IN VITRO EVALUATION OF THE ABSORPTION ENHANCEMENT
PROPERTIES OF CHITOSANS, MONOCAPRIN AND MELITTIN

by

Gillian Mary-Anne Enslin

Submitted in partial fulfilment of the requirements for the degree

DOCTOR TECHNOLOGIAE

in the

School of Pharmacy
FACULTY OF HEALTH SCIENCES
TSHWANE UNIVERSITY OF TECHNOLOGY

Supervisor: Prof J.H. Hamman
Co-supervisor: Prof A.F. Kotzé

November 2005

DECLARATION BY CANDIDATE

“I hereby declare that the thesis submitted for the degree Doctor Technologiae, at
Tshwane University of Technology, is my own original work and has not previously
been submitted to any other institution of higher education. I further declare that
all sources cited or quoted are indicated and acknowledged by means of a
comprehensive list of references.”

Gillian Mary-Anne Enslin

Copyright© Tshwane University of Technology 2005

ii

DEDICATION

Thank you Lord
for leading me to my occupation,
for giving me ideas and
for allowing my abilities to manifest
through Your presence and guidance.

iii

ABSTRACT

The oral administration of drugs offers many advantages to both patients and
healthcare professionals in terms of convenience and patient compliance, and is
often the route of choice. However, poor bioavailability of certain types of drug
compounds, such as the hydrophilic macromolecular proteins and peptides,
precludes their administration via the oral route. (Kotzé et al., 1997a).
The absorption of poorly absorbed drugs may be improved by the coadministration of transcellular and paracellular absorption enhancing agents (Van
Hoogdalem et al., 1989).
Various absorption enhancers, which have been studied to improve the oral
bioavailability of hydrophilic macromolecules, were investigated.

Chitosan,

chitosan salts such as chitosan hydrochloride (ChHCl) and glutamate (ChGlut)
(Illum et al., 1994) and chitosan derivatives such as N-trimethyl chitosan chloride
(TMC) (Hamman et al. 2003) enhance the transmucosal absorption of hydrophilic,
macromolecular compounds in vitro. Glycerides of medium chain fatty acids, such
as monocaprin (MC) (the monoglyceride of a saturated C10 fatty acid), have been
investigated as absorption enhancers in the Caco-2 model (Brown et al., 2002).
Melittin (Mel), a 26 amino acid, cationic, amphipathic, peptide derived from honey
bee (Apis mellifera) venom was studied by Liu et al. (1999) as a novel absorption
enhancer, in the Caco-2 model.
The aim of this study was to investigate the effect of selected absorption
enhancers, alone and in combination, on the transepithelial electrical resistance
(TEER) of Caco-2 cell monolayers and permeability of a model compound,
fluorescence isothiocyanate (FITC) dextran (molecular weight 4 400 kDa) in a
slightly acidic and a neutral environment.
The test compounds, alone or in combination, were added to the apical side of
Caco-2 cell monolayers chamber of the filter wells and the TEER measured. The
effect of the absorption enhancers on the cumulative transport of the model
compound, FITC-dextran, was also determined. The concentrations of chitosan
salts and derivatives in test solutions / suspensions were 0.5 % and 0.25 %,
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monocaprin was applied at a concentration of 1.3 mM and 2.0 mM and melittin at
1.0 mM and 1.5 mM. Tests were conducted at pH 6.2 and pH 7.4.
TMCs reduced TEER in a concentration dependent manner, but the reduction in
TEER was independent of pH. ChHCl and ChGlut, however, reduced TEER in a
manner that was both concentration and pH dependent. Mel exhibited similar
TEER reduction for both pH values at the higher concentration (1.5 µM) used, but
not at the lower concentration (1.0 µM). Mel thus probably requires a threshold
concentration to be reached at the membrane before TEER is reduced.

MC

reduced TEER in a concentration dependent but pH independent manner, as was
expected from an uncharged molecule.
The TMC polymers in combination with Mel were the most effective combination
solutions in producing a reduction in TEER in both acidic and neutral
environments. Combinations of TMCs with MC also resulted in a synergistic effect
on percentage TEER reduction.
DCMO, TMC 48 (48 % quaternised) or TMC 64 (64 % quaternised), alone and
combined with Mel and with MC were used in the permeability studies, based on
TEER results. The most effective single absorption enhancers in increasing the
permeability of the model compound, FITC-dextran, were MC 2.0 mM and Mel 1.5
µM, followed by TMC 64 0.5 % w/v and TMC 48 0.5 % w/v at pH 6.2. At pH 7.4 a
similar trend was observed with the exception that Mel was less effective than the
TMC 64 at 0.5 % w/v concentration, at this pH, which is probably due to the lower
positive charge density at the higher pH.
Synergism in the enhancement of the permeability of the model compound was
observed for combinations of MC 1.3 mM or Mel 1.0 µM solutions with TMC 48
0.25 % w/v and TMC 64 0.25 % w/v solutions and, although to a lesser extent,
with DCMO 0.25 % w/v.

The results infer that TMCs, MC and Mel probably

enhance permeability via different mechanisms, however further studies will be
necessary to confirm this. The percentage reduction in TEER was found to be a
good indicator of permeability enhancement and may be used as an initial
screening procedure for promising absorption enhancing compounds.
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CHAPTER 1: INTRODUCTION
1.1 BACKGROUND AND MOTIVATION
Oral administration of drugs offers many advantages, to both patients and
healthcare professionals, in terms of safety, convenience and patient compliance.
The oral route is therefore usually the route of choice (Cleland et al., 2001). Poor
bioavailability of certain types of drug compounds, however, precludes their
administration via the oral route. These drugs must therefore be administered via
an alternative route, usually by parenteral injection.

The availability of a

bioavailable oral drug delivery system for these drugs would include the following
advantages, particularly if the drug was intended for chronic use:
•

convenience; the drug can be self administered, with improved compliance
and treatment outcomes,

•

ease of administration; there is no need for a trained professional to
administer the drug, as in the case of parenteral dosage forms,

•

ease of manufacture; the manufacturing process of oral dosage forms is
usually less complex and cheaper than that of sterile parenteral dosage
forms,

•

ease of storage and transport; oral dosage forms are more convenient to
store and transport than parenteral dosage forms (Shargel and Yu, 1999).

Developments in biotechnology have resulted in the increased production and use
of peptide and protein drugs and have stimulated research into finding ways of
delivering these drugs via the oral route. These drugs are poorly absorbed after
oral administration because they are hydrophilic, large compounds with high
molecular weight and are inactivated by proteolytic enzymes in the gastrointestinal
tract. For these drugs that exhibit inadequate bioavailability, numerous studies
have been undertaken to investigate ways of promoting and enhancing their
transport across the mucosal epithelia of the gastrointestinal tract (Van
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Hoogdalem et al., 1989, Zhou, 1994). Currently the progress in developing new
drug entities is far ahead of the development of effective delivery systems for this
new generation of drugs and many challenges remain to be overcome (Kotzé et
al., 1999, Soltero & Ekwuribe, 2001, Shen, W., 2003).
Following oral administration the gastrointestinal tract presents the following
barriers to the absorption of hydrophilic macromolecules:
•

the epithelial barrier of tightly bound cells physically inhibits
transcellular and paracellular transport of these molecules;

•

the luminal and brush-border enzymes break down proteins and
peptides to constituent amino acids, which results in a loss of activity;

•

the highly viscous mucous layer presents a physical barrier to the
diffusion of these molecules to the absorbing epithelial surface.

Therefore, a possible approach to the design of a suitable drug delivery system to
achieve sufficient peptide drug absorption would be to eliminate or negate these
potential absorption barriers of the gastrointestinal tract (Lueßen, 1996). The
epithelial barrier may be potentially overcome by enhancing both transcellular and
paracellular transport via various mechanisms (Lueßen, 1996, Fasano, 1998a).
The metabolic barrier of luminal and brush-border enzymes may be overcome by
complexation or neutralization of the enzymes (Lueßen, 1996). The influence of
the highly viscous mucous layer may be overcome by either decreasing mucous
viscosity or by increasing the residence time of the dosage form in the
gastrointestinal tract thus allowing time for the diffusion of drug molecules to the
absorbing surface (Lueßen, 1996).
Much research has been focused on techniques to increase the absorption of
poorly absorbable drugs through the co-administration of transcellular and
paracellular absorption enhancing agents (Van Hoogdalem et al., 1989).

The

paracellular route, in particular, has gained interest for the delivery of proteins and
peptides because the enzymes, which are abundant in the cytosolic contents of
epithelial cells, are bypassed (Zhou, 1994, Thanou, 2000, Leußen, 1996). Tight
junctions, however, restrict the passage of molecules through the intercellular

2

spaces between adjacent epithelial cells (paracellular route), but there is growing
evidence that tight junctions are dynamic structures that readily adapt to a variety
of developmental, physiological and pathological circumstances and thus present
a means for the regulation of the paracellular transport of drug compounds (Noach
et al., 1993, Fasano, 1998a).
Various types of absorption enhancers with the potential to improve the oral
bioavailability of hydrophilic macromolecules have been studied. Compounds that
increase the permeability of the epithelial cells lining the gastrointestinal tract act
by diverse mechanisms. Bile salts and fatty acids attack and disrupt the lipid
bilayer and allow all contents of the gastrointestinal tract the same access to the
systemic bloodstream (Carino and Mathiowitz, 1999); cationic polymers enhance
absorption by opening the tight junctions between adjacent cells and allow
hydrophilic macromolecules to penetrate the mucosal barrier through the
intercellular spaces (Carino and Mathiowitz, 1999). A number of studies have
been conducted indicating that chitosan salts (Schipper et al., 1996, Kotzé et al.,
1998a, Thanou et al., 2001) and chitosan derivatives such as N-trimethyl chitosan
chloride (Kotzé et al., 1998b, Thanou et al., 2001, Hamman, 2001) enhance the
transmucosal absorption of hydrophilic, macromolecular compounds in vitro. The
bacterium, Vibrio cholerae, produces a protein known as the Zonula Occludens
Toxin (ZOT) which increases the permeability of the intestinal epithelium by
reversibly altering the tight junctions to allow the passage of macromolecules
(Fasano and Uzzau, 1997, Marinaro, et al. 1999). Liu et al. (1999) studied the
polypeptide, melittin, as a novel absorption enhancer in the Caco-2 model, and
found that it enhanced the transport of the paracellular marker, mannitol, 3,5-fold
compared to the control.

The permeabilisation of membranes at low

concentrations of melittin has been attributed to the alteration of the organisation
properties of membrane lipids (Dempsey, 1990).
The most common method used to study the efficiency of these compounds is an
in vitro monolayer cell culture technique described by Wilson (1990) and since
utilised in many permeability studies (Artursson, 1991, Braun et al., 2000). Many
of these studies investigating ways of enhancing permeability via the paracellular
route have been performed in monolayers of intestinal epithelial cells, notably
Caco-2 cell cultures, and have provided new insight into the regulation of tight
3

junctions – the rate limiting barrier of the paracellular absorption pathway
(Junginger & Verhoef, 1998, Artursson et al., 2001).
Before any absorption enhancing agent can be considered for inclusion in a drug
delivery system, it is imperative that its potential toxicity be determined. Various
tools are used in the evaluation of the safety of potential absorption enhancers, for
example a good relationship has been established between morphological
damage and influence on ciliary beat frequency of nasal epithelial tissue, making
this a possible method for assessing potential toxicity of candidate compounds for
absorption enhancement (Merkus et al., 1993, Hamman et al., 2001).

1.2

PROBLEM STATEMENT

Developments in the discovery of new drug compounds, particularly in the field of
biotechnology, have resulted in the production of many proteins and peptides as
potential new drug candidates for the treatment of previously untreatable genetic
and other disorders (Cleland et al., 2001, Pillai et al., 2001). These hydrophilic
macromolecules exhibit poor bioavailability when administered in conventional oral
dosage forms, necessitating their administration via other routes, usually
parenteral. As the oral route is most often the route of choice, research focussing
on the design of drug delivery systems for hydrophilic, poorly absorbable
macromolecules is essential.
Many compounds have shown promise as absorption enhancers for poorly
absorbable drugs. Problems like low efficiency and toxicity, however, render them
unsuitable for inclusion in drug delivery systems.

Although the mechanism of

absorption enhancement is not well understood in many of the compounds, it is
clear that absorption enhancement occurs via different mechanisms. It is possible
that no single absorption enhancer on its own will exhibit the complete set of ideal
requirements for inclusion in a dosage form and therefore the following question is
asked: Will a combination of different chitosans and monocaprin or melittin act
synergistically to effectively and safely enhance the absorption of poorly absorbed
drugs?
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1.3

HYPOTHESIS

It is hypothesised in this study that a combination of chitosan salts and/or chitosan
derivatives with monocaprin and melittin respectively, will have a synergistic effect
on the absorption enhancing properties of these compounds.

This synergistic

effect is expected because of the different mechanisms of action of these
compounds in enhancing absorption across the intestinal epithelium.
Therefore, it is postulated that a combination of chitosan salts and chitosan
derivatives, with monocaprin and melittin respectively, will exhibit more effective
absorption enhancement of poorly absorbable compounds than any of the test
compounds alone.

1.4

AIM AND OBJECTIVES

1.4.1 Aim
The aim of this study is to investigate the drug absorption enhancing properties of
a combination of different chitosan polymers and monocaprin and melittin,
respectively, across an in vitro intestinal model, the Caco-2 cell line.
1.4.2 Objectives
The primary objectives of the study are:
•

To determine the effect of different chitosan polymers, monocaprin,
melittin and combinations thereof on the transepithelial electrical
resistance (TEER) of Caco-2 cell monolayers.

•

To determine the effect of different chitosan polymers, monocaprin,
melittin and combinations thereof on the transport of hydrophilic,
macromolecular model compounds across Caco-2 cell monolayers.

•

To determine the effect of different chitosan polymers, monocaprin,
melittin and combinations thereof on the ciliary beat frequency of
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nasal epithelial cells as a preliminary indication of possible cytotoxic
effects.

1.5

CONCLUSION

Due to rapid advances in biotechnology, many new compounds, particularly
peptides and proteins have become available to treat diseases, which in the past
have been untreatable.

These new drugs can at present, however, not be

administered orally, using currently available oral dosage form designs. In order
for pharmaceutical technology to keep pace with the development of new drugs,
research is required into the design of novel drug delivery systems that address
the challenges of delivering these new drugs in an effective, acceptable and
optimally bioavailable form.
In this study it is proposed to investigate a number of absorption enhancing
compounds, alone and in combination, for efficiency and possible toxicity, using in
vitro techniques.
In chapter two the anatomic and physiological factors determining the absorption
of a drug, the various options available for improving bioavailability and the
absorption enhancing agents that have shown potential as excipients for drug
delivery systems are described. In chapter three an overview of the absorption
enhancers selected for this study is provided. The cell culture technique as an in
vitro model for drug absorption enhancement studies is discussed in chapter four.
Chapters five describes the methods used in this study and the results and
discussion are presented in chapter six. The conclusion and recommendations
are presented in chapter seven.
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CHAPTER 2: ENHANCEMENT OF DRUG
ABSORPTION ACROSS THE INTESTINAL
EPITHELIUM
2.1 INTRODUCTION
The absorption of a drug from the gastrointestinal tract is a complex process that
is dependent on the physicochemical properties of the drug compound itself, the
nature and design of the drug delivery system and the anatomy and physiologic
functions at the site of drug absorption (Shargel & Yu, 1999). As discussed in
chapter one, the oral route is most frequently used for drug administration. Orally
administered drugs are usually intended for systemic effect, which is achieved
following a sufficient rate and extent of absorption through the epithelium of the
gastrointestinal tract.

The drug, or its delivery system, may need to be

manipulated to overcome the natural barriers to absorption, particularly if the
physicochemical properties of the drug itself preclude its absorption in sufficient
quantity for a systemic effect (York, 2002).

2.2

THE GASTROINTESTINAL TRACT

The gastrointestinal tract is a muscular tube about 6 m long with varying diameters
along its length.

It stretches from the mouth to the anus and consists of the

following chief anatomical areas: the oesophagus, the stomach (pH 1 – 3.5), the
small intestine (pH 5 – 7) and the large intestine (pH 6 – 7.5). The wall of the
gastrointestinal tract is similar in structure along its entire length and consists of
four main histological layers:
•

the mucosa, which is subdivided into three layers, the epithelium, a layer of
connective tissue, the lamina propria and the muscularis mucosa;

•

the submucosa, a connective tissue layer containing some secretory tissue
and blood and lymphatic vessles and a network of nerve tissue;
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•

the muscularis externa, containing two layers of smooth muscle tissue, one
longitudinal and one circular layer, which provide the forces for the
movement of the gastrointestinal contents;

•

and lastly the serosa, an outer layer of epithelium and supporting
connective tissue (Ashford, 2002a).

Most of the gastrointestinal epithelium is covered by a layer of mucous, a
viscoelastic translucent aqueous gel.

Mucous is secreted throughout the

gastrointestinal tract to act as a protective layer and mechanical barrier.

It

consists of many different secretions and exfoliated epithelial cells. Water is the
chief component of mucous (about 95%), the other components are large
glycoproteins known as mucins which consist of a protein backbone of about 800
amino acids and oligosaccharide side chains typically up to 18 residues in length.
The mucous layer varies between 5 µm and 500 µm in thickness, with an average
value of 80 µm. Mucous is constantly being removed from the luminal surface by
abrasion and enzymatic breakdown, and is continually replaced from beneath, with
a

turnover

time

estimated

at

four

to

five

hours.

(www.kcom.edu/faculty/chamberlain/Website/lectures/tritzid/GASTRO.htm, 2004).
2.2.1 The small intestine
As most drug absorption takes place from the small intestine and because this is
the target site of most absorption enhancers, only this part of the gastrointestinal
tract will be discussed in further detail. The human small intestine consists of
three sections, the duodenum (approximately 25 cm), the jejunum (approximately
240 cm), and the ileum (approximately 360 cm). As mentioned in the previous
section, the wall of the intestine is made up of the mucosa and the submucosa.
The mucosa in turn is divided into three layers; the epithelium, lamina propria and
muscularis mucosae.

Evaginations of the mucosa, called villi, project into the

intestinal lumen. Between the villi are crypts, which are minute depressions of the
mucosa that extend into the lamina propria (figure 2.1).
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Figure 2.1 : A cross-section of the small intestine (A) showing increasing detail
from intestinal folds (B) with villi (C) to an individual villus.
(www.kcom.edu/faculty/chamberlain/Website/lectures/tritzid/GASTRO.htm, 2004).
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The intestinal epithelium is a continuous single layer that covers the entire surface
of the intestinal wall facing the lumen. The intestinal epithelium consists of four
types of cells: the columnar absorptive cells or enterocytes (which make up 90 %
of the total number of cells in the intestinal epithelium), the goblet cells (9,5% of
the

total),

the

Paneth

cells

and

the

undifferentiated

columnar

cells.

(www.kcom.edu/faculty/chamberlain/Website/lectures/tritzid/GASTRO.htm, 2004).
The columnar absorptive cells cover the sides and tips of the villi. On the luminal
surface of the enterocytes are projections, the microvilli. The microvilli in turn have
projections of glycoprotein molecules, the glycocalyx, which has enzyme
properties,

with

saccharidase,

alkaline

phosphatase

and

aminopeptidase

functions. These glycoprotein enzymes are amphiphilic with the hydrophobic face
embedded in the lipid of the cell membrane and the hydrophobic face projecting
into the luminal space. The substrate binding site is situated on the hydrophilic
face. The chief function of the enterocytes is the absorption of water, minerals,
amino

acids

and

simple

sugars.

(www.kcom.edu/faculty/chamberlain/Website/lectures/tritzid/GASTRO.htm, 2004).
The goblet cells are interspersed between the enterocytes of the epithelium along
the sides and tips of the villi. The apical 2/3 of these cells is distended by an
accumulation of membrane-bound mucin secretory granules. Once secreted from
the goblet cells, the mucous forms a luminal lining on top of the glycocalyx of the
microvilli. The mucous lubricates and forms a barrier, which protects the mucosal
epithelium from potentially harmful intraluminal substances. Goblet cell secretion
of mucin is induced by enterotoxins of bacteria such as Escherichia coli and Vibrio
cholerae

as

well

as

by

immune

complexes.

(www.kcom.edu/faculty/chamberlain/Website/lectures/tritzid/GASTRO.htm, 2004).
Paneth cells occur in small groups at the base of the intestinal crypts. They have
both phagocytic and secretory properties and provide the first line of immune
defence against intestinal microorganisms. Paneth cells secrete lysozyme, which
lyses the cell walls of bacteria, as well as secretory immunoglobulin A.

The

undifferentiated columnar cells occur at the base of the crypt, interdispersed with
the Paneth cells. These cells are in constant replication and are the progenitors of
the enterocytes, goblet cells and Paneth cells. The process of differentiation is
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continuous and the cells of the epithelium are replaced every three days.
(www.kcom.edu/faculty/chamberlain/Website/lectures/tritzid/GASTRO.htm, 2004).
Underlying the intestinal epithelium is the lamina propria, which is a compact
stroma consisting mainly of reticular and elastin fibres. It has extensive beds of
blood and lymph capillaries, into which absorbed food and other substances pass.
Plasma cells and lymphocytic cells are particularly numerous in this tissue, with
lymphocytes often being amassed into solitary or aggregated lymph follicles, the
Peyer’s patches. These present a second line of immune defence against
microbial invasion from the lumen of the intestine.
(www.kcom.edu/faculty/chamberlain/Website/lectures/tritzid/GASTRO.htm, 2004).
The muscularis mucosa is a thin bilaminar plexus of circular (inner) and
longitudinal (outer) smooth muscle fibres, which clearly demarcate the mucosa
and the submucosa. The muscularis mucosa enables the alteration of the
conformation of the mucosa, independent of the other movements of the digestive
tract, thus increasing its contact with the luminal contents.
(www.kcom.edu/faculty/chamberlain/Website/lectures/tritzid/GASTRO.htm, 2004).
Figure 2.2 is a diagram of the intestinal epithelium representing the types of cells
found in the epithelial lining of the small intestine, the absorptive cells or
enterocytes, the goblet cells, the Paneth cells and the undifferentiated columnar
cells.
An important factor, related to hydrophilic drug absorption, is the pH gradient along
the length of the gastrointestinal tract. The pH of the intestine in healthy human
volunteers was found to rise from 6.4 in the duodenum to 7.3 in the distal part of
the small intestine. The pH dropped to 5.7 in the caecum, but rose to 6.6 in the
rectum. More recently, in healthy volunteers, the pH was found to be 7.2 in men
and 7.1 in women at the proximal jejunum (Thanou, 2000).
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Figure 2.2: Diagrammatic cross-section of the gastrointestinal epithelium (from
www.emory.edu/WHSC/MED/GI/FACULTY/yang_lab.html).
2.2.1.1

The cell membrane

The epithelial cells lining the gastrointestinal tract act as a barrier to separate the
body from the external environment as well as to preserve distinct compartments
within the body.

This function is achieved by the unique nature of the cell

membrane and the presence of membrane-associated transporters, intracellular
enzymes and junctional complexes. The movement of any solute, ionic, polar or
non-polar, across the epithelium is restricted. This restriction of the movement of
ions gives rise to electrical potential gradients across the epithelia (Ward et al.,
2000).
Cell membranes are generally thin, ranging in thickness from 70 to 100 Å. Cell
membranes are composed mainly of phospholipids in the form of a bilayer. This
bilayer is interdispersed with carbohydrates and integral glycoprotein groups. The
lipid bilayer is the basic architecture of the cell membrane and is a flexible layer
held together by the hydrophobic and hydrophilic forces of attraction, which
12

stabilise the membrane. Water molecules migrate easily backwards and forwards
through the membrane, but the migration of other molecules and ions depend on
the protein components of the membrane (Holum, 1998). This fluid mosaic model
of the cell membrane was first proposed by Singer and Nicolson in 1972 and
accounts for the transcellular diffusion of polar molecules via the proteins
embedded in the membrane. These proteins thus provide a pathway for the
selective transfer of certain polar molecules and charged ions through the lipid
barrier. Two types of pores, with diameters of about 10 nm and 50 to 70 nm
respectively, were assumed to be present in the membrane, based on capillary
transport studies carried out by Pratt and Taylor in 1990 (as cited in Shargel & Yu,
1999).

These small pores provide a channel through which water, ions and

dissolved solutes such as urea may move across the membrane.

However,

lipophilic molecules, including drugs, penetrate and diffuse through the lipid bilayer
matrix with relative ease (Shargel & Yu, 1999). Figure 2.3 is a diagrammatic
representation of the cell membrane (Holum, 1998).

Figure 2.3: Diagrammatic representation of the cell membrane (Holum, 1998).
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2.2.1.2

The cytoskeleton

The cytoskeleton is a complex network of protein filaments, comprising the actin
filaments, intermediate filaments and microtubules, which traverses the cell
cytoplasm and performs various important and diverse cellular functions. Thin
actin filaments, present in all cells, consist of two helically intertwined chains of Gactin monomers.

Various proteins regulate the dynamic state of the actin

filaments; these proteins include spectrin, filamin, gelsolin, thymosin, profiling,
tropomyosin, fimbrin and α-actinin. The spectrin membrane skeleton comprises
mainly actin filaments located at the surface of the cell membrane, and is essential
for maintaining cellular shape and elasticity and membrane stability. Mediation of
the opening and sealing of tight junctions takes place via the interaction of the tight
junction protein complex with structurally organised actin filaments in the
cytoskeleton (Fanning et al., 1999).
2.2.1.3

Tight junctions

Individual epithelial cells are joined to each other by specialised complexes,
including the adherens junction and the zonula occludens, which is also referred to
as the tight junction. Tight junctions encircle the enterocytes at the apical end of
the lateral membrane and form the boundary between the apical and basolateral
membrane surfaces (Balkovetz & Katz, 2003).
2.2.1.3.1

The function of tight junctions

The morphology and regulation of the tight junction has been studied in great
detail in the past few years. It has been suggested that the tight junction allows
the passage of small hydrophilic compounds, ions, nutrients and drugs, but acts as
a barrier to larger hydrophilic molecules.

It also acts as an intramembrane

diffusion barrier that restricts the intermixing of apical and basolateral membrane
components (Ouyang et al., 2002). Balkovetz and Katz (2003) in a review of the
function and composition of the tight junction, state that tight junctions seal the
intercellular space between adjacent cells to create a primary barrier against the
diffusion of fluid, electrolytes, macromolecules and pathogens via the paracellular

14

pathway. The tight junctions are thus essential for the barrier function of epithelia
by restricting paracellular diffusion.
The function of the tight junction is therefore complex and this complexity is
reflected in the multiprotein architecture of the tight junction that spans
extracellular, transmembrane and intracellular domains of the cell.

The tight

junction comprises a group of both transmembrane and cytosolic proteins that
interact not only with each other, but also with the membrane and the cytoskeleton
(Ouyang et al., 2002). Tight junction proteins include transmembrane proteins
(occluding and claudin isoforms) and intracellular proteins (ZO-1 and ZO-2). The
ability of the tight junctions to form a seal is dependent on the interaction of the
tight junction protein complex with structurally organised actin filaments in the
cytoskeleton. Assembly and disassembly of the tight junctions between epithelial
cells is also controlled, partly, by E-cadherin-mediated cell-cell adhesion in the
adherens junction (Balkovetz & Katz, 2003).
Tight junctions are also essential for the development and maintenance of
epithelial cell surface polarity, since they form an intramembrane diffusion fence
that restricts diffusion of membrane proteins and/or lipids in the exoplasmic leaflet
of the plasma membrane (Balkovetz & Katz, 2003).
2.2.1.3.2

Structure and morphology of tight junctions

Ward et al. (2000) have reviewed the research carried out on the structure and
physiological, cellular and molecular regulation of tight junctions over the past ten
to fifteen years. Occludin was first identified in the tight junctions of chicken liver
and various mammalian species. Occludin is an integral membrane protein that is
predicted to contain four transmembrane domains. Occludin plays a dual role:
firstly to provide structural integrity to the tight junction and also to regulate the
barrier function of the tight junction. The N terminus and extracellular domains of
occludin provide the structural integrity necessary for the barrier function of the
tight junction.

The presence of occludin is not, however, necessary for the

formation of the tight junction. The C terminal cytoplasmic end of occludin has a
regulatory role by binding to the tight junction associated proteins that interact with
the cytoskeleton of the epithelial cell, as well as by binding directly to the
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cytoskeleton.

Interactions of the tight junction with the cytoskeleton and the

phosphorylation status of occludin may play an important role in the regulation of
tight junction function (Ward et al., 2000).
The claudins also have an important role in the structure and function of tight
junctions.

Claudins, as with occludin, are presumed to contain four

transmembrane domains and are possibly the major structural components of tight
junction strands.

Expression of claudins 1 and 2 in fibroblasts, which do not

contain constitutive tight junctions, induce the formation of tight junction strands,
indicating that claudins are the major structural components of tight junction
strands (Ward et al., 2000).
There are three cytosolic proteins, referred to as tight junction associated proteins,
which localise occludin in the tight junction fibrils and thus couple the tight junction
to the matrix of the cytoskeleton. ZO-1 was the first tight junction associated
protein to be identified in a study by Swenson et al. (1986). The N terminal section
of ZO-1 interacts with the C terminal tail of occludin, and its C terminal interacts
with the F-actin of the cytoskeleton. ZO-2, a protein of 160 kDa, as with ZO-1,
interacts with the C terminal half of occludin and the N terminal portion of ZO-1.
ZO-2 is expressed exclusively by the tight junctions of epithelial cells, but ZO-1 is
present in certain adherens junctions. A third tight junction associated protein
(ZO-3), has also been identified. It is a 130 kDa protein that interacts with ZO-1
and occludin, but not with ZO-2.
Figures 2.4 and 2.5 are schematic representations of a tight junction.

The

photograph in figure 2.6 is an electron micrograph of the intercellular junctional
complex between two intestinal cells, showing the tight junction, desmosomes and
microvilli.
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Figure 2.4: A schematic representation of the intestinal epithelium showing the
tight junction protein complex (www.nastech.com).

Figure 2.5: Diagrammatic representation of the transmembrane and cytolic
proteins associated with the tight junction (www.nastech.com).
17

TJ
D
MV

D

MV

TJ

Figure 2.6: Electron micrograph of intestinal epithelial cells with microvilli (MV),
tight junction (TJ) and desmosome (D) (www.uni_mainz.de).
2.2.1.3.3

Regulation of tight junctions

The physiological regulation of the tightness of tight junctions of the different
epithelial tissues is consistent with the physiological role of the tissue. As an
example, the tightness of the intestinal epithelial tight junctions is decreased after
a meal, probably in order to allow hydrophilic nutrients such as glucose and amino
acids to pass through the paracellular spaces.

This concept of physiological

regulation of tight junctions is further substantiated by reports that various
endogenous compounds can increase paracellular permeability. Cytokines, such
as tumour necrosis factor α, have been found to increase epithelial permeability by

18

modulating the tight junctions. Many of these endogenous substances have a
response time that is too long for them to be useful as paracellular permeability
enhancers, but they do serve to prove that tight junctions are modulated by
endogenous factors (Ward, et al., 2000).
Occludin, ZO-1, ZO-2 and ZO-3 may also play a role in regulating tight junction
function, in addition to linking the tight junction from the membrane to the
cytoskeleton.

Many classic second messengers and protein kinases of the

signalling pathways influence both the assembly and barrier functions of tight
junctions. These include tyrosine kinases, Ca2+ and protein kinase C (PKC). The
ultimate effect of the modulation of many of these pathways is the phosphorylation
of tight junction proteins or the displacement, that is the contraction or relaxation,
of the perijunctional actin-myosin ring. Figure 2.7 represents the modulation of
tight junctions by the phospholipase-C dependent signalling pathway.

Figure 2.7: The modulation of tight junctions via the phospholipase-C dependent
pathway (Ward, 2000).
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The PLC-dependent signaling pathway is initiated by the cleavage of phosphatidylinositol (4,5)-bisphosphate (PIP2) into two products: inositol 1,4,5-triphosphate
(IP3) and diacylglycerol (DAG). IP3 is released into the cytosol and induces Ca21
release from the endoplasmic reticulum. Increased intracellular levels of DAG and
Ca21 or DAG alone activate the conventional or novel protein kinase C (PKC)
isoenzymes,

respectively.

Furthermore,

increased

intracellular

Ca21

concentrations activate calmodulin-dependent kinase. PKC and calmodulindependent kinase phosphorylate and alter the myosin light chain kinase activity.
Myosin light chain kinase phosphorylates the myosin light chain and induces a
contraction in the perijunctional actin–myosin ring. This ring is connected to the
cell membrane and its displacement has been postulated to alter tight junction
function.
Phosphorylation of the tight junctions is the most important step in the modulation
of tight junction function. The proteins involved in the regulation of tight junctions
(including occludin, ZO-1, ZO-2 and ZO-3) are phosphoproteins.

The

phosphorylation of occludin corresponds with its localization and function at the
tight junction; therefore the phosphorylation of occludin is possibly involved in tight
junction formation. ATP depletion and a consequent disruption of the tight junction
integrity, induces a decrease in phosphorylation of all tight junction regulatory
proteins. During ATP repletion, an increase in phosphorylation of these proteins
takes place. The inhibition of tyrosine kinase markedly inhibits the formation of
tight

junctions

during

ATP

repletion;

supporting

the

suggestion

that

phosphorylation of occludin is involved in tight junction formation. In Madin-Darby
canine kidney (MDCK) cells, increased tyrosine phosphorylation of ZO-1 and ZO2, induced by treatment with a tyrosine phosphate inhibitor, corresponds with a
decreased transepithelial electrical resistance (TEER).

Furthermore, the

increased permeability that this treatment induces is accompanied by the
displacement of ZO-1 (Ward et al., 2000).
Different phosphorylation states of tight junction proteins may explain the
differences in permeability between various in vitro models. For example, two
strains of MDCK cells that differ markedly in TEER (by a factor of 30) have similar
numbers of tight junction strands and content of ZO-1, but the level of

20

phosphorylation of ZO-1 of the low TEER strain is approximately twice that of the
high resistance strain (Ward et al., 2000).
The same signalling pathways that induce the phosphorylation of the tight junction
proteins may also be involved in the modulation of the actin cytoskeleton. The
actin cytoskeleton associates with the plasma membrane via a network of actin
filaments below the tight junction and through a ring of actin filaments at the level
of the adherens junction (Hirokawa and Tinley, in Ward et al., 2000). Disruption of
the actin cytoskeleton (by certain drugs, such as cytochalasin D) increased sodium
and mannitol flux in studies using guinea pig ileum indicating that the integrity of
the cytoskeleton is important in the function of junctional complexes (Madara et al.,
in Ward et al. 2000).
Disruption of the actin cytoskeleton has been shown to be only one of the
mechanisms by which paracellular permeability can be enhanced by modulation of
the actin structure. Phosphorylation of the myosin light chain induces the actinmyosin ring of the adherens junction to contract, which has been shown to be
associated with the loosening of tight junctions (Yagamuchi et al. as reviewed in
Ward et al., 2000).

2.3

DRUG ABSORPTION FROM THE GASTROINTESTINAL (GI)
TRACT

Molecules cross the intestinal epithelium into the systemic circulation primarily by
three mechanisms: passive diffusion across the cell membranes (transcellular
pathway), passive diffusion between adjacent cells (paracellular pathway) and
carrier-mediated transport (carrier-mediated transcellular pathway) (Ward et al.,
2000). Each transport mechanism depends on the physicochemical properties of
the absorbed compound, such as its stereochemistry, partition into membranes,
molecular weight and/or size, molecular volume, pKa, solubility, chemical stability
and charge distribution.

Physiological factors such as gastric emptying,

gastrointestinal motility, intestinal pH, blood flow, lymph flow, pathological state,
drug interactions, nutrition and mucous dissolution also play a major role in drug
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absorption and must be considered when evaluating absorption (Le Ferrec et al.,
2003).
2.3.1 Drug absorption and the biopharmaceutics classification system
Solubility and permeability are the factors that have been identified as having the
greatest influence on drug absorption (Pillai et al., 2001). The biopharmaceutics
drug classification system (BCS), introduced in the last decade, is a major step in
classifying the biopharmaceutical properties of drugs and drug products, and is
now part of drug regulatory standards in many countries (Löbenberg & Amidon,
2000).
The BCS classifies drug compounds into four categories according to their
permeability and solubility properties. Drugs are classified as having either high or
low solubility and high or low permeability. Drugs are considered highly soluble if
the maximum dose of drug is soluble in 250 ml of water and highly permeable if
the drug is more than 80 % absorbed across the gastrointestinal epithelium (Pillai
et al., 2000). Figure 2.8 summarises the BCS.
The BCS recognises permeability and solubility as the fundamental variables
required to describe the mass transport of a compound through a membrane. The
BCS is used by the Food and Drug Administration of the United States of America
to set standards for drug product dissolution to reduce the requirements for in vivo
bioequivalence testing for the generic drug products.
Knowledge of the BCS can also guide the pharmaceutical formulation scientist in
the development of a dosage form based on mechanistic, rather than empirical
approaches. Potential for in vitro / in vivo correlations can therefore be determined
and significantly reduce in vivo studies (Löbenberg and Amidon, 2000).
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Figure 2.8: The biopharmaceutics classification system (BCS) based on solubility
and permeability (from Pillai et al., 2000).
2.3.2 Factors influencing absorption of drugs from the gastrointestinal tract
Important parameters that affect the onset and degree of drug absorption include
the following (Löbenberg and Amidon, 2000). The factors have been summarised
in figure 2.9:
•

Physiological factors
o The rate of release of the drug from the dosage form; drug
dissolution can be limited due to the volume of gastrointestinal fluid
available in the gut and due to the pH of the gastrointestinal
environment;
o Bile salts can increase the solubility of lipophilic substances;
o The presence of food impacts on the solubilisation and absorption of
drugs;
o Gastric emptying and gastrointestinal transit time affect both the
onset and degree of absorption;
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o Hydrolytic, metabolic or enzymatic degradation may reduce the
amount of drug in the gastrointestinal tract available for absorption;
o The permeability of the sections of the gastrointestinal tract varies
due to their differences in physiology, hence the permeability of a
drug changes during transit of the gastrointestinal tract (Löbenberg
and Amidon, 2000).
•

Physicochemical properties of the drug compound
o

Particle size, an increase in the total effective surface area of drug in
contact with the gastrointestinal fluids will increase dissolution rate;

o

Solubility, both the dissociation constant and the lipid solubility (o/w
partition coefficient)of a drug dictate the absorption characteristics
throughout the gastrointestinal tract;

o

Salts forms may improve solubility and thus absorption.

o

Crystal form, the metastable polymorph usually exhibits a greater
aqueous solubility and dissolution rate than the corresponding stable
polymorph (Ashford,2002b).

