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SUMMARY

The studies in this thesis explored the formulation of various polyelectrolyte complex
nanoparticles as potential carriers for the delivery of macromolecules. The complexes
were formed between a polyanion (hyaluroninc acid, HA or chondroitin, CHON) and a
polycation (chitosan, CS, or protamine, PROT). Salmon calcitonin (sCT) was selected
as a macromolecule to be encapsulated in the nanoparticles due to its clinical use in
bone diseases and potential application in arthritis. Different factors influencing the
formation and properties of the nanoparticles (NPs) were examined, e.g. concentration
of the polymers, polyanion/polycation mixing ratio, molecular weight of polymers. The
molecular weight of the polymers was determined by GPC (Gel Permeation
Chromatography). The properties of the NPs were characterised with the use of
different techniques. Particle size and size distribution were analysed with the
employment of dynamic light scattering (DLS), zeta potential was measured with the
use of laser Doppler velocimetry (LDV), while morphology was investigated by
transmission electron microscopy (TEM) and scanning electron microscopy (SEM).
Physical stability of the nanoparticle suspensions upon storage at room temperature
were performed for a period up to 4 weeks. sCT was loaded into each type of NPs:
HA/CS, CHON/CS, HA/PROT and CHON/PROT, and the possibility of formation of
NPs between sCT and polyanions:HA and CHON was also examined. Non-associated
sCT was separated from NPs by a combined ultrafiltration-centrifugation technique,
and concentration of sCT was analysed by HPLC (high performance liquid
chromatography). The release of sCT from the polyelectrolyte complex nanoparticles
was also examined. Selected formulations were converted into solid state forms by
freeze-drying with the employment of trehalose and poly(ethylene glycol) polymers
(PEGs) as cryoprotectants. The toxicity of the NPs, polymers and cryoprotectants was
examined on Caco-2 cells with the use of MTS assay and flow cytometry. The in vitro
(cell culture) and in vivo (in rats) performance of HA/CS/sCT NPs was also examined.

Uncomplicated, organic solvent and surfactant-free production method by simply
mixing aqueous solutions of polylelctrolytes at room temperature was successfully
employed to fabricate novel, cross-linker-free and non-sedimenting nanoparticles. It
was possible to obtain NPs with good physical properties (i.e. small and
homogenously dispersed) for all of the polyelectrolyte pairs tested: HA/CS, HA/PROT,
CHON/CS, CHON/PROT. The physicochemical properties of the NPs were found to
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be conveniently adjusted by changing the formulation conditions: polymer mixing ratio,
polymer concentration, type and molecular weight of the polymers. The example of
HA/CS NPs showed that the type of counterion in chitosan salt also plays a role- the
glutamate salt is not recommended as the glutamate residue interacts and is
incorporated into the NPs. The influence of the molecular weight of the polymer was
especially pronounced in the range of higher molecular weights, leading to the
formation of aggregates or a substantial increase in particle size. However, the main
factor determining particle formation and properties was the mixing ratio of the
polyelectrolytes. A change in the polyanion/polycation mixing ratio considerably
altered the physicochemical properties of the particles, especially zeta potential. When
CS was used as a polycation, stable particles with either a positive or with a negative
surface charge were acquired. On the other hand, complexation of polyanions to
PROT yielded stable NPs with negative zeta potential values, while positively charged
particles increased their size systematically within first hours of storage. NPs were
stable after short-term storage at room temperature and the solid state form was
successfully obtained by freeze-drying.

sCT was successfully loaded into all types of NPs tested with association efficiency
values close to 100% and a high drug loading. Moreover, CHON/sCT NPs were
successfully produced. NPs were capable to provide a prolonged release of sCT and
the release was markedly slower in the case of CHON-based NPs.

NPs were found to be well tolerated by Caco-2 cells and PROT-based NPs were
found to be more toxic than CS-based NPs. Complexation to polyanions and formation
of NPs decreased the toxic effects exerted by the polycation.

Moreover, it was shown (collaboration with Dr. Sinéad Ryan, UCD) that in human
chondrocyte and macrophage cell lines HA/CS/sCT NPs produced markedly higher
reduction in inflammatory biomarker (NR4As and MMPs) mRNA expression than HA
or sCT alone with the efficacy comparable to dexamethasone commonly used in the
treatment of rheumatoid arthritis. In the K/BxXN mouse model of inflammatory arthritis,
HA/CL113/sCT NPs delivered by the |A (intra-articular) route reduced knee diameter
over time, preserved both bone and cartilage and reduced synovitis infiltration damage
compared to controls. sCT formulated into a NP was superior to free sCT in cartilage
preservation showing that formulation of the peptide into NPs improved the therapeutic

effect and sustained release of sCT.
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ORIGIN AND SCOPE

Salmon calcitonin (sCT), commercially available as injectable and nasal
spray forms (Guggi et al., 2003), and indicated for the treatment of bone diseases,
e.g. osteoporosis, Paget’s disease and bone metastasis (Guggi et al., 2003) is also
a promising candidate to be used in osteoarthritis (Manicourt et al., 2005).
However, the full market potential of this peptide has not yet been reached due to
the low patient compliance associated with the injectable dosage forms (Guggi et
al., 2003) and poor bioavailability from the commercial nasal spray, Miacalcin®
(Hinchcliffe et al., 2005). Therefore the development of a new, more compliant
delivery system for sCT is of a vital importance. Polymeric nanoparticles represent
an interesting strategy because of their abilities to entrap macromolecules, protect
them against degradation and enhance their transmucosal transport (de la Fuente
et al., 2008a).

Several approaches have been attempted to produce calcitonin or
elcatonin-loaded polymeric nanoparticles, among them poly(lactic-co-glycolic acid)
(PLGA)-based nanoparticles being one of the most common (Mehta et al., 1994,
Jeyanti et al.,, 1996, Calis et al., 1995, Kawashima et al., 2000). Although the
peptide was very efficiently associated with the particles, a very low drug loading,
up to 1.55 % by Kawashima et al. (2000), is one of the main disadvantages of
PLGA nanoparticles. Drug loading higher than 10% has not been achieved so far
for sCT.

Other common disadvantage of PLGA-based or similar nanoparticles is the
involvement of surfactants and organic solvents in their fabrication. Water-soluble,
biodegradable, polyelectrolyte complex nanoparticles have been shown to
overcome these problems. Polyelectrolyte complex NPs have also evolved
because of the limitations, in terms of toxicity, of the currently available systems
(Hartig et al., 2007). The employment of naturally occurring polymers already
approved for the use in drug delivery provides an attractive option, as the use of
novel polymer would raise a need for complicated toxicity studies. Moreover, some
of the naturally occurring polyelectrolytes (e.g. hyaluronic acid, chondroitin) have
biological properties (e.g. anti-inflammatory and structure protection in arthritis)
complementary to pharmacological action of sCT, therefore combining these
polysaccharides in the same delivery system as sCT seems to be particularly

attractive not only in terms of the facilitation of the delivery of sCT.



The scope of this thesis was:

to develop and characterise polyelectrolyte complex nanoparticles
composed of naturally occurring, biocompatible polymers: hyaluronic
acid, chondroitin, chitosan or protamine

to investigate and characterise the influence of different formulation
variables (e.g. polymers mixing ratio, concentration and molecular
weight) on the formation and properties of the nanoparticles

to load sCT into selected nanocarriers, characterise them and optimise
the formulation variables in order to achieve maximum association
efficiency and drug loading possible

to assess in vitro cytotoxicity of nanoparticles

to obtain the solid state form of the particles by freeze-drying

to examine selected formulation in vitro for the eventual reduction of
inflammatory biomarkers and in vivo in order to verify the performance

of the nanoparticles in mouse model of inflammatory arthritis



1. Introduction

1.1 Definition and classification of nanoparticles

By a general definition, nanoparticles are particulate dispersions or solid

particles that vary in size from 1 to 1000 nm.
Different classes of nanoparticles can be distinguished (Medina et al., 2007):

e Ceramic nanoparticles are composed of inorganic systems with porous

characteristics (e.g. silica, titania and alumina).

¢ Metallic nanoparticles (e.g. iron oxide nanoparticles) comprise a class of
superparamagnetic agents that can be coated with phospholipids, dextran

or other compounds to enhance stability and prevent aggregation.

e Gold shell nanoparticles are spherical particles consisting of a dielectric

core covered by a thin metallic shell, which is typically gold.

e Carbon nanomaterials include fullerenes and single or multi-walled

nanotubes.

e Quantum dots are nanoparticles made of semiconductor materials with

fluorescent properties.

e Liposomes are composed of lipid bilayer membranes surrounding an

aqueous interior.

e Nanoemulsions comprise oil in water dispersions stabilised with surfactants

in order to maintain their shape and size.

e Polymeric nanoparticles are composed of different polymers e.g.
polysaccharides (Boddohi et al., 2009), poly(lactic-co-glycolic acid) (PLGA)
(des Rieux et al., 2006).



