessible due to steric hindrance at
the binding site [216].

2.1.2.4. ANTIPROLIFERATIVE ACTIVITY OF Dox with
HABCyD CONJUGATES AND INTRACELLULAR
ACCUMULATION

The antiproliferative activity for HABCyD polymers was performed
using Dox alone and in the presence of HALBCyD and HAHBCyD. The drug
and the complexes were tested in both cell lines, neuroblastoma with and
without the overexpression of CD44 receptors (SK-N-SH and SK-N-SH-
PMA). Table 3 shows the ICso values of the drug and complexes
drug/polymer.

Table 3. Antiproliferative activity (1Cso, nM) of Dox with CyD polymers in SK-N-SH
and PMA stimulated SK-N-SH-PMA cells

Cell line Dox Dox/ Dox/ Dox/ Dox/
HALBCyD HAHBCyD HALPCyD HAHPBCyD
8/1 8/1 16/1 16/1
SK-N-SH 79.3+  83.5+214 92.3+13.4 22.149.8° 24.6+8.5°
23.5

SK-N-SH-  82.7+ 58.8+13.4" = 40.7+13.8*¢  253+8.7 26.2+3.9%
PMA 11.9

3n < 0.001 vs. Dox, ? p < 0.021 vs. Dox,® p< 0.001 vs. cells SK-N-SH treated with
Dox/HAHBCyD 8/1.
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Data show that the antiproliferative activity in SK-N-SH-PMA cells is
significantly higher than free Dox, for all complexes and in both ratios.
Contrariwise, in the SK-N-SH cell line, was observed a double trend. In the
case of ratio 8/1, both complexes showed an antiproliferative activity
comparable to Dox, instead at a higher ratio (16/1), the ICso observed for
Dox/HAHBCyD and Dox/HALBCyD was considerably lower than Dox.

The experiment suggested that antiproliferative activity depends on the

Dox/polymer molar ratio and the CD44 receptor expression.

SK-N-SH-PMA, which overexpresses CD44 receptors, seems to be
more sensitive to treatment with the Dox/HAHBCyD and Dox/HALBCyD
complexes 8/1 ratio. The hypothesis was that the CD44 receptor-mediated
endocytosis of the complexes determined a lower ICso in cells overexpressing
the CD44 receptor. The lower ICso value for Dox/HAHBCyD may be due to
the higher affinity of HAHBCyD for Dox.

At the highest Dox/polymer ratio, there is a considerable reduction in
ICso values (on average, reduced by about 70% of free Dox) and no selectivity
for cells overexpressing the CD44 receptor. The highest molar ratio may
increase the concentration of the Dox inclusion complex and enhance its

uptake in cancer cells.

The differences in antiproliferative activity between the two cancer cell
lines suggest that the HABCyD polymers may play a role in the uptake of
cancer cells. Thereby, Dox internalization was evaluated in both SK-N-SH
and SK-N-SK-PMA cell lines, administrating 2 puM drug alone and in the

presence of the polymers.
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Figure 29. Correlation between 1Cso of Dox (y = —0.0323X + 5.5905, r? 0.670, n = 10, p
< 0.004) either administered as parent drug or as CyD polymer complexes and its
uptake into SK-N-SH and SK-N-SH-PMA cells.

The results in Figure 29 confirm that, in general, higher antiproliferative
activity correlates (n = 10, r> = 0.670, p < 0.004) with a higher Dox
accumulation in the cells (Figure S98). In addition, data revealed that higher
Dox uptake is also linked to CD44 overexpression in SK-N-SH-PMA cells,
but only after treatment with Dox/HAHBCyD and Dox/HALBCyD complexes
8/1 (Table 4). This trend may suggest that Dox complexes at the highest molar
ratio studied (16/1) are probably per se sufficient to reach the maximum
possible antiproliferative activity being able to saturate Dox molecular targets
even in the SK-N-SH cells, which do not overexpress CD44 (only 53% of
CDA44 receptors).
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Table 4. Correlation between 1Cso of complexes Dox/HALBCyD 8/1 and
Dox/HAHBCyD 8/1 and their Dox uptake

Cell line MTT Dox/ MFI Dox/ MTT Dox/ MFI Dox/
HALBCyD HALBCyD HAHBCyD HAHBCyD

8/1(IC5onm) 8/12 8/1(IC5onm) 8/12
SK-N-SH 83.5+21.4 28+16 92.3+13.4 3.7+0.7

SK-N-SH- = 58.8+13.4" 42+1.0 40.7+138° 48+20
PMA
2 Values were normalized as absolute MFI calculated as MFI of treated cells-MFI of control
cells.®p = 0.0536 vs. SK-N-SH cells, as evaluated by the Student’s t-test for independent
means.®p = 0.0008 vs. SK-N-SH cells, as evaluated by the Student’s t-test for independent

means.

2.1.2.5. ANTIPROLIFERATIVE ACTIVITY OF
SORAFENIB AND HAyCyD CONJUGATES

The cell proliferation assays were performed for HAyCyD polymers
with Sor on A2780 (ovarian cancer), SK-HeP-1 (adenocarcinoma) and MDA-
MB-453 (breast cancer) cells, with a ratio of 25/1 for HAHyCyD/Sor and 17/1
for HALyCyD/Sor (Table 5).

Table 5. Antiproliferative activity of HACyDs polymers with Sor in: A2780, SK-HeP-1

and MDA453
Cell line Sor Sor/HALyCyD Sor/HAHyCyD
A2780 6.58+1.03 4.60+1.01 p<0.02 5.81+3.21
SK-HeP-1 11.7+1.1 7.04+2.79 p<0.02 = 8.15+2.57 p<0.05
MDAA453 14.9+1.6 3.67+0.69 15.5+4.8
p<0.001
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Data showed a significant improvement in the antiproliferative activity
of the inclusion complexes of Sor compared to the free drug, especially in the
case of the polymer with lower molecular weight, which showed an activity
increase of about 75% in MDA453 cell lines. Conversely, a smaller increment
was observed in the A2780 cell line for both systems, improving about 30%
for the HALyCyD and 22% for the HAHyCyD.

2.1.3. CyDs GRAFTED INTO
POLYGLUTAMIC POLYMER

PGA polymer was functionalized with CyDNH: (both 8 and ), Arginine
methyl ester (Arg) or y-Guanidinobutyric Acid (GBA). The chosen PGA was
characterized by 20 repeat units, with a molecular weight of 3 kDa. C terminal

amino acid is amidated with butyl-amine.
DMTMM PGA-Arg

PGA

Figure 30. Synthetic scheme for PGACyDArg polymers
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A potential role of positive charges is to improve the inclusion of anionic
drugs or oligonucleotides, such as siRNA. The carboxyl groups of PGA can
offer attachment points for the conjugation with other molecules [217].

Furthermore, PGA can modulate the drug release according to pH,
allowing the drug transport to the cancer cell where the pH value is slightly
acidic [218]. In addition, depending on the starting polypeptide the molecular
weight of the products may be selected [219].
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Figure 31. Synthetic scheme for PGACyDGBA polymers
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2.1.3.1. SYNTHETIC ASPECT

PGACyDArg polymers were synthesized through condensation
reactions between the carboxyl groups of PGA and the NH: groups of CyDs
and Arg methyl ester (Figure 30).

PGACyYDGBA polymers were synthesized via condensation reactions
from PGA and 6-per-amine CyD previously modified with GBA (Figure 31).
The condensation reactions in the experimental conditions give high yields
and enable the modulation of the number of CyDs and the positive moieties in
the final product (Table 6).
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Figure 32. 'H NMR spectra of PGABCyDArg 1 (top), PGABCyDArg4 (bottom) (D20,
500 MHz).

All the polymers were characterized by NMR spectroscopy (Figure 30,

Figures S99- S106, Figures S108-S110).
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The *H NMR spectra of PGACyDArg derivatives show common
patterns; CyD protons resonate at 5 ppm (H-1), and 4.0-3.4 ppm (H-3, -6,-5,-
4,-2). Protons of Arg and the side chain of PGA resonate at 3.3 ppm and 2.5-
1.8 ppm. Butyl protons of PGA are also evident between 1.5 ppm and 1.0 ppm.
The number of CyD units linked to the PGA backbone was calculated for each
polymer derivative by determining the integral ratios of the CyD Hs-1 signal,
the PGA signal of the ethylene chain protons or the N-butyl chain protons.
Furthermore, the integral ratio of the signal due to the y-CH2 of Arg moieties
at 3.3 ppm and the signals of PGA ethylenic protons or the N-butyl protons
was used to value the number of Arg moieties grafted onto the polymer. The
results obtained by NMR for each bioconjugate are reported in Table 6.

Table 6. Features of newly PGACyDArg/GBA bioconjugates
Average Average Average

number of number of Arg  Molar Mass

CyDs and GBA (kDa)

PGABCyDArgl 19+1 4+1 25
PGABCyDArg2 15+1 7+1 22
PGAyCyDArg3 12+1 10+1 21
PGABCyDArg4 6+1 15+1 16
PGAyYCyDArgs ol 15+1 13
PGABCyDGBAG6 7+1 32+1 (about 6 for 17

cavity)
PGAYCyDGBA7 5+1 31+1 (about 6 for 15

cavity)

The 3C NMR spectra of the PGACyDArg derivatives reveal signals due
to guanidium carbons at about 160 ppm and signal around 174 ppm attributed
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to the carboxyl group of PGA and arginine methyl ester, in addition to the

signals of CyD units in the aliphatic region.
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Figure 33. 'H NMR spectra of PGABCYDGBA (up) and PGAyCyDGBA (down), (D20,
500 MHz).

As for PGACYDGBA polymers, *H NMR spectra (Figure 33, Figure
S108- S110) show the signals of CyD protons that resonate at 5 ppm (H-1),
and about 3 ppm (H-3,-6,-5,-4,-2). Protons of y-GBA and PGA chains resonate
at 3 ppm and 2-1.6 ppm. PGA butyl proton signals are also evident between 1
ppm and 0.7 ppm. For both the derivatives, the integral ratios of CyD Hs-
1signal and the signal of the n butyl protons allowed to determine the number
of CyD units, about 8, functionalizing the PGA backbone. Moreover, the
integral ratio of signal due to the CH; at 3.2 ppm and the signals of n butyl
protons suggested the number of GBA moieties, approximately 35 (Table 6).
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Figure 34. MALDI-TOF MS spectrum of PGABCyDArgl. The raw spectrum (blue
line) was properly smoothed (black line) in order to obtain the m/z values of all the

relative peaks.

Mass spectrometric measurements were also conducted to further
characterize the structural features of the new polymers. The MALDI spectra
recorded in linear mode (Figure S107) mainly contain a wideband; the m/z
values of the highest peaks match those obtained by the NMR studies (Table
6), within the experimental errors, confirming the calculated molecular weight

(Mw) of the new CyD polymers.

As for PGABCyDArg1, the MALDI spectrum is resolved into several
components (Figure 34). The average difference between two successive
relative peaks is 1280 £ 20. This value suggests that the repeat unit contains
both the CyD (MW 1135) and glutamic acid (MW 147) moieties, as expected.
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2.1.3.2. SIZE AND ZETA POTENTIAL

The hydrodynamic diameters of the synthesized PGACyDArg polymers
were determined using DLS. Size data are reported in Table 7. Data indicate
that the polymers form NPs.

Table 7. Z-Average (d. nm) of PGACyDArg polymers

Name Z-Average size (d. nm)
.~ PGABCyDArgl 4945
PGABCyDArg2 35+2
PGAyCyDArg3 29+3
PGAPCyDArg4 79+8
PGAyCyDArgs 59+6

In the case of PGACyDArg polymers, the Z-Average (Figure S111)
value increased when the number of CyD cavities decreased. This increase of
Z-Average value suggests that CyD cavities disfavor self-aggregation.
Systems containing fewer CyDs showed populations with larger sizes, which
are close to that found for PGA alone. The number size distributions suggested
that the main population for almost all systems had hydrodynamic diameters

in the range of 5-9 nm.

For PGACyDGBA polymers, the hydrodynamic diameters (Figure
S112) were determined in water at different ionic strengths (NaCl 0.5M). Size
data are reported in Table 8.
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Table 8. Z-Average (d.nm) of PGACyDGBA polymers

PGABCyDGBA 23+2
PGABCyDGBA* 742
PGAYCyDGBA 18+1
PGAYCyDGBA* 13+1
*NaCl 0.5 M
e Disvuion by iansiy Size Distribution by Intensity
. .
2 ______________________________________________ i
OUI 1 10 100 71000 10000 oﬂl | IU 7 V 100 i Ifl‘]ﬂ Iﬂl;lﬂﬂ
Sze(dnm) Soe(dnm)
Record 1052 PGA-ganmaCD GBA | Record 101: PGA-gammaCD-GBA+ 100microLNaCl (0.5 1 Record 1032 beta CyD-PGA-GBA 1 Record 1035: beta CyD-PGA-GBA+100microl. di NaCl (0.5M) 1

Figure 35. Intensity Size Distribution (DLS) of PGA p and yCyDGBA

Data reported in Table 8 showed notable differences in the size
distribution between the NaCl and water solutions. In water, the NP size is
about 20 nm. The size variation might be due to the high number of positive
charges, generating an electrostatic repulsion and forming elongated
structures. In the presence of ClI-, the positive charges are shielded, forming
smaller NPs. DLS data show (Figure 35) an increase in the intensity of the
population with a smaller size compared to the water solution as reported for
similar systems [220, 221].

Finally, the Z-Potential of the systems at physiological pH (100 mM)
was evaluated, and the data are in agreement with the expected.
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Table 9. Z-Potential surface (mV) of PGACyDs polymers

Name Z-Potential (mV)

PGABCyDArgl 8+1
PGABCyDArg2 7.7+0.5
PGAyCyDArg3 2.3x0.5
PGABCyDArg4 45+5
PGAyCyDArgs 37+3
PGABCyDGBA 41+5
PGAYCyDGBA 27+2

PGA alone shows a negative potential value of -58 mV (Figure S113).

Both PGACyDGBA and PGACyDArg, having a permanent positive
charge that can significantly increase the potential, showed Z values from +7
to +45 mV (Table 9), depending on the number of GBA or Arg moieties
grafted onto the polymer (Figures S114-S116).

2.1.3.3. SOLUBILITY EXPERIMENTS

The interaction of PGACyDArg polymers with Dox at pH 7.4 was
investigated with solubility experiments by adding Dox hydrochloride (0.017
M, water solution) to solutions containing different polymer concentrations
(25 mg/ml, 12 mg/ml, 6 mg/ml) in phosphate buffer (50 mM, pH 7.4).
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Figure 36. Solubility diagram of PGACyDArg polymers at three different
concentrations: pink 25 mg/ml, yellow 12 mg/ml and green 6 mg/ml

The diagram (Figure 36) shows that all polymers, at all concentrations,
enhance the solubility of Dox. This trend is more marked for the
PGAyCyDArg3, which shows a significant increase in solubility even at 6
mg/ml. This enhancement could be attributed to both a higher number of
cavities compared to PGAyCyDArg5 and the larger dimension of the yCyD
cavity. The role of the cavity was further confirmed through a comparison
between PGABCyDArg4 and PGAyCyDArg5, which contain the same
average number of cavities and charges, differing only in the cavity type.
Besides, in this case, the polymer grafted with yCyDs shows an increase of

solubility more evident, especially at concentrations of 6 mg/ml and 12 mg/ml.
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2.1.3.4. ANTIPROLIFERATIVE ACTIVITY

PGACyDArg systems were studied as DDS for the Dox. Cell
proliferation assay was performed on A2780, A549 lung adenocarcinoma and
MDA-MB-231 epithelial human breast cancer cell lines. Complexes of

polymer/Dox (1:10 molar ratio) were prepared and assayed.

Data obtained are reported in Table 10. Polymers alone did not show
toxicity for cells (data not shown).

Table 10. Half maximal inhibitory concentration (ICso) values (nM) of doxorubicin
(Dox) in the presence of CyD polymers in human tumor cells.

Cell Line PGABCy PGABCy PGAyCy PGABCy PGAyCy  Dox

DArgl DArg2 DArg3 YA o] DArg5
A27802 4.7 59+1.6 12.7 £ 10.0 £ 117+ 7.7+

1.7° 24° 1.7¢ 0.4°¢ 3.9
A549 55.2 522 + 70.0 + 52.6 + 56.2 + 54.6%
10.0 10.1 16.6 4.4 2.9 19.2
MDA- 37.7+% 409 50.6 + 60.2 £ 65.3+16.  40.9+
MB-231 11.8 6.5 22.5 152 7 13.8

ap=0.0003, as detected by ANOVA; p= 0.0657 vs. Dox;°p= 0.0001 vs.
PGABCyDArg1;%-= 0.0016 vs. PGABCyDArg1;°p= 0.0007 vs. PGABCyDArg1, all
calculated by Bonferroni/Dunn posthoc analysis of data.

Overall, the data show that the polymers did not significantly change the
antiproliferative activity of Dox. In fact, in the A549 and MDA-MB-231 cell
lines, ICso values do not significantly change depending on the type of
functionalization. Conversely, in A2780 cells, the complexes with

PGAYCyDArg3 (p= 0.0028), and PGABCyDArg5 (p=0.0738) showed higher

ICs0 values than free Dox.
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In the case of the polymers based on yCyD, the higher affinity for Dox
suggested by solubility data may explain the effect on cytotoxicity, as reported
for similar systems studied previously [219]. The reduction in the
antiproliferative effect was observed for many systems, and only in vivo

studies may provide information on the potential of the drug carriers [222].

Only PGABCyDArgl/Dox showed a slightly higher antiproliferative
activity (p= 0.0657) than free Dox and a significant difference compared to
PGAyCyDArg3, PGAYCyDArg4, and PGABCyDArg5 (Table 10).

2.1.4. METAL COORDINATION TO
ASSEMBLE NPs

Iron (111) coordination was exploited to modify and upgrade CyD linear
polymers. This family of NPs is sketched in Figure 37.
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Figure 37. The metal complex with PGACyD-FA or PGACyD
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All polymers synthesized have a termination of poly (2-methyl-2-
oxazoline, PMOXA). PMOXA was used because it has similar biomedical
properties to the broadly used PEG, including long-term chemical stability and

excellent antifouling properties [223, 224].

