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OBJECTIVES

The present doctorate thesis aims at studying taildéhe behaviour and properties of a
naturally derived semi-synthetic origin polymer,itokan and its combination with a
synthetic polymer belonging to the class of polyknides). To accomplish the above
objective, micro/ nano particles as well as ser@fipenetrating hydrogel networks were
prepared for biomedical applications. Various pbgsihemical characterizations of the
prepared materials have been performed and evdliratietail.

Chitosan is a biodegradable polymer with greatmiial for various applications
due to its biocompatibility, high charge densitpnrtoxicity and mucoadhesivity. It is a
semi-crystalline polymer and most of its properties known to be a function of the degree
of acetylated monomeric units. Much of the potdmifachitosan as a biomaterial stems from
its cationic nature and high charge density intsmiu The charge density allows chitosan to
form insoluble ionic complexes or complex coacersavith a wide variety of water-soluble
anionic polymers. Different strategies are adojtetthis thesis to develop systems based on
chitosan which would offer better application foeg@nerative Medicine applications.

As mentioned above, the degree of deacetylatidd) ([Dat represents indeed the
number of acetylated amino glucosidic units andrie of the most important properties of
chitosan. A simple, rapid and reliable method fog tetermination of DD of chitosan is
essential. An economical and accurate determinaifoBD for highly acetylated amino
polysaccharides has always been a challenge feamgsers dealing with chitin and chitosan.
Our aim was to prepare chitosan from its parenymet chitin and to determine the DD
values using spectroscopic and thermal technigDé$erent reaction parameters were
varied and using these data a statistical modeldeagned to define the best preparative
condition for such reactions.

The use of microsphere or bead-based therapiew dllug release to be carefully
tailored to the specific treatment sites through t¢hoice and formulation of various drug—
polymer combinations. Chitosan beads are usedawige controlled release of many drugs
and to improve the bioavailability of degradabléstances such as protein or enhance the
uptake of hydrophilic substances across the epthebmpartments. Chitosan possess a
unique capability of forming beads in the presen€enon-toxic polyanion. We tried to
exploit this ability of chitosan for the loading o model proteins Human Serum Albumin
(HSA) and Porcine Trypsin (PT). Both the proteirsrgavsuccessfully loaded into the beads
and their release behaviour was studied.

A number of studies have been conducted with the &f using chitosan-based

nanoparticles as the carriers of drugs, vaccindseaan DNA. Chitosan-based nanoparticles

XV



have provided the opportunities for the site-spedifelivery of drugs because they can
solubilize various hydrophobic drugs, increase Wadabilty and possess a long residence
time in blood circulation system. With this objeetiin mind, chitosan nanoparticles were
prepared by interaction with  poly(methacryloylgliglycine)  (MAGIyGly).
Poly(MAGIyGly) is an poly(acrylamide) based polymaith wide application in the
delivery of anti-cancer drugs. Our main focus iis twork has been in understanding the
physico-chemical characteristics of the preparewbparticles as suited to be used in drug
delivery practice.

The same underlying concept has been explored dgaprepare hydrogels with
semi- interpenetrating hydrogel networks (semi-I®N'composed of chitosan and
Poly(MAGIyGly). Hydrogels are of special interest icontrolled release applications
because of their tissue biocompatibility, the ewédn which drugs are dispersed in the
matrix and the high degree of control achievedHhsy design of the physical and chemical
properties of the polymer network. A major disadaege of the hydrogels is represented by
their relatively low mechanical strength that canrbitigated and even overcome either by
crosslinking, or by formation of interpenetratingtworks (IPNs). We used the later
approach to prepare semi-IPN’s by varying differenmpositions of the polymer and
crosslinker with a aim of allowing it to be used fissue engineering purposes. The selected
strategy was dictated and tailored to the ultinestgected application of the prepared IPN’s

in tissue engineering.
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1. CHITOSAN- A VERSATILE MATERIAL FOR REGENERATIVE
MEDICINE APPLICATIONS

1.1. Abstract

Regenerative medicine, one of the upcoming fietdgresent and future life science, finally
aims at the restoration or replacement of lost amaged organ or body part with
transplantation of new tissues in combination vétipportive scaffolds and biomolecules.
Regenerative medicine is usually defined by corningcdhe fields of tissue engineering, stem
cell research, gene therapy and therapeutic clopiing@]. Recently, functional biomaterial
research has been directed toward the developnfenew drug delivery systems and
improved scaffolds for regenerative medicine. lis tiegard, increasing attention has been
given to chitosan and its derivatives. Chitosafeésoming an undisputed biomolecule of
great potential because of its polyelectrolyte prtips, including the presence of reactive
functional groups, gel-forming ability, high adstiom capacity, complete biodegradability,
bacteriostatic, and fungistatic, even anti-tumdluence [3]. Chitosan is also bio-compatible
and non-toxic for living tissues [4,5]. These ingations confirm the suitability and
extensive applications of chitosan in regeneratieglicine. The present chapter outlines the
major new findings on the most common chitosan-basaterials. Micro/nanoparticulate
and hydrogels are widely used forms of chitosasyraey of the publications related to them
over the past decade has been done. Methods of gheparation, drug loading, release
characteristics, and applications are covered.iHletlge potential value of chitosan in tissue
engineering, wound healing and gene therapy haea lmeainly focused. The chemical
structure and relevant biological properties otta$an for regenerative medicine have also

been summarized.

1.2. Introduction

The history of chitosan dates back to the last wgntwhen Rouget [6] discussed the
deacetylated forms of the parent chitin naturaypar in 1859. During the past 20 years, a
substantial amount of work has been published @ gblymer and its potential use in

various applications. Recently, chitosan has bessidered for pharmaceutical formulation

and drug delivery applications in which attentioashbeen focused on its absorption-
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enhancing, controlled release and bioadhesive piepe Synthesized from a naturally
occurring source, this polymer has been shown tbdtle biocompatible and biodegradable
[7]. Chitosan is a linear copolymer df-(1-4) linked 2-acetamido- 2-deoxyp -D-
glucopyranose and 2-amino-2- deofy-D-glycopyranosefigure. 1(a). It is easily obtained
by deacetylation of chitin, a polysaccharide widdlgtributed in nature (e.g. crustaceans,
insects and certain fungi) [8,9]. Due to the lidiwolubility of chitin in aqueous solutions,
chitosan is more suitable for industrial applicatig10]. Chitin and chitosan polymers are a
natural and a semi-synthetic desired aminopolysaadds respectively having unique
structures, multidimensional properties, highly lesficated functions and wide ranging
applications in biomedical and other industrialaarg11-13]. The positive attributes of
excellent biocompatibility and admirable biodegtaitty with ecological safety and low
toxicity with versatile biological activities suclas antimicrobial activity and low
immunogenicity have provided ample opportunitiesftather development [14-19]. It has
become of great interest not only as a cheap asity @vailable resource but also as a new

functional biomaterial of high potential in variofislds [20-22].

1.3. General Aspectsof Chitosan
1.3.1 Structure of Chitosan

Chitosan [poly(1,4-D-glucopyranosamine)], is produced generally bytiph
deacetylation of chitin obtained from the shells apfistaceans. Chitosan molecule is a
copolymer of N-acetyl-D-glucosamine and D-glucossmiavailable in different grades
depending upon the degree of deacetylated moifitgege 1(a) [23]. It is a polycationic
polymer that has one amino group and two hydroxglgs in the repeating hexosaminide
residue figure 1(b). The sugar backbone consistspel,4-linked D-glucosamine with a
high degree of N-acetylation, a structure very Emio that of cellulose, except that the
acetylamino group replaces the hydroxyl group @ @2 position. Thus, chitosan is poly(
N-acetyl-2-amino-2-deoxy-D-glucopyranose), wheree thN-acetyl-2-amino-2-deoxy-D-
glucopyranose (or Glu-Nj units are linked by (b4)--glycosidic bonds[24]. Chitosan has

a rigid crystalline structure through inter- anttanmolecular hydrogen bonding.
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CH,0H CH,0H
0 o)
OH o OH o
NH, 0 H m
@ (b)

Figure 1. (a) Structure of chitosan ; (b) Chemical structusé chitosan. Individual atoms are
numbered. Dashed lines denote-©35 hydrogen bonds. Two dihedral angles ) defining the
main chain conformation and one dihedral angltefining the O6 orientation are indicated.

1.3.2 Source & Availability of Chitosan

Chitin is the second most abundant polysacchaiidesmture, cellulose being the
most abundant. Chitin is found in the exoskeletborostacea, insects, and some fungi. The
main commercial sources of chitin are the shelltesasf shrimp, lobster, krill and crab. In
the world several millions tons of chitin are hastezl annually [24-26]. Chitosan is obtained
by the deacetylation of chitin. Treatment of chitiith an aqueous 40-45%(w/v) NaOH
solution at 90-120°C for 4-5 h results in N-dealtatgn of chitin. The insoluble precipitate
is washed with water to give a crude sample ofoshih. The conditions used for
deacetylation determines the polymer molecular Wte@nd the degree of deacetylation
(DD). Generally, further purification is necessaoyprepare medical and pharmaceutical

grade chitosan.

1.3.3 Physicochemical Properties of Chitosan

Chitosan is insoluble at neutral and alkaline pht, forms water-soluble salts with

inorganic and organic acids including glutamic, togdhloric, lactic and acetic acids. Upon

3
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dissolution in acidic media, the amino groups & polymer become protonated rendering
the molecule positively charged. The DD represémsproportion of D-glucosamine units
with respect to the total number of units. The jrtips of chitosan (e.g. pKa and solubility)
can be modified by changing the DD and formulafiwaperties such as the pH and ionic
strength. At neutral pH, most chitosan moleculese Itheir charge and precipitate from
solution.

The primary amino groups on the molecule are ia@nd provide sites for side
group attachment using a variety of mild reactionditions, this property renders it to be an
easy molecule for side chain reactions and dezatitin. In addition, the characteristic
features of chitosan such as being cationic, heatiosand insoluble at high pH, can be
completely reversed by a sulfation process whichreader the molecule anionic and water-

soluble, and also introduce anticoagulant propefge].

Functionalization

Grafting Srossiiniing
F 1lhrl(‘alml!_;_>,--" T ey Microcontact
2 srtie ™ Printing
op 0 . : <
) Propertic Reactive
/ r o 3 Ll 1

/ < C ‘ \

/ 0 0 \

{\ W NH 3 W NH 2 J \‘

|

y A :
\ LowpH (£ > High pH /

& \
Complexation Polycationic Network-forming /
4 s/
with Polyanions (Soluble) (Insoluble) /

.,

/K .. A 7
S~ e > Casting
Laycr-by-Layer S 7"9\\;

Spinning

Assembly
Electrodeposition

Figure 2. Schematic illustration chitosan’s versatility fabkication. At low pH (less than about 6),
chitosan’s amine groups are protonated conferriraypationic behavior to chitosan. At higher pH
(above about 6.5), chitosan’s amines are deprorteEmhand reactive. Also at higher pH, chitosan can

undergo interpolymer associations that can leafider and network (i.e., film and gel) formation.

The variety of groups that can be attached tashit is almost unlimited, and side
groups can be chosen to provide specific functionallter biological properties or modify
physical properties. Due to its high molecular via¢ignd a linear unbranched structure,
chitosan is an excellent viscosity- enhancing agerscidic environments. It behaves as a
pseudoplastic material exhibiting a decrease inogfy with increasing rates of shear. The
viscosity of chitosan solution increases with acréase in chitosan concentrations, decrease
in temperature and with increasing DD, which istauctural parameter also influencing
physiochemical properties such as the moleculaghteithe elongation at break and the

tensile strength [28]. Viscosity also influenceslbgical properties such as wound-healing

4
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properties and osteogenesis enhancement as wdliodegradation by lysozyme [29].

Chitosan, which is polycationic in acidic environm® possesses an ability to form gels at
acidic pH values because it is hydrophilic and eetain water in its structure. Exposure to
high temperatures can change the physical propediechitosan, affecting its aqueous

solubility, rheology, and appearance.

1.3.4 Biological Properties of Chitosan

Chitosan has been used as a safe excipient infdrogilations over the last two
decades [30]. This polymer also attracted the &tterof pharmaceutical scientists as a
mucoadhesive polymer. Chitosan in the swollen dt@t® been shown to be an excellent
mucoadhesive and a natural bioadhesive polymerciratadhere to hard and soft tissues; it
has been used in dentistry, orthopaedics, ophtiHagyoand in surgical procedures. It
adheres to epithelial tissues and to the mucus @sent on the surface of the tissues. A
variety of chitosan-based colloidal delivery systelmave been described in the literature for
the mucosal delivery of polar drugs, peptides, ginst vaccines and DNA. Clinical tests
carried out in order to promote chitosan-based bienmls do not report any inflammatory
or allergic reactions following implantation, injemn, topical application or ingestion in the
human body [31]. It has been demonstrated thategegf deacetylation has no significant
influence on then vitro andin vivo cytocompatibility of chitosan films with keratinges
and fibroblasts. The chitosan films with a low degrof deacetylation are very good
biomaterials for superficial wound-healing [31]. @nplaced on the wound, they adhere to

fibroblasts and favor the proliferation of keratigtes and thereby epidermal regeneration.

1.3.5 Biodegradability of Chitosan

An important aspect in the use of polymers as diafivery systems is their
metabolic fate in the body or biodegradation. le ttase of the systemic absorption of
hydrophilic polymers such as chitosan, they shddsle a suitable molecular weight for
renal clearance. If the administered polymer's isizarger than this, then the polymer should
undergo degradation. Biodegradation (chemical aryeratic) would provide fragments
suitable for renal clearance. Chemical degradatiorthis case refers to acid catalysed
degradation i.e. in the stomach. Although oxidati@duction depolymerisation and free
radical degradation [32] have been reported [38%¢hare unlikely to be a significant source

or degradation in vivo. Chitosan can be degradeernzymes which hydrolyse glucosamine—
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glucosamine, glucosamine—N-acetyl-glucosamine andaceélyl-glucosamine—N-acetyl-
glucosamine linkages [34].

Chitosan is thought to be degraded in vertebnatedominantly by lysozyme and
by bacterial enzymes in the colon [35]. Howevegheihuman chitinases (in the glycoside
hydrolase 18 family) have been identified, threentiich have shown enzymatic activity
[36]. A variety of microorganisms synthesises andéegrades chitin, the biological
precursor of chitosan. In general, chitinases iorogrganisms hydrolyze N-acet§ld,4-
glucosaminide linkages randomly i.e. they are ectitinases (EC 3.2.1.14). Chitinases are
also present in higher plants, even though thepatchave chitin structural components. In
general, both rate and extent of chitosan biodedpitity in living organisms are dependent
on the DD [37,38]. Increasing DD decreases theatigion rate. The extent of degradation
is related to the rate, as all the studies are woted over a finite lifetime. It is likely that,
given adequate time and appropriate conditionschiitesans would degrade sufficiently for

consequent excretion.

1.3.5.1 Biodegradation- In-vitro

Chemical characterisation assays determining tlegradiation of chitosan
commonly use viscometry and/or gel permeation clatography to evaluate a decrease in
molecular weight [39]. Lysozyme has been found fiiciently degrade chitosan; 50%
acetylated chitosan had 66% loss in viscosity &térh incubation in vitro at pH 5.5 (0.1 M
phosphate buffer, 0.2 M NaCl, 37 °C) [39]. This detation appears to be dependent on the
degree of acetylation with degradation of acetgatkitosan (more chitin like) showing the
faster rate [40,41]. Surprisingly, a range of pagts were found to degrade chitosan films to
varying degrees, with leucine amino-peptidase béegmost effective, degrading the film
by 38% over 30 days [42]. Pectinase isozyme frompefgilus niger has also been shown to
digest chitosan at low pH providing lower moleculaeight chitosans [43,44]. More
therapeutically relevant, is the digestion of c&déto with rat cecal and colonic bacterial
enzymes. It was found that degradation was causstbminantly by extracellular enzymes
and that degradation was related to both DD anceoutdr weight. Compounds of lower
molecular weight and lower DD are more susceptidlg]. In a similar experiment,
McConnell et al used human faecal preparations and showed signifidegradation of
chitosan films, glutaraldehyde crosslinked filmsl anpolyphosphate crosslinked films [45].
Porcine pancreatic enzymes were shown to degrlds @iver the time periods investigated

(4 h and 18 h). The type of crosslinker used ferfitm formation influenced the degradation
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rate; glutaraldehyde to a greater degree thanlypposphate, an effect that was more
pronounced with the high (310-600 kDa) and medid®0{310 kDa) molecular weight

chitosans.

1.3.5.2 Biodegradation- In-vivo

Chitosan degradation after intravenous administndias been reported scarcely. It
is somewhat unclear what the mechanism of degmdds when chitosan is injected
intravenously. Some authors are of the view thatribution degradation and elimination
processes are strongly dependent on molecular tvétgbsible sites of degradation, inferred
due to the localisation of chitosan, may be therliand kidney. In one of the few studies
reported, chitosan oligosaccharides were foundptegulate lysozyme activity in the blood
of rabbits injected intravenously with 7.1-8.6 ngy/k46]. Chitosan has also been
administered subcutaneously, in most cases as planim A proposed skin substitute of
glutaraldehyde crosslinked chitosan/collagen wéatively stable over time compared to
collagen alone when implanted subcutaneously irbite{47]. Oral administration of
chitosan has shown some degradation in the gatgstiimal tract. The digestion of chitosan,
occurring predominantly in the gut, was found to dpecies dependent with hens and
broilers being more efficient digesters (67—98%rddgtion after oral ingestion) than rabbits
(39-83% degradation) [48].

1.3.6 Biodistribution of Chitosan

One of the most studied aspects of chitosan ibid@distribution, especially using
methods other than intravenous administration. Ts#ribution is related to all aspects of
the chitosan formulation from the molecular weigintd DD to the size of the delivery
vehicle. In the case of a nanoparticulate formaitgtithe kinetics and biodistribution will
initially be controlled by the size and charge bé tnanoparticles and not by chitosan.
However, after particle decomposition to chitosad &ee drug, inside the cells or target
tissue, free chitosan will distribute in the bodgdaeliminate accordingly. Elimination
processes may be preceded by biodegradation. Terstadd chitosan biodistribution the
kinetics of its labeled (radio or fluorescent) nfaditions should be followed, assuming that

the label is neither labile nor affecting the plegsihemical properties of the chitosan.
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1.3.6.1Distribution after Intravenous Administration

In an attempt to prepare Holmium-166 based radiophceuticals for tumours,
Suzukiet al [49] administered chitosan (700 kDa) with Holmili®6 in a chelate complex
form and studied its distribution in rats and migdéey found that 72 h after intravenous
administration, 4.2% and 4.8% of the radioactiwitgs recovered in the urine and feces
respectively, whereas 90.6% was found in the car§48]. Banerjeect al. describe the
distribution of intravenously injected 99mTc lakkleanoparticles (<100 nm) in Swiss
albino mice. Nanoparticles were tested for radielatability and 80% of the radioactivity
was associated with the particles after 3 h. Nariimbes were administered in mice and an
apparent evasion of the reticuloendothelial sys{®BS) was suggested as radioactivity
decreased in organs of this system but remaineolesta the blood after 1 h [50].
Unfortunately, the nanoparticles were not suffiienstable to look at long term
distributions. However accumulation in the liversagetected.

Richardsoret al. reported on radio-labeled chitosan (125I) of ¢hd#ferent molecular
weight fractions (<5 kDa, 5-10 kDa and >10 kDa) hmtlistribution was assessed at 5 min
and 1 h in male Wistar rats [51]. The authors fouA8% of the recovered dose of the <5
kDa chitosan in the blood at 5 min and ~30% remngitin the blood at 1 h. This was not the
case for the 5-10 kDa and >10 kDa chitosans winer& min blood recovery was ~15% and
~12% and the 1h ~8% and ~4% respectively. The majan of uptake appears to be the
liver, where accumulation was found to increasé witreasing molecular weight. However,
there was a recovery of less than 60% of the talatinistered dose (in harvested tissue) in
all cases and it was not normalized to the tisseigit [51]. All three studies found the liver
to be a significant site of accumulation; this e¢blné due to this organ being a primary site of
metabolism as seen with radio-labeled dextran [52].

A potential method to study native chitosan withsignificant modification would
be to use 14C as a label e.g. in the food souncthéoanimal/fungi producing the chitin so
that the saccharide backbone is labeled, as dateofi native chitosan is somewhat of a

challenge [53].

1.3.6.2 Distribution after intraperitoneal adminisition

FITC-labeled chitosan (50% DD, 100 kDa) was pre@aoy FITC coupling and
chromatographed for purification. This labeled ek#tn was administered intraperitoneally

and it was completely absorbed form the peritowealty (no evidence in abdominal fluid
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after 14 h). FITC-chitosan was found to be predamily localised in the kidney at 1 hin a
mouse model. There was a rapid renal excretion (2880 at 1 h, 100% in 14 h) with

evidence of degradation due to a decrease in thecodar weight [54].

1.3.6.3Tissue distribution after oral administration

Oral dosage forms use chitosan as an excipighwh chitosan does not strictly
fit the definition of excipient as it has many Hgical effects. It has been suggested that
chitosan chelates fat and reduces cholesterol Hisf &nd its mechanism, is somewhat
debatable [55,56]. Apart from the effect that ckéto may have on bile salts and
gastrointestinal milieu, the uptake of chitosanoirthe bloodstream is generally not
investigated in oral administration studies. Chitds systemic absorption and distribution
from this route of delivery has been observed tolavgely dependent on the molecular
weight. It has been seen in some cases that oligosteowed some absorption whereas
larger molecular weight chitosans were excretedchaut being absorbed. This effect was
seen with FITC-labeled chitosans with 3.8 kDa (88.BD) chitosan having the greatest
plasma concentration after oral administration 89 RDa (84.9% DD) having almost no
uptake. Increasing molecular weight was seen toedse the plasma concentration in this,

one of the only studies investigating plasma cotraéion after oral administration [57].

2.1.6.4 Intracellular chitosan distribution

Although native chitosan has not been investigathd intracellular uptake and
distribution of chitosan/DNA complexes have beendm&d in vitro [58-60]. Chitosan
polyplex uptake at 37 °C was 3-fold higher thandalC [58] but this could be due to
increased interaction and not an ATP dependent attido mechanism. The authors
suggested nuclear localization and they also sti#téd dissociation of the DNA from the
chitosan. In a more comprehensive study, Lesirg. stained for lysosomes and found some
co-localization with chitosan DNA nanoparticles. wver, the majority of the polyplexes
were found in the cytosol [59]. A complex of doxbitin with chitosan has also been
studied; complexes enter cells through an endoaychanisms which was not further
elucidated [61].
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1.3.7 Toxicity of Chitosan

Chitosan is widely regarded as being a non-tdxiglogically compatible polymer
[62]. It is approved for dietary applications inpaa, Italy and Finland [63] and it has been
approved by the FDA for use in wound dressings.[@4]je modifications perfomed on
chitosan could make it more or less toxic and assidual reactants should be carefully
removed.

1.3.7.1 In-vitro toxicity

In a series of articles Schippetral described the effects of chitosans with differing
molecular weights and DD on CaCo-2 cells, HT29-ld amsitu rat jejunum. Toxicity was
found to be DD and molecular weight dependent. igh DD the toxicity is related to the
molecular weight and the concentration, at lower @Ricity is less pronounced and less
related to the molecular weight. However most of thitosans tested did not increase
dehydrogenase activity significantly in the concatibn range tested (1-5Q@y/ml) on
Caco-2 cells. The in situ rat jejunum study showedncrease in LDH activity with any of
the chitosans tested (p@/ml) [65,66]. A study that reveals safety of matsris the red cell
haemolysis assay. Haemolysis was not observed (X086 1 h and 5 h with chitosans of
<5 kDa, 5-10 kDa and >10 kDa at concentrationspofau5 mg/ml [51]. As well, no red
blood cell lysis was observed with paclitaxel ch#o micelles at 0.025 mg/ml [67].

Interestingly, chitosan and its derivatives seerbd toxic to several bacteria [68],
fungi [69] and parasites [70]. This pathogen relatxicity is an effect which could aid in
infectious disease control. When emulsions comtginchitosans were tested, bacterial
inhibition took place in acidic solutions pH 5-5a31d a 87 kDa 92% DD chitosan was more
effective than a 532 kDa 73% DD chitosan againgh H@seudomonas aeruginosa and
Staphylococcus aureus. A lipid emulsion of the sachéosans was found to have
antimycotic effect against Candida albicans and efgilus niger [68]. In tests of
meglumine antimoniate against Leishmania infantuweis found that the chitosan excipient
had anti-parasitic properties (IC50 112.64+ 0.53mhdor promastigotes and 100.81+26.45
mg/ml for amastigotes) [70]. None of these studtigsothesized a mechanism of action for

the inhibitory effect observed.
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1.3.7.2 In-vivo toxicity

In vivo toxicity particularly after long term adnistration is of high importance for
the design of drug delivery forms based on chitotam relatively long study (65 days), no
detrimental effect on body weight was found wheitogan oligosaccharides were injected
(7.1-8.6 mg/kg over 5 days). An increase in lysoz\autivity was apparent on the first day
post injections [71].

Raoet al. stated no “significant toxic effects” of chitosamacute toxicity tests in
mice, no eye or skin irritation in rabbits and qanpigs respectively. In the same study it
was also concluded that chitosan was not pyrogétdeever, no concentration or DD of the
chitosan used was noted [72]. Even though no dostated in his work , no detrimental
effects were noted by Richardsenal [51]. The LD50 of paclitaxel chitosan micelles in
mice was 72.16 mg/kg, no anaphylaxis was obsermeduinea pigs and no intravenous
irritation was observed histopathologically in rablat 6 mg/kg [67]. No adverse effects at
3.3-4 mg/kg were reported by Banergteal [50]. In a study on fat chelation, 4.5 g/day
chitosan (molecular weight and DD not noted) in humwas not reported toxic, although
no significant reduction in fat was found [73]. At al. found that chitosan has an LD50
comparable to sucrose of >16 g/kg in oral admiaigin to mice [74]. No oral toxicity was
found in mice treated with 100 mg/kg chitosan namtples (80 kDa, 80% DD) [75].
Exposure of rat nasal mucosa to chitosan solutein®.5% (w/v) over 1 h caused no
significant changes in mucosal cell morphology carep to control [76]. From most studies
reported it appears that chitosan shows minimatteffects and this justifies its selection as

a safe material in drug delivery.

1.4. Chitosan Based Systemsfor Regenerative Medicine Applications

1.4.1 Chitosan Micro/nano Particles

If DD and molecular weight of chitosan can be colfed, then it would be a
material of choice for developing micro/nanopaecl Chitosan has many advantages, and
these include its ability to control the releaseactive agents and the avoid use of hazardous
organic solvents while fabricating particles siiitces soluble in aqueous acidic solution. In
view of the above-mentioned properties, chitosaexensively used in developing drug
delivery systems [77-84]. Particularly, chitosans Haeen used in the preparation of

mucoadhesive formulations [85,86,76,87], improvitg dissolution rate of the poorly
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soluble drugs [80,88,89], drug targeting [90,91H aanhancement of peptide absorption
[86,76,92]. Different types of chitosan based dietivery systems are summarized in Table
1. The micro/nanoparticulate drug delivery systesffer numerous advantages over the
conventional dosage forms. These include improvichey, reduced toxicity and improved
patient compliance [93,94-96]. In the present sectve have addressed the trends in the
area of micro/nanoparticulate chitosan-based deliyaty systems. Literature of the past

decade has been covered and results are evaluated.

Table 1 Chitosan based drug delivery systems prepared Igrdift methods.

Type of system M ethod of preparation
Tablets Matrix coating
Capsules Capsule shell

Emulsion cross-linking
Coacervation/Precipitation
Microspheres Spray drying
lonic gelation
Sieving method
Emulsion-droplet coalescence

Nanopatrticles ) S
Coacervation/Precipitation

Beads Coacervation/Precipitation
Films Solution casting
Gel Crosslinking

1.4.1.1 Methods for the preparation of Chitosan mafnanoparticles

Different methods have been used to prepare énitparticulate systems. Selection
of any of the methods depends upon factors sugradile size requirement, thermal and
chemical stability of the active agent, reproduitipiof the release kinetic profiles, stability
of the final product and residual toxicity assoethtwith the final product. However,
selection of any of these methods depends uponahee of the active molecule as well as

the type of the delivery device.
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1.4.1.1.1 Emulsion crosslinking

This method utilizes the reactive functional amgreup of chitosan to cross-link
with the possible reactive groups of the crossitigkagent. In this method, a water-in-oil
(w/o) emulsion is prepared by emulsifying the cédto aqueous solution in the oil phase.
Aqueous droplets are stabilized using a suitabtéastant. The stable emulsion is cross-
linked by using an appropriate cross-linking agenharden the droplets. Microspheres are
filtered and washed repeatedly with alcohol anch tthéed [97]. By this method, size of the
particles can be controlled by controlling the sife@queous droplets. However, the particle
size of final product depends upon the extent o$silinking agent used while hardening in
addition to speed of stirring during the formatiminemulsion. This method is schematically
represented ifigure 3 The emulsion cross-linking method has few drawbasince it
involves tedious procedures as well as use of harsks-linking agents, which might
possibly induce chemical reactions with the actigent. Also, complete removal of the un-
reacted crosslinking agent may be difficult in thiscess.

Agnihotri et al [98] have used the emulsion crosslinking methodprepare
chitosan microspheres to encapsulate diclofenaitiisodsing three crosslinking agents viz,
glutaraldehyde, sulfuric acid and heat treatmeritrddpheres were spherical with smooth
surfaces. The size of the microparticles rangewvéxt 40 and 230 um. Among the three
cross-linking agents used, glutaraldehyde crosetinmicrospheres showed the slowest
release rates while a quick release of diclofermtiupn was observed by the heat cross-
linked microspheres. Sankaet al [99] prepared the chitosan-based pentazocine
microspheres for intranasal delivery. Formulati@emgmeters such as drug loading, polymer
concentration, stirring speed during cross-linkiengd oil phase were altered to develop
microspheres having good in vivo performanbe.vivo studies indicated a significantly
improved bioavailability of pentazocine. Applicatioof in vitro data to various kinetic

models indicated that these systems followed tffasitbn controlled release kinetics.
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Figure 3. Schematic representation of preparation of chitoparticulate systems by emulsion cross-
linking method

1.4.1.1.2 Coacervation/ Precipitation

This method utilizes the physicochemical prop@eftehitosan since it is insoluble
in alkaline pH medium, but precipitates/coacervatlgn it comes in contact with alkaline
solution. Particles are produced by blowing chitosalution into an alkali solution like
sodium hydroxide, NaOH-methanol or ethanediaminegua compressed air nozzle to form
coacervate droplets. Separation and purification particles are done by
filtration/centrifugation followed by successive stdng with hot and cold water. The
method is schematically representedigure 4 Varying compressed air pressure or spray-
nozzle diameter controlled the size of the partid@d then using a crosslinking agent to
harden particles can control the drug release. oGhit microspheres loaded with
recombinant human interleukin-2 (rIL-2) have beewpared by dropping of rIL-2 with
sodium sulfate solution in acidic chitosan solutj@80]. When protein and sodium sulfate
solutions were added to chitosan solution and dutie precipitation of chitosan, the protein
was incorporated into microspheres. This methatkigid of cross-linking agent. The rIL-2
was released from microspheres in a sustained mdonep to 3 months. Efficacy of the

systems developed was studied by using two modisl wiz., HeLa and Lstrain cell lines.
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Microspheres were taken up by the cells and riL&s weleased from the microspheres.
Chitosan—DNA nanoparticles have been prepared ubmgomplex coacervation technique
[101]. Important parameters such as concentrat@mm®NA, chitosan, sodium sulfate,

temperature, pH of the buffer and molecular weighitschitosan and DNA have been
investigated. At the amino to phosphate group rdt@ween 3 and 8 and chitosan
concentration of 100 ng/ mL, the particle size wptimized to 100-250 nm with a narrow
distribution. Surface charge of these particles slaghtly positive with a zeta potential of

112 to 118 mV at pH lower than 6.0, and becamelyermutral at pH 7.2. The chitosan—
DNA nanoparticles could partially protect the ermdpted plasmid DNA from nuclease

degradation.

I

Blower

Chitosan
solution

Alkali
solution

Figure 4. Schematic representation of preparation of chitosgarticulate systems by

coacervation/precipitation method

1.4.1.1.3 Spray-drying

Spray-drying is a well-known technique to produpewders, granules or
agglomerates from the mixture of drug and excipsaititions as well as suspensions. The
method is based on drying of atomized droplets istraam of hot air. In this method,
chitosan is first dissolved in aqueous acetic aoidtion, drug is then dissolved or dispersed

in the solution and then, a suitable cross-linkaggnt is added. This solution or dispersion is
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then atomized in a stream of hot air. Atomizatieads to the formation of small droplets,
from which solvent evaporates instantaneously teado the formation of free flowing
particles [102]. Various process parameters arbetaontrolled to get the desired size of
particles. Particle size depends upon the sizepila, spray flow rate, atomization pressure,
inlet air temperature and extent of crosslinkingisTmethod is however more commonly
used for the preparation of microparticles thannfanoparticles. Huangt al [103] prepared
chitosan microspheres by the spray-drying methaaguype-A gelatin and ethylene oxide—
propylene oxide block copolymer as modifiers. Seefanorphology and surface charges of
the prepared microspheres were investigated uditld &nd microelectrophoresis. Shape,
size and surface morphology of the microspherese vagnificantly influenced by the
concentration of gelatin. Betamethasone disodiumosphate-loaded microspheres
demonstrated a good drug stability (less 1% hydislproduct), high entrapment efficiency
(95%) and positive surface charge (37.5 mV). Imovidrug release from the microspheres
was related to gelatin content. Microspheres cairtgi gelatin/chitosan ratio of 0.4-0.6
(w/w) showed a prolonged release up to 12 h. Interostudy [104], vitamin D2 (VD2),
also called as ergocalciferol, was efficiently gmdated into chitosan microspheres
prepared by spray-drying method. The microencapetilproduct was coated with ethyl
cellulose. The sustained release property of VD&wospheres was used for the treatment of

prostatic disease [105].

1.4.1.1.4 Emulsion-droplet coalescence method

The novel emulsion-droplet coalescence methodd&asloped by Tokumitset al

[106], which utilizes the principles of both emulsi cross-linking and precipitation.
However, in this method, instead of cross-linkihg stable droplets, precipitation is induced
by allowing coalescence of chitosan droplets withOM droplets. First, a stable emulsion
containing aqueous solution of chitosan along withg is produced in liquid paraffin oil and
then, another stable emulsion containing chitogspreaus solution of NaOH is produced in
the same manner. When both emulsions are mixedr unigb-speed stirring, droplets of
each emulsion would collide at random and coalebegeby precipitating chitosan droplets
to give small size particles. The method is scharally shown infigure 5 Gadopentetic
acid-loaded chitosan nanoparticles have been prdphy this method for gadolinium
neutroncapture therapy. Particle size depends ubentype of chitosan, i.e., as the %
deacetylation degree of chitosan decreased, pmarScie increased, but drug content

decreased. Particles produced using 100% deaeatytditosan had the mean particle size
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of 452 nm with 45% drug loading. Nanoparticles welbgained within the emulsion-droplet.
Size of the nanopatrticle did not reflect the droplee. Since gadopentetic acid is a bivalent
anionic compound, it interacts electrostaticallythwihe amino groups of chitosan, which
would not have occurred if a cross-linking agenised that blocks the free amino groups of
chitosan. Thus, it was possible to achieve higletogentetic acid loading by using the

emulsion-droplet coalescence method compared tsittiggle emulsion crosslinking method.

