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Mechanistic studies of bioadhesion: The role of water in

interfacial interactions

Nimit Worakul
Under the supervision of Professor Joseph R. Robinson

at the University of Wisconsin-Madison

There were two main purposes in these studies. The first purpose
was to give a greater understanding of bioadhesion of polymeric gels
used in drug delivery, and in particular to better understand the role of
water in interfacial interactions taking place during bioadhesion and the
effect of mucin in the medium on the change of this behavior. The second
purpose was to provide a theoretical approach, using surface free energy
parameters and solubility parameters as tools, to explain the bioadhesive
property and solubilizing capacity of a bioadhesive system. The polymers
used were hydroxypropyl cellulose (HPC) and hydroxypropylmethyl
cellulose (HPMC), both water soluble and widely used in pharmaceutical
products. The substrates used as model surfaces, to which adhesion of
the polymers occurred were glass, Plexiglass (polymethylmethacrylate)
and Teflon (polytetrafluoroethylene). The order of hydrophobicity is Teflon
> Plexiglass > glass. Hydration of polymer gels was measured

gravimetrically. Surface free energies associated with films of polymer
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gels, spread on glass slides and immersed in water were determined from
contact angles measured using air and n-octane droplets. Bioadhesion
was determined by measuring thé force of detachment of the polymer gel
from the various solid substrates. The state of water in the polymer gel
(freezable or non-freezable water) was determined by differential scanning
calorimetry. Computer simulations were carried out to help predict
adhesive behavior based on surface free energies and polarity of the
substrates and the environment.

It was demonstrated that the hydrophilicity of polymer gel surfaces
increased as the water content of the polymer increased, resulting in a
change in bioadhesive behavior. The calculated work of adhesion,
obtained from contact angle measurements, between the polymer gels
and substrate surfaces in water exhibited parabolic changes in adhesion
as a function of water content. Comparisons between different substrate
surfaces showed that the work of adhesion is higher when the
hydrophobicity of the substrate surface is higher. This appears to be due

to a higher polar interfacial free energy contribution, yg P, between the

substrate surface and water.

Differential scanning calorimetry data indicate that there is no
effect of polymer molecular weight on the amount of non-freezable water
in the polymer gels. It is concluded that non-freezable water, that water

directly bound to the polymer, is essential for the initiation of the
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adhesion process, while the presence of freezable water at the interface of
polymer gels, tends to reduce adhesion. The results show some
dependency of adhesion on the molecular weight of HPC and HPMC, but
there is no clear correlation between the maximum work of adhesion and
molecular weight. The water present at maximum adhesion is a
combination of both freezable and non-freezable water. Since the amount
of non-freezable water is constant for a particular polymer, the amount of
freezable water required for optimum arrangement of polymer chains
depends on the polymer molecular weight; a higher molecular weight
polymer requires more freezable water to be present. Mucin has been
shown to exhibit surface activity in an aqueous environment, and
therefore, it reduces the work of adhesion between the polymer gel and
the substrate surface by reducing the interfacial free energy between «
medium and a substrate surface. Simulations involving the use of
surface free energy parameters and solubility parameters have proved
some insights into the role of polarity in bioadhesion and solubilizing
capacity of a bioadhesive system.
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Chapter I : Introduction

A. Background:

< Definition and applications of bioadhesion

A bioadhesive substance is defined as a material that is capable of
adhering to a biological surface, and being retained on that surface for
an extended period of time. Accordingly, bioadhesion is described as the
interfacial interaction between a bioadhesive substance and a biological
surface. If the biological surface is covered by mucus, the term
mucoadhesion is used [1-4]. Bioadhesion can be achieved by either
nonspecific or specific interactions. Nonspecific interactions are driven by
the physicochemical properties of the bioadhesive system, surface and
environment, while specific interactions are driven by recognition of the
ligand at the mucosal surface. This work will emphasize nonspecific
interactions.

The concept of bioadhesion has received considerable interest in
the pharmaceutical sciences as a platform for controlled drug delivery
systems [3-26]. Attention has been focused on the potential to prolong
residence time within a specified region of the body and create an

intimate contact with the absorbing membrane. In recent years, other
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novel concepts associated with bioadhesion have been proposed [19-26],
these include permeability modification, inhibition of proteolytic enzymes
and creating of specificity for targeting.
Currently, bioadhesive systems are successfully used to increase
the residence time at several sites, such as the mouth, nose, eyes, and
vagina (Table 1). However, human gastrointestinal bioadhesive drug

delivery systems have not yet been established.

+» Fundamentals of bioadhesion

The establishment of a nonspecific bioadhesive bond may be
regarded as a series of steps. Initially, wetting and swelling of the
bioadhesive polymer to permit intimate surface contact between the
bioadhesive and the adherent surface has to be established.
Subsequently, both phases may interdiffuse or interpenetrate to a certain
extent. These steps establish the area of contact between the bioadhesive
and substrate surface. Following these processes, interfacial bond
formation is established through secondary chemical bonds, i.e., London
forces, hydrogen bonding, or a hydrophobic effect [1-2]. The bioadhesion
phenomenon is a complex process. Several theories have been proposed
to explain the detailed mechanism involved in bioadhesion; however, no

single theory sufficiently explains this mechanism. The most cited
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Table 1 The effect of a bioadhesive system on the approximate clearance

time of applied solutions for selected areas of the human body [13, 27]

Route Residence time Residence time with
without bioadhesive bioadhesive polycarbophil
Ocular 1-2 minutes 12-15 hours
Nasal 2-60 minutes 6-12 hours
Buccal 2-30 minutes 6-12 hours
Vaginal 30-90 minutes 3-4 days
Stomach 5-100 minutesA 5-100 minutesA
Small intestine 85-250 minutes? 95-285 minutes?

A = too% of powder in capsule dosage form




mechanism that is used to explain bioadhesion involves wetting,
adsorption and diffusion, and usually some combination of two or three

of these theories.

The wetting and adsorption theories

The adsorption theory states that the adhesion of a bioadhesive
polymer on a mucus layer is the result of surface forces acting between
atoms in the two surfaces. This interaction is achieved based on a
sufficiently intimate intermolecular contact. These forces include van der
Waals forces and hydrogen bonding, and are referred to as secondary
bonds. The term secondary is in a sense a measure of the relative
strength of the bonds (Table 2). Although individually these forces are
weak, strong adhesion can be produced through numerous interaction
sites. Since the prerequisite for the adsorption process involves intimate
contact between two materials, this theory can be linked to a wetting
theory. The wetting theory uses surface free energy parameters, i. e.,
interfacial free energy, spreading coefficient and work of adhesion, to
predict spreading or the wetting ability of an adhesive on a substrate [29-
31]. Good wettability means good adhesion. These parameters will be

clarified in more detail later.
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Table 2 Types of physical attractive forces and typical bond energies [28]

Types Bond energy
(kJ/mol)

Ionic 590-1,050
Covalent 63-710
Metallic 113-347
Permanent dipole-dipole interactions:

-Hydrogen bonds involving fluorine Up to 42

-Hydrogen bonds excluding fluorine 10-26

-Other dipole-dipole(excluding hydrogen) bonds 4-21
Dipole-induced dipole Less than 2
Dispersion(London) forces 0.08-42
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Lehr et.al. [32-34] proposed that the formation of a mucoadhesive
bond is primarily governed by the aforementioned surface energy effects
and spreading processes. By using electron microscopic examination,
they found that there was no evidence for interpenetration between
mucus and the mucoadhesive hydrogel in the micron-range. However, in
the nanometer-range this possibility still exists [32]. They used surface
free energy analysis theory, which considers interfacial phenomena in
terms of polar and dispersive components, and calculated these
components using contact angle data. By comparing the fractional
polarity of a mucus surface and polymer surface, they explained the
adhesion of a polymer to a mucus surface [33]. They also proposed a new
parameter, a combined spreading coefficient, which provided a good
correlation between predicted and measured mucoadhesive performance
in different aqueous media [34]. Note that this approach does not
consider possible binding forces in bioadhesion due to interdiffusion and
ionic interactions. Similar work was done by considering interfacial
phenomena in terms of the Lifshitz-van der Waals and acid-base
components. Rillosi and Buckton [35] applied this theory to explain the
mucoadhesive property of Carbopol to mucin. They found that the
surface energy of Carbopol changed when hydrated, therefore Carbopol,
but not mucin, was changed in surface energy as a function of pH. In

addition, the surface energy of a dry polymer gave a better correlation
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with mucoadhesive strength after a short contact time, while the surface
energy of the hydrated polymer was found to give the best correlation
with mucoadhesion after a longer contact time. They also concluded that
the interpenetrating stage of mucoadhesion has a driving force, which is

related to interfacial phenomena.
The diffusion theory

The diffusion theory states that intrinsic bioadhesion is due to
diffusion of adhesive molecules across an interface. This theory supports
the concept that interpenetration and entanglement of bioadhesive
polymer chains and mucus produce semipermanent adhesive bonds. It is
believed that bond strength increases with the degree of penetration of
the polymer chains into the mucus layer [28, 36-37]. This requires that
the chain segments of the bioadhesive and mucus possess sufficient
mobility and are mutually soluble, i.e., they have similar values of the
solubility parameter [28, 38-39]. However, where the solubility parameter
of the materials are not similar, or where one material is highly
crosslinked, is crystalline or is below its glass transition temperature,
then interdiffusion is an unlikely mechanism [28-29]. In a previous study
[40], it was proposed that one of the factors that controls the strength of

mucoadhesion is the expanded nature of both the interacting mucus and



polymer network. By using ATR-FTIR spectroscopy, Jabbari et al. [41]
showed that entanglements and secondary chemical bonds can be
formed through the occurrence of interpenetration. A similar conclusion
was made using viscoelastic measurements. It was concluded that gel
strengthening at the mucoadhesive-mucus interface is the main reason
for increased mucoadhesion. Interpenetration and hydrogen bond
formation of mucus/mucoadhesive molecules are the likely mechanisms
to change rheology at the interface [42-44]. In the case of dry and
partially hydrated dosage forms, however, water movement from mucus
to the dosage forms, rather than polymer interpenetration, could be
important because dehydration of the mucus layer could increase its
adhesive and cohesive properties, and this would be expected to
strengthen the mucoadhesive joint [45]. It must be noted that excess
hydration could lead to a weakening of the mucoadhesive joint, and
eventual formation of a slippery mucilage [46]. Therefore, the relative
importance of each factor will vary, depending on contact time, the
nature of the mucosal surface, presence and thickness of the mucus

layer, and the nature and degree of hydration of the mucoadhesive [42].