For all systems, PMOXA was synthesized with a double termination.
One termination was ended to an amino group, while the other one was used
to introduce a nitro-dopamine anchor (NDA) [225, 226]. Catecholate NDA
can form iron (I11) complexes with high stability [227]. In this way, a single
metal ion can coordinate different polymers, obtaining different NPs (Figure
37):

> PGACYyD, with PGACyDPMOXA polymer only
> PGACyD-FA, with PGACyDPMOXA polymers and
PMOXA-FA (about 10%)

PGACyYDPMOXA is a linear backbone functionalized with a high
number of CyDs that increase the delivery and solubility of the drug in the
cell. The high molecular weight of PGA was selected to increase the size of

the final complex and promote the EPR effect in passive uptake.

The PGACYyDPMOXA was synthesized with a multi-step reaction
(Figure 39).

The PMOXA-FA is ended by a folic acid that may drive and promote
active uptake of the complex (Figure 40). FA is an essential vitamin. There
are three different types of folate receptors: FRa, FR and FRy. FRa is widely
expressed in various types of carcinoma cells [228]. The recognition between
FA and FR is promoted by the carboxyl group of vitamins, particularly the
yCOOH [229, 230]. The long PMOXA spacer could make the FA unit
available for interaction with a specific receptor. Furthermore, FA has the

advantage of being recognizable by confocal microscopy, with a fluorescence
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emission between 400 and 500 nm [231, 232]. In this way, it is possible to
distinguish the fluorescence of the FA based ligand from that of Dox (£em=595
nm) [233] and exploit FA as a label.

The Fe®* ion has been added in polymer/metal 3:1 molar ratio to promote

the formation of octahedron complexes with the catechol units.

All ligands were characterized by NMR, DLS and fluorescence

spectroscopy.

2.1.4.1. SYNTHETIC ASPECT

In the first step, the backbone of PMOXA was synthesized (Figure 38)
via Cationic Ring-Opening Polymerization (CROP) [234].

o
o NH,
HOJ\/\/\/ Br — = )I\/\/\% i H/\/

HZN/\/NHw PMOXA

Figure 38. Scheme of synthesis of PMOXA

After the synthesis of PMOXA (Figure 38), the two functional groups
were modified to introduce NDA. Subsequently, NDAPMOXA was reacted
with succinic anhydride to introduce a COOH group that can react with the
NH:2 of PGA, functionalized with BCyD6NH (Figure 39).

PGA was about 15 kDa with about 100 carboxyl groups. The final
condensation steps, first between PGA and CyD and then between PGACyD
and NDAPMOXASUC (Figure 39), were carried out in water using DMTMM

as activating agent.
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All intermediate products were purified by dialysis (cut-off 3.5 kDa) or
by precipitation. The purity of the compounds was evaluated by NMR
spectroscopy and GPC (Figures S117- S123).
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Figure 39. Synthetic scheme of PGACyDPMOXA. A) BOC in DMF with TEA o.n., B)
NDA in DMA with TBTU and DIPEA o.n., C) in DCM with TFA 4h, D) succinic
anhydride with hydroxide of sodium o.n., E) DMTMM and TEA in water o.n.

The PMOXA-FA polymer was synthesized through a condensation
reaction from PMOXA and FA in DMA using DCC and NHS as activating
agents (Figure 40). yYCOOH group of FA is the most reactive and the most

accessible.
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Figure 41. *H NMR of PMOXA (CDCls, 300 MHz)

'H NMR spectrum of PMOXA (Figure 41) shows the protons of
monomer units at 3.4 and 2.1 ppm, while the protons of the chain of hexanoic
acid at about 1.8-2 ppm.
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Integrating NMR signals between the protons of bromohexanoic acid
and the methyl group of the repeated unit allowed the calculation of about 95
repeating units for the polymer, corresponding to a molecular weight of
around 8.000 Da (Figure S124).

This molecular weight agrees with the data obtained from GPC analysis

(Figure S124).
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Figure 42. 'H NMR spectra of PMOXABOC (red), PGACyDs (blue) and
PGACyDsPMOXA (green) (CDCls, 300MH2z)

The H NMR spectrum of PMOXABOC (red) shows a pattern
characteristic of PMOXA described above (Figure 41). Additionally, at 1.4
ppm, the 9 protons of BOC are observed (the low-intensity signal is due to the

fewer number of protons in the BOC compared to the protons of polymers).

'H NMR spectrum of PGACyDs (blue) shows the protons of CyD
resonating at 5 ppm (H-1), and 4.0-3.4 ppm (H-3, -6, -5, -4, -2). Protons of the
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glutamic acid side chain of PGA resonate in the 2.5-1.8 ppm region. Butyl
protons of PGA are also visible between 1.5 ppm and 1.0 ppm.

The number of CyD units linked to PGA was determined through
integral ratios of the signal of Hs-1 of CyD and the ethylene chain protons of
PGA or the N-butyl chain protons.

In the *H NMR spectrum of PGACYDPMOXA (green), both the signal
of the PMOXA spacer and the PGACyD polymers are observed. Integration
of peaks of PGA at 4.3 ppm and of PMOXA at 2 ppm proves that there is
approximately one PGA chain functionalized for each PMOXA chain (Figure

42).
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Figure 43. 'H NMR of PMOXA -FA (CDCls, 300 MHz)

'H NMR spectrum (Figure 43) shows the peaks of PMOXA as described

earlier, with the characteristic peak of FA resonating between 8.4 and 7.6 ppm.
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The NMR spectrum shows that the polymer was functionalized with
about 65% FA.

2.1.4.2. SIZE OF NPs

PGACyYyDPMOXA formed NPs with a diameter of 288 nm. When was
added Fe**, the dimension of NPs increased, but it is interesting to observe
(Figure 44) that two different populations are distinguishable, one at
approximately 150 nm and the second at about 577 nm (Z-Average increase

to 330 nm). All systems were investigated at a concentration of 6 mg/0.6 ml.
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Figure 44. Z-Average (d.nm) of PGACyDPMOXA polymer (blue) and PGACyD
complex (red) (6 mg/ 0.6ml)

The trend of the hydrodynamic diameter of NPs containing FA, both in
the presence and absence of iron ions (Figure 45), is similar to that described
above for PGACyDPMOXA. In this case, as well, the polymers show a main
population. However, in the presence of Fe®', there are two peaks. The Z-
Average of hydrodynamic diameter increases from 199 nm to 221 nm.

The increase in Z-Average suggests that the complexation has occurred.
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Figure 45. Z-Average (d.nm) of PGACyDPMOXA and PMOXA-FA polymers (blue)
and PGACyD-FA complex (red)

2.1.4.3. ABSORPTION AND FLUORESCENCE SPECTRA

The UV-vis spectrum of the iron (1I1) complex PGACyD-FA
(concentration 2 mg/0.6 ml) showed the typical peaks of FA at 279 and 355
nm (Figure 46 A)). Moreover, the fluorescence spectrum (Figure 46 B))
obtained using an excitation wavelength of 270 nm (concentration 0.2/0.6 ml)
revealed a typical trend of FA with two peaks at 354 nm and 443 nm. The data
obtained from the fluorescence spectrum prove that the distance between the
iron ion and the vitamin is enough to avoid the quenching of fluorescence
(more than the Forster radius) and that the FA molecule is a labeling unit in

the complex, allowing the study of the internalization mechanism in vitro.
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2.1.5. CROSS-LINKED POLYMERS OF CyDs

Three different cross-linked polymers of CyDs, pyCyD (54 cavities), the
anionic polymer of yCyD (pyCyDA, 28 cavities) and the anionic polymer of
BCyD (pBCyDA, 54 cavities) were studied as carriers for; Dox or Oxaliplatin
(Oxa, 1,2-diamino cyclohexane platinum) [235-237]. Oxa was patented in
1976 [238]. It has shown efficacy against many cancers, including colorectal,
lung, gastric, ovarian and prostate cancer. One of the most widespread side
effects is neuropathy, which includes muscular contractions and tetanic
spasms [239]. Other side effects are thrombocytopenia, nausea,
gastrointestinal dysfunction, and liver function abnormalities [235, 237, 240,
241]. Oxa can be included in both B and yCyD cavities with similar stability
constants [236].
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2.15.1. SIZE AND Z POTENTIAL

The dimensions and the charges of anionic polymers were evaluated at
physiological pH (phosphate buffer 100 mM, pH= 7.4). Data suggest that the
polymers form NPs with a small hydrodynamic diameter. Despite the negative
charges, the crosslinked structure of the polymers could favor the formation
of small NPs. Finally, Z-Potential was measured. The data are reported in
Table 11 and Figure S125 and Figure S126.

Table 11. Z-Average (d. nm) and Z-Potential (mV) of polymers in phosphate buffer

pH=7.4
Polymers Z-Average (d. nm Z-Potential (mV \
ppCyDA 2512 -14+0.06
pyCyDA 5315 -18+1

2.1.5.2. SOLUBILITY EXPERIMENTS

All three polymers were investigated in vitro with both drugs but only
the solubility of Dox with polymers was studied given that the solubility in
water of Oxa is 4 mg/ml, about 102 M while for Dox is 7.40 x 10°° M pH 7.4.

The solubility of Dox was investigated in the presence of pyCyDA,
pBCyDA and pyCyD at pH 7.4. The purpose was to evaluate if the anionic
polymers with COO" functional groups can better interact with Dox, a cationic
drug and improve its solubility at physiological pH [242] (Figure 47, Figure
S127).

In particular, the Dox solubility was reported versus the CyD units
concentration for a better comparison among the different polymers. CE
values of CyDs cavity are 0.083 for pyCyDA, 0.082 for pCyDA and 0.011
pyCyD. Data suggest that the presence of carboxylate groups improves the
affinity for the guest. Indeed, the pyCyD slightly improves the solubility of

89



Dox, unlike the other polymers, negative charges increase the solubility of
Dox very significantly, suggesting a higher interaction with the positive drug.
Data do not show a better affinity of pyCyDA compared to ppCyDA (Figure
47, Figure S127). The polymers are EPI cross-linked polymers and an

influential role of the network in the Dox interaction can also be proposed.
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Figure 47. Dox solubility (pH=7.4) versus the amount of pyCyDA (m), ppCyDA () and
pyCyD (%) (reported as CyD cavity concentration)

2.1.5.3. ANTIPROLIFERATIVE ACTIVITY AND DRUG
ACCUMULATION IN CELLS

Cell proliferation assay was performed with Dox and Oxa in the
presence of pyCyDA, ppCyDA, and pyCyD and compared to free drugs
(Figure 48).
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Figure 48. 1Cso (nM) of CyD polymer-Dox/Oxa in human A549 and HepG2 tumor

cells.

All polymers alone did not show any toxicity at M concentration.

Both drugs with polymers were studied in A549 and HepG2 cell lines,
showing different trends.

Oxa, when administered in the presence of pyCyDA, ppCyDA and
pyCyD improved antiproliferative activity compared to the treatment with

Oxa alone (Figure 48).

Conversely, in A549 cells, the presence of polymers during treatment
with Dox showed a similar or even significantly lower antiproliferative

activity (pyCyDA-Dox) than free Dox.

On the contrary, in HepG2 cells, pyCyDA-Dox, ppCyDA-Dox and
pyCyD-Dox always showed a significant decrease of 1Cso value compared to

Dox alone.

To explain the antiproliferative activity data, Dox uptake was evaluated
in A549 and HepG2 cells. Equal concentrations of Dox/pCyD complexes and
Dox alone were added to the cell. In this way, it was possible to prove that the
antiproliferative activity of Dox/pCyD compared to free Dox was determined

by a differential Dox accumulation into target cells.
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Cytofluorimetrically evaluations clarified that Dox accumulation was

strictly linked to the type of CyD-polymer utilized for DD (Figure 49).

These results are inversely correlated with the analysis of the
antiproliferative activity of such complexes, which always had ICso values

lower than that of the parent compound alone (Figure 48).

In HepG2 cells, the Dox uptake in the presence of the CyD polymers
was always significantly greater than the accumulation of free Dox.

On the contrary, in A549 cells, where Dox-pCyD complexes always had
lower antiproliferative activity than Dox alone, the accumulation of this drug
was mainly lower for Dox/CyD polymers than for the parent compound
(Figure 49, Figures S128 and S129).

Altogether, these data demonstrate that the enhanced antiproliferative
activity of the complexes is associated with the higher ability of CyD

complexes to target and accumulate Dox in the cells (Figure 49).
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Figure 49. Correlation between I1Csos (m) and staining index (®) values calculated as
described in Materials and Methods. A, HepG2 cells; B, A549 cells.

2.1.6. BIOCONJUGATE OF CYCLODEXTRIN
POLYMER WITH BIOTIN

2.1.6.1. SYNTHETIC ASPECT

From the results obtained for pCyD systems, pBCyDA was
functionalized with a targeting moiety, such as Bio (ppCyDBio), via a PEG3-
Amine linker (Figure 50). The linker could promote the exposure of the target

to cancer cells.
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Figure 50. Synthetic scheme of polymer ppCyDBio
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The ppCyDA was selected due to its high MW and the potential for
achieving a highly functionalized polymer. This polymer contains many
carboxyl groups (three for cavity) in which is possible to insert targeting units

such as Bio.

The synthesis was carried out in DMF solution using HOBt and EDC as
activating agents (Figure 50).

U
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Figure 51. *H NMR spectrum of Polymer of ppCyDBio

'H NMR spectrum of ppCyDBio (Figure 51) shows signals of CyD
protons resonating around 5 ppm (H-1) and between 4.4 and 3.2 ppm (H-3,-
6,-5,-4,-2). Signals at about 2.2 and 1.4 ppm are the proton of CH> of Bio (H-
3,-2,-4,-1). PEG proton signals were overlapped with those of CyD. The
number of Bio units was determined from the integral ratio of the signals of
Bio (1.6-1.4 ppm) to the CyD H-1 signal at 5.2 ppm.

This value suggested that about 93% of CyD units were functionalized
with Bio, corresponding to about 50 units of Bio in the polymer.
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2.1.6.2. ANTIPROLIFERATIVE ASSAY

Cell proliferation assays were performed using Dox in the presence of
the polymer functionalized with Bio (in ratio 2:1 CyD/Dox) on A2780, A549
and MDA-MB-453. Data obtained are reported in Table 12. It is important to
note that the polymer alone did not exhibit any toxicity toward the cells (data

not shown).

Table 12. Antiproliferative of ppCyDBio with Dox in relation to the drug alone in three
different cell lines: A2780, A549 and MDA-MB-453

Cell lines ppCyDBio Dox
~ A2780 688012 = 77#36
A549 47.0+£3.9 58+14
MDA-MB-453 204.9+4.5 178+26

The results of the antiproliferative activity demonstrate that the
polymers did not significantly modify the activity of Dox. The small size of
the linker might not allow for adequate exposure of the target unit to the
external environment, potentially reducing the efficacy of the active target.

2.2. NANOCHELATOR BASED ON
CYCLODEXTRINS

The excess of metals can lead to problems for the entire organism, as
metal ions participate in physiological and pathophysiological reactions [243].
Dyshomeostasis of metal is correlated to many diseases and damage to the
nervous system, including Wilson and Menkes diseases, AD, and PD.

95



Chelation therapy is a medical treatment that removes metals from the
body using specific chelators that bind to the metals and reduce their
absorption in the system. An important limitation of chelating agents used to
treat metal overload is their potential for toxicity. One example is the D-
penicillamine, used to treat Wilson's disease, which has been replaced with
triethylenetetramine (TETA) due to its reduced side effects [244]. For this
reason, it is important to develop new biocompatible systems that form stable

complexes (binder-metal) and remove metals from the body [245].

For this purpose, polymer systems were synthesized based on
crosslinked CyDs polymers grafted with biocompatible chelating moieties.
The advantage of CyDs is that they may be administrated orally without

significant degradation in the stomach and intestine [246].

Figure 52. Scheme nanochelators based on CyD as SOD-like systems.
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2.2.1. CROSS-LINKED CYCLODEXTRIN
POLYMERS WITH CHELATING MOIETY

The cross-linked CyD polymers are biocompatible and soluble in water
and can be excreted from the body without degradation [247, 248]. For this
reason, they were functionalized with chelators to exploit their chelating

ability in the bowel.

Chelator polymers were synthesized using cross-linked anionic
polymers of  and yCyD and carcinine or L-histidine as chelator units (Figure
53). These units were chosen for their biological roles and their antioxidant
activity. L-histidine (His) is a metal-coordinating amino acid [249, 250].
Carcinine (Carc, p-alanyl-histamine) is metabolically related to L-carnosine
(concentration of carnosine 10-20 mM in skeletal muscle) [251]. Based on the
results of several studies [252-254], Carc has a therapeutic role, acting as a
natural antioxidant. Moreover, it plays an important role in stress regulation

and functions as a pharmacological chaperone in biological systems [255].

The superoxide dismutase (SOD) activity of copper (I1) complexes was
also investigated, comparing the activity of the polymers functionalized to the
single His and Carc in the presence of copper (I1) (Figure 52). This activity
was selected because oxidative stress is frequently associated with metal
dyshomeostasis. The copper complex formed in situ can mimic the activity of

SOD to protect cells from oxidative damage.
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Figure 53. Synthetic scheme for His and Carc of pCyDs

2.2.1.1. SYNTHETIC ASPECT

Functionalization of pCyD with chelators was carried out through a
condensation reaction using HOBt and EDC as activating agents in DMF. In
both of the cases, a high degree of functionalization was obtained. However,
an excess of Carc was needed for the Carc derivatives to obtain a

functionalization degree comparable to that of the His derivates (60%).

All novel compounds were characterized by 'H NMR, UV-vis

spectroscopy and DLS.

