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I. INTRODUCTION

A hydrogel is defined as a polymeric material which has the ability to swell in water
without dissolving, and to retain water within its structure.' There are a variety of synthetic
and natural polymers that can be included in this definition. In this chapter, attention will
be focused on particular hydrogels possessing bioadhesive properties. It is appropriate to
begin this discussion with definitions of bioadhesion and bioadhesive.

Adhesion is defined as the state in which two bodies, in the form of condensed phases,
are held together for extended periods of time by interfacial forces.>*> These forces may
range from valence forces to mechanical interactions, or some combination of chemical and
physical interactions. Adhesion is referred to as bioadhesion, if one of the adherends or both
are of a biological nature, e.g., proteins, cells, or tissues. A bioadhesive can therefore be
defined as a substance which has the ability to interact with biological materials and is
capable of being retained on the biological substrates for a period of time. The term *‘bioadhe-
sion’’ has been traditionally employed to describe the adhesion phenomena occurring between
biglogical and nonbiological materials rather than interactions occurring between biological
objects. One distinctive feature of bioadhesion is that adhesion almost always occurs in the
presence of water. In contrast to numerous studies on adhesion in artificial systems, where
both adhesn}'e and adherend are nonbiological materials, there are very few useful research
paffers dealing vc_/ilh bioadhesion, quite possibly due to our poor understanding of biological
(s)‘; v]f‘:;f-a]l:;’; stth;i cflzisi::l, bioaﬁhesion has been described from a phenomenological point
i y; rfat er than fro.m a mol.ecul?r perspective. Smc.e various a('ihesmn
e Ta{alee 1t?l'r}fd to as bxoa‘dhes1.on, It is necessary to dlstmgu'lsh different
nomenological obser\.'ation a g s CIaSSlﬁcauo.n of bioadhesion based mainly on phe-

» and not on the mechanisms of bioadhesion.
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Table 1
TYPES OF BIOADHESIoN

Type I: Adhesion between biological objects
Examples: cell fusion, platelet aggregation, wound heal;
s ing

Type II: Adhesion of biological objects to artif
Examples: cell adhesion to culture dishe:
aterials, microbial fouling, baracle

cial substrates

s, platelet adhesion to biom-
adhesion to ships

Type III: Adhesion of artificial materials to biological substrates
Examples: adhesion of synthetic h !

ydrogels to soft tissues :
of sealants to tooth surfaces » adhesion

II. CLASSIFICATION OF BIOADHESION

A. Adhesion Between Biological Objects (Type I)

Type I bioadhﬁign refcrs.lo adhe'sion oc.curri.ng between biological objects without in-
volvement of artificial materials. This classification allows separation of natural biological
events from artificial ones. If syn(.hetlc material is involved in bioadhesion, it will be classified
as Type II or III as later described. A good example of Type I bioadhesion is cell-cell
adhesion which has been extensively studied for a variety of reasons. Intercellular adhesion
has been explained using a physical model which views adhesion of cells as a type of
flocculation or coagulation. According to this physical model, cell adhesion results from a
balance between nonspecific repulsive and attractive physical forces.* Interactions between
cells, however, are not considered to be controlled solely by a balance of physical forces.
Accumulating evidence suggests that there are cell surface-associated adhesive molecules
which mediate specific interactions.® Cell adhesion is therefore thought to result from com-
petition between nonspecific repulsion and specific macromolecular bridges.® The specific
adhesive molecules identified thus far include tissue-specific adhesive molecules, such as
cognins,” adherons® or cell adhesion molecules,” lectins,'®!" glycosyltransferases,'*"* and
other glycoproteins, such as fibronectin,'*'* laminin,'® fibrinogen,"” or von Willebrand
factor.'® Among these, fibronectin appears to be a universal cell-adhesive protein. It is
involved in intercellular adhesion, adhesion of cells to culture substrates,"* and the attachment
of some bacteria to endothelial cells.'* Intercellular adhesion can also be initiated by mac-
romolecules which are not cell-specific. Dextrans and polylysine can aggregale red blood
cells by macromolecular bridging.!® Even a negatively charged natural macromolecule, such
as heparin, can induce red blood cell aggregation.®

Another example of type I bioadhesion is adhesion b
pelvic adhesion pfollow);r[:g ovarian wedge resection,?" sealing of blood VeSSC(;Sl; thg?j‘;:
bonding. The adhesion between two tissues can be accelerated and strengthene usy o
of bioadhesives, such as cyanoacrylates* and fibrin glue.” Adhesnon-of the mfu;ioaﬁh ]
on epithelial cell surfaces in airways or the GI tract also belongs 0 'E‘S [ﬁgzr(;ying epithelial
Mucus gel is a naturally occurring hydrogel which is adhes.xve todt Z:esiol‘ of fibrin glue
cell surface. Fibrin tissue adhesive is also naturally occurring n “:“ e used as a model
o biological substrates belongs to this class. Type I bioadhesion

for types IT and 111 bioadhesion.

etween tissues, such as wound healing,

al Substrates (Type ID - " i

: iologi ateri
hesion of biological mn culture dishes or

tion in vitro. Most
ive role for cell

B. Adhesion of Biological Objects to Artifici

Type 11 bioadhesion is characterized by ad : d spreading O
Substrates, such as synthetic polymers. Cell adhesion anhSPd prolifera
other synthetic hydrogels are necessary Steps for cell growt an[ay an adhes
of the adhesive proteins for intercellular adhesion can also p
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adhesion to substrates. For example, fibronectin is highly Cflf:‘f}ive as a cell-to-substrage
adhesion molecule after it has been adsorbed to a substrate. ™ A region of fibronectip
ermed the *“cell-binding”" region, which interacts wnh 'thc cell surfz}cc 10 mediate ce
attachment and spreading on substrates, has been 1dcnm'1cd‘and localized to Polypeptide
fragments. > Even synthetic peptides can cause cell adhesion to substrates.?’ Thus, the
cell attachment peptide, when attached to a'substrate surface, cz.m be‘uscd as.u mpdel adhesive
for this type of bioadhesion. Plalelcl.adhcsmn to b{ood cont‘acung.bmnull-cnals is also known
to be influenced by adsorbed protein molecules.** Adhesion of bacteria to tooth surfaces

and attachment of marine bacteria®® or barnacles™ to submerged surfaces, such as hulls of

ships, are also mediated by adhesive molecules r.eleased from the organisms. The adhesjon
is nonspecific and so tenacious that simple \Yzlshlng c_annot detach thcm' from the surfaces.

It appears that the adhesiveness of surfaces is determined I?y th'c adsorption of cell-adhesive
proteins which precedes cell adhesion. Current understanding is that the surface energetics
of the solid substrate defines the type of protein molecule or the conformation of the adsorbed
protein layer, which in tumn determines the adhesiveness of the substrate. Details of the
interplay between surface energy and protein adsorption, however, are not well understood.

C. Adhesion of Artificial Materials to Biological Substrates (Type III)

Type III bioadhesion is distinguished from type II in that artificial adhesives adhere to
biological substrates. This type of bioadhesion includes adhesion of soluble polymers or
hydrogels to biological surfaces, such as the mucin/epithelial cell layer, skin, tooth, or bone.

