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Abstract
Although the oral route remains the most favored route of drug administration, major scientific
obstacles prevent the effective and efficient delivery of low-molecular-mass drugs, peptides and
proteins that exhibit poor solubility and permeability. Mucoadhesive dosage forms and the
associated drug carriers have the ability to interact at a molecular level with the mucus gel layer
that lines the epithelial surfaces of the major absorptive regions of the body. This interaction
provides an increased residence time of the therapeutic formulation while localizing the drug at the
site of administration. Such local, non-specific targeting leads to an increase in both oral
absorption and bioavailability. Fundamental understanding of the biological processes
encountered along the gastrointestinal tract can provide a sufficient engineer of carriers that are
capable to provide this increase in residence time. Here we discuss the theoretical framework for
achieving mucoadhesive systems as related to biomaterials science and the structure of the
biomaterials used.
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Introduction
The oral delivery of low molecular weight drugs, or macromolecular drugs such as peptides
and proteins and vaccines, remains the most favored route of administration. However,
barriers exist in successfully administering drugs via the gastrointestinal tract and achieving
a predictable and increased absorption and oral bioavailability. These barriers include but
are not limited to a mucous gel layer lining the gastrointestinal epithelia, a degradative pH
that varies from patient to patient, a relatively short transit time past the ideal absorption
sites, and a system of degradative enzymes (Figure 1).

For low molecular mass drugs (500-700 daltons), the narrow absorption window of the
proximal intestine poses the greatest challenge in the development of a modified or
controlled release product (1). The successful oral delivery of macromolecules faces major
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challenges which are a result of their much larger size (> 500-700 Da), hydrophilicity,
vulnerability to proteolytic degradation, and narrow window of effective absorption, all of
which have limited their commercial and clinical development (2). Drug carriers have
shown great promise in enabling the successful delivery of proteins and peptides by
overcoming the aforementioned challenges without modifying the structure of the
macromolecular therapeutic, damaging epithelial membranes, or creating new toxicities
(3-7). However, rapid transit of the drug carrier past the ideal site of absorption still poses a
challenge in developing an effective and efficient oral macromolecular drug delivery system
(8).

Two physical processes or phenomena have been used to solve the problem of rapid transit
of a therapeutic past the location of maximal absorption: gastroretention and bioadhesion.
Both address the need for controlling the spatial location of an oral drug delivery system to
achieve a maximal bioavailability. Gastroretentive dosage forms provide a system that
maintains the drug above the compound's window of absorption, releasing the therapeutic
slowly so that the time available for the body to effectively absorb the pharmaceutical
ingredient is increased (9). Since the early 1980s, mucoadhesion has offered promise in
enabling the development of drug delivery carriers and systems that are capable of an
increased residence time in the narrow absorption window of the drug. Mucoadhesion is the
attachment of a biological or synthetic moiety to a biological substrate such as the mucous
gel layer lining the oral cavities of the body.

Mucoadhesive oral drug delivery systems allow for intimate contact to develop between the
system and the ideal absorption site (most cases, the small intestine), which aids in
maximizing the rate and extent to which a drug absorbs. Major adversities encountered in
designing superior mucoadhesive systems include the motility of the digestive tract which is
designed to move contents, the rate of mucus turnover and the amount of sloughed or free
mucous gel that resides in the lumenal environment.

A mucoadhesive is the synthetic or semi-natural material, most commonly a polymer, which
is responsible for the interaction between the drug carrier and the mucous gel layer. Recent
advances in mucoadhesives include polymer networks that contain thiolated moieties
available for disulfide bond formation with mucin molecules (10), polymer tethers capable
of interpenetrating the mucous gel layer to create a bridge between the system and the
mucous gel layer (11,12), and mucin recognitive molecules (or their carbohydrate side-
chains) such as lectins (13,14), fimbrial proteins (15), and chitosan (16-18). These advances
offer promise in that the technology is advancing and systems are evolving to become more
effective. However, there is much knowledge to be gained in order for biomimetic systems
to be developed that offer characteristics representative of biological mucoadhesive
organisms, namely the bacteria comprising the intestinal microflora (19-21). The surface of
the polymeric drug delivery carrier remains the integral part in obtaining a mucoadhesive
interaction with the mucous gel layer, as it is this surface that is at the interface with the
mucosal lining. A surface layer of polymer has been shown to have the capacity to act as an
adhesion promoter in developing intimate contact between the carrier and the mucosal lining
(22).

