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Mucoadhesive polymers have been used to increase drug retention time and improve 
bioavailability of dosage forms. The objectives of this study were to investigate the 
mucoadhesive properties of various pectins using a texture analyzer, and the mucoadhesive 
mechanisms with several techniques. The pectin-based mucoadhesive dosage form was also 
designed and evaluated. The results demonstrated the mucoadhesive properties of pectin 
against GI mucosa with the strongest mucoadhesion in large intestine. For buccal tissue, dry 
pectin discs showed stronger adhesion than wet ones. Moreover, mucoadhesive performance 
of pectins largely depended on their characteristics, i.e., degree of esterification and molecular 
weight. The wetting behavior of pectin surfaces increased with the decreased degree of 
esterification, indicating hydrophilic nature of the molecules. The rheological parameters 
increased after mixing of pectin and mucin indicating the interaction between pectin and 
mucin due to physical entanglement. Infrared spectra showed that water from mucin 
dispersion could diffuse through pectin films and formed H-bond with pectin molecules. The 
atomic force micrographs demonstrated physical morphology of the interaction. The study of 
surface charge properties showed that pectin, mucin and the pectin-mucin mixture were 
negative charge, indicating that the interaction between pectin and mucin was not due to the 
electrostatic attraction. Pectin-liposome complexes (PLCs) were prepared by mixing cationic 
liposomes with pectin solution. Fluorescein isothiocyanate-dextran with molecular weight of 
4300 Da (FD4) loaded PLCs were then intragastrically administered to male Wistar rat. The 
rat GI tissues were excised and observed under confocal laser scanning microscopy. High 
intensities of FD4 were found in rat’s small intestine even after 6 h of an oral administration 
of FD4-loaded PLCs, compared to FD4 solution and FD4-loaded cationic liposomes. The 
pharmacological effect of PLCs containing calcitonin was also investigated and found that 
blood calcium concentration was decreased after administration of PLCs containing calcitonin 
into rat, compared to calcitonin solution. 

In conclusion, pectin showed mucoadhesive performance with GI mucosa. The 
mechanisms involved mucoadhesive properties of pectin are the wetting and swelling of 
pectin to intimate contact with mucin in mucus layer in the initial step. Consequently, pectin 
and mucin chains are physical entangled and diffused into each other to form gel network. H-
bonding or other interactions may then form in the final step of the interaction. The selection 
of suitable pectin as a mucoadhesive material may help to retain the dosage form at its site of 
application.  
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CHAPTER 1  

Introduction 

 

Mucoadhesive drug delivery systems have been used to improve and enhance 

drug bioavailability because the systems can contact with the absorption surface and 

prolong residence time resulting in a better absorption. Several polymers, particularly 

hydrophilic polymers containing numerous hydrogen bond (H-bond) forming groups (i.e. 

hydroxyl, carboxyl, amine and amide groups) have been investigated for mucoadhesive 

properties. Because the interaction between mucus and mucoadhesive materials is a result 

of physical entanglement and secondary bonding, mainly H-bonding and van der Waals 

interaction.  

This study concerns pectin, an anionic polysaccharide, which is rich of carboxylic 

groups and possible to interact with functional groups of mucin in mucus layer. Pectin has 

ability to hydrate and form viscous hydrogel on contact with aqueous solution, which 

facilitate the mucoadhesion. Up until now, pectin has been commercially used as a food 

additive, a thickening agent and a gelling agent. Pectin has very complex structure which 

containing α-D-galacturonic acid with 1-4 linkage. The galacturonic acid of the backbone 

is partially methyl-esterified which classifies pectin type. The degree of esterification 

(DE) less than 50% is low DE pectin while DE more than 50% is high DE pectin. Pectin 

has been used for oral controlled drug delivery, including mucoadhesive drug delivery 

systems (Chapter 2). However, the mucoadhesive properties of pectin reported in 

literatures are contradicted and need to be confirmed. Chapter 2 also provides an 

overview of mucoadhesion drug delivery systems, mechanisms, mucoadhesion theories, 

methods used to study, factors influencing and polymer used in mucoadhesive dosage 

forms. 
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The research study is designed, based on three fundamental questions that are 

tightly interrelated: (i) do pectins have mucoadhesive properties?, (ii) if so, what are the 

theories or mechanisms that describe their mucoadhesion?, and (iii) what are the factors 

influencing the mucoadhesive properties? Therefore, the objectives of this study are (i) to 

evaluate mucoadhesive properties of various pectins with different DEs and molecular 

weights under different gastrointestinal (GI) conditions, (ii) to study the mucoadhesive 

mechanisms of pectins with several techniques and (iii) to design and evaluate pectin-

based mucoadhesive dosage form.  

The research study is divided in to three main parts according to the objectives. 

These are evaluation of mucoadhesive properties of pectins, mechanistic studies of 

mucoadhesion of pectins, and preparation and evaluation of pectin-based mucoadhesive 

dosage form, as following:  

Part I: Evaluation of mucoadhesive properties of pectins 

Part I involves the in-vitro screening for mucoadhesive properties of various 

pectins using a texture analyzer equipped with mucoadhesive holder under simulated GI 

conditions on porcine GI mucosas (i.e. buccal, stomach, small intestinal and large 

intestinal mucosas) (Chapter 3). With this test, the instrumental variables and test 

conditions (i.e. pre-hydration time, contact time, contact force, probe withdrawal speed, 

GI mucosa, and test medium) will be investigated. The maximum detachment force and 

work of adhesion will be used as parameters to examine the mucoadhesive properties of 

samples. The common mucoadhesive polymers, carbomer934P and chitosan, will also be 

used for comparison, as they showed good mucoadhesive properties in many reports.  

Part II: Mechanistic studies of mucoadhesion of pectins 

Basically, the mucoadhesion process has been described in three steps: firstly, 

wetting and swelling of polymer to permit intimate contact with biological tissue; 

secondly, interpenetration of bioadhesive polymer chain and entanglement of polymer 

and mucin chains; and lastly, formation of weak chemical bonds between entangled 

chains. In Chapter 4, the wetting and swelling behaviors of pectins will be determined and 

the thermodynamic work of adhesion will then be calculated. The rheological studies and 
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attenuated total reflection fourier transform infrared analysis that supported the 

interpenetration-interdiffusion of polymer-mucin mixture will be studied. The 

mucoadhesive interaction of pectin and mucin will also be partly explained (Chapter 5). 

Atomic force microscopy will be used to visualize the interaction of pectin and mucin. 

Furthermore, the surface charge and particle size of pectin, mucin and their mixture will 

be determined by zeta potential measurement and mucin particle method (Chapter 6).  

Part III: Preparation and evaluation of pectin-based mucoadhesive dosage form 

This part encompasses the design of pectin-based mucoadhesive dosage form and 

the in-vitro and in-vivo evaluation (Chapter 7). The cationic liposomes will be prepared 

and mixed with pectin to obtain pectin-liposome complexes (PLCs). Fluorescein 

isothiocyanate dextran, molecular weight of 4300 Da (FD4) and calcitonin will be used as 

the model drugs. The particle size, surface charge properties of liposomes and PLCs, and 

entrapment efficiency in liposomes will be investigated. In order to confirm the 

interaction between cationic liposomes and pectin, the atomic force microscopy and 

fourier transform infrared analysis will be performed. For in-vivo mucoadhesive study, 

the intensity of FD4 remained in rat GI tract after oral administration of liposomes and 

PLCs will be observed under the confocal laser scanning microscope. The 

pharmacological effect of calcitonin-loaded liposomes and PLCs will also be 

investigated.  

In the final chapter (Chapter 8), a summary and general conclusions on 

mucoadhesive properties of pectin, the mechanisms involved in mucoadhesion and the 

application of pectin for mucoadhesive drug delivery systems from these studies will be 

provided.  
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2.1 Bioadhesive/mucoadhesive drug delivery systems 

Bioadhesion is defined as the attachment of synthetic or biological 

macromolecules to the biological surface (Peppas and Buri, 1985). The biological surface 

can be epithelial tissue or the mucus coat on the surface of tissue. When applied to a 

mucus coat, bioadhesive interactions occur primarily with the mucus layer and this 

phenomenon is refered to as ‘mucoadhesion’. Since most of the bioadhesive materials 

interact with mucus before they reach the mucosa, most bioadhesive materials presently 

available are actually mucoadhesives. Other definitions suggested that bioadhesive 

materials should remain attached to the biological substrate for an extended period of 

time by interfacial forces (Gu et al., 1988; Duchene et al., 1988). For drug delivery 

purpose, the term bioadhesion implies an attachment of a drug carrier system to a 

specified biological location (Ahuja et al., 1997). Leung and Robinson (1990) described 

mucoadhesion as the interaction between a mucin surface and a synthetic or natural 

polymer. A bioadhesive material is defined as a substance that is capable of interacting 

with biological materials and being retained on them or holding them together for 

extended periods of time (Park el al., 1990). The goal of the development of bioadhesive 

material is to duplicate, mimic or improve biological adhesion. It should be durable at 

application site, degradable and nontoxic (Ahuja et al., 1997).  

A further classification of bioadhesion is based on the presence or absence of non-

biological (artificial) materials in the adhesion process (Park et al., 1990). The types of 

bioadhesion, which have been identified, are classified into three types. Type I refers to 

the adhesion of two biological substrates (e.g. cell aggregation), type II refers to the 

adhesion of a biological substrate to an artificial material (e.g. barnacle adhesion to a rock 

surface) and type III refers to the adhesion of artificial substances to biological substrates 

(e.g. the adhesion of polymers to mucosal epithelium). Type III bioadhesion has been 

investigated most by many research groups (e.g. Peppas and Buri, 1985; Harris and 

Robinson, 1990; Ponchel et al., 1997; Nagahara et al., 1998; Madsen et al., 1998; 

Takeuchi et al., 2001; Bernkop-Schnürch et al., 2003; Guggi et al., 2004; Llabot et al., 

2004; Säkkinen et al., 2006). The systems containing mucoadhesive water-soluble 
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polymers, which become adhesive on hydration, can be used for targeting a drug to a 

particular region of the body for extended periods of time. The mucosa layer lines the 

regions of the body including gastrointestinal (GI) tract, urogenital tract, airways, ear, 

nose and eyes. Hence, the mucoadhesive drug delivery systems could be designed for 

buccal, oral, vaginal, rectal, nasal and ocular routes of administration (Edsman and 

Hägerstrőm, 2005).  

2.1.1 Rationale for using bioadhesive/mucoadhesive systems 

The GI tract is the most preferred and commonly used route for the delivery of 

drugs. Physiological properties of the GI tract which supported absorption are relative 

large volume of fluid, peristaltic movement of stomach and intestines, large mucosal area 

throughout the lumen and extensive blood flow through the mesenteric circulation. For 

oral drug delivery, the drug absorption is limited by the GI transit time of dosage forms. 

Since many drugs are absorbed only from upper small intestine, localizing oral drug 

delivery systems in the stomach or in the duodenum would significantly improve the 

extent of drug absorption (Ahuja et al., 1997). Bioadhesion may be able to delay the 

gastric emptying time and intestinal transit of pharmaceutical dosage forms via 

interaction with either mucus lining or mucosa of the GI tract. The idea of using 

bioadhesive materials in the development of pharmaceutical formulations appeared in the 

early 1980s. The aim was to develop drug delivery systems those would increase the 

absorption of a drug, for both local and systemic effects, as a result of intimate and 

prolonged contact at the site of absorption (Gu et al., 1988; Edsman and Hägerstrőm, 

2005).  

Mucoadhesive drug delivery systems have three distinct advantages when 

compared to conventional dosage forms (Chowdary and Rao, 2004). Firstly, the 

mucoadhesive systems, which are readily localized in the region applied to, can improve 

and enhance the bioavailability of drugs, for example, a greater bioavailability of 

amoxicillin (Nagahara et al., 1998), clarithromycin (Majithiya and Murthy, 2005), 

griseofulvin (Tur et al., 1997), calcitonin (Takeuchi et al., 2001), insulin (Krauland et al., 

2004), testosterone (Ameye et al., 2002) was observed from mucoadhesive dosage 
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systems. Secondly, these dosage forms can facilitate the intimate contact with underlying 

absorption surface resulting in a better absorption. Lastly, they can prolong residence time 

at the site of application to permit once or twice a day dosing.  

2.1.2 Mucosal surface and mucin 

 The mucosa or mucus membrane is the moist tissue that lines organs and body 

cavities such as mouth, gut, nose and lungs. Mucus is the major factor in mucoadhesion 

and has been studied thoroughly. The mucosa consists of the epithelium and the 

supporting loose connective tissue. The epithelial layer can either be a single layer, e.g. in 

intestines and bronchi, or multiple layers, as in vagina, mouth and cornea. Mucus is 

secreted by the goblet cells in the epithelium or by special exocrine glands. Mucus is a 

weak viscoelastic gel, which forms a thin, continuous gel and covers to the epithelial 

surface to protect the mucosa from external environment. The main function of the mucus 

gel is to mediate the interactions between the epithelial cells and environment via such 

process as lubrication, maintaining the water balance and binding particles, bacteria and 

viruses. Mucus is a mixture containing up to 95% water, salts, lipids (such as fatty acids, 

phospholipids and cholesterol), proteins which serve a defensive purpose such as 

lysozyme, immunoglobulins, defensins, growth factors and trefoil factors. The adherent 

mucus gel lining the human GI tract has a thickness between 50 and 300 µm (Allen, 

1989). Although major component of mucus is water, the key macromolecular component 

that is responsible for viscous and elastic gel-like properties is known as ‘mucin’. Mucin 

is a large molecular glycoprotein with molecular weight (MW) ranging from 0.5 to over 

20 millions Da (g/mol). Mucin is highly glycosylated consisting of ~80% carbohydrates 

primarily N-acetylgalactosamine, N-acetylglucosamine, fucose, galactose, sialic acid (N-

acetyl neuraminic acid) and traces of mannose and sulfate (Dekker et al., 2002). The 

typical structure of a mucin molecule consists of several subunits connected by disulfide 

bridges. The oligosaccharide chains consisting of 5-15 monomers exhibit moderate 

branching and are attached to the protein core by O-glycosidic bonds to the hydroxyl side 

chains of serine and threonines and arranged in a ‘bottle brush’ configuration around the 

protein core (Figure 2.1). Many terminal residues in the oligosaccharide side chains are 
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sialic acid, which has an axial carboxyl group. Mucus is negatively charged at neutral pH 

and uncharged at acidic pH. Numerous hydroxyl and carboxyl groups on mucin 

molecules have the potential to interact with other polymers that can form H-bonds 

(Johnson and Rainsford, 1972).  

 
 
Figure 2.1  Schematic drawing of a mucin molecule. Several subunits bind with terminal 

cysteine-rich domains (S) by disulfide bridges (S-S). Thick bars represent the 
highly glycosylated domains (Watanabe and Inoko, 2007). 

 
 

 The conformation of mucin depended on some factors such as pH and ionic 

strength. Dynamic light scattering studies (Cao et al., 1999) have shown that, as the pH 

was lowered in dilute solutions, porcine gastric mucin underwent a conformational 

change from an isotropic random coil at pH 7 to an anisotropic extended random coil at 

pH 2. The conformation of commercial porcine gastric mucin in dilute solution examined 

by viscosity and circular dichroism measurements revealed similar changes, as a function 

of pH, which were attributed to the unfolding of hydrophobic domains at low pH. The 

zeta potential study of mucin suggested that the charge on the molecule varied as pH was 

lowered (Lee et al., 2005). It is not surprising that this glycoprotein exhibited H-bonding, 

electrostatic and hydrophobic interaction (Harding et al., 1999). The key sites for 

mucoadhesive interactions appeared to be on the carbohydrate residues, either of the 

electrostatic type through terminal sialic acid or any sulphonated residues or of the 

hydrophobic type through possible clusters of fucose residues which possess a methyl 

group (Shi and Caldwell, 2000). Figure 2.2 illustrates typical cases of molecular bonding 

between side groups of the mucoadhesive materials and mucin molecules. The different 

bond formations between mucoadhesive polymers and the mucus can be occurred 
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according to the different side groups that the polymers contained. For example, 

polyacrylates and cellulose derivatives which are anionic polymers and chitosan which is 

cationic polymer, led to non-covalent bond formation with mucin molecules. Whilst the 

thiolated polymers containing sulfhydryl groups, led to covalent bond formation with 

mucin molecules (Dodou et al., 2005). 

 

 
 
 

Figure 2.2  Schematic drawing of molecular bonds between mucin molecule and 
mucoadhesive materials (Dodou et al., 2005). 

 

2.1.3 Mechanisms and mucoadhesion theories 

 The mucoadhesive mechanism was firstly proposed by Duchêne et al. (1988). The 

first stage involved an intimate contact between a mucoadhesive and a mucus surface, 

either from a good wetting of the bioadhesive surface or from the swelling of the 

mucoadhesive polymer. In the second stage, after contact is established, penetration of the 

bioadhesive polymer chain into tissue surface or interpenetration of the chains of the 

bioadhesive polymer and the mucus was occurred. Then, weak chemical bonds could be 

formed in the final stage.  

The theories, which were developed to understand and explain the adhesive 

performance of adhesives, have been adapted to gain an understanding of 

bio/mucoadhesion. Five theories being proposed to explain the mucoadhesion phenomena 

are wetting, adsorption, diffusion, electrical and fracture theories. None of these theories 
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can explain mucoadhesion on its own for all of the different pharmaceutical formulations, 

but several of these theories can be combined to obtain a picture of the mucoadhesive 

process (Edsman and Hägerstrőm, 2005).  

2.1.3.1 Fracture theory 

 The most applicable theory for studying mucoadhesion through mechanical 

measurements is the fracture theory. This theory related to the separation of two surfaces 

after adhesion and the fracture strength is regarded as equal to the adhesive strength. It 

has been mainly used for calculation of adhesive bonds for rigid formulations (Edsman 

and Hägerstrőm, 2005). The fracture deals only with analyzing the adhesive force 

required for separation, it does not assume or require entanglement, diffusion or 

interpenetration for polymer chains (Chickerling III and Mathiowitz, 1999). The methods 

used to study the force required to separate two surfaces are tensile strength or shear 

stress tests. 

2.1.3.2 Wetting theory 

The wetting theory emphasizes the intimate contact between an adhesive material 

and mucus which is an important factor in bond formation. A wet surface is controlled by 

structural similarity, degree of crosslinking of the adhesive polymer, or use of a 

surfactant. The wetting theory, which was developed predominantly regard to liquid 

adhesives, uses interfacial tension measurement to predict spreading and, in turn, 

adhesion (Baszkin et al., 1990). The study of surface energy of both polymers and tissues 

to predict mucoadhesive performance has been given considerable attention (Lehr et al., 

1992, 1993). It is possible to calculate spreading coefficients for various bioadhesive 

materials over biological tissues and predict the intensity of the bioadhesive bond.  

2.1.3.3 Diffusion theory 

 The concept of interpenetration and entanglement of bioadhesive polymer chains 

and mucus chains producing semipermanent adhesive bonds is supported by the diffusion 

theory. It is believed that bond strength increased with the degree of penetration of the 

polymer chains into the mucus layer. Penetration of polymer chains into the mucus 
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network depended on concentration gradients and diffusion coefficients. Obviously, any 

crosslinking of either component tended to hinder interpenetration, but small chains and 

chain ends could still become entangled. It is believed that the range of 0.2-0.5 µm of 

interpenetration is required to produce an effective bioadhesive bond. It is possible to 

estimate penetration depth (l) with the following equation: l = (t ⋅ D)1/2, where t is time of 

contact and D is diffusion coefficient of bioadhesive material in mucus. The bond 

strength for bioadhesive polymer is believed to be achieved when the depth of penetration 

is approximately equal to the end-to-end distance of the polymer chains (Mikos and 

Peppas, 1986). In this theory, the mucoadhesive polymer and mucus should be of similar 

chemical structure in which to have good solubility and give the strongest bioadhesive 

bond (Kinloch, 1980). The methods used for studying the interdiffusion of two polymers 

are rheological synergism (Hassan and Gallo, 1990) and ATR-FTIR analysis (Jabbari et 

al., 1993). 

2.1.3.4 Adsorption theory 

 According to the adsorption theory, after an initial contact between two surfaces, 

the material adhered because of surface forces between molecules in the two surfaces. 

Two types of chemical bonds resulting from these forces can be distinguished. Firstly, 

primary chemical bonds of covalent nature which are undesirable in mucoadhesion 

because their high strength may result in permanent bonds. Secondly, secondary chemical 

bonds having many different forces of attraction, including electrostatic force, van der 

Waals force, H-bond and hydrophobic interaction (Lee et al., 2000). For a bioadhesive 

polymer with numerous carboxyl groups, H-bonding is considered to be the dominant 

force at the interface. On the other hand, hydrophobic interaction can explain the fact that 

a bioadhesive may bind to a hydrophobic substrate more tightly than to a hydrophilic 

surface (Kaelble, 1977). Although these forces are individually weak, the shear number of 

interactions can, as a whole, produce strong adhesive strength. The examples of technique 

used to study the adsorption between mucoadhesive polymers and mucin in mucus are 

perfusion wash technique, everted sac technique and the techniques that measure the 

mucin remained after interaction.  

   ส
ำนกัหอ

สมุดกลาง



 12

2.1.3.5 Electrical theory 

 The hypothesis of the electrical theory relies on the assumption that the 

bioadhesive material and the target biological material have different electrical structures. 

On this assumption, when the two materials come in contact with each other, electron 

transfer occurs in an attempt to balance Fermi levels, causing the formation of a double 

layer of electrical charge at the bioadhesive-biological material interface. The bioadhesive 

force is believed to be due to attraction forces across this electrical double layer. The 

system is charged when the adhesive and substrate are in contact and discharged when 

they are separated. The method used for studying electrical structure of polymers is 

surface charge properties measurement using zeta potential meter. Recently, the mucin 

particle method measuring the zeta potential and particle size of mucoadhesive materials 

and mucin particles has been used (Takeuchi et al., 2005a). 

2.1.3.6 Interrelation between mucoadhesive theories 

Figure 2.3 illustrates the interrelation between the theories of mucoadhesion and 

properties of mucoadhesive materials. The overlapping areas between the circles indicate 

how and to what extent the mucoadhesive theories are connected to the material 

properties.  

 

 

 
 
Figure 2.3  Schematic diagram of the interrelation between mucoadhesive theories and 

material properties (adapted from Dodou et al., 2005). 
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As seem in Figure 2.3, the mucoadhesive materials swell (wetting theory) and 

then molecular bonding (electrical and adsorption theories) occurs as the formation of 

non-covalent bonds within the mucus-mucoadhesive material interface. Next, spatial 

conformation (diffusion theory) is introduced to achieve interpenetration between the 

mucus and mucoadhesive materials. Lastly molecular bonding continues as the formation 

of new non-covalent and covalent bonds inside the mucus-mucoadhesive material 

interface. The rheological properties are an indication of the extent of covalent molecular 

bonding and spatial conformation. 

 

2.2 Methods used to study mucoadhesion 

 Several test methods for studying mucoadhesion have been reported in literatures. 

These tests are necessary not only to screen a large number of candidate mucoadhesive 

materials, but also to study their mechanisms (Park et al., 1990). The test methods can be 

classified into two major categories; (i) in-vitro/ex-vivo methods and (ii) in-vivo methods. 

2.2.1 In-vitro/ex-vivo test methods 

 In-vitro or ex-vivo test methods were initially designed to screen potential 

bioadhesive materials with a view to in-vivo testing if successful. Most commonly 

employed in-vitro methods are adhesive strength test, perfusion wash technique and 

rheological test. Some of the commonly used methods to study mucoadhesion are briefly 

described here. 

2.2.1.1  Adhesive strength test 

Adhesive strength tests include tensile, shear and peel strength tests. Of these, the 

tensile strength test is the most commonly employed in-vitro test. Methods using tensile 

strength usually examined the force necessary to separate the two surfaces after the 

mucoadhesive bond has been established (Smart et al., 1984; Peppas and Sahlin, 1996). 

Briefly, the mucoadhesive material under examination was attached with surface of a 

solid support, which was connected to a torsion balance via a pulley. The test material 

was lowered onto the biological substrate and left for a certain period to allow interaction 
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between the material and the biological tissue. After this period, the solid support was 

raised at a constant rate until total detachment occurred and the maximum weight 

indicated the adhesive strength of the test sample. The popular instrument employed is a 

tensile tester. Since there is no criterion for these tests, different values of the adhesive 

strength may be obtained when using different equipments.  

The Du Noüy tensiometer has also been modified to evaluate a relative adhesion 

capacity of polymers in powder form (Robert et al., 1988). Moreover, methods based on a 

measurement of shear strength determined the force that caused the adhesive polymer 

slide on mucus layer in the direction parallel to their plane of contact, for example, the 

Wilhemy plate method reported by Smart et al. (1984). This technique measured 

mucoadhesion by recording a maximum force from microbalance at the moment a 

polymer coated glass plate is detached from mucus gel. The samples used in this 

technique had to be coated on glass plate and their mucoadhesive performance was 

influenced by plate width, penetration depth of glass plate into mucus and rate of 

extraction out of mucus (Sam et al., 1992).  

2.2.1.2 Perfusion wash technique  

Falling liquid-film test is one of the perfusion tests measuring the adhesion of 

particulate formulations (Teng and Ho, 1987; Rao and Buri, 1989; Pimienta et al., 1990). 

It involved placing the test material onto a section of excised stomach or intestine that 

mounted on an inclined platform and washing it with simulated gastric or intestinal 

solutions. The eluted particles were collected and quantified. The percentage of the 

particles adhering to the tissue was determined and used as an index of bioadhesive 

strength. For example, the labelled bioadhesive formulation, i.e. rhodamine B 

isothiocyanate (RITC)-labelled microspheres (Wang et al., 2001), was allowed to interact 

with the tissue for a period of time and then the perfusion was commenced. The intensity 

of the eluted samples was determined using fluorescent spectrophotometer and used as an 

index of bioadhesion (King et al., 1991). Another perfusion technique is similar to the 

falling liquid-film test except that an entire segment of intestine was used rather than a 

part of the intestine.  
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2.2.1.3 Everted sac technique 

An everted intestinal sac technique is a passive test for mucoadhesion. It is 

performed using a segment of intestinal tissue excised from the rat, everted, ligated at the 

ends and filled with saline, then introduced into a tube containing a known amount of the 

microspheres and saline, and agitated while incubating for 30 min. The sac was then 

removed, microspheres were washed and lyophilized, and the percentage of binding to the 

sac was calculated from difference in the weight of the residual spheres from the original 

weight of the microspheres (Jacob et al., 1995). The advantage of the technique is that no 

external force applied to the microspheres being tested; microspheres are freely 

suspended in buffer solution and made to come in contact with the everted intestinal 

tissue randomly (Chowdary and Rao, 2004).  

2.2.1.4 Rheological tests 

Rheological evaluation of mucus and polymer mixtures can give information on 

the extent and magnitude of interaction between mucus and polymer, since the increase in 

viscosity resulting from mixing of mucus and polymer has been claimed to correlate with 

bioadhesion (Hassan and Gallo, 1990). A simple viscometric method was introduced to 

quantify mucin-polymer bioadhesive bond strength and used to calculate the viscosity 

component of bioadhesion. Viscosities of 15% w/v porcine gastric mucin dispersions in 

0.1 N hydrochloric acid or 0.1 N acetate buffer (pH 5.5) were measured with a Brookfield 

viscometer in the absence of selected neutral, anionic and cationic polymers. Viscosity 

components and the forces of bioadhesion were calculated.   

The molecular interpenetration of the mucus and mucoadhesive macromolecules, 

in the second stage, is considered to influence the rheological and cohesive nature of the 

interfacial layer (Mortazavi et al., 1992). The interpenetration of mucoadhesive polymer 

chains and mucus glycoprotein induced chain entanglement, conformational changes and 

secondary interaction. Therefore, such interactions are likely to produce changes in the 

rheological properties of the combination system between two macromolecules. The 

rheological synergism between mucin-polymer or mucus-polymer mixtures has been used 

as an in-vitro parameter to determine the mucoadhesive properties of polymers 
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(Mortazavi, 1995; Madsen et al., 1998; Hägerström et al., 2000; Riley et al., 2001). The 

rheological synergism parameters which are the differences between the actual 

viscoelastic values of the mucin-polymer test mixture and the theoretical values defined 

as the sum of the viscoelastic components of polymer and mucin, are called the 

interaction term between the polymer and mucin (Caramella et al., 1994; Rossi et al., 

1995). 

2.2.1.5 Colloidal gold staining method 

Park (1989) proposed the colloidal gold staining technique for the study of 

bioadhesion. The technique employed red colloidal gold particles which were stabilized 

by the adsorbed mucin molecules (mucin-gold conjugates). During interaction with 

mucin-gold conjugates, bioadhesive hydrogels developed a red color on the surface. Thus, 

the interaction between them could easily be quantified, either by the measurement of the 

intensity of the red color on the hydrogels surface or by the measurement of the decrease 

in the concentration of the conjugates from the absorbance changes at 525 nm.  

Fiebrig et al. (1997) investigated the interaction of chitosan and mucin using the 

electron microscopy combined with colloidal gold conjugates in order to identify and 

localize chitosan within the mucin/chitosan complex. They found that once chitosan was 

complexed with mucin, chitosan was concentrated in the center of the complex, 

surrounded by a possibly more hydrophilic layer of mucin. 

2.2.1.6 Surface energy measurements 

Measurements of surface tension and spreading coefficients are based on the 

wetting theory of mucoadhesion. The correlation of contact angle to mucoadhesion has 

been proposed. Lehr et al. (1993) developed a combined spreading coefficient and the 

Griffith fracture energy. It has been shown that the combined spreading coefficient, 

calculated form contact angle measurement, correlated to the force of detachment (Lehr et 

al., 1993, Shojaei and Li, 1997). The free surface energy of the mucoadhesive dosage 

form should be intermediate between the free surface energy of the surrouding medium 

and that of the mucosal surface. If the free surface energy obtained for the dosage form is 

too high, the formation of a dosage and liquid interface will be favored, preventing the 
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intended adhesion to the mucosal surface. Dosage form with free surface energy that is 

lower than that of the mucosal tissue surface will not spread and adhere to the tissue. If 

the free surface energy of the dosage form and the mucosa are very similar, the 

mucoadhesion will be very weak.  

2.2.1.7 Miscellaneous methods 

Different surface analysis methods have been used to study mucoadhesion. For 

example, ATR-FTIR spectroscopy has been used in several studies to investigate the 

interfacial layer between the dosage form and the mucus. Jabbari et al. (1993) studied the 

interpenetration between a film of poly(acrylic) acid and mucin. The film was placed on 

the crystal and a buffered mucin solution was then put onto the polymer film. The 

absorption bands in the FTIR spectrum were used to monitor the concentration of mucin 

in the interpenetration layer. The ATR-FTIR technique has been used to monitor the 

diffusion of water and mucin from a mucin solution into a polymer films (Saiano et al., 

2002). Changes in the spectrum were observed as a result of H-bonding between the 

mucin and the polymer. The areas under spectra corresponding to water, polymer and 

mucin were integrated at different times and revealed that the mucin wet and penetrated 

into the polymer matrix simultaneously with water. ATR-FTIR studies have also been 

used to show how the monomer composition in copolymers influenced the formation of 

intermolecular and intramolecular H-bonds (Shojaei and Li, 1997). When polyethylene 

glycol was introduced into poly(acrylic) acid, the formation of H-bonds was enhanced. 

Other methods such as microscopic methods have been used to visualize the 

structure of mucin and mucin-polymer mixtures. For example, scanning electron 

microscopy and transmission electron microscopy were used to investigate the interaction 

of mucin and chitosan solution (Fiebrig et al., 1995) or chitosan microspheres (Genta et 

al., 1998). Furthermore, atomic force microscopy (AFM) has been used to study the 

morphology of aggregates of polymer and mucin (Deacon et al., 2000) and polymer 

adsorption to cell surfaces (Patel et al., 2000). Nuclear magnetic resonance microscopy 

has been used to study the diffusion of water in the bioadhesive bond between alginate 

and mucin solution (Marshall et al., 2004). The interaction between mucin and cellulose 
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derivatives was measured using ellipsometry (Malmsten et al., 1994) by measuring the 

thickness of the polymer layer adsorbed onto a mucin coated surface. Fluorescence 

techniques were also used to study mucoadhesion. Park and Robinson (1984) used pyrene 

to label the lipid bilayer of cells to study the adhesion of polymer to cells. Fluorescein 

isothiocyanate-dextran (FITC)-labelled chitosans were used to study the interaction with 

mucin (Quaqish and Amiji, 1999). The mucopenetration of chitosan-coated liposomes 

into rat GI mucus layer after oral administration of the liposomes was observed under 

confocal laser scanning microscopy (Takeuchi et al., 2001).   

