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RESUME

Dans cette etude, un hydrogel a base de deux polymeres naturelles. Ie xanthane et Ie

chitosane, a ete mis en evidence conune matrice pour Finclusion et Ie relargage de

medicamente peu solubles dans Feau. L/6tude comprenait Ie developpement d/une m^fhode

pour introduire Ie medicament au sein de Fhydrogel, la caracterisation des systemes

medicament-hydrogel preparees et lanalyse de leffet de Imclusion sur les proprietes du

medicament.

La m6thode de preparation des systemes medicament-hydrogel mise au point, comprenait

deux etapes : ime premiere dans laquelle on prepare une dispersion homogene de particules

de medicament dans une soludon de xanthane, suivi par une deuxieme qui consiste a la

formation de la matrice d/hydrogel. Les resultats ont demontre que, dependamment des

conditions de preparation (vitesse d'agitation, quantite de medicament, volume d/6fhanol),

des particules de medicament avec different taux de cristallinite peuvent etre obtenuep, et

que la deuxieme etape est responsable de la formation de la matrice chitosane-xanthane qui

retient Ie medicament

l/effet de Finclusion sur les proprietes du medicament a ete evalue a pardr des profils de

dissolution. Les resultats ont demontre que Fhydrogel est capable de modifier et contr6ler la

solubilit6 des molecules. En general, une augmentation de la vitesse de dissolution a ete

observee pour les quatre composes. Ces resultats ont rapport avec la nature hydrophile de la

matrice et Feffet de la methode de preparation sur la cristallinite des particules.

De plus/ des images obtenues par microscopie electronique a balayage ont servi a montrer la

forme sous laquelle Ie medicament se retrouve a Fmterieur du reseau fibrillaire d/hydrogel.

La stabilite du medicament avant, pendant et apres la preparation des systemes medicament

hydrogel a et6 verifi^e par spectroscopie de resonance magnetique nucleaire.



ABSTRACT

Drug solubility has been a common limitation for the development of new drug

formulations. Several mechanical and chemical approaches have been used in order to

enhance the dissolution rate of water insoluble drugs, and consequently produce an increase

of their bioavailability.

This work deals with a hydrogel system prepared with two natural polymers, chitosan and

xanthan. The main goal for this research was to explore whether this highly hydrophiln:

hydrogel can be effectively used as matrix to enhance the solubility of water insoluble drugs,

and subsequently, determine the potential of the drug-hydrogel system, as a vehicle for

controlled release.

A two-step method was developed for preparing the drug-hydrogel systems. The process

consisted of: (i) the formation of a homogenous dispersion of the drug in the xanthan

solution; and (ii) the formation of the hydrogel by the complexation of xanthan with

chitosan. As drug models, four water insoluble compounds were used: fenofibrate,

ursodeoxycholic acid, nifedipme and indomethacin. The drug content m the freeze-dried

hydrogels varied from 15 to 45% (w/w), and was adjusted by the amount of drug added

during preparation.

Dissolution tests showed that the incorporation of the drug m the hydrogel network

modified the dissolution profiles. The drug release rate was found to be independent of the

drug content, but dependent of the chitosan molecular weight. The effect of the molecular

weight was related to the network structure of the chitosan-xanthan hydrogel, the

hydrophilicity of the matrix, and the crystallinity of the drug particles.
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CHAPTER ONE

SCOPE OF THE WORK

Drug solubility has been a common limitation for the development of new drug

formulations. This may not be surprising given that more than one-third of the drugs listed

in the United States Pharmacopeia are practically insoluble in water [Pace et al., 1999]. In

addition, it is known that, for many drugs, the rate-limiting step for their absorption within

the gastromtestinal tract is their dissolution [Craig et al., 1999].

Several mechanical and chemical approaches have been used in order to enhance the

dissolution rate of sparingly water soluble drugs, and consequently produce an increase in

their bioavailability. One common method is the enhancement of the solubility through the

development of a specific formulation, i.e. preparing the drug in an amorphous form by

grinding it with porous powders [Yonemochi et at., 1995], incorporating surfactants and

wetting agents, or forming drug dispersions with water-soluble polymers [Storey, 1996].

Other techniques are based on particle size reduction, which is intended to increase the

contact surface between the drug and the solvent [Kerc et al., 1999]. However, an inadequate

control of particle size can produce variations in the dissolution rate due to agglomeration,

and in a few cases, particle size may cause side effects such as gastric bleeding and nausea.

Therefore, the development of a new pharmaceutical product is not only constituted by the

synthesis or discovery of an active molecule, but also by the production of an appropriate

carrier, device or formulation to introduce this substance in our body. The conversion of a

single drug into a pharmaceutical dosage form has been the subject of intense research and

development m the pharmaceutical industry, and the source of two new research areas in

pharmaceutical and material sciences: drug delivery and controlled release.
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In theory, the "perfect drug is the one that produces specifically the desired effect, is

administered by the most desired route at the minimal dosage and dosing frequency, has the

optimal onset and duration activity, and exhibits no side effects. It would also be preferably

produced at low cost, and be stable under various conditions of use and storage [Ansel et al.,

1999]. Although most of these conditions are not completely attainable in practice, these

qualities and features are sought during the design of new drug delivery systems.

The drug delivery concept covers a broad range of systems used to get therapeutic agents

into the human body. These systems are designed to maintain the desired blood plasma

levels for long periods without reaching a toxic level, or dropping below the minimum

effective level using a single dose. During the late 1940s and early 1950s, the first

formulations were designed only to increase the duration of orally administered drugs, i.e.

by covering small drug spheres with coatings of different thickness or by mixing soluble

drugs with waxes in order to decrease their solubility. Nevertheless, the applicability of these

products was limited by the high patient-to-patient variability.

Since then, the production of drug delivery systems must fulfill several requirements such as

having a reproducible and well-defined kinetic profile, biocompatibility, easy processing,

and low cost. All these requirements have promoted the development of new materials, and

the progress of pharmaceutical testing methods which are responsible of insuring the

therapeutic efficiency of the product to increase patients7 compliance.

The present work deals with a material capable of controllmg the release of water insoluble

drugs. The system, permits an increase in. the drug bioavailability by enhancing its solubility;

all this, without increasing the inherent toxicity of the substance. As drug models, four water

insoluble compounds have been used: fenofibrate, ursodeoxycholic acid, nifedipine and

indomethacm.

The starting point of this research was the previous work on chitosan and chitosan hydrogels

published by the group. At the time, those works were motivated by the environmental

problems that the fishery industries originated with their wastes, and by the economical
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value that the production of chitosan from crab and shrimp shells waste represented. Later,

chitosan found interesting applications in the pharmaceutical, food, agricultural, and

cosmetic industries due to its chemical, physical and biological properties such as

biocompatibility, bioadhesivity, non-toxicity, solubility in diluted acid aqueous solutions,

and cationic character. As well, chitosan represented a naturally abundant and renewable

biopolymer, commercially available and relatively inexpensive.

Chitosan has a cationic character owing to the amino groups in its structure, which become

positively charged in acidic solutions. When chitosan is mixed with an oppositely-charged

polymer or polyanion (polyacrylic acid, alginic acid, carboxymethylcellulose, or xanthan

gum), the electrostatic interaction between both polymers leads to the formation of a

polyionic complex or polysalt//. The resulting com.plex is a three-dimensional network

formed by the crosslinking of the polymer chains which confers stability, insolubility and

solid-like structure to the material. Most of these polyionic complexes swell and retain large

amounts of water; they are hydrogels.

The complexation reaction between chitosan and xanthan was reported as a method for

preparing water-insoluble polyiomc hydrogels [Dumitriu et at., 1994]. The yield and

properties of the hydrogel were controlled by the chitosan characteristics (molecular weight

and acetylation degree), chitosan to xanfhan mixing ratio, and the reaction initial pH. The

chitosan-xanthan hydrogel was used as support for enzyme immobilization, and the results

showed that the entrapment within the hydrogel favored either the conservation or the

increase of the enzyme activity [Dumitriu et al., 1995; Dumitriu et al., 1997]. These results

suggested the application of the chitosan-xanthan hydrogel as a matrix for drug delivery,

specially for water insoluble drugs.

Two main goals were proposed for this research: (i) to characterize the chitosan-xanfhan

hydrogel in order to understand its properties and the parameters that control the behavior

of the final product; and (ii) to explore whether this highly hydrophilic hydrogel can be

effectively used as matrix to enhance the solubility of water insoluble drugs, and
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subsequently, determine the potential of the drug-hydrogel system as a vehicle for controlled

release.

Specific objectives

1. Development of a method alternative to the viscometric measurements used for

determining the molecular weight of chitosan.

2. Preparation and characterization of the chitosan-xanthan hydrogels as a function of

the molecular weight and acetylation degree of chitosan.

3. Development of a methodology for introducing water insoluble drugs in the

hydrogel matrix.

4. Determination of the dissolution rates of prototype drugs included in the hydrogel:

fenofibrate, ursodeoxycholic acid, nifedipine and indomethacm.

5. Define the relationship between the dissolution rate and the state (structure) of the

drug within the hydrogel.

The thesis is structured in five major chapters that follow the presentation of the scope of the

work in Chapter 1, where the statement of the goals and the specific objectives of the

research are described.

Chapter 2 is a literature review that covers the concepts, applications and recent advances on

polyionic complexes, controlled release and drug delivery systems.

Chapter 3 presents and compares the results obtained with the analytical methods

commonly used to characterize chitosan. The evaluation of the techniques allowed

establishment of the laboratory protocols and methods for the analysis of chitosan samples.

Chapter 4 deals with the chitosan-xanthan complex, its formation, composition, properties,

and characterization. The chapter is divided in three sections. The first one compares the

theoretical and experimental composition of the complex, and discusses the factors
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influencing its formation and the parameters that should be controlled during the

preparation of the complex. The second section characterizes the complex by its swelling

degree in aqueous solutions, stability at different pHs, x-ray diffraction patterns, and

microscopy images. The last section introduces a colorimetric method as a technique to

follow the complexation reaction kinetics.

Chapter 5 studies the applicability of the chitosan-xanthan hydrogel as a delivery system for

water msoluble drugs. Fenofibrate was used as a prototype drug, and it was incorporated in

the chitosan-xanthan complexes by a precipitation-dispersion method that led to high

loading efficiencies. Different drug-hydrogel systems were prepared and characterized.

Dissolution tests were performed in order to identify the mechanisms and parameters that

are responsible for the drug release. The results have shown that the inclusion of the drug in

the hydrogel leads to a modification of its dissolution rate.

Chapter 6 presents the results obtained for three additional drug-hydrogel systems:

ursodeoxycholic acid, nifedipme, and indomethacin. The three drugs are sparingly soluble in

water, but their chemical structure is different from that of fenofibrate.



CHAPTER TWO

LITERATURE REVIEW

2.1 CHITOSAN

2.1.1 CHEMICAL STRUCTURE AND PROPERTIES

Chitosan is a heteropolysaccharide composed of p-(l->4)-2-deoxy-2-anuno-D-glucopyranose

units (75-85%), and of p-(1^4)-2-deoxy-2-acetamido-D-glucopyranose units. Chitosan occurs

in nature, particularly in the cell wall of some fungi [Arcidiacono et al., 1989]. However,

chitosan is mainly produced by the chemical N-deacetylation of chitin, which is a major

component of the exoskeletpn of insects, the cuticles of annelids and mollusks, and the shells

of crustaceans such as shrimp, crab, and lobster [Muzzarelli, 1977]. Chitosan and chitin are

differentiated only by their content of amino groups (Figure 2.1).

CH20H
-0

NH, CH20H
HI 0

H
NHCCHa CHzOH

0 HO-
NH,

CHiOH
-0

0xNHCCHa CHiOH
HI Q

HI
NHCCH3

0

0 HC

.0^ Chitosan

-0^ Chitin
CHsOH NHCCHsNHp

Figure 2.1 Chitosan and chitin structures.



Chapter II. Literature Review

As a polymer, the chemical and physical properties of chitosan are primarily determined by

the polymerization degree and the chain structure. The polymerization degree is related to

the molecular weight distribution, and for chitosan, it ranges between 50 000 and 2 000 000

Daltons. The chain structure is defined by the chemical composition and the sequence of

monomer units. The structure of chitosan can be conveniently described by the mole fraction

of acetylated (or deacetylated) units, defined as the degree of acetylation (or deacefrylation),

which is the percentage of monomeric units that are acetylated.

Chitosan is insoluble in neutral and alkaline solutions, but in diluted acids, the amino groups

are protonated: the result is a positively charged (polycation) soluble polysaccharide. Due to

its polycationic nature, chitosan solubility depends on the N-acetyl content and the ionic

strength of the medium. A highly acetylated chitosan (60%) may be soluble up to pH 9,

whereas a chitosan with a degree of acetylation of about 15% may be soluble only up to a pH

of 6.5; and the addition of salt reduces solubility [Illum, 1998].

Although chitosan is soluble in most organic acids, it is soluble only in some mineral acids

namely hydrochloric, nitric and perchloric. It is practically insoluble in sulphuric and

phosphoric acid [Ons0yen et at, 1990]. Hence, chitosan solubility is dependent on acid

characteristics.

In the solid state, chitosan molecules crystallize forming orthorhombic unit-ceUs. The cell

dimensions for the hydrated form are: a=8.95A, b=16.97A, and c(fiber axis)=10.34A

[Okuyama et al., 1997]; while in the anhydrous form, the values of the a, b and c axes are

8.26A, 8.50A, and 10.43A, respectively [Yui et al., 1994]. The X-ray diffraction patterns of both

chitosan forms differ, but the same value for the repeating unit in the fiber axis (c=10.3A) is

observed. This repeating period of 10.3A indicates a two-fold helical conformation reinforced

by intramolecular 03--05 hydrogen bonds, that is the typical structure for P(l—>4) linked

polysaccharides such as, cellulose, mannan, and chitm [Okuyama et at., 2000]. The hydrated

form of chitosan can be converted to the anhydrous by annealmg samples at 240°C. In the

process, the b-axis shrinks to fill the space occupied by water molecules [Okuyama et al.,

1997]. A scheme of the conversion is presented in Figure 2.2.
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dehydration Q00^

Hydrated Anhydrous

Figure 2.2 Transformation from hydrated to anhydrous chitosan. Water molecules before
and after conversion are shown [Okuyama et at, 1997].

2.1.2 SOURCES AND PREPARATION

The industrial development of chitin and chitosan was brought about in the mid-SOs. Chitin

production was considered to be an environmental and economical solution for the food

processing and fishery industries, since crustaceans shell waste (crab, shrimp, lobster, and

krill) represented an important source of chitin and an available by-product [Sandford et al.,

1987]. A typical composition of shellfish waste is: protein (30-40%), calcium carbonate (30-

50%), and chitin (20-30%) [fohnson et at, 1982].

The preparation of chitosan is based on the deacetylaUon of chitin. First, chitin is isolated

from shellfish via two steps: (i) proteins are removed from ground shells by treating them

with diluted sodium hydroxide; and (ii) minerals such as calcium carbonate and calcium

phosphate are solubilized using hydrochloric acid. After rinsing and drying, chitin is isolated

as a flaked material [Sandford et al., 1987]. Finally, chltosan is obtained after boiling chitin in

an aqueous concentrated solution of sodium hydroxide to hydrolyze the N-acetyl linkages

[Muzzarelli, 1977].

Several procedures at laboratory and industtial levels have been developed in order to

optimize each step of the chitosan preparation, and to produce chitosan of different grades

[No et al., 1997]. In some cases, a decoloration process using organic solvents has been added
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to remove pigments. The yield, properties, and quality of the resulting chitosan are highly

dependent on the control of each step.

Generally, the commercial specifications of chitosan are in terms of its: (i) quality (levels of

heavy metals and proteins, pyrogenicity, bioburden, citotoxity, clarity); (ii) mtrinsic

properties (molecular weight, intrinsic viscosity, filterability, degree of acetylation, stability);

(iii) physical form (mesh size, free amine or acid salt, type of acid salt, powder, bead, fiber,

fabric) [Sandford, 1989]. In Table 2.1, some common specifications for chitin and chitosan are

summarized.

TABLE 2.1 SPECIFICATIONS FOR CHITIN AND CHITOSAN [Muzzarelli, 1985].

Specification

Moishire

Nitrogen

Degree of acetylation

Ashes at 900°C

Viscosity of 1% (w/v) solutions in
1% (v/v) acetic acid (for chitosans
only)
Molecular weight

Dissociation constant, Ka

X-ray diffraction data

Carotenoids

Amino acids

Transition metals

Description

From 2.0 to 10.0% (w/w) under normal laboratory
conditions

Usually from 6.0 to 7.0% (w/w) in chitins, from 7.0 to
8.4% (w/w) mchitosans

Usually ~90% in chitins, 35% in regular chitosan, and
between 10 and 0% in fully deacetylated chitosans

Usually lower than 1.0% (w/w)

From 200 to 3000 eps; degraded chitosans have lower
viscosities

Native chitins, >lxl06; commercial chitins and
chitosans, l-5xl05; polydispersity is rarely indicated

Between 6.0 and 7.0; most often 6.3

Typical peaks at 8°58/-10°26/ and 19°58/-20°00

Chitms and chitosans may contain carotenoids; other
wise, it should be indicated whether they have been
extracted or bleached

Glycme, serine, and aspardc acid may be present

Excluding iron, the metals total is below 5.0 p-g/g;
typically, for crab chitosan: V, 0.12; Cr, 0.04; Mn, 0.09;
Ni, 1.3; Cu, 1.03; Ag, 0.02; Cd, 0.22; Hg, 0.025; Pb, 0.15

^g/g
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2.1.3 CHITOSAN CHARACTERIZATION

(a) Acetylation degree

Chitosan is the product of chitin deacetylation. Thus, its characterization requires a rapid,

simple, and accurate method to quantify the content of residual N-acetyl groups. Several

analytical procedures using different techniques have been reported, they include: elemental

analysis, titration [Moore et al., 1980; Domszy et al,, 1985; Gummow et at, 1985; Raymond et

at, 1993; Hattori et al., 1999], ultraviolet spectroscopy [Muzzarelli et at, 1985; Aiba, 1986;

Neugebauer et al., 1989], infrared spectroscopy [Sarman et a\., 1978; Moore et at, 1980; Mima

et al., 1983; Domszy et al., 1985], thermal analysis [Garcia Alonso et al., 1983], gel-permeation

chromatography [Aiba, 1986], circular dichroism [Domard, 1987], nuclear magnetic

resonance spectroscopy [Varum et at., 1991a; Varum et al., 1991b; Raymond et al., 1993], high-

performance liquid chromatography [Niola et al., 1993], and near-infrared spectroscopy

[Rathke et al., 1993; Varum et al., 1995]. The applicability of these techniques is, in some cases,

limited by chitosan solubility.

Among the methods mentioned above, infrared spectroscopy (IR) is the most commonly

used due to its simplicity and accuracy, and because the analysis can be performed on the

solid state. The optimization of the method has been the subject of various publications

[Shigemasa et aL, 1996; Sabnis et at 1997; Ratajska et at 1997].

• Infrared spectroscopy

Infrared absorption is associated to changes in the rotational and vibrational energy of

molecular bonds. These changes produce a unique absorption spectrum, characteristic of the

molecule and its overall configuration.

Quantitative infrared spectroscopy is based on the selection of a specific absorption band

and the calibration of its intensity. Sometimes, the use of the ratio between two band

intensities is preferred, in order to correct the errors for differences in film thickness, when

10
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using film shaped samples, or in sample concentration tf examining powder in a potassium

bromide (KBr) disc.

The acetylation degree of chitosan is determined by the ratio of N-acetyl groups given by the

absorbance of the amide I band at 1655 cm-1, and the hydroxyl group band at 3450 cm-1, that

serves as internal reference [Moore et al., 1980]. For a fully N-acetylated chitosan, the ratio

between the absorbance at 1655cm-1 to that of 3450cm-1 is 1.33, hence Ae percentage of

N-acetyl groups in a sample is given by

Degree of acetylation [%] = ^655-. -^- (2-1)
A 3450 1-^

• Elemental analysis

Elemental analysis measures the content of carbon, nitrogen and hydrogen in a sample. The

percentage of nitrogen (%N) on the organic fraction of chitosan samples can be used to

calculate the degree of acetylation. The values are related by the following equation

Degree of acetylation [%] = (s'695^%^ • 100 (2-2)

where 8.695 is the %N of completely deacetylated chitosan, and 1.799 is the difference

between 8.695 and 6.896 (percentage of N in fully acetylated chitin) [MuzzareUi et al., 1997].

(b) Molecular weight

The molecular weight of a polymer is an average of molecular weights. There are two

important molecular-weight averages: number-average (Mn) and weight-average (Mw).

The number-average molecular weight is defined as the sum of the products of the

11
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molecular weight of each fraction multiplied by its mole fraction.

Mn=ZX,Mt=^^- (2-3)

where Xi is the mole fraction of molecules of molecular weight Mi and is given by the ratio of

Ni to the total number of molecules. The weight-average molecular weight is defined as, the

sum of the products of molecular weight of each fraction multiplied by its weight fraction

(Wi).

r2
MW=£wiM'=ts (2-4)

By definition, Mw/Mn is known as the polydispersity index (PDI), and its value is used as a

measure of the width of the molecular weight distribution. For a polydisperse polymer, it

must be greater than unity [Young et al., 1995].

There are many techniques to determine the molecular weight of a polymer. Chitosan

molecular weight has been obtained by viscometry [Roberts et al., 1982; Maghami et al., 1988;

Rinaudo et at, 1989; Wang et at, 1991; Wang et al., 1994; Kasaai et at, 1997; Chen et at, 1998;

Tsaih et at, 1999; Kasaai et al., 2000], light scattering [Beri ^ at., 1993; Anthonsen ef al., 1994]

and gel permeation chromatography (GPC) [Wu et al., 1976; Domard et al., 1984; Terbojevich

et at, 1993; Ottoy ^ al., 1996].

• Viscometry

Measuring the viscosity of a polymer solution is a simple and rapid method for determining

its relative molecular weight. The method consists on measuring the flow time of the

polymer solution (t) and the solvent (ts) through a small glass capillary, assuming that the

diluted solution exhibits Newtonian flow characteristics over the entire range of shear rates

12



Chapter II. Literature Review

encountered as the it flows down the capillary. The flow times are then used to calculate the

relative viscosity, the specific viscosity and the reduced viscosity, defined as follows:

Relative viscosity, r| rei = — (2-5)

Specific viscosity,r|gp =r|rei -1 (2-6)

rl.<
Reduced viscosity, T| ^^ = —^- (2-7)

c

Intrinsic viscosity, [r|], is obtained from the intercept of the plot of reduced viscosity (r|red)

versus concentration

Intrinsic viscosity, [?i] = (r|,ed )c->o (2-8)

The relation between the intrinsic viscosity and the viscosity-average molecular weight (Mv)

is given by the Mark-Houwink-Sakurada equation

M=K^.M; (2-9)

where Km and a are empirical constants, and their values are independent of the relative

molecular weight over a wide range. These constants are particular for a solvent,

temperature, and polymer system. For ionic polymers, they also depend on the concentration

of simple electrolytes present [Maghami etat, 1988].

The value of the viscosity-average molecular weight (Mv) usually lies between the

corresponding Mw and Mn/ but closer to the former. In the above equation. My can be

replaced by Mw when ex is equal to unity and the polymer sample is monodisperse [Roberts

et al., 1982]. The value of a is function of interaction between the polymer and the solvent,

13
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and it can give information about the molecular shape of the polymer in solution. For a

flexible polymer chain in an ideal solvent (random coil), a has a value of 0.5, and it increases

to a value of 0.8 as the coil expands in good solvents. When a is greater than 0.8 the chain is

found more like a rod-like extended polymer.

Several groups have determined Km and a for chitosans with various acetylation degrees and

molecular weights. The constants' values differ due to the influence of both the type and the

concentration of solvent and electrolyte on the polymer shape. Some of these values are

summarized in Table 2.2.

TABLE 2.2 Km AND a VALUES FOR CHITOSAN IN DIFFERENT SOLVENT SYSTEMS

Solvent

0.2M CHsCOOH / 0.1M
NaCl / 4M Urea

0.1M CHsCOOH / 0.2M
NaCl

0.1M CHsCOOH / 0.02M
NaCl

0.2M CHsCOOH / 0.1M
CHsCOONa

0.1M CHsCOOH / 0.02M
NaCl

O.OlMHCl/O.OlMNaCl

0.05MHCl/0.05MNaCl

O.lOMHCl/O.lOMNaCl

0.20MHCl/0.20MNaCl

0.30MHCl/0.30MNaCl

0.25M CHsCOOH / 0.25M
CHsCOONa

Km
(cm3 g^i)

8.93 x 10-2

1.81 x 10-3

3.04 x 10-s

0.104 x 10-3

1.424 x 10-3

6.589 x 10-3

16.80 x 10-3

2.80 x 10-5

5.48 x 1(H

10.0 x 10-4

11.8 x 10-4

13.0 x 10-4

20.4 x 10-4

1.57x10-4

a

0.71

0.93

1.26

1.12

0.96

0.88

0.81

0.93

0.715

0.616

0.595

0.570

0.521

0.79

T
(»C)
25

25

25

30

25

30

25

DA
(%)

0-40

69
84

91
100
-25

17

20-26

Ref.

Lee,1974

Roberts et al., 1982

Roberts et al., 1982

Wange^.,1991

Kasaairial.,1997

TsaihefflL,1999

Kasaaietal.,2000

14
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• Gel permeation chromatography / Size exclusion chromatography

The molecular weight of a polymer can be determined by gel permeation chromatography

(GPC), also known as size exclusion chromatography (SEC). The analysis is based on the

separation of molecules as a function of their "effective size in solution^. During analysis,

samples solutions are injected in a flowing stream of solvent (mobile phase) that flows

through highly porous particles. The pore size of these particles is controlled. Small

molecules fit in most of pores and are retained while large size molecules are eluted first

[Fried, 1995].

Each retention time corresponds to a hydrodynamic volume, a molecular weight, and the

peak width reflects the size distribution of the molecules. To convert a chromatogram into a

molecular weight distribution curve, the system is calibrated using a set of well-

characterized polymer standards with a narrow molecular weight distribution. The

calibration curve should be obtained for each polymer under a given

solvent/ temperature/ column system. One limitation is that standard samples suitable for

calibration, are not available for all polymers.

Chitosan molecular weight has been determined by gel permeation chromatography. In

contrast to neutral polymers, the effects related to the polyelectrolytic nature of chitosan in

solution should be well controlled to reduce "artifacts". If parameters such as ionic strength

and pH are not properly optimized, the separation mechanism may be determined by

charge, adsorption or exclusion and not by the size of the molecule. Furthermore, the lack of

chitosan standards has dictated the use of secondary standards like dextrans and pullulans,

which may be responsible of molecular weight overestimation, mainly due to conformational

dissimilarity.

Although gel permeation chromatography seems to have many limitations, these effects can

be suppressed by selecting the proper column and mobile phase. Once the conditions and

calibration system are established, it is a rapid and reproducible method, capable of

determining the molecular weight distribution and polydispersity index.

15
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2.1.4 APPLICATIONS OF CHITOSAN

(a) Clarification and purification of wastewater

Chitosan has been reported as an excellent chelator of many metals ions (copper, nickel,

chromium, cadmium, manganese, cobalt, lead, mercury, zinc, uranium and silver) [Ons0yen

et al., 1990]. Owing to this particular property, chitosan flakes and beads have found

important applications in the detoxification of hazardous wastes, the recovery of valuable

metals and in the clarification of wastewater [Jeuniaux, 1986; Hirano, 1989; Deans et at, 1992;

Guibal et al., 1997; No et al., 2000; Bassi et al., 2000].

(b) Food uses

The flocculating properties of chitosan have found interesting applications in food

industries, where natural flocculants are preferred over synthetic. Chitosan has been used for

collecting and removing the soluble proteins in vinegar, soy sauce, and liquors, improving

the quality of the products and reducing turbidity during storage. Similarly, microbes and

metal ions have been removed from fresh water with chitosan for safe drinking [Hirano,

1995]. The food industry, also suggested the use of chitosan membranes as an alternative

material for packing and wrapping, given that chitosan membranes are less permeable to

oxygen, nitrogen, and carbon dioxide than cellulose acetate membranes [Peter, 1995].

(c) Pharmaceutical and biomedical

The pharmaceutical industry has investigated the applicability of chitosan as a tablet

excipient m direct compressed formulations. The results have shown that chitosan has

superior characteristics, when compared to traditional excipients, for the improvement of

drug dissolution and for the production of controlled release solid dosage forms. Moreover,

the good mucoadhesive properties of chitosan, makes it a promising candidate for

development of nasal delivery systems [Illum, 1998]. Other interesting possibilities for

chitosan are related to transdermal and ophthalmic routes, which have not been extensively

developed and have been the subject of limited investigations [Felt et al., 1998]. Also,
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chitosan has been evaluated as a biomaterial in a number of applications, e.g., wound

healings and dressings; dialysis membranes; fibers for digestible suture; contact lenses and

dentistry [Dutkiewicz et al., 1989; Markey et al., 1989; Sapelli et al., 1986; MuzzareUi, 1994;

Hon, 1996; Singh et al., 2000].

Chitosan has been suggested as a source of dietary fiber [Furda, 1983] and as a food

supplement to reduce plasma cholesterol and triglycerides [Sugano et al., 1992; Maezaki et at,

1993; Koide, 1998; Furda 2000]. The official approval of this application is still under medical

studies, because chitosan also acts m the intestinal tract by entrapping lipids and other

nutrients, including fat soluble vitamins and minerals, interfering with their absorption.

(d) Agricultural

In agriculture, the flocculatmg properties of chitosan have been used to recover

protemaceous wastes for animal feed [Sandford, 1989]. Also, chitosan has been tested as a

component of fertilizers, seed coatings, and antiviral agents. In all cases, the efficiency of the

products was improved due to an increase of fertilizer adherence, a reduction of water

evaporation, the amelioration of effectiveness, and the inhibition of virus infection

[Struszczyk et at., 1989; Bade et al., 1988]. In addition, the applicability of chitosan as a

controlled release agent has been investigated in formulations for pesticides, herbicides and

metals ions essential to plants [Onsoyen et al., 1990]. The film-forming properties of chitosan

have been used for fruit and seed conservation [Peter, 1995].

(e) Cosmetics and personal care

Depolymerized chitosan has been found in formulations for hair treatment, shampoo and

conditioners. As a hair product ingredient, chitosan confers viscosity, full forming, moisture-

retainmg, anti-dandruff and anti-split properties, and gives softness to hair [Hirano, 1989;

Griesbach et al; 1999]. In addition, the cationic character of chitosan increases the adherence

to skin and hair [Sandford, 1989; Pittermann et al., 1997]. Several cosmetic products
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containing chitosan have been commercialized, and have led to patents: shampoo arid

conditioning [Gross et al., 1980], skin moisturizing agent [Vanlerberghe et at, 1976].

(f) Biotechnology

In biotechnology, chitosan has been used to immobilize cells, fungi, bacteria, and enzymes.

They can be merely entrapped or adsorbed into chitosan gels formed by mixing chitosan

solutions with solutions of anionic polymers (e.g. polyphosphate, alginates, pectin,

carragenan), or they can be attached to insoluble chitosan beads, prepared by chemical

crosslinking [Seo et al., 1989; Uragami, 1997; Quong et al., 1997; Hisamatsu, 1997]. When

protein antigens or antibodies are attached, these chitosan beads are usable as bioreactors,

and to fabricate affinity type columns [Senstad et al., 1989; Roberts et al., 1989; Hirano, 1989].

As well, chitosan has been used in selective flocculation and flotation systems, to recover

cells, microorganisms and to purify protein solutions [Agerkvist et al., 1989; Holland, 1989].

2.2 POLYIONIC COMPLEXES

2.2.1 POLYIONS

Polyions or polyelectrolytes are polymers having a large number of ionizable groups, i.e.,

carboxylic, sulfonic acid, amine, imidazole, and pyridine groups. Depending on the nature of

the functional groups attached to the polymer chain, polyions may be cationic (positive

charges), anionic (negative charges) or amphoteric (both positive and negative charges).

