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In recent years, the use of nanotechnology for drug delivery purposes has witnessed
a very significant growth aiming to improve the efficacy and/or reduce toxicity of
existing drugs. This project aimed to design hyaluronic acid (HA)-coated chitosan-
triphosphate (TPP) nanoparticles applicable for the delivery of genetic payload, and
predominantly focused on the study of chitosan molecular weight-dependent effects.
Firstly, we explored the effect of chitosan molecular weight (MW) on the physico-
chemical characteristics and morphology/structure of chitosan-TPP nanoparticles
and their functional behaviour. Combining dynamic light scattering and atomic
force microscopy analysis allowed to highlight the influence of chitosan MW on the
porosity, environmental response and HA adsorption of the resulting particles. For
example, increasing chitosan MW provided increasingly porous nanoparticles. Upon
coating with HA, HA showed a different adsorption mode depending on the
nanoparticle porosity (and therefore on chitosan MW), with deeper penetration in
more porous nanoparticles and the formation of an HA corona for less porous ones.
This different mode of HA adsorption on nanoparticles appears to largely influence
the enzymatically triggered payload release from the nanoparticles, the protein
adsorption on the surface of the nanoparticles and also to affect the overall stability
of the nanoparticles.

As a spin-off of this study, we became interested in the effect of the different mode
of HA adsorption described earlier on the way HA is presented to phagocytic cells
(264.7 RAW macrophages), and therefore on the kinetics and possibly also on the
mechanism of nanoparticles uptake. Here, we provide conclusive evidence that HA-
coated nanoparticle internalisation is a CD44-mediated phenomenon. Interestingly,
our data suggest that a better presentation of HA, i.e. hyaluronic acid less tightly
complexed on the nanoparticle surface, is linked to both higher affinity and lower
capacity/uptake rate. Paradoxically, particles with a lower affinity for CD44 may
allow a more efficient HA-mediated delivery of payloads.

Finally, we investigated the feasibility of CD44-dependent therapeutic approaches
using HA-coated nanoparticles made from different chitosan MWs with or without a
nucleic acid payload. The physico-chemical characteristics and nucleic acid
encapsulation efficiency were compared. Transfection efficiency in cells
characterised by a significantly different expression of CD44 and the possibility for
the HA-coated nanoparticles to exert a direct anti-inflammatory effect were also
analysed. HA-coated nanoparticles allowed successful entrapment and delivery of
both siRNA and pDNA, with significant effects of the nanoparticle bulk structure
(i.e. chitosan MW). We also showed an unprecedented anti-inflammatory effect of
HA-coated nanoparticles devoid of any payload, which was more potent than the
effect resulting from soluble HA. We speculate that the different organisation and
possibly different crowding and mobility of HA chains may give rise to significant
effects on macrophage inflammatory activation possibly arising from clustered
binding to HA receptors such as CD44. These results indicate the potentiality of
CD44-mediated therapies using HA-coated nanoparticles.
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Chapter One

Chapter One
Introduction

1.1 Nanotechnology

Nanotechnology is defined as the design, characterisation and production of organic
or inorganic materials, structures, devices, and systems by controlling their shape
and size within the scale of sub-micron dimensions [1, 2].

The origin of this discipline can be traced to the famous talk delivered by Nobel
Prize winner physicist Richard Feynman to the American Physical Society in
Pasadena on December 1959 “There’s plenty of room at the bottom”. The talk was
the spark that inspired scientists to explore the possibilities offered by engineering
matter at an atomic/nano scale; since then, interest and research on nanotechnology
and nanoscience has witnessed an unparalleled growth, often beyond the original
expectations. For example, Feynman concluded his talk with a challenge of writing
the entire Encyclopaedia Britannica on the head of a pin, which was achieved 25
years later by Stanford graduate student Tom Newman [3, 4].

The last thirty years have also seen the birth of a number of analytical methods, e.g.
scanning probe techniques such as scanning tunnelling microscopy (STM) and
atomic force microscopy (AFM), which enable scientists to image and manipulate
materials at a molecular and atomic level [5, 6]. Further, a number of techniques now
allow the fabrication of nano-size materials also controlling their shape [7]. Through
the development of these tools, nanotechnology has now applications in a variety of
fields such as catalysis, coating, sensors; in this work, we will specifically focus on
the emerging field of nanomedicine, where nano materials are used either as imaging
or therapeutic agents, respectively for diagnostic and therapeutic purposes [2, 7].
Under this umbrella, the term “nanoparticle” refers to any object with a dimension
where Brownian motion overwhelms gravity (1-1000 nm), and additionally has a

prevalently elastic behaviour [2].
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1.2 Nanomedicine

Nanotechnology has the potential to significantly improve medical sciences both in
the aspects related to in vitro and in vivo diagnosis and in those related to the ability
to treat diseases. Additionally, the applications of nanotechnology in medicine are
not limited to the above and extend to the manufacture of advanced biocompatible
and bioresponsive materials as well as those related to human general well-being,
e.g. with the development of nutraceuticals [8].

The application of nanotechnology to drug delivery aims to improve the cell or tissue
specificity of any targeting action, widening the therapeutic window of a drug
(reducing its toxicity while maintaining its therapeutic effects), enhancing the
physico-chemical properties of drugs (such as solubility/dispersability in biological
environment), controlling the release of the entrapped drug, intracellular delivery of
macromolecules to the site of action, co-delivering of two or more drugs for
combination therapy, and the combination of therapeutic agents with imaging agents
to visualise sites of drug delivery [8, 9]. These aims could be achieved with the aid

of drug carriers of submicron dimensions (nanocarriers).

1.3 Nanocarriers

A variety of nanocarriers (bearing dissolved, encapsulated and linked drugs) have
been developed for drug delivery purposes (Figure 1- 1): for example, self-
assembled carriers with vesicular (liposomes, niosomes or polymeric vesicles) or
micellar morphology (polymeric micelles), nanoparticular aggregates (made of
lipids, hydrophobic polymers, hydrogels), single molecules (dendrimers, carbon

nanotubes, linear polymers), viruses and inorganic core-shell nanoparticles [10].
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Polymeric Polymeric Dendrimers
NPs micells

Liposomes Viral-based Carbon
NPs nanotubes

Figure 1- 1 Fundamental types of nanocarriers for drug delivery. Taken from [10].

Polymeric nanoparticles carry active principles dispersed throughout the polymeric matrix
(A) Polymeric micelles are assembled from amphiphilic polymers (B). Dendrimers are
branched polymers typically symmetric around a central core (C). Liposomes consist of one
or several phospholipid bilayers surrounding an aqueous core (D). Viral nanoparticles are
symmetric protein cages surrounding an active principle (E). Carbon nanotubes are aromatic
rings spatially arranged to form carbon cylinders (F).

Nanoparticles. Nanoparticles are often based on polymers of either natural or
synthetic origin. Natural biopolymers include albumin, chitosan, hyaluronic acid
and alginic acid; the most common example of synthetic polymers is offered by
biodegradable polyesters, such as PLA (poly(lactic acid)) or PLGA (poly(lactic-co-
glycolic acid)) [10]. Structurally, polymeric nanoparticles can be divided into two
subclasses, (1) nanospheres where a drug is more or less homogeneously dispersed
all the way through the particles [10, 11], (2) nanocapsules which are a type of
vesicular system where the drug is in a cavity bordered by a polymeric membrane
[11].

Nanoparticles can also be made from lipids characterised by a melting point above
room temperature, that yield solid lipid nanoparticles (SLNs). Examples of such
lipids are triglycerides (e.g. tricaprin) and fatty acids (e.g. stearic acid). A SLN is
generally composed of a solid hydrophobic core stabilised by a surfactant (e.g.

Poloxamer 188). The most important advantage of SLN over polymeric
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nanoparticles is the lower toxicity emerged from the use of physiological lipids [12,
13].
Polymer micelles for drug delivery are self-assembled from amphiphilic block
copolymers in which the hydrophilic shell region stabilizes a hydrophobic core that
serves as a reservoir for hydrophobic drugs, which are normally difficult to
formulate due to poor solubility in water. The amphiphilic nature of these
nanocarriers renders them water-dispersable and appropriate candidates for 1V
administration [14, 15]. Polymer micelles are specifically interesting due to their low
values of Critical Micellar Concentration, which allows for a higher stability against
dilution. Therefore, polymer micelles have been used to encapsulate a large variety
of highly potent but hydrophobic drugs [10].
Dendrimers. Dendrimers are synthetic polymers that exhibit a three dimensional
structure composed of highly branched monomers which spring from a central core.
In general, dendrimers are symmetrical and the degree of branching can be modified
which offers the possibility to create an active site core via chemical modification of
the end groups. For example, water soluble dendrimers with hydrophobic cores can
be synthesised by functionalisation of their end groups with carboxylic acids. This
easily modifiable surface enables dendrimers to be conjugated with several
molecules simultaneously such as therapeutic agents or targeting ligands.
Multivalency and monodispersity are additional advantages of dendrimers [10, 16].
Liposomes. Liposomes are lipidic vesicles, formed by one or several phospholipid
bilayers surrounding an aqueous core. They are biocompatible, biodegradable and
suitable for the delivery of hydrophilic and hydrophobic compounds [17].
Hydrophilic compounds can be encapsulated in the aqueous core while hydrophobic
compounds may be contained in the phospholipid bilayers. Currently, several
liposomal drug formulations have been approved for the treatment of a variety of
diseases [18]. Among these, Doxil, a liposomal formulation of doxorubicin for the
treatment of metastasised breast cancer and Daunoxome, a liposomal formulation of
daunorubicin for the treatment of AIDS related Kaposi’s sarcoma [10, 11, 16].
Viral nanoparticles. Viruses such as the Cowpea mosaic virus, Cowpea chlorotic
mottle virus and bacteriophages have been utilised for targeted drug and gene
delivery. Viral nanoparticles are well-characterised, monodisperse structures which
can be produced in large scale. Their structures are highly symmetrical and therefore
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they can be regarded as one of the most versatile and advanced naturally occurring
nanomaterials. Viruses consist of a protein coat (capsid) that surrounds their genetic
material. Capsid aids binding, internalisation and delivery of the encapsulated
material into the target cell by interacting with specific cell surface receptors enable
an efficient and organized delivery. Using genetic or chemical means, a number of
peptides and molecules can be displayed on their surfaces such as transferrin, folic
acid and antibodies for active targeting in vivo [10, 19, 20].

Carbon nanotubes. Carbon nanotubes are basically carbon cylinders composed of
aromatic rings that have been considered broadly, including vaccine and protein
delivery. Structurally, they can be classified into two main categories: single and
multi-walled carbon nanotubes where they consist of one or several concentric
graphene sheets respectively. The main limitation to their use in nanomedicine is
their hydrophobicity and consequently their lack of solubility in solvents compatible
with the biological milieu. However, they have large surface area and therefore they
can be easily functionalised to tune solubility and to be linked to a variety of active
principles. In general, biocompatibility of carbon nanotubes has been improved
reducing their size and by functionalisation. Furthermore, carbon nanotubes can be
modified to carry multiple molecules at once which is beneficial to drug delivery
[10, 16].

1.4 Overcoming physiological barriers for effective delivery

For safe and effective drug delivery, nanocarriers have to overcome many
physiological barriers especially for those intended for systemic administration [21,
22]. Although localized drug delivery offers several advantages, including higher
bioavailability and fewer side effects, many tissues in the body can only be reached
through systemic administration of delivery agents into the bloodstream. Post
administration, nanocarriers have to cross biological membranes (e.g. mucosae,
blood vessel walls) and navigate the circulatory system of the body, while avoiding
aggregation caused by serum proteins, uptake by phagocytes, kidney filtration and
degradation of the payload by endogenous enzymes. At the target site, nanocarriers

must be able to cross the vascular endothelial barrier, diffuse through the
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extracellular matrix, enter the target cell and eventually deliver the payload to the
targeted intracellular site [21, 22]. Typically, no nanocarrier can passively permeate
through cell membranes in an intact form; on the contrary they are internalised (and
sometimes expelled) through energy-dependent mechanisms. In particular, we focus
our attention on internalisation mechanisms, which go under the general name of

endocytic phenomena.

1.4.1 Endocytic mechanisms
Endocytic mechanisms are generally divided into two main groups: phagocytosis or

pinocytosis (Figure 1- 2).

A Phagocytosis B Clathrin-mediated C Caveolae-mediated [) Macropinocytosis E  Other clathrin- and
endocytosis (CME) endocytosis (CYME) cavoelae- independent
endocytosis

Legend: =Z_ Actin -~ Opsonin \__ Clathrin lattice  ){ Caveolindimer o Dynamin

Figure 1- 2 nanocarriers endocytosis pathways in mammalian cells. Taken from [11].
Phagocytosis is an actin-dependent mechanism occurring mainly in professional phagocytes
(e.g. macrophages) (A). Clathrin mediated pathway depends on the GTPase dynamin and the
formation of clathrin lattice (B). Caveolae-mediated pathway depends on the formation of
flask-shaped and caveolin-coated invaginations of the plasma membrane and it is also
dependent on dynamin (C). Macropinocytosis is a poorly selective, actin dependent pathway
for nanocarriers uptake (D). Other endocytic pathways independent of both clathrin and
Caveolae may be involved in nanocarriers internalisation (E).

Phagocytosis is restricted to specialised mammalian cells, including macrophages,
neutrophils and monocytes [23]. Other cell types also display some phagocytic
activity such as endothelial, epithelial and fibroblast cells [24]. It serves as a
significant immunological barrier as it is responsible for the defence against
infectious agents or materials recognised as foreign bodies [11, 21]. In general,

nanocarriers must avoid phagocytosis, since this allows for prolonged circulation in
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body fluids, which is a prerequisite for any targeted action. This endocytic pathway

can be described in four distinct steps, which are shown in Figure 1- 3.

A Opsonization B Adhesion and ingestion C Phagosome D Phagosolysosome

formation formation
g e ?

Legend: #7 Actin
Y  Immunoglobulin G llj Fey receptor

® Complement protein "‘r Complement receptor
t—, Other opsenins @» Enzyme pool

Figure 1- 3 Phagocytosis of nanocarriers. Taken from [11].

In the blood stream, nanocarriers undergo opsonisation by opsonins such as
immunoglobulins and complement proteins (A). Opsonised nanocarriers attach to the cell
surface receptors through specific receptor-ligand interactions initialising actin assembly and
carrier engulfment (B). The nanocarrier is internalised into phagosomes (C) that mature, fuse
with existing lysosomes and become acidified and form enzyme rich phagolysosomes where
carrier degradation occurs (D).

The first step is termed opsonisation; this is a process where nanocarriers dispersed
in a body fluid adsorb proteins called opsonins such as immunoglubulins IgG and
IgM, complement components (C3, C4, C5) and other serum proteins (fibronectin,
C-reactive protein, laminin, type-I collagen) [11, 25]. Opsonisation Kkinetics can be
very variable, as the protein adsorption can occur in a matter of seconds as well as in
many days [26].

The major receptors involved in this process are Fc receptors (FCR) and the
complement receptors (CR) [23, 27]. Other receptors can also be involved in
phagocytosis, and these include mannose/fructose, scavenger receptors and CD44
[28]. Upon binding of an opsonised nanocarrier to macrophage surface receptors, a
signalling cascade regulated by Rho-family GTPase is triggered, leading to actin
assembly which forms extensions on the cell surface that wrap around and internalise

the particle into a phagocytic vacuole (phagosome) [11, 29].
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The phagosome will carry the particle throughout the cytoplasm. Actin is then
depolymerised from phagosomes, which undergo a series of fusion and fission
events with late endosomes and lysosomes ending up as phagolysosomes [30].
Phagolysosomes have an acidic environment due to the presence of vacuolar proton
pump ATPase located in the membrane and acquire many enzymes that enhance
particle degradation. This enzymatic content is a key issue for the biodegradability of
synthetic polymeric nanoparticles. It can be exploited to ensure degradability which
aids to avoid toxicity accompanied by the accumulation of the internalised polymers.
Moreover the enzymatic content can be also exploited to produce an enzymatically
triggered release of the payload [11].

Since opsonisation makes the particles visible to macrophages and enables their
attachment to macrophage surface receptors, its avoidance lowers the chance of
immune recognition and enhances the blood residence time of nanocarriers. A
common way to reduce the extent of opsonisation is the chemical attachment of
poly(ethylene glycol) (PEG) to the circulating object (nanocarriers, but also
proteins). PEG chains present have negligible self-attractive forces while they are
much hydrated in aqueous environments. Therefore, they can act as a “’shield”’
preventing intimate contact of a nanocarrier surface with blood proteins including

opsonins [11, 31].

Pinocytosis is a non-phagocytic pathway that occurs in virtually all cells [11]. There
can be at least four morphologically distinct mechanisms, which differ in the size of
the vesicular compartments, the composition of the coat (if any) and the intracellular
fate of any internalised particles [11, 32].
A) Clathrin-mediated endocytosis (CME). occurs in all mammalian cells and
plays crucial physiological roles including the uptake of nutrients and intracellular
communication. CME is either receptor-dependent or independent. In both
mechanisms, endocytosed materials end up in degradative lysosomes. Lysosomal
biodegradation of drug-loaded nanocarriers may be tailored to ensure the release of
the drug intracellularly.
Receptor-dependent CME is important for drug-loaded nanocarriers bearing
targeting ligands on their surface considering that this mode of internalisation is
shared by a variety of ligand-receptor endocytosis mechanisms (e.g. transferrin and
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epidermal growth factor) [33, 34]. During internalisation, the ligand is strongly
bound to specific receptors on the cell surface in regions enriched with clathrin, a
key cytosolic coat protein that has a three-leg structure called triskelion (Figure 1- 4).
Triskelion can assemble in a polygonal lattice on the membrane forming clathrin-
coated pits (CCPs), which are clusters of ligand-receptor complexes of ~150 nm in
size. The CCPs then invaginate and pinch off from the plasma membrane by GTPase
dynamin to form clathrin-coated vesicles (CCVs), which carry the ligand-receptor
complexes into the cells. Depolymerisation of the clathrin coat results in (early or
sorting) endosome (pH ~ 6), where dissociation of the ligand-receptor complexes
occurs and receptor molecules are recycled for another round of delivery. Then the
early endosomes mature to late endosomes (pH ~ 5), which fuse with prelysosomal
vesicles containing acid hydrolases, generating an aggressive environment rendering
the internalised cargo prone to degradation [11, 33, 34].
In receptor-independent CME, internalisation occurs in a similar way to the
described above; however, the mode of interaction with the cell membrane differs.
Compounds internalised by this pathway usually display hydrophobic or non-
specific charge interactions with the membrane. Moreover, the internalisation rate is
slower than that of receptor-dependent CME [35].
B) Caveolae-Mediated Endocytosis (CvME). Caveolae are small (50-100 nm)
flask-shaped invaginations of the plasma membrane [36]. They are rich in
cholesterol and glycosphingolipids. Although caveolae are present in many cell
types, they are abundant in endothelial cells and play a key role in cholesterol
haemostasis and glycosphingolipids transport [37, 38]. Caveolins, a family of
cholesterol-binding proteins, are necessary for the biogenesis of caveolae [39]. In a
CVvME, particles associate initially with the cell membrane and become trapped in
caveolae. Then these are taken up into intracellular organelles called caveosomes
(Figure 1- 4). In contrast to the acidic and digestive nature of endolysosomal
compartments in CME, molecules internalised by caveolae are mostly transported to
the endoplasmic reticulum or Golgi apparatus without suffering a drop in pH or
lysosomal degradation [40]. Therefore, caveolae-mediated endocytosis is
advantageous for nanocarriers carrying drugs that are highly sensitive to enzymes
(e.g. peptides and nucleic acids). In general, caveolae are small in size, slowly
internalised and highly stable compared to clathrin—-mediated endosomes [11].
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C) Macropinocytosis. Upon stimulation by any mitogenic factor, Rho-family
GTPases trigger the actin driven formation of membrane extensions (ruffles). These
then collapse onto and fuse with the plasma membrane to form macropinosomes that
sample large volumes of extracellular milieu [11, 37]. Macropinosomes lose their
actin, and the intracellular fate of these vesicles is diverse depending on the cell type.
In macrophages, they become acidified and fuse with lysosomes, while in A431
human cells, they recycle most of their contents back to the cell surface without
fusing with lysosomes (Figure 1- 4) [33]. Being as large as 5 um in diameter,

macropinosomes are an efficient pathway for the non-selective endocytosis of
macromolecules [33].
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Figure 1- 4 Nanocarrier subcellular trafficking mechanisms following macropinocytosis,
clathrin-mediated endocytosis and caveolae-mediated endocytosis. Taken from [11].

Following macropinocytosis, macropinosomes are formed which either fuse with existing
lysosomes or recycle their content back to the cell surface (A). Internalisation through CME
leads to the formation of early endosomes which mature and become acidified to form late
endosomes. Eventually, late endosomes fuse with pre-existing lysosomes leading to the
degradation of the entrapped carrier (B). Caveolar vesicles are formed following CvME that

can fuse with caveosomes which are mostly transported to the endoplasmic reticulum or the
Golgi apparatus (C).
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Although this is yet a poorly understood field, some compounds have been shown to
be endocytosed by pathways distinct from clathrin and caveolae-dependent
endocytosis [11, 37]. Among these mechanisms, the most common appears to be the
clathrin-independent carriers and glycosylphosphatidylinositol anchor proteins (GPI-
AP)-enriched early endosomal compartments (CLIC/GEEC) pathway, which is
responsible for the endocytosis of carriers that are delivered to GPI-AP-enriched
early endosomal compartments (GEECs). This internalisation is thought to be
regulated by the small G protein cdc42, and the destination of the endocytosed
material appears to differ according to the cell type. In baby hamster kidney cells,
GPI-AP are transported to reducing late endosomes, while in Chinese hamster ovary

cells, they reach recycling endosomes [41].

1.5 Factors affecting nanocarriers fate in vitro and in vivo

Generally, successful drug delivery correlates well with the toxicological and
pharmacological parameters of the nanocarriers such as the maximal tolerated dose,
selectivity and residence time in the blood circulation. All these parameters depend
on the physicochemical characteristics of the nanocarriers [11, 21, 42]; hereafter,
factors affecting nanocarriers fate at the systemic as well as the cellular level will be

discussed.

Size. The size of a nanoparticle can modulate Kinetics, sensitivity and in some cases
intensity of its interactions with the surrounding environment [2, 11, 21].

A) Diffusion coefficient and surface to volume ratio are inversely related to the
nanocarrier size. This means the smaller a nanoparticle is, the quicker it can travel,
the less it is likely to sediment and the more sensitive to the surrounding
environment [2].

B) Particle size, along with surface composition, plays a major role in biodistribution
[21]. For example, nanocarriers must be larger than the dimension of the tight
junction between endothelial cells (a few nanometres) to avoid extravasation, while
they must be smaller than the minimal lumen of capillaries (4-8 pum) to avoid
embolisation [2]. In the presence of serum, there is a significant correlation between
particle size and protein adsorption: blood clearance and hepatic uptake of smaller

nanoparticles are generally lower than those of larger ones [43, 44]. Further, when
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the total surface exhibited by distinctly sized particles was adjusted to be constant,
proportionately higher levels of opsonin adsorption onto the surface of larger
nanoparticles was observed. This was explained by the surface of large nanoparticles
being less curved than small particles, providing geometric configuration to achieve
efficient adsorption [25]. Kidney clearance occurs typically for molecules of a size
less than 50 kDa (e.g. siRNA) [45]. Therefore, loading such payload into
nanocarriers with a hydrodynamic size > 10 nm can help avoiding glomerular

filtration and excretion in urine, thereby improving the payload circulation time.