NaOH emulsion (w/0)

High speed stirring ‘ Solidification of chitosan

Centrifugation & washing

0

| Separation of particles I

Figure 5. Schematic representation of preparation of chitogamticulate systems by emulsion —

droplet coalescence method

1.4.1.1.5 lonic gelation

The use of complexation between oppositely chameadromolecules to prepare
chitosan microspheres has attracted much atteboause the process is very simple and
mild [107,108]. In addition, reversible physicaloss-linking by electrostatic interaction,
instead of chemical cross-linking, has been appbeavoid the possible toxicity of reagents
and other undesirable effects. TripolyphosphateP)T8 a polyanion, which can interact
with the cationic chitosan by electrostatic for¢&89,110]. Bodmeieet al [111] reported
the preparation of TPP—chitosan complex by droppimitpsan droplets into a TPP solution,
many researchers have explored its potential pharat@al usage [112-117]. In the ionic

gelation method, chitosan is dissolved in aqueangia solution to obtain the cation of
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chitosan. This solution is then added dropwise umdastant stirring to polyanionic TPP
solution. Due to the complexation between oppbsitbarged species, chitosan undergoes
ionic gelation and precipitates to form sphericaltigcles. The method is schematically
represented ifigure 6
Ko et al [118] prepared chitosan microparticles with TBRHe ionic cross-linking

method. Particle sizes of TPP-chitosan micropa&sislaried from 500 to 710 nm with drug
encapsulation efficiencies more than 90%. Morphielegf TPP-chitosan microparticles
have been examined by SEM. As the pH of TPP saldecreased and molecular weight of
chitosan increased, microparticles acquired bedpdrerical shape having smooth surface.
Release of felodipine as a model drug was affebtedhe preparation method. Chitosan
microparticles prepared at lower pH or higher com@ion of TPP solution resulted in a
slower release of felodipine. With a decreasing enalar weight and concentration of
chitosan solution, the drug release increased. fEtease of drug from TPP-chitosan
microparticles decreased when the cross-linking timas increased. Xu and Du [119] have
studied different formulations of chitosan nanojgtes produced by the ionic gelation of
TPP and chitosan. TEM indicated their diameter iramdetween 20 and 200 nm with
spherical shape. FTIR confirmed tripolyphosphornioups of TPP linked with ammonium
groups of chitosan in the nanoparticles. Factoes #ifect the delivery of bovine serum
albumin (BSA) as a model protein have been studiégse include molecular weight and
deacetylation degree of chitosan, concentrationsctofosan and BSA, as well as the

presence of polyethylene glycol (PEG) in the enaglgt®n medium.

T

Chitosan solution

) High speed stirrer

oleoleole]

[ I =) Polyanionic solution
o0 %0

00 aE

000 0 0 g ¢ O===== Chitosanparticles

Figure 6. Schematic representation of preparation of chitoparniculate systems by ionic gelation

method

18



CHAPTER 1 — CHITOSAN-A VERSATILE MATERIAL FOR REGENERATIVE MEDICINE APPICATIONS

1.4.1.1.6 Reverse micellar method

Reverse micelles are thermodynamically stableidiquixtures of water, oil and
surfactant. Macroscopically, they are homogeneousl #&otropic, structured on a
microscopic scale into aqueous and oil microdomséparated by surfactant-rich films. One
of the most important aspects of reverse micellgtdtb systems is their dynamic behavior.
Nanoparticles prepared by conventional emulsidgrperization methods are not only large
(>200 nm), but also have a broad size range. Pagparof ultrafine polymeric nanoparticles
with narrow size distribution could be achieved using reverse micellar medium [120].
Since micellar droplets are in Brownian motion, ythendergo continuous coalescence
followed by re-separation on a time scale thatesmbietween millisecond and microsecond
[121]. The size, polydispersity and thermodynantéb#ity of these droplets are maintained
in the system by a rapid dynamic equilibrium. listinethod, the surfactant is dissolved in a
organic solvent to prepare reverse micelles. Tg, #gueous solutions of chitosan and drug
are added with constant vortexing to avoid anyitlitfp The aqueous phase is regulated in
such a way as to keep the entire mixture in ancaltyi transparent microemulsion phase.
Additional amount of water may be added to obtamaparticles of larger size. To this
transparent solution, a cross-linking agent is ddei¢h constant stirring, and cross-linking is
achieved by stirring overnight. The maximum amoahtdrug that can be dissolved in
reverse micelles varies from drug to drug and baset determined by gradually increasing
the amount of drug until the clear microemulsiotrésformed into a translucent solution.
The method is schematically representedignre 7. Mitra et al [122] have encapsulated
doxorubicin— dextran conjugate in chitosan nandglag prepared by reverse micellar
method. The surfactant sodium bis(ethyl hexyl) aaltcinate (AOT), was dissolved in n-
hexane. This procedure produced chitosan nanolgasrémcapsulating doxorubicin—dextran

conjugate.
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Figure 7. Schematic representation of preparation of chitoparticulate systems by reverse micellar

method

19



PHD THESIS—MAMONI DASH

1.4.1.1.7 Seiving method

Recently, Agnihotri and Aminabhavi [123] have deped a simple, yet novel
method to produce chitosan microparticles. In thethod, microparticles were prepared by
cross-linking chitosan to obtain a non-sticky glakgdrogel followed by passing through a
sieve as shown ifigure 8 In the work by Agnihotret al, a suitable quantity of chitosan
was dissolved in 4% acetic acid solution to formhiak jelly mass that was cross-linked by
adding glutaraldehyde. The non-sticky cross-linkesiss was passed through a sieve with a
suitable mesh size to get microparticles. The nparticles were washed with 0.1 N NaOH
solution to remove the un-reacted excess glutdngttkeand dried overnight in an oven at 40
8C. Clozapine was incorporated into chitosan beforesslinking with an entrapment
efficiency up to 98.9%. This method is devoid afiteis procedures, and can be scaled up
easily. Microparticles were irregular in shape,hwiihe average particle sizes in the range
543-698 nm. The in vitro release was extended uf2ch, while the in vivo studies

indicated a slow release of clozapine.

Sieve
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@
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g

containing drug

-]
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o

Particles loaded with drug

Figure 8. Schematic representation of preparation of chitogarticulate systems by seiving method

1.4.1.2 Drug loading into Chitosan micro/nanopartes

Drug loading in micro/nanoparticulate systems bandone by two methods, i.e.,
during the preparation of particles (incorporaticand after the formation of particles
(incubation). In these systems, drug is physicathbedded into the matrix or adsorbed onto
the surface. Various methods of loading have besmldped to improve the efficiency of
loading, which largely depends upon the methodreparation as well as physicochemical
properties of the drug. Maximum drug loading canalbkieved by incorporating the drug

during the formation of particles, but it may géfeated by the process parameters such as
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method of preparation, presence of additives, Btth water-soluble and water-insoluble

drugs can be loaded into chitosan-based particelatiems. Water soluble drugs are mixed
with chitosan solution to form a homogeneous mixtand then, particles can be produced
by any of the methods discussed before.

Water-insoluble drugs and drugs that can pred#ita acidic pH solutions can be
loaded after the formation of particles by soaking preformed particles with the saturated
solution of drug. Diclofenac sodium, which precés in acidic pH conditions, has been
loaded by the soaking method [98]. In this metHodding depends upon the swelling of
particles in water. Percentage loading of drug eesed with increasing cross-linking due to
decreased swelling. Water-insoluble drugs can bésdoaded using the multiple emulsion
technique. In this method, drug is dissolved inudable solvent and then emulsified in
chitosan solution to form an oil-in-water (o/w) &g mulsion. Sometimes, drug can be
dispersed into chitosan solution by using a suafaicto get the suspension. Thus, prepared
o/w emulsion or suspension can be further emutsifio liquid paraffin to get the oil-water-
oil (o/w/o) multiple emulsion. The resulting drotdecan be hardened by using a suitable
cross-linking agent. Hejazi and Amiji [124] haveepared chitosan microspheres by ionic
cross-linking and precipitation with sodium sulfafevo different methods were used for
drug loading. In method I, tetracycline was mixeithwehitosan solution before simultaneous
cross— linking and precipitation. In method Il, grwas incubated with the pre-formed
microspheres for 48h. Cumulative amount of tettiog that was released from chitosan
microspheres and stability of drug was examineddifierent pH media at 37 °C.
Microspheres with a spherical shape having an geeddiameter of 2— 3 nm were formed.
When drug was added to chitosan solution beforsselioking and precipitation, only 8%
(w/w) was optimally incorporated in the final misghere formulation. When drug was
incubated with the pre-formed microspheres, a marinof 69% (w/w) could be loaded.
About 30% of tetracycline either in solution or wheeleased from the microspheres was
found to degrade at pH 1.2 in 12 h. Preliminaryhssof this study suggested that chitosan
microspheres can be used to incorporate antibihtigs, which may be effective when

administered locally in the stomach against H. pylo
1.4.1.3 Drug release & release kinetics
Drug release from chitosan-based particulate systdepends upon the extent of

cross— linking, morphology, size and density of raticulate system, physicochemical

properties of the drug as well as the presenceéljofants. In vitro release also depends upon
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pH, polarity and presence of enzymes in the disswiumedia. The release of drug from
chitosan particulate systems involves three differmechanisms: (a) release from the
surface of particles, (b) diffusion through the #aw rubbery matrix and (c) release due to
polymer erosion. In majority of cases, drug reledskows more than one type of
mechanism. In case of release from the surfacegriagld drug instantaneously dissolves
when it comes in contact with the release mediunugDentrapped in the surface layer of
particles also follows this mechanism. This typednfg release leads to burst effect. éte
al. [102] observed that cemetidine-loaded chitosatcraspheres have shown burst effect in
the early stages of dissolution. Most of the drugsweleased within few minutes when
particles were prepared by spray drying technidpereasing the cross-linking density can
prevent the burst release. This effect can alsavoégded by washing microparticles with a
proper solvent, but it may lead to low encapsuragéficiency.

Drug release by diffusion involves three stepststFiwater penetrates into
particulate system, which causes swelling of thérimjesecondly, the conversion of glassy
polymer into rubbery matrix takes place, while thied step is the diffusion of drug from the
swollen rubbery matrix. Hence, the release is dhutially and later, it becomes fast. This
type of release is more prominent in case of hyelogAl-Helwet al [125] observed a high
initial release of the drug in all the preparednfatations. Nearly, 20— 30% of the
incorporated drug was released in the first howle&se was dependent on the molecular
weight of chitosan and particle size of the mictases. The release rate from microspheres
prepared from high molecular weight chitosan wasvstompared to those prepared from
medium and low molecular weight chitosan. This ddu# attributed to both lower solubility
of high molecular weight chitosan and higher vistyosf the gel layer formed around the
drug particles upon contact with the dissolutiordimm. The release within the first 3 h was
fast (75— 95%) from microspheres within the sizegeof 250— 500 um, but for particles in
the size range of 500— 1,000 um, drug release &as98% in 5 h. This was attributed to
large surface area available for dissolution witenaall particle size, thus favoring rapid
release of the drug compared to larger microspheres

Analysis of drug release data has several appesacbanza-Gonzalezt al [126]
analyzed the drug release data using the clasgjacHi equation [127]. Higuchi equation
was used to describe the release of a solute fréat aurface, but not from a sphere [128],
but the good fit obtained suggested that the releate depends upon the rate of diffusion
through the cross-linked matrix. Authors have dléted the release data to equations
developed by Guet al [129] to describe the diffusion from a spheree Thost commonly

used equation for diffusion controlled matrix systes an empirical equation used by Ritger
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and Peppas [130], in which the early time releas@a dan be fitted to obtain the diffusion

parameters,
% —ktn (1)
o0

Here, M/M,, is the fractional drug release at time t, k i©oastant characteristic of the drug-
polymer interaction and n is an empirical paramekaracterizing the release mechanism.
Based on the diffusional exponent [131], drug tpamsis classified as Fickian (n=0.5), Case
Il transport (n=1), non-Fickian or anomalous (0rb<1) and super Case Il (n>1).

Agnihotri and Aminabhavi [123] have analyzed thgnamic swelling data of
chitosan microparticles using Eq. (1) to prediaigdrelease from the water uptake data of
the microparticles cross-linked with (5.0, 7.5 &ak@l0)*10" * mL of glutaraldehyde/mg of
chitosan. It was observed that as the cross-linkingeases, swelling of chitosan
microparticles decreases. Values of n obtainetienrange of 0.160 to 0.249 indicating that
the release mechanism deviates from the Fickiardir€he values of n are < 0.5 due to the
irregular shaped particles and these decreasensgitally with increasing cross-linking. In
the swelling controlled release systems, drug spelised within a glassy polymer. Upon
contact with biological fluid, the polymer swellsyut no drug diffusion occurs through the
polymer phase. As the penetrant enters the glaslyyngr, glass transition temperature of
the polymer is lowered due to relaxation of theypwr chains. Drug could diffuse out of the
swollen rubbery polymer. This type of system israebterized by two moving boundaries:
the front separating the swollen rubbery portiod #re glassy region, which moves with a
front velocity and the polymer fluid interface. Thete of drug release is controlled by the
velocity and position of the front dividing the gy and rubbery portions of the polymer.
Jameeleaet al [132] have obtained a good correlation fit fog tumulative drug released.
square root of time, demonstrating that the reléasa the microsphere matrix is diffusion-
controlled and obeys Higuchi equation [127]. It whesmonstrated that the rate of release
depends upon the size of microspheres. Release dnoatler size microspheres was faster
than those from the large size microspheres duamaller diffusional path length for the

drug and the larger surface area of contact oflemaédrticles with the dissolution medium.

1.4.2 Chitosan hydrogels

Chitosan hydrogels have been prepared with atyadé approaches. In each

preparation chitosan is either physically assodiate chemically cross-linked to form the
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hydrogel. Our discussion below will focus on thdse distinct hydrogel engineering

approaches.
1.4.2.1 Physical association networks

In order to satisfy the requisite features of drbgel, the chitosan polymer network
must satisfy two conditions: (1) inter-chain int&fans must be strong enough to form semi-
permanent junction points in the molecular netwarkd (2) the network should promote the
access and residence of water molecules insid@dhaner network. Gels that meet these
demands may be prepared by non-covalent stratebi@s capitalize on electrostatic,
hydrophobic, and hydrogen bonding forces betwedgnper chains [133,134]Figure 9
shows the schematics of four major physical int@wvas (i.e. ionic, polyelectrolyte,
interpolymer complex, and hydrophobic associatidhaj lead to the gelation of a chitosan

solution.
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Figure 9. Schematic representation of chitosan based hydrogtworks derived from different
physical associations: (a) networks of chitosan feamvith ionic molecules, polyelectrolyte polymer

and neutral polymers

Because the network formation by all of these atons is purely physical, gel formation
can be reversed. Tunable gel swelling behaviorbeareadily achieved in a physical gel by
adjusting the concentration and nature of the st@mmponent used during the fabrication
process. A chitosan-based physical gel can oftenol@ined by simply mixing the

components that make up the gel under the appte@nditions. These gels have a short
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life time in physiological media, ranging from aMalays to a month. Therefore, physical
gels are good for short-term drug release apptinatiBecause the gelation does not require
any toxic covalent linker molecules, it is alwagdesfor clinical applications. However, their
widespread application is limited due to the weaschanical strength and uncontrolled
dissolution [135].

1.4.2.1.1 lonic complexes

Thanks to the cationic amino groups of chitosamici interactions can occur
between chitosan and negatively charged molecul@saions. lonic complexation of mixed
charge systems can be formed between chitosan madl anionic molecules, such as
sulfates, citrates, and phosphates [136,137] ananof metals like Pt (Il), Pd (1), and Mo
(VI) [138,139]. These interactions can yield hydelsgwith varying material properties that
depend upon the charge density and size of thenignagents, as well as the degree of
deacetylation and concentration of the chitosagmet.

Both anions and small molecules bind chitosaritsigrotonated amino groups, but
metal ions form coordinate—covalent bonds with @@ymer instead of electrostatic
interactions [138,139]. lonic complexation can becanpanied by other secondary
interchain interactions including hydrogen bondirgween chitosan's hydroxyl groups and
the ionic molecules, or interactions between dedatetd chitosan chains after neutralization
of their cationic charge [138,140]. These inte@tsi can enhance the physical properties of
the hydrogel, and can be modulated to express anigaterial properties, such as pH

sensitivity.

1.4.2.1.2 Polyelectrolyte complexes (PEC's)

While polyelectrolytes form electrostatic inteiaos with chitosan, they are
different from the ions or ionic molecules useddnic complexation in that they are larger
molecules with a broad molecular weight range, sashpolysaccharides, proteins and
synthetic polymers. The associations between titesan polymer and polyelectrolytes are
stronger than other secondary binding interactlixeshydrogen bonding or van der Waals
interactions. The advantages of this type of comple significant. They are complexed

without the use of organic precursors, catalystseactive agents, alleviating the concern
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about safety in the body or cross-reactions withexapeutic payload. In addition, because
PEC’s consist of only chitosan and the polyelegtgltheir complexation is straightforward
and reversible. Chitosan-based PEC networks haven bproduced by anionic
macromolecules like DNA, anionic polysaccharidesy.(ealginate, GAGs (chondroitin
sulfate, hyaluronic acid, or heparin), carboxymeétbgllulose, pectin, dextran sulfate,
xanthan, etc.), proteins (e.g. gelatin, albumibydin, keratin, and collagen) and anionic
synthetic polymers (e.g. polyacrylic acid). Thebdltty of these compounds is dependent on
charge density, solvent, ionic strength, pH, amdperature [141,142]. The choice of the
anionic molecule for PEC formation is highly dependupon its charge under physiological
conditions because the pH of the hydrogel envirartnmodulates ionic interactions and,
subsequently, PEC hydrogel properties. If the ebstatic interactions of the polymer are
strong enough, the physical associations betweempdtymers at physiological pH can be

maintained.

1.4.2.1.3 Physical mixtures and secondary bonding

In addition to the specific physical interactiatescribed, hydrogels can be formed
by polymer blends between chitosan and other vstrble nonionic polymers, such as
Poly(vinly alcohol) (PVA). These polymer mixturesrin junction points in the form of
crystallites and interpolymer complexation afteoghilization or after a series of freeze—
thaw cycles [133,143]. The chain—chain interactiacisas crosslinking sites of the hydrogel.
In the case of chitosan—-PVA polymer blends, indrgashe chitosan content negatively
affects the formation of PVA crystallites, leaditg the formation of hydrogels with less
ordered structures. Recently, a new hydrogel ctingi®f a polymer blend of chitosan and
polyethylenimine (PEI) was prepared [144]. PEI ipaycationic material that has been
extensively used as a gene transfection agent [Bi5inixing the polymer with chitosan, a
3D hydrogel was formed within 5 min that was stalieler cell culture conditions and could
support the growth of primary human fetal skelatalls. Ladetet al demonstrated the
preparation of a hydrogel using a hydro-alcoholhodtof gel formation that relied upon the
neutralization of chitosan's amino groups usingodisn hydroxide solution [146]. This
prevented ionic repulsion between the polymer chamllowing for the formation of
hydrogen bonds, hydrophobic interactions, and shitocrystallites. Using this technique,
hydrogels on the order of cubic centimeters coelghtepared. Macroscopic shrinkage of the
hydrogel during neutralization and gel depletiorihwthe increase in the concentration of

neutralizing agent was observefiggre 10. Interestingly, an interrupted gelation method
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was used that led to the preparation of multilager®nion-like” hydrogels figure 10,
which could be used to encapsulate drugs for thdetivery of multiple therapeutics or

pulse-like delivery of a given payload [147,148].

First membrane space

Multi-membrane onion like physicalhydrogel /
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Figure 10. (a) multimembrane biomaterial with ‘onion-likerstture based on chitosan hydrogel. (b)
Schematic diagram of the multi-membrane onion-4ikactures; (c) Variation of hydrogel shrinkage
during neutralization as a function of the conceatibn of sodium hydroxide. The initial polymer
concentration in the non-neutralized alcohol gelcanstant and close to 4.5wt.% in each case. (d)
Evolution of the chitosan mass fraction in the g&/CH) at different steps of the hydrogel
neutralization as a function of the NaOH concentmatin the neutralization bath. [146].

1.4.2.1.4 Thermoreversible hydrogels and hydrophabsociations

Researchers have engineered a class of hydrog&insy called thermoreversible
gels that form transient gel or liquid states deliregn upon the environmental temperature.
These polymers take advantage of hydrophobic idtierss or secondary bonding to form
junctions between chains that yield a semi-rigid fyjem a flowable liquid solution.
Specifically, when system temperatures pass a langcal solution temperature (LCST),
the material undergoes a hydrophilic— hydrophot@adition. The importance of a polymer
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solution that has a low viscosity at room tempertbut forms a gel above a LCST is
significant for its use in biomedical applicatiofthese materials can be injected into the
body as a liquid, forming a gel in situ where thedy temperature is above the LCST,
offering the potential to serve as carrier matrites a wide range of biomedical and
pharmaceutical applications [149,150]. These iajelet, gelling systems can be introduced
into the body without the need for invasive surggriand deliver the bioactive agents to a
defect site without significant negative effectoc@l heating, use of organic solvents,
formation of toxic byproducts, etc.). Hydrogels pmeed by aggregation of chitosan-based
co-polymers or by neutralization with polyol satsow promising thermoreversible gelation
properties in aqueous media [151-155]. One suclmeegng strategy used the temperature-
sensitive behavior of a physical mixture of glydepmosphate disodium salt (GP) and
chitosan. The phosphates of the GP salt are belisv@eutralize the ammonium groups of
chitosan, allowing increased hydrophobic and hyedmgonding between the chitosan chains
at elevated temperatures. The mixture remainsaa Gitpuid at room temperature and gels at
37 °C [155]. The chitosan/GP gel showed promisea dsotherapeutic system capable of
delivering a bioactive bone protein (an osteogemixture of TGFp family members), and
as a cell matrix whereby chondrocytes were imphaintevivo and showed normal cartilage

formation over 3 weeks.

1.4.2.2 Crosslinked networks

While physically bonded hydrogels have the advgata gel formation without the
use of cross-linking entities, they have limitagolt is also difficult to precisely control the
physical gel pore size, chemical functionalizatiand degradation or dissolution, leading to
inconsistent performance in vivo. Alternativelypust chitosan hydrogels can be produced
using irreversible networks. Polymeric chains oésia hydrogels are covalently bonded
together either by using small cross-linker molesul secondary polymerizations, or
irradiation chemistry. Most of these linker molezsilreact with the primary amines of
chitosan and form irreversible inter- or intramailec bridges among the chitosan chains.
Covalently cross-linked hydrogels are also obtaibgdittaching photo-reactive or enzyme-
sensitive molecules on the chitosan, followed bgirttsubsequent exposure to UV or
sensitive enzymes, respectively. The propertiesra$s-linked hydrogels depend mainly on
their crosslinking density and the ratio of moldscmss-linker molecules to the moles of
polymer repeating units [156]. The following seasodescribe the different ways of making

irreversible chitosan hydrogels.

28



CHAPTER 1 — CHITOSAN-A VERSATILE MATERIAL FOR REGENERATIVE MEDICINE APPICATIONS

1.4.2.2.1 Chemical crosslinking

Chemical cross-linking is a straight forward metho produce permanent hydrogel
networks using covalent bonding between polymeinshaCross-linked chitosan networks
can be prepared using the available -NH2 and —Githidal handles and cross-linkers that
can form a number of linkage chemistries, includamgine carboxylic acid bonding and
Schiff base formation [157-159]. Specifically, skeenetworks can be formed by using small
molecule cross-linkers, polymer—polymer reactioasiMeen activated functional groups, as
well as photosensitive agents or enzyme-catalyzadtions.

The new cross-linking agent, genipin, is a natyrderived chemical from the
gardenia that has been shown to be one such biatdnep cross-linking agent [160].
Genipin has been reported to bind biological tis§i€1] and biopolymers, such as chitosan
and gelatin, leading to covalent coupling. It wodss an effective cross-linking agent for
polymers containing amino groups and is much lgsstaxic than glutaraldehyde [162]. In
addition, genipin cross-linked chitosan membrandsibé a slower degradation rate than
their glutaraldehyde crosslinked counterpart [1833e of genipin also showed extended
drug release by chitosan hydrogels cross-linkediin [152,164]. Even though genipin
shows good biocompatibility, it is still liable ttegatively interact with encapsulated drugs,
an unavoidable problem for gelation in the preseotea therapeutic [165]. A thermo-
sensitive, chitosan-pluronic hydrogel was also poed by UV photo-cross-linking [166].
The chitosan and pluronic groups were functiondlinéth photosensitive acrylate groups
that were cross-linked by UV exposure. The restipeolymers could then form a physical
network at temperatures above the LCST. The hydrslgewed the sustained release of
encapsulated human growth hormone (hGH) and pla@hid, demonstrating its potential

application for different types of drugs [166,167].

1.4.2.2.2 Interpenetrating networks (IPN’s)

Entangled polymer networks can be further strezngld by interlacing secondary
polymers within the cross-linked networks. Hererass-linked chitosan network is allowed
to swell in an aqueous solution of polymer monomeFbese monomers are then
polymerized, forming a physically entangled polymmesh called an interpenetrating
network. There are also semi-IPNs where only onth@fpolymer networks is cross-linked,

while the second polymer remains in its linearestdt the second polymer is also cross-
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linked, a full-IPN is formed. There are severaltokan-based semi-IPNs (prepared with
polyether [168,169], silk [170], PEO[171], and PYPr2] and full-IPNs (prepared with
PNIPAM [173]). This technique allows for the spéxitelection of polymers that can
complement the deficiencies of one another. Foram®, a hydrophilic polymer can be
chosen to enhance the structural characteristicth@fhydrogel, while a biocompatible
polymer may limit the immunological response. Alilgh the cross-linking density, hydrogel
porosity, and gel stiffness can be adjusted in RRNed hydrogels according to the target
application, they have difficulty encapsulating ddev variety of therapeutic agents,
especially sensitive biomolecules. In addition, IPMparation requires the use of toxic
agents to initiate or catalyze the polymerizationta catalyze the cross-linking. Complete
removal of these materials from the hydrogel idlehging, making the clinical application

problematic.

1.4.2.3 Drug loading in chitosan hydrogels

The drug loading in a hydrogel depends upon bbth ghysical and chemical
properties of the gel as well as the therapeudfitin fact, the choice of hydrogel materials,
network conformation, and drug loading mechanisnstnie made to complement the
properties of the drug (e.g. hydrophobilicity, dpgrand its mechanism of action (sustained
drug release versus rapid, high exposure). Thrgernapproaches to drug loading can be
summarized as : diffusion, entrapment, and tethdti74-178]. Each method bears specific
advantages and disadvantages and should be selft¢edtaking into consideration the
hydrogel network used as well as the nature ofithug. The easiest drug loading method is
to place the fully formed hydrogel into medium sated with the therapeutic [179,180].
Depending upon the porosity of the hydrogel, thee sof the drug, and the chemical
properties of each, the drug will slowly diffusdarthe gel. When placed in vivo, the drug
will then freely diffuse back out of the hydrogeta the neighboring tissue. This approach is
effective for loading small molecules, but largberapeutics peptides and proteins in
particular are not readily able to migrate throtigé small pores of the hydrogel [165]. In
addition, this drug loading process can take longet In the case of larger drugs and
bioligands, the payload must be entrapped durigggdlation process. Here, the drug is
mixed with the polymer solution, and the crossligkor complexation agent is added. It is
important to consider the chemistry of the drugeunale to prevent unwanted cross-linking
or deactivation of the therapeutic during gelatiBoth diffusion and entrapment allow for

free movement of the therapeutic out of the hydragdwork. This can lead to an initial
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burst release after implantation of the hydrogelivo due to the concentration gradient
formed between the gel and the surrounding enviestimin order to limit the loss of the
therapeutic reserve (and the risk of toxic expgsutaugs can be covalently or physically
linked to the polymer chains prior to gelation. §tethering method limits tissue exposure to
the agent to only when the hydrogel breaks dowthermolecular tether is broken [181].
Linkages between the drug and polymer that areestibde to environmental enzymes have
been used to control the speed and timing of rele@sug loading is also complicated by
molecules that have the opposite hydrophilicity tbe same charge as the constituent
polymer. For instance, hydrophobic molecules likaclipaxel must be complexed with
amphiphilic additives before the hydrogel and paglavill blend in solution [183, 184]. This
has been accomplished by binding the drug to albubraxane) or by mixing it in an
aqueous citric acid/glyceryl monooleate solutionioprto hydrogel loading [184].
Therapeutics have also been loaded into small secgnrelease vehicles (e.g.
microparticles, microgels, liposomes, and micellpgpr to hydrogel encapsulation [185,
186].

1.4.2.4 Drug release from chitosan hydrogels

Release of loaded therapeutics from a hydrogelocanr by one of three different
modes: diffusion, chemical/environmental stimulaticand enzyme-specific stimulation
[187]. Diffusion is regulated by movement througke polymer matrix or by bulk erosion of
the hydrogel as it breaks down in vivo. Environnadiitresponsive hydrogels are gels that
swell in response to external cues like pH and &ratpre and effectively open their pores
for enhanced diffusion of the entrapped therapeutider predetermined conditions[165].
This type of controlled release can be used td lilmig release outside of the effective range
of the diseased tissue. Environmental cues areftpieclimited regions within the body, but
better specificity has also been widely investidatith new release mechanisms that release
a drug payload only when triggered by local enzyenates. These biochemically stimulated
responses occur by tethering drugs to the hydragdabile domains that are susceptible to
matrix remodeling enzymes or using polymers that tmrgeted by enzymes [188]. This
method has received the least amount of attenhbah,offers selective, sustained release

mechanisms that are beginning to receive atteffitton chitosan hydrogel engineers.
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1.5. Applications

1.5.1 Chitosan for Tissue Engineering Applications

Tissue engineering is an interdisciplinary fielsatt applies the principles and
methods of engineering and the life sciences tovthed fundamental understanding of
structural and functional relationships in normad gathological tissue and the development
of biological substitutes to restore, maintain,irmprove function [189]. It involves thim
vitro seeding and growing of relevant cells onto a stéffdhe scaffold therefore is a very
important component for tissue engineering. Sevexglirements have been identified as
crucial for the production of tissue engineeringffads: 1) the scaffold should possess
interconnecting pores of appropriate scale to fdissue integration and vascularization, 2)
be made from material with controlled biodegradgbdr bioresorbability so that tissue will
eventually replace the scaffold, 3) have approgristirface chemistry to favor cellular
attachment, differentiation and proliferation, 4)spess adequate mechanical properties to
match the intended site of implantation and haigglis) should not induce any adverse
response and, 6) be easily fabricated into a wadeshapes and sizes [190]. The versatility
of chitosan offer a wide range of applications sitlsey are biodegradable, non-toxic and
can be formulated in a variety of forms includingwglers, gels and films for applications.
They can also provide controlled release of growdbtors and extracellular matrix
components. To improve the adherent ability fordseg cells, chitosan allow for a wide
range of molecules to be modified. With these peamgi features, they are considered as a
very interesting biomaterial for use in cell tralagpation and tissue regeneration. This
technology has been used to create various tisglegs including cartilage, bone, liver, and

nerve in the past decades.

1.5.1.1 Chitosan in bone tissue engineering

Chitosan has been extensively used in bone tessgmeering since it was shown to
promote growth and mineral rich matrix deposition dsteoblasts in culture [191]. Also
chitosan is biocompatible (minimizes additionaldbmflammation), biodegradable, and can
be molded into porous structures (allows osteocotigin) [192]. Several studies have
focused on the use of chitosan—calcium phosphat®) (€mposites for this purpose
[193,194]. A 3D macroporous CP bioceramic embeda&d porous chitosan sponges is

developed by Zangt al [195]. In this scaffold, a nested chitosan spoegbanced the
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mechanical strength of the ceramic phase via matirforcement and preserved the
osteoblast phenotype [196]. Macroporous chitosaffa@ds incorporating hydroxyapatite
(HA) or CP glass with an interconnected porosityapproximately 100 mm have been
synthesized [196]. Overall composites of chitosaP-appear to have a promising clinical
application in the future [197]. The issue of meathbal resistance of chitosan-based
composites was addressed by Eual [198], who reported a chitosan—HA multilayer
nanocomposite with high strength and bending madetidering the material suitable for
possible application for internal fixation of lofgpne fractures. A macroporous chitosan-
gel/b-TCP composite scaffold for bone tissue ergjing using freeze-drying process was
developed [199]. This study investigated the effecf concentration of composite
suspension and the freezing temperature on thityatoilresist compression by the scaffold
[200]. Chitosan was used as an adjuvant with bameents to increase their injectability
while keeping the chemico-physical properties sldtdor surgical use (e.g. setting time and
mechanical properties). The rationale of usingodaih for this purpose is based on the
property that chitosan solutions gel in response tpH change from slightly acidic to
physiological; in fact, the chitosan—CP composiiddress the need to develop bone fillers
that set in response to physiological conditiong, mot while mixing the components in
vitro. Likewise, when chitosan is added to calciphosphate cements (CPC), octocalcium
phosphate is obtained; a material that is showimfrove injectability and strength [200].
Many of these chitosan gel composites are proposaitly for non load bearing bony
defects [201]. Xwet al studied the feasibility of creating macropore€RC using chitosan
and/or absorbable mesh. A synergistic effect ofragldhitosan and bioabsorbable mesh to
CPC was seen. This injectable, bioabsorbable cateposmterial possessed interconnected
macropores (osteoconductive) and provided strengththe implant during tissue
regeneration [202]. The intramolecular hydrogen dsomf chitosan provide interacting
macromolecules with a good resistance to heat. Zhab used phase separation technique
to fabricate biomimetic HA/chitosan—gelatin netwadmposites in the form of 3D-porous
scaffolds and they showed improved adhesion, eralifon and expression of rat calvaria
osteoblasts on these highly porous scaffolds [2KBh et al showed the application of this
property through composites of chitosan with polgtinyl-methacrylate (PMMA). This
specially developed composite material exhibitegeloexothermic curing temperatures and
possessed higher inter-connected porosity withra pize suitable for osteoconduction with
better anchorage to the surrounding bone. It wasmvled that the pore size of this composite

material increased with time due to biodegradatibthe chitosan [204]. Also, chitosan has
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been used to modify the surface properties of pedist materials for the attachment of
osteoblasts [205, 206].

In another recent work by Zhaat al, scaffold with calcium phosphate cement
(CPC) and chitosan fibres were prepared and studiess found that human umbilical cord
mesenchymal stem cells (hUCMSCs) can be harvesidtbw an invasive procedure
required for the commonly studied bone marrow melsgmal cells (MSCs). The objectives
of this study were to develop CPC scaffolds witlpiiaved resistance to fatigue and fracture,
and to investigate hUCMSC delivery for bone tisengineering. In fast fracture, CPC with
15% chitosan and 20% polyglactin fibers (CPC—chitediber scaffold) had flexural
strength of 26 MPa, higher than 10 MPa for CPCrodiip < 0.05). In cyclic loading, CPC-
chitosan—fiber specimens that survived 2 # t@cles had the maximum stress of 10 MPa,
compared to 5 MPa of CPC control. CPC—chitosan+8pecimens that failed after multiple
cycles had a mean stress-to-failure of 9 MPa, coethbto 5.8 MPa for CPC control (p <
0.05).

1.5.1.2 Chitosan in cartilage tissue engineering

In cartilage repair, the choice of biomaterialésy critical for the success of tissue
engineering approaches [208]. The ideal cell-carsighstance should mimic the natural
environment in the articular cartilage matrix. lashbeen shown that cartilage-specific
extracellular matrix (ECM) components such as tiipeollagen and GAGs play a critical
role in regulating expression of the chondrocytihemotype and in supporting
chondrogenesis in vitro as well as in vivo [209 R Tthree-dimensional (3D) scaffolds are
essential for the development of engineered adiccdirtilage. Ideal scaffolds are designed
to be biocompatible, bioabsorbable and exhibit jotatlle porosity and degradation rate.
They provide a framework that facilitates new tessa growth; moreover, mechanical
characteristics are matched to those of the natssie increasing the chances that the
reparative process will be compatible with the 1so8ssue physiology [211,212]. Chitosan
has been used as a scaffolding material in articaldilage engineering [213,214], due to its
structural similarity with various GAGs found intiaular cartilage. This is of high
importance because GAGs are considered to playaapirole in modulating chondrocyte
morphology, differentiation, and function. lwasaki al [215] reported an alginate-based
chitosan hybrid polymer fibers which showed incezhsell attachment and proliferation in
vitro compared to alginate. These hybrid polyméefs showed increased tensile strength,

implying a possible use in developing a 3D loadringascaffold for cartilage regeneration
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[215]. Chondrocytes cultured on chitosan substratestro maintained round morphology
and preserved synthesis of cell -specific ECM maks[216,214].
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Figure 11. (1) hUCMSCs were cultured on CPC control and CPC-shitefiber for 1, 4, and 8 days:

(A) Percent of live cells, and (B) live cell attasént (mean _ sd; n ¥4 5);R reached 96—99%, not

different from each other (p > 0.1) afacnWas less than 300 cells/mt day 1; it more than doubled

to 700 cellss/mm2 at day 4, due to hUCMSC proliferatio (B), dissimilar letters indicate values that
are significantly different (p < 0.05).(2) SEM ofJ@MSC attachment on: (A) CPC control, and (B)
CPC-chitosan—fiber scaffold. Cells are designated@3 which anchored to CPC in (A), and to the

fibers in the scaffold in (B). Cells developed longtoplasmic extensions “E”, shown in (C) at a
higher magnification, attaching firmly to the fibierthe CPC-chitosan—fiber scaffold [207].

