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Preface

Due to a rapid development in biotechnology more and more macromolecular
drugs such as therapeutic peptides, oligosaccharides and nucleic acids are
entering the pharmaceutical arena representing unprecedented challenges
from the drug delivery point of view. One of the likely greatest challenges is
their oral administration presenting a series of attractive advantages. These
advantages are in particular of high relevance for the treatment of pediatric
patients and include the avoidance of additional risks, pain and discomfort
associated with injections. Furthermore, oral formulations are less expensive
to produce, as they do not need to be manufactured under sterile conditions.
The oral administration is by far the most favored one. The majority (84%)
of 50 most-sold pharmaceutical products in US and Europe markets are given
orally. Although there have been major advances in delivering
macromolecular drugs in humans by other non-invasive routes, including
the pulmonary delivery of insulin, we did so far not succeed in the
development of oral delivery systems for these therapeutic agents. Apart
from a few exceptions such as ciclosporin, desmopressin, chondroitin
sulphate and bromelain macromolecular drugs cannot be administered
orally. The development of oral formulations for macromolecular drugs is
therefore highly on demand. Due to the scientific progress having been made
within the 1990s and this decade numerous novel oral delivery systems for
macromolecular drugs are meanwhile subject of clinical trials. This book
addresses the most critical issues for a successful oral delivery of
macromolecular drugs by a detailed characterisation of the ‘enemy’s
strength’. Furthermore, an overview on the likely most promising strategies
to overcome barriers encountered with the gastrointestinal (GI) tract is
provided. These barriers are mainly the enzymatic barrier (Chapter 1), the
mucus gel layer barrier (Chapter 2) and the absorption barrier (Chapter 3).
The enzymatic barrier is based on various classes of enzymes including
proteases/peptidases, nucleases, glycosidases and lipases. Taking the most
important macromolecular drugs into consideration, which are likely
candidates for oral administration, the enzymatic barrier is primarily
represented by proteases/ peptidases and nucleases. Proteases/peptidases are
on the one hand based on luminally secreted proteases including pepsin,
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trypsin, chymotrypsin, elastase and carboxypeptidases A and B and on the
other hand based on membrane-bound peptidases including various endo- as
well as amino- and carboxypeptidases. In the colon numerous additional
enzymes originating from the local microflora have to be taken into
consideration. In terms of nucleases the enzymatic barrier is much less
characterized.

The mucus gel layer barrier is based on mucus glycoproteins being
crosslinked via disulphide bonds. Macromolecular drugs have to diffuse
through this 50-200 pm thick three-dimensional network in order to reach the
absorption membrane. In addition, due to its negative net charge being based
on sialic acid and sulphonic acid substructures therapeutic macromolecules
exhibiting a positive charge can be immobilized on the mucus gel barrier
because of ionic interactions.

As the GI mucosa is highly vascularized, macromolecular drugs have to
‘merely’ permeate the epithelial cell layer in order to reach the systemic
circulation. More lipophilic and relatively small drugs are primarily absorbed
via the transcellular route, whereas more hydrophilic and relatively bigger
drugs enter the systemic circulation via the paracellular route. In addition,
efflux pumps can significantly further reduce the absorption of
macromolecular drugs such as the case for ciclosporin. Because of this
absorption barrier the size of orally administered macromolecular drugs is
more or less limited to up to 10 kDa in maximum. Macromolecules greater
than that are still absorbed to a certain extent; however, gained oral
bioavailabilities are in most cases not anymore of therapeutic and/or
commercial relevance.

Strategies to overcome the enzymatic barrier (Chapter 4) include the design
of macromolecular drugs remaining more stable in the GI environment. From
the drug delivery point of view, a protective effect towards enzymatic
degradation can be achieved by using auxiliary agents such as enzyme
inhibitors and/or polymers displaying enzyme inhibitory properties. In
particular in combination with appropriate dosage forms shielding towards
enzymatic attack such as micro- and nanoparticulate delivery systems and
patch systems sufficient protection towards this barrier can be achieved.

Strategies to overcome the absorption barrier focus on the other hand on low
molecular mass permeation enhancers (Chapter 5) such as medium chain fatty
acids, which can still be regarded as a kind of gold standard. As low molecular
mass permeation enhancers are per se rapidly uptaken from the gastrointestinal
mucosa, however, the macromolecular drug is to a considerable high extent left
alone behind in the gastrointestinal tract. In addition, local and systemic toxic
side effects of low molecular mass permeation enhancers cannot be excluded. In
contrast, polymeric permeation enhancers (Chapter 6) are simply too big to be
absorbed from the GI tract. Consequently, systemic toxic side effects can be
excluded. More recently various excipients could be identified as potent efflux
pump inhibitors which can be subdivided into low molecular mass efflux pump
inhibitors and polymeric efflux pump inhibitors (Chapter 7). Certain polymeric
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excipients exhibit various favourable properties for oral macromolecular
delivery such as high mucoadhesive, enzyme inhibitory, permeation
enhancing and efflux pump inhibitory properties. Among them thiolated
polymers — designated thiomers — showed most encouraging results (Chapter
8). From the drug delivery point of view certain formulations could be identified
to show beneficial properties in order to improve the oral uptake of
macromolecular drugs. Matrix tablets, patch systems, micro- and
nanoparticulate delivery systems and liposomes seem to be most promising.
Micro- and nanoparticles (Chapter 9) offer the advantage to penetrate into the
mucus gel layer. Consequently, their gastrointestinal residence time is strongly
prolonged resulting in a prolonged period of time for drug absorption.
Furthermore, a presystemic degradation, for instance, of therapeutic peptides
or oligonucleotides by luminally secreted enzymes can be avoided. The likely
best protection towards enzymatic degradation in the GI tract is provided by
liposomal formulations (Chapter 10), which can also guarantee an intimate
contact with the mucosa when being coated with a mucoadhesive polymer.

Special and to some extent different approaches are needed for oral
immunization utilizing various types of antigens and immunostimulating
auxiliary agents (Chapter 11). Particulate delivery systems such as nanoparticles
and liposomes accumulating in the region of Peyer’s patches seem to be highly
beneficial. Oral nucleic acid delivery systems are designed for local and systemic
treatment (Chapter 12). The systemic delivery of nucleic acids via the oral route is
likely the most challenging aim in oral macromolecular delivery.

The combination of suitable and comparatively more stable macromolecular
drugs (I), highly efficient, multifunctional and non-toxic excipients (II) and
appropriate formulations (III) is certainly the key for success in oral
macromolecular delivery. On the one hand macromolecular drugs can be
produced more and more effectively making also low oral bioavailabilities in the
range of 0.5-5% commercially interesting. The oral bioavailability of
desmopressin tablets, which are for almost 20 years on the market, for instance,
is just 0.5%. On the other hand, oral macromolecular drug formulations are
becoming more and more efficient. Taking these developments into
consideration, the number of oral macromolecular delivery systems entering the
market will increase considerably over the years. ‘Invasive-to-oral-conversions’
promise great rewards for those investing in this market. This book should
encourage and motivate scientists in academia and industry to move on or
intensify their activities in this challenging research field of great future.

Finally, I wish to thank all the contributing authors for their excellent chapters,
which were certainly not easy to write in such a complex and challenging field.
Moreover, I wish to thank the Editorial Director Andrea Macaluso from Springer
Science and Business Media for inviting me to edit this book.

Innsbruck, Austria Andreas Bernkop-Schniirch
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Abstract The major enzymatic barrier to the absorption of macromolecules,
particularly therapeutic peptides, is the pancreatic enzymes: the peptidases,
nucleases, lipases and esterases that are secreted in considerable quantities
into the intestinal lumen and rapidly hydrolyse macromolecules and lipids. In
the case of the peptidases, they work in a co-ordinated fashion, whereby the
action of the pancreatic enzymes is augmented by those in the brush borders of
the intestinal cells. The sloughing-off of mucosal cells into the lumen also
furnishes a mixture of enzymes that are a threat to macromolecules. As the
specificity and activity of the enzymes are not always predictable, during
pharmaceutical development it is important to test the stability of therapeutic
macromolecules, and novel macromolecular-containing or lipid-containing
formulations, in the presence of mixtures of pancreatic enzymes and bile salts,
or in animal intestinal washouts or ideally, aspirates of human intestinal
contents.

J. Woodley (P<)
Biopharmtech, Toulouse, France
e-mail: woodley.john@orange.fr

A. Bernkop-Schniirch (ed.), Oral Delivery of Macromolecular Drugs, 1
DOI 10.1007/978-1-4419-0200-9_1, © Springer Science+Business Media, LLC 2009
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1.1 Introduction

Due to advances in biotechnology the last decades have seen an explosion in
‘biopharmaceutics’: the production of biological molecules with pharmacolo-
gical activity. Most of these are active peptides of varying sizes, and many are
now on the market to treat a range of diseases. The FDA has approved over 30
different proteins produced by recombinant techniques and there are probably
many more in the pipeline (George and Abraham 2006). Not all are new: the
best known and most widely administered is insulin, which has been used to
treat diabetes for nearly a century. Calcitonin is a peptide hormone that has
long been used for the treatment of osteoporosis in post-menopausal women.
At the present time, none of these active peptides are available in a form that
patients can take orally. Much effort by researchers and pharmaceutical com-
panies has been devoted to trying to find ways of making these molecules
bioavailable and active via the oral route, which, as is well known, is the most
convenient and acceptable way for drugs to be administered. Insulin has prob-
ably been the most studied, and with the forecasts of the prevalence of type 2
diabetes escalating, particularly in rich Western societies, there is both a clinical
need and market opportunity for an oral formulation of insulin. While no such
product has yet reached the market place, various preparations are in clinical
trials.

While the emphasis in recent years has been on peptides, and to a lesser
extent, proteins, there are new players in the field: nucleic acids and their
derivatives, as described in further detail in Chapter 12. This is due to the
rapid advances and perceived potential of gene therapy whereby specific
genes, in the form of DNA and/or its analogues, are introduced into cells to
make them synthesise molecules with therapeutic potential or to change cell
function. A promising therapeutic development with wide possible applications
is the ability to ‘switch off’ or silence specific gene expression using small,
usually 15-25 bp, oligonucleotide analogues (antisense oligonucleotides,
ASOs) that bind to mRNA by Watson—Crick base pairing. The analogues are
chemically modified to make them more stable, and recently it has been shown
that a methoxyethyl-modified antisense oligonucleotide could be absorbed
from the GI tract of human volunteers in the presence of an absorption
enhancer (Tillman et al. 2008). A more recent development for silencing genes
that is seen by some researchers as having considerable therapeutic potential is
RNA interference, whereby translation within cells is modified by the delivery
to cells of small fragments of double-stranded RNA (small interfering RNA,
siRNA) (Felekkis and Deltas 2006). To date, such therapeutic applications are
still mainly at the research stage and require the modification of cells ex vivo,
with their return to the body following modification, or the administration of
the oligonucleotides and their analogues by parenteral routes. This is usually
carried out using viruses, polymeric constructions or liposomes to protect the
therapeutic oligonucleotide and enhance its entry into the target cells.
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Of particular interest for the oral administration of macromolecules, be
they peptides or nucleic acids, is the potential of oral vaccines that could
revolutionise the health care of millions of people, particularly in developing
countries.

Other macromolecules that may eventually be taken orally by patients
are also making appearances on the scene in the formulation of drugs for
the oral route, notably polymers, from both natural (such as chitosan) and
synthetic (such as poly(b,L-lactide-co-glycolide) PLGA) sources. Chitosan
is a Bl,4-linked copolymer of N-acetyl-p-glucosamine and p-glucosamine
prepared by the deacylation of chitin, which is the second (after cellulose)
most abundant polysaccharide in nature: the polymeric base of the shells
of crustacea and exoskeleton of insects. Chitosan has been extensively used
in experimental oral formulations, notably microparticles and nanoparti-
cles, for the delivery of peptides such as insulin and calcitonin as well as
oligonucleotides (Hejazi and Amiji 2003). Derivatives of chitosan have also
been prepared with enhanced bioadhesive properties for oral delivery
(see Chapter 8). Similarly, PLGA has been extensively researched and
used as a material to make nanoparticles and microparticles for the oral
delivery of peptides and other drugs and there are many reports in the
literature of such studies. Other natural macromolecules such as carrageen
and plant gums are actively being studied as coatings for pharmaceutical
formulations to deliver drugs to the colon (see Section 1.7).

Modified and natural lipids and polymeric surfactants are increasingly being
used in pharmaceutical formulations to increase the bioavailability of ‘difficult’
drugs: ‘difficult’ usually because they have very poor solubility in aqueous
environments. While these molecules may not themselves be biologically active,
what happens to them in the gastrointestinal (GI) tract may influence their
intended function, especially if they are acting to protect the active principle, for
example, in the case of therapeutic peptides.

The first major hurdle that macromolecular drugs have to overcome in the
gastrointestinal tract is that of the digestive enzymes. The intestinal mucosa is a
formidable barrier separating the organism from its external environment, and
as such only small low molecular weight molecules can cross the barrier in any
appreciable quantities, hence the evolution of the highly sophisticated and
efficient process of digestion that breaks down most naturally occurring macro-
molecules into their component low molecular weight sub-units. This process of
digestion is the co-ordinated action of the digestive enzymes found at various
sites in the gastrointestinal tract.

The purpose of this chapter is to document the nature of the enzyme barrier
that macromolecular drugs will encounter during their passage down the
human gastrointestinal tract. I will discuss the peptidases that digest peptides
and proteins and the nucleases that will hydrolyse nucleic acids and also briefly
consider other enzymes that may affect the behaviour of the newer generation
of pharmaceutical formulations. It is very important to consider both the
qualitative aspects of the problem, that is, the specificity of the digestive
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enzymes for particular chemical bonds and particular macromolecular sub-
strates, and the quantitative aspects, that is, how much enzyme activity will be
present at any particular site within the digestive tract.

At the end I will discuss how the knowledge of the enzymology of the GI
tract can be put to good use in devising the essential in vitro tests that are
required to screen the stability of potential therapeutic peptides and oligonu-
cleotides and thus help in the development of formulation strategies to protect
them.

For a very detailed consideration of the problem with respect to peptide and
protein delivery, the reader is referred to a previous review article published in
1994 (Woodley 1994).

1.2 The Peptidases

Peptidases are enzymes that hydrolyse the bond between two amino acids in a
peptide or protein chain. The term ‘peptidase’ is used to define any enzyme that
hydrolyses such a peptide bond, regardless of the size of the substrate. In the
author’s view, the terms ‘proteases’ and ‘proteinases’ may lead to confusion by
implying that such enzymes may attack proteins but not small peptides. This is
generally not the case: most peptidases will hydrolyse peptide bonds in proteins
and small peptides, albeit often at different rates. What is important is the
specificity of the bonds being hydrolysed, and that is determined by the amino
acids adjacent to the bond. Peptidases can be subdivided into two groups on the
basis of their mode of action: endopeptidases and exopeptidases. Endopepti-
dases hydrolyse peptide bonds at the interior of the peptide chain, whereas
exopeptidases hydrolyse terminal peptide bonds, that is, they remove amino
acids from the ends of the chains. Carboxypeptidases remove amino acids from
the carboxy terminus and aminopeptidases from the amino terminus of the
chain. A further class of exopeptidases remove dipeptides (or occasionally
tripeptides) from the ends of protein and peptide chains: termed peptidyl
dipeptidases if from the C terminus and dipeptidyl peptidases if from the N
terminus. Peptidase specificity is usually described in terms of the amino acids
on the amino side of the target peptide bond for endopeptidases and by the
amino acids removed from the chain ends by exopeptidases. These specificities
can be broad or narrow in terms of the number of sites of actions that any
particular peptidase will display. Thus the pancreatic enzyme trypsin has a
narrow specificity in that it hydrolyses the peptide bonds on the carboxyl side
of the amino acids, namely, lysine and arginine. On the other hand, another
pancreatic peptidase, elastase, hydrolyses peptide chains at a greater number of
sites, all involving aliphatic amino acids (see Table 1.1). A knowledge of the
specificity of the enzymes that a therapeutic peptide will encounter is very
important in assessing the vulnerability of the particular peptide. It must also
be borne in mind that for many therapeutic peptides the biological activity may
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be lost by just one or two cleavages of the molecule. For example, cleavage of
one cystinyl-phenylalanyl bond in the biologically active peptide atrial
natriuretic peptide (ANP) causes loss of biological activity (Seymour et al.
1987). Thus if a biologically active peptide contained an arginine or lysine
residue at a key site, it would be attacked by the pancreatic enzyme trypsin,
which is the most abundant enzyme in the upper part of the small intestine, and
the biological activity would be rapidly destroyed. If, on the other hand the
amino acid at a key site was proline this would not be attacked by any of the
pancreatic enzymes and they would therefore pose less of a threat. The wheat
protein gliadin, responsible for the malabsorption syndrome celiac disease,
contains high levels of the amino acid proline and as a consequence after
digestion by pancreatic enzymes, the resulting digest contains relatively large
peptides, whereas other ‘normal’ proteins will be degraded to much smaller
peptides and amino acids.

Table 1.1 Bond specificity of pancreatic peptidases

Enzyme Bond hydrolysed

Trypsin —O0O—@0VO-O—
Arginine, lysine

Chymotrypsin —O0O—0VO—-0O—

Phenylalanine, tyrosine (leucine, methionine, aspartic,
glutamine, tryptophan)
Elastase —O0—0VvO—-O—
Alanine, glycine, leucine, valine, isoleucine
Carboxypeptidase A O—-—0O—-0O-0Ove
Phenylalanine, tyrosine, isoleucine (threonine, glutamic,
histidine, alanine)
Carboxypeptidase B O—0O—0O—0Ove
Lysine, arginine, hydroxylysine, ornithine

1.3 The Nucleases

The nucleases are enzymes that hydrolyse nucleic acids, either deoxyribo-
nucleases (DNases) that have DNA as the substrate or ribonucleases
(RNases) that have ribonucleic acids as the substrate. The DNases hydro-
lyse the phosphodiester linkages between the deoxyribose molecules of
DNA, and similarly, the RNases attack the equivalent bonds in RNA.
There are many nucleases found in mammalian tissues, and as in the case
of the peptidases, they can be divided into the categories endo and exo
based on whether they attack bonds in the interior of the nucleic acid
molecule or remove nucleosides from the end termini of the chains. They
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may also have broad specificity whereby they hydrolyse the oligonucleotide
chain at multiple sites or they may be highly specific for certain base
sequences. The latter is not usually the case when the nucleases are
functioning in a digestive role, but more so when they are part of complex
interactions taking place during cell division, transcription and translation.
The most important nucleases in the digestive processes are DNase I and
RNase A.

1.4 Other Enzymes

Lipases are enzymes that hydrolyse triglycerides in fats and phospholipases, as
the name indicates, hydrolyse phospholipids. Lipases remove long-chain fatty
acids from triglycerides, and they are also frequently described as having
esterase activity. There are also specific esterases described in the GI tract, for
example, carboxylesterase that is secreted by the pancreas. These enzymes are
included in the discussion because their activity may be relevant to the use of
macromolecular materials in novel formulations, particularly for oral peptide
and nucleic acid delivery.

A major group of macromolecules that will be present in the GI tract through
ingestion in the diet are the polysaccharides. The digestion/hydrolysis of poly-
saccharides in the upper gastrointestinal tract is an under-researched and
under-documented subject. Apart from the digestion of the simple polysacchar-
ides, starch and glycogen that are polyglucose with 1-4a and 1-60 glycosidic
links between the glucose monomers, there seems to be no information in the
literature concerning the digestion of more complex polysaccharides in the
upper GI tract. This seems to be very strange given that probably the majority
of proteins ingested in the human diet are in fact glycoproteins, that is, they
have groups of polysaccharides attached to the protein backbone. In eukar-
yotes the polysaccharide arrays attached to many proteins, particularly cell-
surface proteins, represent a highly variable molecular recognition system: the
simplest and best-known example being the human blood groups. In addition,
there are many complex and variable polysaccharides in the diet from plant
sources. Thus apart from salivary and pancreatic amylases, which are doted
with limited specificity, i.e. 1-4a bonds between glucoses, and some a-glucosi-
dase activity and limited disaccharidase activity on the brush border there are
no other enzymes documented to be present in the upper small intestine able to
hydrolyse the myriad of sugar—sugar bonds present in complex carbohydrates
and glycoproteins. There will be some polysaccharidase activity present in the
lumen emanating from the lysosomes of sloughed-off cells (see below), but the
contribution to the digestion of complex carbohydrates is unknown. It seems
that these complex polysaccharides are mostly hydrolysed by enzymes pro-
duced by the bacteria that inhabit the lower intestine in vast numbers (sce
Section 1.7).
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1.5 Where Are the Enzymes in the GI Tract?

Figure 1.1 shows the major sites of enzyme activity in the GI tract, and we will
consider each of these in turn. While most of the enzymes that hydrolyse macro-
molecules enter the gut in the pancreatic fluid and hence are found in the lumen of
the gut, there is significant peptidase activity located on the membranes of the
intestinal cells, the so-called brush border. Consideration should also be given to
the enzymes that are located inside the cells of the intestinal mucosa, namely, the
epithelial cells or enterocytes. This is for two reasons: first, the intestinal mucosa
has a turnover of 3-6 days in humans and this means that the enterocytes are
constantly being sloughed-off into the lumen of the gut. Thus intracellular
enzymes and brush border enzymes will be found in the lumen of the gut, though
the precise quantity is difficult to assess (see later in Section 1.6).

STOMACH
LUMEN

PANCREAS

SMALL

INTESTINE BRUSH BORDER ~ LYSOSOMES

’l‘
w‘\
COLON

CYTOSOL
LUMEN

Fig. 1.1 Location of enzymatic activity in the gastrointestinal tract.

The second reason to consider the intracellular enzymes is because of the
absorption mechanisms by which macromolecules may cross the intestinal
mucosa. There are two possible mechanisms: for relatively small macromolecules
such as therapeutic peptides and oligonucleotides, they may be able to pass via the
paracellular route between the cells, particularly if some absorption enhancers are
present. For example, Tsutsumi et al. (2008) have shown in vitro that in the
presence of chenodeoxycholate as an absorption enhancer modified oligonucleo-
tides with molecular weights of nearly 3,700 and 7,400 Da could cross rat intestine
via the paracellular route. In the case of the paracellular route the macromole-
cules will not be exposed to the intracellular enzymes and thus they will not be
subject to intracellular hydrolysis. However, macromolecules, especially larger
ones, will cross the epithelium via the transcellular mechanism of endocytosis. In
this case they will be taken into the lysosomes that contain a formidable array of
digestive enzymes (see later in Section 1.5.2).
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1.5.1 The Stomach

The stomach is the site of the initiation of protein digestion due to the presence
of the peptidase enzyme pepsin. Pepsin was the first peptidase to be described
and it is an unusual enzyme in that it is active at a very low pH, with the
optimum being around pH 2.0 for most proteins. It is a broadly specific
endopeptidase with a specificity directed towards cleaving bonds at phenyla-
lanine, methionine, leucine, tryptophan and other hydrophobic residues. It
must be noted, however, that much of the literature describing peptidase
specificities is very old and is often based on the study of a limited number
of peptide — or protein—enzyme interactions. It is highly likely that the sites of
action of broadly specific peptidases will vary according to the substrate, for
example, due to the amino acids adjacent to the amino acids at the primary site
of attack, and the information on bond specificity may need updating in the
literature. This has been elegantly demonstrated recently in a study by Werle
et al. who showed that while the 34-amino acid peptide teriparatide contained
no ‘classic’ pepsin sites, experimentally it was rapidly degraded by pepsin
(Werle et al. 2006).

In terms of oral systems for peptide delivery, modern formulation technol-
ogy ensures that the activity of pepsin can be avoided by using polymeric enteric
coatings to protect the target pharmaceutical peptide. These coatings are resis-
tant to the acid environment of the stomach but dissolve when the pH rises in
the small intestine. It is absolutely essential that any formulation being consid-
ered for the oral delivery of therapeutic peptides be coated with such materials
to ensure that the peptide is protected from the action of pepsin.

The stomach also contains an active lipase that can hydrolyse triglycerides
and so may start acting against the components of the lipidic formulations that
are becoming more common. While this enzyme may be less abundant and less
active than pancreatic lipase, there is sufficient activity to substantially initiate
lipid hydrolysis (Carriere et al. 2000).

1.5.2 The Lumen of the Small Intestine

The lumen of the intestine, especially that of the jejunum, contains the highest
concentration and diversity of enzymes that are a threat to macromolecular
drugs and macromolecular pharmaceutical formulations. The main sources of
these enzymes will be in the pancreatic juice and the sloughed-off epithelial cells.

1.5.2.1 Pancreatic Enzymes

The major group of enzymes produced by the pancreas and secreted into the
duodenum as an aqueous bicarbonate solution is the peptidases. There are three
endopeptidases, trypsin, chymotrypsin and elastase, and two exopeptidases,
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carboxypeptidases A and B. These enzymes are secreted as non-active precursor
molecules (zymogens). On the membrane of the small intestinal cells is located
the highly specific peptidase enzyme, enteropeptidase, that activates the pre-
cursor of trypsin (trypsinogen) by cleaving a small fragment off the molecule.
The activated trypsin then activates the other pancreatic peptidases as well as
being autoactivating. Note, therefore, that for the secreted peptidases of the
pancreas, they are only fully active after contact with the surface of the intest-
inal epithelium.

The generally accepted and preferred specificities of the pancreatic pepti-
dases are shown in Table 1.1. While chymotrypsin has the preferred sites of
phenylalanine it has also been reported to cleave at leucine, methionine, aspar-
agine, glutamine, and tryptophan (Berezin and Martinek 1970). This has been
clearly demonstrated by Werle et al. (2006), who showed that while the peptide
teriparatide contained neither of the preferred cleavage sites, the presence of
several leucines, asparagines and methionines meant that it was rapidly hydro-
lysed by pure chymotrypsin. It is very important to note that the enzymes work
together in a co-ordinated way: the endopeptidases trypsin and chymotrypsin
have relatively narrow specificities but after they split bonds in the peptide
chain, they leave fragments that are then substrates for the carboxypeptidases A
and B. The removal of these particular amino acids will then allow further
attack by other carboxypeptidases, for example, those on the surface of the
epithelial cells in the brush border membrane. Meanwhile, the amino termini of
the peptides generated by the endopeptidase attack will also be sites for hydro-
lysis by the many aminopeptidases present in the brush border. In addition, the
attack of one endopeptidase on a folded protein or peptide may then open up
sites to access by another endopeptidase. This idea of co-ordinated attack has a
very important bearing on the design of in vitro tests of macromolecular
stability as discussed at the end of the chapter. The endopeptidase elastase is
considered to have a broader specificity than trypsin and chymotrypsin, but as
noted earlier, the published information on peptidase site specificity may need
updating.

The other major enzymes in pancreatic juice of relevance to our discussion
are the nucleases. Human pancreatic DNase I has a molecular weight of around
30 kDa, shows maximal activity in the pH range 7.2-7.6 and requires metal ions
suchas Mn™, Mg" or Co™ in the presence of Ca ™. It is an endonuclease that
hydrolyses the phosphodiester linkages in both single- and double-stranded
DNA at multiple sites (Funakoshi et al. 1977; Takeshita et al. 2000).

The main RNase is RNase A, one of the smallest enzymes known (mole-
cular weight: 15 kDa) and remarkably stable, able to survive boiling. It attacks
single-stranded RNA, cleaving the 3’-end of unpaired cytosine and uracil
residues.

The pancreas produces several lipases, the ‘classical’ lipase (pancreatic
lipase, PL) and the pancreatic lipase-related proteins 1 (PLRP1) and 2
(PLRP2). In addition there is a protein named colipase, which is necessary for
the activity of PL. PLRP1 seems to be devoid of lipase activity, while PLRP2
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hydrolyses retinyl palmitate and galactosyl lipids (De Caro et al. 2004; Reboul
et al. 2006). In humans, the expression in pancreas of PLRP2 is much lower than
PL (Giller et al. 1992). In addition to the lipases there is also esterase activity in
the form of an enzyme called carboxylesterase or carboxy ester lipase (CEL). As
discussed later these enzymes may be relevant to the stability of macromolecu-
lar pharmaceutical formulations.

1.5.2.2 Cellular Enzymes

The brush border membrane (BBM ): The surface area of the absorbing cells
(enterocytes) of the small intestine is considerably increased by the surface
membrane being folded into microvilli. This membrane structure is known as
the microvillus membrane (MVM) or brush border membrane (BBM) and it is
rich in hydrolytic (digestive) enzymes of which the majority are peptidases. These
are at least 12 in number, and comprise endopeptidases and both amino- and
carboxy-exopeptidases. The specificity of these enzymes is shown in Table 1.2.
It can be seen that between them these enzymes can remove a wide range of
amino acids from the termini of peptide chains, particularly aminopeptidase N,
which has a broad specificity and is the most abundant of the brush border
peptidases. The substrates will be small peptides that have been produced as a
result of the action of the gastric and pancreatic enzymes on dietary proteins. The
physiological function of the brush border peptidases is to reduce any peptides
down to single amino acids, dipeptides and possibly tripeptides. These are the
maximum-sized units that are absorbed across the cell membranes and subse-
quently into the cells by specialised transport proteins. Any therapeutic peptides
that have the target amino acids at either their carboxy or amino termini will also
be hydrolysed. In addition, the presence of endopeptidase activity, particularly
the widely distributed neutral endopeptidase 24.11, ensures that larger peptide
and protein fragments are capable of being hydrolysed at the level of the brush
border as well as in the lumen of the intestine. Thus the brush border membrane
constitutes the second major enzyme barrier to therapeutic peptides. As in the
case of the pancreatic peptidases, again it is important to reiterate that the brush
border membrane presents a panel of enzymes that work in a co-ordinated
manner: the action of one enzyme may create substrates for its neighbour.

The lysosomal enzymes: The lysosomes are membrane vesicles ubiquitous to
mammalian cells and contain a panoply of hydrolytic enzymes, estimated to be
over 60 in number, that function to ‘digest’ practically any biological macro-
molecule. They are important to the discussion of oral macromolecular drug
delivery for two reasons. First, any macromolecules that escape digestion by the
pancreatic and brush border enzymes are likely to be taken up into the epithelial
cells by the process of endocytosis. In this process, the apical membrane
invaginates and the target molecules enter endocytic vesicles that then fuse
with the lysosomes and are subjected to intracellular hydrolysis by the lysoso-
mal enzymes. Second, the sloughing-off of the epithelial cells means that the
lysosomal enzymes will be released into the lumen of the intestine. They may be
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Table 1.2 Bond specificity of brush border peptidases

Enzyme Bond hydrolysed

Endopeptidases

Endopeptidase 24.11 —_O0—0O0—Ove—0O—0—
Hydrophobic amino acids

Endopeptidase 24.18 —O0—O0—OVeVO—-O—

Aromatic amino acids
Exopeptidases: amino terminus

Aminopeptidase N OO O—-O0O—-0O—
Many different amino acids

Aminopeptidase A OO O—-O0O—-0O—
Aspartic, glutamic

Aminopeptidase P OO O—-0O—-0O—
Proline

Aminopeptidase W OO O—-O—-0O—
Tryptophan, tyrosine, phenylalanine

y-Glutamyl transpeptidase OO O—-—O0O—-0O—
y-Glutamic acid

Dipeptidyl peptidase IV O—eVO—-0O0—-0O0—-0O—

Proline, alanine
Exopeptidases: carboxy terminus

Carboxypeptidase P —O0—0—-0—-0Ole

Proline, glycine, alanine
Carboxypeptidase M —O0—0—-0—-0Ole

Lysine, arginine
Peptidyl dipeptidase A —O0—0—-0—-0Oleo—e@

Many, but particularly histidine-leucine
y-Glutamyl carboxypeptidase —0—-—0O0—-0—-0Ove

(y-Glutamic acid),

less active or less stable than in the vesicles inside the cells as they will be diluted
and the pH in the intestinal lumen may be above their optimum as they are
generally most active in the pH range 5.0-5.5.

The lysosomal enzymes most relevant to our discussion are the peptidases
and the nucleases. The peptidases, also referred to as the cathepsins, comprise at
least eight exopeptidases and nine endopeptidases, which between them have a
broad range of specificities that enable them to reduce any proteins or peptides
to their constituent amino acids.

The other principal lysosomal enzyme of relevance is DNase II. This is a
ubiquitous DNase found in the lysosomes of all tissues that functions at an
acidic pH in the absence of metal ions. DNase II is considered to be a barrier to
the transfection of cells by potentially therapeutic gene sequences (Howell et al.
2003): any oligonucleotides delivered to cells for therapeutic reasons are highly
likely to be endocytosed and end up in lysosomes and exposed to DNase. Given
its acid pH optimum, whether DNase II would be very active in the lumen of the
intestine following the sloughing-off of enterocytes is not certain.
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1.6 Quantitative Aspects of Intestinal Enzymes: How Much and
How Active?

The consequences for macromolecules exposed to enzymes at different sites in
the GI tract will depend not only on the specificity of the enzymes present, but
also on the quantities and activities at any particular site. This consideration has
been considerably overlooked by many researchers. In the case of therapeutic
peptides this is particularly important, as it is the peptidase enzymes that not
only present a considerable range of specificities between them, as discussed
earlier and shown in Tables 1.1 and 1.2, but that are present in the gut in the
greatest quantities. The human GI tract has evolved to be a highly efficient
organ for the digestion of proteins and consequently contains sufficient pepti-
dase activity to completely digest gram quantities of protein in the minutes and
hours following a meal, while for therapeutic peptides, the quantities likely to be
administered are in the milligram range. The greatest threat comes from the
pancreatic peptidases: estimates of the quantity of enzymes produced by the
pancreas vary from a few grams up to 40 or 50 g a day (Kukral et al. 1965;
Magee and Dalley 1986). The quantities will show considerable inter-subject
variation, and considerable fluctuations, with increased output following
meals. What is important to note is that the quantities are gram quantities,
that is, very large amounts in catalytic terms. However, as pointed out by
Bernkop-Schniirch (1998), the amounts in protein terms do not tell us about
the activity of the enzymes, which will depend on the prevailing pH, as well as
factors such as the concentration of ions and bile salts. From published data he
calculated the activity of secreted pancreatic enzymes, which is useful for
designing in vitro stability tests, but the activities are based on the hydrolysis
of synthetic enzyme substrates. There is a serious need for information on the
activity of enzymes with physiological substrates actually present under phy-
siological conditions, but such information is hard to obtain. While there are
many studies on the constituents of pancreatic fluid, any enzyme activity
measure will not be a reflection of the intraduodenal or jejunal activity as the
pancreatic peptidases only reach full activity after interaction with enteropepti-
dase, and that is located in the apical membrane of the mucosal cells. The most
useful would be to measure enzyme activity in the fluid recovered from human
jejunum. Lindahl and colleagues (1997) intubated the jejunum in fasted human
volunteers. They blocked-off the intestine and held a tube in position with
inflatable balloons and then collected the fluid in the upper jejunum for two
and a half hours. They measured the ionic composition but unfortunately not
the enzyme activity. Such experiments, with a measure of all the enzyme
activities, would be most helpful, but are obviously ethically and technically
complicated.

The activities of some of the peptidases in the brush border membranes of
rats have been measured in attempts to identify which of the many enzymes
present are the most active and hence represent the greatest threat to
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therapeutic peptides (Woodley 1994). The aminopeptidases N, A, and P appear
to be the most active, but one has to be cautious in interpreting the data as in the
two examples cited different substrates were used and in all cases the substrates
were synthetic substrates designed to yield fluorimetric or spectrophotometric
moieties on hydrolysis and not natural peptides.

The other group of enzymes of major concern to our discussion are the
nucleases secreted by the pancreas, which are very much in the minority as
they constitute less than 1% of the pancreatic juice protein (Scheele et al. 1981).
Again this is in quantitative protein terms, and I can find no information
concerning their actual activity in the lumen of the intestine.

As discussed earlier, the other source of multiple enzyme activity in the
intestinal lumen will be from the sloughed-off cells of the intestinal epithelium,
and this will mean that the enzymes of the brush border membrane and
intracellular activities such as the lysosomal enzymes will be present. Again it
is very difficult to assess how much hydrolytic activity this might represent.
Glaeser et al. have used the intestinal lumen as a source of epithelial cells to
study metabolism (Glaeser et al. 2002). They intubated the intestine in humans
and isolated a section of 20 cm with inflatable balloons. Perfusion of the
segment yielded 56 million epithelial cells, clearly demonstrating that in man
the sloughing-off of cells into the lumen is a real phenomenon, but how much
hydrolytic enzyme activity this may represent remains to be determined. In
earlier studies, Andersen et al. had estimated in the rat that 1.6% of the total
mucosal content of the brush border aminopeptidase N was released into the
lumen per hour (Andersen et al. 1988).

1.7 The Colon

The colon has frequently been described in the pharmaceutical literature as a
site. with low enzymatic activity, particularly of peptidases, and therefore
potentially suitable for therapeutic peptide delivery. The word ‘low’ here is
very relative: while the activity of the peptidases may be lower than in the
small intestine, there is still considerable enzyme activity. Pancreatic peptidases
can survive transit through the GI tract, indeed, they have been measured in
faeces for diagnostic purposes, and so will be present in the colon. More
importantly, the colon is home to vast numbers of bacteria: up to 10''-10"?
per gram of faecal dry weight, and they produce a wide array of enzymes
(including peptidases) capable of hydrolysing more or less any macromolecule.
In addition, the slow transit time in the colon, and viscous contents, means that
any orally administered macromolecule will be exposed to the enzymes for a
considerable time, compared within the upper jejunum, for example. Therefore
as a site for the delivery and absorption of therapeutic peptides or oligonucleo-
tides, the colon is clearly not suitable. For a more detailed discussion of the
problem with respect to therapeutic peptides, including peptide degradation by
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colon contents, the reader is referred to an earlier review (Woodley 1994).
However, while the colon may be a poor site for the delivery of peptides or
oligonucleotides for absorption into the parenteral system, there is considerable
interest in delivering drugs to the colonic tissues. Diseases of the colonic tissue,
notably inflammatory diseases, constitute a major health problem in the world
today as they include ulcerative colitis, Crohn’s disease, irritable bowel syn-
drome and colorectal cancer.

As mentioned earlier, there is little or no degradation of complex carbo-
hydrates in the upper GI tract. On the other hand the gut flora produce a vast
range of enzymes, including saccharidases with specificities for a wide range
of different glycosidic bonds: mannosidases, xylosidases, galactosidases,
galacturonidases, glucuronidases, fucosidases, etc., and with specificities for
B-linkages as well as a-linkages, and thus the colon is likely to be the site for
the degradation of the complex carbohydrate side chains of glycoproteins
and of polysaccharides. For this reason, drug delivery systems are being
investigated and developed whereby polysaccharide macromolecules are
used as coating materials for drug formulations, where the need is to release
the drug for action specifically into the colon to treat colonic diseases. The
macromolecular coating material should remain intact during the passage
through the stomach and small intestine and then be hydrolysed by the
bacterial enzymes to release the drug in the colon. Candidate macromolecules
include plant gums, chitosans, pectins, chondroitin sulphates, dextrans, and
alginates (Jain et al. 2007). The enzyme activities within the colon will vary
considerably between individuals, according to the populations of the micro-
flora, which in turn will vary considerably depending on the diet and other
physiological factors. However, given the very high numbers of bacteria
present it is hard to imagine any formulation ‘saturating’ the enzymatic
capacity.

Precise information on the enzyme specificities, and particularly the quantity
of enzyme activity present in the normal human colon is not easy to find, and
underlines the principal that in the development of oral delivery systems either
for therapeutic macromolecules or using macromolecules as part of pharma-
ceutical formulations, then in vitro testing is an essential and valuable tool as
described in the next section.

1.8 The Importance of In Vitro Testing

Given the uncertainties of the quantities and the precise specificities of many
digestive enzymes, notably the endopeptidases, and the surprises that biologi-
cal systems sometimes throw up (who would have expected chitosan to be
hydrolysed by pepsin, pancreatin, a lipase or a-amylase as has been reported?
(Muzzarelli 1997; Muzzarelli et al. 1995; Yalpani and Pantaleone 1994)) any
therapeutic macromolecule or formulation destined for oral use should be
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tested in vitro at an early stage of development. Such testing can be invaluable
and can save much time and money. A brief personal anecdote illustrates my
point. Some years ago I was asked by a pharmaceutical company to explain
some pharmacokinetic data they had obtained. A formulation section of the
company had produced a controlled release formulation for oral use, whereby
a drug was to be encapsulated and thus slowly released in the GI tract. They did
classic release experiments as described by the Pharmacopeia, that is, stirring
the formulation in a ‘paddle’ apparatus in phosphate buffer (note: the intestinal
tract does not contain phosphate buffer, but bicarbonate). Sure enough the
drug was steadily released over several hours and so confident that they had a
good controlled release formulation, the company then tested it in humans. To
their incomprehension, the pharmacokinetics were exact/y the same as an
unformulated dose of the drug in solution. One look at the chemical structure
of the components of the formulation was enough for me to explain the result.
The formulation contained several components that were substrates for pan-
creatic lipase and esterase, especially in the presence of bile salts, and therefore
the drug was immediately released as the formulation was rapidly hydrolysed in
the upper intestine. Had the company tested the drug release in vitro with
pancreatic enzymes and bile salts, instead of just phosphate buffer, they would
have saved considerable expense.

1.8.1 Strategies for In Vitro Testing of the Stability of Therapeutic
Macromolecules and Macromolecular Formulations

Given the physiological conditions in the intestinal lumen and the co-ordi-
nated action of the peptidase, for example, it is important that the test
macromolecule or formulation be incubated in the presence of a mixture of
enzymes, not just with individual ones. The simplest type of experiment is to
incubate the macromolecules with a mixture of enzymes designed to simu-
late the conditions in the lumen of the upper intestine. One could use either
a mixture of the individual purified pancreatic enzymes or a pancreatic
extract such as ‘pancreatin’, which should contain all the enzymes, and is
the preparation suggested in the US Pharmacopeia for simulated intestinal
fluid (SIF), although whether the enzymes are fully active is another ques-
tion. It is important also that bile salts be added as these can influence the
enzyme activity and the solubility of the test molecules. In addition, the
enzymes of the intestinal brush border membrane should also be present. It
is difficult to simulate conditions in the human, but could be achieved by
adding a preparation of such membranes obtained from laboratory animals
by standard methods using differential centrifugation (Kessler et al. 1978).
The incubation buffer used should be bicarbonate and not phosphate.
Alternatively in the case of studies using animals (e.g. rats), the enzymes,
bile salts and test materials could be incubated in the medium surrounding
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an everted gut sac. This would be a relatively realistic simulation of the
actual in vivo situation, as both the pancreatic enzymes and the surface
enzymes of the enterocytes would be present. The difficulty of such experi-
ments is deciding on the concentrations of enzymes to use: the calculations
of Bernkop-Schniirch are perhaps a good starting point, but with the enzymes
as mixtures not as individual enzymes (Bernkop-Schniirch 1998). The best
strategy would be to use a range of different concentrations, which in vivo
would anyway vary considerably between individuals and between the fed
and fasted states. The composition and concentrations of the bile salts in the
intestine are more readily available and have formed the basis of dissolution
test media pioneered by Dressman and her colleagues (Vertzoni et al. 2004).
While these dissolution media contain bile salts, they do not, however,
contain enzymes, an absolute prerequisite for testing macromolecular stabi-
lity. While it may be possible to simulate the presence of pancreatic, brush
border enzymes and bile salts, these artificially created media would not
contain the enzymes emanating from the sloughed-off cells of the epithelium
as discussed earlier.

Therefore, another possibility in animal studies is to wash out the upper
jejunum with a small volume of bicarbonate buffer, and use this fluid as a
medium to determine the stability of a test macromolecule or formulation. A
similar approach can be used to study enzyme activities in the colon in
animals. It should be noted that the preparations should not be centrifuged,
but used in their entirety as enzymes can bind to particulate matter or are on
the surfaces of bacteria in the case of colon contents (Woodley 1991). Fluid
thus obtained from the upper intestine should contain all the pancreatic
enzymes, bile salts and sloughed-off cells, but again getting the concentrations
right is not obvious.

In many ways, the ideal test medium for pharmaceutical development and
testing the stability of putative therapeutic macromolecules would be intestinal
aspirates from the upper GI tract of human subjects, and under fed and fasted
conditions. Obtaining such aspirates is now technically quite feasible and a
number of groups have published data on the ionic and bile salt components of
the fluids thus obtained (Kalantzi et al. 2006; Lindahl et al. 1997; Perez de la
Cruz Moreno et al. 20006).

It is thus highly recommended that for any studies on the development of
formulations to orally deliver therapeutic macromolecules or develop novel
formulations composed of or containing macromolecules (including lipids
and surfactants), the first step should be a thorough investigation of the
macromolecular stability using one or all of the above strategies. In the view
of the author such studies are essential and can save much development time
and expense by enabling unstable therapeutics or formulations to be identified
or more importantly, the reverse, that is, enabling the identification of the most
stable macromolecules. For example, in the case of therapeutic oligonucleo-
tides, the chemical analogues that are the most stable in the GI tract would be
identified.
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1.9 Conclusions

The human intestine has evolved as a highly efficient organ to digest
(i.e. hydrolyse) practically all the macromolecules in the human diet (albeit
with the help of a few trillion bacteria!) with the exception of some plant fibres.
To do this it possesses a formidable array of enzymes. This is particularly true
for the digestion of proteins and peptides where peptidases are found in the
stomach, are secreted by the pancreas in considerable quantities and are found
on the surface of and inside intestinal epithelial cells. These enzymes work in a
co-ordinated fashion to rapidly hydrolyse proteins. They present the major
difficulty for designing oral delivery systems for therapeutic peptides, which
may explain why 86 years after the first attempt to orally administer insulin
(Bliss 1982), there is still not an oral insulin product available for diabetics.

While there are enzymes in the GI tract that hydrolyse oligonucleotides, it
would appear that these enzymes are produced in lower amounts, but more
precise qualitative and quantitative data are badly needed. The same is true for
other macromolecules such as chitosan, used in experimental formulations,
where there are some reports of its susceptibility to enzymes found in the GI
tract, but no direct data. Many researchers have either ignored or are not aware
of the considerable enzymatic potential of the human intestine, particularly
with respect to peptides. It is essential that research in this field be multi-
disciplinary involving pharmaceutical scientists, chemists, and biologists who
understand the processes of digestion and absorption. It is also essential that
recognised and established in vitro testing strategies be developed to test the
stability of therapeutic macromolecules and macromolecular formulations in
the early stages of pre-clinical development.
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Abstract A family of glycoproteins, known as gel-forming mucins, endow
gastrointestinal mucus with its characteristic viscoelastic and biological proper-
ties. In the mucus, these large oligomeric glycoproteins are organized into
entangled networks that occasionally can be stabilized by non-covalent inter-
actions as in the stomach lumen. This network is a formidable chemical and
physical barrier that not only protects the underlying epithelia but also limits
the usefulness of orally administered drugs. In this chapter, I review the mole-
cular and cellular properties of gel-forming mucins and how these macromole-
cules are organized into a tri-dimensional network to form the gastrointestinal
mucus gel barrier.