% Theory of interfacial phenomena

It has been recognized for many years that the establishment of
intimate molecular contact is a necessary requirement for developing
strong adhesive joints. This means that an adhesive needs to spread over
the surface of a substrate. An adhesive that conforms ideally to these
conditions must exhibit [28]:

* A zero or near zero contact angle when it is a liquid;

e Have a viscosity that should be relatively low at some time

during the bonding process;

e Be brought together with the substrate at a rate and manner

that assists in the displacement of any trapped air.

In order to assess the ability of a given adhesive/substrate
combination to meet these criteria, it is necessary to consider the
following parameters:

e wetting equilibrium;

e values of the surface free energies of the adhesive and

substrate;

e free energy of the adhesive/substrate interface;

e Kkinetics of the wetting process;

e details of the bonding operation.
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Surface tension is a direct measure of intermolecular forces.
Tension in the surface layer is the result of attraction of the bulk
material for the surface layers, and this attraction tends to reduce the
number of molecules in the surface region resulting in an increase in
intermolecular distance. The increase in distance requires work to be
done and returns work to the system upon a return to a normal
configuration. This explains why tension exists and why there is a
surface free energy [28, 47-48].

The most common type of physical attractive forces is van der
Waals force, which can be attributed to [49-50]:

e Dispersion (or London) force arising from internal electronic

motion which is independent of dipole moments;

e Orientation (or Keesom) force arising from the orientation of

permanent electric dipoles;

¢ Induction (or Debye) force arising from random orientation of

dipole-induced dipole.

Dispersion force i‘s universal, and all materials exhibit it. Another
type of force that may operate is hydrogen bonding. The various types of
physical attractive forces are listed in Table 2.

The ability of a liquid to wet or adhere to a substrate surface is
determined essentially by surface tensions of the two materials. The

surface tension of a liquid can be measured directly; however, the
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The work of adhesion (Wa) between two phases is the work required
to reversibly separate them. This can be calculated by the Young-Dupre

equation:
Wa=1vsv +yLv - YsL = yrv(1+ cos 0) Eq. 3

The interfacial free energy between two phases, in terms of polar
and dispersive components [51-53], can be calculated using the

geometric mean equation:
¥i =Y+ - 206 - 2007) Eq. 4

Wu [53-55] used the harmonic-mean equation to express the
optimum wettability condition for adhesion in terms of polarity and

surface free energy as follow:

i =Y+ 1 - 40O - 40PV /(v Eq. 5

This equation is normally regarded as the preferred method for
calculating the interfacial free energy between polymers. In order to
calculate work of adhesion between two surfaces in a third medium, a

three-phase system equation (Eq. 6) can be used [49, 56-60]:
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VvaT = WaPS + \NcL - WaPL - \NasL = YSL+ YpL = YPS = ‘A(}aT Eq 6

Where T, P, L and S represent total, polymer, liquid medium and
substrate surface, respectively. Wcl is the work of cohesion of the liquid
medium, which is equal to 2yLv. AGJT is the free energy of interaction
between two surfaces in a medium. A positive value for WaT will result in
a net attraction between polymer and substrate surface in the liquid
medium. Therefore, it is advantageous to minimize the interfacial free
energy between polymer and surface (yps), while maximizing the
interfacial free energy between the other two interfaces (yst, yrr). This
approach has been used to explain several bioadhesion processes, i.e.,
the adhesion of bacteria to solid substrates in a specific medium [60-65],
and binding of a polymer to mucus in the presence of buffer [34, 66].

According to wetting theory, the spreading coefficient has been
suggested as a driving force for the wetting process, which is a
prerequisite for good adhesion. In principle, the spreading coefficient of
each situation can be calculated by using the following equations [34,

67]:

SL = yps - YpL - YsL Eq. 7

SP = YsL- YpL - Yrs Eq. 8
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Ss = YpL- Yps - YsL Eq. 9

Where Si, Spand Ss represent the spreading coefficients for liquid,
polymer and substrate, respectively.

Kaelble and Moacanin [67] described the strength of adhesion by
using the spreading coefficient of a liquid phase on a substrate. The
adhesive bond is favored when this spreading coefficient is negative. It is
important to note that this idea is exactly the same as using the three-
phase system work of adhesion, since the negative value of the spreading
coefficient will give a positive value of the work of adhesion (Eq. 6). Later,
Lehr et al. [34] proposed that a negative value for Sy, is only a necessary,
but not a sufficient condition, for spontaneous bonding in this system.
To provide spontaneous and stable bonding, either the polymer speading
coefficient (Eq. 8) or substrate spreading coefficient (Eq. 9) must be
positive values. Therefore, they unified two spreading coefficients (S and
Sp) into a single parameter, a combined spreading coefficient (Eq. 10).
This new parameter can be used to predict bioadhesive performance in a

wide variety of situations.

Sc = (-S1/2)05 (Sp/2)05 Eq. 10
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< Surface free energy measurement of polymer gels

Previous studies have concluded that a hydrogel surface is capable
of changing its surface free energy through reorientation of the polymer
side chains and chain segments depending on the nature of the
environment [68-72]. Therefore, the contact angle of a liquid on a dry
polymer is not appropriate to calculate surface free energy of a hydrogel
in an aqueous environment. An alternative technique, which was
originated by Hamilton [73], has been used to determine the dispersive
and polar components of hydrogels [33, 69-72] and consists of
measuring the contact angle of a captive air bubble and drop of n-octane
on the swollen hydrogel surface in a fixed environment, i.e., water,
buffer, saline (Figure 1A). As shown in Figure 1B, Young’s equation can
be applied as follow:

For a drop of n-octane at the gel-liquid interface:

Yso =7¥sL + yLo cos 6o Eq. 11

For a captive air bubble at the gel-liquid interface:

Ysv =7sL * YLv cos Oy Eq. 12



(A)

(B)
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Glass slide

Water bath

Figure 1 Schematic drawing of contact angle measurement

(A) Apparatus for measuring contact angle

(B) Surface free energy balance; the explanation is in the context
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Where S, L, V, and O are gel or solid, liquid, vapor, and n-octane,
respectively.
By using the harmonic-mean concept (Eq. 5), the dispersive
component can be calculated by modifying Eq. 11 as shown in the series

of equations:

Ysv + Yov - 4(ysvYov®)/( ysviHyov®) = Ysv - YLv €os Oy + yLo cos o

4(std'Yovd)/ ( stdﬂ’ovd) =Yov* YLv cos Oy - (YLV‘*“YOV'4(YLdeovd)/ ( YLvd*‘Yovd)) cos 0o

let Ko = yov + yLv €08 Oy - (YLv + Yov - 4(vovyov®)/( Yov+yov?)) cos 8o

¥sv' = Koyov)/( 4yov* - Ko ) Eq. 13

Then, the equation for calculating the polar component can be

derived from Eq. 12 as follow:

Ysv = Ysv + YLv + YLv cos Oy - 4(stdYLvd)/ (vsvyv®) - 4(ysvPynV)/( YsvP+HyvP)

APV (YsvPHYv?) = Yov (14 cos Oy) - 4(Ysv v/ (ysvi+yv®) = Ky

YsvP = (Kvyv®)/( 4y1vP — Ky ) Eq. 14
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The same approach can be used for geometric-mean computation

resulting in the following equations:

sv' = Koyov*/4 Eq. 15

vsv' = KyPyy’ /4 Eq. 16

Where Ko = yov + yLv ¢0s Oy - (Yov + Yov - 2(yv’yov®)**)cos 6o

Kv =7yrv (1+ cos 0y) - 2(ysyPyivh)"?