Chitosan was used to improve chondrocyte attachtodPLLA films; the modified
substrate showed increased cell adhesion, prdid@raand biosynthetic activity [217].
chitosan was also conjugated with hyaluronan toaiobta biomimetic matrix for
chondrocytes. Chondrocyte adhesion, proliferatéong the synthesis of aggrecan and type Il
collagen were significantly higher on the hybribefi than on chitosan [218]. Similarly, to
increase the cellular adhesiveness of chitosan,gtiall have developed chitosan—alginate—
hyaluronan complexes with or without covalent dttaent with RGD containing protein.
Cell-seeded scaffolds showed neocartilage formaitionitro. When chondrocyte seeded

scaffolds were implanted into rabbit knee cartildgéects, partial repair was observed after
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1 month both in presence or absence of RGD indiggibtential of this composite material
for cartilage regeneration [219].

Chitosan-based scaffolds can deliver growth factor a controlled fashion to
promote the in growth and biosynthetic ability dfoadrocytes. Leet al [220] reported
porous collagen/chitosan/GAG scaffolds loaded witGF-bl. This scaffold exhibited
controlled release of TG F-b1l and promoted cawtilaggeneration. Moreover, addition of
chitosan to the collagen scaffold was seen to ingrmechanical properties [220] and
stability of the collagen network by inhibiting tlaetion of collagenases [221]. Kiet al
[222] used a porous freeze-dried chitosan scaffiidorporating TGF-bl-containing
microspheres, for the treatment of cartilage defe€GF-bl was released in a sustained
fashion, and promoted chondrocyte proliferation aradrix synthesis. In a similar trial, Lat
al. studied the effect of intraarticular injection ofitosan on regeneration of articular
cartilage. An increase in epiphyseal cartilagehatibial and femoral joints was seen with an
activation of chondrocyte proliferation. Similarlgn intra-articular fibrous tissue was
observed for the 6 weeks of the experiment, togetith residual injected chitosan [223].

A noteworthy accomplishment was achieved by Busgimet al who showed that
microfractured ovine defects are repaired with mbyaline cartilage when the defect is
treated with in situ-solidified implants of chiteseGP mixed with autologous whole blood,
compared to microfracture alone in an ovine modé anonths [224]. Since bleeding has
been identified as an initiating event in post-g&tab repair, they hypothesized that
microfracture-based repair could be improved byikting the clot formed in the lesion
with chitosan that is thrombogenic and activelymsiiates the wound repair process.
Furthermore, these chitosan— GP/blood clots aresad and contract much less than whole
blood clots, thereby maintaining a voluminous salaff224]. Chitosan—GP/blood implants
were applied to marrow-stimulated chondral def@ttsabbit cartilage repair models [225],
where they induced greater fill of chondral defegith repair tissue compared to marrow-
stimulation alone [224] and, in addition, producadmore cellular and hyaline repair
cartilage well integrated with a porous subchonbaale structure [224-226]

In a recent work by Haoyat al[227] chitosan hydrogel in the form of a scaffold
was prepared for chondrocytes that would act tornrsituct tissue-engineered cartilage and
repair articular cartilage defects in the sheep eholh this study, temperature-responsive
chitosan hydrogels were prepared by combining shiip b-sodium glycerophosphate (GP)
and hydroxyethyl cellulose (HEC). Tissue-enginearadilage reconstructions were made in
vitro by mixing sheep chondrocytes with a chitoggmrogel. Cell survival and matrix

accumulation were analyzed after 3 weeks in culffigeire 12(a)) To collect data for in
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Vivo repair, reconstructions cultured for 1 day evéransplanted to the freshly prepared
defects of the articular cartilage of sheep. Thdmth 12 and 24 weeks after transplantation,
the grafts were extracted and analyzed histoldgicahd immune-histochemically. The
results showed that the chondrocytes in the renarted cartilage survived and retained
their ability to secrete matrix when cultured intrei Transplanted in vivo, the
reconstructions repaired cartilage defects comipletdgthin 24 weekgfigure 12(b)) The
implantation of chitosan hydrogels without chongtes also helps to repair cartilage
defects. The chitosan-based hydrogel could suppaitix accumulation of chondrocytes

and could repair sheep cartilage defects in 24 seEhis study showcased the success of a

new technique in its ability to repair articulartidage defects.

(b)

Figure. 12.(a) Accumulation of matrix in the tissue-engin€ereartilage. Histology and
immunohistochemistry of chondrocytes cultured itosAn hydrogels 3 weeks. The results showed that
the chondrocytes in the chitosan hydrogels accutedlgericellular sulfated GAG-containing matrix.
A, H.E. staining; B, Type Il collagen immunohistegtical staining; C, Toluidine blue staining; D,
Safranin O staining. Star: chitosan hydrogel; Arrareld: cell nucleus; Arrow: matrix of the
chondrocytes. Bar = 100 um. (b) Gross observatibthe articular cartilage repair at 24 weeks post-
operation. A, the defect part of the cartilage lre texperimentalgroup was covered by the smooth,
consistent, glistening white hyaline tissue neardistinguishable from the surrounding normal
cartilage. No clear signs of margin with normal ¢kege could be spotted on the surface of the
regenerated areas; B, The defects in control graupere partially repaired with fiber-like tissue,
leaving a small depression in the defect areas; I defects in control group 2 detected a thin and
irregular surface tissue, with obvious defects aratks surrounding the normal cartilage. Arrow: the
defect; Bar =0.5 cm[227]
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1.5.1.3 Chitosan in liver tissue engineering

Insufficient donor organs for orthotopic liver risplantation worldwide have
urgently increased the requirement for new thespide acute and chronic liver disease
[228]. Bioartificial liver (BAL) is a promising apigation of tissue engineering for the
treatment of fulminant hepatic failure (FHF). Orfale important issues for BAL devices is
the proper choice of cell sources, such as primaepatocytes, hepatic cell lines, and liver
stem cells. The primary hepatocyte of these ceflsasents the most direct approach to BAL
devices. BAL devices require a suitable ECM fordtepyte culture because hepatocytes are
anchorage dependent cells and are highly sensititte ECM milieu for the maintenance of
their viability and differentiated functions [223P]. Chitosan as a promising biomaterial
can be applied in liver tissue engineering dugswarious properties. One of the reasons for
selecting chitosan as a scaffold for hepatocytdsireuis that its structure is similar to
GAGs, which are components of the liver ECM pregarkitosan/ collagen matrix (CCM)
by cross-linking agent EDC in NHS buffer system[285]. The EDC cross-linked CCM
showed moderate mechanical strength, good hepat@oyhpatibility as well as excellent
blood compatibility. On the other hand, implantabieartificial liver (IBL) can restore,
maintain or improve liver functions or offer thegstbility of permanent liver replacement.
Unlike the general approach for bioartificial skbgne and cartilage, development of IBL
has extreme difficulties. Appropriate design of tdwnplex architecture, as well as the anti-
thrombogenic extracellular component, are neceskargeveloping this blood-contacting
device, because thrombus formation can lead taisicel and decrease membrane efficiency
[236]. Wang et al. showed a superior blood comfiayilthrough chitosan/collagen / heparin
matrix in implantable bioartificial liver (IBL) apigations [237].

Another strategy in liver tissue engineering fa@suson the ability of highly
concentrated, multivalent galactose residues tal lim the asialoglycoprotein receptor
(ASGPR) expressed on the surface of hepatocytepicdly cell-matrix interaction is
mediated by adhesion receptor such as integrin hwhpecifically binds RGD sequence
[238]. The ASGPR was the first reported mammalétih, or carbohydrate-binding protein.
It was discovered in the mid-1960s by Ashwetdllal in their studies of the metabolism of
plasma glycoproteins in mammals [239-240]. Sincenthhepatic ASGPR has been a
classical system for studying receptor-mediatedoeytbsis. Chunget al suggested a
potential ability to improve hepatocyte attachme&nglginate (AL)/GC scaffolds for short-
term culture[241]. In study by Kim & Seo, they foet showed enhanced hepatocyte
functions in AL/GC scaffolds for long periods. Thiat hepatocyte cultured in AL/GC
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scaffolds could enhance the functions throughptesoid formationfigure 13 in co-culture
condition with fibroblast [228]. Liet al conjugated fructose onto the porous chitosan
scaffold by the reaction between amino and aldefgrdeip. Fructose is also known as a
specific ligand of ASGPR in hepatocyte. They showleat the chitosan surface modified
with fructose induced the formation of cellular eggates with enhancing liver specific

metabolic activities and cell density to a satigfaclevel [233-234].
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Figure 13. Phase-contrast micrographs of hepatocytes withim AL (A) and AL/GC (B) scaffold

stained with MTT and comparisons of liver-specifliuanin secretion function [228].

4.1.1.3 Chitosan in nerve tissue engineering

More than any other form of trauma, nerve injurieemplicate successful
rehabilitation since it is difficult for mature neuns (like many other cells in the body) to
replicate, as they do not undergo cell divisiomc® the nervous system is impaired, its
recovery is difficult and malfunction of other paxtf the body occurs [242]. The repair of
nerve lesions has been attempted in many diffevags, which have in common the goal of
directing the regenerating nerve fibers into theper endoneurial tubes. The strategies
developed for nerve repair can be classified iwi ¢ategories: (1) bridging, which includes
grafting and tubulization techniques, (2) end-to-enturing of the nerve stumps. The former
technique has been shown to be more effectivet agoids tension across the repair site
[243]. A wide variety of materials have been sugggdor the production of artificial tubes

for nerve repair, including biocompatible, non-detable and degradable materials. A
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variety of artificial tubes have been used to reparve injuries, but the artificial tubes do
not have enough internal surface area for nernerdiand Schwann cells (SCs) to cohere
[236]. Thus, artificial tubes to bridge large ddfedn nerve repair should contain a
biodegradable matrix, which can provide an optirstlictural, cellular, and molecular
framework for SCs and neurite migration acrossraengap. Chitosan has been studied as a
candidate material for nerve regeneration due ® ftoperties such as antitumor,
antibacterial activity, biodegradability and biogeatibility. Jianchunet al reported that
neurons cultured on the chitosan membrane can grivand that chitosan tube can greatly
promote the repair of the peripheral nervous syg&t]. Yuanet al[245] also showed that
chitosan fibers supported the adhesion, migratiwh @oliferation of SCs, which provide a
similar guide for regenerating axons to Bungnerdsan the nervous system. Matsiateaal.
developed a new biomaterial for nerve regeneratioough immobilization of laminin
peptide in molecularly aligned chitosan by covaleanding [246]. Chavez-Delgadst al
showed that progesterone delivered from chitosaistpeses provides better facial nerve
regenerative response of the rabbits than chitpsastheses without progesterone [247].
Mingyu et al. showed an improved attachment, differentiatiod growth on the chitosan/
poly(L-lysine) composite materials when comparedeths cultured on chitosan membranes.
The improved nerve cell affinity on the chitosaryfb-lysine) composite materials had
been attributed to the increased hydrophilicity thg abundant hydroxyl group and the
positive surface charge of chitosan [248]. Chearigal added gelatin to chitosan for
preparation of soft and elastic complex that haxdgterve cell affinity. The chitosan/gelatin
composite film showed a lower modulus and a highencentage of elongation at break
compared with chitosan film. Also, PC12 cells crdtlion the composite films differentiated
more rapidly and extended longer neutites than litogan films [249]. Friert al also
developed chitin hydrogel tubes which were fabadafrom chitosan solutions using
acylation chemistry and mold casting techniquegherpreservation of the natural chemical
composition of chitin, and no toxic crosslinkingeag was necessary for the hydrogel
preparation flgure 14. Chitin and chitosan support nerve cell adhesam neurite
outgrowth, making these materials potential candmlafor scaffolds in neural tissue

engineering [250].
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Figure 14. Optical microscope longitudinal view of (a) a amibydrogel tube and (b) a chitin gel tube
reinforced with a PLGA coils embeddedin the wall [250

1.5.2 Drug Delivery Applications

Drug delivery has been a very active area, esihed@ chitosan as a carrier for
various active agents including drugs and biolagitfstosan films are very commonly used
for this purpose, a novel inorganic—organic pH-gams membrane based on an
interpenetrating network utilizing inorganic silieaand organic chitosan was proposed by
Park et al. for drug delivery [251]. The membrane was evalddt its response to pH
changes; the intended method of application. Patiool of lidocaine-HCI, sodium salicylate
and 4-acetomidophenol into this membrane was sudr@ found to be sensitive to the
external pH as well as the drugs’ ionic interactiomith chitosan. The membrane was
proposed to also be sensitive to other stimuli sashtemperature and light that may be
alternative channels for drug loading. In a simifashion, the in-situ light initiated
polymerization of acrylic acid in the presence ¢it@san was used to derive a novel
mucoadhesive membrane [252]. The interactions keivilee two polymers were determined
to be based on hydrogen bonding. The strong adhesoperty of this membrane rendered it
suitable for transmucosal drug delivery applicagioifhe loading and release study of
triamcinolone acetonide (TAA), a drug used to reditflammation in the treatment of
mouth ulcers, was subsequently reported [252]. TW#s loaded into the chitosan—PAA
membrane from solution. The drug loaded membrarefaimnd to meet the requirements for
a transmucosal drug delivery system with drug ssea function of pH and the amount of
drug loaded. Another method of generating membram&s the interaction of oxidized
glucose dialdehyde with chitosan [254]. N-alkyl gps of varying chain lengths were used
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to modify the hydrophobicity of these chitosan meanies. The longer the alkyl chain, the
more hydrophobic the chitosan membrane becomeshamdiad bearing on the drug release
rate. Using vitamin B2 as the drug model variousapeeters were studied, the permeation
and diffusion of B2 decreased with increasing p&hfl when the hydrophobicity of chitosan
increased, i.e. as the alkyl chains increased nigtte In vitro studies indicated no toxic
effects for this membrane system. Another exangflenembrane methodology is the
chitosan—gelatin drug containing films incorporgtolanshen, an herbal extract, without the
need for crosslinking, for delivery in the abdonhicavity [255]. Again, Huet al [256]
utilised the same in situ polymerization of acryicid in the presence of chitosan, to form
nanoparticles. The yield of nanoparticles was fotmbde a function of the molecular weight
of chitosan; the lower molecular weight, the better yield of around 70%. A silk peptide
was incorporated into the nanoparticles. The reledshe silk peptide occurred as an initial
burst followed by continued release for up to 19sdd he dependence of the release on pH
was noted and the authors suggested the nanosphenes useful for drug release
applications in the gastric cavity.

Cisplatin loaded chitosan microspheres were pegbasing a w/o emulsion system
[257]. Variables such as chitosan concentraticsplatin, glutaraldehyde concentration, type
of chitosan and oil were studied and found to havesignificant effect on cisplatin
entrapment in chitosan microspheres. Incorporatiiciency was found to be between 28
and 29%. The type of oil used was found to affetéase properties of cisplatin, which
showed an initial burst effect. Pharmacokineticatgeting, embolization effects and
alteration of liver function using cisplatin chitos microspheres were studied after hepatic
arterial embolization in dogs. Results showed aar&able decrease in the number of
arterioles in liver, necrosis of nodules and hepegil degeneration in the embolized region.
Shiraishi et al also prepared indomethacin loaded chitosan npberes but by
polyelectrolyte complexation of sodium tripolyphbspe and chitosan. A pH-dependent
disintegration of the beads was observed in thevitmo study [258]. The plasma
concentrations of indomethacin after oral admiaistn of chitosan gel beads to beagle dogs
exhibited a sustained-release pattern. Good ctioelwas observed between the molecular
weight of chitosan and dissolution rate constanthermean absorption time or area under
the plasma concentration—time curve. Another stegprted, the preparation of inomethacin
loaded chitosan microspheres using only aqueousemis [259]. The influence of
formulation variables on indomethacin content ia thicrospheres and time for release of

indomethacin from the microspheres was also ingatdd.
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Hejazi and Amiji examined the gastric residencmeti of tetracycline loaded
chitosan microspheres (prepared by ionic crossiopkand precipitation method) following
their oral administration in gerbils [260]. Gastnietention studies were performed by
administering radioiodinated [125I] chitosan migbere suspension in the nonacid-
suppressed and acid-suppressed states. At diffémemtpoints, animals were sacrificed and
the radioactivity in tissues and fluids was meagdungéth a gamma counter. The results
indicated that chitosan microspheres did not pradionger residence time in the fasted
gerbil stomach. The tetracycline concentration iprofin the stomach following
administration of microsphere formulation was samitio that of aqueous solution. Huaetg
al. [261] observed that betamethasone disodium plasgbaded microspheres
demonstrated good drug stability 1% hydrolysis product), high entrapment efficiency
(95%) and positive surface charge (37.5 mV). Tiselte also indicated that yield and size of
particle was increased with increasing betametlmsomount but both zeta potential and tap
density of the particles decreased with increabigigmethasone loaded amount. The in vitro
release of betamethasone showed a dose-dependshtdiiowed by a slower release phase
that was proportional to the drug concentratiorthe concentration range between 5 and
30% (w/w) [262].

Chitosan hydrogels coupled with BMP-7 have shol dbility to enhance lesion
repair [263]. For instance, to enhance cartilagen&dion, chondroitin sulfate, a GAG
molecule found in cartilage, has been immobilizadchitosan hydrogels [264]. Platelet
derived growth factor has also been loaded inttoshin gels to enhance osteoinduction by
release of the growth factor as the hydrogel degtad the defect site [265,266]. Chitosan—
alginate hydrogels loaded with BMP-2 and mesenchwtesn cells (MSCs) were shown to
induce subcutaneous bone formation [267]. Chitosamnin nerve guides loaded with glial
cell line-derived nerve growth factor (GDNF) enhascboth the functional and sensory
nerve recovery by releasing GDNF in the early stafgenplantation [268]. Treatment with
some growth factors that have short therapeutitlivals, such as endothelial growth factor,
require frequent administration to maintain an @ffe concentration. Chitosan—albumin
hydrogel microspheres have shown continuous reltasaver 3 weeks after subcutaneous
implantation in rats, indicating possible successvivo [269]. Azabet al developed a
chitosan-based hydrogel cross-linked with glutarhidie [270,271] and loaded with
131Inorcholesterol (1311-NC), and tested the hydlag a breast cancer xenograft mouse
model. This hydrogel showed a reduction in the gsgjon rate of the tumor, and prevented
69% of tumor recurrence and metastatic spread. iitaupty, there was little or no systemic

distribution of the radioisotope after hydrogel ientation.
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Zenget al prepared chitosan-based nanocomplexes with \&arfioums were prepared by
ionically crosslinking with tripolyphosphate (TPR) different acidic media under mild
conditions. It was found that the self-assemblgl @mic interactions of chitosan and TPP
were greatly affected by reaction media, and chitdsased nanofibers could be obtained in
adipic acid medium while nanoparticles were formedcetic acid mediunffigure 15(A))
Using bovine serum albumin (BSA) as a macromoleculadel-drug, in vitro drug release
studies indicated that chitosan-based nanofibeid menoparticles exhibited a similar
prolonged release profile. In addition, the bioinsg mineralization of both chitosan-based
nanofibers and nanoparticles was carried out bkisgahem in synthetic body fluids (SBF).
Transmission electron microscopy (TEMfigure 15(B)) and X-ray Diffraction (XRD)
results indicated that chitosan-based nanofibersve habetter inductivity for
nanohydroxyapatite formation than chitosan-basewparticles. The results suggested that
biomimetic chitosan-based systems with controlkddase capacity of bioactive factors may
be of use in bone tissue engineering for enhantiadpioactivity and bone inductivity [272].
Recently, novel asymmetric chitosan membranes wienesloped for the guided tissue
regeneration (GTR) by using the two-step phase radpa in this study [273]. The
bicontinuous structure on the top layer was forimhee to the liquid—liquid demixing by non-
solvent induction and the pore size was ranged fid@mto 2 um. The interconnected cellular
pores ranged from 80 to 120 um on the bottom Isyaild be created by the formation of
ice crystals. The membrane developed in this rebeppssessed good biocompatibility,
tissue integration, cell occlusivity and osteocarittun, which lasted for at least 3 months.
The chitosan membrane also successfully prevehtegroliferation of bacterial, which was
significantly superior to all the commercial GTRogducts for now. The asymmetric structure
would be appropriate for the release of complexgsirwith different effective periods. The
results showed that the asymmetric chitosan GTR bnames prepared in this study are
promising for the treatment of periodontal diseases

In another study by Sabet al [274] was investigated the feasibility of using
chitosan to deliver drugs to the inner ear acrbesdund window membrane (RWM). Three
structurally different chitosans loaded with a &adrug, neomycin, were injected into the
middle ear cavity of albino guinea pigs (n = 35fteA 7 days the effect of chitosans and
neomycin was compared among the treatment groupes.h€aring organ was analysed for
hair cell loss and the RWM evaluated in term o€khess. All tested chitosan formulations
successfully released the loaded neomycin, whi@n ttiffused across the RWM, and

exerted ototoxic effect on the cochlear hair ciella degree depending on the concentrations
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used. Chitosans had no noxious effect on the cachi&r cells. It is concluded that chitosan,

is safe and effective carriers for inner ear thgrap

Figure 15.(A) TEM images of Chitosan-TPP nanocomplexes fdrtmeionically crosslinking in (a)
adipic acid medium and (b) acetic acid medium.(BMIphotos of (a) chitosan-TPP nanoparticles and
(b) chitosan-TPP nanofibers after soaking in SBBAD +0.5_C for 7 days[272].

Several studies of chitosan particles or polyeddytes complexes for nasal
delivery of therapeutic proteins have been don&4{278]. It has been shown that insulin-
loaded chitosan nanoparticles enhanced nasal dlmsogd proteins to a greater extent than
chitosan solutions [275, 278]. Powder formulatiohgrotein-loaded chitosan nanoparticles
suitable for pulmonary delivery were prepared byagpdrying [279-281]. Insulin-loaded
nanoparticles were obtained by ionic gelation ohéiosan solution with a TPP solution also
containing insulin. The nanoparticles were suspéridea solution of mannitol and lactose.
Spray-drying yielded microparticle powders withuitable aerodynamic diameter (1-3 mm)
for alveolar deposition. The insulin-loaded chitosaanoparticles had a good loading
capacity (65—-80%) and were fully recovered frompgbeider formulations after contact with
an aqueous medium, and showed a fast release Wiif281]. Yanget al. prepared an
inhalable chitosan-based powder formulation of salmalcitonin containing mannitol (as a
cryoprotecting agent) using a spray drying proceBse effect of chitosan on the

physicochemical stability of the protein was inigsted with chromatographic and
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spectrometric techniques. The dissolution ratdefprotein decreased when formulated with
chitosan, which might be due to irreversible compigrmation between the (aggregated)
protein and chitosan during the drying process [2BRa recent study, Mat al prepared
protein-loaded chitosan microspheres using a neatlifinotropic gelation method combined
with a high voltage electrostatic field BSA was sbo as a model protein. The preparation
process and major parameters were discussed aimizgat. The morphology, particle size,
encapsulation efficiency and in vitro release béraef the prepared microspheres were
investigated. The results revealed that the midresgs exhibited good sphericity and
dispersity when the mixture of sodium tripolyphoath(TPP) and ethanol was applied as
coagulation solution. Higher encapsulation efficierf>90%) was achieved for the weight
ratio of BSA to chitosan below 5%. 35% of BSA wateased from the microspheres cured
in 3% coagulation solution, and more than 50% oABR&s released from the microspheres
cured in 1% coagulation solution at pH 8.8. Howewaly 15% of BSA was released from
the microspheres cured in 1% coagulation solutibpta 4. The results suggested that
ionotropic gelation method combined with a hightage electrostatic field will be an
effective method for fabricating chitosan microgmse for sustained delivery of
protein.[283]

Chitosan-based carriers have been extensivelyestidr parenteral and mucosal
delivery of antigens [284-302]. In these studiesosal and parenteral immunizations with
various antigen co-administered with soluble chitgsantigen-loaded chitosan powders/
micro/nanoparticles demonstrated various levelsboth systemic and local immune
responses. Moreover, in a phase | clinical studiranasal immunization with influenza
vaccine formulated with soluble chitosan glutamstiewed positive effects of the polymer
on the immune responses raised in the vaccine&.[38e adjuvant activities of chitosan
and its precursor chitin with DD of 30 and 70%geafntraperitoneal administration in mice
and guinea pigs, were studies in terms of inductibrrytokines, long-lasting circulating
antibodies and cell-based immunity against badtatigha-amylase and dgscherichia coli
infection [304,305]. In another study, chitosan (D%) showed induction of cytokines,
interleukin (IL)-1 and colony-stimulating factor $E) in macrophage# vitro [306].
Zaharoff et al showed that chitosan dissolved in buffer pH 6.2hasmced the
immunoadjuvant properties of cytokines such asomyte-macrophage colony-stimulating
factor (GM-CSF), when co-administered subcutangouslikely, chitosan prolonged
dissemination of GM-CSF at the site of injectioaulting in prolonged exposure of immune
cells to this cytokine and enhancing the immunoaaljt properties of GM-CSF. After single

subcutaneous injection of GM-CSF/chitosan solutitwe, cytokine expanded lymph nodes
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about 5-fold higher than GM-CSF alone, which wagedted four times. It was also
suggested that chitosan could enhance the antigmenting capability of DCs and induced
greater allogeneic T-cell proliferation [307]. In subsequent paper, the same authors
demonstrated that chitosan substantially increaaetigen-specific antibody titers and
antigen-specific CD4+ proliferation upon subcutenadministration of an aqueous solution
of B-galactosidase, as a mode antigen and chitosanadthers suggested that the ability of
soluble chitosan to enhance humoral and cell-mediatmmunity is related to its
physicochemical characteristics such as viscosithich increases the retention of
formulations at the injection sites and also itditglto induce transient cellular expansion in
draining lymph nodes [308]. Ghendet al showed that intramuscular administration of
soluble chitosan with monovalent and trivalenttsipiactivated influenza vaccine resulted in
strong humoral and cell-immunity responses againtt variants of A- and B-type human
influenza viruses [309,310]. They showed that seluthitosan admixed with inactivated
influenza vaccine increased cytotoxic activity pfesic NK T-lymphocytes and enhanced
the proliferative activity of mononuclear lymphoesgtin the spleen. Moreover, it was shown
that the number of CD3, C3/NK and CD25 T-cells atsweased. The authors suggested that
chitosan activates cell immunity because of itslifgn@tion activity, which is initiated
through receptor complex TCR-CD3 as well as adgtivasignals linked with lectin receptors
[310].

1.5.3 Chitosan in Gene Therapy

The transfection efficiency of chitosan as a geelvery vehicle has been studied
by Satoet al [311]. The molecular weight of chitosan, the dearatio between the
luciferase plasmid to chitosan and the pH of tHeuoe media were found to be determinants
of the transfection efficiency in vitro. Nakaet al reports on the use of chitosan for
enhancing adenovirus infectivity to mammalian celts gene therapy [312]. Lower
concentrations of chitosan and lower molecular Weighitosans were better at enhancing
adenovirus activity [313]. Chitosan-based geneveeji systems are promising candidates
for non-viral gene therapy [314]. The chitosan- DR@mplexes are very easy to synthesize
and were superior to polygalactosamine-DNA comekait their use is limited because of
the lower transfection efficiency [315]. The stébilof the DNA-chitosan complexes is an
important parameter and depends on both the chitokain length and the amount of
chitosan, increasing the chitosan chain length @ntbsan concentration could yield more

stable complexes, indicating that varying the d@to chain length may provide a tool for
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controlling the ability of the polyplex to delivénerapeutic gene vectors to cells [316,317].
The preparation of chitosan and chitosan/ DNA npheses by using a novel and simple
osmosis-based method has been recently patent8f 1®ith this method, they were able to
prepare chitosan/DNA particles of spherical morphgl with an average diameter 38 + 4
nm. Also, the DNA incorporation was pretty high (tpp30%) and the release process is
gradual and prolonged in time. Another advantaghisfmethod is that, varying the solvent/
non-solvent couple, temperature and membrane €utaffording useful nanostructured
systems of different size and shape to employ irersg¢ biomedical and biotechnological
applications, may easily modify the process. Asomeh technique, Huet al studied the
gene delivery by chitosan—DNA nanoparticles throtgfhograde intrabiliary infusion (RII)
and examined the efficacy of liver specific targgti{319]. The transfection efficiency of
chitosan—-DNA nanoparticles, as compared with PEIADMnoparticles, was evaluated in
Wistar rats by infusion into the common bile dymbrtal vein, or tail vein. Chitosan—-DNA
nanoparticles administrated through the portal w&inail vein did not produce detectable
luciferase expression. In contrast, rats that weckichitosan— DNA nanoparticles showed
more than 500 times higher luciferase expressiadheniver 3 days after RIl; and transgene
expression levels decreased gradually over 14 daysferase expression in the kidney,
lung, spleen, and heart was negligible compareH thit in the liver. RIl of chitosan—DNA
nanoparticles did not yield significant toxicity dalamage to the liver and biliary tree as
evidenced by liver function analysis and histopkibimal examination. Luciferase
expression by RIl of PEI-DNA nanoparticles was @itHlower than that of chitosan—DNA
nanoparticles on day 3, but it increased slightlgratime. These results suggest that gene
delivery by chitosan—DNA nanoparticles through Rla promising routine to achieve liver-
targeted gene delivery and both gene carrier ctegisiichitosan and mode of administration
significantly influence gene delivery efficiency.

Probing for a solution to track the efficiency BNA delivery, Lee et al.[320]
employed fluorescence resonance energy transfelETFFRo monitor the molecular
dissociation of a chitosan/ DNA complex with diffat molecular weights of chitosan.
Chitosan with different molecular weights was coexgld with plasmid DNA and the
complex formation was monitored using dynamic ligtaittering and a gel retardation assay.
Plasmid DNA and chitosan were separately labeletth wuantum dots and Texas Red,
respectively, and the dissociation of the complas wubsequently monitored using confocal
microscopy and fluorescence spectroscopy. As thesamn molecular weight in the chitosan/
DNA complex increased the Texas Red-labeled chitogeadually lost FRET-induced

fluorescence light. This observation was noticedenviHEK293 cells incubated with
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chitosan/DNA complex and were examined with conffauEroscopy. This suggested that
the dissociation of the chitosan/DNA complex wasrensignificant in the high molecular
weight chitosan/DNA complex. Fluorescence spectpgcalso determined the molecular
dissociation of the chitosan/DNA complex at pH add pH 5.0 and confirmed that the
dissociation occurred in acidic environments. Thmding suggested that the high molecular
weight chitosan/DNA complex could easily be disatai in lysosomes compared to a low
molecular weight complex. Furthermore, the highenalar weight chitosan/DNA complex
showed superior transfection efficiency in relationthe low molecular weight complex.
Therefore, it could be concluded that the dissamiabf the chitosan/DNA complex is a
critical event in obtaining the high transfectidfiaiency of the gene carrier/DNA complex
[320]. Lee, Kim, and Yoo prepared chitosan/pluromjcirogels as injectable depot systems
for gene therapy to enhance local transgene expreasinjection sites. Transfection studies
employing HEK293 cells showed that released frastirom chitosan/pluronic hydrogels
showed better transfection efficiency than thosenfpluronic hydrogels [321].

In another study, Khatret al investigated the preparation and vivo efficacy of
plasmid DNA(pDNA) loaded chitosan nanoparticles feasal mucosal immunization
against hepatitis B. Chitosan pDNA nanoparticlesrewgrepared using a complex
coacervation process [322]. Prepared nanoparticlee characterized for size, shape,
surface charge, plasmid loading and ability of meamticles to protect DNA against nuclease
digestion and for their transfection efficacy. histstudy, chitosan nanoparticles produced
humoral (both systemic and mucosal) and cellulamime responses upon nhasal
administration. The study signified the potentifilcbitosan nanoparticles as DNA vaccine
carrier and adjuvant for effective immunizationdiigh non-invasive nasal route. Albeit, the
conventional high molecular chitosans have a feawtiacks such as aggregated shapes, low
solubility at neutral pH, and high viscosity at centrations used for in vivo delivery and a
slow onset of action [323], the non-viral gene daly systems based on chitosan are still
regarded as one of the most efficient system foARBccine delivery.

In an approach to develop chitosan nanopartiabessiRNA delivery, Katas &
Alpar, prepared chitosan nanoparticles by two nwthof ionic cross-linking, simple
complexation and ionic gelatin using sodium triplgsphate (TPP). Both methods
produced nanosize patrticles, less than 500 nm dépgion type, molecular weight as well
as concentration of chitosan. In the case of iagetation, two further factors, namely
chitosan to TPP weight ratio and pH, affected tagigle size. In vitro studies in two types
of cells lines, CHO K1 and HEK 293, revealed thagaration method of SiRNA association

to the chitosan plays an important role on thensileg effect. Chitosan—TPP nanoparticles
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with entrapped siRNA are shown to be better vectsrsiRNA delivery vehicles compared
to chitosan—-siRNA complexes possibly due to theghhbinding capacity and loading
efficiency. This report suggested that, chitosarR TRanoparticles show much potential as
viable vector candidates for safer and cost-effeciRNA delivery [324]. Exploring the
efficiency of chitosan/siRNA nanoparticles as adpeutic agent, Liet al reported that the
physicochemical properties (size, zeta potentiarpiology and complex stability) and in
vitro gene silencing of chitosan/siRNA nanoparsickre strongly dependent on chitosan
molecular weight and DD [325]. High molecular weigind DD chitosan resulted in the
formation of discrete stable nanoparticles of 280 in size. Chitosan/siRNA formulations
(N/P: 50) prepared with low molecular weight (10a&lDshowed almost no knockdown of
endogenous enhanced green fluorescent protein (E@GFR1299 human lung carcinoma
cells, whereas those prepared from higher molegeight (64.8— 170 kDa) and DD (80%)
showed greater gene silencing ranging between 4%%468%. The highest gene silencing
efficiency (80%) was achieved using chitosan/siRiNghoparticles at N:P 150 using higher
molecular weight (114 and 170 kDa) and DD (84%} timarelated with formation of stable
nanoparticles of 200 nm. From their conclusionss ievident that there is still room for
improvement and for the optimization of gene silegaising chitosan/siRNA nanoparticles

and the fine-tuning of the polymeric properties Womake lots of difference.