1.2 Investigations into application of nanoparticles in drug delivery

Nanoparticles are being extensively investigated for their applications in
medicine such as drug delivery systems, molecular diagnosis, medical imaging and
tissue engineering (Emerich et al.,, 2003). Since the nanotechnology offers a
suitable means of controlled and/or site specific delivery of low and high molecular
weight drugs and bioactive agents, significant efforts have been devoted to
potential use of nanotechnology in drug delivery (Hamidi et al.,, 2008).
Pharmaceutical nanotechnology focuses on formulating active ingredients into
biocompatible nanoparticles. These systems may offer many advantages as they
focus on improved safety, efficacy of the drug (e.g. by providing a targeted delivery
of the active, improving its bioavailability, extending its effect in target tissue and
improving stability against chemical or enzymatic degradation). The submicron size
is the basis for the advantages of nanoparticle-based drug delivery systems
(Alonso, 2004; Hamidi et al., 2008). Nanoparticles have been considered as
potential drug carriers intended for various transmucosal routes of administration,

e.g. oral, nasal, pulmonary and ocular (Alonso, 2004).

Nanoparticles may have the form of nanocapsules or nanospheres (Hamidi
et al., 2008). Nanospheres are matrix spherical systems, while nanocapsules are
vesicular systems composed of a cavity surrounded by a boundary structure, e.g.
polymeric. The drug may be dissolved, entrapped, encapsulated or attached to

nanoparticles (Hamidi et al., 2008).

Polymeric nanoparticles have a range of advantages compared to other
carriers. They are characterised by much better stability in the Gl tract than for
example liposomes and thus can protect the encapsulated drug. Their
physicochemical properties such as  size, zeta  potential and
hydrophobic/hydrophilic characteristics, release properties of the encapsulated
drug (typically sustained or triggered by different factors) as well as behaviour in
the biological systems (bioadhesion, targeting, uptake by cells) can be adapted by
the appropriate choice of various polymeric materials (de la Fuente et al., 2008a).
Nanoparticulates have better absorption properties compared to larger carriers due
to their very small, submicron sizes and therefore enormous surface area. Some
molecules, especially polymers, for instance polyethylene glycol (PEG) and
molecules exhibiting bioactive properties e.g. lectins can be adsorbed or

chemically grafted to particle surface (des Rieux et al., 2006).



Polymeric nanoparticles can entrap macromolecules and protect them
against chemical and physical degradation (Sanchez et al., 2003). Nanoparticles
can also enhance transmucosal transport of the associated macromolecules, thus
acting as nanocarriers (Alonso, 2004). Incorporation of drug into delivery systems
in the form of nanoparticulate polymer matrices offers many benefits, e.g.
controlled drug release and protection, prolonged blood circulation and many other

adjustable characteristics (Hartig et al., 2007).

It is very important for medical applications that nanoparticles are
biocompatible and biodegradable. Serious issues with respect to biocompatibility
and toxicity are disadvantages of nanoparticles such as carbon nanotubes (Jain et
al., 2007), fullerenes (Isakovic et al., 2006), quantum dots (Pelley et al., 2009) and
other metal based nanoparticles (Schrand et al.,, 2010). The lack of
biodegradability or toxicity of the degradation products of some synthetic polymers
used for nanoparticles fabrication may also be a problem. Specifically,
alkylcyanoacrylate nanostructures suffer from toxic breakdown products (Hartig et
al., 2007). Recently there is an increased interest in nanoparticles composed of
naturally occurring polymers such as polysaccharides or their derivatives due to
their diverse structures, a large number of reactive groups, low toxicity, safe,
biodegradability and stability (Liu et al., 2008). Indeed, water-soluble,
biodegradable polyelectrolytes degrade at a slow rate, do not alter normal cell
function and use water as a solvent in their fabrication, what is an important
advantage for products that potentially may be applied as drug delivery systems in
humans (Hartig et al., 2007). Such polymers are generally intended to be used
solely as carriers for the delivery of bioactive substances (Janes et al., 2001),
however some of the polymers are known to possess pharmacological and
functional properties as well. Examples of those polymers include chitosan,
hyaluronic acid, chondroitin and their application in nanomedicine could be

multifold.

1.3 Polymers used in the formulation of nanoparticles and their

physicochemical properties

There are many polymers at disposal for developing nanoparticles for drug
delivery. A few criteria determine whether a given polymer is deemed suitable for
delivery of drugs, they are: biocompatibility and bioavailability (they have a crucial

impact on elimination properties of the systems), cytotoxicity, degradation rate that



determines the rate of drug release and easiness of production. The choice of
materials also depends on the size and morphology of the particles, the surface
charge, drug loading and desired release profile (des Rieux et al., 2006; Sundar et
al., 2010). The polymers may generally be classified as biodegradable and non-
biodegradable. The term biodegradable is used in a broad meaning that the
polymer will eventually disappear after introduction in the body. This may be due to
hydrolytic or oxidative enzymatic degradation, however e.g. polylactides are
hydrolysed at a relatively high rate even at room temperature at neutral pH without
any help of hydrolytic enzymes. The polymers may also be classified as natural or
synthetic (lkada and Tsuiji, 2000).

Initially polymeric nanoparticles were designed using albumin and synthetic
non-biodegradable polymers, e.g. poly(methylacrylate) and polyacrylamide.
However the systemic administration of non-biodegradable nanoparticles in
humans is limited due to the risks of chronic toxicity as a result of overloading
tissues with the non-degradable polymers (Sundar et al., 2010). Also, purified
polyethylene and silicone do not have toxic effects on cells but are not blood
compatible, because after implantation thrombus formation and encapsulation by
collagenous fibrous tissues takes place at their surface (lkada and Tsuji, 2000). As
a consequence, nanoparticles composed of synthetic biodegradable polymers (e.g.
polyanhydride, poly(lactic-co-glycolic acid) and polyalkylcyanoacrylate) were
designed (Sundar et al., 2010). Polymers that are insoluble in water generally do
not interact physically or chemically with living cells unless the surface of the
material has very sharp projections or a high density of a cationic moiety. However,
as a result of the degradation, biodegradable polymers always release low
molecular weight compounds into the outer environment, and in some cases the
normal condition of the cell is disturbed by such foreign compounds (lkada and
Tsuji, 2000). For instance, alkylcyanoacrylate nanostructures suffer from toxic
breakdown products: alcohol, acrylic acid and formaldehyde (Mdller et al., 1991).
The most commonly used polymers are polyesters, either alone or in combination
with other polymers. PLGA and PLA, employed for numerous in vivo applications
are highly biocompatible and biodegradable (des Rieux et al., 2006). PLGA and
poly(e-caprolactone) (PCL) are both aliphatic polyesters synthesized by ring-
opening polymerisation. PLGA is degraded non-enzymatically in both earth
environments and human body, while PCL is enzymatically degraded in earth
environments, but non-enzymatically in the body. As polylactides, especially

polyglycolide, are hydrolysed in living organisms to the respective monomers and



oligomers soluble in aqueous media, the whole mass of the polymer disappears
without any trace of the remnants, therefore they are referred to as absorbable
(resorbable) polymers (lkada and Tsuji, 2000). However, the limitation of
biodegradable water-insoluble polymers is that they are mostly hydrophobic,
whereas nucleic acids, many of peptides and proteins, which are recognised to
have a great potential in therapeutics, are hydrophilic. This leads to difficulties for
the drug to be efficiently encapsulated (Sundar et al., 2010). Hence, the
preparation of nanoparticles with the employment of more hydrophilic and naturally

occurring polymers has been explored.

Nanoparticles composed of biodegradable polymers like polysaccharides
and proteins have the potential to be used as efficient drug delivery systems for
sustained, controlled and targeted release, aiming to improve the therapeutic
effects as well as to reduce the side effects of the formulated active ingredients
(Sundar et al., 2010). To date the most appreciated natural polymer employed for
nanoparticles production is CS due to its mucoadhesive abilities and being a
permeability enhancer and also thanks to the chemical properties (presence of
charged groups) which allows the formulation of particles free of organic solvent at
relatively mild conditions of preparation (des Rieux et al., 2006). The examples of
macromolecules efficiently associated to CS nanoparticles are proteins such as
bovine serum albumin (BSA), tetanus toxoid, diphtheria toxoid (Janes et al., 2001)
and the peptides: insulin (Janes et al., 2001, Bayat et al., 2008, Aktas et al., 2005),
cyclosporine and caspase inhibitor (Aktas et al., 2005). For a particular protein, the
greatest loading efficiency was obtained when the protein was dissolved at a pH
above the isoelectric point of the compound, so that the macromolecule was
primarily negatively charged to bind to the positively charged CS (Janes et al.,
2001). Alonso’s group has shown on rats and rabbits that chitosan nanoparticles
have the potential to enhance absorption through mucosa (Vila et al., 2004; Prego
et al., 2005). Among cationic polymers used in the formation of polyelectrolyte
complex nanoparticles, undoubtedly chitosan is the most extensively investigated
within the current scientific literature (Andrews et al., 2009). There are many
anionic polymers complexed with chitosan to produce polyelectrolyte complex
nanoparticles. Some of the examples are hyaluronic acid (de la Fuente et al.,
2008a, Boddohi et al., 2009), chondroitin sulphate (Yeh et al., 2011),
carboxymethylcellulose, dextran sulphate, alginate and polyaspartic acid (Liu et al.,
2008). Interestingly, heparin has been used in order to produce polyelectrolyte
complex NPs with chitosan (Liu et al., 2008, Boddohi et al., 2009), but it was also



