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. BIOADHESION AND MUCOADHESION

The term bioadhesion refers to any bond formed between two biological
surfaces or a bond between a biological and a synthetic surface. In the case
of bioadhesive drug delivery systems, the term bioadhesion is typically used
to describe the adhesion between polymers, either synthetic or natural, and
soft tissues (i.e., gastrointestinal mucosa). Although the target of many
bioadhesive delivery systems may be a soft tissue cell layer (i.e., epithelial
cells), the actual adhesive bond may form with either the cell layer, a mucous
layer, or a combination of the two. In instances in which bonds form between
mucus and polymer, the term mucoadhesion is used synonymously with
bioadhesion. In general, bioadhesion is an all-inclusive term used to describe
adhesive interactions with any biological or biologically derived substance,
and mucoadhesion is used only when describing a bond involving mucus or
a mucosal surface.

Il. MECHANISMS OF BIOADHESION

The mechanisms responsible for the formation of bioadhesive bonds are not
completely clear. In order to develop ideal bioadhesive drug delivery sys-
tems, it is important to describe and understand the forces that are respon-
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sible for adhesive bond formation. Most research has focused on analyzing
bioadhesive interactions between polymer hydrogels and soft tissue. The
process involved in the formation of such bioadhesive bonds has been de-
scribed in three steps: (a) wetting and swelling of polymer to permit intimate
contact with biological tissue, (b) interpenetration of bioadhesive polymer
chains and entanglement of polymer and mucin chains, and (c) formation
of weak chemical bonds between entangled chains (1,2). It has been stated
that at least one of the following polymer characteristics are required to
obtain adhesion: (a) sufficient quantities of hydrogen-bonding chemical
groups (—OH and —COQOH), (b) anionic surface charges, (¢) high molec-
ular weight, (d) high chain flexibility, and (e) surface tensions that will
induce spreading into the mucous layer (3). Each of these characteristics
favors the formation of bonds that are either chemical or mechanical in
origin.

A. Chemical Bonds

Types of chemical bonds include strong primary bonds (i.e., covalent bonds),
as well as weaker secondary forces such as ionic bonds, van der Waals
interactions, and hydrogen bonds. As described in this text, both types of
interactions have been exploited in developing bioadhesive drug delivery
systems. Although systems designed to form covalent bonds with proteins
on the surface of epithelial cells may offer strength advantages, three factors
may limit the usefulness of such permanent bonding. First, mucous barriers
may inhibit direct contact of polymer and tissue. Second, permanent chem-
ical bonds with the epithelium may not produce permanently retained deliv-
ery devices because most epithelial cells are exfoliated every 3 to 4 days.
Third, biocompatibility of such binding has not been thoroughly investigated
and could pose significant problems (4). For these reasons, many have fo-
cused on developing hydrogel, mucoadhesive systems that bond through
either van der Waals interactions or hydrogen bonds. Although individually
these forces are very weak, strong adhesions can be produced through nu-
merous interaction sites. Therefore, polymers with high molecular weight
and high concentrations of reactive, polar groups (such as —COOH and
—OH) tend to develop intense mucoadhesive bonds (5-7).

B. Mechanical or Physical Bonds

Mechanical bonds can be thought of as physical connections between
surfaces—similar to interlocking puzzle pieces. Macroscopically, they in-
volve the inclusion of one substance in the cracks or crevices of another
(8). On a microscopic scale, they can involve physical entanglement of mu-
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cin strands with flexible polymer chains and/or interpenetration of mucin
strands into a porous polymer substrate. The rate of penetration of polymer
strands into mucin layers is dependent on chain flexibility and diffusion
coefficients of each. The strength of the adhesive bond is directly propor-
tional to the depth of penetration of the polymer chains. Other factors that
influence bond strength include the presence of water, the time of contact
between the materials, and the length and flexibility of the polymer chains

).

lll. THEORIES ON BIOADHESION

The study of adhesion is not a new science. The same theories of adhesion
that were developed to explain and predict the performance of glues, ad-
hesives, and paint can be and have been applied to bioadhesive systems. In
general, five theories have been adapted to the study of bioadhesion: the
electronic, absorption, wetting, diffusion, and fracture theories. Some are
based on the formation of mechanical bonds, whereas others focus on chem-
ical interactions.

A. The Electronic Theory

The hypothesis of the electronic theory relies on the assumption that the
bioadhesive material and the target biological material have different elec-
tronic structures. On this assumption, when the two materials come in con-
tact with each other, electron transfer occurs in an attempt to balance Fermi
levels, causing the formation of a double layer of electrical charge at the
bioadhesive—biologic material interface. The bioadhesive force is believed
to be due to attractive forces across this electrical double layer. This system
is analogous to a capacitor: the system is charged when the adhesive and
substrate are in contact and discharged when they are separated (9). The
electronic theory has produced some controversy regarding whether the elec-
trostatic forces are an important cause or the resuit of the contact between
the bioadhesive and the biological component (10).

B. The Adsorption Theory

The adsorption theory states that the bioadhesive bond formed between an
adhesive substrate and tissue or mucosa is due to van der Waals interactions,
hydrogen bonds, and related forces (11,12). Although these forces are in-
dividually weak, the sheer number of interactions can as a whole produce
intense adhesive strength. The adsorption theory is the most widely accepted
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theory of adhesion and has been studied in depth by both Kinloch (8) and
Huntsberger (13,14).

C. The Wetting Theory

The ability of bioadhesive or mucus to spread and develop intimate contact
with its corresponding substrate is one important factor in bond formation.
The wetting theory, which was developed predominantly in regard to liquid
adhesives, uses interfacial tensions to predict spreading and in turn adhesion
(3,15,16). The study of surface energy of both polymers and tissues to
predict mucoadhesive performance has been given considerable attention
(17-20).

As an example, Fig. 1 schematically represents a bioadhesive gel (BG)
spreading over soft tissue in the gut. The contact angle (Q), which should
be zero or near zero for proper spreading, is related to interfacial tensions
(g) through Young’s equation:

8ig = 8mt + 8bg COS Q

where the subscripts t, g, and b stand for tissue, gastrointestinal (GI) con-
tents, and bioadhesive polymer, respectively. For spontaneous wetting to
occur, @ must equal zero and, therefore, the following must apply (3):

Gl Contents

v

Bioadhesive
Polymer

tg

Tissue

Figure 1 Schematic diagram showing the interfacial tensions involved in spread-
ing a bioadhesive polymer over GI mucosa.



Definitions, Mechanisms, and Theories 5

&b = Lot T &b

The spreading coefficient, S, of a bioadhesive over biological tissue in vivo
can be used to predict bioadhesion and can be determined as follows:

Son = 8ig — 8bt — 8bg

For the bioadhesive to displace GI luminal contents and make intimate con-
tact with the biological tissue (i.e. spreading), the spreading coefficient must
be positive. Therefore, it is advantageous to maximize the interfacial tension
at the tissue—GI contents interface (g,) while minimizing the surface ten-
sions at the other two interfaces (g and g,) (3).

It is theoretically possible to determine each of the parameters that
make up the spreading coefficient. The interfacial tension of the tissue—GI
contents interface (g,) can be determined in vitro using classical Zisman
analysis (21,22). The interfacial tension at the BG~GI contents interface
(gvy) can be determined experimentally using traditional, surface tension—
measuring techniques, such as the Wilhelmy plate method. Lastly, it has
been shown that the BG-tissue interfacial tension (g,,) can be calculated as
follows (23,24):

g =8 T & — 2F(g:8)"
where values of the interaction parameter (F) can be found in published
papers (25,26). Extensive studies have been conducted to determine the
surface tension parameters for several biological tissues (g,) and many com-
monly used biomaterials (g,) (20).

The BG-tissue interfacial tension (g, has been shown to be propor-
tional to the square route of the polymer-polymer Flory interaction parameter

(c):
8ot ~ C

When ¢ is small, the bioadhesive and biological components are similar
structurally. This results in increased spreading and, therefore, greater ad-
hesive bond strength (27,28).

Besides the spreading coefficient, another important parameter that
may indicate the strength of an adhesive bond is the specific work of ad-
hesion (W,,). According to the Dupré equation, this is equal to the sum of
the surface tensions of the tissue and bioadhesive, minus the interfacial ten-
sion (29):

Wu=28 1 & — &u

Thus, using the wetting theory, it is possible to calculate spreading
coefficients for various bioadhesives over biological tissues and predict the
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intensity of the bioadhesive bond. By measuring surface and interfacial ten-
sions, it is possible to calculate work done in forming an adhesive bond.
Both spreading coefficients and bioadhesive work directly influence the na-
ture of the bioadhesive bond and therefore provide essential information for
the development of bioadhesive drug delivery systems.

D. The Diffusion Theory

The concept that interpenetration and entanglement of bioadhesive polymer
chains and mucous polymer chains produce semipermanent adhesive bonds
(Fig. 2) is supported by the diffusion theory. It is believed that bond strength
increases with the degree of penetration of the polymer chains into the mu-
cous layer (30).

Penetration of polymer chains into the mucus network, and vice versa,
is dependent on concentration gradients and diffusion coefficients. Obvi-
ously, any cross-linking of either component tends to hinder interpenetration,
but small chains and chain ends can still become entangled. It has not been
determined exactly how much interpenetration is required to produce an
effective bioadhesive bond, but it is believed to be in the range of 0.2—0.5
pm. It is possible to estimate penetration depth (/) with the following:

= (tDy)"”

where ¢ is time of contact and D, is the diffusion coefficient of the bioad-
hesive material in mucus. The bond strength for a given polymer is believed
to be attained when the depth of penetration is approximately equal to the
end-to-end distance of the polymer chains (31).

Figure 2 Mechanical bonding through interpenetration of bioadhesive and mucus
polymer chains.
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For diffusion to occur, it is important to have good solubility of one
component in the other; the bioadhesive and mucus should be of similar
chemical structure. Therefore, the strongest bioadhesive bonds should form
between biomaterials whose solubility parameters (d,) are similar to those
of the target mucus glycoproteins (d,) (8).

Thus, the diffusion theory states that interpenetration and entanglement
of polymer chains are responsible for bioadhesion. The more structurally
similar a bioadhesive is to its target, the greater the mucoadhesive bond will
be.

E. The Fracture Theory

Perhaps the most applicable theory for studying bioadhesion through me-
chanical measurements has been the fracture theory. This theory analyzes
the forces required to separate two surfaces after adhesion. The maximum
tensile stress (s,,) produced during detachment can be determined by dividing
the maximum force of detachment, F,,, by the total surface area (A,) in-
volved in the adhesive interaction:

Sm = FulAo

In a uniform single-component system, fracture strength (s;), which is
equal to the maximum stress of detachment (s,,), is proportional to fracture
energy (g.), Young’s modulus of elasticity (E), and the critical crack length
(c¢) of the fracture site, as described in the following relationship (32):

si ~ (g.E/0)"

Fracture energy (g.) can be obtained from the sum of the reversible
work of adhesion, W, (i.e., the energy required to produce new fracture
surfaces), and the irreversible work of adhesion, W, (i.e., the work of plastic
deformation at the tip of the growing crack), where both values are expressed
per unit area of the fracture surface (Ay):

gc=Wr+Wi

The elastic modulus of the system (E) is related to stress (s) and strain (e)
through Hooke’s law:

Bl
€ £-0 Al/l() Al—0

In this equation, stress is equal to the changing force (F) divided by the
area (A,), and strain is equal to the change in thickness (Al) of the system
divided by the original thickness (/,) (33).
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One critical assumption in the preceding analysis is that the system
being investigated is of known physical dimensions and composed of a
single uniform bulk material. Considering this, the simple relationship ob-
tained cannot be applied to analyze the fracture site of a multicomponent
bioadhesive bond between a polymer microsphere and either mucus or mu-
cosal tissue. For such analysis, the equations must be expanded to accom-
modate dimensions and elastic moduli of each component (34). Furthermore,
to determine fracture properties of an adhesive union from separation ex-
periments, failure of the adhesive bond must be assumed to occur at the
bioadhesive interface (31). However, it has been demonstrated that fracture
rarely, if ever, occurs at the interface but instead occurs close to the interface
(33,35).

Although these limitations exist, because the fracture theory deals only
with analyzing the adhesive force required for separation, it does not assume
or require entanglement, diffusion, or interpenetration of polymer chains.
Therefore, it is appropriate for calculating fracture strengths of adhesive
bonds involving rigid or semirigid bioadhesive materials, in which the poly-
mer chains may not penetrate the mucous layer.
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The Role of Water Movement and
Polymer Hydration in
Mucoadhesion

John D. Smart
University of Portsmouth, Portsmouth, England

Il. INTRODUCTION

Bioadhesion is defined as the attachment of synthetic or biological macro-
molecules to a biological tissue (Peppas and Buri, 1985). When applied to
a mucosal epithelium bioadhesive interactions occur primarily with the mu-
cus layer, and this phenomenon is referred to as mucoadhesion (Gu et al.,
1988). Mucoadhesive dosage forms have the potential to optimize local drug
delivery and systemic drug absorption. In order to maximize the performance
of these dosage forms it is important to understand the nature of the adhesive
interactions, and one proposed mechanism is discussed in this chapter.

In mucoadhesion, one of the adhering surfaces is a mucous membrane.
Mucous membranes line the walls of various body cavities such as the gas-
trointestinal and respiratory tracts. They are either single-layered epithelium
(e.g., the stomach, small and large intestine, and bronchi) or multilayered
stratified epithelium (e.g., in the esophagus, vagina, and cornea). The former
contain goblet cells, which secrete mucus directly onto the epithelial sur-
faces; the latter contain, or are adjacent to tissues containing, specialized
glands such as salivary glands that secrete mucus onto the epithelial surface.
Mucus is present as either a gel layer adherent to the mucosal surface or a
luminal soluble or suspended form. The major components of all mucus gels
are mucin glycoproteins, lipids, inorganic salts, and water, the latter ac-
counting for more than 95% of the gel’s weight, making it a highly hydrated
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system (Marriott and Gregory, 1990). The mucin glycoproteins are the most
important component of the mucus gel, resulting in its characteristic gel-
like, cohesive and adhesive properties (Duchene et al.,, 1988; Gu et al.,
1988). The thickness of this mucus layer varies on different mucosal sur-
faces, from 50 to 450 pm in the stomach (Kerss et al., 1982; Allen et al.,
1990) to 0.7 pwm in the oral cavity (Sonju et al., 1974). The major functions
of mucus are those of protection and lubrication (they act as antiadherents).
A more detailed description of mucus and mucous membranes can be found
in Sec. 1b of this volume.

The largest group of mucosal-adhesive materials are hydrophilic mac-
romolecules containing numerous hydrogen bond—forming groups (Smart et
al., 1984). The presence of carboxyl or amine groups in particular appears
to favor adhesion. These are called ‘““wet’” adhesives in that they are acti-
vated by moistening. However, unless water uptake is restricted, they may
overhydrate to form a slippery mucilage (Chen and Cyr, 1970). These hy-
drogel-forming materials are nonspecific in action and show stronger ad-
hesion to dry inert surfaces than to those covered with mucus (Mortazavi
and Smart, 1995).

In considering the mechanism of mucoadhesion, several ‘“‘scenarios’’
for in vivo mucoadhesive bond formation are possible:

Case 1. Dry or partially hydrated dosage forms in contact with surfaces
with substantial mucus layers (typically particulates administered
into the nasal cavity).

Case 2. Fully hydrated dosage forms in contact with surfaces with
substantial mucus layers (typically particulates administered into the
gastrointestinal tract).

Case 3. Dry or partially hydrated dosage forms in contact with surfaces
with thin or discontinuous mucus layers (typically tablets or patches
placed into the oral cavity or vagina).

Case 4. Fully hydrated dosage forms in contact with surfaces with thin
or discontinuous mucus layers (typically aqueous semisolids or lig-
uids administered into the oral cavity or vagina).

It is unlikely that one mechanism of mucoadhesion could be used to
describe the adhesion processes in all of these cases. However, in many
descriptions of the interactions between mucoadhesive materials and a mu-
cous membrane, two basic steps have been identified (e.g., Duchene et al.,
1988, Gu et al., 1988).

Step 1. Contact stage: An intimate contact is formed between the mu-
coadhesive and mucous membrane.
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Step 2. Consolidation stage: Various physicochemical interactions oc-
cur to consolidate and strengthen the adhesive joint, leading to pro-
longed adhesion.

A. Step 1: The Contact Stage

The mucoadhesive and the mucous membrane initially have to form a close
contact with each other. In some cases these two surfaces can be readily
brought together, e.g., placing and holding a delivery system within the oral
cavity or vagina, depositing a particle within the respiratory tract. In other
cases, such as oral drug delivery, adsorption of a particulate system from
suspension onto the gastrointestinal mucosa would be a prerequisite for the
adhesion process. The forces promoting adsorption of small formulations
such as microparticles may be sufficient to hold them on the mucosal surface
until displaced by mucus, or cell, turnover (Helliwell, 1993; Lehr, 1994).
Adsorption will occur as a result of a reduction in surface free energy as
two surfaces are lost and a new interface is formed. The effect of surface
energies generally on the mucoadhesive process has been investigated by
several workers (Esposito et al., 1994; Lehr et al., 1992a; Rillosi and Buck-
ton, 1995), although the adsorption of biological molecules in vivo would
be expected to alter the surface properties of a test material rapidly.

B. Step 2: The Consolidation Stage

It has been proposed that if strong or prolonged adhesion is required, for
example, with larger formulations exposed to stresses such as blinking or
mouth movements, then a second, “‘consolidation’” stage is required. The
mucoadhesive point can be considered to contain three regions (Fig. 1): the
mucoadhesive, the mucosa, and the interfacial region, consisting at least
initially of mucus. Adhesive joint failure will normally occur at the weakest
component of this joint (Fig. 2). For weak adhesives this would be the

The mucoadhesive dosage
form

Mucus layer

The mucosa

Figure 1 The three regions within a mucoadhesive joint.
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hydrated gel layer

Fracture through the interface
Figure 2 Possible regions of mucoadhesive joint failure.

Fracture through the
mucus gel layer

The epithelium

mucoadhesive-mucus interface; for stronger adhesives this would initially
be the mucus layer but later may be the hydrating mucoadhesive material
[on application of a constant tensile stress to compacts of mucoadhesive
polymers, joint failure was found by Mortazavi and Smart (1994) to be a
cohesive failure of the swelling polymer for all but the weakest adhesives].
The strength of the adhesive joint will therefore depend on the cohesive
nature of the weakest region, and for strong mucoadhesion when a substan-
tial mucus layer is present, an increase in the cohesive nature of this gel is
necessary (however, the undesirability of obtaining such strong adhesion that
the weakest component of the adhesive joint becomes the epithelial cells is
obvious).

There are essentially two theories of how this gel strengthening occurs.
One is based on a macromolecular interpenetration effect, which has been
dealt with on a theoretical basis by Mikos and Peppas (1990). In this theory,
based largely on that described by Voyutskii (1963) for compatible poly-
meric systems, the mucoadhesive molecules interpenetrate and bond by sec-
ondary interactions with mucus glycoproteins (Fig. 3). Evidence for this is
provided by an attenuated total reflection Fourier transform infrared (ATR-
FTIR) study by Jabbari et al. (1993). In their study a thin cross-linked film
of poly(acrylic acid) was formed on an ATR crystal. A mucin solution was
placed into contact with this film and ATR-FTIR spectra collected over a
period of time. Deconvolution of these spectra revealed a peak after 6
minutes at 1550 cm™' (which manifested itself as a small shoulder in
the original spectrum), which was attributed to mucin dimeric carboxylic
C=0 stretching (Fig. 4), and it was proposed that this indicated the presence
of interpenetrating mucin molecules within the poly(acrylic acid) film. Fur-
ther indirect evidence for interpenetration is based on the rheological effects
of mixing mucus with mucoadhesive gels (Hassan and Gallo, 1990; Mor-
tazavi et al., 1992; and discussed later in this volume). Rheological syner-
gism, an increase in the resistance to elastic deformation (i.e., mucous gel
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Figure 3 The interpenetration theory; three stages in the interaction between a
mucoadhesive polymer and mucin glycoprotein.

0.06 |

Absorbance (dimensionless)

0.00

.,

A

FUNE W RTINS BTN S T S S Y

/BN

PR VRN R o]

PR S

FUNTT S

-0.05

1850 1750 1650 1550

1450

Wavenumber (cm’ 1)

1350

Figure 4 The deconvolution of an ATR-FTIR spectrum of a cross-linked
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strengthening), is evident, and this would undoubtedly help consolidate the
adhesive joint.

Several objections to the interpenetration theory exist. Mucoadhesion
arises very quickly, within a matter of seconds. For two large macromole-
cules to interpenetrate several micrometers in order to consolidate the ad-
hesive joint within this time is unlikely. The rheological synergy study sug-
gests that as soon as mucus and mucoadhesive interpenetrate, they are likely
to interact and form a surface gel layer that will substantially inhibit any
further interpenetration. In an electron microscopy study by Lehr et al
(1992b), no evidence of interpenetration could be seen in the micrometer
range. The evidence of interpenetration given by Jabbari and coworkers is
less convincing if it is considered that the C=O dimer stretching, proposed
to be indicative of mucin ingress, could have arisen from low-molecular-
weight contaminants or degradation products within the commercial mucin
sample. Mucin, like most biological macromolecules, is prone to degrada-
tion, and the commercial sources in particular show little of the rheological
properties attributed to native mucus (Madsen et al., 1996). No attempt to
characterize the continuity and integrity of the poly(acrylic acid) film on the
ATR crystal was completed, and it is possible that this technique was mea-
suring the appearance of mucin in discontinuities within the film. Mucoad-
hesive materials also adhere much better to solid surfaces such as Perspex
(where the opportunity for macromolecular interpenetration and secondary
interactions is clearly minimal), and the presence of mucus appears to in-
hibit, rather than promote, adhesion (Mortazavi and Smart, 1995). Other
workers have also identified infrared peaks around the 1550 cm™' region in
carboxyl group—containing polymers and attributed these to (COO™) groups
(Tsibouklis et al., 1991), which would start to appear in great abundance in
a hydrating poly(acrylic acid) film.

The theory proposed in this chapter is that consolidation arises from
the ability of dry or partially hydrated mucoadhesive materials (case 1 and
3) to swell and dehydrate mucus gels, and it is water movement, rather than
macromolecular interpenetration, that drives the consolidation of the adhe-
sive joint.

fl. THE MECHANISM OF HYDROGEL HYDRATION

Swelling is a consequence of the affinity of polymeric components for water.
Polymers swell because of an imbalance between the chemical potential of
solvent within the polymer and that in the surrounding medium (Kalal,
1983). Thus solvent moves as a result of polymer ‘““‘osmotic pressure’’ until
an equilibrium is achieved and the internal and external chemical potentials
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are equivalent. A theoretical treatment of the swelling of polyelectrolyte
networks is given by Khokhlov et al. (1993). For low-molecular-weight hy-
drophilic polymers the equilibrium state is a solution; for high-molecular-
weight or cross-linked polymers it can be a water-swollen gel; thus a dry
hydrophilic polymer can physically change from a glassy solid, to a rubbery
(gel-like) state and then perhaps on to a solution during the swelling process
(Peppas and Korsmeyer, 1987). The extent and rate of swelling are affected
by the degree of cross-linking and chain length. If the surrounding medium
contains solute, the rate of swelling decreases, particularly if the solute is
large and cannot enter the hydrogel network. Refugo (1976) demonstrated
that similar hydrogels for which equilibrium swelling had been achieved in
water are dehydrated in dextran solutions. The dextran molecule used had
an average size of about 27 nm but the average hydrogel pore diameter was
only 1.2 nm, so interpenetration was considered highly unlikely. Partial de-
hydration of the hydrogel resulted from a balancing of the chemical poten-
tials throughout the system.

Similar events would be predicted when a gel is brought into contact
with a second gel. Water movement occurs between gels until equilibrium
is achieved. A polyelectrolyte gel, such as a poly(acrylic acid), will have a
strong affinity for water, therefore a high “osmotic pressure’” and a large
swelling force (Khare et al., 1992; Silberberg-Bouhnik et al., 1995).

lll. EVIDENCE OF GEL HYDRATION AND MUCUS
DEHYDRATION IN MUCOADHESION

We have investigated the water transfer from a mucus gel to various dry
putative mucoadhesive materials (Mortazavi and Smart, 1993). Dry 250-mg
compacts of test materials were wrapped in dialysis tubing and placed into
contact with 1.5 g of crude mucus (Fig. 5). These were stored in sealed cells

|_— Mucoadhesive tablet
Ei— Dialysis tubing
={— 1.5g Mucus gel

____Sealed Perspex container

Figure5 Apparatus used to assess water movement between a mucoadhesive com-
pact and mucus gel. (From Mortazavi and Smart, 1993a.)
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at 37°C and at set time intervals the weight gain of each compact was found
and compared with a non—mucus-containing control (Fig. 6). A substantial
weight gain after only 1 minute was recorded for the well-known mucoad-
hesive materials Carbopol 934P and polycarbophil (2.28 and 1.53 g cm 2,
respectively). It was apparent that these materials were rapidly hydrating
and swelling and extracting the necessary water from the mucus gel. When
Carbopol 934P gels were used in these systems, the dry compacts and 25%
gels both gained water from mucus, whereas the 4% gel lost water and the
12% gel neither gained nor lost water (Fig. 7). Thus the water movement
expected from the theory of gel hydration is clearly evident. This can be
seen using a light microscope as described by Mortazavi and Smart (1993b).
A dry 50-mg Carbopol 934P compact was placed onto a little white soft
paraffin on a microscope slide and 0.2-0.3 g (degassed) mucus gel was
placed in contact with the edge of the compact. After 1 minute a gel layer

Weight gain (mg)

0 100 200 300 400 500
Time (min)
——C934 —m—HPC ——PC
—e—gelatin —o— visking

Figure 6 The weight gain of dry compacts of Carbopol 934 (C934), hydroxypro-
pylcellulose (HPC), polycarbophil (PC), and gelatin when placed in contact with a
homogenized porcine gastric mucus gel (n = 3, bars = SD). (From Mortazavi and
Smart, 1993a.)
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300

Weight gain (mg)

'100 T ‘ T 1 T ‘ ‘ ‘
0 100 200 300 400 500

Time (min)
—g-C934 B 25%w/wC934
~0—12%w/w C934 o 4%w/w C934

Figure7 The weight gain of Carbopol 934 (C934) compacts and gels when placed
into contact with a homogenized porcine gastric mucus gel (n = 3, bars = SD).
(From Mortazavi and Smart, 1993a.)

was seen to form as a result of water movement from the mucus gel (Fig.
8). A darkened area after 15 minutes suggests the presence of a dehydrated
region within the mucus gel. The same effect was observed when other
mucoadhesive materials were tested.

Further evidence for substantial water movement was supplied by Jab-
bari et al. (1993), who observed a very large water peak at 1640 cm™' after
6 minutes in the poly(acrylic acid) layer, indicating substantial water ingress.

Dehydrating a mucus gel increases its cohesive nature, and this was
shown by Mortazavi and Smart (1993a). High-concentration gels were pre-
pared by centrifugation, and tensiometer data and dynamic oscillatory rhe-
ology studies indicated a substantial increase in their adhesive behavior and
resistance to elastic deformation (Figs. 9 and 10). Thus dehydration, which
is a rapid process, substantially alters the physicochemical properties of a
mucus gel, making it locally a more cohesive layer and promoting the re-
tention of a delivery system. It is possible that some larger glycoprotein
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c)

..

Figure 8 The interface between the edge of a 50-mg Carbopol 934 compact and
a homogenized porcine gastric mucus gel after (a) 0, (b) 1, and (¢) 15 min contact.
(Magnification X 40.)
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% Dry weight solids

Figure 9 The force required to pull a disc and surface apart, when held together
by homogenized porcine gastric mucus gels of varying water contents (n = 4, bars
= SD). (From Mortazavi and Smart, 1993a.)

components would be carried with the flow of water into the mucoadhesive
material, and some interpenetration could arise as a secondary event.

In case 3 mucoadhesion, if the dosage form is sufficiently large, de-
hydration effectively collapses the mucus layer, preventing any possibility
of interpenetration of the gel networks. In these cases the affinity for water
shown by these mucoadhesive polymers seems to generate an almost “‘suc-
tion-like’’ effect, and it has been shown to be much more difficult to remove
test compacts on application of tensile stresses compared with the applica-
tion of shear stresses (Smart and Johnson, 1996).

In case 2 and 4 mucoadhesion, involving fully hydrated dosage forms
in which no further swelling can arise, the adhesive joint cannot be consol-
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Figure 10 The effect of water content on the storage modulus and loss modulus
of homogenized porcine gastric mucus gels (n = 4, bars = SD). (From Mortazavi
and Smart, 1993a.)

idated by water movement. Surface energy effects (although interpenetration
could also play a role in these circumstances) would be predicted to be the
most important mechanism of adhesion.

IV. CONCLUSIONS

After the formation of intimate contact between a solid or partially hydrated
mucoadhesive material and a mucus gel, a consolidation step is required to
allow the formation of a strong stable mucoadhesive joint. Of the two the-
ories of consolidation, the interpenetration theory is largely theoretical, with
little supporting experimental evidence. The dehydration theory proposed in
this chapter is theoretically plausible, the results can easily be observed
under a microscope and have been clearly demonstrated experimentally. This
theory, however, can apply only when a dosage form is brought into contact
with a mucous membrane in a dry or partially hydrated state, and the ad-
hesion of gels, fully swollen systems, or non—hydrogel-forming materials
must be explained by other, probably surface energy, effects.
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. INTRODUCTION

The task of dealing with the rheological aspects of mucoadhesion is rather
intriguing, as is always the case when rheology is involved in explaining
the behavior of a system. In fact, the rheological properties of a system,
either liquid or semisolid, depend on so many factors (the chemical nature
of the components, the state of the material, its derived physicochemical
properties, the medium, the temperature, the previous history of the system,
and the way the properties are measured, to cite only the well known ones)
that it is difficult, on the one hand, to consider the rheological spectrum as
a fingerprint of the mechanical properties of a given system and, on the
other hand, to relate the rheological behavior to the functional characteristics
of the system itself. In this regard, mucoadhesive hydrogels represent no
exception.

In the context of the present chapter, the term hydrogel will be used
in its broader sense, that is, a matrix formed by either a water-swellable
material (usually a cross-linked polymer with limited swelling capacity) or
a water-soluble material (usually a hydrophilic polymer that swells indefi-
nitely and eventually undergoes complete dissolution). Most of the mucoad-
hesive polymers or materials belong to one of these two categories.

It must also be pointed out that mucoadhesion, so-called wet adhesion,
invariably involves the presence of a hydrated gel phase. The mucoadhesive
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hydrogel may be applied as such to the mucosal surface, or the hydrated
gel phase is formed in situ upon hydration of a solid mucoadhesive system
in contact with the mucus layer.