1.5.4 Chitosan in Bioimaging Applications

Chitosan is an exemplary polymer in biological laggtions owing to its
biocompatible properties, in this context, its urséioimaging applications is also gaining
rapid attention. The incorporation of imaging agesuch as R®, for Magnetic Resonance
Imaging(MRI) into the self-assembled nanopartictesild enhance hepatocyte-targeted
imaging [326] and the particle could serve as MRlemalar imaging agent. Various
inorganic materials including metals can be incoaped in the chitosan composite
preparations and their combined characteristicse hgvoven beneficial for several
biomedical applications. Chitosan polyion compleemposites can be prepared by
interactions of chitosan with natural and synthetatyanion molecules [327]. Preparing
fluorescent chitosan quantum dot composites enabkesombination of targeted drug and
gene delivery with optical imaging [328, 329]. Patyylic acid (Carbopol), an anionic
synthetic polymer having mucoadhesive propertgextensively used with chitosan to form
polymer composites, which have longer circulatiames in vivo, resulting in higher

bioavailability of incorporated therapeutic agef827,330-332]. The latter composites can
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also be made to contain contrast agents for imapimgoses. Leet al have developed
novel self-assembling nanoparticles composed of hipaghic water-soluble chitosan—
linoleic acid (WSC—-LA) conjugates for encapsulatioih super paramagnetic iron oxide
(SPIOs) as a contrast agent to target hepatoc@®3].[ The WSC—LA conjugates self-
assembled into core-shell structures in aqueousti®el Since its incorporation in
nanoparticles, its potential for in vivo moleculanaging applications has increased
tremendouslyfigure 16. In a similar fashion, chitosan-based Gd-nandges have been
prepared by incorporating Gd-DTPA using the emulgicoplet coalescence technique
[334]. DTPA is diethyl triamine penta acetic acwghich is a chelating group that binds
tightly with Gd(lll) ion and are widely used as ¢@st agents for clinical MRI. Their release
properties and their ability for long-term retentiof Gd-DTPA in the tumor indicated that
these Gd nanoparticles might be useful as an iatfa¢al injectable device for gadolinium
neutron-capture therapy (Gd-NCT) [335]. The extentGd loading was different for
different types of chitosans used in the prepanafidhe highest Gd load was achieved with
100% deacetylated chitosan in 15% Gd-DTPA aqueoligien, and the particle size was
452 nm, whereas chitosan with lower deacetylat®rell produced much larger particles
with decreased Gd-DTPA content. Gadolinium-loadditosan nanoparticles displayed
prolonged retention in tumor tissue after in vimratumoral injection [336,337]. Kumat

al. also described the chemistry and preparationgH@mium-166 and Samarium-153

chitosan complexes, which are mainly suited forapldarmaceutical applications [334].

Figure 16. MR images of the central region of mouse liver kef@) and after (B—C) injection of
SPION-loaded WSC-LA nanoparticles. Images were méxdaat (B) 30 min and (C) 1 h after injection
of the nanoparticles. L = 1eft[333].
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1.5.5 Chitosan in wound healing applications

In the area of wound healing, an ideal dressingulshprotect the wound from
bacterial infection, provide a moist and healingisnment, and be biocompatible [338].
Chitosan-based materials, produced in varying féatrans, have been used in a number of
wound healing applications. Chitosan itself canutel faster wound healing and produce
smoother scarring, possibly due to enhanced vaizat®n and the supply of chito-
oligomers at the lesion site, which have been icapdid in better collagen fibril
incorporation into the extracellular matrix [339034While different material dressings have
been used to enhance endothelial cell proliferatios delivery of growth factors involved in
the wound-healing process can improve that proddd4]. Chitosan hydrogels take
advantage of the reparative nature of the polymer ssmultaneously deliver a therapeutic
payload to the local wound. For instance, fibroblgsowth factor-2 (FGF-2) stimulates
angiogenesis by activating capillary endothelidlscand fibroblasts [342,343]. In order to
sustain its residence at the wound site, the fawts incorporated into a high molecular
weight chitosan hydrogel, formed by UV-initiateass-linking. The growth factor remained
bound tightly within the hydrogel until exposed thitinase, after which it showed
bioactivity, indicating that there was no loss ohdtionality during the material preparation
[344]. Parket al developed a chitosan hydrogel scaffold impreghatéh bFGF-loaded

microspheres that can accelerate wound closuteitréatment of chronic ulcers [342].

1.6. Conclusions

Regenerative medicine has entered a new era wihdevelopment of modern
science and technology. The novel properties abshin make it one of the most promising
bio-based polymers for drug delivery, tissue engjimg and gene therapy. Chitosan, a
native chitin derived polymer represents a vasiugse with great medical potential. Current
studies show that, in general, chitosan is a ralbti non-toxic, biocompatible material.
However, care must be taken to ensure that itiis,fas protein, metal or other contaminants
could potentially cause many deleterious effectth bin crosslinking approaches and in
dosage forms. In this review we have seen how tligue cationic properties of chitosan
offer it to be an excellent biomaterial. We presédnthe various forms of chitosan, its
preparative procedures and its applications in dieliyery, tissue engineering, gene therapy
and bioimaging field. The various approaches orptleparation techniques presented herein

can be helpful to decide its use in the contexvacdlized drug delivery to selectively capture
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a therapeutic payload and control its release dallproximity to its target or to use it for
tissue engineering purposes. The study demonstiiaé¢or encapsulation and controlled
release using chitosan particle/hydrogel as carrighere is a window of preparative
conditions for systematically manipulating the msg of incorporation and for controlling
some properties, especially size and surface chadegsity etc. After crosslinking or any
such changes, unreacted reagents have to be ¢iyoemoved to prevent confounding
results as many reagents are cytotoxic if uncouplée biodistribution is both molecular
weight and formulation dependent, with relativetyng circulation times achievable. The
liver appears to be a primary site of localizatfon chitosan. It should be appreciated that
many characteristics of chitosan affect its biatagjactivity, including but not limited to: the
molecular weight, the DD, the salt form, and thpegstructural form should be performed.
Chitosan has been shown to improve the dissolutite of poorly soluble drugs and thus
can be exploited for bioavailability enhancementsath drugs making it an interesting
candidate for delivery applications. Various thenajc agents such as anticancer, anti-
inflammatory, antibiotics, antithrombotic, sterqigwoteins, amino acids, antidiabetic and
diuretics have been incorporated in chitosan bagstems to achieve controlled release.
Recalling chitosan’s promise as a biopolymer fesue engineering purposes, the possibility
to generate structures with predictable pore siweb degradation rates makes it a suitable
material for bone and cartilage regeneration. Haweefforts to improve the mechanical
properties of chitosan-based composite biomatesi@sessential for this type of application.
One of a great ability of chitosan is its capapitid bind anionic molecules such as growth
factors , glucosamine glycans and DNA. In fact, ¢benbination of good biocompatibility,
intrinsic antibacterial activity, ability to bindtgrowth factors and to be processed in a
variety of different shapes makes chitosan an ap@a@ candidate as scaffold material for
cartilage, and bone tissue engineering in clinjpactice. Moreover, the ability to link
chitosan to DNA molecules renders this materialbadgcandidate as a substrate for gene
activated matrices in gene therapy applicationsotAer upcoming application related to
chitosan is in bioimaging, a survey about the reeelvances has also been done, and it was
found that chitosan based particles provide an lkxde template for this imaging
application. Although some of the parameters suwcmalecular weight, DD, viscosity have
to be considered to use chitosan at its full paaénthe benefits are significant enough to

make the effort worthwhile.

53



PHD THESIS—MAMONI DASH

1.7. References

[1]. Conrad, C., Huss, RJ; Surg Res2005,201.

[2]. Wobus, A.M., Boheler, K.RPhysiol Rey2005, 635.

[3]. Shahidi, F., Abuzaytoun, RAdv Food Nutr2005, 93.

[4]. Hejazi, R., Amiji, M.;J Control Release€2003, 151.

[5]. Khor, E., Lim, L.Y.,Biomaterials 2003, 2339.

[6] Rouget, CC.R.Acad. Sci. Ser. 1]1859, 792.

[7] Hirano, S, in Progress in Biomedical Polyme(&ebelein, G.G. and Dunn, R.L., eds),
1990,pp. 283—-289, Plenum Press

[8] Muzzarelli, R.A.A.; inNatural Chelating Polymers:Alginic Acid, Chitin, @rChitosan
(Muzzarelli, R.A.A., ed.)1973,pp. 83—252, Pergamon Press

[9] Braconnot, H.Ann. Chim. Physl811, 265.

[10] Mima, S;J.Appl. Polym. Sci]983, 1909.

[11] Chandy, T., Sharma, C.Biomater Artif Cells Artif Organsl990, 1.

[12] Paul, W., Sharma, C.FSTP Pharma ScP000, 5.

[13] Muzzarelli, R.A.A., Muzzarelli, CAdv Polym Scj2005, 151.

[14] Jayakumar, R., New, N., Tokura, S., Tamurg,|ht.J Biol Macromol, 2007,175.

[15] Rinaudo, M.;Polym Int 2008, 397.

[16] Mourya, V.K., Inamdar, N.NReact Funct Polyr?008,1013.

54



CHAPTER 1 — CHITOSAN-A VERSATILE MATERIAL FOR REGENERATIVE MEDICINE APPICATIONS

[17] Kurita, K.; Mar Biotechnol 2006, 203.

[18] Hirano, S.;Polym Int 1999, 732.

[19] Yi, H., Wu, L.Q., Bentley, W.E., Ghodssi, RRubloff, G.W., Culver, J.N;
Biomacromoleculef005, 2881

[20] Kumar, M.N., Muzzarelli, R.A., Muzzarelli, CSashiwa, H., Domb, A.JChem Rev,
2004, 6017.

[21] Kurita, K., Polym Degrad Stahitl995, 117.

[22] Hirano, S.Biotechnol Annu Rew1996, 237.

[23] Hoppe-Seiler, FBer. Dtsch. Chem. Ge4994, 3329.

[24] Roberts, G.A.F.; Structure of chitin and ckdo in: G.A.F: Roberts (Ed), Chitin
Chemistry, MacMillan, Houndsmill4,992, pp. 1-53.

[25] C.K.Rha, D. Rodrigues-Sanchez, C.Kienel-Ster2dovel applications of chitosan,
in:R.R.Colwell, E.R. Parsier, A.J.Sinkey (Eds.)ptéichnology of Marine Polysaccharides,
Hemisphere,Washington, 1984,pp.284-311.

[26] H. Struszcyk, D.Wawro, A.Niekraszewicz, Biodadability of chitosan
fibres,in:C.J.Brine, PA. Stanford,J.P. Zikakis (BdsAdvances in Chitin and Chitosan,
Elsiever Applied Science, London, 1991, pp.580-585.

[27] Suh, J.K.F., Matthew, H.W.T.Biomaterials 2000, 2589.

[28] Wang,W., Xu, D.int. J. Biol. Macromol, 1994, 149.

[29] Glerentes, P., Vachoud, L., Doury, J., Domdd, Biomaterials,2002, 1295.

[30] Felt, O., Buri, P., Gurny, RDrug Dev. Ind. Pharm1998, 979.

55



PHD THESIS—MAMONI DASH

[31] Chatelet, C., Damour, O., Domard, Bjomaterials 2001, 261.

[32] Hsu, S. C., Don, T. M., Chiu, W. YPolym. Degrad. Stab2002 , 73.

[33] Zoldners, J., Kiseleva, T., Kaiminsh, Garbohydr. Polym.2005, 215.

[34] KEGG Pathway, Amino sugar and nucleotide sugetabolism. 2009, Kanehisa
Laboratories.

[35] Kean, T., Thanou, M.; Chitin and chitosan—sm#, production and medical
applications, in: P.A. Williams, R. Arshady (EdDjgsk reference of Natural Polymers, their

Sources, Chemistry and Applications, Kentus Bobksdon,2009, pp. 327-361.

[36] Funkhouser, J.D., Jr Aronson N.N., Chitinéesmily gh18: evolutionary insights from
the genomic history of a diverse protein family, BNEvol. Biol. ,2007,96.

[37] Yang, Y.M., Hu,W., Wang, X.D., Gu, X.Sl; Mater. Sci. Mater. Med2007, 2117.

[38] Xu, J., McCarthy, S.P., Gross, R.A., Kaplanl.DMacromolecules]996, 3436.

[39] Onishi, H., Machida, Y.Biomaterials 1999, 175.

[40] Senel, S., McClure, S.Agv. Drug Deliv. Rey2004, 1467

[41] Zhang, H., Neau, S.HBiomaterials, 2002, 2761.

[42] Rao, S.B., Sharma, C.B.;Biomed. Mater. Re3997, 21.

[43] Kittur, F.S., Vishu Kumar, A.B., TharanathdN.; Carbohydr. Res2003, 1283.

[44] Kittur, F.S., Vishu Kumar, A.B., Varadaraj, ®l, Tharanathan, R.NGarbohydr. Res.,
2005, 1239.

[45] McConnell, E.L., Murdan, S., Basit, A.WJ. Pharm. Sci, 2008, 3820.

56



CHAPTER 1 — CHITOSAN-A VERSATILE MATERIAL FOR REGENERATIVE MEDICINE APPICATIONS

[46] Guo, Z., Chen, R., Xing, R., Liu, S., Yu, MVang, P., Li, C., Li, P.Carbohydr. Res
2006, 351.

[47] Ma, L., Gao, C., Mao, Z., Zhou, J., Shen, 4, K., Han,C.Biomaterials 2003, 4833.
[48] Hirano, S., Seino, H., Akiyama, Y., Nonakg, Proceedings of the ACS Division of
Polymeric Materials: Science and Engineering, Aoaeri Chemical Society, Los Angeles,

California, 1988.

[49] Suzuki, Y.S., Momose,Y., Higashi, N., ShigematA., Park, K.B., Kim,Y.M., Kim,
J.R., Ryu, J.M. ;.Nucl. Med,1998, 2161.

[50] Banerjee, T., Mitra, S., Kumar Singh, A., Kungharma, R., Maitra, Alnt. J. Pharm,
2002, 93.

[51] Richardson, S.C., Kolbe, H.V., Duncan, Rt; J. Pharm,1999, 231.
[52] Line, B.R., Weber, P.B., Lukasiewicz, R., Dareau, R.N.J. Nucl. Med.2000,1264.

[53] Kean, T., Thanou, MAdv. Drug Deliv. Rey2009, doi:10.1016/j.addr.2009.09.004

[54] Onishi, H., Machida, Y .Biomaterials 1999, 175.

[55] Kumar, R.M.N.V.;React. Funct. Polym.2000, 1.

[56] Xu, G., Huang, X., Qiu, L., Wu, J., Hu,YAsia Pac. J. Clin. Nutr.2007,313.

[57] Chae, S.Y., Jang, M.K., Nah, J.WJ; Control. Releasg2005, 383.

[58] Ishii, T., Okahata,Y., Sato,TBiochim. Biophys. Acta2001,51.

[59] Leong, K.W., Mao, H.Q., Truong-Le, V.L., Ro¥., Walsh, S.M., August, J.TJ.
Control. Release1998,183.

57



PHD THESIS—MAMONI DASH

[60] Park, LK., Kim, T.H., Kim, S.I., Park, Y.HKim, W.J., Akaike, T., Cho, C.SInt. J.
Pharm, 2003, 103.

[61] Janes, K.A., Fresneau, M.P., Marazuela, Ahr&aA., Alonso, M. J.;J. Control.
Release?001, 255.

[62] Thanou, M., Verhoef, J.C., Junginger, HA&dy. Drug Delivery Rev2001, 117.

[63] lllum, L.; Pharm. Res.1998, 1326.

[64] Wedmore, I., McManus, J.G., Pusateri, A.E.]Jdémb, J.B.;J. Trauma,2006, 655.

[65] Schipper, N.G., Varum, K.M., Artursson, Pharm. Res, 1996, 1686.

[66] Schipper, N.G., Varum, K.M., Stenberg, P., Otk G., Lennernas, H., Artursson, P.;
Eur. J. Pharm. Scil999, 335.

[67] Zhang, C., Qu, G., Sun, Y., Wu, X., Yao,, &uo, Q., Ding, Q., Yuan, S., Shen, Z.,
Ping, Q., Zhou, H.Biomaterials 2008, 1233.

[68] Jumaa, M., Furkert, F.H., Muller, B.MEur. J. Pharm. Biopharm2002, 115.

[69] Guo, Z., Chen, R., Xing, R., Liu, S., Yu, MVang, P., Li, C., Li, P.Carbohydr. Res.
2006, 351.

[70] Pujals, G., Sune-Negre, J.M., Perez, P., @ak€i, Portus, M., Tico, J.R., Minarro, M.,
Carrio, J.;Parasitol. Res.2008, 1243.

[71] Hirano, S., lwata, M., Yamanaka, K., Tanaka, Fbda, T., Inui, H.Agric. Biol. Chem.,
1991, 2623.

[72] Rao, S.B., Sharma, C.B.;Biomed. Mater. Resl997, 21.

[73] Gades, M.D., Stern, J.®pes. Res2003, 683.

58



CHAPTER 1 — CHITOSAN-A VERSATILE MATERIAL FOR REGENERATIVE MEDICINE APPICATIONS

[74] Arai, K., Kinumaki, T., Fujita, T.,Bull. Tokai Reg. Fish. Res. Lath968, 89.

[75] Sonaje, K., Lin, Y.H., Juang, J.H., Wey, S.ehen, C.T., Sung, H.WBiomaterials,
2009, 2329.

[76] lllum, L., Farraj, N.F., Davis, S.S2harm. Res.1994, 1186.

[77] Muzzarelli, R.A.A., Jeuniauk, C., Gooday, G;VChitin in Nature and Technology,
Plenum, New York, 1986.

[78] Sjak-Braek, G., Anthonsen, T., Sandford, Fhiti@ and Chitosan, Elsevier, New York,
1992.

[79] Hou, W.M., Miyazaki, S., Takada, M., Komai,, Them. Pharm. Bull1985, 3986.

[80] Miyazaki, S., Ishii, K., Nadai, TChem. Pharm. Bull1981, 3067.

[81] Handa, T., Kasai, A., Takenaka, H., Lin, S.Xndo, Y.;J. Pharm. Sci.1985, 264.

[82] Miyazaki, S., Yamaguchi, H., Yokouchi, C., &ala, M., Hou, W. M.Chem. Pharm.
Bull., 1988, 4033.

[83] Sawayanagi, Y., Nambu, N., Nagai, Them. Pharm. Bulll982, 4213.

[84] Shiraishi, S., Imai, T., Otagiri, MJ, Control. Releasd 993, 217.

[85] Lehr, C.M., Bouwstra, J.A., Schacht, E.H., dimger, H.E.)Int. J. Pharm, 1992, 43.

[86] Luehen, H.L., Lehr, C.M., Rentel, C.O., NoacdhB.J., Boer, A.G., Verhoef, J.C.,
Junginger, H.E.;J. Control. Releas€,994, 329.

[87] Imai, T., Shiraishi, S., Saito, H., Otagiri, Mnt. J. Pharm, 1991, 11.

[88] Genta, I., Pavanetto, F., Conti, B., Giunch&tli Conte, U., Proc. Int. Symp. Control.
Release Bioact. Mater. 2D94, 616.

59



PHD THESIS—MAMONI DASH

[89] Sawayanagi, Y., Nambu, N., Nagai, Them. Pharm. Bull1983, 2507.

[90] Gallo, J.M., Hassan, E.EPharm. Res, 1988, 300.

[91] Hassan, E.E., Parish, R.C., Gallo, J.Rharm. Res.1992, 390.

[92] Artursson, P., Lindmark, T., Davis, S.S., tHuL.; Pharm. Res.1994, 1358.

[93] Soppimath, K.S., Aminabhavi, T.M., Kulkarni,.RR, Rudzinski, W.E.; J. Control.
Releasg2001, 1.

[94] Kreuter, J., Nanopatrticles, in: J. Kreuter (E€olloidal Drug Delivery Systems, Marcel
Dekker, New York, 1994, pp. 219- 342.

[95] Brannon Peppas, Unt. J. Pharm.1995, 1.

[96] Couvreur, P., Grislain, L., Lenaerts, V., Bsasr, F., Guiot, P.; in: P. Guiot, P. Couvreur

(Eds.), Polymeric Nanoparticles and Microspherd3C®ress, Boca Raton, F1986.

[97] Akbuga, J., Durmaz, Gint. J. Pharm,. 1994, 217.

[98] Kumbar, S.G., Kulkarni, A.R., Aminabhavi, T.M.. Microencapsulatior2002, 173.

[99] Sankar, C., Rani, M., Srivastava, A.K., MishBa; Pharmazige2001, 223.

[100] Ozbas-Turan, S., Akbuga, J., Aral, £.Pharm. Sci.2002, 124 .

[101] Mao, H.Q., Roy, K., Troung-Le, V.L., JanesAK Lim, K.Y., Wang, Y., August, J.T.,
Leong, K.W.;J. Control. Releaseg2001, 399.

[102] He, P., Davis, S.S., lllum, Unt. J. Pharm.;1999, 53.

[103] Huang, Y.C., Yeh, M.K., Chiang, C.Hmt. J. Pharm, 2002, 239.

60



CHAPTER 1 — CHITOSAN-A VERSATILE MATERIAL FOR REGENERATIVE MEDICINE APPICATIONS

[104] Shi, X.Y., Tan, T.W.;Biomaterials,2002, 4469.

[105] Bishop, C.W., Knutson, J.C., Valliere, C.RJS Pat. 5 795 882998.

[106] Tokumitsu, H., Ichikawa, H., Fukumori, YBharm. Res.1999, 1830.

[107] Polk, A., Amsden, B., Yao, K.D., Peng, T.,dSen, M.F.A., J. Pharm. Scj.1994,
178.

[108] Liu, L.S., Liu, S.Q., Ng, S.Y., Froix, M., @b, T., Heller, J.;J. Control. Release
1997, 65.

[109] Kawashima, Y., Handa, T., Takenaka, H., I1SnY., Ando, Y. ;J. Pharm. Scj.1985,
264.

[110] Kawashima, Y., Handa, T., Kasai, A., Takenala Lin, S.Y.;Chem. Pharm. Bull.

1985, 2469.

[111] Bodmeier, R., Oh, K.H., Pramar, Y2rug Dev. Ind. Pharm1989, 1475.

[112] Shirashi, S., Imai, T., Otagiri, Ml, Control. Releasel993, 217.

[113] Sezer, A.D., Akbuga, Jint. J. Pharm, 1995, 113.

[114] Aydin, Z., Akbuga, J.]nt. J. Pharm, 1996, 101.

[115] Calvo, P., Remunan-Lopez, C., Vila-Jata,,JAllonso, M.J. Pharm. Res.]997, 1431.

[116] Calvo, P., Remunan-Lopez, C., Vila-Jata, ,JAlonso, M. J., J. Appl. Polym. Sqi.
1997, 125.

[117] Shu, X.Z., Zhu, K.J.Int. J. Pharm., 2000, 51.

[118] Ko, J.A., Park, H.J., Hwang, S.J., Park, JiBe, J.S.int. J. Pharm.2002, 165.

[119] Xu, Y., Du, Y.;Int. J. Pharm.2003, 215.

61



PHD THESIS—MAMONI DASH

[120] Leong, Y.S., Candau, H., Phys. Chem1982, 2269.

[121] Luisi, P.L., Giomini, M., Pileni, M.P., Rolsion, B.H.;Biochim. Biophys. Actal 988,
209.

[122] Mitra, S., Gaur, U., Ghosh, P.C., Maitra, A.8l Control. Releasg2001, 317.

[123] Agnihotri, S.A., Aminabhavi, T.M.;J. Control. Releas€004, 245.

[124] Hejazi, R., Amiji, M.; Int. J. Pharm,, 2002, 87.

[125] Al-Helw, A.A., Al-Angary, A.A., Mahrous, G.M Al- Dardari, M.M.; J.
Microencapsulation1998, 373.

[126] Ganza-Gonzalez, A., Anguiano-lgea, S., Otespinar, F.J., Mendez, J.B=ur. J.
Pharm. Biopharm.1999, 149.

[127] Higuchi, T.;J. Pharm. Scj.1963, 1145.

[128] Washington, Clint. J. Pharm, 1990, 1.

[129] Guy, R.H., Hadgratft, J., Kellaway, |.W., Tayl M.J.; Int. J. Pharm, 1982, 199.

[130] Ritger, P.L., Peppas, N.AJ. Control. Releasg1987, 37.

[131] N.A. Peppas, R.W. Korsmeyer, in: N.A. Pepg@d.), Hydrogels in Medicine and
Pharmacy, vol. 3, CRC Press, Boca Raton,18B7, p. 103.

[132] Jameela, S.R., Kumary, T.V., Lal, A.V., Jaysknan, A.;J. Control. Release1998,
17.

[133] Berger, J., Reist, M., Mayer, J.M., Felt, Gurny, R.; Eur. J. Pharm. Biopharm.,
2004, 35.

[134] Boucard, N., Viton, C., Domard, ABjomacromoleculg005, 3227.

62



CHAPTER 1 — CHITOSAN-A VERSATILE MATERIAL FOR REGENERATIVE MEDICINE APPICATIONS

[135] N.A. Peppas, Hydrogels in medicine and phaynZRC Press, Boca Raton, FL,
1986.

[136] Shu, X.Z., Zhu, K.J.int. J. Pharm, 2002, 217.

[137] Shen, E.C., Wang, C., Fu, E., Chiang, C.\he T.T., Nieh, S.J. Periodontal. Res.,
2008, 642.

[138] Brack, H.P., Tirmizi, S.A., Risen, W.MRolymer, 1997, 2351.

[139] Dambies, L., Vincent, T. Domard, A., Guibgl; Biomacromoleculge001, 1198.

[140] Berger, J., Reist, M., Mayer, J.M., Felt, Gurny, R.; Eur. J. Pharm. Biopharm.,
2004, 19.

[141] Meares, P.J. Chem. Soc. Faraday Tran%983, 2264.
[142] Tsuchida, E., Abe, KAdv. Polym. Sci1982, 1.

[143] Cascone, M.G., Maltinti, S., Barbani, N., lsai.; J. Mater. Sci. Mater. Med1999,
431.

[144] Khan, F., Tare, R.S., Oreffo, R.O.C., Bradlgly, Angew. Chem. Int. EZ2009, 978.

[145] Boussif, O., Lezoualch, F., Zanta, M.A., MeygM.D., Scherman, D., Demeneix, B.,
Behr, J.P.; Proc. Natl Acad. Sci. U. S. A. 92 (198397—7301.

[146] Ladet, S., David, L., Domard, ANature 2008, 76.

[147] Chen, R.R., Silva, E.A., Yuen, W.W., Brock,A., Fischbach, C., Lin, A.S.,
Guldberg, R.E., Mooney, D.FASEB J.2007, 3896.

[148] Richardson, T.P., Peters, M.C., Ennett, A.Bloponey, D.J., Nat. Biotechno|.
2001,1029.

63



PHD THESIS—MAMONI DASH

[149] Jeong, B., Kim, S.W., Bae, Y.HAdv. Drug Deliv. Rev,.2002, 37.

[150] J. Kretlow, D., Klouda, L., Mikos, A.GAdv. Drug Deliv. Rey2007, 263.

[151] Bhattarai, N., Matsen, F.A., Zhang, Mlacromol. Biosci.2005, 107.

[152] Bhattarai, N., Ramay, H.R., Gunn, J., Matdes., Zhang, M.Q.;). Control. Release,
2005, 609.

[153] Boesel, L.F., Reis, R.L., Roman, JHssue Eng. Part A008, 223.

[154] Chen, J.P., Cheng, T.HPplymer,2009, 107.

[151] Chenite, A., Chaput, C., Wang, D., Combes,Blischmann, M.D., Hoemann, C.D.,
Leroux, J.C., Atkinson, B.L., Binette, F., Selmahi, Biomaterials,2000, 2155.

[156] Park, H., Park, K., Shalaby, W.S.W.; Biodatghle Hydrogels for Drug Delivery,
CRC Press, Boca Raton, F1993.

[157] Hoare, T.R., Kohane, D.Rplymer, 2008, 1993.

[158] Berger, J., Reist, M., Mayer, J.M., Felt, ®eppas, N.A., Gurny, REur. J. Pharm.
Biopharm.,2004, 19.

[159] Hennink, W.E., van Nostrum, C.FAdv. Drug Deliv. Rey2002, 13.

[160] Jin, J., Song, M., Hourston, D.Bjomacromolecule004, 162.

[161] Sung, H.W., Liang, I.L., Chen, C.N., HuangNR Liang, H.F., J. Biomed. Mater.
Res. 2001, 538.

[162] Sung, H.W., Huang, R.N., Huang, L.L.H., Ts@iC.; J. Biomater. Sci. Polym. Ed.
1999, 63.

64



CHAPTER 1 — CHITOSAN-A VERSATILE MATERIAL FOR REGENERATIVE MEDICINE APPICATIONS

[163] Mi, F.L., Tan, Y.C., Liang, H.C., Huang, R,NSung, H.W. ;Biomater. Sci. Polym.
Ed.,2001, 835.

[164] Chen, S.C., Wu, Y.C., Mi, F.L., Lin, Y.H., YLL.C., Sung, H.W.]]. Control. Release
2004, 285.

[165] Bhattarai, N.Adv. Drug Deliv. Rev2009, doi:10.1016/j.addr.2009.07.019

[166] Yoo, H.S.;J. Biomater. Sci. Polym. Ed2007, 1429.

[167] Lee, J.I., Kim, H.S., Yoo, H.SInt. J. Pharm,, 2009, 93.

[168] Lee, S.J., Kim, S.S., Lee, Y.MCarbohydr. Polym, 2000, 197.

[169] Yao, K.D., Liu, J., Cheng, G.X., Zhao, R.®Nang, W.H., Wei, L.;Polymer Int,
1998, 191.

[170] She, Z., Jin, C., Huang, Z., Zhang, B., FeRg, Xu, Y.; J. Mater. Sci. Mater. Med.,
2008, 3545.

[171] Gupta, K.C., Kumar, M.;]J. Appl. Polym. Sci2001, 639.

[172] Risbud, M.V., Hardikar, A.A., Bhat, S.V., Bhde, R.R.; J. Control. Release2000,
23.

[173] Wang, M.Z., Fang, Y., Hu, D.DReact. Funct. Polym2001, 215.

[174] Tessmar, J.K., Gopferich, A.MAdv. Drug Deliv. Rey2007, 274.

[175] Holland, T.A., Tessmar, J.K., Tabata, Y., Bk A.G.;J. Control. Releas€004, 101.

[176] Kohane, D.S., Langer, RPediatr. Res.2008, 487.

[177] Zisch, A.H., Lutolf, M.P., Ehrbar, M., Raeb&.P., Rizzi, S.C., Davies, N., Schmokel,
H., Bezuidenhout, D., Djonov, V., Zilla, P., HubbhdlLA.; Faseb J, 2003, 2260.

65



PHD THESIS—MAMONI DASH

[178] Lin, C.C., Anseth, K.SPharm. Res.2009, 631.

[179] Kim, S.W., Bae, Y.H., Okano, TRharm. Res.]992, 283.

[180] Sokker, H.H., Ghaffar, AM.A., Gad, Y.H., AMA.S.; Carbohydr. Polym.2009, 222.

[181] Hoare, T.R., Kohane, D.Rplymer 2008, 1993.

[182] Ruel-Gariepy, E., Shive, M., Bichara, A., Bata, M., Le Garrec, D., Chenite, A,,
Leroux, J.C.;Eur. J. Pharm. Biopharm2004, 53.

[183] Obara, K., Ishihara, M., Ozeki, Y., Ishizuka, Hayashi, T., Nakamura, S., Saito, Y.,
Yura, H., Matsui, T., Hattori, H., Takase, B., Kéhi, M., Maehara, T.J. Control. Release
2005, 79.

[184] Jauhari, S., Dash, A.KAAPS PharmSciTec006, E53.

[185] Lee, J.E., Kim, S.E., Kwon, I.C., Ahn, H.Cho, H., Lee, S.H., Kim, H.J., Seong,
S.C., Lee, M.C.;Artif. Organs,2004, 829.

[186] Joung, Y.K., Choi, J.H., Park, K.M., Park[X. Biomed. Mater.2007, 269.

[187] Petersen, L.K., Narasimhan, Bxpert Opin. Drug Deliv.2008, 837.

[188] Lutolf, M.P., Hubbell, J.A.;Nat. Biotechnol.2005, 47.

[189]. Shalak, R., Fox, C.F. Preface. In: Shalak-Bx CF, eds. Tissue Engineering. New
York: Alan R. Liss,1988:26.

[190]. Hutmacher, D.W., Schantz, T., Zein, |., NMgW., Teoh, S.H., Tan, K.C.J Biomed
Mater Res2001, 203.

[191] Seol, Y.J., Lee, J.Y., Park, Y.J., Lee, Y.Moung-Ku, Rhyu, I.C., Lee, S.J., Han,
S.B., Chung, C.PBiotechnol Lett2004, 1037.

66



CHAPTER 1 — CHITOSAN-A VERSATILE MATERIAL FOR REGENERATIVE MEDICINE APPICATIONS

[192] Seeherman, H., Li, R., Wozney, JBone Jt Surg An2003, 96.

[193] zhang, Y., Zhang, M.;] Biomed Mater Re2001, 304.

[194] zhang, Y., Zhang, M.;] Biomed Mater Re2002, 378.

[195] zhang, Y., Zhang, M.;) Biomed Mater Re2002, 1.

[196] Zhang, Y., Ni, M., Zhang, M., Ratner, BTissue Eng2003, 337.

[197] Martino,A. D., Sittinger,Michael., Risbuda, W1; Biomaterials 2005, 5983.

[198] Hu, Q., Li, B., Wang, M., Shen, Biomaterials,2004, 779.

[199]Yin, Y., Ye, F., Cui, J., Zhang, F., Li, Xao, K.;J Biomed Mater Re2003, 844.

[200] Leroux, L., Hatim, Z., Freche, M., Lacout,..J.Bone,1999, 31S.
[201] Gutowska, A., Jeong, B., Jasionowski, Mrat Rec2001, 342.

[202] Xu, H.H., Quinn, J.B., Takagi, S., Chow, L;.Biomaterials 2004, 1029.

[203] Zhao, F., Yin, Y., Lu, W.W., Leong, J.C., Zttp W., Zhang, JBiomaterials,2002,
3227.

[204] Kim, S.B., Kim, Y.J., Yoon, T.L., Park, S.ACho, |.H., Kim, E.J.Biomaterials 2004,
5715.

[205] Lee, B.H., Lee, Y.M., Sohn, Y.S., Song, SMacromolecules2002a,3876 .

[206] Lee, J.Y., Nam, S.H., Im, S.Y., Park, Y.Jeel. Y.M., Seol, Y.J.;J Control Release,
2002b, 187.

[207] Zhao, L., Burguera, E. F., Xu, H.H.K., Amim\., Ryou, H., Arola, D. D,
Biomaterials 2010, 840.

67



PHD THESIS—MAMONI DASH

[208] Grande, D.A., Halberstadt, C., Naughton, &hwartz, R., Ryhana, M.;J Biomed
Mater Res1997, 211.

[209] Kosher, R.A., Church, R.LNature 1975, 327.

[210] Kosher, R.A., Lash, J.W., Minor, R.Regv Biol 1973, 210.

[211] Athanasiou, K.A., Shah, A.R., Hernandez, RL&Baron, R.G.Clin Sports Med,
2001, 223.

[212] Sittinger, M., Hutmacher, D.W., Risbud, M.\Curr Opin Biotechnql2004, 411.

[213] Suh, J.K.F., Matthew, H.W.TBiomaterials 2000, 2589.

[214] Lahiji, A., Sohrabi, A., Hungerford, D.S., didoza, C.G., Lahiji, A., Sohrabi, A.,
Hungerford, D.S., Frondoza, C.@.Biomed Mater Re2000, 586

[215] Iwasaki, N., Yamane, S.T., Majima, T., KasahaY., Minami, A., Harada, K.,
Nonaka, S., Maekawa, N., Tamura, H., Tokura, Siorgh M., Monde, K., Nishimura, S.;
Biomacromolecules004, 828.

[216] Risbud, M., Ringe, J., Bhonde, R., Sittinddr; Cell Transplant, 2001, 755.

[217] Cui, Y.L., Qi, AD., Liu, W.G., Wang, X.H., Ahg, H., Ma, D.M., Yao, K.D;
Biomaterials,2003, 3859.

[218] Yamane, S., lwasaki, N., Majima, T., Funakp3h, Masuko, T., Harada, K., Minami,
A., Monde, K., Nishimura, SBiomaterials 2005, 611.

[219] Hsu, S.H., Whu, S.W., Hsieh, S.C., Tsai, CChen, D.C., Tan, T.SArtifOrgans
2004, 693.

[220] Lee, J.E., Kim, K.E., Kwon, I.C., Ahn, H.lLee, S.H., Cho, H., Kim, H.J., Seong,
S.C., Lee, M.C.Biomaterials 2004, 4163.