2.1 Introduction

Between the gastrointestinal lumen and the epithelial cells there is a viscous
solution, known as mucus, which lubricates the epithelia, helping in the passage
of substances and particles through the digestive tract, and forms a protective
layer against noxious chemicals, microbial infections, dehydration, and chan-
ging luminal conditions. Moreover, the gastrointestinal mucus harbors anti-
microbial peptides and proteins involved in the epithelia innate and adaptative
immunity systems and hundreds of different microorganisms inhabiting the
different areas of the gastrointestinal tract. Mucus appears to be a source of
energy for the enteric microbiota, allowing intestinal colonization by the adher-
ing microorganisms. Simultaneously, mucus permits the selective diffusion of
nutrients and other compounds from the lumen toward the epithelial layer and
accordingly is a major barrier against orally administered drugs. Although
mucus is a complex aqueous solution of proteins, lipids, ions, carbohydrates,
etc., a family of glycoproteins, the gel-forming mucins, is largely responsible for
mucus viscoelastic and adhesive properties. All five gel-forming mucins identi-
fied in humans are found in the gastrointestinal system, although they are
differentially distributed along the tract. MUCS5B and MUCI19 are expressed
in the oral mucosa while MUCS5AC and MUCS6 are the major mucins expressed
by gastric goblet and submucosal gland mucous cells, respectively. Finally,
MUC?2 is the main intestinal mucin under non-pathological conditions.
Gel-forming mucins are among the largest proteins known in nature with
thousands of amino acid residues per monomer and molecular weights in the
millions. Considering the key functions of the mucus barrier, it is not surprising
that mucin gene expression, biosynthesis, and secretion are highly regulated.
This chapter is focused on the molecular and cellular properties of gel-forming
mucins and how these macromolecules are organized into a tri-dimensional
network to form the mucus gel barrier. Excellent reviews on physiological and
pathological aspects of the gastrointestinal mucus barrier can be found in the
literature (e.g., Allen and Flemstrom 2005; Bi and Kaunitz 2003; Lievin-Le
Moal and Servin 2006; Nochi and Kiyono 2006; Ham and Kaunitz 2007).
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2.2 Mucin Structural Properties
2.2.1 Multi-domain Organization

Mucin polypeptides comprise thousands of amino acid residues organized into
different protein domains with specific structural and/or functional properties
(Fig. 2.1) (Perez-Vilar and Hill 1999; Dekker et al. 2002).
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Fig. 2.1 Multi-domain structural organization of gastrointestinal gel-forming mucins. Sche-
matic drawings (not at scale) of the different domains found in gastrointestinal mucins and
their roles. Note that while the cysteine-rich domains (D-, CS-, C-, and CK-domains) have a
similar length among mucin alleles, the O-glycosylated regions, except in the case of MUCS5B,
differ in size, a feature not shown in the drawings
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2.2.1.1 Mucin (O-Glycosylated) Domains

The structure of mucins is dominated by the presence of a prominent, centrally
located domain formed by threonine and/or serine-rich repeated sequences in
their polypeptide chains. O-Linked oligosaccharides are covalently bound to
these residues, resulting in the formation of highly glycosylated domains,
known as the O-glycosylated domains, mucin domains, or the tandem repeat
domains (TRDs). The sequence, length, and number of the serine/threonine-
rich repeats vary among mucins. While in MUC2, MUCS5AC, and MUCS5B the
central O-glycosylated domains are separated by unglycosylated domains, the
structure of the mucin domain of MUC6 and likely MUC19 is less complex as it
comprises a single, continuous O-glycosylated region (Chen et al. 2004; Rous-
seau et al. 2004) (Fig. 2.1). It has been long assumed that the lack of secondary
structures in the mucin domains is an indication that these domains function as
a scaffold for O-linked oligosaccharides (Eckhardt et al. 1987). However, it can
be argued that the lack of stable secondary structure plus the high density of
O-glycans in the mucin domains are the two critical factors that make mucins
highly flexible, random-coil macromolecules suited for forming mucus gels (see
Sections 2.2.2.1 and 2.5.1).

2.2.1.2 CS-Domains

Besides the prominent mucin domains, gel-forming mucins have other domains
(i.e., CS-, D-, C-, and CK-domains as shown in Fig. 2.1) (Perez-Vilar and Hill
1999; Dekker et al. 2002) characterized by being (a) under-glycosylated,
although most have one or more N-linked oligosaccharide chains (see Section
2.2.2.2); (b) rich in cysteine residues; (c) conserved among different mucins and
other families of extracellular proteins; and (d) globular structures with -
helices and pleated sheets, as predicted by their primary sequences, and few or
no free thiols (e.g., Perez-Vilar et al. 1998). In MUC2, MUCS5AC, and MUCS5B,
but not MUCG6 and likely MUCI19, the mucin domain is interrupted by several
copies of an ~100 amino acid-long Cys-rich domain, known as the
Cys-subdomain or CS-domain, which is likely C-mannosylated (see Section
2.2.2.3) and could be involved in weak, non-covalent mucin-mucin interactions
(Perez-Vilar et al. 2004). These rather hydrophilic domains are highly homo-
logous with amino acid identities that range between 80 and 100% (Dessein
et al. 1997; Escande et al. 2001).

2.2.1.3 D-Domains

Three NH,-terminal D-domains, designated D1, D2, and D3, are found in all
gel-forming mucins whereas a fourth D-domain, named D4, is at the COOH
terminus of MUC2, MUCSAC, and MUCS5B but not MUC6 and MUC19 (Fig.
2.1) (Perez-Vilar and Hill 1999; Dekker et al. 2002; Chen et al. 2004; Rousseau
et al. 2004). A partial D-domain, D’, is between D2 and D3 in all of them. Each



2 Gastrointestinal Mucus Gel Barrier 25

D-domain, which contains up to 30 cysteines and up to ~400 amino acid
residues, shows significant sequence identity with the other D-domains,
especially the cysteine, glycine, and proline residues. Further analysis of
the D-domain sequences has defined a potential domain, known as the
trypsin inhibitor-like cysteine-rich domain (TIL) within each D-domain
sequence (Lang et al. 2004). The NH,-terminal D-domains are involved
in formation of mucin disulfide-linked oligomers/multimers (Perez-Vilar
and Hill 1999; Perez-Vilar and Mabolo 2007; see Section 2.3.2).

2.2.1.4 C- and CK-Domains

The COOH-terminal of 240-350 residues in MUC2, MUC5AC, MUCS3B,
and MUCI19 comprises two different Cys-rich domains (Fig. 2.1). The first
140-250 residues in this domain have sequence identity with the C-
domains of von Willebrand factor whereas the remaining residues from
the COOH terminus have sequence identities with the CK-domain at the
COOH terminus of many extracellular proteins and the “cystine-knot”
super family of proteins (Sun and Davies 1995; Sadler 1998; Perez-Vilar
and Hill 1999). In contrast to the other gel-forming mucins, the CK-
domain is the only Cys-rich domain at the COOH terminus of MUC6
(Rousseau et al. 2004). The CK-domain provides the Cys residues that
form interchain disulfide in mucin dimers, which later are assembled into
mucin oligomers/multimers (see Section 2.3.1).

2.2.2 Glycosylation

2.2.2.1 O-Glycosylation

Mucin-type O-linked oligosaccharides are covalently bound to the hydro-
xyl groups of Ser and Thr residues in the mucin domains. In these glycan
chains, the first monosaccharide residue is always N-acetyl-galactosamine,
which is followed by variable numbers of galactose, fucose, N-acetyl-
galactosamine, sialic acid, and other monosaccharides arranged in linear
or branched structures (Spiro 2002). Sialic acid and fucose residues are
usually sulfated (Brockhausen 2003) whereas the former rests can be O-
acetylated (Klein and Roussel 1998). Since O-glycans comprise up to 90%
of the weight of the native mucins, it is not surprising that they are largely
responsible for the biochemical, biophysical, and functional properties of
these glycoproteins. First, O-glycans are very diverse and, accordingly,
mucins can interact with many different compounds and microorganisms.
Second, the high density of O-glycan chains makes difficult the rotation of
the peptide bonds in the mucin domains, which result in extended, though
flexible, polypeptide chains with large hydrodynamic sizes (Jentoft 1991;
Gerken 1993; Hong et al. 2005). Since mucins occupy large volumes in
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solution, mucin chains overlap and form entanglements at very low
concentrations (see Section 2.5.1). Third, sialic and sulfate residues in O-
glycans are responsible for the polyanionic nature of mucins. High nega-
tive charge density contributes to the stiffness of mucin polypeptides
(Jentoft 1991; Gerken 1993) and also permits mucins to absorb large
amounts of water molecules. Moreover, polyanionic mucins likely are
necessary for the accumulation of mucin inside mucin granules and for
the expansion of the intragranular mucins upon exocytosis (see Sections
2.4.1 and 2.4.2.2). Besides these roles, it has been recently reported that O-
glycans in the human gastric mucins likely function as a natural antibiotic
against Helicobacter pylori (Kawakubo et al. 2004).

2.2.2.2 N-Glycosylation

The D-, C-, and CK-domains in mucins are modified with one or more
N-linked oligosaccharide chains. This kind of glycan differs from the
mucin-type O-linked oligosaccharides in that they are added to asparagine
residues in N-glycosylation Asn-X-Ser/Thr acceptor motifs, have mannose
residues, a monosaccharide absent in O-glycans, and are less diverse (Spiro
2002). Similar to O-glycan chains, N-glycans can be sialylated and sulfated.
The role of protein N-glycosylation in mucins is still somewhat controver-
sial but appears to be related to the folding of nascent polypeptides in the
endoplasmic reticulum (Strous and Dekker 1990; Perez-Vilar et al. 1996;
Bell et al. 2003). Both N- and O-linked oligosaccharide chains display cell-
type differences in their composition and length that likely reflect the
particular repertoire of glycosyltransferases available.

2.2.2.3 C-Mannosylation

The major structural characteristic of mucin CS-domain primary sequences
is the presence of one C-mannosylation Trp-X-X-Trp acceptor motif in the
NH,-terminal side of the domain. Studies with recombinant mucin CS-
domains suggest that these acceptor motifs are C-mannosylated (Perez-
Vilar et al. 2004), although detection of C-mannoses in native mucins
has not yet been reported. C-Mannosylation differs from O- and
N-glycosylation in that it involves a covalent attachment of a single a-
mannose residue to the indole C2 carbon atom of the first tryptophan
residue in Trp-X-X-Trp peptide motifs (Spiro 2002). The function of
protein C-mannosylation is unknown at present, although the available
evidence suggests that it contributes to the folding of the mucin polypep-
tide or some aspect of the secretion process (Perez-Vilar et al. 2004;
Mabolo and Perez-Vilar, unpublished observations). The weak homotypic
interactions among mucin Cys subdomains appear to be independent of
C-mannosylation (Perez-Vilar et al. 2004).
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2.2.3 Oligomerization| Multimerization

In the mucus, gel-forming mucins are found as disulfide-linked oligomers with
variable degree of oligomerization (Fig. 2.2) (Perez-Vilar and Hill 1999; Perez-
Vilar and Mabolo 2007). Only mucin oligomers with 16 or less units have been
reported, although the mechanism of mucin covalent assembly (see Section 2.3)
should make possible the formation of larger oligomers and perhaps even

A

MUCIN MONOMER
(structure, domains,
glycosylation, etc)

MUCIN OLIGOMER/MULTIMER
(# monomers, interactions, etc)

MUCIN POLYMER CHAIN "*-
(L, I, N, d, Vetc)

MUCIN POLYMER SOLUTION
(¢, interactions, &, D, n, etc) )
Mucin network (gel)

uncondensed condensed

N
S 2
(Cla\;

Dilute (6 < ¢) Overlap (6= 09  semidilute (6> ¢)

Fig. 2.2 Different levels of structural organization in gel-forming mucins. From the biochemical
point of view (a), mucin polypeptides have very complex multi-domain structures and glycosyla-
tion patterns and thousands of amino acids per monomer. Moreover, the monomers are
assembled into disulfide-linked oligomers/multimers that have contour sizes of several microns.
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Fig. 2.3 Organization of mucin disulfide-linked oligomers/multimers. Schematic representation
of the two types of disulfide-linked oligomers/multimers in mucins. Biophysical and electron
microscopy studies are consistent with mucin forming linear oligomers/multimers such as in the
case of MUC5B, MUCSAC, and MUC6. However, biochemical and microscopy studies with
recombinant mucins have provided strong evidence that pMUCI9, the porcine counterpart of
MUCI19, and MUC?2 form branched oligomers/multimers. In all cases, the monomeric subunits
are bound by linkages linking their respective NH- and COOH-terminal regions. Rectangles
indicate the NH-terminal D-domains while circles and the bars represent the COOH-terminal
CK-domains and the O-glycan chains, respectively

<

Fig. 2.2 (continued) Because the O-glycosylated regions, which lack stable secondary struc-
tures, are predominant in size, mucin oligomers/multimers are basically very long, flexible
random coils. Hence, from the physical point of view (b), mucin oligomers/multimers can be
defined as polymers of N freely jointed Kuhn segments (see Section 2.5.1). At this level, the
biochemical features of mucins are secondary and, indeed, a number of properties can be
described in terms of N. Mucin chains occupy large spherical volumes (¥) and continually
change from one conformation to another. As mucin concentration increases, the chains start
to overlap and eventually form entangled networks or gels, likely stabilized by other interac-
tions (see Section 2.5.2). Due to mucin high intracellular concentration, cellular mucins are
presumably forming gels (see Section 2.4.1). Interestingly, volume of polymeric gels can be
modulated by phase transitions, which shrink or swell the gel upon changes on environmental
parameters (pH, ions, temperature, etc.). Phase transitions are likely exploited during mucin
granule biogenesis and also exocytosis (see Section 2.4). Rectangles indicate the NH-terminal
D-domains while circles and the bars represent the COOH-terminal CK-domains and the
O-glycan chains, respectively
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multimers (Perez-Vilar and Hill 1999; Perez-Vilar and Mabolo 2007). In mucin
oligomers/multimers, the NH»-terminal D-domains and COOH-terminal CK-
domain of each monomer form interchain disulfide bonds with the correspond-
ing domains in different monomers, i.e., D-to-D and CK-to-CK (Fig. 2.2).
Although it was long presumed that all gel-forming mucin oligomeric/multimeric
chains would be linear such as in the case of MUCS5AC and MUCS5B, other
studies support the notion that some mucins (e.g., MUC2 and likely MUC19)
are assembled into branched oligomers/multimers (Fig. 2.3) (Perez-Vilar et al.
1998; Perez-Vilar and Hill 1999; Gold et al. 2002). Such disparate mechanisms
might originate from the potential capability of the mucin amino-terminal
regions (containing the D1-, D2-, and D3-domains) to form disulfide-linked
homodimers, in the case of linear chains, or alternatively disulfide-linked homo-
trimers in branched mucins, whereas the corresponding CK-domains can only
form disulfide-linked homodimers (see Section 2.3). The predicted tertiary struc-
ture of dimeric CK-domains (e.g., Meitinger et al. 1993) suggests that the two
monomers are oriented in an antiparallel configuration, which projects the
respective mucin polypeptides toward opposite directions. This is important to
maintain the extended structure of the mucin disulfide-linked oligomeric chains.

2.2.4 Molecular Polydispersity

Native or purified gel-forming mucin solutions are molecularly polydisperse,
i.e., contain a mixture of chains with different masses. Polydispersity originates
by four major mechanisms. First, mucin genes have different alleles (e.g.,Vinall
et al. 2000). Mucin genes consist of large, central exons, encoding the entire
mucin domains, while genomic sequences encoding other domains are com-
prised of short exons interrupted by large introns. Mucin alleles differ in the
number of tandem repeats encoded by their respective central exon, a feature
known by the acronym VNTR (variable number of tandem repeats). The
biological and pathological significances of having a larger or a shorter allele
are not yet fully understood. However, the fact that, for instance, MUC?2 has
more than six recognized alleles that range from 3 to 9 kb (Vinall et al. 2000)
clearly points to important differences in the viscoelastic property of mucus
with different alleles combinations as many properties of random-coil macro-
molecules such as mucins depend on its length (see Section 2.5.1).

Second, the type of N- and O-linked oligosaccharides present in mucins can
change within the organ, the tissue, the differentiation state, or during patho-
logical conditions (e.g., Veerman et al. 2003). This variability creates glyco-
forms of otherwise identical mucins that contribute to the differential location
of carbohydrates along the gastrointestinal tract revealed in histological pre-
parations using carbohydrate- and/or sulfate-staining solutions (e.g., neutral
vs. acidic mucins) and lectins or sugar-specific antibodies (see Deplancke and
Gaskins 2001 and references therein). For instance, acidic mucins are
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predominant in the large intestine, although it must be noted that all these
carbohydrate-specific probes will stain, besides gel-forming mucins, mem-
brane/tethered mucins such as MUCI, MUC3, and MUC4, proteoglycans,
and other glycoproteins.

Third, Proteolysis is a well known contributor to mucin molecular polydis-
persity. Though some of the proteolytic cleavages can be artifactual (e.g.,
Eckhardt et al. 1991), there are a wide range of mucinases that contribute to
mucin degradation and some mucins can be cleaved intracellularly during their
biosynthesis (see Section 2.3.2). Finally, the mechanism of mucin covalent
oligomerization/multimerization likely generates a mixture of chains that differ
in the degree of oligomerization with a minimal number of two monomers per
chain (see Section 2.3) (Perez-Vilar and Mabolo 2007).

2.3 Mucin Biosynthesis and Intracellular Processing

Mucins are predominantly synthesized in and secreted from superficial goblet
and, when present, submucosal glandular mucus cells by a complex process that
involves the endoplasmic reticulum and the subcompartments of the Golgi
complex (Fig. 2.4) (reviewed by Perez-Vilar and Hill 1999; Perez-Vilar and
Mabolo 2007). Although the major biochemical steps and key cellular aspects
occurring during mucin biosynthesis have been uncovered, virtually no signifi-
cant data on the intracellular trafficking of mucin precursors, except for the early
microscopic studies (e.g., Neutra et al. 1984; Roth et al. 1994), are currently
available (Perez-Vilar 2007; Perez-Vilar 2008).

2.3.1 Endoplasmic Reticulum

Nascent mucin polypeptides are translocated into the endoplasmic reticulum
lumen, where they are folded, N-glycosylated, and C-mannosylated (McCool
et al. 1999; Perez-Vilar and Hill 1999; Perez-Vilar et al. 2004). The coordination
and timing of these modifications as well as the specific roles of resident chaper-
ones and foldases are still unclear. Mucin covalent assembly begins in the
endoplasmic reticulum lumen by formation of disulfide-linked homodimers via
the COOH-terminal CK-domains (Fig. 2.4). Of the 11 cysteine residues in the
CK-domain only 3 cysteine residues appear to be critical for interchain disulfide
bond formation in mucins (Perez-Vilar et al. 1998a). Specifically, the Cys-X-Cys-
Cys peptide motif is likely to form an interchain disulfide in all the proteins with
COOH-terminal CK-domains, including among others von Willebrand factor
(Sadler 1998) and norrin (Perez-Vilar and Hill 1997). Studies with de-glycosy-
lated mucins (e.g., Rose et al. 1984, Shogren and Gerken 1989) support the
notion that in the endoplasmic reticulum mucin polypeptides are largely forming
rather globular structures.
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Fig. 2.4 Biosynthesis of gel-forming mucins. Schematic representation of the major steps
occurring during the biosynthesis of mucins. Mucin biosynthesis is a sequential process that
starts in the endoplasmic reticulum and ends in the trans-compartments of the Golgi complex.
Formation of disulfide-linked oligomers/multimers involves two steps: dimerization in the
endoplasmic reticulum and interdimeric disulfide bonding in the Golgi complex. O-Glycosy-
lation of dimeric precursors results in more extended but still flexible chains. See text for
further details. Rectangles indicate the NH-terminal D-domains while circles and the bars
represent the COOH-terminal CK-domains and the O-glycan chains, respectively

2.3.2 Golgi Complex

Once the mucin dimeric precursors reach the Golgi complex, they are O-
glycosylated and N-glycosylation is completed. In vitro studies with purified,
de-glycosylated gel-forming mucins (Rose et al. 1984, Shogren et al. 1989;
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Gerken 1993; Hong et al. 2005) suggest that initiation of O-glycosylation,
i.e., the addition of N-acetyl-galactosamine to the hydroxyl groups in Ser
and Thr residues, results in a drastic structural change. As mentioned
above, the high numbers of consecutive O-N-acetyl-galactosamine residues
in the mucin domains prevent free rotation around the anomeric carbon,
which results in the formation of random coil dimeric molecules with
extended, rather than globular, flexible conformations (Gerken 1993).
Mucin O-glycosylation and sulfation continues in the medial- and trans-
Golgi compartments where the requisite glycosyltransferases for elongation
and termination of the oligosaccharides and sulfotransferases are located.
Repulsion among sulfate and sialic acid residues likely contribute to the
stiffness of the mucin polypeptides (Jentoft 1991, Gerken 1993).

Mucin covalent oligomerization/multimerization is also completed in the
late compartments of the Golgi complex by formation of disulfide bonds
connecting the NH,-terminal D-domains in different mucin dimeric precursors
(Fig. 2.4) (see reviews by Perez-Vilar and Hill 1999 and Perez-Vilar and Mabolo
2007 and refs. therein). The first cysteine in the conserved Cys-X-Trp-X-Tyr-X-
Pro-Cys-Gly peptide motif in the D3-domain is forming an interchain disulfide
bond in mucin multimers whereas the Cys-Gly-Leu-Cys-Gly peptide motifs
at the D1- and D3-domains, respectively, are critical for the oligomerization/
multimerization mechanism (Perez-Vilar and Hill 1998b). Because similar
motifs are found in the catalytic center of cysteine/cystine oxido/reductases
(Noiva 1994), it was proposed that mucin multimerization is a self-catalyzed,
pH-dependent process in which the Cys-Gly-Leu-Cys-Gly in the D1-domain
would be required for disulfide bond formation in the acidic trans-Golgi
compartments (Perez-Vilar et al. 1998; Perez-Vilar and Hill 1999). Consistent
with this view, purified polypeptides comprising the entire mucin NH,-terminal
D1-, D2-, and D3-domains are able to form interchain disulfide bond species
when incubated in acidic buffers in the absence of any cellular component
(Perez-Vilar, unpublished observations). A self-catalytic mechanism raises the
intriguing possibility of mucin extracellular oligomerization/multimerization if
certain conditions are met (Perez-Vilar and Boucher 2004).

Some proteolytic processing of the mucin precursors likely takes place
while MUC2 and MUCSAC are in the endoplasmic reticulum and/or the
acidic trans-Golgi complex compartments (e.g., Lidell et al. 2003; Lidell
and Hansson 2006). The cleavage involves the peptide bond between Asp
and Pro in the Gly-Asp-Pro-His peptide motif, which is located in the
COOH-terminal D4-domain. Since the resulting fragments can only be
detected when disulfide bonds are reduced, it is unclear what the biological
significance of this proteolytic processing is, although they may contribute
to further cross-linking of the mucin chains by the reactive group in the
new COOH terminus (Lidell and Hansson 2006). Proteolytic processing of
native gel-forming mucin amino-terminal D-domains has been previously
reported (e.g., Wickstrom and Carlstedt 2001).
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2.4 Mucin Intracellular Storage and Secretion

Gel-forming mucins are secreted from the apical domain of goblet/mucus cells
by constitutive (baseline) secretion via the continuous (low rate) discharge of
mucin granules and by regulated secretion, which involves the rapid discharge
of mucin granules in response to specific agonists (Forstner 1995; McCool et al.
1995). Whether mucins are also constitutively secreted by small vesicles/tubules
departing from the frans-Golgi network, as in other secretory cell types, is an
interesting possibility that awaits experimental evidence.

2.4.1 Mucin Granule

The biogenesis of the 0.5-2.0-um mucin granule is virtually an unexplored field
and subject of speculations mostly based on data obtained from other cell types
(reviewed in Perez-Vilar 2008). However, the generation of HT29-18N2 colon
adenocarcinoma cells expressing a fluorescent protein that is sorted and accu-
mulated in the mucin granule has made possible to study the granule lumen by
FRAP (fluorescence recovery after photobleaching) under different experimen-
tal conditions (Perez-Vilar et al. 2005a, 2006). FRAP provides a conceptually
simple and straightforward method to characterize organelles in live cells
(Snapp et al. 2003). In a typical FRAP experiment, an area of interest is
bleached at high laser power and the recovery of the fluorescence, i.c., the
diffusion of the non-bleached molecules inside the bleached area followed
over time. Important information can be derived from the fluorescence recov-
ery curves that is pertinent to the environment where the fluorescent tracer is
confined. The results from these FRAP studies are consistent with the following
conclusions (reviewed in Perez-Vilar 2007, 2008): (a) the mucin granule lumen is
organized into a pH-dependent immobile, condensed (mucin) matrix mesh-
work, which has an average pore size of 5-10 nm, embedded in a fluid phase;
(b) proteins and ions in the fluid phase can diffuse through the meshwork pores
and interact with their components; (c) charge density (i.e., the degree of mucin/
glycoprotein sialylation and sulfation) of the mucin matrix and other intragra-
nular glycoproteins, and also the length of their O-glycans, determine the
mobility of secretory proteins through the matrix pores; (d) mucin O-glycans
affect the accessibility of luminal proteins to the matrix protein-rich regions; (¢)
intraluminal acidic pH and high [Ca®*] (Kuver et al. 2000; Chin et al. 2002)
maintain the condensed meshwork by stabilizing the entanglements among the
mucin chains (see Section 2.5.1); and (f) protein—protein interactions involving
mucin disulfide-rich domains (i.e., D-, CS-, C- and/or CK-domains) are not
required to maintain the matrix organization but they may be important during
the early stages of granule biogenesis when the pH is less acidic. As discussed in
Section 2.4.2.2, once in the extracellular medium the intragranular matrix will
be swollen, i.e., the average pore of the meshwork will increase, but the mucin
meshwork and its biochemical properties are likely the same.
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2.4.2 Mucin Granule Exocytosis

2.4.2.1 Regulatory Aspects

Mucin granule exocytosis is triggered by a wide variety of stimuli, including
inflammatory and neuroendocrine mediators, nucleotides (ATP and UTP),
nutritional factors, bacterial toxins and exoproducts, hormones, reactive oxy-
gen species, and apical membrane disruption. Although much work is still
needed to understand the regulatory networks involved, three tentative conclu-
sions can be proposed from the published data. First, most stimuli increase both
mucin gene expression and secretion (e.g., Hong et al. 1997, 1999; Plaisancie
et al. 2006; Zoghi et al. 2006). It appears, therefore, that mucin-regulated
discharge is coupled with the corresponding increase of MUC gene expression,
which may just reflect the need to replenish the intracellular mucin pool of
goblet /mucous cells.

Second, irrespective of the stimuli, a protein kinase C (PKC)-dependent
pathway is part of the mucin regulatory network (e.g., Hong et al. 1997, 1999;
El Homsi et al. 2007). Specifically, studies with mucin-producing cell lines
suggest the participation of the nPKCe isoform (Hong et al. 1999). A similar
PKC-dependent signal pathway could function in mucin-producing cells of the
middle ear (Lin et al. 2000), intrahepatic biliary tract (Zen et al. 2002), and
respiratory tract (e.g., Ehre et al. 2007; Park et al. 2007), although conflicting
results have been reported regarding the specific PKC isoform that mediates the
response in respiratory cells. MARCKS (myristolated alanine-rich C-kinase
substrate) is likely one of the proteins phosphorylated by PKC in the airway
goblet cells during mucin-regulated secretion (Park et al. 2007). Thus, upon
phosphorylation by PKC, MARCKS would bind to the mucin granule and
somehow mediate interactions with microfilaments necessary for granule sort-
ing and attachment to the plasma membrane (Li et al. 2001). Besides the PKC-
dependent pathway, other pathways can mediate mucin secretion in gastroin-
testinal goblet cells, including protein kinase A- (e.g., Bradbury 2000) and
phosphatidylinositol 3-kinase-mediated. (Plaisancie 2006) pathways.

Third, increase of cytosolic [Ca®"] is a crucial event during the exocytotic
mechanism of mucin granule as for any regulated secretory granule (Burgoyne
and Morgan 2003). Indeed, it is well established that Ca®>* ionophores (e.g.,
ionomycin) are robust mucin secretagogues whereas Ca>" chelators (e.g.,
BAPTA) inhibit secretagogue-triggered mucin secretion. Inositol-tri-phosphate
(IP5)-dependent Ca" release from the endoplasmic reticulum, which in living
goblet cells appears to engulf the granules (Perez-Vilar et al. 2005b), the mucin
granule lumen (Chin et al. 2002), or the extracellular medium (e.g., Miyake et al.
2006), has been proposed as likely sources for calcium. Extracellular Ca® ™ is the
main source when mucin secretion is triggered by plasma membrane disruption
(Miyake et al. 2006). In any case, an exchange of intragranular Ca®" by
cytosolic monovalent ions (K * and/or Na ) might trigger the Ca®* -dependent
fusion of the mucin granule and the plasma membrane (Verdugo 1990; Nguyen
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et al. 1998). In this respect, our FRAP studies suggest that a change in the
intragranular organization is sufficient to trigger granule partial discharge in
the absence of secretagogue activation (Perez-Vilar et al. 2000).

2.4.2.2 Biochemical/Biophysical Aspects

Once the intragranular condensed mucin network (see Section 2.5.1) makes
contact with the extracellular medium, it diffuses into the latter compartment
and gradually swells. The swelling of the mucin granule matrix, as determined
by video-enhanced microscopy (Verdugo 1990; Verdugo 1991), follows the
same kinetics observed during the swelling of spherical synthetic gels (Li and
Tanaka 1992), which is characterized by the following relation:

R2
123

(2.1)

where 7 is the characteristic time of swelling of the gel, i.e., the time taken by
the gel to reach a radius half the value of its final radius (R), i.e., once the gel
is fully swollen, and D is the collective diffusion of the gel into the aqueous
medium (Li and Tanaka 1992). Since the swelling of these synthetic gels can
be explained by a volume phase transition, a universal physical phenomena
that occurs when a small change in an environment parameter (pH, tempera-
ture, ionic composition, etc.) results in a drastic change in one or more of the
forces operating in a gel (i.e., chain—chain interactions, osmotic pressure, and
elasticity; Li and Tanaka 1992) and ultimately the collapse (or swelling) of
the gel, it was proposed that the same mechanism could explain mucin gel
expansion during granule discharge (Fig. 2.2) (Verdugo 1990, 1991). The
displacement of the intragranular Ca®", which cross-links and shields the
polyanionic mucin chains in the granule lumen, by extracellular monovalent
ions is thought to allow the repulsion among mucin chains, i.e., alters the
chain—chain interactions, eventually resulting in gel swelling. Consistent with
this notion, intragranular matrix expansion can be prevented by increased
levels of extracellular Ca®" and acidic pH (Verdugo 1991). Because phase
transitions are reversible, a volume phase transition could in part explain the
condensation of the mucin matrix during granule formation (Perez-Vilar
2007, 2008).

The “freshly” discharged and swelled mucus is now free to flow and anneal
with the extracellular mucus gel. Since the same tracer protein diffuses at least
150-fold faster in the extracellular matrix than in the intragranular mucin
matrix (Perez-Vilar et al. 2005a; Perez-Vilar, unpublished observations),
which has an average pore size of 5-10 nm, the mucus network mesh size
might be in the micron range (see Section 2.7).
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2.5 Mucin Extracellular Organization

The rheological properties of mucus and purified mucin solutions range from
those of a gel (e.g., gastric mucus), i.e., with viscoelastic properties, to a viscous
aqueous solution (e.g., saliva) depending on the mucus source, water content
(i.e., mucin concentration), and the presence of other components, including
ions, proteins, DNA, and lipids. However, in its simple state, mucus can be
considered an aqueous mucin solution and, accordingly, its properties are
governed by the properties of mucin macromolecules in solution. Because
mucin polypeptides are dominated by the central, O-glycosylated mucin
domain, which essentially does not have secondary structure (see Sections
2.2.1.1 and 2.2.2.1), it is not surprising that mucin macromolecules in solution
behave like random coil polymers, meaning that the mucin chains are highly
flexible and continually change from one conformation to another (Fig. 2.2).
Accordingly, the same physical principles that describe the properties of ran-
dom coils of less complex, synthetic polymers are valid to fully appreciate the
importance of mucin macroscopic organization.

2.5.1 Mucin Entanglements

The formation of mucin entangled networks can be reasonably understood when
experimental parameters obtained with mucin solutions are considered under
basic principles of polymer physics (Doi and See 1995; see also Perez-Vilar 2007
and references herein). For instance, an MUCSAC linear 16-mer oligomer has a
contour length (L), i.e., the end-to-end length, of ~8 um. Since gel-forming
mucin chains in solution behave like random coils and have Kuhn or effective
segments (/), i.e., the minimal polypeptide segment that can be considered rigid,
ranging from 30 to 60 nm and a diameter ¢ between 5 and 10 nm (Verdugo 1990;
Bansil et al. 1995; Bansil and Turner 2006), mucin chains in diluted solutions can
be considered to be physical polymers comprising N ~ /'L freely jointed
cylindrical subunits and a spherical solution volume (V) (Fig. 2.2) that can be
approximated by the following expression:

ax ™ 22
Vi dx 245 22)
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Hence, for a 16-mer mucin chain, N and ¥ would range from ~134 to ~268
and from ~0.076 to 012 pm®, respectively. It can be concluded that due to their
long sizes and flexibility mucin chains tend to occupy large volumes of the
solution in which they are diluted.

Above certain concentration (the threshold concentration or ¢*), the polymer
chains begin to overlap and form entanglements and eventually a heavily
entangled network or gel (Fig. 2.2) (Doi and See 1995). The dimensionless
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counterpart of ¢, the volume fraction (¢"), i.e., the actual volume occupied by
the polymer chains in the solution of volume V, can be estimated by the
following expression:

¢t~ =xd (2.3)

For instance, a 16-mer MUCS5AC chain will begin to form entanglements at
¢ values between ~0.0003 and 0.0005, meaning that oligomer overlapping
starts when the mucin strands only fill ~0.03-0.05% of the available volume.
Hence, at the concentration found in the mucus, mucin oligomer/multimers
form intricate entangled networks due to their high flexibility and large sizes
and, indeed, experimental studies have long supported this notion (e.g., Ver-
dugo 1990; Raynal et al. 2002; Yakubov et al. 2007). Moreover, since mucins
are more concentrated in the mucin granule lumen than in the mucus (sce
above), intragranular mucins must also be forming a highly entangled, con-
densed network (Perez-Vilar 2007, 2008; see Section 2.4.1).

2.5.2 Other Interchain Links

Although entanglements can govern and control the elasticity of polymer net-
works with long strands, the question arises whether in complex biological
secretions such as intracellular compartments or the mucus gels other interchain
links (e.g., mucin—mucin interactions, ions, link proteins) stabilize the entangled
mucin network. In this respect, rheological studies suggest that mucus is formed
by a mucin network mainly held together by weak non-covalent bonds with the
likely intervention of certain ions (e.g., Madsen et al. 1998; Bansil et al. 1995;
Raynal et al. 2003). Ca®"-dependent, especially in the case of intracellular
mucins (see Section 2.4.1), lectin-like, hydrophobic or protein-mediated inter-
actions have been proposed to hold the mucin network. For instance, early
reports documented the tendency of mucins in solution to form aggregates at
low salt concentrations (Slayter et al. 1984; Rose et al. 1984), which could be
mediated by interchain hydrophobic interactions (Bromberg and Barr 2000). It
has been suggested that the CS-domains in pMucS5ac, the porcine counterpart
of human MUCSAC, mediate pH-dependent, hydrophobic protein—protein
interactions critical for gastric mucus gel formation at low pH (Cao et al.
1999; Hong et al. 2007). Interestingly, purified mucin CS-domains are able to
interact non-covalently, but very weakly, at neutral or slightly acidic pH,
although assays at lower pH have not yet been carried out (Perez-Vilar et al.
2004).

Members of the trefoil factor family of small proteins are solid candidates to
be mucin interchain cross-linkers (Otto and Thim 2005). For example, TFF1 is
mainly expressed in the goblet cells of gastric mucosa, where it co-localizes with
and binds to MUCS5AC (Ruchaud-Sparagano et al. 2004). Yeast two-hybrid
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screenings suggest that the COOH-terminal C-domain in MUCS5AC is the
domain interacting with MUCT1 (Tomasetto et al. 2000). Consistent with these
findings, TFF1 does not bind to MUC6 (Ruchaud-Sparagano et al. 2004), a
mucin that lacks C-domains (see Section 2.2.1.4). Addition of TFF2, which is
expressed in gastric mucus neck cells, to a mucin solution increases its viscosity
and elasticity (Thim et al. 2002), which suggests an increase in the degree of cross-
linking among the mucin chains.

2.5.3 Mucinases

An entangled network or gel is by definition a dynamic system, in which the
polymeric chains continually diffuse. In fact, like other flexible polymers, the
diffusion of mucin chains in the mucus can be explained by a reptation-like
mechanism (De Gennes 1979), i.e., the chains move forward and backward until
new entanglements are formed while others disappear. Because the reptative
motion of a polymer is inversely proportional to N the shorter mucin chains
diffuse faster than their largest counterparts. Moreover, since the viscosity of
such polymeric solutions is directly proportional to ~N°, mucus secretions with a
higher proportion of shorter chains would be less viscous, more dispersible, and
hence penetrable, than mucus containing larger mucin chains. Hence, it is not
surprising that some microorganisms synthesize proteases that cleavage the
mucin polypeptide and eventually disorganize the mucus barrier. Such is the
case of Entamoeba histolytica, an intestinal protozoan parasite, which synthesizes
cysteine proteases able to cleave the COOH-terminal region of MUC?2 in a site
within the D4-domain (Lidell et al. 2006). The resulting mucin chains are shorter
as they lack continuity through their COOH-regions and accordingly form less
intricate and penetrable mucus networks, allowing this parasite to traverse the
intestinal mucus barrier.

The existence of bacterial proteases, glycosidases, and sulfatases acting on
mucins, known collectively as mucinases, has been long recognized (e.g., Corfield
et al. 1993; ). Glycosidases and sulfatases are expected to alter the hydration
shells embedding the mucin network by eliminating hydrophilic and negatively
charged sugar residues. This would lead to increased diffusion of water molecules
throughout the mucin chains, formation of less extended mucin chains, and
perhaps the disruption of Ca®*-mediated interchain interactions. Mucus in
these conditions would be expected to be less viscous and more penetrable.

2.5.4 Emerging Notion

Itis increasingly clear that mucins in mucus gels form a tri-dimensional network
in which large macromolecules can diffuse through their pores. The mucin
network likely originates in the goblet/mucous cell, i.c., inside the compart-
ments of the secretory pathway, as mucin properties, large sizes, high
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intracellular concentration, and the sizes of the different Golgi complex sub-
compartments strongly argue in favor of the existence of intraluminal entangled
networks (Perez-Vilar 2007, 2008). Simultaneously, the accumulation of mucin
chains inside mucin granules cannot be understood without a role of the
abundant intragranular Ca®>", which presumably serves as a cross-linker of
the polyanionic mucins (Perez-Vilar 2007). This is necessary not only to condense
the mucin chains in a relatively small compartment, compared to mucin contour
lengths, but also to minimize the osmotic pressure associated with mobile
charged proteins. Hence, the existence of interchain interactions, in addition to
topological entanglements, seems to depend on the environment in which the
mucin is located and its function. For instance, gastric mucus would be expected
to primarily protect the gastric mucosa from acidic pH and pepsin digestion. In
this respect, the gastric mucus is able to cope with the gastric juice by (a)
absorbing the bicarbonate secreted into the lumen, which forms a gradient
ranging from near neutral at the epithelial surfaces to pH ~ 2 at the boundaries
with the stomach lumen (e.g., Allen and Flemstrom 2005); (b) forming pH-
dependent mucin aggregates (i.e., increasing the cross-linking degree of the
mucin network gel whenever acidic pH is encountered) (e.g., Hong et al. 2005),
which permits the efflux of acid juices from the gastric mucosa (Bhaskar et al.
1992) while preventing these juices from penetrating the mucus from the lumen;
(c) exploiting the hydrodynamic and pH-dependent properties of the gastric
mucins (Bhaskar et al. 1992); (d) synthesizing MUC5AC and MUC6, a mucin
lacking CS-domains and hence more resistance to proteases; and (¢) maintaining
a thick (>400 pm) mucus barrier likely by keeping a high rate of mucin synthesis
and secretion.

On the other hand, it is important to consider that the mucus covers almost
the entire gastrointestinal epithelia, which means mucin chains must be able to
flow and anneal, especially considering the fact that mucins are secreted by a
fraction of the gastrointestinal epithelial cells. Moreover, the permeability
of the mucus must change in different areas of the gastrointestinal tract.
These properties are better served by an entangled dynamic network, where
non-covalent interactions, if any, are weak and reversible. The degree of cross-
linking, whether entanglements or non-covalent interactions, can differ depend-
ing on the amount and types of gel-forming mucins present, the type of
O-glycans, the ionic conditions, or the presence of cross-linking proteins. It
can be anticipated that in each area of the gastrointestinal tract there are a
specific combination of these factors and accordingly a mucus layer tailored for
the specific needs of such area. Indeed, the gastrointestinal mucus layer varies in
thickness from a very thin layer in the small intestine to more than 280 and
400 um in the rectum and stomach, respectively (Deplancke and Gaskins 2001).
Moreover, reports suggesting that the gastric mucus layer is not a homogeneous
structure but comprises two different layers enriched in MUCS5AC and MUC6,
respectively (Hidaka et al. 2001), can be rationalized by considering the con-
tinuous diffusion of the chains inside the entangled gel and the fact that
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mixtures of polymers in solution will be fractionated over time into different
phases, each enriched in one polymer.

2.6 Other Mucus Components

In the preceding sections we have summarized the most important proper-
ties of gel-forming mucins and how they are organized into a dynamic
entangled network embedded in an aqueous medium. Mucus water content
ranges from 70 to 95% of the total weight. Intermingled with the mucin
network, there are many other mucus components, including the crucial
microbiota and derived products (proteins, DNA, etc.), dislodged epithelial
cells and side products (proteins, DNA, cell debris, etc.), proteoglycans,
proteins (e.g., albumin), proteinases, antiproteinases, lipids (e.g., phospho-
lipids, cholesterol, and free fatty acids), members of the innate and adap-
tive immunity systems (e.g., antimicrobial peptides, lysozyme, complement
components, sIgA), and digestive enzymes. Quantitatively, non-mucin
compounds can surpass mucins. For example, the dry weight of pig
intestinal mucus contains, among other unidentified constituents, the fol-
lowing components: 5% (w/w) mucin, 39% (w/w) proteins, 27% (W/w)
lipids, and 6% (w/w) DNA (Larhed et al. 1998).

Some mucus compounds such as TFFs (see Section 2.5.2) likely have a
stable association with the mucus mucin framework. This could also be the
case of protective compounds in general and defensins in particular (Otte
et al. 2003), a family of antimicrobial peptides, which due to its strong
cationic charge likely interact with the polyanionic mucin domains in the
mucus mucin network. Other mucus (transient or permanent) compounds,
including DNA, proteoglycans, and glycosylated subunits of membrane/
tethered mucins likely contribute to the viscoelastic properties of the
gastrointestinal mucus due to the fact that they are large polyanionic
macromolecules and, in some cases (e.g., DNA), extraordinarily flexible.
Moreover, non-mucin components likely have a significant role during the
diffusion of macromolecules in mucus (see below).

2.7 Diffusion of Macromolecules in Mucus
2.7.1 Influence of Mesh Size

In an entangled polymer network the interchain length (i.e., mesh or pore size)
can be assessed by determining the correlation length (£) (Doi and See 1995;
Graessley 2004), which for linear polymers with cylindrical Kuhn segments
such as mucins can be approximated by the following expression:
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0.23
Em 070 x I x (2) (2.4)

where ¢, [/, and d are the volume fraction, Kuhn segment, and chain width,
respectively (see Section 2.5.1). For instance, the mesh size for mucin gels
with ¢, [, and d values between 0.01-0.1, 30-60 nm, and 5-10 nm, respec-
tively, would range from 220 to 2,800 nm, which is not far from the range
of values obtained empirically (Table 2.1). Of course, differences in the
concentration of mucins (e.g., mucus water content), O-glycosylation pat-
tern (e.g., glycan chain length and charge), degree of cross-linking (e.g.,
Ca’"- or protein—protein-dependent mucin-mucin interactions, see Section
2.5.2), and/or the specific mucin expressed (e.g., mucin chain length) will
result in native mucin meshworks with characteristic average pore sizes,
viscoelasticity, and eventually permeability. That the pore size physically
constrains the diffusion of macromolecules is attested by the following
observations: (a) in general, the larger the macromolecule, the lower its
intramucus rate of diffusion (e.g., Desai et al. 1992); (b) mucolytic agents,
including disulfide-reducing agents and proteases, augment protein diffu-
sion in GI mucus (e.g., Bernkop-Schniirch et al. 1999); and (c) transfection
agents, which compact the DNA conformation, increase supercoiled DNA
diffusion in mucus by a factor of 2 (Shen et al. 2000).

Table 2.1 Average mesh size in different mucus

Mucus Mesh size (nm) References

Cervical (bovine) 1,000-12,000 Shen et al. (2006)
Cervical (human) 100-300 Saltzman et al. (1994)
Cervical (rat) 20-800 Olmsted et al. (2001)
Cystic fibrosis sputum (human) >200 Dawson et al. (2003)
Gastric (porcine) 200-650 Celli et al. (2005)
Gastric (porcine) >650 Celli et al. (2005)
Tracheobronchial — 2.5% (w/w) — (human) 200-1000 Matsui et al. (2006)
Tracheobronchial — 8.0% (w/w) — (human) <200 Matsui et al. (2006)

When considering the influence of mesh size it is important to recognize
the effect of other mucus components (see below) and also that the GI
mucus appears to comprise two continuous but distinct layers: the outer,
loosely adherent mucous layer and the inner, firmly adherent mucus layer
(Atuma et al. 2001). These mucus layers differ in thickness (Table 2.2) and
perhaps organization (pore mesh), although the underlying reason for this
intramucus compartmentalization has not yet been determined. The fact
that the inner mucus layer is most abundant and the ratio of inner layer/
outer layer thickness is larger in the stomach supports the view that the
former has a protective function while the latter would mainly function as
a lubricant (Atuma et al. 2001).
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Table 2.2 Thickness of the two mucus layers along the rat GI system. Shown are the mean
values (standard error) in micrometers. Adapted from Atuma et al. (2001)

Corpus Antrum Duodenum Jejunum Ileum Colon

(n=06) (n=06) n=17) (n=106) (n = 6) (n=25)
Total 189 (11) 274 (41) 170 (38) 123 (4) 480 (47) 830 (110)
Inner 80 (5) 154 (16) 16 (3) 15(2) 29 (8) 116 (51)
Outer 109 (12) 120 (38) 154 (39) 108 (5) 447 (47) 714 (109)
Inner/outer 0.73 1.28 0.10 0.13 0.06 0.16

2.7.2 Influence of Other Factors

Since most proteins and viruses have hydrodynamic sizes under 100 nm, and
irrespective of differences due to mucus source, sampling, etc., other factors
besides mucus mesh size must contribute to explain the restrictive nature of the
GI mucus (e.g., Bernkop-Schniirch and Fragner 1996; Flemstrom et al. 1999).
First, mucus layer thickness varies along the GI tract (Table 2.2) and accord-
ingly, it is likely that mucus thickness influences the diffusion of luminal
macromolecules. Second, mucus is an aqueous solution and mucins are highly
hydrophilic proteins (see Section 2.2) and, accordingly, diffusion of hydrophilic
compounds would be favored over diffusion of lipophilic ones. This has been
corroborated by studying the diffusion rate of relatively small molecular weight
model drugs in intestinal mucus (e.g., Larhed et al. 1997). Lipophilicity, and not
charge, was the critical property determining the rate of drug diffusion within
the GI mucus. However, as the drug molecular weight increases, size is the
predominant parameter. Third, mucus components other than mucins (see
Section 2.6) could contribute to mucus permeation. Indeed, the lipophilicity—
diffusion relationship mentioned above is no longer observed when the diffu-
sion rate of the same drugs is measured in purified mucins (Larhed et al. 1997),
which suggests that other mucus components also contribute to reduce the
effective pore size of mucus. Such an effect could explain, at least in part, why
large macromolecules or even nanoparticles are able to freely diffuse in mucin-
enriched solutions (e.g., Matsui et al. 2006; Lai et al. 2007). Moreover, the
chemical nature of non-mucin mucus components likely contributes as well to
restrict the diffusion of certain compounds. For example, lipids appear to be the
critical mucus components that reduce diffusion of lipophilic drugs in GI mucus
(Larhed et al. 1996).

2.8 Conclusions

Mucus is basically a semi-dilute aqueous solution in which very long, highly
hydrophilic and flexible mucin macromolecules form a tri-dimensional network
or gel that keeps the water molecules and other components together. Mucins
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are among the largest and more complex proteins known, and even the most
primitive metazoans have gel-forming mucins similar to those found in humans
(Lang et al. 2007). This conservancy suggests that mucus organization and
function do not permit much variability and likely depends on maintaining a
thin balance between the mucin network and the aqueous medium where the
network is embedded. The network is highly dynamic and responds not only to
the water content (swelling vs. shrinking) but also to the particular environment
(Ca*", pH, etc.), adapting its macromolecular structure accordingly (e.g.,
increasing interchain cross-linking in the stomach Iumen). Other mucus com-
ponents seem to be critical for certain mucus functional properties such as its
role as a diffusion barrier against macromolecules.

Any experimental or pathological condition that directly or indirectly
changes the amount of extracellular mucin (i.e., gene expression, biosynthesis,
and/or secretion), mucin structure (post-translational modification, length,
etc.) or mucus water, or ionic, content will result in an (structurally and
functionally) altered mucus barrier. Gastric ulcer (Slomiany and Slomiany
2002), colitis (e.g., van der Sluis et al. 2006), or even colon cancer (Velcich
et al. 2002) are likely examples of the consequences of a faulty mucin expression
and/or mucus composition. Moreover, microorganisms have evolved mechan-
isms to disrupt the GI mucus barrier and it is tempting to envision us being able
to do the same for pharmacological purposes as our knowledge on mucin
biochemistry, biophysics, and cellular biology keeps growing.
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Abstract This chapter attempts to give an overview on the properties of the
intestinal epithelium with regard to both, barriers to transcellular (transporter
and efflux systems) and paracellular (tight junctional complex) drug absorption
and transport systems and tight junction modulation. A short introduction into
the relation between the innate immune system and modulation of paracellular
permeability is equally given.