Mucoadhesion
Adhesion refers to the molecular contact (adherence) of two substances, which typically
involves the application of an adhesive between these two entities (Figure 2). Historically,
adhesives (23) and bioadhesives have been used as terms in two distinctly different areas of
thought with very little overlap and continuity. The term biological adhesive has been used
to describe a particular biomaterial or system that is responsible for adherence. Bioadhesion
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has largely remained well entrained in the field of biology referring to cellular interactions
(cytoadhesion) or to mucosal adhesion (mucoadhesion).

Whether it is cell-to-cell, soft or hard tissue, or mucosal adhesion, bioadhesion is the
phenomenon of long term contact of a synthetic or biological macromolecule or
hydrocolloid with a biological substrate (13,24-28). Therefore, bioadhesion can be extended
to include any type of adhesion process in contact with or within the biological milieu. The
term bioadhesive refers to the particular substance, natural or synthetic, responsible for this
adhesion. Surfaces usually employed in bioadhesive applications involve synthetic, natural,
or hybrid macromolecules, which can be found on biological components such as cells
composing tissue and blood platelets. Mucoadhesion is often used to describe bioadhesion
where mucus is the substrate, whereas cytoadhesion refers to cell-to-cell bioadhesion.

The substrate to which bioadhesion occurs is quite different in its physical properties than
those employed in conventional adhesion. Soft tissue or a synthetic material is often used to
adhere another soft tissue. Bioadhesives have found success in hard tissue applications such
as orthopedics and dentistry due to the relatively more favorable biological environment
presented in these areas (29). Recently there has been significant interest in the development
of more effective bioadhesives for tissue engineering (30-32) and carriers for drug delivery
applications (13,24-28) , both areas in which clinical success has not been as successful.
Also, the understanding of bacterial adhesion has received considerable attention to further
the knowledge behind biofouling (biofilm formation) and the role bacterial bioadhesives
play.

Theoretical and Dynamic Aspects of Bioadhesion
The mechanisms that describe the phenomena of bioadhesion and the structural
characteristics of bioadhesives were originally proposed by Peppas and Buri (26). The
components of importance for obtaining adhesion are the surface containing the
bioadhesive, the surface of the biological substrate, and the interface between these two. The
bioadhesive must come into intimate contact with the substrate (either with an external
applied force, through an attractive force, or by collision). For liquid bioadhesive
formulations, the bioadhesive fills the inclusions provided by the surface roughness and
develops a physical or mechanical bond, which is quite common in orthopedic or dental
applications. Once contact has been achieved, the macromolecules responsible for the
adhesive character are then able to interact with specific moieties present on the substrates'
surface. In some instances, due to the high mobility of the surface macromolecules,
interdiffusion occurs and the interdigitated macromolecules are capable of interacting with
other moieties present subsurface or entangling with other macromolecules composing the
surface of the substrate to develop a bioadhesive bond. The molecule to molecule
bioadhesion is attributed to bonding derived from either covalent or noncovalent
interactions.

Primary chemical interactions occur through ionic bonding, disulfide bonds, or a chemical
reaction between the functional groups of the adhesive and the substrate. Secondary
chemical interactions are attributed to electrostatic forces (ionic and dipole-dipole, Figure 3),
hydrogen bonding, or hydrophobic forces. The theories that describe the chemical
mechanisms include the electronic theory and the adsorption theory, and those that describe
the physical mechanisms include the wetting theory, the interpenetration or diffusion theory,
and the fracture theory (13,24,26).

The electronic theory describes adhesion in terms of the differences in the electronic
structures of the materials involved. After the materials come into contact, a double layer of
charge forms at the interface, and adhesion occurs due to these attractive forces (33). The
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adsorption theory describes materials that adhere to mucus due to secondary forces such as
van der Waals, hydrogen bonding, or hydrophobic interactions (34,35). Due to the presence
of a large number of these types of forces, the net force is greater than that which is created
by electrostatic forces. The wetting theory describes the ability of a mucoadhesive to spread
over the mucus gel layer and develop an intimate contact (36-38). The parameters used to
correlate a materials mucoadhesive capacity based upon this theory are the individual
materials' spreading coefficients which aid in calculating the interfacial energy. The
diffusion theory describes mucoadhesion as a process where the chains of the materials
interpenetrate to a sufficient depth to create a semipermanent bond (12,39).