'H NMR spectra of all derivates show common patterns (Figures 54 and
55, Figures S130- S137),

The spectra show the proton of CyD and the moiety signals. The peaks
are broad due to the high molecular mass of the polymers. As for pCyDCarc,
the CH> signal of beta-alanine residue resonates at about 2.4 ppm and the CH>

in alpha to imidazole ring resonates at 2.8 ppm. Imidazole protons are evident
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in the aromatic region. For His derivatives, the signals of the ABX spin system

can be seen in the spectra.
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Figure 54. *H NMR spectrum of pyCyDCarc60 (D20, 500MHz)
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Figure 55. *H NMR spectrum of pyCyDHis (D20, 500MHz)
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The number of carcinine units can be calculated from the ratio between
the integral of imidazole signals at 7.2 ppm and those of CyD H-1, at 5.2 ppm.
Particularly, the two products isolated have 30% (ppCyDCarc30 and
pyCyDCarc30) and 60% (ppCyDCarc60 and pyCyDCarc60) of the pCyDA
cavities functionalized with Carc units (Figure 54).

The functionalization degree of pCyDHis was also determined from
signal integration values. Both ppCyDHis and pyCyDHis were modified with
His in approximately 60 % of the cavities (Figure 55).

2.2.1.2. SIZE OF NPs

DLS measurements showed that all the polymers form NPs (Figures
S138- S139). As for the commercial pCyDA, the polymers functionalized
present a higher hydrodynamic diameter for ppCyD than pyCyD with the same
functionalization. This is due to the different molecular weights of the parent
cross-linked polymers. The functionalization slightly modified the dimensions

of the systems.

2.2.1.3. AMYLASE CLEAVAGE

In order to evaluate the capability of polymers to survive in the bowel,
their stability towards amylase enzymes was determined at different pH; 7.4,
4.0 and 3.0, and the results were compared to free B and yCyD. Results
demonstrated that the polymers did not hydrolyze into smaller units in the
experimental conditions used. Only the free yCyD showed a slight
degradation, in keeping with the literature data [246, 256]. In particular, yCyD
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can be slightly hydrolyzed by amylase due to its size and flexibility. In the
case of the pyCyD polymer, the network structure stabilizes the CyD structure
against enzymatic hydrolysis.

2.2.1.4. METAL COMPLEXES

UV-vis spectra of Cu?*complexes of pCyDCarc60 or pCyDHis were
studied at physiological pH in HEPES buffer solution. HEPES buffer was
selected because it is commonly labeled as a non-coordinating buffer. The
complexes were investigated in molar ratio 1:2 M/L, L being Carc or His
moiety. The UV-vis spectra showed weak absorption bands in the Vis region
(Figure S140) due to the d-d transitions. The A value for the Cu?*-pCyDCarc60
system (650 nm) is slightly higher than those reported in the case of the free
Cu?*-Carc complex (628 nm), and it is also very similar to the value reported
for the copper (IT) complex of the simple BCyDCarc (652 nm) [257]. A similar
trend was found for the Cu?*-pCyDHis systems: the d-d band is at 666 nm,
higher than that for the Cu?*-His complex (642 nm) [258, 259]. This difference
could reasonably be due to the metal coordination environments in the pCyD
polymers. In particular, the amino group of the free ligands (Carc or His)

became an amide group in pCyDHis and pCyDCarc.

2.2.1.5. SOD ACTIVITY OF COPPER (I1) COMPLEXES

The SOD-like activity of Cu?* complexes of pCyDCarc60 and pCyDHis
was determined by an indirect assay of kinetics competition using NBT as a
target [260]. Many CyD functionalized metal complexes have been
investigated as SOD mimetics and have shown higher SOD activity than free

moiety complexes [261]. Similar behavior has also been found for monomer
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CyDs conjugated with Carc [257]. The ICso value (the concentration that
causes the 50% inhibition of NBT reduction) was determined in the presence
of the polymer complex and with Carc and His complexes for comparison.
The ICso is the complex concentration for Vo = 2V (Table 13). The data

representations are reported in Figures 56 and S141.

Table 13. 1Cso values (uM) for SOD activity of Cu?*-pCyD polymers (Cu/L 1: 2, L is
the chelating moiety Carc or His, pH 7.4 HEPES buffer). His and Carc complexes are
reported for comparison.

Complexes I1Cs0 (uM)x107

Cu?*-ppCyDHis 1.7+0.2
Cu?*-pyCyDHis 3.1+0.3
Cu?*-His 0.4+0.4
Cu?*-ppCyDCarc60 3.4+0.4
Cu?*-pyCyDCarc60 3.7+0.5
Cu?*-Carc 6.0£0.7
Cu® 1.2+0.2
1.6 1 .
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Figure 56. Superoxide dismutase activity assay: Vo is the NBT reduction rate and Vc is
the NBT reduction rate in the presence of Cu?*-pyCyDHis(¢)or pyCyDCarc60 (=). The
1Cso value is the complex concentration for which (Vo/Vc)—1=1
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The ligands did not show any activity, as expected. All the systems
(pH=7.4, molar ratio 1: 2 M/L, L is Carc or His moiety) showed a high SOD
activity. Cu?*-pyCyDCarc60 and ppCyDCarc60 systems showed SOD activity
with an 1Cso value lower than that of the free Carc complex. The pCyDHis
complexes exhibited an antioxidant activity better than pCyDCarc systems.

The 1Cso values were slightly higher compared to the free Cu?*-His system.

Due to the formation of the amide from the amino group, the different
coordination environments of copper in the polymers could partly explain the
differences between Carc and His complexes. However, other effects may
occur, such as the polymer network, unfunctionalized COOH groups and
different stability constant values that can modify the speciation of the

systems.
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2.3. THERAPEUTICAL NANOCARRIER SYSTEMS

The central point of this section is the design, synthesis,
characterization, and application of new magnetic NPs. These NPs CySPION-
FLUO, are based on the metal core (SPIONSs) coated with two types of
polymers, one ended with CyDs and one with fluorescein (FLUO) (Figure 57).
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Figure 57. Schematic structure of CySPION-FLUO

The CyD was anchored to PMOXA polymer with a pH-cleavable
linkage. This allows the CySPIONSs (the same NPs without FLUO) to release
the macrocycle of the NP surface into the lysosome, where the cholesterol
tends to accumulate, and the pH is slightly acidic (Figure 58). Thus, through
their ability to form an inclusion complex [262], CyDs can facilitate
cholesterol mobilization from the lysosome into the cytosol.
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Figure 58. Scheme of the system studied for Cholesterol Mopping

The biological activity of CySPIONSs in vitro, assessing their potential
as a therapeutic platform for lysosomal cholesterol removal, in comparison to
monomeric CyDs. Moreover, CySPION-FLUO ability to cross BBB was
studied on membrane models. This investigation exploits the presence of a
labeling unit that allows the quantification of NPs concentration that can

overcome the BBB.

Experiments in vitro, in the presence of Dox, were carried out using
CySPION-FLUO, in order to study the capability of the system also as a DD

nanocarrier.

2.3.1. SYNTHETIC ASPECTS

The CySPION nano-architecture consists of a superparamagnetic iron
oxide NP core coated with bi-functional polymers.

105



These NPs were coated by a backbone PMOXA (Figure 59), in which
isocyanate fluorescein was introduced as a label for cellular uptake [263], and
PMOXA-CyD was obtained according to a previously published protocol
[204].

The synthesis of the NDAPMOXA-FLUO involved two steps (Figure
59). The first step involves the condensation of amino-terminated PMOXA
(synthesized as described in Figure 38) and isothiocyanate FLUO, while the
second step involves the reaction between the carboxyl group of PMOXA and

the amino group of NDA.

The novel compound was characterized by *H NMR, GPC, TEM and
TGA.
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Figure 59. Synthetic scheme for NDAPMOXA-FLUO, A) in DMA with TEA, B) in
DMA with TBTU and DIPEA
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Figure 60. 'H NMR of NDAPMOXA-FLUO (CDCls, 300 MHz)

'H NMR spectrum of PMOXA-FLUO (Figure 60) shows the presence

of fluorescein and NDA in the polymer backbone. The fluorescein has a

specific signal in the aromatic region at 7.8-8 ppm and at 6.3-6.7 ppm.

Conversely, the NDA has a signal at about 7-7.3 ppm.

From integral ratios between the signals of FLUO and CHz of PMOXA

repeated unit at 2.00 ppm, it was determined that about 70% of the polymer

was functionalized with FLUO. Similarly, from the integral ratios between the
signals of the amide of NDA at 5.7 ppm and CH3 of PMOXA at 2.00 ppm, a

70% functionalization of the polymer with NDA was determined.
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Figure 61. TEM and DSC of oleic acid-coated SPIONs

The iron oxide NPs oleic acid (OA)-coated were synthesized as reported
[204], the size is controlled by the Fe (CO)s OA ratio. The monodisperse
SPION average size was 9.2 nm via transmission electron microscopy (TEM).
Furthermore, the inorganic fraction of the OA-coated SPIONs was determined

to be 30.7% of the total weight of the sample by thermogravimetric analysis
(TGA) (Figure 61).
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Figure 62. TGA CySPIONs dopped with 15% NDAPMOXA-Fluo

After the ligand exchange, the grafting density was calculated with
TGA. The grafting density was calculated to be ~2.5 NDA-PMOXA/nm
(Figure 62).

2.3.2. FLUORESCENCE SPECTROSCOPY

The two NPs, CySPION-FLUO and CySPION, were investigated at the

same concentration (0.3 mg/ml) (Figure 63).

Fluorescence spectra showed a significant fluorescence emission of the
CySPION-FLUO compared to CySPION. The data confirm that the
fluorophore fluorescence is not quenched by the metal core, which indicates
that the fluorophore is separated by more than the Forster radius from the core
[264].

109



INT

105

550 600 650 700
nm
CySPION-Fluo(15) 0.3 mg/ml (ex 488 nm) <
CySPION-Fluo(15) 0.3 mg/ml (ex 494 nm)
CySPION 0.3 mg/ml (ex 494 nm) <
CySPION 0.3 mg/ml (ex 488 nm)

Figure 63. Fluorescence spectra of CySPION and CySPION-FLUO at 488 nm and 494
nm

2.3.3. ANTIPROLIFERATIVE ACTIVITY

The cytotoxicity profile, in vitro activity and cellular uptake on Npcl-
deficient Chinese Hamster Ovary (CHO) of CySPIONSs were investigated. In
this experiment, this particular cell line was chosen with mutations in the
NPC1 gene [265], leading to defects in intracellular cholesterol metabolism

and subsequent accumulation [266].

CySPIONs did not show any significant cytotoxicity in the Resazurin
viability assay on CHO cells within the explored concentration range (0.1
mg/ml, 0.2 mg/ml, 0.5 mg/ml, and 1 mg/ml) (Figure 64).
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Figure 64. Resazurin viability assay on Npcl-deficient CHO cells after 24 h incubation
with different high concentrations of CySPION and 48 h regeneration compared to a
control, showing no significant cytotoxicity.

2.3.4. CHOLESTEROL MOPPING ACTIVITY

The cholesterol solubilizing activity of the CySPION in CHO “null”
cells was assessed via a Cholesterol Assay Kit (Sigma-Aldrich MAKO043)
[267]. The solubilizing activity was compared to the 6-ethylendiamine BCyD
(CyDen) capacity, at the same concentration estimated in CySPION (Figure
65). The average number of CyDs was estimated per CySPION via TGA. 1
mg/ml of CySPION was previously found to be equivalent to 120 uM in CyD
[204]. Free CyDen removed significant cholesterol from the CHO cells at 0.5
mg/ml. Instead, CySPIONs at twice the concentration of free CyDen are able
to solubilize the same amount of cholesterol. Although the quantification of
CyD grafted to the CySPION may be not precise, these results suggest that the
accessibility of cholesterol to CyD on the CySPION or their uptake and release
is slightly less efficient than those of free CyDen. This could tentatively be
remedied by optimizing the assay to account for both uptake and cleavage of

CyD from CySPION, as only cholesterol mobilized by cleaved-off CyD
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leaving the cell will be quantified by the assay. In contrast, monomeric fCyD
could also remove cholesterol from the membrane and make it directly

detectable in the supernatant.
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Figure 65. Cholesterol quantification assay using an enzymatic kit in Npcl-deficient
CHO cells for CySPION and CyDen.

2.3.5. LYSOTRACKER STAINING VIA FLOW CYTOMETRY

The first major potential advantage of using NPs to administer CyD is
the expected higher endosomal internalization of NPs compared to free
CyDen. From the endosome, an NP releasing CyD could sequester cholesterol
directly from the lysosome, where it is enriched in cells in cholesterol-related
pathologies. Hence, it was interesting first to demonstrate that CySPIONs are
predominantly taken up via the endosome/lysosome and second to determine
their effect on the CHOs and their enlarged lysosome.

With this in mind, the total size of the lysosome was measured in control
cells without and in the presence of CyDen or CySPION using the
LysoTrackerTM assay and flow cytometry [268] HPBCyD was also tested as
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a reference. LysoTracker TM probes are weakly basic amines that selectively
build up in the lysosomal acidic compartments and fluorescence emission is
proportional to the total volume of these compartments within the cell. It is
generally assumed that the higher fluorescence of mutant CHO cells compared
to wild-type (WT) CHO cells is due to larger individual lysosomal vesicles,
swollen by the high amounts of accumulated cholesterol. The lysosome
tracker signal was expected to go down on average if cholesterol is extracted
from the lysosome by CyDen or CySPION, making the lysosome

compartments smaller.

LysoTrackerTM assay results showed a significant decrease in
lysosomal volume when CHOs are treated with CySPION (Figure 66). In line
with the cholesterol mopping activity measurements, the lysosome decrease
was less than that seen in the control with an equivalent concentration of free
CyDs, with HPBCyD performing much better than CyDen (Figure 66).
Striking is also that the lysosome size is, at best, weakly dependent on the
CySPION concentration at the tested conditions. At low (0.12 mg/ml)
concentrations, the reduction in lysosome size is equal between CySPION and
the equivalent amount of free CyDen. While the lysosomal size reduction is
enhanced by increasing the concentration of CyDen, the lysosome size

remains near-constant as the CySPION concentration is increased to 1 mg/ml.
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Figure 66. Lysotracker™ staining of CyDen treated CHO cells. LysoTracker ™
staining of WT and Npcl-deficient CHO cells treated with the indicated doses of
CySPION, CyDen and 2HPCyD for 72 h. 1 mg CySPION dose is equivalent to 120 uM
CyDen. Data are mean + SD, N= 3 replicates per sample. Statistical analysis, one-way
ANOVA, ****p< (0.0001, ***p< 0.001, **p< 0.01, *p< 0.05. Data are representative of
two independent experiments.

The hypothesis was that the larger volume occupied by the CySPION in
the lysosome, in comparison to the free CyDen, combined with the kinetics
associated with lysosome uptake and subsequent CyD cleavage from the
CySPION shell, leads to saturation of activity. However, this could potentially

in turn, lead to a more extended effect of keeping the cholesterol concentration
down over a longer time.

Supporting this view is that the sideways scattering in the flow
cytometry measurements (Figure 67) showed an increase in the presence of
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the NPs. An increase in sideways scattering could be explained by both
uptakes of clusters of NPs into the lysosome and the association of NPs

clusters to the cell surface, which is a prerequisite to cell uptake.

Untreated CHOs +1mg/mL CySPION +120uM CyDen
4 250K 250K
; 200K 200K 200K
— R
L.; < 150k < ysox < 150k
v 3 o
g S 1005 S 100K a 100K
— e
° ° ° 2
0 SOK 100K 150K 200K 250K 0 S0K 100K 150K 200K 250K 0 SOK 100K 150K 200K 230K
FSC-A FSC-A FSC-A
Size
100,000
80,000 -
g
£
= 60,000 4 °®
k] o
-
v
e
8
w
o
=
v

Figure 67. (A) Npcl-deficient CHO Cell profile on flow cytometer. Side scatter (SSC-
A) vs. forward scatter (FSC-A). (B) Side scatter of WT and Npcl-deficient CHO cells
treated with the indicated doses of CySPION, CyDen, or 2HPCyD for 72 h. A1 mg
CySPION dose is equivalent to 120 uM CyDen. Data are mean + SD, N= 3 replicates
per sample. Statistical analysis, one-way ANOVA, ****p< 0.0001, ***p< 0.001, **p<
0.01. Data are representative of two independent experiments.
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2.3.6. CONFOCAL RESULTS

CHO “null” cells were exposed to the fluorescently labeled CySPION-
FLUO to follow their uptake and distribution within the cells. Figure 68 shows
confocal fluorescence images of the cell nuclei (blue), the green-emitting
CySPION and the LysoTrackerTM stain for the lysosome (red), and an
overlay of these channels. These images show the location of the lysosomes
close to the nuclei and a very strong co-localization between CySPION-FLUO
and lysosomes. There is little indication of free CySPION-FLUO in the
cytosol and NPs outside the cells. It is possible to conclude that they are

predominantly endocytosed cells, as expected for NPs of this size [269].

LysoTracker Deep Red (647/668 nm) FITC-CySPION (490/530 nm)

Hoechst 34580 (405/460 nm)

Figure 68. Confocal micrographs of CHO “null” cells after incubation with 0.1 mg/ml
CySPION-FLUO for 72 hours show colocalization of CySPION-FLUO (green) in the
lysosomal compartment (red). Cells were labeled with DNA staining Hoechst 34580
and LysoTracker Deep Red
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2.3.7.  TRANSMISSION ELECTRON MICROSCOPY
MEASUREMENT

TEM thin-section images of fixed CHO films exposed to CySPION
further supported the hypothesis that CySPIONSs get internalized into the cell
by showing NPs clusters both in the endosome/lysosome and associated with
the cell surfaces (Figure 69). The clustering of the CySPION for uptake creates
a very high local concentration of CyD but would slow down both uptake and

release.

