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Abstract

This thesis aims to develop pH-sensitive hydrogels from hydroxyethylacryl
chitosan (HC)/sodium alginate (SA) crosslinked by various metal ions (i.e., 't
and Cu™). HC was synthesized by the Michael addition reaction of chitosan (CS) and
hydroxyethylacrylate (HEA). The synthesized HC was blended with SA to form film
by solvent casting method. The weight ratios of HC to SA were varied at 100:0,
75:25, 50:50, 25:75 and (:100. It was found that HC and SA were compatible for
all blend compositions examined by DMA and FT-IR. The prepared films were
subsequently soaked into various metal ion solutions, i.e., 0.01, 0.05, 0.1, 0.25 and
0.5 M of calcium chloride, 0.5 M of zinc sulfate and 0.5 M of copper(ll} sulfate
solutions, to form crosslinked hydrogel films. The obtained hydrogel films were then
characterized by FT-IR and SEM-EDS. FT-IR results demonstrated that calcium ions
could crosslink only SA through the formation of ionic bonds while zinc and copper
ions could crosslink both HC through the formation of coordinate bonds and SA
through the formation of partially ionic and/or coordinate bonds. In addition, it was
found that the distribution patterns of metal ions were well-dispersed within the
hydrogel films. Swelling behavior and gel content of the hydrogel films at 37 °C in
various fluids, i.e., distilled water, simulated gastric fluid (SGF, pH 1.2), simulated
intestinal fluid (SIF, pH 7.4) and simulated gastrointestinal fluid (SGF followed by SIF),
were also evaluated in order to investigate the effects of preparation parameters on
the properties of the hydrogel films. It was found that the prepared hydrogel films
possessed pH-sensitive properties. The HC/SA hydrogel films were stable in SGF but
degraded in SIF. In addition, the combination between HC and SA could delay the
degradation rate of the hydrogel films in simulated gastrointestinal fluid due to the
formation of polyelectrolyte complexes between HC and SA during the transfer of
the hydrogel film from SGF to SIF. Additicnally, the calcium crosslinked film showed
higher gel content in simulated gastrointestinal fluid than that of zinc or copper



crosslinked film because the complexation of HC by zinc or copper ions impeded
the formation of polyelectrolyte complexes between HC and SA.  Furthermore,
An vitro drug release profiles in simulated gastrointestinal tract were investigated using
paracetamol as a model drug. The amount of released paracetamol from the sealed
bag formed by HC/SA hydrogel films was determined by UV-Vis. In SGF, the release
rate of paracetamol from all HC/SA hydrogel formulations was relatively low (< 20%).
The burst release of paracetamol in SIF was depressed by increasing HC content
and/or applying crosslink. The HC75SA25 formulation demonstrated the linearity of
drug release profile and most of paracetamol was released from the hydrogel in SIF.
It was suggested that the HC755A25 formulation could be a good candidate to be
used for controlling drug release in the small intestine. Interestingly, the 0.5 M
calcium crosslinked HC50SA50 formulation exhibited the relatively low drug release
in simulated gastrointestinal fluid (< 20%). It was suggested that this formulation
could be a potential candidate for a site-specific drug delivery in the colon.
Moreover, the HC/SA hydrogel capsules were also prepared by dipping process using
carrageenan and glycerol as gelling agent and plasticizer, respectively. /n vitro drug
release profiles from the capsules were carried out. It was found that the 0.5 M
calcium crosslinked HC50SA50 capsule showed the linearity of drug release profile
and paracetamol was completely released in SIF. The results suggested its potential

in controlled drug release in small intestine.

Keywords : Drug release, pH-sensitivity, Sodium alginate, Hydroxyethylacryl
chitosan, Hydrogel
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Chapter 1
Introduction

1.1 Research motivation

Drug delivery system is defined as a device that enables the introduction of a
therapeutic agent in the body and improves its effectiveness and safety by
controlling the rate, time and place of release of drugs in the body [1).
Oral administration of drugs has been the most convenient and comfortable route
for delivery of most therapeutic agents. It provides patients less pain, greater
convenience and reduced risk of cross-infection. In recent years, pH-sensitive
hydrogels have been attracted attentions for the design of controlled oral drug
delivery systems [2]. This is because the fact that the pH range of fluids in various
segments of the gastrointestinal (GI) tract can provide environmental stimuli for
responsive drug release (Fig. 1.1) [3]. The pH-sensitive hydrogel can be prepared
from a variety of synthetic and natural polymers [4-5]. Compared to synthetic
polymers, natural polymers offer a range of advantages. Natural polymers are
usually biocompatible, on the contrary, synthetic polymers often induce local
inflammation and toxicity from trace chemicals. Among various kinds of the natural
polymers, one which can attract our interest is chitosan (CS).

Stomach (pH 1.00-2.50)

Small intestine (pH 6.15-7.88)

7#— Colon (pH 5.20-7.02)

Figure 1.1 Schematic illustration of Gl tract. Adapted from Ref. [3].

CS is a cationic natural polymers obtained from the deacetylation of chitin,
the second most abundant natural polymer. (S is a copolymer consisting of
N-acetyl-D-glucosamine and D-glucosamine units. CS shows excellent biological
properties such as biocompatibility, non-toxicity and biodegradability [6-7].
In addition, CS exhibits pH-sensitive behavior which easily dissolves at low pH while



being insoluble at high pH [8]. Regarding to those reasons, CS has been widely used
for controlled release [9-10]. However, acetic acid or other acids applied to
dissolution of CS in water can cause cytotoxic to the final product [11].
To overcome this problem, CS was medified by introducing hydrophilic groups to its
reactive amino groups. Many CS derivatives have been prepared, among the others;
hydroxyethylacryl chitosan (HC} was interesting. HC is easily prepared by the Michael
addition reaction of CS and hydroxyethylacrylate. It was reported that HC is able to
dissolve in distilled water and to enzymatic degradation [12]. However, the
applications of CS or CS derivatives in oral drug delivery are restricted because they
are easily dissolved at low pH leading to the rapid drug release in gastric
environment [13].

Sodium alginate (SA) is a non-toxic biodegradable anionic natural polymer,
extracted from brown seaweed. SA consists of different proportions of
B-D-mannuronic acid (M) and a-L-guluronic acid (G) units. It has been used for
controlled drug release because it easily forms into three-dimensional networks in
the presence of multivalent metal cations, e.g, Ca2+, Zn2+, Cu2+, etc. [14-16].
Furthermore, it has pH-sensitive property; negative charges allow the SA to shrink in
acidic pH but to swell when it is in neutral or basic pH [17]). It was reported that '
hydrogels based on SA show the slow drug release in gastric environment [18-19].
However, the use of SA alone for oral drug delivery leads to burst release of drug in
intestinal environment [20-21].

The various hydrogels based on the combination of CS derivative and SA
have been developed for controlled release of drug such as carboxymethyl
chitosan/SA  [22-24], methoxy polylethylene ¢lycol) grafted carboxymethyl
chitosan/SA [25], N-a-glutaric acid chitosan /SA [26] and N-trimethyl chitosan/SA [27].
However, there was no previous report about the combination of HC and SA in drug
delivery field. Moreover, the prepared hydrogels in all of above examples exhibited
relatively high drug release in an intestinal environment. Therefore, it was interesting
to find an alternative drug delivery system with better prolonging drug release to
colon environment.

In this work, the hydrogel based on the combination between HC and SA was
prepared to make a new drug delivery material which incorporates the retarding drug
release property of HC at high pH and of SA at low pH. Additionally, it was expected
‘that HC could form polyelectrolyte complexation with SA in simulated
gastrointestinal fluid like CS which would extend drug release ability [28].

The various kinds of crosslinkers, i.e., Ca2+, Zn2+ and Cu2+, would be applied
to improve properties of the HC/SA hydrogels. In case of calcium crosslinking
system, it was expected that the new type of hydrogels could be developed via



semi-IPN technigue (crosslinked only SA part). In case of zinc and copper crosstinking
systems, it was expected that zinc and copper ions could crosslink both HC and SA
unlike calcium ion. The drug release profiles from the HC/SA hydrogels in simulated
gastrointestinal fluid were explored using paracetamol as a soluble model drug.
Paracetamol was selected as a soluble model drug {class 1) according to the
biopharmaceutics drug classification [29].

Furthermore, pH-sensitive HC/SA hydrogel capsule was prepared using
carrageenan and glycerol as gelling agent and plasticizer, respectively. The drug

release profiles from the capsules were also evaluated.

1.2 Objectives of the study

1. To prepare the novel pH-sensitive hydrogel films and capsules composed
of HC and SA for site-specific oral drug delivery. .

2. To have a better understanding the crosslink structures of the pH-sensitive
HC/SA hydrogels crosslinked by different types of metal ions (Caz+, zn* and cu®
ions).

3. To investigate effects of preparation parameters on swelling behavicr, gel
content and jn vitro drug release profile of the pH-sensitive HC/SA hydrogel films.

4. To investigate effects of preparation parameters on in vitro drug release

profile of the pH-sensitive HC/SA hydrogel capsules.

1.3 Scopes of the study

1. The HCs were synthesized using various conditions as follows:

- Reaction temperature, i.e., 60, 80 and 90 °C.

- Reaction time, i.e., 24 and 48 h, .

2. The HCs were characterized by GPC, FT-IR, "H-NMR and XRD, and were
tested solubility and antibacterial activity in order to find suitable HC.

3. The HC/SA films were prepared using various weight ratios of HC:SA, i.e,,
100:0, 75:25, 50:50, 25:75 and 0:100.

4. Characterization of the HC/SA films by DMA and FT-IR techniques was
carried out in order to estimate miscibility of the HC/SA blends.

5. The HC/SA hydrogel films were prepared by soaking the prepared HC/SA
films into crosslinking metal ion solutions as follows:

- 0.01, 0.05, 0.1, 0.25 and 0.5 M of calcium chloride solutions

- 0.5 M of zinc sulfate solution

- 0.5 M of copper(ll} sulfate solution



6. Characterization of the HC/SA hydrogel films by various techniques, i.e.,
FT-IR, SEM-EDS, swelling behavior and gel content in water, were performed in order
to determine crosslink structure of the hydrogel.

7. Swelling behavior and gel content in various fluids, ie., simulated eastric
fluid (SGF), simulated intestinal fluid (SIF) and SGF followed by SIF and in vitro drug
release profile of the hydrogel films were evaluated in order to find suitable drug
carriers for different parts of the body.

8. The HC/SA (1:1 weight ratio) and SA hydrogel capsules were prepared by
dipping process using carrageenan and glycerol as gelling agent and plasticizer,
respectively. |

9. In vitro drug release profile of the HC/SA hydrogel capsules was

investigated.

1.4 Benefits of the study
1. Obtain new types of pH-sensitive hydrogel films and capsules from HC and
SA with varying drug release profiles for site-specific drug delivery in different parts of

the body.
2. Understand the crosslink structures of the pH-sensitive HC/SA hydrogels

crosslinked by different types of metal ions (Ca2+, zn™ and cu*' ions).
3. Understand the relationship between preparation parameters and
properties of the pH-sensitive HC/SA hydrogels.



Chapter 2
Theory and Literature Reviews

2.1 Drug delivery systems [30]

Drug delivery systems can be defined as devices that enable the introduction
of a therapeutic substance in the body [1]. The major advantages in developing drug
delivery systems are described in Fig. 2.1, which illustrates change in drug
concentration levels in the blood plasma following a single dose of a therapeutic
agent. As shown in Fig. 2.1, the drug concentration levels in the blood plasma
rapidly rises and then exponentially decays as the drug is excreted and/or
metabolized. The figure also shows concentrations above which the drug produces
undesirable side effects and below which it is not therapeutically effective. The
difference between these two levels is known as the therapeutic index. Using a
single dose, the time during which the drug concentration is above the minimum
effective level can only be extended by increasing the size of the dose. However,
drug concentration levels in the blood plasma might extend into the toxic level. For
this reason, developing drug delivery systems that can maintain a desired drug
concentration levels in the blood plasma for long periods without reaching a toxic
level or dropping below the minimum effective level is important. In addition, drug
delivery systems can be used to achieve protection of drugs having a very short half-
life, solution of the drug stability problem, elimination of side-effects and reduction
in the frequency of the drug admiration [31]. Drug delivery systems can be classified
according to the mechanism contrelling the drug release as shown in Table 2.1.

Toxic level
C
K=l
=
[
o=
et
c § — 1 p—
O
v
c
o}
o
g Minimum
o effective level

Time
Figure 2.1 Drug concentration levels in the blood plasma as a function of time.
( ) safe dose, { ===-=) unsafe dose and (—-—) controlled release

[32].



Table 2.1 Classification of controlled release systems [30].

Type of system Rate controlled mechanism
Diffusion controtled
- Monolithic devices - Diffusion through bulk polymer
- Reservoir devices - Diffusion through membrane

Water penetration controlled

- Swelling systems - Water penetration into glassy polymer
- Osmotic systems - Osmotic  transport  of  water  through
semipermeable membrane

Chemically controlled
- Bioerodible systems - Either pure polymer erosion (surface erosion)

or combination of erosion and diffusion (bulk
erosion)

- Pendant chain systems - Combination of hydrolysis of pendant group
and diffusion from bulk polymer

Regulated systems

- Magnetic or ultrasound - External application of magnetic fleld or
ultrasound to device

- Chemical - Use of competitive desorption or enzyme

substrate reaction

2.2 Hydrogels

According to the Polymer Science Dictionary, hydrogels can be defined as
“an insoluble slightly crosslinked polymer which is highly swollen by water of
solvation” [33]. Peppas defined hydrogels to be “hydrogels are water-swollen,
crosslinked polymeric structures produced by the simple reaction of one of
more monomers or by association bonds such as hydrogen bonds and strong
Van der Waals interactions between chains” [30]. Another definition of hydrogel
recommended by Hoffman is “hydrogels are hydrophilic polymer networks which
may absorb from 10-20% (an arbitrary lower limit) up to thousands of times their dry
weight in water” [24]. Hydrogel can be defined in many different ways. From above
definition, it can be concluded that hydrogels are any hydrophilic polymer that are
able to absorb water. On the other hand, they are insoluble in water because of the



presence of a three-dimensional network structure; Hydrogels have received
considerable attention in the last few decades, owing to their exceptional promise in

wide range of applications.

2.2.1 Classification of hydrogels

There are various methods of classifying hydrogels. Generally, they are
grouped into six categories as detailed below:

- Classification based on the method of crosslink formation [35]

Hydrogels can be divided into two categories based on the chemical or
physical crosslinks. Chemical crosslinked networks have permanent junctions, while
physical networks have temporary junctions that occur from either polymer chain
entanglements or physical interactions such as ionic interactions, hydrogen bonds, or
hydrophobic interactions. Generally, hydrogels formed by chemical bonding are
called irreversible hydrogels because they cannot be dissolved again. While, physical
hydrogels can be reversed by changes in temperature, composition of solvent and
pH, therefore, they are called reversible hydrogels. [t will be discussed in detail in
section 2.2.2.

- Classification based on polymer that forms hydrogel [36]

Hydrogels can be classified into natural, synthetic and semi-synthetic
according to their origin, Most of synthetic hydrogels are synthesized by traditional
polymerization of vinyt-activated monomers. The synthetic hydrogels are widely
used because they have precise chemical structure and can be designed at
molecular level. However, many of the synthetic hydrogels are not biodegradable
and often induce local inflammation and toxicity from trace chemicals. The natural
- hydrogels based on natural polymers can be obtained from different natural sources.
For instance, collagen is derived from mammals whereas chitin and chitosan are
obtained from the exoskeleton of shellfish.  Generally, natural polymers show
inherent biocompatibility, biodegradability and biological moieties that support
cellular activities. However, they usually do not provide sufficient mechanical
properties and may contain pathogens or evoke immune/inflammatory responses.
Table 2.2 shows some examples of different types of polymer used in the

preparation of hydrogels.



Table 2.2 Examples of different types of polymers used in the preparation of

hydrogels.
Polymer category Examples Reference
Synthetic polymer Poly{vinyl alcohol) [37]
poly(N-isopropyt acrylamide) [38]
poly(ethylene glycol) [39]
Natural polymer Chitosan [40]
Alginate f41]
Cellulose [42]
Semi-synthetic polymer | Poly(vinyl alcohol)/alginate [43]
Poly(2-hydroxyethyl methylacrylate)/dextrin [44]
Polyester/alginate [d5]

- Classification based on electric charge [46]

Hydrogels are also classified as non-ionic and ionic (anionic, cationic and
ampholytic), as shown in Fig. 2.2. Non-ionic hydrogels, such as dextran and agarose,
swell in agueous medium due to water-polymer interaction. In case of hydrogel
based on ionic polymers the swelling is dependent on the pH of agueous medium.
Cationic hydrogels, such as chitosan, show superior swelling at acidic media since the
pendant groups of cationic hydrogels are ionized at low pH, and non-ionized at
neutral and higher pH values. On the contrary, anionic hydrogels, such as alginate
and xanthan gum, display superior swelling in neutral to basic media. The pendant
groups of anionic hydrogels are non-ionized at low pH and ionized at pH above
the pK, of the polymeric network. Ampholytic hydrogels, such as gelatin and
carboxymethyl chitosan, possess both positive and negative charges. Ampholytic
hydrogels exist as cationic hydrogels at low pH values and as anionic hydrogels at
high pH values. At intermediate pH-values, they display a point where the ratio of
positive to negative charge is the unity, called the isoelectric point (IP). The IP is

identified as a minimum of chain expansion in solution.
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Figure 2.2 Classification based on electric charge [46].

- Classification based on response to external effect

Hydrogels can stimuli sensitive as to shrink or expand by changing in external
environment. This class is called smart hydrogel. The physical stimuli include
temperature, electric or magnetic field, light, pressure and sound, while the chemical
stimuli include pH, solvent composition, ionic strensth and molecular species
(Fig. 2.3).

Temperature
Electric field
Magnetic field

Light
Pressure

O —
Sound

Unswollen Swollen
H : Hydrogel Hydrogel
[onic strength
Solvent composition
Molecular species

Figure 2.3 Stimuli response swelling hydrogel [47].

Physical Stimuli
Response

Chemical Stimuli
Response

For example, poly(N-isopropyl acrylamide) hydrogel, a temperature sensitive
hydrogel, has a reversible hydrophilic/hydrophobic phase transition at the lower
critical solution temperature (LCST) of approximately 32 °C, where the polymer chain
undergoes a transition from a swollen (hydrophilic state) to a collapsed (hydrophobic
state) [38]. Another example, the UV light sensitive hydrogel was synthesized by
introducing bis(4-dimethylamino} phenylmethyl leucocyanide into the polymer
network. This hydrogel swells in response to UV light but shrinks when the UV light
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is removed. The swelling is due to an increase in osmotic pressure within the
hydrogel owing to the appearance of cyanide ions formed by UV light [48].

Other examples of stimuli responsive hydrogels are shown in Table 2.3.

Table 2.3 Examples of stimuli responsive hydrogels.

Stimuli Hydrogel Reference
Temperature | - Poly(N-isopropyl acrylamide)/carboxymethyl (49]
chitosan [50]
- Kappa-carrageenan (51]

- poly(ethylene glycol) grafted chitosan

pH - N-succinyl chitosan grafted polyacrylamide [52]
- Sodium alginate grafted polyglycidyl (53]
methacrylate
Electric field | - Kappa-carrageenan/carboxymethyl chitosan/ (54]
nano-Fe 0,
- Poly(vinyl alcohol)/hydroxyapatite/Fe,0s [55]
Light - B-cyclodextrin-grafted alginate/diazobenzene- [56]

modified poly(ethylene glycol)

- Classification based on the hydrogel durability [57]

Hydrogels can be classified into durable and biodegradable depending on
their stability in physiological environment. Recently, biodegradable hydrogels have
been applied as carriers for controlled delivery or as tissue engineering. In drug
delivery systems, degradation rate of hydrogel can be used to determine drug
availability and pharmacokinetic effects on surrounding cells and tissues. For tissue
engineering applications, it is usually desirable to have biodegradable scaffolding to
promote cell infiltration and tissue growth. It is commonly believed that the
degradation rates of tissue scaffold must be matched to the rate of various cellular

processes in order to optimize tissue regeneration.

- Classification based on physical appearance

Hydrogels have many different physical appearances, including films [41],
fibers [58], microparticles [59], nanoparticles [60], scaffolds [61], and liquids [62].
Physical appearances of hydrogels depend on the technique of polymerization

involved in the preparation process.
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2.2.2 Hydrogel preparation

2.2.2.1 Chemical or irreversible hydrogels

Chemical crosslinking is a method to produce irreversible hydrogel
networks using covalent bonding between polymer chains. Covalent bonding is
much stronger than non-covalent, providing excellent mechanical stability.
The following sections describe the different ways of making irreversible hydrogels.

- Small molecule crosslinker [35]

Many bifunctionatl small molecules have been used to prepare
hydrogels by the crosslinking of hydrophilic polymers. The hydrophilic polymer
should have a suitable functionality that is able to react with the crosslinking agent.
Examples of a crosslinking agent in relation to a functional group of polymer are
shown in Table 2.4. The main disadvantage of this method is that many crosslinkers
have been found to be relatively toxic. To prevent trace amounts of unreacted
crosslinker agents in wvivo, synthesized hydrogels must be purified before

administration.

Table 2.4 Examples of a crosslinking agent in relation to a functional group of

polymer [35].

Crosslinking agent Type of polymer
- Dialdehyde compound - Polymer with amino and hydroxyl group
- Amine compound - Halogen-type polymer, carboxylic polymer

ester, isocyanate, epoxy base and polymer
with methylol base

- Aziridine compound - Polymer with carboxyl base

- Di or polymethylol phenolic resin | - Polymer with nitril base, mercapto base and
carboxyl base

- Halogen compound - Polymer with amine, diene

- Di or polyisocyanate compound - Polymer with active hydrogen like —-OH, -SH,
-NH; and -COCH

- Alcohol like diol, potyol, bisphenol | - Polymer and cellulose chlorosulfonate base

and isocyanate base
- Diepoxy compound - Polymer with carboxyl base, hydroxide base,
mercapto base and chlorosulfonate base
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- Polymer-polymer crosslinking

In order to eliminate the use of crosslinkers during gelation, many
efforts have been pre-functionalized polymer chains with reactive functional groups.
For example, a hydrogel based on N-succinylated chitosan and aldehyde-terminated
hyaluronic acid could be formed via in situ crosslinking by Schiff's base reaction [63].
Chitosan hydrogels have also exploited Michael addition reactions to form polymer-
polymer crosslinking. Amino groups of chitosan can react with the vinyl group on
another polymer [64]. This approach has been popular for hydrogel preparation due
to its rapid reaction time and ability to form different types of bonds. Although
polymer-polymer systems have many advantages, they require multi-step

preparation and purification processes.

- Photo-crosslinking

Like polymer-polymer crosslinking, researchers have been developed
polymer that can form hydrogels in situ using photo-sensitive functional groups. By
adding these reactive moieties to polymer, the polymer can form crosslinkages upon
irradiation with UV light. For example, a photo-crosslinked chitosan hydrogel has
been developed by K. Ono et al. [65]. They were able to prepare a photosensitive
chitosan hydrogel that could be formed in situ by functionalizing the polymer with
azide groups. After UV irradiation, the azide is converted into a reactive nitrene
group that binds chitosan's free amino groups, causing gelation within 60 s. Another
example, an oxidized methacrylated alginate/polylethylene slycol) (OMA/PEG)
hydrogel was also produced by UV photo-crosslinking [66]. Alginate was chemically
functionalized with aldehyde groups by oxidation to react with amine groups of PEG
and then a fraction of the aleinic acids were further modified with
2-aminoethylmethacrylate (AEMA) via carbodiimide chemistry to allow photo-
crosslinking of the methacrylate groups by UV light.

- Free-radical polymerization crosslinking [36]

Free-radical polymerization crosslinking is the preferred method used
to prepare hydrogels from the class of acrylates and vinyl lactams. It can also be
applied to prepare hydrogels based on natural polymers, which the polymer
backbone or chain end of the natural polymers has been functionalized with a
radically polymerizable group. Preparation of hydrogel by this method involves the
chemistry of typical free-radical polymerizations, which includes initiation,
propagation, chain transfer, and termination steps. Initiation step, a wide variety of
thermal, visible light, ultraviolet and redox initiators can be used to generate radicals.
Then the radicals react with the monomers converting them into active forms. After
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that, these active monomers react with more monomers and so on in the
propagation step. The resulting long chain radicals undergo termination either
through chain transfer or through radical combination. — For example, sorbitan
methacrylate (SMA) hydrogel was synthesized following conditions: SMA  as
monomer, o, o-azo-bis(isobutyronitrile) as thermal initiator and ethylene glycol
dimethacrylate as crossliking agent [67]. Another example is sodium 2-acrylamido-2-
methylpropanesulfonate (Na-AMPS) hydrogel. This hydrogel was prepared by redox
. initiation via free radical polymerization in agueous solution. At room temperature,
potassium persulfate as the free radical initiator and potassium metabisulfite and
ferrous sulfate as coinitiators were added into the Na-AMPS solution to form
hydrogel [68].

- Irradiation crosslinking [36]

Hydrogels can also be obtained by ionizing radiation techniques. This
route can be employed for both the synthetic and natural polymers. lonizing
radiation is a radiation that possesses enough energy to ionize molecules either in air
or water. Types of irradiation include both electron beam irradiation and y-radiation.
During irradiation, many reactive sites are generated along the polymer backbone.
Upon combination of these radicals, the crosslink is formed. Examples of polymers
crosslinked by the radiation method are poly(vinyt alcohol)/ carboxymethylate
chitosan/honey hydrogel [69] and gelatin/carboxymethyl chitosan [70].  Irradiation
crosslinking has been widely used since it does not involve the use of chemical
additives or catalysts. However, irradiation is not recommended for preparation of
hydrogels from some polymer that can degrade under the ionizing irradiation [71].

2.2.2.2 Physical or reversible hydrogels

Hydrogels can be formed through a physical  interaction.
The hydrogels obtained by this technique are usually prepared under mild
conditions. The gelation does not require any toxic covalent linker molecules.
However, their widespread application is limited due to the weak mechanical
strength and uncontrolled dissolution. The following sections describe the different
ways of making reversibte hydrogels.

- Crosslinking by hydrogen bonding

Hydrogels can be formed through the hydrogen bonding of polymer
chain. A hydrogen bond is formed through the association of electron-deficient
hydrogen atom and functional groups of high electron density [36). For instance,
carboxymethyl cellulose (CMC) network can be formed by dispersing CMC into 0.1 M
HCL[72]. The mechanism involves replacing the sodium in CMC with hydrogen in the
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acid solution to promote hydrogen bonding (Fig. 2.4). The hydrogen bonds induce a
decrease of CMC solubility in water and result in the formation of an elastic
hydrogel. Another example is hydrogen-bonded complex of poly(acrylic acid) and
poly(N-vinylpyrrolidone) [73]. This complex is affected by a variety of factors such as
the molar ratio of each polymer, the solution temperature, polymer concentration,

type of solvent and polymer structure.

CONa

CQOONa

+HCI
-Na(Cl

COCNa

Sodium salt of
carboxymethyl cellulose

Physically crosslinked network

Figure 2.4 Hydrogel network formation due to intermolecular H-bonding in CMC at
low pH [72],

- Crosslinking via ionic bonding

Mixing two types of polyelectrolyte solutions of opposite charges
leads to a polyelectrolyte complex hydrogel (Fig. 2.5a). The hydrogels formed
through electrolytic complexation are insoluble in water and the electrolytic bonds
can be very stable depending on the pH of the system [74]. In order to prepare an
ionicatly crosslinked polymeric network, an ionic polymer (e.q., sodium alginate and
chitosan) and charged counterion (also known as ionic crosslinker) (e.g., calcium
chloride) having an opposite charge are dispersed in a solvent, after that ionic
interaction occurs (Fig. 2.5b). Some examples are calcium-alginate [75] and
tripolyphosphate-chitosan [76]. In addition, the polyelectrolyte complex can also be
formed between two oppositely charged polymers (Fig. 2.5¢). Some examples are
chitosan-xanthan [77], sodium alginate-chitosan [78], and chitosan-pectin [79].
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Figure 2.5 (2) physical crosslink driven by charge interaction, {b) hydrogel formation
using a polyelectrolyte and an ionic crosslinker and (c) hydrogel
formation using poltyelectrolytes with opposite charges [74].

- Crosslinking by coordination bonding

This is the method for forming hydrogels by bonding between the
‘metal cation and functional groups on polymer chains such as carboxylic acid or
amino groups [35]. A wide variety of metal ions can be used for the formation of
hydrogel such as Ag+ (80], cu [81], Zn”" (82] and Fe’* (83]. This bond is stronger
than that found between a polyelectrolyte and an ionic crosslinker [7]. In addition,
this bonding is formed via hydrating water molecules rather than direct bonding
between the metal ions and chelates. There is a correlation between the radius of
the hydrating ions and the bonding strength. The smaller radius of hydration, the
easier the gel forms due to the increased static interaction. Gelation also depends
on the molecular weight of polymer, concentration and type of solution that cause

crosslinking reactions and salt concentrations.
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Figure 2.6 Chelation in copper-poly{d-vinyl pyridine) complex [35].
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- Crosslinking caused by helix formation

Hydrogels of agar (from agarose and agaropectin), gelatin and
carrageenan can be formed by helix formation [35]. The gelation caused by heat
induced sol-gel transition. For example, kappa carrageenan in hot solution above
the melting transition temperature is in the random coil conformation. By cooling
hot solution of kappa carrageenan, the double helices are formed at a certain
temperature.  In the presence of potassium ions, the double helices of kappa
carrageenan cluster together into bigger units that are called helices aggregates.
Potassium can act as intramolecular glue, forming electrostatic interactions with the
sulfate esters and anhydro-oxygen atom of kappa carrageenan (Fig. 2.7) [84].

Kappa carrageenan in solution In gel form In presence of salt
(Random coil} {Helix formaticn} {Further aggregation of helices)

Figure 2.7 Gel formation due to aggregation of helix upon cooling a hot solution of

kappa carrageenan [84].
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- Crosslinking by hydrophobic bonding

Hydrogels can be formed through hydrophobic associations. Polymer
systems such as block copolymers, graft copolymers and polymer blends can form
microphase/microdomain separated structures. The hydrophobic domains in these
structures behave as associated crosslink sites.  These polymers combine
hydrophobic segments that form unique hydrophobic phases dispersed by
hydrophilic water absorbing regions. An example of hydrophobic associated hydrogel
is poly(ethylene glycol) grafted chitosan hydrogel. Graft copolymer of chitosan and
poly(ethylene ¢lycol) was produced by chemically g¢rafting monohydroxy
poly(ethylene glycol) on the chitosan backbone using Schiff base and sodium
cyanoborohydride chemistry [85]..-It-was reported that this copolymer underwent a
thermoreversible transition from an injectable solution.at.room temperature to a gel
at body temperature(Fig. 2.8). It was believed that at low temperatures, the
hydrogen bonding between the poly(ethylene glycol) and  water molecules
dominates. While, at high temperatures, the hydrophobic interactions between the
polymer chains prevail resulting in the hydrogel formation.