•

Formulation factors
o

Solubilisation with surfactants;

o

Dispersion of a poorly soluble drug in a physiologically inert readily
water-soluble solid;

o

Buffers which alter the pH of the diffusion layer may improve
solubility of the drug;

o

Complexation is one of the principal types of interactions that can
influence

the

effective

concentration

of

the

drug

in

the

gastrointestinal fluids for example diluents may form poorly soluble
complexes with drugs, viscosity enhancing agents may also reduce
the concentration of drug in solution
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o

Adsorbents potentially interfere with the rate and extent of drug
absorption due to a decrease of the concentration of the drug in
solution in the gastrointestinal fluids (Ashford, 2002b).
Nutrient intake

Nervous innervation
Paracrine hormonal
control

Gastric motility
Intestinal motility
Dissolution or binding in
mucous

Nervous
innervation
Paracrine hormonal
control

Absorption
(paracellular,
transcellular
passive diffusion,
transcellular endocytosis,
transcellular
carrier-mediated
transport)
Metabolism
Secretion
(ions, fluid)

Xenobiotic physical and
chemical characteristics
(molecular weight, pKa,
solubility, chemical stability,
lipophylicity, etc.)

Physiological factors
(disease, intestinal pH,
etc.)
Luminal factors
bacterial toxins, bile
Number of enterocytes
Functional state of
enterocytes
Blood and lymph flow

Distribution
Elimination
(metabolism, excretion)

Figure 2.9: Factors influencing intestinal absorption (Le Ferrec et al., 2003)

2.3.3 Transcellular absorption pathways
2.3.3.1

Passive diffusion

Passive absorption is the major absorption process for most drugs.

Passive

diffusion is the process by which molecules spontaneously diffuse from a region of
higher concentration to a region of lower concentration. No external energy is
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expended during this process.

Rapidly absorbed drug molecules are usually

lipophilic small molecules that distribute easily into the cell membrane (Artursson
et al. 2001).

The drug molecules diffuse randomly in all directions in the

membrane but as a result of a concentration gradient there is a net flux to the site
of lower concentration.

The driving force for passive diffusion is the higher

concentration of the drug on the mucosal side of the membrane and the lower
concentration on the serosal side, which is maintained by blood flow and the larger
volume into which the drug is distributed (Ashford, 2002a, Shargel & Yu, 1999).
The passive absorption process initially involves the partitioning of the drug
between the aqueous fluids of the gastrointestinal tract and the lipoidal membrane
of the epithelium. The drug in solution then diffuses across the epithelial cell to the
blood in the capillary network where rapid distribution of the drug takes place. The
stages in absorption can be represented by figure 2.10, a model that considers the
gastrointestinal-blood barrier as a single membrane (Ashford, 2002a).

GASTROINTESTINAL
FLUID

GASTROINTESTINAL
MEMBRANE

BLOOD

Drug in solution
carried away
from absorption
site by circulating
blood

Drug in
solution

Partition

Diffusion

Partition

Figure 2.10: Diagrammatic representation of absorption via passive diffusion
(adapted from Ashford, 2002a)
Fick’s first law of diffusion describes passive diffusion of drugs across the
gastrointestinal–blood barrier, and is given by the following equation:
dC/dt = k(Cg - Cb)
where dC/dt is the rate of appearance of the drug in the blood at the site of
absorption, k is the proportionality constant, Cg is the concentration of the drug in
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solution in the gastrointestinal fluid at the site of absorption and C

b

is the

concentration of the drug in the blood at the site of absorption. The proportionality
constant, k, incorporates the diffusion coefficient of the drug in the gastrointestinal
membrane, the thickness and surface area of the membrane. Since the surface
area of the epithelial membranes is more than 1000 times larger than the
paracellular surface area, it can be assumed that rapidly and completely absorbed
drugs are transported exclusively by the passive transcellular route. Fick’s first
law also indicates that the rate of drug absorption is dependent on the
concentration gradient across the gastrointestinal membrane. This concentration
gradient is influenced by the apparent partition coefficients of the drug with respect
to

the

gastrointestinal

fluid/gastrointestinal

gastrointestinal membrane/blood interface.

membrane

interface

and

the

It is thus important that the drug

exhibit both sufficient lipophilicity and hydrophilicity in order to firstly dissolve in the
aqueous gastrointestinal fluid, then partition readily into the membrane and finally
after diffusing across the membrane exhibit sufficient solubility in the blood to
partition out of the membrane phase into the blood. The blood acts as a “sink” for
the absorbed drug and ensures that a large concentration gradient is maintained
during absorption, thus Cg » Cb. The expression thus reduces to dC/dt = k(Cg),
indicating that passive transcellular absorption is a first-order kinetic process
(Ashford 2002a).
It must be noted that even very hydrophilic drugs may be absorbed via the
transcellular route. Consider a hydrophilic drug with a partition coefficient between
the cell membrane and the extracellular fluid (Pmembr) of 1 X 10-3, that is log
(Pmembr) = -3.

The log octanol/water partition coefficient (log Poct), the most

widespread predictor of absorption, for molecules assumed to be absorbed via the
paracellular route is in the order of –3. It is assumed that the surface area of the
luminal cell membrane of the intestinal epithelium is 1000-fold greater than that of
the paracellular surface. The large surface area of the cell membrane exposed to
the luminal contents will compensate for the difference in partitioning between the
cell membrane and the extracellular fluid. The result would be that the drug could
be transported in equal amounts by the paracellular and transcellular route
(Artursson et al., 2001).
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Figure 2.11: Comparison of absorptive surface areas for high and low
permeability drugs in vivo and in Caco-2 cell monolayers (Artursson, 2001).
Most drugs do not exist as a single absorbable species, but are weak electrolytes
that exist in solution as two species, namely the unionised more lipid soluble
species and the ionised more water-soluble species.

The gastrointestinal

membrane is therefore more permeable to the unionised species. The rate of
passive absorption of weak electrolyte drugs is therefore dependent on the fraction
of total drug that exists in the unionised form in solution in the intestinal fluid at the
site of absorption. The fraction is determined by the dissociation constant, pKa, of
the drug and the pH of the aqueous environment, as described by the HendersonHasselbach equations for weak acids and bases.

The absorption of a weak

electrolyte drug is promoted when the pH at the absorption site favours the
formation of a greater fraction of the drug in the unionised form. This supposition
forms the basis of the pH-partition theory (Ashford, 2002a).
2.3.3.2

Carrier-mediated transport

Certain drugs and many nutrients are absorbed transcellular by a carrier-mediated
transport mechanism. There are two main types of carrier-mediated transport,
active transport and facilitated diffusion.
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2.3.3.2.1

Active transport

Active transport involves the active participation by the apical cell membrane of the
columnar absorptive cells in the absorption process.

A carrier or membrane

transporter binds to the drug; the drug-carrier complex then moves across the
membrane and liberates the drug on the opposite side of the membrane. Active
transport is a process in which drugs can be transported against a concentration
gradient, thus consuming energy in the process. The energy is obtained from
hydrolysis of ATP or from the transmembrane Na+ gradient and/or electrical
potential. The small intestine has a large number of transporter systems, which
may be present in either the apical (also called the brush border) membrane or in
the basolateral membrane. Each carrier is specific for a particular substrate and
carriers are generally concentrated in a specific segment of the small intestine.
Many nutrients are transported actively, e.g. amino acids, sugars, electrolytes and
vitamins.

Drugs that structurally resemble a natural substrate may also be

transported actively, e.g. peptide-like drugs like penicillins and cephalosporins and
angiotensin-converting enzyme (ACE) inhibitors (Ashford, 2002a).
Competitive inhibitors can inhibit active transport processes and the carrier
mechanism may become saturated at higher substrate concentrations (Ashford,
2002a).
2.3.3.2.2

Facilitated diffusion

This carrier-mediated process differs from active transport in that it cannot
transport a compound against a concentration gradient. Thus facilitated transport
does not require an energy input, but does need a concentration gradient as its
driving force, as for passive diffusion.

This process, like active transport, is

saturable and subject to competitive inhibition. It plays a very minor role in drug
absorption (Ashford, 2002a).
2.3.3.3

Vesicular transport

Vesicular transport is the process by which the cell engulfs particles or dissolved
materials. Pinocytosis and phagocytosis are forms of vesicular transport that differ

29

by the type of material ingested. Pinocytosis refers to the engulfment of small
droplets of extracellular fluid or small solutes by membrane vesicles (e.g. fat
soluble vitamins), while phagocytosis refers to the engulfment of larger particles
(>500 nm) or macromolecules, generally by macrophages.

Phagocytosis is

important for the absorption of oral vaccines from the gastrointestinal tract
(Ashford, 2002a and Shargel & Yu, 1999).
Endocytosis and exocytosis are processes of moving macromolecules into and out
of a cell, respectively. During endocytosis the cell plasma membrane invaginates
and these invaginations become “pinched off”, forming small intracellular
membrane-bound vesicles. After invagination and vesicle formation the material
may be transferred to other vesicles or lysosomes and digested (Ashford, 2002a).
2.3.4 The paracellular pathway
The paracellular pathway is defined as the space between cells in the intestinal
epithelium and comprises both the tight junctions and the lateral intercellular
space.

Drugs that are slowly and incompletely passively absorbed, e.g.

hydrophilic drugs and peptides, distribute poorly into cell membranes.

It is

generally assumed that these drugs are absorbed through the water-filled pores of
the paracellular pathway.

It has not, however, been finally established that

hydrophilic drugs are transported exclusively via the paracellular route (refer to the
discussion under section 2.3.3). The low efficiency of the paracellular route has
stimulated research into ways to enhance transport by this route (Artursson et al.,
2001).
The intercellular spaces occupy approximately 0,01% of the total surface area of
the epithelium. The tightness of these junctions varies considerably between
different epithelia in the body, with the intestinal epithelia having “leaky” tight
junctions (Ashford, 2002a).
The tight junctions are the main physical barrier preventing the passive movement
of fluid, electrolytes, macromolecules and cells through the paracellular pathway
(Farquhar and Palade, 1963 and Di Bona, 1972).

The tight junctions also

contribute to epithelial transport by their involvement in epithelial surface polarity,
maintaining the distinct apical and basolateral surface compositions necessary for
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vectoral transport across epithelia.

Tight junctions exhibit ion selectivity, vary

significantly in permeability between different tissues (Kottra and Fromter, 1983),
are subject to physiological and pathological regulation and undergo dynamic
modulation by various diverse agents, for example phorbol esthers (Ojakian,
1981),

cytokines

(Marano,

1998),

calcium

(Cereijido,

1978),

adenosine

triphosphate (Canfield, 1991), polysaccharides (Kotzè et al., 1997a) and bacterial
toxins (Moore, 1990 and Fasano et al., 1991).

Figure 2.12: The pathways of absorption through the intestinal epithelium: A:
paracellular diffusion, B: paracellular diffusion enhanced by modulation of tight
junctions, C: transcellular passive diffusion with intracellular metabolism, D:
carrier-mediated transcellular transport, E: transcellular diffusion modified by an
apically

polarised

efflux

mechanism,

F:

transcellular

vesicular

transport

(endocytosis or transcytosis) (Hamman et al., 2005)
2.3.5 Limitations to drug absorption after oral administration
The intestinal epithelium is a major barrier that acts to separate the body from the
external environment. This barrier function renders the epithelium impermeable to
useful therapeutic agents such as (Brayden & O’Mahony, 1998):
•

Hydrophilic drugs that are not recognizable to a carrier in the membrane
and can thus not be transported transcellularly and therefore must traverse
the epithelial barrier via the paracellular pathway. This pathway is however
severely restricted by the tight junctions as discussed in sections 2.2.1.3
and 2.3.4.
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•

Hydrophilic

macromolecules,

which

include

peptides,

proteins

and

polysaccharides
•

Biotechnology products are peptide based and are subject to the same
hostile environment that all peptides encounter in the gastrointestinal tract.

The factors affecting the absorption and bioavailability of biotechnology
products are summarised in Table 2.1.
Table 2.1: Factors affecting the oral delivery of biotechnology products (adapted
from Brayden & O’Mahony, 1998)
Physiological Factors

Physicochemical Factors

Gastric pH

Dissolution and solubility

Gastrointestinal transit time and dilution

Molecular weight

Peptidases

Log P (octanol/water partition

Intestinal permeability

coefficient)

Gastrointestinal site-specific uptake

Hydrogen bonding potential

P-glycoprotein efflux

Polar molecular surface area

Cytochrome P450 degradation in the

Aggregation

gastrointestinal wall

Interaction with food and mucous

Colonic bacterial degradation

Gastrointestinal site-specific

Liver first-pass effect

presentation

2.3.5.1

Barriers to intestinal absorption

There are three major barriers to the absorption of hydrophilic macromolecules,
which must be overcome to enhance the absorption of these compounds (Lueßen,
1996):
•

The metabolic barrier consisting of the proteolytic luminal and membrane
bound enzymes, which may be overcome by complexation or neutralisation
of these enzymes.

•

The mucosal transport barrier, which prevents the passive absorption of
hydrophilic macromolecules such as peptides, as well as by maintaining the
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integrity of intercellular tight junctions, thereby preventing absorption via the
paracellular route. This barrier may be overcome by enhancing both
transcellular and paracellular transport via various mechanisms.
•

The mucous layer that covers the epithelial cells and forms a highly viscous
network of glycoproteins that hampers the diffusion of macromolecules.
This absorption barrier may be overcome by either decreasing mucous
viscosity or by the use of mucoadhesives which increase the residence time
of the dosage form in the gastrointestinal tract, thus allowing time for
diffusion of drug molecules to the absorbing surface.

2.3.5.2

Efflux of drugs from the intestinal epithelium

The intestinal epithelium expresses countertransport efflux proteins that expel
specific drugs back into the lumen of the gastrointestinal tract after they have been
absorbed. One of the key efflux proteins, P-glycoprotein, is expressed at high
levels on the apical surface of the columnar absorptive cells in the jejunum. It is
also present on the surface of many other epithelia and endothelia in the body and
is also found on the surface of tumour cells. P-glycoproteins were discovered
originally because of their ability to cause multidrug resistance in the tumour cells
by preventing the intracellular accumulation of a number of cytotoxic antineoplastic
agents by pumping the drugs back out of the tumour cells. Drugs susceptible to
efflux from the intestinal epithelia by P-glycoprotein exhibit a wide structural
diversity, and may have poor bioavailability as a result of efflux from intestinal
epithelia.

Examples of drugs that are subject to P-glycoprotein efflux include

cyclosporine, nifedipine, verapamil and digoxin (Hunter et al., 1993).

Efflux

proteins pump drugs out of cells in a similar manner to which nutrients and drugs
are actively absorbed; the process thus requires energy, can proceed against a
concentration gradient, can be competitively inhibited by structural analogues or
be inhibited by cell metabolism inhibitors, and is a saturable process (Ashford,
2002b).
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2.4

ENHANCEMENT OF DRUG ABSORPTION ACROSS THE
INTESTINAL EPITHELIUM

Many useful therapeutic compounds are hydrophilic (e.g. peptides and some
cephalosporin antibiotics) and cannot be delivered via the oral route without some
manipulation of the dosage form or the drug compound itself. Various approaches
may be followed to increase the absorption of hydrophilic drugs across the
intestinal epithelium.

The drug may be made more lipophilic by designing a

prodrug. The drug may be redesigned so that it is a substrate for a carrier (or it
may be linked to a substrate for a carrier). Yet another alternative is the controlled
and reversible opening of the tight junctions by the inclusion of specific absorption
enhancers that act by this mechanism in the formulation of the dosage form
(Ouyang et al., 2002).
This third approach, the control of the opening of tight junctions, is attractive
because it can be applied to many different hydrophilic drugs, from small
compounds to macromolecules like proteins. This approach offers the additional
advantage of avoidance of the degradation of the active ingredient by intracellular
enzymes, which is another barrier to the absorption of drugs (Ouyang et al., 2002).
In recent years absorption enhancers that facilitate the absorption of hydrophilic
macromolecules by increasing their transcellular and/or paracellular transport
across mucosal epithelia have been studied extensively (LeCluyse & Sutton, 1997.
Absorption enhancers that have been evaluated in the last 15 - 25 years represent
a group of compounds that differ in their chemical, mechanistic and toxicity
profiles. (Junginger & Verhoef, 1998).

The study of compounds that act by

selectively opening tight junctions, in particular, has been actively pursued
(Ouyang et al., 2002).
High throughput screening has resulted in large numbers of potential drug
compounds requiring investigation. In order to aid in the selection of compounds
for further development and design, Lipinski et al. (2001) developed a system for
delineating the physicochemical properties that favour drug absorption and a
computational method for their prediction. This system, know as the “ rule of five”
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gives an indication of possible absorption problems when: (1) there are more than
five hydrogen-bond donors (expressed as the sum of hydroxyl and primary amine
groups); (2) the molecular mass is over 50 g/mol; (3) the or MlogP is over 4.15; (4)
there are more than ten hydrogen-bond acceptors (expressed as the sum of
nitrogen and oxygen atoms); and (5) compound classes that are substrates for
biological transporters are exceptions to the rule (Le Ferrec et al., 2003).
When a drug compound has been identified as a potential candidate for enhanced
drug absorption, various approaches would be pursued depending on whether the
major barrier to the absorption of the drug was cellular efflux, poor solubility, poor
membrane permeability or enzymatic breakdown.

The mechanism of an

absorption enhancer may encompass several effects and the absorption enhancer
chosen for a particular drug compound depends on the particular barrier to that
particular compound’s absorption (LeCluyse and Sutton, 1997).
2.4.1 Classification of absorption enhancers
2.4.1.1

Surfactants

Surfactants have been used in the formulation of dosage forms as excipients to
affect drug dissolution rate. Low concentrations of surfactants decrease surface
tension and increase the rate of drug dissolution, whereas at higher concentrations
of surfactants micelles form with the drug (Shargel & Yu, 1999). In the past 25
years the effect of surfactants on cell membranes and their ability to permeabilise
cell membranes has been studied, as reviewed by LeCluyse and Sutton, 1997.
Surfactants act not only by increasing water solubility of lipophilic compounds but
possibly facilitate the contact of these compounds with the absorptive membrane.
2.4.1.1.1

Anionic surfactants

Sodium dodecyl sulphate has been used as an effective solubiliser in biochemistry
and increases drug absorption in vivo only at concentrations which produce
structural changes in the mucosal barrier (Fix et al., 1986).

Gullikson (1977)

reported that dioctyl sodium sulphosuccinate only exhibited permeability
enhancing effects when villus tip denuding and paracellular transport were
observed. Sodium dodecyl sulphate has however been shown to permeabilise
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model membranes at below its critical micelle concentration (Bangham & Lea,
1978).
2.4.1.1.2

Cationic surfactants

This is a category of large (molecular weight ≈ 170 kDa) molecules, including
polypeptides and polycationic polysaccharides (e.g. DEAE-dextran).

Reports

suggest that these surfactants are less damaging than anionic surfactants to the
epithelial cells during the process of absorption enhancement (LeCluyse & Sutton,
1997).
2.4.1.1.3

Amphiphilic surfactants: bile salts

Bile salts, like cholic acid, are amphiphiles, that have a polar and a nonpolar
groups in the same molecule. Bile salts, as demonstrated by Schubert (1983),
permeabilise a model unilamellar membrane at concentrations below their critical
micelle concentration. These findings were extrapolated to explain the effect on
the lipid bilayer present in epithelia.

Through the intercalation of bile salts, a

change in the ordered structure of the bilayer is proposed to result in defects
through which polar solutes may pass. An increase in the concentration of the bile
acid results in micelle formation with the glycolipid, the removal of phospholipids
from the cell membranes and solubilisation of the cell membrane. It is therefore
suggested that a dose-dependent increase in the permeability of the cell
membranes is responsible for surfactant-induced increases in permeability across
epithelia (LeCluyse and Sutton, 1997).

2.4.1.1.4

Other non-ionic surfactants

The non-ionic surfactants consist of a polar ‘head-group’ and a non-polar
hydrocarbon chain (Swenson & Curatolo, 1992). Non-ionic surfactants therefore
also solubilise lipophilic compounds to increase their aqueous solubility and
facilitate their contact with the absorptive membrane, but these effects are not
related per se to the absorption enhancing effects. This class of enhancers has
been found to diffuse into model membranes, causing disordering at low
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concentrations and dissolution of the model membrane at high concentrations.
While sub-micellar concentrations permeabilise model membranes, in vivo activity
was related to toxicity (Swenson & Curatolo, 1992, LeCluyse & Sutton, 1997).
Nonylphenoxypolyoxyethylenes have been shown to enhance permeability of
phenol red in rats, but with severe intestinal damage during permeability
enhancement, which was reversible upon removal of the enhancer (Swenson et al.
1994).
2.4.1.2

Phospholipids

Several phospholipids have been used to increase paracellular permeability.
Lysolecithin, an insoluble swelling amphiphile and a luminal digestive product of
dietary phospholipids is a common component of the intestinal lumen, and has
been studied for its potential use in enhancing oral drug absorption (Ouyang et al.,
2002).

Palmitoyl-lysolecithin, has also been shown to be effective as an

absorption enhancer (LeCluyse & Sutton, 1997).

In a study in which the

permeability of vasopressin analogues was enhanced up to 100-fold by palmitoyllysolecithin, the researchers suggested that it was transcellular permeability that
was enhanced (Bronsted, et al., 1995).

Palmitoyl-lysolecithin was shown by

Weltzien (1979) to have relatively low cytotoxicity in Caco-2 monolayers, but did
however lyse erythrocytes.
Alkylphosphocholines have also been found to effectively increase paracellular
permeability of hydrophilic compounds across Caco-2 cell monolayers. Structureactivity relationship studies with 3-alkylamidi-2-alkoxypropylphosphocholines
indicated that it was possible to vary the potency of these paracellular permeability
enhancers by varying the chain length at C-2 (alkoxy) or C-3 (alkylamido)
positions. It was further found that phosphocholines containing linear alkyl chains
were much more potent as absorption enhancers than the corresponding
derivatives with branched chains. In the same study it was also established that
these compounds increase paracellular permeability via specific modulation of
tight junctions and not by non-specific perturbation of the cell membrane. The
biochemical

mechanism

underlying

the

ability

of

the

3-alkylamido-2-

37

alkoxypropylphosphocholines to increase paracellular permeability appears to be
the inhibition of phospholipase C (Ouyang et al., 2002).
2.4.1.3

Medium-chain fatty acids and their monoglycerides

Fatty acids and medium chain glycerides are well-known enhancers of absorption
of hydrophilic drugs from the intestine (LeCluyse & Sutton, 1997). Fatty acids and
triglycerides with unsaturated chains are reported to be more effective as
absorption enhancers than those with saturated chains (Muranishi et al., 1980a,
Muranishi et al. 1980b and Aungst et al., 1986).

Hagve (1988) reviewed the

effects of fatty acids on cell membrane functions and concluded that changes in
the phospholipids lead to an increase in membrane fluidity and adenylate cyclase
activity.

The permeability of Caco-2 monolayers to charged molecules was

enhanced by the monoglyceride of a C-10 fatty acid, known as monocaprin, by a
mechanism thought to be indicative of the modulation of tight junction permeability
(Brown, et al., 2002).
Medium-chain fatty acids and their corresponding monoglycerides are commonly
found in natural products and are therefore unlikely to be toxic to the mucosa, at
least at low concentrations (Bergsson et al., 2002).
2.4.1.4

Mixed micelles and combined effects

Surfactants with very high or very low water solubility are poor absorption
enhancers. The reason for this is that they can either not partition into the lipid
membrane or they cannot appreciably dissolve in aqueous media and so fail to
achieve high concentrations.

The surfactants that are most effective have an

intermediate alkyl chain length, as has been shown for bile salts, non-ionic
surfactants, anionic surfactants, triglycerides, fatty acids and their salts and
acylcarnitines (LeCluyse & Sutton, 1997).

It has, however, been shown by

Lindmark et al. (1995) that the chain length of the fatty acid probably also plays a
role in the mechanism of action of the absorption enhancers
More effective enhancers may be produced by mixing different compounds, for
example, mixed micelles of less effective bile salts and lipids may facilitate the
incorporation of the bile salts/lipids into the membrane (LeCluyse & Sutton, 1997).
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Surfactants may also assist the diffusion and/or contact of another type of
absorption enhancer with the absorbing surface. Complexation with cyclodextrins
may increase the concentration of the absorption enhancer, as observed for
lipophilic absorption enhancers (Csaky, 1984).
2.4.1.5

Bacterial toxins and venom extracts

Various bacterial toxins have been shown to increase the permeability of the
intestinal epithelium by disrupting the tight junctions. Fasano et al. (1997), have
identified zonula occludens toxin (ZOT), a toxin produced by the bacterial strain,
Vibrio cholerae, which activates a complex intracellular cascade of events that
regulate tight junction permeability. ZOT, a 45 kDa protein, is capable of binding
to a specific receptor on the luminal surface of the intestine and reversibly opening
the tight junctions (Cox et al., 2001).
Melittin, a 26 amino acid, pore-forming amphipathic, cationic peptide derived from
honey bee venom has been shown to be a promising potential absorption
enhancer (Liu et al., 1999). Melittin has primarily been studied for its antimicrobial
properties and is thought to work by inserting into the bacteria (and eukaryotic)
membrane causing aggregation and membrane micellization (Libke & Garon,
1996). The mechanism of interaction of melittin and membrane lipids has not yet
been clarified, because melittin has several actions on membranes including
haemolytic activity, voltage-gated channel formation and the induction of bilayer
micellization and fusion, which are not necessarily related (Dempsey, 1990).
Melittin solutions between 1.20 µM and 1.50 µM were shown to increase the
transport of mannitol across Caco-2 cell monolayers by a factor of 3.5. Melittin at
a concentration of less than 2.42 µM is expected to exhibit minimal toxicity (Liu et
al., 1999).
2.4.1.6

Calcium chelators

It is proposed that Ca2+ chelators, such as Ethylene diamine tretraacetic acid
(EDTA), increase paracellular permeability by the disruption of the adherens
junction (Ward et al., 2000). Ca2+ chelators deplete extracellular Ca2+ and may
induce tight junction separation by physical disruption of cell-cell adhesion. It has
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also been suggested that Ca2+ chelation may specifically activate a signal
transduction cascade that regulates junctional integrity.

Although not useful

clinically, due to the potential to disrupt a variety of physiological junctions, Ca2+
chelators are useful tools for research into the regulation of paracellular
permeability (Ward et al., 2000).
2.4.1.7

Polymers

Both anionic and cationic polymers enhance the paracellular permeability of
mucosal epithelia by transiently opening tight junctions, allowing the absorption of
hydrophilic and macromolecular drugs (Junginger & Verhoef, 1998).
2.4.1.7.1

Anionic polymers

Poly(acrylic acid) derivatives, such as Carbomer 934P® and Polycarbophil®, which
are FDA approved pharmaceutical excipients, have been extensively studied for
use as abruption enhancers. These polymers have also been found to exhibit
mucoadhesive properties, and are believed to penetrate the mucous layer
covering the intestinal epithelium and facilitate the transport of hydrophilic
molecules across this mucous layer. Polyacrylates also show some inhibition of
luminal enzymes by binding with the Ca2+ and Zn2+ that stabilise the tertiary
structure of the enzyme and although not a penetration enhancing effect as such,
this increases the amount of peptide or protein drug available for absorption.
Removal of endogenous Ca2+ from epithelial cells and formation of poly(acrylic
acid) complexes triggers the reversible opening of tight junctions and therefore
enhancing absorption (Junginger & Verhoef, 1998).
2.4.1.7.2

Cationic polymers

The cationic polysaccharide, chitosan and its various derivatives have been shown
to be promising absorption enhancers (Thanou et al., 2001). Depending on the
polymer chain length and degree of acetylation, these cationic polymers can
achieve adequate separation between efficacy and cytotoxicity (Ward et al., 2000).
Chitosans show strong mucoadhesive properties. In addition, the amino group at
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the C-2 position, when positively charged in acidic environments, interacts with the
negatively charged sites on cell membranes, initiating the opening of the tight
junctions and allowing the paracellular transport of hydrophilic macromolecules
(Junginger & Verhoef, 1998).
Many chitosans are insoluble at neutral pH, although at pH 6.2 all cause a
pronounced reduction in transepithelial electrical resistance across Caco-2 cell
monolayers.

The Increase in paracellular permeability resulting from chitosan

salts was, however, minimal at pH 7.4 (Kotzé et al., 1998a, Kotzé, 1998b).
The derivative, N-trimethyl chitosan chloride opens tight junctions of intestinal
epithelial cells to allow increased transport of hydrophilic compounds via the
paracellular pathway in neutral and basic pH environments (Kotzé et al., 1997b,
Hamman et al., 2000).
Chitosans appear to be useful paracellular absorption enhancers in vitro, but have
shown less dramatic increases in paracellular permeability of hydrophilic markers
in animals. Chitosans, as with other paracellular permeability enhancers, require
high local concentrations at the epithelial cell surface, which could possibly be
achieved with particulate dosage forms (Ward et al., 2000).
A summary of intestinal drug absorption enhancers and their mechanisms of
action is given in Table 2.2.
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Table 2.2: A summary of intestinal drug absorption enhancers and their
mechanisms of action. (adapted from Hamman et al., 2005).
Absorption enhancer

Mechanism of action

Salicylates

Increase of cell membrane fluidity, decrease of non-protein
thiols

Sodium salicylate
Fatty acids
Long chain fatty acids

Medium chain glycerides

Long chain fatty acid
esthers
Bile salts
Sodium taurocholate,
sodium taurodeoxycholate,
sodium
taurodihydrofusidate
Surfactants
Sodium dodecyl sulphate,
polyoxyethylene, sodium
dioctyl sulfosuccinate
Chelating agents
EDTA (ethylene-diaminetetraacetic acid), EGTA
(ethylene-glycol-tetraacetic
acid
Toxins and venom
extracts
Zonula occludens toxin
Melittin
Anionic polymers
Poly(acrylic acid)
derivatives
Cationic polymers
Chitosan salts
N-trimethyl chitosan
chloride

Paracellular (e.g. sodium caprate dilates tight junctions)
and transcellular (epithelial cell damage or disruption of
cell membranes)
Paracellular (e.g. monocaprin dilates tight junctions) and
transcellular (epithelial cell damage or disruption of cell
membranes)
Paracellular (e.g. palmitoylcarnitine dilates tight junctions)
and transcellular (epithelial cell damage or disruption of
cell membranes)
Disruption of membrane integrity by phospholipids
solubilisation and cytolic effects, reduction of mucous
viscosity

Membrane damage by extracting membrane proteins or
lipids, phospholipids acyl chain pertubation

Complexation of calcium and magnesium (tight junction
modulation)

Interaction with zonnulin surface receptor to induce actin
polymerization and iht junction opening
Α-helix channel formation, bilayer micellisation and fusion
Combination of enzyme inhibition and extracellular calcium
depletion (tight junction opening)
Combination of mucoadhesion and ionic interaction with
cell membrane (opening of tight junctions)
Combination of mucoadhesion and ionic interaction with
cell membrane (opening of tight junctions)
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2.4.2

Mechanisms of paracellular drug absorption enhancement

Paracellular drug absorption may be enhanced via a number of mechanisms.
Tight junction paracellular permeability is regulated by various physiological,
pathological and experimental agents and has been examined in a number of in
situ and in vitro cell culture models, e.g. Caco-2, brain endothelial and MDCK cells
(LeCluyse and Sutton, 1997). Peptide hormones, cytoskeletal perturbing agents,
oxidants and Ca2+ chelators have all been shown to disrupt tight junctions and
thereby increase paracellular permeability. Furthermore, it has been shown that
tight junction permeability is influenced by nearly all second messenger and
signalling pathways, e.g., tyrosine kinases, Ca2+, protein kinase C (PKC), protein
kinase A, G proteins, calmodulin, cyclic adenosine monophosphate (c-AMP) and
phospholipase C. An understanding of the mechanisms underlying the regulation
of tight junctions could provide clues to novel approaches for enhancing drug
absorption via the paracellular route (LeCluyse and Sutton, 1997).
2.4.2.1

Phospholipase-C dependent pathway

Activation of the phospholipase-C (PLC)-dependent signalling pathway has been
implicated in the assembly, regulation and barrier properties of tight junctions.
This pathway involves an inositol-triphosphate-dependent Ca2+ release from the
endoplasmic reticulum and diacylglycerol and Ca2+-dependent activation of protein
kinase C. Increased intracellular levels of Ca2+, via the activation of calmodulindependent kinases, activate myosin light chain (MLC) kinase.

MLC kinase

phosphorylates the myosin light chain consequently inducing contraction of the
perijunctional myosin ring, which in turn loosens the tight junctions.

Ethanol,

medium chain-length fatty acids (like capric and lauric acids) appear to increase
permeability by this mechanism (Ward, et al., 2000).
The other product of PLC hydrolysis, diacylglycerol (DAG) and subsequent Ca2+dependent activation of PKC are not as well elucidated and conflicting research
results have been reported (Ward, et al., 2000).
Additional controversies exist on the role of PLC-dependent pathway in tight
junction regulation, for example it has been reported that changes in intracellular
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Ca2+ concentrations by various mechanisms does not lead to changes in
paracellular permeability. Additional research is needed to elucidate the role of the
PLC-dependent pathway on tight junction regulation (Ward, et al., 2000).
2.4.2.2

ATP depletion

The depletion of ATP in the cell is an effective way to increase paracellular
permeability. Inhibitors of glycolysis and oxidative phosphorylation induce a rapid
drop in TEER, which correlates well with declining ATP levels.

Flux of the

paracellular marker mannitol was also enhanced across the cell monolayers of the
cell culture model LLC-PK1 by the inhibitors of glycolysis and oxidative
phosphorylation.

Unfortunately, ATP depletion deprives cells of an essential

energy source and results in cytotoxicity, which was reversible under certain
conditions (Ward et al., 2000).
Anionic surfactants, like sodium dodecyl sulphate (SDS), may increase
paracellular permeability by transient depletion of cellular ATP, in addition to the
increased permeability resulting from their membrane perturbing effects. These
effects were also found to be reversible (Ward et al., 2000).
The use of ATP depletion is probably not the most appropriate way to increase
paracellular permeability because of the cytotoxicity that results.

It could,

however, be useful in determining signal transduction pathways that regulate
paracellular permeability. ATP depletion alters the degree of phosphorylation of
the regulatory proteins of tight junctions and in so doing inhibits the ability of
kinases to phosphorylate these proteins (possibly by depleting their substrate,
ATP) (Ward et al., 2000).
2.4.2.3

Tyrosine kinase-phosphatase pathway

The tyrosine kinase-phosphatase cascade provides a possible target for the
development of novel paracellular permeability enhancers.

Non-selective

phosphatase inhibitors, like sodium vanadate and hydrogen peroxide were found
to decrease transepithelial; electrical resistance (TEER) in Madine Darby Canine
Kidney (MDCK) cells and also to displace ZO-1 from the tight junctions. Increased
tyrosine facilitated phosphorylation of ZO-1 and ZO-2, by phenylarsine oxide, a
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selective tyrosine phosphatase inhibitor, also resulted in decreased TEER in
MDCK cells (Ward et al., 2000).
2.4.2.4

Depletion of extracellular calcium

Interactions between the various components of the adherens junctions on
adjacent epithelial cells maintain cell-cell adhesion and therefore also the
paracellular space. It has been proposed that Ca2+chelators, like ethylene diamine
tetraacetic acid (EDTA), increase paracellular permeability by disruption of the
adherens junction. These chelators may disrupt cell-cell adhesion by depleting
extracellular Ca2+, which is required for the interaction of components of the
adherens junction.

Thus, tight junction separation might be induced by the

physical disruption of cell-cell adhesion (Ward et al., 2000).
The chelation of extracellular Ca2+ may also inactivate intracellular protein kinases
that induce the disruption of tight junction integrity. This increase in paracellular
permeability and disruption of the junctional proteins induced by a low extracellular
concentration of Ca2+ is reversed by inhibition of protein kinases. Ca2+ chelators
may possibly also function by the activation of tyrosine kinases and the
subsequent phosphotyrosine-regulated increases in paracellular permeability
effected by the E-cadherin-catenin complex that composes the adherens junction.
This means that Ca2+ might specifically activate a signal transduction cascade that
regulates tight junction integrity (Ward et al., 2000).
Ca2+ chelators can increase paracellular permeability without causing gross
cytotoxicity, but cannot be administered to lower Ca2+ levels enough to increase
the paracellular permeability sufficiently in vivo without disrupting a variety of
physiological junctions. They may however be useful tools for research into the
regulation of tight junctions and paracellular permeability (Ward et al., 2000).
2.4.2.5

Polycationic polymeric paracellular absorption enhancers

This class is represented by chitosan and its various derivatives. It has been
reported that chitosans and their derivatives act by direct interaction of this cationic
polymer with the anionic sites of cell membranes and/or tight junctions (Thanou et
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al., 2001). The mechanism of action of chitosan and chitosan derivatives will be
discussed in chapter 3 in more detail.
2.4.3

Requirements for an ideal absorption enhancer

An absorption enhancer should ideally exhibit the following properties and
functions (Ward et al., 2000):
•

Improve the solubility of the permeant (drug compound);

•

Improve the mucous diffusivity of the permeant;

•

Protect the permeant from degradation or other undesirable physical or
chemical change due to pH of the gastrointestinal environment;

•

Protect the permeant from luminal and/or brush border enzymes;

•

Protect the permeant from non-specific binding sites;

•

Reduce the activity of, or compete for uptake by efflux pumps in the apical
intestinal epithelial cells; and

•

Improve the permeant’s transport through the gastrointestinal epithelium.