A variety of natural and synthetic polyions are available today. Synthetic routes can produce

polyions with variable charge density, with different types of ionic groups, and with specific

molecular architecture with regard to length of linear chains, degree of branching and length

of branching [Philipp et al., 1988]. Natural polymers such as proteins, nucleic acids, and
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polysaccharides are also polyions due to the ionizable carboxyl and amine groups in their

chain. Other natural polymers such as cellulose and starch can be converted into anionic and

cationic derivatives by chemical modification. In Table 2.3, a list of some synthetic and

natural polyions is reported.

TABLE 2.3 NATURAL AND SYNTHETIC POLYIONS

-^-CH^-CH-^

COz'

poly(acrylate)

Synthetic Polyanions

Q
4CH,-CH-^ 4cH,-CH-^ ^^-0^

S03' ^4803' 0'

poly(vmylsulfonate) poly(styrenesulfonate) poly(phosphate)

Synthetic Polycations

H

-^CH^-CH;-^ -[-CH^-CH-^ -E-CHz-CH^

H NH3+ \^^
poly(ethyleneimtne) poly(vmylamine)

V
R

poly(N-alkylpyridmium)

Na-Alginate

Na-Carrageenan

Na-Hyaluronan

Chitosan

Poly-L-lysine

Natural Polyanions

Na-Dextran sulfate

Na-Carboxymethylcellulose

Na-Cellulose sulfate

Natural Polycations

Quaternized cellulose
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The charge density of a polyion depends on the ionization degree and the pH of the solution.

Strong polyacids and polybases are fully ionized over a wide range of pH, that is, every unit

carries a charge. In weak polyacids and polybases only a small fraction of the functional

groups are charged, and they can be partially neutralized by pH adjustments. [Khokhlov et

al., 1996]. ,

When a weak polyacid is titrated in pure water, it ionizes progressively, and the increase of

the total charge on the molecule makes the removal of further protons more difficult. Thus, a

polyacid is weaker than its analogous simple acid. For a simple acid the Henderson-

Hasselbach equation applies

pH=pK.,+log[—j (2-10)

where a is the degree of neutralization. For a polyacid, an extra term. must be included

pH = pK°, + log[^ + 0.43 ^1 (2-11)

where (AG^ ) is the electrostatic free energy change associated with the removal of a proton

from the field established by the other charges on the polyion. [Budd, 1996].

The conformation of a polyion is strongly influenced by its charge density and the

counterions m its vicinity [Fendler, 1982]. In a dilute salt-free solution, polyions must become

extended to reduce the repulsion of the charged groups, i.e., a strongly charged polyion is

found fully extended, while a weakly charged polyion forms an extended chain of blobs

(Figure 2.3). When a simple salt is added, charge repulsion can be effectively reduced by the

presence of counterions in the immediate vicinity of the polymer chains (for weakly charged

polyions, inside the blobs), modifying the chain conformation [Grosberg et al., 1994]. At a

sufficient salt concentration, charge effects can be neutralized, and polyions may behave
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almost as nonionic polymers. Viscosity measurements have illustrated these conformational

changes [Odjik, 1979; Yamanaka et at., 1990; Hunkeler et al., 1992].

Figure 2.3 Scliematic representation of: (a) salt-free solution of a strongly
dwrged polyion, extended chain; (b) solution of a weakly charged
polyion, chain ofblobs.

2.2.2 POLYIONIC COMPLEXES FORMATION AND STRUCTURE

The association of oppositely charged polyelectrolytes forms polyionic complexes. The

electrostatic interactions between the cationic and the anionic groups in polyions result into a

network structure where chains are ionically bonded. If polyions are mixed m dilute

solution, a precipitate is formed which appears as a hard and brittle resin when dry, and

either leathery or rubber-like when wet [Holliday, 1975].

The mechanism of formation of polyionic complexes, in its initial stage, is the net effect of

two counteracting processes based on electrostatic interaction: (i) the ordering of oppositely

charged polyions in a complex molecule by charge compensation; and (ii) the "chaotic

aggregation of polyions by polycation-polyanion and by polyion-counterion interacdons

[Philipp et al., 1988]. This qualitative model of polyionic complex formation suggests a

supermolecular order in the polysalt precipitate, represented by a struchire between the

"ladder" and //scrambled-egg// models, shown in Figure 2.4.
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Figure 2.4 Polyionic complex structure, (a) ladder model; (b) //scmmbled-
egg" model [Philip et at, 1988].

Once a pair of complementary repeating units is associated to form a segmental complex,

many other units may readily add through other types of bonding in a cooperative process,

which is favored by the long-chain structure of polymers [Scranton et al., 1992]. The complex

formation strongly affects polyions solubility and mechanical properties. The individual

polyions are water-soluble, whereas the polyionic complex undergoes only a limited

swelling in water, and depending on reaction conditions and the nature of polyions,

complexes can range from clear, rigid solids (resins) to opaque, spongy materials (gels)

[Cross, 1976].

The interaction between two oppositely charged polyions depends on their degree of

ionization, charge density and structure. The chemical composition of polyionic complexes is

controlled by the polyions and the reaction conditions (concentration, ionic strength, pH,

temperature) [Olabisi, 1979]. Highly charged linear polyelectrolytes usually form equimolar

or stoichiometric complexes, that is, polyions of opposite sign are equal in number. Clearly,

such an ideal situation is unlikely in practice due to variations in molecular weight and

conformational limitations.

Deviations from 1:1 stoichiometry are often found, specially, when branched

polyelectrolytes, linear polymers with "steric hindrance" or weakly charged polyelectrolytes

are used. The deviations are produced by the inactivation of ionic groups as result of the

structure or the pH of the reaction medium [Philip et al., 1988]. In non-stoichiometric
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complexes, the balance of electric charges is maintained by the appropriate number of mobile

counterions that neutralize the excess of anionic or cationic groups in the polymer chain. The

main difference between stoichiometric and non-stoichiometric complexes is shown in their

water absorption. The former absorb about 30% of their dry weight when saturated, while

the latter can go up to ten times [Holliday, 1975].

2.2.3 POLYIONIC COMPLEXES PROPERTIES

(a) Complex stability

The stability of a polyionic complex against dissolution in an aqueous electrolyte system is

determined by the balance between electrostatic binding and other binding forces, the

hydradon of hydrophilic sites of the polyions, and the shielding action of low molecular

weight ions [Philip et al., 1988]. The addition of salt or changing the pH of the solution

containing the complex, may induce some instability on the system. When salt is added to

highly charged polyionic complexes, the packing density increases due to a desolvation

("salting out"). On weakly charged polyionic systems, the presence of salt tends to swell and

dissolve the complex due to the shielding effect of the low molecular weight ions

overcoming electrostatic polyion-polyion bindmg.

The nature of the low molecular ions is also important. Salts consisting of large and easily

polarizable anions (C104-, SCN-) are capable of perturbing and reorgamzmg the local

structure of water. The reorganization of water molecules in the presence of these salts

enhances the hydrophilicity of nonpolar functionalities and may improve the solubility of

partially hydrophobic polymers [Prevysh et al., 1996].

(b) Swelling degree

One of the most unusual properties of polyionic complexes is their ability to absorb large

amounts of water without dissolving, in some cases up to 100 times its dry weight, forming
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hydrogels. The main factors contributing to the swelling of these three-dimensional

structures are the iomzation of the network, and the electrostatic repulsion between adjacent

fixed charges. A representation of the swelling process is shown in Figure 2.5.

Figure 2.5 Representation ofsiuelling process of a pol-yanionic hydrogel.

Therefore, the swelling dynamics and equilibrium, are influenced by the degree of ionization,

the ionization equilibrium, the concentration of ionizable groups inside the polymer

network, the pH and ionic strength of the swelling medium, and the valence and nature of

the counterions. Other inherent properties of polymeric materials may also affect the

swelling behavior, e.g. degree of crosslinking, conformation, and hydrophilic/hydrophobic

balance [Peppas et al., 1993].

Thermodynamics has been used to describe the swelling behavior of charged hydrogels.

Initial models considered that swelling and shrinking was produced by a change on the

iordzation degree [Katchalsky et al., 1951]. Years later, hydrogels/ swelling was analyzed as

the result of the balance between polymer/ solvent mixing energy, elastic energy of the

network and ionic interactions between the charged polymer and free ions. Subsequently,

the equilibrium of ionic forces due to solvent composition and the concentration of ionizable

groups in the gel was introduced [Ricka et al., 1984]. Other models analyzed the swelling

equilibrium in the absence of salt [Konak ei al., 1989], and the effect of ionic contribution in

both aniordc and cationic hydrogels [Brannon-Peppas et al., 1991]. More recently, the effect of

salt and pH of the swelling medium has been introduced [Siegel et a\., 1988; Skouri et al.,

1995; Chu et al., 1995a; English et al., 1996; Budtova et at., 1998; Jeon et al., 1998].
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2.2.4 APPLICATIONS OF HYDROGELS

Hydrogels swell in the presence of water and shrink in the absence of water. These volume

transitions may be induced by changes in temperature, pH, ionic strength, or electric fields.

The modulation of swelling forces has permitted the development of interesting applications

in food, agriculture, pharmaceutics, biomaterials, electronics and in the chemical industry.

The complexes whose properties respond to specific environmental stimuli have been

termed either //mtelligent//, //stimuli-sensitive// or "responsive" hydrogels [Gehrke et at.,

1992]. The properties that commonly change reversibly in these hydrogels include:

(i) swelling degree (weight ratio of swollen to dry mass) - from less than 1.2 to over 100

(ii) swelling/shrinking kinetics - time constants less than Is to over 105s

(iii) solute permeability - impermeable to highly permeable

(iv) clarity - complete opaque to completely transparent

The applicability of responsive hydrogels may ultimately depend upon the kinetics of the

volume change. The limiting steps could be either the stimuli rate or the rate of network

response. A list of some interesting applications is described in this section.

(a) Food industry

The food industry uses hydrogels to protect flavors, retarding their release and increasing

their duration. Encapsulated flavors have been successfully added to chewing gums, pastries

mixes, cake mixes, instant coffee, ground coffee, and dry beverage mixes. Depending on the

hydrogel system, flavors are released by dissolution of the capsule wall, by compression, or

by diffusion [Brannon-Peppas, 1993]. Other food additives such as colorants, antioxidants,

enzymes, and preservatives have also been tested.

The food packaging industry employs dried-hydrogels as liquid-absorbers. They are useful

for efficient meat transportation and storage because they keep moist but absorb unnecessary

excess water. Frozen water-swollen gels are used as dry-cooling medium, they maintain
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foods cold and as ice melts water is retained in the gel, conserving food and packaging dry

[Buchholz^flL,1996].

(b) Environmental and chemical

The controllable permeability of responsive hydrogels has been used to achieve a variety of

size- or charge-selective separations. For example, Cussler et al. (1984; 1985; 1989) used a pH-

sensitive gel to concentrate solutions of polystyrene, polyethylene glycol and hemoglobin.

The separation was based on a gel that at pH 7.0 is capable of absorbing twenty times its

weight in water excluding solutes greater than 3 nm in diameter. After swelling, the gel was

easily regenerated by lowering pH to 5.0; under these conditions, 85% of water was released.

Applications of hydrogel systems have been reviewed [Brannon-Peppas, 1993]. These

systems include microparticles and nanoparticles for the controlled release of essential oils,

perfumes, deodorants, and moisturizers. Generally, the hydrogels are tailored to release the

active agent for a period of 6 to 12h, preferably at a constant rate, and to be activated by

contact with moisture or skin.

(c) Pharmaceutical and biomedical

Research on polyiordc hydrogels has been focused, to a large extent, on their application to

controlled drug release [Park et al., 1993]. The role of the hydrogel is to respond to a stimulus,

and procure the right amount of active agent at the right time and at the right place. The

most extensive work has been carried out on pH-sensitive and thermal-sensitive hydrogels

[Hoffman, 1997].

Okano et al. (1990) developed a temperature controlled system for drug release. Their system

was able to release the drug at 20°C, and when temperature was raised from 20°C to 30°C the

permeation of the drug was blocked by a dense surface layer formed on the membrane.

When the temperature decreased the surface unswelled recovering equilibrium, and

allowing again the release of the drug. The gel surface acted as an on-off switch.
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In the biomedical field, one of the first uses of hydrogels was as soft contact lenses and

intraocular lenses. The number of applications has multiplied ever since due to their

favorable properties. Hydrogels are smooth, flexible, durable, non-antigenic, and permeable

to water vapor and metabolite materials. They have found applications in wound dressing,

implants, as well as to cover surgical instruments and prosthesis in order to ameliorate

biocompatibility and reduce rejection [Peppas et al., 1994].

Advanced applications consider the use of hydrogels in diagnostic devices, tissue

engineering, and artificial muscles. The latter are based on smart hydrogels that transform an

electrochemical stimulus into mechanical work (i.e., contraction), emulating the contractions

and secretions of human organs. These materials are essential in the development of robotics

and robotic grippers, with electrically driven muscle-like actuators [Osada et al., 1998].

(d) Biotechnology

In biotechnology, hydrogels have been used as support of biological systems. The

immobilization in a support protects the biological system from contamination and improves

the handling. Immobilized proteins, cells and enzymes can be used in bioreactions as

biocatalysts. When enzymes are immobilized within smart hydrogels, cyclic changes in

environmental stimuli can lead to on-off activity of the enzyme due to the cyclic collapse and

reswelling of the hydrogel pores. This action can also be used to enhance mass transport of

substrate into and product out of immobilized enzyme hydrogels [Dautzenberg et al., 1996].

Hydrogels have also been used in selective separation processes. An alternative process for

the isolation of soy proteins based on a temperature-sensitive hydrogel has been developed

[Wang et al., 1993]. In addition, hydrogels have been proposed as materials for molecular

recognition and recovery where the hydrogel should recognize, absorb, and release specific

molecules [Tanakae^flL, 1996].
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2.3 CHITOSAN-POLYANION COMPLEXES

Natural cationic polymers are rarely found, and chitosan is probably one of the few

commercially available from a renewable source. For this reason, many polyionic complexes

using chitosan as polycation have been reported.

Most chitosan complexes are prepared following the procedure originally proposed by

Kikuchi and Fukuda (1974), using different types of polyanions. Depending on the chemical

structure, functional groups, molecular weight, flexibility, charge density, stereoregularity,

hydrophilicity/hydrophobicity, and compatibility of the polymers, as well as, reaction

conditions, such as pH, ionic strength, polymer concentration, mixing ratio, and

temperature, different polyiomc complexes can be obtained [Kubota et aL, 1998].

In this section, a general review of chitosan-based complexes is presented. The review is

focused on chitosan-polyanion systems. The effect of concentration, mixing ratio, pH, ionic

strength, and charge density on chitosan-polyanion complexes formation and properties is

discussed.

2.3.1 CfflTOSAN AND SODIUM DEXTRAN SULFATE

In 1974, Kikuchi and Fukuda reported the reaction between chitosan and sodium dextaran

sulfate. They observed that when aqueous solutions of both polymers were mixed, a

polyionic complex was formed as a water-insoluble hydrous precipitate. The complex

composition was estimated from the sulfur content in the complex and in the polymers.

The content of chitosan and sodium dextran sulfate in the complex, depended on the amount

of each polymer added during preparation. The yield of complex was higher for diluted

polymer solutions, than for concentrated solutions. The complexes were insoluble, even

though they were heated in ternary solvent mixtures such as water/hydrochloric

acid/methanol. And in water they only swelled to some extent.
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2.3.2 CHITOSAN AND HEPARIN

The mixing of a chitosan solution with a heparin solution was reported as a polyionic

complex forming reaction [Kikuchi et al., 1976]. The complex was formed as a water-

insoluble hydrous precipitate. A colorimetric reaction with toluidme blue verified that

heparin was uniformly dispersed throughout the complex. The effect of pH on complex

formation was studied by turbidity [Hirano et at., 1978]. At pH 2.8, a maximum of turbidity

was observed for a mixing ratio chitosan-heparin of 1.22, while at pH 4.5, no defined

maximum was observed.

2.3.3 CHITOSAN AND SODIUM CARBOXYMETHYLDEXTRAN

The complexation reaction between chitosan and sodium carboxymethyldextran has been

investigated under different experimental conditions [Fukuda et al., 1978]. The results have

shown that the pH, the mole ratio in the reaction mixture and the order of mixing play an

important role on the final composition of the complex. The chitosan content in the complex

is lower when reaction is carried out at pH 3.0, than at pH 6.5. These values have been

verified by the IR spectra: when the complex had a lower content of chitosan, a strong band

around 1740 cm-1, assigned to -COOH group, appears. These results suggested that the

-NHs+ groups of chitosan pardcipate in the binding with carboxymethyldextran tlirough the

-COO- groups.

2.3.4 CHITOSAN AND SODIUM CARBOXYMETHYLCELLULOSE

Complexes formed by the reaction of chitosan and sodium carboxymethylcellulose were

studied m order to clarify the relationship between their molecular conformation and their

properties [Fukuda, 1980]. The complex preparation was carried out at pH 2.5 and 5.0,

because at pH lower than 2.0 no precipitate was formed, and when solution pH was higher

than 6.5 chitosan was insoluble. Carboxymethylcellulose was located in the complex using
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the toluidine blue color reaction. The results showed that carboxymethylcellulose was

homogeneously dispersed over the complex. However, color change depended on

preparation conditions, what seemed to be related to differences in the molecular

conformation.

The reaction between chitosan and carboxymethylcellulose was used to prepare capsules for

the immobilization of mammalian cells. The capsules were produced by placing a drop of

cell suspension mixed with carboxymethylcellulose, into the chitosan solution. The contact of

the two oppositely charged polymers formed a polyionic complex capsule protecting the

cells from the environment and contamination [Yoshioka et al.,1990}. The reaction was also

used to prepare polyionic complex membranes and films [Argiielles-Monal et al., 1993].

Depending on preparation conditions, the swelling behavior of membranes varied, changing

their adsorption capacity of copper ions.

2.3.5 CHITOSAN AND SODIUM ALGINATE

Chitosan-alginate polyionic complex capsules were prepared under different conditions to

examine their effect on permeability and mechanical stability. The capsules were obtained by

dropwise addition of the chitosan solution into the alginate solution, leading to the

formation of a chitosan liquid core capsule protected by an interphasic chitosan-alginate

membrane [Daly et al., 1988; Gaser0d et al., 1998].

Biological molecules were encapsulated in chitosan-algmate beads. Hemoglobin was used as

model for globular proteins. The results showed a high loading capacity, with low loss of

hemoglobin during bead formation and storage. Further studies confirmed that the retention

or release of the immobilized molecule from the complex, is related to its molecular weight,

chemical structure and polymer conformation [Huguet et al., 1994; Huguet et al., 1996].

Chitosan-alginate complexes have also been studied as a drug encapsulation system [Lee et

al., 1997], as a controlled release matrix for drugs [Mi et al., 1997], and as a wound dressing

material [Kimetal., 1999].
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2.3.6 CHITOSAN AND POLY(ACRYLIC ACID)

The reaction of chitosan with poly(acrylic acid) was conducted as a model study to

characterize the effect of pH, ionic strength, and mixmg ratio on complex formation

[Chavasit et al., 1990; Mireles et al., 1992]. Poly(acrylic acid) has the advantage of being a

synthetic polymer with a simple structure. The complexes were prepared in the range of pH

comprised between 3 and 6, to insure a sufficiently high charge density. Turbidity

measurements were used as an indicator of complex formation. The amount of complex

formed and its composition was dependent on initial pH, but independent on ionic strength.

2.3.7 CHITOSAN AND CHONDROITIN SULFATE

Chondroitin sulfates are polysaccharides contaming both weak (-COOH) and strong

(-SOaH) acid groups, but with low charge density. The complex formation between chitosan

and chondroitin sulfate was followed by conductometry and turbimetry [Denuziere et al.,

1996]. When the chitosan hydrochloride solution was added to the chondroitm sodium

sulfate solution, a precipitate appeared and the maximum turbidity was obtained at 1:1

stoichiometry. During the addition of chitosan to chondroitm sulfate, the conductivity of the

medium increased Imearly before the equivalent point. At the ending point, the conductivity

was the same as a NaCl solution with a concentration comparable to the total number of

-NH3+ in the reaction medium. This result indicated that the complex formation involves the

reaction of aU the -NHs+ groups, one half with the -SOs- groups and the other half with the

-COO-. When the complexation reaction was performed by adding chitosan to chondroitin

sulfate in the acidified form, a deviation from the stoichiometry was observed. The

equivalent point was attained at 3:4. This situation corresponds to a total consumption of

-NHs+ groups with all -SOs-, and only half of the -COO-.

The chitosan-chondroitin complexes have been evaluated as an encapsulation system for the

controlled release of metoclopramide [Ganza-Gonzalez et al., 1999], and as a biomaterial

[Denuziere^flL,2000].
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2.3.8 CHITOSAN AND CARRAGEENAN

Polyionic complexes prepared by mixing chitosan and K-carrageenan solutions, were studied

under different conditions [Sakiyama et al., 1993; Hugerth et al., 1997]. K-Carrageenan is a

sulfonated polymer, thus a strong acid-weak base complex is formed. Changing the ionic

strength of the reaction medium, modified the electrostatic attraction and the complex

structure. In the absence of salt, small aggregated particles were obtained, while at a

concentration of 5.7% of sodium chloride a homogenous gel was formed. This gel-form of the

complex showed an interesting swelling behavior. For pH values between 10-12, the gel size

increased with time and equilibrium was reached within 6 days. At pH below 9 or at pH 13,

no swelling was observed. The gel swelling was sensitive to pH only in a narrow range.

2.3.9 CHITOSAN AND XANTHAN

The reaction between chitosan and xanthan was reported as forming a water-insoluble

polyionic hydrogel. Complexes were prepared under different conditions, in order to

determine the parameters involved during their formation. The yield of the reaction and the

water retention capacity of the complex, were regulated by chitosan characteristics

(molecular weight and acetylation degree), chitosan to xanthan mixing ratio, and reaction

initial pH [Dumitriu et al., 1994]. The swelling of the chitosan-xanthan complex was found

sensitive to the pH and ionic strength of the medium [Chu et al., 1995]. The complex only

swelled in the range of pH 10-12, and its maximum value was observed at pH 10.

The chitosan-xanthan complexes have been used as supports for enzyme immobilization.

The encapsulation efficiency varied between 85% to 98%. The immobilization of (3-xylanase,

lipase and protease, either promoted or conserved the enzyme activity, with respect to the

free enzyme [Dumitriu et al., 1994; Dumitriu et at., 1995; Dumitriu et al., 1997; Magnin et al.,

2001].
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2.4 CONTROLLED RELEASE SYSTEMS

2.4.1 BACKGROUND, DEFINITIONS AND ADVANTAGES

Controlled release is based on the concept of providing the right amount of an active agent at

the right time to the right place [Jacobs et al., 1993]. The idea came forth due to the necessity

of administering a substance at continuous rate, in order to obtain the desired effect.

The first controlled release systems were developed for the pharmaceutical and agricultural

industries. In the pharmaceutical field, sustained release was achieved by mixing drugs with

waxes, by compressing drugs with porous msoluble materials, or by covering tablets with

pH-sensitive substances [Robinson, 1997]. These methods were effective in retarding the

release of the drug, but they lacked reproducibility because their response was dependent on

the external conditions. In agriculture, slow release fertilizers were prepared using either

materials activated by microbial attack, water insoluble compounds, or complexes of the

active compound with ion-exchange resin. However, the rate of release in all these systems

was easily modified by environmental conditions such as rainfall or atmospheric humidity.

Since then, new different types of controlled release systems have been developed, polymeric

materials being the key ingredient of all these technologies. When solid polymer matrices are

used, the release of the active agent is mainly determined by the polymer properties, being

almost independent of other external factors. Therefore, to obtain the desired release profile,

the polymeric system is tailored to adjust the rate of release at the proper level.

The main advantages of using controlled release dosage forms include [Baker, 1987]:

• a more constant or prolonged level of active agent, reducing problems of overdosing

and underdosing inherent to conventional formulations;

• a more efficient utilization of the agent, because the constant levels of release require

less active agent to produce the duration of effect;
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a site for action delivery. Controlled release devices can be designed to deliver and

contain the agent locally at the site of the action. In medicine, local delivery using

reservoir systems reduce the dosage and the possibility of side effects. In agriculture,

the localization of chemicals used to control insects and unwanted vegetation reduce

the spread by wind or runoff, and the exposure of nontarget species;

a reduction of dosing frequency, fewer applications of the active agent are required.

Usually, medicinal and agricultural agents should maintain an effective concentration

for a prolonged period. To do so with conventional delivery systems, a massive initial

dose or repeatedly small doses must be used, increasing the risk of built up agent

toxicity, or periods of insufficient agent level.

2.4.2 MECHANISMS OF CONTROLLED-RELEASE

The release of an active agent from a controlled release device is determined by several

factors and processes. In most of cases, one of the following mechanisms of control can be

identified as predominant: (i) diffusion-controlled; (ii) solvent-controlled; or (iii) chemically-

controlled.

(a) Diffusion-controlled systems

In dbiffusion-controlled systems, the rate of release from a device is regulated by the

permeation of the substance from its interior to the surrounding medium. Two principal

types of diffusion-controlled devices are produced: reservoir and monolithic (or matrix)

systems (Figure 2.6).

Reservoir systems consist of an inert polymeric membrane covering the active agent to be

released, and through which the substance might diffuse at a finite and controllable rate. The

polymeric membrane can be either nonporous or microporous. In nonporous membranes,

the release is governed mainly by the diffusion through the polymer membrane. The release
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rate can be easily controlled by selecting a polymer with the convenient diffusivity

coefficient. In microporous membranes, the solute has to permeate the membrane by

diffusion through small channels (pores) in the polymer filled with a liquid or gel [Langer,

1980]. The rate of permeation depends on the membrane pore size, the solute molecular

volume, and the diffusion through the medium in the pores. The advantage of reservoirs is

that they can be produced in the form of films, patches, capsules, microcapsules or hollow

fibers. However, reservoirs are limited by the potential risk of membrane failure.

Figure 2.6 Diffusion-controlled systems, (a) membrane-reseruoir
device; (b) monolithic device.

Monolithic devices are homogenous matrices prepared by dissolving or dispersing the active

compound within a water-insoluble polymer. The release of the solute from the monolithic

device is controlled by the diffusion through the matrix, which depends on the loading of

active agent, the nature of the components, and the geometry of the device [Baker, 1987].

(b) Solvent-controlled systems

Solvent-controlled devices are systems activated by the contact with a solvent. In these

systems, the active agent is encapsulated until either the external solvent swells the matrix or

solvent absorption induces osmotic pressure (Figure 2.7).
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Figure 2.7 Solvent-controlled systems, (a) siuelUng-controlled system;
(b) osmotic pressure system.

In swellmg-controlled systems, the release of active compound is given by the solvent uptake

from the surrounding media and the diffusion of the substance through the swollen matrix.

Initially, the active agent cannot diffuse across the dry matrix, but as the polymer swells in

the solvent the agent is released and diffusion increases. Most devices use hydrogels as

swelling sensitive materials, thus water absorption and release are determined by the

crosslinking degree and the hydrophilic/hydrophobic balance in the polymeric matrix

[Brondsted etal., 1991].

Osmotic delivery systems are the second type of solvent-controlled mechanism. Osmotic

systems are composed of a core reservoir containing the active agent coated with a semi-

permeable polymeric membrane. The membrane allows the passage of water but not the

diffusion of the agent. As water passes across the membrane, an osmotic pressure is created

forcing the active agent out through an orifice made m the device. The release is directly

related to the rate of external water diffusion, controlled by the type, thickness, and area of

the semi-permeable membrane.
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(c) Chemically-controlled systems

Chenucally-controlled systems are regulated by the rate of disintegration of the matrix due

to physical erosion or polymer degradation, or by the cleavage of bonds between the active

agent and polymer backbone [Langer, 1993]. A scheme of the devices is shown m Figure 2.8.

Figure 2.8 Chemically-controlled systems, (a) water-soluble polymer
erodiUe system; (b) water-insoluble -polymer system;
(c) bond-cleavage system.

Erodible matrices can be prepared either with water-soluble or water-insoluble polymers. In

the case of water-soluble polymers, the rate is determined by polymer dissolution. As the

polymer dissolves the active compound is released. When water-insoluble polymers are

used, the polymeric matrix has to absorb significant amounts of water and disintegrate to

release the active compound.

Matrix disintegration due to polymer degradation is referred to by the term "bioerosion .

The degradation process can be produced on the matrix surface or in the bulk [Sinko et al.,
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1993]. Surface degradation is observed when the polymeric matrix is hydrophobic enough to

limit degradation to the surface of the device. The active compound is released as the

polymer on the surface degrades. Bulk degradation is produced when the rate of water

penetration into the matrix exceeds the rate at which the polymer is degraded. The large

amounts of, water in the matrix create cracks, and the device easily disintegrates releasing the

compound. The advantage of biodegradable devices is that surgical removal can be obviated.

Active compounds can be attached, through covalent bonds, to polymers. The release of the

compounds occurs gradually as bonds are hydrolytically or enzymatically cleaved. If

chemical hydrolysis produces the cleavage, the release depends on the nature of the covalent

bonds and pH of the environment. If enzymatic hydrolysis releases the compound, the rate is

dependent on the concentration of enzymes. Thus, it depends on the in vivo condition not on

the delivery itself [Park et al., 1994].

2.4.3 POLYMERS IN CONTROLLED RELEASE

Polymers have found extensive application in the development of controlled release systems

because of their structural and physical properties, which can be modified and controlled to

produce a polymer with the correct solubility, permeability, porosity, and crystallmity.

Moreover, polymers can be shaped in a large variety of forms and sizes, and the active

compounds and additives can be incorporated either physically or chemically.

One important parameter that gives information about the interaction between the polymer

and the active compound, is the diffusion coefficient. Diffusion requires the cooperative

movements of several polymer chain segments, to permit the transport of the compound

through the polymeric device. In general, higher diffusion coefficients in polymers

corresponds to low intercham forces, low molecular weight, low crystallimty, and low

crosslinking degree. Diffusivity can be modified by additives such as plasticizers and

solvents which may increase the segmental mobility, while fillers decrease segmental

motion.
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Depending on their chemical properties, polymers used in controlled release can be classified

in three basic types: water-soluble polymers, biodegradable polymers, and

nonbiodegradable polymers. Some polymers using this classification are listed in Table 2.4.

TABLE 2.4 POLYMERS USED IN CONTROLLED RELEASE [DUNN, 1991]

Water-Soluble Polymers

Polyethylene glycol

Poly(vmyl alcohol)

Poly(acrylamide)

Hydroxypropyl cellulose

Sodium carboxymethyl cellulose

Dextran

Sodium alginate

Poly(acrylic acid)

Gelatin

Starch

Biodegradable Polymers

Poly(maleic anhydride copolymers)

Gelatm-formaldehyde

Polylactic acid

Polyglycolic acid

Polyorthoesters

Polyhydroxybutyrate

Polyhydroxyvalerate

Polycaprolactone

Non-Biodegradable Polymers

Silicones

Polyethylene

Polyurethanes

Poly(methyl methacrylate)

Poly isobutylene

Poly(ethylene-co-vinyl acetate)

Poly(ethyl methacrylate)

Water-soluble polymers are mostly used in short-term controlled release (several hours to

several days). In this case, the polymer is solubilized by hydration, iomzation or protonation

of the functional groups present m their chains, such as hydroxyl, amine and carboxylic acid.

No chemical degradation is necessary to become soluble, and solubility can be controlled by

changing the molecular weight. Thus, the careful selection of the polymer can lead to

formulations with different release profiles and rates [Dunn, 1991].
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The second type of polymer used in controlled release are biodegradable polymers. These

polymers require some chemical reaction to become water-soluble allowing the release of the

active substance. The degradation process usually occurs by the hydrolysis of labile bonds.

The accessibility to these labile bonds depends on polymer morphology and structure,

controlling the release rate. Some mechanisms using degradable polymers are: (i) hydrolysis

of side chain substituents to make the polymer water-soluble; (ii) crosslinkmg of a water-

soluble polymer with a hydrolyzable agent; and (iii) hydrolysis of a water-insoluble polymer

with a chain that contains hydrolyzable functions. These mechanisms are illusta'ated in

Figure 2.9.
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Figure 2.9 Mechanisms of controlled release based on degradable
polymers.