loaded as an active into CS/HA NPs (Oyarzun-Ampuyero et al., 2009). Chitosan
has also been chemically modified in order to obtain forms soluble at neutral pH
either as a cationic form (N-trimethylchitosan) or amphoteric or negatively charged
form (carboxymethylchitosan) (Liu et al., 2008). Other polycations used in the
formation of polyelectrolyte complex nanoparticles are protamine (Mori et al.,
2010), polyarginine (Oyarzun-Ampuyero et al., 2011) and polyethylenimine (Pathak
et al., 2009). Proteins have also been used in drug delivery systems. For instance,
gelatin has been used in the synthesis of nanoparticles for drug delivery during last
thirty years. Gelatin is a natural water soluble macromolecule obtained from the
heat dissolution and partial hydrolysis of collagen. Type A gelatin, produced via
acid hydrolysis of collagen, has the isoelectric point between 7 and 9, while type B
gelatin, obtained by alkaline hydrolysis of collagen has the isoelectric point
between 4.8-5.0 (Sundar et al., 2010). Interestingly, albumins, e.g. bovine serum
albumin, with the isoelectric point of 4.7-4.9 (Hopwood, 1970) can be used as a
nanocarrier for the delivery of bioactive molecules, e.g. siRNA (Yogasundaram et
al., 2012) as well as the active ingredient encapsulated into the nanoparticles (de
la Fuente et al., 2008a). Human serum albumin was used as a protective colloid in
albumin/protamine/oligonucleotide nanoparticles, overcoming the disadvantages of
protamine/oligonucleotide nanoparticles, e.g. improving the stability and preventing

aggregation under isotonic conditions (Lochmann et al., 2005).

Polyelectrolyte complex nanoparticles have been investigated as a potential
delivery system for low molecular weight drugs, e.g timolol maleate (Wadhwa et
al., 2010), doxorubicin (Tsai et al., 2011) as well as biological macromolecules, e.g.
previously mentioned heparin (Oyarzun-Ampuyero et al., 2009), growth factors
(Parajo et al., 2010), bovine serum albumin and cyclosporine A (de la Fuente et al.,
2008a), and nucleic acids (de la Fuente et al., 2008b).

1.4 Methods used in the preparation of polymeric nanoparticles

There is a considerable number of techniques that are used to produce
nanoparticles, which allows for a broad differentiation of their internal and external
structure as well as composition and biological properties. The choice of the
method is influenced by the solubility of the active compound to be
associated/complexed with the nanoparticles as well as the solubility, chemical
structure, characteristic chemical groups, molecular weight, crystallinity/amorphicity

of the polymer (des Rieux et al., 2006).



In general, polymeric nanoparticles may be prepared either by
polymerisation of dispersed monomers or by dispersion of preformed polymers
(Soppimath et al., 2001). The use of particles obtained by polymerization may be
limited because of the presence of residual monomers, oligomers, catalysts as well
as possible cross-reaction with drug (Quintar-Guerrero et al., 1996). Therefore
preparation of nanoparticles from synthetic polymers is usually done by dispersion
of polymers. There are a few preparation methods, the choice of which is mainly
dependant on the hydrophobic/hydrophilic characteristics of actives to be

incorporated (des Rieux et al; 2006).

The nanoprecipitation technique developed by Fessi and co-workers was
used for encapsulation of lipophilic drugs (Fessi et al., 1989). In this process
nanospheres are formed. Nanoprecipitation requires two miscible solvents. Both,
the encapsulated molecule and the polymer should dissolve in one of them
(referred to as a solvent), but not in the second system (referred to as a non-
solvent). When the polymer solution is added to the non-solvent, nanoprecipitation
occurs by a rapid desolvation of the polymer as a result of diffusion of polymer-
containing solvent into the dispersing medium. In the classical approach acetone or
ethanol are used as solvents for the polymer and a lipophilic drug. By extending
this classical approach to a more versatile drug/polymer/solvent/non-solvent
scheme (e.g. by using different alcohols as non-solvents, and different chemical
families like ketones and esters as solvents) Bilati et al., (2005) have adapted the
nanoprecipitation method for encapsulation of hydrophilic compounds into PLA and
PLGA nanoparticles. Nanoprecipitation enables to obtain nanoparticles with small

polydispersity indices.

The classic emulsification solvent evaporation technique (ESE) described
by Bodmeier and McGinity (1987) and its different variations were initially used to
obtain microparticles composed of synthetic polymers, e.g. PLGA. The ESE
process is composed of two steps: the emulsification of a polymer solution in a
suitable water immiscible and volatile organic solvent (e.g. dichloromethane,
chloroform or ethyl acetate) containing the encapsulated substance into an
aqueous phase followed by hardening of the particles through solvent evaporation
(either by increased temperature/decreased pressure or by continuous stirring) and
polymer precipitation (Bodmeier and McGinity, 1987; Soppimath et al., 2001,
Rosca et al., 2004). The shear stress produced by homogenizer, sonicator or whirl
mixer applied during emulsification process leads to breaking up the polymer

solution into microdroplets. It is mainly this step where the particle size and size



distribution are determined (Rosca et al., 2004). The ESE method is known to work
best for water-insoluble drugs (Bodmeier and McGinity, 1987). The use of
conventional O/W ESE method for the encapsulation of water soluble ingredients
will generally lead to rapid partitioning of the drug from the organic phase into the
aqueous phase, resulting in the formation of particles with a very low drug loading
(Bodmeier and McGinity, 1987, O’Donnel and McGinity, 1997). Therefore
innovative modifications to the conventional O/W ESE method have been
developed to evade this problem. One of them is an ESE method based on the
formation of a multiple W/O/W emulsion as reported by Herrmann and Bodmeier
(1995). In this method a primary W/O emulsion containing an aqueous solution of
the active ingredient emulsified into a solution of the polymer in a water-immiscible
solvent is emulsified into an external aqueous phase to form a W/O/W emulsion.
The microspheres are formed after diffusion and evaporation of the solvent and
precipitation (hardening) of the polymer in the emulsified droplets (Hermann and
Bodmeier, 1995). By conveniently adjusting the formulation process (e.g. by the
use of ultrasounds in the emulsification step) the size of the dispersed particles
may be reduced markedly and nanoparticles may be obtained (Blanco and Alonso,
1997).

The emulsification-diffusion method is a variant, in which an O/W emulsion
is formed with a solvent that is only partially soluble in water, e.g. benzyl alcohol,
propylene carbonate (Quintanar-Guerrero et al., 1996). The organic solvent
containing the polymer and a stabiliser (e.g. polyvinyl alcohol, poloxamer 188,
gelatin) is added to the aqueous phase, similar to the previous method. Following
mutual saturation of the two phases (organic solvent and water), both liquids are in
a state of thermodynamic equilibrium. After stirring the organic solvent solution is
dispersed as globules in the equilibrium with continuous phase and the stabiliser is
adsorbed on the large interfacial area created. In the next step a large amount of
water is added to such emulsion. As a result, the diffusion of the partially water
miscible organic solvent to the external phase occurs and after some time the

nanoparticles come out of solution (Quintanar-Guerrero et al., 1996).

Another modification is so called “salting-out/solvent displacement’
technique which draws on aspects of both methods described earlier (i.e. ESE and
nanoprecipitation). The polymer and drug are dissolved in an organic solvent
(acetone) miscible with water and emulsified into an aqueous continuous phase
loaded with both, a salting-out agent (e.g. magnesium chloride) and a suitable

stabiliser (e.g. PVA). The presence of sufficient quantities of polyelectrolyte is
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necessary to effect the separation of an organic phase from an aqueous phase, the
two being fully miscible otherwise. Controlled dilution of the electrolyte by addition
of aqueous solution of the stabiliser gives rise to particle formation as acetone

diffuses from organic droplets (McCarron et al., 2006).

Other than the commonly used synthetic hydrophobic polymers, research
activity is now focused on the preparation of nanoparticles composed of hydrophilic
polymers like chitosan, alginate, etc. (Soppimath et al., 2001). Nanoparticles
composed of natural polymers are usually obtained by mild methods presenting the
benefit of producing organic solvent-free formulations. The techniques employed
are ionic gelation (e.g. chitosan cross-linked with sodium tripolyphospahte anions)
(Calvo et al., 1997) or coacervation (chitosan, gelatine nanoparticles) (Borges et
al., 2005, Leo et al., 1997). Coacervation is the separation into two liquid phases in
colloidal systems. Coacervate is the phase more concentrated in colloid
component and the other phase is the equilibrium solution (de Kruif et al., 2004).
Nanoparticles composed of gelatin or albumin may be obtained by the slow
addition of protein precipitating agent, like neutral salt (sodium or ammonium
sulphate) or alcohol (ethanol) to the solution of protein. The process is often
followed by chemical cross-linking with glutaraldehyde to stabilise the
nanoparticles. The disadvantage of the stabilising agents is the possibility of their
reaction with the drug and possible increase in toxicity of the formulation. Also, this
method is not appropriate for very hydrophilic drugs as they are readily washed out
of the particles (Grabnar et Kristl, 2011).