In previously published reviews on mucoadhesion (Gu et al., 1988;
Kellaway, 1990; Helliwell, 1993), outstanding authors and experts have just
started investigating the rheological aspects of the mucoadhesive phenom-
enon and have limited their considerations to no more than one or two
paragraphs. We thank the editor for acknowledging the fact that this topic
deserves a chapter in the present book and for asking us to discuss the
rheological aspects of mucoadhesive hydrogels. The reasons for doing this
are at least three:

1. At present, there is still a need for a better understanding of the
mechanisms of mucoadhesion. Even though a few chapters of this
book are devoted to the physicochemical principles of mucoad-
hesion and to understanding its underlying mechanisms, there is
no unique explanation for the phenomenon and therefore any con-
tribution would be welcome; rheological analysis may contribute
to such an explanation.

2. The increasing interest in bioadhesive pharmaceutical dosage
forms has stimulated the search for new mucoadhesive polymers
and materials; therefore an understanding of the properties that are
relevant to the interactions with mucus, including the rheological
ones, is essential for a rational design of such polymers and
materials.

3. A certain number of papers have been devoted to the rheological
properties of mucoadhesive systems; these papers need to be re-
viewed and linked to each other.

In the present chapter, a knowledge of basic rheology is taken for
granted.

Il. RATIONALE FOR THE RHEOLOGICAL APPROACH TO
EXPLAIN THE MUCOADHESIVE FUNCTION

In the past, many adhesive polymers were found empirically—cellulose de-
rivatives, alginates, natural gums, polyacrylates, hyaluronic acid, scleroglu-
can, gelatin, pectin, pregelatinized and modified starches, etc.—and classi-
fied according to their adhesive performance. The characteristics of a
polymer that are most relevant to its mucoadhesive properties have been
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determined by screening mucoadhesive polymers (Park and Robinson, 1985;
Ch’ng et al., 1985; Gu et al., 1988; Duchene et al., 1988; Junginger, 1991).

First of all, the chemical nature must be considered; then the charge
density, molecular weight, chain flexibility, and surface properties have to
be examined. In particular, the presence of carboxylic groups favors the
establishment of ionic and hydrogen bond interactions between polymer and
mucin chains. Other functional groups, such as hydroxy, amino, and sulfate
groups, are also likely to participate in the formation of chemical bonds.
Charge density, that is, the spacing of charged groups (linked to the poly-
electrolyte nature of the polymer), determines the possibility of ionic inter-
action with mucin macromolecules. The molecular chain length (linked to
molecular weight) determines the strength of mucoadhesive bonds related to
chain entanglements; it is believed that an optimally high molecular weight
corresponds to maximum adhesiveness. Molecular mobility and flexibility
(expressed, for example, by glass transition temperature) also affect the abil-
ity of the two macromolecular species to form entanglements. The surface
properties (expressed by contact angle measurements) reflect the hydropho-
bicity or polarity of the polymer, which in turn determines hydrogen bond
formation.

The viscosity and the viscoelastic properties of polymers have also
been considered (Anders and Merkle, 1989; Tamburic and Craig, 1995,
1996). Anders found that the viscosity grade of polymers does not neces-
sarily predict the mucoadhesive properties of films. As in the case of mo-
lecular weight, it may happen that the mucoadhesiveness increases with
increasing viscosity until a maximum value, corresponding to optimal ad-
hesion, is reached. On the other hand, Craig found that the viscoelastic
nature of Carbopol gels is a good predictor of their adhesive properties.

In the design of mucoadhesive systems, the characterization of the
mucoadhesive interface—that is, the understanding of the nature of the in-
teraction between the polymer chains and the mucus chains-—is as important
as the characterization of the polymer. Various explanations have been pro-
posed for the mucoadhesive phenomenon, the most common of which are
the wetting-spreading theory and the interpenetration-interdiffusion theory
(Peppas and Buri, 1985). The former analyzes the adhesive behavior of
mucoadhesive systems in terms of their ability to spread over a biological
surface and underlines the importance of the surface energy thermodynamics
of mucus and the mucoadhesive systems in the formation of the adhesive
bond. Accordingly, in the latter, the main physical mechanism of mucoad-
hesion is the interdiffusion of the chains of polymer and mucus to a sufficient
depth to create a semipermanent adhesive bond. Basically, as illustrated in
Fig. 1, during the interpenetration process, the molecules of the mucoad-
hesive and the glycoprotein network are brought in intimate contact, and,
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Figure 1 Chain interpenetration during bioadhesion of a polymer (A) with the
glycoprotein network of mucus (B).

due to the concentration gradient, the mucoadhesive polymer chains pene-
trate into the mucus.

Complete agreement about the interpretation of the mucoadhesion phe-
nomenon has not yet been reached. Accordingly, for most authors, both
processes have to be taken into account to explain the phenomenon. Mu-
coadhesion is regarded as a two-step process (Duchene et al., 1988; Jungin-
ger, 1991). Initially, intimate surface contact between the mucoadhesive and
the mucous substrate has to be established; in a consecutive step, both phases
may interdiffuse or interpenetrate to a certain extent. The first step is con-
sidered to be an interfacial phenomenon influenced by the surface energy
effects and the spreading process of both phases, the mucoadhesive hydrogel
and the mucus. The second step involves chain entanglements due to the
interpenetration of mucoadhesive and mucus chains. We definitely share the
opinion of Lehr (1991), who stated that discriminating between spreading
and interpenetration appears to be a purely semantic exercise. In fact, after
the contact between the mucoadhesive and the mucous substrate, dynamic
changes occur at the adhesive interface.

Some of the properties of the mucoadhesive interface that have been
investigated, such as wettability for solid forms, spreadability for liquid
forms, and interface energy, are more relevant to the wetting-spreading the-
ory. Other properties, such as surface roughness, hydration, and swelling,
are compatible with both the wetting-spreading and the interpenetration pro-
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cesses. The rheological properties of the mucoadhesive interface, in other
words of the hydrated gel formed at the interface, instead should both influ-
ence and be influenced by the occurrence of the interpenetration step. In
fact, during this process, mucoadhesive polymer and mucin macromolecules
are interdiffused. Chain interlocking, conformational changes, and chemical
interactions (such as hydrogen and van der Waals bonds), which occur be-
tween polymer and mucin chains, are likely to produce changes in the rhe-
ological behavior of the two macromolecular species.

The rheological approach to the explanation of mucoadhesion is also
supported by the following observations and facts:

The viscoelastic nature of mucus. The mucus present throughout the
gastrointestinal tract acts both as a protective layer and as a lubri-
cant. To serve this dual function, the mucus gel has particular phys-
ical characteristics, the most important of which is viscoelasticity.
This property enables it to shield the mucosal surface from shear
forces and to flow under the influence of peristalsis (Marriott and
Gregory, 1990).

The indirect evidence of the viscoelastic properties of the mucoadhe-
sive interface reported by some authors. In particular, Peppas et al.
(1987) analyzed the viscoelastic properties and the dynamic behav-
ior of preswollen polyacrylic acid containing systems kept in contact
with mucus and found that these properties were related to the
bioadhesive properties. This approach was based on the evaluation
of stress relaxation behavior as a measure of entanglements between
polymer-mucin chains and of their ability to rearrange themselves
to give permanent deformation under applied stress. In a more recent
development of this concept, the time dependence of the viscoelastic
term of the energy of fracture was pointed out and related to the
irreversible deformation process of the bulk adhesive (Ponchel et
al., 1991).

From a methodology point of view, the rheological approach involves
the investigation of the changes in rheological properties that mucoadhesive
polymers and hydrogels undergo when they are mixed with mucus (or
mucins).

lll. RHEOLOGICAL MEASUREMENTS USED TO
EVALUATE POLYMER-MUCIN INTERACTIONS

A. Viscosity Measurements

Even though other authors had already published works on rheological syn-
ergism (Allen et al., 1986), Hassan and Gallo (1990) are considered to have
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pioneered the work on the rheological assessment of mucin-polymer bioad-
hesive bond strength. In fact, the authors observed that, when a putative
mucoadhesive polymer and mucin were mixed together, there was a syner-
gistic increase in viscosity.

Because the viscosity of a mucin dispersion is the net result of the
resistance to flow exerted by individual chain segments, physical chain en-
tanglements, and noncovalent intermolecular interactions, which are the
same as the interactions involved in the process of mucoadhesion, Hassan
suggested that the forces of interaction involved in a mucin-bioadhesive
system could be evaluated by viscosity measurements. Both physical and
chemical bonds in mucin-polymer mixtures cause changes in the shape or
arrangement of macromolecules that are the basis for viscosity changes.
Thus, the viscosity of a dispersion containing mucin and a bioadhesive sys-
tem has to be considered as the result of the contribution of different com-
ponents, such as the viscosities of bioadhesive polymer and mucin and the
viscosity component due to bioadhesion (n,). This was calculated by Hassan
and Gallo according to the equation m, = M, — M. — m,, where m, is the
viscosity coefficient of the polymer-mucin system and v, and m, are the
individual viscosity coefficients of mucin and the bioadhesive polymer, re-
spectively. Moreover, the authors proposed an equation identical to the vis-
cosity equation of Newtonian solutions for calculating the force of bioad-
hesion F (dyne/cm®): F = m, - shear rate.

These two parameters (m, and F) give a direct estimate of the polymer-
mucin interactions occurring in mucoadhesion. Using these parameters, dif-
ferent polymers (cationic, anionic, and neutral ones) in mixtures with porcine
gastric mucin were evaluated for mucoadhesion potential in different hydra-
tion media (0.1 N HCI and 0.1 N acetate buffer, pH 5.5).

In Table 1, the m, and F values obtained for some of the polymers
investigated by Hassan and Gallo are reported. Different explanations were
proposed by the authors for the results obtained, depending on the chemical
nature and the molecular conformation of polymers.

In the case of the cationic polymer chitosan, high interaction param-
eters were observed both in hydrochloric acid and in acetate buffer. At a pH
value of 1.0, where mucin carboxyl groups (from terminal sialic acids) are
not ionized, the force of interaction could not be contributed to by ionic
interactions, whereas at higher pH values, where sialic acid is in the anionic
form, the combination of ionic interactions with other forces resulted in
stronger bioadhesive bonds. Also anionic polyacrylic acid demonstrated a
stronger interaction with mucin at pH 5.5 than at pH 1.0. Hassan explained
this on the basis of the shape of polyacrylic acid molecules, which at pH
1.0 are not ionized and have a contracted form due to intramolecular hy-
drogen bonds, whereas at pH 5.5 they become ionized and have a stretched
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Table 1 Component of Bioadhesion (v,) and Force of Bioadhesion (F)
Calculated for Mixtures of Different Polymers (0.5% w/v) with Mucin (15% w/v)
in 0.1 N HCI and 0.1 N Acetate Buffer pH 5.5 (Mean Values = SD, n = 3)

0.1 N HCl 0.1 N acetate buffer pH 5.5
F (dyne/ F (dyne/
Polymer n, (cps)’* cm?) My (cps)’ cm?)
Chitosan 5432 (£1.17) 5052 (=109) 70.63 (£1.54) 6596 (£140)
Polyacrylic acid  11.49 (£2.40) 1069 (+223) 15.03 (*x2.03) 1398 (*+189)
Dextran 6.24 (=1.17) 580 (£109) 854 (£1.71) 794 (+159)

“Calculated at 93 s™' shear rate.
Adapted from Hassan and Gallo (1990).

cylindrical shape more able to penetrate the mucin network. A rheological
interaction was also observed for a neutral polymer, dextran. The lower
values of 1, and F observed for dextran with respect to the other polymers
were attributed to polymer molecular branching that reduces interaction with
mucin.

B. Dynamic Oscillatory Measurements

Almost simultaneously with Hassan and Gallo, Kerr et al. (1990) proposed
the use of dynamic oscillatory measurements to evaluate the rheological
interaction between a polymer and purified mucin.

Such measurements were expected to give useful information about
the structure of the polymer-mucin network for two reasons that are linked
to each other: (a) the viscoelastic nature of the mucus gel layer and the
presumably viscoelastic nature of the mucoadhesive interface, already cited;
and (b) the nondestructive nature of the dynamic oscillatory analysis. This
kind of analysis is especially advised when dealing with gels, which have
an internal tridimensional structure that may be destroyed by a classical
rotational viscometry test. In fact, whereas in classical viscometry measure-
ments, the sample is forced to flow and its structure can be partially de-
stroyed, in viscoelastic tests, whenever they are performed in a linear vis-
coelastic region, polymer conformation and intermolecular bonds are
stretched but not destroyed.

Kerr et al. investigated, at different pH values, the viscoelastic prop-
erties of glycoprotein (mucin) gels both alone and in mixtures with poly-
acrylic acids with different molecular weights. The addition of polyacrylic
acid produced an increase in the viscoelastic parameters storage modulus
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(G") and loss modulus (G"). The polymer with the highest molecular weight
had the greatest effect on the elasticity of the glycoprotein gel. The strongest
interactions were observed at the lowest pH examined (pH 4.0).

The usefulness of viscoelastic parameters in the evaluation of polymer-
mucin interactions was also pointed out some time later by Mortazavi et al.
(1992), who studied the effect of polyacrylic acid (Carbopol 934P) on the
rheological properties of mucus, along with the influence of pH and tem-
perature. A large increase in G’ was observed in polymer-mucin mixtures in
comparison with the values obtained when the mucus gel and the polyacrylic
acid gel were evaluated separately at the same concentration. Such an in-
crease was markedly affected by pH: it was minimal at pH 4.25, as evi-
denced in Fig. 2. The G” values were much smaller and did not change
significantly with pH. An increase in temperature in the range 5-45°C re-
duced the G’ and G” values but the mixtures retained their gel properties.

In subsequent work (Caramella et al., 1992, 1993), we wanted to in-
vestigate further the concept of rheological synergism. In particular, it was
interesting to extend the dynamic oscillatory studies to mucoadhesive poly-
mers other than the well-known polyacrylic acid and to investigate which
rheological parameters were more suitable for characterizing the polymer-
mucin interactions. To this end, three different mucoadhesive polymers—

30 o
-
20 ~ £-G'
f4-G"
Pa .
10 —
0 L) ‘ L ' 1] ' L] ' T l
4 5 6 7 8 9

pH

Figure2 Effect of pH on the rheological behavior of PAA-mucus mixtures. (From
Mortazavi et al., 1992.)
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polyacrylic acid (Carbopol 934PH), sodium carboxymethylcellulose
(NaCMC), and methacrylic acid methyl methacrylate copolymer (Eu-
dispert)—were compared in their rheological interaction with mucin. The
polymers examined were hydrated in 0.1 M phosphate buffer (pH 7.0). Pre-
liminary rheological interaction experiments were carried out using solutions
of the three polymers prepared at the same concentration. Because the poly-
mer solutions had quite different viscosities, in order to better appreciate the
extent of the rheological interaction with mucin, it was decided to prepare
and test isoviscous solutions (i.e., comparable viscosities in a given shear
rate range). The polymer concentrations were 0.96% (w/w) for Carbopol,
1.92% (w/w) for NaCMC, and 4.80% (w/w) for Eudispert. Mixtures of the
polymers with a commercial purified submaxillary mucin were also prepared
in the same medium and at the same polymer concentration as the polymer
solutions. The mucin concentration was fixed at 4% (w/w).

A thorough rheological characterization of polymer and mucin solu-
tions and of their mixtures was effected using a rotational rheometer (Bohlin
CS Rhometer, Bohlin Instrument Division, Metric Group Ltd, Cirencester,
UK). In particular, the apparent viscosity of the samples was measured at
increasing shear rate ranging from 50 to 250 s™'. Dynamic oscillatory tests
were performed within the linear viscoelastic range. The viscoelastic param-
eters storage modulus (G') and loss modulus (G”) were measured at increas-
ing frequency ranging from 0.1 to 4 Hz.

Figure 3 shows the apparent viscosity of the polymer solutions and
their mixtures with mucin, measured at a representative value of shear rate
(100 s™"). For all three polymers a synergic increase in viscosity was ob-
served when they were mixed with mucin: the viscosities of the mixtures
were higher than the values calculated by simple addition of the viscosities
of polymer and mucin alone. No significant differences were observed be-
tween the rheological synergisms of the three polymers, obtained, according
to Hassan and Gallo (1990), as the difference between the measured and
calculated viscosities.

Figure 4 shows the viscoelastic parameters G’ and G” measured at a
representative value of frequency (1.0 Hz) for the polymer solutions and
their mixtures with mucin. For all three polymers examined, an increase in
both G’ and G” was observed in the presence of mucin. It must be mentioned
that the mucin dispersion at the concentration employed (4% w/w) did not
show any detectable viscoelastic properties; this means that the increase in
viscoelastic parameters observed was definitely due to the polymer-mucin
interactions. Although isoviscous, the three polymer solutions showed dif-
ferent values of both G’ and G”; this made it difficult to compare directly
the changes in viscoelastic properties after addition of mucin.



34 Caramella et al.

3—
@
& 27
E
>
=
o 14
(4]
°
> J
0 T

NaCMC Carbopol® Eudispert®
(1.9% w/w) (0.96% w/w) (4.8% w/w)

Figure3 Evidence of rheological synergism between the three polymers examined
and bovine submaxyllary mucin. (0) Viscosity of polymer-mucin mixture calculated
as sum of the viscosities of polymer solution and mucin dispersion at 100 s~ shear
rate. (W) Viscosity of polymer-mucin mixture measured at 100 s™' shear rate (mean
values = SD; n = 3).

Therefore, besides elastic and loss modulus, the loss tangent (tgd), i.e.,
the ratio between G” and G', was also considered. This parameter represents
the balance between the viscous and elastic components of the rheological
behavior. The more pronounced the elastic behavior with respect to the vis-
cous behavior, the lower the loss tangent. Thus, tgd was believed to be a
suitable parameter for comparing the viscoelastic behavior of polymers with
different G’ and G” values. Moreover, the more or less pronounced increase
in storage modulus with respect to the loss modulus could be described by
a change in tgd. The tgd variation, which was eventually observed when
the polymer was mixed with mucin, conceivably expressed the extent to
which elastic behavior changed with respect to viscous behavior.

Figure 5 shows the tgd patterns (at increasing frequency) obtained for
the polymer solutions and their mixtures with mucin. The three polymers
examined showed different tgd patterns. For NaCMC and Eudispert, which
had poor initial elastic properties (high tgd values), mixing with mucin
caused a significant increase in the elastic properties, as evidenced by the
decrease in tgd. On the contrary, in the case of Carbopol, which was char-
acterized by pronounced elastic properties (low tgd values), a slight increase
in tgd was observed in the presence of mucin, indicating that the interaction
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Figure 4 Storage modulus (G’) (a) and loss modulus (G”) (b) measured at 1 Hz
frequency for polymer solutions (O0) and polymer-mucin mixtures (W) (mean values
*+ SD; n=3).

with mucin did not change the elastic structure of the gel much and resulted
in an increase in the viscous properties rather than in the elastic character
of the polymer.

In conclusion, for all three polymers tested, a rheological interaction
with mucin involving both viscosity and viscoelastic properties was ob-
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Figure 5 Loss tangent (tgd) measured at increasing frequency values for polymer
solutions (open symbols) and polymer-mucin mixtures (closed symbols). (Square)
NaCMC; (rhombus) Carbopol; (triangle) Eudispert.

served. In particular, dynamic viscosity measurements provided a useful tool
for differentiating the three polymers according to their interaction with mu-
cin. In particular, the tgd parameter was believed to provide a complete
characterization of these rheological changes.

Mortazavi and Smart (1994) also compared the G’ and G” changes
observed when different polymeric gels [based on Carbopol 934P, hydrox-
ypropylcellulose (HPC), polyvinyl alcohol (PVA), and polybrene] were
mixed with mucus. Different polymer concentrations were considered. The
results are shown in Table 2.

As already observed in a previous paper (Mortazavi et al., 1992), mix-
ing Carbopol 934P with homogenized pig gastric mucus produced gel
strengthening as indicated by G’ values greater than the sum of the G’ values
obtained when mucus and polymer were evaluated separately at the same
concentration. Weaker gels were obtained with mixtures containing the non-
ionic polymers HPC and PVA at the same concentration as Carbopol (5 mg
g~ "). This suggests that PVA and HPC are less capable of establishing the
interactions necessary for gelation. Because they do not contain a proton-
donating carboxyl group, their ability to form hydrogen bonds with mucus
glycoproteins is reduced. The cationic polybrene was found to produce little
gel strengthening even at the highest concentration. Signs of gel breakdown
were also observed, suggesting precipitation of an intermolecular complex
resulting from electrostatic interactions.

The results so far illustrated provide definite experimental evidence of
the rheological changes taking place when polymer-mucin mixtures are
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Table2 Comparative Rheological Assessment of Carbopol
934P, HPC, PVA, and Polybrene Mixtures with Mucus and
Water at pH 6.2

Sample G’ (Pa) G" (Pa)
Mucus-C934 (5 mg g™') 23.89 10.39
Water-C934 (5 mg g™ ") 2.18 4.39
Mucus-HPC (5 mg g™") 1.04 1.29
Water-HPC (5 mg g™") 0.24 243
Mucus-HPC (20 mg g™") 9.20 9.11
Water-HPC (20 mg g™ ") 8.75 9.23
Mucus-PVA (5 mg g™") 0.39 0.39
Water-PVA (5 mg g™") 0.31 0.23
Mucus-PVA (100 mg g™') 0.91 3.69
Water-PVA (100 mg g~') 0.28 1.69
Mucus-polybrene (5 mg g™") 0.58 0.50
Water-polybrene (5 mg g™ ') 0.32 0.21
Mucus-polybrene (60 mg g™') 0.21 0.29
Water-polybrene (60 mg g™") 0.27 0.28
Mucus-water 0.43 0.42

From Mortazavi and Smart (1994).

formed, even though a comparison of the data obtained by various authors
is rather difficult because of the different experimental conditions used (dif-
ferent techniques and apparatus, different types of mucin or mucus em-
ployed, different parameters measured, different test conditions).

Apart from this, it is still to be demonstrated whether the rheological
interactions observed actually correspond to mechanical strengthening of the
mucoadhesive interface that is formed when the polymer gel comes into
contact with the mucus layer, which in turn should be linked to the adhesive
performance (strength and duration of adhesion). Such a comparison and
correlation between the rheological properties and mechanical resistance of
the interface will be discussed in the following section.

Indeed, the correspondence between rheological interactions and ad-
hesive performance was predicted by Hassan and Gallo (1990), who pointed
out that the rheological interactions observed for the various polymers were
in line with the results previously obtained by Park and Robinson (1984)
using the fluorescent probe technique.

Also, Mortazavi and Smart (1994) found agreement between the rank
order of G’ values observed for the mixtures of Carbopol, HPC, and PVA
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and the adhesiveness of the same materials reported in other papers (Smart
et al., 1984; Longer and Robinson, 1986). However, these comparisons were
made for materials treated in different ways and tested under different ex-
perimental conditions.

IV. COMPARISON BETWEEN RHEOLOGICAL AND
TENSILE TESTING

The methods most commonly employed for in vitro testing of mucoadhesive
systems are based on measurement of the force necessary to detach a poly-
mer layer from the mucus substrate. These methods are called peel, shear,
or tensile testing methods, depending on the direction of the force applied.
More often such methods enable us to calculate the adhesion work from the
force versus displacement curves. In a typical tensile test, the breaking
strength, which is measured when the polymer layer is detached from the
mucus layer, can be attributed to the mechanical resistance of the mucoad-
hesive interface that is created when the two phases match each other.

One of the major disadvantages of such tests is the difficulty of dis-
tinguishing between mucoadhesive and cohesive forces. It all depends on
the locus of the failure, which can occur within the mucous substrate or the
polymer layer instead of occurring at the mucoadhesive interface. This is
the main reason for the high intrinsic variability of tensile measurements.
To overcome this drawback and to differentiate the mucoadhesive properties
of different materials on a sound statistical basis, a high number of repeti-
tions and a visual inspection of the polymer and the mucus layers after their
separation are needed.

Given the widespread use of tensile testing techniques and taking into
consideration the preceding warnings, it seemed interesting to understand
whether the mechanical strengthening at the mucoadhesive interface was
correlated with the rheological properties.

In the following, we will report the outcome of some of our research,
in which tensile measurements have been systematically combined with rhe-
ological interaction measurements. This section will be divided into three
parts. In the first part, the general relationships between tensile and rheo-
logical measurements for a series of miscellaneous mucoadhesive polymers
will be reported. The other two parts will deal with the specific cases of
sodium carboxymethylcellulose, chitosan hydrochloride, and modified
starches.
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A. General Relationships Between Rheological
and Tensile Testing for a Series of
Miscellaneous Polymers

In a pioneer work of ours (Caramella et al., 1994), we performed a thorough
rheological characterization of some bioadhesive polymers and their
mixtures with mucin and, in parallel, we measured the mucoadhesive per-
formance of the same polymers and polymer mucin combinations with a
tensile tester. The polymers examined included both natural gums, such as
xanthan gum and scleroglucan; semisynthetic derivatives, such as sodium
carboxymethylcellulose (NaCMC); and synthetic products, such as poly-
acrylic acid (Carbopol 934PH), methacrylic acid/methyl ester copolymer
(Eudispert), and methylvinyl ether/maleic anhydride copolymer (Gantrez)—
all claimed to possess mucoadhesive properties. Isoviscous polymer solu-
tions in pH 7.0 phosphate buffer were prepared at the following concentra-
tions: 2% (w/w) NaCMC, 3% (w/w) scleroglucan, 3% (w/w) xanthan gum,
1% (w/w) Carbopol, 5% (w/w) Eudispert, and 5.5% (w/w) Gantrez. The
polymer solutions obtained were mixed with the exact amount of bovine
submaxillary mucin (commercial sample) necessary to get a final mucin
concentration of 4% (w/w). Also, 4% (w/w) mucin dispersion and polymer
solutions having exactly the polymer concentration of the mixtures were
prepared in pH 7.0 phosphate buffer.

Viscosity measurements and dynamic rheological analysis were per-
formed on polymer-mucin mixtures, polymer solution, and mucin dispersion
using a rotational rheometer (Bohlin CS rheometer). The rheological syn-
ergism parameter was calculated according to Hassan’s method (Hassan and
Gallo, 1990). From the values of the viscoelastic parameters G', G” and the
tgd observed for the polymer solutions and mixtures with mucus, the fol-
lowing viscoelastic interaction parameters were calculated: AG' = difference
between the storage modulus (G’) of the polymer-mucin mixture and that
of the polymer solution (blank); AG” = difference between the loss modulus
(G") of the polymer-mucin mixture and that of the polymer solution (blank);
Atgd = difference between the loss tangent (tg8) calculated for the polymer
solution (blank) and that calculated for the polymer-mucin mixture.

The differential parameters AG’ and AG” were also normalized with
respect to the values of G' and G” of the polymer solutions to take into
account the initial differences in G’ and in G” of the various polymers. Since
tgd already represented a ratio (between G' and G"), Atgd was not nor-
malized.

Tensile testing was performed on the same polymeric solutions and
polymer-mucin mixtures. The equipment employed was a TA.XT2 Texture
Analyzer (Stable Micro System, Haslemere, Surrey, UK). It basically con-
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Figure 6 Schematic representation of the test conditions in tensile testings: (a)
interface method, (b) bulk method. (1) Upper (movable) probe; (2) platform; (3)
filter paper disc; (4) polymer solution; (5) mucin dispersion (buffer in blank mea-
surements); (6) polymer-mucin mixture (polymer alone in blank measurements).

sisted of a movable measuring probe and a fixed platform (Fig. 6). Samples
were layered on filter paper discs, one fixed to the upper probe and the other
to the lower platform. Test conditions chosen were as similar as possible to
those that were realized during the rheological testing, so that we could
provide comparable information. In particular, two methods were used. In
the first, the “interface method’’ (Fig. 6a), 65 pL of the 4% (w/w) mucin
dispersion was applied to the lower disc. After a 5-minute rest, 40 mg of
the polymer solution was applied to the filter paper disc fixed to the probe,
which was lowered in order to bring the two discs into contact with each
other. A preload of 0.5 N was applied for 60 seconds (preload time); then
the probe was raised to a constant speed of 0.1 mm/s. Blank measurements
were also performed without mucin: instead of the mucin dispersion, 65 pL
of phosphate buffer was applied to the lower disc.



A Rheological Approach 41

In the second method, the ‘“‘bulk method’’ (Fig. 6b), 50 mg of either
the polymer-mucin mixture or the polymer solution alone (blank measure-
ments) was applied to the upper disc; then the upper probe was lowered in
order to bring the two discs into contact. As before, a preload of 0.5 N was
applied for 60 seconds (preload time), and the probe was raised to a constant
speed of 0.1 mm/s.

In both methods, the force versus displacement curves were recorded
until complete detachment of the two surfaces occurred. Fifteen repetitions
were performed on each sample.

The adhesion work was calculated as the area under the force-displace-
ment curve (AUC). The differential parameter (AAUC) was also calculated
by subtracting the AUC (mean value) obtained from blank measurements
from the AUC (mean value) measured in the presence of mucin.

With regard to the interface method, for all the polymers considered,
AUC significantly increased in presence of mucin with respect to the blanks.
Therefore positive AAUC values were calculated for all the polymer-mucin
combinations examined. These values were different from one polymer to
another, meaning that, in the interface method, failure does not take place
within the mucin layer, otherwise similar AAUC values would have been
obtained for different mucoadhesive polymers (the cohesion of the mucin
alone at the concentration employed being very low). On the other hand,
failure could not have occurred within the polymer layer, otherwise there
would have been no increase in AUC in the presence of mucin.

A significant increase in AUC in the presence of mucin was also ob-
served in the bulk method, in which the polymer was directly mixed with
mucin before tensile measurement.

This suggests that the work of adhesion (expressed by AAUC) is due
not only to interface and cohesion phenomena (which might play a role only
in the interface method) but also to the interpenetration between polymer
and mucin chains.

The rheological parameters were systematically compared with those
derived from tensile tests in order to establish whether a correlation existed
between the two measurements. Linear regression analysis was performed
between the rheological parameters of polymer-mucin mixtures (the absolute
values G’, G”, tgd and the differential ones Am, AG’, AG", AG'/G’, AG"/
G", and Atgd) and the adhesion work obtained with the same polymer-mucin
systems (AUC, AAUC). In most cases no direct correlation was found be-
tween rheological and tensile testing parameters.