The third type are nonbiodegradable polymers, which are essentially inert to their

surrounding environment, such as silicones. During their use, no chemical change is

produced and they remain unmodified until removed. These polymers are used for extended

controlled release applications.
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2.4.4 APPLICATIONS OF CONTROLLED-RELEASE TECHNOLOGY

(a) Pharmaceutical

Controlled release technology has been extensively used to increase the time of effective

therapeutic dose of drugs from a single administration, specially for the administration of

highly active compounds, drugs with short half-lives, and frequent dosage drugs. Typical

applications of drug controlled release are found in: (i) ocular devices because implants can

be easily placed or removed during the treatment; (ii) transdermal delivery in which release

is regulated by membrane and skin permeability; (iii) oral drug formulations to produce,

extended and controlled availability; (iv) contraceptives and hormones implants to

continuously deliver the active substance reducing dose size and increasing duration; and (v)

the controlled release reservoirs of fl.uoride to reduce cavities.

(b) Agricultural and Environmental

In general, the use of controlled release systems increases the effectiveness and specificity of

an active agent, reducing the risk of overdosing. The controlled release of pesticides and

fertilizers had a great impact on the agricultural industry and the environment, because their

use produced a significant reduction of dosages, decreasing the chances of damage of the

environment. Sustained release formulations of fertilizers and pesticides were designed to

increase the endurance of each application, and to reduce their run-off mto rivers or aquifers.

Similarly, systems for releasing pheromones, which are expensive and volatile compounds,

were created to confuse insects. Also, collars to keep fleas away from pets, and mollusks

from the hulls of ships were developed.

(c) Other

Controlled release has been used in household fly strips and insectapes to kill roaches, in air

fresheners to slowly release fragrances; and in food technology, to increase flavor or nutrient

retention.
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2.5 DRUG DELIVERY SYSTEMS

Drugs can be administered using different routes (e.g., oral, transdermal, intravenous) and

dosage forms (e.g., capsules, tablets, syrups, suspensions, ointments, lotions). However, most

of these methods have been developed for stable drugs with specific physico-chemical

properties. Thus, the administration of short half-lives drugs, highly active drugs, or

insoluble drugs is often limited due to problems in their delivery. To overcome these

limitations, new drug delivery systems have been designed to transport drugs to a specific

part of the body, to protect drugs from degradation, or to modify drug properties. In some

cases, the design of the delivery system can be considered as important as the discovery of

the drug.

Traditionally, drug delivery systems have been related to the development of drug

formulations and to alternatives to deliver drug molecules throughout the human body.

Recently, drug delivery systems have had the role of maximizing the number of potential

formulations, offering systems that reduce undesirable side effects or excessive dosage, and

systems that increase drug efficacy, tolerance, solubility, permeability and stability.

Moreover, novel delivery systems take into account pharmacokmetic principles, specific

drug characteristics and variability of responses between one individual and another, as well

as within the same individual under different conditions [Prosser, 1999].

Most drug delivery systems are basically controlled-release devices. They are designed to

deliver drugs at a constant rate for extended periods of time with less fluctuation than

conventional pharmaceutical formulations. These drug controlled-release systems can be

prepared and adjusted using the concepts and materials described in the previous section.

Drug delivery technologies are growing rapidly. Products delivered via the nasal route and

the lungs are becoming popular when oral delivery is not possible, because the respiratory

system offers a non-invasive way to transport molecules into the bloodstream. Also, new

colloidal drug carriers such as micelles, liposomes, hydrogels, nano- and microparticles have

attracted significant attention for the sustained release and for stabilizing protemic drugs.
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2.5.1 DRUG DELIVERY DESIGN

The effect of a drug is related to its concentration at the site or tissue of action. Drug

concentration depends on factors such as the quantity of drug administered, the absorption

and delivery to the site, and the rate and extent of elimination from the body. The design of a

proper drug delivery system involves the study of the relationship between the physical and

chemical properties of the drug, its bioavailability, and the rate at which the drug reaches its

target.

(a) Drug physicochemical properties

The understanding of the physicochemical properties of a drug substance is an important

part of the design of its delivery system. There are a number of properties that can avoid the

use of certain dosage forms or that may have an adverse influence on the product design and

performance. For example, when a drug has low aqueous solubility and it is needed as an

intravenous injection, a soluble derivative of the drug must be used instead of the original

compound. In addition, it should be considered that some physical properties can be

modified during processing and manufacturing, such as solubility, particle size, and

crystalline form; or that the use of certain excipients may introduce chemical instability or

interactions [Anseletal., 1999].

• Physical state

Drugs can occur as gases, liquids and solid materials. The most commonly used are solid

drugs which can be easily formulated as tablets, capsules, or suspensions with different

release profiles. Liquid drugs are less frequent because liquid substances must be derived

into an ester or salt to obtain a solid form that can be formulated in tablets. Some liquid

drugs are volatile substances, and require sealed devices or capsules to prevent their loss. In

general, solid dosage forms are preferred since their formulation and stability are easier to

control than in liquid pharmaceutical preparations.
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• Polymorphism

Solid drugs can crystallize in a variety of forms or polymorphs depending on crystallization

conditions. The polymorphic forms of a drug have the same chemical structure, but the

molecules are packed or oriented differently in the crystal lattice. The differences m crystal

structure usually produce changes in properties such as density, hardness, melting point,

solubility and stability. During crystallization, solid compounds can also entrap the solvent

in the crystal structure forming solvates, or they can entrap water forming hydrates. Solvated

and hydrated forms may have sufficiently different properties from anhydrous crystals to

modify drug bioavailability and absorption.

• Amorphous or crystalline

In addition to polymorphic forms, solid drugs occur m a noncrystalline or amorphous form.

Generally, an amorphous solid dissolves more rapidly than the same drug m the crystalline

form, because the energy required for a molecule to escape from a crystal is higher than,that

to escape from an amorphous powder. These changes in the crystalline structure are

accompanied by differences in properties and stability. In some cases, amorphous solids and

polymorphs are metastable, and tend to convert to a more stable structure over time. If

metastable forms are used in a pharmaceutical formulation, their gradual conversion may

produce an alteration in the preparation effectiveness. Therefore, before formulation

bioavailability should be balanced against stability.

• Particle size

Particle size and particle size distribution also affect solid drug properties like solubUity,

uniformity, taste, texture, color, and stability. Of special interest is the effect of particle size

on poorly or slowly soluble drugs. Commonly, the reduction of particle size results in an

enhancement of the dissolution rate due to an increase m the total surface area of the solid.

The control of particle size provides an approach to obtain different dissolution rates and

degrees of absorption for the same drug.
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• Solubility

Drug solubility is a key property, in particular aqueous solubility, because a drug must

dissolve to enter into the systemic circulation and produce the desired therapeutic effect. For

this reason, poorly water soluble compounds often exhibit incomplete or erratic absorption.

When the solubility of a drug is less than desirable, depending on the chemical structure, a

more soluble compound can be produced by chemical modification, for example, by

converting the drug into a salt or ester form. The solubility of acid and basic drugs is

strongly affected by pH. A basic drug is more soluble in acidic medium due to its

transformation into a salt, while an acid drug is more soluble in alkalme conditions.

• Stability

Many drugs substances are susceptible to chemical decomposition when formulated in either

liquid or solid dosage forms. Drug degradation leads to a loss of activity, and sometimes also

to changes m the physical appearance, such as discoloration. The general causes of drug

degradation are hydrolysis, oxidation, isomerization, and photodegradation reactions.

Stability is also influenced by external conditions like temperature, light, oxygen and

moisture. However, drugs substances can be protected from decomposition by selecting

appropriate pharmaceutical ingredients, coatings, containers, devices or delivery systems.

(b) Drug bioavailability

The term bioavailability refers to the rate and extent at which a drug is absorbed from a

dosage form and becomes available at the site of drug action. The entry of the drug substance

into the biological system from a drug product (i.e., tablets, capsules, suspensions) consists

on three sequential processes: (i) the disintegration of the drug product and/or the release of

the drug; (ii) the dissolution of the drug m the biological medium; (iii) the absorption of the

drug across the body membranes to reach the circulatory system [Shargel et al., 1999]. A

global scheme of the bioavailability process is shown in Figure 2.10.
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Figure 2.10 Process of drug bioavailability from a solid dosage form.

In general, the bioavailability of poorly water soluble drugs is limited by the rate at which

the drug dissolves (dissolution rate). While the bioavailability of soluble drugs or drugs in

solution is controlled by the rate at which the drug permeates through the cell membranes.

Bioavailability studies are important in the design of delivery systems because they give

information about the amount of drug absorbed from a dosage form, the rate of drug

absorption, the duration of the drug in the biological system, and the relationship between

drug blood levels and clinical efficacy and toxicity. In addition, bioavailability data can be

used to compare the availability of a drug from different production batches, from different

dosage forms (as tablets, capsules, elixirs, etc.), or from the same dosage form produced by

different manufacturers.

• Disintegration and drug release

The disintegration of a drug product transforms the dosage form into small particles

increasing the total surface of drug release. The United States Pharmacopeia (USP-24) defines

the complete disintegration as the state in which the dosage form (tablet or capsule) becomes

a soft mass without palpably firm core, and only fragments of the insoluble coating remain.

The process of disintegration does not imply the complete dissolution of the drug product or

even of the drug. The formation of fragments, granules, or aggregates from solid dosage

forms can be measured by disintegration tests. However, these tests do not provide

information about the dissolution rate of the drug.
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• Drug dissolution

Drug dissolution is the process by which the drug contained in the disaggregated particles is

dissolved in a solvent. The dissolution rate of a drug product is determined by the water

solubility of the drug, the pH of the medium, the pKa of the drug, the form and specific area

of the disaggregated particles, and the pharmaceutical formulation (i.e., excipient, coating).

The steps associated with dissolution include: (i) drug dissolution at the particle surface,

creating a saturated layer of drug-solution at the solvent-particle interface; (ii) dissolved

drug diffusion from tiie saturated layer to the bulk solvent from regions of high drug

concentration to regions of low concentration (Figure 2.11). The overall rate of drug

availability after dosage form dissolution can be described by the Noyes-Whitney equation:

d^=k5(C,-C)dt ^v^s (2-12)

where (dC/dt) is the dissolution rate, k is the dissolution constant (a mass transfer

coefficient), S is the surface area of the solid, Cs is the saturation concentration of the drug in

the saturated layer (approximately the maximum solubility of the drug in the solvent), and C

is the concentration of the drug in the dissolution medium at time t.
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Figure 2.11 Dissolution of a solid drug dosage form: (a) dissolution process;
(b) diffusion process.
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The equation shows that the dissolution rate of a drug may be increased by reducing particle

size (which increases the effective surface area), by increasing the solubility of the drug in the

solvent, and by modifying the parameters determining the dissolution rate constant (k) such

as the agitation of the solvent and the diffusion coefficient of the drug m the solvent. The

latter can be increased by rising solvent temperature and agitation, or by reducing the

viscosity of the dissolution medium.

• Drug absorption

Before a drug substance reaches its site of action, it must get through a number of biological

barriers. These barriers are a series of body membranes classified into three main types: (i)

those composed of several layers of cells, as the skin; (ii) those composed of a single layer of

cells, as the intestinal epithelium; and (iii) those of less than one cell in thickness, as the

membrane of a single cell. Drugs can penetrate these biologic membranes by "passive

diffusion77, that is drug molecules pass through a membrane which behaves mertly and that

does not participates in the process. The absorption process is driven by the gradient of

concentration across the membrane [Ansel et al., 1999].

In contrast, "active transfer" requires an agent capable of forming a complex with the drug

on the surface of the membrane (carrier). The complex is responsible for the transport of the

drug molecule across the membrane. After the transfer, the drug is released and the carrier

returns to the original surface. In Figure 2.12, a simplified scheme shows the process.

C=Carrier

outside ^
li

DRUG

inside

Figure 2.12 Drug absorption through active transfer.
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2.5.2 ROUTES OF DRUG ADMINISTRATION AND CONTROLLED RELEASE

(a) Oral administration

Oral administration is the most frequent route for drug delivery. The majority of drugs taken

orally are swallowed and only a few dosage forms are intended to dissolve within the

mouth. Thus, drug absorption occurs in the gastromtestmal tract by passive diffusion to

produce a systemic effect. The bioavailability of the drug depends on factors, such as gastric

emptying, mtestmal motility, mucosal surface area, degradation of the drug in the stomach,

and metabolization in the liver. Drug absorption is also altered by the pH changes along the

length of the gastrointestinal tract, where pH increases progressively from a pH .of about 1 in

the stomach to pH 8 at the end of the intestines. For example, weak acids are fairly absorbed

m the stomach because they are essentially non-ionized, whereas weak bases cannot be

absorbed on the gastric surface. Therefore, oral absorption is a complex process with slow

drug response and the possibility of irregular drug absorption.

Oral systems have been extensively studied to overcome some of these limitations,

especially, to obtain a more constant or prolonged drug level in plasma with reduced

fluctuation. Some controlled release dosage forms have been developed. The principal

mechanisms of rate control are: drug diffusion through viscous gel layers and tortuous

channels; drug dissolution via matrix erosion; and drug dissolution restricted by an osmotic

pressure device.

The residence time of a drug dosage form m the gastrointestinal tract is an important

biological parameter in the design of suitable controlled release systems. In general, most

drugs are absorbed in the upper gastrointestinal tract where transit time is 6-8 hours. Hence,

transit time may become a limitation for drugs requiring absorption beyond this time frame

after dosing. In some cases, absorption via the lower colon can produce a continued drug

delivery for up to a total of 24h. For this reason, the development of new oral controlled

release systems is focused on how to extend the time of drug absorption in the small

intestine. Various approaches have been used to develop gastric retentive devices, such as

mtragastric floating systems (low-density systems), high-density dosage forms,
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mucoadhesive systems, magnetic systems, balloon devices, and highly swollen hydrogels

systems [Hwang et al., 1998; Chen et al., 2000].

(b) Parenteral administration

Parenteral administration refers to those methods in which drug is injected into the body at

different sites and to various depths. The common routes for parenteral administration are

intravenous, intramuscular, subcutaneous, and interperitoneal injections. The parenteral

route is preferred when rapid absorption is necessary, and when drugs can be degraded or,

poorly absorbed by the gastrointestinal system. The advantages of the parenteral route is

that drug absorption is faster than oral administration, blood levels of drugs are more

predictable, and little loss is produced after subcutaneous or intramuscular injection, and

virtually none by intravenous injection; this also permits the administration of smaller doses.

The main disadvantage of parenteral administration is that once the drug is injected the

substance is within the tissues or in the blood stream, and removal is almost impossible

increasing the risk of an inadvertent overdose.

As in the oral route, the drug must be in solution to be absorbed. Aqueous mjectable

preparations act more rapidly than drugs in suspension, which must first undergo the

dissolution process; and aqueous vehicles provide faster action than oleaginous vehicles. The

absorption rate m parenteral products can be controlled by the selective combination of drug

state and supporting vehicle.

In some cases, drug absorption from parenteral aqueous preparations can be prolonged by

adding viscosity-increasmg agents. An increase on viscosity may produce a reduction of

drug diffusion rate, allowing the augmentation of drug effect. Drug complexes can also be

used to extend drug delivery, as long as the dissolution of the complex is slow. Subcutaneous

and intramuscular repository injections have been investigated as drug storage reservoirs

within the body. After injection, the drug is slowly removed by circulation. In this regard,

sustained drug action may be achieved using subcutaneous implants.
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Intravenous, intramuscular and subcutaneous routes also represent an alternative to deliver

new colloidal and particulated dosage forms such as liposomes, nanoparticles, and small

microcapsules. These drug carriers have been extensively studied to deliver proteins and

peptides.

(c) Transdermal administration

The skin has been used as the administration site of drugs in local treatments. Recently,

transdermal systems have provided a novel way of delivering drugs and produce systemic

effects bypassing the gastrointestinal tract and the liver, and the metabolism that occurs

there. However, sometimes it is not easy to deliver drugs through the skin because it

represents an impenetrable barrier. This resistance is due to the stratum corneum, the

outermost layer of the skin, which is composed principally of lipids and keratm. In general, it

is difficult to pass through the skin more than 10 mg of a drug per day using a reasonably

sized transdermal patch [Langer, 1993].

Transdermal patches are already available to aid smoking cessation, hormone replacement,

hypertension control, contraception, anxiety, asthma, pain control and motion sickness. In

these devices, drug bioavailability is controlled by the rate at which drug migrates through

the adhesive. And drug diffusion is largely determined by drug solubility, molecular weight,

partition coefficient, and melting point. In addition, patch design considers the adhesion

properties and skin compatibility with the drug.

In order to make transdermal delivery more efficient, new //active" delivery systems using

external stimuli to drive the drug into the skin have been investigated. Electrical approaches

i.e., iontophoresis utilizes a conducdve adhesive and a miniature battery to set up an

electrical potential between the adhesive and the skin, are being explored [Longer, 1999].

Sonophoresis uses sound waves to momentarily disrupt the stratum corneum increasmg

drug flux. But still, transdermal administration raises adhesion challenges in order to allow

high drug fluxes, and to enable large, high-molecular-weight molecules to be administered

[Barnhart^^.,1998].
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(d) Nasal administration

Nasal administration is an alternative route for local and systemic drug delivery, particularly

for substances that are subject to degradation by gastrointestinal fluids. The nasal cavity is

highly vascularised, has a large absorption surface area (about 180cm2) and abundant

mucosa, which favors the rapid passage of dissolved drugs into the systemic circulation. The

efficiency of nasal administration depends on the deposition of the drug in the nasal cavity

and the respiratory tract. The standard methods of administration are sprays and drops. The

factors that affect nasal drug availability are: droplet or particle size, concentration, viscosity,

and pH.

The nasal route is one of the most investigated for the administration of peptides, proteins

and vaccines. The bioavailability of some of these compounds is low due to their high

molecular weight. Sometimes, the absorption of peptides can be improved by using

permeability enhancers. These substances create temporary modifications on the mucosa

improving the permeability and passage across the membrane.

(e) Pulmonary administration

The lungs provide a large accessible surface (approximately 90m2 of alveoli capillary area for

a man) for the administration of gases and aerosol mists of small particles of liquids and

solids [Ansel et al., 1999]. The capillary area of alveoli offers a route of rapid absorption

where drug effects have a speed comparable to an intravenous injection. For solid drugs, the

mechanism of particle deposition depends on the following factors: inhalation regime,

particle size, shape, density, charge, and hygroscopicity. The particle size determines the

level of penetration into the lungs and the extent of absorption. The total retention of

particles is usually only 50 to 60% of the administered dose. Pulmonary delivery systems

have relatively low efficiency and require repeated administration. Furthermore, many of

these systems do not deliver the drug in a reproducible manner, being difficult to ensure a

consistent deposition of particles to obtain uniform effects.
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One recent approach is the use of large (5-20 |jm) highly porous particles with extremely low

densities [Langer, 1999]. Lowering the density of particles modifies the aerodynamics of the

aerosols making possible the entrance of larger particle aerosols via an airstream. Increasing

the particle size also reduces particle aggregation, producing greater inhalation efficiency.

(f) Buccal administration

The buccal administration enables the absorption of drugs through the oral mucosa,

improving the bioavailability of drugs that are metabolized during the passage through the

gastrointestinal tract or the liver. The buccal cavity (cheek) is an area well supplied with

blood vessels for efficient drug absorption. The absorption through the oral mucosa is a

passive process that occurs mainly across the buccal, sublingual or gingival mucosa; the

palatal and tongue mucosa are less permeable. An additional advantage of the buccal route

is its accessibility; a dosage form can be easily placed or removed [Martin, 1993].

A buccal tablet should remain in contact with the oral mucosa to allow absorption of the

drug. Therefore, the taste is an important factor in the design of oral products. Some peptidic

drugs have been absorbed by buccal route, providing an alternative path of administration

without drug degradation by enzymes.

(g) Ocular administration

Topical application of drugs to the eye is usually used for the local treatment of ocular

diseases. Drugs are applied in the form of drops or ointments, and they are absorbed

through the conjunctiva and the cornea. Ocular absorption is more effective through the

corneal membrane where transport is produced by passive diffusion. In general, the

bioavailability of aqueous ophthalmic solutions is low owing to the barrier properties of the

conjunctiva and cornea, the loss of drug by tear turnover and lacrimal drainage, and the

limited capacity of the eye to retain of liquid and semisolid preparations. Ocular delivery can

be prolonged by reducing drainage using viscous solutions, suspensions, emulsions,
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ointments, erodible and non-erodible matrices, and by improvmg the corneal penetration

using gel systems, and liposomes. Ophthalmic solutions must be clear and free of particles.

Wlien suspensions are formulated, insoluble pardcles must be used as very fine powder to

minirnize eye irritation and scratching of the cornea.

2.5.3 IN VITRO DISSOLUTION TESTING

(a) Concepts of dissolution testing

In vitro dissolution tests are designed to measure the rate and the extent of drug availability

from a dosage form. Thus, dissolution testing is an important procedure for characterizing

the biopharmaceutical quality of a product at different stages in its lifecycle. During the

development of new dosage forms, in vitro dissolution tests serve to evaluate the different

formulations in order to determine the "best" one. They are also supportive in the evaluation

and interpretation of possible risks, especially in the case of controlled release dosage forms,

in regards of dose dumping, food effects on bioavailability, interaction with other drugs, and

influence of gastrointestinal environmental conditions [Sieweiiet al., 1997].

Dissolution tests also play an important role as a tool of production control. The tests give

information about drug release from a dosage form, permitting to distinguish between

different formulations of the same drug, or the same formulation after ageing, or the

processing changes during production. In vitro dissolution tests do not replace clinical work,

but tests results are useful to identify the factors involved during the formulation

development, i.e., bioavailability limitations tn an aqueous medium.

There are a number of factors that must be considered when performing in vitro dissolution

test [Shargel, 1999]. Some of the factors that may produce a marked effect on the dissolution

results are listed:

• Type of apparatus

• Size and shape of dissolution vessel
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Type and speed of agitation

Dissolution medium (volume, temperature, composition, pH)

Sampling and analysis technique

Drug physicochemical properties

Shape, size and type of dosage form

(b) Dissolution apparatus

The United States Pharmacopeia [USP-24, 2000] provides the description of seven official

devices for carrying out dissolution tests. The selection of the apparatus depends on the type

of dosage form tested, i.e., tablets, capsules, transdermal preparations; release profile, i.e.,

immediate release, sustained release; and drug solubility. The most common types of

apparatus for controlled release formulations are the basket method (Apparatus 1), the

paddle method (Apparatus 2), and the flow-through cell method (Apparatus 4).

• Rotating Basket Method (Apparatus 1)

The rotating basket method consists of a stainless steel cylindrical basket held by a shaft. The

dosage form is placed in the dry basket, which is introduced in a round-bottom flask

containing the dissolution medium and rotated (Figure 2.13a). The flask is partially

immersed in a water bath set at 37°C. The rotating speed and the position of the basket in the

flask must meet specific USP requirements. The most common rotating speed for the basket

method is lOOrpm. Dissolution calibration standards are available to make sure that

mechanical and operating requirements are met Apparatus 1 is generally preferred for

capsules and for dosage forms that tend to float or disintegrate slowly.

• Paddle M-ethod (Apparatus 2)

The Apparatus 2 consists of a paddle (formed by a blade and a shaft) as stirring element and

round-bottom flask (Figure 2.13b). The shaft is positioned in a way that it can rotate
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smoothly without significant wobble. Before starting the test, the dosage form is placed into

the dissolution flask and allowed to sink to the bottom of the vessel. If fhe sample floats, a

loose piece of wire helix may be attached to the dosage unit. The temperature is maintained

at 37°C using a water bath. The paddle method is very sensitive to tilting, and an improper

alignment of the paddle may affect the dissolution results of some drug products. The most

common operating speeds for Apparatus 2 are 50rpm for solid dosage forms and 25 rpm for

suspensions. Apparatus 2 is generally preferred for tablets.

Figure 2.13 Dissolution test devices: (a) Basket method (Apparatus 1);
(b) Paddle method (Apparatus 2)

• Flow-through cell method (Apparatus 4)

The Apparatus 4 consists of a reservoir for the dissolution medium, a pump and the cell

(Figure 2.14). The pump forces the dissolution medium upward through the flow-through

cell that holds the dosage form. Standard flow rate ranges from 4 to 16 ml/minute, and

solvent can be run in an open or as a closed system. The cell is immersed in a water bath and

temperature is maintained at 37°C. Apparatus 4 may be used for modified release dosage

forms that contain active ingredients having very limited solubility. A major advantage of

the flow-through method is the easy maintenance of a sink condition for dissolution.
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Figure 2.14 Floiu-through cell design.

(c) Dissolution testing conditions

In vitro dissolution testing should help to obtain some information related to the in vivo

performance of a dosage form. Ideally, the in vitro methods should mimic the physiological

conditions that could potentially affect drug dissolution and drug release. To increase the

predictive value of dissolution tests, the in vitro conditions are adjusted to be as close as

possible considering factors such as pH, ions, surfactants, lipids, enzymes, and volume; but it

is not recommended to strictly reproduce the physiological environment [Siewert, 1997].

The dissolution flask may have different shapes and sizes. The shape may be round or flat

bottomed, allowing the dosage form to lie in different positions depending the test

conditions. The dissolution flask may range in size from several milliliters to several liters.

The usual medium volumes vary from 500 to 1000ml. However, poorly water soluble drugs

may require a very-large-capacity vessel (up to 2000ml) to observe significant dissolution.

In general, the dissolution medium is deaerated water or an aqueous system. The type and

volume of dissolution medium are based on the solubility of the drug as well as the amount

of drug in the dosage form. Which medium is the best is a matter of considerable

controversy. The preferred dissolution medium in the USP is deaerated water. However,
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water bears the disadvantage that test conditions such as pH and surface tension, can vary

depending on the source of water and may be changed during the dissolution test itself.

Water is recommended only when it is proven that no risks of variations may influence the

dissolution characteristics. In most cases, a buffered aqueous solution (typically pH 4 to 8) or

diluted HC1 may be used, depending on the nahire of the drug product and the location

where the drug is expected to dissolve. In the pH-range of 4.5 to 8.0 USP buffer solutions are

recommended. The compositions of some commonly used dissolution media are

summarized in Table 2.5.

TABLE 2.5 DISSOLUTION MEDIA COMPOSITION [USP-24, 2000]

Medium Composition

Simulated Gastric Fluid
without pepsin

Dissolve 2.0 g of sodium chloride, in 7.0 ml of

concentrated hydrochloric acid and sufficient water to

make 1000 ml. This test solution has a pH of about 1.2.

Simulated Intestinal Fluid
without pancreatin pH 6.8

Dissolve 6.8 g of monobasic potassium phosphate in

250 ml of water, mix and add 77 ml of 0.2M sodium

hydroxide and 500ml of water. Dilute with water to

1000ml. Adjust the solution with either 0.2M sodium

hydroxide or 0.2M hydrochloric acid to a pH of 6.8.

Simulated Intestinal Fluid
without pancreatin pH 7.5

Dissolve 6.8 g of monobasic potassium phosphate in

250 ml of water, mix and add 190 ml of 0.2M sodium

hydroxide and 500ml of water. Dilute with water to

1000ml. The test solution has a pH of about 7.5.

The temperature of the dissolution medium must be controlled and variations in

temperature must be avoided. Most dissolution tests are performed at 37±0.5°C.

The USP requests for "sink conditions" during dissolution tests. This term refers to an excess

of dissolution medium that allows the drug to continuously dissolve from its dosage form. If

58



Chapter II. Literature Review

the dissolution medium becomes saturated, no further net drug dissolution will take place.

According to the USP, //the quantity of medium used should be not less than 3 times that

required to form a saturated solution of the drug substance77.

The agitation affects the dissolution rate on basket and paddle apparatus. Stirring rates must

be controlled, and the speed specifications depend on drug product. The typical values range

between 50 and lOOrpm, and in general should not exceed 150rpm. It has been observed that

low stirring rates (50-100 rpm) are more discriminating of formulation factors affecting

dissolution. For a paddle equipment, 75rpm represents a reliable agitation.

(d) Dissolution test validation

An important aspect for the reliability of in vitro dissolution tests is the qualification and

validation of testing conditions, such as the apparatus, sampling and analytical procedure.

An apparatus suitability test is performed using USP calibrator tablets. The test serves to

standardize and identify possible system failures. The suitability test has to cover each

individual apparatus [Sanghvi et al., 1994]. Additional validation aspects are related to the

influence of the physical behavior of the specimen such as floating and adherence to the

walls. In this case, critical inspection and observation during the test procedures is required.

Validation also concerns the sampling and analytical part, as well as media preparation and

test performance. Special care has to be taken concerning the stability of the drug in the test

medium and sample solutions. Thus, validation covers aspects such as accuracy, precision

(repeatability and reproducibility), specificity, and linearity of in vitro testing [Siewert, 1997].

The US Pharmacopeia sets dissolution requirements for a dosage form. The acceptance of the

drug product is established as a function of the amount of drug that should be dissolved in a

given period of time. The amount is expressed as a percentage of the label content (Q). The

value of Q required to pass the dissolution test is generally specified in the monograph for a

drug product. The parameters of acceptance are shown in Table 2.6.
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TABLE 2.6

Stage

Si

S2

S3

ACCEPTANCE TABLE [USP-24, 2000]

Number
Tested

6

6

12

Acceptance criteria

Each unit is not less than Q +5%

Average of 12 units (81+82) is equal to or greater than
Q, and no unit is less than Q -15%

Average of 24 units (Si+82+83) is equal or greater
than Q, not more than 2 units are less than Q -15%,
and no unit is less than Q - 25%.

2.5.4 IN VIVO-IN VITRO CORRELATION

In vitro dissolution testing is a useful tool for monitoring drug product stability and

controllmg the manufacturing process. Dissolution studies can be considered as part of the

standard quality control procedure of a drug product. However, the information from in

vitro tests can also be used for an in vitro-in vivo correlation. This affirmation is based on the

fact that most of the in vitro characteristics are related to physiological parameters. For

example, the pH of dissolution media corresponds to the gastric or mtestinal pH conditions;

stirring rate is related to gastromtestinal motility; and the addition of lipids, enzymes, or

surfactants is used to improve the simulation of physiological environment.

The use of in vitro dissolution results of a dosage form for predicting the rate of absorption of

the drug into the body (in vivo) is of importance because the relationship may allow the

substitution of human bioequivalence tests during the preliminary stages of drug dosage

development, scale-up or manufacturing. In addition, in vitro-in vivo correlations may

accelerate and reduce the costs of product development. The use of in vitro results depends

on establishing a meaningful method of data transformation. A direct comparison between

in vitro and in vivo results is not possible, since the in vivo results enclose both drug release

and drug absorption profiles [Khan, 1996].
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In order to develop the in vitro-in vivo correlation, in vivo data should be available from

pharmacokinetic studies in humans (patients or healthy volunteers). Information is obtained

by following the response of a patient after drug administering. For example, blood samples

are drawn from the patient at specific time intervals and analyzed for drug content. At the

beginning of the treatment, the drug concentration in the blood is zero. As the drug is

released from the dosage form, eventually dissolves, and is absorbed into the body. Thus, the

drug concentration levels increase until the maximum concentration (Cmax) is reached at a

specific time (Tmax). The data is represented in a concentration-time plot (Figure 2.15), and the

area under the curve (AUG) is considered as a representative value of the total amount of

drug absorbed after the administration of a single dose.

Peak height
concentration (Cmax)

Area Under the
blood concentration
time Curve (AUG)

w^^^^
conoenti£Ll3[or(;(T

10

Time after drug administration (arbitrary units)

Figure 2.15 Representation of a drug concentration-time plot.

The in vitro-in vivo correlations have been defined by the United States Pharmacopeia (USP)

as //a relationship between a biological property, or a parameter derived from a biological

property produced by a dosage form, and a physicochemical property or characteristic of the
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same dosage form". And the Food and Drug Administration (FDA) defines the correlation as

//a predictive mathematical model describing the relationship between an in vitro property

(usually the extent or rate of drug release) and a relevant in vivo response (e.g., plasma

concentration or amount of drug absorbed)77. Both definitions agree that the goal of an in

vitro-in vivo correlation study is to define a relationship between two parameters [Qiu et al.,

2000].

