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ABSTRACT

The work presented in this thesis is concerned with adsorption of the poloxamer surfactants to

model hydrophobic drug surfaces for the purpose of stabilising pharmaceutical suspensions.

A poloxamer molecule consists of a central poly(propylene oxide) (PPO) chain and two
terminal poly(ethylene oxide) (PEO) chains. The length of the chains can be varied to obtain
a wide range of molecular weights and PEO/PPO ratios which can alter their adsorption

characteristics and stabilising capabilities.

The first type of adsorption studies were performed in an attempt to quantify the extent of
adsorption of the poloxamers to hydrophobic drug surfaces (ibuprofen and ketoprofen). It was
found that all the investigated surfactants showed a higher affinity to ibuprofen than ketoprofen.
The ranking obtained for extent of adsorption was as follows: P407>P188>P237>P338. Studies
were then conducted using the theories of interfacial phenoinena in order to characterise the
drug surfaces. Ibuprofen was found to possess a more hydrophobic surface and thus it was

concluded that the poloxamers show a greater affinity for very hydrophobic surfaces.

The second adsorption study used the technique isothermal titration microcalorimetry to look
at the thermodynamics of the adsorption process. The results obtained supported the findings
from the previous adsorption studies where exactly the same ranking for adsorption was
obtained. Furthermore, this study also showed that the poloxamers demonstrated a higher

affinity for the ibuprofen surface.

The final study consisted of determining the ability of the poloxamers to stabilise the drug
suspensions. By assessing the particle size over a period of six months it was found that, in
keeping with adsorption studies, P407 produced the most stable suspensions on both drug

surfaces.

Thus it can be concluded that in order for a poloxamer surfactant to adsorb strongly to a surface
and form stable pharmaceutical suspensions, the molecule must consist of a high molecular
weight as well as an equally balanced PEO/PPO ratio such as P407. An ideal adsorbing surface
should be very hydrophobic, however if the surface is relatively hydrophilic, then a poloxamer

which fits the above criteria can still effectively stabilise the suspension.
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DLVO The Dergyagin, Landau, Verway and Overbeek Theory
DSC Differential Scanning Calorimetry

DLS Dynamic Light Scattering

DPH 1,6-diphenyl-1,3,5-hexatriene

F Force

AG Free Energy of a Reaction Process

HSDSC High Sensitivity Differential Scanning Calorimetry
HPA Human Plasma Albumin

H Distance Between Two Particles
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INTRODUCTION

The characterisation of the physicochemical properties of poloxamer surfactants has been well
documented in the literature. Many workers have performed detailed studies on the phase
behaviour of these surfactants in aqueous solutions (Rassing and Attwood 1983, Brown et al
1991, Brown et al 1992, Linse 1993). Consequently, a great deal of knowledge has been
accumulated about the various micellar structures formed by the molecules and all the factors
which affect the formation. However, there appears to be relatively little experimental and
theoretical information regarding the application of these surfactants in pharmaceutical
formulations. Poloxamers are widely used as solubilisers of poorly soluble drugs as well as
stabilisers of suspensions. It is a well known fact that poloxamers as well as all other surfactants
adsorb to the hydrophobic surface of a particle in an aqueous suspension. Surface ‘wetting’ of
the drug occurs, enabling it to suspend in an aqueous continuous medium. The adsorption
process has been studied to some degree (Cartensen et al 1991, Wesemeyer et al 1993)) but to
a lesser extent than the solution properties. Factors affecting adsorption such as temperature of
solution, surfactant concentration, molecular weight and different hydrophobic surfaces need
to be studied in more detail to gain a comprehensive understanding of the behaviour of
poloxamers in suspensions. Furthermore, since adsorption occurs at a surface, then it would be
useful to know about the surface properties of the components involved. This would assist in
explaining and predicting the adsorption behaviour of the poloxamer surfactants in terms of

surface interactions.

SURFACTANTS

Surface active agents, or surfactants, are molecules which are characterised by containing two
regions in their chemical structure, one hydrophobic and the other hydrophilic. Due to the
opposing naiure of the chemical structure of surfactant molecules, they exhibit a range of
properties which are utilised in the pharmaceutical industry as well as many other fields. The
fundamental property of surfactants which defines them in a class of their own, is the ability
to adsorb at an interface, which is the boundary formed between two phases e.g liquid/gas or
solid/liquid. The hydrophobic moiety is often a long hydrocarbon chain and is insoluble in an

aqueous medium. The hydrophilic segment can be polar, ionised or a nonionic but water soluble
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group. When a surfactant molecule is dissolved in a liquid, one part of the molecule is freely
soluble in the medium while the other part is relatively insoluble. Consequently, the molecule
will migrate to the interface to allow the insoluble region to distance itself from the bulk of the
medium. The molecule adsorbs to the interface. An alternative way of reducing contact with
the liquid is for the molecules to form small aggregates where the core contains that part of the
molecule that disfavours the liquid, with the region that freely dissolves in the liquid extending
outwards. These aggregates can contain as little as two or three molecules and exist in
equilibrium with the monomers in the bulk and those adsorbed at the interface. The presence
of the surfactant molecules at the liquid interface reduces the surface tension by disrupting the

bonds formed by the liquid molecules.

The example presented above of surfactant molecules adsorbing to a liquid/gas interface is a
simple illustration of surfactant behaviour. Surfactants will adsorb to any interface, given that
it is dissolved in a medium and is therefore able to migrate freely to the interface. There are
many factors involved in this process such as the medium itself as well as temperature of the
system and the concentration of surfactant present. The reduction in interfacial tension and the
influence of surfactants on most interfacial phenomena means that they play a very important

role in everyday life from household cleaning aids to more specialised industrial applications.

TYPES OF SURFACTANTS

Since the only requirement of a surfactant is that its chemical structure contains a hydrophobic
and hydrophilic region, there are many different types of surfactants that are available both
existing naturally in the environment as well as being manufactured synthetically. Surfactants
are generally classified into four groups according to the charge carried by the polar head group,

with a select few being the most commonly used in each group.

1) Anionic
The surfactant molecules in this group contain a long hydrocarbon chain with the
hydrophilic moiety carrying a negative charge. A well known anionic surfactant is sodium

dodecyl sulphate, the structure being
CH3(CH2)11 —SO4 _Na*

17



2) Cationic
In this group the hydrophilic head group carries a positive charge, an example being
hexadecyltrimethylammonium bromide:-
CH,(CH,),sN*(CH,);Br~
Another well known cationic surfactant is ‘benzalkonium chloride which is used as a
preservative in multidose injections as well as ophthalmic formulations. Many patients tend to
react to benzalkonium chloride preparations and therefore single dose units are available,

without preservative.

3) Ampholytic
Ampholytic surfactant molecules have either anionic or cationic behaviour depending
on the pH of the solution. An example is N-dodecyl-N:N-dimethyl betaine:-
C,,H,sN*(CH,),CO0O" _
The illustrated structure shows the molecule in it’s zwitterion form. According to the pH of the

solution, the surfactant molecule will become either positively or negatively charged.

4) Nonionic

These are molecules which hold no charge on the hydrophilic group. Instead, the
hydrophile is water soluble containing functional groups that are polar and therefore can form
hydrogen bonds with the water molecules. Nonionic surfactants have the advantage of not being
affected by the pH of the environment. Their physico-chemical properties tend to differ from
those surfactant groups mentioned above and they could possibly be the most commonly used
surfactants as pharmaceutical excipients since they do not affect the electrical balance of a
formulation. Popular nonionic surfactants are the Span, Tween and Brij series. The Span series
are sorbitan esters: the Tween series are sorbitan esters joined to a polyoxyethylene chain, and
are thus termed polysorbates; and the Brij series are polyoxyethylated glycol monoethers. The
hydrophilic and hydrophobic chains of all three surfactant series can be altered to change the
degree of hydrophobicity. Therefore, ideally, a specific surfactant can be selected for any

particular system to produce a desired effect.