A significant correlation was found only when the relationship between
differential adhesion work and loss tangent variation was considered (Fig.
7). This suggested the relevance of this rheological parameter, which pro-
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Figure 7 Correlation of differential adhesion work (AAUC), obtained using (a)
interface method and (b) bulk method, and tgd variation. (1) Carbopol; (2) NaCMC;
(3) Gantrez; (4) Eudispert; (5) xanthan gum; (6) scleroglucan. (From Caramella et
al., 1994.)
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vided a more intrinsic characterization of the gel solutions with respect to
the others, as already evidenced in the early studies reported in Sec. IL

The lack of a direct correlation between the rheological parameters
and the adhesion work, found in most cases, was attributed to the diversity
of the chemical nature of the polymers considered. In fact, because rheo-
logical measurements are very sensitive to the many different characteristics
of the polymer chains and their behaviour when mixed with mucus, it was
intrinsically difficult to use them to compare polymers of various chemical
natures, which were likely to give different bonds and interactions with
mucin and were differently affected by environmental conditions.

B. Relationships Between Rheological and Tensile
Testing: The Cases of Sodium
Carboxymethylcellulose and Chitosan Hydrochloride

In a subsequent study (Rossi et al., 1996) the correlation between rheological
and tensile parameters of three viscosity grades (low, medium, and high) of
the same polymer (sodium carboxymethylcellulose) was investigated. Iso-
viscous solutions of the three viscosity grades in distilled water were ana-
lyzed for rheological interaction with mucin and for work of adhesion by
means of tensile testing. The following polymer concentrations were used:
1.92% (w/w) for high viscosity grade (h.v.), 3.84% (w/w) for medium vis-
cosity grade (m.v.), and 7.68% (w/w) for low viscosity grade (l.v.). The
mucin employed was a commercial porcine gastric mucin at 4% (w/w) con-
centration. The rheological interaction parameters An/v, AG'/G’', AG"/G",
and Atgd were calculated as previously described. Tensile testing was per-
formed on the same polymeric solutions and polymer-mucin mixtures as
previously described.

In Table 3 the rheological interaction parameters calculated at a rep-
resentative value of shear rate (100 s ') and frequency (1 Hz) are reported.
Similar results were obtained in the whole shear rate range (50-250 s ')
and frequency range (0.1-1.5 Hz) considered.

All three grades showed positive rheological interaction with mucin.
The same rank order between the three grades was found when rheological
synergism Ar/v and differential viscoelastic parameters AG'/G', AG"/G",
and Atgd were considered: the low viscosity grade showed the highest in-
teraction parameters, followed by the medium and high viscosity grades.

The samples examined were also subjected to stationary viscoelastic
measurements (‘‘creep test’’): a rapid step in shear stress (chosen in the
viscoelastic linear region) was applied to the sample and held constant for
a predetermined period of time. The creep compliance (J) was recorded as
a function of time (creep curve).
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Table 3 Rheological Synergism An|m and Viscoelastic Interaction Parameters AG'/G’,
AG"/G", and Atgd Calculated for the Three Different Viscosity Grades (High, Medium, and
Low) of Sodium Carboxymethylcellulose (Mean Values = SD, n = 3)

Polymer An/q* AG'/G™ AG"/G™ Atgd®

Lv. grade (7.68% wiw) 133 (£0.175) 2.02 (£0.094) 1.16 (£0.140) 2.26 (£0.202)
m.v. grade (3.84% w/w) 0.90 (£0.077) 1.34 (+0.151) 0.90 (£0.081) 0.60 (£0.166)
h.v. grade (1.92% w/w)  0.37 (£0.058) 0.49 (=0.118) 0.37 (=0.089) 0.10 (£0.021)

°Calculated at 100 s ' shear rate.
Calculated at 1 Hz frequency.
Adapted from Rossi et al. (1996).

The creep curves were fitted to the following equation (Sherman,
1970): J(t) = J, + J.[1 — exp(—t/t,)] + t/mn, where J, = instantaneous
elastic compliance (1/Pa), J,, = mean retarded elastic compliance (1/Pa), 7,
= mean retardation time (s), and my = residual viscosity (Pa s). Figure 8
shows the creep curves of the three polymer solutions and of their mixtures
with mucin. )

The low viscosity grade showed the highest compliance J(¢); because
J represented the ratio between the strain and the stress applied, this result
suggested a weaker structure for the low viscosity grade (which also had
the lowest values of G’ and G") with respect to the other two grades. More-
over, the compliance values obtained for the mixtures of the three polymers
with mucin were lower than those obtained for the related polymer solutions.
This result indicated that the deformation of the polymeric network under
the stress applied was smaller for the mixtures than for the polymer solu-
tions. This was conceivably due to the strengthening of the polymeric net-
work due to the physicochemical interactions between polymer and mucin
chains.

In order to quantify the extent of such interactions, the J,, (mean re-
tarded elastic compliance), T, (mean retardation time), and my (residual vis-
cosity) values obtained by fitting creep curves were examined (insets in Fig.
8). The J,, values were lower for the polymer-mucin mixtures than for the

>
Figure 8 Creep profiles obtained for the polymer solutions (I0) and the polymer-
mucin mixtures (M) of the three viscosity grades of sodium carboxymethylcellulose:
(a) low viscosity grade; (b) medium viscosity grade; (c) high viscosity grade. In the
insets the best fit parameters (J,,, 7., and my) are reported (mean values + SD; n =
3). (From Rossi et al., 1996.)



A Rheological Approach

J (1/Pa)

J (1/Pa)

J (1/Pa)

200 -

150 4

100 A

50

60 -
50 -

40 -

a)

Jm =285 (216.17) 1/Pa
Tm=231.4(+65.28) s

"IN= 3.0 (x0.34) Pa s

Jm=25 (0.78) 1/Pa
T m=985(+24.46) s
1 N= 9.4 (:0.49) Pa.s

b)

L
100

260
time(s)

L
300

1
400

Jm = 2.8 (20.60) 1/Pa
T m=340 (+8.50) s
M N=6.5(x086)Pas

Jm= 1.2 (x0.11) 1/Pa
T m=39.6 (16.20)s
TN= 24.1 (+1.39) Pa.s

100

200
time(s)

300

400

Jm =32 (£0.91) 1/Pa
Tm=125.1 (+31.66) s
1 N=81.2 (+8.91) Pa.s

Jm=16 (£0.25) 1/Pa
Tm=105.6 (+13.46) s
nN=302.8 (+59.60) Pa.s

v )
200

400

time (8)

600

800

-

T M L]
1000 1200



46 Caramella et al.

polymers alone. In particular, the decrease in J,, in the presence of mucin
was more pronounced for the low viscosity grade than for the other two
grades, indicating that a stronger interaction occurred for this grade. For all
grades an increase in My was observed when the polymer was mixed with
mucin. A significant variation in T, was observed only in the case of the
low viscosity grade.

Table 4 shows the adhesion work measured with tensile testing. A
significant increase in adhesion work was observed for all polymers in the
presence of mucin. The interactions between mucin and polymer occurred
both when a preequilibrated mixture of polymer and mucin was tested (bulk
method) and when interpenetration between polymer and mucin layers was
realized in situ (interface method). When the increase in adhesion work
(AAUC) was considered, the same rank order as observed for rheological
parameters was obtained: the low grade showed the highest value of AAUC,
followed by the medium and high grades.

The relationship found between rheological and tensile parameters
proved that for sodium carboxymethylcellulose, the strengthening of the
polymer-mucin interface is linked to the rheological changes occurring when
the polymer is mixed with mucin. In fact, the mucoadhesive performance
of the polymers examined, in term of work of adhesion, is correctly pre-
dicted both by rheological synergism and by viscoelastic interaction param-
eters. The lower interaction of medium and high viscosity grades of sodium
carboxymethylcellulose could be explained either by the lower concentration
(at isoviscous conditions) or by the more entangled structure of polymer
solutions; this hinders deep interpenetration between polymer and mucin
molecules.

We subsequently performed an analogous study of three different vis-
cosity grades (low, medium and high) of chitosan hydrochloride. Again, a
relationship was found between rheological synergism and tensile testing
parameters (Ferrari et al., 1997a).

In Fig. 9 the rheological synergism values calculated, as a function of
shear rate, for the mixtures of the three viscosity grades of chitosan HCI
with mucin are given. The mixtures considered contained 8% (w/w) partially
purified pig gastric mucin and the following concentrations of chitosan HCI:
2.5% (w/w) for the high viscosity grade, 5.0% (w/w) for the medium vis-
cosity grade, and 24% (w/w) for the low viscosity grade. The hydration
medium employed was 0.1 M HCI. The rheological synergism was more
pronounced for the low viscosity grade, followed by the medium and high
grades, indicating that a stronger polymer-mucin interaction occurred in the
case of the low viscosity grade.

Table 5 shows the maximum force of detachment (F,,,,) and the work
of adhesion (AUC) obtained for the polymer-mucin mixtures and the cor-



Table 4 Adhesion Work (N mm) (Tensile Testing) of the Three Viscosity Grades of Sodium Carboxymethylcellulose (Mean =+

SD, n = 15)*
Interface method Bulk method
Polymer Polymer Polymer Polymer
Polymer (blank) plus mucin AAUC (blank) plus mucin AAUC
Lv. grade 9.79 (£2.543) 17.52 (£2.908) 7.73 12.59 (=1.954) 20.68 (£2.012) 8.09
m.v. grade 11.88 (*+3.849) 16.38 (+1.897) 4.50 12.96 (+1.160) 16.22 (£1.424) 3.26
h.v. grade 8.34 (+£0.938) 10.94 (+1.054) 2.60 10.07 (=1.312) 11.46 (£2.640) 1.39

“Differences in adhesion work calculated in presence of mucin and in blank measurements were significant to Student’s t-test (P < .05).

From Rossi et al. (1996).
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Figure 9 Rheological synergism values measured, at increasing shear rate, for the
three viscosity grades of chitosan hydrochloride. In the inset the rheological syner-
gism values of the medium and low viscosity grades are compared (mean values *=
SE; n = 3). (From Ferrari et al., 1997a.)

responding polymer solutions (blanks), together with the normalized adhe-
sion parameters (AF,,/Fn., and AAUC/AUC). The low grade showed the
highest values for both normalized parameters, followed by the medium and
high grades. This rank order is the same as that observed in the rheological
synergism.

C. Relationships Between Rheological and Tensile
Testing: The Case of Modified Starches

In other work of ours (Ferrari et al.,, 1997b), both rheological analysis and
tensile testing were used to assess the possibility of inducing or improving
mucoadhesive properties of starches by technological processes such as
grinding or dry milling. Pregelatinized starches have been described as hav-
ing mucoadhesive properties (Bottenberg et al., 1991). These are thermally
modified starches in which the native structure of the grains has been de-
stroyed by means of a technological process, such as spray drying (where
the starch is first cooked in water and then spray dried in a hot chamber or
tower), roll drying (where a watery starch paste is simultaneously cooked
and dried on heated rolls), and drum drying (similar to the roll-drying pro-
cess except that a thicker coating of starch paste is applied to heated rolls
and the dried product is then ground to the desired particle size). In all cases
starch gelatinization is carried out in a watery suspension.



Table 5 Force of Detachment (mN) and Work of Adhesion (wJ) of the Three Viscosity Grades of Chitosan Hydrochloride

Hydrated in 0.1 M HCI (Mean Values £ SE; n = 10)*

Force of detachment

Work of adhesion

Polymer Polymer Polymer Polymer
Polymer (blank) + mucin AF i/ Frnax (blank) + mucin AAUC/AUC
Lv. grade 667.6* (+26.35) 1345.9** (£46.01) 0.97 71.4% (£3.06) 182.5%* (£3.32) 1.56
m.v. grade 784.8* (=35.07) 1154.9%* (£52.34) 0.47 85.8* (+£3.04) 170.2%* (+4.84) 0.98
h.v. grade 1038.8* (+51.08) 1420.0%* (*£43.04) 0.37 101.3* (*+5.64) 166.6%* (+6.67) 0.64

*P < .05, Mann-Whitney test for comparison of two groups (* versus **).
From Ferrari et al. (1997a).
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The induction of mucoadhesive properties in native starches via a sim-
ple process such as dry milling could be more advantageous from a tech-
nological point of view (because the process is very cheap and does not
require expensive equipment) than a complicated procedure such as spray
drying, roll drying, and drum drying.

We investigated two native starches (maize starch and waxy maize
starch) and one pregelatinized waxy maize starch.

The waxy maize starch was subjected to a grinding process. The tech-
nological variables analyzed were the type of mill (from laboratory to pilot-
plant scale) and the process conditions (milling time and cooling temperature
of the grinding chamber). In particular, laboratory-scale experiments were
performed with a high-energy ball mill apparatus (IGW, Giuliani, Torino,
Italy) using different grinding times (3, 6, and 12 hours) and different cool-
ing temperatures of the grinding chamber (—50°C and 20°C). As pilot-plant
scale instruments, two different mills were used: a high-energy mill
(VIBRO-Energy mill DM-3, Sweco, Los Angeles, CA) and a hammer mill
with a horizontal shaft (CF, Bantham, Summit, NJ).

Native maize starch, pregelatinized starch, and waxy starch milled with
the Sweco apparatus for 6 hours at room temperature were subjected to a
spray-drying process in a laboratory plant apparatus (SD04, Labplant, Hud-
dersfield, UK).

All the starches examined were hydrated in distilled water by gentle
heating at about 70°C. The concentrations of the starch solutions were 18%
(w/w) for pregelatinized starch and spray-dried pregelatinized starch, 7%
(w/w) for waxy starch before and after milling, and 4.5% (w/w) for maize
starch.

The hydrated starches were mixed with a commercial porcine gastric
mucin. In all the mixtures the mucin concentration was 4% (w/w). The exact
final concentration of the starches in the mixtures was calculated. Starch
solutions having exactly the same concentration as in the mixtures were
prepared in distilled water (blanks). A 4% (w/w) mucin dispersion in distilled
water was also prepared.

For each starch-mucin mixture, the rheological synergism (Am) was
calculated according to Hassan’s method (Hassan and Gallo, 1990). In order
to compare the interaction properties of starches having different viscosities,
the rheological synergism was normalized with respect to the viscosity of
the starch solution alone. The starches were therefore compared on the basis
of the normalized interaction parameter (Am/x).

Tensile stress tests were performed with an apparatus set up in our
laboratory. The mucoadhesive interface was formed by keeping in contact
for 3 minutes under a preload of 800 mN two filter paper discs on which
were applied 50 mg of starch solution, previously hydrated in distilled water
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to reach 25% (w/w) concentration, and 40 pL of a 4% (w/w) mucin dis-
persion or distilled water (blank measurements), respectively. Force of de-
tachment versus displacement curves were recorded and the work of adhe-
sion (AUC) was calculated. Ten repetitions were performed on each sample.

The differential parameter AAUC was calculated (as already described)
as the difference between the work of adhesion (mean value) obtained in
the presence of mucin and the work of adhesion (mean value) obtained for
the blank, which is likely to measure both the surface tensional and the
intrinsic cohesive properties of the starch sample. Because these properties
were different for the various starches, the differential parameter was nor-
malized with respect to the work of adhesion obtained from the blank mea-
surements. The starches were therefore compared on the basis of the nor-
malized interaction parameter (AAUC/AUC).

Figure 10 shows the normalized interaction parameters An/v (calcu-
lated at 100 s™") and AAUC/AUC for the three initial starches (maize, waxy
maize, and pregelatinized waxy).

For waxy and maize starches, both parameters showed negative values.
This indicates that neither starch possessed mucoadhesive properties. On the
contrary, the pregelatinized starch showed positive values for both normal-
ized rheological synergism and work of adhesion. This confirms that it had
mucoadhesive properties, as already observed by other authors (Bottenberg
et al., 1991).

Positive values for both normalized interaction parameters were ob-
served for waxy maize starch milled by means of a high-energy mill (Giu-

HAn/n
[0 AAUC/AUC

0,44

0,04

Normalized interaction parameters

0,4 . T 1
Maize Waxy Pregel. waxy

Figure 10 Normalized rheological synergism (Am/n) and normalized work of ad-
hesion (AAUC/AUC) of the two native starches (maize and waxy maize) and of
pregelatinized waxy maize starch. (From Ferrari et al., 1997b.)
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liani apparatus), as shown in Fig. 11. An increase in such parameters was
also observed on increasing milling time. No significant influence of the
cooling temperature of the grinding chamber was observed.

In Fig. 12 the results of rheological and tensile testing of waxy starch
milled with two different types of pilot scale equipment (Sweco and Ban-
tham apparatus) are compared with those of native waxy starch. In the case
of the Sweco apparatus, the influence of milling time was also investigated.
Waxy starch milled with the Sweco apparatus showed positive values for
both rheological and tensile parameters. Such parameters increased with in-
creasing milling time. On the contrary, the same starch milled with the Ban-
tham apparatus did not show mucoadhesive properties. It can be stated that
the grinding process induces mucoadhesive properties in a nonmucoadhesive
starch only if grinding is effected in high-energy mills.

Figure 13 shows the influence of spray drying on the mucoadhesive
properties of maize starch, pregelatinized starch, and waxy starch milled in
a high-energy apparatus (Sweco). Whatever the material considered, the
spray-drying process did not produce a significant modification of mucoad-
hesive properties.

As also found in previous studies, the results of rheological testing
were in line with those of tensile testing: whenever the normalized rheolog-
ical synergism was positive, positive values were also observed for the nor-
malized work of adhesion; moreover, when the rheological synergism in-
creased, an increase in the work of adhesion was observed.
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1,54

milled 6h at 20°C
milled 6h at -5°C
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0,54

native waxy maize
milled 3h at 20° C
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Normalized interaction parameters
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Figure 11 Normalized rheological synergism (An/m) and normalized work of ad-
hesion (AAUC/AUC) of the native waxy maize starch and of the same starch after
grinding by means of a Giuliani mill under different experimental conditions (cham-
ber temperature and process time). (From Ferrari et al., 1997b.)
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Figure 12 Normalized rheological synergism (An/m) and normalized work of ad-
hesion (AAUC/AUC) of the native waxy maize starch and of the same starch after
grinding by means of two different kinds of pilot scale equipment (Sweco and Ban-
tham apparatus). (From Ferrari et al., 1997b.)
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Figure 13 Influence of spray drying (+ s.d. in the figure) on normalized rheolog-
ical synergism (Am/v) and normalized work of adhesion (AAUC/AUC) of maize
starch, pregelatinized waxy starch, and waxy starch milled with Sweco apparatus.
(From Ferrari et al., 1997b.)
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The results so far illustrated demonstrate that, whenever the rheological
test is applied to homologous or similar materials, the mucoadhesive inter-
action parameters obtained from rheological measurements are somehow
validated by the results of tensile testing conducted under appropriate con-
ditions. These parameters therefore seem relevant to mucoadhesive per-
formance.

V. RHEOLOGICAL INTERACTION: INFLUENCE OF
TEST CONDITIONS

A criticism that is commonly raised about completely in vitro tests, such as
the rheological approach described here, is that the test conditions—namely
the hydration medium composition, pH and ionic strength, temperature, and
polymer and mucin concentrations—greatly influence the rheological
changes observed. For that reason, the test conditions chosen should mimic
as closely as possible the in vivo situations envisaged, keeping in mind that,
as happens for the other in vitro methods proposed (e.g., those based on
tensile testing or on surface energy analysis), the relationship with in vivo
behavior is not immediate but must be checked in every case.

Another criticism, perhaps the main one, of the rheological method is
that it requires the use of mucus or mucin samples isolated from the mucus
instead of mucous tissue. Processes of extraction, purification, and preser-
vation of the glycoprotein fraction, which is assumed to be responsible for
the interaction with polymers, can modify the native structure of mucin or
spoil it with exogenous substances. Therefore the particulars of the mucin
employed (origin, purification grade, and effect of further treatments such
as freezing or freeze drying) are likely to be critical for the interaction.

Both freshly prepared and commercial mucin samples have been em-
ployed in the literature. Both types of mucin have advantages and draw-
backs. In particular, in the case of fresh mucin, samples have to be used
within a short time after preparation. Thus, batches are necessarily small
and derive from a small number of animals, which causes batch-to-batch
variability to be high. To counter this drawback, extraction and purification
methods for fresh mucin are used and such mucin is not subjected to pres-
ervation processes, such as freezing and freeze-drying, which represent a
critical factor in the use of commercial mucins. Commercial mucins show
lower variability between batches and are ready to use.

To clarify partially the problems linked to mucin choice, we investi-
gated the influence of mucin type on the rheological interaction of two well-
known mucoadhesive polymers, sodium carboxymethylcellulose (NaCMC)
and polyacrylic acid (Carbopol 934 PH) (PAA) (Rossi et al., 1992, 1995).
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Table 6 Apparent Viscosity and Viscoelastic Moduli of 1.92% (w/w) NaCMC
Solutions Prepared in Distilled Water, in pH 7.0 Phosphate Buffer, and in pH 4.5
Acetate Buffer (Mean Values = SD, n = 3)

Medium mn (Pa s)* G' (Pa)’ G" (Pa)®

Distilled water 1.26 (£0.024) 17.3 (£3.78) 26.2 (+4.02)
pH 7.0 phosphate buffer 1.26 (£0.092) 18.5 (£3.43) 28.1 (#+3.00)
pH 4.5 acetate buffer 1.16 (x0.114) 19.2 (£1.65) 28.0 (£2.82)

*Measured at 100 s™' shear rate.
"Measured at 1 Hz frequency.
From Rossi et al. (1995).

Polymers were hydrated in media with different pH and ionic strength values
to verify the influence of degree of ionization and ion composition on rhe-
ological parameters. The following hydration media were used: distilled
water, 0.1 M phosphate buffer (H,;PO,/NaOH) at pH 7.0 (n = 0.136), and
0.1 M acetate buffer (CH,COOH/CH,COONa) at pH 4.5 (i = 0.044). The
polymer concentrations were 1.92% (w/w) for NaCMC and 0.96% (w/w)
for PAA.

Tables 6 and 7 show the apparent viscosity (measured at 100 s ' shear
rate) and the viscoelastic moduli G’ and G” (measured at 1 Hz frequency)
of NaCMC and PAA, hydrated in different media. The rheological properties
of the two polymers were differently influenced by the hydration medium.
Whereas the viscosity and viscoelastic behavior of NaCMC are not affected
by the pH and ionic strength of the hydration medium (Table 6), in the case
of PAA, both viscosity and viscoelastic moduli are higher in distilled water
than in buffers (Table 7). This is due to the sensitivity, already described in

Table 7 Apparent Viscosity and Viscoelastic Moduli of 0.96% (w/w) PAA
Solutions Prepared in Distilled Water, in pH 7.0 Phosphate Buffer, and in pH 4.5
Acetate Buffer (Mean Values = SD, n = 3)

Medium mn (Pa s)* G' (Pa) G" (Pa)®

Distilled water 4.78 (*£0.538) 496.7 (+17.05) 40.3 (£3.85)
pH 7.0 phosphate buffer 1.63 (+0.014) 254.0 (£2.83) 19.4 (*+2.49)
pH 4.5 acetate buffer 0.93 (£0.083) 222.8 (£32.3) 10.9 (+2.70)

*Measured at 100 s™' shear rate.
"Measured at 1 Hz frequency.
From Rossi et al. (1995).
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the literature (Mortazavi et al., 1992; Mortazavi and Smart, 1994), of PAA
to the pH and ionic strength of the hydration medium.

Then PAA and NaCMC were mixed with three different commercial
mucins: a purified mucin from submaxillary glands (BSMG) and two brands
of crude mucin from pig stomach (PSI and PSII). The mixtures contained
1.92% (w/w) NaCMC or 0.96% (w/w) PAA and 4% (w/w) mucin. The
polymer-mucin rheological interaction was investigated.

Figure 14 shows the rheological synergism values (Am) for the
NaCMC mixtures, hydrated in different media, with the three mucins under
examination. All the NaCMC mixtures examined showed positive rheolog-
ical synergism values. Moreover, within each type of mucin, rheological
interaction was not significantly affected by the pH and ionic strength of the
hydration medium (at least in the ranges considered). Higher synergism was
observed with bovine submaxillary mucin (BSMG) than with porcine gastric
mucins (PSI and PSII) in all the hydration media employed. Similar results
were observed for the viscoelastic interaction parameters AG’ and AG”.

In the case of PAA, because the viscosity of the polymer solutions
varied markedly from one hydration medium to another, the normalized
parameter Ar/v was considered in order to compare the results obtained
under different conditions. In Fig. 15 the normalized synergism values (Am/
m) calculated for the various PAA-mucin mixtures in different media are
given.
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Figure 14 Rheological synergism values (measured at 100 s™' shear rate) of

NaCMC mixtures with bovine submaxillary mucin BSMG, porcine gastric mucin
PSI, and porcine gastric mucin PSII in different hydration media (mean values *
SD, n = 3). (From Rossi et al., 1995.)
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Figure 15 Normalized rheological synergism values (measured at 100 s™' shear
rate) of PAA mixtures with bovine submaxillary mucin BSMG, porcine gastric mu-
cin PSI, and porcine gastric mucin PSII in different hydration media (mean values
* SD, n = 3). (From Rossi et al., 1995.)

A lack of rheological interaction (indicated by negative values for An/
M) was observed when PAA was mixed with porcine gastric mucins (PSI
and PSII) in all the hydration media considered (Fig. 15). This can be ex-
plained by the presence of ions in commercial gastric mucins. These ions,
whose presence is probably linked to mucin extraction and purification pro-
cesses, may interact with PAA macromolecules and thus cause a breakdown
in the gel network. PAA mixtures with BSMG mucin showed lack of inter-
action (An<0) when the polymer was hydrated in distilled water and a pos-
itive value for rheological synergism in buffers. The lack of interaction ob-
served in distilled water was probably due to the ions contained in the
BSMG mucin, which break down the polymer network. The PAA solutions
in buffers already showed lower viscosity values than the PAA solutions in
distilled water. The addition of ions through mixture with mucin caused no
further breakdown of the polymer network, thus allowing expression of the
interaction of polymer and mucin macromolecules. Similar results were ob-
served for the viscoelastic interaction parameters AG’ and AG”.

In the same work, one of the porcine gastric mucins (PSI) was sub-
Jected to purification and solubilization treatments such as dialysis, treatment
with a solubilizing agent, and centrifugation. Dialysis aimed at removing
ions from the mucin sample, and the other two treatments aimed at improv-
ing the solubilization of the glycoprotein fraction. The mucin concentration
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in the treated samples was assessed by a colorimetric method. The rheolog-
ical interaction between the polymers and the treated mucin was then
checked. For this purpose, polymer-mucin mixtures containing the same per-
centages of the two polymers as already cited and 4% (w/w) treated mucin
were prepared.

In Fig. 16 the rheological synergism values observed for the mixtures
(in pH 4.5 buffer) of the two polymers with the treated PSI mucin are
compared with the values obtained for the mixtures with the untreated com-
mercial mucin. In the case of PAA, mixtures with PSI mucin showed a
positive rheological interaction only when treatment included dialysis (B, C,
E). This confirms the hypothesis that the ions contained in PSI mucin and
removed by dialysis are indeed responsible for the decrease in viscosity
observed for PAA mixtures. The increase in rheological synergism was more
marked when the dialysis was accompanied by treatment with a solubilizing
agent (C) or by centrifugation (E), which removed the insoluble glycoprotein
fraction. PAA mixtures with centrifuged mucin (D) showed lack of rheolog-
ical interaction, which was due to the ions still contained in the mucin
sample.

NaCMC rheological synergism improved [with respect to the mixture
with untreated mucin (A)] when the fraction of glycoprotein in solution
increased [after treatment with SDS (C) or centrifugation (D,E)]. For
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Figure 16 Rheological synergism values (measured at 100 s™') of PAA and
NaCMC mixtures with porcine gastric mucin PSI: (A) untreated commercial mucin;
(B) dialyzed mucin; (C) mucin treated with SDS and dialyzed; (D) centrifuged mu-
cin; (E) centrifuged and dialyzed mucin (mean values = SD, n = 3). (From Rossi
et al., 1995.)
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NaCMC, which is less sensitive to pH and ionic strength of the hydration
medium, dialysis (B) did not yield any increase in synergism with respect
to the value obtained for mixture with untreated mucin (A). Although thor-
ough investigations and biochemical studies would be required to clarify
factors responsible for the variability between commercial mucins, the re-
sults obtained in this work suggest that the rheological interaction with mu-
coadhesive polymers can be affected not only by the biochemical structure
of glycoproteins but also by the way the sample is prepared (extracted,
purified, stored).

In a study by Kocevar-Nared et al. (1997), differences were observed
between the rheological properties of a commercial porcine gastric mucin
and those of mucus obtained by scraping from a washed pig stomach. With
respect to commercial mucin, the mucus was better hydrated but probably
still contained components other than glycoproteins that affected the rheo-
logical properties.

Poor knowledge and standardization of the composition of glycopro-
teins of fresh samples are probably responsible for the discrepancies ob-
served between some results reported in the literature. In particular, whereas
Mortazavi et al. (1992) observed a gel breakdown (i.e., a decrease in vis-
coelastic moduli) in mixtures containing polyacrylic acid and homogenized
porcine gastric mucus hydrated at (and below) pH 4.25, Kerr et al. (1990)
did not report any similar decrease in viscoelastic moduli in mixtures con-
taining polyacrylic acid and purified glycoproteins obtained from porcine
stomach at low pH values. The decrease in viscoelastic moduli observed by
Mortazavi et al. was attributed by the authors to the presence of other non-
glycoprotein components in the mucus gel.

In subsequent work, Mortazavi et al. (1993a) compared the rheological
behavior of polyacrylic acid mixtures with homogenized porcine stomach
mucus and with the glycoprotein fraction obtained by extraction and puri-
fication. The results obtained with purified glycoprotein fraction were similar
to those observed with homogenized mucus: a gel breakdown at lower pH
values was also observed when purified glycoproteins were used. The mucus
and the purified glycoprotein fraction were analyzed using sodium dodecyl
sulfate (SDS)-polyacrylamide gel electrophoresis for the presence of gly-
coprotein and protein fractions. The homogenized mucus contained, besides
glycoproteins, numerous other bands of carbohydrate residues, whereas the
purified glycoprotein showed only traces of these smaller molecules. The
electrophoresis, however, revealed the presence of small proteins, even in
the purified glycoprotein fraction. The authors suggested that the gel break-
down observed with both mucus and glycoprotein fraction could be due to
the presence of the low-molecular-weight proteins.
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Given these results, further investigations are needed in order to obtain
more standardized mucin samples with mechanical and rheological proper-
ties (when compared at the same glycoprotein content) more similar to those
of the native substrate.

V. CONCLUDING REMARKS

The rheological approach so far described for the evaluation of mucoadhe-
sive hydrogels represents a completely in vitro test. Like all in vitro tests,
it is of limited value as a predictor of in vivo performance. In fact, it is
commonly accepted that the in vivo relevance of the mucoadhesive character
of a polymer or system cannot be inferred from in vitro results but has to
be confirmed through in vivo data.

