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ABSTRAKT

Tato prace se zabyva vyvojem a charakterizaci novych materidlti pro enkapsulaci a
nasledné kontrolované uvoliiovani bioaktivnich latek, cytostatik, se zaméfenim na
casticové amfifilni systémy na bazi chitosanu. Tento polysacharid byl modifikovan
polymerem kyseliny mlééné, polylaktidu. Vyznamna ¢ast prace je vénovana popisu vlivu
strukturnich parametri polylaktidu na vysledné chovani piipravenych nanocastic a
kinetiku uvolnovani modelové bioaktivni latky do prostiedi o riiznych vlastnostech. Dale
byl popsan prabéh simultanni enkapsulace a nasledné uvolfiovani modelovych latek pro
systémy obsahujici dva druhy cytostatik.

Kli¢ova slova: enkapsulace, chitosan, polylaktid, nanoc¢astice, cytostatika



ABSTRACT

This doctoral thesis is aimed at development and characterization of novel materials
for encapsulation and subsequent controlled release kinetics of the model compounds and
cytostatic, with focus on nanoparticle amphiphilic systems based on chitosan. This
polysaccharide was modified with polylactide. Description of the effect of polylactide
structural characteristics on resultant behaviour of the prepared nanoparticle systems
represents an important part of the thesis. Moreover, simultaneous encapsulation and
release trend of two individual cytostatic were described.

Key words: encapsulation, chitosan, polylactide, nanoparticles, cytostatic



INTRODUCTION

In the last decades, new approaches and strategies have been developed in drug
delivery area to control the rate, time and targeting of bioactive compounds in order to
enhance therapeutic performances. This was the beginning of the so-called drug
delivery systems (DDS). The main purpose of using a DDS is not only to deliver a
biologically active compound in a controlled time and release rate but also to maintain
drug level in the body within therapeutic window. The delivery of the drug in a specific
area of the body is extremely important, in terms of lowering possible side effects,
decreasing the concentration and the administration frequency and improving patient
compliance (Koo et al., 2005, p.193-212).

Recently, a great support for preparation of more efficient and selective DDS comes
from nanotechnology. Among the various type of DDS, nanoparticles (NPs) are the
most promising due to the several advantages of nanoscale materials compared to bulk.
DDS based on nanoparticles can be classified according to their size, surface properties,
shape and material. Regarding the material, polymers represent an optimal platform due
to the benefits connected with their structure such as wide range of molecular weight
and polydispersity, architecture and presence of various functional groups which allow
chemical modification (Liu et al., 2008, p. 1650-1662).

Polymeric materials used for preparation of NPs for drug delivery need to be
biocompatible, biodegradable, non-immunogenic and non-toxic. Many polymers have
been used as PLA, PGA, PCL, PA family but also natural such as proteins or peptides
and polysaccharides (Liu et al., 2008, 1650-1662).

Among all mentioned the use of polysaccharides and their derivatives represent the
main trend due to the favourable properties in particular in solution where are
considered as polyelectrolytes as they can be positively or negatively charged according
with their composition.

Polyelectrolytes (PE) are macromolecules carrying a number of functional groups
which are charged or can become charged under suitable conditions. PE can be
classified according to the nature (natural, synthetic or chemically modified),
composition (homopolymer, copolymer) and molecular structure (linear, branched,
cross-linked) (Luo and Wang, 2014, p. 353-367). By mixing oppositely charged
polyelectrolyte solutions, polyelectrolyte complexes (PECs) are formed. Structurally,
PECs are polymer-polymer complexes bound together by electrostatic interactions,
hydrogen bonds, ion dipole and hydrophobic interactions (Llina & Varlamov, 2005).
Formation and complex stability depend on several factors, i.e. the degree of ionization,
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charge density, position of ionic groups, charge distribution, ionic strength, molecular
weight, chain flexibility, contact time, ratio and order of mixing (Berger et al., 2004,p.
35-52.).

PECs based on polysaccharide and derivatives has been extensively investigated for
biomedical application, especially in drug delivery (Cooper et al., 2005, p. 52-
78. and Jayakumar et al., 2010,p. 142-150) Several bioactive compounds have been
entrapped, adsorbed or chemically linked to PECs spacing from anticancer drugs like
doxorubicin (Chen et al., 2011, p. 2586-2592 ; Di Martino and Sedlarik, 2014, p. 134-
145), paclitaxel (Lee et al., 2008, p. 6442-6449), 5-Fluorouracile (Nagarwal et al.,
2011,p. 272-278.) to antibiotics and antimicrobic (De Campos et al., 2001.p. 159-
168 ; Katiyar et al., 2014,p. 117-124.); psycho active drugs (Varshosaz et al., 2015,p.
65-73); peptides and proteins; (Di Martino et al, 2015p. 912-921;
Dionisio et al., 2013, p. 102-113) nucleic acids (Bordi et al., 2013p. 184-190, Laroui
etal., 2014, p. 41-53 and Li et al., 2014, p. 160) and the behaviour of the systems have
been deeply investigated, as reported in literature (Wang et al., 2007, p. 336-343; Hu
etal, 2011, p.1128-1133; Hu et al.2010, p. 323-334 ) indicating the advantages of
these systems compared to other drug delivery systems.

Encapsulation of bioactive compounds into polysaccharides based NPs or
complexes presents several advantages compared to the free drug (Danhier et al., 2012,
p. 505-522). The carrier work as an envelope to protect the drug from the external
environment, improve solubility and the duration of action in particular in case of
hydrophobic drug in biological environment (Fernandez et al., 2011, p. 1628-1651).
Moreover, using specific carriers increases the selectivity, decreases the dose and
administration frequency and subsequently the related side effects of the considered
drug.

The presented thesis is devoted to the preparation of nanoparticles based on chitosan
and chitosan modified with various formulations of low molecular weight polylactic
acid for encapsulation and controlled release of different bioactive molecules, in
particular three anticancer drugs and a model protein.

In the first section a general overview of nanoparticles preparation methods,
characterization, encapsulation and evaluation of the release kinetics by mathematical
models are reported. At the end a general introduction to chitosan and its derivatives as
carrier and coating agent for drug delivery application is given.
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In the second section, the experimental part, the method used for nanoparticles
preparation and characterization, encapsulation and release studies of different drugs
and the most significate results are illustrated.

Table 1 Advantages and disadvantages related to DDS (Coelho et al., 2010, p. 164-
209)

Advantages Disadvantages

Extension of duration of action Possibility of toxicity of the materials

and bioavailability of the drug
Harmful degradation products

Minimization of drug

degradation and loss Necessity of surgical intervention
either on systems application or
Prevention and reduction of removal

side effects
Patients' discomfort with DDS

Reduction of dosing frequency device usage
Minimization of drug High cost of final product
concentration fluctuations in

plasma level

Improvement of drug
utilization

Improvement of patient
compliance
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1. THEORETICAL PART

1.1 Nanoparticles for drug delivery applications

Nanoparticle research is currently an area of intense scientific research, due to a wide
variety of potential applications in biomedical, optical, and electronic fields.

Nanoparticles (NPs) are microscopic particles with at least one dimension less than
100 nm and are considered as a bridge between bulk materials and atomic or
molecular structures. In a bulk material, mechanical, electronic, optical, chemical and
biological properties should be independent from the size while at the nanoscale size-
dependence is observed. The properties of materials change as their size shifts from
macro to nanoscale. The reason is related to the high surface area in the nanoparticles
(Hewakuruppu et al. 2014, p. 6041-6050), for example considering that the surface area
of a cubic centimetre of a solid material is 6 m? while in 1 nm particle it is 1000 times
higher.

Considering that most of the chemical reactions involving solids occur at the surface,
where chemical bonds are incomplete, the example above indicates the high reactivity
of nanoparticles.

NPs are classified in terms of chemical composition, surface properties, preparation
methods and shape. Various engineered nanomaterials with the same chemical
composition can have various shapes like spheres, tubes, fibres, ring and planes.
According to the shape, the physical properties change even if the chemical
composition is the same, because the pattern of molecular bonds differs.

Nanoparticles find application in various fields as e.g. agriculture, electronics, optics,
cosmetics, pharmaceutical and biomedical industry. A great interest is focused on
biomedical applications in particular for drug delivery.

Nanoparticles used in drug delivery are divided in two main platforms: i) organic
(liposomes, polymeric NPs, dendrimers) and ii) inorganic platform (Au NPs, silica
materials, magnetic and carbon-based materials).
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Organic platform
Liposomes

Liposomes are self-assembled vesicles developed from amphiphilic phospholipids
consisting in a spherical bilayer structure surrounding agueous domain. The size can
range from 50 nm to several micrometres (Sunderland et al., 2006, p. 70-93). Biological
properties, including biocompatibility and biodegradability, isolation of drugs from the
surrounding environment, the ability to entrap rather hydrophilic than hydrophobic drugs
and the opportunity to tune size and surface properties make liposomes highly interesting
for drug delivery applications.

Nowadays, liposomes are the most clinically established nanosystems for drug delivery
showing high efficacy in reducing systemic effects and toxicity and improving drug
circulation time (Zhao et al., 2009, p. 68-78). Examples of marketed liposomes are: i)
Doxil® and ii) Caelyx® where the active molecule is doxorubicin for treatment of
Kaposi's sarcoma, breast and ovarian cancer; iii) Depocyt©, containing cytarabine for
lymphomatous meningitis treatment; iv) Daunoxome, containing daunorubicin for
Kaposi's sarcoma and v) AmBisome®, containing Amphotericin B for treatment of fungal
infections.

Besides all the peculiarities, liposomes are subjected to some limitations related to
the low encapsulation efficiency, fast burst release, poor storage stability and lack of
tuneable

drug release (Mao et al., 2001, p. 399-421).
Surface modification represents one strategy to improve stability and structural
integrity of liposomes after administration. One of the common ways to modify the
surface is by attaching PEG units, poly (methacrylic acid-co-cholesteryl methacrylate),
and PAA to improve the circulation time in blood (Bilensoy et al., 2009, p. 170-176).

Doxorubicin

Liposome

Methoxypolyethylene
glycol (MPEG)

Fig. 1 Representation of marked liposome based formulation Doxil®
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Polymeric nanoparticles (NPs)

Polymeric NPs present size in the range 10 to 1000 nm and various shapes from
spherical to branched or core-shell. They have been made from synthetic (polylactide,
polylactide-polyglycolide copolymers, polyacrylates (Schmaljohann, 2005, p. 1655-
1670) and polycaprolactones (Bilensoy et al., 2009, p. 170-176) or natural polymers
like albumin, gelatine (Saraog et al., 2010, p. 143-149) alginate, collagen and chitosan
(Mao etal., 2001, p. 399-421). According to the starting material, various methods have
been used to prepare polymeric based nanoparticles (see section 3.3). In the last
decades, advances in polymer science and engineering have resulted in the development
of stimuli-sensitive polymers. Their physicochemical properties can be changed by
application of physical (temperature, ultrasound, light, electricity and mechanical
stress), chemical (pH and ionic strength), and biological (enzymes) stimuli. Examples
of polymeric nanoparticles available in the market are: 1) Adagen ®, containing
adenosine deaminase for treatment of adenosine deaminase deficiency; 11) Onscaspar®,
L-asparaginase for acute lymphoblastic leukemia; I11) Pegasys ®, Pegylated IFN-a-2a,
for hepatitis C and Genexol ®-PM, containing Paclitaxel used in cancer therapy.

Dendrimers

Dendrimers are synthetic, branched macromolecules that form a tree-like structure with
low polydispersivity (Singh et al., 2008, p. 2239-2252). The opportunity to control the
chemical composition and molecular weight of these structures allows predicting
biocompatibility, biodegradability and toxicity of the final product. Two main approaches
are used to synthesize dendrimers: i) divergent, which goes from the core and the
reactions are carried on the single molecule; and ii) convergent, the synthesis begins at
the periphery and stops at the core (Singh et al., 2008, p. 2239-2252). An example of
dendrimer widely used in drug delivery research is polyamidoamine that has been
conjugated with different target molecules like folic acid and antigen antibody.
Since the clinical experience with dendrimers has been limited so far, it is hard to tell
whether the dendrimers are intrinsically safe or not.
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Fig. 2 Representation of molecular modelling of dendrimer

Inorganic Platform

Inorganic nanoparticles can be defined as particles of metal oxide or metallic
composition possessing at least one length scale in the nanometre range. These
nanostructures exhibit distinct chemical, physical and biological properties, and
functionality compared to macro-scale structures. The preparation of inorganic
nanoparticles offers several challenges. There is not a one-fits-all type of production
process for nanoparticles but (Lee et al., 2006, p. 229-235) the traditional preparation
method is by sol—gel route where the control of its particle growth occurs by changing
thermal or pH conditions of the solution. Other methods widely used are spry-drying
that is more suitable for scale up process and micro-emulsion (Trommelen and Crosby,
2004, p. 857-867). Inorganic nanoparticles are attracting great interest in the field of
nanomedicine even if associated with long-term tissue damage, toxicity,
Immunogenicity, carcinogenesis, and inflammation (Huang et al., 2011, p. 344-357).

Gold nanoparticles

The interest in biomedical use of AuNPs has peaked over the past decade due to its
intrinsic optical properties that can be used directly or indirectly for the treatment and
diagnosis of diseases (Kumar et al., 2011, p.22). Potential applications of AUNPs have
been studied recently and administrated in phase | & Il of clinical trials for cancer
treatment.
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Fig. 3 SEM micrograph of standard gold nanoparticles. Source Cytodiagnostic.
www.cytodiagnostic.com

Magnetic nanoparticles

Magnetic nanoparticles present various attributes such as easy handling, possibility
of passive and active targeting, simply detection and enhanced uptake by target tissue,
which makes them suitable for drug delivery application. The main drawback of
magnetic nanoparticles is the tendency to aggregate in large clusters with subsequent
losing of the advantages related to the nano-size. Magnetic nanoparticles can be divided
into i) pure metals like cobalt (Meng et al., 2011, p. 977-984), nickel (Kale et al., 2012,
p. 452-459), manganese (Sayed et al., 2011, p. 3363-3369), iron (Smolensky et al. 2011,
p. 189-199) and ii) alloys and oxides.

Iron oxide nanoparticles are the only type approved for clinical use. Such restriction
is due to the lack of knowledge about side effects which the mentioned metals have on
the human body. Various drugs and their therapeutic activity after incorporation into
iron oxide nanocarriers have been tested. Some examples are i) antineoplastic and
chemotherapeutic agents (like cisplatin (Yang et al., 2006, p. 185-190) and doxorubicin
(Gaihre et al., 2009, 180-189)); ii) antibiotics (ciprofloxacine (Bajpai et al., 2011, p.
357-369)) and iii) neurotransmitters (Dopamine (Losic et al., 2010, p. 6323-6325)).
Toxicity and influence of iron oxide nanoparticles on cellular function have been
investigated and reported (Wilczewska et al., 2012, p. 1020-1037) as well. Depending
on the administration route they may interact with extracellular components, cell
membrane of macrophages, endothelial cells, skin epithelium, respiratory and
gastrointestinal tracts (Mahmoudi et al., 2010, p. 300-309). Furthermore, after
inhalation they are able to cross the blood-brain barrier and easily reach the brain.
Surface chemistry and hydrodynamic size play an important role in the biodistribution,
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internalization and circulation time of magnetic nanoparticles (Yoo et al., 2010, p.
2298-2307; Wang et al., 2010, p.861)

Fig. 4 TEM micrograph of Iron oxides nanoparticles. Source cytodiagnostic.
www.cytodiagnostic.com

Carbon-based nanocarriers

Carbon-based drug delivery systems are classified in i) nanotubes (CNTSs) and ii)
nanohorns (CNH) (Wilczewska et al., 2012, p. 1020-1037).

CNTs are formed by rolling single (SWCNTs-single walled carbon nanotubes) or
multi (MWCNTs-multi walled carbon nanotubes) layers of graphite. These structures
are characterized by huge surface area and excellent electronic and thermal conductivity
properties (Beg et al., 2011, p. 141-163). CNTSs present low biocompatibility, but it can
be enhanced by anchoring PAMAM dendrimers (Zhang et al., 2010, p. 18-25),
amphiphilic copolymers (Di Crescenzo et al., 2011, p. 925-928) or PEG (Bhirde et al.,
2010, p. 1535-1546) on the surface or by dispersion in hyaluronic acid matrix (Shin et
al., 2011). Furthermore, due to the mechanical strength, CNTs have been used as
support material to improve properties of other carriers, either polymeric or non-
polymeric based (Shin et al., 2011). Bioactive molecules can be immobilized in CNTs
in three main ways: i) encapsulation (Arsawang et al., 2011, p. 591-596); ii) chemical
adsorption on the surface by electrostatic, hydrophobic, n—r[] interactions and H-
bonds (Chen et al., 2011) and iii) by attachment after functionalization. Examples of
drug immobilized in CNTs are Cisplatin (Tripisciano et al., 2010, p. 141-146),
Gemcitabine (Arsawang et al., 2011, p. 591-596), Doxorubicin, Amphotericin B
(Prajapati et al., 2011) and Dexamethasone (Luo et al., 2011, p. 6316-6323). An
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advantage of using CNTs for controlled release application is the possibility
opportunity to control the release by electrical or chemical stimuli.

CNHes, are a type of SWCNTSs, which possesses similar properties to nanotubes. They
can be easily prepared at low cost and high purity as no metal catalysts are required.
Drugs can be immobilized by adsorption on walls or by nanoprecipitation (Ajima et al.,
2008, p. 2057-2064).

The potential toxicity of carbon-based nanomaterial is mainly linked with the
geometrical structure (Jia et al., 2005, p. 1378-1383) in fact in case of nanotubes, the
toxicity is connected to results with the high length to diameter ratio. However, the
presence of impurities like residual metals or amorphous carbon that induces oxidative
stress cannot be omitted (Dobrovolskaia and McNeil, 2007, p. 469-478). Some studies
reported the similarity in carcinogenic potential between CNTs and silicate minerals
(Poland et al., 2008, p. 423-428).

Fig. 5 Schematic representation of a) SWCNT and b) MWCNT

Silica-based nanocarriers

Drug delivery systems based on silica are divided in xerogels and mesoporous silica
nanoparticles (MSNs) (Wei et al., 2010, p. 4066-4079).

MCM-41 (Mobil composition of matter), SBA-15 (Santa Barbara University
mesoporous silica material) and HMS (Hollow mesoporous spheres) are the most used
and characterized among MSNs (Amato, 2010). MCM-41 represents hexagonal
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arrangement of the mesoporous while SBA-15 a well-ordered hexagonal connected
system of pores (Wei et al., 2010, p. 4066-4079).

The MSNSs properties make them an excellent material for various pharmaceutical and
biomedical applications. The structure enables the incorporation of both small (Di Pasqua
etal., 2009, p. 1343-1349) and large molecules (Kimetal., 2012, p. 435-442.), adsorption
of DNA, and gene transfer (Slowing et al., 2008, p. 1278-1288). This gives a possibility
of using these nanomaterials in a combined therapy. Bioactive compounds are loaded into
mesoporous silica mainly by chemical and physical adsorption (Di Pasqua et al., 2009, p.
1343-1349). Examples of drugs loaded in MSNs are antineoplastic antibiotics and cardiac
medications (Popovici et al., 2010, p. 704-714). Usually the drug release is driven by
diffusion through the porous structure. Regarding the toxicity, nanoparticle size plays an
important role affecting pharmacokinetic parameters, such as tissue distribution as
reported in various studies (Cho et al., 2009, p. 177-183). However, toxicological data
are still controversial as in some cases high toxicity is reported, especially hepatotoxicity,
while in other no organ toxicity is presented (Kumar et al., 2010, p. 699-708).

Fig.6 TEM micrograph of mesoporous silica nanoparticles

18



1.2 Polymeric Nanoparticles

Polymeric nanostructures represent due to their unique properties and large potential
in biomedical applications a growing area in the biomaterials science (Bielawski et al.,
2011, p. 364-372). Polymers, either natural or synthetic, used for preparation of drug
delivery systems have to possess definite requirements as 1) biocompatible backbone
and degradation products; ii) mechanical properties which meet application needs; iii)
degradation kinetics matching a biological process; iv) processability; v) chemical,
structural and application versatility and vi) economically acceptable shelf life (Safari
and Zarnega, 2014, p. 85-99). Nowadays, besides the use of natural and synthetic
polymer, design DDS comprising natural and synthetic block represents a promising
strategy, because an advantage from both polymeric classes can be obtained;
biodegradability and biocompatibility from the natural and good mechanical properties
from the synthetic (Sahoo et al., 2010, p. 106-113).

Currently available polymer-based DDS can be classified into four different
categories: i) diffusion-controlled; ii) chemically controlled; iii) solvent-activated; and
Iv) magnetically controlled (Koo et al., 2005, p. 193-212).

Diffusion-controlled systems enclose both reservoir and matrix systems. The first are
based on a polymeric membrane that surrounds a core containing the drug, while the
second on a polymeric matrix in which the drug is distributed homogeneously;

Chemically controlled systems include polymer-drug conjugates in which drug
molecules are linked to a polymeric backbone by a spacer. Once inside the body the
linkage is cleaved by hydrolysis or enzymatically.

Magnetically controlled systems. Compared to the previous systems, magnetically
responsive carrier presents two major advantages; i) high efficiency in vivo targeting
and ii) controllable release of the loaded molecules at the microvascular level.
Magnetically responsive systems are particularly interesting for cancer therapy.

