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Preface

PREFACE

The works presented in this thesis are the results of the research activity performed
during my three-year doctoral studies. The PhD project was mainly focused on the
design of innovative materials for biomedical applications, including drug delivery and
discovery. To this end, particular attention has been addressed to bioderived and
bioinspired approaches to develop multifunctional smart materials able to successfully
and adequately interact with biological systems, exploiting their natural or acquired
functionalities. Nature has always offered bioactive complex structures that represents a
source of inspiration in material science. Translating these principles in the design of
engineered systems constitutes a new and promising paradigm with a potential huge

impact in the pharmaceutical field.

The present thesis is divided in two different sections. In section | are reported the
results of the projects carried out at the Laboratory of Pharmaceutical Technology of the
University of Calabria (ltaly) during the first-second year of my doctoral studies. In
particular, they have regarded the design of functional drug delivery systems and the
evaluation of their potentiality for skin delivery and cancer therapy. After a brief
introduction on the new technologies developed in the last years for this purpose, the
performed research works are presented in two different chapters. Chapter | investigates
the use of hyaluronic acid-based hydrogels as delivery systems for chemotherapeutic
drugs in targeted cancer therapy. This chapter begins with the analysis of the current
state of the art on the newly emerged strategies for the design of hyaluronic acid-based
hydrogels, with a particular focus on their use in drug delivery for cancer therapy. This is
followed by the experimental part in which is reported the preparation and the
characterization of a hyaluronic acid- and folic acid- based hydrogel for the delivery of
cisplatin and the evaluation of its antineoplastic effect in human ovarian cancer cells. On
the other hand, in chapter Il are presented novel topical formulations developed for the
dermal delivery of cyclosporine A in psoriasis treatment. In particular, given their
lipophilicity and occlusive properties, solid lipid nanoparticles based on bioactive

molecules are proposed as drug carriers and incorporated in different topical vehicles
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including functional agents such as hyaluronic acid, obtaining gels with different degree
of lipophilicity. Their potential application in psoriasis treatment is evaluated by
considering the encapsulation efficiency, release profiles, in vitro skin permeation, and

anti-inflammatory effects.

Section Il is focused on the design of novel broad-spectrum virucidal antivirals. Herein
are reported the results of the research project carried out at the Laboratory of
Supramolecular Nanomaterials and Interfaces of the Ecole polytechnique fédérale de
Lausanne (Switzerland) during the second-third year of my doctoral studies. This section
begins with the background that motivated this work, investigating the role of heparan
sulfate in viral infection. In particular, the most medically relevant heparan sulfate
dependent viruses are discussed, describing the current pharmacological treatments
and highlighting the recent advances made in the development of glycomimetic agents.
This is followed by a brief introduction on the novel concept proposing heparan sulfate
mimicking gold nanoparticles as promising tools in antiviral therapy. The performed
research work is then presented; its aim is to unravel the mechanism of action of this
system, investigating the structure-activity relationships and identifying the key
parameters required for a virucidal effect. In particular, the effect of the hydrophobicity

and flexibility of the ligands, and the type and size of the core is explored.
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Innovative functional drug delivery systems

1. Introduction

Pharmacologically active agents are fundamental tools in medicine for the treatment and
the management of diseases. The global pharmaceutical market went through a
significative growth over the past years, and it is expected to reach 1.6 trillion dollars by
2025'. Therapeutics are not intrinsically effective, and their efficacy strongly depends on
their biopharmaceutical properties and route of administration. In fact, poor aqueous
solubility, poor bioavailability, inactivation (i.e. enzymatic or pH-driven), lack of selectivity,
non-specific toxicity and unfavorable pharmacokinetic properties are common elements
that can limit the clinical use and efficacy of drugs?. To overcome these limitations, three
main strategies have been adopted: drug modifications (i.e. chemical structural
modifications and functionalization with targeting ligands), microenvironment alterations
(i.e. use of solubility enhancers that act by modifying the physiological pH) and drug

delivery systems?®.

The use of drug delivery systems has brought considerable benefits to the clinical
development of therapeutics, converting them in effective and successful
pharmacological treatments. They are formulations or devices used to introduce and
transport drugs in the body to obtain a safe, effective and controlled therapeutic effect?.
Their main aim is to improve the physicochemical properties, the biodistribution and the
pharmacokinetic profile of the free drug. Most importantly, these systems can serve as
drug reservoir, allowing controlled and regulated drug release rates®. This feature results
to be useful not only for optimizing the pharmacokinetic parameters, in particular the half-
life and the peak plasma concentration, but also for improving patient compliance by

reducing the dosing frequency.

Drug delivery systems range from macro- to micro- to nano-scale platforms including
hydrogels, microparticles and nanoparticles®. At present, several controlled release
medications have reached the market. The first one was Spansule® (Dexedrine),
approved in 1952 by the Food and Drug Administration (FDA), that started the first-

generation of drug delivery systems. Into this category fall Procardia XL®, an osmotic
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controlled delivery system (nifedipine), Scop®, the first transdermal patch (scopolamine)
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Figure 1. Schematic representation of the delivery limitations of the main classes of
therapeutics (a), potential strategies to address these drawbacks (b) with a particular
focus on drug delivery systems (c)®. Adapted with permission from Springer Nature.

In last decades, the advent of nanotechnologies has led to the start of the second

generation of drug delivery systems. This latter comprises a wide group of materials such

as lipid nanoparticles, polymeric nanoparticles, inorganic nanoparticles, nanogels,

micelles, dendrimers, liposomes etc® . These systems have been mainly investigated

to deliver hydrophobic drugs and/or to achieve targeted release via surface modifications

and/or size-dependent mechanisms. Doxil®, a pegylated liposomal doxorubicin, was the

first nanodrug approved (1995), and, currently, nanoparticle-based formulations are



Section I

licensed principally for cancer therapy (Abraxane, DaunoXome, Markibo) and vaccines

(Comirnaty)'"3,

Recent advances made in materials chemistry further allowed to develop new strategies,
such as stimuli-responsive delivery, to optimize site-specific and controlled release.
These “smart” materials are able to release drugs in response to endogenous triggers,
including variation of pH, enzymes or redox state, and external triggers, such as
temperature, light, magnetic field etc.'. Stimuli-responsive materials have been mostly
explored for targeted cancer therapy and oral delivery of drugs'". Interesting and
promising results emerged from preclinical studies; however, more in vivo data are

required to confirm their potentiality as delivery platforms’®.

Drug delivery systems have found applications in numerous therapeutic areas, including
infectious, cardiovascular, respiratory, oncological and gastrointestinal diseases. Given
the topics of the experimental works that will be presented in the following chapters, we

will focus on two applications: skin delivery and cancer therapy.

2. Drug delivery systems for cancer therapy

Cancer includes a large group of complex diseases characterized by uncontrolled cell
growth. It is the leading cause of death globally, with approximately 10 million deaths in
2020 according to WHO'®. In the last years, the mortality rate showed a decreasing trend
thanks to the advances made in both diagnosis and treatment; however, it still remains
high'®. Conventional treatments include chemotherapy, radiotherapy, and surgery,
usually in combination. Surgical resection remains the main option in case of
circumscribed mass. On the other hand, chemotherapy is usually adopted as adjuvant
treatment, before and/or after surgery, or in case of metastatic tumors.
Chemotherapeutic drugs are cytotoxic agents that act by inducing DNA damage.
However, these therapeutics are not selective and consequently act also on non-
cancerous cells, causing toxicity to the patient. Moreover, the lack of selectivity leads to
a low accumulation of the drug in tumor tissues, and, therefore, high dosages are

t20

required to have a significative therapeutic effect™. Lastly, chemotherapeutic drugs can

induce multidrug resistance, which represents one of the major problems in cancer

treatment?".
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In the light of these considerations, the use of drug delivery systems could bring several
benefits to cancer therapy including site-specific and sustained drug release, reduced
toxicity, and improved pharmacokinetic parameters and therapeutic index. Moreover,
loading chemotherapeutic drugs in such vehicles could be useful for addressing common
solubility issues of this class of therapeutics, since they are mostly hydrophobic®?. To this
end, in the last years, the scientific community has significantly exploited the newly
emerged technologies for the design of novel drug delivery systems. In particular,
numerous materials including hydrogels, micelles, polymeric, inorganic, lipid and protein-
based nanoparticles, self-assembled platforms etc. have been synthetized and

23-24

evaluated as potential formulations for cancer therapy=<". Notably, some of them

reached the market starting from Doxil® (1995) to Vyxeos® (2018).

As can be noted, among the different technologies, nanomedicine has had a greater
scientific impact. The main reason behind this choice lies in the discovery of the
enhanced permeability and retention effect (EPR), firstly described 40 years ago®. It is
a phenomenon based on peculiar anatomical and structural features of tumor blood
vessels, including irregular architecture, leaky endothelium and reduced lymphatic

drainage®®?’

. These unique properties were thought to lead to the preferential
accumulation and retention of nanoparticles in tumor tissue. In particular, the size of
nanoparticles was identified as critical parameter for their extravasation, and the cut off
dimension was assumed to range from 100 to 800 nm. However, recently, this
mechanism has been heavily debated and several concerns regarding its validity have

been raised®?°,

In this context, active targeting has emerged as alternative approach that could help to
address some of the passive targeting limitations (Figure 2). This strategy is based on
the interactions between the drug carrier and the tumor microenvironment. It consists in
the surface functionalization of nanoparticles with active ligands that bind with high
affinity to surface-receptors overexpressed on target cells, leading therefore to enhanced
particles cellular-uptake. At present, numerous biological ligands including small
molecules, aptamers, peptides, glycoproteins, antigens and carbohydrates have been
identified and exploited to that end**32. Positive results emerged from in vitro and in vivo
studies, showing a greater accumulation of the drug and the carriers in cancerous cells®;

however, clinical studies are required to confirm the potentiality of this approach.
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Figure 2. Schematic representation of passive and active targeting mechanisms.

In addition to the mentioned above strategies, the possibility to spatially and temporally
trigger and control drug release, thanks to the development of stimuli-responsive
systems, shows great potential for achieving targeted cancer therapy. It is well known
that the tumor microenvironment exhibits specific changes that can be exploited as
endogenous stimuli; among them we can find a lower pH, variations in the redox-state
such as increased concentration of glutathione, and overexpression of enzymes such as
hyaluronidase and matrix metalloproteinases®*. With respect to all these approaches,
pH-responsive systems are the most used and investigated for cancer therapy. In this
case, the use of pH responsive polymers such as polymethacrylates, poly(B-amino
ester), poly(L-histidine), and the introduction of pH labile bonds, such as imines,
orthoesters and acetals, are the most common design strategies®’. Beyond these internal
stimuli, external physical triggers such as light, temperature and magnetic field were also
studied for this purpose, allowing drug accumulation and release in the target site.
Currently, all these strategies are exploited together in order to achieve effective and

selective multifunctional systems that could represent a new hope for cancer treatment.

3. Dermal drug delivery systems
In the last years, skin delivery has attracted notable interest for systemic (transdermal)

and local (topical) drug administration.
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In fact, this route exhibits several advantages compared to the conventional ones:

¢ Avoidance of first passage effect and eventual gastric inactivation;

e Sustained and prolonged drug release and reduced dosing frequency;

¢ Non-invasiveness and consequent enhanced patient compliance;

¢ Reduction of systemic side effects;

e Access to the target site in case of dermatological conditions such as psoriasis,

eczema, dermatitis etc.

However, efficient topical drug adsorption is challenging to achieve, since the skin
constitutes a considerable barrier***°. As our largest organ, its main function is to protect
the body from external agents such as bacteria, viruses, allergens, UV-irradations efc.
In fact, it shows a complex multilayer structural organization; in particular, three main
layers have been identified: epidermis, dermis and hypodermis. The stratum corneum is
the outermost and less permeable part of epidermis, mainly responsible of these barrier
properties. It is formed by dead corneocytes distributed in lipid matrix, assuming a

peculiar architecture known as “brick and mortar’’

. Given this particular composition,
drug permeation mostly occurs via passive diffusion. In detail, three main permeation
pathways have been discovered: intercellular through the lipid layer, transcellular
through the epidermis corneocytes and, lastly, appendageal through sebaceous glands
and hair follicles (Figure 3)*2. Therefore, in addition to specific skin properties such as
hydration and integrity, the physicochemical features of the drugs strongly influence the
efficiency of their topical adsorption; an ideal drug should have a molecular weight < 500

Da and a logP (partition coefficient) value from 1 to 3%,

In the light of these considerations, a notable attention has been addressed to the
identification of new approaches to optimize drug permeation and penetration through
the skin. In this context, we can distinguish two different methods: active and passive**.
The first one is based on exogenous driving forces and includes electroporation,
iontophoresis, microneedles, and ultrasounds. Interestingly, several iontophoretic
systems reached the market, and among them we can find LidoSite®, approved for
lidocaine local delivery in 2004%°. On the other hand, the passive methods are mainly
based on the use of pro-drugs or permeation enhancers. These latter are chemical
agents able to temporarily alter the structure of the stratum corneum, increasing,

therefore, its permeability. At present, numerous compounds such as fatty acids,
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alcohols, surfactants, terpenes, cyclodextrins, phospholipids etc. were found to exert this

effect*.

Intercellular route Transcellular route
s l Sweat-pore

Stratum corneum

D: Viable epidermis

Sebaceous gland —

Subepidermal
capillary

Eccrine sweat
duct

Plasma

Fatty
membrane

Cytoplasm  |ipid acid Aqueous Eccrine sweat

Hair follicle — gland

Dermal papilla — |— Vascular plexus

—~ ——1—Dermis
Lipid  Aqueous Cholesterol/ Ceramide L |
Cholesteryl sulphate Minimal lipid ~ Keratin

Route (1) : Sweat duct
(2) : Across the continuous stratum corneum

(Transepidermal transport)
(3) : Hair follicle with their associated
sebaceous glands

Figure 3. Schematic representation of skin structure and composition with a particular
focus on the permeation pathways.

With the advent of nanotechnologies, the use of nanocarriers as topical delivery systems
has emerged as attractive and promising approach for the treatment of skin disorders.
In particular, among the different types, lipid-based nanoparticles, including liposomes
and solid lipid nanoparticles, were mostly investigated for this purpose due to their
lipophilicity*’*. In fact, beyond the enhanced stability, encapsulating drugs in such
carriers was shown to increase their topical adsorption compared to traditional
formulations®. In addition to the two conventional reported mechanisms (i.e. intercellular
and transappendageal), it was assumed that lipid particles may also act as permeation
enhancers fluidizing the lipids of the stratum corneum. These permeation mechanisms
were found to be influenced by several features of the carrier including size, charge and
shape®. For example, particles >600 nm were reported to mainly accumulate in the
stratum corneum, whereas a cut-off dimension of 70 nm was observed for the dermal
layer®'. At present, beyond cosmetics, Estrasorb® is the only example of nanoparticle-
based topical formulation that reached the market. However, given the promising
preclinical results of these delivery systems, it is likely that they will find a place into

clinical practice.

10
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CHAPTER I. INTRODUCTORY PART:

“Strategies for hyaluronic acid-based hydrogels design
for biomedical applications”*

1. Introduction

Hydrogels are three dimensional hydrated systems formed by crosslinked polymers with
high affinity for water and biological fluids, capable of absorbing from ten up to thousands
of times of their dry weight in water'. In the last decades, given their unique properties
such as biocompatibility, biodegradability and flexibility, they have been widely
investigated for biomedical applications including cell therapy, tissue engineering, drug
delivery and diagnostic>. For example, hydrogels made of pectin or
carboxymethylcellulose and propylene glycol are used as wound dressings, keratin or
polyvinyl alcohol-based hydrogels as scaffolds for cell growth etc.*®. Among them we
can find DEXTENZA®, a polyethylene glycol based hydrogel recently approved by FDA

as ophthalmic insert’.

Hyaluronic acid (HA) represents one of the most used biopolymers in the design of
hydrogels for biomedical applications due to its biocompatibility, native biofunctionality,
biodegradability, non-immunogenicity and versatility. Structurally, HA is a natural linear
polysaccharide that consists of alternating units of D-glucuronic acid and N- acetyl-D-
glucosamine, connected by 3-1,3- and -1,4-glycosidic bonds. It is the main component
of the extracellular matrix, and its biosynthesis, mainly mediated by the hyaluronic acid
synthase, occurs at the plasma membrane®®. Around 30% of the HA present in the body
is rapidly degraded by the hyaluronidases and oxidative species, while the remaining
70% is catabolized by the liver and the endothelial cells of lymphatic vessels, exhibiting
tissue half-lives going from minutes to weeks in the bloodstream and cartilage,
respectively'®. Upon physiological conditions, it exists as a polyanion associated with

extracellular cations (Na*, Ca?*, Mg #*, K*), known as hyaluronan'".

*Published on Pharmaceutics, 2019 Aug 12;11(8):407.
doi: 10.3390/pharmaceutics11080407.
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HA exerts important physiological functions in the human body. In the extracellular matrix
of most tissues, it contributes to maintain their mechanical integrity, homeostasis,
viscoelasticity and lubrication'. Interestingly, it was also found to mediate several
signaling pathways such as cell adhesion, migration, proliferation and differentiation, via
its binding to the cellular receptors CD44 and RHAMM™.

For these reasons, in recent years, hydrogels built from HA have been widely developed
and investigated for biomedical applications. Nowadays several HA-based hydrogels are
already used in medicine as dermal fillers, viscosupplements and wound dressings, and

their market is continuously increasing worldwide.

2. Physical and chemical hydrogels

Hydrogels can be classified into “physical” or “chemical” gels, on the basis of the nature
of the binding occurring between their macromolecular chains. Hydrogels are called
“reversible” or “physical” if they are based on weak physical interactions such as H-
bonds, Van der Waals, hydrophobic or electrostatic interactions and molecular
entanglements'. They can be synthesized by warming or cooling polymers solution,
mixing solutions of polyanions and polycations etc.". Physical hydrogels often appear not
homogenous, instable and reversible; in fact, they are not able to maintain their structural
integrity and can be dissolved easily by changing environmental factors such as
temperature, pH etc. On the other hand, hydrogels are called “permanent” or “chemical’
if their polymeric chains are connected by covalent bonds'. For this reason, these
materials, after swelling, retain their structural integrity; however, degradation can occur
if particular bonds, sensitive to chemical or enzymatic hydrolysis, are present in the
structure. In this case, the crosslinking of polymers with radiations, chemical crosslinkers,
polyfunctional compounds and free radical-generating agents are the most common

employed design strategies’.

Although HA, due to its conformation and molecular weight, can form molecular networks
in solution, it is not able to form physical gels alone. For this reason, chemical
modifications, covalent crosslinking or gelling agents are needed in order to obtain
hydrogels. Luckily, HA turns out to be a suitable polymer for chemical modifications
thanks to its structure; in particular, to this end, three functional groups were mainly
exploited: the carboxylic group, the hydroxyl group and the amino group (after

deacetylation)'®. This section reviews the different modified HA macromers and the main
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strategies adopted for the design and preparation of physical and chemical HA-based

hydrogels.

2.1 Chemical hydrogels

Chemical crosslinking represents a viable strategy to obtain hydrogels with excellent
mechanical and thermal stability. In this context, the most adopted preparation methods
are condensation reactions, enzymatic or disulfide crosslinking, polymerization efc.
However, unfortunately, this approach can show some limitations such as the use of
metal catalysts and/or photoinitiators, low reaction yields etc."’. For these reasons, in the
last years, click chemistry has emerged as attractive and promising strategy due to its
high specificity and yield, bioorthogonality and mild reaction conditions'®. Interestingly,
HA can also be directly crosslinked by divinyl sulfone, glutaraldehyde, carbodiimide,
bisepoxide etc.'®??; however, this latter cannot be considered a suitable approach since
it requires harsh reaction conditions, toxic by-products can be formed, and the

crosslinking agents used are mostly cytotoxic.

2.1.1 Diels Alder reaction (click chemistry)

In recent years, a particular interest has been addressed to the Diels-Alder reaction
between furan and maleimide moieties for hydrogels design, due to its selectivity,
efficiency and thermoreversibility?>. In this regard, Fisher et al. recently developed a HA-
based hydrogel with tunable properties to use as platform to investigate breast cancer
cells invasion. With the aim of mimicking the extracellular matrix, the gel was obtained
via a Diels Alder click reaction between furan modified HA and bismaleimide functional
peptides®*. A similar approach was reported by Yu et al. that designed a 3D patterned
system to use for cell culture. In this work, Diels Alder click chemistry between furyl-
modified HA and bismaleimide PEG was exploited in order to get a hydrogel with a
peculiar structure thanks to which it can further go through thiol-ene reactions, allowing

its spatiotemporal patterning®.
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2.1.2 Azide-alkyn Huisgen cycloaddition (click chemistry)

Huisgen reaction is a cycloaddition between an azide and an alkyne to produce triazoles;
it requires the presence of a catalyst (Cu*) as reported by Rostovtsev et al.?®. In the last
years, it has become one of the most used strategies for hydrogels preparation thanks
to its high yield, efficiency, excellent bioorthogonality, fast reaction rate etc.?’?%. For
example, Manzi et al. adopted this method to obtain nanohydrogels by using HA
derivatives and riboflavin®®. Despite the various advantages offered by this reaction, the
use of copper as a catalyst can be problematic since it is a cytotoxic element. However,
recently, it has been reported that cyclooctyne functionalized molecules are able to react
rapidly with azide without the presence of copper®®. This alternative reaction, called
strain-promoted azide-alkyne cycloaddition, is currently more used for hydrogels design
since it shows “biocompatibility” as well as the previously reported advantages. Following
this approach, Fu et al. fabricated an injectable HA-PEG based hydrogel®'. In particular,
cyclooctyne modified HA was synthesized by reacting HA with 2-
(aminoethoxy)cyclooctyne (Figure 1); subsequently, it was reacted with azide
functionalized PEG in order to obtain the hydrogel. Interestingly, this latter showed fast

gelation time, excellent mechanical properties and high stability.
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Figure 1. Preparation of the HA-PEG hydrogel (a), SEM image of the hydrogel (b) 31.
Reproduced with permission from Elsevier, 2017.

2.1.3 Thiol-ene photocoupling (click chemistry)

The thiol-ene reaction consists in the radical addition (induced by light) of thiols to
alkenes; it has a high yield, efficiency, specificity and fast reaction rate®. This method is
particularly attractive for hydrogels preparation because it is solvent free and allows their
spatiotemporal control; for this reason, it is mostly investigated for tissue engineering,
cell culture matrices and drug delivery systems**3*, Different vinyl groups are employed

for thiol-ene click chemistry like norbornene, vinyl sulfone, maleimide etc. Among them,
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the thiol-norbornene reaction is characterized by greater specificity®®*°. For example,
Gramlich et al. employed this method for the synthesis of a photopatterned HA-based
hydrogel by reacting norbornene modified HA (NorHA) with dithiothreitol (Figure 2)*'.
Hydrogels with an elastic modulus ranging from 1kPa to 70kPa were obtained by varying
the quantity of crosslinker. Furthermore, they reported that a secondary thiol-norbornene
reaction could be performed by reducing the initial amount of crosslinker. In this context
we can also find the thiol-Michael addition which, however, is characterized by lower
orthogonality. In this regard, Khetan et al. designed and prepared a 3D hydrogel via a
two-step crosslinking process: firstly via a thiol-Michael addition between methacrylate-
maleimide functionalized HA and the thiol groups of the peptides and, subsequently, via

methacrylates photopolymerization®,

Change mechanical propertios
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Figure 2. Schematic representation of the synthesis of the hydrogel via thiol-norbornene
reaction®”. Reproduced with permission from Elsevier.

2.1.4 Aldehyde-hydrazide coupling (click chemistry)

The aldehyde-hydrazide reaction has currently attracted interest in hydrogels design due
to its high efficiency, cytocompatibility, simplicity, reversibility and mild reaction

conditions®®4

. In particular, hydrazone crosslinked hydrogels have been widely
investigated for tissue engineering. In this regard, Chen et al. recently developed an
injectable HA-pectin based hydrogel by reacting HA adipic dihydrazide with
biofunctionalized pectin-dialdehyde and investigated its potential use as scaffold for
cartilage tissue engineering (Figure 3)*. Interestingly, the resulting hydrogel exhibited a
fast gelation rate, good mechanical properties, biocompatibility and cytocompatibility that
make it a suitable candidate for tissue regeneration. To further improve the structural

integrity of hydrazone crosslinked hydrogels, Wang et al. recently reported the design
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and the preparation of an elastin-like protein/HA based hydrogel by combining two
different crosslinking mechanisms (covalent and thermal)*. Firstly, the hydrogel was
obtained via aldehyde-hydrazide coupling between hydrazine modified elastin-like
protein and aldehyde modified HA; the use of a thermoresponsive protein allowed a
secondary thermal crosslinking, improving its structural integrity and stability. The
resulting hydrogel showed shear-thinning and self-healing properties, easy injectability

and protection of cells from the mechanical stress of injection.

NH, NH,

HA-ADH

Figure 3. Schematic representation of the synthesis of the hydrogel via Aldehyde-
hydrazide coupling*’. Adapted with permission from Elsevier, 2017

2.1.5 Enzymatic crosslinking

Enzymatic crosslinking constitutes an interesting approach for HA based hydrogels
preparation, since it is characterized by mild reaction conditions, fast gelation rate and
allows to obtain hydrogels with excellent mechanical properties***°. Among different
enzymes, horseradish peroxidase (HRP) results to be one of the most employed; it is
usually used in combination with hydrogen peroxide, and the reaction can be
summarized as follows: 2Ph + H,0,—2Ph-+ H,O “¢. In literature are reported various
tyramine modified HA-based hydrogels, obtained via an enzymatic crosslinking process
that occurs through the oxidation of tyramine residues with the consequent formation of
di-tyramine bonds*’. In this regard, Xu et al. designed and fabricated HA-tyramine
hydrogels by crosslinking the tyramine moieties of modified HA in the presence of HRP
and H,0.*®. By varying the amounts of the two enzymes, hydrogels with different
mechanical strength were obtained and investigated as scaffolds for stem cells culture.
Interestingly, it was observed that the hydrogel with an elastic modulus of 350 Pa
supported the proliferation of stem cells. A similar approach was reported by Raia et al.
that enzymatically crosslinked tyramine functionalized HA and silk fibroin in order to

increase the mechanical strength and the stability of tyramine-HA based hydrogels*®. By
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changing the concentration of the polymers, systems with tunable properties were

obtained, resulting in versatile platforms.