68



CHAPTER 1 — CHITOSAN-A VERSATILE MATERIAL FOR REGENERATIVE MEDICINE APPICATIONS

[221] Taravel, M.N., Domard, ABiomaterials 1996, 451.

[222] Kim, S.E., Park, J.H., Cho, Y.W., Chung, Bleong, S.Y., Lee, E.B., Kwon, I.CJ
Control Release2003, 365.

[223] Lu, J.X., Prudhommeaux, F., Meunier, A., Sede Guillemin, G.; Biomaterials
1999, 1937.

[224] Hoemann, C.D., Hurtig, M.B., Rossomacha, &in, J., Chevrier, A., Shive, M.S;
Bone Joint Surg Am2005, 2671.

[225] Hoemann, C.D., Sun, J., McKee, M.D., Cheyrigr, Rossomacha, E., Rivard, G.E;
Osteoarthr Cartil, 2007, 78.

[226] Cheuvrier, A., Hoemann, C.D., Sun, J., BuschmaM.D.; Osteoarthritis Cartilage
2007, 316.

[227] Hag/a, T., Werza, N., Caaa J. K., Wang, H. B., Lu, S.H., Liy, T., Liny, Q. X,,
Duary, C. M., Wang C.Y.; Osteoarthritis and Cartilage010, 257.

[228] Kim, LY., Seo, S.J., Moon, H.S., Jiang, H.Kim, Y.K., Cho, C.S.;Tissue Eng
Regenerative Me@006a, 27.

[229] Ben-Ze'ev, A., Robinson, G.S., Bucher, NFEarmer, S.R.Proc Natl Acad Sci USA
,1988, 2161.

[230] LeCluyse, E.L., Bullock, P.L., Parkinson, Agv Drug Deliv Rey1996, 133.

[231] Kang, I.K., Moon, J.S., Jeon, H.M., Meng, Wim, Y.l., Hwang, Y.J.;J Mater Sci
Mater Med, 2005, 533.

[232] Lindahl,U., Hook, M.Annu Rev Biochem978, 385.

[233] Li, J., Pan, J., Zhang, L., Guo, X., Yu, ¥.Biomed Mater Res,2003a, 938.

69



PHD THESIS—MAMONI DASH

[234] Li, J., Pan, J., Zhang, L., Yu, Bjomaterials 2003b, 2317.

[235] Wang, X.H., Li, D.P., Wang, W.J., Feng, Q.Cui, F.Z., Xu, Y.X.;Biomaterials,
2003, 3213.

[236] Kim, LY., Seo, S. J., Moon, H.-S., Yoo, M;KPark, 1.Y., Kim, B.-C., Cho,C.-S.;
Biotechnol. Ady 2008, 1.

[237] Wang, X., Yan, Y., Lin, F., Xiong, Z., Wu, RZhang, R.J Biomater Sci Polym Ed
2005, 1063.

[238] Adams, J.C.J Cell Scj 2002, 257.

[239] Ashwell, G., Morell, A.G.Adv Enzymol1974, 99.

[240] Ashwell, G., Harford, JAnn Rev Biocheni982, 531.

[241] Chung, T.W., Lu, Y.F., Wang, S.S., Lin, Y.€hu, S.H.Biomaterials,2002a, 4803.

[242] Heath, C.A., Rutkowski, G.ETIBTECH 1998, 163.

[243] Ciardelli, G., Chiono, V.Macromol Biosci2006, 13.

[244] Haipeng, G., Yinghui, Z., Jianchun, L., Yaodas., Nanming, Z., Xiufang, Z.J
Biomed Mater Re2000, 285.

[245] Yuan, Y., Zhang, P., Yang, Y., Wang, X., Gu; Biomaterials 2004, 4273.

[246] Matsuda, A., Kobayashi, H., Itoh, S., Kataoka, Tanaka, J.Biomaterials 2005,
2273.

[247] Chavez-Delgado, M.E., Mora-Galindo, J., GérRezedo, U., Feria-Velasco, A.,
Castro-Castafieda, S., Lopez-Dellamary Toral, B&iomed Mater Res,R003, 702.

70



CHAPTER 1 — CHITOSAN-A VERSATILE MATERIAL FOR REGENERATIVE MEDICINE APPICATIONS

[248] Mingyu, C., Kai, G., Jiamou, L., Yandao, Glanming, Z., Xiufang, Z.;J Biomater
Appl ,2004, 59.

[249] Cheng, M., Deng, J., Yang, F., Gong, Y., Zhba Zhang, X.;Biomaterials 2003,
2871.

[250] Freier, T., Montenegro, R., Shan Koh, H., 8het, M.S.;Biomaterials 2005, 4624.

[251] Park, S.B., You, J.O., Park, H.Y., Haam, S<im, W.S.;Biomaterials 2001, 323.

[252] Ahn, J.S., Choi, H.K., Cho, C.Rijomaterials,2001, 923.

[253] Ahn, J.S., Choi, H.K., Chun, M.K., Ryu, J.Mlung, J.H., Kim, Y.U., Cho, C.S;
Biomaterials 2002, 1411.

[254] Li, F., Liu, W.G., Yao, K.D.Biomaterials 2002, 343.

[255] Zhao, H.R., Wang, K., Zhao, Y., Pan, L.Bigmaterials 2002, 4459.
[256] Hu, Y., Jiang, X., Ding, Y., Ge, H., Yuan,,¥.ang, C.;Biomaterials 2002, 3193.

[257]Akbuga, J., Bergisadi, NJ; Microencapsul.1999, 697.

[258] Shiraishi, S., Imai, T., Otagiri, MJ, Control Rel.1993, 217.

[259] Aggarwal, A., Kaur, S., Tiwary, A.K., Gupt§,;J. Microencapsu).2001, 819.

[260] Hejazi, R., Amiji, M.,Pharm. Dev. Technol2003, 253.

[261] Huang, Y.C., Yeh, M.K., Cheng, S.N., Chia@gH.; J. Microencapsul2003a. , 459.

[262] Huang, Y.C., Chiang, C.H., Yeh, M.KJ, Microencapsul2003b, 247.

[263] Mattioli-Belmonte, M., Gigante, A., MuzzarelR.A., Politano, R., De Benedittis, A.,

Specchia, N., Buffa, A., Biagini, G., Greco, Med. Biol. Eng. Comput1,999,130.

71



PHD THESIS—MAMONI DASH

[264] Suh, J.K., Matthew, H.WBiomaterials,2000, 2589.

[265] Muzzarelli, R.A.A., Biagini, G., Belmonte, M., Talassi, O., Gandolfi, M.G., Solmi,
R., Carraro, S., Giardino, R., Fini, M.; Bioact. Compat. Polym1997, 321.

[266] Lee, Y.M., Park, Y.J., Lee, S.J., Ku, Y., H&B., Klokkevold, P.R., Chung, C.R.;
Periodontol.,2000, 418.

[267] Park, D.J., Choi, B.H., Zhu, S.J., Huh, JKim, B.Y., Lee, S.H.;J. Cranio-maxillo-
facial Surg, 2005, 50.

[268] Patel, M., Mao, L., Wu, B., Vandevord, PJl.Tissue Eng. Regen Mea007, 360.

[269] Elcin, Y.M., Dixit, V., Gitnick, G.;Artif. Cells Blood Substit. Immobil. Biotechnol.
1996, 257.

[270] Azab, A.K., Kleinstern, J., Doviner, V., OrkiB., Srebnik, M., Nissan, A., Rubinstein,
A.; J. Control. Releasg2007, 116.

[271] Azab, A.K., Orkin, B., Doviner, V., Nissan,. Alein, M., Srebnik, M., Rubinstein, A.;
J. Control. Releas&€006, 281.

[272] Zeng, R., Tu, M., Liu, H., Zhao, J., Zha, Zhou, C.,Carbohydr. Polym.2009, 107.
[273] Ho, M.H., Hsieh, C.C., Hsiao, S.W., Thien,\0.H.; Carbohydr. Polym.2010, 955.

[274] Sabea, A., Strand, S.P., Ulfendala, M.; Eur. J. Pharm. Biopharm2010, 110.

[275] Fernandez-Urrusuno, R., Calvo, P., RemunapekoC., Vila-Jato, J.L., Alonso, M.J.;
Pharm Res1999, 1576.

[276] Teijeiro-Osorio, D., Remunan-Lopez, C., AlondV.J.; Biomacromolecules2009,
243,

[277] Wang, X., Zheng, C., Wu, Z.M., Teng, D.G.,any, X., Wang, Z., Li, C.X.].
Biomed. Mater. Res. Part B Appl. Biomate009, 150.

12



CHAPTER 1 — CHITOSAN-A VERSATILE MATERIAL FOR REGENERATIVE MEDICINE APPICATIONS

[278] zhang, X.G., Zhang, H.J., Wu, Z.M., Wang, Kiy, H.M., Li, C.X.; Eur. J. Pharm.
Biopharm.,2008, 526.

[279] Grenha, A., Grainger, C.1., Dailey, L.A., BgiB., Martin, G.P., Remunan-Lopez, C.,
Forbes, B.Eur. J. Pharm. Biopharm2007,73.

[280] Grenha, A., Remunan-Lopez, C., Carvalho, &.L.Seijo, B.;Eur. J. Pharm.
Biopharm.,2008, 83.
[281] Grenha, A., Seijo, B., Remunan-Lopez, Eur J Pharm S¢i2005, 427.

[282] Yang, M., Velaga, S., Yamamoto, H., Takeudti, Kawashima, Y., Hovgaard, L.,
van de Weert, M., Frokjaer, St J Pharm 2007,176.

[283] Ma, L., Liu, C.;Colloids Surf B Biointerface2010,448.

[284] van der Lubben, I.M., Konings, F.A., Borchafsl., Verhoef, J.C., Junginger, H.B.;
Drug Target 2001, 39.

[285] van der Lubben, .M., Verhoef, J.C., van AeK.C., Borchard, G., Junginger, H.E.;

Biomaterials,2001, 687.

[286] Vila, A., Sanchez, A., Janes, K., BehrensKilssel, T., Vila Jato, J.L., Alonso, M.J.;
Eur J Pharm Biopharm2004, 123 .

[287] lllum, L., Jabbal-Gill, I., Hinchcliffe, M.Fisher, A.N., Davis, S.SAdv Drug Deliv
Rey 2001, 81.

[288] Amidi, M., Romeijn, S.G., Verhoef, J.C., Jumger, H.E., Bungener, L., Huckriede,
A., Crommelin, D.J., Jiskoot, W¥Yaccing 2007, 144.

[289] Boonyo, W., Junginger, H.E., Waranuch, N.InBk, A., Pitaksuteepong, T.J.
Control. Release2007, 168.

73



PHD THESIS—MAMONI DASH

[290] Svirshchevskaya, E.V., Alekseeva, L.G., Réshe P.D., Phomicheva, N.N.,
Parphenyuk, S.A., llyina, A.V., Zueva, V.S., Lomat5.A., Levov, A.N., Varlamov, V.P.;
Eur J Med Chen?009, 2030.

[291] Ravichandran, E., Al-Saleem, F.H., AncharsRiM., Elias, M.D., Singh, A.K,,
Shamim, M., Gong, Y., Simpson, L.lUnfect Immun2007, 3043.

[292] Sayin, B., Somavarapu, S., Li, X.W., Thanbu,D.; Int J Pharm. 2008, 139.

[293] Borges, O., Cordeiro-da-Silva, A., Tavares,Shntarem, N., de Sousa, A., Borchard,
G., Junginger, H.EEur J Pharm Biopharn008, 405.

[294] Kang, M.L., Jiang, H. L. Kang, S.G., Guo, D.ee, D.Y., Cho, C.-S., Yoo, H.S;
Vaccing 2007, 4602.

[295] Jiang, H.L., Kang, M.L., Quan, J.S., KangG$S.Akaike, T., Yoo, H.S., Cho, C.S;
Biomaterials 2008, 1931.

[296] Klas, S.D., Petrie, C.R., Warwood, S.J., Wills, M.S., Olds, C.L., Stenz, J.P., Cheff,
A.M., Hinchcliffe, M., Richardson, C., Wimer, S/accine, 2008, 5494.

[297] Lameiro, M.H., Malpique, R., Silva, A.C., Adg, P.M., Melo, E.J Biotechnagl 2006,
152.

[298] Jaganathan, K.S., Vyas, S.Yaccine 2006, 4201.

[299] Florindo, H.F., Pandit, S., Lacerda, L., @alves, L.M.D., Alpar, H.O., Almeida,
A.J.; Biomaterials 2009, 879.

[300] N. Hagenaars, E. Mastrobattista, R. VerheWooren, H. Glansbeek, J. Heldens, H.
van den Bosch, W. Jiskodharm. Res 2009, 1353.

[301] Baudner, B.C., Giuliani, M.M., Verhoef, J.®appuoli, R., Junginger, H.E., Giudice,
G.D.,Vaccing 2003,3837.

[302] Nagamoto, T., Hattori, Y., Takayama, K., Nait, Y.; Pharm Res2004, 671.

74



CHAPTER 1 — CHITOSAN-A VERSATILE MATERIAL FOR REGENERATIVE MEDICINE APPICATIONS

[303] Read, R.C., Naylor, S.C., Potter, C.W., Bod Jabbal-Gill, I., Fisher, A., lllum, L.,
Jennings, RYaccine 2005, 4367.

[304] Nishimura, K., Nishimura, S., Nishi, N., NutaaF., Tone, Y., Tokura, S., Azuma, |.;
Vaccine 1985, 379.

[305] Nishimura, K., Nishimura, S., Nishi, N., Saik, Tokura, S., Azuma, l.Vaccing
1984, 93.

[306] Nishimura, K., Ishihara, C., Ukei, S., Tokus., Azuma, |.Vaccine 1986, 151.

[307] zaharoff, D.A., Rogers, C.J., Hance, KW.hBm, J., Greiner, J.W\Vaccine 2007,
8673.

[308] zaharoff, D.A., Rogers, C.J., Hance, KW.hBm, J., Greiner, J.W.Vaccing 2007,
2085.

[309] Ghendon, Y., Markushin, S., Krivtsov, G., Alava, I.,Archives of Virology2008,
831.

[310] Ghendon, Y., Markushin, S., Vasiliev, Y., Albova, |., Koptiaeva, I., Krivtsov, G.,
Borisova, O., Ahmatova, N., Kurbatova, E., Mazurir®, Gervazieva, V.Journal of
Medical Virology 2009, 494.

[311] Sato, T., Ishii, T., Okahata, Bjomaterials 2001, 2075.

[312] Kawamata, Y., Nagayama, Y., Nakao, K., Mizeigy H., Hayakawa, T., Sato, T.,
Ishii, N.; Biomaterials 2002, 4573.

[313] Khora, E., Limb, L.Y.;Biomaterials,2003, 2339.

[314] Agnihotri, S.A., Mallikarjuna, N.N., Aminabkia T.M.; J Control Release€004; 5.

[315] Prabaharan, M., Mano, J.Brug Delivery, 2005, 41.

75



PHD THESIS—MAMONI DASH

[316] Danielsen, S., Strand, S., de Lange Davies, ©kk8t B.T.;Biochim Biophys Acta
2005,1721.

[317] Mansouri, S., Lavigne, P., Corsi, K., Benderddr, Beaumont, E., Fernandes, J.C.;
Eur J Pharm Biopharp2004, 57.

[318] Masaotti, A., Bordi, F., Ortaggi, G., Marinb,, Palocci, C.Nanotechnology2008, 1.

[319] Dai, H., Jiang, X., Tan, G. C. Y., Chen, Ygrbenson, M., Leong, K. W., et dht J
Nanomedicing2006, 507.

[320] Lee, J. M., Ha, K. S., & Yoo, H. SActa Biomaterialia2008, 791.

[321] Lee, J. I, Kim, H. S., & Yoo, H. Snt. J. Pharm 2009, 93.

[322] Khatri, K., Goyal, A. K., Gupta, P. N., MisrN., Vyas, S. Pint. J. Pharm 2008,
235.

[323] zZhou, X. F., Zhang, X., Yu, X., Zha, X., FQ,, Liu, B., et al.;Biomaterials 2009,
111.

[324] Katas, H., Alpar, H. OJ Control Release2006, 216.

[325] Liu, X., Howard, K. A., Dong, M., Andersen,.ND., Rahbek, U. L., Johnsen, M. G., et
al.; Biomaterials 2007, 1280.

[326] Lee, C.M., Jeong, H.J., Kim, S.L., Kim, E.MKjm, D.W., Lim, S.T., Jang, K.Y.,
Jeong, Y.Y., Nah, J.W., Sohn, M.Hint. J. Pharm, 2009, 163.

[327] Hein, S., Wang, K., Stevens, W.F., KjemsMater. Sci. Technol.2008, 1053.

[328] Koping-Hoggard, M., Tubulekas, I., Guan, HEdwards, K., Nilsson, M., Varum,
K.M., Artursson, P.Gene Ther, 2001, 1108.

[329] Mi, F.L., Shyu, S.S., Peng, C.K., Wu, Y.Byr§y, H.W., Wang, P.S., Huang, C.Q.;
Biomed. Mater. Res.— Part 2006 ,1.

76



CHAPTER 1 — CHITOSAN-A VERSATILE MATERIAL FOR REGENERATIVE MEDICINE APPICATIONS

[330] Sionkowska, A., Wisniewski, M., Skopinska, Xennedy, C.J., Wess, T.J;
Biomaterials 2004 795.

[331] Hsu, S.H., Shu, W.W., Hsieh, S.C., Tsai, CChen, D.C., Tan, T.SArtif. Organs
2004, 693.

[332] Kweon, D.K., Song, S.B., Park, Y.\Bjomaterials 2003, 1595.

[333] Lee, C.M., Jeong, H.J., Kim, S.L., Kim, E.MKjm, D.W., Lim, S.T., Jang, K.Y.,
Jeong, Y.Y., Nah, J.W., Sohn, M.Hnt. J. Pharm, 2009, 163.

[334] Kumar, M.N., Muzzarelli, R.A., Muzzarelli, CSashiwa, H., Domb, A.JChem. Rey.
2004, 6017.

[335] Tokumitsu H., Ichikawa, H. Fukumori, Y?harm. Res1999, 1830.

[336] Saha, T.K., Ichikawa, H., Fukumori, YCarbohydr. Re$2006, 2835.

[337] Tokumitsu, H., Ichikawa, H., Saha, T.K., Fuakori, Y., Block, L.H.;S.T.P. Pharm.
Sci, 2000, 49.

[338] Wu, Z., Sheng, Z., Sun, T., Geng, M., Li,Yap, Y., Huang, Z.Chin. Med. J.(Engl)
2003, 419.

[339] Shigemasa, Y., Minami, S5enet. Eng. Rev1996, 383.

[340] Rao, S.B., Sharma, C.B.;Biomed. Mater. Resl997, 21.

[341] Hunt, T.K., La Van, F.BN. Engl. J. Med 989, 111.

[342] Park, C.J., Clark, S.G., Lichtensteiger, C.8amison, R.D., Johnson, A.JActa
Biomater 2009.

1



PHD THESIS—MAMONI DASH

[343] Obara, K., Ishihara, M., Ishizuka, T., Fujitd., Ozeki, Y., Maehara, T., Saito, Y.,
Yura, H., Matsui, T., Hattori, H., Kikuchi, M., Kitia, A.; Biomaterials 2003, 3437.

[344] Ishihara, M., Nakanishi, K., Ono, K., Sato,,Mikuchi, M., Saito, Y., Yura, H.,
Matsui, T., Hattori, H., Uenoyama, M., Kurita, Bijomaterials,2002, 833.

78



2. STATISTICAL APPROACH OF CHITIN DEACETYLATION

2.1. Abstract

Chitosan was produced by thermo-chemical deadiglaof chitin. Reaction
parameters were varied to obtain different graddemnfree of N-acetylation (DA) of chitin
following a statistical design. Two different antidal methods namely*lderivative UV and
FTIR spectroscopies have been adopted to deterthimevalues of DA of the prepared
chitosan. The values of DA assessed from theetivative UV is in accordance with that
using FTIR. Thermogravimetric analysis was alsdgrered to characterize chitin and its

derivatives in terms of thermal stability in airdamitrogen.

2.2. Introduction

Chitosan finds numerous applications in agricelfsiomedicine (for example, as
drug delivery system), papermaking, water treatra@dtfood industry [1]. The properties of
chitosan strongly depend on the degree of N-adaplgDA), which not only influences its
physical-chemical characteristics [2-7] but alscs ibiodegradability [8-10] and
immunological activity [11].

Chitosan is derived from chitin and the percentafyéN-acetyl group within the
polymer chain is a distinguishing factor betweea tifferent grades of these biopolymers
(Scheme 1). The macromolecule containing 100 % arenthan 50 % of amine groups is
named chitosan. Conversely, the material will besetered chitin if in its structure there is
100 % or more than 50 % of N-acetyl group.

Various properties of these two biopolymers aosely related to the DA, which is
the most fundamental parameter. In other wordbeifDA is known, many properties can be
predicted and different analytical methods havenbemployed for its assessment. These
methods included ninhydrin test [12], linear poi@meetric titration [13], near-infrared
spectroscopy [14], nuclear magnetic resonance mE@ecpy [15], hydrogen bromide
titrimetry [16, 17], infrared spectroscopy [17, 1&nd UV-spectrophotometry [19, 20].
Some of these methods are either too tediousngétry), or costly for routine analysis

(nuclear magnetic resonance spectroscopy), orubdise to the sample (ninhydrin test).
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CH,0H R CH,0H
o NH o]
OH o OH 0 OH
OH H OH
NH o) NH
R B CH,OH n R
,CH
R= —C{ for chitin ; R= —H for chitosan
(e}
—H > 50% chitosan
/CH,
= —H and _C\\ /CH3
(6} —C. > 50% chitin
"0

Scheme 1: Structure of chitin and chitosan and correspondingolymers

There are several steps on the manufacturing gsamfechitosan that depend on the
starting material used to extract chitin, whiclitssprecursor. Shrimp, prawn and crab wastes
are the principal sources of chitin [21]. Howeveshitin can be supplied from
microorganisms like cultured fungi, Antarctic kriind insects, too. Scheme 2 illustrates the
general steps that are performed traditionallyrt@pce chitosan.

Pre-treatment (PT) is an alternative process, lwhicrequired only in some cases
where the source of chitin contains others organizstances in considerable quantity [22].
In this step, the material is treated with sodiuydrbxide solution (NaOH) at low
concentration.

o ‘ DM % DP (-»<__ Chitin >—»DAc

PT = Pretreatment; DM = Demineralization;
DP = Deproteination; DAc = Deacetylation

Scheme 2: Flowsheet of typical chitosan manufacturing prac&em materials containing chitin

The process of demineralization (DM) is basicalhe removing of calcium
carbonate (CaCg) that represents 20-50 % in the shells of marinestaceans [1]. The
condition of this step is bland where a dilute loghioric acid (HCI) solution is used at

ambient temperature. Following, demineralised nigtes treated with NaOH solution at 1-2
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M and at temperatures higher than that of amblarthis condition deproteination (DP) will
take place. The last step related to the chitircelgdation (DAC) is the focus of the present
work. This step can follow a homogeneous or hetemegus alkali method. In the first one,
temperatures are lower than that of heterogenedsht with long times as for example
days. However, the conditions for an heterogenédus of chitin generally uses aqueous
NaOH solution at concentration range of 40-50 wttétnperature range between 100-150
°C and short times [1, 21].

The aim of the present study is a statistical apghn for the optimization of the

chitin deacetylation reaction variables using fegeneous method.

2.3. Materialsand Methods
2.3.1 Materials

Chitin from shrimp shells, practical grade powdeas purchased from Sigma (C-
7170) [1398-61-4]. Chitosan low molecular weightldDA=75-85%, was purchased from
Aldrich (448869) [9012-76-4].D-(+)-glucosamine hydrochloride (GIuN), purity 99%,
crystalline (G4875) [66-84-2], N-acetplglucosamine (GIuNAc), purity 99%, (A8625)
[7512-17-6], and Potassium bromide (KBr), FTIR gra(221864) [7758-02-3], were
purchased from Sigma. Sodium hydroxide pellets as®tic acid were obtained from Carlo

Erba and were analytical grades.

2.3.2 Methods
2.3.2.1Chitin Deacetylation

A screening design of experimente (DEX) for chitleacetylation process was
carried out following a factorial?2with center point [23]. Tables 1 and 2 presenelewf
variables reaction time and temperature and saogales for the corresponding processing

conditions, respectively.

Table 1: Settings for the2design with center point

Variable Leveld

-1 0 +1
Time (h) 1 2 3
Temperature (°C) 90 110 130

3.1 and +1 are low and high levels and 0 is cqmoént.
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Table 2: Sample codes and processing conditions

Sample code Temperature (°C) Time (h)
CS9-1 90 1
CS13-1 130 1
CS9-3 90 3
CS13-3 130 3
CS11-2 110 2

Alkali concentration and liquor rate were main&nconstant at 50 % w/v and 50
mL of NaOH solution to 1g of chitin, respectivelyhe reaction was performed under
nitrogen atmosphere and at constant magneticngirri

Completed the DA time, the suspension was filteoéfd washed with water to
neutral pH and oven dried at 60 °C overnight.

The obtained chitosan was dissolved at 1% w/v &v4€.M aqueous acetic acid
solution. This solution was added into NaOH solutforming a precipitate. The insoluble
material was removed by filtration. To the cledtrdte was added again NaOH solution up
to pH around 8. The formed white gel was filtered ghoroughly rinsed with distilled water,
until neutral pH. Purified chitosan was then fredred, grounded to powder and oven dried

at 60 °C overnight.

2.3.2.2Fourier Transform Infrared Spectroscopy (FTIR)

FTIR measurements were carried out in a PerkineEInspectrum One
spectrophotometer. Sample absorbance spectrumakes &s an average of 32 scans with 2
cm® of resolution in the frequency range 4000-400cirior analysis, sample and KBr
were dried at 60 °C for 2 h under reduced presstaenple:KBr disc was prepared with 3

mg:200 mg ratio.

2.3.2.3Thermogravimetric Analysis (TGA)

TGA evaluations were performed using a Mettler #800 System instrument
consisting of TGA-50 furnace with a M3 microbalanaad Star software. Samples of ca. 7
mg were scanned at 10 °C/min from 25 to 900 °C,eur800 mL/min flow rate of both

nitrogen and air.
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2.3.2.3Ultraviolet Spectrophotometry (UV)

Ultraviolet spectra were recorded in the range-200 nm using a Jasco V-530
UV/V spectrophotometer. A calibration curve wasfpaned by means of standard solutions
of GIuN and GIuNAc. A solution of acetic acid (Ac®K.01 M was used as blank. GIuN
and GIuNAc were dissolved in AcOH 0.01 M in thegarof 0.08 mM to 0.2 M and 0.01
mM to 0.2 mM, respectively. Accurately weighed (©@) chitosan samples were dissolved
in 2 mL of AcOH 0.1 M and diluted 10-fold with ditd water to obtain a final AcOH
concentration of 0.01M. Chitosan was not dissolgidctly in AcOH 0.01M since it would

be difficult and time consuming.

2.4. Resultsand Discussion

The obtained deacetilated chitin was a white poveda the yield was 49.7 + 2.2
%. The methods to assess the degree of N-acetyléild) can be distributed in three
groups: 1) spectroscopic; 2) conventional; ande3}rctive [24] In the present study will be
compared the values of DA obtained by two spectpisc (FTIR and UV) and one

destructive (TGA) methods using statistical analysi

2.4.1FTIR Spectroscopy

FTIR is attractive due to its non-destructive eluter, be fast, sensitive, user-
friendly and low-priced, and suitable for both dB&iand non-soluble samples. Hence, this
technique is specifically useful for the analydisnsoluble chitin. Nevertheless, FTIR needs
a calibration versus an absolute technique likdeaucmagnetic resonance (NMR), which
permit a direct determination of chitin DA. A biff@t has been devoted to identify the right
combination of bands and respective baselines, hwhid to a large number of proposed
methods found in the literature. In fact, severathmds were attempted to determine the DA
by FTIR [16, 17, 24-28].

Sample analysis was in random way as well as tépapation of the three replica
performed for each one. This strategy was usedtairoa better estimation of the error of

analysis.
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As previously described, the method to determin® xsing FTIR needs the
construction of a calibration curve. However, it swdecided to use calibration curve
described in literature considering that the diatb analysis of the chitin deacetylation
reaction is the focus of the work. Table 3 presesume calibration curves with the

respective absorption ratios in literature.

Table 3: Calibration Curves from absorption ratios versus stard DA values

DA Calibration Curve Method for DA standard Ref.
1) DA = (AresdAsssg X 155 titration [16]
2) (ArsadA1az0 = 0.3822 + 0.03133 x DA 'H NMR, **C NMR [28]
3) (A132dAaas0 = 0.03146 + 0.00226 x DA 'H NMR, C NMR [28]
4) (ArsedAsg79 = 0.2 + 0.0125 x DA elemental analysis [25]

Figure 1 shows FTIR spectra in transmittance dfrghts derivatives at the lower
and higher levels (see Table 2) and chitosan. &mel tat around 1320 chis similar for
chitin and its derivatives CS9-1 and CS13-3. Thindis assigned to the C-N stretching of
the N-acetylglucosamine. This result suggests that process variables ranges do not
deacetilated chitin in a significant way. Basedlts observation, the calibration curve (2) in
the Table 3 was selected to evaluate the exterfiahitin deacetylation as a function of
process variables. Figure 2 shows FTIR spectruroh@fn with the insert indicating the
baselines for the probe (BL1) and internal refeeefi2l 2) absorptions that are in the ranges
1348-1280 cmi and 1500-1404 c respectively. The internal reference absorption
centered at 1420 chcorresponds to —GHbending. Using this equation the values of DA
for commercial chitin and chitosan were 1815.2 % and 10 %, respectively. The
experiment with commercial chitosan was not repdida However, considering that the
errors of the FTIR measurements were around 5 &Taé. 4), it can be confirmed that the
equation proposed by Brugnerotwi al [28] is a reasonable approach to assess the

deacetylation reaction of chitin.
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Transmitance (%)
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Figure 1: FTIR spectra of chitin and its derivatives
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Figure 2: FTIR spectra of chitin

Table 4 records the mean values of DA of chitirmdanction of process variables
(Tab. 2). The error was calculated using Studertest at 95% of confidence,(§ os= 4.303)
as indicated by Equation 2.1.

tv;alzxs

\n

error = Eq. 2.1

were t o2 is Student’s atv freedom degree arad2 significance level.
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Table 4: Degree of acetylation as a function of processalads using FTIR

Sample DA (%) Error (%)
CS9-1 84.0 4.1
CS9-3 80.2 4.3
CS11-2 75.5 5.8
CS13-1 77.3 3.9
CS13-3 65.5 6.8

Factorial designed experiment can be appropriataiglysed using the DEX
interaction effect plot (Fig. 3). This plot showingean values for the levels of each factor
and that of interaction between them will indictte significance on changing from one
level to another as well as the interdependendbenfactors. This plot shows that the most
significant variable is the temperature followed the time. The interaction between
temperature and time was apparently not significathe range studied. All factors indicate
that higher chitin deacetylation, using 50% aquesa®H, can be obtained for temperatures

higher than 130 °C and/or at reaction times highan 3 h.
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Figure 3: DEX interaction effect plot for DA values
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The analysis of variance (ANOVA) is summarized able 5 including as source of
variation the “pure quadratic” to check for pureadtatic curvature effect. This check was
performed with the center points of thefactorial design. The cut-off value Bftest at 95
% of confidence with 1 and 10 freedom degregsg.19 is 4.96. The fvalues for the main
effects and interaction are higher than that ofaffiand it can be concluded that they are
statistically significant. On the other hand, pgredratic effect is not significant and a first
order model can be used adequately to fit restilis. ANOVA confirmed the observations
of DEX plot including that there is some interdegfence between temperature and time

although small for the range of variables studied.

Table5: ANOVA for factorial model

Source of Sum of Degrees of Mean o F
Variation Squares Freedom Square

A (Temperature) 343.68 1 343.68 79.74
B (Time) 184.55 1 184.55 42.82
AB 48.24 1 48.24 11.19
Pure quadratic 3.20 1 3.20 0.74
Error 43.12 10 4.31

Total 622.79 14

Model 576.47 3 192.16 44.58
R=0.926

Considering the above remarks, the regression mfmdethe chitin deacetylation

process is

Y =76.8—5.3x, — 3.9, = 2X,X, Eq. 2.2
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The relationship between coded and natural vargisl

_Temp- (Temy,,, + Tem[high)lz

Eg. 2.3
(Temp,,, —Temp,,)/2
_ Temp«—(Tempy,, + Tempy,,,) /2 Eq 2.4
> (Tempg,,—Tempg,)/2 e
Consequently, the fitted model of Eq. 2.2 with tlagural variables is
DA =11€.64-0.22T - 6.34t — 0.02Tt Eq. 2.5

where,T andt are Temperature and time variables.

The ANOVA for the model is included in Table 5.elbut-off value of Fos. 3.10iS
3.71 that is lower than that found for the moddiisTmeans that at least one coefficient of
the model is different of zero. Beside, below tH¢GVA of model, are reported a statistic to
check adequacy of fit of the model. This statisBpresents the fraction of the variation
about the mean that is explained by the fitted rhaBle, R value suggests that the model
can be explain about 93% of DA variability.

Using the model represented by Eq. 2.5 it candie that to obtain chitosan with
20% of DA using NaOH at 50% and a reaction tempeeatf 100°C it is needed about 9

hours.

24.2TGA

The TGA method for chitin and chitosan derivates heen used principally on
thermodegradation kinetic studies [29,30]. Howewesimple way to determine chitin DA
was proposed by Alonset al [31] They take the weight loss in air atmosphé#rat
corresponded to the maximum of DTG peak of chitid ahitosan degradation traces and
correlated with DA of chitin standards. They demoated that the empirical correlation

obtained could be a fast way to control DA.
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Figure 4 shows typical TG and DTG traces for ohiind its derivates in air

atmosphere and TG data are reported in Table 6.
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Figure 4: Typical () TG and (b) DTG traces of chitin anddevivatives in air atmosphere.

As the time for a TG analysis is long, only thetee point of the 2factorial design
was replicated to allow the evaluation of the erother than to check the presence of

curvature in the fitting model.

The first step in the temperature range of 30-kG@orresponds to the equilibrium
moisture of samples with that of ambient, which egp in the Table 6 as volatile. The
second thermo-oxidation step appeared as an opedapeak only for the sample CS13-3
(DA = 65.5 from FTIR — see Tab. 4) with maximum286 °C and which is slightly higher
than that measured for commercial chitosan (seertingside Fig. 4 b). For other chitin
derivates, this step appeared as a shoulder. Sodkimum rate peak of second step around
325 °C is associated to chitin, which is in accamtawith literature [31]The last step of
thermo-oxidation in the range 350-600 °C seemsat@some correlation with the capacity
of the molecule to uptake moisture as indicatedth®y same tendency presented by the
volatile value in Table .6. Peniche-Cowtsal observed that up to 430 °C both pyrolysis and
thermo-oxidation TGA traces of chitosan overlapeyleonsidered that up this temperature
the decomposition is independent of atmosphere [28hsequently, as this step is related to

oxidation reaction of the residue it can be supgdbkat depends on DA.
Commercial chitosan that has a DA around 80 %aiorda. 9 % of adsorbed
moisture that is onlga. 2.5 % higher than that of chitin. However, the dgbur of chitin

derivatives does not follow the DA values preseritethe Table 4. The first approach to
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explain this result can be related to the formatibsome kind of intermolecular interaction
that turn less accessible the hydrophilic groups fwisture adsorption. The thermo-
oxidation temperature defined at 2 wt-% of weighgsl after that of volatile ¢J for chitin

was 243 °C suggesting be 2 °C less stable thansanit(DA=80%). However, considering
the replication of the experiment with the centeinpsample (CS11-2) and using Student’s
t-test at 95% of confidence (Eq. 2.1), it can be $aat the error of the experiment is around
3.8 °C. In conclusion, the difference observed gnalue between chitin and chitosan is not

significant. The same statement can be formulaiedHitin derivates.