Examples of polymeric based nanoparticles available in the market are: i) Adagen
®, containing adenosine deaminase for treatment of adenosine deaminase deficiency;
1) Onscaspan ®, L-asparaginase for acute lymphoblastic leukemia; iii) Pegasys ®,
Pegylated IFN-a-2a, for hepatitis C and Genexol ®-PM, containing paclitaxel used in
cancer therapy.

19



Natural polymers

Natural polymers, due to their biodegradability and biocompatibility are very
attractive materials. However, limitations related to antigenicity, risk of viral infection
and non-uniformity in the properties from batch-to-batch occur (Nair and Laurencin,
2006, p. 762-798). The main groups of natural polymers for nanoparticles preparation
are protein and polysaccharides. From natural polysaccharides a wide range of
derivatives has been obtained by chemical modification, showing improved properties
compared to the native one.

Proteins

Proteins are macromolecules composed by amino acid residues, linked together by
peptide bonds. They are the main structural components in animal and plant tissues.
Collagen, gelatin and albumin represent the most used proteins for DDS preparation.

Collagen is the most abundant protein in the human body and the major component
of skin, cartilage and bone. It is non-toxic, biodegradable and low-immunogenic.
Collagen has been used as DDS, in a variety of shapes such as microspheres, mini-rods
and sponges (MaHam et al.2009, p. 1706-1721). Collagen micro-particles have been
tested as a carrier system for various bioactive compounds such as steroids and
cytotoxic drugs.

Gelatin is a mixture of peptides and proteins produced by partial hydrolysis of
collagen extracted from the skin, bones, and connective tissues of animals. Due to its
high solubility in water and poor mechanical properties, crosslinking with other
materials may be necessary (Lin et al., 2009, p. 939-944). Micro and nano-spheres of
gelatine have been used for the entrapment of some anti-cancer drugs such as
doxorubicin, 5-fluoruoracil, bleomycin and mitomycin C.

Albumin is the most abundant protein in the human blood plasma. It is hydrosoluble
and presents a molecular weight of about 66 kDa. Characteristics like biodegradability,
non-toxicity and non-immunogenicity make albumin a very promising material for
biomedical/ pharmaceutical applications. Albumin microspheres have proved to be a
suitable carrier for drugs used in cancer treatment due to the use of albumin by cancer
cells as a source of nitrogen and energy (Wunder et al., 2003, p. 4793-4801)
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Polysaccharides

Polysaccharides are high molecular weight compounds made of repeating
monosaccharide units linked by glycoside linkages. According to the source, they
present a wide range of properties and structures. The presence of reactive groups (-
NH,, COOH, SO42 and —OH) allow chemical modification improving the properties.
Chitosan, alginate, dextran and polygalacturonic acid are frequently used for DDS
preparation (Bigucci et al., 2008, p. 435-441).

Chitosan is a cationic polysaccharide obtained by alkaline deacetylation of chitin. It
Is insoluble in water and in organic solvents, but it can be dissolved in mildly acidic
water solutions. The wide use of chitosan in biomedical and pharmaceutical
applications is possible due to the high biodegradability, low toxicity, good
biocompatibility, mucoadhesivity and antibacterial properties. A few examples of drugs
entrapped in chitosan nanoparticles are paclitaxel, doxorubicin, daunomycin, 5-
fluorouracil and camptothecin (Ta et al., 2008, p. 205-216). According to the structural
characteristics, chitosan nanoparticles are mainly prepared by four mechanisms: i)
covalent crosslinking; ii) ionic crosslinking, iii) polyelectrolyte complexation, and iv)
self-assembly of hydrophobically modified polysaccharides (II’ina, and Varlamov,
2005, p.5-11)

Alginic acid is a polysaccharide extracted from brown algae composed of B-D-
mannuronic acid and a-L-glucoronic acid units. Beside the biocompatibility and non-
immunogenicity, it presents the disadvantage of not being enzymatically degraded by
mammals (Nair & Laurencin, 2007, p. 762-798). Angiogenic growth factors, like
VEGF and bFGF and heparin have been entrapped in alginic acid based nanoparticles
systems with high encapsulation rate.

Dextran is a polysaccharide of bacterial origin with backbone made of D-
glucopyranose units a-1,6-linked and branches of D-glucopyranose units in the
positions 0-1,2-, 0-1,3- or a-1,4-. Biodegradability, biocompatibility, non-
immunogenicity and non-antigenicity make it a suitable material for biomedical
application. Microspheres based on dextran and derivatives have been used for the
controlled release of proteins, anti-inflammatory and cytotoxic drugs (Hornig et al.,
2009, p. 56-62).

Polygalacturonic acid or pectic acid is a water soluble product of pectin degradation
in plants. Although it has a long history of use in food industry the application in
biomedical field and in particular in controlled release is still at the beginning. Various
drugs have been incorporated, using simple procedures, with high loading efficiency.
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Furthermore, chemical modifications have improved the polysaccharide properties.
Comparative studies of other biopolymers like chitosan and alginic acid are underway
in order to establish the advantages of pectic acid compared to others.

Cellulose and derivatives

Cellulose is the most abundant biopolymer in nature. Its composed of D-glucose
units linked by B (1—4) glycoside bond. The presence of hydroxyl causes strong
intermolecular and intramolecular H-bonds among the chains, making cellulose
insoluble in water and organic solvents. The difficulty to dissolve cellulose makes
further chemical modification necessary. Hydroxypropyl methylcellulose and ethyl
cellulose represent the most used cellulose derivatives for biomedical application.

Hydroxypropyl methylcellulose (HPMC) is widely used for drug delivery system
preparation due to the swelling properties. HPMC has been used as a carrier for several
drugs and factors influencing the release behaviour have been analysed.

Ethyl cellulose (EC) is a non-ionic cellulose ether, insoluble in water, but soluble in
some polar organic solvents. EC has been used for the controlled release of diclofenac
sodium (Murthy and Chowdary, 2005, p. 216-219), ketoprofen (YYamada et al., 2001,
p. 271-282), betamethazone and nimesulide (Madhusudhan et al., 2009).
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Synthetic Polymers

Synthetic polymers offer a wide variety of compositions with tuneable properties.
These materials open the possibility of developing new DDS with selected properties
by changing the building blocks or the preparation technique. Synthetic polymers can
also be either biodegradable or non-biodegradable. Biodegradable are those containing
in their backbone linkages such as ester, orthoester, amide, urea or urethane which are
easily cleaved. However, introduction of these linkages in non-biodegradable polymers
make them biodegradable.

Biodegradable synthetic polymers

Polyesters: Poly (lactic acid) (PLA), and poly (lactic co-glycolic acid) (PLGA) are
largely used for preparation of drug delivery devices due to their biodegradability,
biocompatibility, low immunogenicity and low toxicity. A tailored degradation rate of
these copolymers can be achieved by varying the stereochemistry (D or L-lactic acid
monomer) and the PLA/PGA (poly (glycolic acid)) ratios. Compared to PLA, PLGA is
preferred due to its higher degradation rate. Micro and nanoparticles of PLGA have
been used in the controlled delivery of proteins, vaccines, genes, antigens, grow factors
and anti-cancer drugs. Moreover, their potential application in gene delivery has been
demonstrated (Csaba et al., 2005, p. 271-278) and also they have proved to be efficient
in protecting the genetic material from the nuclease attack and high transfection
efficiencies were obtained (He et al., 2004, p. 660-663).

Poly(ortho esters): The development of poly(orthoesters) (POE) is related to the
necessity of having more hydrophobic polymers, containing hydrolytically labile
chemical bonds, with a surface erosion degradation instead of a bulk degradation
mechanism (Nair and Laurecin, 2007, p. 762-798). Currently, four families of POE are
known: POE I, POE I, POE |1l and POE IV.

POE | is obtained by transesterification reaction between a diol and a
dimethoxytetrahydrofuran; POE Il is synthesized from diols and diketene acetal 3,9-
bis (ethylidene 2,4,8,10-tetraoxaspiro[5,5] undecane) presenting high hydrophobicity;
POE Il is obtained by a reaction between a triol and an ortho ester, and POE 1V, a
modification of POE Il , is made of units of lactic acid or glycolic acid incorporated in
the polymer backbone. POE IV presents a number of advantages over the other POEs,
as the possibility of controlling the polymer properties and erosion rate, high stability
at room temperature and drug release dependent on erosion mechanism (Nair and
Laurecin, 2007, 762-798).
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Poly(alkyl cyanoacrylates) (PACA) are biodegradable acrylate polymers, with a
wide range of applications in biomedical/ pharmaceutical field. PACA exhibits high
rates of degradation ranging from hours to days, according to the length of the alkyl (R)
chain. The development of PACA particles for drug delivery purposes has started two
decades ago (Vauthier et al., 2007, p. 641-663) and a wide range of drugs has been
successfully encapsulated including peptides, proteins, oligonucleotides, anti-cancer,
anti-infectious and anti-inflammatory compounds. A comprehensive review on the
methods of preparation, potential applications, and drugs commonly incorporated was
done by Vauthier and co-authors (Vauthier et al., 2007, p. 641-663).

Non-biodegradable synthetic polymers (Acrylic Polymers)

Poly(methyl methacrylate) (PMMA) was the first acrylic polymer used in a
biomedical application, as intraocular lenses, due to the high biocompatibility and
stability. Besides the use of PMMA based materials in ophthalmology, it has been used
in orthopaedics for managing open fractures, total joint arthroplasty and chronic
osteomyelitis. Example of PMMA application in drug delivery comes from a
microdevice coated with lectins, which was successfully used in delivering to the
gastrointestinal tract (Tao et al., 2003, p. 215-228).

Poly(2-hydroxyethyl methacrylate) (PHEMA) possesses a similar structure to
PMMA where the pendant methylester group in PMMA is substituted by a pendant
hydroxyethyl ester group. PHEMA is a biostable polymer, with the ability of forming
hydrogels and easy to manipulate, offers the possibility of having tailor-made materials
for specific applications. The use of PHEMA based materials in controlled release
applications is well-known in particular for cancer (Chouhan and Bajpai, 2009, p. 1103-
1114) and neurological diseases treatment (Jhaveri et al., 2009, p. 174-183).
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Preparation methods

Numerous techniques are available for preparation of polymeric nanoparticles
belonging either to top-down or bottom-up processes.

Top-down: start from a bulk material and break it in smaller components
mechanically, chemically or by other form of energy;

Bottom-up: synthesize the material from atomic or molecular precursor by chemical
reaction.

The choice of the preparation method is driven by the required properties of the final
product and the possibility to control size, shape, distribution, composition and
agglomeration during the preparation. In case of biomedical application, surfactants,
reactants and organic solvents must be completely removed.

Solvent evaporation

Solvent evaporation is one of the oldest and largely employed techniques to prepare
polymeric nanoparticles using a dispersion of preformed polymers. Two main strategies
are used: i) single-emulsions, e.g. oil-in-water (o/w) and ii) double-emulsions, e.g.
(water-in-oil)-in-water, (w/0)/w (Rao and Geckeler, 2011, p. 887-913). These methods
utilize high-speed homogenization or ultrasonication, followed by evaporation of the
solvent by magnetic stirring or under reduced pressure. Solidified nanoparticles can be
collected by ultracentrifugation and washed in order to remove additives such as
surfactants. Examples of nanoparticles prepared by solvent evaporation are reported.
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Table 2 Examples of polymeric nanoparticles prepared by solvent evaporation Adapted
from Rao and Geckeler, 2011, p. 887-91

Particle
Polymer Organic solvent Stabilizer Emulsion size (nm)
POP CH3COCHs3 Poloxamine 908 o/w 200
PLGA CH2Cl2/CH3COCHS3 PVA o/w 60-200
PLGA CHCl: Span 40 (w/o)/lw 200
PLGA CHCls Sucrose (w/o)/lw 268 + 4
PEO-mPAE CH3CH20OH SDS (w/o)/lw 76
PS copolymer THF Pluronic F-108 olw 100-150

Salting-out

Salting-out is a modified version of solvent evaporation where the use of surfactants
and chlorinated solvents is not required. The emulsion is formulated with a solvent
which is normally totally miscible with water, i.e., acetone, and emulsification in the
aqueous phase is achieved without employing any high-shear forces (Ganachaud and
Katz, 2005, p. 209-216). For salting-out effect high concentration of salts like
magnesium chloride, calcium chloride and magnesium acetate or sucrose are dissolved
in the aqueous phase (Galindo-Rodriguez, 2004, p. 1428-1439). The miscibility
properties of water with other solvents are modified as these components dissolve in
water. A reverse salting-out effect, obtained by dilution of the emulsion with a large
excess of water, leads to the precipitation of the polymer dissolved in the droplets of
the emulsion. The migration of the solvent from the emulsion droplets is induced due
to the reduction of the salt or sucrose concentration in the continuous phase of the
emulsion. A compilation of the polymer nanoparticles prepared by employing the
salting-out method is given in Table 3
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Nanoprecipitation

Nanoprecipitation is a simple, fast and reproducible method for nanospheres and
nanocapsules preparation. Nanoprecipitation consists of three basic components: i)
polymer; ii) solvent and; iii) non-solvent of the polymer. The polymer solvent has to be
miscible with water and easy to remove by evaporation (i.e. ethanol, acetone, hexane,
methylene chloride or dioxane). Acetone is the most employed in this technique alone
(Mishraetal., 2010, p. 9-24) or in binary blends such as acetone-water or acetone-ethanol
(Rao and Geckeler, 2011, p. 887-913). The non-solvent phase consists of one or a mixture
of non-solvents with synthetic surfactants. In table 4 examples of polymers, solvents, non-
solvents and stabilizing agents used in the nanoprecipitation formulations and particle
size are reported. As can be seen most of them are synthetic but natural polymers like
allylic starch (Tan et al., 2009, p. 855-859) and dextran (Hornig et al., 2009, p. 56-62) are
also employed. Surfactants are not required for nanoparticles formation but the presence
avoids the agglomeration phenomena, which take place in case of long storage periods.
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Table 3 Examples of polymer nanoparticles prepared by the salting-out method.
Adapted from Rao and Geckeler, 2011, p. 887-913

Particle size
Polymer Salting-out agent | Organic solvent (nm)
PDLLA Mg(CHsCOO),-4 CH3COCHjs 295
H.0

PEO MgCl;-6H,0 | CH3;COCHG3 280 =03
PLGA MgCl,-6H,0 THF >200
PLGA CaCl; CH3sCN 480
PDLLA MgCl,-6H,O0 | CH3COCHs 279 +10
PDLLA MgCl,-6H,0 | CH3;COCHj; 248
PTMC MgCl,-6H,0 THF 183-251
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Table 4 Examples of polymer nanoparticles prepared by nanoprecipitation.
Adapted from Rao and Geckeler, 2011, p. 887-913

Polymer Solvent Stabilizing Particle
Non-solvent agent size (nm)

PLGA CH3COCH3 H20 PVA 95-560
PBCA CH3COCH3 H20 Pluronic F68 269+ 4
Allylic CH3COCHS3 H20 Dextran 270
starch
PHB CH3COCH3 H20 Tween 80 100-125
Dextran CH3COCHs3 H.O — 77
ester

PLGA CH3COCHa/ H20 Tween 20 63-90

CH3CH20H
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Dialysis

It represents a simple method to obtain small nanoparticles with low polydispersive
index (PDI). Polymer is dissolved in an organic solvent and placed inside a dialysis
tube with proper molecular weight cut-off (MWCOQO). The dialysis is performed against
a non-solvent miscible with the former one. The displacement of the solvent inside the
membrane is followed by the progressive aggregation of polymer due to a loss of
solubility and the formation of homogeneous suspensions of nanoparticles (Errico et
al., 2009). Table 5 reports examples of polymers and other parameters used in this
technique.

Supercritical fluid technology

In contrast to the previous methods where organic solvents are involved,
production of polymeric nanoparticles by supercritical fluid technology represents a
more environmentally friendly technique. The opportunity to obtain highly pure
nanoparticles without any traces of solvent or reactants makes this technology
remarkably interesting for biomedical application (Cocero et al., 2009, p. 546-555).
Two principal processes have been developed for the production of nanoparticles by
this technology: i ) RESS and ii) RESOLV.

In RESS (Rapid Expansion of Supercritical Solution) the supercritical fluid is used
to dissolve the solid material under high pressure and temperature forming a
homogeneous supercritical phase. Afterwards, the solution is expanded through a
nozzle forming small particles. At the expansion point a drop in pressure forces the
dissolved material to precipitate. The crystals that are instantly formed enclose a small
amount of the solvent that, due to the expansion, changes from supercritical fluid to its
normal state, thus breaking the crystal from inside-out. The particles that are formed
this way have a diameter of a few hundred nanometers. RESOLV (Rapid Expansion of
Supercritical sOlution into Liquid solVent) is a modification of RESS where the
supercritical solution is rapidly expanded into a liquid solvent. Compared to RESS, this
technique allows the formation of polymeric nanoparticles with diameter less than 100
nm and a subsequent protection from agglomeration (Vemavarapu et al., 2005, p. 1-
16).
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Table 5 Summary of the experimental conditions for the preparation of polymer
nanoparticles using the dialysis method. Adapted from Rao and Geckeler, 2011, p.
887-913.

MWCO Dialysis Particle size
Polymer Solvent (kg/mol) time (h) (nm)
PBG-PEO DMF - 24 250-362
PDLLA- DMSO 12-14 48 84-338
P(NIPAM-
MAA)
PDLLA DMF 0.8-15 12 321
TosDex DMACc 0.3-5 96 345-500
PA DMSO 0.2 72 50-130
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lonotropic gelation

The method is based on the ability of polyelectrolytes to crosslink in presence of
counter ions to form nanoparticles also called “gelispheres” which are capable of
extensive gelation and swelling in biological fluids (Patil et al., 2012, p. 27-32).
Examples of natural and synthetic polymers used in lonotropic gelation are reported in
table 6.

Table 6 Example of natural and synthetic polymers used in IG technique for
nanoparticles preparation

Natural Synthetic polymers
polymers
Alginate Poly lactic acid (PLA)
Dextran Poly methacrylate (PMA)
Pectic acid Poly ethylene glycol (PEG)
Chitosan Poly-N-Isopropylacrylamide (PNIPAM)
Hyaluronic acid Polyethylenimina (PEI)
Fibrin Polyethylen glycole diacrylate (PEGDA)
Collagen

Factors, which greatly influence the particles properties obtained by ionotropic
gelation, are: i) polymer and crosslinking electrolyte concentration; ii) charge ratio; iii)
temperature; iv) pH; v) ionic strength and vi) stirring.

Several drugs belonging to different therapeutic classes have been encapsulated,
mostly in natural polymer matrix by ionotropic gelation method; such as prednisolone;
ibuprofen (Win et al., 2003, p. 305-310); simvastatin (Boppana et al., 2010, p. 137-
143); captopril and a long list of anticancer drugs.
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Polyelectrolytes complexation method

Polyelectrolyte complexes (PECs) are formed by association of two oppositely
charged polyions (e.g. polymer-polymer, polymer-drug and polymer-drug-polymer).
The complexes are formed by electrostatic interaction avoiding the use of chemical
crosslinking agents making the products more suitable for biomedical application. pH,
ionic strength of the dissolution media, temperature, charges ratio and stirring represent
important variables that directly affect dimension, surface charge and stability of the
PEC.

As reported in Figure 2 three main steps are presented: i) formation of primary
complex by Coulomb forces; ii) development of new bonds and/or corrections of the
polymer chains distortions which leads to the formation of intracomplexes; iii)
intercomplex aggregation driven by hydrophobic interactions (Lankalapalli and
Kolapalli, 2009, p. 481). Generally, PECs are characterized by measurements of
turbidity, pH and ionic strength, weight ratio of polymer in the media, viscosity, light
scattering, IR and NMR, thermal analysis and X-ray diffraction.

Various parameters influence the formation of PECs such as ion site, charge density,
polyelectrolyte concentration, ionic strength and temperature (Schonhoff,2003). For
example, by changing the ionic strength of the media by addition of salts the ionic
strength of the solution increases causing a screening effect, which weakens the
complexation between polyions, and, consequently, changing in the density, size and
shape of the PEC in solution occurs (Weinbreck et al. 2003, p. 293-303).

Mixing
g —_—
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Fig.7 Schematic representation of polyelectrolytes complexes formation
(Lankalapalli and Kolapalli, 2009, p. 481).
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Characterization methods

Generally, nanoparticles for DDS application are initially characterized in terms of
size, morphology and surface charge as they directly influence the physical stability
and in-vivo distribution.

Particle size

The most popular method to evaluate nanoparticles dimension is by photo-
correlation spectroscopy (PCS) or dynamic light scattering (DLS). DLS determines the
dimension of nanoparticles in colloidal suspension in nano and submicron ranges. The
Brownian motion of the nanoparticles in solution causes a Doppler shift of the
monochromatic light which hits the particles causing a change in the wavelength of the
incoming light. These variations are directly connected with the size of the particles.
By measuring the diffusion coefficient (Ds) and using the auto correlation function
information regarding the size distribution particles motion in the media are obtained.

Morphology

Besides the size and size distribution, morphology is another important parameter to
evaluate. Scanning and transmission electron microscopy are the two main methods
used to evaluate the nanoparticles morphology in solid phase and in suspension.