Coacervation caused by the interaction of two oppositely charged colloids is
referred to as a complex coacervation. However, in many cases, the complexes
are solid-like (precipitate) in nature (de Kruif et al., 2004). Polyelectrolyte complex
formation is mainly caused by strong Coulomb interactions between oppositely
charged polyelectrolytes, whereby the gain in enthropy due to the release of the
low molecular weight counterions initially bound to polyelectrolytes plays a decisive
part (Dautzenberg et al., 2002; Schatz et al., 2004). Other intermacromolecular
interactions, e.g. hydrogen bonding, van deer Waals forces, hydrophobic
interactions or dipole-charge transfer may also be involved in the formation of
polyelectrolyte complexes (Schatz et al., 2004), nevertheless they are considerably
weaker than Coulombic interactions and therefore would have to occur in a great
number in order to exert a more significant effect. At certain conditions,
polyelectrolyte complexes can precipitate in the form of colloidal size particles.

Usually, there is a narrow window of physicochemical conditions where the
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complexes are formed and stay in the form of colloidal dispersion (de Kruif et al.,
2004). The process of NP formation should be conducted in diluted solutions in
order to prevent macroscopic gelation that leads to bulk hydrogels (Oh et al.,
2009). Some of the factors determining the formation and properties of
polyelectrolyte complexes are the strength and location of ionic sites, polymer
chain rigidity, pH, temperature, ionic strength and mixing intensity (Hartig et al.,
2007). The stability of polyelectrolyte complex nanoparticles depends on the
repulsion between similarly charged nanoparticles. When the charge is neutralised,
aggregation occurs. Therefore the net charge of the system must be either strongly
positive or strongly negative if the system is to be colloidally stable. Polyelectrolyte
complexes are known to aggregate when polycation and polyanion charge mixing
ratio is close to 1 (Boddohi et al., 2009). In an ionic gelation process nanoparticles
are formed as a result of inter- and intramolecular cross-links between the
polyelectrolyte (e.g. chitosan) and the counterion (e.g. sodium tripolyphosphate,
TPP), as described by Calvo et al, (1997). In contrast to polyelectrolyte
complexation, where the complex is formed between two oppositely charged
polyelectrolytes, the ionic gelation process involves the interactions between a
polyelectrolyte and a small molecular weight counterion. Similarly to polyelectrolyte
complexation, ionic gelation is a very mild process useful for association of
macromolecules like nucleic acids, proteins and peptides. It can be performed at
room temperature and no special equipment is required. It is essential to identify
the cross-linking conditions that will yield the formation of nanoparticles (Grabnar et
Kristl, 2011). Both methods, polyelectrolyte complexation and ionic gelation are
very often combined. For instance, polyelectrolyte complexation between CS and
HA as well as ionic gelification of CS by TPP were employed in the production of
CS/TPP/HA nanoparticles described by de la Fuente et al., (2008a, b and c) and
HA-coated CS/TPP NPs by Nasti et al., (2009).

1.5 Physicochemical properties of polymeric nanoparticles

The critical determinant of the fate of orally administered nanoparticles is
the particle size and size distribution, as particle transport by the intestinal
epithelium is size-dependant (Alonso, 2004; des Rieux et al., 2006). The particle
size may be influenced by the concentration and nature of the surfactant used.
High concentrations of surfactant decrease the size of particles. The particle size is
also influenced by the polymer molecular weight and the trend is that smaller and
less polydispersed nanoparticles are typically obtained when the PLGA with higher

molecular weight is employed (Zambaux et al., 1998). The processing parameters
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can also influence the micromeritic properties such as size of nanos. A few
examples of such parameters include the number of homogenization cycles if a
microniser is used, sonication time, type and properties of excipients, drug
concentration and oily/aqueous phase ratio in the case of PLGA nanoparticles (des
Rieux et al., 2006). Mainardes and Evangelista (2005) showed that sonication time,
PLGA and drug amounts, the concentration of PVA, ratio between aqueous and
organic phases and the method of solvent evaporation had a significant influence

on the size distribution of PLGA nanoparticles containing praziquantel.

The extent of nanoparticle uptake is also governed by their surface
properties. Firm assumptions regarding the most advantageous nanoparticle
surface properties still remain controversial and this depends on the type of
intestinal cell (enterocytes versus M cells). Surface charge and hydrophobicity of
the nanoparticles are greatly influenced by the nature of polymer(s) and their
composition. The surface charge of polyelectrolyte complex nanoparticles depends
on the mass mixing ratio of the oppositely charged polyelectrolytes, as shown for
CS/HA NPs (de la Fuente et al., 2008b, Boddohi et al., 2009) and HA/polyarginine
NPs (Oyarzun-Ampuero et al., 2011). It is possible to modify the particle surface by
coating or attaching a molecule hoping that the diverse properties of such
molecules will alter the characteristics of the nanoparticle surface. These
modifications mainly aim to change the zeta potential of the particle and their
hydrophobicity as well. This way the colloidal stability, mucoadhesive properties of
the nanoparticles as well as ability to bind/adsorb protein molecules to their surface
are influenced, and in turn, altering oral absorption of the nanoparticles (des Rieux
et al., 2006).

The most frequent polymers employed in coating of nanoparticles are PEG
and chitosan. Kawashima et al.,, (2000) have shown that the formation of
mucoadhesive CS coating around PLGA nanopartilces improved the oral
absorption of elcatonin. PEG coating around the nanocarrier helped to improve
their stability in biological fluids and, as a consequence, facilitated the transport of
the associated macromolecules across the intestinal and nasal epithelia (Tobio et
al., 1998; Tobio et al., 2000; Vila et al., 2002). In order to combine the benefits of
chitosan and PEG, Prego et al., (2006) designed a new type of nanocapsules with
the use of chitosan chemically modified with PEG. They showed that by the use of
PEGylated chitosan and modification of the PEGylation degree it was possible to
obtain chitosan coated nanocapsules with a good stability, a low cytotoxicity and

with absorption enhancing properties.



Recently, coating nanoparticles with HA has attracted the attention of
scientists (de la Fuente et al., 2008a, b and c; Nasti et al., 2009). HA could
potentially favour targeting of the nanoparticles to cell types that express HA
surface receptors, since several receptors have been related with the cellular
uptake of HA, e.g. CD44 receptor (Knudson et al., 2002). Nasti et al., (2009)
coated CS/TPP nanoparticles with HA by adsorption of the polyanion on positively
charged nanoparticles as a result of electrostatic interactions. They also showed
the beneficial character of HA-coating in the reduction of toxicity (ICsy in J774
macrophages increased from 0.7-0.8 mg/ml to 1.8 mg/ml for uncoated and HA-

coated nanoparticles, respectively).

It is also possible to attach a ligand to the particle surface to achieve target
specificity for receptors present on the surface of enterocyte or M cell. Various
molecules have been tested for their use as ligands (targeting molecules) and one

of the examples could be lectins (des Rieux et al., 2006).

A successful nanocarrier may be the one, which is characterised by a high
loading capacity, as that would reduce the dose of the nanoparticles required for
administration (Soppimath et al., 2001). Generally, the active ingredient may be
loaded into the particles either by incorporation of the drug at the time of production
of the nanoparticles or by adsorption of the drug after nanoparticle formation by
incubating NPs in the drug solution. An alternative method is the chemical
conjugation of the drug into nanoparticles (Soppimath et al., 2001). While
encapsulating an active, one has to keep in mind its activity after the process i.e.
integrity of the compound. It is one of the most important parameters influencing
the bioavailability and pharmacological efficiency of that active (des Rieux et al.,
2006). As many biomolecules, e.g. proteins, are heat sensitive, and some of the
operations in the preparation of the particles, e.g. sonication or solvent evaporation
may result in the exposure of the drug to high temperature, it may be necessary to
modify the process parameters in order to preserve their activity. It has been
shown e.g. that for the double emulsion technique the process temperature, the
use of a rotating evaporator and duration of the organic solvent evaporation did not
affect the properties of formed nanostructures, but were in favour of an increased
loading efficiency of therapeutically active protein (Zambaux et al., 1998). For the
nanoprecipitation technique Govender et al., (1999) showed that the encapsulation
efficiency of a water soluble drug (procaine hydrochloride) into PLGA nanoparticles

was improved either by increasing the pH of the aqueous phase from 5.8 to 9.3, or
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by replacement procaine hydrochloride by procaine base, thereby reducing

aqueous solubility of the drug.

The release profile is influenced by the character of polymers comprising
the formulation. Polymers from natural sources usually provide a relatively quick
release of the drug, while synthetic polymers are characterised by a more
sustained release of the drug ranging from days up to weeks, even month (des
Rieux et al., 2006). The nature (e.g. hydrophilic’/hydrophobic) and the
physicochemical characteristics will determine and significantly impact on the

mechanism of drug release and overall profile.
1.6 Routes of administration of nanoparticles

Dosage forms, including nanoparticles, can be designed for administration
by different delivery routes in order to achieve the most optimum therapeutic
response. When designing dosage forms, factors governing choice of
administration route and the specific requirements of that route should be taken
into account. Dosage forms may be administered to exert local or systemic effects

and this factor may be of importance for the choice of the delivery route.