Each individual theory fails to sufficiently describe the phenomenon of bioadhesion;
therefore, combining various aspects of the theories enables a more appropriate description
(40). As a bioadhesive approaches the biological substrate, it reaches equilibrium with the
biological environment, which can include wetting and swelling. As the material comes into
contact with the biological substrate, non-covalent secondary bonds are formed at the
bioadhesive-substrate interface through either non-specific or specific interactions. As the
bioadhesive continues to reside in contact with the substrate, macromolecules of the
respective materials interdiffuse into one another while forming more and more noncovalent
bonds.

The field of bioadhesion is receiving a great deal of attention in a wide variety of fields
related to biomedical engineering. These main areas of thrust are discussed along with the
current research efforts.

Drug Delivery
Drug-delivery applications utilize bioadhesive macromolecules to localize treatment to a
specific area of the body thereby increasing the residence time of the therapeutic and
improving the oral bioavailability (1,41,42). For intravascular applications, a targeting agent
such as a ligand is incorporated into the drug delivery system, creating adhesion through the
ligand-receptor interaction present at the endothelium surface. Bioadhesion in this instance
is governed by (i) the shear stress caused by the hemodynamic force exerted over the cell/
particle, the loading rate which is affected by the viscosity of the biological environment,
and the ligand/receptor density ratio which can be controlled during the fabrication of the
system (43). For oral drug delivery systems, mucoadhesion is the specific type of
bioadhesion responsible for localizing the system at the mucous gel layer, which lines the
absorptive regions of the alimentary canal.

Mucoadhesive polymer-based drug delivery systems were first utilized by Nagai and
collaborators as carriers for local treatment to the buccal cavity (44,45). Mucus is also
present in the nasal and gastrointestinal cavity, the vagina, and other hollow organs,
providing a diverse arena for the application of mucoadhesive drug delivery systems.
Polymers that have typically been utilized in the development of mucoadhesive controlled
release formulations include hydrophilic macromolecules containing numerous hydrogen
bonding groups such as poly((meth)acrylic acid) which include the carbomer and
polycarbophil families (Figure 4), cellulosics, and (semi)natural ones such as chitosan and
alginate (46). Like so many other materials that were first utilized in biomedical applications
(cellulous acetate dialysis tubing, Dacron® vascular grafts, and polyurethane heart molds),
these materials were available off-the-shelf. Because their use were originally intended for
other applications and were only transitioned into oral drug delivery systems, the drug
delivery systems comprised of these materials have been classified as the first generation
bioadhesive-based dosage forms (13).
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Dosage forms have been engineered so that they take advantage of the abilities to
molecularly design polymer networks to impart specific structural characteristics so that
polymers comprising the dosage form are multifunctional. This new generation of
bioadhesives has employed hybrid materials such as lectins, fimbrial proteins, or ligands
which have specific interaction sites within the body. Biomimetic design of devices can take
advantage of the natural processes of the body to be highly selective and effective, enabling
the ability to localize and maintain treatment at a specific area within the body. However, to
be both effective and selective, a thorough knowledge and understanding of the biological
environment is a necessity.

Gastrointestinal Motility
The alimentary canal's physiology and motility play a key role in determining the fate of a
drug delivery system. The specific state of the digestive system poses particular obstacles in
allowing the therapeutic to be delivered as engineered. In developing site-specific delivery
systems, one must take into consideration both the physiology and motility to better design
the dosage form. After passing through the mouth and esophagus, the delivery system enters
the stomach. The stomach is composed of three distinct muscular components, the fundus,
the antrum, and the pylorus, and its primary function is to mix and grind food up into small
enough particles to pass through the pylorus (24).