3.1 Introduction

The intestinal mucosa serves two purposes: being constantly exposed to
exogenous substances and pathogens, it represents a formidable barrier against
the diffusion of toxins and against invasion and infection by pathogenic
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organisms. It is equally responsible for the uptake and — to a certain extent — the
metabolization of nutrients, cofactors, and vitamins. Only few active transport
systems of interest for the delivery of pharmacologically active compounds are
expressed in intestinal epithelial cells, such as the di/tripeptide transporter
PEPT-1, and the neonatal Fc receptor (FcRn). Efflux systems expressed at
the mucosal side of the epithelial cells contribute to the barrier function of the
intestinal epithelium, as are the intercellular tight junctional complexes (TJ).
These latter interconnect adjacent cells across the paracellular space, allowing
only water and solutes of small molecular weight to permeate. Therefore, the
vast majority of drugs applied by the peroral route today is of small molecular
weight and pass the intestinal barrier by passive diffusion. While extrinsic
absorption barriers of the gastrointestinal tract, such as mucus and secreted
enzymes, are discussed in other chapters of this book, this chapter is merely
focusing on the intrinsic barriers and absorptive systems of the digestive
tract.

3.2 Anatomy of the Digestive Tract

The digestive tract from mouth to colon is often referred to as the digestive tube,
whose biological and physical parameters are summarized in Table 3.1 (adapted
from Daugherty and Mrsny 1999). In mammals, this tube has a four-layered

Table 3.1 Biological and physical parameters of the human gastrointestinal tract. Adapted
from Daugherty and Mrsny (1999)

Segment Surface Segment Residence pH of Catabolic activities

area length time segment

Oral cavity 100 cm? Seconds to 6.5 Polysaccharides

minutes

Esophagus 200 cm? 23-25cm Seconds

Stomach 3.5 m? 0.25cm 1.5h 1-2 Proteases, lipases

(variable) (variable) (variable)

Duodenum 1.9 m? 0.35m 0.5-0.75h 4-5.5 Polysaccharides,
oligosaccharides,
proteases,
peptidases,
lipases, nucleases

Jejunum 184 m? 2.8 m 1.5-2.0h 5.5-7.0 Oligosaccharides,
peptidases,
lipases

Ileum 276 m> 42 m 5-7h 7.0-7.5 Oligosaccharides,
peptidases,
lipases, nucleases,
nucleotidases

Colon and 1.3m? 1.5m 1-60h (35h  7.0-7.5 Broad spectrum of

rectum average) bacterial enzymes




3 The Absorption Barrier 51

architecture. The outermost layer, called the tunica serosa in the abdominal
cavity, and tunica adventitia in the esophagus and rectum areas, is represented
by a loose connective tissue covered by mesothelium. Within the abdominal
cavity the digestive tube is suspended from the mesentery, containing vascula-
ture and nerves supplying the intestinal tract. Next, two layers of smooth
muscles form the tunica muscularis, with the myenteric plexus, an important
part of the digestive tract’s nervous system, localized in between the two muscle
layers. Connective tissue containing the vasculature and vessels of the lympha-
tic system forms the tunica submucosa. This layer also contains the submucous
plexus, which provides nervous control to the mucosa. The innermost layer of
the digestive tube is formed by the tunica mucosa, with its outermost layer of
smooth muscle, called the lamina muscularis mucosae. The lamina propria is
located directly beneath the epithelium, containing blood and lymphatic vessels
and nodes responsible for the immune function of the intestinal mucosa. The
composition of cell types is the most complex within the epithelial layer (lamina
epithelialis), due to the various functions of the different parts of the digestive
tract. In the stomach, a stratified squamous and a columnar epithelial type can
be distinguished. The latter contains specialized cells for the secretion of mucus
(mucous cells), hydrochloric acid (parietal cells), pepsin (chief cells), and gastrin
(G-cells). Except for a limited number of lipid-soluble compounds, such as
acetylic—salicylic acid and non-steroidal drugs, very few substances of thera-
peutic importance are absorbed through the gastric mucosa.

Internal folding and projections of the small intestine (circular folds, villi,
and microvilli) increase the internal surface area by 3-fold, 30-fold, and
600-fold, respectively (Daugherty and Mrsny 1999). Epithelial cells of the
small intestine are derived from stem cells located at the bottom of the villi,
the crypts. From there, intestinal stem cells differentiate into enterocytes cov-
ered by a thick glycocalix (brush border), enteroendocrine cells, mucus-secret-
ing goblet cells, and Paneth cells that are involved in the intestinal host defense
(Bry et al. 1994). Enterocytes undergo several divisions as they move up the villi,
differentiating further into mature absorptive cells expressing a broad range of
absorptive and enzymatic systems. This migration takes about 3—6 days, and
cells stay at the villi tip only for a few days. The intestinal epithelium is thus
constantly replenished with new cells migrating up from the crypt area. Intest-
inal epithelial cells, through stimulation of submucosal lymphocytes, can dif-
ferentiate into so-called M cells covering the Peyer’s patches (Krachenbuhl and
Neutra 2000). M cells are able to sample antigens from the intestinal lumen,
and, by presentation to lymphocytes, activate the innate immune system.
M cells are not covered by glycocalix and can macroscopically be identified as
interruptive structures of the intestinal brush border.

The gastrointestinal epithelium forms an extrinsic and an intrinsic barrier
against diffusion of toxins and pathogens. The extrinsic barrier is characterized
by secretion of mucus, which hinders colonization and accelerates clearance of
pathogenic organisms. The importance of mucus as a barrier to drug absorp-
tion is discussed in Chapter 2 of this book. In addition, the intestinal immune
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system and antibiotic peptides, secreted by Paneth cells, assist to protect the
body from infection with the gastrointestinal tract as port-of-entry.

The intrinsic barrier of the gastrointestinal epithelium is characterized by
intercellular junctions at the apical (luminal) side of differentiated epithelial
cells, the so-called tight junctions (TJ), and the maintenance of epithelial
integrity based on the balance between cellular proliferation and cell death, as
described above. Barriers against drug absorption by the intracellular and
paracellular routes, their modulation, and maintenance will be discussed in
the following, with the focus on the intestinal epithelium.

3.3 Barriers to Transcellular Absorption

Nutrients and drugs are absorbed at the intestinal epithelia via several path-
ways, as illustrated in Fig. 3.1. Depending on their physicochemical properties,
including molecular weight, lipophilicity, and hydrogen-binding potential,
molecules may pass the intestinal barrier by transcellular or paracellular passive
diffusion (Fig. 3.1A and C).

apical
(luminal)

basolateral
(serosal)

Fig. 3.1 Schematic presentation of absorption pathways through the intestinal epithelium.
A: passive transcellular; B: active, carrier-mediated; C: passive, paracellular; D: efflux trans-
porters; E: transcytosis

3.3.1 Passive Diffusion

As outlined by Lipinski’s rule-of-5 (Lipinski et al. 1997), absorption of a drug
can be estimated based on its physicochemical properties. For example, poor
intestinal absorption is predicted for a compound of the following properties:

e Molecular weight > 500 Da
e Number of hydrogen bond donors (hydroxyl or amine groups) > 5
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e Number of hydrogen bond acceptors (O or N) > 10
® logP>50

In addition, the value of the polar surface areas (PSA) of a given molecule
(Clark and Grootenhuis 2003), defined as the molecule’s surface area able to
undergo van-der-Waals interaction (hydrogen bond donors and acceptor
groups), is used to estimate passive diffusion. A good correlation between
PSA values and actual human intestinal absorption data was found for a
number of compounds (Clark 1999), with good permeability found for com-
pounds of PSA values of <61A? and poor absorption at values of >140 AZ.

3.3.2 Transporter Systems

Exceptions from Lipinski’s rule, i.e., molecules of PSA values > 140 A” are
found to be actively absorbed by carrier-mediated transport systems (Wessel
et al. 1998), as shown in Fig. 3.1B. As further detailed in Fig. 3.2, the intestinal
epithelium expresses a number of such transport systems for amino acids,
organic anions and cations, nucleosides, and hexoses. Among these systems
are the apical sodium-dependent bile acid transporter (ASBT; Annaba et al.
2007), the monocarboxylate transporter (MCT; Halestrap and Price 1999), the
sodium-p-glucose co-transporter (SLGT1; Kipp et al. 2003), and the nucleotide
transporter SPNT1 (Balimane and Sinko 1999). In addition, the expression of a
specialized transporter system for small peptides has been found in the intest-
inal epithelium with the di/tripeptide transporter, PepT1 (Tsuji 2002), after
previous functional studies by Hu et al. (1989), and the cloning of PepT1

hOTP-B(?) BCRP ™
MRP-3 ISBT
MRP-1 B s >_ apical
MRP-1 () efflux
£ MRP-5(?) ~
e MRP-2 E
Q o=
i§ £
3 P-gp (MDR-1) 2
g =
< Q
é PepT1 = .g
8 ASBT
MCT apical
?‘ influx
Na+/SLGT1
Fig. 3.2 Transport systems SPNTI
expressed at the intestinal -

epithelium
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cDNA was accomplished (Boll et al. 1994; Fei et al. 1994). Apart from peptides
derived from protein digestion in the intestinal lumen, several drugs (e.g.,
peptidomimetics, B-lactam antibiotics) have been identified as substrates for
PepT1 (Han et al. 1999; Brodin et al. 2002), and methods based on cell-based
assays to predict the extent of PepT1-mediated oral absorption were suggested
(Shimizu et al. 2008).

3.3.3 Pinocytosis

Macromolecules, such as proteins and peptides, are taken up by polarized
epithelial cells by random pinocytosis, i.e., sampling of luminal fluid containing
such molecules into apical early endosomes (AEE) as shown for MDCK cells in
vitro (Leung et al. 2000). Further intracellular sorting is depicted in general
terms in Fig. 3.3. Recycling to the apical surface or transcytosis is then mediated

recycling apical
(luminal)

@\@

Fig. 3.3 Intracellular sorting
in epithelial cells after
clathrin-mediated
endocytosis. AEE: apical
early endosome; ARE:
apical recycling endosome;
CE: common endosome;
LE: late endosome transcytosis

v

\
T
!

basolateral
(serosal)

through the common endosome (CE) and/or the apical recycling endosome
(ARE). CEs are oriented in part along the apical-basolateral axis, and contain
both transcytosing proteins, such as IgA and its receptor (pIgR), as well as
recycling proteins (transferrin and its receptor). CEs do not contain fluid-phase
markers and compounds to be degraded, such as epidermal growth factor
(EGF) and low-density lipoprotein (LDL) (Mostov et al. 2000). AREs also
contain molecules such as IgA, plgR, transferrin and its receptor and are
located directly at the apical membrane. While a low pH value of 5.8 was
shown for CE, the pH of ARE is described at pH 6.5 (Wang et al. 2000),
underlining the suggestion of a distinct nature of ARE. Degradation of pino-
cytosed material takes place in late endosomes (LEs), which may fuse with
lysosomes, by intravesicular decrease in pH to about a value of 5.5 and release
of oxidative species.
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Pinocytosis at epithelial cells can occur by four distinct mechanisms, macro-
pinocytosis, clathrin-mediated endocytosis, caveolae-mediated endocytosis, and
clathrin/caveolin-independent endocytosis (Conner and Schmid 2003). Macropi-
nocytosis is unlikely to occur in enterocytes, as it involves sampling of large
volumes of luminal contents. Clathrin-mediated endocytosis represents the major
route of uptake by enterocytes. Specialized receptors, localized in clathrin-coated
pits, bind to their substrate (receptor-mediated pinocytosis), upon which coated
vesicles are formed (Conner and Schmid 2003). Following uncoating, the vesicle
fuses with an AEE. Examples for this process are the receptors of transferrin,
epidermal growth factor (EGF), and immunoglobulins. Expression and distribu-
tion of the receptors of these compounds may vary depending on the region of the
intestinal tract and the age of the patient (Sugiyama and Kato 1994). Molecules can
also be taken up by adsorptive pinocytosis (non-specific binding) or dissolved in
the solution sampled by the forming coated vesicle (Sanderson and Walker 1993).

3.3.4 Transport by Caveolae

Caveolae were first observed in heart endothelial cells (Palade 1953) and suggested
to have the capability to transport molecules across cells (Simionescu 1983).
Caveolae are dynamic structures that can take on different shapes (Thomas and
Smart 2008) and are involved in endo/exocytosis, cholesterol homeostasis, and
signal transduction (Hommelgaard et al. 2005). Structurally, caveolae are lipid
rafts (Simons and Ikonen 1997), ordered microdomains of the plasma membrane
containing phospholipids, sphingolipids, and cholesterol (Rietveld and Simons
1998). Other compounds, such as acylated proteins, are suggested to take part in
lipid raft formation (Parton and Richards 2003). Caveolae can be distinguished
from other lipid rafts by the presence of molecules of the caveolin protein family
(caveolin-1, caveolin-2, and caveolin-3), which can directly interact with signaling
molecules (Garcia-Gardena et al. 1996) and regulate the cholesterol content of
caveolae (Uittenbogaard et al. 1998). Intracellular sorting appears to be distinct
from clathrin-coated pits, as shown in Fig. 3.4. Previously described as a slow and

apical
Caveolae (luminal)

\>
|

/@\ GC

Fig. 3.4 Intracellular sorting §

by caveolae.CV: caveosome;
ER: endoplasmatic
reticulum; GC: Golgi basolateral
complex (serosal)
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inefficient endocytosis and transcytosis process (Snoeck et al. 2005), recent in vivo
kinetics data suggest rapid shuttling by caveolae, at least in endothelial cells of the
rat lung (Oh et al. 2007).

3.3.5 Efflux Systems

A last type of transporter systems involved in the intrinsic barrier function of
intestinal epithelium is the group of active efflux drug transporters (Fig. 3.1D)
belonging to the family of ATP-binding cassette (ABC) transporters (Borst and
Oude Elferink 2002). ABC transporters are large proteins showing several trans-
membrane domains (Table 3.2) and are able to transport a large range of substrates

Table 3.2 Intestinal epithelial efflux systems

Name Mw (kDa) Structure Substrates Human intestinal

expression

P-glycoprotein, 170 1280 aa Neutral and Superficial epithelial
P-gp 2 NBD positively cells, increasing

12 TMD charged proximal to distal
compounds

Multidrug 190 1545 aa Hydrophilic Villus cells, small
resistance- 2 NBD compounds intestine (BBM),
associated 17 TMD and decreasing
protein 2 conjugates jejunum to ileum
(MRP2)

Breast cancer 72 655 aa Relatively BBM of small
resistance (homodimer) 1 NBD hydrophilic intestine, colon
protein 6 TMD cytostatics muscle layers
(BCRP)

aa: amino acids; BBM: brush border membrane; NBD: nucleotide-binding domains; TMD:
transmembrane domains.

against a concentration gradient. While playing a large role in multidrug resistance
(MDR) in cancer cells, the excretion of endogenous substrates from mammalian
secretory epithelia and from the liver, and antigen presentation in immune cells, a
variety of such transporters is also expressed both at the apical (luminal) and the
basolateral (serosal) side of the epithelium (Fig. 3.2) (Takano et al. 2006).

Efflux systems of major importance in the intestinal epithelium are
P-glycoprotein (P-gp) (Mizuno et al. 2003), multidrug resistance-associated
protein 2 (MRP2) (Jansen et al. 1993), and breast cancer resistance protein
(BCRP) (Doyle et al. 1998, Doyle and Ross 2003). The latter is described as a
“half-transporter” and possibly functions as a homodimer (Schinkel and Jonker
2003). Details on the molecular weight, structure, substrates, and expression of
P-gp, MRP2, and BCRP are listed in Table 3.2. It needs to be mentioned that
expression of these intestinal efflux transporter systems shows high
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interindividual variation and is subject to drug interaction. Expression of, e.g.,
P-gp was found to be inducible by an extract of St. John’s wort, and bioavail-
ability of co-administered digoxin, a typical P-gp substrate, was reduced by
18% (Diirr et al. 2000). Therefore, pharmacokinetics of drugs applied by the
oral route, which are substrates to these efflux systems, are equally fraught with
high variation. Strategies to overcome this part of the intrinsic intestinal barrier
function are further discussed in Chapter 7 of this book.

3.4 Barriers to Paracellular Absorption
3.4.1 The Tight Junctional Complex

Epithelial cells are interconnected at the apical (mucosal) side by a complex
network of proteins, called the tight junctions (TJ). First thought to have merely
a static role in restricting access of compounds present in the luminal fluid to the
underlying subepithelial tissue and systemic circulation by the paracellular
pathway, TJ are known today to be dynamic structures involved in cellular
differentiation, cell signaling (Harder and Margolis 2008), polarized vesicle
trafficking, and protein synthesis.

A growing number of proteins have been identified to be involved in the
formation of TJ (Fig. 3.5). These proteins may be divided into three groups,
namely the integral TJ proteins involved in the cell—cell contacts, the TJ plaque
proteins, which connect integral TJ proteins to the actin network of the cytos-
keleton, and various cytosolic and nuclear proteins interacting with TJ plaque

Apical surface

Cingulin

Fig. 3.5 Schematic representation of proteins involved in tight junction formation
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proteins and involved in the regulation of TJ solute permeability, cell polarity
and proliferation, and tumor suppression (Hartsock and Nelson 2008).

Major integral TJ proteins identified are occludin, the family of claudin
proteins, and junction adhesion molecule 1 (JAM-1). Occludin is a 60-kDa
membrane protein of four TMD and two extracellular loops, with both the
amino and carboxy terminal groups residing in the cytosol (Furuse et al. 1993).
The extracellular loops are rich in tyrosine and glycine and are suggested to be
uncharged at physiological pH. In TJ, occludin is found in its phosphorylated
state, whereas unphosphorylated protein is found along the basolateral mem-
brane (REF). Phosphorylation of occludin is mediated by both classical (cPKC)
and atypical (aPKC, phorbol ester insensitive) protein kinase C (PKC). Occlu-
din is expressed in TJ of vertebrates, however, transfection of insect cells with
occludin cDNA did not result in a typical TJ phenotype (Furuse et al. 1996). In
addition, occludin null mice were found to express phenotypic alterations,
however, in the absence of structural or functional TJ abnormalities (Saitou
et al. 2000). Table 3.3 lists phenotypic aberrations of TJ protein-deficient mice
(Schneeberger and Lynch 2004). As TJ function appears, at least to a certain
extent, to be independent on the presence of occludin, its function needs to be
further defined. Most likely, occludin plays a major role in the co-ordination of
the actin cytoskeleton (“scaffolding”) through different signaling pathways, by
which it might be essential in the maintenance of the cell’s phenotype.

As shown in Table 3.3, the absence of claudins results in disruption of TJ
functioning and has severe changes in (mouse) phenotype as consequence.
Members of the claudin family, of which 24 have been identified, are proteins
of a molecular weight in the range of 2027 kDa, showing 4 TMD, and cytosolic
amino and carboxy terminal groups (Mitic and van Itallie 2001). Values for the
isoelectric points (pKj;) of extracellular loops of claudins range, in contrast to
occludin, from 4.17 to 10.5 for the different members of the claudin family
(Mitic and van Itallie 2001). At the C terminus, claudins (with the exception of
claudin-12) are connected to TJ plaque proteins bearing a PDZ domain (see
below), such as ZO-1, ZO-2, and ZO-3 (Itoh et al. 1999).

Possibly due to the variety of their pK;values, claudins appear to confer
selectivity in the paracellular transport of ions, with TJ in most epithelia
resembling cation-selective ion channels (Powell 1981). As the extracellular
loops of occludin remain uncharged at physiological pH, it is assumed that
this selectivity is caused primarily by claudins (Yu et al. 2003). In recent in vitro
studies, TJ were shown to have size and charge selectivity, dependence on ion
concentration and competition, and pH (Tang and Goodenough 2003).

JAM-1 is a glycoprotein of the IgG superfamily of 43 kDa, one TMD, and two
extracellular V-type Ig domains (Martin-Padura et al. 1998). The carboxy termi-
nus is characterized by a PDZ-binding domain, which binds to the PDZ motif of
Z0O-1 (Hamazaki et al. 2002). Other members of the JAM family have been
identified, such as JAM-4, which is expressed in renal glomerular and intestinal
epithelial cells, where it was shown to induce Ca®*-independent intercellular
adhesion (Hirabayashi et al. 2003). JAM-1 is further connected to cytosolic
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Table 3.3 Alterations of phenotype of occludin- or claudin-deficient mice (modified from
Schneeberger and Lynch 2004)

TJ
Mouse  protein Phenotype

Null Occludin ~ Growth retardation, male sterility, chronic inflammation, hyperplasia
of gastric epithelium, brain calcification
Null Claudin-  Death at birth, failure to form barrier against a 600-kDa tracer
1 molecule
Null Claudin-  Permeability increase of BBB (<800-kDa tracer)
5
Null Claudin-  Male sterility, slowed CNS conductance
11
Tg Claudin-  Death within 2 days of birth, aberrant expression of late differentiation
6 markers, modified epidermal claudin profile

BBB: blood-brain barrier, CNS: central nervous system, Tg: transgenic.

proteins cingulin and calcium/calmodulin-dependent serine protein kinase
(CASK) (Martinez-Estrada et al. 2001), which serves in cellular signaling.

Major TJ plaque proteins have in common the presence of PDZ motifs in
their structure. PDZ domains are sequences of about 80-90 amino acids,
forming hydrophobic pouches bound to the C terminus of claudins (Fanning
and Anderson 1999). PDZ proteins expressed at TJ are zonula occludens (ZO)
proteins, belonging to a family of so-called membrane-associated guanylyl
kinase (MAGUK) homologues (Fanning and Anderson 1999). As an example,
Z0O-1 is suggested to play a role in cell differentiation and proliferation (Balda
et al. 2003), whereas ZO-2 is involved in transcriptional regulation (Betanzos
et al. 2004). Other examples of TJ plaque proteins are membrane-associated
guanylyl kinase inverted proteins (MAGI) (Laura et al. 2002), and multi-PDZ
domain protein 1 (MUPP-1) (Hamazaki et al. 2002), among others. For an in-
depth review please refer to Citi (2001).

3.4.2 Modulation of Intestinal Tight Junctions

Permeation enhancers modulating the paracellular permeability of drugs across
the intestinal epithelium will be discussed elsewhere in this book. Epithelial
barrier function, and thus TJ integrity, is disturbed in inflammatory diseases of
the intestine, e.g., inflammatory bowel disease (IBD) (Siccardi et al. 2005).
Enhanced intestinal epithelial permeability in IBD may be caused by any, or
any combination of, the following factors in conjunction with lesions of the
intestinal mucosal tissue. In IBD, increased levels of, e.g., thrombin and trypsin
have been observed and correlated to the disease, which may also act through
apoptose-inducing pathways by the activation of proteinase-activated receptors
(PAR) (Chin et al. 2003). Other factors modulating TJ function are pro-inflam-
matory cytokines, including tumor-necrosis factor alpha (TNF-«) and inter-
feron-gamma (IFN-y), which act synergistically to down-regulate expression of
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occludin (Mankertz et al. 2000) and upregulate myosin II light chain phosphor-
ylation (Zolotarevsky et al. 2002). In addition, commensal bacteria or patho-
gens present in the gut lumen may interact with TJ components, resulting in
enhanced permeability (Johanson et al. 1989). As an example, Vibrio cholerae
has been described to produce a protein, zonula occludens toxin (Zot), that
reversibly perturbs TJ integrity, allowing the pathogen to penctrate into the
submucosa (Fasano et al. 1991). The mechanism of action of Zot on epithelial
tight junctions, not only in the intestine, is thought to be connected to the
protein kinase C alpha-dependent F-actin polymerization, resulting in a rear-
rangement of the cytoskeleton (Fasano et al. 1995). Zot is therefore being
considered as a mucosal adjuvant, able to increase access of vaccines to sub-
epithelial tissue (Marinaro et al. 2003). Recently (Wang et al. 2000), a mamma-
lian analog to Zot, zonulin, has been described as an intestinal TJ regulator
protein. Tissue lesions or bacterial load triggers the luminal release of zonulin,
which regulates TJ by binding to the same receptor as Zot (Di Pierro et al.
2001). Zonulin has been shown to be involved in the innate immunity system in
the gut (El Asmar et al. 2002). Another study in diabetic-prone rats (Watts et al.
2005) also revealed that zonulin might be responsible for the increase in small
intestinal permeability at the onset of type I diabetes.

Another indication that the mucosal innate immune system is connected to
the modulation of TJ was shown in reports examining the role of Toll-like
receptor 2 (TLR2) on the regulation of intestinal epithelial barrier function in
mucosal inflammation (Cario et al. 2007). Recent studies have revealed the
importance of this family of pattern recognition receptors (PRR) for the brid-
ging of the innate and acquired immune systems. Several agonists and antago-
nists of this receptor family have been found and partially tested in pre-clinical
and clinical settings (Vasselon and Detmers 2002). TLR signaling at the intest-
inal epithelium was found to be altered in inflammatory disease (such as
inflammatory bowel disease, IBD) or aged patients (Abreu et al. 2005). Appar-
ently, the absence of TLR2 in mice alone did not cause IBD; however, the
expression of interferon-gamma (IFN-y) and other cytokines was suppressed,
resulting in severe inflammation upon insult, especially in aged animals (Albert
and Marshall 2008). In addition, the secretion of TFF3-peptide in the cecum
and mid-colon of TLR2 '~ mice was significantly reduced. Trefoil family factor
(TFF)3-peptide, expressed in the gastrointestinal mucosa (Hoffmann 2005), is
involved in the protection and repair of the mucosal tissue. A recent study in
HT29/B6 cells in vitro showed that TFF3-peptide increased the expression of
TJ protein claudin-1, and decreased expression of claudin-2, which is involved
in the formation of cation-selective TJ ion channels (Meyer zum Biischenfelde
et al. 2006). Overall, there appears to exist an intimate interplay between the
innate immune system of the gastrointestinal tract and the modulation of
paracellular permeability and barrier function in the intestine. Studies examin-
ing these interactions are posed to yield therapeutic strategies to restore or
maintain intestinal epithelial barrier function in inflammatory or infectious
diseases.
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Abstract Enzymatic degradation of various hydrophilic macromolecules
including peptide- or protein drugs by enzymes present in the gastrointestinal
tract can be regarded as one main reason for their poor bioavailability after
peroral administration. Within the current chapter, strategies to overcome the
so-called enzymatic barrier are described. Besides formulations that can protect
the drug from enzymatic digestion via, e.g., drug encapsulation and chemical
modifications of the drug itself, an emphasis has been put forward on enzyme
inhibitors.
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4.1 Introduction

The enzymatic barrier, which has been comprehensively described in
Chapter 1, can be regarded as one of the main barriers for orally adminis-
tered macromolecular drugs. The impact of this barrier on the delivery of
therapeutic peptides and proteins has been thoroughly investigated; how-
ever, due to GI secretion of various other enzymes apart from peptidases
and proteases, the enzymatic barrier also constitutes a hurdle for oligo-
saccharides, genes, and other drugs. The main focus of this chapter will be
on the oral delivery of peptides and proteins, though the discussed strate-
gies might be applied in general to any drug susceptible to enzymatic
degradation.

Basically, there are two main approaches to overcome the enzymatic barrier.
The first approach is based on a chemical modification of the drug itself,
whereas the second one is based on the delivery of the unmodified drug in
combination with auxiliary agents. These auxiliary agents can be either a proper
formulation such as nanoparticles, liposomes, and patches or compounds cap-
able of inhibiting enzymes. Nanoparticles and liposomes are discussed in detail
in Chapters 9 and 10. An emphasis has been placed on enzyme inhibitors that
can be co-administered with the drug and which are capable of effectively
protecting it from enzymatic digestion.

4.2 Formulations That Can Protect Drugs from Enzymatic
Degradation

Formulations that can protect drugs from GI enzymes include nanoparticles,
liposomes, multifunctional carrier matrices, patch systems as well as formula-
tions targeting GI segments with low enzyme concentrations. Their advantage
is that they can improve the uptake of already approved drugs without the
co-administration of any additional pharmacologically active compounds.
Disadvantages might include problems in the scale-up process, limited stability,
and high production costs.

Micro- and nanoparticulate drug delivery systems as well as delivery
systems based on liposomes are described in detail in Chapters 9 and 10.
Besides other advantages which are discussed in the mentioned chapters,
these formulations are capable of protecting incorporated drugs from
enzymatic degradation.

Multifunctional carrier matrices offer various advantages for oral drug
delivery. Their application for oral drug delivery is described in Chapter 8.
Generally, such carriers can be used either to protect the drug from
enzymatic degradation via steric hindrance or to directly inhibit enzymes.
Multifunctional polymers that can inhibit GI proteolytic enzymes per se
are polyacrylates and modifications thercof as well as polymer—inhibitor
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conjugates. The involved mechanisms are described in subdivision Section
4.4.6.3 of the current chapter.

Patch systems have gained lots of attention for transdermal drug deliv-
ery. In addition to transdermal delivery, this approach might also be
applied to oral drug delivery. Especially patches which display a mucoad-
hesive matrix allowing controlled drug release on one side and a closed
layer that can protect the drug from luminally secreted enzymes on the
backside are believed to improve oral drug absorption by a combination of
different mechanisms.

It has been demonstrated that delivery systems targeting the stomach as
potential absorption site can be beneficial for drugs which are highly
susceptible to degradation mediated by intestinal occurring enzymes.
Besides the low pH of the gastric juice, the only occurring proteolytic
enzyme is pepsin. Another absorption site with very low enzymatic activity
is the colon. One more advantage of colonic delivery systems is that via
this absorption route, the first pass effect can be minimized, because only
two of the four veins located in the stomach transport the blood via the
liver to the blood circulation.

With the exception of multifunctional carrier matrices, the above-dis-
cussed formulations can protect the drug to a certain extent from enzymatic
degradation in the GI tract, but they are not capable of directly inhibiting
the according enzymes. Although promising data from animal studies are
available, it must always be considered if the evaluated dosage form and
administration route can be used in humans too. This refers to dosage
forms, such as solutions, which have in some cases be evaluated using
high volumes, or to intraduodenal administered delivery systems as well as
to possible stability problems of particulate systems.

4.3 Chemical Modification

Chemical modification of a drug is one of the most important approaches
in order to circumvent GI digestion. A targeted modification should be
based on an exact knowledge of the substructures susceptible to enzymatic
degradation. To investigate this, simple enzyme assays can be performed.
Various GI enzymes are commercially available. Incubating, e.g., a peptide
or protein in solutions containing different isolated proteases such as
trypsin, chymotrypsin, or elastase at physiological pH allows an identifica-
tion of the enzymes responsible for enzymatic degradation. Due to a
narrow cleavage specificity of those proteases, the susceptible amino
acids can be identified and modified. Another option is to characterize
the cleavage products via, e.g., MS. Regarding peptides and proteins, some
common modifications to improve the enzymatic stability are discussed
below. Although most of them have been used to prolong peptide/protein
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plasma half-life times, they can in general also be applied to oral drug
delivery. However, it always has to be taken into consideration that such
modifications will most likely cause alterations in the pharmacological
profile of the drug. Such modifications generally lead to the generation
of new chemical entities, for which extensive toxicological data are neces-
sary if drug approval is intended. Therefore, such alterations — with the
exception of PEGylation — are not of great interest for pharmaceutical
technologists working in the field of oral drug delivery and whose aim is
to improve or to make feasible the oral uptake of an already approved
drug.

4.3.1 Modification of N and C Terminus

Various exopeptidases including aminopeptidase N or carboxypeptidase B
occur in the intestine. Therefore, a modification of the terminal amino acids
of a therapeutic peptide or protein can protect the drug from exopeptidase
degradation. One common way of terminal modification is N-acetylation
and C-amidation. Moreover, the attachment of various compounds to the
terminal amino acids can improve stability. Various fatty acids of chain
lengths ranging from 4 to 18 were conjugated to RC-160, a somatostatin
analog with antiproliferative activity. The novel compounds exhibited
greater resistance toward trypsin and serum degradation in comparison to
unmodified RC-160 (Dasgupta et al. 2002).

4.3.2 Replacement of Labile Amino Acids

As described in Chapter 1, GI endopeptidases such as trypsin and
chymotrypsin have narrow substrate specificity. The preferred theoretical
cleavage sites of most proteolytic enzymes are known, so if the amino acid
sequence of a drug is known as well, the amino acid sequence of the drug
can be screened for these potential cleavage sites. If the positions within a
therapeutic peptide/protein that are susceptible to enzymatic degradation
can be identified, a substitution of the labile amino acids can improve
peptide/protein stability. It has, for example, been demonstrated that by
substituting the single chymotrypsin cleavage site of a 29-amino acid
cystine-knot microprotein, stabilization toward this protease could be
achieved. The time-dependent degradation in the presence of chymotrypsin
of the cystine-knot microprotein before and after substituting the theore-
tical cleavage sites is shown in Fig. 4.1 (Werle et al. 2006).
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4.3.3 PEGylation

Another approach is the specific covalent attachment of PEG to either or both
termini of a peptide or a protein drug. The N-terminal modification of glucose-
dependent insulinotropic polypeptide (GIP1-30) with 40-kDa PEG abrogated
functional activity, whereas C-terminal PEGylation of GIP1-30 maintained full
agonism at the GIP receptor and conferred a high level of dipeptidyl peptidase
IV (DP IV) resistance. Moreover, the dual modification of N-terminal palmitoyl
and C-terminal PEGylation resulted in a full agonist of comparable potency to
native GIP that was stable to DP IV cleavage (Salhanick et al. 2005). The
stability of INF-o2b toward trypsin-caused degradation was strongly improved
by the conjugation of PEG, 4 k to the native protein (Ramon et al. 2005). The
results of this study are provided in Fig. 4.2. Poly(ethylene glycol) (PEG) exhibits
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several properties that are of relevance for pharmaceutical applications: high
water solubility, high mobility in solution, lack of toxicity and immunogenicity,
and ready clearance from the body (Delgado et al. 1992). Interestingly, many of
these properties are transferred to PEG—protein or PEG—peptide conjugates.
The extent of these features is dependent on the molecular weight of the attached
PEG. As demonstrated, for example, by He et al., only minor changes in
immunogenicity of trichosanthin after modification with PEGs  was observed,
whereas modification with PEGy  led to significantly reduced immunogenicity
(He et al. 1999).

4.4 Enzyme Inhibitors

The efficacy of enzyme inhibitors to improve the oral absorption of therapeutic
macromolecular drugs has been studied extensively. The use of enzyme inhibi-
tors should be based on an exact knowledge regarding the enzymes responsible
for drug degradation. In vitro methods to identify these enzymes have been
summarized previously and include drug stability studies in presence of
collected gastric and/or intestinal juices, isolated proteases, or intestinal mucosa
(Werle 2007). Based on the information gained in such studies, an appropriate
enzyme inhibitor can be chosen. Although the potential of enzyme inhibitors
for oral drug delivery has been clearly demonstrated in numerous studies, their
use remains questionable; in particular because of concerns regarding a poten-
tial toxicity. Therefore, great effort has been put in the development of enzyme
inhibitors such as polymer—inhibitor conjugates, which are believed to be a safer
alternative.

4.4.1 Protease Inhibitors Which Are Not Based on Amino Acids

The drawback of this highly potent class of inhibitors is their toxicity
(Stryer 1988). Only few representatives are known to be non-toxic. Therefore,
enzyme inhibitors that are not based on amino acids are only of theoretical
interest for oral drug delivery and other applications in human. Nevertheless,
they might be interesting as lead compounds to develop novel potent and non-
toxic inhibitors.

Representatives of this class of inhibitors are DFP (diisopropylfluoro-
phosphate), PMSF (phenylmethylsulfonyl fluoride), APMSF (4-aminophe-
nyl)-methanesulfonyl, AEBSF (4-(2-aminoethyl)-benzenesulfonyl fluoride),
FK-448 (4-(4-isopropylpiperadinocarbonyl) phenyl 1,2,3,4,-tetrahydro-
I-naphthoate methanesulfonate), camostat mesilate (N,N'-dimethyl carba-
moylmethyl-p-(p’-guanidino-benzoyloxy)phenylacetate methanesulfonate),
and Na-glycocholate. The organophosphorus inhibitors DFP and PMSF
are potent irreversible inhibitors of serine proteases. Due to their
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additional inhibition of acetylcholine-esterase these compounds are highly
toxic (Stryer 1988). APMSF is a toxic trypsin inhibitor. In contrast,
AEBSF is markedly less toxic than DFP and PMSF but displays compar-
able enzyme inhibitor activity. Also FK-448 is a low toxic inhibitor. It is
capable of inhibiting chymotrypsin. Moreover, FK-448 has already been
investigated in rats and dogs regarding its potential for oral drug delivery.
Co-administration of FK-448 led to an enhanced absorption of insulin. It
was found that the inhibition of chymotrypsin was mainly responsible for
the observed decrease in blood glucose (Fujii et al. 1985). Other represen-
tatives exhibiting low toxicity are camostat mesilate (Yamamoto et al.
1994) and Na-glycocholate (Okagawa et al. 1994, Yamamoto et al. 1994).

4.4.2 Protease Inhibitors Which Are Based on Amino Acids
and Modified Amino Acids

Amino acids and modified amino acids offer some advantages to protease
inhibitors that are not based on amino acids. In general they are non-toxic
and can be easily produced at low costs. Disadvantage is their small size,
which leads to a rapid dilution and absorption in the GI tract. Therefore,
high concentrations of this class of inhibitors would be necessary to achieve
a sufficient improvement of oral drug uptake in vivo. However, they gained
some interest as protease inhibitors in other non-invasive routes, especially
in nasal delivery. Although it has been demonstrated that unmodified
amino acids are reversible and are competitive inhibitors of exopeptidases
(McClellan and Garner 1980), their low inhibitory activity renders them
unsuitable as protease inhibitors for oral drug delivery. Contrary to unmo-
dified amino acids, modified amino acids exhibit a much stronger inhibitory
activity. This can be explained, because modified amino acids belong to the
group of “transition-state inhibitors.” These transition state inhibitors are
generally reversible and competitive inhibitors with high inhibitory activity.
The underlying mechanism of transition state inhibitors is based on the
theory that inhibitors which resemble the geometry of a substrate in its
transition state has a much higher affinity to the active site of the enzyme
than the substrate itself. The aminopeptidase transition state inhibitor boro-
leucine for example exhibits a 100-fold higher enzyme inhibitory activity
than bestatin. In comparison to puromycin, the inhibitory activity of boro-
leucine is even 1000-fold higher (Hussain et al. 1989). Boro-valine and boro-
alanine are two more representatives of o-aminoboronic acid derivatives
acting as aminopeptidase transition state inhibitors. All these z-aminoboro-
nic acid derivatives have been so far investigated only for nasal delivery.
Another modified amino acid which is capable of inhibiting proteolytic
enzymes, in particular aminopeptidase N, is N-acetylcysteine (Bernkop-
Schniirch and Marschiitz 1997). N-Acetylcysteine is a mucolytic agent
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which can reduce the diffusion barrier and which displays low toxicity
(Bernkop-Schniirch and Fragner 1996).

4.4.3 Protease Inhibitors Which Are Based on Peptides
and Modified Peptides

A representative of the group of peptide-based protease inhibitors is bacitracin.
This docapeptide, which is almost exclusively used in veterinary medicine as
well as for the topical antibiotic treatment in human, is known to interfere with
a variety of biological processes, including inhibition of bacterial peptidoglycan
synthesis, mammalian transglutaminase activity, and proteolytic enzymes such
as aminopeptidase N. Due to these properties, it has therefore been used to
inhibit the degradation of various therapeutic (poly)peptides, such as insulin,
metkephamid, LH-RH, and buserelin (Langguth et al. 1994, Raehs et al. 1988,
Yamamoto et al. 1994). It has also been demonstrated that bacitracin exhibits
absorption-enhancing effects without leading to serious intestinal mucosal
damage (Gotoh et al. 1995).

Nevertheless, the use of bacitracin as an enzyme inhibitor in order to
improve drug uptake in vivo remains questionable, because bacitracin-
mediated nephrotoxicity has been reported previously (Drapeau et al. 1992).
However, it was demonstrated recently that bacitracin can be covalently bond
to a mucoadhesive, non-absorbable polymer and that this polymer—bacitracin
conjugate still retains its inhibitory activity (Bernkop-Schniirch and Marschiitz
1997). The reason for using such a polymer—inhibitor conjugate instead of
unmodified bacitracin is that the polymer—bacitracin conjugate is believed to
remain in the GI tract which would exclude systemic side effects. More infor-
mation about polymer—inhibitor conjugates are provided in Section 4.4.6.3 of
this article.

According to amino acids, also di- and tripeptides display weak and unspe-
cific activity toward some exopeptidases (Langguth et al. 1994). However,
chemical modification of di- and tripeptides can lead to analogs with an
enhanced inhibitory activity. Phosphinic acid dipeptides, which also belong to
the group of “transition state inhibitors,” are potent inhibitors of aminopepti-
dase. The phosphinate inhibitor VI, for instance, is 10 times more potent than
bestatin and even 100-fold more potent than (Hussain et al. 1992). The use of a
phosphinic acid dipeptide analog for the nasal delivery of the model drug leu-
enkephalin was investigated. It could be demonstrated in rats that even very low
concentration of this inhibitor can reduce the enzymatic degradation of nasally
administered leu-enkephalin and that the effects were reversible (Hussain et al.
1992). Therefore, inhibitors based on dipeptides might be interesting for oral
drug delivery too.

Pepstatin, another representative of the group of “transition state inhibitors”
and a very potent inhibitor of pepsin, is a modified pentapeptide (McConnell
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etal. 1991). The inhibition of the gastric-secreted pepsin is of practical relevance
for two reasons: the first reason is that there are several drugs that must be
liberated in the stomach. An example is the epidermal growth factor in the
treatment of gastric ulcer (Itoh and Matsuo 1994). The second reason is that
drugs which are extremely susceptible to intestinally secreted proteases might be
liberated and absorbed in the stomach. An enteric coating of the dosage form
with a gastric fluid resistant layer would disable the liberation of the drug in the
stomach. Therefore, pepsin inhibitors can in certain cases be useful tools for
oral drug delivery. Unfortunately, it was reported that co-administration of
pepstatin led to several side effects mediated by an inhibition of physiologically
essential enzymes (Carmel 1994, McCaffrey and Jamieson 1993, Plumpton et al.
1994).

Peptides that display a terminally located aldehyde function in their struc-
ture constitute another group of modified peptide enzyme inhibitors. The
sequence benzyloxycarbonyl-Pro-Phe-CHO fulfils the known primary and sec-
ondary specificity requirements of chymotrypsin and has been found to be a
potent reversible inhibitor of this proteolytic enzyme (Walker et al. 1993).
Further, protease inhibitors comprising terminally located aldehyde function
are antipain, leupeptin, chymostatin, and elastatinal. In addition, also phos-
phoramidon, bestatin, puromycin, and amastatin represent modified peptides
which can reversibly inhibit enzymes.

4.4.4 Protease Inhibitors Which Are Based on Polypeptides

This class of protease inhibitors constitutes representatives such as aprotinin or
Bowman-Birk inhibitor (BBI), which have been extensively investigated regard-
ing their potential for oral drug delivery. The 58 amino acid polypeptide which
is derived from bovine tissues is known to inhibit various enzymes including
chymotrypsin, kallikrein, plasmin, and trypsin. Moreover, it was one of the first
protease inhibitors used as an auxiliary agent for oral (poly)peptide delivery.
Co-administration of aprotinin led to an increased bioavailability of peptide
and protein drugs. The underlying mechanism of this increase has been attrib-
uted to the chymotrypsin and trypsin inhibitory properties of aprotinin
(Kimura et al. 1996, Saffran et al. 1988, Yamamoto et al. 1994). The soybean
trypsin inhibitors can be divided into two main families: the Bowman-Birk
inhibitor (71 amino acids, 8 kDa) and the Kunitz trypsin inhibitor (184 amino
acids, 21 kDa). Both are known to inhibit trypsin, chymotrypsin, and elastase,
whereas carboxypeptidases A and B cannot be inhibited (Reseland et al. 1996,
Ushirogawa 1992). Other representatives of this class of polypeptide inhibitors
are the chicken egg white trypsin inhibitor (chicken ovomucoid; 186 amino
acids) (Ushirogawa 1992), the chicken ovoinhibitor (449 amino acids) (Scott
et al. 1987), and the human pancreatic trypsin inhibitor (56 amino acids).
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Due to the comparably high mass of polypeptide-based protease inhibitors, a
controlled release of these inhibitors out of a drug carrier matrix can be
achieved. The efficacy of a drug delivery systems for the slow release of the
protease inhibitors aprotinin and bacitracin to improve the oral bioavailability
of insulin has been demonstrated previously (Kimura et al. 1996). In this study,
poly(vinyl alcohol)-gel spheres were used as a mucoadhesive drug delivery
matrix. The release rate of the aprotinin was only around 10% per hour. This
release rate was almost synchronous with the release rate of the polypeptide
insulin. In vivo studies carried out with this delivery system showed an
improved oral drug bioavailability (Kimura et al. 1996). Polypeptide inhibitors
often exhibit low toxicity as well as strong inhibitory activity and have therefore
been used to the greatest extent as auxiliary agents to overcome the enzymatic
barrier of perorally administered therapeutic peptides and proteins.

4.4.5 Protease Inhibitors That Can Complex Ions

Divalent cations, in particular 7Zn>" and Ca’", are essential co-factors for most
proteolytic enzymes. Therefore, depletion of divalent cations consequently
leads to reduced protease activity. This can be achieved by using complexing
agents, which are capable of removing ions from the enzymatic structure.
Representatives of complexing agents are for instance ethylenediamine
tetraacetic acid (EDTA), ethylene glycol tetraacetic acid (EGTA), 1,10-phenan-
throline, and hydroxychinolin (Garner and Behal 1974, Ikesue et al. 1993,
Sangadala et al. 1994). The concept of inhibiting enzymes via ion-complexation
generally works in vitro, however, some important points must be considered
regarding the in vivo situation: in order to inhibit enzymes by using complexing
agents, high concentrations thereof are necessary. It has been demonstrated in
vitro that a concentration of 7.5% (w/v) of the chelating agent EDTA was not
sufficient to inhibit the calcium-dependent endopeptidase trypsin (Luessen et al.
1996). Taking into account that the calcium ion concentration in gastric and
intestinal fluids has been determined to be in the range of 0.4-0.7 mM (Lindahl
et al. 1997), it can be anticipated that such high calcium concentrations will
negatively influence the efficacy of orally administered complexing agents in
terms of protease inhibition. Hence, complexing agents do not appear to be the
most suitable auxiliary agents to successfully inhibit calcium-dependent endo-
proteases such as trypsin, chymotrypsin, and elastase. However, the potential of
complexing agents to inhibit various zinc-dependent exopeptidases including
carboxypeptidases A and B as well as aminopeptidase N has already been
demonstrated (Bernkop-Schniirch et al. 1997, Ikesue et al. 1993, Sanderink
et al. 1988). Maybe the most important point in order to achieve sufficient
protease inhibition and minimizing toxic side effects in vivo by using complex-
ing agents is to avoid the extensive dilution during the GI passage. Regarding
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oral drug delivery it must be considered that co-administration of certain
complexing agents can improve drug permeation (Lee 1990).

4.4.6 Protease Inhibitors Based on Multifunctional Mucoadhesive
Polymers

The main drawback of low molecular mass enzyme inhibitors for oral drug
delivery, namely the necessity of using high inhibitor concentrations due to
extensive dilution effects during GI passage, can be excluded by using mucoad-
hesive polymers that display enzyme inhibitory activity. Multifunctional poly-
mers for oral drug delivery exhibiting mucoadhesive properties as well as
enzyme inhibitory activity are poly(acrylates), thiolated polymers, and
polymer—enzyme inhibitor conjugates. Whereas the inhibitory mechanism of
polymer—enzyme inhibitor conjugates depends on the immobilized inhibitor,
the inhibitory mechanism of poly(acrylates) and thiolated polymers is based on
the complexing properties of these polymers. Besides a direct complexation of
divalent cations such as Zn>" or Ca>" membrane-bound enzymes can also be
inhibited via a “far distance inhibitory effect” (Luessen et al. 1996). Results of
this study are shown in Fig. 4.3. The GI mucosa is covered by a mucus layer,
which separates the mucoadhesive polymer from the brush border membrane
(Bernkop-Schniirch and Marschiitz 1997). Although there is no direct contact
between polymer and membrane-bound enzymes, it was demonstrated that
membrane-bound proteolytic enzymes such as aminopeptidase N can be inhib-
ited by mucoadhesive polymers. However, as mentioned above, a general
problem of complexing agents in oral drug delivery is the high ion concentra-
tions in the GI tract.