However, the purpose of the present chapter is not to discuss the feas-
ibility of in vitro—in vivo correlation of mucoadhesion tests but to justify
their possible use in the preliminary screening of mucoadhesive polymers
or in routine controls. Having said that, the results so far illustrated indicate
that, whenever the rheological approach has been used for screening or eval-
uating a series of homologous or similar polymers, the same rank order of
mucoadhesiveness observed with rheology has also been found with tensile
testing.

Even though the conditions of the two in vitro tests are different (in
tensile testing an interface between the polymer and the mucus layer is
artificially created, more like what happens in vivo, whereas in rheological
testing the two phases are already mixed together and no mucoadhesive
interface exists), the rank order correlation found indicates that whenever
the polymer-mucin interaction produces rheological synergism in a mixture,
gel strengthening is also observed at the corresponding mucoadhesive
interface.

Considering that tensile testing is the technique most commonly em-
ployed in screening procedures, the association established between the rhe-
ological and tensile tests provides a kind of validation of the rheological
approach, even though it does not allow us to infer any extrapolation to an
in situ or an in vivo situation.

Given these premises, why should we decide to use a rheological ap-
proach for screening or evaluating mucoadhesive polymers or gels and in
what circumstances? What are the advantages and limitations of the rheo-
logical approach with respect to more classical tensile testing, and how can
the two methods complement each other?

In choosing one or the other of the two techniques, we should take
into consideration the following points: the applicability of the technique,
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the reproducibility of test conditions, the variability of measurements, and
the information content.

Concerning applicability, the obvious difference between the two
methods is that whereas tensile testing may be carried out on solid and
semisolid (gel) systems, the rheological approach is applicable to semisolid
(gel) and liquid systems, including those with low viscosities. In fact some
authors (Albasini and Ludwig, 1995) have proposed the rheological ap-
proach for testing the mucoadhesiveness of ophthalmic solutions and their
dilutions with lacrimal fluid. Similarly, we have applied the rheological
method to evaluate the mucoadhesive properties of different viscosity grades
of hyaluronic acid at low concentrations, in view of their possible use in
rectal or ophthalmic formulations (Busetti et al., 1996). The same approach
has been used for comparing the mucoadhesive properties of ophthalmic
formulations based on hyaluronic acid, hydroxypropylmethylcellulose, and
polyvinyl alcohol (Ronchi et al., 1997).

Concerning test conditions, these are generally rather critical when
setting up a tensile test, in which many variables (sample layering or dep-
osition on mucous substrate, type and quantity of hydration medium, hydra-
tion time, preload applied to establish smooth contact, preload time, rate of
detachment at the interface, etc.) have to be optimized and fixed to obtain
reliable and reproducible results. As a consequence, the intersample varia-
bility of the measurements of force of detachment is rather high and a rea-
sonably high number of repetitions is needed to detect small significant
differences between blank and sample measurements or between two sets of
measurements.

In rheological testing, the number of variables to be set is smaller than
in the case of tensile testing. In particular, because measurements are per-
formed on already equilibrated mixtures, the composition, pH, and ionic
strength of the environment, as well as the temperature, can be carefully
controlled; the homogeneity of the polymer-mucin mixture can be checked;
the physicochemical stability of the mixture itself can easily be verified
throughout the measurements. As a consequence, the reproducibility of rhe-
ological measurements is fairly good and a smaller number of repetitions is
generally needed than in the case of tensile measurements to achieve statis-
tically significant data.

Concerning the information contents of the two methods, we can com-
ment that the detachment force measured with tensile testing (and from
which adhesion work is calculated) may not be as unambiguous as expected.
In fact, because the mucoadhesive interface is not always well defined and
the tensile fracture may occur either at the interface or inside the mucoad-
hesive layer, it is not always possible to distinguish between the adhesive
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and the cohesive components of the forces involved, which introduces a
methodological complication in tensile measurements.

The rheological approach unambiguously measures the mechanical
properties, that is, the resistance to flow and to deformation, of polymers
and tells us how they change in the presence of mucin. However, it may be
argued that it does not give any direct information about what actually oc-
curs at the interface.

It can therefore be concluded that the information contents of the two
methods (tensile and rheological) are different and complementary to each
other. This does not exclude the fact that the two measurements can be
related to each other in opportunely controlled conditions. It is also con-
ceivable that the two methods contribute to a different extent to the expla-
nation of the mucoadhesive phenomenon depending on which of the main
mechanisms are involved, that is, depending on the type of system, the
polymer, the step of adhesion, etc.

The last item we want to discuss also has to do with the information
contents of rheological testing. Confirming the assumption that secondary
bond (especially hydrogen bond) formation and physical entanglements fol-
lowing interpenetration are responsible for the mucoadhesive interactions, a
few authors have used molecular spectroscopic methods to detect new bond
formation in the presence of mucin. Moreover, some of them found a rela-
tionship between the results obtained with these techniques and the results
obtained by dynamic oscillatory rheology, which is referred to as mechanical
spectroscopy.

In particular, Kerr et al. (1990), using ’C nuclear magnetic resonance
(NMR) spectroscopy, reported interactions between the mucus glycoproteins
and polyacrylic acid as a result of hydrogen bonding involving carboxylic
acid groups of polyacrylic acid. Tobyn et al. (1992), using Fourier transform
infrared spectroscopy, have also provided evidence of hydrogen bonding
between the pig gastric mucus glycoproteins, reconstituted in USP simulated
gastric fluid, and the test mucoadhesive. Jabbari et al. (1993) developed
attenuated total reflection Fourier transform infrared spectroscopy (ATR-
FTIR) to investigate chain interpenetration at a polyacrylic acid and mucin
interface. The experimental results showed evidence in support of chain
interpenetration between polymer and mucin. Mortazavi et al. (1993b) sug-
gested the formation of hydrogen bonds between the terminal sugar residues
on the mucus glycoprotein and the mucoadhesive polyacrylic acid, using
infrared and “C-NMR. In subsequent work, Mortazavi (1995) investigated
the nature of interactions (in particular hydrogen bonding) between the mu-
cus gel and the model mucoadhesive polyacrylic acid (Carbopol 934P) using
three separate techniques: dynamic oscillatory rheology, "C-NMR, and a
tensiometer technique. He found that the addition of hydrogen bond breaking
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agents to mucus-polymer or model monosaccharide-polymer systems re-
sulted in a reduction in viscoelastic properties of polymer-mucin mixtures,
a positional change in the chemical shift of the polyacrylic acid signals, and
a decrease in mucoadhesive strength in vitro.

The experimental evidence for new bond formation provided by spec-
troscopic methods and the correlation found between rheological and spec-
troscopic methods (Kerr et al., 1990; Mortazavi, 1995) further validated the
rheological approach. In fact, even if spectroscopic methods may provide a
direct estimate of the extent of hydrogen bond formation and/or disruption,
the methods to be employed are generally demanding in terms of equipment
needed and require careful data interpretation because of the spectroscopic
complexity of mucin macromolecules and of the mucin-polymer interaction
products.

Lacking molecular spectroscopy studies, mechanical spectroscopy,
such as dynamic oscillation rheology, may provide a suitable alternative in
investigating the extent of interaction between mucus and polymer macro-
molecules. In conclusion, an accurate study of the mechanical properties
may represent a suitable surrogate for complete spectroscopic charac-
terization.
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Functional Histology of Epithelia
Relevant for Drug Delivery:
Respiratory Tract, Digestive Tract,
Eye, Skin, and Vagina

Udo Schumacher and Dietlind Schumacher
University of Hamburg, Hamburg, Germany

. INTRODUCTION

In order to interact with a cellular receptor in a target organ, a drug that is
not intravenously administered has to be absorbed and transported to the target
organ, thereby passing through tissue barriers. These barriers can prevent or
modify the uptake of this drug. Tissue barriers can even exist within an organ
and thus prevent the uptake of the drug at the target cell, as is the case in the
brain, where the blood-brain barrier prevents many drugs from entering the
brain tissue, where the target cell population of neurons are located.

In principle, the following reactions can occur at these tissue barriers:
(a) the tissue acts as a diffusion barrier, (b) the tissue can act as an enrichment
for a specific drug, and (c) a metabolic modification of the drug by the cell
can occur. All these processes are generally performed by epithelial cells or
epithelia. Epithelia cover all our external and internal surfaces and show par-
ticular morphological and functional adaptations to their protective function,
which depends on and varies according to their site. In all these different
locations epithelia use, depending on whether the function is more protective
as in the skin or more resorptive as in the intestine, the same subcellular
building blocks, enabling them to perform these required functions.

67
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Il. WHATIS AN EPITHELIUM?

Epithelia are one of the four basic tissues, the others being connective, nerve,
and muscular tissue. A tissue is an aggregation of cells of the same type
including the extracellular matrix produced by them. Organs in turn are
composed of the different tissues, and in general epithelia confer the specific
properties of a particular organ, while connective tissue gives the non—
organ-specific support, including blood and nerve supply for the epithelia.
Epithelia are different from many other tissues because of their polar-
ity. This means that two different regions of the cell can be distinguished:
the apical and the basal one. This morphological distinction between apical
and basal is also featured in functionally differing membrane domains, the
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Figure 1 General structure of an epithelial cell and modes of transport across
epithelia. The epithelial prototype cell rests on a basal lamina, and basal and apical
membrane compartments can be distinguished. Differentiation between the two
membrane compartments is possible due to the presence of tight junctions at the
apical-basolateral border. (Modified from Widdicombe, 1994.)



Functional Histology of Epithelia 69

apical and the basolateral membrane (Fig. 1). In epithelia that consist of
only one layer of cells, the basally located region of the cell membrane is
opposite the basal lamina, often also called basement membrane. It is typical
for an epithelial cell to be found in an assembly with other epithelial cells,
which then form sheets of epithelia, which are grouped and classified as
outlined in Fig. 2.

a —— @ — e

Figure 2 Principal arrangement of surface-covering epithelia into different forms
of epithelial tissue. (a) Squamous epithelium; (b) cuboidal epithelium; (c) columnar
epithelium with goblet cells characterized by their apical granules; (d) pseudostra-
tified (respiratory) epithelium with goblet cells and cilia; (e) keratinized stratified
squamous epithelium. Note that the classification of the epithelia is according to the
shape (morphology) of the uppermost layer. Beneath this layer the morphology of
the cells can be different. (Modified from Widdicombe, 1994.)
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l. WHICH DIFFUSION BARRIERS OPERATE AT THE
CELL AND TISSUE LEVEL?

The first contact a drug encounters with the cell is its membrane, which
builds up the first barrier for a substance to pass (an exception is skin, where
dead cells form the first contact zone). There are two possible choices for
crossing the epithelial membrane: (a) using the route directly through the
cell or (b) using a paracellular pathway slipping through tight junctions (see
later).

A. Cell Membrane

The transport through the cell membrane is determined by its structure. The
cell membrane consists of a lipid bilayer, in which the membrane proteins
are dissolved (Fig. 3). The two sides of this lipid bilayer differ with respect
to their composition: glycolipids are found on the extracytoplasmic side,
whereas phospholipids are found only on the intracytoplasmic side. Lipids
within the plane of the lipid film easily change their position, but transition
from one plane to the other (flip-flop) is more difficult and special translo-
cating enzymes are required to achieve this. Exceptions to this rule are
cholesterol and its derivatives, which can easily change the planes of the
lipid bilayer. This membrane asymmetry is of functional importance: the
GM, ganglioside found on the apical surface of the intestinal epithelium is
the binding partner for the cholera toxin. In addition, the carbohydrate res-
idues of glycolipids and glycoproteins can serve as binding partners for
lectins, carbohydrate binding proteins, and can therefore act as target struc-
tures in drug targeting.

B. Pathways Across Epithelia

Epithelia form the principal barriers between the environment and the inside
of the body. Small lipophilic molecules can cross the lipid bilayer, but small
hydrophilic molecules have to use channels or transmembrane transport sys-
tems. This transcellular route may be one mode of transport across an epi-
thelium. An alternative route would be through tight junctions between two
epithelial cells, the paracellular route. If substances can pass through these
tight junctions, the junctions are often referred to as “‘leaky.”’

This mode of transport across epithelia, however, is not open to larger
molecules, which cannot cross the membrane directly. They can be trans-
ported by vesicular transport. The simple form of this transport is called
micropinocytosis. Macromolecules in the fluid above the apical membrane
are incorporated in vesicles that are transported across the cytoplasm and
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Figure 3 The fluid membrane mosaic model according to Singer and Nicholson.
The membrane proteins are dissolved within the lipid bilayer. The lipids as well as
the membrane proteins are asymmetrically distributed in the membrane. Phospho-
lipids are located at the cytoplasmic sides of the membrane, while the carbohydrate
residues of glycolipids face the extracytoplasmic side of the membrane. The integral
membrane proteins, which cross the lipid bilayer, have a hydrophobic core that
enables them to span the hydrophobic inside of the membrane and can carry car-
bohydrate residues on the extracytoplasmic side of the membrane. The surface coat
of the cell is often referred to as the glycocalyx and can reach a height of about 1
pm in some covering epithelia.

are released with their content by fusion of the vesicle with the basolateral
cell membrane. The extent of this transport system for intact macromolecules
across the cell membrane may be rather limited, since most endocytotic
vesicles are likely to end up in lysosomes, where the content of the vesicles
is subject to digestion by acid hydrolases.

The other possible transport mechanism consists of endocytosis by
clathrin-coated pits and vesicles, also called receptor-mediated endocytosis.
This pathway, however, is open only to macromolecules that bind to a re-
ceptor at the apical cell surface. The receptor-ligand complexes cluster at
the cell surface and are internalized. Again, they are subject to lysosomal
degradation, but at least in theory some molecules might slip through and
can be delivered to the basolateral surface. Transport of intact macromole-
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cules with these mechanisms has been observed in M cells in Peyer’s patches
(see later).

C. Cell Junctions

Epithelial tissues are characterized by the almost complete absence of ex-
tracellular matrix; hence neighboring epithelia are in close contact with each
other. Several different junctions between epithelial cells can be distin-
guished functionally: (a) occluding junctions, (b) communicating junctions,
and (c) anchoring junctions.

There is only one type of occluding junction, the tight junction (for a
summary of the cell junctions see Fig. 4). It is located near the apical surface
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Figure 4 Principal arrangement of epithelial cell contacts: (a) zonula occludens (a
row of tight junctions); (b) zonula adherens; (c) desmosome; (d) gap junction; (e)
hemidesomosomes. (Modified from Widdicombe, 1994.)
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of epithelial sheets, where it prevents even small molecules from leaking
from one side of the sheet to the other. Hence it is of particular interest in
transport processes. In addition, it separates apical from basolateral mem-
brane domains, thus enabling epithelial cell polarity, including distribution
of receptor and transport proteins in different cell membrane domains.

Among the communicating junctions, gap junctions are of interest in
drug delivery. They consist of proteins that form tunnels between cells
through which small molecules (up to about 500 daltons) can pass between
two cells. If these molecules are ions, cells are electrically coupled. These
junctions are of greater importance for transport processes between epithelial
cells than for transport processes through cells.

Anchoring junctions link the cells mechanically. These attachment sites
also act as focal adhesion points of intracellular fibers, either actin or inter-
mediate (cytokeratin) filaments. The actin attachment sites encompass ad-
hesion belts (cell-cell) or focal contacts (cell-matrix), and the cytokeratin
attachment sites are desmosomes (cell-cell) or hemidesmosomes (cell-ma-
trix). These functions are of less importance for drug delivery purposes.

D. Basal Lamina

Epithelia rest on a basal lamina, sometimes also called basement membrane,
which is a feltlike mat composed of extracellular matrix molecules including
type IV collagen, heparan sulfate proteoglycan, laminin, and entactin. Basal
laminae are involved in the anchorage of epithelial cells to the underlying
connective tissue and also influence cell metabolism and cell differentiation
and act as a guiding structure for cell migration. Most important for drug
delivery, they act as a highly selective filter.

E. Connective Tissue

The tissue below the basement membrane is called connective tissue. This
tissue is of particular importance for drug delivery, because blood and lym-
phatic vessels, which are needed for drug transport, are located in the con-
nective tissue. The epithelia do not contain these vessels, hence drugs have
to cross through connective tissue. Whereas epithelia are characterized by
the almost complete absence of intercellular spaces, connective tissue has
abundance of extracellular matrix as its morphological hallmark. This matrix
is produced by the principal cell of the connective tissue, the fibroblast. Two
intricately interwoven components of the matrix can be distinguished: (a)
the formed substances, the fibers (collagen, reticulin, elastic), and (b) the
unformed substances, mainly glycoproteins and glycosaminoglycans. Be-
cause of their large carbohydrate component, the glycosaminoglycans form
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a hydrated gel and are important space fillers within the extracellular matrix.
This hydrated gel is negatively charged and could well function as an ion
exchange chromatography matrix within the tissue.

IV. THE RESPIRATORY TRACT

Two different but interlocking functions are performed by the respiratory
system, namely transport of oxygen and carbon dioxide and gas exchange.
The former has its morphological correlate in the conducting portions of the
airways; the latter is morphologically represented in the respiratory area of
the lungs, which makes up the bulk of the lung tissue.

A. Conducting Portions

The conducting portions consist of the nose, the pharynx, the larynx, the
trachea, and the bronchial tree, which ends at the respiratory bronchioles,
which have a respiratory function as well. These are continuous with the
alveolar ducts and alveoli, which make up the respiratory portion.

Except for the parts of the airways that are shared with the pathway
for food, all the surfaces are covered by pseudostratified ciliated epithelium.
The epithelium is pseudostratified because all cells reach the basal lamina
but the nuclei are stacked at different heights, giving at first sight the im-
pression of a stratified epithelium. The principal cells found in this respi-
ratory epithelium are the ciliated cell, the goblet cell, the brush cell, the
basal cell, neuroendocrine cells, and migrating lymphocytes and granulo-
cytes.

The ciliated cell makes up the bulk of the surface area of the airways.
The apical membrane of the ciliated cells forms numerous microvilli,
through which the cilia project into the lumen of the airways. The presence
of microvilli is a morphological correlate for increased resorption of water,
electrolytes, and other small molecules across the cell surface. Near the
apical surface, tight junctions seal the luminal surface off. Below the tight
junctions, neighboring cells are linked via desmosomes to give mechanical
strength.

Interspersed between the ciliated cells are the goblet cells. They are
characterized by an expanded apical region that is packed with mucigen
granules. When the membrane of these granules fuses with the apical plasma
membrane, the mucigen content of the granules is released onto the surface
of the epithelium, where the mucin molecules, high-molecular-weight gly-
coproteins with a high percentage of carbohydrate residues, hydrate to form
part of the mucus layer on top of the epithelium. The number of goblet cells
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decreases toward the smaller bronchi, and no goblet cells are found at the
lower end of the airways at the level of the bronchioles.

The brush cell is a slender columnar cell that lacks cilia; its function(s)
is essentially unknown, but speculations include the idea that brush cells are
depleted goblet cells or that they represent intermediate stages in the differ-
entiation between basal cells and ciliated epithelial cells. Basal cells do not
reach the lumen of the airways, and some of them represent the stem cell
population of the airway epithelium. They are of particular interest in repair
and malignant transformation processes. Neuroendocrine (Kulchitsky) cells
are rare in the bronchial epithelium and their functional role and participation
in pathological processes are equally uninvestigated. Lymphocytes and gran-
ulocytes can be found in small numbers as migratory cells in the bronchial
epithelium. Some of the granulocytes are special and resemble mast cells
because they contain metachromatic granules; they are called globule leuko-
cytes.

These cells make up the general cell population of the respiratory
epithelium with the exception of the respiratory bronchioles, which contain
the nonciliated bronchiolar cell, the Clara cell. Clara cells are the predom-
inant cell population of airways about 1 mm in diameter and hence are
located in the respiratory bronchioles of humans. The cell is characterized
by an apical bulge of its cytoplasm, which can project above the other cells
of the epithelium. It secrets a surfactant-like material and is rich in cyto-
chrome P-450, thereby contributing to drug metabolism in the lung.

The other specialization of the airway epithelium is found in the ol-
factory region of the nose, which contains the receptor cells for smell.

All the preceding epithelial cells rest on a basal lamina, which is un-
usually thick in the respiratory tract. Loose connective tissue is located be-
low this basal lamina. A delicate network of lymphatic vessels is distributed
in this layer, which is also penetrated by blood vessels. Seromucous glands
are located in this lamina propria and their secretions contribute considerably
to the surface lining fluid of the airways.

B. Respiratory Portion

The respiratory portion consists of respiratory bronchioles (see earlier), al-
veolar ducts, and alveoli. The latter two are covered by type I and type II
alveolar cells. The fype I cell is also called the squamous alveolar cell; it
covers about 90% of the surface area of the alveoli. Except for the area of
the nucleus, the cell is just 0.2 pm thick and has a smooth surface. It is
linked via occluding junctions to the neighboring cells, which can be either
of the same type or type II cells. Type II cells, or great alveolar cells, are
generally located in the angle between neighboring alveolar septa. They are
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thicker than type I cells, their apical surface is covered by small microvilli,
and their cytoplasm contains numerous granules called lamellar bodies. The
content of the granules, surfactant, a phospholipid- and protein-containing
fluid that reduces the surface tension in the alveoli, is secreted by exocytosis.
The diffusion barrier for oxygen and carbon dioxide consists of the surfac-
tant overlying a type I or type II cell, the basal lamina of these cells, a small
area of extracellular matrix, the basal lamina of the endothelium, and the
endothelial cells. In many parts, no extracellular matrix is present between
the two basal laminae, so they are fused. Macrophages are present within
the alveoli.

C. Histophysiological Considerations for Drug Delivery

A few morphological and functional aspects of the respiratory system are of
interest from the drug delivery point of view. The general morphology of
the surface epithelium of the nose is outlined as above; however, the sub-
mucosa of the nose is characterized by a particularly rich vascular network
with large venous plexuses. This transport capacity makes the nasal epithe-
lium ideal for the delivery of small bioactive peptides, which are transported
through this epithelium without apparent loss of function.

Another important aspect for drug delivery is the presence of muco-
ciliary clearance. Mucins are high-molecular-weight glycoproteins that are
well hydrated. Because some of the terminal carbohydrate residues of the
mucins are negatively charged, they can serve as an absorptive matrix. By
the constant beat of the cilia, which is directed toward the nearest orifice,
inhaled substances that are trapped in the mucus are expelled. Because of
the large gas exchange area (140 m®) and the small diffusion barrier, the
lung is ideally suited for drug delivery. If drugs have to be delivered to the
respiratory area of the lung, however, it has to be borne in mind that the
size of the inhaled particles is of critical importance in reaching these deep
compartments of the lungs.

V. THE DIGESTIVE TRACT

The digestive tract is a hollow tube that consists of several layers. The
principal layers are the same throughout the whole gastrointestinal tract;
however, modifications according to the different functions of a particular
organ are obvious. The main functions are food digestion and absorption of
nutrients, and because these functions take place in or near the lumen, all
major changes in the structure of the gastrointestinal tract are found in the
layer that borders the lumen and is called the mucosa. The following layers
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are the submucosa, the tunica muscularis, and the serosa; the last one is
absent in some parts of the gastrointestinal system. In the context of drug
delivery, only the mucosa and submucosa are of interest, which will be
considered further. The mucosa consists of (a) a surface epithelium, which
rests on a basal lamina; (b) a small strip of loose connective tissue called
the lamina propria, and (c) a thin layer of longitudinally oriented smooth
muscle cells called the muscularis mucosae.

A. The Mouth and Esophagus

The oral cavity is the chamber in which food is mechanically frag-
mented by chewing and lubricated by saliva. This places a relatively high
mechanical stress on the superficial epithelium, which is stratified squamous
throughout and contains abundant tonofilaments. It does not keratinize, and
no zonation such as that characteristic of the skin is seen. In contrast to the
skin, the top layers contain condensed nuclei and seem to be viable. Occa-
sionally, Langerhans cells, which are involved in antigen priming, are found
within the epithelium. The underlying connective tissue, the lamina propria,
differs in its thickness and degree of mobility from region to region. The
gingiva differs from this epithelium and shows a stratum basale, stratum
spinosum, stratum granulosum, and stratum corneum, which keratinizes.

From the drug delivery point of view, the thin nonkeratinized epithe-
lium covering the floor of the mouth and under the tongue is more permeable
than the other epithelia of the oral cavity. Nitroglycerin and other low-mo-
lecular-weight components can be administered in this way, thus avoiding
first-pass effects in the liver. Mucins and digestive enzymes secreted from
large and small salivary glands into the lumen of the oral cavity may also
influence drug delivery, as does the contact time of the drug in the oral
cavity.

The esophagus is a hollow tube connecting the pharynx with the stom-
ach and is lined by the same type of stratified squamous epithelium as found
in the oropharynx. Stratum germinativum, stratum spinosum, and stratum
corneum with a few keratohyalin bodies can be distinguished. Esophageal
glands add their secretions as lubricants into the lumen of the esophagus.
Because of the short transit time of the food bolus, the esophagus is of little
interest from the drug delivery point of view.

B. The Stomach

The main function of the stomach is to break down the ingested food en-
zymatically. This is achieved by digestive enzymes, which are secreted into
the lumen of the stomach. The digestive juice inside the stomach has a pH
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of about 1. This low pH serves two main functions: (a) it destroys bacteria
and other pathogens that have been swallowed and (b) it acts as an activator
of the digestive enzymes.

Because of the aggressive nature of the stomach juice, several protec-
tive mechanisms have to be employed by the stomach to protect itself and
the surrounding structures of the gastrointestinal tract from autodigestion.
Both the entrance region of the stomach, the cardiac region, and the exit
region, the pylorus, differ in their fine structure from the main part of the
stomach, the fundus and body. The surface epithelium of the stomach is the
same throughout. The mucosa of the stomach is folded; the height of the
folds depends on the degree of filling. The surface lining epithelium consists
of a single layer of columnar cells that have a few microvilli on their apical
surface. The apical membrane including the microvilli is covered by a con-
spicuous glycocalyx on the luminal surface. Above this layer, the cells are
covered by a blanket of mucus, which is part of the protective system against
the aggressive luminal content. The apical portion of the surface lining
epithelium is rich in mucigen granules. The cells are linked together by tight
junctions and desmosomes.

The surface of the epithelium is regularly pierced by the openings of
the gastric glands. The infoldings of the surface where the gastric glands
terminate are called the gastric pits. The gastric glands of the body and
fundus region contain different cell populations, which are responsible for
the regeneration of the epithelium, the production of digestive enzymes, and
the secretion of hydrochloric acid. Because only protective and not digestive
functions have to be carried out in the cardia and pylorus, their glands are
different. Hence these glands consist mainly of mucin-producing cells.

From a drug delivery point of view, the stomach is of little interest
because its morphological specializations are geared toward protection and
not absorption. The presence of mucins, which can serve as absorbing ma-
trices, and the acidic pH combined with proteolytic enzymes make this re-
gion rather hostile for drug delivery purposes.

C. The Small Intestine

The main function of the small intestine is the absorption of nutrients. In
order to achieve this, an increased surface area is created at the gross ana-
tomic level by the formation of mucosal folds, the plicae circulares; at the
tissue level by the formation of crypts and villi; and at the ultrastructural
level by the formation of microvilli. To facilitate absorption, the gut is lined
by a single layer of columnar epithelium. Mainly three types of cells are
found in the epithelium: enterocytes (absorptive cells), goblet cells, and en-
teroendocrine cells.
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The cells specialized for absorption are the enterocytes. Their apical
surface consists of densely packed microvilli, which are covered by a well-
developed glycocalyx. The cells are linked together by tight junctions just
below the apical surface, followed by desmosomes, which form a continuous
band around the whole cell. This junctional complex functions not only to
seal the lumen off from the inside of the body but also to provide the
separation between apical and basolateral membrane domains. The separa-
tion is necessary because the apical domain contains several digestive en-
zymes, such as leucine aminopeptidase, sucrase, lactase, and maltase, which
break down dietary components into building blocks such as hexoses. These
building blocks (monosaccharides, amino acids) are transported across the
membrane by carrier proteins, which are also located in the apical mem-
brane. The building blocks cross the cells and are transported away by the
capillaries and veins, which ultimately drain into the portal vein, so all blood
drained from the small intestine passes through the liver first.

Fat is absorbed in a different way. Free fatty acids and monoglycerides
(products of lipid digestion by pancreatic lipase in the intestinal lumen)
combine with bile salts to form micelles, which diffuse across the lipid
bilayer of the plasma membrane. Both are resynthesized in the smooth en-
doplasmic reticulum to triglycerides, which are subsequently transported to
the Golgi apparatus. Here the lipids are converted into chylomicrons, com-
plex glycolipoprotein complexes, which are released into the lateral cleft
between the lower two thirds of the enterocytes. These chylomicrons are
transported via the lymphatics to the thoracic duct, where they enter the
systemic circulation.

The goblet cells are mucin-producing unicellular glands of the intestine
that are intercalated between the enterocytes. The goblet cells are integrated
into the tissue formation via tight junctions and desmosomes in the same
way as enterocytes. The mucin released by the goblet cells forms part of
the mucus blanket covering the epithelia.

Scattered between these two cell populations are enteroendocrine cells.
These cells release hormones, which can modify the local environment and
can influence the activity of the bowel movements. In the initial part of the
small intestine of some species, including humans and rodents, Paneth cells
are located at the base of the crypts. They secrete lysozyme, and their num-
ber is dependent on the bacterial colonization of the gut.

A particular morphological specialization of the gut immune system is
located in the terminal ileum, Peyer’s patches. They consist of aggregated
lymphatic follicles, which bulge the covering epithelium into the gut lumen.
This specialized dome epithelium contains M cells, which contain lympho-
cytes in their basal pockets. These cells are specialized for processing of
luminal antigens and are involved in the afferent part of the intestinal im-
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mune response. M cells can also be found in the epithelium covering single
follicles that are scattered throughout the intestinal tract. Their precise role
in priming of the immune response, however, needs to be clarified, in par-
ticular how many of its functions can also be performed by normal
enterocytes.

These cell populations rest on a basement membrane, followed by a
small layer of connective tissue. The connective tissue is particularly well
developed in the core of the villi, where large lymphatic and blood vessels
are located to facilitate the transport of the ingested nutrients. Below the
thin layer of connective tissue at the base of the crypts, the final layer of
the mucosa, a thin layer of smooth muscle fibers called the lamina muscu-
laris mucosae borders the submucosa, which consists of loose connective
tissue. The submucosa is similar in structure in the small and large intestine
except for the duodenum, where Brunner’s glands are located in the sub-
mucosa. These glands deliver a mucin via a specialized duct to the base of
the crypt. The other layers of the gut wall are not of particular interest with
respect to drug delivery and will not be described in detail.

D. The Large Intestine

The main function of the colon is absorption of water and electrolytes. The
principal cell populations, namely enterocytes, goblet cells, and enteroen-
docrine cells, are the same as in the small intestine. The main difference
between large intestine and small intestine at the tissue level is the absence
of villi in the former. At the cellular level, the main difference is the ratio
of enterocytes to goblet cells, which is shifted toward the goblet cells in the
colon.