Extensive reviews on intercellular adhesion (type I bioadhesion), cell adhesion to solid
substrates (type II bioadhesion), and the role of protein molecules in cell adhesion are
available.*'** Consequently, the thrust of this chapter will be primarily on type III bioadhesion.
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of the surface, although specific adhesion is necessary fo, . %
res. I retention of adhesijye Within
This theory can be used to explain many cases of bioadhesig

o permanjdnﬂy seal the filled cavity. Retentioy s r:. Den‘lal Testorative materiq)g
by etching the cavity su'rfacc with acid.36-37 Improved perfo iy
increased micromechanical attachment by better penetrati
the enamel surface. Fibrinogen or Cyanoacrylates poly
filling all the porous areas of the tissue.

the

Ve material s jp

: proved

: rmzfmce 1s thought to result from

men. of the adhesive into the pits of
Tze and become solidified after

B. Electrostatic Theory

This theory states that an electrical double layer is
consequent Coulombic attraction largely accounts for ad
This theory was seriously contested by Voyutskii®

theory.

pro.duced at any interface and (he
hesion and resistance to separation.
who proposed the alternative diffusion

C. Diffusion Theory

The basic tenet of this theory is that adhesion occurs through interdiffusion of the adhesive
and adherend across an interface. This theory has been applied to adhesives involvin
polymeric materials. Since diffusion of polymer molecules can be considered as a form ogf
molecular attraction, there must exist thermodynamic compatibility between the adhesive
and the adherend.* In this theory, adhesion is treated as a three-dimensional volume process
rather than a two-dimensional surface process. This is well suited for bioadhesion because
physical entanglement between biomolecules and synthetic polymers is very common. The
adhesion of polycarbophil (cross-linked polyacrylic acid) to the mucus layer of the GI tract

is known to be mediated by physical entanglement.*

III. THEORIES OF ADHESION
D. Adsorption Theory

The essence of this theory is that surface forces are involved in adhesion, and that polar >
molecules or groups, if these are used, are oriented in an ordered way so that surface
molecules of adhesive and adherend are in contact.*' The possibility of good adhesion can
be correlated with wetting, which is the initial physical process occurring in interfacial
bonding. Many attempts have been made to explain bioadhesion using surface energy anal-
ysis. Protein adhesion,* cell adhesion,*® and cell spreading* have all been studied by !!\is
approach. If this theory is correct, the surface energy is expected to correlate with adhesn:/‘e
strength. However, correlations sufficient to support the theory have not been observed.

The range of adhesion extends from cell adhesion, which is of paramount importance in
biotechnology, to adhesive tapes used in daily life. Compared to the wide range of adhesion
phenomena we are dealing with, there are only a small number of theories. This small
number does not imply that they are able to explain adhesion adequately or that they are in
agreement with each other. A particular theory based on one concept usually explains
adhesion only to a limited degree and commonly disagrees with other theories. The relative
importance of each theory depends on the chemical nature of particular adhesive/adherend
combinations. When one component of adhesion is isolated in a particular system, other
molecular interactions which are also responsible for the unique properties of various sub-
stances are neglected. IV. MODEL BIOADHESIVE

The area of bioadhesion is relatively new and no comprehensive theory has been established
or even proposed. This is simply because there are too many bioadhesion phenomena as
described earlier, and no one single theory can fully explain each independent bioadhesion
Phe‘nomenon. For this reason, development of bioadhesives has been empirical. A very brief
review of ?dhesion theories will be useful in establishing preliminary theories of bioadhesion.
The theories of adhesion have been classified into four principal subsets for both historic

It is clear from the earlier discussions that bioadhesion is not a phenomenon whlchoc:e‘;
be explained by any simple model or theory. Nevertheless, it is necessary ‘0:]13":) :kxelop
system in order to study a particular bioadhesion phenomenon apd subsequt’-il_vz;l ey
new bioadhesives. Considering the fact that all biological materials are REGANE'Y ,

: : i
. i i interaction of polycations Wi
Polycations would appear to be the best bioadhesives. The ;5 bl

and geographic reasons. i cell surfaces, or mucin molecules which cover cell surfaces, recipitate proteins
M than polyanions or neutral polymers.* Polycations, however, tegg:lobl;oadl?esives in this
. Mecha ; i m
nical Theory and disrupt cell membranes. Thus, they are less dq:ltr::; afl'he nucus gel itself can be
i ; .

hasTt}:)e f;necl}anical theory is (h'e oldest explanation for adhesion.* In this theory, the adhesive
= rin(:w f"“o th? pores an§ interstices of the material to establish mechanical embedding.*
inextl:actai : act‘zr in mechanical adhesion is that embedded adhesive solidifies and becomes
e o?f th adr;su'lt, the adhesive force is determined by the work to break adhesive
e adhes : : ; ol
1ve mass. Thus, the mechanical theory leans heavily on irregularities |

I

discussion where type 111 bioadhesion is of major

considered as a model bioadhesive hydrogel, since 1 a el

as adhesive properties to other molecules and firmly DS th;:jl:)r part of mucus which
Mucins are slimy viscoelastic glycoproteins that consntut:f aces The mucus is generally

contains more than 95% of water and coats all mucosal surfaces.

i 1l
cohesive properties as We
el Jial cell surface.*®
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heterogeneous in thickness and is present as th?n, cqnlilntflous .translufem. gcl cover adheren
to the mucosal epithelial surface,*.7 Mgltlple bl.ol.oglca u(r;;ugns, n‘,f;u'mng such physical
properties as low solubility, high v15<;osny. elast::ny, anq a hCS‘Vc"e%,_drc. lhough.( ook
from functional domains of the mucin rr.lolecul.e E:Sd microheterogeneity ln.the size, com-
position, and charge of the oligosac?hande chz.uns. For g{ ‘m0~re comprehensive e
functions of the mucus layer are briefly described with associated examples.

A. Proposed Roles of the Mucus Gel Layer . el 1
Mucus gel plays a number of very important roles in maintaining homeostasis of epithelial

cells. The various functions of the mucus layer can be collectively summarized as either

protective or barrier.

1. Protection ; ; 3
One of the major functions of the mucus layer is protection of the underlying mucosa

from mechanical damage, such as shear forces during blinking in the eye, exogenous insults
to the oral cavity, or the passage of food in the intestine, by lubricating the surface of the
epithelial cells. Mucus glycoproteins are negatively charged due to the presence of ester
sulfate and/or sialic acid groups on the mucin molecule. Water molecules become organized
in multiple interacting layers around these charges and consequently the mucus layer can
hold large volumes of water. This can provide epithelial cells with a constant aqueous
environment and an appropriate milieu for the movement of cilia which line most of the
epithelial cells.*® The optimum mucin concentration for the lubrication effect on ciliary
propulsion in tubes was found to range between 1.7 and 4.1% mucin.”' Thus, it is expected
that mucin concentration in vivo is in about the same range. In the stomach and duodenum,
epithelial cells are protected from acid and pepsin in gastric juice by virtue of this mucus
layer.*? In addition, the mucus layer has been postulated as the *“first line of defense’’.> It
is expected that the thicker the mucus layer, the greater the protective effect. However, it
has been suggested that the cytoprotective role of the mucus layer is not by virtue of an
increase in thickness of the gel layer adherent to the gastric mucosa.>

2. Selective Permeability Barrier

Mucin secreted by the goblet cells appears to be the decisive luminal barrier to passage
of a compound through the gut wall.>* The mucus layer can influence the concentration of
substances in the immediate vicinity of the cell membrane through filtration of solute or
foreign particles by its gel network.*® Macromolecular compounds and microorganisms can
be easily filtered. The mucus gel, however, is composed mostly of water and diffusion of
small ions should not be affected more than by an unstirred water layer.“ The upper limit
on the size of the molecule that can penetrate the mucus gel has not yet been determined.
Mucin can protect tissues by favoring attachment and subsequent proliferation of certain
micr.oorganisms and/or by promoting the clearance of others. Later in this chapter, structural
requirement as to bioadhesive polymers will be discussed. In this context, it is helpful to
summarize the possible reasons for the adhesive properties of mucus.