Fig. 4.3 Formation of BA
during incubation with
BAEE and trypsin in the
presence of -0- Ca> ", -m-
0.35% PCP and Ca®" added
directly before trypsin
incubation, and -A- 0.35%
PCP and Ca®" added after
10 min of incubation. Figure 0 T T T 1
adapted from Luessen et al. 0 30 60 90 120
(1995) time [min]

N-alpha-benzoyl-arginine [mmol/l]
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Still, mucoadhesive polymers offer various advantages in comparison to low
molecular weight complexing agents. The first advantage is that the polymeric
matrix itself can to a certain amount protect the embedded drug from degrada-
tion. Second, the drug can diffuse directly from the matrix to the mucus layer
when using mucoadhesive polymers. This limits the contact time of the drug
with luminally secreted proteases. Another advantage is that the enzyme inhibi-
tion takes place at the intestinal segment where the drug is released. Therefore,
lower concentrations of inhibitors can be used and the likeliness of an unin-
tended absorption of harmful compounds is limited.

4.4.6.1 Poly(acrylates)

Regarding poly(acrylates) and derivatives, detailed studies focusing on the
inhibitory effect toward luminally secreted and brush border membrane
enzymes are available (Luessen et al. 1996). It was demonstrated that
poly(acrylate) derivatives are capable of inhibiting trypsin, chymotrypsin,
and carboxypeptidases A and B (Fig. 4.3). However, whether the protective
effect of these polymers is sufficient to prevent luminal enzymatic drug
degradation will mainly depend on the dosage form used. Simple formula-
tions of poly(acrylate) derivatives are not believed to be sufficient for
enzyme inhibition in vivo (Bernkop-Schniirch and Goéckel 1997). However,
poly(acrylates) are of great importance for oral drug delivery. Besides their
enzyme inhibitory activity and their mucoadhesiveness (Junginger 1990,
Lehr 1994), they can generally be regarded as safe and furthermore, they
exhibit additional permeation-enhancing properties (Brochard et al. 1996,
Luessen et al. 1996). In summary, the combination of all these properties
can lead to improved drug absorption from the GI tract.

4.4.6.2 Thiolated Polymers

The use of thiolated polymers or designated thiomers is investigated for
various routes of drug delivery, including the oral, nasal, buccal, vaginal,
and ocular routes. A detailed description of this technology is provided in
Chapter 8. In brief, a thiol group bearing small molecule is covalently bound
to a polymeric backbone such as chitosan or poly(acrylates). This
modification leads to significant improvements of mucoadhesive- as well as
permeation-enhancing properties toward the unmodified polymer (Bernkop-
Schniirch et al. 2003, Bernkop-Schniirch and Krajicek 1998). Moreover,
certain thiomers are capable of inhibiting proteins including proteolytic
enzymes and transmembrane-located glycoproteins such as P-glycoprotein
(see Chapter 7). Thiomers are useful excipients for the delivery of peptides/
proteins, genes, and efflux pump substrates. In comparison to unmodified
polymer polycarbophil, the thiomer polycarbophil-cysteine significantly
improves the inhibition of carboxypeptidases A and B as well as chymotrypsin



4 Strategies to Overcome the Enzymatic Barrier 77

(Bernkop-Schniirch and Thaler 2000). Moreover, the model drug leu-enke-
phalin was protected from degradation caused by enzymes of excised native
porcine intestinal mucosa and aminopeptidase N (Bernkop-Schniirch et al.
2001). Another poly(acrylate) derivative which was found to exhibit signifi-
cantly higher enzyme inhibitory properties against aminopeptidase N as well
as vaginal mucosa compared to the unmodified polymer is the thiomer
carbopol(974 P)-cysteine. Valenta et al. demonstrated that the inhibitory
activity was strongly dependent on the amount of immobilized thiol groups.
Increasing amounts of free thiol group on the polymeric backbone led to
increased inhibitory activity (Valenta et al. 2002).

4.4.6.3 Polymer—Enzyme Inhibitor Conjugates

In order to avoid the absorption of enzyme inhibitors, polymer—inhibitor con-
jugates have been developed. Well-known enzyme inhibitors including EDTA,
Bowman-Birk inhibitor (BBI), or aprotinin are covalently bound to mucoad-
hesive polymers such as poly(acrylic acid) or chitosan. Besides the advantage
that these conjugates are not absorbed, additional features are believed to
contribute to a safer toxicological profile in comparison to the administration
of the corresponding unbound inhibitor. Due to the mucoadhesive properties of
the polymeric backbone, enzyme inhibition takes place at the same intestinal
segments as where the drug is released. In comparison to polymer—inhibitor
conjugates, enzyme inhibitors which are not connected to mucoadhesive poly-
mers inhibit enzymes in the entire intestine, facilitating the uptake of harmful
compounds. Moreover, polymer—inhibitor conjugates are much less affected by
dilution effects in comparison to unbound enzyme inhibitors. Therefore, the
targeted inhibition of polymer—inhibitor conjugates allows lower concentra-
tions of enzyme inhibitors, leading to an overall reduced risk regarding toxicity
mediated by feedback mechanisms. Additional properties of the polymer itself
including mucoadhesive properties, enzyme inhibitory properties per se, or
permeation-enhancing properties can further improve the oral uptake of hydro-
philic macromolecular drugs.

Maybe the first and still the most important representative of
polymer—inhibitor conjugates is chitosan-EDTA. This conjugate has been
synthesized around 10 years ago and has been evaluated for the oral delivery
of peptides (Bernkop-Schniirch et al. 1997, Wu et al. 2004) and pDNA (Loretz
et al. 2006) as well as for transdermal drug delivery (Biruss and Valenta 2006,
Valenta et al. 1998). The underlying idea of developing chitosan—-EDTA was to
combine the mucoadhesive properties of chitosan and the well-known
ion-complexing properties of EDTA. It has been demonstrated that chitosa-
n—EDTA is capable of inhibiting zinc-dependent proteases including aminopep-
tidases A, N, P, and W as well as carboxypeptidases A, B, M, and P. Although
the ability of chitosan—EDTA to bind calcium ions is higher than that of various
polyacrylates (Bernkop-Schniirch and Krajicek 1998), chitosan-EDTA
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conjugates do not display any inhibitory effects toward calcium-dependent
proteases such as elastase, chymotrypsin, or trypsin. However, chitosan—-EDTA
which can additionally be used as a matrix for controlled drug release is an
important tool for the delivery of enzymatic susceptible drugs.

Other so far developed polymer—inhibitor conjugates are sodium carboxy-
methylcellulose-BBI ~ and  sodium  carboxymethylcellulose—elastatinal
(Marschiitz and Bernkop-Schniirch 2000), various polymer—inhibitor conju-
gates based on polycarbophil (Marschiitz et al. 2001), chitosan—-BBI and chit-
osan—elastatinal (Guggi and Bernkop-Schniirch 2003), chitosan—pepstatin
(Guggi et al. 2003), and chitosan—aprotinin (Werle et al. 2007). A comparison
of the in vitro efficacy of chitosan—aprotinin and chitosan to protect the trypsin
and chymotrypsin substrates benzoyl-arginine-p-nitroanilide (trypsin) and ben-
zoyl-tyrosine-p-nitroanilide (chymotrypsin) from degradation in the presence
of the corresponding protease is shown in Fig. 4.4 (Werle et al. 2007)
(Table 4.1).

Fig. 4.4 Increase of p-
nitroaniline in a solution
containing the trypsin
substrate benzoyl-arginine-
p-nitroanilide and trypsin at
37°C and phosphate buffer
pH 7.6; -0- buffer only, -[3-
0.1% chitosan, -A- 0.025%
chitosan—aprotinin, -H-
0.1% chitosan—aprotinin;
each point represents the

p-nitroaniline [pg/ml]

mean + SD of at least three 0 B T T 1
experiments. Figure adapted 0 5 10 15 20
from Werle et al. (2007) time [min]

For an intended drug uptake in the stomach, the only proteolytic enzyme
which has to be inhibited is pepsin. It has been demonstrated that the polymeric
pepsin—inhibitor conjugate chitosan—pepstatin was capable to efficiently pro-
tect the peptide drug calcitonin in the presence of pepsin. These results have
been additionally confirmed in vivo. The administration of minitablets com-
prising of a mixture of calcitonin, chitosan, and chitosan—pepstatin to rats led to
a reduction of the plasma calcium level, whereas no effect was observed when
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Table 4.1 Summary of various protease inhibitors

Inhibitor group

Inhibitor name and reference

Not based on amino acids

Amino acids and modified
amino acids

Peptides and modified
peptides

Polypeptides

Complexing agents

Multifunctional polymers

DFP, PMSF, APMSF, AEBSF, phenyl 1,2,3,4,-tetrahydro-
I-naphthoate methanesulfonate), (Stryer 1988), FK-448
(4-(4-isopropylpiperadinocarbonyl) (Fujii et al. 1985),
camostat mesilate (Yamamoto et al. 1994), Na-
glycocholate (Okagawa et al. 1994, Yamamoto et al.
1994)

Amino acids having hydrophobic side chains such as
L-phenylalanine (McClellan and Garner 1980), boro-leucine,
boro-valine, and boro-alanine (Hussain et al. 1989), N-
acetylcysteine (Bernkop-Schniirch and Marschiitz 1997)

Bacitracin (Langguth et al. 1994, Rachs et al. 1988, Yamamoto
et al. 1994), di- and tripeptides (Langguth et al. 1994),
phosphinate inhibitor VI (Hussain et al. 1992). Pepstatin,
(McConnell et al. 1991), benzyloxycarbonyl-Pro-Phe-CHO
(Walker et al. 1993), antipain, leupeptin, chymostatin, and
elastatinal, phosphoramidon, bestatin, puromycin, and
amastatin (Bernkop-Schniirch 1998)

Aprotinin (Kimura et al. 1996, Saffran et al. 1988, Yamamoto
et al. 1994), Bowman-Birk inhibitor, Kunitz trypsin
inhibitor, chicken egg white trypsin inhibitor (Reseland et al.
1996, Ushirogawa 1992), chicken ovoinhibitor (Scott et al.
1987), human pancreatic trypsin

EDTA, EGTA, 1,10-phenanthroline, hydroxychinolin (Garner
and Behal 1974, Ikesue et al. 1993, Sangadala et al. 1994)

Poly(acrylates) (Luessen et al. 1996), polycarbophil-cysteine
(Bernkop-Schniirch and Thaler 2000, Bernkop-Schniirch
et al. 2001), carbopol(974 P)-cysteine (Valenta et al. 2002),
carboxymethylcellulose-BBI, and
carboxymethylcellulose—elastatinal (Marschiitz and
Bernkop-Schntirch 2000),
PCP-tetramethylenediamine—chymostatin,
PCP-poly(ethylene glycol))-chymostatin conjugate,
PCP-tetramethylenediamine—antipain, and
PCP—tetramethylenediamine—elastatinal (Marschiitz et al.
2001), chitosan—BBI and chitosan—elastatinal (Guggi and
Bernkop-Schniirch 2003), chitosan—pepstatin (Guggi et al.
2003), chitosan—aprotinin (Werle et al. 2007)

administering tablets omitting chitosan—pepstatin (Guggi et al. 2003). Even
more pronounced effects were achieved with tablets additionally containing
the thiomer chitosan—-TBA. The results of this study are provided in Fig. 4.5.
More recently, the potential of a chitosan—aprotinin conjugate was evaluated in
vitro as well as in vivo. Even concentration of 0.025% of the polymer—inhibitor
conjugates displayed inhibitory properties toward trypsin and chymotrypsin. More-
over, the blood glucose level after oral administration of a chitosan—aprotinin-based
delivery system containing insulin could be decreased for several hours (Werle et al.

2007).
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Fig. 4.5 Decrease in plasma
calcium level after oral
administration of calcitoninin
tablets based on —x- chitosan,
-O- chitosan—pepstatin, and
-@- chitosan—pepstatin/
chitosan-TBA; each point
represents the mean + SD of
at least three experiments.
Figure adapted from Guggi
et al. (2003)
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4.5 Conclusion and Future Trends

The enzymatic barrier can be regarded as a main obstacle for orally
administered hydrophilic macromolecular drugs. Therefore, strategies to
overcome this barrier are highly on demand. A modification of the drug
itself in order to avoid enzymatic degradation is always connected with
possible changes in the pharmacokinetic profile and challenges regarding
regulatory issues. The efficacy of formulations that can protect the drug
from enzymatic degradation as well as of enzymes inhibitors has been
demonstrated in various studies and a list of so far used enzyme-inhibitors
is provided in Table 4.1. Especially for enzyme inhibitors, possible toxic
side effects must be taken into consideration. Although systemic side
effects can be minimized by using polymer—inhibitor conjugates, the risk
of side effects mediated by feedback mechanisms remains. Therefore, an
effective protection of the drug by appropriate formulations might be a
safer alternative. For future applications, especially the emerging field of
nanotechnology will play a major role.
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Abstract Within the last decades strong evidence has been provided on the
potential of various types of low molecular mass permeation enhancers to
improve the oral uptake of macromolecular drugs. Although a considerable
number of low molecular mass permeation enhancers have been developed,
medium-chain fatty acids can still be regarded as gold standard. The develop-
ment of more potent and less toxic low molecular mass permeation enhancers is
therefore highly on demand. Moreover, drug delivery systems providing syn-
chronized release properties of both drug and permeation enhancer and addi-
tional favourable features such as protective and mucoadhesive properties
contribute to an improved oral drug uptake. Having the great potential of
low molecular mass permeation enhancers in mind and taking all the
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opportunities ahead into consideration, this class of permeation enhancers will
certainly further alter the landscape of drug delivery towards more efficient
therapeutic systems.

5.1 Introduction

One of the most likely promising strategies in order to improve the bioavail-
ability of orally administered macromolecular drugs is the co-administration of
permeation enhancers. Generally, they can be divided into low molecular mass
permeation enhancers, polymeric permeation enhancers (Chapter 6) and efflux
pump inhibitors (Chapter 7). This chapter will focus on low molecular mass
permeation enhancers. Although this group of permeation enhancers has by far
the longest history going back in the 1970s medium-chain fatty acids can still be
regarded as gold standard. The main reason for this situation is their insuffi-
cient permeation-enhancing properties when being applied in non-toxic con-
centrations. In contrast to polymeric permeation enhancers being un-absorb-
able because of their much higher molecular mass, most low molecular mass
permeation enhancers are rapidly diluted in the GI tract and absorbed from the
mucosa. Consequently, when considerably high amounts of low molecular
mass permeation enhancers have to be administered local and systemic toxic
side effects cannot be excluded. They seem therefore to be more appropriate for
short-term treatments such as for treatment of acute diseases than for long-term
treatments such as of chronic diseases.

Generally, low molecular mass permeation enhancers can be divided into
transcellular and paracellular permeation enhancers. On the one hand the
potential of permeation enhancers to open the paracellular route of uptake
can be determined by the reduction in the transepithelial electrical resistance
(TEER) (enhancement potential = EP). On the other hand the potential of
permeation enhancers to open the transcellular route of uptake can be deter-
mined by the lactate dehydrogenase (LDH) assay (LDH potential = LP). The
parameter K = (EP—LP)/EP represents the relative contribution of the para-
cellular pathway. Consequently, a K value of 0 means predominantly transcel-
lular and a K value of 1 means predominantly paracellular. Based on this
classification system Whitehead and Mitragotri classified over 50 low molecular
mass permeation enhancers showing that most of them are paracellular and
only a few of them are transcellular permeation enhancers (2008).

Low molecular mass permeation enhancers include numerous classes of
compounds with diverse chemical properties including detergents, surfactants,
N-acetylated a-amino acids, N-acetylated non-a-amino acids, fatty acids, med-
ium-chain mono- and diglycerides, acyl carnitine, alkanoyl cholines, Ca’*
chelating agents, zonula occludens toxins and NO donors.

Some of these low molecular mass permeation enhancers act as surfactants/
detergents to increase the transcelluar transport of more lipophilic drugs by
disrupting the structure of the lipid bilayer and rendering the cell membrane
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more permeable (Hellriegel et al. 1996). As most macromolecular drugs, how-
ever, are highly hydrophilic, this type of permeation enhancers is apart from a
few exceptions of minor practical relevance. Furthermore, the potential lytic
nature of surfactants may cause exfoliation of the intestinal epithelium, irre-
versibly compromising its barrier functions (Aungst et al. 1996).

As macromolecular drugs are primarily uptaken via the paracellular route,
the use of low molecular mass permeation enhancers opening tight junctions is
the likely more straightforward approach. Furthermore, evidence is provided
that opening tight junctions — in particular in a reversible manner — is less
damaging than a disruption of cell membrane structure. Low molecular mass
permeation enhancers opening tight junctions include fatty acids, medium-
chain mono- and diglycerides, acylcarnitines, alkanoylcholines, zonula occlu-
dens toxins and NO donors.

5.2 Transcellular Permeation Enhancers
5.2.1 Non-ionic Surfactants

Numerous non-ionic surfactants have been investigated as intestinal permea-
tion enhancers. The size and structure of both the lipophilic and the hydrophilic
part of the surfactant influence its permeation-enhancing properties. Their
permeation-enhancing effect is likely based on interactions with the membrane
by solubilizing membrane components. Studies with polyoxyethylene-ethers,
-esters and -sorbitan esters revealed, for instance, a good correlation between
the enhancement of colonic absorption of p-aminobenzoic acid in rats and lactic
dehydrogenase (LDH) release from the intestine (Sakai et al. 1986). These
results were confirmed by Swenson et al. (1994) showing a good correlation
between enhancement of intestinal absorption of phenol red in rats and LDH
release in the presence of nonylphenoxypolyoxyethylene surfactants.

Dodecylmaltoside increased the small intestinal and colonic absorption of
phenol red in rats without causing membrane protein and phospholipid release
(Yamamoto et al. 1996; Uchiyama et al. 1996). These results, however, are not
in agreement with an in vitro study showing a significant protein and phospho-
lipid release from rat jejunum and colon when dodecylmaltoside is applied in
the same concentration (Yamamoto et al. 1997).

5.2.2 Steroidal Detergents

Steroidal detergents showing permeation-enhancing properties are bile salts,
glycosylated bile acid analogues and saponins.

Bile salts are produced in the liver and secreted into the intestinal lumen forming
mixed micelles with lecithin, monoglycerides, fatty acids and cholesterol. Because
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of the formation of mixed micelles the in vitro effect of bile salts on the intestinal
mucosa can be quite different in comparison to in vivo. The permeation-enhancing
effect of taurocholate on Caco-2 monolayers, for instance, was greatly reduced
when incorporated with phospholipids or cholesterol in mixed micelles. In con-
trast, a mixed micelle composed of taurocholate and oleic acid showed a much
greater permeation-enhancing effect than taurocholate alone (Werner et al. 1996).
The permeation-enhancing effect of bile salts is likely based on their high capacity
for phospholipid solubilization. This theory is supported by numerous studies
showing a correlation between membrane permeation-enhancing effects and the
release of membrane phospholipids and proteins. This effect of bile salts on the
intestinal mucosa seems to be reversible, which was shown in various studies.
Nevertheless, the safety of bile salts as intestinal permeation enhancers has not
yet been resolved. 1% Chenodeoxycholate increased the uptake of octreotide on
Caco-2 monolayer approximately threefold and in rats from 0.26 to 20%. Further
studies in humans showed that the oral bioavailability of octreotide is 1.26% with
chenodeoxycholate and 0.13% with urodeoxycholate. According to studies
performed in rats with insulin used as model drug, the colon seems to be more
sensitive than the small intestine to the permeation-enhancing effect of bile salts
(Yamamoto et al. 1994).

Glycosylated bile acid analogues were shown to be more effective than
taurocholate in increasing the intestinal uptake of calcitonin in rats (Bowe
et al. 1997).

Saponins are found in plants. Their chemical structure is based on glycosy-
lated steroid or triterpenoid. Glycyrrhizinate, for instance, contains two glucur-
onosyl moieties linked to a steroid. Glycyrrhizinate itself shows almost no
permeation-enhancing effect on Caco-2 monolayer (Sakai et al. 1997), whereas
the aglycone glycyrrhetinic acid being formed by glucuronidase in colonic flora
increased Caco-2 permeability and enhanced colonic uptake of calcitonin in
rats (Imai et al. 1999). Another saponin, DS-1, was also shown to increase the
uptake of mannitol and a peptide drug from Caco-2 monolayer without influ-
encing cell viability (Chao et al. 1998a).

5.2.3 N-Acetylated a-Amino Acids and N-Acetylated
Non-ot-Amino Acids

Initiated by work on proteinoid microspheres, which are formed from ther-
mally condensed a-amino acid mixtures, various N-acetylated ¢-amino acids
and N-acetylated non-o-amino acids were synthesized and evaluated regard-
ing their permeation-enhancing properties. Among these compounds sodium
N-[8-(2-hydroxybenzoyl)amino]caprylate (SNAC) turned out as the most
likely promising permeation enhancer. SNAC was identified from a series of
structurally related compounds on the basis of its permeation-enhancing
properties on heparin in rats (Leon-Bay et al. 1998a). At doses of 300 mg/kg
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SNAC increased the oral bioavailability of heparin (Rivera et al. 1997). In
another study SNAC increased the ileal permeation of heparin in situ in rats
(Brayden et al. 1997). The postulated mechanism of action is based on an
association of SNAC to the therapeutic macromolecule rendering the drug
more lipophilic. Consequently large or highly charged molecules can cross cell
membranes via the passive transcellular route of uptake. Once the drug
molecule crosses the membrane, SNAC dissociates from the therapeutic
agent, which then re-establishes its natural conformation (Wu and Robinson
1999; Leon-Bay et al. 1998b; Milstein et al. 1998). How SNAC can be asso-
ciated with a variety of different macromolecular drugs in the harsh environ-
ment of the GI tract being subsequently dissociated once having reached the
blood stream, however, remains unclear.

The SNAC/heparin combination has been evaluated in phase I and phase 11
clinical trials. Furthermore, in phase I clinical trials dosing insulin in combina-
tion with SNAC a rapid elevation of plasma insulin and a subsequent decrease
in plasma glucose levels were observed. In a phase II clinical trial in patients
with type 2 diabetes, insulin was orally administered in combination with
SNAC and metformin failing to achieve significant superior glycemic control
over treatment with metformin alone (Hoffman and Qadri 2008).

5.3 Paracellular Permeation Enhancers
5.3.1 Fatty Acids

Numerous fatty acids were shown to have membrane permeation-enhancing
properties. Among them salts of medium-chain fatty acids including capro-
ates (C6), caprylates (C8), caprates (C10) and laureates (C12) were shown to
boost the flux of hydrophilic agents at millimolar concentrations (Lindmark
et al. 1995). Longer chain fatty acids are also effective as intestinal permea-
tion enhancers, but because of their lower water solubility they have to be
combined with emulsifying agents. Shorter chain fatty acids are much less
effective and in many cases of unpleasant odour. Within medium-chain fatty
acids in particular sodium caprate is the most thoroughly characterized for
use as oral permeation enhancer. Sodium caprate was shown to significantly
increase the permeability of PEGs and FITC-dextrans in vitro as well as in
vivo (Lindmark et al. 1997). The enhancement by sodium caprate of in
vitro permeation of a peptide was greater for rat colon than rat jejunum
(Yamamoto et al. 1997).

In the presence of 10-24 mM sodium caprate on Caco-2 monolayers a dilata-
tion of the tight junctions was observed (Anderberg et al. 1993). Based on Caco-2
studies Tomita et al. (1995) and Lindmark et al. (1998) proposed the activation of
phospholipase C, followed by an increase in inositol triphosphate and intracel-
lular calcium concentration leading to a contraction of calmodulin-dependent
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actin—myosin filaments and the opening of tight junctions. This likely mechanism
was confirmed by further studies on isolated rat and human colon specimens
(Shimazaki et al. 1998). In addition, sodium caprate seems to affect also trans-
cellular permeation as it caused a release of phospholipids into rat colonic lumen
in situ (Tomita et al. 1988). Furthermore, it was demonstrated that sodium
caprate affects the permeability of brush border membrane vesicles (Tomita et
al. 1992). The permeation-enhancing effect of sodium caprate on Caco-2 TEER
and mannitol permeability strongly depends on the applied concentration
(Anderberg et al. 1993). In concentrations > 24 mM sodium caprate was
shown to be cytotoxic (Anderberg et al. 1993; Sakai et al. 1998). Chao et al.
(1999) also demonstrated that sodium caprate enhances the oral bioavailability in
a dose-dependent fashion utilizing a b-decapeptide as model drug in rats. Results
of this study are shown in Fig. 5.1.
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The in vivo performance of sodium caprate depends on the delivery system
and how the drug and sodium caprate are released. The oral bioavailability of a
peptide, for instance, was enhanced in rats and dogs using capsules containing a
semisolid matrix of sodium caprate, polyethylene glycol and water. In contrast,
other formulations were less effective. The extent of absorption enhancement
reported ranged from almost no improvement up to fivefold (Aungst et al. 1996;
Burcham et al. 1995).

Longer chain fatty acids are also effective as intestinal permeation enhan-
cers. Morishita et al. (1998), for instance, could significantly increase the in situ
colonic absorption of insulin in rats utilizing emulsions (w/o/w) containing
oleic, linoleic or linolenic acid.
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5.3.2 Medium-Chain Mono- and Diglycerides

Medium-chain mono- and diglycerides exhibiting permeation-enhancing prop-
erties are mainly based on caprylic and capric acid. They are supplied as
mixtures containing traces of triglycerides as well as monoglycerides and digly-
cerides of shorter and longer chain fatty acids. In the intestinal lumen medium-
chain mono- and diglycerides are subjected to presystemic metabolism to form
free fatty acids. Metabolism to free fatty acids, however, is not required for their
intestinal permeation-enhancing properties.

Lohikangas et al. (1994) showed that a medium-chain glyceride (MCGQG)/
phosphatidylcholine (3:1) mixture applied in a concentration of >4 mM reduces
Caco-2 TEER and increases P,,, of mannitol and low molecular weight
heparin approximately tenfold. Irreversible increase in permeability and altered
cell morphology were observed at concentrations > 8 mM. The in vivo safety of
MCG has been assessed in rats, rabbits and dogs showing that rectally adminis-
tered MCGs lead to no remarkable morphologic changes to the rectal mucosa
(Sekine et al. 1985).

The oral bioavailability of a peptide was improved from 0.5 to 27% due to the
co-administration of MCG (Constantinides et al. 1994). Lundin et al. (1997)
demonstrated that monohexanoin is even more effective than MCG in increasing
oral absorption of the therapeutic peptide dDAVP in rats. Furthermore, due to
the co-administration of a monoolein/sodium taurocholate combination the
colonic uptake of polyethylene glycol 4000, calcitonin and horseradish peroxi-
dase in rats was significantly increased without causing morphologic damage to
the mucosa. The appearance of horseradish peroxidase in the cytoplasm sug-
gested enhancement via the transcellular route of uptake (Hastewell et al. 1994).

5.3.3 Acylcarnitines and Alkanoylcholines

Medium- and long-chain fatty acid esters of carnitine and choline are another
group of intestinal permeation enhancers. Palmitoyl-prL-carnitine chloride was
shown to dilate paracellular spaces on Caco-2 monolayers leading to an
improved uptake of fluorescent compounds via the paracellular route of uptake
(Hochman et al. 1994; Chao et al. 1998b). In this connection it was also shown
that the effective pore radius of Caco-2 monolayers increases with the concen-
tration of applied palmitoyl-prL-carnitine chloride in the 0.05-0.35 mM range
(Knipp et al. 1997). Furthermore, it was shown that this effect of palmitoyl-pr-
carnitine chloride on tight junctions is calcium independent (Hochman et al.
1994). So far, to our knowledge the influence of fatty acids formed by the
presystemic metabolism of palmitoyl-pL-carnitine chloride on its permeation-
enhancing effect has not been addressed. Medium-chain alkanoylcholines,
however, were shown to be rapidly hydrolyzed in rat intestine (Chelminska-
Bertilsson et al. 1995).
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In orientating toxicity studies palmitoyl-prL-carnitine chloride and lauroyl
choline were shown to cause only slight alterations of the mucosal cell structure
of jejunum and colon under prolonged exposure when being tested in permea-
tion-enhancing concentrations (LeCluyse et al. 1993; Fix et al. 1996). In another
study on Caco-2 monolayers, however, palmitoyl-pL-carnitine chloride caused
LDH release, increased uptake of propidium iodide and reduced neutral red
retention, in concentrations needed to provide an improved uptake of PEG
4000 (Duizer et al. 1998).

5.3.4 Chelating Agents

In comparison to other low molecular mass permeation enhancers chelating
agents seem to be of minor practical relevance for oral macromolecular delivery.
The mechanism of action is likely based on the depletion of Ca®* ions leading to
an increase in the paracellular permeability of epithelial cells (e.g. Noach et al.
1993). Chitosan—EDTA and chitosan—-DTPA conjugates exhibiting a compara-
tively high Ca®" ions binding affinity and binding capacity (Bernkop-Schniirch
and Krajicek 1998), however, did not show any permeation-enhancing proper-
ties. Sodium salicylate and 5-methoxysalicylate, for instance, were shown to
remarkably enhance the rectal absorption of insulin in rats (Nishihata et al.
1983; Aungst and Rogers 1988). Most of the chelating agents, however, cause
functional damage to the intestinal mucosa (e.g. Yamashita et al. 1987).

5.3.5 Zonula Occludens Toxin

Although zonula occludens toxin (Zot) is a polypeptide of 44.8 kDa, it is
described within this chapter of low molecular mass permeation enhancers, as
also smaller fragments of this protein show permeation-enhancing properties.
Zot is present in toxigenic strains of Vibrio cholerae (Baudry et al. 1992) with the
ability to reversibly alter intestinal epithelial tight junctions allowing the pas-
sage of macromolecular drugs through the intestinal mucosal barrier. It was
first identified by Uzzau and Fasano (2000) in the outer membrane of the
bacterium. The toxin possesses multiple domains that allow a dual function as
an enterotoxin and as a morphogenetic phage protein (Uzzau et al. 1999).
Permeation studies on freshly excised mucosa have shown that the activity of
Zot is reversible and sensitive to protease digestion (Fasano et al. 1991). To
identify Zot domains being involved in the permeation-enhancing effect several
Zot gene deletion mutants were constructed and tested (Di Pierro et al. 2001).
The study revealed the carboxyl terminus of the protein as functionally and
immunologically related endogenous modulator of epithelial tight junctions.
Extensive studies on Zot were triggered by its ability to allow for the oral
administration of insulin (Fasano and Uzzau 1997). Rats treated with Zot
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experienced neither diarrhoea, fever, nor other systemic symptoms, and no
structural changes were demonstrated in the small intestine on histological
examination (Fasano and Uzzau 1997). In rabbits it was shown that Zot
induces a reversible increase of small intestinal permeability without any
cytotoxic side effects (Fasano et al. 1991). In vitro experiments in the rabbit
ileum demonstrated that Zot reversibly increased intestinal absorption of insu-
lin and immunoglobulin G (Fasano and Uzzau 1997). In vivo (Fasano and
Uzzau 1997; Uzzau et al. 1996) and in vitro (Fasano et al. 1991; Uzzau et al.
1996) studies demonstrated that the effect of Zot on membrane permeability
occurs within 20 min and reaches its maximum within 80 min. In a primate
model of diabetes mellitus it was shown that the oral bioavailability of insulin
increased from 5.4% in controls to 10.7 and 18% when Zot 2 and 4 pg/kg were
co-administered, respectively (Watts et al. 2000).

The transport-enhancing effect of Zot was shown to be reversible and non-
toxic (Fasano et al. 1991; Cox et al. 2002). More recently a smaller fragment of
Zot in the size of 12 kDa referred to as 4G was identified (Di Pierro et al. 2001).
AG displayed significant potential as permeation enhancer. In vitro studies
showed that it is capable of significantly increasing the apparent permeability
coefficients for a wide variety of drugs across Caco-2 monolayer (Salama et al.
2003, 2004). In the presence of peptidase inhibitors AG improved the bioavail-
ability of mannitol, inulin and PEG 4000 after intraduodenal administration to
rats (Salama et al. 2003, 2004). In another in vivo study the oral bioavailability
of cyclosporin A was increased up to 50-fold due to the co-administration of AG
when metabolic protection was provided (Salama et al. 2005). Results of this
study are illustrated in Fig. 5.2.
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Zonulin, an intestinal Zot analogue sharing an 8-amino acid motif with Zot
(Di Pierro et al. 2001), was shown in a primate model to reversibly open
intestinal tight junctions after engagement to the same receptor activated by
Zot (Wang et al. 2000) The physiological role of Zonulin remains unclear but it
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is likely that it is involved in several functions, including tight junction regula-
tion during developmental, physiological and pathological processes, including
tissue morphogenesis, protection against microorganisms’ colonization and the
movement of fluid, macromolecules and leucocytes between the bloodstream
and the intestinal lumen and vice versa (Fasano 2001). After a Zonulin induced
opening of tight junctions, water is secreted into the intestinal lumen followed
by a hydrostatic pressure gradient (Fasano et al. 1997). Consequently bacteria
are flushed out from the small intestine (Fasano 2001).

5.3.6 NO Donors

Nitric oxide (NO) donors include a variety of compounds such as 3-(2-hydroxy-1-
(methylethyl)-2-nitrosohydrazino)-1-propanamine (NOCS5), N-ethyl-2-(1-ethyl-
hydroxy-2-nitrosohydrazino)-ethanamine (NOC12), S-nitroso-N-acetyl-penicil-
lamine and sodium nitroprusside. Their mode of action seems to be based on an
opening of tight junctions. NOCI12, for instance, was shown to significantly
decrease the transepithelial electrical resistance value of the colonic membrane,
suggesting that the absorption-enhancing mechanism is related to the dilation of
the tight junctions (Yamamoto et al. 2001).

Furthermore, the permeation-enhancing effects of NO donors seem to be
strongly dose-dependent. Utoguchi et al. (1998) reported that the absorption-
enhancing effect of S-nitroso-N-acetyl-penicillamine for rectal insulin absorp-
tion was dose-dependent over the range of 0.25-4.0 mg in rats. Similarly,
Salzman et al. (1995) demonstrated that incubation with sodium nitroprusside
resulted in a concentration-dependent increase in the transepithelial transport
of fluorescein sulphonic acid in Caco-2 cells. To our knowledge the potential of
NO donors for oral macromolecular delivery, however, has so far not been
tested in a valid animal model.

5.4 Oral Macromolecular Drug Delivery Systems Containing Low
Molecular Mass Permeation Enhancers

Although a low molecular mass permeation enhancer may greatly increase
intestinal permeability in vitro or in situ, this does not guarantee that the
enhancer will significantly improve oral bioavailability in vivo. The in vivo
performance of a permeation enhancer is mainly related to its concentration at
the site of drug absorption. The design of appropriate oral delivery systems
comprising a combination of a macromolecular drug and a low molecular mass
permeation enhancer is therefore likely the key for sufficient high oral bioavail-
ability. Apart from general points to be considered for a potent oral delivery
system which are listed in Table 5.1, in case of delivery systems comprising low
molecular mass permeation enhancers a further point needs to be addressed.
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Table 5.1 Advantageous features of oral macromolecular drug delivery systems

Demanded features

Benefit

Additional information

Intimate contact of the
delivery system with
the intestinal
mucosa

Prolonged intestinal
residence time

Protective effect
towards an
enzymatic attack

Controlled drug
release

Exclusion of a presystemic
metabolism

Prolonged period of time being
available for drug uptake

Exclusion of a presystemic
metabolism

Best compromise between
protective effect/intimate
contact and concentration
gradient on the absorption

This intimate contact can be
achieved by utilizing
mucoadhesive polymers and/
or nanoparticulate delivery
systems

On the one hand, if the drug
release is too rapid the
beneficial properties of the
delivery system such as

membrane protective effect or intimate
contact with the absorption
membrane are lost. On the
other hand, if the drug release
is too slow the concentration
gradient on the absorption
membrane representing the
driving force for passive drug
uptake and the absorption
area being available for drug
uptake is strongly reduced

A targeted release of the
macromolecular drug in
the small intestine can be
achieved by an enteric
coating

Targeted drug release Exclusion of drug inactivation
in the acidic environment of

the stomach

The drug and the permeation enhancer must be delivered to the absorption
site simultaneously and a sufficient concentration of the permeation enhancer
must be achieved and maintained there. As low molecular mass permeation
enhancers are rapidly diluted by the fluids of the gastrointestinal tract, spread
over a large surface and are consequently rapidly absorbed leaving the macro-
molecular drug alone behind in the intestine, the release of both the drug and
the permeation enhancer needs to be synchronized. Lin et al. (2006), for
instance, investigated the influence of various release kinetics of a polysacchar-
ide drug and sodium caprate on the oral bioavailability in rats. They compared
three formulations which eroded within 1, 2 and 4 h providing a synchronous
release of both the drug and the permeation enhancer (S-1, S-2 and S-4) with
corresponding non-synchronous formulations (NS-1, NS-2 and NS-4). Gener-
ally formulations providing a controlled release over 2 h (S-2 and NS-2) showed
the greatest potential supporting the advantage of a well-adjusted drug release
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rate as listed in Table 5.1. Furthermore, as listed in Table 5.2, all synchronous
formulations led to comparatively higher bioavailability than the correspond-
ing non-synchronous formulations.

Table 5.2 Pharmacokinetics parameters after intra-intestinal administration of synchronous
(S) and non-synchronous (NS) formulations to rats (means + SD, n=4); adapted from Lin
et al. (2006)

Formulation Tnax (h) Crnax (“g/mL) AUC 04 (h“g/mL) F (%)

S-1 0.50 29.1£59 464 £11.2 27.8 £6.7
S-2 1.00 21.3+4.6 520£73 31.2+ 44
S-4 0.50 112+£24 20.5+£3.7 123 £22
NS-1 0.25 128 +£2.4 19.8 £2.5 11.8£1.5
NS-2 0.50 23.4+438 42.0 £6.6 252+39
NS-4 0.50 9.6£25 142 £56 8.5+3.4

Furthermore, permeation enhancers may differ in their delivery require-
ments in order to guarantee best performance. Sodium decanoate was more
effective in permeation enhancement from the rat jejunum when administered
at a concentration of 50 mM over 30 min than when administered at 100 mM
over 15 min (Baluom et al. 1998).

Another aspect from the drug delivery point of view is the combined use of
different types of permeation enhancers in the same formulation. Whitehead
et al. (2008), for instance, could show a synergistic effect of binary combinations
of hexylamine and chembetaine and ternary combinations of sodium laureth
sulphate, decyltrimethyl ammonium bromide and chembetaine on the uptake of
70 kDa dextran from Caco-2 monolayer while inducing very little toxicity in
Caco-2 cells.

5.5 Conclusion

Within the last decades strong evidence has been provided on the potential of
various types of low molecular mass permeation enhancers to improve the oral
uptake of macromolecular drugs. Nevertheless, so far no oral macromolecular
drug delivery system comprising a low molecular mass permeation enhancer
has entered the market indicating that the permeation-enhancing properties of
these enhancers are still associated with too high toxic risks.

The development of more potent and less toxic low molecular mass permea-
tion enhancers is therefore highly on demand. The design of shorter and more
stable Zots, for instance, might be a promising approach in this direction.
The identification of further synergistic acting combinations of permeation
enhancers might also be a fruitful strategy. Moreover, improvements in drug
delivery systems providing better synchronized release properties and
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additional favourable features such as protective and mucoadhesive properties
will contribute to more potent formulations for oral macromolecular delivery.
Last but not least, improved production techniques for most macromolecular
drugs have significantly lowered the costs of these therapeutic agents within the
last years. Consequently, comparatively lower oral up-take improvements are
meanwhile sufficient justifying the development of oral delivery systems show-
ing lower bioavailability of the macromolecular drug.

Having the great potential of low molecular mass permeation enhancers in
mind and taking all the opportunities ahead into consideration, this class of
permeation enhancers will certainly further alter the landscape of drug delivery
towards more efficient therapeutic systems. This chapter should encourage and
motivate scientists in academia and industry to move on or intensify their
activities in this challenging research field.
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Abstract There are enough low molecular permeation enhancers available to
increase the absorption of hydrophilic drugs, but all of them have the disadvan-
tage of strongly interfering with the phospholipid membranes and of damaging
them. Polymeric permeation enhancers are a class of substances which are able to
selectively trigger mechanisms to selectively open the watery channels of the tight
junctions which allow the passage of hydrophilic drugs alongside the enterocytes.
As these polymeric permeation enhancers are hydrophilic polymeric substances
they are generally not absorbed and hence show basically no toxicity. They
specifically act, e.g. by binding calcium ions (polyacrylates) and the reversible
opening of the tight junctions is triggered. Others — like the chitosans and their
quaternary analogues like trimethyl chitosan (TMC) — specifically interact with
their positive charges of sialic acid or sulphuric acid of the mucosal linings to
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induce the same effect. As all the polymeric permeation enhancers have to show
mucoadhesivity in order to be effective, their residence time on the mucosal
surface is increased. This effect is even strongly increased when thiolated
polymeric permeation enhancers are used, which are able to even further
increase the mucus residence time of the permeation enhancer. Whereas
delivery systems containing polymeric permeation enhancers for application
at directly accessible mucous membranes are feasible the peroral application is
still a challenge.

6.1 Introduction

In the early 1990s more or less by serendipity two new classes of polymeric
permeation enhancers have been identified being polymers which have been
used since long time and in huge amounts as ‘neutral’ excipients in formula-
tion of drug medicines. These new classes are polyacrylates and chitosan
salts which showed the ability to reversibly open the so-called tight junctions
and allow the paracellular permeation of hydrophilic substances across
mucosal tissues. Because of their different structure and ionic charge (poly-
acrylates being negatively charged and chitosans being positively charged),
the mechanisms underlying this alteration of permeability have to be of
different characters. A direct interaction of the cationic polymer molecule
with the negatively charged cell membrane sugar residues is now established
for chitosan and its derivatives, whereas depletion of extracellular Ca®"
probably plays the major role in triggering the opening of the tight junctions
(Noach et al. 1993, LueBen et al. 1996a, 1997, Borchard et al. 1996). Both
classes of polymers are mucoadhesive. Additionally polyacrylates can also
block intestinal enzymes to a certain extent (LueBen et al. 1996b). Most
importantly, however, is the fact that these classes of polymeric permeation
enhancers only act on the tight junctions, thus allowing paracellular trans-
port of hydrophilic molecules only, and not additionally interact, as low
molecular penetration enhancer do, with the cell membrane components by
inducing transcellular drug transport by membrane damage. As these poly-
meric permeation enhancers are hydrophilic macromolecular substances
their absorption by enterocytes is negligible and their safety profile is very
good (Junginger and Verhoef 1998).

6.2 Polyacrylates

The term polyacrylates includes synthetic, high molecular weight polymers of
acrylic acid (polyacrylic acid or PAA) that are also known as carbomers. They
are either linear or (weakly) cross-linked (either by allyl sucrose (carbomers) or
by divinyl glycol (polycarbophils)) polymers that are broadly applied in
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pharmaceutical and cosmetic industry (mostly as excipient for controlled drug
release from oral dosage forms and as stabilizers for gels). Cross-linked carbo-
mers, distributed now by Lubrizol (www.lubrizol.com), formerly by B.F.
Goodrich under the commercial name carbopols and polycarbophils (PCPs),
are also used as mucoadhesive platforms for drug delivery. Carbopols and
PCPs have received extensive review and toxicological evaluation. PCPs and
calcium PCPs are classified as category 1 GRAS (generally recognized as safe)
materials. Polyacrylates interact with mucus by hydrogen and van der Waals
bonds, created between the carboxylic groups of the polyacrylates and the
sulphate and sialic acid residues of mucin glycoproteins (Dodou et al. 2005).
However, polyacrylates do possess properties of absorption enhancers for
paracellular absorption of hydrophilic compounds as peptides and are addi-
tionally able to inhibit the activities of enzymes present in the intestinal fluid.

6.2.1 Polyacrylates as Absorption Enhancers

The absorption across rat intestinal tissue of the model peptide-drug
9-desglycinamide, 8-L-arginine vasopressin (DGAVP) from mucoadhesive for-
mulations was studied by Lehr et al. (1992a) in vitro, in a chronically isolated
internal loop in situ and after intraduodenal administration in vivo. Only the
polycarbophil suspensions of the drug could show significant increases of
bioavailabilities in all three models, whereas a controlled-release bioadhesive
drug delivery system consisting of microspheres of poly(2-hydroxyethyl metha-
crylate) with a mucoadhesive polycarbophil coating was practically ineffective,
because its mucoadhesive coating was de-activated by soluble mucins before
reaching the intestinal mucosa. A prolongation of theabsorption phase in vitro
and in the chronically isolated loop in situ suggested that the polymer was able
to protect the peptide from proteolytic degradation.

In another study LueBen and coworkers (1997) compared the absorption-
enhancing effects of polycarbophil, chitosan and chitosan glutamate and found
that all three mucoadhesive polymers were potent enhancers of the model
peptide-drug DGAVP using Caco-2 cell layers and the vertically perfused
intestinal loop model of the rat. The observed comparable transport effect of
polycarbophil on the intestinal loop model was mainly ascribed to the protec-
tion of DGAVP against proteolytic degradation in the intestinal lumen, which
allows for sufficient concentration and thus transport of the peptide drug when
the polycarbophil-induced paracellular transport is less pronounced. In an in
vivo study the same researchers also studied the intestinal absorption of buser-
elin using Carbomer 934P, the sodium salt of Carbomer (made in order to
increase the solubility of Carbomer and chitosan hydrochloride as possible
polymeric penetration enhancers (Fig. 6.1a)). Further results, however, pre-
sented in Fig. 6.1b showed a strong superiority of chitosan as absorption-
enhancing polymer in comparison with polyacrylates (LueBen et al. 1997).
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Carbopol 934P was also used by Thanou and collaborators (2001b) for
the enhancement of the intestinal absorption of low molecular weight
heparin (LMWH) in rats and pigs (Figs. 6.2 and 6.3, respectively).
LMWH is a polyanion and does not interact with polycarbophil 934P. To
both animal species LMWH was administered intraduodenally and the
AntiXa levels were measured. Both studies showed a remarkably enhanced
LMWH uptake after about 1 h and the effect for providing sufficient
antithrombotic effect lasted for both animal species for about 7 h showing
that this polyacrylate may be a good absorption enhancer for LMWH,
provided a good delivery system can be developed based on polycarbophil
934P. The in vivo results of both the study in rats and in pigs are shown in
Figs. 6.2 and 6.3, respectively.
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6.3 Chitosan

Time (h)

6.3.1 Application, Mechanism and Safety Aspects

Chitosan (poly[B-(1-4)-2-amino-2-deoxy-D-glucopyranose]) is a cationic poly-
saccharide comprising copolymers of glucosamine and N-acetylglucosamine
(Fig. 6.4). Nowadays, chitosan is available in different molecular weights
(polymers 500,000-50,000 Da, oligomers 2000 Da), viscosity grades and degree

of deacetylation (40-98%).

The bioadhesive properties were first described by Lehr et al. (1992b) demon-
strating that chitosan in the swollen state is an excellent mucoadhesive polymer in
the porcine intestinal mucosa and is also suitable for repeated adhesion. The
authors also reported that chitosan undergoes minimal swelling in artificial
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intestinal fluids due to its poor aqueous solubility at neutral pH values, proposing
that substitution of the free -NH, groups with short alkyl chains would change
the solubility and hence the mucoadhesion profile. The strong mucoadhesive
properties of chitosan are due to the formation of hydrogen and ionic bonds
between the positively charged amino groups of chitosan and the negatively
charged sialic acid residues of mucin glycoproteins (Rossi et al. 2000).

Whereas for most low molecular weight absorption enhancers studied a
strong cytotoxicity profile was evident in concentrations where they are able
to act as penetration enhancers, chitosan gave contradictory results with respect
to its safety profile (Carreno-Gomez and Duncan 1997). Dodane et al. (1999)
investigated the effect of chitosan (degree of deacetylation 80%) solutions at pH
6.0-6.5 on the structure and function of Caco-2 cell monolayers. Using a series
of microscopic techniques, the authors were able to show that chitosan had a
transient effect on the tight junction’s permeability and that viability of the cells
was not affected. However, chitosan treatment slightly perturbed the plasma
membrane, but this effect was reversible.