The most common and convenient methods for drug administration are the
transmucosal routes, which among others include oral, pulmonary and nasal route.
Although each of them has its biological specificity and particular requirements, the
mucus layer is a common element of all mucosal surfaces (de la Fuente et al.,
2008a). Mucus is a complex, viscous and adherent secretion which is synthesised
by specialised goblet cells in the columnar epithelium lining all organs exposed to
the external environment (Bansil and Turner, 2006; Andrews et al., 2009). It is a
mixture containing more than 95% of water, 0.5-5% of glycoproteins mucins (Mw of
1-40 million Da), 1% of mineral salts, 0.5-1% of free proteins as well as lipids and
mucopolysaccharides (Madsen et al., 1998; Edsman and Hagerstrom, 2005). The
glycoprotein mucin is the principal structural component responsible for the
viscoelastic properties of mucus forming a highly entangled system of
macromolecular chains with physical interactions including electrostatic
interactions and hydrogen bonding (Madsen et al., 1998). Mucus performs many
functions, such as maintenance of a hydrated layer over the epithelium and
lubrication for the passage of objects. It also serves as a barrier to noxious
substances (e.g. HCI in the stomach) and pathogens and enables the exchange of
gases and nutrients with the underlying epithelium. Mucus is the first barrier with

which dosage forms or active ingredients must interact and diffuse through, in
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order to be absorbed and get access to the circulatory system and target end

organs (Bansil and Turner, 2006; Andrews et al., 2009).

Two major problems for drugs administered via transmucosal routes (e.g.
oral) in reaching the suitable biological compartments are poor drug stability and
limited transport across ephitelia. These difficulties are particularly important in
case of biotech compounds such as nucleic acids, peptides and proteins, for which
they represent limiting steps for their adequate clinical exploitation. Consequently,
these molecules require appropriate delivery systems capable of protecting them
from biological environments and facilitating their transport through biological
barriers (Alonso, 2004). In 1988 Damge and co-workers showed, for the first time,
that polyalkylcyanoacrylate nanocapsules protected insulin from degradation and
facilitated its transport across the intestinal barrier (Damge et al., 1988). The ability
of colloidal carriers to enhance the transport of associated molecules has been
attributed to different mechanisms depending on the nanocarrier composition,
namely: (i) mucoadhesion, (ii) particle internalization phenomenon and (iii)
permeation enhancing effect (Garcia-Fuentes, 2005). The use of mucoadhesive
polymers (i.e. polymers having the ability of attaching to mucosal surfaces) is
generally accepted as a promising strategy because they prolong the residence
time and to improve the specific localization of drug delivery systems on various
membranes (Grabovac et al., 2005). A number of reports have made it clear that
the particle size, surface charge, hydrophobicity and the presence or absence of
surface ligands are critical for the interaction of delivery carrier with the absorptive
site, and also that the biological behaviour of the material forming the nanocarrier
is a determining factor for its efficacy (Desai et al., 1996; Florence, 1997; des
Rieux et al., 2006; Prego et al., 2006).

Polymers exhibiting mucoadhesive properties (e.g. chitosan (CS)) were
found to be very good candidates for the design of a transmucosal drug
nanocarrier, e.g. for elcatonin or calcitonin (Kawashima et al., 2000; Prego et al.,
2006). Colloidal particles containing CS, either in the form of a coating or as a
nanomatrix, were demonstrated to improve the transport of drugs across the
intestinal and nasal (Vila et al., 2002) and the ocular (de Campos et al., 2003)
mucosa. Chitosan has mucoadhesive properties, but it can also have a penetration
enhancing effect by partial disruption of the tight junction between cells that
restricts the paracellular route of transport for hydrophilic compounds. It has been
shown that coating lipid nanocapsules either with PEG or with CS resulted in

similar association with Caco-2 cells, but only CS-coated nanocapsules reduced
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transepithelial electric resistance in a dose-dependent manner. Also, only sCT-
loaded CS-coated NPs had a significantly better hypocalcemic response than the
control (sCT solution) after oral administration to rats in contrast to sCT-loaded
PEG-coated nanoparticles, which did not differ significantly from the control
(Garcia-Fuentes et al., 2005).

1.6.1 Intraarticular delivery of nanoparticles

Intraarticular (I.A.) administration of drugs (i.e. administration directly into
the affected joint) is an attractive approach for the treatment of joint diseases like
osteoarthritis (OA) (Morgen et al;, 2013). OA is locally restricted to one or a few
joints, therefore providing a unique opportunity for local |.A. treatment without the
risk of systemic side effects. The formulations for |.A. applications should be sterile
and compatible with the physiological conditions at the application site (i.e. isotonic
and pH ideally close to 7.4, but not below 5.5) (Gerwin et al., 2006). |.A. delivery
may offer several advantages over oral dosing, especially for drugs that have
systemic toxicity, are poorly absorbed or have undesirable pharmacokinetic profiles
(Morgen et al., 2013). Indeed, direct delivery of the drug to the affected joint offers
the possibility to achieve appropriate drug concentrations at the site of action by
applying low amounts of drug. Also, I.A. administration enables employment of
drugs which have good efficacy, but low oral bioavailability, which is an issue for

many of the novel drug candidates in development (Gerwin et al., 2006).

Since many compounds are rapidly cleared from the joint after intra-
articular injection, increasing the retention time of the therapeutic agent in the joint
is the biggest challenge in developing an intraarticular delivery system (Morgen et
al., 2013). A longer duration of action would be desirable to limit the number of |.A.
injections due to the discomfort and pain associated with administration as well as
possible risk of infection (Gerwin et al., 2006). Many types of particulate carriers
have been investigated in order to achieve this goal, including liposomes,
microparticles and nanoparticles (Morgen et al., 2013). The use of micro and
nanoparticles, e.g. albumin or PLGA has been investigated (Gerwin et al., 2006).
Horisawa et al., (2002) described that PLGA nanoparticles should be more suitable
for delivery into the inflamed synovial tissue than microparticles due to their ability
to penetrate synovium. PLGA-based particles can provide local therapy actions in
joint diseases in a different manner depending on the particle size (Horisawa et al.,
2002). HA is administered via |.A. route in order to help in restoring of viscoelastic

properties of synovial fluid (e.g. Synvisc injections), but HA has also been
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demonstrated to have a multiplicity of biological actions on cells in vitro, e.g. anti-
inflammatory effects (Gerwin et al., 2006). HA is also an ingredient of synovial fluid.
HA is known to interact with CD44 receptors of the cells, especially chondrocytes.
One of the attempts to increase the retention time of drugs within the knee cavity
and to improve the interactions between cells and particles is the use of HA-
functionalized PLA/PLGA particles (Zille et al., 2010).

1.7 Nanoparticulates as potential delivery systems for peptides and proteins

Many drugs derived by biotechnology, including peptides and proteins have
become a central focus of pharmaceutical research efforts in recent years. From a
therapeutic perspective, proteins offer the distinct advantage of specific
mechanisms of action and are highly potent. In contrast to the small molecular
weight drugs, peptides and proteins need special formulation strategies to become
viable therapeutic products (Pisal et al., 2009). Major limitations in the use of
peptides and proteins are their low bioavailability and the ratio of drug
accumulation at its site of action to the amount delivered to the body (Hartig et al.,
2007). Typically, these molecules are characterised by a short half-life in biological
fluids and a high probability of off-target effects (Hartig et al., 2007). They also
have high molecular weights, are unstable and immunogenic (Pisal et al., 2009).
As a consequence, the use of naked macromolecules is limited and advanced
delivery systems that act locally are needed (Hartig et al., 2007). In order to
improve the current limitations of therapeutic peptides and proteins, most efforts
are focused around one of the two approaches - either the change in the agent
itself (e.g. by covalent attachments of moieties like PEG or by mutations in protein
structure) or by a change in the formulation. Different formulation systems, such as
polymeric microparticles, nanoparticles and liposomes have been examined. PLA
and PLGA-based biodegradable microparticles are currently available on the
market as delivery systems for leuprolide acetate, growth hormone, octreotide
acetate, lanreotide and triptorelin pamoate. However, the favorable characteristics
of the carrier itself must be balanced against the negative effects on protein
stability during preparation and storage, and further research is needed to resolve

issues with protein stability, degradation and loading (Pisal et al., 2009).

In the late 80's, Damgé et al., (1988) showed that polyalkylcyanoacrylate
nanocapsules were able to protect insulin against degradation and facilitate its
transport through the intestinal barrier. Following this study, nanoparticles have

been extensively examined as carriers for oral peptide and protein delivery, e.g.



luteinizing hormone releasing hormone (LHRH) (Hillery et al., 1996 a and b;
Alléman etal., 1998), salmon calcitonin (sCT) (Prego et al., 2005, Gracia-fuentes et
al., 2005), insulin (Prego et al., 2005,26), immunodominant peptides for collagen
induced arthritis (CIA) (Lee et al., 2005), dalargin (Schroeder et al., 2000), and
helodermin (Chalasani et al, 2007). A number of animal studies have
demonstrated their ability to improve the oral absorption of loaded peptides and
proteins, for example calcitonin or insulin (Hartig et al., 2007). However they have
not been followed by scaling-up industrial experiments or clinical trials. It is difficult
to draw conclusions from animal studies to human applications. Therapeutic
applications of these described peptide formulations have been shown as limited
due to some variability of the delivered dose and problems with bioavailability. Still,
nearly all published work described studies in early stages of development.
Nanoparticulate drug delivery systems are still of very high interest to researchers
especially for formulations containing highly potent drugs with a low dose response
as well as for local drug delivery (des Rieux et al., 2006). The key requirements for
an ideal nanoparticle carrier are small size (50-200 nm), high loading and
entrapment efficiency, slow complex dissociation in vivo and optimized targeting to
the desired tissue with limited non-specific uptake by other tissues. The
development of nanoparticle formulation which can combine these benefits with
low costs and simple design are of vital importance for a highly efficient delivery
system (Hartig et al., 2007).