<+ Solubility, solubility parameters and surface free

energy parameters

Most of the theoretical approaches to solubility are based on the
work of Hildebrand and Scott [74-76], through the use of regular solution

theory. The solubility of a solute in this theory is obtained by:

-In X2 = -In iX5 + In az Eq. 17

Where X» is the solute mole fraction solubility, X is the ideal

solubility of the solid solute, and a is the solute activity coefficient.
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In an ideal solution, there is no change in enthalpy or volume on
mixing. Therefore, the ideal solubility of a solid solute in an ideal solution

~ can be calculated using the following equation [75, 77-80]:

-In iXg = (AMHm/R)((1/T)-(1/Tm)) Eq. 18

Where AfHp is the heat of fusion of the solute at the melting point
(Tm), T is the temperature of the study, and R is the gas constant.

Since the activity coefficient depends on the nature of both the
solute and the solvent as well as the temperature of solution, the In az
term of Eq. 17 needs to be determined. This term is obtained by
considering the work that must be done to remove a molecule from the
solute phase and deposit it in the solvent. Therefore, the equation for the
solute activity coefficient of one liquid in another, according to regular

solution theory, is expressed as [75, 77-80]:

In a2 = = In(X2/X2) = A(C11 + C22 — 2C12) Eq. 19

Where Cj characterizes the intermolecular forces acting between
molecules i and j. Therefore, for pure components, C1; and Ca; are the
cohesive energy densities (CED) of components 1 and 2. A is a term from

regular solution theory:
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A = (V2012)/(RT) Eq. 20

Where V2 is the corresponding molar volume of solute which can
be calculated from the known values of molecular weight and density, or
by using the additive atomic and group contribution for the molar
volume as shown in Table 3. ®; is volume fraction of solvent in solution,

which is defined as:

@1 = [(1 -X2) V1]/ [(1 - X2) V1 + XoV2 | Eq. 21

Since solubility parameter (6i) is defined as a square root of the
cohesive energy density [83-88], the Scatchard-Hildebrand equation

simplified by using geometric mean assumption was developed as:

In a2 = A(61 — 62)2 Eq. 22

The cohesive energy is a quantity of energy needed to separate the
atoms/molecules of a solid or liquid to a distance where they possess no
potential energy, and the CED is equal to the cohesive energy per unit
volume. Therefore, solubility parameter can be used to predict the

solubility of one material in another. If two materials have similar
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Table 3 Group contributions for calculating molar volume and partial

solubility parameter [81-83]

Groups Vi Fai Fpi Fhi
(cm3/mol) | (JV/2cm3/2/mol) | (J!/2cm?2/mol) | (J/mol)
-CH3 33.5 420 0 0
-CHa- 16.1 270 0 0]
-CH < -1.0 80 0 0
- (:3 - -19.2 -70 0 0
=CH2 28.5 400 0] 0
-CH= 13.5 200 0 0
-c { 5.5 70 0 0
-OH 10.0 210 500 20,000
-O- 3.8 100 400 3,000
-CO- 10.8 290 770 2,000
-COO- 18.0 390 490 7,000
-COOH 36.3 530 420 10,000
Phenyl 71.4 1,430 110 0
Phenylene 52.4 1,270 110 0
Ring closure with S or
more atoms 16.0 190 0] 0
Conjugation in ring
(each double bond) -2.2 0 0 0
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solubility parameter values, they are likely to be soluble in each other
(84, 88-93].

The three-dimensional solubility parameter concept was proposed
by Hansen [88], who divided the total interaction energy into three
components, i.e., dispersive, polar and hydrogen bonding interactions. In
this study; however, the hydrogen bonding and pplar interactions will be
combined into a specific component (8s). Therefore, we can obtain CED

from the following simplest equation:

CED = 62= 842 + 6p2 + 6n2 = 542 + 652 Eq. 23

The degree of interaction and solubility for the solvent and polymer
can be predicted by using the distance in space between two sets of
parameters. Hanson [88] called this parameter the radius of interaction
(R12). In his study, Hanson used 10% w/v of polymer in different solvents
to show that higher solubility is expected as the radius of the interaction
between polymer and solvent is decreased.

The solubility parameter components of materials can be
calculated from group contributions (Table 3) using the following

equations:

64 = (£ Fai)/ Vm Eq. 24
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Bp = (2 Fpi2)0-5/ Vim Eq. 25
6n = [(Z Fni)/ Vm]05 Eq. 26
Vim = = Vi Eq. 27

It is important to note that the solubility parameter unit is
(cal/cm3)0-5, which equals 2.0455 (MPa or J/cm3)0-5,

A two-dimensional approach for utilizing solubility parameter was
also successfully used to explain polymer solubility [89-92]. In these
studies, the solubility parameter can be expressed as the dispersion and

polar components, where the interaction between molecules are:
Cii = 6ig? + Ois? Eq. 28
Cij = 6iabja + 6isbijs Eq. 29

Therefore, Eq. 22 can be modified to add the contribution of polar

interactions as:

In a2 = A(814%2 + 6152 + 6242 + 6252 - 2614624 - 261562s)

= A[(61d4 — 62d)2 + (615 — 62s)?] = A[(R129)2 + (R125)2] Eq. 30
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The expanded parameter approach has been used to predict the
solubility of solutes in different solvents [80, 94-99]. Therefore, Eq. 30
can be modified if it is assumed that the solubility parameter of a given
solute is constant, and hence, the term (In a2)/A values are regressed on
.the radius of interaction. Therefore, the solubility of a given solute can be
simply estimated by a multiple regression method using the following

equation as a model:

(In a2)/A = ap + a1(R129)2 + az(Ri2s)2 Eq. 31

Where ao, a1, and a2 are coefficients of the multiple regression.

The solubility parameter was shown to have a good correlation

with surface free energy in the following relation [100-110]:

62 (Vm)'"”? =13.8y Eq. 32

x3 =7y = (84/8)* or xP = y/y = 1-(84/8)* = (85/5) Eq. 33

Where xP and x4 are fractional polarity and non-polarity,

respectively.
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In a binary system, it is possible to use these parameters to predict
solubility and to define the type and strength of the forces, which control
compatibility between two substances. In addition, spreading, adhesive
and cohesive interactions can be also predicted [106-111]. Therefore, it is
interesting to use these parameters to explain adhesion in a three-phase
system and to predict solubilizing capacity of the system at the same

time.
% Classification of water in polymer gels

Hydrogels are water-swollen polymer networks, of either natural or
synthetic origin. There is evidence to suggest that water in polymers can
exist in more than one state and these states of water in the hydrogel will
also affect its properties [112]. In this thesis, we will classify water into
two states, freezable water and non-freezable water. Freezable water
exhibits all the properties of bulk water because no polymer-water
interactions can be detected. It is water with a much greater degree of
mobility which is unaffected by the polymeric environment. The melting/
crystallization temperature and enthalpy of melting/crystallization of this
water are not significantly different from normal bulk water. Non-
freezable water is water, which is directly associated with the polymer

network through hydrogen bonding. Therefore, a phase transition leading
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to freezing upon cooling to 0 °C is not observed calorimetrically [113-
118]. The properties of a hydrogel are strongly inﬂuenceci both by its
equilibrium water content and the ratio of freezable to nén-freezable
water. Therefore, the characterization of water is important in classifying
the role of water in hydrogels with respect to functionality and structure.
The states of water in various polymers have been studied using thermal
[115-118], dielectric [112], and spectroscopic analysis [117, 119].

The presentation of these types of water in polymer gels can also
be used to explain drug release behavior from sustained release
formulations [120]. By using the mixture of hydroxypropyl cellulose and
ethylcellulose as a matrix, Aoki et.al. [120] found that the water
penetrating into the matrix acted as non-freezable water during the
initial stage of dissolution. As the water content of the matrix increased,
freezable water was detected. The presence of freezable water within the
barrier gel layer plays an important role in drug release from the matrix.
It is assumed that drug diffuses through the freezable water in the
matrix; therefore, increasing the amount of freezable water will lead to an

increase in drug diffusion through the gel layer.
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B. Statement of the problem:

Molecules making up the first generation of bioadhesive polymers
were generally hydrophilic containing numerous hydrogen bond forming
groups, having sufficient flexibility to penetrate the mucus network, and
possessing the ability to swell rapidly. These bioadhesive polymers may
show strong in vitro adhesive bonds, but they may not necessarily allow
prolonged in vivo adhesion, especially in the gastrointestinal tract [27].
There are several aspects of bioadhesion, which remain critical for this
purpose. These are gastrointestinal mobility, turnover of the adherent
mucus layer, interaction of the formulation with soluble mucin prior to
adhesion, surface hydrophobicity of the stomach, and presence of excess
water at the interface.

It is known that a dry hydrophilic polymer needs to absorb water
to increase its strength of adhesion and reach maximum adhesion at an
optimum degree of hydration, while excess water can cause a weakening
of the adhesive joint [46]. The first objective of this work, therefore, is to
examine the role of water in the interfacial interactions of a bioadhesive
polymer and substrate surface in different environments, especially the
effect of water content and states of water on the change in surface free
energy parameters for the bioadhesive gel. Moreover, the effect of mucin

in the medium on these parameters will be considered.
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Another problem related to hydrophilic polymers is a low
solubilizing capacity for hydrophobic drugs. In order to create a new
generation of bioadhesive polymers, which can be used to solubilize
hydrophobic drugs and still have bioadhesive properties, a hydrophobic
component must be added to a polymer system. This addition may
change the bioadhesive property; therefore, limitations of the
hydrophobic part of the system must be defined. Previous studi¢s by
others have indicated that the bioadhesive behavior can be explained by
using surface free energy parameters [33-34, 66-67]. However, there has
been no attempt to explain the relationship between solubilizing capacity
and the bioadhesive property of a polymer system. Our second objective
is to provide a theoretical approach using surface free energy parameters
and solubility parameters as tools, to explain this relationship.