Figure 69. TEM thin section micrographs of fixed and embedded Npcl-deficient CHO
exposed to CySPION supporting nanoparticles’ cellular internalization.
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2.3.8. BBB PERMEABILITY STUDY

The ability of CySPION-FLUO to cross the BBB was investigated, as
this is one of the main obstacles for CyDs in the treatment of
neurodegenerative diseases. The permeability of SPIONs through an in vitro
BBB model has already been explored with promising results [270]. This in
vitro BBB model was created by cultivating a human brain microvascular
endothelial cell line (HBEC-5i) and a mouse astrocyte cell line (C8-D1A). A
Lucifer Yellow (LY) permeability test was conducted to establish the integrity
of the BBB model, by measuring that the permeability was in the accepted

range (<2x10° cm/s after 30 min).

In order to assess the effectiveness of the NPs in promoting BBB
crossing, CySPION-FLUO was compared with an equivalent amount in mass
and composition of the blend of free polymers (85% CyD-PMOXA + 15%
PMOXA-FLUO) used to make such NPs. The permeabilities of free polymer
and CySPION-FLUO, respectively, were then measured in the BBB model
via determining their concentrations transported across the layer from the
fluorescence signal of FLUO-labeled PMOXA and CySPION-FLUO. Free
polymer or CySPION-FLUO was seeded on the apical side of the BBB model,
while a Ringer’s HEPES solution was added to the basolateral side. The
fluorescence (in RFU values) of the test samples transported through the
barrier was then measured after 30 min and the permeability values were

calculated using calibration curves for the samples (Tables S14-S16).
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Figure 70. Permeabilities obtained by passing LY, PMOXA-FLUO, or CySPION-
FLUO for 30 min on the fifth day of the Transwell® BBB model obtained by co-
cultivating HBEC-5i and C8-D1A cells. It shows a significantly higher permeability of
CySPION-FLUO. The data were statistically analyzed by unpaired, two-tailed t-test
method using the GraphPad Prism 8 program (**p < 0.005).

It was found that the permeabilities of free polymers (PMOXA-FLUO
and PMOXA-CyD) and CySPION-FLUO were 1.25x10° + 6.89x107" cm/s,
and 3.78x10°® + 8.27x107 cm/s, respectively (Figure 70). These data suggest
that the NP systems cross the BBB approximately three times higher than the
free polymer, as reported for similar systems [271].

The higher BBB crossing capacity for the nanosystem indicates great

potential as a therapeutic system in cholesterol-impaired diseases.
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2.3.9. CELLULAR UPTAKE OF CySPION-FLUO AS DRUG
DELIVERY SYSTEM

CHO “null” cells were exposed to the fluorescently labeled CySPIONs-
FLUO and Dox to follow its release in the cells. Figure 71 shows confocal
fluorescence images of the cell nuclei (blue), the green-emitting CySPION-
FLUO, Dox emission violet and the LysoTrackerTM stain for the lysosome
(red), as well as an overlay of these channels. These images show that the drug
was located in the lysosomes and is in the same space where CySPION-FLUO.
This suggests that the NPs can also be used as a DD nanocarrier since they

promote cellular internalization.

o Hoechst 34580

CySPION-FLUO i Lysotracker Deep Red

Figure 71. Confocal micrographs of CHO “null” cells after incubation with 0.1 mg/ml
CySPIONs and 0.1 uM Dox for 72 hours showing colocalization of CySPIONSs (green)
and Dox (violet) in the lysosomal compartment (red). Cells were labeled with DNA
staining Hoechst 34580 and LysoTracker Deep Red
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3. EXPERIMENTAL SECTION
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3.1. MATERIALS AND METHODS

Commercially available reagents were used directly without purification. The
activating agents such as 1-(3-Dimethylaminopropyl)-3-ethyl-carbodiimide
hydrochloride (EDC), arginine methyl ester dihydrochloride ArgOCHs
DMTMM, EDC, and HOBt. 3A - amino-3 A -deoxy-2 A (S),3A (R)-B and
yCyclodextrin (CyD3NH2) Biotin-PEG3-Amine, Dox, Oxa and Sor, Ac-Glu-
OH, N-Succinimidyl 6-Biotinamidohexanoate were acquired by TCI Tokyo
Chemical Industries. Hyaluronic acid sodium salt polymers (HMW 40-50 kDa
and LMW 8-15 kDa) were obtained from Biosynth Carbosynth. Soluble cross-
linked yCyD polymer (pyCyD, 101 kDa, 54 CyD cavities), anionic yCyD
polymer (pyCyDA, 54 kDa, 28 CyD cavities, average number of
carboxymethyl group for cavity is 3) were purchased from Cyclolab. Octakis-
(6-amino-6deoxy)-y-Cyclodextrin 8HCI and heptakis (6-deoxy-6-amino)-f-
cyclodextrin 7HCI were purchased from Cyclodextrin-Shop.

L-histidine methyl ester dihydrochloride (HisOCH3), and a-amylase of hog
pancreas were purchased from Merck, Carc was purchased from Baker. N-
butyl-polyglutamic acid sodium salt (15 kDa, 3 kDa) was purchased from IRIS
biotech.

2-methyl-2-oxazoline, bromohexanoic acid, anhydrous dimethylacetamide,
folic acid, 4-y-Guandinobutyric acid and fluorescein isothiocyanate were
purchased from Sigma-Aldrich (Hamburg, Germany). 2-methyl-2-oxazoline
was dried over CaH and distilled before use.

Free base ArgOCHj3 and HisOCHj3 were obtained using a DEAE (OH" form)
anionic column.

Sephadex G-15 and Sephadex C-25 were used for column chromatography.
Membrane Dialysis with a molecular weight cut-off of 3.5 kDa was used after
the evaluation of compatibility with 10% of solvents such as DMA and DMF.
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Thin Layer Chromatography (TLC) was carried out on silica gel plates (Merck
60-F254). Carbohydrate derivatives were detected on TLC by UV and the
anisaldehyde, iodine and ninhydrin tests.

3.2. NMR SPECTROSCOPY

'H and *C NMR spectra were recorded at 25 °C with a Varian UNITY PLUS-
500 spectrometer at 499.9 and 125.7 MHz respectively, using standard pulse
programs from the Varian library. 2D experiments (COSY, TOCSY,
gHSQCAD, gHMBC, ROESY) were acquired using 1k data points, 256
increments and a relaxation delay of 1.2 s. *H NMR spectra were referred to

as the solvent signal.

3.3. DYNAMIC LIGHT SCATTERING (DLYS)

Dynamic light scattering (DLS) measurements were performed at 25 °C with
Zetasizer Nano ZS (Malvern Instruments, UK) operating equipped for
backscattering at 173° with at 633 nm (He—Ne laser). The mean hydrodynamic
diameter (d) of the NPs was calculated from intensity measurement after
averaging the five measurements. The samples were diluted in phosphate
buffer (pH = 7.4) or in water solution and prepared in ultrapure filtered water
(0.2 pm filter).
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3.4. UV-vis SPECTROSCOPY

UV-vis spectra were recorded with the Agilent Cary 8500 spectrophotometer
equipped with a Peltier cell holder. The samples were diluted in HEPES or
phosphate buffer (50 or 100 mM, pH 7.4).

3.5. AMYLASE CLEAVAGE ASSAY

a-Amylase hydrolysis tests were carried out at 37 °C in buffer at pH 7.4
(phosphate buffer 50 mM) or pH 4.0 (acetate buffer 50 mM). The polymers at
10 mM at two concentrations (2.5 mg/ml and 5.0 mg/ml) were incubated under
stirring alone and in the presence of a-amylase of hog pancreas. TLC
monitored hydrolysis at different times, at regular intervals up to 24 h.  and
vyCyD were used for comparison. TLC was eluted with

PrOH/ACOEt/H2,O/NH3 5:1:3: 3.

3.6. SOD ACTIVITY

The reaction mixture was composed of 4-Nitro blue tetrazolium chloride
(NBT, 200 uM), Phenazine methosulfate (PMS, 6.2 uM), Nicotinamide
adenine dinucleotide NADH (312 uM) in HEPES buffer (50 mM, pH=7.4).
During the experiment, the solutions of reagents were kept cool in an ice bath.
The complexes were prepared in HEPES buffer at M/L (L is Carc or His
moiety) 1:2 molar ratio. The reaction started when the PMS solution was
added to the mixture in the cuvette, under stirring. The absorbance of the NBT

was monitored at 560 nm every 30 sec. for 5 min at 25 °C. All tests were
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carried out in triplicate. A graphical representation of experimental data was
obtained by plotting the Vo/Vc-1 against the complex concentration, yielding
a straight line. Vo is the uninhibited reduction rate of NBT and V. is the
reduction rate of NBT in the presence of the complex. The I1Cso value is the

complex concentration for which Vo=2V., (Vo/V¢) -1=1.

3.7. SOLUBILITY EXPERIMENTS

Dox hydrochloride (50 pL, 0.017 M, water solution) was added to 0.200 mL
of eight solutions of the CyD polymers in phosphate buffer (100 mM, pH 7.4)
at different concentrations as reported elsewhere [272]. The suspensions,
formed due to the Dox precipitation at 7.4 pH, were sonicated for 10 min and
incubated at 25 °C in the dark. After 18 h, suspensions were centrifuged at
10,800 rpm for 10 min at 25 °C. The Dox concentration of the samples was
determined in the supernatant with UV/vis spectroscopy at the wavelength of
maximum absorbance (Amax) 482 nm. A linear calibration plot for free Dox in
phosphate buffer at pH 7.4 was previously obtained to obtain the Dox molar
absorptivity € 10,858 (mol ™t L cm™). The CE (complexation efficient) was
calculated from the straight-line slope obtained. CE = Slope/(1 — Slope). The

apparent stability constant K11 = CE/Sp was calculated.

3.8. CHOLESTEROL QUANTIFICATION

The cholesterol concentration was determined via a coupled enzymatic
reaction using a Cholesterol Quantification Assay Kit (Sigma-Aldrich) that
contains Assay Buffer (CSO0005A), Cholesterol Standard (CS0005B), Probe

(CS0005C), Enzyme Mix (CS0005D) and Cholesterol Esterase (CSO005E).
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After sample preparation, the fluorescence intensity was measured at Aex= 535

nm and £em= 595 nm.

3.9. TEM ANALYSIS

TEM studies were performed on an FEI Tecnai G2 20 transmission electron
microscope operating at 120 or 200 kV for high-resolution imaging. Samples
were prepared by dropping toluene dispersions of oleic acid-coated iron oxide
core nanoparticles onto a 300-mesh carbon-coated copper grid and

subsequently evaporating the solvent in the air.

TEM thin section was used to visualize the uptake of CySPIONs with CHO
cells. Embedding of cells was done in LR-White acrylic resin according to a
modified protocol of Glauert and Lewis [273]. Briefly, cells after uptake, were
washed twice in 0.1 M sodium cacodylate pH 7.4 and fixed in fixative
containing 2.5% glutardialdehyde, 2.5% paraformaldehyde, 2.5 mM CacCly,
and 1% tannic acid in 0.1 M sodium cacodylate pH 7.4 for 4 h. Fixation was
repeated with fixative without tannic acid for 20 h at 4 °C. After washing with
sodium cacodylate, followed by distilled water, cells were postfixed with 1%
0s0s, 1.5% Ks[Fe(CN)]e potassium hexacyanoferrate(l1) in water for 1 h,
followed by 2% OsQO4 in water for an additional 2 h at room temperature. After
brief washing in water, cells were dehydrated using a graded ethanol series in
water (70% - 80% - 90% - 2 x 100%) for 10 min each. Cells were infiltrated
with LR-White for 30 minutes, followed by an additional incubation with
fresh resin overnight at 4 °C. Samples were transferred into gelatin capsules
size 00 and filled with plain resin. Blocks were cured at 60 °C for a minimum
of 24 h and stored at room temperature. Ultrathin sections were cut using Leica
Ultracut UC-7. 70 nm slices of fixed and embedded cells were transferred onto
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150 mesh hexagonal copper grids coated with Pioloform. After air drying,

samples were investigated without further staining.

3.10. THERMOGRAVIMETRIC ANALYSIS AND
DIFFERENTIAL SCANNING CALORIMETRY
(DSC) MEASUREMENTS

Thermograms were recorded on a Mettler-Toledo TGA/DSC 1 STAR system
in the temperature range 25-650°C with a ramp of 10 K/min in a synthetic air
stream of 80 ml/s to ensure complete combustion of ligands as NDA was
found to polymerize by pyrolization under Na. 70 uL aluminium oxide
crucibles were filled with 0.5-1.5 mg of sample, and the total organic content
(TOC) was evaluated as the mass loss fraction at 500°C by horizontal setting.
The density of grafted polymer was calculated from the inorganic/organic
fraction of purified CySPIONSs as reported in our previous work, which in turn
allowed us to estimate that the equivalent concentration in appended CyD, that

is 1 mg/ml CySPION, was equivalent to ~120 pM in monomeric CyD.

3.11. LYSOTRACKER FLOW CYTOMETRY

CHO lines were grown in DMEM/F12 TC media (Gibco: 31330-038)
supplemented with 10% FBS, glutamine and pen-strep. 20,000 CHO NPC-/-
(null) cells or WT CHO were plated in 12 well TC plates and allowed to
adhere. Media was then replaced with CySPION, CyDen and 2HPBCyD at
different concentrations and the plates were incubated at 37°C, 5% CO> for 72

hours.
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3.12. LYSOTRACKER FLOW STAINING

LysoTrackerTM staining was performed as described previously [268]. In
brief, cells were washed twice in situ with PBS and harvested using
Trypsin/EDTA. Cells were rewashed with PBS and stained with 200 nM
LysoTrackerTM-green DND-26 (ThermoFisher) for 10 min in the dark. Cells
were washed a final time with PBS and re-suspended in a buffer containing 5
pg/ml Propidium iodide (Sigma) to allow for the exclusion of dead cells and
immediately analyzed on a BD FACS-Canto Il (Beckton Dickinson). At least
10,000 events were collected for each sample and relative fluorescence values

were calculated using FlowJo software (Version 10, FlowJo, LLC).

3.13. CO-CULTURED BBB MODEL

An in vitro BBB model was created by cultivating a human brain
microvascular endothelial cell line (HBEC-5i, CRL-3245TM, ATCC®, USA)
and a mouse brain astrocyte cell line (C8-D1A, CRL-2541, ATCC®, USA).
The cell cultures were incubated in a 37 °C, 5% CO2 and 95-98% humidified
incubator (SteriCycle 1601, Thermo Scientific, Germany). Dulbecco’s
modified eagle’s medium F12 (DMEM-F12, D6421, Sigma-Aldrich, USA),
containing 40 pg/mL of endothelial cell growth supplement (ECGs, E2759,
Sigma-Aldrich, USA), 10% fetal bovine serum (FBS, 16000044, Gibco, USA)
and DMEM (D6046, Sigma-Aldrich, USA) media supplemented with 10%
FBS were used for the cultivation of endothelial and astrocyte cells,
respectively. The culture media were changed every other day, and the cells
were passaged at a 1:3 split ratio until obtaining desired cell numbers. Cell
culture inserts (353095, Falcon® Corning, USA) were conditioned in an
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endothelial growth medium for 2 h. Inserts were turned upside down, and
astrocytes were seeded onto the underside of the insert membrane at 5x10°
cell/cm? concentration. After the astrocyte cells were incubated for 4h, the
inserts were turned, and endothelial cells were seeded on the apical surface of
the membrane at 1x10° cell/cm? concentration. Obtained BBB models were
incubated for 5 days, and Lucifer Yellow (LY) permeability was determined
for the characterization of the model.

3.14. PERMEABILITY STUDY

The above-described cocultured BBB model was used to test the permeability
of CySPION and free polymer samples. First, BBB integrity was assessed via
LY permeability analysis. Ringer’s HEPES solution (150 mM NaCl, 3.4 mM
CaCl, 1.2 mM MgClz, 5.2 mM KCI, 0.5 mM NaHCOs, 2.8 mM glucose, and
10 mM HEPES) was prepared in type-1 ultra-pure water. Lucifer Yellow CH
dipotassium salt (LY, L0144, Sigma-Aldrich, Germany) was dissolved in
Ringer’s HEPES solution (1 mM). After rinsing the BBB model with Ca®* and
Mg?* free PBS, LY solution was added to the apical part, and Ringer's HEPES
solution was added to the basolateral part of the model. LY solution was
transported through the models for 30 min, and RFU values of the solution in
the basolateral part were measured using a fluorospectrometer (NanoDrop
3300, Thermo Scientific, USA) at 530 nm. Concentration values
corresponding to the RFU values obtained were determined using the
calibration graph (R? = 0.9997) of the LY solution (Figure S143). Permeability
values were calculated according to the formulae below (where P is the
permeability, V is the volume of the media in the basolateral part, A is the

surface area of the insert membrane, and [C] is the concentration of the LY).
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V(cm3) % A[C]basolateral(%)
A(sz) X [C]apical(%) At(S)

Pcm_
)=

A permeability value <2x10° cm/s for LY is an indication of the establishment
of a good cell barrier layer [274]. The model used in this permeability study
had a lower LY permeability value than models in the literature [275]. The
optimal permeability value of LY was obtained at 30 min (1.39x10° +
4.41x107 cm/s) in this study, which was chosen as a suitable assay time. The
test samples were prepared in Ringer’s HEPES solution at 1 mg/ml
concentration. Calibration graphs were obtained for both free polymer (R? =
0.9997) and CySPION (R? = 0.9902) for the relationship between
concentration and RFU values at 520 nm using fluorospectrofotometery, with
the fluorescence provided by the FLUO tag attached to both PMOXA-FLUO
and CySPION-FLUO (Figure S144 for calibration curve of PMOXA-FLUO
and Figure S145 for calibration curve of CySPION-FLUO). The
permeabilities for free polymer and CySPION, respectively, were calculated
using the same formula as for the LY assay, using these calibrations.

3.15. MASS SPECTROMETRY

MALDI-TOF MS experiments were performed using an AB SCIEX MALDI-
TOF/TOF 5800 Analyzer (AB SCIEX, Foster City, CA, USA) equipped with
a nitrogen UV laser (A = 337 nm) pulsed at a 20 Hz frequency by using a set
up previously described [219]. The mass spectrometer operated in the linear
mode, and the laser intensity was set above the ionization threshold (4500 in
arbitrary units). Mass spectra were processed using Data Explorer 4.11
software (Applied Biosystems, Warrington, UK). 2,5-di-hydroxybenzoic acid
(DHB) was used as the matrix, dissolved in water/acetonitrile 1:1 containing

0.03% of CF3COOH. Molar-mass averages (Mn and Mw) values were also
130



calculated using Data Explorer software (Applied Biosystems, Warrington,
UK).