Naturally occurring surfactants also exist and are termed the ‘biosurfactants’. Examples are
lecithin, cephalin and the bile salts. The bile salts are present in the gastrointestinal tract to aid
food digestion, particularly non-water soluble matter which maybe solubilised by the bile salts

for dissolution in the gastric fluid ready for absorption into the bloodstream.
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Poloxamers are just one example of triblock copolymer surfactants. Most block copolymers
consist of a PEO chain as the hydrophilic moiety with the hydrophobic chain differing in
chemical structure. For example diblock copolymers of the PEO-PPO type also exist
commercially. Other examples of triblock copolymers are PEO-PBO-PEO, where PBO is
poly(butylene oxide). Diblock and triblock copolymers of poly(styrene)-poly(ethylene oxide)
are also available. These copolymers are synthesised with long PEO chains to make them water

soluble since poly(styrene) is extremely hydrophobic.

SYNTHESIS OF POLOXAMERS

The poloxamers are synthesised in two steps. The first (initiation) stage involves the controlled
addition of PO to a propylene glycol initiator. The resulting hydrophobic block can be tailored
to any specific size, which usually varies in molecular mass from 800 to several thousands. The
second stage involves the sequential addition of EO to both ends of the PPO hydrophobe. The
PEO region can constitute between 10 and 80% of the final mass of the polymer. The
oxyalkylation stages are performed using an alkaline catalyst, generally sodium or potassium
hydroxide, under nitrogen, the catalyst being neutralized and removed to give the final product.
The reaction is maintained at 120°C by adjusting the monomer feed rate. The synthetic steps

are represented by the equations in Figure 1.2, below.

HO-CH(CH,)-CH,-OH + CH,-CHO-CH,, ~ HO[-CH(CHj)-CH,-O-],H

HO[-CH(CH,)-CH,-0-],H + CH,0-CH,q,, ~> HO[-CH-CH,-0-],[-CH(CH,)-CH,-O-],[-CH,-CH,-0],H

Figure 1.2: Addition of PO to propylene glycol resulting in PPO hydrophobe (top) and
addition of EO to PPO hydrophobe resulting in the block copolymer (bottom)
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NOMENCLATURE OF POLOXAMERS

Due to the wide variety of poloxamer surfactants available, a nomenclature system exists which
describes each poloxamer molecule according to the hydrophilic and hydrophobic properties.
The nomenclature system is based on a three digit number. The first two digits multiplied by
100, gives the approximate molecular weight of the hydrophobe (PPO). The final digit
multiplied by 10 gives the approximate content of PEO, expressed as a percentage in relation
to the total molecular weight of the molecule. Thus, for example, for poloxamer 188 the
approximate molecular weight of PPO is 1800g mol ™! and the percentage PEO in the molecule
is 80%. The actual molecular weight of the PPO chain in poloxamer 188 is 1,740g mol”, and

the total molecular weight is 8,350g mol™".

Another name used for the poloxamer surfactants is Pluronics®. This is used by the
manufacturers, BASF, and a different nomenclature system is adopted. In this case a letter
always precedes the numbers which corresponds to the physical state of the substance at room
temperature. Therefore, F- precedes the number if the block copolymer exists as flakes. L is
used for liquids and P describes an intermediary state. Below is a table which gives examples

of structural details for some poloxamers as well as the nomenclature for each molecule.

Poloxamer Pluronic Molecular PPO units* PEO units*
Weight
184 L64 2900 30 2x13
188 F68 8350 30 2x75
237 F87 7700 39 2x62
338 F108 12600 54 2x 128
407 F127 12600 67 2x98

* PPO = poly(propylene oxide) and PEO = poly(ethylene oxide)

Table 1.1 : Structural details of the poloxamer surfactants and their nomenclature

The molecular weights displayed in Table 1.1 should be used with caution. It should be noted
that commercial grade poloxamers contain impurities. These impurities are attributed to

incomplete synthesis during the manufacturing process leading to the presence of some diblock
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copolymers as well as single chains of PEO and PPO. Therefore poloxamer content tends to be

expressed as percentage weight with respect to the solvent, rather than in molar terms.

THE PHASE BEHAVIOUR IN AQUEOUS SOLUTIONS

The ‘phase behaviour’ of poloxamer surfactants refers to the behaviour of the surfactant
molecules in aqueous solution. The various molecular structures that are formed at increasing
temperatures and concentrations, lead to characteristic physicochemical properties that make
poloxamers such an important class of surfactants. Many of the poloxamers’ industrial
applications are dependent on the solution phase behaviour and therefore this phenomenon has

been studied in great detail over the past two decades.

At very dilute concentrations, the poloxamer molecules exist as single, hydrated, monomeric
units that are independent and unassociated with each other. Although the PPO chain is
relatively hydrophobic, water molecules are still loosely attached, enabling the entire molecule
to be fully hydrated. Irwin et al (1995) performed stability studies on a dilute solution of
Pluronic® F87 (P237) using the technique isothermal microcalorimetry. They found that a phase
transition occurred at concentrations below the CMC, and related this phenomenon to a slow
hydration of the PPO moiety under isothermal conditions. When the molecule first enters into
solution it is not in its preferred conformation but slowly ‘relaxes’ into the equilibrium
structure. The existence of monomolecularmicelles has also been reported (Prasad et al 1979,

Beezer et al 1991) where the PEO chain surrounds a core which consists of PPO units.

As the solution concentration is increased, the water molecules that are attached to the
hydrophobic PPO moiety become detached, therefore increasing the hydrophobicity of that
region. To protect the now exposed hydrophobic chain from the aqueous environment, several
molecules will migrate towards each other and form a spherical structure, such that the
hydrophobic PPO chains will form the inner core of the sphere and the hydrophilic PEO chains
will extend outwards into the water. This spherical structure is called a micelle, and the
concentration at which they begin to form is called the critical micelle concentration (CMC).
A number of studies have been made in the attempt to describe such aggregates of PEO-PPO-

PEO block co-polymers in water, however with considerable confusion concerning the
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seen practically by a clouding of the solution as the complex micellar structure rejects water

from its lattice. The separated water will consist only of a very dilute monomeric poloxamer

solution (Linse 1993) where the majority of the molecules will now be associated in a complex

micellar network. These phases are thermoreversible and if the temperature of the solution is

reduced, will revert back to an isotropic liquid once again. Figure 1.4 shows an example of a

temperature-concentration phase diagram for the poloxamer surfactants.
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Figure 1.4: Phase diagram for the poloxamer surfactants showing the various aggregates
which are formed as the temperature and concentrations are varied. Reproduced from

Mortensen and Pedersen (1993).
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PHYSICAL PROPERTIES AND INDUSTRIAL APPLICATIONS

Because of the variable hydrophilic/hydrophobic balance obtainable via alteration of the
PEO/PPO ratio, the poloxamers exhibit a wide range of physical properties and, in most cases,
a particular property can be exploited by using a poloxamer of a specific composition. It is for
this reason that the poloxamers have found such widespread applications. Different poloxamers
generally vary widely in their physical properties, and it is not usually feasible to interchange
one poloxamer for another in a particular application. More often than not, trends in a particular
property are observed across a series of poloxamers of related composition (Schmolka 1977).
A complete understanding of the relationships between structure and physical properties would

enable specific poloxamers to be designed for specific applications.

SOLUBILITY

As the PEO chain length of the poloxamer molecule is increased, the aqueous solubility is
observed toincrease, from virtually insoluble for some members, to some exhibiting no solution
cloud point at 100°C. The aqueous solubility also increases with increasing molecular mass for
poloxamers with the same PEO/PPO ratio. The physical form of the poloxamers change in a
similar fashion, from liquids through pastes to solids, with increasing percentage of PEO.
Poloxamers are more soluble in cold water than hot, and this is ascribed to the phenomenon of

hydrogen bonding between the water molecules and the ether oxygen atoms of the polymer.

The rate of dissolution is similarly influenced by the PEO content, polymers with a higher
proportion of PEO having a higherrate of dissolution than those with a low proportion. For
members having the same PEO/PPO ratio, it is found that the dissolution rate decreases as the
total polymeric molecular weight increases (Alexandridis and Hatton 1995). This is ascribed
to an increasing degree of hydrogen bonding between the polymer chains with increasing PEO

content, and is reflected in the physical forms across a series of poloxamers.
Generally, the poloxamers are soluble in aromatic solvents (e.g benzene or toluene), chlorinated

solvents (e.g. carbon tetrachloride or trichloroethane), ketones (e.g. acetone or methyl ethyl

ketone) and in ethyl and isopropyl alcohols. The poloxamers are generally insoluble in ethylene
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glycol, glycerol, kerosene and mineral oils. As in the case of aqueous solutions, the solubility

of a particular polymer is dependent on its composition.