The in vitro-in vivo correlations have been classified in three levels by the USP and the PDA:

• Level A. Correlations involve a point-to-point comparison between an in vitro

dissolution profile and an in vivo dissolution/absorption profile of the drug from the

dosage form

• Level B. Correlations involve comparison between the mean in vitro dissolution time

(as a single point measure of in vitro dissolution profile) with either the mean

residence time or the mean in vivo dissolution time of the product (as single point

measures of the vivo drug input rate)

• Level C. Correlation involves a single point comparison between mean in vitro

dissolution time (tso%, 190%) and one pharmacokinetic parameter (Cmax/ Tmax, or AUC)

Level A correlations are the most informative and useful because they represent a 1:1

relationship between in vitro and in vivo results. Thus, the correlation can reproduce the

entire in vivo time course from the in vitro data. Level B uses statistical moment analysis to

calculate a mean residence time and an in vitro dissolution time. These parameters are used

to establish the comparison. However, the information given by level B correlation should be

carefully analyzed because a number of different in vitro or in vivo profiles can produce

similar mean time values. Level C is also a single point comparison method, and it may be

useful in the early stages of product development. Therefore, level B and level C correlations

are very limited methods because they cannot reproduce the overall plasma level

performance of a dosage form [Sood et at., 1999].
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2.5.5 NEW COLLOIDAL VEHICLES FOR DRUG DELIVERY

The aim of introducing drug carriers in pharmaceutical formulations is to improve the

control and promote the therapeutic benefits of drugs, minimizing toxic effects. Some

colloidal materials such as micelles, liposomes, nano- and microparticles, and microcapsules

have found application as alternative vehicles for drug administration. The interest in

colloidal carriers is mainly due to their ability to: (i) enhance the solubilization of

therapeutically effective drugs with poor aqueous solubility; (ii) protect fragile drugs, such

as proteins and peptides, from hydrolytic or enzymatic degradation by introducing the drug

in a special microenvironment; (iii) shield highly toxic drugs until their release at the target

site; and (iv) achieve the desired sustained or controlled drug release [Yang et al., 2000].

Although colloidal systems offer interesting properties, in some cases their applicability is

limited or not feasible due to the following problems in:

• the efficiency of drug loading into the delivery system

• the effect of the preparation process on drug integrity

• the stability of the colloidal system during storage and administration

• the final surface properties of the drug-loaded system.

• the control of drug release from the carrier

• the reproducibility of the process

This section reviews some colloidal delivery systems. The discussion is focused on

describing the drug incorporation process, drug and carrier stability, surface modifications,

and mechanisms of drug release.

(a) Micelles

Micellar drug carriers are formed from amphiphilic block copolymers, which are composed

of both hydrophilic and hydrophobic segments. When the polymer is present in a liquid

medium at low concentrations, the amphiphiles exists separately. As the concentration
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increases the molecules start to aggregate, and when the concentration reaches the critical

micelle concentration (CMC) spherical micelles start forming. Further concentration

increases may lead to the formation of cylindrical micelles, which may subsequently be

forced to join into hexagonal packing of rods (Figure 2.16). Micelles are generally formed

with the hydrophobic segments in the inner core and the surrounding outer shell consists of

the hydrophilic segments (exposed to the aqueous phase). However, under certain

conditions inverse micelles can also be formed. The micelles7 size is in the range of 10-200nm,

depending on the length and the salvation properties of the different blocks [Scholes et al.,

2000].

Spherical Cylindrical Hexagonal
micelle micelle packing of rods

Figure 2.16 Schematic representation ofmicellar structures.

Drugs can be loaded into micelles by a direct mixing of the drug with the micellar aqueous

solution. In this case, the drug-loading capacity of the micelles depends on drug solubility in

both the aqueous phase and the micellar hydrophobic domain. Another method for drug

inclusion consists of dissolving the drug and the polymer in a common solvent. After this

process, the micelles are formed by dialysis against water or by evaporation of fhe solvent.

The rate of drug release from micellar assemblies is controlled by the polymer structure and

the drug physical state after loading. In general, drug release from polymeric micelles is slow

when the polymer chains have long hydrophobic blocks, which may increase the

hydrophobic interactions. Also, slow release is observed when micelles are highly loaded

because drug particles are mostly found in a crystalline form [Yang et al., 2000].
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The use of micellar carriers in drug formulation is limited due to their instability. Micelldr

complexes are in dynamic equilibrium with free molecules in solution, so that they are in a

continuous process of breaking down and reforming. And, once the polymer concentration is

below the CMC, the micellar carriers may dissociate risking a drug overdosing. Therefore,

the future applicability of micelles as drug carriers depends on the stabilization of the micelle

during storage and after administration.

(b) Liposomes

Liposomes are uni- or multilayered vesicles usually formed by the self-assembly of

phospholipids (amphiphilic molecules) in aqueous solution. They consist of an aqueous core

surrounded by a lipid bilayer (or multilayer) in the form. of spherical shell. In most cases,

liposomes are prepared using phospholipids, but other types of polymers can be utilized.

The size of liposomes ranges from several micrometers m the case of multilamelar vesicles, to

values between 25 and lOOnm for umlamellar vesicles [Buckton, 1995]. In Figure 2.16, an

schema of unilamellar and multilamellar liposomes is shown.

Umlamellar Multilamellar
Uposome liposome

Figure 2.17 Schematic representation ofliposomes.
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The special structure of liposomes, that is a hydrophilic exterior surface, a hydrophobic lipid

bilayer, and an aqueous core, suggests their use to simultaneously entrap lipid-soluble drugs

and water-soluble compounds. The aqueous liposome core being an mteresting

microenvironment for protein drugs.

The main challenge concerning liposomes as drug carriers is the easy disruption of the lipid

bilayers and subsequent severe leakage of the entrapped molecules in the biological systems.

Such non-specific drug leakage and instability of drug-conjugated liposomes can cause

increased toxicity, short residence time, and even the loss of the therapeutic efficiency of the

drug-liposomes conjugates. The drug leakage and the instability of drug-conjugated

liposomes are closely related to the fluidity of the lipid bilayer [Yang et al., 2000]. In some

cases, coating the liposomes with an inert hydrophilic polymer has ameliorated the colloidal

and biological stability. However, the applicability of liposomes is also restricted by the low

encapsulation efficiencies of the initial material, which are still ranging between 20-35%

[Lasic, 1998].

(c) Microcapsules

Microcapsules are small particles (solid, liquid, solutions, or dispersions) enclosed by an

outer layer or membrane of varying thickness and degree of permeability. The interest in

microencapsulatmg drug particles is to isolate and protect them by the coating membrane.

This method is used to reduce gastric irritation, liquid-solid conversion, to mask taste-odor,

and to control the action of active substances. Particle microencapsulation is usually carried

out by one of these processes: mterfacial polymerization, simplex or complex coacervation,

and spray drying.

Interfacial polymerization is a method that involves a polymerization reaction at the

interface of two immiscible liquid phases. In general, the reaction interface involves a water-

oil system requiring two types of monomers, one oil-soluble and the other water-soluble. The

polymer capsules are formed directly on the particle surface. Interfacial polymerization is
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more efficient for encapsulating liquids rather than solids, because in the case of liquids fh6

penetration of reactants into the polymerization zone is favored. Some limitations of this

method are associated with the toxicity of the unreacted monomers, degradation caused by

monomer reaction, instability of the drug in the reaction medium during the polymerization

process, fragility of the microcapsules, and permeability of the coating [Hincal et fl?., 2000].

The coacervation phenomenon is the one in which a polymer solution separates in two

layers, a colloid-poor and a colloid-rich (coacervate), due to the desolvation of the polymer.

The microencapsulation by coacervation consists on dispersing the liquid or solid particles in

a polymer solution. Then, a poor solvent for the polymer but miscible with the solution is

added to induce the formation of a polymer coacervate around the particles. This process is

named "simple coacervation//. When coacervation is produced by the addition of an

incompatible polymer, the process is named "complex coacervation//. The applicability of the

coacervation technique relies on finding suitable conditions for the coacervate deposition,

that is the selection of the proper non-solvent, pH, and temperature. [Ka§ et al., 2000].

The third method of microencapsulation uses the spray-drying technique, which consists of

the rapid evaporation of the solvent from fine droplets. The encapsulation process involves

the dispersion of the core material in a solution containing the coating polymer. The mixture

is sprayed and rapidly dried by a current of warm dry air. The microencapsulated particles

are obtained as a monodispersed free-flowing powder that can be directly compressed into

tablets, filled into capsules, or suspended in water for administration.

(d) Nano- and microparticles

Nano- and microparticles are solid polymer-based matrices with a drug substance dispersed

in or absorbed on them. Nanoparticles are submicron sized (10-lOOOnm), while

microparticles are in the range 1-lOOO^im. Although the size ranges are different, many

physicochemical aspects of nano- and microparticles, such as the drug loading and release

and surface properties, are similar since both systems are polymer-based in nature.
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Nano- and micropardcles for pharmaceutical applications can be prepared by several

technologies, such as water/oil/water double-emulsion method, phase separation, spray

drying, and polymer cross-linking. Most of these methods involve the dissolution of the

polymer and drug in an organic solvent, the dispersion under strong external force, and the

stabilization or reaction under certain temperature or pH conditions. The surface properties

of nano- and microparticles are critical for their applications, thus a stabilize! or surfactant is

usually required during the preparation to maintain the stability of the suspensions. The

final properties of the particles depend on the selection of solvent, pH, and temperature

conditions [Yang et al., 2000].
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CHAPTER THREE

CHITOSAN CHARACTERIZATION

3.1 INTRODUCTION

Natural polymers are of interest given their de facto biocompatibility. Among them chitosan

is one of the most versatile due to its hydroxyl and amino functionalities which has lead to

multiple applications in the biomedical, food, and chemical industries. Since chitosan is a

natural polymer, its physicochemical properties are strongly influenced by the source,

extraction method, and purification treatment during its production. Two physicochemical

properties of chitosan are commonly used as quality control parameters: the molecular

weight and the acetylation degree. The former is related to the chain length and

polymerization degree, while the latter is associated to its chemical structure.

This chapter presents the characterization techniques used in this work. The acetylation

degree was determined by infrared spectroscopy and elemental analysis, whereas molecular

weight was measured by viscometry and gel permeation chromatography (GPC). The results

obtained from each method are compared and discussed.

3.2 EXPERIMENTAL PART

3.2.1 MATERIALS

Chitosan samples from shrimp with different molecular weights and acetylation degrees

were provided by Kemestrie Inc. (Sherbrooke, Canada). GPC standard pullulans P-82 by
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Showa Denko Co. Ltd, were purchased from Phenomenex (Torrance, USA). All other

chemicals and solvents were analytical grade or HPLC grade, and were used without further

purification.

3.2.2 ELEMENTAL ANALYSIS

Chitosan samples were analyzed by elemental analysis in a CHN Perkin Elmer 240. The

degree of acetylation was calculated from the C/N ratio, using equation (2-2).

3.2.3 INFRARED SPECTROSCOPY (IR)

The infrared spectra was scanned between 4000cm-1 and 400cm-1 with a Nicolet 5DXB FTIR

spectrometer. Sample disks were prepared by mixing a few milligrams of chitosan powder

with Ig of spectrophotometric grade potassium bromide (KBr) in a vibrating ball mill, and

compacting with a hydraulic press in an evacuable die. Acetylation degree was calculated

from absorption intensities using equation (2-1).

3.2.4 GEL PERMEATION CHROMATOGRAPHY (GPC)

The chromatographic system consisted of one 300 x 7.8 mm PolySep-GFC-PLinear column

(Phenomenex, USA), a Waters 600 Controller Pump with a Rheodyne injector, a degassing

device, and a Waters 410 Differential Refractometer detector. The flow rate was 0.6 mL/min,

and column temperature was kept at 40°C with a Bio-Rad HPLC Column Heater. The mobile

phase was 0.5M acetic acid (AcOH)/0.2M sodium acetate (NaOAc) [Terbojevich et al., 1993].

The polymer concentration did not exceed 1 mg/mL. Eluent and polymer solutions were

filtered using 0.45 ^im membrane filters. The injected volume was always 50 p,L. The

calibration curve (log Mw vs tr) was obtained from standard pullulans having a narrow

molecular weight distribution.
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3.2.5 VlSCOMETRY

Chitosan solutions 0.1% (w/v) were prepared in the solvent system, and filtered with a

smtered glass filter. Viscosities of chitosan solutions were measured using a capiUary

Ubbelohde ,viscometer No.l B252, immersed in a thermostated water bath with a

temperature controller. Flow time measurements were performed at least three times with an

uncertainty of ±0.3s. The average flow time for the solvent system was 90s.

3.3 RESULTS AND DISCUSSION

3.3.1 ACETHATION DEGREE

The acetylation degree of four different chitosan samples were analyzed by elemental

analysis and infrared spectroscopy following the procedure described in the experimental

section 3.2. The results are reported in Table 3.1.

TABLE 3.1

Sample

Ch-01

Ch-02

Ch-03

Ch-04

ACETYLATION DEGREE OF CHITOSAN SAMPLES.

Elemental Analysis

17.5

20.8

23.1

27.8

IR Spectroscopy

18.4

20.3

23.5

27.7

The values obtained from both techniques are in fair agreement, which suggests the accuracy

of the mstrumentation and the procedure. However, it should be pointed out that elemental

analysis determinations are susceptible to some interference. For example, traces of proteins
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in the chitosan samples may cause an increase in the nitrogen content, giving rise to higher

acetylation degrees due to the impurities and not to the N-acetyl groups.

Infrared spectroscopy allows the use of several characteristics bands of the spectrum in order

to calculate the content of N-acetyl groups in chitosan. The most accurate results are

obtained from the ratio between the absorbance at 1655 and 3450cm-1. A typical chitosan

infrared spectrum is shown in Figure 3.1.
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Figure 3.1 Infrared spectra ofchitosan sample Ch-02 (DA =20%,).

3.3.2 MOLECULAR WEIGHT

Viscometry is one of the simplest and fastest methods to determine the molecular weight of a

polymer. Several values for the parameters K and a in the Mark-Houwink equation have

been reported in the literature. These constants depend on the solvent system (ionic strength
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and pH) and temperature. The numerous possible combinations of solvent systems to

determine viscometric parameters induced us to make an evaluation of some of these

systems with the aim of establishing a precise analytical protocol. In an analogous manner,

gel permeation chromatography was tested and compared with the viscosity results, to

ensure the selection of a suitable chromatographic column and a calibration standard, m this

case, pullulan.

(a) Intrinsic viscosity

The viscosity of sample Ch-01 with an acetylation degree of 18% was measured using four

different solvent systems. Each set of flow times were used to calculate the intrinsic viscosity,

and by applying the Mark-Houwink equation and the corresponding constants the viscosity-

average molecular weight was obtained. Results are shown in Table 3.2.

TABLE 3.2 INTRINSIC VISCOSITY AND MOLECULAR WEIGHT OF Ch-01.

Solvent

0.2M CHsCOOH /
0.1M NaCl / 4M Urea

0.1M CHsCOOH /
0.2MNaCl

0.2M CHsCOOH /
0.1M CHsCOONa

0.1M CHsCOOH /
0.02M NaCl

h] (ml/g)
655.16

701.42

877.76

1100.70

Mv

278 200

1 020 768

1 074 264

1 036 581

Ref.

Lee, 1974

Roberts et al., 1982

Wange^.,1991

KasaaiefflZ.,1997

The values of molecular weight of sample Ch-01 determined with the three last solvent

systems show good agreement, while the value obtained with the urea-contauung system

differs significantly. The difference when using the viscometric constants proposed by Lee

was also previously observed, and explained on the grounds of a low a value [Roberts et at,

1982; Maghami et al., 1988].

73



Chapter III. Chitosan Characterization

The method established by Wang et at, considers the acetylation degree in the calculation of

the viscometric constants. Taking into account the acetylation degree represents an

advantage given the polycationic nature of chitosan. However, the applicability of the

method is limited to samples of known acetylation degree.

Among all the systems, the method proposed by Roberts et at, seems to be most adequate:

because it is valid for chitosans with an acetylation degree between 0 and 40%, and the

analysis is performed at 25°C.

(b) Gel permeation chromatography (GPC)

The chromatographic system was calibrated using six pullulan standards with molecular

weights ranging from 25 000 to 800 000 Daltons. The standards were eluted under the same

conditions as for chitosan analysis (0.5M acetic acid/0.2M sodium acetate). The elution

curves of the standards are shown in Figure 3.2.

20.00

15.00

10.00

5.00

10.00

Figure 3.2 Elution curves ofpullulan standards.
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The retention times are in agreement with gel permeation chromatography theory, that is the

higher molecular weight has the shortest retention time. Exclusion peaks for sodium acetate

and acetic acid were observed. In Table 3.3, the retention times and the characteristics of

pullulans standards are summarized.

TABLE 3.3 RETENTION TIMES AND CHARACTERISTICS OF PULLULANS

Standard

Pul-01

Pul-02

Pul-03

Pul-04

Pul-05

Pul-06

Retention time (min)

12.912

13.527

13.979

14.521

15.158

15.671

Mw (Daltons)

788 000

404 000

212 000

112 000

47300

22800

Log Mw

5.8965

5.6064

5.3263

5.0492

4.6749

4.3579

The values of Table 3.3 were used to trace the calibration curve (log Mw vs tr) shown in

Figure 3.3.

6,0

5,5-1

5/0-1

4/5-j

4/0

y = -0/5596X + 13/152
R2 = 0,9984

12 13 14 15

retention tune (min)

16

Figure 3.3 Calibration curuefrom pullulans standards (log Mio vs ft).
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A good correlation coefficient (r2=0.9984) was found. The calibration verified the exclusion

limits of the chromato graphic column provided by the manufacturer (pullulans: 2xl07

Daltons).

Four chitosan samples of different viscosities (molecular weight) were analyzed. The elution

times and patterns were reproducible. Column performance was continuously verified by

injecting a standard solution between analyses. In Figure 3.4, a typical chromatogram and

the cumulative weight fraction vs molecular weight curve is shown.

0.8

0.7
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log MW

Figure 3.4 Cumulative weight fraction curve for chitosan (Ch-01)

The average-molecular weights, Mn and Mw/ and the polydispersity index (PDI) were

estimated from chromatograms using the calibration curve. Viscometry measures and GPC

values show a fair agreement between Mw and My. Results are compared in Table 3.4.
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TABLE 3.4 MOLECULAR WEIGHT OF CHITOSAN SAMPLES

Sample

Ch-01

Ch-05

Ch-06

Ch-07

Mw

1 043 771

785 181

232 845

176 486

Mn

289 840

153 284

52699

38429

PDI

3.60

5.12

4.42

4.59

Mv

1 020 768

816 410

281 432

206 718

The experimental conditions during the determination of molecular weights by gel

permeation chromatography are crucial for obtaining reproducible results. Changing ionic

strength or the pH of the mobile phase, or column temperature may lead to non-

reproducible results, mainly due to interactions between sample and column packing.

Sample concentration is also an important parameter, especially, for high molecular weight

chitosans which produce viscous solutions. When the concentration was higher than 1

mg/mL, broad elution bands were obtained, and in some cases, superposed bands were

observed. These results indicate a bad separation and resolution due to an overload on the

column.

3.4 CONCLUSIONS

• The acetylation degree of chitosan can be determined by elemental analysis and

infrared spectroscopy. In this work, both techniques were tested, and the results

obtained showed a good agreement.

• The molecular weight of chitosan was determined by viscometry. Four different

solvent systems and viscometric constants were evaluated. Among them, fhe method

proposed by Roberts et al. gave the most accurate results.
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Chapter III. Chitosan Characterization

The GPC system was tested using standard pullulans. The calibration curve

demonstrated that the selected column had a linear exclusion behavior for molecular

weights ranging between 25 000 and 800 000 Daltons.

The chromatographic results for chitosan samples were in agreement with the

viscosity-average molecular weights. The accordance of the results validated the

choice of solvent system and calibrating standard.
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CHAPTER FOUR

POLYIONIC COMPLEXES
CHITOSAN-XANTHAN HYDROGELS

4.1 INTRODUCTION

Polyions are polymers containing iomzable functional groups in their chains, which can give

rise to an anionic or a cationic character. When two oppositely charged polymers are mixed,

a complexation reaction takes place leading to the formation of a polyionic complex or

//polysalt//. The resulting polyionic complex is a three dimensional network formed by the

crosslinking of the polymer chains, which renders the complex stable, insoluble and solid-

like, contrary to miceUar systems. Most of these complexes absorb and retain large amounts

of water in their structure, exhibiting properties of hydrogels.

Chitosan is a natural cationic polyion owmg to the amino groups in its staructure. The

polycationic nature of chitosan has been used to form polyionic complexes with natural and

synthetic polyamons such as, alginic acid, polyacrylic acid, dextran sulfate,

carboxymethyldextran, and carboxymethylcellulose. Depending on the chemical structure,

functional groups, molecular weight, flexibility, charge density, stereoregularity,

hydrophilicity/hydrophobicity, and compatibility of the polymers, as well as, reaction

conditions, such as pH, ionic strength, polymer concentration, mixing ratio, and temperature,

different types of polyionic complexes can be obtained [Kubota et al., 1998].

Xanfhan gum is an anionic polysaccharide produced by the fermentation of the bacterium.

Xanthomonas campestris. The structure of xanthan consists of a linear cellulosic backbone with

trisaccharide side chains attached to each second glucose residue [Tharanafhan, 1995]. The
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polyanionic character of xanthan is due to the presence of carboxylic groups in the

trisaccharide side chains.

The complexation reaction between chitosan and xanthan was reported as a method for

preparing water-insoluble polyionic hydrogels [Dumitriu et al., 1994]. It was observed that

the yield of the reaction and the water retention capacity of the complexes were regulated by

the chitosan characteristics (molecular weight and acetylation degree), chitosan to xanthan

mixing ratio, and initial pH of the complexaUon reaction. The swelling of the chitosan-

xanthan complex was found sensitive to the pH and ionic strength of the medium [Chu et al.,

1995]. The complex only swelled in the range of pH 10-12, and its maximum value was

observed at pH 10.

This chapter deals with the study of the chitosan-xanthan complexation reaction, in order to

highlight the key features related to the composition, characteristics, stability, and properties

of the polyionic hydrogel. Factors influencing complex formation such as polymer molecular

weight, solutions concentration, mixing ratio and ionic strength are discussed. As well, a

method to study the reaction kinetics of complexation is introduced.

4.2 MATERIALS AND METHODS

4.2.1 MATERIALS

Chitosan samples, from shrimp shells, having different molecular weights and acetylation

degrees were provided by Kemestrie Inc. (Sherbrooke, Canada). Xanthan gum (Xanthural®

75) was obtained from NutraSweet Kelko Inc. (Okmulgee, USA). All other reagents were

analytical grade and were used without further purification.
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4.2.2 CHITOSAN-XANTHAN HYDROGEL PREPARATION

The chitosan-xanthan hydrogels were prepared following the method previously reported

[Dumitriu et at., 1994]. A xanthan solution was prepared by adding 6.5g of xanfhan to

lOOOmL of distilled water. A chitosan solution was prepared by dissolving 6.5g of chitosan in

lOOOmL of 0.3M hydrochloric acid (HC1), and the pH of the solution was adjusted with

sodium hydroxide (NaOH) to a value of pH=5.6.

The chitosan-xanthan hydrogel was formed by mixmg 1L of the chitosan solution with 1L of

the xanthan solution under vigorous stirring (1200rpm). Agitation was conducted for lOmin

at room temperature to obtain a firm gelatmous mass that was let stand overnight.

Afterwards, the mixture was agitated to separate the surplus of water from the hydrogel,

which was then recovered by filtration and washed repeatedly with water to remove the

excess of free chitosan. The dried hydrogel was obtained via freeze-drymg.

4.2.3 ELEMENTAL ANALYSIS

Dried hydrogel samples were analyzed by elemental analysis using a CHN Perkin Elmer 240

analyzer. The results served to calculate the percentage of chitosan m the hydrogel based on

its nitrogen content as discussed in section 4.3.1 (Equation 4-5).

4.2.4 INFRARED SPECTROSCOPY (IR)

The infrared spectra were obtained on a Nicolet 5DXB FTIR spectrometer operated in the

400-4000cm-1 region. The sample disks were prepared by mixing a few milligrams of

chitosan, xanthan or the freeze-dried hydrogel with Ig of spectrophotometric grade

potassium bromide (KBr). The mixture was finely ground in a vibrating ball mill, after which

the disk was prepared in an evacuable die compressed by a hydraulic press.
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4.2.5 SCANNING ELECTRON MICROSCOPY (SEM)

Hydrogel surfaces were examined with a JEOL JSM-840A scanning electron microscope. For

die analyses, freeze-dried hydrogels were fixed on an aluminum, sample holder using a

carbon based adhesive tape, and coated with Au-Pd. Observations were performed under an

accelerating voltage of 10 or 15kV.

4.2.6 TRANSMISSION ELECTRON MICROSCOPY (TEM)

Transmission electron microscopy samples were prepared by fixing freeze-dried hydrogels

in an epoxy resin. Ultra-thin sections, 600A in thickness, were made and stained with uranyl

acetate and lead citrate. The thin sections were examined under a Philips EM 300

transmission electron microscope and an accelerating voltage of 60kV.

4.2.7 X-RAY DlFFRACTION

X-ray diffraction patterns were carried out in a Rigaku diffractometer with a CuKa tube, 40

kV, and 100mA. The diffraction measures were obtained over a range of diffraction angles

20 =3° to 35°.

4.2.8 SWELLING DEGREE

The swelling degree of the hydrogel was determined by placing lOOmg of accurately

weighed freeze-dried hydrogel in a centrtfuge tube containing 30mL of water or aqueous

solution at room temperature. The tube was repeatedly turned upside down to thoroughly

wet the hydrogel. After 2h the hydrogel was removed from the tube by centrifugation and

decantation. The hydrogel was allowed to drain and re-weighed. The increase in weight
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represents the weight of water taken up by the hydrogel. The water uptake capacity (a) was

calculated as a ratio of the weight of absorbed water to the weight of hydrogel dry mass:

a=
(weight of hydrated gel) - (weight of dry gel)

(weight of dry gel)
x 100 (4-1)

Another important parameter related to the swelling degree is the water content of the

hydrogel, W, determined as follows:

(weight of hydrated gel) - (weight of dry gel)
(weight of hydrated gel)

x 100 (4-2)

4.2.9 HYDROGEL STABILITY TESTS

The stability of the hydrogel was tested in a series of buffer solutions with different pH and

same ionic strength I=0.2M [Gomori, 1959]. For the test, 0.15g of freeze-dried hydrogel was

introduced in a centrifuge tube contaming 45ml of each buffer solution. The hydrogel was

soaked by repeatedly turning upside down the tube. Four different series of tubes were

prepared, two were kept at 20°C, one for 24 hours and the other for 48 hours; the other two

were kept at 37°C, for 24 and 48 hours. When test time had elapsed, the hydrogel was

removed by centrifugation and thoroughly washed to eliminate residues of salts. The

stability was determined as the loss of weight of dry hydrogel before and after testing.

4.2.10 QUANTITATIVE DETERMINATION OF CHITOSAN

The quantification of chitosan in a solution was determined using a colorimetric method

[Muzzarelli, 1998]. The reagent solution was prepared as follows: 150mg of Cibacron Brilliant

Red 3B-A (C.1.18105 Reactive Red 4) was dissolved m lOOmL of demineralized water, 5mL of

the dye solution was made up to lOOmL with 0.1M glycine hydrochloride buffer. The buffer
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solution was prepared by dissolving 1.87g of glycine and 1.46g of sodium chloride in 250mL

of demineralized water, and 81mL of this solution were made up to lOOmL with a 0.1 HC1

solution.

The colorimetric reaction was developed by adding 0.3mL of buffer solution and 3mL of dye

to O.SmL of chitosan sample solution. The absorbance was measured at 575mn with a

Genesys 5 Spectrophotometer (Spectronics, Milton Roy, USA). Absorbance values were

transformed to concentration using a standard calibration curve obtained experimentally.

4.3 CHITOSAN-XANTHAN COMPLEXATION REACTION

The interaction between two polyions with opposite charges leads to the formation of

polyionic complexes. The complexation reaction depends on the degree of neutcalization, the

strength of the cationic or anionic sites and their charge density. In general, polymers

including strong acids and strong bases in their structure form equimolar or stoichiometric

polyionic complexes due to total ionization of the functional groups. When weak acids and

weak bases are used non-stoichiometric complexes are usually obtained. Thus, the complex

composition markedly depends on the degree of dissociation of the polyions [Tsuchida et al.,

1994].

4.3.1 THEORETICAL COMPOSITION

Chitosan is a weak polybase and xanthan is a weak polyacid, thus the reaction between both

polymers usually forms non-stoichiometric complexes. However, it is important to establish

the theoretical composition for an equimolar complex in order to determine the influence of

the deviation, from a 1:1 stoichiometry, on the hydrogel structure and properties.
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• Chitosan

The reactive groups in the chitosan molecule participating in the complex formation are the

ammonium ions (Figure 4.1).

~CT

H(

CH20H
-°\

NHCCHs

0

H(
NHz|

-0/
CHzOH

HC

CH20H
-°\

-0^
[NHzj

Figure 4.1 Chitosan structure.

The equivalent weight of chitosan can be calculated using the acetylation degree and the

molecular mass (MM) of a chitosan unit. Considering a chitosan with an acetylation degree

of 25%, in 4 repeating units of chitosan, 4 rings of C6 are found. From these 4 rings, 3 have an

amtno group (MM=161g/mol) that can be involved in the complex formation and 1 ring is an

acetylated unit (MM=203g/mol). The average molecular weight of a repeating unit of

chitosan is 171.5g/mol. Thus, the equivalent weight of chitosan is:

Eq - weight (chitosan) = ^,-,0/,_~;; = 228.7 g/eq
0.75 eq/mol

(4-3)

• Xanthan

Similarly, the reactive groups in the xanthan molecule are the carboxylic groups (Figure 4.2).

A repeating unit of xanthan has two carboxylic groups. Considering that the carboxylic

groups are in the sodium salt form, the molecular mass of a repeating unit is 956 g/mol and
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the equivalent weight of xanthan can be calculated as:

Eq - weight (xanthan) = "^ ~ °\ ~",- = 478.0 g/(
2 eq/mol

(4-4)
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Figure 4.2 Xanthan structure.

• Chitosan-xanthan complex composition

As demonstrated previously, the equivalent weight of chitosan and xanthan are: 228.6 and

478.0g/eq respectively. In lOOg of chitosan 0.437 equivalents are found, while in lOOg of

xanfhan only 0.209 equivalents are present. This means that to form a 1:1 stoichiometric

complex a mixing ratio of approximately 1 volume of chitosan to 2 volumes of xanthan

should be used for polymeric solutions with the same concentration. In this way, the number

of amino and carboxylic groups are found m equal quantities. The theoretical composition of

this stoichiometric complex expressed in weight percent (w/w) is: chitosan 32.4% and

xanfhan67.6%.

Experimentally, the complex composition can be conveniently determined using the results

obtained from elemental analysis. The calculation is based on a relation between the nitrogen

content in the complex and the nitrogen content in the pure chitosan used in the preparation.
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The ratio between these two values corresponds to the fraction of chitosan in the complex:

% N (complexl
% Chitosan m complex (w/w) = l^,v"~'r""*/ x 100 (4-c

%N(chitosan)

In the following lines, the expression is verified by theoretical calculations. The nitrogen

content in a chitosan repeating unit with an acetylation degree of 25% is:

% N (chitosan) = J4g/m01, x 100 = 8.1633% (4-6)
171.5 g/mol '"" ""

The theoretical nitrogen content in a 1:1 stoichiometric complex can be expressed as:

% N (complex) = ,, _8!<14g/m01 —7 x 100 = 2.6415% (4-7)
(8xl71.5+3x956)g/mol

which means that for each 8 repeating units of chitosan with an acetylation degree of 25%,

for each 8 nitrogen atoms, 6 amino units are present in the chain. These chitosan amino

containing units require 3 repeating units of xanthan (6 carboxylic groups) to form a

stoichiometric complex.