C) Certain biological environments can be accessed via passive targeting, which is
usually a size-dependent phenomenon. Long-circulating nanocarriers are generally
supposed to be able to extravasate and accumulate in tumoural tissues, where they
could release their payload extra- or intracellularly. This effect of Enhanced
Permeation and Retention (EPR) stems from the rapid angiogenetic processes of
solid tumours, where hypervascularity is accompanied by the leaky character of
newly formed blood vessel: the resulting more porous walls allow the extravasation
of colloidal objects sized also hundreds of nanometers; on the other hand, the
reduced or absent lymphatic drainage typical of cancers decreases the likelihood of
their removal from the interstitial fluids, therefore increasing the permanence in the
tumour. This is a unique feature that allows drug nanocarriers to accumulate and
diffuse into tumoural tissues in a size selective manner [46].
D) The expression “macrophages can eat bigger than their head” is generally used to
highlight the phagocytosis tolerance for a wide range of sizes [47]. In general,
polymeric particles (e.g. polystyrene (PSt), poly(methylmetacrylate) and modified
cellulose) and liposomes follow the same pattern in phagocytosis regarding size
dependency [48-51], phagocytosis increases when particle size increases. However,
the surface properties in the case of liposomes seem to have the upper hand in
determining the extent and the rate of phagocytosis [52, 53].
Unlike phagocytosis, which occurs primarily in professional phagocytes, non-
phagocytic mechanisms may take place simultaneously in virtually all types of cells
and can vary accordingly. Therefore, it is difficult to sort the non-phagocytic
pathways in accordance with nanoparticles properties [11]. Although its impact may
vary upon the cell type [54], the size of nanoparticles may directly affect the mode of
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pinocytosis. For example, some studies have shown that CME is the major pathway
for nanoparticles with a size limit of around 200 nm. Surprisingly, as the size
increased, a shift to CvME uptake pathway became apparent [57]. This trend of size
dependency contrasts with the size of early endosomes, which have been reported to
be 100 nm for CME and 50-80 nm for CvME, formed as a result of fluid or
ligand/receptor complex internalisation [34, 37, 55, 56]. One suggested explanation
Is that solid nanoparticles may impose more mechanical influence on vesicle
formation [11]. Finally, macropinocytosis usually occurs associated with CME or

CvME with such size-selectivity [58].

Shape. There is significant evidence that particles shape can modulate their in vivo
distribution and circulation time after intravenous injection. For example, a study
showed that discoidal particles tend to accumulate less in the liver compared to their
spherical counterparts [59]. In addition, cylindrically shaped particles showed ten
times longer circulation time compared to spherically shaped particles [60]. These
findings suggest that modulating the shape could be used to improve in vivo
targeting of particles. Shallow curvature at the site of particle-cell contact triggers
phagocytosis most effectively. A study conducted on alveolar macrophages
suggested that initiation of phagocytosis is affected by local particle shape at the site
of initial contact. In this study, spherical particles which have shallow curvature
throughout their surface were efficiently taken up whereas ellipsoid-shaped particles,

which have such curvature only at a certain parts of their surface, were not [61].

The effect of particle shape on endocytosis has only been recently investigated.
However, the results were contradictory and any general dependency is still to be
determined. For example, spherical gold nanoparticles were found to be internalised
faster and more efficiently compared to rod or disk shaped particles [62]. On the
contrary, another study demonstrated favoured uptake of cylindrical or rod shaped
particles [63]. This can only be attributed to the predominance of other factors such
as the size, the surface properties and the nature of the nanocarrier. Intracellular
trafficking seems to also be affected by the shape of the internalised particle. A study
on layered doubled hydroxides (LDHSs) having rod-like or hexagonal shapes revealed
that, although both shapes were internalised by CME and escaped from endosomes,
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hexagonal LDHs were localised in the cytoplasm, while rod-like LDHs were
localised in the nucleus, probably via active transport mediated by microtubules.
This would be beneficial for the intracellular delivery of genes [64]. Finally, it is
worth mentioning that nanocarriers with dimensions of high aspect ratio such as rod-
like nanowhiskers or carbon nanotubes can enter cells in a non-energy dependent,

needle-like manner called nanopenetration .

Mechanical properties. Particles flexibility and deformability play a major role in
the biodistribution and circulation half-life of these particles. This effect was
demonstrated in many studies using soft and flexible particles that mimic red blood
cells (RBCs) which are able to deform and pass through pores and channels that are
smaller than their diameter (~ 8 pm) [65-67]. Particles prepared with higher
flexibility showed a much longer circulation half-life after intravenous injection and
were able to pass through small channels.

Flexibility of the nanoparticles has been proposed to improve the binding ability of
nanoparticles to the cell surface and increase the number of surface interactions with
the surrounding environment [37, 68]. Hydrogel particles have been used to study
the effect of flexibility on cellular uptake by altering cross-linking density. The
effect was described to be cell-type dependent. For example, macrophages have
shown increased sensitivity to stiff particles which can be linked to the fact that
pathogens (e.g. bacteria) have stiffer cell walls than the surrounding tissue [37],
whereas HeLa cells were shown to prefer soft particles [69].

Surface properties. In the presence of serum, the surface properties of the
nanoparticles will directly influence opsonisation and, in turn, the extent of
phagocytosis. Hydrophobic and ionic interactions are the two main driving forces
controlling protein adsorption onto the nanoparticle surface [52]. It has been
proposed that hydrophobic surfaces acquire higher level of protein adsorption than
hydrophilic ones [70]. Therefore, nanoparticles exhibiting hydrophilic polymers on
their surface (e.g. polyethyleneglycol (PEG) and polysaccharides) are able to repel
opsonins and enhance circulation time [71, 72]. In addition, it has been proven that

neutral or negatively charged nanoparticles have low rate of nonspecific cellular

32



Chapter One

uptake due to reduced plasma protein adsorption and, therefore, longer circulation
time [21].
Nanoparticles possessing positively charged surface (e.g. polysaccharide chitosan)
have better association with the cell membrane and internalisation rates, due to the
negatively charged character of the cell membrane [73]. Particle surface charge plays
a major role in the interaction with the endocytic vesicles due to low pH and the
presence of enzymes which could trigger the release of the payload in a responsive
manner.
Polycations are hypothesized to cause changes in endosomal volume, pH and
chloride conductance. Endosomal membrane vacuolar H*-ATPase pumps protons
inside endosomes. If certain materials with protonable (e.g. amine) groups are
sequestered in these acidic compartments, the transferred protons will be captured by
these groups and decrease the rate of acidification. This proton buffering leads to
further influx of protons, as well as their counter ions CI". An osmotic imbalance
occurs between the endosome and the cytosol, which in turn leads to a water influx
and endosomal swelling and rupture [74, 75]. This proposed mechanism is called the
“proton sponge” effect.
Although a positively charged surface of nanocarriers enhances membrane
association, internalisation and endosomal escape, those bearing a negative zeta
potential can show more specific and efficient uptake, especially when decorated
with targeting ligands (the strategy of molecular addressing). According to this
strategy, nanoparticles bearing ligands on their surface will be internalised through
the same endocytic mechanism as the ligand alone. Moreover, potentiality of
stronger cell interactions as compared to ligands alone results from the concentrated
ligands on the nanoparticles surface. This strategy has been investigated in order to
enhance delivery to a specific cell population and/or to control cellular
internalisation. For example, folic acid-decorated nanoparticles have shown a higher
affinity to folic acid receptors compared to free folic acids and showed preferential
nanoparticles uptake [76, 77].
Anionic polyelectrolytes can also facilitate endosomal escape through what is called
fusogenicity. Fusogenicity is the physical interaction between pH-sensitive
membrane destabilizers and endosomal membranes. Several anionic polyelectrolytes
undergo pH-induced hydrophilic-to-hydrophobic transitions and thus may penetrate
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into the hydrophobic tail region of the phospholipids bilayers causing pore formation
in the bilayers [75].

Bionano interface. Once the nanoparticles are exposed to a biological environment,
they interact with blood proteins and that creates a “protein corona” on the surface of
the nanoparticles [78]. This corona represents what is called the “bionano interface”
that the cell sees and interacts with. It is one of the determining factors of cellular
uptake, subcellular trafficking and biodistribution of nanoparticles [79, 80]. In a
biological environment, the cell interacts with a nano-architectured system composed
of a) the core (i.e. nanoparticle), b) a hard corona of slowly exchanging proteins
surrounding the core and c) a collection of rapidly exchanging and weakly
interacting proteins [81, 82]. Kinetically, the protein corona undergoes continuous
exchange with the surrounding environment; protein exchange occurs between the
nanoparticle surface and biological milieu (e.g. plasma), between the nanoparticle
surface and the cell surface and between the free protein molecules in the medium,
which have high affinity and can compete for the cell surface [82]. The biological
activity of nanoparticles is strongly affected by protein structure. Activity and native
structure of proteins can be affected by adsorption on the surface of nanoparticles
and this can trigger a distinct signal within the cells [83]. This phenomenon has been
exploited to modulate nano-objects targeting and biodistribution in two ways. First,
to engineer a surface that creates an interface that exhibits minimal interactions with
the surrounding milieu except for desired targets (e.g. PEGylated particles) [84].
Second, to design a surface that can attract certain proteins which can effectively
deliver the particle to its desired location; e.g. Tween 80 coated particles bound to
Apolipoprotein E (ApoE) in dispersion medium were as effective as ApoE grafted

particles for brain delivery [85, 86].

1.6 Polysaccharide-based nanocarriers

It is important that materials used in the preparation of nanocarriers can be
functionalised easily, in addition to being well characterised, biocompatible and

biodegradable [17]. As polysaccharides (polymers of monosaccharides joined by
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glycosidic bonds) possess these characteristics they are commonly used in the

preparation of nanoparticles for use in drug delivery [87].

Polysaccharides can be found in abundance in a diverse range of natural sources.
For example, alginate and carrageenan have algal origins; cellulose, pectin and guar
gum have plant origins; dextran and xanthan gum have microbial origins; and
hyaluronan, chondroitin and heparin have animal origins [88]. Correspondingly,
there are wide variations in the chemical composition of polysaccharides (Figure 1-
5) and in their physicochemical properties, including charge and molecular weight.
On the other hand, as common points all these polysaccharides are biocompatible,
stable, hydrophilic, and low in toxicity and have reactive sites available for chemical

modification [88, 89]. Furthermore, they have the advantage of being inexpensive.
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Figure 1- 5 The most commonly used polysaccharides in nanoparticles preparation for drug
delivery and their chemical structures. Taken from [87].

Derivatives with determined/tailored properties have been created from the above
polysaccharides via chemical functionalisation by predominantly using the free
carboxyl and hydroxyl groups found along the backbone of polysaccharides [90, 91];
by using a range of methods, including oxidation, sulfation or grafting of polymer
chains, the derivatisation has allowed to modify e.g. solubility, hydrophobicity and
biological properties of the functionalised polysaccharides [90].

It is worth mentioning that these materials often show bioadhesive properties,
particularly to mucosal surfaces, which is useful in targeting particular cells or

organs and extending the time of drug residence [87].

1.6.1 Chitosan-based materials

Chitosan, a copolymer of B -(1—4)-linked D-glucose-2-amine and N-acetyl-D-
glucose-2-amine (Figure 1- 5, top left), is a versatile biomaterial derived from the
alkaline deacetylation of chitin (essentially poly(p-1,4-N-acetyl-D-glucose-2-amine)
which is an abundant polysaccharide naturally present in the exoskeleton of insect
and crustacean shells which are the most common source of the commercial forms of
chitosan [92]. Chitin deacetylation is generally a heterogeneous and poorly
controlled process which can result in polymers with different proportions of
deacetylated D-glucose amine residues known as the degree of deacetylation (DD).
This means that chitosan is a generic name which can refer to a variety of polymers
with different molecular weight (MW) and DD, resulting in different physical,
chemical and biological properties [93]. Therefore, MW and DD are the key factors

to determine the applicability of chitosan as a biomaterial.

MW of chitosan correlates with the physical size of the polymer chains; since they
are generally coiled (at least at acidic pH), the correlation is generally quadratic (size

increasing with the square root of the MW). MW is an important factor that
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determines chitosan's solubility as increasing the MW will decrease the entropy of
mixing per mass unit [94]. Along with chitosan concentration, MW determines the
viscosity of  chitosan solution [94] which is commonly used to describe
commercially available chitosan. Additionally, larger MW appears to decrease the
complexation strength with oppositely charged macromolecules (e.g. nucleic acids)
[95, 96]; this is the likely cause of the larger hydrodynamic size of the nanoparticles
formed by higher MW chitosan with polyanions [97]. Chitosan has also been
reported to have antimicrobial activity that is MW dependent [92].
The pKa of chitosan primary amines is in the range 6.2-7, thus they are completely
protonated at a pH lower than 4.5 [98]. Due to this ionic character, chitosan is
soluble in aqueous solutions at acidic pH; on the other hand, the absence of
electrostatic repulsion at basic pH and the resulting formation of inter- and/or intra-
molecular hydrogen bonds are at the basis of the poor solubility of chitosan at neutral
or basic pH, where it typically crystallises [99]. However, since only the
deacetylated amino groups can be protonated, the positive charge density is highly
dependent on the DD of the polymer as well as the pH and the ionic strength of the
medium. Additionally, this process is more apparent for polymers with high MW,
while low MW chitosan typically shows some solubility at neutral pH (higher
contribution of the entropy of mixing). Other properties are affected by chitosan DD:
for example, mucoadhesion and cellular uptake of chitosan [100]. The higher is DD,
the higher is the adsorption through mucosal surfaces due to electrostatic interaction
with negatively charged cell membranes [101]. Additionally, chitosan’s DD can
influence the complexation and the release of polyanionic payloads, and it has been
demonstrated that high DD enhances the extent of complexation and retards the
release of the payload [102, 103]. As a result of the increased interactions with
polyanions, the materials obtained via polyelectrolyte complexation are more
compact (less porous) for higher DD; in the case of nanoparticles, this translates into
lower hydrodynamic size and higher surface charge [104, 105].
Biocompatibility and degradability of chitosan are also affected by DD [106].
Decreasing DD appears to have beneficial effects on cell viability in vitro: this is not
surprising if we consider the general toxicity of polycations, which on the other hand
is advantageous for the fight against many parasites, bacteria and fungi [107]. In
terms of degradability, since chitosan can be degraded by lysozyme through
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hydrolysis of its residual N-acetylated residues, the in vitro and in vivo enzymatic
degradation rates are inversely related to DD.

Having in mind applications in pharmaceutics, chitosan has gained approval in
Japan, Italy and Finland for dietary applications and its use in wound dressings has
been approved by the Food and Drug Administration (FDA) [108]. Chitosan-based
nanocarriers can be formed via a variety of preparation methods, including
desolvation method, reverse micellar method, emulsion droplet coalescence method
and both covalent and ionic cross-linking methods [109] ; the latter are probably the
most popular method, specifically in the ionotropic gelation with triphosphate (TPP),
due to the ease of performance and the versatility and biocompatibility of TPP [110].
These nanocarriers have been investigated in a range of routes of administration,
including oral, nasal, ocular, parenteral and transdermal delivery [87, 111]. More
specifically, most research is now focusing in antigen delivery, anticancer drug
delivery, peptide/protein delivery and gene delivery [111]; as a proof of the
popularity of these systems, almost 10,000 papers (totalling almost 120,000
citations) have been published in this area [111].

1.6.1.1  TPP-mediated ionotropic gelation of chitosan

TPP is an inorganic multi-charged anion (Figure 1- 6) that is largely used in
detergents, food industry and biomedical applications [112]. The complexation of
sufficiently protonated chitosan with TPP is a mild and simple procedure that does
not require the use of organic solvents or covalent cross-linking reagents which are
often toxic to cells [113]. Electrostatic complexation allows TPP to bridge chitosan
chains through the formation of inter- and intramolecular crosslinks forming a nano-
sized three-dimensional (3D) polymeric network; the resulting materials can be
defined as hydrogels, since the hydrophilicity of the ionic groups causes the network
to be swollen by water [109]. Typically, chitosan/TPP 3D materials are characterized
by high water content, soft and rubbery consistency, and low interfacial tension with
water or biological fluids [114, 115]. When nanomaterials are prepared, the
chitosan/TPP ratio allows to modulate particle size, morphology and surface charge
[87].
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P Ionotropic gelation
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Figure 1- 6. TPP-mediated ionotropic gelation of Chitosan. Negatively charged TPP bridges
between positive charges of chitosan chains forming a 3D polymeric network.

It is important to note that the chitosan/TPP complexation is most effective (more
rapid and higher cross-link density) in providing gels when the charge of both
partners is maximised, a condition that is profoundly dependent on the pH and the
ionic strength of the environment [116]. For example, chitosan charge density above
pH 6 is generally not sufficient to provide gelation. On the contrary, the minimum
pH value for TPP to possess three negative charges is 3. Therefore, for stable and
acceptable complexation the value must range between 3 and 5.5 [103].
Chitosan-TPP 3D or nanomaterials can be loaded with drugs either by incorporating
them during complexation or by adsorption on the pre-formed materials [117]. The
drugs can then be released by three mechanisms: diffusion through the swollen
matrix; desorption from the particle surface; or erosion or degradation of the
polymeric network [118]. Small molecules can be easily released through the first
two mechanisms, while only the erosion mechanism allows macromolecules to be
released [117].

1.6.1.2 Chitosan nanoparticles for gene delivery

Research in gene delivery has attracted the attention of scientists around the world as
a promising therapeutic strategy to treat inherited as well as acquired diseases by

restoring or shutting down a specific cellular function. Uncomplexed (‘“naked”)
39



Chapter One

therapeutic nucleic acids have shown to be rapidly degraded by endogenous
nucleases, and are poorly taken up by targeted cells, showing therefore a low
transfection efficiency. Therefore, an appropriate gene delivery vehicle is required
for successful gene therapy. There are two types of vectors that can be used for the
delivery of genetic materials. One is genetically modified viruses, which are highly
efficient vectors but are complex to use and to produce and are often associated with
Immunogenic responses [119]. The second is synthetic vectors, which are relatively
safer, simple to use and easy to produce in large scale. The main disadvantage of
these vectors is their low efficiency compared to viral vectors [120]. Synthetic
vectors include liposomes, polymer based nanoparticles and complexes of negatively
charged nucleic acids with cationic polymers (polyplexes) or cationic lipids
(lipoplexes) [121]. Liposomes have shown a poor storage stability, relatively low
encapsulation efficiency and short residence in the blood even after PEGylation
[122]. Therefore, cationic polymers where amino groups are distributed across their
backbone have been exploited extensively as gene carriers [120].
An ideal polymeric carrier should 1) form a complex with nucleic acids in a
reversible fashion, 2) protect nucleic acids from degradation by endogenous
enzymes, 3) allow prolonged circulation in the body fluid of choice and avoid
phagocytosis; i.e. its surface should have a (stealth) protein-repellent character, 4) be
taken up by the desired cell population in a selective manner, 5) be able to escape the
endocytic pathway and 6) be degraded to a metabolisable or excretable product,
showing negligible toxicity throughout its life cycle [21, 22, 120]. Since the late
90’s, chitosan-based carriers gained increasing interest as a potential platform for
safe and effective delivery of genetic material such as plasmid DNA (pDNA) and
small interfering RNA (siRNA) [111, 121]. Chitosan is often used as building block
of nucleic acid carriers, since it can complex them rather efficiently through its
protonated amines [121]; it is noteworthy that at a given pH, the fraction of
protonated amines is higher (= the pKa of the ammonium ions is lower) when the
system is complexed with a polyanion, therefore the complexation is effective also at
neutral pH where chitosan protonation is typically very low. Through complexation,
chitosan can prevent nucleases from accessing the enclosed nucleic acid drugs by
steric protection [123]. Additionally, chitosan demonstrates a capacity for pH
buffering which is vital for endosomal escape through proton sponge effect (see
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Section 1.5), which enables efficient transfection of nucleic acids [124].
Quantitatively, this buffering capacity is lower than that reported for poly(ethylene
imine) (PEI) but higher than that observed for polylysine [125]. Moreover, chitosan
has shown favourable values of ICsy compared to the above mentioned competitors
[126, 127].

Chitosan nanocarriers have shown promising transfection efficiency both in vitro and
in vivo. In fact, it has been reported that some chitosan-based formulations have
higher tranfection efficiency than commercially available reagents [128-131]. A
chitosan-based transfection reagent is already commercially available and
development of many other prototypes is undergoing in laboratories [111]. However,
several factors have shown to affect transfection efficiency of chitosan nanocarriers
[121], of which chitosan MW and DD were the most important. Chitosan MW, as
mentioned earlier, has an influence on the size and consequently on cell uptake
which can strongly affect transfection efficiency [104, 105, 132]. Moreover, chitosan
MW has an effect on the dissociation of nucleic acids from the complex after
endocytosis. For example, complexes made of chitosan with MW of 10-50 kDa were
shown to have good transfection efficiency compared to higher MW [132]. Chitosan
DD can affect transfection efficiency too [133]. Increasing DD can increase nucleic
acid loading, cellular uptake and enhance the stability of the complex. However,
very high chitosan DD may retard or slow the subcellular release of encapsulated

nucleic acids [134].

1.6.2 HA-based nanoparticles

Hayaluronic acid (HA), is a naturally occurring glycosaminoglycan that plays an
extracellular structural role. HA is concentrated in regions of high cell division and
invasion (e.g. cancer). In addition to its structural role, HA has an instructive role via
HA receptors on the cell surface (mainly CD44 and RHAMM) [135]. Other
receptors have also been reported [136]. There is a widespread interest in HA as a
drug carrier as it is biocompatible, biodegradable, nontoxic and non-inflammatory
[137].
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In general, three main platforms of HA based nanocarriers have been exploited so
far, 1) conjugates of low molecular weight HA to drugs; 2) nanoparticulate carriers
where HA is displayed on the surface and drugs are physically incorporated in the
bulk; 3) HA nanogels, which, from a structural point of view, are an intermediate
system between two other platforms (Figure 1- 7) [137].

Drug that is physically Drug that is covalently
accociated with linked to
HA carrier HA carrier
N
<\ = HA chain

® = Cross-link or
attachment point

0 = Drug

Figure 1- 7 Fundamental types of HA based nanomaterials. Taken from [137].

1.6.2.1 HA-decorated nanoparticles

HA in particular and polysaccharides in general [72, 137] have been exploited as
coating materials for several colloidal drug carriers. The rationale behind this has
been to provide protein-repellent character to the surface of the nanocarrier to
increase blood residence time and diminish phagocytosis and/or to regulate the
biodistribution of the nanocarrier to target a specific site in the body where HA
receptors are overexpressed. Generally, HA-decorated nanoparticles include
submicronic particles with a core of organic or inorganic materials and HA
molecules are presented only in the outer shell of the particles. Amphiphilic HA
derivatives with micellar structure in an agueous medium can be considered also as
HA-decorated nanoparticles. Nanocarriers are decorated with HA either by chemical

or physical means. As examples of nanocarriers decorated with HA, one can mention
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chitosan nanoparticles [138-140], polycation/nucleic acid complex [141, 142], iron
oxide [143], liposomes [144, 145] and solid polyesters [146].