2.2.2 In-vivo test methods 

 The in-vivo techniques were used to monitor residence time of mucoadhesion in-

vivo. Pharmacokinetic data can be obtained in conjunction with each of these techniques 

and represent the ultimate test for mucoadhesive drug delivery systems. 

2.2.2.1 Measurement of residence time 

 The three main techniques, which have been used to in-vivo measure the residence 

time of mucoadhesive dosage form, include gamma scintigraphy (e.g. Jacques et al., 

1997; Jackson et al., 2001; Säkkinen et al., 2004, 2006), perfused intestinal loops (Lehr et 

al., 1990) and transit studies with radiolabelled dosage forms (Ponchel et al., 1997). 

 Gamma scintigraphy is well established visualization technique for monitoring the 

transit of pharmaceutical dosages forms. The formulation to be investigated was labelled 

with the radionuclide (i.e. technetium-99m, 99mTc) and the dosage form was ingested by 

human volunteers. Other radioisotopes such as indium (111In) and samarium (153Sm) have 

been developed to assess the gastric residence time along with the radiolabelled 

formulations (Burke et al., 2007). Accurate positioning of the volunteer in front of the 

gamma camera enabled images or scintigraphs to be produced at selected time intervals 

and the course of the dosage form throughout the GI tract can be easily followed. Gamma 

scintigraphy is non-invasive, safe and may be able to give some insight into the effect of 

drugs and pathological conditions on mucoadhesion, e.g. with disease involving mucosal 

atrophy or hypo/hypersecretions (Helliwell, 1993). Gamma scintigraphy was used to 

compare the gastric emptying time and residence time of cholestylamine with two 

   ส
ำนกัหอ

สมุดกลาง



 19

formulations known to exhibit retentive or mucoadhesive properties, carbomer934P and 

sucralfate (Jackson et al., 2001). The amount and location of radiolabelled mucoadhesive 

formulation in GI tract could be monitored and evaluated. However, the gamma 

scintigraphy is an indirect visualization technique, residence of the mucoadhesive drug 

delivery systems in the GI tract may not be a direct result of mucoadhesion (Wilson and 

Washington, 1987). For example, the microcrystalline chitosan in granules prolonged 

gastric residence time of the formulations in only a few cases of healthy male volunteers, 

using neutron activation-based gamma scintigraphy. It was concluded that the in-vivo 

mucoadhesion of microcrystalline chitosan formulations was erratic, and that the 

formulations studied were not reliable for gastroretentive drug delivery systems 

(Säkkinen et al., 2004). Gamma scintigraphic investigation revealed that although the 

chitosan studies exhibited marked mucoadhesive capacities in-vitro, retention of the 

chitosan formulations in the upper GI tract was not sufficiently reproducible and the 

duration of retention was relatively short. The system failed to increase the bioavailability 

of furosemide which is absorbed in the upper GI tract (Säkkinen et al., 2006). 

Perfused intestinal loop technique has been developed to investigate the influence 

of bile salts on the absorption kinetics of various drugs (Poelma and Tukker, 1987). The 

chronically isolated intestinal loop technique was employed in a study of mucoadhesion 

and also used to estimate mucus turnover time in the rat. Generally, the mucoadhesive 

dosage forms, e.g. microspheres, were perfused through the isolated segment over the 

period of time and the effluent was collected and sampled in a Coulter counter so that the 

fraction of particles remaining in the loop could be calculated (Lehr et al., 1990, 1991).  

Since the isolated intestinal segment has an intact blood supply, mucus 

biosynthesis and secretion will still occur. However, the morphological or histological 

change may occur to the starved isolated tissue throughout the lifetime of the 

experimental rat. It is likely that some damages may occur since the most common reason 

for sacrifice of the animals is leakage from the isolated segment caused by infection. In 

addition, remaining of particles within folds of the segment, as well as the aggregation 

within sloughed mucus may also occur. The main advantage of this technique is that it is 
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economical on animals since each animal can be used in more than one study and can 

serve as its own control (Helliwell, 1993).  

Radiolabelled transit technique enables the transit of the mucoadhesive 

formulation intended for oral delivery to be investigated over the entire length of the GI 

tract (Ch’ng et al., 1985). The radiolabelled mucoadhesive formulation under test was 

placed in a surgical stomach of the rat which was then resealed and the animal allowed to 

regain consciousness. After set time intervals, the animals were sacrificed then the 

stomach and intestine were removed and cut into segments. The radioactivity remaining 

in each segment was measured by scintillation counter. Ponchel et al. (1997) monitored 

the radiolabelled polystyrene and poly(lactic acid) nanoparticles in rat GI tract and found 

that a significant fraction of the particles was captured by the mucus gel layer. The result 

indicated that the in-vivo behavior of the particles in the intestinal lumen has been 

accurately investigated by a means of radiolabelled particles.  

 Apart from the radiolabelled formulation, the fluorescent substances have been 

used for labelling on tested formulation in order to evaluate the GI transit time. For 

example, the RITC-labelled microspheres in capsules were intragastric administered into 

rat. Two hours after administration, the rats were sacrificed, and the stomach was 

removed and washed with phosphate buffer saline (pH 7.4) to recover the remaining 

microspheres. The amount of RITC-labelled microspheres that remained in the stomach 

was determined using fluorescence spectrophotometer at an emission wavelength of 578 

nm. The gastric mucoadhesion was then calculated and expressed as the percentage of 

microspheres remaining in the stomach after administration (Wang et al., 2001). Goto et 

al. (2006) studied the GI transit and mucoadhesive properties of complexed hydrogels, 

poly(methacrylic acid-grafted-ethylene glycol), using the fluorescent-labelled complexed 

hydrogels containing different molar ratios of methacrylic acid/ethylene glycol and 

different particle diameters. Then the GI transit profiles of microparticles after oral 

administration to rats were evaluated by determining the polymer remaining in the 

stomach and the small intestine.  
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2.2.2.2 Bioavailabilty studies 

 Some research groups have investigated the bioavailability of bioadhesive dosage 

forms using animal models or human volunteers (e.g. Takeuchi et al., 1996, 2003; Ameye 

et al., 2002; Majithiya and Murphy, 2005). The results are controversial because some 

were opposite to the in-vitro results and some did not show the same extent of 

improvement as that shown in the in-vitro test due to complications in the in-vivo 

situations. Especially for oral administration route, biological variables such as GI 

motility, mucus turnover, presence of endogenous materials (e.g. enzymes, electrolytes, 

bile salts) and exogenous materials (e.g. food, drink, drugs) are very difficult to mimic in 

an in-vitro model. 

 

2.3 Factors influencing mucoadhesion 

The mucoadhesive strength of a polymer is influenced by the nature of the 

polymer and also by the nature of the surrounding media (Duchêne and Peppas, 1988). 

There are many factors which are important for the interaction between the mucoadhesive 

polymer and the mucus, determining the strength and the extent of mucoadhesion. 

2.3.1 Polymer-related factors 

2.3.1.1 Molecular weight (MW) 

 Numerous studies have indicated that there was a certain MW at which 

mucoadhesion was at a maximum. The interpenetration of polymer molecules was 

favorable for low MW polymers, whereas entanglement was favored for high MW 

polymers (Ahuja et al., 1997). The optimum MW for the maximum mucoadhesion 

depended on the type of polymer (Lee et al., 2000). Their nature indicated the degree of 

swelling in water which, in turn, determined interpenetration of polymer molecules within 

the mucus. It seemed that the bioadhesive force increased with the MW of the 

bioadhesive polymer up to 100 kDa and that beyond this level there was not much effect 

(Gurny et al., 1984). To allow chain interpenetration, the polymer molecule should have 

an adequate length. In addition, size and configuration of the polymer molecules are also 
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important factors. For example, bioadhesive strength of linear polymer such as 

polyethylene glycol (PEG) with a MW of 20 kDa had little adhesive character, whereas 

PEG with a MW of 200 kDa gave a higher adhesion, and PEG with a MW of 400 kDa 

had superior adhesive properties (Lee et al., 2000). 

2.3.1.2 Concentration of polymer 

There is an optimum concentration of polymer corresponding to the best 

mucoadhesion (Duchêne et al., 1988). In highly concentrated systems, the bioadhesive 

strength decreased significantly due to a separation of the coiled molecules from the 

medium so that the chains available for interpenetration become limited. This result 

seemed to be of interest only for more or less liquid bioadhesive forms. Solomonidou et 

al. (2001) found that an optimal carbomer concentration range was between 2 and 10% 

w/w, higher polymer concentrations did not further enhance the mucoadhesive properties, 

and in some cases even decreased the mucoadhesion. Park and Munday (2002) also found 

that formulated nicotine buccal adhesive tablets composed of 20% w/w carbomer934 

gave a maximum bioadhesion against buccal mucosa when a range of 0 to 50% w/w was 

studied. 

2.3.1.3 Flexibility of polymer chains 

Chain flexibility was claimed to be an important factor for interpenetration and 

entanglement. As water-soluble polymers became crosslinked, the mobility of the 

individual polymer chain decreased, resulting in the effective length of the chain which 

can penetrate into the mucus layer decreased, eventually reduced in mucoadhesive 

strength (Park and Robinson, 1987). The adhesive capabilities of acrylic-based hydrogels 

were improved by tethering of long flexible chains (i.e. PEG chains) to their surfaces 

using grafting reactions or copolymerization. These hydrogels exhibited mucoadhesive 

properties due to enhanced anchoring of the chains with the mucosa (Huang et al., 2000).  

2.3.1.4 Swelling of polymer 

The swelling or water uptake of the dosage forms, e.g. tablets or films, related to 

the MW of polymer and also to the environment. Hydration of the dosage form occurred 
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by migration of water from the surrounding medium through the peripheral part of the 

dosage form. Interpenetration of chains was easily occurred as polymer chains were 

disentangled and free of interaction (Duchêne, 1988). Swelling depended on both 

polymer concentration and presence of water. On the other hand, over hydration of 

polymer led to a reduction of polymer-mucosa bond strength since the density of 

functional groups promoting the adhesion decreased (Gurny et al., 1984) or the polymer 

hydrated, gelled and eventually formed slippery mucilage (Mortazavi and Smart, 1993). 

Thus, the extent of hydration should be monitored and controlled in order to maximize 

the bioadhesion. 

2.3.2 Environment-related factors 

2.3.2.1 pH 

The pH influenced the surface charge of both mucus and polymers. Mucus would 

have different charge densities, depending on pH, due to a difference in dissociation of 

functional groups on the carbohydrate moiety and amino acids of the polypeptide 

backbone (Ahuja et al., 1997). The pH was found to have a significant effect on 

mucoadhesion, e.g. studies on polyacrylic polymers crosslinked with carboxyl groups 

(Ch’ng et al., 1985; Park and Robinson, 1985). Polycarbophil showed a maximum 

adhesive strength at pH 3; the adhesive strength decreased gradually as the pH increased 

up to 5. Polycarbophil did not show mucoadhesive properties at pH above 5. These 

studies demonstrated that the protonated carboxyl groups rather than ionized carboxyl 

groups reacted with mucin molecules, presumably by numerous H-bonding reactions. At 

pH above 5, polycarbophil swelled to a larger extent than at pH 3 or below, and the 

chains were fully extended or disentangled because of the electrostatic repulsion of 

carboxylate anions. The polymer chains were also repelled by the negatively charged 

mucin molecules (Park and Robinson, 1985, 1987). This behavior was attributed to 

differences in charge density at the different pH levels (Ch’ng et al., 1985). Cleary et al. 

(2004) demonstrated that pluronic-poly(acylic acid) copolymer exhibited significant 

mucoadhesion over a range of pH values, with mucoadhesion being optimal at pH 4-5 
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and dropping sharply at pH 8. The mucoadhesion of this polymer was due to hydrophobic 

interaction, as well as H-bonding and electrostatic interaction. 

2.3.2.2 Initial pressure and contact time  

The initial pressure and contact time between a mucoadhesive polymer and mucus 

layer determined the extent of swelling and interpenetration of polymer chains. To place a 

solid mucoadhesive system, it is necessary to apply a defined strength. The pressure 

initially applied to the mucoadhesive tissue contact site could affect the depth of 

interpenetration. If high pressure was applied for a sufficiently long period of time, 

polymers became mucoadhesive even though they did not have attractive interaction with 

mucin (Harris and Robinson, 1990). Along with the initial pressure, the initial contact 

time could dramatically affect the performance of a system. The mucoadhesive strength 

increased as the initial contact time increased. The initial contact time was easily 

controlled when mucoadhesive systems were applied to exposed areas such as eye, nose 

or oral cavity. However, for the application of mucoadhesive systems to the GI tract, the 

initial contact time could not be controlled which is one of the difficulties in applying 

mucoadhesive system to the GI tract (Ahuja et al., 1997). 

2.3.2.3 Selection of the model substrate/surface 

The handling and treatment of biological substrates during the mucoadhesive 

testing is an important factor, since physical and biological changes may occur in the 

mucus gels or tissues under the experimental conditions. The viability of the biological 

substrate should be confirmed by examining properties such as permeability, 

electrophysiology or histology (Ahuja et al., 1997).  

2.3.2.4 Mucus turnover 

The natural turnover of mucus at the mucosal site is possibly the biggest barrier 

for mucoadhesive drug delivery systems. The mucus turnover limited the residence time 

of the bioadhesive polymers on the mucus layer. Mucoadhesive polymers were detached 

from the surface during mucus turnover happened. The turnover rate may be different in 

the presence of mucoadhesive systems. Mucus turnover left a substantial amount of 

   ส
ำนกัหอ

สมุดกลาง



 25

soluble mucin molecules on the epithelial membrane which interacted with mucoadhesive 

polymer before they had a chance to interact with the epithelial membrane. Mucus layer 

is very viscous and most mucoadhesive polymers can not penetrate through this 

protective layer to interact with the epithelial membrane. A mucin turnover time of 47-

270 min was suggested (Lehr et al., 1991). Peppas and Robinson (1995) reported that a 

residence time of the conventional dosage forms for all mucosal routes was typically less 

than an hour unless some bioadhesive polymers were employed as a part of the dosage 

forms. 

2.3.2.5 GI motility and transit 

For oral dosage forms, GI motility and transit are very important as they control 

the residence time and the absorption of the drug. They also affect the mucoadhesion. GI 

motility is under both nervous and hormonal controls. Gastric emptying in the fasted state 

has a pattern termed the migrating myoelectric complex (MMC) which can be divided 

into four discrete phases of motility. The intensity of contractions (potential for gastric 

emptying) increases from almost zero in Phase I, to moderate in Phase II (mixing 

contractions), to very high in Phase III. The force of Phase III is strong enough to clear all 

indigestible materials from the stomach and the small intestine, but it lasts only for a short 

duration. Phase III is also called the housekeeper phase. Phase IV is the transitional 

period between Phases III and I. A complete cycle of these four phases has an average 

duration of 90-120 min. This cycle of motility repeats itself until food is ingested, after 

that the stomach returns to its fed state pattern of motility. Once in stomach the food goes 

through fed state, and the time for gastric emptying is about 2-6 h (Chien, 1992; 

Helliwell, 1993). The presence of the MMC has important implications for the oral 

mucoadhesive delivery. Mucoadhesive drug delivery systems should be administered on 

an empty stomach to prevent adsorption to any ingested food. The high motility pattern of 

the stomach during Phase III of the MMC might not allow strong enough mucoadhesion 

to occur if this was in operation during drug administration. The optimal mucoadhesive 

system should be capable of adhering to the mucosal membrane strongly enough to 

withstand the shear force produced in the Phase III. The MMC also exists in the small 
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intestine (but not in the large intestine), and each cycle lasts for up to half-an-hour longer 

than that movement in the stomach (Chien, 1992). Motility within the small intestine 

takes the form of segmentation of mixing contractions and propulsive or peristaltic 

contractions.  

The transit of pharmaceutical dosage forms along the GI tract has been 

extensively studied with the aid of gamma scintigraphy (e.g. Davis et al., 1989; Harris et 

al., 1990; Riley et al., 2001). It is evident that the presence of food in the stomach delayed 

the emptying of dosage forms; the extent to which it was achieved depended on the food 

type. If the stomach is in Phase III of the MMC then the dosage form may be ejected after 

only a few minutes. Small intestinal transit of dosage forms was 3-4 h. It has also been 

reported that during the MMC, solid dosage forms would reach the ileocaecal region from 

the pylorus in just under 2 h, compared to up to 6 h while in the fed state pattern of 

motility (Davis et al., 1989). The total transit time of food and dosage forms in human 

from stomach to the ileocecal junction was approximately 3-6 h in the fasted state and 6-

10 h in the fed state. This set an approximately 10 h limit for the delivery of drugs 

absorbed solely from the small intestine region (Chien, 1992). Transit through the colon 

was highly variable and depended to some extent on the rate of gastric emptying. Transit 

time for tablets and capsules was about 20-30 h, while transit time for solutions and 

microparticulates was about 30-40 h, which represented the greater spreading of such 

dosage forms in the ascending colon. It was concluded that the range of transit times 

experienced in the colon must be taken into account during the administration of the 

formulations intended for drug delivery to the colon (Hardy, 1989). 

 

2.4 Polymers used in bioadhesive/mucoadhesive dosage forms 

The following characteristics are believed to be essential for exhibiting the 

mucoadhesive properties: (i) strong H-bonding groups, (ii) strong anionic charges, (iii) 

high MW, (iv) sufficient chain flexibility, and (v) surface energy properties favoring 

spreading onto mucus (Peppas and Buri, 1985). To overcome the relatively short GI 

residence time and improve localization for oral-controlled or sustained release drug 
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delivery systems, mucoadhesive polymers which adhere to the mucin/epithelial surface 

are effective and lead to significant improvement in oral drug delivery. Polymers that 

adhere to the mucin-epithelial surface can be divided into three broad categories: (i) 

polymers which become sticky when placed in water and owe their mucoadhesion or 

stickiness; (ii) polymers which adhere through nonspecific, noncovalent interactions 

which are primarily electrostatic in nature (although H- and hydrophobic bonding may be 

significant) and (iii) polymers which bind to specific receptor sites on the cell surface. All 

three polymer types can be used for drug delivery (Ahuja et al., 1997).  

 An ideal polymer for mucoadhesive drug delivery systems should have the 

following characteristics: (i) the polymer and its degradation products should be nontoxic, 

no irritant and no absorbable from the GI tract, (ii) it should preferably form a strong 

noncovalent bond with the mucin/epithelial cell surfaces, (iii) it should adhere quickly to 

moist tissue and should posses some site specificity, (iv) it should allow easy 

incorporation of the drug and offer no hindrance to its release, (v) it must not decompose 

on storage or during the shelf-life of the dosage form, and (vi) the cost of the polymer 

should not be high (Langer and Peppas, 1981). Park and Robinson (1984) found that 

cationic and anionic polymers bound more effective than neutral polymer, polyanions 

were better than polycations in terms of binding/potential toxicity and water-insoluble 

polymers gave a greater flexibility in dosage form design compared to rapidly or slowly 

dissolving water-soluble polymers. Anionic polymers with sulfate groups bound more 

effectively than those with carboxylic groups. Degree of binding was proportional to the 

charge density on the polymer and highly binding polymers included carboxymethyl 

cellulose, gelatin, hyaluronic acid, carbopol and polycarbophil. Rao and Buri (1989) 

showed that polycarbophil and sodium carboxymethylcellulose (NaCMC) adhered more 

strongly to mucus than hydroxypropylmethylcellulose (HPMC), methylcellulose or 

pectin. Better adhesion occurred in the stomach than in the intestine.  

 Polymers used in mucoadhesion could be classified by the source; synthetic and 

natural polymers. Some of the commonly used polymers for mucoadhesive drug delivery 

system are briefly described below. 

   ส
ำนกัหอ

สมุดกลาง



 28

2.4.1 Carbomer and polycarbophil 

Carbomer is a synthetic, high MW (1000-4000 kDa), crosslinked polymer of 

acrylic acid copolymerized with allyl sucrose or allyl pentaerythriol. The carboxyl groups 

provided by the acrylic acid backbone of the polymer are responsible for many of the 

product characteristics. Several grades of carbomer (i.e. 907, 910, 934, 934P, 940, 941, 

971P, 974P, 980, 981) are available. Carbomer934P, 971P and 974P are the only 

pharmaceutical grades of the resin intended for internal use. Carbomer934P is a high MW 

polymer of acrylic acid crosslinked with allyl ethers of sucrose. Carbomer974P is 

polymerized in ethyl acetate and is slightly treated with potassium base. It is safe and 

nontoxic, no primary irritation or any evidence of allergic reactions has been observed in 

human beings following topical application. It is not absorbed in the body and is excreted 

unchanged. It is used as a bioadhesive component in mucoadhesive ointments, gels and 

tablets.  

 Polycarbophil is a synthetic polymer composed of polyacrylic acid loosely 

crosslinked with 0.5-1% w/w divinyl glycol (3,4-dihydroxy 1,5-hexadiene). It consists of 

particles which swell but are insoluble in water. Swelling characteristics in water 

depended on the pH and the ionic strength of the test medium, swelling increased as pH 

increased. At low pH (1-3), polycarbophil absorb 15-35 mL of water per gram of resin, 

whereas in neutral or basic medium it absorbed approximately 100 mL per gram. It 

swelled in water and permitted entanglement of the polymer chains with mucus on the 

surface of the tissue. The nonionized carboxyl groups bound to the mucin molecule by H-

bonding.  

Polyacrylic polymers have been widely studied as model mucoadhesive polymers. 

In-vitro and in-vivo tests showed that polycarbophil and carbomer had very high 

bioadhesive strengths (Smart et al., 1984; Anlar et al., 1993) and could inhibit the 

intestinal proteolytic enzyme, trypsin (Luessen et al., 1997). It was reported that 

polyacrylic polymers, such as polycarbophil and carbomer, had a potential in delaying GI 

transit. The major delay was due to a decrease in the gastric emptying time (Harris et al., 
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1990). Nakanishi et al. (1998) demonstrated that freeze-dried sodium salt of 

carbomer934P also improved the intestinal absorption of insulin.  

Carbomer and cellulose derivatives have been used in combination to produce 

mucoadhesive controlled-release formulations. The inclusion of cellulose derivatives such 

as HPMC, hydroxypropylcellulose (HPC) provided a prolonged drug release through its 

gelling properties and slow dissolution (Mumtaz and Ch’ng, 1995). For example, buccal 

adhesive tablets containing carbomer934P and HPC could control the release of nicotine 

to the buccal mucosa of human volunteers for 4 h (Park and Munday, 2002). Ikinci et al. 

(2004) reported that the bioadhesive properties of tablets containing carbomer974P and 

HPMC for delivery of nicotine were significantly increased with the increased carbomer 

concentration and the tablets remained intact during the 8-h period. On the contrary, 

Mohammed and Khedr (2003) found that increasing of carbomer concentration led to a 

decrease in the buccal adhesive time in human volunteer because of increased hydration 

and swelling of the tablets. However, the maximum blood concentration values of 

micronazole nitrate from tablets were increased with increasing of carbomer 

concentration due to a higher hydration and rapid erosion of the formed gel layer. 

Mohammadi-Samani et al. (2005) also prepared buccal adhesive formulations from 

carbomer934P, HPMC and NaCMC to control the release of prednisolone. The 

carbomer934P and HPMC (in a 9:1 ratio) in double-layered mucoadhesive tablets 

containing nystatin showed a good bioadhesion with a sustained drug release (Llabot et 

al., 2002). Venkatesan et al. (2006) demonstrated that carbomer974P showed promising 

results as an oral drug delivery system for erythropoietin by increasing a pharmacological 

effect in beagle dogs. However, carbomer induced a severe irritation to the mucosa in 

human volunteer (Bottenberg et al., 1991). The high proportion of carbomer in the 

formulations gave strong acid characteristics which could produce some side effects in 

the mucosa (Llabot et al., 2004). 

2.4.2 Cellulose derivatives 

NaCMC is the sodium salt of a polycarboxymethyl ether of cellulose. MW of 

NaCMC ranges from 90-700 kDa. It is soluble in water at all temperatures, giving a clear 
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solution; it is practically insoluble in most organic solvents. HPMC is a mixed alkyl 

hydroxyalkyl cellulosic ether and regards as the propylene glycol ether for methyl 

cellulose. HPC is partially substituted poly(hydroxypropyl) ether of cellulose.  

Cellulose derivatives such as NaCMC, HPMC and HPC are commonly used in 

pharmaceutical industry. They have been used in a combination with carbomer or sodium 

alginate in order to increase the mucoadhesive strength and control the drug release 

(Mumtaz and Ch’ng, 1995; Mohammadi-Samani et al., 2005). In fact, HPMC showed a 

less bioadhesive force compared to carbomer and sodium alginate (Yong et al., 2001). 

Mumtaz and Ch’ng (1995) incorporated HPMC in poly(acrylic acid) based polymer 

(PADH) for prolonging the release of triamcinolone acetonide. The tablets containing a 

high ratio of HPMC did not disintegrate in oral cavity but slowly dissolved in the saliva 

and became smaller size. A mixture of PADH and HPMC at a ratio of 1:1 possesed good 

bioadhesion, less chance of dislodgment from the mucosa, more prolonged release of 

drug and good flexibility at application site. Llabot et al. (2004) also reported that the 

mucoadhesive films prepared from a mixture of carbomer and NaCMC at a ratio of 1:1 

showed satisfactory in-vitro mucoadhesion. 

2.4.3 Chitosan 

Chitosan is the N-deacetylated product of the polysaccharide chitin. Chitosan is 

gaining importance in the pharmaceutical field owing to its unique polymeric cationic 

character, good biocompatibility, nontoxic and biodegradability. Chitosan has been 

proposed as a useful excipient for either sustained release of water-soluble drugs and for 

enhancing the bioavailability of poorly water-soluble compounds (Remuñan-Lơpez et al., 

2000; Orienti et al., 2002). Chitosan exhibited strong mucoadhesive properties due to the 

formation of H- and ionic bonds between the positively charged amino groups of chitosan 

and the negatively charged sialic acid residues of mucin glycoproteins (Rossi et al., 

2000). Furthermore, chitosan enhanced drug permeability through the mucosal surface 

(Illum et al., 1994; Bernkop-Schnürch et al., 2000). Chitosan is a weak base with a pKa 

value of about 5.5, thus, insoluble at neutral and basic environments such as in the colon. 

Chitosan solubility can be achieved by trimethylization of its primary amino groups 
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(Kotze´ et al., 1998). Junginger and co-workers synthesized N-trimethylchitosan which 

can be solubilized at neutral and basic pH levels (Sieval et al., 1998; Thanou et al., 2001). 

Chitosan could be modified by introducing thioglycolic acid (TGA) and forming amide 

bonds (Kast and Bernkop-Schnürch, 2001). The formed thiolated polymer showed highly 

improved mucoadhesion in comparison with chitosan due to the formation of strong 

covalent disulfide bonds with the cysteine domains of mucins. Chitosan-TGA conjugates 

provided the advantage of keeping their mucoadhesive ability at physiological pH values 

(~7) (Hornof et al., 2003). For this reason, chitosan-TGA conjugates could be applied on 

the intestinal epithelia, where unbound chitosan was ineffective. The action of chitosan-

TGA conjugates has recently been verified in in-vivo experiments (Guggi et al., 2002), 

showing satisfactory mucoadhesive ability in physiological pH. 

2.4.4 Sodium alginate 

Sodium alginate is a purified carbohydrate product extracted from brown seaweed 

by the use of dilute alkali. It consists of a sodium salt of alginic acid, a polyuronic acid 

composed of β-D-mannuronic acid residues. It is soluble in water, forming a viscous, 

colloidal solution. It is insoluble in alcohol and in hydroalcoholic solutions in which the 

alcohol content is greater than 30% by weight. It is also insoluble in other organic 

solvents and acids where the pH of the resulting solution falls below 3. 

Sodium alginate has been used to prepare buccal adhesive formulations. Yong et 

al. (2001) reported that the tablets containing of omeprazole (20 mg) and sodium alginate 

(80 mg) showed stronger bioadhesive force than those of carbomer934P, polycarbophil 

and HPMC. Because sodium alginate, with a greater portion of hydroxyl groups than the 

other polymers tested, could bind more strongly with the oligosaccharide chains than 

polycarbophil and carbomer, which contain primarily carboxyl groups. The bioadhesion 

of tablet was controlled by altering the composition ratio of sodium alginate and HPMC 

(Choi et al., 2000).  Ikinci et al. (2004), however, found that the tablets containing sodium 

alginate and HPMC showed less mucoadhesion than those of carbomer974P and HPMC 

in the same weight ratio. Moreover, the concentration of sodium alginate in tablets had no 

effect on mucoadhesion properties. Mohammed and Khedr (2003) demonstrated that the 
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increased concentration of sodium alginate relative to NaCMC showed the decrease in in-

vivo buccal adhesive time, due to a rapid erosion of gel layer.  

However, the mucoadhesive properties of sodium alginate may be improved by 

the covalent attachment with cysteine to be a thiolated alginate, which capable of forming 

inter- and/or intramolecular disulfide bonds in aqueous medium. Because of this 

crosslinking process within the polymeric network, the cohesive properties of the 

conjugate were improved (Bernkop-Schnürch et al., 2001).  

2.4.5 Miscellaneous 

Gums, carrageenan, gum arabic and pectin usually form a mucilaginous solution 

in water and become sticky. They are another group of bioadhesive polymers with good 

bioadhesive properties. Xanthan gum showed a moderate adhesion to biological 

membrane due to its strong swelling properties (Needleman et al., 1997) and the 

formulations produced a zero-order drug release over 4 h (Park and Munday, 2004). 

Needleman et al. (1997) demonstrated that gel formulation for oral mucosal drug delivery 

prepared from xanthan gum gave the most prolonged adhesion time on the oral mucosa 

(153 min) followed by poly (ethylene oxide) (89 min) and chitosan (43 min), and these 

times were all significantly different from each other. Guar gum was a poor 

mucoadhesive polymer and lacked sufficient physical integrity for buccal delivery while 

karaya gum showed superior adhesion to guar gum and was able to provide zero-order 

drug release (Park and Munday, 2004). A few reports demonstrated the mucoadhesive 

properties of pectin. Smart et al. (1984) reported that pectin gave fair adhesiveness with 

mucus gel while Lehr et al. (1992) found that pectin showed no adhesion. Schmidgall and 

Hensel (2002) and Liu et al. (2005) reported that pectin with high net electric charges 

showed a high mucoadhesion. This will be discussed later in section 2.5.3. 
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2.5 Properties of pectin and its applications in oral drug delivery 

2.5.1 Chemistry and general properties of pectin 

Pectin is a cell wall structural carbohydrate present in all higher plants. 

Commercially available pectin is obtained from edible plants. Like many naturally 

occurring polysaccharides, pectin is heterogeneous with respect to chemical structure and 

MW (BeMiller, 1986). Primarily, pectin contains large amounts of poly(D-galacturonic 

acid) bonded via α-1,4-glycosidic linkage (Mukhiddinov et al., 2000) (Figure 2.4). Pectin 

also contains neutral sugars such as rhamnose, which are either inserted in or attached to 

the main chains. Other neutral sugars such as arabinose, galactose and xylose also occur 

in the side chains.  

 

 
 
Figure 2.4  Structure of pectin. 

 

In pectin from all sources, some of the carboxyl groups are in the methyl ester 

form which is used for classifying pectin type. The degree of esterification (DE) varies 

depending on the source of the pectin and enzymatic activity in the process of ripening 

and maturation, and the conditions under which the isolation is conducted. The DE less 

than 50% is so-called low methoxyl pectin or low DE pectin, while DE more than 50% is 

so-called high methoxyl pectin or high DE pectin (Rolin, 1993). Some of the carboxyl 

groups may be converted to carboxamide groups, when ammonia is used in the process of 

deesterification, producing amidated pectin (Racape et al., 1989). The DE and the degree 

of amidation (DA) determine the content of carboxylic acid in pectin chains. From a 

polymeric perspective, pectin is a complex, branched polyelectrolyte. The AFM studies 

have also shown long chain branching of the main backbone (Round et al., 1997, 2001). 

Factors such as the charge density, and the way that charge is distributed along the 
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backbone is expected to have an important influence on physicochemical behavior 

(Zsivanovits et al., 2004).  

The most attractive property of pectin for industrial applications is its gelling 

property. These led to applications of pectin in the food and pharmaceutical industries, 

e.g. gelling or thickening agent, excipient for pharmaceutical purposes (Liu et al., 2003). 

Factors influencing gelation and gel characteristics are type and concentration of pectin, 

DE, DA, modification of hydroxyl group, solution pH, temperature and presence of 

cations (BeMiller, 1986).  