B. Analysis of Rheological Properties
Some of the biologically important proteins, such as fibronectin,* immunoglobulins®’ or
:;olla\glen’8 have been extensively studied to assign definite functions to the various structural
r;::?;::l:)if elz;ck; mo!ecule. Hovfzever, the structure of mucin is not well understood a'nd e
g hompt  functional domfims has yet to be determined. The propensity of mucins to
otypic and heterotypic complexes is thought to result from various interactions.

L. Interaction Between Mucin Molecules

Interchain di i
hain disulfide bridges have been observed in porcine gastric mucin,* human bron-

s

0 ' P d 1}
V lume I” lopellies an App icalions

chial mucin,* and monkey saliva mucin.5! Mycys glycoprotej 2
eins ¢

formation of disulfide boqu between monomer units, and th;
its viscious and gcl—fgrmmg properties. The c]eavag‘e i d'ls polymeric structure
versible loss of viscosity and gelling properties Tl l:‘UIﬁde bonds resylys j
such as lectins, which can form a mucus network or gel o be other eros.fing
The nature of the noncovalent interactions that lead t(; self-associ
association must involve carbohydrate—carbohydrate, carboh; dl:assocl
interactions, or all three.®* When mucin is hydrated and swg;lsa:e.pr
can form carbohydrate-carbohydrate cooperative ““junction z;n::‘g‘
drophobic interactions are also believed to play a role in stabilizing ¢

XISt as g multimer through

Maintaing
N an jrre-
Ng agents,

ati9n is unknown, by
olgln Or protein-protein
oligosaccharide chains
, like agar gels.* Hy-
he structure of hep

white ovomucin.® This hydrophobic interaction may occur between sy o
. . 3 . 6

nonglycosylated protein regions which contain hydrophobic amino acids, 7 %Fa}:er}elis;ues g

. content

of glycine and proline of the peptide core® provides mucin with a self-a. i ili
as a result of high flexibility which favors physical entanglement. 0 oo 2ilty

Mucin molecules will form a gel at a solution concentration of g
Mucin gel, at a concentration of about 50 mg/m¢, possesses ch
mucus gel taken directly from the gastric mucosal surface. ¢ has been estimated that muci
molecules start to interpeneFrale at approximately 0.5 mg/mé, with a degree of emanglemz:::
which is a function of the size and shape of the molecule.® Although physical entanglement
alone may not be sufficient to explain the properties of mucus, it must be an inTponam
factor in formation of the mucus gel.

Ionic interactions between amino groups and carboxyl groups can also mediate complex
formation® and thus influence the physical properties of mucin. Small amounts of calcium
are reported to increase viscosity of canine tracheal mucin™ and rat goblet cell mucin.”
Whether binding of calcium to sialic acid is responsible for these observations remains to
be determined.

pproximately 20 mg/m¢,
aracteristics of the native

2. Interaction with Other Macromolecules

Mucin forms heterotypic complexes with other biopolymers, such as albumin,’™ IgA,™
and lysozyme.”* Albumin dramatically enhanced the viscosity of hog gastric mucin.” Such
complexes might reduce or enhance specific biological functions.** The effect of biopolymers
on the viscoelastic properties and mucociliary transport rates of mucus gels was measured
by Marriott et al.” It was shown that all of the biopolymers tested, i.¢., QNA, lgG_, IgA,
and albumin, thickened the mucus gel with an order of effectiveness whlch Wfas directly
related to the molecular weight of the added species. The presence of cross-linking fac“’f:
was proposed to explain the physical properties of the gel.* This proposal, however, Wa
not proven.

Many of the effects of mucin can be imitated by sulfated carboh
and sodium pentosanpolysulfate,” thus suggesting the importance 0
a high charge density. . in vivo and which

As discussed above, the best bioadhesive candidates Whlch.can _behu:;igl:l& In this sense,
minimize undesirable side effects, would appear to be mucomlmeltiC tyrmining the structural
the search for bioadhesive polymers is essentially th.e Same, a8 7 g Z biological properties.
features of mucin which are responsible for their physicochemica’ ar ed properties
Although the nature of the mucus gel is still not we

11 understood, Som:a:t?;:r;oint e
s
af‘d structural features of suggested mucin models can be used as a
bioadhesive hydrogels.

ydrates such as hel””'i‘.177
f polysaccharides with

V. TYPE I BIOADHESION

ic polymer
5 of a synthetic po!
the adhesive smngﬂ:,antitﬂﬁw evaluation 0

The lack of a universal method to measure has hindered @

o ; - r
10 a biological surface in an unambiguous manne
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sives. Even for a given method, a small cha.ngc iq yariublcs such as applied
1 of the adhesive, contact area, impurities, or characteristjcs :
Its in completely different values so that the measured bioa&h
addition, there is more than one type of stress which C:_
be important in assessing adhesive sntengthA Variou§ tests are carried out in shear, IEnsiOnn
peel, and cleavage experiments. Resistance to tensile stress may be much greater thap l(;
shear stress or vice versa depending on the system. As a r'esull, the z{bsolulc value of adhesion
depends on the nature of the experlmf:nt and.u is not. possible to assign an absolute
hesiveness for a particular b10&dhesnvc. When a bioadhesive for i
lected by screening various Candldate'malerlals, appropriate exper.
d strength, and the type of biological adherend should be
considered first. Once a test method is established, the best way to characterize bioadhesive
properties of various polymers is to have a comparative measure of adhesive performance
In this regard, no attempt will be made in this chapter to defend absolute numbers deSCribiné
bioadhesiveness for a variety of polymers. Numerical values will be used on a comparative
basis to establish adhesive properties measured by a certain method. The following test
methods have been used to provide quantitative or qualitative measurements of bioadhesion
methods and testing conditions, these methods can be'

various bioadhe:
force, the rate of remova
biological adherends, resu
siveness tends to be subjective. In

strength t
value representing bioad

specific application is se
imental techniques, the require

Since there are no standard test
modified and/or improved for specific applications.