Scanning electron microscopy (SEM) gives a direct visualization of the nanoparticles
morphology and size. Limited information regarding size distribution and the true
particle population average represent the main drawback. Analysis can be conducted
only on dry powder coated with a conductive metal (gold) and surface characteristics
are obtained by the secondary electrons emitted after hitting by a focused beam of
electrons. Generally, the nanoparticles dimension is comparable with the average
values obtained by DLS.

Transmission electron microscopy (TEM): Contrary to SEM, TEM allows to
investigate morphology and nanoparticles dimension in dry form and in solution. It
represents an advantage in case of polymeric nanoparticles which are sensible to freeze-
drying treatment (e.g. chitosan). Surface characteristics are given by an electron beam
that passes through the sample. Like for SEM, the dimension values are generally
comparable with that obtained by DLS (Molpeceres et al., 2000, p. 599-614).

Atomic force microscopy (AFM) provides a topographical map of the sample based
on the interactions between the sample surface and a probe tip. The advantage of AFM

Is the ability to investigate non-conductive samples without any pre-treatment. It is
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highly important in case of highly sensitive sample (biological sample) (Shi et al., 2003,
p. 479-484). Compared with the previous techniques AFM provides a real image, which
helps to understand the effect of the external environment on the sample. Moreover, a
more accurate description of size and size distribution is obtained without any
mathematical elaboration.

Surface charge

The nanoparticles stability in solution and the interaction with the external
environment is evaluated by C-potential measurements, which is an indirect measure of
the surface charge. Precisely, it represents the potential difference between the outer
Helmoltz plane and the surface of shear. It represents a useful way to predict the
stability and the effect of the media on the stability.

Surface hydrophobicity
It can be evaluated through different techniques: 1) hydrophobic interactions
chromatography, ii) biphasic partitioning, iii) adsorption of probes, iv) contact angle

measurements etc. The presence of specific chemical groups on the surface can be
proved by X-ray photon correlation spectroscopy.
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Microencapsulation

Microencapsulation is defined as a technology to entrap a material (solid, liquid or
gas) inside a micro or nano scale system in order to immobilize, protect, release or
structure it (DeVos et al., 2010, p. 292-302).

The host system is classified according to the dimension and preparation methods
into:

e Micro: capsules, spheres, particles or emulsions
e Nano: capsules, spheres, particles or emulsions
e Micelles

e Liposomes

e Molecular inclusion

It has been useful in the immobilization of drugs, cells and other biopharmaceutical
molecules providing protection from the surrounding environment and controlled
release. The characteristics of the capsules are strictly connected to the final
biopharmaceutical goals of the encapsulated product (Duchesneau al., 2012, p.2013).

Various techniques are available for microencapsulation of bioactive compound for
biomedical applications. These are based on chemical, physical or psychochemical
approaches. Chemical methods include: i) solvent evaporation; ii) interfacial
crosslinking; iii) interfacial polycondensation; iv) in situ and v) matrix polymerization.
Regarding physical methods, the most common are: i) spray drying; ii) fluid-bed/pan
coating; iii) centrifugal extrusion; iv) vibrating nozzle and v) spinning disk.
Physicochemical methods include: i) ionotropic gelation; ii) polyelectrolyte
complexation; iii) coacervation and iv) supercritical fluid technology (Duchesneau et
al., 2012, p.2013).
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Fig. 8 Schematic representation of the single emulsification-extraction/
evaporation technique (Jelvehgari and Montazam, 2012, p.144)
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Fig. 9 Schematic representation of EC microparticles preparation using double-
emulsification called the W/O1/02 method. (Jelvehgari and Montazam, 2012, p.144)

According to the method, the bioactive compound and carrier, the compound can be
homogeneously or heterogeneously located in the core, on the surface or in both area
of the carrier at different percentage. The location of the drug in the system directly
influences the release rate.

To evaluate the efficiency of the process and the amount of bioactive compounds
loaded into the system two main parameters are generally considered; the encapsulation
efficiency (EE) and the drug loading (DL), both expressed in percentage. EE and DL
are obtained by the following Equations 1 and 2, respectively.

ight t dd
% EE = (wezg of entrappe rug)x 100 [l]
Total amount of drug
Weight of entrapped drug )
% DL = ( x 100 2
% Total weight of nanoparticles [ ]
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Another parameter which is used in case of nanoparticles systems is the particles
yield (Yp) obtained by Equation 3

Total weight of particles
%Yp = (o ght of partt )x 100 [3]
Weight of polymer+Total weight of drug

In the last years’ different approaches to deliver multiple compounds using a single
carrier have been explored (Parhi et al., 2012, p. 1044-1052). A multi-drug treatment is
particularly promising in cancer therapy as it can overcome the development of chemo-
resistance, which is the main cause of therapeutic failure (Kunjachan et al., 2013, p.
1852-1865). It has been widely demonstrated that during chemo-treatment cancer cells
acquire defence mechanisms such as overexpression of drug efflux pumps, increasing
drug metabolism or express altered drug target which diminishes the therapeutic
efficacy of the drug (Kievit et al., 2011, p. 76-83). In clinic, it is well-known that
combination of chemotherapy drugs reduces the drug resistance (Zhu et al., 2010, p.
2408-2416). However, due to the variety of pharmacokinetics, biodistribution and
membrane transport properties it is difficult to make a combination therapy schedule,
in particular in terms of dosage.

The challenge in drug delivery is to combine nanotechnology with chemotherapy to
obtain carrier able to transport and deliver more than one substance to the target, in the
right order and at the right time.

Many approaches have been reported for multi-drug encapsulation into polymeric
nanoparticles. They can be divided into three categories:

1) direct encapsulation of the drugs into the polymeric core;
I1) create a separate compartment in the nanoparticles for drug loading;
1ii) conjugation of the drugs directly to the polymer backbone.

In the first case the drugs are mixed with the polymeric solution during the
preparation process. This process is easy to develop but limitations connected to the
chemical properties of the compound are presented (e.g. difficulty to obtain EE for
hydrophilic compound) (Hu et al., 2010, p. 323-334).
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The second approach consists in the development of a multi-compartment system to
increase the loading capacity of hydrophilic drugs. It can be obtained by taking
advantage of surface properties of polymeric nanoparticles (Zhang et al. 2007, p. 1268-
1271).

In the last approach multiple types of drugs can be attached to a single polymer chain
before nanoparticles preparation. What differentiates this approach from the previous
is the ability to control the molar ratios of different drugs as it bypasses the complex
nature of drug-drug and drug-polymer interactions involved in the physical drug
encapsulation techniques.

Examples of nanoparticles loaded with multi-drug are reported in Table 7

Table 7 Examples of multi-drug formulations and their status (Adapted from Hu et
al., 2010, p. 323-334)

Drugs Indication Status
GCB and DOX Prostate cancer and In vivo
various cancer types
DOX-WOR Breast cancer and In vitro
various cancer types
CA4 and DOX Lung carcinoma, In vivo
melanoma and various
cancer types
PTX and Bcl-2- Breast cancer In vitro
targeted siRNA
PTX and VEGF- Prostate cancer and In vitro
SiRNA various cancer types
DOX and DTX Prostate cancer and In vitro
various cancer types
VCR and VER Breast cancer In vitro
DOX and CSA Various cancer types In vitro
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1.2 Release kinetic models

According to the chemical and physical characteristics of the polymer and the loaded
molecule, the release mechanism can be controlled by three main processes:

1) Diffusion
2) Swelling
3) Erosion

In biodegradable polymers, such release is primarily driven by hydrolytic cleavage
of polymer chains, even though diffusion may be still dominant when erosion is slow.
Conversely, in non-biodegradable polymers, drug release is controlled by the
concentration gradient via diffusion or matrix swelling (Arifin et al., 2006, pp. 1274-
1325; Vergnaud, 1993).

Diffusion controlled systems

The release profile of diffusion controlled systems is obtained by Fick’s second law
that considers ideal boundary conditions, as follows:

aC 1 0 Dr?
FramRRal e [4]
ar

where D is the diffusion coefficient and C the concentration of the loaded compound
in the carrier. Depending on the area where drug diffusion occurs, a diffusion-controlled
system can be classified as either a reservoir or matrix system. The former consists of a
drug reservoir surrounded by the polymer matrix shell, while the latter involves the drug
being dissolved or dispersed inside the polymer matrix.

A schematic illustration of said systems is given below; a reservoir system (Fig. 10a),
and a matrix system - where the drug is dissolved (Fig. 10b) or dispersed (Fig. 10c).
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Fig. 10 Schematic representation of a) a reservoir system; b) a dissolved drug system
and c) a dispersed drug system (Arifin et al., 2006, pp. 1274-1325)

The assumption for the reservoir model is that the drug is confined by a spherical shell
of outer radius R and inner radius R;. Thus, the drug must diffuse through a layer of
thickness (R—R;) (Fig. 10a) (Arifin et al., 2006, pp. 1274-1325).

In the matrix system pertaining to dissolution of the drug, concentration of the drug as
loaded (Co) is lower than the saturation concentration (Cs), meaning that the drug is
uniformly dissolved in the matrix.

In the case where the drug is dispersed, two compartments are present: (i) the “core”,
where undissolved solute exists at concentration Co; and (ii) the dissolved or diffusion
area, where all solute is dissolved.

Distinct separation for these two areas is valid when Cy> C..

Figure 11 depicts a schematic illustration of concentration profiles for the dispersed
drug system.
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Fig. 11: Schematic representation of concentration profiles pertaining to the
dispersed drug system under ideal sink conditions (Arifin et al., 2006, pp. 1274-1325)

Swelling-controlled systems

These demonstrate a superior level of control over the drug release process, particularly
when the diffusivity of the drug in the polymer is low. These systems are usually based
on hydrophilic polymers, which tend to swell as water penetration occurs, thereby causing
relaxation of the polymer chains. The percentage of swelling and degree of
disentanglement are directly linked to the concentration of the polymer (Fig. 12) (Ju et
al., 1995, pp. 1455-1463).
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Fig. 12: Schematic illustration of polymer matrix disentanglement as a function of
polymer concentration in a swelling-controlled drug system (Ju et al., 1995, pp. 1455-
1463)
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As illustrated in Fig. 12, the amount of media in the polymer matrix influences the
level of disentanglement. In an instance of of strong entanglement, the swelled matrix
forms a rubbery region where diffusion and drug mobility takes place. Conversely, in an
area characterized by weak entanglement, the given polymer actually dissolves at the
interface. In such a case, deviation from Fick’s second law is observed, and the release
process is controlled by diffusion of the drug inside the matrix, polymer matrix
disentanglement and the dissolution process.

Examples of hydrophilic polymers used in drug delivery that exhibit swelling
behaviour include cellulose derivatives such as hydroxypropyl cellulose, polyvinyl
alcohol (PVA) and poly(hydroxyethyl methacrylate). Usually swelling-controlled
delivery systems are prepared as tablets, with the overall release process being strictly
connected with the geometry of the given device. Various mathematical models have
been developed in accordance with such geometry, (Arifin et al., 2006, pp. 1274-1325).

Erosion-controlled systems

Due to their chemistry and surface properties, bioerodible polymers represent an
important class of materials in biomedical applications. Erosion kinetics can be tuned by
modifying the composition of the polymer.

It is important to distinguish degradation from erosion. Degradation is a chemical
process that refers to cleavage of the polymer chain/bond, whereas erosion indicates loss
of polymer material under a chemical or physical process (Costa and Lobo, 2001, pp.
123-133).

Considering that erosion is a complex mechanism involving aspects such as drug
dissolution, polymer degradation, porosity creation, change in microenvironment and pH,
diffusion of the drug and autocatalytic effect, description tends to focus on two ideal
scenarios - surface and bulk erosion. In the latter, external fluid penetrates the system,
with said system maintaining its dimensional constant. However, in surface erosion, the
size of the system decreases alongside occurrence of phenomena taking place at its
external matrix boundary (Kumar et al., 2002, pp. 889-910).

Presently, several mathematical models are available that describe drug release from
erosion-controlled systems. These models are divided in two main groups: empirical and
mechanistic. The former does not take into account complex physicochemical
phenomena, and is developed for surface-eroding systems that exhibit zero order release
Kinetics. As for the latter of the two groups, consideration is given to physicochemical
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phenomena, which essentially comprise diffusional mass transfer and chemical reaction
processes (Arifin et al., 2006, pp. 1274-1325).

Drug release mechanism in nanoscale

Over the past few decades, there has been a rise in interest in developing nanoparticles
for drug delivery applications, particularly for cancer treatment.

One of the major challenges to drug delivery is the release of hydrophobic agents,
which exhibit limited diffusivity through the polymer matrix, resulting in a slow release
profile. A prime example is paclitaxel, used widely used for treating ovarian and breast
cancer, and numerous studies have focused on improving its solubility.

The release profile of a highly hydrophobic drug from polymeric systems is principally
influenced by the drug diffusion mechanism. Indeed, the drug dissolution mechanism has
little effect on drug release, as solubility is low and the dissolution rate constant (k) small
compared to the diffusion rate. In such a situation, the timescale for diffusion due to the
relatively little size of nanoparticles is still less than that for dissolution. Therefore, the
tendency is that the encapsulated drug is released through diffusion in the polymer matrix.
In a crystalline polymer matrix, such as PLA, drug release is often very slow due to a
correspondingly low diffusion coefficient.

Taking into consideration the Fickian diffusion model, it would be expected that the
release profile could significantly alter by changing the particle dimension. However, this
is not reflected in some experimentally determined release profiles that have been
reported, especially for a hydrophobic drug (Liggins and Burt, 2001, pp. 19-33; Siepmann
etal., 2005, pp. 2312-2319). Another important characteristic to highlight is the effect of
drug loading on the release profile. In general, the diffusion model predicts a release
profile on the basis of the fraction of initial loaded drug that is released over time. Many
studies have observed that the release profile is dependent on drug loading in the polymer
matrix. When designing controlled release devices for hydrophobic drugs, an important
role is played by both factors pertaining to the dependence of drug diffusion coefficient,
these constituting particle size and the effect of drug loading.

In addition to the difficulties encountered in hydrophobic drug delivery relating to slow
release, discharging hydrophilic drugs such as proteins also represents a challenge. An
intensive initial burst is often associated with hydrophilic molecules, followed by a phase
of very slow drug release (Arifin et al., 2006, pp. 1274-1325; Wong and Wang, 2001, pp.
933-948).
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One way to overcome it is by encapsulating the drug in double-walled composite
particles; this dampens the initial burst effects and allows for sustained release over a
longer period of time. An example of this in practice comprises double-walled
microspheres for sustained delivery of a water-soluble radio sensitizer drug, etanidazole
(Lee et al., 2002, pp. 437-452).

The main goals for delivery of hydrophilic drug molecules constitute development of
nanoscale particles capable of site-specific targeting with sustained release over a longer
period of time. This might be achieved by creating double-walled nanoparticles with a
less permeable outer shell made of a hydrophobic matrix, with the aim of controlling the
initial burst effect.

In vitro release models

In vitro release studies are key to evaluating and optimizing such a formulation.
However, a lack of correlation between in vitro and in vivo release profiles exists.
Physiological conditions are more complex than the buffer solutions, and the presence
of various components such as proteins, cells and enzymes directly affects the release
pattern. Utilizing a simulated medium for physiological release, e.g. intestinal, gastric
and lachrymal fluids, saliva and blood serum, enhances accuracy of evaluation (Costa
and Lobo, 2001, pp. 123-133).

The complex composition of biological fluids also presents a challenge to
conventional analytical methods. The tools for overcoming such issues came about
through rapid development of advanced analytical techniques, such as liquid
chromatography coupled with mass spectroscopy, and the use of fluorescent probe and
imaging techniques (Rothstein et al., 2009, pp. 1657-1664).

Various methods are available that enable evaluation of drug release from
nanoparticle carriers, as follows: 1) side-by-side diffusion using artificial or biological
membranes; ii) dialysis bag diffusion; iii) reverse dialysis bag diffusion; iv) agitation
followed by ultracentrifugation/centrifugation; and v) ultrafiltration. Usually a release
study involves controlled agitation followed by centrifugation. As separating
nanoparticles from the release media is both time-consuming and technically complex,
the dialysis technique is generally preferred. However, these methods prove difficult to
replicate and scale-up for industrial use.
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In order to evaluate and predict release kinetics, different mathematical models have
been established. Even though models representing real physiological conditions have
yet to be developed, the aim is to evaluate the transport mechanism and structure-
function relationships. Mathematical approaches to investigating release kinetics can
be split into three main categories:

a) Statistical methods (MANOVA: multivariate analysis of variance)

b) Model-dependent methods (zero-order, first-order, Higuchi, Korsmeyer-Peppas,
Hixson-Crowell, Baker-Lonsdale, Weibull, Hopfenberg and others) (Costa and Lobo,
2001, pp. 123-133)

¢) Model-independent methods
Statistical methods
Multivariate analysis of variance (MANOVA)

MANOVA is a General Linear Model used to quantify strength between variables
(Zientek and Thompson, 2009, pp. 343-352).

MANOVA is a mathematically extended version of ANOVA more suitable in
situations involving two or more dependent variables.

Model dependent methods

Model dependent methods are based on mathematical function to describe
dissolution profiles. The most frequently applied models are detailed below.

Zero-order model:

This describes drug dissolution from systems lacking disaggregation followed by
slow release. The representative equation is:

Q: = Qo + Kot [5]

where Q; represents the amount of drug dissolved at time t, Qo the initial amount of
drug in the media (Qo = 0 generally) and Ky represents the zero-order release constant
expressed in concentration/time.
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The in vitro data obtained are reported as the cumulative amount of drug release
contrasted with time.

This model can be applied to describe release from transdermal systems, as well as
matrix tablets with low-soluble drugs and osmotic systems (Freitas and Marchetti,
2005, p. 201-211)

First-order model

First-order release can be expressed by the equation:

ac
Frinia Kic [6]
where K; represents the first-order constant expressed in time™. Another way to

express the equation is in logarithmic form;

Kqt
log C = logC, — 2_3103 [7]
where Cy is concentration of the drug and t is time. The resultant data are plotted as
the log cumulative percentage of drug remaining contrasted with time.

This model can be used to describe the release of water-soluble drugs from porous
matrices.

Higuchi model

This was originally conceived for planar systems but was extended to encompass
other geometries and porous systems. It is based on 6 hypotheses, as follows: i) initial
drug concentration in the matrix actually exceeds drug solubility; ii) drug diffusion
occurs only in one dimension; iii) drug particles are smaller than system thickness; iv)
swelling and dissolution of the matrix are negligible; v) drug diffusivity is constant; and
vi) perfect sink conditions. Expression of the model is given by the equation:

Q =A(D(2C - Co)Cst)/? [8]

where Q is the amount of drug released at time t per unit area A, C is the initial drug
concentration, Cs is the solubility of the drug in the matrix, and D drug diffusivity into
the matrix.
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This relation can be considered valid all the time except when total depletion of the
drug in the system is achieved. Equation 7 can be expressed in a simpler manner, known
as the simplified Higuchi model:

Q = Kyt'/? [9]

where Ky is the Higuchi constant (Arhewoh et al., 2004). The values obtained are
plotted as cumulative percentage release contrasted with the square root of time. This
equation is used to describe water-soluble drug dissolution from several pharmaceutical
formulations, such as transdermal systems and matrix tablets.

Hixson-Crowell model

The equation derived where the regular area of particles is recognized as proportional
to the cube roots of its volume is:

W% = WP + Kyt [10]

where W is the initial amount of the drug in the system, W, is the remaining amount
at time t and KHC is a constant that incorporates the surface-volume ratio.

The equation describes the release rate of systems that exhibit change in surface area
and diameter (Shoaib et al., 2006, pp. 119-124).

The data are plotted as the cube root of the percentage of drug remaining in the matrix
contrasted with time. This equation is applied to the pharmaceutical form of tablets,
where dissolution occurs in planes parallel to the surface of the drug (Chen and Cheng,
2007, pp. 907-913)

Korsmeyer-Peppas model

This model describes drug release by the following equation (Siepmann and Peppas,
2001, pp. 163-174):

M= gen [11]

Moo

where 5—; is the fraction released at time t, K represents the release rate and n the
release exponent.
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Table 8 shows n values corresponding with release mechanisms from polymeric

films.

Table 8Interpretation of diffusional release mechanisms from polymeric films
(Siepmann and Peppas, 2001, p. 163-174)

Release exponent Drug transport Rate as function
(n) mechanism of time
0.5 Fickian diffusion t-05
0.45<n=0.89 Non-Fickian transport tn-1
0.89 Case Il transport Zero-order release
n>0.89 Super case Il transport -t

In order to obtain the correct n value, only the portion of release curve Mt/Moo < 0.6
should be utilized. Evaluating release kinetics involves plotting the resultant data as log
cumulative drug release in per cent contrasted with logarithms of time.

Baker-Lonsdale model

This model was devised from the Higuchi model, and describes drug release from
spherical matrices using the following equation:

f=am[1-(1—-22)%%=K, [12]
where the release rate constant K corresponds to the slope (Polletto et al., 2007, pp.
70-80). The resultant data are plotted as [d (Mt/Mwx)]/ dt contrasted with the inverse of

the root of time.