E. Histophysiological Considerations for Drug Delivery

The large surfaces of the small and large intestine are ideal for drug delivery,
and oral application of drugs is widely used. New drugs and vaccines that
target particular cell populations such as the M cells are under development.
Although the enterocytes seem to be of a uniform character, this is not so.
A gradient from crypt to villus and from duodenum to rectum in the distri-
bution of membrane receptors and mucin composition exists and can influ-
ence absorptive processes. In addition, the gut content in terms of both diet
and microbial flora can modify the gut structure and hence its absorptive
properties.

The transport of particulate matter across the gut mucosa has gained
renewed interest, as has the role of M cells in the gut immune system. In
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addition to absorption of small molecules through membrane carriers and
channels, absorption of larger molecules through endocytosis is theoretically
possible. This can happen as micropinocytosis or via clathrin-coated pits and
vesicles (particularly in M cells). The extent to which these mechanisms
contribute to uptake of macromolecules in the gut and its biological signif-
icance are still unclear.

VI. THEEYE

The parts of the eye that are of interest for drug delivery purposes are the
epithelium covering the anterior surface of the cornea and the epithelia of
the inner surface of the eyelids and their accessory structures. The stratified
squamous corneal epithelium is about six layers thick. The cells in the outer
layer are linked together by zonulae occludentes, and their apical membranes
form a system of apical ridges or microplicae. The epithelia rest on a fibrillar
lamina, Bowman’s membrane, which forms the border to the stroma below.
The cornea itself is avascular, and this lack of blood vessels explains why
no graft rejection occurs after corneal transplantation into an allogeneic host.
Hence, the cornea is not of interest for systemic drug delivery.

The outer surface of the eyelids is covered a stratified squamous epi-
thelium, which is modified at the margin of the eyelid to form the palpebral
conjunctiva, which is continuous with the bulbar conjunctiva. The recesses
between the two conjunctivae are called the superior and inferior fornices,
respectively. The conjunctival sac is the space between the eyelids and is
continuous with these fornices. In comparison with the outer layer of the
eyelids, the layers of the conjunctival epithelium become fewer and super-
ficial cells become low cuboidal. Interspersed in this epithelium are goblet
cells, which produce a mucin that is of great importance in maintaining the
tear film over the eyes. Both the lacrimal glands located in the upper lateral
side of the eyeballs and small accessory lacrimal glands called tarsal lacrimal
glands secrete into the conjunctival sac. On the medial side of each eyelid,
the tear fluid accumulates temporarily in the lacrimal lake, which is drained
via the nasolacrimal duct into the nose. The epithelium of the sac and duct
is a tall columnar pseudostratified epithelium.

Local drug delivery is of prime importance in a number of ocular
diseases such as glaucoma. In addition, devices have been constructed to
deliver drugs over extended periods of time to allow even systemic drug
delivery at this site. The challenge to drug delivery at this site is the con-
tinuous washing of the absorptive surfaces by the tear fluid. Enhanced at-
tachment of drugs to the resorptive surfaces would be of great benefit. This
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has limitations, however, because the continuous production of a covering
tear film is necessary for proper functioning of the eye.

VIl. THE SKIN

Because of its large surface area, the skin is one of the largest organs of the
body. Its main functions are protection against desiccation and injury and
an important role in thermoregulation and water balance. Two principal lay-
ers are distinguished: the epidermis, which is the surface layer, and the
dermis or corium, which is a subadjacent connective tissue layer.

The principal cell of the skin is the keratinocyte. It is stacked in several
layers to form the keratinized squamous stratified epithelium. The layers are
stratum basale, stratum spinosum, stratum granulosum, stratum lucidum, and
stratum corneum. The keratinocytes of the basal layer rest on a basal lamina,
which is the border to the dermis below the epithelial layer. The cells are
cuboidal to low columnar and mitosis is regularly encountered in this layer
(hence sometimes stratum germinativum: the transit time to the top layer is
20-30 days). The cells in the stratum spinosum are densely interdigitated
and tightly connected with each other by desmosomes. Cytokeratin filaments
end in these desmosomes. Lamellar membrane-bound granules are also pres-
ent in the cytoplasm. Three to five layers of keratinocytes form the stratum
granulosum. Its name is derived from the presence of keratohyalin granules
in the cytoplasm of the cells in this layer. They contain a lipid-rich substance
that is not delineated from the surrounding cytoplasm by a limiting mem-
brane, hence cytokeratin bundles can be incorporated in their periphery. The
granules are exocytosed and their content forms a coating of the cell mem-
branes. Because of this lipid-rich coating, the extracellular space increases
from less than 1% in the lower layers of the epithelium to 5-30% of the
tissue volume in this layer. This waterproof lipid layer is the major diffusion
barrier in the skin.

The stratum lucidum is usually identifiable in the thicker regions of
the skin. It consists of about five rows of very flat cells, which are lightly
stained. The nuclei start to degenerate in the outer part of this layer. The
stratum corneum consists of several layers of flattened, dead cells that des-
quamate in the top layers. The thickness of these layers in general, but
particularly in the stratum corneum, varies considerably according to the
mechanical stress placed on them. Hence the epithelium on the sole of the
feet has the thickest layer and the skin is much thinner in the areas of the
eyebrows. Another feature is the presence of hairs, which also varies con-
siderably between the different regions. In contrast, scattered Langerhans
cells, which are part of the accessory cells of the immune system and are
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involved in the priming of T cells, are present throughout the whole epi-
dermis. Melanocytes and Merkel cells are also present in the skin but have
no apparent role in drug delivery and hence are not considered further.

From the drug delivery point of view, water-soluble macromolecules
cannot traverse the lipid barrier in the stratum granulosum; principally lipids
and lipophilic substances can cross this barrier.

Vili. THE VAGINA

Typical stratified squamous epithelium with an underlying lamina propria
makes up the mucosa of the vagina. The height of the epithelium varies
according to the phases of the menstrual cycle: about 45 layers in the fol-
licular phase and 30 in the luteal phase. The superficial layer undergoes little
keratinization but contains a few keratohyalin granules. Glycogen deposits
are found in these cells in midcycle. Glycogen from exfoliated cells is bro-
ken down by the bacterial flora, thus creating a low pH in the lumen of the
vagina, which has antimicrobial properties. These glycogen deposits are in-
fluenced by estrogens; hence the pH of the vaginal fluid is lowest at mid-
cycle. Administration of estrogen leads to an increased amount of glycogen
in the epithelium, which leads to a decrease of the intravaginal pH and may
thus be a measure to influence it. Lamellar intercellular lipid deposits and
the formation of tight junctions contribute to the functionally observable
barrier for water-soluble macromolecules. Langerhans cells are present be-
low this permeability barrier.
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Il. INTRODUCTION

Throughout the body, the internal epithelial cell surfaces are lined by an
important protective and lubricating gel of “sticky’’ viscous mucus, secreted
from both nonspecialized and specialized (goblet) epithelial cells. As well
as forming a diffusion barrier between the luminal substances (including
ions, nutrients, proteases, drugs, and toxins) and the cell surface, mucus
functions to bind bacteria, parasites, and viruses and may play important
roles by interacting with and modulating the immune response, inflamma-
tion, and tumorigenesis. The physical and chemical properties of mucus had
been poorly understood until recently, but rapid progress has been made in
the last 5 years in this state-of-the-art fast-moving research field. This chap-
ter will focus on the biochemical and functional aspects of the mucus barrier,
chiefly a function of the high-molecular-weight mucus glycoproteins called
mucins, including current knowledge of the genomic organization of mucins,
the structural properties of the apomucin core peptides, control of mucin
glycosylation, the mechanisms of secretion, and the role of mucins as rec-
ognition molecules relevant to epithelial disease.

Il. MUCUS COMPOSITION

The gel-forming properties of mucus are due to the presence of mucins,
giant glycoproteins with a relative molecular mass range of 1-40 X 10°
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daltons. Mucins possess a linear protein core, typically of high serine and
threonine content, that is heavily glycosylated by oligosaccharide side chains
that contain blood group structures. These oligosaccharide chains account
for 50-80% of the dry weight of mucins and are initiated by N-acetylga-
lactosamine that is O-linked to serine or threonine in the protein core. Mu-
cins should not be confused with mucopolysaccharides, an obsolete term
used to describe tissue glycosaminoglycans such as chondroitin, dermatan,
heparan, and keratan, which contain iduronic or glucoronic acid.

Mucins may be classified into two classes, membrane-bound and se-
cretory forms. The membrane-bound mucins possess a hydrophobic mem-
brane-spanning domain, are attached to cell surfaces, and may play impor-
tant roles by modulating, for example, immune response, inflammation, and
tumorigenesis (Varki, 1993; Springer, 1994; Hounsell et al., 1997). Evidence
has suggested that the increased expression of cell surface mucins, such as
the sialomucin MUC!1 (episialin), may also affect cell-cell and cell-matrix
interactions, functioning to shield epithelial cell surface receptors and anti-
gens in certain pathological conditions (Hilkens et al., 1995; Wesseling et
al., 1996). A study has identified a novel 230-kDa membrane-bound mucin-
like glycoprotein (gp230) distinct from MUC1 and CD44 in oral and cervical
squamous epithelia, with loss of expression occurring with progression to
neoplasia (Nielsen et al., 1997b).

Secretory mucins are secreted from both mucosal absorptive epithelial
cells and specialized goblet cells. They constitute the major component of
mucus gels of the gastrointestinal, ocular, respiratory, and urogenital sur-
faces. The “bottle brush’’ arrangement of oligosaccharides around the pro-
tein core, as described by Lamont (1992), allows the mucin to bind large
amounts of water, resulting in a gel that expands rapidly after secretion into
the intestinal lumen. This gel not only constitutes a physical barrier and
lubricant but also generates a protective diffusion barrier for the underlying
epithelium. This effect is particularly important in the stomach, where the
low pH also increases mucus viscosity at the lumenal surface (Bhaskar
et al., 1991). Mucus also acts as a free radical scavenger, partly as a con-
sequence of its ability to bind lipids (Gong et al., 1991). Important constit-
uents secreted in mucus include growth factors, such as epidermal growth
factor (EGF) (Wright et al., 1990) and trefoil peptides (Wright et al., 1993),
both secreted by the specialized mucus-secreting cells found as an adaptive
phenomenon adjacent to areas of ulcerated mucosal tissue that may be im-
portant in maintaining the barrier function of the mucosal surface, enhancing
cell migration, and facilitating healing after injury. The trefoil peptides have
also been speculated to play a role in aggregation of mucins, acting as a
putative link peptide (Sands and Podolsky 1996). Other mucus constituents
include secretory immunoglobulin A (IgA), lysozyme, lactoferrin, o-anti-
trypsin, dialyzable salts, and N-glycosylated glycoproteins. A 60-kDa stress
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(heat shock) protein is also secreted with mucus, functioning as a chaperone
molecule associating with mucin and possibly aiding in its synthesis and/or
secretion (Winrow et al., 1993). A mucin-associated protease inhibitor has
been described and sequenced (Van-Seuningen et al., 1989) and may well
have an important role in protecting the epithelium.

The physical and chemical structure of mucins themselves is becoming
better understood; at least nine different protein core (apomucin) sequences
have been identified. The genes are differentially expressed in different tis-
sues and in different disease states but all share the common feature of con-
taining tandem repeats of DNA sequence, which lead to tandem repetition of
amino acid motifs. These tandemly repeated domains can constitute 50% or
more of the mucin polypeptide. They vary in sequence and in length but
typically have high content of serine and threonine, which are the sites for
O-glycosylation. Genetic variation in the number of tandem repeats is a com-
mon feature of mucins and may be of functional significance in mucosal
disease.

The O-linked chains are always initiated by N-acetylgalactosamine, o-
linked onto serine or threonine, but further extension of the oligosaccharide
chain (up to 15 or more carbohydrates) is characterized by enormous vari-
ation in monosaccharide composition (i.e., glucose, galactose, N-acetylglu-
cosamine, N-acetylgalactosamine, and fucose), branching, linkage, substi-
tution by ester sulfate or sialic acid (N-acetylneuraminic acid), or
O-acetylation of the sialic acids themselves. This leads to much greater poly-
diversity than would be achievable with similar numbers of amino acid
residues. Fully glycosylated, each mucin chain with a relative molecular
mass range of 1—4 X 10° daltons probably contains 150 or more O-linked
oligosaccharides and thereafter can assemble into structures of relative mo-
lecular mass range 5—-40 X 10° daltons (Carlstedt et al., 1993; Sheehan et
al., 1996). Indeed, most of the mucin core is so protected by glycosylation
that it is resistant to protease attack, but mucins vary considerably in the
size of subunits that are released by protease digestion. In contrast to other
cellular or plasma glycoproteins, in which the majority of oligosaccharides
are initiated by N-acetylglucosamine N-linked to asparagine residues, mucins
contain only a few N-linked oligosaccharides, added before O-glycosylation
can proceed (Strous and Dekker 1992), but they are particularly present in
the cysteine-rich N- and C-terminal nonrepetitive domains that flank the
tandem repeat sequences (Gum et al., 1992; Bobek et al., 1993).

A. Similarities Between Epithelial Mucins and
“Endothelial”’ Mucin-Like Glycoproteins

Not all O-glycosylated glycoproteins are mucins. Mucin-like glycoproteins
(proteins with 20—55% proline, serine, and threonine composition and 40—
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80% of their mass as O-linked oligosaccharides) have also been found in
nonepithelial tissues that are not barrier tissues. They can act both as a
selective barrier protecting the cell and in the adhesion cascade initiating
the process of inflammation, serving as ligands for selectins, and are in-
volved in lymphocyte trafficking (Shimizu and Shaw, 1993; van Klinken et
al., 1995). These transmembrane or membrane-associated mucin-like gly-
coproteins include CD34, CD45, CD96 (TACTILE), glycosylation-depen-
dent cell adhesion molecule 1 (GlyCAM-1), mucosal addressin cellular ad-
hesion molecule 1 (MAdCAM-1), and P-selectin glycoprotein ligand
(PSGL-1). Another membrane-associated mucin-like molecule, leukosialin
(CD43) present on leukocytes, has been reported to be synthesized and se-
creted into the medium by a colon cancer cell line (Baeckstrom et al., 1995).
Unlike the epithelial mucins, the endothelial/leukocyte mucins possess little
or no tandem repeat sequence structure in their proline-, serine-, and thre-
onine-rich domains (with the exception perhaps of CD43 and PSGL-1); how-
ever, they do share similar biochemical properties with the epithelial mucins,
a function of their high degree of O-glycosylation.

. EPITHELIAL MUCIN GENES, APOMUCIN
STRUCTURE, AND TISSUE EXPRESSION

To date, nine different human epithelial mucin (MUC) genes have been
identified, each of which contains distinct tandemly repeated sequences that
encode (apo)mucin core polypeptides (MUC). MUCI is a membrane-bound
epithelial mucin, whereas MUC 2 to 8 are secretory gel-forming mucins
(Table 1). However, only three mucin complementary DNAs (cDNAs) have
been fully sequenced, these being MUCI, 2, and 7.

A. MUC1: A Membrane-Bound Epithelial Mucin Unable to
Form a Gel in Solution

The MUCI] gene, the first to be discovered, was localized to chromosome 1
within the region 1q21-24 (Swallow et al., 1987). MUCI encodes a mem-
brane-bound polymorphic epithelial mucin (PEM/PUM) that is 300-600
kDa in its fully glycosylated form, with an extracellular domain containing
20 to 80 (depending on the allele) 20-amino-acid tandem repeat peptide
sequences rich in potential O-glycosylation sites (serine and threonine resi-
dues; see Table 1), a short 31-amino-acid transmembrane domain, and a 69-
amino-acid cytoplasmic “‘tail’’ that may interact with cytoskeletal actin fil-
aments (Gendler et al., 1990; Lan et al., 1990). MUC/ is highly expressed
on apical membranes of the lactating mammary gland, pancreas, bronchus,
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salivary gland, prostate, and uterus (Gendler and Spicer, 1995). MUCI is
only sparsely expressed in the small intestine and colonic epithelium, al-
though higher expression in the colon can be detected by immunohisto-
chemistry following a-fucosidase treatment to reveal the antibody epitope
(Bara et al., 1993).

B. MUC2 AND MUC3: The Major Secreted
Intestinal Mucins

Both genes encode secreted intestinal mucins (Gum et al., 1989, 1990) and
are localized to chromosomes 11p15 and 7q22, respectively (Griffiths et al.,
1990; Fox et al., 1992). Whereas MUC2 has been completely sequenced,
only a partial sequence of MUC3 is known. MUC2 possesses two different
tandem repeat motifs, one 23 amino acid residues in length (approximately
100 in total), rich in threonine (potential O-glycosylation sites), and a smaller
7 to 40 (mean 16) amino acid imperfectly conserved tandem repeat, toward
the apomucin N-terminus (Toribara et al., 1991). MUC2 also possesses
unique cysteine-rich subdomains located both upstream and downstream of
its central repetitive region, and these are likely to be involved in the po-
lymerization of MUC2 into biopolymers via intramolecular S—S bonds, as
well as the expected linear end-to-end biopolymers (Gum et al., 1992).
MUC? is expressed in jejunum, duodenum, ileum, and colon and to a lesser
extent in the gallbladder and bronchus (Gambus et al., 1993).

MUC3, which contains tandem repeat peptides of 17 amino acids
(Gum et al., 1990) and has an EGF-like motif in its C-terminal cysteine-
rich domain, may also not polymerize although the entire sequence is not
known. MUC3 is expressed in jejunum, ileum, colon, gallbladder, and pan-
creas (Gambus et al., 1993; Audie et al., 1993; Balague et al., 1995). The
lack of MUC?2 and MUCS3 in the normal stomach may indicate that the major
secreted gastric mucin is structurally adapted for resistance against acid,
while the presence of high levels of MUC3 in gallbladder epithelium and
intestine perhaps indicates that this mucin is more protective against bile
salts. A study demonstrated that MUC2 and MUC3 show differences in their
intracellular localization (MUC?2 in intestinal goblet cells and MUC3 in both
goblets and absorptive cells lacking secretory granules) and provides evi-
dence for the existence of a maturational gradient for MUC3 but not MUC?2,
reflecting possible functional differences between the two (Chang et al.,
1994a).

C. MUCA4: A Tracheobronchial Secretory Mucin

MUC4 ¢cDNA cloned from tracheobronchial mucosae contains 39 sequence
repeats of 48 base pairs each sequence encoding a serine- and threonine-



90 Campbeli

rich tandem repeat domain (Porchet et al., 1991) and the gene is localized
to chromosome 3 (Gross et al., 1992) (see Table 1). MUC4 is found to be
strongly expressed in the bronchus, prostate, and endocervix (particularly in
the luteal phase of the ovulatory cycle). MUC4 is also expressed in all
regions of the gastrointestinal tract except for the gallbladder and submax-
illary glands (Porchet et al., 1995; Ogata et al., 1992).

D. MUCS5(AC and B): Two Major Secretory Mucins of the
Tracheobronchus, Salivary Glands, and Stomach

MUCS5 cDNAs were originally cloned from a tracheobronchial cDNA library
and divided into three distinct groups of nonoverlapping clones, namely
MUCSA, B, and C (Aubert et al., 1991). The data now indicate that MUC5A
and MUCS5C are part of the same gene, now called MUC5AC, which is
distinct from MUCS5B (Guyonnet-Duperat et al., 1995), with both having
been mapped to chromosome 11pl5 (Nyugen et al., 1990; Dufosse et al.,
1994).

Sequence data have demonstrated that MUCSB contains four super-
repeats of 528 amino acids each comprising 11 repeats of the irregular tan-
dem repeat sequence of 29 amino acid residues (the most common amino
acid sequence is shown in Table 1) with a cysteine-rich subdomain similar
to those of MUCSAC and MUC2 (Desseyn et al., 1997). The superrepeat
present in MUCSB is the largest ever determined in a mucin gene, and the
central exon is the largest reported for a vertebrate gene. MUCSB is strongly
expressed in the bronchus, endocervix, pancreas, and the acinar cells of the
salivary glands (Audie et al., 1993; Balague et al.,, 1995; Neilsen et al.,
1997). Two glycoforms of the MUCSB mucin have been demonstrated in
human respiratory mucus with evidence for a cysteine-rich sequence re-
peated within the molecule (Thornton et al., 1997).

MUCS5AC is characterized by 24-base-pair tandem repeat sequences,
each encoding the eight-amino-acid peptide motif (see Table 1), and is ex-
pressed predominantly in the trachea, the gastric (fundic and antral) epithe-
lial mucosae, and also the uterine endocervix (Audie et al., 1993; Porchet
et al., 1995). MUCS5AC has 3’ end cystiene-rich clusters and a similar car-
boxyl terminus domain apparently homologous to pre-pro von Willebrand
factor and MUC2 (Klomp et al., 1995; Lesuffleur et al., 1995).

E. MUCE6: A Major Secretory Mucin of the Stomach

MUCS6 is one of two gastric mucin cDNAs described by Toribara et al.
(1993). The other gene was previously described in tracheal mucosae (i.e.,
MUCS5AC). The tandem repeat unit of MUC6 consists of 169 amino acid



Table 1

Characteristics of Human Mucins®

High-level Gel vWEF-like
Mucin expression Chromosome Tandem repeat (amino acids) forming domains®
MUCI Breast 1q21-24 GSTAPPAHGVTSAPDTRPAP (20) No No
(PEM) Pancreas
MucC2 Intestine 11pl5 PTTTPITTTTTVTPTPTPTGTQT (23) Yes Yes
Tracheobronchus PPTTTPSPPTTTTTTP (imperfect repeat, average 16)
MUC3 Intestine 7q22 HSTPSFTSSITTTETTS (17) Yes ?
Gallbladder
Pancreas
MUC4 Tracheobronchus 3q29 TSSASTGHATPLPVTD (16) Yes ?
Colon
Uterine endocervix
MUCS5A/C Tracheobronchial 11p15 TTSTTSAP (8) Yes Yes
Stomach
Uterine endocervix
Ocular
MUCS5B Tracheobronchial 11p15 SSTPGTAHTLTVLTTTATTPTATGSTATP (29) Yes Yes
Salivary (MG1)
MUC6 Stomach 11pl5 SPFSSTGPMTATSFQTTTTYPTPSHPQTTLPTHVPP Yes Yes
Gallbladder FSTSLVTPSTGTVITPTHAQMATSASIHSTPTGTIP
PPTTLKATGSTHTAPPMTPTTSGTSQAHSSFSTAK
TSTSHTHTSSTHHPEVTPTSTTTITPNPTSTGTSTPV
AHTTSATSSRLPTPFTTHSPPTGS (169)
MUC7 Salivary (MG2) 4q21.2 TTAAPPTPSATTPAPPSSSAPPE (23) No No
MUCS Tracheobronchus 12q24.3 TSCPRPLQEGTPGSRAAHALSR Yes ?

Reproductive tract

RVHELPTSSPGGDTGF (41)
TSCPRPLQEGTRY (13)

*Possible O-glycosylation sites of the apomucin tandem repeat amino acid sequences are shown in bold type. Single-letter symbol abbreviations
for amino acids are used. VWF, von Willebrand factor; PEM, polymorphic epithelial mucin.
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residues and possesses at least three cysteine-rich domains similar to those
seen in MUCS5AC. High expression of MUC6 has been demonstrated in the
gastric glands, the gallbladder (Toribara et al., 1993), Brunner’s glands of
the duodenum, and seminal vesicles (Bartman et al., 1997). Weak expression
was noted in the ileum, the colon (Toribara et al., 1993), and the endocerv-
ical and basal endometrial glands (Bartman et al., 1997). MUC6 is expressed
by 18-20 weeks of gestation, and the tissue distribution suggests that its
primary function is protection of vulnerable epithelial surfaces from dam-
aging agents such as gastric acid, bile, and proteases (Bartman et al., 1997).
MUC6 and MUCSAC represent major secretory mucins in the stomach and
are localized to distinct cell types (Ho et al., 1995a; De Bolos et al., 1995).
MUCE6 is localized to neck mucous cells of the fundus and antrum and may
be a soluble mucin functioning to protect the glands locally from digestion
or may be secreted to bind bacteria to be eliminated from the stomach. In
contrast, MUCSAC is expressed in and released from the surface mucous
cells of the fundic and antral gland and may protect against gastric luminal
HCI and peptic digestion.

F. MUC?7: A Salivary Gland Mucin

Submandibular saliva and sublingual saliva contain two distinct mucin
forms, a high-molecular-weight mucin (MG1) and a low-molecular-weight
mucin (MG2), with differential expression in mucous and serous cells, re-
spectively (Nielsen et al., 1996). MUC7 cDNA was cloned by Bobek et al.
(1993) from submandibular mucosae, is localized to chromosome 4, and
encodes MG2. The messenger RNA (mRNA) encodes a 377-amino-acid
polypeptide that contains six 23-amino-acid tandem repeats with 54 potential
O-glycosylation sites. MUC7 appears to be restricted to the sublingual and
submandibular salivary glands with absent expression in the parotid glands.
A study has identified the gene encoding MG1 as the tracheobronchial mucin
gene MUCS5B and found that MUC5B mRNA is expressed in all mucous
cells of salivary glands (Nielsen et al., 1997a). This confirms previous stud-
ies that detected MUCS5B expression in sublingual gland by in situ hybrid-
ization (Audie et al., 1993).

G. MUCS: A Tracheobronchial and Reproductive
Tract Mucin

MUCS, with a tracheobronchial cDNA of 941 base pairs with imperfect 41-
nucleotide tandem repeats, encodes a unique polypeptide with two consensus
repeats of 13 amino acids and 41 amino acids (see Table 1) (Shankar et al.
1994). The C-terminal domain of MUCS has been cloned and the gene



Mucus and Mucin-Type Glycoproteins 93

mapped to chromosome 12 (12q24.3) (Shankar et al., 1997). MUCS is highly
expressed in both tracheobronchial and reproductive tract mucosae (D’Cruz
et al., 1996).

H. Organization, Regulation, and Polymorphism

The location of MUC2, 5AC, 5B, and 6 on the short arm of chromosome
I1 in the region 11p15.3-5 suggests a functional clustering of secretory
mucin genes with implications for possible evolutionary linkage and also
possible coregulation (Guyonnet-Duperat et al., 1995). The gene order was
determined to be MUC6, 2, 5AC, and 5B, and this order on the map cor-
responds to the relative order of their expression along the anterior-posterior
axis of the body, suggesting a possible functional significance of the gene
order (Desseyn et al., 1997; Pigny et al., 1996). Information on the orga-
nization of the mucin genes at chromosome 11pl5 has identified an addi-
tional putative mucin gene (MUCX) at this site, located upstream of MUC2
and with an expression pattern similar to that of MUC5B and MUCS6.
Whether this gene is MUC6 or a novel mucin is as yet unclear (Velcich et
al., 1997).

Overall, very little is known of the regulation of mucin genes. The
promoter region of MUCI has been characterized to some extent and a
sequence called E-MUC! (-84 to —74 bp) appears to determine tissue-
specific expression (Kovarik et al., 1993). Shirotani et al. (1994) have also
shown a responsive mucin element in the promoter region of MUC]! that
binds to a soluble nuclear protein capable of stimulating the production of
MUCI by human colon carcinoma cells. Other regulatory regions have been
identified, although their function in mucin gene expression is currently un-
known (Gendler & Spicer, 1995). Similarly, the promoter region of MUC2
has been characterized (Gum et al., 1994) and a study has demonstrated the
influence of DNA methylation as a possible regulatory mechanism for
MUC2 gene expression, with increased methylation in the promoter region
concomitant with the decrease of MUC2 mRNA expression (Hanski et al.,
1997).

Polymorphism of mucins is a common finding that has been demon-
strated at the level of both DNA and mRNA and is a feature consistent with
the size heterogeneity of biochemically purified mucins even under the most
stringent purification conditions. Mucin transcripts (mMRNAs) also tend to be
large (up to 16 kb), and polydisperse transcripts observed for all mucin
apoprotein genes cloned, except MUC/ (Verma and Davidson, 1994), are
generally thought to arise from allelic variations in the number of encoded
tandem repeats (Swallow et al., 1987; Toribara et al., 1991). However, there
is evidence that intact apomucin transcripts from a given allele are more
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typically monodisperse but very susceptible to degradation. Thus, the pro-
nounced polydispersity of mature mucin molecules is more likely to be
caused primarily by highly variable glycosylation (Baeckstrom & Hansson,
1996).

IV. BIOSYNTHESIS OF MUCIN O-LINKED
CARBOHYDRATE SIDE-CHAINS

After synthesis of the protein core in the ribosomes, followed by leading
sequence cleavage and translocation into the lumen of the endoplasmic re-
ticulum, posttranslational modifications of mucin (including glycosylation)
take place and continue as the molecule migrates from the cis to the trans
side of the Golgi apparatus (Gleeson et al., 1994). Mucin glycosylation is
controlled by an extensive family of glycosyltransferases, type II transmem-
brane enzymes, that are responsible for catalysis of the addition of mono-
saccharide units to an oligosaccharide chain or the apomucin polypeptide
core. Many of the relevant glycosyltransferases have been cloned and se-
quenced (Field and Wainwright 1995; Hardiuin-Lepers et al.,, 1995) and
demonstrate a very high degree of specificity for not only the nucleotide
sugar donor but also the oligosaccharide acceptor molecule monosaccharide
composition and glycosidic linkage. All glycosyltransferases demonstrate
structural similarities, having an N-terminal cytoplasmic tail, a hydrophobic
transmembrane sequence (thought to act as a signal anchor), a “‘stem’’ re-
gion that is prone to proteolysis, and perhaps the most important domain,
that which determines enzyme function (i.e., the lumenally orientated C-
terminal catalytic domain). Breakdown of the stem region allows release of
the soluble, active catalytic domain (Colley, 1997).

Each mucin probably contains 30—40 different oligosaccharide struc-
tures, but it is not yet clear what determines their sequence. At present it
seems more likely to depend on the relative proportions of the different
glycosyltransferases rather than on the type of mucin core protein sequence.
As yet, little is known about how glycosyltransferase expression may be
regulated, but some studies have demonstrated control by both intracellular
and extracellular factors including cytokines (Piller et al., 1998), hormones,
second messengers, and nutritional factors (Biol et al., 1992; Li et al., 1995).