——Chitosan St
Hydrophilic Groups ral 4’;@{ A,
F %, :_ - TR .

if"\;;:'.‘ br \i‘.- ‘T:?l\}

l:é».,"“‘\ I “"'r“:‘:‘l"’;k
"—rris(.a W"' = ¥

/FQ 37° Hydrogel Formation

Polymer Dissolution

Figure 2.8 Networks of chitosan graft copolymer resulting semi solid gel at body

temperature and liquid below room temperature [7].

- Crosslinking by freeze-thawing
Hydrogels can be achieved by using freeze-thaw method. The
mechanism involves the formation of microcrystals in the structure due to freeze-

thawing. An example of this type of gelation is poly(vinyl alcohol) hydrogel [86].

078304
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2.2.2.3 Interpenetrating polymer networks (IPNs)

The performance of hydrogels can be enhanced by the formation of
interpenetrating polymer networks (IPNs). The IUPAC definition of IPNs is “a polymer
comprising two or more networks which are at least partially interlaced on a
molecular scale but not covalently bonded to each other and cannot be separated
unless chemical bonds are broken” [87]. If only one component is crosslinked, the
resulting network is defined as semi-IPNs. The IUPAC definition of semi-IPNs is
“a polymer comprising one or more networks and one or more linear or branched
polymer(s) characterized by the penetration on a molecular scale of at least one of
the networks by at least some of the-linear. or branched macromolecules” [87].

An illustration of semi-IPNs-and-PNs is presented in Fig..2.9.

Semi-interpenetrating polymer networks Interpenetrating polymer networks (IPNs)
(semi-IPNs)

- ™ _Polymer network (B)

H 4

-~

Ny

Polymer netwark (A)

Figure 2.9 Schematic representation of serni-IPNs and IPNs [88].

The most commonly used procedure to«form IPNs is by an in situ
preparation where the reactants (monomers or polymers) are mixed in a solution
before crosslinking is performed,.as shown-in-Fig. 2.10. In the case of IPNs, the two
networks can be formed either simultaneously or sequentially. In the case of the
simultaneous pathway, the reactions leading to the two networks must be
orthogonally because otherwise cross reactions (i.e., copolymer formation) probably
occur.  An alternative procedure is based on the sequential formation of the
semi-IPNs. Firstly, a polymer network is prepared and subsequently the monomers
or the second polymer are loaded into the swollen network, thus, leading to
semi-IPNs. When the loaded polymer is crosslinked to form the second network,

the semi-IPNs are converted into IPNs [89].
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The advantage of IPNs is that the combination of favourable
properties of each constituent polymer of the IPNs leads to new systems with
improved properties, which are different from those of the individual polymers. In
addition, synergism of properties is also observed in several systems [90-91]. The
combination and synergism of properties can be used to modify and tailor the
characteristics of the resulting material to meet specific needs.

Examples of [IPN hydrogels are pH-responsive silk  sericin/
polylmethacrylic acid) IPN hydrogel [92] and cyclodextrin/carbopol micro-scale IPN
hydrogel [93]. Examples of semi-IPN hydrogels are pH/temperature-responsive
carboxymethyl chitosan/poly(N-isopropyl acrylamide) semi-IPN hydrogel [94] and
thermo-sensitive poly(N-isopropyl acrylamide-co-vinyl pyrrolidone)/chitosan semi-IPN
hydrogel [95].

2.2.3 Properties of hydrogels [36]

Hydrogel is a crosslinked polymer that swells in water to an equilibrium
value. The amount of water that a material needs to absorb to be classified as a
hydrogel remains undefined, but most researchers generally agree that if a material
absorbs at least 10% water and is insoluble in water, it can be classified as a
hydrogel. The swollen equilibrated state of a hydrogel results from a balance
between the osmotic driving forces that cause the water to enter the hydrophilic
polymer and the cohesive forces exerted by the polymer chains in resisting
expansion. It can be concluded that an equilibrium swelling state depends on the
osmotic driving forces and the crosslink density. The degree of hydration (water

content) can be expressed using the following equation:

hydrated weight—dry weight
4 e e x 100 (2.1)
hydrated weight

%Water (weight) =

The degree of water absorption related to the dry state of the polymer is
called percent hydration. This is calculated using the following equation:

hydrated weight—dry weight
Y E TV TTE % 100 (2.2)
dry weight

%Hydration =

The more hydrophilicity of polymer used to prepare the hydrogel, the higher
the degree of hydration. This hydration can also be controlled by crosslink density.
The higher the degree of crosslinking results in a corresponding decrease in water

content,
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2.2.4 Water in hydrogels [34, 96-97]

The water in hydrogels is classified into three categories, i.e., free water,
freezing bound water and non-freezing bound water, When a dry hydrogel begins to
absorb water, the hydrophilic groups along the polymer chain are hydrated first.
After that, water forms a hydration sphere around these hydrophilic groups leading
to non-freezing bound water. This type of water is tightly held in the hydrogel
through interactions such as hydrogen bonding and cannot freeze or melt at normal
temperature range of pure water. As the polar groups are hydrated, the network
swells and exposes hydrophobic groups, which also interact with water molecules
leading to freezing bound water. This type of water interacts weakly with the
polymer and can freeze or meli at temperature shifted with respect to that of free
water. Freezing and non-freezing bound water are often combined and called the
total bound water. After the polar and hydrophobic sites have interacted with
bound water molecules, the network will absorb additional water. The additional
water that is imbibed after the ionic, polar, and hydrophobic groups become
saturated with bound water is called free water. This water is assumed to fill the
space between the network chains.

The major method used to determine the relative amounts of free and
bound water as fractions of the total water content is differential scanning
calorimetry (DSC) [98]. Because only the free water and the freezing bound water
can be frozen, it is assumed that the endothermic peak measured when warming the
frozen hydrogel represents the melting of the free water and the freezing bound
water. The amount of free water and freezing bound water in the sample
can be calculated by the area under the corresponding endothermic peak. Then
non-freezing bound water is abtained by difference of the measured total water
content of sample before DSC experiment and the calculated free water and
freezing bound water.

The amount and type of water contained in the hydrogels can be used to
determine diffusion and transport characteristics of the hydrogel. This is important
for drug delivery application. It has been found that the population of non-freezable
bound water plays an important role in drug delivery behavior [99].

2.2.5 Hydrogels in controlled drug delivery systems

In recent years, the hydrogels have been attracted attentions for the design
of controlled drug delivery systems [100-101]. The soft and hydrophilic nature of
hydrogels makes them particularly suitable as drug delivery systems. The control of
swelling properties of hydrogel can be used to trigger drug release. Through proper
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design, hydrogels can be used in a variety of applications including sustained,
tareeted and stealth biomolecule delivery.

Oral administration of drugs has been the most convenient and comfortable
route for delivery of most therapeutic agents. The smart hydrogels that swell and
shrink in response to external pH have been investigated to create controlled oral
drug delivery systems [2, 102). This is because the fact that the pH range of fluids in
various segments of the gastrointestinal (GI) tract (Fig. 2.11) can provide
environmental stimuli for responsive drug release. After ingestion, food passes
quickly through the oesophagus (taking around 10-14 s [103]) and reaches the
stomach. The pH values of the stomach have been reported to lie within pH
1.00-2.50 [104]. Gastric emptying time is highly variable [105], and is often reported
as between 5 min and 2 h. However, the half eastric emptying time is around 80.5
min [106]. After passage through the stomach, food enters the small intestine.
Transit times for small intestine are about 3-6 h [3]. The pH of the small intestine
has been estimated to lie in the range of pH 6.15-7.35 in the proximal region, rising
to pH 6.80-7.88 in the distal small intestine [107]. After passage through the small
intestine, food reaches the colon at which point the pH lowers slightly to pH
5.26-6.72 in the ascending colon, and pH 5.20-7.02 in the descending colon [108).
The transit time in colon is highly variable, with a range of 6-32 h [109]. Examples of
pH-sensitive hydrogels for oral drug delivery are polylacrylic acid) [110], chitosan [6]
and sodium alginate [18].

Oesophagus
pH ~7.0

Stomach
pH 1-2.5 (up to 5 when fed)

Proximal small intestine

Ascending colon pH 6.15-7.35

pH 5.26~6.72

Descending colon
pH 5,20-7.02

Distal small intenstine
pH 6.80-7.88

Figure 2.11 Characteristics of the Gl tract showing the pH at the different parts [107].
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The drug release from pH-sensitive hydrogels depends on many factors. The
main factor is based on the structure of the polymers used in the preparation of the
hydrogels. Thus, it is important to choose the proper polymers upon designing
hydrogels for drug delivery. In this work, chitosan was selected as the base polymer
to develop the novel pH-sensitive hydrogels for site-specific drug delivery to different

parts of eastrointestinal tract.

2.3 Chitosan

2.3.1 Chemical structure of chitosan [8]

Chitosan (CS)is a copolymer composed of N-acetyl-D-glucosamine and
D-glucosamine units. [t is a polycationic polymer that has one amino group and two
hydroxyl groups in the repeating glucosidic residue. The carbohydrate backbone is
very similar to cellulose, which consists of B-1,4-linked D-glucosamine with a variable
degree of N-acetylation, except that the acetylamino group replaces the hydroxyl
group on the C; position.  Thus, chitosan is a copolymer consisting of N-acetyl-2-
amino-2-deoxy-D-glucopyranose and 2-amino-2-deoxy-D-glucopyrancse, where the
two types of repeating units are linked by (1—>4)-B-¢glycosidic bonds. The structure
of this polymer is depicted in Fig. 2.12a. Chitosan is derived from the deacetylation
of chitin (Fig. 2.12b). Chitin is found in the shells of crustaceans, exoskeletons of
insects and cell walls of fungl. Commercially, chitin is mainly isolated from
shells of crabs and shrimps that are waste products of the seafood industry. The
manufacturing methods for chitosan are illustrated in Fig. 2.13. The deacetylation
degree (DD) of chitosan, giving indication of the number of amino groups along the
chains, is calculated as the ratio of D-glucosamine to the sum of D-glucosamine and
N-acetyl-D-glucosamine. To be classified as chitosan, the deacetylated chitin should
contain at least 60% of D-glucosamine residues (which corresponds to a
deacetylation degree of 60) [111].

@ [ 1T T of |
HOH,C HOH,C HOH,C
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- o N N - o =< -n
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Figure 2.12 Chemical structures of (a) chitosan and (b) chitin {111].
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Figure 2.13 Schematic of manufacturing methods for chitosan. Adapted from

Ref. [112].

2.3.2 Properties of chitosan

The properties (i.e., solubility, crystallinity, biodegradability, viscosity and
biocompatibility) and the biological properties (i.e., mucoadhesion, analgesic,
antimicrobial, permeation enhancing effect, antioxidant and hemostatic) of chitosan
are directly related to its DD and the molecular weight (Table 2.5).




Table 2.5 Relationship between structural parameters and properties [8].
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‘Structural characteristics

Property

- Solubility DD

- Crystallinity DD

- Biodegradability 4DD, +Molecular weight
- Viscosity TOD

- Biocompatibility oD
Biological

- Mucoadhesion oD, TMolecular weight
- Analgesic ToD

- Antimicrobial 10D, TMolecular weight
- Permeation enhancing effect 10D

- Antioxidant DD, I Molecular weight
- Hemostatic 10D

i) Directly proportional to property, \ inversely proportional to property.

- Solubility [8]

While the parent chitin is insoluble in most organic solvents, chitosan is
readily soluble in dilute acidic solutions below pH 6.0 due to the quaternization of
the amino groups that have a pK; value of 6.3. At low pH, these amino eroups are
protonated and become positively charged making chitosan a water-soluble cationic
polyelectrolyte. On the other hand, when the pH increases above 6, amino groups
of chitosan become deprotonated and chitosan is insoluble. The soluble-insoluble
transition occurs at its pK, value around pH between 6 and 6.5. The solubility of
chitosan is related to the DD because the pK, value is highly dependent on the
degree of N-acetylation [113]. Apart from the DD, the molecular weight is also an
important parameter that significantly affects the solubility {114-115].

OH OH
] : o’/* o : 07 d
<>
NH NH
HO ® HO ?
L - -n
Low pH (soluble) High pH (Insoluble)

Figure 2.14 Schematic illustration of chitosan’s versatility [8].



26

- Biodegradability [96]

Chitosan can be degraded in vivo by several proteases and mainly lysozyme
[8, 116]. The biodegradation of chitosan leads to the formation of non-toxic
oligosaccharides of variable length. These oligosaccharides can be incorporated in
metabolic pathways or be further excreted [117]. The degradation rate of chitosan is
mainly related to its molecular weight and DD [118). Smaller chitosan chains are
more rapidly degraded into oligosaccharides than chitosan with higher molecular
weight. The relationship between biodegradation of chitosan and its DD can be
explained by its semi-crystalline nature. Crystallinity is maximum for a DD equal to 0
or 100% (chitin or fully deacetylated chitosan, respectively), and decreases for
intermediate DD. When DD of chitosan decreases {(close to 60%), the crystallinity
also decreases resulting in an increase of the biodegradation rate. Besides, the
distribution of acetyl residues along chitosan chain also affects its crystallinity and

consequently the biodegradation rate.

- pH-sensitivity [8]

Chitosan exhibits a pH-sensitive behavior due to the amino groups on its
chain. The mechanism of pH-sensitive swelling involves the protonation of amino
groups of chitosan under low pH conditions.  This protonation leads to chain
repulsion, diffusion of proton and counter ions together with water inside the
hydrogel and dissociation of secondary interactions.  This pH-sensitive property
makes chitosan to be used in the delivery of drugs to the stomach. However, the
applications of chitosan in drug delivery to the small intestine are restricted because
chitosan is easity dissolved at low pH leading to the rapid drug release in the
stomach [13].

- Biocompatibility {119]

Chitosan has been widely used in food industry and it is approved by the
Food and Drug Administration (FDA) for use in wound dressings [120]. Chitosan has
also been promoted as a component in non-medical products (a fat binder in
cholesterol-lowering and slimming formulations). It has also been studied in
biomedicat field and has been found to be highly biocompatible.

- Biological property [111]

The presence of the amino groups along chitosan chains allows explaining
the most of chitosan properties. The mucoadhesion of chitosan can be explained by
the presence of negatively charged residues (sialic acid) in the mucin (the
glycoprotein that composes the mucus) which can interact with positive charges of
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chitosan generated in acidic medium. This mucoadhesion is directly related to the
DD of chitosan. If DD increases, the number of positive charges also increases leading
to the improvement of mucoadhesive properties [121].

The haemostatic activity of chitosan can also be related to the presence of
positive charges on chitosan backbone. The positive charges of chitosan can interact
with negative charges on red blood cell. Besides, chitin shows less effective
haemostatic activity than chitosan, which tends to confirm this explanation [122-123].

The permeation enhancing property of chitosan can be described by the
presence of positive charges of chitosan which can interact with the negative part of
cells membrane leading to reorganization and an opening of the tight junction
proteins. Like mucoadhesion, if DD of chitosan increases, the permeation ability also
increases {124].

The case of antimicrobial activity of chitosan is slightly more complicated to
explain.  There are two main mechanisms proposed to elucidate chitosan
antibacterial and antifungal activities. In the first proposed mechanism, positively
charged chitosan can interact with negatively charged eroups at the cell surface
resulting in the change of its permeability. This would prevent important materials
to enter the cells and/or lead to the leaking of primary solutes out of the cell. The
second mechanism involves the binding ability of chitosan with the cell DNA, which
would lead to the inhibition of the microbial RNA synthesis [125-126].

The polycationic behavior of chitosan also allows elucidating the analgesic
effects of chitosan. The amino groups of chitosan can be protonated in the
presence of proton ions that are released in the inflammatory area leading to an
analgesic effect [127].

Considering all the aforementioned properties, it is not surprising that
chitosan has been widely used in various biomedical applications and drug delivery

systems.

2.3.3 Gelation

Chitosan hydrogels have been prepared with a variety of different shapes,
geometries and formulations including liquid sels, powders, beads, films, tablets,
capsules, microspheres, microparticles, sponges, nanofibrils, textile fibers and
inorganic composites.  The main method of preparation chitosan hydrogels is
covalent crosslinking. The most common crosslinkers used for preparation of
covalently crosslinked chitosan hydrogel are dialdehydes such as glyoxal and
glutaraldehyde [128-129].  Their reaction with chitosan is well-documented:;
the aldehyde groups form covalent imine bonds with the amino groups of chitosan
due to the resonance established with adjacent double ethylenic bonds via a
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Schiff reaction [130]. Dialdehydes allow direct reaction in aqueous media, under
mild conditions and without the addition of auxiliary molecules such as reducers.
However, the main drawback of dialdehydes is that they are generally considered to
be toxic. For example, glutaraldehyde and glyoxal are known to be neurotoxic and
mutagenic, respectively [131-132]. Therefore, a new alternative covalent crosslinker
for chitosan is required. There have been attempts to use genipin as a crosslinker for
chitosan. Genipin is a naturally occurring material, which is commonly used in herbal
medicine and as a food dye [133]. The biocompatibility of genipin in the human
body has not been evaluated yet, but it is not cytotoxic in vitro and has been shown
to be biocompatible after injection in rats [133-134]. However, genepin is expensive.

To avoid toxic crosslinking agent, many researches have played a role on
photo-crosslink [135-136] and radiation crosslink [137-138] systems. However, these
hydrogels are not pH-sensitive and not effectively used as drug controlled release.
The formation of hydrogels by reversible ionic crosslinking is an alternative route to
overcome these limitations. Small anionic molecules such as sulfates, citrates and
phosphates can interact with cationic amino groups of chitosan [76, 139]. Anionic
molecules with a high charge density should be chosen to ensure strong ionic
interactions. In addition, anionic ions with the smaller ionic radii may translate to
smaller impedance in their diffusion throughout the polymer matrix and quickly form
electrostatic bonds compared to the larger ones.

Besides, the amino and hydroxyl groups of chitosan can form coordinate
bonds to various metal ions such as Ag+ [80], c” (81], Zn’" [82] and Fe’* [83]. This
type of bond is stronger than the electrostatic interactions formed by the anionic
molecules used as crosslinker [7]. The nature of the metal ions is very important in
the mechanism of interaction. The affinity of chitosan for various metal ions is in the
following order: cu® >> Hg2+ > zn™t s cd” s N > cot ~ Ca2+, el > Nd >

> P [140). |

In addition, larger negatively charge molecules, natural and synthetic
polyanions can also form gels with chitosan. Chitosan-based polyelectrolyte
complex networks have been prepared with DNA, anionic polysaccharides {(e.g.,
alginate, elucosamineglycans, chondroitin = sulfate, hyaluronic acid, heparin,
carboxymethyl cellulose, pectin, dexiran sulfate, and xanthan), proteins (e.g., gelatin,
albumin, fibroin, keratin, and collagen) and synthetic anionic polymers (e.g.,
polyacrylic acid). The stability of these polyelectrolyte complexes depends on
charge density, solvent, ionic strength, pH, and temperature [8].

Furthermore, it should be noted that electrostatic interactions can occur with
other secondary interactions (e.g, hydrogen bonding). These interactions can
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enhance the properties of the chitosan hydrogel and can be modutated to express

unigue material properties, such as pH-sensitivity [111].

2.3.4 Water-soluble chitosan

Although chitosan have many favourable characteristics such as good
biocompatibility and low toxicity, the poor solubility of chitosan at the physiological
pH 7.4 is the major limiting factor in its utilization. This restricts the use of chitosan
in oral drug delivery systems. In addition, acetic acid or other acids would be
commonly applied for dissolution of chitosan in water, which would cause cytotoxic
issue to the final product [11]. To improve solubility of chitosan, many efforts have
been made to prepare a water-soluble chitosan.

High molecular weight is responsible for the low solubility of chitosan in
water. Therefore, it is interesting to improve the solubility of chitosan by decreasing
the molecular weight. Low molecular weight (LMW} chitosan can be prepared by
various methods as follows:

C. Qin et al. [141] synthesized water-soluble LMW chitosan from enzymatic
hydrolysis with efficient hemicellulase. The hydrolysates were separated into three
fractions by ultrafiltration membranes. A separated fraction with molecular weight
more than 5x10° and with a degree of deacetylation of 58% was water-soluble in the

free amine form,

J.Li et al. [142) also prepared LMW chitosan and chito-oligomers from
enzymatic hydrolysis. Firstly, chitosan with a degree of deacetylation of 91.7% was
hydrolyzed by a commercially available and efficient neutral protease.
The optimum temperature was 50 °C and the optimum pH was 5.4. IR spectra
confirmed that the chemical structures of residues were not modified. Different
reaction times gave chitosan with different molecular weights. Mn”* was the most
efficient activator of the enzymatic reaction. The degree of deacetylation of the
main hydrolysis products decreased compared with the initial chitosan.
The decrease of molecular weight of the resulting chitosan led to transformation of

crystal structure and the increase of water solubility.

Besides the use of enzymatic hydrolysis, hydrogen peroxide (H,O,) was used
to hydrolyze chitosan because it is easy to handle, readily available and
environmentally friendly [143). This technique is based on the formation of free
radicals, which can attack the glucosidic linkages of chitosan [144]. The literature
reviews related about the preparation of LMW chitosan by hydrolysis using H,O, are

shown as follows:
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Z. Xia et al. [145] prepared water-soluble chitosan by hydrolyzing chitosan
using H,O; under the catalysis of phosphotungstic acid. Water-soluble chitosan
could be obtained under optimum conditions of H,Q, 2% (v/v), phosphotunestic acid
0.1% (w/v), 65 °C and 40 min. The water-soluble chitosan content of the product
and the yield were 94.7% and 92.3% (w/w), respectively. All products were white

powders and soluble in water.

Y. Du et al. [146] also prepared water-soluble chitosan by hydrolyzing
chitosan using H,O,. Firstly, crude chitosan was prepared from shrimp shell by HCL,
NaOH and ethanol solution successively. After that, H,0, was used to degrade the
crude chitosan into water-soluble chitosan. The optimal conditions to obtain the
highest recovery of water-soluble chitosan were 5.5% of H,O, level, 3.5 h of time
and 22.8 °C of temperature. The predicted recovery was 93.5%.

Furthermore, the presence of amino eroups on chitosan chains allows
modifications under mild conditions. In an attempt to improve the water solubility
of chitosan, many efforts have been made to introduce hydrophilic groups by
covalent attachment to reactive amino groups at the C, position. Various kinds of
modification of chitosan have been investigated in recent years and examples
reported using alkylation [147], carboxymethylation [148], and quaternarization [149]
reaction. Michael addition reaction is one of favored methods to modify chitosan
because it is an environmentally mild chemical modification process. The literature
reviews related about the preparation of water-soluble chitosan by Michael addition
reaction are shown as follows:

M. Jiang et al. [150] synthesized water-soluble chitosan by Michael addition
reaction by introducing sodium allylsulfonate into the chitosan.  The chemical
structure of the chitosan derivative was characterized by FT-IR, "H-NMR and
elemental analysis. The degree of substitution was calculated by elemental analysis.
The increase of sodium allylsulfonate to chitosan increased the sulfur content in the
chitosan derivative. The chitosan derivative showed an excellent solubility in the
distilled water. The XRD study suggested that the crystallinity of chitosan derivative
decreased. The thermal analysis exhibited that chitosan derivative had lower
thermal stability than the unmodified chitosan.

G. Ma et al. [12] synthesized N-alkylated chitosan derivative by Michael
addition reaction of chitosan and hydroxyethylacrylate. The chemical structure and
physical properties of the chitosan derivatives were characterized by FT-IR, 1H—NMR,
XRD and DSC. The 'H-NMR results indicated that the degree of substitution was from
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0.18 to 1.2, The chitosan derivatives showed an excellent solubility in distilled
water. XRD analysis exhibited that the derivatives were amorphous. DSC results
demonstrated that thermal stability of the derivatives was lower than that of
unmodified chitosan.  The chitosan derivatives had the ability to enzymatic
degradation and the initial degradation rate of the chitosan derivatives depended on
its molecular weight, The antimicrobial activity of the chitosan derivatives decreased

compared with that of chitosan.

In this work, water-soluble chitosan was prepared by partially referring to the
procedure of G. Ma et al. [12). Michael addition reaction of chitosan and
hydroxyethylacrylate was carried out to synthesize hydroxyethylacryl chitosan (HC),

a water-soluble chitosan.

2.3.5 Chitosan-based hydrogels in controlled drug delivery

Chitosan and its derivatives show excellent biological properties such as
biocompatibility, non-toxicity and biodegradabitity. In. addition, they possess
pH-sensitive behavior which easily dissolves at low pH while being insoluble at high
pH. Regarding to those reasons, Chitosan and its derivatives have been widely used
for controlled release. The utilization of chitosan and its derivatives based hydrogels
in controlled drug delivery is shown as follows:

X.Z. Shu et al. [151] prepared a pH-sensitive citrate crosslinked chitosan film
for drug controlled release. Citrate crosslinked chitosan film was prepared by dipping
chitosan film into sodium citrate solution. The swelling ratio of crosslinked film was
sensitive to pH. In acidic conditions, the crosslinked film swelled and dissociated in
the pH less than 3.5, and the model drugs (brilliant blue and riboflavin) incorporated
in the film were quickly released (within 2 h released completely in simulated gastric
fluid at 37 °C). While in neutral conditions, the swelling ratio of the crosslinked film
was less significant and the release rate of brilliant blue and riboflavin was low
(less than 40% released in simulated intestinal fluid in 24 h). The parameters of fitm
preparation, i.e., citrate concentration and solution pH, affect the film swelling and
drug release profiles. The lower concentration and the higher pH of citrate solution
resulted in a larger swelling ratio and quicker riboflavin release. To improve the drug
controlled release properties of citrate crosslinked chitosan film, heparin, pectin and
alginate were further coated on the film surface. Among them only the coating of
alginate prolonged riboflavin release in SGF significantly, while the coating of heparin
and pectin only retarded drug release slightly. The results indicated that the
pH-sensitive citrate crosslinked chitosan film was useful in drug delivery such as for

the site-specific drug controlled release in stomach.
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S. Das et al. [152] developed zinc—-pectin-chitosan composite particles for
drug delivery to the colon. Resveratrol was used as model drug due to its potential
activity on colon diseases. Formulations were spherical with 920.48-1107.56 um size
and 21.19-24.27 mg weight of 50 particles. Encapsulation efficiency of the
formulations was very high (96.95-98.85%) and the drug was stable within the
formulation during their storage due to poor aqueous solubility of the drug and quick
formation of the crosslinked matrix. Crosslinking time, pH of crosslinking solution,
chitosan concentration and drug concentration exhibited major influence on drug
release pattern. Formulation prepared at pH 1.5, 1% chitosan, 120 min crosslinking
time and pectin:drug at 3:1 ratio demonstrated colon-specific drug release. Hence,
Zn-pectin-chitosan composite particles could be considered as colon-specific

formulation.

L.N.M. Ribeiro et al. [153] prepared chitosan/layered double hydroxide (LDH)
biohybrid beads coated with pectin for controlled release in the treatment of colon
diseases. These systems were designed in order to combine advantages from the
three components: (i) the external pectin coating protects the drug delivery system
in low pH ambient, as that found in the stomach; (i) the chitosan matrix in which the
drug is incorporated presents mucoadhesive properties of interest for specific
adsorption in the intestinal tract; and (i) the immobilization of the drug in the LDH
host solid offers the possibility to control the kinetics of the drug release. These
systems were tested using 5-aminosalicylic acid (5ASA) as model drug. The resulting
composite beads presenting the pectin coating are stable to water swelling and
procure a controlled release of the drug along their passage through the simulated
gastrointestinal tract in in vitro experiments, due to their resistance to pH changes.
Moreover, the kinetics of the drug release can be also tuned by changing the
thickness of the pectin coating. Based on these results, these drug delivery systems
could be proposed as promising candidates for the colon-targeted delivery of 5ASA.

A. Islam et al. [154] developed pH-sensitive chitosan (CS)/poly(vinyt alcohol)
(PVA) hydrogel crosslinked with tetraethoxysilane (TEOS) for controlled release.
IR results confirmed the presence of the incorporated components and the existence
of siloxane linkages between CS and PVA. All hydrogels exhibited low swelling in
acidic and basic pH media, whereas maximum swelling was showed at neutral pH.
This pH sensitivity of the hydrogel has been investigated as enteric coating for
commercial aspirin tablets. The dissolution test of enteric-coated aspirin tablet in
simulated gastric fluid {(pH 1.2) showed 7.11% aspirin release over a period of 2 h,
whereas a sustained release of remaining aspirin (83.25%) was found in simulated
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intestinal fluid (pH 6.8). This release profile of the enteric-coated aspirin in SGF and
SIF fulfilled the U.S. Pharmacopeia specification (USP XXIV). According to this, a
maximum release of 10% is acceptable at the acidic stage (SGF), and a minimum of
809% is acceptable at buffer stage (SIF).

Z. Liu et al. [155] prepared carboxymethyl chitosan (CMCS) hydrogel beads by
ionically crosslinking with calcium ion. The pH-sensitive characteristics of the beads
were investigated by simulating gastrointestinal pH conditions.  Bovine serum
albumin (BSA) was used as a model protein. The entrapment efficiency of BSA in
beads was greatly improved {from 44.4 to 73.2%) when the beads were coated with
a chitosan/CMCS polyelectrolyte complex (PEC) membrane. The maximum swelling
ratios of the beads at pH 7.4 were much higher than those at pH 1.2. The prepared
membrane limited the BSA release, while the final disintegration of beads at pH 7.4
still led to a full BSA release. Therefore, the chitosan-coated calcium-CMCS hydrogel
beads with higher entrapment efficiency and proper protein release properties were
a promising protein drug carrier for the site-specific release in the small intestine.

From the literature reviews, it should be noted that the applications of
chitosan or chitosan derivatives in oral drug delivery are restricted because they are
easily dissolved at low pH leading to the rapid drug release in gastric environment.
Thus, chitosan and its derivatives have usually been blended with other
polysaccharides in order to improve their stability in low pH environment and the
subsequent controlled delivery of drugs in the small intestine and colon. Among
various kinds of polysaccharides, one which can attract our interest is alginate.