The information obtained from the above studies will lead to a clear
picture for further development of bioadhesive drug delivery systems to

deliver drugs into an aqueous environment, i.e, the gastrointestinal tract.
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Chapter 2: Experimental

A.Materials

Hydroxypropyl cellulose (HPC), mucin (Type II), Glycerol, Ethanol,
Propylene glycol, Methyl 4-hydroxybenzoate (Methyl paraben) and n-
octane (purity 99+%) were purchased from Aldrich Chemical Company.
HPC has average molecular weights of about 300,000 and 1,000,000
g/mol. Crude mucin is extracted from porcine stomach. Hydroxypropyl
methylcellulose (HPMC) was a gift from The Dow Chemical Company.
Two grades of HPMC were used Methocel® K15M Prem and K100M Prem.
An initial letter “K” represents HPMC 2208 (USP XXII). The number that
follows identifies the viscosity in millipascal-seconds of that product
measured at 2 % concentration in water at 20 °C. In designation
viscosity, the letter “M” is used to represent 1000.

The water was double distilled. Three different solid surfaces used
in this study were Glass, Plexiglass® (polymethyl methacrylate), and
Teflon® (polytetrafluoroethylene). The glass was micro slide purchased

from Corning, Inc., New York.
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B.Methods

*+ Preparation of polymer gels

Polymer gels with different water content were prepared by
dispersing the polymer in hot water (about 80 °C), and storing in the
refrigerator for at least 48 hours prior to use. The water contents were
selected so that the viscosity of polymer gels was in the appropriate
range. The water content per gram of dry polymer (W) was calculated

from the following equation:

Wt (g/g) = Added water (g)/Dry polymer (g) Eq. 34

% Preparation of mucin solution

Mucin powder was dispersed in water at different concentrations
ranging from O to 2 %w/w, and stored in the refrigerator for 48 hours.
The samples were then centrifuged at 4,000 rpm for 2 hours. The
supernatant was used for measuring surface tension and contact angle.
Only the supernatant of a 2 %w/w solution was used as a medium for

measuring the surface free energy of polymer gels.
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< Hydration of polymer gels

Since the water content in a polymer gel can change during
experimentation, a correction to the water content has to be made. The
corrected water content was measured by weight difference as follows.
Polymer gels with different water content, as used to measure contact
angle and force of detachment, were hydrated in water for 1 minute.
Samples were collected from the hydrated gels. Any surface water was
removed with filter paper before the samples were transferred to bottles.
The samples were weighed and dehydrated at 60 °C until the weight of
samples were constant. The corrected water content was calculated using

Eq. 34.

<+ Surface free energy measurements

Contact angles were measured directly using a goniometer-
telescope (Gaertner Scientific Corporation, Chicago, IL., USA.) by viewihg
the profile of air bubbles and n-octane drops through the chamber
window with the aid of a diffuse backlighting of the drop. The specified
surfaces were cleaned using a detergent (Alconox®), and then rinsed with
distilled water. The polymer gel was spread uniformly on a glass slide

and suspended in the test medium at a controlled temperature of
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25 + 1 OC (Figure 1A). Air bubbles and n-octane drops of about 10-15 pL
were applied to the surface using a microsyringe to obtain the contact
angles. Two sides of the drop and air bubble were measured and the
average was used as an advancing contact angle. Small air bubbles and
n-octane were used in order to minimize any buoyancy correction. The
surface free energy of polymer gels and all of the surfaces used were
calculated by using Eq. 13 and 14, and interfacial surface free energy
and work of adhesion were calculated by using Eq. 5 and 6, respectively.
Note that the roughness and heterogeneous of the surfaces were not
taken in consideration.

In order to measure the surface tension of the test medium, the
Wilhelmy plate method was used, while the contact angle of the medium
on Teflon® was used to determine the dispersive component. This contact
angle measurement was carried out directly on sessile drops in an
environmental chamber. The temperature inside the chamber was
controlled at 25 + 1 °C. The surface tension and dispersive component of

the medium were calculated by the use of Eq. 35 and 36, respectively.

TLv = (AW) 980/L Eq. 35

yiv® = (ysv) (v (1+c0s0)/[(4ysv?) - (yLv (1+cos0)], Eq. 36
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where AW is the weight in gram unit used to pull the platimun
plate from a liquid medium. L is the length of the platinum plate, which
equals 5.16 cm. 0 is the contact angle of the medium on Teflon®. The unit
of surface tension and its components is dyne/cm, which is equivalent to
mN/m or fnJ/mz.

Then the polar component was obtained as the difference between
total surface tension and the dispersive component. For all experiments,
the results are given as the means of at least three replicate

measurements.

++ Force of detachment measurements

The force of detachment per unit area of surface was measured by
using a precision balance in a temperature-controlled chamber, as
shown in Figure 2. The specified surfaces were cleaned using a detergent
(Alconox®) and attached to the weighted-vial. The polymer gel was spread
uniformly on a stopper with a diameter of 6.25 mm. To investigate the
force of detachment in water, 30 uL of water was dropped on the
specified surface. The stopper was suspended from the scale and set at
zero. Then, the surface was slowly raised until it came into contact with
the polymer gel on the stopper. Contact was initiated by the weight of the

stopper (S g). The weight on the another side of the balance was



Figure 2 Schematic drawing of the force of detachment measurement

Microbalance

Temperature-controlled chamber

Weight

Polymer gel

——

Substrate surface 6.25 mm
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increased at a constant rate of 10 mg/s until the polymer became
detached;‘ from the surface (W;). The stopper without initial weight was
used as é control (Wz). The force of detachment per unit area (F) was

calculated using the following equation:
F=[(W:-W>) g]/A Eq. 37

Where g is the gravity constant and A is the surface area of the
stopper taken as a circle, which equals = (6.25/2)2 mm?2.
For all experiments, the results are given as the means of at least

five replicate measurements.

<* Characterization of the state of water in polymer

gels

A Seiko instrument DSC (SSC /5,200) with an attached liquid
nitrogen-based cooling apparatus was used for this measurement.
Indium and zinc were used as calibrants. Gel samples of 10-20 mg were
accurately weighed and analyzed in an aluminium sample pan. The
samples were cooled at 10 °C /min from 20 °C to -40 °C. Then the
samples were reheated to 40 °C at the samé rate. Each sample was

measured twice and the average value was used. The DSC heating curves
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show transitions for freezable water at about 0 °C (Figure 3). Assuming
the endotherm enthalpy was due to only water melting, thus the melting
enthalpy of water in thé polymer gel (AHs) was determined from the area
represented by the endothermic transitions. In order to determine the
freezable water cdhtent per gram of dry polymer in the polymer gel (Wy),
the following procedure was used. The amount of freezable water content
in the polymer gel (g water/ g gel) was calculated by dividing AHs by the
experimental value of the melting enthalpy of pure water (AHw). While the
amount of dry polymer in the polymer gel (g polymer/ g gel) is equal to
1/(1+ Wy). Therefore, the amount of freezable and non-freezable water per

gram of dry polymer can be calculated by using the following equations:
Wt = (AHs/AHw)/(1/(1+ W¢)) Eq. 38
Ws = Wt - Wpr Eq. 39

Where Wr and Wy are the freezable and non-freezable water
contents per gram of dry polymer, respectively. The Wyr value is
calculated from the different between W; and Wy. AHw is the melting
enthalpy of pure water, which is equal to 336.2 mJ /mg).

A plot of Wrand W is a straight line with a slope equal or close to

unity, and the X-intercept is equal to maximum Wps. This maximum Wt
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Figure 3 Typical differential scanning calorimetry endotherm of pure

water and HPC gels at different water contents
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was used to calculate the Wy / Wyt ratio in this study.

% Solubility determination

The solubility of methyl paraben was determined in different
solvents at 25 9C. A suitable amount of solvent was introduced into vials
containing an excess amount of the solute. The vials were shaken in a
constant-temperature bath (25 £ 1 °C) for 48 hours to assure saturation.
After equilibrium had been attained, the suspensions were centrifuged at
4,000 rpm for at least 2 hours and the supernatant filtered. The filtrate
was then diluted and analyzed. The suitably diluted solutions were
assayed using a spectrophotometer set at the maximum wavelength of
the solute (256 nm). The solubility of a solute in each solvent was
calculated in mole fraction.

The heat of fusion and melting point of methyl paraben was
determined using a Seiko instrument DSC. The samples of 10-20 mg
were accurately weighed and analyzed in an aluminum pan by heating at
10 °C/min from 20 °C to 150 °C. The sample was measured twice and

the average value was used.
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< Computer simulation

A three-phase equation representing the contributions of polar and
dispersive components (Eq. 40) can be used to predict adhesive behavior

in the systems of interest.

W.' =K+ 4(ypv sy ) (rpv +ysv?) - 4(rpv oy ) (pv+yv?)