2.4.4 Problems associated with potential absorption enhancers
The use of chemical compounds to enhance or assist in the absorption of
hydrophilic macromolecules is associated with many problems. Promising results
obtained in vitro do not necessarily lead to adequate absorption enhancement in
vivo (Brayden & O’Mahony, 1998 and Salama et al., 2002).
The tight junction barrier function is physiologically important because it maintains
electrolyte

gradients

and

membrane

macromolecules out of the body.

polarity

and

keeps

xenobiotic

The increased intestinal paracellular

permeability caused by paracellular absorption enhancers, particularly in the
colon, might cause local intestinal inflammation similar to that observed in
intestinal inflammatory disease.

It is however, premature to assume that

paracellular absorption enhancers will cause systemic toxicity regardless of their
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selectivity, potency and reversibility. The key to finding successful paracellular
absorption enhancers will be to prove that the controlled, transient and reversible
opening of the intestinal tight junctions does not result in increased exposure to
intestinal bacteria or their by-products (Ward et al., 2000).
2.4.4.1

Absorption enhancers in diseased intestine

Intestinal inflammatory diseases such as inflammatory bowel syndrome are
characterised by heightened paracellular permeability and therefore compromised
tight junctions are implicated in the aetiology of the disease. It is unclear whether
the compromised tight junctions are the consequence of the disease or whether
they play a role in the progression of the disease. Further studies are necessary
to evaluate the role of compromised tight junctions in the progression of the
disease. One hypothesis maintains that inflammatory bowel syndrome patients
have an abnormally leaky colonic epithelium that allows luminal bacterial
fragments to penetrate subepithelial spaces, resulting in an inflammatory response
from macrophages or monocytes that reside in the lamina propria (Ouyang et al.,
2002).

2.5

CONCLUSION

In this chapter the rationale for the research and development of paracellular
absorption enhancers has been presented.

During the past number of years

scientists have come closer to a viable approach for the improved oral
administration of peptides, proteins and other hydrophilic macromolecular
compounds.

Many advances in drug absorption enhancement have been

achieved by the study of in vitro models of intestinal epithelia, such as Caco-2
monolayers.

These studies have resulted in much new knowledge of the

regulation and modulation of tight junctions, the major barrier to the absorption of
hydrophilic macromolecules. The efficacy, toxicity and mechanism of action of
several paracellular absorption enhancers have been elucidated.
Problems and areas for further research have also been highlighted.

Most

paracellular absorption enhancers do have sufficient efficacy with correspondingly
low toxicity. Because of this narrow therapeutic window, the requirement for high
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concentrations of the enhancer at the absorption site and the complex and
dynamic environment of the in vivo system, currently investigated agents may not
be suitable candidates for pharmaceutical development. Further development of
safer and more potent paracellular absorption enhancers is required. Emerging
knowledge about tight junction regulation should be exploited in the design and
development of new paracellular absorption enhancers.

Concerns regarding

systemic toxicity continue to exist and these will have to be addressed, but they
should not prevent continued efforts in the search for new effective and
pharmaceutically useful paracellular absorption enhancers (Ward et al., 2000).
In chapter three, the absorption enhancers that are to be investigated in this study,
chitosan, TMC, monocaprin and melittin, will be discussed in detail.
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CHAPTER 3: OVERVIEW OF SELECTED
ABSORPTION ENHANCING AGENTS
3.1 INTRODUCTION
Possible non-parenteral administration routes for the delivery of hydrophilic
peptide and protein drugs include the nasal, buccal, rectal, vaginal, transdermal,
ocular and oral routes.

The oral route remains the preferred route of drug

administration (Cleland et al., 2001). In the absence of an absorption enhancer,
these routes are usually far less effective in terms of drug delivery than parenteral
administration routes (Zhou & Po, 1991).
The use of absorption enhancing agents to increase the intestinal absorption of
poorly absorbable drugs after oral administration has been described in numerous
publications (Fix et.al, 1986, LeCluyse & Sutton, 1996, Illum 1998, Dodane, 1999,
Ward et al., 2000) and continues to be the focus of many research projects
(Fasano, 2000, Paul & Sharma, 2000, Cox et al. 2001, Brown et al., 2002, Raiman
et al., 2003, Hamman et al., 2003).

Absorption enhancers that have been

evaluated in the past decade comprise a group of compounds that differ with
respect to their chemical, mechanistic and toxicity profiles (Thanou et al., 2001,
Raiman et al., 2003).
In this chapter the physicochemical properties, pharmaceutical applications,
biopharmaceutical

considerations,

advantages

and

disadvantages

of

the

absorption enhancers selected for this study will be discussed.

3.2 CHITOSAN,

CHITOSAN

SALTS

AND

DERIVATIVES

OF

CHITOSAN
3.2.1 Sources, production and uses of chitosan
Chitosan is derived from chitin, which is a major structural polysaccharide found in
invertebrate animals and lower plants.

It is present in the exoskeletons of

arthropods in particular, e.g. it is found in the epidermis of crustaceans like crabs
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and prawns. In plants chitin is present in the spores and hyphae of moulds (Paul
& Sharma, 2000).
Chitin is a copolymer of β(1 → 4) – D – glucosamine and β(1 → 4) – N –acetyl D –
glucosamine with varying percentages of these structural subunits. The greater
the degree of deacetylation, the smaller is the proportion of β(1 → 4) – N –acetyl D
– glucosamine in the polymer chain (Tengamnuay et al., 2000). The physical
properties of chitin are dependent on the distribution of the N-acetyl groups along
the polymer chain as well as on the average degree of N-acetylation (Rinaudo &
Domard, 1989).
When the degree of acetylation of chitin is less than 50%, chitin becomes soluble
in aqueous acidic solutions and is known as chitosan (Le Dung et al., 1994; Illum,
1998). The term chitosan is used to describe a series of chitosan polymers with
different molecular weights (ranging from 50 kDa to 2000 kDa), viscosities and
degrees of deacetylation (40% - 98%).

Chitosan is insoluble at neutral and

alkaline pH values but forms salts with inorganic and organic acids (such as
hydrochloric, glutamic, lactic and acetic acids). On dissolution, the amino groups
(the number of amino groups present depends on the degree of deacetylation) of
the polymer are protonated and the resultant polysaccharide molecules are
positively charged (Illum, 1998).
Chitosan is one of the few cationic polymers that exist and, as such, has many
applications, which include flocculation and chelation, making it useful in the
removal of impurities such as grease, oil and heavy metals from water (Le Dung et
al., 1994; Paul & Sharma, 2000). Chitosan is also used for the clarification of
beverages, such as fruit juices and beers, and for agricultural purposes where it is
a component of fungicides. It is a component of many food products, particularly
in Japan. Chitosan has many applications in the cosmetic industry, e.g. it is used
in hair care products.

Chitosan has been used for dental and ophthalmic

applications, such as contact lens material and coatings (Illum, 1998; Hejazi &
Amiji, 2003).
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The deacetylated form of chitin, chitosan, is thus a long, unbranched
polysaccharide similar to cellulose, but with the hydroxyl groups at the C-2 position
replaced with amino groups, see figure 3.1 (Paul & Sharma, 2000).

Figure 3.1: The structure of chitin, chitosan and cellulose (Paul & Sharma, 2000)
The deacetylation of chitin to prepare chitosan is achieved by boiling chitin in
sodium hydroxide after decolourisation with potassium permanganate (Illum, 1998;
Paul & Sharma, 2000; Van der Lubben et al., 2001). Refer to figure 3.2 for a
summary of the production of chitosan.

The degree of deacetylation can be

controlled by the reaction time, temperature and concentration of the alkaline
treatment step in the preparation of chitosan (Ravindra et al., 1998).
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Crustacean shell (crab, prawn etc.)
HCl (dil)
Demineralisation
NaOH(dil)
Deproteination
KMnO4
Decolourisation

Chitin
NaOH(conc)
CHITOSAN

Figure 3.2: Chitosan production flow chart (Paul & Sharma, 2000).
Chitosans with very low degrees of N-acetylation are rarely manufactured due the
difficulty of the deacetylation process and the risk of polymer degradation during
the process (Le Dung et al., 1994). After oral administration chitosan may be
digested by chitinases or lysozymes.

Chitinases are secreted by intestinal

microorganisms that are present in food from plant sources, or by lysozymes (Van
der Lubben et al., 2001).
3.2.2 Physicochemical properties of chitosan
Many of the physicochemical properties of chitosan make this polymer particularly
useful as an excipient in pharmaceutical formulations (Paul & Sharma, 2000).
Chitosan is available in various molecular weights (50 – 2000 kDa), viscosity
grades and degrees of deacetylation (40 – 98%), which influence the
physicochemical properties of the polymer (Polnok et al., 2004, Paul & Sharma,
2000). The influence of the degree of deacetylation and molecular weight on the
physicochemical properties of chitosan are summarised in table 3.1. Chitosan has
structural characteristics that are similar to the glycosaminoglycans with the
chemical formula (C6H11O4N)n (Van der Lubben et al., 2001). D-glucosamine is
the most commonly occurring amino sugar in nature, and is usually present as the
N-acetyl derivative, namely N-acetyl-D-glucosamine (Holum, 1998).
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Chitosan is a weak base with a pKa value of about 6.2 to 7.2 for the Dglucosamine residue, making it insoluble in neutral and alkaline environments
(Hejazi & Amiji, 2003).

Various salts and derivatives of chitosan and various

molecular weights of chitosans are available (Illum, 1998, Tengamnuay et al.,
2000, Thanou et al, 2001).
3.2.2.1 Solubility
Chitosan is soluble in neither water nor organic solvents. It is a polyamine and is
soluble in aqueous dilute acids. It dissolves in hydrochloric acid and aqueous
organic acids such as formic, acetic, oxalic and lactic acids.

The extent of

solubility depends on the concentration and on the type of acid. The solubility of
chitosan decreases with increasing concentration of acid. Aqueous solutions of
some acids such as phosphoric, sulphuric, citric and sebacic acids are not good
solvents for chitosan (Kurita, 2001). Chitosans with a relatively low degree of
deacetylation (≤40%) have been found to be soluble up to a pH of 9, while
chitosans with a degree of deacetylation of about 85% have been found to be
soluble only up to a pH of 6,5 (Illum, 1998).
Chitosan salts are soluble in water, the solubility being dependent on the degree of
deacetylation (and therefore on the pKa of the salt in question) (Kurita, 2001).
Lehr et al, (1992) suggested that as chitosan underwent minimal swelling in
artificial intestinal fluid due to poor aqueous solubility at neutral pH values, the free
–NH2 groups be substituted with short alkyl chains to change the solubility and
B

B

therefore also the mucoadhesion profile.

This aspect is further discussed in

section 3.3, trimethyl chitosan.
The addition of salts to chitosan solutions interferes with the solubility of the
chitosan; the higher the ionic strength the lower the solubility, as charge
neutralization occurs when the concentration of the counter ion is increased (Lehr,
et al., 1992).
3.2.2.2 Crystalline structure
Chitosan is crystalline and exhibits polymorphism depending on its physical state.
The forms include an amorphous form and a hydrated form (Kurita, 2001).
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A fraction of the repeating units in the chitosan backbone contain –NH2 pendant
groups, while the rest contain acetamide groups (-NHCO-) in the place of the
amino group (Ravindra et al., 1998).
3.2.2.3 Viscosity
The viscosity of chitosan increases as the degree of deacetylation increases. This
can be explained by the fact that chitosan of high and low degrees of deacetylation
have different conformations in aqueous solution.

Chitosan has an extended

conformation with a more flexible chain when it is highly deacetylated, because of
charge repulsion within the molecule. The chitosan molecule, however, has a rodlike or coiled shape at low degree of deacetylation due to the low charge density in
the polymer chain (Hejazi & Amiji, 2003). Temperature and concentration also
affect the viscosity of chitosan solutions, viscosity increases as temperature
decreases and concentration increases (Hejazi & Amiji, 2003).
Chitosan in solution exists in quasi-globular conformation stabilised by extensive
intra- and intermolecular hydrogen bonding. The hydrogen bonding in chitosan
chains, due to the presence of amine and hydroxyl groups, is responsible for the
high viscosity of chitosan solutions.
3.2.2.4 Molecular weight
The molecular weight of chitosan is an important factor for characterization, but
poor solubility and structural ambiguities in connection with the content and
distribution of acetyl groups are major obstacles to quantitatively determining
molecular weight. Chitosan is soluble in aqueous acid solutions and the molecular
weight is estimated by gel permeation chromatography or viscometry (Kutita,
2001). The molecular mass of chitosan polymers may also be determined using
size exclusion chromatography with multiangle laser light scattering detection
(SEC/MALLS) (Snyman et al., 2003).
3.2.2.5 Enzymatic degradation
Chitosan is biodegraded in nature by many varieties of microorganisms.
Chitosanases hydrolyse chitosan in an endo-slpitting manner.

Chitosan is

susceptible to a broad range of enzyme preparations such as glycanases, lipases,
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and proteases from various sources and is degraded to form chitooligosaccharides
(Kutita, 2001).
3.2.2.6 Modification reactions of chitosan
Chitosan is not as accessible to potential reactants as cellulose due to its
characteristic crystalline structure with strong intermolecular forces.

Chemical

reactions are sometimes difficult due to limited solubility, poor reactivity and the
multifunactionality of the polysaccharide.

However because of the distinctive

biological functions as well as the unique physical and chemical properties of
chitosan, it is now regarded as a functional biopolymer with the potential for
special utilisation.

Sophisticated molecular designs may be possible through

controlled modification reactions on chitosan. A few of the possible reactions are
given below (Kurita, 2001):
3.2.2.6.1 Hydrolysis of the main chain of chitosan
Chitosan is a high molecular weight compound and low molecular weight
chitosans show characteristics different from those of the high molecular weight
chitosan, including reaction behaviour, physical properties and biological activities.
The glycosidic linkages of chitosan are relatively stable against alkali but are
cleaved with acid. Partial hydrolysis of chitosan with phosphoric acid yielded two
types of chitosans with low degrees of polymerisation, 16.8 (the water-insoluble
fraction) and 7.3 (water-soluble fraction), under appropriate conditions (Kurita,
2001).

Total hydrolysis of chitosan with hot hydrochloric acid yields the

constituting

monosaccharide,

D-glucosamine.

N-Acetyl-D-glucosamine

prepared from chitosan or chitin by mild acidic hydrolysis.

is

Under milder

conditions, mixtures of oligosaccharides can result. Ultrasonic treatment facilitates
the degradation of chitosan to chitooligomers (Kurita, 2001).
Enzymatic degradation of chitosan is useful for preparing oligomers of specific
degrees of polymerisation (Kurita, 2001).
3.2.2.6.2 Metal adsorption
Chitosan has a high capacity for adsorbing a variety of metal cations. Adsorbing
capability increases with the degree of deacetylation of chitosan, with adsorption
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capacity being influenced by the number of free amino groups and the
hydrophilicity of the molecular environment (Kurita, 2001).
3.2.2.6.3 Acylation of chitosan
N-acetylation of chitosan can be controlled finely in aqueous acid solutions and at
50% N-acetylation the chitosan was found to be water soluble at neutral pH.
Chitosan undergoes both N-acylation and O-acylation, and chitosans acylated with
long chain aliphatic carboxylic acid chlorides such as hexanoyl, dodecanoyl and
tetradecanoyl have been prepared. Acylated chitosan is utilised as a carrier for
biologically active species and drugs due to the presence of free amino groups
and chitosan’s low toxicity (Kurita, 2001).
3.2.2.6.4 Phthaloylation of chitosan
N-Phthaloyl-chitosan has proven promising for conducting modification reactions
to prepare derivatives of chitosan with well-defined structures and to prepare
advanced functional materials from chitosan, for example the introduction of sugar
branches to synthesize non-natural branched polysaccharides (Kurita, 2001).
3.2.2.6.5 Alkylation of chitosan
Alkylation of chitosan occurs preferentially at hydroxyl groups under alkaline
conditions, but N-alkylation takes place almost exclusively under acidic conditions
to yield a water soluble product. For introducing alkyl or substituted alkyl groups
selectively at the amino group of chitosan, reductive alkylation is the most reliable
procedure. Chitosan is treated with an aldehyde or ketone to produce an imine,
which is easily converted into an N-alkyl derivative by reduction with sodium
borohydride or sodium cyanoborohydride (Kurita, 2001).
N-trimethyl chitosan, which is soluble in water in neutral and alkaline pH
environments, has been prepared by reductive methylation of chitosan with methyl
iodide in the presence of a strong base (Hamman & Kotze, 2001).
The introduction of caboxymethyl groups to form N-carboxymethyl chitosan is also
achieved by reductive alkylation.
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Table 3.1: The influence of degree of deacetylation (DDA) and molecular weight
on the physicochemical properties of chitosan (adapted from Hejazi & Amiji, 2003,
Schipper et al., 1996, Snyman et al., 2001)
Physico-chemical
property

Low degree of
deacetylation
(≤ 40%)
Soluble up to
pH 9

High degree of
deacetylation
(≥ 85%)
Soluble up to pH
6,5

Viscosity
Charge density

Less viscous
Low

More viscous
High

Hydrogen bonding
density
Absorption
enhancement

Lower

Higher

Yes

Poor

Solubility

Mucoadhesiveness

High molecular
weight

Low molecular
weight

Insoluble in
water, soluble in
dilute acids
(salts soluble)
More viscous
Dependent on
DDA
Dependent on
DDA
Yes, for low and
high degree of
deacetylation
chitosans

Soluble
(oligomers)

Good

Less viscous
Dependent on
DDA
Dependent on
DDA
No, for low degree
of deacetylation
chitosans
Yes, for high
degree of
deacetylation
chitosans
Poorer

It is interesting to note that polymers of positively charged amines, polyamines of
lysine, arginine and ornithine enhance the transport of FITC-dextran across Caco2 monolayers when the molecular weight of the polymer was 12 000 or greater
(Schasteen et al., 1992). Schasteen et al. (1992) further propose that it is the
positive charge that is the necessary feature for absorption enhancement and not
the amino acid configuration. Chitosan polymers exhibit a similar molecular weight
threshold for absorption enhancement properties (Schipper et al., 1996).
The bioadhesive properties of chitosan have been described by Lehr et al. (1992).
It was demonstrated that in the swollen state chitosan is an excellent
mucoadhesive at porcine intestinal mucosa and that it is suitable for repeated
adhesion. Bioadhesion of a drug delivery system offers many advantages such
as, longer residence time of the dosage form on the mucosal tissue of the desired
delivery site, higher drug concentration at the site of adhesion and absorption, no
previous dilution in the luminal fluids prior to uptake and enhancement of topical
action of locally acting drugs (Hejazi & Amiji, 2003).
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3.2.3 Pharmaceutical applications
Chitosan is unique in its combination of biological, physical and chemical
properties resulting in a novel, versatile biopolymer that can be tailor-made to suit
specific pharmaceutical applications (Paul & Sharma, 2000).
Chitosan has been investigated for use as an excipient in different types of dosage
forms for various routes of administration, including the oral, parenteral,
transdermal and nasal routes. Chitosan has also been studied as an excipient in
implants (Paul & Sharma, 2000). In the manufacture of tablets, chitosan has been
studied chiefly as a diluent, but its potential as an adhesive, disintegrant, and
lubricant has also been studied (Illum, 1998). Chitosan has been used for direct
compression as well as in wet granulation methods of tablet manufacture. It has
been used in both immediate release and sustained release formulations, with the
release rate being controlled by various factors such as the relative amount and
degree of deacetylation of chitosan, the combination with other excipients and the
method of tablet manufacture. Drug release rate was found to be affected by the
pH of the dissolution medium and interaction, as well as possible complexation of
the chitosan amino groups with the active drug in the formulation (Paul & Sharma,
2000).
Chitosan has been found useful in the manufacture of microspheres, beads,
granules, micro- and nanoparticles for the controlled release of antibiotics,
antihypertensive agents, anticancer agents, protein and peptide drugs and
vaccines. Chitosan has also been used in the manufacture of gels as it exhibits
excellent tissue wetting properties and bioadhesiveness, particularly in the oral
cavity. Chitosan also possesses good film-forming properties and has been used
as a coating material for drug delivery devices (Paul and Sharma, 2000).
3.2.3.1 Oral route
Chitosan has been extensively investigated as a potential oral delivery vehicle.
Various tablet formulations using chitosan have yielded promising results.
Intragastric floating tablets with a coating of chitosan exhibited sustained
absorption of prednisolone in dogs (Hejazi & Amiji, 2003). A bioadhesive
formulation of chitosan and sodium alginate resulted in sustained plasma
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concentration of ketoprofen in rabbits.

Compressed tablets have also been

investigated, with a chitosan and theophylline formulation showing good
bioavailability.
granules.

Sustained drug release has also been achieved with chitosan

The granule formulation exhibited no sharp peaks in the plasma

concentration / time curve and a longer residence time in the stomach compared
to conventional granules. Chitosan gel beads and microspheres have exhibited
sustained plasma levels of the drugs investigated (Paul & Sharma, 2000).
Chitosan has been used as a coating on capsules and liposomes as oral delivery
systems for insulin. These dosage forms proved effective in decreasing the serum
glucose levels in rats for between six and 12 hours after administration.
Conversely, chitosan capsules have been successfully used to deliver insulin to
the colon. These results suggested that absorption was improved as evidenced
by the hypoglycaemic effect initiated from the eighth hour after administration
(Paul & Sharma, 2000).
3.2.3.2 Parenteral route
Sustained release and prolonged plasma levels of human coagulation factor IX
have been achieved after subcutaneous injection of a hydrogel of a chitosan
derivative, N,O-carboxymethyl chitosan, compared with a bolus intravenous
injection and subcutaneous injection.

A morphine sulphate and chitosan gel

formulation was found to be stable during long-term storage, as well as providing
sustained plasma levels after subcutaneous injection as compared to conventional
morphine sulphate injection (Paul & Sharma, 2000).
Intramuscular injection of progesterone loaded chitosan microspheres resulted in a
constant plasma concentration of progesterone for up to five months in rabbits.
The antitumor drug, mitoxantrone, and diphtheria toxoid loaded chitosan
microspheres have also provided promising results in animals after intramuscular
injection (Paul & Sharma, 2000).
In December 2000, positive results were released from preclinical safety and
evaluation studies on an injectable, heat-sensitive hydrogel consisting of a mixture
of chitosan and a polyol salt, for the delivery of therapeutic agents.

The gel
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localises as a deposit at the site of injection, but does not cause an acute
inflammatory response (Bradley, 2000).
3.2.3.3 Transdermal route
To date, only limited studies have been carried out using chitosan as a
transdermal delivery device, although chitosan possesses good film- and gelforming properties. A chitosan based transdermal delivery system was developed
using a cross-linked chitosan membrane as the rate-controlling device and
chitosan gel as the drug reservoir.

It was found that drug permeability was

dependent on the cross-linking density of the membrane.

A transdermal film

delivery device of captopril, prepared from chitosan plasticized with polyethylene
glycol, resulted in improved bioavailability and sustained plasma concentrations
compared with oral administration. In addition, no significant skin irritation was
observed with the use of chitosan in transdermal delivery systems (Paul &
Sharma, 2000).
3.2.3.4 Ocular route
Controlled delivery of ophthalmic dosage forms may be achieved by the inclusion
of bioadhesives in the formulation.

Acyclovir-loaded chitosan microspheres

administered via the ocular route in rabbits resulted in sustained higher levels of
acyclovir in plasma than from a standard ophthalmic dosage form. The clearance
rate of dosage forms containing chitosan was lower than that of other solutions.
The molecular weight, degree of acetylation and concentration of the chitosan
solution affected the clearance rate from the eye (Paul & Sharma, 2000).
It has been suggested that chitosan in solution is not easily removed from the eye
due to an ionic interaction between the negatively charged cornea and the
positively charge chitosan molecules. It has, however, been suggested that the
improved bioavailability exhibited by chitosan containing formulations may be due
to the specific nature of chitosan and not merely because of the positive charge.
The reason for this supposition is that positively charged poly-L-lysine coating on
nanoparticles did not enhance the bioavailability of indomethacin (Paul & Sharma,
2000).
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3.2.3.5 Nasal route
The nasal route of administration has been investigated extensively in recent
years as it provides a non-invasive alternative to injection for the systemic delivery
of protein and peptide drugs. A nasal formulation, which enhances the absorption
of hydrophilic macromolecules, remains a challenge because of the short retention
time of the dosage form in the nasal cavity due to the efficient physiological
clearance mechanisms present.

Chitosan is considered a good candidate for

nasal delivery formulations because it is mucoadhesive which increases the
retention time, and is furthermore a good absorption enhancer across nasal
epithelia (Illum et al., 1994, Paul & Sharma, 2000).
Chitosan with a low degree of acetylation (between 1% and 15%) demonstrated
good absorption enhancement for both low and high molecular weight drugs.
Chitosan with a 35% degree of acetylation and of high molecular with the
advantage of low toxicity.

Prolonged release is achieved by the use of

bioadhesive microspheres in the nose.

Chitosan microspheres and chitosan

solutions were cleared at rates of 84 and 41 minutes from the nose respectively,
compared to 21 minutes for a control solution. The retention time was found to be
dependant on the cross-linking density of the chitosan. Drugs that have been
investigated for possible nasal administration include bacterial toxins (to stimulate
antibody response) and morphine (Paul & Sharma, 2000).

Plasma insulin

concentration has been significantly improved in animals using 0,5% chitosan in
the formulation (Illum, 1998,. Paul & Sharma, 2000)
3.2.3.6 Implants
Chitosan possesses many of the properties required of an ideal implantable device
component. It is non-toxic, biodegradable with harmless degradation products,
degradation can be controlled by appropriate cross-linking of the matrix, the
physical and chemical properties can be controlled by the addition of functional
groups and chitosan is sterilisable.

Chitosan based implantable drug delivery

devices have been formulated for aspirin, endothelial cell growth factor, ferric ion,
mitomycin C, mitoxantrone, progesterone and uracil (Paul & Sharma, 2000).
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3.2.3.7 Applications of chitosan in other routes of administration and
formulations
As chitosan is a mucoadhesive polymer, it is considered a good candidate for oral
cavity drug delivery. In addition to its safety, biocompatibility and biodegradability,
chitosan possesses intrinsic antibacterial properties (Hejazi & Amiji, 2003). It has
been used for various applications in the oral cavity, e.g., dental treatment for
periodontal

and

endosteal

implant

repairs

in

quick

hardening

pastes;

phosphorylated chitosan has been used as an anti-plaque mouthwash; buccal and
sublingual delivery devices where it acts as a mucoadhesive as well as an
absorption enhancer. The absolute bioavailability of diltiazem in rabbits was found
to be 64.1% for the sublingual chitosan containing tablets as compared 30.4%
after oral administration (Hejazi & Amiji, 2003).
Chitosan has been used as a carrier of DNA for gene delivery applications
(Thanou et al., 2002; Hejazi & Amiji, 2003).

The positively charged chitosan

molecules form polyelectrolyte complexes with the negatively charged plasmid
DNA. These chitosan-DNA complexes can further be protected from DNAase to
improve the bioavailability of the plasmid DNA delivered to the body for gene
therapy (Hejazi & Amiji, 2003).
Chitosan has also been researched for its potential as a mucosal vaccination
carrier.

Its mucoadhesive, high protein binding and absorption enhancing

properties may allow increased uptake of the vaccine by the M-cells in the Peyer’s
patches in the intestinal tract (Van der Lubben et al., 2001).
3.2.4 Chitosan and absorption enhancement
Chitosan is able to promote the transmucosal absorption of small polar molecules
as well as peptide and protein drugs, as has been shown in various studies
(Lueßen, et al., 1996, Kotzé et al. 1997a, Illum, 1998, Junginger & Verhoef, 1998,
Dodane et al., 1999, Paul & Sharma, 2000, Hamman et al., 2003, Hejazi & Amiji,
2003, Hamman et al., 2005).
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The addition of chitosan to nasal formulations of small polar drugs as well as
proteins and peptides has resulted in increased absorption of these drugs as
discussed in section 3.2.3.5.
Chitosan has also been shown to enhance the transmucosal absorption of
peptides from the intestine. Studies in a cell culture model of the intestine, the
Caco-2 cell line, have shown that the transport of mannitol was dependent on both
the degree of acetylation as well as the molecular weight of chitosan (Schipper et
al., 1996). It was found that chitosans with a high degree of deacetylation were
effective as permeation enhancers at low and high molecular weight (and also
showed clear dose-dependent toxicity), whereas chitosans of a low degree of
deacetylation were effective as permeation enhancers only at high molecular
weight and showed low toxicity (Schipper et al., 1996). The absorption enhancing
properties of chitosan have also been demonstrated in vivo; a chitosan solution
was able to increase the intestinal absorption of buserelin 50 fold (Lueßen, 1996).
Chitosan is also able to improve the immunological response of vaccines
administered via the transmucosal routes, such as the nasal route. (Illum, 1998;
Van der Lubben, et al., 2001).
The mechanism of action of chitosan in enhancing transmucosal transport of drugs
is thought to be as a result of a number of factors, including bioadhesion and its
ability to temporarily open tight junctions in the epithelial cell layer and thereby
allowing polar molecules to pass through (Artursson, 1994, Illum, 1998). Chitosan
has been demonstrated to be mucoadhesive, with nasal clearance times for a
chitosan solution and a chitosan powder being increased approximately two and
three fold respectively, compared to the control solution (Illum, 1998).
Studies of chitosan’s effect on model intestinal epithelial cell monolayers have lead
researchers to conclude that chitosan, due to its positive charge, is able to interact
with the opening mechanism of the tight junctions. A decrease in ZO-1 proteins
and a change in the cytoskeleton protein F-actin from a filamentous to a globular
structure were observed (Artursson et al., 1994; Schipper et al., 1997; Dodane et
al., 1997). Chitosans of both high and low molecular weight have been found to
bind tightly to Caco-2 cell monolayers, inducing a redistribution of F-actin and the
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tight junction protein ZO-1 (Thanou, et al., 2001).

No intracellular uptake of

chitosan was observed, and this effect on the tight junctions was shown to be
mediated by the positive charge on chitosan. The addition of heparin, which is
highly anionic, inhibited the permeation enhancing effects of chitosan (Thanou, et
al., 2001). It has furthermore been shown that chitosan does not enhance peptide
drug absorption by reducing the metabolic degradation of the peptide by the
intestinal proteases, trypsin and carboxypeptidase B (Lueßen et al., 1997).
Various researchers (Borchard et al., 1996; Kotzé et al.; 1998a, Tengamnuay,
2000) have studied the effect of pH on the permeability enhancing characteristics
of chitosan. Borchard et al. (1996) reported that chitosan glutamate at a pH of 7.4
had no effect on the in vitro paracellular permeability of [14C]mannitol and
fluorescently labelled dextran (molecular weight 4400 kDa) in Caco-2 cell
monolayers.

Kotzé et al. (1997b), investigated the pH dependency of the

permeability enhancing effect of two chitosan salts, hydrochloride and glutamate,
across Caco-2 cell monolayers at pH 6,2 and 7,4. Both chitosan salts showed a
marked effect on the permeability of the model compound, with a 25-fold increase
for the glutamate salt and a 36-fold increase for the hydrochloride salt at pH 6.2.
At pH 7.4 neither chitosan salt increased the permeability, due to poor solubility at
this pH value.

The researchers concluded that there was a need for the

development of chitosan derivatives with increased solubility for use as absorption
enhancers in environments of higher pH such as the small intestine and colon.
Dodane et al., (1999) confirmed that chitosan hydrochloride increased the
permeability of Caco-2 cell monolayers by affecting the tight junctions. This study
demonstrated that chitosan hydrochloride increased cell permeability by affecting
paracellular and intracellular pathways, with relatively mild and reversible effects
on epithelial morphology. As chitosans are relatively large polymers it is assumed
that their intrinsic absorption is minimal and they are therefore not expected to
show any systemic effects (Thanou et al., 2001).
3.2.5 Toxicity
Chitosan is biocompatible and biodegradable and has a favourable toxicity profile,
making the polymer a promising and interesting candidate for use in the
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pharmaceutical and medical fields (Illum, 1998; Paul & Sharma, 2000).

The

toxicity of chitosan depends on a number of different factors such as the degree of
deacetylation, molecular weight, purity and route of administration.

Studies

specific to the application are required to confirm its safety (Hejazi & Amiji, 2003).
Some contradictory reports, however, suggest undesirable effects following oral
and parenteral administration of chitosan in mice and rats (Paul & Sharma, 2000).
This necessitates further studies before this potentially useful excipient will gain
widespread regulatory approval.

Chitosan is presently approved as a food

additive in Japan, Italy and Finland. In 2002 the Food and Drug Administration
designated shrmp-derived chitosan as a Substance Generally Recognised as Safe
(GRAS) for use in food in general for its multiple technical effects (United States
Food and Drug Adminstration, 2002).
A range of toxicity tests has been performed on chitosan, including the release of
lactate dehydrogenase (LDH) from Caco-2 cells, its effect on mucociliary
clearance rates on the frog palate as well as on human nasal tissue, its effect on
nasal membranes in rats, a ten day subacute toxicity study in rabbits and the
mucociliary clearance rate in humans. In all these cases toxicity was found to be
negligible (Illum, 1998) The oral toxicity of chitosan has been reported only from
doses higher than 16 g/kg body weight in laboratory mice and has been proven
safe in rats receiving up to 10 % in the diet (Agnihotri et al., 2004).

3.3 TRIMETHYL CHITOSAN
Chitosan, as described in the previous section, is only soluble in an aqueous
acidic medium (below pH 6,5). It precipitates out of solution above this pH, thus
limiting its usefulness in neutral and basic environments (Kotzé et al., 1997b,
Hamman et al., 2000). Studies have shown that only protonated, soluble chitosan
can trigger the opening of the tight junctions and in this manner facilitate
paracellular transport of a model hydrophilic compound (Kotzé et al., 1998a). This
means that chitosan can be effective as an absorption enhancer only in a limited
area of the intestinal lumen where the pH values are close to the pKa of chitosan.
Chitosan may therefore not be a suitable carrier for targeted peptide delivery to
specific sites in the intestine, e.g. jejunum or ileum (Thanou et al., 2001). To
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overcome this problem, a number of cationic or anionic chitosan derivatives have
been synthesized and tested for effectiveness. N,N,N-trimethyl chitosan chloride
(TMC) is a quaternized derivative of chitosan that has been synthesized and
characterised (Sieval et al., 2001; Hamman & Kotzé, 2001; Hamman et al., 2003).
During the synthesis of TMC, the number of positive charges along the polymer
chain is increased (the free amino groups are quaternized), with the result that the
polymer expands in solution due to the repulsive forces between the functional
groups (Polnok et al., 2003).
TMC is synthesized by the reductive methylation of chitosan in a strongly alkaline
environment at elevated temperature (Hamman & Kotzé, 2001). The number of
methylation process steps and the type of base used in the reaction affects the
degree of quaternization of the primary amino group and the methylation of 3- and
6-hydroxyl groups (Hamman & Kotzé, 2001,). The degree of quaternization as
well as O-methylation of TMC increase with the number of reaction steps; Omethylation results in a decrease in the solubility of TMC.

Generally, TMC

polymers with a high degree of quaternization but a low degree of O-methylation
are desired (Polnok et al., 2003). Hamman and Kotzé, 2001, report a decrease in
the molecular weight of the TMC during the synthesis due to the alkaline reaction
environment and high reaction temperature.

Careful investigation and further

research will be needed to synthesize a TMC with the required specified
characteristics (Polnok et al., 2003).
The mechanism by which TMC enhances intestinal permeability is similar to the
mechanism of protonated chitosan. TMC reversibly interacts with tight junction
components of the epithelial cells resulting in the opening of the tight junctions,
thus facilitating paracellular transport (Thanou et al., 2001).

TMC has been

evaluated as an absorption enhancer of hydrophilic drugs at pH values similar to
those found in the intestine, both in vitro in cell culture models and in vivo (Thanou
et al., 2001; Hamman et al., 2003).
The charge density, as determined by the degree of quaternisation, as well as the
molecular weight of the TMC, are factors that are likely to influence the
effectiveness of tight junction opening and thus absorption enhancement
(Hamman et al., 2003). The effect of TMC on tight junctions, as for chitosan itself,
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has however been shown to be reversible after the removal of the TMC (Polnok et
al., 2003).

3.4 CHITOSAN OLIGOMERS
The chitosan chain can be cleaved with acids under mild conditions to yield
mixtures of oligomers consisting of N-acetyl-D-glucosamine and D-glucosamine
(Kurita, 2001). Chitosans are classed as oligomers when the molecular weight of
the compound is in the region of 2000 kDa (Thanou et al., 2001).
Cationic polymers have been used to condense and deliver DNA both in vitro and
in vivo (Van der Lubben et al., 2001, Thanou et al., 2002).

Various cationic

polymers have been investigated that lead to increased transfection efficiencies;
polyelectronic complexes are formed with plasmid DNA, in which the DNA is better
protected against degradations by nucleases (Thanou et al., 2002). Chitosans
represent a novel class of cationic carriers of natural origin for gene delivery
(Thanou et al., 2002). Both chitosan and depolymerised chitosans (oligomers)
have been investigated for their ability to condense and deliver plasmid DNA in
COS-1 cell cultures (Thanou et al., 2002).
3.4.1 N,N-DICARBOXYMETHYLATED

CHITOSAN

POLYMERS

AND

OLIGOMERS
Because of its positive charge, TMC is only suitable as an excipient for improving
permeation and absorption of hydrophilic, macromolecular drugs with neutral or
basic properties. A promising approach to circumvent this problem is the Nsubstitution of chitosan with moieties bearing carboxyl groups to yield
polyampholytic polymers (Van der Lubben et al., 2001).
Carboxymethylation of chitosan thus leads to the formation of a water soluble,
polyampholytic polymer, which may be important in the search for new
applications for chitosan (Rinaudo et al., 1992). Monocarboxymethylated chitosan
is able to form visco-elastic gels in aqueous environments or with anionic
macromolecules at neutral pH values. It is less potent than the TMC derivative,
but has been shown to increase the transepithelial permeation (Thanou et al,
2001).
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3.5 MONOCAPRIN
Glycerides of medium chain fatty acids have been studied as permeation
enhancers of hydrophilic drugs across epithelial cells. Monocaprin is one such a
medium chain monoacylglycerol (Brown et al., 2002; Tsujita et al., 1982). More
specifically, it is the monoglyceride of a saturated C10 fatty acid. Glycerides of
medium chain fatty acids that have been investigated as absorption enhancers in
the Caco-2 model and in animals have yielded promising results (Brown et al.,
2002).
The permeability of penicillin V was significantly enhanced in the Caco-2 model by
the

presence

of

monocaprin

in

the

test

formulation.