2.4 Alginate

2.4.1 Chemical structure of alginate [156]

The extraction of brown seaweed with alkali and its subsequent treatment
with mineral acids yields alginic acid. Alginic acid can be converted into various salts,
e.g., sodium alginate. A few bacteria, e.g., Azotobacter and Pseudomonas species,
are also capable of synthesizing alginate in and O-acetylated form. Alginate consists
of (1—4} linked B-D-mannuronic acid (M) and o-L-guluronic acid (G) residues
(Fig. 2.15a and 2.15b} of widely varying composition and sequence. By partial acid
hydrolysis, alginate was separated into three fractions. Two of these contain almost
homopolymeric molecules of G and M, respectively, while a third fraction consists of
nearly equal proportions of both monomers. It was concluded that alginate could
be regarded as true block copolymer composed of sequences of M (M blocks) and G
(G blocks) residues interspersed with MG sequences (MG blocks) (Fig. 2.15¢). The M/G
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composition differs not only between one species of brown algae to another, but
also between different parts of the same plant. The alginate monomer composition
(i.e., M/G ratio) affects the physical properties of alginate and its resultant hydrogels.
Alginate with a high M content is suited for thickening applications whereas that with
a high G content is suited for gelation. The mechanism of gelation will be discussed

in more detail in section 2.4.3.
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Figure 2.15 Structural characteristics of alginate: (a) alginate monomers, (b) chain
conformation and (¢) block distribution [156].

2.4.2 Properties of alginate

- Solubility [156]

The solubility of alginate in water is influenced by three parameters, i.e., pH
of the solvent, ionic strength of the medium and the presence of gelling ions in the
solvent [157]. To make alginate soluble, it is necessary that the pH has to be above
a certain critical value and the carboxylic acid groups are deprotonated. It was
reported that the dissociation constants for mannuronic and suluronic acid
monomers are 3.38 and 3.65, respectively [158]. The pK, value of the alginate differs
only slightly from those of the monomeric residues. In addition, the change of ionic
strength in an alginate solution has a profound effect, especially on polymer chain
extension and solution viscosity. At high jonic strengths, the solubility is also
affected. Alginate may be precipitated by high concentrations of inorganic salts like
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potassium chloride [159]. Moreover, alginate can form gel in the presence of
multivalent cations such as Caz+, Sr2+, and Eéa2+ ions. Therefore, it is essential to have

an agueous solvent free of crosslinking ions to enable dissolution.

- pH-sensitivity

The presence of carboxylic groups in alginate structure provides the alginate a
remarkable sensitivity to external pH stimuli. The pH-sensitive behavior of alginate
has been exploited to develop drug delivery system. [t was reported that the
release of drugs from alginate beads in low pH solutions was relatively low which
could be a good candidate for an oral delivery system [160-161]. This is because
alginate shrinks at low pH (gastric environment) and the encapsulated drugs are not
released [162]). At low pH, the carboxylic acid groups of alginate are in the
non-ionized form leading to an insoluble structure so-called alginic acid. When
transfer into the higher pH of the intestinal tract, the carboxylic groups become
ionized resulting in an increase of electrostatic repulsion of these negative charges
causing polymer chain expansion and subsequently dissolution. However, the rapid
dissolution of alginate in the higher pH ranges may result in burst release of drugs
[163]. Thus, many medifications in the physicochemical properties are required for
the prolonged controlled release of drugs.
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Figure 216 Schematic illustration of pH stimuli-responsiveness of alginate
hydrogels [164].

- Biocompatibility [165]

Alginate is considered to be biocompatible, non-toxic, non-thrombogenic, and
non-immunogenic. It has been approved by the Food and Drug Administration (FDA)
for various medical applications (e.g., gel forming for dental impression materials and
wound dressings). Moreover, alginate has been studied clinically for several
applications, such as B-cell islet encapsulation for the treatment of type | diabetes
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(DIABECELL® (Living Cell Technologies) ClinicalTrials.gov Identifiers NCT00940173,
NCT01736228, NCT01739829), choroid plexus cell encapsulation for Parkinson's
disease (NTCELL® (Living Cell Technologies), ClinicalTrials.gcov Identifier
NCT01734733) and glucagon peptide-1 (GLP-1)-transfected mesenchymal cell
encapsulation for the treatment of space-occupying intracerebral hemorrhage (GLP-1
CellBeads® (CellMed AG, BTG), ClinicalTrials.gov Identifier NCT01298830),

- Biological property [165]

Mucoadhesive drug delivery systems work by increasing the drug residence
time at the site of activity or resorption. It has been reported that polymers with
charge density can serve as good mucoadhesive agents. An increased charge density
provides better adhesion. It has also been reported that polyanion polymers are
more effective as bioadhesives than polycation polymers or nonionic polymers.
Alginate, being an anionic polymer, is a good mucoadhesive agent. Studies have
shown that alginate has higher mucoadhesive strength as compared to polymers
such as polystyrene, chitosan, carboxymethyl cellulose and poly(lactic acid)
[166-167].

2.4.3 Gelation

Alginate hydrogels can be prepared by chemical and/or physical crosslinking
of the polymer chains. The properties of the alginate hydrogels depend on the type
of crosslinking, crosslinking density and molecular weight and composition of the
alginate. The most common method for the formation of alginate gels is by
crosslinking with multivalent cations. This method can take place under mild
conditions, making it ideal for the entrapment of sensitive materials. The gelation of
alginate occurs by an exchanege of sodium ions from guluronic acid units with
multivalent cations, and the stacking of these G blocks to form a characteristic
“egg-box” structure (Fig. 2.17) [168]. Each chain can be linked with many other
chains leading to the formation of a three dimensional network. Generally, divalent
cations (e.g., Cd2+, Coz+, Cu2+, Mn2+, N'|2+, Pb>" and Zn%") are suitable crosslinking
agents but not monovalent cations or Mg2+ [169].

The crosslinking metal ions show different affinities for alginate. Divalent
alkaline ions (e.g., Ca2+, Ba™* and Sr°) bound mainly to GG segments while trivalent
lanthanide ions {e.g., La3+, Pr3+, and Nd™) exhibit affinity for both GG and MM
segments [170]. The differences in binding affinity are related to the ionic radius,
coordination number of crosslinking ions and the presence of water of hydration
surrounding ions [170]. It has been reported that divalent ions of larger ionic radii
(eg., Ba™ and Sr2+) produced stronger alginate hydrogels than ca’ ions 171].
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In contrast, C.M. DeRamos et al. reported that the presence of water molecules
surrounding Eu™ ions may disrupt coordination binding in alginate cavities, thereby
affecting effective crosslinking [170].  Furthermore, it has also been reported that
alginate with high M content showed lower affinity to calcium than the alginate with
high G content in a sodium-calcium ifon exchange process [172]. Thus, hydrogels
prepared from alginate with a high G content tend to form stronger, stiffer, more
brittle and more porous gels. On the other hand, high M content results in gels
which are more elastic and weaker [173]. The affinity of alginate towards divalent
ions decreases in the following order: Pb™ >l > cd® > B s 57 s e s o™
~ NPT~ Zn™ > Mn” [174).

P >

Figure 2.17 Formation of an alginate gel by multivalent cations, resulting in “egg-
box™ structure. Adapted from Ref. [168].

The gelation of alginate solutions with multivalent cations can be performed
by two methods, ie., external gelation and internal gelation [168]. For external
gelation method, alginate is often dripped into a bath containing cations, such as a
calcium chloride solution. The cations diffuse from the outside to the interior of the
alginate droplets, and form an alginate hydrogel. This method is referred to as
diffusion method. For internal gelation method, an insoluble calcium salt {e.g.,
calcium carbonate) is first mixed with the alginate solution. Calcium ions are
subsequently released from the interior of the alginate phase by lowering the pH of
the system and/or increasing the solubility of the calcium source, resulting in the
formation of an alginate hydrogel.

In addition, when the pH of alginate solutions is lowered below the pK,
value, alginic acid gels are formed. This type of gels is stabilized by an
intermolecular hydrogen bonding network. Two methods are generally used to
produce alginic acid gels [175]. For the first method, a slowly hydrolyzing lactone
such as glucono delta lactone (GDL) is added to a solution of sodium alginate. For
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the second method, calcium alginate gels are converted to alginic acid gels by

proton exchange.

2.4.4 Alginate-based hydrogels in controlled drug delivery

Alginate has been wieldy used for controlled drug release because it easily
forms into three-dimensional networks in the presence of multivalent metal cations.
Furthermore, alginate has pH-sensitive property; negative charges allow it to shrink in
acidic pH but to swell when they are in neutral or basic pH. However, the use of SA
alone for oral drug delivery (eads to burst release of drug in intestinal environment,
as mentioned in section 2.4.2. The most commonly used strategy to overcome this
limitation is incorporation of alginate with other polymers. The literature reviews
related about the utilization of alginate-based hydrogels in controlled drug delivery
are shown as follows: |

S. Hua et al. [20] developed pH-sensitive sodium alginate/poly(vinyl alcohol)
(SA/PVA) hydrogel beads by combined ca™* crosslinking and freeze-thawing (FT)
cycles in order to enhance the drug entrapment efficiency and improve the swelling
behaviors of drug delivery system. The mixture solution of SA and PVA was firstly
crosslinked with Ca”* to form beads and then subjected to freezing-thawing cycles
for further crosslinking. The swelling and pH-sensitive properties of the beads were
investigated, and the drug loading and controlled release properties of the beads
were also evaluated using diclofenac scdium (DS) as a model drug. The results
indicated that the new DS-loaded dual crosslinked SA/PVA hydrogel beads were
obtained with high encapsulation efficiency and sustained drug release profiles as
compared to conventional calcium alginate beads. With increased content of PVA,
these beads show decreased swelling capacity but increased stability in PBS of pH
7.4, The degradation of calcium alginate matrix in simulated intestinal fluid (SIF) was
prevented by the incorporation of PVA and FT treatment. It was found that the
release of diclofenac sodium was higher in SIF compared to simulated gastric fluid
(SGF), indicating that the drug delivery system could be used as a release system for
small intestine specific drug delivery.

T. Agarwal et al. [176] prepared calcium alginate (CA)-carboxymethyl cellulose
{(CMCQ) beads for colon-specific oral drug delivery. The CA-CMC beads were prepared
by ionic gelation method. The swelling and mucoadhesivity of the beads were
found higher at the simulated colonic environment. The CA-CMC beads degraded
slowly in simulated colonic fluid, however the degradation rate increased drastically
in the presence of colonic microflora.  In vitro release study of anticancer drug
5-fluorouracil (5-FU) exhibited a retease (> 90%) in the presence of colonic enzymes.



39

All results indicated that these beads could effectively protect the therapeutics from
the harsh lytic environment of the stomach during its transit through the
gastrointestinal tract and could preferentially deliver the drug at colon under the
nfluence of colonic pH and microflora. It could be concluded that CA-CMC beads

could be used for colon-specific drug delivery.

The hydrogels from the combination of chitosan and alginate have also been
reported as follows:

M.A. Azevedo et al. [60] developed alginate/chitosan nanoparticles using a
pre-gelation ionotropic method for encapsulation and controlled release of vitamin
B,. Firstly, vitamin 8, and calcium chtoride solution were added in the alginate
solution. Then, chitosan solution was added dropwise into the previous solution to
obtain B,-loaded alginate/chitosan nanoparticles. Nanoparticles were characterized
in terms of average size, polydispersity index (PDI), zeta potential and vitamin
entrapment efficiency. The average size for alginate/chitosan nanoparticles was
119.5+49.9 nm for samples without vitamin B, and 104.0+67.2 nm with the
encapsulation of vitamin B, presenting a PDl of 0.454:0.066 and 0.319+0.068,
respectively.  The nanopartides showed encapsulation efficiency and loading
capacity values of 55.9+5.6% and 2.2+0.6%, respectively. Release profiles were
evaluated at different conditions showing that the polymeric relaxation was the most
influent phenomenon in vitamin B, release. In order to study their stability,
nanoparticles were stored at 4 °C and then their particles sizes and PDI were
evaluated. It was found that this system was stable for at least five months.

L. Li et al. [28] studied the drug release characteristics from chitosan-alginate
(CS-SA) matrix tablets containing different types of drugs. Theophylline, paracetamal,
metformin hydrochloride and trimetazidine hydrochloride were used as model drugs
exhibiting different solubilities (12, 16, 346 and > 1000 meg/mL at 37 °C in water).
The concept of this work was that drugs were released from chitosan-alginate matrix
tablets based on the theory of a self-assembled film-controlled release system.
Tablets containing chitosan and alginate as polymer matrix were prepared by direct
compression method. DSC studies demonstrated that in situ self-assembled film
could be formed on CS-SA matrix based tablets surface in the simulated
gastrointestinal tract. CS-SA matrix tablet was a combination of film coating and
hydrophilic gel system. The formed film could timit polymer swelling and erosion.
The release mechanisms of the four types of drugs were all anomalous non-Fickian
diffusion transport and drug release occurred through diffusion in the hydrated matrix
and polymer relaxation, but with different release kinetics. The effects of polymer
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level and initial drug loading on release were dependent on drug properties. Drug
release was influenced by the change of pH. On the other hand, the impact of ionic
strength of the release medium was insignificant within the physiological range.
Importantly, hydrodynamic conditions showed a key factor determining the
superiority of the seif-assembled film in controlling drug release compared with
conventional matrix tablets. Thus, the new insight into chitosan-alginate matrix
tablets could help to facilitate the optimization of this type of dosage forms.

The hydrogels based on the combination between chitosan and alginate
exhibited significant potential for controlled drug delivery. These hydrogels
incorporated the retarding drug release property of chitosan at high pH and of
alginate at low pH. Furthermore, chitosan could form polyelectrolyte complexation
with alginate in simutated eastrointestinal tract which would extend drug release
ability. However, chitosan could not homogeneously blend with alginate since they
immediately formed gel by ionic crosslinking between protonated amino groups of
chitosan and carboxylate groups of alginate. As this point, water-soluble chitosan
was usually replaced. The literature reviews related about the utilization of
water-soluble chitosan/alginate hydrogels for controlled drug delivery are shown as
follows:

5.C. Chena et al. [162] developed a novel pH-sensitive hydrogel system
composed of N,0-carboxymethyl chitosan (NOCC) and alginate crosslinked by genipin
for controlling protein drug delivery. The NOCC/alginate hydrogels were fabricated
using a casting/solvent evaporation technique. Swelling characteristics of these
hydrogels as a function of pH values were studied. In addition, release profiles of a
model protein drug (bovine serum albumin, BSA) from test hydrogels were
investigated in simulated gastric and intestinal media. At pH 1.2, the swelling ratio of
the genipin-crosslinked NOCC/alginate hydrogel was limited due to the formation of
hydrogen bonds between NOCC and alginate. At pH 7.4, the carboxylic acid groups
on the genipin-crosslinked NOCC/alginate hydrogel became progressively ionized. In
this case, the hydrogel swelled more significantly due to a large swelling force
created by the electrostatic repulsion between the ionized acid groups. The amount
of BSA released at pH 1.2 was relatively low (20%), while that released at pH 7.4
increased significantly (809%). The results suggested that the genipin-crosslinked
NOCC/alginate hydrogel could be a potential candidate for site-specific protein drug
delivery in the small intestine.

YH. Lin et al [177] developed physically crosslinked alginate/
N,O-carboxymethyl chitosan (NOCC) hydrogels with calcium for oral delivery of
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protein drugs. The microencapsulated beads were formed by dropping the mixture
of alginate and NOCC into a CaCl, solution. These microencapsulated beads were
evaluated as a pH-sensitive system for delivery of a model protein drug (bovine
serum albumin, BSA). The main advantage of this system was that all processes used
were carried out in aqueous medium at neutral environment, which may preserve
the bioactivity of protein drugs. The swelling characteristics of these hydrogel beads
at distinct compositions as a function of pH values were studied. [t was found that
the test beads with an alginate to NOCC weight ratio of 1:1 had a better swelling
characteristic among all studied groups. With increasing the total concentration of
the mixture of alginate and NOCC, the effective crosslinking density of test beads
increased significantly and a greater amount of drug was entrapped in the polymer
chains (up to 77%). The swelling ratios of all test groups were approximately the
same at pH 1.2, In contrast, the swelling ratios of test beads at pH 7.4 increased
significantly with increasing the total concentration of the mixture of alginate and
NOCC, due to a larger swelling force created by the electrostatic repulsion between
the ionized acid groups. It was observed that BSA was uniformly distributed in all
test beads. At pH 1.2, retention of BSA in hydrogels could be improved by rinsing
test beads with acetone (the amount of BSA released was below 15%). At pH 7.4,
the amounts of BSA released increased significantly (~80%) as compared to those
released at pH 1.2. With increasing the total concentration of the mixture of alginate
and NOCC, the release of encapsulated proteins was slower. Thus, the calcium-
alginate-NOCC beads with distinct total concentrations developed in the study could
be used as a potential system for oral delivery of protein drugs to different regions of

the intestinal tract,

LM. El-Sherbiny [23] developed pH-responsive carrier system based on
alginate and chemically modified carboxymethyl chitosan for oral delivery of protein
drugs. Firstly, the microspheres were formed based on ionotropicatly-crosslinked
mixture of sodium alginate and chemically modified carboxymethyl chitosan and
then were coated through polyelectrolyte complexation with chitosan grafted with
poly(ethylene glycol). The goal of the developed microspheres was to survive the
harsh acidity of stomach and preferably release peptide and protein drugs in small
intestine. Both ionotropic gelation and coating process were performed under mild
aqueous conditions, which should be appropriate for retention of biological activity
of protein drugs. The swelling studies of the developed hydrogel microspheres at
37 °C in both simulated gastric fluid (SGF) and simulated intestinal fluid (SIF)
exhibited their pH-responsive nature. The in vitro biodegradation study of the
microspheres was carried out in SIF at 37 °C in presence of lysozyme and showed
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promising degradation rates. Bovine serum albumin (BSA) was entrapped in
microspheres as a model for protein drugs and the in vitro release profiles were
investigated at 37 °C in both SGF and SIF. The preliminary investigation of the
hydrogel microspheres developed in this study exhibited a consistent swelling
pattern, high entrapment efficiency and promising sustained release profiles of the

maodel protein drug.

M. Tavakol et al. [24] studied sulfasalazine (SA) release from calcium
crosslinked N,O-carboxymethyl chitosan (NOCC)/alginate beads coated by chitosan.
The beads were sphere-like and had dense structure. At pH 1.2, the swelling degree
of the beads was limited. On the contrary, at pH 6.8, the swelling degree of beads
reached to a maximum and then decreased due to disintegration and dissolution of
hydrogel network. The effect of coating, as well as drying procedure, on the swelling
behavior of unloaded beads and SA release of drug loaded ones were investigated in
simulated gastrointestinal tract fluid. The rate of swelling and drug release were
decreased for air-dried and coated beads in comparison with freeze-dried and
uncoated ones, respectively. No burst release of drug was. observed from whole
tested beads. Chitosan coated beads released approximately 40% of encapsulated
drug in simulated gastric and small intestine tract fluid. Based on these results, the
calcium crosslinked NOCC/alginate beads coated by chitosan could be used as

potential polymeric carrier for colon-specific delivery of sulfasalazine.

J. Yang et al. [25] prepared pH-sensitive interpenetrating network hydrogels
based on methoxy poly(ethylene glycol) erafted carboxymethyl chitosan (mPEG-¢-
CMCS) and alginate for oral drug delivery. The hydrogel beads without mPEG
addition and those with PEG added by two different methods (physical mixing and
chemical grafting) were prepared and studied. Bovine serum albumin (BSA) as a
model for a protein drug was encapsulated in the hydrogel network, and the drug
release properties were investigated. The -results showed that the swelling ratio of
mPEG-g-CMCS/alginate hydrogel beads was decreased in comparison with those
without the addition of mPEG and those with mPEG added by physical mixing
method, while the drug release behavior was increased. The loading capacity of the
MPEG-g-CMCS/alginate hydrogel was enhanced in comparison with the one prepared
by physical mixing method. The burst release of the protein was slightly decreased
at pH 1.2, while the release at pH 7.4 was improved. All results suggested that the
MPEG-g-CMCS/alginate pH-sensitive hydrogel was promising for site-specific protein

drug delivery in the small intestine.
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R. Gong et al. [26] developed a novel pH-sensitive hydrogel based on dual
crosslinked alginate/N-a-glutaric acid chitosan (GAC). The homogeneous mixture of
alginate and GAC was dropped into calcium chloride solution to form calcium
crosslinked beads. Sequentially, the crosslinked beads were suspended in sodium
sulfate solution for forming dual crosslinked beads. The swelling behaviors of dual
crosslinked beads in simulated gastric fluid (SGF), simulated intestinal fluid (SIF) and
simulated colonic fluid (SCF) were studied. Bovine serum albumin (BSA) was loaded
into the beads by physical incorporation. The results showed that the gel beads
swelled slightly at pH 1.2 and the BSA released is less than 18%, however, they
swelled more at pH 6.8 and 7.4 and almost 100% of BSA was released from different
weight ratios of alginate/GAC gel beads within 3 h. The results suggested that the
dual crosslinked alginate/GAC hydrogel could be a good candidate of polymeric

carrier for oral delivery of bioactive protein drugs.

AF. Martins et al. [27] prepared N-trimethyl chitosan/alginate complexes.
Firstly, N-trimethyl chitosan (TMC) of two quaternization degrees, DQ = 20 and 80
mol% and labeled as TMC20 and TMC80, were prepared. After that, polyelectrolyte
complexes (PECs) of TMC/alginate were formed at pHs 2, 7 and 10 by mixing the
aqueous solutions of unlike polymers. Using the TMC of DQ = 20 mol% and
following the same methodology for preparing the PECs, beads of TMC20/ALG were
obtained at pH 2 and loaded with curcumin (CUR) at pH 6.0-6.5. Studies in vitro of
the controlled release of CUR from beads were investigated in simulated intestinal
fluid (SIF} and simulated gastric fluid (SGF). Results suggested that the beads based
on TMC20 and ALG presented potential as drug-carrier to improve the solubility and
biological activity of CUR at pH close to physiological one.

From the literature reviews, among various types of water-soluble chitosan,
carboxymethyl chitosan has been used the most in the combination with alginate.
No attempt at using hydroxyethylacryl chitosan (HC) has been made. In this work,
it was expected that the new drug delivery hydrogel materials could be developed
by the effective combination of HC with alginate.

2.5 Crosslinking systems
It is well known that chitosan, chitosan derivatives and alginate demonstrate
the affinity towards many metal cations. Therefore, in this work, hydrogel from HC
, . , . \ 2+ 24 2+
and alginate was prepared using various metal cations, i.e, Ca , Zn" and Cu  as

crosslinkers.
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2.5.1 Calcium ion

Calcium ion is the most frequently used as a crosslinking agent in alginate
based hydrogels for drug delivery applications. This preference could be the
acceptability of calcium by human organism because of its role as major component
of the skeletal system as well as in the regulation of several physiological processes
[164]. Calcium ions bind preferentially tothe G blocks in the alginate resulting in the
formation of an egg-box structure [178]. The formation of alginate gel by calcium

ions are shown in Fig. 2.18.
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Figure 2.18 Schematic representation of the “egg-box” structure by major ionic
interaction of carboxylate ions of alginate guluronate units and Ca” ions

[164].

In addition, calcium ion can also bind to chitosan. J. Venkatesan et al. [179]
proposed that there is a possibility to forms coordination bonds between ~NH, of
chitosan and Ca’ " of hydroxyapatite (Fig. 2.19). However, it has been reported that
the introduction of Ca”* ion did not directly influence the gelation behavior of
chitosan. It was because chitosan has very limited affinity with alkaline-earth metals

(e.g, Ca2+) due to the absence of d and f unsaturated orbitals (unlike transition

metals) [180].
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Figure 2.19 Interaction between —NH, of chitosan and Ca’* of hydroxyapatite [179].
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2.5.2 Zinc ion .

Zinc ion has been used to crosstink alginate. M.O. Taha et al. [181] proposed
that zinc ion can form coordinate covalent bonds with carboxylate groups of alginate
(Fig. 2.20). In addition, it has been reported that zinc and calcium ions bind different
sites of alginate [182]. While calcium ions bind only the G blocks, zinc ions are
capable to crosslink G as well as M and MG blocks, allowing a more extensive three
dimensional network. V. Pillay et al. [183] explained the different crosslinking
mechanism of zinc and calcium ions on the basis of their different crystal structures
and coordination numbers. In the case of Zn’' ion, the peculiar crystal structure,
together with the smaller atomic volume and ionic radius, results in a limited
impedance to zinc ion diffusion into the alginate matrix and in higher cation content
inside the polymeric binding sites. The higher content of zinc ions inhibits water
molecules to permeate into the polymeric network, reducing the swelling. For this
reason, zinc¢ crosslinked alginate hydrogels have been for drug delivery applications
to reduce the rate of release of encapsulated drugs.
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Figure 2.20 Representation of the formation of zinc crosslinked alginate-sodium
lauryl sulfate (SLS) composite matrices [181].

Besides, zinc is one of the metal ions that are easiest to coordinate with
chitosan. Chitosan binds Zinc fons through nitrogen, oxygen or a combination of
them. X, Wang et al. [82] proposed the molecule structure of chitosan-Zn
complexes with different chelate ratios as shown in Fig. 2.21. Fig. 2.21a corresponds
to complexes with molar ratio of zinc and chitosan larger than 1:1, while Fig. 2.21b
and 2.21c correspond to complexes with molar ratios equal to and fewer than 1:1,

respectively.
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Figure 2.21 The reasonable structure of chitosan-Zn complexes [82].

2.5.3 Copper ion

Alginate has the ability to form gels in the presence of copper. Like zinc ions,
copper ions were reported to be less selective in their binding to alginate. During
crosslinking, the smaller ionic radii of cu™ B7x1077 m) may translate to smaller
impedance in their diffusion to the inner core of the alginate matrix as compared to
ca”™ (99x107 m) [184]. ~ JR. Rodrigues et al. [185] proposed the mechanism of
copper ions binding to alginate as shown in Fig 2.22,

GG
800 OH
NN 2
HO~L o7 g 0\
¢ & o : &)
Mo 2 HO PN, 0 80 o %00 oo oH
7 T .,sr_.sj O, HO-_,
Yo € B T TR LT
AN
Y AN 1Y rx g O, O\ L
s [P RO >
\0 0 3
it NI O0H coo
HO /.
oo
3]
GG GM MM

Figure 2.22 The probable interactions of the copper ions and alginate [185].
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Furthermore, it is well known that chitosan has strong affinity to cu”™ ons.
Therefore, Cu2+ ions can also chelate with chitosan. Z. Modrzejewska et al. [81]
proposed the structures chelate compounds of copper and chitosan as shown in Fig.
2.23. The proposed structure for the chitosan-Cu complex indicated that cu” ions
were likely to bond to three oxygen and one nitrogen ligands in a square-planar or a
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Figure 2.23 Structures chelate compounds of copper and chitosan [81],
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Since capsule has been widely used to deliver a drug via the gastrointestinal
tract, HC/SA capsules were prepared. The capsule is generally manufactured by
dipping process. To achieve the desired shell distribution to manufacture capsule,
it is necessary to ensure that the dipping composition adheres to the pin surface and
quickly gels after withdrawing the pins from the dipping bath. Therefore, in this work,
carrageenan as a gelling agent was added.
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2.6 Carrageenan

2.6.1 Chemical structure of carrageenan [156]

Carrageenan is extracted from different species of Rhodophyta, e.g., Gigartina,
Chondrus cr‘ispus, Eucheuma and Hypnea. Carrageenan is a mixture of linear
polymers of sulfated galactans. Mostly, the chain is composed of alternating
3-linked B-D-galactopyranose (G-units) and 4-linked o-D-galactopyranose (D-units) or
4-linked 3,6-anhydrogalactose (DA-units). Other carbohydrate residues (e.g., xylose,
glucose and uronic acid) and substituents (e.g., methyl ethers and pyruvic acid) are
also present in carrageenan. There are three main types of carrageenan, which vary
in their degree of sulfation, i.e, iota, kappa, and lambda carrageenans (Fig. 2.24).
Kappa, iota and lambda carrageenans have one, two and three sulfate ester groups
per disaccharide repeating unit, respectively.
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Lambda carrageenan

Figure 2.24 Chemical structures of kappa, iota and lambda carrageenans [186).

2.6.2 Properties of carrageenan

- Solubility [156]

Carrageenans are water-soluble, being insoluble in organic solvents, oil or
fats. However, their solubility depends on the type of carrageenans, type and
concentration of counter ions, temperature and pH. The most soluble carrageenan
is lambda carrageenan, which lacks the more hydrophobic 3,6-anhydrogalactose and
has three hydrophilic sulfate ester groups. Lambda carrageenan is readily water-
soluble under most conditions. Kappa carrageenan is the most difficult carrageenan
to dissolve. The sodium salt of kappa carrageenan is soluble in cold water, whereas,
the potassium salt of kappa carrageenan is soluble only in hot solutions.
lota carrageenan has an intermediate solubility.
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- Biological and toxicological properties [187]

Carrageenan shows several potential pharmaceutical properties including
anticoagulant, anticancer, antihyperlipidemic, and immunomodulatory activities
[188-189]. In vitro studies indicate that carrageenan has antiviral effects inhibiting the
replication of hepatitis A viruses [190]. In addition, carrageenan is an extremely
potent infection inhibitor for a broad range of sexually transmitted human
papillomavirus [191). Furthermore, carrageenan also exhibits antioxidant activity and
free radical scavenging activity [192].

Because carrageenan is being used as food additive and pharmaceutical
excipient, questions about its safety have been raised. Toxicological properties of
carrageenan are as follows: LDsq (rat, oral) > 5 g/ke; LDs, (rabbit, skin) > 2 g/kg; 4 h
LCsp (rat, inhalation) > 0.93 meg/L [193]. Carrageenan is nontoxic and nonirritating
when used in nonparenteral pharmaceutical formulations [194]. However, due to
sulfate groups, carrageenan shows adverse effects towards blood coagulations and
immune system [195].  The presence of sulfate groups causes the strongest
cytotoxicity [196]. The anticoagulant activity of carrageenans correlates with the
contents of sulfate groups [197]. Therefore, extra care is required when formulating
carrageenans into blood contact biomaterials, e.g., tissue recovery scaffolds or

parental drug delivery vehicles.

2.6.3 Gelation

Only kappa and iota carrageenans are able to form gel. The former can form
brittle gels and the latter forms soft gels. [t is suggested that the presence of the
anhydro bridges in kappa and iota carrageenan molecules are a key factor in gelation
[198]. Carrageenan gels are thermally reversible. They start to form after cooling to
about 50 °C and melt when heated [198]. At elevated temperatures, chains exist as
random coils with a larger amount of conformational entropy. Upon cooling,
entropy is reduced and chains re-orient into a more ordered conformation consisting
of either double helix, ageregated mono-helices or aggregated helical dimers [199].
Kappa and iota carrageenans also exhibit gelation in the presence of mono- and di-
valent cations. Several types of cations have different effects on the phase
transitions and gelling of kappa and iota carrageenan gels. In case of iota
carrageenan, the efficiency of cation ions in promoting the intermolecular association
increases in the direction Na+, K" and Ca” [200]. On the other hand, K~ ions favor
the gelation of kappa carrageenan.