2.1.6 Crosslinking by radical polymerization

Hydrogels can be obtained via radical polymerization of monomers in the presence of
crosslinking agents and an initiator, such as a redox pair or a photoinitiator®.
Methacrylates represent the most common groups used for HA-based hydrogels
preparation. They can be introduced to HA by reacting it with glycidyl methacrylate or
methacrylic anhydride®'°2. An advantage of methacrylated HA based hydrogels is that it
is possible to tune their properties by varying the concentration and the molecular weight
of the functional monomer, the degree of substitution etc.*. In this regard, Tavsanli et al.
developed silk/HA based hydrogels and investigated their mechanical properties®. The
hydrogels were prepared by reacting methacrylated HA and silk fibroin in aqueous
solution in the presence of N,N,N',N'-tetramethylethylenediamine, ammonium persulfate
and N, N-dimetylacrylamide, which has the function of connecting methacrylated HA
macromers via their vinyl groups. Interestingly, the resulting hydrogels showed
biocompatibility, excellent mechanical properties and stability thanks to the presence of

silk fibroin, since its B-sheet domains act as physical crosslinks.

2.1.7 Crosslinking by condensation reactions

Condensation reactions are often applied for hydrogels synthesis. Considering the
chemical structure of HA, among the different condensation reactions, esterification
results to be one of the most commonly employed for this purpose. In this regard,
Larrafeta et al. recently developed an attractive eco-friendly strategy for the synthesis
of HA-based hydrogels®®. In particular, Gantrex S97 was used as crosslinking agent, and
the hydrogels were prepared via esterification between the hydroxyl groups of HA and
the carboxylic groups of Gantrex S97 (Figure 4); interestingly, the reaction was
performed in solid phase inside a microwave and, thus, this process can be considered
advantageous because it does not need organic solvents or toxic substances.
Furthermore, the release profile and the antimicrobial properties were investigated.
Notably, the resulting hydrogel showed a sustained release and excellent anti-infective
properties resulting in a promising candidate for the design of drug delivery systems and

wound dressings.
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Figure 4. Schematic crosslinking mechanism between sodium hyaluronate and
Gantrez®S97%. Reproduced with permission from Elsevier, 2018.

2.2 Physical hydrogels

In the last years, noncovalent bonds and supramolecular interactions have been widely
exploited for hydrogels design thanks to their peculiar features. First of all, since these
interactions are reversible, the non-covalent assembly allows to obtain hydrogels with
tunable properties and responsivity to various cues like light, pH, temperature etc. %6’
In contrast to covalent crosslinking, physical crosslinking leads to the formation of less
mechanically and chemically stable hydrogels. However, this aspect can be considered
an advantageous feature since it can be exploited to achieve shear-thinning and self-

healing properties”.

In this context, inclusion complexation represents one of the most used strategies for the
preparation of physical gels. It is based on the supramolecular interactions and the
structural complementarity between two molecules called “host” and “guest™®.
Cyclodextrins are one of the mostly employed hosts; structurally they are formed by
hydrophobic cavities with a high affinity for hydrophobic guests. Several guest molecules
employed in pair with cyclodextrins have been reported in literature, and among these
the most representative is adamantane. In this regard, Rodell et al. designed a self-
assembling HA hydrogel by using adamantane functionalized HA and B-cyclodextrin
functionalized HA. Hydrogel formation occurred rapidly by mixing the two compounds
in aqueous solution. Its physical properties were investigated and were shown to be
dependent on the crosslinking density and to be influenced by several factors including
host and guest concentrations, molar ratio etc. The obtained hydrogel displayed shear-
thinning properties resulting in a promising injectable system. Another investigated pair

for inclusion complexation broadly reported in literature is represented by a or B-
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cyclodextrin and azobenzene. In detail, trans-azobenzene has a high binding affinity for
a or B-cyclodextrin, while cis-azobenzene has a low binding affinity for them. On this
subject, Rosales et al. recently reported the preparation of a supramolecular HA hydrogel
by using HA functionalized with B-cyclodextrin and azobenzene®. It was shown that it
was possible to modulate the properties of the hydrogel with light; in fact, upon irradiation
(A=365 nm), isomerization of azobenzene occurs, changing the binding affinity between
host/guest molecules and, consequently, the network connectivity and the elastic
modulus. Furthermore, the release profiles were investigated, highlighting the possibility
to tune drug release with light exposure. A similar approach was reported by Rowland et

al. that adopted cucurbit[8]uril and cysteine-phenylalanine as host/guest pair®'.

Another interesting noncovalent approach is represented by the functionalization of HA
with hydrophobic molecules in order to render it amphiphilic and consequently determine
the macromers self-assembly in nanogels. In this regard, Montanari et al. prepared HA
based hydrogels via the self-assembly of macromers in water after the functionalization
of HA with cholesterol®?.

Moreover, the use of gelling agents in combination with HA can be considered a valid
strategy for physical hydrogels design. For example, Jung et al. recently reported the
preparation of a thermosensitive hydrogel based on HA and Pluronic F-127°. This latter
is a tryblock copolymer able to form rapidly thermoresponsive hydrogels, which however
are instable in physiological conditions due to their low mechanical strength. To
overcome this problem, in this study, HA was mixed with Pluronic F-127 in water in order
to obtain a hydrogel with improved structural integrity and stability ascribable to the
hydrophobic interactions occurring between the acetyl groups of HA and the methyl
groups of Pluronic. Interestingly, the resulting hydrogel not only showed an increased
mechanical strength but also a sustained drug release, reducing the typical burst release

observed in Pluronic F-127 based hydrogels.

3. HA based hydrogels for biomedical applications

Currently, HA based hydrogels are widely investigated for biomedical purposes like drug
delivery, tissue engineering, regenerative medicine thanks to their biocompatibility,
biodegradability, non—immunogenicity, responsivity to various cues and tunable

properties® . This section reviews the main biomedical applications of HA based
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hydrogels reported in literature in the last few years, focusing in particular on drug

delivery for cancer therapy.

3.1 Drug delivery

HA based hydrogels are particularly interesting for drug delivery since, in addition to
above cited features, allow to have a controlled and targeted drug release in response

to different triggers, that turns out to be attractive when aiming for targeted therapy®®®°.

3.1.1 Stimuli-responsive hydrogels

Various smart hydrogels responsive to different environmental factors such as pH,

temperature, light and biochemical molecules have been developed and investigated as
drug delivery systems. With regard to stimuli-responsive platforms, physical crosslinking
is preferred since supramolecular interactions are reversible and consequently results
easier to tune their properties. In this context, Highley et al. recently proposed an
interesting strategy for the design of a near infrared light (NIR)/temperature responsive
system®; in detail, it was prepared in a microfluidic mixing device by combining gold
nanorods with a HA supramolecular hydrogel previously obtained via the inclusion
complexation of B-cyclodextrin and adamantane. The presence of nanorods caused
heating in response to NIR irradiation, leading consequently to the breakage of the
supramolecular interactions and of the networks. The release capability of the resulting
platform in response to different NIR exposures was evaluated. Interestingly, it was
observed that the drug release could be modulated by varying two parameters:
irradiation time and light intensity; specifically, the quantity of the molecule released from

the platform increased with increasing power and irradiation time.

Inclusion complexation employing azobenzene/cyclodextrin as host/guest pair has been
broadly investigated for photoresponsive hydrogels design, since these specific
supramolecular host/guest interactions can be disrupted upon trans-cis
photoisomerization of azobenzene induced by ultraviolet (UV) light™. An interesting
example of a photoresponsive drug delivery platform has been described by Rosales et
al.®®. Herein, HA was functionalized with azobenzene and B-cyclodextrin in order to
obtain self-assembled hydrogels. These latter showed reversible changes in crosslink

density, and consequently, in mesh size, upon UV exposures. These changes were
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exploited to modulate the drug release and, therefore, in vitro release studies under UV
irradiation were performed. In particular, a fluorescently labeled protein was loaded as
model drug and it was noted that upon irradiation the hydrogel released a double amount

of protein compared to the non-irradiated one.

Even if physical crosslinking is preferred for smart hydrogels preparation, also the
chemical approach has been recently investigated. In this regard, Kwon et al. reported
the preparation of pH-sensitive hydrogels based on hydroxyethyl cellulose and HA, and
investigated their potential use as transdermal delivery systems for the treatment of skin
lesions’". In this study, the hydrogels were synthesized via Michael addition between HA
and hydroxyethyl cellulose by using divinyl sulfone as crosslinking agent, and their
physicochemical properties were investigated. The obtained hydrogels were then loaded
with isoliquiritigenin, which has antimicrobial activity, and its release efficiency was
evaluated by in vitro measurements at different pH values. Experimental data showed
that the quantity of released drug increased with increasing pH beyond 7, due to
electrostatic repulsions occurring between the carboxylate groups of HA that

consequently lead to an increase of mesh size.

3.1.2 HA based hydrogels for targeted cancer treatment

As already reported, HA regulates different cellular functions such as cell adhesion,
differentiation, migration, proliferation etc., due to its binding to specific membrane
surface receptors such as CD44, LYVE-1 and RHAMM"?. In particular, CD44 was found
to be the main receptor involved in proliferation, differentiation, and migration pathways
and, consequently, in tumor progression and metastasis; moreover, it is overexpressed
in various types of tumors like melanoma, chondrosarcoma, breast, gastrointestinal,
prostate, bladder, lung and pancreatic cancers, and different studies have reported a
positive correlation between CD44 expression and poor prognosis’. For these reasons,
HA has recently emerged as promising agent for the design of anticancer drug delivery
systems for active targeting of malignant tumors’™*. Comprehensive reviews by Huang et
al. and Choi et al. supply an interesting description of HA based drug delivery systems
developed for targeted cancer treatment’®’®. In the last years, several HA based
hydrogels have been studied for the delivery of different antitumor drugs such as
doxorubicin, paclitaxel, cisplatin, etc. in order to improve their efficacy and reduce their
systemic side effects’’"8; some of the most interesting and recent examples will now be

presented.
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Aiming at preparing a suitable drug delivery platform for the targeted release of
doxorubicin, Yang et al. prepared various HA based nanogels via copolymerization of
methacrylated HA with di(ethylene glycol) diacrylate’. Nanogels with a diameter of about
70 nm and a spherical shape were obtained and were loaded with doxorubicin by
incubation method. /n vitro studies showed a CD44-dependent cellular uptake, and,
consequently, a greater internalization of these carriers in tumor cell lines that

overexpress CD44 receptor (Figure 8).

Figure 8. Confocal laser scanning microscopy of (a) A549, (b) NIHT3T and (c) H22 cells
incubated with FITC-labeled HA nanogels’. Reproduced with permission from Elsevier,
2015.

Furthermore, the nanogels showed higher accumulation in the tumor site and a superior
antineoplastic effect compared to the free doxorubicin, resulting in a promising drug
delivery system for cancer therapy. A noteworthy further example of doxorubicin delivery
system has been reported by Jhan et al®. In this study, injectable thermosensitive
hydrogels based on Pluronic F-127 and HA-doxorubicin nanocomplexes were prepared
via physical mixing and their physiochemical properties were investigated. Doxorubicin
release profile was studied in vitro, while nanogels antitumor activity both in vivo and in
vitro. Experimental data showed a pH sensitive and sustained release of doxorubicin
with a faster release rate at tumoral pH. Moreover, they exhibited excellent cytotoxic
activity against tumor cell lines that overexpress CD44 receptor and high affinity to
lymphonodes, resulting in promising injectable formulations for the treatment of local and

metastatic tumors. Furthermore, in this context, an efficient approach for metastatic
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breast cancer treatment has been recently described by Chen et al.®'. In particular, the
authors prepared epidermal growth factor receptor (EGFR) and CD44 dual targeted HA
nanogels by combining inverse nanoprecipitation and tetrazole-alkene photocoupling.
Nanogels with a diameter of about 160 nm and a spherical shape were obtained and
evaluated for the treatment of metastatic breast cancer. In vitro studies showed an
excellent internalization of nanogels in 4T1 breast cancer cell line that overexpresses
both EGFR and CD44. Furthermore, in vivo studies in metastatic 4T1-luc breast tumor
bearing mice displayed that the nanogels enhanced the therapeutic efficacy of saporin,

showing an excellent inhibition of tumor growth and lung metastasis.

Currently, intraperitoneal (IP) chemotherapy is emerging as an efficient strategy for the
treatment of solid tumors present in the peritoneal cavity®?. However, to this end, an ideal
delivery system should have the following requirements: biocompatibility,
biodegradability, non-immunogenicity and controlled and sustained drug release profiles.
Since HA hydrogels exhibit these features, currently, they are also studied for this
purpose. In this regard, Cho et al. recently reported the design of in situ crosslinkable
HA based gels and evaluated their potential use as IP carriers of platinum for the
treatment of ovarian cancer®. Firstly, they prepared platinum loaded nanoparticles that
were subsequently incorporated in HA based hydrogels obtained via aldehyde-hydrazide
coupling. These platforms showed sustained platinum release, good anti-tumor activity
and a long permanence in the peritoneal cavity resulting attractive for IP chemotherapy

of ovarian cancer.

Unfortunately, one of the most frequent problem that can occur when hydrogels are used
as drug delivery systems is the burst release®; with the attempt to overcome this
limitation, Zhang et al. proposed an innovative strategy for HA based hydrogels design®®.
In this regard, they prepared multilayer hydrogel capsules based on chitosan, HA and
doxorubicin via ionotropic crosslinking. Notably, the release studies showed a pH-
sensitive, controlled release of doxorubicin with a significant reduction of the burst
release due to their peculiar structure; in fact, the multilayer architecture reduced the
drug concentration gradient between the capsules external layer and the surrounding

environment, limiting the release of doxorubicin adsorbed on the surface.
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CHAPTER I. EXPERIMENTAL PART:
“Characterization of a hyaluronic acid and folic acid
based hydrogel for cisplatin delivery: antineoplastic
effect in human ovarian cancer cells in vitro” *

Abstract

We successfully prepared and characterized a hyaluronic acid- and folic acid-based
hydrogel for the delivery of cisplatin (GEL-CIS) with the aim to induce specific and
efficient incorporation of CIS into ovarian cancer (OC) cells, improve its antineoplastic
effect and avoid ClS-resistance. The slow and controlled release of the drug from the
polymeric network and its swelling degree at physiologic pH suggested its suitability for
CIS delivery in OC. We compared here the effects of pure CIS to that of GEL-CIS on
human OC cell lines, either wild type or CIS-resistant, in basal conditions and in the
presence of macrophage-derived conditioned medium, mimicking the action of tumor-
associated macrophages in vivo. GEL-CIS inhibited OC cell growth and migration more
efficiently than pure CIS and modulated the expression of proteins involved in the
Epithelial Mesenchymal Transition, a process playing a key role in OC metastatic spread

and resistance to CIS.
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*Published on International Journal of Pharmaceutics, 2021 Sep 5: 606,
120899; doi: https://doi.org/10.1016/j.ijpharm.2021.120899
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1. Materials and methods

1.1 Chemicals

All solvents, analytical grade, were purchased from Carlo Erba Reagents (Milan, Italy):
diethyl ether, acetone, methanol (MeOH), N,N-dimethylacetamide (DMAc), ethanol and
hydrochloric acid (HCI) 0.1 N. Lithium chloride (LiCl), folic acid (FA), N,N'-
Dicyclohexylcarbodiimide  (DCC), 4-Dimethylaminopyridine  (DMAP),  sodium
hydrogenphosphate, sodium dihydrogen phosphate, potassium dihydrogen phosphate,
phenophtalein, sodium hydroxide (NaOH), methyl red and cisplatin were purchased from
Sigma Aldrich (Milan, Italy). Hyaluronic acid (HA) MW 300 kDa and Poloxamer 407 were

purchased from FarmaLabor.

1.2 Instruments

FT-IR spectra were measured by a Jasco 4200 IR spectrophotometer using KBr disks.

The UV-vis spectra were carried out using a Jasco UV-530 spectrophotometer.

1.3 Esterification of HA with FA

The esterification was carried out according to Steglich reaction’. In a three necked flask
equipped with a reflux condenser and dropping funnel, under stirring and maintained
under N2, 0.225 g of LiCl was dissolved in 20 ml of DMAc at 80 °C. After 30 min, the
reaction mixture was cooled to 40 °C, and then HA (12 mM) was added. The system was
further cooled to 25 °C and subsequently FA (37 mM), DCC (37 mM) and DMAP (0.4
mM) were added; the reaction mixture was kept under stirring for 72 h at 40 °C. The
product was collected by precipitation in water and then washed with hot methanol to
remove dicyclohexylurea, acetone, and, finally, diethyl ether. The resulting compound
was dried under vacuum obtaining an orange solid (yield 90%). The compound was

characterized by FT-IR.

1.4 Determination of the substitution degree

The substitution degree was calculated by volumetric analysis?. 25 mg of the sample was

dissolved in an ethanolic sodium hydroxide solution and kept under stirring and reflux at
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80 °C for 17 h. Then, a titration with 0.1 N HCI was performed by using phenolphtaleine
and methyl red for the first and second equivalence point, respectively. The moles of HCI
between the first and second equivalence points correspond to the moles of the free
ester. The degree of substitution (DS) was calculated by using the following equation (1):

MM HA unit

DS =
(g sample —n free ester) — MM free ester — MM H20

where n free ester are the moles of the free HA-FA ester and are calculated as follows:
V> eq- Vi eq x [HCI]; MM HA unit is the molecular weight of the repetitive unit of HA; MM
free ester is the molecular weight of the unit of the HA-FA ester; MM H.O is the molecular

weight of water.

1.5 Preparation of HA-FA based hydrogel

The HA-FA based hydrogel was prepared by dissolving 0.1 g of HA-FA ester in 5 ml of
NaOH aqueous solution. Then, 3 g of Poloxamer 407 were added and physically mixed

until obtaining a homogeneous gel.

1.6 Swelling studies

The affinity of hydrogels towards the aqueous environment was determined by studying
their swelling degree (WR%). The sample (200 mg) was placed in glass filters (porosity
G2/3), previously wetted, centrifuged (2000 rpm for 5 min) and then weighted.
Subsequently, the filters were put in contact with solutions at different pH values: 1.2,
5.0,6.2,6.8 and 7.4 at 37 °C. At predetermined times (1 h, 3 h, 6 h, 9 h, 24 h) the excess
of water was removed from the filters by percolation at atmospheric pressure.
Subsequently, the filters were centrifuged (3500 rpm for 15 min) and then weighted. The
weights recorded at the times indicated above were averaged and used to calculate the

swelling degree by the following equation (2):

_ (Ws-wad) .
WR% = —wd 100

where Ws and Wd are the weights of the swollen and dried sample, respectively.
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1.7 Preparation of the GEL-CIS

CIS (10 mg) and HA-FA ester (100 mg) were dissolved in 5 ml of NaOH aqueous solution
under stirring. Then, after complete dissolution, 3 g of Poloxamer 407 was added and

physically mixed until obtaining a homogeneous gel.

1.8 In vitro release studies

The samples (100 mg) were placed in glass filters (porosity G2/3). Subsequently the
filters were immersed in 6 ml of phosphate buffer at pH 7.4 and maintained at 37 °C in a
horizontal shaking bath. The release medium of each sample was withdrawn at specific
time points (1 h,2h, 4 h, 8 h, 24 h, 48 h, 72 h) and replaced with fresh one. The samples
were analyzed through UV-Vis spectrophotometry, and drug release profiles were
expressed as percentage of drug released with respect to the total loaded amount in

function of time.

1.9 Cell lines and treatments

The human ovarian carcinoma (OC) cells A2780wt and A2780cis, sensitive and resistant
to CIS, respectively, were kindly gifted by Dr. Anna Bagnato (IRCCS-Istituto Nazionale
Tumori Regina Elena, Rome, Italy) and were maintained in RPMI 1640 culture medium
containing glutamine (2 mM), penicillin (100 U/ml), streptomycin (100 pg/ml) and fetal
bovine serum (10%) in humidified atmosphere at 37 °C and 5% CO2. Human THP-1
monocytic cell line was obtained by the American Type Culture Collection (ATCC,
Manassas, VA, USA) and was maintained in RPMI 1640 culture medium containing
glutamine (2 mM) and FBS (10%). All the cells were maintained in an exponential growth
phase by seeding them at 3 x 105 cells/ml twice a week. THP-1 cells were induced to
differentiate into M2 macrophages (similar to tumor associated macrophages, TAM) by
exposing them to 320 nM phorbol-12-myristate acetate (PMA, Sigma-Aldrich, St. Louis,
MO, USA) for 24 h, as previously indicated by Zeng et al., °. The morphology of
differentiated macrophages was observed and photographed by using an inverted
microscope (Leica, Buccinasco, MI, ltalia). For the experiments regarding the study of
the effect of tumor microenvironment on the epithelial-mesenchymal transition (EMT) in
the OC cells, the conditioned culture medium (CM) from the M2 differentiated

macrophages was starved and maintained at —20 °C until its use.
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1.10 Cell proliferation evaluation

For the evaluation of cell proliferation in the human OC cells treated with pure cisplatin
(CIS) or with GEL-CIS, a commercial colorimetric kit was used (Cell proliferation Assay
Kit, BioVision, Milpitas, CA, USA). This assay allows to reveal the incorporation of the
pyrimidinic analog 5-bromo-deoxyuridine (BrdU) in the neosynthesized DNA of
proliferating cells in place of thymidine. A2780wt and A2780cis cells were seeded at the
concentration of 5 x 10° cells/well in a 96-well multi-well plate. After 24 h, cell culture
medium was removed and replaced with fresh culture medium containing or not CIS or
GEL-CIS at the concentrations of 1 and 5 pyM. Pure CIS was solubilized in water
containing 0.9% NaCl. Aliquots of 1 uyL/mL and 5 uL/ml, taken from a 1 mM CIS stock
solution, were added to the culture medium to obtain the final concentrations of 1 and 5
MM, respectively. CIS stock solution was prepared freshly for each experiment. Since in
preliminary experiments we determined that CIS contained in the hydrogel was 0.132%
(w/w), we dissolved 34.5 mg of GEL-CIS (corresponding to 0.455 mg of pure cisplatin)
in 1 mL of culture medium, obtaining a 0.15 mM GEL-CIS stock solution. Aliquots of 6.7
uL/mL and 33.5 yL/mL taken from the stock solution were used to obtain the 1 and 5 uM
final concentrations, respectively. In preliminary experiments, we exposed the cells to
the empty HA-FA hydrogel (not containing CIS), in the same amounts used for the GEL-
CIS to establish if the formulationl itself could affect the proliferation of OC cells. We
found that the empty hydrogel did not induce significant effects on cell proliferation at the

concentrations utilized (data not shown).

After 72 h incubation, BrdU solution was added in each well, and the plate was incubated
at 37 °C for 4 h. Then the cell culture medium was removed and 100 pL of
fixing/denaturing solution was added into each well. The plate was incubated for 30 min
at room temperature and, after gently removing the fixing/denaturing solution, 100 pL of
anti-BrdU antibody were added into each well. Cell culture plate was incubated for 1 h at
room temperature with gentle shaking. The wells were then washed with 300 pL wash
buffer and 100 pL of secondary anti-mouse HRP-linked antibody were added into the
wells. After 1 h incubation, wells were washed again with 300 pL washing buffer and 100
uL of TMB solution (HRP substrate) were added into the wells. A blue color developed
in the wells, proportional to the BrdU incorporation into the cells. A stop solution (2 N
H2S04, 100 pL) was then added into the wells, resulting in the development of a yellow

color, and the absorbance was read with a spectrophometer set at 450 nm.
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1.11 Wound healing assay in vitro

The migrating ability of the OC cells was analyzed by the Wound healing assay in vitro.
To this aim disposable silicon inserts (Ibidi, Munchen, Germany) were used. The silicon
inserts consist of two chambers separated by a silicon sept with a 500 um thickness. The
inserts were put into the wells of a 6-well multi-well plate and 70 pL of a cell suspension
of A2780wt and A2780cis cells (at the concentration of 3 x 10° cells/mL) were seeded in
each of the silicon insert chambers. Fresh culture medium (1.3 mL) was put in the well
outside the silicon inserts. After 24 h, the silicon inserts were gently removed, and two
monolayers of cells separated by a 500 um free-from-cell space were obtained. Samples
were photographed at the microscope (representing time 0), the cell culture medium was
removed and replaced with fresh culture medium containing or not CIS and GEL-CIS at
the concentrations of 1 and 5 uM. The ability of cells to migrate was evaluated at the
indicated time points (24, 48, 72 and 96 h) by measuring the residual cell free area in the
wells. We prolonged the observation until 96 h, since in preliminary experiments it was
observed that only at this time point the wound area was almost completely filled by cells
in the control conditions. Cell cultures were observed daily at the microscope and
photographed. The saved images were then analyzed by a dedicated software
(developed by Dr. Koumoutsakos, CSE Lab, at the ETH, Zurich, Switzerland).