A. Initiation of Mucin O-Linked Glycosylation

The initiation of mucin-type O-glycosylation is different from that of N-
glycosylation, which involves the synthesis of a lipid-linked oligosaccharide
and the transfer of the whole oligosaccharide to the polypeptide chain. O-
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glycosylation is initiated by binding of N-acetylgalactosamine (GalNAc) as
its uridine diphosphate nucleotide derivative (UDP-GalNAc) to the oxygen
of the serine or threonine residues (i.e., an O-glycosidic bond) by the action
of a glycosyltransferase, UDP-GalNAc:polypeptide a-N-acetylgalactosami-
nyltransferase (GalNAc-transferase) (Babczinski, 1980). The addition of the
GalNAc to Ser or Thr residues can occur in the endoplasmic reticulum, a
transitional compartment, or in the cis-Golgi, depending on cell type or
differentiation status. It is now known that the initiation of O-glycosylation
is controlled by a family of polypeptide GalNAc transferases encoded by at
least four distinct and highly homologous human gene sequences (designated
GalNACcT1 to GalNAcT4) (Clausen and Bennett 1996) (Table 2). More
GalNAc transferases probably exist, with nine or more candidate isoforms
already cloned or partially cloned (Marth, 1996). Multiple GalNAc trans-
ferases suggest a complexity in initiation of O-glycosylation, with different
GalNAc-transferases showing differentially regulated expression in different
organs and distinct but overlapping peptide sequence acceptor specificities.

Further O-glycosylation then involves the step-by-step addition of
monosaccharide units to the already attached GalNAc residue. As O-linked
glycosylation is a posttranslational event taking place in the cis-Golgi com-
partment (Roth et al., 1994) following N-glycosylation, folding, and oligo-
merization (Asker et al., 1995), acceptor motifs must be exposed on the
glycoprotein surface to be accessible to a GalNAc-transferase. In contrast to
N-linked glycosylation, no simple consensus acceptor sequence has been
identified for mucin-type O-linked glycosylation and little is known of the
actual distribution of the carbohydrate in these glycosylation clusters or
whether this distribution along the peptide core is random or whether a given
Ser or Thr residue is preferentially O-glycosylated over others. The acceptor
sequence patterns are highly dependent on the amino acid sequences flanking
the serine and threonine. Mucin protein cores typically have a high proline
content, which is thought to prevent a-helix formation, thus leaving the
molecule in an expanded conformation that facilitates the high degree of
glycosylation. A study using a synthetic peptide known as TAP2S, which is
based on the tandem repeat sequence of the mucin MUC/, showed the im-
portance of surrounding proline residues to a putative O-glycosylation site,
and nearby charged amino acids such as aspartic acid did not allow the
glycosylation of a free threonine residue (Stadie et al., 1995). One transferase
can form both GalNAca-O-Ser and GalNAca-O-Thr, although the amino
acid sequence adjacent to the serine and threonine residues markedly influ-
ences their formation (Wang et al., 1993). In support of this, Elhammer et
al. (1993), showed that the GalNac transferase species from bovine colos-
trum can transfer GalNAc to both serine and threonine but that threonine is
glycosylated in preference to serine, with an activity that is 35 times greater.



Table 2 Initiation of Polypeptide O-Glycosylation: A Family of Human GalNAc — Serine/Threonine Transferases

Chromosomal
GalNAc-transferase localization High tissue expression References
GalNACcT1 18q12.1 Ubiquitous Meurer et al., 1995; White et al., 1995
Takai et al., 1997; Clausen and Bennett, 1996
GalNAcT2 1q4.1-2 Muscle, pancreas, heart, ovary, White et al., 1995; Clausen and Bennett, 1996
colon, and liver

GalNAcT3 2q24-31 Pancreas Bennett et al., 1996

Testis Clausen and Bennett, 1996
GalNAcT4 12g21.3-22 Ubiquitous (low level) Clausen and Bennett, 1996
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Gerken and colleagues (1997) have provided the first detailed analysis of
the glycosylation pattern of a mucin tandem repeat sequence (81-amino-acid
repeat from porcine submaxillary mucin) and suggested that mucin glyco-
sylation is modulated by peptide sequence but not entirely as expected from
existing O-glycosylation prediction algorithms. All sites could be glycosy-
lated, although the serine shows a wider range of glycosylation (30—100%)
than the threonine (70-90%) residues.

B. Mucin Oligomerization

Following initiation of O-glycosylation, the chain can be terminated by the
addition of N-acetylneuraminic acid (NeuAc/sialic acid), forming the tumor-
associated sialyl-Tn antigen, NeuAca2—-6GalNAca-O-Ser/Thr, or more typ-
ically can undergo oligomerization, i.e., be progressively elongated by fur-
ther addition of alternating N-acetylglucosamine (GlcNAc) and galactose
(Gal). Core region and terminal glycan biosynthesis of O-glycoproteins pro-
ceeds in an organ-specific and differentiation-dependent manner. This is de-
termined by the varying activities and specificities of the competing glyco-
syltransferases and their compartment-specific localization. The resultant
oligosaccharide side chains can be considered as comprising core, backbone,
and peripheral regions.

At least eight types of mucin core regions have been identified (Table
3) (Hounsell et al., 1996). Cores 1, 2, and 3 are common to many serum,
cell membrane, and mucin glycoproteins (Hounsell & Feizi 1982), whereas
other core structures have a more restricted organ distribution. Core 4 has
been found in mucins of several species including humans (Breg et al.,
1988). Cores 5 and 6 have been identified in human meconium (Hounsell
et al., 1985; Feeney et al., 1986). Core 7 has as yet been demonstrated only
in bovine submaxillary mucin (Chai et al., 1992), whereas core 8 has been
identified in human respiratory mucin (van Halbeek et al., 1994). GalB1-
6GalNAc, the sequence previously reported to be a novel core structure in
gastric mucins, has since been demonstrated to be absent from this source
(Hanisch et al., 1993).

Further glycosylation is probably controlled at least to some extent by
the structure and glycosylation of the peptide core of the mucins; for ex-
ample, Galp1-3—GalNAc glycoprotein transferase, active in O-glycan core
1 synthesis, shows a preference for GaINAca-O-Thr over GalNAca-O-Ser,
but the presence of GalB1-3GalNAca side chains adjacent to GaINAc-Thr
reduces activity (Granovsky et al., 1994; Brockhausen et al., 1996). Ex-
tended glycosylation of the core oligosaccharide structures by addition of
galactose (Gal) and N-acetylglucosamine (GIcNAc) residues occurs on both
branches at C-6 and C-3 of GalNAc-O-Ser/Thr in the Golgi complex. Both
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Table 3 The O-Linked Oligosaccharide Region Sequences of Epithelial Mucins and Cell-Surface Glycoproteins

Periphery Backbone Core (—Ser/Thr)
[A] GalNAcal-3—-R GalB1&3/4—R GalB1-3GalNAca-O-Ser/Thr  Core 1
[B] Galal-3—R Type 1 GalB1-3GlcNAcB1-3GalB—R Galp1-3[GlcNAcB1-6]GalNAca-0-Ser/Thr  Core 2
[H] Fucal-2GalB1-4/3GIcNAcB—R Type 2 GalB1-4GIlcNAcB1-3Galp—R GlcNAcB1-3GalNAca-O-Ser/ Thr - Core 3
[Le*] GalBl-3[{Fucal-4]GlcNAcB—R Type 3 GalBl-3GalNAcal-3Galp—R GIcNAcB1-3[GleNAcB1-6]GalNAca-O-Ser/Thr  Core 4
[Le*] GalBl-4[Fucal~-3]GIcNAcB—R Type 4 GalB1-3GalNAcB1-3GalB—R GalNAcal-3GalNAca-0O-Ser/Thr  Core 5
[Le’] Fucal-2Galpl-3[Fucal -4]GlcNAcB—R GalB1-4GIcNAcB1-6GalB—R GleNAcB1-6GalNAca-O-Ser/ Thr  Core 6
[Le’] Fucal-2Galpl-4[Fucal-3]GlcNAcB—R GIcNAcB1-3[GlcNAcB1 -6]GalB—R GalNAcal-6GalNAca-O-Ser/ Thr - Core 7
Galal -3GalNAca-O-Ser/Thr  Core 8

Abbreviations: Gal, p-galactose; GlcNAc, N-acetyl-D-glucosamine; GalNAc, N-acetyl-D-galactosamine; Fuc, L-fucose; Ser, serine; Thr. threonine.
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repeating Gal31-3GIcNAc (type 1) and alternating Galf31-3GIcNAc (type
1)/GalB1-4GIcNAc (type 2) sequences are commonly found, giving rise to
several different linear backbone structures (Hounsell et al., 1989) (see Table
3). Type 2 sequences can also be linked via a GlcNAcf1-6Gal bond either
in a straight chain or as a branch GIcNAcB1-3[GIlcNAcB1-6]Gal (Hounsell
et al., 1988, 1989). Less frequently, core structures can be elongated with a
type 3 chain or a type 4 chain containing GalNAc residues in either an o- or
B-linked conformation (Hakamori, 1989) (see Table 3).

The chains are finally terminated or terminally branched by an a-linked
sugar residue, either sialic acid, N-acetylgalactosamine (blood group A), or
galactose (blood group B), in association with fucose [blood group H(O)] on
the subterminal galactose [depending on the presence or absence of the fu-
cosyltransferase that is encoded by the secretor (Se) and H genes] (Hounsell
and Feizi, 1982; Oriol et al., 1992). Most, arguably all, of the mucin oligo-
saccharide structures are blood group antigens, with Lewis (Le), [, TF, Tn,
Forssman, as well as ABO antigens commonly being expressed.

C. Mucin Sulfation

Sulfation of mucin O-linked oligosaccharides occurs particularly in colonic
and respiratory mucins and conveys important functional properties. There
is increasing evidence that this sulfation imparts a strong negative charge,
which probably influences the physical properties of the mucus (Forstner
and Forstner, 1994). In addition, studies by our own group and others have
shown that these sulfate moieties significantly increase the resistance of the
normal colonic mucus to degradation by enteric bacterial enzymes (Tsai et
al., 1992, 1995; Corfield et al., 1993; Roberton et al., 1993), perhaps reflect-
ing a protective adaptation to an infected environment.

The addition of O-sulfate esters to epithelial mucin-type oligosaccha-
rides (linked to galactose, GalNAc, or GIcNAc) is controlled by sulfotrans-
ferases catalyzing the transfer of sulfonate moieties from the donor molecule
3’-phosphoadenosine-5’-phosphosulfate (PAPS) within the trans-Golgi net-
work as a late step in glycoprotein synthesis (Carter et al., 1988). An in-
creased variation in oligosaccharide structure, function, and antigenicity is
obtained with sulfation, which can include sulfate at C-3 of terminal galac-
tose (Gal) residues or Gal linked B1—4 to N-acetylglucosamine (GlcNAc)
in core 2, at C-6 of the terminal or internal Gal, at C-6 of GlcNAc in core
2, and at C-4 of terminal galactose or terminal GalNAc linked 31-4 to
GlcNAc (Lamblin et al., 1991; Yuen et al., 1992; Lo-Guidice et al., 1994,
1997; Hooper et al., 1995; Karlsson et al., 1996). However, it is unknown
just how many sulfotransferases are involved in the synthesis of sulfated O-
linked oligosaccharides, and likewise it is unclear what mechanisms regulate
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their activity. It seems likely that in intestinal epithelial cells, the same sul-
fotransferases may be responsible for sulfation of O-linked oligosaccharides
on cell surface glycoproteins and also for sulfation of O-linked oligosac-
charides on secreted mucins. As yet none of the relevant sulfotransferases
have been cloned, although activity for mucin-type oligosaccharides has
been demonstrated in normal and malignant human mucosal tissues (Lo-
Guidice et al., 1995; Vavasseur et al., 1994; Chandrasekaran et al., 1997).

D. Mucin Polymerization

Fully glycosylated, gel-forming mucin monomers undergo an end-to-end
intramolecular assembly process (macromolecular multimerisation) to form
dimers and possible tetramers, perhaps within maturing storage granules
(Sheehan et al., 1995). MUC2 possesses unique cysteine-rich subdomains
located both upstream and downstream of its central repetitive region (Gum
et al., 1992), and the sequence homology observed with these domains of
MUC?2 to four D-domains of pre-pro von Willebrand factor (Gum et al.,
1994; Kim et al., 1996), an endothelial cell large multisubunit glycopro-
tein that is well characterized with regard to the formation of tetramers via
N—N and then C—C disulfide bonding and then further polymerization for
constitutive cellular secretion (Voorberg et al., 1991), suggests that these
homologous regions may be important in the processing of MUC2. Studies
do suggest that dimerization of both human MUC?2 and porcine submaxillary
mucin monomers precedes polymerization analogous to von Willebrand fac-
tor polymerization (Asker et al., 1995; Perez-Vilar et al., 1996). Indeed,
physical and electron microscopic evidence suggests that mucin glycopep-
tide subunits are linked end to end via intramolecular disulfide (S—S)
bonds, so forming an elongated thread structure to generate structures with
a relative molecular mass of 5-40 X 10° daitons (Carlstedt et al., 1993;
Sheehan et al., 1986, 1995). Although the entire sequence is not yet known,
MUCS3 is very different from the structure of MUC?2 and it is not yet known
whether MUC3 can undergo polymerization. It is clear, however, that MUC3
does possess a cysteine-rich carboxyl terminal domain that also contains an
EGF-like motif (Gum et al., 1990). MUC5AC and MUC6 may undergo a
scheme of mucin multimerization similar to that suggested for MUC?2, as
both possess cysteine-rich clusters and a carboxyl terminus domain appar-
ently homologous to von Willebrand factor and MUC2 (Klomp et al., 1995;
Toribara et al., 1997). Two glycoforms of the MUCSB mucin have been
demonstrated in human respiratory mucus, also with evidence for a cysteine-
rich sequence repeated within the molecule (Thornton et al., 1997). In con-
trast, MUCI, the membrane-bound epithelial mucin, does not have a high
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cysteine content and does not form these characteristic disulfide-dependent
polymers (Gendler et al., 1991). Similarly, MUC7, which contains only two
cysteine residues in its entire sequence, found in the amino terminal region
only six residues apart (Bobek et al., 1993), is also highly unlikely to un-
dergo polymerization given the absence of cysteine residues in its carboxyl
terminus.

Mucus synthesis, generally measured in vitro by incorporation of ra-
diolabeled N-acetyl-D-glucosamine or D-glucosamine, can be increased by
butyrate (Finnie et al., 1995), carbenoxolone, corticosteroids (prednisolone
and hydrocortisone), and nicotine (Finnie et al., 1996; Phillips et al., 1997).
Gastric mucin synthesis has been shown to be inhibited by the corticosteroid
dexamethasone (Turner et al., 1997). Lumenal factors in the gut such as
bacterial N-formylated chemotactic peptides [e.g. formylmethionyl-leucyl-
phenylalanine (fMLP)] (Campbell et al., 1997) and dietary lectins such as
peanut agglutinin (PNA) (Ryder et al., 1994a) have also been shown to
enhance mucus synthesis in cultured colonic cell lines and explants from
patients with normal and diseased colonic epithelium.

V. MUCUS SECRETION

The mucosa consists of absorptive epithelial cells and specialized mucus-
secreting goblet cells, both of which secrete mucus, but the goblet cell pro-
vides the main source of mucus to protect and lubricate the epithelial surface.
Goblet cells can begin their lives in the lower crypt in one of two ways,
arising from either multipotent basal crypt stem cells or poorly differentiated
lower crypt oligomucous cells. Then they migrate up the crypts, mature, and
are sloughed into the lumen over 2—3 days. As they migrate they mature,
undergoing morphological change and acquiring an organized array of mi-
crotubules and intermediate filaments (theca), which separate granule from
cytoplasm and give the goblet cell its typical shape (Radwan et al., 1990).
In addition, changes in mucin type can occur (for example, the distal colonic
lower crypt goblet cells contain predominantly sulfomucins, whereas upper
crypt goblets contain fewer sulfated mucins) (Lapertosa et al., 1984).
Following completion of O-glycosylation in the Golgi network, mature
mucins collect at the nodular dilations found at the end of the trans-Golgi
stack and subsequently bud from the trans-Golgi tubules to form condens-
ing secretory granules. The precise mechanisms targeting mucins to these
granules have yet to be discovered, although the signal for storage of secre-
tory proteins such as renin and growth hormone is generally contained within
the primary protein sequence (Trahair et al., 1989; Chu et al., 1990). It is
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therefore likely that the primary sequence of mucins may also contain a
signal directing them to storage granules and that mutation or alternative
splicing of mucins might result in the redirection of the secretory product
into the nonstorage, constitutive secretory pathway. Stored mucins and other
mucus constituents are gradually concentrated as the secretory granules ma-
ture, as observed by an increase in electron density (Sandoz et al., 1985),
although just why mucins appear to be targeted almost exclusively to con-
densing granules when a nonstorage baseline secretory route would be sim-
pler and less costly to the cell still remains a mystery. These condensing
granules are most numerous near the trans-Golgi network, not being found
near the plasma membrane or in the main granule mass of the goblet cell.
Within the condensing granules, a high intragranular calcium ion concentra-
tion is correlated with condensation of the mucins, probably via the phe-
nomenon of “‘charge shielding,”” which may act to facilitate mucin apolar
interaction and compaction and in association with other granule factors
perhaps aids mucin polymer-polymer affinity (Verdugo, 1990). Upon mat-
uration, the granules aggregate as a compact mass at the apical membrane
and await secretion (Forstner, 1995).

Two well-established methods of goblet cell mucus secretion have
been described, and our own group has preliminary evidence that there may
be a third type of mucus secretion in inflamed tissue.

A. Slow Baseline Secretion

Slow baseline secretion plays a key role in mucin secretion and involves the
steady release of single mucus secretory granules via a vesicular constitutive
pathway of conventional but immediate exocytosis in which no storage takes
place (i.e., the intermittent fusion of a single mucous granule membrane and
the apical plasma membrane). Slow baseline exocytosis is nonregulated, re-
quiring no signal other than contact with the plasma membrane, although
one study has shown that arachidonic acid partially inhibits baseline secre-
tion (Yedger et al., 1992), and this probably ensures continual replenishment
of the mucosal surface mucus layer. Following processing in the Golgi,
mucin granules are guided to the lumenal cell surface by a vertical assembly
of microtubules, which takes approximately 4 hours (Specian and Olivier,
1991). Interaction with the microtubules is essential for their orderly trans-
location, as depolymerization by nocodazole inhibits and disortents this con-
stitutive baseline secretion (Olivier and Specian, 1991). Actin filaments at
the cell apex may act as a functional barrier to secretion because depoly-
merization of actin by cytochalasin D and dihydrocytochalasin B accelerates
baseline mucus granular secretion (Olivier and Specian, 1990).
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B. Rapid Mucus Secretion

Rapid mucus secretion occurring in response to secretagogue stimuli and
providing protection to a threatened epithelial surface involves fusion of
multiple storage granules and the apical membrane, resulting in secretion of
the mucin granule mass together with cytoplasm and excess apical mem-
brane (i.e., regulated compound exocytosis). Rapid expansion of mucin mol-
ecules takes place on exposure to the extracellular fluid and may be a phe-
nomenon of charge repulsion of the polyanionic chains once the intragranule
Ca®' charge shielding is negated (Verdugo, 1990). The empty or nearly
empty goblet then gradually refills over a period of 1-2 hours (Forstner,
1995). This process of compound exocytosis is not inhibited by drugs that
disrupt the actin filaments of the cellular cytoskeleton but may be mediated
by a rise in intracellular Ca’" (Olivier and Specian, 1990).

C. Whole Goblet Expulsion: A Novel Mechanism
of Secretion

Our own group has preliminary evidence that there may be a third type of
mucus secretion in inflamed tissue. This involves expulsion of entire goblets
from the goblet cells, leaving behind an apparently healthy intact cell not
morphologically recognizable as a goblet cell (Sadek et al., 1994). A later
study has demonstrated an absence of tubulin staining around the extruded
goblet, implying that the microtubule basket was intact within the cell, prob-
ably in the apical segment of the cell (Leiper et al., 1997). This phenomenon
is in keeping with the observation that there is an apparent selective loss of
goblet cells relative to nongoblet epithelial cells in experimental colitis (Kaf-
tan and Wright, 1989). The mechanism of this type of goblet expulsion is
as yet unclear, but its probable specificity for inflamed tissue suggests that
it might involve leukocyte components as secretagogues.

D. Mucus Secretagogues

Mucin-secreting cells respond to multiple stimuli and possess a wide variety
of receptors coupled to an assortment of intracellular pathways, and precisely
how signals are supplied to the plasma membrane and secretory granule to
elicit exocytosis is now beginning to be elucidated. Induction of rapid mucus
secretion has been demonstrated in response to anaphylaxis (Lake et al.,
1980), mucosal irritants (such as mustard oil, alcohol, hypertonic saline,
triglycerides, and bile acids), mechanical trauma, histamine (Neutra et al.,
1982), and stress (Castagliulo et al., 1997). Mucin secretion can also be
activated by bacterial enterotoxins release by Vibrio cholerae and Esche-
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richia coli from small intestine and colon (Moon et al., 1971; Forstner et
al., 1981; Chadee et al., 1991). A study has demonstrated that cholera toxin
activates mucin secretion via the intracellular cyclic AMP (cAMP) pathway
and is partially inhibited by a protein kinase A inhibitor and the microtubule
inhibitor colchicine (Epple et al., 1997). The release of mucin secretion from
human colonic cells induced by the protozoan Enfamoeba histolytica is de-
pendent on contact and protein kinase C activation (Keller et al., 1992).

Cholinergic agonists (e.g., acetylcholine) and cholinomimetic drugs
(such as pilocarpine and carbachol) stimulate mucin secretion in small in-
testine mucin-producing cells (Phillips, 1992), trachea (Fung et al., 1992),
stomach (Seidler and Pfeiffer, 1991), and colonic goblet cell lines (McCool
et al., 1994; Epple et al., 1997). Muscarinic receptors have been identified
on both villus and crypt cells of small intestine and colon (Rimele et al.,
1981; Wahawaisan et al., 1983) and on colonic cell lines (Kopp et al., 1989).
Muscarinic agonists stimulate mucin secretion by releasing inositol 1,4,5-
trisphosphate (IP;) and elevating intracellular concentrations of Ca** (Flem-
ing et al., 1992; Seidler and Pfieffer, 1991). Agents that elevate intracellular
calcium (ionophores), activate protein kinase C (diacylglycerol, phorbol es-
ters), and elevate intracellular cAMP [forskolin, 3-isobutyl-I-methylxanthine
(IBMX)] all stimulate mucin secretion in tracheal goblet cells (Steel and
Hanrahan, 1997) and various colonic cell lines (McCool et al., 1990; Yedger
et al., 1992; Hong et al., 1997a). Removal of extracellular Ca®>" and depletion
of intracellular Ca’" does not prevent forskolin-stimulated mucus secretion
in gastric mucus cells (Seidler and Sewing, 1989) and colonic cell lines
(Forstner et al., 1994); however, changes in extracellular Ca’* may play a
role in regulating production of cervical mucus (Gorodeski et al., 1997). In
the airways, the inhibition of the anion secretion response to cholinergic
stimulation leads to mucus accumulation of the gland ducts, resembling early
cystic fibrosis (Inglis et al., 1997).

Other agonists including tetragastrin (Komuro et al., 1992), EGF
(Kelly and Hunter, 1990), nitric oxide, and cyclic GMP (Brown et al., 1993)
all stimulate gastric mucus secretion. Gastric mucus becomes more acidic,
particularly due to sulfation, in response to histamine H, antagonists and
proton pump inhibition (Matsumoto et al., 1992). Vasoactive intestinal poly-
peptide (VIP) stimulated secretion of mucin in the T84 colonic cell line
(McCool et al., 1990) but not in colonic goblet cell line HT29-C1.16E even
though VIP receptors were present (Laberthe et al., 1989). However, car-
bachol-induced secretion in HT29-C1.16E cells was strongly potentiated by
VIP, proving these receptors functionally active in the control of mucin
secretion (Laberthe et al., 1989). “Cross talk’’ probably occurs between the
cAMP pathway stimulated by VIP and the Ca®' pathway stimulated by neu-
rotensin or carbachol. The combined action of carbachol and VIP requires
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extracellular calcium (Bou-Hanna et al., 1994). In addition to VIP, other
neuropeptides such as neurotensin and neuromedin N have been shown to
stimulate secretion in colonic cells, both via the same shared receptor (Au-
geron et al., 1992). Neurotensin stimulation was preceded by a rise in intra-
cellular Ca** without an increase in cCAMP, suggesting that receptor binding
may activate phospholipase C.

In addition, a number of other agents have been shown to stimulate
mucin secretion in intestinal cells and explants, including ATP (Merlin et
al., 1994), immunoglobulins, and interleukin 1 (IL-1) (Cohan et al., 1991).
Secretion with IL-1 and a macrophage-derived secretagogue (Sperber et al.,
1993) suggests a link between the immune response and mucus hypersecre-
tion, which may explain the mucus depletion that is a feature of most forms
of mucosal inflammation. Overexpression of IL-4 has also been shown to
induce mucin hypersecretion and mucin gene expression (Temann et al.,
1997). A dose-related increase in mucin secretion in response to stimulated
neutrophils was demonstrated in the colonic goblet cell line HT29-MTX and
was completed inhibited by a specific inhibitor of human elastase, illustrating
that human neutrophil elastase may be a potent mediator of mucin secretion
in the inflamed colon (Milton et al., 1996; Leiper et al., 1997).

Vl. ABERRANT MUCINS IN EPITHELIAL DISEASE

Although the synthesis and structure of the mucin core proteins are becom-
ing better understood, very little is known about whether the structure of
the oligosaccharides is determined by the mucin core sequence or alterna-
tively by differential expression of the relevant glycosyltransferases. Path-
ological modifications of the biochemical structure of the mucosal barrier
epithelial mucins will undoubtedly affect their normal gel-forming properties
and the rate of mucus degradation and therefore directly influence the via-
bility of the defensive barrier. Exposure of apomucin backbone structures of
the mucin glycoproteins occurs in epithelial malignancies and can be due to
abnormal glycosylation during biosynthesis. Dysregulation of tissue and cell-
specific expression of mucin genes can also occur in epithelial cancers, but
whether differential regulation of mucin genes affects the behavior of the
tumor and results in the altered glycosylation commonly seen in these tumors
is currently unknown.

A. Altered Mucin Gene and (Apo)mucin Core Expression

Increased MUCI mucin peptide immunoreactivity correlating with increased
MUC mRNA was first demonstrated in breast carcinomas and metastatic
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lesions (Gendler et al., 1990). More recently, levels of MUC1 and MUC2
apomucins have been demonstrated to be highly elevated in mucinous car-
cinoma of the breast, whereas invasive duct carcinomas of the breast express
only increased levels MUCI1 (Yonezawa et al., 1995). In addition, MUCI
overexpression may play a crucial role in the process of blood-borne me-
tastases in breast cancer by inhibiting adhesion of the tumor cells, allowing
escape from immune surveillance (Wesseling et al., 1996) and then inter-
action with endothelial adhesion molecules such as intracellular adhesion
molecule 1 (ICAM-1) (Regimbald et al., 1996). MUCI is also seen to be
increased in ovarian and prostate cancer (Ho et al., 1993).

In the colon, an increased risk for malignant transformation is asso-
ciated with increased expression of MUCI, 2, and 3 epitopes in hyperplastic
polyps and adenocarcinoma of all histological subtypes (Nakamori et al.,
1994; Ho et al., 1996); comparable MUC mRNA levels are decreased (Ho
et al., 1996; Weiss et al., 1996). The highest expression of MUC2 and MUC3
epitopes has been observed in mucinous (colloid) cancers, and this correlates
with decreased survival of patients (Ho et al., 1993). Evidence suggests that
the increased expression of MUC2 epitopes in colon cancer is due to in-
complete glycosylation of the MUC?2 apomucin rather than an increase in
MUC2 synthesis (Hong et al., 1997b). Increased MUC4 and MUCS5AC
mRNA has been observed in colonic cancer tissue (Ogata et al., 1992; Ho
et al., 1993) and an increase in MUC5AC mRNA has been seen in rectosig-
moid villous adenomas (Buisine et al., 1996). In inflammatory intestinal
tissues (ulcerative colitis and Crohn’s colitis), MUC2 mRNA levels and bi-
osynthesis appear unchanged (Weiss et al., 1996; Tygat et al., 1996a, 1996b).
In contrast, MUC3 has been shown to be markedly decreased or absent in
the glands of severely inflamed colitic epithelium, suggesting that lack of
MUC3 expression may have an important role in the pathogenesis of colitis
(Chang et al., 1994b). Another study, however, demonstrated conflicting re-
sults with no such change in MUC3 mRNA expression regardless of whether
the mucosa manifested active or quiescent inflammation (Weiss et al., 1996).
More recently, MUC 3, 4, and 5B have been shown to be reduced in healthy
and involved ileal mucosa of patients with Crohn’s disease, suggesting a
primary defect in expression of these genes (Buisine et al., 1997; Lucas et
al., 1997).

Whereas normal stomach lacks MUC?2 and 3, both genes are highly
expressed in gastric intestinal metaplasia and carcinoma, with a reciprocal
decrease in MUCS and 6 expression. Gastric cancers of all types have dem-
onstrated increased MUCS and MUCS6 epitope expression correlating with
decreased in mRNA expression (Ho et al., 1995a, 1995b). Increased MUC1
immunoreactivity is also seen in most adenocarcinomas of stomach (Ho et
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al., 1993), and evidence suggests that individuals with small MUC] alleles
are more susceptible to the risk of gastric carcinoma (Carvalho et al., 1997).

In contrast to normal pancreatic tissue, mucinous hyperplasias and pan-
creatic cancers show an increase in MUC3, MUC4, and MUCS5AC gene
expression (Balague et al., 1995). Immunohistochemical studies have also
demonstrated increased levels of MUC3 and MUCS5/6, while MUC1 apo-
mucin remains positive and MUC2 remains almost negative during neo-
plastic transformation of the pancreas (Terada et al., 1996).

Similar abnormalities of mucins have also been described in epithelial
diseases of the airways. In particular, mucus-secreting lung adenocarcinomas
exhibit increased MUC! and MUC4 mRNA levels (Seregni et al., 1996),
with similar pattern of expression for well-differentiated cancers including
increased MUC3 mRNA (Nguyen et al.,, 1996). Changes in mucin gene
expression are less well characterized in hypersecretory lung diseases such
as chronic bronchitis and cystic fibrosis. However, evidence is now begin-
ning to improve our understanding of the pathogenesis of cystic fibrosis,
including demonstration that up-regulation of MUC2 gene expression occurs
in nasal epithelium of patients with cystic fibrosis (Li et al., 1997a) and that
Pseudomonas aeruginosa infection of cystic fibrosis airway epithelium leads
to mucus overproduction and transcriptional up-regulation of MUC2 via a
tyrosine kinase—dependent pathway (Li et al., 1997b).

At present, it is not known whether the apomucins MUC7 and MUCS
show altered or differential expression in a tumor-specific manner as has
been demonstrated for other MUC gene products.