Lambda carrageenan does not form gel. The 2-sulfate group of lambda
carrageenan which is oriented towards the internal part of adjacent chains may
prevent the formation of three-dimensional double helices [188].



50

From above mentions, kappa and iota carrageenans are typically used in
gelling applications, whereas, lambda carrageenan is used in thickening applications
[156].

Because capsule made from HC and SA was fragile and britile, plasticizer was

added. In this work, stycerol was selected.

2.7 Glycerol

Glycerol has a multitude of uses in pharmaceutical, cosmetic and food
industries.  As shown in Figure 2.25, glycerol is a simple polyol containing two
primary and one secondary hydroxyl groups with a prostereogenic center at the C,
position. It is a high boiling, viscous liquid that is colorless, odorless and hydroscopic
[201]. It is completely soluble in water and alcohols, slightly soluble in ether and
dioxane, but insoluble in hydrocarbon. In addition, glycerol is nontoxic to humans

and the environment [202].
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Figure 2.25 Structure of glycerol [201].

It has been reported that glycerol can be used as a plasticizer for
polysaccharide film [203-205]. The low molecular size of glycerol allows it to occupy
intermolecular spaces between polymer chains leading to the reduction of
intermolecular forces among them. As a conseguence, an increase in the free
volume and, hence, in the molecular mobility is observed resulting in the lower
values of glass transition temperature (T,). A change in glycerol content affects the
properties of the film. T, of polysaccharide films strongly decreases with increasing
glycerol content [206]. The literature reviews related about the glycerol plasticized
polysaccharide film are shown as follows:

V. Epure et al. [203] developed ¢lycerol-plasticized chitosan obtained by
mechanical kneading. The slycerol-plasticized chitosan was ductile, whereas, the
glycerol-free products are extremely brittle. It was found that the addition of
glycerol resulted in a decrease of the tensile strength but a significant improvement

in elongation properties is shown.

M. Altenhofen da Silva et al. [204] studied effects of the plasticizer
concentration on the properties of alginate and pectin composite films crosslinked
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with Ca°* ions. The films were made by casting in two-stage crosslinking procedure.
In the first stage a low reticulated film was prepared. After that, the obtained film
was exposed for 30 min to 3% CaCl,2H,0 solutions containing glycerol. It was found
that the increase in glycerol concentration in the finishing crosslinking solution
decreased the tensile strength but increased the solubility in water, moisture content
and elongation at break of the films. As a compromise between film mechanical
resistance and flexibility, keeping low solubility and swelling in water, the use of
5-10% sglycerol in the finishing crosslinking step is recommended. Concentrations
lower than 3% glycerol produced brittle films and phase separation was observed on
the film surface when concentrations higher than 12% sglycerol were used.

PV.A. Bergo et al. [205] studied the effect of glycerol contents on physical
properties of cassava starch films. The increase in glycerol concentration caused a
reduction on tensile strength and an increase of the elongation at break of films.
These trends were probably due to the reduction in interactions between the
biopolymers chains. The DSC results showed that the T, of the prepared films
decreased with increasing glycerol content. However, for samples with 30 and 45 ¢
glycerol/100 ¢ starch, two T, curves were observed, probably due to a phase

separation phenomenon.

2.8 Kinetic modeling of drug delivery

To describe the drug release rate from different drug delivery systems, a large
numbers of kinetic models were developed. Some of important models are zero
order, first order, Higuchi and Korsmeyer-Peppas model.

2.8.1 Zero order model [207]

This model describes the system that the release rate of drug is constant
over a period of time and independent of its concentration. In its simplest form,

zero order release can be represented as follows:

where F represents the fraction of drug released at time t and k, is the zero-

order release constant.
To study of release kinetics, the graph is plotied between the cumulative

percentage of drug released versus time.



52

2.8.2 First order model {207-208]

First order model is used to describe the absorption and/or elimination of
some drugs. The release rate of this model is directly proportional to the amount of
active agent load in the device. The drug release which follows the first order kinetic

can be expressed by equation as follows:
InF = kit (2.4)

where F represents the fraction of drug released at time t and k; is the first-

order release constant,
To study of release kinetics, the obtained data are plotted between log

cumulative percentage of drug remaining versus time.

2.8.3 Higuchi model [207]

Higuchi model is suitable when the active agent has been dispersed in an
insoluble matrix that can swell. This model assumes that the rate of dissolution of
the active agent is faster than the rate of diffusion of active agent, which ensures the
continuous release of active agent to the surrounding medium. The equation for this

system is represented as follows:
F = kHtO.S (25)

where F represents the fraction of drug released at time t and k. is the
Higuchi dissolution constant.

If a plot of the cumulative percentage of drug released versus the square root
of time is linear, then drug release from the matrix is diffusion-controlled release.

2.8.4 Korsmeyer-Peppas model [208-209]

Korsemeyer-Peppas model describes drug release from a polymeric system.
In order to find out the mechanism of drug release, an initial 60% drug release data
can be fitted in this model. It is written in the form as follows:

F = kt" (2.6)

where F represents the fraction of drug released at time t, k is the rate
constant and n is the release exponent indicating the drug release mechanism as

given in Table 2.6.
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Table 2.6 Release exponent and drug release mechanism from polymeric
controlled delivery systems of different geometry [210].

Release exponent, n
- Drug release mechanism
Thin film Cylinder Sphere
0.50 0.45 0.43 Fickian diffusion
050<n<1.00| 045<n<0.89 | 043<n<0.85 Anomalous diffusion
1.00 0.89 0.85 Case-ll transport
n > 1.00 n > 0.89 n>0.85 Super case-ll transport

In case of thin film geometry, value of n = 0.5 indicates Fickian diffusion, or
drug release that is diffusion-controlled, as in the Higuchi model. If the release
exponent is in the range of 0.5 < n < 1, it indicates anomalous diffusion, or drug
release that is both diffusion-controlled and swelling-controlled. If n = 1, it indicates
case-ll transport, or drug release that is zero-order, where the release rate is constant
and controlled by polymer relaxation. Finally, when n > 1, it indicates super case-ll
transport, or drug release that is both swelling-controlled and erosion-controlled.

To study the release kinetics, the obtained data are plotted between log

cumulative percentage of drug released versus log time.



Chapter 3
Research methodology

3.1 Materials

Chitosan (CS; M,, 833,068 Daltons and DD = 94%), Eland Co., Lid., Analytical
grade

Sodium alginate (SA; M,, 1,296,172 Daltons), Acros Organics Co., Ltd,
Analytical grade

Carrageenan, Union Chemical 1986 Co., Ltd., Food grade

Hydroxyethylacrylate (HEA), Thai Mitsui Specialty Chemicals Co., Ltd,,
Commercial grade

Acetic acid (CH3;COCH), Carlo Erba Reagents, Analytical grade

Sodium hydroxide {NaCH), Laboratory Reagents & Fine Chemicals, Analytical
grade

Acetone (CH3COCH,), Zen Point, Commercial grade

Glycerol, Carlo Erba Reagents, Analytical grade

Calcium chloride dihydrate (CaCl,r2H,0), Merck Millipore Ltd., Analytical grade
Zinc sulfate heptahydrate (ZnS0O,:7H,0), Laboratory Reagents & Fine
Chemicals, Analytical grade ‘

Copper(ll) sulfate pentahydrate (CuSQOq4-5H,0), Carlo Erba Reagents, Analytical
grade »

Sodium chloride (NaCl), Laboratory Reagents & Fine Chemicals, Analytical
grade :

Concentrated hydrochloric acid (HCl), Carlo Erba Reagents, Analytical grade
4'-Hydroxyacetanilide (Paracetamol), Merck Millipdre Ltd., Analytical grade
Phosphate buffered saline tablets, Merck Millipore Lid., Analytical grade
Sodium nitrate (NaNOs), Carlo Erba Reagents, Analytical grade

Acetate buffer, Sigma Aldrich Co., Ltd., Analytical grade

Pullulan standard set, Sigma Aldrich Co., Ltd., Analytical grade

Potassium bromide (KBr), Merck Mitlipore Ltd., Analytical grade
Tetramethylsilane (TMS), Sigma Aldrich Co,, Ltd., Analytical grade

Acetic acid-dg (CD;COOD), Sigma Aldrich Co., Ltd., Analytical grade

Deuterium oxide (D,0), Sigma Aldrich Co., Ltd., Analytical grade

Escherichia coli (£. coli), Merck Millipore Ltd., Analytical grade

Staphylococcus aureus (S. aureus), Merck Millipore Ltd., Analytical grade
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Dimethyl sulfoxide (DMSO), Sigma Aldrich Co., Ltd., Analytical grade
Cation-adjusted Mueller-Hinton broth (CAMHB), Sigma Aldrich Co., Ltd.,
Analytical grade

VERO Cell Line from African green monkey kidney, Sigma Aldrich Co., Ltd.,
Analytical grade

Dulbecco’s modified Eagle’s medium (DMEM), Sigma Aldrich Co., Ltd,
Analytical grade

Fetal bovine serum (FBS), Sigma Aldrich Co., Ltd., Analytical grade
Methylthiazolyldiphenyl-tetrazolium bromide (MTT), Sigma Aldrich Co., Ltd.,,
Analytical grade

Sodium dodecyl sulfate (SDS), Sigma Aldrich Co., Lid., Analytical grade

3.2 Apparatus

Nuclear magnetic resonance spectrometer (NMR), Bruker BioSpin AG, NMR 300
Ultra Shield

Gel permeation chromatograph (GPC), Sithiporn Associates Co., Ltd., Waters
600E

Fourier transform infrared spectrophotometer (FT-IR), PerkinElmer, Inc.,
Spectrum GX

Scanning electron microscope-energy  dispersive  X-ray  spectrometer
(SEM-EDS), LEO Electron Microscopy Ltd., LEO1455vP

Differential scanning calorimeter (DSC), Mettler-Toledo Ltd., DSC820

X-ray diffractometer (XRD), Bruker BioSpin AG, D8 Advance

Dynarmic mechanical analyzer (DMA), UBM Co., E4000

UV-Vis spectrophotometer (UV-Vis), BECTHAI Bangkok Eguipment & Chemical
Co., Ltd., Model Genesys los UV-Vis

Microplate reader, Thermo Fisher Scientific Co., Ltd., Multiskan GO

Universal Testing Machine (UTM), Lloyd Instruments Ltd., LR5K

Water bath, Thermo Fisher Scientific Co., Ltd., Isotemp

Ultrasonic Bath, Elma Electronic Inc., E30H

Mechanical overhead stirrer, IKA® Works (Asia) Sdn Bhd, RW 20 Digital
Propeller stirrer, IKA® Works {Asia) Sdn Bhd, R 1342 Propeller stirrer 4-bladed
Hot plate, IKA® Works (Asia) Sdn Bhd, HS-5

pH-meter, DKK-TOA Co., HM-20P

Micropipette, Scilogex, LLC, Autoclavable Pipettor 200-1000 L
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® Thermostat, IKA” Works (Asia) Sdn Bhd, Euro-ST B

® Balance, Denver Instrument, TC-254

® Oven, Thermo Fisher Scientific Co., Ltd., Isotemp

® Vacuum oven, Thermo Fisher Scientific Co., Ltd., VT6060

® Halogen oven, Oxygen, KT-122

®  Micrometer, Mitutoyo Europe GmbH, PK-0505SUE

® Hydraulic compression machine, Sang Thai Intertrade Co., BP1201
® Petri dish, Hycon, K1004

® Desiccator, Thai Pure Science Co., Ltd.

® Nylon 66 membrane (pore size 0.45 pm), Science Integration Co., Ltd.
® (Capsule mold

® Magnetic bar

® (Glassware

3.3 Experiment
3.3.1 Preparation of gastrointestinal fluids
3.3.1.1 Preparation of simulated gastric fluid (SGF, pH 1.2)
Simulated gastric fluid was composed of 7 mL concentrated HCl, 2 ¢
NaCl and 1000 mL distilled water.

3.3.1.2. Preparation of simulated intestinal fluid (SIF, pH 7.4)
Simulated intestinal fluid was prepared by dissolving phosphate
buffered saline tablets in 100 mL distilled water.

3.3.2 Preparation of hydroxyethylacryl chitosans (HCs)

Hydroxyethylacryl chitosans (HCs) were prepared by pariially referring to the
procedure of G. Ma et al. [12]. 1 ¢ of CS was added into a solution of 100 mL of 1%
w/v acetic acid. 4 g of hydroxyethylacrylate was then added to the solution. After
that, the reaction was carried out with continuous stirring. The reaction temperature
and the reaciion time were varied from 60 to 90 °C and from 24 to 48 h,
respectively, as followed in Table 3.1. After reaction, the solution was adjusted to a
pH of 7 by using 10% w/v sodium hydroxide and then precipitated by dropping the
solution into acetone. The precipitate was washed with plenty of acetone then

dried under vacuum at ambient temperature to obtain HCs.
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Table 3.1 Chemical ingredients for synthesis of HCs.

Sample Cs CH,COOH HEA | Reaction Reaction
(g) 1% w/v (mL) | (¢) | time (h) | Temperature (°C}

HC1 1 100 4 48 60
HC2 1 100 il 48 80
HC3 1 100 4 24 90
HC4 1 100 4 48 90

4 ¢ of

1gof CS s

hydroxyethylacrylate
V

1% w/w acetic acid
100 mL

v

Michael addition reaction

v

Adding 10% w/v NaOH to adjust pH
of the solution to pH 7

Y

Precipitating

V

Drying at ambient temperature

Figure 3.1 Schematic of preparation of HCs.
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3.3.3 Testing and characterization of HCs

- Solubility test

Solubitity of HCs in distilled water was evaluated at a concentration of 5
mg/mL at 70 °C. The resulting solutions were filtered through a nylon 66 membrane
(pore size 0.45 pm) to ensure that the solutions were dissolved completely.

- GPC

The average molecular weights of HCs and CS were determined by GPC using
pullulans as a standard. Samples (2 mg/mL) were dissolved in eluent (0.1 M sodium
nitrate for HCs and acetate buffer for CS) and filtered using nylon 66 membrane

(pore size 0.45 pm) before injection.

- FT-IR spectroscopy
FT-IR spectra were received using the potassium bromide pellet method.
FT-IR spectra were collected over a range of 400-4,000 cm™ with a resolution of 4.0

-1
cno.

- 'H-NMR spectroscopy

'H-NVR spectra were recorded using TMS as standard. CS was dissolved in a
mixed solvent of CD3COOD and D,0, and HCs were dissolved in D,0. Structure of CS
and proposed structure of HCs are presented in Fig. 3.2.

(@) (b)

Figure 3.2 Structure of CS (a) and proposed structure of HCs (b).

The degree of deacetylation (DD) of CS was calculated with the method
proposed by Hirai et al. [2t1] using Eqg. 3.1. The degrees of substitution (DS} of HCs

were calculated using Eq. 3.2.
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1 1
DD =1- (g H71'/EH2,2!__6‘6I) (3.1)

where Hy' is peak area for the signal from —CH,(7')- protons and Hy .4 is the
summation of peak areas for the signal from -CH(2, 2, 3, 3, 4, 4, 5 and 5 protons
and —CH,(6 and-6')- protons,

DS = /2 (3.2)

Hz'zf

Where Hy, is peak area for the signal from —CH,(b)}- protons and H,.' is peak
area for the signal from ~CH(2 and 2)- protons.

- X-ray Diffraction
XRD patterns were studied using an X-ray diffractometer, starting from 20 of
5-40° with a step size of 0.04° and a step time of 1 s,

- Antimicrobial test

Antibacterial activity aeainst Escherichia coli (E. coli) and Staphylococcus
aureus (S. aureus) was evaluated using broth microdilution method. Firstly, HCs
were dissolved in DMSO to produce stock solution of 1280 pg/mL.  After that, the
stock solutions were diluted using CAMHB to obtain final concentrations ranging from
195-2500 pg/mL and added to 96-well plates. 100 pL of bacterial suspensions
(adjusted to 5x10° CFU/mL) were added in each well. The plates were incubated at
37 °C for 24 h and examined for visible bacterial growth as evidenced by turbidity.
The lowest concentration of antibiotic that prevented growth represented the
minimal inhibitory concentration (MIC). Plates were examined in duplicate and the

highest MIC value was recorded.

3.3.4 Preparation of HC/SA films

The HC was dissolved in distilled water under continuous stirring at 70 °C.
After cooling to room temperature, SA was added to the HC solution with the weight
ratios of (HC:SA) 100:0, 75:25, 50:50, 25:75, and 0:100 under continuous stirring to
obtain an absolutely clear solution. The solutions were then poured into a Petri dish
and dried at 40 °C to form HC/SA films with a thickness of 100+£5 um.
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Table 3.2 Chemical ingredients for synthesis of HC/SA films.

Weight ratio
Sample

HC SA

HC 100 0
HC755A25 75 25
HC50SA50 50 50
HC255A75 25 75
SA 0 100

[ Distilled water J

v
Stirring at 70 °C

Y

Cooling to room temperature

4

T

v
Stirring for 24 h

A

Pouring into a Petri dish

4
Drying at 40 °C

@

Figure 3.3 Schematic of preparation of HC/SA films.
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3.3.5 Preparation of crosslinked HC/SA films

Firstly, the HC/SA films were cut into square pieces (1x1 inch?). After that,
they were soaked into 50 mL of metal ion solutions for 30 minutes. The
concentrations of metal ion are listed below:

® (.01, 0.05 0.1, 0.25 and 0.5 M of calcium chloride solutions

® (.5 M of zinc sulfate solution

® 0.5 M of copperll) sulfate solution

The obtained films were immersed into distilled water for 30 seconds to
purify and dried at 40 °C to obtain crosslinked HC/SA films.

HC/SA films

A4

Soaking into 50 mL of metal ion solution

for 30 minutes

Immersing into distilled water

for 30 seconds

v
Drying at 40 °C

Figure 3.4 Schematic of preparation of HC/SA crosslinked films.
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Concentration of metal ions

Weight ratio
Sample used (M)
HC SA ca” zZn’' cu®
HC-Ca0.01 100 0
HC755A25-Ca0.01 75 25
HC505A50-Ca0.01 50 50 0.01 - -
HC255A75-Ca0.01 25 75
SA-Ca0.01 0 100
HC-Ca0.05 100 0
HC755A25-Ca0.05 75 25
HC505A50-Ca0.05 50 50 0.05 - -
HC255A75-Ca0.05 25 75
SA-Ca0.05 0 100
HC-Cal.1 100 0
HC755A25-Ca0.1 75 25
HC505A50-Cal.1 50 50 0.10 - -
HC255A75-Cal.1 25 75
SA-Ca0.1 0 100
HC-Ca0.25 100 0
HC755A25-Ca0.25 75 25
HC50SA50-Ca0.25 50 50 (.25 - -
HC255A75-Ca0.25 25 75
SA-Cal.25 0 100
HC-Ca0.5 100 0
HC755A25-Ca0.5 75 25
HC50SA50-Ca0.5 50 50 0.50 - -
HC255A75-Ca0.5 25 75
SA-Cal.5 0 100
HC-Zn0.5 100 0
HC755A25-2n0.5 75 25
HC505A50-2n0.5 50 50 - 0.50 -
HC255A75-Z2n0.5 25 75
SA-Zn0.5 0 100
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Table 3.3 Chemical ingredients for synthesis of RC/SA crosslinked fitms. {cont.)

Weight ratio Concentration of metal ions
Sample used (M)
HC SA ca” zn** cu”
HC-Cu0.5 100 0
HC755A25-Cu0.5 75 25
HC505A50-Cu0.5 50 50 - o 0.50
HC255A75-Cul.5 25 75
SA-Cu0.5 0 100

3.3.6 Preparation of crosslinked HC/SA capsules

Firstly, size 0 capsule mold was made. Dimensions of the size 0 capsule are
7.650 mm in cap external diameter, 10.720 mm in cap length, 0.107 mm in cap
thickness, 7.430 mm in body external diameter, 18.440 mm in body length and 0.104
mm in body thickness. A photograph of capsule mold is shown in Fig. 3.5.

Figure 3.5 A photograph of capsule mold.

The mixtures with distinct HC:SA:carrageenan:glycerol  weight ratios
were prepared (Table 3.4). [n detail, HC was dissolved in distilled water under
continuous stirring at 70 °C. Subsequently, SA, carrageenan and glycerol were added
to the HC solution to a final concentration of 6% w/v. The mixture was degassed
and conditioned to 70 °C in a water sonication bath for 3 h. After that, the mixture
was cooled to 50 °C. Then, the capsules were prepared by dipping a capsute mold
into the mixture prepared above, followed by drying in halogen oven at room
temperature for 12 h. The formed capsules were stripped and the rim of each shell
was trimmed. After that, prepared capsules were soaked into 0.5 M of calcium
chloride solutions for 30 min, subsequently immersed into distilled water for 30
seconds to purify and then dried at room temperature to obtain crosslinked HC/SA

capsules.



Table 3.4 Chemical ingredients for synthesis of crosslinked HC/SA capsules.

Weight ratio Concentration
Sample of calcium
HC SA | Carrageenan | Glycerol | i5nc used (M)
HC50SA50 | 21.25 | 21.25 42.50 15.00 -
HC50SA50Ca | 21.25 | 21.25 42.50 15.00 0.50
SA - 42.50 42.50 15.00 -
SACa - 42.50 42.50 15.00 0.50

64

Figure 3.6 The process of preparation of crosslinked HC/SA capsules.
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3.3.7 Testing and characterization of films and capsules

- DMA

The DMA experiments were carried out in the tension mode at a frequency of
1 Hz in a range of -30 to 200 °C at a heating rate of 2 °C/min,

- SEM-EDS

The surface morphology and distribution pattern of metal ions on the
cross-sections of the films were examined by SEM-EDS. The films were fractured in
liquid nitrogen, the sections of the films were coated with gold, then observed and
photographed. The distribution pattern of metal ions was measured by EDS analysis.

- FT-IR spectroscopy
FT-IR spectra of the films were received using FT-IR. FT-IR spectra were
collected over a range of 400-4,000 cm™ with a resolution of 4.0 ¢m .

- Swelling behavior

The degree of swelling and equilibrium value were determined
gravimetrically. Dried samples of an appropriate size (1x1 inch’) were weighed and
then immersed into 100 mL of conditional fluids as follows:

® 0.01, 0.05 0.1, 0.25, and 0.5 M of calcium chloride solutions at room
temperature
Distilled water at 37 °C
Simulated gastric fluid (SGF, pH 1.2) at 37 °C
Simulated intestinal fluid (SIF, pH 7.4) at 37 °C

® SGF for 2 h followed by SIF for 6 h at 37 °C

After an interval time, the swollen samples were taken from the fluids and
the weights were measured. The swelling degree was calculated using Eqg. 3.3.
The samples were allowed to swell up within 24 h to ensure complete equilibrium

swelling. The equilibrium swelling degree was calculated using Eq. 3.4.

Swelling degree = % x 100 | (3.3)

Equilibrium swelling degree (ESD) = % x 100 (3.4)
1

where Mg and M; are the weights of the swollen wet sample and the initial

dry sample, respectively. M is the weight of the swollen wet sample at equilibrium

swelling (24 h).
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- Gel content

Dried samples of appropriate size (1x1 inch®) were weiched and then
immersed in 100 mL of conditional fluids as follows:

® Distilled water at 37 °C

® Simulated gastric fluid (SGF, pH 1.2) at 37 °C
Simulated intestinal fluid (SIF, pH 7.4) at 37 °C

SGF for 2 h followed by SIF for 6 h at 37 °C
After 24 h, the samples were then dried and weighed. The gel content was

calculated using Eq. 3.5.

%Gel content = % x 100 (3.5)
where M, is the initial dry weight of the sample and My is the dry weight of

the sample after immersion.

- DSC

DSC was used to study the state of water in the films. The swollen samples
at the equilibrium state were frozen inside the DSC instrument chamber at -80°C,
and then heated to 50 °C with a heating rate of 10°C/min. The equilibrium water
content, freezing water content (including free and bound water) and non-freezing
bound water content were calculated as follows:

Equilibrium water content (W, ) = Eﬁj—h{!—' X 100% (3.6)
s

where M; is the weight of initial dry crosslinked film and M’ is the weight of

swolten wet crosslinked film at equilibrium swelling (24 h).

Freezing water content (Wf) = SHendo 1 1009 (3.7)

AH,y

where AH.q, is the area under the corresponding endothermic peak and AHy
is the heat of fusion of pure water (333.6 J/g) [212].

Non -~ freezing bound water content (Wy¢) = W, — Wt (3.8)

- MTT assay
Cytotoxicity of the films was assessed by Vero cell using an MTT assay. The
films were immersed in PBS (pH 7.4) at 37 °C. After 24 h, each liquor stock was
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obtained by filtering and then exposed in DMEM. Vero culture was cultured in a
medium containinge DMEM supplemented with 10% FBS and seeded in a 96-well
plate at 100 pL/well and subsequently incubated at 37 °C for 24 h, Then, 100 uL of
diluted liquor stock in DMEM was added to each plate and incubated at 37 °C for
24 h. Then, 10 pL of MTT solution (5 meg/mL) was added in each well and further
incubated at 37 °C. After 4 h of incubation, the 9:1 mixture of DMSO:10% SDS was
added in each well plate at a rate of 150 plL/well to dissolve the formazan crystals.
Abscrbance was measured at 570 nm using a microplate reader. The % cytotoxicity

was calculated as follows:
- A-B
%Cytotoxicity = — x 100 (3.9)
Where A is the absorbance of the control and B is absorbance of the sample.

- In vitro drug release study

In vitro drug release profiles were studied using paracetamol as a soluble
model drug. Before the drug release experiments, absorbance values of eight
calibration solutions (0-0.02 mg/mL) were measured at 242 nm with a UV-Vis
spectrophotometer.  The specific absorbance was calculated from the slope of a
standard calibration curve, obtained by plotting the concentration of the solutions
against absorbance. To ensure that none of the other ingredients (HC, SA,
carrageenan and glycerol} affected the UV absorption, 0.5% (w/w) solutions of HC,
SA, carrageenan and glycerol were scanned between 200 and 600 nm, which yielded
a flat spectrum with no absorption near the absorption maxima of paracetamol
(242 nm).

Firstly, 0.15 g of paracetamol was loaded in to sealed bag formed by sealing
HC/SA hydrogel film using aluminium adhesive tape and capsule. In case of sealed
bag, paracetamol was compressed to a tablet (15 mm diameter x 1 mm thick) using
hydraulic compression machine before loading. The photographs of drug-loaded
sealed bag and capsule are shown in Fig. 3.7. The sealed bags and capsules were
immersed in 100 mL of the SGF for 2 h, then removed and immediately immersed in
100 mL of the SIF for 6 h (37 °C). At selected time intervals, 0.2 mL of the fluid was
examined and replaced by fresh fluid. The amount of released péracetamol from
the sealed bag and capsules was determined the absorbance at 242 nm using a
UV-Vis spectrophotometer. The percentage of released paracetamol was evaluated

from standard calibration curve.
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Figure 3.7 The photographs of drug-loaded sealed bag (a) and capsule (b).

- Analysis of in vitro drug release kinetics and mechanism
The in vitro drug release data were analyzed kineticatly using various
mathematical models, e, zero order, first order, Higuchi, and Korsmeyer-Peppas

model.
Zero order model: F = kgt (3.10)

where F represents the fraction of drug released at time t and k; is the zero-

order release constant,
First order model: InF = k4t (3.12)

where F represents the fraction of drug released at time t and k; is the firsi-

order release constant.
Higuchi model: F = kyt%> (3.12)

where F represents the fraction of drug released at time t and ky is the

Higuchi dissolution constant.
Korsmeyer — Peppas model: F = kt" (3.13)

where £ represents the fraction of drug released at time t, k is the rate
constant and n is the release exponent indicating the drug release mechanism

The accuracy of these models was compared by calculation of squared
correlation coefficient (R). In addition, the Korsmeyer-Peppas model is employed to
characterize drug release mechanisms. When n is 0.5, it indicates Fickian diffusion.
If n is in the range of 0.5 < n < 1, it is defined as anomalous diffusion. If n is 1,
it indicates case-ll transport. Finally, when n > 1, it indicates super case-ll transport
[207-210].



Chapter 4
Results and discussion

4.1 Synthesis and characterization of hydroxyethylacryl chitosan (HC)
Chitosan (CS) has been widely used for biomaterials owing to its
biocompatibility, non-toxicity, biodegradability and its antibacterial properties [8).
However, it is well known that CS cannot be dissolved in water above pH 6.5
because of its semicrystalline nature derived mainly from inter- and intramolecular
hydrogen bonds, restricting its potential biomedical use. Chemical modification is
helpful in improving the water solubility of CS. In this study, hydroxyethylacryl
chitosan (HC) was synthesized by Michael addition reaction between CS and
hydroxyethylacrylate (HEA). Mote ratio between CS and HEA used in the reaction
was 1:6. The reaction temperatures were 60, 80 and 90 °C. Additionally, the

reaction times were 24 and 48 h. The proposed route of HC synthesis is depicted in

Figure 4.1.
I_ OH OH ORrR OR
HoOf/H /heat
~5 o o 2 = 0 o )
a
HO NH HO NH; \)k . RO NH RO /NH
°:< N\ 0/\/ 0=<ch )
L T \ A 2yl 4
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o]
R=Hor \/[Lo/\/m*

Figure 4.1 Proposed route of HC synthesis.

4.1.1 Degree of substitution (DS), weight average molecular weight (M,),
solubility and yield of HCs

Table 4.1 lists degree of substitution (DS), weight average molecular weight
(M), solubility and yield of HCs synthesized by different reaction conditions. The DS
was calculated from the peak area of "H-NMR spectrum. The method for calculating
the DS is depicted in Appendix B. Generally, the amine group at C, position of CS
can be easily alkylated. DS would be one when all amino groups were alkylated by
Michael addition reaction. However, in some conditions, DS might be higher than
one since two hydroxyl groups at Cz and Cg positions could also be alkylated. In this
study, the DS values were 1.22-1.7, indicating that both amino groups and hydroxyl

groups at C; and C4 positions were alkylated. M, of HCs was determined by GPC.
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It was found that M,, of synthesized HCs were 46-62 kDa which was lower than
unmodified CS (833 kDa). It was because acid hydrolysis could occur at p-(1-4)
glycosidic bonds of the HC during Michael addition reaction. When increasing
reaction temperature, the DS increased while M,, decreased. It was understandable
that more reactants were activated at higher temperature resulting in increased
reaction rate. However, at the reaction temperature of 90 °C, the reaction time
showed no effect on DS. It might be because at high reaction temperature, the DS
already reached the maximum value within 24 h.