A. Test of Bioadhesion
1. Methods for Insoluble Polymers
a. Adhesion Test Using Two Tissue Layers
The bioadhesive ability of candidate materials is often tested in vitro by using biological

substrates as adherends. A bioadhesive polymer is placed between two tissue layers in an
appropriate buffer solution and the force to detach them measured (Figure 1A). The advantage
of this method is that attachment of the test polymer to another solid support is unnecessary.
This technique is particularly useful for testing of synthetic hydrogels. Under well-controlled
conditions, i.e., constant apparent surface area, applied force, and pulling speed, repro-
ducible results can be obtained. This tensile test has been employed to measure adhesiveness
of various hydrogels to soft tissues, like mucosal surfaces of the GI tract, and to lung or
muscle tissues.” Small pieces of tissue samples sandwiching an adhesive polymer were
pressed together for a preset period of time and with predetermined force. The tensile strength
of the adhesive was measured by determining the force to detach the two tissue layers.

b. Ad.hesion Test Using One Tissue Layer
aboT?elst;:fm(}?: l:l: u(si;ful. when tissue is not available in large quantity. In contrast to the
Siitongh u’1is canol?e esx.\:ie to'be tested should be attached to a solid support (Figure 1B),
IR tha;:tl ed if the hydrogel o test adhesive is large enough (Figure 1C).
s bioadl%esiw, :e;n.the bioadhesive and S?]id support should be greater than that
to skin,” parenchymal tiss: :(l’ssue layer. The adhesiveness of various synthetic adhesi\{es
test. Recently, adhesion foe' and dental enamel®' were evaluated with this simple ten51l.e
comeal endothelial cell surfz:ces were measured between various hydrogels and the rabbit
testing has also been used e i submerged in an aqueous saline solution. Shear
to measure adhesiveness of dental restoratives to enamel surfaces.*

¢. Measurement of Intrinsi, i
Adhesive force {; : Tuzz:c e
and type of tissue. To minj
adhesive strength. Thys th
the adhesiveness is extra

n:?z’; ‘;fﬁfgacfg C;/anables, such as applied pressure, conta.ct t.im&.%,
B s v U:—h t(_) such factors, it is useful to measure intrinsic
polated back ngth is measured as a function of one variable and

10 zero influence of the variable. An example is ShOW!
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FIGURE 1. Examp?es of bioadhesion tests. (A to C) Adhesion tests for hydrogels using one** or two™ tissc>
layers. Test hydrogel is placed between two tissue layers (A) or attached to a solid support (B). (D) Adhesion test

for soluble polymers using glass plate.*

in Figure 2. The adhesive force for detachment was measured as a function of the applied
force which was varied from 500 mg to 4 g, while other variables were kept constant. The
PlOt' of adhesiveness vs. applied force was then extrapolated to zero applied force.** Although
{ntr.msic values can be obtained and reproduced, caution should be exercised with regard to
its interpretation as a true adhesion force. It should be borne in mind that surface irregularities
?“d minute protuberances prevent perfect contact between adhesive and tissue, which results
in an imperfect interface. Thus, the effective area of contact is uncertain and difficult to
determine, and the force required to separate the surfaces gives no clue to the true strength
of the bonding at the points where contact does occur.™

2. Methods for Soluble Polymers
a. Adhesion Test Using Mucus Solution or Tissue Layer : by a
For soluble polymers, direct measurement of bioadhesiveness to a USsU€ surface yus
tensile test is difficult. Smart et al.** measured interaction of soluble Po[ymers o mn:(c)ve
fnolecules by coating a glass plate with soluble polymers and me_asunng the forceatﬁumber
it through a mucus solution using a tensiometer (Figure 1D). Obviously, her al.:dsorb and
of uncertainties in the method. It is not clear to what extent soluble lemer:asured force
cover the glass surface. In addition, it is not possible to Kknow whether t_he I:
is due to adhesion failure between mucus and polymer molecules or co!mmn'mo appropriate
p.olymer molecules. It would be more informative if awhale ot 1sfc:']‘:elfor detachment
Sizes and immersed in a solution of test bioadhesive polymer® 2 lheg\'(';ed fairly well with
Measured. The result obtained by the glass plate method, however, &

those measured by other techniques.

R il
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FIGURE 2.  Measurement of intrinsic bioadhesiveness of hydrogels. Adhesion force was measured after placing
polycarbophil (0), cross-linked polymethacrylic acid (®), and polyhydroxyethyl methacrylate (A) between two
layers of rabbit stomach tissue in the simulated gastric fluid and applying force for 1 min.

b. Fluorescent Probe Method Using a Cell Suspension

Recently, a new technique employing a fluorescent probe was developed to measure the
bioadhesion of various soluble polymers to a cell membrane.®” The adhesiveness of test
polymer molecules to the cell surface was quantified by the change in membrane viscosity.
.An alteration in membrane viscosity after polymer binding was measured from the change
in fluorescent spectra of pyrene which was incorporated into the lipid bilayer of the cell

meml?rane. A number of charged and neutral polymers were tested and compared in a
quantitative manner.

B. Bioadhesive Hydrogels

abil;{d“;ge:; ‘adapted for cgntact lenses or introcular lenses demand a minimum bioadhesive
roteiyr; iSn (;s case adhesion between hydrogels and epithelial cells, endothelial cells, or

gn . undesirable. On the other hand, hydrogels for drug delivery systems need to stay
ssue surfaces for a long period of time and thus require maximum bioadhesion. The

Volume 1.
e 1] Properties and Applicay
ons

Table 2
COMPARISON OF BIOADHESIVE PERF

OF VARIOUS HYDROGELSORMANCES

Method A*  Methog p» M::l;a .
ce

NAC/polycarbophil® 1.49 + 0.07

Polycarbophil 1.09 + 0.07 373
PMA? 0.39 + 0.07 73
PMMA: 0.66 = 0.1] 3§
Duragel’ Ol4Te 6ios ].6
PHEMA?® 0.04 = 0.01  0.09 + 0,0 10
Amberlite 200" 0.00 -
Gelatin microcapsule' 0.00

s Data adapted from 4Rcference 40 The biondl'?csiveness Was measured by using
two layers of rabbit stomach tissues. Two tissue layers with test hydrogel in
between were contacted for | min by loading 1.8 g in the simulated gastric
fluid (USP) without pepsin (pH 1.2).

®  Data adapted from Reference 82. The bioadhesive performance was tested by
using a corneal endothelial cell layer. Test hydrogel was placed on the cell
layer for 30 sec at 16 g loading in a saline solution.

¢ The mucosal side of rabbit stomach tissue was treated with 20% N-acetyl-L-
cystein (NAC) solution for 5 min and polycarbophil (polyacrylic acid cross-
linked with divinylglycol) was tested. NAC is a mucolytic agent which breaks
disulfide bonds.

¢ Polymethacrylic acid cross-linked with divinyl benzene.

¢ Polymethylmethacrylate.

A soft lens hydrogel based on an amino-polyamide polymer.®

¢ Polyhydroxyethyl methacrylate.

" Cation-exchange resin (Rohm-Haas).

! Cross-linked with formaldehyde.

bioadhesive properties of a number of synthetic hydrogels were measured by a simple tensile
test using either one or two tissue layers.?*7%%2 For reasons mentioned earlier, the absolute
values for bioadhesiveness obtained from different laboratories cannot be compared, bu.t a
relative comparison can be made. As shown in Table 2, it is possible to compare bioadhesive
performances observed under different experimental conditions, if there is at least one
common test material. One interesting observation is that polycarbophil has a superior
bioadhesive property compared to other hydrogels. Polycarbophil binds tenaciously to mucin/
epithelial cell surfaces, cultured cell monolayer, or skin, while other h)’dl"’ge!s = e::l);
washed off.%® When tested in an animal, gastric half emptying of p(?lycarbophll wasma t :f
5 hrin a dog* and 12 hr in a rat,* which is approximately twice as long;: 1 :lezh.
polymelhacrylic acid. Polyacrylic acid is also known to be supel'l.Ol' 0 p?]ymis i)rlncmases
acrylate as a dental cement.*' The general tendency observed is that bl.oadhmx;:n hydrogels
as the charge density increases and the structure of polymer becomes Slmplel'-d {0 interact with
become more hydrophobic as with polyhydroxyethyl methacrylate, g/ [fe rl;ioadhesive prop-
each other, thus reducing interaction with mucus layers. The absence 0 ht to be due to the
erties of Amberlite® resin and cross-linked gelatin microcapsules l-Smmt;::gmuc'm molecules.
lack of chain flexibility which s required for physical entanglement WWAEEE L (ol