1.12 Analysis of protein expression by Western blotting

A2780wt and A2780cis cells were seeded in a 100 mm Petri dish (3 x 10° cells/mL). After
24 h cell culture medium was removed and replaced by fresh culture medium containing
or not CIS and GEL-CIS (1 and 5 uM). THP-1 cells (which usually grow in suspension)
were seeded at the concentration of 2 x 105 cells/mL in 10 mL cell culture medium
containing 320 nM PMA and, after 24 h, the CM was withdrawn and stored at —20 °C for
the following treatment of A2780wt and A2780cis cells. THP-1 cells, which, following the
PMA treatment, had adhered to the bottom of the culture flask and changed their
morphology, were trypsinized and centrifuged at 1000 x g for 10 min to obtain the cell
pellet. A2780wt and A780cis cells, treated with CIS and GEL-CIS for 24 h in basal
conditions or in the presence of THP-1 CM, were trypsinized and centrifuged at 1200

rpm for 5 min to obtain the cell pellets.

Total cell lysates from THP-1, A2780wt and A2780cis cells were prepared according to

Serini et al.,*. Briefly, the pellet obtained from 5 x 106 cells were resuspended in 100 L
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of cold lysis buffer containing 1 mM MgCI2, 350 mM NacCl, 20 mM HEPES, 0.5 mM
EDTA, 0.1 mM EGTA, 1 mM Na4P204, 1 mM phenylmethylsulfonyl fluoride (PMSF), 1
mM aprotinin, 1.5 mM leupeptin, 20% glycerol, 1% NP-40. Samples were incubated on
ice for 30 min and then centrifuged at 14000 rpm for 15 min to remove cell debris. Protein

concentration in the samples was evaluated by the Biorad assay (Hercules, CA, USA).

Equal amounts of proteins for each sample (50 pg) were separated on a SDS-
polyacrylamide gel and transferred on a nitrocellulose membrane. The membrane was
then blocked in TBST containing 5% low fat dried milk for 1 h at room temperature and
incubated at 4 °C overnight with primary antibodies against E-cadherin (clone 5F-133,
Santa Cruz Biotechnology, Santa Cruz, CA, USA), vimentin (clone 5G3F10, sc-66002,
Santa Cruz Biotechnology) (for A2780wt and A2780cis cells) and against CD206 (clone
D-1, sc-376108, Santa Cruz Biotechnology) and CD11c (clone B-6, sc-46676, Santa
Cruz Biotechnology) (for THP-1 cells). As a loading control, membranes were stripped
and reincubated with antibodies against B-actin (clone AC40, sc-A-4700, Sigma-Aldrich,
Milan, Italy) or against a-actinin (clone B-12, sc-166524, Santa Cruz Biotechnology).
After incubation with secondary anti-mouse antibody, immunocomplexes were visualized
by the Enhanced Chemiluminescence Detection system (ECL, GE Healthcare Life
Sciences, Pittsburgh, PA, USA) and quantitated through densitometric analysis utilizing
the UVITEC Alliance system (Cambridge, UK).

1.13 Statistical analysis

Data were analyzed by the one-way analysis of variance (ANOVA) followed by Tukey’s
test in Fig. 3, Fig. 5, Fig. 8, Fig. 9. Student t-test was used to evaluate the significance
of data in Fig. 2 and Fig. 7. Both the tests were performed by the InStat GraphPad

software (San Diego, CA, USA). P-Values < 0.05 were considered statistically significant.
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2. Results and discussion

2.1 Synthesis of GEL-CIS

Given their biofunctionality and biodegradability, FA and HA were chosen as starting
materials to develop an effective drug delivery system for CIS targeted and sustained
release *°. HA is an endogenous non-sulfated glycosaminoglycan, and its receptor, the
cluster of differentation-44 (CD44), is overexpressed in different malignant tumors such
as gastrointestinal, pancreatic, breast, cervical and ovarian cancers’. To improve the
selectivity of the drug delivery system, HA was conjugated with FA, a widely used ligand
for this purpose, since one of its receptors, FR-a, was found to be overexpressed in
different cancer cell lines, including OC®. With the aim to obtain a suitable functional
compound, the hydroxyl groups of HA were functionalized with the carboxylic groups of
FA via Steglich reaction by using DCC as crosslinking agent and DMAP as nucleophilic
activator. Given the different hydrophilicity/hydrophobicity of the two starting materials,
the reaction was performed in a binary mixture of LiCI/DMAc, in order to increase the
solubilization of the reagents and, consequently, the reaction yield®. Furthermore, the

polar aprotic nature of the solvent enhances the activity of the nucleophilic reagents.

The product formation was confirmed by FT-IR (Figure 1). In particular, the spectra of
HA (Figure 1a), FA (Figure 1b) and that of the ester HA-FA (Figure 1¢) were compared.
The spectrum of the ester HA-FA shows a new band at 1731 cm™, corresponding to the
stretching of the carbonyl group of the ester, and a sharper and broader peak at 3500

1

cm™, corresponding to the —OH groups of FA and HA, therefore confirming the

successful derivatization.
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Figure 1. NMR spectra of HA(a), FA(b) and the ester HA-FA(c).
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To quantify the functionalized groups of HA, a volumetric analysis was performed, and
the degree of substitution was calculated. This latter indicates the average number of —
OH groups functionalized per repetitive unit and, considering the chemical structure of
HA, it should range from 0 to 4.0. The calculated substitution degree was found to be
2.3, which seems to be a satisfying result given the different chemical features of the two
starting materials and the heterogeneous synthetic route adopted. On the basis of the
reactivity and steric hindrance, it is possible to hypothesize that the derivatization mainly

involved the —OH in position 6 and 2.

To develop a formulation for CIS sustained release, we prepared a physical
thermosensitive hydrogel by using Poloxamer 407 as gelling agent®; in particular, it is a
biocompatible non-ionic triblock copolymer showing a thermo-reversible sol-gel behavior
that results a very advantageous feature for the development of self-healing and shear-
thinning hydrogels as suitable systems for intraperitoneal chemotherapy'®'!. This latter
has recently emerged as promising approach for post-surgical treatment of solid tumors
within the peritoneum including ovarian and gastric cancer. Moreover, advanced stage
ovarian cancer is usually associated with peritoneal carcinomatosis. The major benefit
of intraperitoneal chemotherapy is the possibility to achieve a direct release within the
tumor tissue, maximizing the locoregional effect and reducing the systemic adsorption of
the drug. However, the amphiphilic nature of Poloxamer 407 leads to the formation of
hydrogels that undergo rapid degradation in the aqueous environment, determining fast
release rates'?. The use of HA in combination with Poloxamer 407 could enhance the
stability and mechanical strength of the resulting hydrogel, due to the hydrophobic

interactions occurring between HA and Poloxamer 4073,

2.2 Chemical-physical characterization of GEL- CIS

In the present study, the hydrogel was prepared by physically mixing the HA-FA ester
with Poloxamer 407 in aqueous solution. This approach shows several advantages such
as fast gelation rate, cytocompatibility, high yield, and mild reaction conditions. Moreover,
it allowed to obtain a 100% loading efficiency. To assess the stability of the hydrogel and
its affinity towards the physiological environment, swelling studies were performed at
different pH values (1.2, 5.0, 6.2, 6.8 and 7.4) mimicking gastric, intestinal, tumor and

physiological conditions.
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a%

1h 2h 6h 9h 24h
pH
1.2 1.4 1.4 14 14 1.4
5.0 40.7 55.8 85.5 95.0 101.6
6.2 1.4 36.6 71.9 108.5 108.5
6.8 2.7 337 65.9 75.8 75.8
7.4 0 17.8 313 313 373

Table 1. Swelling degree values (a %) in function of time. The swelling studies were
carried out in duplicate, and the mean values are reported.

The obtained data (Table 1) show that, above strongly acidic pH (1.2) and below
physiological pH (7.4), the swelling degree increased with increasing pH, reaching its
maximum value at pH 6.2. This behavior may be ascribed to the electrostatic repulsions
occurring between the ionized carboxylic groups of HA and FA, resulting in a less
compact network. In fact, HA has a pKa ~ 3.0, while the following pKa values were
reported for FA in physiological conditions: pKai ~ 2.4, pKaz ~ 3.5 and pKas ~ 5.0; this
means that it results to be positively or negative charged at pH values below and above

pKai, respectively''®

. In view of these observations, in acidic or slightly acidic
environment, a significant and protracted erosion process is likely to occur, leading to a

lower stability and complete dissolution of the delivery system within 24 h.

To assess the suitability of this delivery platform for CIS release, in vitro release studies
were performed at different time intervals (1, 2, 4, 8, 24, 48, 72 h), at pH 7.4 and 37 °C,
to mimic the physiological conditions. Drug release profile was determined by UV-Vis
spectrometry and expressed as the percentage of the drug released with respect to the
total loaded amount in function of time (Figure 2). In detail, the obtained data showed a
slow and controlled release of the drug from the polymeric network. While no release
was reported in the first hour, the burst release occurred in the second hour, with about
25% of drug released. A progressive reduction in the release rate was observed from
the third hour onwards, with approximately 90% of the loaded drug released within 72 h.
Therefore, we can consider this release profile very advantageous, as the initial burst
release is useful for reaching the therapeutic window, whereas the slow and prolonged
release observed in the following hours could allow to minimize the side effects of the
drug ascribable to its high systemic concentration. Moreover, the almost complete
release of the loaded drug within 72 h seems quite satisfactory. The absence of drug

release in the first hour may be due to the lack of swelling of the system, resulting in the

45



Chapter I. Experimental part

entrapment of the drug in the polymeric network. Based on these findings, it is possible

to hypothesize that the drug release is mainly driven by gel erosion rather than diffusion.
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Figure 2. In vitro release profile of CIS at pH 7.4 and 37°C. Data are expressed as the
mean of two independent experiments.

2.3 Effect of HA-FA based hydrogel containing CIS on OC cell proliferation

Having characterized the physical-chemical properties of GEL-CIS, we next investigated
the effect of the hydrogel on the proliferation of the two human OC cell lines A2780wt
and A2780cis, which are sensitive and resistant to CIS, respectively. Figure 3 shows the
effect on the proliferation of A2780wt and A2780cis cells following a 72 h treatment with
1 uM and 5 uM pure CIS, and with the same concentrations of CIS included in the GEL-
CIS. The concentrations used were chosen since they are in the range of the
concentrations administered in most of the in vitro studies, mirroring the actual drug level
in the circulation of patients'®"”. We evaluated cell proliferation at 72 h, since we had
observed from the release measurements in vitro that the maximal release of CIS from

GEL-CIS occurred at this time point.
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Figure 3. Effect of pure cisplatin (CIS) and of the HA-FA based hydrogel containing
cisplatin (GEL-CIS) at the concentrations of 1 and 5 uM on the proliferation of A2780wt
(A) and A2780cis (B) after 72 h treatment. Data are the means + SD of three different
experiments. Values with different letters (a, b, c) are significantly different (p<0.05, one-
way ANOVA followed by Tukey’s test).

We observed that 1 yM CIS did not significantly inhibit the proliferation of A2780wt cells
(Figure 3A) after 72 h treatment, as compared to control, whereas at 5 yM it induced a
small but not significant increase of cell proliferation (% increase vs control, 10%). On
the other hand, when CIS was delivered as GEL-CIS, a dose-dependent inhibition of cell
proliferation was observed (% inhibition vs control: 1 yM GEL-CIS, 26.7%; 5 uM GEL-
CIS, 58.7%, p<0.05). Similarly to what observed in A2780wt cells with the highest CIS
concentration (5 pM), in A2780cis cells CIS treatment increased cell proliferation as
compared to control cells at both the concentrations used (33.8% and 29.5% increase
vs control at 1 and 5 uM CIS, respectively). Interestingly, in A2780cis cells GEL-CIS was
able to significantly reduce cell proliferation at both the concentrations used (1 uM GEL-
CIS 73.6%; 5 uM GEL-CIS 77.0 %, p<0.05) (Figure 3B). The results obtained suggest
that the presence of FA and HA in GEL-CIS may significantly improve the growth

inhibitory efficiency of this antineoplastic agent.

In the attempt to demonstrate the possibility that a FA-based hydrogel could increase
the anticancer effect of CIS in OC cells, Patra et al. previously developed gold decorated
FA-based nanoparticles for the delivery of this drug'®. However, they did not find any

improvement in the growth inhibitory effect of CIS when they tested their CIS containing
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FA-based hydrogel in the OC cell lines OV-167 and OVCAR-5, although they used
concentrations of CIS (0-10 yuM) comparable to those used in our experimental model.
In any case, a beneficial effect was observed also in this case, since the authors found
that CIS delivered through the formulation showed a lower toxicity towards normal cells
(human umbilical vein endothelial cells, HUVEC and ovarian surface epithelial, OSE).
On the other hand, and in agreement with our results, Li et al. used FA-based
nanoparticles containing different chemotherapic drugs, i.e. Docetaxel and Gemcitabine
(DTX/GEM), and observed that the drug growth inhibitory effects resulted amplified
following their inclusion in the FA-based nanoparticles'. These authors demonstrated
that the drugs delivered through the FA-based nanoparticles were able to induce a 3.6-
fold higher tumor cell cytotoxicity than the drugs administered in their pure form. Similar
results were also obtained by Mo et al. who synthesized FA-based nanoparticles
containing carboplatin/paclitaxel and observed that the drugs delivered through the
nanoparticles were significantly more efficacious in inhibiting the growth of the SKOV-3
human OC cells, either cultured in vitro or transplanted in nude mice, as compared to
the combination of the pure drugs. In agreement to what suggested by us, these authors
ascribed the higher efficacy of the hydrogel to the controlled release of the drugs
occurring in conditions of physiologic pH (pH 7.4) %°.

We suggest that also HA may have contributed to the increased antineoplastic efficacy
of CIS delivered by GEL-CIS, and that is in agreement with the results of plenty of works
previously performed by using HA-based nanomaterials for the delivery of CIS and other
chemotherapic drugs in different cancers, such as breast, stomach, lung and larynx
cancer, and in melanoma??>. However, very few studies have so far evaluated the
efficacy of HA-based nanoformulations for CIS delivery in OC. For the formulation
developed in the present study, we used HA with a molecular weight of 300 kDa. This is
a crucial point, since it was recently observed that the effect elicited by HA on tumor

growth is different depending on its molecular weight.

It was reported that low molecular weight HA (< 200 kDa) may induce pro-cancerogenic
effects, whereas high molecular weight HA (> 200 kDa) has the capacity to control the
normal tissue homeostasis and induce antitumor effects 2%, Correspondingly, Cho et
al., who used as OC animal model mice transplanted with the human OC cells SKOV-3
and injected them intraperitoneally with a CIS-containing hydrogel obtained by using 35
kDa HA, not only lacked to observe an improved anti-tumor efficacy of pure CIS but, after

four weeks from the treatment, even registered a tumor mass increase®®. The authors
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hypothesized that, despite a sustained release of CIS from the nanoparticles, an
efficacious endocytosis mediated by the CD44 receptor, and a good retention of the gel
in the animal peritoneum, such a tumor inducing effect could be attributable to the HA-
based material used for the drug delivery as well as to the growth promoting effect of HA
degradation products formed lately in vivo®. Instead, the results recently obtained by
Pang et al. are in agreement with our findings?®®. They used a different type of
nanoparticles (a cross-linked hyaluronan-based hydrogel, CHAG), and demonstrated
that the HA-based material administered into the pelvic cavity of nude mice was able to
reduce the growth of human OC cells implanted in this cavity. Moreover, tumor cell
growth inhibition was also accompanied by the inhibition of the activation of EGF
signaling pathway and of metalloproteinase expression in vitro. Similar results were
obtained earlier by the same group of authors also in gastric and hepatic cancer cells *.
Moreover, in agreement with all these results and with our findings, Bae et al. found that
an intraperitoneal treatment with a HA-based nanocomplex containing CIS in
combination with epigallocatechin gallate, an antioxidant able to counteract the
prooxidant activity of CIS, reduced the growth of OC cells transplanted intraperitoneally
and decreased their intraperitoneal (i.p.) metastatic spread in a murine experimental
model®'. The therapeutic strategy of inoculating intraperitoneally HA-based hydrogels for
the treatment of OC used by different authors appears to us very interesting, being HA
an extremely suitable material for i.p. drug delivery due to its biocompatibility, fast rate
of degradation and incorporation®®2°*!_ Furthermore, intraperitoneal chemotherapy itself
represents a very promising therapeutic approach for OC following the first line surgical
resection, since the most common route of OC spread is direct exfoliation of cells from
the ovary into the peritoneal cavity®’. Moreover, a drug administered intraperitoneally
shows a longer half-life compared to drugs administered systemically and can reach
higher concentrations in the target cancer cells **3° Thus, improving the delivery and the
effect of a first line chemotherapic agent such as CIS in OC may represent a winning

strategy, since it is through this route that the drug may more easily target tumor cells **
37

2.4 Effect of GEL-CIS on OC cell invasive ability and EMT-related proteins

Since one of the reasons underlying the high mortality observed in OC patients is the
high invasive ability and metastatic potential of these tumor cells, we also evaluated the
effect of the HA-FA based hydrogel containing CIS on the migration of A2780wt and
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A2780cis cells by using the Wound healing assay in vitro (Figure 4), which is a method

widely used for studying in vitro the invasive and metastatic potential of cells in vivo.
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Figure 4. Effect of CIS (1 and 5 pM) and of GEL-CIS (1 and 5 pM) on the migration ability
of A2780wt (A) and A2780cis (B) evaluated at the indicated time points (0-96 h) by
Wound healing assay in vitro (for further details, see Materials and Methods section). In
the Figure, representative images from two different experiments are shown. Data in the
histograms represent the percent cell free area observed in the experiment shown in the
Figure.

In the CIS-sensitive cells (A2780wt), we observed that pure CIS was able to inhibit cell
migration at a similar extent of GEL-CIS at the same concentrations and until the 48 h of
treatment, as evidenced by the larger cell free area in the CIS-treated wells as compared
to control wells. At longer time-points (72-96 h), pure CIS progressively lost its inhibitory
activity (5 uM CIS, about 73% and 67% of the initial cell free area at 72 h and 96 h,
respectively). Instead, GEL-CIS always exhibited very high efficiency in inhibiting cancer
cell migration, especially at the highest concentration (5 uM), that, after 72 h and 96 h of
treatment, and therefore allowed the cell free area to still remain around 99% and 94%

of the initial free area, respectively (Figure 4A). This suggests that the delivery of CIS
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through the HA-FA based hydrogel allows a more controlled and prolonged effect of the

drug.

Even more interesting results were obtained in the CIS resistant A2780cis cells, where
pure CIS, already after 48 h of treatment and even at the higher concentration used (5
uM), showed a very low efficacy (about 25% of the initial cell free area). Then, after 96 h
of treatment, it completely lost its ability to inhibit tumor cell migration confirming the CIS-
resistant behavior of this cell line. On the contrary, GEL-CIS used at the same
concentrations was able to maintain a marked inhibitory effect over the entire duration of
the experiment (about 92% of the initial cell free area after 96 h of treatment) (Figure
4B). This strongly suggests that the inclusion of CIS in GEL-CIS makes this drug able to

overcome the resistance of these OC cells towards its therapeutic action.

On the basis of the above reported results, we hypothesized that the enhancement or
even the induction of the inhibiting effect on migration elicited by CIS enclosed in GEL-
CIS, as well as its ability to overcome CIS-resistance, could be related to its capacity to
negatively influence the EMT process, which is involved in cancer cell invasion and
metastasis, as well as in the development of CIS-resistance®. In fact, increasing
evidence show that EMT plays a key role in the metastatic spread of OC cells, and
several in vitro and in vivo studies have demonstrated that EMT is also involved in the
mechanisms of OC cell drug resistance towards antineoplastic drugs, including CIS3%42,
EMT is a process through which epithelial cells lose their apical-basal polarization and
their intercellular adhesion molecules and transform themselves into spindle-shaped
mesenchymal cells possessing an increased ability to invade healthy surrounding
tissues and to spread metastases to distant organs and tissues****. Typically, during
EMT, the expression of E-cadherin, a fundamental component of intercellular junctions,
is reduced, while proteins such as vimentin, fibronectin, and neural-cadherin (N-
cadherin) and different metalloproteinases result to be overexpressed “°. Based on all
these observations, we evaluated the effect of GEL-CIS on the expression of the two
main proteins involved in EMT, E-cadherin and vimentin in our experimental cell model

(Figure 5).
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Figure 5. Effect of increasing concentrations of pure CIS and GEL-CIS (0.5-5 uyM) on
the expression of E-cadherin (A,C) and vimentin (B,D) in A2780wt (A,B) and A2780cis
(C,D) treated for 24 h. In the Figure a representative Western Blotting experiment is
shown for each protein. Data are the means + SD of three different experiments. Values
with different letters (a, b, c, d, e, f) are significantly different (p<0.05, one-way ANOVA
followed by Tukey’s test).

We preferred to evaluate the effect of the GEL-CIS on the expression of E-cadherin (a
negative marker of EMT) and vimentin (a positive marker of EMT) at 24 h, when a large
amount of CIS has already been released (see Figure 2). Moreover, it is possible that
at this time-point, the molecular changes underlying the CIS-induced inhibition of
invasion in vitro, starting at 24 h (see Figure 4), could have already taken place. We
observed that, in A2780wt cells, pure CIS at the highest concentration used (5 M),
markedly and significantly reduced the expression of this protein (83.7% reduction vs
control conditions, p<0.05), thus demonstrating its ability to induce EMT at this high
concentration. Instead, at the lower concentrations (0.5 and 1 uM), it even induced a
slight increase in E-cadherin expression. On the contrary, we observed a marked and
significant increase of E-cadherin expression when CIS was given included in GEL-CIS,
both at 1 and 5 uM (% increase vs control: GEL-CIS 1 pM, 90.2%, GEL-CIS 5 uM,
501.9%, p<0.05) (Figure 5A), suggesting that the inclusion of CIS in the hydrogel made
it unable to induce EMT, particularly at the highest concentration. This observation is

very interesting, since it was especially at 5 uM that we observed the greatest differences
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between the effects of pure CIS and GEL-CIS on cell migration in vitro in A2780wt cells
(Figure 4). In the same cells, we observed a significant increase of vimentin expression
following the treatment with CIS at all the concentrations used (% increase vs control:
63.1%, 120.3 and 425.5%, at the concentrations 0.5, 1 and 5 uM, respectively, p<0.05)
(Figure 5B). This effect further confirmed the EMT-inducing capacity of pure CIS, being
vimentin a positive marker of EMT. In this case, the inclusion of CIS in the hydrogel was
not able to contrast the inducing effect of CIS on vimentin expression. However, when
used at the highest concentration (5 uM), its inducing effects on vimentin expression was
much lower than that observed with pure CIS at the same concentration (86 % and 425
% increase vs control with 5 yM GEL-CIS and 5 uM pure CIS, respectively) (Figure 5B).

This could be related to slow release of CIS from the hydrogel.

In A2780cis cells, CIS induces a reduction of E-cadherin expression at any concentration
used (% inhibition vs control: 16.8, 23.8 and 49.4% at 0.5, 1 and 5 uM, respectively,
p<0.05), whereas GEL-CIS was able to markedly and significantly increase E-cadherin
expression only at 5 uM (35.9% increase vs control conditions, p<0.05) (Figure 5C). This
finding shows that also in A2780cis it was necessary to reach this concentration for CIS
and GEL-CIS to induce critically different effects. Confirming this point, we observed that
the treatment of A2780cis with 5 uM GEL-CIS was able to significantly reduce the
expression of vimentin (20% inhibition vs control, p<0.05), whereas its lower
concentrations (0.5 and 1 yM) left it unaltered as compared to the control. Such effect
was in stark contrast to what observed by treating the cells with pure CIS, which was
found to induce a significant increase of vimentin expression at any concentration used
(% increase vs control: 76, 36.9 e 178.5% at the concentrations 0.5, 1 e 5 uM,

respectively, p<0.05) (Figure 5D).

Overall, these results are of interest since demonstrate that the GEL-CIS was able to
significantly contrast the effects of pure CIS on the proteins involved in EMT. This is
particularly interesting also in view of the findings of several in vitro and in vivo studies
demonstrating that EMT is also involved in the mechanisms of drug resistance of OC
cells towards antineoplastic drugs, including CIS “°*2, Our results also confirm the recent
findings by Aghamiri et al. who synthesized HA-based nanoparticles for the delivery of
TWIST siRNA*. TWIST is a protein involved in EMT regulation, in tumor

t 4", These authors transplanted

neoangiogenesis and in the drug resistance developmen
OC cancer cells in mice and treated them both intravenously and intraperitoneally with a

combination of the TWIST siRNA containing nanoparticles and pure CIS and observed

53



Chapter I. Experimental part

that the combined treatment increased the antitumor efficacy of CIS and modulated the

expression of several proteins involved in EMT*.

2.5 Effect of GEL-CIS on the proliferation of OC cells in the presence of M2
macrophage CM

Even though plenty of experimental studies have demonstrated the central role played
by the genetic alterations in the development and progression of OC, an increasing
number of studies have recently evidenced the crucial influence exerted also by the
microenvironment in the progression of this kind of tumor*®. Among immune cells
infiltrating OC tissues, tumor associated macrophages (TAM) are those present in the

highest amount *°

. Plenty of evidence suggest that TAM may play different roles
depending on their polarization towards a M1 phenotype reacting to the developing
tumor, or a M2 phenotype which promotes tumor growth and progression. Several
cytokines (i.e., IL-4, IL-10 and IL-13) and hypoxia may drive M2 polarization. In turn, M2
macrophages secrete several factors (i.e., Arginase 1, IL-10, TGF-, VEGF, MMP9 and
PGE2) able to subvert anti-tumor adaptive immunity and promote tumor development

progression®®>".