WETTING

The ability of a poloxamer to function as a wetting agent is determined by composition, those
with a lower PEO content and higher hydrophobe molecular mass being better wetting agents
than those with a higher PEO content and lower hydrophobe molecluar mass. However, other
factors must be considered when selecting a poloxamer for use as a wetting agent, such as
physical form, taste or solubility. P188, for example, is a tasteless solid with good wetting
properties, and is found in many formulations. Examples of pharmaceutical preparations which
include P188 as a wetting agent include Epitrate®, Neosporin® (both eye drops) and
Cerumenex® (ear drops). Since the poloxamers show little toxicity, concentrated poloxamer
solutions have been used as wound cleansers, for example Shur Clens® which contains 20%w/v
P188. The poloxamers have also been shown to have low binding affinities for chlorhexidine,
and have been used as components of surgical scrubs, for example Hibiscrub® which containas
25%w/vP237. Other industrial products and processes that utilise poloxamers as wetting agents

include paints, pulp and paper, metal cleaning, sugar refining, agriculture and petroleum.

Many of the poloxamers have rewetting properties in addition to being good wetting agents, and
this makes them useful ingredients in formulating agricultural wettable powders and in paper

applications.

EMULSIFICATION AND DEMULSIFICATION

An emulsion is a two-phase system consisting of two incompletely miscible liquids, one being
dispersed as finite drops in the other, these dispersed drops usually having an average diameter
of 0.1pm or greater. Compounds that are to be employed as emulsifiers need to be neither solely
hydrophilic nor solely lipophilic (oil-loving) but a combination of the two. An emulsifier which
is predominanatly hydrophilic in character will best stabilise an oil-in-water (o/w) emulsion,

while one which is predominantly lipophilic will best stabilise a water-in-oil (w/0) emulsion.
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Contained within the series are members containing 90% hydrophobe by mass, 80% hydrophile
by mass and a range of intermediates. The poloxamers therefore form an ideal range for a series
of emulsifiers. In order to best classify the emulsification properties of a particular poloxamer,
hydrophilic/lipophilic balance (HLB) have been determined for every member, shown in the
HLB grid, Figure 1.5 (the HLB sytem for classifying surfactants characterises polymers on the
basis of polarity. The HLB number for a given poloxamer is determined by dividing the

percentage weight of the hydrophilic group by 5).

An HLB value of 6 or less, indicates a poloxamer is hydrophobic, while values between 8 and
30 indicate hydrophilic character. If the HLB requirements of an emulsion system are known,
the number of potential poloxamer candidates to be evaluated may be conveniently narrowed
to those with a suitable HLLB value. The HLB value, however, does not necessarily infer the
candidate’s efficacy as an emulsifier, and physical evaluation of the desired formulation would

be required for optimal results.
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Figure 1.5: HLB values for the poloxamer series at 25°C.
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An industrial example of a poloxamer emulsifier is provided by P188, which has been shown
to stabilise a 50:50 mineral oil/water formulation (Schmolka 1977), when present at a
concentration of 100mg mL'. Many cosmetic formulations are simply emulsions of mineral oils
and water, and P188 is often found in these products. Poloxamers can also be useful as
components of crude oil demulsifiers. These demulsifiers are required to separate any water

present from the crude oil before the oil is cracked at the refinery.

FoaMinGg

Foaming occurs at the interface between a liquid and a gas. The poloxamers are low to
moderate foaming agents, those with 70 or 80% PEO content producing the most foam. The
foams produced are not, in general, very long lived, because the poloxamers tend to form low
viscosity films, which destabilise any foams produced. Poloxamers containing 10-30% PEO
content are so poor at producing foam, that they are normally considered defoamers, and it is
in this area that many poloxamers have found many industrial applications. A defoaming agent
can be classed as an agent which either removes a foam which is already present, or one that
prevents foam formation completely. Examples of products and processes that utilise the
defoaming capacity of the poloxamers are antifreezes, glues, grinding fluids and the starch

solutions used by the paper industry.

By careful selection, poloxamers may also be employed successfully in applications where a
controlled amount of foam is required. An example of this is provided by electrocleaning,
where a controllable foam is required to keep hydrogen gas and other chemicals from escaping
into the atmosphere. P181 gives a foam that allows the hydrogen gas, produced by the cleaning
process, to be released at a steady rate, over the entire surface of the product, giving maximum

levels of safety and efficiency.

GELATION AND VISCOSITY

A gel is an apparently homogeneous, semi-solid substance that may have the consistency of

anything between a jelly through to a solid. A useful property of concentrated aqueous solutions
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of many of the poloxamers is their ability to form thermally reversible gels. The gels liquify
upon cooling but reform upon warming. Only those poloxamers with a hydrophobic mass
greater than 1750g form gels and, as the hydrohpobic mass increases, the gelation concentration
decreases. The addition of certain agents, for example glycerol, to aqueous poloxamer solutions
has been shown to affect the gelation concentration. Gels of P407 have been shown to aid burn
wound healing when applied directly to the affected area. The gelation properties of the

poloxamers are represented in Figure 1.6.
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Figure 1.6: The gelation properties of the poloxamers (gels form at given concentrations).

The viscosity of a liquid product is often an important factor in determining if the product will
be commercially useful. Many liquids that possess properties that may be advantageous to a

particular use or process, are disregarded because they are too thick or thin for the physical flow
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requirements of that process.

The viscosity characteristics of the poloxamers are dependent on the percent of the hydrophile
and the mass of the hydrophobe. As the percentage PEO content increases or the molecular
mass of the hydrophobe is increased, the viscosity characteristics will also increase. Therefore
an aqueous solution of PI88 would be expected to be more viscous than one of P101 under the
same conditions. Certain poloxamer solutions, at high aqueous concentrations, are found to
become more viscous with a small addition of water, and represent an unusual range of
thickeners. A solution of one of these poloxamers would make a low viscosity concentrate, that

would thicken upon dilution.

ToOXICITY AND PHARMACEUTICAL APPLICATIONS

The poloxamers have found widespread applications as pharmaceutical excipients mainly
because of their lack of toxicity, although the possibility of selecting a poloxamer with a
specific physical property may also explain their continuing popularity. In general, the toxicity
of a particular poloxamer decreases as the PEO/PPO ratio increases and as the molecular weight
of the hydrophobe increases. These conclusions have been drawn from numerous independent
studies, including acute and chronic toxicity tests, skin and eye sensitivity studies, acute i.v.
studies and a three generation reproduction study, and have led to a number of regulations

permitting the use of selected poloxamers in foodstuffs and pharmaceutical preparations.

The lack of toxicity has led to the use of poloxamers as formulation stabilisers and emulsifiers
in a large number of commercially available creams and formulations, although certain
poloxamers have found applications as active ingredients. The following list highlights the
range of products in which poloxamers are present as an active ingredient, as of 1996

(Martindale 1996).

Actizyme®: P338. Contact lens cleaner (Willvonseder, Austria).

Ailax®: P188. Constipation (Galen, United Kingdom).
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Alkenide®: Unspecified. Skin cleanser (Theraplix, France).

Baby Oragel®: P407. Tooth and gum cleanser (Del, U.S.A.).

Clerz®: P407. Eye drops for use with soft contact lenses (Ciba Vision,
Australia).

Codolax®: P188. Constipation (Napp, United Kingdom).

Coloxyl®: P188. Oral drops for constipation (Fawns and McAllan, Australia).

Idrocol®: P188. Constipation (Lafon, France).

Pliagel®: P407. Soft contact lens cleanser (Alcon, Australia).

Ulfron®: P188. G.I tract disorders (Lafon, France).

SELECT APPLICATIONS

In this section, a few of the select applications of poloxamer surfactants are discussed, which
utilise the surface activity and phase behaviour in aqueous solutions. Below, some examples
of these specific applications will be presented, and will be discussed in terms of the physical
properties that can be taken advantage of for these potential applications. Because of the great
diversity in the physicochemical properties of these block copolymer surfactants, in all the
cases presented below, investigations have found that by careful selection of a poloxamer, the

system can be optimised to obtain the best possible results.