ESI mass spectra were acquired with an AP1 2000-ABSciex spectrometer.

3.16. SYNTHESIS OF ACETILATE DIMER CyDs

EDC (1-ethyl-3-(3-dimethylaminopropyl) carbodiimide) (17 mg, 0.088
mmol) and HOBt (1-hydroxybenzotriazole) (12 mg, 0.088 mmol) were added
to Ac-Glu-OH (8.3 mg, 0.044 mmol) in dry DMF. After 10 min, BCyDNH>
(100 mg, 0.088 mmol) and triethylamine (0.012 mL, 0.088 mmol) were added
to the solution. The reaction mixture was stirred at 25°C for 24 h under
stirring. The solvent was evaporated, and the reaction mixture was purified by

Sephadex CM C-25 column (NH4" form) using water as the eluent.
TLC: RF: 0.72 (PrOH/ACOEt/NHs/H20 4:1:2:1),
Yield: 38%

'H NMR (500 MHz, D20) & (ppm): 5.07-4.87 (m, 12H, H-1 CyD), 4.84 (m,
2H, H-1A CyD), 4.33 (m, 1H, CHo Glu), 4.28 (m, 1H, H-3A CyD), 4.16 (m,
3H, H-3A and H-5A of CyD), 3.96-3.45 (m, 84 H, H-2A, H-4A, H-3, H-5, H-
6, H-2, H-4 CyD), 2.31 (m, 2H, H-y of Glu), 2.12 (s, 3H, CHz), 2.01 (m, 1H,
H-B of Glu), 1.96 (m, 1H, Hp- of Glu).

Synthesis of yYCyD2GluAc

vCyD2GluAc was synthesized and purified as reported for BCyD2GluAc,
starting from yCyDNH? (100 mg, 7.71x10°mol) and Ac-Glu-OH (7.2 mg,
3.85x107° mol).

TLC: RF: 0.82 (PrOH/AcOEt/NH3/H20 4:1:3:1)
Yield: 40%
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IH NMR (500 MHz, D20) & (ppm): 5.17-4.84 (m, 14H, H-1 CyD), 4.88 (m,
2H, H-1A CyD), 4.28 (m, 1H, CHa. Glu), 4.24 (m, 1H, H-3A CyD) 4.18 (m,
1H, H-3A CyD), 4.10 (m, 1H, H-5A), 4.04 (m, 1H, H-5A), 3.96-3.45 (m, 84
H, H-2A, H-4A, H-3, H-5, H-6, H-2, H-4 CyD), 2.33 (m, 2H, H-y of Glu),
2.01 (M, 1H, H-B of Glu), 2.00 (s, 3H, CH3), 1.93 (m, 1H, Hp- of Glu).

13C NMR (125 MHz, D20) § (ppm): 175.9 (y-CO of Glu), 168.6 (CO of Glu),
100.47 (C-1A of CyD), 99.1 (C-1 of CyD), 78.0 (C-4 of CyD), 79.9 (C-4 of
CyD ), 69.6-70.9 (C-5, C-2, C-3 of CyD), 57.9 (C-6 of CyD), 50.8 (C-a of
Glu), 48.9 (C-3A of CyD), 29.9 (C-y of Glu), 25.3 (CH Glu), 19.8 (C- of
Glu).

3.17. SYNTHESIS OF BIOTINILATE DIMER CyDS

N-Succinimidyl 6-Biotinamidohexanoate (3.8° mg, 8.4 pumol) and
triethylamine (5.8 pl, 4.3 umol) were added to CyD2Glu (20 mg, 8.4 umol)
in dry DMF. The reaction mixture was stirred at room temperature for 24 h
under stirring. The solvent was evaporated, and the reaction mixture was
purified by the Sephadex CM C-25 column (NH4" form) and the DEAE

Sephadex column (form OH") with water as the eluent.
TLC: RF: 0.74 (PrOH/AcOEt/NHs/H20 4:1:3:1)
Yield: 33 %

'H NMR (500 MHz, D20) & (ppm): 5.12-4.91 (m, 12H, H-1 CyD), 4.90 (m,
1H, H-1A), 4.82 (m, 1H, H-1A CyD), 4.59 (m, g biotin), 4.39 (m, 1H, CH
Glu), 4.32 (m, f bio), 4.28 (m, 1H, H-3A CyD), 4.25 (m, 1H, CH Glu), 4.16
(m, 1H, H-3A), 4.03-3.40 (m, 82 H, H-2A, H-4A, H-3, H-5, H-6, H-2, H-4
CyD), 3.27-3.15 (m, 2H, e bio, H-6 Hex), 3.08 (m, 1H, H-6 Hex), 2.94 (m,

1H, h bio), 2.69 (m, 1H, h bio), 2.42-2.04 (m, 4H, H-y of Glu, H-2 Hex), 2.21
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(m, 2H, a bio), 2.11 (m, 1H, H-B of Glu), 1.88 (m, 1H, H-B’ of Glu), 1.76-1.26
(m, 12H, H-3, -4, -5 hexane b, c, d bio and hexane chain).

13C NMR (125 MHz, D20) & (ppm): 180.8 (CONH hex ), 176.7 (CONH Bio),
176.1 (y-CO of Glu), 172.8 (CO of Glu), 164.3 (NHCONH Bio), 103.3 (C-1A
of CyD), 101.6 (C-1 of CyD), 81.5 (C-4 of CyD), 79.3 (C-4 of CyD ), 74.5-
71.0 (C-5, C-2, C-3 of CyD), 62.4 (C-f Bio), 60.3 (C-6 of CyD), 56.7 (C-g
Bio), 53.4 (C-a of Glu), 50.4 (C-3A of CyD), 55.9 (e), 40.4 (C-h), 39.2
(CH2NH Hexanoic chain), 35.8 (C-a Bio), 35.2 (CH,CONH hex ), 32.2 (C-y
of Glu), 30.4 (CH Glu), 27.0 (C-B of Glu), 29.1-24.5 (CH: hexane, C-b, -c, -
d).

Synthesis of yYCyD2GluBio

vCyD2GIluBio was synthesized and purified as reported for BCyD2GluBio
starting from yCyD2Glu (10 mg, 3.7x10°mol) and N-Succinimidyl 6-

Biotinamidohexanoate (1.7 mg, 3.7x10°mol).
TLC: RF: 0.75 (PrOH/AcOEt/NHs/H20 4:1:3:1)
Yield: 30 %

'H NMR (500 MHz, D>0) & (ppm): 5.12 - 4.88 (m, 15H, H-1 CyD), 4.86 (m,
1H, H-1A CyD), 4.51 (m, g biotin), 4.33 (m, f bio), 4.28 (m, 1H, H-3AX CyD),
4.25 (m, 1H, CH Glu), 4.16 (m, 1H, H-3AY), 4.03 (m, 1H H-5A of CyD), 3.9
(m, 1H H-5A of CyD), 3.90-3.40 (m, 92 H, H-2A, H-4A, H-3, H-5, H-6, H-
2, H-4 CyD), 3.24 (m, 1H, e bio), 3.19 (m, 2H, 6 CH2 Hex ), 2.94 (m, 1H, h
bio), 2.69 (m, 1H, h’ bio), 2.42-2.13 (m, 7H, H-y of Glu, a bio, 2-CH, Hex H-
B of Glu), 1.91 (m, 1 H, p’- of Glu), 1.76-1.26 (m, 12H, b, ¢, d bio and 3, 4, 5
CH: hex).

13C NMR (125 MHz, D,0) & (ppm): 174.8 (y-CO of Glu), 174.2 (COCHs),
172.4 (CO of Glu),102.3 (C-1A of CyD), 101.6 (C-1 of CyD), 80.3 (C-4 of
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CyD), 73.1 (C-5CyD), 72.3 (C-2) 71.9 (C-3 of CyD), 62.4 (C-f Bio), 60.2 (C-
6 of CyD), 60.2 (C-g Bio), 53.4 (C-a of Glu), 50.4 (C-3A of CyD), 41.6 (C-
e), 39.4 (C-6 hex), 36.3 (C-a Bio), 35.4 (C-3A), 32.2 (C-y of Glu), 30.4 (CH
Glu), 27.1 (C-B of Glu), 26.1-25.0 (C-3, -4, -5 hexane, C-b, -c, -d).

3.18. SYNTHESIS OF HACyD CONJUGATES

Synthesis of HAHBCyD

DMTMM (37 mg, 0.1 mmol) and BCyD3NH: (126 mg, 0.1 mmol) were added
to HAH (100 mg, 2 umol) in 10 mL water in three aliquots (every 30 min).

The reaction mixture was stirred at 25 °C for 24 h.
The final product was dialyzed against water (cut-off 3.5 kDa).
Yield: 45%

'H NMR: (500 MHz, D20) &(ppm):1.90 (s, CHs of N-Acetyl), 3.03-4.00 (m,
H-3, -6, -5, -2, -4 of CyDs and HA), 4.17 (m, H-3-A of CyD), 4.36-4.45 (d,
H-1 of glucuronic acid and glucosamine), 4.83-5.02 (m, H-1 of CyD).

Size (DLS, Z-Average), d: 424 + 40 nm.

Synthesis of HAHyCyD

HAHyCyD was synthesized as HAHBCyD, DMTMM (46 mg, 0.17 mmol),
yCyD3NH: (173 mg, 0.13 mmol) and HAH (50 mg, 1 pmol).

Yield: 35%

'H NMR: (500 MHz, D20) &(ppm): 1.90 (s, CH3 of N-Acetyl), 3.1-4.03 (m,
H-3, -6, -5, -2, -4 of CyDs and HA), 4.17 (m, H-3-A of CyD), 4.37-4.47 (d,
H-1 of glucuronic acid and glucosamine), 4.96-5.16 (m, H-1 of CyD).

Dimension (DLS, Z-Average), d: 531 = 60 nm.
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Synthesis of HALBCyD

The synthesis was carried out as reported for HAHBCyD starting from HAL
(100 mg, 9.1 umol), DMTMM (126 mg, 0.46 mmol) and BCyD3NH> (310 mg,
0.28 mmol).

Yield: 48%

'H NMR: (500 MHz, D20) §(ppm): 1.90 (s, CH3 of N-Acetyl), 3.20-3.90 (m,
H-3, -6, -5, -2, -4 of CyDs and HA), 4.17 (m, H-3-A of CyD), 4.30-4.50 (d,
H-1 of glucuronic acid and glucosamine), 4.83-5.02 (m, H-1 of CyD).

13C NMR: (125 MHz, D20) § (ppm): 30.4 (CH3), 101.2 (H-1 CyD), 60.4 (C-
6 CyD and HA), 70.0-74.0 (C-2, 3, 5, CyD and HA), 80.9 (C-4 CyD); 178.0
(COOH), 175.8 (COCH3); 172.0 (NHCO).

Size (DLS, Z-Average), d: 176 + 15 nm.

Synthesis of HALyCyD

The synthesis was carried out as reported for HAHBCyD starting from HAL
(50 mg, 5 umol) DMTMM (63 mg, 0.23 mmol) and yCyD3NH> (177 mg,
0.14 mmol).

Yield: 53%

'H NMR: (500 MHz, D20) §(ppm): 1.92 (s, CH3 of N-Acetyl), 3.21-4.03 (m,
H-3, -6, -5, -2, -4 of CyDs and HA), 4.19 (m, H-3-A of CyD), 4.35-4.52 (d,
H-1 of glucuronic acid and glucosamine), 4.83-5.16 (m, H-1 of CyD).

Dimension (DLS, Z-Average), d: 90 £ 5 nm.
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3.19. SYNTHESIS OF PGACyDArg

Synthesis of PGABCyDArgl

BCyD3NH2 (50 mg in 1 mL of H20), and DMTMM (18.26 mg in 350 uL)
were added to PGA (6.61 mg in 350 puL) every 30 min in three aliquots. The
pH of the reaction mixture was adjusted to 8. After 24 h, ArgOCH3(2 mg) and
DMTMM (18 mg) were added to the solution (for 30 min). The reaction
mixture was stirred at r.t. for 24 h.

The polymer was isolated with Sephadex G-15 column chromatography. The
various fractions collected were examined using TLC, (eluent
PrOH/ACOEt/H,O/NH3 5:2:3:1). The main product was characterized by
NMR spectroscopy.

'H NMR (500 MHz, D20) & (ppm): 5.20-4.80 (H-1 of CyD); 4.28 (s, CH Glu);
4.2 (m, CH Arg); 4.2-3.2 (m, H-3, -6, -5, -2,-4 of CyD, OCHj3); 3.2 (m, y CH>
Arg); 2.60-1.50 (m, B- and y-CH2 PGA); 1.35 (m, CH2butyl chain of PGA);
1.26 (m, CH. butyl chain of PGA), 0.88 (m, CHs butyl chain of PGA).

13C NMR (125 MHz, D20) & (ppm): 24.5 (B-CH2 of Arg), 26.8 (a-CH; of
Arg), 31.8 (B-CH2 of PGA), 40.5 (5 CH2 butyl chain of PGA), 52.3 (CH Arg),
52.9 (C-2 of CyD and OCH3 of Arg), 53.0 (CH of Glu), 60.0 (C-6 of CyD),
71.6 (C-3 of CyD ), 73.0 (C-5 of CyD), 80.4 (C-4 of CyD), 101-105 (C-1 of
CyD), 160 (C=N of Arg), 173-174 (CNH PGA-CyD, PGA-Arg), 174.72 (CO
methyl ester of Arg).

Dimension (DLS, Z-Average): d: 49 £ 5 nm
Zeta potential: 8 £ 1 mV (pH = 7.4).

The other polymers were synthesized in the same manner as PGABCyDArgl

with different amounts of the reagents.
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Synthesis of PGABCyDArg?2

The synthesis was carried out as described above with PGA (7 mg), DMTMM
(18 mg), ArgOCHs (6 mg), DMTMM (10 mg) and BCyD3NH> (50 mg).

'H NMR (500 MHz, D20) & (ppm): 5.16-4.75 (H-1 of CyD); 4.28 (s, CH Glu);
4.20 (m, CH Arg); 4.10-3.20 (m, H-3, -6, -5, -2, -4 of CyD, OCH3); 3.13 (m,
v-CH2 Arg); 2.58-1.60 (m, y-CH2 PGA,); 1.35 (m, CH> butyl chain of PGA),
1.6 (m, CHz butyl chain of PGA ); 1.28 (m, CHz butyl chain of PGA), 0.89
(m, CHs butyl chain of PGA).

Dimension (DLS, Z-Average): d: 35+ 2 nm
Zeta potential: 7.7 £ 0.5 mV (pH = 7.4).

Synthesis of PGAYCyDArg3

The synthesis was carried out for PGABCyDArg2 with PGA (10 mg),
DMTMM (19 mg), ArgOCHs (8 mg), DMTMM (20 mg) and yYCyD3NH2 (67
mg).

'H NMR (500 MHz, D20) & (ppm): 5.20-4.77 (m, H-1 of CyD); 4.32 (m, CH
Arg); 4.23 (s, CH Glu); 4.12 (m, H-3A of CyD); 3.93-3.49 (m, H-3, -6, -5, -
2, -4 of CyD and OCHs of Arg); 3.12 (y-CHz Arg); 2.57-1.45 (B- and 4- CH>
PGA, CH2 Arg); 1.38 (m, CH: butyl chain of PGA), 1.21 (m, CH2 butyl chain
of PGA); 0.77 (m, CHs butyl chain of PGA).

Dimension (DLS, Z-Average): d: 29 £ 3 nm
Zeta potential: 2.3 £ 0.5 mV (pH =7.4).
Synthesis of PGABCyDArg4 and PGAyCDArg5

The synthesis was carried out as described above with PGA (25 mg),
DMTMM (48 mg), ArgOCHs (33 mg), DMTMM (21 mg) and BCyD3NH>
(59 mg) or yCyD3NH> (72 mg).
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PGABCyDArg4

'H NMR (500 MHz, D20) & (ppm): 5.22-4.80 (m, H-1 of CyD); 4.32 (m, CH
Arg); 4.23 (s, CH Glu); 4.12 (m, H-3A of CyD); 3.93-3.50 (m, H-3, -6, -5, -2,
-4 of CyD and OCHj3 of Arg); 3.12 (y-CH2 Arg); 2.60-1.49 (B- and §- CH
PGA, CHz Arg); 1.39 (m, CH:z butyl chain of PGA), 1.20 (m, CH2 butyl chain
of PGA); 0.78 (m, CHs butyl chain of PGA).

13C NMR (125 MHz, D20) & (ppm): 24.4 (B-CH2 of Arg), 27.6 (a-CH; of
Arg), 31.3 (B-CH2 of PGA), 40.5 (8 CH2 butyl chain of PGA), 52.34 (CH Arg),
52.8 (C-2 of CyD and OCHjs of Arg), 52.9 (CH of Glu), 60.0 (C-6 of CyD),
71.4 (C-3 of CyD), 72.5 (C-5 of CyD), 80.3 (C-4 of CyD), 101. 7 (C-1 of
CyD), 160 (C=N of Arg), 173-174 (C-NH PGA-CyD, PGA-Arg), 174.7 (CO
methyl ester of Arg).

Dimension (DLS, Z-Average): d: 79 £ 8 nm
Zeta potential: 45 £ 5 mV (pH = 7.4).

PGAyCyDArg5

'H NMR (500 MHz, D20) & (ppm): 5.22-4.70 (m, H-1 of CyD); 4.32 (m, CH
Arg); 4.23 (s, CH Glu); 4.12 (m, H-3-A of CyD); 4.05-3.32 (m, H-3, -6, -5, -
2, -4 of CyD and OCHjs of Arg); 3.12 (y-CH2 Arg); 2.59-1.46 (B- and 8- CH>
PGA, CH2 Arg); 1.37 (m, CHz butyl chain of PGA), 1.21 (m, CH2 butyl chain
of PGA); 0.78 (m, CHz butyl chain of PGA).