Table 6. TGA data of chitin and its derivatives in air atphsre®

Sampl&@ Volatile Ty AM, T AM, To Reoo
(%) (°C) (%) (°C) (%) (°C) (%)
Chitin 6.3 243 61.8 313 28.0 519 3.9
CS9-1 8.1 248 63.6 330 27.0 479 1.3
CS13-1 6.7 244 61.4 324 29.7 475 2.2
CS9-3 7.1 244 65.7 324 25.5 479 1.7
CS13-3 3.4 245 64.7 329 29.5 481 2.4
CS11-2 3.9 240 65.0 324 29.8 477 1.3
CS11-2 3.9 243 64.0 325 30.6 485 1.5
CS11-2 3.3 241 64.2 325 30.0 487 2.5
Chitosan 8.8 245 54.0 292 34.2 493 3.0

¥ V/olatile means the weight loss up to 150 °GisTthe decomposition temperature defined at 2 wt-%
of weight loss from 150 °C;lis the first derivative peak; andi@gis the residual weight at 600°8.
See Table 2.2 for code definition.

The residue at 600 °C {R) was a white powder that characterize the inogani
molecules present in the crustaceous shell. Peigthitin leftca. 4% and the commercial
chitosan 3%. The {3, values of the chitin derivatives were lower thha two limits of kind
of 2-deoxyB-D-glucopyranose materials. This is one indicatiomat thhe presence of

inorganic impurities depends on the purificationtimel used. Although the results suggest
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that the time and temperature in NaOH concentratdgtion could be factors on materials
inorganic impurities, the error observed from C21df 1.6 % weaken this possibility.
Typical traces of TG and DTG of chitin and its dates under nitrogen atmosphere
are presented in Figure 5. DTG traces (Fig. 5 loshlearly that pyrolysis occur in two
steps in the range 200-600 °C. The first weight lap to 150 °C takes place moisture
volatilization as previously verified for samplescomposed in air atmosphere. Unlike the
DTG profile in air atmosphere, the second stephitirc derivates in the range 200-330 °C
overlap the third step assigned to chitin but itp@ssible to take both maximum peak

temperatures (J. Table 7 reports pyrolysis data.

Nitrogen 1.44 Nitrogen
80
—e— Chitin 1.2 —e— Chitin
—e— CS9-1 CS9-1
—4— CS813-3 1.0 4— CS813-3

60

—+~— Chitosan Chitosan

404

Residual Weight (%)
DTG/ % °C”

204

0 . . . . . . . . 0.0+ s ]
0 100 200 300 400 500 600 700 800 900 0 100 200 300 400 500 600 700

Temperature / °C Temperature / °C

a) b)
Figure 5. Typical TG (a) and DTG (b) traces of chitin artd derivates in nitrogen

atmosphere.

2.4.3UV Spectrophotometry

The method of the first derivative UV spectropmédry is one of the most used for
determination of the DA [19, 20]. It is the simglesd the most convenient among all the
presently available methods. Besides, providesrateEwand precise results in a simple and
fast way for highly deacetylated chitin. This metheequires only very small amounts of
sample and relies on simple reagents and instratient In addition, the results obtained
from method are reasonably independent of proteftamnination. The main disadvantages
of this method are the requirement of an accuraterthination of the weight, particularly

difficult for the highly hygroscopic chitosan saregl
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Table 7. TGA data of chitin and its derivates in air atyiosre®

Sampl®  Volatile Ta AM, To AM, To AM;  Rego
(%) (°C) (%) (°C) (%) (°C) (%) (%)

Chitin 6.0 257 — — 73.0 371 4.8 16.2

CS9-1 7.7 271 15.7 296 50.7 389 5.5 20.4
CS13-1 5.8 268 19.1 297 49.5 391 54 20.2
CS9-3 6.4 270 16.5 297 53.6 390 4.4 19.1
CS13-3 51 270 185 298 42.7 395 6.4 243
CS11-2 55 275 17.9 299 50.9 393 5.4 20.3
Chitosan 10.3 270 57.7 302 — — — 32.0

Dyolatile means the weight loss up to 150 °@isTthe pyrolysis decomposition temperature defiaed
2 wt-% of weight loss from 150 °C;,Ts the first derivative pealiM is the range of weight loss and
Reoo is the residual weight at 600°8 See Table 2.2 for code definition.

The two models substances, GIuNAc and GIuN, are di¥bmophoric groups,
which contribute in a simple addictive way to that absorbance of the material at a
particular wavelength. Based on this evidencedtial derived a linear relationship between
absorbance and the total molar concentration ofrtbeomers permitting DA determination
[32].

The high absorbance of the acetic acid at the wgrkoncentration disturbs the
determination of both GIUNAc and GIuN residues whsing the zero order UV spectra.
The T derivative spectra of the AcOH solutions sharemmon point at around 202 nm for
concentrations from 0.005 up to 0.03 M, designatethe zero crossing point by Muzzarelli
and Rocchetti [19]. Consequently, the determinatbthe amine and N-acetyl containing
concentration should be relatively insensitiveltietuations in the acetic acid concentration.
Individual calibration curves for both GIUNAc andu®@ were drawn through a linear
regression between the concentration and theetivative UV signal arising from each one

(Fig. 6 and 7, respectively). This was deduced ftbm Beer's lamberts law for diluted
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solutions, which correlates the concentrati@) with the absorbancéA), for a given
wavelength X) as shown in Equations 2.6-2.9. Each spectrum showigures 6 a) and 7 a)

represents the average of two independent data sets

A(A) =g, C Eq. 2.6

Wheree is the molar absorptivity angy is the optical length that in the present worH is
cm. Since botth andC are independent on the wavelength,
dA _de

—=—1C=£)I C Eq. 2.7
T (M, q

It should be noticed that the acetic acid (AcOH)egialso a signal at= 202 nm, thus Eq.

2.7 should be corrected as shown below,

A-A, o =4,C Eq. 2.8
dA (dAj

JA_| 8A =£l,,C Eq.2.9
A\ W |

Denoting the T derivative of the GIuUNAc and GIuN molar absorgtas ase, and &g

respectively, the linear regression of the expenitaledata gives,

€aluy= -459.5 M" andgylyy= -33.3 M*

The method for the determination of DA by meang®bflerivative UV is based on
the assumption that the molar absorptivities ofhb@IluN €;) and GIuNAc §£,)
chromophoric groups does change when they are eotal bound throughB-(1-4)
glycosidic linkages. Consequently, the monosacdearicontribute in an addictive way to

the total absorbance, which in the presence ofcaaeid can be expressed as,
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A=&l,C, + &l Cy + Enconluv Cacon Eq. 2.10
where the concentration€f are in mol/L.
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Figure 6: First Derivative UV spectra of GIuUNAc at 202 nm
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Figure 7: First derivative UV spectra of (a) GIuN &202 nm and (b) respective calibration curve

Since the optical path length @nd the concentratiorC{ are independent of the

wavelength, differentiating Equation 2.10 gives,

dA (dA
- Eq. 2.11

—_——— =£_1,C.+&_1,C
d dAJAcOH a 'uv “a g 'uv™g

The degree of deacetylation (DD) is defined asniioéar fraction of the GIUN units
and can be expressed as the ratio between the GludN total monosaccharides

concentrations(),
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DD = g =1 Eq. 2.12
C,+C, C,

Combining Equations 2.11 and 2.12 and rearrangiig pbtained,

1/dA (dA _

E[a —(JJACOHJ =&, 1oy = (€2l — €410y )PD Eq. 2.13

The Equation 2.13 is the basis of the method megdierein. It is interesting to
notice that the method developed by Muzzareli andcRetti is a particular case of the last

equation [19]. In fact, sincg, >> €, Equation 2.13 can be simplified as follow,

1] dA (dAj J
L] 0A_| 9A =¢ |.-(¢.1.,)DD Eq. 2.14
Ciom Ey) L 1)) !

C; within a chitosan sample cannot be achieved witknawing the DD. Thus, it is
more convenient to express the copolymer concémtrat terms of solute masf_f() in g/L,

which is defined experimentally. These two concaiidn values are related by the next

Equation,
C .
E—Ma—(Ma—Mg)DD Eq. 2.15

t
Where M, and M, are the molecular weights of the GIuNAc and Gluhtsiwithin
the copolymer. Combining Equations 2.13 and 211iS,dbtained,

[ 1 e1.,-(.1.,-£1,.)DD
1 d_A_(dAj _falw ( aluv "¢y uv) Eq. 2.16
AcOH

Cid/l di J M, - (M, - M,)DD

Following rearranging, the following results,

M,(dA (dA
€yl — =2 - 25
C, \dA \dA)yeon

DD = =M TaA (aa
MaZ Mg GA QAL g | g |
(CM (dAjACoHJ (aUV gUV)

C

Eq. 2.17
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The molecular weight of N-acetyl and amino gluc@mases comonomers are,;/MN03
g/mol and M=161 g/mol, respectively. Therefore, Equation 2alldws a straightforward
determination of the DD. DD can also be expressettims of percentage. Consequently,
the value of DA (%) can be obtained by the diffeen

DA(%)=100-DD(%)

The results obtained for the different chitin datevsamples are reported in Table 8.

Table 8: Degree of acetylation (DA%) as a function of praceariables using UV

Sample DA (%) Error (%)
Chitin 99.7 14
Chitosan 5.9 0.9
CS9-1 81.5 4.8
CS11-1 77.1 2.9
CS13-1 66.9 2.7

2.5. Conclusion

Using a statistical approach, temperature and im@rocess variables of the chitin
deacetylation reaction were analysed. Taking orRFa8 one of the most traditional method
to determine chitin deacetylation degree, it wasfiee that the higher level of both variable
studied (130 °C-3h) resulted a chitin derivativéhwia. 65% of DA. The ANOVA indicated
that the most important variable is the temperatune that there is a slight interdependence
between both variables in the range studied.

Thermo-oxidation data from TGA showed that the Bopiiim moisture of the chitin
derivates is equivalent to that of pristine chiiin samples that resulted a DA higher than
75% which value was around 7%.

The values of DA assessed from tiied&rivative UV is in accordance with that using
FTIR.
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3. CHITOSAN BASED BEADS FOR CONTROLLED RELEASE OF
PROTEINS

3.1. Abstract

Chitosan is biocompatible polymer of natural origiidely investigated for applications in
drug delivery and regenerative medicine. In thiapthr, Chitosan’s capability of forming
water gelling beads in the presence of non-toxiggoon was exploited for the loading of
two model proteins. Human Serum Albumin (HSA) amcine trypsin were successfully
loaded into chitosan-tripolyphosphate (TPP) be&dsh proteins were highly incorporated
when the cross-linking process was allowed to oému24 h at room temperature (RT). The
release profiles of the two proteins were compared the faster diffusion of trypsin was
associated to its smaller molecular weight. Morepwe vitro degradation experiments,
aimed to mimic physiological degradation pattern tbé beads displayed a complete
degradation of the material in almost 30 days. &elt, the preliminary experimental data
acquired in the present work represent a starttngysfor the promising application of

chitosan-TPP beads for the controlled releasea®prs of therapeutic interest.

3.2. Introduction

Chitosan is a cationic polysaccharide composef-b# linked 2-amino-2-deoxy-
D-glucopyranose (D-glucosamine). In nature it igrfd in fungi, but it is conventionally
produced by deproteinization, demineralization afehcetylation of chitinous material
which is widely distributed in living organisms {@amopods, fungi, algae, mollusca, etc.) [1].
Chitosan is biocompatible, it does not cause dliergactions and rejection. Moreover,
chitosan has antacid and antiulcer characteristib&h prevents or weakens drug irritation
in the stomach [2]Under the action of ferments) vivo it degrades slowly to harmless
products (amino sugars), which are completely debby the human body. It is known to
possess antimicrobial property and absorbs toxialsieuch as mercury, cadmium, lead, etc.
In addition, it has good adhesion properties [8hgulation ability and immunostimulating
activity [4].

Chitosan is a widely investigated biopolymer, t#teato its gelling capability and

the possibility of applying this natural polymernegenerative medicine and drug delivery.
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In particular, chitosan vehicles appear promising the administration of therapeutic
peptides and proteins such as vaccines, cytokeregmes, hormones and growth factors,
which are becoming a very important class of bb#rapeutics and agents for regenerative
medicine. Despite the potential of many proteind paptides, their application in medical
treatments is hampered by difficulties in thevivo administration, related to their chemical
and conformational instability, presence of deriaturagents, pH and changes in ionic
strength.

Chitosan has been extensively studied as carfioerdrugs [5, 6], protein carriers
[7] and gels for the entrapment of cells or antiyéB] as a viable route of parenteral drug
delivery. Through parenteral drug delivery, espicimtravenous injection, one can gain
easy access to the systemic circulation with rapid) absorption and delivery to the site of
drug action. Unfortunately, this rapid drug absimptis usually concomitant with a rapid
decline in drug levels in the systemic circulatiby the reticuloendothelial system. For
effective treatment, it is often desirable to maint systemic drug levels within a
therapeutically effective concentration range far lang as treatment is needed [9].
Consequently, considerable effort has been investethe development of parenteral
controlled release formulations.

The depot form, as microspheres/ beads, was ftubd the most favorable due to
their facile fabrication, long acting controlledudrdelivery to the systemic circulation and
specific orientation of the drug carrier via actimepassive targeting to the treatment site of
the body. The carrier matrix should be biocompatilbiodegradable and easily shaped into
microsphere/ beads forms, therefore, chitosargisoal matrix for this purpose.

Chitosan microspheres and beads have been prepaied several different
methods. The most applied processing methods iaclmternal or external iontropic
gelation, which allows for the obtainment of a widege of products, from micro beads to
nanosized particles. Among these, the most popoter is the suspension-crosslinking
technique. The following is a typical procedure;aqueous acidic solution of chitosan is
added in the form of small droplets via a syringtoia phase (water/mineral/ oil) as the
suspension medium. To this suspension, a chefpipaical crosslinking agent, usually a
bifunctional chemical reagent such as; glutaraldehyhexamethylene diisocyanate or
ethylene glycol diglycidyl ether [8,10] is added séhematic representation of the technique
is given infigure 1 The chitosan microspheres obtained are washdd peitroleum ether,
sodium bisulfide and acetone, respectively, to nemexcess crosslinking agent and oll
[10,11]. Chitosan microspheres have been evaldatedelivery of different types of active

agents such as drugs, proteins and antigens [12E2itlapped drugs can be released via
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diffusion from the microspheres; consequently, $heslling ratio significantly affects the

release rate.

Chitosan solution in acetic acid Mechanical stirrer

Chitosan
- microspheres/beads

Suspension solution Crosslinker

Figure 1. Schematic representation of the suspension crd@sgintechnique.

According to previous studies, drug release framtosan microparticles could be
controlled by crosslinking the matrix using cherhicerosslinking agents such as
glutaraldehyde [22, -25], NaOH [26-28] and ethylghgcol diglycidyl ether [8]. However,
these chemical crosslinking agents have possilfitinducing undesirable effects and are
toxic to living systems. Chemically synthesized tgtaldehyde can cause irritation to
mucosal membranes due to its toxicity [27,6,29]oVercome this disadvantage of chemical
crosslinking agents, ionic crosslinking agents banused such as tripolyphosphate (TPP),
genipin and alginate [30-33]. For example, chitoeads, micro or nanoparticles were
produced by ionic crosslinking with tripolyphosphaffPP) [34-36]. Shu and Zhet al
reported the chitosan bead, which was prepared WRP, increased the drug loading
efficiency as well as prolonging the drug releaseiqul, and they also showed that citrate
cross-linked chitosan film possessed pH sensitivellng and drug controlled release
properties[32,53]. Met al. reported that the chitosan microspheres prepaitdgenipin, a
naturally occurring crosslinking reagent, affectd® release behavior of the drugs in
microspheres [6]. TPP is nontoxic and multivalemioas. It can form gel by ionic
interaction between positively charged amino groaopshitosan and negatively charged
counterion of TPP [29, 32, 37, 38]. This interactamuld be controlled by the charge density
of TPP and chitosan, which is dependent on the félation. The chitosan matrix could be
depended on molecular weight (MW) of chitosan. iBitatkhachorret al. (2001) reported
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that the higher the MW and degree of deacetylatifochitosan, the lower the release rate of
chitosan film [39].

The advantage of iontropic gelation stands inshieness for the operator, since it
avoids the use of hazardous organic solvents ansl ltased on the cationic nature of
chitosan, able to crosslink with multivalent aniorssich as sulfate, citrate, and
tripolyphosphate [40,41]. Tripolyphosphate (TPP)aision-toxic polyanion which easily
interacts with chitosan and has previously beeml dse the preparation of chitosan beads,
microspheres and nanopatrticles [38].

In this chapter, two model proteins are appliectiigrpreparation of protein loaded chitosan-
TPP beads. HSA has been chosen as middle-sizerprotelel and applied for preliminary

evaluation on loading and release kinetics. Portipgsin has been applied as model of
active agent, due to its enzymatic activity it @grally applied for the assessment of activity

maintenance after loading into a polymeric systég) 43].

3.3. Materialsand Methods

3.3.1 Materials

Chitosan and sodium tripolyphosphate(TPP) werehaged from Sigma Aldrich.
Molecular weight was in the range of 190,000 - 808, as indicated by the supplier,
viscosity was about 200 cps . Degree of deacetylfiDD) was >85%. All other reagents
and solvents were of reagent grade purity. Humanrg8e\lbumin used as a model protein

and lysozyme (hen egg-white) were purchased fraqqm&iAldrich.

3.3.2 Methods

3.3.2.1 Preparation of crosslinked Chitosan beads

Chitosan powder(0.6 g) was dispersed in 20 mL atewcontaining 1 (v/v)% acetic
acid. The mixture was stirred and left overnighptepare dissolved chitosan solution. The
TPP powder was dissolved in distilled water to prepl%(w/v) TPP aqueous solutions. The
chitosan solution was dropped through a syringellegato gently agitated TPP solution and

the gelled spheres formed instantaneously.
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3.3.2.2 Preparation of protein loaded Chitosan bead

The chitosan and TPP solutions of the same coratents as above were made.
The model protein HSA was dissolved directly irtte TPP solution. The concentration of
the protein in TPP solution is 0.1%. The pH of ffeP solution was maintained at 7. The
solution of TPP and albumin was stirred for 10 ronattain homogeneity. The chitosan
solution was dropped through a syringe needle gently agitated TPP solution and the
gelled spheres formed instantaneously. The chitdsaplets were stood in the solution for 2
hrs and 24 hrs to cross-link the gel beads and iexathe effect of time on crosslinking. To
analyse the effect of temperature on cross linkind encapsulation of the protein the beads
were allowed to crosslink at room temperature at agat -4°C. After cross linking, the
solidified gel beads were separated and the sutatneollected for further analysis.
Porcine trypsin was loaded under the same conditidralbumin loading, by allowing the

crosslinking at room temperature for 24hrs.

3.3.2.3Morphological characterization

The surface and cross-sectional morphologies efdfied beads were examined

using scanning electron microscopy (SEM) and Higtdssion Microscopy (FEM).

3.3.2.4 Swelling of Chitosan-TPP beads

The water sorption capacity of the beads was aeted by swelling the beads in
three media: distilled water, phosphate bufferngalsolution (PBS) pH 7.4, cell DMEM
growth media. A known weight (16 mg) of the chitogseads was placed in different media.
The wet weight of the swollen beads was determimedirst blotting the beads with filter
paper to remove the adsorbed water and then weighmddiately on an electronic balance.

The percentage swelling of chitosan beads in thdiangere calculated by the formula:

BSR% = [(W-W,)/W,]*100 1)

Where BSR is the beads swelling ratio percent atlibgum. We denote the weight of the

beads at equilibrium swelling and,¥¥ the initial weight of the beads.
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3.3.2.5Degradation of Chitosan-TPP beads

The in vitro degradation of chitosan TPP beads fetiewed in 1ml PBS pH 7.4 at
37 °C containing 1.5 pg/ml lysozyme. The concemtratof lysozyme was chosen to
correspond to the concentration in human serum [BAgfly, beads of known dry weights
were incubated in the lysozyme solution with gemtiechanical agitation for the period of
study. The lysozyme solution was refreshed dailgrtsure continuous enzyme activity [45].
After 7, 14, 21 and 28 days, samples were remor@d the medium, rinsed with distilled
water, dried under vacuum and weighed. The exteint vitro degradation was expressed as

percentage of weight loss of the beads after lys@ziyeatment.

3.3.2.6Evaluation of protein encapsulation efficiency

The supernatants of the drug loaded beads werdysada both by U.V
spectrophotometric method for preliminary proteualaation and by BCA micro assay kit.
The BCA Micro Assay Kit was used as per the guitedi mentioned on the kit and the
reading was taken at 540nm. All the samples arlysedin triplicate.

The Encapsulation Efficiency (EE%) was calculatedrf the following expression:

EE%= [Loaded Protein(mg) / Protein Formulation (hgp0 (2)

The experiment was performed in two sets: one foc@ss linking and 24h cross linking
and the other for temperature difference duringstmking process i.e. cross linked at room
temperature and at -4°C.

The Loading(%) was also calculated by using thenfda:

Loading (%)=[Loaded Protein(mg)/lyophilised beang)]*100 3)

3.3.2.7 Protein release studies

Either albumin or trypsin loaded beads were susgeénto 50 mL PBS pH 7.4 and
incubated on a shaking water-bath at 37°C. A tot& ml supernatant were withdrawn, at
appropriate intervals and protein content was datexd by BCA micro assay kit. An equal
volume of the same dissolution medium was addedediately to maintain a constant
volume.

The activity of the released trypsin was also exedd by a colorimetric assay using

N-a-benzoyl-DL-arginine-4-nitroanilide (BApNA) as symtic substrate for the enzyme.
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3.4. Resultsand Discussion

3.4.1Preparation of Crosslinked Chitosan Beads

The chitosan gel beads were obtained by usingtiopiz gelation method. This
method employs the reinforcement of TPP as crds€elin agent. This results in the
formation of insoluble chitosan beads, without iwirtg addition of dialdehydes. The
electrostatic interaction between TPP and chitdsas been reported and exploited in the
pharmaceutical industry to prepare TPP cross linkedds for long time [46]. The TPP
treatment of chitosan beads is expected to impthe# stability and their applicability in
controlled drug delivery [47].

The interaction of a strong polycation chitosaithwripolyphosphate (TPP) results
in a polycation-multivalent anion complex. The matand extent of ionic reactions have
been found to be sensitive to some variable sucthesnolecular weight, the unit molar
ratio, and the charge density of both electrol\jg®]. Depending on these parameters,
different types of the chitosan-TPP complexes Haaen prepared in the recent years [38].
According to the intrinsic pK (p§ of chitosan (6.3), chitosan dissolves in acigtesent -
NH** site. Tripolyphosphoric acid @R;0,0) is a weak polyprotic acid-like phosphoric acid.
Due to this reason, sodium tripolyphosphates®@;) dissolves in water to dissociate both
OH and tripolyphosphoric ions in the TPP solution.eTdissociation constanis about
7.453* 10* this means that ;P;y, HP;O,5, and HP;Oi> could co-exist in the
tripolyphosphate ag. solution in all pH rangesotiginal TPP aq. solution (basic, pH not
adjusted), the concentration of,> and HRO.4" is high but the concentration of Oi4
also present. The OHr tripolyphosphoric ions @®.,> and HRO¢") in this medium could
competitively react ionically with the bind site M in chitosan by deprotonation or ionic
crosslinking, respectivelyfigure. 2 which is, what expected in our case as well. Tasult
has also been reported by btial[38], who proposed that at the pH value of 9.7 BFT, the
TPP ions (FO1s>) competed with OHions to bind with —NF¥" in chitosan, resulting in the
decrease of binding sites for Oldns and increased pH. And hence, the precipitatiof
complexes in this state were formed both by depadion and ionic crosslinking. By
adjusting the pH value of TPP solution from 9.7ti@) to 4.0, only RO;,> anions existed
and that the precipitations of complexes were farmoely by ionic crosslinking between -
NH*" and TPP ions.
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Figure 2. lonic reaction of chitosan in TPP ag. solution: @gprotonation; (b) ionic crosslinking.

Mi et al [38] also suggested that, a reversible chitos@R-Btructural change
occurs by varying the pH value of curing agent, T&Pshown iffigure 3 In the higher pH
region, chitosan may take a randomly coiled con&diom because of the decrease of ionized
amino group and of a weak charge repulsion. Howewethe lower pH region, chitosan
used possibly takes a more extended form both dyalipn of the protonated amino group
and by strong positive charge repulsion betweern’lgkbups. Thus, in the higher pH range
region, the chitosan-TPP complexes contain sevinals more chitosan repeating unit than
tripolyphosphate expressed as mole ratio and megpacthe looped shape (“loop” means, in

this case, TPP combined with chitosan in a “slaelestate”).
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Figure 3. Ladder-loop transition of chitosan-TPP complex stares: (a) ladder type (b) loop type.

In this state, the ionic reaction of chitosan-Tdeplex should be a pH-dependent
coacervation accompanied with slightly ionic-crodshg. Though according to the
facilitation of ionizing chitosan in lower pH rangegion, the chains of chitosan accept a
more extended conformation and they form a compigix TPP in a ladder shaped structure.
In this state, chitosan forms complex with multesatl counterions, TPP, through the
formation of intermolecular or intramolecular liges by ionic interaction. Chitosan-TPP
complexes were formed only by the ionic interacti@miween the positively charged amino
group and negatively charged counterions, TPP idhs. gelation mechanism of chitosan—

TPP complexes in this state should be fully iomasslinking controlled.
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3.4.2 Morphological Observation

The prepared beads were mostly spherical in thairated statefigure 4. SEM
micrographs of the dry chitosan-TPP beditgite 4(b) display the formation of beads with
drop-like shape of about 800um diameter for thesgphl portion, and a wrinkled surface
with little cracks figure 4(c). The loading of the two model proteins, HSA angbsin, did
not affect the iontropic gelation process. Simjlad plain chitosan-TPP beads, the prepared
protein loaded beads were macroscopically spheiitathe hydrated form. The SEM
micrographs of the dry state display a preservaterpal shape, with about 1-1.5 mm
diameter and a more irregular surface with highgosity. figure 5(a), 5(b).

Figure 4: (a)Macroscopic features of TPP crosslinked Chitodseads(b) SEM micrographs of

Chitosan beads shape ( ¢c) SEM of the beads surface
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Figure 5: SEM micrographs of(a) HSA, and (b) trypsin load@&® cross linked Chitosan beads.

3.4.3 Swelling Ratio

The swelling behaviour of plain chitosan-TPP beads investigated in deionised
water, PBS at pH7.4 and DMEM cell culturing medi(ifable 1). The swelling equilibrium
is reached in about 20h in all the media, leadingvtelling ratios values of 120-130%.

Table 1. Swelling ratios of the TPP cross linked Chitosandseia water, DMEM and PBS.

Medium Water PBS DMEM

Swelling%#SD 119.43.5 121.21.1 131.81.9

3.4.4 Degradation of Chitosan-TPP Beads

It is well known that, in human serum N-acetylatetitosan is mainly
depolymerised enzymatically by lysozyme and not dyy other enzymes or other
depolymerisation mechanism [49]. The enzyme bicaldggs the polysaccharide by
hydrolysing the glycosidic bonds present in the moaolecular backbone. Lysozyme
contains hexameric binding site [49] and hexasatdhaequences, containing 3-4 or more
acetylated units, contribute mainly to the initdggradation rate of N-acetylated chitosan
[50]. The pattern of degradation of chitosan foimdur studies can, in part, be explained by
this mechanism of enzymatic degradation. As canséen infigure 6 almost linear
enzymatic degradation occurred within 15-17 day$ @mplete degradation of the beads is
expected in about 30 days.

111



PHD THESIS—MAMONI DASH

100

80—

60+

Remaining wt %

40 x

20

T T
1] 5 10 15 20 25
Time (days)

Figure 6: Enzymatic degradation profile of TPP crosslinkedt@an beads.

3.4.5 Protein Encapsulation and Release Studies

The model protein HSA was successfully encapsdilaieo chitosan-TPP beads.
The influence of the crosslinking time and tempa&mton encapsulation efficiency was
evaluated. In particular as reported in Table 2y @f crosslinking were not sufficient to
achieve a high EE%, but 24 h were required. Moreovben the process was performed at
4°C, a lower value of EE% was recorded, probably @ukinetic limitations of the specific
low temperature.

When trypsin was applied for the loading, no digant variation of beads
formation was observed macroscopically. The loadiag performed in this case at room
temperature for 24hrs and the EE% was 55%.

The applied formulation parameters involve quitenall amount of protein which
is highly incorporated in the beads, EE% up to 646 correspond to about 4.1% of beads
dry weight.

Table 2:.Encapsulation Efficiency (EE%) and Loading % of ukbn into the TPP cross linked
Chitosan beads, related to cross-linking temperatureé duration.

Run Cross-Linking EE % Loading %

Temp (°C) Time (h)

B-HSAl RT 2 49 4.1
B-HSA2 RT 24 64 4.1
B-HSA2 4 2 27 3.6
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In-vitro drug release was monitored for 5 h. Both proteimsily diffused out of the
chitosan-TPP beads under physiological conditi®esults of drug release versus time for
albumin and trypsin are shownfigure 7(a),(b) As expected, in case of albumin the release
of the protein was slower than for trypsin reachingund 17% of cumulative release in 5 h
whereas under the same release conditions trypsmreleased up to a level of 50%. The
difference in molecular weight of the two proteireflected in their inherent volume and
certainly into their diffusion constant.

Anyway, the measurements of the activity of thgdin released from the beads
(figure 7(Q) highlight a loss of 15-20% of activity after 3@inutes. Actually, the enzyme
released from the beads is accumulated in thesielganedium because only a small amount
of volume (2 ml on total 50 ml) are replaced whempling. It known that trypsin is
extremely sensitive to auto-digestion under phygjmlal conditions [51]. The correct
evaluation of the activity of the released trypsimuld be better performed with the complete
withdrawn of the medium at each time, or after ddiof calcium ions to the solution, to

limit protein autolysis [52].
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Figure 7: Drug release profiles of (a) HSA loaded (b) trypiaded TPP crosslinked Chitosan beads
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and (c) Retained activity of trypsin loaded intoPTRrosslinked Chitosan beads in the releasing
medium.
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3.5. Conclusion

In this work, the conditions for the preparatidnpootein loaded TPP crosslinked
chitosan beads were optimized for the achievemghigh protein loading. The activity of
the model enzyme was not significantly affectedttsy process and the observed reduction
of activity of the released protein is mostly asate with trypsin autolysis. Under
physiological conditions the release profiles of fbaded proteins seem related to their
molecular weight and the complete degradation ®ftRP crosslinked chitosan beads under
lysozyme digestion occurs in 30 days. The presank wepresent a starting study for the
promising application of chitosan-TPP beads for dwmtrolled release of proteins of
therauputic interest. Forthcoming studies will beussed on the reduction of bead size to
micro-nanostructures with the same properties efpfepared beads, but with the ability to

reach all body areas after conventional administnat
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4. HYBRID NANOPARTICLES BASED ON CHITOSAN AND
POLY(METHACRYLOYLGLYCYLGLYCINE)

4.1. Abstract

A novel polyelectrolyte complex nanoparticles wereepared based on chitosan and
poly(methacryloylglycylglycine) [poly(MAGIyGly)]. Tie physical-chemical properties of
the complexes were investigated by means of dyndigii¢ scattering, scanning electron
microscopy, zeta potential and X-ray photo electspectroscopy (XPS). The results
indicated that the addition of chitosan into MAGIlyGin DMSO and polymerized

subsequently resulted in the formation of nanogladiin the size range of 100-120 nm with
proper chitosan and MAGIyGly weight ratios. Varati of the ratio of the different

components revealed that the formation of the nariimtes depended strongly on the ratio
of chitosan and MAGIyGly. The particles also showekfference in size and morphology
before and after polymerization. Zeta potentiati&s highlighted a positive surface charge

and the results were well supported by XPS analysis

4.2. Introduction

Nanotechnology is of great interest in most figldsce it allows manipulating
matter at the nanoscale level [1,2] and tailoriimglfproduct properties. Among the various
tools used in nanotechnology, nanoparticles reptesewidely studied area. Nanoparticle
synthesis is currently intensely researched duéstwide variety of potential applications,
including food processing [3,4] and biomedical [Bhtical [6], and electronic devices [7].
The use of natural polysaccharides in the premaratf nanoparticles has attracted attention
[8-11] due to their biocompatibility, biodegradatyi and hydrophilicity, which are
favorable characteristics in various applicatioBbitosan nanoparticles [12,13] stand out
due to their unique properties. Chitosan is a @algbaride derived from chitin, which may
be obtained from crustaceans, insects, fungi, [@#). Several appealing properties have
been reported, such as film-forming ability, gelatis characteristics, bioadhesion, and skin
penetration-enhancing effects, which may be exptaioy the opening of tight epithelial cell
junctions. Due to its polymeric cationic charadtcs, Chitosan may interact with
negatively charged molecules and polymers [15détuil, chitosan is a weak base with a

pKa value of the D-glucosamine residue of about/ahd therefore is insoluble at neutral
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and alkaline pH values. Chitosan is readily solubldilute acidic solutions below pH 6.0.
The presence of the amino groups indicates thagyidstantially alters the charged state and
properties of chitosan [16]. At low pH, these arsiget protonated and become positively
charged, making chitosan a water-soluble cationlggdectrolyte. It is this cationic property
that makes it easy for processing into various fdatons.

In the specific field of biomedicine, natural amsgnthetic polymers that are
biocompatible, biodegradable, capable of bindinthwiroteins, genes, nucleic acids, acidic
lipids as well as having the ability of absorptienhancing and mucosal adhesion without
toxicity are required [17]. Chitosan, as a polyrhest suits for the above said applications.
On the basis of these considerations, many typesaabsized polymeric carriers were
developed, including polymeric micelles [18], polsmmodified liposome [19], and some
other colloidal systems [20]. Among them, bioconigatpolymeric nanoparticles have been
extensively investigated for both therapeutic (edyug delivery) and diagnostic (e.g.,
imaging) purposes [21-24]. As a successful drugvest vehicle, polymeric nanoparticles
should have the ability to deliver drug to desieabites and to escape from the biological
particulate filter known as the reticuloendothefigstem (RES), resulting in long circulating
in vivo [25]. To use them for the incorporation lmbactive macromolecules and vaccines
such as monoclonal bodies, plasmids, antigenspmligeotides, enzymes, recombinant
proteins, and peptides for therapeutic applicafidhs design/preparation of these systems
must be monitored in terms of particle shape andphmlogy, size distribution, surface
chemistry, and polymer nature [26]. Among the mdth®f development of polymer
dispersions for biomedicine, the employment of ptdgtrolyte complexes represents a very
attractive approach, mainly due to the simplicitydlved in the preparation [27].

Nanoparticles made of polyelectrolytes complexa{iBEC) have shown potential
for use as drug delivery systems [28,29]. Polyetdyte complexes are formed by
interactions between macromolecules that carry sipgdg charged ionisable groups [30].
During the last years PECs on the base of natadhkgnthetic polymers evoked a particular
interest. Chitosan, whose structure is showifiigare 1, is a well-known natural cationic
polyelectrolyte that processes primary amine graudH,) and as mentioned earlier also,
can be protonated in acidic environments to becorH;”. Recently the use of
complexation of oppositely charged macromolecuterepare chitosan complexes and
nanoparticulate structures as controlled drug seleformulations has attracted much
attention [31-35], because this process is simigasible, and can usually be performed
under mild conditions. Moreover, it has attractatkiest as a biocompatible, stimulus—

responsive, mucoadhesive material for use in bidcaédpplications [36-38].
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Figurel: Chitosan

These complexes made up of polymeric systems eamsbd to physically trap an
antitumor agent and release it in a sustained ftirgctly at the tumor site [39,40]. They also
allow for controlling the release pattern of druglaustaining drug levels for a long time by
appropriately selecting the polymeric carrier [41].