High DE pectin can form gels due to hydrophobic interaction and H-bonding 

between pectin molecules. The formation of hydrophobic areas can dramatically reduce 

the solubility of pectin. High DE pectin also gels in the presence of large concentrations 

of sugar at low pH, due to partial dehydration of the pectin molecules. Monovalent 

cations normally do not lead to gel formation with high DE pectin solutions free of 

divalent cations, especially calcium ion (Wehr et al., 2004).  

Low DE pectin can form gels in the presence of di- and trivalent cations which 

crosslink and neutralize the negative charges of the pectin molecules. Monovalent salts of 

low DE pectin are highly water soluble and gel only at extremely low solution pH or in 

the presence of divalent cations. But di- and trivalent salts of low DE pectin are slightly 

soluble or insoluble. Calcium binding to pectin reduces the solution solubility and induces 

non-covalent associations of the pectin chains. When solution pH is raised, the 

polycarboxylate groups are ionized, and able to react with calcium ions to form calcium 

pectinate gels. The interaction of calcium ions and carboxylate groups in pectin involved 

intermolecular chelate binding of the cation leading to the formation of macromolecular 

aggregates (Kohn, 1987). It was suggested that the binding of calcium ions to 

polygalacturonate in pectin molecules was through ‘egg-box’ complexes (Grant et al., 

1973). For a fixed DE, the affinity of the pectic polysaccharide chains for the counterion 

increased in the order K+ < Mg2+ < Ca2+ (Kohn, 1987). It is well established that calcium 

counterions can crosslink moderately concentrated pectin solutions, at junction zones, to 

form three dimensional gel networks (Walkinshaw and Arnott, 1981). A requirement for 
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gelation is that there should be a sufficient number of potential junction zones (or 

sequences of unesterified residues) per molecule to allow the formation of the network. 

Generally this requirement means that pectin, which gels in the presence of calcium ions, 

have an average DE of <50% (Zsivanovits et al., 2004). Moreover, low DE pectin can 

also gel in the absence of calcium ion by lowering the pH below about 3.3-3.5 (Gilsenan 

et al., 2000; Capel et al., 2006). When solution pH is lowered, the ionization of 

carboxylate groups on pectins is repressed. Pectin molecules no longer repel each other 

over their entire chains, and thus can associate over a portion of their chains to form acid 

pectin gels. For acid-induced pectin gels, the hydration of pectin is reduced and there is 

less water incorporated into interchain entanglements. The gelation of pectin is clearly 

related to the progressive reduction of the charge density of pectin with decreasing pH 

starting from pH 4.5. In an intermediate pH range between pH 2 and 3.5 both calcium ion 

and acid induced gelation occurred (Capel et al., 2006). 

In fact, the carboxyl groups can be converted to amide groups, which modify 

some properties of the pectin gels which are useful in certain applications (Racape et al., 

1989). The introduction of amide groups in low DE pectin reduced the hydrophilicity 

with an increased tendency to form gels. Gelation of low DE pectin with 50% DE is 

induced by lowering the temperature in the presence of calcium ions. It is caused by 

complexation of sections of two different pectin chains with the ions (Garnier et al., 

1993). Calcium induced gelation is most effective for pectin in fully charged chains (pH 

>4.5) (Capel et al., 2006). 

2.5.2 Application of pectin in oral drug delivery 

The ability of pectin to rapidly form viscous solutions and gels on contact with 

aqueous media has been exploited by the pharmaceutical industry, in its wide application 

as a carrier in oral controlled release dosage forms. Hydrophilic matrices incorporating 

pectin have been employed to successfully prolong release of many drugs (e.g. Krusteva 

et al., 1990; Naggar et al., 1992; Sungthongjeen et al., 1999, 2004; Sriamornsak et al., 

2007a). Some of these studies have demonstrated the influence of a wide range of pectin 

type, compression force, the presence of calcium ions and the type of release medium on 

   ส
ำนกัหอ

สมุดกลาง



 36

drug release properties of pectin matrix tablets. Wei et al. (2006) demonstrated that the 

incorporated calcium chloride in pectin matrix could retard the drug release. Larger 

amount of calcium chloride led to a slower drug release and matrix erosion. Erosion 

correlated well with release in almost all pectin matrix tablets indicating erosion-

controlled mechanism. They concluded that large amount of calcium induced in-situ 

crosslinking of pectin matrix and led to a sigmoidal release of indomethacin.  

Low DE pectin could form gels by the action of calcium to produce insoluble gel. 

Pectin beads prepared by the ionotropic gelation method were used as a sustained release 

formulation (e.g. Aydin and Akbuga, 1996; Sriamornsak and Nunthanid, 1998, 1999). 

The crosslinking of pectin with calcium ions inhibited the release of incorporated drug 

from the pectin formulations by suppressing the dissolution and swelling of pectin 

macromolecules. However, the use of these beads has some drawbacks due to their rapid 

in-vitro drug release. Sriamornsak and Nunthanid (1998) demonstrated the modified drug 

release from calcium pectinate gel beads by using higher calcium concentration, higher 

concentration of hardening agent and longer hardening time. Munjeri et al. (1998) 

reported that in-vitro release of chloroquine from calcium pectinate beads was sustained 

between 4 and 7 h in simulated intestinal fluid (SIF). Oral administration of beads to rats 

produced maximum plasma concentration at 7 h, longer than that of chloroquine solution 

administration. Calcium pectinate has been also investigated as an insoluble hydrophilic 

coating for sustained release delivery by interfacial complexation process (Sriamornsak et 

al., 1997a, 1997b, 2006). The pellets composed of calcium acetate were prepared using an 

extrusion-spheronization method, and then coated with a low DE pectin solution using the 

diffusion-controlled interfacial complexation technique, which provides a defect-free and 

uniform coating on solid cores. Drug release from calcium pectinate gel coated pellets 

was significantly slower than that from uncoated cores, and showed a lag time when the 

gel coat hydrated and swelled, followed by a zero-order release. 

Recently, pectin has been investigated as a carrier for an intragastric floating drug 

delivery, for example, calcium pectinate gel beads containing edible oil capable of 

floating in the gastric condition were developed using an emulsion-gelation method 
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(Sriamornsak et al., 2004, 2005). The metronidazole-loaded emulsion gel beads were 

found to float on simulated gastric fluid with a rapid drug release. Attempts to modify the 

drug release were made by hardening with glutaraldehyde, and by coating with polymer. 

Using 2% glutaraldehyde as a hardening agent prolonged the drug release. Coating the 

beads with Eudragit® RL significantly sustained the drug release while the beads 

remained buoyant. Intragastric floating calcium pectinate gel beads could also be 

prepared by incorporating a gas-forming agent such as carbonate salts in pectin solution 

prior to form gel with acidified solution of calcium chloride in order to increase a porous 

structure of beads (Sriamornsak et al., 2007b). Carbon dioxide generated from a reaction 

of carbonate salts with acidified solution of calcium chloride resulted in highly porous 

beads which showed a good floating ability with fast drug release. The drug release could 

be prolonged by using pectin with lower DE, 10% calcium carbonate, acidified gelation 

medium, and high drug loading.  

Additionally, low DE pectin could be used as in-situ gelling vehicles for the 

sustained delivery of drugs following oral administration under a condition of gastric pH. 

Kubo et al. (2004) prepared paracetamol formulations containing dilute aqueous solutions 

(1% to 2% w/v) of low DE pectin and calcium ions in complexed form which, on release 

in the acidic environment of the stomach, caused gelation of the pectin. A bioavailability 

of approximately 96% of paracetamol solution could be achieved from gels containing an 

identical dose of drug formed in-situ in the stomachs of rats, with appreciably lower peak 

plasma levels and a sustained release of drug over a period of at least 6 h. Itoh et al. 

(2007) demonstrated a sustained release of ambroxol from low DE pectin formulation 

after oral administration to gastric-acidity controlled rabbits at pH 5.5-5.7 and visual 

observation of gelation in the stomach contents of these rabbits. There was no evidence of 

in-situ gelation of pectin with 31%DE formulations under these conditions and a rapid 

initial drug release was observed. Differences in gelling characteristics of pectin in this 

pH range were attributed to the greater susceptibility of low DE pectin to crosslinking by 

di- and trivalent ions presented in the gastric juice.  
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The potential of calcium pectinate as a drug carrier for colon-specific delivery has 

been evaluated in-vitro and in-vivo by the use of drug markers, both water soluble and 

water insoluble, either small organic compounds or active protein drugs (Ashford et al., 

1993; Rubinstein et al., 1993; Sriamornsak 1999; Wong et al., 2002). In these studies, 

calcium pectinate was formulated into films, gels, droplets, microspheres and compressed 

tablets. These studies demonstrated the tolerance of calcium pectinate in the upper GI 

tract and its enzymatic susceptibility in the lower GI tract. The drug in calcium pectinate 

released from the beads in colonic medium due to the action of pectinolytic enzymes in 

the colon. The calcium pectinate gel beads could stabilize in intestinal condition by 

coating with polyethylenimine (Bourgeois et al., 2005) or by keeping in enteric hard 

capsules to prevent drug release before reach to the colon (Dupuis et al., 2006). Ugurlu et 

al. (2007) found that pectin alone was not sufficient to protect the incorporated drug in 

core tablets to be delivered to the colon due to the degradation of pectin. The addition of 

HPMC (5% w/w) with pectin provided 2-h lag time for drug release.  Pectin:HPMC (8:2) 

appeared to be an optimum combination for drug delivery to the colon. Liu et al. (2006) 

developed complex hydrogel beads from pectin and zein. The pectin/zein complex 

hydrogels did not swell in physiological environments, but hydrolyzed in the presence of 

pectinases. The physical and biological properties of the hydrogels were attributed to 

molecular entanglement of the two polymers.  

The nanoparticles of calcium pectinate gel can be developed by adjusting the 

concentration of both pectin and divalent crosslinking medium. Cheng and Lim (2004) 

prepared insulin-loaded calcium pectinate nanoparticles as a potential colonic delivery 

system by ionotropic gelation. They found that formulation pH significantly influenced 

the association efficiency and stability of the nanoparticles. Increasing the pH from 2 to 3 

enhanced the association efficiency by three-fold, from 32.8% to 93.3%, at an insulin 

loading concentration of 80 U/mL. The increase in association efficiency was correlated 

to the charge density on the pectin molecules as a function of pH. The release of 

associated insulin from the nanoparticles was dependent on the extent of dilution of the 

nanoparticle dispersion and the pH of the dissolution medium. Moreover, Musabayane et 

al. (2000) reported a more effective in sustaining plasma insulin concentrations after 
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orally administration of insulin-loaded calcium pectinate beads (30 µg of insulin), than 

that of subcutaneous insulin injection (30 µg) in diabetic rats. The pectin beads could also 

reduce plasma glucose concentration in diabetic rats. 

Other divalent cations such as zinc have been used for crosslinking with pectin. 

El-Gibaly (2002) developed an oral timed-release system for colon-targeted delivery of 

drugs, i.e. ketoprofen-loaded zinc pectinate gel microparticles and their compressed 

tablets. The zinc pectinate gel showed a lower drug release than the conventional calcium 

pectinate beads. This could be due to the strength of the network formed during the 

process between the zinc cations and the low DE pectin following the "egg-box" model. 

Chambin et al. (2006) reported that zinc pectinate beads obtained with 10% of counter-

ions solution at pH 1.6 exhibited strong gel network which was arranged in a compact 

three-fold conformation. This network was stronger and reduced the swelling and 

hydration when contact with dissolution medium, subsequently a decrease of drug 

release. Xi et al. (2005) developed ketoprofen and pectin prodrug for colon targeting. 

After orally administration of prodrug into rat, ketoprofen was not detected in the 

contents of the stomach and small intestine, but a high concentration was observed in the 

contents of cecum and colon. The absorption rate of ketoprofen was decreased and blood 

concentration peak was present at 8 h after administration. The results suggested that 

enzyme-dependent ketoprofen prodrug with pectin as a carrier has a good colon targeting 

property. 

2.5.3 Pectin in mucoadhesive drug delivery systems 

Pectin is hydrophilic polymer containing a large number of H-bonding groups 

(e.g. carboxyl groups) which are possible to form H-bond with functional groups in 

mucus. This has been proposed as an adsorption mechanism in mucoadhesion process 

(Lee et al., 2000). Several reports have demonstrated the mucoadhesive properties of 

pectin. Smart et al. (1984) reported that pectin gave fair adhesiveness with mucus gel 

using Wilhemy plate method. On the contrary, Lehr et al. (1992) found that pectin (with 

no identified source) showed no adhesion compared to polycarbophil or chitosan. With 

this test, thin films containing 1 mg/cm2 of polymers were hydrated in the saline medium 
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for 5 min, then tested with the pig small intestinal mucosa under very slight pressure (~10 

mN), and kept in this position for 1 min. The hydration time of 5 min may be too long 

and, then, the thin films could be dissolved before testing, resulting in loss of 

mucoadhesive properties. In fact, there are many factors affecting the mucoadhesive 

properties of polymers such as degree of hydration (Peppas and Buri, 1985), ionic 

strength of medium (Leung and Robinson, 1990), and their molecular structure feature 

(Park and Robinson, 1985). Additionally, the physical properties, e.g. solution, gel-

forming, and swelling properties, of pectin are different, depending on the types or 

characteristics of pectin. This information should be mentioned in the literature and 

should not be disregarded.  

Schmidgall and Hensel (2002) reported that rhamnogalacturonans with a low DE 

and linear oligogalacturonides derived from pectin showed a significant mucoadhesion 

against colonic mucus membranes whereas high DE pectins and neutral polysaccharides 

were ineffective. Liu et al. (2005) reported that pectin with higher net electrical charges 

showed a higher mucoadhesion with porcine colonic tissues than the less charged ones. 

The high DE pectin formed gel networks with endogenous mucin lining on the surface of 

mucosal tissues whereas low DE pectin was able to penetrate deeply toward the colonic 

intestinal wall, but did not adhere strongly on the tissue surface.  

In the mucoadhesive drug delivery systems, pectin has also been designed for 

buccal (Miyazaki et al., 2000), vaginal (Caswell and Kane, 2002; Baloğlu et al., 2003, 

2006) and nasal adhesive delivery (Charlton et al., 2007). Miyazaki et al. (2000) prepared 

buccal adhesive tablets containing pectin and HPMC for sustained release of diltiazem. 

The maximum adhesive force to rat peritoneal membrane increased with increased pectin 

concentration in the tablets. However, the tablets did not retard drug release. Then the 

bilayer tablets consisting of ethylcellulose as a backing layer and adhesive/drug reservoir 

layer were developed. An in-vitro sustained release of diltiazem over 5 h was achieved 

with these bilayer tablets. Moreover, plasma concentration-time profile after sublingual 

administration to rabbits showed an evidence of sustained drug release and increase in 

bioavailability. 
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The bioadhesive tablet formulations for vaginal drug delivery composed of a 

mixture of carbopol934 and pectin (2:1) have been developed (Baloğlu et al., 2003, 

2006). The vaginal tablets of ornidazole were prepared by direct compression with 

bioadhesive and swellable polymer mixtures as controlled release agents. Carbomer934, 

pectin, HPMC, NaCMC, and guar gum were used in different ratios. The bioadhesive 

strength between bovine vagina and surface of the tablets depended on carbomer934 

content. No histological damage was found except one formulation containing high 

amount of guar gum.  

There is an increased need for nasal drug delivery systems that could improve the 

efficiency of the direct nose to brain pathway especially for drugs for treatment of central 

nervous system disorders. Novel approaches, which are able to combine active targeting 

of a formulation to the olfactory region with controlled release bioadhesive characteristics 

for maintaining the drug on the absorption site, are suggested. Charlton et al. (2007) used 

two types of low DE pectin together with chitosan to prepare gel formulation for nasal 

adhesive delivery. They found that bioadhesive formulations providing controlled release 

with increased or decreased epithelial transport.  

 Pectin has been conjugated with thiol moieties of cysteine for improving certain 

properties (Majzoob et al., 2006). The new polymer, thiolated pectin, showed no severe 

toxicity in caco-2 cells, higher permeation enhancement for sodium fluorescein, 

approximately 5-fold increased in-vitro adhesion duration and improved cohesive 

properties, compared to unmodified pectin. The release of insulin from zinc pectin-

cysteine beads followed the same profile as unmodified zinc pectinate beads (Majzoob et 

al., 2006) 

 

2.6 Literature synopsis 

Mucoadhesive drug delivery systems have been used to increase drug absorption 

from GI tract and enhance drug bioavailability due to the ability to adhere with GI mucus 

layer. The mucoadhesive mechanism involved the wetting and swelling of polymers to 
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intimate contact with mucin in mucus layer. The interpenetration and interdiffusion of 

polymer chain and mucin chain in mucus were occurred; then chemical bonds were 

established. Five theories have been proposed to explain the mucoadhesion phenomena, 

including wetting, adsorption, diffusion, electrical and fracture theories. Several methods 

have been used to study mucoadhesion, such as adhesive strength test, perfusion wash 

technique, everted sac technique, rheological test, colloidal gold staining method, surface 

energy measurement. The spectroscopic and microscopic methods were also used for 

studying mucoadhesive properties of polymers and mucoadhesive dosage forms. The in-

vivo tests were used to monitor residence time and bioavailability of mucoadhesion. 

Many factors influenced mucoadhesion including polymer-related factors and 

environment-related factors.  

Some of commonly used polymers for mucoadhesive drug delivery systems are 

carbomer and polycarbophil, cellulose derivatives, chitosan, sodium alginate and pectin. 

Because pectin is a hydrophilic polymer containing a large number of H-bonding groups 

(e.g. carboxyl groups), which is possible to interact with functional groups in mucus, it 

has been used in mucoadhesive drug delivery systems, as stated in a few reports. 

However, the mucoadhesive properties of pectin reported are contradicted and need to be 

confirmed. In order to thoroughly understand the mucoadhesion of pectin, it is necessary 

to study the mucoadhesive mechanism(s) of pectin. This would allow an effective drug 

delivery system to be designed, based on these studies. 
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3.1  Introduction 

Several techniques for in-vitro determination of mucoadhesion have been reported 

in literatures. Most in-vitro methods for screening of the mucoadhesion are based on a 

measurement of either tensile or shear strengths (Ahuja et al., 1997). Methods measuring 

tensile strength usually examine the force necessary to separate two surfaces after 

mucoadhesive bonding has been established (Peppas and Sahlin, 1996). The employed 

instruments are modified balances or tensile testers. Recently, the tensile test using 

texture analyzer has been reported for studying the mechanical characteristics of 

mucoadhesiveness of polymers and dosage forms (Tobyn et al., 1995, 1996). In general, 

the mucoadhesive test using this technique was evaluated through the measurement of 

maximum force required to separate the polymer or dosage form from surface of substrate 

after contact at specified time and force, then calculated the work of adhesion. Several 

surface substrates such as porcine stomach tissue, chicken pouch tissue (Wong et al., 

1999), bovine sublingual mucosa (Eouani et al., 2001; Accili et al., 2004), bovine 

duodenal mucosa (Accili et al., 2004), mucin disc (Jones et al., 1997), and mucin gel 

(Tamburic and Craig, 1997) have been used as a model substrate using texture analyzer. 

The validation of the test using texture analyzer has been performed under simulated 

gastric condition using porcine gastric mucosa (Tobyn et al., 1995) or simulated buccal 

condition using chicken pouch tissues (Wong et al., 1999), in order to elucidate test 

conditions and instrumental parameters influencing the mucoadhesive test results. Tobyn 

et al. (1995) found that contact time and force between porcine gastric mucosa and 

sample, removal test speed of the probe, and pre-hydration time of polymer samples 

significantly affected the results obtained. However, from the literatures, the validation of 

test parameters under simulated small intestinal or colon conditions has not yet been 

reported. Moreover, the test parameters, e.g. contact time, contact force, test speed, and 

test environment (i.e., pH, ionic strength), for texture analysis are varied among the 

published reports. Thus, comparing the mucoadhesive properties of polymers from 

different test parameters would be complicated. 
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The objective of this chapter was to validate the instrumental variables and test 

conditions when testing with texture analyzer equipped with mucoadhesive holder under 

simulated GI conditions using porcine GI mucosa (i.e. buccal, gastric, small intestinal and 

large intestinal mucosa). The instrumental variables and test conditions studied are pre-

hydration time, contact time, contact force, probe speed, GI mucosa, and test medium. 

Mucoadhesive performance of various pectins with different DEs and MWs under 

different GI conditions was also evaluated.  

 

3.2 Experimental methods 

3.2.1  Materials 

Four pectins with different DEs and MWs (see Table 1) were kindly provided by 

Herbstreith & Fox KG (Germany). Polyacrylic acid crosslinked polymer or 

carbomer934P (Acrypol934P®) manufactured by Corel Pharma-Chem, India, was used. 

Chitosan (MW of 100 kDa) with degree of deacetylation of 95% was purchased from 

Seafresh Chitosan (Lab) Co., Ltd., Thailand. All other chemicals were analytical grade 

and used as received without further purification. 

 

Table 3.1 Examined pectins. 

Pectin type Degree of esterification 
(DE, %) 

Degree of amidation 
(DA, %) 

Molecular 
weight (kDa) 

High methoxyl pectin 
- CU201 
- CU501 

Low methoxyl pectin 
- CU020 
- CU701 

 
70 
56 

 
29 
38 

 
0 
0 
 

20 
0 

 
200 
180 

 
150 
80 

Note: The specifications were reported by the manufacturer. 
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3.2.2  Preparation of sample discs 

Discs of 200-mg sample powder were prepared by direct compression using single 

punch hydraulic press (Model 15011, Specac, USA) with 9.53-mm diameter flat-faced 

tooling. The discs were compressed at a pressure of 2 tons for 20 s and kept in desiccator 

until used. 

3.2.3  Preparation of isolated porcine GI tissues 

Different sections of porcine GI tissue (i.e. buccal, gastric, small intestinal and 

large intestinal tissues) were obtained from animals immediately after slaughter at local 

slaughter house (Nakhon Pathom, Thailand). The tissues were washed with deionized 

(DI) water to remove undigested food from lumen then placed in normal saline solution 

(NSS) at 4 ºC and used within 6 h. The underlying connective tissues were subsequently 

removed to isolate the mucosal membrane. In order to compare between fresh and frozen 

tissues, small intestinal tissues (duodenum section) were soaked in NSS with or without 

polyethylene glycol 400 (PEG400, 1% w/v) and kept at -4 ºC. The frozen tissues were 

thawed at room temperature prior to use and used within 6 h. 

3.2.4  Study on test conditions for mucoadhesive test for GI mucosa 

Mucoadhesive testing of the sample discs was carried out using a texture analyzer 

(TA.XT plus, Stable Micro Systems, UK), with 50 N load cell equipped with 

mucoadhesive holder (Figure 3.1). The disc was attached to a cylindrical probe (10 mm in 

diameter) by double-sided adhesive tape. The tissue (about 20×20 mm2) was equilibrated 

for 15 min at 37 ± 0.5 ºC before placing on the stage of mucoadhesive holder and 

maintained at 37 ºC during the test in 200 mL of the medium. Figure 3.2 demonstrates the 

scheme showing the mucoadhesive test. The probe with the disc attached was immersed 

in the test medium at a specified time prior to the test, the hydrated disc was then moved 

downward to contact with soaked tissue at a specified force and maintained until 

specified time, in step A and B, respectively. The probe was subsequently withdrawn at a 

specified test speed in step C. By using the texture analyzer, the maximum force to 

separate the probe from the tissue (i.e. maximum detachment force; Fmax) could be 

detected directly from Texture Exponent 32 software and the total amount of forces 
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involved in the probe withdrawal from the tissue (work of adhesion; Wad) was then 

calculated from the area under the force versus distance curve (Figure 3.3). These 

parameters were used to compare the different test conditions or formulations. 

 

 

 
 

 

 

 

Figure 3.1 Photograph of texture analyzer with mucoadhesive holder. 

 

 

 
 
Figure 3.2  Process of mucoadhesive test on GI mucosa by texture analyzer with 

mucoadhesive holder. 
 

Probe with hydrated pectin 
disc was moved downward. 

Hydrated pectin disc was 
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with specified time and force.

Probe was withdrawn at a 
specified rate. 
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Figure 3.3  A typical plot of force versus distance data for pectin disc (CU020 tested with 

small intestinal mucosa) from the mucoadhesive test using texture analyzer. 
The height of the peak is the maximum force required to separate the probe 
from the tissue (i.e. maximum detachment force; Fmax). The total amount of 
forces involved in the probe withdrawal from the tissue (work of adhesion; 
Wad) is calculated from the area under the force versus distance curve. 

 

Two types of pectin (i.e. CU201 and CU701) were selected as the representative 

of high and low DE pectins, respectively, to validate the instrumental parameters and test 

conditions for GI mucosa (i.e. pre-hydration time of the sample disc in test medium, 

contact force between the sample disc and tissue, contact time of the sample disc to the 

tissue, and test speed of the probe removal from the tissue). The fresh and frozen small 

intestinal tissues were also used to validate the tissue condition. The 5-min swollen discs, 

contact force of 0.05 N, contact time of 60 s and probe speed of 0.5 mm/s were used in 

this preliminary study.  

The fresh tissues were used for the study on the effect of test conditions. Five pre-

hydration times (0.5, 2, 5, 10 and 20 min) were studied at the contact force of 0.05 N, 

contact time of 60 min and probe speed of 0.5 mm/s. The effect of contact force (i.e. 0.05, 

0.1, 0.2 and 0.5 N) and contact time (i.e. 10, 30, 60, 180 and 600 s) was investigated 

using pre-hydration time of 5 min and probe speed of 0.5 mm/s. Four probe withdrawal 

speeds (0.1, 0.3, 0.5 and 1.0 mm/s) were further studied using prehydration time of 5 min, 

contact force of 0.05 N and contact time of 60 min. The probe without disc was also 
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tested to check the uniformity of the GI tissue. In order to confirm reproducibility and 

validity of obtained data, six to ten measurements were performed for each condition. 

To validate the condition for buccal adhesion test, buccal tissue (about 20×20 

mm2) was equilibrated in simulated saliva fluid (SSF, pH 6.75) for 15 min at 37 ± 0.5 ºC 

before placing on the stage of mucoadhesive holder. The difference between the test 

conditions using buccal tissue and other GI tissues was that the buccal tissue was not 

immersed in the test medium during the test. Only small volume of SSF (i.e., 100 or 500 

µL, with or without 2.7 g/L of mucin) was dropped on the tissue prior to the test. The 

unhydrated sample discs were tested and compared to the 5-min swollen discs. The 

contact force and contact time was also validated. The probe withdrawal speed was set at 

0.5 mm/s throughout the study. 

3.2.5  Study on the effect of GI tissue and test medium on mucoadhesion of pectin 

 The effect of GI tissue and test medium on mucoadhesion of pectin was 

investigated using different parts of porcine GI tract with their relevant medium, i.e. 

buccal mucosa with SSF, gastric mucosa with simulated gastric fluid USP without pepsin 

(SGF, pH 1.2) or citric-phosphate buffer pH 4.8 (representing the fasted or fed state, 

respectively), small intestinal mucosa (duodenum part) and large intestinal mucosa with 

simulated intestinal fluid (SIF, pH 6.8). The tests were employed using a condition 

chosen from the results of previous section (section 3.2.4), that is, a pre-hydration time of 

5 min, contact force of 0.05 N, contact time of 60 s and probe speed of 0.5 mm/s. This 

test condition was used for GI tissues and buccal tissues which were immersed in the test 

medium, in order to compare the effect of different parts of tissue and test media. 

3.2.6  Study on the effect of pectin type on mucoadhesive properties 

Four types of pectin, namely CU201, CU501, CU020 and CU701, were used to 

compare the mucoadhesive performance. The test conditions for GI tissues were the same 

as described in section 3.2.5. The GI tissue was immersed in test medium during the test. 

For buccal adhesive test, a 100-µL SSF with or without mucin was dropped on buccal 

tissue prior to the test and the dried sample discs were used. Contact force, contact time 

and probe withdrawal speed were similar to the test condition for GI tissues. The common 
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mucoadhesive polymers, e.g. carbomer934P and chitosan, were used as controls. Six to 

ten measurements were performed for each sample. 

 

3.3  Results and discussion 

3.3.1 Effect of tissue preparation on mucoadhesive properties 

 In order to compare the method of tissue preparation for mucoadhesive testing, the 

fresh and frozen tissues of porcine small intestine were investigated. PEG400 (1% w/v) 

was added to NSS and used as immersion medium during the freezing process. The 

frozen tissues were thawed at room temperature prior to the test and used within 6 h. The 

test condition used for validation of the tissue preparation was 5-min pre-hydration time, 

contact force of 0.05 N, contact time of 60 s and probe withdrawal speed of 0.5 mm/s. 

Figure 3.4 shows the Fmax and Wad of prehydrated discs after attachment to the fresh and 

frozen tissue after thawing. The results showed that the Fmax and Wad for pectin discs on 

frozen tissue with PEG400 and fresh tissue were not significantly different. It seems that 

the Fmax and Wad on frozen tissue without PEG was lower than those on fresh tissue. This 

is probably due to the damage of tissue during freezing process. Addition of PEG400, a 

cryoprotectant, may protect intestinal tissue from freezing damage due to ice crystal 

formation (Carpenter et al., 1999). Banker et al. (1992) demonstrated that PEG offered 

cryoprotection by reducing ice crystal formation and preserving total adenine nucleotide 

content in isolated rat heart tissue. The PEG acted as a cryopreservation of rat islet beta 

cells with resulted in similar DNA/hormone contents, in-vitro viability, and cellular 

composition as nonfrozen islets (Korbutt et al., 1997). The results suggested that the fresh 

and frozen tissues with PEG400 during freezing process, could be used for mucoadhesive 

testing. However, the fresh tissues could be collected easily in Nakhon Pathom area, thus, 

the fresh tissues will be used in further studies. Therefore, the change, if any, of tissue 

during the freezing process can be avoided. 
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Figure 3.4 Effect of fresh and frozen tissue after thawing on (a) maximum detachment 

force, (b) work of adhesion, against porcine small intestinal mucosa (n=35 to 
40). 

 

3.3.2 Effect of pre-hydration time of pectin disc on mucoadhesive properties 

Sample discs of high (CU201) or low (CU701) DEs pectin were immersed in test 

medium for 0.5, 2, 5, 10 or 20 min prior to attachment to mucosa of a duodenal part of 

small intestine. The pectin disc was pulled out at a speed of 0.5 mm/s after attachment to 

the mucosa at a contact force of 0.05 N and contact time of 60 s. Figure 3.5 shows the 

Fmax and Wad of prehydrated discs after attachment to duodenal mucosa. The results 

showed that the Fmax of both pectins did not change when the disc was hydrated up to 20 

min whereas the Wad slightly decreased from the first 2 min then remained constant. 

These findings indicate that the optimum degree of hydration and swelling of pectin disc 

could influence the mucoadhesive properties. This is in agreement with Ponchel et al. 

(1987) who reported that, for their test system with bovine sublingual mucosa, there was 

an optimum pre-hydration time of around 10 min before the tablet showed maximum 

adhesive characteristics. Leung and Robinson (1990) suggested that a sufficient amount 

of water is necessary to properly hydrate and expand the mucoadhesive network to 

expose available adhesive sites for bond formation, create pores or channels for diffusion 

of polymer chains and mobilize the polymer chains for interpenetration. However, if an 
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excessive quantity of water is available, the hydrated polymers start to form gels and 

eventually a slippery mucilage, resulting in all adhesive properties are lost since the 

polymers dissolve in the available water (Smart et al., 1984).  
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Figure 3.5 Effect of pre-hydration time of pectin discs (CU201 and CU701) on (a) 
maximum detachment force, (b) work of adhesion, against porcine small 
intestinal mucosa (n=6 to 10). 

 
 

Additionally, high DE pectin showed a higher Wad than low DE pectin while the 

Fmax was not significantly different. It is possible that high MW of the high DE pectin 

could be entangled more than those of low DE pectin with low MW. The expansion of the 

entangled chain of high DE pectin, during the withdrawal of pectin disc from mucosa, 

was probably longer than that of low DE pectin, resulting in high area under force versus 

distance curve. In order to investigate the effect of other instrumental parameters and test 

conditions, the pre-hydration time of pectin disc of 5 min was selected, based on this 

finding. 

Figure 3.6 shows the Fmax and Wad of unhydrated and 5-min hydrated pectin discs 

after attachment to buccal mucosa which was wet with small volume of SSF. The results 

demonstrated the mucoadhesive performance of unhydrated pectin discs against buccal 

mucosa. The water transfer from mucus layer into dried pectin disc may increase the 
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adhesive and cohesive properties of the mucoadhesive bond (Mortazavi and Smart, 1993). 