In a preliminary study Chae and coworkers (2005) investigated the molecular
weight (MW)-dependent Caco-2 cell layer transport phenomena (in vitro) and
the intestinal absorption patterns after oral administration (in rats in vivo) of
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water-soluble chitosans. The absorption of chitosans was significantly influenced
by its MW. As the MW increases, the absorption decreases. The absorption both
in vitro and in vivo of a chitosan with a MW of 3.8 kDA was about 25 times
higher in comparison to a high MW chitosan (230 kDa). On the other side, the
chitosans showed concentration- and MW-dependent cytotoxic effects: the chit-
osan oligosaccharides (MW < 10 kDa) showed negligible cytotoxic effects on the
Caco-2 cells whereas the high MW chitosans were more toxic in this experimental
setting. However, the abundant use of chitosans in the food industry and the use
of chitosan as excipient for peroral drug delivery systems prove also that chitosan
with a high molecular weight can be regarded as safe.

6.3.2 Chitosan as Absorption Enhancer of Hydrophilic
Macromolecular Drugs

Ilum and coworkers (1994) reported at first that chitosan is able to promote the
transmucosal absorption of small polar molecules as well as peptide and protein
drugs across nasal epithelia. Immediately afterwards Artursson and collabora-
tors (1994) reported that chitosan can increase the paracellular permeability of
['*CJmannitol (a marker for the paracellular route) across Caco-2 intestinal
epithelia.

Chitosan gels were first tested in vivo for their ability to increase the intest-
inal absorption by LueBen and coworkers (1996a). The absorption enhance-
ment of the peptide analogue buserelin was studied after intraduodenal
co-administration with chitosan (pH 6.7) in rats. Chitosan substantially
increased the bioavailability of the peptide (5.1%) in comparison to control
(no polymer) or Carbopol 934P containing formulations (see Fig. 6.1a and b).
Borchard and his team (1996) investigated chitosan glutamate solutions at pH
7.4 for their effect in increasing the paracellular permeability of ['*CJmannitol
and fluorescent-labelled dextran (MW 4400 Da) in vitro in Caco-2 cells. No
effect on the permeability of the monolayer could be observed, indicating that
at neutral pH value chitosan is not effective as absorption enhancer. The pH
dependency of chitosan’s effect on epithelial permeability was further investi-
gated by Kotzé and coworkers (1998). Two chitosan salts (hydrochloride and
glutamate) were evaluated for their ability to enhance the transport of
['*CJmannitol across Caco-2 cell monolayers at two pH values, 6.2. and 7.4.
At low pH both chitosans showed a pronounced effect on the permeability of
the marker, leading to 25-fold (glutamate salt) and 36-fold (hydrochloride salt)
enhancement. However, at pH 7.4 both chitosans failed to increase the perme-
ability due to their insolubilities in a more basic environment such as in the large
intestine. These results made quite clear that chitosan (salts) cannot be used as
absorption enhancers for in vivo studies when the drug should be released in the
jejunum because of the insolubility and hence ineffective at pH values higher
than 6.5.
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Very recently a chitosan product could be manufactured by a special deace-
tylation process of chitin resulting in a chitosan which seems to be soluble also
at pH values up to 7.4 (Personal communication of Jorg Théoming, UFT —
Center for Environmental Research and Technology, Department of Produc-
tion Engineering, Chemical Engineering — Recovery & Recycling, Leobener Str.
UFT, D-28359 Bremen, Germany). This special chitosan may make the use of
(quaternized) chitosan derivatives superfluous when proven that it is as effective
in opening of the tight junctions as the quaternized chitosan derivatives.

6.3.3 N,N,N,-Trimethyl Chitosan Hydrochloride (TMC)

6.3.3.1 Synthesis and Characterization of TMC

Kotzé and collaborators (1998) based on the method of Domard et al. (1986)
synthesized TMC with various degrees of quaternization. TMC is a partially
quaternized derivative of chitosan which is prepared by reductive methylation
of chitosan with methyl iodide in a strong basic environment at an elevated
temperature (see Fig. 6.4). The degree of quaternization can be altered by
increasing the number of reaction steps, by repeating them or by increasing
the reaction time according to Sieval et al. (1998). TMC proved to be a
derivative of chitosan with superior solubility and basicity, even at low degrees
of quaternization, compared to chitosan salts. This quaternized chitosan shows
much higher aqueous solubility than chitosan in a much broader pH and
concentration range. The reason for this improved solubility is the substitution
of the primary amine with methyl groups and the prevention of hydrogen bond
formation between the amine and the hydroxylic groups of the chitosan
backbone.

The absolute molecular weights, radius and polydispersity of a range of
TMC polymers with different degrees of quaternization (22.1, 36.3, 48.0 and
59.2%) were determined with size exclusion chromatography and multi-angle
laser light scattering (MALLS) (Kotzé et al. 1998). The absolute molecular
weight of the TMC polymers decreased with an increase in the degree of
quaternization. The respective molecular weights measured for each of the
polymers were 2.02, 1.95, 1.66 and 1.43 g/mol x 10°. It should be noted that
the molecular weight of the polymer chain increases during the reductive
methylation process due to the addition of the methyl groups to the amino
group of the repeating monomer. However, a net decrease in the absolute
molecular weight is observed due to degradation of the polymer chain caused
by exposure to the specific harsh reaction condition during the synthesis
(Snyman et al. 2002). Polnok and coworkers (2004) investigated the influence
of the methylation process on the degree of quaternization of N-trimethyl
chitosan chloride. 'H-Nuclear magnetic resonance spectra showed that the
degree of quaternization was higher when using sodium hydroxide as base
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compared to dimethyl amino pyridine. The degrees of quaternization as well
as O-methylation of TMC increased with the number of reaction steps.

The mucoadhesive properties of TMC with different degrees of quaternization,
ranging between 22 and 49%, were investigated by the group of Snyman (2002).
TMC was found to have a lower intrinsic mucoadhesivity compared to the
chitosan salts, chitosan hydrochloride and chitosan glutamate, but if compared
to the reference polymer, pectin, TMC possesses superior mucoadhesive proper-
ties. The decrease in the mucoadhesion of TMC compared to the chitosan salts was
explained by a change in the conformation of the TMC polymer due to interaction
between the fixed positive charges on the quaternary amino group, which possibly
also decreases the flexibility of the polymer molecules. The interpenetration into
the mucus layer by the polymer is influenced by a decrease in flexibility resulting in
a subsequent decrease in mucoadhesivity (Snyman et al. 2003)

6.3.4 N-Trimethyl Chitosan as Absorption Enhancer of Peptide
Drugs

TMC was firstly investigated for permeation-enhancing properties and toxicity
(Kotzé et al. 1999), using the Caco-2 cells as a model for intestinal epithelium.
Initially a trimethylated-chitosan having a degree of trimethylation of 12%
(dimethylation 80%) was tested. This polymer (1.5-2.5%, w/v; pH 6.7) caused
large increases in the transport rate of ['*C]mannitol (32-60-fold), fluorescent-
labelled dextran 4400 (167-373-fold) and the peptide drug buserelin (28-73-
fold). Confocal laser scanning microscopy (CLSM) confirmed that TMC opens
the tight junctions of intestinal epithelial cells to allow increased transport of
hydrophilic compounds along the paracellular transport pathway. No intracel-
lular transport of the fluorescent marker could be observed (Kotz¢ et al. 1999).

Chitosan HCI and TMC:s of different degrees of trimethylation were tested
by Kotzé and collaborators (1999) for enhancing the permeability of ['*C]man-
nitol in Caco-2 intestinal epithelia at a pH value of 7.2. Chitosan HCl failed to
increase the permeability of the marker substance across these monolayers and
so did TMC with a degree of methylation of 12.8%. However, TMC with a
degree of trimethylation of 60% increased significantly the ['*C]mannitol per-
meability across Caco-2 intestinal monolayers, indicating that a threshold value
at the charge density of the polymer is necessary to trigger the opening of the
tight junctions at neutral values.

TMC polymers were further investigated by Thanou et al. (see literature
from 1999 and 2000a) to see if they provoke cell membrane damage on Caco-2
cell monolayers during enhancement of the transport of hydrophilic macromo-
lecules. Using cell membrane impermeable fluorescent probes and CLSM, it
was visualized that TMC polymers widen the paracellular pathways without
cell damage. From such visualization studies it also appears that the mechanism
of opening the tight junctions is similar to that of protonated chitosan (Thanou
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et al. 2001c). Because of the absence of significant toxicity, TMC polymers
(particularly with a high degree of trimethylation) are expected to be safe
absorption enhancers for improved transmucosal delivery of peptide drugs
(Thanou et al. 1999).

The effects of TMC60 (degree of trimethylation 60%) polymers were subse-
quently studied in vivo in rats, using the peptide drug buserelin (p/ = 6.8)
and octreotide (p/ = 8.2) (Thanou et al. 2000b, Thanou 2000). Octreotide
formulations with or without TMC60 (pH 7.2) were compared with chitosan
dispersions at neutral pH values after intraduodenal administration in rats.
A remarkable increase in octreotide serum concentrations was observed after
co-administration of the peptide with TMC60, whereas octreotide alone was
poorly absorbed. In the presence of TMC60 octreotide was rapidly absorbed
from the intestine having f,.x at 40 min, whereas chitosan dispersions
(at pH 7.2) showed a slight increase in octreotide absorption compared to the
control. Chitosan did not manage to increase the octreotide concentrations to
the levels achieved with TMC60. The absolute bioavailability of octreotide after
co-administration with 1.0% TMC60 was 16.0%.

Octreotide was also administered to juvenile pigs with or without TMC60 at
a pH of 7.4. The solutions were administered intrajejunally through an
in-dwelling fistula that was inserted 1 week prior to the octreotide. Intrajejunal
administration of 10 mg of octreotide, co-administered with 5 and 10% (w/v)
TMC60, resulted in a 7.7-fold and 14.5-fold increase in octreotide absorption
with absolute bioavailabilities of 13.9 + 1.3 and 24.8 + 1.8%, respectively. The
results are presented in Fig. 6.5 (Thanou et al. 2001a).
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Fig. 6.5 Plasma octreotide concentration (mean + SE) versus time curves after 1J administration
of 10 mg/20 ml/pig with the polymers chitosan HCL [CS1.5: 1.5% (w/v); pH = 5.5; n = 6] and
TMC [TMCI10: 10% (w/v); pH = 7.4; n = 6 and TMCS5: 5% (w/v); pH = 7.4; n = 3] or without
any polymer [OA10: octreotide in 0.9% NaCl; pH = 7.4; n = 5] (Thanou et al. 2001a)
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It is stated by the author that a gel was obtained with 10% (w/v) concentra-
tion of the polymer. This high concentration of the TMC60 polymer was chosen
to counteract the dilution of the 20 ml administration volume by the Iuminal
fluids and mucus of the intestinal tract and to ensure that substantial amounts
of both peptide and enhancer could reach the absorptive site of the intestinal
mucosa (Thanou 2001). Although the results show very high bioavailabilities
(also taking into account the small absorptive area which is created by only
widening of the tight junctions), the impracticality of administering such high
concentrations in a solid dosage form cannot be overlooked as concentrations
of 1-2 g of the polymer have to be administered in an attempt to obtain the same
results (van der Merwe et al. 2004a).

In order to overcome these problems a completely new and different
approach has been chosen by Dorkoosh and coworkers (2002). The platform
of their delivery systems consists of superporous hydrogels (SPH) and super-
porous hydrogel composite (SPHC). These hydrogels can swell very rapidly and
have the capacity to take up between 100 and 200 times of intestinal liquid of
their original volume. Arriving in the intestine these SPHs swell quickly and
bring the delivery systems (small tablet in which the drug is incorporated) which
is attached to the outside of the SPH platform in direct contact with the
absorbing surface. TMC at the outside of the small tablet will interfere at the
interface between swollen SPH and intestinal wall as a polymeric penetration
enhancer widening locally the tight junctions to allow for paracellular absorp-
tion of the peptide drug. In an in vivo study with pigs the achieved absolute
bioavailabilities of octreotide were between 8.7 + 2.4% and 16.1 + 3.3%
depending on the type of delivery system used. The value of 16.1 &+ 3.3% was
achieved with TMC60 as absorption enhancer (Fig. 6.6). After the peptide’s
release from the dosage form the SPH platforms get over-hydrated and are
easily broken down by the peristaltic forces of the gut. Scintigraphic studies in
human volunteers have shown good performance of these oral peptide drug
delivery systems with prolonged residence times in the gut. Incorporating the
SPH(C) delivery systems in enteric coated gelatin capsules of size 000 led to
various stomach transit times (2-6 h in pigs and 0.5-2 h in humans). Capsules of
smaller size and controlled food intake may reduce this variability in gastric
transit times (Dorkoosh et al. 2004).

6.3.5 Mono-carboxymethyl Chitosan (MCC)

A usual approach to increase chitosan’s solubility at neutral pH values is the
substitution of the primary amine. Whereas N-substitution with alkyl groups
(i.e. -CH? groups) can increase the aqueous solubility without affecting its
cationic character, substitution with moieties bearing carboxyl groups can
yield polymers with polyampholytic properties (Muzzarelli et al. 1982).
Mono-carboxymethylated chitosan (MCC) was synthesized and further
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evaluated as potential absorption enhancer (Thanou et al. 2001d). This chitosan
derivative (degree of substitution 87-90%) has a polyampholytic (zwitterionic)
character, which allows the formation of clear gels or solutions (dependent on
the concentration of the polymer) even in the presence of polyanionic com-
pounds like heparins at neutral and alkaline pH values, whereas it aggregates at
acidic pH. Chitosan and the quaternized derivative TMC form complexes with
polyanions that precipitate out of the solution. In contrast MCC appeared to be
compatible with polyanions.

Two viscosity-grade MCCs (high and low) were initially investigated to see if
they were able to increase the permeation of low molecular weight heparin
(4500 Da; LMWH) across Caco-2 intestinal cell monolayers. However, the
MCC concentrations necessary to open the tight junctions were several times
higher than that of TMC60 at neutral pH value. Low viscosity MCC induced
higher transport of LMW when compared with the high viscosity derivative.
Cell viability tests at the end of the experiments showed that this type of
polymer had no damaging effect on cell membranes, whereas recovery of the
transepithelial electrical resistance (TEER) values to initial levels indicated the
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functional integrity of the monolayer. The mechanism by which polyampholy-
tic chitosans interacts with the tight junctions is not yet clear.

For in vivo studies, LMWH was administered intraduodenally with or with-
out MCC to rats (Fig. 6.7); 3% (w/v) low viscosity MCC significantly increased
the intestinal absorption of LMWH, reaching the therapeutic anticoagulant
blood levels of LMWH for at least 5 h, determined by measuring Anti-Xa levels
(Thanou et al. 2001d).
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Fig. 6.7 Serum LMWH levels after intraduodenal administration without (control) and with
3% (w/v) LMCC in rats. LMWH was administered at 7200 anti-XaU/kg body weight (pH of
administered formulation, 7.4; n = 6; mean + SE) (Thanou et al. 2001d)

Just recently a series of other quaternized chitosan derivatives have been
synthesized and characterized, namely, N,N-dimethyl, N-ethyl chitosan
(DMEC) (Bayat et al. 2006), N-methyl, N,N-diethyl chitosan (DEMC) (Avadi
et al. 2004) and N,N,N-triethyl chitosan (TEC) (Avadi et al. 2003). In a com-
prehensive study (Sadeghi et al. 2008a, b) the four quaternized derivatives of
chitosan, trimethyl chitosan (TMC), diethylmethyl chitosan (DEMC), triethyl
chitosan (TEC) and dimethylethyl chitosan (DMEC) with degree of substitu-
tion of approximately 50% were synthesized and their effect on the permeabil-
ity of insulin across intestinal Caco-2 monolayers was studied and compared
with chitosan both in free-soluble form and in nanoparticulate systems. Trans-
epithelial electrical resistance (TEER) studies revealed that all four chitosan
derivatives in free-soluble forms were able to decrease the TEER value in the
following order TMC>DEMC>TEC=DMEC>chitosan, indicating their
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abilities to open the tight junctions. Recovery studies on the TEER showed that
the effect of the polymers on Caco-2 cell monolayer is reversible and proves the
viability of cells after incubation with all polymers. A similar rank order was
also observed when measuring the zeta potentials of the various polymers.
Transport studies of insulin together with soluble polymer across Caco-2 cell
layers showed the following ranking: TMC>DMEC>DEMC>TEC>chitosan
which is in agreement with the cationic charge of the polymer. In comparison to
the free-soluble polymers, the nanoparticles prepared by ionic gelation of the
chitosan and its quaternized derivatives had no significant effect on decreasing
the TEER by opening of the tight junctions. In accordance with these results,
the insulin-loaded nanoparticles showed much less permeation across the
Caco-2 cell monolayer in comparison to the free-soluble polymers. Mass bal-
ance transport studies revealed that a substantial amount of the nanoparticles
has been entrapped into the Caco-2 monolayer. It can thus be stated that while
free-soluble polymers can reversibly open the tight junctions and increase the
permeation of insulin, the nanoparticles had basically no effect on opening of
the tight junction and the paracellular transport of insulin across the Caco-2 cell
monolayer was minimal.

In a very recent study (Sadeghi et al. 2008a, b) two new derivatives of
chitosan, C2-C6 trimethyl 6-amino-6-deoxy chitosan and C2—C6 tricthyl
6-amino-6-deoxy chitosan were synthesized and characterized using "H-NMR
and FTIR spectra. This means that besides the already existing N-trimethyl
group or N-triethyl group on carbon atom 2 a second N-trimethyl group or
N-triethyl group has been attached to carbon atom 6 with the aim to even
increase the positive charge and hence the ability to open the tight junctions in a
stronger way than the TMC or TEC molecules. The zeta potential and the
antibacterial effect of these polymers were compared with chitosan and TMC.
The results suggest that C2—-C6 trimethyl 6-amino-6-deoxy chitosan and C2-C6
triethyl 6-amino-6-deoxy chitosan as highly water-soluble polymers have higher
positive surface charge than both chitosan and TMC and they show higher
antibacterial activity against gram-positive Staphylococcus aureus bacteria.
However, first (yet unpublished) results show that the effect on TEER with
the Caco-2 model was only moderately lower, e.g. much less than with TMC
which was used as comparator substance.

6.4 Thiolated Polymers

6.4.1 Thiolated Polymers of Polyacrylates and Cellulose
Derivatives

Thiolated polymers are synthesized by immobilizing thiol groups on polyacry-
lates or cellulose derivatives by the group of Bernkop-Schntirch and Steiniger
(2000), Bernkop-Schniirch et al. (2000), Leitner et al. (2003a, b), Clausen et al.
(2000), and Bernkop-Schniirch (2005). The main purpose of introducing free
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thiol groups into polymers which already have mucoadhesive properties is to
further increase the strength of their mucoadhesiveness due to the chemical
reaction of the thiol groups of the mucins and the thiol groups of the thiolated
polymers by forming stable covalent disulphide bridges. With this elegant
approach the mucoadhesivity of such polymers and additionally their cohesive-
ness could be strongly increased. Whereas the turnover time of mucus which has
been estimated in the isolated intestinal loop of the rat by Lehr et al. (1991) to be
in the order of 47-270 min, the mucus turnover in humans has been estimated to
be in the range of 12-24 h (Forstner 1978; Allen et al. 1998). Hence, this longer
possible residence time of these thiolated polymers and the delivery systems in
the human gut makes them very interesting permeation enhancers for hydro-
philic macromolecular drugs like peptides.

Bernkop-Schniirch and coworkers (2004) linked L-cysteine covalently to
polycarbophil (PCP) and sodium carboxymethylcellulose (NaCMC), mediated
by a carbodiimide (Fig. 6.8a and b). The resulting thiolated polymers displayed
100 + 8 and 1,280 + 84 umol thiol groups per gram, respectively. In aqueous
solutions these modified polymers were capable of forming inter and/or intra-
molecular disulphide bonds. Due to the formation of disulphide bonds within
the thiol-containing polymers, the stability of matrix tablets could be strongly
improved. Whereas tablets based on the corresponding unmodified polymer
disintegrated within 2 h, the swollen carrier matrices of thiolated NaCMC and
PCP remained stable for 6.2 h and for more than 48 h, respectively. With the
model drug rifampicin controlled-release characteristics of these thiolated
matrix tablets could be demonstrated. Tensile studies carried out with the
unmodified and thiolated polymers at pH 3, 5 and 7, respectively, revealed
that only if the polymer displays a pH value of 5, the total work of adhesion
could be improved significantly due to the covalent attachment of thiol groups.
The permeation-enhancing effect of thiolated polycarbophil on intestinal
mucosa from guinea pigs showed weak enhancement ratios (1.1-1.5) in com-
parison to control tests.
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Fig. 6.8 (a) Poly(acrylic acid)-Cysteine (Bernkop-Schniirch 2005); (b) Carboxymethylcellu-
lose-Cysteine (Bernkop-Schniirch 2005); (¢) Chitosan-Thioglycolic acid (Bernkop-Schniirch
2005); (d) Chitosan-Cystein (Bernkop-Schniirch 2005); (e) Chitosan-Cystein (Bernkop-
Schniirch 2005)

COOH



118 H.E. Junginger

c d
CH,OH CH,OH
0] H o
H
o H
— OH H
i OH H H
0 H
H NH
H NH 0 NH

Fig. 6.8 (continued)

6.4.2 Thiolated Polymers of Chitosan

With the same aim as described in the previous paragraph chitosan has also been
chemically modified by covalent binding of sulphur-containing moieties. To date,
three different thiolated chitosan have been synthesized: chitosan—thioglycolic
acid conjugates (Fig. 6.8c), chitosan—cysteine conjugates (Bernkop-Schniirch
et al. 1999, 2001, Kast and Bernkop-Schniirch 2001; Hornof et al. 2003) (Fig.
6.8d) and chitosan—4-thio-butyl-amide (chitosan-TBA) conjugates (Bernkop-
Schniirch et al. 2003) (Fig. 6.8e). These thiolated chitosans have numerous
advantageous features in comparison to unmodified chitosan, such as signifi-
cantly improved mucoadhesive properties and permeation-enhancing properties.
The strong cohesive properties of thiolated chitosans make them highly suitable
excipients for controlled drug release dosage forms (Bernkop-Schniirch et al.
2003; Kast et al. 2001). Moreover, solutions of thiolated chitosans display in situ
gelling properties at physiological pH values which make them suitable for novel
application systems to the eye (Bernkop-Schniirch et al. 2004)

The improved mucoadhesive properties of thiolated chitosans were
explained by the formation of covalent bonds between thiol groups of the
polymer and cysteine-rich subdomains of glycoproteins in the mucus layer
(Leitner 2003b). These covalent bonds are supposed to be stronger than non-
covalent bonds, such as ionic interactions of chitosan with ionic substructures
as sialic acid moieties of the mucus layer. This theory was supported by the
results of tensile studies with tablets of thiolated chitosan, which demonstrated
a positive correlation between the degree of modification with thiol-bearing
moieties and the adhesive properties of the polymer (Kast and Bernkop-
Schniirch 2001; Roldo et al. 2004). These findings were confirmed by another
in vitro mucoadhesion system, where the time of adhesion of tablets on intest-
inal mucosa was determined. The contact time of the thiolated chitosan
derivatives increased with increasing amounts of immobilized thiol groups
(Kast and Bernkop-Schniirch 2001; Bernkop-Schniirch et al. 2003). With
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chitosan—thioglycolic acid conjugates a 5-10-fold increase in mucoadhesion in
comparison to unmodified chitosan was achieved.

6.5 Conclusions

With the advent of new biotechnological techniques endogenous compounds
like insulin, buserelin or octreotide have become available at affordable prices.
All of these substances still have to undergo needle application. Until today the
development of alternative delivery systems for the nasal, buccal, peroral, rectal
and pulmonary routes for the administration of those class III drugs according
to the biopharmaceutics classification system (BCS) (Amidon et al. 1995) could
not keep pace with this development of endogenous compounds or is not
economic enough for the health care payers (e.g. insulin application via the
pulmonary route).

Many multifunctional high molecular weight polymers as polyacrylates and
chitosan with its multiple derivatives show promising properties as specific
penetration enhancers for the paracellular absorption route of hydrophilic
macromolecules with high enhancing potency of reversibly opening the tight
junctions and practically without toxicity when applied in normal doses in vitro,
the physical properties of these polymers, especially their high viscosity — and
inherent with this their slow dissolution process — make the design of suitable
delivery systems especially for the peroral route very difficult (van der Merwe
et al. 2004b). Additionally the easy saturation of the mucoadhesive properties
of the multifunctional polymers by soluble mucins in the intestinal liquids — a
fact which also blocks their additional properties like opening of the tight-
junctions and enzyme deactivation potency — makes it very difficult to develop
suitable dosage forms for the peroral application. As a result of this such
delivery systems should be able to quickly swell and expand in the (human)
gut fluids and develop full mucoadhesive properties to reach the mucous linings
in full activity. After adhesion to the gut mucus and widening of the tight
junctions, the peptide drug should be released in the desired controlled way.
Hence, the development of such dosage forms is still in its infancy, but there are
promising perspectives (e.g. the systems as described by Dorkoosh et al. 2002 in
a further developed state) that such delivery systems can be successfully devel-
oped in the near future.
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Abstract Intestinal efflux pumps such as P-glycoprotein play a significant role
in altering the absorption of a wide range of drugs. Anticancer agents, anti-
biotics, antivirals, calcium channel blockers, immunosuppressive agents, pep-
tide drugs and several other therapeutic compounds have been reported to be
substrates of one or more transmembrane efflux transporters.

Inhibition of these efflux pumps by various compounds can lead to enhanced
absorption of several drugs across the intestine.

In this chapter, several efflux pump inhibitors such as low molecular mass
inhibitors, polymeric inhibitors and advanced formulation approaches on how
to overcome drug efflux are discussed.

7.1 Introduction

In order to achieve and sustain therapeutic blood levels by peroral administra-
tion of drugs, several hurdles have to be overcome. Besides well-known barriers
such as enzymatic degradation, dissolution problems, mucus barrier and others,
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it has been identified that efflux pumps play a significant role in altering the
pharmacokinetics of various drugs (Werle 2008a).

Efflux transporters are expressed in many tissues including the surface of
epithelial cells in the intestine where they play a significant role in absorption and
disposition of not only endogenous substrates, toxins and therapeutic small
molecules but also macromolecular drugs. Multidrug efflux transporters, such as
P-glycoprotein (P-gp) and multidrug resistance protein (MRP), which are located
in the apical membrane of enterocytes (Varma et al. 2006) limit the oral bioavail-
ability of a lot of structurally diverse compounds. Anticancer agents (paclitaxel,
doxorubicin), antibiotics (itraconazole, erythromycin), antivirals (saquinavir, rito-
navir), calcium channel blockers (verapamil, diltiazem), immunosuppressive
agents (cyclosporine, tacrolimus), macromolecular drugs (metkephamid, D-ala-
leu-enkephalin, cyclosporine) and several other drugs (Werle 2008b) have been
reported to be substrates of efflux pumps (Table 7.1 shows a summary of the most
important efflux pump substrates). These transmembrane efflux proteins translo-
cate substrates from the inner side of the membrane to the outer side. P-gp, which is
often overexpressed in tumour cells, can lead to multiple drug resistance of such
tumours (Hunter and Hirst 1997). Because of its expression in the intestinal tract, it
limits the absorption of drugs from the intestine into systemic circulation (Hunter
and Hirst 1997) (Fig. 7.1). As oral administration is one of the most convenient
routes of drug administration, it is important to overcome this absorption hurdle.

It has been previously reported that inhibition of efflux pumps by various
compounds can lead to enhanced absorption of drugs across the intestine (Kim
2002). P-gp can be inhibited by a range of substances that blocks its function
either by acting as a high avidity substrate, like verapamil, diltiazem or cyclos-
porine (Gerrard et al. 2004), or by binding to it such as sulphydryl-substituted
purines (Al-Shawi et al. 1994).

However, it is well known that most of these inhibitors themselves are
pharmacologically active compounds, which have their own clinical indica-
tions. Furthermore, most of these drugs lead to undesired pharmacodynamic
side effects caused by high concentrations necessary for sufficient gastrointest-
inal inhibition of P-gp. Therefore, much effort has been put into the develop-
ment of inhibitors with less or no pharmacological activity combined with
improved inhibitory properties. In contrast to low molecular weight P-gp
inhibitors, polymeric inhibitors would offer the advantage of remaining more
concentrated in the GI tract at the site of drug absorption and of not being
absorbed per se thus avoiding systemic toxic side effects (Foger et al. 2006c).

7.2 Strategies to Overcome Efflux Pumps
7.2.1 Efflux Pump Inhibitors

There are several structural diverse compounds that are known to inhibit efflux
pumps. These inhibitors have been used in cancer therapy in order to reduce
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Fig. 7.1 P-glycoprotein
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multidrug resistance or just to improve the bioavailability of orally adminis-
tered efflux pump substrates. There are three main mechanisms, how these
inhibitors modulate or inhibit efflux. Varma et al. (2003) stated inhibition
caused (I) by a blocking of drug binding sites either competitively or allosteri-
cally, (IT) by interfering with ATP hydrolysis and (III) by altering the integrity
of cell membrane lipids.

In this review efflux pump inhibitors are classified into two groups: low
molecular mass inhibitors and polymeric inhibitors, because the high molecular
mass of the polymeric excipients prevents absorption into systemic circulation
after oral administration. In some cases, just a local inhibition of efflux trans-
porters in the intestine is desired, whereas in other cases also an additional
systemic modulation of efflux pumps can be of advantage. For chronical
treatments, impact on the complex systemic efflux transporter system can result
in severe complications. In this case, an enhanced intestinal absorption of efflux
pump substrates can be achieved by using drug delivery systems based on
polymeric inhibitors. On the other hand, in cancer therapy it would be of
advantage to reduce efflux of anticancer compounds also in the systemic system
because tumour tissues often overexpress these transporters. Then a low mole-
cular mass efflux inhibitor could be useful.

7.2.1.1 Low Molecular Mass Inhibitors

Based on the specificity and affinity, low molecular mass efflux pump inhibitors
are classified into three generations (Werle 2008a). First-generation P-gp inhi-
bitors such as verapamil or cyclosporine are compounds that are in clinical use
for other indications and exhibit additional inhibitory properties.
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Because of their pharmacological activity and due to the high serum con-
centration that is required to inhibit efflux transporters, these first-generation
inhibitors cannot be used as auxiliary agents in clinical applications to enhance
oral bioavailability of efflux pump substrates. However, they have been used to
demonstrate the feasibility of improving oral bioavailability mediated by efflux
pump inhibition or generally to investigate efflux pump mechanisms. Coadmi-
nistration of the antiarryhthmic drug quinidine increased the absorption of the
P-gp substrate and anticancer drug etoposide in everted gut sacs prepared from
rat jejunum and ileum (Leu and Huang 1995). Malingre et al. showed a strong
enhancement of oral docetaxel bioavailability in the presence of cyclosporine
(2001). In another study it has been shown that the oral bioavailability of
tacrolimus (Floren et al. 2001) was doubled when coadministrating the inhibi-
tor ketoconazole and in a further study digoxin bioavailability was improved in
vivo, in presence with atorvastatin (Lennernas 2003). However, auxiliary agents
in drug delivery systems should not only improve oral bioavailability but also
be specific and safe (Werle 2008a).

Therefore much effort has been put into the development of second- and
third- generation inhibitors.

Second-generation inhibitors display no or only low pharmacological activ-
ity in comparison to first-generation inhibitors. Moreover, they have enhanced
inhibitory properties. Representatives of second-generation inhibitors are, for
example, the cyclosporine analogue PSC833 (Twentyman and Bleehen 1991) or
biricodar (Germann et al. 1997). Third-generation modulators are the most
potent and selective inhibitors. KR30031, a verapamil analogue with fewer
cardiovascular effects, improved paclitaxel bioavailability in rats 7.5-fold
after oral dosing (Woo et al. 2003) (Fig. 7.2). In other studies, the oral bioavail-
ability of paclitaxel has been improved by coadministering MS-209 (Kimura
et al. 2002), GF120918 (Bardelmeijer et al. 2000) and SDZ PSC833 (van Asperen
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et al. 1997). The third-generation inhibitor OC144-093 (ONT-093) has been
reported to improve the oral uptake of docetaxel (Kuppens et al. 2005).

7.2.1.2 Polymeric Inhibitors and Surfactants

Besides low molecular mass inhibitors, it has also been shown that several
polymeric compounds exhibit efflux pump inhibitory properties. In contrast
to low molecular weight P-gp inhibitors, polymeric inhibitors would offer the
advantage of remaining more concentrated in the GI tract at the site of drug
absorption and of not being absorbed per se thus avoiding systemic toxic side
effects (Foger et al. 2006¢). It has to be taken into consideration that inhibition
of efflux proteins can lead to drug—drug interactions, because P-glycoprotein,
for example, is distributed within several tissues and organs implicated in the
excretion and absorption of therapeutic agents as well as of xenobiotics (Balays-
sac et al. 2005). P-gp is, for example, linked to the integrity of blood—tissue
barriers, such as the blood—brain barrier or placenta, and a partial blockage of
P-gp could be responsible for a new drug distribution in the organism with
possible increase of drug rates in organs behind these barriers. Therefore,
concomitant administration of substrates and P-gp inhibitors would modify
drug pharmacokinetics by increasing bioavailability and organ uptake, leading
to more adverse drug reactions and toxicities (Balayssac et al. 2005). Conse-
quently, the identification and comprehension of these drug—drug interactions
remain important keys to risk assessment.

Limited local inhibition of these transporters by using polymeric inhibitors
could reduce such systemic risks and side effects. Efflux pump modulating
polymers and surfactants mentioned in this review have been distinguished
between nonionic, ionic and thiolated polymers.

Nonionic Polymers
Polyethylene Glycol (PEG) and PEGylation

In a study by Johnson et al. it has been shown that concentrations of 1-20% of
PEG 400 significantly decreased the basolateral to apical transport of digoxin
through rat jejunal mucosa, indicating efflux pump inhibition (Johnson et al.
2002). In another study the effect of PEG 400, 2,000 and 20,000 on efflux pumps
has been investigated (Shen et al. 2006). They showed in experiments with
isolated rat intestine that the secretory transport of rhodamine 123 was inhib-
ited by the addition of different concentrations (0.1-20% v/v or w/v) of PEGs,
irrespective of their molecular weight. Additionally, they demonstrated in in
situ closed loop studies that the absorption of rhodamine 123 was improved
when formulated in solutions containing different concentrations of PEG
20,000. Hugger et al. demonstrated that the permeation of efflux pump sub-
strates such as doxorubicin and paclitaxel through Caco-2 monolayers was
improved in the presence of PEG 300. A concentration-dependent effect of
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PEG 300 on paclitaxel transport was observed. It was concluded that the efflux
pump inhibition mechanism of PEG 300 was mediated by changes in the
microenvironment of Caco-2 cell membranes (Hugger et al. 2002). These
changes are probably related to modifications in the fluidity of the polar head
group regions of cell membranes.

Besides using PEG as an excipient, the covalent attachment of PEG (PEGy-
lation) has been reported to improve the bioavailability of P-glycoprotein
substrates. An increased uptake of PEGylated paclitaxel in comparison to
unmodified paclitaxel after oral administration was observed. It was concluded
that the water-soluble PEGylated prodrug was able to partly bypass P-glyco-
protein efflux and CYP3A metabolism, which might explain the significantly
improved absorption (Choi and Jo 2004).

p-Alpha-Tocopheryl Poly( Ethylene Glycol) Succinate 1000 (TPGS 1000)

Recently, efflux pump modulating effects of TPGS 1000 have been reported.
Varma and Panchnagula for instance demonstrated that TPGS 1000 can
improve the oral bioavailability of the P-gp substrate paclitaxel and that this
effect is mediated by an improved drug solubility and P-glycoprotein inhibition.
A formulation containing 25 mg/kg paclitaxel and 50 mg/kg TPGS 1000
improved the oral bioavailability in rats about 6-fold, leading to an oral
bioavailability of about 30% (Varma and Panchagnula 2005). Collnot et al.
investigated the influence of the length of the alkyl chain of various TPGS
derivatives on their efflux pump inhibitory activity (Collnot et al. 2006). Results
of ten different TPGS derivatives ranging from TPGS 200 to 6000 revealed that
the commercially available derivative TPGS 1000 was the most potent efflux
pump inhibitor.

Polysorbates ( Tween)

The polysorbates used most regarding efflux pump inhibition are polyoxyethy-
lene sorbitan monolaurates (Tween 20), polyoxyethylene sorbitan monopalmi-
tates (Tween 40) and polyoxyethylene sorbitan monooleates (Tween 80). Var-
ious studies demonstrate the ability of polysorbates to inhibit efflux pumps. In
transport experiments across intestinal mucosa, the efflux ratio (basolateral to
apical drug transport/apical to basolateral drug transport) of rhodamine 123
was reduced in the presence of Tween 80 (Shono et al. 2004). In another study,
Zhang et al. demonstrated enhanced absorption of the P-glycoprotein substrate
digoxin in rats in the presence of Tween 80 (Zhang et al. 2003).

PEG-8 Glyceryl Caprylate/Caprate ( Labrasol)

Recently an effect of PEG glyceryl fatty acid esters such as PEG-8 glyceryl
caprylate/caprate (commercially known as Labrasol) on the transport of a
P-glycoprotein substrate has been reported. In in situ absorption studies, Lab-
rasol (0.1% (v/v)) significantly enhanced the intestinal absorption of rhodamine
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123 in rats, although the absorption enhancing effect of Labrasol was much less
than that of verapamil (Lin et al. 2007). These findings show that low concen-
trations of Labrasol enhance intestinal absorption and bioavailability of P-gp
substrates.

POE Stearates (Myrj) and Alkyl-PEO Surfactants ( Brij)

Some studies reported that polyoxyethylene (POE) stearates (under the brand
name Myrj) and alkyl-polyethyleneoxide (PEO) surfactants (under the brand
name Brij) can inhibit efflux pumps. The oral bioavailability of the P-gp sub-
strate cyclosporine A administered in a solid dispersion of polyoxyethylene 40
stearate (Myrj 52) was in the same range as the oral bioavailability of the
commercial product Sandimmune Neoral (Liu et al. 2006). In a study by Lo,
it has been shown that apical to basolateral epirubicin transport across Caco-2
cells was enhanced in the presence of polyoxyethylene 40 stearate and the
basolateral to apical transport was decreased. These results indicate that poly-
oxyethylene stearates effect efflux pumps (Lo 2003). Similar results were gained
when using polyoxyethylene laurylether (Brij 30). In another study, tablets
based on polyoxyethylene 40 stearate containing the P-gp substrate rhodamine
123 increased the oral bioavailability in rats by about 2.4-fold (Foger et al.
2006a).

Poloxamers ( Pluronics)

Block copolymers of ethylene oxide (EO) and propylene oxide (PO) have been
reported many times to inhibit efflux transporters. Johnson et al. for instance
demonstrated significantly reduced digoxin flux in the presence of 0.1% (w/v)
Pluronic P85. Poloxamers appear to exert their effect on P-glycoprotein via
direct or indirect transporter inhibition, through effects on the membrane
fluidity, adenosine triphosphate (ATP) depletion or through effects on the
osmolarity (Johnson et al. 2002). In a further study, Batrakova reported that
Pluronic P85 at concentrations below the critical micelle concentration
enhanced the accumulation of rhodamine 123 in Caco-2 cells (Batrakova
et al. 1998). However, Bogman et al. showed that Poloxamer 188 did not
significantly alter talinolol absorption across Caco-2 cells or in vivo in healthy
male volunteers (Bogman et al. 2005).

Tonic Polymers

Some naturally occurring polymers have been reported to exhibit efflux pump
modulating properties. For example, a drug delivery system based on chitosan
has been shown to nearly double the oral bioavailability of the P-glycoprotein
substrate rhodamine 123 in vivo in rats in comparison with buffer control
(Foger et al. 2006c).

In a patent by Carreno-Gomez and Duncan, the use of polysaccharides and
dendrimers as efflux pump inhibitors for the oral delivery of antitumour,
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antineoplastic, antibiotic, antiviral, antifungal and antidepressant drugs has
been claimed (Carreno-Gomez and Duncan 2002).

In experiments in everted gut sacs it has been reported that in the presence of
xanthan gum the accumulation of the P-gp substrates vinblastin and doxor-
ubicin in the gut cells was increased. An enhanced serosal transport of vinblas-
tin but not of doxorubicin was observed (Carreno-Gomez and Duncan 2002).
Also the potential efflux pump inhibitory activity of gellan gum was investi-
gated. It has been demonstrated that at a concentration of 0.5 mg/ml gellan gum
the serosal transport of vinblastin was improved, whereas the tissue level
remained unchanged. At the same concentration, gellan gum improved the
accumulation and the serosal transport of doxorubicin (Carreno-Gomez and
Duncan 2002).

In another experiment, the alginate representatives flavicam and ascophyl-
lum have been evaluated regarding their efflux pump modulation. In studies
with everted gut sac cells, 0.5 mg/ml flavicam increased the accumulation of
doxorubicin in the cells as well as the serosal transport of the drug, whereas no
effect on vinblastin accumulation could be observed (Carreno-Gomez and
Duncan 2002). Ascophyllum, at a concentration of 0.5 mg/ml, increased vin-
blastin and doxorubicin accumulation in everted gut sac cells. Furthermore the
serosal transport of vinblastin was enhanced, whereas the serosal transport of
doxorubicin could not be improved. Moreover, the effect of 250 mg/kg asco-
phyllum on the biodistribution of radioactive-labelled vinblastin after oral
gavage in rats was investigated. The vinblastin blood level increased 1.7-fold
in comparison to the control (Carreno-Gomez and Duncan 2002).

Thiolated Polymers

Recently, it was shown that thiolated chitosan significantly reduced secretion of
P-gp substrate rhodamine 123 in guinea pig ileum (Werle and Hoffer 2006).
Furthermore, it has been shown that a delivery system based on Ch-TBA
enhanced rhodamine 123 absorption in vivo in rats (Foger et al. 2006¢). It has
been shown that oral administration of tablets based on a thiolated chitosan
and reduced glutathione led to significantly improved plasma levels of the P-gp
substrate rhodamine 123 in rats in comparison to tablets based on either
poloxamer or Myrj 52 (Foger et al. 2006a). The results are shown in Fig. 7.3.
Improved uptake of the efflux pump substrates, saquinavir or acyclovir, in the
presence of a thiomer/GSH system has also already been demonstrated (Foger
et al. 2006; Palmberger et al. 2008b). In another study an improved uptake of
paclitaxel after oral administration in rats by using a thiolated polycarbophil-
based delivery system has been demonstrated. Furthermore, it has been shown
that this delivery concept reduced tumour growth in breast cancer-induced rats
in comparison to vehicle control (Foger et al. 2008).

Moreover, it has been demonstrated that the transepithelial transport of
sulphorhodamine representing an MRP2 substrate in the absorptive direction
was improved up to about 4.5-fold in the presence of 0.5% (m/v) thiolated
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poly(acrylic acid) of various molecular mass (Grabovac and Bernkop-Schniirch
2006). These findings seem to indicate that thiomers might be useful tools to
deliver various drugs which are affected by efflux transporters such as P-gp and
MRP. One of the mechanisms responsible for P-gp inhibition by thiolated
polymers could be due to their ability to covalently interact with cysteine
residues of the gut mucosa which could lead to a disturbed lipid bilayer.
Another explanation for their strong in vivo performance could be the pro-
longed residence time of these drug delivery systems in the upper part of the
small intestine due to mucoadhesive properties of thiomers (Féger et al. 2006¢).

7.2.2 Prodrug Modification

Another interesting strategy is to circumvent efflux pumps by prodrug mod-
ification. Jain et al. showed that prodrug derivatization of the HIV-protease
inhibitor saquinavir can result in an increased permeability across P-gp over-
expressing cells (Jain et al. 2007). In another study by using MDCKII-MDRI
cell lines, they showed that prodrug derivatization of quinidine into val-quini-
dine can overcome P-gp-mediated efflux (Jain et al. 2004). Val-quinidine once
bound to a peptide or amino acid transporter is probably not recognized and
cannot be accessed by the P-gp efflux pump. Such a transporter-targeted
prodrug derivatization seems to be a viable strategy for overcoming P-gp-
mediated efflux.

This strategy is very interesting because prodrug modification would avoid
the need of additionally administered efflux pump inhibitors.

7.2.3 Antisense Targeting of Efflux Pumps

Another approach to modulate drug efflux could be in the treatment of drug-
resistant cells with MDR I-targeted siRNAs. Such a treatment resulted in
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reduction of P-glycoprotein (P-gp) expression, parallel reduction in MDR1
message levels, increased accumulation of the P-gp substrate rhodamine 123
and reduced resistance to antitumour drugs (Fisher et al. 2007).

7.2.4 Avoiding Exposure to Intestinal Efflux Pumps

7.2.4.1 Enhanced Paracellular Transport

Bypassing intestinal transmembrane transporters mainly by a paracellular
absorption would avoid or limit exposure of the substrate to these efflux
pumps. Improved paracellular uptake can be achieved by using fatty acids,
calcium chelators such as EDTA, papain, bromelain, surfactants, chitosans,
polyacrylic acid or thiolated polymers.

7.2.5 Absorption in the Upper Part of the Small Intestine

Because P-gp expression was reported to increase from the proximal to the
distal regions of the small intestine (Yumoto et al. 1999), Lacombe et al.
suggested gastroretentive or immediate release dosage forms for the delivery
of P-gp substrates (Lacombe et al. 2004). It has been shown, for example, in
everted gut sacs of rats that the transport of digoxin is about 2.5-fold higher in
the proximal jejunum in comparison to the terminal ileum.

Therefore, increased bioavailability could be reached by using bioadhesive
drug delivery systems, releasing the drug in the upper part of the small intestine
where efflux pump activity is lower.

7.3 Conclusions

In summary it can be said that there are a lot of possibilities available to overcome
the efflux pump-mediated absorption barrier in the intestinal tract. Further, more
selective or more potent inhibitors will follow but it has to be carefully decided for
each drug or therapy which type or class of inhibitor or efflux pump modulator
might be best suited. Also drug delivery systems combining different efflux pump
modulating properties have to be investigated in the future.
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Abstract More recently polymers exhibiting multifunctional properties such
as mucoadhesive, enzyme inhibitory, permeation-enhancing properties and/
or high buffer capacity turned out to be a powerful platform for oral delivery
of macromolecular drugs. Several polymers are known to exhibit multifunc-
tional properties such as chitosans, polyacrylates and cellulose derivatives.
Chemical modification of these well-established polymers including the
attachment of enzyme inhibitors, chelating agents or thiol moieties leads to
further improvement or enlargement of their multifunctional profile. Deliv-
ery system based on multifunctional polymers can protect the incorporated
drug from pH- and enzyme-dependent degradation down its way through the
Gl tract and can provide high drug concentrations at the target site and tight
contact with the absorption membrane due to mucoadhesion. Furthermore,
sustained or delayed release due to cohesive properties of the polymeric
carrier system offers new possibilities for targeted macromolecular drug
delivery.
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8.1 Introduction

Most macromolecular drugs on the market have to be administered via the
parenteral route, which is associated with pain, fear and inconvenience.
Although alternative routes of application such as nasal or pulmonary can
already offer some relief, the oral route is still favourable as it represents the
easiest way of drug administration. Unfortunately, those drugs indicated for
long-time treatment of chronic diseases such as diabetes or cancer exhibit poor
oral bioavailability due to various barriers encountered with the gastrointest-
inal tract: the acidic and denaturizing environment in the stomach, the enzy-
matic barrier represented by proteases and peptidases (see Chapter 1), the
mucus gel layer covering the absorptive tissues (see Chapter 2) and the absorp-
tion barrier itself (see Chapter 3). Strategies to overcome these barriers include
the co-administration of auxiliary agents such as enzyme inhibitors, mucolytics,
permeation enhancers or formulations being based on micro-, nanoparticulate
or liposomal systems. More recently polymers exhibiting multifunctional prop-
erties such as mucoadhesiveness, enzyme inhibition, permeation enhancement
release-controlling properties and/or high buffer capacity turned out to be
useful excipients in oral macromolecular drug delivery. Multifunctional poly-
mers are able to counteract most of the obstacles mentioned above at once,
providing a powerful platform for oral delivery of macromolecular drugs.
Several polymers are known to exhibit multifunctional properties such as
chitosans, polyacrylates and cellulose derivatives. Chemical modification of
these well-established polymers, for example, by the attachment of enzyme
inhibitors, chelating compounds or thiol moieties, leads to further improvement
or enlargement of their multifunctional profile. Improved mucoadhesion and
permeation enhancement, for instance, can be achieved by covalent attachment
of thiol group-bearing ligands to polymers or protection towards enzymatic
degradation can be achieved or improved by conjugation of enzyme inhibitors.
A summary of the most important multifunctional polymers and their

Table 8.1 Examples of multifunctional polymers and their properties

Multifunctional

polymer Properties References

Chitosan Mucoadhesive, permeation Takeuchi et al. (1994) and Luessen
enhancing, high buffer et al. (1996a)
capacity

Polyacrylic acid Mucoadhesive, permeation Takeuchi et al. (1994), Bernkop-
enhancing, enzyme Schniirch and Gilge (2000),
inhibiting, high buffer Luessen et al. (1996a) and
capacity Luessen et al. (1996b)

Thiomers Mucoadhesive, permeation Bernkop-Schniirch et al. (2004),
enhancing, enzyme Werle (2008) and Palmberger
inhibiting, efflux pump et al. (2008)

inhibiting
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Table 8.1 (continued)

Multifunctional

polymer Properties References

Chitosan—inhibitor =~ Mucoadhesive, permeation Guggi and Bernkop-Schniirch
conjugates enhancing, enzyme inhibiting (2003), Guggi et al. (2003) and

Bernkop-Schniirch (1999)

Polyacrylic Mucoadhesive, permeation Bernkop-Schniirch and
acid-inhibitor enhancing, enzyme inhibiting Marschiitz (1997)
conjugates

properties is given in Table 8.1. This chapter is not intended to be comprehen-
sive. Rather the focus is to address the likely most promising multifunctional
polymers.