Solubility

Since surfactants such as block copolymers consist of a hydrophilic as well as hydrophobic
component, it would be sensible to assume that they have some solubilising capacity, especially
for poorly soluble drugs. A drug particle can be totally solubilised in the hydrophobic core of
amicelle, in the junction between the core and the hydrophilic region of the micelle, within the
hydrophilic region of the micelle or at the aqueous fluid/surfactant hydrophile interface.
Various studies have revealed interesting results regarding the solubilsation capacity of these

polymers. The solubility of indomethacin in aqueous solutions of Pluronic surfactants was
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investigated by Lin et al (1985), at increasing surfactant concentrations and solution
temperatures. Indomethacin is practically insoluble in water. The Pluronics investigated were
F68 (P188),F88 (P238) and F108 (P338). All of these surfactants possessed the same PPO/PEO
ratio but increased in molecular weight in the order F108>F88>F68. The solubility was found
to increase with temperature and concentration but there was a dramatic increase in
solubilisation beyond an observed transition point. This point was thought to be the CMC. The
order of solubilising capacity was F108>F88>F68. Therefore, Lin et al concluded that the
solubilisation of indomethacin was a micellar solubilisation and F108 appeared to be the best
surfactant because of its ability to form larger micelles; F108 having the highest molecular

weight.

Nagarajan et al (1986) and Collett and Tobin (1979) found that the nature of the solubilsate is
an important consideration with regards to the extent of solubility of materials in the block
copolymer surfactants. Nagarajan et al (1986) studied the solubility of various aliphatic and
aromatic compounds in different block copolymer surfactants including a PEO-PPO block
copolymer. It was found that there was a large difference in the amounts solublised of aromatic
compounds compared to the aliphatic hydrocarbons. The aromatic compounds were more
compatible with the micellar core and therefore dissolved to a greater extent. Conversely,
aliphatic solubilisation was found to be negligible. They also compared the results obtained
with some conventional surfactants such as sodium dodecyl sulphate. There was a 20-50 fold
increase in the amounts solubilised by the block copolymers compared to the conventional
surfactants. This was attributed to the larger micelles formed by the block copolymers which
were able to accommodate a greater volume of solubilisate. This finding was also confirmed
by Collett and Toben (1979). Nagarajan et al (1986) suggested the means of separating various
mixtures of polar and/or nonpolar liquids, as a practical application of this selective
solubilisation capacity. Careful choice of the block copolymer would permit the separation of

varying mixtures of organic and inorganic solvents.

Drug delivery systems

Gels formed by the Pluronics have been evaluated by researchers as vehicles for the delivery
of many drugs (Nalbandian et al 1972, Chen-Chow and Frank 1981, Hadgraft and Howard
1982, Miller and Donovan 1982, Miyazaki et al 1984, Gilbert et al 1986, Guzman et al 1992).

The properties of the gels which make them so appealing as drug delivery systems, are several.
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They have a low toxicity profile, they form clear isotropic gels and they have exhibited a good
drug release profile. Another great advantage is the reversal of gelation at low temperatures.
Thus, a poloxamer solution stored at between 0 to 10°C will be a free flowing liquid, but when
warmed to room temperature and body temperature these solutions will form semi-solid gels.
This reverse thermal gelation property has been exploited for the delivery of many drugs.
Pluronics F127 (P407) and F108 (P338) have been of particular interest since they are the least

toxic of the poloxamer family.

Pluronic® F127 has been considered for drug delivery vehicles for subcutaneous depot
injections (Guzman et al 1992) and topical administration of highly toxic anti-cancer agents
(Miyazaki et al 1984) as well as local anaesthetics (Chen-Chow and Frank 1981). Studies
performed on the release rates from F127 gels found that there was a decrease in the apparent
release of dispersed drugs, as the concentration of the gels were increased from 20 to 30%w/v
(Gilbert et al 1986,,Miyazaki et al 1984, Guzman et al 1992). It is generally agreed that the gels
possess large aqueous channels which exist between the entangled chains of the micelles. The
drugs are thought to diffuse out through these aqueous channels. As the concentration of the
poloxamers are increased the gels become more rigid due to tighter packing of the micelles, and
the channels decrease in size. Therefore at higher gelation concentrations the path of diffusion
of the drugs is inhibited. However, as the temperature of the system is increased the release rate
also appears to increase (Chen-Chow and Frank 1981, Miyazaki et al 1984). This result is very
unexpected since an increase in temperature should have the same effect on the release of drugs
as an increase in concentration. It is not fully understood why this should happen but it has been
suggested by Chen-Chow and Frank (1981) that an increase in temperature decreases the

viscosity of water in the gel matrix, hence still allowing for the ease of diffusion of the drug.

Nalbandian et al (1972) investigated the Pluronics for use as artificial skin in the treatment of
burn wounds. Anti-bacteriacidal agents such as silver nitrate and silver lactate were dispersed
in concentrated solutions of F127 at low temperatures (<10°C). The solutions were then poured
onto the wounds where they formed solid gels on contact. It was found that there was a
dramatic decrease in infections and death rate of test animals compared to the control
(propylene glycol). Not only were they found to be a good base for the bacteriocidal agents, but
they also reduced electrolyte and heat loss as well. In addition, the gels on their own, without

any bacteriocides, were found to have a better protective effect than the control.
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Miller and Donovan (1982) looked at the effect of Pluronic F127 gels on the miotic activity of
pilocarpine nitrate in rabbits. Results showed that there was a 1.9 fold increase in miotic
response obtained with the gel formulation when compared to the aqueous solution. The
prolongation of contact time with the eye was thought to be the mechanism responsible for the

results observed.

Suspension systems

Many new chemical entities that have currently been discovered for potential use, appear to be
very hydrophobic and hence insoluble in aqueous systems. The difficulties faced in formulating
these drugs can often lead to the abandonment of developing such systems which could
otherwise have shown potential as an active ingredient. Merisko-Liversidge et al (1996)
attempted to address the problem of poorly soluble chemotherapeutic agents, in order to aid in
the further evaluation of these drugs in-vivo. The agents were intended to be used in a
nanoparticle formulation for intravenous injection. Previously, poorly soluble chemotherapeutic
agents were solubilised in a mixture of water and an organic liquid. This led to severe toxicity
problems. The aim of the study was to investigate a formulation consisting of nanocrystalline
suspensions, stabilised by various surfactants. Although the different polymers used were not
listed, it was found that the higher molecular weight polymers such as F127 and F108 formed
the most stable suspensions, with negligible particle size increase on storage. This indicates that
the poloxamers were better stabilisers than the other surfactants used. Unfortunately this study
did not place any emphasis on the surfactants and their mechanism of action, but were more
interested in discussing the improvement in performance of the drug when formulated as a

nanosuspension.

A more detailed review on the adsorption process of poloxamer surfactants onto model surfaces
will be given in chapter three. It should be appreciated, however, that the association behaviour
of these surfactants in water is an extremely diverse and complex subject. With the introduction
of another phase i.e a solid interface, the complexity of the system increases dramatically. Not
enough research has been conducted on these systems. Much may have been studied on the
mechanisms of the adsorption phenomenon, using model hydrophobic surfaces, however not
much attempt has been made to extrapolate these findings to real drug surfaces. An interesting
example of the use of PEO-PPO-PEO block copolymer surfactants in a non-pharmaceutical
application is a study conducted by Tadros et al (1995). They looked at the stabilising effects
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of poloxamers on coal/water suspensions for transport through pipelines. Coal is a dominantly
hydrophobic surface, but, like many poorly soluble pharmaceutical drugs, it is not ideal.
Therefore this study could be used as a more realistic comparison for pharmaceutical

suspensions.

Biotechnology

There has been a dramatic increase in the use of synthetic polymers in medicine and
biotechnology in the last few decades. These materials are used widely for diagnostic assays,
drug delivery systems, medical implants and devices, contact lenses and blood and protein
storage applications etc. Most synthetic polymers exhibiting optimal properties for the above
applications are very hydrophobic in nature. When placed in a biological environment these
surfaces can be fouled by adsorption of proteins in biological fluids. Proteins have been found
to adsorb to almost all surfaces in the first few minutes of blood exposure. Another problem is

the low wetting of these surfaces due to their hydrophobic nature.