Chitosan nanoparticles prepared by ionotropic gelation with TPP have been coated
with HA either by exploiting the ionic interactions between oppositely charged
chitosan and HA [138] or by covalent bonding using a coupling reagent [140].
Positively charged chitosan-TPP nanoparticles (240 nm) have been added to HA
solutions with varying parameters such as HA concentration, HA molecular weight
and chitosan nanoparticle concentration. The HA-coating was found to markedly
reduce the nanoparticle toxicity in a sensitive cell model (J774 macrophages).
Moreover, the HA coating considerably slowed down the uptake process [147].
However, HA coating was shown to have a rather modest effect in terms of the
mechanism of internalisation.

In order to improve chitosan-TPP nanoparticles stability and targeting, covalent
bonding between the chitosan-TPP core and HA has been performed for the purpose
of delivering 5-fluorouracil (5FU) to the colon. A solution of TPP and 5FU was
added to chitosan solution to form hydrogel nanoparticles. Thereafter, an amide
coupling reagent, N-(3-Dimethylaminopropyl)-N-ethylcarbodiimide (EDC), was
added to a suspension containing chitosan nanoparticles as well as HA to form amide
linkages between the carboxyalte groups of HA and the amino group of chitosan. HA
coating was shown to decrease the drug release in different gastrointestinal tract
simulated fluids with different pH values, to increase the potency of the drug and to

enhance the uptake of the nanoparticles in HT-29 colon cancer cell line [140].

1.6.2.2  The feasibility of targeting CD44

CD44, the most common characterised HA receptor, is a cell-surface proteoglycan
that encompasses a heterogeneous group of receptors with different isoforms which
range from 80 to 250 kDa in size [136]. CD44 is encoded by a single gene
containing 19 exons where 10 of them are variably spliced. The extensive
heterogeneity of CD44 is attributed to this alternate splicing [136, 148] and post-

translational modifications such as phosphorylation and glycosylation [136, 149].
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CD44 is involved in cell—cell interactions, cell adhesion and migration. CD44 also
has a role in growth factor and chemokines binding and presentation [148].

CDA44 has four major domains (Figure 1- 8); the distal (hyaluronan-binding) domain,
the proximal domain (which is responsible for the alternate splicing to form
numerous CD44 variants), the transmembrane domain and the cytoplasmic domain.
It is demonstrated that CD44, the main receptor for HA, is overexpressed in certain
conditions, such as several solid tumours [150, 151] and activated inflammatory cells
[152, 153]. This would enhance binding and internalisation of HA-attached
therapeutics via receptor mediated endocytosis and consequently will allow HA
functioning as a homing device. This may increase the potency of the attached (or
loaded) drug by two means. First, potency is increased by increasing the uptake
through CD44 or by circumventing multidrug resistance efflux pumps. Second,
intrinsic activity of the drug can be increased by altering its localisation inside the
cell [154]. Indeed, several HA based nanotherapeutics have been developed for
CD44-mediated delivery (e.g. HA-anthracyclines [155], HA-quantum dots [156],
and HA-nanogels [157]). However, it is worth mentioning that there are some
drawbacks in CD44 selective drug delivery. First, CD44 is ubiquitously expressed,
although in different amounts, in a large number of mammalian cell types which may
decrease cell specificity. Additionally, CD44 present in variable isoforms, interacts
with different substrates and is easily saturated due to its slow turnover (24-48 h)
allowing only for a limited capacity for receptor mediated drug uptake. Therefore,
factors affecting HA-CD44 interactions are of a significant importance to enhance

selectivity of drug delivery [158, 159].
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Figure 1- 8 The major domains of the standard form of CD44. Taken from [149].

1.6.2.3 Factors affecting HA-decorated nanoparticles-CD44

interactions

CD44-HA binding is proposed to be regulated by several mechanisms. First, CD44
post-translational modifications, which are not constant across all cells expressing
the receptor, greatly influence the affinity of an individual receptor to HA [160]. For
example, glycosylated CD44 is a prerequisite for HA binding in certain cell types,
while glycosylated CD44 rich in sialic acid decrease HA binding [153, 161, 162].
Furthermore, CD44 expressing lymphocytes do not bind HA until CD44 is
deglycosylated upon lymphocytes activation [153, 163]. Last, CD44 must be
acylated to internalise via endocytosis [164]. Thus, CD44 post-translational
modifications must be considered in the development of HA targeted therapeutics.

A second proposed mechanism is derived from the fact that an individual HA chain
contains, within its repetitive structure, multiple CD44 binding sites which will allow
an individual HA chain to interact with many receptors on the cell surface
simultaneously. Therefore, changes in CD44 density (e.g. over-expression) and
arrangement on the cell surface (e.g. clustering) would affect the strength or avidity
of such interaction [160]. Indeed, a preferential uptake of HA-decorated
nanotherapeutics in CD44-overexpressing cells through CD44-mediated endocytosis
has been demonstrated in many cell types [146, 165]

A third mechanism proposes that changes in HA molecular mass have an impact on
its binding to CD44 and consequently its biological functions [160]. For example,
high molecular weight HA (HMW-HA) is known to be immunosuppressive and anti-
angiogenic, whereas low molecular weight HA (LMW-HA) is regarded as immuno-
stimulatory and angiogenic [166]. However, the exact MW of HA responsible for
stimulation or suppression of immune response is debatable. Carriers which
exploited HA MW and its consequent binding to CD44 have been reported in the
literature. A small library of liposomes distinguished only by the MW of their

surface-grafted HA was used to test HA MW effect on the affinity of these
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liposomes to CD44 [167]. The affinity towards CD44 was found to be merely
controlled by the MW of the liposomes surface bound HA, from extremely low
binding for LMW-HA to binding with high affinity for HMW-HA. This could be
ascribed to the fact that carriers consisting of high molecular weight HA were shown
to induce CD44-binding and endocytosis by cross-linking multiple receptors [154].
Likewise, short HA oligosaccharides have also been employed on a larger carrier to
tune the carrier interactions with CD44 [168, 169]. It is demonstrated that CD44
interacts with HA length of 6 to 8 saccharides at the minimum [170]. A single HA
oligosaccharide on a larger carrier can maintain a high enough affinity to an
individual CD44. Multiple HA oligosaccharides binding to multiple CD44 receptors
at sites of high receptor density create enough avidity for uptake and effective
targeting [154]. In conclusion, highlighting the molecular weight dependent
interactions of HA-decorated nanocarriers with CD44 would have a great implication

on the development of more efficient CD44 targeted therapeutics.
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1.7 Scope of the thesis

This research aimed to develop polysaccharide-based nanoparticles for potential use
in gene delivery. These nanoparticles would display a core mostly composed of chitosan
cross-linked with TPP and a surface where HA would concentrate, thus providing the
possibility to target HA receptors (e.g. CD44) and creating a surface with a “protein-
repellent” character (Figure 1- 9).

2V Chitosan (polycation)

a)  Biocompatible polysaccharide with relatively low
toxicity.

b) Polycation that can complex with nucleic acids in a
reversible manner at acidic pH.

¢) Canimpart a net positive charge to the particle
surface, which allows its easy functionalisation via
polyanion adsorption.

: TPP (cross-linker) Nucleic acid

(therapeutic payload)

a)  Non-toxic material that mediates the formation
of inter- and intra-crosslinkages between and ” "
within polymer chains (gelling ability). a) Treatdiseases by restoring (e.g. pDNA) or
shutting down (e.g. siRNA) a specific

b)  provide appropriate mechanical and transport cellular function.

properties to the nanoparticle.

@ : HA (polyanion)
a)  Biocompatible polysaccharide for the
adsorption on nanoparticles surface.
b)  Provide prolonged circulation time in vivo.

c)  The possibility of targeting HA receptors (e.g.
cD4a4).

Figure 1- 9 Nanoparticles building blocks, the rationale behind using them and hypothetical
nanoparticle structure (middle): TPP cross-links chitosan chains which form a positively
charged core of the nanoparticle where nucleic acid is encapsulated and HA can concentrate
on the surface.

The specific aims of this thesis were:

Aim 1 (developed in Chapter Two) was to highlight the effect of chitosan molecular
weight on the morphology/structure of chitosan-TPP nanoparticles and their nucleic
acid encapsulation efficiency and how the resulting differences may influence the
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process of HA adsorption on their surfaces. Particular interest was given to
investigate the influence of different structures of HA-coated nanoparticles on their

stability, protein repellent character and payload release.

Aim 2 (developed in Chapter Three) was to illustrate the influence of nanoparticles
morphological differences on HA presentation to cell surface receptors and thus the
phenomenon of CD44-mediated internalisation. Cytotoxicity, internalisation
mechanism and kinetics of HA-coated chitosan-TPP nanoparticles were investigated
in a phagocyte model expressing CD44 (RAW 264.7 macrophages).

Aim 3 (developed in Chapter Four) was to test the feasibility of using HA-coated
chitosan-TPP  nanoparticles as a CD44-dependent therapeutic approach.
Nanoparticle-mediated transfection of nucleic acid payloads to cells with
significantly different expression of CD44 was investigated. Additionally, we have
studied the possibility for HA-coated nanoparticles to exert a direct anti-
inflammatory effect due to the presentation of HA and its binding to cell surface
receptors such as CD44. The effect of HA-coated nanoparticles on inflammatory

mediators in activated and non-activated macrophages was also analysed.
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Chapter Two

Structural characterisation of hyaluronic acid-coated
chitosan nanoparticles: molecular weight-dependent effects
on particle morphology and functional behaviour®

Abstract

Chitosan nanoparticles are popular carriers for the delivery of macromolecular
payloads, e.g. nucleic acids. In this study, nanoparticles were prepared via
complexation with triphosphate (TPP) anions and were successively coated with
hyaluronic acid (HA). Key variables of the preparative process (e.g. chitosan and HA
molecular weight) were optimised in view of the maximisation of loading with
DNA, of the { potential and of the dimensional stability, and the resulting particles
showed excellent storage stability.

We have specifically focused on the influence of chitosan molecular weight on the
properties of the nanoparticles. In particular, we have showed that increasing
chitosan molecular weight provided increasingly porous (= lower cross-link density)
chitosan-TPP particles, which responded with larger dimensional changes in
response to variations in osmotic pressure or upon drying. The variable porosity of
the chitosan-TPP nanoparticles also had a profound effect on the mode of HA
adsorption; HA was apparently able to deeply penetrate within the more porous
nanoparticles composed of high molecular weight (684 kDa) chitosan, while it
formed a corona around the more densely cross-linked ones produced from low
molecular weight chitosan (25 kDa). Atomic Force Microscopy (AFM) allowed not
only to highlight the presence of this corona, but also to estimate its apparent
thickness to about 20-30 nm (in a dry state). This different mode of adsorption could
have a significant effect on the way HA is presented to cell receptors, and therefore
on the Kkinetics and possibly also on the mechanism of nanoparticle uptake.

Finally, it is worth mentioning that chitosan molecular weight (at least when > 25
kDa) did not appear to significantly affect DNA loading efficiency, nor the presence
of loaded DNA caused appreciable differences in the process of HA adsorption.
However, the different response to chitosanase allowed to obtain enzymatically
triggered DNA release only for high molecular weight chitosan.

& AFM imaging and analysis were conducted by Mr. Roberto Donno.
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2.1 Introduction

Chitosan, a linear random copolymer of -1,4- D-glucose-2-amine and N-acetyl-D-
glucose-2-amine, is a versatile biomaterial derived from the deacetylation of chitin,
which is abundantly present in crustacean shells [1], in insect exoskeletons [2] and
also in fungal cell walls [3]. Chitosan is a biocompatible molecule [4], generally
regarded as a degradable material [5] and employed in a wide range of applications
from tissue engineering [5] to food science[6], specifically including micro- and
nano-carrier-mediated delivery of payloads, generally of macromolecular nature [7,
8]. In this area, the ionotropic gelation with triphosphate (TPP) is possibly the most
popular preparative method for chitosan nanoparticles [8], due to the ease of
performance and the rather benign character both of the polyanion and of the process
(absence of chemical reaction, use of only mildly acidic water solutions, etc.).
Chitosan-TPP nanoparticles typically exhibit a cationic surface, which results in a
quick and unselective cellular uptake, above all in phagocytic cells [9]. However, the
use of chemically modified chitosan or, alternatively, nanoparticle decoration with
polyanions [10, 11] have been developed for preferential uptake of the nanoparticles
in specific cell types. For example, mannosylated and galactosylated chitosans were
used to target dendritic cells and hepatocytes respectively [12, 13].

The chitosan / TPP weight ratio is possibly the most important variable to control
particle size, morphology and surface charge [14, 15]. However, chitosan
concentration and molecular weight, ionic strength and pH of the medium also play a
significant role [16-20] and have been shown to affect the long-term stability of the
particles [21-23]. In particular, it is worth pointing out that a different degree of
deacetylation and molecular weight confer to chitosan considerably different
physico-chemical properties, which affect its complexation ability [24], the toxicity
of its nanoparticles (reportedly lower with decreasing the degree of deacetylation and
molecular weight) [25], their dimensions (lower with decreasing the molecular
weight)[26], and their encapsulation efficiency (lower with decreasing the molecular
weight and with increasing the degree of deacetylation), and ultimately also the
efficiency of payload delivery e.g. of nucleic acids (higher with lower molecular

weight) [27] or of proteins (again higher with lower molecular weight) [28].
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Our group has previously optimised the conditions of chitosan/TPP electrostatic
complexation in diluted solution; inter alia showing the importance of variables such
as the order of addition and mixing of the solutions with identical or different pH
[29]. The resulting nanoparticles can be further coated with hyaluronic acid (HA) to
render their surface anionic and in principle biofunctional. HA decoration of
(nano)material surfaces has been shown to provide a certain resistance to protein
adsorption [30, 31], which is accompanied by prolonged circulation times [32], and
therefore confer a relative “stealth” character. Indeed, we have confirmed such
effects on HA-coated chitosan nanoparticles, which in macrophages exhibited a 2-3
orders of magnitude lower uptake than their parent uncoated nanoparticles [9]. An
additional advantage of the presence of surface bound HA is the possibility to target
cells overexpressing HA receptors, such as CD44 [33], which is a possible strategy
to target activated inflammatory cells [34, 35] or certain types of tumours [36, 37].

In the present study, we have explored the effect of chitosan molecular weight on the
morphology/structure of chitosan-TPP nanoparticles, and how the resulting
differences may influence the process of HA adsorption.

Finally, using salmon sperm DNA (average size of < 2,000 bp ~ 1.2-1.3x10° kDa) as
a model payload, we have also assessed whether loaded particles would exhibit

significant differences in the coating process.
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2.2 Materials and methods

2.2.1 Materials

Middle viscous chitosan (CS, average viscosimetric molecular weight (Mv ) =684

kDa), Quantipro BCA assay kit, bovine serum albumin (BSA), foetal bovine serum
(FBS), sodium nitrite (NaNO,), 1 M hydrochloric acid (HCI), 1 M sodium hydroxide
(NaOH), sodium pentabasic (TPP) and Chitosanase from Streptomyces griseus were
obtained from Sigma-Aldrich (Gillingham, UK); 10 mM phosphate buffered saline
(PBS) was prepared from appropriate tablets (Oxoid, Basingtoke, UK); hyaluronic

acid (HA) with M, = 15, 60, 360, and 1000 kDa was obtained from Medipol SA

(Lausanne, Switzerland). Salmon sperm DNA was purchased from Invitrogen (CA,
USA). PicoGreen® reagent was obtained from Molecular Probes (OR, USA).
Glacial acetic acid and sodium acetate were purchased from VWR BDH Chemicals

(Poole, UK). The other chemicals were of reagent grade and were used as received.

2.2.2 Preparative procedures
Chitosan purification depolymerisation and characterisation are described in

Supplementary Information, Section 2.6.1 and Figure 2-SI 1 and Figure 2-SI 2.

Preparation of chitosan/TPP (CS-TPP) nanoparticles. CS-TPP nanoparticles
were prepared according to a previously reported procedure [29]. The pH of a 0.069
% wt. CS solution in 4.6 mM HCI was adjusted to 5 by the addition of appropriate
volumes of NaOH 0.1 M and the solution was sonicated for 40 min. TPP was
prepared as a 0.1 % wt. solution in deionised water, correcting the pH to 5 using
appropriate volumes of HCI 0.1 M. Both solutions were filtered through a 0.22 um
pore size filter. For a final volume of 3 mL of CS-TPP nanoparticles, 214 uL of TPP
solution were pipetted into 2786 puL of CS solution, where the final concentrations of
CS and TPP are 0.064 and 0.0071 % wt., respectively, resulting in a 9:1 mass ratio of
CS:TPP. The complexation was carried under magnetic agitation (750 rpm), for 30
min at 25 °C. The final dispersion was sonicated for 40 minutes and then left
undisturbed for additional 16 h. The nanoparticle dispersion was then dialysed
against deionised water (MWCO 1000 kDa). For further experiments, the
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concentration of nanoparticle dispersions was assessed by sampling a known volume

after dialysis and measuring the residual weight after freeze drying.

Preparation of CS-TPP//HA nanoparticles. In a typical experiment, 2 mL of a
0.025 % wt. dispersion of CS-TPP nanoparticles in 100 mM acetic buffer at pH = 5
were added under vigorous magnetic stirring (30 min, 1,200 rpm) to an equal volume
of a 1.5, 1.0, 0.5 or 0.1 mg/mL solution of 1000, 360, 60 or 15 kDa hyaluronic acid
in the same buffer. The dispersions were then dialysed against deionised water or
PBS, typical MW cut-off (MWCO) 1000 kDa.

The procedures for the encapsulation of DNA and BSA are described in
Supplementary Information, Section 2.6.2, Figure 2-Sl 3, Figure 2-SI 4 and Figure 2-
SI 5, and Table 2-SI 1.

2.2.3 Characterisation

Nuclear Magnetic Resonance (*H NMR). The samples were prepared by
dissolving 10 mg of CS in 0.5 mL of 0.5M DCI in D,O. *H NMR spectra were
recorded at room temperature on a JEOL EX300 300 MHz NMR spectrometer
(Bruker Avance 300, Coventry, UK).

"H NMR: & = 1.75-1.85 (acetamide CHj), & = 2.82-3.00 (H2), & = 3.17-3.8 (H3, H4,
H5, H6) ppm (for the assignment of the protons, see Supplementary Information,
Figure 2-SI 1).

Viscometry. Viscosity measurements were performed at 25 °C in a 0.25 M acetic
acid/0.25 M sodium acetate solution using a falling ball automated microviscometer

(Anton Parr, Graz, Austria) equipped with a 1.6 mm internal diameter capillary tube
at an inclination angle of 30°. M, was calculated assuming the parameters of the

Mark-Houwink equation for CS to be equal to K = 1.57 x 10> L.g > and a = 0.79
[38]. For the determination of molecular weight, see Supplementary Information,
Figure 2-SI 2.

Dynamic Light Scattering (DLS). Hydrodynamic diameter (Z-average size), size
polydispersity (PDI), derived count rate (DCR) and { potential measurements were
always performed on three independent samples at a temperature of 25 °C using a
Zetasizer Nano ZS instrument (Model ZEN3600, Malvern Instruments Ltd., UK)

equipped with a solid state HeNe laser (A = 633 nm) at a scattering angle of 173°.
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Atomic Force Microscopy (AFM). A drop (= 50 uL) of a 50 pg/mL nanoparticle
dispersion in deionised water was deposited on a mica surface and dried overnight at
room temperature. A Molecular Force Probe 3D AFM (MFP- 169 3D, Asylum
Research, Santa Barbara, CA) equipped with a 90 um scanner and silicon cantilevers
(model AC240TS, Olympus; spring constant 2 N/m) was employed in contact mode
with a scan rate of 1 Hz.

Analysis of AFM data. A) Substrate. The original images (without flattening or
filtering) were analysed with lgor-pro software (Asylum Research AFM software,
Version 101010+1202, Wavemetrics, Portland, OR) in order to calculate the root
mean square (RMS) roughness of flat areas (no nanoparticles), which typically had a
value close to 0.5 nm.

B) Chitosan/TPP nanoparticles and CS(684)-TPP//HA nanoparticles. The RMS

value of the substrate was used to determine a threshold (the nanoparticle “border”)
that allows to discriminate nanoparticles from the surface and thus also to calculate
their individual volume. Using a typical population of around 200 nanoparticles from
AFM height images (Figure 2- 1A), volume distributions were calculated and fitted
with different probability distributions using the Statistic Toolbox of MATLAB
(MATLAB version 7.12.0, Natick, Massachusetts: The MathWorks Inc.). The final
best-fit model was selected on the basis of the Akaike Information Criterion (AIC).
For each model, the log-likelihood parameter (measured with MATLAB) was used
to calculate the AIC value, expressed as in Equation 1.
AIC = 2k — 2In (L) Equation 1

where Kk represents the number of parameters in the statistical model and L is the
likelihood function for the estimated model (In(L) = log-likelihood). The model with
the lowest AIC is the one that better fits the data. The best fitting was obtained using
the lognormal distribution (solid line Figure 2- 1B) described as in Equation 2 [1-3].

1 —(inv—p)*
e 20

P(V) =
Vovin Equation 2

, Where V is the volume and x and o are the distribution parameters related to the
mean value of the distribution Vy, as described in Equation 3.
o2
pt—

Vn =e""2 Equation 3
Finally, using the volume of each nanoparticle it is possible to calculate its diameter

if it had a spherical geometry (Figure 2- 1C), as it would be in a water dispersion;
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clearly, this does not take into account the dimensional variation due to swelling.
From the corresponding diameter distributions it is then possible to estimate a mean
diameter of the particles. The resulting values would not reflect the average
dimension of the nanoparticles in water, but allow an easy comparison of their
dimensions.

C) CS(25)-TPP//HA nanoparticles. Due to the clear presence of a flattened external

area (the nanoparticle “corona”), two different thresholds can be employed (Figure
2- 1 D-F), which allows to separately calculate the volume distributions of the

nanoparticle corona and of the core, using the methods described in B).

Counts

0 = 3o S e PEC NP s H “i
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Figure 2- 1 A. Height images of CS(25)-TPP nanoparticles deposited on a mica substrate. B.
Volume distribution CS(25)-TPP nanoparticles (population = 200 particles); the solid line
represents its fitting with a lognormal distribution function. C. Diameter distribution for the
same population, which was obtained converting the individual volumes in diameters under
the assumption of a spherical geometry; the solid line represents its fitting with a lognormal
distribution function. D. The image shows an HA-coated CS(25)-TPP nanoparticle assuming
a flattened morphology when deposited on mica. The entire nanoparticle was segmented
using the average roughness (RMS) of the regions with no nanoparticle as a threshold (RMS
= 500 pm; the RMS of pure mica is typically 60 pm). E. An additional segmentation was
performed using a higher threshold, 3 nm. F. Profile of the nanoparticle, where the two
thresholds are highlighted. Correspondingly, neglecting any contribution from HA possibly
covering the central region (the segmented white area in Figure 2- 1E), it is possible to
selectively calculate the volume for the entire nanoparticle (threshold A = Vcstppina), itS
core (threshold B = Vs 1pp) and the HA corona (obtained by the difference: Vs tppina - Ves.
TPP)'

Protein_adsorption. 500 pL of a 0.5 mg/mL nanoparticle dispersion in deionised

& 1.5 um > & 1.5 um =

water were incubated for 30 min with equal volumes of FBS at 37 °C, then
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centrifuged (13,000 rpm, 60 min) and the resulting precipitate was washed three
times with 1 mL deionised water to remove proteins not firmly adsorbed onto the
surface of nanoparticles. The protein content in the precipitate was then quantified
using the Quantipro BCA assay kit. Briefly, 100 pL of reconstituted precipitate were
added to 100 pL of Quantipro solution. After 2 hours incubation at 37 °C, the
absorbance was recorded at 562 nm and the amount of protein was calculated using a
protein standard curve using 1 mL of 50% FBS (no nanoparticle) as a blank. The
value of protein adsorption was expressed in relation to the nanoparticle content (wt.
of protein / wt. of nanoparticle).