13C NMR (125 MHz, D20) & (ppm): 24.4 (B-CH2 of Arg), 27.7 (a-CH; of
Arg), 31.3 (B-CH2 of PGA), 40.4 (5 CH2 butyl chain of PGA), 52.4 (CH Arg),
52.8 (C-2 of CyD and OCHz of Arg), 52.9 (CH of Glu), 60.0 (C-6 of CyD),
71.5 (C-3 of CyD), 72.0 (C-5 of CyD), 80.4 (C-4 of CyD), 101. 7 (C-1 of
CyD), 160 (C=N of Arg), 173-174 (CNH PGA-CyD, PGA-Arg), 174.72 (CO
methyl ester of Arg).
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Dimension (DLS, Z-Average): d: 59 £ 6 nm

Zeta potential: 37 £ 3 mV (pH = 7.4).

3.20. SYNTHESIS OF PGACyDGBA

Synthesis of PGABCyDGBA

DMTMM (143 mg, 0.5 mmol) and y-Guanidinobutyric Acid (GBA) (30 mg,
0.2 mmol) were added in three aliquots to BCyD (143 mg, 0.1 mmol). The pH
of the reaction mixture was adjusted to 8. After 24 h, PGA (20 mg, 7 umol)
and DMTMM (38 mg, 0.1 mmol) were added to the solution (for 1 h). The

reaction mixture was stirred at room temperature for 24 h.

The solution of the reaction was purified by Sephadex G-15 column

chromatography.
Yield: 25%

'H NMR: (500 MHz, D20) &(ppm): 0.78 (m, CH3 butyl chain of PGA);
0.97(m, CH: butyl chain of PGA); 1.78 (m, a-CH2 of Arg), 1.2 (m, B-CH: of
Arg); 2.3-2.24 (m, B-CHz of PGA and m, a-CH2 of PGA); 3.12 (m, 6 CH2
butyl chain of PGA and m, y-CH> GBA); 3.8-3.4 (m, H 3, -6, -5, -2, -4 of
CyD); 5.0 (m, H-1 of CyD); 4.08 (s, CH Glu).

Dimension (DLS, Z-Average) d: 23 £2 nm
Zeta potential: 41 £ 5 mV (pH =7.4).

Synthesis of PGAYCyDGBA

The synthesis was carried out as reported for PGABCyDGBA: DMTMM (143
mg, 0.5 mmol) and GBA (30 mg, 0.2 mmol), yCyD (164 mg, 0.1 mmol). After
24 h, PGA (20 mg, 7 pumol) and DMTMM (38 mg, 0.1 mmol).
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Yield: 21%

'HNMR: (500 MHz, D20) &(ppm): 0.77 (m, CH3 butyl chain of PGA); 1.35-
1.18(m, CHa butyl chain of PGA); 1.77 (m, a-CH> of Arg); 2.3- 2.2 (m - CH>
of PGA, m a-CHz of PGA, m a-CHz of GBA, m, B-CHz of GBA); 3.11 (m,
CH: butyl chain of PGA and y-CH2 GBA); 3.6-3.4 (m, H 3, -6, -5, -2, -4 of
CyD); 5.04 (m, H-1 of CyD); 3.8 (s, CH Glu).

Dimension (DLS, Z-Average): d: 18 £1 nm

Zeta potential: 27 £ 2 mV (pH = 7.4).

3.21. SYNTHESIS OF PGACYyDPMOXA

6-bromohexanoic acid (6BHA) 100 mg (0.513 mmol) was used as the initiator
and reacted at 110 °C with 8 ml of 2-methyl-oxazoline (MO) (94.5 mmol;
x184) in 15 ml of anhydrous dimethylacetamide (DMA) for 22 h under a dry
nitrogen atmosphere. The reaction mixture was then brought to 80 °C and
reacted with 1 ml of ethylenediamine (x30 excess) for 22 h to terminate the
reaction [276]. After this time, the solution was cooled to room temperature,
and the polymer precipitated twice in diethyl ether (200 ml). Finally, the
polymer was dialyzed (cut off: 3.5 kDa) overnight and lyophilized to yield
about 5 g of PMOXA.

'H NMR: (300 MHz, CDCls) & (ppm): 1.00-2.00 (10H, 6BHA), 2.10 (282H,
-CH3CO-), 3.45 (387H, -OC-N-CH>-CH>-N- and ethylenic chain of en).

GPC: Mn 8,890, Mw 14,467, Mw/Mn 1.6

After the synthesis of PMOXA, the second step is protecting the amino group
with BOC. 0.5 g of PMOXA (59 pmol) was solubilized in 2 ml of DMF and
added 3 equivalents of BOC 41 pl (0.18 mmol) in the presence of 1.5
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equivalents of triethylamine 10 pl (88 umol). The reaction was stirred at r.t.
overnight. After the reaction, the product was precipitated in EtO» (100ml) to
eliminate the BOC and DMF. Finally, the product was lyophilized.

0.48 g of PMOXA-BOC (54 umol) was dissolved in 6 ml of anhydrous DMA
in an inert atmosphere. Thereafter, 28 mg of TBTU (73 pumol) and 10 pl of
DIPEA (56 umol) were added and stirred for 15 min to activate the carboxyl
group. After, 17 mg of NDA (73 umol) was added as a solution in anhydrous
DMA. The reaction was stirred in the dark for 24 hours. The product was
purified with dialysis, using a cut-off of 3.5 kDa in order to eliminate the

solvent and activating agents.

'H NMR: (300 MHz, CDClIs) § (ppm): 1.37 (s, CH3 BOC), 1.88-1.95 (10H,
6BHA), 2 (282H, -CH3CO-), 3.51 (387H, -N-CH2-CH-N-), 6.56-7.54 (s, 2H,
aromatics of the NDA group)

NDA-PMOXA-BOC 0.4g (46 umol) was dissolved in 5 ml DCM and treated
with concentrated 8.5 pl of TFA (X1.15 pumol), for 4 h to eliminate the
protection group. Vacuum evaporation of the solvent is sufficient to isolate

the product.

After the deprotection, PMOXA-NDA 0.4 g (46 umol) was dissolved in water
4 ml with 909 mg of succinic anhydride (X2, 91 umol) and with 3.6 mg of
hydroxide of sodium (X2, 91 umol) at room temperature, overnight. Also, this

product was purified by dialysis (cut-off 3.5 kDa) and after it was lyophilized.

'H NMR: (300 MHz, DMSO) & (ppm): 1.72-1.83 (10H, 6BHA), 1.98 (282H,
-CH3CO-), 2.73 (t, CH2 Succinic acid) 3.38 (387H, -N-CH>-CH-N-), 7.08-
7.54 (s, 2H, aromatics of the NDA group)

PGA functionalization CyDs: 0.42 g of PGA (29 umol) was solubilized in 3
ml of water with 158 mg of DMTMM (0.57 mmol). After 5 minutes 6 amino-

CyDs were added 333 mg (0.28 mmol) previously activated with 80ul of TEA
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(0.57 mmol). The reaction was carried out at r.t. overnight. The product was
purified by dialysis (cut-off 3.5 kDa).

'H NMR: (300 MHz, D20) & (ppm): 0.82 (m, CHs butyl chain of PGA), 1.22
(t, CHs of triethylamine), 1.39 (m, CH2 butyl chain of PGA), 1.76-2.42 (m, B-
and y-CH2 PGA), 3.13 (g, CH: of triethylamine), 3.46-3.99 (m, H-3, -6, -5, -
2, -4 of CyD), 4.28 (s, CH Glu), 4.94-5.01 (H-1 of CyD).

Finally, 0.4 g (43 umol) NDA-PMOXA-SUC was activated with 0.029 g of
DMTMM (0.1 mmol). After 5 minutes was added 0.74 g of PGA-CyD (28
umol). The reaction was conducted in water at room temperature overnight.

The product was purified with precipitation in chloroform.

'H NMR: (500 MHz, D20) & (ppm): 0.81 (m, CHs butyl chain of PGA), 1.84-
1.91 (m, CH210H, 6BHA PMOXA), 1.96-2.04 (282H, -CH3CO- PMOXA,
CH210H, 6BHA PMOXA and B- CH2 PGA, CH> of succinic acid) 2.15-2.33
(y-CH2 PGA), 3.38-3.45 (m, H-2, and H-4 of CyD), 3.47-3.9 (m, 387H, OC-
N-CH2-CH2-N- PMOXA and ethylenic chain of en H-3, -5, -6, of CyD and
CH2 of NDA), 4.26 (s, CH Glu), 4.97-5 (H-1 of CyD).

13C NMR: (125 MHz, D20): 19.74 (-CH3CO- PMOXA\), 26.20-28.04 (CH,
6BHA, CH210H PMOXA, B- CH2PGA and CH> of succinic acid), 32.59 (y-
CH2 PGA), 42.45-47.53 (ethylenic chain of en, OC-N-CH2-CH>-N- PMOXA
and CH. of NDA), 53.47 (CH Glu), 60.0 (C-6 of CyD), 70.02 (C-3 of CyD ),
71.99 (C-2 of CyD), 73.04 (C-5 of CyD), 81.24 (C-4 of CyD), 101.22 (C-1 of
CyD)

Dimension (DLS, Z-Average): 288 +10 nm
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3.22. SYNTHESIS OF POLYMER WITH FOLIC
ACID

20 mg of FA (40 umol) was dissolved in DMA and was added 20 mg of DCC
(81 umol) and 10 mg of NHS (81 umol) to activate y-COOH. After 5 minutes,
230 mg of polymer PMOXA-NDA were added to the solution. The reaction
was carried out overnight at r.t. The product was purified with dialysis (cut-
off 3.5 kDa) to eliminate solvent and NHS and DCC were eliminated by
filtration.

'H NMR: (300 MHz, DMSO) & (ppm): 1.74-1.83 (10H, 6BHA), 1.99 (282H,
-CH3CO- and CH: of glutamic acid of Folic Acid), 3.53 (387H, -N-CH>-CHa-
N-), 4.4 (m, CH2 of FA), 6.67-7.56 (d, H aromatic of FA), 8.41 (s, H of
pteridine ring of FA).

Dimension (DLS, Z-Average): d: 199 + 9 nm

3.23. SYNTHESIS OF pBCyDBio

HOBt (4.6 mg, 34 umol) and EDC (6.5 mg, 34 umol) were added to ppCyDA
(50 mg, 0.57 pmol) in DMF under stirring. After the activation, PEG3- Amine
Biotin was added (13 mg, 30 pumol). The reaction was stirred at room

temperature for 24 h. The product was isolated with a Sephadex G-15 column.
Yield: 57%

IH NMR (500MHz, D;0) 8(ppm): 1.4-1.6 (bs, CHa, H-3,-2,-4 of Bi0.), 2.2 (bs,
CHz, H-1 of Bio.), 2.6-3.1 (bs, H- 8,-8’, -5 of Bi0), 3.2-4.4 (M H-3,-6,-5,-4,-2
BCyD), 4.3(bs, CH H-6 of Bio),4.5 (bs, CH H-7 of Bio), 5 (m, H-1 BCyD).
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3.24. SYNTHESIS OF POLYMERS WITH
CHELATORS

Synthesis of pyCyDHis

HisOCH3 Dihydrochloride was converted to the base form using a DEAE-
Sephadex column (form OH™). HOBt (14.0 mg, 0.103 mmol) and EDC (16.0
mg, 0.103 mmol) were added to pyCyDA (200 mg, 3.7 umol) in DMF. After
10 min, HisOCHs (18 mg, 103 mmol) was added. The reaction mixture was
stirred at room temperature for 24 h. The product was isolated by a Sephadex
G-15 column. The methyl ester of His was hydrolyzed by a solution of NaOH
1 % (1 mL) for 2 h. The final product was purified using CM Sephadex C-25

(NH4* form) and water as the eluent.
Yield: 20 %

'H NMR: (500M Hz, D20) 8(ppm): 3.1 (m, CHA His); 3.2 (m, CHB His);
3.2-4.4 (m, H-3, -4, -5, -6 of CyD), 4.5 (m, CHX His); 4.9-5.5 (m, H-1 of
CyD), 7.2 (s, H-2, Im), 8.5 ppm (s, H-5, Im).

13C NMR (125 MHz, D20) 8(ppm): 27.3 (CHz His), 60.4 (C-2 CyD), 62.4 (C-
3 CyD), 67.0-76.0 (C-6, C-5, C EPI), 80 (C-4 CyD), 100.0 (C-1 CyD); 116.8
(C-3 Im), 129.7 (C-2 Im); 132.9 (C-4 Im); 133.2 (C-5 Im); 175.8 (CONH);
178.0 (COOH).

Size (DLS, Z-Average): d:14+2 nm.

Synthesis of pCyDHis

The synthesis was carried out as reported for pyCyDHis, starting from
pBCyDA (200 mg, 2.3umol), HOBt (17.4 mg, 129 mmol), EDC (20 mg, 129
mmol) and HisSOCH3 (22 mg, 129 mmol).

Yield: 25 %
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'H NMR: (500 MHz, D20) 8(ppm): 3.1 (m, CHA His); 3.2 (m, CHB His);
3.2-4.4 (m, H-3, -4, -5, -6 of CyD, H EPI), 4.5 (m, CHX His); 4.9-5.5 (m, H-
1 of CyD), 7.2 (s, H-2, Im), 8.5 ppm (s, H-5, Im).

13C NMR (125 MHz, D,0) 3(ppm): 27.4 (CH; His), 60.3 (C-2 CyD), 53.3
(CH His); 62.4 (C-3 CyD), 67.0-76.0 (C-6, C-5,C EPI), 80.0 (C-4 CyD), 100.4
(C-1 CyD); 116.8 (C-3 Im), 129.7 (C-2 Im); 132.9 (C-4 Im); 133.4 (C-5 Im);
175.9 (CONH); 178.2 (COOH).

Size (DLS, Z-Average): d: 19£2 nm.

Synthesis of pyCyDCarc

HOBt (14.0 mg, 0.100 mmol) and EDC (16.0 mg, 0.100 mmol) were added to
pyYCyDA (200 mg, 3.7 umol) in DMF. After 5 min, Carc (20.0 mg, 0.100
mmol) was added. The reaction mixture was stirred at room temperature for
24 h. The product was isolated with a Sephadex G-15 column using water as

the eluent and was dialyzed against water. pyCyDCarc30.
Yield 43 %

'H NMR: (500 MHz, D20) 8(ppm): 1.9 (bs, H-2 Ala); 2.3 (bs, H-2 Histamine
(Hm)); 3.5-4.2 (m, H -3, -6, -5, -2, -4 yCyD, H-1 Ala and Hm and H EPI);
5.0-5.6 (M, H-1 yCyD); 7.2 (s, H-2, Im); 8.5 (s, H-5, Im).

13C NMR (125 MHz, D20) 8(ppm): 24.0 (C-2 hm), 35.0 (C-2 Ala), 35.5 (C-1
Ala); 38.1 (C-1 Hm); 60.4 (C-2 CyD), 63.0 (C-3 CyD), 67.0-76.0 (C-6, C-5,
C EPI), 80 (C-4 CyD), 100.0 (C-1 CyD); 117.0 (C-3 Im), 130.0 (C-2 Im);
132.0 (C-4 Im); 133.0 (C-5 Im); 173.8 (CONH); 177.0 (COOH).

The synthesis was carried out with a higher Carc/pCyD molar ratio in order to

obtain a higher degree of substitution. After the activation step, Carc (40 mg,

0.200 mmol) was added to the reagents. pyCyDCarc60.

Yield 54 %
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'H NMR: (500 MHz, D;0) &(ppm): 2.0 (bs, H-2 Ala); 2.2 (bs, H-2
Histamine); 3.6-4.2 (m, H-3, -6, -5, -2, -4 yCyD, H-1 Ala and Hm); 5.1-5.6
(m, H-1 yCyD); 7.2 (s, H-2, Im); 8.6 (s, H-5, Im).

13C NMR (125 MHz, D20) 8(ppm): 24.4 (C-2 Hm), 35.0 (C-2 Ala), 35.8 (C-
1 Ala); 38.2 (C-1 Hm); 60.4 (C-2 CyD), 63.0 (C-3 CyD), 67.0-76.0 (C-6, C-
5,C EPI), 80 (C-4 CyD), 100.0 (C-1 CyD); 117.0 (C-3 Im), 130.0 (C-2 Im);
1325 (C-4 Im); 133.7 (C-5 Im); 173.9 (CONH); 177.2 (COOH).
Size (DLS, Z-Average): d: 44+4 nm.

Synthesis of pfCyDCarc

The synthesis was carried out as reported for pyCyDCarc starting from
pPCyDA (200 mg, 2.3 pmol), HOBt (17.4 mg, 129 mmol), EDC (20 mg, 129
mmol) and Carc (24 mg, 129 pmol). ppCyDCarc30.

Yield 56 %.

IH NMR: (500 MHz, D20) 8(ppm): 2.3 (bs, H-2 Ala); 2.6 (bs, H-2 Hm); 3.25-
4.5 (m, H-3, -6, -5, -2, -4 CyD, H-1 Ala and Hm); 5.0-5.6 (m, H-1 CyD); 7.2
(s, H-2, Im); 8.55 (s, H-5, Im).

The synthesis was carried out with a higher Carc/pCyD molar ratio in order to
obtain a higher degree of substitution. After the activation step, Carc (50 mg,
0.258 mmol) was added to the reagents. ppCyDCarc60.

Yield 50 %

'H NMR: (500 MHz, D20) 8(ppm): 2.3 (bs, H-2 Ala); 2.6 (bs, H-2 Hm); 3.5~
4.5 (m, H-3, -6, -5, -2, -4 CyD, H-1 Ala and Hm); 5.0-5.6 (m, H-1 CyD); 7.2
(s, H-2, Im); 8.6 (s, H-5, Im).