The fundus is composed of three layers of muscle—the inner circular layer, outer circular
layer, and outermost oblique layer—which relax upon the entry of food and contract to force
the food towards the antrum region. Through phases and contractile activity, the antrum
functions both as a pump and a grinding mill. The pylorus possesses the ability to restrict the
exit of liquids, prevent the passage of large particles, and close completely during the antral
stroke. Once passing through the pylorus sphincter into the duodenum, the contents of the
GI tract can be subjected to propagated bursts of contractions that often occur in association
with propagated antropyloric pressure waves as the antroduodenal emptying stroke, isolated
contractions, or retroperistaltic contractions that return the contents back into the stomach.
The major motility function of the duodenum area is to further move the contents and the
emptied gastric chyme downstream and is the site where the major digestive processes
occur. The stomach and the duodenum work in a closely integrated fashion to control gastric
emptying that is suitable for the person's physiological and emotional state.

Intestinal motility (small and large) is a broad generalization that refers to intraluminal flow,
the motions of the wall that cause this flow, and the control systems that regulate these wall
motions (47). The two muscle layers responsible for most of the motions associated with
movement are the outer longitudinal and the inner circular muscle layers. The epithelium
layers consists of the various types of cells lining the intestinal lumen including enterocytes
and goblet cells, the cells responsible for absorption and mucus secretion, respectively. The
small intestine moves its contents caudally with accompanying stirring and mixing. The two
wall contractions responsible for the motility are ring contractions and sleeve contractions.
Ring contractions are the type of muscle movement most often associated with intestinal
transit. The rings begin as circumferential indentations and then sweep across the small
intestine. The point of inception and distance of movement is controlled by both the nervous
system and hormones, reflecting the digestive needs of the luminal contents. These
contractions are associated with a periodicity at a specific level of the small intestine with a
drop in frequency caudally along the intestine. This particular type of contraction is what is
often referred to as peristalsis.

Sleeve contractions are responsible for the mixing of the lumenal contents by shifting fluid
between the inside and outside of the lumen. Both types of major contractions work in a
concerted effort to spread and mix the lumenal contents across the mucosal surface to
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achieve maximum absorption. The viscosity of a suspension in the lumen has an effect on its
GI transit due to its greater inertial ability to resist propulsive contractions (24). Therefore, a
dosage form with a high viscosity has the capability of increasing the residence time of the
therapeutic. To further enhance the intimate contact of the dosage form with the absorption
site, the delivery system can be engineered with molecular characteristics capable of
achieving greater bioadhesion, specifically mucoadhesion.

Mucous Gel Layer
The mucous gel layer, the target site for mucoadhesion, serves to protect and lubricate
epithelial surfaces such as those of the gastrointestinal, respiratory, and urogenital tracts
while still allowing specific interactions to occur by means of their complex structure (48).
Mucins are filamentous glycoproteins that are the major component of the mucus that lines
most hollow organs of the body and those organs that come into contact with exogenous
environments. The family of mucin biopolymers is characterized by a protein backbone that
consists of tandem repeat units of peptide sequences, typically serine- and threonine-rich,
which contain O-linked glycans (49). There are currently 17 different mucins (Table 1) all of
which contain extended domains of the variable number of tandem repeats (VNTR) which
are serine-, threonine-, and/or proline-rich (STP-rich regions). There are two structurally and
functionally distinct classes of mucins which can either be classified as secreted gel-forming
mucins or transmembrane mucins (50).

Secretory mucins such as MUC2, MUC5AC, MUC5B, MUC6, MUC7, and MUC8 are
secreted by the goblet cells and receive extensive O-glycosylation in the cis to trans Golgi of
the cell. These mucins have the capability to polymerize through disulfide bond linkages
formed between the cysteine residues found in the von Willebrand factor (VWF-)-like D
domains (51). O-glycosylation begins in the cis Golgi and is completed after passing
through the trans Golgi after which a significant increase occurs in the biopolymers'
apparent molecular weight (49). The non-tandem repeating regions of MUC2 have over an
8% cysteine content which are positioned at the ends of the proteins and form dimers in the
endoplasmic reticulum of the goblet cells. Along with glycosylation, polymerization occurs
in the cis to trans compartments of the Golgi. Polymerization of the biopolymers begins
with tail-to-tail dimerization at the C-terminal followed by head-to-head multimerization at
the N-terminals (52).