DNA release. HA-coated nanoparticles were prepared at a final DNA concentration
of 1 pg/mL, dialysed as described above and incubated shaking at 37 °C in 10 mM
PBS buffer (pH = 7.4) or in 100 mM acetate buffer (pH = 5) with 0.7 U chitosanase
per mg of nanoparticle. At predetermined incubation times, samples were
centrifuged (13,000 rpm for 60 min) and the supernatants assayed for the presence of
DNA using the PicoGreen® reagent. The amount of DNA released was expressed as
a percentage to the total DNA encapsulated within the nanoparticles.
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2.3 Results and discussion

2.3.1 Chitosan/TPP nanoparticles with variable chitosan

molecular weight

We have produced chitosan samples with variable molecular weight via nitrous acid
oxidative degradation, controlling their size with sodium nitrite concentration [39];

the resulting polymers with M., =10, 25 and 70 kDa exhibited minimal differences

in the degree of deacetylation (Figure 2- 2A), ensuring that any difference in their

performance could be ascribed to differences in molecular weight.
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Figure 2- 2 A. Viscosity average molecular weight (Mv , bars) and degree of deacetylation

(determined by *H NMR, symbols) of chitosan after depolymerisation with sodium nitrite. B.
Z-average size (closed symbols) and {-potential (open symbols) of CS-TPP nanoparticles as
a function of chitosan MW. C. Size distribution of CS-TPP nanoparticles prepared from CS
with different MWSs. The numbers between brackets indicate chitosan molecular weight
expressed in kDa. D. Size distribution of CS/TPP nanoparticles produced from low and high
MW chitosan in deionised water (solid line) and in high ionic strength medium (0.1M
Acetate buffer, pH 5; dashed line).
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The electrostatic complexation of chitosan (M, = 477 kDa) with triphosphate (TPP)

was performed in a diluted solution at pH = 5, adopting conditions that we had
previously optimised [29]. The { potential of the resulting nanoparticles was not
affected by chitosan molecular weight (Figure 2- 2B, open symbols); on the other
hand, the particle average diameter gradually increased with increasing molecular
weight (Figure 2- 2B, closed symbols), although the overall shape of the size
distribution was not altered (Figure 2- 2C). We ascribe this effect to a less effective
complexation of TPP by chitosan with increasing size, as already seen in
chitosan/TPP microparticles (lower TPP content with increasing chitosan molecular
weight [39]). Accordingly, aggregates composed by a given (constant) number of
macromolecules would feature a lower cross-linking density for larger chitosan

molecular weight, hence also a larger size and a higher swelling degree.

Swelling, however, should depend on the surrounding environment; indeed, a higher
ionic strength buffer (0.1 M acetate buffer, Figure 2- 2D) shrank high MW chitosan
nanoparticles to one third of their original volume, while it left unaltered the size of
low MW chitosan ones; therefore, proving the higher cross-linking density of the
latter. Additionally, no significant dimensional difference could be recorded between
25 kDa (Figure 2- 3A and C) and 684 kDa (Figure 2- 3B and D) chitosan
nanoparticles after drying; therefore, ascribing their dimensional difference in water
primarily to differential swelling caused by a chitosan molecular weight-dependent

cross-link density.
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Figure 2- 3 A and B. Deflection images of 25 and 684 kDa chitosan/TPP nanoparticles
deposited on a mica surface and dried overnight at room temperature. The size of the
nanoparticles appears very similar, although nanoparticles from higher molecular weight
chitosan seem more disperse in size. C and D. The analysis of AFM height images allowed
the generation of volume distributions; forcing the flattened nanoparticles in a spherical
geometry, it is then possible to calculate the hypothetical diameter distribution of the dry
nanoparticles (see Figure 2- 1 B and C). The size distributions of the nanoparticles obtained
from high and low molecular chitosan show a very substantial overlap, suggesting a rather
similar solid content per nanoparticle and therefore attributing their different size in water to
a different swelling degree due to different cross-link density.

2.3.2 Selection of chitosan molecular weight (payload

encapsulation)
We have studied the encapsulation of a model nucleic acid (salmon sperm DNA) as a
function of chitosan molecular weight, with the aim to identify the minimum
chitosan size that would leave DNA loading, nanoparticle overall size and { potential
unaltered. The encapsulation efficiency was assessed by measuring the amount of

uncomplexed DNA after nanoparticle preparation; typically, we were able to use
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DNA/chitosan ratios up to 25% wt. before observing detrimental effects on particle
size or ¢ potential, and thus on their stability (see Supplementary Information, Figure
2-Sl 4).

For salmon sperm DNA/chitosan > 25% wt., nanoparticle stability was compromised
and precipitation was recorded for all chitosan molecular weights; on the other hand,
for DNA/chitosan < 25% wt., the encapsulation efficiency was significantly lowered
only with 10 kDa chitosan (Table 2- 1 and section 2.6.2 in supplementary
information). The size of loaded nanoparticles did not appear to show a significant
dependency on chitosan molecular weight (Figure 2- 4, left), but the { potential
sharply decreased for 10 kDa chitosan even at very low loadings (Figure 2- 4, right).
This effect is likely due to a higher affinity of low molecular chitosan for DNA (i.e. a
better complexation with chitosan amines because of the reduced size of the
macromolecular coil) [40, 41], which is essentially the same phenomenon recorded
above for TPP complexation. As a result, we have selected the sample with 25 kDa
molecular weight for any further comparison between high and low MW chitosan.
The different complexation ability of high (684 kDa) and low (25 kDa) molecular
weight chitosan can also be seen using differently charged payloads. For example,
albumin bears a partial positive charge at pH =5 (pH used for loading), and is better
encapsulated employing 25 kDa chitosan (see Supplementary Information, Figure 2-
Sl 4 and Figure 2-S1 5, and Table 2-SI 1).

Table 2- 1 DNA encapsulation efficiencies of chitosan-TPP nanoparticles loaded with
different amounts of DNA.

[h)_NA/ DNA encapsulation efficiency (% wt.)

chitosan

(% wt.) Chit. MW: 684 kDa 70 kDa 25 kDa 10 kDa
2 >99.9 >909.9 >909.9 83.0x0.2
9 >99.9 98.6 +2.0 >09.9 96.2+0.5
17 99.3+1.2 99.0+1.7 99.6 £ 0.7 90.0+6.0
25 90.7 £ 3.7 92.7£6.6 97.0+4.4 89.0x15
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Figure 2- 4 Dependency of Z-average size (left) and { potential (right) on the DNA/chitosan
weight ratio for DNA-loaded nanoparticles prepared from chitosan with variable molecular
weight. The { potential appeared to be a more sensitive marker of the effects of the
encapsulation on the nanoparticle properties.

2.3.3 HA adsorption on nanoparticles

Using 684 and 25 kDa chitosan-TPP nanoparticles and employing HA molecular
weight and concentration as experimental variables, we have studied the HA surface
adsorption at pH = 5, which was deemed to be a good compromise between the
maximisation of chitosan positive charge (amine protonation) and of HA negative
charge (deprotonation of carboxylic groups) (Figure 2- 5). Since HA is unlikely to
fully uncoil upon adsorption, its size determines the amount of negative charge that
each macromolecule will provide to the surface, thus specifically influencing the
evolution of { potential in the early stages of the adsorption; on the other hand, HA
concentration will dictate the rate of adsorption. The two parameters in combination,
therefore, determine the speed at which the { potential of the nanoparticles will pass
from positive to negative values.

The combination of low molecular weight and/or low concentration of HA, i.e. the
conditions for a slow inversion of the surface charge, were generally detrimental to
nanoparticle stability (both chitosan molecular weights), with aggregation for any
concentration of 15 kDa HA and partial aggregation for 60 kDa at the lowest
concentration used (0.1 mg/mL).

On the other hand, negatively charged, stable and spherical nanoparticles (Figure 2-

Sl 6) could be easily obtained with a more rapid inversion using moderate or high
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HA concentration (> 0.5 mg/mL) and/or molecular weight. The following points
apply to these conditions.

For both chitosan nanoparticles, and basically for all HA molecular weights,
increasing HA concentration in solution corresponded to increasingly negative (
potential and thus possibly to a larger amount of adsorbed HA,; this link between
concentration of HA on the nanoparticle surface and in solution could indicate a

certain equilibrium character of the adsorption process.
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Figure 2- 5 Z-average size (A and B) and { potential (C and D) for 25 kDa (A and C) and
684 kDa (B and D) chitosan/TPP nanoparticles after HA adsorption as a function of HA
molecular weight and concentration (0.1 — 1.5 mg/mL). The dashed lines report the values of
Z-average size and ( potential before adsorption. All measurements were performed after
dialysis, in deionised water.

The particle size considerably increased upon HA adsorption from dilute solution.
However, increasing HA concentration progressively decreased the average size and

684 kDa chitosan coated nanoparticles were not much larger than their parent
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uncoated particles. However, AFM showed that, despite this moderate increase in
hydrodynamic size, coated nanoparticles increased their dry volume by at least two
orders of magnitude (Figure 2- 6A and B). In our interpretation, this is due to HA
penetration in the nanoparticles, which would act as a cross-linker; in comparison to
uncoated particles, the HA-coated ones would therefore have a smaller size in
solution, but on the other hand, would not shrink much upon drying. HA would
penetrate easier in the more porous 684 kDa chitosan nanoparticles, and indeed the
25 kDa chitosan coated particles appeared larger with both DLS and AFM, with the
latter technique showing the presence of a corona, which is absent in higher MW
chitosan particles (Figure 2- 6C and D). It was further possible (see Materials and
Methods, Figure 2- 1D-F, and Supplementary Information, Table 2-SI 2) to
separately estimate the average volume of the 25 kDa chitosan nanoparticle core and
of their corona (Figure 2- 7, left). By transferring the volume data into a hypothetical
spherical geometry, it was finally possible to estimate the thickness of the corona in
a dry nanoparticle: this value was always in the range of 20-25 nm, independent of
the actual size of the nanoparticle, and is compatible with the dimensions of 360 kDa
HA [42].

It is worth mentioning that using another microscopy technique (i.e. TEM),
indistinguishable dimensions have been obtain for dried 25 kDa chitosan
nanoparticle (Figure 2-S1 6). Additionally, TEM revealed nanoparticles with a core-
shell like structure further support the conclusion of the presences of a HA-corona

around a CS-TPP core.

Using accumulative information from three different nanoparticles characterisation
techniques (i.e. DLS, AFM and TEM), we conclude that the corona was likely
composed predominantly of surface bound HA, given the difficulty of its
penetration into the less porous / more densely cross-linked low molecular weight

chitosan-TPP nanoparticles.
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Figure 2- 6 A and B. Volume distributions (from the analysis of AFM height images) of
chitosan nanoparticles before (grey bars) and after HA coating (HA 360 kDa, 1.5 mg/mL;
white bars); the curves clearly show a dramatic increase in the dry volume of the
nanoparticles as a result of the HA coating process. C and D. Deflection images of HA-
coated 25 and 684 kDa chitosan-TPP nanoparticles deposited on a mica surface and dried
overnight at room temperature. The nanoparticles produced from low molecular weight
chitosan appeared surrounded by a thin (2-3 nm, see Figure 2-1F) corona.

Indistinguishable results were obtained for DNA-loaded nanoparticles (DNA /
chitosan = 25% wt.). HA-coated 25 kDa chitosan nanoparticles presented a
substantially identical corona (see Supplementary Information Table 2-SI 2 and
Figure 2-SI 7), which was absent for the corresponding 684 kDa chitosan

nanoparticles and for both uncoated parent nanoparticles.
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Figure 2- 7 Left: The overall volume distribution of HA-coated 25 kDa chitosan

nanoparticles was divided in four sub-populations characterised by increasing nanoparticle

volume (“small” = 0 - 7x10° nm®;, “medium low” = 7x10° - 1.9x10° nm?, “medium high” =

1.9x10° - 3.3x10° nm?, “large” > 3.3x10° nm®). The average volume of each nanoparticle
sub-population and the average volumes of the cores and of the thin coronas surrounding the
nanoparticles are reported. Right: The distributions of the nanoparticle total volume and of
the volume of their cores were also used to calculate the total radius, the radius of the
nanoparticle core and the thickness of the corona, under the assumption of spherical
nanoparticle geometry.

2.3.4 Stability, protein uptake and enzymatically-triggered
payload release

The different morphology of adsorbed HA may significantly affect nanoparticle
properties, for example their stability (see Section 2.6.4 of Supplementary
Information). Although all HA-coated nanoparticles could be stored in aqueous
dispersion for prolonged amounts of time (at least 4 weeks at 4 °C in deionised
water), freeze-dried (with cryoprotectants), or filtered without significant variations
in their size distribution (pore size down to 0.4 pm), those based on low MW
chitosan exhibited a higher resistance towards agglomeration caused by depletion
interactions or by pH increase (see Supplementary Information, Figure 2-SI 8A and
B). On the contrary, they aggregated more upon freeze drying without
cryoprotectants, possibly because of the increased likelihood of entanglements
between dandling HA chains.

The unspecific uptake of serum proteins was evaluated by isolating large aggregates

(centrifugation) obtained upon exposing the nanoparticles to 50% FBS, and
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measuring their protein content. It is likely that the latter value overestimates the
amount of adsorbed proteins by compounding it to that of proteins denatured during
centrifugation; however, this method allows a good relative estimation of the
influence of surface chemistry on the unspecific interactions with proteins, as
demonstrated e.g. with PEGylation of polyester nanoparticles [43]. Protein uptake
largely decreased upon decoration with HA, which further demonstrates the efficacy
of coating in reducing unspecific interactions in a biological medium (Figure 2- 8A).
Importantly, a decrease was also observed for low MW chitosan nanoparticles, both
coated and uncoated; while the reduction for the HA-coated nanoparticles is easily
attributable to the presence of the thick HA corona, that for the uncoated
nanoparticles can possibly be ascribed to the lower accessibility of the chitosan
cationic sites due to their higher complexation with TPP (higher cross-link density).
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Figure 2- 8 A. Serum protein adsorption on nanoparticles before and after HA coating upon
exposure to 50% FBS; proteins were quantified on aggregates isolated via centrifugation.
Low MW chitosan significantly lowered protein adsorption for coated and uncoated
nanoparticles, although with rather high standard errors. B. Release of DNA at 37 °C from
HA-coated nanoparticles in PBS at pH = 7 (black symbols) and in the presence of
chitosanase in acetate buffer at pH = 5 (white symbols). DNA/chitosan = 2% wt., DNA
concentration: 1 pg/mL. The small difference recorded for CS(25)-TPP//HA is ascribed to
the different pH.

The enzyme chitosanase has been used to reduce the strength of complexation
between chitosan and nucleic acids, therefore inducing the release of the latter. For
example, nucleic acids could be more efficiently released from chitosan
nanoparticles by co-transfection with a bacterial chitosanase gene [44], while RNA
can be more efficiently recovered through the chitosanase-mediated digestion of
intracellular complexes [45]. Here, we have used chitosanase as a tool to probe the
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facility of unpacking of the nanoparticle bulk. The enzymatic degradation of chitosan
caused a significant DNA release only for 684 kDa chitosan nanoparticles (Figure 2-
8B), while the 25 kDa chitosan nanoparticles followed a time profile analogous to
control experiments. This effect is unlikely to be due to the enzyme not being active
on low molecular weight chitosan since the typical end products of chitosanases are
much smaller oligomers (< 10 units) [46, 47]; on the contrary, the lack of
degradability is likely to be ascribed to the lower accessibility of chitosan because of
a higher density of cross-links and/or the barrier properties of the HA corona.
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2.4 Conclusions

We believe to have for the first time rationalised some of the molecular weight-
dependent effects recorded for chitosan nanoparticles. In particular, the larger size
typically recorded for high molecular weight chitosan nanoparticles appear to be due
to their lower cross-link density; literature reports indicating stronger interactions
with TPP with lower molecular weight were complemented by our measurements
indicating higher swelling/shrinkage capacities for an identical size in the dry state.
Most interestingly, the different compaction of the chitosan-TPP core seems to be
responsible for very significant differences in the adsorption of the polyanionic HA
on its surface. On lower molecular weight chitosan nanoparticles, HA formed a thick
(20-30 nm) outer layer, which appears also to have significant effects on their
stability; for example, these nanoparticles were much less sensitive to the presence
of excess HA causing aggregation likely via depletion interactions (see
Supplementary Information, Figure 2-SI 8A and B). On the contrary, HA appeared
to diffuse more deeply in the bulk of high molecular weight chitosan nanoparticles
and did not build any observable corona; either the absence of the latter or the
inherently higher porosity of the chitosan matrix allowed these nanoparticles to be
degraded by chitosanase, whereas no apparent enzymatic sensitivity was recorded
for 25 kDa chitosan nanoparticles.

The different mode of HA adsorption is also likely to significantly influence the
presentation of HA (more tightly bound in high MW chitosan nanoparticles) and
thus to have significant effects on the interactions that may preside the receptor-

mediated internalisation of these nanoparticles.
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2.6 Supplementary information

2.6.1 Nitrite-mediated chitosan degradation
Purification of chitosan. 5 g of CS were dissolved in 400 mL of a 2% w/v acetic
acid solution. Complete dissolution was achieved after stirring for 16 h. The solution
was then boiled for 15 min in order to denature and precipitate any proteic
contaminant. The mixture was centrifuged at 4,500 rpm for 10 min and the
supernatant was then removed and filtered through 1 um pore size filters. In order to
precipitate CS from the aqueous phase, the pH of the solution was then corrected to 9
with 1 M NaOH. After centrifugation, the precipitate was redispersed and
sedimented twice using water at pH = 9 as a dispersing medium. The dispersion was
then purified via ultrafiltration using a 3 kDa MWCO membrane with pure water
until the conductivity and pH values of the waste water reached the values of pure
water. The sample was then freeze dried and stored at 4 °C.

Depolymerisation of chitosan. CS oligomers were prepared by oxidative

degradation of CS (MV = 684 kDa) using sodium nitrite in acidic solution. CS (1%

w/v) was dissolved in 0.1 M HCI solution under magnetic stirring. Appropriate
amounts of NaNO, were slowly added to the CS solution to obtain NaNO,
concentrations of 1.5, 3 and 5 mM, stirring the solutions at room temperature for 12
hours. Upon raising the pH to 8.0 with 1 M NaOH the solution became milky and
was then purified via ultrafiltration (MWCO: 3 kDa) and freeze dried.

Figure 2-SI 1 *H-NMR spectra of chitosan
in 0.5 M DCI/D,0 as a function of the

l_l
—JM l nanog CONCeNtration of sodium nitrite after a 12 hr
—J\/\\_/\ omv  depolymerisation (chitosan 1 % wt. in the

reaction environment). The DD of all

"™ chitosan samples was calculated as %DD=

1'[(ICH3/3) / (|H2 HG)/G)]*].OO where (ICHS)

s and (lpo.ne) are fhe integrals of the acetyl
sy droup protons and of the H2, H3, H4, H5

and H6 protons respectively, as shown in

i the figure.
3 (ppm)
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Figure 2-SI 2 Plots of reduced and inherent viscosity of chitosan before and after
depolymerisation with sodium nitrite at the concentrations 1.5, 3 and 5 mM for 12 hrs. The
intrinsic viscosity was calculated as the intercept of Huggins and Kraemer plots with the
ordinate axis (at concentration = 0) for the two samples with the highest molecular weight,
or as the intercept of the Huggins plot with the ordinate axis for the two samples with the
lowest molecular weight. The intrinsic viscosities were then used to calculate the
viscosimetric average molecular weight using the Mark-Houwink equation.
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2.6.2 Loading of salmon sperm DNA and bovine serum albumin
in CS/TPP nanoparticles

Encapsulation of macromolecules in CS-TPP nanoparticles. Salmon sperm DNA
and BSA were used as a model nucleic acid and protein respectively to assess the
encapsulation efficiency of CS-TPP nanoparticles. Variable amounts of DNA and
BSA were used, respectively corresponding to 2, 9, 17, 25 % wt. and 10, 20 % wt. in
relation to the amount of chitosan used during nanoparticles preparation. DNA and
BSA were dissolved in the TPP solution prior to nanoparticle formation, which was
then carried out as previously described. The encapsulation efficiency was calculated
from the amount of non-encapsulated material recovered in the supernatant after
precipitation of the nanoparticles at pH = 7.4 and centrifugation of the nanoparticles
(4,500
spectrophotometry at 260 nm using a BioTek Synergy 2 multiwell plate reader,

rpm, 5 minutes). The amount of DNA was determined by UV

while BSA was quantified using the Quantipro BCA assay kit (for calibration curves,
see Figure 2-SI 3). For the latter, 100 puL of supernatant were added to 100 pL of
Quantipro solution. After 2 hours incubation at 37 °C, the absorbance was recorded
at 562 nm and the amount of protein was calculated using a protein standard curve.
The supernatant of non-loaded nanoparticles was used as a negative control and the
encapsulation efficiency (EE) was calculated as EE = (A-B)/Ax100, where A is the
total amount of macromolecule and B is the amount of macromolecule recovered in

the supernatant.
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Figure 2-SI 3 Calibration curves for the estimation of the concentration of salmon sperm
DNA by direct readings of its absorbance at 260 nm (left) and of BSA through the BCA
assay (right). In both cases, the readings were performed using a 0.1 %wt. solution of TPP
(in deionised water brought to pH = 5 by the addition of HCI).
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Figure 2-SI 4 Z-average size (circles) and { potential (squares) of CS(684)-TPP
nanoparticles as a function of the theoretical DNA loading (weight ratio between DNA and
chitosan in the feed). The decrease of { potential for DNA/CS > 25% wt. was taken as an
indication of a decrease in nanoparticle stability due to excessive loading.

500 50 -
I o % wt . oo v
7 } onarcs B 17 %} DNACS

1 9%wt 9 % wt.
400 1 17 % wt. } BSA/CS 17 % wt.} BSA/CS

N

300

200

Z-average size (nm)
¢ potential (mV)

100 4

CS(25)-TPP CS(684)-TPP CS(25)-TPP CS(684)-TPP

Figure 2-SI 5 Z-average size (left) and ¢ potential (right) of CS(25)-TPP and CS(684)-TPP
nanoparticles at two different theoretical loadings.

Table 2-SI 1 Comparison of the encapsulation efficiency (%) for BSA and DNA in CS-TPP
nanoparticles prepared from chitosan with two different molecular weights.

Payload /CS DNA BSA
(% wt) CS(684)-TPP CS(10)-TPP CS(684)-TPP CS(25)-TPP
9 >99.9 96+0.5 47 +3 49+2
17 99.3+1.2 90+6.0 29+3 47+5
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2.6.3 Characterisation of HA-coated nanoparticles
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Figure 2-SI 6 TEM images (A) size distribution (B) and { potential distribution (C) of HA-
decorated nanoparticles (25 kDa chitosan, CS-TPP 9:1, 360 kDa HA 1.5 mg/mL).