Medium

chain

monoacylglycerols have been combined with phosphatidylcholine in a study in
which the effect of the combination (ratio 3:1) on the permeability of cell
monolayers was investigated.

The transport of the model compounds in this

study, mannitol (molecular weight 182 kDa) and Fragmin (low molecular weight
heparin, mean molecular weight 5000 kDa), was enhanced by the combination of
absorption enhancers.

At higher doses of the combination of absorption

enhancers, clear effects on the apical cell membranes were visible, but the tight
junctions remained intact. This absorption enhancing combination also increased
the relative bioavailability of Fragmin after rectal administration in rabbits, when
compared with subcutaneous administration (Lohikangas et al., 1994). Glycerides
of medium chain fatty acids have also been reported to enhance absorption of
hydrophilic drugs in animals. The absorption of sodium ceftriaxone was improved
when administered intraduodenally with a mixture of C8/C10 mono- and
diglycerides. The bioavailability in rats of a water soluble peptide was enhanced
from a microemulsion formulation containing mono-, di- and triglycerides relative to
an aqueous formulation (Constantinides et al., 1994).
Brown et al. (2002) report that the permeability of a triple charged, surface active
molecule, BTA-243, a beta3-adenoreceptor agonist, in Caco-2 cell monolayers and
everted gut sac model may be enhanced by monocaprin.

As the TEER was

shown to decrease to a threshold value after 30 to 40 minutes, monocaprin is
thought to modulate tight junction permeability. Transport of mannitol and the
charged molecule, BTA-243, was also enhanced.

Monocaprin at a higher
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concentration (2,0 mM) resulted in some changes in gross cell morphology and
cell monolayers failed to recover their barrier properties, but these effects were not
observed for the lower concentration of monocaprin (1,3 mM).

3.6 MELITTIN
Melittin is a 26 amino acid, cationic, amphipathic, peptide derived from European
honey bee (Apis mellifera) venom. Melittin is a membrane active peptide that
distrurbs the bilayer integrity by disruption or pore formation and has a powerful
haemolytic activity (Bechinger, 1999).

Melittin has been used as a model

compound for studying the properties of membrane proteins and their interactions
with membrane lipids (Dempsey, 1990). Melittin is characterised by 5-6 positive
charges, four of which are at the C-terminus. In the presence of artificial lipid
bilayers, melittin adopts α-helical conformations.

At low concentrations of the

peptide (i.e. peptide-to-lipid ratios of less than 1:12), the helix axis is
predominantly oriented parallel to the membrane surface, whereas at higher
peptide-to-lipid ratios the peptide exhibits transmembrane orientations.

In the

presence of melittin the artificial membrane interface senses an effective charge
from the peptide of only about 2, although at neutral pH melittin retains 4-6 positive
charges. The bilayer structure of liquid crystalline phosphatidylcholine is retained
unaltered in the presence of up to 5 mol% melittin. In the presence of intermediate
concentrations of melittin (~ 5 mol%) reversible micellisation is observed, while at
high concentrations (> 5 mol%) both gel and liquid crystalline bilayers are
transformed into small objects, indicative of bilayer disruption (Bechinger, 1999).
Liu et al. (1999) have studied melittin as a novel absorption enhancer, in the Caco2 model. With higher melittin concentrations (both 1.2 and 1.5 µM) the transport of
the paracellular transport marker, mannitol, was increased 3.5-fold compared to
the control.

Lower concentrations (0.34 and 0.68 µM) of melittin showed no

significant differences in transport as compared to the control.

It was thus

concluded that it is necessary to reach a critical threshold concentration of melittin
before absorption enhancement is effected. Schasteen et al. (1992) reported that
melittin at a concentration of 1 µM increased the transport of FITC-dextran 10-fold
and a concentration of 10 µM increased the transport 104-fold.

The toxicity

however increased 10-fold as well, from 5% to 50%, toxicity in this instance was
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expressed as percent of lactate dehydrogenase (LDH) released from the cells
compared to their total LDH content as measured by inducing total cell lysis with
melittin (100 µM). Melittin, when applied at higher concentrations, in the order of
100 µM, is known to be toxic resulting in cell lysis and the release of the cytosolic
enzyme LDH from the cells (Schasteen et al., 1992).
There is no consensus on the mechanism of interaction of melittin with membrane
lipids. Melittin has several actions on membranes, such as haemolytic activity,
voltage-gated channel formation and bilayer micellisation and fusion, which are not
necessarily related. As melittin’s action as a membrane fusion peptide is strongly
concentration dependent, Liu et al. (1999) investigated the optimum concentration
for the use of melittin as an absorption enhancer. This was found to be between
1.20 and 1.50 µM, the concentration at which the transport of the model
compound, mannitol, was enhanced 3.5-fold without producing cytotoxicity in the
Caco-2 cell line (Liu et al., 1999).

3.7 CONCLUSION
In this chapter the permeation enhancing effects of various absorption enhancers,
from different chemical classes and possibly acting by different mechanisms, have
been described.

The potential of chitosan, chitosan salts and derivatives as

absorption enhancers have been described. The absorption enhancing properties
of chitosan are ascribed to the modulation of tight junctions between the epithelial
cells of the small intestine (Kotzé et al., 1997a). Chitosan and its derivatives
possess many physico-chemical properties that make them desirable as
pharmaceutical excipients.

TMC, which is soluble in both acidic and neutral

environments, has been shown to enhance absorption both in vitro and in vivo in
acidic and neutral pH environments (Hamman & Kotzé, 2001).

The

monoacylglycerol, monocaprin, has specifically been studied for its potential as an
absorption enhancer for hydrophilic and macromolecular compounds. Monocaprin
is thought to modulate tight junction permeability, but as monocaprin is an
uncharged molecule, it is unlikey to do so by the same mechanism as chitosan
(Brown et al., 2002).

Melittin, a membrane active peptide, has also been

suggested as a potential absorption enhancing agent for hydrophilic molecules.
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Its precise mechanism of absorption enhancement has yet to be elucidated (Liu et
al., 1999).
The model compounds and drugs used in the absorption enhancement studies
include small, hydrophilic as well as peptide and protein macromolecular
hydrophilic drugs. The studies have been conducted in cell culture models and in
animals. The potential toxicity of each absorption enhancer is reported, with many
of the membrane damaging and cytotoxic effects being dependent on the
concentration of the absorption enhancer. Relatively few absorption enhancers
have been studied in combination, particularly across the different classes of
absorption enhancers. Developing an ideal absorption enhancing formulation for
poorly absorbable drugs remains a challenge.
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CHAPTER 4: CELL CULTURES AS IN VITRO
MODELS FOR DRUG ABSORPTION
ENHANCEMENT STUDIES
4.1

INTRODUCTION

Knowledge of the absorption and metabolism of medicines at the intestinal
mucosal level is essential for the optimisation of the oral bioavailability of a drug.
This means that during drug design and development adequate model systems
have to be introduced early in the process to avoid the loss of promising
compounds at an advanced stage due to poor absorption and distribution (Braun
et al., 2000). Numerous models and techniques are available to study and screen
for the movement of drugs across the intestinal barrier. These techniques range
from computational (in silico) predictions to physicochemical and biological
methods, which involve in vitro, in vivo and in situ methods, which include cell
culture techniques, to in vivo studies with human volunteers (Ashford, 2002b; Le
Ferrec et al., 2003).
Permeability is a key biopharmaceutical property that can be quantified and
provides insight into the absorption of a drug. It, with solubility, is one of the
parameters

used

to

classify

drugs

according

to

the

biopharmaceutical

classification scheme which was introduced about 10 years ago (Amidon et al.,
1995). This system divides drugs into four classes according to their solubility
over

the

gastrointestinal

pH

range

and

their

gastrointestinal mucosa (Amidon et al., 1995).

permeability

across

the

Drug permeability has been

studied in many different experimental systems. For permeation studies, model
systems have been established at various levels of complexity (see figure 4.1)
(Braun et al., 2000). The choice of a test system always represents a compromise
between high throughput, with low predictive potential and low throughput, with
high predictive potential (Braun et al., 2000). The use of intact animal models has
lead to an improved understanding of absorption enhancement, but the complexity
of the model has hindered definitive experiments to determine biological
mechanisms of action (LeCluyse and Sutton, 1997). Cell culture models represent
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an intermediate level within the pyramid of complexity for permeation studies
(Braun et al., 2000).

body
organs

cells

cell membranes

liposomes

isotropic lipophilic phases, e.g. octanol
Figure 4.1: The pyramid of complexity. Cell cultures represent an intermediate
level of complexity between animals and isotropic lipophilic phases (from Braun et
al., 2000).
The use of in vitro models and techniques has lead to the identification of the key
components of the barrier function of epithelia and improved the understanding of
absorption enhancement. In vitro models may not be completely satisfactory in
determining mechanisms and have many limitations compared to studies in the
intact organism, but they are nonetheless valuable tools for advancing
understanding and predicting the next step in experimentation (LeCluyse and
Sutton, 1997). Csaky (1984) has reviewed the use of Ussing chambers, isolated
loops, everted intestinal sacs and vesicles. Artursson (1991) and Braun et al.
(2000) have described the use of cell monolayers, and Swenson and Curatolo
(1992) have discussed the use of model synthetic membranes.
Cell culture models have numerous advantages compared to conventional drug
absorption models. These potential advantages include rapid evaluation of the
permeability and metabolism of a drug, the possibility of studying drug absorption
73

mechanisms under controlled conditions, rapid evaluation of methods of improving
drug absorption, e.g. by the use of prodrugs, absorption enhancers and other
pharmaceutical excipients and the opportunity to minimise expensive, timeconsuming and possibly controversial animal studies (Artursson, 1991).
In this study the cell culture technique, utilising the Caco-2 cell line, was used to
assess absorption enhancement, therefore cell cultures as models for permeability
studies will be discussed further.

4.2

CELL CULTURES AS MODELS FOR DRUG ABSORPTION
ACROSS THE INTESTINAL MUCOSA

The study of transport and absorption mechanisms across the intestinal mucosa is
best performed in a model that contains only absorptive cells, without the
confounding contributions of mucous, the lamina propria and/or the muscularis
mucosa (le Ferrec et al. 2003). For this reason much effort is currently devoted to
the use of epithelial cell cultures for studies of drug transport and mechanisms of
transport (le Ferrec et al. 2003). Three different strategies have been used to
obtain intestinal epithelial cell cultures: (1) the cultivation of normal intestinal cells,
(2) the cultivation of intestinal explants and (3) the cultivation of neoplastic
epithelial cells derived from adenocarcinomas (Artursson, 1991).

The use of

isolated normal intestinal epithelial cells has been limited as they are difficult to
culture and have limited viability, furthermore human cell culture systems loose
important in vivo anatomical and biochemical features. Attention has however
turned to the use of human adenocarcinoma cell lines, such as HT-29 and Caco-2,
as they reproducibly display a number of properties characteristic of differentiated
intestinal cells (Artursson, 1991).

The parallel advances in sensitive and

automated measurement techniques have further advanced the potential of cell
line models in absorption studies (Le Ferrec et al., 2003).
While cell models do possess limitations that must not be overlooked, they offer
the advantage of relative simplicity and are suitable for automated procedures and
high throughput screening (le Ferrec et al. 2003).
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4.2.1 Caco-2 cell monolayers as a model for small intestinal transport and
absorption
Caco-2 cells represent a well–characterised in vitro transport model system for the
small intestinal cellular barrier (Hidalgo et al., 1989).
parental Caco-2 cells are summarised in table 4.1.

The characteristics of
Derived from a human

colorectal adenocarcinoma, Caco-2 cells grow as a monolayer and differentiate on
a semipermeable membrane.

Thus, as indicated in figure 4.2, the apical

compartment of the filter well is separated from the basolateral compartment,
which correspond, respectively, to the intestinal lumen side and the serosal side of
the intestinal epithelium. The cells differentiate into polarised intestinal cells that
possess an apical brush border and tight junctions between adjacent cells and
express hydrolases and typical transporters of the microvilli. Despite their colonic
origin, Caco-2 cells thus express in culture the majority of the morphological and
functional characteristics of small intestine absorptive cells (Le Ferrec et al. 2003).
The transport characteristics of drugs across the Caco-2 monolayer have shown a
correlation with human oral bioavailability (Schasteen et al., 1992).

It must

however be remembered that the Caco-2 model represents only the barrier of the
intestinal epithelial cell monolayer and does not replicate other factors which are
important in drug transport in vivo, e.g. the viscous mucous, proteolytic luminal
enzymes (Schasteen et al., 1992).

The co-culturing of cell lines expressing

enterocytic markers (e.g. Caco-2 cells) with cell lines exhibiting mucous secreting
properties (e.g. HT-29 cell line) has been suggested as a possible way of
overcoming this limitation (Le Ferrec et al. 2003). Furthermore researchers have
demonstrated the presence of permeability glycoprotein (P-gp) activity in Caco-2
cell cultures, at levels higher than those found in the human colon in vivo.
Transport data may therefore sometimes be difficult to interpret and is not always
in agreement with in vivo observations (Hunter et al., 1993)
The Caco-2 model system does, however, provide a mechanism for the absorption
screening of a large number of compounds to identify potential absorption
enhancers (Schasteen et al., 1992).
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Table 4.1: The characteristics of parental Caco-2 cells (adapted from Le Ferrec et
al., 2003).
Origin

Human

Tissue

Colorectal adenocarcinoma

Growth in culture

Monolayer epithelial cells

Differentiation

14 – 21 days after confluence in standard culture medium

Morphology

Epithelial polarised cells, with tight junctions, apical brush border

Electrical

High electrical resistance

parameters
Growth properties
Digestive enzymes
Active transport
Membrane

Typical membranous peptidases and disaccharidases of the
small intestine
Amino acids, sugars, vitamins, hormones

ionic Na+/K+ ATPase, H+/K+ ATPase, Na+/H+ exchange, NaI/K+/Cl- cotransport, apical Cl-channels

transport
Membrane

Adherent

non- Permeability-glycoprotein, multidrug resistant associated protein,

ionic transporters

lung cancer associated resistance protein
Vitamin B12, vitamin D3, epidermal growth factor (EGF), sugar

Receptors

transporters (GLUT1, GLUT3, GLUT5, GLUT2, SGLT1), heat
stable enterotoxin (Sta, E.coli)

Apical side

Cell monolayer
Microporous filter
Basolateral side
Figure 4.2: A schematic representation of the culture of Caco-2 cells on a
microporous filter (from Le Ferrec et al., 2003).
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In permeability studies the drug being investigated is added in solution to the
apical chamber and the appearance of the drug in the basolateral chamber is
followed with time. Experiments are performed under sink conditions to reduce
the possibility of drug molecules diffusing back to the apical side from the
basolateral side. A drug absorption rate coefficient is determined from the initial
linear curve for appearance of drug in the basolateral chamber.
The rate coefficients are preferably expressed as time, surface area and
concentration-independent

permeability

coefficients,

in

order

to

facilitate

comparisons with results obtained in other drug absorption models.

The

determination of apparent permeability coefficients (Papp) is rapid in cell culture
models. An experiment may last from a few minutes for a highly permeable drug
to a few hours for a drug with low permeability. A small number of samples are
needed to obtain reliable permeability coefficients, experiments in triplicate
generally give standard deviations of less than 10% (Artursson, 1991).
4.2.2 Cell lines other than parental Caco-2 cells
TC7 cells are isolated after the exposure of Caco-2 cells to methotrexate and
express CYP3A at higher levels than their parental counterparts. TC7 cells offer
certain advantages over parental Caco-2 cells, they express CYP3A, actively
transport taurocolic acid, and have lower P-gp activity than parental Caco-2 cells
(le Ferrec et al., 2003). CT7 cells may be a good alternative to the parental Caco2 line for drug permeability and transport studies (Rubas, et al., 1996).

Madin Darby kidney (MDCK) cells, originally isolated from a dog kidney, are
currently used to study the regulation of cell growth, drug metabolism, toxicity and
transport at the distal renal epithelial level. MDCK cells differentiate into columnar
epithelial cells and form tight junctions when cultured on semi-permeable
membranes (le Ferrec et al., 2003). Cho et al. (1989) suggested that these cells
may be suitable for molecular permeability screening studies.
Cell lines such as IEC and RIE have been isolated after the repeated cloning of
the cells of the intestinal epithelium of neonatal rat small intestines. They have
been used to analyse the role of growth factors on epithelial cell physiology and for
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studies on the specific functions of intestinal cells, but few studies have dealt with
the transport of model compounds or drugs (le Ferrec et al., 2003).

4.3

CONCLUSION

Cell lines, such as Caco-2, can be considered good models to mimic the
physiological situation of drug absorption, i.e. the passage of a compound through
the epithelial layer and uptake into the bloodstream, as the drug traverses only the
epithelial layer in this model (le Ferrec et al., 2003). Limitations of the model must
however be taken into account, one of the chief differences between the in vivo
situation and cell cultures is the absence of mucous, which might limit absorption,
particularly that of lipophilic drugs (le Ferrec et al., 2003). Caco-2 monolayers have
been used mostly to determine whether a drug is actively or passively transported
across the intestinal epithelium and to provide insight into the regulation of drug
transport, e.g. absorption enhancement (le Ferrec et al., 2003).
In the following chapter the use of Caco-2 cell monolayers in this study to assess
absorption enhancement of a model compound, FITC-dextrans, by various
absorption enhancers and combinations of absorption enhancers will be
described.
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CHAPTER 5: METHODS
5.1

INTRODUCTION

The human intestinal colon epithelial cell line, Caco-2, was used in the
assessment of the absorption enhancing properties of the various compounds
investigated in this study.

The effect of the absorption enhancers on the

transepithelial electrical resistance (TEER) of the Caco-2 cell monolayers was
measured as an indication of the “tightness” of the tight junctions between
adjacent epithelial cells. To evaluate the effect of the absorption enhancers on the
permeability of a model compound, fluorescence isothiocyanate dextran (FITCdextran), the transport of this compound across the Caco-2 cell monolayer was
determined.

The FITC-dextran was determined using size exclusion high

performance liquid chromatography (HPLC) with fluorescence detection.

The

effect of the absorption enhancers, alone and in combination, on the ciliary beat
frequency (CBF) of nasal epithelial cells was determined as an indication of
potential toxicity of the absorption enhancers.

5.2

THE CULTURING OF CACO-2 CELLS

The human colorectal carcinoma cell line, Caco-2, (American Type Culture
Collection, USA, starting at passage 18) was grown in 25 ml culture flasks
(Corning Costar Corporation, USA) to produce the cells for seeding onto culture
treated polycarbonate filters. Dulbeco’s Modified Eagle’s Medium (DMEM) (Bio
Whittaker, Walkersville, Maryland) was used as culture medium. This medium
was supplemented with 10 % foetal bovine serum (Delta Bioproducts, Kempton
Park, South Africa), 1 % non-essential amino acids (Delta Bioproducts, Kempton
Park, South Africa), and 1 % Pen/Strep Fungizone mixture (10 000 U penicillin /
ml, 10 000 µg streptomycin / ml, and 25 µg Fungizone / ml (Bio Whittaker,
Walkersville, Maryland). The cell cultures were incubated (Forma Scientific, USA)
in 25 ml culture flasks at 37 °C in a humidified atmosphere of 95 % air and 5 %
carbon dioxide. The medium was changed every second day in a laminar airflow
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cabinet.

Once the cells reached confluency, trypsinization was carried out as

described below.

5.3

TRYPSINIZATION PROCEDURE

The flasks containing the cell cultures were checked macroscopically and flasks
with cell layers that had grown to confluency were trypsinized. Confluency was
usually achieved after seven days of incubation. Hank’s Balanced Salt Solution
(HBSS) (Bio Whittaker, Walkersville, Maryland), trypsin-versene solution (Bio
Whittaker, Walkersville, Maryland) and DMEM culture medium were warmed to 37
°C in a water bath. These solutions and the cell culture flask were then transferred
to the laminar flow cabinet. The cell culture was rinsed twice with HBSS and 0.5
ml of the trypsin-versene solution was poured onto the lower surface of the flask in
a manner that ensured that the entire cell layer was covered by the solution. The
flask was then incubated at 37 °C for 10 minutes in a humidified atmosphere of 95
% air and 5 % carbon dioxide. The flask was then returned to the laminar flow
cabinet and checked macroscopically for detachment of all cells from the lower
surface. Two millilitres of warm DMEM (37 °C) was poured onto the lower surface
of the flask.

The resultant cell suspension was then transferred to a tube

containing warm DMEM medium (37 °C) and was well mixed by alternately
aspirating and expelling the solution into the tube with a Pasteur pipette. The flask
was rinsed with 1 ml of the warm medium to ensure complete removal of cells
from the flask. Ten millilitres of the cell suspension were then transferred to each
of three new 25 ml culture flasks and incubated as described earlier. The flasks
were labelled with the date and passage number. This trypsinization procedure
was repeated at weekly intervals until the cells were seeded onto 24-well (TEER
studies) or 12-well filter plates (transport studies).

5.4

SEEDING

AND

CULTURING

OF

CACO-2

CELL

MONOLAYERS ON FILTER PLATES
Caco-2 cells (passages 22, 27, 28, 29, 30 and 32) were seeded onto tissue culture
treated polycarbonate filters as follows:
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A cell suspension was obtained as described above (Section 5.2 Trypsinization
procedure), and the cells counted on a haemocytometer. The cell suspension was
diluted with culture medium to a concentration of 1.77 x 104 cells/ml. The culture
P

P

medium comprised DMEM supplemented with 10 % foetal bovine serum, 1 % nonessential amino acids, and 1 % Pen/Strep Fungizone mixture (10 000 U
penicillin/ml, 10 000 µg streptomycin/ml, and 25 µg Fungizone/ml, Bio Whittaker,
Walkersville, Maryland). The cell suspension was pipetted onto the apical side of
the filters, 500 µl onto 12-well plates (Costar Transwell, Corning Costar
Corporation USA) for TEER studies and 2.5 ml onto 6-well filter plates (Costar
Transwell, Corning Costar Corporation USA) for transport studies. The volume of
medium introduced into the basolateral chambers was 1 ml and 2.5 ml for TEER
and transport plates respectively. The seeded filters were incubated at 37 °C in an
atmosphere of 95 % air and 5 % carbon dioxide. The medium was replenished
every two days under aseptic conditions.

TEER and transport studies were

conducted between 21 and 27 days after seeding (Hamman, 2001).

5.5

EXPERIMENTAL DESIGN

Solutions or suspensions of selected absorption enhancers, as a single
component only, or as combinations of two absorption enhancers, were
investigated for their effect on the TEER across Caco-2 cell monolayers and the
effect on the transport of a model compound, FITC-dextran (molecular weight 4
400 kDa), across the cell monolayers.

All experiments were carried out in

triplicate in acidic (pH 6.2) and neutral (pH 7.4) environments. Single component
experiments were conducted using two concentrations of the absorption enhancer
(test compound) being evaluated.

In experiments using absorption enhancer

combinations the lowest concentration of each was used, so that any possible
synergistic or additive effect might become evident as hypothesised (Chapter 1).
The absorption enhancers, combinations and concentrations used and studies
carried out are summarised in table 5.1.
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5.5.1 Rationale for choice of experimental conditions
5.5.1.1 Chitosan salts and derivatives
Chitosan polymers and chitosan polymer derivatives have been found to enhance
the transport of poorly absorbable drugs across epithelial cells via the paracellular
pathway. This absorption enhancing effect is due to interactions with the cell
membrane causing structural reorganisation of tight junction-associated proteins
(Schipper et al., 1997).
Previous research (Kotzé et al., 1999, Thanou 2000, Thanou 2001) has indicated
that chitosan polymers exhibit maximum effect on the TEER of Caco-2 cell
monolayers at a concentration of 0.5% (w/v) and that higher concentrations of the
polymer do not result in any significant further decrease in TEER. For this reason
all single component solutions of chitosan polymers and derivates were applied at
a concentration of 0.5% (w/v) and also at a lower concentration of 0.25% (w/v), as
used in the absorption enhancer combination test solutions.

Two different

chitosan salts, chitosan hydrochloride (Seacure CL 210, batch 408-783-03, degree
of deacetylation 83 %, Pronova Biopolymer, Drammen, Norway) and chitosan
glutamate (Seacure G 210, batch 206-490-03, degree of deacetylation 83 %,
Pronova Biopolymer, Drammen, Norway), were used.

For consistency and to

allow a standard for comparison, the single component oligomers were also
applied at 0.5% (w/v).

The oligomers used were chitosan lactate oligomer

(Chitosan Oligo Lactate MW approx. 4000 Da, Promex Ingredients, Avaldness,
Norway) and a chitosan derivative oligomer, dicarboxymethyl chitosan oligomer
(kind donation of North West University, Department of Pharmaceutics,
Potchefstroom,

sythesized

from

COS-Y

chitosan

Oligomer

degree

of

deacetylation, 70 %, 13 500 g/mol). N-trimethyl chitosan chloride, a quaternised
derivative of chitosan, shown to be effective at neutral pH was also investigated.
TMC was tested at two different degrees of quaternisation, namely 48% (kind
donation of North West University, Department of Pharmaceutics, Potchefstroom,
degree of quaternisation 48 %, 166 000 g/mol prepared from Seacure 244, degree
of deacetylation 93 %, Pronova Biopolymer, Drammen, Norway) and 64% (kind
donation of North West University, Department of Pharmaceutics, Potchefstroom,
degree of quaternisation 63.5 %, 143 000 g/mol, prepared from Seacure 244,
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degree of deacetylation 93 %, Pronova Biopolymer, Drammen, Norway), both of
which have been shown to reduce TEER in Caco-2 cell monolayers significantly
(Kotze et al., 1999, Hamman, 2001, Thanou et al., 2001.).
Table 5.1: Summary of absorption enhancers, combinations and concentrations
and experiments carried out.
Studies conducted
Absorption enhancers / combinations and
concentrations applied
TMC-48 0.5% w/v
TMC-48 0.25% w/v
TMC-64 0.5% w/v
TMC-64 0.25% w/v
LO 0.5% w/v
LO 0.25% w/v
DCMO 0.5% w/v
DCMO 0.25% w/v
Chit. Glut. 0.5% w/v
Chit. Glut. 0.25% w/v
Chitosan HCl 0.5% w/v
Chitosan HCl 0.25% w/v
MC 2 mM
MC 1.3 mM
Mel 1.5 µM
Mel 1 µM
Mel 1 µM + MC 1.3 mM
Mel 1 µM + Chit Glut 0.25 % w/v
Mel 1 µM + Chitosan HCl 0.25 % w/v
Mel 1 µM + DCMO 0.25 5 w/v
Mel 1 µM + LO 0.25 5 w/v
Mel 1 µM + TMC-48 0.25 % w/v
Mel 1 µM + TMC-64 0.25 % w/v
MC 1.3 mM + TMC-48 0.25 % w/v
MC 1.3 mM + TMC-64 0.25 % w/v
MC 1.3 mM + LO 0.25 % w/v
MC 1.3 mM + DCMO 0.25 % w/v
MC 1.3 mM + Chitosan HCl 0.25 % w/v
MC 1.3 mM + Chit. Glut 0.25 % w/v
Control
ND - not determined

TEER
pH 6.2 and
pH 7.4
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x

Transport
(of FITC-dextran)
pH 6.2 and pH 7.4
x
x
x
x
x
x
x
x
ND
ND
ND
ND
x
x
x
x
x
ND
ND
x
x
x
x
x
x
x
x
ND
ND
x

CBF
pH 7.4
ND
x
ND
x
ND
x
ND
x
ND
x
ND
x
x
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
x
x
x
x
x
x
x
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5.5.1.2

Monocaprin

Monocaprin (Sigma-Aldrich, Germany) was used in the same concentrations as
used by Brown et al. (2002) in the investigation of the influence of monocaprin on
the permeability of the beta3-adrenoreceptor agonist BTA-243 in Caco-2 cell
monolayers, namely 1.3 mM and 2.0 mM. The lower concentration was reported
not to cause significant structural damage to the cell monolayer after 60 min
exposure, whereas changes were observed after exposure to 2.0 mM solutions of
monocaprin. Brown et al. (2002) found that both concentrations of monocaprin
reduced monolayer TEER, but that the lowering in TEER was reversible only at
the lower concentration.

No cell damage was observed at this lower

concentration. They concluded that monocaprin probably enhances permeability
by modulation of tight junctions. Monocaprin is an uncharged molecule and is
unlikely to enhance permeability by the same mechanism as chitosan.
Monocaprin was therefore chosen as an absorption enhancer to be used in
combination with the chiotosan salts and chitosan derivatives, in order to
investigate a possible synergistic effect.
5.5.1.3 Melittin
Liu et al. (1999) investigated the use of melittin (Sigma Aldrich, Germany) as a
novel absorption enhancer.

At concentrations of 1.20 µM and 1.50 µM, a

significant increase in transport from control was observed.

At concentrations

below 2.42 µM melittin produced negligible cytotoxicity as measured using the
dehydrogenase activity method. Concentrations of 1.00 µM and 1.50 µM were
used in this study.
It was suggested by Liu et al. (1999) that the increased permeability observed in
Caco-2 cell monolayers was similar to the mechanism proposed by Dempsey
(1990) for the permeabilisation of membranes by melittin at low concentrations
(below 2.42 µM), namely the alteration of the organisation properties of membrane
lipids. At these low concentrations, melittin induces a lamellar (bilayer) to micellar
phase transition in model phospholipids membranes (Dempsey, 1990). Melittin
was therefore considered a suitable candidate for use in the combination with
chitosan salts and chitosan derivatives.
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5.5.1.4 pH values
All TEER and transport studies were conducted at pH 6.2 and pH 7.4. Slightly
acidic and neutral pH values were chosen because the absorption enhancers
studied differ in efficacy at different environmental pH values, as discussed in
Chapter 3.
5.5.1.5 Model compound used
FITC-dextran (molecular weight 4 400) was chosen as the model compound for
the absorption enhancement studies as it is a hydrophilic macromolecule that has
been used by researchers (Cox et al., 2001) to investigate the efficiency of
absorption enhancers.

5.6

TRANSEPITHELIAL

ELECTRICAL

RESISTANCE

(TEER)

MEASUREMENT
5.6.1 Preparation of the test compound solutions / suspensions
The test compound solutions were prepared in serum-free DMEM growth medium
and the pH adjusted to 6.2 and 7.4 with 0.1 M HCl or 0.1 M NaOH as required.
Where test compounds were insoluble at the desired pH the compounds were
dispersed in the DMEM (e.g. chitosan hydrochloride and chitosan glutamate at pH
7.4). Test solutions or suspensions were freshly prepared on the day the TEER
experiments were performed.
5.6.2 Measurement of TEER
The effect of the selected test compounds on the TEER of the Caco-2 cell
monolayers was measured at 20 minute intervals with a Millicell ERS meter
(Millipore Corporation, USA) connected to a pair of “chopstick” electrodes. Prior to
the start of each TEER experiment the medium was removed and replaced with
DMEM buffered at pH 7.4 with 25 mM n-(2-hydroxymethyl) piperazine-N-(2ethanesulphonic acid), (HEPES) (Sigma). Measurements were started one hour
prior to incubation with test compound solutions on the apical side of the cell
monolayers. TEER was measured at 20 minute intervals at pH 6.2 and pH 7.4
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during incubation with the test compounds at 37° C in an atmosphere of 95 % air
and 5 % carbon dioxide. After two hours the test solutions or suspensions were
removed and replaced with serum free DMEM buffered at pH 6.2 or pH 7.4 and
the TEER measured for a further 60 minutes, to study the reversibility of the effect
of the test compounds. All control experiments were performed under conditions
as described above, except that the test compound solutions were replaced with
serum-free DMEM. TEER experiments were carried out in triplicate (Hamman,
2001).

5.7

PERMEABILITY (TRANSPORT) STUDIES

The Caco-2 cell monolayer permeability was investigated by monitoring the
transport of a model or marker compound, FITC-dextran (with a molecular weight
of 4 400 kDa), in the presence of the selected single component and combinations
of absorption enhancers.
5.7.1 Preparation of the test and model compound solutions
Solutions of test compounds containing 1 mg/ml of FITC-dextran (molecular
weight 4 400) were prepared in serum-free DMEM and buffered at pH 6.2 or
pH7.4. Where test compounds were insoluble at the desired pH the compounds
were dispersed in the serum-free DMEM (e.g. chitosan hydrochloride and chitosan
glutamate at pH 7.4). Test solutions or suspensions were freshly prepared on the
day the transport experiments were performed.
5.7.2 Transport studies
Transport studies were conducted between days 21 and 28 after seeding onto the
6-well filter plates. The Caco-2 cell monolayers were incubated at 37 °C under 95
% oxygen and 5 % carbon dioxide with test solutions/suspensions containing 1
mg/ml FITC-dextran (Sigma Aldrich, Germany) applied to the apical side of the cell
monolayers at time zero. 200 µl samples were withdrawn from the basolateral
chamber at the following times after administration 20, 40, 60, 80, 100, 120, 150,
180 and 240 minutes. The medium in the basolateral chamber, DMEM buffered at
pH 7.4 with HEPES, was replenished with an equal volume of HEPES-buffered
DMEM after each sample was withdrawn. All control experiments were performed
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as above with 1 mg/ml FITC-dextran in serum-free DMEM without the test
compounds. All transport experiments were carried out in triplicate.
5.7.3 High Performance Liquid Chromatography analysis
Quantification of FITC-dextran in the samples was carried out using High
Performance Liquid Chromatography (HPLC), with size exclusion chromatographic
separation and fluorescence detection.

The chromatographic system and

conditions were as follows: Spectraphysics liquid chromatographic system: pump
(model P1000); autosampler (model AS3000); fluorescence detector (model
FL2000), excitation wavelength 494 nm and emission wavelength 518 nm;
PolySep-GFC-P Linear size exclusion column, 300 x 7.80 mm and PolySep-GFCP guard column, 35 x 7.80 mm (Phenomenex, USA distributed by Separations,
South Africa).

The mobile phase was acetonitrile: 0.05 M phosphate buffer

(12:88), delivered at a flow rate of 1.5 ml/min. The buffer component of the mobile
phase was prepared with deionised water and the pH adjusted to 7.0.

The

prepared mobile phase was filtered through a 0.45 µm nylon filter and degassed
under vacuum.
5.7.4 Validation of the HPLC method
A validated assay method was used (Cox et al., 2001) and therefore only linearity
was determined.

5.8 CILIARY BEAT FREQUENCY STUDIES
The evaluation of any pharmaceutical excipient, including absorption enhancers,
must comprise a thorough assessment of safety, including a study of the effects
on mucosal structure (van Hoogdalem et al., 1989). The principal safety concerns
associated with the use of absorption enhancers are the irritation of mucosal
tissue, the extent of damage to cells and the rate at which cells recover from such
damage (Lee, 1991). Absorption enhancers, as with any other pharmaceutical
additive, have the potential to affect the epithelial cells at the site of contact or
should absorption occur, give rise to systemic toxicity (Lee, 1991).
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Chitosan and chitosan salts and derivatives are large hydrophilic polymers with
strong mucoadhesive properties and as such are not likely to be absorbed. thus
systemic toxicity is not anticipated (Hamman, 2001)
For a number of absorption enhancers such as surfactants and bile salts a good
relationship has been established between the morphological damage and the
influence on ciliary beat frequency (CBF) of nasal epithelial tissue.

CBF

measurements are thus a valuable tool in initial assessment of the safety of
absorption enhancers, particularly for nasal administration (Merkus et al., 1993).
The epithelium of the upper respiratory tract is lined with many hair-like cilia that
beat in a co-ordinated manner within the periciliary fluid beneath the layer of viscoelastic mucous and thereby move particles towards the pharynx where they are
swallowed.

The mucociliary clearance is an important defence mechanism

against inhaled dust, allergens and micro-organisms. Decreased motility may be
indicative of a local toxic effect on epithelial mucosal cells. However, if the rate of
clearance is slightly decreased or reversibly halted, this retardation may prove
useful in increasing contact time between the drug and nasal mucosa resulting in
increased bioavailability (Gizurarson et al., 1990).
In this study the change in CBF of human nasal epithelial cells after incubation
with the absorption enhancers and combinations of absorption enhancers was
investigated in order to obtain an indication of the safety of these compounds
when applied to mucosal epithelia.
5.8.1 Use of the analogue contrast technique for CBF measurement
The analogue contrast enhancement technique is a comparatively safe and simple
technique and has been shown to be highly reproducible, and is ideally utilised for
the measurement of CBF. The technique involves the transfer of a microscopic
image of the specimen to a video monitor via a video camera, followed by
electronic amplification of the video signal such that the contrast is dramatically
increased to allow visualisation of the specimen far below the resolution limits of
the optical microscope. Television signals relating to differences in light intensity
resulting from ciliary motion at any specific point on the monitor screen, as
determined by positioning an electronic mouse-operated light sensing probe
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(cursor) directly over the ciliated cells, are analysed by an on-line computer
specifically programmed for this operation. The differences in light intensity are
computed directly into units of Hertz and are therefore not subject to any further
manual or mathematical transformations (Rusznak, et al., 1994).
5.8.2 Sampling of human nasal epithelial cells by nasal brushing
Approval was granted for the determination of CBF using human nasal epithelial
cells by the ethics committee of Technikon Pretoria (now Tshwane University of
Technology). All CBF studies were conducted at the Lung Function Unit of the
Pretoria Academic Hospital.
The nostril of a healthy human subject was inspected using a Welch Allyn
diagnostic set, a nylon nasal cytology brush (Hobbs Medical, Inc., USA) was
inserted through the diagnostic set (window removed prior to inspection) and nasal
epithelial cells were harvested from the inferior turbinate.