The % of chitosan in a stoichiometric complex can be calculated replacing these values m

equation (4-5):

% Chitosan in complex (w/w) = ^^ x 100 = 32.4% (4-£
8.1633

The theoretical composition of a 1:1 stoichiometric complex calculated from the nitrogen

content values is in good agreement with the composition calculated using the equivalent

weights. It is important to realize that the calculation assumes that the nitrogen content m

xanthan is negligible which, from Table 4.1, can be considered a reasonable approximation.
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4.3.2 EXPERIMENTAL COMPOSITION

The complexation reaction was carried out using four different chitosan samples and two

different xanthan samples. The characteristics of the polymers are summarized in Table 4.1.

TABLE 4.1 CHITOSAN AND XANTHAN CHARACTERISTICS.

Chitosan

Ch-01

Ch-02

Ch-03

Ch-04

Xanthan

Xa-01

Xa-02

N content
(%)

8.380

8.320

8.280

8.195

N content
(%)

0.190

0.310

DA
(%)
17.5

20.8

23.1

27.8

Pyruvic acida
(%)
2.6

4.3

Mw
(^mol)

1 043 770

514 000

838 170

1 067 780
Viscosityl%KCla

(CP)
1300

1502
a From the certificate of analysis of the producer.

The experimental conditions used in the preparation of the complexes and the results

obtained for the complex composition by elemental analysis are detailed in Table 4.2. In all

the cases, the mixing ratio of chitosan to xanthan solutions was: one volume of chitosan to

one volume of xanthan (1:1). The solutions were prepared in two different concentrations,

0.65% and 0.32% (w/w).

The results show that the content of chitosan m the complexes prepared with Xa-01 is always

lower than when Xa-02 is used. This effect is related to the difference on the percentage of

pyruvic acid present in the xanthan structures. Xa-01 has a content of 2.6% of pyruvic acid

which represents only one pyruvic group for each 3.5 repeating units of xanthan, while Xa-02

contains 4.3% of pyruvic acid which means one pyruvic group for each 2 repeating units.

88



TABLE 4.2 COMPLEX PREPARATION CONDITIONS AND COMPOSITION.

Exp.

1

2

3

4

5
6

7

8

9

10

11

12

13

14

15

16

Chitosan

Ch-01

Ch-02

Ch-03

Ch-04

Xanthan

Xa-01

Xa-02

Xa-01

Xa-02

Xa-01

Xa-02

Xa-01

Xa-02

Solution concentration (% w/w)

chitosan

0.65

0.32

0.65

0.32

0.65

0.32

0.65

0.32

0.65

0.32

0.65

0.32

0.65

0.32

0.65

0.32

xanthan

0.65

0.32

0.65

0.32

0.65

0.32

0.65

0.32

0.65

0.32

0.65

0.32

0.65

0.32

0.65

0.32

Mixing
ratio

(v/v)
1:1

1:1

1:1

1:1

1:1

1:1

1:1

1:1

1:1

1:1

1:1

1:1

1:1

1:1

1:1

1:1

Nitrogen
content

(%)
1.79

1.93

2.06

2.18

1.67

1.76

1.92

2.00

1.44

1.53

2.36

2.36

1.43

1.81

2.24

2.35

Chitosan
in complex

(%)
19.1

20.7

20.9

22.3

17.8

18.9

19.3

20.3

15.0

16.2

24.8

24.7

15.1

19.8

23.5

24.9

Xanthan
in complex

(%)
80.9

79.3

79.1

77.7

82.2

81.1

80.7

79.7

85.0

83.8

75.2

75.3

84.9

80.2

76.5

75.1
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Theoretically, the chitosan content was expected to be 32.4% as calculated m the previous

section for a 1:1 stoichiometric complex. However, due to the difference in the number of

carboxylic groups, the complexes prepared with Xa-01 can have a maximum theoretical

content of chitosan of 23.5%, and for the case of Xa-02 a maximum value of 26.4% can be

found. Therefore, the content of chitosan in the complex decreases as the number of pyruvic

groups decrease.

The acetylation degree of chitosan also affects the complex composition. Two competitive

processes are significant: (i) the number of amino groups in the chitosan chain decreases with

the increase of the acetylation degree, and as the amino content decreases more chitosan is

required to react with the carboxylic groups of xanthan, increasing the chitosan content; and

(ii) the stiffness of the chitosan chain increases with the acetylation degree, this effect

produces a reduction of mobility and stability of the chains, favoring chitosan precipitation

and increasing the chitosan content in the complex. These effects are observed on the results

reported in Table 4.2. The complex prepared with a chitosan with an acetylation degree of

17.5% (exp-03) contains 20.9% of chitosan, while the complex prepared with a chitosan with

27.8% as acetylation degree and the same xanthan contains 23.5% of chitosan (exp-15). In

general, it can be said that the content of chitosan in the complex increases with acetylation

degree.

The molecular weight of chitosan and the concentration of the solutions has only a slight

effect on the complex composition under the conditions tested. This is somewhat surprising

since, it was expected that both parameters should have an effect on the complex

composition: (i) the molecular weight was supposed to produce a decrease on the chitosan

content due to the increase of the steric hindrance and the obstruction of reactive groups

caused by the reduced mobility of the long chains in the viscous solution; (b) the effect of

concentration is also related to the mobility of the chains, the interactions between chains,

and the charge density. Thus, as in the case of the molecular weight, the increase of the

solution concentration is believed to produce a decrease on the chitosan content. In Table 4.3,

the effect of xanthan and chitosan properties on the complex composition are summarized.
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TABLE 4.3 EFFECT OF CHITOSAN AND XANTHAN PROPERTIES ON THE COMPLEX
COMPOSITION.

Property

f Pyruvic acid in xanthan

f Acetylation degree of chitosan

f Molecular weight of chitosan

f Solutions concentration

Complex composition

f chitosan content

f chitosan content

[ chitosan content

[ chitosan content

4.3.3 COMPLEXATION REACTION

In a previous study, the pH of the chitosan solution was reported as a parameter of strong

influence on the reaction yield with xanthan [Dumitriu et al., 1994]. At pH values under 3.0,

less than 50% of the xanthan present m the reaction medium was complexed, while at ?Hs

around 6.0 xanthan complexation was almost complete.

This behavior of the complexation reaction is essentially related to the degree of ionization of

both polymers. The carboxyl groups of xanfhan are fully iordzed at pHs above 6.0, whereas

the ammo groups of chitosan are fully ionized at pHs below 5.0 [Ikeda et al., 1995]. Thus, a

theoretical point of maximum ionization in both polymers can be estimated by plotting the

degree of ionization of the amino and carboxyl groups against the pH, as shown in Figure

4.3. In the figure, the crossover point was found at pH=5.2.

The chitosan-xanthan hydrogel preparation conditions described in the previous section

were established based on the above considerations and data on Figure 4.3. The pH of the

chitosan solution was adjusted at pH=5.6, because this value assures a maximum interaction

between chitosan and xanthan and a maximum complex yield. Also, a pH of 5.6 reduced the

possibilities of chitosan insolubility or precipitation.
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Figure 4.3 Degree ofionization ofxantJwn (•) and
chitosan (u) [Ikeda et at, 1995].

The mechanism suggested for the chitosan-xanthan complexation reaction when the pH is

between 5.0 and 6.0 is:

-NH^-Cl + -COCT+Na

chitosan xanthan

-NH^-OOC- + NaCl

complex

(4-9)

However, simultaneously other reactions may occur due to the partial ionization of chitosan

and xanthan. The reactions are listed in decreasing probability:

-NHz + -COOH —> -NHrOOC-

-NH2 +-COO-
H-1

-NH^-OOC-

-NH^-Cl + -COOH —> -NH^-OOC- + HC1

(4-10)

(4-11)

(4-12)
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Chapter IV. Chitosan-Xanthan Hydrogel

4.4 HYDROGEL CHARACTERIZATION

4.4.1 INFRARED SPECTROSCOPY

The IR spectra of chitosan and xanfhan were compared with the spectrum of a physical

mixture of chitosan and xanthan (60:40). In Figure 4.4, the characteristic bands of chitosan at

-3435cm-1,1658cm-i and 1598cm-i, and those of xanthan at -3440cm-1, 1734cm-i and 1618cm-i

were identified. The physical mixture showed a spectrum equivalent to the sum of those of

cHtosan and xanthan without any additional absorption band. The main differences were

observed in the region between 1800cm-1 and 1520cm-1, where some bands of chitosan and

xanthan partially overlapped depending on the physical blends composition (Figure 4.5). For

example, the chitosan band at 1658cm-1 in the mixture with 40% of xanfhan is almost

urmoticeable.

The IR spectra of the chitosan-xanthan complexes also showed the characteristic bands of

chitosan and xanthan (Figure 4.6). However, an additional band appeared at 1533cm-1, which

was assigned to the -NH^ groups [Kemp, 1991]. This band confirmed the electrostatic

interaction between chitosan and xanthan through the positively charged - NH^ of chitosan

and the negatively charged -COO" ofxanthan.

In the xanthan spectrum, the absorption band at 1734cm-1 is assigned to the free acidic

groups (-COOH) while the strong band at 1618cm-1 corresponds to the carboxylate groups

(-C00~). If the complex formation involved the reaction of all the carboxylic groups from

the salt and acidic forms of xanthan, the absorption band at 1734cm-1 should disappear and

the -COO- band must be the only one present.

In Figure 4.6, the chitosan-xanthan spectrum still shows the free acidic band which suggests

that the complexation reaction may occur mainly through the reaction expressed by Equation

4-9. This means that the chitosan amino groups were not strong
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Chapter IV. CHtosan-Xanthan Hydrogel

enough to induce full deprotonation of the carboxylic sites under these preparatiofi

conditions; so that the mechanims shown by equations 4-11 and 4-12 were limited.

4.4.2 SWELLING DEGREE

The swelling degree measures the capacity of a material to absorb and retain water within its

structure. The chitosan-xanthan complexes absorb between 10 and 60 times their dry weight:

thus, they are hydrogels. In this section, the effect of the chitosan and xanthan characteristics

on the swelling degree of the freeze-dried complex are discussed (Table 4.4).

TABLE 4.4 CHITOSAN AND XANTHAN CHARACTERISTICS.

Chitosan

Ch-01

Ch-08

Xanthan

Xa-01

Xa-02

N content
(%)

8.380

8.080

N content
(%)

0.190

0.310

DA
(%)
17.5

34.2

Pyruvic acidb
(%)
2.6

4.3

Mwa
(g^mol)

1 043 770

1116 690

Viscosity 1%

(cP)

1300

1502

PDI

3.60

2.99

KClb

a by GPC b From the certificate of analysis of the producer.

Three chitosan-xanthan complexes were prepared and freeze-dried. All the dried complexes

swelled rapidly in contact with water and/or aqueous solutions. The hydrogels were kept

immersed in water for 2h during the tests to allow them to reach the swelling equilibrium.

The results obtained for the swelling degree and water content are summarized in Table 4.5,

as a function of complex composition.
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Chapter IV. Chitosan-Xanthan Hydrogel

TABLE 4.5

Complex

CX-01

CX-02

CX-03

COMPLEX COMPOSITION AND SWELLING DEGREE IN WATER.

Chitosan

Ch-01

Ch-01

Ch-08

Xanthan

Xa-01

Xa-02

Xa-02

% Chitosan
in complex

13.5

25.3

29.7

Otwater

6680

1650

2890

Wwater

98.5

94.3

96.7

Two factors are considered responsible for the swelling of chitosan-xanthan complexes: the

hydrophilicity and the crosslmking degree within the complex structure. The hydrophilicity

of the complex is related to the presence of free hydrophilic groups such as hydroxyl groups.

An increase on the number of hydrophilic groups in the complex structure may increase the

water content capacity of the hydrogel.

The crosslinking degree is associated to the ionic bonded network structure of the complex.

The network structure can be characterized by the mesh size that is the space available

between the macromolecular chains, often considered as the "pore" size [Peppas et al., 2000].

When a strong electrostatic interaction is established between the chitosan and xanthan

chains, a compact struchire (low mesh size) is formed and a low swelling degree is found.

Therefore, an increase on the content of pyruvic acid groups m xanthan will increase the

crosslinking degree, resulting in a decrease of the swelling degree. In contrast, an increase of

chitosan molecular weight will likely result in an increase of the mesh size due to the length

of the chains, thus the swelling degree will increase.

These observations are in good agreement with the results shown in Table 4.5. For example,

CX-01 was prepared with Xa-01 that contains 2.6% of pyruvic acid, while CX-02 was

prepared using the same chitosan but Xa-02 that has 4.3% of pyruvic groups. The swelling

degree of CX-01 was four times the value found for the swelling degree of CX-02. This means

that the crosslinking or complexation degree of CX-02 was higher than that of CX-01 due its

higher pyruvic acid content. In addition, the crosslinking degree is related to the complex

composition, and these results can be used to verify the crosslinkmg degree. CX-02 has a
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Chapter IV. Chitosan-Xanthan Hydrogel

chitosan content of 25.3% while CX-01 only of 13.5%, hence CX-02 is more crosslinked and

might have a lower swelling degree, as has been experimentally confirmed.

CX-02 and CX-03 were prepared with the same xanthan (Xa-02) and with a chitosan of

similar molecular weight but different acetylation degree. The results show that the chitosan

with higher acetylation degree has a higher chitosan content. And contrary to the

comparison between CX-01 and CX-02, the swelling degree has increased. This result may be

due to an increase on the mesh size of the network caused by the reduction of amino groups

on the same chitosan chain.

The swelling degree was also studied under other conditions. Six testing solutions were

prepared combining two different surfactants, Tween 80 (non-ionic) and sodium lauryl

sulfate (ionic), and two pH values 1.2 and 7.4. The results are shown in Table 4.6, and

compared in Figure 4.7.

TABLE 4.6 HYDROGEL SWELLING DEGREE IN DIFFERENT SOLUTIONS.

Conditions

(1) Water

(2) Sodium lauryl sulfate 0.025M

(3) Tween 80 - 0.5% (w/w)

(4) Simulated gastric fluid (pH=1.2)a

(5) Simulated intestinal fluid (pH=7.4)a

(6) pH=1.2+Tween0.5%

(7) pH=7.4+Tween0.5%

CX-01

6680

5595

7385

7750

11670

7315

11160

Swelling degree (a)

CX-02

1650

2515

1515

9140

1525

9025

1530

CX-03

2890

2430

3035

4070

2395

3780

2300
a see Table 2.5

The swelling degree of the chitosan-xanfhan complex prepared with Ch-01 (low acetylation

degree) showed pH-dependency, whereas samples prepared with Ch-08 had the nearly the

same swelling degree in all the solutions. The complex CX-01 had a maximum swelling at
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Chapter IV. Chitosan-Xanthan Hydrogel

pH=7.4, and always presented higher swelling degree values, which is in agreement with the

assumption of large pores m its structure due to a low crosslmking degree. In summary, the

effect of pH on swelling degree was found to be much higher than that of the ionic strength.

12000

loooo 4

8000Î
 6000

bpi'
? 4000
CD

2000 4

a cx-oi

DCX-02

E CX-03

Figure 4.7 Comparative plot ofhydrogels swelling degree in different solutions.

4.4.3 STABILITY TESTS

The stability of the chitosan-xanthan polyionic complexes was tested as the "stability against

redissolution . The freeze-dried hydrogels were introduced in buffer solutions of different

pHs and same ionic strength. Four series were prepared for each hydrogel sample, two were

kept at 37°C for 24 and 48 hours, and the other two at 20°C for 24 and 48hours. The stability

was expressed as the mass percentage of dry hydrogel that remained after testing. In Figure

4.8 and Figure 4.9, the results obtained for CX-02 and CX-03 are summarized.

The results proved that, in general, the hydrogels are stable in pHs ranging between 1.2 and

10. The effect of the temperature over stability in the range studied was almost unnoticeable,

only a slight effect due to the exposure time was observed.
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Figure 4.8 Stability test results for chitosan-xanthan complex CX-02.
% stability = (rin/ luashed hydrogel after test/dry initial hydrogel) * 100.
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Figure 4.9 Stability test results for chitosan-xanthan complex CX-03.
% stability = (dry washed hydrogel after test /dry initial hydrogel) * 100.
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The hydrogel CX-02 showed a decrease on stability at pH==1.2, but an increase was found

around neutral pH values. The higher loss of weight a pH=1.2 can be related to the results

obtained on the swelling tests at the same pH that were explained by the disruption of ionic

bonds in the network structure, and the disruption of some ionic bonds may introduce

instability on the hydrogel. In contrast, hydrogel CX-03 was very stable at low pH values and

less stable at higher pH values, maybe due to the ionization of the carboxylic groups.

4.4.4 MlCROSCOPY

(a) Scanning electron microscopy (SEM)

Scanning electron microscopy has permitted the observation and characterization of the

morphology of the external surface and internal structure of the chitosan-xanthan complex

(Figure 4.10).

(a)

IBI

(b)
[5151

B

HI

S?ff
'Sv'f'^

iai

Figure 4.10 Chitosan-xanthan complex SEM. photographs: (a) external; and (b) internal surface.

In Figure 4.10a, the external surface of the complex reveals an organized dense fibrillar

structure. This dense homogeneous external surface is responsible of the retention of water
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inside the network structure and the protection from external contamination. On the other

hand, the internal surface of the complex shows a porous structure (Figure 4.10b). The

porous yet well developed fibrillar structure of the hydrogel has the function to host water in

the network struchire and to prevent the complex of collapsing.

Observations at higher magnification helped to establish the complex pore size between 10-7

and 10-6m (O.l-l^m), and the fibrils dimensions at 10-6m (lOOnm). The images are shown :

Figure 4.11.
m

I
(a)

IE

liHS] ^m^W'^TStM

(b)

Figure 4.11 SEM images of the chitosan-xanthan complex at higher magnification: (a) detail of
the external surface; and (b) detail of the internal surface.

(b) Transmission electron microscopy (TEM)

Transmission electron microscopy allowed the observation of ultra-thin sections of the

chitosan-xanthan complex (Figure 4.12). In the image, it is possible to distinguish an external

continuous compact membrane (in black) protecting the porous interior (dotted m gray scale)

of the hydrogel.
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Chapter IV. Chitosan-Xanfhan Hydrogel

Figure 4.12 TEM. photograph of the chitosan-xanthan
hydrogel (x80 000, 60KeV).

It is important to point out that the interpretation of TEM images is limited by the probable

modifications introduced on the sample structures during the preparation. Mainly caused by

the fixation m the resm and further slicing.

4.4.5 X-RAY DIFFRACTION

The X-ray diffraction patterns of chitosan, xanthan and the chitosan-xanthan complex are

shown m Figure 4.13. Chitosan exhibited a typical peak at 26=20°, while xanthan and the

chitosan-xanthan complex showed only a smaller (less intense) and broader band

corresponding to the amorphous part of the polymers. These results suggested that the

chitosan-xanthan complex is not an "organized structure77, but rather a polyionic complex

with a structure represented by the "scramble egg" model (section 2.2.2).
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(a) Chitosan

(b) Xanthan

(c) Chitosan-xanthan complex

10 15 20
2-Theta(°)

25 30 35

Figure 4.13 X-Ray diffraction patterns: (a) chitosan; (b) xantJwn; and (c) chitosan-xanthan
complex.
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4.5 COMPLEXATION REACTION KINETICS

The polyionic complexation reaction and the complex formation depends on a large number

of parameters, most of them being interdependent. For this reason, no general quantitative

mechanistic or kinetic model is available today for correlating the formation of polyionic

complexes with their chemical and physical structure, and only few investigations have been

published on complexation reaction kinetics. They are reviewed below.

From a kinetic point of view, the basic step of the complexation reaction is the formation of

the electrostatic bonds, which proceeds rapidly and it is usually difficult to follow by

conventional techniques [Phllipp et al., 1988]. Besides the electrostatic interactions, the

following processes have to be considered:

• diffusion through the salvation layer and the outer membrane that the "in formation"

complex creates

• conformational changes of the polymer chains, which arrange the chains in an

energetically favorable position for charge compensation. These slow rearrangements

become evident, for example, in light scattering measurements

The reaction rate can be traditionally determined by measuring the changes in concentration

of one of the reactants during the course of the reaction. The quantitative analysis of chitosan

is generally based on colorimetric techniques that form colored complexes with the primary

amino groups [Curotto et al., 1993; Prochazkova et al., 1999]. Other methods use titration and

potentiometric measurements [Hattori et al., 1999]. However, these methods are not practical

for kinetic studies due to their long response and preparation procedures, low

reproducibility, and because they require organic solvents. In addition, none of the methods

is able to stop the reaction to measure the concentration of chitosan at a precise moment.

Recently, a colorimetric method for determining chitosan concentration m an aqueous

medium using a reactive dye was reported [Muzzarelli, 1998]. The method was suitable for

measuring the concentration of chitosan in a solution of unknown concentration. The dye
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offered the advantage of binding quantitatively to chitosan, changing the color of the

solution from dark red to violet in presence of chitosan using a simple procedure at 20°C.

The limitation of the method was that each chitosan sample requires its own //a priori//

calibration curve, to eliminate the effects due to chitosan molecular weight and acetylation

degree.

4.5.1 CfflTOSAN CALIBRATION CURVE

Four chitosan samples were used for the kinetic studies. The calibration curves for each

chitosan were obtained. In Figure 4.14, the calibration curve of Ch-01 is shown.

1.0

g 0.8
t̂^
in
I °-6

0.4 4

^ 0.2
<

0.0

y = 0.0096x - 0.0348

R2 = 0.9956

tz • Ch-011

20 40 60 80

Concentration (ppm)

100

Figure 4.14 Calibmtion curve of Ch-01.

The equations derived from the calibration curves are summarized in Table 4.7. In all cases, a

good correlation factor (r2>0.99) was obtained, although the curves did not pass through the

origin. This deviation was caused by the limited access of the dye to all the amino groups of

chitosan. However, the linearity of the curves indicates that the calibration was suitable for

this specific concentration range.
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TABLE 4.7

Sample

Ch-01

Ch-02

Ch-03

Ch-04

CALIBRATION CURVE PARAMETERS.

Equation

y = 0.00959x - 0.03484

y == 0.00918x - 0.03663

y = 0.00904x - 0.03223

y = 0.00893x - 0.03633

Coefficient

r2 = 0.9956

r2 = 0.9928

r2 = 0.9956

r2 = 0.9937

4.5.2 CHITOSAN-XANTHAN REACTION RATES

The chitosan-xanthan complexes were prepared by simply mixing the solutions of each

polymer. The reaction mixture was kept under continuous stirring and samples were taken

at specific time intervals following the test initiation. The samples withdrawn were rapidly

introduced into test tubes containing the aliquot of dye solution, and vigorously agitated.

The interaction of chitosan with the dye stopped the complexation reaction, and the presence

of xanthan did not interfere with the measurements.

In Figure 4.15, the kinetic curves for the reaction between Ch-01 and Xa-02 under different

conditions are shown. The curve 1 represents the reaction at 1:1 (v/v) mixing ratio, curve 2 is

the reaction at a 1:2 (v/v) mixing ratio chitosan to xanthan, and curve 3 is the reaction at a 2:1

(v/v) mixing ratio chitosan to xanthan. The kinetic curves reveal that the complexation

reaction occurs rapidly after mixing the two solutions. After 10 minutes, the concentration of

chitosan reaches a constant value (Figure 4.15b).

Stopping the consumption of chitosan in the reaction medium indicates that the formation of

the maximum number of electrostatic bonds has been reached. As mentioned above, in

addition to the rapid electrostatic interactions other slow processes that do not involve the

consumption of chitosan take place during the complexation reaction, such as conformational

changes. These conformational changes are responsible of rearranging the molecules from a

chaotic aggregated state to an ordered stable complex structure.
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Figure 4.15 Kinetic curves of chitosan-xantJwn complexation reaction Ch-Ol/Xa-02.
(a) from 0 to 90 min; and (b) from 0 to 10 min. [C, concentration of
chitosan at time t; Co, concentration ofchitosan at t=0],
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Considering the mixing ratio, it can be seen that chitosan consumption is in agreement with

the composition calculations of the hydrogel (section 4.3). Using a mixing ratio of chitosan to

xanthan of 1:2 (v/v) leads to almost a complete consumption of chitosan (incorporation into

the complex), reducing the excess of reactive.

Our results of the chitosan-xanthan complexation kinetics are very similar to those reported

by Kabanov (1994) for the complexation reaction between two synthetic polyions measured

by spectrofluorimetry. Additional studies should be carried out to completely understand

the reaction mechanism particularly at time ~lmin when the complexation process proceeds

at a very fast rate.

4.6 CONCLUSIONS

• The theoretical composition of the chitosan-xanthan complexes was calculated as a

function of the molecular structure and the equivalent weight of the repeating

polymer units. The composition of a 1:1 stoichiometric complex was found to be:

32.4% of chitosan and 67.6% of xanfhan.

• The experimental results have shown that the chitosan-xanthan complex does not

have a perfect stoichiometric composition. Factors such as chitosan acetylation

degree, chitosan molecular weight, and xanthan pyruvic acid content, have been

identified as essential parameters influencing the complex composition.

• The dried chitosan-xanthan complexes rapidly swell in contact with water and

aqueous solutions, absorbing between 10 to 60 times their weights. The swelling

degree is dependent on complex composition, the crosslmking degree, as well as pH

of the solution.
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The chitosan-xanthan complexes were found to be stable m water and in buffer

solutions at different pHs. This information will be important for further applications

of the hydrogels in biological systems.

SEM and TEM images verified that the chitosan-xanthan complex consists of a porous

internal structure formed by a fibrillar network, and a compact surface layer

(membrane). The pore sizes ranged between 10-6 and 10-7m, and the fibril dimensions

were around 10-7m. X-ray diffraction patterns demonstrate that the complex is in an

amorphous state.

The complexation reaction kinetic studies have revealed that the complex formation

involves a rapid creation of electrostaUc bonds that can be kinetically followed by

determining the changes on chitosan concentration and, as well, conformational

changes the extent of which has not been measured in our studies.
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CHAPTER FIVE

CHITOSAN-XANTHAN HYDROGEL

AS DRUG CARRIER: FENOFIBRATE

5.1 INTRODUCTION

Hydrogels are a special class of polymeric systems that combine high water content capacity

with water insolubUity. Due to this characteristic, they represent a promising biomaterial for

medical applications particularly as drug delivery systems (section 2.4). Specifically, some

hydrogels have been demonstrated to be good vehicles for enhancing the dissolution and

bioavailability of a number of drugs with poor water solubility.

In this chapter, the applicability of the chitosan-xanthan hydrogel as a carrier for the

controlled release of drugs is studied. Fenofibrate was used as an example of a water

insoluble drug. The chitosan-xanthan complexes were prepared under different conditions

and with various drug contents. The drug-hydrogel systems were physico-chemically

characterized, and dissolution tests were performed in order to identify the mechanisms and

parameters that control the drug release from the hydrogel.

Fenofibrate, isopropyl-2-(4-(4-chlorobenzoyl)phenoxy)-2-methylpropionate, is a sparingly

water soluble derivative of fibric acid used to reduce the concentration of cholesterol and

triglycerides in plasma [Balfour et al., 1990; Miller et al., 1998]. The poor hydrosolubility of

fenofibrate limits its oral bioavailability to about 60% of the administrated quantity. Among

the derivatives of fibric acid, fenofibrate is the form with the lowest and most variable

bioavailability due to its incomplete, and often non-regular, dissolution from formulations.
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However, it has been shown that the therapeutic effects of fenofibrate can be improved by

modifying its dissolution or solubilization pattern [Guichard et al., 2000].

Several methods have been proposed as general approaches to overcome the dissolution

characteristics of msoluble fenofibrate. One approach is micronization, i.e. particle size

reduction by jet-miUing, in order to increase the powder total surface; micromzed fenofibrate

consists of particles under 30^m. Pharmacokinetic studies have demonstrated that

formulations using micronized fenofibrate have higher dissolution rates in the

gastrointestinal tract than those prepared with crystalline fenofibrate. This improved overall

absorption and bioavailability [Adkins et at, 1997]. Other approaches are based on the

preparation of drug solid dispersions with hydrophilic polymers, such as polyethylene

glycol (PEG) and polyvinylpyrrolidone (PVP) [Sheu et al., 1994; Palmieri et al., 1996], the

inclusion complexation of the drug with cyclodextrins [Palmieri et at., 1997], and the

micronization using supercritical carbon dioxide [Kerc et aL, 1999]. Some of these methods

seem to be inadequate for pharmaceutical applications since they involve //severe

treatments during the product preparation, i.e. melting or organic solvents, which may

introduce modifications on the chemical structure of the molecule or can cause degradation

of the drug.

5.2 MATERIALS AND METHODS

5.2.1 MATERIALS

Chitosan samples, from shrimp shells, having different molecular weights and acetylation

degrees were provided by Kemestrie Inc. (Sherbrooke, Canada). Xanthan gum (Xanthural®

75) was obtained from NutraSweet Kelko Inc. (Okmulgee, USA). Fenofibrate was kindly

supplied by Ethypharm Inc. (Houdan, France). All other reagents and solvents were of

analytical grade and were used without further purification.
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5.2.2 DRUG- HYDROGEL SYSTEM PREPARATION

A xanthan solution was prepared at room temperature by adding 6.5g of xanthan to lOOOmL

of distilled water. A chitosan solution was prepared dissolving 6.5g of chitosan in lOOOmL of

0.3M hydrochloric acid (HC1), and the pH of the solution was adjusted with sodium

hydroxide (NaOH) to a value of pH=5.6.

An amount of fenofibrate ranging from 1.0 to 2.0g was dissolved in lOOmL of efhanol, and

added under vigorous stirring to SOOmL of xanthan solution. At this point, a homogeneous

dispersion of the drug in the xanthan solution was obtained. Adding the xanthan-drug

dispersion to 250mL of chitosan solution formed the drug-hydrogel system. The mixture was

stirred for 2h and then thoroughly washed with water. The drug-hydrogel product was

obtained after freeze-drying (Freezone 12, Labconco).

5.2.3 FENOFIBRATE QUANTIFICATION

The fenofibrate content in the drug-hydrogel preparations and during the dissolution tests

were determined spectrophotometrically. The absorbances of the samples were measured at

289nm with a Genesys 5 Spectrophotometer (Spectronics, Milton Roy, USA). The values were

transformed into concentration using a standard calibration curve (R2=0.999) obtained in the

corresponding solvent medium.

5.2.4 DRUG CONTENT

The fenofibrate content in the hydrogel was determined by accurately weighing 25mg of

hydrogel. The sample was introduced in a centrifuge tube, and extracted for Ih with 25mL of

ethanol under magnetic stirring. The solution was centrifuged, filtered, diluted suitably, and

analyzed at 289nm. Each determination was carried out at least in duplicate.
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5.2.5 SWELLING DEGREE

The swelling degree of the hydrogel was determined by placing lOOmg of accurately

weighted freeze-dried hydrogel in a centrifuge tube containing 30mL of water or aqueous

solution at room temperature. The tube was repeatedly turned upside down to thoroughly

wet the hydrogel. After 2h the hydrogel was removed from the tube by centrifugation and

decantation. The hydrogel was allowed to drain and re-weighed. The increase on weight

represents the weight of water taken by the hydrogel. The water uptake capacity (a) was

calculated as a ratio of the weight of absorbed water to the weight of hydrogel dried mass:

a=
(weight of hydrated gel) - (weight of dry gel)

(weight of dry gel)
x 100 (5-1)

The weight of dry hydrogel was corrected to only take into account the mass of hydrogel; the

contribution of fenofibrate to the weight is not considered in the calculation.

5.2.6 SCANNING ELECTRON MICROSCOPY (SEM)

Drug-hydrogel surfaces were examined with a JEOL JSM-840A scanning electron

microscope. For analyses, freeze-dried hydrogels were fixed on an aluminum sample holder

using a carbon based adhesive tape, and coated with Au-Pd. Observations were performed

under an accelerating voltage of 10 or 15kV.