This model has been used to linearize release data obtained from microcapsule or
microsphere formulations (Polletto et al., 2007, pp. 70-80).
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Weibull model

An alternate dissolution process is described by the following equation:

b
M = My[1—e T [13]

where M is the amount of drug dissolved as the function of time t, Mo represents the
total amount of drug released and T is the lag time. Parameter a, is a scale parameter
that describes the dependence of time, while b represents the shape of the dissolution
curve. In the case of b=1, such curvature corresponds to an exponential profile with K
= 1/a, while for b >1 the curve appears sigmoidal (Dash et al., 2010, pp. 217-223). This
model is useful for comparing the release profile of a drug from matrix-type systems
(Kachrimanis and Malamataris, 2000, pp. 387-393).

Hopfenberg model

This model correlates with drug release from surface-eroding polymers as long as
the surface area remains constant during the degradation process. The cumulative
fraction of drug released at time t is given by:

Me _ 4 [1—K0t]n
Moo CLa

[14]

where K, (zero-order rate constant) describes the surface erosion process of the
polymer, C, is the initial drug loading, a is the half thickness of the system (radius in
the case of sphere), and n is the exponent according to the geometry (n= 1 flat, n= 2
cylindrical, n= 3 spherical).

This model is used to identify the mechanism of release from the optimized oil
spheres using data derived from a composite profile, the latter displaying site-specific
biphasic release kinetics.
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Table 9 Review of release kinetics models and their application

Model Application

Zero-order Osmotic and transdermal systems
First-order Water-soluble drugs in porous matrix
Higuchi Diffusion matrix formulations

Hixson-Crowell

Erodible matrix formulations

Weibull

Various systems

Korsmeyer-Peppas

Swellable systems

Baker-Lonsdale

Microcapsules or microspheres
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Fig. 13 Graphical representation of the most frequently utilized mathematical
models for release kinetics
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1.3 Consideration of nanoparticle cytotoxicity

Engineered nanoparticles constitute one of the leading nanomaterials currently under
investigation due to their applicability in various biomedical fields (Kong et al., 2011, pp.
929-941).

Therefore, the unintentional adverse effect of exposure to nanoparticles is of growing
concern both academically and socially. Standardized procedures have yet to be outlined
for evaluating nanoparticle toxicity (Stone et al., 2009, pp. 613-626; Dhawan and Sharma,
2010, pp. 589-605; Teeguarden et al., 2007, pp. 300-312). In-vivo studies are desirable
when evaluating the effect of nanoparticles on the human body. However, most toxicity
studies focus on in-vitro examinations due to the comparative simplicity of executing,
controlling and interpreting such experiments compared with in-vivo tests. Taking the
experimental conditions into consideration, well-defined in-vitro studies can mimic the
in-vivo system, and function as a simple method for investigating the toxic effect of such
materials. Therefore, more consideration must be placed on improving experimental
procedures for toxicity assays so as to gain reliable data (Worle-Knirsch et al., 2006, pp.
1261-1268; Casey et al., 2007, pp. 1425-1432; Ciofani et al., 2010, pp. 405-411; Park et
al., 2009, pp. 108-116; Tolnai et al., 2001, pp. 2683-2687).

It is important to evaluate the most significant factors that affect cytotoxicity assays
and the methods used to address them, especially regarding nanoparticles which people
are extensively exposed to through various routes, such as intravenous administration, the
respiratory tract, dermal exposure and ingestion. Choosing an appropriate cytotoxicity
assay method is also an important consideration, since some may interfere with the toxic
effect produced by the nanoparticle (Huang et al., 2000, pp. 3530-3531; Brown et al.,
2007, pp. 69-79; Fortner et al., 2005, pp. 4307-4316).

Modifying the properties of the nanoparticle, following contact with biological media,
poses an issue, as protein adsorption and aggregation can change the surface charge,
composition and dimension of the nanoparticle (Gulson et al., 2006, pp. 1486-1488;
Limbach et al., 2005, pp. 9370-9376; Lisunova et al., 2006, pp. 740-746; Kong et al.,
2011, pp. 929-941).
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Choice of cell types

The toxic effect of nanoparticles is highly dependent on the organs and type of cell
encountered. For example, cancer cells are more resilient to nanoparticle toxicity than
normal cells due to an increased rate of proliferation and metabolic activity (Nan et al.,
2008, pp. 2150-2154; Chang et al., 2007, pp. 2064-2068). Obtaining complete evaluation
of the effect of nanoparticles on the human body requires that cytotoxicity assays actually
consider all the cells the nanoparticles encounter from administration until reaching the
target site.

In biomedical applications, nanoparticles are often administrated by intravenous,
subcutaneous, intramuscular or intraocular pathways, meaning that numerous cell types
ranging from endothelium, blood, the spleen, liver, nervous system, heart and kidney are
involved and have to be considered (Nemmar, 2002, pp. 998-1004; Oberdorster et al.,
2002, pp. 1531-1543; Vickers et al., 2004, pp. 577-590).

In addition to understanding the effect of nanoparticles on specific cell types it is
important to identify the systemic response. Nanoparticles can accumulate in certain areas
of the body, depending on their composition and exposure route, or may be distributed
throughout the body.

Due to the wide variety of affected cells and elicited responses by nanoparticle
exposure, cytotoxicity assays should extend beyond a single cell study to the co-culture
of multiple cell types. Combining various cells, such as macrophages, epithelial and
endothelial cells, in a single assay would more closely mimic circumstances in-vivo, since
numerous types of cells of in-vivo systems react systematically and simultaneously to the
nanoparticle (Rothen-Rutishauser et al., 2005, pp. 281-289; Chithrani and Chan, 2007,
pp. 1542-1550).

Nanoparticle characterization

The properties of the nanoparticle, such as size and shape, also play a major role in
evaluating cytotoxicity, as demonstrated in various studies (Chithrani and Chan, 2007,
pp. 1542-1550). It has been shown that cellular uptake, protein adsorption, accumulation
in cell organelles and distribution throughout the body is directly connected to the size
and shape of the nanoparticle. One reason for these effects is the correlation between
particle size and surface area.
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The surface area of the nanoparticle increases as size decreases, and the ratio of size of
surface to total number of atoms or molecules increases exponentially as particle size
diminishes.

It has been demonstrated that in various nanosystems, from quantum dots to silica
nanotubes, there is a direct correlation between rise in toxicity and reduction in dimension
(Pan et al., 2007, pp. 1941-1949).

It is also important to consider agglomeration phenomena, which can randomly and
dramatically change the initial size and shape of the particles. Nanoparticles tend to easily
agglomerate, but it is a simple matter to re-disperse them by ultrasound or vortex
treatments. However, strongly bound particle agglomerates prove difficult to restore to
their original, well-separated forms.

Maintaining the original size, shape and surface composition of the particle in a well-
suspended state is crucial for obtaining reliable data on toxicity dependent on the size and
shape of the nanoparticles. Recently, surface modification of nanoparticles, in particular
through the use of PEG, has been applied to limit agglomeration of nanoparticles and
non-specific adsorption of proteins (Oberddrster et al., 2007, pp. 1531-1543).

Nanoparticle concentration

Nanoparticle toxicity has been shown to be dependent on concentration. Determining
an appropriate dose to utilize in a cytotoxicity assay is fundamental to understanding
subsequent toxic effects under real conditions.

The concentration of particles introduced into cell cultures during cytotoxicity assays
varies according to the parameter used to determine dosage of the nanoparticles. Usually
the dose is expressed as mass per unit volume (e.g. pg/ml). In contrast to soluble
chemicals, nanoparticles have a tendency to diffuse, settle and agglomerate in dispersion
media, thereby influencing the transportation rate towards the adherent cells on the
culture plate and affecting the effective dose within said cells (Teeguarden et al., 2007,
pp. 300-312). Generally, concentration ranges at 5 - 500 [Jg/ml according to the
parameters discussed above. Defining the dose for in-vitro studies is rather complicated
and requires careful evaluation.
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Cytotoxicity assays

Various assays are used to determine the toxic effects of nanoparticles on cell cultures,
including lactate dehydrogenase (LDH) leakage, the 3-(4,5-dimethylthiazol-2- yl)-2,5-
diphenyltetrazolium bromide (MTT) assay and identifying cytokine/chemokine
production.

In order to discern which would be the most preferable assays, all potential
interferences have to be considered to avoid false positives and false negatives. For
example, interactions between the nanoparticles and dye have been cited as a potential
major interference, leading to inaccurate results being recorded. As reported by Worle-
Knirsch (Worle-Knirsch et al., 2006, pp. 1261-1268), single-walled carbon nanotubes
attached to MTT-formazan crystals - formed after the reduction of MTT - proved not to
be soluble in the solvents used to dissolve the MTT-formazan; consequently, reduction
in cell viability was observed in the MTT test.

Disturbance of toxicity assays through the presence of metallic nanoparticles has also
been reported (Kong et al., 2011, pp. 929-941; Kong et al., 2011, pp. 929-941). In the
case of a gold nanoparticle, dead cells were imaged with commonly used fluorescent
propidium iodide (PI). Normally, the fluorescent Pl molecules cannot penetrate the cell
membrane. However, in the experiment, the Pl entered the cell during endocytosis of the
nanospheres and resulted in a false-positive toxicity result.

In addition to the potential interferences highlighted above, light absorption and
scattering by the nanoparticles can create inaccuracies in the data, since many
nanoparticles absorb in the UV-Vis range (Kong et al., 2011, pp. 929-941).

The types of toxic effects that are actually analysed also represent an important factor
for consideration when selecting an appropriate cytotoxicity assay. In-vitro toxicity
assays often measure the extent of cell death caused by nanoparticles. However, in some
cases, sub-lethal cellular changes may occur, which alter certain functions of the cell but
do not result in cell death. These ‘secondary’ effects must be carefully characterized by
genomic and proteomic array tests. Other forms of cellular damage, such as membrane
damage, metabolic abnormality and inflammatory responses, can be characterized via
LDH leakage, MTT assay and cytokine/chemokine measurements. Selecting cytotoxicity
assays that are deemed capable of identifying the diverse range of potential induced
responses is critical to fully understanding the toxic effects of nanoparticles.
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1.4 Pharmacokinetics and pharmacodynamics

The human body is a complex organism, in which biological, physiological and
biochemical processes directly influence the course of the administered drugs (Laub and
Gallo, 2006, pp. 393-395).

The specifics of these processes are grouped and commonly referred to as:
Absorption: the process of getting the drug into the body

Distribution: the process of distributing the drug in tissues

Metabolism: the process of changing the drug into metabolites

Excretion: the process of removing the drug and associated metabolites from the body

Together these are referred as “ADME” and are influenced by the genetic make-up,
age and gender of the subject, and the state of their disease.

The action of a drug is related to the concentration of active product heading towards
receptor sites with the intention of influencing the biochemical functions. (Peters, 2008,
pp. 261-275).

Pharmacokinetics (PK) is the application of mathematical models to absorption,
distribution, metabolism, and excretion of drugs in the body. PK is primarily concerned
with evaluating the concentration and rate of drug availability to the target site; it is not
limited to the parent drug molecule, but is also applicable to active or inactive metabolites.

PK parameters can be descriptive or conceptual. Descriptive results are simple in nature
and applied in a concentration-time profile where knowledge of body-drug interaction is
not required. Analysis evaluates the concentration of drug as time progresses, resulting in
the production of a ‘plasma concentration-time curve’. Various indices like maximum
plasma concentration (Cmax), time to maximum plasma concentration (Tmax) and area
under the plasma concentration curve (AUC) can be calculated (Bois, 2009, pp. 154-161).
Conversely, from a conceptual perspective, an understanding of drug-body interactions
needs to be considered.
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The pharmacodynamics (PD) process describes all issues concerned with the
pharmacological actions of a drug. (Csajka and Verotta, 2006, pp. 227-279). Just like PK,
PD is not limited to the parent drug molecule itself, but will also assess identified
metabolites (Danhof et al., 2008, pp. 186-191).

In PD, the “dose-response curve” is used to describe the relationship between the
concentration of drug at the site of action and the intensity of the pharmacological effect
caused. Graphs can then be used to analyse individual drug activity, or permit comparison
S0 as to assess potency, the amount of drug needed to produce similar effects or the drug
concentration required to produce the maximum effect (Meibohm and Derendorf, 1997).

Unacceptable Toxicity

Drug
Level
in
Blood

® ® @0 ® )

Time after taking Drug

Fig. 14 Dose responsive curve; “The Ups and Downs of Drug Levels: A
Pharmacokinetics Primer” by Bob Munk, The Body, July/August 2
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1.5 In-vitro-in-vivo correlation (IVIVC) model

In-vitro—in-vivo correlation (IVIVC) models allow for prediction of In-vivo
performances of a drug based on in-vitro release profiles.

Generally, in-vitro properties are related to drug dissolution or release, while the in-
Vivo response pertains to plasma concentration and the amount absorbed.

The establishment of an IVIVC model can provide a surrogate for bioequivalence
studies, improve product quality, and reduce regulatory charge (Lu et al., 2011, pp. 142-
148).

It is recognized that correlations exist between in-vitro drug dissolution and in-vivo
drug absorption. However, limited progress has been made towards developing a
comprehensive model capable of predicting in-vivo drug absorption based on dissolution.
This is due to the existence of several complex factors that contribute to the process of
drug dissolution and absorption. These factors can be classified into three groups:
physicochemical, biopharmaceutical and physiological. In order to develop a model that
can demonstrate good correlation between in-vitro drug dissolution and in-vivo
absorption, these factors have to be properly considered. (Lu et al., 2011, pp. 142-148)

Physicochemical factors

These play an important role in predicting drug absorption in-vivo. For orally
administered drugs, dissolution is a prerequisite to absorption and clinical efficacy.
Several physicochemical properties like solubility, pH, salt forms and particle size
influence dissolution. The Noyes-Whitney equation, which describes rate of dissolution
as a function of change in drug concentration over time, represents a simple means to
describing model dissolution (Dokoumetzidis et al., 2006, pp. 256-261).

aM _ pg x L&s=Cb) [15]
at n

where M is the amount of drug dissolved, t is time, D is the diffusion coefficient of the
drug in liquid, S is the surface area of the drug particle, h is the thickness of the diffusion
layer, while Cs and C,, represent drug solubility and concentration in the bulk medium at
time t, respectively.
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In addition to solubility, is important to consider other factors like the ionization
constant and the salt form of the drug. The pK, values determine the stability, solubility
and absorption of compounds under different environmental pH conditions.

This is highly important since the human body contains inherent pH gradients, which
give rise to pH-dependent absorption profiles in-vivo.

Generally, the salt form has a higher dissolution rate than the free acid or base form.
However, under certain pH conditions in the Gl tract, the reverse may also be true.
Perhaps a more obvious source of effect on dissolution is particle size. It is commonly
recognized that reduction in particle size would increase surface area and enhance the rate
of dissolution (Johnson and Swindell, 1996, pp. 1795-1798).

Biopharmaceutical factors

In drug absorption, drug permeability is of crucial importance. The transcellular
permeability (Py,) of a compound is defined as:

Ky»D
_ Bplm
PTn

2 [16]

where K, is the membrane-water partition coefficient, D, membrane diffusivity and Ly,
membrane thickness (Li et al., 2005, pp. 1396-1417). In the case of weakly acidic
compounds, ionization is suppressed at low pH values, resulting in a relatively high
absorption rate. At high pH values, equilibrium is shifted towards the ionized form,
resulting in decreased membrane permeability. Opposite conclusions can be deduced for
compounds which constitute a weak base. It is also predicted that the pH value at which
Csomax @bsorption occurs is approximately equal to the pK, value for the compound. Some
limitations and deviations from the model, due to factors such as micro-environmental
pH and solubility issues, have been observed.

The octanol-water partition coefficient (P or log P) of neutral or unionized species
represents another parameter that is used to estimate the ability of compounds to pass
through membranes for absorption. By utilizing computer and multiple linear regression,
it has proven possible to evaluate structure-activity relationships based on lipophilicity.
It has been demonstrated that a bell-shaped distribution exists between absorption and log
P values, indicating that compounds with log P between 0 and 3 generally exhibit high
permeability, and those with log P values less than—1.5 or greater than 4.5 possess lower
membrane permeability.
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Although the octanol-water partition coefficient is a good indicator of membrane
permeability, it is not a sufficient parameter to predict in-vivo absorption. Other measures
of membrane permeability have been developed, such as absorption potential (AP) that is
defined as:

PFyn
Dg

AP = log(—) [17]

where P is the partition coefficient, F, is the fraction of unionized drug at pH 6.5 and
Do is the dose number equal to the ratio of dose concentration to solubility. Studies
indicate that AP correlates well with the fraction of drug absorbed and polar surface area
(PSA), which has demonstrated good correlation with the passive transport of molecules
through membranes, marking it out as a potential parameter to include in an in-vivo
absorption model.

Physiological factors

Physiological conditions can directly affect drug dissolution, as well as the rate and
extent of absorption. The effect of pH becomes particularly important in the human body,
where a pH gradient is given. These changes in pH profile can alter drug solubility,
dissolution, stability and permeability. Moreover, the physiological environment is
constantly adjusting and changing according to normal human activity such as food
intake. In oral dosage forms, it is fundamental to consider the Gl transit time, which
affects the extent of drug release in the body. In order to obtain an accurate relationship
between in-vitro data and in-vivo response, the mathematical model must account for such
changes.

IVIVC models

There are four levels of IVIVC model indicated as A, B, C and multiple C reported in
the literature (Buch et al., 2010, pp. 4427-4436; Amann et al., 2010, pp. 1730-1737,;
Ochoa et al., 2010, pp. 306-312).

Level A is based on point-to-point correlation between in-vitro and in-vivo profiles.
This is generally considered as the highest level of correlation and facilitates prediction
of the entire duration of the course of in-vivo concentration from the in-vitro dissolution
profile. Level B compares a summary parameter from the mean in-vitro profile with a
summary parameter from the mean in-vivo profile. This type of correlation is not
considered useful. Level C establishes correlation at a single time point between a
dissolution parameter and an in-vivo parameter.
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An extension of this type of correlation is multiple Level C, which relates several in-
vitro parameters to in-vivo parameters at multiple points in time. Multiple Level C
correlations are regarded as more useful than Level C correlations.

Application of IVIVC models
Biopharmaceutical classification system (BCS)

BCS represents a means of categorizing drug compounds based on their solubility and
permeability properties. Under the BCS, drug substances can be grouped into four main
classes:

= Class 1 highly soluble and highly permeable
= Class 2 highly permeable but of low solubility
= Class 3 highly soluble but rather impermeable
=  Class 4 limited in solubility and permeability

It is recognized that successful development and application of an IVIVC requires
dissolution to be the rate-limiting step in the process of drug administration and
absorption. In Class 1 compounds, no rate-limiting steps for drug absorption are
presented, except in immediate release dosage forms. For Class 2 compounds, dissolution
Is the rate-limiting step in absorption, while, IVIVC is generally regarded as unlikely for
Class 3 compounds but may be possible depending on the relative rates of dissolution.
Regarding Class 4 compounds, IVIVC is highly unlikely. Classification according to the
BCS will enable early determination of whether 1VIVC can be developed for a certain
drug candidate (Buch et al., 2010, pp. 4427-4436

Biowaivers

A biowaiver is an exemption granted by the FDA that allows in-vivo bioavailability
and/or bioequivalent studies to be avoided.

A predictive and reliable 1IVIVC model can serve as a basis for biowaivers. For
immediate release dosage forms, the successful development of IVIVC models may be
limited to Class 2 and Class 3 compounds classified under the BCS. The situation for
extended release (ER) dosage forms is more complex, since the factors considered in the
BCS are insufficient to predict the rate and extent of dissolution for ER drugs.
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Non-oral dosage form

Currently, regulatory guidance for IVIVC is mainly focused on oral dosage forms.
However, similar principles for developing the IVIVC model can be applied to non-oral
dosage forms, with certain modifications.

One of the most challenging aspects of developing IVIVC model in non-oral drug
delivery systems concerns designing in-vitro studies to reflect as much as possible in-vivo
behaviour. Several publications have attempted to correlate in-vitro pharmacokinetics of
drugs like paclitaxel and dexamethasone loaded in stents (Finkelstein et al., 2003, pp.
777-784) with limited success. Another difficulty in the design of appropriate in-vitro
studies is the lack of suitable dissolution media that reflect the in-vivo environment. This
Is particularly the case for implanted drug delivery devices and liposomal products.

Liposomal formulations have traditionally demonstrated poor correlation between in-
vitro and in-vivo performance, possibly due to the physiological presence of a lipid
membrane that causes the so-called ‘sink’ effect (Shabbits et al., 2002, pp. 161-170). So
as to circumvent this problem, a novel drug release assay has been developed using excess
multilamellar vesicles (Shabbits et al., 2002, pp. 161-170). This method demonstrated
improved correlation between in-vitro data and in-vivo release of doxorubicin, verapamil
and ceramide.
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1.6 Chitosan and chitosan grafted-PLA as a carrier and coating agent

Chitosan is a non-toxic, semi-crystalline (Rinaudo, 2006, pp. 603-632),
biodegradable (Bagheri-Khoulenjani, et al., 2009, pp. 773-778), and biocompatible
(Sashiwa and Aiba, 2004, pp. 887-908) linear polysaccharide made of N-acetyl
glucosamine and glucosamine units. It is obtained from chitin by deacetylation - under
alkaline conditions at a high temperature - of the N-acetyl glucosamine units. When the
degree of deacetylation exceeds 40 mol%, chitin is considered chitosan. The degree of
deacetylation is highly important as charge density and the primary chitosan properties
are strictly connected to it.