Transmission electron microscopy (TEM). A 2% aqueous phosphotungstic acid
solution (adjusted to pH 7.3 using NaOH 1 M) was used as a contrast enhancing
solution. The grids (mesh 300 Cu, diameter 3.05 mm) were covered with a formvar
film and then coated with carbon (Agar Scientific, Essex, UK). 100 puL of the sample
at a concentration of 50 pg/mL were mixed with 100 pl of the contrast solution. 10
pL of the resulting solution were deposited on top of the grid. The grid was then
freeze-dried to gently evacuate the water from the nanoparticles. A transmission
electron microscope Philips CM200 HRTEM operating at 200 kV was used to obtain

images of the samples.
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Table 2-SI 2 Mean volumes and diameters for uncoated and HA-coated chitosan-TPP
nanoparticles, as calculated from the volumes measured via AFM height images on an

average of 200 nanoparticles.

Volume Diameter
Mean (nm®) M c Mean (nm) M c
CS(684)-TPP 6300 8.55 0.61 21 3.05 0.20
CS(684)-TPP // HA 2.28 x 10° 1447  0.58 157 5.03 0.19
CS(25)-TPP 14016 9.51 0.25 30 3.38 0.08
6
CS(25)-TPP /I HA Total 3.54 x 106 1475 0.80 176 5.13 0.26
Core 142 x 10 1365 1.01 124 476 0.33
CS(25)-TPP//HA  Total 4.06 x 10° 15.04 0.59 190 522 0.19
(DNA loaded) Core 1.27 x 10° 1325 1.26 112 463 042
HA-coated 25 kDa CS nanoparticles
unloaded DNA-loaded
1404 MW Total 140, W Total
O Core [m] O Core
1204 © Corona 1204 O Corona l:'
= o
100 + 100 - %I +
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Nanoparticle dimension
Figure 2-SI 7 Comparison of the dimensional data for coated 25 kDa chitosan nanoparticles
with or without salmon sperm DNA (DNA/chitosan = 25% wt.). The linear dimensions
(radii) are obtained from the volume of the dry nanoparticles assuming a spherical
morphology instead of their flattened shape on the mica substrate.

Nanoparticle dimension
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2.6.4 Stability of HA-coated nanoparticles

The applicability of a nano-carrier depends on its behaviour during e.g. storage or
sterilisation, therefore we have investigated the conditions to maximise its colloidal
stability.

Stability in water. Coated nanoparticles significantly agglomerated if excess HA
was not removed after preparation; for example, agglomeration took place in a
manner that is inversely related to the efficiency of HA removal via dialysis
membranes with different MWCO sizes (Figure 2-SI 8A). Since this effect was less
noticeable for 25 kDa chitosan nanoparticles, we are inclined to ascribe
agglomeration to depletion interactions [1], whose influence should be less
noticeable for softer and more penetrable colloids.

Also, the pH of the dispersing medium had a significant influence on nanoparticle
stability; its gradual increase to neutrality in 10 mM buffers was detrimental to
stability (Figure 2-S1 8B), possibly because of detachment of HA due to the reduced
degree of protonation of the underlying amines. Also in this case, the magnitude of
the effect was lower for low molecular weight chitosan particles, probably because
of its better complexation ability (smaller molecule, higher number of interacting site
per coil), which also maximises its interactions with HA.

On the other hand, nanoparticles dispersed in deionised water (pH = 5.5 — 6 after
dialysis) appeared to have a marked stability, which was studied for up 28 days. At
room temperature, after 5 — 7 days, both 25 and 684 kDa chitosan HA-coated
nanoparticles showed clear signs of agglomeration (increase in average size, Figure
2-Sl 8C; increase in breadth of size distribution, Figure 2-SI 8D) and precipitation
(decrease in scattering, Figure 2-SI 8E), which for 25 kDa chitosan nanoparticles
were also accompanied by a significant reduction of the magnitude of the { potential
(Figure 2-SI 8F). This destabilisation may be due to HA detachment, which can be a
result of reorganisation and compaction of the chitosan-TPP bulk; the latter
phenomenon should be slowed down at low temperature and indeed at 4 °C no
change in the colloidal dispersions could be recorded for up to 4 weeks.

Stability upon filtration. The filtration through < 0.5 pum pores, most commonly
0.22 um, is one of the most common sterilisation methods for nanoparticle

dispersions. In our case, sterile filtration is questionable since the majority of HA-
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coated nanoparticles have hydrodynamic sizes above 400 nm. However, neither
nanoparticle size (Figure 2-SI 9, left) nor scattering intensity (Figure 2-SI 9, right)
decreased upon filtration with pore sizes down to 0.44 pm; a significant amount of
nanoparticles (62% for 684 kDa chitosan and 22% for 25 kDa chitosan) even passed
through a 0.22 um pore size, thus showing a considerable deformability. Thus, HA-
coated nanoparticles can be sterile filtered down to 0.44 pum, which is generally
sufficient to avoid bacterial contamination; on the other hand, an aseptic preparation
would be needed to ensure the absence of viral contaminants.

Stability upon freeze drying. Freeze drying in the absence of a cryoprotectant
caused very significant agglomeration, with an average size, after redispersion in
deionised water, about 1.5 and 3.5 times larger than their original diameter for 25
kDa and 684 kDa chitosan HA-coated nanoparticles respectively (Figure 2-SI 10).
However, the addition of glucose or sucrose as cryoprotectant allowed reconstitution

of the nanoparticles in water without significant alterations to their size distribution.
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Dialysis
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Figure 2-SI 8 A. Z-average size of HA-coated nanoparticles prepared in 0.1 M acetic buffer
(pH 5) and then dialysed against deionised water using membranes with different molecular
MWCO values; in all cases the size was recorded when the conductivity of the dialysate was
indistinguishable from that of deionised water. B. The same particles in A were dialysed
against different media for an identical time (24 h). C — F. Z-average size (C), polydispersity
index (PDI) (D), derived count rate (DCR) (E) and C(-potential (F) of HA-coated
nanoparticles in deionised water stored at 4 °C and at room temperature over a period of 28

days.
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Figure 2-S1 9 Size (left) and scattering intensity (right) after filtration through different pore
sizes. The data are expressed in relation to non-filtered nanoparticles suspension.
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Figure 2-SI 10 Variations in the Z-average size upon freeze-drying and reconstitution in
deinoised water for HA-coated 25 kDa (left) and 684 kDa (right) chitosan nanoparticles.

Filtration. Nanoparticles were freshly prepared as described above and then filtered
through 1.2 pm, 0.8 pum, 0.45 um, and 0.22 pm hydrophilic syringe filters (Minisart,
Sartorius, Goettingen, Germany) prior to DLS analysis.

Storage. 0.5 mg/mL HA-decorated nanoparticles in deionised water were stored at 4
°C or at room temperature for one month, performing DLS analysis at specific time
points (1, 2, 3,5, 7, 11, 14, 21, 28 days).

Freeze-drying. 2 mL of purified nanoparticle suspension (0.25, 0.125, or 0.062
mg/mL) were freeze-dried with or without a cryoprotectant (5%, 10% or 20%

glucose or sucrose; freezing temperature: -80 °C, drying for up to 72 h). The
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particles were then redispersed in 2 mL of deionised water and dialysed against
deionised water (MWCO 1,000 kDa) in order to remove the cryoprotectant. Z-
average size was then measured as indicated above and the result was expressed as
the ratio of the Z-average size after (Dy) to that before Freeze-drying (D;).

Supplementary reference

1. Ye, X., etal., Depletion interactions in colloid-polymer mixtures. Physical
Review E, 1996. 54(6): p. 6500-6510.
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Chapter Three

Receptor-mediated uptake of hyaluronic acid (HA)-coated
nanoparticles: HA presentation modulates affinity and
endocytosis kinetics®

Abstract

The natural turnover of free hyaluronic acid (HA) is predominantly based on its
CD44-mediated internalization in leukocytes. In a phagocytic cell model (RAW
264.7 murine macrophages) we here provide conclusive evidence that this receptor-
mediated mechanism endocytosis is responsible also of the uptake of materials
where HA is used as a coating agent, in this case chitosan/triphosphate nanoparticles
on the surface of which HA is electrostatically adsorbed. Alginate-coated
nanoparticles were used as a control and they appeared to undergo a qualitatively
similar endocytic process, which was mediated by a different scavenging receptor
yet to be identified.

In this general picture, an important, modulating role appears to be played by how
receptors can cluster around individual nanoparticles. The CD44 slow representation
(24-48 hours) enforces a limit in the amount of available HA internalisation
receptors; therefore, a higher affinity, and hence a higher degree of clustering, would
yield a lower number of internalised nanoparticles. Indeed, HA presentation can be
varied by acting on nanoparticle structure/morphology, and our data suggest that a
better presentation may be linked to both higher affinity and lower capacity/uptake
rate.

Paradoxically, this result would suggest that particles with a lower affinity for CD44

may allow a more efficient HA-mediated delivery of payloads.

& Cellular interactions studies were partially conducted by Ms. Shima Karimi under my

guidance.
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3.1 Introduction

Hyaluronic acid (HA), a major glycosoaminoglycan (GAG) constituent of
extracellular matrices, is increasingly seen as a potential agent to target conditions
(e.g. several solid tumours) characterised by the overexpression of its main receptor,
CD44 [1, 2]. A variety of HA-based carriers have been used for the purpose of
targeting tumoural cells, e.g. HA-butirrate [3], HA-paclitaxel [4] conjugates, self-
assembled [5], PLGA-based [6] or disulfide cross-linked nanoparticles [7], and
PEGylated HA derivatives [8]. This field has been recently reviewed by Choi et al.
[9] and Ossipov et al. [10]. In the majority of cases, the role of CD44 in the
internalisation of HA-based carrier structures is inferred from the preferential
internalisation in CD44 (over)expressing cell lines: for example, from the
comparison of MDA-MB-231 vs. ZR-75-1 breast cancer cell lines [11], of HepB3
and HepG2 hepatoma cell lines [12], or of SCC7 squamous cell carcinoma cells and
fibroblasts or HA-saturated cells [5]. Two important caveats exist: a) the slow
representation of CD44 and hence its ease of saturation is a cause of concern, since,
as we have recently shown, this drawback cannot be circumvented by the addition of
ancillary internalisation ligands [13]; b) CD44 is heavily expressed not only by
tumoural cells, but also by inflammatory cells [14], e.g. playing a major role in the
clearance of apoptotic cells by macrophages [15]; the expression of CD44 by
ubiquitous cells such as leukocytes may be seen as a problem, since it inherently
reduce the targeting efficiency of tumoural cells, but may also open new avenues by
allowing to target (activated) leukocytes.

A yet unanswered question is whether inflammatory cells would be able to recognise
HA when it is present on the surface of a nano-carrier, since its binding to leukocyte
CD44 is affected by several morphological variables, such as HA molecular weight
[16] and spatial arrangement (e.g. HA cables vs. pericellular coats [17, 18]), or the
possibility of receptor clustering around it [19]. Previous literature studies have
suggested that HA-coated nanoparticles can be internalised in a receptor-mediated
fashion [20, 21], but a final proof is still lacking. Further, if we hypothesise that
internalisation is mediated by a slowly represented receptor, the extent of its
clustering around individual nanoparticles determines their uptake rate and affinity:

high level of clustering would correspond to high affinity, but this will limit the
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overall capacity, thus determining an apparently slow uptake (Scheme 3- 1). In turn,
the degree of receptor clustering would depend on nanoparticle dimension and on the

accessibility of HA residues and their individual affinity for the receptors.

ligand-receptor
interaction sites

U U W W
Low number of sites per particle High number of site per particles
Low receptor/particle ratio High receptor/particle ratio
Low affinity / high capacity | High affinity / low capacity

Scheme 3- 1 Under conditions of slow receptor representation, the amount of available
receptors is a crucial factor to determine the uptake kinetics of e.g. an HA-coated
nanoparticle. A limited number of interaction sites, e.g. because of poor presentation of HA,
would allow the internalisation of a larger amount of less strongly bound nanoparticles (left);
on the contrary, high strength of interactions due to the clustering of many receptors around
each nanoparticle may lead to a small number of nanoparticles being internalised.

In this study, we have used the polyelectrolyte complexation of chitosan with
triphosphate (TPP) to produce nanoparticles, which were then employed as a cationic
core to complex HA and deliver HA-coated chitosan/TPP nanoparticles (CS-
TPP//HA). The electrostatic adsorption of HA on CS-TPP nanoparticles can be
modulated by several variables of the preparative process [22], possibly influencing
its mode of presentation and its interactions with cell receptors. Therefore, we have
investigated the effect of chitosan molecular weight and of two different preparative
methods on the toxicity, internalisation kinetics and mechanism of CS-TPP//HA
nanoparticles in a phagocyte model (RAW 264.7 macrophages). In addition,
nanoparticles coated by an anionic, non-CD44 binding polysaccharide of similar size
(alginate, CS-TPP//AIlg) were used as a control.
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In terms of molecular weight, we have employed chitosan with M,, = 684 kDa (~85%
deacetylated), 325 kDa (~92% deacetylated) and 25 kDa (~85% deacetylated,
produced through nitrite controlled degradation of the highest molecular weight).
Chitosan size is likely to influence the internal structure of the nanoparticles: higher
molecular weight is likely to be less efficiently cross-linkable and therefore to
produce more porous particles (larger dimensional variations in response to changes
in ionic strength); in turn, this can lead to better HA penetration as opposed to
surface adsorption, therefore influencing its presentation to cell receptors.

In terms of preparative method, we have followed two procedures, whose key

differences are summarised in Table 3- 1.

Table 3- 1 Key differences between the two preparative methods

pH during Removal of
Addition of TPP CS/TPP pH during excess of
complexation coating coating agent
via dialysis
Method Injection into
A chitosan solution 5.0 5.0 Yes
MeéhOd Dropwise addition 4.0 7.2 No

Method A was optimised in a previous study [22] and implemented with chitosan of
M, = 684, 325 and 24 kDa; by using the same pH = 5 for all solutions, it allows to
minimise the influence of different mixing conditions, while by minimising the
charge density on both cationic and anionic components, it provides the conditions
for a likely slower but more controlled complexation. On the contrary, method B,
implemented with chitosan of M, = 325 kDa, provides a higher charge density to
chitosan (in TPP complexation) and to the anionic coating agent (in nanoparticle
coating); therefore, possibly increasing the speed of complexation. Further, the
different mode of addition of TPP (injection of the liquid into chitosan solution in
method A vs. its dropwise addition in method B) may result in different mixing
kinetics and thus contribute to structural differences in the nanoparticle structure.
Last, method B is performed under fully aseptic conditions and the nanoparticles can
be directly applied to cell experiments, while in method A they are purified by

dialysis and then sterile-filtered; method B is therefore more rapid and robust with
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less variables being introduced, but the presence of non-adsorbed HA (or alginate)

may affect the results.

98



Chapter Three

3.2 Materials and methods

3.2.1 Materials
Chemicals. Middle-viscous chitosan of M,, = 684 kDa (Mark-Houwink coefficients:
(K =157 x 10 L.g* and a = 0.79) [23]) and degree of deacetylation 85 % was
purchased from Sigma (Sigma-Aldrich, Gillingham, UK). Lower molecular weight
chitosan (M,, = 25 kDa was obtained by oxidative degradation of middle-viscous
chitosan (1% wi/v in 0.1 M HCI) using 3 mM sodium nitrite. All chitosan samples
were purified as described in previous reports. Chitosan of M,, = 325 kDa (degree of
deacetylation 92 %), sodium alginate (M,, = 400 kDa) and hyaluronic acid (HA; M,
= 360 kDa) were provided by Medipol (Medipol SA., Ecublens, Switzerland).
Sodium triphosphate pentabasic (TPP), dimethyl sulfoxide (DMSQO) and Rhodamine
B isothiocyanate (RITC) were purchased from Sigma-Aldrich (Gillingham, UK).
CellTiter 96° AQueous One solution cell proliferation assay (MTS) [3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium] kit was purchased from Promega (Madison, WN, USA).
Cell culture. RAW 264.7 macrophages (ECACC, UK), Dulbecco’s modified eagle
medium (DMEM), the quantipro BCA assay kit, TritonX-100, antibiotic-antimycotic
solution, sodium pyruvate, D-glucose, 4',6-diamidino-2-phenylindole (DAPI) and
endocytosis  portals inhibitors  (cytochalasin D, filipin, 5-(N-ethyl-N-
isopropyl)amiloride (EIPA), nocodazole, chloropromazin, bafilomycin Al and
sodium azide) were purchased from Sigma-Aldrich. Foetal bovine serum (FBS),
LysoTracker Green DND-26, L-glutamine and anti-fade mounting gel were
purchased from Invitrogen (Paisley, UK). Monoclonal antibody anti-CD44 [KM81]
and paraformaldehyde were respectively brought from Abcam (Cambridge, UK) and
VWR (Lutterworth, UK).

3.2.2 Fluorescent Labelling of Chitosan
An amount of chitosan corresponding to 0.48 mmol of amine groups (100 mg for
CS684) were dissolved in 18 mL of 0.10 M acetic acid solution and the pH was then
adjusted to 4 with 0.1 M NaOH. 10 mg of RITC (0.019 mmol of isothiocyanate
groups) dissolved in 2 mL of DMSO were added slowly to the chitosan solution
using a dropping funnel. The reaction was left under stirring for 12 hours protected
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from light. The reaction mixture was then diluted with 20 mL of deionised water and
dialysed against deionised water using a RC dialysis membrane of MWCO 10 kDa
(SpectraPor, Spectrum Laboratories Inc., Rancho Dominguez CA, USA) until the
conductivity and pH values of the waste water reached the values of pure water. The
sample was then freeze-dried and stored at 4 °C. The degree of functionalisation was
determined by measuring the fluorescence intensity of the RITC-chitosan solution,
using a calibration of fluorescein (lex = 540 nm; Aem = 620 nm). Typically, 1.2 - 1.7

% mol of D-glucosamine units were derivatised.

3.2.3 Preparation of nanoparticles
Method A. A 0.069 % wt. RITC-labeled chitosan solution was prepared by
dissolving purified RITC-labeled chitosan in 4.6 mM HCI. The pH was adjusted to 5
by the addition of appropriate volumes of 0.1 M NaOH. The solution was kept under
magnetic stirring overnight and sonicated for 40 min. TPP was prepared as a 0.1 %
wt. solution in deionised water, correcting the pH to 5 using appropriate volumes of
HCI 0.1 M. Both solutions were filtered through a 0.22 um pore size filter. The
nanoparticles were prepared by addition of the TPP solution 0.1% wt. to the chitosan
solution in a 1:9 TPP to chitosan mass ratio, e.g. for a final volume of 3 mL of
nanoparticle solution, 214 pL of TPP solution is added to 2786 pL of chitosan
solution, where the final concentrations of chitosan and TPP are 0.064 and 0.0071 %
wt., respectively. The complexation was carried under magnetic agitation (750 rpm),
for 30 min at 25 °C. The final dispersion was sonicated for 40 min and then left
undisturbed for additional 16 hours. Then the nanoparticle dispersion was dialysed
against deionised water (MWCO 1,000 kDa) before being surface decorated by HA
(360 kDa) or sodium alginate (400 kDa). For the surface coating process, 5 mL of a
0.025 % wit. dispersion of CS-TPP nanoparticles in 100 mM acetate buffer at pH =5
were added under vigorous magnetic stirring (30 min, 1,200 rpm) to an equal volume
of HA or sodium alginate both at a concentration of 0.15 % wt. in the same buffer.

The dispersions were then dialysed against deionised water (MWCO 1,000 kDa).

Method B. The preparative method is based on a patented aseptic process [24].
RITC-labeled chitosan (345 kDa) was dissolved in deionised water (final

concentration is 0.1 % w/v) by the addition of 1 M HCI until the pH was stabilised
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below 4. The dispersion was kept under magnetic stirring until complete dissolution.
TPP 0.1% (w/v) in deionised water at pH = 6.5 was added dropwise to the chitosan
solution, in a 1:9 TPP to chitosan mass ratio while keeping the pH under 4 by the
addition of proper volumes of 0.1 M HCI. The suspension was kept under stirring for
an hour and then diluted with deionised water at a 1:1 (v/v) ratio. The dispersion was
then added dropwise to 0.1% (w/v) sterile filtered aqueous HA or alginate solutions
at a volume ratio of 1:1 (v/v) under vigorous agitation. 0.1 M NaOH was used to
adjust the pH of the final nanoparticle suspension to 7.2. Finally, the suspension was

kept under magnetic stirring for one additional hour at room temperature.

3.2.4 Physico-chemical characterisation

Hydrodynamic diameter (Z-average size), size polydispersity (PDI) and { potential
measurements were always performed on three independent samples at a temperature
of 25 °C using a Zetasizer Nano ZS instrument (Model ZEN3600, Malvern
Instruments Ltd., UK) equipped with a solid state HeNe laser (A = 633 nm) and
measuring at a scattering angle of 173°.

Atomic Force Microscopy (AFM) images were acquired at 25 °C in air using a
Molecular Force Probe 3D AFM (MFP-3D, Asylum Research, Santa Barbara, CA).
Silicon cantilever (model NP-S10, Bruker) with a nominal spring constant, tip
radius, tip height and resonance frequency, of 0.06 N/m, 20 nm, 2.5-8 um, 18 kHz
respectively, was used. Contact mode images of several regions were acquired

(512x512 pixels per inch), at a scan frequency of 1 Hz and a gain of 10.

3.2.5 Cellular interactions of nanoparticles

General cell culture. RAW 264.7 macrophages were maintained as semi-adherent
cell culture in standard conditions for cell culture (37 °C, 5% CO,, in humidified
atmosphere) in Dulbecco's modified eagle minimal essential medium (DMEM)
supplemented with 10% heat-inactivated foetal bovine serum (FBS), 2x10° M
glutamine, 100 U-mL™ penicillin and 100 U-mL™ streptomycin. Cells were detached
by scrapping and adjusted to the required concentration of viable cells, by counting
in a hemocytometer.

Cell viability assays. RITC-labeled chitosans were incorporated in nanoparticle

preparation methods A and B as described above. Nanoparticles with required
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concentrations (750, 500, 325, 200, 100, 10, 1 and 0 pg/mL) were prepared in full
phenol red-free medium (10% FBS, 1% L-glutamate, 1% antibiotic/antimitotic) (see
Supplementary Information).

RAW 264.7 macrophages of passages 10-15 were seeded in a 96-well plate at a
density of 10,000 cells/well and cultured in DMEM medium containing 10% FBS, 1
% antibiotic/antimitotic solution, and 1 % L-glutamate and incubated under standard
sterile conditions for cell culture (5% CO,, 37 °C) until 70% confluency. The
medium was then removed and the cells were washed with PBS. The cells were then
incubated with nanoparticles in full phenol-red free DMEM in standard conditions
for cell culture for 0, 1, 2, 4, 8, 16 and 24 hours. At the completion of the incubation,
the cells were washed with PBS and incubated further for two hours in serum-free
medium containing MTS 5 % (v/v). Cell viability was measured colorimetrically
using the conversion of MTS to a soluble coloured formazan. The absorbance
readings were acquired with a Synergy2 Biotek plate reader using Gen5 software.
The quantity of formazan produced as measured by the absorbance at 490 nm is
proportional to both the number and the metabolic activity of living cells in culture.
Cell viability measurements were normalised by the amount of total protein content
in each well. Total protein content was quantified using the Quantipro BCA assay
kit. Briefly, the cells were washed with PBS, and incubated for 15 min, in 100 pL
cell lysis buffer (0.5% triton X-100 in 0.2 M NaOH), to which 100 pL of Quantipro
solution (prepared following the instructions of the manufacturer) was added. After 2
hours incubation at 37 °C, the absorbance was recorded. Cell viability was expressed
as the ratio of the absorbance reading for nanoparticle treated cells to that for control
non-treated cells.