The cells were

suspended immediately in 5 ml of pre-warmed (37 °C) DMEM and the suspension
was maintained at 37 °C for the duration of the experiment.
5.8.3 Preparation of the test compound solutions / suspensions
The test compound solutions at twice the concentration required for the CBF study
were prepared in serum-free DMEM medium and the pH adjusted to 7.4 with 0.1
M HCl and / or 0.1 M NaOH as required. Where test compounds were insoluble at
the desired pH, the compounds were dispersed in the DMEM (e.g. were chitosan
hydrochloride and chitosan glutamate at pH 7.4). Test solutions or suspensions
were freshly prepared on the day the CBF experiments were performed. Test
solutions were then diluted with an equal volume of cell suspension (0.5 ml test
compound solution / suspension and 0.5 ml cell suspension) to obtain the desired
concentration.

Cell suspension with no test sample was used as the control

group.
5.8.4 Measurement of CBF
Samples from the control cell suspension and from the test compound solutions /
suspensions were transferred to specially prepared “wells” of high vacuum grease
on glass microscope slides. A coverslip was gently pressed onto the vacuum
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grease wall thus sealing the preparation and ensuring that the coverslip did not
press directly onto the sample of nasal epithelial cells and thus allowing free ciliary
activity. The sealed slide preparation was transferred to the hot stage (37 °C) of a
microscope (Olympus BH2, Japan) equipped with a video camera (Panasonic,
Japan) connected to a video monitor (Panasonic, Japan). The television signals
relating to differences in light intensity resulting from ciliary motion were
determined by a PCX video digitizer card (programmed by CSIR, South Africa)
and computed directly into units of Hertz (Hz).

5.9 CONCLUSION
In this chapter the methods used in this study and the rationale for their choice as
well as for the choice of test compounds, their concentrations and combinations
used have been described. It was explained that the use of the Caco-2 cell line as
model system of the small intestinal epithelium for drug transport studies is wellestablished and accepted. It is a suitable method for the evaluation of the effect of
absorption enhancers by measurement of the TEER and the enhancement of the
transport of a model hydrophilic macromolecule across these cell monolayers.
CBF studies have been shown to provide a good indication of the potential toxicity
of a compound, although further studies, such as the effect of the compound on
the morphology of cells, are required.
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CHAPTER 6: RESULTS AND DISCUSSION
6.1

INTRODUCTION

The effect of the selected absorption enhancers, alone and in combination, on the
TEER of Caco-2 cell monolayers and permeability of a model compound, FITCdextran (molecular weight 4 400 kDa) was determined across the Caco-2 cell
monolayers, in a slightly acidic and a neutral environment.

The effect of the

absorption enhancers on the ciliary beat frequency (CBF) of human nasal
epithelial cells was evaluated in a neutral environment as an indication of their
toxicity.

6.2

THE EFFECT OF SELECTED ABSORPTION ENHANCERS ON
TEER ACROSS CACO-2 MONOLAYERS

Transepithelial electrical resistance (TEER), which results from the restricted
movement of ions across tight junctions, is used as an index of the integrity of the
tight junctions in epithelial tissue. A reduction in the TEER is thus an indication of
the opening of tight junctions to allow the passage of ions and molecules (Ward et
al., 2000). Enhanced electrical conductivity, i.e. a reduced TEER may also result
from a disruption of the Caco-2 cell monolayer (Brown et al., 2002).
The effect of the various absorption enhancers on the TEER of Caco-2 cell
monolayers are presented in table form for each absorption enhancer
concentration at both pH 6.2 and pH 7.4. The TEER reduction, as percentage of
initial value, are given from one hour before (t = -60, -40 and -20 minutes) test
solutions/suspensions were applied, for the duration of the incubation of the cells
with the test solutions (t = 0, 20, 40, 60, 80, 100 and 120 minutes) and for one
hour after removal of the test solutions/suspensions (t = 140, 160 and 180
minutes).
The effect of single component absorption enhancer solutions or suspensions on
the TEER of the Caco-2 monolayers after incubation for two hours at pH 6.2 and
pH 7.4 are summarised as percentage of initial TEER value in tables 6.1 – 6.8.

91

TEER data for combination solutions/suspensions of absorption enhancers are
presented in tables 6.9 to 6.21.
TEER data are also presented in graph format, with percentage of initial TEER
value plotted as a function of time for all absorption enhancers at both pH 6.2 and
pH 7.4. Percentage of initial TEER values plotted as a function of time for all
single component absorption enhancer solutions/suspension are presented in
figures 6.1 and 6.2 for pH 6.2 and pH 7.4, respectively. Percentage of initial TEER
value plotted as a function of time for all combination absorption enhancer
solutions/suspensions has been presented in figures 6.3 and 6.4 for pH 6.2 and
pH 7.4 respectively. In figures 6.5 to 6.18 a graphic representation of the effect of
single and combination absorption enhancers on TEER is given, to allow
comparison

between

single

component

and

combinations

of

absorption

enhancers. A summary of the maximum percentage reduction in TEER achieved
with each solution/suspension at both pH values is given in table 6.22.
Statistical differences were determined using one-way analysis of variance
(ANOVA). Differences between groups were considered to be significant at p ≤
0.05.
The absorption enhancers evaluated for their effect on the TEER across Caco-2
cell monolayers were the chitosan salts, chitosan hydrochloride (ChHCl) and
chitosan glutamate (ChGlut) applied at concentrations of 0.25 % w/v and 0.5 %
w/v, the chitosan quaternised derivatives, N-trimethyl chitosan chloride

48 %

quaternised (TMC 48) and N-trimethyl chitosan chloride 64 % quaternized (TMC
64) also used at 0.25 % w/v and 0.5 % w/v concentrations, the glyceride of a
medium chain (C10) fatty acid, monocaprin (MC) applied at concentrations of 1.5
B

B

mM and 2.0 mM and the peptide derived from honeybee venom, melittin (Mel)
which was applied at 1.0 µM and 1.5 µM concentrations.

Combinations of

chitosan salts and derivates with either monocapin or melittin were also evaluated
for their combined effect on TEER across Caco-2 monolayers. The combinations
were applied using the lower concentration of each absorption enhancer in order
to observe any possible synergistic effect on TEER reduction.
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6.2.1 The effect of single absorption enhancers on TEER across Caco-2
monolayers
6.2.1.1

Chitosan salts

With both the chitosan salts, chitosan hydrochloride (ChHCl) and chitosan
glutamate (ChGlut) a statistically significant (p<0.05) reduction in TEER compared
to control was observed at pH 6.2.

TEER was reduced in an apparently

concentration dependent manner, as has been reported by various other
researchers (Lueßen, et al., 1996, Kotzé et al. 1997a, Illum, 1998, Junginger &
Verhoef, 1998, Kotzé et al., 1998a, Dodane et al., 1999, Thanou et al., 2001,
Hejazi & Amiji, 2003, Hamman et al., 2005). The maximum percentage reduction
in TEER for ChHCl was 13 (±7.6) % and 10 (± 4.0) % for the 0.5 % (w/v) and 0.25
% (w/v) concentrations respectively. The maximum percentage reduction in TEER
for ChGlut 0.5 % (w/v) and 0.25 % (w/v) was 14 (±4.8) % and 9 (±1.7) %
respectively.

The hydrochloride and glutamate salts thus showed similar

percentage TEER reduction.
The relatively small percentage reduction in TEER observed for both of the
hydrochloride and glutamate chitosan salts at pH 7.4 was not statistically
significantly (p>0.05) different from control. This is probably due to the fact that
chitosan is a weak base and its salts are consequently poorly soluble at pH 7.4.
This pH dependency is in accordance with the findings of other researchers
(Borchard et al., 1996; Kotzé et al.; 1998, Tengamnuay, 2000).
The percentage reductions in TEER, calculated as percentage of the initial TEER
value, after incubation with the two test compound concentrations and at two pH
values, are given in tables 6.1 and 6.2 for ChHCl and ChGlut respectively.
After removal of the test solutions at time 120 min, there was slight evidence of
recovery of TEER to pre-test values. The lack of full recovery of TEER to pre-test
values may be ascribed to the fact that it is difficult to completely remove the
viscous, mucoadhesive test solutions from the cell monolayers.
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Table 6.1: The effect of chitosan hydrochloride (0.5 % w/v and 0.25 % w/v) on
the TEER of Caco-2 cell monolayers at pH 6.2 and pH 7.4 (n=3, mean ± S.D.).
TEER (% of initial value)
Time
(min)
-60
-40
-20
0
20
40
60
80
100
120
140
160
180

pH 6.2
ChHCl
0.5 % (w/v)

ChHCl
0.25 % (w/v)

102±10.6
99±7.7
94±1.0
100±0.0
95±8.4
93±6.8
93±8.2
91±5.9
87±7.6
99±5.4
91±9.7
87±1.2
93±10.4

91±12.9
104±4.0
101±0.1
100±0.0
92±2.6
95±0.2
90±4.0
92±1.3
98±0.6
100±0.4
91±1.9
94±6.0
95±7.2

pH 7.4
Control

ChHCl
0.5 % (w/v)

ChHCl
0.25 % (w/v)

Control

103±3.7
102±1.3
106±.2.0
100±0.0
106±9.0
100±7.3
96±6.2
99±8.0
96±6.4
96±6.7
90±4.7
92±6.0
100±5.5

96±2.9
99±2.4
100±1.8
100±0.0
95±2.6
96±3.5
98±2.5
96±2.0
96±4.7
98±1.8
83±9.8
84±7.6
89±6.9

99±0.7
101±1.2
101±1.0
100±0.0
92±7.7
92±8.8
94±10.4
91±6.9
92±9.2
92±7.5
85±15.1
85±14.6
87±11.8

95±3.3
96±4.7
97±2.9
100±0.0
96±3.1
97±2.5
102±2.2
98±1.9
97±3.1
101±2.4
96±0.9
93±2.9
95±3.5

Table 6.2: The effect of chitosan glutamate (0.5 % w/v and 0.25 % w/v) on the
TEER of Caco-2 cell monolayers at pH 6.2 and pH 7.4 (n=3, mean ± S.D.).
TEER (% of initial value)
Time
(min)

pH 6.2
ChGlut
0.5 % (w/v)

ChGlut
0.25 % (w/v)

112±4.0
100±5.3
97±3.9
100±0.0
105±4.5
98±2.5
98±2.8
90±5.8
86±4.8
93±4.2
93±4.6
91±4.4
94±3.8

91±6.0
101±2.4
97±4.5
100±0.0
91±1.7
93±3.8
95±2.7
95±3.4
96±1.2
91±4.1
90±1.1
93±3.8
93±1.2

-60
-40
-20
0
20
40
60
80
100
120
140
160
180

pH 7.4
Control

ChGlut
0.5 % (w/v)

ChGlut
0.25 % (w/v)

Control

103±3.7
102±1.3
106±2.0
100±0.0
106±9.0
100±7.3
96±6.2
99±8.0
96±6.4
96±6.7
90±4.7
92±6.0
100±5.5

97±0.7
101±1.1
99±1.1
100±0.0
94±0.4
95±2.1
96±3.0
96±0.8
96±1.8
95±3.3
88±9.4
86±5.7
89±8.2

94±3.7
98±0.7
96±2.6
100±0.0
97±1.4
102±4.1
104±4.0
100±2.4
102±5.8
105±6.7
83±9.7
81±11.0
86±11.3

95±3.3
96±4.7
97±2.9
100±0.0
96±3.1
97±2.5
102±2.2
98±1.9
97±3.1
101±2.4
96±0.9
93±2.9
95±3.5

Please refer to figures 6.1 and 6.2 for TEER data plotted as a function of time for
single component absorption enhancer test solutions at pH 6.2 and pH 7.4
respectively.
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6.2.1.2

Chitosan oligomers

The percentage reduction in TEER for the chitosan lactate oligomer (LO) and
dicarboxymethyl oligomer (DCMO) at both concentrations (0.5 % w/v and 0.25 %
w/v) applied was not significantly (p>0.05) different from control at pH 6.2. A
similar result was found at pH 7.4 for both concentrations of LO. The 0.25 % w/v
solution of DCMO resulted in a percentage reduction in TEER of 12 ± 1.5 % at pH
7.4. The higher concentration of DCMO applied, 0.5 % w/v, resulted in a 25 ± 2.5
% reduction in TEER from the initial value. Both DCMO results were statistically
different from control (p < 0.05) at pH 7.4.
Monocarboxymethylated chitosans have been shown to decrease TEER (Thanou
et al. 2001) and from the present study it appeared that dicarboxymethyl chitosan
oligomer also had the potential to decrease TEER at pH 7.4 at a concentration of
0.25 % w/v and 0.5 % w/v, although the other polymeric chitosan derivatives
(TMCs) were more effective. The reduction of TEER by DCMO at pH 7.4, but not
at pH 6.2, may possibly be due to the availability of carboxylic groups to chelate
Ca2+ at a higher pH but not at the lower pH. At the lower pH, a higher percentage
of the weakly acidic carboxylic groups are expected to be protonated than at the
higher pH, thus decreasing the number of available groups for chelation of Ca2+
and subsequent opening of tight junctions.
It has been suggested by Jonker-Venter et al. (2005), that although N-trimethyl
chitosan oligomers may interact with the cell membrane to cause opening of tight
junctions, they may be able to move into the intercellular passage due to their
comparatively small size, thus hampering paracellular diffusion of large molecules.
In the current study, the lack of TEER reduction observed with LO is not feasibly
explained by this mechanism. It is unlikely that the LO molecules would block tight
junctions to the extent that even the passage of ions and small molecules would
be hampered, despite the fact that LO molecules have a tertiary amine structure
and positive charge density that is dependent on the pH of the environment. LO
would therefore be expected to assume a different conformation to Ntrimethylchitosan oligomers.

LO exhibited no significant (p>0.05) reduction in

TEER and was thus not tested for absorption enhancing properties. The lack of
TEER reduction by LO, is probably due to lack of sufficient interaction of the
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oligomer molecules with the cell membrane, possibly due to insufficient charge
density. Charge density is dependent on the pKa of the molecule and the pH of
the environment and the degree of deacteylation as discussed by Schipper et al.
(1996).
DCMO, however, has in its structure the additional carboxymethyl groups, and is
capable of chelating Ca2+. Calcium depletion leads to numerous changes in cells,
P

P

including disruption of actin filaments, disruption of adherens junctions and
activation of protein kinases with resultant increased tight junction permeability
and TEER reduction (LeCluyse & Sutton, 1997). It is possible that this is the
reason for the TEER reduction observed for DCMO at pH 7.4. Despite significant
(p<0.05) TEER reduction at pH 7.4, DCMO nevertheless did not exhibit efficient
absorption enhancement, and this may possibly be ascribed to partial blocking of
the intercellular passage by the oligomer as postulated by Jonker-Venter et al.
(2005).
Slight recovery in TEER was observed for DCMO at pH 7.4 for the 0.25 % w/v
concentration, but not for the 0.5 % w/v concentration. Results for the effect of the
oligomers on the TEER across Caco-2 monolayers are summarised in tables 6.3
and 6.4.
Table 6.3: The effect of chitosan lactate oligomer (0.5 % w/v and 0.25 % w/v) on
the TEER of Caco-2 cell monolayers at pH 6.2 and pH 7.4 (n=3, mean ± S.D.).
TEER (% of initial value)
Time
(min)
-60
-40
-20
0
20
40
60
80
100
120
140
160
180

pH 6.2
LO
0.5 % (w/v)

LO
0.25 % (w/v)

108±4.2
103±3.6
95±6.9
100±0.0
102±3.1
97±4.0
97±5.1
102±2.9
96±6.6
99±5.1
92±8.6
89±7.2
98±1.1

118±6.0
108±1.6
102±1.8
100±0.0
103±10.5
96±7.0
106±4.8
98±7.3
95±9.0
99±10.6
92±5.4
100±5.7
98±7.9

pH 7.4
Control

LO
0.5 % (w/v)

LO
0.25 % (w/v)

Control

103±3.7
102±1.3
106±2.0
100±0.0
106±9.0
100±7.3
96±6.2
99±8.0
96±6.4
96±6.7
90±4.7
92±6.0
100±5.5

106±4.3
105±1.2
100±1.3
100±0.0
102±4.8
96±3.4
107±5.2
97±3.3
109±6.4
105±4.4
98±
97±
102±

102±1.4
100±2.5
99±2.3
100±0.0
100±3.7
100±3.0
100±0.1
98±1.6
99±1.7
100±2.1
94±4.7
90±5.2
94±5.1

95±3.3
96±4.7
97±2.9
100±0.0
96±3.1
97±2.5
102±2.2
98±1.9
97±3.1
101±2.4
96±0.9
93±2.9
95±3.5
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Table 6.4: The effect of dicarboxymethyl chitosan oligomer (0.5 % w/v and
0.25 % w/v) on the TEER of Caco-2 cell monolayers at pH 6.2 and pH 7.4 (n=3,
mean ± S.D.).
TEER (% of initial value)
Time
(min)

pH 6.2
DCMO
0.5 % (w/v)

DCMO
0.25 % (w/v)

111±3.8
113±9.5
99±6.3
100±0.0
93±4.3
95±10.4
101±6.0
96±7.8
93±6.7
94±5.0
83±1.1
95±6.1
92±1.4

103±18.7
106±4.9
96±3.4
100±0.0
98±10.7
96±5.8
99±9.3
95±5.2
99±4.8
103±6.9
94±12.7
95±7.7
98±8.1

-60
-40
-20
0
20
40
60
80
100
120
140
160
180

pH 7.4
Control

DCMO
0.5 % (w/v)

DCMO
0.25 % (w/v)

Control

103±3.7
102±1.3
106±2.0
100±0.0
106±9.0
100±7.3
96±6.2
99±8.0
96±6.4
96±6.7
90±4.7
92±6.0
100±5.5

97±1.7
95±1.2
98±0.3
100±0.0
80±2.3
80±2.1
77±4.1
76±2.4
76±3.1
75±2.5
75±1.5
76±2.1
78±1.4

99±5.5
103±2.3
99±3.2
100±0.0
90±3.0
94±4.2
88±1.5
91±0.7
94±5.6
92±4.1
94±0.9
94±1.4
96±1.6

95±3.3
96±4.7
97±2.9
100±0.0
96±3.1
97±2.5
102±2.2
98±1.9
97±3.1
101±2.4
96±0.9
93±2.9
95±3.5

Please refer to figures 6.1 and 6.2 for TEER data plotted as a function of time for
single component absorption enhancer test solutions at pH 6.2 and pH 7.4
respectively.
6.2.1.3

Chitosan derivatives

With both the N-trimethyl derivatives of chitosan, TMC 48 and TMC 64, a
statistically significant (p<0.05) reduction in TEER compared to the control was
observed at both pH 6.2 and pH 7.4 in an apparently concentration dependent
manner. Maximum percentage reduction in TEER for TMC 48 was 30 ± 9.3 % and
15 ± 7.0 % for the 0.5 % w/v and 0.25 % w/v concentrations respectively at pH 6.2.
The percentage reduction in TEER for TMC 48, 0.5 % w/v and 0.25 % w/v, was 44
± 2.7 % and 43 ± 7.2 % respectively at pH 7.4. Percentage reduction in TEER for
TMC 64 was 35 ± 15.4 % and 26 ± 6.6 % for the 0.5 % w/v and 0.25 % w/v
concentrations respectively at pH 6.2. The percentage reduction in TEER for TMC
64, 0.5 % w/v and 0.25 % w/v was 40 ± 2.1 % and 35 ± 4.7 % respectively at pH
7.4.
The percentage reduction in TEER for both degrees of quaternisation of TMC at
both pH 6.2 and pH 7.4 was significantly different from control (p<0.05), with TMC
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48 exhibiting slightly better % TEER reduction. The concentration dependence
was more marked at pH 6.2 for both TMC 48 and TMC 64 than at pH 7.4. The
percentage reduction in TEER for TMC of both degrees of quaternisation is
significantly (p>0.05) higher than that observed for ChHCl or ChGlut at either pH
6.2 or pH 7.4. The quaternised TMCs tested in this study thus decrease TEER in
a concentration dependent manner, and are effective in both acidic and neutral
environments. These results are in agreement with those obtained by Kotzé et al.
(1997b); Kotzé et al. (1998a); Kotzé et al. (1999) and Hamman et al. (2003).
TEER results for TMC 48 and TMC 64 are summarised in tables 6.5 and 6.6.
After removal of the test solutions at time 120 min, there was slight evidence of
recovery of TEER to pre-test values. The lack of full recovery of TEER to pre-test
values may be ascribed to the fact that it is difficult to completely remove the
viscous, mucoadhesive test solutions from the cell monolayers.

Table 6.5: The effect of N-trimethyl chitosan chloride 48 % quaternised (0.5 %
w/v and 0.25 % w/v) on the TEER of Caco-2 cell monolayers at pH 6.2 and pH 7.4
(n=3, mean ± S.D.).
TEER (% of initial value)
Time
(min)
-60
-40
-20
0
20
40
60
80
100
120
140
160
180

pH 6.2
TMC 48
0.5 % (w/v)

TMC 48
0.25 % (w/v)

102±9.4
104±14.4
94±4.9
100±0.0
98±16
71±9.2
71±4.3
72±7.3
72±7.2
70±9.3
64±8.5
64±5.3
68±6.1

121±13.7
112±9.0
98±4.8
100±0.0
99±9.1
89±8.4
91±6.0
89±6.9
89±4.8
85±7.0
76±6.93
82±5.1
91±4.6

pH 7.4
Control

TMC 48
0.5 % (w/v)

TMC 48
0.25 % (w/v)

Control

103±3.7
102±1.3
106±2.0
100±0.0
106±9.0
100±7.3
96±6.2
99±8.0
96±6.4
96±6.7
90±4.7
92±6.0
100±5.5

96±5.5
93±9.9
101±1.9
100±0.0
87±17.5
60±1.8
56±2.7
57±3.4
59±2.2
57±3.2
55±0.8
53±3.5
53±4.4

100±2.4
103±1.5
102±3.5
100±0.0
66±4.3
62±6.3
61±6.1
57±7.2
58±3.5
60±6.1
61±5.4
61±6.5
63±4.6

95±3.3
96±4.7
97±2.9
100±0.0
96±3.1
97±2.5
102±2.2
98±1.9
97±3.1
101±2.4
96±0.9
93±2.9
95±3.5
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Table 6.6: The effect of N-trimethyl chitosan chloride 64 % quaternised (0.5 %
w/v and 0.25 % w/v) on the TEER of Caco-2 cell monolayers at pH 6.2 and pH 7.4
(n=3, mean ± S.D.).
TEER (% of initial value)
Time
(min)

pH 6.2
TMC 64
0.5 % (w/v)

TMC 64
0.25 % (w/v)

111±7.6
96±1.7
93±5.4
100±0.0
80±15.5
72±10.6
72±14.5
69±14.1
71±16.6
65±15.4
62±14.1
66±14.6
70±17.1

116±2.5
120±10.8
98±6.4
100±0.0
78±4.5
82±4.7
89±6.6
74±6.6
81±6.3
79±5.9
74±6.3
77±7.5
80±5.9

-60
-40
-20
0
20
40
60
80
100
120
140
160
180

pH 7.4
Control

TMC 64
0.5 % (w/v)

TMC 64
0.25 % (w/v)

Control

103±3.7
102±1.3
106±2.0
100±0.0
106±9.0
100±7.3
96±6.2
99±8.0
96±6.4
96±6.7
90±4.7
92±6.0
100±5.5

99±1.8
104±1.5
101±1.2
100±0.0
72±3.7
65±1.6
62±1.6
60±2.1
61±3.4
60±2.0
56±2.6
56±3.4
59±4.9

95±1.0
99±0.6
100±1.6
100±0.0
77±1.0
69±4.1
66±4.1
66±3.3
65±4.7
68±5.5
66±3.7
68±3.1
69±4.6

95±3.3
96±4.7
97±2.9
100±0.0
96±3.1
97±2.5
102±2.2
98±1.9
97±3.1
101±2.4
96±0.9
93±2.9
95±3.5

Please refer to figures 6.1 and 6.2 for TEER data plotted as a function of time for
single component absorption enhancer test solutions at pH 6.2 and pH 7.4
respectively.
6.2.1.4

Monocaprin

Monocaprin (MC) test solutions resulted in a reduction in TEER that was
apparently concentration dependent but pH independent at the pH values
investigated.

As monocaprin is an uncharged molecule percentage TEER

reduction is not expected to be affected by pH. Maximum percentage reduction in
TEER was 34 ± 1.5 % and 25 ± 1.2 % for the MC 2.0 mM and 1.3 mM
concentrations respectively at pH 6.2. The percentage reduction in TEER at pH
7.4 for MC 2.0 mM and 1.3 mM test solutions was 32 ± 10.6 % and 17 ± 4.9 %
respectively at pH 7.4. MC induces in a statistically significant reduction in TEER
compared to control at both pH values and both concentrations applied (p < 0.05).
Brown et al. (2002) reported similar concentration dependence for percentage

99

TEER reduction with MC 1.3 mM and 2.0 mM solutions at pH 6.8. Results for
TEER reduction by MC at both pH values are given in table 6.7.
After removal of the test solutions at time 120 min, there was no recovery of TEER
to pre-test values. The lack of recovery of TEER to pre-test values may possibly
be ascribed to the possible different mechanism suggested by some researchers
(i.e. alteration in membrane fluidity and adenylate cyclase activity, Hagve, 1988)
by which MC enhances absorption as compared to chitosan and its derivatives
(which cause opening of tight junctions due to the interaction of the charged
molecule with the membrane surface, Junginger & Verhoef, 1998).

It has,

however, been suggested by Brown et al., (2002), that monocaprin may open tight
junctions at low concentrations, as they were able to demonstrate recovery of
TEER to pre-test values after 30 hours, for the 1.3 mM solution. No such recovery
occurred after incubation with 2.0 mM solutions and scanning electron
micrographs of the cells exhibited structural changes, some areas of the surface
appeared to lack microvilli (Brown et al., 2002).
In the current study recovery of TEER was monitored for one hour only after
removal of the test solution, and it is possible that TEER recovery may have been
observed after longer post-test incubation.

For an absorption enhancer to be

suitable for oral administration it is however necessary that tight junctions recover
their integrity as soon as possible after allowing passage of the drug concerned. It
was therefore not necessary to monitor tight junction recovery for longer than one
hour after removal of test solutions for the purpose of the current study.
From the experiments conducted in this study it is not possible to infer a
mechanism of action for MC. It is, however, unlikely that MC opens tight junctions
by the same mechanism as chitosan, as it is not a charged molecule.
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Table 6.7: The effect of monocaprin (2.0 mM and 1.3 mM) on the TEER of Caco2 cell monolayers at pH 6.2 and pH 7.4 (n=3, mean ± S.D.).
TEER (% of initial value)

Time
(min)
-60
-40
-20
0
20
40
60
80
100
120
140
160
180

MC 2.0 mM
94±2.3
95±0.7
99±0.9
100±0.0
66±1.5
74±0.9
67±0.8
74±1.3
73±1.2
69±4.6
64±1.3
66±4.5
67±2.2

pH 6.2
MC 1.3 mM
91±2.6
98±0.9
100±2.2
100±0.0
75±1.2
84±5.6
77±3.3
85±3.5
87±2.6
81±4.4
77±5.8
78±3.5
76±5.6

Control
103±3.7
102±1.3
106±2.0
100±0.0
106±9.0
100±7.3
96±6.2
99±8.0
96±6.4
96±6.7
90±4.7
92±6.0
100±5.5

MC 2.0 mM
95±1.2
98±2.0
97±1.4
100±0.0
69±9.0
69±10.0
68±10.6
68±10.1
69±9.0
69±10.4
65±12.9
65±11.2
65±13.0

pH 7.4
MC 1.3 mM
95±1.7
971.2
96±0.6
100±0.0
84±4.6
83±4.9
86±4.8
84±6.4
88±7.1
88±3.8
83±2.1
80±5.5
84±4.6

Control
95±3.3
96±4.7
97±2.9
100±0.0
96±3.1
97±2.5
102±2.2
98±1.9
97±3.1
101±2.4
96±0.9
93±2.9
95±3.5

Please refer to figures 6.1 and 6.2 for TEER data plotted as a function of time for
single component absorption enhancer test solutions at pH 6.2 and pH 7.4
respectively.
6.2.1.5

Melittin

Melittin (mel) test solutions resulted in a reduction in TEER of the Caco-2 cell
monolayers that was apparently concentration dependent.

The maximum

percentage reduction in TEER was 45 ± 7.3 % for the 1.5 µM Mel test solution at
pH 6.2 (statistically significant, p<0.05, from control). There was no significant
(p>0.05) difference in % TEER reduction between control and Mel 1.0 µM
solutions at pH 6.2. The percentage reduction in TEER at pH 7.4 for 1.5 µM Mel
and 1.0 µM Mel test solutions was 42 ± 13.4 % and 13 ± 3.7 % respectively, which
were

statistically

significantly

(p<0.05)

different

from

control

for

both

concentrations but with much larger percentage TEER reduction for the higher
concentration.

These results support the findings of Liu et al. (1999) that a

threshold concentration of Mel may be necessary for absorption enhancement, as
the TEER reduction was statistically significantly (p<0.05) higher for the Mel 1.5
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µM solution compared to Mel 1.0 µM solution at both pH values. Although the
percentage reduction in TEER at pH 6.2 was higher than that at pH 7.4 for the 1.5
µM Mel solution, the difference in TEER reduction for the different pH values was
not statistically significant (p<0.05).
After removal of the test solutions at time 120 min, there was some recovery of
TEER for the Caco-2 cells that had received the lower concentration (1.0 µM)
solution of Mel, but a similar degree of recovery was not evident in the cells that
had received the 1.5 µM solutions. This may possibly be ascribed to the different
effects of Mel on membranes at different concentrations (Bechinger, 1999).

Table 6.8: The effect of melittin (1.5 µM and 1 µM) on the TEER of Caco-2 cell
monolayers at pH 6.2 and pH 7.4 (n=3, mean ± S.D.).
TEER (% of initial value)

Time
(min)
-60
-40
-20
0
20
40
60
80
100
120
140
160
180

1.5µM
102±10.0
101±5.3
98±2.0
100±0.0
55±7.8
55±7.3
56±6.2
59±8.5
59±7.5
60±7.3
60±7.8
62±7.1
63±5.8

pH 6.2
1.0 µM
110±14.1
104±6.0
102±1.7
100±0.0
97±2.4
96±1.2
95±2.1
99±0.7
97±1.3
98±0.8
82±5.9
87±5.4
89±7.2

Control
103±3.7
102±1.3
106±2.0
100±0.0
106±9.0
100±7.3
96±6.2
99±8.0
96±6.4
96±6.7
90±4.7
92±6.0
100±5.5

1.5 µM
97±1.4
101±1.7
99±1.5
100±0.0
59±5.0
60±3.9
60±4.5
62±6.6
60±5.4
58±13.4
60±9.8
59±11.5
60±12.0

pH 7.4
1.0 µM
105±6.7
108±3.8
96±3.6
100±0.0
90±4.8
87±3.7
91±3.2
96±4.7
92±4.1
99±4.5
104±5.5
102±5.7
100±10.9.4

Control
95±3.3
96±4.7
97±2.9
100±0.0
96±3.1
97±2.5
102±2.2
98±1.9
97±3.1
101±2.4
96±0.9
93±2.9
95±3.5

Please refer to figures 6.1 and 6.2 for TEER data plotted as a function of time for
single component absorption enhancer test solutions at pH 6.2 and pH 7.4
respectively.

6.2.1.6

Summary of the effect of single absorption enhancers on TEER
across Caco-2 cell monolayers

The most effective compounds, when applied alone, in reducing the TEER of
Caco-2 cell monolayers at pH 6.2 were: melittin (Mel) 1.5 µM (45 ± 7.3 %
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reduction) > N-trimethylchitosan chloride 64 % quaternised (TMC 64) 0.5 % w/v
(35 ± 15.4 % reduction) > monocaprin (MC) 2.0 mM (34 ± 1.5 % reduction) > Ntrimethylchitosan chloride 48 % quaternised (TMC 48) 0.5 % w/v (30 ± 9.3 %
reduction) > TMC 64 0.25 % w/v (26 ± 6.6 % reduction) > MC 1.3 mM (25 ± 1.2 %
reduction). TMC 48 0.25 % w/v, chitosan hydrochloride (ChHCl) and chitosan
glutamate (ChGlut) at both 0.5 % w/v and 0.25 % w/v concentrations reduced
TEER significantly (p < 0.05) compared to the control. Chitosan lactate oligomer
(LO) and dicarboxymethylchitosan oiligomer (DCMO) at both concentrations
applied and Mel 1.0 µM did not result in a significant decrease in TEER compared
to control (p>0.05).
At pH 7.4 the percentages and magnitudes of the percentage reduction in TEER
were as follows: TMC 48 0.5 % w/v (44 ± 2.7 % reduction) > TMC 48 0.25 % w/v
(43 ± 7.2 % reduction) > Mel 1.5 µM (40 ± 3.9 % reduction) and TMC 64 0.5% w/v
(40 ± 2.1 % reduction) > TMC 64 0.25 % w/v (35 ± 4.7 % reduction) > MC 2.0 mM
(32 ± 10.6 % reduction). At pH 7.4, DCMO, at both 0.5 % w/v and 0.25 % w/v
concentrations, reduced TEER significantly (p < 0.05) with the percentage
reductions being 25 ± 2.5 % and 12 ± 1.5 %, respectively. MC 1.3 mM reduced
TEER significantly (p<0.05) at pH 7.4 by 17 ± 4.9 %. Mel 1.0 µM concentration
also resulted in a significant (p < 0.05) reduction in TEER at pH 7.4 (13 ± 3.7 %).
ChHCl, ChGlut and LO did not lead to a statistically significant reduction in TEER
at either of the concentrations applied at pH 7.4 (p>0.05).
TMC 64 and TMC 48 both reduced TEER in an apparently concentration
dependent manner, but this was less marked for TMC 48 at pH 7.4. TMCs thus
reduce TEER in a concentration dependent manner, but the reduction in TEER is
independent of pH. This is in agreement with the findings of other researchers
(Kotzé et al., 1997b; Hamman 2001).
ChHCl and ChGlut, however, reduced TEER in a manner that was both
concentration and pH dependent, which is in accordance with findings of other
research groups (Borchard et al., 1996; Kotzé et al., 1997b). The difference in pH
dependency of TEER reduction has been explained by the improved solubility of
TMCs over ChHCl and ChGlut in neutral and slightly basic environments (Kotzé et
al., 1997b: Kotzé et al., 1998a).
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Mel exhibited similar TEER reduction for both pH values at the higher
concentration (1.5 µM) used, but not at the lower concentration (1.0 µM). Mel 1.0
µM resulted in a statistically insignificant (p<0.05) reduction in TEER at pH 6.2 and
reduced TEER by a small but statistically significant 13 ± 3.7 % at pH 7.4 (p<0.05).
Mel thus probably requires a threshold concentration to be reached at the
membrane before TEER is reduced.

As Mel has a positive charge of 5–6 at

neutral pH, which is sensed as an effective charge of 2 by the membrane
(Bechinger, 1999) and a significant (p>0.05) reduction in TEER of 40 % was
observed for the 1.5 µM concentration it is possible that Mel opens tight junctions
once a threshold concentration has been reached. It must however be noted that
Mel has several actions on membranes which are complex in nature and
dependent on many factors, including pH, concentration, membrane composition
and hydration level and ionic strength of the medium which influence the
conformation and aggregation state of the peptide itself.

Permeabilization of

membranes occurs at low concentrations of Mel and is indicative of an alteration in
the organisational properties of the membrane lipids (Dempsey, 1990) which could
possibly affect the integrity of the tight junctions and so reduce TEER. It is thus
more probable that the observed reduction in TEER at the 1.5 µM concentration
results from the permeabilization of the cell membrane.
MC showed similar effectiveness and reduced TEER significantly (p < 0.05) at
both pH values, with the higher concentration leading to a greater reduction in
TEER, i.e. TEER reduction was concentration dependent but pH independent at
pH 6.2 and pH 7.4. The independence of the effect from pH of the medium is to
be expected from an uncharged molecule such as monocaprin.

The Caco-2

monolayers exhibited no recovery to pre-test TEER values one hour after removal
of the MC solutions for either concentration. Brown et al. (2002) have however
reported a recovery to 80 % of pre-test values for monolayer treated with 1.3 mM
MC solutions after 30 hours of incubation in DMEM, whereas no such recovery
was noted for 2.0 mM MC solution treated monolayers. Electron micrographs of
the apical surfaces of the Caco-2 monolayers incubated with 0, 1.3 and 2.0 mM
MC exhibit structural changes in the monolayers exposed to 2.0 mM MC but with
no evidence of any damage to monolayers exposed to 1.3 mM MC (Brown et al.,
2002). At the 1.3 mM concentration it was suggested that the reduction in TEER

104

is due to modulation of tight junction permeability, whereas for the 2.0 mM MC
solution the significant (p<0.05) TEER reduction probably results from structural
changes in the cell membrane (Brown et al., 2002). The results of the current
study support this finding.
DCMO reduced TEER statistically significantly (p<0.05) in a concentration
dependent manner at pH 7.4 but the reduction in TEER at pH 6.2 was statistically
insignificant (p > 0.05).

Chitosan and its derivatives are reported to exhibit a

molecular weight threshold for opening tight junctions (Schipper et al., 1996). The
findings of this study are consistent with this in that LO exhibited no TEER
reduction. DCMO did exhibit some reduction in TEER at 0.5 % w/v concentration,
which is a result that is not supported by permeability studies.

A possible

explanation for this has been provided by Jonker-Venter et al. (2005) who propose
that it is possible that oligomers interact with the cell memebrane to open tight
junctions, but because they are themselves smaller molecules than polymers,
enter the paracellular space between cells and so block the space for the passage
of other molecules.
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Figure 6.1 : The effect of single component test solutions / suspensions on the TEER of Caco-2 monolayers as a
function of time at pH 6.2 and reversibility after removal, n=3, mean ±S.D.