13C NMR (125 MHz, D20) §(ppm): 24.5 (C-2 hm), 35.3 (C-2 Ala), 36.0 (C-1
Ala); 38.9 (C-1 Hm); 60.4 (C-2 CyD), 63.5 (C-3 CyD), 67.5-76.2 (C-6, C-5,
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C EPI), 80.5 (C-4 CyD), 100.0 (C-1 CyD); 117.0 (C-3 Im), 130.2 (C-2 Im);
132.5 (C-4 Im); 133.0 (C-5 Im); 174.0 (CONH); 177.5 (COOH).

Size (DLS, Z-Average): d: 49 £ 5 nm

3.25. SYNTHESIS LABELING NANOPARTICLES
OF CySPION-FLUO

2 g of PMOXA (0.25 mmol) was added with 100 mg of fluorescein isocyanate
(0.25 mmol) in the presence of 36 ul of TEA in 10 ml of DMA 100 °C
overnight. The polymer was then dialyzed (cut off: 3.5 kDa) to remove DMA
and the excess of fluorescein to obtain 1.52 g of PMOXA-FLUO.

'H NMR (300 MHz, DMSO): & (ppm): 1.00-1.64 (CH2 of hexanoic acid
moiety), 1.80-1.84 (CH: in alpha COOH of hexanoic acid), 2.00 (-CH3CO-),
3.21-3.55 (-N-CH>-CH>-N-, and ethylenic chain of en), 6.40-8.10 (fluorescein
H, NHCS), 10.09 (broadband, OH).

Finally, 1 g of the carboxy-terminated PMOXA-FLUO (0.125 mmol)
dissolved in 12 mL anhydrous DMA in an inert atmosphere. Thereafter, 55
mg (0.145 mmol) TBTU and 22 pL DIPEA (0.126 mmol) were added and
stirred for 15 min. NDA (35 mg, 0.125 mmol) was added as a solution in
anhydrous DMA. The reaction solution was stirred in the dark for 24 h. The
polymer was dialyzed (cut off: 3.5 kDa) against water to remove DMF, the
excess of NDA, and the coupling agents to yield about 840 mg of PMOXA-
FLUO.

'H NMR (300 MHz, DMSO): & (ppm): 1.00-1.64 (CH2 of hexanoic acid
moiety), 1.80-1.84 (CH: in alpha COOH of hexanoic acid), 2.00 (-CH3zCO-),
3.21-3.55 (-N-CH2-CH2-N- and ethylenic chain of en), 5.80 (CONH), 6.40-
8.10 (fluorescein, NHCS and NDA), 10.09 (broadband, OH).
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Core-shell fluorescent nanoparticles - CySPION-FLUO - were prepared
via ligand exchange using a blend of CyD-terminated PMOXA (85% in
weight) and PMOXA-FLUO (15% in weight) yielding monodisperse,

colloidally stable nanoparticles.

100 mg of wet oleic acid-coated SPIONSs (from EtOH washing) were dispersed
in 10 mL of DMF together with 500 mg of PMOXA-CyD, representing about
17-fold excess with respect to the grafting density of 1 NDA-terminated with
polymer/nm? and 92 mg of PMOXA-FLUO. The dispersion was sonicated for
5 mins at room temperature, and the mixture was shaken at 4 °C for 6 days.
After this time, the DMF suspension was precipitated with 25 mL of Et>O and
centrifuged at 4000 RPM for 5 mins. The supernatant was discarded, and the
residue was washed twice with Et>O to remove residual DMF and free oleic
acid, leaving a sticky precipitate containing the functionalized nanoparticles

and the excess of free polymer.

The core-shell nanoparticles were then purified by dispersing the obtained
solid residue in DI water and removing the excess of free polymer using
centrifugal filters (Amicon® Ultra-15 Centrifugal Filters, RC 30 kDa
MWCOQO) at 3000 RPM for 15 mins. The operation was repeated several times
until the separated solution appeared clear of polymer.

Size (DLS, Z-Average): d: 240 £19 nm (Figure S142)

148



3.26. ANTIPROLIFERATIVE ACTIVITY

3.26.1. LINEAR AND CROSS-LINKED POLYMERS OF
CyD

A2780, A549, HepG2 and MDA-MB-231 cells (all obtained from ICLC,
Genova, Italy) were grown as monolayers in Roswell Park Memorial Institute
(RPMI 1640) or Dulbecco’s Modified Eagle’s Medium (DMEM) media
(EuroClone, Pero, Italy) supplemented with 10% fetal bovine serum (FBS)
(Euroclone), antibiotics (EuroClone), and non-essential amino-acids (only
DMEM, EuroClone). For the assay, cells plated into flat-bottomed 96-well
microtiter plates were treated after 6-8 h with the Dox or Oxa alone or loaded
in CyD polymers. Seventy-two hours later, cells were analyzed by the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium Bromide (MTT) assay as
described elsewhere [277].

Concentrations inhibiting 50% cell growth (ICso) values were calculated from
the analysis of single concentration-response curves. The final values are the

mean of 4-12 experiments.

3.262.  HABCyD POLYMERS

The human cell line SK-N-SH (neuroblastoma), stimulated for seven days
with 10 nM phorbol myristate acetate (PMA) in order to allow cells to
overexpress CD44 receptor [278], SK-N-SH-PMA were plated in 180 pL into
flat-bottomed 96-well microliter plates at 2.22x10* cells/mL in complete
DMEM added with 10% fetal calf serum (FCS). After 6-8 h, cells were
administered with 20 pL containing five concentrations of Dox alone or in the
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presence of CyD polymers at 8/1 and 16/1 Dox/polymer molar ratio diluted in

PBS. Plates were then processed as described elsewhere [279].

The compound 1Csg was calculated based on the analysis of the concentration-

response curves. Each experiment was repeated 57 times.

3.26.3. SPIONs NPs

NPC1-deficient CHO cells were a gift of Frances Platt, Department of
Pharmacology, University of Oxford. CHO cells seeded in DMEM containing
GlutaMax and HEPES, supplemented with 10% fetal calf serum and 100
units/ml of penicillin/streptomycin, were grown as monolayers at 37°C with
5% COa.

3.27. CELL VIABILITY OF DIMERS

Human cancer cells (2.5-3.0 x 10° cells/0.33 cm?) were plated in 96 well
plates from Nunc™ MicroWell™ (Thermo Fisher Scientific, Cat No. 24365)
and were incubated at 37 °C. After 24 h, cells were treated with the following
single compounds (Dox, BCyD2GlyAc, yCyD2GlyAc, PCyD2GlyBio,
yCyD2GlyBio) or Dox complexes with the above [ and 7y dimers
(concentration 0.03, 0.3 and 3 uM). Untreated cells were used as controls.
Microplates were incubated at 37 °C in a humidified atmosphere of 5%
C0O2/95% air for 72 hours. Then the cellular vitality and/or the cellular
cytotoxicity was evaluated by a colorimetric assay based on the use of a
tetrazolium salt MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium
bromide] as previously reported [280-282]. After 72 hours of treatments,
MTT solution was added and maintained for 3 hours. The purple formazan
dye, obtained from the metabolism of vital cells, was solubilized by 150

pl/well of dimethyl sulfoxide (DMSQO). The optical density values were read
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on a multiwell scanning spectrophotometer (Plate Reader AF 2200 Eppendorf
BioSpectrometer® Eppendorf BioPhotometer® D30), using a wavelength of
600 nm. Each value was the average of 10 wells).

3.28. HUMAN CELL CULTURES

Five human cell lines were used for transcriptomic analysis. CACO-2 (ATCC
No. HTB-37, colorectal adenocarcinoma), HCT-116 (ATCC No. CCL-247,
Colorectal Carcinoma), HT-29 (ATCC No. HTB-38, colorectal
adenocarcinoma), MCF-7 (ATCC No. HTB-22, breast adenocarcinoma) and
PC-3 (ATCC No. CRL-1435, Prostate adenocarcinoma) cell lines were
obtained from the American Type Culture Collection (Rockville, MD, USA).

CACO-2, HT-29 and MCF-7 were cultured in Dulbecco's Medium 4.5g/dL
Glucose w/Glutamax (1X Gibco® Cat No. 12430054), HCT-116 was
maintained in McCoy's 5a Medium Modified (1X Gibco®, Cat No.
12330031), while PC-3 was cultured in DMEM/F12 medium nutrient mixture
(1X; GIBCO, Cat. No. 21331). Each medium was supplemented with 10-
20%% fetal bovine serum (FBS, Cat. No. 10270-106; Life Technologies,
Monza, Italy) and 1% of 1/1 penicillin—streptomycin (Cat. No 15140- 122;
Life Technologies).

The cell cultures were grown in flasks (25 cm?) and incubated at 37 °C in
humidified atmosphere with 5% of CO2 and 95% of air. The culture medium
was changed twice a week.
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3.29. TRANSCRIPTOME ANALYSIS

Transcriptome analysis was performed from 100 ng of total RNA extracted by
cell lines by amplification and target hybridization to the Gene-Chip Human
Transcriptome Array (HTA) 2.0 [283].

Array scanning and data analysis were performed with the Affymetrix®
Expression ConsoleTM software version 1.4 (Affymetrix, Inc., Santa Clara,
CA, USA) and the Affymetrix® Transcriptome Analysis Console (TAC)
software (Affymetrix, Inc., Santa Clara, CA, USA). Transcript level analysis
was performed using the normalization method based on the processing
algorithm called robust multi-array average (RMA). Data submitted to a

public repository “Gene Expression Omnibus-GEO”

(www.ncbi.nlm.nih.gov/geo) [283].

3.30. IMMUNOFLUORESCENCE STUDY OF CD44
EXPRESSION

SK-N-SH and SK-N-SH-PMA cells were harvested and washed twice with
phosphate-buffered saline (PBS) plus 2% FCS. Then pelleted 2.0 x 10° cells
were incubated at 22 °C for 30 min with 50 pL (1:1000) of an anti-CD44
monoclonal antibody (ab254530, Abcam, Cambridge, UK). Cells were then
washed twice with PBS plus 2% FCS and incubated again with 50 puL FLUO
(Fluorescein) AffiniPure F(ab”)2 fragment goat anti-mouse 1gG+IgM (H+L)
1:200 dilution (Jackson ImmunoResearch, Ely, UK). After being rewashed
twice, cells were evaluated by flow cytometry (Cytoflex-S, Beckman Coulter,
Milan, Italy) and analyzed by FlowJo software v10.8 (BD).
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3.31. CYTOFLUORIMETRIC STUDY OF
INTRACELLULAR ACCUMULATION OF Dox

SK-N-SH and SK-N-SH-PMA cells were plated in 96-well plates in 180 pL
medium 4 x 10* cells/well. After incubation at 37 °C for 24 h, once reached
75 -85% confluence, cells were treated with 2 uM Dox alone or in the presence
of CyD polymers at 8/1 and 16/1 Dox/polymer molar ratio. After 1 h, cells
were washed twice with 200 pL of PBS and fixed with 100 uL of 3.7%
paraformaldehyde in PBS (containing 2% sucrose) for 15 min [284]. Cells
were rewashed with PBS and resuspended in 100 pL PBS containing 2% FCS.

Untreated cells were assayed as well.

The intracellular mean fluorescence intensity (MFI) of cells was determined
directly in plates by a Glomax Discover microplate reader (Promega Italia,
Milan, Italy), using 475 nm excitation and 580-640 nm emission wavelengths.
Values were normalized as absolute MFI calculated as MFI of treated cells-

MFI of control cells.

3.32. STATISTICAL ANALYSIS

Student’s t-test for independent means was used for the analysis of data.

3.33. EVALUATION OF INTRACELLULAR
ACCUMULATION OF Dox

A549 and HepG2 cells were plated in 6-well plates at 2.0 and 2.5 x 10*
cells/well in 3 mL, respectively. After 16 h, cells were treated with 1.2 uM
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Dox or Dox/CyD complexes. After 2 h cells were detached by exposure to
trypsin-EDTA at 37 °C for 5 min, washed quickly once with cold PBS, and
fixed with 0.3 mL of 3.7% paraformaldehyde in PBS containing 2% sucrose.

Untreated cells were assayed as well. The intracellular median fluorescence
intensity of Dox was determined by flow cytometry (MACSQuant Analyzer
8, Miltenyi Biotec, Bologna, Italy) using 488 nm excitation and 655—730 nm
emission filters. Data were analyzed with FowJo 10.7.2 software (Becton

Dickinson, Milano, Italy)
Values were normalized using the Staining Index (SI):

[Mean/Median treated] — [Mean/Median control]
2 X SD control

3.34. CONFOCAL MICROSCOPY

CySPION-FLUO uptake in CHO “null” cells and the colocation in the
lysosomes was determined by means of confocal laser scanning microscopy
(CLSM) using an SP8 by Leica. The DNA label Hoechst 34580 was excited
with the 405 nm diode laser while the fluorescein in the nanoparticle and the
Lysotracker Deep Red were excited with the 495 nm and 653 nm lines of the
microscope’s white laser. To minimize the crosstalk between the signal from
the DNA label and the nanoparticle, mainly caused by the 405 nm laser
exciting the fluorescein, we also applied line-based sequential scanning where
the DNA (380nm-385nm) and 3.19. The Lysotracker (658nm-776nm) was
first localized and the CySPIONs (500nm-617nm) subsequently. The
transmitted was also collected at 495 nm light during the second exposure to

produce a transmission micrograph.
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4. CONCLUSION

In this thesis, new systems have been designed with innovative

strategies of synthesis to obtain promising conjugates.

The first section focuses on synthesizing new nanoparticles as drug
delivery systems. From cyclodextrin dimers to various cyclodextrin polymeric
systems were explored, introducing positive charges, and vitamins (folic acid
and biotin). Synthesis methods were tuned to improve conjugation degrees
and yields. Many condensation reactions were carried out in green conditions
employing water as the reaction solvent. This functionalization strategy
allowed the study of the effect of the molecular weight, functionalization
moiety and charges of the conjugates on different drug delivery systems.
Furthermore, the antiproliferative activity of commonly administrated drugs
(Doxorubicin, Sorafenib and Oxaliplatin) in current cancer therapies was

assessed in vitro.

In all of the cases, the new nanosystem had proven to increase the

antiproliferative activity and solubility of the drugs.

A successful strategy was the introduction of Cyclodextrin into the
linear backbone of hyaluronic acid with two different molecular weights. This
approach enabled combining the CyD properties as a solubilizer of the drugs
with the capability of hyaluronic acid to recognize CD44 receptors. The
HABCyD conjugates had shown an increase of the Doxorubicin solubility at
physiological conditions. Moreover, the HABCyD polymers were investigated
in vitro in a neuroblastoma cell line, overexpressed CD44 receptors. A
significant reduction of 1Cso was achieved (70%) compared to Doxorubicin
alone (Figure 72). The HAyCyD conjugates were assessed in the presence of
Sorafenib and also in this case, the polymers improved significantly the

155



antiproliferative activity (up to 70% in the MDA-MB-453 cell line) compared

to the free drug, particularly with the low molecular weight polymer.
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Figure 72. Antiproliferative of Dox in SK-N-SH-PMA cell line with HABCyD polymers

As for targeting strategy, the best results were obtained for the
cyclodextrin dimers. These dimers exhibited a significant capability to
increase Doxorubicin solubility and decrease cell viability in vitro. In
particular, the biotinylate dimers, at higher concentration (uM) had proven an
enhanced activity of Doxorubicin (about 40%). This enhancement was not
only when compared to the drug alone but also over the untargeted analogous.
The functionalization seems to promote active targeting in MCF-7 cell lines
(Figure 73). Cross-linked polymer functionalized with biotin did not show any
improvement in Doxorubicin cytotoxicity. Probably, the linker was entrapped
in the polymer and could not adequately recognize the SMVT receptor.
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Figure 73. Cell viability at uM concentration of CyD2GLUAc and CyD2GLUBio with
Dox

Other effective systems were the cross-linked polymers of CyDs,
investigated as drug delivery systems of Oxaliplatin and Doxorubicin.
Polymers tested in vitro using two cell lines, A-549 and Hep-G2, showed
significant antiproliferative activity against the Hep-G2 cell line with
Doxorubicin, whereas the complexation with Oxaliplatin notably improved its
antitumor activity in both cell lines (Figure 74). Furthermore, the
accumulation of Doxorubicin was studied in the cell and the results proved

that the polymers determined the differential uptake of the drug.
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Figure 74. 1Cso of Oxa and Dox in Hep-G2 cell line in the presence of cross-linked
polymer

The second section of the thesis focused on the synthesis of new copper
(1) nanochelator, functionalized with carcinine or histidine. Carcinine and
histidine are well-known bio-ligands. The polymers can form copper(ll)
complexes like free carcinine or histidine. In addition, the nanochelators
showed to preserve the SOD activity of carcinine and histidine (Figure 75).
Furthermore, a study in the presence of a-amylase at different pH, was showed

that the enzyme did not degrade the polymers.

These results suggest the potential of these systems in sequestering
copper from dietary sources before its intestinal absorption. Consequently, the
nanochelators may reduce oxidative stress via copper (Il) chelation and SOD

activity conferred by the resultant complex.
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Figure 75. Superoxide dismutase activity assay in the presence of Cu?*-pyCyDHis (°)
and pyCyDCarc ().

The latest line of research in this thesis was the synthesis of CySPION-
FLUO nanoparticles. In this case, the ability of Cyclodextrin to remove the
cholesterol from the cell was combined with the potential of SPIONS to cross
the blood-brain barrier. The multifunctional nanoparticles showed negligible
cytotoxicity in CHO cell lines. Moreover, both TEM and confocal microscopy
demonstrated that the nanoparticles were strongly endocytosed and localized
in the lysosome of the cells (Figure 76). This aspect is particularly important
as lysosomes represent sites of cholesterol accumulation and possess a lower
pH environment, allowing the cleavage of ester bond and the release of CyD
into the action site.
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Figure 76. Confocal image of CySPION-FLUO internalized in CHO cell line.