One of the major drawbacks of chitosan, in particular for biomedical applications,
relates to its low solubility in water; it is only soluble in an acidic solution of pH below
6.5. Such solubility is strictly connected to the degree of deacetylation. The presence of
free amino groups protonated at pH < 6.5 (the pK, of amino groups ranges at 6 - 6.5)
increases repulsion between the polymer chains facilitating the solubility.

In order to overcome this drawback, the form at low molecular weight with a degree
of polymerization of less than 50 is preferred as it is much more soluble than at high
molecular weight, even at physiological pH. Another way to improve the properties of
chitosan, not only in terms of solubility, is via chemical modification pertaining to —
OH and —NH; groups.

Chitosan derivatives

Chitosan derivatives are mostly obtained via chemical modification by introducing
small functional groups such as alkyl or carboxymethyl to improve solubility in neutral
and alkaline media without altering cationic properties
(Alves and Mano, 2008, pp. 401-414). Introducing molecules with carboxylic groups
gives rise to chitosan polyampholytic properties (Lu et al., 2007, pp. 3807-3818).
Grafting represents one of the most common techniques for chemical modification,
permitting formation of derivatives by covalent binding of low or high molecular
weight molecules to the chitosan backbone (Alves and Mano, 2008, pp. 401-414). This
can be conducted in hydroxyl groups on Cs and Cs on acetylated or deacetylated units,
or carried out on the free amino groups.

Grafting improves water solubility, as well as antibacterial and antioxidant properties
(Xie et al., 2002, pp. 35-40), but also enhances chelating, complexations, bacteriostatic
and adsorption properties (Thanou et al., 2001, pp. 117-126), although properties like
mucoadesivity, biocompatibility and biodegradability remain generally conserved.
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Chitosan-grafted polylactic acid

Poly (lactic acid) (PLA) is a linear aliphatic thermoplastic polyester. PLA has been
utilized in biomedical applications due to its biodegradability, biocompatibility and
good mechanical properties. PLA can be linked to the CS backbone by a coupling
reaction, in the presence of EDC and NHS, between the chitosan amino group and PLA
carboxylic groups (Fig. 16).

EDC (1-Ethyl-3-(3-dimethylaminopropyl)-carbodiimide) is a zero-length
crosslinking agent used to couple carboxyl or phosphate groups to primary amines. One
of the main advantages of using EDC, instead of another carbodiimide, is its water
solubility, which facilitates carrying out the reaction without the use of solvents.
Moreover, reagents and by-products can be easily removed. The coupling reaction has
to be conducted rapidly, as the reactive ester which is formed is unstable in aqueous
solutions. In order to increase the stability of this active ester, N-hydroxysuccinimide
(NHS) or N-hydroxysulfosuccinimide (S-NHS) can be used. The addition of S-NHS
stabilizes the amine-reactive intermediate by converting it to an amine-reactive S-NHS
ester.

The success of the reaction is strictly bound to two parameters - the pH of the media,
which influences the hydrolysis of the intermediate products, and the EDC/NHS ratio.
Excess reagent and crosslinking by-products are easily removed by washing with water.

EDC Crosslinker

Fig.15 General reaction scheme for EDC and NHS
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Fig.16 Reaction scheme for grafting PLA to the CS backbone
(Di Martino et al., 2015, pp. 912-921)

Chitosan as coating agent in drug delivery applications

In recent years, considerable attention has been paid to inorganic nanoparticles, in
particular to iron oxide nanoparticles due to their unique magnetic properties such as
superparamagnetic, low Curie temperature and high magnetic susceptibility, but also
non-toxicity, biocompatibility and low cost of production, which make them interesting
for biomedical applications (Wu et al., 2008). Numerous methods exist for preparing
FesO4 nanoparticles, such as mechanical grinding, laser ablation, chemical co-
precipitation, hydrolyzation and microemulsions (Chomoucka et al., 2010, pp. 144-
149). Of these, chemical co-precipitation is the most common due to its simplicity,
productivity and low cost, and it is possible to obtain fine, high-purity, stoichiometric
particles made of a single and multicomponent.
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Furthermore, by controlling certain process conditions, such as solution pH, reaction
temperature, stirring rate, solute concentration and surfactant concentration, particles
possessing the desired dimension and shape can be obtained (Zhao et al., 2009, pp. 68-
78).

One of the major drawbacks of iron oxide nanoparticles is their tendency to aggregate
when in colloidal suspension. So as to overcome this, the surface of the iron oxide
nanoparticle is modified through creating a few atomic layers of organic (polymer) or
inorganic (metal or oxide) coating, suitable for further functionalization with various
bioactive molecules (Gupta and Gupta, 2005, pp. 3995-4021). A great many varieties
of polymer with hydroxyl, carboxylate, carboxyl, styrene or vinyl alcohol groups have
been used in the production of magnetic nanoparticles.

Chitosan represents an optimal choice as a coating polymer for iron nanoparticles
intended for biomedical application as a consequence of its positive properties. In terms
of the surface properties of iron oxide nanoparticles, chitosan can be adsorbed or linked
chemically. In the case of adsorption, only electrostatic forces are involved and pH and
ionic strength of the media constitute the main parameters for consideration. The
presence of charged chitosan on the surface of the nanoparticles (NPs) increases the
repulsion between the NPs, avoiding the formation of aggregates. Besides the
improvement in stability, such a coating increases the dimension of the nanoparticles,
which can shift from few nanometres to more than 200, depending on the M,, of
chitosan and the conditions of preparation. However, at an ideal ratio of chitosan to iron
weight, only a slight influence on the magnetic properties of iron oxide particles
occurred.

Positive results have been obtained in the encapsulation of various bioactive
compounds; in particular, anticancer drugs like doxorubicin, in a system based on iron
oxides coated with chitosan, demonstrated greater efficiency than uncoated iron oxide
nanoparticles (Javid et al., 2013, pp. 296-306).
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AIMS OF THE WORK

In accordance with current trends in controlled drug delivery of bioactive molecules
mediated by polymeric based nanoparticles, the aims of this PhD work can be
summarized in the following major points:

eThe development of a non-toxic and biocompatible set of amphiphilic
polymers based on chitosan grafted by different PLA structures.

e Simultaneous encapsulation of environmentally sensible bioactive
compounds.
e Modification of release profiles of loaded molecules with an emphasis on

reducing the initial burst effect.

e Investigation of the role of PLA side chain structure on the encapsulation and
release process.

e Development of analytical techniques relevant to the field of study in the
laboratories of the Centre of Polymer Systems.

The results obtained herein shall be presented in scientific journals and at international
conferences.
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2. EXPERIMENTAL PART

2.1 Samples preparation and characterization methods
Determination of chitosan molecular weight

The molecular weight of the purchased chitosan was obtained by GPC analysis. The
Waters chromatographic system, equipped with an aqueous gel column - the SHODEX
OH pack SB-806 M HQ (8 mm x 300 mm), and the Shodex OHpak SB-G guard column,
was used to record the molecular weight of chitosan. In order to construct a universal
calibration curve, polysaccharide standards (Pullulan Polysaccharide, PL2090-0100
VARIAN) ranging from 180 to 708,000 g-mol were used. The sample of 1 mg/mL
chitosan in mobile phase solvent was dissolved overnight and filtered through a 0.45 um
filter prior to analysis. Injection volume equalled to 50 uL, and analysis was performed
using 0.2 M CH3COOH/0.1 M CH3;COONa in mobile phase, while the flow rate
measured 0.8 mL at temperature 30 °C. The data were processed using Empower
software

Synthesis and characterization of low molecular weight PLA

Low molecular weight polylactic acid (PLA) was prepared via a polycondensation
reaction using methanesulfonic acid (MSA) as the initiator, as described in a previous
work (Kucharczyk et al. 2011, p. 1275-1285)). MSA is non-toxic and suitable for
obtaining low molecular weight PLA. In brief, L-lactic acid was added into a double-
necked flask (250 mL) equipped with a Teflon stirrer. The flask was placed in an oil bath
heated under stirring and connected to distillation apparatus under reduced pressure. The
dehydration step followed at 160 °C, at a reduced pressure of 15 kPa for 4 h. Afterwards,
the reactor was disconnected from the vacuum pump and the initiator was added under
stirring. The flask with dehydrated L-lactic acid and the initiator was reconnected to the
vacuum source and the reaction continued for 24 h at 160 °C. The resulting product was
cooled down at room temperature and dissolved in acetone. The polymer solution was
precipitated into a mixture of chilled methanol/distilled water 1:1 (v/v). The product was
filtered off, washed with methanol and dried at 45 °C for 48 h. This dissolving-
precipitation procedure was repeated three times. Molecular weight of the resultant
product was determined by gel permeation chromatography (Agilent PL-GPC220). PLA
used in this work had following characteristics: M, = 8000 g/mol, M,, = 13800 g/mol,
intrinsic viscosity, [r] = 0.2 dl/g
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Synthesis and characterization of carboxy modified PLA (PLACA)

Low molecular weight polylactide of up to 10 g/mol was synthesized by following a
procedure previously described (Kucharczyk et al. 2011, p. 1275-1285). In brief, different
proportions of L-lactic acid and citric acid (0, 2, 5 wt.% regarding lactic acid) were added
into a double-necked flask (250 mL) equipped with a Teflon stirrer. The total mass of the
mixture at the beginning of the reaction was 50 g (water not included). The flask was
placed in an oil bath heated by a magnetic stirrer with heating, and connected to apparatus
for distillation under reduced pressure. The dehydration step followed, at 160 °C and the
reduced pressure of 15 kPa for 4 h. After that the reactor was disconnected from the
vacuum pump and the initiator — methanesulfonic acid — was added under stirring. The
flask with the initiator of dehydrated lactic acid—citric acid was reconnected to the vacuum
source and reaction continued for 24 h at 160 °C. The resulting product was cooled down
at room temperature and dissolved in acetone. The polymer solution was precipitated into
a mixture of chilled methanol and distilled water at the ratio 1:1 (v/v). The product was
filtrated, washed with methanol and dried at 45 °C for 48 h. This dissolving and
precipitation procedure was repeated three times. The pH of the filtrate after polymer
separation was checked to ensure that un-reacted citric acid was not present in the
polymer.

In order to determine the concentration of terminal carboxyl groups, the acidic number
(AN), which represents the amount of KOH (in mg) necessary to neutralize 1 g of
substance, was calculated by titration in methanol—dichloromethane (1:1 v/v) with 0.01 M
KOH ethanol solution, and bromothyol blue was used as an indicator. The presence of
carboxylic groups was proven by UV-vis spectroscopy, carried out by dissolving samples
in chloroform (1 mg/mL) in the range 200400 nm on a Helios Gamma UV-vis
spectrometer (room temperature, 0.5 nm resolution in a quartz cuvette, path length
10 mm).

Synthesis of CS-g-PLA and CS-g-PLACA copolymer and characterization

CS-g-PLA and CS-g-PLACA were synthesized according to a procedure described
previously (Lietal., 2012, p. 221-227). Briefly, 300 mg of chitosan was soaked in 30 mL
of N,N-dimethyl formamide (DMF) — for 24 h, and then dissolved by adding 1% (w/v)
acetic acid solution. 300 mg of PLA or PLACA, EDC and NHS (molar ratio PLA or
PLACA: EDC: NHS = 1:1.5:3) was dissolved in 50 mL of chloroform; the solution was
added to CS-DMF solution under vigorous stirring for 48 h at room temperature. The
reaction was stopped by adjusting the solution to neutrality with 0.5 M NaOH solution.
The final product was precipitated by adding excess ethanol, filtered and freeze-dried.
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Fourier transform infrared spectroscopy-attenuated total reflectance (ATR-FTIR)
analysis (Nicolet 1S5 FTIR Spectrometer equipped with iD5 ATR accessory, Ge crystal,
resolution 4 cm™!, 64 scans) was performed on the freeze-dried samples to confirm that
the coupling reaction between CS and PLA and PLACA occurred. *H NMR spectra were
recorded on a Varian Unity Inova 400 MHz, using deuterium oxide (Aldrich) with the
addition of 5% of deuterium hydrochloric acid and 1 uL of (CH3)sCOD for signal
referencing (6 1.23 ppm). Spectra were evaluated using 1st order spectral analysis.

Determination of free amino groups in CS and CS derivatives

The percentage of deacetylation degree (N) of CS and CS modified with PLA and
PLACA was obtained by conductometric titration, as reported (De Alvarengaetal., 2010,
p. 1155-1160). In brief, 200 mg of polymer (CS, CS-g-PLA, CS-g-PLACA2%, CS-g-
PLACAb5%) was dissolved in HCI 0.050 M solution and titrated by TitraLine Easy Sl
Analytics, Germany, using NaOH 0.160M (0.6 mL of NaOH was added
gradually). N (%) was calculated as follows:

CX(VZ_Vl)xM
m

N(%) = [18]

where C is the concentration of NaOH solution (mol/L); Vi and V, represent the
volumes (mL) of NaOH solution required to reach the 1st and 2nd equivalence point,
respectively; M represents the molar mass of the b-glucosamine unit of CS backbone;
and m is the amount of polymer (mg) ( De Alvarenga et al., 2010, p. 1155-1160).

The amount of free amino groups per polymer chain (nNH;) was determined from
the N value (Equation 20), considering the M,, of the CS equals 100 x 10° g/mol as
indicated by the viscosity parameters obtained from the supplier. Knowing M,, of the D-
glucosamine unit (M, =179 g/mol) the value of nNH, per single chain can be
approximately calculated.
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Nanoparticles preparation and characterization

Nanoparticles were prepared by Polyelectrolyte complexation method (PEC) using
dextran sulphate as polyanion. CS-PLA derivatives were dissolved in aqueous solution
containing 1% of acetic acid and subsequently filtered (pore size 0.45 um) to remove any
residue and dust. Different CS-PLA to polyanion weight ratio were used in the research
work ranging from 0.2 to 5 in order to evaluate the influence of that ration on the
nanoparticles properties like diameter, z-potential, stability, encapsulation and release
capabilities. Aqueous solution containing determined amount of DS was added dropwise
to CS-PLA solution under vigorous magnetic stirring. The obtained mixture was left
under stirring for 30 minutes at 40° C. Afterwards, part of the solution was analysed by
DLS to determine the nanoparticles diameter and z-potential while the rest centrifuged at
14000 rpm for 20 minutes and the pellet freeze and dried.

The effect of pH, DS concentration and temperature on the diameter of the
nanoparticles (d,, nm) and their {-potential (mV) and electrophoretic mobility
(e, um cm/V s) were analysed through DLS (Nano ZS, Malvern Instrument) at 173°
backscatter. Before measurement, the suspensions were sonicated in an ultrasound bath
(50 MHz) for 20 min. Analyses were performed in triplicate on suspensions at different
pH values (range from 2 to 9). The pH value was increased by adding NaOH solution of
0.1 M.

The ue values were obtained via the Smoluchowski equation (Equation 19), as it is
suitable for nanoparticles of any shape dispersed in agueous solution at any concentration.
The Smoluchowski equation:

€r€
He = nOC [19]

where ¢ is the dielectric constant of the media, ¢ is the permittivity of free space
(C2 N m™),  is the dynamic viscosity of the dispersion media (Pa s) and (is the zeta
potential (mV).
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Microscopic analysis

Microscopic analysis is widely used to investigate the morphology of the nanoparticles
in dried form or in solution. The nanoparticles morphology and shape represent important
parameter of nanoparticles for drug delivery applications as both of them influence the
release rate of the loaded molecules and the cell-nanoparticles interactions.

TEM analysis (Tecnai G2 Spirit FEI) was preferred to SEM in the reported works as
chitosan is highly sensible to freeze and dried treatments. For that reason, TEM analysis
of nanoparticles in solutions were carried out.

Stability studies and temperature behaviour

Stability studies were carried out by dissolving the prepared formulations (1 mg/mL)
in various simulated body fluids. Variations in the diameter and z-potential of the
nanoparticles over time, at room temperature and 37 °C storage, were investigated by
dynamic light scattering, DLS, (Nano ZS, from Malvern Instruments).

Temperature behaviour, in the range 0-60 °C, was analysed in order to understand how
the prepared nanoparticles reacted when submitted to gradual warming. Measurements
were taken on 2 mL of nanoparticle suspension (concentration 1 mg/mL) on a Nano ZS,
from Malvern Instruments, UK, and temperature was increased automatically by 10 °C
and stabilized for 2 minutes prior to measurement.

Water uptake studies

The swelling behaviour of polymeric nanoparticles is affected by the internal structure
of the polymer network and the nature of the media (Bajpai et al., 2012,p. 9-17). Water
intake capacity was analysed by gravimetric procedure in media with different pH levels
(ranging from 2 to 11) and ionic strength (PBS-phosphate buffer solution; SGF-simulated
gastric fluid; SIF-simulated intestinal fluid and PS-physiological solution) and reported
as the swelling index (SI). SI determination was adhered to according to the procedure
reported in a previous work (Bajpai et al., 2003, p. 347-357). Briefly, 0.2 g of
nanoparticles were allowed to swell in a defined volume (20 mL) of media for 24 h.
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Afterwards, the weight of the swollen nanoparticles was monitored continuously for
up to 15 min, after which no gain was recorded once it was sure that equilibrium had been
reached. Sl was calculated as follows:

Ws—Wgqg

SI (%) = [20]

where W; is the weight (mg) of the nanoparticles in the swelling state while Wy the
weight (mg) in lyophilized form (powder).

All the simulated body fluids were prepared according to European Pharmacopeia
standards.

The ionic strength of the media was calculated according to the followed Equation
=05 3¢z [21]

where | is the ionic strength, J is the number of species in solution, c; is the molar
concentration of ion | and z; is the charge of ion J.

Encapsulation efficiency and Loading capacity

Encapsulation efficiency (EE) and the loading capacity (LC) of nanoparticles was
determined by UV-vis spectrophotometry (Perkins, Cary UV 300) at different
wavelength according with the bioactive molecule; (480 nm for DOX, 325 for TMZ, 286
for 5SFU and 280 for BSA. The concentration of the referred molecule was determined
from the calibration curve of the free compound in solution. Calibration curve of the
investigated compounds are:

A = 0.125¢ + 0.122; R2 > 0.98 (TMZ)

A = 0.89c -0.83; R2 > 0.98 (DOX)

A =0.117c + 0.133; R2 >0.98 (5FU)

A =0.8 x 10~c + 0.0402, R? > 0.99 (BSA)

where A represents the absorbance and c¢ the concentration of the loaded compound.
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EE and LC values were obtained by the following equations:

Tp—Fp

EE (%) = x 100 [22]

where Tp represents the total amount of protein loaded (mg) and Fp the amount of free
protein detected in the supernatant (mg)

LC= -2 [23]

Tp+Tc
where Tp is the total amount of protein loaded (mg) and T, is the mass of polymer (mg).

TMZ and 5FU loading (Referred to section 3.1)

TMZ (1 mg/mL; V =1 mL) was dissolved in water and added to 1 mg/ml of aqueous
solution containing ALG and PGA, separately. CS solution, 1 mg/mL, was prepared in
CH3COOH (1% v/v). The established volumes of mixtures containing ALG or PGA and
TMZ were added dropwise to CS solution under vigorous stirring. In the case of double-
loading, TMZ (0.5 mg/mL) and 5-FU (0.5 mg/mL) were dissolved in aqueous solution,
separately. Both solutions were mixed and added to solution containing ALG or PGA.
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Fig. 17 Molecular structure of a) TMZ and b) 5FU
Doxorubicin and Temozolomide loading (Referred to Section 3.2)

DOX (1 mg/mL;V=1mL) was dissolved under stirring in CH3;COOH aqueous
solution (pH 3.5). An aqueous solution of dextran sulphate was prepared
(I mg/mL; V=3 mL) and added drop-wise to the solution containing the drug. The
copolymer was dissolved in CH3;COOH aq. pH 3.5 to obtain a solution of 1 mg/mL
(V =4 mL). The mixture containing dextran sulphate and DOX (V =4 mL) was added
drop-wise to the copolymer solution under vigorous stirring.
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Once a colloidal suspension had been obtained, the samples were centrifuged at
10,000 x g (Hettich Zentrifuge — Universal 320) for 30 min. and the pellet freeze-dried.
In the case of double-loading, DOX (1 mg/mL; V =1 mL) was dissolved in CH;COOH
agueous solution (pH 3.5), while TMZ (1 mg/mL; V =1 mL) was dissolved in ethanol,
and kept under mild stirring conditions for 30 min. till complete solubilisation had
occurred. Both solutions were subsequently mixed. An aqueous solution of dextran
sulphate was prepared (1 mg/mL; V = 3 mL) and added drop-wise under vigorous stirring
to the mixture containing both drugs. The copolymer was dissolved in CH;COOH
agueous solution (pH 3.5) to obtain a solution of 1 mg/mL (V =5 mL). The mixture
containing dextran sulphate, TMZ and DOX (V =5 mL) was added drop-wise to the CS
derived solution under vigorous stirring and slight heating. Once a colloidal suspension
had been obtained, the samples were centrifuged at 10,000 x g for 30 min. and the pellet
freeze-dried (Cool Safe™ — Scanvan)

BSA loading (Referred to Section 3.3)

The nanoparticles loaded with BSA were formed upon incorporation of the DS solution
containing BSA at the concentration of 0.5 mg/mL in CS-PLA derivatives solutions. The
factors researched included the influence exerted on encapsulation efficiency by the kind
of polymer used (CS or CS-g-PLA) and polymer concentration. DS and BSA
concentrations were kept constant (1 mg/mL for DS and 0.5 mg/mL for BSA).