The solubility of HCs in distilled water was evaluated at 70 °C using a
concentration of 5 mg/mL. The results showed that all synthesized HCs could
dissolve in water. As compared to CS, there was a report that CS with relatively
low M,, (about 6500 Daltons) still could not dissolve in distilled water [213]. The
solubility was directly related to their DS and M,,. It was found that it increased with
increasing DS and decreasing M,,. It was because the presence of hydroxyethylacryl
as side group disturbed the formation of ordered structure and the hydrogen
bonding among CS chains. Another reason is that hydroxyethylacryl substituent is
hydrophilic groups.  Thus, the higher value of DS caused the higher hydroxyethylacryl
group leading to improving the solubility. Moreover, the lower molecular weight also
led to the lower intermolecular attraction forces resulting in increasing water
solubility [214]. At the similar M,, (HC2 and HC4), HC4 (hieher DS) could dissolve in
water faster than HC2 (lower DS). Furthermore, compared to HC2, HC3 (higher M,,
with higher DS) showed the better solubility in water. It could be concluded that the
change of DS was the predominant factor affecting the solubility of modified CS in
water.

The method for calculating yield of HCs is depicted in Appendix B. The HC1
exhibited the highest yield at about 80%. The results showed that the yield
decreased with increasing solubility. It was because the higher solubility caused the
higher dissolution during purification step. :

In order to use the HC in biomedical applications, HC should dissolve in water
without using acetic acid solution to allow its well mixing with other components
and to avoid toxic to final product. However, in some applications, HC might contact
with fluid during use. Thus, HC should not easily dissolve in water in order to
stabilize its final shape. In addition, HC should be easily synthesized in high yield.
From above mentions, HC1 was selected for the following studies. The structure of
synthesized HC was characterized by FT-IR, 'H-NMR and XRD. It will be discussed in
detail in the following section,
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Table 4.1 The DS, M., solubility and yield of HCs.

Time used for
Reaction My .
Formula - DS dissolved at 70 °C | Yield (%)
conditions (Daltons)
(h)
HC1 60 °C/48 h 1.22 62,700 72 80
HCZ2 80 °C/48 h 1.35 46,800 24 78
HC3 90 °C/24 h 1.70 57,900 12 59
HC4 80 °C/48 h 1.69 47,800 6 59

4.1.2 FT-IR analysis

FT-IR spectra of CS and HC are shown in Fig. 4.2. Compared to CS, HC
showed excluding absorption peaks at 1,724 e indicating the C=0 stretching of
part of the hydroxyethylacryl group, and absorption peaks at 1,570 and 1,409 e
due to the asymmetrical and symmetrical stretching of the -COO- groups [12, 215].

These additional peaks found in HC spectrum were the first evidence
suggesting that HC were successfully prepared by Michael addition reaction.
To confirm the results and obtain more details about structures, "HNMR experiment

was carried out.

| 1039

1647 . 1424 |
1380 1152
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Figure 4.2 FT-IR spectra of CS and HC.



72

4.1.3 "H-NMR analysis

The 'H-NMR spectra of CS in CD;CO0D/D,C and HC in D,O are shown in Fig.
4.3. After modification of CS, the peak corresponding to the ~CH; (H7) of N-acetylate
was shifted from 1.79 to 1.89 ppm. The signals belonging to ~CH(2 and 2)- protons
were also shifted from 2.90 to 2.83 ppm. New signals at & = 2.45 and 3.15 ppm were
assigned the to -CHyb)- proton and -CHy(a)- proton, respectively. The multiplet
signals from 3.6 to 4.0 ppm were attributed to —CH(3, 3, 4, 4, 5 and 5)- and -CH(6,
6', c and d)- protons. The DS values based on the amine position were calculated
by the relative intensities from the peak area at about 2.45 ppm of the -CHj(b)-
proton against 2.8 ppm of the -CH(2 and 2)- proton. The calculated DS data are
shown in Table 4.1. Results confirmed that HC was successfully prepared via a
Michael addition reaction of CS and hydroxyethylacrylate, corresponding to the FT-IR

results.

Haz,Hs e Hs s He g
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Hz.2,Ha.e,Hs 5, Hs 6, He,Ha
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Figure 4.3 'H-NMR spectra of CS and HC.
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4.1.4 XRD analysis

The structure of HC was also confirmed by X-ray diffraction studies. Fig. 4.4
shows the XRD patterns of CS and HC. CS showed two characteristic peaks around
20 = 10.4° and 26 = 19.76° assigned to crystal forms | and I, respectively [12].
HC, on the other hand, had a board halo pattern indicating lower crystallinity. [t was
ascribed to the presence of a bulky hydroxyethylacryl group that might hinder the
formation of ordered structure and the hydrogen bonding among HC chains.

Intensity (a.u.)

bl iy

! WMWW&*S‘WW
rwaWWMme j 3

5 10 15 20 25 30 35 40
Two-theta (degree)

Figure 4.4 XRD patterns of C$ and HC.

4.1.5 Antimicrobial analysis

The antibacterial activity of CS has been widely studied, and its practicability
as an antimicrobial agent proven after many researches [125-126]. Generally, there is
a strong association between antimicrobial activity of CS and its protonated amino
group (NH'y). The protonated amino groups can interact with negatively charged
groups at the surface of cells. This would prevent essential materials to enter the
cells and/or lead to the leaking of fundamental solutes out of the cell. Furthermore,
the binding of CS with the cell DNA (still via protonated amino groups) leads to the
inhibition of the microbial RNA synthesis [111]. When HC has been prepared using
the Michael addition reaction, there was a loss of partial amino groups, which led to
low antimicrobial activity. Thus, in this study, the minimal inhibitory concentration
(MIC) of HC was examined using broth microdilution method. HC showed
antibacterial activity against £ coli and S. aureus with the MIC values of 6.250 and
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3.125 meg/mL, respectively. The results proved that the synthesized HC still had
antimicrobial ability against both E. coli (Gram-negative) and 5. aureus (Gram-
positive). Moreover, it was found that the action was more effective against 5.
aureus than E. coli. It is because the cell wall of S. oureus is fully composed of
peptide polyglycogen. The peptidoglycan layer is composed of networks with plenty
of pores, which allow foreign molecules to come into the cell easily. While the cell
wall of E. coli is made up of a thin membrane of peptide polystycogen and an outer
membrane constituted  of Lipopolysaccharide, lipoprotein, and phospholipid.
Because of the bilayer structure, the outer membrane is potential barrier against
foreign molecules [216]. As mentioned above, the HC was difficult to penetrate into
cell wall of E. coli than that of 5. aureus. Therefore, HC was more effective against

S qureus than E. coli.

4.2 Characterization and properties of hydroxyethylacryl chitosan/

sodium alginate fitms (HC/SA films)

4.2.1 Miscibility

it is well known that blending is an effective method to enhance the
performance of polymer. In this study, HC was blended with sodium alginate (SA).
The miscibility is a very significant factor especially for a mechanical property of the
blend. Polymer blends can be miscible when only one phase appeared after mixing
of neat polymers. Therefore, only one glass transition temperature (T should be
recorded. The phase separation can be judged by the existence of two distinct T,
For this reason a defailed analysis of the T, of the prepared polymer blends is
necessary to identity blend miscibility. In this study, the miscibility of HC/SA blends
was estimated by DMA. Fis. 4.5 shows the temperéture dependence of dynamic
storage modulus (E), dynamic loss modulus (E”) and damping (tan ), measured for
films of HC, SA and HC/SA hlends. It was found that the dynamic storage modulus
of HC was tower than that of SA. It is because when the molecular structures of HC
and SA are compared, HC has longer side chain than that of SA, hence it is difficult
for molecules to arrange in close packing, thus allows the more free volume in the
motecules, and therefore increases the mobility of the polymer chains. In HC fitm,
one relaxation peak appeared at about 180 °C interpreting as motion of the side
chain of HC. T, of all the films were not clearly observed because both HC and SA
have hydrogen bonding interactions between their molecutes, restricting the chain
motion. Therefore, the miscibility of HC and SA could not be proved by T of the
filn after blending. However, it was found that the dynamic storage moduli of the
blends were located between those of the individual pure components in the order
of the blend ratios (Fig 453). These results might indicate that HC and SA were
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compatible. [t is reasonable because HC and SA have similar structure and hydrogen
bonds can occur between HC and SA molecules. Moreover, appearance of all
prepared films was transparent (Fig. 4.6). To confirm the results, FT-IR experiment

was conducted.
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Figure 4.5 Temperature dependence of the E' (a), E* (b) and tan 3 (c) of HC/SA films.

Fig. 4.7 represents the FT-IR spectra of HC, SA and HC/SA films. HC showed
broad peak at 3367 cm’” belonging to N-H and O-H stretching of HC molecules. The
shoulder of peak at around 1724 cm attributed to the C=0 stretching part of the
hydroxyethylacryl group of HC. The absorption peaks at 1574 and 1404 e’
assigned to asymmetrical and symmetrical stretching of the -COO- groups and
characteristic peak at 1311 em” assigned to N-H bending [217]. In the FTIR spectrum
of SA, the characteristic peaks at 3392, 1607, 1416 and 1301 e’ corresponded to
O-H stretching, -COO  asymmetric stretching, -COO~ symmetric stretching and C-O
stretching, respectively [20]. For HC/SA blended film (HC50SA50), the characteristic
peaks were shifted from those of the neat HC and SA to be at 3376, 1603 and
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corresponding to the combination between HC and SA of O-H stretching,
symmetric

1412 cm”,
-COO- and -COO asymmetric stretching, and -COO- and -COO~
stretching, respectively. These evidences implied intermolecular interactions and
good molecular compatibility between SA and HC, corresponding to the DMA results.
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Figure 4.6 Photographs of different fitms: (a) HC film, (b) HC755A25 film, (¢) HC50SAS0
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Figure 4.7 FT-IR spectra of HC/SA films.
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4.2.2 Swelling behavior and gel content of HC/SA films in distilled water

Because the film might contact with water during use, the swelling behavior
in distitled water at 37 °C was investigated. The dry films were exposed to the
distilled water at 37 °C, the water penetrated into the films and then the swelling
and the dissolution were occurred. Weight gain was calculated based on the initial
dry weight of the film using Eq. 3.3. As seen in Fig. 4.8a, pure SA film was almost
completely dissolved immediately after immersing in water. Similar result was
reported by MA. da Silva et al. [218]. While, the films containing HC tended to
dissolve slower. These implied that the films with higher HC content exhibited
higher stability than the lower one. Furthermore, the HC film did not show the
decrease in swelling degree and its swelling desree reached 150 times. However, the
initial shape of HC film could not be maintained in distilled water.

The gel content of the films after immersing in distilled water for one day is
shown in Fig. 4.8b. It was found that the values of all prepared films were lower
than 10% of their initial dry weights, therefore, the prepared films need to be
crosslinked in order to improve their stability and stabilize their shape in water.
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Figure 4.8 (a) Swelling degrees and (b) gel contents of the HC/SA films in distilled
water at 37 °C.

4.2.3 In vitro swelling behavior and gel content of HC/SA films

The effects of the change in pH along the gastrointestinal (GI) tract from acidic
in the stomach to basic in the small intestine on swelling behavior and gel content
of the films have to be considered in order to predict the releasing behavior.
Therefore, in this study, swelling behavior and gel content of the films in simulated
gastric fluid (SGF), simulated intestinal fluid (SIF) and SGF followed by SIF were

investigated.



78

4.2.3.1 Simulated gastric fluid (SGF, pH 1.2)

Swelling behavior of HC/SA films (with different weight ratio of HC/SA)
in SGF at 37 °C was investigated. The results are shown in Fig. 4.9a. The HC film
exhibited the highest degree of swelling at about 40 times and later decreased as
partial dissolution occurred. The shape of HC film could not be maintained in SGF.
This is because —-NHCH,CH,COOCH,CH,OH groups on HC can be protonated at pH 1.2
leading to the electrostatic repulsion among the ionized groups resulting in swelling
and dissolution of HC film. While, the films containing SA showed higher stability
than pure HC film in SGF. The decline in swelling degree of the films containing SA
was not observed. In addition, the degree of swelling of the films decreased along
with increasing the amount of SA. It is because —-COO groups on SA can turn to
—COOH groups at low pH causing the strong hydrogen bond formations between
carboxylic groups and hydroxyl eroups resulting in a decrease in swelling degree.
This phenomenon could be confirmed by FT-IR results. Fig. 4.10 represents FT-IR
spectra of the films before and after immersing in SGF for 2 h. After immersing SA
film in SGF (Fig. 4.10a), the intensity of the characteristic peaks at 1607 and 1416 cm”
related to —~COO asymmetric and symmetric stretching, respectively, decreased.
While, the new characteristic peaks observed at 1736 and 1242 cm’ assigned to C=0
stretching and C-OH vibrations (the combination between C-O stretching and C-O-H
bending), respectively. In HC/SA blend films (Figs. 4.10b, 4.10c and 4.10d), the
characteristic peaks around 1602 and 1412 cm’ corresponded to the combination
between HC and SA of -COO- and ~COO  asymmetric stretching and —-COO- and
-COO symmetric stretching, respectively. The intensity of these peaks decreased
after immersing the films in SGF. The decrease in intensity related to the ratio
between HC and SA. The intensity decreased along with increasing SA content
because only ~COO" group of SA changed form after immersing in SGF.

The gel content of the films after immersing in SGF for one day is
shown in Fig. 2.9b. It was found that pure HC film mostly dissolved in SGF. The
result suggested that HC fitm had low stability in SGF. Therefore, it could not be
used alone as carrier for oral drug delivery in gastric environment. With increasing
the amount of SA, the gel contents of the films increased significantly. Compared to
the gel content in distilled water, the gel contents of the films containing SA in SGF
were higher. It is due to the fact that -COO groups on SA can turn to -COOH groups
in SGF, as discussed earlier. The results implied that the films containing SA could

be stable in SGF without using any external crosslinker.
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4.2.3.2 Simulated intestinal fluid (SIF, pH 7.4)

The swelling behavior of the films in SIF at 37 °C was investigated.
The results (Fig. 4.11a) showed that HC/SA films rapidly absorbed the liquids and
then disintegrated except HC film. It was found that the films with higher HC
dissolved more slowly. The maximum swelling degree of HC film in SIF was
approximately 37 times compared with that in distilled water at around 150 times.
This phenomenon is due to the fact that pH of distilled water is approximately 6,
while, pH of SIF is 7.4. Therefore, the swelling degree and dissolution rate of the
films containing HC (pKa ~6.5) in SIF were lower than in distilled water [219].

The gel content of the films after immersing in SIF for one day is
shown in Fig. 4.11b. All prepared films almost completely dissolved in SIF except HC
film. The gel content of HC films in SIF was approximately 60% compared with that
in distilled water at around 10%. This implied that HC film had quite high stability in
SIF. However, the shape of the film could not be maintained.
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Figure 4.11 (a) swelling degrees and (b) gel contents of the HC/SA films in SIF
at 37 °C.

4.2.3.3 Simulated gastrointestinal fluid (SGF followed by SiF)

The swelling behavior of the films in SGF (pH 1.2) for 2 h followed by
in SIF (pH 7.4) for 6 h at 37 °C was investigated using simulated gastrointestinal fluid.
Because the shape of HC film could not be maintained in SGF, it was not selected
for the following studies. The results (Fig. 4.12) showed that the swelling degrees of
all the films were quite stable in SGF within the first 2 h. When the films were
transferred to SIF, the swelling degrees of the films containing HC decreased
drastically. It could probably be explained by the formations of polyelectrolyte
complexes between HC and SA as follows: In pH 1.2, HC was protonated
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(—NH;CHZCHZCOOCHZCHZOH), while SA was in its unionized form (-CCOH), and there
was less interaction between HC and SA. When the films were transferred to SIF, the
—NH2+CH2CH2COOCH2CH20H on HC (pKa ~6.5) did not deprotonated immediately.
Meanwhile, before the pH became greater than 6.5, -COOH on SA (pKa ~3.4-4.4)
started to change to -COO, which could form polyelectrolyte complex with
—NH;CHZCHZCOOCHZCHZOH on HC, causing the elimination of some free water from
the films. After the pH value reached 6.5, —NH;CHZCHZCOOCHZCHP_OH on HC started
to deprotonated resulting in the partially destruction of polyelectrolyte complexes.
Thus, the water was easily penetrated into the film and the swelling degree started
to increase. This phenomenon was also found in chitosan-alginate. T. Zhang et al.
reported that in situ chitosan-alginate polyelectrolyte complexation happened in
gastrointestinal environment when physical mixtures of chitosan-alginate were
employed as tablet matrix [220]. A schematic illustration of the formation of
polyelectrolyte complexation of HC and SA in simulated gastrointestinal fluid was
proposed in Fig. 4.13. On the contrary, the swelling degree of the SA film increased
significantly after transferring to SIF. This was because carboxylic groups on SA were
ionized in SIF causing hydrogen bond breaking. Without hydrogen bonds, the
repulsive forces occurred between the ionized groups resulting in an increase of the
swelling degree of the film. After reaching maximum value, the swelling degree of
the SA film started to decline as dissolution occurred. The swelling degree of
HC755A25 film also decreased after reaching maximum value because this film had
high HC which easily dissolve in SGF where almost 50% of its weight loss during
immersion time as the result shown in Fig. 4.14a. Thus, after transferring to SIF, the
fitm suffered from the dissolution in SGF was easily disintegrated in SIF.
For HC50SA50 and HC255A75 films, the decline in the swelling degree of the films
was not observed. [t suggested that the combination between HC and SA could
delay the deeradation rate of the films in SIF because of the formations of
polyelectrolyte complexes between HC and SA during the transfer of the film from
SGF to SIF. Unlike direct immersing of the HC/SA films in SIF, these films tended to
degrade as there was no polyelectrolyte complex among HC and SA structures.
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Figure 4.12 Swelling degrees of the HC/SA films in simulated gastrointestinal fluid
at 37 °C.
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Figure 4.13 The proposed schematic illustration of the formation of polyelectrolyte
complexation of HC and SA in simulated gastrointestinal fluid.

The gel contents of the HC/SA films after immersing in SGF for 2 h and
in SGF for 2 h followed by SIF for 6 h were investigated to study stability of HC/SA
fitms in simutated gastrointestinal fluid (Fig. 4.14). It was found that the gel contents
of the films immersed in SGF for 2 h were relatively high (> 50%). After transferring
to SIF for 6 h, the SA film was completely dissolved because there was no
complexation between HC and SA. In case of HC755A25 film, the gel content value
was also relatively low because HC could be dissolved in SGF. While, the gel
content values of HC50SA50 and HC255A75 films were higher than 50%. This
confirmed that HC could form polyelectrolyte complexation with SA during the
transfer of the film frem SGF to SIF.
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4,24 In vitro drug release studies

Paracetamol was used as a soluble model drug to study drug release
behavior. The standard calibration curves of paracetamol in SGF and SIF are shown
in Fig. 4.15a and Fig.4.15b, respectively.
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Figure 4,15 Standard calibration curves for paracetamol in (a) SGF and (b) SIF used
for determining the release of paracetamol during drug release studies.

The percentage cumulative release profiles of paracetamol from the sealed
bags formed by HC/SA films in SGF for 2 h followed by SIF 6 h are shown in Fig. 4.16.
All the samples exhibited a very slight paracetamol release in SGF (< 20%). It was
due to the low swelling degree and high stability of the films in SGF, as discussed
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earlier. The results suggested that the HC/SA films could be used for oral delivery of
drug to small intestine. [n addition, they were also suitable for acid labile drugs.
However, the release rate of paracetamol from the samples changed significantly
after transferring into SIF. The HC50SA50, HC255A75 and SA formulations failed to
control the drug release for 8 h and burst release was observed within 7, 5 and 3 h,
respectively. Meanwhile, there was no burst release for the HC755A25 formulation.
The results suggested that the burst release could occur in high SA samples. It is
because SA is converted to insoluble alginic acid at low pH, which induces crack
formation or lamination of SA matrix leading to the burst release [163]. This could
be confirmed by SEM micrographs of cross-section of the films after immersing in SGF
for 2 h (Fig. 4.17). The cracks were clearly observed on the cross-section of the SA
film. It could be concluded that the SA alone was not stable in SIF, therefore, it
needed to be combined with HC to delay the burst release time. The HC75SA25
formulation demonstrated the linearity of drug release profile and almost all
paracetamol was released in SIF.  These results suggested that the HC755A25
formulation could be a good candidate to be used for controlling drug release in the

small intestine.
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Figure 4.16 Percentages of paracetamol release from the HC/SA films after immersing
in SGF for 2 h followed by SIF for 6 h at 37 °C.
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Figure 4.17 SEM micrographs (4000X) of cross-section of the HC/SA films after
immersing in SGF for 2 h.

4.2.5 Drug release kinetics

The drug release kinetics mechanism of paracetamol from the HC/SA films
was studied using various mathematical models, i.e., zero order, first order, Higuchi
and Korsmeyer-Peppas model (Table 4.2). [n SGF, the release profiles were found to
follow Korsmeyer-Peppas model (R* = 0.9779-0.9998) except for HC50SA50 film. It
might be because of the relatively low amount of paracetamol released from
HC50SA50 film which usually does not fit to Korsmeyer-Peppas model. The values
of release exponent (n) ranged from 1.5826-2.2316 indicating the drug release
followed super case-ll transport controlled by swelling and erosion of polymeric-
blend matrix [221]. This could be attributed to the dissolution of HC in SGF. In SIF,
due to the burst release of paracetamol from the films (not including HC755A25), the
results were not found suitable for fitting any equations. For the HC755A25 film, the
release profiles showed good fit for zero order model (R2 = 0.9983) implying the
independent of paracetamol concentration on drug release. In addition, its release
profiles also showed good fit for Korsmeyer-Peppas model R = 0.9931) with n
values of 1.3048 indicating super case-ll transport. It was because high HC content

caused the prevention of the burst release.
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Table 4.2 Results of curve fitting into different mathematical models for paracetamol
release profile from HC/SA films in SGF followed by SIF at 37 °C.

Correlation coefficient, R Release
. Korsmeyer- [ exponent, n
Formulation Higuchi
Zero order | First order Peppas (Korsmeyer-
model
model Peppas model)
SGE
HC755A25 0.9555 0.9579 0.7491 0.9998 1.7084
HC50SA50 0.9059 0.8022 0.8125 0.6420 0.6579
HC255A75 0.9604 0.8111 0.7607 0.9779 2.2316
SA 0.9677 0.9339 0.7849 0.9864 1.5826
SIE
HC755A25 0.9983 0.9499 0.9930 0.9931 1.3048
HC50SA50 0.8243 0.8243 | 0.7664 0.9100 2.0990
HC255A75 0.9444 0.9629 0.9230 0.9620 1.9226
SA 0.9433 0.8470 0.9606 0.9221 2.3659

Consequently, the homogeneous HC/SA films were successfully prepared by
using solvent casting method. These films possess pH-sensitive properties. It was
found that the HC/SA films could be a good candidate to be used for controlling
drug release in the small intestine. However, it was interesting to find an alternative
drug delivery system with better prolonging drug release to colon environment.
Therefore, the crosslinkers would be applied to improve properties of the films.

4.3 Characterization and properties of calcium crosslinked HC/SA films

4.3.1 Preparation of calcium crosslinked HC/SA films

Generally, several crosslinking methods for chitosan derivative have been
employed to stabilize the shape and control drug release over a prolonged period of
time, including chemical crosslinking. Various crosslinkers, such as glutaraldehyde
[222], formaldehyde [223] and ethyleneglycol diglycidyl ether [224], have been used.
Although the treatment by those chemicals is effective in yielding a high degree of
crosslinking, the residuals are cytotoxicity, restricting their potential biomedical use.
To avoid toxic crosslinking agent, many researches have contributed to photo-
crosslink [135] and radiation crosslink [137] systems. However, these hydrogels were
not pH sensitive and not effectively used as the controlled release of drugs. The
formation of semi-interpenetrating. polymer network (semi-IPN) of uncrosslinked
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chitosan derivative and well-gel forming polymer with the presence of a nontoxic
ionic crosslinker is an alternative route for overcoming these limitations. Semi-IPN is
a way of blending two polymers where only one is crosslinked in the presence of
another to produce an additional non-covalent interaction between the two
polymers,

As mentioned above, in this study, the HC/SA films were crosslinked only SA
part because SA is capable to form hydrogels under mild conditions in the absence
of toxic reagents. In the presence of multivalent metal cations, SA easily forms
three-dimensional networks due to the formation of ionic bridges between metal
cations and its carboxylate groups of the same or different chains.

It was expected that the new type of crosslinked films could be developed
via the effective combination of HC with SA using semi-IPN technique. Since HC did
not easily dissolve in water at temperature approximating the human body, it was
reasonable to modify the uncrosslinked part in order to stabilize its final shape and
efficiently control delivery of drug. Calcium chloride (CaCly) was used as the ionic
crosslinking agent for the SA part due to its low cost and non-toxic. The ca’ ions
can interact with guluronate blocks of SA, resulting in the formation of an egg-box
structure, as shown in Fig. 4.18. In addition, although, Ca2+ ions can interact with CS,
it was reported that the introduction of Ca’" ions did not directly influence the
gelation behavior of CS due to its weak affinity with CS [180].

Figure 4.18 Formaticn of an SA hydrogel by calcium ions [168].

Two rain methods for preparing crosslinked film are dipping in multivalent
ion solutions and mixing with multivalent ions. However, it was reported that mixing
method, in some cases, immediate gel formation could occur and no film could be
cast [225]. Furthermore, the films created by dipping method showed higher stability
in water than the film created by mixing method. Therefore, in this study, dipping
method was used.
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Figure 4.19  Swelling degrees of the HC/SA films in various CaCl, concentrations:
(a) 0.05 M, (b) 0.1 M, {¢) 0.25 M and (d) 0.5 M.

When the HC/SA films were dipped in CaCl, solutions, the crosslinking
between ~COO groups of SA and Ca’" ions lessened the solubility of the films.
However, the crosslinking was not instantaneous throughout the film. It was a
function of time and concentration. Therefore, in this study, swelling degrees of the
films in different concentrations of CaCl, solutions from 0.01 M to 0.5 M as a function
of time were investigated. In case of HC film, its shape could not be maintained
when immersing in CaCl, solutions thus it was not used in following experiments.
This indicated that HC could not be crosstinked by Ca”" ions at given concentration.
In addition, at concentrations of CaCl, of less than 0.05 M, the crosslink could not be
properly formed. Hence, a minimum concentration of CaCl, used in subsequent
experiments was 0.05 M. Swelling of the HC/SA films in various CaCl, concentrations
is shown in Fig. 4.19. At low concentration of CaCl, especially at 0.05 M, the films

with higher SA content tended to dissolve at the earlier stage of immersing time
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while the film with higher HC did not. It was assumed that when the films were
immersed in CaCl, solutions two competitive processes occurred. The dissolution of
the SA part was very rapid while the diffusion of ca” ions, which crosslinked the
éurface and reduced the rate of dissolution, was slower. When the concentration of
CaCl, solutions was low, the first process, i.e., dissolution would be predominant.
On the contrary, increasing CaCl, concentration would decrease the dissolution.
In addition, it could be seen that all of the films reached swelling equilibrium within
30 min. Therefore, the appropriate time for crosslinking was 30 min.

In summary, the-calcium crosslinked films composed of HC and SA were
prepared by dipping the HC/SA films in CaCl, solution for 30 min. Several
characteristics of semi-IPN hydrogel films were evaluated to assess their potential use
for controlled drug release. These characteristics included their swelling behavior in
various fluids, their gel content, the state of water in the gel, their drug release

profile and their cytotoxicity.

4.3.2 Characterization of calcium crosslinked HC/SA films
4.3.2.1 FT-IR analysis
FT-IR experiment was carried out in order to study the structure of
HC/SA network. Fig. 4.20 represents the FT-IR spectra of HC50SA50 and HC50SA50-
Ca0.5 films.  After crosslinking, the characteristic peaks for -COQ  symmetric
stretching of SA shifted from 1412 cm to higsher wavenumber at 1419 e The
changes demonstrated an evidence of the transformation of ionic bond of

carboxylate ions between Na' and ca” ions [20].
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Figure 4.20 FT-IR spectra of HC505A50 and HC50SA50-Ca0.5 films.
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4.3.2.2 Distribution pattern of metal ions

Cross-sections of the calcium crosslinked HC/SA films were examined
by SEM-EDS to investigate the distribution pattern of ca” ions within the films.
1t could be seen in Fig. 4.21 that ca" ions formed a uniform distribution throughout
the films. The results suggested that the formation of calcium crosstinked SA at the
surface of the films could not obstruct through diffusion of CaCl, (the Ca”' ions) into

the film matrix.

Figure 4.21 SEM-EDS micrographs of the entire film  thickness showing two-
dimensional distribution of Caz+ ions on the cross-section of calcium

crosslinked HC/SA fitms.

4.3.3 Swelling behavior and gel content of calcium crosslinked HC/SA
films in distilled water

The influence of HC to SA ratios and concentration of crosslinking reagent on
the swelling behavior of the crosstinked films was studied. As shown in Figs. 4.22a
and 4.23b, all films could reach their equilibrium swelling in water within 30 min.
Their equilibrium swetling degrees (ESD), which indicate the water retention ability of
the fitms, are presented in Fig. a.92¢c. The ESD of the fitms increased significantly
when the HC to SA ratios were increased (Fig. 4.22a), but increased to a relatively
lesser degree when the concentration of CaCl; was decreased (Fig, 4.22b).
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The maximum value was reached at approximately 600% by HC755A25-Ca0.05 (Fig.
4.22a). A lower ESD was obtained when a higher content of SA and/or a higher
concentration of CaCl, were applied in the films. The introduction of SA and CaCLz
with a mole ratio of 1:2 induced crosslinking via ionic interaction between the ca”
ions and SA at the carboxylate position. The high SA content and high concentration
of CaCl, brought about high crosslinking density in the film, thus, hindering chain

expansion during swelling.
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Figure 4.22 Swelling degrees of calcium crosstinked HC/SA films in distilled water at
37 °C: (a) varying ratios of HC to SA with 0.1 M CaCl,, (b) HC50SA50 with
varying concentrations of CaCl, and (c) at equilibrium.

Gel content with various ratios of HC to 5A and concentrations of crosslinking
agent in distilled water at 37 °C are displayed in Fig. 4.23. They were measured in
order to imply the crosslinking degree of the polymer chains within the films. The
values of all samples were higher than 60%, with the maximum values up to nearly
100%. Considering the various ratios of HC to SA, an increase in the content of SA
caused an increase In the percentage of gel content because of the formation of

crosslinks between ca® ions and the carboxylate groups occurring only in SA.
However, when the composition of HC to SA was fixed, the applied concentration of
crosslinking agent (0.05-0.5 M of CaCly) showed less effect on gel content. Compered
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to non-crosslinked films, gel content of crosslinked films increased significantly.
Results suggested their potential to be used in applications requiring permanent

' contact with water.
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Figure 4.23 Gel contents of calcium crosslinked HC/SA films in distilled water
at 37 °C.