As the tissue was wet with a small amount of SSF (i.e. 100 µL), both Fmax and Wad of 

unhydrated pectin discs significantly decreased and seemed to be a plateau as the volume 

of SSF was increased to 500 µL. This indicates that the excess amount of water in buccal 

mucosa led to decrease in mucoadhesion. Because there was a large amount of water 

transfer from tissue to pectin discs which facilitated the overwet phenomenon. Moreover, 

pectin, a hydrophilic polymer, can absorb water rapidly. Hence, the adhesive joint 

between the discs and mucus was no longer strengthening. The overwet phenomenon also 

occurred in the hydrated pectin discs, as their mucoadhesive strength was not influenced 

by the increase in medium volume. Gurny et al. (1984) suggested that the excess polymer 

hydration led to a reduction of the strength of polymer-mucosa bond since the density of 

the functional groups promoting the adhesion decreased. 
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Figure 3.6 Effect of pre-hydration time and volume of medium (SSF) on (a) maximum 

detachment force, (b) work of adhesion, against porcine buccal mucosa (n=6 
to 10). 

 
 

Moreover, the dry discs of CU701 showed a higher Fmax and Wad than those of 

CU201. This may be due to the large amount of carboxyl groups and low MW of CU701, 

resulting in higher wettability of the dry disc by the water in the mucus layer than those of 

CU201. Sanzgiri et al. (1994) found that the force of adhesion depended on the 
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hydrophilicity of the polymers; the polymers with more hydrophilicity demonstrated a 

more adhesion. In order to investigate the effect of test condition for buccal adhesive, the 

buccal mucosa wet by 100 µL of SSF prior to the test were further used.  

3.3.3  Effect of contact time and contact force on mucoadhesive properties 

Figures 3.7 and 3.8 show the effect of contact time between the pectin discs and 

small intestinal and buccal mucosa, respectively, on the Fmax and Wad of pectin discs 

(CU201 and CU701). The results showed that the Fmax and Wad of both pectins 

significantly increased with the increased contact time (Figure 3.7). This is consistent 

with those obtained by Tobyn et al. (1995) and Wong et al. (1999) in which different 

types of polymers (e.g., carbomer, polycarbophil, HPMC, NaCMC) and model mucosa 

were used. In this case, the increase of Fmax and Wad is most likely because the degree of 

hydration and swelling was sufficient to expand the mucoadhesive network. Increasing of 

contact time may provide interdiffusion and chain entanglement between pectin and 

mucin chain in mucus membrane. This is in agreement with Leung and Robinson (1990) 

who demonstrated that mucoadhesion of carbomer was a time dependent process 

supporting the interpenetration as being a time-dependent process. An increase in contact 

time resulted in an increase in formation of secondary bonds and diffusional path or depth 

of interpenetration between two macromolecules. Increasing contact time between the 

mucoadhesive polymer and the mucus layer could, therefore, increase the mucoadhesive 

strength (Leung and Robinson 1990). Furthermore, it was, again, found that high DE 

pectin showed a higher Wad than low DE pectin, at all contact times studied.  

In the case of buccal adhesive test (Figure 3.8), the mucoadhesion of dried pectin 

discs increased with increasing of contact time. It was limited for CU201 when tested at 

300 s of contact time; the separation of pectin disc from measuring probe was occurred, 

and the hydrated pectin particles from the disc still attached at the buccal mucosa. Thus, 

the Fmax could not be measured. This indicated that the adhesive properties of pectin disc 

of CU201 on buccal mucosa were higher than the cohesive forces between particles in the 

compacted disc. Shojaei et al. (2000) reported that increasing of contact time between 

copolymer (acrylic acid and 2-ethylhexyl acrylate) film and buccal tissue yielded a linear 
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increase in mucoadhesive forces for up to 60 s, a further increase in contact time (120-300 

s) led to a plateau. They explained that cohesive energy of the copolymers may decrease 

substantially after the first minute of contact leading to physical deformation of the 

polymer due to water sorption. 

 
(a)      (b) 

0

100

200

300

400

500

0 100 200 300 400 500 600

Contact time (s)

M
ax

im
um

 d
et

ac
hm

en
t f

or
ce

 (m
N

)

CU201

CU701

      

0

100

200

300

400

500

600

0 100 200 300 400 500 600

Contact time (s)

W
or

k 
of

 a
dh

es
io

n 
(m

N
.m

m
)

CU201

CU701

 
Figure 3.7 Effect of contact time between the hydrated pectin discs (CU201 and CU701) 

and small intestinal mucosa on (a) maximum detachment force, (b) work of 
adhesion, against porcine small intestinal mucosa (n=6 to 10). 
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Figure 3.8 Effect of contact time between the dried pectin discs (CU201 and CU701) 

and buccal mucosa which was wet with 100-µL SSF on (a) maximum 
detachment force, (b) work of adhesion, against porcine buccal mucosa (n=6 
to 10). 
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Figures 3.9 and 3.10 show the effect of contact force applied between the sample 

discs and small intestinal and buccal mucosa, respectively, on the Fmax and Wad of pectin 

discs (CU201 and CU701). The Fmax and Wad tended to increase with the increased 

contact force. These results agree with the study by Tobyn et al. (1995). Nevertheless, 

Wong et al. (1999) observed that no significant increase in the Wad was seen at a contact 

force above 0.5 N, due to a maximum intimate contact. They suggested that too high 

contact force may not be advantageous but may damage the mucosa without achieving 

better contact. However, the contact time was shown to be a critical factor in affecting the 

mucoadhesion results. It may be thought that an initial stage of mucoadhesion process 

began with the establishment of an intimate contact between the polymer and mucosal 

surface followed by interpenetration of polymers to form secondary chemical bonds 

(Duchêne et al., 1988). Hence, contact time is important to allow sufficient hydration, 

swelling, interpenetration and bond formation for mucoadhesion. Based on the 

physiological condition in GI tract after oral administration, mucoadhesive samples could 

not be forced to attach directly to the mucosa. As such, contact force employed for 

studying the effect of other test conditions was kept at the lowest force, i.e. 0.05 N, with a 

contact time of 60 s.  

In Figure 3.10, the Fmax of dried pectin disc on buccal mucosa was not 

significantly different when applied the contact force between 0.05 N and 0.5 N while the 

Wad increased with the increase of contact force. The values of Wad of dried pectin disc 

against buccal mucosa were substantially higher than those against small intestinal 

mucosa for all contact force applied. This is probably due to the difference in the 

hydration state of pectin discs. Pectin discs used for buccal tissue validation were dry 

while those for the small intestinal tissue validation were hydrated. The result suggested 

that the bond strength of dried pectin discs to mucosa showed stronger than those of 

hydrated one due to the dehydration effect on tissue.  
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Figure 3.9 Effect of contact force applied between the pectin discs (CU201 and CU701) 

and small intestinal mucosa on (a) maximum detachment force, (b) work of 
adhesion, against porcine small intestinal mucosa (n=6 to 10). 
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Figure 3.10 Effect of contact force applied between the dried pectin discs (CU201 and 

CU701) and buccal mucosa which was wet with 100-µL SSF on (a) maximum 
detachment force, (b) work of adhesion (n=6 to 10). 

 

3.3.4  Effect of probe withdrawal speed from GI mucosa on mucoadhesive properties 

Figure 3.11 shows the effect of test speed of the probe removal from the small 

intestinal tissue on the Fmax and Wad of pectin discs (CU201 and CU701). The results 

showed that there was no significant change in both Fmax and Wad at each increment of 
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probe speed. These results differed from the previous studies (Wong et al., 1999; Shojeai 

et al., 2000) in which probe speed appeared to influence the mucoadhesive properties of 

polymer. This may be due to the difference in test conditions employed. Both of those 

previous experiments used unhydrated samples. Wong et al. (1999) conducted the 

experiments using carbomer and methylcellulose buccal tablets without pre-hydration 

time, and a chicken pouch tissue which was wet with 200 µL of SSF. They observed that 

low probe speed such as 0.1 and 0.3 mm/s produced larger variation as compared to 

higher probe speed, e.g. 0.5 and 1.0 mm/s. Shojaei et al. (2000) tested the unhydrated 

copolymer film with porcine buccal tissue which was soaked with simulated gingival 

fluid periodically during the test. Due to the viscoelastic nature of the mucoadhesive 

bond, increasing the rate of stress producing from the crosshead removal speed resulted in 

less time for bond deformation and, therefore, the tensile strengths, which represent the 

mucoadhesive properties, were increased (Shojeai et al., 2000).  
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Figure 3.11 Effect of probe withdrawal speed of hydrated pectin discs (CU201 and 

CU701) on (a) maximum detachment force, (b) work of adhesion, against 
porcine small intestinal mucosa (n=6 to 10). 

 

In the present study, the pre-hydrated pectin disc was tested on small intestinal 

mucosa soaked in 200 mL of test medium. With this test, pectin disc and GI mucusa were 

excessively hydrated, providing an openness of the interacting networks to facilitate 
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interpenetration and bond formation between polymer chains. Thus, a probe withdrawal 

speed may not influence the mucoadhesive performance of pre-hydrated pectin disc. 

According to this finding, the probe withdrawal speed for studying mucoadhesive test 

was set at 0.5 mm/s throughout the test.  

3.3.5  Effect of GI tissue and test medium on mucoadhesive properties 

In order to evaluate the effect of tissue from different parts of GI tract and its 

relevant test medium on mucoadhesion of various types of pectin, buccal mucosa with 

SSF, gastric mucosa with SGF or citric-phosphate buffer pH 4.8, small intestinal 

(duodenal section) and large intestinal mucosas with SIF were used. A pectin disc was 

hydrated in each medium for 5 min prior to contact with GI mucosa at a force of 0.05 N 

for 60 s and probe speed withdrawal of 0.5 mm/s. 

The Fmax and Wad of various pectins tested on different GI mucosas are shown in 

Figure 3.12. The common mucoadhesive polymers, carbomer934P and chitosan, were 

used for comparison, as they showed good mucoadhesive properties in many reports (e.g. 

Smart, 1991; Lehr et al., 1992; Singla et al., 2000). However, the test on chitosan discs 

was limited as they, unfortunately, disintegrated within 30 s after immersing in all media. 

The chitosan films, on the other hand, could be tested and reported (Lehr et al., 1992). 

Among various types of GI tissue, all pectin discs showed the strongest Fmax and Wad on 

the large intestinal tissues (discuss later). The Fmax of all pectin discs on the buccal, 

gastric (both in the pH 1.2 and 4.8 media), and small intestinal mucosas was not 

significantly different, ranging from 55 to 85 mN. The Wad of pectins on the gastric 

mucosa at pH 1.2 (fasted state) showed lower value than those on the gastric mucosa at 

pH 4.8 (fed state), buccal, small intestinal and large intestinal mucosas. This may be due 

to the difference in anatomy and characteristics of mucosa in different regions of GI tract. 

The content of mucin, a major component in GI mucosa, was different in different parts 

of GI tract. In the stomach and intestines, the mucin released by goblet cells formed parts 

of mucus blanket covering the epithelia (Schumacher et al., 1999), resulting in viscous gel 

depending on the pH of the environmental medium. Buccal tissues do not have mucus 
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layer, however, the mucin could be found in the saliva. This would attribute to the 

difference in bioadhesive properties of different GI mucosas. 
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Figure 3.12 Effect of GI mucosa and test medium on (a) maximum detachment force, (b) 
work of adhesion, of various types of pectin (n=6 to 10). 

 
 

Accili et al. (2004) reported that mucoadhesive properties of carbomer974 

depended on the mucosa characteristics. The high mucoadhesion of carbomer974 in the 

sublingual and esophageal mucosas was on the basis of a low amount of sialic acids 

(residues found in mucin) in these regions, thus of water bound, which reduced the 

gelation rate of carbomer. Although, the medium used for testing of small and large 

intestinal mucosas was the same (i.e. SIF), large intestinal mucosa showed a stronger 

mucoadhesion than small intestinal mucosa. This may be owing to the difference in the 

functional histology of epithelia of small and large intestinal mucosas (Schumacher et al., 

1999). The absence of villi in large intestine, at the tissue level, may benefit the 

mucoadhesion as the attachment between the sample disc and mucosa or epithelium can 

occur easily. Moreover, in the cellular level, the ratio of goblet cells in large intestine is 

higher than in other parts of GI tract resulting in higher mucin level, and thus the 

mucoadhesion on to the large intestinal mucosa is higher. Mucoadhesive properties of 
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pectins on to gastric mucosa depended on the environmental pH; a better mucoadhesion 

at pH 4.8 than at pH 1.2. This is probably due to the fact that, as the concentration of 

hydrogen ions increases at pH 1-2, pectin (pKa of 3-4) is rapidly converted from 

carboxylate anions (pectin salt) to free carboxyl groups or unionized forms (pectinic 

acid), which has the ability to swell less on hydration with virtually insoluble. At higher 

pH, pectin can be ionized, swelled and formed hydrogel (Sriamornsak et al., 2007a), 

which contribute the interdiffusion and the formation of interchain bridges between the 

polymer and biological substrate (Peppas and Sahlin, 1996). Furthermore, the sialic acid 

and sulphate residues in mucin glycoprotein of mucus were fully ionized at the pH more 

than 2.6; this confers a net negative charge to the molecule (Peppas and Sahlin, 1996). 

These findings demonstrated that mucosa from different parts of GI tract and test media 

largely influenced the mucoadhesive performance of pectin. 

In the case of carbomer934P, it appeared that the Wad on the gastric (both at pH 

1.2 and 4.8) and small intestinal mucosas was higher than those on the large intestinal and 

buccal mucosas. Carbomer934P showed a significant higher mucoadhesion than pectin, 

only on the gastric mucosa at pH 1.2. Carbomer has been claimed to be a potential 

mucoadhesive polymer, because of a lot of carboxylic groups (56-58%, calculated on a 

dry basis) which can interact with the functional groups of mucus (Ponchel et al., 1987; 

Singla et al., 2000). Gu et al. (1988) proposed that the mucoadhesion of carbomer at high 

pH medium (e.g. pH 6.2) could be due to dissociation of the carboxyl groups of carbomer 

and electrostatic repulsions between the negatively charged carboxyl groups causing the 

uncoiling and expansion of the molecules. This resulted in swelling and gel formation, 

thus made the polymer more susceptible to mechanical chain entanglement and secondary 

interactions with the mucus glycoprotein. Water movement from mucus gel to dry 

polymer compacts (e.g. carbomer934 discs) also contributed to the dehydration of mucus 

layer which increased the adhesive and cohesive properties and expected the 

strengthening the mucoadhesive joint (Mortazavi and Smart, 1993). However, excess 

polymer hydration led to a reduction the strength of polymer-mucosa bond since the 

density of the functional groups promoting the adhesion decreased (Gurny et al., 1984) or 

the polymer hydrated, gelled and eventually formed a slippery mucilage (Mortazavi and 
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Smart, 1993). Smart (1991) noted that the adhesive failure of carbomer934P discs was 

resulted from cohesive failure of the formed gel layer. Therefore, the force and work 

required to separate the samples from mucosa decreased. Similar results have been 

reported by Tobyn et al. (1995) that mucoadhesion of carbomer934P tablets largely 

decreased during the first 5 min of pre-hydration time due to the decreased mucoadhesive 

bond strength. In this study, the same conditions with pectin discs were used, i.e. the 

carbomer934P discs were pre-hydrated in medium for 5 min before testing with soaked 

GI tissue. It is assumed that the dry carbomer disc would absorb excess water to form a 

mucilage gel surface, thus a weaken mucoadhesive bonding was expected.  

Figure 3.13 shows the effect of mucin in SSF on Fmax and Wad of high and low 

DEs pectin discs against buccal mucosa which was wet with 100 µL of medium, to 

simulate the buccal environment. The test condition was different from that of buccal 

mucosa immersing in 200-mL SSF which has been used to compare with other GI 

mucosas. The results also showed that addition of mucin in medium could not increase 

the mucoadhesive performance of dried pectin discs.  
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Figure 3.13 Effect of mucin in test medium on (a) maximum detachment force, (b) work 

of adhesion, of dried pectin discs (CU201 and CU701) against buccal mucosa 
which was wet with 100-µL medium (n=6 to 10). 
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3.3.6  Effect of pectin type on mucoadhesive properties 

Pectins with different DEs and MWs were selected to assess the mucoadhesive 

performance (Figure 3.12). The results showed that mucoadhesive performance of CU701 

discs were significantly lower than CU201 and CU501 discs, when testing in all GI 

tissues and test media. The presence of amide groups in the structure (i.e. CU020) 

enhanced the mucoadhesion of low DE pectin as its Wad value closed to that of high DE 

pectins, except for the gastric mucosa at pH 4.8. 

These results somewhat differed from those reported earlier (Schmidgall and 

Hensel, 2002; Liu, et al., 2005), in which low DE pectin demonstrated a stronger 

interaction with porcine colonic tissues than high DE pectin. Liu et al. (2005) suggested 

that the higher mucoadhesion of low DE pectin was possibly due to its higher net 

negative charges than those of high DE pectin, when both pectins were similar in the ratio 

of MW to molecular size. However, in this study, it is likely that the molecular size of 

pectin played a more important role on the mucoadhesion of pectin, and therefore showed 

a stronger influence than the number of H-bond forming groups representing by a lower 

DE. 

The mucoadhesive performance of high DE pectin containing low amount of H-

bond forming groups was mainly influenced by its high MW which facilitate for coil 

entanglement (Ahuja et al., 1997). The mucoadhesion of low DE pectin, however, could 

be explained by a large amount of H-bond forming groups (about 64%), which promoted 

secondary chemical bonds formation in mucoadhesion process. The results showed that a 

higher DE and MW of pectin demonstrated a stronger mucoadhesion. In case of amidated 

pectin, some of carboxylic groups in the structure of low DE pectin were substituted with 

amide groups, resulting in strong H-bond forming groups to strengthen the mucoadhesive 

bonding. The rank order of mucoadhesive performance of examined pectins on to the GI 

mucosa appeared to be similar to the rank order of their DE and MW (i.e. CU201 > 

CU501 > CU020 > CU701).  
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Figure 3.14 shows the r2 of Wad versus degree of substitution of pectin. The r2 of 

Wad of different pectins versus MW, % DE or degree of substitution of pectin was also 

shown in Table 3.2. 

y = 0.5670x + 67.732, r2 = 0.5998
y = 6.3794x + 73.470, r2 = 0.7477
y = 0.3909x + 18.784, r2 = 0.5419
y = 0.5867x + 62.457, r2 = 0.6980
y = 1.1931x + 54.769, r2 = 0.8210
y = 2.3088x + 39.056, r2 = 0.9811
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Figure 3.14 Relationship between the Wad versus degree of substitution of pectin, from 

linear regression analysis, against different segments of porcine GI mucosa. 
The correlation coefficient (r2) in each sample from linear regression 
analysis is shown. 

 

 

Table 3.2 Correlation coefficient (r2) of Wad versus MW, %DE or degree of 
substitution (%DE+%DA) of pectin from linear regression analysis, against 
different segments of porcine GI mucosa. 

 
GI mucosa Wad VS MW Wad VS %DE Wad VS degree of 

substitution 

Buccal mucosa  
 - immersed in SSF 
 - wet with 100-µL of SSF 

 
0.8663 
0.8931 

 
0.6130 
0.6108 

 
0.5998 
0.7477 

Gatric mucosa 

- pH 1.2 

- pH 4.8 

Small intestinal mucosa 

Large intestinal mucosa 

 

0.6529 

0.6130 

0.9447 

0.7968 

 

0.3696 

0.8491 

0.7032 

0.9289 

 

0.5419 

0.6980 

0.8210 

0.9811 
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For buccal mucasa, the Wad from both test conditions (i.e. immersed in 200-mL 

SSF and wet with 100-µL of SSF) strongly related to the MW with the r2 of 0.87-0.89, 

indicating that the MW had dominant effect than %DE and degree of substitution (%DE + 

%DA). For gastric mucosa with pH 1.2 medium, mucoadhesive properties of pectin 

depended on MW, once the pH of medium was increased to 4.8 the relationship between 

Wad versus %DE was predominated. The possible explanation is that pectin was not 

complete ionized at pH 4.8, which is slightly higher than its pKa. Hence, the 

mucoadhesion of pectin at pH 4.8 might be also due to hydrophobic interaction. Higher 

DE pectin containing higher amount of methoxyl groups may have a higher chance for 

hydrophobic interaction. The mucoadhesive properties of pectin against intestinal mucosa 

were influenced by MW, %DE and degree of substitution in its structure, r2 ranges from 

0.70-0.98. However, the predominant factor for mucoadhesion of pectin against small 

intestinal mucosa was MW while the dominant factor for that of large intestinal mucosa 

was degree of substitution or the number of carboxyl groups. The possible explanation for 

mucoadhesive mechanism of pectin at higher pH is that both pectin and sialic acid of 

mucin in mucus were ionized, leading to a coil expansion due to the electrostatic 

repulsion, facilitating for chain entanglement.  

Figure 3.15 shows the Fmax and Wad of dried pectin discs against buccal mucosa 

which was wet with 100-µL SSF containing 2.7 g/L mucin, compared to chitosan and 

carbomer934P discs. The dried carbomer934P discs showed the strongest mucoadhesion 

against buccal mucosa and stronger than their hydrated discs (about 12 folds). The 

overwetting of hydrated discs led to a decrease in mucoadhesive performance. This 

agreed with those reported by Gurny et al. (1984) and Tobyn et al. (1995). At the same 

condition, dried chitosan discs showed less mucoadhesion, which is probably due to the 

insolubility of chitosan at pH 6.75. Chitosan could not swell and form gel at a neutral pH 

environment, thus the intimate contact which is the first step of mucoadhesion process 

would be inhibited.  

Among various types of pectin, the non-amidated low DE pectin (CU701) showed 

less mucoadhesive performance while those of other three types of pectin were not 

   ส
ำนกัหอ

สมุดกลาง



 66

different. This is probably due to the excessive of water movement from mucus layer 

through low DE pectin (CU701), having the highest carboxyl groups in its structure, 

represent more hydrophilicity. The poor adhesion of a very hydrophilic polymer might be 

due to a partial or complete breakdown or dissolution of the polymers themselves 

(Sanzgiri et al., 1994). In addition, the Wad of pectin discs in the dry state against buccal 

mucosa (Figure 3.15) was about 5-fold stronger than those of wet state (Figure 3.12). This 

result implied that the excess of hydration resulted in poor mucoadhesion. The 

dehydration effect on mucus layer plays a major role for promoting the mucoadhesion of 

dried pectin disc against buccal mucosa.  
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Figure 3.15 Effect of polymer type on (a) maximum detachment force, (b) work of 
adhesion, against porcine buccal mucosa which was wet with 100-µL SSF 
containing 2.7 g/L mucin (n=6 to 10). 

 

3.4  Conclusions 

A texture analysis method, similar to other mechanical methods, is a convenient 

way of comparing new mucoadhesive polymers. The measurement of mucoadhesion 

could be influenced by the instrumental parameters and test conditions such as pre-

hydration time of sample disc, contact time, contact force, test speed of probe withdrawal, 

GI tissue and test medium. Therefore, a test system should be adequately assessed, as 
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presented in this study, to optimize the conditions for conducting the measurements. 

Under the experimental conditions selected, the mucoadhesive performance of pectin on 

to different GI mucosas could be compared.  

To validate the condition for mucoadhesion test for small intestinal mucosa, pectin 

discs were hydrated prior to the test to mimic GI environment. The mucoadhesion of 

pectin against small intestinal mucosa increased with the increased contact time and 

contact force, but not by the increased probe withdrawal speed. Tissues from different 

parts of GI tract and test media also influenced the mucoadhesion. Pectins showed a 

stronger mucoadhesion on large intestinal mucosa than small intestinal mucosa. The 

mucoadhesive properties of pectins on gastric mucosa depended on pH of the medium; a 

higher Fmax and Wad in a pH 4.8 medium than a pH 1.2 medium was revealed. 

Additionally, pectin showed a significant higher mucoadhesion than carbomer934P in 

most of the GI mucosas tested when the sample discs were hydrated prior to the test. The 

results demonstrated that the MW, %DE and number of carboxyl groups in the structure 

of pectin influenced its mucoadhesive performance against GI mucosa. The 

mucoadhesion of dried pectin discs decreased when either the discs were hydrated or the 

buccal mucosa was wet with small volume of SSF. The results indicated that hydration of 

pectin disc affected the mucoadhesive properties. The water movement and mucus gel 

dehydration play an important role for mucoadhesion of dried pectin disc against buccal 

mucosa. It appears that pectin has been a potential mucoadhesive polymer for GI 

mucoadhesive drug delivery system. 
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4.1 Introduction 

The mucoadhesion process involved in the formation of bioadhesive bonds has 

been described in three steps: (i) wetting and swelling of polymer to permit intimate 

contact with biological tissue, (ii) interpenetration of bioadhesive polymer chain and 

entanglement of polymer and mucin chains and (iii) formation of weak chemical bonds 

between entangled chains (Duchêne et al., 1988). From this process, the wetting and 

swelling behaviors of dosage forms using mucoadhesive polymers have a great impact on 

their mucoadhesive properties (Mortazavi and Smart, 1993). The strong adhesion of many 

hydrophilic polymers to the mucosa is based on their capability of water uptake, where 

absorption, swelling and capillary effects lead to a water flux from the underlying tissue 

to the polymer (Duchêne and Ponchel, 1992). A sufficient amount of water appeared 

necessary to properly hydrate and expand the mucoadhesive network which exhibited 

available adhesive sites for bond formation and created pores for diffusion of polymer 

chains to mobilize the interpenetration (Leung and Robinson, 1990). However, an 

excessive water uptake caused a leakage in cohesiveness of dosage forms transforming 

the formulation into an over-hydrated slippery mucilage (Lehr, 1996).  

For wetting determination, contact angle measurements provide an appropriate 

method to characterize the hydrophilicity/hydrophobicity of solid surfaces. In the case of 

tissue or polymer surfaces relevant for mucoadhesion, experimental difficulties are met, 

since both mucoadhesive polymer and mucus are hydrogles (Lehr et al., 1992). However, 

contact angle experiments with hydrogels being completely immersed and equilibrated 

with water have been described (Andrade et al., 1979). Bonddé et al. (1990) measured 

water contact angle of carbomer hydrogel which contained different mole fractions of 

butyl acrylate, and found that the surface polarity of carbomer related to their structure 

and mucoadhesiveness.  

Several techniques were used for contact angle measurement, for example, the 

captive bubble technique. With this technique, a small bubble or droplet of air and n-

octane was snapped from a microsyringe onto the down-facing surface of the hydrogel 

being investigated (Andrade et al., 1979). The hydrogel itself was completely immersed 
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and equilibrated with an aqueous medium. The contact angle measured on the air bubbles 

was considered as water contact angle at a hydrogel-air interface while the contact angle 

measured on the n-octane droplets are considered as octane contact angle at a hydrogel-

water interface. Therefore, the solid surface energy for hydrophilic surface could be 

calculated. Li et al. (1998) measured contact angle of water on the surface of a silicone-

based mucoadhesive patch containing carbomer974P by an ophthalmic shadow scope. 

The corresponding work of adhesion between water and the mucoadhesive patch, and 

between the patch and freshly excised rabbit buccal mucosa was then estimated.   

The thermodynamic work of adhesion (Wad/therm) is the work required to separate 1 

cm2 of an interface between two substrates, as expressed in Equation 4.1:  

Wad/therm = γLV + γSV – γSL    (4.1) 

where γLV and γSV are the interfacial tensions of phase 1 (liquid) and phase 2 (solid) in 

contact with air, respectively, and γSL is the interfacial tension across the interface 

between phases 1 and 2. When a liquid rests on the surface of a solid, in most instances 

the liquid will not completely wet the solid and will form a drop on the surface with a 

discrete contact angle (θ). When this system is at equilibrium, Young’s equation applies, 

as expressed in Equation 4.2: 

       γSV – γSL = γLV . cos θ     (4.2) 

Combining Equations 4.1 and 4.2 results in the Wad/therm between the liquid and the 

mucoadhesive substrate as shown in Equation 4.3: 

  Wad/therm = γLV (cos θ +1)    (4.3) 

To calculate Wad/therm for a mucus-substrate interface from Equation 4.1, the 

surface tension of the mucus, the surface tension of the surface on which the mucus is 

resting, and the interfacial tension between the two need to be measured. However, if 

mucus behaved enough like a liquid to accept the Young equation, the Wad/therm for a 

particular mucus interface can be calculated using Equation 4.3, in which the surface 

tension of the mucus and its contact angle on the surface have to be measured. Albers et 

al. (1996) measured the surface tension of mucus using ring distraction technique, and the 
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contact angle of mucus on glass slide and teflon, thereafter, the Wad/therm was calculated 

by Equation 4.3.  

There are several experimental techniques for the determination of swelling 

properties or water uptake of mucoadhesive formulations. In general, the gravimetric 

method is used to determine the swelling behavior of the dosage forms by placing in the 

dissolution medium. The change of weight can be expressed as swelling index or 

percentage of swelling (Eouani et al., 2001; Mohammed and Khedr, 2003; Sriamornsak et 

al., 2007a), change of volume (Baloğlu, et al., 2005), or diameter and thickness changes 

(Baloğlu, et al., 2003). Jamzad et al. (2005) used a penetration probe fitted to a texture 

analyzer for studying the swelling behavior of hydrophilic matrix tablets by measuring 

the thickness of swollen layer. This probe showed ability to simultaneously measure, in 

real-time, dimensional changes in the swollen layer and the glassy core of hydrophilic 

matrices when exposed to dissolution media (Nazzal et al., 2007). The visual color 

response was used to follow the swelling state and to calculate the swelling volume of 

bioadhesive tablets formulation (Baloğlu, et al., 2005). Besides, the microscopic 

technique has also been used to monitor the increased particle size of mucoadhesive 

microspheres for the swelling studies (Patel et al., 2005). Zsivanovits et al. (2004) studied 

the swelling behavior of pectin films in a controlled osmotic stress where pectin films 

were exposed to concentrated polyethylene glycol solutions of known osmotic pressure.  

In this chapter, the wetting and swelling properties of various types of pectin were 

investigated. The wetting properties of pectin discs were examined by contact angle 

measurement between pectin surface and medium, and surface tension measurement. 

Then, the Wad/therm was calculated. The swelling properties of pectin discs, i.e. water 

uptake after immersion in each medium were determined by gravimetric method.  
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4.2 Experimental methods 

4.2.1 Materials 

Four commercial pectins with different DEs and MWs were used as described in 

Chapter 3. Partially purified powder of mucin from porcine stomach, type III, with bound 

sialic acid of 0.5-1.5%, was purchased from Sigma Chemical Co., Ltd., USA. All other 

chemicals were analytical grade and used as received without further purification. 

4.2.2 Preparation of pectin samples  

Discs of 200-mg pectin powder were prepared by direct compression using single 

punch hydraulic press as described previously in section 3.2.2. Pectin films were prepared 

by casting pectin solution (2% w/w in DI water), in glass plate and dried at 40 ± 5 ºC for 

10 h. Films were cut into pieces (2×2 cm2) prior to the test and kept in desiccator until 

use. Media used in this study were DI water, NSS, SGF, SSF and SIF. The mucin was 

also added to all media to make 1 mg/mL solution. 

4.2.3 Morphological studies  

The surface morphology of pectin discs and films were examined under a 

scanning electron microscope (model Maxim-2000, CamScan Analytical, UK) equipped 

with back-scattered electron detector at an accelerating voltage of 5 kV.   

Morphological examination of the swollen disc was carried out using a digital 

camera (model SD10, Sigma, Japan) equipped with fix lens (model 105 F2.8 macro, 

Sigma, Japan). Photo imaging was performed on each sample disc after hydrating in 

different media for 1 h. The discs were taken out from the medium and were 

photographed by a digital camera. Under the same optical conditions, an image of a linear 

scale was used to calibrate. 

4.2.4 Wetting studies 

4.2.4.1 Determination of surface tension 

Surface tension of each medium was measured using the Du Noüy interfacial 

tensiometer, ring method (model K8, Krüss, Germany). Calibration was performed prior 
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to use the instrument and then verified using distilled water (Thai Otsuka Pharmaceutical 

Company, Thailand). The medium temperature was maintained at 25 ± 0.5 ºC during the 

test. Five repeated measurements were made on separate aliquots of each medium. The 

averaged values were reported and used for calculation. 

4.2.4.2 Determination of contact angle 

Water contact angles were measured with droplets of each medium on the 

polymer surface, using the contact angle meter (model G1, Krüss, Germany) at 25 ± 2 ºC. 

Five microlitres of each medium were gently dropped on the surface of pectin discs or 

films using a microsyringe. All the droplets were released from 1 cm above the surface to 

minimize the inconsistency between each measurement. The angle between the tangent 

line and the polymer surface from goniometric scale, after 30 s and 2 min of the release of 

each droplet onto the surface was measured. Several droplets (i.e. 6-8 droplets) were 

measured for each polymer sample on both left and right sides. The mean values for the 

contact angle were then used for all subsequent calculation. 