Drugs Stability studies (Referred to section 3.1)

In order to prove that no alteration to the structure of 5-FU and, in particular, TMZ
occurred during release, LC-MS analysis (6530 Accurate-Mass Q-TOF LC/MS Agilent
Technologies, ion mode positive, ionization ESI, collision energy 10 eV) was carried out
on the drugs following release from the formulation after 24 h in preparation and
physiological media. As a control, TMZ and 5-FU (10 ug/mL) were dissolved as a free
drug in the tested media. Chromatographic separation was achieved using a column
(ZORBAX Extended-C18, 2.1 x 50 mm, 1.8-Micron, 600 Bar, Agilent) as well as mobile
phase 60% water (containing 0.1% of formic acid) and 40% methanol, at flow rate of
0.3 mL/min. The sample compartment was kept at 37 °C, while the column at
30 °C = 1 °C and wavelength were monitored at 325 nm for TMZ and 286 nm for 5-FU.
Injection volume was 2 pL.
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In-vitro drug release studies

The release kinetic of the loaded molecules, separately or simultaneously, from the
different CS-PLA nanoparticles was investigated in different simulated body fluids
(simulated gastric and intestinal fluid), preparation media and phosphate buffer. In brief,
50 mg of each sample was suspended in 50 mL of the media and stored at 37 °C under
oscillatory shake (GFL 3033 Incubator, Germany). At predetermined time intervals, an
aliquot (1-3 mL) was withdrawn and the concentration, of the considered compound,
released, at certain time was monitored by a UV-vis spectrophotometer at determined
wavelength. The dissolution medium was replaced with fresh buffer to maintain the total
volume

The amount of drug released (DR) was determined by the following equation:
DR (%) = % x 100 [24]
0

where D; (mg) represents the amount of drug released at the time t, and Dy (mg) the
amount of drug loaded. All studies were conducted in triplicate.

Each experiment was performed in triplicate. The calculated concentration (C) data
were evaluated by applying a first-order equation (Equation 25) and regression processing
by the least squares method, using the Solver sub-program of Microsoft® Office Excel
2003.

C=Cmaxix(1—e %7t ,4)) [25]

where C is the cumulative concentration (mg drug/mg polymer) of drug released at
given time t (h), Crmax represents the limit value of concentration that can be released from
the tested system under given conditions (mg drug/mg polymer), ti.g represents the time

where no release is observed, and k the kinetic constant (h™!), which represents the
intensity of the release from the particles at the initial time (t). In-vitro release studies
were focused to find a certain correlation among the nanoparticles properties like
dimension, the effect of PLA side chains and interactions with the loaded compound and
the external environment.
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Statistical analysis

One-way ANOVA analysis was performed on all obtained date using the GraphPad
Prism version 6.00, GraphPad Software, La Jolla California, USA, with consideration
of p < 0.05 as statistically representative
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3. RESULTS AND DISCUSSIONS

The results related to the presented topics are illustrated in the follow three sections.

Each section consist of a brief introduction, results and discussion and conclusions. All
presented results have been published in the reported journal.

The sections are entitled as follow:

Polysaccharide-based nanocomplexes for co-encapsulation and controlled release of 5-
Fluorouracil and Temozolomide (data published in European Journal of
Pharmaceutices- In Press)

Amphiphilic chitosan-grafted-functionalized polylactic acid based nanoparticles as a
delivery system for doxorubicin and temozolomide co-therapy (data published in
International Journal of Pharmaceutics, 474, 1-2, 20 2014, 134-145)

Chitosan grafted low molecular weight polylactic acid for protein encapsulation and
burst effect reduction (data published in International Journal of Pharmaceutics, 496, 2,
2015, 912-921
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3.1 Polysaccharide-based nanocomplexes for co-encapsulation
and controlled release of 5-Fluorouracil and Temozolomide

INTRODUCTION

Polysaccharide and derivatives has been extensively investigated for biomedical
application, especially in drug delivery ( Jayakumar et al., 2010, p. 142-150). Several
bioactive compounds have been entrapped, adsorbed or chemically linked to PECs
spacing from anticancer drugs like doxorubicin (Chen et al., 2011, p. 2586-2592; Di
Martino and Sedlarik, 2014, p. 134-145), paclitaxel (Lee et al., 2008, p. 6442-6449), 5-
Fluorouracile (Nagarwal et al., 2011, p. 272-278) to antibiotics and antimicrobic (De
Campos et al., 2001, p. 159-168 ; Katiyar et al., 2014, p. 117-124); psycho active drugs
(Varshosaz et al., 2015, p. 65-73); peptides and proteins; (Di Martino et al., 2015, p. 912-
921 ; Dionisio et al., 2013, p. 102-113) nucleic acids (Bordi et al., 2013, p. 184-
190; , Laroui et al., 2014, p. 41-53 and Li et al., 2014, p. 160) and the behaviour of the
systems have been deeply investigated, as reported in literature (Wang et al., 2007, p.
336-343; Hu et al.,, 2011, p. 1128-1133; Hu et al.2010, p. 323-334) indicating the
advantages of these systems compared to other drug delivery systems. In the last decade,
in the clinical area a noticeable interest in multi-drug therapy is growing due to the
positive results, in terms of therapeutic response, obtained in the treatment of various
pathologies, in particular in anticancer therapies (Wang et al., 2007, p. 336-343).

A multidrug treatment can suppress the phenomena known as chemo-resistance, which
Is the main responsible of different failure in cancer therapy (Gottesman, 2002, p. 615-
627).However, due to different pharmacokinetics, bio-distribution and membrane
transport properties is difficult to make a combination therapy schedule, in particular in
terms of dosage. The challenge is to combine nanotechnology with chemotherapy to
obtain new nano-delivery systems or improve well known (Greco and Vicent, 2009, p.
1203-1213). Nowadays, a limited number of pharmaceutical formulations containing two
or more drugs are approaching the clinical phase but no one of them belongs to
nanoparticles or PECs based only on polysaccharides.

With these assumptions, the aim was to develop nanocarriers based on well-known
polysaccharides; chitosan (CS), alginic acid (ALG) and polygalacturonic acid (PGA),
able to carry simultaneously two widely used anticancer drugs, Temozolomide 9TMZ)
and 5Fluorouracil (5FU) and release in controlled way and at different rate according to
the external environment. Even if partial, this study represents a way how well known
and simple systems could be used as support of new therapeutic protocols
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Results and discussions
Nanocomplexes characterization

The molecular weight of chitosan used in the present work was obtained by GPC
analysis. The weight average molecular weight M,, =290 kg-mol~, number average
molecular weight M, = 31 kg-mol~1, and molecular weight distribution D(M/M,) = 9.4
that were obtained appear relative to the mass of pullulan standards and their
hydrodynamic volume (elution volume). The hydrodynamic volume of chitosan
molecules can be strongly affected by the ionic strength of the solvent (mobile phase),
which can partially influence the resulting molecular weights (Kasaai et al., 2000, p.
2591-2598).

The ability of CS to form complexes with negatively charged molecules relies on the
formation of inter- and intra-molecular physical cross linkages and electrostatic
interactions mediated by polyanions. ALG and PGA carry negative charges at the
preparation pH (pH 5.5), while CS contains amino groups that can undergo protonation.
During the complexes formation process, the COO™ are electrostatically attracted to the
CS amino groups, thereby producing CS-ALG and CS-PGA PECs (Aydin and Pulat,
2012, p.42).

Unloaded complexes present diameters which fall in the range of 120-150 nm, and
100-130 nm for CS-ALG and CS-PGA, respectively. The lowest value was obtained at a
polycation-polyanion weight ratio of 1 for all formulations. The loading process tends to
increase the size, in particular when both drugs are simultaneously allocated. All
formulations, whether loaded or unloaded, show diameters in the narrow range of 100—
200 nm which is acceptable for drug delivery applications.

For drug-free complexes, the results are fully comparable with published data, whereas
loaded systems show disagreement. In some cases an increase in dimension after loading
Is demonstrated, especially in uncharged polymers (Goycoolea et al., 2009, p. 1736-
1743), while for others a decrease is described. In this instance the increase in size is
probably connected with the hydrogen bonds and electrostatic and physical interactions
between the polysaccharides, which are altered by the presence of the drugs.
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Fig. 18 TEM images and average diameter of nanoparticles A) CS-ALG and B) CS-PGA
and z-potential C) CS-ALG and D) CS-PGA in preparation media (pH 5.5) at room
temperature.

An important parameter is the {-potential, which gives information on the surface
charge and colloidal stability of the system. The influence of the weight ratio of the
polyelectrolytes and the presence of drug(s) on the {-potential values is reported in
Fig.18.

Increasing the amount of CS instigates a shift in the {-potential of all formulations from
negative to positive, with the isoelectric point (pl) being located in the range of 0.5-0.8
(w/w), depending on the system.

The influence of drug and weight ratio on {-potential is different in CS-ALG and CS-
PGA. CS-ALG complexes show an increase in (-potential after loading the drug. The
trend is linear, with a higher increment appearing when TMZ and 5-FU are present
simultaneously in the system.

Different behaviour is shown for CS-PGA, where at w/w 1 the {-potential fluctuates at
around 0 mV, and w/w 5 shows a decrease by up to 30% compared to the drug-free
system. A rise in {-potential is expected when the amount of CS is raised, due to the
higher number of positive charges in the system.
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The hydrogen bonds and electrostatic and physical interactions between the drugs and
polymers influence the structure, and subsequently the surface charge of the system.

TEM analysis (Fig.18 A, B) confirms the spherical shape of the complexes in solution,
and the values for sizes are fully comparable with DLS. TEM investigation was carried
out on the sample in solution to avoid freeze-drying procedures, as it could influence PEC
morphology, in particular when a cryo-protectant or lyo-protectant is not used

Amount of drug entrapped in CS based nanocomplexes

5-FU and TMZ are encapsulated during the preparation process. Formation of the
complexes depends on the concentrations of the free amino groups, which strengthen
electrostatic interactions between the polyelectrolytes and the drug. Fig.19 reports the
effect of the polysaccharide couple and its weight ratio (w/w) on single (A, B) and
multiple (C, D) EE.
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Fig. 19 Relationship between encapsulation efficiency and polycation/polyanion weight
ratio. A, B) single loading and C, D) multiple loading
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Increasing the CS concentration led to more effective encapsulation of 5-FU and TMZ.
Moreover, 5-FU seems more affine for CS-ALG, while TMZ is for CS-PGA PECs.

The values shown in Fig.19 are comparable with prior reported data, where EE can
reach values of up to 90%; in particular for TMZ when polymethacrylate-based
nanoparticles are utilised (Howard et al., 2012, p. 1270-1279).

Fig. 19 C,D displays the co-encapsulation efficiency of TMZ and 5-FU in preparation
media. Even if values are lower compared to single loading, the overall amount
(5-FU + TMZ) entrapped tends to increase concurrent with a greater presence of CS,
confirming the important role CS plays in the loading process. Except at w/w 5, where an
excess of 5-FU is presented, in all formulations the amount of drug is well balanced,
indicating that not particular completion or interference occurs between the given drugs
during the loading process. Even though few studies have been published on multi-drug
encapsulation in comparable systems, the data presented are in agreement and analogous
with them, as reported in a previous work (Di Martino and Sedlarik, 2014, p. 134-145).

Release kinetic

Variation in pH in accordance with body compartments may allow a specific drug to
be selectively delivered at a target site. Physical properties, such as the
swelling/deswelling of stimuli responsive carriers as polysaccharides, vary according to
the given environmental conditions, influencing the release of the drug to the designed
site.

In order to evaluate the influence of pH on the release rate of 5-FU and TMZ, the
loaded PECs were incubated in different release media (SGF, PM, PS and PB) and
assessed by UV-Vis spectrophotometry. The percentage of swelling for the systems in all
the studied media is given after 10 min of contact. The results are shown in Fig.20
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Fig. 20 Cumulative release of A) TMZ and B) 5-FU from CS-ALG, and C) TMZ and D) 5-FU
from CS-PGA at 37 °C in different media. The inner pane indicates the percentage of swelling
after soaking for 10 min in the relevant medium.

As can be seen from the charts reported in Fig. 20, the release rate tends to increase
when pH moves from acidic to alkaline, reaching the highest value in HS and PS, with
> 70% of the loaded drug released in < 12h in all formulations. Comparing the release
data with the percentage of swelling a clear relationship is revealed. Increasing pH led to
electrostatic interactions becoming weaker, thereby promoting the intake of the medium.
The more swell that the system demonstrates, the faster the diffusion of the drug towards
the surface and the external medium, with a subsequent increase in release rate. In acidic
media, especially SGF, CS is fully protonated and stronger interactions occur with ALG
or PGA, producing a compact structure which hinders the penetration of the medium and
diffusion of the drugs.

These results prove the pH sensitivity of the systems presented, allowing for control of
the release rate by changing the environment.

The release rate at the initial point in time is a critical juncture during the preparation
of drug delivery systems. Despite the fact that fast release (burst) following contact with
the media is utilised in certain drug administration strategies, the negative effects
connected with such a burst can be pharmacologically dangerous and economically
inefficient.
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Both systems present an initial burst release of 5-FU and TMZ during a period of 6 h
in all incubation media, ranging at 16-85% (Fig. 21). This could be related to i) some
amounts of drugs localised on the surface, or ii) the degree of protonation of the CS amino
groups. Another factor that may be responsible for the burst is the drying procedure.
Freeze-drying (— 110 °C) was applied on the samples presented in this work. During the
drying process, migration of the loaded drugs might occur as the water moves towards
the surface, resulting in heterogeneous distribution in the matrix and accumulation on the
surface (Zhang et al., 2012, p. 1109-1125).

Fig. 21 clearly shows that burst intensity is pH dependent. This represents an advantage
in controlled delivery applications, as it facilitates rapid release and permits
pharmacological concentration merely in specific body compartments.
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Fig. 21 Individual (A, B) and simultaneous (C, D) release intensity of TMZ and 5FU after
6 h of incubation in different media at 37 °C from CS-PGA (A, C) and CS-ALG (B, D)
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A number of research papers have observed burst release from various polymeric
materials like PLGA (Polylactide-co-Glycolide) (Chen and Zhou, 2010, p. 2011-2017),
PLA, PNIPAM (Poly(N-isopropylacrylamid) (Moody and Wheelhouse, 2014, p. 797-
838) and CS for various bioactive molecules (e.g. bovine serum albumin, 5-FU, g-
Globulin, Heparin and Ampicillin) but few have attempted to explain it. However, some
chemical modification - especially in polysaccharides, exhibited great reduction in the
burst effect ( Di Martino and Sedlarik, 2014, p. 134-145), particularly for TMZ.

Fig.22 and 23 display the co-release of TMZ and 5-FU from CS-ALG and CS-PGA
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Fig. 22 TMZ and 5-FU co-release profiles from CS-AA in A) SGF, B) PM, C) PS and D) HS
at 37 °C; the main chart represents total release (5-FU + TMZ), while the inner pane
specifically indicates the trend of 5-FU and TMZ.
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Fig. 23 TMZ and 5-FU co-release profiles from CS-PGA in A) SGF, B) PM, C) PS and D)
HS at 37 °C; the main chart represents total release (5-FU + TMZ), while the inner pane
specifically indicates the trend of 5-FU and TMZ.

In the release trends reported in Figures 22 and 23 (A, B, C, D) no particular differences
arise between the CS-ALG and CS-PGA systems. The effect of pH is evident in all the
formulations. In PS and HS, in <12 h, > 70% of the drug(s) (TMZ + 5-FU) is released,
while for PM and SGF is < 50%. Considering the release of the drugs separately (see the
inner panel in Fig.23), no interference or synergic effect occurs and the values are
comparable when the drugs are loaded singularly.

The data reported in Fig.22 confirmed the relationship between the intensity of the
burst effect and pH of the medium in double-loaded systems. Even if the intensity is high,
in particular in HS and PS, the amount of drug released is well-balanced, indicating that
there is no interference or synergic effect, and the given drugs diffuse independently.

ANOVA analysis performed on the amount of TMZ and 5-FU released in the first 6 h,
when loaded separately and simultaneously, reveals that - except in HS - insignificant
differences arose between the amount of drugs released when singularly and
simultaneously loaded, indicating that no interferences were present and the drugs
maintained the same behaviour.
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LC-MS analysis

Several studies and analytical methods have reported to determine the amount of TMZ
and 5-FU or their metabolites in biological fluid, such as plasma and urine (Darkes et al.,
2002). Moreover, techniques like LC-MS are highly useful, rapid and lack any particular
sample preparation.

In accordance with published works (Darkes et al., 2002), TMZ yielded an ion
atm/z 195 [M + H]" although Na and K adducts were also present at m/z 233
and m/z 217, respectively. Moreover, TMZ tended to form a dimer or occasionally a
cluster through an H-bond between NH, and COOH groups. As reported in Fig. 24, TMZ
dimers with the relative Na and K adducts appeared at m/z 389 [My + H]*, m/z 411
[Mqy + Na]*, and m/z 427 [My + K]*.
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Fig. 24 MS spectra of A) TMZ (control) and TMZ after release in B) physiological and C)
preparation media at different time.
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TMZ is a prodrug and shows good stability in acidic media, whereas in physiological
pH it is spontaneously hydrolysed, through the effect of water at C,, to the active form
5-(3-methyltriazen-1-yl)imidazole-4-carboxamide (MTIC) (MTIC M, 168.15 Da).
Subsequently, MTIC degrades to 5-aminoimidazole-4-carboxamide (AIC) (My, 126.12)
and a methyldiazonium ion (Friedman et al., 2000, p. 2585-2597).

As hydrolysis occurred in less than 2 h in physiological conditions, it represents a
primary drawback of TMZ, thereby limiting therapeutic efficacy.

As can be seen from the MS spectra of the TMZ control (Fig. 24 A), and after release
in physiological (Fig.24 B and C) and preparation media (time 24 h), no peaks related to
the hydrolysis products were visible. The given results indicate that both formulation CS-
ALG and CS-PGA clearly protect TMZ from the external environment and could prolong
residential time in biological fluid.

As described (Derissen et al., 2015, p. 58-66), in accordance with the molecular
structure of 5-FU, the following representative ions were detected at m/z 131 relative to
5-FU, [M + H]*, with Na and HCOOH adducts also present at m/z 153 and 175,
respectively (Fig. 25). Comparing the MS spectra of 5-FU control and after release
(t = 24 h) from both systems, no differences were demonstrated, indicating no alteration
in the chemical structure
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Fig. 25 MS spectra of A) 5-FU (control) and 5-FU after release in B) physiological and C)
preparation media at different time.

The loaded drugs gave a stable result when loaded simultaneously in the same system,
as no new peaks related to any sub-products were observed (Fig. 26).
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Taking into consideration the co-encapsulation and co-release kinetics with the MS
results, it is clearly indicated that the prepared systems are able to load and release more
drugs simultaneously without any interference occurring between them. In other words,
the drugs present the same behaviour as when loaded separately.

The MS spectra reported herein were referred to CS-ALG-based complexes at the
weight ratio used for release studies. Spectra are not shown concerning the drugs released

pertaining to any CS-PGA complexes formed, as no variation with reported data were
observed.
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Conclusions

The study is focuses on CS-based PECs for simultaneous encapsulation and controlled
delivery of antineoplastic drugs. Such systems possess important properties, as follows:
1) mild preparation conditions without the necessity for high temperature or organic
solvents; ii) valuable drug-loading capacity, providing continuous and sustainable release
from hours to days and in particular protection of the encapsulated drug; and iii) pH
sensitive behaviour.

PECs exhibit dimension and {-potential in the range of 100200 nm and from — 30 to
+ 35 mV, respectively. The amount of drugs entrapped is displaced between 20 and 80%
of the total amount, depending on the weight ratio between the used polysaccharides. An
excess of CS leads to superior encapsulation of the drugs singularly or simultaneously.

In vitro release of the drugs exhibited sustained (up to one week) and controlled release
in connection with the pH of the media. The opportunity to modulate the burst intensity
and release rate by changing the pH or the ratio between the polysaccharides indicates
that these systems benefit from high versatility, with the possibility to facilitate controlled
release in various body fluid compartments. The absence of any interference between
TMZ and 5-FU during loading and especially the release process stands out as important
findings, suggesting polysaccharide-based PECs would make interesting candidates for
multi-drug controlled delivery. Moreover, no structural alteration occurred in 5-FU or,
particularly, in TMZ after release, thereby demonstrating the protective role exhibited by
the system.

It was found that PECs based on CS-ALG and CS-PGA do not present significant
differences in terms of particle dimensions and {-potential. However, significantly
different values of encapsulation efficiencies and release kinetics were observed
depending on the drug used and their weight ratio. It clearly shows an importance of the
polyanion chemical structure in complex with CS to drug(s) encapsulation ability.
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3.2 Chitosan grafted PLA and carboxy functionalized PLA for
doxorubicin and temozolomide co-therapy

INTRODUCTION

Drug delivery is the method or process of administering a pharmaceutical compound
to achieve a therapeutic effect in human or animals (Tiwari et al., 2012, p.2 ). A drug
delivery system (DDS) is defined as a formulation or device that enables introduction of
the bioactive compound in the body and improves its efficacy and safety by controlling
the rate, time, and place of release of the drugs in the body (Mainardes et al., 2006, p.
275-285). Several DDS have been formulated and investigated; these include liposomes,
microspheres, gels, nanoparticles and others. Among them, nanoparticles provide several
advantages in terms of drug targeting, delivery and release compared to the others. In the
design of nanoparticles as drug delivery systems the main goals are to improve stability
in the biological environment, to mediate bio-distribution of active compounds, and to
further drug loading, targeting, transport, release and interaction with biological barriers.
The cytotoxicity of nanoparticles or their degradation products remains a major problem,
and improvements in biocompatibility are the main concerns of future research.