Quantification of cellular uptake (fluorimetry). RITC-labeled chitosan samples
were incorporated in nanoparticle preparation methods A and B to highlight the
effect of the preparative procedures, chitosan molecular weight and surface
chemistry on the cellular fate of nanoparticles. Following the same procedure as
previously described for cell viability studies, the uptake experiments were
performed on concentrations ranging from 10 to 250 ug/mL of nanoparticles in full
phenol red-free DMEM medium. After specified incubation times (1, 2, 4, 8, 16 and
24 hours), the supernatant solution was removed and the cells were washed three

times with PBS and lysed with 100 uL of 0.5% Triton X-100 in 0.2 M NaOH. The
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amount of membrane bound and internalised nanoparticles was estimated on the
basis of the fluorescence of the cell lysates (Aexe = 540 nm; Aemi = 620 nm);
nanoparticles dispersed in cell lysates were used to provide a calibration for the
fluorescence data. The amount of internalised nanoparticles was normalised by the
total protein content, which was quantified using the Quantipro BCA assay kit as
described previously. For Michaelis-Menten fitting, the amount of nanoparticles
internalised after 2 and 8 hours was divided by the exposure time to respectively
provide an initial uptake rate and an overall uptake rate.
Intracellular localisation. RAW 264.7 macrophages in full DMEM medium were
seeded in slide-flasks at a density of 300,000 cells per flask and incubated for 24
hour in standard conditions for cell culture. The medium was then removed and the
cells were washed with PBS. The cells were then incubated with nanoparticles in full
phenol red-free DMEM at a final concentration of 250 pug/mL for 4 hours. At the
completion of incubation, the medium was discarded and cells were washed with
PBS. Cells were then incubated with 0.2 % wt. trypan blue solution for one minute at
room temperature and washed further three times with PBS. LysoTracker Green (100
nM) in plain phenol red-free DMEM was then incubated with the cells for 10
minutes in standard conditions for cell culture. The medium was carefully discarded
and the cells were washed with PBS and fixed with 4% wt. paraformaldehyde in
PBS for 30 minutes at room temperature. Fixed cells were washed with PBS and
incubated with DAPI for nuclei staining. Cells were then washed with PBS and
mounted using an anti-fade mounting gel. The slides were observed under a
microscope (Delta Vision RT deconvolution microscope, Applied Precision,
Issaquah, USA) using a 60x/1.42 Plan Apo objective and 360/475 nm, 490/528 nm
and 555/617 nm filter sets (Chroma 8600v2/89000, Chroma Technology, USA). The
images were acquired using a Coolsnap HQ (Photometrics, Tuscan, USA) camera at
a resolution of 512x512 pixels per inch with a Z optical spacing of 0.2 mm. Softworx
software was used to deconvolute the raw images.
Mechanism of nanoparticle uptake. The mechanism of nanoparticle internalization
was studied by measuring the relative cellular uptake of fluorescent nanoparticles in
RAW 264.7 macrophages after incubation of cells with a small library of selective
inhibitors of different endocytosis mechanisms: cells were treated with each inhibitor
before being incubated with the nanoparticles, and afterwards the fluorescence
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emission of cell lysates was measured. The relative uptake of nanoparticles was
expressed as the ratio of the florescence reading for endocytic inhibitor treated cells
to that for control non-treated cells. Macrophages were seeded in 96 well-plate and
incubated as described in the previous section. Cells were pre-incubated for 30
minutes with plain DMEM medium containing (inhibitors) cytochalasin D (1 puM),
filipin (5 pg/mL), nocodazole (0.1 pg/mL), bafilomycin Al (200 nM),
chlorpromazine (65 pg/mL), sucrose (0.45 M) or sodium azide (10 mM), or for 1
hour with plain DMEM medium containing (inhibitors) EIPA (100 puM) or anti-
CD44 antibody [KM81] (20 pg/mL). The medium was then discarded and the cells
were gently washed with PBS, and further incubated for 2 hours with full phenol
red-free DMEM containing nanoparticles at a final concentration of 250 pg/mL. The
cells were then washed with ice-cold PBS and lysed with 100 pL of 0.5% Triton X-
100 in 0.2 M NaOH for 15 min at room temperature. Fluorescence readings and

BCA assay were carried out as described previously.
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3.3 Results and discussion

3.3.1 Nanoparticle characterisation
Effect of chitosan molecular weight (method A)
1) CS-TPP (uncoated) nanoparticles. Nanoparticle dimension increased with
increasing chitosan molecular weight (Table 3- 2, top); this effect is ascribed to a
less effective cross-linking action of TPP (gel point reached at a lower TPP content)
for larger chitosan macromolecules, thus yielding larger but more porous particles
for the same chitosan content. This phenomenon has already been shown for
chitosan/TPP microparticles, where the TPP content decreases with increasing
chitosan molecular weight [25].
2) CS-TPP//HA (HA-coated) nanoparticles. Upon adsorption of HA, all
nanoparticles showed a similar dimension and charge, independently on chitosan
molecular weight (Table 3- 2, middle); in relation to their parent particles, this
corresponded to a significant size increase for CS(25), to a negligible change for
CS(325) and to a slight decrease for CS(684). We ascribe this effect to the effect of
chitosan molecular weight on the nanoparticle structure: HA would hardly penetrate
into compact particles, and indeed CS(25)-TPP//HA showed a crown of loosely
bound HA, which is ultimately responsible of the increase in size (Figure 3- 1, left);
on the other hand more porous particles such as CS(684)-TPP//HA may better
accommodate the anionic polysaccharide in their internal structure, yielding no
apparent external crown and a more cross-linked and hence shrunken core (Figure 3-
1, right); (see Chapter Two for more a more comprehensive analysis of particle
morphology). However, although present in a different morphology, HA will dictate
both surface composition and charge in all cases.
3) CS-TPP//Alg (alginate-coated) nanoparticles. Alginate has twice the charge
density of HA and correspondingly should adsorb more rapidly and more efficiently
on the cationic CS-TPP nanoparticles. In our experiments, this corresponded to a
significantly higher surface charge of the coated particles, but also to a much larger
size (Table 3- 2, bottom). The latter finding is most likely due to agglomeration
during coating, as a consequence of the increased attraction between partially coated

particles.
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€&—— 45 um —> €—— 45m —m>

Figure 3- 1 Deflection images of CS(25)-TPP//HA (left) and CS(684)-TPP//HA (right)
nanoparticles obtained via contact mode AFM. The two kinds of nanoparticles show a
similar flattened morphology on a mica substrate, but those containing lower molecular
weight chitosan exhibit an additional, < 2 nm thick crown that we interpret as loosely bound
HA. Please note that deflection images do not describe the actually contour of an object but
rather the slope of the sample surface; however, they are considerably more sensitive to the
fine details than height images and were therefore chosen for the purpose of this
visualization; the corresponding height images can be found in Supplementary Information,
Figure 3-S 1.

Effect of preparative method (method A vs. method B)

We have compared the two preparative methods using CS(325). In a brief summary,
the key differences are as follows: method A — pH = 5 for both chitosan and TPP
(charge = -3), the two solutions are rapidly mixed because one is injected into the
other. Method B — chitosan at pH = 4 (more positively charged) and TPP at pH =
6.5-7 (charge ~ -4); one solution (TPP) is added dropwise into the other, which may
result in a kinetically controlled process; no dialysis. The conditions of method A are
supposed to provide smaller and possibly more compact nanoparticles because of
slower complexation (reduced charge density in both partners) but better mixing;
those of method B were designed to provide a more rapid complexation, possibly
leading to larger and more porous objects, and an easier aseptic process.

Indeed, the CS-TPP nanoparticles produced through method B were considerably
larger and with a broader size distribution than those obtained through method A
(Table 3- 2). On the other hand, they considerably shrunk upon HA coating and
produced smaller and less negatively charged objects than their method A
counterparts; this effect is possibly a consequence of the higher porosity of method B
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particles, which would allow polyanions to better diffuse into their bulk, further
cross-linking and thus shrinking them. However, we cannot exclude an osmotically-
driven shrinkage due to the presence of excess (free) polyanions in the medium,
since particles prepared through method B are not purified via dialysis.

Finally, it is noteworthy that also for method B nanoparticles the use of the more

negatively charged alginate vs. that of HA likely caused nanoparticle agglomeration.

Table 3- 2 Physical characteristics® of nanoparticles as a function of chitosan molecular
weight (25, 325 and 684 kDa), coating material (HA / alginate) and preparative method
(method A / method B).

/Cglri;gza;gt:\cglvm(elihDjé CS25/method A C8325'/A\method CSSZ&zTethod C8684'/Amethod
CS-TPP
Z-average size (nm) 144 + 28 263 + 38 487 £ 52 330 £ 47
PDI ¢ 0.27 £0.01 0.25+0.02 0.44 +0.02 0.30+0.01
{ potential (mV) +37+4 +41+3 +47 £ 2 +41+6
CS-TPP//HA
Z-average size (nm) 3175 303 + 59 268 +43 2927
PDI ¢ 0.27£0.01 0.28 £ 0.02 0.20 £ 0.02 0.25+0.03
€ potential (mV) -52+6 -58 +£2 -39+1 -53+4
CS-TPP//Alg
Z-average size (nm) 696 + 84 730+ 95 499 + 21 671+ 70
PDI ¢ 0.33+0.09 0.30+0.01 0.34+0.11 0.31+0.01
{ potential (mV) -76+3 -78+8 -56 + 6 -712+2

& Measurements performed on 250 pg/mL nanoparticle dispersions in deionised water.

b Using method B, the CS-TPP nanoparticles were prepared at pH = 4 in deionised water and the
resulting, non-dialysed dispersions were measured at that pH. The CS-TPP//HA and Alg
nanoparticles were prepared at pH = 7.2 in deionised water and the resulting, non-dialysed dispersions
were measured at that pH.

“pPDI: polydispersity index. It is calculated in a scale 0 (monodisperse distribution) to 1 (very broad
distribution).

Effect of medium

In cell culture medium (DMEM supplemented with 10% FBS), all coated
nanoparticles considerably shrunk. This effect is well-known [21] and stems from a
reduced nanoparticle swelling due to the increased external osmotic pressure.

For method A the size reduction (compare top and bottom graphs in Figure 3- 2) was
most significant for alginate-coated nanoparticles, whose agglomerated structure

would allow much shrinkage to occur between individual particles.
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Figure 3- 2 Size distribution of CS-TPP//HA and CS-TPP//Alg nanoparticles prepared using
method A and dispersed in deionised water or in cell culture medium (DMEM with 10% v/v
FBS). Nanoparticle concentration: 250 pg/mL. Please note that the increase in scattering
intensity below 70 nm is due to FBS proteins.

However, all method A nanoparticles showed a comparable final size in cell culture
medium, with the majority of the distribution comprised between 100 and 400 nm.

On the other hand, method B nanoparticles shrunk to significantly lower values
(Figure 3- 3; in no case the contribution of < 100 nm nanoparticles is negligible),
which would confirm them to have a looser, more porous internal structure. For any
comparison of their effects on cells, it is therefore important to note that method B
nanoparticles may differ because of morphological, structural but also dimensional

factors.
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Figure 3- 3 Size distribution of CS-TPP//HA and CS-TPP//Alg nanoparticles (CS385)
dispersed in deionised water or culture medium (DMEM with 10% v/v FBS). Nanoparticle
concentration: 250 pg/mL. Please note that the increase in scattering intensity below 70 nm
is due to FBS proteins.

3.3.2 Cellular interactions

Effects on macrophage metabolic activity (cytotoxicity)

We have studied the effect of nanoparticles on the activity of RAW 264.7
macrophages, a cell line with high sensitivity to potentially toxic chemicals [26, 27],
as a function of nanoparticle concentration, time of exposure, chitosan molecular
weight, nature of the anionic polysaccharide and preparative method. This analysis
was performed by measuring the macrophage mitochondrial reductase activity (MTS
assay) normalised by the cell protein content (BCA assay), thus providing an
assessment of the average metabolic activity per cell as a function of the nanoparticle
exposure (Figure 3- 4).

First, no significant difference was recorded for any method A nanoparticles,

independently from chitosan molecular weight and from the nature of the coating
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(either HA or alginate): the macrophages showed no significant reduction in
metabolic activity (viability) upon exposure to nanoparticles for concentrations up to
750 pg/mL and for times up to 24 hours (Figure 3- 4, A-F). The absence of a
chitosan molecular weight dependency is not surprising, since this result has also
been recorded for uncoated nanoparticles [28].

Since uncoated chitosan-TPP nanoparticles were reported to significantly reduce the
viability of the less sensitive J774 macrophages at 300 pug/mL (24 hours) [21], the
negligible toxicity of the coated particles suggests that for all chitosan molecular
weights, both anionic polysaccharides effectively shielded the underlying chitosan
core.

On the other hand, nanoparticles produced with method B showed a rather high
toxicity, which depended both on the dose and on the exposure time (Figure 3- 4, G-
H); at 24 hours HA- and Alg-coated nanoparticles yielding IC50 values of 270
pug/mL and 480 pg/mL, respectively. Method B particles showed larger shrinkage in
media and a considerably lower (less negative) (-potential; these points would
indicate larger porosity and lower exposure of the anionic polysaccharides and/or
possible exposure of chitosan, which could be the cause of the increased toxicity. It
is noteworthy that HA-coated nanoparticles caused a stronger reduction in cell
viability than the alginate-coated ones, which could possibly be due to a more

efficient internalisation.

Kinetics of nanoparticle uptake

The uptake of nanoparticles was evaluated by measuring the fluorescence of cell
lysates (normalised against the protein content) as a function of nanoparticle
concentration, time of exposure, chitosan molecular weight, nature of the anionic
polysaccharide and preparative method (Figure 3- 5). It is noteworthy that this
analysis does not allow discrimination between intracellular and surface-bound
materials. In all cases, the uptake increased with incubation time and reached a
plateau after 8 hours, as previously recorded for HA-coated CS-TPP nanoparticles
using J774.2 macrophages [21]; please note that in this study we have used the more
active RAW 264.7 macrophages, which show a considerably higher nanoparticle

uptake (hundreds vs. tens of pg/mg of protein).
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Figure 3- 4 Average cell viability (MTS; mitochondrial activity normalised against protein
content) of RAW 264.7 macrophages incubated with CS-TPP//HA and CS-TPP//Alg
nanoparticles as a function of time of exposure, chitosan molecular weight, nature of the
anionic polysaccharide and nanoparticle preparative method. Data (n = 3) are expressed
relative to control experiments.
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The presence of a plateau suggests an uptake based on a saturable cell receptor,
which for HA-based systems has been hypothesised to be the slowly represented
CD44 [13]. After binding, CD44 is internalised and then degraded with its ligands; it
generally takes 24-48 hours for the cell to represent it again, thus during this time
window the capacity of CD44-mediated uptake will considerably diminish [13, 21].
For alginate-coated nanoparticles, we can only speculate the involvement of a
similarly saturatable scavenging receptor.

We have first focused on the analysis of the uptake at saturation.

A) The plateau values increased with increasing nanoparticle concentration, although
slowly (a 25-fold increase in concentration corresponded to a 1.5 to 4.5-fold increase
in uptake). This dependency suggests the occurrence of a variable mode of binding: a
higher particle concentration may lead to a lower number of clustered receptors per
particle and thus a larger uptake per cell (the number of receptors per cell being
assumed constant).

B) HA-coated nanoparticles always showed 20-70% higher saturation values than
alginate-coated ones; this suggests a somewhat higher efficiency for the HA receptor
than the putative alginate receptor.

C) The highest saturation values were recorded for high molecular weight (684 kDa)
chitosan nanoparticles (compare Figure 3- 5E to F with A to B). This effect is
possibly related to the deeper penetration of the polyanions in these particles, which
would reduce their accessibility and therefore determine a lower number of
interaction sites per particle, that is, a larger number of particles per cell is allowed,;
however, we cannot completely exclude some direct exposure of chitosan, which can
be internalised through the mannose receptor in macrophages [29], as well as in
other cell types [30].

D) The plateau uptake of method B nanoparticles (Figure 3- 5G and H) was
particularly low, which could be due to the presence of free HA or alginate
competing with nanoparticles for the same cell receptors. However, even if the
internalisation experiments were conducted under conditions of nanoparticle
concentrations/exposure time compatible with untouched viability, we cannot

completely exclude effects due to reduction of macrophage metabolic activity.
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Figure 3- 5 Uptake of CS-TPP//HA (A, C, E and G) and CS-TPP//Alg (B, D, F and H)
nanoparticles by RAW 264.7 macrophages as a function of time, nanoparticle, chitosan
molecular weight and preparative method (compare method A and B for CS325). n = 3. The
uptake was measured as the fluorescence of cell lysates (using a calibration of nanoparticles
in cell lysates) and was normalised against the amount of total protein content: the data
therefore provide an average amount of internalised material “per cell”, assuming the
cellular protein content to be roughly constant. Please note that method A CS684
nanoparticles exhibited the highest uptake and method B C325 ones the lowest, and
correspondingly the vertical scales are not the same as for the other nanoparticle types.
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In order to gather additional quantitative information on the binding Kinetics, we
have studied how nanoparticle uptake at a given time depended on nanoparticle
concentration; the shape of the corresponding curves was strongly influenced by the
chitosan molecular weight (Figure 3- 6, left) and by the preparative method (Figure
3- 6, right).

0.6 - —l— CS(684)//HA 0.30 -
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- @ - Method A/ Alg
0.25-4 'O Method B/HA
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Figure 3- 6 Uptake of chitosan nanoparticles in RAW 264.7 macrophages after 8 hours
incubation as a function of nanoparticle concentration, chitosan molecular weight (left) and
method of preparation (right).

The uptake after 2 and 8 hours were respectively used to calculate an initial and an
overall uptake rate, whose concentration dependency was fitted using a Michaelis-
Menten model [19, 25]. This treatment provides an asymptotic internalisation rate at
high particle concentration (Vmax) and a value inversely related to the average
nanoparticle affinity for macrophages (Kn) (see Supplementary Information, Figure
3-SI 2 and Figure 3-SI 3). Despite its probably excessive simplicity, this model has
been widely applied to study a range of receptor-mediated processes, e.g. the
internalisation of proteins [31, 32] or bile salt/drug complexes [33].

Either obtained for the initial phase (0-2 hours) or for the overall kinetics (0-8 hours)
the results are substantially analogous (Table 3- 3) and indicate three trends:

A) HA-coated particles showed a 10-50% larger Vmax and a 20-80% higher affinity
(lower Ky,) than alginate-coated ones. The difference in Vinax is probably due to the
availability of a different number of receptors for the two polysaccharides. The
difference in affinity can be due to a different clustering behaviour of HA and

alginate receptors: the latter ones may be less prone to cluster around the same
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nanoparticle, decreasing the scavenging efficiency (affinity) at low particle
concentration.

Table 3- 3 Kinetic parameters (Michaelis-Menten model) for the uptake of CS-TPP//HA and
CS-TPP//Alg nanoparticles.

Michaelis-Menten fitting at 2 Michaelis-Menten fitting at 8

Prre]zq%atlrr]a(\)t:jve Nanoparticles Voo .12 K, Voo hours K,
(ng/mg-h) (Hg/mL) (ng/mg-h) (Hg/mL)
CS(684)-TPP//HA 114+ 21 57+30 65+4 255
CS(684)-TPP//Alg 110+ 15 72+£25 5155 33+£11
A CS(325)-TPP//HA 84 + 20 204 £ 84 35x4 76 £ 20
CS(325)-TPP//Alg 70 + 14 136 + 53 25+3.4 84 + 27
CS(25)-TPP/IHA 94 +17 49 +13 27+05 45%0.6
CS(25)-TPP//Alg 42+3 5+2 211 5.6+2
CS(325)-TPP//HA 13+1 5+2.7 8.6+0.2 47+1
B CS(325)-TPP//Alg 9.7x1 13+4.2 6.4+£0.2 8.8+£2

B) The dependency of uptake kinetics on chitosan molecular weight can be
explained in a similar fashion, with the accessibility of HA or alginate being reduced
in high molecular weight chitosan particles and therefore allowing for more
internalisation points (higher Vinax) with lower affinity (higher Ky). An explanation
for the much reduced affinity of CS(325)-TPP coated nanoparticles can only be
tentative and invoke a tighter binding of the anionic polysaccharides: CS325 has the
highest content of amino groups that may also increase the local density of the
cationic groups.

C) Method B nanoparticles were internalised with a slower kinetics (3-5 time smaller
Vimax) but much higher affinity (10-40 times lower Kg) than those with identical
composition obtained with method A. As previously mentioned, their uptake Kinetics
can be heavily influenced by the competition with excess of (non-bound) polyanions
in solution, which may allow internalisation only of particles with affinity higher
than that of free HA/alginate; however, the considerably smaller diameter of most
particles (Figure 3- 3, bottom graphs) may also facilitate receptor clustering leading
to higher affinity.

Finally, it is worth mentioning that the bio-nano interface (i.e. protein coronas
around nanoparticles) could be affected by different HA arrangement which may

result in distinct uptake kinetics [34].
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3.3.3 Mechanism of internalisation

As recently reviewed [35], the use of selective endocytic inhibitors can be applied to
assess the mechanism of internalization of nanomaterials. Here, we have
quantitatively assessed the effect of inhibitors by first exposing RAW 264.7
macrophages to them and then measuring the fluorescence of cell lysates after 2
hours incubation with the nanoparticles (Figure 3- 7).

It is noteworthy that chitosan molecular weight and method of preparation did not
appear to affect the mechanism of internalisation, which on the contrary seemed to

depend on the chemistry of the adsorbed polyanion.
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Figure 3- 7 Effect of endocytosis inhibitors on the 2 hours uptake of HA- and alginate-
coated CS-TPP nanoparticles in RAW 264.7 macrophages as a function of chitosan
molecular weight (A and B) and method of preparation (C and D). The uptake was measured
as the fluorescence of cell lysates (using a calibration of nanoparticles in cell lysates); it was
then normalised to the amount of total cellular protein content and expressed in relation to
control experiments performed without inhibitors. n = 3.

- Sodium azide, cytochalasin D, nocodazole and bafilomycin Al were used as

positive controls: by interfering respectively with all energy dependent processes
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[36], F-actin polymerization microtubule formation/active vesicular transport [37,
38] and endosomal acidification/receptor recycling [39]. They are general inhibitors
of all or most forms of endocytosis and intracellular trafficking. Sodium azide and
cytochalasin D very significantly reduced the internalisation of all kinds of particles
(20-40% values of the control), showing the uptake to be an active, endocytic
process. The lower influence of nocodazol (10-15% and 15-23% reduction in uptake
for HA-coated and Alg-coated nanoparticles, respectively) and bafilomycin Al (35-
50% and 20-30% reduction in uptake for HA-coated and Alg-coated nanoparticles
respectively) is probably ascribable to the relatively short time of the test, which
allows only for a limited extent of intracellular trafficking; however, their clear
inhibitory effect indicates that all particles are likely trafficked in endosomes
(nocodazol) and that their endocytosis is probably a receptor-mediated process
jammed by inhibition of acidification (bafilomycin). Indeed, fluorescence
microscopy showed a significant co-localisation of the nanoparticles with late
endosomes/lysosomes (Figure 3- 8). It is noteworthy that the fluorescence associated
to chitosan typically covered larger areas around those associated to Lysotracker
fluorescence (see the red halos around the yellow dots in the merged pictures of
Figure 3- 8), which is a sign of lysosomal escape.