One of the critical factors affecting overall bioadhesive Perfomziir:,c‘faorce when no pressure
{0 contact the tissue layer and hydrogel. To find out the inter2¥ iveness was measured,
8 applied to contact adhesive and adherend, the intrinsic bma%hestice The first s that the
shown in Figures 2 and 3. There are four aspects worthy of ROHEE:
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FIGURE 3. Measurement of intrinsic bioadhesiveness of mucus layers. Two layers of rabbit stomach tissue were
contacted for | min in the simulated gastric fluid and adhesion force was measured.

order of intrinsic bioadhesiveness is the same in the presence and absence of applied pressure.
The second is that all three hydrogels tested show a break in adhesiveness with the exception
of mucin (Figure 3). The slope observed above 2 g of initial applied pressure is greater than
Fhat pelow 2 g. The interactions of hydrogels with the mucus layer are schematically shown
in Figure 4. For a good bioadhesive such as polycarbophil, the penetration of a hydrogel
lpto the mucus layer is dependent on the initial applied pressure. A poor bioadhesive hydrogel.
’lIl'l}:e poﬁllllyd'rox)fethyl met.hacrylate (PHEMA), shows little pentration into the mucus layer.
biolzi,hesivm;ndls a fun?txon of thf: applied pressure only to a certain level. A moderately
et mzcui ’;ogel, Illke cross-linked polymethacrylate, shows a capability to entangle
o happe::r£oa though the depth of penetration is shorter than that of pol)(carbophl.l~
Him hydr(())ccelllr f}th the initial applied p!'essure of 2 g, but its significance 15
T atgle;xsne b:".al.( observed wnh‘polycarbophil may .1mp1)’ that Fhe
to hydrogels. The less adhesive:l Btpehct 2y of Whl?h the bottom layer is less adnegits
e wh'e;s of the bottom' layer is expected to result fx:om a de"‘se;
flexibility. To test this assy lCh prevents mucin molecules from free rotation and hig
mption, the mucus layer was briefly treated with a mucolytic
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FIGURE 4.  The interaction between mucus layer and hydrogels. Interactions of the mucus [ayer with poor,

moderate, and good bioadhesives at low and high applied forces are shown.
hil was increased about 40%3.
lecules which improves .thellr
ant aspect is that the mtrmsnc
s, if external force 15 not

agent. As shown in Table 2, the adhesiveness of polycarbop
?amal mucolysis can increase the flexibility of mucin mo
Interaction or entanglement with hydrogels. The third import
adhesiveness of PHEMA is negative (Figure 2). In other word dhesion oceurs
applied, PHEMA will repel mucin molecules. This supports the oL, iy acin interaction
Fhm“gh physical entanglement. The fourth observation is that the m}]cm-ﬂ{“ is reasonable
IS greater than the intrinsic adhesiveness of POI}’C‘“boPhil o

This |
a thick mucus 8¢l
€cause the mucin-mucin interaction should be spontaneous {0 form

e o
)
S
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ITal ol uci(-J, 934. B.F. Goodrich Chemicy
on which swells in water without (lISpCrS{ng um} fliCks o
ive for the oral mucosal membrane, Nagai et al. f«],,, T el ]
vpropyl cellulose where the latter wz'ls {lddcd llmln]y to g ure
“Carbopol swells when the body fluid is upst)rhcd Into the polyme
te which stays on the mucosal surface twice as e

Carbopol® (high molecular weight pol
Company) is a polyant
surfaces. As a bioadhes
of Carbopol and hydrox

_releasing property-
ointment. Both polyacrylate™ or PO e
agents for mucosal adheSlve_om.lmLmb' e vater’and b stic :

2 lly form a mucilaginous solution in water and become sticky. For this reason,

Gums usual )’h as alginates, hydmxyalkylcellulose. carboxymethylcellulose, carrageenap
many gul;x:v S:’]:“ Karaya, or pectin, have been used for their innate adhesive proper;ies and
gun ar::j l(higckenine for adhesive formulations.’* Gum arabic (gum acacia), gum tragacanth
wgr:v:n iaraya hav; been used in 20 to 40% solution as adhesives.”* Gum karaya has beer;
::ed::s a denture adhesive.” Gum karaya with p.oly(vinyl PY"_m“dO{LCJ and glycerol has been
used as a bioadhesive precursor which can be acnvat‘e”d by moisture.” Tragacanth alginates,
pectin, methylcellulose, and polyacrylate (Carbopol)** were developed for oral cavity adhe-
sion. Combinations of sodium carboxymethyl-cellulose, 'pectm,.upd gglatm (Orahesive,
Squibb Pharmaceuticals) were also developed for oral cavity administration.

When vegetable gums or water-soluble polymers are gsed, Ihey are usually incorporated
in a hydrophobic gel base to retard erosion of (he- adhesnvg which can occur as a result of
excessive water absorption. As an example, Orahesive® was incorporated into a pol yethylene-
paraffin base (Orabase®, Squibb Pharmaceuticals) to maintain prolonged contact with the
wet oral mucosal surface. Bioadhesive gums or polymers can be laminated to thin hydro-
phobic polymer films. The pressure-sensitive medical grade acrylic. adhesives are commonly
applied to the skin under normal conditions. The copolymer of isooctyl and acrylic acid
(94:6) and dimethyl siloxane rubber have been used as an adhesive bandage for transdermal
drug delivery.”

Since soluble polymers can be used as effective bioadhesives, information on the bioad-
hesive properties of soluble polymers is required. For most soluble polymers, however,
direct measurement of tensile strength, as is done for hydrogels, is not yet available. Table
3 compares the bioadhesive performances of various water-soluble polymers. Although
absolute numbers for bioadhesive strength are absent, the rank order of bioadhesiveness
measured in two different studies appears to be in good agreement. The general trend is
that polymers with higher bioadhesiveness contain ionizable groups. Recently, Park and
Robinson*” reexamined various water-soluble polymers for their adhesiveness to cultured
conjunctival epithelial cell surfaces. Although there was some disagreement in the relative
performances, the general tendency observed is the same. It appears that polyanions with
high charge density possess high bioadhesive ability. Further study is necessary to understand
the underlying mechanism(s).

VI. MECHANISM OF BIOADHESION

moEtT r::éo; groblem in the 'ﬁe]d of bioadl}esion has been the lack of an appropriate theoretical

S Proequa:: expempental techmques to characterize bioadhesives and biologlFa]

e derivéd i lit‘l)sef mechamsms‘ remain conjectural and listed requirements for bioadhespﬂ

e s h)’ rom.observauons 'of many different systems. We will begin this section
ng the possible types of interactions occurring in bioadhesion.