To confirm that component dissolved out from the crosslinked film was HC,
FT-IR experiment was carried out. After immersing the 0.5 M calcium crosstinked
HCT755A25 fitm in water for 24 h, the remained water was evaporated. After that, the
rest solid was characterized. As seen in Fig. .24, HC showed characteristic peak at
1076 e while characteristic peak of SA was at 1036 cm . It was found that the
characteristic peak of dissolved component was similar to HC. Therefore, it could be
concluded that HC was the component that dissolved from crosslinked film.
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Figure 4.24 FT-IR spectra of HC/SA fitms and the rest solid from remained water
after immersing the 0.5 M calcium crosskinked HC755A25 film for 24 1.
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At this point, all results proved that HC was successfully introduced into SA
networks to form the semi-IPN structural hydrogels. Schematic illustration of this

network structure is proposed in Fig. 4.25.

lonic crosalinking paint

Figure 4.25 The proposed schematic illustration of HC/SA network structure.

4,3.4 State of water in calcium crosslinked HC/SA films

Although the water content affects the quality and functionality of the
hydrogels since most applications of hydrogels are based on their water absorption,
the biocompatibility is not definitely a simple function of water content. It is
necessarily to investigate the state of water in the hydrogels

The state of water in water-swollen hydrogels has demonstrated by many
researchers [96-98]. Three energetically distinct states of water have been identified
as (i) free water which does not form hydrogen bonds with the polymer and can
freeze or melt at the usual temperature of pure water, (i) freezable bound water
which interacts weakly with the polymer and freezes or melts at temperature shifted
with respect to that of free water and (iii) non-freezable bound water which forms by
the hydrogen bonds between water molecules and polar groups in the polymer and
cannot freeze or melt at normal temperature range of pure water. Among these
three states, it has been verified that the population of non-freezable bound water
plays an important role in drug delivery behavior [99].

Recently, we investigated the state of water in calcium crosslinked HC/SA
films by differential scanning calorimeter (DSC).  Fig. 4.26 shows the DSC
thermograms of the melting behavior of freezable water of the equilibrium swollen
crosslinked HC/SA films at various ratios of HC to SA and at different concentration of
CaCl, as a crosslinker. It could be seen that the endothermic peak around 0-20 °C
separated into two peaks. The sharp one was remarked as freezable free water
which undergoas simitar thermal transitions to that of bulk water. It could be seen
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from Fig. 4.26 that melting of water absorbed in all films started at a temperature
slightly lower than that of pure water (dash line). It might be explained that the
water in the films was not pure since there was some dissolution of low molecular
weight polymers and CaCl,. This was confirmed by the slightly decrease in gel
content remaining of the films after swollen at equilibrium condition. Thus, the
freezing point was depressed as the colligative properties of the solution.

On the other hand, the broad one was designed for freezable bound water
which undergoes a thermal phase transition at a temperature shifted with respect to
that of bulk water. In case of various ratios of HC to SA in the fitms, the observed
DSC endotherms for the higher HC contents showed more broad and asymmetric
peak than the lower one. This peak also moved to higher temperatures with higher
HC contents in the films, This tendency could be explained that the higher water
content in the films at equilibrium was obtained when the higher HC content was
applied. Generally, for all studies on hydrogels of higher water content, the
endothermic peaks are broad and structured [226]. It could be suggested that there
were several states of water being bound with different binding sites of the HC
and/or SA structures in different environments.

The state of water of the films using difference concentration of CaCl; as a
crosslinker during film forming was also considered. As discussed in previous section,
the lower concentration of CaCl, was applied, the higher water content in the film
was obtained. However, the influence of concentration of CaCl, was not strong as of
the ratios of HC to SA in the films. Thus, the broad endothermic peaks of the films
crosslinked by the lower concentration of CaCl, showed slightly broader than those
of the films crosslinked by the higher concentration of CaCl..
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Figure 4.26 DSC thermograms of calcium crosslinked HC/SA films in swollen state
with varying concentrations of CaCly: (@) 0.05 M CaCl, and (b) 0.5 M
CaC[g.



95

The freezable water content (free water and bound water) can be calculated
from the area under the DSC peak represented the change in enthalpy using Eq. 3.7.
The non-freezing bound water, however, cannot generally be observed by this
technique. Alternatively, non-freezing bound water content can be obtained from
Eq. 3.8. The freezable water and non-freezing bound water content are shown in Fig.
4.27. It could be seen that an increase in SA content brought about an increase in
non-freezing bound water content. It is generally accepted that non-freezing bound
water is formed by H-bonds between water molecules and polar groups in the
polymer [97]. Alginate chains can be suggested to form H-bonding with water
molecules better than the HC chains since it is known that interaction of water
molecules with hydroxyl groups is stronger than with the amine groups [98].
Moreover, the structure of HC consists of the bulky hydroxyethylacryl group which
might impede the formation of H-bonding between hydroxyl eroups and water.
In addition, the concentration of CaCl, used as crosslinker was not or less influent
since non-freezable bound water was not strongly dependence on the mesh size of
the polymer network [96].
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4.3.5 In vitro swelling behavior and gel content of calcium crosslinked
HC/SA fitms

4,3.5.1 Simulated gastric fluid (SGF, pH 1.2)

Swelling behavior of the calcium crosslinked films in SGF at 37 °C was
measured. The results are shown in Fig. 4.28. The HC755A25 formulations exhibited
the highest degree of swelling at about 10 times within 20 min and later declined as
the dissolution occurred. For lower HC content formulations, HC50SA50, HC25SA75
and SA, the maximum degree of swelling decreased, respectively, and was
maintained at the highest level. In addition, the degree of swelling of the films
decreased with increasing concentration of crosslinking agent used. However, the
differences in the values of swelling degree were relatively small. It was apparent
that the change of HC to SA ratios was the predominant factor affecting the swelling
degree of the hydrogels in SGF. Compared to the swelling degree of a film with the
same formulation in distilled water at 37 °C, the hydrogels achieved a higher swelling
degree in SGF than in distilled water, especially when high HC contents (HC755A25
and HC505A50) were used. This is because “NHCH,CH,COOCH,CH,OH groups on HC
can be protonated at pH 1.2 leading to the electrostatic repulsion among the ionized
groups, as discussed earlier. However, in case of crosstinked SA film, the swelling
degree in SGF also seemed slightly greater than that in distilled water. It was
because Na' and H' ions presented in the SGF interfered and destroyed the
interaction between Ca’' ions and SA and brought about the collapse of partial

crosslinking points.
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Figure 4.28 Swelling degrees of calcium crosslinked HC/SA fitms with varying
concentration of CaCl, in SGF at 37 °C: (a) 0.1 M CaCl, and (b) 0.5 M
CaCl..
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Fig. 4.29 shows the gel contents of the calcium crosslinked HC/SA
films in SGF. It was appointed to investigate the stability of the crosslinking point
within the crosslinked films. Compared to the gel content in distilled water, the gel
content of the crosslinked films in SGF was lower. It is due to the fact that HC and
SA can be protonated or ion exchanged by appropriate positive charges presented in
SGF. In case of HC, after protonating, the electrostatic repulsion among the ionized
groups led to the dissolution of HC. In case of SA, although the crosslinked points
between Ca’ ions and the carboxylate groups were partially destroyed after ion
exchange causing dissolution of the uncrosslinked SA, carboxylate groups in the SA
after protonating could form hydrogen bonds which prevented the dissolution.
Thus, the gel content of the hydrogels containing high SA content was still relatively
high in SGF. Similar to the gel content of the hydrogels in distilled water, the gel
content increased with an increase of SA, while the given concentration of

crosslinking agent did not affect the gel content.
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Figure 4.29 Gel contents of calcium crosslinked HC/SA films in SGF at 37 °C.
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4.3.5.2 Simulated intestinal fluid (SIF, pH 7.4)

The swelling behavior of the calcium crosslinked HC/SA films in SIF at
37 °C was investigated. The results are shown in Fig. 4.30. It was clear from the
results that the crosslinked films with a higher HC content could reach the higher
maximum degree of swelling and degrade faster than the low one. It was because
there was no crosslinking between HC and ca® ion, therefore, HC could remarkably
swell and later dissolve in SIF as inferred to carboxymethyl chitosan (CMCS), one of
the water-soluble chitosans with a structure similar to HC [70]. Furthermore, in the
crosslinked films with high SA content, the dissolution of the films also observed
since the degradation of calcium crosslinked alginate could occur in SIF. it is due to
the fact that the affinity of POa} ions presented in the SIF to ca’* ions is higher than
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that of SA, resulting in breakage of the interaction between Ca2+ jons and the
carboxylate groups of calcium crosslinked alginate [227]. This could be confirmed by
the observation of some turbidity which appeared in SIF while doing an experiment.
It might be because of the formation of calcium phosphate on the same analogy as
mentioned by A.K. Nayak et al [18]. However, the results showed the effect of the
presence of HC on the degradation of the films rather than the breakage of calcium
crosslinked alginate., Moreover, it could be seen that the degradation time could be
prolonged with increasing concentration of crosslinking agent used. It was because
high concentration of CaCl; brought about high crosslinking density resulting in the
slower degradation of the hydrogel films. In comparison with the swelling in SGF, the
swelling of hydrogel films in SIF was higher, indicating their pH-sensitive swelling

behavior,
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Figure 4.30 ~ Swelling degrees of calcium crosslinked HC/SA films with varying
concentration of CaCl, in SIF at 37 °C: (a) 0.1 M CaCl, and (b) 0.5 M
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4.3.5.3 Simulated gastrointestinal fluid (SGF followed by SIF)

The swelling degree of the calcium crosslinked HC/SA films in SGF
(pH 1.2) for first 2 h and then, in SIF (pH 7.4) for next 6 h was investigated. The
influences of HC to SA ratios and conditions of crosslinking on the swelling behavior
of the films were examined. As seen in Fig. 4.31, the swelling degrees of all films
were quite stable in SGF within the first 2 h. At the same conditions of crosslinking,
the HC755A25 formulations exhibited the highest degree of swelling. For the films
with high SA content, the values of swelling degree of crosslinked films were lower
than non-crosslinked films. It was suggested that the crosslinking with calcium ions
became the dominant action for swelling behavior in SGF when SA content
increased. However, the change of the concentrations of CaCl, (0.1 and 0.5 M) used
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seemed no influence on the swelling of the films in SGF. When the films were
transferred to SIF, the swelling degrees of the films containing HC decreased
drastically because of the deprotonation of HC at neutral pH and the formation of
polyelectrolyte complexes between HC and SA, as discussed in section 4.2.3.3.
On the other hand, the swelling degree of the SA film increased after transferring to
SIF since carboxylic groups on SA were ionized in SIF. In case of SA films, although
the crosslinking was applied, the disintegration and the dissolution of the film after
immersing in SGF followed by SIF still occurred.  Unlike direct immersing of
crosslinked SA films in SIF, the degradation of the films was not observed. (Fie. 4.30).
It was because Ca’" ions in the crosslinked calcium alginate could be replaced by the
H" ions in SGF and could interact with POQB' ions in SIF, meanwhile, cationic ions
presented in SIF could ionize at the -COOH of SA leading to degradation. In case of
HC755A25 formulation, the degradation time was prolonged when the concentrations
of CaCl, increased. Although at low concentration of CaCl, the crosslinking was
formed, the hydrogel was neither strong nor sufficient enough to delay the
penetration of the fluid into the hydrogel.  When the concentrations of CaCl,
increased, the stronger hydrogel was obtained resulting in the delay of the
penetration of the fluid into the hydrogel resulting in the slower degradation.
For HC505A50 and HC25SA75 formulations, the decline in the swelling degree of the
films was not observed. It suggested that although some part of SA interacted with
ca™ ions, the polyelectrolyte complexes between HC and SA during the transfer of
the film from SGF to SIF could still be formed which delayed the degradation rate of
the films. However, in HC50SA50 and HC255A75 formulations, the concentrations of
CaCl; used did not induce significant changes in the swelling degree of the hydrogel
in SIF.
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Figure 4.31 Swelling degrees of calcium crosslinked (a) HC755A25, (b) HC50SA50,
(c) HC755A25 and (d) SA films in simulated gastrointestinal fluid at 37 °C.
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Figure 4.31 (cont.)

Stability of the hydrogels was established by ohservation in the gel
content of the hydrogels after immersing in SGF for 2 h and in SGF for 2 h followed
by SIF for 6 h. Fig. 4.32a shows the gel content of hydrogels in SGF for 2 h. It was
found that the gel content of all of hydrogel films was relatively high in SGF (> 509).
The gel content of HC755A25 formulation exhibited the lowest value. Furthermore,
the change of the concentration of crosslinking agent had a non-significant effect on
stability of hydrogel in SGF. However, the influence of the concentration of
crosslinking agent could be observed when the hydrogel films were transferred to
SIF. The gel contents of the hydrogels in SGF followed by SIF are displayed in
Fig. 4.32b. The values of HC755A25 and SA formulations were relatively low (< 15%).
In case of SA formulation, it was because the interaction between Ca2+ ions and
—~COO groups in the calcium crosslinked SA film could be destroyed by the H™ and
Na’ ions in SGF and by POQ} ions in SIF, as discussed earlier. In case of HC755A25
formulation, the gel content values were also relatively low except for HC755A25
film crosslinked with 0.5 M CaCl,. It was because this formulation had high HC which
easily dissolve in SGF. However, when crosslinking was applied, the higher
concentration of crosslinking agent used provided the stronger hydrogel which
prevented the film from dissolution. In addition, it was found that, at 0.5 M calcium
chloride, the gel content of HC75SA25 film was higher than of SA film because there
was polyelectrolyte complexation between HC and SA in HC755A25 film. At this
point, it could be concluded that two main factors that prevented the hydrogel from
the disintegration in simulated gastrointestinal fluid were the crosslinking of SA part
with Ca”* ions and the formation of polyelectrolyte complexes between HC and SA.
As seen in Fig. 4.32b, the change of concentration of CaCl, affected the gel content
of HC255A75 formulation but not HC505A50 formulation. The results suggested that
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the formation of polyelectrolyte complexes between HC and SA was a predominant
factor influencing the stability of HC50SA50 formulation, while the crosslinking of SA
part with Ca” ions was a predominant factor influencing the stability of HC255A75

formulation.
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Figure 4.32 Gel contents of calcium crosstinked HC/SA films after immersing in SGF
for 2 h (a) and after immersing in SGF for 2 h followed by SIF for 6 h (b)
at 37 °C.

4.3.6 In vitro drug release studies

Fig. 4.33 shows the release profiles of paracetamol at 37 °C for 2 h in SGF
followed by 6 hin SIF. All the hydrogels exhibited a very slight paracetamol release
in SGF (< 20%) except for HC25SA75 and SA formulations crosslinked with 0.1 M
CaCl,. The amount of paracetamol released from these hydrogels was about 50%
within 2 h. An explanation for this behavior was some part of SA in the films with
high SA content could not be crosslinked when using low concentration of CaCl,
leading to the unlike shrinkage resulting in an easy drug leakage from the hydrogel.
When the hydrogels were transferred to SIF, the rate of paracetamol released
increased as compared to that released in SGF. It was because the swelling of
hydrogels in SIF was higher than that in SGF, as discussed earlier. It was found that
the burst release of paracetamol in SIF occurred in the hydrogels containing high SA
content. Howaever, the crosslinking could depress the burst release of paracetamol
effectively. The exception was for SA formulation because SA hydrogel crosslinked
by Ca” ions could be transformed into insoluble alginic acid at low pH, as discussed
in section 4.3.5.1, inducing crack formation or lamination of SA hydrogel matrix,
leading to burst release of paracetamol from SA hydrogel. Furthermore, the higher
degree of crosslinking by higher CaCl, concentration brought about the lower drug
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release rate from the hydrogel. As discussed above, it could be concluded that high
HC content and the crosslinking could prevent the burst release of paracetamol from
hydrogel. Interestingly, the HC50SA50 formulation crosslinked with 0.5 M CaCl,
exhibited the lowest amount of drug release in SIF (< 20%). This result suggested
that 0.5 M calcium crosslinked HC50SA50 formulation could be a potential candidate
for a site-specific drug delivery in the colon. However, other formulations could be
used for delivering drugs to other parts of the body. The HC755A25 and HC25SA75-
Ca0.5 formulations were suitable to deliver the drug to the small intestine. The
HC755A25-Ca0.1, HC755A25-Ca0.5 and HC50SA50-Ca0.1 formulations were good
candidates for the sustained and targeted delivery of drug in both the small intestine

and the colon.
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Figure 4.33 Percentages of paracetamol release from crosslinked (a) HC75SA25, (b)
HC50SA50, (c) HC255A75 and (d) SA films after immersing in SGF for 2 h
followed by SIF for 6 h at 37 °C.
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4.3.7 Drug release kinetics

The drug release kinetics mechanism of paracetamol from the HC/SA
hydrogels was further analyzed using various mathematical models, i.e., zero order,
first order, Higuchi and Korsmeyer-Peppas model. As seen in Table 4.3, the release
profiles in SGF of HC255A75 and SA formulations crosslinked with 0.1 M CaCl, were
found to follow Korsmeyer-Peppas model (R® were 0.9908 and 0.9899, respectively).
The values of release exponent (n) were 2,368 for HC255A75 formulation and 1.9213
for SA formulation, indicating the drug release followed super case-ll transport
controlled by swelling and erosion of polymeric-blend matrix.  This could be
attributed to the unlike shrinkage of hydrogels containing high SA content in SGF
resulting in the high release rate. On the contrary, HC755A25-Ca0.1, HC50SA50-Ca0.1,
HC755A25-Ca0.5, HC505A50-Ca0.5, HC255A75-Ca0.5 and SA-Ca0.5 formutations did
not fit for any equations owing to their low release rate.

Table 4.3 Results of curve fitting into different mathematical models for paracetamol
release profile from calcium crosslinked HC/SA films in SGF at 37 °C.

Correlation coefficient, R Release
. X Korsmeyer- | exponent, n
Formulation Zero First Higuchi
Peppas (Korsmeyer-
order order model
model Peppas model)
HC755A25-Ca0.1 0.8674 0.9107 0.6563 0.7487 1.2182
HC505A50-Ca0.1 0.8241 0.76%94 0.6065 0.5337 1.0754
HC255A75-Ca0.1 0.9109 0.9362 0.6821 0.9908 2.3680
SA-Ca0.1 0.9342 0.8826 0.7292 0.9899 1.9213
HC755A25-Ca0.5 0.7476 0.7153 0.6110 0.5387 0.6357
HC50SA50-Ca0.5 0.9248 0.7518 0.7184 0.8434 2.2573
HC255A75-Ca0.5 0.8921 0.9544 0.6554 0.8886 1.8164
SA-Ca0.5 0.9419 0.7675 0.7753 0.8640 2.1700

in SIF (Table 4.4), HC755A25-Ca0.1, HC505A50-Ca0.1, HC25SA75-Ca0.1,
SA-Ca0.1, HC755A25-Ca0.5 and HC255A75-Ca0.5 formulations showed good fit for
Korsmeyer-Peppas model (R® = 0.9851-0.9965). The n values greater than 1 for
HC755A25 and HC50SA50 formulations indicated super case-ll transport controlled by
swelling and erosion and n values less than 1 for HC255A75 and SA formulations
indicated anomalous diffusion controlled by diffusion and swelling. For HC50SA50-
Cal.5 and SA-Ca0.5 formulations, the results were not found suitable for fitting any
equations. In case of SA-Ca0.5 formulation, it was due to the burst release of
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paracetamol from the hydrogel. For the HC50SA50-Ca0.5 formulation, it was because
of the very low amount of paracetamol released in SIF. This indicated that this
formulation could be a good candidate for a site-specific drug delivery in the colon,

as discussed in release studies.

Table 4.4 Results of curve fitting into different mathematical models for paracetamol
release profile from calcium crosslinked HC/SA films in SIF at 37 °C.

Correlation coefficient, R Release
. . | Korsmeyer- exponent, n
Formulation Zero First Higuchi
Peppas (Korsmeyer-
order order model
model Peppas model}
HC755A25-Ca0.1 | 0.9838 0.9762 0.9635 0.9883 1.1915
HC50SA50-Ca0.1 | 0.9869 0.9792 0.9696 0.9890 1.0590
HC255A75-Ca0.1 0.9900 0.9633 0.9957 0.9913 0.8780
SA-Ca0.1 0.9493 0.9433 0.9572 0.9851 ©0.7396
HC755A25-Ca0.5 | 0.9962 0.9544 | 0.9811 0.9965 1.7484
HC50SA50-Ca0.5 | 0.7054 0.9470 0.6488 0.8888 1.7507
HC255A75-Ca0.5 | 0.9894 0.9951 0.9679 0.98%4 0.9833
SA-Ca0.5 0.9282 0.9382 0.9518 0.9367 . 24380

4.3.8 MTT assay

Cell viability of the synthesized hydrogels was determined following the MTT
assay. The average percentages of cytotoxicity of HC755A25, HC50SA50, HC255A75
and SA hydrogel films crosslinked by 0.5 M CaCl, were 5.56+0.04, 10.27+8.17,
7.43+1.58 and 9.74x1.98, respectively. It could be concluded that the hydrogel films
were not toxic to human cells. Hence, the results suggested potential application of
these hydrogel films as biomaterials.

In summary, semi-IPN HC/SA hydrogel films were successfully prepared by
using CaCl; as a crosslinker.  The investigated systems indicated a significant
reduction in swelling as the SA and crosslinking reagent content is increased.
Hydrogel films with higher HC content deéraded faster in SIF than those with lower
HC content but all hydrogel films were stable in SGF. Compared to non-crosslinked
system, the degradation time in simulated gastrointestinal fluid of crosslinked system
was slow leading to the prolonged drug release. Moreover, all evaluated systems
have been proven to be noncytotoxic. The comprehensive results of this study
suggested their potential in controlled drug release in different parts of the body.




105

However, it was interesting to study an alternative drug delivery system with using
different types of crosslinkers (zinc and copper ions). It was assumed that changing
of the crosslinker types was possible to change the drug release profile.

4.4 Characterization and properties of zinc or copper crosslinked

HC/SA films

In previous section, the HC/SA crosslinked film was prepared using calcium
chloride as a crosslinker. The results indicated that calcium ions could crosslink only
SA part. In order to study an alternative drug delivery system, in this section, zinc
sulfate and copper(ll) sulfate were used as crosslinkers. It was reported that zinc and
copper ions can crosslink both CS and SA part [81-82, 181, 185]. It was, thus,
expected that HC could form complexation with zinc and copper ions like CS.
In addition, above results showed that the films crosslinked with 0.5 M calcium
chloride had the lowest drug release. Therefore, the concentrations of zinc sulfate
and copper(ll) sulfate used in this study were 0.5 M. The effects of crosslinkers on
swelling behavior, gel content and drug release profile were studied.

4.4.1 Characterization of zinc or copper crosslinked HC/SA films

4.4.1.1 FT-IR analysis

Fig. 4.34 represents the FT-IR spectra of zinc and copper crosslinked
HC505A50 films.  The broader absorption peaks were observed in the range of 3600-
3000 cm . It indicated that the —NH- and ~OH groups of HC and -OH groups of SA
formed coordinate bonds with Cu”" or Zn”" ions.  The characteristic peaks for
asymmetrical and symmetrical stretching of the -COO  groups of SA also became
broader, indicating the formation of complexes between carboxylate ions of SA and
cu” or zn* fons. The possible types of the carboxylate binding were summarized in
Fig. 4.35 [228). The characteristic peak assigned to N-H bending of HC showed a
significant shift from 1311 cm ' to higher wavenumber at 1321 cm = for zinc
crosslinked film and 1325 cm " for copper crosslinked film. It could be pointed that
the —NH- groups of HC were involved in complexation [229]. According to all results,
it could be concluded that both HC and SA could form complexation with zinc and
copper ions. The reasonable structure chelate compounds between polymers (i.e.,
HC and SA) and zinc or copper ions are proposed in Fig. 4.36.
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Figure 4.34 FT-IR spectra of zinc and copper crosslinked HC50SA50 films.
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Figure 4.35 The possible types of the carboxylate binding. Adapted from Ref. [228].
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Figure 4.36 The proposed structure chelate compounds of HC {a) or SA (b) and zinc

or copper ions.

4.4.1.2 Distribution pattern of metal ions
The distribution pattern of metal ions (i.e., zn”* and Cu2+) within the
films was examined by SEM-EDS. As shown in Fig. 4.37, the distribution patterns of

all types of metal ions in the films were uniform.

HC50SA50-Zn0.5 | | - HC505A50-Cu0.5

Figure 4.37 SEM-EDS micrographs of the entire film thickness showing two-
dimensional distribution of Zn" and Cu”* ions on the cross-section of
crosslinked HC/SA films,

4.4.2 Swelling behavior and gel content of zinc or copper crosslinked

HC/SA films in distilled water

To confirm crosslinked structure of the HC/SA hydrogels, swelling behavior

and gel content in distilled water at 37 °C were measured. As seen in Fig. 4.38,

compared to the equitibrium swelling degree of zinc or copper crosslinked films, the

equilibrium swelling degree of calcium crosslinked films was higher. Since ca™ ions
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could only crosslink with SA while Zn”* and cu™ ions could crosslink both HC and SA
resulting in relatively high crosslinking density in the corresponding films. Therefore,
water was more difficult to be absorbed into zinc and copper crosslinked films
leading to the relatively low degree of swelling. In addition, the films with high HC
content exhibited higher equilibrium swelling degree. In case of calcium crosslinked
films, it was because HC could not be crosslinked by Ca” ions. For zinc or copper
crosslinked films, although both of HC and SA could be crosslinked, the fitms with
high HC content still showed the higher equilibrium swelling degree. It is because
structure of HC has longer side chain than that of SA hence it is difficult for
molecules to arrange in close packing and thus allows the more free volume in the
molecules where the water can easily penetrate into, resulting in relatively high
degree of swelling.
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Figure 4.38 Equitibrium swelling degrees of crosslinked HC/SA films in distilled water
at 37 °C,

Gel content with various ratios of HC to SA and kinds of crosslinking agents in
distilled water at 37 °C are shown in Fig. 4.39. The values of gel content of
crosslinked films were relatively high except for calcium crosslinked HC755A25 film.
It was because, in calcium crosslinking system, HC was not crosslinked causing in
partially dissolution of the fitm,.

At this point, all results proved that calcium ions could only crosslink with SA
while zinc and copper ions could crosslink both HC and SA, corresponding to the
FT-IR results. Schematic illustration of zinc or copper crosslinked HC/SA structure is
proposed in Fig. 4.40.
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Figure 4.39 Gel contents of crosslinked HC/SA films in distilled water at 37 °C.
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Figure 4.40 The proposed schematic illustration of zinc or copper crosslinked HC/SA
structure.
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4.4.3 In vitro swelling behavior and gel content of the crosslinked HC/SA

films
4.4.3.1 Simulated gastric fluid (SGF, pH 1.2)
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Figure 4.41 Swelling degrees of crosslinked HC/SA films with varying types of
crosslinkers in SGF at 37 °C: (a) calcium chloride, {b) zinc sulfate and

(¢) copper(ll) sulfate.

Swelling behavior of the crosslinked films in SGF at 37 °C was
measured. The results are shown in Fig. 4.41. At the same type of crosslinkers, the
HC755A25 formulation exhibited the highest degree of swelling. This is because
=NHCH;CH,COOCH,CH,OH groups on HC can be protonated at pH 1.2, leading to the
electrostatic repulsion among the ionized groups. In addition, the degree of swelling
decreased along with increasing the amount of SA because -COO™ groups on SA can
turn to —-COOH groups at low pH causing the strong hydrogen bond formations
between carboxylic groups and hydroxyl groups. The types of crosslinker used (Ca2+,
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zn” and cu’) had less significant effect on swelling degree of the crosslinked films,
except for the HC755A25 formulation. The swelling degree of zinc and copper
crosslinked HC755A25 films was lower than that of calcium crosslinked HC75SA25
film. It is because HC which is main component of the HC75SA25 film could be
crosstinked by zinc or copper ions but not calcium ions resulting in the lower
swelling degree of zin¢ or copper crosslinked HC75SA25 films.

Fig. 4.42 shows the gel content of the crosslinked films in SGF at
37 °C. In comparison with gel content in distilled water (Fig. 4.39), the gel content of
the hydrogels in SGF was lower. It was because HC and SA became protonated in
SGF resulting in the destruction of crosslinking points between metal ions (Ca2+, zn’*
and Cu”) and HC or SA causing dissolution of the uncrosslinked polymer from the
hydrogels.  Although the crosslinking points were destroyed, in case of SA,
carboxylate groups in the SA after protonating could form hydrogen bonds which
prevented the dissolution. Therefore, the gel content of the hydrogels with higher
SA content was higher than the lower one. In HC755A25 hydrogels, even though gel
content values of zinc and copper crosslinked films were higher than that of calcium
crosslinked fitms in distilled water, they were similar in SGF. These confirmed that
crosslinking points between Zn™ or Cu™ ions and HC could be destroyed by H' ions
in SGF depending on the immersion time.
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Figure 4.42 Gel contents of crosslinked HC/SA films in SGF at 37 °C.
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4.4.3.2 Simulated intestinal fluid (SIF, pH 7.4)

The swelling behavior of the crosslinked HC/SA films in SIF at 37 °C
was investigated. The results (Fig. 4.43) show that some of the hydrogel films
degraded after a swelling period. The degradation occurred because of an exchange
between POQS' ions presented in SIF and metal ions in the crosslinked film leading to
the lowering of crosslink density resulting in the dissolution of uncrosslink part. The
degradation time significantly correlated to the hydrogel composition and crosslinker
types. It is the fact that the stability of crosslinked films is dependent on the relative
binding affinity of the metal ions for polymer. In case of calcium crosslinking system
(Fig. 4.43a), the crosslinked films with higher ratio of HC to SA degraded faster than
the lower one. The results indicated that the affinity of Ca”™ ion for HC was relatively
low. Thus, Ca2+ ions could not crosslink HC at given concentration as discussed
earlier.  On the contrary, in case of zinc crosslinking system (Fig. 4.43b), the
crosslinked films with higher ratio of SA to HC degraded faster than the others. It is
because the binding affinity of Zn”" ion for SA was lower than that of Ca* ions (184].
Thus, the less strongly bound 7n*" fons were more easily displaced by the P043' ions
presented in SIF. For copper crosslinking system (Fig. 4.43¢), the degradation did not
occur. Compared to calcium or zinc crosslinked films, the swelling degree of copper
crosslinked film was the lowest. This could be attributed to the higher binding
affinity of Cu™ for HC and SA than Ca™ and Zn’".