4.2.5 Swelling studies  

4.2.5.1 Water uptake studies 

The rate of medium uptake by the pectin polymer was determined by gravimetric 

method similar to that reported by Efentakis and Vlachou (2000) and Sriamornsak et al. 

(2007a). The pure pectin discs were accurately weighed (W0), placed in the closed plastic 

containers with the mesh underneath the discs, rotating at 150 rpm using Environmental 

Shaker-Incubator (model ES-20, Biosan, Latvia), with 30 mL of DI water, NSS, SSF, 

SGF or SIF, at 37 ± 0.5 ºC. After 2, 5, 10, 20, 60 and 120 min, each container was 

removed from the incubator, the discs with the pre-weighed mesh was withdrawn from 

the medium and gently blotted with tissue paper to remove excess medium and then re-

weighed (W1) on an analytical balance (model AG204, Mettler-Toledo, Switzerland). The 

experiments were performed in triplicate for each time point and fresh samples were used 

for each individual time point. The percentage increase in weight due to absorbed liquid 

or water uptake was estimated from the Equation 4.4: 
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% weight change = (W1-W0)  x 100   (4.4)  

 

4.2.5.2 Erosion studies 

 The erosion studies of pectin discs were performed by a method similar to those of 

Roy and Rohera (2002). After the swelling studies, the wet samples discs were then dried 

in an oven at 80 ºC for 24 h, allowed cooling in desiccator and finally weighed until 

constant weight was achieved (final dry weight, W2). The experiment was performed in 

triplicate for each time point. The disc erosion (ES) at different times was estimated from 

the Equation 4.5: 

ES = (W0 – W2) x 100   (4.5) 

The percentage remaining of pectin discs after erosion was calculated from the 

Equation 4.6: 

 % remaining = 100 − ES    (4.6) 

 

4.3 Results and discussion 

4.3.1 Surface tension of dispersing medium 

Table 4.1 shows the apparent surface tension of DI water, NSS, SSF, SGF and 

SIF, with and without mucin. Different media demonstrated relatively the same surface 

tension, ranging from 72.9 to 74.8 mN/m. The surface tension of all media significantly 

decreased with addition of mucin (1 mg/mL). This indicated that the addition of mucin 

could reduce the surface tension of all media. A possible explanation is that mucin, which 

has both the hydrophilic and hydrophobic segments, acted as a surfactant, resulting in a 

reduction of the surface tension between water and air. Mikos and Peppas (1989) reported 

that the surface tension, using a pendent drop method, of buffered solution (pH 7) 

decreased from 69.7 to 44.8 mN/m after the addition of 1% w/v of porcine stomach 

mucin. This concentration corresponded to the amount of covering mucus gel on the 
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tissue surface (Lehr et al., 1992). The increase in mucin concentration from 1 to 30% w/v 

in pH 7 buffered solution did not affect the measured surface tension (Mikos and Peppas 

(1989). Baszkin et al. (1990) also confirmed that the addition of 0.5% w/v of bovine 

submaxillary mucin to water led to slightly decrease in the liquid surface tension. In fact, 

the surface tension of the GI liquid was lowered due to the presence of surface active 

agents such as bile salt and mucin, which could reduce the polar components in the liquid 

(Lerh et al., 1993). A surface tension in the range of 35-45 mN/m has been reported for 

samples of human gastric fluid in several works (e.g. Finholt and Solvang, 1968; Lehr et 

al., 1993; Efentakis and Dressman, 1998). Hence, various surfactants, in this range, have 

been used to lower the surface tension of dissolution medium (Luner and Kamp, 2001). In 

contrast, for human mixed saliva, a value of 53.1 ± 2.7 mN/m has been reported (Vissing, 

1988) which is considerably higher than that for GI fluids. Therefore, the mucoadhesion 

to buccal mucosa may be stronger, compared to mucosa surfaces of the lower digestive 

tract (Lehr et al., 1993).  

Table 4.1 Apparent surface tension of different media at 25 ± 0.5 ºC (n=5). 

Medium Surface tension (mN/m) 
 Without mucin With 1 mg/mL mucin 

DI water 72.9 ± 0.6 62.4 ± 0.5 
NSS 74.8 ± 0.2 52.8 ± 0.5 
SSF (pH 6.75) 74.5 ± 0.4 51.8 ± 0.3 
SGF (pH 1.2) 74.4 ± 0.3 60.0 ± 0.2 
SIF (pH 6.8) 73.6 ± 0.4 54.6 ± 0.5 

 

4.3.2 Contact angle of medium on pectin surfaces 

4.3.2.1 Effect of contact time on contact angle 

The measured contact angle in this study is the water contact angle of medium on 

polymer surface. As shown in Figure 4.1, the measured contact angle of media (i.e. DI 

water, NSS) on pectin discs was significantly decreased with the increased contact time 

from 30 to 120 s. This is probably because the wetting process is time dependent, 

particularly for hydrophilic materials such as pectin. Luner and Kamp (2001) also found 
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that the contact angle of SGF on poly(methyl methacrylate) surfaces was time dependent 

in the first several minutes, hence, the values at 5 min were used for comparison in their 

study. Due to the rough surface, resulting from the gel formation with time dependent, the 

contact angle measurement was more complicated. Thus, the contact angle for all further 

studies was determined at 30 s after dropping of each medium on the pectin surfaces. 
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Figure 4.1 Water contact angle of (a) DI water and (b) NSS on pectin discs at 30 and 
120 s (n=6 to 8).  

 

4.3.2.2 Effect of pectin type, medium, mucin and pectin surface on contact angle 

 Water contact angle of each medium on pectin surface is shown in Figure 4.2. For 

pectin discs, the highest contact angle was found in high DE pectin (i.e. CU201) for all 

media, while that of the other three types of pectin was lower. This is because CU201 is 

high MW and contains high amount of methoxyl groups, which are hydrophobic part of 

the structure, resulting in lower wettability with water. Boddé et al. (1990) found that the 

water contact angle of copolymer films prepared from acrylic acid increased with 

increasing butyl acrylate content. It was due to the surface polarity of the copolymer films 

decreased. The contact angle of SGF (both with and without mucin) on the CU020 disc 

and that of SSF and SGF with mucin on CU701 disc could not be measured within 30 s 

because the medium very rapidly penetrated into pectin discs and left the rough surface. 

This result might relate to the gel formation of pectin in acidic environment. The result 
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also corresponded to the higher water uptake with a less erosion of CU020 in SGF than in 

water (discuss later in section 4.3.3). Addition of mucin in the medium could reduce the 

contact angle of all media on the discs of low DE pectin. The possible explanation is that 

the surface tension of these media decreased after addition of mucin (Mikos and Peppas, 

1989) which facilitated the penetration of media through the hydrophilic surfaces, e.g. 

CU020 and CU701.  
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Figure 4.2 Contact angle of different media without mucin on (a) pectin discs and (b) 

pectin films, and those with mucin on (c) pectin discs and (d) pectin films, at 
30 s (n=6 to 8). 

 
 

 The contact angle between various types of pectin film and each medium, 

however, could be determined for all media (Figure 4.2). This might be due to the 

continuous surface without any pore which was different from the disc (Figure 4.3).  
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Figure 4.3 SEM images of the surface of pectin discs (left column) and films (right 

column).  
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Most of the pectin films showed higher water contact angle than those of pectin discs, 

except for CU201. The difference in contact angle between pectin discs and films might 

be caused from their surface characteristics. The disc surfaces were rough and 

contained many gaps between particles, which facilitated the penetration of the wetting 

medium and disallowed the observation of a stable drop. This effect contrasted to the 

surface of pectin films which was smooth and homogenous (Figure 4.3). Tröger et al. 

(1997) also demonstrated that the surface porosity affected the measured contact angle 

which could be corrected by a calculation from their proposed model. Media containing 

mucin did not show a significant difference in the contact angle on pectin films (Figure 

4.2). The rank order of contact angle values between pectin films and medium is CU201 

> CU501 ≈ CU020 > CU701, which is similar to the rank order of MW and DE.  

 Figure 4.4 shows the relationship between the water contact angle on pectin 

surfaces and the MW or %DE or degree of substitution (%DE + %DA) of pectins in 

different media. There was a good relationship between the water contact angle on pectin 

films and the MW of pectin, particularly in DI water (Figure 4.4a). In case of the 

correlation of water contact angle and %DE of pectin, the correlation coefficients (r2) for 

all media was in the range of 0.14 to 0.62, indicating a less relationship between water 

contact angle and %DE. However, a better relation with degree of substitution of pectin 

(both %DE and %DA) was observed (Figure 4.4c); the r2 were higher than those with 

MW and %DE. The higher the degree of substitution, the lower the number of carboxyl 

groups. This indicated that the wettability on pectin films depended on the hydrophobicity 

of the pectin molecules which resulted from the number of methoxyl and amide groups; 

the wettability decreased with the increase of the %DE and %DA of pectin.  

 In case of pectin discs, a modulate relationship between the contact angle and the 

MW was observed, only when in contact to NSS and SGF as its r2 was about 0.54 and 

0.50, respectively (data not shown). A better relation of water contact angle with %DE 

and no relation with degree of substitution (r2 < 0.17), except for SGF (r2 = 0.84), were 

also observed. This was due to the fact that the porosity and gaps between particles on 
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surface influenced the measured contact angle, which resulted in the difference in contact 

angle between the medium and surface. 
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Figure 4.4 Relationship between the water contact angle and (a) MW, (b) %DE of 

pectin and (c) degree of substitution (%DE+%DA) in different media 
without mucin. The correlation coefficient (r2) from linear regression 
analysis in each medium is shown. 

 
 

4.3.2.3 Thermodynamic work of adhesion (Wad/therm) 

The thermodynamics involved in the wetting process has been used to compare 

the wetting properties of the various media on poly(methyl methacrylate) surface (Luner 

and Kamp, 2001). Due to the requirement of the solid surfaces which should be ideally 
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smooth, homogenous and non deformation when using the Young’s equation (Tröger et 

al. (1997), only the Wad/therm of pectin films was calculated as shown in Table 4.2. Work 

of adhesion is a characteristic of two surfaces, each with unique surface tension that 

shares an interface. It is the work done to overcome the interfacial tension, resulting in a 

separation of two substances (Albers et al., 1996). The Wad/therm calculated here is the 

work required to separate the test medium from pectin film which is different from Wad 

calculated from texture analysis (Chapter 3).  

Table 4.2 Thermodynamic work of adhesion (Wad/therm) between pectin film and 
various media.  

Wad/therm (mN/m) Medium 
  CU201 CU501 CU020 CU701 

DI water 82.2 96.3 96.6 115.2 
DI water + mucin 74.5 73.9 84.2 97.5 
NSS 98.5 108.8 101.2 118.2 
NSS + mucin 61.8 76.6 70.2 86.0 
SSF 90.6 108.3 102.8 118.6 
SSF + mucin 68.9 72.0 71.5 81.7 
SGF 96.8 108.2 107.0 120.4 
SGF + mucin 79.9 90.0 92.6 98.0 
SIF 79.4 104.5 104.6 114.3 
SIF + mucin 61.7 64.5 70.6 83.7 

 

The positive value of Wad/therm (Table 4.2) indicated that the wetting between 

pectin and medium is a spontaneous process (Luner and Kamp, 2001). Among various 

types of pectin films, the Wad/therm of CU201 was the lowest while that of CU701 was the 

highest. This implied that CU201 showed the weakest bioadhesion while CU701 had the 

strongest bioadhesion. It is possibly due to the difference in the MW and the number of 

methoxyl groups in pectin structure. A higher MW and the presence of hydrophobic 

moieties in pectin structure may result in the lower Wad/therm.  

Figure 4.5 shows the relationship between the Wad/therm of pectin films and the 

MW, %DE or degree of substitution of pectins in different media without mucin. The 

Wad/therm of pectin films in contact with each medium has a better relationship to both the 
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MW and the degree of substitution than %DE as the r2 ranged from 0.64 to 0.93. A higher 

MW or degree of substitution showed a lower in the Wad/therm. These results contrasted to 

the results from the mucoadhesion test by texture analysis (Chapter 3). It could be noted 

that the hydrophilicity of molecules do necessary for the wettability of pectin in medium.  
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Figure 4.5 Relationship between the Wad/therm of pectin films and (a) MW of pectin, (b) 

%DE of pectin and (c) degree of substitution (%DE+%DA) in different 
media without mucin. The correlation coefficient (r2) from linear regression 
analysis in each medium is shown. 
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Li et al. (1998) calculated the Wad/therm (Equation 4.3) and found that the Wad/therm 

between water and buccal patches incrementally increased with increasing of the amount 

of carbomer974P in formulation, resulting from the decreased contact angle. The 

estimated Wad/therm between the buccal patches and mucosa was also increased. A strong 

correlation (r2 = 0.98) was observed between the measured water contact angle on the 

patch surface and the theoretically estimated work of adhesion at the patch and mucosa 

interface. In addition to the interpenetration approach in mucoadhesion, Lehr et al. (1992) 

proposed that the thermodynamic balance of surface free energy also played an important 

role in the molecular interaction between two hydrogel surfaces involving in 

mucoadhesion. They believed that mucoadhesion involved a two-step process; the 

adsorptive contact governing primarily by surface-energy effects and spreading processes, 

and the interdiffusion of polymer chains across the interface enhancing bond formation. 

Li et al. (1998), however, suggested that the mucoadhesive strength of mucoadhesive 

formulations can not be predicted by surface properties alone.   

4.3.3 Swelling studies 

4.3.3.1 Morphology of swollen discs 

The gel formation on pectin discs were observed during the swelling test. Visual 

observation indicated that the pectin discs appeared to swell almost from the beginning, a 

viscous gel mass was created when they came into contact with the medium. All pectin 

discs in DI water, NSS, SSF and SIF showed viscous gel around the surface of the disc. In 

the case of hydration of pectin discs in SGF (pH 1.2), the outer hydrated surface layer 

formed around the discs could be seen visually to possess a very different consistency 

from that of the discs hydrated in neutral medium. The hydrated layer in SGF was not 

viscous and adhesive in nature but represented a tough and rubbery texture (Figure 4.6). 

This is probably due to the fact that pectin is rapidly converted to pectinic acid, at pH 1-2, 

which has the ability to swell on hydration being virtually insoluble. Varying patterns of 

deformation (e.g. the presence of some cracks, grooves and lamination) were also 

observed in the discs of amidated pectin (CU020) immersed in SGF, as also noted in 

sodium alginate matrix tablets by other reports (Efentakis and Buckton, 2002; 
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Sriamornsak et al., 2007c). It is likely that, in SGF, the pressure built-up within the 

matrices could not be released by the matrix swelling and then the ruptured surface was 

generated. The substitution of carboxyl groups by amide groups may hinder the ion-

exchange phenomena during the immersion of CU020 discs in SGF. 

 

Figure 4.6 Photographs of different pectin discs hydrated in DI water, NSS, SSF, SGF 
and SIF for 1 h. 

 

4.3.3.2 Water uptake and erosion of pectin discs 

The water uptake and erosion studies were carried out in all types of pectin. The 

results of these tests in various media are provided as the percentage weight change and 

percentage remaining of sample mass (Figure 4.7). The swelling behavior indicated the 
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rate in which the pectin disc absorbed water from dissolution media and swelled. The 

changes in weight, characteristics of water uptake and swelling, started from the 

beginning and continued until 120 min of experiment. The percentage remaining of the 

discs reflected the amount of polymer dissolved and eroded in different media during 

the dissolution process. Weight loss from the discs increased progressively with the 

swelling time. The extent of erosion in DI water and SIF increased progressively, as the 

percentage remaining of tablet mass decreased, with the increased swelling time (Figure 

4.7). On the other hand, the presence of sodium chloride (i.e., NSS) enhanced the water 

uptake and reduced the erosion of pectin discs, which never exceeded 30% of the sample 

mass (Figure 4.7b). The increased ionic strength due to the presence of sodium chloride 

would influence the swelling and water uptake of pectin discs. The water uptake of pectin 

discs in SSF was lower than those of NSS but higher than those of SIF. This might be due 

to the effect of both sodium chloride and potassium dihydrogen phosphate in the medium.  
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Figure 4.7 Percentage weight change (left) and percentage remaining (right) of different 

pectin discs (n = 3) in (a) DI water, (b) NSS, (c) SSF, (d) SGF and (e) SIF. 
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Figure 4.7 (Continued) 

 

Different types of pectin exhibited diverse swelling and erosion behaviors in 

different media. The pectin discs exhibited low water uptake in SGF owing to the high 

disc erosion, especially CU201 and CU701 at 120 min (Figure 4.7c). The pKa of pectin 

ranges between 3 and 4, depending on the type and source of pectin. Therefore, changes 

in pH from 6.8 to 1.2 influenced the hydration, due to the ready interconversion of 

carboxylate anions (pectin salt) to free carboxyl groups (pectinic acid), as the 

concentration of hydrogen ions increased (Sriamornsak and Kennedy, 2006). In addition, 
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the discs of amidated low DE pectin (CU020) showed a higher ability to swell in all 

media and low DE pectin (CU701) show only higher swelling in water and NSS. The 

main feature of the swelling of CU020 disc is that they swelled in SGF with a little 

change in mass (< 5%), which differred from other types of pectin. This indicated that 

CU020 absorbed water and formed a cohesive force between particles. The change in 

molecular structure of CU020 from carboxylate groups to carboxylic acid, which could 

not dissolve in SGF, led to maintain the sample mass in the disc. Capel et al. (2006) 

reported that amidated low DE pectin showed high sensitivity to form gel at pH below 3.5 

because a large numbers of amide groups that could from H-bonds. Unlike other types of 

pectin, they absorbed water from the medium, and then the particles swelled and formed a 

gel layer cover the disc, which could dissolve in the medium, leading to a decrease in 

sample mass. CU201 and CU501, which are high DE pectin, showed less swelling than 

CU020 due to a higher MW and higher amount of methoxyl groups in the structure.  

From the swelling studies, the results supported the mucoadhesive properties of 

pectin in Chapter 3. Due to higher swelling properties of low DE pectin than those of high 

DE pectin, its mucoadhesive properties were less. Moreover, a poor gel formation and 

high erosion of pectin discs in acidic medium resulted in the weaker mucoadhesive 

properties than in neutral pH medium. The results suggested that the gel formation 

characteristics, swelling and erosion studies could be used to predict the mucoadhesive 

properties of pectins. 

 

4.4 Conclusions 

The initial step in mucoadhesion is the wetting and swelling processes which 

permit intimate contact with mucin in mucus layer. The wetting properties of 

mucoadhesive polymers could be determined by the contact angle measurement of 

medium on polymer surfaces. The roughness and porous structure of pectin discs gave a 

lower contact angle than pectin films. The high DE pectin showed a greater water contact 

angle but lower Wad/therm with medium than low DE pectin, indicating the low wettability 

of high DE pectin. The water contact angle of pectin showed a good relationship to both 
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MW and degree of substitution of pectin. The wetting studies demonstrated that all types 

of pectin could spontaneously wet by adhesion process. The hydrophilicity/ 

hydrophobicity of the molecules also played an important role for thermodynamics of 

wetting, which used to support the explanation of the mucoadhesive properties of pectin. 

The results also demonstrated that low DE pectin swelled more than high DE 

pectin, which supported the results of the mucoadhesive test by texture analysis. The 

higher the swelling, the lower the mucoadhesion. The gel formation characteristics, 

swelling and erosion studies, then, could be used to predict, for screening purpose, the 

mucoadhesive properties of pectins.  
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Mechanistic study of mucoadhesion of pectins: 

Rheological studies and ATR-FTIR analyses 
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5.1 Introduction 

According to the diffusion theory of mucoadhesion, the interpenetration and 

entanglement of polymer chains are responsible for mucoadhesion. The diffusion theory 

has been supported by experimental studies using rheological technique (Hassan and 

Gallo, 1990; Mortazavi et al., 1992) and attenuated total reflection fourier transform 

infrared (ATR-FTIR) spectroscopy (Jabbari et al., 1993). It is generally accepted that 

chain interlocking (physical entanglement), conformational change and chemical 

interaction which occurred between a mucodhesive polymer and mucin (or mucus) are 

likely to produce changes in the rheological behavior of the two macromolecular species, 

strengthening the weakest component of the adhesive joint (Gu et al., 1988; Medson et 

al., 1998). Several authors suggested that rheological synergism between polymer and 

mucin (or mucus) can be used as an in-vitro parameter to determine the mucoadhesive 

properties of a material (i.e., Hassan and Gallo, 1990; Mortazavi et al., 1992; Caramella et 

al., 1994; Rossi et al., 1995; 2001; Hägerström et al., 2000; Bonacucina et al., 2004;).  

In addition, the spectroscopic analysis, particularly ATR-FTIR spectroscopy, has 

been applied successfully to study the chain interpenetration at the bioadhesive interface 

occurring between mucoadhesive polymer and mucin (Jabbari et al., 1993; Degim and 

Kellaway, 1998; Saiano et al., 2002). 

The aim of this study was to investigate the pectin-mucin interaction in various 

media through rheological measurements (viscometric and oscillatory mode) performed 

on pectin alone and on the mixtures of pectin and mucin. The ATR-FTIR spectroscopic 

investigation of diffusion of water and chain interpenetration at a mucoadhesive interface 

consisting of pectin and mucin in various media was also studied. 

 

5.2 Experimental methods 

5.2.1 Materials 

Four commercial pectins, carbomer934P and two types of chitosans (MW of 40 

and 100 kDa, with degree of acetylation of 85% and 95%, respectively), were used as 
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described in Chapter 3. Partially purified powder of mucin from porcine stomach, type 

III, with bound sialic acid of 0.5-1.5%, was purchased from Sigma Chemical Co., Ltd., 

USA. All other chemicals were analytical grade and used as received without further 

purification.  

5.2.2 Rheological characterization 

5.2.2.1 Sample preparation  

To study the polymer-mucin interaction through the viscosity measurement, 

mucin solutions were prepared in different media, i.e. DI water, SGF and SIF. Different 

concentrations of stock solutions were prepared, i.e. 2.0% w/w for pectin, 1.4% w/w for 

chitosan or 0.8% w/w for carbomer934P. The difference in the initial concentration of the 

polymers was necessary to remain with the torque limits imposed by the spring constant. 

Dried mucin was hydrated with each medium by gentle stirring for 3 h at room 

temperature to yield a dispersion of 10% w/w. Six-gram aliquots of mucin dispersion 

(10% w/w) in DI water, SGF or SIF were mixed well with 6 g of each polymer in the 

corresponding media to give the concentration of 1.0% w/w for pectin, 0.7% w/w for 

chitosan and 0.4% w/w for carbomer934P. The final concentration of mucin was 5% w/w. 

All systems were equilibrated at 37.0 ± 0.1 ºC for 1 h prior to analysis. The combination 

of low DE pectin (CU701) and mucin in SIF was studied. The stock solutions of pectin 

(2.0% w/w) and mucin (15% w/w) were mixed together to make the final concentration 

of 1% w/w pectin and 2.5, 5.0 or 7.5% w/w mucin. In each case, the viscometric 

experiments were performed once on each solution. At least three replicates of samples 

were measured. 

Samples for oscillatory measurement were prepared in the same manner as above 

for viscosity measurement. The final concentration of 1% or 2% w/w for pectin and 5% 

w/w for mucin in mixture was prepared. The samples of 1% or 2% w/w pure pectin and 

5% w/w mucin were also measured in order to compare the increment of rheological 

parameters. The samples for studying the effect of mucin concentration on pectin solution 

in SIF were prepared as described above.  
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5.2.2.2 Viscosity measurement 

The rheological properties and flow behavior of all formulations were measured 

using a Brookfield Model DV-III programmable viscometer (Brookfield Engineering 

Laboratories, Inc., USA) with SC4-18/13R spindle and small sample adaptor at 37.0 ± 0.1 

ºC. Samples of each formulation were added to the chamber of the viscometer and 

allowed to equilibrate for at least 2 min prior to test. The measurements were made within 

the shear rate. The flow behavior or non-Newtonian index (n) and consistency index (Kc) 

can be derived from the power law expressed in Equation 5.1 (Walter et al., 1985).  

τ   =   Kc γn      (5.1) 

where τ is the shear stress and γ is the shear rate. For comparison purposes, the apparent 

viscosity at a shear rate of 3.96 s-1 was taken from the data directly. The solutions were 

tested in triplicate at shear rates up to about 25 s-1. 

5.2.2.3 Oscillatory measurement 

The oscillatory shear experiments were conducted in the Paar Physica MCR 301 

rheometer (Anton Paar GmbH, Austria) using either a 50-mm stainless-steel parallel plate 

with a 0.05-mm gap (CP50-1) or a concentric cylinder (DG26.7) measuring system. An 

initial strain amplitude sweep measurement was made to determine the shear independent 

plateau of the linear viscoelastic region. Subsequent frequency sweeps were carried out at 

strain values in the shear independent plateau over the frequency range of 100-0.1 Hz. 

These frequency sweeps were used to determine the storage or elastic modulus (G′) and 

loss or viscous modulus (G″). Samples were individually loaded on the lower plate or the 

measuring geometry and allowed to stand at 37 ºC for 5 min prior to the test. All samples 

were prepared in three replicates, each of them was analyzed once. The effect of pectin 

type, pectin concentration (i.e. 1 and 2% w/w), mucin concentration (i.e. 2.5, 5.0 and 

7.5% w/w), and dispersion medium (i.e. DI water, SGF and SIF) on oscillatory dynamic 

moduli were investigated.  
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5.2.2.4 Calculation of rheological synergism 

The rheological synergism parameters were measured as a function of the 

viscosity and the dynamic moduli. According to the empirical equation in Hassan and 

Gallo (1990), a simple procedure to assess the force of bioadhesion (Fb) through the 

changing in visocity has been proposed. A viscosity component of bioadhesion (ηb) can 

be calculated from Equation 5.2: 

   ηt  = ηm + ηp + ηb      (5.2) 

where ηt is the viscosity of the system, ηm and ηp are the individual viscosities of mucin 

and polymer, respectively. Consequently, Fb represents the additional intermolecular 

frictional force per unit area and can be determined by Equation 5.3: 

  Fb =  ηbσ      (5.3) 

where σ is the shear rate (s-1). The ηb was based on experimentally measured values at the 

same concentration, temperature, time and shear rate.  

The term ηb (now called the ‘viscosity enhancement’ or ‘ηenhance’) is the increased 

viscosity which is the different value between the observed viscosity and the expected 

viscosity (ηexp). The relative viscosity enhancement (ηrel) of the combination system can 

be calculated from Equation 5.4: 

ηrel  =           (5.4)       

The dynamic moduli (G′ and G″) were measured as a function of frequency. The 

G′ is the energy stored and recovered per cycle of deformation and reflects the solid-like 

component of a viscoelastic material. In contrast, G″ is the energy lost per cycle and 

reflects the liquid-like component. The viscoelastic properties of the samples were 

described using the loss tangent (tan δ), which is an indicator of the overall viscoelasticity 

of the sample being a measure of the energy loss to the energy stored per cycle (G″/G′). 

Tan δ < 1 indicates a solid or gel-like component or elastic behavior, whereas tan δ > 1 

indicates a liquid or viscous-like component (Madsen et al., 1998). When tan δ became 

smaller, the elasticity of the material increased and the viscous behavior reduced. The 

ηexp 
ηenhance 
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rheological synergism or interaction between the polymer and mucin was calculated from 

∆G′ and ∆G″, which were a similar procedure to viscosity components of bioadhesion 

(ηb). The dynamic moduli determined at the intermediate frequency of 1.15 Hz were used 

in the calculation.  

5.2.3 ATR-FTIR analysis 

5.2.3.1 Sample preparation 

All types of pectin film were prepared by casting pectin solution (4% w/w) in 

glass plate. The thickness of film was measured and averaged from 16 points using a 

digital thickness tester (model MiniTest 600B, ElektroPhysic, Germany). The samples 

were cut into 10×50 mm and kept in desiccator until use. 

5.2.3.2 Analysis method  

An infrared spectrometer with an attenuated total reflectance (ATR) accessory 

was used for the interdiffusion studies. A thin film of pectin was carefully overlain, in 

direct contact, on the ZnSe crystal mounted on a Nicolet 4700 FTIR spectrometer 

(Thermo Electron Corporation, USA). The 500-µL mucin (5% w/v) in different media 

(i.e. DI water, SSF, SGF and SIF) was then placed onto the upper surface of pectin film. 

The top of ZnSe crystal was covered with plastic sheet to prevent solvent evaporation. 

The measurement range was 4000-400 cm-1 and the spectra were collected at every 30 s, 

with four averaged scans and a resolution of 4 cm-1. The spectrophotometer was linked to 

a personal computer equipped with Nicolet Omnic software allowing the continuous 

automated collection and subsequent manipulation of spectra. 

5.2.3.3 Calculation of diffusion coefficient 

A diffusion model using Ficks’ second law that satisfies both initial and 

subsequent boundary conditions (Jabbari et al., 1993) has been employed to compare the 

experimental results of the evolution with time and other infrared bands at the 

polymer/mucin interface. The diffusion can be defined by the Equation 5.5: 

 

    π 2n+1 
C 
C0

= A 
A0 

= 1 − 4 Σ (-1)n 

n=0

∞ 
exp - D(2n+1)2 π2 t

4h2 (5.5) 
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where C is the water concentration at the interface at time t; C0 is the solubility of the 

water in the film; D is the water diffusion coefficient; h is the film thickness. 

Concentration terms can be replaced with experimental absorbances, i.e. C/C0 = A/A0; 

where A is the area under the water peak curve and A0 is the area under the water peak 

curve corresponding to film saturation with the water (Degim and Kellaway, 1998). 

Diffusion coefficients were calculated by using a non-linear least square curve fitting 

package (Shattuck, 2007), in order to fit the experimental data to Equation 5.5.  

 

5.3 Results and discussion 

5.3.1 Rheological characterization 

5.3.1.1 Effect of medium and mucin on apparent viscosity and flow behavior of 

pectin solutions 

Figure 5.1 shows the apparent viscosity of pectin (1% w/w) in various media at 37 

ºC. The rank order of the apparent viscosity of pectin, in all media, is CU201 > CU501 > 

CU020 > CU701. The viscosity of the non-amidated pectins correlated to the DE, i.e. 

CU201 (70 %DE) > CU501 (56 %DE) > CU701 (38 %DE). As the DE increased, it is 

likely that the charge density will decrease and the extent of chain entanglement (and 

probably interchain and intrachain associations between the methyl groups) is likely to 

increase. Although the amidated low DE pectin (CU020) had a lower DE than CU701, the 

amide groups would be likely to contribute to pectin chain associations through H-

bonding, and this led to a higher viscosity of CU201 than CU701. Figure 5.2 shows the 

relationships between apparent viscosity of pectin (1% w/w) in various media and MW or 

%DE or degree of substitution (%DE + %DA) of pectin with correlation coefficients of 

about 0.81-0.99. The apparent viscosity of pectin solution correlated well with both the 

MW and degree of substitution. It is generally accepted that the two principal 

determinants of the magnitude of viscosity are the chain length (i.e. MW) and chain 

stiffness (Morris, et al, 1981). In addition, the viscosity of the pectins in each medium 

was statistically different and the viscosity in SGF (pH 1.2) was higher than in SIF (pH  
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Figure 5.1 Effect of pectin type on the apparent viscosity of pectin (1% w/w) in various 

media at 37 ºC.  
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Figure 5.2 Relationship between the apparent viscosity of different types of pectin in 

various media at 37 ºC; (a) MW of pectin, (b) %DE of pectin and (c) degree 
of substitution (%DE+%DA). The correlation coefficient (r2) from linear 
regression analysis is shown. 
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6.8). The carboxyl groups in pectin were primarily uncharged in a low pH environment 

and able to form H-bonds resulting in labile intermolecular crosslinks. As the pH 

increased, molecular ionization increased and this resulted in a loss of the H-bonded 

network (Riley et al., 2001). 

The plots of apparent viscosity of polymer, pectin or mucin alone or of a 

combination of polymer and mucin versus shear rate, in various media, are shown in 

Figure 5.3. All the combination systems of pectin (or other polymers) and mucin also 

showed pseudoplastic behavior. Some data points, at higher shear rate, of the combination 

systems could not be measured. Under conditions of increased shear, the polymer chains 

become progressively disentangled and the H-bonds may be broken resulting in a 

reduction in the polymer dimensions and the release of any entrapped solvent (Aulton et 

al., 1997), and thus a reduction in viscosity, as shown in Figure 5.3, because their torque 

reached 100%, higher than the capacity of the viscometer.  