OC cells produce a variety of cytokines attracting mononuclear blood cells, which then
differentiate into macrophages inside tumor tissue. Moreover, OC cells secrete high
amounts of colony stimulating factor (CSF)-1, which, in turn, induces the macrophage
polarization towards the M2 phenotype®2. Previous studies demonstrated that the higher
the number of M2 macrophages, the worst is the prognosis in patients with advanced
OC %3, Zhang et al. by performing an immunohistochemical analysis of M1 and M2
macrophages in OC tissue samples, observed that patients with higher M1/M2 ratios
showed better prognosis, suggesting that TAM play an extremely important role in OC
progression®. In addition, Zeng et al. demonstrated that TAM were also involved in the
EMT process in OV90 and OVCA429 OC cells when co-cultured with M2 macrophages
or when exposed to M2-conditioned medium®®. In this study, the expression of E-
cadherin was significantly reduced, while that of N-cadherin and vimentin was
significantly increased in both the OC cell lines in the presence of M2-differentiated
macrophages, suggesting that the macrophages present in the tumor microenvironment

may induce EMT, thus contributing to tumor metastatic spread.
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In view of such observation, in the present study we aimed to evaluate if the GEL-CIS
could also be able to modulate the TAM effect on the proliferation of OC cells, as well as
on the expression of the proteins involved in EMT. To obtain macrophages with M2
phenotype, similar to TAM, the human monocytic THP-1 cells were differentiated by
treating them with PMA, as described in the Materials and Methods section. The
differentiation of THP-1 cells into macrophages was demonstrated by both the
morphological analysis of the cells (Figure 6) and the expression of biomarkers typical
of M1 (CD11c) and M2 (CD206) macrophages (Figure 7).

The treatment of THP-1 cells with PMA induced changes in both growth and morphology
of the cells, which normally grow in suspension like circulating monocytes, and are
round-shaped. Instead, after 24 h exposure to PMA, they became completely adherent
to the bottom of the culture flask (Figure 6A), similarly to tissue macrophages that

adhere to the surrounding environment and acquired a spindle shape (Figure 6B).

THP-1+
320 nM PMA

v

THP-1+
320nM PMA (24 h)

Figure 6. Morphological analysis of THP-1 monocytes in the absence and in the
presence of a 24 h treatment with 320 nM PMA (A) macroscopic appearance of THP-1
in suspension before PMA treatment and completely adherent to the flask bottom
following PMA treatment. (B) Microscopic appearance of THP-1 cells before and after
PMA treatment.

In addition, PMA treatment was able to induce a significant increase in the expression of
both the macrophage biomarkers (CD11c and CD206) (Figure 71), with a particularly

evident effect on the expression of CD206, typical surface marker of M2 macrophages,
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thus demonstrating that most of the obtained macrophages could be effectively
considered M2 macrophages that represent the macrophage phenotype usually

associated with the most aggressive OCs.

Next, we evaluated if the M2 macrophage conditioned medium could influence the effect
of CIS on A2780wt cell proliferation finding that it was not inhibited by pure CIS (%
inhibition vs control: 12.6 and 4.3% with 1 and 5 uM CIS, respectively) (Figure 72). This
was in agreement with what observed by us in basal conditions (Figure 3, absence of
CM).
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Figure 7. Expression of macrophage biomarkers CD11c and CD206 in THP-1 cells
before and after 24 h treatment with 320 nM PMA. In the Figure a representative Western
Blot experiment is shown. Values in the histograms are the mean + SD of two different
experiments. Values with asterisk are significantly different from the respective control
p<0.05, Student t-test) (1); Effect of 72 h treatment with pure cisplatin (CIS) and cisplatin
delivered through the HA-FA-based hydrogel (GEL-CIS) on the proliferation of A2780 wt
(A) and A2780 cis (B) cells. Cells were exposed to macrophage conditioned medium for
all the duration of the experiment. The percentage of BrdU incorporation was calculated
with respect to untreated control cells. Data are the means + SD of three different
experiments. Values with different letters (a, b, c) are significantly different (p<0.05, one-
way ANOVA followed by Tukey’s test) (2).

Instead, we observed that GEL-CIS was able to induce a substantial inhibition of
A2780wt cell proliferation at the highest concentration used (5 uM: % inhibition vs control:
73.4%, p<0.05), even though this activity was not yet evident at 1 yM. This finding
confirmed the higher efficacy of GEL-CIS as compared to pure CIS in inhibiting the

growth of A2780wt cells, also in the presence of macrophage CM, a condition better
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reflecting the in vivo tumor surrounding conditions (Figure 7.A). Moreover, in the
presence of CM, both 1 uM and 5 uM CIS exerted a marked antiproliferative effect on
A2780cis cells (62.6% and 43.1% inhibition of proliferation vs control), whereas we
observed that in basal conditions (absence of CM) CIS exerted even an inducing effect
on proliferation (see Figure 3B). Interestingly, also in the presence of CM, GEL-CIS at
both the concentrations tested was still able to markedly and significantly reduce the
proliferation of A2780cis cells (1 and 5 uM: % inhibition vs control, 74.6 and 76.5%,
p<0.05, respectively) (Figure 7:B) at levels comparable to those observed in basal

conditions (see Figure 3).

2.6 Effect of GEL-CIS on the EMT in OC cells in the presence of M2 macrophage
CcM

We next investigated (Figure 8) the effect of GEL-CIS on the expression of the proteins
E-cadherin and vimentin (markers negatively and positively associated to EMT,
respectively) in A2780wt and A2780cis cells following the treatment with macrophage
CM, which mimics the action of TAM in vivo. In fact, it was reported that TAM may
promote the invasive and metastatic process of OC cells through a multiplicity of

mechanisms, including the induction of the EMT in cancer cells®.

We observed (Figure 8A) that in A2780wt cells, the presence of macrophage CM was
able to significantly reduce E-cadherin expression with respect to control conditions
(21.4% inhibition in the presence of macrophage CM, p<0.05). This confirms the EMT
inducing effect of the macrophage CM. When we combined the addition of macrophage
CM to pure CIS, a further reduction of E-cadherin expression (57.6% inhibition vs control
cells, p<0.05) was observed, confirming that the resistance to CIS induced by the drug
itself may be also related to its EMT-inducing effect. However, when CIS was
administered loaded in the hydrogel, the EMT-promoting activity of CIS resulted
attenuated. Again, this favorable effect of GEL-CIS was observed at the maximal
concentration used (5 uM). However, it is possible that prolonging the time of observation
beyond the 24 h, thus allowing the complete release of the drug from the polymeric

network, this effect could be observed also at lower concentrations of the enclosed drug.
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Figure 8. Effect of 24 h treatment with pure CIS and of GEL-CIS (1 and 5 uM) on the
expression of E-cadherin (A,C) and vimentin (B,D) in A2780wt (A,B) and A2780cis (C,D)
cells exposed to macrophage CM. In the Figure, a representative Western Blotting
experiment is shown for each protein. Data are the means + SD of three different
experiments. Values with different letters (a, b, c, d, e) are significantly different, p<0.05,
one-way ANOVA followed by Tukey’s test).

On the contrary, vimentin expression (Figure 8B) resulted markedly increased in the
presence of macrophage CM (147.1% increase vs control, p<0.05) and the treatment
with pure CIS induced an even more evident increase in the expression of this protein
(202.6 and 282.2% increase vs control, at 1 and 5 uM CIS, respectively, p<0.05). In this
case, the incorporation of CIS in the hydrogel significantly reduced vimentin expression,
as compared to pure CIS at both the concentrations used (GEL-CIS 1 uM: 29.6%
reduction vs control, p<0.05; GEL CIS 5 uM: 45.8 % decrease vs pure CIS at the same

concentration) (Figure 8B).

Overall, these data confirm the hypothesis that pure CIS may induce drug resistance
development in OC cells through EMT induction, but also demonstrate that the GEL-CIS
formulation is able to revert such tendency in A2780wt cells. In the A2780cis cells,
already resistant to the drug, the exposure to macrophage CM is not able to further
reduce E-cadherin expression, probably since these cells already show very low levels
of this protein. We observed, however, that pure CIS at the lowest concentration tested

(1 uM) was able to even increase E-cadherin levels (113% increase vs control, p<0.05),
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whereas 5 uM CIS reverted E-cadherin levels to those observed in control conditions.
This suggests that, to elicit its EMT-promoting activity, high concentrations of pure CIS
are needed in the CIS-resistant cells. However, also in these cells, the incorporation of
CIS in the hydrogel made it able to substantially and significantly increase E-cadherin
expression at each concentration used, and in a dose-dependent manner (% increase
vs control: 99.4 and 399% with 1 and 5 uM GEL-CIS, respectively, p<0.05) (Figure 8C).

In A2780cis cells, the presence of macrophage CM leads to a modest, but still significant
increase of vimentin expression (28.6% increase vs control, p<0.05) and the concomitant
presence of pure CIS was able to further increase the expression of this protein (62.8 e
307.5% increase vs control with 1 e 5 uM, respectively, p<0.05). CIS administered as
GEL-CIS reduced the ability of pure CIS to increase the expression of vimentin, positive
marker of EMT, when used at the highest concentration (5 uM GEL-CIS: 63.1% decrease

vs pure CIS at the same concentration, p<0.05) (Figure 8D).

Overall, the data obtained support the hypothesis that CIS delivered through the hydrogel
could significantly limit EMT and, possibly, also the development of CIS resistance in OC
cells. At the best of our knowledge, this is the first study demonstrating that a HA-FA-
based hydrogel containing CIS is able to modulate EMT induced by M2 macrophages in
OC cells. Our finding is also supported by recent observations by Ding et al.,*°. These
authors, based on the evidence that iron plays a key role in the acquisition of the
metastatic potential in tumor cells, and that metastatic cells are less sensitive to the anti-
neoplastic effects of CIS, synthesized nanoparticles for the delivery of the iron chelator
Dp44mT, and performed a combined treatment with CIS in mice bearing human breast
cancer cells. They demonstrated that the nanoparticles were able to reduce the growth
of breast cancer cells in mice, as well as to reduce metastasis development through an

inhibition of the expression of MMP-2, VEGFa and vimentin®®.

3. Conclusions

In the present study, a hydrogel based on HA and FA loading cisplatin (GEL-CIS), was
synthesized and characterized. We found that the swelling degree of GEL-CIS as well
as its in vitro drug release rendered it suitable for the delivery of CIS to cancer cells in
physiological pH conditions. The results demonstrate that GEL-CIS was able to inhibit
the proliferation of the two human OC cell lines A2780wt and A2780cis (sensitive and

resistant to CIS, respectively) more efficiently than pure CIS. Moreover, our data show
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that GEL-CIS was able to inhibit the migration of both the OC cells almost completely in
our experimental conditions. Worth noticing, the HA-FA based hydrogel was able to
modulate the expression of two of the most important proteins involved in EMT, a
process playing a key role not only in the metastatic potential of tumor cells, but also in

the drug resistance to CIS.

Interestingly, GEL-CIS modulated the proliferation and the expression of EMT-related
proteins also when OC cells were exposed to M2 macrophage CM. Such macrophages
were recently recognized as essential for the production of factors influencing not only

tumor cell growth, but also tumor cell invasive potential and EMT.

The results obtained here appear very promising for improving the CIS chemotherapic
treatment of OC. However, further work using in vivo animal models of OC is needed to
definitely establish the potential that the HA-FA based hydrogel containing CIS may have
in improving the outcome of intraperitoneal CIS-chemotherapy of OC. It would be also
necessary to define the hydrogel capacity to increase the in vivo the efficacy of CIS, and

to reduce its systemic toxicity.
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Chapter II: “Viscosified solid lipid nanoparticles based
on naringenin and linolenic acid for cyclosporine A
release on the skin”*

Abstract

Psoriasis is one of the most common human skin disorders. Although its pathogenesis
is complex and not completely known, the hyperactivation of the immune system seems
to have a key role. In this regard, among the most effective systemic therapeutics used
in psoriasis we find cyclosporine, an immunosuppressive medication. However, one of
the major problems associated with its use is the occurrence of systemic side effects
such as nephrotoxicity, hypertension, etfc. The present work fits in this context, and its
aim is the design of suitable platforms for cyclosporine topical release in psoriasis
treatment. The main objective is to achieve local administration of cyclosporine in order
to reduce its systemic absorption and, consequently, its side effects. In order to improve
dermal penetration, solid lipid nanoparticles (SLNs) are used as carriers, due to their
lipophilicity and occlusive properties, and naringenin and linolenic acid are chosen, due
to their properties, as starting materials for SLNs design. In order to have dermatological
formulations and further modulate drug release, SLNs are incorporated in several topical
vehicles obtaining gels with different degree of lipophilicity. Potential applications for
psoriasis treatment were evaluated by considering the encapsulation efficiency, release

profiles, in vitro skin permeation and anti-inflammatory effects.
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1. Introduction

Psoriasis is a multifactorial chronic inflammatory skin disorder that affects approximately
2-3% of the worldwide population. It is characterized by the hyperproliferation and
atypical differentiation of keratinocytes resulting in itchy, erythematous and squamous
plaques'?. Psoriasis can present clinical features with a different degree of severity
ranging from mild/moderate to severe manifestations with a large portion of cutaneous
surface affected, negatively impacting the quality of life of the patient®. Moreover, it is

associated with rheumatological, metabolic and cardiovascular comorbidities®.

The etiology of psoriasis is multifactorial and is considered to have an important genetic
component. Regarding its pathogenesis, is not completely elucidated but the
hyperactivation of the immune system seems to have a key role. In particular, several
cell types are involved such as lymphocytes T, dendritic cells and macrophages that
infiltrate in dermis and epidermis and secrete proinflammatory mediators that stimulate,

in their turn, the hyperproliferation of keratinocytes >*.

Current treatments include corticosteroids, keratolytics, phototherapy, calcineurin
inhibitors, biologics targeting proinflammatory mediators and vitamin D analogues’. One
of the most effective drugs approved for psoriasis treatment is oral cyclosporine A, an
immunosuppressive medication. Its mechanism of action is attributable to the inhibition
of calcineurin that consequently leads to the inactivation of T cells and the
downregulation of the expression of proinflammatory mediators, particularly IL-2 and IL-
48,

Although its proven efficacy, one of the major problems associated with cyclosporine is
that its long-term use can cause systemic adverse effects like hypertension,
nephrotoxicity, hyperlipidaemia etc®. Therefore, cyclosporine topical administration
would be advantageous. However, several attempts to achieve local administration of
cyclosporine, by using numerous topical vehicles, have been made and failed'®'3. This
can be attributed to its unfavorable physicochemical properties for dermal penetration

such as high molecular weight, low hydrophilicity and rigid structure™'6.

In this regard, solid lipid nanoparticles (SLNs) have been widely investigated as potential
topical delivery systems. In fact, their lipophilicity promotes topical drug penetration
without damaging the skin "-'°. Moreover, SLNs show several advantages compared to
other types of nanoparticles (i.e. polymeric and inorganic) such as biocompatibility,

biodegradability, high loading efficiency and easy scalability?°.
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The aim of this work is the design of suitable platforms for cyclosporine topical release
in psoriasis treatment. The main objective is to achieve site specific release of
cyclosporine in order to reduce its systemic absorption and, consequently, its side
effects. In order to improve dermal penetration, SLNs have been used as carriers and
naringenin and linolenic acid were chosen due to their properties as starting materials

for SLNs design.

Naringenin is a natural flavonoid exerting broad biological effects such as antioxidant,
antibacterial, anti-inflammatory and cardioprotective activities?'. Interestingly, in vitro
naringenin inhibited T-cells proliferation and reduced the levels of proinflammatory
mediators such as TNF-alpha and IL-6 ?>%3, Linolenic acid is a polyunsaturated fatty acid
belonging to omega-3 family. It shows potent anti-inflammatory activity attributable to the
inhibition of TNF-alpha, inducible nitric oxide synthase and cyclooxygenase-2%.
Moreover, clinical studies reported that intravenous infusions of omega-3 fatty acids, in
combination with oral supplementation, determined a reduction of psoriasis skin
lesions?. For these reasons, in addition to the pharmacological activity of cyclosporine,
the use of naringenin and linolenic acid could be useful in reducing the inflammatory

state that intervenes in the pathogenesis of psoriasis.

In order to have dermatological formulations and further modulate drug release, SLNs
have been incorporated in several topical vehicles such as Poloxamer 407, Carbopol
and colloidal silica. Potential applications for psoriasis treatment were evaluated by
considering the encapsulation efficiency, release profiles, in vitro skin permeation and

anti-inflammatory effects.
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2. Materials and Method

2.1 Chemicals

All solvents, analytical grade, were purchased from Carlo Erba Reagents (Milan,Italy):
diethyl ether, dichloromethane (DCM), ethanol, methanol, acetone, dimethylformamide
(DMF), 1-butanol, trichloroacetic acid (TCA), acetonitrile and n-hexane. Naringenin,
linolenic acid, N,N-diisopropylethylamine (DIPEA), sodium sulfate, N, N-
dicyclohexylcarbodiimide  (DCC), sodium hydroxide, sodium taucholorate,
polyoxyethylene sorbitan monolaurate (Tween 20), tert-butyl alcohol(TBA),
butylhydroxytoluene (BHT) and ethylenediaminetetraacetic acid (EDTA) disodium salt
dihydrate and phosphate buffer solution 1.0 M pH 7.4, DMEM, FBS, L-glutamine,
penicillin/streptomycin, Griess reagent, L-NAME, and indomethacin were purchased
from Sigma Aldrich (Sigma Chemical Co., St. Louis, MO, USA). Cyclosporine A was
purchased from Farmalabor srl (Milan, Italy). RAW 264.7 cells were obtained from
American Type Culture Collection (ATCC) no. TIB-71, UK. Poloxamer 407, Carbopol
940, soy lectin powder, propylene glycol, isopropyl palmitate, nipagin, propyl paraben,
colloidal silica, prunus amygdalus dulcis oil, ethoxydiglycol (Transcutol P). Cellulose
acetate membrane (MWCO: 12000-15000Da) was purchased by Medicell International
LTD.

2.2 Instruments

FT-IR spectra were measured using a Jasco 4200 IR spectrophotometer with KBr disks.
"H-NMR spectra were recorded on a Bruker VM30 spectrometer; the chemical shifts
were expressed as d-values (ppm) and referred to the solvent. The UV-vis spectra were
obtained using a Jasco UV-530 spectrophotometer with quartz cells of 1 cm thickness.
Scanning electron microscopy (SEM) analysis was performed with JEOL JSMT 300 A
microscope; the surface of the samples was made conductive by deposition of a thin
gold layer in a vacuum chamber. Dimensional analysis of nanoparticles was carried out
using a Brookhaven 90 Plus Particle Size Analyzer at 25 °C by measuring the
autocorrelation function at 90° scattering angle. Sample were freeze-dried using Micro
Freeze-drying Modulyo, Edwards. Dermatological formulations were prepared using

Citounguator, Triad Scientifics.
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2.3 Esterification of naringenin with linolenic acid

Esterification was carried out according to Steglich reaction. In a three necked flask
equipped with a reflux condenser and dropping funnel, under stirring, accurately flamed
and maintained under nitrogen bubbling, 0.2 g of naringenin (0.73 mmol), 0.288 g of
DCC (1.4 mmol) and 0.126 ml of DIPEA (0.72 mmol) and then, after 30 min, 0.223 ml of
linolenic acid (0.73 mmol) were dissolved in dry DCM. Then, DMF was added in order to
increase the solubility of the compounds. The reaction mixture was kept under magnetic
stirring for 24 h covered in foil. DCM was removed under reduced pressure while DMF
with several extractions with diethyl ether and distilled water. Sodium sulfate was added
to the organic phase, the solution was filtered, diethyl ether was removed under reduced
pressure and the product was dried under vacuum obtaining a yellow solid. The
compound was characterized through FT-IR and 'H-NMR.

2.4 Preparation of SLNs

SLNs were prepared via microemulsion technique according to literature®. Briefly, the
obtained ester, in the presence or not of cyclosporine A, was melted approximately at
70°C. Meanwhile, a warm aqueous solution of Tween 20, sodium taurocholate and
butanol was prepared and added to the melt ester obtaining an O/A microemulsion. This
microemulsion was then poured into a flask and kept under magnetic stirring at 2-3 °C
in ice bath for 45 min. Then, the two dispersions of empty and loaded nanoparticles were
freeze-dried. For loaded SLNs, unloaded drug was removed by filtration. The obtained
samples were characterized through dynamic light scattering and scanning electron

microscopy.

Tween 20 Butanol Sodium Cyclosporine A

taurocholate

0.05g 0.032 ml 0.012 ml 0.016 g 0.002 g

Scheme 1. Amount of reagents used in SLNs preparation.

2.5 Loading efficiency determination

The loading efficiency of SLNs was determined by UV-Vis spectrometry. SLNs were
dissolved in a water methanol solution (1:9) that was sonicated for 15 min at 37 °C in
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order to determine the breakage of nanoparticles and consequent drug release. The
absorbance of the obtained samples was measured at a fixed wavelength for
cyclosporine A (A=210 nm). The loading efficiency (LE%) is the percentage of loaded
drug with respect to the total amount of used drug and is calculated via the following

equation:

LE% = Q—lx100
0 Qt
Where Qt indicates the total amount of drug used and QI the loaded drug amount.
Studies were carried out in duplicate and the results were in agreement with +5%

standard error.

2.6 Preparation of Poloxamer 407-based gel

0.09 g of propylene glycol was solubilized in 6.12 g of distillated water and, then, 1.28 g
of Poloxamer 407 was added under vigorous stirring. The obtained gel was left in the
refrigerator overnight. Separately, 1 g of soy lecithin was emulsified with 1 g of isopropyl
palmitate and left to rest for 24 h. Subsequently 0.004 g of loaded SLNs were suspended
in a solution of transcutol P that was mixed with lecithin solution and Poloxamer gel with

Citounguator for 2 minutes.

2.7 Preparation of Carbopol-based gel

0.09 g of propylene glycol and 0.1 g of Carbopol were solubilized in 9.29 g of distilled
water containing 0.01 g of disodium EDTA. The formation of the gel occurred after the
addition of sodium hydroxide (solution 10%) up to pH 6. Subsequently, 0.04 g of loaded
SLNs was suspended in a transcutol P solution that was mixed with the gel with

Citounguator for 2 minutes.

2.8 Preparation of colloidal silica-based gel

0.01 g of BHT was dissolved in 8.9 g of sweet almond oil and then 0.004 g of loaded
SLNs were added to the resulting solution. The obtained mixture was mixed with

anhydrous colloidal silica with Citounguator for 4 minutes.
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2.9 Preparation of hyaluronic acid and Poloxamer 407-based gel

0.01 g of hyaluronic acid and 0.004 g of loaded SLNs were solubilized in 5 ml of bidistilled
water. Then, 3 g of Poloxamer 407 were added under mixing and the resulting gel was

sonicated for 1h.

2.10 In vitro skin penetration studies

Skin penetration studies were performed (n=8) by using franz diffusion cells apparatus
with cellulose acetate membranes and rabbit ear skin for 24 h. The apparatus was
maintained at 36.5 °C in order to mimic physiological conditions. Receptor chambers
(6.0 ml) were filled with NaCl 0.9% solution containing ethanol (20%) and kept under
stirring in order to maintain sink conditions. Unloaded SLNs alone or in dermatological
formulations were used as control. At specific time intervals (1 h, 2 h, 4 h, 8 h, 10 h, 24
h) an aliquot (1 ml) of each sample was withdrawn from receptor chambers and replaced
with fresh release medium. Samples were analyzed trough UV-Vis spectrophotometry
and drug release profiles were expressed as percentage of drug released respect to the

total loaded amount in function of time.

2.11 Tape stripping test

After permeation studies, samples were removed from skin surface. Rabbit ear skin were
washed 3 times with phosphate buffer (pH= 7.4) and then dried. Subsequently, the
stratum corneum was separated from dermal layers (epidermis and dermis) using an
adhesive tape (Scotch 845 Book Tape, 3M). Previous studies reported that 15 strips are
enough to separate dermal layers®’. Cyclosporine A was extracted from adhesive tapes
by vortexing them with acetonitrile for 2 min. The resulting solution was then filtered with
0.45 pym membrane and the amount of cyclosporine was determined by UV-Vis
spectrophotometry. On the other hand, the epidermis-dermis layer was cut into small
pieces, vortexed for 5 minutes with 1 ml of acetonitrile and then sonicated for 40 minutes.
Subsequently, the resulting solution was filtrated with 0.45 ym membrane and the

amount of cyclosporine A was determined by UV-Vis spectrophotometry.
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2.12 Malonoaldehyde assay

1 ml of microsomal suspension was added to an ethanolic solution containing 0.07 ml of
BHT 0.2%, 3 ml of TCA a 0.5% and 0.5 ml of TBA. The samples were then incubated
with the microsomal suspension in a thermostatic bath at 37 °C for 24 h. At specific time
intervals (15 min, 30 min, 1h and 24h) the samples were withdrawn, heated at 90 °C and
then centrifugated. Subsequently, the thiobarbituric acid-malondialdehyde complex was

detected spectrophotometrically at A=535 nm.

2.13 In vitro anti-inflammatory activity evaluation

The anti-inflammatory activity of both empty and loaded SLNs was investigated in vitro
assessing their ability to inhibit NO production in RAW 264.7 cell line. Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with L-glutamine, fetal bovine serum,
and a solution of penicillin and streptomycin (1%, 10% and 1%, respectively) was used
as cell medium. Cells were cultured at 37°C under 5% CO. and were seeded onto
microplates (96 wells, 100,000 cells/well). After 24 h, the medium was removed and fresh
medium containing samples at different concentrations and 1 ug/mL LPS were added.
After 24 h of incubation, 100 uL of Griess reagent was added in order to evaluate the
presence of nitrite, a stable product of NO oxidation. The presence of nitrite was
determined spectrophotometrically at A=490nm. Indomethacin and L-NAME were used

as positive controls.

2.14. Statistical analysis

Data are expressed as mean (standard error of the mean of N re- plicates per
experiment). Statistical analysis was carried out by Student's t-test using the GraphPad

Prism 4 software program. P < 0.05 was considered as statistically insignificant.
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3. Results and discussion

3.1 Esterification of naringenin with linolenic acid

In order to obtain a lipophilic compound to use in the formulation of SLNs, the alcoholic
group of naringenin was functionalized with the carboxylic group of linolenic acid. The
esterification was carried out according Steglich reaction by using DCC as crosslinking

agent in dry DCM at room temperature (scheme 2)%.