Considerable amounts of research has been done on modifying the surfaces of the hydrophobic
polymers in order to achieve a hydrophilic surface that would minimise or eliminate protein
adsorption (Lee et al 1989, Shen et al 1993, Amiji and Park 1992). Poly(ethylene glycol)
homopolymers were successful in preventing protein adsorption only if the molecules were
terminally grafted to the hydrophobic surface (Amiji and Park 1992). It was found that the
molecules needed to be terminally grafted otherwise the adsorption was weak and could easily
be displaced by proteins such as fibrinogen and platelets. Therefore some researchers have
turned to PEO-PPO-PEO triblock copolymers due to the PPO chain strongly adsorbing to the
polymer surface and thus anchoring the molecule, leaving the PEO chains extended outwards
to create a hydrophilic surface. Amiji and Park (1992) examined the effects of different
Pluronics to gain an insight into the mechanism of the improved biocompatibility of PEO-rich
surfaces. They found that the PPO chain length was a very important factor when using
Pluronic surfactants. As long as the hydrophobic chain length was long enough to tightly bind
to the surface of the synthetic polymer, a small PEO chain was sufficient to prevent protein
adsorption. Hence Pluronic® P103 containing only 19 PEO units, but with 56 PPO units, was
just as effective as Pluronic® F108 (P338) which contained the same length PPO chain but with
a much larger PEO segment.
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Katakam et al (1995) looked at the use of poloxamer surfactants to stabilise solutions of
recombinant human growth hormone (hGH). It was found that upon mixing (vortex mixing) a
solution of hGH, when the protein is exposed to the liquid/air interface it undergoes a
denaturation process whereby the protein unfolds and hence become inactivated. The drug
would then precipitate out as insoluble aggregates. Mixing for 1 minute caused 67% of the
protein to precipitate. This study found that the addition of Pluronic F68 at the CMC was able
to prevent this interfacially induced aggregation and precipitation. Stabilisation at the CMC was
explained by the formation of a monolayer which created a protective barrier between the

protein and the air/water interface caused by vortex mixing.

Drug targeting

When foreign particulate matter enters the blood circulation, the body reacts by rapidly clearing
the blood. Plasma proteins called opsonins will recognise foreign particles and adsorb to the
surface; this is then followed by phagocytic engulfment. The particles will then be carried away
to the liver and spleen where they will be removed by these organs. This is a natural immune
response by the body and the entire system is called the reticuloendothelial system (RES) or the
mononuclear phagocytic system (MPS). Diseases of the liver such as Lieshmaniasis can be
treated by using this system to target the liver. Drugs encapsulated in particulate carriers are
engulfed by phagocytes and then taken to the liver. Interest is now growing in the field of drug
delivery and targeting, to be able to increase the circulation of foreign particles in the blood and
possibly redirect these particles to other organs (Illum et al 1982, lllum and Davis 1984, Rudt
and Muller 1993, Porter et al 1992, Watrous-Peltier ez al 1992). This appears to be a very
challenging matter, since it entails understanding and manipulating the complex processes

involved in the RES.

One area investigated for which the prevention of opsonisation is possible is adaptation of the
surface of a colloidal particle. [llum ez al (1982) demonstrated fhat small particles were taken
up by the RES following intravenous injection. Larger particles of greater than 7um were found
to be lodged in the lungs. Therefore size is one parameter that could potentially be used to avoid
uptake by the RES. Desirable surface properties required for an injected particle to avoid
opsonisation is a relatively hydrophilic surface (Buckton 1995) i.e the opsonins will not be

totally hydrophobic in nature, therefore they will possess some hydrophilic properties and so
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the injected particles should be more hydrophilic than the opsonins. The use of poloxamer
surfactants for surface modification has been investigated by many researchers (Porter et al
1992, Watrous-Peltier et al 1992). The nature of these polymers are such that, when coated onto
the particles, would provide an ideal surface by which opsonisation could be prevented. The
adsorption of the hydrophobic chain would form strong anchors to hold the molecule on the
particle surface and the extension of the PEO chains out into the media would create a

hydrophilic surface as well as steric hindrance for any approaching proteins.

a) b)

Fig 1.7: Surfactant induced repression of phagocytosis. The diagram illustrates the
mechanism whereby poloxamer P338 directly suppresses phagocytosis. a) This diagram
shows polystyrene particles coated with poloxamer P338 which cannot be readily absorbed
to the cell surface and therefore cannot be phagocytosed. b) Phagocytosis can also be
suppressed if the cells are incubated with poloxamer P338. Diagram reproduced from
Watrous-Peltier et al (1992).

Porter et al (1992) studied the effects of coating particles with batches of poloxamer P407 and
their ability to redirect a considerable proportion of the particles to the bone marrow. Illum and
Davis (1984) reported the effect of P188 and P338 coated polystyrene particles on the organ
distribution after intravenous administration. Poloxamer P188 behaved in a similar manner to

the uncoated particles (control) and were rapidly removed from circulation with a half-life of
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50s. The P338 coated particles however, were found to have higher activity in the lung, heart
as well as the carcass and in the blood. Clearly, not all poloxamers have the ability to prevent
opsonisation. Rudt and Miiller (1993) investigated the effects of varying molecular weights and
different hydrophobic and hydrophilic chain lengths on phagocytic uptake. They found that
stabilisation and hydrophilicity of the particles increased with increasing adsorption layer
thickness around the particle. This was achieved better by the poloxamers with a larger
hydrophobic moiety such as P407 and P338. If the poloxamer was strongly adsorbed to the
surface than effective stabilisation could be obtained with a smaller PEO chain length.
Therefore the size of the PPO block was of primary importance. However, the combination of
long hydrophobic and hydrophilic chain was found to be the most efficient. Therefore,

poloxamers P407 and P338 were found to reduce uptake of particles the most.

The effects of poloxamer surfactant coating on phagocytosis of particulate carriers has
generally been viewed as being dependent solely on surface modifications of the coated
particluate. However, Watrous-Peltier et al (1992) found that poloxamer F108 had a direct
action on the phagocytes. Phagocytosis is a two step process, involving adsorption of the
particulate to the cell surface followed by internalisation of the particle into the phagocyte.
Interference of any of these two steps would lead to suppression of the process (Fig 1.7). In this
study phagocytes were incubated with poloxamer P338. When these pre-treated cells were then
exposed to uncoated polystyrene particles, there was found to be no uptake. It was thought that
the polymer molecules had adsorbed to the cell surface in a similar manner to other
hydrophobic particles. The protruding hydrophilic chains had then sterically hindered the

approach of the uncoated polystyrene particles to the cell surface.

AIMS AND OBJECTIVES

From the review of the physico-chemical properties of poloxamer surfactants presented above,
it is quite clear that these surfactants have been researched in great detail. The solution phase
behaviour and the surface activity of the poloxamer molecules have been exploited substantially
for applications in the pharmaceutical as well as non-pharmaceutical fields. A thorough
understanding of the phase behaviour of these polymers has enabled researchers to design

systems that can be optimised for maximum benefit. The development of drug delivery systems
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of the gels has stemmed from a considerable knowledge base obtained from almost two decades

of research.

The applications of poloxamers in biotechnology and drug targeting have exploited the surface
activity of poloxamers at the solid/liquid interface i.e the adsorption onto hydrophobic surfaces.
In chapter three, this phenomenon will be discussed in more detail. It is interesting to note that
a great deal of research has been dedicated to understanding the complex mechanisms of the
adsorption process primarily on hydrophobic surfaces but also on hydrophilic surfaces as well.
The areas of research which have developed and applied this knowledge base are the
biotechnology and drug targeting fields. So far, there has been very little research into the
adsorption of poloxamers onto hydrophobic drugs in pharmaceutical suspension systems. The
example presented above for select applications in suspensions, did not attempt to investigate
the mechanism of the adsorption process or the interaction of the surfactant with the drug
surface. Earlier research has looked at the effect of poloxamer surfactants on the ability to
stabilise pharmaceutical suspensions. But there seems to be a need to gain a better
understanding about the mechanisms of the adsorption process, particularly in terms of
thermodynamics. Since most poorly soluble drug substances are not completely hydrophobic,
the interaction of poloxamers with these surfaces may be very different to the ideal hydrophobic

surfaces used by many researchers.