5.2.7 X-RAY DlFFRACTION

X-ray diffraction patterns were carried out in a Rigaku diffractometer with a CuKa tube, 40

kV, and 100mA. The diffraction measures were obtained over a range of diffraction angles

26=3° to 35°.
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5.2.8 NMR SPECTROSCOPY

The stability of fenofibrate, before and after inclusion in the hydrogel, was determined by

NMR spectroscopy. About Img of fenofibrate was dissolved in CDCls (deuterated

chloroform) and analyzed with a NMR Bruker 300MHz spectrometer. In the same way, 5mg

of a drug-hydrogel sample were extracted wifh CDCls and filtered to eliminate hydrogel

particles. The solution was introduced in a NMR tube for analysis. The spectra were

compared.

5.2.9 IN VITRO DISSOLUTION TEST. PADDLE METHOD (APPARATUS 2)

Fenofibrate dissolution tests were conducted in a paddle method apparatus (section 2.5.3).

The tests were performed at 37°C with a stirring rate of 58-60rpm, in 800 mL of different

media [USP-24, 2000]: pH 7.4 potassium phosphate buffer containing 0.5% of Tween 80, pH

1.2 hydrochloric acid buffer containing 0.5% of Tween 80 and 0.025M sodium lauryl sidfate

solution. At specific times following the test initiation (i.e., insertion of the sample into the

apparatus), aliquots (2 mL) were withdrawn from. the test medium, and immediately

replaced with fresh medium to maintain the volume. The withdrawn samples, followmg

suitable dilution, were analyzed spectrophotometrically at 289 nm. The tests were carried out

in triplicate.

The mass of fenofibrate dissolved from the hydrogel at time t (mfen) is calculated using the

following equation:

mfen=CnXV+-ZCiV, (5-2)
i=0

where n is the total number of aliquots withdrawn at time t, Cn is the concentration of

fenofibrate in the aliquot extracted at time t, V is the volume of dissolution medium, i are the
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aliquots extracted at previous times t, Q is the concentration of fenofibrate found in the

previously extracted aliquots, and Vi is the volume of the aliquot.

The dissolution test results are reported as the cumulative percentage of drug dissolved

versus time, .obtained from this equation:

%fenofibrate=^nfen-xl00 (5-3)
m total

where nuotai is the total mass of fenofibrate contained in the hydrogel before starting the test,

calculated from the amount of hydrogel used in the test and the drug content in the

hydrogel.

5.2.10 IN VITRO DISSOLUTION TEST. FLOW-THROUGH CELL METHOD (APPARATUS 4)

Fenofibrate dissolution tests were also conducted in a How-fhrough cell method apparatus

(section 2.5.3). The tests were performed at 37°C with a flow rate between 8 and 12ml/min,

in 800 mL of 0.025M sodium lauryl sulfate solution. At specific dmes following the test

initiation (i.e., insertion of fhe sample mto the apparatus), aliquots (2 mL) were withdrawn

from the test medium, and immediately replaced with fresh medium to maintain the

volume. The withdrawn samples, following suitable dilution, were analyzed

spectrophotometrically at 289 nm. The tests were carried out m triplicate. Results are

reported as the cumulative percentage of drug dissolved versus time using the same mass

balance equations of the paddle method.
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5.3 DRUG-HYDROGEL SYSTEMS

5.3.1 PREPARATION CONDITIONS

The preparation of chitosan-xanthan hydrogels containing fenofibrate, drug-hydrogel

systems, involved two processes: (i) the formation of a homogenous dispersion of the drug m

the xanthan solution; and (ii) the formation of the hydrogel itself by the complexation

reaction between xanthan with chitosan.

The first process consists of dissolving the corresponding amount of fenofibrate m efhanol

and adding this solution under stirring to the xanthan solution. The mixing of the solutions

produces simultaneously the precipitation of small drug particles and their dispersion within

the xanfhan solution, as a result of the poor solubility of fenofibrate in the aqueous xanfhan

and the vigorous stirring. Depending on the preparation conditions, different drug particle

sizes were obtained. In general, an increase in the volume of ethanol favored the formation of

smaller particles, but at the same time decreased the loading efficiency due to drug

solubilization. Based on preliminary tests, a volume ratio ethanol to xanthan solution of 1:3

(v/v) was adequate to dissolve fenofibrate, produce its dispersion, and prevent the

precipitation of xanthan.

The second step of the drug-hydrogel preparation is the formation of the hydrogel by mixing

the xanthan-drug dispersion with tfie chitosan solution. The efficiency of the complexation

reaction was calculated from the amount of final product. The results showed that the

presence of the drug did not interfere with the hydrogel formation, suggesting that the

complexation reaction resulted in the entrapment of the drug within the hydrogel.

The drug-hydrogel system was developed in order to provide a hydrophilic solid-like matrix

that can function as a support and carrier for drugs. The method was efficient for the

entrapment of water-insoluble drugs such as fenofibrate, due to the dispersion-precipitation

step. For water soluble drugs, an alternative method should be used.
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5.3.2 DRUG CONTENT AND LOADING EFFICIENCY

Drug-hydrogel systems were prepared using four different chitosan samples, the same

xanthan (Xa-02) and adding different amounts of fenofibrate (Table 5.1). The content of

fenofibrate found within the freeze-dried hydrogels varied from 15 to 40% (w/w), and was

adjusted by the quantity of drug added during preparation.

TABLE 5.1 CHITOSAN-XANTHAN HYDROGEL SYSTEMS CONTAINING FENOFIBRATE.

Exp.

CX/F-01

CX/F-02

CX/F-03

CX/F-04

CX/F-05

CX/F-06

CX/F-07

CX/F-08

CX/F-09

CX/F-10

CX/F-11

CX/F-12

Chitosana

Ch-01

Ch-02

Ch-03

Ch-04

in preparation
(g)
1.0

1.5

2.0

1.0

1.5

2.0

1.0

1.5

2.0

1.0

1.5

2.0

Fenofibrate

in hydrogel
% (w/w)

20.5

26.5

35.4

19.2

27.9

40.7

16.2

22.3

35.4

15.6

24.1

37.8

efficiency
% (w/w)

65.2

71.3

78.8

63.8

73.3

84.1

58.7

62.2

79.7

57.4

65.6

84.1
a For dutosan characteristics see Table 4.1.

The loading efficiency of fenofibrate m the hydrogel ranged between 60 to 90%. The

efficiency increased with the amount of fenofibrate dispersed in the xanthan solution. These

results suggested that the loss of the drug is produced by the incomplete precipitation of

fenofibrate during the dispersion process, as a function of the concentration of efhanol in the

dispersing medium.
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5.3.3 SWELLING DEGREE

The swelling degree (a) of three drug-hydrogel systems was measured in different aqueous

solutions. The results obtained are summarized m Table 5.2. The values represent only the

swelling due to the hydrogel, the weight of the drug was not considered on the calculations.

TABLE 5.2 SWELLING DEGREE OF HYDROGELS CONTAINING FENOFIBRATE.

Solution composition

(1) Water

(2) Sodium lauryl sulfate 0.025M (pH=7.0)

(3) Tween80-0.5%(w/w)

(4) Simulated gastric fluid (pH=1.2)a

(5) Simulated intestinal fluid (pH=7.4)a

(6) pH=1.2+Tween0.5%

(7) pH=7.4+Tween0.5%

CX/F-03

2060

2265
1895

2755
1455

4440
1255

Swelling degree (a)

CX/F-06

1140

1640

1025
1880

1755
2810
2735

CX/F-12

2670

2950

1930
2745
2590

2715
2560

a see Table 2.5

The results show good agreement with the values found for the pure hydrogel (Chapter 4).

However, some changes have been observed on the swelling degree specially with the

surfactants due to the effects on the surface tension of the solutions and the hydrophobic

character introduced by the drug particles.

In water, the swelling degree of the drug-hydrogel systems increased with the molecular

weight of chitosan. CX/F-06 was prepared with chitosan Ch-02 (Mw: 514 000) and had a

swelling degree of 1140, whereas CX/F-03 prepared with Ch-01 (Mw: 1 043 770) of higher

molecular weight but the same acetylation degree, had a swelling degree of 2060.

The drug-hydrogel systems CX/F-03 and CX/F-06 exhibited dependence on the pH and the

ionic strength of the solutions. The swelling degree of CX/F-03 was higher at pH 1.2

(solution 6) than at pH 7.4 (solution 7). In contrast, CX/F-12 had practically the same
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swelling degree in all the solutions independent of the pH, ionic strength or the effect of the

surfactant. Hence, using a chitosan with low acetylation degree for preparing the drug-

hydrogel systems imparted pH sensitivity to the polymeric matrix.

5.3.4 SCANNING ELECTRON MICROSCOPY (SEM)

The surfaces of freeze-dried hydrogels containmg fenofibrate were analyzed by scanning

electron micoscopy (SEM). In the images, the drug particles can be differentiated from the

hydrogel matrix (Figure 5.1).

Figure 5.1 SEM images of typical chitosan-xanthan hydrogels containing fenofibrate:
(a) 35%; and (b) 45% of fenofibmte.

The drug-hydrogel surfaces revealed two types of drug particles. The first one formed by

small amorphous-like particles with sizes ranging between 1 to 3 microns (Figure 5.1a), and a

second type of drug structure containing larger crystalline-Uke particles with sizes on the

order of 10 microns (Figure 5.1b).

The SEM images proved that the drug particle size can be controlled during the preparation

of the drug-hydrogel systems, by modifying the preparation conditions such as fenofibrate
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loading, ethanol volume, and agitation speed. The key step of the process is the formation of

the drug dispersion in the xanthan solution, since depending on the conditions fenofibrate

can precipitate as amorphous or crystalline particles. For example, an increase in the

concentration of fenofibrate (higher than 35% w/w) favors drug crystallization, whereas an

increase of ethanol volumes induced the formation small amorphous-like particles.

The particle size was also influenced by the stirring rate and the manner of adding the drug

during the dispersion process. Slow stirring (<900 rpm) produced the formation of particles

of different diameters, and the creation of regions of high agglomeration (Figure 5.2a). In

contrast, a slow and continuous incorporation of the drug under a vigorous stirring

(1200rpm) produced a well-dispersed product (Figure 5.2b).

(a)
w

^a

(b)

Figure 5.2 SEM images shoiuing the dispersion offenofibrate particles on chitosan-xanthan
hydrogels (30%): (a) agglomemted particles; and (b) zuell-dispersed particles.

5.3.5 X-RAY DIFFRACTION

The X-ray diffraction patterns of fenofibrate, chitosan-xanthan hydrogel and drug-hydrogel

system CX/F-03 are shown m Figure 5.3. The pure fenofibrate pattern exhibits several sharp
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peaks, corresponding to its crystalline structure, while the hydrogel shows the amorphous

halo.

LA.

(a) Fenofibrate

(b) Chitosan-xanthan hydrogel

(c) Dmg-hydrogel - 35%

10 15 20
2-ThetaQ

25 30 35

Figure 5.3 X-Ray diffraction patterns of: (a) fenofibrate; (b) chitosan-xanthan hydrogel; and
(c) drug-hydrogel system CX/F-03 containing 35% (lu/w) offenofibrate.
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The drug-hydrogel diffraction pattern matched with the superposition of the patterns

corresponding to the pure hydrogel and the pure fenofibrate. However, the peaks were less

intense and to some extent, they were not quantitatively proportional to their drug content in

the system. These results suggested that the incorporation of fenofibrate in the hydrogel

produced a reduction of the drug crystallinity and the crystal sizes. Depending on the

preparation conditions, some drug-hydrogel systems showed a halo pattern in which the

diffraction peaks of the drug have disappeared, indicating that the fenofibrate within the

hydrogel is totally in the amorphous state (Figure 5.4).

Drug-hydrogel - 24% fenofibrate

fAwH^|
5 10 15 20 25 30 35

2-Theta(°)

Figure 5.4 X-Ray diffraction -pattern. of drug-hydrogel system containing 24% offenofibmte.

5.3.6 1H NMR SPECTROSCOPY

1H NMR spectroscopy was used to verify the stability of fenofibrate, before and after

inclusion in the hydrogel (Figure 5.5). Both spectra were identical and no additional peak

was observed, indicating that no modification and/or degradation of the drug structure was

introduced by the incorporation of the drug in the hydrogel. Therefore, the drug is not

involved in the chitosan-xanthan complexation reaction. It is only entrapped within the

matrix during the preparation process.
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Figure 5.5 NMR spectra of: (a) fenofibmte before inclusion; (b) fenofibrate extracted from the hydrogel with CDCh.
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5.4 DISSOLUTION TEST CONDITIONS

In vitro dissolution testing studies have become an important requirement for the

development, registration and quality control of controlled release dosage forms [Sood et al.,

1999]. The tests have been designed to obtain the dissolution profile of a drug under specific

conditions, i.e. the rate and the extent of drug available. The selection of the testing

conditions depends on the type of dosage form, the release profile, and the drug solubility.

In this section, dissolution studies were performed in order to determine the appropriate

apparatus and dissolution media for fenofibrate testing.

5.4.1 DISSOLUTION APPARATUS

In general, dissolution apparatuses are classified either as a stirred beaker apparatus or a

flow through. The rotating basket method (apparatus 1) and the paddle method (apparatus

2) are "stirred beaker types" because the dissolution, and subsequent dosage are carried out

in a large vessel under mechanical agitation. Apparatus 4 is a flow-through device in which

the sample is placed in a small cell through which a continuous flow of dissolution medium

is circulated. Two dissolution devices were tested with the fenofibrate containing drug-

hydrogel system: the flow-through cell method (apparatus 4) and the paddle method

(apparatus 2).

(a) Flow-though cell method

The effect of the flow rate and the amount of drug in the flow-fhrough ceU method was

analyzed. The dissolution profiles were obtained at two flow rates (8 and 12ml/min) with

two different amounts of CX/F-09, equivalent to 20 and 40mg of fenofibrate. The results are

compared in Figure 5.6.

The dissolution of fenofibrate increased with the flow rate, and with the decrease of sample

in the cell. The maximum percentage of fenofibrate dissolved after 8 hours of test was 12%.
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Thus, the total amount of fenofibrate dissolved from the hydrogel was relatively low, and the

values presented a high variability. The reproducibility of the results was limited by the

strong dependence of the tests on the variables studied (namely flow rate and amount of

hydrogel in the cell), which suggested that the flow-through cell method may not be

adequate for the dissolution tests of the chitosan-xanthan hydrogel containing fenofibrate.
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Figure 5.6 Fenofibrate dissolution profiles from drug-hydrogel system CX/F-09 in the
floiu-through cell apparatus. Dissolution medium: 800 mL of 0.025M
sodium lauryl sulfate (pH=7.0), temperature: 37°C.

(b) Paddle method

The dissolution profiles of CX/F-09 at two rotating speeds (50 and 70 rpm) and two different

amounts of drugs, equivalent to 20 and 40mg of fenofibrate, were obtained (Figure 5.7).
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Figure 5.7 Fenofibmte dissolution profiles from dmg-hydrogel system CX/F-09 in the
paddle method. Dissolution medium:800 mL of 0.025M. sodium lauryl
sulfate (pH=7.0), temperature: 37° C.

The dissolution profiles were quite regular and different from those obtained with the flow-

through cell method. The percentage of fenofibrate dissolved after 5 hours ranged between

85 and 95%, and the results were not significantly affected by the stirring rate (50-70 rpm) or

the amount of drug in the vessel.

Based on these results the paddle method was chosen as the dissolution testing apparatus,

the stirring rate was established at 58-60rpm and the amount of fenofibrate at 20mg. In the

following section the effect of the dissolution medium is evaluated.
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5.4.2 DISSOLUTION MEDIUM

The use of water as dissolution medium should be avoided because the pH and surface

tension of water may vary depending on the source, and also due to the influence of the

active and inactive ingredients during the dissolution tests. For water insoluble or sparingly

water soluble drug products, the addition of a surfactant such as sodium lauryl sulfate is

recommended [Shah et al., 1989]. The use of organic solvents is discouraged because in vivo

conditions are not reflected.

Fenofibrate is a practically water insoluble drug, thus the dissolution medium needs to be

adjusted to maintain the "sink" conditions. The European Pharmacopeia suggests as

dissolution testing medium for fenofibrate dosage forms: 0.025M sodium lauryl sulfate

aqueous solution or 2%(w/w) Tween 80 aqueous solution. Some preliminary tests

demonstrated that the use of Tween 80 at concentrations above l%(w/w) interfered with the

measures of fenofibrate absorbance at ^=289mn. In contrast, sodium lauryl sulfate did not

interfere with the absorbance measures.

The concentration of Tween 80 in the dissolution medium was adjusted using as reference

the values obtained with sodium lauryl sulfate (LSS). In Figure 5.8, the dissolution profiles of

fenofibrate from the drug-hydrogel system CX/F-03 in sodium lauryl sulfate and at different

concentrations of Tween 80 are shown. CX/F-03 was chosen as sample due to its slow-

release profile, which permitted a better visualization of the solubility patterns and changes.

The results showed that the dissolution of the sample in an aqueous solution containing

0.5%(w/w) of Tween 80 has the same profile as that in 0.025M sodium lauryl sulfate.

Increasing the concentration of Tween 80 did not increase the solubility of the drug, but

introduced a higher variability on the results. The advantage of using Tween 80 as surfactant

is that Tween at a concentration of 0.5%(w/w) can be added to the buffer solutions pH 1.2

and 7.4 without producing salt precipitation due to its non-ionic nature: sodium lauryl

sulfate induces salt precipitation.
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• Tween0.1%
V Tween 0.3%

Tween0.5%
• Tween 0.7%
A LSS

Figure 5.8 Fenofibrate dissolution profiles from drug-hydrogel system CX/F-03 in
different aqueous dissolution media. Apparatus: paddle method, rotating
speed: 58-60rpm, medium volume: 800mL, temperature: 37°C.

5.5 IN VITRO DISSOLUTION STUDIES

The dissolution profile of a drug depends on factors such as its physicochemical properties,

the type drug formulation, the type of dosage form, the dissolution testing device, and the

dissolution medium. In vitro dissolution studies were performed on the fenofibrate-hydrogel

systems prepared, in order to determine the parameters that affect the dissolution properties

of fenofibrate and their relation with the hydrogel characteristics. The dissolution test

conditions were selected based on the results previously reported. The parameters are

summarized in Table 5.3.
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TABLE 5.3 JN VITRO DISSOLUTION TEST CONDITIONS.

Apparatus

Rotating speed

Temperature

Dissolution media

Volume

Sample weight

Aliquot

Quantification

Testing conditions

Paddle method

58-60 rpm

37 ± 0.2°C

(1) 0.025 sodium lauryl sulfate (pH=7.0)

(2) pH=7.4 buffer solution, 0.5% Tween 80

(3) pH=1.2 buffer solution, 0.5% Tween 80

SOOmL

equivalent to 20mg of fenofibrate

2mL

UV Spectrophotometer ^=289nm

5.5.2 DRUG CONTENT EFFECT

The dissolution profiles of fenofibrate from three drug-hydrogel systems prepared with the

same chitosan (Ch-03), but with different drug content are shown in Figure 5.9. The results

showed that the drug content in the hydrogel did not produce any significant effect on the

drug release. The three curves were nearly identical.

The dashed line in Figure 5.9 represents the dissolution profile of crystallme fenofibrate

under the same testing conditions. The results revealed that the incorporation of fenofibrate

in the hydrogel produced a modification on the drug solubility, maybe due to the reduction

of crystal size detected by SEM images. The percentage of drug dissolved after 5hours

increased from 20% (the crystalline form) to 80% when included in the hydrogel.

The drug-hydrogel systems prepared with chitosan samples Ch-02 were also independent of

the drug content. However, the dissolution profiles were different due to the effect of the

chitosan molecular weight as will be discussed in the following section.
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Figure 5.9 Fenofibrate dissolution profiles from drug-hydrogel system with different drug
content. Apparatus: paddle method, rotating speed: 58-60rpm, dissolution
medium: 800mL of0.025M. sodium lauryl sulfate (pH=7.0), temperature: 37° C.

5.5.3 CHITOSAN MOLECULAR WEIGHT

The effect of the chitosan molecular weight on the fenofibrate dissolution profile was

evaluated using four chitosan samples (Figure 5.10). The drug release was significantly

influenced by the molecular weight of chitosan, the lower the molecular weight the faster

was the drug dissolution. This behavior was predictable considering the effect of the chitosan

molecular weight on the crosslinking degree and the swelling degree of the hydrogel.

After the initiation of the dissolution tests, the drug-hydrogel systems rapidly swelled in

contact with the dissolution medium beginning the dissolution process. The drug release
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depends on the solubility of the drug in the medium and on its diffusivity through the

hydrogel. Therefore, as the swelling degree of the hydrogel increases with the augmentation

of the molecular weight of chitosan, the drug dissolution is retarded by the decrease of the

gradient of concentration.
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Figure 5.10 Fenofibrate dissolution profiles from dmg-hydrogel systems prepared with
chitosan samples of different molecular weights. Apparatus: paddle method,
rotating speed: 58-60rpm, dissolution medium: 800mL of 0.025M. sodium
lauryl sulfate (pH=7.0), temperature: 3 7° C.

Three different dissolution profiles can be identified from Figure 5.10, as a function of the

chitosan molecular weight:

• Instant-release system (CX/F-06). Mw: 400 000 - 600 000 Daltons.

• Rapid-release system (CX/F-09). Mw: 650 000 - 850 000 Daltons.

• Slow-release system (CX/F12). Mw: > 900 000 Daltons.
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5.5.4 DISSOLUTION MEDIUM PH EFFECT

The release of fenofibrate from the drug-hydrogel systems was studied in two buffer

solutions at pH 1.2 and 7.4 containing 0.5% (w/w) of Tween 80. The dissolution profiles of

samples prepared with Ch-02, Ch-03 and Ch-04 were practically independent of the pH of

the dissolution medium (Figure 5.11).
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Figure 5.11 Fenofibrate dissolution profiles in different dissolution media from drug-hydrogel
systems prepared with chitosan of different molecular weights. Apparatus: -paddle
method, rotating speed: 58-60rpm, medium volume: 800mL, temperature: 37°C.

In contrast, drug-hydrogel systems prepared with Ch-01 showed a strong dependence on pH

(Figure 5.12). Fenofibrate showed a higher solubility from the drug-hydrogel system

CX/F-03 at pH 7.4 than at pH 1.2. The effect of pH on the drug release was expected from the

results obtained for the swelling degree of the hydrogel (Table 5.2).
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• 0.025N sodium lauryl sulfate
V pH 7.4 buffer solution (0.5% tween)
• pH 1.2 buffer solution (0.5% tween)

Time (h)

Figure 5.12 Fenofibmte dissolution profiles from CX/F-03 drug-hydrogel system in different
dissolution media. Apparatus: paddle method, rotating speed: 58-60rpm,
medium volume: 800mL, temperature: 3 7° C.

The dissolution studies demonstrated that the inclusion of fenofibrate in the hydrogel

permits the modification of the drug solubility as a function of the pH. These results are of

interest because fenofibrate is a neutral drug, and the solubility of the pure drug is

independent of the pH of the dissolution medium.

5.5.5 CRYSTALLINE AND MICRONIZED FENOFIBRATE

In Figure 5.13, the dissolution profiles of crystalline and micronized fenofibrate are

compared with the results obtained for the drug-hydrogel system CX/F-09. The micronized
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form of fenofibrate was more soluble than the pure crystalline form, demonstrating that the

reduction of drug size particle and drug crystallinity by a mechanical treatment can enhance

drug solubility. However, the fastest dissolution rate was found for the fenofibrate included

in the hydrogel.

Time (h)

• Fenofibrate crystalline pH 7.4 (0.5 % Tween)
0 Fenofibrate crystalline pH 1 .2 (0.5 % Tween)
V Fenofibrate micronized pH 7.4 (0.5% Tween)
V Fenofibrate micronized pH 1.2 (0.5% Tween)
• CX/F-09 pH 7.4 (0.5% Tween)
D CX/F-09 pH 1.2 (0.5% Tween)

Figure 5.13 Fenofibrate dissolution profiles in different dissolution media. Apparatus: paddle
method, rotating speed: 58-60rpm, medium volume: 800mL, temperature: 3 7° C.
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The increase of fenofibrate solubility produced by the inclusion of the drug within the

hydrogel is also related to a reduction of drug particle size and drug crystallinity. In this

case, the modification of the drug physicochemical properties is produced during the

preparation of the drug-hydrogel systems, specifically, during the dispersion of the drug in

the xanthan solution.

The images obtained by scanning electron microscopy (SEM) showed that the drug within

the hydrogel can be present as small particles with sizes of some microns, which are

comparable to the diameter of micronized fenofibrate, or as crystalline structures witii sizes

of 10 microns. The X-ray diffraction patterns of the drug-hydrogel systems confirmed the

particle size reduction and/or production of amorphous particles by the decrease on the

fenofibrate peaks intensities (crystalline).

5.6 CONCLUSIONS

• Chitosan-xanthan hydrogels containmg fenofibrate, a poor water soluble drug, were

prepared. The method involved two steps: (i) the formation of a homogenous

dispersion of the drug in the xanthan solution; and (ii) the formation of the hydrogel

by complexation of xanthan with chitosan. The drug content in the freeze-dried

hydrogels varied from 15 to 40% (w/w), and was easily adjusted by controlling the

amount of drug added during preparation.

• Scanning electron microscopy showed two types of drug particles within the

hydrogel structure. One formed by crystalline particles with sizes of the order of 10

microns and the other containing amorphous-like particles ranging between 1 and 3

microns. The drug particle size was controlled by the hydrogel preparation

conditions, in particular, by the dispersion of the drug in the xanthan solution.
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X-ray diffraction patterns demonstrated that the inclusion of fenofibrate in the

hydrogel reduced the drug crystallmity.

The stability of fenofibrate before and after the inclusion was verified by NMR

specbroscopy. The results showed that no chemical modification or degradation of the

drug was produced during the preparation.

Dissolution tests showed that the drug release was independent of the drug content,

but dependent on the chitosan molecular weight. The effect of the molecular weight is

related to the structure of the chitosan-xanthan hydrogel, in which the fenofibrate is

included.

Fenofibrate is a neutral drug and its solubility is not affected by the pH of the

dissolution medium. However, the dissolution profiles of the drug from a hydrogel

prepared with chitosan of low acetylation degree showed dependence on the pH.

Thus, the inclusion of the drug in the hydrogel may permit the production of a

pH-responsive fenofibrate.

The dissolution rate of fenofibrate was enhanced by drug micronization and by drug

inclusion within the hydrogel. However, tihe former has the disadvantage of being a

mechanical process that risks producing drug degradation.
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CHAPTER SIX

DRUG-HYDROGEL SYSTEMS:

URSODEOXYCHOLIC ACID,

NIFEDIPINE AND INDOMETHACIN

6.1 INTRODUCTION

In the previous chapter we have demonstrated that the chitosan-xanthan hydrogel shows

favorable properties as a polymeric matrix for the controlled release of fenofibrate. The

inclusion of the drug within the hydrogel led to different dissolution patterns which were

controlled by the hydrogel network structure. In addition, the method developed for the

incorporation of the drug into the hydrogel system was effective enough to explore the

inclusion of other water insoluble compounds. In this chapter, the three additional drug-

hydrogel systems are studied. The compounds were chosen due to their low water solubility,

and as well to their chemical nature which was different from that of fenofibrate, i.e. a neutral

drug.

The first compound is ursodeoxycholic acid, a well-tolerated drug used for the dissolution of

cholesterol gallstones and in the treatment of liver diseases [Bouchier, 1980; Bachrach et al.,

1982; Ward et al., 1984; Podda et al., 1990; Poupon et al., 1991]. As a weak acid, this drug is

sparingly soluble in water and m solutions with pHs below 8.0; and it is believed that the

insolubility of the drug is responsible of the poor and erratic bioavailability at in vivo

conditions [Igimi et al., 1980; Parquet et al., 1985; Moroi et al., 1992]. Some formulations have

been developed with the intention of increasing the solubility of ursodeoxycholic acid, such

as the rapid-dissolving granule formulation obtained by mixing water-soluble compounds
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(polyvinylpyrrolidone, lactose and sodium croscarmallose) with irdcronized ursodeoxycholic

acid [Higginbottom et al., 1994], or by preparing drug/polymer solid dispersions using ball

milling, mixing, or solvent evaporation with either water swellable polymers (sodium starch

glycolate, crosslinked sodium carboxymethylceUylose) or water-soluble carriers (mannitol,

urea, polyethylene glycol) [Giunchedi et flL, 1996; Okonogi et al., 1997]. Other formulations

have preferred to consider a different approach, and developed bioadhesive materials in

order to extend the residence time in the gastromtestiml tract and increase the drug

absorption time [Carli et al., 1996].

The second molecule is nifedipine, a drug used in the treatment of angina pectoris and

hypertension. Nifedipine is highly crystalline and practically insoluble in water, and its

absorption is limited by the dissolution rate [Foster et al., 1983; Kohri et aL, 1987; Ali, 1989].

Besides, nifedipine is a light sensitive compound that undergoes to rapid decomposition

under artificial light when it is found in solution or pulverized [Marcimec et al., 1994; Hayase

et al., 1994]. Several strategies have been used to facilitate mfedipine solubility, i.e. solid

dispersions prepared with polymers [Sugimoto et al., 1980; Sumnu, 1986; Suzuki et al., 1998;

Portero et al., 1998], ethylcellulose and chitosan microspheres [Filipovic-Gr^ic et al., 1996;

Guyot et al., 1998], lipid nanoparticles [Cavalli et al., 1995], micronization [Kerc< et al., 1999},

and inclusion complexes with cyclodextrins [Filipovic-Grcic et al., 1996].

The third compound, indomethacin, is an effective nonsteroidal antiinflammatory drug used

to relieve the pain associated with trauma, osteoarthritis and rheumatoid arthritis [Marion,

1973]. Unforhmately, the oral administration of indomethacin produces gastric irritation,

vertigo and headache, due to the conventional dose dumping related to its low water

solubility. Therefore, the enhancement and control of indomethacin solubility may avoid or

reduce some of the adverse side effects. Various methods have been evaluated as routes for

improving the solubility of mdomethacin, such as the inclusion complexation with

cyclodextrins [Szejtli et al., 1981; Lm et at., 1991; Becirevic-Lacan, 1994], solid dispersions with

polymers [Orienti et al., 1996; Taylor et al., 1997; Talukdar et al., 1998; Aiedeh et aL, 1998;

Shawesh et al., 1998; Imai et d., 2000], and the use of polystyrene and polymethylmethacrylate

microparticles [Tamilvanan et al., 1998; Tamilvanan et al., 2000].
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6.2 MATERIALS AND METHODS

6.2.1 MATERIALS

Chitosan samples, from shrimp shells, having different molecular weights and acetylation

degrees were provided by Kemestrie Inc. (Sherbrooke, Canada). Xanthan gum (Xanthural®

75) was obtained from NutraSweet Kelko Inc. (Okmulgee, USA). Ursodeoxycholic acid was

kindly supplied by Biopharm Laboratories Inc. (Laval, Canada). Nifedipine and

indomethacm were purchased from Sigma-Aldrich Co. (St. Louis, USA). All other reagents

and solvents were of analytical grade and were used without further purification.

6.2.2 DRUG- HYDROGEL SYSTEM PREPARATION

A xanthan solution was prepared by adding 6.5g of xanthan to lOOOmL of distilled water. A

chitosan solution was prepared dissolving 6.5g of chitosan m lOOOmL of 0.3M hydrochloric

acid (HC1), and the pH of the solution was adjusted with sodium hydroxide (NaOH) to a

value of pH=5.6.

An amount of drug ranging from 1.0 to 2.0g was dissolved in 50mL of ethanol, and added

under vigorous stirring to SOOmL of xanthan solution. At this point, a homogeneous

dispersion of the drug in the xanthan solution was obtained. Adding the xanfhan-drug

dispersion to 250mL of chitosan solution formed the drug-hydrogel system. The mixture was

stirred for 2h and then thoroughly washed with water. The drug-hydrogel product was

obtained after freeze-drying (Freezone 12, Labconco).