1.7.1 Salmon calcitonin

Calcitonin is a polypeptide hormone comprised of 32 amino acids. It has
been found that salmon and eel calcitonins are more potent in mammals,
especially in man, than human or other mammalian calcitonin types (Torres-Lugo
et al., 2000). The amino acid sequence of salmon calcitonin is shown in Fig. 1.4.
The estimated isoelectric point of sCT is 10.4 (Maier et al., 1977)and at pH 7.4 it is

expected to carry an overall charge of approximately 3+ (Epand et al., 1983).

Salmon calcitonin (sCT) has been used for more than 30 years and is
licenced to treat hypercalcaemia, Paget's disease and as a second-line treatment
for post-menopausal osteoporosis (Guggi et al., 2003). sCT is also a promising
candidate to be used in osteoarthritis (Manicourt et al., 2005) and in combined
therapy with alendronate in patients with rheumatoid arthritis (Ozoran et al., 2007).
Interest in sCT as a potential treatment for OA has increased due to the discovery

of beneficial metabolic actions on cartilage and bone turnover (Sondergaard et al.,
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2006). The 32-amino-acid peptide hormone exerts a potent anti-resorptive effect by
direct binding to osteoclasts (Mancini et al., 2007, Karsdal et al., 2011) and directly
affects chondrocyte (Conrazier et Chevalier 2008; Burt et al., 2009). sCT has the
also the added benefit in its analgesic effects. The majority of evidence of the
analgesic activity is derived from clinical studies in tumour metastasis (Edwards
2011), Paget'’s disease (Horisawa et al., 2002), osteoporosis fracture (Liang et al.,
2005) and several controlled prospective double-blind studies to improve pain
(Ralph et al., 2005; Wang et Wan, 2008). There is published in vitro evidence that
calcitonin can directly inhibit MMPs and block collagen degradation in articular
chondrocytes exposed to TNFa/oncostatin M to induce an OA. In vitro and ex vivo
studies have found that calcitonin has both anti-catabolic and anabolic effects in
cartilage, by attenuating proteoglycan and collagen type |l degradation as well as
by inducing their syntheses. A small phase Il randomized, double-blind, placebo-
controlled trial assessing the efficacy of oral salmon calcitonin in knee OA was also
conducted (Sondergaard et al., 2006). Results showed an improvement in
Lequesne’s function scores as well as a reduction of biomarker levels of urinary
CTXIl, MMP-3 and 13. Intriguingly, while oral formulations of sCT have reached
Phase Il clinical trials for both osteoporosis and OA (e.g. Karsdal et al., 2011),
direct evidence of local anti-inflammatory effects of sCT is scant. An indirect benefit
of sCT however was detected in the collagen-induced arthritis (CIA) rat where
intra-peritoneal (I.P.) injections of sCT permitted enabled sub-therapeutic doses of
prednisolone to achieve adequate reduced paw swelling, thus potentially negating
potential systemic side effects associated with prolonged use of high dose steroids
(Mancini et al., 2007).

Although sCT was commercially available as an injectable format and nasal
spray (Guggi et al., 2003), its short half-life has always posed as a problem in that
that frequent dosing is required by patients. Its short half-life is mainly due to
multiple peptidase cleavage sites and is therefore susceptible to proteolytic
degradation. The stability of sCT was improved and the half-life extended when
administration by I.V. injection in vivo by site specific cysteine-1 conjugation of sCT
to a comb-shaped end-functionalised (poly(PEG) methyl ether methacrylate) (Ryan
et al., 2009).

The full market potential of calcitonin has not yet been reached due to the
low patient compliance associated with the injectable dosage forms (Guggi et al.,
2003). Also, the absorption of sCT from the commercial nasal spray, Miacalcin®

shows a great variability in the range 0.3-30.6%, with an average bioavailability of
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3% compared to intramuscular injection (Hinchcliffe et al., 2005). The systemic
delivery of sCT via routes other than by injection and nasal presents an attractive

therapeutic option (Paton et al., 2000).

However there have been reports that calcitonin contributes to an increased
invasiveness of prostate cancer cells (Sabbisetti et al., 2005). On the 19th July
2012, EMEA (European Medicines Agency) completed a review of the benefits and
risks of calcitonin-containing medicines, concluding that the risk of cancer is slightly
increased as a result of long term use of these medicines. Therefore CHMP (the
Agency’s Committee for Medicinal Products for Human Use) recommended that
calcitonin-containing medicines should only be authorised for a short-term use in
Paget's disease, acute bone loss due to sudden immobilisation and
hypercalcaemia caused by cancer. They should no longer be used for osteoporosis
(EMA/476001/2012).

Fig. 1.1 Amino acid sequence of salmon calcitonin (Torres-Lugo and Peppas,
2000).

Several approaches have been attempted to produce -calcitonin or

elcatonin-loaded polymeric nanoparticles.

For instance, Lowe and Temple (1994) formulated human calcitonin-loaded
polyacrylamide nanospheres for the oral delivery with the aim to decelerate
enzymatic decomposition of the peptide in the guts by polymerisation in an inverse
emulsion (water-in-oil). This method employed a large amount of an organic
solvent (e.g. hexane) and several washings of obtained nanospheres with ethanol.

Although the NPs had the size below 50 nm, the loading efficiency was very low
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(below 5%) and calcitonin was immediately released after hydration. The studies
concluded that the nanocapsules gave no significant overall enhancement of

peptide absorption.

Vranckx et al., (1996) loaded sCT into butylcyanoacrylate nanocapsules
using the interfacial polymerisation technique. Besides the monomer, no potentially
toxic compounds were used, therefore no purification method was considered. The
method involved the use of an organic solvent (ethanol) and a surfactant (sodium
lauryl sulphate and Span® 80). The NP size ranged from 200-300 nm and the
encapsulation efficiencies reached 50%. The addition of Brij® 35 to the aqueous
phase decreased the particle size to 50 nm, however the encapsulation efficiency
was also decreased (30%). The effectiveness of the NPs after an oral
administration was estimated at 45% of the activity after an i.v. administration of

the same dose in conscious fasted rats.

Garcia-Fuentes et al., (2005) prepared calcitonin-loaded chitosan-coated
lipid NPs by the double emulsion solvent emulsification method. This method
involved the use of sonication, organic solvents (methylene chloride) and a
surfactant (Poloxamer 188). The size of the particles was 509 nm, but the coating
with chitosan caused the decrease in encapsulation efficiency from 90% to 30%. In
another study, Prego et al.,, (2006) have shown that chitosan nanocapsules
performed successfully as oral carriers for sCT, as they reduced significantly the
serum calcium levels after oral administration to rats. The nanoemulsion prepared
by solvent displacement technique was incubated with chitosan solution leading to
the formation of chitosan nanocapsules. Chitosan nanocapsules had the size
between 250 and 344 nm, and were characterised by a positive surface charge
(approximately 30 mV). However, the sCT encapsulation efficiency was of 40%,
and was markedly reduced compared to the control nanoemulsion (~98%). The
performance of the chitosan nanocapsules was not affected by the characteristics
of chitosan (i.e. the counterion in chitosan salt and the molecular weight of

chitosan).

PLGA-based nanoparticles are one of the most common candidates for
calcitonin or elcatonin nanocarriers (Kawashima et al., 2000; Glowka et al., 2010;
Yang et al., 2012). For instance, Glowka et al., (2010) formulated calcitonin-loaded
NPs composed of PLGA, Eudragit® RS or a blend of both polymers with the use of
the double emulsion solvent evaporation method. This technique involved the use

of organic solvents (methylene chloride), sonication and surfactants (polyvinyl
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alcohol). The size of the particles ranged between 441 and 609 nm. The
encapsulation efficiencies were 69-83%, however drug loading was very low
(0.2%). In vivo studies conducted in Wistar rats showed that increased serum sCT
levels were sustained for 3 days after subcutaneous administration of PLGA
nanoparticles and the achieved bioavailability was increased compared to sCT

solution.