The cholesterol-mopping activity of CySPION was also investigated,
showing that the activity of CySPION is likewise to monomeric CyD.
However, another advantage of CySPION is its longer retention time, slower
uptake and release than monomeric CyD. Finally, the significantly higher
transport rate of CySPION across a model blood-brain barrier compared to the
free polymer may indicate an advantage of the responsive, nanoparticle-based
delivery system (Figure 77). This last measure underscores the excellent
potential of the system, not only for cholesterol removal but also for drug
delivery for neuronal diseases. This idea is strengthened by preliminary
confocal microscopy studies, indicating that CySPION-FLUO was able to

deliver Doxorubicin inside the cell.
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Figure 77. Permeability of Blood-Brain Barrier in the presence of CySPION-FLUO
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In conclusion, these findings highlight the promising potential of these
nanotherapeutics in various contexts, including cancer treatment, diseases
related to copper dyshomeostasis and oxidative stress, and neurodegenerative
conditions affected by cholesterol imbalance (Figure 78). Based on these
results, the cyclodextrin conjugates described here merit further investigation

through both in vitro and in vivo studies to explore their potential fully.
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Figure 78. Biological application of CyD conjugates
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APPENDIX 1: ABBREVIATIONS

6BHA 6-bromohexanoic acid

A2780 Ovarian cancer cell line
A549 lung cancer cell lines

Ac  Absorbance of control
Ac-Glu-OH  Glutamic acid acetylate
AD  Alzheimer's disease

APP  Amyloid Precursor Protein
ArgOCH3 Arginine methyl ester
As  Absorbance of the sample

AB  Amyloid beta

BBB Blood-Brain Barrier

BCS Biopharmaceutics Classification System
Bio  Biotin

BOC Ter-Butilossicarbonile

C8-D1A Mouse brain astrocyte cell line

CALAA-01 Polycationic CyD polymer, PEG adamantine, transferrin and

SiRNA

CAMs Cell Adhesion Molecules

Carc  Carcinine

CDCI3 Deuterated Chloroform

CE  Complexation efficiency

CHO Chinese Hamster Ovary

CLSM Confocal Laser Scanning Microscopy

CRLX101  Cyclodextrin-polyethylene glycol-Camptothecin
CROP Cationic ring-opening polymerization

CRT Crocetin
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CRYSMEB B Cyclodextrin with 5 methyl groups
CTRL Control

CyD Cyclodextrin

CyD2GIuAc CyD Dimers acetylate
CyD2GluBio CyD Dimers Biotinylated
CyDen 6-ethylendiamine pCyD
CyDNH2 Amino-cyclodextrin

CyD-PEG Cyclodextrin-polyethylene glycol
D20 Deuterated Oxide

Da  Dalton

DCC N,N'-Dicyclohexylcarbodiimide

DCM Dichloromethane

DD  Drug Delivery

DDS Drug Delivery System

DHB 2,5-di-hydroxybenzoic acid

DIPEA N,N-Diisopropylethylamine

DLS Dynamic light scattering

DMA Dimethylacetamide

DMEM Dulbecco’s Modified Eagle’s Medium
DMF Dimethylformamide
DMSO Dimethyl Sulfoxide

DMTMM 4-(4,6-Dimethoxy-1,3,5-triazin 2-yl)-4-methylmorpholinium
chloride

Dox Doxorubicin

DS  Degree substitution

DTS Dispersion Technology Software

ECM Extracellular Matrix

EDC (1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide)
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EGFR Epidermal growth factor receptor
enCyD Ethyl Diamino-B-Cyclodextrin
EPI  Epichlorohydrin

EPR Enhanced Permeation and Retention
EtO2 Diethyl ether

FA  Folic acid

FBS Fetal Bovinum Serum

FCS Fetal calf serum

Fe304@PCA-PEG-FA Fe304 coated with poly-citric acid,
polyethylene glycol and folic acid

FLUO Fluorescein-5-isothiocyanate

FR  Folate Receptor

G Guest

GBA y-Guanidinobutyric Acid

GPC Gel Permeation Chromatography

H Host

HA  Hyaluronic acid

HAHMW Hyaluronic acid at Higher Molecular weight
HALMW Hyaluronic acid at Lower Molecular weight
Hb  Hemoglobin

HBEC-5i Endothelial cell line

HEPES 2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid
buffer

HepG2 Liver carcinoma

His  Histidine

HMD Hexamethylene diisocyanate
HMW Higher Molecular Weight
HOBt Hydroxybenzotriazole
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HPBCyD 2-hydroxypropyl-p-cyclodextrin
HTA 2.0 Human Transcriptomic Array
IC50 Half maximal inhibitory concentration
IRGD Internalizing RG peptide

Jien  PMOXA-NH2

K Apparent stability constant

KLEPTOSE B Cyclodextrin with 6 methyl groups
LMW Low Molecular Weight

LY  Lucifer Yellow

MAX 3D Matrix system

MCEF-7 Breast cancer cell

MDA-MB-453 Breast cancer cell

MFH Magnetic Fluid Hyperthermia

MFI  Mean fluorescence intensity

MO  2-methyl-oxazoline

MRI Magnetic Resonance Imagine

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium Bromide
MW  Molecular weight

NADH Nicotinamide adenine dinucleotide
NBT 4-Nitro blue tetrazolium chloride

NDA Nitrodopamide Anchor

NHS N-Hydroxysuccinimide

NMR Nuclear Magnetic Resonance

NPC Niemann-Pick disease type C

NPs  Nanoparticles

OA  Oleic acid

OEl  Oligoethylenimine

Oxa Oxaliplatin
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PBS Phosphate buffer saline

PCA Poly citric acid

pCyD Polymer of Cyclodextrin

pCyDA Anionic polymer of Cyclodextrin

pCyDBio Anionic polymer of Cyclodextrin Polyethylene glycol Biotin
pCyDCarc  Anionic polymer of Cyclodextrin Carcinine

pCyDHis Anionic polymer of Cyclodextrin Histidine

PD  Parkinson diseases

PEG Poly (ethylene glycol)

PGA Polyglutamic Acid

PGACyD Complex of Fe3+ and only PGACyDPMOXA polymer
PGACyDArg N-butyl-polyglutamate Cyclodextrin Arginine

PGACyD-FA Complex of Fe3+ with PGACyDPMOXA and PMOXA-FA
polymers

PGACyDGBA N-butyl-polyglutamate Cyclodextrin vy-
Guanidinobutyric Acid

PLGA Poly (lactic-co-glycolic acid)
PMOXA Poly (2-methyl-2-oxazoline)
PMS Phenazine methosulfate

PVA Polyvinyl alcohol

RES Reticuloendothelial system

RGD Arginine-glycine-aspartic acid
Salen Salicylaldehyde and ethylenediamine Schiff bases
SBEBCyD  Sulfobutyl ether BCyD

Sl Staining Index

siRNA Short interfering RNA
SK-HeP-1 Adenocarcinoma cell line
SK-N-SH Neuroblastoma cell line
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SK-N-SH-PMA Neuroblastoma cell line with overexpression of CD44
receptors

SMVT Sodium-Dependent Multi-Vitamin Transporters
SOD Superoxide dismutase

Sor  Sorafenib

SPIONs Superparamagnetic Iron Oxide Nanoparticles
TBA Tertiary butyl alcohol

TBTU 2-(1H-Benzotriazole-1-yl)-1,1,3,3-tetramethylaminium
tetrafluoroborate

TEA Triethylamine

TEM Transmission Electron Microscopy
Tf Trasferrin

TFA  Trifluoroacetic acid

TEA Triethylamine

TGA Thermogravimetric Analysis

TLC Thin Layer Chromatography

TOC Total Organic Content

TRL-4 Toll-Like Receptor
TSPP  Fe(ll)-tetrasulfonate phenyl porphyrin
WT  Wild type
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SUPPLEMENTARY MATERIAL

The following supporting information shows:

Figures S79-S89 NMR spectra 1 and 2D of CyD2GIluAc and CyD2GluBio,

Figure S90 the dose-response curve of Dox in MCF-7 cell line.

Figures S91-S93'H NMR of HACyD conjugates, Figures S94-S96 HA and
HACyD DLS, Figure S97 UV-vis spectra of saturated solution of Dox in the
presence of an increasing concentration of the polymer; Figure S98 Dose-
response curves of SK-N-SH (top) and SK-N-SH-PMA (bottom) cells treated
with Dox, Dox/HALBCyD, or Dox/HAHBCyD.

Figures S99-S106 NMR spectra 1 and 2D of PGACyDArg polymers, Figure
S107 MALDI-TOF MS spectra of the PGABCyDArg polymers. Figures S108-
S110 NMR spectra 1 and 2D of PGACyDGBA polymers, Figures S111 and
S112 DLS of PGACyDGBA and PGACyDArg polymers, Figures S113- S116
Zeta Potential of PGA, PGACyDGBA and PGACyDArg.

Figures S117- S123 NMR spectra 1 and 2D of PGACyDPMOXA, Figure
S124 GPC of PMOXA.

Figure S125 DLS of pCyDA polymers, Figure S126 Zeta Potential of pCyDA
polymers, Figure S127 UV-vis spectra of Dox-pCyDA, Figures S128 and
S129 Representative experiment of Dox accumulation in HepG2 and A549

cells.

Figures S130- S137 NMR spectra 1 and 2D of pCyDCarc and pCyDHis,
Figures S138 and S139 DLS of pCyD conjugates, Figure S140 UV-vis
spectrum of Cu?*-ppCyDCar60 and Cu?*-pyCyDHis, Figure S141 Superoxide
dismutase activity assay in the presence of Cu?"-ppCyDHis and
ppCyDCarc60.
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Figure S142 DLS of CySPION-FLUO, Figures S143 and S144 Calibration
curve of LY and PMOXA-FLUQ, Table S14 Calibration curve of LY, Table
S15 Calibration curve PMOXA-FLUO, Figure S145 Calibration curve of
CySPION-FLUO, Table S16 Calibration of CySPION-FLUO, Table S17
Permeability values for LY, PMOXA-FLUO and CySPION-FLUO.
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Figure S79. COSY spectrum of yCyD2GIluAc (D20, 500 MHz)
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Figure S80. TOCSY spectrum of yCyD2GluAc (D20, 500 MHz)
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Figure S81. HSQC spectrum of yCyD2GluAc (D20, 500 MHz)
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Figure S82. HMBC spectrum of yCyD2GluAc (D20, 500 MHz)
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Figure S83. *H NMR spectrum of pCyD2GIluAc (D20, 500 MHz)
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Figure S84. COSY spectrum of yCyD2GluBio (D20, 500 MHz)
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Figure S85. TOCSY spectrum of yCyD2GluBio (D20, 500 MHz)
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Figure S86. COSY spectrum of pCyD2GluBio (D20, 500 MHz)
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Figure S87. HSQC spectrum of yCyD2GluBio (D20, 500 MHz)
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Figure S88. ROESY spectrum of yCyD2GIuBio (D20, 500 MHz)
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Figure S89. ROESY spectrum of pCyD2GluBio (D20, 500 MHz)
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Figure S90. The dose-response curve was used to determine the half maximal
inhibitory concentration (I1Cso) of the drug (Dox) in MCF-7 cell line. The X values are
the logarithms of molar concentration, the Y values show the responses.
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Figure S91. 'H NMR spectrum of HALBCyD (D-0, 500 MHz)
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Figure S92. *H NMR spectrum of HAHBCyD (D-0, 500 MHz)
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Figure S93. 'H NMR spectrum of HAHyCyD (D20, 500 MHz)
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Figure S94. Size of HA polymers: HAH (orange), HAL (blue)
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Figure S95. Size of HAHBCyD polymers: HAHBCyD (orange), HALBCyD (blue)
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Figure S96. Size of HAHyCyD polymers: HALyCyD (orange), HAHyCyD (blue)
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Figure S97. UV-vis spectra of saturated solution of Dox in the presence of an
increasing concentration of the polymer: HALBCyD (Left) and HAHBCyD (right) at
pH 7.4, phosphate buffer
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Figure S98. Graphs represent the mean dose-response curves of SK-N-SH (top) and
SK-N-SH-PMA (bottom) cells treated with Dox or Dox/HALBCyD 8/1, Dox/HAHBCyD
8/1, Dox/HALBCyD 16/1, and Dox/HAHBCyD 16/1 complexes.
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Figure S99. 3C NMR spectrum of PGABCyDArg1 (D20, 125 MHz)
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Figure S100. *H NMR spectrum of PGABCyDArg2 (D20, 500 MHz)
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Figure S101. COSY spectrum of PGABCyDArg2 (D20, 500 MHz)
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Figure S102. *H NMR spectrum of PGAyCyDArg3 (D20, 500 MHz)
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Figure S103. COSY spectrum of PGABCyDArg4 (D20, 500 MHz)

r4.0

r4.5

r5.0

r5.5

r6.0

5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0

Figure S104. *H NMR spectrum of PGAyCyDArg5 (D20, 500 MHz)
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Figure S105. 3C NMR spectrum of PGAyCyDArg5 (D20, 125 MHz)
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Figure S106. HSQC spectrum of PGAyCyDArg5 (D20, 500 MHz)
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Figure S107. MALDI-TOF MS spectra of the PGABCyDArg polymers
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Figure S108. 3C NMR spectrum of PGABCyDGBA (D:0, 125 MHz)
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Figure S109. 3C NMR spectrum of PGAyCyDGBA (D20, 125 MHz)

:

t :

b

b

L,

ﬂ'gW‘ ?

{ :

iﬂ ® I3

Fege

o6

é
@

5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5

Figure S110. TOCSY NMR spectrum of PGAyCyDGBA (D:0, 500 MHz)
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Figure S111. Intensity Size Distribution (DLS) of PGABCyDArgl
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Figure S112. Intensity Size Distribution (DLS) of PGABCYyDGBAG6
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Figure S113. Zeta Potential (mV) of PGA
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Figure S114. Zeta Potential (mV) of PGABCyDGBA
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Figure S115. Zeta Potential (mV) of PGAYCyDArg3
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Figure S116. Zeta Potential (mV) of PGABCyDArg2
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Figure S117. 'H NMR spectrum of PGACyDPMOXA (D20, 500MHz)
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Figure S118. COSY spectrum PGACyDPMOXA (D20, 500 MHz)
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Figure S120. ROESY spectrum PGACyDPMOXA (D20, 500 MHz)
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Figure S121. 3C APT NMR spectrum of PGACYDPMOXA (D20, 125 MHz)
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Figure S122. HMBC spectrum of PGACyDPMOXA (D20, 500 MHz)
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Figure S123. HSQC spectrum PGACyDPMOXA (D20, 500 MHz)
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Figure S125. Intensity Size Distribution (DLS) of pCyDA polymers: ppCyD (blue),
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Figure S127. UV-vis spectra of Dox-pyCyDA (from a to g: free Dox to Dox with 8

mg/mL of pyCyDA)
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Figure S128. Representative experiment of Dox accumulation in HepG2 cells. Black
histograms, control; dark gray histograms, Dox; colored histograms, as indicated

below each box.
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Figure S129. Representative experiment of Dox accumulation in A5492 cells. Black
histograms, control; dark gray histograms, Dox; colored histograms, as indicated

below each box.
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Figure S130. *H NMR spectrum of pyCyDHis (D20, 500MHz)
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Figure S131. HSQC spectrum of pyCyDHis (D20, 500MHz)
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Figure S132. HMBC spectrum of pyCyDHis (D20, 500MHz)
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Figure S133. *H NMR spectrum of pyCyDCarc60 (D20, 500MHz)
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Figure S135. *H NMR spectrum of pyCyDCarc30 (D20, 500MHz)
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Figure S136. *H NMR spectrum of pgCyDHis (D20, 500MHz)
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Figure S137. *H NMR spectrum of ppCyDCarc60 (D20, 500MHz)
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Figure S138. DLS spectra of pyCyD polymers: pyCyDCarc60 (blue), pyCyDHis
(orange), pyCyDA (grey) (HEPES buffer, pH 7.4)
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Figure S139. DLS spectra of ppCyD polymers: ppCyDCarc60 (blue), ppCyDA
(orange), ppCyDHis (grey) (HEPES buffer, pH 7.4)
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Figure S141. Superoxide dismutase activity assay: Vo is the NBT reduction rate and
Vc is the NBT reduction rate in the presence of Cu?*-ppCyDHis and ppCyDCarc60.
The I1Cso value is the complex concentration for which (Vo/V¢) —1=1
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Figure S142. Size distribution by intensity for CySPION-FLUO Radius is 120 nm.
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Figure S143. Calibration curve of LY
Table S14. Calibration curve of LY at 530nm

Concentration (M) Fluorescence (530nm)

1.20E-04 3353.10
1.20E-05 385.40
6.00E-06 186.40
3.00E-06 93.00
1.50E-06 37.10
7.50E-07 22.20
3.75E-07 7.00
1.88E-07 0.00
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Figure S144. Calibration curve of PMOXA-FLUO
Table S15. Calibration curve of PMOXA-FLUO at 520nm

Concentration PMOXA-FLUO RFU (520 nm)
(ng/mL)
1000 2640.9
500 1361
250 673.6
100 256.4
50 118.3
25 48.3
10 18.4
5 9.1
140
o "Rl ossop ¥
100 o
80
L
60
40 )
.-‘.-‘-.
20
=3
0 (]
0 20 40 60 80 100 120

Figure S145. Calibration curve of CySPION-FLUO
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Table S16. CySPION-FLUO at 520nm
Concentration CySPION-

RFU (520 nm)

FLUO (ng/mL)
100 113.9
50 66
25 30.3
10 8.6
5 3.3

Table S17. Permeability values for LY, PMOXA-FLUO and CySPION-FLUO
Lucifer Yellow

Time (min) Permeability (cm/s)
30 1.38536E-06
60 1.65806E-06
90 2.048E-06
PMOXA-FLUO
Permeability (cm/s Standard deviation
30 1.25396E-06 6.88833E-07
60 2.4988E-06 4.,56429E-07
90 1.66836E-06 3.23723E-07
CySPION-FLUO
Time (min) Permeability (cm/s)  Standard deviation
30 3.77893E-06 8.27035E-07
60 3.06986E-06 7.23057E-07
90 2.27464E-06 2.62875E-07
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