+ A0y ysvP ) (YevPHysv®) - 4y YoV (rev V) Eq. 40

Where K =2y1y - 4(vsv™yv)/ (ysvi+Hyy) - A(ysvPyv) (ysvP+yv®)

In this study, we have used this equation to simulate the adhesive
behavior in a number of different situations. The surface free energies
and polarity of a substrate and the environment were assumed to exist
for the different conditions including ys =y, and xPL > xPs or xP < XPs Or XPL
= XPs; ys >y and XPL > XPs or XPL < XPs Or XPL = xPs, and ys <y and xPL > xPg
or XPL < XPs or XP., = xPs. Then the work of adhesion of an adhesive
polymer with different surface properties was calculated and compared.
From this simulation, different approaches that could be used to achieve

good adhesion can be developed.
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Chapter 3: Results and Discussion

A.The effect of water content and states of water in
polymer gels on the change of surface free energy

parameters and force of detachment

% Surface free energy parameters

Since an air bubble and n-octane are hydrophobic, a lower contact
angle means the surface is more hydrophilic. Figure 4 illustrates this as
the contact angle decreases with the order of surface hydrophobicity of
the substrates : Teflon > Plexiglass > Glass. The results for polymer gels
surfaces are shown in Figures 5 and 6. It demonstrates that increasing
water contents in the polymer gels result in a decrease in both air bubble
and n-octane contact angles. Therefore, HPC and HPMC gels in water
increase their surface hydrophilic character as water content increases.
From these data, surface free energies of substrate surfaces and polymer
gels can be calculated for dispersive and polar component using Egs. 13
and 14, respectively. The results for the substrate surfaces are
summarized in table 4, while figure 7 illustrates the surface free energies

of polymer gels. Note that the lines in this figure are not the fitting of the
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Table 4 Surface free energies of different materials at 25 0C

Surface free energy (mJ/m?2)

Materials
Total Dispersive Polar

PTFE 20.9 (0.6)A 20.9 (0.6) -
Water 72.0 (0.6) 21.8 (1.9) 50.2 (1.9)

n-Octane 21.8 (0.1) 21.8 (0.1) -

PTFEB 22.6 (0.8) 22.6 (0.8) -
PMMAB 45.2 (0.7) 29.6 (1.2) 15.6 (0.7)
GlassB 62.3 (1.0) 22.9 (1.7) 39.4 (1.0)

PTFEC 22.6 (0.7) 22.6 (0.7) -
PMMAC 46.3 (1.4) 27.5 (1.4) 18.8 (0.5)
Glass€© 51.2 (0.5) 24.2 (0.3) 27.0 (0.5)

A = standard deviation

B = surface free energy under water

C = surface free energy under 2% w/w mucin solution
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equations, but they are drawn to show the trend of these data only.
Tables 5 and 6 give details for this data. From these calculations, we can
see that the surface free energies increase with an increase in water
content, which results in a decrease in interfacial free energies between
polymer gel surfaces and water.

This phenomenon can be explained by using a reorientation of
polymer segments at the interface. When polymer gels are immersed in
water, it is energetically more favorable for the polymer segments to
reorient in such a way as to expose the hydrophilic parts of the polymer
segments toward the water phase [68-72]. Since water can act as a
plasticizer, the surfaces of polymer gels With.a higher water content are
relatively more flexible and easier to rearrange at the interface.

Combining these data with the surface free energies for the
substrate surfaces and surface tension of water (Table 4), the work of
adhesion between polymer gels and different substrate surfaces in water
were calculated using the three-phaﬁe system equation (Eq. 6). These are
shown in Figures 8 and 9. A maximum work of adhesion can be
observed. These results agree well with the explanation provided by Chen
and Cyr [46[, in which they concluded that bioadhesive polymers develop
their wet adhesive property at various degrees of hydration and reach a
maximum at an optimum degree of hydration, whereas excessive water

causes a weakening of adhesion.
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Table 5 Effect of water content on surface free energies of HPC gels in

water at 25 0C

Surface free energy (mJ/m?2)

Polymers Water content
(g water/g polymer) Total Dispersive Polar
HPC 300,000 2.49 43.9(1.3)A| 11.3(0.8) | 32.5(1.3)
g/mol 3.00 44.4 (2.2) 12.5 (1.7) | 32.0 (2.2)
4.00 48.6 (2.2) 16.4 (1.0) | 32.1 (2.2)
4.97 47.4 (1.6) 15.5 (2.3) | 32.0 1.6)
6.00 49.5 (1.8) 15.4 (1.6) | 34.2 (1.8)
7.00 53.1 (1.4) 17.7 (1.7) | 35.4 (1.4)
8.02 54.7 (1.2) 17.0(1.5) | 37.7 (1.2)
9.00 56.7 (1.7) 18.4 (1.6) | 38.4 (1.7)
9.94 61.2(1.1) | 21.3(1.8) | 39.8 (1.1)
11.00 60.2 (2.2) 19.1 (1.0) | 41.0 (2.2)
12.00 61.5 (1.2) 18.0 (1.2) |43.5(1.2)
HPC 1,000,000 7.20 46.9 (3.4) 10.9 (1.0) | 36.1 (3.4)
g/mol 7.84 47.9 (3.3) 12.9 (0.8) | 35.0 (3.3)
8.63 50.5 (2.1) 14.8 (1.3) | 35.7 (2.1)
9.84 51.2 (2.0) 15.7 (0.6) | 35.5 (2.0)
10.74 50.5 (1.7) 15.3 (0.8) | 35.2 (1.7)
11.68 51.2 (2.1) 15.6 (1.2) | 35.6 (2.1)
13.43 52.0 (2.0) 16.3 (0.7) | 35.7 (2.0)
14.63 52.7 (1.7) 16.2 (1.2) | 36.5(1.7)
14.90 53.3 (1.4) 17.0 (1.2) | 36.3 (1.4)
19.00 58.1 (3.3) 17.5 (1.0) | 40.6 (3.3)
21.57 61.2 (1.7) 18.4 (1.4) | 42.9(1.7)

A = standard deviation
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Table 6 Effect of water content on surface free energies of HPMC gels in

water at 25 0C

Surface free energy (mJ/m?2)

Polymers Water content
(g water/g polymer) Total Dispersive Polar
HPMC 15M 7.00 56.9 (1.2)A | 15.0 (1.1) | 37.5(1.2)
8.01 58.1 (1.1) | 15.3 (1.3) | 37.4 (1.1)
8.99 57.8(1.0) | 16.9 (0.6) | 37.4 (1.0)
10.30 58.8 (0.9) | 16.6 (0.9) | 37.7 (0.9)
12.00 99.2 (1.0) | 16.7 (1.5) | 37.7 (1.0)
14.00 99.4 (1.0) | 17.5(0.6) | 37.2 (1.0)
15.98 60.3 (0.9) | 17.6 (0.9) | 38.8 (0.9)
17.00 60.7 (0.8) | 16.7 (0.8) | 39.1 (0.8)
20.00 62.0(1.3) | 17.0 (0.7) | 40.1 (1.3)
21.99 62.8 (1.1) | 18.1(0.8) | 42.3 (1.1)
HPMC 100M 10.02 52.5(1.8) | 16.8 (1.7) | 40.1 (1.8)
11.06 52.6 (3.0) | 18.0(1.5) | 40.1 (3.0)
11.98 54.2 (1.4) | 18.1(1.4) | 39.7 (1.4)
13.00 54.3 (1.4) | 18.4 (1.5) | 40.4 (1.4)
13.95 54.4 (1.7) | 18.8(1.0) | 40.3 (1.7)
15.00 54.7 (1.6) | 18.2(1.3) | 41.2 (1.6)
15.89 56.4 (0.8) | 18.9 (1.1) | 41.4 (0.8)
18.80 535.8 (2.2) | 18.2(1.2) | 42.4 (2.2)
23.00 57.1(1.7) | 18.5(1.0) | 43.5(1.7)
27.20 60.4 (3.1) | 18.6 (1.4) | 44.3 (3.1)

A = standard deviation
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Figures 10-13 present the work of adhesion in terms of the
contribution of dispersive and polar components. It can be concluded
that the total work of adhesion for all polymers and substrate surfaces
are mainly from the polar contribution, while a dispersive contribution
actually shows a repulsive effect. This repulsive effect can be expected to
occur when the surface tension of the medium has a value intermediate

to the values of the surface free energy of the two materials (yp > v, > yg0r
Ys > YL > ¥p) [49, 118-119, 121-122]. In other words the dispersive

interactions of the bioadhesive polymer and the substrate surface with
water (medium) are larger than the interaction between the bioadhesive
polymer and the substrate surface. The polar contribution is more
significant when the substrate surface is more hydrophobic, i.e., Teflon.
However, this contribution does not necessarily result from a better polar
interaction between the bioadhesive polymer and the substrate surface.
In fact the polar interfacial free energies between bioadhesive polymers
and substrate surfaces increase as the hydrophobicity of the surfaces
increase (Figures 14 and 15). In other words, the polar interaction
between bioadhesive polymers and substrate surfaces is more significant
for the hydrophilic substrate. To explain this polar contribution, the

interfacial free energy (yy,) between a substrate surface and water needs

to be considered. Figure 16 illustrates the interfacial free energies

between substrate surfaces and water. It is shown that a higher
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interfacial free energy was observed as the hydrophobicity of the
substrate surface increases. This result is mainly from the polar
contribution. Therefore, it is important to note that the mismatch of
polarity between a substrate surface and a medium will result in a better
adhesion between the substrate surface and the bioadhesive polymer.
These results can also confirm that a better understanding of the effect

of environment on adhesion behavior is necessary.