A. Interactions Involved in Bj
ed in Bioadhesi
1. Nonspecific Adhesion e

a. }I;ilg_ﬁicaé or Mechanical Bong Formation
y fluid i i
adhesives which are able to penetrate into the cracks and crevices of the

(methyl methacrylate)”® have been used as bi““dheﬂive

iy

RANK ORDER OF BIOADHESIVE P

ERFO
OF WATER-SOLU RMANCES
BLE POLYMERS
Relative
ualitatiy
mucoadhesiye l?io: dl:la AL
Polymers (o prop:‘“.e
y
Carboxymethylcellulose (Na salt) 193 5
Carbopol 185 xcellent
Tragacanth 154
Alginate (Na salt) 126 E:CC::em
Hydmxypmpylmcthylccllulose 125 et
Karaya gum o
Gelatin 16 Fail: actory
Pectin 100 =
Poly(vinylpyrrolidone) 98 B
Acacia 98 Poor
Poly(ethylene glycol) 96 s
Carboxymethylcellulose (Ca salt) Pacs

*  Data adapted from Reference 85. A glass plate dip coated by soluble polymer
(1% solution) was immersed in the mucus solution for 7 min. The force to
detach the glass plate from the solution was measured.

®  Data adapted from Reference 86. Polymer powder (60%) was mixed with
polyisobutylene (40%) and laminated to a thin polyethylene film. The band-
age was pressed with a finger onto the anterior gingiva for 30 sec and the
adhesiveness qualitatively measured.

adherend can form physical or mechanical bonds. Tissue surfaces present large opportunities
for such bonding. Many cyanoacrylates have the ability to spread on tissue surfaces and this
characteristic gives the cyanoacrylates their ability to act as an hemostatic agent.”

b. Primary Chemical Bond Formation
Many bioadhesives can form primary chemical bonds, since a number of functional-

chemical groups suitable for covalent bonding are present in proteins which are major
constituents of biological substrates. Alkylating agents can readily react with amino groups
and sulfhydryl groups. Acylating agents react with amino and hydroxyl groups of serine or
tyrosine. Amino groups of proteins can also react with aldehydes, isocyanates, and disggeiui]
salts. 00

¢. Secondary Chemical Bond Formation : f

Short-range interactions, such as hydrogen bonding or van der Waals attract 1on's,.a:: &
sufficient magnitude to contribute significantly to the strength of some e
Adhesive and adherend should be in close proximity for suc :
Even relatively simple polymers can effect extremely high adhesion,
umerous secondary interactions.

h interactions to be effective.
through very weak but

tions mediated
living surfaces
f adhesive

2. Specific Adhesion

As discussed in types I and I bioadhesion, the
by protein molecules. Specific adhesion is expected to 2
than inanimate surfaces. It is clear that specific interaction
and adherend.

re can be specific interac
e more common On
s depend on the nature O

T

S
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—
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B. Requirements for Bioadhesives

1. Flexibility SR rmit the adhesive to conform to the -
e sive is important to pe ! O the adhere
Flexibility of the adhe: kbone is influenced by the steric effect of substituent :gc

ity of lymer bac : ; ’ !
The ﬂexx"lﬁeosi;?f{he substituent side group 'becomeb‘lur'g:cr, Ch‘am flexibility is con-
g.l:uP;‘ly ismpaired London dispersion forces, which are significant in forming seconda;
sidera :

: istance of approximately 4 A and require intimate contact.
Fh?mlca] bondj;;balzlt;;?:dl;esivenessri)sinﬂuenccd by flexibility of the adhesive molg‘cl:llllj
L l.mder:::,:e of chain flexibility is well reflected in the proposed mechanism of We.t
'I:he 1;2501’), Chen and Cyr*® which will be discussed later. If side chains are flexible, they
fhe:sconfer internal plasticization to the whole polymer structure. When a high degree of
internal plasticization is achieved, the product bgcomes. tz?gky and suitable as an adhesive, 101
Increased cross-linking obviously reduces chain ﬂex1b1.llty and‘a dec.reased bioadhesive
performance is expected. However, a thorough systematic study is lacking.

2. Molecular Weight s :
Higher molecular weight leads to higher cohesive strength and reduces creep due to the

greater degree of chain entanglement resulting from l.onge.r chains. It has been observed that
adhesive force increases as polymer molecular weight increases until a plateau value is
reached.®> At higher than optimum molecular weight, adhesion may be reduced due to
reduced penetration of the adherend surface by adhesive polymers owing to their low mo-
bility. This can be explained by using the diffusion theory of adhesion as discussed earlier, 1°!
Within a molecular type, chain length may be a determinant of adhesive strength.® The
general observation is that the longer the chain length, the better the bioadhesion.

Side-chain length also influences bioadhesive abilities. As an example, polyglutamic acid
showed higher cell adhesive behavior than polyaspartic acid.®’

3. Functional Groups

Effective adhesives usually contain numerous hydrogen bond forming functional groups
and hydrogen bonding appears to play a major role in wet adhesion.® The excellent per-
formance of adhesives containing phenolic or aliphatic hydroxyl groups with polar substrates
can be explained by formation of hydrogen bonds. Hydrophilicity of adhesive formulations
permit good adhesion by overcoming the destructive actions resulting from normal secretions
of body fluids or mechanical movements.® The hydrophilic nature may enhance the cohesive
properties of the adhesive by minimizing slippage of the polymer chains. By comparing the
amino acid content of bioadhesives from various sources, Wake®® pointed out that amino
af:id compositional differences between biological adhesives do not appear important pro-
vided that the free carboxylic acid groups from aspartic and glutamic acids, the hydroxyl

groups from threonine, serine, and hydroxyproline, and the strongly basic arginine are
present.

“~

4. Charge Density

Clegebrsta?? fotl; the excellent bioadhesive property of polycarbophil or Carbopol is not yet
concl,ud od fr:n? sen:ied that they are both polyanions with high charge density. It was also
b impona:tm:  of polymer interactions with cell membranes that high charge density
should be the meche ement for bioadhesion.”” The immediate question to this observation
Way 10 a mucus suarl;lsm Whereby negatively charged polymers can bind in such an effective
the rabbit stomach w:sc f il sign. When the bioadhesiveness of polycarbophil ©
observed as shown .eSted by a tensiometer as a function of pH, the following result was

" in Figure 5. As the PH was increased, charge repulsion between two

o
|

(x 10°2 DYNE /CM?)
D (0)] @
| | |

N
|
o

-

FORCE REQUIRED FOR DETACHMENT

pH

FIGURE 5.  The effect of pH on adhesion force. The adhesion force of polycaxboPhil to rabbit smmacl? nssu;
was measured in the simulated gastric fluid after placing the hydrogel between two tissue layers and loading 1.
g for I min.

negatively charged polymers, i.e., polycarbophil and the mucus layer, was also expected
to increase, and reduced adhesion of polycarbophil to the stomgch mucosal surface \Zi::
anticipated. The interaction, as expected, decreased as the pH was increased. 1 mmi? the
interaction was observed at pH lower than 3. Above pH 4,_ a 'dmm?uc d-ecms“fas neg-
interaction was observed. The interaction of polycarbophil wm.lmesunal e d by the
ligible compared to that with stomach tissue and this observation was C?t;::eh dzogen
difference in pH between stomach and intestinal tissues. It might be prop(?:‘? cpH szever,
bonding is responsible for polycarbophil adhesion to the m.ucous layer at acidic prl-
MOre experiments are necessary to reach such a conclusion. 11 bioadhesion. The
Charge density also contributes to improving cell auact}ment - pﬁe number of carboxyl
extent of platelet adhesion was markedly enhanced with an increase l:reased adhesiveness bY
Or sulfonate groups on the surface.'*'% In type 1l bioan{eSIany mm the presence of such
anionic groups was explained by an increased wettability due
8roups, 104