Makhlof et al., (2010) synthesized a thiomer derivative of glycol chitosan
and obtained the NPs by ionic gelation with TPP. This method did not involve the
use of organic solvents or surfactants. The NPs obtained had the size of 230-330
nm and the efficiency of association of sCT with the NPs was 54-64%. Calcitonin-
loaded NPs resulted in a pronounced hypocalcemic effect for at least 12 and 24 h
via pulmonary delivery and a corresponding pharmacological availability varied

between 27 and 40% depending on the formulation.
1.8 Backgrounds to polymers used in the current work
1.8.1 Chitosan

Chitosan (CS), commercially obtained by the deacetylation of chitin, is a
polysaccharide composed of randomly distributed D-glucosamine (deacetylated
unit) and N-acetyl-D-glucosamine (acetylated unit) linked by B-(1—4) glycosidic
bonds (Fig. 1.1). The pKa value of the amino group of chitosan is approximately
6.5, therefore in acidic media these amino groups undergo protonation and
chitosan becomes a polycation. However, chitosan is insoluble at neutral and
alkaline pH (Leane et al., 2004). The solubility of chitosan salts with inorganic and
organic acids and the charge density of chitosan depend on pH and the polymer
deacetylation degree. The solubility of chitosan is also affected by others anions
present in the solution. In the presence of acetate, lactate or glutamate CS shows
good solubility, whereas phosphate, polyphosphates and sulphate decrease the
solubility (Berthold et al., 1996). The positive charge of chitosan influences its
reactivity with negatively charged surfaces, e.g. cell and mucosal membranes; thus
chitosan is a mucoadhesive polymer. The mucoadhesivity in combination with
biocompatibility, non-toxicity and permeability enhancing properties render
chitosan an interesting biomaterial favourable for promoting absorption across
mucosal membranes. Indeed, chitosan nanoparticles have been shown to improve

the oral bioavailability of peptide and protein formulations (Agnihotri et al., 2004).
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The formation of chitosan microparticles by a coacervation/precipitation
process with sodium sulphate has been described by Berthold et al., (1996). As
shown by Borges et al., (2005), the use of ultrasounds for homogenisation led to
the formation of chitosan particles in the nanoscale size (643+172 nm), however
one of the major drawbacks of this technique was the high polydispersity (PDI of
0.379+0.178).

Other anions were used to decrease the solubility of chitosan, among them
TPP being the most common. Calvo et al., (1997) developed chitosan/TPP
nanoparticles in a mild ionic gelation process by mixing two aqueous phases at
room temperature. The size of the smallest NPs was 264 nm, and it was possible
to achieve it by simply optimising the concentrations of TPP and CS, without the
employment of sonication. Therefore TPP is a more effective cross-linker than

sulphate.

The ability of chitosan to form polyelectrolyte complexes has been
demonstrated (Denuziere et al., 1996), and numerous attempts were made to
obtain CS/HA NPs (de la Fuente et al., 2008 a, b and c; Oyarzun-Ampuyero et al.,
2009). In many of the published investigations the use of a cross-linker (such as
TPP) was essential to obtain NPs. However, high concentrations of TPP have
been found to be unfavourable as TPP neutralises the positive charge of chitosan,
which may lead to aggregation of such NPs (Wadhwa et al., 2010). Boddohi et al.,
(2009) on the other hand, managed to obtain HA/CS NPs without TPP, however
aggregation of the particles was observed and NPs were recovered only after

leaving the suspensions to settle overnight.
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Fig. 1.2 The deacetylation of chitin to chitosan (Liu et al., 2008).
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1.8.2 Hyaluronic acid

There are a few negatively charged polysaccharides that form
polyelectrolyte complexes with chitosan. Among them hyaluronic acid (HA) seems
particularly interesting due to its physicochemical and biological properties.
Hyaluronic acid is a naturally occurring, mucoadhesive, biocompatible and
biodegradable polysaccharide present in the components of extra-cellular matrix of
connective tissues and is particularly concentrated in the vitreous fluid of the eye,
synovial fluid, umbilical cords and chicken combs. HA is an anionic, nonsulfated
glycosaminoglycan composed of repeating disaccharide units containing D-
glucuronic acid and D-N-acetylglucosamine linked via alternating B (1—4) and B
(1—3) glycosidic bonds. The chemical structure of HA is shown in Fig. 1.2. The
charges of carboxylic groups in glucuronic acid, which are dependent on pH and
ionic strength of the environment, influence the shape of chains and their
interactions with surrounding molecules. The pK of the D-glucuronic acid is 3.23,
while the pK of the polymer was estimated as 2.9 (Lapcik et al., 1998).
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Fig. 1.3 Chemical structure of hyaluronic acid (Liu et al., 2008)

In vivo the polymers of HA can vary in size from 5 to 20000 kDa. The action
of hyaluronic acid depends on its molecular weight. The function of large polymers
is space-filling, immunosuppression, suppression of angiogenesis, inhibition of
phagocytosis. It also suppresses the synthesis of HA. Smaller hyaluronan
fragments (oligomers) are angiogenic, immuno-stimulatory and inflammatory (Stern
et al., 2006). Hyaluronic acid interacts specifically with cell-surface receptors, e.g.
CD44. Thus, it has previously been used in the treatment of cancer cells over-
expressing CD44 (Choi et al., 2010). The second generation mucoadhesion
property of HA is the result of CD44 receptor mediated binding. Moreover,
hyaluronic acid acts in synergy with chitosan to enhance mucoadhesion (Wadhwa
et al., 2010).

It has been demonstrated that it is possible to form HA-based

polyelectrolyte complex NPs, nonetheless most of the work conducted so far has
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focused on HA/CS NPs (e.g. de la Fuente et al., a, b and c¢; Boddohi et al., 2009).
However, being a polyanion, HA has the ability to form polyelectrolyte complexes
with other polycations. Among them, polypeptides and proteins are particularly
interesting because of their biodegradability, biocompatibility and many other
potential applications. For instance, complexes of HA based on electrostatic
interaction with poly-L-lysine (Hahn and Hoffmann, 2005) and lysozyme (van
Damme et al., 1994; Morfin et al., 2011) have been formulated and examined.
Hahn and Hoffamnn (2005) used the electrostatic attractions between HA and
lysine to obtain a biocompatible polyelectrolyte complex multilayer for surface
modification of various biomaterials. Morfin et al., (2011), who examined the
lysozyme-HA complexes, managed to obtain different systems appearing as one or
two phased systems, transparent or turbid depending on the experimental
conditions used. As the macroscopically homogenous turbid or opalescent liquid is
likely to contain nanoparticles (Calvo et al., 1997), it is thus possible that some of
the systems described by Morfin et al., (2011) were nanosuspensions. There also
have been reports on complexation of HA to polyarginine (Kim et al., 2009;
Oyarzun-Ampuyero et al., 2011) and polyelectrolyte complex NPs have
successfully been obtained. Both research groups managed to obtain small NPs
with sizes of 90-170 nm, being either positively (Kim et al., 2009, Oyarzun-
Ampuyero et al., 2011) or negatively charged (Oyarzun-Ampuyero et al., 2011).
Kim et al., (2009) used HA/polyarginine complex as a carrier for siRNA. Although
Oyarzun-Ampuyero et al., (2011) suggested that incorporation of hydrophilic
macromolecular drugs, e.g. peptides into HA/polyarginine nanocarriers might be

possible, no such studies have been published so far.
1.8.3 Protamine

Protamine (PROT) is a mixture of positively charged proteins extracted
from salmon roe. It is rich in arginine, similarly to some viral proteins which utilise
arginine-rich sequences of amino acids (Reynolds et al., 2005). The molecular
weight of the major component of salmine is approximately 5.1 kDa
(manufacturer’s data, Sigma). Protamine is capable to bind and precipitate DNA. It
may be employed in the purification of DNA binding proteins or in the removal of
DNA from protein samples. Protamine sulphate also has antibacterial properties
and inhibits the activity of pepsin. Similarly to other polycations, it has been
demonstrated to inhibit the classical pathway of the complement. Protamine also
inhibits the turnover of lipoproteins by lipoprotein lipase and neutralises the

anticoagulant effect of heparin. Reynolds et al., (2005) have shown that protamine
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has a membrane translocating activity, which could be used in pharmaceutical

applications.

PROT is already used in formulations containing insulin (Hagedorn, 1937).
Being a natural product, its cost is substantially less than synthetic peptides, e.g.
polyarginine. It has a long history of use establishing its biological effects and

general safety in humans (Reynolds et al., 2005).

Junghans et al., (2000) have shown that PROT is capable to spontaneously
form complexes with oligonucleotides. These complexes had the form of 150-170
nm nanoparticles, which doubled their size after 3 days. It was possible to reduce
the particle size even to 46 nm by changing the mixing ratios of both components.
These particles were characterised by either positive or negative surface charge,
however in cell culture medium all dispersions contained negatively charged
particles. Complexation to PROT protected the oligonucleotides from enzymatic
degradation. Moreover, the complexes of oligonucleotides with PROT were
characterised by a higher cellular uptake than oligonucleotides on their own
(Junghans et al., 2000). Mayer et al., (2005) reported that substitution of protamine
free base by protamine sulphate greatly reduced the size of oligonucleotide-
protamine-albumin nanoparticles from 200 to 40 nm. However, no information

about surface charge of these particles is available.

Apart from nucleic acids, PROT has been shown to form polyelectrolyte
complex with heparin, a glycosaminoglycan with a high charge density. Mori et al.,
(2010) produced polyelectrolyte complex micro and nanoparticles containing

heparin and protamine as a carrier for FGF-2.