Water-soluble polymers such Bg2-hydroxypropyl)-methacrylamide (HPMA) co-
polymers are a class of synthetic polymers thatfaguently employed as drug carriers
because of their ability to improve the solubild§ hydrophobic compounds, reduce non-
specific toxicity, and increase the therapeuticeiaf low molecular weight anticancer
drugs [42]. Anticancer drugs chemically bound taexasoluble polymeric carriers such as
HPMA co-polymers (polymeric prodrugs) have exhithitdecreased systemic toxicity, as a
result of the altered biodistribution of polymerdmal drugs as compared to free drugs [43].
Several drug-polymer conjugates based on HPMA dgnpers have been studied clinically.
A doxorubicin-(HPMA co-polymer) conjugate, known B&1, was the first drug-polymer
conjugate to enter clinical trials [44]. TargetedPMA co-polymer-bound doxorubicin
conjugates have previously been shown to havergfisant anti-tumor effecin vitro andin
vivo [45,46] and have shown greater potency than freeombicin in the treatment of
ovarian cancein vivo andin vitro [47]. Recently authors have reported the first enide-
chemotherapy combination in the form of the modempound HPMA co-polymer-
aminoglutethimide doxorubicin [48]. In our laborgtonanoparticles based on bioeliminable
co-polymers poly(methacryloylglycylglycine-Qigo-hydroxypropylmethacrylamigp were
prepared and loaded with HSA as model drug [49].

Based on this approach methacryloylglycylglyciMAGlyGly) was prepared and
used for preparing nanoparticles employing comgler with chitosan. MAGIyGly is a
biocompatible synthetic polyelectrolyte with polyamic character, its wide applicability as
a co-monomer in the field of drug delivery is imgsive. It has carboxylic groups which
ionize to become COO- groups that can effectivelct with the NH groups of chitosan to

form a polyelectrolyte complex. Various reactiorrgraeters have been optimized to form
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nanoparticles with this PEC’s. When ionized, bothyplectrolytes have intrinsic biological
properties. In parallel, the production of nanojbes through in situ polymerization appears
to be an interesting route as well. In the presemtk, the possibility to prepare chitosan
based nanoparticles by the polymerization of théorao monomer MAGIyGly was
investigated and the effect of subsequent polyragom observed. Hence, the objective of
the present study was to optimise the preparativelitions of chitosaapoly(MAGIyGly),

nanoparticles and to establish the interaction betthe two using various techniques.

4.3. Materialsand Methods

4.3.1 Materials

Glycyl-glycine  (GlyGly), methacryloyl chloride, amonium persulphate
[(NH4),S,0g], sodium metabisulfite (N&,0s) and Chitosan (Mw = 71.3 kDa, degree of

deacetylation 93%) were purchased from Sigma-Aldaicd used as received.

4.3.2 Methods

4.3.2.1 Synthesis of MAGIyGly

GlyGly (one equivalent) was added to a solution soflium hydroxide (one
equivalent) in water (19,8 w/v). Methacryloyl chitte was cooled to 0°C (one equivalent)
and to it a solution of sodium hydroxide (one eaqiewnt) in water (19,8 w/v) was added
dropwise and simultaneously. The reaction mixtues stirred at room temperature for two
hours than acidified with concentrated hydrochlodcid to pH 2. The crystal that
precipitated from solution was isolated by recrjig@ion from 1.1 water/ethanol solution.
The crystalline white monomer was dried in vacutliime obtained yield was 50%.

FT-IR (KBr): V = 3380-3100y OH, NH), 1740 C=0 carboxylic), 1647.4/(C=0 amide |
band), 1605.9y C=C), 1540.4 { N-H andv C-N amide Il band), 1431v(C-O and O-H
carboxylic) and 1337.9 ¢M(8 CH).

H NMR (200 MHz, DMSO-¢): § (ppm) 1,8(s, 3H), 3,8(m, 4H,), 5,3 (s, 1H,), 57 IH,)
and 8,2 ppm (m, 2H).
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4.3.2.2 Preparation of Chitosan-MAGIlyGly nanopatriis [CS-(MAGIyGly),]

Nanoparticles were prepared for 50:50 (w/w) an¥2%w/w) ratio of chitosan and
MAGIyGly respectively. Data relevant to individusperiments are summarized in Table 1,
whereas a typical experiment is described as fallow
10 mg of chitosan was dissolved in a solution os2%g of MAGIyGly in 5 mL of 1:9
dimethyl sulphoxide/water mixture for two hours endnagnetic stirring. With the slow
dissolution of chitosan in the solution mixture atgscence was observed. After two hours
under magnetic stirring the suspension was storedi°® and submitted to further
investigations.

After the dissolution of chitosan in the MAGIyGlylation, the suspension was stored at
4°C.

4.3.2.3 Preparation of Chitosan-polymerized(MAGIyE! nanoparticles [C%
poly(MAGIyGly)]

CS-poly(MAGIyGly), nanoparticles were obtained by polymerizing MAGly@®
DMSO solution containing chitosan as described welNanoparticles were prepared for
both the ratios of 50:50 (w/w) and 25:75 (w/w) bftosan and MAGIyGly respectively also
in this case. Data relevant to individual experiteesre summarized in table 1, whereas a
typical experiment is described as follows.

10 mg of chitosan was dissolved in a solution®b2ang of MAGIyGly in 5 mL of
1:9 dimethyl sulphoxide/water mixture for two houwrader magnetic stirring. After the
dissolution, 10 pL each of 1% w/v [(NHS,Og] and 1% w/v (NgS,0s) solutions were
added to the chitosan-MAGIyGly formulation and thixture was maintained under stirring
at 70°C for an additional hour then cooled in am liath for 20 minutes. The nanoparticle
suspension was stored at 4°C.

For purification, the nanoparticle suspension plased in a polypropylene conical
tube and centrifuged at 80@0for 45 min at 25 °C by using an ALC PK121 R redrgted

centrifuge. The resulting pellet was suspendedstilléd water.
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Table 1 Formulations of C3(MAGIyGly), nanoparticles.

Sample MAGIyGly Chitosan (NH,),S,08% Na,S,05%
(mg) (mg) (HL) (uL)
CS;o-pOly(MAGIYGIY)so 1775 177,5 71 71
(50/50 wiw)
CS:-(MAGIYGly) 5 1775 177,5 - -
(50/50 wiw)
CSy5-poly(MAGIYGIY) s 255 100 100 100
(25/75 wiw)
CSy5(MAGIyGly) 75 255 100 - -
(25/75 wiw)

#1% aqueous solution

4.3.2.4 Granulometry in suspension

Dimensional analyses were carried out using a t€owS230 Laser Diffraction
Particle Size Analyzer, equipped wisimall volume module plufNanoparticle suspension
were added into the cell unit until a 30-50% obation of polarization intensity differential
scattering (PIDS) detector was reached. Deionisaterwwas used as background and
diameter distribution was processed using the Frafen optical model. Three runs were

performed on each sample.

4.3.2.5 Morphological analysis

Nanoparticle morphology was investigated by meanis scanning electron
microscopy (SEM), using a JEOL LSM5600LV scanningc&on microscope. The
nanoparticle samples were purified by centrifugatiand the resulting pellets were
resuspended in deionised water and lyophilisedd Gputtering was performed before SEM

analysis.
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4.3.2.6 Spectroscopic analysis

Infrared (FT-IR) spectra were recorded on liguichs and KBr pellets by using a
Jasco FT—IR 410 spectrophotometer.

Nuclear Magnetic Resonance (NMR) spectra were rdecb on 5-10% (w/v)
solutions, in deuterated solvents, at 25 °C bygsirvarian Gemini 200 spectrometer and
tetramethylsilane (TMS) as internal standdtt-NMR spectra were recorded at 200 MHz,
using the following spectral conditions: 3 KHz sratwidth, 30 ° impulse, 2s acquisition
time, 1-16 transients. Chemical shiftg) (are reported in ppm and referred to
tetramethylsilane as standard. Peak multiplicitgdésoted by the following: s = singlet, d =
doublet, dd = double doublet, t = triplet, m = riplét.

CS-poly(MAGIyGly), and C&(MAGIyGly), nanoparticles were pressed into KBr pellets
(1:100 copolymer/KBr ratio) and the FT-IR spectrarevrecorded by using the same, Jasco

FT-IR 410 spectrophotometer

4.3.2.7 Surface chemical characterization

X-ray Photoelectron Spectroscopy (XPS) was usedlstess the surface chemical
composition of CS(MAGIyGly), and of C&poly(MAGIlyGly), nanoparticles. Surface
chemical characterization of the nanomaterials pagormed using a Thermo VG Theta
probe spectrometer equipped with a microspot maomwcatized Al ki source and a flood
gun combined with an argon gun for compensatiogledtrostatic charging of samples.

The Al Ka line (1486.6 eV) was used throughout the work guredbase pressure of
the instrument was 10mbar. Survey and high-resolution spectra were iaedjun fixed
analyzer transmission mode with pass energies @fahd 50 eV, respectively. Data analysis
was performed using th&vantagesoftware package, which consists of a non-lineast-
squares fitting program. The surface compositions waetermined by using the
manufacturer's sensitivity factors.

The fractional concentration of a particular elem¥ (% X) was computed using
the following equation:

% X = [ (/) Z(1i/f;) 1- 100

where | and f are the integrated peak areas of each of the rctddi@lements and their
sensitivity factors, respectively. The values ohding energies (BE—eV) were taken

relatively to the binding energy of Cls-electrofifiydrocarbon contaminants on the sample
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surface (from an adventitious carbon), which isepted to be equal to 285.0 eV. The curve
fitting process was done by imposing the same fidalvidth at half maximum (FWHM) to
the all N1s peaks.

4.3.2.8 Zeta potential analysis

Zeta potential analyses were performed on,-GBAGlyGly), and C$&
poly(MAGIyGly), samples purified by centrifugation and resusperidealine (NaCl 0.9%)
so that the final concentration of nanoparticles aout 0.1 mg / ml and the pH around 3.5-
4. The tests were performed using Beckman CoultetIA 440SX at 25 ° C with a
maximum deviation of 0.4 °C between the ends ofaék and setting constant values of
current. Statistically significant results were abed from the average of 3 replicates for

each matrix used.

4.3.2.9 Thermal analysis

Thermal Gravimetric Analysis (TGA) measurementsagfre carried out on 5-10
mg nanoparticles samples in the 30-900°C temperatnge in a nitrogen atmosphere at 10

°C/min heated with a Thermogravimetric Analyzer TGQB0O.

4.4. Results And Discussion

4.4.1Preparation & Characterization of MAGIyGly

A similar amidation reaction between methacrylofloride and glycylglycine,
conducted in a basic agueous media with NaOH, dethé formation of the monomer,
methacryloylglycylglycine-OH (MAGIyGly). The systemwas obtained pure after

recrystallization from methanol with yield of 50&cheme 1).
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Scheme 1: Synthesis of MAGIyGly.

The formation of the product was confirmed by spestiopic characterizatiorfgure 2).
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Figure 2 Spectroscopic characterization of MAGIlyGly: te)- NMR spectrum, (b) FT-IR spectrum.

4.4.2 Synthesis & Characterization of [CGgMAGIyGly)] and [CS-
poly(MAGIyGly)] nanoparticles

In this study, a novel nanoparticle system comgos# chitosan and
poly(MAGIlyGly) was prepared with a simple and midethod under magnetic stirring.
Briefly, chitosan was added to a solution of MAGIlyGn DMSO under stirring for two
hours. This technique is promising because the peticles can be prepared under mild
conditions without using harmful solvents. It isllWéown that organic solvents may cause
denaturation of peptide or protein drugs that argtable and sensitive to their environments
[50]. The prepared nanoparticles are intended tadeel for drug delivery applications and
hence such mild conditions are congenial. In ogecahen chitosan is added to MAGIyGly
solution, it goes into a polyelectrolyte form, wihiestablishes electrostatic interactions with
MAGIyGly and leads to the formation of G®MAGIyGly, nanoparticles. This phenomenon
is observed immediately by the appearance of opafes. It is important to point out that
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opalescence has been used as an indication of adiutg formation in several other
systems, whereas precipitation indicates the promuof an unstable suspension due to a
much larger particle size and/or the formation gflamerates or unstable surface property
balance [51]. This leaded us to investigate th¢igles at this stage of preparation. It was
observed that the formed particles appeared inlshasters(figure 3) It is also significant

to note here that the formation of chitosan nartogars strongly correlated to the presence
of MAGIyGly. In fact, experiments carried out inethsame conditions but without

MAGIyGly showed no nanoparticles formation.

Run: MAGLY _CSbefore_polymeri
Note: MAGLY-CS before polymerisation

Mean:0.095micron
Median:0.083micron

] 1 10 100 1000
Diametro (pum)

Figure 3 (a) SEM microphotographs of GSMAGIyGly),s nanoparticles; (b) Diameter distribution of
CS5(MAGIyGly)s nanoparticles.

In particular, the fact that we are more interéste is in the formation of a
polyelectrolyte complex, and by definition, a pdbéarolyte complex is formed by the
reaction of two oppositely charged polymers. Thecebstatic interaction between the
positive charge of —NK group and the negative charge of carboxyl groupnis of the
most important factors. Even though this interactieas sufficient to lead to the formation
of nanopatrticles, it would be favourable to have ®¥Gly polymerized also for a toxicity
point of view. Hence, in our experiments we polyired MAGIlyGly using [(NH)»S,0g]
and NaS,0s as radical initiators. When chitosan is dropped ititis solution, inter- and
intra- molecular electrostatic attractions occutween the anionic carboxyl group of
poly(MAGIyGly) and the cationic amino groups of san. A schematic representation of
the complex is shown iecheme 2The formation and properties of the polymer complex
depends on the charge ratio of the anionic-to-natispecies [52]. This type of interaction is
also in agreement with similar systems using acrgtiid reported in the literature [53,54].
Three type of ratios in terms of weight namely,580:25:75 and 60:40 of chitosan and

MAGIyGly respectively were used to see if the changcomposition had some effect in the
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formation of the nanoparticles. Nanoparticle foriaatwas observed only in case of 50:50
and 25:75 of chitosan and MAGIyGly respectively, endas the 60:40 ratio resulted in
precipitation of chitosan in MAGIyGly solution.
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Scheme 2 A schematic representation of the proposed stractof the nanoparticles GS
poly(MAGIyGly) obtained.

4.4.3 SEM Analysis

SEM analysis showed a homogeneous morphology aitmiform particle size
distribution and a good spherical shape. Nanopestisize resulted in the range of 120-140
nm.

Nanoparticles were formed for $oly(MAGIyGly)s, and C$%s-
poly(MAGIlyGly),s and no difference in morphology and size of nantigas was observed
(figure 4(a),(b)) However, a significant difference was observedemvithe nanoparticles
were prepared after polymerization. Subsequenitunpelymerization of MAGIyGly in the
presence of chitosan led to a considerable incrigagee number of nanoparticles and to an
increase in their size as confirmed by SEM and @manetry in suspension analygfggure
3, 4).
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(@) (b)
Figure 4. SEM microphotographs of (a) &$oly(MAGIyGlyys nanoparticles; (b) Cs-

poly(MAGIyGly}, nanopatrticles.

4.4.4 FT-IR Analysis

The interaction of chitosan, MAGIyGly was investigd using FT-IR spectroscopy.
The spectrum of chitosafigure 5(a))presents characteristics peaks at 343% assigned to
stretching vibration of Ngland OH groups and at 1651.7 tuiue to C=0 of amide |. The
MAGIyGly spectrum, alsa(figure 5(b)) shows peculiar peaks at 1740trdue to C=0
stretching, at 1540chrelated to N-H bending vibration of amide II, &4% cm' due to the
stretching of amide | and at 1432 Eassigned to the OH of carboxylic group.

Transmittance T

Figure 5: Representative FT-IR transmittance spectra of (a)asan (b) MAGIyGly

On comparing the spectra of MAGIyGly, chitosan a@8-poly(MAGIyGly),
nanoparticles, it was observed the absence ofahd ht 1740 cthand the presence of two
new bands at 1642 and 1393.8 trdue to C=O asymmetric and symmetric stretching
respectively of COCand of a band at 1539.4 chnelated to symmetrical stretching of KH
group (figure 6). The appearance of these new bands indicates therring of ionic
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interaction between poly(MAGIyGly) and chitosan adated with the formation of
nanoparticleqfigure 6). This observation was valid for both &E®oly(MAGIyGly)s, and
CS5-poly(MAGIyGly)7s

110
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90—+

80 -

Transmittance(T %)

Ly \/ o CSyu-poly(MAGIYGly)ys
J/

—CS;5(MAGIyGly)rs

60
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Figure 6 Representative FT-IR transmittance spectra of (2)S;s@oly(MAGIlyGly)s
nanoparticles.(b)comparison of GIMAGIyGly)sand CSs-poly(MAGIlyGly)snanoparticles.

As can be seen ifigure 6(b),7(b) no significant difference between the spectrum
of the polymerized and unpolymerised system of-@G#AGIlyGly), nanoparticles were
observed.

Another important observation that was made onpasing the spectra’s was that
the spectra of Cgpoly(MAGIyGly);s showed a strong similarity with the spectrum of
MAGIyGly in the region between 1260 and 1394 giwhile the spectra of nanoparticles of
CS-poly(MAGIyGly)sg had less resemblance with the spectrum of MAGly@bnfirming

the presence of a lower percentage of MAGIyGIyhiirt composition.
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Figure 7 Representative FT-IR transmittance spectra of (a);@8ly(MAGIyGly}, (b) comparison of
CSy (MAGIyGly), and Cgg-poly(MAGIyGly),
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4.4.5 X-Ray Photoelectron spectroscopy

Additional information about the composition artdusture of C$(MAGIyGly),
and C$-poly(MAGIyGly), nanoparticles in upper layers have been obtaiectetording
and examining XPS spectra. In order to discrimiribtedifferent chitosan and MAGIyGly
contributions in the hybrid nanopatrticles, pureenats have been also analyzed.

The following C$-(MAGIyGly), formulations have been analyzed:
1) CSo(MAGIYGly)so, CSso-poly(MAGIyGly)so
2) CSs(MAGIyGly) 75, CSs-poly(MAGIYGIY) s

The most abundant elements detected on the swfdahe nanomaterial are carbon,
oxygen and nitrogen, while sulphur, silicon and ocime are detected at lower
concentrations. In particular, figure 8, the survey spectra of chitosan, MAGIyGly, ,£S
(MAGIyGly), and C&p(MAGIyGly), samples are reported. Atomic percentages of the
relevant detected elements are reported in Table 2.

By these data an evaluation of the O1s/N1s cadeateas ratio was performed,
giving the following results: 4/1 and 2.3/1 in dgan and MAGIyGly, respectively (both as
the expected stoichiometric value), 3/1 and 3.2i1 ASe-(MAGIyGly)s, and CSy-
poly(MAGIyGly)s, respectively and 3.4/1 and 3.3/1 in ,&@MAGIyGly);,s and CSs
poly(MAGIlyGly)ss, respectively. These quantitative informationsultesl in general

agreement with the stoichiometry of the chemicaipleyed for the nanoparticles synthesis.

Table 2: Atomic percentages relevant to Chitosan, MAGIyGly,sc@8AGIyGly), CSso.
poly(MAGIyGly}o, CSs-(MAGIlyGly)sandCSs-poly(MAGIlyGly)yssamples

Element Atomic per centage %
CS  MAGIyGly CSe CSo CSs CSs
(MAGIyGly)so  poly(MAGIyGlyy, (MAGIyGly);s poly(MAGIyGly)s
Cls 63 59 62 61 62 65
Ols 29 23 25 24 24 26
N1s 7 10 8 8 7 8
cl2p - 1 0.4 - - -
Si2p 1 7 5 6 8 5
S2p - - 0.4 0.6 -
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Figure 8 Survey spectra relevant to Chitosan, MAGIyGlys&BIAGIyGly), CSsopoly(MAGIYGlyy,.
CS5(MAGIYGly)sandCSs-poly(MAGIyGlyys samples

Contamination of polymer surfaces by adsorbed nayeos of hydrocarbons is
common in XPS unless preparation of the samplesnfeasurement is done in clean
chambers [55]. Thus, examination of the C1s regmectra for chitosan derivatives supports
the encapsulation of MAGIyGly moieties, but unfordtiely quantitative evaluation could
result very inexact.

In this respect, this information could be extealcby curve-fitting of N1s signals
(figure 9-12) Results of the XPS characterization of the irdiial nitrogen-containing
groups of all the analyzed samples are reportélokiTable Jor comparison.

As far as chitosan N1s signal is concerfiggure 9 b),two different types of N-
containing species, e.g. N in amine (< Falling at 399.1 eV and amide form (-NHC(=0)-
), at 400.6 eV, can be estimated from the ratithefcorrected peak areas. Indeed, N 1s core-
level spectra of chitosan suitably predicted thgrele of deacetylation of chitosan, the
component of amide species being about 20% of dted N1s intensity. No appreciable
presence of ammonium groups (at BE > 401 eV) attiaitie to -NH" was detected on our

pure chitosan specimen.
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Table 3 Peak position and relative abundance of the N1s pmakponents relevant to Chitosan,
MAGIyGly, CSr(MAGIyGly)o, CSopoly(MAGIyGly},  CSs(MAGIYyGlyys and CSs
poly(MAGIyGly)snanoparticles.

Peak Atomic Percentage(%)
B.E Attribution
(eV) Chitosan CSat MAGIyGly CSso. CSso. CSs. CSs.
pH 4.2 (MAGIyGly)so poly(MAGIyGly), (MAGIYGly)zs poly(MAGIyGly)s
399.1 -C-NHZ 785 693 - 75.3 55.6 74.2 62.3
4006 -C(=O)-NH 214 240 922 19.6 15.0 20.4 26.7
>402.0  -NHg' - 66 78 5.1 29.4 53 11.0

Since in the formulation of composite nanopartickhe pH of the solution was 4.2,
XPS analysis of a sample of chitosan at this pH a#s® performedfigure 9 a). As
expected, at pH 4.2 a peak at BE > 401 eV appemptesenting the 6.6 % of the total N1s

signal.

J

403 402 401 400 399 398 397
Binding Energy (eV)

Figure 9 N1s spectra curve fitting of (a) Chitosan at pH dri2l (b)Chitosan.

In the case of MAGIyGly monomer N1s spectrum, ghhcontribution of amide
form, the only one expected by its stoichiometrarnfula, is present. However, an

appreciable presence of quaternary ammonium gr@iis-402 eV) was detected.
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Chatterjee A.et al reported a systematic XPS study of glycine, ghglytine,
diglycyl-glycine, and polyglycine [56]. In the casé glycilglycine (GlyGly), the precursor
of MAGIyGly monomer synthesised in this work, thelyserved two N4 features at 400.7
and 402.2 eV, which they attributed, respectivédythe amide group and the protonated
amino —NH" group of the zwitterion -NFICH,CONHCH,COO'.

In this study, a low but appreciable presence péak at higher binding energies
could be ascribed to a low amount of unreacted MAB} in the investigated specimen.
This was also confirmed by presence of Cl2p sigvitid a corrected area comparable to the

—NH;" group peak aredigure 10).

404 403 402 401 400 399 398
Binding Energy (eV)

Figure 10 N1s spectra curve fitting of MAGIyGly.

As far as Cg(MAGIyGly), nanoparticles are concerned, nanoparticles olutdigie
mixing chitosan with unpolymerized MAGIyGly and loyixing chitosan with polymerized
MAGIyGly were investigated, in order to test if adijfference between these two typologies
of samples could be revealed in terms of surfastributions of elements and functional
groups. Infigure 11 the curve-fitting of N1s relevant to SMAGIyGly)s, and CSs
(MAGIyGly) 75 is shown.

The overall shape of the G§MAGIyGly), nanoparticles N1s spectrum resulted
almost similar to that of pure chitosan at pH 4i@ufe 99, thus qualitatively indicating that
the unpolymerized nanoparticles surface composition mainly dominated by the
contribution of the chitosan dispersing matrix, hhe surface availability of MAGIyGly
monomers as well as their interactions with chiboseem to be very low. This observation is
valid for both the formulations, irrespectivelytte ratio used.

In the case of C&oly(MAGIlyGly),, N1s spectra relevant to &S
poly(MAGIyGly)s, and CSs-poly(MAGIyGly)+s, reported irfigure 12 resulted different.
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Figure 11 N1s spectra curve fitting of (a) GIMAGIyGly),(b) CSs(MAGIyGly)s.

404 403 402 401 400 399 398 397
Binding Energy (eV)

Figure 12 N1s spectra curve fitting(a) Gpoly(MAGIyGly}, (b)CSs-poly(MAGIyGly)s.

In the case of Ggpoly(MAGIyGly)s,, N1s spectrum contains a very high amount
of the ammonium groups signdigure 12a).These ammonium groups could be ascribed to
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interaction of chitosan with carboxylated MAGIlyGigoieties present in the polymer, as
represented iScheme 2.

It is noteworthy that, calculating (-NHpeak area) / (-C(=0)-NH peak area), this
value resulted equal to 0.09 for MAGIyGly, 0.26 08 (MAGIyGly)s, and raised to 1.96
for CSg-poly(MAGIyGly)s,. The results clearly show that a significant iatian of amine
groups of chitosan occurred, probably as a redufteraction of poly(MAGIlyGly) present
on the surface of the nanosized materials.

In the case of G&poly(MAGIyGly)+s, a slightly higher ammonium groups signal
than in unpolymerized ones was also obse(figdre 12(b)).
Calculating (-NH' peak area) / (-C(=0)-NH peak area), this valueltes equal to 0.26 for
CSs-(MAGIyGly) ;5 and raised to 0.41 for GSpoly(MAGIyGly)+s. This can be attributed to
the lower presence of chitosan, and consequentiyeagroups available to ionization, in the
CSs-poly(MAGIyGly) ;5 sample than in the Ggpoly(MAGIyGly)so,
However, for both the samples, the evidence offfaréince between unpolymeriz€igure

11) and polymerized nanoparticléfiggure 12)resulted quite evident.

4.4.6 Zeta-potential Studies

The zeta-potential analysis indicated that théaser of the nanoparticles carried a
positive charge. It is well assessed that theie dependence of the zeta potential with the
pH of the solution, hence the variations of zetteptial measurements with pH results in
changes of nanoparticles surface charge densily Far our experiments, the pH at which
the zeta-potential measurements were performed 3véd6eand 3.95 for preparation with and
without polymerization respectively. The differenicepH of the two types of preparations
were not significantly different. The positively aiged nanoparticles surface indicated by
the positive zeta-potential could be attributedhi® cationic characteristic of chitosan at this
pH [58]. The C$-MAGIyGly;s and C%s-poly(MAGIlyGly),s nanoparticles did not show
appreciable difference in the zeta potential vallié® values were very close to each other,
being 35.3 and 33.5 respectively ( Table 3). Howewhen the concentration of chitosan in
the formulation was changed, a difference in tha-petential values was observed. As can
be seen from the table x, the zeta-potential vahages from 35.3 to 50.2 with the increase
in the concentration of chitosan in the formulatids the chitosan concentration increases,
there is an excess of —NHgroups relative to COQgroups from MAGIyGly, therefore

resulting in an increased zeta-potential values.
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Table 3: Zeta-potential values of the different nanopartifdemulations.

Sample ¢ Values
CSys-MAGIyGlys 335
CS;5 —poly(MAGIyGlyys) 35.3
CS;0 —MAGIyGlysg 48.6
CS5 —poly(MAGIyGlysg) 50.2

4.4.7 Thermal Analysis

TGA analyses were carried out in order to evaluhte thermal stability of the
nanoparticles, in the perspective of thaivivo application. The TGA thermograms of raw
Chitosan, Cg(MAGIyGly), and C&poly(MAGIlyGly), nanoparticles are shown in
figurel3.
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Figure 13 Traces of the integral and the first derivativewsight loss (%2W) of Cgy-(MAGIyGly)ko
CSo-poly(MAGIyGly}, andCSspoly(MAGIyGlyyssamples

The nanoparticles had three stages of degradpdtiarn in the range of 200°C to
400°C. These results indicate that ,@8ly(MAGIyGly), and CS$(MAGIyGly),
nanopartices are thermally stable up to 150°C. Eleitds clear that nanoparticles stability

shall not be affected under the physiological cbons.
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45. Conclusion

Chitosan and MAGIyGly were used to prepare nartapes with 120-140 nm
diameter. The interaction between the flgroups from chitosan and CO@roups arising
from MAGIyGly formed the basis of the formation thfe C§-MAGIyGly, particles. The
nanoparticles were polymerized to form &G®ly(MAGIyGly), and the effect of
polymerization on the formed particles was alsdlistl. Various techniques like FTIR, XPS
were used to confirm the interaction between the. thhe ratio of the polymer/monomer
was varied and two kind of ratios namely 50:50 &%l75 of chitosan, MAGIyGly
respectively were prepared. With the FTIR studtewas successfully confirmed that the
formed nanoparticles exhibited characteristic bamitls some bands arising from the native
materials used. This was observed for both withhbtbte ratios of CSMAGIyGly,
nanoparticles. Similarly, XPS analysis also confidhthe presence of the two constituents on
the surface of the formed nanoparticles with tlamrounts varying according to the ratio
used. The surface of the nanoparticles exhibitpdsitive charge due to the chitosan at the
formulation pH of 4.2. The results obtained showeat the polymerization of MAGIyGly in
the presence of chitosan appears to be a very pimgnapproach in the preparation of

nanoparticles for applications in drug delivery.
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5. SYNTHESIS AND CHARACTERIZATION OF  SEMI-
INTERPENETRATING POLYMER NETWORK HYDROGEL BASED
ON CHITOSAN AND POLY(METHACRYLOYLGLYCYLGLYCINE)

5.1. Abstract

The objective of the present work was to developtrategy for the synthesis of semi-
interpenetrating(semi-IPN) hydrogels using chitosamd poly(methacrylamides) under
physiological conditions. Free radical polymeriaatiof methacryloylglycylglycine was

performed by using ethylene glycol dimethacrylate the crosslinker and sodium
metabisulphite and ammonium persulfate as the ahdioitiators. Chitosan and

poly(methacryloylglycyl glycine) hydrogels were pezed with different composition of

copolymers and amount of crosslinker . The hydmgetre evaluated for swelling studies
under physiological conditions. Scanning electroicrascopy led to understand the
morphology of the semi-IPN’s. Fourier transformatiofrared spectroscopy was employed
to gain insight into the structure of the prepasechi-IPN hydrogels. Thermal studies were
carried out to investigate and confirm the presesidee comonomers involved. The type of
water was assessed by differential scanning caédricstudies. Degradation behavior of the

hydrogels was also studied.

5.2. Introduction

Hydrogels are crosslinked macromolecular netwaiksllen in water or biological
fluids. The term hydrogel is composed of “hydr¢Yswater) and “gel,” and it refers to
agueous (water-containing) gels, or to be more ipeedo polymer networks that are
insoluble in water, where they swell to an equilibr volume but retaining their shapes [1].
The hydrophilicity of the network is due to the geace of chemical residues such as
hydroxylic (—OH), carboxylic (-COOH), amidic (—CON¥}] primary amidic (—CON}J,
sulfonic (-S@H), and others that can be found within the polyiackbone or as lateral
chains. Nevertheless, it is also possible to predyarogels containing a significant portion
of hydrophobic polymers, by blending or co-polyraéry hydrophilic and hydrophobic
polymers, or by producing interpenetrating or serterpenetrating polymer networks [2]

(respectively, IPN and semi-IPN) of hydrophobic ahgdrophilic polymers [3]. The
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insolubility of the gel in water is due to the pase of a three-dimensional network, where
an equilibrium between dispersing (acting on hyattathains) and cohesive (preventing
further penetration of water) forces exist [4-6hebe cohesive forces are generated by
covalent bonds between the chains of the polymdwark (permanent or chemical
hydrogel) or by cooperative and associative fosteh as:

(1) hydrophobic associations/Van der Waals fof6eR0]

(2) micellar packing [11-13]

(3) hydrogen bonding [14-17]

(4) ionic bonding [18-20]

(5) crystallizing segments [21] or

(6) combinations of the above (reversible or ptgishydrogel).

As mentioned earlier, these structures expand wdrenplaced in contact with
water. However, these materials can be also desigmeswell or shrink when they are
exposed to particular signals such as temperafuirg, ionic strength, electrical field,
particular aqueous solution composition, and ligktjt was on command [22,23].

Hydrogels can be formed either by crosslinking,fbsmation of interpenetrating
networks (IPNs), or by crystallization that inducesystallite formation and drastic
reinforcement of their structure [24,25]. IPNs areimportant class of hydrogel materials,
defined as two independent crosslinked synthetid/aannatural polymer components
contained in a network form. A semi-IPN is an IPMenre one of the components is a
crosslinked polymer while the other component isoa-crosslinked polymers¢heme 1L
Polymer complexes are formed by the associatiawofor more complementary polymers,
and may arise from electrostatic forces, hydrophabieractions, hydrogen bonding, Van
der waals forces or combinations of these intevasti The formation of complexes may
strongly affect some properties such as the mechhmroperties, permeability, and
electrical conductivity etc. of the polymeric syste Particularly, polyelectrolyte complexes
are formed by the reaction of a polyelectrolytehvéin oppositely charged polyelectrolyte in
an aqueous solution. Thus, electrostatic polyedgdtr complexes exhibit unique physical
and chemical properties with reasonable biocomitiizibhence special attention has been

focused on their application in ecology, biotecligyl, and medicine [26-28].
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Chitosan-poly(MAGIyGLy) semi-IPN hydrogels
—— Poly(MAGIyGly)
Chitosan

Scheme 1: Schematic representation of semi-IPN of Chitosaty({pAGIyGly).

Chitosan is a (1,4)-linked 2-amono-2-deoxy-b- Degin and can be presented by
N-deacetylation of chitin. Chitosan, as a cationiolyplectrolyte, is able to form
polyelectrolyte complexes by reaction with varioumatural and synthetic anionic
polyelectrolytes. The electrostatic attraction kestw the cationic amino groups of chitosan
and the anionic groups of the other polyelectroigtéhe main interaction leading to the
formation of the polyelectrolyte complex. It is @iger than most secondary binding
interactions [29]. These complexes are generallyemwinsoluble and form hydrogels.
Formation of chitosan hydrogels by polyelectrolgtenplexation is an interesting alternative
to covalently crosslinked hydrogels. The polyelelgte complex undergoes slow erosion,
which gives a more biodegradable material than leotly crosslinked hydrogels [30,31].
Polyelectrolyte complexes of chitosan with otherdypaccharides, DNA, proteins and
different synthetic anionic polyelectrolytes haweeb extensively investigated in literature
due to their wide variety of applications in medgi pharmacy (especially as drug delivery
systems), technology and other fields [32,33].

In the present work, polymerized MAGIyGly[(poly(M3yGly)] has been used as a
polyanionic polymer for complexation with chitosaRoly(MAGIyGly) has anionically
charged groups that forms polymer complexes wititosan. The preparation of the
investigated network was performed by free radpalymerization of MAGIyGly in the
presence chitosan acid solution by using ethylelyeoy dimethacrylate (EGDMA) as
crosslinking agent and the couple sodium metaliisuilgS,0s) and ammonium persulfate
[(NH4),S,0g] as radical initiator. The synthetic scheme issgnted ifigure 1.

The fundamental investigation of the prepared ogdl involved the Fourier

Transformation Infrared spectroscopy (FTIR) for #teicture of the prepared hydrogel and
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at the same time to confirm the presence of bottogdn and poly(MAGIyGly). Physical
and chemical properties of hydrogels depend onr thedlecular and supramolecular
structure, water content and the type of water. Tiature of water in ionic hydrogel
membranes is important in understanding their dyoand equilibrium swelling behavior
as well as in analyzing solute transport and otliusive properties of such systems. For
these reasons, the swelling behavior along withttieemal characterizations and state of
water investigation of the hydrogels were performBegradability, another important
feature in materials for Regenerative Medicine @mppibns, was performed in the presence

of lysozyme under physiological conditions.