The gel layer can be divided into one that is loosely adhered and one that is firmly adhered.
The firmly adhered is composed of the membrane mucins and is approximately 20 μm in the
upper small intestine for rats. The loosely adhered mucus is composed of the secreted
mucins such as MUC2 and MUC3. This gel layer is approximately 150 μm in the upper
small intestine for rats (53). The mean turnover time of the mucous gel layer has been shown
to vary between 47 and 270 min, which would indicate a significant factor in designing
mucoadhesive drug delivery systems (54). The mucous gel layer itself represents an
unstirred water layer which impedes drug diffusion and adsorption across the epithelium.

MUC2 and MUC3 mucin mRNAs are prominently expressed in the small intestine, the most
favorable site for orally delivered therapeutic absorption. The goblet cells are responsible for
the MUC2 synthesis, whereas the enterocytes produce MUC3 (55). MUC2 is also the
prominent mucin in the large intestine; therefore, its structure and functionality plays a key
role in the successful development of mucoadhesive drug delivery systems. The biopolymer
MUC2 has a molecular weight of approximately 3,000 kDa (56) and is responsible for the
formation of the viscoelastic gel (57) that covers the lumen of the small and large intestine.
The protein backbone consists of over 4,500 residues which can be divided into three major
structural domains: tandem repeat array, carboxyl-terminal domain, and amino-terminal
domain.
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Taking into consideration the steric constraints imposed by a relatively heavily O-
glycosylated tandem repeat array domain, the mucin molecules are rigid and extended,
taking on a filamentous structure (58). The other two domains are non-glycosylated and
cysteine-rich which provide the groups necessary for disulfide bond formation and mucin
polymerization. The mucus that is formed by multimers of MUC2 protects the underlying
epithelial cells along the digestive tract from the acidic and proteolytic environment
presented by the lumen, the shear forces naturally exerted during the digestive process, and
the microorganisms and bacteria responsible for infections and disease. The gel-forming
capabilities are directly affected by proteolytic degradation or mercaptoethanol reduction,
signifying the importance of the presence of disulfide bonds and biopolymerization on the
formation and stability of the gel layer (59). The mucous gel layer can be considered a
loosely, physically entangled, biopolymeric network which is weakly viscoelastic in nature.

Analysis of Recent Mechanistic Studies
Mucoadhesive Surfaces Decorated With Tethered Stuctures

The mucous gel network serves as a target for mucoadhesive biomaterials composed of
polymer chains with the ability to interpenetrate and bridge the interface between the drug
carrier and the mucus (39,60). Polymer chains available at the surface of the biomaterial are
often employed to serve as adhesion promoters (22,61-63). With the polymer chains at the
periphery of the delivery system, they are able to develop an intimate contact with the
mucous gel layer, diffuse across the interface, and form entanglements with the mucous gel
layer. Once across the polymer/gel boundary, further non-covalent mechanisms can occur to
strengthen the bond. The enhanced bridging is a result of further chain entanglement,
secondary bonding, or electrostatic interactions. For further enhancement of the adhesive
bond formed between a delivery system and the mucous gel layer, tethered polymers, both
nonionic and cationic, can be used to create a synergistic effect in developing a more
effective mucoadhesive delivery system (64-67).

Polymer chains with one of their ends tethered onto a surface have found uses in a wide
variety of applications such as surface energy enhancement (wetting), colloidal stability,
biocompatibility, and adhesion (68-70). The pioneering work on the conformation of
tethered polymers (Figure 5) was developed by de Gennes (69). The thickness of the
polymer layer was shown to be dependent on the surface coverage, σ, of the chains, and
either a mushroom or a stretched configuration is developed when in the low or high surface
coverage regime, respectively. The thickness of the layer is directly proportional to the
degree of polymerization and the width of the monomer (Figure 6).

Brochard-Wyart et al. (68) further elucidated on the role of grafted chains as adhesion
promoters and provided evidence of maximum adhesion enhancement at an intermediate
surface coverage (Figures 7, 8, and 9). These results provided evidence that polymers
attached to a surface take on three distinct regimes: separate mushrooms, overlapping
mushrooms, and partial interdigitation. The intermediate regime provides the greatest
adhesion energy due to a higher percentage of chains participating in interdigitation.