3. Negati d by the type
8ative Charge Type ed by ey

OfThf} biological roles of anionic polyelectrol
a

antly influenc

jch regulates
trol whi X

ytes are signific

- jological con
fionic groups and there appears to be a 5;1);13 sfl ST

Clerogeneity relative to the levels of carboxyl Jlfated than those
fueins from cystic fibrosis patients were more highly s
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in viscosity of mucins from cystic fibrotic individualg i .. .
= e \?‘ulf()mu'cm' in pig gastric muéin()nsndercd
gorpion 0 DAoL and the maximum binding capacity s a( [oqq
Slmnga.somh' her than that of the sialomucin in ovine submandibular mycip 107
R "fag"",gdcl ‘(;gobserved a higher binding affinity of sulfated polyanions c l
ROb'“SOZ[ aczﬂ’(’x)’laled polyanions. Polyanions with sulfate or polyphosphate : ‘l
;Ze’zp:::m ;:equemly found to possess enzyme inhibitory action than p"lyL‘urbOXy“C :[:
locRl of sulfated polyanions (0 function as metabolic inhibitors results from h i

affinity (0 proteins and subsequent changes in the physicochemical and biologic

of the latter substances.

extreme increase

and an
to be due 1© such struc

an Ordey
Park and
Surfaceg

s, have
ds. 108,10

al behavi()]'

C. Factors Influencing Bioadhesion

1. Hydration of Adhesives .
Many hydrocolloids, like vegetable gums and animal proteins, and hydrogels o
» SUCh a5

polycarbophil, become adhesive after hydration. However, there is an optimum wa
centration for the hydrocolloid particles to develop maximum adhesive strength %6 E er ch.
water may cause the formation of a slippery, nonadhesive mucilage. If the adhcs:ive ;Cesswe
too susceptible to water permeation, it will eventually be displaced by water and ngeecomes
lose adhesiveness. Smart et al.® observed an increase of adhesive strength in.a n~1uquemIy
system, but a decrease in a gelatin gel system. The difference was explained by th cus ge]
quantity of water available in the gelatin gel system. ¥ the greater

Degradation of the adhesive bond in water or in a humid environment is another im
aspect of the role of water in bioadhesion. This tends to cause a lack of adhesive dul-Pt(:.Tlt_ant
The effect of the total amount of water available for hydration on the adhesive pro ability,
various hydrocolloids depends on the type of polymer and this makes it difficult property of
adhesive strength under the same conditions.* {0 compere

2. Hydration of Biological Substrates
molliffecluve adhesion can only occur when an adhesive and adherend are brought into
resi;u ar ;ontac(. Such mterfac_lal contact is the first requirement for good adhesion. The
gnﬂpl;:e ;)f wal?l:lar?d other. fluids on the surface of adherend may prevent full effective
s iont£o§51 e mteract.lons at appropriate interfaces. If adhesive bonds cannot displace
e thmmr;:::n(.s,ladhesmn failure can occur due to a weak boundary layer. Matsumoto®
e ﬁt:]r(;eixns sucfh as po.ly(acr.y]ic acid) behave poorly as surgical adhesives as
inavailabiliy of bindigs o other investigators, and attributed this poor adhesion to the
S ;ﬁlﬂ:ﬁs gye to the presence of water. The acrylic adhesive did not
Ty e it (hos: lzl. The greatest di.sruptive effect of water in adhesive bonds
adhesive forges 110 polymer systems which rely primarily on hydrogen bonding for
Baier et al. 1% gjg
4 . cussed the ion i
addition of Water-displacing agr:::sof water on adhesion in some detail. They suggested that
» such as alcohols, glycols, or other hydrophilic organic

liquids to adhes;
: SIVES can : .
displacement of et dccomplish good wetting which results in good adhesion. The

foxTn adhesive bons. s ealso mportant for organic liquid adhesives which polymerize (©
Wwhich are adsorheq o the)’;f; notcompatible with water or cannot displace water molecules
:;l:he effect of water, the inﬂuec,:end’ the formed adhesive bond will be weak. In addition
on :f:(a homologous sries of alk [c; of blood should be considered in practical applications:
logs we(l;’ the lower homologs (i/net;]cyanoacrylales were tested for their ability to polymerize
lower hon blood, howeyer , the hi }{I 0 butyl) polymerized faster than the higher home”
me“izatior:ologs Polymerizeq consiﬁ omologs polymerized instantaneously while the
it Tate on blood yyg A era‘lgly slower. The change in spreadability and poly-
Bt the higher l:}(])anll::(g)OdfeffeCt”' This blood effect was also 0bserve
$ formed stronger tissue bonds.”

S,,rface-Modifying Agents
3.  the blood effect suggests, some tissue surfaces 4

X ected t

hat hydrophobic interaction might contribute ‘Ppear 10 be h

olyurethan® prepolymer was applied to a wound on r-
aPthe moisture present and the prepolymer solidifi
:z,)wever, was inSig“.ifican]t';“ Agl-l-eSion‘ however, was improved considergl
ihe tissue surface i E n; tisocyanate or n-hexyl isocyanate. 1y wa: 1 b priming
ihe €O densation 'o.f 'hydrop obic n-hexyl 1S0cyanate with receptors on lhesrggested that

romotes compatibility pctween polymer adhes'lve and the tissue surface at :}S,SU_C surface
The formation of cross-lmks.an('i thg nature of tissue surface components do n0t° Interface,
critical factors- Based On.lhIS finding, Wang aqd Evans'? formulated an adhes:eem to be
comprising benzoyl. chlorlc.ie anfi a solt{non. of silicone in methylene chloride Ve system

Another way of nTlpro'vmg bioadhesion is by adsorbing multifunctional m(;lecul
E epoxyacrylale den.vatlves,‘ 13 (?nto adherend surfaces so that interaction with adh::{ suc_h
facilitated by a chemical or physical process.* Ideal adhesion promoters should adsorl:f)smlts)

the surface as a monomolecular layer that will prevent contamination of the adherend by

other substances. Uik

i -
0 a.d 1€S1ve b()lld founation. When
ki f . P

ed. i
The adhesion 10 tissue surface

4. Divalent Cations
The addition of a cross-linking agent, such as calcium, to anionic hydrocolloids, such as

oxymethylcellulose, reduces solubility and decreases the wet adhesive property of the

carb:
4.5 The calcium salt of polycarbophil does not swell in water and does not exhibit

hydrocolloi
bioadhesive properties.

5. Turnover of Adhesive and Adherend
A great deal of attention has been focused on the attachment of bamacles and molusca

to fixed or moving substrates. It is thought that a polypeptide adhesive is pulled out into
the liquid like threads. The efficiency of the adhesion mechanism is related to the fact that
the adhesive is continuously, though very slowly, renewed in the area covered by the animal
and is exuded.®® The continuous renewal of the adhesive allows maintenance of strong
adhesion to foreign surfaces in water. However, if the surface of the adherend is continuously
renewed, a strong adhesive bond cannot be formed. This has significant implication in soft
tissue bioadhesives. Mucus covering epithelial cells in the Gl tract or eye is continuously
secreted and eliminated. Bioadhesives which bind to this mucus layer are expected to be
removed at the same time when mucin turnover occurs regardless of the adhesive strength.

Thus, the study of mucin turnover is necessary.