It is the purpose of the work presented in this thesis, to gain a better insight into the adsorption
process of poloxamer surfactants onto different model hydrophobic drugs. In particular, an
attempt will be made to explain the adsorption phenomena in terms of thermodynamic

evaluation and energies of interaction.
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CHAPTER TWoO

Materials
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POLOXAMERS USED

The poloxamer surfactants used were selected to obtain a range of physico-chemical properties

such as the molecular weight and PEO/PPO ratios. Table 2.1 shows the four surfactants chosen

for the studies conducted in this thesis.

ICI BASF M. Wt M,, (PEO) M,, (PPO) A B
P407 F127 11,500 7,500 4,000 98 67
P338 F108 14,000 10,750 3,250 128 54
pP237 F87 7,700 5,450 2,250 62 39
P188 F68 8,350 6,600 1,750 75 30

Table 2.1: Physical characteristics of the poloxamers. A and B represent the number of PEO
and PPO monomer groups in each polymer respectively.

Material Supplied by Batch Number
P407 BASF WPOQ-592B
P338 BASF WPMQ-547B
P237 ICI —_

P188 BASF WPEQ-525B

Table 2.2: Information on suppliers and batch numbers for poloxamers used in adsorption

(chapters three and five) and stability studies (chapter six).
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MODEL HYDROPHOBIC DRUGS

The model drugs used for these studies were ibuprofen and ketoprofen. As can be seen, the
selections were made because both these solids are hydrophobic in nature and ideal for the

formulation of suspensions for oral drug delivery.

Solid Supplied by Batch Number
Ibuprofen Knoll Pharmaceuticals 439952
Ketoprofen Sigma 128F0593

Table 2.3 : Information on suppliers and batch numbers of model hydrophobic drugs used.

COOH

Bu

Figure 2.1: Structure of ibuprofen. Chemical name for this structure is
(RS) -2 (4 -isobutylphenyl) propionic acid.

Ibuprofen is practically insoluble in water, freely soluble in acetone, alcohol and methylene

chloride.

42



COOH

Figure 2.2: The structure of ketoprofen. The chemical name for this structure is
(RS) -2 «3 -benzoylphenyl)propionic acid.

Ketoprofen is practically insoluble in water, freely soluble in acetone, alcohol and methylene

chloride.

MATERIALS USED FOR SURFACE ENERGY STUDIES

Material Supplied by Batch Number
PPG 2000 ALDRICH 102087
PPG 3000 ALDRICH 00328AY
PPG 4000 ALDRICH 30907 227201
PEG 3000 SIGMA 3741376
PEG 4000 KOCH-LIGHT 93385
PEG 6000 BDH 9211980D

Table 2.4: Materials used as substitutes for the hydrophilic (PEG) and hydrophobic (PPG)
chains of the poloxamer surfactants. PPG =poly(propylene glycol) and PEG = poly(ethylene

glycol).
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Material Supplied by Batch Number
Bromonapthalene AVOCADO D2164B
Formamide ACROS 76321/1
Ethylene Glycol AVOCADO 32764K
Chloroform BDH K22981139
Parafilm ‘M’ American National Can™  ———ev
Glass Coverslips ULTIMA 1922587
Table 2.5: Additional materials used for contact angle studies
Y. (mN m") Y (mJ m?) y* (mJ m?)
Bromonapthalene 444 44 4 0
Ethylene Glycol 48.0 29.0 19.0
Formamide 58.0 39.0 19.0
Water 72.8 21.8 51.0

Table 2.6: Values of the surface energy components of various probe liquids used in contact
angle studies. Obtained from van Oss et al., 1992.



CHAPTER THREE

Adsorption of Poloxamers
onto Model Hydrophobic
Drugs
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INTRODUCTION

The need to study the adsorption process of surfactants has arisen from the development of drug
delivery systems that require the stability of poorly soluble drugs in a pharmaceutical
formulation. The experimental work in this thesis focuses on the adsorption of poloxamer
surfactants onto model hydrophobic drug surfaces in pharmaceutical suspensions. However, the
results which will be presented can be applied to any system where the surface activity of
nonionic surfactants is being investigated at a solid/liquid interface. Indeed, the literature
review presented below will mention other studies which do not use the same drug surfaces or
surfactants that are the focus of research for this thesis. All the studies described in the
literature review, however, have investigated the adsorption process of a variety of different
surfactants on several types of surfaces. Since the nature of the research is of a similar context
to the study that will be presented below, it will be able to provide a useful insight and

comparison to the results obtained in this study.

Powders which are poorly soluble in water or aqueous medium are formulated into suspensions
as an alternative method for oral drug delivery. In this way when the drug particles enter the
gastrointestinal fluid they will have a large surface area for dissolution to take place. Most
suspension dosage forms consist of drug particles which are larger than the colloidal size range
(<1pm) and therefore because of the weight and density of these particles they will settle under
gravity. This can lead to problems such as caking, where the particles form a dense mass at the
bottom of the container which could lead to an irreversibly compacted powder bed.
Flocculation, is the loose aggregation of a number of particles to form a cluster. Flocculation
prevents the problem of caking significantly but the floccs settle rapidly making it impossible
to deliver a uniform dose. Flocculation occurs due to a weak attractive force which exists
between particles at larger distances. This phenomenon can be explained using the DLVO
(eponymous from the work of Dergyagin, Landau, Verway and Overbeeck) theory. This theory
describes the summation of the net attractive and repulsive forces experienced when two
surfaces are brought close together (see chapter six for more detail on theory). When the
particles are at very close distances then a strong repulsive force dominates. As the particles are
separated slightly then the force-distance profile enters a deep minimum in the attractive region.
This trough is referred to as the primary minimum and is the region where particles could

irreversibly aggregate due to experiencing a strong attraction. At further separation however,
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substrates bearing an adsorbed flexible polymer in good solvent conditions. Therefore the
surface becomes modified such that now the surface characteristics will be governed by the
adsorbed polymers rather than the drug itself. For this reason, extensive research has been
conducted on the ability of adsorbed block copolymer surfactants to sterically stabilise poorly
soluble particles in a suspension system. In this chapter the factors affecting the adsorption
process of various poloxamer surfactants on different hydrophobic drug surfaces will be
investigated and in chapter six, the ability of poloxamer surfactants to stabilise drug
suspensions will be assessed. The results will then be compared to the previous studies in order
to obtain explanations for the variation in the adsorption characteristics of the poloxamers and

the subsequent effect on the ability to sterically stabilise pharmaceutical suspensions.

Below, a comprehensive review of the literature will be presented for the adsorption of
poloxamer surfactants onto various surfaces. Aspects such as the characterisation of the extent
of adsorption will be discussed as well as factors which affect the process such as surfactant
concentration, solution temperature, nature of the surface and composition of the adsorbing
molecule. Most of the studies have used model hydrophobic surfaces to look at adsorption
processes. This can be useful since variation in surface characteristics can be eliminated such
that any changes observed are entirely due to differences in the physico-chemical properties of
the adsorbing polymer. However, since pharmaceutical drugs consist of a heterogeneous surface
with both polar and non-polar molecules, investigations of adsorption onto hydrophilic or

relatively hydrophilic surfaces will also be considered.

CONFIGURATION OF THE POLOXAMERS AT THE SOLID/LIQUID INTERFACE

For hydrophobic surfaces, such as polystyrene latex, in an aqueous continuous medium,
poloxamer surfactants are found to adsorb to the surface of the solid by the PPO chain. This
type of adsorption is physical and is also known as physisorption (Buckton 1995). Interactions
such as these are weak bonds and can easily be reversed. The PPO chains have a high affinity
for hydrophobic surfaces and although each individual bond adsorbs and desorbs continuously,
the many links along the chain ensures that it will be highly unlikely that all the bonds desorb
simultaneously. The stability of the adsorbed layer thickness on polystyrene particles was

determined by Miiller and Wallis (1993). They found the reduction in coating layer thickness
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matter will be continued below. In contrast, the PEO chain will be the adsorbing moiety on a
hydrophilic surface such as silica. In this case the adsorption will be due to hydrogen bonds
formed between the hydroxyl groups on the PEO chain and the sulfanol groups on the silica
surface. Killman et al (1988) found that the PEO segment initially adsorbed to the silica
surface, but eventually, the PPO chain also adsorbed to available sites. Kronberg et al (1981)
compared the adsorption characteristics of various poloxamers on polystyrene latex particles
and poly(vinyl chloride) (PVC) particles, which is a slightly more polar surface. It was found
that the PEO chain also had an affinity for the PVC surface and adsorbed by hydrogen bonds
to the carboxylic groups at the surface. Thus, the polymer chain adopted a flat conformation
owing to both species adsorbing. Therefore, the conformation of the block copolymers in the

adsorbed state is highly dependent on the surface nature.