The theory surrounding polymers attached to hydrogels was further developed in our
laboratory by Huang et al. (66,67) and included systems composed of two hydrogels such as
those involved with the process of mucoadhesion (Fig. 10). This theoretical framework
provided evidence of the probability of finding both the chains and the free end segment
outside the base gel available for interpenetration. Both were dependent on the surface
coverage of the polymer tethers, with a large number of the chains and free ends present
outside the base gel at low and intermediate coverage. However, at high coverages the
chains penetrated back into the base gel due to the intermolecular interactions between
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neighboring chains. Adhesion enhancement associated with the base and target gel (mucus
layer) was also shown to be maximized at an intermediate coverage. Therefore, in designing
biomaterials for mucoadhesive applications, the surface coverage of grafted polymer chains
can be controlled to achieve adhesion enhancement through polymer-gel interpenetration
(71).

Thiomers
Thiolated polymers, or thiomers, have received considerable attention as potential
mucoadhesive polymers (10). The list of thiol-bearing polymers includes chito-sancysteine,
chitosan-thiobutylamidine, chitosan-thioglycolic acid, poly(acrylic acid)-cysteine,
poly(acrylic acid)-cysteamine, carboxy-methylcellulose-cysteine, and alginate cysteine. The
nature of their action differs as compared to PEG adhesion promoters in that a covalent
disulfide bond is formed between the cysteine residues on the mucin backbone and the free
thiols along the mucoadhesive polymer backbone. This provides a stronger bond as
compared to the formation of weak non-covalent bonds such as hydrogen bonds, van der
Waals forces, and electrostatic interactions. These thiomers have the ability to mimic what
naturally occurs in the secretion of the mucous gel layer where oligomers of mucins are
joined by disulfide bonds.

Cationic thiomers have largely been thiolated chitosan whereas anionic thiomers exhibit
carboxylic groups as the anionic moieties. The reactions typically employ carbodiimide
chemistry to form an amide bond between the primary amino group of the chitosan and the
carboxylic acid group of the attached ligand, or the reverse for anionic polymers. Stability of
the free thiol is maintained through an inert environment or a lowered pH. At a pH < 5, the
number of thiolate anions is significantly reduced, thereby decreasing the oxidation of the
thiol groups. Ellman's agent can be used to determine the amount of thiol groups present on
the polymers' backbone.

The interaction between the thiomers and mucin molecules can be attributed to the
formation of a disulfide bond which occurs through either a thiol/disulfide exchange
reaction or through the oxidation process of free thiols. Mucins covering the surfaces of the
body typically all possess cysteine-rich subdomains along the mucin backbone which are
free of O-glycosylation, allowing for interaction between other mucins and thiomers to
occur. Disulfide bond formation is largely dependent on the thiolate anion concentration.
The anion concentration is further dependant on the pKa of the thiol group, the pH of the
thiomer (microclimate), and the pH of the surrounding medium.

Biopolymers
Biopolymers include polymers that are found in nature such as chitosan, alginates, and
lectins, to name a few. Chitosan (Figure 11) has been used as a bioadhesive due to its ability
to bind mucin through both i) electrostatic forces between the positively charged amine and
the charged acidic groups of sialic acid and sulphonated residues and ii) hydrophobic forces
between the acetyl groups and fucose residues (17). Chitosan coated microparticles have
been shown to adhere well to the intestine of animals when administered intraduodenally to
rats, and the system maintained the plasma concentration for an extended period of time
(72). Other polysaccharides can be found widely in the literature for their use as
mucoadhesives, but their interactions are based on hydrogen bonding with their
sedimentation ratios being closed to unity. This sedimentation ratio indicates that there is
little to no interaction on the molecular level between these other polysaccharides and mucin
(17).
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Lectins, plant proteins that bind specifically to carbohydrate groups found on mucins and
cell membranes, have been introduced as a way to circumvent the problems associated with
non-specific binding of the first generation bioadhesives to sloughed mucus or other
components present in the gastrointestinal tract (14,73,74). Binding affinity relies heavily
upon the conformation the lectin takes which can be significantly affected by the
immobilization procedure and the application environment. Biomimetic mucoadhesive drug
delivery systems have further evolved to employ fimbriae, long filamentous protein
projections found on the surface of bacteria, as specific mucin binding moieties (15).