+* Force of detachment

If only two phases are considered, adhesion between two surfaces
increases as the interfacial free energy decreases. HPC and HPMC can be
considered as hydrophilic polymers; therefore, a better adhesion to a
hydrophilic surface is expected. However, a higher force of detachment is
observed as the substrate surface hydrophobicity increases (Figures 17
and 18). This means that the inclusion of a surrounding medium is
necessary. By doing that, a good correlation between the maximum force
of detachment per unit area of polymer gels on different substrates in
water and the calculated work of adhesion is observed (Figure 19).
Motazavi and Smart [123] showed that the work of adhesion and
maximum detachment force provide the same information on bond

strength. Hence, these results confirm that the calculated work of
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adhesion from a three-phase system equation can be used to explain the
adhesion behavior especially in the presence of a third medium as is
present in the Gl-tract. Therefore, we will use the three-phase system

approach in this work to explain adhesion behavior.

% States of water in polymer gels

The endothermic enthalpy from a DSC heating scan seen with
polymer gels is the energy that is required to melt freezable water in the
polymer gels. Therefore, as expected, increasing the water content in
polymer gels results in an increase in enthalpy (Table 7). By assuming
that the enthalpy can be attributed mainly to the melting of the freezable
water, it is apparent that there is an increase in the amount of such
water as the water content increases. Therefore, there is a limitation
required of water to hydrate the polymer as non-freezable water, while
extra water will be present as freezable water. The enthalpy data from
DSC measurements (Table 7) can be used to calculate the amount of
freezable water in polymer gels using Eq. 29, where the melting enthalpy
value of pure water is equal to 336.2 mJ/mg. By plotting these data in
Figures 20 and 21, a good linear correlation between total water content
(Wy) and the amount of freezable water content (Wy) with a slope very

close to unity is observed. From Eq. 30, the maximum non-freezable
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Table 7 Effect of water content on melting enthalpy of water in polymer

gels
Polymers Water content Enthalpy? | Nonfreezable Water
(g water/g polymer) | (mJ/mg) | content
(g water/g polymer)
HPC 300,000 3.00 181.1 0.83
g/mol 4.00 209.3
4.97 235.8
6.00 251.1
7.00 258.9
8.02 268.6
9.00 280.5
9.94 281.0
11.00 284.5
12.00 287.7
HPC 1,000,000 6.08 248.1 0.80
g/mol 9.02 275.3
10.13 283.5
10.94 286.7
12.04 289.5
14.05 296.1
19.99 306.8
HPMC 15M 8.01 273.3 0.69
10.30 285.3
12.00 291.6
14.00 297.4
15.98 300.7
17.00 303.2
20.00 309.2
HPMC 100M 10.05 284.8 0.72
12.92 296.2
13.80 297.2
15.02 301.1
16.01 302.3
17.01 304.9
17.90 306.9

A = Melting enthalpy of water is 336.2 mJ/mg
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water content of polymers can be calculated as the x-intercept value as
shown in Table 7. The data show that there is no significant effect of
polymer molecular weight on the freezable water content. This result
agrees well with the work done by Nokhodchi et al. [124-125] who
studied the interaction between water and HPMC and concluded that
viscosity grade (molecular weight) and particle size had no significant
effect on the amount of water bound to HPMC polymers. Whereas,
McCrystal et al. [126] found that the bound water content apparently
increased with an increase in polymer viscosity within the HPMC K-series
after 96 hours equilibration. Note that these papers reported the amount
of non-freezable water as moles of water per polymer repeating units. The
data also show that HPC has higher freezable water content than HPMC.
McCrystal et al. [127] explained this behavior as the result of a higher
percentage of hydrophilic hydroxypropoxyl groups in HPC. HPC also has
no methoxyl substitution, which is believed to be the major factor in
causing a decrease in cellulose ether solubility [128].

To explore the effect of states of water on the adhesion behavior of
polymer gels, the ratio between freezable and non-freezable water was
calculated and plotted with work of adhesion data as shown in Figures
22 and 23. If non-freezable water is the only contribution to the change
of adhesion behavior, the work of adhesion pattern is supposed to be the

same for the same polymer with different molecular weights. However, we
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can clearly see the dependency of the adhesive pattern on molecular
weight for both HPC and HPMC. The results show that a higher
molecular weight polymer has maximum adhesion at a higher Wg/ Wxys
ratio and can extend the adhesion to a higher water content. Based upon
the data obtained in this study the following model is proposed for an
explanation of the adhesion behavior (Figure 24). Polymer in a dry state
is a system of macromolecular chains held together by strong
intermolecular interactions, i.e., H-bonding. Therefore, polymer in the
dry form has a very low adhesion force (stage 1). At this stage, we cannot
perform the experiment using our method because the viscosity of the
polymer gel is too high. As the polymer absorbs water, strong H-bonding
occurs between water molecules and active surface sites of the polymer
chains and acts as a plasticizer to increase mobility of the polymer chain
[129]. The initially absorbed water molecules are all non-freezable water
at this stage. The polymer chain can partially expose its hydrophilic
fragment to the surface, which modifies the conformation of the
hydrophobic fragment (stage 2). Therefore, the adhesive bond between
polymer chains and a substrate surface starts to occur. Successive
absorption of water will now allow an easier penetration into the polymer
structure with less interaction and increases the flexibility of the polymer
chain so it can rearrange itself to a certain level that allows an optimum

possible adhesion (stage 3). As water enters the polymer structure, the
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polymer begins to swell markedly and creates void spaces for the
formation of multilayers of water at the interface. These layers of water
will interfere with the interaction between the polymer gel and the
substrate surface resulting in a reduction of the adhesion force (stage 4).
At this moment excess water is present. Therefore, the excess water can
be defined as the water absorbed and present at the interface between
polymer and substrate. This water can decrease the adhesion force by
lowering the interfacial tension between the polymer surface and the
water (medium) and/or interfering with the interaction between the
polymer chain and the substrate surface by lengthening the interaction
bond (stage 4). This process will continue until the polymer chain cannot
hold more water, which results in the erosion of the polymer gel. At this
point, we cannot perform the experiment using our method because the
viscosity of the polymer gel is too low. Since higher molecular weight
polymers have longer polymer chains, the molecular weight of the
polymer can play a role in all stages. For example, the polymer needs
more water to break up the intermolecular forces between its chains, so
that the maximum adhesion can be found at higher water content. The
higher molecular weight can also better hold water in the polymer chain.
Therefore, it will lose adhesion at higher water content because it will
decrease the amount of water at the interface when compared to lower

molecular weight polymer at the same water content. Note that this
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comparison is best made when comparing the same polymer with

different molecular weights.

B.The effect of mucin in the medium on the change

of surface free energy parameters

+» Surface tension of mucin solutions

The dependence of surface tension on mucin concentration is
shown in Figure 25. It is clear that the surface tension decreases with an
increase in mucin concentration. Beyond a certain concentration
(1%w/w), no further significant decrease was observed. This reduction is
the result of a decrease in the polar component and is a direct indication
of high surface activity of the mucin. Mikos and Peppas [130] measured

the surface tension of mucin solutions from different sources, i.e.,

porcine stomach mucin, bovine submaxillary glands at 37 °C, and found
that the porcine stomach mucin solution had a surface tension about 45
mN/m. Finholt and Solvang [131] reported surface tension values
between 35-50 mN/m for gastric juice collected from patients with
gastrointestinal diseases. The low surface tension of gastric juice has

also been recognized by other researchers [132-133]. This finding
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suggests that mucin in gastric juice is one of the importance sources of
its low surface tension.

The stomach mucosal surface has been demonstrated to be quite
hydrophobic with a low surface free energy [129-139]. According to their
animal studies, Hill et al. [135] proposed that the hydrophobic nature of
gastric mucosa is due to a monolayer of surface-active phospholipids
oriented with their hydrophobic tails pointed toward the luminal surface.
A liquid with less than or equal surface tension to that of the mucosa will
have a negative or zero interfacial tension. As a result, gastric juice can
wet the mucosa. Note that this issue needs to be clarified because the
phospholipid méy be present as a bilayer system in the presence of an
aqueous environment [138]. However, it is not our goal to explore this

matter in this study.
< Surface free energy parameters

The surface free energies of HPC and HPMC gels in mucin solution
(2%w/w) are shown in Figures 26 and 27, respectively. The lines in these
figures represent only the trend of the data. These results show that the
surface free energies of these polymer gels decrease significantly
compared with the results in water. It is shown that the polymer gel

reorients its structure at the surface according to the change of
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Figure 26 Effect of water content on surface free energies of HPC gels in