- Chlorpromazine and hypertonic sucrose (0.45 M) interfere with the formation of
clathrin-coated pits [40, 41] and are therefore widely considered as inhibitors of the
clathrin-mediated endocytosis. In no case, they appeared to reduce uptake,
suggesting, therefore, no involvement of clathrin in the internalisation process. It is
worth pointing out that this may be a cell-specific process. For example, RAW 264.7
macrophages have shown clathrin-dependent internalisation of nanomaterials such as
superparamagnetic iron oxide nanoparticles [42], while other endo/phagocytic
processes are not affected by clathrin inhibition [43]. On the other hand, in a
previous study by our group, J774.2 macrophages showed a 20-30% reduction of
HA-coated CS(477)-TPP nanoparticles internalisation with clathrin inhibition via
hypertonic sucrose or potassium-free buffer [21], a difference that we are inclined to

ascribe to the different endocytic behaviour of the two cell lines.
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Alginate
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Figure 3- 8 Intracellular localisation of CS(325)-TPP//HA and CS(325)-TPP//Alg
nanoparticles (method A) in RAW 264.7 macrophages after a 4 hours incubation. Blue:
nuclei (DAPI); Green: late endosomes and lysosomes (Lysotracker Green); Red: chitosan
(rhodamine). Please note that trypan blue was used to quench the fluorescence of surface-
bound nanoparticles.

- Pre-incubation with 5-(N-ethyl-N-isopropyl)amiloride (EIPA), which suppresses
endocytosis via macropinocytosis [13, 44], did not affect the internalisation of HA-
coated nanoparticles, while resulted in a 10-20% decrease in alginate-coated ones,
with no statistically significant difference attributable to chitosan molecular weight
or method of preparation. Due to this negligible or relatively little effect,
macropinocytosis was concluded not to be a major internalisation route for any of

the nanoparticle formulations.

- Filipin is a cholesterol-sequestrant that inhibits lipid raft-dependent internalisation
processes such as caveolae-mediated endocytosis [41, 45]. Filipin had no effect on
the internalisation of HA-coated nanoparticles and caused a rather slight decrease in
alginate-coated nanoparticles (alginate-coated nanoparticles uptake was reduced by
16% and 10% for 25 and 684 kDa chitosan, respectively), which possibly suggests
some involvement of lipid raft-mediated endocytosis in the uptake of alginate-coated
nanoparticles.

- Finally, the use of a mouse anti-CD44 antibody [KM81] produced a 65% reduction

in the uptake of HA-coated nanoparticles while only marginally affected (-5%) the
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internalisation of alginate-coated ones. This result finally proved that the
internalisation of the HA-coated particles is a CD44-mediated process.

From the above analysis it appears that HA-coated nanoparticles were internalised in
RAW 264.7 macrophages through a CD44-mediated process leading to acidified late
endosomes. The precise nature of the internalisation mechanism is not completely
clarified and shows differences from that in J774 macrophages, which was at least

partially clathrin-dependent [21].
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3.4 Conclusions

In this study, we believe to have demonstrated that:

1) the internalisation of HA-coated nanoparticles is a CD44-mediated process; their
similar kinetic profile suggests that the uptake of alginate-coated nanoparticles is
also a process mediated by a saturatable (scavenging) receptor.

2) an identical ligand, e.g. HA with the same molecular weight, can be presented in a
different arrangement on the nanoparticle surface, due to morphological differences
arising, for example, from the method of preparation, or from the use of chitosan
with different molecular weights. These differences do not appear to affect the nature
of the uptake, which for HA-coated nanoparticles appears to be still based on CD44
complexation. On the other hand, the different ligand presentation seems to have
major effects on the mode of interactions affecting affinity and speed of uptake and
also cytotoxicity. We believe this to be a consequence of the limited number and of
the slow re-presentation of the internalisation receptors; under these conditions, a
lower number of receptors would cluster around nanoparticles with poorly presented
HA resulting in lower affinity but higher overall number of bound particles.
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3.6 Supplementary information

3.6.1 Preparation of 2 X full phenol red-free DMEM medium

8.3 g of phenol red-free DMEM powder were dissolved in 450 mL of sterile water. 1
g of D-glucose, 3.7 g of sodium bicarbonate, 0.11 g of sodium pyruvate and 0.58 g
of L-glutamine were then added to the solution. The pH was adjusted to 7.4 and
sterile water was used to make up the volume to 500 mL. The solution was sterile
filtered using a vacuum pump filter of 0.22 um and then supplemented with 20%
heat-inactivated foetal bovine serum (FBS), 4x10° M glutamine, 200 U-mL™*
penicillin and 200 U-mL™ streptomycin.

3.6.2 Preparation of nanoparticles in 2 X full phenol red-free
DMEM medium

Nanoparticles prepared with method A were concentrated to 3 mg/mL, in an
ultrafiltration chamber (Amicon system), MWCO of 300 kDa. Proper volumes of the
stock suspension were then added to sterile deionised water and then to 2 X full
medium (in a 1:1 v/v ratio) in order to obtain 750, 500, 325, 200, 100, 10, 1 and 0
ug/mL of nanoparticles in full phenol red-free DMEM medium.

The initial concentration of nanoparticles prepared with method B was 750 ug/mL.
Nanoparticle suspension was diluted with sterile water and added to 2 X full DMEM
in a 1:1 v/v ratio to obtain concentrations of 325, 200, 100, 10, 1 and 0 pg/mL.
Concentrations of 750 and 500 pug/mL in phenol red-free DMEM were prepared by
dissolving powder DMEM, D-glucose, sodium bicarbonate, sodium pyruvate and L-

glutamine in the nanoparticle suspensions.
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Figure 3-SI 1 Height images recorded for the same samples as in Figure 3- 1: CS(25)-
TPP//HA (left) and CS(684)-TPP//HA (right).

Table 3-SI 1 Physical characteristics of nanoparticles prepared with different chitosan
molecular weights and different coating materials. Table represents the characteristics of
nanoparticle formulations prepared with method A at final concentration of 250 pg/mL in
culture medium (10% v/v FBS in DMEM) in an average of 3 different samples (= SD).

CS-TPP/HA CS-TPP//Alg
Chitosan MW (kDa) (25) (684) (25) (684)
Z-average size (nm) 736 705 7317 7412
¢ potential (mV) 1743 20+1 1149 19+ 4

Table 3-SI 2 Physical characteristics of nanoparticles prepared with different methods and
different coating materials. Table represents the characteristics of nanoparticles prepared
with CS(325) at final concentration of 250 pg/mL in culture medium (10% v/v FBS in
DMEM) in an average of 3 different samples (+ SD).

CS-TPP//HA CS-TPP//Alg
Method A B A B
dn z [nm] 84 +11 95+ 1 95+7 104 +3
¢ potential [mV] 18+ 1 13+1 -23+1 15+ 1
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Figure 3-SI 2 Overall uptake rate of HA- or Alg-coated CS-TPP method A nanoparticles in
RAW 264.7 macrophages as a function of nanoparticle concentration and chitosan molecular
weight. The result of Michaelis-Menten fitting are presented as a red curve.
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Figure 3-SI 3 Overall uptake rate of HA- or Alg-coated CS-TPP method A nanoparticles in
RAW 264.7 macrophages as a function of nanoparticle concentration and method of
preparation (for CS325). The results of Michaelis-Menten fitting are presented as a red

curve.
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Chapter Four

Use of HA-coated nanoparticles for CD44-mediated
therapies

Abstract

CD44, the main HA receptor, is overexpressed in several pathological conditions,
including many inflammatory diseases. Therefore, CD44-dependent therapeutic
approaches would be of great interest. In the current study, we investigated the
feasibility of such approach using HA-coated chitosan-TPP nanoparticles.
Nanoparticles were prepared from chitosan with different MWs with or without a
nucleic acid payload to compare the physico-chemical characteristics and the nucleic
acid encapsulation efficiency. In general, the nanoparticles allowed for the successful
entrapment and delivery of both sSiIRNA and pDNA. The transfection efficiency was
studied using cells characterised by a significantly different CD44 expression,
showing the possibility to perform a CD44-mediated targeted delivery. Further,
transfection seemed to be significantly dependent on chitosan MW, possibly because
of more efficient endosomal disruption and de-complexation when low MW chitosan
was used.

Finally, HA-coated nanoparticles devoid of any payload showed an inherent anti-
inflammatory character. This effect was unmatched by soluble HA of different MWs

at analogous concentration to HA adsorbed on the surface of nanoparticles.
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4.1 Introduction

The delivery of nucleic acid constructs to specific cell populations in the body aims
to modulate the expression of a gene encoding a target protein, either by stimulating
it or by knocking it down and thus resolving a pathological situation [1]. The vectors
used for the majority of gene therapy studies are genetically modified viruses [2].
However, the risk of mutagenic and immunogenic responses was a major concern.
Therefore, the development of safe and effective vectors for non-viral gene delivery
Is of a great interest [3]. The majority of non-viral vectors developed to date make
use of cationic lipids, such as lipofectamine, and polymers, such as
polyethyleneimine (PEI). Among the latter class, chitosan has been rather widely
used for the delivery of plasmid DNA (pDNA), siRNA and oligonucleotides due to
its low immunogenicity, relatively low toxicity and excellent biocompatibility [4-7].
The relatively high positive charge of its polymeric backbone allows chitosan to
form nano-sized complexes with oppositely charged nucleic acids, which protect the
latter from endogenous nucleases [8], enhance its cellular uptake via binding to
negatively charged cellular membranes [8] and allow its escape from the digestive
endo-lysosomal compartments due to the so called “the proton sponge effect” [9].
However, high positive charge density is associated with high cytotoxicity [10, 11],
unselective uptake and also aggregation with serum proteins [12]. Therefore, surface
modification of cationic carriers with anionic macromolecules, such as
glycosaminoglycans (GAGs) and in particular hyaluronic acid (HA) and
heparin/heparan sulfate have been used to overcome this problem [13-15].
Furthermore, nucleic acid carriers have been decorated with targeting ligands to
reduce the unspecificity in biodistribution and cellular uptake of cationic carriers [5].
For example, chitosan-based nucleic acid carriers have been modified to facilitate the
receptor-mediated endocytosis [5] by introducing ligands such as folate [16],
transferrin [17], mannose [18] and galactose [19].

In this study we have aimed to investigate the use of HA as a possible targeting
ligand. Receptors for HA, and in particular the most common one, CD44, are
significantly expressed in certain cellular populations such as activated inflammatory

cells [20, 21] or certain types of tumour cells [22, 23]. HA has been used to enhance
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the uptake of chitosan/HA nanocarriers by receptor-mediated endocytosis [24-26],
but the details of the mechanism and the targeting possibilities remain unknown.
We are specifically interested in targeting of inflammatory pathologies.
Inflammation, a mechanism of innate immunity, is a complex and much regulated
biological response, which involves a sequence of events propagated upon extrinsic
or intrinsic stimuli such as pathogens, damaged cells, or irritants [27, 28]. One of the
most important cell types of the innate immune system are macrophages [29].
Among their main functions, one should mention phagocytosis (engulfing and
digesting cellular debris and foreign bodies), release of reactive oxygen species and
production of a variety of inflammatory cytokines and chemokines [29]. Therefore,
nanocarriers targeting macrophages and their products may open new avenues for
treating inflammatory diseases. Macrophages, in particular, are known to express
CD44 [30] and in this study we have selected RAW 264.7 macrophages as a main
cellular model, since they are often used as a sensitive model to study inflammatory
activation in response to a variety of stimuli ranging from e.g. reperfusion injury
[31], stimulation of Toll-Like Receptors [32], ingestion of bacterial (plasmid) DNA
[33], exposure to particulates [34].
In particular, we have first compared the cellular interactions and the transfection
efficiency of HA-coated chitosan nanoparticles in relation to cells characterised by a
significantly different expression of CD44: A) RAW 264.7 macrophages, which
display large amounts of CD44 and employ it as a major internalisation ligand [35],
as we have demonstrated on our HA-coated chitosan nanoparticles (see Chapter
Three). B) Kelly neuroblastoma cells, which are devoid of this receptor [36, 37]. C)
K562 chronic myelogenous leukemia cells, where CD44 appears to be generally
poorly expressed [38], and in some cases it has even been reported absent [39], or
easily downregulated e.g. during the acquisition of a chemoresistant character [40].
We have also investigated the possibility for the HA-coated nanoparticles to exert a
direct pharmacological effect, due to the presentation of HA and its binding to cell
surface receptors such as CD44; indeed HA has a significant role in inflammation,
which depends on its molecular weight [41]. High molecular weight HA is known to
produce anti-inflammatory effects, which are at least partially dependent on its
binding to leukocyte receptors such as CD44; for example, HA reduces cytokine
production by synoviocytes and the effect is abrogated by blocking CD44 [42]. It has
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also been suggested that HA-based clustered structures can be created as a protective
mechanism during inflammatory reactions, in order to keep leukocytes in non- or
less-activated state [43]. We have therefore investigated the possible anti-
inflammatory effects of HA-coated nanoparticles, always using RAW 264.7

macrophages as a model cell line.
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4.2 Materials and methods

4.2.1 Materials

Chemicals. Middle viscous chitosan (CS, average viscosimetric molecular weight

M, =684 kDa) and degree of deacetylation 85 %) was purchased from Sigma-

Aldrich (Gillingham, UK). Chitosan with M, of 25 kDa was obtained by oxidative

degradation of middle viscous chitosan (1% wt. in 0.1 M HCI / 3 mM sodium
nitrite). Chitosan samples were purified in-house prior to use as previously

described. Hyaluronic acid (HA) M of 60, 360 and 1000 kDa was provided by

Medipol (Medipol SA., Ecublens, Switzerland). 1 M hydrochloric acid (HCI), 1 M
sodium hydroxide (NaOH), sodium triphosphate pentabasic (TPP), DNase | and
chitosanase from Streptomyces griseus were obtained from Sigma-Aldrich
(Gillingham, UK); 10 mM phosphate buffered saline (PBS) was prepared from
appropriate tablets (Oxoid, Basingtoke, UK); glacial acetic acid and sodium acetate
were purchased from VWR BDH Chemicals (Poole, UK). GelRed® and PicoGreen®
reagent were from Biotium (CA, USA) and Molecular Probes (OR, USA)
respectively.

Nucleic acids. pGL3—control Luciferase reporter vector (Promega, Madison, WN)
was amplified in Escherichia coli DHT5a, Briefly, cells were transformed with
pGL3 by heat shock in a 42 °C water bath for 90 seconds. For bacterial culture, LB
Agar (Sigma-Aldrich, St. Louis, MO) was dissolved in deionised water and
autoclaved. Transformed bacteria were then streaked on solid agar plate and
incubated at 37 °C overnight for growth of colonies. A single colony was picked
using a sterile inoculation loop and transferred to LB medium containing 10 pug/mL
ampicillin (for selection of pGL3 transformed E. coli). The E. coli were cultured for
12-16 h at 37 °C and plasmid DNA was extracted and purified using EndoFree
Plasmid Maxi Kit according to the manufacturer's instructions (Qiagen, CA, USA).
The quantity and quality of the purified pDNA was assessed spectrophotometrically
at 260 and 280 nm (NanoDrop 1000 Spectrophotometer). Anti-Luc siRNA (Targets
the pGL3 control plasmid) (siLUC, sense: 5-
CUUACGCUGAGUACUUCGAdTAT-3’; antisense: 3’-

dTdTGAAUGCGACUCAUGAAGCU-5’, Dharmacon Inc., Chicago, IL).
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The siRNA sequence directed against the mouse TNF-a gene was designed and
chemically synthesized by GenePharma (Shanghai, China). Search of the genome
database (BLAST search) was carried out to ensure that this sequence would not
target other mouse genes. (siTNF sense: 5'-GGUUGCCUCUGUCUCAGAATT-3';
antisense: 5'-UUCUGAG ACAGAGGCAACCTG-3').

Cell culture. RAW 264.7 macrophages, K562 human leukaemia and Kelly
nueroblastoma (ECACC, UK), Dulbecco’s Modified Eagle Medium (DMEM), the
quantipro BCA assay kit, TritonX-100, antibiotic-antimycotic solution,
lypopolysaccharides (LPS) from E. coli O26:B6 were bought from Sigma (Sigma-
Aldrich, UK). Foetal bovine serum (FBS) was purchased from Invitrogen (Paisley,
UK). CellTiter 96® AQueous ONe solution cell proliferation assay (MTS) kit, Griess
reagent system and luciferase assay system were bought from Promega (Madison,
WN, USA). BD OptEIA™ mouse TNF (Mono/Mono) ELISA set and OptEIA™
mouse IL-1p ELISA, BD OptEIA™ reagent set A and BD OptEIA™ reagent set B

were obtained from BD Biosciences (Oxford,UK).

4.2.2 Nanoparticle preparation and characterisation

Uncoated nanoparticles. A 0.069 % wt. chitosan solution was prepared by
dissolving purified chitosan in 4.6 mM HCI and the pH was adjusted to 5 by the
addition of appropriate volumes of NaOH 0.1 M. The solution was kept under
magnetic stirring overnight and sonicated for 40 min prior to use. A 0.1 % wt. TPP
solution in deionised water was brought to pH =5 using HCI 0.1 M. Both solutions
were filtered through a 0.22 um pore size filter. 214 pL of the TPP solution were
added to the chitosan solution for a final total volume of 3 mL and a 9:1 TPP /
chitosan mass ratio (concentrations of chitosan and TPP respectively 0.064 and
0.0071% wt.). Loaded nanoparticles were produced by solubilising pDNA or siRNA
in the TPP solution, typically in an amount corresponding to 2% wt. of chitosan (2
mg of pDNA or siRNA/100 mg of chitosan). The complexation was carried under
magnetic agitation (750 rpm), for 30 min at 25 °C. The final dispersion was
sonicated for 40 minutes, left undisturbed for additional 16 h and finally dialysed
against deionised water (MWCO 1,000 kDa).

HA-coated nanoparticles. Chitosan-TPP nanoparticles were dispersed at a

concentration of 0.025 % wt. in a 100 mM acetic acid/acetate buffer at pH = 5. The
133



Chapter Four

dispersions were then slowly added under vigorous stirring (30 min, 1,200 rpm) to
an equal amount of acetate buffer of equal strength, containing hyaluronic acid (360
kDa) at a concentration of 1.5 mg/mL. The dispersions were then dialysed against
deionised water (MWCO 1,000 kDa). Equal volumes of HA-coated and non coated
nanoparticles in deionised water were freeze dried and then weighted; the dry weight
for HA-coated was roughly double that of the uncoated ones, indicating a that the
HA weight fraction is approximately 0.5.

Dynamic light scattering (DLS). Hydrodynamic diameter (Z-average size), size
polydispersity (PDI) and { potential measurements were always performed on three
independent samples at a temperature of 25 °C using a Zetasizer Nano ZS instrument
(Model ZEN3600, Malvern Instruments Ltd., UK) equipped with a solid state HeNe
laser (A=633 nm) at a scattering angle of 173°.

Encapsulation efficiency. The encapsulation efficiency of the pDNA or siRNA was
assessed by recovering non-encapsulated nucleic acids from the supernatant
collected upon centrifugation (13,000 rpm for 60 minutes) of non-dialysed
nanoparticles after preparation.

The encapsulation was qualitatively evaluated using a gel electrophoresis assay (gel
retardation in 1% or 2% Gel-Red®-containing agarose, respectively for pDNA and
siRNA; 50 V, 120 min, Sub-Cell GT 96/192; Bio-Rad Laboratories Ltd., UK). A
quantitative assessment of encapsulation was provided by fluorimetry (Synergy?2
Biotek plate reader using Gen5 software) using the PicoGreen® reagent according to
manufacturer instructions; the supernatant of non-loaded nanoparticles was
employed as a baseline correction. The encapsulation efficiency (EE) was calculated
as EE = (A-B)/Ax100, where A is the total amount of nucleic acid used and B is the
amount recovered in the supernatant.

Endonuclease protection assay. 400 pL of deionised water containing 5 pg of
pDNA (naked or encapsulated in HA-coated nanoparticles) were incubated with 100
puL of DNase I (1 unit of DNase I per 1 pg of pDNA) in the supplied reaction buffer
and the reaction was conducted for 10 minutes at 37 °C. The reaction was terminated
by the addition of 50 uL of 50 mM EDTA. The samples were then incubated for 4 h
with 0.7 U chitosanase per mg of nanoparticle and analysed by gel electrophoresis
(1% agarose).
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4.2.3 Cellular studies

Nanoparticles in full medium were prepared by the addition of equal volumes of
nanoparticle dispersions to 2X full medium (DMEM supplemented with 20% heat-
inactivated foetal bovine serum (FBS), 4 x 10" M glutamine, 200 U. mL ™ penicillin
and 200 U. mL " streptomycin).