Bioadhesives in Tissue Engineering
Biomaterials (polymers, ceramics or metals) have led to significant advances in the
treatment of damaged tissue and organs and organ dysfunction. They have the capacity to
restore biological function while maintaining compatibility with the surrounding biological
environment (biocompatibility). The complexity and number of variables involved in
achieving success with the usage of biomaterials has limited the understanding to a
generalized scale without focusing on the fundamental mechanisms. An objective of recent
biomaterial development has been to interact with the biological environment more
specifically as opposed to non-specific interactions based on the generalized properties such
as cell's negative surface charge and common characteristics of the extracellular matrix.

The use of biomimetic materials, materials that mimic a biological environment to elicit a
desired cellular response, provides a means to obtain specific interactions (75). One of the
critical steps in achieving success with the application of a biomaterial is cytoadhesion. The
critical processes involved with cell adhesion include cell attachment, cell spreading,
organization of an actin cytoskeleton, and formation of focal adhesions. Cellular adhesion,
more specifically cell attachment, can be made more effective through the deployment of
ligands that interact specifically with integrins (receptors present at the surface of a cell)
present in the environment where the biomaterial is applied (76-78). One of the more
commonly used approaches is the attachment of an RGD (Arg-Gly-Asp, Arginine-Glycine-
Aspartic acid) peptide to the biomaterial surface to enhance cell adhesion by targeting the
integrin receptors on a cell's surface (78).

Biomaterial surface modifications are not limited to ligand-integrin receptor mediated
adhesion. Heparin-binding peptides and lectins have also been used to increase cell
attachment. Proteoglycans are the targets for the heparin-binding peptides whereas the
carbohydrate-rich glycocalyx serves as the binding target for lectins. As the knowledge of
the processes involved with cellular adhesion is increased, more effective biomaterials can
be developed which provide the necessary surface characteristics to promote adhesion. More
effective cellular adhesion will aid in a biomaterials' success which will result in better
treatments for diseases and increased quality of life for these patients.

Adhesion of Microbes and Pathogens
The fundamental understanding of how microorganisms are able to adhere to materials has a
broad impact that ranges from having the ability to effectively clean contaminated soil,
developing materials resistant to biofouling, and preventing inflammation and rejection due
to biofilms formed on a biomedical implant's surface. Just as in the case of a bioadhesive
polymer, the surface characteristics of the bacterium, the bacterium/material interface, and
the surface characteristics play a pivotal role in determining whether or not a bacterium is
capable of initial attachment.

Forces responsible for this initial attachment can be attributed to electrostatic forces, van der
Waals, hydrophobic, water movement, or other specific interactions. Factors such as the
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residence time, loading force, pH, and ionic strength have been shown to be important in the
adhesion of microbes to surfaces (79). Atomic force microscopy (AFM) has provided
valuable information regarding molecular-level interactions between microbial and material
surfaces through the use of novel biopolymer immobilization techniques such as
biopolymer-coupled-carboxylated dextrans (80). Entire bacteria have been immobilized to
glass to study the effect of pH on the surface polymers' conformation which drives the
ability of the microbe to adhere to a surface (81).

Developing a fundamental understanding of the receptor/binding molecule interaction has
implications in understanding how diseases are spread. Human-to-human virus transmission
of certain strains of influenza, or the lack thereof, can be linked to the binding preference of
the virus to certain carbohydrates present on epithelium surfaces. Human and avian
influenza viruses bind specific sialic acids linked to galactose through an α-2,6 or an α-2,3
linkage, respectively (82). The reason why widespread transmission of this virus from
infected avian populations to human ones has not occurred can be attributed to this subtle
binding preference.

Future Directions and Conclusions
The field of bioadhesion is one that is rapidly evolving to aid in the development of
materials that are capable of more effective drug delivery, enhanced disease treatment, and
the prevention and understanding of disease transmission. Biomimetic materials are quickly
replacing those first-generation materials that relied heavily on the non-specific interactions
they had with the natural tissue. Drug delivery systems are employing nature's method of
covalent bond formation (thiomers) and specific interactions (lectins) through carefully
designed surfaces (tethered surfaces). Tissue engineering matrices are incorporating
macromolecules that the body is capable of recognizing and utilizing in the rehabilitation of
organ dysfunction and failure. Some disease transmissions can be attributed to the ability of
a microorganism or pathogen to adhere to an epithelial surface, and the fundamental
understanding of this binding event could lead to more effective ways of prevention and
treatment.