water or 2% w/w mucin solution at 25 °C
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environment from water to a mucin solution. This change is less for solid
substrate surfaces (Table 4). In the case of the work of adhesion between
polymer gels and substrate surfaces in mucin, it is clearly shown that
the work of adhesion decreases in the presence of mucin (Figures 28-31).
The main reason for this reduction is the decrease of interfacial free
energy between the mucin solution and substrate surfaces as shown in
Figure 32. These results suggest that mucin in gastric juice affects the
adhesion process between the bioadhesive system and mucosa. Possible
explanations are the change of surface free energy of the bioadhesive
system and the low interfacial free energy between the mucin solution
and the mucosal surface. The first explanation can be affected by the
adsorption of mucin on the surface or by reorientation of molecules in
the polymer surface. The latter explanation is possibly a difficult task to
overcome because there is the possibility that gastric juice and the
gastric mucosa have very similar polarities and surface free energies.
Therefore, gastric juice can act as a lubricant protecting the adhesion of
foreign substance to the mucosa. Figure 33 indicates a good correlation
between the calculated work of adhesion and force of detachment using
HPC (300,000 g/mol) as an example of a polymer system. Therefore, the
three-phase system approach can also be used to explain adhesion

behavior in the presence of mucin.
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C.Solubility, solubility parameters and surface free

energy parameters

In order to determine the correlation between solubility and
solubility parameters, the solubility parameters and molar volume
of methyl paraben were calculated by using the group contribution
method (Table 8). The solubility parameters and the molar volume
of solvents were taken from the literature (Table 9). The ideal
solubilities of solid solutes were calculated from the heat of fusion
and melting point data using Eq. 18. Solubility data from the
literature (Table 10) was used to calculate (In iX2/X2)/A values.
They were then regressed against the two dimensional radius of
interaction using Eq. 31 as a model. The result from this multiple

regression analysis is the following equation:

(In iX2/X2)/A = -22.07 + 3.129(R129)? + 0.547(R125)2 Eq. 41

n =25, R2=0.902, F = 100.86, F(2, 22, 0.01) = 5.72

This regression gives acceptable predicted values of (In iX2/X2)/A

as shown in Figure 34. Therefore, Eq. 41 will be used to predict the

solubilities of methyl paraben in several solvents used in this study.
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Table 8 Calculation of solubility parameter and molar volume of methyl

paraben at 25 0C

Group Vi Fai Fpi Fhi
(cm3/mol) | (J!/2cm3/2/mol) | (J1/2cm?/mol) (J/mol)
-OH 10.0 210 500 20,000
Phenylene 52.4 1,270 110 0
-COO 18.0 390 490 7,000
-CHs 33.5 420 0] 0

Vm = Z Vi = 10.0+52.4+18.0+33.5 = 113.9 cm3/mol

6d =3 Fdl/Vm

(210+1,270+390+420)/113.9
= 20.1 (MPa)!/2 = 9.8 (cal/cm3) 1/2

8p = (£ Fpi?) 1/2/Vm = [(S00)2 + (110)2 + (490)2]1/2/113.9
= 6.2 (MPa)l/2 = 3.0 (cal/cm3) 1/2

8h = (£ Fni/Vm)1/2 = [(20,000 + 7,000)/113.9]1/2

= 15.4 (MPa)l/2 = 7.5 (cal/cm3) 1/2
8s = (8p2 + 0n2) 1/2 = [(3.0)2 + (7.5)2] /2 = 8.1 (cal/cm3) 1/2
Sr = (542 + 8:2) 1/2 = [(9.8)2 + (8.1)2] 1/2 = 12.7 (cal/cm?3) 1/2
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Table 9 Solubility parameters and molar volumes of solvents at 25 9C

[81-83]
Vi 8 8d s A
Solvent
ey mol) (cal/cm3)9> | (cal/cm3)°5 | (cal/cm3)%5

Ethanol 58.7 13.0 7.7 10.4
1-Propanol 75.1 12.0 7.8 9.1
1-Butanol 92.0 11.3 7.8 8.2
1-Pentanol 108.6 10.6 7.8 7.1
1-Hexanol 125.2 10.4 8.0 6.6
1-Decanol 191.8 10.0 7.5 6.6
Ethylene glycol 55.8 16.2 8.3 13.9
Propylene glycol 73.6 14.8 8.2 12.3
Glycerol 73.3 17.7 8.5 15.5
1,2 Propanediol 73.7 14.8 8.2 12.3
1,3 Propanediol 72.5 16.0 8.1 13.8
Acetic acid 57.6 10.4 7.1 7.7
Propionic acid 75.0 10.1 7.2 7.1
Pyridine 80.9 10.7 9.3 5.2
Dipropyl ether 139.4 7.6 7.3 2.3
Dibutyl ether 170.4 7.8 7.6 1.7
Ethyl acetate 98.5 9.0 7.4 5.2
Propyl acetate 115.7 8.6 7.7 3.9
Butyl acetate 132.6 8.5 (Y4 3.6
Hexyl acetate 164.5 8.5 7.8 3.3
Pentane 116.2 7.1 7.1 0.0
Hexane 161.6 7.3 T3 0.0
Heptane 147.4 T 7.5 0.0
n-Octane 163.5 7.6 7.6 0.0
Nonane 179.7 7.7 7.7 0.0
Decane 195.9 7.7 7.7 0.0

A = Calculated from &s° = sz +8n°



Table 10 Solubilities of methyl paraben in individual solvents at 25 °C

[97]

Solvents Xo DA A-values B In (X2/X2) ©
Ethanol 0.1495 0.7450 0.1067 -0.6653
1-Propanol 0.1486 0.7909 0.1203 -0.6593
1-Butanol 0.1484 0.8217 0.1299 -0.6580
1-Pentanol 0.1528 0.8409 | 0.1360 -0.6872
1-Hexanol 0.1477 0.8638 0.1435 -0.6532
1-Decanol 0.0880 0.9458 0.1721 -0.1354
Ethylene glycol 0.0480 0.9067 0.1581 0.4708
Propylene glycol 0.0944 0.8611 0.1426 -0.2056
Glycerol 0.0064 0.9901 0.1886 2.4857
1,2 Propanediol 0.0941 0.8617 0.1428 -0.2024
1,3 Propanediol 0.0766 0.8847 0.1506 0.0034
Acetic acid 0.0532 0.9000 0.1558 0.3679
Propionic acid 0.0386 0.9425 0.1709 0.6887
Pyridine 0.3243 0.5968 0.0685 -1.4397
Dipropyl ether 0.0314 0.9742 0.1826 0.8952
Dibutyl ether 0.0268 0.9819 0.1855 1.0536
Ethyl acetate 0.1270 0.8560 0.1409 -0.5022
Propyl acetate 0.1366 0.8652 0.1440 -0.5751
Butyl acetate 0.1326 0.8839 0.1503 -0.5454
Hexyl acetate 0.1164 0.9164 0.1615 -0.4151
Pentane 0.000063 | 0.9999 0.1923 7.1066
Hexane 0.000077 | 0.9999 0.1923 6.9059
Heptane 0.000083 | 0.9999 0.1923 6.8309
Nonane 0.000106 | 0.9999 0.1923 6.5863
Decane 0.000121 | 0.9999 0.1923 6.4539

A = Calculated from Eq. 21

B = Calculated from Eq. 20

C =1iX2=0.0769 (Calculated from the DSC data of methyl paraben)
Tm = 398.9 K; AfHy, = 25,150.26 J/mol; Vi = 113.9 cm3/mol

88
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Figure 34 The plot of experimental and prediction data from solubility of

methyl paraben in different solvents using multiple regression analysis
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According to Beerbower et al. [96], the value of volume fraction (®1) is
unknown because it depends on the value of Xz2. This means that the A
value is also unknown. They proposed two procedures for estimating the
volume fraction and A value. The first one is an iteration procedure,
which begins with a value of one for the volume fraction and iterating
until the volume fraction is unchanged [75, 96]. The second procedure is
a root-finder method, which is more satisfactory than simple iteration.
This method is used for the calculation of the mole fraction solubility of
methyl paraben when the iteration procedure is not practical. The mole
fraction solubility value from this method can be found by trial and error.
However, the iteration procedure has mainly been used in this study
because of its convenience. The example of iteration steps for the
prediction of the solubility of methyl paraben in glycerol is shown in
Table 11. This procedure gives an acceptable prediction as shown in
Table 12.

The attempt to use solubility parameter as a tool to predict the
solubility of a solute in different solvents is not a new idea; however,
there is no universal approach that can be used to predict all kinds of
solutes by using only a single equation. We; therefore, do not expect to
use Eq. 41 as a universal equation for all solutes. However, it
demonstrates that the multiple regression can be done for each solute by

using the solubility data of a solute in different solvents. It is important



Table 11 The iteration procedure for calculating the mole fraction

solubility of methyl paraben in glycerol at 25 °C

91

Volume fraction A-valueB |In (X2/X2) € Xo
Step of solvent A
1 1 0.192358 2.533684 0.006103
2 0.990548 0.188739 2.486014 0.006401
3 0.990088 0.188563 2.483707 0.006416
4 0.990066 0.188555 2.483592 0.006417
5 0.990064 0.188554 2.483586 0.006417
6 0.990064 0.188554 2.483586 0.006417
7 0.990064 0.188554 2.483586 0.006417
8 0.990064 0.188554 2.483586 0.006417
9 0.990064 0.188554 2.483586 0.006417
10 0.990064 0.188554 2.483586 0.006417

A = Calculated from Eq. 21

B = Calculated from Eq. 20

C = Calculated from Eq. 41
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Table 12 Examples of calculated mole fraction solubility of methyl

paraben in different solvents at 25 °C

X2

(Reference)B

X2

(Calculation)©

Solvents X2
(Experiment)A
n-Octane 0.000100
(0.000025)P
Ethanol 0.1452
(0.0230)
Glycerol 0.0070
(0.0005)
Propylene glycol 0.1041
(0.0212)

0.1495

0.0064

0.0944

0.000293

0.1397

0.0064

0.1336

A = Data from this experiment
B = Data from reference 97
C = Calculated from Eq. 41

D = Standard deviation
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to note that solvents used for the solubility study should provide broad
properties, i.e., strong, intermediate and non-hydrogen bonding.
Therefore, the attempt of this study is to show that an expanded
solubility parameter with two dimensional approach can be used to
predict the solubility of a solute in a certain kind of solvent if the
solubility parameters and polarity of the solvent and solute are known. In
fact, this parameter is easy to calculate using the group contribution
method. Since our purpose is to combine this approach with the
prediction of adhesion, the correlation as Eq. 32 and 33 can be used to
simulate the possibility of this combination between the knowledge of

solubility parameter and surface free energy parameters.