B. Altered Mucin Glycosylation in Malignancy and
Premalignant Disease

In many cases, blood group carbohydrate antigens normally expressed dur-
ing fetal development but absent in adult epithelium return as oncofetal
antigens during carcinogenesis. Sometimes blood group antigens may be
expressed that are incompatible with the blood group of the host (Yuan et
al., 1985). Glycosyltransferase activities for blood groups A and B have been
shown to be reduced, whereas up-regulation of a-1,2-fucosyltransferase re-
sponsible for the synthesis of the H-antigen has been observed in colon and
gastric tumors (see Kim et al., 1996). Some of these cancer-associated blood
group antigens, such as sialyl-Le® and sialyl-Le* (Ogata et al., 1995), are
present not only on secreted mucus but also on the cell surface. They serve
as ligands for the endothelial cell adhesion molecules, such as the selectins
(Mannori et al., 1995), and may play an important role in the adhesion of
cancer cells to vascular endothelium (Takada et al., 1993) before extrava-
sation of cancer cells from the capillaries (Fukuda, 1996). Advanced primary
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colorectal carcinomas and liver metastases also show loss of sulfomucin,
increased sialomucin expression, and increased sialyl-dimeric-Le* antigen
expression. This extended Le* antigen seems to function as an ectopic ad-
hesion ligand that promotes metastatic tumor cell implantation, and its high
expression is correlated with a poor prognosis (Hoff et al., 1989; Matsushita
et al., 1991). Le* and Le’ antigens (positional isomers of Le* and Le®, but
formed by the action of an a-1,3-fucosyltransferase rather than an a-1,4-
fucosyltransferase) minimally expressed in normal colonic epithelia are both
increased in colonic cancer and adenomatous polyps (Kim et al., 1986; Itz-
kowitz et al., 1986). Sialylated Le* antigen is another oncofetal-associated
antigen observed in colon cancers and is also expressed in the dysplastic
areas of inflammatory bowel tissue. Often these structures are extended by
chain elongation, internal fucosylation, and sialylation, particularly for type
1 backbone chains (GalB1-3GlcNAcB1-3GalB—R), increasing expression
of extended sialyl-Le* or sialyl-Le®. However, when a1,3/1,4-fucosyltrans-
ferase activity was compared in normal and cancerous tissues, no apparent
differences were noted (Yang et al., 1994; Hanski et al., 1996). In addition,
extended type 2 chains, polylactosamine backbone structures (blood group
i antigen, Gal1-4GIcNAcB1-3GalB—R), are synthesized preferentially by
premalignant and malignant colonocytes (Miyake et al., 1989) as a result of
increased 31 —>3GIcNAc-transferase activity (Vavasseur et al., 1995).

The commonest epithelial disease—related mucin oligosaccharide epi-
topes in primary adenocarcinomas (including breast, lung, ovary, colon, and
most other gastrointestinal tumors) are short ‘“‘incomplete’” structures, such
as the core 1 Thomsen-Friedenreich (TFa; GalB1-3GalNAca-O-Ser/Thr)
antigen, or prematurely terminated structures such as Tn (GalNAca-O-Ser/
Thr) and sialosyl-Tn (NeuAca2-6GalNAca-O-Ser/Thr) antigens (Schmitt
et al., 1995; Terada and Nakanuma, 1996; Hounsell et al., 1997). Sialosyl-
Tn is increasingly expressed during the dysplasia-carcinoma sequence of the
colorectum and has been associated with advanced disease, poor prognosis
(Itzkowitz et al., 1990; Siddiki et al., 1993), and increased malignant poten-
tial of adenomatous polyps (Itzkowitz et al., 1992). Immunotherapy with
tumor antigens (such as sialosyl-Tn, Tn, and TF), in order to enhance im-
mune recognition, has been explored as an approach to cancer therapy
(O’Boyle et al.,, 1992; Taylor-Papadimitriou et al., 1993; Springer et al.,
1995). Furthermore, mucins bearing sialosyl-Tn have been shown to mediate
inhibition of natural killer cell cytotoxicity, thereby providing immune es-
cape for cancer cells (Ogata et al., 1996). Several mucin glycosylation al-
terations seen in colorectal cancer have also been demonstrated in inflam-
matory bowel disease (Rhodes, 1997). A common end result of the
glycosylation alterations in both ulcerative colitis and Crohn’s disease is
increased expression of the oncofetal Thomsen-Friedenreich (TF) antigen
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(Campbell et al., 1995). It is also worth noting that secreted conjunctival
mucins have been shown to possess a unique oligosaccharide pattern con-
taining Tn and sialosyl-Tn structures (Berry et al., 1996), indicating normal
roles in human ocular mucins for these antigens, which are disease markers
in other tissues.

The mechanism of increased expression of shorter or prematurely ter-
minated oligosaccharide side chains (such as sialyl-TF, TF, Tn, and sialosyl-
Tn) in premalignant and malignant epithelial tissue may involve altered gly-
cosyltransferase expression. Evidence to support this has come from studies
of colorectal and breast carcinoma cell lines. Enzyme activity and mRNA
studies have demonstrated changes in the profile of glycosyltransferases re-
lated to aberrant glycosylation of MUCI seen in breast cancer, with loss of
the core 2 branching enzyme (1,6 GlcNAc-transferase) and increased «-
2,3-sialyltransferase activity resulting in an increase in sialylated core 1
structures being found in the MUCI glycans (Brockhausen et al., 1995;
Brockhausen 1997; Whitehouse et al., 1997). Data also suggest that in ad-
dition to shorter oligosaccharide side chains on MUCH in breast carcinomas,
fewer sites may be glycosylated (Lloyd et al., 1996). In human colon car-
cinoma and adenoma cell lines, decreased activity of the core 3
GIcNAcB1—3GalNAc-transferase is associated with increased expression of
the TF (core 1) and Tn antigens in colon cancer mucins (Vavasseur et al.,
1994, 1995; King et al., 1994). However, currently very little is known about
the biochemical mechanisms regulating the relevant glycosyltransferase
changes responsible for the altered expression of carbohydrate antigens in
cancer cells.

As in colorectal cancer and metastases (Bresalier et al., 1996), overall
mucin sialylation is increased in inflammatory bowel disease (Parker et al.,
1995). In addition, loss of O-acetylation of sialomucin has been demon-
strated in ulcerative colitis as well as in colonic adenomas and carcinomas
(Jass and Smith, 1992; Milton et al., 1993; Ogata et al., 1995). During
neoplastic transformation, the loss of O-acetylation may account for the
increased expression of antigenic epitopes of sialosyl-Tn, sialyl-Le*, and
sialyl-Le" observed in colon cancer (Ogata et al., 1995), and a more recent
study has demonstrated that decreased sialyl-Le* O-acetylation on mucins
correlates with colorectal carcinoma progression (Mann et al., 1997).
Whether increased expression and activity of O-acetyltransferase occur in
cancerous tissues and just how far the sialic acid de-O-acetylation facilitates
the tumor cell capacity to metastasize are as yet undetermined. It is worth
noting, however, that studies have demonstrated a genetic inheritance of O-
acetylation (Fuller et al., 1990). Another member of the sialic acid family,
N-glycolylneuraminic acid (NeuGc), until recently not thought to occur on
human epithelial mucins and cell surface glycoproteins, has been demon-
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strated to occur on breast carcinoma MUCI1 mucin as the novel core-type
sialyl-T(TF) antigen, GalB1-3{NeuGca2-6}GalNAca (Devine et al., 1991;
Hanisch et al., 1996).

C. Altered Mucin Sulfation

Aberrant sulfation of epithelial mucins and cell surface glycoconjugates may
play an important pathophysiological role by altering mucus function, cell-
cell interactions, and cell-pathogen interactions. In the gut, increased sulfa-
tion is seen in gastric intestinal metaplasia (Jass and Filipe, 1981) often
associated with Helicobacter pylori colonization (Craanen et al., 1992) and
in the neocolonic epithelium that forms in the human ileum after surgical
pouch reconstruction (Corfield et al., 1992), presumably as a response to
bacterial colonization. In contrast, the expression of sulfomucins is decreased
in colorectal cancer progression (Vavasseur et al., 1994; Matsushita et al.,
1995), and studies by ourselves and others have shown that mucosal samples
from the colons of European patients with inflammatory bowel disease (ul-
cerative colitis) incorporate less sulfate into their mucins than those of
non—inflammatory bowel disease control subjects (Raouf et al., 1992; Cor-
field et al., 1996), supporting earlier histochemical evidence of reduced mu-
cin sulfation (Filipe, 1979). Another study has also shown that although they
have similar glycosylation changes, South Asians with colitis, unlike their
European counterparts, do not have reduced sulfomucin (Probert et al.,
1995), and it has been speculated that this might be related to their apparent
low risk for colitis-associated colon cancer. The molecular basis of the defect
in sulfomucin has not yet been established, although it is generally assumed
that this reduced mucin sulfation may be secondary to the disease in parallel
with the glycosylation changes that have been demonstrated. However, a
pattern is beginning to emerge that makes more plausible the hypothesis that
altered structure of O-linked oligosaccharides might be a primary genetic
factor in inflammatory bowel disease, with reduced oligosaccharide sulfation
as the prime suspect for this genetic factor in Europeans, analogous to se-
cretor (Se) gene-mediated alterations in mucosal fucosylation (Rhodes,
1996). This hypothesis is supported by the studies showing an altered ion
exchange profile of colonic mucins from unaffected monozygous twins of
ulcerative colitis patients (Tysk et al., 1991). In addition, studies from Inka
Brockhausen’s group have shown the core 1 TF antigen to be a major site
for ester sulfation in the colonic epithelium (Vavasseur et al., 1994; Kuhns
et al., 1995) and this raises the interesting possibility that reduced activity
of the core 1 Gal31-3GalNAca-sulfotransferase could provide an alterna-
tive explanation for the increased TF antigen expression seen in ulcerative
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colitis (Campbell et al., 1995) and also for the decrease in mucin sulfation
(Raouf et al., 1992). Our own studies have demonstrated that core 1 structure
can be revealed in normal colon by mild acid hydrolysis (Campbell et al.,
1995) but neither significantly by sialidase nor fucosidase treatment (Camp-
bell, unpublished observations), and this would be in keeping with its con-
cealment by ester sulfation.

In studies outside the gastrointestinal tract, particularly of breast and
airway disease, alterations in mucin sulfation have also been demonstrated.
In breast cancer cells, mucin sulfotransferase activity is reduced compared
with normal mammary cells (Brockhausen, 1997). In cystic fibrosis lung
disease, studies have demonstrated increased rates of mucin synthesis in
nasal mucosa of cystic fibrosis with higher levels of sulfation (Frates et al.,
1983; Cheng et al., 1989). It has been postulated that the increased sulfo-
mucin seen in cystic fibrosis might be the result of altered pH in intracellular
organelles including the Golgi network, because the cystic fibrosis gene
product is a chloride ion channel (Riordan et al., 1989).

It is also worth noting that biological roles as ligands for cell adhesion
molecules [sulfated Lewis blood group structures are the preferred ligands
for the selectins (Yuen et al., 1992; Green et al., 1995)] have been described
for sulfated oligosaccharides of the type predicted to occur on colonic and
respiratory mucins (Crottet et al., 1996), suggesting that soluble mucus oli-
gosaccharides may be more directly involved in cell-cell and cell-matrix
interactions, leukocyte trafficking, and epithelial malignancy.

Vil. LECTIN-MUCUS INTERACTIONS

Lectins (of plant, mammalian, and microorganism origin) are carbohydrate-
binding proteins or glycoproteins of nonimmune origin that possess high
specific affinity for carbohydrates and are sensitive to conformation of the
glycan chain. As such, lectins have been extensively used as histochemical
probes to demonstrate changes in epithelial oligosaccharide structure in ma-
lignant and premalignant disease states, particularly but not exclusively in
the colon (Lance and Lev, 1991). The normal adult colon expresses receptors
for wheat germ agglutinin (WGA), which binds to GlcNAc and NeuAc
(sialic acid), and receptors for concanavalin A (Con A) (mannose and glu-
cose binding) are present in the proximal but not distal colon. Ulex euro-
paeus (UEA1) (fucose binding) and peanut agglutinin (PNA) [GalBl-
3GalNAca (TF) binding] show little or no binding in the normal colon;
however, in malignant and hyperplastic colonic epithelia binding is greatly
increased (Jacobs and Huber, 1985; Rhodes et al., 1986, 1988; Boland,
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1988). Despite these observations and the known presence of lectin-contain-
ing foods in the diet, it was not previously known whether this abnormal
glycoconjugate expression had functional implications. However, studies
have proposed that increased core 1 TF antigen expression, not only on
intestinal mucins but also on O-linked epithelial cell surface glycoproteins,
may allow interaction with dietary lectins, such as PNA. This lectin, like
many others, is highly resistant to cooking or digestion and is present in
active form in the colonic lumen after ingestion (Pusztai et al., 1990). In-
teraction with such lectins when TF antigen is expressed has the potential
to have marked effects on epithelial proliferation both in vitro (Ryder et al.,
1992, 1994a, 1994b; Yu et al., 1993) and in vivo (Ryder et al., 1998), which
may be quantitatively as important as interaction with growth factors in
determining the increased proliferation that occurs in hyperplasia and as a
prelude to malignant change (Rhodes et al., 1996).

More recently, lectins have attracted interest as bioadhesive agents be-
cause of their high specificity for membrane-bound receptors on epithelial
cells (to be discussed in later chapters). Briefly, lectins that recognize cell
surface carbohydrates have been used as agents mediating drug transport
across the intestinal epithelium by carbohydrate-mediated endocytosis (Lehr
and Lee, 1993; Naisbett and Woodley, 1994) or lectin-conjugated liposome
(proteoliposome) targeting (Jones, 1994). Indeed, lectins have even been
used for gene vector transfer to airway epithelial cells in which the trans-
fected cell can express and may therefore be of significant relevance to
future gene therapy of cystic fibrotic airway epithelial cells (Yin and Cheng,
1996). In addition, lectins detected in animals and microorganisms have been
shown to be involved in adhesion of symbiotic and pathogenic bacteria to
host mucosae, in specific adhesion of tumor cells to organ cells in metastatic
spread, and in certain interactions with the immune system (see Beuth et al.,
1995). Thus, a greater understanding of the specific changes in mucus-se-
creting cell and absorptive epithelial cell surface glycoconjugates, their al-
terations in epithelial disease states, and their lectin-binding capacity may
in the future allow not only modulation of growth of the hyperplastic and
neoplastic epithelia but also inhibition of both the metastatic process and
bacterial adhesion by blocking with lectins specific for appropriate oligo-
saccharides or glycoconjugates.
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. INTRODUCTION

Identification and selection of bioadhesive materials are the first steps in
developing a bioadhesive drug delivery system. The most direct method for
determining the adhesive properties of polymeric materials is by physical
measurement using mechanical testing equipment (1-5). Unfortunately,
most devices that are readily available to measure tensile forces are not
designed to measure microscopic interactions such as those that may occur
between microparticles and btological tissues. Furthermore, environmental
conditions that can significantly affect the performance of bioadhesives, such
as hydration, temperature, and pH, have not typically been well controlled.

By modifying the operation of a contact angle microbalance, a simple
and reproducible method was developed for measuring bioadhesive prop-
erties of polymer microspheres. While utilizing a miniature tissue chamber
to maintain specific physiologic conditions, in vivo interactions were mim-
icked in a controlled in vitro setting. The system was designed to measure
11 parameters from load versus deformation curves generated with each
experiment, including fracture strength, deformation to failure, and tensile
work. By analyzing such properties, it is possible to identify materials that
have particular affinity for specific tissues.
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Using this system, a wide variety of polymeric microspheres, including
thermoplastics, hydrogels, degradables, and nondegradables, were screened
for their bioadhesive potential (6,7). Polymers known to be rich in carboxylic
acid moieties, such as poly(fumaric-co-sebacic anhydride), produced the
strongest adhesive interactions with rat intestinal mucosa. Identification and
classification of such compounds are important steps in generating a data-
base of materials that can be utilized for the development of bioadhesive
drug delivery systems.

In this chapter we report on the microbalance method utilized to screen
bioadhesive polymer candidates. In addition, we present a study analyzing
the effects of copolymer ratio on bioadhesive potential. Clear differences
can be measured between microspheres made of polyanhydrides with various
proportions of fumaric acid to sebacic acid.

II. MATERIALS AND METHODS
A. The Microbalance

A Cahn Dynamic Contact Angle Analyzer (model DCA-322, CAHN Instru-
ments, Cerritos, CA) was modified to perform adhesive microforce mea-
surements. Although this specialized piece of equipment is designed for
measuring contact angles and surface tensions using the Wilhelmy plate
technique, it is essentially a glorified microbalance. The DCA-322 system
includes a balance stand assembly, an IBM-compatible computer, and a
printer. The microbalance unit consists of stationary sample and tare loops
and a stepper motor-powered z-translation stage. The balance has a sensitiv-
ity rated at 1 X 107> mN but can be operated with samples weighing as
much as 3.0 g. The speed of the stage is variable and can be operated over
a range of 20 to 264 pm/s.

In its designed application, a glass microscope coverslip is suspended
from the sample loop and balanced by applying weight to a pan hanging
from the tare loop. A small beaker of liquid is placed on the stage several
millimeters below the coverslip. Using the DCA software, the stage is pro-
grammed to rise to a particular height at a given stepper motor speed, pause
for a set interval, and then return down to its original position at the same
rate that it traveled up. During this sequence, force measurements are sent
from the microbalance to the computer. The software uses this information
to determine the interfacial tension and dynamic contact angle between the
coverslip and the liquid.

To develop an automated, reproducible method for measuring bioad-
hesive properties between polymer microspheres and biological substrates,
it was necessary to modify the operation of the balance and stage. Instead
of rising to a preset level, the stage had to rise until the balance measured
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a preset compressive load between the biadhesive and the tissue. To achieve
this goal, the microbalance’s controller had to be reworked.

The standard IBM-compatible computer system was replaced with an
Apple Macintosh II computer. The computer and microbalance were inter-
faced through the computer’s modem port. An external power supply (DC
Power Supply 1630, BK Precision, Chicago, IL) was required to provide a
constant —10 V dummy signal to the balance, forcing it to sense that it was
still connected to the parent computer. This connection was hard-wired
through the RS-232 port on the balance.

CAHN Instruments was gracious enough to supply the command codes
essential to reprogramming the microbalance operation. LabView II software
was used to write a user-friendly, menu-driven package to perform tensile
experiments automatically, with easily adjustable graphical settings to con-
trol stage speed, compressive load, and time of adhesion. After each run,
the software generates graphs of load versus stage position and load versus
time. In addition, 11 parameters are calculated automatically: (a) compres-
sive deformation, (b) peak compressive load, (c) compressive work, (d) yield
point, (e) deformation to yield, (f) returned work, (g) peak tensile load, (h)
deformation to peak tensile load, (i) fracture strength, (j) deformation to
failure, and (k) tensile work.

B. The Tissue Chamber

A small, temperature-controlled tissue chamber was constructed to maintain
physiological temperature and pH during adhesive force measurements (Fig.
1). The chamber was fabricated of Plexiglas and consists of a 3-mL tissue
cell heated by a water jacket. Temperature control was achieved by using a
Fisher Scientific Isotemp refrigerated circulator (model 9000) and a ther-

tissue cell

inlet

outlet

Front View Side View

Figure 1 Tissue chamber showing tissue clamps and inlet and outlet flow ports
for temperature control.
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mocouple. A microtip pH probe (model MI-710, Microelectrodes, London-
derry, NH) was used to monitor pH simultaneously. Two stainless steel
clamps with thumb screws were used to secure tissue samples to the bottom
of the tissue cell.

C. Microsphere Sample Preparation

A series of poly(fumaric-co-sebacic acid) polymers [P(FA:SA)] were syn-
thesized (8) according to the methods of Domb et al. (9—12). Fumaric acid
(FA) and sebacic diacid (SA) monomers (Sigma Chemical Company, St.
Louis, MO) were purified by recrystallization from 95% ethanol or 100%
ethanol, respectively, and drying with vacuum in a CaCl,-containing desic-
cator. Prepolymers (FAPP and SAPP) were produced by refluxing purified
monomer mixtures in acetic anhydride, evaporating 80—-90% at 50—60°C
(Buchi RE-111 Rotavapor and 461 Water Bath system), and recrystallizing
at —20°C. Precipitates were filtered, dissolved in toluene with heat, precip-
itated overnight at room temperature, and then further recrystallized in an
ice bath for 10 hours. Precipitates were filtered, washed (in 200 mL of
petroleum ether or a 1:1 volume ratio of ethyl and petroleum ether, for FAPP
or SAPP, respectively), and dried under vacuum. For polymerization, pre-
polymers were melted under reduced pressure and periodically purged with
nitrogen gas to remove acetic anhydride. The resulting viscous polymer was
cooled, dissolved in methylene chloride, filtered, precipitated in hexane,
dried, and stored at —20°C. Molecular weight was determined with gel per-
meation chromatography (GPC) to be between 5000 and 15,000, depending
on the batch. Ratios studied included 10:90, 20:80, 30:70, 50:50, 60:40, and
70:30. Microspheres were prepared by the hot melt technique (13). Micro-
spheres were sieved to a size range of 710—850 pm.

Rigid pins were required to attach the microspheres to the microbal-
ance sample loop. A melting technique was used to mount thermoplastic
microspheres to the tips of fine iron wires (280 wm in diameter, Leeds &
Northrup Company, Philadelphia, PA). Although this technique could alter
the surface morphology of some materials, scanning electron microscope
(SEM) analysis (not reported here) showed that the structure of the micro-
spheres remained unchanged on the hemisphere intended for analysis. The
nonloaded ends of the wires were attached to a sample clip and suspended
in the microbalance enclosure.

D. Tissue Collection and Handling

Rat jejunal tissue was used in all experiments. This tissue represents a sig-
nificant fraction (by length) of the overall gastrointestinal tract and is there-
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fore a good representative of the target tissue for orally administered bioad-
hesive drug delivery systems.

Unfasted, male, VAF, CD rats (250-350 g) were anesthetized by in-
traperitoneal (IP) injection of nembutal (pentobarbital sodium, 55 mg/kg)
and perfused transcardially with ice-cold saline (0.9% NaCl). Approximately
10—15 cm of jejunum was carefully excised from the abdominal cavity. The
tissue segment was flushed with Dulbecco’s phosphate-buffered saline con-
taining 100 mg/dL glucose (DPBSG) and stored in DPBSG at 4°C for no
more than 3 hours.

E. Microbalance Operation

The basic operation of the system is quite simple: apply a load between a
microsphere and tissue, and then measure the force required to fracture any
adhesive interactions. However, certain steps must be performed and partic-
ular parameters must be set in the software before the measurements can be
made. Typically, the system was initialized and set up 30 minutes prior to
collecting data. This allowed time for the tissue chamber to reach its oper-
ating temperature of 37°C. Next, a freshly excised section of tissue was
clamped in the buffer-filled chamber (pH 7.4), and a mounted microsphere
was hung from the sample loop. In the setup window of the software, the
stage speed, applied load, and adhesion time were set to 50.2 wm/s, 25 mg,
and 7 minutes, respectively. The diameter of each microsphere was also
entered for calculations of force per surface area.

After initiating the run cycle, the stage rose at 50.2 pm/s until the
applied load between microsphere and tissue reached the preprogrammed
set point of 25 mg. The stage was held stationary at this position for the
duration of adhesion time (7 minutes). To fracture the adhesive interactions,
the stage was then lowered to its initial position (Fig. 2). Following this
sequence of events, certain bioadhesive parameters were calculated and
graphs of force versus position and time were plotted. A minimum of 4
(maximum of 23) samples were run for each polymer. In every case, a new
microsphere and a fresh tissue site were used for the bioadhesive test.

lll. RESULTS AND DISCUSSION
A. Interpretation of the Microbalance Recordings

The plotted output from the microbalance software is unique in that it dis-
plays both the compressive and tensile portions of the experiment. Figure 3
shows a typical load versus deformation graph, where the position and mass
are represented by the horizontal and vertical axes, respectively. Compres-
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Figure 2 Photograph of tissue chamber showing microsphere at the moment of
separation from intestinal segment.

sive forces are represented in the negative direction, while tensile or adhe-
sive forces are positive. It should be noted that the position axis represents
the position of the stage, not the microsphere, because the microsphere re-
mains stationary throughout the experiment and the stage, supporting the
tissue sample, is moved up or down.

Initially, the microsphere is suspended above the tissue segment at zero
position and zero load. The horizontal line of zero force is the distance that
the stage is raised before contact is made between the tissue and the mi-
crosphere. The point at which the microsphere initially makes contact with
the tissue is represented by position A. The segment from point A to point
B is the compressive portion of the experiment. Point B represents the max-
imum compressive load. This load can be varied and will affect the degree
of penetration into the tissue. The distance from point A to point B is the
compressive deformation. At position B the stage is held stationary. The
microsphere and tissue are held in compression to favor adhesion.
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Figure 3 Typical load versus deformation curve indicating direction of tracing.

As the stage is lowered and the compressive load is released, the tensile
region of the experiment begins. Segment BC represents downward motion
of the stage to the point of 0 mg applied force (point C). The slope of the
linear portion of the curve following point C indicates the stiffness of the
adhesive interaction. During this time, the force increases as a function of
stage position, and it is assumed that the contact area between the sphere
and the mucus remains constant. The yield point, which indicates the first
sign of adhesive failure, is determined by the point of intersection of the
two lines tangent to the curve during and after the initial linear region of
the tensile curve. The distance from B to this point is referred to as the
deformation to yield.

Peak load is represented by point D on the curve. Fracture stress was
calculated by dividing the peak load by the projected surface area of the
microsphere. It was assumed, based on visual observations made during the
experiments, that the surface area in contact with the tissue remained con-
stant from the point of zero force until the peak load was reached. The
distance from point B to point D is known as the deformation to peak load.

The final segment (DE) of the tensile curve indicates a period of partial
detachment between the biological surface and polymeric device. During
this phase, the contact area decreased as separation occurred. In some in-
stances this region was elongated and marked with several small peaks and
valleys. We believe that in such cases the adhesion was the result of many
small individual bonds. As the load increased, some bonds were stretched
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and the curve rose until one or more of the bonds failed. The curve then
dropped momentarily until the load was transferred to other bonds. This
cycle continued until finally no adhesions remained, resulting in total de-
tachment. Figure 4 schematically depicts the disruption of the adhesive un-
ion where several focal attachments may be responsible for the adhesive
bond strength.

The last point (E) is the point of complete detachment of the sphere
from the mucosal layer and can also be termed the point of failure. The
distance from point B to point E is known as the deformation to failure.
Materials exhibiting large deformations to failure produced adhesive inter-
actions that were more compliant and less susceptible to disruption from
outside forces.

Three different work values can be obtained from the graphs. Com-
pressive work is the work done in joining the two surfaces and is calculated
as the area between the compressive region of the curve and the zero load
line. Returned work is the work done by the tissue on the microsphere when
the compressive load is released. This component is the area bounded by
the negative region of the tensile curve and the zero load line. Tensile work
is the work done in separating the two surfaces and is the area between the
positive portion of the tensile curve and the zero load line.

In order to compute fracture strength (F,/A,) of a bioadhesive bond,
the contact area has to be determined. The area of contact between the
microsphere and mucosa was estimated to be the projected surface area of
the spherical cap defined by the depth of penetration of the microsphere

Figure 4 Schematic diagram showing the progression of bioadhesive fracture.
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below the surface level of the tissue. This area can be calculated using the
following relation:

Area = A, = mR* — (R — a)’

where R is the microsphere radius and a is the depth of penetration. The
depth of penetration, a, was visually estimated to be approximately equal to
the microsphere radius for microspheres between 710 and 850 pm. Thus,
A, = mR’. Fracture strengths were obtained by normalizing peak load by the
projected area of this cap.

B. System Limitations

The microbalance-based system has several limitations: (a) microspheres
smaller than 300 wm are difficult to mount, (b) overshoot of the applied
load must be accounted for, (c) very small and very large applied loads are
difficult to control, and (d) changes in applied load over time due to tissue
relaxation or contraction are not accounted for once the stage has stopped
moving.

First, because of the mounting method, it is difficult to attach micro-
spheres smaller than 300 pm to the microbalance. A more sophisticated
method using micropipettes and a micropositioner (14) could possibly be
employed to mount microspheres as small as 10 wm. However, estimations
of contact area for fracture strength calculations would be difficult.

Second, because the sampling rate of the microbalance is 1 Hz, stage
motion commands can be sent only once every second. Therefore, as the
microbalance reaches the applied load set point, there is a 1-second delay
between the time when the software commands the stage to stop moving
and when the motion actually ceases. This can result in overshoot of the
applied load in the range of 5—50%. For moderate applied loads (i.e., 10—
50 mg), the overshoot is consistent, easily adjusted for, and rarely greater
than 20%.

Third, very small and very large applied loads are difficult to control
because of the response time of the microbalance and the nature of the motor
controlling the stage movement. The stepper motor supplied with the DCA-
322 moves in incremental jumps (as opposed to smooth motion). When an
attempt is made to apply very small loads, a small amount of overshoot can
be greater than 100% of the intended value. When very large loads are
attempted, the slope of the load versus deformation curve is so steep that
the overshoot is always very large. Therefore, moderate forces (10—50 mg)
are most easily attained.

Fourth, in many cases the applied load changes while the stage is not
in motion. This occurs due to relaxation or contraction of the smooth muscle
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in the tissue. Because of unsuitable response time and relatively large in-
cremental movements of the stepper motor, accurate adjustments cannot be
made in the stage position to account for these small dynamic effects.

C. Analysis of Polymer Microspheres

Despite the aforementioned drawbacks and limitations, bioadhesive mea-
surement made using this system are quite reproducible. More important,
the sensitivity is great enough to show statistical differences between ma-
terials.

Table 1 gives a comparative analysis of three key bioadhesive param-
eters for the series of polymer microspheres analyzed. Fracture strength is
the maximum force per surface area required to break the adhesive bond.
This parameter is perhaps the most frequently measured and reported de-
scriptor of bioadhesive materials. Deformation to failure is the distance re-
quired to move the stage before complete separation occurs. This parameter
is dependent on both the material stiffness and the intensity or strength of
the adhesion. Work of adhesion is a function of both the fracture strength
and the deformation to failure. Therefore, it tends to be the strongest indi-
cator of bioadhesive potential.

Fracture strengths were obtained by dividing the peak load by the
projected contact area of adhesion, which for microspheres between 700 and
850 wm was estimated to be approximately 0.00487 cm’. Polymers com-
posed of a majority of fumaric acid (i.e., =50% FA) produced the highest
fracture strengths (Fig. 5).