The rheograms for these solutions can be described by the power law, as shown 

in Equation 5.1. The flow behavior index (n) and consistency index (Kc) were calculated 

from the plots of shear stress versus shear rate. The exponent ‘n’ from the power law 

model is an indication of departure from Newtonian behavior. For pseudoplastic fluids, 

0 < n < 1, and for dilatant fluids, n > 1. As n approaches 1, flow becomes less shear 

dependent, and n = 1 for Newtonian flow. Dilute polysaccharide solutions are generally 

Newtonain but at moderate concentration, the curves may show dilatant or 

pseudoplastic flow (Walter et al., 1985). The flow behavior and consistency index of 

polymer alone and its combination with mucin, in various media, are shown in Table 

5.1. It can be seen that flow behavior index of pectin and combination systems were not 

much different and corresponded to a shear-thinning flow behavior (pseudoplastic 

fluid). The shear-thinning behavior of pectin solutions (or combinations of pectin and 

mucin) can be rationalized in terms of polymer entanglements, where (under shear) the 

rate of disentanglement exceeded the rate in which the new entanglements formed, 

leading to a reduction in the crosslink density and, in consequence, the viscosity 

decreased. This agreed with Manoj et al. (1998) who analyzed the flow behavior of  
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Figure 5.3 Apparent viscosity of polymer alone (left) and combination of polymer and 

mucin (right) of different polymers at various shear rates in (a) DI water, (b) 
SGF and (c) SIF. 
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Table 5.1 Flow behavior index (n) and consistency index (Kc) derived from the power 
law model of different polymers in DI water, SGF and SIF, n=3.  

Flow behavior index, n Consistency index, Kc (mPa s) Polymer  

Polymer Polymer + Mucin Polymer  Polymer + Mucin  

In DI water 
5% mucin 
1% pectin CU201 
1% pectin CU501 
1% pectin CU020 
1% pectin CU701 
0.7% LMW chitosan 
0.7% MMW chitosan 
0.4% carbomer934P 

 
0.83 
0.87 
0.81 
0.83 
0.71 
N/A 
N/A 
0.71 

 
− 
0.90 
0.88 
0.85 
0.80 
N/A 
N/A 
0.93 

 
77.7 ± 16.7 
57.6 ± 5.8 
43.0 ± 9.2 
36.2 ± 3.4 
40.4 ± 16.4 
N/A 
N/A 
23.9 ± 8.2 

 
− 
1240.7 ± 117.3 
1068.3 ± 131.8 
1041.9 ± 102.0 
593.8 ± 34.3 
N/A 
N/A 
90.2 ± 27.4 

In SGF 
5% mucin 
1% pectin CU201 
1% pectin CU501 
1% pectin CU020 
1% pectin CU701 
0.7% LMW chitosan 
0.7% MMW chitosan 
0.4% carbomer934P 

 
0.89 
0.88 
0.87 
N/A 
N/A 
0.60 
0.69 
N/A 

 
− 
0.83 
0.85 
N/A 
N/A 
0.88 
0.83 
N/A 

 
57.6 ± 2.1 
89.9 ± 13.9 
46.4 ± 6.8 
N/A 
N/A 
18.3 ± 6.5 
48.2 ± 11.3 
N/A 

 
− 
697.1 ± 40.6 
442.4 ± 31.2 
N/A 
N/A 
80.5 ± 10.2 
128.2 ± 20.5 
N/A 

In SIF   
5% mucin 
1% pectin CU201 
1% pectin CU501 
1% pectin CU020 
1% pectin CU701 
0.7% LMW chitosan 
0.7% MMW chitosan 
0.4% carbomer934P 

 
0.89 
0.90 
0.89 
0.94 
0.76 
N/A 
N/A 
0.36 

 
− 
0.96 
0.97 
0.91 
0.88 
N/A 
N/A 
0.63 

 
56.5 ± 1.6 
51.8 ± 5.0 
42.3 ± 2.2 
28.1 ± 2.2 
25.4 ± 5.3 
N/A 
N/A 
615.3 ± 11.3 

 
− 
505.2 ± 84.8 
432.5 ± 91.3 
351.9 ± 58.5 
258.8 ± 33.4 
N/A 
N/A 
1047.0 ± 29.5 

Note: N/A = not applicable. 

 

hydroxyethylcellulose solutions. On the other hand, flow behavior indices of chitosan and 

carbomer934P were increased when mixed with mucin indicating more Newtonian 

behavior. The consistency index (Kc), an indicator of the viscous nature of the solution at 

low shear rate, was observed to increase after mixing with mucin. It is thought that the 

combination of polymer and mucin induced overlap of the polymer chains, increased 

competition for ‘free’ water leading to entanglement of the polymer (and mucin) chains 

and possibly promoted interactions between the polymer and mucin molecules by H-

bonding (Aulton et al., 1997). 
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5.3.1.2 Effect of mucin on rheological enhancement (synergism) 

When mucin (5% w/w) was mixed with pectin (1% w/w) in different hydration 

media, the viscosity of their combination systems increased as shown in Figure 5.4. 

Similar effects were observed in viscoelastic parameters (∆G′ and ∆G″) as shown in 

Figure 5.5. The viscosity of combination systems in all media seemed to be dependent on 

the initial viscosity of pectin. For example, viscosity of CU201 was higher than CU501 at 

the same concentration (1% w/w), hence a higher ηenhance of combination systems was 

observed. The CU201 demonstrated the highest ηenhance in all media indicating the greatest 

synergism. This is possibly resulted from its higher MW. Additionally, the viscosity of 

pectin seemed to relate to the number of methoxyl and carboxyl groups in its structure. 

The carboxyl groups of pectin and the sialic acid of mucin (pKa 2.6) were uncharged in 

SGF indicating the interaction might be H-bonding or other non-electrostatic interaction. 

In a higher pH environment, the carboxyl group and sialic acid were both negatively 

charged. The electrostatic interaction between polymer and mucin with the same charge is 

generally repulsive; therefore reduced chain entanglements are expected. Low DE pectin 

(CU701) with highest carboxyl groups has highest negative charge density in SIF, 

decreasing the chain entanglement with mucin. This result was in contrast to high DE 

pectin. The rank order of ηenhance of the pectin-mucin combinations is CU201 > CU501 > 

CU020 > CU701, which is the same rank order as the viscosity of the pectin. The rank 

order of ∆G″ of the combinations in SIF was also similar to that of the ηenhance, however, 

the order of ∆G′ and ∆G″ in other media were different (Figure 5.5).   

The rank order of ∆G′ and ∆G″ of the combinations in DI water was CU020 > 

CU201 > CU501 > CU701. This might be due to the presence of amide groups, together 

with carboxyl groups, in the structure of CU020. Thus, the H-bond formation may be 

stronger than other types of pectin, particularly in water. Most pectins showed stronger 

interaction with mucin in DI water than in SIF and SGF. Similar effects were observed 

for viscosity enhancement. This is probably due to the effect of pH and ionic strength of 

the medium that influenced the association of pectin molecules. 
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Figure 5.4 Viscosity enhancement at a shear rate of 3.96 s-1 of pectin (1% w/w) and 

mucin (5% w/w) mixture in different hydration media (n=3).   
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Figure 5.5 Rheological synergism at a frequency of 1.15 Hz, expressed as (a) ∆G′ and 

(b) ∆G″ of pectin (1% w/w) and mucin (5% w/w) in different hydration 
media (n=3). 

 

The carboxyl groups of pectin and the sialic acid of mucin were uncharged in SGF 

and able to form H-bonding or other non-electrostatic interaction. The pH of pectin in DI 

water was around 3.2-4.3 which is close to its pKa (about 3-4). It implied that pectin was 

in unionized form and, probably, could interact with mucin via H-bonding. This result 

corresponded with the studies of rheological behavior of carbomer934P and mucus 

glycoproteins, having the optimum pH for gel strengthening around its pKa. It is 

suggested that a certain number of unionized carboxyl groups within the polymer 
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chains is required for optimal interaction with the mucin (Mortazavi et al., 1992). As the 

pH environment increased (i.e. in SIF), the carboxyl groups and sialic acid were both 

negatively charge. Therefore, the H-bonds could be replaced by electrostatic interaction, 

resulting in a less of the H-bonded network in gel structure. The electrostatic interaction 

between polymer and mucin with the same charge is generally repulsive, therefore, 

reduced chain entanglements are expected. Low DE pectin with the greatest number of 

carboxyl groups would have the highest negative charge density in SIF, which decreased 

the chain entanglement of pectin and mucin. Both CU701 and CU020 could not be 

dispersed homogeneously in SGF because of the formation of insoluble gel so that the 

viscosity and moduli could not be measured.  

As the concentration of pectin was increased to 2%, the dynamic moduli for both 

the pectin solution alone and the pectin-mucin mixture increased (2 to 11-fold) (Figure 

5.6). This is because the increased amount of mucoadhesive H-bond forming groups in 

the mixtures promoted a stronger bond formation between pectin and mucin. This is in a 

good agreement with the results obtained by Madsen et al. (1998) which the rheological 

response in the polymer-mucus gel was concentration dependent.  
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Figure 5.6 Rheological synergism at a frequency of 1.15 Hz, expressed as (a) ∆G′ and 

(b) ∆G″ of pectin (2% w/w) and mucin (5% w/w) in different hydration 
media (n=3).  
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A second way to consider the magnitude of the rheological synergism is by a 

consideration of the relative rheological synergism (i.e. ηrel, G′rel and G″rel ). This would 

allow the rheological synergism effect to be expressed as a proportion of the unmixed 

materials viscosities. A relative rheological synergism equals to one means there is no 

interaction between polymer and mucin. A higher value of relative rheological synergism 

shows rheological synergism between the polymer and mucin and is indicative of 

potentially mucoadhesive associations between them.  

The calculated ηrel, G′rel and G″rel of various polymers in different media is shown 

in Figure 5.7. It is apparent that the rheological synergism of combined systems 

containing pectin was higher than those containing chitosan or carbomer934P. This is 

probably due to the difference in the initial concentration of the polymers used in the 

study which was limited by the torque limits of the viscometer while measuring. In this 

study, the maximum concentration of chitosan and carbomer934P that could be dissolved 

in media was used for preparation. The initial viscosity of carbomer934P (0.4% w/w) was 

6.9 ± 0.7 mPa s in DI water and 33.9 ± 0.9 mPa s in SIF, and the initial viscosity of low 

MW and medium MW chitosan (0.7% w/w) in SGF was 3.0 ± 0.8 mPa s and 12.8 ± 1.1 

mPa s, respectively, while the initial viscosity of all pectins (1.0% w/w) were in the range 

between 9.0 and 53.1 mPa s. 

The ηrel of carbomer934P (0.4% w/w) and mucin (5% w/w) in SIF was higher than 

that in DI water. This is probably due to the interaction between carbomer and mucin by 

forming physical entanglements followed by H-bonding with sugar residues on the 

oligosaccharide chains, resulting in the formation of a strengthened mucus gel network 

(Mortazavi, 1995). Hägerström et al. (2000) reported the negative interaction between 

carbomer and mucin (from porcine stomach, 4% w/w in water and simulated tear fluid) 

and a small positive interaction at the lowest concentration of carbomer (0.5% w/w). At 

the concentration of 0.5% w/w of carbomer934P in simulated tear fluid, the swollen gel 

particles were probably not in contact with each other due to the presence of ions. The 

addition of mucin resulted in a swelling of the gel particles forcing them into contact with 

each other and the entanglement or weak intermolecular forces between mucin and 
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carbomer binding the gel particles together. Rossi et al. (1995) also suggested that the 

negative interaction of carbomer and mucin in water was caused by the presence of ions 

in the mucin, resulting in a shield of charged carboxylic groups and the carbomer adapted 

a less expanded structure, then changing the rheological properties. Riley et al. (2001), 

however, reported a large increase in synergistic interaction between mucus and 

carbomer934P (0.5% w/w).  
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Figure 5.7 Relative rheological synergism, expressed as (a) relative viscosity 

enhancement (ηrel), (b) relative storage modulus (G′rel) and (c) relative loss 
modulus (G″rel) of mixtures of mucin (5% w/w) and pectin (1% w/w), 
medium MW chitosan (0.7% w/w) or carbomer934P (0.4% w/w) in different 
hydration media (n=3).   
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Figure 5.8 shows the relationship between the relative rhological synergism and 

the MW of pectin and Table 5.2 shows the r2 of the plots between relative rheological 

synergism of pectin versus MW, %DE or degree of substitution of pectin in DI water and 

SIF. Due to only two types of pectin in SGF were measured, the r2 in SGF could not be 

calculated by linear regression analysis. It is observed that the ηrel and G″rel increased with 

the increased MW of pectin (except for amidated pectin, for G″rel). The increase of ηrel is 

somewhat limited as the plateau was seen. The ηrel related well with the MW while the 

G″rel related well with the degree of substitution. No relationship between G′rel and MW, 

%DE or degree of substitution of pectin was observed. 

 

0

5

10

15

20

0 50000 100000 150000 200000 250000

Molecular weight (Da)

η r
el

in DI water
in SGF
in SIF

 
 
(b)      (c) 

0

5

10

15

20

0 50000 100000 150000 200000 250000

Molecular weight (Da)

G
' re

l

in DI water
in SGF
in SIF

         

0

5

10

15

20

0 50000 100000 150000 200000 250000

Molecular weight (Da)

G
" re

l

in DI water
in SGF
in SIF

 

 
 
Figure 5.8 Plots of the relationship between MW of pectin and rheological synergism, 

expressed as (a) ηrel, (b) G′rel, and (c) G″rel of the combination systems 
containing pectin (1% w/w) and mucin (5% w/w) in different media.  
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Table 5.2 Correlation coefficient (r2) of the plots between relative rheological 
synergism versus MW, %DE or degree of substitution of pectin, from linear 
regression analysis, in DI water and SIF.  

 
Relationship DI water SIF 
ηrel VS  

- MW  
- %DE 
- degree of substitution 

G′rel VS  
- MW  
- %DE 
- degree of substitution  

G″rel VS  
- MW  
- %DE 
- degree of substitution 

 
0.9025 
0.2019 
0.6544 

 
0.1267 
0.1460 
0.0247 

 
0.7015 
0.4961 
0.8909 

 
0.9516 
0.6802 
0.8924 

 
0.0407 
0.0893 
0.0014 

 
0.8566 
0.8428 
0.9605 

 

Figures 5.9-5.11 show the rheological profiles of various types of pectin (2% 

w/w), mucin (5% w/w) and their mixtures in DI water, SGF and SIF, respectively. The G′ 

and G″ of the mucin demonstrated a frequency dependence with a cross-over at about 2 

Hz in DI water. This indicated that mucin behave as an entangled polymer system. This is 

in agreement with Madsen et al. (1998). All pure pectin solutions (2% w/w) in hydration 

media did not give a strong gel as the G″ was larger than the G′, which resulted in a 

higher Tan δ (Table 5.3). When the mucin (5% w/w) was added, the mixture showed 

more elastic behavior than the individual polymer (Tan δ close to 1.0 and dynamic moduli 

increased), indicating a stronger gel in the structure. The higher G″ than G′ and a 

substantial decline at low frequencies indicated that the physical entanglement of pectin 

and mucin may occur (Ross-Murphy and McEvoy, 1986; Clark and Ross-Murphy, 1987). 

The magnitude of G′, G″ and the shape of the profiles directly related to the gel 

strength of the sample (Madsen et al., 1998). In a strong crosslinked gel, the G′ would be 

much larger than G″ and not influenced by the frequency of oscillation or the 

experimental time, whilst a physical entangled gel network would have G″ over G′ at 

some points in the frequency range with a substantial decline in G′ at low frequency 

(Ross-Murphy and McEvoy, 1986; Clark and Ross-Murphy, 1987). Because polymer 

chains in physical entangled system needed time to untangle at low frequencies. In 
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contrast, there was insufficient time for any network rearrangement within the period of 

one oscillation at high frequency, resulting in an elastic deformation. Hence, all pectin-

mucin mixtures in all hydration media (Figures 5.9-5.11) behaved like an entangled 

system which was weaker in gel strength than the crosslinked gel. 

 
 
(a)       (b)  

        

0.01

0.1

1

10

100

1000

0.1 1 10 100
Frequency (Hz)

D
yn

am
ic

 m
od

ul
i (

P
a)

G' CU201 and mucin mixture
G" CU201 and mucin mixture
G' CU201
G" CU201
G' mucin
G" mucin

             

0.01

0.1

1

10

100

1000

0.1 1 10 100
Frequency (Hz)

D
yn

am
ic

 m
od

ul
i (

P
a)

G' CU501 and mucin mixture
G" CU501 and mucin mixture
G' CU501
G" CU501
G' mucin
G" mucin

  
 
 
(c)       (d) 

         

0.01

0.1

1

10

100

1000

0.1 1 10 100
Frequency (Hz)

Dy
na

m
ic

 m
od

ul
i (

P
a)

G' CU020 and mucin mixture
G" CU020 and mucin mixture
G' CU020
G" CU020
G' mucin
G" mucin

            

0.01

0.1

1

10

100

1000

0.1 1 10 100
Frequency (Hz)

Dy
na

m
ic

 m
od

ul
i (

Pa
)

G' CU701 and mucin mixture
G" CU701 and mucin mixture
G' CU701
G" CU701
G' mucin
G" mucin

  
 
 
Figure 5.9 The frequency dependence of the elastic modulus (G′, filled symbol) and the 

viscous modulus (G″, opened symbol) for pectin (2% w/w) and its mixture 
with mucin (5% w/w) in DI water; (a) CU201, (b) CU501, (c) CU020 and (d) 
CU701. The dynamic moduli of mucin (5% w/w) are shown in all figures for 
comparison purpose. 
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Figure 5.10  The frequency dependence of the elastic modulus (G′, filled symbol) and the 

viscous modulus (G″, opened symbol) for pectin (2% w/w) and its mixture 
with mucin (5% w/w) in SGF; (a) CU201 and (b) CU501. The dynamic 
moduli of mucin (5% w/w) are shown in all figures for comparison purpose. 

        
 
 
 
Table 5.3  Tan δ at frequency of 1.15 Hz of pectin (2% w/w) and the mixture with 

mucin (5% w/w) in different hydration media (n=3). 
 

Pectin type DI water SGF SIF 
CU201 Pectin alone 5.45 ± 0.66 3.05 ± 1.58 8.54 ± 0.85 
 Mixture 1.36 ± 0.03 1.53 ± 0.03 1.76 ± 0.02 
CU501 Pectin alone 4.56 ± 1.29 2.90 ± 0.55 3.44 ± 0.86 
 Mixture 1.39 ± 0.07 2.24 ± 0.07 1.33 ± 0.01 
CU020 Pectin alone 4.31 ± 1.41 N/A 3.88 ± 0.99 
 Mixture 1.00 ± 0.02 N/A 1.82 ± 0.07 
CU701 Pectin alone 4.89 ± 1.13 N/A 2.07 ± 0.95 
  Mixture 1.61 ± 0.08  N/A 1.48 ± 0.12 
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Figure 5.11  The frequency dependence of the elastic modulus (G′, filled symbol) and the 

viscous modulus (G″, opened symbol) for pectin (2% w/w) and its mixture 
with mucin (5% w/w) in SIF; (a) CU201, (b) CU501, (c) CU020 and (d) 
CU701. The dynamic moduli of mucin (5% w/w) are shown in all figures for 
comparison purpose. 

 
 
 

5.3.1.3 Effect of mucin concentration 

The apparent viscosity and ηenhance of combination systems of low DE pectin (1% 

w/w) and various concentrations of mucin, in SIF, are shown in Table 5.4, and its ηrel is 

shown in Figure 5.12. An increase in mucin concentration (up to 7.5% w/w) produced a 

statistically significant increase in the viscosity parameters.  The results indicated that  
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Table 5.4 Apparent viscosity and viscosity enhancement (ηenhance) at a shear rate of 
3.96 s-1 of the combinations of CU701 (1% w/w) and various concentrations 
of mucin in SIF (n=3).  

 
 Apparent viscosity  (mPa s) Viscosity enhancement (mPa s) 

2.5% mucin + 1% CU701 
5.0% mucin + 1% CU701 
7.5% mucin + 1% CU701 

43.3 ± 1.6 
179.7 ± 9.0 
782.0 ± 67.9 

23.8 ± 1.6 
133.5 ± 9.0 
644.6 ± 67.9 

 

y = 0.6284x + 0.851
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Figure 5.12 Effect of mucin concentration in the combination of CU701 (1% w/w) and 
mucin on the relative viscosity enhancement (ηrel) at 3.96 s-1, in SIF. The 
correlation coefficient from linear regression analysis is shown. 

there is a maximum stoichiometry of the interaction product which has not been reached 

even at the pectin:mucin weight ratio of 1:7.5. Such a ratio is comparable to that observed 

in a previous work (occurred at a weight ratio equals to 1:10) where chitosan 

hydrochloride solutions (1.5-4% w/w) were studied (Rossi et al., 2000). Figure 5.13 

shows the rheological synergism (∆G′ and ∆G″) of the combination systems of various 

types of pectin (1% w/w) and different mucin concentrations in SIF. The rheological 

synergism was increased linearly with the increased mucin concentration. This is similar 

to ηrel, indicating that the interaction between pectin and mucin not only depend on the 

pectin concentration but also the mucin concentration. It is probably that sialic acid 

groups of mucin in the combination systems was increased with the increased mucin 

concentration while the number of mucoadhesive binding sites on pectin chain was 

unchanged. Excess mucoadhesive binding sites of pectin may be presented when lower 

concentration of mucin was used. Fuongfuchat et al. (1996) demonstrated higher moduli 
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and viscosities of the mixture of concentrated mucin and alginate, compared to those of 

diluted mucin. It was probably due to a high number of binding sites of mucin, leading to 

gel formation. 
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Figure 5.13 Effect of mucin concentration in the combination of pectin (1% w/w) and 

mucin on the synergism of dynamic moduli, in SIF, at frequency of 1.15 Hz; 
(a) ∆G′ and (b) ∆G″ (n=3). The correlation coefficient from linear regression 
analysis is shown. 

 
 
 

5.3.1.4 Force of bioadhesion (Fb) 

A bioadhesive force is required between drug delivery device and mucosal surface 

to successfully retain the device and retard the natural clearance processes. The force of 

bioadhesion or Fb was calculated from Equation 5.3. The viscosity of samples at a single 

shear rate of 3.96 s-1 was selected to compare the Fb between polymer and mucin because 

the viscosity at this shear rate could be determined in all samples. As shown in Table 5.5, 

when combined with mucin, all types of pectin showed higher Fb in DI water than in SIF 

and SGF. The Fb seemed to depend on the MW of pectin as well as its initial viscosity 

and pH. At a low pH (i.e. in SGF), the Fb of pectin with mucin was lower than at a higher 

pH (i.e. in SIF). Moreover, the medium MW chitosan gave a higher Fb with mucin, in 

SGF, than the low MW chitosan due to the difference in MW. The Fb of carbomer934P 

with mucin in SIF was markedly higher than in DI water, resulting from their initial 

viscosities in each media (data not shown). 
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Table 5.5 Force of bioadhesion (Fb) at a shear rate of 3.96 s-1 between polymer and 
mucin (5% w/w) in different hydration media (n=3). 

Polymer type DI water SGF SIF 
1%w/w CU020 2969.2 ± 71.7 N/A 944.8 ± 23.8 
1%w/w CU201 4116.4 ± 226.1 1674.7 ± 37.6 1546.8 ± 15.8 
1%w/w CU501 3105.0 ± 114.0 1049.0 ± 69.7 1336.5 ± 20.6 
1%w/w CU701 1431.5 ± 10.3 N/A 616.6 ± 41.6 
0.7%w/w low MW chitosan N/A 283.9 ± 5.9 N/A 
0.7%w/w medium MW chitosan N/A 423.7 ± 47.9 N/A 
0.4%w/w carbomer934P 19.8 ± 34.4 N/A  1284.6 ± 24.6 

Note: N/A = not applicable 

 

The strong interaction or high Fb of pectin (especially high DE pectin) in all media 

with mucin may be due to its high MW. The low bioadhesion of amidated low DE pectin 

(i.e. CU020) is clearly due to its low MW. It is thought that higher interaction represented 

higher bond strength. Thus, the interfacial bond formation between high DE pectin and 

mucin is stronger than for those of low DE pectin. This may due to the increase in 

probability for polymer-mucin interfacial interaction. Both low and medium MW 

chitosans showed a lower interaction with mucin, in SGF, which is probably due to their 

MW (i.e. 40 and 100 kDa) and association ability of sialic acid of mucin in SGF. As 

mucin is unionized in SGF, the interaction is probably not solely due to ionic attraction. 

H-bond as well as other bonds, such as polar, non-polar or physical bonds, may also exist.  

5.3.2 ATR-FTIR characterization 

Figure 5.14 shows the infrared spectra of various types of pectin film, in the 

frequency region from 4000 to 400 cm-1. The broad band in the range of 3500-3000 cm-1 

was due to OH stretching extensively involved in H-bonding. The characteristic 

absorption band was observed at 1736 cm-1 assigned to C=O stretching of methyl ester 

(COOR) group and a peak around 1600 cm-1 assigned to C=O stretching of COO− group 

(Séné et al., 1994). The amidated low DE pectin (CU020) has 3 bands at 1736 cm-1 (C=O 

vibration), 1670 cm-1 (amide I) and 1588 cm-1 (amide II) (Sinitsya et al., 2000). The 

absorption bands around 1200-900 cm-1 called carbohydrate region (McCaan et al., 1992). 

All pectins showed a rich in uronic acid because of the high intensity peaks around 1100 

and 1018 cm-1 (Coimbra et al., 1998). Figure 5.15 demonstrates the FTIR spectra of a 
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porcine gastric mucin powder and mucin solution (5% w/w, in DI water). Mucin is 

attributable to amino acids or to oligosaccharide groups. IR spectrum of mucin, in powder 

form, was different from those in aqueous solution, due to the absence of water. The 

primary amine deformation (expected at 1600 cm-1) is masked by a stronger amide I 

(C=O stretch, 1654 cm-1) which is unaffected by pH change. A peak around 1553 cm-1 

was assigned to anti-symmetric stretch of carboxylate anion which is enhanced by 

increasing pH (Patel, et al., 2003). Spectrum of mucin in DI water showed one strong 

peak around 1635 cm-1. Saiano et al. (2002) reported a band at 1550 cm-1 assigned to 

C=O stretching vibration of sialic acid of mucin. However, there was a very low intensity 

of this band in this study (Figure 5.15). This might be due to the different types of mucin 

used in the study; the mucin type I-S from bovine submaxillary glands in pH 7 buffer was 

used in the study of Saiano et al. (2002) while the type III porcine stomach mucin was 

used in this study.  

 
 

 

 

 

Figure 5.14 FTIR spectra of different pectin films. 
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Figure 5.15 FTIR spectra of (a) porcine gastric mucin powder and (b) porcine gastric 
mucin in DI water (5% w/w). 

 

Figure 5.16 shows the time evolution of the spectra for CU201 film in contact 

with a mucin in DI water (5% w/w) from ATR-FTIR analysis. Other pectin films in 

contact with mucin in different media showed similar spectra characteristics (data not 

shown). The integrated area of OH stretching band at 3400 cm-1 was used to monitor the 

diffusion of water as an indirect measurement of any change resulting from 

interpenetration of polymer-mucin chains at the aqueous solution/polymer film interface 

(Saiano et al., 2002). As water diffused through the film, there would be a steady 

concentration build-up of the water at the crystal/polymer film interface. When the water 

wet the pectin film, the intensities of the ester band around 1736 cm-1 decreased and the 

intensities of the peaks around 3400 and 1640 cm-1 increased. The peak located at 1640 

cm-1 was due to in-plane H-O-H bending vibration (Silverstein et al., 1981). The 

characteristics of carbohydrate region (around 1200-900 cm-1) of pectin were also 

changed. Peaks at 1100 and 1074 cm-1 shifted of about 5 cm-1 and board band spectra 

were found (Figure 5.15b). The peak of mucin around 1550 cm-1 was not observed due to 

small intensity of the spectrum prior to the test. Saiano et al. (2002), however, reported 

that the mucin peak (around 1550 cm-1) showed a slight increase with time after in 
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contact with α,β-poly(N-hydroxyethyl)-DL-aspartamide (PHEA) and α,β-

polyaspartylhydrazide films.  

 

 
 

Figure 5.16 Time evolution of the spectrum of CU201 film in contact with mucin in DI 
water (5% w/w) in the range of (a) 3800 to 800 cm-1 and (b) 1200 to 900 cm-1. 

 

Figure 5.17 shows the relative absorbance of water as a function of time for pectin 

film in contact with a mucin in various media. The integrated area under the band around 

3400 cm-1 was used for comparison. The experimental data were fitted to the diffusion 

model in Equation 5.5, using non-linear curve fitting package, and then the diffusion 

coefficients were calculated. The best fit with the experimental data gave a mean 

diffusion coefficient of water through pectin film (thickness of 60 ± 3 µm) as shown in 

Table 5.5. The diffusion coefficients of water from different media through pectin films  
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Figure 5.17 Relative absorbance of water as a function of time for pectin film in contact 
with a mucin (5% w/w) in (a) DI water, (b) SGF and (c) SIF. 

 

Table 5.5 Diffusion coefficient (cm2/s) of water through different pectin films.   

Pectin film DI water SGF SIF 
CU201 1.19 × 10-6 1.07 × 10-6 1.17 × 10-6 
CU501 1.21 × 10-6 1.11 × 10-6 1.18 × 10-6 
CU020 1.26 × 10-6 N/A 1.32 × 10-6 
CU701 1.20 × 10-6 N/A 1.03 × 10-6 

Note: N/A = not applicable. The film thickness was 60 ± 3 µm. 
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were not much different, in the range from 1.03 × 10-6 to 1.32 × 10-6 cm2/s. The amidated 

low DE pectin (CU020) film showed the highest diffusion coefficient of water form both 

DI water and SIF, indicating that water could diffuse through CU020 film in a faster rate 

than other pectin films. This led to the interdiffusion of pectin and mucin chains. The 

possible explanation is that CU020 contains both amide and carboxyl groups in the 

structure, which can form stronger H-bond than other types of pectin. The diffusion 

coefficient of water from SGF through high DE pectin film was lower than those from DI 

water and SIF. This might be due to carboxylate anion was converted to carboxylic acid 

with SGF, resulting in a lowered diffusion of water through the film. This result 

corresponded to the results obtained from rheological study (section 5.3.1). 

 

5.4 Conclusions 

In this study, the mucoadhesive interaction between pectin and mucin was 

investigated, using rheological measurements and ATR-FTIR analyses. These two 

techniques have been employed for studying the chain interpenetration and interdiffusion 

of mucoadhesive polymers with mucin or mucus glycoprotein. 

The associative interaction between polymer and mucin can be evaluated by 

comparing the viscometric or viscoelastic properties of mucin-polymer mixtures against 

those of the pure components. All pectins showed rheological synergism when mixed 

with mucin. High DE pectin showed a greater interaction that led to a higher force of 

bioadhesion with mucin, compared to low DE pectin. These results are in agreement with 

an in-vitro test on GI mucosa using texture analyzer (Chapter 3). Pectin has a significant 

interaction with mucin, as evidenced by an increase in dynamic moduli and viscosity, and 

a decrease in loss tangent. The interaction between pectin and mucin related to the 

physical entanglement of gel network and depended on pectin type, pectin concentration, 

mucin concentration and dispersion medium. Amidated low DE pectin in DI water 

showed the strongest interaction with mucin due to the presence of amide and carboxylic 

acid groups in its structure facilitating H-bond with mucin. Pectin in DI water showed a 

stronger interaction with mucin than that in SGF and SIF. Increasing of mucin 
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concentration affected the mucoadhesive interaction of pectin. In this study, it suggested 

that the rheological measurement can be used for screening of the mucoadhesive 

interaction and that the measurement of viscosity and/or dynamic moduli could be 

performed for evaluation the mucoadhesive properties of polymer. 

The ATR-FTIR analysis of pectin film in contact with mucin showed the broad 

band in the range 3500-3000 cm-1 which was due to OH stretching involving in H-

bonding. The peak area of this band was used to monitor the diffusion of water, which is 

an indirect measurement of the changes resulting from interpenetration of polymer-mucin 

chains at film interface. As the diffusion of water through pectin film occurred, the 

intensities of the ester band of pectin decreased and those of water peak increased. The 

carbohydrate region of pectin showed broad band spectrum indicating the H-bonding. The 

diffusion coefficient of water through pectin film was calculated from the non-linear 

curve fitting of experimental data to the diffusion model and not much different when 

tested in different media. The results obtained from this study demonstrated that a chain 

interdiffusion occurred at the interface of pectin film and mucin solution which supported 

the diffusion theory of mucoadhesion.  
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CHAPTER 6  

Mechanistic study of mucoadhesion of pectins:     

Miscellaneous studies  
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6.1 Introduction 

One of the proposed theories in mucoadhesion is the adsorption theory. After an 

initial contact between two surfaces, the material adhered because of surface forces acting 

between the molecules in the two surfaces. Two types of chemical bonds resulting from 

these forces were established (Ahuja et al., 1997). The interpretation in terms of 

adsorption is generally evaluated by putting particles of polymer in contact with mucosal 

surfaces and evaluating either the amount of particles attached to the mucosa or the 

amount of non-adherent particles (Ponchel and Irache, 1998). The adsorption studies of 

the mucoadhesive potential were examined on a model intestinal absorption of solutes. 