Dry DCM
DCC, DIPEA
24h, r.t.

0.
HO. 0. \‘\\\\\©/ o}

Scheme 2. Schematic representation of the synthetic route of linolenic acid-naringenin
ester.

The product formation was confirmed by FT-IR and "H-NMR spectroscopy.

FT-IR (KBr) v (cm™): 3550, 3200 (phenolic OH), 3079, 3028 (CH aromatic), 1731(C=0).
"H-NMR (CDCI3): & 1.09 (3H, t), 1.18-1.64 (8H, m), 1.90-2.15 (5H, m), 2.35-2.62 (4H,
m), 2.60-2.68 (4H, m), 4.94 (1H), 5.26-5.48 (6H, m), 6.08-6.11 (2H, d), 7.09 (2H, m), 7.20
(2H, m).
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In particular, the FT-IR spectra of the ester (c), naringenin (b) and linolenic acid (a) were
compared (Figure 1). The spectrum (c) shows a new peak at 1731 cm™, attributable to
the stretching of the C=0 of the ester, and peaks at 3079-3028 cm™ and 3550-3200

cm' corresponding to the stretching vibrations of the phenolic OH and the aromatic CH
of naringenin, confirming the successful reaction. Moreover, on the basis of the NMR
spectrum, it is possible to hypothesize a monoesterification of one of the two phenolic

para-hydroxyl groups of naringenin.
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Figure 1. FT-IR spectra of: naringenin(a), linolenic acid (b), linolenic acid-naringenin
ester (c)

3.2 Preparation and characterization of SLNs

SLNs based on naringenin and linolenic acid and loaded with cyclosporine were
prepared via microemulsion technique obtaining an excellent encapsulation efficiency of
about 92%2°%; this positive data can be attributable to the high lipophilicity of both
Cyclosporine and SLNs. In fact, the encapsulation efficiency depends on several factors

such as drug concentration, lipid matrix etc..

The obtained SLNs were characterized by morphological and dimensional analyses.
DLS data show an average diameter of about 470 nm and PDI of 0.19, which is indicative
of a good homogeneity in particle size distribution, and, moreover, confirms cyclosporine
encapsulation considering the different size of empty and loaded nanoparticles (Figure
2). DLS results were confirmed also by SEM analysis that showed a spherical shape of
SLNs (Figure 2).
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Formulation = Average diameter (nm) PDI
Empty SLNs 299.9 +3.1 0.274+0.013
Loaded SLNs 470.0+4.6 0.195+0.047

Figure 2. Photomicrography of loaded SLNs obtained by SEM (on the left), DLS results
(on the left).

3.2 Skin permeation studies

3.2.1 Invitro permeation studies

In order to have dermatological formulations and further modulate drug release, SLNs
were incorporated in several topical vehicles including functional substances such as
hyaluronic acid and colloidal silica and gelling agents such as Poloxamer 407 and
Carbopol, obtaining gels with a different degree of lipophilicity. These dermatological
formulations were subjected to transdermal release studies in order to evaluate their

potential application and efficacy in psoriasis treatment.

Drug release profiles were evaluated by using Franz diffusion cells with cellulose acetate
membranes or rabbit ear skin. Synthetic membranes, in addition to rabbit ear skin, were
used due to the presence of cyclosporine that is characterized by a specific absorbance
range (A=195-215 nm) and, therefore, can interfere with several skin components, such
as lipids and proteins, that adsorb at similar wavelengths®=2. The presence of skin
components in receptor chambers can be attributable to the release medium composition
(0.9% NaCl/ethanol 20%), since ethanol can promote phospholipids mobility*®. Ethanol
was added to the release medium since cyclosporine is insoluble in water®*. To further
eliminate the risk of possible interferences, a 12kDa cut-off membrane was used. In fact,
the obtained data show, by comparing the release studies carried out using rabbit ear

skin and cellulose acetate membranes, absence of significant interferences.
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Drug release studies were performed on dermatological formulations at different time
intervals (1 h,2h,4 h, 8 h, 10 h, 24 h). The release profiles were determined by UV-Vis

spectrometry and expressed as percentage of drug released with respect to the total
loaded amount in function of time.
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Figure 3. Cyclosporine release profile evaluated within 24 hours by using acetate
cellulose membrane. Data are expressed as the mean of two independent experiments.
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Figure 4. Cyclosporine release profile evaluated within 24 hours by using ear rabbit skin.
Data are expressed as the mean of two independent experiments.
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Data showed that, with cellulose acetate membrane, cyclosporin A was released within
8 h in quantities ranging from 0.5 to 21% of the total loaded amount from the
dermatological formulations containing absorption enhancers. After 8 h, no release was
observed. Instead, cyclosporine was not released from SLNs and colloidal silica-based
gel within 24 h (Figure 3). On the other hand, by using rabbit ear skin, no drug release
has been observed except in the case of gels containing absorption promoters, for which

only a maximum release of 5% of the loaded drug was reported (Figure 4).

A possible rationale for the obtained release profiles, showing no or low transdermal
release, can be attributable to the use of SLNs as drug delivery system; in fact, SLNs
are excellent drug carriers for dermal delivery, but they show several limitations in
transdermal delivery since they tend to remain into superficial skin layers and to not
penetrate into the deeper ones®. The use of penetration enhancers in dermatological
formulations (i.e. propylene glycol and transcutol P) increases the solubility, the
permeation rate and the skin retention of cyclosporine, thus leading to a low short-term
transdermal release, as observed for the Carbopol and Poloxamer 407 based
formulations®. Moreover, this release behavior can be explained hypothesizing that
propylene glycol, in addition to increase drug solubility in skin layers, may induce skin
structural modifications leading to a reduction of the skin barrier properties and an

increase of its permeability, as reported in a recent study*’.

However, for all the dermatological formulations tested, no significative concentrations
of cyclosporine were found into receptor chambers and, consequently, on the basis of
these encouraging results, it is possible to hypothesize that these formulations may
reduce or avoid systemic absorption of cyclosporine and, therefore, the occurrence of

adverse effects.

3.3.2 Tape stripping test

In order to evaluate the quantity of cyclosporin A released in skin layers, including the
stratum corneum, epidermis and dermis, the tape stripping method was performed after
permeation studies. The obtained data reported that the amount of drug released within
24 h from the colloidal silica-based gel is negligible in the stratum corneum and
approximately equal to 20% in the epidermis-dermis layer, showing a slower release rate
compared to the other dermatological formulations tested, probably due to the absence

of adsorption enhancers. On the other hand, Poloxamer 407 based gel released, within
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10 h, approximately 80% and 15% of the loaded drug in the stratum corneum and
epidermis-dermis layer, respectively, showing the most advantageous release profile.
This data can be explained by the use, in addition to propylene glycol, of transcutol P as
permeation enhancer: it was proven to penetrate into the stratum corneum, thus
enhancing drug solubility and retention into the epidermis and decreasing the skin barrier

functions®.

Moreover, in addition to adsorption enhancers, also the nature of the polymeric vehicle
was found to influence the release profile; in this regard, Carbopol-based gel showed a
slower dermal release kinetic, compared to the Poloxamer-407 based one, with
approximately 35% and 25% of the loaded drug released within 24 h, in the stratum
corneum and epidermis-dermis layer, respectively. The faster release rate of the
Poloxamer 407 based formulation can be attributed to its rapid dissolution in
physiological conditions ascribable to the micellar disentanglement that occurs as result
of water uptake. According to this, it can be assumed that, in this case, drug release is
mainly driven by gel dissolution rather than diffusion®®. Interestingly, by using Poloxamer
407 in combination with hyaluronic acid, a lower amount of drug was released: 15% in
the stratum corneum and 12% in the epidermis-dermis layer after 10 h. Probably, this
different release profile can be attributable to an increased viscosity and strength of the
gel, resulting in a more crosslinked structure with a consequent slower drug release
rate®°. In fact, the presence of hyaluronic acid could lead to the formation of a densely
packed supramolecular structure, thus determining a reduction of the diffusion coefficient
of the resulting gel*'. Beyond this, the reported release behavior can also be caused in
part by the retention of SLNs into the gel since, interestingly, recent modelling and
experimental studies have shown that hyaluronic acid and phospholipids interact via

hydrogen bonds and hydrophobic forces, thus leading to strong associations*.

All the reported data suggest that the type and concentration of the polymeric vehicle,
crosslinker, adsorption enhancer and drug are the main determinant of the release
kinetics of topical formulations. Furthermore, experimental results indicate a site-specific
release of cyclosporine into skin layers, highlighting the therapeutic potential of these
dermatological formulations in psoriasis treatment. This release behavior can be
explained by the use of SLNs as drug carriers; in fact, given their adhesive properties,
SLNs tend to form films on the skin, explicating occlusive properties. Due to this
occlusive effect, they enhance skin hydration, by reducing water evaporation, thus

increasing drug penetration into skin layers. The occlusion factors are strongly influenced
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by several elements such as particle size, crystallinity of the lipid matrix, lipid

concentration and mass**46.

Cyclosporine release from SLNs is determined by the combination of two different
mechanisms: diffusion and lipid degradation*’. In this regard, a recently reported model
for diffusion release from lipid carriers based on Onsager’s theory can be considered as

putative release mechanism for these delivery platforms*®.

3.4 Evaluation of the antioxidant activity

SLNs and dermatological formulations ability to inhibit lipid peroxidation induced by tert-
BOOH, a free radical generator, was examined in microsomal rat liver membrane. The
antioxidant activity of the free ester was also investigated in the same conditions. All the
samples were found to be able to preserve the antioxidant capacity of the precursor,
naringenin, and the most potent activity was exhibited the HA-Poloxamer 407 based
formulation; this latter may be attributable to the presence of hyaluronic acid that is also
known to exert an antioxidant activity**. However, the other formulations, even if not
containing antioxidant compounds, were able to preserve, in a dose dependent manner,
microsomal membranes from lipid peroxidation induced by tert-BOOH, probably due to

the presence of naringenin and linolenic acid based SLNs (Figure 5).
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Figure 5. In vitro antioxidant activity of the ester, SLNs and dermal formulations. Herein
are reported the results obtained from the malonoaldehyde assay.
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3.5 Evaluation of anti-inflammatory activity

Inhibition of nitroxide (NO) production by RAW 264.7 murine macrophage cell line, was
assessed by quantifying the amount of nitrites, stable oxidized products of NO, after
inducing an inflammatory stimulus by E. coli lipopolysaccharide (LPS). Obtained data
reported that both loaded and empty SLNs showed inhibitory activity against NO
production in macrophages, when stimulated with LPS, with I1Cso values of 53.78 + 2.41
and 232.90 + 11.7 yg/ml, respectively. In particular, loaded SLNs showed to be more
active than empty SLNs, exhibiting a higher percentage of inhibition at a lower
concentration. The greater anti-inflammatory activity of loaded SLNs is probably due to
the presence, in addition to naringenin and linolenic acid, of cyclosporin A which is known

to inhibit the production of nitroxide®.

Interestingly, these results suggest that SLNs, due to the presence of naringenin,
linolenic acid and cyclosporine, could exert a synergistic anti-inflammatory activity in
reducing the inflammatory state that intervenes in the pathogenesis of psoriasis, turning

out to be promising cyclosporine delivery systems for psoriasis treatment.

b)
80-1 80

60 60

% Inhibition

% Inhibition

40 40

204 204

T T T T T d
0 1 2 3 4 0 1 2 3
Log [pg mL)] Log [ugmL"]

Figure 6. In vitro inhibitory activity of empty SLNs (a) and loaded SLNs (b) on NO
production.

4. Conclusion

The aim of this work was the design of suitable formulations for cyclosporine topical
release in psoriasis treatment. The main objective was to achieve site specific release of
cyclosporine to reduce its systemic absorption and, consequently, its side effects. In
order to improve dermal penetration, SLNs were used as carriers and naringenin and
linolenic acid were chosen as starting materials for nanoparticles design due to their anti-
infammatory activity. SLNs with excellent loading efficiency and suitable size for topical

administration were prepared via microemulsion technique. In order to have
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dermatological formulations and further modulate drug release, SLNs were incorporated
in several topical vehicles such as functional substances, like hyaluronic acid and
colloidal silica, and gelling agents including Poloxamer 407 and Carbopol, obtaining gels
with a different degree of lipophilicity. So, cyclosporine release profiles were evaluated,
and in vitro data showed a site-specific release in skin layers and a low transdermal
release. Furthermore, SLNs exerted potent in vitro anti-inflammatory activity turning out
to be useful in reducing the inflammatory state that intervenes in the pathogenesis of
psoriasis. In conclusion, the obtained results show that these formulations, thanks to
their biocompatibility, release profiles, excellent antioxidant and anti-inflammatory

activities could be promising formulations for Cyclosporine topical release.
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INTRODUCTORY PART:

“Exploiting Heparan Sulfate Role in Viral Entry for
Broad-Spectrum Antivirals Design”

1. Introduction

The ongoing coronavirus pandemic has taught us that viral diseases represent a serious
global health threat, leading to catastrophic economic and health consequences.

In the last century, we have experienced several epidemics caused by life-threatening
viruses such as Ebola Virus (EBOV), Severe Acute Respiratory Syndrome Coronavirus
(SARS-CoV) and Middle East Respiratory Syndrome Coronavirus (MERS-CoV), that
have been limited and circumscribed'*. However, unfortunately, in our contemporary
society, due to globalization, viral outbreaks can easily spread from one country to
another, leading us to change the approach in fighting and managing viral infections.
Indeed, in the future, we are likely to face from time to time new and re-emerging viruses,
and effective therapeutic strategies need to be found in order to stop possible viral

outbreaks.

To date, vaccines remain the best solution to prevent viral infections and eradicate viral
pathogens; however, they cannot be considered the only option since their development
requires time (even if now approval from health agencies and duration of clinical trials
have been shortened) and not always it is a success, like in the case of HIV (Human
Immunodeficiency Virus) and Hepatitis C Virus (HCV)*®. Moreover, there are several
concerns about vaccines availability worldwide and their efficacy against variants’.
Therefore, there is an urgent need for novel antiviral drugs in order to control and mitigate

viral diseases and buy time before vaccines development and approval.

Current antiviral therapeutics mostly interfere with different steps of viral life cycle such
as viral entry, viral DNA or RNA replication and viral enzymes®. Most licensed drugs are
inhibitors of DNA/RNA polymerases such as nucleoside/nucleotide analogues (i.e.
acyclovir and remdesivir), inhibitors of reverse transcriptase (i.e. entecavir and
lamivudine) and inhibitors of viral proteases such as peptidomimetics (i.e. lopinavir,
ritonavir and boceprevir)®. Despite the large and increasing number of emerging viruses,
they have been mostly developed following the “one bug-one drug” approach and,
consequently, are directed and effective against few and specific viruses like HIV, HCV,
Hepatitis B Virus (HBV), Herpes Simplex Virus (HSV) and Influenza Virus'®. Thus, this
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strategy by itself cannot provide an adequate pandemic preparedness as it also emerged
from clinical trials of repurposed drugs against Covid-19'"'3. Finally, another limitation
related to this approach is the rapid development of drug resistance, since viral targets

can quickly mutate due to error-prone replication mechanisms'.

Based on these considerations, broad-spectrum antiviral drugs, ideally active against a
large number of different viruses families and strains, could represent a new and
promising paradigm for managing and controlling viral outbreaks'. Despite their
genomic and structural differences, the vast majority of current clinically relevant viruses
share conserved features providing potential targets for the development of broad-
spectrum antivirals. In this context, viral entry is a key and essential step in viruses life-
cycle showing commonality, and, therefore, targeting viruses-host cells interactions
constitutes a reasonable and promising approach. Inhibiting viral entry has also the
advantage to potentially prevent the primary infection and its spread. Furthermore, these
mechanisms are unlike to be susceptible to genome mutations thus reducing the
possibility of resistance development'®.

Most viruses enter into host cells via endocytic or non-endocytic pathways by using
receptors located into the cellular membrane'’. However, viral attachment is not a
favored process due to the electrostatic and hydration repulsions occurring between the
two biomembranes'®. Therefore, several viruses employ broadly shared cell-surface
associated elements such as glycosaminoglycans and sialic acid as ancillary molecules

%21 |n this regard, targeting these non-specific

to enable and facilitate viral entry
interactions can provide solid basis for the development of potential broad-spectrum
therapeutics, with respect to the viruses-receptors ones that are more specific. Among
them, our attention will be focused on heparan sulfate since it was found to act as
common ancillary element, and in rare case as receptor, for different viruses such as
HSV, Human Papilloma Virus (HPV), Dengue Virus (DENV), SARS-CoV-2 etc*. Based
on this, in the last few years, several sulfated glycomimetics have been designed and
have showed the ability to broadly inhibit viral infections in vitro as well in vivo,
constituting promising candidates?®*?*. The current start-of-art will be illustrated and

discussed in the following sections.
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2. Heparan Sulfate Proteoglycans: biosynthesis and biological roles

Heparan Sulfate (HS) is a linear polysaccharide formed by repeating disaccharide units
composed of sulfated glucosamine and uronic acid (UroA) residues, with various
sulfation and epimerization patterns. At cellular level, it is present as heparan sulfate
proteoglycans (HPSG) that are composed of a protein core covalently attached to HS

polysaccharide chains®.

HPSG biosynthesis (Figure 1) occurs in the lumen of the Golgi apparatus and its first
step involves the sequential synthesis and attachment of a tetra-saccharide (xylose,
galactose, galactose and glucuronic acid) to a serine residue of a protein core mediated
by two O-xylosyltransferases and two galactosyltransferases. This is followed by the
addition of a N-acetyl glucosamine (GIcNAc) unit on the terminal residue of the tetra-
saccharide linkage, catalyzed by the exostosin glycosyltransferases EXTL2 and EXTLS.
This latter allows the elongation of the backbone mediated by two glycosyltransferases
(EXT1 and EXT2), responsible of the transfer of GIcNAc and glucuronic acid (GIcA)
residues alternatively. Once elongated, the polysaccharide chains are modified by four
N-deacetylase/N-sulfotransferases (NDST1-4) that mediate the de-N-acetylation and re-
N-sulfation of GIcNAc residues allowing further modifications. Next, epimerization of
most GIcA units into IdoA occurs catalyzed by C5-epimerase. Finally, the last step
involves several O-sulfation of the polysaccharide chains mediated by three O-
sulfotransferases (2-OST, 3-OST and 6-OST)%®. In particular, a single 2-OST is
responsible of the sulfation on the two position of the majority of IdoA and, to a lesser
extent, GIcA residues?’. On the other hand, three isoforms of 6-OST catalyze the
sulfation on the 6-OH position of both N-Sulfo-glucosamine and GIcNAc residues,
without significant substrate specificity differences®®. Lastly, 3-OST mediates the
sulfation on the 3-OH position of glucosamine residues; currently, seven 3-OST isoforms
have been identified and were found to play a key role in the formation of the binding
sites for several proteins such as antithrombin and HSV glycoprotein gD?*'.

Once the biosynthetic process is completed, further modifications may occur mediated
by different enzymes such as sheddases, heparanases and 6-O-endosulfatases. The
sheddases are a group of enzymes, i.e. matrix metalloproteinases, elastase and
cathepsins, targeting the protein core and responsible of the release of HSPGs
ectodomains into the extracellular space?. On the other hand, heparanase is an endo-
B-D-glucuronidase that acts by cleaving polysaccharide chains from the core, thus

liberating short bioactive HS fragments extracellularly®’; moreover, its activity contributes
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to the extracellular matrix degradation, determining the release of different HS-binding
proteins such as growth factors and chemokine®. Interestingly, heparanase was found
to be involved in several processes such as inflammation, cancer initiation and
progression, and viral infections®. In this context, it was identified to act as key enzyme
in HSV-1 infection, being upregulated via the NF-kB pathway and transferred
extracellularly for the degradation of the extracellular matrix where it plays a dual and
contrasting role, enhancing viral particles release as well as impairing their entry*®®.

Finally, 6-O-endosulfatase, existing as two isoforms SULF1 and SULF2, acts by
removing 6-O-sulfate groups with a strong substrate specificity for disaccharides that are

mostly located in HS functional domains®®.

l C5-Epimerase

o8 O @ e e e -

NS NS NS NS

l 20ST, 60STs, 30STs

=000 O @ O 0 O -
NS NS 2S 2§ 2S NS NS 2S
6S 6S 3S 3S

4 ©
Xyl Ga

| GlcNAc GlcA IdoA

Figure 1. Schematic representation of HSPG synthetic pathway. HS structure is highly
variable, and a hypothetical sequence is showed.
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Based on the biosynthetic pathway and post-synthetic modifications, HSPG exhibit
considerable heterogeneity in terms of structure that is reflected in their wide range of
biological roles. In the light of their location, HPSG can be classified as follows:
membrane-localized (i.e. glypicans and syndecans), extracellular matrix-localized (i.e.
collagen XVIII, perlecan and agrin) and intracellular-localized (i.e. serglycin)®*’.

Syndecans consist of four members and are type | transmembrane HSPG widely
expressed in many tissues. They are formed by a small similar protein core with low
homology extracellular domains (that can contain both HS and chondroitin sulfate
chains) and conserved transmembrane and cytoplasmatic domains. Syndecans were
found to bind to several HS-binding proteins in a selective way®**=°. On the other hand,
glypicans, existing under six isoforms, are highly expressed in mesenchymal and
epithelial cells and are covalently linked to the cell membrane through

glycosylphosphatidylinositol*°.

HPSG are ubiquitously expressed in nearly all cell types of invertebrate and vertebrate
species, carrying out numerous biological roles, extracellularly and intracellularly (Figure
2)*'. Firstly, extracellular HPSG, being important components of the extracellular matrix,
contribute to its structural organization and integrity, thus providing adequate support to
mechanical stress and cell migration*?. Moreover, they are implicated in the regulation
of solute passage through this barrier*'. On the other hand, intracellular HSPG are mostly
located in secretory vesicles and their major role is to regulate vesicles homeostasis and
maturation as well as to store their components and to assist their delivery once

secreted®.

Besides these important functions, HSPG are also involved in relevant biological
processes such as cell proliferation and differentiation, inflammation, cancer initiation,
angiogenesis, immune response, tissue reparation etc.*>*°. Most of these activities are
attributable to cell-surface HSPG, since they bind to several signaling molecules such
as growth factors, chemokines and cytokines, preventing their degradation, regulating
their activity, and, consequently, important signaling pathways®*"**. Moreover, in this
context, HSPG were found to act as co-receptors and endocytic receptors for diverse
biologically active ligands such as cell-penetrating peptides, lipoproteins, growth factors,
exosomes and pathogens thus modulating lipid catabolism, infectious diseases and

51-56

carcinogenesis® ™. For example, glypicans were shown to interact with important

signaling molecules such as Wnt, Hedgehog and fibroblast growth factor, whereas
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syndecans with growth factors, chemokines (i.e. interleukin 8) and viruses (i.e. HIV and
HSV)>"62,
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Figure 2. Schematic representation of HSPG extracellular and intracellular roles. HSPG
act as co-receptors for several signaling molecules (a) and their receptors (b) both on
the same cell and adjacent cells. They are involved in chemokines transcellular transport
(c) and presentation (d). Post-synthetic modifications mediated by sheddases and
heparinase are responsible of the release of HS fragments and bound ligands in the
extracellular space (e-f). Cell-surface HSPG are internalized via endocytosis and can
undergo lysosomal degradation or be transferred back to the cell surface (g-h).
Moreover, they are involved in cell adhesion to the extracellular matrix and interact with
the cytoskeleton (i-j). Extracellular HSPG contribute to the structural integrity of the
extracellular matrix (k) and act as storage site for signaling molecules (1). Intracellular
HSPG are mostly located into secretory granules and regulate vesicles homeostasis and
maturation (m). HSPG were also found in the nucleus, but their role is still not known
(n)*2. Reproduced with permission from Springer Nature.
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3. Role of Heparan Sulfate Proteoglycans in viral infections

As discussed above, several viruses employ HSPG as ancillary molecules, and in rare
case as receptors, for viral entry. For this purpose, they exploit the electrostatic
interactions occurring between the basic residues of their envelope glycoproteins or
capsid proteins and the negatively charged polysaccharide chains of HSPG to facilitate
cellular adsorption and receptor binding by increasing their concentration at the cell-
surface 2. Moreover, beside HSPG, several enzymes involved in their biosynthesis and
post-synthetic modifications have showed to influence viral invasion and infection

6366 The most medically relevant HSPG dependent viruses will be

pathogenesis
discussed in this section, describing the current pharmacological treatments, highlighting
the recent advances made in the development of glycomimetic agents and exploiting

their potential use as broad-spectrum antivirals.

3.1 Herpes Simplex Virus

HSV is a member of the Herpesviridae family consisting of enveloped and double-
stranded DNA viruses that can cause a wide range of human diseases. Phylogenetically,
this family can be classified into three subfamilies: Alphaherpesvirinae,
Betaherpesvirinae and Gammaherpesvirinae®’. HSV-1 and HSV-2 belong to the alpha-
group and are among the most prevalent human pathogens, affecting around 60%-90%

of current population.

HSV-1 infections mainly involve the orolabial mucosa, while HSV-2 infections the genital
region. Their clinical manifestation is variable, ranging from mild symptoms such as oral
and genital lesions to severe and life-threatening conditions such as encephalitis and
disseminated neonatal infections®®. Moreover, HSV establishes latency in sensorial
neurons, determining chronic latent infections, and, therefore, negatively impacting

patients quality of life®®"",

At present, there are no vaccines available against HSV; in the last years, several
candidates (mostly subunit and DNA based) have been developed but unfortunately
failed in clinical trials’. To date, first-line therapy for HSV is based on the administration
of viral DNA polymerase inhibitors such as acyclovir, valaciclovir and famciclovir during

first episodes as well as relapses. However, these drugs are not able to eradicate the
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viral pathogen and are just used to alleviate symptoms. Moreover, long term treatment
73-75

can cause drug resistance, in particular among immunocompromised persons
As mentioned in the previous section, HSPG were identified to play a key role in HSV
attachment to host cells and consequent membrane fusion processes’®. In this regard,
some studies suggest that their presence is not always totally essential, but, anyways, it

is associated with more efficient viral penetration and lateral spread’”.