Analysis of deformation to failure also showed that copolymers rich
in fumaric acid produced the greatest adhesive interactions (Fig. 6). The
adhesive bonds formed with the tissue were resilient enough to elongate the

Table 1 Comparison of Fracture Strength, Deformation to Failure, and Work of
Adhesion

Fracture Deformation to Work of

strength failure adhesion
Polymer (mN/cm®) (mm) (nJ)
P(FA:SA) 10:90 31.6 = 5.6 1.13 = 0.20 83.0 = 12.8
P(FA:SA) 20:80 175 £ 1.8 0.72 = 0.09 330 54
P(FA:SA) 30:70 243 = 4.8 0.84 = 0.15 66.9 = 19.0
P(FA:SA) 50:50 58.2 = 4.6 1.80 = 0.14 3153 = 43.6
P(FA:SA) 60:40 67.4 + 6.8 2.00 = 0.17 315.0 = 439
P(FA:SA) 70:30 99.7 £ 174 1.95 = 0.20 453.2 = 47.7
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bioadhesive-tissue composite to a length nearly twice that for polymers made
mainly of sebacic acid.

As could be expected, tensile work was very large for the polymers
that displayed high fracture strengths and large deformations to failure (Fig.
7). P(FA:SA) 50:50, 60:40, and 70:30 produced mean tensile works that
were 3.5 to 13.5 times greater than those of the other polymers studied. The
interaction formed between these materials and rat jejunal tissue was notable.
In fact, in many instances the bond strength was greater than the intratissue
strength, resulting in fracture within the tissue rather than at the tissue-
bioadhesive interface.

It is interesting to note the range of bioadhesive interactions of the
poly(fumaric-co-sebacic anhydride) copolymers with rat jejunal tissue. The
copolymers low in FA content [such as P(FA:SA) 10:90 and 20:80] display
lower adhesive forces than the copolymers with high FA content, such as
P(FA:SA) 60:40 and 70:30. The microbalance technique provides a simple
method of ranking materials for bioadhesive potential, even when there are
only slight differences in their chemical structure.

Using other bioadhesion assays, similar trends among the P(FA:SA)
copolymers were observed (15). As seen in Fig. 8, there is a strong corre-
lation between the results obtained with the microbalance technique and the

Work of Adhesion

Work of Adhesion (nJ)
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.
(=
15
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b
Q
Fumaric Acid to Sebacic Acid Ratio

Figure 7 Work of adhesion versus FA:SA ratio.
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Figure 8 Correlation between data obtained by microbalance measurements (frac-
ture strength) and by the everted intestinal sac technique (% binding).

perhaps more common everted intestinal sac method. In the everted sac
technique (16, 17), microspheres are allowed to incubate in a physiologic
buffer with an everted segment of intestinal tissue. The percentage of mi-
crosphere that adheres to the tissue is an indicator of the bioadhesive poten-
tial. Again, the P(FA:SA) ratios high in FA content yield the most bioad-
hesive measurements in both assays.

Several factors of this phenomenon have been explored. One hypoth-
esis is that the crystallinity may play a role, with the most crystalline co-
polymers displaying the least bioadhesive interactions with mucus or mu-
cosa. Differential scanning calorimetry and X-ray diffraction measurements
(18) have revealed high crystallinity at both ends of the copolymer ratio
spectrum, with 10:90 and 20:80 ratios being more crystalline than 50:50,
60:40, and 70:30 ratios. Analysis of molecular weight data (Table 2) obtained
by gel permeation chromatography, by the method of Pekarek et al. (19),
reveals lower molecular weights for the copolymer ratios high in FA content,
suggesting that molecular weight may also play a role in bioadhesion. In
addition, water contact angle measurements made on melt cast films of the
copolymers show decreasing hydrophobicity with increasing FA content, an-
other factor that may play a significant role in the attraction between the
polyanhydride and mucosal tissue.
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Table 2 Comparison of Molecular Weight and Contact Angle Data

Copolymer Weight average Number average Water contact
ratio Mw (Da) Mn (Da) angle
10:90 16,000 6,900 71 = 10°
20:80 11,700 4,700 70 = 12°
30:70 10,000 4,300 78 * 4°
50:50 6,800 2,100 79 = 7°
60:40 6,200 2,100 46 * 1°
70:30 4,000 1,500 36 £ 9°

IV. CONCLUSIONS

In summary, although the microtensiometer described in this chapter has
some limitations, it offers several advantages over previous devices. The
setup enables determination of bioadhesive forces between single micro-
spheres and biological tissues. The technique allows measurement of bioad-
hesive properties of candidate materials in a spherical form, which in many
cases is the intended geometry for drug delivery devices. The use of a tissue
chamber mimics physiological temperature and pH conditions of a living
animal and maintains viable tissue segments for testing. Because experi-
ments are conducted in an aqueous environment, problems in distinguishing
surface tension forces at an air-liquid interface from forces at the micro-
sphere-mucus interface are eliminated.

A LabView-based software program was developed to convert the op-
eration of the contact angle analyzer into a bioadhesive tensiometer. Advan-
tages of the program include ease of operation, elimination of operator-
dependent variables, precise control of the microbalance, and automatic data
calculation and graphing. By analyzing the output, it is possible to identify
materials with strong bioadhesive properties. Specific parameters obtained
from the experiments that we believe are key predictors of bioadhesive po-
tential include (a) fracture strength, (b) deformation to failure, and (c) tensile
work. Correlation has been observed between the results obtained with this
technique and those obtained using other methods of bioadhesion evaluation,
but the differences between materials may be more pronounced with the
microbalance measurements. Analyses of materials using this or similar in-
strumentation will surely provide valuable information for the development
of future microsphere-based, bioadhesive drug delivery systems.
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Novel Magnetic Technique to
Measure Bioadhesion

Benjamin A. Hertzog and Edith Mathiowitz
Brown University, Providence, Rhode Island

. INTRODUCTION

In the course of designing a new bioadhesive drug delivery system (BDDS),
our laboratory employs a number of qualitative and quantitative techniques
for predicting in vivo performance. We have developed two specialized mea-
surement techniques to aid in the evaluation of bioadhesive microspheres.
The first, the CAHN machine, is a sensitive electrobalance, which is de-
scribed in detail in the previous chapter. The CAHN machine was developed
and first described in 1995 (Chickering and Mathiowitz, 1995). We have
been using the CAHN machine for a number of years, and we have gained
a wealth of knowledge and understanding about bioadhesive interactions
from tensile experiments. The CAHN machine is a powerful tool, but in-
herent in its measurement technique are a few limitations that make it better
suited for large microspheres (diameter > 300 mm) that have been adhered
to tissue in vitro. In an effort to expand our understanding of the bioadhesive
processes of smaller microspheres, we have developed a second evaluation
tool that we call the electromagnetic force transducer or EMFT. Both the
CAHN machine and the EMFT were designed to provide quantitative tensile
information about bioadhesive interactions, but the ways in which these
machines measure tensile forces are very different. Consequently, the ca-
pabilities, limitations, and even the preferred uses of each technique vary.
The EMFT is a remote sensing instrument that uses a calibrated elec-
tromagnetic to detach a magnetic-loaded polymer microsphere from a tissue
sample (Fig. 1). The adhesive force experienced between the tissue and
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Electromagnet

Tissue Stage

Scope/Camera

Figure 1 The working element of the EMFT. The tissue sample is mounted in a
special chamber with the microsphere positioned directly under the magnet tip. The
stage is slowly moved away from the tip, and the video camera is used to detect
motion of the sphere. As the sphere moves away from the magnet tip, the control
system increases the magnet current accordingly. The change in magnetic field
strength results in a force (F,,) that pulls the magnetic sphere back into its original
position. This process is repeated until the sphere is pulled free from the tissue.

polymer is proportional to the current through the electromagnet. No phys-
ical attachment is required between the force transducer and the microsphere,
and therefore the system can perform bioadhesive measurements on small
microspheres that have been implanted and incubated in vivo.

Currently, the EMFT and the CAHN machine are used to screen poly-
mers for bioadhesive tendencies toward specific tissue types. This infor-
mation will be used to develop new bioadhesive drug delivery systems. The
bioadhesive properties of the polymer can be used to increase gastrointes-
tinal (GI) transit time, target specific diseased tissues, or simply enhance the
intimate contact between polymer and target tissue to optimize the efficiency
of drug delivery.

Il. BACKGROUND
A. Bioadhesive Delivery Systems

Controlled-release drug delivery systems are an important aspect of many
pharmaceutical therapies. The development of polymer-based controlled-re-
lease systems (CRSs) during the past decade has led to new products that
allow more efficient delivery of pharmaceuticals than standard, noncon-
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trolled drug administration. Local delivery has become a popular option in
circumstances in which the target tissue for the drug is relatively small and
centralized. Local delivery devices make it possible to maintain local ther-
apeutic levels of a pharmaceutical agent that is otherwise toxic if delivered
at the same concentration systemically. In addition, expensive agents and
experimental drugs that are available in very limited supply can be delivered
directly to the site of action in much smaller doses than would be required
to achieve therapeutic levels systemically.

In the effort to enhance the performance of CRSs, it has been recog-
nized that more intimate contact of the device and target tissue enhances
drug uptake. This knowledge has sparked growing interest in what has come
to be known as bioadhesive drug delivery systems. These devices may have
delivery characteristics similar to those of CRSs, but they are specifically
designed to increase adhesion between the device and the specific biologic
substrate targeted for drug uptake.

Previous research has demonstrated that certain polymers exhibit ad-
hesive tendencies toward specific tissue types (Chickering et al., 1997), and
these properties have since been used to develop new bioadhesive drug
delivery systems. The adhesive properties are used to target specific diseased
tissues, increase residence time, or enhance the intimate contact between the
drug delivery system and the target tissue.

Experimental data support the notion that increasing bioadhesion fa-
vorably affects duration of contact and intimacy of contact between the
BDDS and target tissue. Research focusing on the use of BDDSs has pro-
duced two significant correlations between in vitro bioadhesion measure-
ments and the performance of GI delivery of drugs using polymer micro-
spheres (Chickering and Mathiowitz, 1995). (a) Microspheres that
demonstrated stronger bioadhesion in the in vitro tests also demonstrated
greater residency in the GI tract than microspheres of lesser bioadhesion.
(b) Certain drugs delivered via more strongly bioadhesive polymer formu-
lations showed increased bioavailability compared with less adhesive for-
mulations. These results are extremely important because they verify that
through proper selection of polymers and manufacturing or processing tech-
niques it is possible to develop more efficient drug delivery systems that
utilize the bioadhesive of polymers (Mathiowitz et al., 1997).

B. Measuring Bioadhesion

Efforts are being made to increase understanding of the mechanisms of
bioadhesive interactions between the polymers and substrate. This work de-
pends on data gathering for categorizing and cataloging the parameters that
affect bioadhesive properties of polymer-based delivery systems. Key to the
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effort is the development of a rigorous, standardized testing device that
allows researchers to gather a wide range of data on bioadhesive interactions.

Historically, the major difficulty in the design of bioadhesive delivery
systems has been in quantifying the adhesive interaction between the deliv-
ery device and the target tissue. A number of techniques have been designed
to measure the bulk adhesion of large polymer samples to biological sub-
strates, and still others were developed to give qualitative information, but
few are capable of sensitive tensiometric measurements of small micro-
spheres under physiologic conditions (Chen and Cyr, 1970; Ch’ng et al.,
1985; Duchene et al., 1988; Gu et al., 1988; Gurny et al., 1984; Ishda et al.,
1981; Lehr et al., 1990, 1992, 1993; Mikos et al., 1991; Mikos and Peppas,
1983, 1986, 1990; Park and Robinson, 1985; Park and Park, 1990; Smart
and Kellaway, 1982; Smart et al., 1984; Teng and Ho, 1987). In 1995, when
we first introduced a new concept in the evaluation of bioadhesive delivery
systems, we reported on a novel tensiometric bioadhesion testing system
based on a CAHN series 300 dynamic contact angle measuring system (ATI
CAHN Inc., Boston, MA) (Chickering et al., 1995). The CAHN system,
described in the previous chapter, improved greatly upon previous bioad-
hesion testing systems, primarily because it provides a technique that can
measure direct tensile forces in near-physiologic conditions with accurate
device geometries for microspheres.

The CAHN system has provided a wealth of new information about
bioadhesive interactions, and it has become an extremely valuable tool in
the development of BDDSs. Unfortunately, we seem to have reached several
limits of this device: (a) The microsphere must be physically attached to the
sample loop. Practically speaking, this prohibits use of microspheres with
diameters less than approximately 400 wm. This is fine for most oral drug
delivery systems, but injectable systems and systems targeting cellular up-
take necessitate much smaller microspheres. (b) In addition to the size lim-
itation, it is nearly impossible to perform adhesion experiments on micro-
spheres that were implanted and incubated in vivo because it is difficult to
attach the metal wire to a sphere that is already in contact with tissue. (c)
The CAHN hardware imposes on the ability to control the compressive load
precisely or record high-frequency adhesion events because the electrobal-
ance and motorized stage electronics can be interrogated by the computer
only at 1.0-second intervals.

For these reasons, other novel techniques for evaluating bioadhesive
interactions between polymer microspheres and viable tissue were investi-
gated. The electromagnetic force transducer, described in this chapter, rep-
resents the culmination of these efforts. The EMFT is a remote-sensing
bioadhesive testing system based on an electromagnetic force measurement
technique described by Guilford and Gore (1992). To the best of our knowl-
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edge, no other system has been reported that can match the EMFT’s unique
ability to record remotely and simultaneously force information and high-
magnification video images of bioadhesive interactions at near-physiologic
conditions.

Il. EXPERIMENTAL DESIGN AND METHODS
A. The Electromagnetic Force Transducer

The preliminary design for the new EMFT evolved from an immediate need
to overcome the shortcomings of earlier bioadhesion testing systems. The
following design objectives are not only to enhance the data collection ca-
pabilities and remove shortcomings of the CAHN hardware but also to de-
velop a system with increased accuracy, functionality, and potential useful-
ness.

1. Design Objectives

(a) The device should be remote sensing; that is, there should be no direct
physical connection between the load generating mechanism and the spec-
imen under investigation. This would allow the use of very small micro-
spheres. (b) The feedback loop should be as fast and efficient as possible to
capture high-frequency adhesion events as the microsphere is pulled free of
the tissue. (c) The tests can be conducted on spheres administered in vivo
that have not been artificially compressed into the tissue substrate. The ef-
fects of the compressive work cycle are thus eliminated, giving a clearer
picture of the forces involved in adhesion. (d) The system should be capable
of recording video images of the experiment in progress. (e) The system
should be automated to the extent that it is easy and convenient to use. (f)
The computer interface should be user friendly and intuitive as well as pro-
viding a potential foundation for future upgrades.

Based on these design goals, a preliminary design for the EMFT was
developed and constructed. The resultant system is controlled through a
graphical computer interface that has complete control over all aspects of
the new system: video analysis, motion control, feedback loop, power sup-
plies, data collection, data analysis, and data presentation. Functionally, the
new system operates as shown in Fig. 2.

2. Electromagnetic Force Measurement

The EMFT measures adhesive forces by monitoring the magnetic force re-
quired to exactly oppose the force of a bioadhesive interaction. To test a
microsphere, it must first be attached to the sample of tissue. An electro-



Figure 2 The process flow in a typical bioadhesion experiment. Before an experiment can be run, a sample of tissue is placed in the
tissue chamber and held at physiologic conditions. The motion control system is used to locate and center a microsphere in the video
field and under the tip of the electromagnet. When the experiment is started, the computer sends a signal to the motorized stage, causing
it to descend at a predetermined velocity (A). Simultaneously, the video analysis system starts capturing and analyzing images (B). Using
the captured video frames, the computer calculates d, the microsphere-electromagnet separation, and D, the diameter of the microsphere
(C). The microsphere diameter is determined once and is used for converting electromagnet current into calibrated force. The tip-sphere
separation, d is calculated continuously. As the tissue sample moves down and d increases slightly, the computer sends an error signal
to the PID controller (D). The PID controller estimates the correction needed to pull the microsphere up and return d to its original
value. The power for the electromagnet is supplied by the GPIB power supply (F), but the power is regulated by a high-power amplifier
circuit (G). The amplifier circuit acts as a voltage-controlled current source and is driven by the output signal from the PID controller
(E). This control loop operates continuously until the microsphere is pulled free from the tissue while the computer simultaneously
records magnet power, time, and position data. After the experiment, a calibration data set can be used to convert the magnet power to
force values, and the computer will automatically calculate pertinent adhesion parameters (e.g., fracture strength, peak tensile load, work
of detachment).
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magnet is activated, producing a magnetic field, and the force on the mi-
crosphere, and thus the tissue, is given by

F., = xV.H(VH) ¢))

where V,, is the volume of the microsphere, x is the microsphere magnetic
susceptibility, H is the magnetic field strength, and VH is the gradient of
the magnetic field. For a given configuration, the variation in H and VH is
determined by the construction of the electromagnet and the magnet current,
which are properties of the instrument design. As a result, the range of
measurable forces is determined by the product (xV,,). Thus, the magnitude
of the susceptibility term can be adjusted accordingly, depending on the
properties and quantity of the magnetic material used in the microspheres.

The position of the microsphere is used as a feedback signal to make
adjustments to the applied magnetic force. The descending tissue sample
displaces the sphere, and the control system adjusts the current through the
electromagnet, altering H(VH) until the sphere returns to its original posi-
tion. By measuring current through the electromagnet and comparing it with
a calibration data set, the force being applied to the sphere is calculated.

3. System Hardware

The EMFT was designed, from the beginning, as a microtensiometric device.
Each element of the hardware was chosen to simplify the construction and
programming of the completed system as well as to optimize both perfor-
mance and flexibility. Many different components were integrated to con-
struct a flexible, extensible testing device. There are six major components
of the EMFT hardware: microscope, computer, video analysis system, elec-
tromagnet control system, motion control system, and the tissue chamber.
The motion control, video analysis, and electromagnet feedback systems are
controlled by a 200-MHz Pentium Pro—based computer (Dimension XPS-
Pro200, Dell Computer, Austin, TX) through an interface developed in
LabVIEW (National Instruments, Austin, TX) and are organized according
to Fig. 3. :

The EMFT is built around a Mitutoyo model FS-110T microscope with
a transmitted light stand (MTI Corp., Aurora, IL) that has been mounted on
its back to provide a vertical focus plane. Mitutoyo long-working-distance
bright-field objectives are used to provide a sufficient working distance for
placement of the tissue chamber directly in front of the objective lens. Tissue
samples are mounted in a small delrin chamber designed to maintain phys-
iologic conditions (temperature and pH). The chamber has optical-quality
glass windows to allow passage of light and observation of the adhesion
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Figure 3 Information and data flow in the EMFT. The EMFT hardware has been
integrated with the LabVIEW interface via the motor-control, video analysis, data
acquisition, and GPIB boards installed in the computer. Power to auxiliary equipment
is controlled using the digital output lines of the data acquisition board and a series
of AC-DC power relays.
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event with the microscope. The tissue is held in place with two aluminum
clips, and the chamber is filled with approximately 10 mL of buffered saline.

The tissue stage is mounted on a custom three-axis motion control
system built with high-resolution servo stages (National Aperture, Salem,
NH). The servomotors are controlled by the computer interface using an
external, four-axis servo amplifier and a control board installed in the com-
puter (MC3-SA and MC3-SIO, nuLogic, Windham, NH).

Magnetic force is generated by an electromagnet mounted on the mi-
croscope vertically above the tissue chamber (Fig. 1). The number of turns
of wire per length of coil and the current through the wire determine the
strength of the spatially varying magnetic field. At a given point in space,
force experienced by a magnetic microsphere is adjusted by varying the
current through the magnet coil. A number of different magnets have been
constructed for the force transducer, but all of the magnets used for prelim-
inary testing were of similar design (Fig. 4). The magnet was wound with
1391 turns of 30 AWG Heavy Armored Poly-Thermaleze magnet wire (Bel-
den Wire and Cable, Richmond, IN) on an aluminum spool. The magnet
core was made from a length of 0.25-inch HyMu “80’’ alloy rod stock
(Carpenter Technology, Reading, PA). The tip of the rod was machined to
a 15° point and then carefully sharpened with a high-speed diamond grinding
wheel. The entire magnet spool is jacketed with a clear acrylic sleeve sealed
with two O-rings. Cold water is circulated around the magnet windings via

Power Suﬁlx

Cooling Water Supply

1391 Turns of
30 AWG Copper
Magnet Wire

High Permeability
Alloy Tip

Aluminum Spool

Figure4 The electromagnet used in the EMFT. On an aluminum spool, 1391 turns
of 30 AWG copper magnet wire were wound. The coil has a DC resistance of 31.3
ohms and an inductance of 9 mH. The core of the magnet was machined from high-
permeability alloy designed to minimize hysteresis and residual magnetism. The
magnet is water jacketed to permit efficient heat dissipation.
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two ports on the top surface of the spool. The water circulation helps regulate
the temperature of the magnet, thus minimizing heat transfer to the tissue
sample and enabling the magnet to operate at much higher currents by dis-
sipating excess heat.

The magnet core material was chosen specifically to maximize the field
strength and minimize residual magnetism due to hysteresis (hysteresis is
described briefly later in this chapter). Even with the use of the HyMu alloy,
the magnet tip exhibits a certain degree of residual magnetism. Between
experiments the tip must be demagnetized by driving the magnet with a
decaying (90% per half-cycle) bipolar sinusoidal current as described by
Shahvarooghi and Moses (1994). This demagnetization routine ensures that
the net attractive force between the magnet tip and a sphere will be zero
when the power to the magnet is turned off.

When an experiment is started, the graphical interface prompts the user
to position a microsphere directly under the sharpened tip of the electro-
magnet as shown in Fig. 1. The sample image is captured by a Hitachi
Denshi model KP-M1U black-and-white CCD camera and displayed on a
video monitor at all times throughout the experiment. After the sphere has
been positioned properly under the magnet tip, the computer captures an
image from the video camera using a PCI frame-grabber card (Data-Raptor
4M PCI, Bit Flow, Woburn, MA) and displays it on the computer screen.
Next, the user is prompted to select a point at the very top of the microsphere
using the computer’s mouse. The video analysis system begins to scan con-
tinuously a vertical line of pixels containing the selected point. A video
analysis algorithm uses the scanned pixels to determine the position of the
sample sphere as well as the distance between the microsphere and magnet
tip. The algorithm has been developed using CONCEPT V.i (Graftek France,
Mirmande, France), a library of powerful LabVIEW image analysis func-
tions.

After the computer has calculated the position of the microsphere, the
tissue chamber is slowly moved down, away from the magnet tip. While
this is happening, the video analysis is continuously calculating sphere po-
sition. Sphere position is used as an error signal by the electromagnet feed-
back system, which includes the PID controller, power supply, power am-
plifier, and electromagnet. As the sphere is displaced, the PID routine
calculates a driving signal based on the magnitude, velocity, and duration
of sphere displacement. The driving signal is used to adjust the output of
the power amplifier and consists of an analog output voltage from —5.0 to
+5.0 V. The power amplifier is a voltage-controlled current source that reg-
ulates the current flow from the power supply (Hewlett-Packard 66000A
modular supply with 66104A module) to the electromagnet based on the
driving signal input. The operational status of the power supply is controlled
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through the computer’s GPIB board (GPIB TnT+, National Instruments).
The new driving signal is used either to increase or to decrease the current
through the electromagnet and, consequently, increase or decrease the mag-
netic force experienced by the microsphere. In effect, the electromagnet
feedback system is used to hold the microsphere in a fixed position as the
tissue sample is pulled free.

As the tissue sample slowly descends away from the magnet, the con-
trol loop (capturing the sample image, calculating sphere position, deter-
mining a driving signal, and adjusting the magnet current) operates contin-
uously until the sphere is pulled free from the tissue. At this point the power
supply is disabled, the tissue stage is returned to its original position, and
video capture ceases. Finally, the computer prompts the user either to display
the raw data or to convert it to a force versus displacement graph using the
system calibration data.

B. Magnetic Microspheres

Successful operation of the EMFT relies on the ability to manufacture, sort,
and characterize magnetic microspheres made with a wide range of bioad-
hesive polymers. Various methods have been utilized to manufacture mag-
netic microspheres. In a previous publication, we have reviewed many man-
ufacturing techniques used to produce magnetic bioadhesive microspheres
for use with the EMFT (Hertzog et al., 1997).

A number of factors, specific to the operation of the EMFT, were
considered in the design and characterization of magnetic microspheres. The
first consideration regards the differences between the calibration sphere and
the experimental sphere. To calculate forces from calibration data accurately,
the product of volume (V) and magnetic susceptibility (x) must be known
or calculated for each microsphere. It is important that spheres are manu-
factured in a way that ensures homogeneity of spheres from the same batch.
Therefore, we can assume that all the spheres from any given batch will
have similar magnetic susceptibilities. It can be seen from Eq. (1) that for
a given magnetic field (HVH = constant) the force experienced by the mi-
crosphere is proportional to the product of microsphere volume and magnetic
susceptibility. Consequently, the EMFT can account for differences between
the calibration sphere and the test microspheres simply by utilizing the fea-
tures of the video analysis system to calculate microsphere volume and scal-
ing the calibration curve accordingly.

The bioadhesive forces produced by a polymer microsphere are a result
of physical and chemical interactions at the tissue-polymer interface. Con-
sequently, the second major manufacturing consideration for EMFT spheres
is the effect of the magnetic material on bioadhesive tendencies of the poly-
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mer. Ideally, to best simulate the behavior of nonmagnetic polymer micro-
spheres, the magnetic material should have no effect on the bioadhesive
properties of the polymer. Because the bioadhesive properties are thought to
be entirely a function of the surface properties of the microspheres, the best
way to minimize the effects of the magnetic material is to concentrate it in
the core, thus avoiding surface contact. We have developed various tech-
niques for localizing magnetic material away from the surface of the sphere,
and we have successfully manufactured single- and double-wall spheres with
no apparent magnetic material on the surface (Fig. 5) (Hertzog et al., 1997).

1. Magnetic Materials and Considerations

The choice of magnetic materials used to manufacture microspheres for the
EMFT may drastically affect the performance of the adhesion measurement
system. Many materials respond to magnetic fields, but to produce attractive
forces of magnitude great enough to overcome the bioadhesive forces we
are limited primarily to ferromagnetic and superparamagnetic materials. The
responses of paramagnetic and ferromagnetic materials in a magnetic field
are very different. Figure 6 shows the magnetization curves for typical para-
and ferromagnetic materials. When a paramagnetic material is introduced
into a magnetic field, the elementary atomic dipoles begin to line up with
the field. The number of dipoles that line up with the external field is pro-
portional to the strength of the external field and the amount of kinetic
energy (temperature) in the sample. Figure 6A shows the typical response
of a paramagnetic material. Ferromagnetic materials exhibit a phenomenon
called exchange coupling that helps to align the dipoles and overcome the
tendency of thermal energy to randomize their direction.

There are two primary differences between the two types of magnet-
ism, at least as far as the EMFT is concerned. First, when a ferromagnetic
material is introduced into a magnetic field and the magnetic field is sub-
sequently removed, the magnetization curve does not exactly retrace itself
(Fig. 6B). This property is called hysteresis, and the end effect is that even
after the external field is removed the material retains some residual mag-
netism. Paramagnetic materials, on the other hand, do not experience hys-
teresis, and their magnetization goes to zero when the external field is re-
moved. The second main difference is in the magnitude of the magnetization
induced in each type of material. The amount of magnetization induced in
ferromagnetic materials tends to be much greater than that of paramagnetic
materials. Therefore, a microsphere loaded with a certain mass of ferromag-
netic material can generally produce much larger attractive forces than a
sphere loaded with an equal mass of paramagnetic material.

In many of our spheres we have used an iron oxide powder purchased
from Fisher Scientific (Fair Lawn, NJ). It is a combination of ferrous (FeO)



Figure5 Magnetically loaded polymer microspheres used in the EMFT for bioad-
hesion testing. These spheres were manufactured using techniques that produce
spheres with surfaces devoid of magnetic material. Consequently, the adhesive forces
measured by the EMFT are a result of the properties of the polymer, exclusive of
the effects of the magnetic material. (A) Double-wall sphere with poly(L-lactic acid)
(molecular weight 24,000) surface and a core of poly(styrene) (MW 50,000) loaded
with 25% Fe,0,. (B) Single-wall poly(styrene) sphere (MW 50,000) loaded with
30% Fe;0,.
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A. Paramagnetic Material B. Ferromagnetic Material

Figure 6 Generalized magnetization curves for (A) paramagnetic and (B) ferro-
magnetic materials. Unlike paramagnetic materials, whose magnetization curves re-
trace themselves (ABCD) under the influence of an alternating magnetic field, fer-
romagnetic materials exhibit a hysteresis loop (ABCDEB). Hysteresis results because
the orientations of magnetic domains in a ferromagnetic material are not completely
reversible. The end result is that ferromagnetic materials can have residual magnet-
ism even after the external magnetizing field has been removed (B, = 0).

and ferric (Fe,0;) oxides and is supplied as a fine, dry, black powder that
exhibits bulk paramagnetic properties. It has an average particle size of
approximately 1.0 wm, but in most cases the powder was ground in a mortar
and pestle to reduce the particle size further to approximately 200—300 nm.
At 200-300 nm the Fisher powder is too large to distribute homogeneously
in very small microspheres, and we have resorted to using 10-nm Fe;0,
(magnetite) particles isolated from samples of ferrofluids. Ferrofluids are
suspensions of very small magnetic particles in various carriers. We isolated
the magnetite particles by freezing and lyophilizing water-based ferrofluids
(EMG 1111, EMG 807, Ferrofluidics Corp., Nashua, NH) and then loading
the magnetite into spheres as a dry powder. The 10-nm magnetite particles
exhibit superparamagnetic behavior. In cases in which the bioadhesive forces
are expected to be high, we load spheres with ferromagnetic material such
as pure iron powder (Aldrich Chemical Co., Milwaukee, WI).

Because of the paramagnetic nature of the iron oxides, it is desirable
to use them when possible. Although ferromagnetic spheres can produce
larger forces, the hysteresis of their magnetic material can cause problems.
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For instance, as a microsphere is pulled off a tissue sample, other spheres
in the same vicinity will experience a small magnetic field from the magnet
tip. If these spheres are ferromagnetic, each may end up with a net mag-
netization of its own, and the spheres may consequently be attracted to each
other. This net attraction can make running repetitive experiments with fer-
romagnetic spheres problematic. In addition, in calibration procedures for
ferromagnetic spheres the magnetic hysteresis must be taken into consid-
eration.

C. Calibration

Because of manufacturing variability, batch-to-batch differences between
magnetic microspheres require that the EMFT is calibrated for each type of
microsphere used. The system is calibrated with a few representative mi-
crospheres from each batch, and then the calibration is used to convert elec-
tromagnet current to force. Two techniques have been used to calibrate the
EMFT, depending on the size of the microspheres being used and/or the
range of forces to be measured. Both techniques are described in detail by
Guilford and Gore (1992). The first technique uses glass microfilaments as
small springs based on a technique described by Yoneda (1960), and the
second technique measures the terminal velocity of the sphere in a solution
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