D.The application of surface free energy analysis to

bioadhesive design

<+ Computer simulation

Since a three-phase system approach has been shown to be an
appropriate approach to explain adhesion behavior, all the simulations
presented here are using this approach to predict the properties of a
good bioadhesive system. According to Eq. 40, work of adhesion between

a substrate surface and different adhesive systems in different
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environments can be estimated as shown in Figures 35-37. These figures
show the effect of polarity and total surface free energy of polymer system
on the change of work of adhesion as the surface tension of the medium
and the surface free energy of a substrate surface is fixed. The
summation of these simulations is shown in Table 13. These simulations
demonstrate that the matching of polarity between a substrate surface
and a polymer system is the important criteria for a good adhesive
system. This finding was pointed out by Lehr et al. [33] where they
showed that a better adhesion occurred when a bioadhesive system had
a similar polarity to a mucosal surface. In addition to the polarity, the
total surface free energy of a polymer system also plays a role in adhesive
capacity; however, it is not as significant when the different between
polarity of a medium and a substrate surface is high. It is interesting to
note that a difficult task is obvious when the polarities of a medium and
a substrate surface are the same (xPL = xPs). The worst case is when both
surface free energy and polarity of a medium and a substrate surface are
the same. In this condition, the work of adhesion is always zero (Figure
37), which means that no adhesion occurs. This, unfortunately, may be
the case for the GI-tract because the surface free energies of the GI fluid
and mucosal surface are similar. However, there is no current data
available related to the polarity. Another possibility for GI-tract condition

is y, > yg; therefore, a low surface free energy system is supposed to be a
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Table 13 Different approaches to get good adhesion

Surface free energy Polarity Approaches
(x0 = y?/y)

YL > Ys XPL, > XPs Lower xPp ; Lower y,
XP, < XPs Higher xpp ; Lower v,
XPL = XPg Difficult ; Lower y,

T < 7Ys XPL > XPs Lower xPp ; Higher y,
XPL < XPg Higher xPp ; Higher y,
XPL, = XPg Difficult ; Higher y,

il XPL > XPg Lower xPp ; Higher v,
XPL < XPs Higher xPp ; Higher y,
XPp, = XPg Very Difficult

98
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good candidate. However, there are some problems regarding the lack of
wetting and the chance of aggregation if a small particle is used.In the
practical situation; however, other factors, such as rheology and surface
area, need to be considered. For example, adhesion can be increased by
increasing the surface area of contact between an adhesive system and a
substrate surface. This can be done by applying a microparticulate
system or using a phase-change system in which the liquid can change
to a higher viscous gel after it spreads on the surface. It is important to
note that there are several uncontrollable factors involved in the GI-tract,
i.e., the movement of the Gl-tract, the possibility of contact between a
bioadhesive system and a mucosal surface, and mucus turnover.
Movement of the GI-tract will provide a certain force to overcome a
bioadhesive system, which adheres to a mucosal surface. The possibility
of contact between a bioadhesive system and a mucosal surface is
reduced because of the wetting problem or because of a reduction of
surface area from aggregation. The latter problem can be overcome in
other targets, i.e., buccal and vaginal, by applying a certain force during
application but this is not the case in the GI-tract.

In order to predict both adhesion behavior and solubilizing
capacity at the same time, the relation between solubility parameter and
surface free energy as shown in Eq. 32 and 33 is used. Figure 38 shows

the effect of molar volume and polarity of solvent on the mole fraction
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solubility of methyl paraben when the surface tension of the solvent
system is fixed at 60 mN/m. It demonstrates that the peak of the methyl
paraben solubility curve is related to the polarity of methyl paraben (xP =
0.41). In addition, the molar volume of a solvent system is also affected
by the solubility of a solute. For example, the polarity of a solvent
system, which gives a maximum solubility of methyl paraben differs from
the polarity of methyl paraben, as the molar volume of the solvent is
different from methyl paraben. This plot, therefore, provides information,
which can be used to choose the appropriate solvent system. Since we
know the surface free energy and polarity of the solvent, the adhesion
property of this system can also be predicted by using a three- phase
system equation (Eq. 6). The example of this estimation is shown in
Figure 39, where the combination of data from Figures 36 and 38 are
combined. In this figure, the assumptions have been made that the
surface free energies of a substrate surface and the environment are 60
and 45 mJ/m?, respectively. The polarity of these two systems on the

other hand are the same, with a value of 0.3.
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Figure 39 Prediction of mole' fraction solubility of methyl paraben and
work of adhesion between a substrate surface and a polymer system as a

function of polarity; the conditions are explained in the context
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Chapter 4: Conclusions

The conclusions from this study can be summarized as follows:

1. The surface free energy parameters have been demonstrated to
be useful in that they can be used to predict adhesion behavior in a
three-phase system (adhesive-medium-substrate).

2. In an aqueous environment, the hydrophilicity of the gel surface
increases as the water content of polymer gel increases, which results in
a decrease in interfacial free energy between the polymer gel surface and
water.

3. In an aqueous environment, analysis of polar and dispersive
components of surface free energy shows that a polar contribution is
more important to the work of adhesion, while dispersive contribution
produce a negative effect. This polar contribution is more significant
when the substrate surface is more hydrophobic. The explanation of this
behavior is not related to a higher polar interaction between the polymer
gel and the substrate surface, but rather it is mainly related to the‘higher
polar interfacial free energy between the hydrophobic surface and water.

4. The parabolic nature of adhesion behavior of a hydrophilic
polymer as a function of we:ter contents can be explained by assessing
the state of water in polymer gels. The initially absorbed water is non-

freezable water or bound water, which is important in controlling the
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initial flexibility of the polymer chains needed for the beginning of the
adhesion process. The excess water is the freezable water in polymer gels
that accumulates at the interface and interferes with the interaction
between polymer gels and the substrate surface. This results in the
reduction of adhesion.

5. The molecular weight of the polymer plays a role in the adhesion
process by changing the holding capacity of water molecules in polymer
chains. The higher molecular weight polymer needs more water to initiate
the flexibility of the polymer chain, giving it the capability of holding
more water inside the polymer chains. In other words, a higher molecular
weight polymer needs more absorbed water to start adhesion and will
lose adhesion at higher water contents. However, this study shows that
there is no specific rule to explain the relationship between the molecular
weight and the maximum work of adhesion.

6. The presence of mucin in the aqueous medium reduces the
adhesion by changing the surface free energy parameters of the system.
The main reason for this reduction is the surface-active property of
mucin, which reduces the surface tension of the medium, as well as the
surface free energy of polymer gels and the substrate surface, and the
interfacial free energy between the substrate surface and medium.

7. An expanded solubility parameter system with a two-

dimensional approach shows an acceptable prediction for the solubility
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of solute in different solvents. This can be done by using a multiple
regression analysis. However, there are still some areas of uncertainty in
the understanding of solubility parameter and its applications. Since this
approach has not been proved yet to be a precise approach for
quantitative solubility prediction, more work has to be done.

8. Simulations of methyl paraben solubility in solvents with fixed
surface free energy demonstrate that the solubilizing capacity of solvents
is affected by the polarity and molar volume of the solvents.

9. Simulations of the various situations demonstrate that the
adhesion behavior in a three-phase system is influenced by both the
polarity and the total surface free energy of a bioadhesive.

10. A combination of the surface free energy parameters and
solubility parameter can be used to predict the property of a polymer
system with desired bioadhesive properties and solubilizing capacity.

On the basis of this study, future work should aim directly to the
use of solubility parameter to predict the bioadhesion process. This will
hopefully allow one to develop a unified approach which can be used to
predict both bioadhesive behavior and solubilizing capacity of a
bioadhesive system by knowing only a single parameter, i.e., solubility
parameter. An understanding of the properties of the GI-fluid, mucosal
surface and the movement of the Gl-tract is also important to explore.

Parameters required include the surface free energy and polarity of the
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GI-fluid and mucosal surface, and the critical force involved in the GI-
tract movement. In addition, the effect of ionic interactions and the
interpenetration process, which were ignored in this study should also be
evaluated, so that a precise design of bioadhesive systems for drug

delivery in the GI-tract can be accomplished.
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