Preparation and tests of nifedipine were carried out using sodium yellow light, and samples

were light-protected to prevent the photodecomposition of the drug.

141



Chapter VI. Other Drug-Hydrogel Systems

6.2.3 NIFEDIPINE AND INDOMETHACIN QUANTIFICATION

The quantification of nifedipine and indomethacm in the drug-hydrogel preparations and

during the in vitro dissolution tests was determined spectrophotometrically. The absorbances

of the samples were measured at 340nm for nifedipine and at 320nm for indomethacin, using

a Genesys 5 Spectrophotometer (Spectronics, Milton Roy/ USA). The values were

transformed into concentration using standard calibration curves (R2=0.999) in the

corresponding solvent medium.

6.2.4 URSODEOXYCHOLIC ACID HPLC QUANTIFICATION

The concentration of ursodeoxycholic acid in the different drug-hydrogel preparations and

during the in vitro dissolution tests was measured by high performance liquid

chromatography (HPLC). The chromatographic system consisted of one 250 x 4.6 mm Luna

C-18(2) 5^m column (Phenomenex, USA), a Waters 600 ControUer Pump coupled to a

Rheodyne mjector with a 20p,l sample loop, a degassing device, and a Waters 410 Differential

Refractometer detector. The mobile phase was constituted of a methanol-water-phosphoric

acid mixture (77:22.4 :0.6, v/v/v). Analyses were performed at room temperature at a flow-

rate of 1.0 ml/min.

6.2.5 DRUG CONTENT

The drug content in the hydrogel was determined by accurately weighing 25mg of hydrogel.

The sample was introduced in a centrifuge tube, and extracted for Ih with 25mL of ethanol

under magnetic stirring. The solution was centrifuged, filtered, diluted suitably, and

analyzed spectrophotometrically or by HPLC. Each determination was carried out at least in

duplicate.
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6.2.6 SCANNING ELECTRON MICROSCOPY (SEM)

Drug-hydrogel surfaces were examined with a JEOL JSM-840A scanning electron microscope.

For analyses, freeze-dried hydrogels were fixed on an aluminum sample holder using a

carbon based adhesive tape, and coated with Au-Pd. Observations were performed under an

accelerating voltage of 10 or 15kV.

6.2.7 X-RAY DlFFRACTION

X-ray diffraction patterns were carried out in a Rigaku diffractometer with a CuKa tube, 40

kV, and 100mA. The diffraction measures were obtained over a range of diffraction angles

26 = 3° to 30°.

6.2.8 NMR SPECTROSCOPY

The stability of the drugs, before and after inclusion in the hydrogel, was determined by

NMR spectroscopy. About Img of drug was dissolved in CDCls (deuterated chloroform) and

analyzed with a NMR Bruker 300MHz spectrometer. In the same way, 5mg of drug-hydrogel

samples were extracted with CDCls and filtered to eliminate hydrogel particles. The solution

was introduced in a NMR tube for analysis. The spectra were compared.

6.2.9 IN VITRO DISSOLUTION TEST. PADDLE METHOD (APPARATUS 2)

Drug dissolution tests were conducted in a paddle method apparatus (section 2.5.3). The tests

were performed at 37°C with a rotating speed that varied from 55 to 75rpm depending on

drug tested. The dissolution media were 800 mL of different buffer solutions: pH 6.2

potassium phosphate buffer, pH 7.4 potassium phosphate buffer, pH 8.2 potassium
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phosphate buffer, pH 7.4 potassium phosphate buffer containmg 0.5% of Tween 80, pH 1.2

hydrochloric acid buffer containing 0.5% of Tween 80, and 0.025M sodium lauryl sulfate

solution. At specific times following the test initiation (i.e., insertion of the sample mto the

apparatus), aliquots (2 mL) were withdrawn from the test medium, and immediately

replaced with fresh medium to maintain the volume. The withdrawn samples, following

suitable dilution, were analyzed spectrophotometrically or by high performance liquid

chromatography (HPLC) depending on the drug tested. The tests were carried out in

triplicate.

The mass of drug dissolved from the hydrogel at time t (mdrug) is calculated using the

following equation:

n-1

mdrug =Cn X V + EC, V, (6-1)
i=0

where n is the total number of aliquots withdrawn at time t, Cn is the drug concentration m

the aliquot extracted at time t, V is the volume of dissolution medium, i are the aliquots

extracted at previous times t, Q is the drug concentration found in the previously extracted

aliquots, and Vi is the volume of the aliquot.

The dissolution test results are reported as the cumulative percentage of drug dissolved

versus time, obtained from this equation:

% drug =—drug-x 100 (6-2)
m total

where miotai is the total mass of drug contained in the hydrogel before starting the test,

calculated from the amount of hydrogel used in the test and the percentage of drug m the

hydrogel.
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6.3 URSODEOXYCHOLIC ACID (UDCA)

6.3.1 PREPARATION OF UDCA-HYDROGEL SYSTEMS

Drug-hydrogel systems containing ursodeoxycholic acid (UDCA) were prepared using two

different chitosan samples, the same xanthan (Xa-02) and adding two different amounts of

drug (Table 6.1).

TABLE 6.1 URSODEOXYCHOLIC ACID-HYDROGEL SYSTEMS.

Exp.

CX/UDCA-01

CX/UDCA-02

CX/UDCA-03

Chitosana

Ch-01

Ch-01

Ch-02

in preparation
(g)
1.0

2.0

2.0

Ursodeoxycholic acid

in hydrogel
% (w/w)

21.3

32.5

34.4

efficiency
% (w/w)

60.1

73.5

75.4

a For chitosan characteristics see Table 4.1.

The preparation method of UDCA-hydrogel systems consisted on a two-step process: (i) the

dispersion of the drug m the xanthan solution by dissolving the ursodeoxycholic acid in

efhanol and adding this solution to the xanthan; and (ii) the formation of the hydrogel matrix

by the complexation reaction between chitosan and xanthan.

The contents of ursodeoxycholic acid found within the freeze-dried hydrogels were

comparable to the values obtained with fenofibrate. However, the volume of ethanol used to

dissolve the drug was adjusted to 50mL to reduce the loss of drug during the preparation

mainly caused by either the incomplete precipitation of the drug during the dispersion

process or the solubilization of the drug in the reaction medium. In preliminary preparations,

it was observed that when lOOmL of ethanol was employed to dissolve ursodeoxycholic acid,

the maximum loading efficiency attainable was only 40% (w/w), and the drug content on the

freeze-dried hydrogels was 30% lower than those in Table 6.1.
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6.3.2 CHARACTERIZATION OF UDCA-HYDROGELS

(a) Scanning electron microscopy (SEM)

The surfaces of the freeze-dried hydrogels containing ursodeoxycholic acid were analyzed by

scanning electron micoscopy (SEM). In Figure 6.1, the two types of drug particles observed

on the drug-hydrogel surfaces are shown.

Figure 6.1 SEM images of typical surfaces of UDCA-hydrogels containing 30% (w/iu) of
drug: (a) amorphous-like particles; and (b) cnjstalline particles.

The first type of drug particles was constituted by small amorphous-like particles with sizes

on the order of 1 micron (Figure 6.1a), whereas the second type comprised larger crystalline

particles with sizes ranging between 5 to 10 microns (Figure 6.1b).

The content of ursodeoxycholic acid in both systems was approximately 30%(w/w), and the

drug-hydrogel systems were prepared following exactly the same procedure. However, in

the amorphous-like system the drug was dissolved in 50mL of ethanol, whereas in the

crystaUine system 25mL of ethanol were used. The images showed that the preparation

conditions can exert a control on the drug particle size, and that the reduction of ethanol

volume favors the crystallization of ursodeoxycholic acid in the drug-xanthan dispersion.
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The SEM images also revealed the effect of the drug inclusion on the macroscopic structure of

the chitosan-xanthan hydrogel (Figure 6.2). The images showed the formation of some

cavities in the hydrogel structure, and drug particles were hosted in these openings. The

modification of the porous structure of the hydrogel can be related to the type of crystal

structure of ursodeoxycholic acid and to its chemical nature.

Figure 6.2 SEM images of the structure of the chitosan-xanthan hydrogel containing
ursodeoxycholic acid (30% zu/w).

(b) X-Ray diffraction

The X-ray diffraction patterns of ursodeoxycholic acid, chitosan-xanfhan hydrogel and

UDCA-hydrogel system CX/UDCA-03 are shown in Figure 6.3. The pattern of pure

ursodeoxycholic acid is formed by a series of sharp peaks corresponding to its crystalline

structure, while the hydrogel shows an amorphous halo.

The drug-hydrogel diffraction pattern matched with the superposition of the hydrogel and

ursodeoxycholic acid patterns. However, the peaks were less intense and were not

proportional to the drug content. These results suggested that the incorporation of the drug

in the hydrogel produced a reduction on drug crystallinity and drug crystal sizes.
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(a) Ursodeoxycholic acid

(b) Chitosan-xanthan hydrogel

(c) Drug-hydrogel - 35% ursodeoxycholic acid

10 15 20
2-Theta(°)

25 30

Figure 6.3 X-Ray diffraction patterns of: (a) ursodeoxycholic acid; (b) chitosan-xantlwn hydrogel;
and (c) drug-hydrogel system CX/UDCA-03 containing 35% (zu/iu) of ursodeoxycholic
acid.
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(c) 1H NMR spectroscopy

1H NMR spectroscopy was used to verify the stability of ursodeoxycholic acid, before and

after inclusion in the hydrogel (Figure 6.4). The spectra were identical and no additional peak

was detected, indicating that no modification and/or degradation of the drug structure was

introduced by the incorporation of the drug in the hydrogel. Thus, the chitosan-xanthan

complexation reaction may not involve the drug, and the preparation method can be

considered as an entrapping process within the hydrogel matrix.

6.3.3 IN VITRO DISSOLUTION TESTS OF UDCA-HYDROGELS

(a) Testing conditions

In vitro dissolution studies were performed on the UDCA-hydrogel systems. The dissolution

test conditions were selected based on the recommendations of the United States

Pharmacopeia (USP). The parameters are summarized in Table 6.2.

TABLE 6.2 IN VITRO DISSOLUTION TEST CONDITIONS FOR URSODEOXYCHOLIC ACID.

Apparatus

Rotating speed

Temperature

Dissolution media

Volume

Sample weight

Aliquot

Quantification

Testing conditions

Paddle method

58-60 rpm

37±0.2°C

(1) pH=6.2 buffer solution

(2) pH=7.4 buffer solution

(3) pH=8.4 buffer solution

SOOmL

equivalent to 150mg of ursodeoxycholic acid

2mL

HPLC
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Figure 6.4 NMR spectra of: (a) ursodeoxycholic acid before inclusion; (b) ursodeoxycholic acid extracted from the hydrogel with CDCk.
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(b) Dissolution medium

The dissolution profiles of crystalline ursodeoxycholic acid in three different USP 24

phosphate buffer solutions, adjusted to pH 6.2, 7.4 and 8.4, are reported in Figure 6.5. The

results showed that the solubility of pure ursodeoxycholic acid is highly sensitive to the pH

of the dissolution medium. At pH 8.4 the drug dissolution reached 90% after 60mm, whereas

at pH 6.2 less than 5% of the drug was dissolved after 120mm. As a result of this preliminary

study, the pH 6.2 phosphate buffer solution was selected as the medium for dissolution

studies.

100

"c?
<u

'̂0

cow
-3
<
u

^

80^

60 -I

40^

20 40 60 80

Time (min)

140

• pH 6.2 buffer solution
V pH 7.4 buffer solution
• pH 8.4 buffer solution

Figure 6.5 Crystalline ursodeoxycholic acid dissolution profiles in different pH dissolution
media. Apparatus: paddle method, rotating speed: 58-60rpm, medium volume:
800mL, temperature: 3 7° C.
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(c) Drug content and chitosan molecular weight

The dissolution profiles of ursodeoxycholic acid were evaluated on the three samples listed

in Table 6.1. The curves are shown in Figure 6.6.

20 100 120 140

Time (min)

• CX/UDCA-01 (20%; Ch-01, Mw: 1 043 770)
V CX/UDCA-02 (33%; Ch-01, Mw: 1 043 770)
• CX/UDCA-03 (34%; Ch-02/ Mw: 514 000)

— — Crystalline ursodeoxycholic acid

Figure 6.6 Ursodeoxycholic acid dissolution profiles from drug-hydrogel systems prepared with
chitosan samples of different molecular -weights. Apparatus: paddle method, rotating
speed: 58-60rpm, dissolution medium: 800mL of-pH 6.2 phosphate buffer solution,
temperature: 3 7° C.

Comparing the dissolution profile of crystalline ursodeoxycholic acid (dashed line) with

those corresponding to the drug-hydrogel systems, it is observed that the dissolution rate of
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the drug was modified by the inclusion in the hydrogel. The percentage of drug dissolved

after 120 minutes passed from less than 5% for the crystalline form to at least 25% for the

hydrogel systems.

For the UDCA-hydrogel samples prepared with chitosan Ch-01 and different drug contents

(CX/UDCA-01 and CX/UDCA-02), the dissolution profiles were almost the same and the

results showed independence on the amount of drug contained in the hydrogel. In contrast,

the dissolution rates showed dependence on the molecular weight of chitosan (CX/UDCA-02

and CX/UDCA-03). The lower the molecular weight the faster was the drug dissolution. Two

different dissolution profiles can be identified from Figure 6.6, as a function of the chitosan

molecular weight:

• Slow-release system (CX/UDCA-02). Mw > 750 000 Daltons.

• Rapid-release system (CX/UDCA-03). Mw: 400 000 - 650 000 Daltons.

The effect of the medium pH on the dissolution profiles could not be tested on the drug-

hydrogel systems containing ursodeoxycholic acid due to the pH-sensitivity of the drug.

6.4 NIFEDIPINE

6.4.1 PREPARATION OF NlFEDIPINE-HYDROGEL SYSTEMS

Drug-hydrogel systems containmg nifedipine were prepared using three different chitosan

samples, the same xanthan (Xa-02) and the same amount of drug (Table 6.3). The hydrogels

were prepared following the same procedure used for the hydrogels containing

ursodeoxycholic acid. The volume of ethanol used to dissolve nifedipine was 50mL. The drug

content on the freeze-dried nifedipine-hydrogel systems varied from 28 to 35% (w/w). The

loading efficiency was around 75% (w/w).
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TABLE 6.3 NIFEDIPINE-HYDROGEL SYSTEMS.

Exp.

CX/NIF-01

CX/NIF-02

CX/NIF-03

Chitosana

Ch-01

Ch-02

Ch-03

in preparation
(g)
2.0

2.0

2.0

Nifedipine

in hydrogel
% (w/w)

35.5

31.7

27.8

efficiency
% (w/w)

76.1

73.5

70.2

a For chitosan characteristics see Table 4.1.

6.4.2 CHARACTERIZATION OF NlFEDIPINE-HYDROGELS

(a) Scanning electron microscopy (SEM)

The surfaces of the freeze-dried hydrogels containing nifedipme were analyzed by scanning

electron micoscopy (SEM). In Figure 6.7, the nifedipine particles and the chitosan-xanthan

hyrogel structure are shown.

m
H

ii

w^!
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I
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a
(a) (b)

IHH

Figure 6.7 SEM images of typical surfaces of nifedipine-hydrogels containing 32% (w/w) of
drug: (a) amorphous-U1<e drug particles; and (b) chitosan-xanthan hydrogel
structure.
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Small amorphous-like drug particles were observed on the surfaces of rdfedipine-hydrogels.

The particle sizes were on the order of 1 to 5 microns (Figure 6.7a). The SEM images also

revealed the effect of the drug inclusion on the macroscopic structure of the chitosan-xanfhan

hydrogel (Figure 6.7b). In this case, the images clearly showed the drug particles entrapped

inside the hydrogel network structure.

(b) X-Ray diffraction

The X-ray diffraction patterns of nifedipine, chitosan-xanthan hydrogel and mfedipine-

hydrogel system CX/NIF-03 are shown in Figure 6.8. The pattern of the pure nifedipine

exhibits a series of sharp peaks corresponding to its crystalline structure, while the hydrogel

shows an amorphous halo. The nifedipine-hydrogel diffraction pattern matched to the

superposition of the hydrogel and nifedipme patterns, but the peaks were less intense.

(c) 1H NMR spectroscopy

1H NMR spectroscopy was used to verify the stability of nifedipine, before and after

inclusion in the hydrogel (Figure 6.9). The spectra were identical, except that some new peaks

appeared and other small peaks were intensified. These peaks corresponded to the

photodegradation compounds of mfedipine. The decomposition of nifedipine was produced

during the extraction with deuterated chloroform, due to the higher light-sensitivity of the

compound when it is found in solution.

6.4.3 IN VITRO DISSOLUTION TESTS OF NlFEDIPINE-HYDROGELS

(a) Testing conditions

In vitro dissolution studies were performed on the mfedipine-hydrogel systems. The

dissolution test conditions were selected based on the recommendations of ftie United States

Pharmacopeia (USP). The parameters are summarized in Table 6.4.

155



Chapter VI. Other Drug-Hydrogel Systems

(a) Ntfediptne

(b) Chitosan-xanthan hydrogel

(c) Drug-hydrogel - 28% mfedipine

10 15 20
2-Theta(°)

25 30

Figure 6.8 X-Ray diffraction -patterns of: (a) nifedipine; (b) chitosan-xanthan hydrogel; and (c)
drug-hydrogel system CX/NIF-03 containing 28% (w/w) ofnifedipine.
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TABLE 6.4 JN VITRO DISSOLUTION TEST CONDITIONS FOR NIFEDIPINE.

Apparatus

Rotating speed

Temperature

Dissolution media

Volume

Sample weight

Aliquot

Quantification

Testing conditions

Paddle method

53-55 rpm

37 ± 0.2°C

(1) pH=7.4 buffer solution, 0.5% Tween 80

(2) pH=1.2 buffer solution, 0.5% Tween 80

SOOmL

equivalent to 30mg of rdfedipine

2mL

UV Spectrophotometer X=340nm

(b) Chitosan molecular weight

The effect of the chitosan molecular weight on the dissolution profile of rdfedipine was

evaluated in a pH 7.4 buffer solution contaming 0.5% of Tween 80 (Figure 6.10). As in the

cases of fenofibrate and ursodeoxycholic acid, the release of nifedipine from the hydrogel

systems was controlled by the molecular weight of chitosan. The lower the molecular weight

the faster was the drug dissolution. Three types of dissolution profiles were obtained

depending on the chitosan molecular weight.

Comparing the dissolution profile of pure nifedipine (dashed line) with those corresponding

to the nifedipine-hydrogel systems, it is observed that the dissolution rate of the drug was

enhanced m all the cases by the inclusion in the hydrogel. The percentage of drug dissolved

after 5h passed from 50% for the crystalline form to values ranging between 75% and 98% for

the nifedipine-hydrogel systems.
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• CX/NIF-01 (36%; Ch-01, Mw: 1 043 770)
V CX/NIF-02 (32%; Ch-02/ Mw: 514 000)
• CX/NIF-03 (28%; Ch-03/ Mw: 838170)

—— Nifedipine

Time (h)

Figure 6.10 Nifedipine dissolution profiles from drug-hydrogel systems prepared with chitosan
samples of different molecular weights. Apparatus', -paddle method, rotating speed:
58-60rpm, dissolution medium: 800mL ofpH 7.4 buffer solution (0.5% Tween 80),
temperature: 3 7° C.

(c) Dissolution medium pH effect

The release of mfedipine from the drug-hydrogel systems was also studied at pH 1.2 (Figure

6.11). The dissolution profile of the sample prepared with Ch-02 (CX/NIF-02) was practically

independent of the dissolution medium pH, whereas the sample prepared with Ch-01

(CX/NIF-01) showed a slight dependence on pH. The drug dissolution rates in both

dissolution media were higher for the mfedipine included in the hydrogel systems than in

the unformulated form.
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100
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Time (h)

• CX/NIF-01 pH 7.4 (0.5% Tween)
0 CX/NIF-01 pH 1.2 (0.5% Tween)
V CX/NIF-02 pH 7.4 (0.5 % Tween)
V CX/NIF-02 pH 1.2 (0.5% Tween)

— — Nifedipine pH 7.4 (0.5% Tween)
Nifedipine pH 1.2 (0.5% Tween)

Figure 6.11 Nifedipine dissolution profiles from drug-hydrogel systems in different dissolution
media. Apparatus: paddle method, rotating speed: 58-60rpm, medium volume:
800mL, temperature: 37°C.
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6.5 INDOMETHACIN

6.5.1 PREPARATION OF INDOMETHACIN-HYDROGEL SYSTEMS

Drug-hydrogel systems containing mdomethacin were prepared using three different

chitosan samples, the same xanfhan (Xa-02) and the same amount of drug (Table 6.5). The

hydrogels were prepared following the same procedure used for the hydrogels containmg

ursodeoxycholic acid and mfedipine. The volume of ethanol used to dissolve indomethacin

was 50mL. The drug content on the indomethacm-hydrogel systems varied from 36 to 42%

(w/w), and the loading efficiency was around 80% (w/w). The results showed that the

incorporation of mdomefhacin m the hydrogel attained higher values than the other drugs.

TABLE 6.5 INDOMETHACIN-HYDROGEL SYSTEMS.

Exp.

CX/IND-01

CX/IND-02

CX/IND-03

Chitosana

Ch-01

Ch-02

Ch-03

in preparation
(g)
2.0

2.0

2.0

Indomethacin

in hydrogel
% (w/w)

41.4

36.2

38.9

efficiency
% (w/w)

85.4

75.3

79.4

a For chitosan characteristics see Table 4.1.

6.5.2 CHARACTERIZATION OF INDOMETHACIN-HYDROGELS

(a) Scanning electron microscopy (SEM)

The surfaces of the freeze-dried hydrogels contammg mdomethacin were analyzed by

scanning electron micoscopy (SEM). In Figure 6.12, the drug crystals found on the hydrogels

surfaces are shown. The mdomethacin-hydrogel structures were different from those

observed on the other drug-hydrogel systems. In these systems, no amorphous-like drug
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particles were observed and only indomethacin crystal clusters were found. In addition, it

was difficult to distinguish the chitosan-xanthan hydrogel matrix.

Figure 6.12 SEM images of typical surfaces ofindomethacin-hydrogels containing 40% (w/w)
of drug.

(b) X-Ray diffraction

The X-ray dtffraction patterns of indomefhacin, chitosan-xanthan hydrogel and

indomethacin-hydrogel system CX/IND-02 are shown in Figure 6.13. The pattern of the pure

mdomethacm exhibits sharp peaks corresponding to its crystalline structure, while the

hydrogel shows an amorphous halo. The mdomefhacin-hydrogel diffraction pattern

corresponded to the superposition of the hydrogel and mdomethacin patterns. The peaks

corresponding to the drug were not quantitatively proportional to the drug content, but fhey

were more intense than for the previous drugs. The higher crystallmity of the drug confirmed

the microscopy observations.

(c) 1H NMR spectroscopy

1H NMR spectroscopy was used to verify the stability of indomethacin, before and after

inclusion in the hydrogel (Figure 6.14).

162



Chapter VI. Other Drug-Hydrogel Systems

(a) Indomethacin

(b) Chitosan-xanfhan hydrogel

(c) Drug-hydrogel - 36% mdomethacm

10 15 20
2-Theta(°)

25 30

Figure 6.13 X-Ray diffraction patterns of: (a) indomethacin; (b) chitosan-xanthan hydrogel; and (c)
drug-hydrogel system CX/IND-02 containing 36% (lu/iu) ofindomethacin.
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The spectra were identical and no additional peak was detected, indicating that no

modification and/or degradation of the drug structure were introduced by the incorporation

of indomethacm in the hydrogel. Therefore, the drug is not involved m the chitosan-xanthan

complexation reaction. It is only entrapped within the matrix during the preparation process.

6.5.3 IN VTTRO DISSOLUTION TESTS OF INDOMETHACIN-HYDROGELS

(a) Testing conditions

In vitro dissolution studies were performed on the indomethacm-hydrogel systems. The

dissolution test conditions were selected based on the recommendations of the United States

Pharmacopeia (USP). The parameters are summarized in Table 6.6.

TABLE 6.6 IN VITRO DISSOLUTION TEST CONDITIONS INDOMETHACIN.

Apparatus

Rotating speed

Temperature

Dissolution media

Volume

Sample weight

Aliquot

Quantification

Testing conditions

Paddle method

73-75 rpm

37±0.2°C

pH=6.8 buffer solution

SOOmL

equivalent to 30mg of indomethacm

2mL

UV Spectrophotometer ^=320nm

(b) Chitosan molecular weight

The effect of the chitosan molecular weight on the dissolution profile of mdomethacin was

evaluated in a pH 6.2 buffer solution (Figure 6.15). As in the case of fenofibrate, mfedipine,
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and ursodeoxycholic acid, the release of indomethacin from the hydrogel system was

controlled by the molecular weight of chitosan. The lower the molecular weight the faster

was the drug dissolution. Three types of dissolution profiles were obtained as a function of

the chitosan molecular weight.

<̂uIw
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• CX/IND-01 (41 %; Ch-01, Mw: 1 043 770)
V CX/IND-02 (36%; Ch-02, Mw: 514 000)
• CX/IND-03 (39%; Ch-03, Mw: 838170)

—— Indomethacin

Time (h)

Figure 6.15 Indomethacin dissolution profiles from drug-hydrogel systems prepared with
chitosan samples of different molecular weights. Apparatus: paddle method,
rotating speed: 73-75rpm, dissolution medium: 800mL ofpH 6.2 phosphate 'buffe.r
solution, temperature: 37°C.

Comparing the dissolution profile of unformulated indomethacm (dashed line) with those

corresponding to the indomethacm-hydrogel systems, it is observed that the dissolution rate

of the drug was modified by the inclusion in the chitosan-xanthan hydrogel.
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6.6 CONCLUSIONS

• Chitosan-xanthan hydrogels containing three water insoluble drugs, ursodeoxycholic

acid, nifedipine and indomethacin, were prepared using the method previously

reported for fenofibrate. The drug content in the freeze-dried hydrogels varied from

20 to 45% (w/w), and was adjusted by the amount of drug added during preparation.

• Two types of drug particles were observed in the drug-hydrogel systems by scanning

electron microscopy. One formed by crystalline particles with sizes on the order of 5

microns and another containing particles between 1 and 3 microns. The drug particle

size was controlled by the hydrogel preparation conditions, specially, during the

dispersion of the drug in the xanfhan solution. In addition, a new type of crystal

cluster structure was observed in. the mdomethacin-hydrogel systems which may be

related to indomethacin solubility.

• X-ray diffracticm patterns demonstrated that the inclusion of the drugs in the hydrogel

produced a reduction on drug crystallinity.

• The drugs stability was verified by NMR spectroscopy. The comparison of spectra

showed that no drug modification or degradation was produced during the hydrogel

preparation. However, nifedipine was a special case due to the photosensitivity of the

molecule.

• Dissolution tests showed that the drug release was independent of the drug content,

but dependent of the chitosan molecular weight. The effect of the molecular weight is

related to the structure of the chitosan-xanthan hydrogel, m which the drug is

included.

• The dissolution rates of nifedipine and ursodeoxycholic acid were enhanced by the

inclusion in the hydrogel.
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The scope of this work was described by two goals: (i) to characterize the chitosan-xanfhan

hydrogel in order to understand its properties and the parameters that control the behavior

of the final product; and (ii) to explore whether this highly hydrophilic hydrogel can be

effectively used as matrix to enhance the solubility of water insoluble drugs, and

subsequently, determine the potential of the drug-hydrogel system as a vehicle for controlled

release.

The first goal led to two specific objectives: (i) the development of characterization methods

of chitosan; and (ii) the preparation and characterization of the chitosan-xanthan hydrogels.

Chitosan was characterized as a function of its acetylation degree and molecular weight. The

acetylatlon degree was determined through elemental analysis and infrared spectroscopy,

and the results obtained using these techniques showed a good agreement. The molecular

weight of chitosan was measured by viscometry and gel permeation chromatography (GPC).

The GPC system was calibrated to verify the exclusion limits of the column, which were

found to be between 25 000 and 800 000 Daltons. The molecular weights of chitosan samples

determined by GPC were m agreement with the viscosity-average molecular weights.

The study of the chitosan-xanthan complexes was divided in three sections. The first one

compared the theoretical and experimental composition of the complex, discussing the

factors that should be controlled during the preparation of the complex. The second section

characterized the complex by its swelling degree in aqueous solutions, stability at different
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pHs, X-ray dif fraction patterns, and microscopy images. The last section introduced a

technique to follow the complexation reaction kinetics.

The theoretical composition of the chitosan-xanthan complexes was calculated as a function

of the molecular structure and die equivalent weight of the repeating polymer units. The

theoretical composition of a 1:1 stoichiometric complex was found to be: 32.4% of chitosan

and 67.6% of xanthan. However, the experimental results demonstrated that the chitosan-

xanthan complex does not have a 1:1 stoichiometric composition due to the effect of chitosan

acetylation degree, chitosan molecular weight, and xanthan pyruvic acid content on the

complexation reaction.

The characterization of the chitosan-xanthan complexes confirmed the dependence of their

properties on the complex composition. For example, the freeze-dried complexes rapidly

swelled in contact with water and aqueous solutions, absorbing between 10 to 60 times fheir

weights. Nevertheless, the water retention capacity depended on the hydrogel structure,

which is mainly determined by the hydrogel composition and crosslinking degree.

The stability of the chitosan-xanthan complexes was tested as the "stability against

dissolution". The freeze-dried hydrogels were introduced in buffer solutions of different

pHs, and were kept at 37°C and 20°C for 24 and 48 hours. The results proved that the

hydrogels are stable at pHs ranging between 1.2 and 10. The effect of the temperature on

stability was almost unnoticeable, and only a slight effect was observed in relation to the

exposure time.

The structure of the chitosan-xanthan complexes was analyzed by scanning electron

microscopy. The images showed that the complex consists of a porous internal structure

formed by a fibrillar network, and a compact surface layer (membrane). The pore sizes

ranged between 10-6 and 10-7m, and the fibril dimensions were in about 10-7m. X-ray

diffraction patterns demonstrate that the complex is in an amorphous state.

The complexation reaction kinetic studies revealed that the complex formation involves two
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processes: (i) the rapid creation of electrostatic bonds that can be kinetically followed by

determining the changes on chitosan concentration; and (ii) conformational changes on the

macromolecular structure of chitosan and xanthan which require special methods to be

measured.

The second goal of this research was associated with the development of an application for

the chitosan-xanthan hydrogels, specifically, as matrix for water insoluble drugs. This goal

was divided in: (i) development of a methodology for introducing water insoluble drugs in

the hydrogel matrix, (ii) determination of the dissolution rates of prototype drugs included

in the hydrogel: fenofibrate, ursodeoxycholic acid, nifedipine and mdomethacin; and (iii)

define the relationship between the dissolution rate and the state (structure) of the drug

within the hydrogel.

Fenofibrate was used as the prototype drug, but the results were extendable to the other

three water insoluble drugs. The drugs were incorporated in the chitosan-xanthan complexes

by a precipitation-dispersion method that led to high loading efficiencies. The method

involved two processes: (i) the formation of a homogenous dispersion of the drug in the

xanfhan solution; and (ii) the formation of the hydrogel by the complexation of xanthan with

chitosan. The drug content in the freeze-dried hydrogels varied from 15 to 45% (w/w), and

was adjusted by the amount of drug added during preparation.

Scanning electron microscopy showed two types of drug particles within the hydrogel

structure. One formed by crystalline particles with sizes on the order of 10 microns and the

other containing amorphous-like particles ranging between 1 and 3 microns. The drug

particle size was controlled by the hydrogel preparation conditions, particularly, by the

dispersion of the drug in the xanthan solution. X-ray diffraction patterns confirmed that the

inclusion of fenofibrate in the hydrogel reduced the drug crystallmity.

The stability of the drugs before and after the inclusion was verified by NMR spectroscopy.