5.3. Materialsand Methods

5.3.1 Materials

Chitosan (Mw = 71.3 KDa, degree of deacetylat®33%), ammonium persulfate
[(NH4),S,0Og], sodium metabisulfite (N&,0s) and ethylene glycol dimethacrylate(EGDMA)
were purchased from Sigma-Aldrich and they weredusd@thout any preliminary
purification. Lysozyme (hen egg-white) was alsoghased from Sigma-Aldrich. All other

chemicals were extra pure reagent grade and werkassreceived.

5.3.2 Methods

5.3.2.1 Preparation of the monomer

Methacryloylglycylglycine (MAGIyGly) was synthesid according to a described
procedure in chapter 4 (§ 4.3.2.1).

5.3.2.2 Silanization of glass

2 mm thick square plates (4x4 cm) were exposednethylclorosilane vapours for

24 hours at room temperature, then rinsed withlléidtwater and dried.
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5.3.2.3Synthesis of semi-IPN’s

Various compositions in terms of weight % of ©k#n/methacryloylglycylglycine
based semi-IPN’s were prepared. Details of theouariuns are reported in table 1. Chitosan
dissolved in 2M acetic acid solution was well mixedh MAGIyGly solution in DMSO
(Acetic acid solution/DMSO = 9/1) to form a homogens solution. Then, different wt % of
EGDMA (refer to table 1) as crosslinker and subset@mount of initiators were added to
the mixture. After few pumping/degassing cycle® thixture was injected with a syringe
between two silanized glasses separated by a 1 gk silicon spacer. Clamps were
applied onto the glasses in order to ensure a giestmling, and the mixture was cured at
40°C for 4 hours. After 4 hrs, the hydrogels wemskhed with deionized water to remove
any unreacted monomers and polymers that werengotporated into the network. Then,
the washed hydrogels were neutralized with phospbaffer saline (PBS) solution. The
neutralised hydrogels were again washed carefuity wistilled water to remove salts

followed by freeze drying.

Table 1. Composition and designation of semi-IPN of Chitosag{MAGIyGly).

Run Ratio Amount of crossinker Hydrogel
Chitosan/M AGlyGly (in wt% to MAGIyGly) formation
(in wt%)
1 20/80 8 +
2 20/80 4 +
3 20/80 2 +
4 50/50 8 -
5 80/20 8 -

+ indicates hydrogel formation
- indicates no hydrogel was formed

5.3.2.4 Determination of swelling degree

To measure the equilibrium water content, pre-iweigdry samples were immersed
in distilled water and 0.01 M pH 7.2 phosphate éufaline at 37°C until the equilibrium
was reached. After, excessive surface water wasvethwith filter paper, the weight of
swollen samples was measured at various time @®rirhe procedure was repeated until
there was no further weight increase. The swellaiyp (SR%) was determined according to

the following equation:
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SR%=[(W\-Wy)/WJ*100

whereWs andW; represent the weight of swollen and dry samplespaetively.

5.3.2.5Morphological Analysis

The morphology of the prepared hydrogels werestigated by scanning electron
microscopy (SEM), using a JEOL LSM5600LV scannihgctton microscope. Lyophilized
hydrogels were used and gold sputtering was dofteeb8EM analysis.

5.3.2.6Fourier transform infrared (FTIR) spectroscopy meagements

FTIR spectra of chitosan, chitosan-poly(MAGlyGlyydrogels, poly(MAGIyGly)
in KBr disc form were recorded on Jasco FT-IR 4f6ctrophotometer from 400 to 4000

cm® with a resolution 4 cthand 32 scans.

5.3.2.7 Differential scanning calorimetry (DSC) mgarements

A Mettler DSC-822 (Mettler Toledo, Milan, Italy)fterential scanning calorimeter
equipped with a liquid nitrogen cooling accessoswsed. DSC was used to analyse the
type of water in the semi-IPN hydrogels. Samplelsogh 4 mg) were weighed in an
aluminum pan designed for volatile samples andesedlhe samples were cooled to -70°C
at 10°C/min and then heated to 50°C/ at a heatatg of 10°C/min under 80mL/min of

nitrogen flow.

5.3.2.8 Thermogravimetric (TGA) studies

Thermogravimetric analyses were carried out bpgiSihermogravimetric Analyzer
TGA Q500 (TA Instruments-Waters Division, Milan,aly). All measurements were
performed with approximately an equal amount (20wofgdamples in aluminum pans. The
experiments were performed from 30°C to 900°C atanning rate of 10°C/min under a

60ml/min nitrogen flow.
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5.3.2.9 In-vitro degradation

The in vitro hydrogels degradation tests wereiedrout in 4 ml phosphate-buffered
solution (PBS, pH 7.4) at 37 °C containing 1.5 mglysozyme. The concentration of
lysozyme was chosen to correspond to the concemntrat human serum [34,35]. Briefly,
hydrogels of known weight were incubated in theoiysne solution for the period of study.
The lysozyme solution was refreshed daily to ensordginuous enzyme activity [36]. After
7, 14, 21 and 28 days samples were removed frormtdium, rinsed with distilled water
carefully, dried under vacuum and weighed. Therexéin vitro degradation was expressed
as percentage of weight loss of the dried films: (& samples of each week) after lysozyme
treatment. To separate between enzymatic degradaticd dissolution, control samples were
stored for 28 days under the same conditions azided above, but without the addition of

lysozyme.

5.4. Resultsand Discussion

5.4.1 Preparation of Chitosan-poly(MAGIlyGly) senfN’s

Figure 1represents the scheme of the synthesis of IPN eseapof chitosan and
poly(MAGIyGly). The preparation of the investigatadtwork was performed by free radical
polymerization of MAGIyGly in the presence chitosasid solution by using ethylene glycol
dimethacrylate as the crosslinking agent and thupleosodium metabisulfite and ammonium
persulfate as the radical initiator. Briefly, clsém in acetic acid solution was mixed well in
MAGIyGly solution to form a homogeneous solutiomeh the crosslinker EGDMA and the
couple initiators were added to this solution aftdraa few pumping /degassing cycles, the
resulting mixture were injected between two siladigjlasses where it was polymerized at
40°C for 4 hourgfigure 2 a) By this technique, homogeneous films with contstaickness
and shape similar to that of the mouyfiyure 2 b)were obtainedThe silanization of the
glasses were done in order to facilitate the hyelrogemoval at the end of the
polymerization. The glass surface was silanized exposure to trimethylchlorosilane

vapours for 24 hours at room temperature and riafiedwards with distilled water.
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Silanization is a gas-solid reaction that modifitbke wettability and adhesion
features of glass by transforming the hydrophilitica surface in hydrophobic
trimethoxysiloxane groups.

It is expected that amino groups of linear chitosdain form polyelectrolyte
complex with carboxylic acid groups of the poly(MAGIly) network and this interaction
leads to the formation of the semi-IPN’s. As shoimntable 1, the concentration of
chitosan/MAGIlyGly and EGDMA are the two parametdrat were varied to evaluate how
the different composition affects the mechanichgmical-physical and biological properties
of the materials.

Hydrogels were not formed when the concentratiochitosan was increased more
than 20 wt% irrespective of the concentration @f ¢hosslinker EGDMA. In order to form a
polyelectrolyte complex, both polymers have to beided and bear opposite charges.
During complexation, polyelectrolytes can eithea@ervate, or form a more or less compact
hydrogel. However, if ionic interactions are tooosfy, precipitation can occur, which is
quite common [37] and hinders the formation of logd#is. With the increase in
concentration of chitosan, the complexion is enkdrend does not allow for the formation
of the hydrogels. Whereas in case of the variadfdBGDMA concentration, hydrogels were
formed in all the three concentrations reportedtheg showed different properties.

All the described hydrogels were subjected toffmation. Infact materials that are
intended to be used for biomedical applicationstrbesfree from all components that may
be harmful for the body. The compounds that co@dobssibly present in the synthesized
hydrogels include initiator and their decompositigmmoducts, unreacted monomers,
oligomers and impurities coming form the reagents.

Therefore, at the end of the polymerization, hgeits were rinsed under running
water for at least 24 hours. The prepared hydrogel® thereafter washed with PBS until
the pH was neutral.
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Figure 1: Mechanism of synthesis of semi-IPN of Chitosan -pEIlyGly.

(b)
Figure 2: (a) Preparation of semi-IPN of Chitosan -poly(MAGIlyG{}); Semi-Interpenetrating

network of-Chitosan poly(MAGIyGly).
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5.4.2 Degree of Swelling and Swelling Kinetics ari-IPN Hydrogel in Different

Solvents

In a crosslinked hydrogel, the solvent does nesalive it but instead swells it.
Thus, the total volume increases to that of thevaet and the solvent.

In a polymer that has been cross-linked into avoet, the chains are in an
entangled and relaxed conformation between two odtjunctions. However, when the
solvent enters inside the polymer, the solvent mdés move the network junctions away
from each other (as the polymer swells in the sa)véAs the network junctions move away,
the chains attached to these junctions experiestess that is counteracted by the tendency
of the polymer chain to return back to the relastate. At some stage, an equilibrium is
reached wherein the polymer refuses to accept argymod the solvent. Clearly, this
equilibrium depends on how long the chains betwestwork junctions are and the degree to
which the polymer chains "like" (energetically) bave solvent molecules around them.
Swelling property of hydrogels determines some irtgnd properties such as diffusion and
transport of oxygen, essential nutrients and médiabeste through the hydrogel network
hence water absorption represents one of the nmaxi@ngeters that characterize hydrogels
[4].

Swelling kinetics demonstrated a very high swellmatio of semi-IPN sample in
both water and PBS and as it can be observed ferfigure below both kinetics showed a
similar trend with equilibrium being achieved with20 minutes. It was observed that the
swelling in case of water was higher than in PBS8llithe three concentrations of crosslinker
as depicted infigure 3 The swelling studies also indicated that with fherease in
crosslinker concentration, the swelling ratios dased. Swelling of the network is mainly
governed by the intermolecular crosslinks [38he hydrogels with lower amount of
crosslinker exhibited much faster swelling kinetithe observed difference in swelling with
the crosslinker amount could be attributed to #wt that with higher amount of cross-linker,
the hydrogel material becomes denser, reinforchng hiydrogel and leading to a more
physical restriction. So, water molecules could easily diffuse into hydrogel network
causing a lower swelling kinetics.

The water contents of the hydrogels were lowePBS than in distilled water
(figure 3. The effect of the media on the swelling behawioauld be attributed to the
shielding of COOrepulsion. There occurs some kind of interactioesveen COO- groups
in MAGIyGly and the ions present in the PBS. Ascdissed previously by the literature, in
the presence of PBS, the hydrophilic —-COO- groupdehn the dehydration of the polymer
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chains, expanding the collapsed structure [39PB%, the presence of ions produce an ionic
shielding of the —COO- groups, this ionic shielditigrupts the swelling content of the

hydrogels in PBS in comparison to distilled water.
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Figure 3: Swelling studies of Chitosan-poly(MAGIyGly) hydragel (a) PBS (b) water

5.4.3 Morphological Analysis

The morphological characteristics of the chitopah{MAGIyGly) hydrogels after
exposure to washings with water and PBS and subsedueeze drying have been examined
by SEM. The microstructure of a scaffold has a pnemt influence on cell proliferation,
function, and migration, all of which are key issum tissue engineering. Microstructures of
the networks surface investigated by scanning releanicroscopy are presentedfigure 4
It could be seen that the semi-IPN hydrogels disalainterconnected porous surface. The

porosity increased with the increase in the croksli concentration from 2 % to 8 %.

5.4.4 FT-IR Analysis

Fourier transform infrared (FT-IR) spectroscopyswesed to confirm the structure
of chitosan -poly(MAGIyGly) semi-IPN hydrogeldzigure 5 shows FT-IR spectra of
chitosan, semi-IPN of chitosan -poly(MAGIyGly) atie MAGIyGly network.

On analyzing the spectrum of chitosan, a charatiebroad band at 3431 ¢his
observed due to the overlapping of the stretchibgationsof hydroxyl O-H and amine N-
H, groups. C-O stretching vibrations of chitosan appat around 1030 c¢fh. The
characteristic bands of amide |, amide Il and antlideppear at around 1651, 1606 and 1383
cmi'respectively. Peaks observed at 2875 and 2919 ama typical of C-H stretching
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vibrations. The peaks around 894 and 1155' amrrespond to saccharide structure. The
observed peak at 1424 ¢is assigned to CHsymmetrical deformation mode [40].

EGDMA 8%

EGDMA 4%

EGDMA 2%

Increasing pore size

B

BOTTOM

Figure 4: SEM micrographs of Chitosan-poly(MAGIyGly) hydrogelgh(a) 8% EGDMA(b)4%
EGDMA (c )2% EGDMA

On observing the MAGIyGly hydrogel spectrum, canostretching vibration
(amide 1) at 1672 cthand 1540 cidue to the N-H bending vibration (amide 1) can be
confirmed.

In the chitosan-poly(MAGIyGly) hydrogel , the olegping of the stretching
vibrationsof hydroxyl O-H and amine N-Hgroups appeared at 3432 tis observed which
is similar to chitosan spectrum. Another similatibychitosan could be seen in the presence
of the peaks at 2960 and 2919 twhich are typical of C-H stretching vibrations. Mover
it can be observed peaks at 1656.6 and 1387%at can be assigned to COGtretching.
Hence, it could be concluded that in the semi-IPNtgSan/(MAGIyGly), all the bands of
both chitosan and MAGIyGly hydrogel are observed.
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Figure5: FT-IR spectra of Chitosan, semi-IPN of Chitosan-pdiGlyGly) and MAGIyGly network

5.4.5 Thermogravimetric (TGA) studies

The thermal properties of the systems were ingattd using thermogravimetric
analysis. The thermogravimetric curves of chitosRAGlyGly raw materials and the
hydrogel is shown ifigure 6 Thermogravimetric analysis curve of chitosan shewsingle
stage degradation. The 7.1% weight loss at aro®dC is due to loss of absorbed water.
The second stage starts at 240 °C and reachesismomxat 380 °C with a weight loss of
56.66%. The residue was calculated to be 29.1190@ftC. This result is similar to the ones
of Nieto et al [41] and Netoet al [42] The second stage corresponds to the decatigros
(thermal and oxidative) of chitosan, vaporizationd aelimination of volatile products.
According to the literature [41], pyrolysis of pebccharides starts by a random split of the
glycosidic bonds, followed by a further decompasitforming acetic and butyric acids and a
series of lower fatty acids, where C2, C3 and GRlpminate.

The poly(MAGIyGly) hydrogel showed multiple stageflsdegradation. It could be
observed four main steps. The first step of dedmadappeared at 309.6°C with a weight
loss of 10.4%, the second step is at 381.7°C wittD.d% weight loss. The third step is
observed at 770°C with 31.75% and the fourth suis at 809°C with 4.4% weight loss.
The residue at 900°C was about 8%.

The TGA revealed that the hydrogel has three stafedegradation similar to
poly(MAGIyGly). Being the onset temperature of olsitn and MAGIyGly close to each

other, it was difficult to observe two different g of degradation for chitosan and
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MAGIyGly, but the appearance of the peak was digtishable, and it was possible to
observe that the degradation curve of semi-IPN odtwcontains both the peaks of
degradation of chitosan and of MAGIyGly hydrogelis$ighlighted infigure 6 In case of
the hydrogel, the peak of degradation appearecetbrbad and the onset of degradation
started at a temperature closer to chitosan indgatlearly that both chitosan and
MAGIyGly were present in the hydrogel matrix. Onmgmaring the profiles of hydrogels
with the three different EGDMA concentratioffigure 7),we observe that there is not much
difference between the three types of hydrogelsimatl cases it could be concluded that

both chitosan and MAGIyGly are present in the hgeétanatrix.
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Figure 6: Traces of the integral and the first derivativensdight loss (%4W) of Chitosan, MAGIyGly
hydrogel and semi-IPN network of Chitosan -poly(MAGWG
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Figure 7. Traces of the first derivative of weight loss (@) of semi-IPN of Chitosan-
poly(MAGIyGly) with 8%, 4% and 2% of EGDMA.

5.4.6 Differential Scanning Calorimetric (DSC) stisk

In the literature on hydrogels, it is well estab&d that water exists in polymer

networks in three different physical states: fremes, intermediate water and bound water.
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Biomedical or pharmaceutical activity depends digantly on how the water molecules
associate with the polymer. There is a varietyechniques for the study of water binding in
polymers. Differential scanning calorimetry (DS&)in many ways the most convenient and
informative method [43]. Much research on the watgollen polymers by means of DSC,
Nuclear Magnetic Resonance (NMR) spectrometry, FSpBctroscopy and other techniques
has demonstrated that the state of water in polymager systems is different from that of
bulk water [44-47]. Three energetically distincites of water have been identified in water-
swollen systems. The experimentally determined re¢patates of water within the polymer
can be defined as follows [48-49] and depictefigare 8

(i) Free water which undergoes similar thermal transitions tat tf bulk water, it has the
same characteristics of pure water and does rexiictt with polymer chain.

(ii) Interfacial water or freezable bound water, which undergoes a thephmse transition
at a temperature shifted with respect to that ¢ tuater and

(iif) Bound wateror non-freezable water, which is the tightly bouadhe polymer and does
not exhibit a first order transition over the rarafetemperatures normally associated with

bulk water.

C Free water @ Interfacial water

© Bound water — Polymer chain

Figure 8: Types of water present in hydrogel networks.

Even for our studies DSC analysis was employeabsess the type of water present
in the prepared semi-IPN’s. This type of invesiigatof water structure in hydrogels is
based on the hypothesis that on coofireg water freezes at the same temperature as pure

water, whereaboundwater does not freeze even at very low temperatiue to its strong
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interaction with the polymer matrix [4]. Accordintp this hypothesis the endotherm
measured when warming the frozen gel representsnéing offree water and that value
will yield the amount of free water in the hydropeling tested.

The heat of crystallization of the freezing watietermediate and free water) was
determined from the area under the exothermic caneewas calibrated using pure distilled
water as a standardigure 9. In particular the amount of freezing water {{\Vivas
determined by comparing théH of the crystallization peak of the hydrated saampith that
of the pure water:

_ Qu
T AHCw

where Q, is the crystallization enthalpy measured in Jqu)eandAH®,, is the solid-liquid

transition enthalpy of hydration water in the hygleb By assuming that the crystallization
enthalpy of hydration water is the same in pureswand in the hydrogel, the experimentally

measured value @fH°, turned out to be 495.31 J-.g

Heat Flow (Wig)

"o 0 20 0 o 10 n
Temperature (°C)

Figure 9 DSC trace of pure water.

The content of not-freezing water ()Vin the hydrogel was then evaluated as the

total hydration water (W minus the amount of freezing water

Wht =W —Wh

From the DSC analysis of the semi-IPN hydrogélais observed that most part of
water is present as freezing watkgure 10).This result could be interpreted by considering
the fact that with the formation of the polyeletyte complex between chitosan and
poly(MAGIyGly) there are fewer hydrophilic groupsvadlable. When the amount of
crosslinker is reduced to 4% and 2% , the amourtiooind water in the system increases

(figure 10).This could be explained on the basis that witedesrosslinker amount, the pore
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size is larger and hence more amount of waterlestakenter the matrix and have some kind

of interaction with the polymeric chains.
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Figure 10: Type of water in Chitosan-MAGIyGly semi-IPN hydrogelsh (a) 2%(b)4%(c)8%
EGDMA concentration

5.4.7 In-vitro degradation studies

The degradation of chitosan based materials hegady been tested in a number
of in vitro studies [50-59]. Most of the studies were perfatrasing physiological pH and
enzyme concentrations as described herein. It i kveown that, in human serum, N-
acetylated chitosan is mainly depolymerized enzigaby by lysozyme, and not by other
enzymes or other depolymerization mechanisms [9He enzyme biodegrades the
polysaccharide by hydrolyzing the glycosidic bortesent in the chemical structure.
Lysozyme contains a hexameric binding site [53}] haxasaccharide sequences containing
three or more acetylated units contribute mainlythe initial degradation rate of N-
acetylated chitosan [57].

To distinguish between enzymatic degradation amgls dissolution, we compared
the mass loss after 28 days of samples that hau ¢iee=d in PBS with lysozyme to those
that had been stored in PBS without lysozyme. Emi$PN network showed a progressive
increase in mass loss over tinfigre 11(a)).It was noticed that there was a 60%, 68% and
76% of degradation of chitosan-poly(MAGIyGly) IPNtmvork with 8%, 4% and 2% of
EGDMA respectively in 28 days. The degradation &aluof the semi-IPN’s were
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significantly higher than the controls used whicldicated enzymatic degradation of the
semi-IPN’s. However a minimum of loss in weightdistected also in the control samples.
The increase in the degradation rate with the deserén crosslinker amount was hard to
interpret. With the decrease in crosslinker theemize as well as the swelling increased, this
caused more dissolution of the samples and theioval during subsequent refreshments. A
comparison of the degradation values of the thied &f the semi-IPN hydrogels with their
respective controls are shownfigure 11(b)

For MAGIyGly hydrogels, a clear distinction betwedegradation and dissolution
could not be made under the adopted investigationdiions since the MAGIyGly

hydrogels had a highly porous strucuture whereotlien could not be controlled.

Degradation Profile of semi-IPN's with different EGDMA
i with their ive controls in PBS

76,52

Mass loss%

Semi PN 8% Control SemidPR4:,__Conool SemiIPN 204 Control
Samples.

b)
Figure 11: (a)Progressive mass loss of semi-IPN Chitosan- poly(M&() after storage in PBS at

37°C with 1.5ug/mL of lysozyme(b) Comparison of thenass loss % of semi-IPN of Chitosan-
poly(MAGIyGly) in lysozyme and their respectivetoals in PBS.

5.5. Conclusion

The semi-IPN of chitosan-poly(MAGIyGly) were preed. To gain insights on the
influence of factors that could affect the formatiof the hydrogels, the ratio of the
concentration of the polymer/monomer were varidae ihfluence of the crosslinker on the
type and properties of the hydrogels were alsoistiidSome important features of the
hydrogels in terms of various applications like Bing, type of water etc. were studied in
detail. It was observed that properties like swegllimorphology and type of water were
inversely related to the amount of crosslinker. Wihe decrease in the amount of

crosslinker, the semi-IPN’s had a larger pore sizee semi-IPN’s showed an increase in
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swelling ratio and the percentage of bound watereimsed with the decrease in crosslinker
amount. Physico-chemical characterizations likelRTand TGA led us to confirm the
presence of both the constituents in the matrixhef hydrogel. Lysozyme degraded the
hydrogel matrix to a maximum of 76% for the hydrogéth 2% EGDMA concentration.
However, even if some dissolution was observedgleith degradation under physiological
conditions still the difference between the two wasiceable. The prepared semi-IPN

constructs appear to be a promising material fgemerative medicine applications.

5.6. References
[1] Chen, J., Jo, S., Park, K.; Degradable hydmgel: Domb AJ, Kost J, Wiseman DM,
editors. Handbook of biodegradable polymers. Andster. Overseas Publishers Association,

1997, 203

[2] Odian, G., Principles of polymerisation. New rknJohn Wiley and Sons, Incl991 ,
149

[3] Ku® dela, V.,. Hydrogels. In: Kroschwitz JI, ieat. Polymers: Biomaterials and medical
applications. New York: John Wiley and Sons, 1889 , 228

[4] Hoffman, A.S.;Adv Drug Deliv Rey2002 ,3

[5] Peppas, N.A., Bures, P., Leobandung, W., loi&aH. ; Eur J Pharm Biopharm
2000,27.

[6] Guenet, J.M.; Thermoreversible gelation of poérs and biopolymers. London:
Academic Presg,992

[7] Cho, J., Heuzey, M.C., Begin, A., Carreau, ;lBBibmacromolecule005 ,3267.

[8] Rajagopal, K., Ozbas, B., Pochan, D.J., SctereidlP.Eur Biophys J 2006,162.

[9] Kohler, K., Forster, G., Hauser, A., Dobner, Bleiser, U.F., Ziethe, F., Richter, W.,
Steiniger ,F., Drechsler, M., Stettin ,H., Blume;J8Am Chem S0c2004,16804.

163



PHD THESIS—MAMONI DASH

[10] Nowak, A.P., Breedveld, V., Pakstis, L., Ozb#&s, Pine DJ, Pochan,D. ,Deming,
T.J.Nature2002, 388

[11] Determan, M.D., Guo, L., Thiyagarajan ,P., Mptagada, S.KLangmuir, 2006,1469.

[12] Grant, C.D., DeRitter ,M.R., Steege, K.E., Eada, T.A., Castner, E.W. JiLangmuir,
2005,1745.

[13] Wright, E.R., Conticello, V.P., Apkarian ,R,Rlicrosc Microana) 2003 ,17123.

[14] Kimura, M., Fukumoto, K., Watanabe, J., IshiaK., J Biomater Sci Polym Ed
2004,631.

[15] Juszczak, L.J1,Biol Chem, 2004,7395.

[16] Percec, V., Bera, T.K., Bufera, R.Bipmacromolecule2002,272

[17] Kiyonaka, S., Shinkai, S., HamachiQhemistry, 2003,976.

[18] Van Tomme, S.R., Van Steenbergen, M.J., De &m8.C., Van Nostrum, C.F.,
Hennink, W.E. Biomaterials 2005 ,2129

[19] Uludag, H., De Vos, P., Tresco, P.Adv Drug Deliv Rey2000 ,29.

[20] Baruch, L., Machluf, M.Biopolymers2006,570.

[21] Stenekes, R.J., Talsma, H., Hennink, WBtomaterials 2001, 1891.

[22] Jeong, B., Kim, S.W., Bae, Y.HAdv Drug Deliv Rey2002,37.

[23] Qiu, Y., Park, K.Adv Drug Deliv Rey2001,321.

[24] Aharoni, S. M.;Plenum Press: New Yqrk992.

164



CHAPTERS — SYNTHESIS AND CHARACTERIZATION OF SEMINTERPENETRATING POLYMER NETWORK

HYDROGEL BASED ON CHITOSAN AND POLYMETHACRYLOYLGLYCYLGLYCINE )

[25] Klempner, O., Utracki, L. A. Sperling, L. HXdv Chem Sef991, 239.

[26] Michaels, A. S.Ind Eng Chem1965, , 32.

[27] Blumstein, A., Kakivaya, S. R., Salamone, J.JPolym S¢i1974, 651.

[28] Scranton, A. B., Klier, J., Aronson, C. L.; 8Gymposium Serie$992, 171.

[29] Lee, J.W., Kim, S.Y., Kim, S.S., Lee, Y.M. eg, K.H., Kim, S.J.J. Appl. Polym. Sci.
1999,113.

[30] Torre, P.M., Enobakhare, Y., Torrado, G. ,fRoo, S.; Biomaterial2003, 1499.

[31] Noble, L., Gray, A.l,, Sadig, L. ,Uchegbu, t.Ft, J. Pharm1999, 173.

[32] Berger, J., Reist, M., Mayer, J. M., Felt, Gurny, R; Eur J Pharm Biopharm2004,
35.

[33] Berger, J., Reist, M., Mayer, J. M., Felt, ®gppas, N. A., , Gurny, REur J Pharm
Biopharm 2004, 19.

[34] Brouwer, J., Van Leeuwen-Herberts, T., Ottiragt de Ruit, M.Clin Chim Acta,1984,
21.

[35] Porstmann, B., Jung, K., Schmechta, H., Evélts, Pergande, M., Porstmann, T.,
Kramm, H.J., Krause, HClin Biochem1989,349.

[36] Masuda, T., Ueno, Y., Kitabatake, N.Agric Food Chen2001,4937.

[37] Yao, K.D., Tu, H., Cheng, F., Zhang, J.W., Liu Angew MakromolChem. 1997, 63.

[38] Reddy, T. T., Lavenant, L., Lefebvre, J., Reh®.; Biomacromolecule006, 323

[39] Yue-qgin, Yu., Yang, X., Hansheng, Ning., Sthesg, Z.; Colloid Polym Sci
,2008,1165.

165



PHD THESIS—MAMONI DASH

[40] Al-Kahtani, A.A., Sherigara, B.SJ, Mater. Sci.: Matr. Med 2009, 1437.

[41] Nieto, J. M., Peniche-Covas, C., PadronT@ermochimica Actal991, 63.

[42] Neto, C.G.T., Giacomettib, J.A., Jobb, A.Eerieirab, F.C., Fonsecaa, J.L.C., Pereiraa,
M.R.; Carbohydrate Polymer2005, 97

[43] Corkhill, P. H., Jolly, A. M., Ng, Ch. O., Tieg, B. J.;Polymer 1987, 1758.

[44] Hatakeyama, H., Hatakeyama, Thiermochimica Actdl998, 3.

[45] McBrierty, V. J., Martin, S. J., Karasz, F; B.Mol Lig, 1999,179.

[46] Ping, Z. H., Nguyen, Q. T., Chen, S. M., ZhduQ., Ding, Y. D.Polymer 2001,8461.

[47] Tamai, Y., Tanaka, H., Nakanishi, Yacromolecules1996,6750.

[48]Higuchi, A., Komiyama, J., lijima, TPolymer Bulletin 1984, 203.

[49] Hodge, R. M., Edward, G. H., Simon, G. Paglymer 1996, 1371.

[50] Tomihata ,K., Ikada, Y Biomaterials1997,567.

[51] Varum, K.M., Myhr, M.M., Hjerde, R.J.N., Smiaxsl, O.;Carbohydr Res]1997,99.

[52] Lee ,K.Y., Ha, W.S., Park, W.HBiomaterials 1995,1211-6.

[53] Pangburn, S.H., Trescony, P.V., Heller, Bigmaterials,1982,105.

[54] Hirano, S., Tsuchida, H., Nagao, Bipmaterials,1989,574.

[55] Sashiwa, H., Saimoto, H., Shigemasa,livt;J Biol Macromol,1990,295.
[56] Aiba, S.;Int J Biol Macromo) 1992,225-8.

166



CHAPTERS — SYNTHESIS AND CHARACTERIZATION OF SEMINTERPENETRATING POLYMER NETWORK

HYDROGEL BASED ON CHITOSAN AND POLYMETHACRYLOYLGLYCYLGLYCINE )

[57] Shigemasa, Y., Saito, K., Sashiwa, H., Saimbitgint J Biol Macromol,1994,43.

[58] Nordtveit, R.J., Varum, K.M., Smidsrod, @arbohydr Polym1994,253.

[59] Nordtveit, R.J., Varum, K.M., Smidsrod, @arbohydr Polym1996,163.

167



PHD THESIS—MAMONI DASH

168



OVERALL CONCLUSIVE REMARKS AND FUTURE
PERSPECTIVES

Materials for Tissue Engineering (TE) have sigmifidy progressed over the years,
from being initially viewed as biologically inertractural supports to platforms capable of
providing signals to cells and tissues to orchésgatissue regeneration. Current trends
suggest that biomaterial development will contituereate more life-like multi-functional
materials that are able to simultaneously providengex biological signals (chemical,
structural and mechanical), replace mechanical tiomcand respond to environmental
stimuli. A continuing challenge for this approaciil we to find ways of exploiting these
sophisticated tools without unduly complicatingglewscale production for clinical research.
We have summarized a wide range of materials thatfraquently used to date, or will
potentially be useful in TE in the future. Conchgliremarks on individual section of the

thesis have been listed below.

(@D} Chitosan- A Versatile M aterial for Regener ative M edicine Applications

A review on the current status of chitosan usageRegenerative Medicine
applications has been done. Chitosan appearsdadef the most promising biomaterials in
TE because it offers a distinct set of advantagephgsico-chemical and biological
properties such ason-allergenicity, biocompatibility, biodegradabjliand cationic surface
charges in acidic medium allowing for applicatioims a variety of conventional and
pharmaceutical areas. In this review, various teghes used for preparing chitosan micro/
nanoparticles and hydrogels have been listed.
An updated study of the various applications oftaddan in TE, Drug Delivery, Gene
Therapy and the most emerging Boimaging areas @as Hone. In conclusion, the survey

demonstrated that chitosan as a biopolymer holdithgable and immense promise.

2 Statistical Approach of Chitin Deacetylation

Chitosan was prepared from chitin by a heterogeset®acetylation process using
alkaline medium. Two reaction parameters, namefctien time and temperature were
varied in order to prepare various chitosan gratlemacterized by different acetylation
degrees (DA). Based on this data, a statisticaleheds developed that can be used to

define reaction conditions to obtain a specifiaueabf DA.
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©)] Chitosan-Based Beadsfor Controlled Release of Proteins

Extensive research is being carried out to expgloitosan as a drug carrier to attain
the desirable drug release profiles. The preparaifanicrospheres or beads are based on a
therapy that offer numerous advantages over thgestdional dosage forms. These include
improved efficacy, reduced toxicity and improvedig@at compliance. Our approach was
similar, in preparing beads of chitosan and loadét proteins (HSA and PT). Chitosan
beads of 700-800 um were obtained with a satisfpategree of encapsulation of the two
types of proteins Encapsulation efficiency was deleat on the time and temperature to
which the beads were allowed to crosslink. It waseoved that when beads were allowed to
remain in the crosslinking medium for 24 hrs atmotemperature, there was recorded
maximum encapsulation of about 64% . The releastheftwo proteins depended on the
molecular weight of the respective proteins witfpsin being released faster than HSA. The
degradation profile of the beads has been presdnted medium containing lysozyme.
Although a lot of work is still included in our fute perspective, we were able to optimise

the basic conditions of preparation of the beadsapsulation and release of the proteins.

4 Hybrid Nanoparticles Based on Chitosan and Poly(M ethacryloylglycylglycine)

In this chapter, our approach was focused on tbpgration and characterization of
nanoparticles based on chitosan. The nanoparticsigdtems have great potentials, being
able to convert poorly soluble, poorly absorbed Efule bioactive agents into promising
deliverable drugs. The core of this system canceech variety of drugs, enzymes, genes and
is characterized by a long circulation time duethie hydrophilic shell which prevents
recognition by the Reticular-Endothelial System §RHn our work, we tried to achieve the
above said properties by combining the benefitsclitosan with that of an anionic
poly(acrylamide) of carboxyl end capped of the gigcdimer,[poly(MAGIyGly)]. In this
regard, we synthesized the monomer MAGIyGly andhwheir respective group interactions
formed nanoparticles by using chitosan and poly(My/&&y) polymerized in-situ. Using
various ratios of chitosan and MAGIyGly, nanopdescof 100-120 nm were successfully
prepared with good morphology and shape. Theiracteon was established using FT-IR
and XPS wherein the presence of all constituenteémanoparticle matrix was confirmed.

Our next step is to load drugs for a sustainechsgldrom the prepared nanopatrticles.
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(5) Synthesis and Characterization of Semi Interpenetrating Polymer Network

Hydrogel Composed of Chitosan and Poly(methacryloylglycyl glycine)

Hydrogels have become increasingly studied asieeatrfor tissue engineering.
These devices are usually passive exchange systemismore recently experimental
systems may contain entrapped or encapsulated fofts other human or animal sources.
We synthesized hydrogels based on the concepntifI&N’s wherein the monomers and/or
polymers plus crosslinkers are mixed, followed bpudtaneous polymerizations via non-
interfering reactions. EGDMA was used as a crokslinvith NgS,0sand (NH;),S,0; as the
free radical initiator. Our prepared chitosan/pM¥GlyGly) semi-IPN showed promising
properties. The amount of the co-polymers and thestinking agent were varied to obtain
semi-IPN’s and observe their various propertiesal@@tion of the preparation conditions
were stressed on, it was found that above 20 %whitbsan semi-IPN’s were not formed
irrespective of the amount of crosslinker used.wHs also observed that there was
dependence of certain properties like swelling, photogy and type of water with the
amount of crosslinker. The prepared semi-IPN’s sftba very high swelling percentage in
both PBS and water with most of the water pressritele water. The interconnected porous
hydrogels proved to be thermally stable under miggical conditions. Degradation of the
prepared semi-IPN’s were studied in the presence lgéozyme under physiological
conditions. The biological investigations of thené¢PN’s will constitute the objective of
further investigations.

The scientific and technology development arevenended journey. Each closed
research project opens a new range of questiondemhaological capabilities that can be
explained and exploited in multiple directions. Tlwerked developed in the scope of this
thesis is not an exception. Herein, we intendeditghlight some points that might be

interesting and fruitful to exploit in forthcomingvestigations.
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