8.2 Multifunctional Polymers
8.2.1 Mucoadhesive Polymers

The mucus gel layer consists mainly of water (95-99%) and mucins (1-5%), the
key components. Mucins are macromolecular glycoproteins with substructures
linked by disulphide bonds susceptible to reductive disruption by thiols (Harding
2003). The mucus prevents peptides and other macromolecular drugs from
getting into contact with the absorptive membrane lying underneath. Mucoad-
hesive polymers allow a close and prolonged contact of the delivery system with
the mucosa and hence a high local drug concentration facilitating its permeation
through the mucus and the absorption membrane due to a steep concentration
gradient on the mucosa. Apart from increasing the active drug concentration at
the site of absorption, the close contact of the dosage form with the mucosa can
also contribute to protect the incorporated drug from luminally secreted degrad-
ing enzymes and to enhance drug uptake due to permeation-enhancing proper-
ties. In general, mucoadhesive polymers can

increase residence time of dosage forms

provide sustained drug release at target site

provide high drug concentration gradient as driving force for absorption
protect against enzymatic degradation

interact with absorption membrane, thus enhancing permeation

Mucoadhesive polymers can be divided into non-covalent binding and cova-
lent binding polymers. On the one hand the mechanism of mucoadhesion is
based on hydrogen bonds, ionic interactions and van der Waal forces for non-
covalent binding polymers, and on the other hand, on covalent bonds between
the mucus and certain residues of the polymer. Moreover, physical interactions
such as interpenetration of the polymer into the mucus gel layer entangle the
polymer chains, which is strongly influenced by the swelling behaviour of the
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polymer. The faster the swelling is, the greater the interpenetration, but intense
swelling will finally lead to loss in cohesion and shortened time of adhesion.
Factors such as thickness of the mucosa, mucin types and mucus turnover also
determine the efficiency of a mucoadhesive delivery system.

8.2.1.1 Non-covalent Binding Polymers
Anionic Mucoadhesive Polymers

The functional group of anionic polymers responsible for mucoadhesion is a
carboxylic acid moiety. The interaction with the mucus takes place via the
formation of hydrogen bonds with the mucus glycoproteins and polymers
such as polyacrylates, sodium carboxymethylcellulose and alginate. The pH
level of the surrounding medium strongly influences the swelling behaviour of
those highly charged polymers as shown for polycarbophil in Fig. 8.1. At low
pH swelling behaviour is low due to protonation of the carboxylic acid groups,
whereas high pH can lead to overswelling and loss of mucoadhesive properties.
Alginate is another anionic, naturally occurring, strong mucoadhesive polymer.
Its pH sensitivity can be advantageous in order to minimize polymer swelling
and thus drug release in the stomach. At low pH values, such as in the gastric
fluid of the stomach, alginate shrinks and turns into a porous, insoluble alginic
acid skin. Therefore, the encapsulated drug is not released. Passing along the
gastrointestinal tract, the skin-like polymer becomes soluble and viscous, allow-
ing a controlled release of the drug. Thiolation of alginate does not only
improve mucoadhesion, but also swelling and cohesive properties, thus enhan-
cing the stability of the network. Hydrophobic modification by introducing
long alkyl chains leads to higher encapsulation rates, prevents fast dissolution
and facilitates a sustained release. Cross-linking alginate or complexing it with
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other polymers, such as pectin, chitosan or Eudragits, increases the encapsula-
tion efficiency by avoiding drug leaching out of the alginate hydrogel pores.

Cationic Mucoadhesive Polymers

Chitosan and its derivatives are the most widely used cationic polymeric exci-
pients. Chitosan consists of f1—4 D-glucosamine units and is derived by the
deacetylation of chitin from insects, crustaceans and fungi. It interacts ionically
with the anionic substructures of sialic acid residues on the mucus layer.
Chitosans are rapidly hydrated in a low pH environment like the gastric fluid
and do not swell above pH levels of 6.5, exhibiting no more mucoadhesion.

Non-ionic Mucoadhesive Polymers

Non-ionic polymers are less dependent on parameters such as pH levels and
electrolyte concentration of the surrounding fluids. The main mechanism of
mucoadhesion seems to be just physical by interpenetration and subsequent
chain entanglement. Some of the polymers such as polyethylene oxide can
additionally form hydrogen bonds, but still play only a minor role in macro-
molecular drug delivery due to less pronounced mucoadhesive properties than
the above-described charged polymers.

8.2.1.2 Covalent Binding Polymers

Among mucoadhesive polymers the class of thiolated polymers — so-called
thiomers — have raised much attention as drug carrier systems. They are gained
by the covalent attachment of thiol group-bearing ligands on well-established
polymers such as chitosan and polyacrylates. Some examples of thiomers are
given in Fig. 8.2. Like secreted mucus glycoproteins they are covalently
anchored in the mucus layer via disulphide bonds formed with cysteine-rich
domains of the mucus by thiol/disulphide exchange and/or oxidation reactions.
Therefore, the mucoadhesion of thiomers is strongly improved in comparison
to the corresponding non-modified polymers as can be seen in Fig. 8.3.
Although they are readily hydrated they form highly cohesive gels without
giving rise to the development of a liquid mucilage due to inter-/intramolecular
disulphide bonds. This could be shown for various thiomers, for example,
tablets of poly(acrylic acid)—cysteine showed prolonged mucoadhesion on por-
cine intestinal mucosa in vitro which significantly decreased after the addition
of the disulphide bond breaker cysteine, suggesting cleavage of covalent bonds
between thiomer and mucus, whereas adhesion of unmodified poly(acrylic acid)
tablets was not influenced at all (Leitner et al. 2003). In order to guarantee
sufficient mucoadhesion other factors have to be considered as well. Intra- and
intermolecular disulphide bonds are also established within the polymer itself,
thus leading to strengthened cohesiveness of the matrix. The cohesive properties
of polymers play an important role as insufficient cohesion results in
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Cationic Polymers
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disintegration within the polymer network itself rather than between the poly-
mer and the mucus layer. More recently the mucoadhesive properties of all
polymeric excipients having been reported as mucoadhesive were evaluated via
different methods (Grabovac et al. 2005). In Table 8.2 the ranking of the top ten
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Table 8.2 Top ten most mucoadhesive polymers regarding their residence time on porcine
mucosa; abbreviations: lyo = lyophilized polymer, pr = precipitated polymer (Grabovac
et al. 2005)

Polymer pH Time of adhesion [h] mean &+ SD (n = 3-5)
Chitosan—thiobutylamidine pH 3 lyo. 161.2+7.2
Chitosan—thiobutylamidine pH 6.5 pr. 40.4+2.1
Polycarbophil-—cysteine pH 3 lyo. 26.0+0.9
Chitosan—thiobutylamidine pH 6.5 1lyo 204+1.5
PAA450-cysteine pH 3 lyo. 19.4+0.8
Hydroxypropylcellulose pH 7 pr. 152+0.4
Carbopol 980 pH 7 pr 12.54+0.9
Carbopol 974 pH 7 pr. 10.3+0.9
Polycarbophil pH 7 pr. 10.2+0.8
Carbopol 980 pH 3 1yo 9.84+0.2

most mucoadhesive polymers is listed demonstrating the advantage of thiomers
over non-covalent binding mucoadhesive polymers.

8.2.2 Enzyme-Inhibiting Polymers

For macromolecular drugs being subject of an extensive presystemic metabo-
lism the enzymatic barrier of the gastrointestinal tract is strongly limiting their
oral bioavailability. Concepts to improve drug stability include formation of
stable prodrugs due to chemical modification of the drug itself, co-administra-
tion of enzyme inhibitors and formulations providing protection towards an
enzymatic attack including the use of multifunctional polymers. A list of
enzyme-inhibiting multifunctional polymers is provided in Table 8.3. For

Table 8.3 Examples of various polymeric enzyme inhibitors

Enzyme Polymeric inhibitor References

Trypsin Polyacrylic acid, thiomers, Luessen et al. (1996b)
polymer—enzyme-inhibitor
conjugates

Chymotrypsin  Polymer—enzyme-inhibitor Luessen et al. (1996b) and Bernkop-
conjugates Schniirch and Thaler (2000)

Elastase Polymer—enzyme—inhibitor Guggi and Bernkop-Schniirch (2003)
conjugates and Marschiitz and Bernkop-

Schntirch (2000)

Exopeptidases  Polyacrylic acid, thiomers, Bernkop-Schniirch et al. (2006) and
polymer—enzyme-inhibitor Luessen et al. (1996b)
conjugates

Nucleases Chitosan—aurintricarboxylic Loretz et al. (2006)

acid, chitosan-EDTA,
thiomers
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example, acrylic acid polymers inhibit a great number of luminal proteolytic
enzymes. There is evidence that the mechanism of inhibition occurs by depriva-
tion of metal ions required for protein structure and activity by the chelation of
Zn?>" and Ca®>" ions. Due to conformational changes in the protein structure
autolysis can be induced (Luessen et al. 1995). It has been shown that zinc-
dependent enzymes such as carboxypeptidases A and B and aminopeptidase N
can effectively be inhibited by chelating agents such as EDTA (Bernkop-
Schniirch and Krajicek 1998). Additionally, it is assumed that polyacrylic
acid polymers bind trypsin, thus leading to surface inactivation of the enzyme.

On the contrary, chitosan does not exhibit enzyme-inhibiting properties. In
order to provide inhibitory activity chitosan can be conjugated with enzyme
inhibitors such as Bowman-Birk inhibitor or elastinal or with complexing
agents such as EDTA. The immobilization of EDTA on chitosan led to inacti-
vation of Zn-dependent membrane-bound and secreted peptidases with stron-
ger inhibitory effect on carboxypeptidase A and aminopeptidase N than acrylic
acid polymers (Bernkop-Schniirch and Krajicek 1998). By the attachment of
soybean trypsin inhibitor (Bownam-Birk) on a polyacrylate its trypsin- and
chymotrypsin-inhibiting properties were strongly improved. However, a
decrease in the mucoadhesive properties of these conjugates was shown (Bern-
kop-Schniirch 1999).

The use of thiomers for enzyme inhibition also proved to be a promising
strategy. By the covalent attachment of cysteine to polycarbophil, the inhibitory
effect of the polymer towards carboxypeptidase A, carboxypeptidase B and
chymotrypsin was significantly improved (Bernkop-Schniirch and Thaler
2000). Thiolated polycarbophil had also a significantly greater inhibitory effect
than unmodified polycarbophil on the activity of isolated aminopeptidase N
and on aminopeptidase N present on intact intestinal mucosa (Bernkop-
Schniirch et al. 2001). The strongly improved enzyme inhibitory properties of
thiolated polycarbophil in comparison to unmodified polycarbophil can be
explained by the inhibitory effect of L-cysteine itself towards carboxypeptidase
A, carboxypeptidase B and aminopeptidase N due to the binding of the Zn>*
ion from the enzyme structure (Bernkop-Schniirch et al. 2001; Bernkop-
Schniirch and Thaler 2000). In Fig. 8.4, the impact of a chitosan—inhibitor
conjugate and thiolated chitosan on the decrease in the plasma calcium level
is illustrated (Guggi et al. 2003).

Obviously, thiomers and polymer—inhibitor conjugates offer various advan-
tages over traditional low molecular weight enzyme-inhibiting agents. They will
not be absorbed from the gastrointestinal tract, as they are covalently bound to
non-absorbable polymers and thus, they will not exhibit systemic toxicity. Due
to mucoadhesive properties of the polymer the inhibitor will stay in contact with
the absorption membrane for a prolonged period of time and the inhibitory
effect will occur localized. In the case of enzyme inhibition via the complexation
of essential metal ions, the polymer might act without coming into close contact
with the target enzyme through diffusion mechanisms.
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Fig. 8.4 Decrease in plasma calcium level as a biological response for the salmon calcitonin
bioavailability in fasted rats after oral administration of chitosan minitablets (CJ), chitosan/
chitosan—pepsin inhibitor conjugate minitablets () and thiolated chitosan/chitosan—pepsin
inhibitor conjugate minitablets (A), all containing 50 pg of the peptide drug. Indicated values
are the mean results from five rats + S.D. (Guggi et al. 2003)

Another feature of multifunctional polymers is their high buffer capacity.
Generally anionic and cationic polymers can act as ion-exchange resins main-
taining a stable pH level inside the polymeric network over a certain time period.
This can contribute to the stability of the incorporated drug against pH-depen-
dent denaturation and enzymatic degradation. Hydrated ionic polymers can
provide a pH of approximately 7 even in the gastric fluid for several hours,
thus protecting the embedded macromolecular drug from degradation. For
example, tablets comprising a neutralized carbomer can buffer the pH inside
the swollen carrier matrix for hours even in artificial gastric fluid at pH 2
(Bernkop-Schniirch and Gilge 2000). Protection against degradation in the intes-
tine can be arranged by the use of polyacrylates in their acidic form. This pH
prevents enzymes such as luminally secreted proteases which are only active
above pH 4 from degrading the incorporated drug, as could be demonstrated
for trypsin and chymotrypsin. Additionally, a significant blood glucose level
reduction was observed after intraduodenal administration of insulin incorpo-
rated in the same polymer (Bai et al. 1996). Furthermore, aggregation of many
enzymes can be reduced in low pH environment, as demonstrated for human
calcitonin (Lu et al. 1999).
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8.2.3 Permeation-Enhancing Polymers

The intestinal epithelium constitutes the major barrier for the absorption of
orally administered peptides. The various uptake mechanisms are described in
detail in Chapter 3. In order to reduce the barrier function of the mucosa the co-
administration of permeation enhancers seems to be essential for oral delivery
of most macromolecular drugs. In contrast to permeation enhancers such as
surfactants, fatty acids, salicylates or chelating agents, multifunctional poly-
mers offer the advantage of not being absorbed and remaining concentrated at
the target site. Permeation studies across Caco-2 monolayers demonstrate a
strong permeation-enhancing effect by chitosan and carbomer accompanied by
a decrease in the transepithelial resistance, thus indicating loosening of the tight
junctions (Borchard et al. 1996; Illum et al. 1994). Figure 8.5 shows a decrease in
plasma glucose levels to 60% of the initial value after oral administration of
tablets comprising PEGylated insulin and thiolated polyacrylate to diabetic
mice. The underlying mechanism is not fully explained yet, but at least a
mechanism being based on the depletion of Ca®* ions can be excluded, as a
chitosan-EDTA conjugate exhibiting a much higher Ca®" ion binding capacity
and affinity than polyacrylates did not show any permeation-enhancing proper-
ties at all (Bernkop-Schniirch and Krajicek 1998). Cationic polymers like
chitosan might interact with negatively charged residues on the cell surface,
resulting in conformational changes in the membrane structure and tight junc-
tion-associated proteins. In contrast, the attachment of thiol groups to mucoad-
hesive polymers can further improve their permeation-enhancing properties.
Most likely, protein tyrosine phosphatase (PTP), which mediates the closing of
tight junctions by dephosphorylating extracellular tyrosine groups, is inhibited
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by thiomers, as it is known that sulphydryl compounds like glutathione also
inhibit this enzyme by covalent binding to cysteine residues (Clausen et al.
2002). Raising the cationic properties of chitosan such as trimethylation, how-
ever, did not further improve the permeation-enhancing properties of the
polymer.

8.2.4 Efflux Pump-Inhibiting Polymers

Efflux pumps are considered to be another barrier to be dealt with in oral
macromolecular drug delivery as most therapeutic peptides such as cyclospor-
ine are substrate of efflux pumps. Their relevance and possibilities to overcome
these restrictions are described in detail in Chapter 7. Among multifunctional
polymers, thiomers exhibit the most pronounced efflux pump-inhibiting prop-
erties. This has been demonstrated in several studies in vitro and in vivo.
A delivery system based on thiolated chitosan was evaluated both in vitro and
in vivo using rhodamine-123 as representative P-gp substrate. The permeation-
enhancing effect of chitosan-4 thiobutylamidine was found to be much higher
than the effect of unmodified chitosan. This was also proven in vivo in rats,
where tablets comprising the thiomer increased the area under the plasma
concentration time curve of the model drug (Foger et al. 2006).

Further, the enhanced transport of the P-gp substrate acyclovir across
excised rat intestinal mucosa and Caco-2 monolayers in the presence of thio-
lated chitosan was found to be due to efflux pump inhibition (Palmberger et al.
2008). Co-administration of paclitaxel and thiolated polycarbophil signifi-
cantly improved paclitaxel plasma levels and led to a more constant pharma-
cokinetic profile and reduced tumour growth in mammary cancer-induced rats
(Foger et al. 2008).

8.2.5 Polymers Providing Sustained|Delayed Release

8.2.5.1 Sustained Release

A sustained drug release is favourable for drugs with short elimination half-life.
It can be controlled by hydration and diffusion mechanisms or ionic interac-
tions between the drug and the polymeric carrier. In the case of diffusion
control the stability of the carrier system is essential, as its disintegration
leads to a burst release. Therefore, the cohesiveness of the polymer network
plays a crucial role in order to control the release over several hours. Due to the
formation of disulphide bonds within the network thiomers offer adequate
cohesive stability. Almost zero-order release kinetics could be shown for insulin
embedded in thiolated polycarbophil matrices (Clausen and Bernkop-Schniirch
2001). In the case of peptide and protein drugs release can be controlled via
ionic interactions. An anionic or cationic polymer has to be chosen depending
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on the isoelectric point of the therapeutic agent. The polymer acts as an ion-
exchange resin. Moreover, the release can be regulated by pH adjustment inside
the polymeric carrier. A high buffer capacity of the system can ensure constant
pH over a desired period of time. In most cases, the drug release is controlled by
both hydration/diffusion and ionic mechanisms.

8.2.5.2 Delayed Release

According to several studies on site-specific delivery, it can be assumed that
there are advantageous regions in the gastrointestinal tract for the absorption of
macromolecular drugs. For example, leuprolide, an LH-RH analogue, is most
favourably absorbed from ileum and colon in rats (Zheng et al. 1999), insulin
preferably from ileum than from jejunum or colon in rats (Morishita et al.
1993). Therefore, a carrier system is required, which prevents drug release prior
to reaching the target site. Many controlled-release systems are targeted to
lower regions of the gastrointestinal tract where proteolytic activity is lower,
thus circumventing the harsh acidic environment of the stomach and enzymatic
degradation in the upper parts of the intestine. For this reason especially the
colon has gained much interest. Strategies to address the colon include taking
advantage of pH differences between the small and large intestine, enzymes of
the colonic micro organisms, relatively short intestinal transit time and pressure
increase due to strong colonic peristaltics. The small intestine can be reached
through pH and time control. Systems acting via diffusion control can target
the entire GI tract.

In order to overcome the drawback of multifunctional polymers of great
swelling behaviour and subsequent disintegration the dosage form can be
coated with a polymer insoluble at low pH. Commercially available Eudragit®™
products (methacrylic acid-methylmethacrylate co-polymers) guarantee disso-
lution at certain pH ranges depending on the type used. It was found that
incorporation of Eudragit RL-100 into polycarbophil up to 20% led to reduced
swelling of polycarbophil films, but improved mucoadhesion of Eudragit con-
taining tablets (Tirosh et al. 1997). Polysaccharides such as chitosan have been
shown to be an interesting tool for colonic delivery. Release of drug from such
dosage forms takes place after degradation of polysaccharides due to cleavage
by polysaccharidases found in the colon. As the primary amino groups of
chitosan are rapidly hydrated under acidic conditions, it must be protected
from the harsh environment in the stomach. The most frequent problem of
polysaccharides — their relatively high water solubility — causing partial drug
release in the upper GI tract can be overcome by the addition of cross-linking
agents such as glutaraldehyde which renders them hydrophobic and less solu-
ble. An obvious drawback of chemical modification of chitosan is the reduction
or loss of its mucoadhesive properties and the incidence of toxicity for glutar-
aldehyde cross-linked chitosan (Carreno-Gomeza and Duncan 1997). Another
class of enzymes which can be exploited for colon-targeting are azo reductases,
which are present exclusively in the colon. So-called microbially degradable
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polymers or azo polymers can pass the hostile upper GI tract in intact form and
liberate the drug upon reductive degradation by those enzymes (Chourasia and
Jain 2003).

Another approach to reach delayed release from chitosan matrices are ionic
interactions with polyanions. The formation of a polyelectrolyte complex
membrane prevents early drug release. Via this method microcapsules can be
formed between chitosan and alignate or even nanoparticles can be derived
upon the complexation of chitosan with the polyanion tripolyphosphate.

8.3 Summary

Due to the constant emerge of new macromolecular therapeutics such as pep-
tides, proteins and nucleic acids and the demand for simple administration there
is a great need for new oral drug delivery systems. These drugs are usually
indicated for chronic diseases and patients have to face a complicated and
inconvenient treatment due to continuous injection of the therapeutic. Multi-
functional matrices have gained much attention in this field, as they are based
on polymers which exhibit mucoadhesive, enzyme inhibitory, permeation-
enhancing and high buffering properties and can additionally provide con-
trolled and/or targeted drug release. Their use to overcome the intestinal
barriers is schematically summarized in Fig. 8.6. The interplay of those char-
acteristics provides a good basis for the improvement of oral bioavailability.

ORAL APPLICATION
l Strategies:
Gastric juice — Enteric Coating

l

Luminally secreted — Polymer-inhibitor

proteases conjugates, polyacrylates,
thiomers
Mucus layer — Mucolytics

i

Membrane bound —— Complexing polymers,
Fig. 8.6 Depiction of peptidases thiomers
gastrointestinal barriers to
oral peptide drug delivery

and strategies to overcome Membrane barrier ——— Permeation enhancing
them by the use of polymers
multifunctional matrices. l

Adapted from Bernkop-
Schniirch and Walker (2001) SYSTEMIC CIRCULATION
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A delivery system based on multifunctional polymers can protect the incorpo-
rated drug from pH- and enzyme-dependent degradation down its way through
the GI tract and provide high drug concentrations at the target site and tight
contact with the absorption barrier due to mucoadhesion. Furthermore, sus-
tained or delayed release due to cohesive properties of the polymeric carrier
offers new possibilities for targeted macromolecular drug delivery.
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Abstract Oral delivery systems are highly demanded and preferred over par-
enteral systems as they offer an ease of administration and therefore a high
patient compliance. A promising strategy in order to improve the oral uptake of
macromolecular drugs is the use of micro- and nanoparticulate delivery sys-
tems. The most widely used materials and techniques applied in the develop-
ment of micro- and nanocarrier systems are described as well as the strategies to
modify the particle’s surface in order to modulate their characteristics such as
mucoadhesion, stability, protective effect, hydrophilicity or lipophilicity. Par-
ticles’ properties such as membrane-passing properties, permeation-enhancing
properties, mucoadhesive properties, and protective properties are extensively
discussed. Furthermore, evidence for the potential of such systems is provided
with examples from recent in vivo studies.
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9.1 Introduction

Over the past years dramatic progress has been made in the fields of biotech-
nology, genomics, and proteomics, resulting in the capability to produce large
numbers of potential therapeutic macromolecules in commercial quantities.
These can be identified as high-purity macromolecular drugs such as pharma-
cologically active peptides and proteins, genes, products of recombinant DNA,
and therapeutic RNAs. Moreover, these new techniques also allow for the
production of peptide and protein vaccines based on antigens found on the
surface of various infectious microorganisms and viruses. However, these drugs
require the development of efficient systems that will allow their administration
(Jung et al. 2000). In particular, oral delivery systems are highly on demand as
they offer the greatest ease of administration and consequently the highest
compliance. A promising strategy to deal with this problem is the development
of micro- and nanoparticulate delivery systems. Nanocarriers are materials of
nanoscale range (below 1 pm) made up of different materials like natural or
synthetic polymers, lipids or phospholipids, and even organometallic com-
pounds. They have a very high surface to volume ratio leading to increased
dissolution rates (Rawat et al. 2006). Indeed, it is obvious that for poorly water-
soluble compounds, the dissolution kinetics in the gastrointestinal tract is
proportional to the specific surface area; therefore, the formulation of these
compounds as submicroscopic colloidal systems may help to accelerate the
dissolution process, thus increasing bioavailability (Uchegbu and Schétzlein
2006). Multiparticulate systems have definitely the advantage to distribute
more uniformly in the GI tract compared to single-unit delivery systems such
as tablets. Nano- and microparticles enable the protection of macromolecules,
improving their stability and therefore increasing the duration of their thera-
peutic effect. The size of the systems was found to play an important role:
whereas in the case of tablets and small patches bioadhesion may be hazardous
and may lead to variable therapeutic responses (Eiamtrakarn et al. 2002),
particulate systems of micrometer or nanometer size would present enormous
advantages in terms of reproducibility (Habberfield et al. 1996), adhesion
capability, residence time in the gut, and reducing the risk of irritation or
ulceration.

The drug can be dissolved, entrapped, encapsulated, or attached to a nano-
particle matrix, and depending upon the method of preparation, nanoparticles,
nanospheres, and nanocapsules can be obtained (Soppimath et al. 2001).

Polymeric nanoparticles have attracted a lot of attention in the last years.
Polymeric materials exhibit several advantageous properties including biode-
gradability and ease of functionalization. They also allow for a greater control
of pharmacokinetic behavior of the loaded drug leading to more steady levels of
drugs (Rawat et al. 2006). Furthermore, they enable the modulation of the
physicochemical properties of the surface such as Zeta potential and hydro-
phobicity/hydrophilicity. Many polymers used to develop nano- and



9 Nano- and Microparticles in Oral Delivery 155

microparticulate systems exhibit mucoadhesive properties enabling prolonged
contact of the carried macromolecule with the absorption site. Polymeric
materials used for the formulation of nanoparticles include polylactic acid
(PLA) (Leo et al. 2004), polyglycolic acid (PGA), polylactic—glycolic acid
(PLGA) (Fonseca et al. 2002; Dillen et al. 2004), polymethyl methacrylate
(PMMA), poly(E-caprolactone) (PCL) (Barbault-Foucher et al. 2002), and
poly(alkyl cyanoacrylates) (Chauvierre et al. 2003). Natural polymers have
also been used such as chitosan (Galindo-Rodriguez et al. 2005), gelatin
(Balthasar et al. 2005), and alginate (Johnson et al. 1997).

9.2 Preparation Methods
9.2.1 Different Methods

For both synthetic and natural polymers, different techniques can be used to
prepare particles. In the following, the likely most promising techniques are
described in more detail.

9.2.1.1 Dispersion of Preformed Polymers

This is a method to obtain colloidal drug delivery systems from preformed, well-
defined macromolecular materials with known physicochemical and biological
properties. Biodegradable nanoparticles from PLA, PLG, PLGA, and poly(E-
caprolactone) have been prepared by dispersing the polymers (Vauthier et al.
1991; Couvreur et al. 1995).

9.2.1.2 Solvent Evaporation Method

The polymer is dissolved in an organic solvent such as dichloromethane, chloro-
form, or ethyl acetate. The drug is dissolved or dispersed into the preformed
polymer solution, and this mixture is then emulsified into an aqueous solution
to make an oil (O) in water (W) (O/W) emulsion by using a surfactant/emulsify-
ing agent like gelatin, poly(vinyl alcohol), polysorbate 80, or poloxamer-188.
After the formation of a stable emulsion, the organic solvent is evaporated
either by increasing the temperature under pressure or by continuous stirring
(Soppimath et al. 2001).

9.2.1.3 Polymerization Methods

Mostly poly(alkyl cyanoacrylates) (PACAs) are produced by this method. This
technique was first introduced by Couvreur et al. to design nanoparticles with
biodegradable polymers for the in vivo delivery of drugs (Couvreur et al. 1978,
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1979). The group polymerized mechanically the dispersed methyl or ethyl
cyanoacrylate in aqueous acidic medium in the presence of polysorbate-20 as
a surfactant under vigorous mechanical stirring to polymerize alkyl cyanoacry-
late. The polymerization follows an anionic mechanism since it is initiated in the
presence of nucleophilic initiators like OH ™ in an acidic medium (pH 1.0-3.5).
The same group coated PACA nanoparticles with various polysaccharides
introducing modifications in the method (Couvreur et al. 1978; Vauthier et al.
2003; Betrholon-Rajot et al. 2005).

9.2.1.4 Emulsion Cross-Linked Nanoparticles

This method is based on the reactive functional amino group of chitosan to
crosslink it with aldehydes. In this method, a water-in-oil emulsion is prepared
by emulsifying the chitosan aqueous solution in the oil phase. Aqueous droplets
are stabilized using a suitable surfactant. The stable emulsion is cross-linked by
using an appropriate cross-linking agent such as glutaraldehyde to harden the
droplets (Agnihotri et al. 2004).

9.2.1.5 Coacervation/Precipitation

This method used the physicochemical properties of polymers like chitosan,
which is insoluble in alkaline pH medium and therefore precipitates/coa-
cervates when it comes in contact with alkaline solution. Particles are
produced by blowing chitosan solution into an alkali solution like NaOH
using a compressed air nozzle to form coacervate droplets (Agnihotri et al.
2004).

9.2.1.6 Ionic Gelation Method

The use of complexation between oppositely charged macromolecules to pre-
pare nano- and microspheres is attractive due to the very mild and simple
process. Furthermore, due to the electrostatic interaction, instead of chemical
cross-linking, lower toxicity effects could be expected. Various polyanions have
been used to form particles from positively charged polymers. For example,
tripolyphosphate (TPP) is used to form particles with chitosan. In order to
produce a high yield of stable and solid nanometric structures, the chitosan to
TPP weight ratio should normally be within the range 3:1-6:1 (Janes et al.
2001). This method offers the following advantages: (i) particles are formed
under extremely mild conditions; (ii) the size is adjustable; (iii) great capacity for
the association with macromolecular drugs; (iv) possibility of modulation of the
release of the carried drug depending on the composition of the particles (Janes
et al. 2001).
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9.2.2 Surface Modification

Colloidal carriers developed from biodegradable polymers, besides many
advantages, have the main drawback to interact non-specifically with cells
and proteins, leading to drug accumulation in non-target tissues. For a number
of applications the surface of nanoparticles has to be highly hydrophilic and
able to prevent protein absorption. Surface modifications are therefore helpful
in order to improve the properties of nanoparticles. Surface modifications can
be achieved cither by surface coating with hydrophilic, stabilizing, mucoadhe-
sive polymers/surfactants or by the development of biodegradable copolymers
with hydrophilic segments (Soppimath et al. 2001). These modifications mainly
change the Z potential of nanoparticles, hydrophobicity, stability, mucoadhe-
sive properties, and protein adsorption at their surface. PEG has been used as a
coating material for nanoparticles (Gref et al. 1994). Carbohydrates have also
widely been used for the same purpose. Polysaccharides are involved in cell
surface properties including tissue addressing and transport mechanism
(Lemarchand et al. 2004). Furthermore several polysaccharides, such as chit-
osan, exhibit mucoadhesive properties. Among the most used polysaccharides
are dextrans (Chouly et al. 1996; Passirani et al. 1999; Soma et al. 1999; Rouzes
et al. 2000; Chauvierre et al. 2003) and chitosan (Yang et al. 2000; Vila et al.
2002; Chauvierre, et al. 2003). Chitosan and in particular thiolated chitosan-
coated poly(isobutyl cyanoacrylate) nanoparticles showed by far stronger
mucoadhesion in comparison to non-coated poly(isobutyl cyanoacrylate) par-
ticles, evidencing the advantageous aspect of coating (Bravo-Osuna, et al.
2007). Furthermore, the same particles proved to inhibit carboxypeptidase A
in vitro while non-coated particles did not manifest such behavior (Bravo-
Osuna et al. 2008). Different coating can provoke opposite results on a parti-
culate system. Florence et al. (1995) reported that poloxamers appeared to
block the uptake of 50-nm polystyrene in the small intestinal region of the
gut, while tomato lectins bound to the surface of 500-nm polystyrene particles
increased their uptake.

9.3 Properties of Micro- and Nanoparticles
9.3.1 Membrane-Passing Properties

Surface properties of particles and size have a great impact on particle uptake.
In vitro studies performed by des Ricux et al. (2005) in co-cultures showed that
the number of transcytosed nanoparticles having a diameter of 200 nm was
seven times higher than that of 500 nm. Desai et al. (1996) studied the uptake by
the Peyer’s patch tissue of different-sized polylactic polyglycolic acid (50:50) co-
polymer nano- and microparticles concluding that the efficiency of uptake of
100-nm size particles by the intestinal tissue was 15-250-fold higher compared
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to larger-size microparticles (500 nm, 1 pm, 10 pm). Ten days daily dosing of
50-3000 nm sized unmodified polystyrene latex particles showed a clear size-
dependence of the uptake process, favoring the smallest particles. Submicrom-
eter particles accumulated after 10 days dosing to the extent of less than 1% in
the spleen and from about 1 to 4% in the liver. However, smaller particles were
detected in the spleen, blood, bone marrow, and kidney, while in the case of
particles greater than 500 nm it was possible to detect them in the liver and the
spleen (Florence et al. 1995). In general, the uptake of micro- and nanoparticles,
however, seems to be too low to make use of this mechanism for systemic
delivery of macromolecular drugs via the oral route.

9.3.2 Permeation-Enhancing Properties

As nanoparticles are poorly uptaken from the GI tract, the likely much more
promising strategy is to generate nanoparticles releasing their drug load on the
intestinal mucosa and providing an additional permeation-enhancing effect to
improve drug absorption. Mi et al., for example, proposed a concept of the
mechanism of orally given nanoparticles with excessive mucoadhesive N-tri-
methyl chitosan on their surface. The particles may adhere and infiltrate into
the mucus of the intestinal tract and then mediate transiently opening the tight
junctions between enterocytes. Consequently, the nanoparticles that infiltrated
into the mucus must become unstable (swelling or disintegration); thus, their
loaded insulin can be released and permeated through the paracellular pathway
to the bloodstream (Mi et al. 2008).

9.3.3 Mucoadhesive Properties

After oral administration, the absorption efficacy of compounds can be
improved by prolonging the residence time of the drug in front of the window
of absorption. Intestinal transit results in reducing the drug residence time and
therefore limits the drug’s bioavailability. One possibility to increase the bioa-
vailability of a substance which has low mucosal absorptive properties is to
increase its residence time at mucosal or epithelial level, for example, by
incorporating it in micro- and nanoparticles. When orally administered,
micro- and nanoparticles can either transit through the GI tract without inter-
acting with it and therefore undergo fecal elimination or interact with the GI
tract and undergo mucoadhesion. When a suspension of micro- and nanopar-
ticles is orally administered, they diffuse in the intestinal liquid medium and
encounter the mucus at which they could adhere. Adhesion of particles to the
mucosa allows a prolonged residence time of the carried drug at the site of
absorption and the creation of a concentration gradient. The intestinal mucus is
composed of high molecular weight glycoprotein covering the mucosa. The
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thickness of the mucin gel layer varies throughout the intestinal tract having a
thickness of 50-500 um in the stomach and 15-150 pm in the colon (Ponchel
and Irache 1998). The particles can either adhere to the mucus in a non-specific
manner like through Van der Waals forces or hydrophobic interactions or form
specific interactions between complementary structures, such as the formation
of disulfide bonds with glycoproteins. Non-specific mucoadhesion is based on
physicochemical interactions. Some polymers have the ability to interact with
the mucosa. Chitosan, due to its positive surface charges, is able to form ionic
interactions with the negatively charged mucosal surfaces. Bernkop-Schniirch
et al. proposed a method of specific interaction by covalently attaching thiol-
bearing groups to the surface of various polymers. The thiol groups can there-
fore form disulfide bonds with thiol groups located on glycoproteins present in
the mucus increasing the strength of mucoadhesion and therefore the residence
time of these particles (Fig. 9.1) (Bernkop-Schnurch et al. 2006). A factor
limiting the duration of mucoadhesion is the mucus turnover. Therefore, the
release of the drug out of the carried system must take place during the
mucoadhesion time.

There are various parameters that can have an influence on the extent of
mucoadhesion, like the size of the carrier and the coating with polymeric
materials. Lamprecht et al. described a size-dependent mucoadhesion. For 10-
um particles, only a fair deposition in the mucus was found. One-micrometer
particles showed higher binding, while the highest binding was found for 0.1-pm
particles (Lamprecht et al. 2001). Elcatonin-loaded chitosan-coated PLGA
nanospheres had a greater efficiency in reducing the blood calcium level com-
pared with the non-coated nanospheres probably because they offer a longer
contact with the mucosa (Takeuchi et al. 2001) (Fig. 9.2)

The fate of nanoparticles has also been investigated in vivo. Albrecht et al.
studied the in vivo mucoadhesive properties of thiomer formulations using
magnetic resonance imaging and fluorescence detection (Albrecht et al. 20006).
Following the hypothesis that unhydrated thiomers provide better mucoadhe-
sion in vivo the group developed polycarbophil-cysteine microparticles loaded
with fluoresceine diacetate (FDA) in Eutex capsules to maintain them in the dry
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Fig. 9.2 Blood calcium level after intragastric administration of unmodified calcitonin-loaded
PLGA nanospheres (white squares), chitosan-modified calcitonin-loaded PLGA nanospheres
(white triangles), and calcitonin solution (white circles). Adapted from Takeuchi et al. (2001)

form. The results provided evidence for the validity of the hypothesis that
unhydrated thiomers guarantee better mucoadhesive properties in vivo.

In other studies, after the peroral administration of radiolabeled poly(hexyl
cyanoacrylate) nanoparticles to mice, the radiography showed that after 30 min,
the particles were found exclusively in the stomach. After 4 h, a large quantity of
radioactivity was found in the intestine (Kreuter et al. 1989; Kreuter 1991). The
total radioactivity recovered in the intestine after 90 min amounted to about
60-80% of the administered dose. Then, it was rapidly eliminated up to 240 min.
Radioactivity fell to trace values after 24 h, however, 0.04% of the 90-min
radioactivity was still detectable after 6 days. Durrer et al (1994) also studied
the intestinal mucoadhesive profile of poly(lactic acid) microparticles as a func-
tion of time after oral administration in rats. After intragastric administration of
the microsphere suspension, the rats were sacrificed at different time-points. The
intestine was removed and divided into five segments. They were rinsed with
saline and afterward radioactivity of both the rinsed segments and fractions was
measured in order to determine the amount of non-adhered particles. At 1 h after
administration 98% of the particles remained in the GI tract. Distribution of
particles, however, was found to move toward the lower part of the intestine over
time and after 6 h all particles have passed through the small intestine. Ponchel
and Irache (1998) proposed a description of the mechanism of particle mucoad-
hesion after oral administration. In a first step, the suspension of administered
particles enters in contact with the mucosa. At a second step, as the particles are
concentrated, adsorption of particles takes place at the mucus layer in an irre-
versible process. As third step, the suspension of particles will transit through the
intestine with a simultaneous mucoadhesion. Finally, as fourth step, particles
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Fig. 9.3 The proposed four
steps of the mechanism of
particulate mucoadhesion.
Step 1, administration. Step
2, initial adsorption of the
particles. Step 3,
mucoadhesion of particles
and further transit in the
lumen. Step 4, detachment
of particles, further transit
and further fecal
elimination. Adapted from
Ponchel et al. (1998)

start to detach from the proximal part of the intestine. The detached particles as
well as the non-absorbed particles are eliminated in the feces (Fig. 9.3).

In vivo, however, various further aspects have to be taken into account such
as variability in stomach emptying, intestinal transit, effect of the dilution of the
particle suspension in the Gl-tract fluids, and mixing with ingested food
(Ponchel and Irache 1998).

9.3.4 Protective Properties

One of the biggest impediments of oral administration of macromolecules is
their lack of stability in the gastrointestinal tract. Indeed, the majority of
macromolecules such as peptides, proteins, oligonucleotides, and various
types of RNA undergo enzymatic degradation before reaching their site of
action or absorption. One of the strategies used to circumvent this problem is
to incorporate such compounds into nano- or microcarriers. These carriers
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offer protection to the incorporated drug toward many of the enzymes encoun-
tered in the GI tract. Additionally, they can promote paracellular uptake of the
drugs as well as intimate contact with the site of action or absorption. Many
studies demonstrated a higher bioavailability when the drug is incorporated
into nano- or microcarriers. Adsorption of insulin on the surface of nanopar-
ticles did not protect against enzymatic degradation, whereas when insulin was
incorporated into poly(isobutyl cyanoacrylate) nanocapsules, the peptide was
protected and glycemia decreased by 50% in diabetic rats (Damge et al. 1988,
1990). It was, therefore, concluded that nanocapsules protect the peptide
against enzymatic degradation. Alginate/chitosan nanoparticles for oral insulin
delivery were also hypothesized to be able to stabilize and protect the incorpo-
rated insulin from degradation in the GI tract (Sarmento et al. 2007a, b).
Sakuma et al. demonstrated that there was a good correlation between the in
vitro stability of salmon calcitonin in the presence of nanoparticles and the
ranking of the in vivo effectiveness of nanoparticles for enhancing the absorp-
tion of salmon calcitonin (Sakuma et al. 1997).

9.4 Proof of Concept

Of all the macromolecular drugs, special effort has been made to orally deliver
insulin. Insulin-dependent patients are treated with daily subcutaneous injec-
tions, with low patient compliance. Many groups incorporated insulin into
colloidal carriers with promising results. Pan et al. (2002), for instance, showed
a decrease in plasma glucose levels induced by the oral administration of
insulin-loaded chitosan nanoparticles, which was significantly more in compar-
ison with the oral administration of insulin—chitosan solution. The authors
explained this observation by the fact that proteins entrapped in nanoparticles
are more stable and protected from degradation in the GI tract and by the
mucoadhesive properties of chitosan providing also a transient opening of the
tight junctions. Furthermore, insulin was orally administered loaded into algi-
nate/chitosan nanoparticles produced by ionotropic pre-gelation/polyelectro-
lyte complexation (Sarmento et al. 2007a, b) (Fig. 9.4) The nanoparticles
lowered serum glucose levels up to 55-59% of rat’s basal glucose level depend-
ing on the administered dose. Sarmento et al. (2007a, b) incorporated insulin
into polysaccharide nanoparticles. Insulin-loaded dextran sulfate/chitosan
nanoparticles produced by polyelectrolyte complexation lowered serum glucose
levels up to 64-67% of rat’s basal glucose level depending on the administered
dose. Poly(isobutyl cyanoacrylate) nanocapsules were shown to be able to
incorporate insulin and to reduce glycemia after oral administration (Damge
et al. 1988, 1990). Lin et al. (2007) also reported a reduction of blood glucose
level after oral administration of a nanoparticulate system composed of chit-
osan and gamma-PGA (poly(gamma-glutamic acid)). Deutel et al. (2008)
developed a novel poly(acrylic acid)—cysteine/PVP/insulin nanoparticulate
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Fig. 9.4 Glycemia levels after oral administration of insulin-loaded nanoparticles 50 1U/kg
(black squares), oral insulin solution (white squares), empty nanoparticles (black triangles) and
physical mixture of empty nanoparticles, and insulin solution 50 1U/kg (white triangles).
Adapted from Sarmento et al. (2007a, b)

drug delivery system for oral administration. The system proved to be efficient
in order to increase insulin serum concentration and in reducing blood glucose
level by 22%.

Calcitonin is another compound that was often incorporated into nanopar-
ticles to enhance its oral absorption. Takeuchi et al. (2001) developed Elcato-
nin-loaded PLGA nanospheres coated with chitosan, observing a reduction of
blood calcium level. Sakuma et al. (2002) hypothesizes that both mucoadhesion
of nanoparticles incorporating salmon calcitonin into the GI mucosa (Sakuma
etal. 1999, 2002) and increase in the stability of salmon calcitonin in the GI tract
(Sakuma et al. 1997) result in the improvement of salmon calcitonin absorption.
Moreover, chitosan-PEG nanocapsules increased the absorption of salmon
calcitonin (Prego et al. 2000).

Nanoparticles offer also the new perspective of oral delivery of antigens.
Ovalbumin was incorporated in PEGylated PLGA-based nanoparticles with
the intention of oral vaccination (Garinot et al. 2007). The system was adminis-
tered in mice and induced IgG response. The immunization with the nanopar-
ticles induced both a humoral and a cellular immune response attesting that the
antigen is efficiently presented to T lymphocytes by the antigen-presenting cells.
Bovine serum albumin (BSA) incorporated into PLGA nanoparticles and
orally administered gave a systemic IgG dose/response relationship.

Another very attractive application of nanoparticles is the oral gene delivery.
For example, quaternized chitosan-trimethylated chitosan was shown to have
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the ability to encapsulate and protect pPDNA and effectively transfer the green
fluorescent protein (GFP) gene into cells both in vitro and in vivo (Zheng et al.
2007). In another study, DNA polyplexes composed of chitosan and Factor
VIII DNA were developed and orally administered to hemophilia A mice
(Bowman et al. 2008). Transgene DNA was detected in both local and systemic
tissues. Despite the modest FVIII levels achieved in mice, detectable protein
persisted for 1 month and phenotypic bleeding correction was observed in 65%
of the mice given high or medium doses of chitosan-DNA nanoparticles
(Bowman et al. 2008).

9.5 Conclusion

Due to the great progress in biotechnology, numerous macromolecules are
being developed. The oral route remains the preferred way to administer
them, due to the advantage of avoiding pain caused by injections. However,
these macromolecules remain poorly bioavailable when administered orally,
mainly due to their low mucosal permeability and very low stability in the harsh
environment of the gastrointestinal tract. In recent years many efforts have
been made to incorporate these macromolecules into very wide spectra of
colloidal carriers in order to improve their oral availability. Indeed, nano-
and microcarriers have shown to be able to improve the bioavailability of a
number of macromolecules acting on various fronts: (i) by protecting the
carried drug from enzymatic degradation; (ii) by increasing the residence time
in the GI tract through a mucoadhesive mechanism; (iii) and possibly by
promoting paracellular uptake. Nano- and microparticles represent therefore
a promising tool for the oral delivery of macromolecules.
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Abstract The design and evaluation of liposome-based mucoadhesive dosage
form containing mucoadhesive polymers (e.g., chitosan, pectin, carbopol, and
PVA-R) have been described. Liposomes with different compositions were
prepared and surface-modified by various polymers. The surface coating or
complexation of liposomes was confirmed by monitoring the changes in surface
charge before and after surface modification. The mucoadhesion of the lipo-
some-based formulations has been examined both in vitro and in vivo. Using
CLSM, the penetration of polymer-coated liposomes or polymer—liposome
complexes into a layer of mucus in the rats after oral administration was
confirmed. The pharmacological action of the macromolecular drugs (e.g.,
insulin and calcitonin) was observed after oral administration. In most cases,
the polymer-coated liposomes and/or polymer—liposome complexes showed
superior pharmacological action compared to other systems without mucoad-
hesive polymers.
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10.1 Introduction

Drug delivery systems (DDS) are used as a medium or carrier for the controlled
delivery of drugs to a patient. DDS allow a suitable amount of drug to be
delivered to the appropriate region of the body at the appropriate time. In
considering the concept of DDS as an ideal formulation of drug (i.e., the broad
view of DDS), it is necessary to focus on the delivery of the drug into the body
by selecting the most suitable administration route. Because several new classes
of drugs, including peptide drugs, have been developed in recent years, it is
important to identify new administration methods in order to maximize the
efficacy of drugs. Although some drugs are administered as injections, it is
preferable from the point of view of the patient to have a less invasive route,
such as oral administration. Such a route also leads to better patient compli-
ance. Not surprisingly, the demand for orally administered drugs has increased.