The poloxamer surfactants adsorb onto a hydrophobic surface, forming a monolayer. There has
so far been no evidence of multilayer adsorption (Baker and Berg 1988, van Lent and
Scheutjens 1989). The PEO chains protruding from the surface sterically hinder the approach
of any more polymer molecules if the surface is already saturated (Malmsten et al 1992).
However, on hydrophilic surfaces, the PEO chain is preferentially adsorbed. Provided that the
poloxamer surfactant has a good balance between the two species Malmsten et al (1992)
postulated that a ‘bilayer’ could be formed due to the PPO chains from fresh polymers arriving
at the surface interacting with the PPO chains already attached via adsorption of PEO chains
to the hydrophilic silica surface. This was not the case with hydrophobic surfaces, where only
monolayer formation was found. Van Lent et al (1989) reached a similar conclusion by using
models to describe the adsorption of an A,B, block copolymer in a B solvent. The adsorption
of the A block leads to monolayer formation but if the B segment adsorbed then a ‘double layer’
was formed. Therefore, the conformation of the molecule on the surface depends significantly
on the nature of the surface. But there are many other factors to be considered in conjunction

with surface nature. These factors will be discussed below.

PARAMETERS USED FOR THE CHARACTERISATION OF ADSORPTION

The stabilising influence of an adsorbed poloxamer molecule depends mainly on its
conformation in the adsorbed state. Therefore, the elucidation of the structure of adsorbed

layers is the major objective in polymer adsorption research. Various parameters can be

50



measured experimentally to characterise the adsorption state of the molecule and also determine
the extent of adsorption. In the following section, some common and less utilised parameters
will be discussed, which are measured to assess and compare the adsorption phenomena of

surfactants in general.

The Amount Adsorbed

The amount of surfactant adsorbed at the solid/liquid interface is determined as a function of
surfactant concentration for a given temperature (since temperature affects the amount
adsorbed). This is can be achieved in practice by equilibrating a known volume of liquid with
a known weight of the dispersed solid, with a known amount of the surfactant added, in a
shaking water bath (to control the temperature). After a suitable period of incubation to allow
for complete adsorption of the surfactant and rearrangement of molecules at the surface after
adsorption (which may be many hours), the suspension will then be centrifuged to remove the
solid and the adsorbed material. The supernatant can then be assayed usually by a
spectrophotometric technique, for remaining surfactant in solution. Then by comparison to the
blank the amount adsorbed can be obtained. An adsorption isotherm is plotted of amount
adsorbed against equilibrium concentration (which is the concentration remaining after
adsorption). A characteristic shape for the adsorption isotherm of nonionic surfactants having
a high affinity for the surface, is a large increase in amount adsorbed at low concentrations after
which adsorption will decrease until a plateau region is reached (Fig 3.3). In most cases the
intercept on the y-axis is positive which is obviously impossible but is simply a consequence
of the high affinity of the surfactants for the adsorbing surface. Usually the amount adsorbed
in the plateau region is used for comparison when looking at the extent of adsorption. The
amount adsorbed is also referred to as the specific amount adsorbed if the surface area of the
adsorbate is taken into account, thereby standardising the adsorbed quantity on varying surface

areas.

The shape of the adsorption isotherms are found to follow the same shape as that of a Langmuir
isotherm. This model describes the adsorption of a gas onto a solid surface, as a function of
pressure, upto monolayer coverage. One of the conditions that has to be fulfilled for the
adsorption to follow this model is that desorption must be as probable as adsorption. However,
with nonionic surfactants the adsorption is irreversible especially when the adsorbing segment

has a high affinity for the surface (such as poloxamer surfactants onto hydrophobic surfaces).
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Adsorbed Amount

Concentration

Figure 3.3: Diagram to show a typical adsorption isotherm for the adsorption of the a
nonionic surfactant having a high affinity for the solid surface.

Van de Steeg et al (1991) found that adsorption of PEO-PPO-PEOQ block copolymer surfactants
was Langmuirian at low concentrations, but above a concentration of 10ppm there was a
deviation where the adsorption increased slowly. This was observed for the polymers adsorbed
onto a surface with a hydrophobicity gradient. Tiberg et al (1991) investigated the adsorption
characteristics of Synperonic PE 6200 and found that at low concentrations, very low amounts
of the surfactant adsorbed, but then there was a dramatic increase at higher concentrations. The
adsorption isotherm they obtained was nothing like a Langmuir type curve. However, it must
be stressed that these are two examples that deviate from the normal behaviour and most
poloxamers do exhibit Langmuir type adsorption. Therefore it follows that although this is not

an ideal model to describe poloxamer adsorption, its simplicity means that it is often utilised.

Adsorbed Layer Thickness

It is widely recognised that if adsorption of poloxamers onto hydrophobic surfaces fits the
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- two points of contact leaving the remainder of the chain in contact with the medium, hence a

thicker layer is detected. However, unlike the poloxamer surfactants, PEO homopolymers are
very easily displaced or desorbed. An interesting observation made by Baker et al (1988) was
atime-dependent change in adsorption layer thickness of the PEO homopolymers at polystyrene
latex surfaces. The adsorbed layer thickness was found to increase up to 24hrs and then
decreased until an equilibrium thickness was reached. It was thought that initially part of the
PEO chain extended outwards but with time these chains would adsorb to available sites on the
surface. Baker et al (1988) found no such time dependent change in the adsorbed layer

thicknesses for the poloxamer surfactants.

Adsorption Energies

Thermal analysis techniques such as isothermal titration microcalorimetry can be employed for
measuring the adsorption energies of surfactants at a solid/liquid interface. One of the many
advantages of using this technique to measure adsorption processes is the fact that it can
provide a direct measurement of the adsorption energy without manipulation of any data, which
is usually involved in obtaining thermodynamic parameters. Due of the advantage of directly
measuring adsorption energies, the data obtained are more reliable. Isothermal titration
microcalorimetry will be discussed in more detail in chapter five. Energies of adsorption can
be compared between different systems to investigate the affinity of a surfactant to different
surfaces. Additional mechanistic information can also be obtained from the data and the shape
of the titration curve during the adsorption experiment. Wesemeyer et al (1993) found the
adsorption process of poloxamer surfactants onto polystyrene latex particles to consist of three
different phases. The first phase consisted of an initial adsorption followed by interfacial
micellisation and then molecular rearrangement at the surface. Wesemeyer et al (1993) found
that not all the poloxamers investigated exhibited all three phases during the adsorption
experiments. Kronberg et al (1981) obtained standard molar free energies of adsorption (Ap°)
for ethoxylated nonyl phenols on polystyrene and poly(vinyl chloride) surfaces. From the
adsorption isotherms obtained, the equilibrium constants were calculated using the following

equation,

=y KX, Eq? 3.1
1+K X,

where I'y is the adsorbed amount at complete monolayer coverage, X, is the solute mole
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fraction of the solution at equilibrium and K is the equilibrium constant governing the partition
of the solute and the solvent between the bulk and surface phase. Au° can then be calculated by

the following equation,

Ap® = -RTInK Eq®3.2

where R is the gas constant and T is the temperature in Kelvin, of the system. Since the
calculations are based on the Langmuir isotherm, and this type of model is not an accurate
description of the adsorption process (Buckton 1995), the adsorption energies will consist of
some errors. Thus the values obtained by Wesemeyer et al (1993) are probably more reliable
measurements since the adsorption energies were obtained directly from the experiments, unlike
Kronberg et al (1981), where data had to be manipulated and experimental assumptions were

made in order to arrive at the final adsorption energy value.

Volume Fraction Profiles

Cosgrove et al (1989) used small-angle neutron scattering (SANS) to obtain volume fraction
profiles for homopolymers, random and block copolymers. The profiles show the segment
density of adsorbed polymers from the surface to the bulk solution. The highest volume fraction
is seen at the surface followed by a monotonic decay as the distance from the interface is
increased. Profiles of the block copolymers vary according to the composition and molecular
weight of the polymer as well as solvent quality. Therefore this technique could be a useful tool

in comparing the adsorption of different block copolymers.