106

130
120
110

TEER (% of initial value)

100
90
80
70
60
50
ChHCl 0.5 % w/v
LO 0.25 % w/v
TMC 64 0.5 % w/v
Mel 1.0 microM

40

ChHCl 0.25 % w/v
DCMO 0.5 % w/v
TMC 64 0.25 % w/v
Control

ChGlut 0.5% w/v
DCMO 0.25 % w/v
MC 2 mM

ChGlut 0.25 % w/v
TMC 48 0.5 % w/v
MC 1.3 mM

LO 0.5 % w/v
TMC 48 0.25 % w/v
Mel 1.5 minroM

30
-60

-40

-20

0

20

40

60

80

100

120

140

160

180

Time (min)
Figure 6.2: The effect of single component test solutions / suspensions on the TEER of Caco-2 monolayers as a
function of time at pH 7.4 and reversibility after removal, n=3, mean ±S.D.
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6.2.2 The effect of combinations of absorption enhancers on the TEER
across Caco-2 cell monolayers
Percentage of initial TEER value plotted as a function of time for all combination
absorption enhancer solutions/suspensions has been presented in figures 6.3 and
6.4 for pH 6.2 and pH 7.4 respectively.

In figures 6.5 to 6.18 a graphic

representation of the effect of single and combination absorption enhancers on
TEER is given, to allow comparison between single component and combinations
of absorption enhancers.
6.2.2.1

Monocaprin (1.3 mM) and melittin (1.0 µM)

At pH 6.2 the combination of MC (1.3 mM) and Mel (1.0 µM) resulted in a
statistically significant (p < 0.05) maximum reduction in TEER of 26 ± 2.1 % as
compared to the control. At pH 7.4, there was a statistically significant (p<0.05)
reduction in TEER of 23 ± 4.0 % compared to the control.

MC alone, at a

concentration of 1.3 mM, resulted in a percentage reduction in TEER of 25 ± 1.2 %
and 17 ± 4.9 % and Mel alone, at a concentration of 1.0 µM, 5 ± 2.1 % and 13 ±
3.7 % reduction in TEER at pH 6.2 and pH 7.4 respectively. The combination of
enhancers was statistically significantly different from Mel 1.0 µM solution applied
alone at both pH values but not significantly different (p > 0.05) from MC 1.3 mM
alone at either pH. No synergistic effect was therefore observed by combining Mel
and MC at the lower concentrations. In fact TEER reduction is similar to MC
applied alone at pH 6.2 and only slightly higher (but not statistically significantly
higher, p > 0.05) for the combination at pH 7.4.
These findings support the theory that a threshold concentration is required before
Mel has an effect, and that the 1.0 µM solution is below this threshold
concentration. It may also be deduced that Mel and MC probably reduce TEER by
different mechanisms, as combining these two absorption enhancers in a single
solution did not lead to TEER reduction that was significantly (p>0.05) different
from either solution alone.

This is also supported by the fact that the two

compounds differ completely in chemical structure and different mechanisms of
absorption enhancement have been proposed for MC (Bergsson et al., 2002,
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Brown et al., 2002) and Mel (Dempsey, 1990, Bechinger, 1999, Liu et al., 1999,
Bachar and Becker, 2000., Constantinescu & Lafleur, 2004.).
Figures 6.5 and 6.6 represent the percentage reduction in TEER from the initial
value as a function of time for single component and combination solutions at pH
6.2 and pH 7.4 respectively.

The TEER reduction, as % of initial value is

summarised in table 6.9.
Table 6.9: The effect of a combination of monocaprin (1.3 mM) and melittin (1.0
µM) solutions on the TEER of Caco-2 cell monolayers at pH 6.2 and pH 7.4 (n=3,
mean ± S.D.).
TEER (% of initial value)
Time
(min)
-60
-40
-20
0
20
40
60
80
100
120
140
160
180

pH 6.2
MC (1.3 mM) &
MEL (1 µM)
99±1.2
102±0.6
100±1.5
100±0.0
78±2.9
75±1.8
74±2.1
78±1.2
76±1.9
77±2.6
75±2.9
71±1.9
73±4.6

Control
103±3.7
102±1.3
106±2.0
100±0.0
106±9.0
100±7.3
96±6.2
99±8.0
96±6.4
96±6.7
90±4.7
92±6.0
100±5.5

pH 7.4
MC (1.3 mM) &
MEL (1 µM)
101±1.8
100±1.5
101±1.2
100±0.0
88±9.0
82±2.2
82±2.9
79±5.5
77±4.0
80±5.0
76±1.9
78±3.6
78±2.4

Control
95±3.3
96±4.7
97±2.9
100±0.0
96±3.1
97±2.5
102±2.2
98±1.9
97±3.1
101±2.4
96±0.9
93±2.9
95±3.5

6.2.2.2

Chitosan hydrochloride combinations

6.2.2.2.1

Monocaprin (1.3 mM) and chitosan hydrochloride (0.25 % w/v)

No statistically significant (p > 0.05) percentage reduction in TEER was observed
between the control and combination MC 1.3 mM and ChHCl 0.25 % w/v test
solutions at either pH 6.2 or pH 7.4. No synergistic effect on TEER reduction was
observed with the combination of MC 1.3 mM and ChHCl 0.25 % w/v solutions, as
the % reduction in TEER was not significantly (p>0.05) different from that of ChHCl
0.25 % w/v alone. The effect on TEER reduction of the combination of MC and
ChHCl, 10 ± 9.0 % reduction, was in fact less than for MC 1.3 mM alone (25 ± 1.2
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% reduction and 17 ± 4.9 % reduction at pH 6.2 and 7.4, respectively). This may
possibly be explained by the viscous poorly soluble polymer preventing the MC
from interacting completely with the cell membrane.
Figures 6.7 and 6.8 represent the percentage reduction in TEER from the initial
value as a function of time for single component and combination solutions at pH
6.2 and pH 7.4 respectively.

The TEER reduction, as % of initial value, is

summarised in table 6.10.
Table 6.10: The effect of a combination of monocaprin (1.3 mM) and chitosan
hydrochloride (0.25 % w/v) solutions on the TEER of Caco-2 cell monolayers at
pH 6.2 and pH 7.4 (n=3, mean ± S.D.).
TEER (% of initial value)
Time
(min)

-60
-40
-20
0
20
40
60
80
100
120
140
160
180

6.2.2.2.2

pH 6.2
MC (1.3 mM) &
ChHCl (0.25%
w/v)
92±8.1
96±7.7
95±7.5
100±0.0
93±5.7
93±9.0
93±8.8
94±8.8
94±6.8
90±9.0
87±9.7
91±8.0
91±8.4

Control
103±3.7
102±1.3
106±2.0
100±0.0
106±9.0
100±7.3
96±6.2
99±8.0
96±6.4
96±6.7
90±4.7
92±6.0
100±5.5

pH 7.4
MC (1.3 mM) &
ChHCl (0.25%
w/v)
96±1.6
101±3.2
100±0.6
100±0.0
96±0.9
91±3.0
92±1.3
94±2.1
96±0.4
92±4.3
82±6.2
83±5.6
87±7.3

Control
95±3.3
96±4.7
97±2.9
100±0.0
96±3.1
97±2.5
102±2.2
98±1.9
97±3.1
101±2.4
96±0.9
93±2.9
95±3.5

Melittin (1.0 µM) and chitosan hydrochloride (0.25 % w/v)

The combination solution of ChHCl 0.25 % w/v and Mel 1.0 µM led to a small but
statistically significant (p < 0.05) reduction in TEER compared to the control at pH
6.2 only. This can probably be explained by the fact that ChHCl is more effective
in acidic pH environments, as Mel was found to be ineffective in reducing TEER at
pH 6.2 at 1.0 µM concentration.

110

The combination did not reduce TEER significantly (p>0.05) compared to the
control at pH 7.4 or compared to the ChHCl 0.25 % w/v alone at pH 6.2 or pH 7.4.
No synergistic effect was therefore observed.
Figures 6.7 and 6.8 represent the percentage reduction in TEER from the initial
value as a function of time for single component and combinations solutions at pH
6.2 and pH 7.4 respectively.

The TEER reduction, as % of initial value, is

summarised in table 6.11.
Refer to figures 6.7 and 6.8 for a graphic representation of the percentage
reduction in TEER from the initial value as a function of time for single component
and combinations solutions at pH 6.2 and pH 7.4 respectively.
Table 6.11: The effect of a combination of melittin (1.0 µM) and chitosan
hydrochloride (0.25 % w/v) solutions on the TEER of Caco-2 cell monolayers at
pH 6.2 and pH 7.4 (n=3, mean ± S.D.).
TEER (% of initial value)
pH 6.2
Time
(min)

-60
-40
-20
0
20
40
60
80
100
120
140
160
180

pH 7.4

Mel (1.0 µM) &
ChHCl (0.25%
w/v)

Control

Mel (1.0 µM) &
ChHCl (0.25%
w/v)

Control

100±2.2
102±2.5
99±2.5
100±0.0
89±6.8
89±5.8
87±5.3
93±5.7
89±6.9
87±7.3
71±17.2
73±15.8
72±14.6

103±3.7
102±1.3
106±2.0
100±0.0
106±9.0
100±7.3
96±6.2
99±8.0
96±6.4
96±6.7
90±4.7
92±6.0
100±5.5

108±12.2
105±3.8
99±2.6
100±0.0
93±23.3
92±±2.5
95±±1.8
92±±2.3
92±±2.1
92±±2.2
92±0.6
92±2.5
88±1.2

95±3.3
96±4.7
97±2.9
100±0.0
96±3.1
97±2.5
102±2.2
98±1.9
97±3.1
101±2.4
96±0.9
93±2.9
95±3.5
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6.2.2.3

Chitosan glutamate combinations

6.2.2.3.1

Monocaprin (1.3 mM) and chitosan glutamate (0.25 % w/v)

A relatively small, but statistically significant (p < 0.05), percentage reduction in
TEER of 11 ± 2.6 % was observed between the control and the MC 1.3 mM and
ChGlut 0.25 % w/v combination at pH 6.2. The percentage reduction in TEER of
11 ± 3.8 % at pH 7.4 was not statistically different from control for this
combination. However, at neither pH 6.2 nor pH 7.4, was there a statistically
significant (p < 0.05) difference in TEER reduction between ChGlut 0.25 % w/v
alone and in combination with MC 1.3 mM. Thus no synergistic effect on TEER
reduction was observed with the combination of MC 1.3 mM and ChGlut 0.25 %
w/v solutions.
Figures 6.9 and 6.10 represent the percentage reduction in TEER from the initial
value as a function of time for single component and combination solutions at pH
6.2 and pH 7.4 respectively.

The TEER reduction, as % of initial value, is

summarised in table 6.12.
Table 6.12: The effect of a combination of monocaprin (1.3 mM) and chitosan
glutamate (0.25 % w/v) solutions on the TEER of Caco-2 cell monolayers at pH
6.2 and pH 7.4 (n=3, mean ± S.D.).
TEER (% of initial value)
Time
(min)

-60
-40
-20
0
20
40
60
80
100
120
140
160
180

pH 6.2
MC (1.3 mM) &
ChGlut (0.25%
w/v)
102±3.5
103±8.6
107±3.4
100±0.0
94±2.8
95±12.1
99±2.8
93±6.4
95±3.1
89±2.6
93±5.7
96±5.1
101±6.3

Control
103±3.7
102±1.3
106±2.0
100±0.0
106±9.0
100±7.3
96±6.2
99±8.0
96±6.4
96±6.7
90±4.7
92±6.0
100±5.5

pH 7.4
MC (1.3 mM) &
ChGlut (0.25%
w/v)
96±0.9
96±1.0
99±1.2
100±0.0
92±2.0
93±1.7
89±3.8
91±±4.7
92±2.7
91±3.5
69±10.3
73±7.9
74±7.3

Control
95±3.3
96±4.7
97±2.9
100±0.0
96±3.1
97±2.5
102±2.2
98±1.9
97±3.1
101±2.4
96±0.9
93±2.9
95±3.5
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6.2.2.3.2

Melittin (1.0 µM) and chitosan glutamate (0.25 % w/v)

The combination solution of ChGlut 0.25 % w/v and Mel 1.0 µM did not result in
any statistically significant reduction in TEER over the control at either of the pH
values. However, at pH 7.4 the combination solution reduced TEER statistically
significantly (p < 0.05) as compared to the single component ChGlut solution. The
combination could not be shown to be statistically significantly different at pH 6.2
(p>0.05) in TEER reduction probably because the standard deviation within the
group was relatively high.
Figures 6.9 and 6.10 represent the percentage reduction in TEER from the initial
value as a function of time for single component and combinations solutions at pH
6.2 and pH 7.4 respectively.

The TEER reduction, as % of initial value, is

summarised in table 6.13.
Table 6.13: The effect of a combination of melittin (1.0 µM) and chitosan
glutamate (0.25 % w/v) solutions on the TEER of Caco-2 cell monolayers at pH
6.2 and pH 7.4 (n=3, mean ± S.D.).
TEER (% of initial value)
Time
(min)

-60
-40
-20
0
20
40
60
80
100
120
140
160
180

pH 6.2
Mel (1.3 µM) &
ChGlut (0.25%
w/v)
100±3
99±2.9
100±1.7
100±0.0
80±13.2
82±12
81±11.7
87±11.1
88±10.3
82±9.9
88±8.7
89±9.2
87±8.3

Control
103±3.7
102±1.3
106±2.0
100±0.0
106±9.0
100±7.3
96±6.2
99±8.0
96±6.4
96±6.7
90±4.7
92±6.0
100±5.5

pH 7.4
Mel (1.3 µM) &
ChGlut (0.25%
wv)
100±1.3
101±2.8
99±±1.9
100±0.0
88±3.6
92±4.3
93±3.7
91±2.3
91±1.5
96±2.1
91±4.2
91±2.6
90±1.4

Control
95±3.3
96±4.7
97±2.9
100±0.0
96±3.1
97±2.5
102±2.2
98±1.9
97±3.1
101±2.4
96±0.9
93±2.9
95±3.5
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6.2.2.4

Chitosan lactate oligomer combinations

6.2.2.4.1

Monocaprin (1.3 mM) and chitosan lactate oligomer (0.25 % w/v)

A superior increase in percentage TEER reduction was seen for the combination
LO 0.25 % w/v and MC 1.3 mM solution over LO 0.25 % w/v alone at both pH
values (5 ± 9 .0 % compared to 9 ± 2 % reduction and 2 ± 1.6 compared to 9 ± 2.9
% reduction for pH 6.2 and 7.4 respectively, that was only statistically significant at
pH 7.4, p<0.05). The combination solution of LO 0.25 % w/v and MC 1.3 mM did
not, however, result in a significant reduction in TEER at 7.4 as compared to the
control (p>0.05).

No synergistic effect can therefore be claimed for the

combination of MC 1.3 mM and LO 0.25 % w/v.
Figures 6.11 and 6.12 represent the percentage reduction in TEER from the initial
value as a function of time for single component and combination solutions at pH
6.2 and pH 7.4 respectively.

The TEER reduction, as % of initial value, is

summarised in table 6.14.
Table 6.14: The effect of a combination of monocaprin (1.3 mM) and chitosan
lactate oligomer (0.25 % w/v) solutions on the TEER of Caco-2 cell monolayers
at pH 6.2 and pH 7.4 (n=3, mean ± S.D.).
TEER (% of initial value)
Time
(min)
-60
-40
-20
0
20
40
60
80
100
120
140
160
180

pH 6.2
MC (1.3 mM) &
LO (0.25% w/v)
99±1.6
10±4±3.5
104±8.8
100±0.0
93±8.1
93±5.9
92±7.7
92±1.0
92±3.6
91±2.0
92±2.6
89±11.4
96±10.0

Control
103±3.7
102±1.3
106±2.0
100±0.0
106±9.0
100±7.3
96±6.2
99±8.0
96±6.4
96±6.7
90±4.7
92±6.0
100±5.5

pH 7.4
MC (1.3 mM) &
LO (0.25% w/v)
103±0.4
105±2.0
103±1.6
100±0.0
92±2.0
93±0.4
93±1.1
91±0.8
85±2.2
87±2.9
85±5.8
81±7.4
83±4.5

Control
95±3.3
96±4.7
97±2.9
100±0.0
96±3.1
97±2.5
102±2.2
98±1.9
97±3.1
101±2.4
96±0.9
93±2.9
95±3.5
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6.2.2.4.2

Melittin (1.0 µM) and chitosan lactate oligomer (0.25 % w/v)

An increase in percentage reduction in TEER was seen for the combination
solutions over LO 0.25 % w/v alone at both pH values (5 ± 9.0 % to 17 ± 3.7 %
reduction and 2 ± 1.6 to 15 ± 2.2 % reduction for pH 6.2 and 7.4 respectively), but
was statistically significant at only pH 7.4 (p<0.05). The combination solutions
were statistically significantly more effective in reducing TEER than the control (p <
0.05) at both pH values. Mel 1.0 µM solution was also found to reduce TEER
significantly (p < 0.05) only at pH 7.4 and it is only the combination at pH 7.4 that
is superior in reducing TEER over both control and single component solutions. (p
< 0.05). The percentage TEER reduction is, however, much smaller than that
observed for combinations with N-trimethyl chitosan salts.
Figures 6.11 and 6.12 represent the percentage reduction in TEER from the initial
value as a function of time for single component and combinations solution at pH
6.2 and pH 7.4 respectively.

The TEER reduction, as % of initial value, is

summarised in table 6.15.
Table 6.15: The effect of a combination of melittin (1.0 µM) and chitosan lactate
oligomer (0.25 % w/v) solutions on the TEER of Caco-2 cell monolayers at pH 6.2
and pH 7.4 (n=3, mean ± S.D.).
TEER (% of initial value)
Time
(min)
-60
-40
-20
0
20
40
60
80
100
120
140
160
180

pH 6.2
Mel (1.0 µM) & LO
(0.25% w/v)
101±1.9
99±1.6
99±1.7
100±0.0
91±4.2
89±3.0
83±3.7
89±2.4
87±2.7
85±5.1
88±3.2
89±2.9
89±5.6

Control
103±3.78
102±1.3
106±2.0
100±0.0
106±9.0
100±7.3
96±6.2
99±8.0
96±6.4
96±6.7
90±4.7
92±6.0
100±5.5

pH 7.4
Mel (1.0 µM) & LO
(0.25% w/v)
103±0.4
105±2.0
103±1.6
100±0.0
92±2.0
93±0.4
93±1.1
91±0.8
85±2.2
87±2.9
85±5.8
81±7.4
83±4.5

Control
95±3.3
96±4.7
97±2.9
100±0.0
96±3.1
97±2.5
102±2.2
98±1.9
97±3.1
101±2.4
96±0.9
93±2.9
95±3.5
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6.2.2.5
6.2.2.5.1

Dicarboxymethyl chitosan oligomer combinations
Monocaprin (1.3 mM) and dicarboxymethyl chitosan oligomer
(0.25 % w/v)

A statistically significant (p < 0.05) increase in percentage reduction in TEER was
observed for the DCMO 0.25 % w/v and MC 1.3 mM combination solution over
DCMO 0.25 % w/v alone at pH 7.4 (12 ± 1.5 % compared to 17 ± 1.8 % reduction).
At pH 6.2 the percentage reduction in TEER for the combination solution was not
significantly greater than that of DCMO 0.25 % w/v alone (p>0.05).

This is

consistent with the finding for the single component solution, where the TEER of
the Caco-2 monolayers was only significantly reduced (p < 0.05) at pH 7.4 and
supports the possible explanation that DCMO only efficiently opens tight junctions
when the carboxylic groups are available to chelate Ca2+.

The 12 ± 2.9 %

percentage reduction in TEER is less than that for MC 1.3 mM solution applied
alone.

It is therefore possible once again that DCMO prevents MC from

interacting efficiently at the membrane surface.
The percentage reduction in TEER for the combination at pH 7.4 (17 ± 1.8 %) was
however similar to that of MC 1.3 mM alone (17 ± 4.9 %) and no synergistic effect
was therefore observed for the combination solution. The combination solutions
resulted in percentage TEER reductions that were significantly different to control
(p < 0.05) at both pH values.
Figures 6.13 and 6.14 represent the percentage reduction in TEER from the initial
value as a function of time for single component and combinations solutions at pH
6.2 and pH 7.4 respectively.

The TEER reduction, as % of initial value, is

summarised in table 6.16.
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Table 6.16: The effect of a combination of monocaprin (1.3 mM) and
dicarboxymethyl chitosan oligomer (0.25 % w/v) solutions on the TEER of
Caco-2 cell monolayers at pH 6.2 and pH 7.4 (n=3, mean ± S.D.).
TEER (% of initial value)
Time
(min)

-60
-40
-20
0
20
40
60
80
100
120
140
160
180

6.2.2.5.2

pH 6.2
MC (1.3 mM) &
DCMO (0.25%
w/v)
98±4.7
107±4.2
102±9.0
100±0.0
97±5.4
99±5.0
101±7.8
92±1.1
88±2.9
89±3.7
90±4.0
97±3.7
98±7.5

Control
103±3.78
102±1.3
106±2.0
100±0.0
106±9.0
100±7.3
96±6.2
99±8.0
96±6.4
96±6.7
90±4.7
92±6.0
100±5.5

pH 7.4
MC (1.3 mM) &
DCMO (0.25%
w/v)
96±2.9
99±3.2
99±1.1
100±0.0
83±3.3
83±1.8
85±0.8
85±2.1
90±6.4
85±0.5
90±1.7
89±2.5
89±1.1

Control
95±3.3
96±4.7
97±2.9
100±0.0
96±3.1
97±2.5
102±2.2
98±1.9
97±3.1
101±2.4
96±0.9
93±2.9
95±3.5

Melittin (1.0 µM) and dicarboxymethyl chitosan oligomer
(0.25 % w/v)

A statistically significant (p < 0.05) increase in percentage reduction in TEER was
seen for the DCMO 0.25 % w/v and Mel 1.0 µM combination solutions over DCMO
0.25 % w/v alone at both pH values (5 ± 5.2 % compared to 36 ± 1.5 percentage
reduction and 12 ± 1.5 % compared to 31 ± 3.1 percentage reduction for pH 6.2
and 7.4 respectively). The percentage reduction for the combination was also
statistically significantly greater (p < 0.05) than that for Mel 1.0 µM alone (36 ± 1.5
% as compared to 5 ± 2.1 % at pH 6.2 and 31 ± 3.1 % as compared to 13 ± 3.7 %
at pH 7.4) at both pH values used.

The combination solution reduced TEER

significantly compared to control at both pH values (p < 0.05). A synergistic effect
was therefore observed for the DCMO 0.25 % w/v and Mel 1.0 µM combination
solutions at both pH 6.2 and pH 7.4. As DCMO probably acts by chelating Ca2+
P

and Mel by interacting with negative cell membrane components the synergistic
effect was likely to be observed.
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P

Figures 6.13 and 6.14 represent the percentage reduction in TEER from the initial
value as a function of time for single component and combinations solution at pH
6.2 and pH 7.4 respectively.

The TEER reduction, as % of initial value, is

summarised in table 6.17.
Table

6.17:

The effect of a combination of

melittin

(1.0

µM) and

dicarboxymethyl chitosan oligomer (0,25 % w/v) solutions on the TEER of
Caco-2 cell monolayers at pH 6.2 and pH 7.4 (n=3, mean ± S.D.).
TEER (% of initial value)
Time
(min)

-60
-40
-20
0
20
40
60
80
100
120
140
160
180

pH 6.2
Mel (1.0 µM) &
DCMO (0.25%
w/v)
100±2.0
102±0.5
99±0.9
100±0.0
75±2.6
69±1.2
64±1.5
66±1.4
67±1.1
61±2.6
65±1.3
68±1.9
67±2.1

pH 7.4
Control
103±3.7
102±1.3
106±2.0
100±0.0
106±9.0
100±7.3
96±6.2
99±8.0
96±6.4
96±6.7
90±4.7
92±6.0
100±5.5

Mel(1.0 µM) &
DCMO (0.25%
w/v)
103±1.2
101±2.7
99±0.3
100±0.0
69±3.1
70±3.3
71±2.0
73±1.2
69±1.6
72±1.2
76±1.3
76±1.7
77±0.9

Control
95±3.3
96±4.7
97±2.9
100±0.0
96±3.1
97±2.5
102±2.2
98±1.9
97±3.1
101±2.4
96±0.9
93±2.9
95±3.5

6.2.2.6

N-trimethyl chitosan chloride 48 % quaternised combinations

6.2.2.6.1

Monocaprin (1.3 mM) and N-trimethyl chitosan chloride 48 %
quaternised (0.25 % w/v)

An increase in percentage reduction in TEER was seen for the combination TMC
48 0.25 % w/v and MC 1.3 mM solution over TMC 48 0.25 % w/v alone at both pH
values (15 ± 7.0 % compared to 29 ± 11 % reduction and 43 ± 7.2 compared to 59
± 2.3 % reduction for pH 6.2 and 7.4 respectively) but was only statistically
significant at pH 7.4 (p < 0.05). The % reduction in TEER for the combination
solutions was statistically significant at both pH values compared to the control.
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A synergistic effect was therefore observed for the combination of TMC 48 0.25 %
w/v with MC 1.3 mM at pH 7.4.

As TMC 48 and MC differ considerably in

structure, with TMC carrying a fixed positive charge and MC being uncharged, it is
probable that they interact with the cell membrane by different mechanisms to
open tight junctions.
Both the single solution TMC 48 and the combination with MC were more effective
at pH 7.4 than at pH 6.2 in reducing TEER of Caco-2 cell monolayers. This is not
readily explained in terms of reported research by other groups (Kotzé et al.
(1997b); Kotzé et al. (1998a); Kotzé et al. (1999) but it is possible that in the
current study the cells in the pH 7.4 were “leakier” as evidenced by a higher
apparent permeability coefficient obtained in controls for transport studies as
reported in section 6.2)
Figures 6.15 and 6.16 represent the percentage reduction in TEER from the initial
value as a function of time for single component and combinations solution at pH
6.2 and pH 7.4 respectively.

The TEER reduction, as % of initial value, is

summarised in table 6.18.
Table 6.18: The effect of a combination of monocaprin (1.3 mM) and Ntrimethylchitosan chloride 48 % quaternised (0.25 % w/v) solutions on the
TEER of Caco-2 cell monolayers at pH 6.2 and pH 7.4 (n=3, mean ± S.D.).
TEER (% of initial value)
Time
(min)

-60
-40
-20
0
20
40
60
80
100
120
140
160
180

pH 6.2
MC (1.3 mM) &
TMC 48 (0.25%
w/v)
88±5.5
91±3.3
106±3.9
100±0.0
71±9.8
74±9.4
72±10.9
71±11.0
75±11.6
73±12.8
75±10.9
70±11.4
79±8.7

Control
103±3.78
102±1.3
106±2.0
100±0.0
106±9.0
100±7.3
96±6.2
99±8.0
96±6.4
96±6.7
90±4.7
92±6.0
100±5.5

pH 7.4
MC (1.3 mM) &
TMC 48 (0.25%
w/v)
97±1.6
94±4.5
98±1.7
100±0.0
42±1.5
43±1.5
42±1.0
41±2.3
41±3.5
41±1.2
39±2.6
40±2.4
40±2.2

Control
95±3.3
96±4.7
97±2.9
100±0.0
96±3.1
97±2.5
102±2.2
98±1.9
97±3.1
101±2.4
96±0.9
93±2.9
95±3.5
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6.2.2.6.2

Melittin (1.0 µM) and N-trimethyl chitosan chloride 48 %
quaternised (25 % w/v)

A statistically significant (p < 0.05) increase in percentage reduction in TEER was
seen for the TMC 48 0.25 % w/v and Mel 1.0 µM combination solutions over TMC
48 0.25 % w/v alone at both pH values (15 ± 7.0 % compared to 56 ± 18.4 %
reduction and 43 ± 7.2 compared to 62 ± 7.1 % reduction for pH 6.2 and 7.4
respectively).

The percentage reduction at pH 6.2 and at pH 7.4 for the

combination was statistically significantly greater than that for Mel 1.0 µM alone (5
± 2.1 % compared to 56 ± 18.4 % at pH 6.2 and 13 ± 3.7 % compared to 62 ± 7.1
% at pH 7.4).
A synergistic effect was therefore observed for the combination TMC 48 0.25 %
w/v and Mel 1.0 µM solutions at both pH 6.2 and pH 7.4, with the combination at
pH 7.4 showing a slightly better percentage (although not statistically significant, p
> 0.05) TEER reduction. As TMC 48 and Mel are both charged molecules the
synergistic effect can be explained by one of two possible mechanisms; either
both compounds interact at the same site on the cell membrane and that the
combined concentrations are below the threshold for saturation of this mechanism,
or the molecules act at a different site on the cell membrane to initiate the reaction
cascade that opens tight junctions with consequent reduction in TEER. However,
it is more probable that TMCs and Mel act at different sites (Junginger & Verhoef,
1998, Dempsey, 1990, Bechinger, 1999, Liu et al., 1999, Bachar and Becker,
2000., Ward, 2000, Constantinescu & Lafleur, 2004.).
Figures 6.15 and 6.16 represent the percentage reduction in TEER from the initial
value as a function of time for single component and combinations solution at pH
6.2 and pH 7.4 respectively.

The TEER reduction, as % of initial value, is

summarised in table 6.19.
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Table 6.19: The effect of a combination of melittin (1.0 µM) and Ntrimethylchitosan chloride 48 % quaternised (0.25 % w/v) solutions on the
TEER of Caco-2 cell monolayers at pH 6.2 and pH 7.4 (n=3, mean ± S.D.).
TEER (% of initial value)
Time
(min)

-60
-40
-20
0
20
40
60
80
100
120
140
160
180

pH 6.2
Mel (1.0 µM) &
TMC 48 (0.25%
w/v)
98±1.1
98±0.4
101±2.9
100±0.0
45±16.2
44±18.4
45±18.5
45±17.1
45±17.9
46±17.8
46±17.5
47±17.6
49±16.1

Control
103±3.78
102±1.3
106±2.0
100±0.0
106±9.0
100±7.3
96±6.2
99±8.0
96±6.4
96±6.7
90±4.7
92±6.0
100±5.5

pH 7.4
Mel (1.0 µM) &
TMC 48 (0.25%
w/v)
100±1.5
99±1.7
101±2.8
100±0.0
44±10.0
41±5.4
39±7.1
38±8.5
40±7.6
38±6.3
38±8.0
40±9.5
41±8.5

Control
95±3.3
96±4.7
97±2.9
100±0.0
96±3.1
97±2.5
102±2.2
98±1.9
97±3.1
101±2.4
96±0.9
93±2.9
95±3.5

6.2.2.7

N-trimethyl chitosan chloride 64 combinations

6.2.2.7.1

Monocaprin (1.3 mM) and N-trimethyl chitosan chloride 64 %
quaternised (0.25 % w/v)

A statistically significant (p < 0.05) increase in percentage reduction in TEER was
seen for the combination solution of TMC 64 0.25 % w/v and MC 1.3 mM over
TMC 64 0.25 % w/v alone at pH 7.4 (35 ± 4.7 % compared to 58 ± 3.7 %
reduction). At pH 6.2 there was a slight decrease in the percentage reduction in
TEER for the combination solution as compared to TMC 64 0.25 % w/v alone (26
± 6.6 compared to 21 ± 5.3 % reduction for the combination with MC 1.3 mM), but
this was not statistically significant (p>0.05).
As with TMC 48 both the single solution TMC 64 and the combination with MC
were more effective at pH 7.4 than at pH 6.2 in reducing TEER of Caco-2 cell
monolayers. This is again not readily explained in terms of reported research by
other groups (Kotzé et al. (1997b); Kotzé et al. (1998a); Kotzé et al. (1999) but it is
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possible that in the current study the cells in the pH 7.4 study were leakier as
evidenced by a higher apparent permeability result in the pH 7.4 control group.
Analogous with TMC 48 and MC, a synergistic effect was therefore observed for
the combination of MC 1.3 mM with TMC 64 0.25 % w/v at pH 7.4. As TMC 64
and MC differ considerably in structure, with TMC carrying a fixed positive charge
and MC being uncharged, it is probable that they interact with the cell membrane
by different mechanisms to open tight junctions.
Figures 6.17 and 6.18 represent the percentage reduction in TEER from the initial
value as a function of time for single component and combinations solution at pH
6.2 and pH 7.4 respectively.

The TEER reduction, as % of initial value, is

summarised in table 6.20.
Table 6.20: The effect of a combination of monocaprin (1.3 mM) and Ntrimethylchitosan chloride 64 % quaternised (0.25 % w/v) solutions on the
TEER of Caco-2 cell monolayers at pH 6.2 and pH 7.4 (n=3, mean ± S.D.).
TEER (% of initial value)
Time
(min)

-60
-40
-20
0
20
40
60
80
100
120
140
160
180

pH 6.2
MC (1.3 mM) &
TMC 64 (0.25%
w/v)
99±7.9
96±3.6
98±12.4
100±0.0
80±4.3
84±5.5
82±6.8
81±±9.3
81±4.5
79±5.3
84±4.5
82±6.1
88±4.7

Control
103±3.78
102±1.3
106±2.0
100±0.0
106±9.0
100±7.3
96±6.2
99±8.0
96±6.4
96±6.7
90±4.7
92±6.0
100±5.5

pH 7.4
MC (1.3 mM) &
TMC 64 (0.25%
w/v)
100±1.4
99±1.2
101±2.4
100±0.0
42±3.7
43±1.6
43±1.9
45±1.6
46±1.3
45±2.3
43±2.6
43±5.3
45±4.7

Control
95±3.3
96±4.7
97±2.9
100±0.0
96±3.1
97±2.5
102±2.2
98±1.9
97±3.1
101±2.4
96±0.9
93±2.9
95±3.5
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6.2.2.7.2

Melittin (1.0 µM) and N-trimethyl chitosan chloride 64 %
quaternised (25 % w/v)

A statistically significant (p < 0.05) increase in percentage reduction in TEER was
seen for the TMC 64 0.25 % w/v and Mel 1.0 µM combination solutions as
compared to TMC 64 0.25 % w/v alone at both pH values (26 ± 6.6 % compared to
59 ± 6.9 % reduction and 35 ± 4.7 compared to 58 ± 4.6 % reduction for pH 6.2
and 7.4, respectively). The percentage reduction at pH 6.2 and at pH 7.4 for the
combination was statistically significantly greater than that for Mel 1.0 µM alone (5
± 2.1 % compared to 59 ± 6.9 % at pH 6.2 and 13 ± 3.7 % compared to 58 ± 4.6 %
at pH 7.4, p<0.05). No statistically significant difference (p > 0.05) in percentage
TEER reduction was observed between the pH 6.2 and pH 7.4 combination
solutions.
As with TMC 48, a synergistic effect was therefore observed for the combination
TMC 64 0.25 % w/v and Mel 1.0 µM solutions at both pH 6.2 and pH 7.4. The
same mechanisms as proposed for TMC 48 hold true for TMC 64. There was no
significant difference (p > 0.05) observed in percentage TEER reduction for
combination solutions of Mel with TMC 48 and Mel with TMC 64.
Figures 6.17 and 6.18 represent the percentage reduction in TEER from the initial
value as a function of time for single component and combinations solution at pH
6.2 and pH 7.4 respectively.

The TEER reduction, as % of initial value, is

summarised in table 6.21.

123

Table 6.21: The effect of a combination of melittin (1.0 µM) and Ntrimethylchitosan chloride 64 % quaternised (0.25 % w/v) solutions on the
TEER of Caco-2 cell monolayers at pH 6.2 and pH 7.4 (n=3, mean ± S.D.).
TEER (% of initial value)
Time
(min)

-60
-40
-20
0
20
40
60
80
100
120
140
160
180

6.2.2.8

pH 6.2
Mel (1.0 µM) &
TMC 64 (0.25%
w/v)
97±2.7
105±1.8
99±2.0
100±0.0
44±8.7
43±8.7
41±6.9
44±8.4
43±7.1
42±6.6
43±7.9
46±7.2
47±6.4

Control
103±3.78
102±1.3
106±2.0
100±0.0
106±9.0
100±7.3
96±6.2
99±8.0
96±6.4
96±6.7
90±4.7
92±6.0
100±5.5

pH 7.4
Mel (1.0 µM) &
TMC 64 (0.25%
w/v)
98±2.1
102±1.5
100±0.8
100±0.0
43±9.0
44±8.5
46±7.1
44±5.3
42±4.6
45±8.5
45±7.0
44±8.0
45±8.5

Control
95±3.3
96±4.7
97±2.9
100±0.0
96±3.1
97±2.5
102±2.2
98±1.9
97±3.1
101±2.4
96±0.9
93±2.9
95±3.5

Summary of the effect of combination absorption enhancers on
reduction of TEER across Caco-2 monolayers

A summary of the percentage reduction in TEER for all absorption enhancers,
concentrations and combinations applied to Caco-2 monolayers is presented in
table format in table 6.22 and in graph format in figures 6.3 and 6.4. The results
for each absorption enhancer alone and in combination with MC or Mel are
presented in graph format in figures 6.5 to 6.18.
The most effective combination absorption enhancer solutions were the TMC
polymers in combination with Mel where a synergistic reduction in TEER across
the Caco-2 monolayers was observed in both acidic and neutral environments.
Combinations of TMCs with MC also resulted in a synergistic effect, with highest
percentage TEER reduction observed in a neutral environment, although this was
ascribed to leakier cell monolayers rather than to pH effect.
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Figure 6.3: The effect of a combination of test solutions / suspensions on the TEER of Caco-2 monolayers as a
function of time at pH 6.2 and reversibility after removal, n=3, mean ± S.D.
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Figure 6.4: The effect of a combination of test solutions / suspensions on the TEER of Caco-2 monolayers as a
function of time at pH 7.4 and reversibility after removal, n=3, mean ± S.D.
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Figure 6.5: The effect of single component and a combination of monocaprin 1.3 mM and melittin 1.0 microM test
solutions on the TEER of Caco-2 monolayers at pH 6.2, n=3, mean ± S.D.
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Figure 6.6: The effect of single component and a combination of monocaprin 1.3 mM and melittin 1.0 microM test
solutions on the TEER of Caco-2 monolayers at pH 7.4, n=3, mean ± S.D.
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Figure 6.7: The effect of single component chitosan hydrochloride 0.25 % w/v and a combination of chitosan
hydrochloride 0.25 % w/v and monocaprin 1.3 mM and melittin 1.0 microM test solutions on the TEER of Caco-2
monolayers at pH 6.2, n=3, mean ± S.D.