Nanoparticles made from natural or artificial polymers have been applied as drug
delivery systems with great success and they show potential for many biomedical
applications. Drugs may be bound in the form of a solid solution, or through dispersion,
or be physically adsorbed or chemically attached. Polymeric nanoparticles are, generally,
prepared by following three methods: (i) dispersion of preformed polymers; (ii)
polymerization of monomers; and (iii) ionic gelation or coacervation of hydrophilic
polymers.

In this paper an amphiphilic co-polymer was synthesized by grafting PLA and PLA
modified with citric acid (PLACA) at different ratios to the CS backbone. Nanoparticles
loaded with DOX and TMZ have been prepared via the polyelectrolyte complexation
method (PEC) which represents a simple, low-cost and solvent-free procedure to prepare
nanoparticles. Moreover, is possible to manipulate the diameter of particles by changing
the ratio of polycation and polyanion. Obtained nanoparticles were characterized, in terms
of dimension and {-potential at different pH levels and temperatures by light scattering
analysis, as well as regarding stability in physiological conditions and temperature
behaviour (range 0-60 °C). The encapsulation efficiency and release kinetic studies were
carried out via UV-vis spectrophotometry, since DOX and TMZ absorb at 480 and
325 nm respectively. Satisfactory results regarding the diameter of particles and -
potential boosted high encapsulation efficiency and sustained drug release without an
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initial burst, which suggested that CS grafted with PLA modified with citric acid was a
suitable carrier for co-therapy of DOX and TMZ.

Results and discussions
PLA and carboxy enriched PLA characterization

In Table 10 the acidic number (AN), Amax and the M, obtained through GPC analysis,
of PLA and PLA with different amounts of citric acid (PLACA) are reported.

Table 10 Acid number (AN), Amax, My determined by GPC of PLA, PLACA2% and
PLACA5%

Sample AN Amax(NM) | My (g/mol) PDI
(mg KOH/g PLA)

PLA 21.4+£0.3 236 47,000 2.1
PLACA2% 32.7+0.2 239 27,000 2.5
PLACA5% 452 +0.2 241 5000 4.1

As can been seen, the highest M,, was achieved for PLA (47,000 g/mol). Increasing the
amount of citric acid diminishes M,, values. In addition, the polydispersity (M./M,) of the
polycondensates increases from 2.1 (for PLA) to 4.1 (for PLACA5%). The incorporation
of citric acid in the structure of a product through a condensation reaction can be proven
by determining the carboxyl groups, which should be in excess if a reaction has taken
place during product formation. The titration method can provide such information in the
form of AN as presented above. The values of AN, shown in Table 10 are in accordance
with assuming the occurrence of a condensation reaction between lactic acid and citric
acid molecules. Despite the previously mentioned assumption of carboxyl absence in pure
PLA, a low AN value was observed. It can be ascribed to the presence of a residual
monomer (Kucharczyk etal., 2011, p. 1275-1285). In addition, the indicator — bromothyol
blue — has an equivalence point of above pH 7. The rising citric acid content causes an
increase in AN,
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UV-vis analysis of the samples can support the idea of COOH attachment on PLA
chains. Generally, PLA displays maximum absorbency at the wavelength (Amax) 240 nm
(Leu and Chow, 2011, p. 40-47). For the authors of the paper presented here, pure PLA
showedAmax = 236 nm. The increasing content of citric acid led to slight shift
of Amax towards higher values. The sample with 5% of citric acid content showed
Amax = 241 nm. It is noticeable that absorption at Amax is heightened with an accordant rise
in the content of citric acid. It could be considered that this phenomenon is a consequence
of PLA functionalization (Kucharczyk et al., 2011, p. 1275-1285).

FTIR-ATR analysis

ATR-FTIR analysis was performed to prove the occurrence of a reaction between CS
amino groups and PLA and PLACA carboxylic groups as reported

0 0
R—NH, + R1~/< — R—NH~/< + H,0
OH R,

Fig. 27 Schematic representation of amide bond formation between CS amino groups and
COOH group in PLA

where R an R; represent D-glucosamine unit and the PLA or PLCA chains,
respectively.

As previously described (Li et al. 2012, p. 221-227) the reaction between CS amino
groups and PLA carboxylic groups, as occurs in the presence of EDC and NHS, leads to
the formation of an amide bond between the CS chains and PLA or PLACA. Fig. 28
shows the ATR-FTIR spectra of CS, PLA, PLACA2% and PLACA5%.
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Fig. 28 ATR-FTIR spectra of A) CS and various PLA and B) the obtained products

In accordance with results reported the previous work (Li et al., 2012), the
representative peaks of the CS backbone are as follows: 3362 cm™ (OH stretch),
2979 cm! (CH), 1596 cm™! (NH, deformation) and 1068 cm™ (COC). The PLA and
PLACA representative peaks are at 2994 cm™! (CH stretch of methyl), 1755 cm™ (C=0
stretch), 1455 cm™! (CH bend of methyl) and 1184 and 1087 cm™! (CO stretch). Due to
the chemical similarity of lactic acid (LA) and citric acid (CA), the differences between
PLA and PLACA spectra are difficult to analyse (Kucharczyk et al., 2011, p. 1275-1285).
The only difference can be found in the intensity of the peak related to C=0 stretching,
which is slightly more intense for CS-g-PLACA5% (Fig. 28). Compared to the individual
components presented in Fig. 27 A, the ATR-FTIR spectra of the grafting-reaction
products show new peaks observed at 1455 cm™' (methyl asymmetric deformation of
PLA and PLACA), 1635 cm! (the amide bond), and 1755 cm™ (the carbonyl group of
the branched PLA and PLACA) (Li et al. 2012, p. 221-227)). The spectra of CS-g-PLA
and CS-g-PLACA (Fig. 27 B) shows peaks at 3412 cm™! (NH stretching), 3278 cm™'and
3172 cm™! (OH stretching) which are connected through the presence of CS.

Physicochemical characterization of nanoparticles

Study approaches include preparing four sets of particles, i.e. without the drug, with
DOX or TMZ and with both drugs at different polymer to DS ratio (0.05, 0.1, 0.2, 0.5 and
1). As expected from the literature (Yousefpour et al., 2011, p. 1977-1990), all drug
loaded nanoparticles exhibited an increase in diameter in comparison with the drug free
particles. This was probably due to electrostatic interferences of the drugs with the
polymer chains, which took place during formation of the nanoparticles as a drug, where
loaded at that time.
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As can been seen in Fig. 29, the presence of -COOH influenced the {-potential as
well diameter values. CS-g-PLACA5% showed a favourable trend as only a slight
increase in diameter occurred when one or both drugs were loaded. This can be explained
by electrostatic interactions occurring in the system. Due to both drugs carrying a positive
charge and the greater presence of COOH groups in ionic form (COO") in CS-g-
PLACAbS%, an expansion of the systems is prevented as clearly happens in CS-g-PLA. (-
potential values (12—-34 mV) indicated that the nanoparticles are relatively stable, and
positive values suggest that chitosan chains are located externally (Honary and Zahir,
2013, p. 265-273). The presence of drugs in the nanoparticles also influences the (-
potential values. In particular, there is a decrease in various extents where observed in
accordance with the chemical structure of the polymer used. The results in Fig. 29 reveal
that CS-g-PLACA systems are more sensitive to drug loading in comparison to CS-g-
PLA, confirming the influence of COOH groups on the properties of the co-polymer.

_ A Bl CS.g-PLA B B CS.g-PLACA

£

c «} BN CS-g-PLACA2% J ™ B CS-g-PLACA2%
300

c {, I CS-g-PLACA5% ] ™ & [ CS-g-PLACA5%

3 cs 1 cs

o
o

g-pot. (mV)
S

N
o

Averag d
=
o
o o
L 1
I
=
o
I

o
L

Fig. 29 A) Average dimension and B) z-potential of all prepared formulations, loaded and
unloaded compared with unmodified chitosan (CS).

The relationship between polymer/DS ratio (w/w) versus average diameter, {-potential
and the u. of nanoparticles is reported in Fig.30 A, B, C.
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Fig. 30 Relationship between polymer/DS ratio (w/w) and average dimension (nm), -potential
and the ze of nanoparticles in preparation media pH 5.5

It was found that the lower the polymer/DS ratio, the lower the values of diameter, -
potential and . that were obtained (Fig. 30). When DS concentration increases, its
molecules can fill the inter- and intra-molecular spaces between the polymer chain,
forming ionic interactions and neutralizing the positive charges located on the CS
backbone, thereby causing {-potential and z. reduction. When the number of negative
charges exceeds the number of positive charges, a shift from positive to negative (-
potential and . values takes place as long as the number of negative charges start to
predominate. The pl (isoelectric point) of the systems falls to around 0.3 polymer/DS
ratio, except in CS-g-PLACA2% where it is at around 0.4. As the charge on the CS
backbone is reduced, the CS chains start to fold, giving a more compact structure
characterized by lower diameter values (Chen et al., 2007, p. 131-139). In the case of CS-
g-PLA and CS-g-PLACA, reduction in {-potential and me values occur, thereby
increasing DS concentration due to a lack of free amino groups not involved in the amide
bond with PLA and PLACA
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Encapsulation efficiency (EE)

Drug loading in nanoparticles is achieved in two ways, by incorporating the drug at the
time of producing the particles or by adsorbing the drug after forming the particles by
incubating them in the drug solution. Thus, it is evident that a large amount of drug can
be entrapped by the incorporation method when compared with the adsorption technique
(Reis et al., 2006, p. 8-21). DOX and TMZ were loaded during the production process of
the nanoparticles, leading to higher encapsulation and co-encapsulation efficiencies, as
represented in Fig. 31 and Table 10.
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Fig. 31 Effect of pH on A) DOX and B) TMZ encapsulation efficiency in all formulation

CS-g-PLACA shows the highest EE values for both drugs investigated at all the pH
values analyzed. These results indicate that the presence of COO™ helps to keep the drug
within the nanoparticles through electrostatic interactions. Generally, it can be observed
that increasing pH values cause a reduction in EE of all the samples at a given pH.
However, the EE of CS-g-PLACA samples is higher in comparison with systems based
on pure PLA. The exception can be observed in DOX containing the CS-g-PLACA5%
particle system. It may be explained by the bulky structure of DOX.

Table 11 displays the EE when drugs are simultaneously loaded. As can been seen in
all cases, the amount of DOX encapsulated is higher than TMZ. The difference is
significant especially at neutral and alkaline pH levels. To summarize, the difference in
the quantity of DOX and TMZ encapsulated indicates the influence of the different
molecular structures and charges of both drugs. These results are in agreement with
previously published works where drug—polymer electrostatic interactions have been
described (Dadsetan et al., 2013, p. 5438-5446). In fact, considering the pK, value of CS
amino groups, they tend to be in neutral form at pH values higher than 6.5, resulting in a
lack of polymer and polymer—drug interactions.

100


http://www.sciencedirect.com/science/article/pii/S0378517314005808#bib0175
http://www.sciencedirect.com/science/article/pii/S0378517314005808#tbl0025
http://www.sciencedirect.com/science/article/pii/S0378517314005808#bib0030

Temperature behaviour

In this section, the effect of thermal treatment on diameter was analysed. Only a few
studies exist on the temperature effect on polymers used as drug delivery systems ( Morris
et al.,, 2011, p. 1430-1434; Sershen et al., 2000, p. 293-298 ). Indeed, it represents a
parameter that should not be underestimated, since a subtle change in temperature can
cause various rearrangements of the polymer chains, influencing the entire system
including the release kinetic of the present bio-active compound. Temperature behaviour
was analysed in the range 0-60 °C over six steps.
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Fig. 32 Relationship between average dimension of nanoparticles and temperature

As shown in Fig. 32, increasing the temperature causes an upward trend in diameter.
However, each composition is characterized by a critical temperature (Teit),
where diameter reached the maximum value. Reduction in diameter was observed
above Tit, probably due to a reduction in hydrogen bonds amongst CS chains and water
molecules, causing a de-swelling in the system. Systems containing CS-g-PLACA
showed Tt in the temperature range 20-30 °C, while those comprising CS-g-PLA were
found at approximately 10 °C higher. These results indicate that the presence
of COO influences the thermal properties of the carrier, as they can interact with the free
amino groups, avoiding the formation of the hydrogen bond with the water molecules in
the release environment. One of the consequences related to this behaviour (swelling and
de-swelling) might be the rapid release of the drug in correspondence with the
temperature at which the T value of diameter is located ( Martinez-Ruvalcaba et al.,
2009, p. 25-32
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Table 11 Co-encapsulation efficiencies (%) of DOX and TMZ at different pH values
of release media.

pH CS CS-g-PLA | CS-g-PLACA2% | CS-g-PLACA5%
35 18% 20% 32% 36 %
(DOX+TMZ) (DOX +TMZ) | (DOX+TMZ) | (DOX +TMZ)
55% (DOX) 53% (DOX) 60% (DOX) 69% (DOX)
45% (TMZ) 47 % (TMZ2) 40% (TMZ2) 31% (TM2)
55 31% 33% 35% 31%
(DOX +TMZ) (DOX +TMZ) |  (DOX +TMZ) (DOX +TMZ)
49% (DOX) 58% (DOX) 64% (DOX) 61% (DOX)
51% (TMZ) 42%(TMZ) 36%(TMZ) 39%(TMZ)
7.4 14% 13% 23% 26%
(DOX +TMZ) (DOX +TMZ) |  (DOX +TMZ) (DOX +TMZ)
46% (DOX) 53% (DOX) 62% (DOX) 70% (DOX)
54% (TMZ2) 47%(TMZ) 38%(TMZ) 30%(TMZ)
9 3% 4% 6% 4%
(DOX +TMZ) (DOX +TMZ) |  (DOX +TMZ) (DOX +TMZ)
45% (DOX) 60% (DOX) 69% (DOX) 73% (DOX)
55% (TMZ) 40% (TMZ) 31% (TM2) 27% (TMZ)
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Release kinetic

The release profiles of drugs from the nanoparticles depend on several parameters, such
as the nature of the delivery system (the chemical structure of polymer), the drug
encapsulated and environmental factors such as pH, temperature, ionic strength and the
chemical composition of the release media.

In this work, the in-vitro DOX and TMZ release and co-release profile were studied in
phosphate buffer (pH 7.4) at 37 °C.

The kinetic parameters and coefficient of determination (R?) values obtained by
statistical regression analysis (Equation 24) of experimentally obtained data
( Fig. 33 and Fig. 34). The parameters of Equation 24 clearly describe the release profile
of the systems investigated. Generally, Cnax represents the maximum limit value of the
drug content released from the particles. The kinetic parameter k reveals the intensity of
the drug release at the initial stage of the process. Systems possessing burst effect show
typically high k values. Some of the systems are characteristic of a certain time period
between introducing the nanoparticles into the release media and actually delivering the
incorporated drug. This phenomenon, known as a lag phase, is represented by the
parameter tj,q in Equation 24 In the case of the single-loaded system, the release
efficiency, represented by Cnax approaches 0.9 mg drug/mg polymer in all systems. The
values of k show the significant effect of both DOX and TMZ release rate over 24 h.
While CS-g-PLA based nanoparticles demonstrate a typical burst effect, where the release
of 50% of DOX (tso), was observed even after 5 h, the CS-g-PLACA system reaches this
level only after 24 h (CS-g-PLACA2%) and 20 hours (CS-g-PLACA5%). This trend was
more pronounced for TMZ release. In addition, a lag phase period (tiag ~3—4 h) was
observed for CS-g-PLACA comprising samples. The higher the level of the COOH
functionalization, the more obvious the suppression of the burst effect is observable. This
Is probably due to electrostatic interactions between the COO™ groups and the positive
charged molecules of the drug, slowing diffusion towards the surface of the nanoparticles
and, subsequently, in the media (Fu and Kao, 2010, p. 429-444). Moreover, the absence
of an initial burst indicates that the whole amount of drug was located inside the structure
of the nanoparticles, meaning that it was protected from the outer environment. These
results demonstrate that CS-g-PLACA systems behave in contrast with most results
presented in the literature regarding the release of DOX or TMZ from polymeric
nanoparticles, where a burst effect of even higher than 50% of the loaded drug in a few
hours is recorded (Zhang and Gao, 2007, p. 122-128; Lin et al., 2005, p. 143-151; Jiang
etal., 2013, p. 542-548).
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Similar behaviour is found for the co-release of DOX and TMZ in PBS (Table 11). No
burst effect and a lag phase of around 2-3 h were observed (Fig. 34). CS-g-PLACA
systems confirmed the influence of COO™ groups on the release mechanism. The effect
of the extent of functionalization on the release kinetic is visible as ts values.
However, tso release was reached after 12 h. A rapid initial release occurred as regards
the CS-g-PLA system (k = 0.24 and 0.21 for DOX and TMZ, respectively. In both cases,
CS-g-PLA and CS-g-PLACA, DOX and TMZ are released with a well-balanced trend,
comparable with that obtained for the single drug. It indicates that no interference
occurred between the drugs during the release.

Table 12 The parameters of release Kkinetic regression (Equation 24) for the single
release of DOX and TMZ from CS-g-PLA and CS-g-PLACA systems (tso represents time
where 50% of the drug loaded is released).

Crnax
(mg drug/mg
polymer) k (h™%) tiag (D) R2 tso ()
DOX
CS 0.9 0.15 0 0.99 4
CS-g-PLA 0.9 0.11 0 0.98 5
CS-g-PLACA2% 0.9 0.035 3 0.86 24
CS-g-PLACA5% 0.9 0.037 4 0.94 20
T™Z
CS 0.9 0.59 0 0.99 2
CS-g-PLA 0.9 0.54 0 0.95 2
CS-g-PLACA2% 0.9 0.055 4 0.96 12
CS-g-PLACAS% 0.9 0.041 4 0.82 72
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Table 13 The parameters of co-release kinetic regression (Equation 24) for the release
of DOX and TMZ from CS-g-PLA and CS-g-PLACA systems.

Cmax k tlag R2 tso
(mgdrug/mg | (h™1) | (h) (h)
polymer)
CS DOX 0.9 - 0.95 -
0.36
T™™Z 0.9 - 0.99
0.39
CS-g-PLA DOX 0.9 - 0.88 3
0.24
T™MZ 0.9 - 0.86 3
0.21
CS-g-PLACA2% DOX 0.9 3 0.92 12
0.079
T™MZ 0.9 3 0.96 12
0.062
CS-g-PLACA5% DOX 0.85 2 0.91 15
0.061
T™Z 0.9 3 0.95 24
0.036
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Conclusions

Polymeric nanoparticles made from the amphiphilic polymers CS-g-PLA and CS-g-
PLACA loaded with DOX and TMZ were obtained through the polyelectrolyte
complexation method. Results show that the presence of -COOH groups along the PLA
side chains influence the dimension and temperature behaviour of the particles as well as
the encapsulation efficiency and release rate of the drugs.

Nanoparticles shown diameter in range 150-300 nm and {-potential between 12-34 mV
and high encapsulation and co-encapsulation efficiency of the selected drugs, DOX and
TMZ, at neutral and acidic pH (more than 50 ug/g polymer) and a good release rate
characterized by the absence of an initial burst. In CS-g-PLACA the release took place
after 4-5 h, suggesting that carboxylic groups play an important role in the release
mechanism, as well as that the drugs are located in the core of the system and are well
protected from the external medium. Furthermore, the ratio of how DOX and TMZ are
released when loaded in the same system is completely balanced, suggesting that CS-g-
PLACA is a suitable candidate as a carrier for DOX and TMZ co-administration.
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3.3 Chitosan grafted low molecular weight PLA for protein
encapsulation and burst reduction

INTRODUCTION

Drugs based on proteins, peptides and oligonucleotides tend to attract the greatest
attention due to their potential to treat chronic diseases. However, conditions inherent to
the human body always limit the therapeutic applications of such substances (Terbojevich
etal., 1996, p. 63-68).

One potential way to overcome such limitation is to control the delivery by carriers.
Various carriers have been researched for peptide and oligonucleotide encapsulation and
delivery (Tiwari et al., 2012, p.2). Many systems are based on micelles of different types,
although polymeric nanoparticles have proven of interest as delivery systems due to their
ability to penetrate physiological barriers, as well as protecting the loaded substances and
targeting them to specific cells (Singh and Lillard, 2008, p. 2239-2252).

Naturally occurring polymers, especially polysaccharides have gained large attention
within the scope of obtaining nanocarriers capable of releasing therapeutic molecules to
the target sites.