Structurally, HSV is a large virus composed of double stranded DNA genome of about
151 kilobases in length within an icosahedral capsid covered by a tegument that, in its
turn, is encapsulated in an envelope’®. At least 12 glycoproteins form the envelope, and
among them, four (gB, gD, gH and gL) are necessarily required for viral entry. The
process of infection begins with the initial attachment of viral particles to the cell surface,
mediated by the electrostatic interactions occurring between HS chains and gB and gC
viral glycoproteins’®; although gC, unlike gB, is not considered essential for viral entry, it
has been observed that its deficiency reduces viral binding®. In several cell types, HSV
employs a particular attachment method called “viral surfing” that consists in the

migration of viral particles to the cell body via extracellular filopodia®'.

Following viral attachment, the glycoprotein gD interacts with specific cell surface
receptors such as Herpesvirus Entry Mediator, nectin-1 and 3-O-sulfated HS to promote
viral fusion. Interestingly, 3-O-sulfated HS was found to act as entry receptor for HSV-
182, To confirm this, O’ Donnell et al. have demonstrated that the expression of heparan
sulfate 3-O-sulfotransferase isoform 2 can trigger HSV-1 entry and cell-to-cell fusion into
Chinese hamster ovary K1, a cell line resistant to HSV entry®®. In this regard, several
synthetic 3-O-sulfated HS oligosaccharides have been designed and showed effective
inhibition of HSV-1 entry in vitro®®°. On the other hand, 3-O-sulfated HS does not act as

t%. Therefore,

cellular receptor for HSV-2 entry, and it is only involved in viral attachmen
gD binding to its cellular receptors triggers conformational changes that initiate viral

fusion processes mediated by gB and the heterodimer gL and gH®".

On the basis of these entry mechanisms, at first, naturally occurring polysaccharides
structurally similar to HS, including heparin and carrageenan, were investigated as
antiherpetic agents and showed effective inhibition of HSV infection in vitro®,
However, despite the promising results, several concerns regarding heparin safety have
been raised. Thus, in the past years, numerous semi-synthetic and synthetic HS-mimetic

polymers have been designed and tested against HSV®.
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Among the different polymeric systems, polyglycerols have emerged as interesting and
attractive candidates due to their safety and advantageous pharmacokinetic properties.
Recently, various polyglycerol-based scaffolds such as graphene sheets and nanogels
have been developed, exhibiting promising and reasonable inhibition profiles against
HSV®'2_|n this context, a study conducted by Pouyan et al. is of particular interest, since
it investigates the effect of flexibility and molecular architecture on the antiviral activity of
sulfated polyglycerols. In particular, four structural different polyglycerol sulfates,
including one flexible linear (LPGS), two dendronized (DenPGos.1) and one
hyperbranched (hPGS), were evaluated and compared in terms of inhibition profiles;
interestingly, in vitro results showed that flexibility is positively correlated with antiviral
potency (attributable to the increased contact area), highlighting, moreover, the

importance of multivalency (Figure 3)%.
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Figure 3. Dose response curves of LPGS, DenPGosS, DenPG+S, hPGS and heparin
against HSV-1 in Vero E6 cells (a). Fluorescent microscopy images of Vero E6 cells
infected with HSV-1 and treated with 10 ug/ mL of heparin and LPGS in pre- and post-
infection conditions. Total cells are marked blue and infected cells green by the green
fluorescent protein (b).** Adapted with permission from American Chemical Society.

However, one of the main drawbacks of the use of polymeric scaffolds as therapeutics
regards their complex synthesis and heterogeneity. In this regard, as an alternative
approach to polymeric systems, Gangji et al. designed and proposed an interesting
series of small synthetic non-saccharide glycosaminoglycan mimetics with high binding
affinity to gD, exhibiting Kd values ranging from 8 to 120 nM. In vitro, they reasonably
inhibited HSV-1 entry with micromolar ICs values (0.4-1) in HeLa, HFF-1, and VK2/EGE7
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cell lines, constituting promising starting candidates, that, however, need to be verified
in in vivo studies®. Another interesting glycomimetic platform was reported by Lee et al.
that synthetized mesoporous silica nanoparticles functionalized with a hydrophobic
glycomimetic ligand (sodium benzene sulfonate) and evaluated their potential efficacy
as HSV-1 and HSV-2 entry inhibitors. The use of nanoparticles as scaffolds results to be
advantageous since their multivalency and high surface-area-to-volume ratio could
optimize and enhance their contact and interactions with viral particles. In fact, the
reported results showed that these glycomimetic platforms inhibited significantly both
HSV-1 and HSV-1 infection in vitro, acting mainly on the early stages such as viral
attachment; moreover, a positive correlation between ligand density and antiviral activity
was confirmed®. On the basis of these data, in a later study, the authors implemented
this glycomimetic scaffold loading acyclovir into the mesoporous silica nanoparticles,
obtaining an interesting system with a dual mechanism of action, acting on both viral

entry and replication®.

3.2 Human Papilloma Virus

HPV is a member of the Papillomarividae family, consisting of small and non-enveloped
double stranded DNA viruses. Phylogenetically, this family can be further classified in
the following genera: alpha, beta, gamma, mu and nu. To date, more than 200 HPVs

have been identified®”.

HPV infects the epithelial cells of oral mucosa, genital mucosa or skin, ranging from
asymptomatic infections to malignant lesions. In fact, 14 mucosal HPVs have been
classified as high risk and are associated with cervix, vagina, anus and oropharyngeal
cancers. Most cervical cancer cases are caused by HPV®**°. HPVs are among the most
common sexually transmitted viruses and, currently, three vaccines (Gardasil, Gardasil9

and Cervarix) are approved'®. However, no antiviral drugs are available.

Despite the numerous types, HPVs share the same structural organization, containing a
circular double stranded DNA genome of about 8 kilobases in length within a non-
enveloped icosahedral capsid formed by 360 molecules of protein L1, which plays a
fundamental role in viral entry''. As for HSV, HSPG were identified to act as attachment
factors for HPV %2, In this regard, Giroglou et al. clearly demonstrated that cell surface
HS is essential for HPV-11 and HPV-33 pseudoinfection in vitro; in fact, the removal of

HS from cell surface, obtained by treating COS-7 cells with heparinase |, determined a
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complete inhibition of HPV infection'®

. A similar approach was adopted by Johnson et
al. to confirm HSPG dependency in vivo; in a murine cervicovaginal model, heparinase
[l treatment significantly inhibited HPV-16, HPV-31 and HPV-5 PsV infection and their
cellular and basal attachment'®. Interestingly, among the different HPSG types,
extracellular matrix and cell-surface syndecans were found to be mainly involved in HPV
attachment'®. Moreover, several studies indicate that HSPG processing enzymes,
including matrix metalloproteinases and heparinase, promote keratinocytes infection'%®
197 In addition to HSPG, also laminin-5 was proposed as extracellular membrane binding

factor, but it resulted to be less involved compared to HSPG',

Therefore, virus-HSPG interactions induce conformational changes that lead to L2
proteolytic cleavage mediated by furin. This is followed by the dissociation of viral
particles from HSPG and their subsequent binding to a second unknown receptor. In this
context, one of the proposed candidates was a6 integrin, however, to date, several steps
of HPV entry still remain unclear; in fact, unlike the majority of non-enveloped viruses,

its entry seems to be clathrin-, caveolin-, cholesterol- and dynamin- independent'®®""",

As well as for HSV, natural sulfated polysaccharides such as heparin and carrageenan
were shown to inhibit viral particles entry and attachment in vitro as well in vivo'®*'"2,
Thus, based on these observations, several semi-synthetic and synthetic HS-mimetic
polymers have been developed and investigated as anti-HPV agents over the last
decades'’®. In this context, particularly interesting is a sulfated chitosan derivative
designed and proposed by Gao et al. In this study, 3,6-O-sulfated chitosan was prepared
and tested in vitro against HPV-16 PsV in four different conditions: pretreatment of virus,
pretreatment of cells, adsorption and post adsorption. Surprisingly, it inhibited HPV
infection in all the conditions (Figure 4), hypothesizing a multiple mechanism of action
involving not only viral attachment but also later steps; in particular, the authors state
that a possible target could be PI3K/Akt/mTOR, a signaling pathway involved in HPV-16
entry, since, in this study, 3,6-O-sulfated chitosan was shown to inhibit the

phosphorylation of Akt and mTOR protein'"3.
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Figure 4. Dose response curves and ICso values of 3,6-O-sulfated chitosan against HPV-
16 PsV in 293FT cells tested under four different conditions: pretreatment of virus,
pretreatment of cells, adsorption and post adsorption (a-b). Inverted fluorescent
microscopy images of 293FT cells infected with HPV-16 PsV and treated under the
indicated conditions with 3,6-O-sulfated chitosan (12.5 mg/ml) taken at 72 h p.i. (c)'".
Reproduced with permission from Elsevier.

Another innovative glycomimetic platform was developed by Lembo et al. Herein, heparin
based nanoassemblies were obtained via the self-association of O-palmitoyl-heparin and
a-cyclodextrin, resulting in hexagonal structures comparable to traps for viral particles.
Positive results emerged from in vitro studies that showed a significative inhibition not
only of HPV-16 infection, but also of other different HSPG dependent viruses (HSV-1,
HSV-2 and RSV), with micromolar ICso values ranging from 0.42 pg/ml to 2.88 pg/ml.
However, one of the main drawbacks of heparin derivatives is their, even if lower,
anticoagulant activity, which in this study was found to be positively correlated with the
antiviral potency'*. Therefore, an interesting alternative to heparin derivatives was
recently proposed by Soria-Martinez et al. In this work, several sulfated glycomimetic
polymers with amidoamine or carbon-based backbone were synthetized and exhibited
reasonable inhibition profiles, strongly influenced by their structure and length, against
several HSPG dependent viruses such as HPV-16, HSV-1 and HSV-2 and Merkel Cell
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Polyomavirus. Most importantly, their anti-HPV activity was also confirmed in vivo,

exerting a prophylactic effect in a murine model for HPV-16 genital infections'°.

3.3 Human Immunodeficiency Virus

HIV is a member of Retroviridae family consisting of enveloped single stranded RNA
diploid viruses. Two main types of HIV have been identified: HIV-1 and HIV-2. HIV-1 is
more pathogenic and common compared to HIV-2. It infects CD4" T cells, causing their
depletion via several pathways, and, having, therefore, a considerable impact on the
immune system''®'"". The last stage of HIV infection is acquired immunodeficiency

syndrome (AIDS), defined by the occurrence of oncological and infectious complications.

At present, HIV continues still to have a significative impact on global health with over
600.000 deaths and 1.5 million of new infections in 2020, but, surely, it can be considered
less severe compared to the past decades''®. In fact, the development of the
antiretroviral therapy (ART) has brought important benefits in the management of HIV
infection, considerably improving patients quality of life and life expectancy. ART consists
in a combination of anti-HIV drugs (i.e. nucleoside analog reverse transcriptase
inhibitors, non-nucleoside analog reverse transcriptase inhibitors and protease
inhibitors) and have resulted to be very effective at suppressing viral replication and
inducing immune restoration''*'?°. However, HIV-infected adults under ART have an
increased risk of cardiovascular, bone and renal diseases'?'"'%. Moreover, anti-HIV
therapeutics, despite their efficacy, are not curative. In this regard, vaccines represent
the only way to eradicate definitely this pathogen, but, unfortunately, there are no
licensed vaccines available. The biggest problem faced in their development regards the

high mutation rate of HIV'?,

Structurally, HIV is composed of two copies of genomic RNA within a conic capsid
enclosed in an envelope formed by the surface enveloped glycoprotein (gp120) and the
transmembrane envelope glycoprotein (gp41) organized in “spikes”'?. In this regard, the
surface envelope glycoprotein gp120 was found to play an important role in viral entry,
mediating all the attachment processes. HIV entry begins with the attachment of viral
particles to cell-surface, which was found to be mediated by different attachment
“receptors” such as HSPG, a4p7 integrin and Dendritic Cell Specific ICAM-3-Grabbing
Non-integrin'?®. Several studies support HIV dependency on HSPG for its entry into host

cells'; in this regard, one of the first studies was conducted by Mondor et al. and
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showed that sulfated polysaccharides, including heparin and dextran sulfate, and cell
surface depletion of HS, obtained with heparinase treatment, significantly inhibited HIV-
1 infection in HeLa-CD4 cells'?. Interestingly, among the different HPSG types, cell-
surface syndecans were found to be mainly involved in HIV attachment. In fact, in an in
vitro study conducted by Saphire et al. HSPG, in particular syndecans, were shown to
be able to succumb to CD4 deficiency, allowing HIV entry in human macrophages'®.
Syndecans role in HIV infection was also supported in another study in which they were

identified to act as in trans receptors in permissive cells®.

Following viral attachment, HIV binds to CD4 and undergo conformational changes that
lead to the engagement of viral particles to the coreceptors CCR5 and CXCR4 that, in
their turn, mediate membrane fusion processes'?®. The V3 loop of gp120 was firstly
identified as major HS binding site but later studies recognized also the involvement of
V2 and CD4-induced domains'''*2, Based on these data, it is possible to hypothesize
that HSPG are also implicated in other later steps, however their role remains still
unclear. In view of these observation, Baleux et al. proposed an interesting and
innovative strategy, designing a biomimetic platform able to target in parallel both CD4
and HS binding domains. In particular, they synthetized a glycoconjugate consisting in a
small CD4 mimetic peptide and a HS dodecamer that was shown to bind with high affinity
to the CD4-induced domain of gp120. This latter prevented its interaction with CD4,
consequently determining the exposure of the HS binding site, that, in its turn, was
blocked by the glycomimetic portion. As result of its mechanism of action, the proposed
glycoconjugate exhibited significative inhibition profiles against R5-, X-4 and dual tropic

HIV infection in vitro with nanomolar EDgo values (3-11 nM)'33,

Besides this, as for HSV and HPV, once observed the anti-HIV activity of heparin, several
natural occurring and synthetic sulfated polysaccharides such as carrageenan, sulfated
derivatives of bacterial glycosaminoglycans etc. were evaluated as potential anti-HIV
agents®. In this regard, particular attention should be given on anionic polymer-based
microbicides, such as PRO 2000 and Vivagel (consisting in naphtalenesulfonate
polymers), Carraguard (carrageenan based) and Ushercell (cellulose sulfate based) that
reached clinical trials but, despite the initial and promising results, unfortunately failed in
Phase II/I11'**, These failures have raised several questions that will be discussed in the

following paragraphs.
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3.4Respiratory Syncytial Virus

RSV is an enveloped single-stranded RNA virus belonging to the Paramyxoviridae
family. Based on its genomic features, it can be further classified in two subtypes: A and
B. This latter seems to be less pathogenic compared to the A subtype'®. It is the main
causative agent of acute respiratory infection in infants, imposing a significant pediatric
burden; in fact, it is estimated to cause 3 million of hospitalizations and 60.000 deaths in
young children each year. Besides this, RSV can also cause severe diseases in elderly
and high-risk adults™®'¥". To date, despite multiple attempts, there are no licensed
vaccines available. The only FDA-approved drugs are Palivizumab, a monoclonal
antibody indicated for prophylaxis in high-risk children, and aerosolized ribavirin for

treatment’38-1%°,

Structurally, RSV is composed of single stranded RNA genome of about 15.2 kb in
length, enclosed in an envelope formed by G, F and SH surface glycoproteins. The G
glycoprotein is mainly involved in attachment processes, while F in membrane fusion'.
RSV life-cycle starts with the initial attachment of viral particles to the cell-surface,
mediated by the interactions occurring between G and diverse attachment factors. In
particular, HSPG and the fractalkine receptor CXsC-chemokine receptor were proposed
as ancillary agents'’. In this regard, a series of in vitro studies conducted by Hallak et
al. not only showed RSV dependency on HSPG but also highlighted the importance of

N-Sulfation and the presence of IdoA residues for G-HSPG interactions™?'43, |

n
particular, the heparin binding site of G was identified in its ectodomain, consisting in a
linear sequence of basic amino acids'**. However, despite its undisputed role in RSV
attachment, the glycoprotein G was shown to be not totally essential for viral entry,
highlighting a potential role of F-RSV'®. In this context, also this latter was found to
interact with HS in vitro, may promoting viral attachment and infectivity*®. However, it
was observed that for viral particles expressing only F, their dependency on HSPG is
less pronounced.

Although there are several studies suggesting a potential role of HSPG in RSV entry, on
the other hand, it is important to report that there are contrasting opinions on their
presence on human epithelial airway cells''. To date, several steps of RSV entry still
remain unclear. Thus, despite the potential role of HS in RSV entry, the scientific
community has not really explored HSPG as target for the design of antiviral agents, with

respect to other HSPG-dependent viruses.
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3.5 Hepatitis C Virus

HCV is a member of the Flaviviridae family that consists in enveloped positive-strand
RNA viruses. It can cause both acute and chronic infections. Approximately, 70% of
infected persons develop chronic hepatitis C that may result in life threatening conditions

such as hepatic fibrosis, cirrhosis and hepatocellular cancer',

According to WHO, there are currently about 58 million of patients with chronic hepatitis

149

and 1.5 million of new cases each year'™. At present, despite several attempts, there

are no vaccines available™®

. However, fortunately, the introduction of direct-acting
antiviral agents has completely revolutionized and improved the pharmacological
treatment of HCV. These therapeutics act by targeting the viral enzymes NS3/4A and
NS5B (i.e. sofosbuvir and telaprevir) and the non-structural protein NS5A (i.e. ledipasvir),
and are usually given in combination, showing high cure rates around 90%'''%2,
However, at present, many cases of HCV infection are not diagnosed and treated.
Although direct-acting antivirals proven efficacy, failure is still occurring in a small
percentage of patients due to the genetic variability of HCV, and, therefore, the presence
of resistant variants and virological breakthrough'®*'**. Thus, the development of broad-

spectrum agents could be very beneficial due to the large number of viral subtypes.

Structurally, HCV contains a linear positive-sense single-stranded RNA genome
approximately of 9.6 kb in length within an icosahedral capsid enclosed in an envelope
formed by two glycoproteins, E1 and E2, organized in spikes'®®>. HCV infection begins
with the attachment of viral particles to hepatocyte surface; this process involves the
envelope glycoproteins E1 and E2, virus-associated apolipoproteins, and several
attachment host-factors such as HSPG and LDL receptor'®®'%®  Firstly, HSPG
dependence of HCV was demonstrated in an in vitro study conducted by Barth et al. in
which was reported that heparin, liver-derived HS and heparinase treatment significantly
inhibited HCV entry in HepG2 and MOLT-4 cell lines, identifying a basic amino acids

sequence localized in the N-Terminus of E2 as HS binding domain®.

Interestingly, in addition to E2, also viral ApoE was found to mediate viral attachment via
interactions with HSPG. In this regard, Lefreve et al. clearly demonstrated ApoE role in
viral entry and, in particular, a small region rich in basic amino acids located in the RBD
was shown to be critical for mediating these interactions. Also in this case, syndecans,
primarily syndecan-4, resulted to be mainly involved, and N- and 6-O sulfation

required'6%-162,
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Unfortunately, except some semisynthetic heparin derivatives, to the best of our
knowledge, there are no significant studies exploiting this concept for the development

of potential antiviral agents'®.

3.6 Severe Acute Respiratory Syndrome Coronavirus 2

SARS-CoV-2 is a large, enveloped single-stranded RNA virus belonging to the
Coronaviridae family. As is well known, it is the aetiologic agent of the current Covid-19
pandemic. It attacks the respiratory tract and its clinical manifestation is variable, ranging
from asymptomatic infections to severe and life-threatening conditions such as interstitial

pneumonia, leading, moreover, to multiorgan complications 64158,

At the beginning of the pandemic, several licensed antiviral therapeutics were
repurposed in clinical trials in patients with Covid-19 but resulted to be ineffective, despite
the encouraging in vitro as well in vivo results'""> %4 Therefore, the catastrophic impact
of Covid-19 pandemic on global health and society has led to a massive effort by the
scientific community to develop effective vaccines and therapeutics. However,
unfortunately, to date, there are no new antivirals approved. In this regard, it is worth to
mention that Merck & Co. has recently announced the clinical-trial success of
molnupiravir, a drug candidate targeting the viral enzyme RNA polymerase'®®'’°. On the
other hand, incredibly, four effective vaccines have been approved from EMA and FDA,
including Comirnaty (Pfizer- BioNTech), Spikevax (Moderna), Vaxzevria (Astrazeneca)
and Janssen (Johnson & Johnson). Fortunately, current mass vaccination is giving
important and considerable results in fighting the pandemic, significantly reducing
infection, hospitalization and mortality rates. However, given the high genetic variability
of SARS-CoV-2, several concerns regarding vaccines efficacy against variants are
emerging, leading to booster campaigns. In fact, the spread of Delta variant has led to a
reduced effectiveness of vaccines in preventing the infection, but, however, protection
from hospitalization and death still remains significative'”™'"*. On the basis of these
considerations, broad-spectrum antivirals, together with vaccines, could represent a

fruitful strategy in the fight against potential new-emerging variants.

Structurally, SARS-CoV-2 contains a single-stranded positive sense RNA genome of
about 29.9 kb in length, within a capsid formed by the nucleocapsid protein N,

encapsulated in an envelope that, in its turn, contains three proteins: the membrane
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protein (M), the envelope protein (E) and the spike glycoprotein (S). This latter was

identified as key element in viral entry into host cells'"*"">.

In the last months, several studies supporting a potential role of HSPG in SARS-CoV-2
entry have been published'®'®_ In this regard, it is worth to mention the model proposed
by Clausen et al. in which HS is assumed to act as co-attachment factor, enhancing,
moreover, the binding of S to its cellular receptor ACE2. Based on docking studies, the
HS-binding site may be located in the RBD domain of S, close to the ACE2 binding

site’”®

. Other studies propose also a HS-binding motif at the S1/S2 site'®'. Regarding
HS, 2-O and 6-O-sulfation are considered critical for its interaction with the spike

glycoprotein S,

Recently, numerous studies demonstrating the inhibitory activity of heparin against
SARS-CoV-2 infection and entry have been reported'’®'78179182 |n this regard, the study
conducted by Kwon et al. is of particular interest, since it investigates and compares the
anti-SARS-CoV-2 activity of different sulfated polysaccharides, previously identified by
surface plasmon resonance studies, such as two fucoidans (RPI-27 and RPI-28), non-
anticoagulant low molecular weight heparin, chemo-enzymatically synthesized
trisulfated (TriS) heparin, and unfractionated USP-heparin. Interestingly, they all inhibited
SARS-CoV-2 infection in Vero Cells with ICso values ranging from 0.083 uM (for RPI-
127) to 55 uM (for non-anticoagulant low molecular weight heparin)'®3. A detailed study
exploiting the effect of the molecular architecture, flexibility, molecular weight and
sulfation degree on the anti-SARS-CoV-2 activity of sulfated polymers has been recently
reported by Nie et al.'®. In particular, two sulfated polyglycerols with different structure,
such as LPGS (linear) and HPGS (hyperbranched), were used as models. Interestingly,
the sulfation degree was found to be positively correlated with the antiviral activity, and,
moreover, the molecular architecture resulted to be a critical parameter; in fact, LPGS
showed a two-fold higher inhibitory activity compared to the corresponding (in terms of
sulfation degree and size) hyperbranched form (Figure 5). This result may be attributable
to the greater flexibility of the linear polymer that results in a greater adaptation and
binding to the spike glycoprotein, as it also emerged from affinity studies against the
RBD. However, in this study, LPGS was shown to lose its inhibitory effect upon dilution.
This observation brings to light one of the major problems faced in the development of

supramolecular inhibitors that will be discussed and examined in the next section.
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Figure 5. Inhibition profiles of LPGS with different degrees of sulfation (a) and of LPGS
and HPGS with different molecular weights (b) against SARS-CoV-2 in Vero E6 cells.
Number of viral particles attached to Vero EG6 cells infected with SARS-CoV-2 and treated
with LPGS obtained from confocal microscopy studies (c). Ratio of infected Vero E6 cells
with SARS-CoV-2 after treatment with LPGS or heparin obtained from fluorescent
microscopy images'®. Adapted with permission from Wiley.

4. Glycomimetic virucidal agents: state of the art

Although the concept of HS-mimetic agents as potential broad-spectrum antivirals is
promising and reasonable, one of the biggest challenges faced in this approach regards
their virustatic, reversible behavior. In fact, they act as competitive binding inhibitors
exploiting electrostatic interactions that, however, are by nature reversible and therefore
may not be sufficient for an irreversible effect in physiological conditions. Thus, virustatic
agents result to be irrelevant from a clinical point of view, since viral particles, once

185

released upon dilution, remain infectious'®. As evidenced in the previous paragraphs,
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the majority of glycomimetic agents was mostly evaluated in terms of their antiviral
activity in vitro and, consequently, there is a lack of in vivo data. Nevertheless, clinical
trials of anionic polymer-based microbicides reveled their ineffectiveness in HIV pre-

exposure prophylaxis.

In the light of these observations, a virucidal drug, able to irreversibly damage viruses,
could represent a fruitful and ideal approach in the treatment of viral infections. However,
into this category fall highly toxic agents such as detergents, disinfectants, strong acids
etc. and, to date, there are no virucidal agents approved for human use. Thus, an ideal
virucidal drug should selectively and irreversibly target the virus without damaging its

host, keeping the broad-spectrum activity of virustatic agents.