140

160

180

129

120

TEER (% of initial value)

100

80

60

40

20
-60

Control

MC 1.3 mM

Mel 1.0.microM

ChHCl 0.25 % w/v

ChHCl 0.25 % w/v & MC 1.3 mM

ChHCl 0.25 % w/v & Mel 1.0 microM

-40

-20

0

20

40

60
80
Time (min)

100

120

140

160

180

Figure 6.8: The effect of single component chitosan hydrochloride 0.25 % w/v and a combination with monocaprin 1.3
mM and melittin 1.0 microM test solutions on the TEER of Caco-2 monolayers at pH 7.4, n=3, mean ± S.D.
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Figure 6.9: The effect of single component chitosan glutamate 0.25 % w/v and a combination with monocaprin 1.3 mM and melittin
1.0 microM test solutions on the TEER of Caco-2 monolayers ay pH 6.2, n=3, mean ± S.D.
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Figure 6.10: The effect of single component chitosan glutamate 0.25 % w/v and a combination with monocaprin 1.3 mM and melittin 1.0 microM
test solutions on the TEER of Caco-2 monolayers at pH 7.4, n=3, mean ± S.D.
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Figure 6.11:The effect of single component lactate oligomer 0.25 % w/v and a combination with
monocaprin 1.3 mM and melittin 1.0 microM test solutions on the TEER of Caco-2 monolayers at pH 6.2, n=3,
mean ± S.D.
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Figure 6.12: The effect of single component chitosan lactate oligomer 0.25 % w/v and a combination with monocaprin
1.3 mM and melittin 1.0 microM test solutions on TEER of Caco-2 monolayers at pH 7.4, n=3, mean ± S.D.
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Figure 6.13: The effect of single component dicarboxymethyl chitosan oligomer and a combination with monocaprin and melittin test solutions on
the TEER of Caco-2 monolayers at pH 6.2. Each point represents the mean + S.D. of three experiments
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Figure 6.14: The effect of single component dicarboxymethyl chitosan oligomer 0.25 % w/v and a combination with monocaprin 1.3 mM
and melittin 1.0 microM test solutions on the TEER of Caco-2 monolayers at pH 7.4., n=3, mean ± S.D.

136

120

TEER (% of initial value)

100

80

60

40
Control

MC 1.3 mM

Mel 1.0.microM

TMC 48 0.25 % w/v

TMC 48 0.25 % w/v & MC 1.3 mM

TMC 48 0.25 % w/v & Mel 1.0 microM

20
-60

-40

-20

0

20

40

60

80

100

120

140

160

180

Time (min)
Figure 6.15: The effect of single component TMC 48 0.25 % w/v and a combination with monocaprin 1.3 mM and melittin 1.0 microM
test solutions on the TEER of Caco-2 monolayers at pH 6.2, n=3, mean ± S.D.
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Figure 6.16: The effect of single component TMC 48 0.25 % w/v and a combination with monocaprin 1.3 mM and melittin microM test
solutions on the TEER of Caco-2 monolayers at pH 7.4, n=3, mean ± S.D.
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Figure 6.17: The effect of single component TMC 64 0.25 % w/v and a combination with monocaprin 1.3 mM and melittin 1.0 microM
test solutions on the TEER of Caco-2 monolayers at pH 6.2, n=3, mean ± S.D.

139

120

TEER (% of initial value)

100

80

60

40
Control

MC 1.3 mM

Mel 1.0.microM

TMC 64 0.25 % w/v

TMC 64 0.25 % w/v & MC 1.3 mM

TMC 64 0.25 % w/v & Mel 1.0 microM

20
-60

-40

-20

0

20

40

60

80

100

120

140

160

180

Time (min)
Figure 6.18: The effect of single component TMC 64 and a combination with monocaprin and melittin test solutions on the TEER of Caco-2
monolayers at pH 7.4, n=3, mean ±S.D.
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Table 6.22: Summary of the percentage reduction in TEER for all absorption enhancers, concentrations and combinations
applied to Caco-2 monolayers.
Test compounds and
concentrations
applied
ChHCl 0.5 % w/v
ChHCl 0.25 % w/v
ChGlut. 0.5 % w/v

Reduction in TEER (%) pH 6.2
Test
compound
alone
13±7.6 a
P

P

10±4.0

a
a

14±4.8

P
P

a

ChGlut. 0.25 % w/v

9±1.7

LO 0.5 % w/v

3±4.0
5±9.0

DCMO 0.5 % w/v

7±4.3

9±2.0
ND

DCMO 0.25 % w/v

5±5.2

TMC 48 0.5 % w/v

30±9.3 a

TMC 64 0.5 % w/v
TMC 64 0.25 % w/v

a

15±7.0

P
P

35±15.4

a
P
P

26±6.6

a
P
P

a

MC 2.0 mM

34±1.5

MC 1.3 mM

25±1.2 a

Mel 1.5 µM

P
P

Mel 1.0 µM

5±2.1

Control

4±3.2

29±11
ND

a
P
P

a

a

21±5.3
ND

P

a
P

ND

5±2.6
a

P
P

59±6.9
ND

a
P
P

4±3.4

11±3.8
ND

9±2.3 d
ND

2±1.6
25±2.5 b

9±2.9 d
ND

P

44±2.7 b
b

b,d

62±7.1 b,d
ND

P

P

59±2.3
ND

P
P

b
P
P

b

35±4.7

P
P

P
P

P
P

P
P

ND

23±4.0 b
ND

13±3.7

P

ND

4±3.1

P
P

P

P

P

P

P

b

b

P

58±4.6 b,d
ND

P

42±13.4

ND
P

P

17±4.9 b
P

P

P

58±3.7 b,d
ND
P

b

32±10.6
P

P

P

31±3.1 b,d

40±2.1

a,c

15±2.2 b,d
ND

P

43±7.2

P
P

P

17±1.8 b,d
ND

P
P

P

a,c

ND

P

P

P

b

12±1.5

P
P

a
P

8±2.5
ND

P

a,c

P

26±2.1
ND

9±3.0
ND

3±1.4

26±2.1 a
ND

ND

In combination
with Mel 1.0 µM

6±0.4

20±13.2
ND

36±1.5
ND

In combination
with MC 1.3
mM
ND

9±7.7

P
P

56±18.4
ND

P
P

Test
compound
alone

17±3.7
ND

P

P

P

45±7.3

a

12±2.9
ND

P

P

P
P

P

In combination
with Mel 1.0 µM

13±5.3
ND

a

11±2.6
ND

P
P

LO 0.25 % w/v

TMC 48 0.25 % w/v

10±9.0
ND

P
P

In combination
with MC 1.3
mM
ND

Reduction in TEER (%) pH 7.4

23±4.0 b
ND
P

P

ND

ChHCl: Chitosan hydrochloride, ChGlut: chitosan glutamate, LO: chitosan lactate oligomer, DCMO: Dicarboxymethyl chitosan oligomer, TMC: NTrimethyl chitosan chloride, 48% or 64% quaternised, MC: monocaprin, Mel: melittin, a = statistically significantly different from control at pH 6.2
(p<0.05), b = statistically significantly different from control at pH 7.4 (p<0.05), c = statistically significantly different from single component chitosan
salt or derivative at pH 6.2 (p<0.05), d = statistically significantly different from single component chitosan salt or derivative at pH 7.4 (p < 0.05), ND
= not determined, n = 3, mean ± S.D.
P

P

P

P

P

P

P

P
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6.3

THE EFFECT OF THE SELECTED ABSORPTION ENHANCERS
ON THE PERMEABILITY OF CACO-2 MONOLAYERS

The effect of the various absorption enhancers on the transport of the model
compound, FITC-dextran (molecular weight 4 400), across Caco-2 cell monolayers
was determined for each absorption enhancer concentration over four hours of
incubation at 37 °C, singly and in combination with either monocaprin or melittin at
both pH 6.2 and pH 7.4. Caco-2 cell monolayers incubated with the FITC-dextran
solution without absorption enhancer for 4 hours at 37 °C at pH 6.2 and pH 7.4
served as the control. The results were expressed as the cumulative transport, as
percentage of the initial dose, and the apparent permeability coefficients (Papp) were
calculated using the equation:
Papp = dQ/Dt{1/(A.60.C0)}
where:
Papp

=

apparent permeability coefficient (cm.s-1),

dQ/dt =

permeability rate (amount permeated per minute),

A

=

diffusion area of the cell monolayer,

C0

=

initial concentration of the model compound (FITC-dextran).

Transport enhancement ratios (R) were calculated from Papp values using the
equation:
R = Papp (sample) / Papp (control).
The effect of single component absorption enhancer solutions or suspensions on the
transport of the model compound, FITC-dextran (molecular weight 4 400) across the
Caco-2 cell monolayers is given in tables 6.23 to 6.27 and in tables 6.28 to 6.34 for
combinations of absorption enhancers, at both pH 6.2 and pH 7.4. The cumulative
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transport of FITC-dextran (% of initial dose) plotted as a function of time is given in
figures 6.19 and 6.20 for single component absorption enhancers at pH 6.2 and pH
7.4, respectively, and in figures 6.29 and 6.30 for combinations of absorption
enhancers at pH 6.2 and pH 7.4, respectively. Figures 6.21 to 6.28 represent a
comparison of single component and combination solutions of absorption enhancers
on the transport of FITC-dextran across Caco-2 cell monolayers at pH 6.2 and pH
7.4. FITC-dextran was determined using the HPLC method described in chapter 5
(5.7.3), the correlation coefficient for calibration curve was >0.999.
A summary of the effect of the various absorption enhancers, both singly and in
combination, at pH 6.2 and pH 7.4, on the permeability (represented by the apparent
permeability coefficient, Papp) and the transport enhancement ratios (R), is given in
table 6.35. In table 6.36 both TEER and transport results for both pH values are
summarised.
The following compounds were chosen for permeability studies, based on the
synergistic effects observed with the TEER studies: DCMO, TMC 48, TMC 64 alone
and in combination with MC and Mel. For the preparation of the combination test
solutions the lower concentration of each of the absorption enhancers was used.
6.3.1

The effect of single absorption enhancers on the permeability of
Caco-2 monolayers

6.3.1.1

Dicarboxymethyl chitosan oligomer

DCMO was included in the permeability studies as a small, but statistically significant
(p < 0.05), reduction in TEER of 25 ± 2.5 % and 12 ± 1.5 % was observed at pH 7.4
for the 0.5 % w/v and 0.25 % w/v concentrations, respectively. There was, however,
only a significant difference (p < 0.05) observed between the transport of FITCdextran and the control for the 0.5 % w/v DCMO solution at both pH 6.2 and pH 7.4,
with Papp and R values being 6.40 ± 0.23 x 10

-7

cm/s and 1.45 and 6.49 ± 0.20 x 10-7

cm/s and 1.10, respectively. DCMO at a concentration of 0.25 % w/v did not enhance
the transport of FITC-dextran across the Caco-2 cell monolayers at either pH 6.2 or
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pH 7.4.

This lack of efficient transport of a large molecule despite a reduction in

TEER supports the theory of Jonker-Venter et al. (2005) that due to their
comparatively small size, chitosan oligomers may be able to move into the
intercellular passage, thus hampering paracellular diffusion of large molecules. The
transport values of FITC-dextran in the presence of DCMO are given in table 6.23.

Table 6.23: The effect of dicarboxymethyl chitosan oligomer (0.5 % w/v and 0.25
% w/v) on the transport of FITC-dextran across Caco-2 cell monolayers at pH 6.2 and
pH 7.4 (n=3, mean ± S.D.).
Cumulative transport of FITC-dextran (% of initial dose)
Time
(min)
0
20
40
60
80
100
120
150
180
240
Papp
(cm/s)

pH 6.2
DCMO
0.5 % (w/v)

DCMO
0.25 % (w/v)

0
0.21±0.18
0.54±0.20
0.74±0.19
0.93±0.21
1.42±0.09
1.78±0.07
1.97±0.01
3.35±0.39
4.27±0.24
6.40x10-7
±0.23x10-7

0
0.04±0.00
0.38±0.00
0.49±0.68
0.59±0.78
1.25±1.11
1.36±1.21
1.44±1.28
2.07±1.88
2.44±2.37
4.14x10-7
±3.6x10-7

pH 7.4
Control

DCMO
0.5 % (w/v)

DCMO
0.25 % (w/v)

Control

0
0.42±0.33
1.30±0.30
1.51±0.56
1.67±0.80
1.95±1.12
1.95±1.42
2.69±0.88
2.93±1.11
2.96±1.09
4.42x10-7
±1.75x10-7

0
0.31±0.19
0.47±0.21
0.68±0.20
0.86±0.21
1.37±0.09
1.73±0.07
1.93±0.01
3.36±0.40
4.31±0.25
6.49x10-7
±0.20x10-7

0
0.12±0.00
0.07±0.01
0.33±0.23
0.79±0.59
0.84±0.06
1.16±0.72
1.44±0.85
1.58±0.83
2.17±0.97
4.53x10-7
±1.76x10-7

0
0.26±0.13
1.37±0.68
1.91±0.65
2.63±0.91
3.25±0.96
3.51±1.06
3.64±0.74
3.93±1.30
4.62±0.91
5.88x10-7
±1.37x10-7

Please refer to figures 6.19 and 6.20 for the cumulative transport of FITC-dextran (%
of initial dose) plotted as a function of time for single component absorption
enhancers at pH 6.2 and pH 7.4 respectively.
6.3.1.2

N-trimethyl chitosan derivatives

TMC 48, when applied to the Caco-2 monolayers, significantly (p < 0.05) enhanced
the transport of FITC-dextran at both the higher and the lower concentrations and at
both pH 6.2 and pH 7.4 as compared to the control.

144

At pH 6.2, TMC 48 0.25 % w/v and TMC 48 0.5 % w/v resulted in Papp values of 12.00
±2. 90 x

10-7

cm/s and 6.60 ± 0.52 x 10-7 cm/s for FITC-dextran, respectively. The

respective absorption enhancement ratios were 2.71 and 1.49.

The Papp and R

values for both concentrations of TMC 48 were statistically significantly different from
the control (p < 0.05) and the Papp and R values at the higher concentration were
significantly different from those at the lower concentration. TMC at a concentration
of 0.5 % w/v which resulted in a TEER reduction of twice that of the 0.25 % w/v
solution, was the most effective at enhancing the transport of FITC-dextran at pH 6.2,
thus exhibiting the expected concentration dependence of transport efficiency.
At pH 7.4, TMC 48 0.25 % w/v and TMC 48 0.5 % w/v resulted in Papp values of 10.41
± 0.43 x 10-7 cm/s and 9.18 ± 0.58 x 10-7 cm/s for FITC-dextran, respectively. The
respective absorption enhancement ratios were 1.77 and 1.56. Both Papp and R were
statistically significantly different from the control (p < 0.05). The Papp and R values
for the higher and lower concentrations of TMC 48 were not statistically significant
from each other. TMC at a concentration of 0.5 % w/v and 0.25 % w/v were therefore
both found to enhance the transport of FITC-dextran to a similar degree at pH 7.4. A
similar trend was found for TEER values which were also similar for both
concentrations of TMC 48 at pH 7.4. TEER and transport values thus exhibited good
correlation.
TMC 64, when applied to the Caco-2 monolayers, significantly (p < 0.05) enhanced
the transport of FITC-dextran at both the higher and the lower concentrations and at
both pH 6.2 and pH 7.4 as compared to its transport in the control group.
At pH 6.2, TMC 64 0.25 % w/v and TMC 64 0.5 % w/v resulted in Papp values of 13.56
± 2.63 x 10-7 cm/s and 7.46 ± 2.37 x 10-7 cm/s for FITC-dextran, respectively. The
respective absorption enhancement ratios were 3.03 and 1.69.

The Papp and R

values for both concentrations of TMC 64 were statistically significant from the control
(p < 0.05). TMC at a concentration of 0.5 % w/v was more effective at enhancing the
transport of FITC-dextran at pH 6.2.
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At pH 7.4, TMC 64 0.25 % w/v and TMC 48 0.5 % w/v resulted in Papp values of 15.44
± 0.53 x 10-7 cm/s and 10.25 ± 1.71 x 10-7 cm/s for FITC-dextran, respectively. The
respective absorption enhancement ratios were 2.63 and 1.74. Both Papp and R were
statistically significant from the control (p < 0.05). The Papp and R values for the
higher concentrations of TMC 64 were statistically significantly different from the
values for the lower concentration. TMC 64 at a concentration of 0.5 % w/v was
found to enhance the transport of FITC-dextran to a lesser degree at pH 7.4 than at
pH 6.2, whereas the enhancement ratios where similar for the lower concentration at
both pH values.
The transport enhancement of FITC-dextran was found to be congruent with that
expected from the TEER reduction observed.
Transport results for TMC 48 0.5 % w/v and 0.25 % w/v and TMC 64 0.5 % w/v and
0.25 % w/v at pH 6.2 and pH 7.4 are summarised in tables 6.24 and 6.25
respectively.
Table 6.24: The effect of N-trimethyl chitosan chloride 48 % quaternised (0.5 %
w/v and 0.25 % w/v) on the transport of FITC-dextran across Caco-2 cell monolayers
at pH 6.2 and pH 7.4 (n=3, mean ± S.D.).
Cumulative transport of FITC-dextran (% of initial dose)
Time
(min)
0
20
40
60
80
100
120
150
180
240
Papp
(cm/s)

pH 6.2
TMC 48
0.5 % (w/v)

TMC 48
0.25 % (w/v)

0
0.28±0.56
1.46±1.04
2.13±1.26
2.71±1.49
3.23±1.53
4.14±1.59
5.07±1.62
6.09±1.62
7.96±2.23
12.00x10-7
±2.90x10-7

0
0.00±0.00
0.31±0.16
0.73±0.20
1.07±0.15
1.17±0.09
1.52±0.07
2.47±0.21
2.91±0.14
4.62±0.49
6.60x10-7
±0.52x10-7

pH 7.4
Control

TMC 48
0.5 % (w/v)

TMC 48
0.25 % (w/v)

Control

0
0.42±0.33
1.30±0.30
1.51±0.56
1.67±0.80
1.95±1.12
1.95±1.42
2.69±0.88
2.93±1.11
2.96±1.09
4.42x10-7
±1.75x10-7

0
0.24±0.10
1.24±0.00
1.33±0.32
2.07±0.01
2.65±0.07
3.03±0.58
4.22±0.14
5.38±0.76
7.08±0.05
10.41x10-7
±0.43x10-7

0
0.39±0.06.
0.81±0.10
1.17±0.14
1.70±0.17
2.42±0.07
3.09±0.17
3.78±0.30
4.28±0.28
6.15±0.74
9.18x10-7
±0.58x10-7

0
0.26±0.13
1.37±0.68
1.91±0.65
2.63±0.91
3.25±0.96
3.51±1.06
3.64±0.74
3.93±1.30
4.62±0.91
5.88x10-7
±1.37x10-7
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Table 6.25: The effect of N-trimethyl chitosan chloride 64 % quaternised

(0.5 %

w/v and 0.25 % w/v) on the transport of FITC-dextran across Caco-2 cell monolayers
at pH 6.2 and pH 7.4 (n=3, mean ± S.D.).
Cumulative transport of FITC-dextran (% of initial dose)
Time
(min)
0
20
40
60
80
100
120
150
180
240
Papp
(cm/s)

pH 6.2
TMC 64
0.5 % (w/v)

TMC 64 0.25
% (w/v)

0
0.00±0.00
0.07±0.05
0.53±0.31
0.99±0.39
1.56±0.52
2.91±0.31
4.71±1.28
6.21±1.25
8.29±1.26
13.56x10-7
±2.63x10-7

0
0.00±0.00
0.00±0.12
0.29±0.09
0.51±0.27
0.74±0.38
0.90±0.61
2.28±1.35
2.99±1.07
4.45±1.44
7.46x10-7
±2.37x10-7

pH 7.4
Control

TMC 64
0.5 % (w/v)

TMC 64 0.25
% (w/v)

Control

0
0.42±0.33
1.30±0.30
1.51±0.56
1.67±0.80
1.95±1.12
1.95±1.42
2.69±0.88
2.93±1.11
2.96±1.09
4.42x10-7
±1.75x10-7

0
1.57±0.51
4.32±2.53
4.76±2.04
5.28±0.50
8.08±2.32
8.40±1.77
8.92±1.67
9.95±0.97
10.86±0.70
15.44x10-7
±0.52x10-7

0
0.05±0.05
1.15±1.00
1.60±0.60
2.81±0.54
3.60±0.33
3.88±0.14
4.63±0.10
5.48±0.05
6.93±0.53
10.25x10-7
1.70x10-7

0
0.26±0.13
1.37±0.68
1.91±0.65
2.63±0.91
3.25±0.96
3.51±1.06
3.64±0.74
3.93±1.30
4.62±0.91
5.88x10-7
±1.37x10-7

Please refer to figures 6.19 and 6.20 for the cumulative transport of FITC-dextran (%
of initial dose) plotted as a function of time for single component absorption
enhancers at pH 6.2 and pH 7.4 respectively.
6.3.1.3

Monocaprin

MC, when applied to the Caco-2 monolayers, significantly (p < 0.05) enhanced the
transport of FITC-dextran at 2.0 mM concentration compared to control but not at 1.3
mM concentration at pH 6.2, with the Papp and R values being 24.42 ± 2.40 x 10-7
cm/s and 5.52 and 7.33 ± 5.21 x 10-7 cm/s and 1.66 respectively. At pH 7.4 both the
higher and the lower concentrations resulted in a significant (p<0.05) increase in the
transport of FITC-dextran compared to control, with the Papp and R values being
26.08 ± 3.75 x 10-7cm/s and 4.44 and 10.53 ± 2.26 x 10-7 cm/s and 1.79 respectively.
The enhancement of transport was therefore apparently concentration dependent but
pH independent, as is expected from a non charged molecule such as MC. This is
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also in accordance with TEER results for MC which were not significantly different at
pH 6.2 and pH 7.4 (p > 0.05).
Transport results for MC 2.0 mM and MC 1.3 mM at pH 6.2 and pH 7.4 are
summarised in table 6.26.
Table 6.26: The effect of monocaprin (2.0 mM and 1.3 mM) on the transport of
FITC-dextran across Caco-2 cell monolayers at pH 6.2 and pH 7.4 (n=3, mean ±
S.D.).
Cumulative transport of FITCdextran (% of initial dose)

Time
(min)
0
20
40
60
80
100
120
150
180
240
Papp
(cm/s)

MC 2.0 mM
0
0.00±0.07
0.63±0.59
8.83±3.21
9.98±4.43
9.93±4.42
10.25±4.35
12.96±1.72
14.35±1.34
14.29±1.68
24.42x10-7
±2.40x10-7

pH 6.2
MC 1.3 mM
0
0.00±0.00
0.18±0.18
1.56±1.41
1.97±1.75
2.38±2.04
2.73±2.29
2.87±2.86
3.34±3.25
4.79±2.74
7.33x10-7
±5.21x10-7

Control
0
0.42±0.33
1.30±0.30
1.51±0.56
1.67±0.80
1.95±1.12
1.95±1.42
2.69±0.88
2.93±1.11
2.96±1.09
4.42x10-7
±1.75x10-7

MC 2.0 mM
0
1.57±0.49
3.94±0.53
5.34±0.19
8.93±1.46
10.27±2.01
11.47±1.73
13.22±2.18
15.05±3.12
17.28±2.25
26.08x10-7
±3.75x10-7

pH 7.4
MC 1.3 mM
0
1.84±0.76
2.97±1.36
3.81±1.28
5.27±0.65
5.85±0.93
6.35±0.79
6.68±1.47
6.84±3.24
7.59±3..1
10.53x10-7
±2.26x10--7

Control
0
0.26±0.13
1.37±0.68
1.91±0.65
2.63±0.91
3.25±0.96
3.51±1.06
3.64±0.74
3.93±1.30
4.62±0.91
5.88x10-7
±1.37x10-7

Please refer to figures 6.19 and 6.20 for the cumulative transport of FITC-dextran (%
of initial dose) plotted as a function of time for single component absorption
enhancers at pH 6.2 and pH 7.4 respectively.
6.3.1.4

Melittin

Mel, when applied to the Caco-2 monolayers, significantly (p < 0.05) enhanced the
transport of FITC-dextran at both 1.5 µM and 1.0 µM concentration compared to
control at pH 6.2, with the Papp and R values being 14.67 ± 1.92 x 10-7cm/s and 3.32
and 10.16 ± 1.58 x 10-7cm/s and 2.30 respectively. At pH 7.4 both the higher and the
lower concentrations of Mel resulted in a significant (p < 0.05) increase in the
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transport of FITC-dextran compared to control, with the Papp and R values being
10.06 ± 0.53 x 10-7 cm/s and 1.71 and 5.69 ± 0.33 x 10-7 cm/s and 0.97 respectively.
The enhancement of transport was therefore apparently concentration and pH
dependent, with most effective absorption enhancement occurring at the 1.5 µM
concentration at pH 6.2. The most effective TEER reduction was found at pH 6.2 for
the Mel 1.5 µM concentration, which was also the most effective enhancer of the
transport of FITC-dextran. TEER was also significantly (p<0.05) reduced by the 1.5
µM concentration at pH 7.4, but the transport enhancement was not correspondingly
effective. This is possibly due to the peptide carrying a larger positive charge density
at the lower pH, facilitating interaction with the negatively charge membrane
components.
Transport results for Mel 1.5 µM and Mel 1.0 µM at pH 6.2 and pH 7.4 are
summarised in table 6.27.
Table 6.27: The effect of melittin (1.5 µM and 1.0 µM) on the transport of FITCdextran across Caco-2 cell monolayers at pH 6.2 and pH 7.4 (n=3, mean ± S.D.).
Cumulative transport of FITC dextran (% of initial dose)

Time
(min)
0
20
40
60
80
100
120
150
180
240
Papp
(cm/s)

1.5µM
0
1.93±2.54
5.59±1.41
6.98±0.75
8.02±0.77
8.06±1.08
8.32±1.03
8.46±0.91
8.91±1.19
9.20±1.29
14.67x10-7
±0.19x10-7

pH 6.2
1.0 µM
0
0.07±0.02
0.18±0.10
0.75±0.44
3.94±0.96
4.90±0.73
5.83±0.75
6.99±0.82
7.54±0.93
8.46±1.51
10.15x10-7
±1.58x10-7

Control
0
0.42±0.33
1.30±0.30
1.51±0.56
1.67±0.80
1.95±1.12
1.95±1.42
2.69±0.88
2.93±1.11
2.96±1.09
4.42x10-7
±1.75x10-7

1.5 µM
0
0.57±0.08
0.82±0.10
1.21±0.38
1.24±0.15
1.62±0.16
1.89±0.25
2.32±0.18
5.28±0.68
6.73±0.19
10.06x10-7
0.53x10-7

pH 7.4
1.0 µM
0
0.21±0.01
1.01±0.28
1.33±0.52
1.86±0.02
1.90±0.14
2.01±0.21
2.13±0.21
2.38±0.50
3.95±1.06
5.69x10-7
0.33x10-7

Control
0
0.26±0.13
1.37±0.68
1.91±0.65
2.63±0.91
3.25±0.96
3.51±1.06
3.64±0.74
3.93±1.30
4.62±0.91
5.88x10-7
±1.37x10-7

Please refer to figures 6.19 and 6.20 for the cumulative transport of FITC-dextran (%
of initial dose) plotted as a function of time for single component absorption
enhancers at pH 6.2 and pH 7.4 respectively.
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6.3.1.5

Summary of the effect of single absorption enhancers on the
permeability of Caco-2 cell monolayers

The most effective single absorption enhancers were MC 2.0 mM (Papp = 24.42 ± 2.4
x 10-7) and Mel 1.5 µM (Papp = 14.67 ± 1.9 x 10-7), followed by TMC 64 0.5 % w/v
(Papp = 13.56 ± 2.6 x 10-7), and TMC 48 0.5 % w/v (Papp = 12.00 ± 2.9 x 10-7), at pH
6.2. At pH 7.4 a similar trend was observed with the exception that Mel (Papp =
10.06 ± 0.5 x 10-7 ) was less effective than the TMC 64 at 0.5 % w/v (TMC 64, Papp =
15.44 ± 0.5 x 10-7) concentration, at this pH, which is probably due to the lower
positive charge density at the higher pH. DCMO was less effective than the other
absorption enhancers tested at both pH values tested despite an observed TEER
reduction of 25 ± 2.5 % at pH 7.4, with Papp values of 6.4 ± 0.2 x 10-7and 6.49 ± 0.2 x
10-7 at pH 6.2 and pH7.4, respectively.
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Figure 6.19: The effect of single component test solutions/suspensions on the transport of FITC-dextran across Caco-2
monolayers as a function of time at pH 6.2, n=3, mean ± S.D.
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Figure 6.20: The effect of single component absorption enhancers on the transport of FITC-dextran across Caco-2
monolayers ar pH 7.4, n=3, mean ± S.D.
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6.3.2 The effect of combinations of absorption enhancers on the
permeability of Caco-2 monolayers
6.3.2.1

Monocaprin (1.3 mM) and melittin (1.0 µM)

A combination of MC and Mel 1.0 µM solutions resulted in a statistically
significant increase (p<0.05) in the transport of FITC-dextran across the Caco2 cell monolayers, at both pH 6.2 and pH 7.4 with the Papp and R values of
20.44 ± 1.60 x1 0-7 cm/s and 4.62 and 8.56 ± 1.46 x 10-7 cm/s and 1.46
respectively, compared to control.

The combination was also statistically

significantly more effective at transporting the FITC-dextran across the Caco-2
cell monolayers than either the MC 1.3 mM or Mel 1.0 µM solutions alone at
both pH 6.2 and pH 7.4 (p<0.05).
The combination of MC 1.3 mM and Mel 1.0 µM solutions thus exhibited a
synergistic effect on the transport of FITC-dextran across the Caco-2 cell
monolayers at pH 6.2 and pH 7.4, although the absorption enhancement ratio
was greater at pH 6.2. As the absorption enhancement ratio for MC is similar
at both pH values, while Mel exhibits better enhancement at pH 6.2, this effect
is what would be expected from percentage TEER reduction and FITCdextran transport findings for the single component solutions. As the two
absorption enhancers are different in structure with one being a relatively
small uncharged molecule and the other being a peptide with a positive
charge at the pH values tested, it is likely that MC and Mel enhance
absorption via different mechanisms. Due to effect on TEER reduction it is
probable that tight junctions are affected, although possibly via different
signalling mechanisms. According to the reports of Liu et al. (1999), Dempsey
(1990), Bechinger (1999), Bachar & Becker (2000) and Brown et al. (2002)
these compounds act on membranes potentially via different mechanisms.
The transport results for the MC 1.3 mM and Mel 1.0 µM solutions at pH 6.2
and 7.4 are summarised in table 6.28. Figures 6.21 and 6.22 are graphic
representations of the effect of MC 1.3 mM and Mel 1.0 µM solutions, singly
and in combination with each other, on the percentage transport of FITCdextran across Caco-2 cell monolayers at pH 6.2 and pH 7.4, respectively.
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Table 6.28: The effect of a combination of monocaprin (1.3 mM) and
melittin (1.0 µM) solutions on the transport of FITC-dextran across Caco-2
cell monolayers at pH 6.2 and pH 7.4.
Transport (% of initial dose)
Time
(min)
0
20
40
60
80
100
120
150
180
240
Papp
(cm/s)

pH 6.2
MC (1.3 mM) &
Control
Mel (1.0 µM)
0
0
0.00
0.42±0.33
1.46±0.33
1.30±0.30
1.71±0.30
1.51±0.56
5.66±0.95
1.67±0.80
6.46±1.10
1.95±1.12
7.68±1.50
1.95±1.42
9.94±1.01
2.69±0.88
10.66±0.67
2.93±1.11
11.79±0.07
2.96±1.09
20.44x10-7
4.42x10-7
-7
±1.64x10
±1.75x10-7

pH 7.4
MC (1.3 mM) &
Control
Mel (1.0 µM)
0
0
0.64±0.25
0.26±0.13
1.73±0.27
1.37±0.68
3.17±0.57
1.91±0.65
3.60±0.91
2.63±0.91
3.64±0.90
3.25±0.96
3.89±0.80
3.51±1.06
4.14±0.38
3.64±0.74
4.56±0.35
3.93±1.30
8.63±0.73
4.62±0.91
8.56x10-7
5.88x10-7
-7
±0.48x10
±1.37x10-7
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Figure 6.21: The effect of single component and combination MC 1.3 mM and Mel 1.0 microM test solutions
on the transport of FITC-dextran across Caco-2 cell monolayers at pH 6.2, (n=3, mean ± S.D.).
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Figure 6.22: The effect of single component and combination MC 1.3 mM and Mel 1.0 microM test
solutions on the transport of FITC-dextran across Caco-2 cell monolayers at pH 7.4, n=3, mean ± S.D.
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6.3.2.2

Dicarboxymethyl chitosan combinations

6.3.2.2.1

Monocaprin (1.3 mM) and dicarboxymethyl chitosan

oligomer (0.25 % w/v)
The combination of DCMO 0.25 % w/v and MC 1.3 mM solutions did not result in a
statistically significant increase (p>0.05) in the transport of FITC dextran across
the Caco-2 cell monolayers when compared to control or to DCMO 0.25 % w/v
solution alone at either pH 6.2 or pH 7.4.
The transport results for the DCMO 0.25 % w/v solution in combination with MC
1.3 mM at pH 6.2 and 7.4 are listed in table 6.29. Figures 6.23 and 6.24 are
graphic representations of the effect of DCMO 0.25 % w/v and MC 1.3 mM and
DCMO 0.25 % w/v and Mel 1.0 µM combination solutions, and DCMO 0.25 % w/v
solution alone, on the % transport of FITC-dextran across Caco-2 cell monolayers
at pH 6.2 and pH 7.4 respectively.
Table 6.29: The effect of a combination of monocaprin (1.3 mM) and
dicarboxymethyl chitosan oligomer (0.25 % w/v) solutions on the transport of
FITC-dextran across Caco-2 cell monolayers at pH 6.2 and pH 7.4 (n=3, mean ±
S.D.).
Transport (% of initial dose)
Time
(min)
0
20
40
60
80
100
120
150
180
240
Papp
(cm/s)

pH 6.2
MC (1.3 mM) &
DCMO (0.25% w/v)

0
0.00±0.13
0.00±0.06
0.35±0.35
2.01±0.31
2.09±0.70
2.32±0.71
2.74±1.00
3.11±1.24
3.77±1.85
6.94x10-7
±1.99x10-7-

pH 7.4
Control

MC (1.3 mM) &
DCMO (0.25% w/v)

Control

0
0.42±0.33
1.30±0.30
1.51±0.56
1.67±0.80
1.95±1.12
1.95±1.42
2.69±0.88
2.93±1.11
2.96±1.09
4.42x10-7
±1.75x10-7

0
1.14±0.96
2.28±2.00
5.13±1.06
4.26±2.94
5.13±2.78
5.16±2.61
5.49±2.66
5.64±2.66
5.90±2.65
8.79x10-7
±3.16x10-7

0
0.26±0.13
1.37±0.68
1.91±0.65
2.63±0.91
3.25±0.96
3.51±1.06
3.64±0.74
3.93±1.30
4.62±0.91
5.88x10-7
±1.37x10-7
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6.3.2.2.2

Melittin (1.0 µM) and dicarboxymethyl chitosan oligomer

(0.25 % w/v)
The combination of DCMO 0.25 % w/v and Mel 1.0 µM solution resulted in a
statistically significant increase (p < 0.05) in the transport of FITC dextran across
the Caco-2 cell monolayers at pH 6.2 only when compared to control or to DCMO
0.25 % w/v solution alone. Papp and R values at pH 6.2 were 15.25 ± 1.8 x 10-7
cm/s and 3.45 for the DCMO 0.25 % w/v and Mel 1.0 µM combination and 4.14 ±
3.60 x 10-7 cm/s and 0.94 for the DCMO 0.25 % w/v solution alone. However, the
combination solution did not significantly increase the transport of FITC-dextran
compared to control or single component DCMO 0.25 % w/v solution at pH 7.4
(p>0.05).
The transport results for the DCMO 0.25 % w/v solution in combination with Mel
1.0 µM at pH 6.2 and 7.4 are summarised in table 6.30. Figures 6.23 and 6.24 are
graphic representations of the effect of DCMO 0.25 % w/v and MC 1.3 mM and
DCMO 0.25 % w/v and Mel 1.0 µM combination solutions, and DCMO 0.25 % w/v
solution alone, on the % transport of FITC-dextran across Caco-2 cell monolayers
at pH 6.2 and pH 7.4 respectively.
Table

6.30:

The effect of a combination of

melittin

(1.0

µM) and

dicarboxymethyl chitosan oligomer (0.25 % w/v) solutions on the transport of
FITC-dextran across Caco-2 cell monolayers at pH 6.2 and pH 7.4 (n=3, mean ±
S.D.).
Transport (% of initial dose)
Time
(min)
0
20
40
60
80
100
120
150
180
240
Papp
(cm/s)

pH 6.2
Mel (1.0 µM) &
DCMO (0.25% w/v)

0
0.57±0.75
2.14±0.13
3.74±0.12
4.55±0.33
6.00±0.73
6.77±0.70
7.25±0.76
8.43±1.23
9.88±1.19
15.25x10-7
±1.81x10-7

pH 7.4
Control

Mel(1.0 µM) &
DCMO (0.25% w/v)

Control

0
0.42±0.33
1.30±0.30
1.51±0.56
1.67±0.80
1.95±1.12
1.95±1.42
2.69±0.88
2.93±1.11
2.96±1.09
4.42x10-7
±1.75x10-7

0
0.00±0.00
2.93±3.02
3.91±2.82
3.63±2.44
3.56±2.28
3.61±2.29
3.41±1.72
3.68±2.24
3.85±2.23
4.88x10-7
±2.08x10-7

0
0.26±0.13
1.37±0.68
1.91±0.65
2.63±0.91
3.25±0.96
3.51±1.06
3.64±0.74
3.93±1.30
4.62±0.91
5.88x10-7
±1.37x10-7
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Figure 6.23:The effect of single component DCMO 0.25 % w/v and in combination with MC 1.3 mM and Mel 1.0
microM on the transport of FITC-dextran across Caco-2 cell monolayers at pH 6.2, n=3, mean ± S.D.
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Figure 6.24: The effect of single component DCMO 0.25 % w/v and in combination with MC 1.3 mM and Mel 1.0
microM test solutions on the transport of FITC-dextran across Caco-2 cell monolayers at pH 7.4, n=3, mean ± S.D.
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6.3.2.3

N-trimethyl chitosan chloride 48 % quaternised (TMC 48)
combinations

6.3.2.3.1

Monocaprin (1.3 mM) and N-trimethyl chitosan chloride 48
% quaternised (0.25 % w/v)

A combination solution of TMC 48 0.25 % w/v and MC 1.3 mM resulted in a
statistically significant (p < 0.05) increase in the transport of FITC-dextran
across the Caco-2 cell monolayers compared to the control, at both pH 6.2
and pH 7.4. The Papp and R values were 21.15 ± 1.74 x 10-7 cm/s and 4.78
and 35.95 ± 2.76 x 10-7 cm/s and 6.11 respectively. The combination was
also statistically significantly (p < 0.05) more effective at transporting FITCdextran across the Caco-2 cell monolayers than TMC 48 0.25 % w/v solution
alone at both pH 6.2 and pH 7.4. Papp and R values were 21.15 ± 1.74 x 10-7
cm/s and 4.78 for the combination solution as opposed to 6.60 ± 0.52 x 10-7
cm/s and 1.49 at pH 6.2 and 35.95 ± 2.76 x 10-7 cm/s and 6.11 for the
combination solution as opposed to 9.18 ± 0.58 x 10-7 cm/s and 1.56 at pH
7.4.
A synergistic effect, similar to that observed in the TEER studies, was thus
observed for transport of FITC-dextran across Caco-2 monolayers. It is also
likely that the mechanism of absorption enhancement is via the paracellular
pathway by modulation of tight junction permeability. This mechanism is well
established for chitosan and its TMC derivatives (Verhoef & Junginger, 1998).
The mechanism of absorption enhancement for MC is also likely to be via the
paracellular route due to modulation of tight junction permeability, but as MC
is an uncharged molecule it is unlikely to open tight junctions by the same
mechanism as chitosan (Ward et al., 2000, Brown et al., 2002). The TEER
results which reflect a significant reduction (p<0.05) support this theory,
although membrane disruption cannot be completely excluded as a possible
mechanism for MC’s absorption enhancing effects.
The transport results for the TMC 48 0.25 % w/v solution in combination with
MC 1.3 mM at pH 6.2 and 7.4 are given in table 6.31. Figures 6.25 and 6.26
are graphic representations of the effect of TMC 48 0.25 % w/v and MC 1.3
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mM and TMC 48 0.25 % w/v and Mel 1.0 µM combination solutions, and TMC
48 0.25 % w/v solution alone, on the % transport of FITC-dextran across
Caco-2 cell monolayers at pH 6.2 and pH 7.4 respectively.
Table 6.31: The effect of a combination of monocaprin (1.3 mM) and Ntrimethylchitosan chloride 48 % quaternised (0.25 % w/v) solutions on the
transport of FITC-dextran across Caco-2 cell monolayers at pH 6.2 and pH
7.4 (n=3, mean ± S.D.).
Transport (% of initial dose)
Time
(min)
0
20
40
60
80
100
120
150
180
240
Papp
(cm/s)

6.3.2.3.2

pH 6.2
MC (1.3 mM) &
TMC 48 (0.25% w/v)

0
0.66±0.46
1.99±1.08
3.04±1.21
4.45±1.31
5.78±1.28
7.21±1.32
9.12±1.68
10.54±1.30
13.70±1.58
21.15x10-7
±1.74x10-7

pH 7.4
Control

MC (1.3 mM) &
TMC 48 (0.25% w/v)

Control

0
0.42±0.33
1.30±0.30
1.51±0.56
1.67±0.80
1.95±1.12
1.95±1.42
2.69±0.88
2.93±1.11
2.96±1.09
4.42x10-7
±1.75x10-7

0
1.62±0.34
6.37±0.78
8.82±5.68
13.46±3.91
13.71±2.66
15.10±2.17
16.84±2.20
19.91±4.18
23.23±259
35.95x10-7
±2.75x10-7

0
0.26±0.13
1.37±0.68
1.91±0.65
2.63±0.91
3.25±0.96
3.51±1.06
3.64±0.74
3.93±1.30
4.62±0.91
5.88x10-7
±1.37x10-7

Melittin (1.0 µM) and N-trimethyl chitosan chloride 48 %
quaternised (0.25 % w/v)

A combination solution of TMC 48 0.25 % w/v and Mel 1.0 µM resulted in a
statistically significant (p < 0.05) increase in the transport of FITC-dextran
across the Caco-2 cell monolayers, at both pH 6.2 and pH 7.4, with Papp and
R values of 23.94 ± 1.30 x 10-7 cm/s and 5.42 and 25.32 ± 1.56 x 10-7 cm/s
and 4.31 respectively, compared to control.