The results showed that no drug modification or degradation was produced during the

preparation.
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The dissolution tests showed that the drug release was independent of the drug content, but

dependent of the chitosan molecular weight. The effect of the molecular weight is related to

the struchire of the chitosan-xanfhan hydrogel, in which the drug is included. In addition,

pH-sensitive drug-hydrogel systems can be prepared with a chitosan of low acetylation

degree. In general, the dissolution rates of the water insoluble drugs were enhanced by the

inclusion in the hydrogel.

Some recommendations can be proposed further studies:

• Chitosan-xanthan complexation reaction kinetics. The preliminary results suggested a

mechanism of the complexation reaction. However, the method was limited to follow

the first process of the reaction, i.e. the electrostatic mteractions. It would be interesting

to measure the conformational changes on the polymers structure, and their effect on

the complex stability. Two methods can be suggested: light scattering and rheology.

• NMR spectroscopy. The chitosan-xanthan complex composition was determined, by

elemental analysis. A good reproducibility was observed on the results. However, it

would be interesting to compare the values obtained via elemental analysis with an

alternative method, such as solid state NMR spectroscopy.

• In vivo tests. In this work, in vitro dissolution tests served to obtain information about

the drug release rate from the different drug-hydrogel systems. The tests allowed

determination of the effect of different parameters on the dissolution profile. But, the in

vitro tests do not assure the m iwo results and do not replace clinical work. Thus, it

would be recommendable to perform in vivo tests in order to establish an in vitro-in vivo

correlation.
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TITLE OF THE INVENTION
DRUG DELIVERY SYSTEM FOR POORLY WATER SOLUBLE DRUGS

10

15

20

25

FIELD OF THE INVENTION
The present invention relates to a method for modifying the solubilization rates of

poorly water soluble drugs, using a chitosan-xanthan hydrogel. In addition, the

present invention relates to a process for the preparation of chitosan-xanthan^/

hydrogels as well as for the preparation of hydrogels comprising a poorly water

sotuble drug.

BACKGROUND OF THE INVENTION
Drug solubility has been a common limitation in the development of new drug

formulations. This may not be surprising given that more than a third of the

drugs listed in the United States Pharmacopoeia are either poorly soluble or

insoluble in water.1 Additionally, it is well known that for many drugs the rate-

limiting step for the absorption within the gastrointestinal tract, is its dissolution.2

In order to enhance the dissolution rate of poorly soluble drugs and increase their

bioavailability, several techniques have been developed. A common option is the

improvement of the solubility through specific formulation approaches.3 One

such approach is to prepare the drug in an amorphous form, i.e., grinding the

drug in the presence of certain additives such as porous powders. Amorphous

materials, however, are thermodynamically unstable and tend to revert to the

crystalline form on storage.5 Other techniques are based on particle size

reduction, which is intended to increase the contact surface between the drug

and the solvent.1 An inadequate control of the particle size can produce

variations in the solubilization rate due to agglomeration. In a few cases, a broad

distribution of the particle size may have side effects such as gastric bleeding

and nausea. Yet another approach for increasing dmg dissolution rates involves
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the incorporation of surfactants and wetting agents or the formation of solid drug

dispersions in water-soluble carriers.

Hydrogels are three-dimensional structures capable of retaining large amounts of

5 water. They can be formed by the interaction of oppositely-charged ionic

polymers. Some natural poly-ions such as chitosan, carboxymethylcellulose,

alginic acid, pectin and xanthane have been used to prepare hydrogels, within

which bio-active materials and enzymes have been introduced.7''

10 There remains a need to develop a method capable of improving the

solubilization rates of poorly water sotuble drugs.

OBJECTS OF THE INVENTION
An object of the present invention is therefore to provide a chitosan-xanthane

15 hydrogel for use as a system capable of modifying the solubilization rates of

poorly water soluble drugs. A further object of the present invention is to disclose

a process for the preparation of such a chitosan-xanthane hydrogel as well as a

process for the preparation of a such a chitosan-xanthane hydrogel comprising a

poorly water soluble drug.

20
SUMMARY OF THE INVENTION
Generally, in accordance with the present invention, there is provided a method

to modify the solubilization rates of poorly water solubte drugs. This modification

is achieved by the inclusion of the drug in a hydrophilic matrix provided by the

25 xanthane-chitosan hydrogel. The amount of drug incorporated in the hydrogel

may attain a proportion of up to 50% (w/w), depending on the amount of drug

added during the preparation. The average efficiency of drug inclusion ranges

typically from 60 to 90%. The dissolution behavior of the drug included in the

hydrogel is dependent on the hydrogel structure and is mainly a function of the
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chitosan characteristics, that is, the molecular weight (MW) and the degree of

acetylation (DA).

In accordance with the present invention, there is provided a method for

5 preparing a novel polymeric matrix or hydrogel containing a poorly water soluble

drug, capable of modifying the dissolution behavior of poorly water soluble dmgs,

this method comprising the steps of dispersing a drug and forming a gel.

More specifically, in accordance with the present invention, there is provided a

10 system behaving independently of the pH of the dissolution medium as well as

providing for pH-sensitive matrices that can be prepared by selecting the proper

characteristics of the xanthane and chitosan raw materials used to prepare the

hydrogel.

15 Compositions comprising a poorly water soluble drug, chitosan and xanthane are

further objects oflhe present invention.

Four drugs, that is, fenofibrale, ursodeoxycholic acid, nifedipine and

indomethacin. are used as models of poorly water solubte drugs to be

incorporated into the xanthane-chitosan hydrogel in an effort to improve their

20 solubilization rate.

In accordance with the present invention, there is provided a drug delivery

system comprising a chitosan-xanthane hydrogel which includes in its matrix a

poorly water soluble drug which upon swelling of the hydrogel in an aqueous

25 medium becomes at least partially solubilized and releasable therefrom.

In accordance with the present invention, there is provided a method for

preparing a poorly water soluble drug delivery system comprising dissolving the

poorly water soluble drug in an appropriate solvent to form a solution, adding the
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solution to a xanthane solution to form a dispersion, adding this dispersion to a

chitosane solution and recuperating the resulting hydrogel.

In accordance with the present invention, there is also provided a method for

5 modifying the solubilization rate of a poorly water soluble drug, comprising the

step of including the poorly water soluble drug in a hydrogel composed of a

chitosan-xanthane microstructure governing the solubilization rate.

As used herein, the terminology "poorly water solubte drug" refers to a drug

10 requiring more than 10 000 mL to dissolve 1 g of the drug.

As used herein, the terminology "about" refers to a +/- 5% variation from the

nominal value. Although not mentioned everywhere, it is to be understood that

such a variation is always included in any given value herein below.

15
As used herein, the terminology "slow-retease", well known in the art, refers to a

release of <50% of a drug content in 15 minutes.

As used herein, the terminology "fast-release", well known in the art, refers to a

20 release of greater or equal to 50% of a drug content in 15 minutes.

Other objects, advantages and features of the present invention will become

more apparent upon reading of the following non-restrictive description of

preferred embodiments thereof, given by way of example only with reference to

25 the accompanying drawings.

Those specialized in the area covered by this invention will certainly be able to

apply modifications or adaptations to the details described in the preferred

-5-

embodiments while being constrained within the framework of the current

invention.

BRIEF DESCRIPTION OF THE DRAWINGS
5 tn the appended drawings:

Figure 1 Scanning electron microscopy images of the (a) external surface

(40 OOOX) and (b) internal surface (60 OOOX) of typical hydrogels.

Figure 2 Dissolution profiles of stow-release rate fenofibrate system and of

10 free pure fenofibrate. Fenofibrate content: 40%; Chitosan (MW:

1100000 Da; DA: 23%). Dissolution medium: 800 mL; Rotating

speed: 55-60 rpm.

Figure 3 Scanning electron microscopy images of the hydrogel and the

15 hydrogel containing 35% fenofibrate:

(a) hydrogel (2 500X)
(b) hydrogel containing fenofibrate (2 500X)

(c) hydrogel (5 OOOX)
(d) hydrogel containing fenofibrate (5 OOOX)

20
Figure 4 Dissolution profile of a rapid release fenofibrate system and of free

pure fenofibrate. Fenofibrate content: 40%; Chitosan (MW: 800

000 Da; DA: 25%). Dissolution medium: 800 mL; Rotating speed:

55-60 rpm.

25
Figure 5 Dissolution profile of an instant-release fenofibrate system and of

free pure fenofibrate. Fenofibrate content: 28%: Chitosan (MW:

540 000 Da; DA: 23%). Dissolution medium: 800 mL; Rotating

speed: 55-60 rpm.
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Figure 6 Dissolution profiles of a pH-sensitive fenofibrate system and of free

pure fenofibrate. Fenofibrate content: 28%; Chitosan (MW: 800

000 Da; DA: 18%). Dissolution medium: 800 mL; Rotating speed:

55-60 rpm.

Figure 7 Dissolution profiles of systems with various fenofibrate contents

and of free fenofibrale. Chitosan (MW: 540 000 Da; DA: 23%).

Dissolution medium: 800 mL of sodium lauryl sulfate 0.025N;

Rotating speed: 55-60 rpm.

Figure 8 Dissolution profiles of ursodeoxycholic acid systems and of free

pure ursodeoxycholic acid. Dissolution medium: pH 6.2 potassium

phosphate buffer solution; Rotating speed: 55-60 rpm.

15 Figure 9 Dissolution profiles of a slow-release nifedipine system and of free

pure nifedipine. Nifedipine content: 35%; Chitosan (MW: 1 100

000 Da; DA: 23%); Dissolution medium: 800 ml; Rotating speed:

53-55 rpm.

20 Figure 10 Dissolution profiles of a rapid-release nifedipine system and of free

pure nifedipine. Nifedipine content: 30%; Chitosan (MW: 800 000

Da; DA: 25%); Dissolution medium: 800 ml; Rotating speed: 53-55

rpm.

25 Figure 11 Dissolution profiles of nifedipine systems and of free pure

nifedipine in a continuous flow cell apparatus. Dissolution medium:

800 mL of sodium lauryl sulfate 0.01 N; Flow rate: 6.19 mL/min.
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Figure 12 Dissolution profiles of indomethacin systems and of free pure

indomethacin. Dissolution medium: pH 6.2 potassium phosphate

buffer solution; Rotating speed: 73-75 rpm.

5 DETAILED DESCRIPTION OF THE INVENTION
The present invention describes a method for preparing "intelligent" hydrogels,

having the ability to modify and adapt the dissolution rate of poorly water soluble

drugs to specific media. The method has been shown to be effective in

enhancing the dissolution rate of poorly water soluble drugs.

10
One of the most important advantages of modifying the dissolution rates of poorly

water soluble drugs via the use of hydrogels, is the ability to modify the particle

size of the drug, the ability to modify its amorphous vs crystalline state and the

ability to modify its dispersion in the hydrogel matrix without any chemical or

15 mechanical manipulation ensuring that no modification to the chemical structure

of the drug is introduced.

The hydrogel of the present invention is composed of two natural polymers,

chitosan and xanthane. These two natural polymers comprise the raw materials

20 for the matrix preparation. Scanning electron microscopy of the freeze-dried

hydrogel revealed the presence of a porous and fibrillar structure, with pore sizes

ranging from 10"7 to 10'6 m. The fibrils were shown to have a dimension of

approximately 10 m. Scanning electron microscopy images of the external

surface and of the internal section are shown in Figure 1.

25
In the present invention, four dmgs, fenofibrate, ursodeoxycholic acid. nifedipine

and indomethacin have been used as poorly water soluble dmg models.
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Brief description of the poorly water soluble drugs used in the present

study.

Fenofibrat
Fenofibrate, an ester derived from fibric acid, is a sparingly solubte drug used to

reduce the plasma concentrations of cholesterol and of triglycerides.11 Its

solubility is not affected by the pH of the dissolution medium. Several studies

have reported methods whose aim is the increase of the dissolution

characteristics of finofibrate. Some of the reported methods involve dispersing

the drug in polyethylene glycol (PEG) and polyvinylpyrrolidone (PVP), with the

aim of forming essentially molecular dispersions.12' . Other methods disclose

inclusion/complexation systems with cyclodextrins and yet other methods involve
micronization using supercritical carbon dioxide.14'15

As is disclosed in the present invention, the incorporation of fenofibrate into a

15 hydrogel has allowed for the modification of its solubility behavior. This

modification is facilitated by the fact that the hydrogel delivers the drug via a

process involving swelling-diffusion through the hydrogel matrix. Changes in the

swelling-diffusion patterns account for the behavior of the different hydrogel

formulations.

20
Ursodeoxvcholic acid
A drug used for the dissolution of cholesterol gallstones. The compound has a

low water sotubility at pH values below 7.0. In order to improve the dissolution

rates of ursodeoxycholic acid, a variety of techniques for preparing solid

25 dispersions such as mixing, milling and solvent evaporation using water-soluble

carriers such as polyethylene glycol, urea, mannitol as well as cellulose and

starch derivatives, have been reported.16"18
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Nifedipine
A poorly water solubte drug, used in the treatment of angina pectoris and

hypertension. Due to its poor water solubility, its absorption is limited by its

dissolution rate. Several methods aimed at enhancing the solubility of nifedipine

5 have been investigated. Such methods include the formation of solid dispersions

with polymers and the preparation of inclusion complexes with cyclodextrins.B'23

Indomefhacin

An effective poorly water soluble non-steroidat antiinflammatory drug. Due to its

10 poor water solubility, oral administration often results in gastric irritation. The

enhancement and control of indomethacin solubility may avoid or decrease

adverse side effects. Systems aimed at improving the sotubility of indomethacin,

such as the use of polystyrene microparticles, the use of new chitosan based

excipients for tablets, the use of co-solvents and cyclodextrins, have recently
15 been investigated .2'*'27

Analytical methods used to quantify the drug concentration and

characterize the hydrogel

Fenofibrate, nifedipine and indomethacin spectroscopic quantification

20 The quantification of the drug content in the different hydrogel preparations or in

in vitro dissolution tests is determined spectrophotomerically (UV-Vis

Spectrophotometer). The fenofibrate concentralion is determined at 289 nm, the

nifedipine concentration at 340 nm and the indomethacin concentration at 320

nm. The observed absorbance data are transformed into concentration values,

25 using a standard calibration curve which is obtained experimentally (Rz=0.999) in

the corresponding medium.
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HPLC quantification of Ursodeoxycholic acid

The quantification of the drug content in the different hydrogel preparations or in

in vitro dissolution tests is determined by high performance liquid

chromatography (HPLC). The separation is performed in a 5 pm Luna C-18(2)

5 column (250 x 4.6 mm i.d.) eluted under isocratic conditions with a mobile phase

composed of methanot-water-phosphoric acid (77:22,4:0.6 v/v/v). Analyses are

performed at room temperature at a flow rate of 1 .0 ml/min. and with an injection

volume of 20 pL. Ursodeoxycholic acid is detected by a refractive index detector.

10 Drug content determination

The following method is also used to determine the fenofibrate, ursodeoxychtolic

acid, nifedipine and indomethacin content in the hydrogels. An accurately

weighed quantity of hydrogel is introduced in a centrifuge tube, and extracted

with a specific solvent over a 1 hour period under stirring. Following the

15 extraction period, the sample is centrifuged, filtered, suitably diluted and

analyzed. Each determination is carried-out in duplicate.

Evaluation of the water uptake capacity of the hvdroael

100 mg of accurately weighed hydrogel are placed in a centrifuge tube containing

20 30 mL of water at room temperature. The tube is repeatedly turned upside down

to thoroughly wet the hydrogel. After 2 hours the hydrogel is removed from the

tube by centrifugation and decantation. The hydrogel is allowed to drain and is

re-weighed. The increase in weight represents the weight of water taken-up by

the hydrogel. The water uptake capacity (a) is calculated as the ratio of the

25 weight of absorbed water to the weight of dry hydrogel, as represented by

Equation 1.
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Water uptake capacity [g/g] = a =
Wwet-Wd,y

Wdry
x 100

Equation 1

Determination of the drug dissolution rate from hvdroaels

a) In Vitro Dissolution Test: Rotating Paddle Apparatus

The dissolution tests are conducted in a rotating paddle apparatus at 37°C,and

the rotating speed is set depending on drug tested. The dissolution tests are

10 performed in different media, using volumes of 800 mL: a) potassium phosphate

buffer (pH 7.4) containing 0.5% ofTween 80; b) hydrochloric acid buffer (pH 1.2)

containing 0.5% of Tween 80; c) sodium lauryl sutfate solution (0.025 N); d)

potassium phosphate buffer (pH 7.4); e) potassium phosphate buffer (pH 6.2). At

specific time intervals following the test initiation (i.e.. insertion of the sample into

15 the apparatus), aliquots (2 mL) are withdrawn from the test medium and

immediately replaced with fresh medium in order to maintain the volume. The

withdrawn samples, following suitable dilution, are either analyzed

spectrophotometrically or by high performance liquid chromatography (HPLC),

depending on the drug tested. Dissolution results are reported as the cumulative

20 percentage of drug dissolved versus time.

b) In Vitro Dissolution Test: Continuous Flow Cell Apparatus

The dissolution tests are conducted in a continuous flow cell apparatus at 37°C,

and the flow rate depends on drug tested. The dissolution tests are performed in

25 volumes of 800 mL of a sodium lauryl sulfate solution (0.01 N). At indicated

times, aliquots (2 mL) are withdrawn and analyzed spectrophotometrically. The

dissolution results are reported as cumulative amounts (mg) of drug dissolved

versus time.
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Scanning Electron Microscoov (SEW

Sample surfaces are examined with a scanning electron microscope. For

analyses, freeze-dried hydrogels are fixed on a SEM holder and coated with Au-

Pd.

10

These drugs and methods of monitoring thereof, have been used to demonstrate

that a chitosane-xanthane based hydrogel may be combined with a poorly water

soluble drug in order to increase the solubility of the poorly water solubte drug.

The kinetics of drug release may be modified by selecting the proper

characteristics of chitosan (MW and DA) which govern the drug retention and

release speed.

EXAMPLES
Example 1: Fenofibrate slow-release rate dissolution system

15 A process for the preparation of a fenofibrate slow-release rate dissolution

hydrogel is illustrated. The product is characterized by: a) fenofibrate content, b)

water uptake capacity, c) m vitro dissolution tests and d) scanning electron

microscopy.

20 In order to prepare a slow-release rate system, a chitosan with a high molecular

weight is selected (MW: 1 100 000 Da; DA: 23%). The hydrogel is prepared

following a two-step process. In a first step fenofibrate (2g) is dissolved in

ethanol (100 mL), which is then added under vigorous stirring to an aqueous

xanthane solution (300mL of a 0.65% (w/v)). At this point, a homogeneous

25 dispersion of the drug is formed. The second step involves the hydrogel

formation, which is achieved by adding the drug-xanthane dispersion to a high

molecular weight aqueous chitosan solution (250mL of a 0.65% (w/v)). The

mixture is stirred for 2h and then thoroughly washed with water. The final

product, the dried gel, is obtained after freeze-drying.
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A fenofibrate content in the hydrogel of about 40% (w/w) was determined,

following the procedure previously described and using ethanol as the extraction

solvent. The water uptake capacity "a" was ascertained as being 2700.

Dissolution tests were performed in different dissolution media at 37°C, using

samples comprising an equivalent of20mg of fenofibrate. As shown in Figure 2,

the results demonstrate a slow-retease dissolution rate for fenofibrate,

independent of pH.

While fenofibrate is a crystalline drug, the freeze-dried hydrogel containing

10 fenofibrate is a non-elastic powder displaying a white color. Surface analysis by

scanning electron microscopy illustrated that incorporating the drug into the

hydrogel, promotes the formation of drug microstructures with sizes in the order

of microns. Images of the hydrogel and of the hydrogel containing fenofibrate,

are presented in Figure 3.

15
Example 2: Fenofibrate rapid-release rate dissolution system

A process for the preparation of a fenofibrate rapid-release rate dissolution

system is illustrated. The hydrogel is prepared in the same manner as described

in Example 1, with the exception of the use of a medium to high molecular weight

20 chitosan (MW: 800 000 Da; DA: 25%).

The fenofibrate content is about 40% (w/w) and the water uptake capacity (a) is

2000. Dissolution tests were performed in different dissolution media at 37°C.

with samples comprising an equivalent of 20mg of fenofibrate. As shown in

25 Figure 4, the results demonstrate a rapid-release rate for fenofibrate,

independent of pH.
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Example 3: Fenofibrate instant-release system

A process for the preparation of an instant-release fenofibrate dissolution system

is illustrated. The hydrogel is prepared in the same manner as described in

Example 1, with the exception of the use of a medium molecular weight chitosan

5 (MW: 540 000 Da; DA: 23%).

The fenofibrate content is about 28% (w/w) and the water uptake capacity (a) is

1600. Dissolution tests were performed in different dissolution media at 37°C,

with samples comprising an equivalent of 20mg of fenofibrate. As illustrated in

10 Figure 5, the results demonstrate an essentially instant release of fenofibrate,

independent of pH.

15

20

25

Example 4: Fenofibrate pH-sensitive dissolution system

A process for the preparation of a pH-sensitive fenofibrate dissolution system is

illustrated. The hydrogel is prepared in the same manner as described in

Example 1, with the exception of the use of a medium-high molecular weight

chitosan having a low degree of acetylation (MW: 800 000 Da; DA: 18%) and

with an agitation lime that is reduced to 45 minutes.

The fenofibrate content is about 28% (w/w) and the water uptake capacity (a) is

2000. Dissolution tests were performed in different dissolution media at 37°C,

with samples comprising an equivalent of 20mg of fenofibrate. As illustrated in

Figure 6, the results demonstrate that the system has a low dissolution rate at pH

7.4 while becoming a rapid-dissolution rate system at pH 1.2.

Example 5: Varying drug content

A process for the preparation of hydrogels with various fenofibrate contents is

illustrated. The hydrogels are prepared in the same manner as described in

Example 1, with the exception that the amount of fenofibrate added during the
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preparations is altered depending on the required composition. A medium

molecular weight chitosan (MW: 540 000 Da; DA: 23%) is used in the preparation

of the hydrogels. The fenofibrate content incorporated in the different samples is

summarized in Table 1.

Table 1: Fenofibrate content for different samples

10

15

20

, ;;i Sample

1
~2~

3

Fenofibrate (g)
~Vo

T5~

~2S

Drug content % (w/w)

^\2.
~30^

~4QS~

The drug content in the samples is varied between 20 and 40% (w/w).
Dissolution tests were performed in a sodium lauryl sulfate solution (0.025N),

with samples comprising an equivalent of 20mg of fenofibrate. As illustrated in

Figure 7, the results demonstrate that the dissolution rate is independent of the

drug content.

Example 6: Ursodeoxycholic acid slow-release rate dissolution system

A process for the preparation of an ursodeoxycholic acid slow-release rate

dissolution system is illustrated. The hydrogels are prepared in the same

manner as described in Example 1. with the exception of the use of

ursodeoxycholic acid as the drug.

The ursodeoxycholic acid content is about 30% (w/w) and the water uptake

capacity (a) is 2800. Dissolution tests were performed in a phosphate buffer

solution (pH 6.2) at 37°C, with samples comprising an equivalent of 150mg of

ursodeoxycholic acid. As shown in Figure 8 the results demonstrate a slow-

release dissolution rate for ursodeoxycholic acid.

25
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Example 7: Ursodeoxycholic acid rapid-release rate dissolution system

A process for the preparation of an ursodeoxycholic acid rapid-release rate

dissolution system is illustrated. The hydrogel is prepared in the same manner

as described in Example 2, with the exception of the use of ursodeoxycholic acid

5 as the drug.

The ursodeoxycholic acid content is about 20% (w/w) and the water uptake

capacity (a) is 2000. Dissolution tests were performed in a phosphate buffer

solution (pH 6.2) at 37°C, with samples comprising an equivalent of 150mg of

10 ursodeoxycholic acid. As shown in Figure 8 the results demonstrate a rapid-

release dissolution rate for ursodeoxycholic acid.

15

Example 8: Nifedipine slow-release rate dissolution system*

A process for the preparation of a nifedipine slow-release rate dissolution system

is illustrated. The hydrogels are prepared in the same manner as described in

Example 1, with the exception of the use of nifedipine as the drug.

The nifedipine content is about 35% (w/w) and the water uptake capacity (a) is

2800. Dissolution tests were performed in two different dissolution media at

20 37°C, with samples comprising an equivalent of 30mg of nifedipine. As shown in

Figure 9, the results demonstrate a slow-release dissolution rate for nifedipine.

'Preparation and tests with nifedipine were carried out under light-protected conditions to

prevent the photodecomposition of nifedipine.

25 Example 9: Nifedipine rapid-release rate dissolution system*

A process for the preparation of a nifedipine rapid-release rate dissolution system

is illustrated. The hydrogel is prepared in the same manner as described in

Example 2, with the exception of the use of nifedipine as the drug.

-17-

The nifedipine content is about 30% (w/w) and the water uptake capacity (a) is

2000. Dissolution tests were performed in two different dissolution media at

37°C, with samples comprising an equivalent of 30mg of nifedipine. As shown in

Figure 10, the results demonstrate a rapid-release dissolution rate for nifedipine.

5 *Preparation and tests with nifedipine were carried out under light-protected conditions to

prevent the photodecomposition of nifedipine.

Example 10: Nifedipine hydrogels tested in a continuous flow cell apparatus

Dissolution tests of nifedipine hydrogels in a continuous flow cell apparatus are

10 illustrated. The nifedipine content in the tested samples varied between 24 to

40% (w/w).

Dissolution tests were performed in a sodium lauryl sulfate solution (0.01 N) at

37°C with a flow-rate of 6.19 mL/min, with samples comprising an equivalent of

15 40mg of nifedipine. As illustrated in Figure 11, the dissolution results are

reported as the cumulative amount (mg) of drug dissolved versus time.

'Preparation and tests with nifedipine were carried out under light-protected conditions to

prevent the photodecomposition of nifedipine.

20 Example 11: Indomethacin slow-release rate dissolution system

A process for the preparation of an indomethacin slow-release rate dissolution

system is illustrated. The hydrogel is prepared in the same manner as described

in Example 1, with the exception of the use of indomethacin as the drug.

25 The indomethacin content is about 45% (w/w) and the water uptake capacity (a)

is 2800. Dissolution tests were performed in a phosphate buffer solution (pH 6.2)

at 37°C, with samples comprising an equivalent of 30mg of indomethacin. As

shown in Figure 12 the results demonstrate a slow-release dissolution rate for

indomethacin.
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Example 12: Indomethacin rapid-retease rate dissolution system

A process for the preparation of an indomethacin rapid-release rate dissolution

system is illustrated. The hydrogel is prepared in the same manner as described

in Example 2, with the exception of the use of indomethacin as the drug.

10

The indomethacin content is about 35% (w/w) and the water uptake capacity (a)

is 2000. Dissolution tests were performed in a phosphate buffer solution (pH 6.2)

at 37°C, with samples comprising an equivalent of 30mg of indomethacin. As

shown in Figure 12 the results demonstrate a rapid-release dissolution rate for

indomethacin.

The upper and lower limits as to the make-up of the hydrogels, prepared in

accordance to the present invention, are reported in Table 2.

15 Table 2: Upper and lower limits of the hydroget compositions.

•sas^^-'s-'- ?-;A, ; ' :;

, ^Chitosan(%)
,;:Xanthane (%).,;;

Poorly water soluble:

drug (%)

:^:i- Lower Limit ,;;.,

^8~

~32

To'

:,..:; Upper Limit ^

35
-55~

~50

In a preferred embodiment, the hydrogels of the present invention will contain

approximately about 18 to 35% by weight of chitosane, about 32 to 55% by

weight of xanthane and about 10 to 50% by weight of a poorly water soluble

20 drug. The degree of acetylation (DA) of chitosan typically ranges from about 10

to about 30%.

A high molecular weight chitosan is typically selected from a field ranging from

about 900 000 Da to about 1 200 000 Da; a medium high molecular weight

10
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chitosan is typically selected from a field ranging from about 700 000 Da to about

900 000 Da; and a medium molecular weight chitosan is typically selected from a

field ranging from about 400 000 Da to about 700 000 Da.

The terms and descriptions used herein are preferred embodiments set forth by

way of illustration only, and are not intended as limitations on the many variations

which those of skill in the art will recognize to be possible in practicing the

present invention. It is the intention that all possible variants whether presently

known or unknown, that do not have a direct and material effects upon the way

the invention works, are to be covered by the following claims.
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CLAIMS
1. A drug delivery system comprising a chitosan-

xanthane hydrogel, said hydrogel including in its matrix a poorly water soluble

drug which upon swelling of said hydrogel in an aqueous medium becomes at

5 least partially solubilized and releasable therefrom.

2. A drug delivery system as defined in claim 1,

wherein said hydrogel comprises:

(a) about 18-35% (w/w) ofchitosan;

10 (b) about 32-55% (w/w) of xanthane; and

(c) about 10-55% (w/w) of a poorly water soluble drug.

3. A drug delivery system as defined in claim 1,

wherein said chitosane possesses a degree of acetylation ranging from about

15 10% to about 30%.

4. A drug delivery system as defined in claim 1,

wherein the amount of said poorly water soluble drug included in said hydrogel is

varied between about 10 to 50% (w/w).

20
5. A drug delivery system as defined in claim 1,

wherein said poorly water solubte drug is selected from the group consisting of

fenofibrate, ursodeoxycholic acid, nifedipine and indomethacin.

25 6. A dmg delivery system as defined in claim 1,

comprising about 20-40% chitosan and about 80-60% xanthane.
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7. A method for preparing said drug delivery system of

claim 1, comprising the following steps:

a) dissolving said poorly water soluble drug in an appropriate solvent so

as to form a first solution;

5 b) adding said first solution to a xanthane solution, so as to form a

dispersion;

c) adding said dispersion to a chitosan solution, and

d) recuperating the hydrogel thus formed.

10 8. A method as defined in claim 7, further comprising

the step of freeze-drying said recuperated hydrogel.

9. A method for modifying the solubilization rate of a

poorly water soluble drug which comprises the step of including said poorly water

15 soluble drug in a hydrogel composed of a chitosan-xanthane microstructure, said

microstructure governing said solubilization rate.

10. A method as defined in claim 9, wherein said

chitosane-xanthane microstruclure and drug retention strength can be altered by

selecting a chitosane of proper molecular weight or of proper degree of

acetylation or both.

20

25

11. A method as defined in claim 10, wherein said

chitosan-xanthane microstructure provides a high retention strength and thus a

slow release rate of said poorly water soluble dmg, said chitosane-xanthane

microstructure being formed with chitosan of a molecular weight ranging from

about 900 000 Da to about 1 200 000 Da and wherein said chitosan possesses a

degree of acetytation ranging from about 10% to about 30%.

-25-

10

12. .A method as defined in claim 11, wherein said

chitosan has a molecular weight of about 1 100 000 Da.

13. A method as defined in claim 10, wherein said

chitosan-xanthane microstructure provides a low retention strength, and thus a

rapid release rate of said poorly water soluble drug, said chitosan-xanthane

microstructure being formed with chitosan of a molecular weight ranging from

about 500 000 Da to about 900 000 Da and wherein said chitosan possesses a

degree of acelylation ranging from about 10% to about 30%.

14. A method as defined in claim 13, wherein said

ch'rtosan has a molecular weight of about 800 000 Da.

15. A method as defined in claim 13, wherein said

15 chitosan has a molecular weight of about 540 000 Da.

16. A method as defined in claim 7, wherein said

appropriate solvent is ethanol.

20 17. A method as defined in claim 7, wherein said

xanthan solution is 0.65% w/v.

25
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ABSTRACT
The present invention relates to a method for modifying the solubilization rates of

poorly water soluble drugs, using a chitosan-xanthan hydrogel. In addition, the

present invention relates to a process for the preparation of chitosan-xanthane

hydrogels as well as for the preparation of hydrogels comprising a poorly water
soluble drug
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• pH 7.4 Phosphate buffer - iwctn 80 (0.5%)
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Figure 2

(a) $fc)



4/12

Time ( h )

• pH 7.4 Phosphale buffer - twcen 80 (0.5%)
0 pH 1.2 Hydrochloric acid buffer - twecn 80 (0.5%)

— Oystalline fenofibrate - pH 7.4 twccn 80 (0.5%)

Figure 4
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Figure 6
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Figure 7
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Figure 8
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Figure 12
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