Cell viability. RAW 264.7 macrophages were seeded (10,000 cells/well) in a 96-
well plate, cultured in DMEM medium containing 10% FBS, 1%
antibiotic/antimitotic solution, and 1% L-glutamate (full medium) and incubated for
24 hours under standard sterile conditions for cell culture (5% CO,, 37 °C).
Nanoparticles dispersions were concentrated to 3 mg/mL, in an ultrafiltration
chamber (Amicon system), MWCO of 300 kDa and appropriate dilutions were
prepared in full medium. 200 pL of these dispersions were added in each well and
the cells were incubated for further 24 hours. At the completion of the incubation,
the cells were washed and incubated further for two hours in plain medium
containing 5% v/v MTS. The cytotoxicity was measured colorimetrically using the
conversion of MTS to a colored formazan, which is soluble in the culture medium.
The quantity of formazan produced was evaluated from its absorbance at 490 nm
using a Synergy2 Biotek plate reader using Gen5 software. Since MTS absorbance is
proportional to both the number and the metabolic activity of the living cells in
culture, the absorbance readings were normalised against the total protein content
obtained via the Quantipro BCA assay Kit. Briefly, the cells were washed with PBS,
and incubated for 15 min, in 100 mL cell lysis buffer (0.5%triton X-100 in 0.2 M
NaOH), to which 100 mL of Quantipro solution (prepared following the instructions
of the manufacturer) was added. The absorbance at 562 nm was finally recorded
after 2 hours incubation at 37 °C.

pPDNA transfection. RAW 264.7 macrophages, K562 human leukaemia and Kelly
nueroblastoma were seeded into 6-well plates at a density of 2 x 10° cells per well
and incubated overnight to about 50-70% confluency in 2 mL of DMEM containing
10 % (v/v) FBS under standard sterile conditions for cell culture (5% CO,, 37 °C).
The culture medium was discarded and cells were washed with PBS. 4ug of pGL3
alone or encapsulated in nanoparticles in full medium were added to each well. After
24 hours, the medium was discarded and replaced by 2 mL of fresh DMEM

containing 10% (v/v) FBS and incubated for additional 24 hours. The culture
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medium was then discarded and cells were washed with PBS. 4 ug of pGL3
complexed with lipofectamine was used as a positive control according to
manufacturer instructions. Briefly, 8 pL of lipofectamine 2000 was diluted in 50 pL
of serum free DMEM and added to 50 pL of serum free DMEM containing 4 ug
pGL3 and kept for 20 minutes before added to the wells. The transfected cells were
lysed with Cell culture lysis reagent obtained from Promega. The luciferase activity
was measured using the luciferase assay kit and normalized to the total protein
content of cell lysate quantified using the Quantipro BCA assay kit as described
above.
Silencing experiments. RAW 264.7 macrophages were seeded into 24-well plates at
a density of 0.5 x 10° cells/well and incubated at 37 °C for 24 h. Cells were pre-
transfected with 0.5 mL of DMEM containing 1 pg of pGL3 vector using a
lipofectamine reagent as described in the previous section. After incubation for 2
hours and subsequent washing with PBS, 200 nM anti-Luc siRNA in full medium
alone or encapsulated in HA-coated nanoparticles, were added to each well. After 24
h, the medium was discarded and replaced by 2 mL of fresh DMEM containing 10%
(v/v) FBS and incubated for additional 48 hours. Anti-Luc siRNA/lipofectamine
complex was used as a positive control. The transfected cells were lysed with cell
culture lysis reagent (Promega). The luciferase activity was measured and
normalised to the total protein content of cell lysate as described in the previous
section.
Effect of nanoparticles on the production of inflammatory mediators.
Macrophages were seeded in 24-well flat-bottomed plates at a density of 1x10° cells
per well and allowed to adhere overnight in standard conditions for cell culture. The
cells were then washed once with PBS and treated with fresh medium containing 1
png/mL LPS alone, nanoparticles at 250 pg/mL, or LPS and nanoparticles or LPS
with HA at 125 pg/mL. Cells with fresh medium without any effectors were used as
a negative control. After 24 hours incubation, the supernatant was centrifuged at
13,000 rpm for 5 minutes and the presence of inflammatory mediators quantified as
indicated below:
a) production of nitrite. 50 pL of the supernatant were transferred to 96-well flat
bottomed microtiter plate and mixed with Griess reagent (1 % (w/v) sulfanilamide in
5% (v/v) phosphoric acid and 0.1% (w/v) naphthylethylenediamide—HCI), according
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to manufacturer instructions and the absorbance was measured at 550 nm. Nitrite
concentrations were calculated from standard curve generated using serial dilutions
of sodium nitrite in fresh culture medium. The protein content of each well was
evaluated as described previously.

b) production of TNF-a and IL-1f. The amount of TNF-a and IL-1B in culture
medium was determined by BD OptEIA™ mouse TNF (Mono/Mono) ELISA set
and OptEIA™ mouse IL-1p ELISA set respectively according to manufacturer
instructions. TNF-a and IL-1p levels were normalized to the protein content in each

well as previously described.
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4.3 Results and discussion

4.3.1 Properties and biocompatibility of (loaded) HA-coated
nanoparticles

Chitosan-TPP nanoparticles were prepared by ionotropic gelation in water and
subsequently coated with HA, both operations being conducted at pH = 5. Size and {
potential of uncoated and coated nanoparticles are reported in Table 4- 1. For both
chitosan molecular weights the coating process reversed the nanoparticle charge
from cationic to anionic; it also caused a significant increase in nanoparticle
dimensions for 25 kDa chitosan nanoparticles, but not for 684 kDa ones (Figure 4-
1): the different penetration of HA in the nanoparticle cores led to the formation of
an HA corona around the low MW chitosan nanoparticles (Chapter Two). At least up
to a concentration of 1 mg/mL the HA-coated nanoparticles had negligible effects on
the viability (mitochondrial activity normalised against the cell protein content) of
CD44-displaying 264.7 RAW macrophages and CD44-devoid neuroblastoma cells,
Figure 4- 2. It is also noteworthy that the possible interactions with CD44 did not
cause significant inflammatory activation in RAW macrophages: using a
nanoparticle concentration of 250 pg/mL, for both 25 and 684 kDa chitosan-
containing nanoparticles we have observed small or negligible production of
inflammatory cytokines (TNF-a, IL-1p) and NO (measured as nitrite), typically 50-
100 smaller than those caused by 1 pg/mL LPS (Figure 4- 3).
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Table 4- 1 Physical characteristics of uncoated and HA-coated nanoparticles prepared with
25 and 684 kDa chitosan, with or without a 2 % wt. (in relation to chitosan) loading of
pDNA or siRNA

Unloaded nanoparticles pDNA loading siRNA loading
Chitosan
MW(KDZ) 25 684 25 684 25 684
CS-TPP
Z-average 149 + 29 297 +17 13246 350 + 44 121+ 16 270 + 21
size (nm)
PDI 0.25+0.02  0.29+0.01 0.13+0.03 0.30 £ 0.03 0.25+0.09 0.34+0.04
¢ potential +38+6 +44 + 7 +35+4 +40 + 3 +37x1 +44 +1
(mV)
Encaps. eff.
(%?/\n.) = = 95 +2 78 +3 93+1 94 +1
CS-TPP/HA
Z-average 336 + 43 300 + 32 327 +£20 315+7 318 + 70 315 + 61
size (nm)
PDI 0.24+0.06  0.28%0.06 0.24 +0.02 0.29 +0.04 022+004 0.22+0.03
6 p(ont]@;ia' 46 +3 45+3 4342 43+4 45+4 4244

Plasmid DNA and siRNA (both in a 2%wt. ratio in relation to chitosan) were loaded
in chitosan-TPP nanoparticles during their formation. The encapsulation efficiency
was quantitative in most cases, as previous recorded for salmon sperm DNA
(Chapter Two); a slightly reduced encapsulation (78%) was recorded for plasmid
DNA in 684 kDa chitosan nanoparticles; this is probably due to a lower binding
strength between the two polyelectrolytes: they are respectively the largest polyanion
and polycation, and the number of interaction sites per molecule decreases by

increasing the dimension of a polymer coil.
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Figure 4- 1 Size distribution of nanoparticles (250 pug/mL, deionised water) prepared from
chitosan with different molecular weight as a function of coating and loading with plasmid
DNA and siRNA.

140



Chapter Four

RAW 264.7(murine macrophages) Kelly (human neuroblastoma)
140 140
120 120
°\:, 100 - g 100 +
8 80 S 80+
> 8
g 60 § 60 -
T 4] Chitosan MW & 4] Chitosan MW
o [0}
—— 25 kDa 14 —— 25kDa
201 -O 684kDa 204 -O 684kDa
0 T T T 0 T . r
0.01 0.1 1 0.01 0.1 1
Nanoparticle concentration (mg/mL) Nanoparticle concentration (mg/mL)

Figure 4- 2 Viability of two model cell lines, one expressing CD44 (RAW 264.7, left) and
one substantially devoid of this receptor (Kelly, right), as a function of the concentration of
chitosan-TPP/HA nanoparticles.
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Figure 4- 3 Concentration of nitrite, TNF-a and IL-1f as a result of the 24 hours exposure of
RAW 264.7 macrophages to 250 pg/mL CS-TPP//HA nanoparticles. The concentration of
siTNF encapsulated in the nanoparticles was 200 nM/well. LPS at 1 pg/mL and plain
medium were used as positive and negative control respectively.
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The high efficiency of nucleic acid entrapment was also confirmed by the absence of
significant amounts of free nucleic acids in gel retardation assays (Figure 4- 4, left).
The presence of loaded nucleic acids did not significantly affect size and charge of
the nanoparticles, nor the outcome of the coating process (Table 4- 1 and Figure 4-
1), nor the substantial absence of macrophage activation (Figure 4- 3).

A key factor for a successful gene delivery is the ability of the delivery system to
protect the payload from enzymatic degradation. For example, more than 95% of
naked plasmid injected intramuscularly is degraded in the muscle tissue within 90
minutes post-administration, hindering its possible therapeutic benefits [44]. Using
DNase | as a model enzyme to degrade pDNA and then chitosanase to degrade the
host matrix, in preliminary experiments we have not observed any significant release
of intact DNA or decrease of the nanoparticle-associated fluorescence, suggesting
the resistance of the loaded nanoparticles and of their payload to both enzymes
(Figure 4- 4, right).

Nucleic acid encapsulation Nucleic acid protection

o
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<
>

chitosanase
CS(684) +
DNAse +
chitosanase
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Figure 4- 4 Left: gel retardation assays for siRNA and plasmid DNA in a free form or
encapsulated in chitosan-TPP//HA nanoparticles. Due to its cationic nature (repelled by
chitosan), the GelRed fluorophore cannot efficiently stain loaded nucleic acids, hence the
fluorescence associated to the nanoparticles has a low intensity and in particular it is barely
visible for siRNA. Right: gel retardation assays for plasmid DNA in a free form or
encapsulated in chitosan-TPP//HA nanoparticles when exposed to DNAse |I; the
nanoparticles were then incubated with chitosanase, which is known to facilitate pDNA
recovery. Only traces of DNA were released, in possibly higher amount for the nanoparticles
containing 684 kDa chitosan, which are known to be more susceptible to chitosanase
degradation. Please note that, due to the high activity of DNAse I, free pDNA is rapidly
degraded to monomeric units and is no longer stained by GelRed.
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4.3.2 CD44-mediated therapies

Two sets of preliminary experiments were conducted with the common aim to

demonstrate the feasibility of CD44-dependent therapeutic approaches.

CD44-mediated nucleic acid delivery. We have first examined the possibility of
delivering a large nucleic acid payload, i.e. a luciferase-encoding plasmid DNA
(pGL3). We have employed three cell lines: first, they have different CD44
expression in the order RAW >> K562 > Kelly; second, as neuroblastoma cells are
notoriously difficult to transfect even with lipofectamine [45], Kelly cells can be
used as an internal double negative control. The results are summarised in, Figure 4-
5, left.

Cells CD44 120
10000 ; [l RAW 264.7 (mouse macrophages) high ”
[ K562 (human leukemia) medium =
P [_] Kelly (human neuroblastoma) low '5 100
172}
7}
s 80
- 1004 g
< 3
b= ©
o
5 104 g 609
=) QL
§ 14 ER'E
B 2
0.1 £ 204
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o
0.01- 0-
Control pDNA CS(684) CS(25) Lipofect. Control siRNA CS(684) CS(25) Lipofect.

Figure 4- 5 Left: comparison of gene transfection efficiencies in 264.7 RAW macrophages,
Kelly neuroblastoma cells and K562 leukemia cells. Cells were transfected with 4 ug pGL3
either naked or encapsulated in chitosan-TPP//HA nanoparticles (please note that in the
graph the nanoparticles are identified only with the chitosan molecular weight; loading:
2%wt. in relation to chitosan). Cells were incubated with medium only or 4 pg pGL3
complexed with lipofectamine 2000 were used as a negative and a positive control,
respectively. The results are expressed as relative light units (RLUs) normalized to total
protein content of each well. Right: Nanoparticle-mediated RNA interference in 264.7 RAW
macrophages. Cells were transfected with 1 pg pGL3 complexed with Lipofectamine 2000
and luciferase expression was interfered by 200nM Anti-Luc siRNA/well either naked or
encapsulated in nanoparticles (loading: 2%wt. in relation to chitosan). Cells incubated with
medium only or Anti-Luc siRNA complexed with lipofectamine 2000 were used as a
negative and a positive control respectively. Luciferase expression was recorded as relative
light units (RLUs) normalized to total protein content of each well. The results are expressed
as the percentage of luciferase expression relative to control.
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Lipofectamine provided the highest luciferase luminescence with all cells lines,
which is primarily to ascribe to the rapid endocytic uptake of its lipoplexes, whereas
HA-coated nanoparticles are internalised via a slower and saturatable mechanism
(see Chapter Three). As expected, Kelly cells’ transfection efficiency was at least
two orders of magnitude lower than that of K562 and RAW cells also using
lipofectamine, therefore confirming the reliability of the results.
Two main points are noteworthy:
A) lipofectamine transfected RAW macrophages and K562 cells equally well, while
a >100-fold difference in favour of CD44-displaying macrophages could be seen
when using HA-coated nanoparticles. Although more controls are needed, this is a
promising indication of the possibility of CD44-mediated targeted nucleic acid
therapy.
B) We have previously demonstrated (Chapter Two and Chapter Three) that the use
of 25 kDa chitosan causes HA to form an external, thick layer (a corona), and there
IS evidence that this increases the overall affinity of the nanoparticles to HA
receptor(s), but decreases the overall amount of uptaken nanoparticles at saturation;
this would reduce the overall transfection efficiency. On the other hand, the bulk
composition of the 25 kDa chitosan nanoparticles is probably more labile under
acidic (endosomal) conditions: high molecular weight always increases the strength
of polyelectrolyte complexation due to cooperative effect, and for 684 kDa chitosan
the nanoparticle structure is further stabilised by the infiltration of HA in its bulk;
this would determine a higher transfection efficiency for low molecular weight
chitosan nanoparticles.
The transfection efficiency was indeed 4-5 times higher for 25 kDa chitosan-based
nanoparticles, on both macrophages and Kelly cells; due to the above considerations,
we are therefore inclined to ascribe this effect to a more efficient intracellular
delivery (endosomal escape and liberation of pDNA).
A similar effect was recorded when RAW macrophages were first transfected with
pDNA/lipofectamine to express luciferase and then treated with siRNA-containing
vectors to quench this expression (Figure 4- 5, right). 25 kDa chitosan nanoparticles
showed a silencing efficiency about 3 times higher than that of the 684 kDa ones,
and only marginally worse than lipofectamine. The better relative performance in the
release of siRNA (closer to lipofectamine than in the release of pDNA) is probably
144



Chapter Four

again to ascribe to the details of the intracellular delivery phase: complexes of
chitosan with the smaller siRNA are easier to disrupt than those with the larger
pDNA.

Anti-inflammatory effects of HA-coated nanoparticles. We have investigated
whether the different organisation and possibly different crowding and mobility of
HA chains on nanoparticles of 25 and 684 kDa chitosan may give rise to significant
effects on macrophage inflammatory activation, which was obtained using 1 pg/mL
LPS (Figure 4- 6); the choice of this LPS concentration was due to the high
inflammatory cytokine induction in the absence of any apparent reduction in cell
viability (see Supplementary Information, Figure 4-SI 1). Soluble HA was used as a
control, confirming its increasing anti-inflammatory character with increasing
molecular weight; for example, at a concentration of 125 pg/mL 1 MDa HA
produced a 75% reduction in TNF-a production, a 50% in for IL-1p and a 40% for
NO, whereas 60 kDa HA showed negligible effects. On the other hand, using HA-
coated nanoparticles at an analogous HA concentration (due to an HA content of
about 50% wt., 250 pg/mL nanoparticles correspond to 125 pg/mL of HA), the
production of both cytokines and NO was substantially abrogated (< 10%), with a
slightly higher efficiency for 25 kDa chitosan nanoparticles. The latter is possibly
due to the better presentation of HA (HA corona) on the surface of these
nanoparticles.

Due to the good transfection efficiency previously recorded for siRNA, additional
experiments were performed by loading the nanoparticles with TNF-o silencing
SIRNA loaded in the nanoparticles or in lipofectamine; chitosan and
polyethyleneimine polyplexes have already been employed as carriers for SiRNA
designed to silence the TNF-a gene [46] and this could in principle allow as synergic
anti-inflammatory action. However, no further reduction of the inflammatory
mediators was recorded and the results mirrored those of unloaded nanoparticles,
again with a slightly higher activity of 25 kDa chitosan-based nanoparticles. It was
therefore provisionally concluded that the anti-inflammatory character of the
nanoparticles themselves, possibly arising to clustered binding to HA receptors such
as CD44, overwhelmed any further action due to siRNA release.
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Figure 4- 6 Effect of CS-TPP//HA nanoparticles on the extracelluler level of nitrite, TNF-a
and IL-1B in LPS-activated (1 pg/mL) RAW 264.7 macrophages. Cells were exposed to 1
pg/mL LPS for 24 h co-administered with free HA at 125 pg/mL or nanoparticles at 250
pg/mL (roughly corresponding to the same HA concentration). siTNF was encapsulated in
nanoparticles and incubated at 200nM/well. LPS and plain medium were respectively used
as a positive and negative control.
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4.4 Conclusions

The results presented here have mostly a proof-of-principle character, but have
clearly indicated the feasibility of the use of HA-coated nanoparticles for CD44
targeting and the usefulness of low molecular weight chitosan for an improved
delivery of nucleic acid payloads.

Although a number of additional experiments are required, such as CD44 blocking,
time- and dose-dependent behaviour etc., we believe to have also qualitatively
shown an unprecedented effect anti-inflammatory of HA-coated nanoparticles
devoid of any payload, which significant promise for the development of future

therapies.
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Figure 4-SI 1 Activation of RAW 264.7 macrophages with LPS. Left: production of TNF-a
as a function of LPS concentration upon 24 h exposure. Right: viability of macrophages
under the same conditions
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Chapter Five

Conclusions and outlook

The aim of this thesis was to synthesise and characterise nanoparticles based on the
electrostatic interactions of chitosan, TPP and HA as a non-viral gene delivery
vector. A particular interest was taken on rationalising some of the chitosan
molecular weight-dependent effects on the morphology, cellular fate and gene
transfection efficiency of these nanoparticles.

In Chapter Two, we have illustrated the effect of chitosan molecular weight on the
physico-chemical characteristics and morphology/structure of chitosan-TPP
nanoparticles and their functional behaviour. The main findings are that

a) low molecular weight chitosan provides more compact nanoparticles, which have
a lower swelling/shrinkage capacity and a higher cross-link density;

b) the bulk structure determines different modes of adsorption of HA, when the
cationic nanoparticles are coated to provide a more protein-resistant and potentially
CD44-binding surface. In particular, lower chitosan molecular weight, and thus
higher nanoparticle bulk compactness, corresponded to the formation of an HA
corona around the nanoparticles, while higher chitosan molecular weight and larger
particle porosity appeared to allow HA infiltration in the nanoparticle bulk.

c¢) The morphological differences had significant effects on the overall nanoparticle
behaviour. For example, lower molecular weight chitosan nanoparticles 1) were
much less prone to aggregation due to the presence of excess HA, a phenomenon
likely caused by depletion interactions; 2) showed a significantly lower protein
adsorption both before and after decoration with HA. Using chitosanase as a tool to
probe the facility of unpacking of the nanoparticle bulk, the enzymatic degradation
of chitosan caused a significant DNA release only for higher chitosan molecular
weight nanoparticles, which could be ascribed to the higher accessibility of chitosan.

In Chapter Three, we have investigated whether the above described different
surface presentation of HA also influenced its presentation to cell surface receptors
and thus also the phenomenon of receptor-mediated internalisation. HA-coated
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Chitosan-TPP nanoparticles were prepared with different internal structures due to
the use of different chitosan molecular weight or to different preparative protocols,
and analogous Alginate-coated ones were used as controls.

First, the toxicity of the HA-coated nanoparticles (in RAW 264.7 macrophages)
appeared to bear little sensitivity to chitosan molecular weight or the nature of the
coating material (HA or alginate), but was strongly influence by the method of
preparation, suggesting the major determinant of a toxic behaviour to be the possible
exposure of chitosan. We have also proved that the morphological differences did
not affect the mechanism of nanoparticle uptake, which appeared always to be a
CD44-mediated phenomenon leading to acidified late endosomes. CD44 is an easily
saturated receptor due to its slow representation (24-48 hr). Under such conditions,
the internalisation kinetics of HA-coated nanoparticle would be governed by the
amount of available receptors and indeed a clear saturation behaviour was
recognisable. This also implies that a higher number of interaction sites, for example
due to better presentation of HA, would allow the internalisation of a lower amount
of more strongly bound nanoparticles. Emphasising how ligand surface presentation
can affect the efficacy of delivery in a counter-intuitive fashion (lower affinity —
larger amount of nanoparticles internalised) may be a way to enhance the efficacy of

CD44-targeted nanoparticles.

In Chapter Four, the feasibility of CD44-dependent therapeutic approaches was
investigated using HA-coated nanoparticles with or without a nucleic acid payload
(pDNA and siRNA).

High nucleic acid entrapment efficiency was confirmed, although it was slightly
dependent on the size of both chitosan and nucleic acid. HA-coated nanoparticles
showed negligible cellular toxicity and did not cause significant inflammatory
activation also in an inflammation-sensitive model such as RAW macrophages,
which is a prerequisite for any delivery system and in particular for one targeting
inflammatory diseases. Thereafter, HA-coated nanoparticles loaded with a reporter
gene (pGL3) showed the possibility of CD44-mediated targeted nucleic acid therapy
by differentiating heavily from poorly CD44-expressing cells. siRNA-loaded
nanoparticles were also successfully used to mediate silencing of the reporter gene
expression. In both cases, nanoparticles based on low molecular weight chitosan
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showed better results than those based on high molecular weight chitosan, which was
possibly the result of a more efficient intracellular liberation of the payload; a similar
argument could be used to explain the higher efficiency recorded for siRNA than for
pPDNA, since a smaller payload is probably less tightly bound by chitosan and hence
easier to deliver after endosomal disruption.

Last, we have investigated whether the different organisation and possibly different
crowding and mobility of HA chains may give rise to significant effects on
macrophage inflammatory activation. We have confirmed soluble HA increasing
anti-inflammatory character with increasing molecular weight. However, HA
concentrated on the nanoparticles surface, at an analogous concentration to soluble
HA, seems to increase the anti-inflammatory effect. loading the nanoparticles with
TNF-a silencing siRNA for potential synergic anti-inflammatory action revealed no
additive effect on inflammatory mediators production which conclude that the anti-
inflammatory character of the nanoparticles themselves, possibly arising from
clustered binding to HA receptors such as CD44, overwhelmed any further action

due to RNA interference to TNF-o expression.

Outlook and next steps. HA-coated chitosan-TPP nanoparticles show great promise
as structures that may use their interactions with HA receptors (mainly CD44) to
provide an inherent anti-inflammatory character and the possibility to deliver nucleic
acid payloads in a CD44-targeted fashion. This potentiality seems to be largely
influenced by the nanoparticle bulk structure and ultimately by chitosan molecular
weight, indicating that the appropriate selection of the starting polymer is of
paramount importance to enhance stability, targetability and gene transfection
efficiency.

The last part of the present study should be (and currently is) complemented by a
number of additional experiments to better understand the nucleic acid
loading/release profile of nanoparticles, the mechanism of intracellular delivery and

the anti-inflammatory nature of the nanoparticles - specifically, as follows.

A) For loading/release analysis, it would be interesting to develop a methodology to
obtain a full recovery of the payload (i.e 100% DNA/RNA release) possibly through

biodegradation of the polymeric network using an enzymatic cocktail.
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B) For the nucleic acid delivery, it would be necessary to show whether CD44
clustering around nanoparticles could influence the nature of the endosomal
environment (e.g. acidity) and to confirm in a quantitative fashion the influence of
the nanoparticle bulk (e.g. chitosan molecular weight) on the kinetics of endosomal

disruption.

C) For the anti-inflammatory character, we currently speculate the nanoparticle
effect to be due to the signalling arising from CD44 clustering. However, we cannot
completely rule out an effect of ROS scavenging, therefore it would be necessary to
qualify the free radical scavenging efficiency of the nanoparticles, either in contact
or in a paracrine fashion. Additionally, the extent of CD44 clustering should be
quantified, and the specific related signalling should be at least qualitatively
understood.

Further, these nanoparticles should be tested in vivo, in models of (tumoural or
inflammatory pathologies) known to be associated to an overexpression of CD44 or
other HA receptors.
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