At this point, it could be concluded that the affinity of SA towards
metal ions decreases in the following order: s > Additionalty, the
affinity of HC for various metal ions is in the following order: cu® > zn” > ™.

A similar trend was also cbserved in original CS [140].
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Figure 4.43 Swelling degrees of crosslinked HC/SA films with varying types of
crosslinkers in SIF at 37 °C: {a) calcium chloride, (b) zinc sulfate and

(c) copper(ll) sulfate.
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The swelling degree of the hydrogels in SGF (pH 1.2) for 2 h followed
by in SIF (pH 7.4) for 6 h at 37 °C was determined. The results (Fig. 4.44) showed
that the swelling degrees of all the hydrogels were quite stable in SGF within the first
2 h. When the hydrogels were transferred to SIF, the swelling degrees of the films
containing HC decreased drastically because of the deprotonation of HC at neutral
pH and the formation of polyelectrolyte complexes between HC and SA, as
discussed in section 4.2.3.3 and 4.3.5.3. Compared to direct immersing in SIF, the
behaviors of the films immersing in SGF followed by SIF changed significantly.
In case of SA formulation, the degradation occurred in all samples (calcium, zinc and
copper crosslinked films} after immersing in SGF followed by SIF unlike direct
immersing in SIF (only zinc crosslinked SA film degraded). Additionatly, the trend of
swelling degree of the zinc crosslinked films changed. The swelling degrees of the
zinc crosslinked films in SIF increased with increasing ratio of SA to HC. On the
contrary, their swelling degrees in SGF followed by SIF increased with increasing ratio
of HC to SA. Moreover, the swelling degrees of the copper crosslinked films in SGF
followed by SIF were higher than that of the copper crosslinked films in directed SIF.
All results suggested that metal ions in the crosslinked films could be partially
replaced by H" ions in SGF leading to the reduction of crosslinking points resulting in
the change of the behaviors of the crosslinked films. Because of the leaching of
metal ions from the crosslinked filmns, the crosslinker types used did not induce
significant changes in the swelling degree of the crosslinked films.
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Figure 4.45 Gel contents of crosslinked HC/SA films after immersing in SGF for 2 h
(@) and after immersing in SGF for 2 h followed by SIF for 6 h (b)

at 37 °C.
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Stability of the crosslinked films was established by observation in the
gel content. Fig. 4.45a shows the gel content of crosslinked films in SGF for 2 h.
It was found that the gel content of hydrogel films was relatively high in SGF (> 50%).
There were no significant differences in gel content when changing crosslinker type.
However, the influence of the types of crosslinkers could be observed when the
hydrogel films were transferred to SIF. The gel contents of the hydrogel in SGF
followed by SIF are displayed in Fig. 4.45b. The values of the hydrogel prepared
from SA solely exhibited the lowest because there was no complexation between
HC and SA in SA hydrogel as discussed earlier. At the same HC to SA ratio, the gel
contents of calcium crosslinked films were hisher compared to the others because
the complexation of HC by zinc or copper ions reduced the number of
—NH2+CH2CH2COOCH2CHZOH groups available for interactions with ~COO™ groups of SA
[230].

4.4.4 In vitro drug release studies

From the section 4.3.6, it was found that the HC50SA50 formulation
crosslinked with 0.5 M CaCl, exhibited the lowest drug release rate. Therefore, the
HC50SA50 formulation was selected to study an alternative drug delivery system
with using different types of crosslinkers. Effect of crosslinker types on drug release
was investigated as the results shown in Fig. 4.46. All the hydrogels exhibited a very
slight paracetamol release in SGF (< 20%). The use of crosslinking procedures (Ca2+,
Zn2+, and Cu”") showed no burst release in SF. The rate of drug release from
calcium crosslinking system was significant slower than that from zinc or copper
crosslinking system, represented by gel content values.

100 T T T T T
—8—Ca
SGF SIF -

ag | PH12 pH 7.4 ——Cu| |
4]
7]
[
2
60 -
'
Q
[+
o)
*E 40 F -
€
bt
QO
a

20 F

0 L 1

0 80 160 240 320 400 480
Time (min}

Figure 4.46 Percentages of paracetamol release from crosslinked films after
immersing in SGF for 2 h followed by SIF for 6 h at 37 °C.
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4.4.5 Drug release kinetics

The drug release kinetics mechanism of paracetamol from the HC/SA
hydrogels with different types of crosslinkers was studied using various mathematical
models, ie., zero order, first order, Higuchi and Korsmeyer-Peppas model.
The results of the curve fitting are given in Table 4.5. In SGF, the results did not fit
for any equations. It was due to the relatively low amount of paracetamol release
from the hydrogels. In SIF, in case of zinc and copper crosslinking systems, the
release profiles showed good fit for zero order model (R” were 0.9897 for HC505A50-
Zn0.5 and 0.9811 for HC50SA50-Cu0.5) implying the independent of paracetamol
concentration on drug release. However, the release profile of HC505A50-Ca0.5 did
not show fit for any equations due to the very low amount of paracetamol release in

SIF, as discussed in release studies (section 4.4.4).

Table 4.5 Results of curve fitting into different mathematical models for
paracetamol release profile from zinc or copper crosslinked HC/SA films in
SGF followed by SIF at 37 °C.

Correlation coefficient, R2 Release
| Korsmeyer- exponent, n
Formulation Zero First Higuchi
Peppas (Korsmeyer-
order order model
model Peppas model)
SGF
HC505A50-Ca0.5 0.9248 0.7518 0.7184 0.8434 22573
HC505A50-Zn0.5 | 0.8852 0.7474 0.7895 0.7693 0.9111
HC50SA50-Cu0.5 | 0.8401 0.7840 0.6865 0.5147 0.6131
.S|—F
HC50SA50-Ca0.5 0.7054 0.9470 0.6488 0.8888 1.7507
HC50SA50-Zn0.5 |  0.9897 0.9419 09773 0.9874 1.5805
HC50SA50-CuQ.5 | 0.9811 0.9346 0.9802 0.9783 0.9794

In summary, the calcium crosslinked film showed the higher stability than
that of zinc or copper crosslinked film in simulated sastrointestinal fluid because the
complexation of HC by zinc or copper ions impeded the formation of polyelectrolyte
complexes between HC and SA. The rate of drug release from calcium crosslinking
system was the lowest compared to zinc and copper crosslinking system. Therefore,
the crosslinking by calcium ions was selected for the following studies.
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4.5 Characterization and properties of crosslinked HC/SA capsules

4.5.1 Preparation of crosslinked HC/SA capsules

The capsule has been widely used to deliver a drug via the gastrointestinal
tract [231-233]. Initially drugs are usually filled into the capsule to provide a unit
dose that effectively masks the bitter taste of drugs in an easy to swallow container.
The capsule is generally manufactured by dipping metal pins in the gelling agent
solution. To achieve the desired shell distribution to manufacture capsule, it is
necessary to ensure that the dipping composition adheres to the pin surface and
quickly gels after withdrawing the pins from the dipping bath. Therefore, it is hard to
fabricate the capsule from HC/SA solution because HC/SA solution cannot form gel
immediately after dipping process causing the flow of the composition on the pin
surface. In order to overcome this problem, in this work, carrageenan was used.
Carrageenan is a Rhodophyta-derived polysaccharide with side-chains of sulfonic
groups [156]. Carrageenan gel is thermoreversible. It melts and has low viscosity at
high temperature, meanwhile, it solidifies and forms gels at temperatures below
50 °C [198]l. As previously mentioned, the addition of carrageenan made
rmanufacture capsule from HC/SA solution easier because the solution could form gel
with cooling preventing the flow of the composition on the pin surface. Another
problem of manufacture capsule was difficult removing capsule shell from pin. It is
because natural polymers used in this work are fragile and brittle. To make it easier
to strip the capsule shells from the pins, plasticizer was added. In this work, slycerol
was selected. It has been reported that glass transition temperature (T,) of
polysaccharide films strongly decreases with increasing glycerol content [206].

As mentioned above, in this study, HC/SA capsules were, therefore, prepared
by dipping metal pins in the solution composed of HC, SA, carrageenan and glycerol.
After drying, the shells were stripped of the pins and cut to desired length.
The HC/SA capsules were prepared by using various weight ratios of HC:SA, i.e., 50:50
and 0:100. Carrageenan and glycerol contents were fixed at 42.5 and 15% w/w,
respectively. It was because at carrageenan content less than 42.5% w/w, the gel
could not be properly formed after dipping process causing the flow of the
composition on the pin surface. [n addition, at glycerol content less than 15% w/w,
the capsule was not flexible encugh for stripping from the pin. The crosslinked
HC/SA capsule was prepared by dipping the HC/SA capsule into 0.5 M calcium
chloride sotution (selected from section 4.4). After dipping, the capsules became
harder because the crosslinking occurred and glycerol was dissolved from
the capsule. The photographs of the different capsules are given in Fig.4.47,
The appearance of all prepared capsules was transparent. The capsule containing
HC was yellow. The size of the different capsules is listed in Table 4.6. It was found
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that the size of the capsule became smaller after crosslinking, especially the capsule
with high SA content. This was due to the crosslinking reaction between SA and

2+,
Ca ions.

Ty
1 2 3

Figure 4.47 Photographs of different capsules: (@) HC50SA50 capsule, (b) HC50SA50Ca
capsule, {c) SA capsule and (d) SACa capsule.

Table 4.6 The size of the different capsules.

Cap Body
y External | Length | Thickness | External | Length | Thickness
Formulation

Diameter | (mm) (mm) | Diameter | (mm) (mm)

(mm) (mm)
H50S50 7.600 10.730 0.108 7.280 18.433 0.098
+0.100 +0.060 +0.010 +£0.030 +0.060 +0.010
H50SA50Ca 7.470 10.220 0.102 7.270 17.830 0.100
+0.120 £0.030 +0.010 +£0.060 +0.060 +0.010
SA 7.580 10.200 0.099 7.230 18.400 0.104
+0.010 +0.050 +0.010 +0.150 +0.100 +0.010
SACa 6.630 9.450 0.098 6.330 16.000 0.100

+0.060 +0.230 +0.010 +0.060 +0.200 +0.010

4.5.2 In vitro drug release studies

Fig. 4.48 shows the release profiles of paracetamol from the capsules after
immersing in SGF for 2 h followed by SIF for 6 h at 37 °C. For gelatin capsule
(commercial capsule), paracetamol was released completely within 15 min. On the
contrary, the rate of paracetamol released from the prepared capsules was slower.
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The amount of paracetamol released in SGF was lower than 40% for HC50SA50Ca
capsule and 25% for SACa capsule. Paracetamol released lower from the capsule
containing higher SA content because -COO groups on SA could turn to —COOH
groups at low pH causing the strong hydrogen bond formations between carboxylic
groups and hydroxyl groups preventing the release of paracetamol. After transferring
the capsules to SIF, it was found that the SACa capsule failed to control the drug
release and burst release was observed within 3 h. It was because SA was converted
to insoluble alginic acid at low pH (SGF), which induced crack formation or
lamination of SA matrix, and (ater converted to soluble alginate form at SIF leading
to the burst release. Meanwhile, there was no burst release for the HC50SA50Ca
capsule. The HC50SA50Ca capsule showed the linearity of drug release profile and
paracetamol was completely released in SIF. The results suggested that the
HC505A50Ca capsule could be a good candidate to be used for controlling drug
release in the small intestine. However, it could be seen that the amount of
paracetamol released from the capsules was higher than the sealed bags formed by
HC/SA films (the results show in the section 4.4). This is because carrageenan added
during capsule preparation can be ionized in both SGF and SIF (the pK, value of the
sulfate group on carrageenan is lower than 2) leading to the electrostatic repulsion
among the ionized groups causing the increase in swelling degree resulting in the
higher amount of paracetamol released [234]. In addition, glycerol in capsule could
also be dissolved in both SGF and SIF allowing the formation of the voids in polymer
matrix and leading to a fast release of paracetamol. Moreover, carrageenan used in
this study was food-grade which is the mixture of iota, kappa, and lambda
carrageenans. |t was reported that lambda carrageenan is incapable of forming a
double helix; therefore, it cannot form cel [198]. Because of this reason, when
immersing capsule in tested fluid, uncrosslink part was easily dissolved from the
capsule resulting in the higher amount of paracetamol released. Additionally,
paracetamol loaded was in powder form for the capsule but in tablet form for the
sealed bag. The former, thus, was easily dissolved in tested fluid causing the higher
amount of paracetamol released comparing to the latter.

Fig. 4.49 shows the photographs of the capsules after releasing paracetamol.
It was found that the shell of HC505A50Ca capsule still maintained, meanwhile, the
shell of the SACa capsule disintegrated. The results indicated that the predominant
mechanisms for controlled release drug were the swelling mechanism for
HC505A50Ca capsule and erosion mechanism for SACa capsule.
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Figure 4.48 Percentages of paracetamol release from the capsules after immersing in
SGF for 2-h followed by SIF for 6 hat 37 °C.

Figure 4.49 The photographs of the capsules after releasing paracetamol:
(a) HC50SA50Ca capsule and (b) SACa capsule.

4.5.3 MTT assay
Cell viability of the synthesized capsules was determined following the MTT

assay. The average percentages of cytotoxicity of HC50SA50 and SA capsules
crosslinked by 0.5 M CaCl, were 9.73+3.22 and 8.72+1.46, respectively. It could be
concluded that the prepared capsules were not toxic to human cells.
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Consequently, the capsules formed by HC and SA were successfully prepared
by using dipping process. Carrageenan and glycerol were added to manufacture the
capsule. The HC50SA50Ca capsule showed the linearity of drug release profile and
all paracetamol was released in SIF. Additionally, all the prepared capsules were
noncytotoxic. The comprehensive results of this study suggested their potential in

controlled drug release in small intestine.



Chapter 5
Conclusions and Recommendations

5.1 Conclusions

This research successfully prepared the novel pH-sensitive hydroxyethylacryl
chitosan (HC)/ sodium alginate (SA) hydrogels using various metal ions (Ca2+, zn”" and
Cu2+) as crosslinkers for a site-specific oral drug delivery. Firstly, HC was synthesized
by Michael addition reaction of chitosan and hydroxyethylacrylate. The structure of
synthesized HC was confirmed by FT-IR, 1H-NMR, and XRD. [t was found that the
synthesized HC could dissolve in water at 70 °C. The optimum conditions to obtain
the highest yield of HC were 60 °C of temperature and 48 h of time. The yield, DS
and M,, of the synthesized HC were 80%, 1.22 and 62,700 Daltons, respectively.

The HC/SA films were prepared by using solvent casting method. The
crosslinked HC/SA films were obtained by dipping the HC/SA films into various metal
ions solution (Ca2+, Zn2+ and Cu2+). FT-IR results demonstrated that Ca2+ ions could
crosslink only SA through the formation of ionic bonds while 7n”" and Cu” ions
could crosslink both HC through the formation of coordinate bonds and SA through
the formation of partially ionic or coordinate bonds. It was found that these
hydrogel films possessed pH-sensitive properties. The HC/SA hydrogel films were
stable in simulated gastric fluid (SGF, pH 1.2) but degraded in simulated intestinal
fluid (SIF, pH 7.4). In addition, the combination between HC and SA could delay the
degradation rate of the hydrogel films in simulated gastrointestinal fluid (SGF
followed by SIF) due to the formation of polyelectrolyte complexes between HC and
SA during the transfer of the film from SGF to SIF. Furthermore, the calcium
crosslinked film exhibited the higher stability in simulated gastrointestinal fluid than
that of zinc or copper crosslinked film because the complexation of HC by zinc or
copper ions impeded the formation of polyelectrolyte complexes between HC and
SA. The release profiles of paracetamol from sealed bags formed by HC/SA hydroeel
films in simulated gastrointestinal fluid were also investigated. The results showed
that the amount of paracetamol released in SGF was relatively low (< 20%) and the
burst release of paracetamol in SIF was depressed by increasing HC content and/or
applying crosslinker. The rate of drug release from calcium crosslinking system was
much slower than that from zinc or copper crosslinking system because of the higher
stability in calcium crosslinking system.  The sealed bag formed by the
non-crosslinked HC755A25 films demonstrated the linearity of drug release profile
and almost all paracetamol was released in SIF. This formulation, thus, can be a
good candidate to be used for controlling drug release in the small intestine.
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Interestingly, the HC50SA50 formulation crosslinked with 0.5 M calcium chloride
exhibited the relatively low drug release in simulated gastrointestinal fluid (< 20%).
This indicated that this formulation could be a potential candidate for a site-specific
drug delivery in the colon.

The HC/SA hydrogel capsules were also prepared by dipping process using
carrageenan  and glycerol as gelling agent and plasticizer, respectively.
The HC505A50 capsule crosslinked with 0.5 M calcium chloride showed the linearity
of drug release profile and paracetamol was completely released in SIF. The results
suggested that this formulation could be a potential candidate for controlled drug
release in small intestine.

In summary, this development of HC/SA hydrogels using various metal ions as
crosslinkers  reported in  this thesis showed their pH-sensitive behavior.
This demonstrated that HC/SA hydrogels can be further tailored to expand the
utilization of these systems in controlled drug release in different parts of the body.

5.2 Recommendations

1. Repeat some of the studies reported in this thesis using different drugs
(hydrophobic and/or of higher molecular weight).

2. If the capsule with lowering drug release is required, the grade of
carrageenan used (food grade carrageenan) should be changed to pure iota
carrageenan and pure kappa carrageenan.

3. The processes of capsule preparation should be developed for larger

production scale.
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A.1 FT-IR

A.2 XRD

Appendix A: Characterization of HCs
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Figure A-1 FT-IR spectra of CS and HCs.
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Figure A-2 XRD patterns of CS and HCs.

145



1
A.3 H-NMR
__—Jj b\—/L—/d-s—
.JM
[ L/\ AL} HeC2
NN\ V757 V00
LJ/LNM
| T T30 " ]
5 4 ppm 3 F
§ 1
Figure A-3 H-NMR spectra of CS and HCs.
A.4 GPC
S.DGi
6.00
uwy
3
4.60- 2
E o
PO
=
2.00+
0.00
+2.00~
0.00 500 1000 15,00 20,00
Minutes
Mn Mw MP Mz Mz+1 \ .
(Daltons) | (Daltons) | Daltons | (Daltons) | (Daltons) | ToMEIESYY
T| 141512 ] 833068 | 360045 | 2614411 | 4708138 | 5886689

Figure A-4 GPC chromatogram of CS.

146



15.001
10.00-
!
i
5.00- 3
@
7]
0.00 - :
-5.00+
QDO e - —
0.00 500 10,00 15.00 2000
o Mnutes
Mn Mw MP F4 Mz+1 f
(Dzltons) | (Daltons) | (Daltons) | {Daltons) | {Daltans) Polydispersity
1 28689 627221 59441 108338 160374 2.185264
Figure A-5 GPC chromatogram of HC1.
10,00
8.00-
£.00-
400
i ©
o
2.00- s
) /4
0.00 = T
2007
4,00
-S.OO*“
000 500 1000 500 2000
Maules
Mn Mw MP Mz Mz+1 .
(Daltons) | {Daltons) | (Daltans) | (Daltens) | (Daltors} Polydispersity
1 26383 46836 44126 71857 89043 1.775220

Figure A-6 GPC chromatogram of HC2,

147



MV

148

10.00-;
8.00-
B8.00
400+

200~

iﬁ?aze

0.00 - -

o® 50 1000 1500 2000
3 Mnutes

Mn Mw MP Mz Mz+1

{Daltons} | (Daltons) | {Daltons) | (Daltons} | Daliansy | T dispersity

1| e24252| s57eeB| s57126| 66811 142844 2.388484
Figure A-7 GPC chromatogram of HC3.
10,001
8,004
E.DO'E:
4,00~
_ ~ !
4 w
200 T
0.001 M\_‘
2,00
400"
-6.00-
000 500 1000 1500 2000
- Ninutes
Min Mw MP Mz Mz+1 Polvdispersit
{Daltons) | {Daltens) | (Caltons) | (Daltons) ; (Daltons) yaisp Y
1] 20027| 47842| 47617| 78808| 113872 2.285117

Figure A-8 GPC chromatogram of HC4.



149

Appendix B: Calculation

B.1 Degree of deacetylation of CS
The degree of deacetylation (DD) of CS was calculated with the method
proposed by Hirai et al. [171] using equation as follows:

1 1
DD =1-— (EHT'/EHZ,Z’—G,G‘) (B'l)

where Hy is peak area for the signal from —CHs(7')~ protons and Hyx'sg' is the
summation of peak areas for the signal from -CH(2, 2, 3, 3, 4, 4", 5 and 5') protons
and —CH,(6 and 6')- protons.

L 7 L -
H3,3,Haa,Hs 5 Ha g

lllll|I!lllllll]lll|lll’ll[l‘lli!lllllillllllli'

5 4 ppm 3 A

Figure B-1 "H-NMR spectra of CS.

The peak areas of each signals was obtained by Image) program. H;' and

Ha2'66 Were 96 and 3173, respectively.
DD=1 196 13173
= (.94

Therefore, the degree of deacetylation of CS was 0.94.
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B.2 Degrees of substitution of HCs
The proposed structure of HCs is shown in Fig. B-2.

Figure B-2 Proposed structure of HCs.

The degrees of substitution (DS) of HCs were calculated using equation as
follows:

Hy,/2
NN b/
Hz,z'

(B-2)

Where Hy, is peak area for the signal from —CH(b)- protons and H, . is peak
area for the signal from -CH(2 and 2')- protons.

For example,

Hzz,Hea Hs s Hap HeHa

I'—'l_\

IIIIIIIII ilolilall‘r’iillillit[ll‘llilll]ltlllil:

5 4 ppm 3 2
Figure B-3 'H-NMR spectra of HC1.
The peak areas of each signals was obtained by ImageJ program. H, and H,
were 815 and 334, respectively.

815/2
DS = /

T334

=122

Therefore, the degree of substitution of HC1 was 1.22.



B.3 Average molecular weight per repeating unit

Before calculating average molecular weight per repeating unit (Mwy,y) of HCs,
average molecular weight per repeating unit of CS Used in the reaction was needed
to be firstly determined. It should be mentioned again that CS is the product from

deacetylation of chitin as illustrated in Figure B-4.
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Figure B-4 Deacetylation reaction of chitin.

Therefore, average molecular weight per repeating unit of CS could be

determined as following equation:
MWiyate OFCS = (Mwypi; OF chitin — (MWaceryt X DDcs) ) + (Mwy X DDcs)  (B-3)
= (203 - (43 X 0.94)) + (1 x 0.94)
=163.52

Therefore, average molecular weight per repeating unit of CS was 163.52.

Thereafter, average molecular weight per repeating unit of HCs was

calculated using equation as follows:

MWynir Of HC = (Mwiypge 0f CS — (Mwy X DSyc)) + (Mwygg X DSyc) (B-4)

For example,
From the section B.2, DS of HC1 was 1.22.

Mwynie of HC1 = (163.52 - (1x 1.22)) + (117 x 1.22)

=305.04 .

Therefore, average molecular weight per repeating unit of HC1 was 305.04.
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B.4 Percent yield
Theoretical weight of HCs was calculated using equation as follows:

weight of CS

m X Mwunit of HC (B'S)
unt

Theoretical weight of HC =

For example,
Weight of CS used in the reaction was 3 g. From the section B.3, average
molecular weight per repeating unit of CS and HC1 were 163.52 and 305.04,

respectively.

Theoretical weight of HC1 = x 305.04

163.52

=56g

Therefore, theoretical weight of HC1 was 5.6 g.

Percent yield of products could be calculated using equation as follows:

Actual weight (B-6)

o Yield =
icle Theroretical weightX 190

For example,
After the reaction, 4.48 g of HC1 (product) was obtained. Therefore,

, 4.48
%Yield = ——x 100

= 80%

Therefore, percent yield of HC1 was 80%.
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Appendix C: Characterization of HC/SA films

C.1FT4R

L — HC
\/ . W
' HC50SA50 \JW
HC25SA75 W
1

%Transmittance

|

=

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Figure C-1 FT-IR spectra of HC/SA film:s.
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C.2 SEM

HC755A25

HC505A50 HC505A50

Figure C-2 SEM micrographs (800X) of cross-section of the HC/SA films.
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Appendix D: Characterization of crosslinked
HC/SA films
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Figure D-1 FT-IR spectra of calcium crosslinked HC/SA films.
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Figure D-2 FT-IR spectra of zinc crosslinked HC/SA films.




%Transmittance

Figure D-3 FT-IR spectra of copper crosslinked HC/SA films.
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Figure D-4 SEM-EDS micrographs of

the entire film thickness showing two-

. . N R 2+ . ,
dimensional distribution of Ca”~ ions on the cross-section of calcium

crosslinked HC/SA films.
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HC-Zn0.5 : ' | HCT5SA25-Zn0.5

HC255A75-Zn0.5

SA-Zn0.5

m

Figure D-5 SEM-EDS micrographs of the entire film thickness showing two-
dimensional distribution of Zn2+ ions on the cross-section of zinc
crosslinked HC/SA films.
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i
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Figure D-6 SEM-EDS micrographs of the entire film thickness showing two-
dimensional distribution of cu® ions on the cross-section of copper

crosslinked HC/SA films.



Appendix E: Swelling behavior

E.1 Distilled water

Table E-1 Swelling behavior of the HC/SA films in distilled water at 37 °C.
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Time Swelling degree (%)
{min) HC HCT55A25 HC505A50 HC255A75 SA
0 0 0 0 0 0
5 4850104 2083+129 2201231 1490+24 168374
10 617549 3734=362 2244202 1334336 11642139
15 7192+238 4407308 92259 50571 443+111
20 7804+140 4710+15% 30790 T2x42 126131
30 8660+274 4901+145 6711 0 0
45 9425+358 4606154 63
60 10235x345 4284+170 0
90 112454372 3719+183
120 12134493 2555475
180 13113+464 4724342
240 14000+1894 38:+35
300 14600460 0
360 14809459
1440 2466%640

Table E-2 Swelling behavior of the 0.05 M calcium crosslinked HC/SA films in
distilled water at 37 °C.

Time swelling degree (%)
(pmin} HCT55A25-Ca0.05 HC505A50-C20.05 HC255A75-Ca0.05 SA-Ca0.05
9 C 0 0 a
5 354120 23824 161221 91xd
10 423536 275+23 19611 12418
15 46138 293426 211817 140118
20 45649 30631 2168 18326
30 475104 215424 2783 159211
45 495+47 322+28 228+7 1619
60 513252 328433 24225 15710
50 535257 333427 23726 1525
120 54058 339x29 247+8 1695
160 559453 352427 243£15 16742
240 56456 35923 2595 17116
300 50261 362404 25910 168210
560 502+53 263x33 25016 16243
1440 602437 38730 266+11 16010
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Table E-3 Swelling behavior of the 0.1 M calcium crosslinked HC/SA films in distilled

water at 37 °C.

Time Swelling degree (%)
(roin) HC755A25-Cat. ! HC50SA50-Ca0.1 HC255AT5-Ca0.1 SA-Ca0.1
0 0 0 0 0
5 337223 134266 112435 92:31
10 414218 24018 175217 127115
15 447227 26016 189:18 14226
2 45818 27611 195+18 150£7
30 450224 285512 20249 15543
a5 50827 28922 19814 14819
60 508+24 297123 20718 148+5
90 514x12 252+10 21017 15225
129 500127 30610 21412 15013
180 52471 300<2 21045 18526
240 50822 30516 211212 15224
300 497213 30410 217214 16745
360 4547 30445 218+12 15245
1440 455416 307222 221217 15212

Table E-4 Swelling behavior of the 0.25 M

distilled water at 37 °C.

calcium crosslinked HC/SA films in

Time swelling degree (%)}
(i) HC755A25-Ca0.25 HC505A50-Ca0.25 HC255A75-Ca0.25 SA-Ca0.25
0 c g o 0
5 20955 191=15 898 92+14
10 324420 22827 160+7 126£7
15 3684 24310 17129 13122
20 38521 2493 17742 137212
30 400+13 25314 17423 13211
45 409+12 256=5 18224 13027
60 412429 25511 17921 13125
90 43123 26814 18021 13129
120 433428 26346 18710 1249
180 43926 265:9 18143 14528
240 44413 27416 1833 125:8
300 442419 26611 19229 13245
360 4473 2703 18327 1308
1440 42630 27333 19516 13027
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Table E-5 Swelling behavior of the 0.5 M calcium crosslinked HC/SA films in distilled

water at 37 °C.

Time Swelling degree (%)
{min} HCT5SA25-Cal.5 HC50SA50-Cat.5 HC255A75-Ca0.5 SA-Cal.5
) 0 0 0 0
5 1929 14820 15128 89+3
10 262420 20926 176416 115114
15 346221 219s11 18211 10923
20 362123 229417 176221 10928
30 370+20 22017 174=9 10824
a5 391212 236112 17825 11725
60 410+13 24716 1847 11529
90 413131 20114 179210 11311
120 42416 20012 1677 122414
180 436215 251422 1857 12211
240 42043 25810 1887 12247
300 43818 25973 2008 12726
360 429430 263120 19428 12311
1440 30426 26117 18426 12047

Table E-6 Swelling behavior of the 0.5 M zinc crosslinked HC/SA films in distilled

water at 37 °C.

Time Swelling degree (%)
(min) HCT55A25-Zn0.5 HC505A50-2n0.5 HC 255A75-2n0.5 SA-ZN0.5
0 0 0 0 0
5 128+7 9016 8910 8616
10 195210 12226 1224 12013
15 22112 136212 13542 12726
20 232414 14129 13621 13121
30 22921 132:5 1303 12823
45 23317 13623 12647 13024
60 23819 1504 12304 12523
90 204126 13323 12322 11724
120 20525 1307 12545 12521
180 24932 13210 12545 12620
240 251235 13229 12324 12325
390 255:38 13216 12322 12312
360 256443 12823 1187 11926
1440 241125 12325 11516 11721
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behavior of the 0.5 M cOpper crosslinked HC/SA films in distilled

Table E-7 Swelling
water at 37 °C.

E.2 Calcium chtoride solutions

Table E-8 Swelling behavior of the HC/SA films in 0,05 M calcium chloride solution.




Table E-9 Swelling behavior of the HC/SA films in 0.1 M calcium chloride solution.

Time Swelling degree (%)

{min) HC755425 HC50SA50 HC255A75 SA
0 0 0 0 0
0.25 1103 8714 662 90+3
05 17243 1314 10122 14623
0.75 20243 15724 11922 17223
1 22316 17126 13122 1845
15 2435 17827 142+3 18925
2 24427 17829 14721 1962
3 2498 17522 18924 1891
4 2513 17243 1674 17925
5 25243 1691 14252 1606
10 2603 1671 13122 15228
15 26552 1662 12823 14527
20 2685 16245 12545 1403
30 27215 1685 1266 1572
45 2754 16716 1234 13224
40 27515 16817 12124 12924

163

Table E-10 Swelling behavior of the HC/SA films in 0.25 M calcium chloride solution.