In this context, the innovative concept proposed by Stellacci’s group was a notable step
forward'®. They designed a unique glycomimetic platform by coating round shaped gold
nanoparticles (AuNPs) with11-mercaptoundecanesulfonic acid (MUS) and 1-octanethiol
(OT), a HSPG mimetic and a hydrophobic ligand, respectively. Notably, MUS OT AuNPs
exhibited broad-spectrum activity, inhibiting several HSPG-dependent viruses (i.e. HSV-
1, HSV-2, HPV-16 and RSV) infection with nanomolar ICso values in vitro. Standard
dilution assays were performed against HPV-16, RSV, DENV and HSV-2 and revealed
their virucidal mechanism of action; on the other hand, AuNPs functionalized with a short
sulfonated ligand such as 2-mercaptoethane sulfonic acid (MES) were found to be
virustatic, losing their antiviral activity upon dilution with full recovery of the viral infectivity
(Figure 6). MUS OT AuNPs antiviral efficacy was confirmed in ex-vivo studies against
HSV-2 in Epi-Vaginal tissues, proving, moreover, their preventive activity. Positive
results emerged also from in vivo studies: in a murine model with RSV infection, MUS
OT AuNPs prevented the spread of the infection to the lungs, circumscribing it to the

upper respiratory tract.
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Figure 5. Virucidal assays of MUS:OT AuNPs, MES AuNPs and Heparin against HSV-
2 in Vero E6 cells (a). Virucidal assays of MUS:OT AuNPs against DENV, RSV, HPV
and LV in Vero EG6 cells (b). MUS:OT AuNPs inhibitory activity on HSV-2 in function of
time (minutes) (c)'®. Adapted with permission from Springer Nature.

The introduction of a rigid core and long and hydrophobic linkers allowed to achieve a
multivalent, flexible system able to strongly and broadly bind to viral particles, generating
mechanical stresses and distortions on the viral capsid/envelope. If strong enough, these
latter can lead to a global structural deformation with consequent irreversible viral

breakage and deactivation, as also observed in Cryo-TEM studies (Figure 7).

These hypotheses were further strengthened in a later study in which beta-cyclodextrin
was employed as rigid core instead of AuUNPs'®. Similarly to AuUNPs, MUS modified
cyclodextrins showed broad-spectrum virucidal activity; moreover, DNA exposure assay
was performed and further confirmed the breakage of the viral envelope and capsid

induced by MUS cyclodextrins.
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Figure 7. Negative stained transmission electron microscopy (a) and cryo-transmission
electron microscopy (b-c) images of viral particles (HSV-2) exposed to MUS:OT AuNPs.
In particular, stage 1 shows virus without particles associated; stage 2: virus with some
particles associated (mostly isolated); stage 3: clusters of AUNPs associated to the viral
particle; stage 4: irreversible deformation of the viral particle with consequent damage
and breakage. Percentage of each stage after exposing MES and MUS:OT AuNPs to
HSV-2 particles in function of the time (d)'®. Adapted with permission from Springer
Nature.

4.1 Research question and aim of the project

The studies previously performed by Stellacci’s group so far show the potential of these
HSPG-mimetic systems (AuNPs and cyclodextrins) as broad-spectrum antivirals. In
particular, the reported results suggest that the antiviral mechanism of action is
correlated with their chemical and structural features; however, an in-depth study is
required to clarify important aspects of this approach. Therefore, my research project fits

in this context and it aims to unravel their mechanism of action, investigating the
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structure-activity relationships and identifying the key parameters required for a virucidal
activity. In particular, the effect of the hydrophobicity and flexibility of the ligands, and the
type and size of the core is explored. For the first purpose, we chose the length of the
sulfonated ligand as parameter to vary and examine, since it is strongly correlated with
the flexibility and hydrophobicity. To this end, a library of sulfonated alkanethiols of
different length was synthetized and used for the preparation of AuNPs that were
characterized in terms of size, molecular weight, ligand density and composition. Thus,
their antiviral activity against HSV-2 was evaluated in dose-response and virucidal
assays. Based on these results, we decided to study the effect of the presence of a
hydrophobic linker (OT) with a “virustatic” sulfonated ligand. Then, to further assess the
importance of hydrophobic interactions and evaluate the effect of the core size on the
antiviral mechanism of action, we switched to a smaller system, and a series of gold
nanoclusters (AuNCs) coated with sulfonated linkers of different length and hydrophilic
ligands was synthetized and compared for their inhibitory activity on HSV-2. Finally, to
have a complete and comprehensive view on this topic and investigate the effect of the
core, the results of a parallel project focused on sulfonated cyclodextrins are reported
and a comparative analysis between the different systems is also discussed. Herein, we

have chosen HSV-2 as HSPG-dependent virus model.
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EXPERIMENTAL PART

1. Materials and Methods

1.1 Materials

11-bromo-1-undecene, 10-bromo-1-decene, 9-bromo-1-nonene, 8-bromo-1-octene, 5-
bromo-1-pentene, 4-bromo-1-butene, sodium sulfite, benzyltriethylammonium bromide,
thioacetic acid, sodium hydroxide, gold(lll) chloride trihydrate, sodium borohydride, L-
glutathione reduced, 1-octanethiol, oleylamine (>98%), tetrabutylammonium bromide,
acetyl chloride and iodine were purchased from Sigma Aldrich (Schaffhausen,
Switzerland). All solvents were HPLC-grade and purchased from Sigma Aldrich

(Schaffhausen, Switzerland).

1.2 Instruments

All proton nuclear magnetic resonance ("H-NMR) spectra were recorded using a Bruker
Avance llIl 400 MHz and data analysis was performed with Mestrenova. All mass spectra
were obtained by electrospray ionization (ESI) in negative mode using a Xevo G2-S
QTOF. UV-Vis spectra were recorded at 25 °C on a Lambda ™ 365 spectrophotometer
(PerkinElmer). Thermogravimetric analysis (TGA) was performed with TGA 4000
(PerkinElmer), under N2 flow heating up from 30 °C to 900 °C at a ramp rate of 10°C/min.
Samples were prepared by inserting ~ 5 mg of sample into a ceramic pan. Talos L120C
G2 electron microscope operating at 120 kV was used for TEM analysis. Samples were
prepared by directly depositing an aliquot of sample into carbon copper grids and dried
before imaging. The core size of particles was determined with FIJI (Imagej). Dynamic
light scattering analysis was performed with Nano Zetasizer (Malvern) at 25 °C, a
scattering angle of 90° and a wavelength of 632.8 nm. Analytical Ultracentrifugation
(AUC) analysis was performed on Beckman Optima XLA at 7000 rpm, 20°C and a
wavelength of 600 nm. Data analysis was performed with Sedfit. Samples were freeze-
dried using ALPHA 1-2 LDplus freeze drier (Kuhner).
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1.3 Synthesis of HSPG-mimicking ligands

Herein, a representative example is reported (9-mercaptononane1-sulfonate) but in this
work molecules with x=4, 5, 8, 9, 10, 11 were synthetized (MBS, MPS, MOS, MNS, MDS
and MUS).

First step, sodium non-8-enesulfonate: in a round bottom flask equipped with a reflux
condenser, under stirring, 10.00 g of 9-bromo-1-nonene (48.75 mmol), 12.29 g of sodium
sulfite (97.50 mmol) and 20 mg of benzyltriethylammonium bromide were added to a
MeOH/H20 (3:1 ratio) mixture. The reaction was kept at 103°C under stirring for 48 h.
The solution became colorless when the reaction was complete. MeOH was removed
under reduced pressure while the remaining aqueous phase was extracted with diethyl
ether for 6 times (in order to remove unreacted starting material) and, finally, evaporated
in a rotary evaporator obtaining a white powder. This latter was then suspended in MeOH
or EtOH (depending on the length of the starting material) and filtered with a borosilicate
filter for two times in order to remove the inorganic content. At the end, a white solid
(yield 80%) was obtained and characterized through "H-NMR (Figure 1.1).

"H-NMR (methanol-d4): & 5.76 (m, 1H), 4.90 (m, 2H), 2.73 (t, 2H), 2.02 (m, 2H), 1.74 (m,
2H), 1.29 (m, 8H)
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Figure 1.1 "H-NMR spectrum of sodium non-8-enesulfonate with peak assignment after
purification.
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Second step, sodium 9-acetylthiononane-1-sulfonate: in a round bottom flask under
stirring, 10 g of sodium non-8-enesulfonate (43.80 mmol) and 2.6-time excess of
thioacetic acid (6.17 ml, 87.6 mmol) were added to 200 ml of MeOH. The reaction mixture
was kept under stirring and UV irradiation for 12 h. Then, the solution was evaporated
under reduced pressure obtaining a red powder. This latter was subsequently washed
with diethyl ether for 6 times in order to remove unreacted thioacetic acid. The resulting
pink powder was then dispersed with ~ 1 g of carbon black in 200 ml of MeOH and
purified through filtration. The obtained white powder (yield 72%) was characterized with
'"H-NMR (Figure 1.2).

"H-NMR (D20): 8 2.75(m, 4H), 2.27(s, 3H), 1.57 (m, 2H), 1.40 (m, 2H), 1.13 (m, 10H).

wwwww

»»»»»

I 1000

Figure 1.2 'H-NMR spectrum of sodium 9-acetylthiononane1-sulfonate with peak
assignment after purification.

Third step, 9-mercaptononane1-sulfonate: in a round bottom flask, equipped with
reflux condenser, under stirring, 6 g of sodium 9-acetylthiononane1-sulfonate was
dissolved in 150 ml of 1M HCI. The reaction mixture was kept under stirring at 102 °C for
12 h. Then, 50 ml (1/3 of the starting volume) of 1M NaOH was added to the reaction
mixture that was kept at 4°C overnight. The obtained crystals were separated from water
with centrifugation (4000 rpm for 5 min) and dried under vacuum. The resulting white

powder (yield 45%) was characterized with 'H-NMR (Figure 1.3) and mass
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spectrometry. NMR (D20): & 2.80(t, 2H), 2.44(t, 2H), 1.59(m, 2H), 1.47(m, 2H), 1.39(m,
2H), 1.13(m, 10H).
Mass spectrum (ESI) found m/z= 239.077; calculated mass=239.37 g/mol.

2 3 3 4
HS\/\/\/\/\/SO3‘Na+
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Figure 1.3 "H-NMR spectrum of 9-mercaptononane1-sulfonate with peak assignment
after crystallization.

For shorter ligands (x=4,5) deprotection was performed in MeOH/Acetyl chloride at
70 °C. The volatiles were evaporated, and the inorganic content was removed via
filtration in MeOH.

1.4 Synthesis of gold nanoparticles

AuNPs were synthetized via one phase method'®. Briefly, in a round bottom flask, 177.2
mg of gold (lll) chloride trihydrate (0.45 mmol) was dissolved in 100 ml of EtOH.
Meanwhile, 0.45 mmol of the alkanethiol was dissolved in 10 ml of MeOH and added to
the reaction mixture that was kept under stirring (900 rpm) for 10 min order to allow the
formation of the thiol-gold complex. For bifunctional AuNPs, 0.45 mmol of the desired
thiols mixture was dissolved in 10 ml of MeOH before the addition to the gold solution.
Then, a filtered, saturated ethanol solution of sodium borohydride was added dropwise

to the reaction mixture for about 1 h. The solution was then stirred for a variable time
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from 2 to 8 h, depending on the length of the thiol, and subsequently placed in a
refrigerator (at 4 °C) overnight. The obtained product was decanted, washed several
times (~ 7) with EtOH and dried under vacuum. Subsequently, to completely remove free
hydrophilic thiols, AUNPs were dissolved in Milli-Q water and centrifuged at least 8 times
using Amicon® Ultra-15 Centrifugal Filters (MWCO 30 kDa). The resulting sample was
then suspended in a minimal volume of water and freeze-dried to obtain ~ 100 mg of
black powder. AuNPs were characterized through "H-NMR in order to assess their purity
and calculate the ligand ratio. For the first purpose, the sample was prepared by
dissolving 5-10 mg of AuNPs in 0.5 ml of D,O; the resulting "H-NMR spectrum (Figure
1.4) should be free of sharp peaks (indicating the presence of free ligands) and with

broad signals, corresponding to the ligands attached to the AuNPs surface.

‘ Sharp peaks Broad peaks

Figure 1.4 A comparison between AuNPs '"H-NMR spectra after EtOH washes (on the
left) and after EtOH and water washes (on the right). On the first spectrum are visible
sharp peaks corresponding to unbound ligands, while on the second spectrum, the
presence of broad peaks is indicative of a “clean” and pure sample.

On the other hand, the ligand ratio was determined by etching AuNPs with iodine. In
particular, 5 mg of AuNPs were added to 0.5 ml of iodine methanol-d4 solution (20 mg/ml)
that was subsequently sonicated for 15 min before performing 'H-NMR measurements.
In this case, iodine etching was chosen since it did not significantly affect the NMR

spectra of our AuNPs (Figure 1.5), in contrast to cyanide.

TGA was used to determine the amount of surface-attached ligands coverage on AuNPs.
AuNPs were imaged with TEM and AUC analysis was performed to estimate the
molecular weight of AuNPs. Moreover, TGA, TEM and 'H-NMR data were used to
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calculate the ligand density (LD), which is defined as number of ligands per nm?,

assuming a simple spherical model. It was calculated as follows:

Ny;
g
LD =
Atot
Where
. Massorg —
Nlig T (Bprxs X MW pyxs)+(%oTXMW o) X NAvogadro and Atot - NpartxApart
100
With
4nr3 Massy
Aygre = 4mr? Voart = —— Mass =V,art X Nt = u
part ’ part 3’ part part XPgold> part Masspari

Acart is the surface area of one particle, Vpart is the volume of one particle, Ny is the
number of particles, Masspart is the mass of one particle, Massauis the mass of the gold
core obtained from TGA analysis, Npart is the total number of particles, Nig is the total
number of ligands, At is the total surface area of particles, Massqyg is the total mass of
particles ligand shell obtained from TGA analysis, %wxs is the percentage of the
sulfonated ligand extrapolated from NMR spectra and MW is the molecular weight of the

ligand (same for OT).

.................................

Figure 1.5 "H-NMR spectrum of MOS AuNPs after I, etching in methanol-ds with peak
assignment. It is clearly shown that peaks integrals and chemical shifts are not
significatively influenced by I.
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1.5 Synthesis of gold nanoclusters

Synthesis and purification of AUNCs followed the published procedure by Loynachan et
al. with some maodifications'®.
GSH:MXS ratio, but different proportions were also tested. Briefly, 0.75 ml of fresh MXS

aqueous solution (20 mM) and 0.75 ml of fresh GSH aqueous solution (20 mM) were

Herein is reported the synthetic procedure for 1:1

added to 7.50 ml of Milli-Q water and mixed together. Subsequently, 1 ml of HAuCl4
aqueous solution (20 mM) was added to the reaction mixture that was kept at 70 °C
under stirring (700 rpm) for 20 h. Firstly, the solution turned from pale yellow to
transparent, indicating the transition from Au (lll) to Au (I), and then to more intense
yellow due to subsequent reduction to Au (0). The obtained product was washed several
times with water using Amicon® Ultra-15 Centrifugal Filters (MWCO 10 kDa). The
resulting sample was then suspended in a minimal volume of water and freeze-dried to
obtain ~ 10 mg of yellow powder. AUNCs were imaged with TEM and DLS analysis was
performed to determine their hydrodynamic diameter; in this case, the number
distribution was taken into consideration. The ligand ratio was estimated through 'H-
NMR. In particular, 5 mg of AuNCs was dissolved in 0.4 ml of D2O and the relaxation
time and the number of scans were set to 7.5 s and 128, respectively. TGA was used to
determine the amount of surface-attached ligand coverage on AuNCs and therefore the

organic content.

1.6 Cells and Virus

Vero cells (clone E6) were maintained in Dulbecco’s modified Eagle’s medium (DMEM),
supplemented with heat-inactivated 10% FBS and 1% penicillin/streptomycin (Sigma-
Aldrich) at 37°C in an atmosphere of 5% CO.. HSV-2 was propagated and titrated on

Vero cells with plaque assays.

1.7 Dose-response assay

The inhibitory effect on HSV-2 infection was evaluated by a plaque reduction assay. Vero
cells (100.000 cells per well) were plated 24 h before in 24 well-plates. Increasing
concentrations of the compounds were mixed and incubated with HSV-2 at 37 °C for 1
h. The mixture was then added to cells and incubated for another hour at 37 °C.

Subsequently, the mixture was aspirated, the cells were washed and free medium with
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methylcellulose was added. After 24 h incubation, the cells were fixed, treated with
crystal violet 0.1% and the formed plaques were counted. The infectivity was calculated

as follows:

I tivity (%) = Number of plaques (sample) 100
nfectivity (%) = Number of plaques (control) o

The experiment was conducted in duplicate for two times, and the mean value was
considered for each concentration. The concentrations that produced 50% and 99%
reduction in plaque formation, ECso and ECgg values, were calculated using GraphPad

Prism.

1.8 Virucidal assay

Vero E6 cells were seeded 24 h before the experiment in 96-well plates in order to have
10* cells per well. HSV-2 (PFU 10°) was mixed with each sample at its ECgg value and
incubated for 1 h at 37 °C. Subsequently, the mixture was added to the cells and serial
dilutions were performed. After 1 h incubation, the virus inoculum was removed, the cells
were washed, treated with fresh medium with methylcellulose and, subsequently,
incubated for 24 h. Then, the cells were fixed, treated with crystal violet 0.1% and the

formed plaques were counted. The viral treater was calculated in the control wells.
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2. Results and Discussion
2.1 Design of HSPG mimetic platforms: synthesis and characterization

2.1.1 Synthesis of HSPG-mimicking ligands

In this study we systematically investigate the structure-activity relationships of the
HSPG-mimicking AuNPs previously developed in our group (chapter 4) identifying the
key parameters required for the virucidal activity that should be taken in consideration
for their rational design. Firstly, we decided to study the effect of the hydrophobicity and
flexibility of the sulfonated ligand; to this end, the length of the aliphatic chain was chosen
as eligible parameter to vary and examine, since it is positively correlated with the two

considered factors.

A library of sulfonated alkanethiols was synthetized following a three steps route (Figure
2):

e Sulfonation of the bromo derivative via Strecker reaction with sodium sulfite;
¢ UV-mediated thiol-ene click reaction;

¢ Deacetylation of thioacetate under acid conditions.

Benzyltriethylammonium

Br ; -
+ Na-.SO bromide SO, Na*
N 2=s MeOH/H,0 B /\(\/); ?

Reflux 103 °C, 48h

SOy Na* .
X,

SH

> S\/\(\)/SOgNa*
MeOH, UV 12h Y X
(0]

Reflux 102 °C, 12h

cetic acid
S\/\(\/)/S03'Na+ % HS\/\(\/)/SO3'Na+
Y X HCI 1M X

o)

Figure 2. Schematic representation of HPSG-mimicking ligands synthetic route. In this
work, molecules with x=4,5,8,9,10,11 were synthetized.
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The final product was purified through crystallization under acid conditions in order to
avoid the formation of disulfides, obtaining pure, water and methanol-soluble sulfonated
ligands that can be easily used for AuNPs and AuNCs preparation. In fact, thiols act as
strong stabilizers in AuUNPs formation since the sulfur-gold bonds can prevent crystallites
agglomeration minimizing the Van Der Waals interactions'®. Consequently, the purity
of the thiol is a key parameter for AuNPs quality and size; for example, a high inorganic
content, which is a typical consequence of this deprotection step, was found to be

correlated with the formation of highly polydisperse, large, and irregular particles.

However, this deprotection strategy in HCI could not be adopted for shorter ligands (x=4-
5), since several problems were faced in their crystallization. Perhaps for their high water
solubility or tendency to form disulfides, they were not able to crystalize in the reported
conditions even with the use of a nonsolvent. For these reasons, in this case, the
deprotection was performed under inert conditions (in order to avoid air oxidation of
thiols) using acetyl chloride/methanol, followed by the evaporation of volatiles and the
removal of the inorganic content through filtration in MeOH''. The suitability of this
deprotection method was confirmed with 'H-NMR and mass spectrometry. Herein, is
reported the 'H-NMR spectrum of 5-mercaptopentane-1-sulfonate (Figure 2.1) that
shows the absence of disulfides derivatives and the overall purity of our target molecule
(D20): 2.79 (t, 2H), 2.46 (1, 2H) 1.62 (m, 2H), 1.58 (m, 2H), 1.38 (m, 2H).

2 4
HS. A~ SOy Na* XEVO-G2SQTOF #NotSet
< 1:TOF MS €.

i

Figure 2.1 Mass and 'H-NMR spectrum of 5-mercaptopentane-1-sulfonate with peak
assignment after deprotection with acetyl chloride-methanol.
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2.1.2 Synthesis and characterization of gold nanoparticles

Given the interest in investigating the structure-activity relationships of our system, we
aimed to find a controlled approach for AuNPs synthesis that would have allowed us to
obtain comparable particles in terms of crucial parameters including size and ligand
density, ensuring, therefore, a rational study on their antiviral mechanism of action. In
the past decades, various methods for AUNPs synthesis have been developed. The most
common routes are based on the use of HAuCls as gold precursor and NaBHsa,
tetrabutylammonium bromide, and trisodium citrate as reducing agents'®*"'**. In this
context, it is worth to mention the two-phase approach proposed by Brust and Schriffin,
that represent a milestone of alkanethiol-functionalized AuNPs synthesis195. However,

the majority of these methods are limited to hydrophobic thiols and non-polar solvents.

Ligand exchange represents a viable strategy to obtain hydrophilic AuNPs; in particular,
it consists in a two-steps process: firstly AUNPs are synthetized with a weak capping
agent (such as oleylamine, cetrimonium bromide, citrate etc.) and subsequently are
mixed with the desired ligand so that it will displace the weakly coordinating one'®. In
this regard, the study conducted by Yang et al. is of particular interest since they reported
a two-phase place exchange protocol that allows to obtain monodisperse AuNPs
functionalized with a wide library of thiolated molecules including MUS'. At first, in this
project, this method was followed, however several drawbacks and problems have
emerged and led us to change the synthetic approach. In fact, this process mostly
depends on the binding affinity of the capping agents, and, therefore, a complete
replacement is not always obtained. In our case, with long ligands such as MUS and
MDS, we managed to achieve a complete phase exchange; however, by decreasing the
length of the thiol, the lengthy aliphatic chains of oleylamine make their displacement
thermodynamically and kinetically unfavorable, resulting in bifunctional AuNPs.
Moreover, with short alkyl chains (MBS and MPS), ligand exchange was not successfully
achieved even by increasing the temperature, using a large excess of thiols, varying the
pH etc. Thus, due to their high toxicity, oleylamine residues could have precluded AuNPs

use for biomedical applications.

On the basis of these considerations, a direct one-phase synthetic approach,
reproducible and controlled, was preferred. In fact, the presented procedure was found
to be advantageous for the study of crucial design parameters since it gave us a
reasonable control over particles ligand density, ensuring a rational comparison of the

resulting AuNPs in the antiviral assays. The adopted one phase method is based on the
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reduction of AuCls by a large excess of NaBH4 in EtOH (Figure 2.2); the gold-to-thiol
ratio, the rate of NaBH4 addition, the reaction time and the purity of the thiols were found

to play a key role in AuNPs formation.

Evaluation of the ligand length Evaluation of the hydrophobluty

AuCl, Hs SOy X=4,5,8,9,10,11 MPS OT (22%-35%)
-—

. O/ . Ojs\/\/\/sm

Figure 2.2 Schematic representation of the adopted one phase method for our AuNPs
library synthesis.

Through a detailed physicochemical characterization of AuNPs, that has served as the
backbone of this work, the parameters that allowed us to achieve the best compromise
in terms of size, stability and ligand density were established. In particular, TEM and
AUC were adopted for dimensional and morphological analysis and in table 1 are

reported the estimated core size values of our AuNPs library.

Sample Length Dm (nm)TEM Dcore(nm)AUC
MBS AuNPs 4 2.283 + 0.664 24
MPS AuNPs 5 2.955 +0.980 27
MOS AuNPs 8 2.490 + 1.060 24
MNS AuNPs 9 2.684 + 0.999 27
MDS AuNPs 10 3.056 + 1.025 3.1
MUS AuNPs 11 3.573 £ 1.007 3.8
MPS OT (22%) AuNPs 5;8 2.460 + 0.993 27
MPS OT (35%) AuNPs 5;8 2.310 £ 0.841 28

Table 1. AuNPs estimated core size with TEM and AUC. The core size of particles was
determined with FIJI (Imagej) for TEM, while AUC data were analyzed with Sedfit.
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Count: 880 Min: 1.294

Mean: 3.573 Max: 6.873
StdDev: 1.007 Mode: 3.600 (81)
Bins: 100 Bin Width: 0.200

20
Count: 440 Min: 1.132

Mean: 2.283 Max: 4.488

StdDev: 0.644 Mode: 2 (53)

Bins: 100 Bin Width: 0.200

Figure 2.3 TEM images and size distribution histograms of MUS AuNPs (a) and MBS
AuNPs (b) obtained with ImageJ; scale bar 20 nm.