It has also been demonstrated that covalent conjugation of HA to antisense
oligodeoxynucleotide formed more stable polyelectrolyte complexes with protamine

than naked nucleotide.
1.8.4 Chondroitin

Chondroitins are heteropolysaccharides purified from various tissues
composed of alternate sequences of uronic acids (D-glucuronic or L-iduronic) and
differently sulphated residues of N-acetyl-D-galactosamine linked by B(1—3)
glycosidic bonds. The structure of CHON is shown in Fig. 1.3. The regular
disaccharide sequence of chondroitin-4-sulphate (CHON), also referred to as

chondroitin sulphate A, is composed of [(1—4)-O-(D-glucopyranosyluronic acid)-
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(1—3)-0O-(2-N-acetamido-2-deoxy-D-galactopyranosyl-4-sulphate)]. Chondroitin-6-
sulphate, also referred to as chondroitin sulphate C, is mainly constituted by the
following disaccharide unit: [(1—4)-O-(D-glucopyranosyluronic acid)- (1—3)-O-(2-
N-acetamido-2-deoxy-D-galactopyranosyl-6-sulphate)]. Inside the chains of the
polysaccharide it is possible to locate disaccharides with a different number and
position of sulphate groups in varying percentages, e.g. non-sulphated or
disulphated disaccharide where two sulphate groups are O-linked in position 2 of
D-glucuronic acid and 6 of N-acetyl-D-galactosamine (disaccharide D) or in
position 4 and 6 of N-acetyl-D-galactosamine (disaccharide E). The sulphation of
N-acetylgalactosamine residues makes CHON a strongly charged polyanion
(Montfort et al., 2008). Different heterogenous structure of chondroitins, in terms of
a degree of sulphation, molecular weight, percentage of differently sulphated
disaccharides, relative amounts of glucuronate and iduronic acid depending on the
tissue of origin are responsible for diverse and specialised functions of these

polysaccharides (Volpi et al., 2003).

Chondroitin sulphate is present in many connective tissues; it is very
abundant in cartilage, skin, corpus vitreum and blood vessels. Most CHON is
present as the sugar chains of aggrecan in the cartilage, and a proper hydration of
the cartilage is ensured by its high water retaining ability. Therefore, CHON plays a
part in the visco-elastic property of the cartilage. Reduced level of CHON in the
cartilage is one of the risk factors for arthritis in elderly people. CHON is a popular
dietary supplement for joint pain and is well recognised as a symptomatic slow-
acting drug for osteoarthritis. However, its mechanism of action still remains
unclear (Imada et al., 2010). Both, chodroitin-6-sulphate and chondroitin-4-
sulphate were found to prevent cartilage destruction as a result of the suppression
of the expression of ADAMTS-4 and -5 and MMP-13 genes. They also promoted
cartilage remodelling due to the up-regulation of aggrecan core protein expression.
Furthermore, chondroitin-4-sulphate was shown to increase the TIMP-1 production
and TIMP-3 mRNA, leading to further inhibitory effect of MMPs and aggrecanase
activities. CHON was able to modulate the function of chondrocytes as well as
synovial fibroblasts, and thereby exerted multifunctional chondroprotective effect in
degenerative arthritis diseases (Imada et al., 2010). The in vitro and in vivo studies
in rabbits showed the ability of CHON to inhibit the nuclear translocation of nuclear
factor kB, a central component in sustaining the inflammatory reaction in many
diseases. Therefore CHON may potentially treat other autoimmune and

inflammatory diseases apart from osteoarthritis ad may become an additional

28



option in anti-inflammatory therapy. Moreover, CHON appears to have a
favourable safety profile, with no interactions with other drugs observed and
adverse effects comparable to placebo (du Souich, 2009). CHON has been shown
to be absorbed after oral administration in humans as a high molecular weight

polysaccharide (Volpi, 2002).

CHON sulphates have both, weak (carboxylate) and strong (sulphate) acid
residues. Due to its acidic nature CHON is able to produce ionic complexes with
positively charged molecules, e.g. chitosan (Denuziere et al., 1996). Examples of
such complexes include nanoparticles (Yeh et al., 2011, Hou et al., 2012, da Silva
et al., 2012). All above mentioned CHON/CS NPs were characterised by a positive
surface charge, which may be attributed to the amino groups of chitosan. They
were used to associate FITC-BSA (Yeh et al., 2011) or Nell-1 like molecule (Hou et
al.,, 2012). CHON/CS nanoparticles were obtained by mixing aqueous solutions of
oppositely charged polyelectrolytes (Yeh et al., 2011), however in some cases
sonication was employed (da Silva et al., 2012). The incorporation of TPP as a
cross-linker seemed to have a negative impact on the particle size, as the
CHON/CS/TPP NPs produced by Hou et al., (2012) were markedly larger than
cross-linker free NPs obtained by Yeh et al., (2011) (550-850 nm compared to 178-
370 nm, respectively). On the contrary, the incorporation of TPP was beneficial for
HA/CS NPs (de la Fuente et al., 2008a).

Apart from CS, CHON has been shown to form polyelectrolyte complexes
with other polycations, e.g. lysozyme (van Damme et al, 1994) and
polyethylenimine (Pathak et al., 2009). Complexation to CHON has been reported
to significantly decrease the cytotoxicity of polyethylenimine in HepG2 and HelLa
cells (Pathak et al., 2009).
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Fig.1.4 Chemical structure of one unit in chondroitin sulphate chain. Chondroitin-4-
sulphate: Ry=H, R,=SO3H, R3=H. Chondroitin-6-sulphate: R;=SO3;H, R2 and R;=H
(Liu et al., 2008).
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2. Materials and methods

2.1 Materials

4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)

Acetic acid (glacial) 100%

Acetonitrile, HPLC grade

APC-Annexin V

Buffer solution pH 4

Buffer solution pH 7

Buffer solution pH 10

Calcium chloride dihydrate

Chitosan chloride salt (CL213, high molecular weight)
Chitosan chloride salt (CL113, low molecular weight)
Chitosan chioride salt(CL42)

Chitosan glutamate salt (G213, high molecular weight)
Chitosan glutamate salt (G113, low molecular weight)
Chondroitin 4-sulphate sodium salt (CHON)
Deuterium oxide

Dexamethasone 21-phosphate disodium salt
Disodium hydrogen phosphate dodecahydrate
E-Toxate ™ kit

Fetal Bovine Serum

Gentamycin sulphate

L-Glutamic acid

Hydrochloric acid

Minimal Essential Medium Eagle

Non-Radioactive Cell Proliferation Assay

Poly(ethylene glycol) (PEG) 2000
Poly(ethylene glycol) (PEG) 4000
Poly(ethylene glycol) (PEG) 10000 linear

Sigma

Merck, Germany

Sigma

BD Biosciences, USA
Fluka, Germany
Fluka, Germany
Fluka, Germany
Sigma

NovaMatrix, Norway
NovaMatrix, Norway

Chitoceuticals, Germany
NovaMatrix, Norway
NovaMatrix, Norway

Sigma

Sigma

Sigma

Merck, Germany

Sigma

Sigma

Sigma

Sigma

Sigma

Sigma
Promega Corporation
USA

Aldrich, England

BDH Limited, England

Fluka, Germany

Poly(ethylene glycol) (PEG) 10000 branched (four-armed)

Penicillin G sodium salt

Potassium bromide
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JenKemTechnology,USA

Sigma
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Potassium chloride

Propidium iodide

Protamine sulphate salt

Pullulan GPC polysaccharides standards
UK

Salmon calcitonin (sCT)

Sodium acetate trihydrate
Sodium bicarbonate
Sodium chloride

Sodium dihydrogen phosphate dihydrate
Sodium dodecylsulphate
Sodium hyaluronate (HA)
Sodium hydroxide

Sodium pyruvate solution
Sodium sulphate anhydrous
Streptomycin sulphate
Tetrahydrofuran

Trehalose dihydrate

Trehalose dihydrate suitable for cell culture

Trehalose dihydrate endotoxin-free
Trifluoroacetic acid
Tripolyposphate (TPP)
Trypsin-EDTA solution

Water (sterile-filtered, endotoxin tested)
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Sigma

BD Biosciences, USA

Sigma

Polymer Laboratories,

Polypeptide Laboratories

AB, Sweden
Sigma
Sigma
Sigma
Merck, Germany
Sigma
Sigma
Sigma
Sigma
Fluka, Germany
Sigma
Sigma
Sigma
Sigma
Carbosynth, UK
Sigma
Fluka, Germany
Sigma
Sigma



2.2 Methods
2.2.1 Ultrasonication

Ultrasonication of sodium hyaluronate (HA) solutions was performed with
the aid of a 130 Watt ultrasonic processor (SONICS VC130PB, Sonics and
Materials Inc., USA) equipped with the probe with diameter of 3 mm. Sonication
was carried out at an amplitude of 80, which corresponds to power of 13W.
Solutions of HA were transferred into a beaker immersed in an ice bath and
processed with the ultrasonic probe. The duration of the ultrasonic treatment was
10, 30 minutes, 1, 1.5, 2, 4 and 6 hours. HA was optionally recovered by

lyophilisation for gel permeation and cell culture experiments.

2.2.2 Gel Permeation Chromatography (GPC)

GPC studies were performed using an analytical system composed of LC-
10 AT VD liquid chromatograph pump system, SIL-10 AD VP autoinjector, FCV-10
AL VP low pressure gradient flow-control valve, DGU-14A degasser, a Waters 410
refractive index (RI) detector with GPC for class VP (Version 1.02) and SCL-10A
VP system controller (Shimadzu). The column used was Plaquagel —OH mixed 8
pm 300 x 7.5 mm (Polymer Laboratories Ltd., UK).

For HA samples, the composition of the mobile phase was similar to that
recommended by column’'s manufacturer (Varian). The mobile phase was
composed of 0.2 M NaCl (substitution for NaNO3) and 0.01 M NaH,PO, brought to
pH 7.4 with NaOH solution. For chitosan, the mobile phase was composed of 0.33
M acetic acid and 0.2 M<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>