The adsorption of mucin to aminated gelatin microspheres was examined by 

determination non-adsorbed mucin after mixing by using colorimetry (Wang et al., 2001). 

Furthermore, the atomic force microscopy (AFM) has been used to visualize the 

adsorption of polymer and mucin/mucosal cell surfaces, i.e. the visualization of the 

mucin-chitosan mixture (Deacon et al., 2000), the visualization of bioadhesive polymer 

adsorption onto human buccal cells (Patel et al., 2000). 

Surface properties of mucoadhesive polymer and mucin in mucus layer can be 

examined to support the electrical theory. The assumption of this theory is that the 

mucoadhesive polymer and the mucosal surface have different electrical charges. It was 

expected that the surface properties of the mucin might be changed by the adhesion of the 

polymer if the polymer has a mucoadhesive properties (Takeuchi et al., 2005). 

In this study, the visualization of pectin and mucin interaction was performed 

using AFM. The surface properties of pectin before and after mixing with mucin were 

also investigated using zeta potential measurement and mucin particle method.  

 

6.2 Experimental methods 

6.2.1 Materials  

Commercial pectins, namely CU201, CU020 and CU701, as described in Chapter 

3, were used in this study. Porcine stomach mucin, type II, with bound sialic acid 9-17% 
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and partially purified powder mucin from porcine stomach, type III, with bound sialic 

acid of 0.5-1.5%, were purchased from Sigma Chemical Co., Ltd., USA. All other 

chemicals were analytical grade and used as received without further purification. 

6.2.2 Atomic force microscopy (AFM) observation  

Pectin, mucin and a mixture of pectin and mucin (Type II) (ratio 1:1) were diluted 

with filtered DI water to 2-4 µg/mL. An aliquot (2 µL) of the diluted sample solutions 

were immediately spread on freshly cleaved mica surfaces. The sample was then allowed 

to dry at ambient temperature (20 ºC) for 20 min. Samples in 0.1 N hydrochloric acid 

(HCl) were also prepared in the same manner as those in DI water. Samples in other 

media, e.g. in SGF and SIF, could not be observed because of the interference of 

phosphate ions. Tapping mode was carried out using a multimode NanoScope IIIa AFM 

(Digital Instruments, USA) equipped with Phosphorus (n) doped Si (Veeco, model 

RTESP) cantilever with a quoted spring constant of 20-80 N/m. The scan speed of 2 Hz 

was used for imaging. Several images of different zones were examined since AFM 

images are generally limited to small scanned areas. Height mode was used for image 

analysis. The correction of the images by commercial image processing software (Adobe 

Photoshop, Version 6.0.1, Adobe Systems Inc., USA) with glowing edges in grayscale 

mode was performed to enable a reduction of the noise. 

6.2.3 Zeta potential measurement 

Pectin and mucin (Type III) were separately dispersed in DI water, SGF (10.4 

mM) and SIF (6.5 mM) to make stock solutions of 1% w/w. Consequently, the pectin and 

mucin stock solutions were diluted with corresponding media to make the final 

concentration of 0.5-0.01% w/w. The mixtures of pectin and mucin in various 

concentrations (% by weight) were prepared (i.e. 0.01:0.5, 0.01:0.1, 0.01:0.05 and 

0.01:0.01). The pH of media and the mixtures were also determined. The zeta potential 

measurement for all formulations was conducted using a zetasizer (Zen2600 nano series, 

UK). The sample solution was added to the electrophoresis cell and the electrophoretic 

mobility was measured, then the data were automatically converted to zeta potential 

values, in mV, based on the Smolukowski formula. All samples were controlled at 25 ± 
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0.1 ºC during the test. These experiments were repeated 10 times and the mean values and 

standard deviations were calculated. 

6.2.4 Mucin particle method 

Pectin and mucin (Type II) were separately suspended in phosphate buffer saline 

solution (PBS, pH 6.8) with a concentration of 1% w/w. The sample solutions were then 

centrifuged at a speed of 50000 rpm (27950×g) for 15 min. An appropriate amount of 

supernatant of pectin and mucin was mixed together in various ratios (i.e. 100:1, 10:1, 

1:1, 0.1:1 and 0.01:1). The mixtures were incubated at 37 ºC for 1 h prior to the test. The 

zeta potential and particle size of each sample were detected with a particle sizer 

(Zetasizer 3000 Has, Malvern Instruments, UK).  

 

6.3 Results and discussion 

6.3.1 AFM  images 

Figure 6.1 and 6.2 show the AFM images of porcine gastric mucin in 0.1 N HCl 

and DI water, respectively. Mucin particles in acidic medium showed aggregated chains 

with a large size, whereas those in DI water showed a particle-like structure with the 

aggregation of small particles which were smaller than in 0.1N HCl. This is probably due 

to the porcine gastric mucin formed gel at low pH but can disperse at pH 6 environment 

(Celli et al., 2005). Hong et al. (2005) demonstrated that mucin was extended fiber-like 

molecule at pH 6, aggregated at pH 4 and formed well-defined clusters at pH 2. However, 

the long filamentous strands (about 2 µm length) with diameter of 16 nm of purified 

porcine gastric mucus glycoprotein in 0.1 M sodium acetate buffer have been reported by 

Deacon et al. (2000). The difference in the observed structure may be due to the different 

test conditions and dispersion media. Brayshaw et al. (2003) suggested that the most 

favorable conditions for imaging ocular mucin in air under AFM are in 10 mM buffered 

solution with 2 mM NiCl2. The NiCl2 could increase the amount of mucin bound to the 

mica since both mica and mucin are negatively charged (Hansma and Laney, 1996; 

Brayshaw et al., 2003).  
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Figure 6.1 Topographical (left) and equivalent processed (right) images from AFM of 
mucin in 0.1 N HCl; (a) image size 2.0 × 2.0 µm2 and (b) image size 1.0 × 1.0 
µm2. 
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Figure 6.2 Topographical (left) and equivalent processed (right) images from AFM of 

mucin in DI water; (a) image size 2.0 × 2.0 µm2 and (b) image size 1.0 × 1.0 
µm2. 

 

All pectins in water showed a chain-like structure with a small number of 

branches (Figure 6.3a). It is likely that CU201 in 0.1 N HCl showed more chain 

aggregation than in water (Figure 6.3b). The possible explanation is that pectin was 

unionized in acidic environment, resulting in unexpanded chains. In other words, gelation 

or aggregation of pectin was induced by the decreased pH of medium. 

 

(a) 

(b) 
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Figure 6.3 Topographical (left) and equivalent processed (right) images from AFM of 
CU201 in (a) DI water and (b) 0.1 N HCl. Image size is 2.0 × 2.0 µm2. 

 

The morphology of a mixture of CU201 and mucin in 0.1 N HCl is shown in 

Figure 6.4. The images displayed some large particles and small chains spreading all over 

the image, without crosslinking. This suggested that pectin and mucin molecules were be 

separated from each others in acidic environment. This is probably due to both pectin and 

mucin were in unionized form, leading to coil formation.  
 

(a) 

(b) 
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Figure 6.4 Topographical (left) and equivalent processed (right) images from AFM of 

the mixture between CU201 and mucin in 0.1 N HCl. Image size is 2.0 × 2.0 
µm2. 

 

 

In contrast, the mixture of pectin and mucin in DI water showed the association of 

the chains (Figure 6.5). It is thought that the structure of mucin was changed from the 

agglomerated state to the expanded chain and facilitated the interaction with pectin chain. 

Deacon et al. (2000) reported that the large clump-like aggregates with surrounding of a 

tangled arrangement of filaments were observed after mixing of porcine gastric 

glycoprotein and chitosan in 0.1 M sodium acetate buffer, due to the electrostatic 

interaction. In the case of pectin, however, it was negatively charged, similar to mucin in 

DI water, thus the electrostatic attraction might not be occurred. The possible explanation 

for these interactions is that both pectin and mucin in water was partially ionized, leading 

to coil expansion which facilitated chain entanglement. The hydrophobic interaction 

between pectin and mucin may also establish for bond formation. In addition, the 

uncharged segments in pectin molecules could interact with mucin via H-bond formation. 

Due to the presence of amide groups, together with carboxyl groups, in the structure of 

CU020, the H-bond formation may be stronger than that of CU701 which has only 

carboxyl groups (Figure 6.5).  
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Figure 6.5 Topographical (left) and equivalent processed (right) images from AFM of 

the mixture between pectin and mucin in DI water, (a) CU201, (b) CU020 
and (c) CU701. Image size is 2.0 × 2.0 µm2. 
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(b) 
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6.3.2 Surface charge properties 

At the concentration of 0.01% w/w, pectin showed negative charge in DI water 

and SIF (Table 6.1). Mucin also showed negative charge in DI water and SIF. The 

negative charges of pectin and mucin were due to the ionization of carboxyl groups in 

pectin and sialic acid in mucin since the environmental pH was higher than their pKa; 

pKa of pectin and mucin were about 3-4 and 2.6, respectively. Pectin in DI water showed 

more negative charge than in SIF. It is thought that the ions in the medium would 

suppress the expression of negative charge. Zhu et al. (2006) found that the zeta potential 

of calcium phosphate particles in medium was influenced by pH, ionic strength, 

concentration of calcium and phosphate ions. High DE pectin in SGF showed very low 

zeta potential values because the pH of SGF was lower than its pKa, resulting in 

unionization of molecules.  

 

Table 6.1 Zeta potential and pH of polymer (0.01% w/w polymer and 0.05% w/w 
mucin) and the corresponding mixture in different media (n=10). 

 
Medium Polymer Polymer alone Mixture 

   Zeta potential (mV) pH Zeta potential (mV) pH 
DI water Mucin (TypeIII) -23.94 ± 1.67 6.53 -  

 CU201 -48.93 ± 2.46 4.51 -26.86 ± 2.15 5.94 
 CU501 -51.84 ± 0.63 4.41 -31.00 ± 1.36 5.70 
 CU020 -73.28 ± 1.61 5.53 -35.05 ± 0.97 6.32 
 CU701 N/A* 4.41 -36.05 ± 1.21 5.40 
      

SIF Mucin (TypeIII) -19.08 ± 0.94 6.95 -  
 CU201 -32.80 ± 0.60 6.93 -19.38 ± 0.97 6.91 
 CU501 -43.98 ± 0.96 6.91 -20.47 ± 1.33 6.90 
 CU020 -43.57 ± 1.02 6.95 -19.98 ± 0.72 6.93 
 CU701 -42.99 ± 1.31 6.88 -20.80 ± 1.09 6.87 
 Carbomer934P -51.33 ± 3.01 6.70 -21.13 ± 0.79 6.66 
      

SGF Mucin (TypeIII) 1.38 ± 0.11 2.12 -  
 CU201 -2.42 ± 0.33 2.12 1.08 ± 0.16 2.10 
 CU501 -3.22 ± 0.48 2.12 1.09 ± 0.11 2.12 

  Chitosan 46.54 ± 3.29 2.05 25.41 ± 2.39 2.08 
 
Note: N/A = not applicable  
* The values could not be detected due to the sensitivity limit of the instrument. 
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 After mixing pectin (0.1% w/w) with mucin (0.05% w/w), the zeta potential of the 

mixture was changed but still showed negative charge. No significant difference in zeta 

potential was found in the mucin dispersion and the mixture of pectin and mucin in SIF. 

These results were also observed for carbomer934P having negative charge similar to 

pectin. It has been suggested that the interaction of carbomer with mucin was due to the 

dissociation of carboxyl groups and electrostatic repulsion between the negative charges 

of carboxyl groups and sialic acid in mucin, causing the uncoiling and expansion of the 

molecules (Gu et al., 1988) which facilitated for molecular entanglement (Liu et al., 

2005). It is likely that the interaction between pectin and mucin is similar to that of 

carbomer and mucin because of the same negative charges. Other bond formations such 

as H-bond and hydrophobic interaction may be also established. Fefelova et al. (2007) 

demonstrated that mixing an aqueous dispersion of porcine gastric mucin with a solution 

of the synthesized cationic copolymers resulted in significant changes in size distribution 

and zeta-potential of the formed particles. An increase in the content of hydrophobic 

groups in copolymers led to a more efficient adsorption of macromolecules on the surface 

of mucin particles, which show the importance of hydrophobic effects in mucoadhesion.  

In the case of chitosan in SGF, the surface charges were positive because the 

amino groups in the structure of chitosan could be ionized. After mixing with mucin, the 

zeta potential of the mixture was lowered. Takeuchi et al. (2005) demonstrated that the 

zeta potential of mucin was shifted toward zero with increasing chitosan concentration in 

the mixture. This is because the negative charge of mucin particles was neutralized with 

the positive charge of chitosan molecules adsorbed on their surface.  

Figure 6.6 shows the zeta potential of mucin (0.01% w/w) after mixing with 

various concentration of CU201 and CU201 (0.01% w/w) after mixing with various 

concentration of mucin in DI water, 10.4 mM SGF and 6.5 mM SIF. The results showed 

that the zeta potential of mucin in DI water was shifted from -41 to -21 mV after mixing 

with CU201 whereas the zeta potential in SGF and SIF were not much changed. A similar 

result was also observed in the mixture of CU201 and various concentrations of mucin. 

The results were different from the results obtained for carbomer which was reported by 
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Takeuchi et al. (2005). In that case, the resultant zeta potential of mucin shifted to a 

higher negative value after mixing mucin with various concentration of carbomer, owing 

to its negative charge. This might be caused by the difference in media and sample 

preparation method used in the study.  
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Figure 6.6 Zeta potential of (a) mucin dispersion (Type III, 0.01% w/w) in the CU201 

solution with various concentrations and (b) CU201 (0.01% w/w) in the 
mucin dispersion with various concentrations.  

 
 
 

6.3.3 Interaction between mucin particles and pectin 

Figure 6.7 shows the zeta potential and mean particle size of mucin and the 

mixture, after mixing of pectin in various ratios. The results showed that the zeta potential 

of mucin was negative charge and it was shifted to a higher negative value after mixing 

with pectin. A higher pectin to mucin (P:M) ratio showed a higher negative zeta potential 

value. This might be owing to the increased number of negatively charged pectin in the 

mixtures. Low DE pectin showed a higher negative value than high DE pectin after 

mixing with mucin. This is probably due to low DE pectin contains a higher number of 

carboxyl groups in the structure.   

   ส
ำนกัหอ

สมุดกลาง



 131

0

200

400

600

800

1000

1200

1400

mucin
 al

one

P:M
 (0

.01
:1)

P:M
 (0

.1:
1)

P:M
 (1

:1)

P:M
 (1

0:1)

P:M
 (1

00:1
)

Ze
ta

 p
ot

en
tia

l (
m

V)

-45
-40
-35

-30
-25
-20
-15

-10
-5
0

Pa
rt

cl
e 

si
ze

 (n
m

)

Particle size (nm)
Zeta potential (mV)

 

0

200

400

600

800

1000

1200

1400

mucin
 al

one

P:M
 (0

.01
:1)

P:M
 (0

.1:
1)

P:M
 (1

:1)

P:M
 (1

0:1)

P:M
 (1

00:1
)

Ze
ta

 p
ot

en
tia

l (
m

V)
-45
-40
-35
-30
-25

-20
-15
-10
-5
0

P
ar

tc
le

 s
iz

e 
(n

m
)

Particle size (nm)
Zeta potential (mV)

 

0

200

400

600

800

1000

1200

1400

mucin
 al

one

P:M
 (0

.01
:1)

P:M
 (0

.1:
1)

P:M
 (1

:1)

P:M
 (1

0:1)

P:M
 (1

00:1
)

Ze
ta

 p
ot

en
tia

l (
m

V)

-45
-40
-35

-30
-25
-20
-15

-10
-5
0

Pa
rt

cl
e 

si
ze

 (n
m

)

Particle size (nm)
Zeta potential (mV)

 
 
Figure 6.7 Zeta potential (mV) and mean particle size (nm) of mucin (Type II) and the 

mixtures between pectin (P) and mucin (M) in various ratios; (a) CU201, (b) 
CU020 and (C) CU701. The samples were dispersed in phosphate buffer 
saline solution (pH 6.8). 

(a) 
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The mean particle size of mucin was around 120 nm and that of pectin was around 

1 µm for CU201, 2.5 µm for CU020 and 0.5 µm for CU701. However, the polydispersity 

indices of both mucin and pectin particles were very high (around 0.8-1.0), indicating the 

particle size distribution was in a wide range. After mixing pectin with mucin, the particle 

size of the mixture was changed according to proportion of either pectin or mucin in the 

mixture. Once P:M ratio was low, the particle size of the mixture decreased due to a 

higher amount of mucin particle. The polydispersity indices of all the mixtures showed 

the number close to 1, as their particle size distribution was still in a wide range. Because 

a large particle size with wide distribution of pectin was mixed with a small size of 

mucin, the particle size of the mixture would be large. So the aggregation of particles 

could not be observed by particle size measurement. It was thought that small particles 

(e.g. submicron-sized particles) with a narrow distribution of both mucin and polymer 

particles would be necessary for measuring the mucoadhesive interaction by mucin 

particle method. Therefore, the mucin particle method may not suit for studying pectin 

and mucin interaction. However, the relationship between the particle size and zeta 

potential value was observed.  

The results revealed that the increase of particle size in the mixture related to a 

higher negative value of zeta potential since the amount of pectin, which was large in size 

and contained a large number of carboxyl groups in the mixture, were increased.  

 

6.4 Conclusions 

The visualization of pectin adsorption on mucin molecules was revealed by the 

AFM with tapping mode. Mucin particles in acidic medium showed a large size of 

aggregated chain, while it was particle-like structure with small aggregated particles in 

water. Pectin in water showed chain-like structure with a small number of branches and 

showed more chain aggregation in 0.1 N HCl. The AFM images of the pectin-mucin 

mixture in acidic medium showed no association between pectin and mucin. On the 

contrary, the association of the pectin and mucin molecules in water was observed. The 

association might be due to the H-bond formation. The H-bond formation may be 
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stronger with CU020 than other types of pectin as the association was clearly seen in the 

AFM images. These results suggested that the mucoadhesive properties of pectin could be 

due to the adsorption mechanism on the mucin molecules. Consequently, the secondary 

chemical bond such as H-bond was established. 

The zeta potential of both pectin and mucin showed negative charges. Increasing 

of pectin in the mixture with mucin, the resultant zeta potential of the mixture shifted to a 

higher negative value because of the negative charge of pectin. The electrostatic attraction 

between negative charges would not occur in the mixture of pectin and mucin. However, 

the electrostatic repulsion with the same charges might result in an uncoiling of polymer 

chains, which facilitated chain entanglement and bond formation. The particle size of the 

mixtures between pectin and mucin depended on the proportion of either pectin or mucin 

in the mixture. The results indicated that mucin particle method would not suit for 

studying pectin and mucin interaction because pectin had very large size with a wide size 

distribution. However, if the size of pectin could be reduced to nanometer range with a 

narrow size distribution, the mucin particle method may have a potential for pectin 

mucoadhesive study. 
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7.1  Introduction 

Mucoadhesive dosage forms have been used to increase drug retention time and to 

improve the absorption of poorly absorbable drugs including peptide drugs, because of 

their ability to adhere to the mucus layer. Multiple-unit mucoadhesive carriers such as 

microparticles, nanoparticles or liposomes have received much attention for these abilities 

(Takeuchi et al., 2001).
 
Advantages of multiple-unit dosage forms over single-unit dosage 

forms include a more uniform dispersion in the GI tract, a more reproducible drug 

absorption and a reduced local irritation (Bodmeier et al., 1998). 

There are several methods to prepare multiple-unit mucoadhesive systems. A 

solvent evaporation method has been used to prepare mucoadhesive microparticles, for 

example, amoxicillin-resin complexes encapsulated in polycarbophil and carbomer934P 

for targeting to the gastric mucosa (Cuna et al., 2001), mucoadhesive microspheres of 

oppositely charged dextran derivatives and cellulose acetate butyrate (Miyazaki et al., 

2003). Solvent diffusion and phase separation method have been used to prepare 

mucoadhesive nanoparticulate systems for peptide delivery (Niwa et al., 1995; 

Kawashima et al., 1998). Also, a matrix incorporation technique has been reported for 

preparing the mucoadhesive microspheres. For example, a polyglycerol ester of fatty acid 

based microspheres containing carbomer934P dispersion as mucoadhesive polymer was 

investigated (Akiyama et al., 1995). 

In developing mucoadhesive colloidal drug delivery systems, Takeuchi et al. 

(1996, 2003) designed a novel mucoadhesive liposomal system prepared by coating the 

liposome surface with mucoadhesive polymer such as chitosan or carbomer. It is believed 

that the liposomes were coated by the electrostatic interaction between the opposite 

charge of liposomes and mucoadhesive polymer. For example, chitosan interacted with 

the polar groups on the surface of phospholipid bilayers in liposomes (Guo et al., 2003). 

Filipovic et al. (2001) reported that the chitosan-coated liposomes were spherical shape 

and no morphological difference between coated and uncoated liposomes, using an image 

analysis technique. The pharmacological effects were improved (i.e., decrease in blood 

glucose or blood calcium level) after administration of chitosan-coated liposomes 
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containing of insulin or calcitonin (Takeuchi et al., 1996, 2003, 2005a; Thongborisute et 

al., 2006a). The efficiency of drug absorption depended on the particle size of coated 

liposomes (Takeuchi et al., 2005b) and MW of chitosan used in coating process 

(Thongborisute et al., 2006b). Moreover, chitosan on liposome surface could protect 

peptide drug from bile salts and enzymes in GI tract. The mucoadhesion mechanism of 

chitosan-coated liposomes and mucus involved the electrostatic interaction between 

positive charge of amino groups in chitosan and negative charge of sialic acid residues in 

mucin on mucus layer. Chitosan-coated liposomes also behaved as muco-penetrative 

through rat intestinal mucosa, facilitating an increase in pharmacological effect. 

(Thongborisute et al., 2006a).  

The objective of this study was to design and evaluate in-vitro and in-vivo 

mucoadhesive properties of a pectin-based dosage form. Cationic liposomes consisting of 

distearoylphosphatidycholine, sterylamine and cholesterol were prepared and then mixed 

with pectin, an anionic polysaccharide, to form intermolecular complexes. The surface 

properties, mean diameter and entrapment efficiency of model drug in liposomes were 

determined. The AFM was used to visualize and confirm the physical structure of pectin-

liposome complexes (PLCs). The FTIR spectra of liposomes, PLCs, physical mixture and 

coprecipitates were also examined. Fluorescein isothiocyanate-dextran, MW of 4300 Da 

(FD4), was used as a marker to indicate the ability of the dosage units to adhere to the 

mucus layer of the GI tract. The in-vivo pharmacological effect of calcitonin-loaded PLCs 

was also investigated.   

 

7.2  Experimental methods  

7.2.1    Materials  

Three types of pectin with different DEs (i.e. CU201, CU701, CU020) were used. 

Distearoylphosphatidylcholine (DSPC, type MC-8080) and stearylamine (SA) were 

purchased from Oil&Fats (Japan) and Tokyo Kasei (Japan), respectively. Cholesterol 

(Chol) and FD4 were purchased from Sigma Chemical Co., Ltd., USA. Eel calcitonin 
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(eCT, lot number ELTN-9801, 5000 IU/mg) was kindly donated by Asahi Kasei Pharma 

Corporation, Japan. Trifluoroaceticacetic acid was purchased from Nacalai Tesque, Inc., 

Japan. HPLC column, Inertsil ODS-2, was purchased from GL Science Inc., Japan. 

Calcium C test was supplied by Wako Pure Chemical, Japan. All other chemicals were of 

analytical grade and were used as received without further purification. 

7.2.2 Preparation of cationic liposomes 

 Cationic liposomes were prepared by the hydration method as previously 

described by Takeuchi et al. (2003) with some modifications. In brief, the mixture of 

DSPC, SA and Chol in molar ratio of 8:0.2:1 was dissolved in a small amount of 

chloroform. The solution was placed in a rotary evaporator at 40 ºC until a thin film was 

obtained, then allowed to stand overnight in vacuum chamber to ensure complete solvent 

removal. To prepare FD4-loaded liposomes, 1 or 4 mg/mL of FD4 in phosphate buffer 

(66.7 mM, pH 6.8) was used to hydrate the thin film. Thereafter the hydrated thin film 

was melted in water bath at 70 ºC for 1 min and blended to obtain multilamellar 

liposomes. In order to reduce particle size, the multilamellar liposomes were then passed 

through an extruder (LipoFast-Pneumatic, Avestin, Canada) using 0.2 µm polycarbonate 

membrane filters (Nucleopore®, Whatman, USA) to generate submicron sized liposomes. 

 To investigate the pharmacological effect of dosage form, the calcitonin was 

loaded in the cationic liposomes (eCT-loaded liposomes). The thin film was hydrated 

with 2 mL of 320 µg/mL calcitonin in phosphate buffer (66.7 mM, pH 6.8). The particle 

size of obtained liposomes were also reduced using an extruder as described above. 

7.2.3 Preparation of pectin-liposome complexes (PLCs) 

To prepare PLCs, a same volume (i.e. 1 mL) of the liposomal suspension and 

pectin solution (at the concentration of 0.2-1.0% w/v in 66.7 mM phosphate buffer, pH 

6.8) was mixed by vortexing to obtain 0.1, 0.3, and 0.5% w/v of pectin as a final 

concentration (Figure 7.1).  
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Figure 7.1 Schematic diagram showing the preparation process of PLCs. 

 

7.2.4 In-vitro characterization of liposomes and PLCs 

7.2.4.1 Determination of particle size and surface charge 

The mean diameter and the change in surface properties of the liposomes were 

evaluated by measuring the particle size and zeta potential value, respectively, with a 

particle size meter (Zetasizer 3000 HSA, Malvern Instrument, UK). The mean diameter 

was averaged from 10 measurements and displayed with polydispersity index. The 20-µL 

sample was diluted with 8 mL of filtered DI water prior to the determination of surface 

properties. The averaged zeta potential value was calculated.  

7.2.4.2 Determination of entrapment efficiency 

The entrapment efficiency (EE, %) of FD4 in the liposomes was determined by 

ultracentrifuging the liposomal suspension at a speed of 75000 rpm (23100×g) for 45 min 

at 4 ºC and assaying the free FD4 in supernatant portion by fluorescence 

spectrophotometer (FLUOstar Galaxy, Germany) at the excitation wavelength of 485 nm 

and emission wavelength of 538 nm, comparing with a standard curve of FD4. The 

amount of FD4 in the liposomes was obtained from the difference between the amount of 

FD4 in the liposomal suspension before ultracentrifugation (A) and the amount of FD4 in 
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the supernatant after ultracentrifugation (B). The EE was then calculated using the 

expression [(A-B)/A × 100].  Experiments were performed in triplicate.  

The EE of eCT in the resulting liposomes was determined by ultracentrifuging the 

liposomal dispersion at a speed of 75000 rpm (23100×g) for 45 min at 4 ºC and assaying 

the supernatant by high performance liquid chromatography (HPLC) method for non-

trapped eCT (Song et al., 2005). The HPLC was carried out under the following 

conditions; column: ODS-2 (GL Science Inc), mobile phase: acetonitrile-0.1% 

trifluoroacetic acid solution (35:65, v/v), wavelength for spectrophotometry: 220 nm 

(Takeuchi et al., 2003). The amount of eCT in the liposomes was calculated from the 

difference between the amount of eCT in the liposomal dispersion before centrifugation 

and the amount of eCT in the supernatant after ultracentrifugation. Experiments were 

performed in triplicate. 

7.2.4.3 Atomic force microscopy observation 

Liposomes and PLCs were observed under AFM using the method as described in 

section 6.2.1. Height mode was used for image analysis. The correction of the images by 

commercial image processing software (Adobe Photoshop, version 6.0.1, Adobe Systems 

Inc., USA.) with glowing edges in grayscale mode was performed to enable a reduction 

of the noise. 

7.2.4.4 Fourier transform infrared spectroscopy (FTIR) analysis 

FTIR spectra of blank liposomes and PLCs were determined with an FTIR 

spectrophotometer (Nicolet 4700, USA.) fitted with ZnSe (45 angles) crystal or KBr disc 

holder. In order to prepare the thin film of sample on ZnSe crystal, a 20-µL sample was 

cast on crystal and kept at room temperature until dry. The FTIR spectra of thin films 

were then measured at wave number of 4000-400 cm-1. Additionally, the FTIR spectra of 

pectin, DSPC, SA, Chol and the physical mixture at 1:1 in weight ratio were also 

recorded using the KBr disc method. In the preparation of the complexes between pectin 

and materials used for preparing of liposomes, the coprecipitation method was performed. 

Briefly, the pectin aqueous solution (0.1% w/v) was dropped into DSPC or SA or Chol 
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ethanolic solution (0.1% w/v). The wet precipitates were then placed on ZnSe crystal and 

kept at room temperature until dry before determination at wave number of 4000-400   

cm-1. 

7.2.5 In-vivo test 

7.2.5.1  In-vivo test for mucoadhesive properties 

The protocol of animal experiments in the present study conformed to the 

guidelines for animal experimentation of the Animal Welfare Commission of Gifu 

Pharmaceutical University. The PLCs containing 1 mg/mL of FD4 (0.6 mL) were 

intragastrically administered into male Wistar rats (13-week old) those have been fasted 

for 48 h. The GI tissues (stomach, duodenum, jejunum, ileum and colon) were excised 

from rats those sacrificed at 1, 2 and 6 h after oral administration. Each section of tissues 

was then slowly washed with a large amount of NSS to remove non-adhered PLCs and 

sliced into 10-µm thick with a Cryostat (model CM1850, LEICA, Germany) to generate 

section for microscopic observation. Each sample was observed with a confocal laser 

scanning microscope (model LSM510, Zeiss, Germany) at an excitation wavelength of 

488 nm and an emission wavelength of 520 nm. Cationic liposomes, pectin-FD4 mixture 

and FD4 solution in the corresponding concentration were used as controls to compare 

the mucoadhesive properties of carriers. 

7.2.5.2 Pharmacological study 

The eCT-loaded PLCs, dose of 500 and 1000 IU/kg rat (1 IU = 200 ng of eCT), 

were intragastrically administered into male Wistar rats (9-week old) that have been 

fasted for 24 h. A 300-µL blood sample was collected from the jugular vein at 0.5, 1, 2, 4, 

8, 12, 24 and 48 h after drug administration. The blood samples at each time point were 

centrifuged at 10,000 rpm (9000×g) for 10 min and a 50-µL plasma was collected. The 

plasma samples were frozen at -30 ºC until analyzed. Three replicates were determined. 

In order to compare the pharmacological effect, the eCT-loaded cationic liposomes, dose 

of 500 IU/kg rat were used as a control.  
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Calcium concentration in plasma was determined with a commercial test kit 

(Calcium C test). The plasma samples were thawed at room temperature before 

measurement. Five millilitres of buffered solution of the test kit were added into the 

plasma tube and well mixed. Then, 0.5 mL of coloring reagent (8-hydroxyquinoline and 

o-cresolphthalein complexon) was added, mixed well and allowed to stand for 5 min prior 

to measurement at the absorbance of 570 nm. The standard calcium concentration (5.0, 

10.0 and 15.0 mg/dL) was also performed in the same manner as plasma samples. The 

plasma calcium concentration corresponding to the measured absorbance can be read 

directly from the standard curve. The pharmacological effect of calcitonin in various 

samples was evaluated by calculation the area above the blood calcium concentration 

versus time curve (AAC) by using the software package (Microcal Origin, version 6.0, 

USA). Three independent samples were used. Statistically significant differences were 

determined using the Student’s t-test and analysis of variance (ANOVA) (group effect) 

with p < 0.05 as a minimal level for significance. 

 

7.3 Results and discussion 

7.3.1 Particle size and surface properties of liposomes 

The particle size of cationic liposomes before extrusion process was about 2000 

nm with the polydispersity index of 1.0. The particle size decreased to 200 nm with 

narrower polydispersity index (Table 7.1) after passing through extruder. This indicated 

that the consistent particle size of unilamellar liposomes was formed after extrusion 

process. The particle size of all types of pectin was about 300-600 nm with polydispersity 

index of 0.7-0.8 which is larger than that of cationic liposomes. The size was significantly 

increased after mixing cationic liposomes with pectin solution. This was probably due to 

the interaction between liposomes and pectin.  