Drug administration via absorption through a mucus membrane, such as the
gastrointestinal (GI) mucosa, nasal mucosa, or lung mucosa, has received much
attention as an alternative method of injection. In comparison with the absorp-
tion from transdermal system, the absorption from the mucosa is very efficient,
because the surface area of the mucosa is about 200 times larger than that of the
epidermis. However, some drugs cannot be absorbed from the mucosa due to
their particular characteristics, e.g., high molecular weight, high hydrophilicity,
or high hydrophobicity. These disadvantageous characteristics are especially
typical of the new peptide drugs, which are therefore good candidates for new
dosage forms. In addition, these drugs are susceptible to enzymatic degradation
on the mucosa when administered by other routes. Fine particles are therefore
recommended as a carrier to transport this type of drug, and the design, size,
and structure of these particles must be suitable for effective drug delivery.

Many researchers have reported on the problems of oral administration of
peptide drugs, i.e., the physical and chemical instability of peptide drugs in the
GI tract or biological environment, the very low absorption at the site of
administration, the degradation by enzymes, and so on (Iwanaga et al. 1997,
Kotze et al. 1997; Takeuchi et al. 1996, 2003). Many strategies have been
adopted to solve these problems, such as the use of mucoadhesive polymers in
tablet dosage forms (Bernkop-Schnurch et al. 1998), the synthesis and modifi-
cation of mucoadhesive polymers to improve drug efficiency (van der Merwe
et al. 2004a, b), the development of special dosage forms by utilizing micro- or
nanoparticles or nanocapsules as a drug carrier (Aboubakar et al. 1999; Agni-
hotri et al. 2004; Hu et al. 2004; Sakuma et al. 2002), the use of enzymatically
controlled delivery systems targeting the oral dosage form to the colon (Mackay
et al. 1997; Sriamornsak 1998, 1999), and the use of pH-sensitive hydrogel
nanospheres and a copolymer network as carriers to the targeting site (Ichikawa
and Peppas 2003; Torres-Lugo et al. 2002).

Liposomal formulations are one of the most promising particulate carriers
and have been used for several years for oral delivery of peptide drugs such as
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insulin. There have been several reports demonstrating the effectiveness of oral
administration of insulin using liposomes (e.g., Patel and Ryman 1981). How-
ever, the results of these studies indicate that the influences of the liposomal
formulations on drug absorption are not predictable or reproducible, and in
fact some of them have reported a marked hypoglycemic response. To over-
come this discrepancy, Takeuchi and coworkers have tried to develop more
effective liposomal formulations, including polymer-coated liposomes, as drug
delivery carriers (Takeuchi et al. 1996, 2001, 2003, 2005a). There have also been
several reports concerning modified liposomal formulations (Gutierrez de
Rubalcava et al. 2000; Katayama et al. 2003; Kim et al. 1999; Li et al. 2003).
Charged polymers can form complexes with oppositely charged liposomes to
produce so-called polymer—liposome complexes. These complexes have shown
good mucoadhesive properties and pharmacological action (Sriamornsak et al.
2008; Thirawong et al. 2008b).

In this chapter, the preparation methods and efficacy of novel lipid particles
such as polymer-coated liposomes and polymer—liposome complexes for pep-
tide drug delivery are described. Both systems have common characteristics of
mucoadhesion.

10.2 Oral Administration of Peptide Drugs with Mucoadhesive
Liposomal Formulations

10.2.1 Mucoadhesive Dosage Forms

Mucoadhesive dosage forms are an attractive method to improve the bioavail-
ability of peptide drugs. Since mucoadhesion can prolong the residence time of
drug carriers at the absorption sites, improved drug absorption is expected with
a combination of mucoadhesiveness and controlled drug release from the
devices. Longer and colleagues (Longer et al. 1985) first showed that delayed
GI transit induced by bioadhesive polymers could lead to increased oral bio-
availability of a drug. Other researchers have prepared a multiunit bioadhesive
system by coating microspheres of poly-hydroxyethyl-methacrylate with
mucoadhesive polymers using laboratory-scale equipment (Lehr et al. 1990,
1992). Akiyama and coworkers (Akiyama et al. 1995) prepared a polyglycerol
ester of fatty acid-based microspheres coated with Carbopol934P (CP) and
CP-dispersing microspheres to evaluate their mucoadhesive properties. In
developing colloidal drug delivery systems, Lenaerts and colleagues (1990)
confirmed that the bioavailability of vincamine was improved with the nano-
particulate systems having mucoadhesive properties.

So far, a wide range of polymeric materials, particularly hydrophilic poly-
mers containing numerous hydrogen bond (H-bond)-forming groups, have
been tested for their mucoadhesive properties (Grabovac et al. 2005). It has
been proposed that the interaction between the mucus and mucoadhesive
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polymers is a result of physical entanglement and secondary bonding, mainly
H-bonding and van der Waals attraction. These forces are related to the chemical
structure of the polymers (Duchene et al. 1988). The types of surface chemical
groups of mucoadhesive polymers (e.g., Fig. 10.1) that contribute to mucoadhe-
sion include hydroxyl, carboxyl, amine, and amide groups (Gurny et al. 1984).
Peppas and Buri (1985) have suggested that the polymer characteristics that are
necessary for mucoadhesion are (i) strong H-bonding groups, (ii) strong anionic
charges, (iii) high molecular weight, (iv) sufficient chain flexibility, and (v) surface
energy properties that readily allow the material to spread across mucus.

Park and Robinson (1984) found that cationic and anionic polymers bound
more effectively than neutral polymers, polyanions were better than polyca-
tions in terms of binding/potential toxicity, and water-insoluble polymers
allowed greater flexibility in dosage form design compared to rapidly or slowly
dissolving water-soluble polymers. Anionic polymers with sulfate groups
bound more effectively than those with carboxylic groups. The degree of bind-
ing was proportional to the charge density on the polymer, and highly binding
polymers included carboxymethyl cellulose, gelatin, hyaluronic acid, carbopol,
and polycarbophil. Rao and Buri (1989) showed that polycarbophil and sodium
carboxymethylcellulose (NaCMC) adhered more strongly to mucus than
hydroxypropylmethylcellulose (HPMC), methylcellulose, or pectin. Better
adhesion occurred in the stomach than in the intestine.
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The incorporation of protein into the matrices of mucoadhesive polymers
(e.g., alginate, chitosan, and pectin) can be done under relatively mild environ-
ment and hence the chances of protein denaturation are minimal. The limita-
tions of these polymers, like drug leaching during preparation can be overcome
by different techniques which increase their encapsulation efficiency.
Cross-linked alginate or pectin has more capacity to retain the entrapped
drugs and mixing them with other polymers such as neutral gums, chitosan,
and Eudragit®™ has been found to solve the problem of drug leaching (George
and Abraham 2006). The favorable properties like biocompatibility, biodegrad-
ability, pH sensitiveness, and mucoadhesiveness have enabled these polymers to
become the choice of the pharmacologists as oral delivery matrices for protein
or peptide drugs.

Several properties of chitosan make it a good candidate for a mucoadhesive
polymer coating, i.c., its non-toxicity, biocompatibility, and biodegradability
(Galovic Rengel et al. 2002; Prabaharan and Mano 2004). Moreover, several
studies have highlighted the potential use of chitosan to enhance the absorption
of drugs into intestinal epithelial cells and to rearrange tight junction proteins
(e.g., Pan et al. 2002). Recently, some research groups have found that differ-
ences in the properties of chitosan lead to differences in the effectiveness of the
drug delivery system. For example, Luangtana-anan et al. (2005) reported that
the physicochemical properties of nanoparticles were dependent on the types
and molecular weights of chitosan and that the salt form and molecular weight
of chitosan played a crucial role for optimization of protein-loaded nanoparti-
cles, leading to a broad applicability to pharmaceutical applications. Chae et al.
(2005) concluded that the absorption of chitosan was significantly influenced by
its molecular weight, with higher molecular weight leading to reduced
absorption.

Pectin is regarded as safe for human consumption and has been used success-
fully for many years in food and pharmaceutical industries. Because it is rich in
carboxylic groups and can interact with functional groups in the mucus layer, it
has been used as a mucoadhesive polymer for controlled drug delivery (e.g., Liu
et al. 2005; Schmidgall and Hensel 2002; Thirawong et al. 2007, 2008a). Liu
et al. (2005) reported that pectin with higher net electrical charges showed a
higher mucoadhesion with porcine colonic tissues than the less charged ones.
Recently, Thirawong et al. (2007, 2008a) reported the mucoadhesive perfor-
mance of various pectins on the gastrointestinal tract, investigating by texture
analysis and viscometric study.

10.2.2 Mucoadhesive Liposomes

Mucoadhesive liposomes are a new type of particulate drug carrier for oral
administration of drugs. They are easily prepared by mixing a liposomal sus-
pension with mucoadhesive polymers such as chitosan and carbopol. The
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polymer-coated liposomes were then formed consecutively. The basic mechan-
ism in the preparation of polymer-coated liposomes is the formation of
ion-complexes on the surface of liposomes. In the case of positively charged
polymers (e.g., chitosan), negatively charged liposomes are prepared and mixed
with the chitosan solution. Takeuchi and coworkers developed mucoadhesive
liposomes by coating the anionic liposomal surface with a cationic mucoadhe-
sive polymer, i.e., chitosan, and observed their mucoadhesive properties both in
vitro and in vivo (Takeuchi et al. 1994, 1996). The typical anionic liposomal
formulations contain r-a-dipalmitoylphosphatidylcholine (DPPC) and dicetyl
phosphate (DCP) in a ratio of 8:2 or L-az-distearoylphosphatidylcholine
(DSPC), DCP, and cholesterol in a ratio of 8:2:1. In the case of the preparation
of carbopol-coated liposomes, stearyl amine (SA) has been used to confer the
positive charge to the formulated liposomes (Takeuchi et al. 2003). However,
the amount of SA used was less than one-tenth the amount of DCP, because a
higher amount of SA in the formulation caused the carbopol-coated liposomes
to aggregate.

In a typical procedure, 161 mg (204 pmol) of DSPC, 27.9 mg (51 pmol) of
DCP, and 9.7 mg (25 pmol) of cholesterol were dissolved in a small amount of
chloroform, and the solution was rotary evaporated at 40°C to obtain a thin
lipid film. The thin lipid film was dried in a vacuum oven overnight to ensure
complete removal of the solvent, and hydration was carried out with 5 mL of
acetate buffer solution (pH 4.4, 100 mM) by vortexing, followed by incubation
at 10°C for 30 min. The size of multilamellar liposomes can be controlled by
applying sonication or by use of an extruder. The particle size of liposomes can
be adjusted by controlling the sonication time or by using an extruder filter with
the appropriate pore size. For example, submicron-sized liposomes (ssLip) of
ca. 200 nm were prepared by sonicating three times for 3 min each. The particle
size of the resultant liposomes was confirmed by dynamic light scattering
analysis. For preparation of chitosan-coated liposomes (CS-Lip), an aliquot
of the liposomal suspension was mixed with the same volume of acetate buffer
solution (pH 4.4) of chitosan (0.6%), followed by incubation at 10°C for 1 h.
The submicron-sized chitosan-coated liposomes (ssCS-Lip) were prepared in
the same manner.

The formation of a coating layer on the surface of liposomes was confirmed
and detected by measuring the zeta potential. As shown in Fig. 10.2, the zeta
potential of liposomes was changed by increasing the concentration of
polymers, because the surface charge of liposomes was neutralized by the
opposite charge of the coating polymer.

These polymer-coated liposomes showed high potency in oral delivery of
peptide drugs such as insulin and calcitonin, mainly because of the mucoadhe-
sion of the chitosan-coated liposomes to the intestinal tract (Takeuchi et al.
1996, 2001, 2003, 2005a). Similar trials have been reported by Guo et al. (2003),
who investigated the effect of chitosan concentration and lipid type on the
characteristics of chitosan-coated liposomes and their interactions with leupro-
lide. They found that a thicker adsorptive layer could be realized by using low
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Fig. 10.2 Zeta potential of mucoadhesive liposomes in a phosphate buffer solution (pH 7.4)
(taken from Takeuchi et al. 1996). Lipid composition: DPPC:DCP =§:2

purity lipids resulting from a stronger electrostatic attraction with chitosan. As
to particles from high purity lipids, polymer bridging caused flocculation at low
polymer concentration, while at high concentration, the adsorbed chitosan
molecule led to steric stabilization. Drug entrapment efficiency decreased as
chitosan was added to liposomes, showing the disturbance of bilayers. The
interaction between chitosan and the polar head groups on the surface of
phospholipid bilayers may interfere with leuprolide entrapped in liposomes
and result in the leakage of leuprolide.

In addition to complex formation, another mechanism of polymer coating
on the surface of liposomes is anchoring of the hydrophobic part of the polymer
molecules (Fig. 10.3). Takeuchi and coworkers have demonstrated the forma-
tion of a thick coating layer by using polyvinyl alcohol molecules ending in long
alkyl chains (PVA-R) (Takeuchi et al. 2000). Thongborisute et al. (2006b)
prepared hydrophobically modified chitosan, i.e., dodecylated chitosan. The
zeta potential of dodecylated chitosan-coated liposomes showed positive values
in both liposomal formulations, i.e., negatively charged and neutral-charged
liposomes. These results indicated that dodecylated chitosan could be consid-
ered a more suitable polymer for coating neutral-charged liposomes than
chitosan because the hydrophobic side chain of dodecylated chitosan inserts
itself into the lipid bilayer of liposomes. Moreover, chitosan seemed to be less
effective for coating a neutral-charged liposome because of the low positive
values of its zeta potential. Chitosan provided only an electrostatic force when
used for coating liposomes, while dodecylated chitosan provided both an
electrostatic and a hydrophobic force due to the long alkyl chain in its
backbone.

In designing polymer-coated liposomes containing peptide drugs, attention
should also be paid to their structure. Drugs can be loaded into a liposomal
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system in one or both of two ways. They can be encapsulated within liposome
particles or they can be entrapped on the outside of liposome particles by
adsorption onto their surfaces. In preparing the liposomes with the hydration
method, at least a part of drug can be encapsulated into the liposomal particles,
while all of the drug molecules will exist on the outside of liposomal particles
when the preformed liposomal suspension is mixed with a drug solution.
Although the difference in the drug-loading method is important, few papers
have reported on the effects of the resulting pharmaceutical function of these
two loading systems (Thongborisute et al. 2006c¢).

Itis not easy to evaluate the mucoadhesive properties of fine particulate drug
carriers such as liposomes. In developing colloidal drug delivery systems,
Lenaerts et al. (1990) demonstrated the mucoadhesive properties of polyalk-
ylcyanoacrylate nanoparticles with autoradiographic studies. Pimienta et al.
(1992) investigated the bioadhesion of hydroxypropylmethacrylate nanoparti-
cles or isohexylcyanoacrylate nanocapsules coated with poloxamers and polox-
amine on rat ileal segments in vitro using a labeled compound.

Takeuchi et al. (1996) have confirmed the mucoadhesive properties of polymer-
coated liposomes with a simple particle counting method in vitro. This mucoadhe-
sion test was carried out using intestines isolated from male Wistar rats. The
intestines were washed with saline solution, filled with a liposomal suspension
that was diluted 100-fold with a buffer solution (pH 7.4, 6.5, 5.6 or 1.2) or saline
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solution (pH 6.0), and sealed with closures. The intestines were incubated in saline
solution at 37C and the number of liposome particles was measured with a Coulter
counter both before and after incubation. The adhesive% was calculated using the
following equation:

Adhesive % = No= Ny x 100,
N,

where N, and Ny are the number of liposomes before and after incubation,
respectively. As shown in Fig. 10.4, the adhesive% of polymer-coated lipo-
somes was significantly higher than that of non-coated liposomes. When the
concentration of chitosan used for coating was decreased, the adhesive% of
chitosan-coated liposomes decreased. These results confirmed that the mucoad-
hesive properties of the polymer-coated liposomes were conferred by the poly-
mer layer fixed on the surface of the liposomes.
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The mucoadhesive properties was also confirmed by using a confocal laser
scanning microscope (CLSM) and an in vivo test in rats (Takeuchi et al. 2005a, b).
The protocolis shown in Fig. 10.5. This CLSM observation confirmed the retention
of liposomes in the intestinal tract after oral administration. Chitosan coating of the
liposomal surface could lead to an increase in the retention time in the intestinal tract
due to the resulting mucoadhesion. It was also found that the retention profiles were
dramatically changed by reducing the particle size of liposomes. As shown in
Fig. 10.6, the submicron-sized chitosan-coated liposomes (ssCS-Lip) were shown
to penetrate into the mucosal layer deeply. Because large multilamellar liposomes
did not exhibit this behavior, it was confirmed that the particle size was a
very important factor for controlling the behavior of the drug carriers in the
intestinal tract.
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1. Preparation of liposomes containing Dil as a fluorescence marker
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Fig. 10.5 Protocol for measurement of the mucoadhesive behavior of polymer-coated lipo-
somes with confocal laser scanning microscopy (CLSM)
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Fig. 10.6 Confocal laser scanning microscopy photographs of various parts of the intestinal
tract of the rat at 2 h after intragastric administration of ssCS-Lips (taken from Takeuchi et al.
2005a). The measured mean diameter is 281.2 nm. The formulation of liposome is
DSPC:DCP:cholesterol = 8:2:1
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In order to observe the behavior of chitosan-coated liposomes more precisely,
chitosan was labeled with fluorescein isothiocyanate (FITC) via chemical reac-
tion at the isothiocyanate group of FITC and the primary amino group of
chitosan; the liposomes (Lips) were marked by incorporation of Dil into the
liposomal formulation. FITC-labeled chitosan (FITC-CS), non-coated
liposomes, and FITC-labeled chitosan-coated liposomes (FITC-CS-Lips) were
intragastrically administered into male Wistar rats, and then the behavior of the
molecules was visualized by CLSM (Thongborisute et al. 2006a). The results
demonstrated that the chitosan molecules themselves, as well as the liposomes,
could penetrate across the intestinal mucosa. Moreover, the CLSM images
demonstrated a lack of separation of the chitosan molecules from the surface of
the liposomes after the administration of chitosan-coated liposomes.

10.2.3 Mucoadhesive Polymer—Liposome Complexes

Adsorption of polyions onto oppositely charged particles or liposomes has
attracted considerable attention in the last decades. This phenomenon, which
plays an important role in many aqueous solutions of biological samples, is of
great interest in gene therapy, where the lipoplexes, i.e., complexes formed
between deoxyribonucleic acid (DNA) and positively charged liposomes (or
lipids), have been intensively investigated. Recently, the interactions between
charged lipids and oppositely charged biopolymers have been studied
(Antonietti and Wenzel 1998; Raviv et al. 2005). The highly ordered structures
formed by polyelectrolyte—lipid complexes are of great interest in material
sciences as templates and building blocks for hierarchiral supramolecular
assembly (Antonietti and Wenzel 1998).

The inclusion of polymers in liposomes has been studied as a means to
increase the stability of liposomes and to modify their functional properties.
Grafting hydrophilic polymers onto the phospholipid head groups has been
shown to increase the circulation time as well as to inhibit the liposome fusion
(Cho et al. 2007). Conformational changes in the adsorbed polymers can cause
a partial or total rearrangement in the structure of liposomes. Seki and Tirrell
(1984) were the first to report that the structure of liposomes is affected by the
addition of amphiphilic polyelectrolytes. Henriksen et al. (1994) reported the
formation of chitosomes, i.e., liposome—chitosan complexes. The complexes
were formed by an initial adsorption of chitosan polymer onto the liposomal
surface and then an alignment of these positive surface patches with negative
patches on approaching liposomes. This phenomenon occurred when small
quantities of chitosan were used. With an excess amount of chitosan, the
restabilization occurred due to a charge reversal of the polymer-coated
liposomes. The ionic strength, chitosan quality, lipid/polymer ratio, and pH
had a significant effect on the resulting aggregate size (Henriksen et al. 1997).
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Recently, self-assembling nanocomplexes between pectin and cationic
liposomes, 1i.e., pectin—liposome nanocomplexes (PLNs), have been
designed using a method similar to that for the ion-complex formation
of carbopol with positively charged ions on the surface of the liposomes
(Sriamornsak et al. 2008). Cationic liposomes containing SA were pre-
pared, since the SA led to the complexation between liposome particles
and pectin molecules when mixing the liposome samples with the pectin
dispersion. The electrostatic interactions between the positively charged SA
in liposomes and the negatively charged pectin chain were confirmed by
FTIR studies (Sriamornsak et al. 2008). The high resolution of the AFM
was used to characterize the structure of pectin, liposomes, and PLNs.
Chain-like structures with a small number of branches were imaged for the
pectin sample while spherical structures of the small unilamellar vesicles of
liposomes were observed (Fig. 10.7). The attachment or association of
cationic liposomes on the pectin chain forming self-assembling

(b)

Fig. 10.7 Topographical (c)
(left) and equivalent '
processed (right) images
from atomic force
microscopy (AFM) of

(a) pectin dispersion,

(b) cationic liposomes,

and (c¢) pectin—liposome
nanocomplexes (PLNs)
(modified from Sriamornsak
et al. 2008)
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supramolecular complexes (i.e., PLNs) was also visualized (Fig. 10.7).
Figure 10.8 demonstrates the proposed model of the interaction between
pectin and cationic liposomes to form PLNs, derived from the AFM
imaging results. The PLN structure is different from the structure of
lipoplexes for which the AFM images exhibited a large variety of different
structures, such as loops of DNA extending from a central core of lipo-
somes, globular structures, and so on (Wangerek et al. 2001).

dé{*

Pectinin Liposomes in PLNs in diluted
pH 6.8 buffer pH 6.8 buffer condition

Fig. 10.8 Schematic representation of the formation of pectin—liposome nanocomplexes
(PLNGs) (taken from Sriamornsak et al. 2008)

In order to measure the mucoadhesive properties of PLNs, fluorescein
isothiocyanate-dextran, which has a molecular weight of 4300 Da (FD4)
was used as a fluorescent marker for CLSM observation (Thirawong et al.
2008b). The mucoadhesive behavior of PLNs in the GI mucosa was
evaluated by observing the residual FD4 with CLSM. High FD4 intensity
after intragastric administration of FD4 solution into male Wistar rats was
rarely found in the stomach and colon, but a very small amount of FD4
could be observed in the small intestine at 1 h after intragastric adminis-
tration (Fig. 10.9). This result implied that the FD4 solution could not be
retained in the GI tract after intragastric administration, but rather was
eliminated or washed out from the GI tract during the first hour. After
administration of the mixture of pectin and FD4, a high intensity of FD4
was seen in the duodenum and jejunum after the first hour (Fig. 10.9), and
this intensity decreased after the second and sixth hour. The explanation
for the mucoadhesive effect of pectin was that pectin adhered at the
mucosal surface, particularly at the duodenum and jejunum, but it could
not reach the colon during the in vivo test. Subsequently, FD4 in the
mixture could penetrate through epithelial cells. This result agreed with
the in vitro study by Schmidgall and Hensel (2002), who reported that the
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Fig. 10.9 CLSM images of FD4 intensities in the stomach, small intestine, and colon at 1 h
after intragastric administration of FD4 solution, FD4—pectin mixture, and FD4-loaded
cationic liposomes (taken from Thirawong et al. 2008b)

polygalacturonides derived from pectin could be adsorbed onto the
model surface (i.e., colonic mucosa) after incubating the mucosa with
FITC-abeled sugar beet pectin, indicating a specific binding to surface
structure of the mucosa. It is well known that the mucosa restrict the
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penetration of large molecules and possibly of particles as well. It has been
generally believed that macromolecules hardly pass through the absorptive
enterocytes of the mucosa. However, as shown in the CLSM micrographs
in Fig. 10.9, the intensity of FD4 was greater, especially in the duodenal
part of the small intestine, when a mixture of pectin and FD4 was admi-
nistered than when a solution of FD4 alone was used, suggesting the
penetration of FD4 into the mucosa. It is probable that pectin behaved
as a mucopenetrative vehicle through the rat intestinal mucosa. This is
similar to the result using chitosan-coated liposomes as observed by
Takeuchi et al. (2005a). CLSM images of FD4 intensities in the stomach,
small intestine, and colon at 1 h after intragastric administration of
FD4-loaded cationic liposomes are also shown in Fig. 10.9. A small
amount of FD4 was observed in the epithelium of the stomach and
colon, while a larger amount was observed in the epithelium of the small
intestine after administration of FD4-loaded cationic liposomes. This
observation may have resulted from the electrostatic interaction between
positively charged cationic liposomes and negatively charged sialic acid
residue of mucin, which facilitated the adhesion to mucus membrane.

After administration of PLNs, a small amount of FD4 was detected in
the stomach and colon, but a very large amount of FD4 was detected in
the duodenum, jejunum, and ileum from the first hour until the sixth hour
(Fig. 10.10). FD4 from PLNs most likely remained in the duodenum,
jejunum, and ileum, which suggested their excellent intestinal mucoadhe-
sive properties. PLNs showed a stronger mucoadhesion than cationic
liposomes. The viscosity of the pectin in PLNs may have partly contrib-
uted to the prolongation of the residence time of the liposomes in the
intestine. The results also suggested that pectin could prolong the adher-
ence of liposomes to the GI mucosa. This implied that the number of
carboxyl groups was a predominant factor for the in vivo mucoadhesive
properties of pectin.

The mucoadhesive effect of pectin involved the H-bonding and,
perhaps, the hydrophobic interaction between the pectin chain and mucin
in the mucus layer rather than the electrostatic attraction (Thirawong et al.
2007). However, most of the carboxyl groups in pectin and sialic acid in
mucin can be ionized at physiological pH which is higher than their pKa.
Then, the electrostatic repulsion between pectin and mucin may play a
more important role than H-bonding, leading to a coil expansion which
facilitates molecular entanglements (Liu et al. 2005). The other possible
explanation is that a polymer with a longer chain length may constitute a
barrier to the absorption of drugs from liposomes (Thongborisute et al.
2006c). The diffusion of FD4 through the mucus gel layer might be
inhibited by the long chain of pectin with high molecular weight, resulting
in a decrease in FD4 intensity.
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Fig. 10.10 CLSM images of FD4 intensities in the stomach, small intestine, and colon at 1, 2,
and 6 h after intragastric administration of PLNs (taken from Thirawong et al. 2008b)

10.3 Absorption of Macromolecules with Liposomal Formulations

The mucosa of the small intestine is lined by a simple columnar epithelium,
which evaginates into villi and invaginates into crypts, as shown schematically
in Fig. 10.11. The lamina propria of the small intestine forms the core of villi
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Fig. 10.11 Schematic
drawing of the villus
showing the blood
capillaries and lymphatic
vessel (source: http://
WWW.XInminss.
moe.edu.sg:1285/biology/
Notes/lesson/
voyagelesson.ppt)

where large lymphatic and blood vessels are located to facilitate the transport of
the ingested nutrients or drugs (Schumacher and Schumacher 1999). The
lamina propria of villi includes lacteals (lymphatic capillaries) which provide
passage for absorbed fat (the chylomicrons) as well as lipophilic drugs and lipid
formulations into the lymphatic drainage of the intestine.

According to the histology of the intestine, the drug-loaded liposomes
(probably in the form of liposomes themselves, polymer-coated liposomes,
or polymer—liposome complexes) could be easily absorbed into the lymphatic
circulation, especially by lacteals. Compounds absorbed by the intestinal
lymphatics drain via the thoracic lymph and enter the systemic circulation at
the junction of the left internal jugular vein and the left subclavian vein,
thereby avoiding potential first-pass metabolism. Consequently, drug trans-
port via the intestinal lymphatics may confer delivery advantages in terms
of increased bioavailability (via a reduction in presystemic metabolism) and
the possibility of directing delivery to the lymphatic system (Porter and
Charman 1997).

In fact, the CLSM studies were used to confirm the mucoadhesion of the
dosage forms, not the absorption of the active agent into the circulation.
However, the adherence of the dosage form at the mucosa would increase the
chance for its absorption and then would allow the drug to take action.
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Permeation of macromolecules through the GI epithelial cells after oral admin-
istration has been reported by several research groups. We have also confirmed
the permeation of the hydrophilic macromolecules by using Caco-2 cells
(Nagata et al. 2006). However, there are no data clearly showing the actual
absorption of macromolecular drugs into the GI tract after oral administration.

The actual absorption of a model macromolecule (i.e., FD4) encapsulated in
chitosan-coated liposomes through the mucus layer of the intestinal tract in rats
was determined (Thongborisute et al. 2008). FD4 was used as a model drug
because of its molecular weight (which is close to those of insulin and calcitonin)
as well as its water solubility and hydrophilic properties. FD4 was also prefer-
able because it is not susceptible to enzymatic degradation in the intestinal tract.
In the experiment, the chitosan-coated liposomes containing FD4 at a dose of
8 mg FD4 per rat (five, 9-week-old male Wistar rats weighing 190-200 g were
used after being fasted for 12 h) were intragastrically administered. The FD4
concentrations in plasma were measured at each of several time intervals with a
fluorescence microplate reader at 1gx 485 nm and Ag,, 520 nm. The percentages
of FD4 entrapment efficiency in liposomes were 22, 12, and 12% for non-coated
liposomes (Non-Lips), CS-Lips, and LCS-Lips, respectively. As shown in
Fig. 10.12, after the chitosan-coated liposomes containing FD4 were intragas-
trically administered to the rats, the FD4 concentration in plasma immediately
increased, and then gradually decreased and remained constant up to 72 h. In
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——LCS-Lips
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Plasma FD4 concentration (pg/mL)
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Time (h)

Fig. 10.12 Blood FD4 concentration profiles after oral administration of Non-, CS-, and
LCS-coated liposomes encapsulating FD4 in rats (n=5). CS: chitosan of molecular weight
150,000. LCS: chitosan of molecular weight 20,000
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contrast, the plasma FD4 concentration after administration of Non-Lips
containing FD4 was very low in the first 1 h and no FD4 could be detected in
the bloodstream after 2 h. Following the FD4 intravenous injection, the FD4
was completely eliminated from the blood circulation within 1 h (data not
shown). Thus, the maintenance of the FD4 concentration in plasma after
administration of these coated liposomes could be attributed to continuous
drug absorption over a long period. In comparing the two types of chitosan, the
plasma FD4 concentration after administration of LCS-Lips was higher than
that after administration of CS-Lips, which correlated well with the results of
the pharmacological effects (discussed later in Section 10.4).

10.4 Pharmacological Action After Oral Administration
of Liposomal Formulations

It was expected that the mucoadhesive properties of polymer-coated lipo-
somes and polymer—liposome complexes would lead to a prolongation of
the residence time in the intestinal tract for more effective drug absorption.
Several pharmacological studies have been performed to determine the drug
absorption and pharmacological action following this delivery modality. For
example, insulin-loaded liposomes coated with chitosan have been shown to
reduce the blood glucose level in animal models. The pharmacological test
showed a continuous decrease of blood glucose level for 12 h. Liposomes
without coating did not show such an hour-long pharmacological effect.
These results confirmed the effectiveness of the mucoadhesive properties of
chitosan-coated liposomes in vivo (Takeuchi et al. 1996). In this case, it was
estimated that the liposomes coated with chitosan released the drug during the
residence time on or within the mucus layer in the GI tract. This led to an
increase in the drug concentration at the mucus layer, followed by absorption
of the drug. When calcitonin was used as another model peptide drug, lipo-
somes coated with chitosan showed a much greater pharmacological effect
(decrease of calcium concentration in plasma) than non-coated liposomes
(Takeuchi et al. 2001, 2003). When the size of liposomes was decreased to
within the submicron range, the pharmacological effect was prolonged much
further (Fig. 10.13) (Takeuchi et al. 2001, 2005a). After the administration of
submicron-sized liposomes coated with chitosan to rats, their intestinal tubes
were observed with CLSM. The images demonstrated that the liposomal
particles penetrated into the enteric mucus layer and then into the mucus
layer. These findings indicate that the pharmacological efficiency after oral
administration of the liposomal systems was in good agreement with the drug
absorption results in all cases.

The effectiveness of PLNs for the oral administration of calcitonin was also
confirmed by a pharmacological test (Thirawong et al. 2008b). The efficiency of
liposome complexes was indicated by a decrease in the plasma calcium
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Fig. 10.13 Profiles of plasma calcium levels after intragastric administration of submicron-
sized liposomes, ssLip, and ssCS-Lip containing calcitonin (taken from Takeuchi et al. 2005a)
The measured mean particle sizes of ssLip and ssCS-Lip were 196.4 and 473.4 nm, respec-
tively. The formulation of liposomes was DSPC:DCP:cholesterol = 8:2:1. The concentration
of chitosan for coating was 0.3%. *p<0.05, **p<0.01, ***p<0.001: significantly different
from the level for calcitonin solution; 'p<0.05, Tp<0.01: significantly different from the level
for ssLip (n=3 in each case).

concentration. When calcitonin-loaded PLNs were administered to the rats, the
calcium concentration in plasma was reduced significantly compared with that
following administration of calcitonin solution. A significant difference in the
plasma calcium concentration was observed up to 48 h, suggesting the effec-
tiveness of the mucoadhesive liposomal formulation in enhancing the absorp-
tion of the peptide drug, similar to those of chitosan-coated liposomes. The area
above the plasma calcium concentration versus time curve (AAC) value was the
lowest after administration of calcitonin solution (Fig. 10.14), owing to the
degradation of calcitonin in the crucial physiological environment of the GI
tract (Thongborisute et al. 2006c). The calcitonin-loaded PLNs (0.5-1.0%)
significantly decreased the plasma calcium concentration after oral administra-
tion, as the AAC values were significantly higher than the amount of calcitonin
solution. At the same administration dose (i.e., 500 IU/kg rat), the AAC values
of both PLNs made of 0.5 and 1.0% pectin were not significantly different.
Nevertheless, the twofold increase in the percentage calcitonin dose adminis-
tered to rats did not result in a significant difference in the plasma calcium
concentration. It was thought that the increase in the percentage of pectin
would inhibit the diffusion/penetration of calcitonin-loaded liposomes through
intestinal epithelial cells due to coil entanglement. However, the calcitonin-
loaded PLNs demonstrated a much stronger pharmacological effect, i.e., a
significant reduction in plasma calcium concentration, compared with admin-
istration of calcitonin solution alone. This probably resulted from the ability of



10 Liposome-Based Mucoadhesive Formulations 189

600 -

500

ey

(=]

o
1

AACq 431 (% h)
w
8
3
Il

200

100 4

calcitonin PLNs (0.5% w/w  PLNs (1.0% w/w  PLNs (1.0% w/w
solution, 500 IU pectin), 500 IU pectin), 500 IU pectin), 1000 IU

Fig. 10.14 AAC values of calcitonin solution and PLNs over 48 h after intragastric admin-
istration into rats, n=3 (modified from Thirawong et al. 2008b)

pectin to adhere to the mucus layer and prolong retention in the intestinal
mucosa, facilitating the penetration or absorption of calcitonin-loaded
liposomes through intestinal epithelial cells.

10.5 Conclusion

Liposome-based mucoadhesive dosage forms are able to adhere and penetrate
through the mucus layer of the GI tissues. In this chapter, the liposome-based
mucoadhesive dosage form containing mucoadhesive polymers (e.g., chitosan,
pectin, carbopol, and PVA-R) was designed and evaluated. Liposomes with
different compositions were prepared and coated with various polymers. The
surface coating of liposomes was confirmed by monitoring the changes in zeta
potential before and after surface modification. The complexation between the
cationic liposomes and pectin was also examined by determination of surface
charges and AFM.

The mucoadhesion of the liposome-based formulations was examined both in
vitro and in vivo. Using CLSM, the penetration of polymer-coated liposomes or
polymer—liposome complexes into a layer of mucus in the rats after oral admin-
istration was confirmed. The pharmacological action of the model peptide drugs
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(e.g., insulin and calcitonin) was observed after oral administration. In most
cases, the polymer-coated liposomes and/or polymer—liposome complexes
showed superior pharmacological action compared to other systems without
mucoadhesive polymers. To conclude, all these data indicate that the liposome-
based formulations designed herein are potentially useful candidates for oral
mucoadhesive delivery systems for macromolecular drugs such as peptides or
proteins through the gastrointestinal mucosa.
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Abstract Development of mucosal vaccine delivery system is an important area
for improving public health. Oral vaccines have large implications for rural and
remote populations since the access to trained medical staff to administer
vaccines by injection is limited. New mucosal vaccine strategies are focused
on development of non-replicating subunit vaccines, DNA, plant, and other
types of recombinant vaccines. The conjugation of lipids to peptide antigens is
one approach which enables the production of highly customized all-in-one
self-adjuvanting vaccines. Lipid-modified peptide vaccines have been success-
fully investigated in humans and demonstrated to be potent and more impor-
tantly very safe.
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11.1 Introduction

Immunization is one of the most effective public health interventions (Aziz et al.
2007). Traditionally vaccines play a prophylactic role, with the development of
treatment vaccines [e.g. anti-cancer, malaria, and human immunodeficiency virus
(HIV) vaccines] also an interest for many researchers (Jones 2007). Vaccination
involves the administration of whole (live or killed) microorganisms, or microbial
components, with the aim of inducing long-lasting immune responses capable of
protecting the vaccinee against infection if they come into contact with micro-
organisms against which they have been immunized. In many cases this has
involved immunization via parenteral routes (e.g. intramuscular or subcutaneous).
In general, people do not like receiving injections, thus patient compliance with
both primary immunizations and subsequent boosts is reduced when this route of
administration is used (Mestecky et al. 2007; Silin et al. 2007). Parenteral immuni-
zation also requires the use of trained medical professionals for vaccine adminis-
tration (access to which may be problematic in developing nations or in rural
communities) and poses safety risks including the risk of needle-stick injuries and
the transmission of blood-borne diseases. The ability to administer vaccines via the
oral route would overcome these problems, greatly simplify vaccine administra-
tion, and potentially allow for the elicitation of immune responses at mucosal
surfaces (this is usually not observed following parenteral vaccine administration).
Since most infections originate at mucosal surfaces, prior to becoming systemic,
elicitation of mucosal immune responses would provide a first line of defence and
the potential to prevent systemic infections.

Two features are required for oral vaccine development: (1) appropriate delivery
systems to protect the delivered antigens from the harsh environment of the
gastrointestinal tract (GIT) (e.g. low pH and the presence of many proteolytic
enzymes), as well as enabling antigen uptake from the GIT, and antigen-presenta-
tion to appropriate cells of the immune system for the generation of desired
immune responses, and (2) adjuvants which can stimulate the immune system to
mount appropriate immune responses against the delivered antigens. Examples of
delivery systems and adjuvants which have been studied for the development of
orally administered vaccines (Table 11.1) are described in the following sections.

Table 11.1 Approaches for enhancement of mucosal immunity to vaccines

Goal Approach Example Ref.

Reduce ® Recombinant o Attenuated Salmonella Liu et al. (2007)
virulence proteins serovar Typhimurium Cho et al. (2007)
and e [ ive vectors expressing secreted Wu and Chung
enhance o Subunit vaccines Yersinia pestis F1 and V (2007)
antigen e DNA vaccines antigen
load ® Transgenic edible e Human papillomavirus

plants 16L1 Lactococcus lactis

® Lactobacillus reuteri
secreting fusion protein
of Escherichia coli
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Table 11.1 (continued)

Goal Approach Example Ref.
enterotoxin subunit
protein
Improve e Non-living ® Bacille Calmette—Guerin Ajdary et al.
delivery microparticles encapsulated in alginate (2007)
into the (microspheres, microspheres Gupta et al.
mucosa liposomes) ® Poly p,L-lactic-co-glycolic (2007)
o VLP acid nanoparticles Xia et al. (2007)
e [mmune-stimulating against hepatitis B
complexes e Norovirus capsid protein
expressed in yeast forms
virus-like particles
Improve o Adhesive antigens ® Helicobacter pylori Nystrom and
mucosal e Adjuvants adhesin A Svennerholm
interaction e E. coli heat-labile (2007)
with enterotoxin Tritto et al.
antigens (2007)
Enhancement e Mucosal adjuvants ® Tetanus toxoid with Munro et al.
of immune e Combination cytotoxic necrotizing (2007)
response systemic-mucosal factor 1 (CNF1) Zhang et al.
immunization e Compound mucosal (2007)

® Transcutaneous and
other routes of
immunization

immune adjuvants
(cMIA I and II) mixed
with Newcastle-disease

vaccine

11.2 Gastrointestinal Anatomy

An understanding of the anatomy of the gastrointestinal tract (GIT) is impor-
tant for the development of oral vaccines. The surface of the GIT is lined with
enterocytes, which form a physical barrier preventing the uptake of many
macromolecules. In order for an effective immune response to be mounted
against orally administered antigens, the antigen must be taken up and pre-
sented to the immune system (Silin et al. 2007). This process occurs in the small
intestine, utilizing specialized lymphoid organs known as Peyer’s patches. The
luminal surface of Peyer’s patches is made up of M (‘microfold’ or ‘membrane’)
cells, which function to sample the intestinal contents (especially particulates),
and present them to the underlying gut-associated lymphoid tissue (GALT)
(Mestecky et al. 2007). The M cells, which lack apical brush border microvilli
and feature a small mucous layer and glycocalyx, appear as patches of smooth
cells in the small intestine (Shalaby 1995). Factors affecting M-cell uptake
include particle size (nanometer-sized particles are the best) (Brayden and
Baird 2001), lipophilicity (decreasing lipophilicity increases uptake) (Hillery
and Florence 1996), and the conjugation of M-cell-specific ligands (e.g. tomato
lectin) (Hussain et al. 1997). The Peyer’s patches contain up to 90% of the
bodies immunocompetent cells including large numbers of professional
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antigen-presenting cells (APCs; e.g. macrophages and dendritic cells) and fea-
ture a B-cell and a T-cell zone (Mestecky et al. 2007). Antigen-stimulated B- and
T-cells migrate from the Peyer’s patches to other mucosal sites via the lymph,
facilitating the spread of mucosal immunity to all mucosal surfaces.

The uptake of antigen by M cells is believed to be an important process for
the development of mucosal immunity. The ability to develop vaccines that
target M cells to enhance antigen uptake would therefore increase the likelihood
that an effective immune response could be elicited.

Increasing the uptake of antigens by enterocytes may represent an alternative
means for oral vaccine delivery. It is, however, commonly believed that antigen
uptake by enterocytes leads to the production of antigen tolerance rather than
immunity (Brayden and Baird 2001).

11.3 Oral Vaccination
11.3.1 Advantages and Disadvantages

As aforementioned, oral vaccination has many advantages when compared to
parenteral vaccine administration. In terms of the immune responses elicited
following oral administration, a major advantage of oral vaccination (or any
other form of mucosal administration) is its ability to stimulate the production
of antigen-specific mucosal secretary IgA (sIgA) antibodies (McNeela and Mills
2001). sIgA antibodies have been demonstrated to be capable of protecting
against pathogen colonization at mucosal sites, thus preventing systemic infec-
tion from occurring (Yokoyama and Harabuchi 2002). In addition, mucosal
vaccine administration has the ability to elicit mucosal immune responses at all
mucosal sites, not just at the site of administration (Shalaby 1995). Thus, the
aim when producing an oral vaccine, in most cases, would be to produce a
vaccine capable of eliciting both mucosal and systemic immune responses, to
protect against infection arising from the mucosal surfaces and/or infection
arising from other means (e.g. from skin damage).

Despite the above mentioned advantages, few orally administered vac-
cines exist. Several reasons are proposed for why a generic technology for
oral vaccine delivery does not currently exist: The harsh conditions in the
GIT (e.g. the low pH in the stomach and the presence of proteases and
other enzymes) has the potential to damage antigens through processes
including enzymatic proteolysis, acid hydrolysis, or acid denaturation of
conformational epitopes. In addition, orally administered vaccines must be
taken up and presented to appropriate cells of the immune system. This
process is inefficient, necessitating the administration of large doses of
antigen, and may be made worse by the presence of food or chyme in the
GIT, which may entrap vaccines preventing the necessary proximity between
the vaccine and the GIT epithelia for vaccine uptake (Russell-Jones 2000;
Aziz et al. 2007). Oral tolerance, whereby antigens are recognized as food
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antigens or normal flora instead of eliciting protective immune responses,
may also be observed against orally administered soluble antigens (Mestecky
et al. 2007). Vaccines against different diseases may also need to stimulate
different types of immune responses (e.g. different antibody isotypes or
humoral versus cellular immunity). Thus, oral vaccine delivery systems
must be capable of protecting antigens against degradation in the GIT, as
well as enabling their uptake and presentation to appropriate cells of the
immune system, while potential adjuvants must be capable of stimulating
appropriate immune responses to provide protection against infection or
potentially treat diseases.

11.3.2 Clinical and Pre-clinical Studies

Oral vaccines that are licensed for human administration are limited. Presently,
there are few oral vaccines licensed for human use (Table 11.2), although many
orally administered vaccine candidates are in development. Live attenuated
oral polio (OPV) is the vaccine of choice for the prevention of poliomyelitis

Table 11.2 Internationally licensed oral/nasal vaccines

Infection and vaccine Trade name(s) Protection

Polio Many Almost complete
Live attenuated vaccine (OPV)
Cholera Dukoral (SBL 85-90% (first 6 months), 60%

Cholera toxin B subunit +
inactivated V. cholerae 01 whole
cells

CVD 103.HgR live attenuated
V. cholerae 01 strain

Typhoid

Ty2l1a live attenuated vaccine

Rotavirus

Live attenuated monovalent human

rotavirus strain

Attenuated pentavalent

bovine-human vaccine contains
human rotavirus genes from each
serotype

Influenza

Live attenuated cold-adapted
influenza virus reassortant strains
adjusted to the needs of the flu
season

Bird flu

HS5NI1 influenza virus

Enteric Redmouth Disease (ERM) in
rainbow trout

Vaccin)

Orochol (Berna,
SSVI)

Vivotif (Berna,
SSVI)

Rotarix

RotaTeq

FluMist
(MedImmune)

Amivax

AquaVac ERM
Oral

(first 3 years)

60-100% in experimental
trials, but not significant in
endemic populations

67% in first 3 years
61-92%

Three doses, 59-77% against
any strain

60-90%

Total protection strategy
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and together with vaccination involving inactivated polio vaccine is a strategy
that is currently designed towards achieving global polio eradication (Sutter et
al. 2000; Wagner and Earn 2008). Of interest, an outbreak of poliomyelitis cases
caused by wild poliovirus (WPV) type 1 (WPV1) occurred in India in 2006
(2007-MMWR Report). This resulted in the use of the monovalent oral polio-
virus vaccine type 1, which has a higher efficacy against WPV1 than trivalent
OPV, as a measure to reduce WPV 1 cases. While the outcome has been positive,
an outbreak of poliomyelitis cases caused by WPV type 3 has since been
reported primarily in northern India where polio remains endemic. These
findings highlight the challenges and strategic adaptations of polio eradication
by oral vaccination in India.

Several strategies are being explored for the development of oral vaccines
particularly for paediatric rotavirus gastroenteritis. Early clinical studies used a
tetravalent human—rhesus reassortant rotavirus vaccine (RRV-TV) to cover the
four serotypes — G1, G2, G3, and G4 — that predominantly cause rotavirus
gastroenteritis in humans (Foster and Wagstaff 1998). In infants, the vaccine
induced IgA antibodies and neutralizing IgG antibodies to RRV. Evaluation of
protective efficacy has shown that RRV-TV is moderately effective in reducing
the incidence of rotavirus gastroenteritis. Most importantly, RRV-TV is highly
effective in protecting against severe cases of the disease. The tetravalent rhesus
rotavirus vaccine was licensed in 1998, however, later reports linking vaccina-
tion to intussusception led to withdrawal of this vaccine, although an oral
bovine reassortant vaccine and an attenuated human rotavirus strain are in
trial (Bernstein 2000). A recent clinical study has shown that vaccination of
children with the live attenuated human rotavirus vaccine RI1X4414 signifi-
cantly decreased the rate of rotavirus gastroenteritis even in malnourished
children (Perez-Schael et al. 2007). Overall, there have been significant advances
in oral rotavirus vaccine development, which is promising for the prevention of
paediatric rotavirus gastroenteritis worldwide.

Killed whole cell-based oral cholera vaccines have been licensed and avail-
able for human use for the past 20 years, but have not been used for the control
of endemic cholera (Longini et al. 2007). However, the logistics of mass immu-
nization for the potential control of endemic cholera taking into account
vaccine coverage rates and natural immunity are being considered (Chaignat
and Monti 2007). A live attenuated cholera vaccine candidate CholeraGarde
Peru-15, which expresses high levels of the cholera toxin B subunit, is currently
under investigation as a bivalent cholera/enterotoxigenic Escherichia coli vac-
cine (Roland et al. 2007).