D':l"}(:liosed Mechanisms of Bioadhesion
though it is not easy to explain various b ; : ;
anattempt has been mage to gelzxeralize the bioadhesion phenomenon- l}noadhesnon O:f::sm‘ﬁ
in the presence of water (wet adhesion) is distinguished from adhesion (0 dry su -
that bioadhesion maintains a dynamic state. A mechanism of wet adhesion \Z:; zdhesion
based on the empirical relationship between properties of soluble poly'mfﬂ'ii o
performance. % Hydrated polymer chains are free 0 mOYe and stretch al(‘)nce entangled,
entangled or twisted when brought into close contact Wit :

they are able to match their active adhesive sites With those on ehsui
adhesive bond or the entangled molecules are also free to form corfeosrman ]
r\“’ceS:% the amount of water at the interface controls a.dheslV‘zi 5’:0,‘,, difficult to interact
oi'drauon may OYcrextend polymer ch?ins to make them s:lf‘feroaﬂ R bioadhesive

CMtangle. This suggested mechanism can explain many e
Phenomena. The role of physical entanglement petween polym

joadhesion phenomend by any one mechanism,
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ric mucus gel. When po]ycarbophil is Separateq from
ht’: gasolecules are detached from the tissue surface and s,
clnd'?recl relationship was observed between physica] entan.
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mu
the mucus gel Iayelr(, 1;;:‘; A
< cide the hydroge! (*" | : ; &
Igl;:]::am and bioadhesiveness- i T ;

s p €Y may
Dried hydrogels displa)"el!(:if:sue surfaces, swelling, and penetrating surface depressiongtis
ting mOIS

function by dehydra
as in wet adhesion-

in polycarbop

| adhesives, such as polyacrylic el (25 Ie:a;ne] WVas explained
The adhesion of denta I groups to ensure exgellem wetting. ; U was suggesteq that
the ability of free carbojhyesive actually penetrate 1nl(_) the enamel fipz‘mle, and that Carboxy]
polyanion chains of Ih; :te ions from the apatite matrix to ensure intimate contact between

groups displace PhoSPd 117 The adhesion of glass-ionomer cements to tooth surfaces was
i adherend. . ; 16,118

adhesﬂ:d z:::d,'onic forces operating across the interface

attribut

VII. APPLICATIONS

A. Drug Delivery Sysct(e):::d routes of drug administration includes ocular, nasal, buccal,
The various mucus

; tes of drug delivery it is possible
i d vaginal. In each of these rou : .
resP"?‘o_’y' G[L :eiz[caz:l‘ (:"1 sy:legmic drug delivery by the use of bioadhesive p(.)lymers. There
- og::'gz;:jlorccategories of bioadhesive application in the area of drug delivery.
are

i i Time . g y
1']? lenr:]":r:.glf:l:;l\{z'rl;eone can minimize GI transit by using bioadhesive polymers and
or 0! ,

drug delivery system. In the case of ocular drug delivery,
g;l:):?nz ?:SC;]";?:I{ cc)(f”:rc(i’::legdsolufion to t;1ye eye, there is only approximately 90 sec for
drug absorption to occur before the drug solution is removed by lgss patt'lways lsuc(}; as
solution drainage and tear turnover. The abilit)f tq prolong.contact gme 0; an ocular drug
delivery system in the front of the eye would significantly improve drug therapy.

izati rug Delivery System ]
: l?t;il’cz:;éogf (:{I?rgegbowel ir?f’]a;mation, it would be desiraple to .have the drug dlehvel;y
system localize in the large bowel and release the drug to this reglon only.. An a t_emao(;
example is in those cases where a drug is preferentially absorbed in a specified region
the GI tract, the so-called “‘window for absorption’”. A number of drugs are repgned to
have a “window for absorption”, e.g., iron, riboflavin, chlorothiazide, etc. Assun.nng lhla‘;
considerable specificity of mucins exist in the GI tract under normal circumstances, !t shou.t
be possible, provided structural specificity of the bioadhesive is available, to achieve site
specific localization.

3. Intimate Contact with an Absorbing Membrane n
A high drug concentration and hence high drug flux through the absorbing membrane ca
be achieved by maintaining intimate contact of a drug delivery system with the absorbing
!.issue. In addition, for high molecular weight compounds such as polypeptides and p'rowms‘
It may be necessary to modify the local permeability of the absorbing membrane et o
to achieve therapeutic levels of drug. To accomplish this requires localization and intimat®
contact of the drug delivery system. ish
the'l:l;ors :rebz.l vapety of ways in which bioadhesive polymers can be utilized. to accon?stl;zg
L objectives. The mogt primitive form is to simply coat the bioadhesn.'e on exl lent
g delivery systems, gychy as tablets, osmotic devices, or ion-exchange resins. Covae

linkage of drug 10 a sujtable p; i prodrug
) e bioadhe, Polymer is also possible and represents @ pr
strategy with site specificity, P1v¢ Polymer s also possible and repr
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B. Medical Applications

Bioadhesives hfxvc been used as hemostatic and wound pe ling ;
bioadhesive dressings were applied to skin 10ss wounds llq..f,.'"g;ge“FS- Drug INcorporateq
cedures.'?' Fibrinogen aqd Cyanoacrylates are effective {n face_a[“ fPermd()r}lal surgical pro-
wound healing. The major aim is o eliminate cumbersome i::,- acc's_eah'ng of tissues,, or
Surgeons use aerosol adhesives to stop bleeding of ";::ll;z:it;lon' by suturing,
4ries. Applying

2 thg glue as 5 hemostatic

bioadhesive for surgical use should have high adhesjve strengt
zation or curing within seconds with minimal volume change, and pe nontoxj -
ritating to the tissue. In addition, the presence of the adhesiy, Ao noni:
normal progress of the natural repair process. 122 Methyl
a significant SO.ﬂ “SSPC response adjacent to the implants under the conditions used whj]
epoxy resin-resin amine compounds and 2 butyl acetate cement did not.'> A : while
adhesive was also used as a fast-setting adhesive. 124 polyurethane

jaancsive foam, (Reston i3 Company) was used in a skin grafting technique. Adhesive
foam was attached to a skin template and cut to shape. The skin-foam composil;e was then
positioned on the defect to be grafted. This procedure eliminated the discomfort of subsequent
suture or staple removal.'?

A bioadhesive strip composed of gelatin, pectin, sodium
polyisobutylene was used to attach the contraceptive sheath
under the name of Urihesive® 26

carboxymethylcellulose. and
of a urinary drainage device

C. Dental Applications

High incidence of failure results when the restoration of dental cements in teeth rely
principally on mechanical interlocking. Improved durability can be obtained with dental
cements which also display adhesion to the enamel and dentin of the tooth.*" However, the
production of true adhesion to a tooth substance is difficult because the surface is not usually
smooth and the external enamel is coated with an organic proteinaceous cuticle derived
mainly from saliva. Materials which show adhesion to calcified tissues were found to be
those which form a biologically stable chelate with calcium.®" One such agent which has
been used as an adhesive material is poly(acrylic acid).

The adhesion of dentures to supporting tissues is accomplished using a high viscosity
fluid. Solutions, such as karaya and tragacanth gums and sodium carboxymethylcellulose,
are tacky and stick to denture bases while having little effect on the oral mucosa.'?’ Karaya
gum has no local adverse effect in the mouth, but due to the low pH (4.7 to 5.0), it can
decalcificate dental enamel.'* Some denture adhesives which contain constituents capable
of forming aqueous solutions of pH below that at which hydroxyapatite dissolves can cause
a small, though measurable degree of enamel decalcification.'
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