Figure 7.2 shows the zeta potential values of liposomes before and after mixing 

with various concentrations of pectin. The cationic liposomes showed positive charge, 

22.3 ± 0.7 mV, due to ionizable stearylamine in formulation. Takeuchi et al. (2003) 
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demonstrated that the positive zeta potential values of the cationic liposomes increased on 

increasing of the amount of SA in the liposome formulations and the higher SA content 

led to the aggregation of liposomes during the mixing process with polymer solution.  

Table 7.1 Mean particle size of cationic liposomes and PLCs (nm) 

Pectin Pectin Liposomes Percentage of pectin in PLCs 
type alone Alone 0.1% 0.3% 0.5% 

CU201 549 (0.79)  1285 (1.00) 953 (0.67) 1131 (0.78) 
CU020 592 (0.78) 204 (0.03) 969 (0.62) 1298 (0.99) 844 (0.22) 
CU701 303 (0.70)  931 (0.73) 1009 (0.48) 947 (0.20) 

Note: The mean sizes are displayed with polydispersity indices in parentheses. 
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Figure 7.2 Zeta potential value (mV) of liposomes before and after mixing with pectin 

in various concentrations (n=4). 

 

 

After PLCs formation, surface charges of the mixture were shifted to the opposite 

charge. Since pectin is negatively charged polysaccharide in its ionized form, it could 

interact with the positively charged liposomes. As shown in Figure 7.2, the negative 

charge of the mixture increased with increasing pectin concentration due to higher 

amount of carboxyl groups that could dissociate to negative charge (COO¯). The quantity 
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of carboxyl groups in pectin structure was calculated and found to be different (i.e. 47%, 

35% and 20% for CU701, CU020 and CU201, respectively). CU201 showed less 

negative charge than CU020 and CU701, as it contained fewer carboxyl groups in its 

structure. 

7.3.2 Entrapment efficiency 

 The EE of FD4 was carried out by assaying of non-trapped FD4 in supernatant 

and then calculating the difference of FD4 amount in the liposomal suspension before and 

after ultracentrifugation. The EE of FD4 in liposomes was in same range even the drug 

load was increased, i.e. 19.8 ± 3.5% and 21.1 ± 3.7% for 250 and 1000 µg/mL of FD4 

loading dose, respectively. This might be due to the limitation of space, for carrying FD4, 

available in liposomes.  

 The EE of eCT was 49.70 ± 5.24%. The higher EE may be due to the 

encapsulation of eCT in the liposomes and, also, the association of eCT with liposomal 

membranes (Song et al., 2005). The EE of eCT in PLCs corresponded to those of cationic 

liposomes coated with carbomer reported by Takeuchi et al. (2003). However, it was 

lower than that of anionic liposomes coated with chitosan, which could be due to the 

electrostatic repulsion between the positively charged liposomes and the partially 

positively charged calcitonin molecule in phosphate buffer pH 6.8, resulting in difficulty 

of eCT adsorption on the liposome surfaces (Takeuchi et al., 2003). 

7.3.3 AFM images of liposomes and PLCs  

The AFM images of cationic liposomes show spherical structure (Figure 7.3). The 

geometric mean diameter and height, which were measured from the images (n=36), were 

68 ± 12 nm and 37 ± 9 nm, respectively. The result also showed that the height of 

liposomes was less than the diameter due to the flattening of liposomes while spreading 

onto the mica surface. In fact, their structure was spherical, as reported when determined 

by other methods. The dehydration as a result of drying process during sample 

preparation may also affect the decrease in size. Wangerak et al., (2001) reported a 

smaller size of lipoplexes (cationic lipids forming liposomes when mix with DNA to form 
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a self-assembling complex) when determined from AFM images, compared to those 

determined by dynamic light scattering.  

 

 

 
 

Figure 7.3 Topographical (left) and equivalent processed (right) images from AFM of 
cationic liposomes. Image size is 2.0 × 2.0 µm2.  

 

Figure 7.4 shows the AFM images of different pectin dispersions, i.e. CU201, 

CU701 and CU020. Chain-like structures with a small number of branches were 

observed. Branched structures were distinguished from over-lapping molecules by 

measuring the heights of the chains. In general, the heights of the chain rose by twice 

when two chains crossed over one another (Yang et al., 2006). In this study, the height of 

pectin chain was less than 1 nm whereas the chain length was variable. The obtained 

results corresponded to the study of Round et al. (2001) and Yang et al. (2006).  

Figure 7.5 shows the AFM images of PLCs made of various types of pectin, 

which demonstrated a chain-like structure of pectin and spherical shape of liposomes. 

After mixing the liposomes and pectin together, the positive charge of liposomes may 

interact with the negative charge of pectin by electrostatic interaction.  
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Figure 7.4 Topographical (left) and equivalent processed (right) images from AFM of 
pectin dispersion; (a) CU201, (b) CU020 and (d) CU701. Image size is 2.0 × 
2.0 µm2.  

(b) 

(c) 

(a) 
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Figure 7.5 Topographical (left) and equivalent processed (right) images from AFM of 
PLCs made of different pectins; (a) CU201, (b) CU020 and (c) CU701.  
Image size is 2.0 × 2.0 µm2.  

(a)  

(b) 

(c) 
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The proposed model of the interaction between pectin and cationic liposomes to 

form PLCs, derived from the AFM imaging results, is shown in Figure 7.6. Both pectin 

and cationic liposomes were dispersed in medium separately. After a mixing process, 

spherical form of cationic liposomes interacted with pectin to form complexes.  

 

 

 
Figure 7.6 A proposed model of the interaction between pectin and cationic liposomes 

to form PLCs. 
 
 

7.3.4 FTIR analysis 

Figure 7.7 shows the chemical structures of DSPC, SA and Chol which were used 

for the preparation of cationic liposomes in this study.  

 

 
 
Figure 7.7 Chemical structures of distearoylphosphatidylcholine (DSPC), stearylamine 

(SA) and cholesterol (Chol). 
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FTIR is a useful technique used to confirm the formation of complexes, such as 

the complex formation between propirimine and β-cyclodextrin in solution and in the 

solid state (Ahmed et al., 1991). Figure 7.8 shows the FTIR spectra of pectin, SA, 

physical mixture of pectin and SA, and coprecipitates at the same weight ratio. The 

characteristic absorption bands of CU701 were observed at 1748 cm-1 assigned to C=O 

stretching of COOR group and 1615 cm-1 assigned to C=O stretching of carboxyl 

(COOH) group (Séné et al., 1994). The characteristic absorption bands of SA were 

detected at 3332 cm-1 assigned to NH2 stretching, 2918 cm-1 and 2850 cm-1 assigned to 

CH stretching and 1647 cm-1 assigned to NH2 bending (Giovagnoli et al., 2003). The 

combined absorption bands of pectin and SA were observed in the physical mixture. 

Some significant differences could be seen in the FTIR spectrum of the coprecipitates. 

The broader peak at 3368 cm-1 assigned to NH3
+ stretching of primary amine which was 

overlapped with OH stretching of pectin (Silverstein and Webster, 1998). The NH2 

bending at 1647 cm-1 was not detected in the spectrum of coprecipitates. Moreover, the 

absorption band at 1596 cm-1 which was corresponded to COO¯ was observed. These 

results indicated that COOH groups of pectin have been ionized and dissociated to COO¯ 
groups, which could form complexes with the protonated amine groups (NH3

+) through 

electrostatic interaction.  

Figure 7.9 shows the FTIR spectra of physical mixture and coprecipitates between 

CU701 and DSPC. It was found that the absorption bands of coprecipitates were similar 

to that of physical mixture, except the peak at 1601 cm-1 which was shifted to lower wave 

number. The absorption bands of both physical mixture and coprecipitates were combined 

between pectin and DSPC peak, as they showed peaks at 2916, 2850 cm-1 (CH stretching) 

from DSPC (Giovagnoli et al., 2003) and peak at 1739 cm-1 from pectin (Séné et al., 

1994). The FTIR spectra of physical mixture and coprecipitates between CU701 and Chol 

were also combined from pectin and Chol (Figure 7.10). The main absorption bands 

displayed at 2932 cm-1 (CH stretching), 1466 cm-1 (CH bending) from Chol (Bach and 

Miller, 2001; William III et al., 1998) and 1748 cm-1 from pectin. Moreover, The C-O 

bond of saturated secondary alcohol, ranged between 1000 and 1100 cm-1 from Chol 
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(William III et al., 1998) were overlapped with uronic acid band, ranged between 1018 

and 1110 cm-1 of pectin (Coimbra et al., 1998). The broader peak of OH stretching, 

ranged between 3000 and 3600 cm-1 was detected in coprecipitates, which corresponded 

to the multiple OH functional groups of pectin, as compare to the narrow peak of OH 

stretching from Chol (William III et al., 1998). 

 

 

 
 
 
 
Figure 7.8 FTIR spectra of CU701 pectin, stearylamine (SA), their physical mixture 

and coprecipitates. 

Pectin 

SA 

Physical 
mixture 

Coprecipitates 

2700 3500 2900 3300 3100 650 1650 1450 1250 1050 850 1850

33
32

 
33

32
 

33
68

 

29
18

 
28

50
 17

43
 

15
96

 

11
44

 

17
48

 16
50

 15
70

 

11
52

 
11

58
 

11
49

 

76
5 

75
3 

17
48

 

16
15

 
16

47
 

15
68

 

81
6 

83
3 

83
3,

 8
16

 
83

3 

74
9 

75
3 

13
85

 
14

08
 

13
92

 

A
bs

or
ba

nc
e 

   ส
ำนกัหอ

สมุดกลาง



 150

 
 
 
Figure 7.9 FTIR spectra of DSPC, the physical mixture and coprecipitates between 

CU701 and DSPC.  
 
 

 
 
 
 
Figure 7.10 FTIR spectra of cholesterol, the physical mixture and coprecipitates 

between CU701 and cholesterol. 
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These results indicated that the main interaction to form PLCs could be due to the 

electrostatic interaction between negatively charged pectin and positively charged 

liposomes containing SA. DSPC and Chol demonstrated no interaction with pectin. The 

interaction of pectin and the whole particles of cationic liposomes, however, could not be 

distinguished from the FT-IR spectra as the peaks of pectin, Chol and DSPC were 

overlapped as seen in Figure 7.11. All PLCs showed similar spectra which were a 

combination of cationic liposomes and pectin spectra. 

 
 

 
 
 
Figure 7.11 FTIR spectra of cationic liposomes, PLCs made of CU201, CU020 and 

CU701. 
 
 

7.3.5  In-vivo mucoadhesive properties of PLCs 

In order to measure the mucoadhesive properties of PLCs, the FD4 was used as a 

fluorescent marker under CLSM observation. The mucoadhesive behavior of PLCs in GI 

mucosa was evaluated by observing the residual FD4 with CLSM. The mucoadhesive 

behavior of PLCs was confirmed by comparing the intensities of FD4 from CLSM 

photographs. The FD4 intensity after intragastric administration of FD4 solution into rat 
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was not detected in stomach and colon, while a very small amount could be observed in 

small intestine at 1 h after intragastric administration (Figure 7.12). This result implied 

that the FD4 solution could not retain in the GI tract after oral administration and was 

eliminated or washed out from GI tract during the first hour. After administration of the 

mixture of CU701 and FD4 (Figure 7.13), the high intensity of FD4 was found in 

duodenum and jejunum after the first hour and decreased after the second and sixth hour. 

Similar FD4 intensity was detected for the administration of CU201-FD4 mixture, but 

lower intensity for the administration of CU020-FD4 mixture (data not shown). This was 

due to the difference in gel formation of CU020 in acidic environment which would 

decrease the mucoadhesive properties. The possible explanation for the mucoadhesive 

effect of pectin is that pectin adhered at the mucosal surface particularly at duodenum and 

jejunum, but it could not reach to colon during in-vivo test. Subsequently, FD4 in the 

mixture could penetrate through epithelial cells. This result agreed with the in-vitro study 

by Schmidgall and Hensel (2002) which reported that the polygalacturonides derived 

from pectin could adsorb to the model surface (i.e., colonic mucosa) after incubation the 

mucosa with FITC-labelled sugar beet pectin, indicating a specific binding to surface 

structure of the mucosa.  

Figure 7.14 shows CLSM images of FD4 intensities in stomach, small intestines 

and colon at 1, 2 and 6 h after intragastric administration of cationic liposomes. The small 

amount of FD4 was observed in the epithelium of stomach and colon while larger amount 

were observed in the epithelium of small intestine after administration of cationic 

liposomes. This observation may be resulted from the electrostatic interaction between 

positively charged cationic liposomes and negatively charged sialic acid residue of mucin, 

which facilitated the adhesion to mucus membrane. In addition, the particle size of 

cationic liposomes in the present study was about 200 nm, which was smaller than that of 

pectin. The submicron sized liposomes possessed an excellent penetration property in the 

intestinal mucosa with high retentive property after oral ministration (Takeuchi et al., 

2005b). This may allow a higher absorption of FD4, from cationic liposomes, into the 

epithelium than that from FD4 solution and pectin-FD4 mixture. 
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Figure 7.12 CLSM images of FD4 intensities in stomach, small intestines and colon at 1, 
2 and 6 h after intragastric administration of FD4 solution. 
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Figure 7.13 CLSM images of FD4 intensities in stomach, small intestines and colon at 1, 
2 and 6 h after intragastric administration of the mixture of CU701 and FD4. 
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Figure 7.14 CLSM images of FD4 intensities in stomach, small intestines and colon at 1, 
2 and 6 h after intragastric administration of cationic liposomes. 
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To investigate the in-vivo mucoadhesive properties of different types of pectin 

against GI mucosa, the same experiments were carried out for PLCs made of high and 

low DE pectin. After oral administration of PLCs made of CU201, FD4 was only slightly 

detected in stomach but largely detected in duodenum and jejunum at the first hour 

(Figure 7.15). Consequently, FD4 reached the colon after 2 h of administration. FD4 

remained in duodenum and jejunum after 6 h of oral administration. For those 

administered with PLCs made of CU020, FD4 was only detected in duodenum and 

jejunum from the first hour and remained even after 6 h (Figure 7.16). The FD4 

intensities in duodenum and jejunum after administration of PLCs made of CU201 or 

CU020 were similar. In case of PLCs made of CU701, FD4 intensity was slightly 

detected in stomach and colon, but found in a very large amount in duodenum, jejunum 

and ileum from the first hour until the sixth hour (Figure 7.17). FD4 from PLCs made of 

CU701 most likely remained in duodenum, jejunum and ileum.  

PLCs made of CU701 showed a stronger mucoadhesion than cationic liposomes 

whereas PLCs made of CU201 or CU020 showed similar mucoadhesion to cationic 

liposomes. The results suggested that low DE pectin could prolong the adherence of 

liposomes to GI mucosa. These results contrasted to the results from the in-vitro test 

using texture analysis (Chapter 3), indicating that the number of carboxyl groups was a 

predominant factor for in-vivo mucoadhesive properties of pectin. This might be 

explained by the difference in molecular characteristics of pectin used in this study. The 

lower DE or the higher amount of carboxyl groups in pectin structure led to a higher 

mucoadhesion. Cationic liposomes could form a stronger complex with CU701 than other 

pectins because CU701 contained a larger amount of carboxyl groups in the structure, 

leading to a higher number of FD4-loaded liposomes in the complexes. Consequently, the 

remained FD4 in GI tract from PLCs made of CU701 was probably higher than those of 

PLCs made of other pectins, resulting in a higher mucoadhesion.  

The mucoadhesive effect of pectin involved the H-bonding and, perhaps, 

hydrophobic interaction between pectin chain and mucin in mucus layer rather than the 

electrostatic attraction.  However,  most of carboxyl groups in pectin and sialic acid in  
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Figure 7.15 CLSM images of FD4 intensities in stomach, small intestines and colon at 1, 
2 and 6 h after intragastric administration of PLCs made of CU201. 
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Figure 7.16 CLSM images of FD4 intensities in stomach, small intestines and colon at 1, 
2 and 6 h after intragastric administration of PLCs made of CU020. 
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Figure 7.17 CLSM images of FD4 intensities in stomach, small intestines and colon at 1, 
2 and 6 h after intragastric administration of PLCs made of CU701. 
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mucin can be ionized at physiological pH which is higher than their pKa. Then, the 

electrostatic repulsion between pectin and mucin may play a more important role than H-

bonding, leading to a coil expansion which facilitate for molecular entanglements (Liu et 

al., 2005). The other possible explanation is that a longer chain length of polymer may be 

an absorption barrier of drug from liposomes (Thongborisute et al., 2006b). The diffusion 

of FD4 through the mucus gel layer might be inhibited by the long chain of pectin with 

high MW, resulting in a decrease in FD4 intensity. On the contrary, pectin with low MW 

has a short chain length, leading to a more chain flexibility to penetrate into mucin 

networks with less difficulty than that with high MW. Therefore, the PLCs made of 

CU701 could retain on the GI mucosa an allowed the FD4 to release and absorb into 

epithelial cells much higher than PLCs made of other pectins. 

7.3.6 Pharmacological study of PLCs 

In the present study, eCT was used as a model drug to confirm the effectiveness of 

PLCs for the oral administration of peptide molecules. The efficiency of dosage form was 

indicated by a decrease in blood calcium concentration. According to the in-vivo 

mucoadhesive results from CLSM observation, only the PLCs made of low DE (i.e. 

CU701) was chosen as a carrier for studying the pharmacological effect. Figure 7.18 

shows the percentage of blood calcium concentration after intragastric administration of 

cationic liposomes and PLCs made of CU701 at the same dose (500 IU/kg). The AAC 

values of different formulations were compared and shown in Figure 7.19. In order to 

compare the pharmacological effect, the values of blood calcium concentration and AAC 

of eCT solution from the same lot number and same test condition were taken from the 

data performed by Thongborisute et al. (2006b). The results showed that the AAC after 

eCT solution administration was the lowest. This is because eCT, a peptide hormone, was 

easily degraded from the crucial physiological environment in GI tract. Thongborisute et 

al. (2006b) demonstrated that the eCT solution was degraded within 5 min after 

incubation with enzyme (i.e. α-chymotrypsin) while the eCT in the mixture of chitosan 

still remained in the solution for more than 30 min, due to the protective effect of polymer 

from the enzymatic degradation.  
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Figure 7.18 Blood calcium concentration after intragastric administration of eCT 

solution, cationic liposomes, PLCs made of CU701 (0.5 and 1.0% w/w) in the 
dose of 500 IU/kg rat (n=3). The values of blood calcium concentration of 
eCT soultion was taken from the data performed by Thongborisute et al. 
(2006). 
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Figure 7.19 AAC values of eCT solution, cationic liposomes, and PLCs made of CU701 

over 48 h after intragastric administration into rats (n=3). The AAC value of 
eCT solution was taken from the data performed by Thongborisute et al. 
(2006). 
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All formulations could decrease blood calcium concentration as the AAC values 

were significantly higher than eCT solution. This is probably because the encapsulated 

eCT in liposomes was protected from the enzymatic proteolysis (Yamabe et al., 2003). 

Due to the electrostatic interaction between positively charged cationic liposomes and 

negatively charged mucin in mucus gel layer, the blood calcium concentration after 

cationic liposomes administration was decreased.  

At the same dose (i.e. 500 IU/kg rat) of administeration, the AAC values of both 

PLCs made of 0.5% and 1.0% CU701 were higher than that of cationic liposomes, even 

no statistically significant difference, indicating that PLCs decreased blood calcium 

concentration in a higher extent than cationic liposomes. Nevertheless, the 2-fold increase 

in percentage of pectin in liposomes or eCT dose into rats did not show a significant 

difference in blood calcium concentration. It is thought that the increase in percentage of 

pectin would inhibit the diffusion of eCT through intestinal epithelial cells due to coil 

entanglement. However, the eCT-loaded PLCs demonstrated a strong pharmacological 

effect over the eCT solution. This is probably due to the ability of pectin to adhere to the 

mucus layer, facilitating the eCT release and diffusion through intestinal epithelial cells. 

In order to increase the pharmacological effect of drug-loaded PLCs, however, the 

particle size of these complexes may be required to reduce in the range of submicron 

sized as suggested by Takeuchi et al. (2005b). Thus the method for PLCs preparation 

should be modified, for example, the insertion of pectin in liposomes instead of 

attachment on liposomes surface is a challenge preparation method that might help to 

modify the mucoadhesive efficiency.  

 

7.4 Conclusions 

Multiple-unit mucoadhesive dosage forms are able to adhere and penetrate 

through the mucus layer of the GI tissues. In this study, the pectin-based mucoadhesive 

dosage form was designed and evaluated. The PLCs were prepared by a simple mixing 

between cationic liposomes and pectin. The results showed that pectin, an anionic 
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polysaccharide, could form complex with cationic liposomes since the zeta potential 

values of PLCs was shifted to negative charge and the particle sizes were increased. The 

AFM images also provided a direct evidence for association of cationic liposomes on the 

pectin chain. PLCs images displayed pectin chains attached with spherical form of 

cationic liposomes. FTIR results also confirmed the electrostatic interaction between the 

positively charged SA in liposomes and the negatively charged pectin chain.  

For the in-vivo mucoadhesive test of pectin using CLSM observation, it was 

suggested that pectin could prolong FD4 retention and allow FD4 to penetrate into GI 

epithelial cells, especially at duodenum and jejunum parts of small intestine. 

Nevertheless, the mucoadhesive effect of pectin was lower than that of PLCs. After 

intragastric administration of the PLCs made of low DE pectin (i.e. CU701), the 

mucoadhesive performance was higher than that of cationic liposomes, the PLCs made of 

high and amidated low DE pectin (i.e. CU201 and CU020, respectively). FD4 from the 

PLCs remained at the site of mucoadhesion even after 6 h of an oral administration. H-

bonding may play a more important role than electrostatic interaction because both pectin 

and mucin in mucus layer are negative charge. The results showed that PLCs have strong 

efficiency to increase pharmacological effect of calcitonin over eCT solution and cationic 

liposomes. This was due to PLCs can facilitate the intimate contact with mucosal surface 

resulting in a better absorption of calcitonin. Hence, the designed PLCs were promising 

as a carrier for GI mucoadhesive drug delivery.  
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CHAPTER 8  

Summary and general conclusions 

 

Mucoadhesive drug delivery systems have been investigated as potential drug 

delivery for oral administration. It has been reported that these systems could improve 

and enhance drug bioavailability. The systems could contact with the absorption surface 

resulting in a better absorption, and could also prolong residence time at the site of 

application to permit once or twice daily dosing. In this study, a polysaccharide, pectin 

was chosen because it contains a large number of carboxyl groups in the structure, which 

can interact with mucus. Pectin has ability to hydrate and form viscous hydrogel on 

contact with aqueous solution, which facilitate the mucoadhesion. The mucoadhesive 

properties of pectin reported were contradicted and need to be confirmed. Thus, the 

mucoadhesive properties of various types of pectin with different DEs and MWs against 

porcine GI mucosa were evaluated by a texture analysis method (Chapter 3). The 

mechanistic studies of mucoadhesion of pectin were carried out using several techniques 

according to the mucoadhesive theories that have been proposed (Chapters 4-6). The 

pectin-based mucoadhesive dosage form was, then, prepared and evaluated (Chapter 7).  

For texture analysis method (Chapter 3), the porcine GI mucosas (i.e., buccal, 

stomach, small and large intestinal mucosas) were used as model biological substrates. 

The Fmax was measured directly from Texture Exponent 32 software and the Wad was then 

calculated from the area under the curve of force versus distance. The instrumental 

parameters and test conditions such as pre-hydration time of pectin disc, contact time, 

contact force, test speed of probe withdrawal, GI tissue and test medium for 

mucoadhesive test were validated. The mucoadhesion of pectin increased with the 

increased contact time and contact force. Pectins showed a stronger mucoadhesion on 

large intestinal mucosa than small intestinal mucosa. The mucoadhesive properties of 
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pectins on gastric mucosa depended on pH of the medium; e.g. more Fmax and Wad in pH 

4.8 medium (fed state) than pH 1.2 medium (fasted state). This was due to pectin was in 

un-ionized form at the environment pH less than its pKa. The degree of hydration of 

pectin disc also affected the mucoadhesive properties. The results demonstrated that the 

MW, %DE and number of carboxyl groups in the structure of pectin influenced its 

mucoadhesive performance against GI mucosa. In the case of buccal adhesive test, a 

small amount of SSF was dropped on the buccal mucosa prior to the test. The major 

factors affecting the bioadhesion of pectin against buccal mucosa were the hydration of 

pectin disc and the volume of SSF applied on buccal tissue. The adhesive properties 

decreased when the volume of SSF applied on tissue was increased. The water movement 

and mucus gel dehydration may play an important role for mucoadhesion of dried pectin 

disc against buccal mucosa.  

The initial step in mucoadhesion is the wetting and swelling processes which 

permit intimate contact with mucin in mucus layer. The wetting properties of 

mucoadhesive polymer could be determined from the water contact angle of medium on 

polymer surfaces and the surface tension of medium (Chapter 4) The high DE pectin 

showed a higher contact angle than low DE pectin because of a higher hydrophobicity. 

The Wad/therm calculated from water contact angle and surface tension showed that all 

types of pectin were spontaneously adhesion wetting. The hydrophilicity of molecule may 

play an important role for Wad/therm. In addition, the swelling properties of pectin could be 

used to predict the mucoadhesive properties. The higher swelling properties showed the 

lower in mucoadhesive properties. Low DE pectin showed higher swelling than high DE 

pectin, which corresponded to the texture analysis results. The gel formation 

characteristics and erosion studies could also be used for screening the mucoadhesive 

properties. The non-viscous gel forming agent would not give an excellent in 

mucoadhesion.   

The mucoadhesive interaction between pectin and mucin were investigated, using 

rheological measurement and ATR-FTIR analysis (Chapter 5). These two techniques 

have been employed for the studying chain interpenetration and interdiffusion of 
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mucoadhesive polymers with mucin or mucus glycoprotein. The associative interaction 

between polymer and mucin can be evaluated by comparing the viscosity or viscoelastic 

properties of mucin-polymer mixtures against those of the pure components. All pectins 

showed rheological synergism when mixed with mucin. High DE pectin showed a higher 

viscosity enhancement leading to a higher force of bioadhesion with mucin, than low DE 

pectin. These results were in agreement with an in-vitro test on GI mucosa using texture 

analyzer. Pectin had a significant interaction with mucin, as evidenced by an increase in 

dynamic moduli and viscosity, and a decrease in loss tangent. The interaction between 

pectin and mucin related to the physical entanglement of gel network and depended on 

pectin type, pectin concentration, mucin concentration and dispersion medium. The ATR-

FTIR analysis has been applied successfully to study the chain interpenetration at the 

bioadhesive interface occurring between mucoadhesive polymer and mucin. The peak 

area of the broad band in the range of 3500-3000 cm-1 assigned to OH stretching was used 

to monitor the diffusion of water, which is an indirect measurement of the changes 

resulting from interpenetration of polymer-mucin chains at film interface. As the 

diffusion of water through pectin film occurred, the intensities of the ester band of pectin 

decreased and water peak increased. The carbohydrate region which is in the range 

between 1200 and 900 cm-1 of pectin showed broad band spectrum, indicating the H-bond 

formation. The calculated diffusion coefficient of water through pectin film  was derived 

from the non-linear curve fitting of experimental data to the diffusion model. The result 

showed that the diffusion coefficient of water from different media through pectin films 

(60 ± 3 µm thick) was not much different, ranged from 1.03 × 10-6 to 1.32 × 10-6 cm2/s. 

The results obtained from this study demonstrated an evidence that a chain interdiffusion 

occurred at the interface of pectin film and mucin dispersion. 

Furthermore, the visualization of pectin adsorption on mucin particles was 

examined using the AFM (Chapter 6). The AFM images of the pectin-mucin mixture 

showed no association between the aggregated mucin chain and chain-like structure of 

pectin in acidic environment. However, the association of the pectin and mucin chains in 

water was observed. In order to study the interaction between pectin and mucin via 

electrical theory, the zeta potential measurement and mucin particle method were 
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performed (Chapter 6). It was expected that the surface properties of the mucin particles 

might be changed by the adhesion of the polymer if the polymer has mucoadhesive 

properties. Both pectin and mucin showed negative charges. The resultant zeta potential 

of mucin shifted to a higher negative value with the increased pectin in the mixture. This 

is because the increase negative charge from pectin in the mixture. Generally, the 

electrostatic repulsion occurs with the same charges. This might result in an uncoiling of 

polymer chains, which facilitated chains entanglement and bonds formation. The particle 

size of the mixtures between pectin and mucin depended on the proportion of either 

pectin or mucin in the mixtures. The aggregation of pectin and mucin particles could not 

be observed by particle size measurement, indicating that mucin particle method may not 

suit to study the interaction between pectin and mucin because pectin had very large size 

with a wide size distribution.  

In this study, the pectin based-mucoadhesive dosage form was designed and 

evaluated (Chapter 7). The cationic liposomes were prepared and mixed with pectin to 

obtained PLCs. The AFM images provided a direct evidence for association of cationic 

liposomes on the pectin chain. The zeta potential value of complex was shifted to 

negative charge and the particle sizes were increased. The FTIR spectrum also confirmed 

the electrostatic interaction between the positively charged stearylamine in liposomes and 

the negatively charged pectin chain. The in-vivo mucoadhesive results showed that pectin 

could enhance the absorption of FD4 into rat GI epithelium under CLSM observation, due 

to the adhesion of pectin on the mucosal surface. The mucoadhesive performance of the 

PLCs made of low DE pectin in rat GI tract was stronger than that of cationic liposomes 

and the PLCs made of high and amidated low DE pectin. These results, however, 

contrasted to the results from the in-vitro test using texture analyzer (Chapter 3). This 

indicated that the number of carboxyl groups was a predominant factor for in-vivo 

mucoadhesive properties of pectin. The lower DE or the higher amount of carboxyl 

groups in pectin structure led to a higher mucoadhesion. H-bonding may play a more 

important role than electrostatic interaction because both pectin and mucin in mucus layer 

are negative charges. Moreover, the results showed that PLCs have strong efficiency to 

increase pharmacological effect of calcitonin over eCT solution and cationic liposomes. 
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This may be due to PLCs can facilitate the intimate contact with mucosal surface 

resulting in a better absorption of calcitonin. The results suggested that the designed PLCs 

were promising as a carrier for GI mucoadhesive drug delivery. 

In conclusion, pectin showed mucocoadhesive properties against porcine GI 

mucosa under a texture analysis method. The mucoadhesive mechanism of pectin began 

with the wetting and swelling of pectin to intimate contact with mucin chain in mucus 

layer. The wettability of pectin depended on the hydrophobicity/hydrophilicity of 

molecules which resulted from the number of carboxyl groups. The mucoadhesive effect 

of pectin involved the H-bonding and, perhaps, hydrophobic interaction between pectin 

and mucin chain rather than the electrostatic attraction. Most of carboxyl groups in pectin 

and sialic acid in mucin can be ionized at physiological pH which is higher than their 

pKa. Then, the electrostatic repulsion between pectin and mucin may play a more 

important role than H-bonding, leading to a coil expansion which facilitate for molecular 

physical entanglements. The results suggested that pectin appears to be a potential 

mucoadhesive polymer for GI mucoadhesive drug delivery system. The selection of 

suitable pectin may help to retain the dosage form at its site of application.  

 

Future directions of research 

 This study demonstrated the possibility of using pectin as a mucoadhesive 

material in oral drug delivery. Pectin is a natural biopolymer, nontoxic and can be 

biodegraded in the body that makes pectin has superior than synthetic material. Pectin 

showed a strong mucoadhesion against porcine buccal mucosa in the mimic condition of 

oral cavity. The use of pectin as a buccoadhesive material may enhance the absorption of 

the drugs. The mucoadhesive effect of pectin against gastric mucosa depended on the pH 

of gastric fluid, so that the application of pectin as mucoadhesive material may have a 

better efficiency in fed state. The amidated low DE pectin may not suitable for 

mucoadhesion against gastric mucosa.  
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The application of pectin in mucoadhesive dosage form such as PLCs suggested 

that these complexes could retain FD4 in rat GI mucosa and gave a higher 

pharmacological effect of calcitonin after oral administration into rat. However, further 

studies to determine the stability of PLCs, cytotoxicity and the pharmacological effect of 

eCT-loaded PLCs in pathogenic rat need to be done to prove its utility as a stable, safe 

and high potential mucoadhesive dosage form. Some other peptides or protein drugs such 

as insulin or the drugs that need to be absorbed from intestine can also be selected as a 

model drug for widely applications.  

Moreover, pectin showed the strongest mucoadhesive effect against large 

intestinal mucosa in the in-vitro/ex-vivo tests but it could not reach to the colon in the in-

vivo test. The protection of pectin from upper GI environment such as enteric coating may 

help the dosage form to reach the colon. Some other mucoadhesive dosage forms using of 

pectin as mucoadhesive material such as nanoparticulate systems may also have a 

potential to enhance drug absorption and increase drug bioavailability. 
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