This section deals with the preparing an amphiphilic pH sensitive co-polymer,
synthetized via a grafting reaction of low molecular weight PLA to CS, as the carrier for
controlled release of the model protein bovine serum albumin (BSA). Nanoparticle were
prepared and characterized in terms of diameter, {-potential and their relation with
polymer concentration was also investigated. BSA was loaded into the nanoparticles
during their preparation; encapsulation and release kinetics were evaluated as a function
of polymer concentration in physiological solution and simulated gastric fluid at 37 °C.
Unmodified CS was used as a control to understand the influence of the PLA side chains
on the properties of the carrier.
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Results and discussions
CS-g-PLA characterization

FTIR-ATR (Fig. 35) analysis was performed to prove the occurrence of a reaction
between CS amino groups and PLA carboxylic groups as indicated in Fig.34.

Fig. 35 ATR-FTIR spectra of A) the obtained polymer and B) nanoparticles formulation
loaded and unloaded with BSA

The representative peaks (Dang and Leong, 2006) of CS backbone are: 3360 cm™! (OH
stretching), 2897 cm™! (-CH), 1595 cm™! (NH, deformation), 1548 cm™ (NH bending),
and 1068 cm™! (COC) while for PLA are: 2981 cm™ (CH stretching of methyl),
1755 cm™! (C=0 stretching), 1186 and 1086 cm™! (CO stretching). CS-g-PLA spectra
show a new peak at 1636 cm™!, ascribed to the amide bond between CS and PLA, while
the peak at 1407 cm™ (CN stretching) is more intense in CS-g-PLA than in the
unmodified sample (Liu et al., 2010, p. 301-305; Schwach et al., 1997, p. 3431-3440).

Fig. 35 B shows the FTIR-ATR spectra of the BSA, CS-g-PLA and CS-g-PLA-BSA
nanoparticles. Considering the main peaks related to BSA (Schwach et al., 1997, p. 3431-
3440 ) at 3295cm! (OH stretching), 1646 cm™' (C=0 stretching) and at
1531 cm™! (amide Il coupling and bending NH, and CN stretching). The spectra for CS-
g-PLA-BSA nanoparticles confirm the presence of BSA (1646 cm™'), while no new
chemical bonds were formed between CS-g-PLA and BSA, merely electrostatic
interactions occurred.

109


http://www.sciencedirect.com/science/article/pii/S0378517315302854#fig0015
http://www.sciencedirect.com/science/article/pii/S0378517315302854#bib0090
http://www.sciencedirect.com/science/article/pii/S0378517315302854#bib0215
http://www.sciencedirect.com/science/article/pii/S0378517315302854#bib0270
http://www.sciencedirect.com/science/article/pii/S0378517315302854#bib0270

The 'H NMR spectra presented in Fig. 36 are in accordance with results reported in
previous works (Schwach et al., 1997, p. 3431-3440) chemical shifts for chitosan appear
at 3.55-3.72 ppm (H-3, H-4, H-5, and H-6), 2.98 ppm (H-2), and 1.85 ppm (NH-CO).
The chemical shifts for CS-g-PLA are at 4.81-4.83 ppm (CH of lactyl unit), 4.62 ppm
(CH of hydroxylated lactyl unit), 3.60-3.85 ppm (H-3, H-4, H-5, and H-6), 3.15 ppm (H-
2), 2.01 ppm (NH-CO), 1.51 ppm (CHs; of lactyl units), and 3.12 ppm; the H-2 proton
signal of N-alkylation of chitosan confirms the bonding between chitosan and lactic acid.

Fig. 36 *H NMR spectra of CS and CS-g-PLA.

Quantitative evaluation of CS and CS-g-PLA free amino groups

Occurrence of the reaction between CS and PLA can be also supported by quantitative
evaluation of free amino groups present on the CS backbone before and after conjugation
with PLA.
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The N in unmodified CS and CS-g-PLA was determined by conductometric titration,
as reported in a previous work (De Alvarenga et al., 2010, p. 1155-1160). The
relationship between conductance (mS/cm) and NaOH volume is reported in Fig. 37

Fig. 37 Relationship between CS and CS-g-PLA solution conductivity (mS/cm) and volume
(mL) of NaOH 0.160 M.

It is noticeable that the relationship between conductance and NaOH volume can be
described in three main phases. In the first (Fig.37 A and B), a decrease in conductance
connected with neutralizing acidic HCI solution is observed. The second (Fig. 37 B and
C), refers to neutralizing the protonated amino groups of CS, while the last corresponds
to the excess of the base (Fig. 37 C and D). The volume (V1 and V) of the base necessary
to neutralize the free amino groups on the CS and CS-g-PLA backbones was obtained by
intersecting the three lines passing through points ~ AB-BC-CD. Once the two volumes
were obtained, the N value was calculated, as indicated in Equation 25 (De Alvarenga et
al., 2010, p. 1155-1160). Volume (V, — V;) is reduced when CS is grafted with PLA N of
pure CS confirms the value reported by the manufacturer (Sigma—Aldrich). Reduction in
N could also be considered as additional proof that a reaction between CS amino groups
and PLA carboxylic groups had occurred.
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The number of free amino groups (Fnu2) obtained by the N value reinforced that a
reaction between CS and PLA had taken place. The amount of free amino groups along
each CS chain equals 469, which also represents the number of positive charges.

Meanwhile, for CS-g-PLA the Fny is 395, around 16% lower due to the presence of PLA
chains.

Swelling studies

Fig. 38 displays the effect of pH on the SI of CS and CS-g-PLA based nanoparticles.

It is known that pH represents one of the main factors influencing the swelling
behaviour of a system, and swelling properties directly influence the release rate of the

loaded molecules (Pasparakis and Bouropoulous, 2006, p. 34-42; Chatri et al., 2011, p.
876-882).
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Fig. 38 Effect of pH on the swelling properties of CS and CS-g-PLA

The swelling trend is sharp in CS, the maximum value being at pH 5.5 (SI = 670%),
while in CS-g-PLA a range of pH exists (between pH 4 and 6) where Sl equals

approximately 600%, indicating that the presence of PLA makes the system less sensible
to pH variation.

Based on the pK, value of CS amino groups and sulphate groups presented in DS, the

species involved in the electrostatic interactions are NH3;*, NH,, SOz~ and SOsH in the
given pH of the media. In acidic condition, the swelling is controlled by the amino groups.
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As the CS amino groups are weak, bases (pK, 6.2) in the acidic media are protonated
(NHs"), causing an increase in charge density along the polymer chains. Electrostatic
repulsion between NHs" groups heightens osmotic pressure inside the nanoparticles. The
difference in osmotic pressure between the internal and external solutions of the network
Is balanced by the swelling phenomena (Kucharczyk et al., 2011, p. 1275-1285). In highly
acidic conditions (pH ~2), the presence of C1™ ions (due to HCI utilized from the acidified
solution) can shield the charges present on the amino groups, preventing efficient
repulsion and subsequently lowering the Sl (Fig. 38). The same effect occurs in alkaline
media, where the screening effect of Na* ions (from NaOH solutions used to increase pH)
reduces the Sl value.

The results presented in Fig. 39 indicate that the presence of solute diminishes the
osmotic pressure of the external solution, thereby altering swelling intensity (Pasparakis
and Bouropoulous, 2006, p. 34-42). CS-g-PLA based nanoparticles are not only less
sensitive to pH but also to ionic strength than CS based nanoparticles. The ionic strength
(1) of the used media is: SGF, | = 0.095 mol/L; PBS, | =0.100 mol/L; PS, | = 0.166; SIF,
| =0.120 mol/L.
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Fig. 39 Effect of different media composition on the swelling properties of CS and CS-g-
PLA
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Effect of polymer concentration on BSA encapsulation efficiency and loading
capacity

In Fig. 40 A and B, the influence of polymer concentration on encapsulation efficiency
(EE) and loading capacity (LC) of BSA at pH 5.5 is displayed.
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Fig. 40 Influence of polymer concentration on encapsulation efficiency (EE) and loading
capacity (LC) of BSA in preparation media pH 5.5

EE decreases from 92% to 53% in CS and from 88% to 50% in CS-g-PLA when
polymer concentration increases from 0.5 mg/mL to 7 mg/mL. Most of this decrease
could be explained by an increase in solution viscosity (Lee and Chen, 2001, p. 2487-
2496). It has been reported that higher viscosity associated with an increase in polymer
concentration could hinder encapsulation of BSA molecular movement around the
polymer chain (Jiang and Schwendeman, 2001, p. 878-885).

Maximum EE and LC are observed at 1 mg/mL polymer concentration; precisely 92%
and 88% in CS and CS-g-PLA, respectively.

Generally, CS based systems show slightly higher EE and LC values than modified
CS; except at 5 mg/mL, which is due to more intense electrostatic interactions between
negatively charged BSA molecules under preparation conditions (pH 5.5). This can be
proven by the N and Fyu values of CS and CS-g-PLA.
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The influence of polymer concentration on BSA loading parameters (EE and LC) does
not concur with values presented in other works (Mehta et al., 1996, p. 249-257).

The relationship (among EE, LC and polymer concentration) is connected not only
with the characteristics of the carrier (chemical structure), but also with the
methodologies used for preparing the nanoparticles. In the case of the W/O emulsion
technique, an increase in EE and LC occurs when polymer concentration increases.
Indeed, the contribution of high polymer concentration to encapsulation efficiency could
be interpreted in two ways.

Firstly, increasing polymer concentration means the polymer precipitates faster,
preventing diffusion of the encapsulated molecule. Secondly, high concentration
increases the viscosity of the solution, causing a delay in diffusion of the drug within the
polymer droplets (Fernandez et al., 2011, p. 1628-1651).

In the case of the PEC (polyelectrolytes complexation) technique, encapsulation is
related to electrostatic interactions between the given polymer and the loaded molecule.
Increasing the amount of polymer means that the phenomena of repulsion between the
chains strengthens, resulting in a less compact structure. If the loaded molecule is water
soluble and the preparation media is represented by water, outward diffusion of the loaded
molecule from the nanoparticles is more rapid.

However, some results regarding the EE and LC relationship with polymer
concentration are comparable with those reported in this paper (Akbuga and Bergisadi,
1999 and lzumrudov et al., 2013). In this case, it seems that viscosity of the solution
represents the main parameter potentially influencing EE and LC.

BSA release kinetics from CS and CS-g-PLA nanoparticles

Studies regarding protein encapsulation in CS and its nanoparticle-based derivatives
are conducted with the purpose of achieving a desirable release profile for a given protein
molecule, in terms of kinetics and total release (Lee and Chen, 2001, p. 2487-2496).
Protein release from CS-based nanoparticle systems is characterized by an initial burst,
when 30-70% of the loaded protein can be released within the first 3—6 h, which is
followed by slow release over a few days (Kim et al., 2003, p. 371-383). Information on
detailed controlling parameters and exact conditions to modulate the release profile of a
protein are still incomplete, and often does not concur in reported studies (Calvo et al.,
1997, p. 125-132 ; Calvo et al., 1997, p. 1431-1436).

115


http://www.sciencedirect.com/science/article/pii/S0378517315302854#bib0225
http://www.sciencedirect.com/science/article/pii/S0378517315302854#bib0130
http://www.sciencedirect.com/science/article/pii/S0378517315302854#bib0005
http://www.sciencedirect.com/science/article/pii/S0378517315302854#bib0005
http://www.sciencedirect.com/science/article/pii/S0378517315302854#bib0175
http://www.sciencedirect.com/science/article/pii/S0378517315302854#bib0205
http://www.sciencedirect.com/science/article/pii/S0378517315302854#bib0195
http://www.sciencedirect.com/science/article/pii/S0378517315302854#bib0060
http://www.sciencedirect.com/science/article/pii/S0378517315302854#bib0060
http://www.sciencedirect.com/science/article/pii/S0378517315302854#bib0065

A portion of the published results concluded that the chemical structure of the protein,
CS (in particular CS-derivative polymers), and release medium properties such as pH and
ionic strength were major factors influencing the release process (Chang and Lin, 2000,
p. 163-169).

Table 14 Kinetic parameters referred to BSA release from CS and CS-g-PLA at pH 2
and 7.4

pH 2 Crmax (%) k (hD) R? tso ()

CS 90 0.23 0.97 14
CS-g-PLA 88 0.035 0.98 58

pH 7.4

CS 90 0.54 0.94 3
CS-g-PLA 88 0.16 0.97 20

Table 14 displays the kinetic parameters and the coefficient of determination (R?)
obtained by statistical regression analysis of the experimentally obtained data (Fig. 41).
The parameters Cax, k and tso of Equation 25 clearly describe the release profile of the
systems investigated. The parameter Cnax represents the maximum concentration of the
protein that can be released from the nanoparticles under the given experimental
conditions. The kinetic constant k reveals the intensity of drug release at the initial stage.
The value k gives information on the occurrence and intensity of burst phenomena.
Systems with burst effect are typically characterized by a high k value. In both systems,
release performance is represented by Cmax and insubstantial differences are detected. The
main differences between CS and CS-g-PLA are represented by k and ts values, in
particular in SGF. CS nanoparticles demonstrate a moderate burst effect, where the
release of 50% of BSA (tsp) occurs over 14 h in SGF. A more intense burst effect is
presented in PBS, where the same amount of BSA is released in only 3 h.
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Fig. 41 Release trend of BSA from CS and CS-g-PLA in different medis; A) pH 2 and B) pH
7.4. BSA released in the first 6h after media contact in reported in panel C) pH 2
and D) pH 7.4

The release rate of BSA from CS in both tested media is characterized by two phases
in which similar curves (Fig. 41) are presented. In the first one, which goes up to 24 h,
almost 50% and 70% of loaded BSA is released in SGF and PBS, respectively. A second
phase characterized by a gradual release takes place, where around 85% of BSA is
released either in simulated gastric fluid, rather than in PBS (Fig.40).

Compared with unmodified CS, BSA release from CS-g-PLA in SGF shows reduction
in the burst-effect phenomena characterized by k = 0.035, when around 30% of the
encapsulated BSA is released in the first 24 h (Fig. 41). Over the next 150 h the release
rate is more or less constant. Afterwards, a stationary phase takes place in which 90% of
loaded BSA is released. A different trend can be seen in PBS media. In this case, the
initial tendency of release is characterized by k = 0.16, which is higher than in SGF, but
still lower than the value belonging to CS in PBS. The release curve in PBS (Fig.41) is
characterized by two main phases: the first one, extending over 24 h, shows almost 50%
of encapsulated BSA is released; afterwards, in the second phase, a slow and constant
release is visible, the remaining amount of loaded protein being released over the next
few hours.
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Both polymeric systems are characterized by slower release in SGF compared with
PBS. This could be down to two things. Firstly, CS free amino groups are protonated in
acid media (SGF), permitting electrostatically interaction with BSA negatively charged
amino acid residues thereby slowing release. In accordance with the pK; value of amino
groups (pK,=6.5), they are not protonated in PBS and less interaction with BSA
molecules is discernible. Secondly, BSA can be denatured in SGF due to the effect of pH,
hence it forms aggregate and becomes insoluble, and subsequently diffusion proceeds
gradually through the nanoparticle structure (Bhattarai et al., 2006, p.181 ; Fu and Kao,
2010, p. 429-444).

The slower release rate from CS-g-PLA systems is likely due to the presence of PLA
side chains, which make the inner structure of the nanoparticles more compact, causing
retarded diffusion of the BSA molecules. Moreover, hydrophobic interaction between
PLA chains and BSA might also influence the release rate.

These results suggest that influence is exerted on BSA release kinetics not only by the
release medium, but also by carrier structure, as is observable from the reduced intensity
of the burst effect. In the case of CS-g-PLA based nanoparticles, the reduction in burst
effect might be due to the hydrogen bonding between the amino groups of CS and
carboxylic groups in the PLA side chains; hence the same obtain a more compact structure
that diminishes the diffusion of BSA molecules (Calvo et al., 1997, p. 125-132).

The BSA release from CS concurs with results reported in the literature (Katas et al.,
2013, p.2013; Janes et al., 2001, p. 83-97). In fact, the release of BSA from polycation-
polyanion systems is dominated by a large initial burst, in which up to 60% of the loaded
compound is released in the first hours, followed by steady continuation (Amidi et al.,
2006, p. 107-116). However, the reduction in the burst phenomena in the CS-g-PLA
system suggests that the conjugation of CS with PLA causes a drop in the release rate,
especially in the initial phase. This is important in terms of the massive release of
bioactive molecules entrapped in the nanoparticles, which could alter the parameters of
pharmacodynamics and pharmacokinetics.
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Conclusions

In this study, nanoparticles made from CS and PLA grafted to CS backbone (CS-g-
PLA) were prepared for encapsulation and controlled release of the model protein BSA.

The nanoparticles were synthetized via the polyelectrolyte complexation method using
DS in mild acidic solution (pH 5.5). Particle diameter, the {-potential, and swelling
behaviour of the systems were influenced by polymer concentration and the pH of the
media. In acidic media, a reduction in particle dimension occurred when polymer
concentration increased, while in PBS a decrease followed by an increase was obtained.
TEM analysis confirmed the spherical shape and nano dimensions of the particles, even
in the presence of aggregates. The amount of BSA entrapped was around 0.250-0.450 mg
BSA/mg polymer in relation with CS and CS-g-PLA concentration. Increasing polymer
concentration caused a decrease in the encapsulation efficiency that arose due to an
increase in solution viscosity.

In vitro release studies of BSA from CS and CS-g-PLA nanoparticles in PBS pH 7.4
and SGF (pH 2), exhibited a sustained (up to one week) and controlled release in
connection with the pH of the media. Reduction in the burst effect phenomena in the CS-
g-PLA nanoparticles can be ascribed to the hydrophobic contribution of the PLA chains,
as well as to the presence of -COOH groups that influence the release mechanism of BSA.
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SUMMARY REMARKS

Polymeric nanoparticles as drug delivery systems represent a promising strategy in
biomedical field. Compare to conventional drug delivery systems they display several
advantages as increase the bioavailability, solubility, stability of different class of drugs
in particular that which are difficult to administrate orally. Moreover, the use of
nanoparticles as drug carriers increases the targeting, reduce the administration
frequency and the dosage, resulting in a better patient compliance and side effect
diminution.

Nowadays, great interest is growing in the multidrug encapsulation and delivery the
effective dose at the target site at determined time. The aim is to ameliorate the
multi-therapy approach for different diseases by administration of a single carrier which
is able to release various bioactive compounds without interactions among them.

In this view, a set of amphiphilic polymers based on chitosan and different polylactic
acid have been prepared to develop nanoparticles able to encapsulate, simultaneously,
and release in a controlled way bioactive compounds, in particular anticancer drugs and
one model protein.

All the amphiphilic polymers were obtained by coupling reaction between chitosan
amino groups and carboxylic groups of PLA. FTIR-ATR and H-NMR analysis
confirmed the occurrence of the reaction for all formulations.

Nanoparticles were prepared by polyelectrolytes complexation which is a simple,
solve free and low cost method with high reproducibility. According to the PLA side
chain and the preparation conditions, nanoparticles displayed a diameter in the range
100-250 nm,[1-potential in range 15-35 mV and high stability in preparation and
physiological like media up to one month at room temperature and in cooling conditions
(4°C).

Microscopic analysis demonstrates that almost all prepared nanoparticles presented
a spherical shape in solutions while presence of aggregates were detected in the dried
form.

All set of prepared nanoparticles were able to accommodate up to 0.8 mg of drug or
protein per mg of carrier in preparation media. A direct influence of pH and ionic
strength on the encapsulation efficiency was revealed. High encapsulation values have
been obtained in case of multidrug encapsulation as well, with a distribution of the
drugs close to 1:1.
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Results demonstrate that the presence of PLA side chain, in particular in case of
carboxy enriched PLA enables a higher encapsulation, in particular when more than
one drug is loaded.

The effect of PLA on the release kinetic of all the loaded drug and protein was
evident, in particular a noticeable reduction of the initial burst compare to unmodified
chitosan was observed. In particular, in case of carboxy enriched PLA where the release
took place after 4-5 hours following contact with the media.

The release of the loaded drugs and protein was strictly dependant to the pH of the
release media. Obtained data demonstrate the possibility to increase or reduce the
release rate by changing the pH of the environment. Increasing the pH, a faster release
was observed. It allows to modulate the release according to the environment around
the target site. Moreover, in case of multiple encapsulation no interferences occurred
during the release between the drugs which presented a release trend comparable to the
individual release.

MS analysis of the drug release from the nanoparticles proved that no changed in
structure occurred. It indicates the ability of the prepared carriers to interact only
physically with the loaded compounds and protect them from the external environment.
It is particularly important in case of protein or some anticancer drugs like TMZ which
are highly sensible to the external environment.

All the obtained data were subjected to statistical analysis to confirm the correlations
among the PLA side chain structure and the nanoparticles properties in solution,
encapsulation efficiency and in particular the release Kkinetic.
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CONTRIBUTION TO SCIENCE AND PRACTICE

The presented thesis provides a review of the polymeric based nanoparticles for
encapsulation and controlled release of bioactive molecules. All the procedure used
during the experimental work were adopted or developed according to scientific works
published in high impact factor journals.

The contribution of the reported work can be summarizing as follow:

-preparation of a set of amphiphilic polymers based on chitosan and various type of
polylactic acid;

-development of nanoparticles based on the prepared polymer and evaluation of the
physical-chemical properties, in relations to the chemical structure of PLA, and the
influence of the external environment;

- single and simultaneous loading of bioactive molecules with different molecular
weight, chemical structure and biological properties;

- Detailed evaluation of the influence of the external media, in particular simulated
body fluid, on the release Kkinetics of the loaded molecules from the nanoparticles
prepared.
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