Several clinical studies have been conducted with oral influenza vaccines
(Avtushenko et al. 1996; Lazzell et al. 1984). These include water in oil emulsion
form of inactivated virus vaccine and an enteric-coated killed virus vaccine.
Although these vaccines induced IgA responses, there were inadequate levels of
virus-neutralizing IgG antibodies in the serum to fulfil regulatory requirements
for vaccine immunogenicity. This warrants refinement and further development
of these types of vaccines.
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Several approaches for the development of oral vaccines are being
investigated in pre-clinical studies. These include oral vaccination with
live Mycobacterium bovis BCG in lipid formulation to protect against
tuberculosis (Cross et al. 2007), Saccharomyces cerevisiae expressing
recombinant Actinobacillus pleuropneumoniae antigens (Shin et al. 2007),
adjuvanted influenza subunit vaccine (Amorij et al. 2007), Lactococcus
lactis as a live vector or virus-like particles expressing human papilloma-
virus type 16 L1 (Cho et al. 2007; Thones and Muller 2007), and enteric-
coated capsules containing adenoviral vectors expressing HIV antigens and
peptides (Mercier et al. 2007). Recent experimental studies have investi-
gated the feasibility of PEGylated PLGA-based nanoparticles to target
antigens directly to M cells in the gut following oral administration (Gar-
inot et al. 2007). M cells are instrumental in antigen uptake and the
induction of mucosal immune responses — targeting these cells, in addition
to antigen delivery within a protective nanoparticle carrier — has been
shown to elicit antibody responses against a model antigen (Garinot
et al. 2007) and is a promising strategy for oral vaccine delivery.

11.4 Approaches and Different Oral Vaccine Delivery Systems
11.4.1 Recombinant Vaccines and Live Vector Vaccines

Recombinant techniques (Ogra et al. 2001) for generating purified antigens in
large quantities have been used for the development of several vaccines includ-
ing the hepatitis B virus vaccine (oral hepatitis B vaccine based on live recom-
binant adenovirus) (Lubeck et al. 1989). Other examples of recombinantly
produced vaccines include vaccines containing tetanus toxoid, diphtheria
toxin, and acellular pertussis toxoid.

Live vector vaccines consist of attenuated bacterial or viral strains cap-
able of expressing antigens from pathogenic microorganisms. Mucosal vac-
cination with live vector vaccines via the oral and intranasal routes has been
demonstrated using Lactobacillus plantarum expressing tetanus toxin frag-
ment C (Seegers 2002). Vaccinia virus (Sharon et al. 2007), poliovirus
(Zimmerman and Spann 1999), adenovirus (Piedra et al. 1998) and chimeric
HIV-poliovirus (Zhang et al. 2007) are other attractive vectors for delivery
of mucosal vaccines.

11.4.2 Virus-Like Particles

Virus-like particles (VLPs) (Noad and Roy 2003) are produced from viral
capsid proteins. The capsid proteins self-assemble to form particles that resem-
ble the virus from which the capsid proteins were derived, but lack any
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associated viral genetic material. Virus-like particles are therefore non-infec-
tious and represent non-replicating virus analogues. Virus-like particles may be
further modified by conjugating antigens to capsid proteins such that the
antigens will be displayed on the VLP surface. Alternatively, non-viral genetic
material (e.g. DNA vaccines) may be encapsulated in VLPs. Oral and nasal
routes of VLP administration have been investigated, with intranasal adminis-
tration proving more efficient and requiring lower antigen doses (Niikura et al.
2002). Inexpensive manufacture, high immunogenicity, and the ability to utilize
natural viral transmission routes for vaccine delivery are the main advantages
of using VLPs. Successful vaccination has been achieved in animals and humans
with VLPs that were derived from several mucosal viral pathogens including
human papilloma virus (Da Silva et al. 2001), Norwalk virus (Guerrero et al.
2001) and hepatitis E virus (Li et al. 2001).

11.4.3 DNA Vaccines

DNA vaccination, which involves administration of coding DNA rather
than peptide antigens, is another modern vaccination technology. There
are several advantages of mucosal DNA vaccination; pure plasmid DNA
is quick and easy to manufacture; DNA does not integrate into the host’s
chromosome; DNA vaccines are stable; they are easy to transport; and they
are capable of targeting peptides for presentation by major histocompat-
ability complex (MHC) class I molecules. Bacterial DNA has large amounts
of unmethylated cytosine-phosphate-guanosine (CpG) motifs which help to
increase the immune response invoked by an antigen. DNA vaccine tech-
nology has been applied to the development of oral DNA vaccines; e.g.
CpG DNA tetanus toxoid vaccine administered orally in rodents demon-
strated systemic humoral and cellular responses, with mucosal immunity
induced at both local and distant sites (McCluskie et al. 2000). Human
trials of CpG DNA have demonstrated its efficacy as an adjuvant for
human use (Krieg 2002).

DNA vaccination has been attempted by intranasal administration of a
plasmid expression system for herpes simplex virus (Kuklin et al. 1997), HIV
(Robinson 2007), and influenza virus (Pertmer et al. 2000), with significant
protection observed against mucosal challenge.

11.4.4 Plant-Based Vaccines

A plant-based vaccine combines the concepts of a subunit vaccine and the use of
plant as an expression system. Several advantages including inexpensive means of
expressing proteins, climination of the risk of contamination with animal
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pathogens, and a heat-stable environment, indicate that the production of vac-
cines in plants will be successful (Aziz et al. 2007). Moreover, plants are able to
carry out post-translational modifications, can be produced in large quan-
tities, and can express multiple transgenes at one time, giving thus the
potential for using one formulation to deliver several vaccines. The feasi-
bility of using recombinant plants for the generation of vaccine antigens
has been demonstrated in tobacco plants and potato tubers in which
protein antigens (for example, E. coli heat-labile toxin B subunit, hepatitis
B virus surface antigen, rotavirus, and VLPs) for a number of human
pathogens were successfully expressed (Haq et al. 1995).

There are some disadvantages, however, of using plant-based vaccines.
These are the need to plant genetically modified plants, which may cross-
breed with wild-type plants, unknown health risks, government bans on
genetically modified products/farming, and the need to buy seed from the
supplier as genetically modified plants are usually produced such that they
cannot reproduce — a safeguard to prevent spread in the wild (this may
make this approach expensive in developing countries).

11.4.5 Microcapsules

Microspheres are solid colloidal particles with diameters in the micrometer
range, into which antigenic components and/or adjuvants may be
entrapped, chemically attached, or adsorbed onto the surface. Vaccines
encapsulated in biodegradable polymers, which have been used in humans
for drug delivery, exhibit many advantages. For example, the ability to
target antigen to M cells for uptake; ability to control antigen release thus
reducing the number of doses required for immunization; and protection
to encapsulated antigens from harsh GIT conditions. A unique feature of
the polymeric delivery system is that it can be manipulated to meet specific
physical, chemical, and immunogenic requirements for a particular anti-
gen. Polymers used in microsphere preparation include hydrophobic mate-
rials based on poly-lactide acid or poly-y-pD-glutamic acid and hydrophilic
polymers prepared from polyacrylamide and polycyanoacrylates. Difficul-
ties in comparing particle uptake data between animal species, antigen
degradation, and in determining the amount of antigen present in micro-
particles and of that released still have to be solved for this approach to be
feasible. Nevertheless, generation of a successful immune response against
Staphylococcus enterotoxin B, pertussis filamentous hemagglutinin, simian
immunodeficiency virus, influenza virus, and malaria synthetic peptide
SPF66, is evidence of the functionality of microcapsules as oral vaccine
delivery vehicles (Aziz et al. 2007).
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11.4.6 Liposomes, Adhesins, Saponins

Antigen delivery through liposomes, hollow membrane-bound spheres, can be
achieved by entrapping the molecule in the lipid membrane or inside the hollow
cavity. Modified liposomes have been able to induce mucosal IgA responses
compared to free antigen (Ann Clark et al. 2001; Aziz et al. 2007). Liposomes
containing pertussis toxin (Guzman et al. 1993), Streptococcus mutans (Childers
et al. 2002), or bovine serum albumin (Therien et al. 1990) as vaccine antigens
have been tested in experimental models and induced effective antibody- and
cell-mediated immune responses.

Adhesins, which are proteins that exhibit adhesive properties, have been
demonstrated to induce mucosal immune responses and elicit serum anti-
bodies when administered orally. Some of the examples are pili, the B
subunit of E. coli toxin, the hemagglutinin of influenza virus, cholera
toxin, meningococcal outer membrane proteins, and proteosomes hydropho-
bically bound to meningococcal or Haemophilus influenzae type B polysac-
charide or Shigella lipopolysaccharide (Ogra et al. 2001). Saponins are
triterpenoid glycosides derived from Quillaja saponaria, which have been
used as adjuvants for many years in veterinary vaccines and recently have
been used against measles (Pickering et al. 2006).

11.4.7 Mucosal Adjuvants

Adjuvants play an important role in vaccine development, but unfortunately
only a few adjuvants have gained regulatory approval for human adminis-
tration. The most commonly used adjuvant for human administration is
alum, however, it is not suitable for eliciting cell-mediated immunity, and
therefore is not an appropriate adjuvant for the development of treatment
vaccines. Furthermore, alum is not suitable for mucosal vaccine administra-
tion, and in general vaccines formulated with alum do not yield mucosal
antibodies following their administration (Brewer 2006). The need for new
non-toxic, safe, and potent adjuvants for human use, with the capacity to
elicit both cellular and mucosal immune responses, is obvious. The combi-
nation of bacterial or synthetic lipidic adjuvants and peptide antigens, to
produce self-adjuvanting lipopeptide vaccines, has been tested in human
clinical trials and demonstrated a high degree of safety with few or no
side effects (Steller et al. 1998; Seth et al. 2000; Durier et al. 2006) and
was also demonstrated to be effective for administration via mucosal routes
(e.g. nasal or oral) (Mittenbuhler et al. 1997, BenMohamed et al. 2002a;
Batzloff et al. 2006; Deliyannis et al. 2006; Olive et al. 2006a).

Adjuvants have been shown to dramatically increase the immunogeni-
city and efficacy of vaccines by increasing antigen contact time in the
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body, targeting antigen to the optimum location for presentation by APCs,
and optimizing the environment for antigen presentation. Adjuvants
thereby have the capacity to influence the types of cellular and antibody
responses induced. The most common adjuvant utilized in experimental
vaccine development studies is complete Freund’s adjuvant (CFA), an
emulsion containing heat-killed Mycobacterium tuberculosis. While potent
as an adjuvant in mice, CFA is too toxic for use in humans (Chapel and
August 1976). Other adjuvants containing microbial constituents (bacterial
toxins, CpG oligodeoxynucleotides, cytokines/chemokines, live vectors,
virus-like particles, monophosphoryl lipid A) or particulate systems target-
ing M cells (microspheres, liposomes, lipopeptides) have been studied for
possible use in humans. The most-widely used and highly reported adju-
vants for mucosal vaccines are cholera toxin and E. coli heat-labile enter-
otoxin. Many animal studies have utilized these adjuvants for oral and
nasal vaccine delivery but unfortunately, due to severe toxicity, they are
unsuitable for clinical use in humans (Aguilar and Rodriguez 2007).

11.4.8 Subunit Vaccines and Synthetic Peptides

For many years scientists have been trying to develop peptide-based phar-
maceuticals for administration by parenteral routes; the oral delivery of
these compounds is more difficult and remains an area of intense investiga-
tion to overcome problems, such as antigenic/enzymatic degradation in the
gut that will ultimately be associated with its success in the future. Synthetic
peptide-based vaccines boast many attractive features for vaccine develop-
ment including the capacity to focus immune responses towards specific
epitopes, the ability to be produced in a highly characterized state, their
non-infectious nature, the capacity to incorporate non-natural components,
and high stability in freeze-dried form, thus negating any requirement for
transportation and storage under cold-chain conditions (Babiuk 1999;
Wiesmiiller et al. 2001; BenMohamed et al. 2002b; Purcell et al. 2007).
Despite many advantages of peptide vaccines, synthetic peptides tend to
be poorly immunogenic and therefore need to be administered with power-
ful adjuvants (BenMohamed et al. 2002¢; Purcell et al. 2007). Because of the
small size of peptide antigens, they tend to lack the mix of helper
T-lymphocyte epitopes necessary for eliciting long-lasting immunity.
Subunit vaccines consisting of antigenic fragments from pathogenic
organisms are preferable nowadays due to safety concerns. However,
these fragments exhibit poor immunogenicity when administered orally,
due to poor GIT absorption and GALT uptake and degradation in the
GIT. Tolerance to orally delivered antigens has also been reported
(Mattingly and Waksman 1978). To increase subunit vaccine immunogeni-
city, certain properties, which were lost during separation of the whole
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virulent organism into its component parts, must be replaced by an adju-
vant (see Section 11.4.6), which has the ability to activate the innate
immune system.

The polysaccharide capsule which surrounds bacterial species like Haemo-
philus influenzae, Neisseria meningitidis, Streptococcus pneumoniae, and Salmo-
nella typhi is a potent virulence factor and has been successfully used in the
preparation of vaccines (Lindberg 1999). Covalent linkage of the polysacchar-
ide to immunogenic carrier proteins creates glycoconjugates which are
T-dependent antigens and which prime for boosting either with the glycocon-
jugate or with the capsular polysaccharide (Lindberg 1999). Rabbits and
monkeys orally immunized with diphtheria (incorporated in egg proteins)
and tetanus antigens have demonstrated significant immune responses and
total protection against lethal challenge (Mirchamsy et al. 1994). Mucosal
immunization with filamentous hemagglutinin of Bordetella pertussis by the
respiratory or enteric route was found to protect mice against B. pertussis
infection (Shahin et al. 1992).

11.4.9 Lipid-Based Vaccines

The combination of bacterial or synthetic lipidic adjuvants and peptide
antigens, to produce self-adjuvanting lipopeptide vaccines, has been tested
in human clinical trials and have demonstrated a high degree of safety with
few or no side effects (Steller et al. 1998; Seth et al. 2000; Durier et al. 20006)
and was also demonstrated to be effective for administration via mucosal
routes (e.g. nasal or oral) (Mittenbuhler et al. 1997, BenMohamed et al.
2002a; Batzloff et al. 2006; Deliyannis et al. 2006; Olive et al. 2006a).
Lipopeptide vaccines have many advantages including the capacity to be
administered via mucosal routes (orally or nasally) instead of by injection,
elicitation of antigen-specific cytotoxic T-lymphocyte (CTL) responses, and
mucosal immunity, as well as almost no toxicity. Several lipopeptide vaccine
systems have been studied, incorporating not only single fatty acid chains,
but also more complex lipids and glycolipids into the peptide vaccine
candidate.

For mucosal vaccine delivery, liposomes (self-aggregating, enclosed lipid
membranous vesicles) have been formulated with entrapped, surface-linked,
or admixed antigens. Liposomes exhibit many advantages including particle
uptake by M cells and the ability to induce CTLs by targeting antigens to
endogenous processing pathways. Otherwise poorly immunogenic by them-
selves, lipidated peptides display increased immunogenicity and many features
advantageous for mucosal vaccine delivery. Lipidated peptides have the capa-
city to form vesicles, facilitating M-cell uptake. Lipidation also reduces peptide
degradation and so may prove valuable for oral vaccine delivery. Trials deliver-
ing lipidated peptides via parenteral, oral, and nasal routes suggest that



11 Strategies in Oral Immunization 207

lipidated peptides appear safe for human use, with few or no side effects
reported (Gahery-Segard et al. 2000).

Interactions between lipids and receptors for structurally conserved
pathogen-associated molecular patterns, most commonly the Toll-like
receptors (TLRs), have been studied in detail for their involvement in
adjuvant activity. TLRs appear to play an important role in the function-
ing of many adjuvants and the most important TLRs for lipopeptide or
glycolipopeptide vaccines are TLR1, TLR2, TLR4, and TLR6 (van Duin
et al. 2000).

11.4.9.1 Monophosphoryl Lipid A

Lipopolysaccharide (LPS), a major cell wall component of Gram-negative
bacteria, is a powerful adjuvant capable of enhancing both innate and
adaptive immune responses and its administration results in the production
of antimicrobial peptides (defensins) (Ouellette et al. 2000), various cyto-
kines, and chemokines (Thl and Th2), leading to the recruitment and
activation of immune effector cells and elicitation of adaptive immune
responses (Persing et al. 2006). Administration of LPS without antigen has
been shown to provide protection against tumours and various microorgan-
isms in mice (Baldridge et al. 2004) and proved to have adjuvant activity
when administered at a different site, or at a different time, to an antigen
(Johnson 1964).

Despite the powerful adjuvant activity of LPS, its high toxicity, associated
with the release of excessive inflammatory cytokines, has prevented the study of
LPS in human clinical trials (Persing et al. 2006). In order to separate the
toxicity of LPS from its adjuvant activity, monophosphoryl lipid A (MPL)
(Fig. 11.1), an adjuvant consisting of a mixture of six glycolipids from Salmo-
nella minnesota R595 LPS (Ulrich and Myers 1995), was developed and has
been tested in clinical trials, with a high degree of safety and superior adjuvant
activity observed compared to alum (Persing et al. 2006). As an example, MPL-
adjuvanted hepatitis B vaccine (Fendrixd) has received marketing approval in
Europe.

Mucosal vaccine administration of MPL performed via the nasal (hepatitis B
(Baldridge et al. 2000), tetanus (Baldridge et al. 2000), HIV-1 (VanCott et al.
1998; Egan et al. 2004), Streptococcus mutans (Childers et al. 2000), and influ-
enza) (Baldridge et al. 2000), and oral (M. tuberculosis) (Doherty et al. 2002)
routes resulted in elicitation of antigen-specific mucosal IgA and systemic IgG
antibodies, as well as increased levels of cell-mediated immunity. Due to the
unique biological effects, and strong adjuvant activity of MPL, investigations
have sought to produce self-adjuvanting vaccines by conjugating various anti-
gens to MPL.
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Fig. 11.1 The most common glycolipid in Corixa’s MPL adjuvant

11.4.9.2 Bacterial Lipoprotein

Bacterial lipoproteins (LP) are structural components of bacterial cell walls
consisting of an S-glycerylcysteine moiety, where the glyceryl moiety is
di-O-acylated and the cysteine residue is conjugated to the amino-terminus of
various polypeptides. In addition, the cysteine a-amine may be acylated with an
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amide-linked fatty acid to give a tri-acylated LP. The structures of some
representative mono-, di- and tri-acylated LPs are illustrated in Fig. 11.2.
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Fig. 11.2 Mono- (Ghielmetti et al. 2005), di- (Buwitt-Beckmann et al. 2005), and tri-acylated
(Bessler et al. 1985) examples of lipopeptide vaccines

Antigens conjugated to or co-administered with lipopeptides have been
demonstrated in some cases to be immunogenic when administered via nasal
(Zeng et al. 2000; Zeng et al. 2002; Batzloff et al. 2006) or oral routes
(Nardelli et al. 1994) and are capable of eliciting both cell-mediated and
humoral immune responses. Recent studies have investigated the use of
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bacterial lipopeptides as adjuvants for vaccines against influenza virus
(Jackson et al. 2004), group A streptococcus (GAS) (Batzloff et al. 2006),
hepatitis C virus (Langhans et al. 2004), leishmaniasis (Hewitt and Seeberger
2001), Listeria monocytogenes (Jackson et al. 2004), and other disease-caus-
ing microorganisms.

11.4.9.3 Palmitoylated Peptides

Palmitoylated peptides are able to elicit both cellular and humoral immune
responses, as shown, for example, using lipopeptide vaccines against human
immunodeficiency virus type 1 (HIV-1) (Deprez et al. 1996; Klinguer et al. 1999;
Andrieu et al. 2000; Gahéry-Ségard et al. 2000; Pialoux et al. 2001; Gahéry-
Ségard et al. 2003; Lévy et al. 2005; Durier et al. 2006; Gahery et al. 2006) and
Plasmodium falciparum malaria (BenMohamed et al. 1997, 2000, 2004). Muco-
sal routes of administration have also been investigated using lipopeptides
conjugated to P. falciparum, cytomegalovirus, and Herpes simplex virus type-
1 (HSV-1) peptide antigens, and it was shown that administration of these
lipopeptides via the intranasal route, compared with subcutancous administra-
tion, elicited significantly higher cell-mediated immunity and systemic IgG
antibodies, as well as a Thl-biased immune response (BenMohamed et al.
2002c). In human phase I and II clinical trials of HIV-1 vaccines containing a
mixture of up to six different lipopeptides derived from HIV-1 regulatory and
structural proteins, strong B- and T-cell responses (including CTLs) were
observed against most of the concomitantly injected lipopeptides, and these
were long-term immune responses (Gahéry-Ségard et al. 2003).

11.4.9.4 The Lipid-Core Peptide System

Coupling of lipids to peptide antigens may be performed directly or via an
amplifying dendrimer carrier system. A commonly investigated carrier is the
multiple antigen peptide (MAP)-system, which connects peptide antigens
through a branched polylysine core.

The lipid-core peptide (LCP) system (Toth et al. 1993; Moyle et al. 2003)
(Fig. 11.3) is a delivery system which conjugates synthetic lipoamino acids (-
amino acids with long alkyl side chains) through a polylysine MAP system (or a
carbohydrate) (McGeary et al. 2001, 2002) to multiple copies of one or several
different peptide antigens. The LCP system induces similar immune responses
when LCP-based vaccines are co-administered with conventional adjuvants
and represents a promising system for mucosal vaccine development.

The physicochemical properties of LCP systems may be varied by changing
the number of lipoamino acids, the length of the lipoamino acid alkyl side
chains, the level of MAP system branching, and incorporation of different
spacer molecules. The LCP systems are stable to a wide range of pH conditions
in solution, as well as to peptidase enzymes, and do not need to be stored under
refrigeration.
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Fig. 11.3 The structure of the lipid-core peptide (LCP) system incorporating three different
peptide antigens synthesized on solid phase

The LCP system has been used when developing vaccines against, for exam-
ple, GAS (Streptococcus pyogenes) (Horvath et al. 2002a, b; Olive et al. 2002,
2003; Horvath et al. 2004; Olive et al. 2004, 2005; Moyle et al. 2006; Olive et al.
2006b), Chlamydia trachomatis (Zhong et al. 1993), foot-and-mouth disease
virus (France et al. 1994), and human papillomavirus type-16 (Moyle et al.
2005) and in many cases, vaccines were immunogenic without the need for
additional adjuvants and sometimes the titers of systemic IgG antibodies
against the attached antigens were even higher when compared to administra-
tion of the antigen in CFA. Antigen-specific systemic IgG antibodies were
elicited against the attached peptide antigens also in cases in which the LCP
systems were administered to mice via the intranasal route (Olive et al. 2006a).

11.4.10 Carbohydrate-Based Vaccines

The advent of new, efficient, and sensitive analytical and synthetic methods in
carbohydrate chemistry, together with an increasing understanding of glyco-
biology and glycoimmunology, has made possible the development of carbohy-
drate-based vaccines. The use of carbohydrates in drug delivery offers many
advantages, including the potential to induce active transport and increase
water solubility of drug candidates. In addition, carbohydrates can serve as
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carriers or aid targeting to receptors expressed on various cells. A large content
of structural information of membrane carbohydrates along with their strategic
location on the cell surface equip carbohydrates with a major role in cell—cell
recognition processes. The ability to target drugs to particular cells or organs
using selective carbohydrate receptors is one of the main features of carbohy-
drate-based drug delivery science. For example, macrophages, dendritic cells,
and some epithelial cells express mannose receptors, a multidomain membrane-
associated receptor, which can be judiciously retained for drug targeting. More-
over, the conjugation of carbohydrates to bioactive compounds is being recog-
nized as an effective method of manipulating their physicochemical properties.

Three major discoveries are responsible for the rapid development of carbo-
hydrate-based drug candidates (Roy 2004): in the first instance, the recent
commercialization of the first semi-synthetic vaccine, which contains capsular
polysaccharide, against bacterial infections caused by Haemophilus influenzae
type B; secondly, the rapid access to sizeable amounts of complex saccharide
structures through one-pot, solution-phase syntheses (for example, program-
mable, one-pot solution-phase synthesis technique, Optimer Pharmaceuticals)
(Koeller and Wong 2000); and thirdly by utilizing automated solid-phase
processes which have greatly improved the timing and yield of otherwise
inefficient manual syntheses of oligosaccharides. The automated solid-phase
technique has been exploited by Seeberger and co-workers at Anchora Phar-
maceuticals, who developed an automated solid-phase synthetic methodology
to provide access to carbohydrate epitopes that can be incorporated into
potential vaccines against malaria, HIV, tuberculosis, and bacterial infections
(Plante et al. 2001).

Glycosylation has also been reported to improve intestinal absorption of
peptide drugs which demonstrate poor membrane penetrability. For instance,
glycosylation at the N-terminus of tetrapeptide (Gly-Gly-Tyr-Arg) increases its
resistance to degradation by peptidases; in addition, Na*-dependent glucose
transporters were shown to play an important role in the intestinal absorption of
both p-(succinylamido)phenyl a- or B-p-glucopyranosides (Nomoto et al. 1998).

Another example is glycosylation of endomorphin-1. Endomorphin-1 is an
endogenous opioid peptide with high affinity for opioid receptors in the brain
that has been investigated as a potential pain relieving drug. Oral delivery
would be ideal for such a drug candidate but presents problems for small
peptides due to poor oral absorption, low metabolic stability, and inability to
cross the blood—brain barrier. Chemical modification of short peptides with
lipidic groups in combination with mono- and di-saccharides has been shown to
dramatically improve peptide stability, membrane permeability, and bioavail-
ability (Johnstone et al. 2005).

11.4.10.1 Carbohydrates as Targeting Moieties

Human serum containing anti-group A streptococcus carbohydrate (GAS
CHO) antibodies were opsonic for different M protein-carrying serotypes.
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Significant immunogenicity and protection against systemic or nasal challenge
with live strains of GAS in mice was observed (Sabharwal et al. 2006) when
subjected to subcutancous and intranasal immunization with GAS CHO con-
jugated to tetanus toxoid. In parallel, analyses of serum samples and throat
cultures from Mexican children revealed an inverse relationship between high
serum titers of anti-GAS CHO antibodies and the presence of GAS in the
throat. Moreover, no cross-reactivity of anti-GAS CHO antibodies with
human tissues or cytoskeletal proteins was observed.

Malignancy is often associated with profound alterations in cell surface
bound carbohydrate components of glycoconjugates. Such structural changes
are due to incomplete glycosylation or novel glycosylation by tumour cells,
which in turn arise from either down-regulation or up-regulation of certain
glycosyl transferases (Kuberan and Linhardt 2000). Synthetic carbohydrate
cancer vaccines have been shown to stimulate antibody-based immune
responses in both pre-clinical and clinical settings. The antibodies have been
observed to react in vitro with the corresponding natural carbohydrate antigens
expressed on the surface of tumour cells and are able to mediate complement-
dependent and/or antibody-dependent cell-mediated cytotoxicity. These multi-
valent vaccines with several different tumour-associated carbohydrate antigens
have proven to be safe when administered to cancer patients (Ragupathi
et al. 2002).

11.4.10.2 Carbohydrates as Carriers

Carbohydrates, as carriers, provide numerous attachment points for the con-
jugation of one or more peptide antigens (like the MAP system) (Fig. 11.4). By
using different carbohydrates, the stereochemistry of the vaccine may be altered
to provide an optimal orientation for the recognition of peptide epitopes by cells
of the immune system. Carbohydrate carriers also help to reduce degradation of
the attached peptide antigens. Therefore, the conjugation of peptide antigens to
lipids (as an adjuvant) and carbohydrates (as a carrier) represents a highly
promising strategy for the development of peptide vaccines.

One of the first examples where carbohydrates were used as carriers of
peptide antigens was prophylactic GAS vaccines which were synthesized by
conjugating multiple copies of a single GAS M protein derived specific peptide
antigen onto the carbohydrate cores (p-glucose and p-galactose). These
antigens contain peptide sequences which are highly conserved and offer the
potential to prevent infections caused by up to 70% of GAS strains. Lipophilic
amino acids were also conjugated to the p-glucose anomeric carbon to produce
a self-adjuvanting liposaccharide vaccine. High serum IgG antibody titers
against each of the incorporated peptide epitopes were detected following
subcutaneous immunization of mice with the liposaccharide vaccine candidates
(Simerska et al. 2008). This drug delivery system employs a glycolipid core
construct as an adjuvant-carrier coupled to multiple copies of immunogenic
peptides to induce antibody responses without the co-administration of
additional adjuvants.
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Fig. 11.4 The structure of a liposaccharide vaccine employing different peptide antigens

It is our belief that the ideal vaccines of the future will be constituted by
synthetic peptide antigens, carbohydrates, and lipids. Because of the complexity
of human T cells, it is also likely that several T-cell peptide epitopes would be
required to create a vaccine that is able to induce a universal protective immune
response. As vaccination of infants in developing countries is not a simple task,
multivalent vaccines or cocktails of vaccines are highly recommended.

11.5 Conclusion

Mucosal adjuvant and vaccine delivery system development is an area of
importance for improving public health. Mucosal immunization can serve in
the future in increasing mucosal immune function, induction of protective
immunity against infections, and induction of tolerance or modifying autoim-
mune disorders, allergies, and autoimmune diseases. Development of oral
vaccines would have large implications for rural and remote populations
where access to trained medical staff to administer vaccines by injection can
be lacking.

The mucosal vaccines approved for human use include typhoid, cholera,
adenovirus, Sabin oral polio, and rotavirus vaccines. New mucosal vaccine
strategies are focused on development of non-replicating subunit vaccines,
DNA, plant, and other types of recombinant vaccines as well as the use of
mucosal adjuvants preferably inbuilt into the vaccine. The conjugation of lipids
to peptide antigens is one approach which enables the production of highly
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customized all-in-one self-adjuvanting vaccines, which have the ability to direct
the immune response towards important disease-specific antigens. Moreover,
lipidated peptide vaccines have been successfully investigated in humans and
demonstrated to be potentially safe.
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Abstract Nucleic acid molecules have emerged as versatile tools with promising
utility in a variety of biochemical, diagnostic, and therapeutic applications.
A parenteral administration of a nucleic acid is inconvenient because of pain,
fear, and risks being associated with this type of application. The intestinal epithe-
lium is considered to be an attractive site for oral delivery of therapeutic genes.

The successful development of oral nucleic acid delivery systems is chal-
lenged by a variety of barriers encountered with the GI tract. The intestinal
mucosa is both a physical and a biochemical barrier, separating the external
environment from the internal milieu of the body.

Despite the enormous potential of gene therapy, safe and efficient delivery of
nucleic acid into cells is still a dominant task in current biotechnological
research. The majority of nucleic acid therapeutics are to a higher degree
dependent on delivery systems for successful therapeutic intervention than
conventional drugs.

Regarding safety concerns, non-viral gene delivery vehicles that have the
required efficiency and safety for use in human gene therapy are being widely
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investigated as possible alternatives. Non-viral systems show a significantly
lower safety risk and can be tailored to specific therapeutic needs.

12.1 Introduction

A nucleic acid is a complex, high molecular weight biochemical macro-
molecule composed of nucleotide chains that convey genetic information.
Nucleic acid molecules have emerged as versatile tools with promising
utility in a variety of biochemical, diagnostic, and therapeutic applications
(Santiago and Khachigian 2001). The past several years have witnessed the
evolution of gene medicine from an experimental technology into a viable
strategy for developing therapeutics for a wide range of human disorders
(Patil et al. 2005). The physicochemical properties of nucleic acids with
molecular weights ranging from 7 kDa for antisense oligonucleotides to
over 1 MDa for plasmid DNA, and strong negative charge, however, do
not favor membrane passage (Mastrobattista et al. 2007).

The parenteral administration of nucleic acid is inconvenient because of
pain, fear, and risks being associated with this type of application. Injectable-
to-non-invasive-conversions and in particular injectable-to-oral-conversions
are consequently highly in demand (Bernkop-Schnurch et al. 2004). One of
the most compelling features is its ease of access via luminal route, which would
allow direct in vivo gene transfer by oral administration (Sandberg et al. 1994).
The intestinal epithelium is considered to be an attractive site for oral delivery of
therapeutic genes (Fig. 12.1). Furthermore, it could be an alternative target for
the treatment of many metabolic and nutritional defects (Sweetser et al. 1988)
and a target for gene delivery in vaccination strategies (Mestecky 1987). The
concept, however, is so far strongly limited by an insufficient access to the target
tissue. With a few exceptions such as colon carcinoma and sigmoid colon
cancer, where a direct access to the target tissue seems to be comparatively
more easily feasible via oral administration (Kai and Ochiya 2004), the gastro-
intestinal tract sets a variety of morphological and physiological barriers that
strongly limit intestinal absorption of therapeutic nucleic acids (Borges et al.
2005).

12.2 Defining the Problems of Oral Administration

The successful development of oral nucleic acid delivery systems is challenged
by a variety of barriers encountered with the GI tract. The intestinal mucosa is
both a physical and a biochemical barrier, separating the external environment
from the internal milieu of the body. The physical barrier arises from cell
membrane and the intercellular junctions between cells — designated tight junc-
tions. The biochemical barrier is based on acidic conditions in the stomach and
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intestinal lumen

active passive particle
transport transport delivery

To blood ® ®

submucosa

Fig. 12.1 Schematic representation of the three transepithelial intestinal pathways: (a) trans-
cellular active transport, (b) transcellular passive transport, (¢) paracellular transport (Fasano
1998)

on various metabolic enzymes such as nucleases present in gastrointestinal juice
degrading orally administered nucleic acids. Recently, Loretz et al. (2006)
determined the nuclease activity in the small intestinal juice of pigs to be 0.02
Kunits units/ml. To date, however, a more detailed knowledge about this
enzymatic barrier for nucleic acids is to our notice not available.

The second challenge is the passage through the mucus gel layer. GI-epithelia
are covered by a mucus gel layer, which is 80-200 um in thickness. The viscosity
of mucus affects the diffusion barrier. The presence of sulfate and sialic acid
moieties in mucus causes a negative net charge. Hence, the diffusion barrier is
even more pronounced for cationic nucleic acid/polymer complexes, which
undergo ionical immobilization on the mucus.

In case of local gastrointestinal treatments nucleic acid drugs shall be taken
up by enterocytes, usually through endocytosis. The route of uptake deter-
mines, subsequently, nucleic acid trafficking and lifetime in the cell. Endocy-
tosis is a multistep process involving binding, internalization, formation of
endosomes, fusion with lysosomes, and lysis. The low pH and enzymes within
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endosomes and lysosomes usually lead to degradation of entrapped nucleic
acids and associated complexes. Finally, nucleic acid that has survived both
endocytotic processing and cytoplasmic nucleases must dissociate from the
condensed complexes either before or after entering the nucleus. Entry is
thought to occur through nuclear pores which are 10 nm in diameter or during
cell division. Once inside the nucleus, in case of orally administered therapeutic
genes, the transfection efficiency is mostly dependent on the composition of the
gene expression system. The low efficiency of nucleic acid delivery from outside
the cell to inside the nucleus is a natural consequence of this multistep process.
As a result, the number of nucleic acid molecules decreases at each step of the
journey to the nucleus. Therefore, identifying and overcoming each hurdle
along the nucleic acid entry pathways can improve nucleic acid delivery, and
hence overall transfection efficiency, dramatically.

In case of systemic delivery of nucleic acid drugs via the oral route only com-
paratively small therapeutic agents such as oligonucleotides seem to reach the
systemic circulation in significant quantities via the paracellular route of uptake.

12.3 Type of Nucleic Acid Drugs

DNA-based therapeutics include plasmids containing transgenes for gene ther-
apy, oligonucleotides for antisense and anti-gene applications (Crooke 1998),
ribozymes, DNAzymes, and aptamers. RNA-based therapeutics are mainly
represented by small interfering RNAs (siRNAs) (Stull and Szoka 1995; Patil
et al. 2005). A deficient gene can either be replaced or the effect of an unwanted
gene can be blocked by the introduction of a counteracting one (Merdan et al.
2002). Furthermore, antisense strategy offers the potential to down-regulate
selectively the expression of specific genes mainly on translational level predomi-
nantly by sequence-specific interaction with messengers. Current and planned
clinical trials with antisense oligonucleotides and ribozymes are shown in Table
12.1. Despite the enormous potential of gene therapy, safe and efficient delivery
of nucleic acid into cells is still a dominant task in current biotechnological
research (Rubanyi 2001). The majority of nucleic acid therapeutics is to a higher
degree dependent on delivery systems for successful therapeutic intervention than
conventional drugs. The transfection efficiency of currently used delivery systems
is still too low for many clinical applications. Therefore, new and more potent
delivery systems are needed that combine a high degree of transfection with
acceptable toxicity profiles (Mastrobattista et al. 2007).

12.3.1 Plasmids

Plasmids are high molecular weight, double-stranded DNA constructs contain-
ing transgenes, which encode specific proteins. On the molecular level plasmid
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DNA can be considered as pro-drug that upon cellular internalization employs
the DNA transcription and translation apparatus in the cell to biosynthesize the
therapeutic entity, the protein (Uherek and Wels 2000). Gene therapy involves
the use of plasmid DNA to introduce transgenes into cells that inherently lack
the ability to produce the protein that the transgene is programmed to generate.
Plasmids can be used to correct genetic errors that produce functionally incom-
petent copies of a given protein. In addition to disease treatment, plasmids can
be used as DNA vaccines for genetic immunization (Johnston et al. 2002). DNA
vaccines function through induction of immune response by introducing genes
encoding antigens for specific pathogens. Especially, such DNA vaccines are of
interest in terms of oral delivery.

12.3.2 Aptamers

Aptamers from the latin aptus (meaning to fit) are single-stranded or double-
stranded nucleic acids. These are selected and amplified oligonucleotides that
have been isolated from random pools of synthetic oligonucleotides according to
their ability to bind with high affinity to biological target molecules (Ellington
and Szostak 1990). Aptamers as therapeutics would most likely bind proteins
involved in the regulation and expression of genes dependent upon activity of
protein. First of all, sugar modifications of nucleoside triphosphates are neces-
sary to render the resulting aptamers resistant to nucleases found in serum.
Changing the 2/-OH groups of ribose to 2'-F or 2/-NH2 groups yields aptamers,
which are long-lived in blood. Only a few instances of oligonucleotide aptamers
displaying biological effects have been reported. Double-stranded aptamers
acting on B cells, phosphorothioates acting on T cells, and phosphodiester
aptamers acting on thrombin for anticoagulation are a few examples for them
(Riordan and Martin 1991; Ess et al. 1994).

12.3.3 Antisense Oligonucleotides

Antisense therapy is designed to prevent or at least lower expression of a specific
gene. An oligonucleotide that has a sequence that is complementary to the
mRNA of the target gene is introduced into the cell. It will bind to the
mRNA of the target gene and block translation of the message into protein.
It may bind to DNA in the nucleus, blocking transcription, or to the transcript
during its processing and transport from the nucleus to the cytoplasm: all these
interactions would reduce expression of gene (Zamecnik and Stephenson 1978).
A minimum length for antisense oligonucleotides in order to get specific bind-
ing is 11 bases, but most being tested are in the 15-25 base range. The most
commonly used antisense oligonucleotides (ASONSs) are phosphorothioates
and methyl phosphonates. These derivatives are generally more stable toward
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an enzymatic attack in the GI tract. In addition, methyl phosphonates are
uncharged and therefore more lipophilic than native DNA or RNA and may
consequently penetrate cells better (Elbashir et al. 2001; Stein 2001).

12.3.4 Ribozymes

Catalytic RNAs, or ribozymes, are RNAs, which catalytically cleave covalent
bondsin a target RNA. The catalytic site is the result of the conformation adopted
by the RNA-RNA complex in the presence of divalent cations. Shortly thereafter,
Altman and colleagues discovered the active role of the RNA component of
RNase P in the process of tRNA maturation. This was the first characterization
of atrue RNA enzyme that catalyzes the reaction of a free substrate, i.e., possesses
catalytic activity in trans (Guerrier et al. 1983). A variety of ribozymes, catalyzing
intramolecular splicing or cleavage reactions, have subsequently been found in
lower eukaryotes, viruses, and some bacteria.

12.3.5 RNA Interference

RNA interference is initiated by long double-stranded RNA molecules, which are
processed into 21-23-nucleotide-long RNAs by the Dicer enzyme. This RNase 111
protein is thought to act as a dimer that cleaves both strands of dsSRNAs and leaves
two nucleotide 3’-overhanging ends. These small interfering RNAs (siRNAs) are
then incorporated into the RNA-induced silencing complex, a protein—-RNA
complex, and guide a nuclease, which degrades the target RNA (Fire et al. 1998).
The 21-nucleotide-long siRNA duplexes with 3’-overhangs can specifically suppress
gene expression in mammalian cells (Yu JY et al. 2002).

12.4 Strategies

In case of gene therapy, two different approaches, namely viral and non-viral
vectors, have been utilized for the delivery of nucleic acids (Mansouri et al.
2006). A vector can be described as a system fulfilling several functions, includ-
ing (a) enabling delivery of genes into the target cells and their nucleus, (b)
providing protection from gene degradation, and (c) ensuring gene transcrip-
tion in the cell. The administration of gene therapy vectors requires not only to
be targeted and safe, but also to protect from degradation, sequestration, or
immune attack. Moreover, it has to be inexpensive and easy to produce in large
amounts and at high concentrations (Gardlik et al. 2005). According to statis-
tics covering all clinical trials worldwide in gene delivery, viral vectors are still
the clear number one, being used in more than 70% of all protocols because of
their potentially high efficiencies (Fraunhofer et al. 2004). Problems associated
with viral vectors, however, are their potential oncogenicity due to insertional
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mutagenesis and the limited size of DNA that can be carried. Furthermore,
their isolation from biological sources and their processing are very expensive.
Since a patient died from viral gene therapy treatment nobody can still deny the
safety concerns connected to these delivery systems (Hacein-Bey-Abina et al.
2003; Raper et al. 2003).

Regarding safety concerns, non-viral gene delivery vehicles that have the
required efficiency and safety for use in human gene therapy are being widely
investigated as possible alternatives (Tomlinson and Rolland 1996). Non-viral
systems show a significantly lower safety risk and can be tailored to specific
therapeutic needs. They are capable of carrying large DNA molecules and can
be easily and inexpensively produced in large quantities (Ma and Diamond
2001). Cationic polymers and cationic lipids are by far the most widely used
vector in non-viral gene and oligonucleotide delivery.

At least to some extent they can provide protection for nucleic acids toward
both extracellular and intracellular degradation during the long journey to the
cell nucleus (El Ouahabi, Thiry et al. 1997) as illustrated in Fig. 12.2.
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Fig. 12.2 Overview of the processes required for cationic complex-mediated gene delivery
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Katayose and Kataoka (Kataoka 1998) have investigated a block copoly-
mer, PEG-PLL (poly(ethylene glycol)-poly(L-lysine)), and have shown that
copolymer—DNA complexes are highly resistant to DNase I attack. The stabi-
lity of complex formation, and therefore the rate of DNA “unpackaging,” must
influence efficiency of gene expression. Although DNA release from vector
complexes is often neglected, recent work by Schaffer, Lauffenburger, and
colleagues (Katayose and Kataoka 1997; Schaffer et al. 2000) demonstrates
the importance of this step. Maximal gene expression occurs at intermediate
stability, because stable complexes restrict DNA transcription and unstable
complexes permit rapid DNA degradation.

The group of Klibanov approached the problem of identifying suitable vectors
for plasmid DNA delivery using a high-throughput synthesis coupled to combina-
torial chemistry approach. Their study is based on the cationic polymer
poly(ethylene imine) (PEI). Experimental observations of their group and others
indicate that PEI molecular weight is positively correlated with degree of transfec-
tion but also with severity of toxicity. Their results show that superior PEI-deriva-
tives could be identified as compared to the presently used “golden standard” 22-kD
PEI both with respect to degree of transfection as well as toxicity both in vitro and in
vivo (Lampela et al. 2002; Thomas et al. 2005).

Apart from that, there are also other strategies for non-viral delivery including
particles bombardment and ultrasound transfection available (Newman et al. 2001)
which are, however, not of practical relevance for oral gene delivery. Heading to the
final goal of gene therapy polymer-mediated complexation seems to be the most
promising strategy, owing to their higher stability compared to lipid- or protein-
based systems (Audouy et al. 2000). Non-viral techniques of gene transfer represent
a simple and, more importantly, safer alternative to viral vectors. Thanks to their
relatively simple quantitative production and their low host immunogenicity,
non-viral vectors are attractive tools in gene therapy (Lundstrom and Boulikas T
2003) and likely also for oral gene therapy.

Strategies to overcome the mucus barrier focus mainly on the use of muco-
lytic agents such as dithiothreitol (DTT) and N-acetyl cysteine (NAC). So far,
however, results were rather disappointing in improving accessibility to the
intestinal crypts for somatic gene therapy (Sandberg et. al. 1994).

The administration of oligonucleotides (ODNs) is currently limited to par-
enteral routes, mainly intravenous and subcutaneous, because of poor oral
bioavailability. Reasons for this poor oral bioavailability are on the one hand
their rapid degradation in the GI tract by nucleases and on the other hand their
limited intestinal permeability due to unfavorable physicochemical properties
(hydrophilicity, large molecular mass and high negative charge density). Only
one class of nucleic acids, aptamers, can act extracellularly, which circumvents
the need for cell membrane translocation. Conversely, all other classes need to
interact with intracellular targets to be active. The problem is most prominent
for plasmid DNA, which has the largest size of all proposed nucleic acid
therapeutics and also needs to arrive inside the cell nucleus to be effective.
Nuclear localization would in principle require passage through the nuclear
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pore for which the DNA molecule is too large (van der Aa et al. 2006). These
qualities at least partly explain why the marketed drugs are an aptamer and an
antisense oligonucleotide. In addition, nucleic acids are rapidly cleared from the
body, either via glomerular filtration by the kidneys and excretion into the urine
or by (scavenger) receptor uptake and intracellular degradation. Therefore,
local injection at the site of the pathology is the preferred administration
route for the clinically applied oligonucleotides (Mastrobattista et al. 2007).

Nevertheless, the difficult biopharmaceutical characteristics of nucleic acids
put a lot of demands on the delivery systems that should compensate for these
qualities by increasing stability against the action of nucleases, reducing excretion
and uptake by non-target tissues, and promoting target tissue interaction, target
cell association, membrane translocation, and correct intracellular trafficking
(Mastrobattista et al. 20006).

Strategies to eliminate the problem of degradation by nucleases are based on
chemical modification such as phosphorothioates (Kurreck et al. 2002) or meth-
oxyethyl phosphorothioates (Agrawal et al. 1995). Furthermore, the co-admin-
istration of permeation enhancers such as medium chain fatty acid turned out to
be a promising strategy to increase the gastrointestinal uptake (Raoofet al. 2002).

The literature references sodium caprate (C10) being used as a permeation
enhancer in both preclinical (Ishizawa et al. 1987) and clinical studies of Class
IIT compounds (Lindmark et al. 1997). Permeation data from in situ rodent
studies calculate tight junctions opening after C10 dosing which is consistent
with the cross-sectional diameter of ASOs (Ma et al. 1992; Tsutsumi et al. 2003).
The work of Raoof et al. demonstrated in the pig and dog, that the use of
permeation enhancers, notably C10, represents an attractive strategy to
enhance the oral delivery of ASO molecules (Raoof et al. 2002, 2004). In Fig.
12.3 the pharmacokinetic of an orally administered ASO utilizing sodium
caprate as permeation enhancer is illustrated.
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Another promising strategy in oral nucleic acid delivery is based on thiolated
polymers (Bernkop-Schnurch et al. 2001). Thiolated polymers — designated
thiomers — are hydrophilic polymers such as polycarbophil (PCP) derivatized
with thiol groups. Thiomers show enzyme inhibitory activity toward metalloen-
zymes like nucleases (Martien et al. 2007) which are abundant in the intestine.
They exhibit furthermore the capability of opening tight junctions, which are
mainly responsible for a limited paracellular uptake of hydrophilic macromo-
lecules such as nucleic acid drugs, in a very efficient and reversible manner
(Bernkop-Schnurch et al. 2003; Martien R 2008). Based on a simple oxidation
process disulfide bonds are formed within the thiomer itself, resulting in com-
paratively higher stability of delivery systems being based on it. Thiomers are
relatively low toxic (Guggi et al. 2004). These properties make thiomers a
promising tool in order to improve the stability of nucleic acids in the GI
tract and in order to improve their uptake.

12.5 Conclusion

The majority of nucleic acid therapeutics are to a higher degree dependent
on delivery systems for successful therapeutic intervention than conven-
tional drugs. The transfection efficiency of currently used delivery systems
is still too low for many clinical applications. Therefore, new delivery
agents are needed that combine a high degree of transfection with accep-
table toxicity profiles. Multifunctional polymers such as PEI and thiomers
improve stability of nucleic acids against the harsh environment of the
gastrointestinal tract, such as enzymatic degradation, salt concentration,
and low pH conditions. In addition, auxiliary agents displaying permea-
tion-enhancing properties seem to be essential. Such delivery agents should
be well characterized regarding their physicochemical and structural char-
acteristics and should ideally be adapted to the nucleic acid payload to
optimally tailor oral delivery needs.
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