Time Swelling degree (%)

4 HCT55A25 HC505A50 HC255A75 sA
0 0 ¢ ¢ 0
0.25 8222 8113 5712 504
0.5 13122 11323 8111 7625
675 15542 12928 942 89=3
1 16824 1805 1003 9722
15 18515 14715 10613 10724
2 1941 14824 108:2 10845
3 19922 1484 1082 1085
4 203=3 14722 109+2 1046
5 20125 148:2 10721 1002
10 2204 14955 10315 9322
15 2284 15025 10215 9043
20 23724 14825 1014 B84
30 23826 14624 992 8724
a5 23916 1534 1012 8gx1
60 205+7 1524 983 83=1
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Table E-11 Swelling behavior of the HC/SA films in 0.5 M calcium chloride solution.

Swelling degree (%)

Time
(mir) HCT55A25 HC505A50 HC255AT5 sA
0 0 0 0 0
0.25 T2+2 622 48z1 412
05 11322 901 7051 5612
0.75 1383 1052 Bdz2 664
1 15521 116=3 9342 T1£5
15 16724 11922 1011 785
2 17745 120£1 10413 8315
3 1843 12124 1052 8646
4 19526 1223 103£2 863
5 20127 12523 10122 Bdx2
10 21426 15243 1004 7343
15 22516 133+5 10043 693
20 23127 13721 10123 700
30 23849 13742 10224 7124
45 242:10 1403 1015 7121
60 26210 1404 16121 70+3

E.3 Simulated gastric fluid (SGF, pH 1.2)

Table E-12 Swelling behavior of the HC/SA films in SGF at 37 °C.

Titne Swelling degree (%)
(min) HC HCT55A25 HC505A50 HC255A75 SA
0 0 ¢ ¢ 0 0
5 12172139 45813 37816 550+48 591427
10 2193222 82735 5097 525+32 501121
15 2858230 94016 582413 514425 459421
20 12634259 924214 62026 507230 447119
30 3527144 282:16 6306 502:29 44018
45 5680206 83016 6205 49828 430420
60 3866£177 80515 616210 489229 42413
90 399258 768+22 60511 487122 415+10
120 4025453 75011 605214 481275 415426
180 3956218 71420 5861 476123 4099
240 380096 69714 58225 474225 37224
300 3540167 676£17 5767 461420 29024
360 34062115 66925 580£11 455419 38625
1440 177231 61715 549612 452426 381211
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Table E-13 Swelling behavior of the 0.05 M calcium crosslinked HC/SA films in SGF

at 37 °C,
Time Swelling degree (%)
(min) HC755A25-Ca0.05 HC505A50-Ca0.05 HC255A75-Ca0.05 SA-Ca0.05
0 0 0 0 0
5 577+34 338212 20819 118224
10 960237 465122 27324 15310
15 103624 54170 29424 175£13
20 10336 56044 2983 17510
30 99811 572450 293211 18319
45 940217 560244 28816 1768
60 905214 566432 29747 17552
%0 87129 55033 28816 18629
120 857126 547127 28022 18611
180 81932 54833 2934 18511
240 77529 535130 2977 172213
300 75057 544223 29914 1838
360 730:15 535433 28316 175510
1440 65916 51921 29311 17227

Table E-14 Swelling behavior of the 0.1 M calcium crosslinked HC/SA films in SGF

at 37 °C.
Time Swelling degree (%)
(min} HC755A25-Ca0,1 HC50SA50-Ca. 1 HC258A75-Ca0.1 SA-Cal.1
0 o 0 ¢

5 48930 310£25 1949 136+12
10 817466 45836 260£13 17428
15 101131 524214 28547 175215
20 102430 540:18 203412 18215
30 1011227 535418 28049 18318
a5 95951 532425 288224 187+4
60 916457 527422 2518 183+1
90 590260 530£19 285£12 17624
120 872451 510214 2879 18127
180 821241 513416 27925 17149
249 811:46 50224 2846 17127
300 799438 50623 28529 16849
360 764247 49624 282418 1755
1440 717233 489226 27617 17628
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Table E-15 Swelling behavior of the 0.25 M calcium crosslinked HC/SA films in SGF

at 37 °C.
Time Swelling degree (%)
{min} HC755A25-C20.25 HC50SA50-Ca0.25 HC255A75-Ca0.25 $A-Ca0.25
0 0 0 0 ¢
5 425154 292:29 19318 128432
10 760222 44041 253211 159427
15 941273 499245 267217 17815
20 951279 502146 265:22 1776
30 933274 49946 27315 175220
a5 910462 493251 267216 172£16
60 889252 497285 269:16 167:8
90 Bag=a7 47640 259+18 17546
120 83250 474251 255+18 16545
180 795435 469141 258116 169+8
240 77532 46148 25917 172:13
300 751233 247246 264213 174411
360 753233 45943 255215 174212
1440 68640 440237 254225 169:14

Table E-16 Swelling behavior of the 0.5 M calcium crosslinked HC/SA films in SGF

at 37 °C.
Time Swelling degree (%)
{pnin) HC755A25-Ca0.5 HC505A50-Ca0.5 HC255A75-Ca0.5 SA-Ca0.5
0 0 0 o c
5 45117 23322 183£12 12347
10 759255 40060 2429 156+2
15 94321 19928 2686 158210
20 94549 520211 261112 16249
N 938216 52314 26214 1594
a5 88127 51745 2512 157412
60 §56+24 51024 25325 1564
90 50623 5024 251:7 1578
120 770:23 50113 2483 14528
180 728239 48719 24543 1546
260 711222 48912 24213 15410
300 69523 48612 24614 15023
360 673452 482214 20216 19811
1440 556130 4659 2466 1575
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Table E-17 Swelling behavior of the 0.5 M zinc crosslinked HC/SA films in S5GF

at 37 °C.
Time Swelling degree (96)
(min) HC-Zn0.5 HCT55A25-Zn0.5 | HCS50SA50-Zn0.5 | HC255A75-Zn0.5 SA-Zn0.5
0 o 0 0 0 0
5 59679 27826 21010 144210 1614
1 1196390 47112 300:18 19320 1571
15 23442255 67917 45511 21915 19524
20 2871177 68432 52813 22516 18747
30 3072:100 638+30 53716 23545 18923
a5 3109290 588216 53910 23616 1894
60 31012215 58024 54218 23916 190=3
90 3070178 545127 53114 23211 18129
120 3080182 53224 52712 235112 18426
180 20452258 52319 527:17 23610 18626
240 2500134 50610 519213 23110 18418
300 2251169 39324 50915 22918 18416
360 1756130 50017 503213 22912 18349
1440 50447 249:21 48712 221215 1786

Table E-18 Swelling behavior of the 0.5 M copper crosslinked HC/SA films in SGF

at 37 °C.
Time Swelling degree (%)
{min} HC-Cu0.5 HCTSSA25-Cu0.5 | HCS0SA50-Cu0.5 | HC25SAT5-Cu0.5 5A-CU0.5
0 0 0 0 0 0
5 4092118 268215 142£35 10323 10516
10 1096261 440244 20437 13228 13846
15 17354452 57622 25063 17715 1592
20 22154431 606225 377261 20713 168210
30 26612133 600233 461220 228£16 16229
a5 26812169 58322 a74x1 236415 161210
60 300969 574223 480=14 231210 157210
90 2874193 57926 470423 235412 155211
120 26062270 56325 4578 232413 15328
180 71932363 561225 45719 23315 161+3
240 1342363 55911 45216 232412 153210
300 787128 55218 44d=12 225+14 15610
360 329292 53912 43918 22612 1566
1440 1622 52118 412:16 216114 152:11




E.4 Simulated intestinal fluid (SIF, pH 7.4)

Table E-19 Swelling behavior of the HC/SA film

s in SIF at 37 °C.
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r Time swelling degree (%) j

(pwin) HC HC755A25 HC5GSA50 HC255A75 SA
o] 0 0 0 0 0
5 1501+201 88110 790+185 109987 g57+126
10 2114268 136373 13441214 1252+92 1338178
15 249946 1756106 152467 1224x55 1300199
20 276357 2094+138 16003 1056+128 1109£214
30 2964+42 24712137 149038 860x18 791+74
a5 3136260 2851113 133464 54349 346233
60 32B6+55 3121£154 1041142 27618 142425
90 3409+82 3275+134 494+113 2824 120
120 3487+109 333792 186+60 0 0
180 3575+92 3374137 [ES]

240 3651184 3353+209 ¢

200 3690+88 2895404

360 3744:104 1862310

1440 36356451 0

Table E-20 Swelling behavi

or of the 0.05 M calcium crosslinked HC/SA films in SIF

at 37 °C.
Time swelling degree (%)
(min) HC755425-Ca0.05 HC505A50-Cal.05 HC255A75-Ca0.05 SA-Ca0.05
0 0 0 ¢ 0
5 344183 273+16 17731 104225
10 463255 358127 25746 15324
15 53156 400+25 30746 20112
20 597+66 41914 337455 236:+17
30 68971 451+34 364x47 2795
45 §29+102 191+33 386+46 314+18
60 942171 532443 40144 321x15
90 1089445 59744 431+54 362+15
120 1225x10% 696=20 45274 381£22
180 1401485 870246 553121 41914
240 718+197 102346 636:158 45125
300 413+87 11627 743:241 493+36
360 219+99 95277 795£179 502+41
420 164+65 43594 7042106 599+51
430 134+50 286x52 561x142 63764
540 12545 12025 482493 702+60
600 110+39 87x24 442+70 777479
660 108+37 58x16 36960 80641
720 100+40 59x17 334251 84573
780 86x25 58+17 259266 950+30
§40 77+10 q47+11 193420 92860
00 76420 4110 131+34 952+10
960 69+24 40+10 6113 782+51
1440 33+11 39+16 5110 12557
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Table E-21 Swelling behavior of the 0.1 M calcium crosslinked HC/SA films in SIF

at 37 °C.
Time Swelling degree (%)
{mim) HC75$A25-Ca.1 HC50SA50-Ca0.1 HC255A75-Ca0.1 SA-Ca0.1
o 0 0 0
5 265166 219212 154225 111215
10 38545 294220 199214 15341
15 45441 318+3 227121 1924
20 52151 352214 239415 2058
30 62462 381213 262431 21547
a5 753108 423£14 285:26 220:16
60 88692 46725 2589 2312
50 1093483 54323 321£24 241113
120 1270£223 61717 337:29 250414
180 1260423 75611 401570 255412
240 60532 250+23 466289 26215
300 336177 90944 542:98 2706
360 177219 621263 632488 2863
420 119217 289488 743447 289173
480 117228 182227 736486 292428
540 81233 10444 59544 309429
600 66=24 50+11 485247 314217
660 5726 43114 365475 331217
720 50212 4614 20989 32047
780 4526 616 141261 340215
240 48212 41218 9227 3519
90C 39211 42420 6010 356424
960 9143 42111 40415 373136
1440 2912 4416 211 50436
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Table E-22 Swelling behavior of the 0.25 M calcium crosslinked HC/SA films in SIF

at 37 °C,
Time swelling degree (%)
{rmin) HC755A25-Ca0.25 HC505A50-Ca0.25 HC255A75-Ca0.25 SA-Ca0.25
0 0 0 0 0
5 289435 226241 13436 111210
10 393241 285236 161232 147211
15 48564 328141 20224 16547
20 55068 356140 22816 168221
30 657280 39760 23626 18625
a5 81625 440188 26761 19414
60 979298 496111 29812 19942
50 1137165 596142 300211 20215
120 1214157 716215 34221 20511
180 1291225 894159 407220 21023
240 29824 81639 50665 21613
300 17215 483167 62671 21827
350 8027 201:22 115152 2334
420 653 9025 702215 23611
480 5047 3047 786272 23518
540 446 2913 64840 20115
600 36212 2412 438196 25031
§60 2313 2224 259213 256420
720 1722 3345 110+33 257217
780 162 265 3515 268226
840 8+1 1642 296 26315
900 722 921 1722 273£12
960 522 943 11x1 277422
1240 51 511 1023 333128
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Table E-23 Swelling behavior of the 0.5 M calcium crosslinked HC/SA films in SIF

at 37 °C.
Time Swelling degree (%)
(min) HC755A25-Ca0. 5 HC50SA50-Ca0.5 HC258A75-Cad.5 SA-Cal.5
0 0 0 0
5 242211 13961 90216 9112
10 33423 203232 150£40 11412
15 4041 20530 175+44 13115
20 45844 272+28 19142 143+15
30 556+23 304226 20846 150210
a5 66138 33726 217243 154:£20
66 75130 372433 236249 170£13
90 927423 404236 260245 176£13
120 1092=130 50748 274250 1788
180 1225277 658+58 302454 17942
200 104722 781254 333160 18711
300 632455 95663 38588 18621
360 255460 79928 421286 18924
420 15658 508213 478282 19421
480 117249 38664 50794 19915
546 82x12 14016 590299 2009
600 59426 48213 59594 208+4
660 6316 3118 580463 21329
720 42115 2949 56376 21616
780 4011 1125 506+70 220215
840 30:9 102 500+56 235223
9206 3045 10+1 436159 22918
960 2845 51 404133 2339
1440 2716 1x1 10134 207217
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Table E-24  Swelling behavior of the 0.5 M zinc crosslinked HC/SA films in SIF

at 37 °C.
Time Swelling degree (%)
(min) HC-Zn0.5 HC755A25-Zn0.5 | HCS0SAS0-Zn0.5 | HC255A75-Zn0.5 SA-Zn0.5
0 0 0 0 0 0
5 20026 115:14 989 1011 8022
10 23613 13047 118212 13122 11125
15 75317 13348 1288 1285 116x2
2 27124 13548 13012 12923 12547
30 28243 1469 14911 156412 183£3
a5 319:4 161216 2001 200236 200+7
&0 34618 17525 2541 26534 2988
%0 369:2 1962 37712 360443 48625
120 4002 22212 39616 437:41 63415
180 146112 25018 535151 56980 583287
240 49115 276216 600£22 761221 251273
300 56143 28526 58623 879429 56+15
360 65728 296139 55748 BBS£36 o
420 71124 303423 51942 86735
480 79420 309226 51915 780248

Table E-25 Swelling behavior of the 0.5 M copper crosslinked HC/SA films in SIF

at 37 °C.
Time Swelling degree (%)
(min) HC-Cu0.5 HC75SAZ5-Cuds |  HCS0SA50-Cu0.5 HC255A75-Cu.5 5A-CU0.5
0 0 0 0 0 0
5 14623 12114 7127 7623 833
10 1824 15349 1046 1038 10110
15 2099 16710 102s5 10945 109:12
20 22611 172118 10222 10627 11016
39 208412 190214 1054 10826 11621
45 28117 19223 10512 10322 1205
60 309:16 208413 1077 10921 11743
9 336423 206:17 1095 11015 1195
120 36320 215216 10915 10842 12322
18¢ 409416 221517 10326 10727 1254
200 441225 224116 104219 1066 11929
300 477427 229415 10225 10621 1298
360 511x39 228+18 1055 11224 12848
420 539449 237223 10312 111212 12723
480 579453 235421 10822 11718 1252




E.5 Simulated gastrointestinal fluid (SGF followed by SIF)
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Table E-26 Swelling behavior of the HC/SA films in simulated gastrointestinat fluid

at 37 °C.
Swelling degree (%)

Time
(min) HC755425 HC505A50 HC255ATS SA

) 0 0 0 0
15 675432 357428 297119 469488
39 75731 439211 305£21 50336
45 713430 45618 304226 482430
60 695138 450415 30625 472234
ag 67036 448210 300222 452438
120 651425 4698 205427 455235
135 207+32 2384 245427 513+34
150 291513 23529 271219 60153
165 3617 256216 297425 £9347C
180 465220 28110 333425 721282
210 716263 33013 395436 574495
240 1013283 297231 439246 1049271
300 1015230 52444 5849 953437
360 603133 7202106 6932 514146
420 1922114 923250 76043 117438
480 40435 109859 801247 541

Table E-27 Swelling bebavior of the 0.1 M calcium crosslinked HC/SA films in
simulated eastrointestinal fluid at 37 °C.

Swelling degree {%)
Time
{min) HC755A25-Cal,.1 HC505A50-Ca0.1 HC255AT5-Ca.1 SA-Ca0,1
0 0 0 0 0

15 $61=49 37527 20023 1838
30 1014+21 4446 219+20 18710
45 Y66+16 44916 226x13 1918
£0 936122 43744 22349 18618
90 883x14 445+3 22219 1837
120 881+33 43716 230x19 187410
135 66131 256+11 179+18 204415
150 533438 245+7 200+14 243220
165 555+39 2651 228+15 287+34
180 67051 288+1 246x18 359438
210 841488 33145 300+38 504+26
240 1099292 4006 361252 61188
300 15092212 52836 462+51 566458
260 1286+153 70670 580+49 397+35
420 853490 910+61 67393 73£10
480 591+33 1069£53 787184 ¢




Table E-28 Swelling behavior of the 0.5 M calcium crosslinked HC/SA films in

simulated gastrointestinal fiuid at 37 °C.

Swelling degree (%6}
Time
(min) HCT55A25-Ca0.5 HC505A50-Ca0.5 HC255A75-Ca0.5 SA-Ca0.5

0 0 0 0 0

15 794x54 407453 23510 18718
30 84318 454151 25710 193215
45 B37:14 458156 265£13 196215
60 8199 45855 25928 199:8
30 7978 445246 250110 192:16
120 78616 44146 256217 1859
135 20649 252445 221213 20812
150 29040 230£31 229:18 22917
165 319442 261142 254£10 26523
180 393246 297449 272429 30135
210 52448 305258 315437 42880
240 74794 42692 351232 552290
300 1043165 58987 436252 62070
360 1261228 830486 547189 562257
420 1420+316 1091291 65170 35821
480 14772300 1294136 769156 132433

Table E-29 Swelling behavior of the 0.5 M zinc crosslinked HC/SA films in simulated

gastrointestinal fluid at 37 °C.

Swelling degree (%)
Time
{min) HC755A25-Zn0.5 HC50$A50-2n0.5 HC255A75-Zn0.5 SA-ZN0.5
0 0 0 0 o
15 686213 36837 22026 177:14
30 78849 4168 2242 17812
as 772212 40910 22721 17629
60 71024 40914 22116 173212
90 73011 40011 22319 175:13
120 73322 40125 22016 1687
135 352:10 213517 17928 187£12
150 27712 22242 19221 22119
165 350214 24411 20913 20527
180 3923 26315 22915 283238
210 49960 33413 26713 34951
240 603289 406£24 30915 39950
300 768271 55640 369215 34941
360 54755 76573 460+29 25546
420 105346 100567 521455 135433
480 1121258 1141263 564163 0
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Table E-30 Swelling behavior of the 0.5 M copper crosslinked HC/SA films in
simulated gastrointestinal fluid at 37 °C.

Swelling degree (%)

Time

(min} HC755A25-Cu0.5 HC505A50-Cu0.5 HC255A75-Cu0.5 SA-CUC.5
0 0 0 0 0
15 695277 395237 213415 16525
30 704276 49216 230211 1561
a5 695468 450410 2387 15122
60 68368 48426 2317 14724
90 66166 47616 22844 14148
120 656465 48013 22319 14519
135 22747 260+22 18610 15719
150 23737 257240 2046 18313
165 308248 269234 220111 20745
180 373273 303431 253220 226225
710 561221 36646 288229 284239
240 782136 444249 328131 311247
300 10541166 581468 a00:24 30644
360 1121113 788166 48026 20959
420 11132134 100739 559433 16854
480 1069111 1114286 61741 1017
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Appendix F: Gel content

Table F-1 Gel contents of the films in distilled water for 24 h at 37 °C.

Sample Gel content (%)
RC 8.94+1.76
HC755A25 0
HC505A50 0
HC255A75 g
SA 0
HC755A25-Ca0.05 71.01+2.64
HC505A50-Ca0.05 91,03+1.31
HC255A75-Ca0.05 98.83:1.13
SA-Cal.05 §9.00+0.01
HC755A25-Cal.1 66.39+1.44
HC505A50-Ca0.1 90.76+2.33%
HC255A75-Cal.1 97.84x1,22
SA-Cal.l 99.4420.46
HCT55A25-Cal.25 69.68+4.59
HC505A450-Ca0.25 50.58+0.95
HC255A75-Ca0.25 96.65+0.85
SA-Ca0.25 97,71%1.70
HC755A25-Cal.5 65.15£1.76
HC505A50-Cal.5 B9.01+1.60
HC255A75-Cal.5 96.35+0.92
SA-Ca0.5 97.26+0.16
HC-Zn0.5 98,110.59
HC755A25-Zn0.5 97.35+1.08
HC505A50-Zn0.5 94.09+0.52
HC255A75-Zn0.5 89.99+1.49
SA-Zn0.5 B8.56+1.63
HC-Cud.5 $5,700.94
HC755A25-Cul.5 94.70+0.95
HC505A50-Cu.5 89.76:+0.39
HC255A75-Cul,5 95.87+0.65
SA-Cul.5 96.2021.50
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Table F-2 Ge_l contents of the films in SGF for 24 h at 37 ©C,

Sample Gel content (%)
HC 0.99=0.34
HCT758A25 31.57+2.82
HC505A50 65.95+3,83
HC255AT75 77.3313.69
SA 82,543.61
HC755A25-Ca0.05 35.21+1.34
HC505A50-Ca0.05 69.30+0,51
HC255A75-Ca0.05 78.96+1.57
SA-Ca0.05 78.95:+1.59
HC755425-Ca0.1 38.5820.55
HC505A50-Ca0.1 69.21+4.57
HC255A75-Cal.1 80.33+0.51
SA-Cal.1 80.02+0.93
HC755A25-Ca0.25 40.09+2.32
HC505A50-Ca0.25 65.39+1.81
HC255A75-Ca0.25 78.42:0.18
5A-Ca0.25 78,05£1.15
HC755A25-Ca0.5 33.70+1.83
HCBOSAS0-Cal 5 68.31:+1,55
HC255A75-Cal s 78.80+1.39
SA-Cal.s 78.55+0.24
HC-Zn0.5 2.60+1.36
HCT85A25-7n0.5 31.57+2.82
HC505A50-Zn0.5 65.09:£0.86
HC255A75-Zn0.5 73.68+0.67
S5A-Zn0.5 70.69+1.23
HC-Cul.5 0.1£0.01
HC755A25-CuC.5 37.21£181
HCEOSA50-Cul.5 57.81+3.92
HC285A75-Cul.5 70.23x4.69
SA-Cu0.5 72.93£1.49
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Table F-3 Gel contents of the films in SGF for 2 h at 37 °C.

Sample Gel content (%)
HC755A25 54.6315.99
HC505A50 77.51+1,39
HC255A75 82.26x2.92
SA 84.84+2,4%
HC755A25-Ca0.1 59.03+4.27
HC505A50-Cal.1 51.0041,95
HC255A75-C3a0.1 82932049
SA-CaCd 79.34+0.85
HCT55A25-Ca0.5 51.98+5.07
HC505A50-Cal.5 74.23x1.95
HC255A75-Ca0.b 79.52+0,76

SA-Cald.5 77.21x1.20
HC755A25-Zn0.5 58.66x1.91
HC505A50-Zn0.5 73.83z1.57
HC255AT5-2n0.5 74.62+1.50

SAZNn0.5 70.65+0,47
HC755A25-Cu.5 54,06+1.10
HC505A50-Cud.5 72.50x1.24
HC255A75-Cul.5 73.42:1.54

SA-Cu0.5 79.16+0.25

Table F-4 Gel contents of the films after immersing in SGF for 2 h followed by SIF
for 6 h at 37 °C.

Sample Gel content (%)
HC755A25 0.36+0.62
HC505A50 75.75x0.84
HC255A75 52.52+156
SA 0
HC755A25-Cal.l 7.58+2.60
HCK05A50-Cal.1 77.52+1.71
HC255A75-Cal.1 62.5015.84
SA-Cal.1 0.92+0.88
HC755A25-Cal.s 55.18+1.03
HCA05A50-Cal.5 74,27£3.02
HC255A75-Ca0.5 78.79+6.50

SA-Calh : 10.8916.26
HC755A25-72n0.5 36.30+0.32
HC505A50-Zn0.5 68.51+1.39
HC255A75-Zn(.5 64.36x4,31

5A-Zn0.5 1.56+0.49
HC755A25-Cu.5 29.68+1.55
HC505A50-Cul.5 60,18x4.76
HC255A75-Cu0.5 62.90+0.89

5A-Cul.5 2.26+1.27
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Appendix G: /n vitro drug release behavior

Table G-1 Percentages of paracetamol release from sealed bags formed by
non-crosslinked films in simulated gastrointestinal fluid at 37 °C.

Percentages of paracetarnol release
Time
(min) HCT55A25 HC50SA50 HC255A75 sA
) 0 ) 0 0
15 0 ) 0.110.19 0
39 144+134 2532356 0.88+1.01 1.55+1.02
45 287+2.32 1.87+1.69 2102215 2.50+2.49
60 4.75£2.77 2204137 4.081.88 4.67:2.13
90 9.6125.32 570212 8.16+4.30 9.6120.28
120 16,13x4.83 5.72:1.81 11.36+2.98 12.36+4.47
138 15.90+4.29 5832162 12.13:3.64 12.9324.66
150 16.7945.66 6162201 12.682:4,20 14.275.73
165 21212597 6.93:2.51 14.23:437 19.49:2.3¢
180 23.97+6.13 7.59+2.61 15.25£4.59 26.90+6.20
210 30.81£8.11 9.46+1.2 19.755.00 55.98:12.61
240 36.1248.11 11.22+3.7 22.40£8.56 73.8825.00
300 451721275 14.30+7.4 41824797 £9.15:2.06
360 59.31:16.01 2486854 81.62:16.96 160.00
420 69.70+10.44 66.28+16.81 97.49+5.15
480 80.75+8.62 90.2325.61 100.00

Table G-2 Percentages of paracetamol release from sealed bags formed by 0.1 M
calcium crosslinked films in simulated gastrointestinal fluid at 37 °C.

Percentages of paracetamol release
Time
{min) HC755A25-Ca0.1 HC5G5A50-Ca0.1 HC255A75-Cad.l SA-Cal.1
0 0 0 0 0

15 0.880.1%9 1.07+0.46 0 0.99:0.24
30 0.88+0.19 0.86+0.17 1.98+0.58 5,05+0.25
45 1.32+0.01 0.86+0.55 4.95x1.16 8.85+0.67
60 1.3210.01 0.79x0.66 10.23+2.91 10.37+2.52
90 7.05+0.76 6.19+2.50 32,77£11,63 40.59+7.80
120 9.46x2.98 9.16:0.52 45.96+15.38 52.22+13.35
135 11.34+2.66 10.85+1.07 50.25+17.03 58.69+16.82
150 11.78+3.03 11,21£0.63 54.32+17.90 51.33£13.55
165 13.65=3.49 12.35+0.48 50.48:+17,65 65,06+12.15
180 14.20+3.68 12.75:+0.65 67.83+18.49 70.33+12.60
210 20.25x4.34 17.32£2.43 76.08+19,02 78.33x11.42
240 20.69+4.80 18,2422,01 83.77£20.67 65.22+8.60
300 25.97+6.99 23.10=+3.69 100.00 100.00
360 33.68+6.59 27,90%5.19
420 40.94x7.36 32.75:5.2
480 51.95+9.23 41.62+6,27
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Table G-3 Percentages of paracetamol release from sealed bags formed by 0.5 M
calcium crosslinked films in simulated gastrointestinal fluid at 37 °C.

Percentages of paracetamol release
Time
(rmin) HC755A25-Cal.5 HC505A50-Cail5 HC255A75-Ca0.5 5A-Ca0.5
0 0 0 0 0

15 0.73x0.76 0 0.57+0.0% 0.19+0.,03
30 1.39:1.34 [ 0.57+0.10 0.19£0.02
45 0.95+0.83 0112001 1.3610.51 282£0.31
&0 0.8420.77 0.55+0.09 3.62+1.24 3.80+0.44
90 1.64+0.87 0.88+0,11 10.34+3.03 8.10=1.04
120 4.35+1.22 1.21+0.12 17.23+4.38 9.01+1.26
135 5.93+2.56 1.2110.12 20.47+6.89 9.78+2.15
150 7.22+0.02 1.66+0.10 22.13+7.45 10.40+2.61
165 8.76£3.35 1.99+0.09 24.49+6.88 12.16+3.53
180 10.21+3.51 1.98+0.12 25.38+7.66 15,71x7,61
210 13.49+5.96 1.99+0.22 20.19+7 .96 34.99+19.90
240 18.36+7.35 2.54x0.35 32.17£10.76 51.75+21.8
300 26.96+8.97 3.64x0.44 40.04+9.48 91.66+19.10
360 34.28+7.33 £.19+0.29 50.94+7.17 97.78+11.63
420 43.60£8.37 6.87=0.95 60.44+7.05 100.00
480 53.85+10.59 19.53+1.26 72.73+5.34

Table G-4 Percentages of paracetamol release from sealed bags formed by 0.5 M
zinc or 0.5 M copper crosslinked films in simulated eastrointestinal fluid

at 37 °C.
Percentages of paracetamiol release
Time
e HC505A50-Zn0.5 HC505A50-Cu0.5
0] 0 0
15 0.3320.03 1.32+0.14
30 0.3120.08 1.10+0.95
45 0.66+0.12 1.11+0.23
60 0.98+0,11 1.12+0.96
90 2.14+0.409 2.85x0,49
120 2.8040.47 504047
135 4.12+0.88 8.11+2 88
150 5.76+0.15 9.53+1.15
165 6.10+00.54 10,63+3,54
180 6.76+0.36 10.74+3.36
210 10.40+2.15 15.13+5.15
240 12.05+5.13 16.67+.13
300 17.98+6.99 18.4246,99
360 20.64+5.92 21.94x592
420 25,58:+6.02 24.79+6,42
480 33.53x7.24 30.50+7.24




Table G-5

Percentages of paracetamol release from
gastrointestinal fluid at 37 °C.
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capsules in simulated

Percentages of paracetamol release

Time

(min) Gelatin HS05A50Ca SACa
0 0 0.00 0.00
15 100.00 4.3920.41 0.00
30 6.811,03 0.88+0.01
45 11.20+2.93 4.62+1.31
60 16.02+1,59 10,12+2.01
90 25.69+3.82 17.38+4.23
120 36.02+7.22 22,89+4.00
135 42.38+7.61 23.55+4.97
150 44.80+7.99 25.7224.62
165 47.43+8.47 65.58+17.33
180 52.92+8,77 92.87+2.13
210 56.8718.79 100.00
240 60.28+9.54
300 77.92+5.68
360 95.58+4.58
420 100.00
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