The combination was also

statistically significantly (p<0.05) more effective at transporting FITC-dextrans
across the Caco-2 cell monolayers than TMC 48 0.25 % w/v solution alone at
both pH 6.2 and pH 7.4. Papp and R values were 23.94 ± 1.30 x 10-7 cm/s and
5.42 for the combination solution as opposed to 6.60 ± 0.52 x 10-7 cm/s and
1.49 for TMC 48 0.25 % w/v solution alone at pH 6.2 and 25.32 ± 1.56 x 10-7
cm/s and 4.31 for the combination solution as opposed to 9.18 ± 0.58 x 10-7
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cm/s and 1.56 for TMC 48 0.25 % w/v solution alone at pH 7.4. There was no
significant difference between the Papp values for the combination at pH 6.2
and pH 7.4 (p>0.05).

Mel 1.0 µM alone resulted only in a statistically

significant difference from control at pH 6.2 (p,0.05) but not at pH 7.4
(p>0.05).
A synergistic effect, similar to that observed in the TEER studies, was thus
observed for transport of FITC-dextran across Caco-2 monolayers. It is also
likely that the mechanism of absorption enhancement is at least partly via the
paracellular pathway due to modulation of tight junction permeability. This
mechanism is well established for chitosan and its TMC derivatives (Verhoef
& Junginger, 1998). The mechanism of action of melittin on membranes is
complex and diverse and is dependent on a number of factors such as
concentration and pH. The pH dependency of Mel’s effectiveness suggests
that

positive

permeability.

charge

density

is

important

in

influencing

membrane

Percentage TEER reduction was highly dependent on Mel

concentration, this was also observed for transport enhancement of FITCdextran, which findings support the theory of Liu et al. (1999) that a threshold
concentration must be reached for efficacy. This threshold was reduced when
Mel was combined with another absorption enhancer indicating synergism.
These findings further support the theory of Liu et al.(1999) that Mel
enhancers absorption by inducing a phase transition in the cell membrane
from lamellar to micellar at low concentrations (1.0 µM), as transport was
enhanced but TEER was not significantly (p>0.05) reduced. At higher Mel
concentrations the peptide is likely to induce different effects on the
membrane, including cell lysis.
The transport results for the TMC 48 0.25 % w/v solution in combination with
Mel 1.0 µM at pH 6.2 and 7.4 are summarised in table 6.32. Figures 6.25 and
6.26 are graphic representations of the effect of TMC 48 0.25 % w/v and MC
1.3 mM and TMC 48 0.25 % w/v and Mel 1.0 µM combination solutions, and
TMC 48 0.25 % w/v solution alone, on the % transport of FITC-dextran across
Caco-2 cell monolayers at pH 6.2 and pH 7.4 respectively.
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Table 6.32: The effect of a combination of melittin (1.0 µM) and Ntrimethylchitosan chloride 48 % quaternised (0.25 % w/v) solutions on the
transport of FITC-dextran across Caco-2 cell monolayers at pH 6.2 and pH
7.4 (n=3, mean ± S.D.).
Transport (% of initial dose)
Time
(min)
0
20
40
60
80
100
120
150
180
240
Papp
(cm/s)

pH 6.2

pH 7.4

Mel (1.0 µM) &
TMC 48 (0.25% w/v)

Control

Mel (1.0 µM) &
TMC 48 (0.25% w/v)

Control

0
0.07±0.11
0.19±0.15
2.75±2.96
3.85±1.75
5.24±0.65
6.72±0.16
8.02±0.15
12.53±2.56
14.60±0.77
23.94x10-7
±1.30x10-7

0
0.42±0.33
1.30±0.30
1.51±0.56
1.67±0.80
1.95±1.12
1.95±1.42
2.69±0.88
2.93±1.11
2.96±1.09
4.42x10-7
±1.75x10-7

0
0.45±0.05
12.22±2.57
13.16±2.02
14.61±1.09
15.11±1.14
15.46±1.11
16.02±1.24
16.66±1.37
17.21±1.37
25.32x10-7
±1.56x10-7

0
0.26±0.13
1.37±0.68
1.91±0.65
2.63±0.91
3.25±0.96
3.51±1.06
3.64±0.74
3.93±1.30
4.62±0.91
5.88x10-7
±1.37x10-7
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Figure 6.25:The effect of single component TMC 48 0.25 % w/v and a combination with MC and Mel test solution on
the transport FITC-dextran across Caco-2 cell monolayers at pH 6.2, n=3, mean ± S.D.
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Figure 6.26:The effect of single component TMC 48 0.25 % w/v and in combination with MC 1.3 mM and Mel 1.0
microM test solutions on the transport of FITC-dextran across Caco-2 cell monolayers at pH 7.4, n=3, mean ± S.D.
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6.3.2.4

N-trimethyl chitosan chloride 64 % quaternised (TMC 64)
combinations

6.3.2.4.1

Monocaprin (1.3 mM) and N-trimethyl chitosan chloride 64
% quaternised (0.25 % w/v)

A combination solution of TMC 64 0.25 % w/v and MC 1.3 mM resulted in a
statistically significant (p < 0.05) increase in the transport of FITC-dextran
across the Caco-2 cell monolayers, at both pH 6.2 and pH 7.4, with Papp and
R values of 16.24 ± 2.59 x 10-7 cm/s and 3.67 and 30.43 ± 0.68 x 10-7 cm/s
and 5.18 respectively, compared to control.

The combination was also

statistically significantly (p < 0.05) more effective at transporting FITCdextrans across the Caco-2 cell monolayers than TMC 64 0.25 % w/v solution
alone at both pH 6.2 and pH 7.4. Papp and R values were 16.24 ± 2.59 x 10

-7

cm/s and 3.67 for the combination solution as opposed to 7.46 ± 2.37 x 10

-7

cm/s and 1.69 at pH 6.2 and 30.43 ± 0.68 x 10-7 cm/s and 5.18 for the
combination solution as opposed to 10.25 ± 1.71 x 10-7 cm/s and 1.74 at pH
7.4.
A similar synergistic effect was observed for the TMC 64 0.25 % w/v and MC
combination as for that with TMC 48, with the TMC 48 exhibiting a slightly
better enhancing effect at both pH values.
The transport results for the TMC 64 0.25 % w/v solution in combination with
MC 1.3 mM at pH 6.2 and 7.4 are summarised in table 6.33. Figures 6.27 and
6.28 are graphic representations of the effect of TMC 64 0.25 % w/v and MC
1.3 mM and TMC 64 0.25 % w/v and Mel 1.0 µM combination solutions, and
TMC 64 0.25 % w/v solution alone, on the % transport of FITC-dextran across
Caco-2 cell monolayers at pH 6.2 and pH 7.4 respectively.
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Table 6.33: The effect of a combination of monocaprin (1.3 mM) and Ntrimethylchitosan chloride 64 % quaternised (0.25 % w/v) solutions on the
transport of FITC-dextran across Caco-2 cell monolayers at pH 6.2 and pH
7.4 (n=3, mean ± S.D.).
Transport (% of initial dose)
Time
(min)
0
20
40
60
80
100
120
150
180
240
Papp
(cm/s)

6.3.2.4.2

pH 6.2
MC (1.3 mM) &
TMC 64 (0.25% w/v)

0
0.01±0.00
0.87±0.33
1.78±0.34
3.01±0.47
3.81±0.63
5.20±1.19
6.48±0.99
7.99±1.23
10.11±1.49
16.24x10-7
±2.59x10-7

pH 7.4
Control

MC (1.3 mM) &
TMC 64 (0.25% w/v)

Control

0
0.42±0.33
1.30±0.30
1.51±0.56
1.67±0.80
1.95±1.12
1.95±1.42
2.69±0.88
2.93±1.11
2.96±1.09
4.42x10-7
±1.75x10-7

0
1.51±0.27
4.18±1.58
6.97±2.16
8.44±2.01
10.14±1.71
11.77±2.34
13.23±0.95
16.67±1.34
20.27±0.36
30.43x10-7
±0.68x10-7

0
0.26±0.13
1.37±0.68
1.91±0.65
2.63±0.91
3.25±0.96
3.51±1.06
3.64±0.74
3.93±1.30
4.62±0.91
5.88x10-7
±1.37x10-7

Melittin (1.0 µM) and N-trimethyl chitosan chloride 64 %
quaternised (0.25 % w/v)

A combination solution of TMC 64 0.25 % w/v and Mel 1.0 µM resulted in a
statistically significant (p < 0.05) increase in the transport of FITC-dextran
across the Caco-2 cell monolayers, at both pH 6.2 and pH 7.4, with Papp and
R values of 22.91 ± 1.71 x 10-7 cm/s and 5.18 and 20.54 ± 2.84 x 10-7 cm/s
and 3.49 respectively, compared to control.

The combination was also

statistically significantly (p < 0.05) more effective at transporting FITCdextrans across the Caco-2 cell monolayers than TMC 64 0.25 % w/v solution
alone at both pH 6.2 and pH 7.4. Papp and R values were 22.91 ± 1.71 x 10-7
cm/s and 5.18 for the combination solution as opposed to 7.46 ± 2.37 x 10-7
cm/s and 1.69 at pH 6.2 and 20.54 ± 2.84 x 10-7 cm/s and 3.49 for the
combination solution as opposed to 10.25 ± 1.71 x 10-7 cm/s and 1.74 at pH
7.4.
A similar synergistic effect was observed for the TMC 64 0.25 % w/v and Mel
combination as for that with TMC 48, with the TMC 48 exhibiting a slightly
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better enhancing effect at both pH values. This is in accordance with previous
studies, that have shown an optimum effect for TMC at a degree of
quaternisation of 48 % (Hamman et al. , 2003).
The transport results for the TMC 64 0.25 % w/v solution in combination with
Mel 1.0 µM at pH 6.2 and 7.4 are summarised in table 6.34. Figures 6.27 and
6.28 are graphic representations of the effect of TMC 64 0.25 % w/v and MC
1.3 mM and TMC 64 0.25 % w/v and Mel 1.0 µM combination solutions, and
TMC 64 0.25 % w/v solution alone, on the % transport of FITC-dextran across
Caco-2 cell monolayers at pH 6.2 and pH 7.4 respectively.
Table 6.34: The effect of a combination of melittin (1.0 µM) and Ntrimethylchitosan chloride 64 % quaternised (0.25 % w/v) solutions on the
transport of FITC-dextran across Caco-2 cell monolayers at pH 6.2 and pH
7.4 (n=3, mean ± S.D.).
Transport (% of initial dose)
Time
(min)
0
20
40
60
80
100
120
150
180
240
Papp
(cm/s)

pH 6.2
Mel (1.0 µM) &
TMC 64 (0.25% w/v)

0
0.06±0.00
1.82±2.07
2.27±2.25
4.92±2.76
7.00±3.58
7.94±3.09
9.08±3.13
10.40±3.45
15.48±1.01
22.91x10-7
±1.71x0-7

pH 7.4
Control

Mel (1.0 µM) &
TMC 64 (0.25% w/v)

Control

0
0.42±0.33
1.30±0.30
1.51±0.56
1.67±0.80
1.95±1.12
1.95±1.42
2.69±0.88
2.93±1.11
2.96±1.09
4.42x10-7
±1.75x10-7

0
0.61±0.08
13.93±1.64
14.09±0.80
14.38±0.83
14.95±0.95
15.22±0.92
15.77±0.82
16.49±0.64
17.03±0.52
20.54±x10-7
2.84x10-7

0
0.26±0.13
1.37±0.68
1.91±0.65
2.63±0.91
3.25±0.96
3.51±1.06
3.64±0.74
3.93±1.30
4.62±0.91
5.88x10-7
±1.37x10-7
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Figure 6.27:The effect of single component TMC 64 0.25 % w/v and a combination with MC and Mel test solutions
on the transport FITC-dextran across Caco-2 cell monolayers at pH 6.2, n=3, mean ± S.D.

170

30
28
26

Control

MC 1.3 mM

Mel 1.0 microM

TMC 64 0.25 % w/v

MC 1.3 mM & TMC 64 0.25 % w/v

Mel 1.0 microM & TMC 64 0.25 % w/v

Transport (% of initial dose)

24
22
20
18
16
14
12
10
8
6
4
2
0
0

20

40

60

80

100

120

140

160

180

200

220

240

Time (min)
Figure 6.28:The effect of single component TMC 64 0.25 % w/v and in combination with MC 1.3 mM and Mel 1.0
microM test solutions on the transport of FITC-dextran across Caco-2 cell monolayers at pH 7.4, n=3, mean ± S.D.
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6.3.2.5

Summary of the effect of combinations of absorption
enhancers on the permeability of Caco-2 cell monolayers

Synergism was observed for combinations of MC 1.3 mM

or Mel 1.0 µM

solutions with DCMO 0.25 % w/v, TMC 48 0.25 % w/v and TMC 64 0.25 % w/v
solutions.

Synergism may potentially result from combinations of absorption

enhancers that act on the same cellular mechanism that is not yet “saturated” or
may be due to different mechanisms of action, such as tight junction permeability
modulation and cell membrane phase transition.

Chitosan and chitosan

derivatives act by modulating tight junction permeability. MC’c effect is most likely
due to the opening of tight junctions, although the possibility of membrane
disruption cannot be ruled out entirely as no studies were done post absorption
enhancement testing to check for cell damage. Other research groups have
however suggested that at low concentrations, such as the concentrations used
in the current study, damage to the Caco-2 monolayers does not occur (Brown et
al., 1999 and Liu et al., 1999). Further studies are necessary to confirm this for
combinations of absorption enhancers. Mel probably acts by interacting with
membrane lipids to affect permeability but this mechanism is yet to be confirmed,
as Mel has many different potential effects on membranes. It is also possible
that Mel assumes a different conformation and thus interacts differently with the
membrane in the presence of another compound. It is however likely that TMCs,
MC and Mel all enhance Caco-2 monolayer permeability by different
mechanisms.
It should be noted that MC and Mel also exhibit a synergistic effect, but that this
is much more pronounced at pH 6.2, confirming the pH dependency of Mel’s
effect. At pH 7.4 TMC combinations with either MC or Mel were significantly
more effective (p<0.05).
The effect of combinations of absorption enhancers on the transport of FITCdextran across Caco-2 cell monolayers is presented in graph format in figures
6.29 and 6.30 for pH 6.2 and pH 7.4 groups respectively.
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As concentration is critical to effectiveness and toxicity, further studies will be
required to determine the optimum concentration of each absorption enhancer in
the combinations.

These would then require further evaluation for potential

toxicity. It would also be helpful if further studies could be designed to elucidate
the mechanism of absorption enhancement where these have not yet been
conclusively established, i.e. for MC and Mel.
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Figure 6.29:The effect of a combination of test compounds on the transport of FITC-dextran across Caco-2
monolayers as a function of time at pH 6.2, n=3, mean±S.D.
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Figure 6.30:The effect of combination test solutions on the transport of FITC-dextran across Caco-2 cell monolayers
as a function of time at pH 7.4, n=3, mean ± S.D.
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Table 6.35: Summary of the effect of all selected absorption enhancers on the
permeability coefficients (Papp) and transport ratios (R) of FITC-dextran
(molecular weight 4 400) across Caco-2 cell monolayers.
Test compounds / combinations
and concentrations applied
DCMO 0.5% w/v
DCMO 0.25% w/v
TMC-48 0.5% w/v
TMC-48 0.25% w/v
TMC-64 0.5% w/v
TMC-64 0.25% w/v
MC 2.0 mM
MC 1.3 mM
Mel 1.5 µM
Mel 1 µM
Mel 1 µM + MC 1.3 mM
MC 1.3 mM + DCMO 0.25 % w/v
MC 1.3 mM + TMC-48 0.25 % w/v
MC 1.3 mM + TMC-64 0.25 % w/v
Mel 1 µM + DCMO 0.25 % w/v
Mel 1 µM + TMC-48 0.25 % w/v
Mel 1 µM + TMC-64 0.25 % w/v
Control

pH 6.2
-7

pH 7.4

Papp X 10
(cm.s-1)

R

Papp X 10-7
(cm.s-1)

R

6.40±0.2a
4.14±3.6
12.00±2.9a
6.60±0.5a
13.56±2.6a
7.46±2.3a
24.42±2.4a
7.32±5.2
14.67±1.9a
10.16±1.6a
20.44±1.6a,e
6.94±1.9
21.15±1.7a,c
16.24±2.5a,c
15.25±1.8a,c
23.94±1.30a,c
22.91±1.7a,c
4.42±1.8

1.45
0.94
2.71
1.49
3.06
1.69
5.52
1.66
3.32
2.30
4.62
1.57
4.78
3.67
3.45
5.42
5.18
-

6.49±0.2 b
4.54±1.8
10.41±0.4 b
9.18±0.6 b
15.44±0.5 b
10.25±1.7 b
26.08±3.8 b
10.53±2.3 b
10.06±0.5 b
5.69±0.3
8.56±0.48 b,e
8.79±3.2
35.95±2.8 b,d
30.43±0.7 b,d
4.88±2.1
25.32±1.6 b,d
20.54±2.8 b,d
5.88±1.4

1.10
0.77
1.77
1.56
2.63
1.74
4.44
1.79
1.71
0.97
1.46
1.49
6.11
5.18
0.83
4.31
3.49
-

DCMO: Dicarboxymethyl chitosan oligomer, TMC: N-Trimethyl chitosan chloride, 48% or 64%
quaternised, MC: monocaprin, Mel: melittin, a = statistically significantly different from control at
b
c
pH 6.2 (p < 0.05), = statistically significantly different from control at pH 7.4 (p < 0.05), =
statistically significantly different from single component chitosan salt or derivative at pH 6.2 (p <
d
0.05), = statistically significantly different from single component chitosan salt or derivative at pH
7.4 (p < 0.05), n = 3, mean ± S.D.

176

6.4

CORRELATION OF TEER / TRANSPORT RESULTS FOR
EFFECTIVE ABSORPTION ENHANCER COMBINATIONS

The most effective absorption enhancers were the TMCs combined with either
melittin or monocaprin.

TMC 48 was found to be slightly more effective in

enhancing the transport of FITC-dextran across Caco-2 cell monolayers.

All

combinations of absorption enhancers that effected significant (p < 0.05)
transport of FITC-dextran compared to control or single component solutions also
exhibited significant (p < 0.05) percentage TEER reduction. Mel 1.0 µM was the
only compound that enhanced transport at pH 6.2 (P<0.05) as a single
component solution without exhibiting a significant reduction in TEER (p>0.05).
At pH 7.4 Mel 1.0 µM did not reduce TEER or enhance transport of FITC dextran.
The higher concentration of Mel, 1.5 µM, reduced TEER significantly (p<0.05)
and enhanced transport, indicating that a threshold concentration is required for
absorption enhancement.

All combination solutions with Mel resulted in a

percentage TEER reduction as well as enhancement of FITC-dextran transport.
In table 6.36 a summary of the effect of all selected absorption enhancers on the
percentage reduction in TEER, permeability coefficients (Papp) and transport
ratios (R) of FITC-dextran (molecular weight 4 400) across Caco-2 cell
monolayers is presented. These results are presented in a bar graph in figure
6.35.
Cumulative FITC-dextran transport across Caco-2 monolayers and the TEER
across Caco-2 monolayers in the presence of TMC 48 and either MC or Mel have
been plotted on a single graph to allow comparison of TEER reduction efficiency
and cumulative transport of FITC dextran in figures 6.31 and 6.32 for pH 6.2 and
7.4 respectively.

The combination of TMC 48 with Mel resulted in both the

largest percentage TEER reduction and enhancement of the transport of FITC
dextran.
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Cumulative FITC-dextran transport across Caco-2 monolayers and the TEER
across Caco-2 monolayers in the presence of TMC 64 and either MC or Mel have
been plotted on a single graph to allow comparison of TEER reduction efficiency
and cumulative transport of FITC dextran in figures 6.33 and 6.34 for pH 6.2 and
7.4 respectively.
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Table 6.36: Summary of the effect of all selected absorption enhancers on the percentage reduction in TEER, permeability
coefficients (Papp) and transport ratios (R) of FITC-dextran (molecular weight 4 400) across Caco-2 cell monolayers.
Test compounds / combinations
and concentrations applied
DCMO 0.5% w/v
DCMO 0.25% w/v
TMC-48 0.5% w/v
TMC-48 0.25% w/v
TMC-64 0.5% w/v
TMC-64 0.25% w/v
MC 2.0 mM
MC 1.3 mM
Mel 1.5 µM
Mel 1 µM
Mel 1 µM + MC 1.3 mM
MC 1.3 mM + DCMO 0.25 % w/v
MC 1.3 mM + TMC-48 0.25 % w/v
MC 1.3 mM + TMC-64 0.25 % w/v
Mel 1 µM + DCMO 0.25 % w/v
Mel 1 µM + TMC-48 0.25 % w/v
Mel 1 µM + TMC-64 0.25 % w/v
Control

Reduction in
TEER (%)
7±4.3
5±5.5
30±9.3a
15±7.0a
35±15.4a
26±6.6a
34±1.5a
25±1.2a
45±7.3a
5±2.1
26±2.1a
12±2.9a
29±11a
21±5.3a
36±1.5a,c
56±18.4a,c
59±6.9a,c
4±6.2

pH 6.2
Papp X 10-7
(cm.s-1)
6.40±0.2 a
4.14±3.6
12.00±2.9 a
6.60±0.5 a
13.56±2.6 a
7.46±2.3 a
24.42±2.4 a
7.33±5.2
14.67±1.9 a
10.15±1.6 a
20.44±1.6 a, e
6.94±2.0
21.15±1.7 a,c
16.24±2.6 a,c
15.25±1.8 a,c
23.94±1.3 a,c
22.91±1.7 a,c
4.42±1.8

R
1.45
0.94
2.71
1.49
3.06
1.69
5.52
1.66
3.32
2.30
4.62
1.57
4.78
3.95
3.45
5.42
5.18

Reduction in
TEER (%)
25±2.5b
12±1.5b
44±2.7b
43±7.2b
40±2.1b
35±4.7b
32±10.6b
17±4.9b
42±13.4b
13±3.7b
23±4.0b
17±1.8b,d
59±2.3b,d
58±3.7b,d
31±3.1b,d
62±7.1b,d
58±4.6b,d
4±3.1

pH 7.4
Papp X 10-7
(cm.s-1)
6.49±0.2 b
4.54±1.8
10.41±0.4 b
9.18±0.6 b
15.44±0.5 b
10.25±1.7 b
26.08±3.8 b
10.53±2.3 b
10.06±0.5 b
5.69±0.3
8.56±0.48 b,e
8.79±3.2
35.95±2.8 b,d
30.43±0.7 b,d
4.88±2.1
25.32±1.6 b,d
20.54±2.8 b,d
5.88±1.4

R
1.10
0.77
1.77
1.56
2.63
1.74
4.44
1.79
1.71
0.97
1.46
1.49
6.11
5.18
0.83
4.31
3.49
-

DCMO: Dicarboxymethyl chitosan oligomer, TMC: N-Trimethyl chitosan chloride, 48% or 64% quaternised, MC: monocaprin, Mel: melittin (n=3, mean
±S.D.), a = statistically significantly different from control at pH 6.2 (p < 0.05), b = statistically significantly different from control at pH 7.4 (p < 0.05), c =
statistically significantly different from single component chitosan salt or derivative at pH 6.2 (p < 0.05), d = statistically significantly different from single
component chitosan salt or derivative at pH 7.4 (p < 0.05), e= statistically significantly different from single component solution (p<0.05).
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Figure 6.31: Cumulative transport of FITC-dextran across Caco-2 monolayers and TEER across
Cac0-2 monolayers for selected absorption enhancers at pH 6.2. n=3, mean ± S.D.
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Figure 6.32: Cumulative transport of FITC-dextran across Caco-2 monolayers and TEER across
Cac0-2 monolayers for selected absorption enhancers at pH 7.4. n=3, mean ± S.D.
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Figure 6.33: Cumulative transport of FITC-dextran across Caco-2 monolayers and TEER across
Cac0-2 monolayers for selected absorption enhancers at pH 6.2. n=3, mean ± S.D.
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Figure 6.34: Cumulative transport of FITC-dextran across Caco-2 monolayers and TEER across
Cac0-2 monolayers for selected absorption enhancers at pH 7.4. n=3, mean ± S.D.
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Figure 6.35: The effect of single component and combination absorption enhancers on the TEER across Caco-2 cell
monolayers (bars) and the Papp for FITC-dextran (lines)at pH 6.2 and pH 7.4. n=3, mean ± S.D.
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6.5

THE EFFECT OF THE SELECTED ABSORPTION
ENHANCERS ON CBF

The chitosan salts and derivatives did not adversely affect the CBF of nasal
epithelial cells, with the exception of TMC 64 0.25 % w/v after 45 minutes.
Monocaprin resulted in the immediate inhibition of CBF alone and when in
combination with chitosan salts or derivatives.

The effect of the selected

absorption enhancers on CBF is represented in figure 6.31. The effect of Mel on
CBF was not determined, as the effect of Mel on cells is well documented
(Dempsey, 1990, Bechinger, 1999), but the effect in combination with chitosan
salts and derivatives and monocaprin requires investigation. .
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Figure 6.36: The effect of chitosan salts and derivatives on the CBF of human nasal
epithelial cells. (note: MC lead to immediate inhibition of CBFand does not appear
in figure).
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6.6

CONCLUSION

This study has shown that combinations of absorption enhancers are more
effective in reducing TEER in Caco-2 monolayers and in enhancing the transport
of a model compound, FITC-dextran, across Caco-2 monolayers at both pH 6.2
and 7.4 than any of the selected absorption enhancers alone. Synergistic effects
were observed, which most likely result from the different mechanisms by which
the constituent absorption enhancers act.

The most effective enhancers of

transport were TMC 48 and TMC 64 in combination with MC or Mel, where
absorption enhancement ratios of 5-6 were observed. The percentage reduction
in TEER for these combinations was also the greatest.
Further studies will be required to optimise the concentrations of the component
absorption enhancers in combination solutions. Once this has been determined
it will be necessary to investigate a suitable delivery system containing a model
compound and the optimal absorption enhancer combination.

It will also be

necessary to conduct additional toxicity studies for the combinations to confirm
their safety for use as absorption enhancers.
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CHAPTER 7: CONCLUSION AND
RECOMMENDATIONS
7.1 INTRODUCTION
In this chapter the results of the study are discussed in terms of the aims and
objectives stated in chapter one. The hypothesis that a synergistic absorption
enhancing effect would be achieved by combining chitosan salts and chitosan
derivatives with the structurally different absorption enhancers, monocaprin and
melittin, is further developed. The most effective combinations are highlighted and
a possible explanation given for the observed effects.

Recommendations are

given for possible further research in paracellular absorption enhancement that
may contribute to the ultimate development of technologically advanced oral drug
delivery systems for hydrophilic macromolecules that exhibit poor bioavailability.

7.2 SUMMARY OF THE STUDY AND FINAL CONCLUSIONS
FROM RESULTS
The effect of the selected absorption enhancers, alone and in combination, on the
TEER of Caco-2 cell monolayers and permeability of a model compound, FITCdextran (molecular weight 4 400 kDa) was determined across the Caco-2 cell
monolayers, in a slightly acidic and a neutral environment.

The effect of the

absorption enhancers on the ciliary beat frequency (CBF) of human nasal
epithelial cells was evaluated in a neutral environment as an indication of their
toxicity.
The most effective compounds, when applied alone, in reducing the TEER of
Caco-2 cell monolayers at pH 6.2 were: melittin (Mel) 1.5 µM > N-trimethyl
chitosan chloride 64 % quaternised (TMC 64) 0.5 % w/v > monocaprin (MC) 2.0
mM > N-trimethyl chitosan chloride 48 % quaternised (TMC 48) 0.5 % w/v > TMC
64 0.25 % w/v > MC 1.3 mM. TMC 48 0.25 % w/v, chitosan hydrochloride (ChHCl)
and chitosan glutamate (ChGlut) at both 0.5 % w/v and 0.25 % w/v concentrations
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reduced TEER significantly (p < 0.05) compared to the control. Chitosan lactate
oligomer (LO) and dicarboxymethyl chitosan oligomer

(DCMO) at both

concentrations applied and Mel 1.0 µM did not result in a significant decrease in
TEER compared to control.
At pH 7.4 the percentages and magnitudes of the percentage reduction in TEER
were as follows: TMC 48 0.5 % w/v > TMC 48 0.25 % w/v > Mel 1.5 µM and TMC
64 0.5% w/v > TMC 64 0.25 % w/v > MC 2.0 mM. At pH 7.4, DCMO, at both 0.5
% w/v and 0.25 % w/v concentrations, reduced TEER significantly (p < 0.05. MC
1.3 mM reduced TEER significantly at pH 7.4. Mel 1.0 µM concentration also
resulted in a significant (p < 0.05) reduction in TEER at pH 7.4. ChHCl, ChGlut
and LO did not lead to a statistically significant reduction in TEER at either of the
concentrations applied at pH 7.4.
TMCs reduce TEER in a concentration dependent manner, but the reduction in
TEER is independent of pH. ChHCl and ChGlut, however, reduced TEER in a
manner that was both concentration and pH dependent. The difference in pH
dependency of TEER reduction has been explained by the improved solubility of
TMCs over ChHCl and ChGlut in neutral and slightly basic environments. Mel
exhibited similar TEER reduction for both pH values at the higher concentration
(1.5 µM) used, but not at the lower concentration (1.0 µM). Mel 1.0 µM resulted in
a statistically insignificant reduction in TEER at pH 6.2 and reduced TEER by a
small but statistically significant percentage at pH 7.4. Mel thus probably requires
a threshold concentration to be reached at the membrane before TEER is
reduced. MC showed similar effectiveness and reduced TEER significantly (p <
0.05) at both pH values, with the higher concentration leading to a greater
reduction in TEER, i.e. TEER reduction was concentration dependent but pH
independent as is to be expected from an uncharged molecule such as
monocaprin.
The TMC polymers in combination with Mel were the most effective combination
solutions in producing a reduction in TEER.

A synergistic reduction in TEER

across the Caco-2 monolayers was observed in both acidic and neutral
environments.

Combinations of TMCs with MC also resulted in a synergistic
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effect, with highest percentage TEER reduction observed in a neutral environment,
although this was ascribed to leakier cell monolayers rather than to pH effect.
TEER results thus indicate that the most promising combinations, which warrant
further investigation, are either TMC 48 or TMS 64 combined with Mel. TMCs in
combination with MC also resulted in significant TEER reduction which justifies
further research using this combination of absorption enhancers.
In terms of permeability of the model compound, FITC-dextran, the most effective
single absorption enhancers were MC 2.0 mM and Mel 1.5 µM, followed by TMC
64 0.5 % w/v and TMC 48 0.5 % w/v at pH 6.2. At pH 7.4 a similar trend was
observed with the exception that Mel was less effective than the TMC 64 at 0.5 %
w/v concentration, at this pH, which is probably due to the lower positive charge
density at the higher pH. DCMO was less effective than the other absorption
enhancers tested at both pH values tested despite an observed TEER reduction of
25 ± 2.5 % at pH 7.4.
Synergism in the enhancement of the permeability of the model compound was
observed for combinations of MC 1.3 mM or Mel 1.0 µM solutions with TMC 48
0.25 % w/v and TMC 64 0.25 % w/v solutions and, although to a lesser extent
DCMO 0.25 % w/v. The results infer that TMCs, MC and Mel probably enhance
permeability via different mechanisms, however further studies will be necessary
to confirm this. The TEER percentage reduction, resulting from the application of
absorption enhancers, was found to be a good indicator of permeability
enhancement and may be used as an initial screening procedure for promising
absorption enhancing compounds.

7.3 RECOMMENDATIONS
Combinations of absorption enhancers have been found to exhibit synergistic
effects. Much preformulation work is however still required on these compounds,
singly and, particularly, when used in combinations, before they could be
considered as potential pharmaceutical excipients.
The combination of either TMC 48 or TMC 64 with both Mel and MC has been
shown to be particularly effective. As concentration is critical to both effectiveness
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and toxicity, further studies will be required to determine the optimum
concentration of each absorption enhancer in the combinations.

Optimum

concentrations ranges, that is those with highest effectiveness and least toxicity,
need to be established and justified.
The TMCs will have to be evaluated to determine optimum degree of
quaternisation.
Further toxicity studies, both in vitro and in vivo, will have to be carried out to
address safety concerns. This will be particularly important for MC and Mel, as
MC has potential membrane damaging effects and Mel is known to have pore
forming effects, albeit at higher concentrations than those used in this study. Mel
will also require evaluation of its allergenic effects before its use as an excipient in
pharmaceutical products can be considered.
It would also be helpful if further studies could be designed to elucidate the
mechanism of absorption enhancement where this has not yet been conclusively
established, i.e. for MC and Mel.

The rationale for combining absorption

enhancers would also be justified if the compounds used in combination had been
proven to act via different mechanisms.
Other combinations of absorption enhancers should be evaluated as promising
new potentially effective compounds are discovered. Chemicals extracted from
plants may provide a rich source of potential absorption enhancer candidates.
This field of study may be further expanded to include the in vivo evaluation of the
most promising absorption enhancers and combinations of absorption enhancers,
using both model compounds and drugs that exhibit poor bioavailability.
Once promising absorption enhancers have been identified it will be necessary to
formulate them into suitable drug delivery systems with model drugs as well as
drugs that exhibit poor bioavailability due to poor absorption after oral
administration.
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