As it can be seen, AuNPs core size and size distribution are in part influenced by the
choice of the thiol, and a positive correlation with the length of the ligand was found;
moreover, a small percentage of “seed clusters” can be observed. Bigger particles can
be obtained by increasing the gold-to-thiol ratio and consequently the nucleation
intensity; however, they result to be unstable and tend to aggregate due to a lower
surface coverage. Therefore, we can assume that the aliphatic chain has a substantial
impact on the stabilization and the surface energy of the particles. The reason of this
correlation between the core size, the growth kinetic and the length of the ligand is still
unclear, but several factors such as entropy, conformation, solubility and pH are likely to
play a key role. Surely, longer ligands require more free volume on AuNPs surface and
are associated with a higher stabilization energy'®'®; moreover, in this regard, is worth
to mention that with longer alkanethiols, a higher percentage of Au(0) species was found
at the beginning of particles formation process®®. In the light of these observations, a
systematic study involving different ligands is very challenging, and the optimal results
are here reported and were achieved by keeping a fixed thiol-to-gold ratio (1:1),
increasing the reaction time with the decrease of the length of the ligand, since for MPS
and MBS slower growth kinetics were observed. Moreover, the obtained AuNPs showed
high solubility in water and good colloidal stability over one month.
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On the other hand, AuNPs chemical composition was quantified by a combination of
TGA and 'H-NMR analyses. TGA was used to determinate the amount of surface-
attached ligands on AuNPs. It measures the weight loss in function of time and,
therefore, results to be suitable for estimating AuNPs organic content. In detail, TGA data
are presented in table 2 and are expressed in terms of weight loss percentage. The
organic surface coverage burns before 700 °C and was found to range from 11 to 17%
of particles total weight. Overall, we can assume that this parameter is not significantly
affected by the choice of the ligand, since its variation can be attributed to the different
molecular weights. Moreover, in this case, these data cannot be considered strictly
quantitative due to the polydispersity of the samples; however, they allow us to
adequately estimate, together with TEM and "H-NMR data, the ligand density. Notably,
we managed to achieve a similar ligand density by adopting the same gold-to-thiol ratio,
ensuring a rational and controlled study on the effect of the length and the hydrophobicity

of the ligand on the antiviral mechanism of action.

Sample Organic content% Ligand density (nm?)
MBS AuNPs 10.68% 3.33
MPS AuNPs 12.50% 4.66
MOS AuNPs 16.18% 4.43
MNS AuNPs 16.52% 4.39
MDS AuNPs 17.95% 5.44
MUS AuNPs 17.12% 5.70
MPS OT (22%) AuNPs 12.35% 4.04
MPS OT (35%) AuNPs 11.67% 3.20

Table 2. AuNPs organic content percentage obtained from TGA analysis and estimated
ligand density.

Beyond this, TGA data were also exploited for determining the ligand ratio of the
bifunctional AuNPs, since the two ligands decompose at different temperature. Herein,
are reported the TGA graphs of MPS AuNPs alone or covered with OT (Figure 2.4)
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Figure 2.4 TGA results of MPS, MPS OT(22%) and MPS OT(35%) AuNPs. TGA analysis
was performed under N2 flow heating up from 30 °C to 900 °C at a ramp rate of 10°C/min.

In particular, we can distinguish two different losses in mass: the first one around 200-
220 °C, corresponding to OT, and the second one approximately from 250 °C to 550 °C
corresponding to MPS. Moreover, comparing the two graphs of MPS OT AuNPs, it is
clear a distinct difference in the OT composition; in detail, the estimated values were ~
20% and 40%, which resulted to be overall in agreement with those extrapolated from
'"H-NMR. In fact, in order to avoid eventual overlapping effects of the thermal
decomposition of the two ligands, their actual ratio was also determined by 'H-NMR.
Herein, we adopted iodine etching since it did not affect the NMR spectra of our thiol-
capped AuNPs (as reported in the materials and method section). Alternatively, cyanide
etching or thermal decomposition may be also employed. In detail, in figure 2.5 are
shown the spectra of OT, MPS, and MPS OT AuNPs after etching in methanol-ds: for
MPS, the CH: groups next to -SH and SOs™ (2.51 ppm, 2.84 ppm) were considered, while
for OT the terminal methyl group (0.83 ppm). As it can be seen, the adjacent two peaks
(2.63-2.94 ppm) were integrated together (I2), and the OT % was calculated normalizing
the first peak (corresponding to the methyl group of OT) to three and subtracting the

contribute of the two OT protons:

The calculated OT content was around 22% and 35% for a feeding ratio of 33% and
55%, respectively. Based on these data, it is possible to conclude that the actual ligand

ratio does not perfectly match with the molar ratio adopted for the synthesis, and the
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observed trend indicates that the OT content results to be approximately 10%-20% less,

but, anyways, a positive correlation can be found.
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Figure 2.5 '"H-NMR spectra of OT, MPS and MPS OT AuNPs (feeding ratio 66-33%) in
methanol-ds. Herein, the peaks considered for the calculation of the OT% are highlighted.

2.1.3 Synthesis and characterization of gold nanoclusters

As a secondary project, a smaller system consisting in a series of AUNCs coated with
our ligands library was synthetized in order assess the importance of hydrophobic
interactions and evaluate the effect of the core size on the antiviral mechanism of action.
In the last years, AuUNCs have attracted a growing interest in many areas such as
sensing, catalysis, optics efc; interestingly, they show a “molecule like” behavior, serving

as a bridge between AuNPs and small molecules?'-2%3,

To date, several synthetic protocols have been developed and, herein, we adopted a
one pot method in which glutathione (glu, cys, gly), a biocompatible hydrophilic ligand,
serves as both reducing and capping agent and AuNCs were prepared by using a fixed
gold to thiol ratio and thiol to thiol ratio of 1.5 and 1, respectively. The reaction was
performed in water at 70°C and, firstly, the solution turned from pale yellow to

transparent, indicating the transition from Au (ll1) to Au (l) induced by the thiols, and then,
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to more intense yellow due to subsequent reduction to Au (0) favored by the elevated
reaction temperature. The obtained AuNCs resulted to be fluorescent, and their
absorption spectra did not show the surface plasmon resonance peak typical of AuUNPs
around 520 nm (Figure 2.6).

a) b)
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Figure 2.6 Schematic representation of the adopted one pot method for AuNCs
synthesis (a); UV-Vis spectra of our AuNCs library (b).
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To evaluate if the synthesis of our AUNCs was successfully achieved with all the ligands,
DLS and TEM analyses were performed and their core size, hydrodynamic diameter,
size distribution and shape were evaluated (Figure 2.7). The obtained DLS results show
that the presence of an amphiphilic ligand (i.e. MUS) is associated with an increase of
the hydrodynamic diameter (compared to GSH alone) and, moreover, a positive
correlation between the length of the ligand and the mean diameter can be noted,;
however, TEM results indicate that all the samples have overall a similar core size of ~
1.4 nm with a narrow size distribution and, consequently, the observed correlation can
be attributable to a larger hydration shell. In this regard, it is important to consider that
the imaging analysis software has a limit of resolution and, therefore, the obtained results

cannot be considered strictly accurate (< 1 nm).
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Figure 2.7 Normalized particles size distribution in terms of hydrodynamic diameter of
our AuNCs library in PBS (a) (DLS measurements were performed in triplicate) and the
calculated mean values are reported in the adjacent table (b). TEM micrograph (b) and
particle size distribution histogram of MNS GSH 1:1 AuNCs(c), scale bar 20 nm.

On the other hand, in order to evaluate if the used thiol-to-thiol ratio dictates the ligand
composition on the AuNCs surface and, therefore, to calculate the actual ligand ratio,
'H-NMR analysis was performed. In particular, in this case, it was estimated integrating
the peaks after the deconvolution of the spectrum with a Gaussian Lorentzian fit and the
corresponding values are reported in table 3. Overall, the obtained results show a rough
agreement between the feeding ratio and the actual ligand composition, with a slight
decrease of the MXS percentage for shorter ligands, confirming the same trend observed
for AUNPs.
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Sample GSH% MXS%
MOS:GSH 1:1 AuNCs 49 51
MNS:GSH 1:1 AuNCs 47 53
MDS:GSH 1:1 AuNCs 42 58
MUS:GSH 1:1 AuNCs 39 61

Table 3. Estimated ligand percentage values of the AUNCs library from 'H-NMR analysis.

2.2 Evaluation of the antiviral mechanism of action

In the previous chapters, we reported the synthesis and the characterization of two
different types of AuNPs: monoligand, capped with various sulfonated alkanethiols of
different length (4,5,8,9,10,11), and biligand, functionalized with a short sulfonated ligand
(MPS) and the hydrophobic linker OT. The systematic study on their antiviral mechanism
of action will be presented in this section, investigating first the effect of the length of the
HSPG-mimicking ligand, and then of the presence of the hydrophobic OT. To have a
complete and comprehensive view on this topic and explore the effect of the core, the
results of a parallel project focused on sulfonated cyclodextrins will be reported and a
comparative analysis between the two different systems will be also presented. Finally,
to further assess the importance of hydrophobic interactions and evaluate the effect of
the core size, we will discuss the antiviral activity of the designed AuNCs. Herein, we
used HSV-2 as HSPG-dependent virus model.

2.2.1 Effect of the length of the ligand

To evaluate the anti-HSV-2 activity of our monoligand AuNPs, dose-response assays
were firstly performed, pre-treating each sample with HSV-2 1 h before adding this
mixture to the cells. In figure 2.8 are showed the resulting dose response curves and in

table 4 the respective ECso values.

All the samples significantly inhibited HSV-2 infection with nanomolar ECs, values; in
detail, a slight decrease of this latter with the increase of the length of the aliphatic chain
can be observed, however this trend can be considered negligible since this parameter
could be affected by several factors such as viral titer, human error, cells etc. Therefore,

we can assume that all the samples have approximately a similar inhibitory activity.
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Sample Length ECso (ug/ml) ECs0 (uM)
MBS AuNPs 4 2.051 (1.767-2.375)  0.018
MPS AuNPs 5 1.677 (1.340-2.094) 0.012
MOS AuNPs 8 1.063 (0.810-1.388)  0.0099
MNS AuNPs 9 0.784 (0.605-1.018) | 0.0040
MDS AuNPs 10 0.865 (0.708-1.057)  0.0030
MUS AuNPs 11 1.030 (0.756-1.396) = 0.0021

Table 4. Inhibitory activity of monoligand AuNPs against HSV-2. 50% effective
concentration (ECso) values were calculated with GraphPad Prism. The molecular weight
of AuNPs was estimated with AUC.

MUS AuNPs
< MDS AuNPS
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2 = MNS AuNPs
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e
1000
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Figure 2.8 Dose response curves of monoligand AuNPs against HSV-2. The virus was
pre-mixed with increasing concentration of the compound for 1 h at 37 °C and then added
to cells.

On the other hand, a completely different trend was found for cyclodextrins: in figure 2.9
are reported the dose reponse curves of cyclodextrins functionalized with 7-11 carbon
sulfonated alkyl chains, synthetized and tested in our group. As it can be seen, the
inhibitory activity decreases with the length of the aliphatic chain, and a significant
difference can be observed from CDS8. The reasons for this particular behaviour are still
not known, but the different core, spatial conformation and solubility may play a key role.
In particular, we have noted that by switching the core of the system, the solubility
changes. In fact, while the alkanethiols capped AuNPs exhibit a similar solubility in the
aqueous medium, for the functionalized cyclodextrins this parameter was found to be

influenced by the length of the aliphatic chain. On the basis of this consideration, it is
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possible to hypothesize that these solubility variations could determine changes in the
binding free energy (AG= Gpound-Gsolution); therefore, given their lower water solubility,
longer aliphatic chains functionalized cyclodextrins may be associated with a higher
binding constant, and, consequently, lower ECs, values. In fact, the binding free energy

is related to the binding constant (Ks) via the following equation:
AG = —RTInKjy

where R is the universal gas constant and T the temperauture in Kelvin. Conversely,
alkanethiols capped AuNPs should have a similar binding affinity towards viral particles
ascribable to their comparable water solubility. Thus, in the light of these observations it
can be concluded that the electrostatic interactions occurring between the sulfonate
groups of AuNPs and the basic amino acids of viral proteins could represent the main

driving force for AUNPs recognizing and binding to viral particles.

100 ®
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Figure 2.9 Dose response curves of functionalized cyclodextrins against HSV-2. The
virus was pre-mixed with increasing concentration of the compound for 1 h at 37 °C and
then added to cells.

As reported in the previous section, several sulfonated materials have shown inhibitory
activity against HSV-2 infection; however, this effect was found to be virustatic, reversible
upon dilution. Therefore, our compounds were then evaluated for their mechanism of
action. To this end, a virucidal test was performed: in detail, it consists in the pre-
treatment of the virus with the compound at its ECqgg for 1 h at 37 °C, followed by the
addition of this mixture to cells, performing serial dilutions (Figure 2.10). A compound is

considered virucidal if it causes a reduction of at least 2 log unit in the viral titer.
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Figure 2.10 Schematic representation of the performed virucidal assay. HSV-2 (PFU
10°) was pre-incubated with AuNPs for 1 h, the resulting mixture was diluted and added
to cells, performing serial dilutions.

In figure 2.11 are reported the results of the performed virucidal assays: the AuNPs
functionalized with short aliphatic chains, such as MBS and MPS, resulted to be virustatic
with almost full recovery of viral infectivity, whereas the particles functionalized with long
ligands (starting from MOS) showed a virucidal mechanism, without a significant

recovery of infectivity upon dilution.

Based on the molecular dynamics simulations previously performed on MUS AuNPs and
HPV-16 capsid, we can assume that this virustatic activity observed for the shorter
ligands can be ascribed to their lower flexibility'®; in fact, the presence of a flexible linker
could enhance the multivalent capability of AuNPs by increasing the contacts and binding
chances to viral particles. Moreover, given its flexibility, this system can easily adapt to
its substrate overcoming the limitations arising from steric hindrance®**. On the other
hand, AuNPs coated with less flexible linkers such as MPS and MBS establish a lower
number of Coulomb contacts with viral particles; therefore, they may not be able to lead
to the development of a fast multivalent binding capable, in its turn, of generating strong
forces on the capsid and, consequently, its breakage, as it was observed for MUS

AuNPs.
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Figure 2.11 Virucidal activity of monoligand AuNPs. Each compound was pre-treated
with the virus (PFU ~10°) and incubated for 1 h at 37 °C. Then, the mixture was added
to Vero E6 cells performing serial dilution. The control without sample was used for
calculating the viral titer on the base of the number of formed plaques.

Furthermore, interestingly, the obtained data indicate that all the virucidal AuNPs exerted
a similar effect despite the different length of the ligand, suggesting that a minimum
length is required for a virucidal mechanism of action, without significantly affecting the
antiviral potency. These results are in agreement with the model proposed by Kane
regarding the thermodynamic behind the influence of the length of the linker in
multivalent systems; in particular, it is assumed that for long and flexible ligands, their

binding free energy weakly depends on their length?®®.

Despite all the alkanethiol capped AuNPs exhibited a great inhibitory effect, there are
significative differences in their antiviral mechanism of action. On the other hand, in
figure 2.12 are reported the results of the virucidal assay performed on functionalized
cyclodextrins. As we can see, in this case, unlike AuNPs, the minimum chain length
required for an irreversible effect is 9, and a weaker inhibitory activity is associated with

a virustatic mechanism of action.

However, beyond these considerations, indeed, another important role is played by the

hydrophobic interactions, and it will be discussed in the following section.
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Figure 2.12 Virucidal activity of functionalized cyclodextrins. Each compound was pre-
treated with the virus (PFU ~10°) and incubated for 1 h at 37 °C. Then, the mixture was
added to Vero EG6 cells performing serial dilution. The control without sample was used
for calculating the viral titer on the base of the number of formed plaques.

2.2.2 Effect of the hydrophobicity

Based on the results reported in the previous paragraph showing that short alkyl chains
(MPS-MBS) are associated with a virustatic activity, we synthetized MPS OT AuNPs
(with increasing content of OT, 22%-35%) in order to evaluate the effect and the
importance of hydrophobicity for a virucidal mechanism of action.

Dose response curves against HSV-2 are reported in figure 2.13, and in table 5 the

respective ECso values, in comparison with MPS AuNPs.

Sample ECso (ug/ml) ECso (uM)
MPS AuNPs 1.677 (1.340-2.094) 0.012
MPS OT (22%) AuNPS  0.081 (0.067-0.097) 0.00044
MPS OT (34%) AuNPs  0.180 (0.140-0.231) 0.00085
Table 5. Inhibitory activity of MPS and MPS OT AuNPs against HSV-2. 50% effective

concentration (ECso) values were calculated with GraphPad Prism. The molecular weight
of AuNPs was estimated with AUC.
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Figure 2.13 Dose response curves of MPS and MPS OT AuNPs against HSV-2. The
virus was pre-mixed with increasing concentration of the compound for 1 h at 37 °C and
then added to cells.

The conjugation with OT leads to an enhanced inhibitory activity, however, as previously
discussed, this difference should not be considered strictly significative since the ECso
value can be influenced by several parameters such as the viral titer, competency of
cells etc. In this case, we can hypothesize that with respect to hydrophilic linkers, OT
should pay a lower entropic penalty in the aqueous environment and, therefore, the
binding process may be driven by a more negative energy of binding with consequent

lower dissociation constant and ECsp values.

The compounds were then evaluated for their mechanism of action and the virucidal
assay was performed; in figure 2.14 are reported the results together with the
monoligand AuNPs. It is clearly shown that the presence of OT strongly improves the
antiviral activity of MPS AuNPs, switching their mechanism of action from virustatic to
virucidal. In fact, MPS AuNPs are associated with a less than one log reduction in the
viral titer, whereas MPS OT (22%) and MPS OT (35%) lead to a 2.5 log and almost 4 log
reduction, respectively, indicating a positive correlation between the antiviral potency

and the hydrophobic content.
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Figure 2.14 Comparison between the virucidal activity of MPS OT AuNPs and
monoligand AuNPs. Each compound was pre-treated with the virus (PFU ~10°) and
incubated for 1 h at 37 °C. Then, the mixture was added to Vero E6 cells performing
serial dilution. The control without sample was used for calculating the viral titer on the
base of the number of formed plaques.

The obtained results highlight the importance of the hydrophobic interactions for a
virucidal mechanism of action, clearly demonstrating that this latter can also be achieved
with a short HSPG-mimicking ligand, if a hydrophobic linker is present. In fact, in addition
to the electrostatic interactions that are essential for AuNPs binding to viral particles, the
presence of a hydrophobic ligand such as OT can further increase the contacts with the
viral proteins by interacting with their hydrophobic portions; consequently, the lower
number of coulombic contacts ascribable to less flexible ligands can be compensated
and a multivalent and more stable binding can be established, leading to stronger

mechanical stresses and distortions on the viral capsid/envelope'®®.

2.2.3 Antiviral activity of gold nanoclusters

To further assess the importance of hydrophobic interactions and evaluate the effect of
the core size on the antiviral mechanism of action, the synthetized library of AUNCs was
tested against HSV-2. In figure 2.15 are reported the dose response curves determined

via a plaque reduction assay, and in table 6 the respective ECso values.
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Figure 2.15 Dose response curves of MXS GSH AuNCs against HSV-2. The virus was
pre-mixed with increasing concentration of the compound for 1 h at 37 °C and then added
to cells.

Sample Length ECso(ug/ml)

MOS GSH AuNCs 8 1.974 (1.397-2.801)
MNS GSH AuNCs 9 1.569 (1.108-2.230)
MDS GSH AuNCs 10 0.902 (0.765-1.065)
MUS GSH AuNCs 11 0.905 (0.637-1.252)

Table 6. Antiviral activity of MXS GSH AuNCs against HSV-2. 50% effective
concentration (ECso) values were calculated with GraphPad Prism.

The obtained data further confirmed the importance of the presence of the sulfonate
group for AuNPs recognizing and binding to viral particles. In fact, as expected, all the
samples greatly inhibited HSV-2 infection in vitro, showing a similar trend as that
observed for AuNPs, even if with a weaker activity, ascribable to a lower sulfonate

density and contact area.

On the other hand, different results emerged from the virucidal assay (Figure 2.16). In
this case, the experiment was performed in two different conditions: one hour and three

hour incubation after pre-treating the virus with AuNCs.
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Figure 2.16 Virucidal activity of MXS GSH AuNCs. Each compound was pre-treated with
the virus (PFU ~10°) and incubated for 1 h at 37 °C. Then, the mixture was added to
Vero E6 cells performing serial dilution. The control without sample was used for
calculating the viral titer on the base of the number of formed plaques.

As it can be seen, interestingly, we found that for long alkyl chains (MDS and MUS) the
virucidal activity was not much affected by the presence of GSH and the size of the core,
whereas a trend reversal was observed for shorter ligands (MOS and MNS), in
comparison with the corresponding AuNPs. Moreover, the same results were obtained
by increasing the pre-treatment incubation time from 1 to 3 h. These data clearly confirm
that the chemical features of the ligand are strongly correlated with the antiviral
mechanism of action. In fact, we can suppose that GSH acts oppositely to OT; therefore,
MOS and MNS, being less flexible and hydrophobic, may require a lower GSH content
to develop a strong multivalent binding and exert an irreversible effect. Moreover, the
hydrophilic GSH may to lead a higher dissociation constant in the aqueous medium.
Beyond this, based on the virucidal data reported for the three different systems, we can
hypothesize that the cut-off length required for an irreversible effect may be correlated

with the size of the core, but a more detailed study is indeed required.

3. Conclusions

In this study, we have demonstrated that the antiviral mechanism of action of sulfonated
ligand coated AuNPs is strongly influenced by their chemical structure. Our aim was to

rationally design HSPG mimicking platforms in order to evaluate the effect of the flexibility
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and hydrophobicity of the linkers and identify the structural parameters required for a
virucidal effect. Therefore, we successfully synthetized AuNPs capped with sulfonated
alkanethiols of different length via one phase method, obtaining a similar ligand density.
In dose-response assays, all the samples inhibited HSV-2 infection with nanomolar ECso
values, without significant differences. However, the performed virucidal assays reveled
that the AuNPs with short chain length exerted a reversible inhibitory effect, with almost
full recovery of viral infectivity upon dilution, whereas the elongation of the aliphatic chain
was associated with an irreversible inhibition; moreover, it was noted that the antiviral
potency of the virucidal samples was not significantly affected by the length of the alkyl
chain. On the other hand, we found that the presence of a hydrophobic ligand such as
OT could switch the antiviral mechanism of action of the virustatic AuNPs from reversible
to irreversible, and a positive correlation between the OT content and the virucidal effect

was observed.

On the basis of these considerations, we can conclude that the presence of sulfonate
groups is essential for AUNPs recognizing and binding to viral particles; however, these
electrostatic interactions may be not strong enough to lead to an irreversible effect.
Therefore, the flexibility and the hydrophobicity of the linkers were found to play a key
role, enhancing the contacts between our HSPG mimicking system and viral particles.
This latter allowed the development of a strong, multivalent binding with consequent

capsid rupture.

This work opens the doors to a rational design of novel virucidal agents, unravelling their
mechanism of action and identifying the structural and chemical features essential for a
virucidal effect. Future studies will be addressed to understand if these structure-activity
relationships can be translatable to other HSPG-dependent viruses or they differ in some

aspects.
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ABSTRACT

(Italian version)

Negli ultimi anni un crescente interesse & stato rivolto verso nuove tecnologie per lo
sviluppo di soluzioni terapeutiche efficaci. In tale contesto si inquadra il presente lavoro
di tesi focalizzato sulla progettazione di sistemi innovativi per applicazioni biomedicali
quali drug delivery e drug discovery. A tale scopo, una particolare attenzione & stata
rivolta ad approcci bioispirati per lo sviluppo di materiali intelligenti multifunzionali adatti
ad interagire adeguatamente con sistemi biologici. La natura costituisce una fonte
d’ispirazione per scienziati e studiosi, offrendo esempi di strutture eleganti e complesse.
Traslare questi principi nel design di sistemi ingegnerizzati rappresenta una strategia

promettente con un enorme potenzialita in campo farmaceutico.

Il presente elaborato & suddiviso in due sezioni. La prima sezione & incentrata sullo
sviluppo di formulazioni farmaceutiche per il rilascio sito-specifico di farmaci nella terapia
antitumorale e per il trattamento topico di malattie dermatologiche. In particolare, nel
primo capitolo viene presentata la progettazione e la caratterizzazione di un idrogel
termo-responsivo multifunzionale per il rilascio controllato e selettivo di un farmaco
chemioterapico quale il cisplatino. Le caratteristiche chimico-fisiche favorevoli e I'effetto
antineoplastico in linee cellulari di carcinoma ovarico, anche cisplatino resistente, hanno
evidenziato le grandi potenzialitd di questo sistema per la chemioterapia
intraperitoneale. Nel capitolo Il viene invece presentato un approccio innovativo per la
preparazione di formulazioni topiche per il rilascio della ciclosporina A nel trattamento
della psoriasi. In particolare, nanoparticelle lipidiche solide basate su due sostanze
bioattive quali la naringenina e I'acido linoleico sono state usate come carriers e
incorporate in gel a differente grado di lipofilicita utilizzando sostanze funzionali quali la
silice colloidale e I'acido ialuronico e agenti gelificanti come il Poloxamer 407 e il
Carbopol. Risultati promettenti sono stati ottenuti dagli studi di rilascio dermici e
transdermici; inoltre, le formulazioni hanno mostrato una buona attivita antiossidante e
antinfammatoria che potrebbe risultare estremamente utile nel trattamento della

psoriasi.

La seconda sezione & invece incentrata sulla progettazione di antivirali ad ampio spettro
sfruttando il ruolo svolto dall’eparan solfato nelle infezioni virali. In particolare, viene
presentata una strategia innovativa per il design di agenti multivalenti virucidi consistente

nell'utilizzo di nanoparticelle d’oro funzionalizzate con ligandi mimanti I'eparan solfato.
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In questo lavoro, una particolare attenzione & stata rivolta allo studio delle relazioni
struttura-attivita di questi sistemi e all'identificazione delle caratteristiche strutturali
richieste per un’attivita virucida. A tal fine, & stato valutato I'effetto della flessibilita,
lunghezza e idrofobicita dei ligandi, e delle dimensioni e tipologia di core. | risultati
ottenuti hanno permesso di capire e studiare al meglio il loro meccanismo d’azione,
ponendo delle basi solide per la progettazione e lo sviluppo razionale di composti

virucidi.
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