Successfully engineered materials for bioadhesive applications, or the prevention of
bioadhesion in some instances, will continue to incorporate biologically relevant moieties to
aid in their effective use by the biological host. Carbohydrates and their role in cell-cell and
cell-matrix interactions are becoming increasingly important, and both the incorporation of
carbohydrate structures and their binding molecules will be crucial for the success of
biomedical devices (83).
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Figure 1.
Physiological challenges encountered in both the development of modified or controlled
release oral dosage forms for low molecular weight compounds and the effective delivery of
macromolecules.
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Figure 2.
Bioadhesion refers to the molecular contact (adherence) of two tissues through the
application of a bioadhesive between these two surfaces. Adapted from Ref (23).
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Figure 3.
Examples of electrostatic forces occurring between amino acids. These forces are due to (a)
the association of two ionic protein groups such as Lysine (Lys) and Glutamic acid (GLU)
or (b) the dipole-dipole interactions such as the dipole-induced dipole interaction between
Asparagine (Asn) and Threonine (Thr).
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Figure 4.
Chemical structure of commonly employed poly(acrylic acid)-based materials in
mucoadhesive drug delivery systems. 934P is crosslinked with allyl sucrose, 974P with allyl
pentaerythritol, and AA-1 with divinyl glycol. A small amount of the acrylic acids are
neutralized to potassium acrylate prior to polymerization.
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Figure 5.
Polymer tethers grafted at a low surface coverage (σ → 0) and in a pure solvent. The dashed
circle has a diameter which is 2 × RF (Flory radius). The grafted chains are separated by a
distance, D, that is directly proportional to the monomer size (a) and inversely proportional
to the square root of the surface coverage (σ). Adapted from Ref. (69).
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Figure 6.
Tethered polymers in a good solvent take a strongly stretched conformation, and the
thickness of this stretched polymer layer, L, is directly proportional to the degree of
polymerization (N), the monomer size (a), and the surface coverage (σ) to the 1/3 power.
Adapted from Ref. (69).

Peppas et al. Page 20

J Biomater Sci Polym Ed. Author manuscript; available in PMC 2011 February 23.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 7.
Tethered polymers take on distinct conformations when exposed to a crosslinked network.
Polymers take on a separate mushroom regime at low surface coverages.
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Figure 8.
At intermediate surface coverages, the tethered polymer layers interpenetrate into the
crosslinked polymer with some of the polymers overlapping.
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Figure 9.
At high surface coverages, some polymers interpenetrate into the crosslinked network while
others collapse onto the tethered surface resulting in partial interdigitation.
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Figure 10.
The theoretical framework developed in our laboratory by Huang et al. (66) includes the
tethered polymers, the base gel to which these polymers are tethered, and the target gel
representative of the tissue to be adhered. The position at z = 0 represents the base gel
surface plane and d is the distance between the two hydrogel networks.
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Figure 11.
Structure of chitosan, which is derived by partially deacetylating chitin. The number of
acetyl groups (m) and primary amine groups (n) is controlled through the extent of
deacetylation.
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Table 1

Mucins found in the human body. Adapted from Ref. (49).

Mucin species Secretory/membraneous
(S/M)

Chromosonal
localization

MUC2 S 11p15.5

MUC5AC S 11p15.5

MUC5B S 11p15.5

MUC6 S 11p15.5

MUC7 S 4q13-21

MUC8 S 12q24.3

MUC1 M,S 1q21

MUC3 M,S 7q22

MUC4 M,S 3q29

MUC11 M 7q22

MUC12 M 7q22

MUC13 M 3q13.3

MUC15 M 11p14.3

MUC16 M 19p13.2

MUC17 M 7q22

MUC20 M 3q29

MUC9 ? 1p13

J Biomater Sci Polym Ed. Author manuscript; available in PMC 2011 February 23.