FACTORS AFFECTING THE ADSORPTION OF POLOXAMERS

Many factors will affect the adsorption of poloxamer surfactants from solution onto a solid
surface and in essence all of these factors are interrelated. In order to simplify the explanation,
however, the different effects will be separated into subheadings accompanied by some cross-
referencing, although the main emphasis will be directed on the factor being discussed. If the
adsorption behaviour has to be predicted then all the variables must be considered.
Investigations of the extent of adsorption can be conducted by monitoring the parameters which

were mentioned above. Consequently a good understanding of the adsorption process of
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poloxamers at a solid/liquid interface can lead to the selection of appropriate components that

will be involved in the process to obtain optimum adsorption conditions.
PEO and PPO Chain lengths and total Molecular Weight

The extent of adsorption is highly dependent on the total molecular weight of the polymer as
well as the length of the individual chains. As has been discussed above, the PPO segment
adsorbs to the hydrophobic surface therefore the length of the chain will determine the
anchoring ability of the molecule to hold firmly on to the surface. The length of the PEO
segment, which extends out into the solvent, will determine whether or not the adsorbed
polymer will effectively stabilise the dispersion by steric hindrance. Shar et al (1998) found a
strong dependence of the PPO block on adsorption. However, their results indicated that a good
balance between the length of the two chains as well as the total molecular weight was required
for high adsorbed amounts. The adsorbed amount increased with increasing molecular weight
of the polymer but it was also found that polymers with a PEO and PPO block of similar size
adsorbed strongly. As the length of the PEO chain was increased at constant PPO, the adsorbed
amount decreased. This study highlights the fact that since both chains are of opposing natures,
the attractive pull is in different directions and logically the chain with the greatest molecular
weight will dominate. Kronberg et al (1981) looked at the influence of the PEO chain lengths
of ethoxylated nonylphenol surfactants. The batch that they used contained a significant degree
of polydispersed PEO chain lengths. They found that the polymers with the shorter PEO chains
tended to adsorb preferentially to the surface whereas longer chain lengths remained in solution.
This investigation, although not performed on poloxamer surfactants also shows the importance
of a good balance in composition of the adsorbing polymers. Those block copolymer molecules
with a longer PEO chain may experience a greater resistance to adsorption. Therefore these
studies show the importance of PPO as the adsorbing moiety. PEO has no affinity for the
hydrophobic surface but its size is important in the adsorption process because of the opposing

force that it will exert due to a high affinity for the aqueous medium.

The thickness of the adsorbed layer is solely dependent on the length of the PEO chain (Kayes
and Rawlins 1979, Cosgrove et al 1989, Miano et al 1992, Shar et al 1998). This is confirmed
by the dependence of the adsorption layer thickness on molecular weight of the PEO chain
(Killman et al 1988) (see Fig 3.4). This parameter is a good indicator of whether the polymer

will form stable dispersions that do not flocculate. Miano et al (1992) found that flocculation
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occurred for dispersions stabilised with a low molecular weight PEO chain. Dispersions with
longer PEO segments formed stable suspensions. Thus, a balance is required between the two
segments such that the hydrophilic chain is short enough to not hinder the approach of the PPO

chain to the surface, but should also have a good length for effective steric stabilisation.

Temperature

The effect of temperature on the adsorption of poloxamer surfactants at hydrophobic surfaces
is related to the degree of hydration of the poloxamer molecule prior to adsorption. The PPO
segment is insoluble in water at temperatures above 15°C, whereas PEO is soluble upto
temperatures of 100°C. Most researchers who have studied temperature effects on the extent
of adsorption have found the adsorbed amount to increase with increasing temperatures (Tadros
and Vincent 1980, Tiberg ez al 1991, van de Steeg and Golander 1991). This has been attributed
to a decrease in solvency particularly of the PPO chain which increases the hydrophobic
attraction of the molecule to the surface. Tadros and Vincent (1980) found that the amount
adsorbed increased from 25-37°C but at a higher temperature of 50°C there was no further
effect. They also found that the adsorbed amount increased with addition of electrolytes. The
water molecules bound to the poloxamer chain, have a greater affinity for the added ions and

so there is a decrease in solvency of the chains and hence an increase in adsorption.

Another theory regarding the effects of temperature on adsorption has been presented by
Buckton (1995). He argues that with increasing temperature, poloxamer adsorption should
decrease. This is due to an increase in thermal energy of the molecules and hence an increase
in the molecular motion which will reduce the chances of the polymer approaching the
adsorbing surface. Carthew (1996), investigated the effects of temperature on the adsorption
of poloxamers P188, P338 and P407 on different hydrophobic surfaces. The amount adsorbed
decreased initially with increasing temperature but at a particular temperature, thought to be a
transition temperature (7,,), the amount adsorbed increased dramatically. At further temperature
increases, again a trend of decreasing adsorption was seen. The increase in adsorption around
the T,, was seen on all the surfaces examined. The T,, was found to be the temperature at which
the surfactants micellised and this result was confirmed by high sensitivity differential scanning
calorimetry (HSDSC) studies. This was the first known study to look in more detail at the

effects of temperature on the extent of adsorption in dilute poloxamer solutions.
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The effect of temperature on the adsorption of poloxamer molecules at the solid/liquid interface
is most likely to be a combination of both views discussed above. A raised solution temperature
will decrease the solvency of the PPO chain and in this way increase the hydrophobic
interaction with a surface but increasing the temperature will also increase the thermal agitation
of the poloxamer molecule. Therefore, the PPO chain of the poloxamer molecule must be large
enough to overcome the hindrance to adsorption due to an increase in thermal energy of the
molecule, such that the attraction of the hydrophobic chain to the surface is still strong enough

to obtain a high affinity to the adsorbing surface.

Surface Nature

Most studies involving polymer adsorption use model hydrophobic surfaces of which the most
commonly used one is polystyrene latex (Kronberg et al 1981, Killman e? al 1988, Greenwood
et al 1995, Shar et al 1998), however, some researchers have used carbon black (Miano et al
1992ab) and hydrophobised silica (Tiberg et al 1991). Regardless of the type of model surface
used to investigate the adsorption of nonionic surfactants, all the model surfaces are extremely
hydrophobic in nature. However, ‘real’ drug surfaces can be of a mixed nature and although
predominantly hydrophobic, may still have significant numbers of polar groups on the surface.
Therefore, the adsorption results obtained on model hydrophobic surfaces may be significantly
different to drug surfaces. For example, poloxamer surfactants when adsorbed onto non-
biodegradable polystyrene latex particles was found to increase the blood circulation time
without uptake by the RES (see chapter one for more details). However, these results could not
be transferred to biodegrable drug carriers such as poly(lactic acid). The surface of the
biodegradable particle is distinctly less hydrophobic leading to very little adsorption of
poloxamers. Therefore, the surface nature is very important when considering adsorption. If the
adsorbing surface is well characterised, then an appropriate poloxamer surfactant can be

selected for effective and strong adsorption.

Van de Steeg and Golander (1991) performed a systematic study on the affect of adsorption on
surfaces with differing chemical compositions. The surface hydrophobicity was characterised
by the contact angle with water using the Wilhelmy plate method (see chapter four for
explanation of contact angles). An increasing surface affinity and adsorption kinetics was
observed as the surface became more hydrophobic for all surfactants examined. There was also

an increase in adsorption with increasing molecular weight and PPO chain. Therefore, they
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concluded that the driving force for adsorption was hydrophobic interactions. Pluronic® F108
(P338) appeared to have high affinity for the hydrophilic surface possibly due to adsorption of
the long PEO chain. Killman et al (1988) compared the adsorption of various block copolymers
on polystyrene latex and precipitated silica surfaces. It was found that the adsorption onto latex
particles was markedly molar mass dependent and adsorbed with the PPO segment at the
surface and PEO tail extending into the aqueous bulk. Whereas adsorbed layer thickness on
silica were much smaller in comparison and independent of molecular mass. The PEO chain
was thought to adsorb to the silica surface initially, but with time the PPO segment adsorbed
as well, explaining why the layer thickness were so small. These results are consistent with the
findings of Tripp and Hair (1996) who studied the adsorption of a PS-PEO (polystyrene-
polyoxyethylene) block copolymer on silica. They found that both segments adsorbed to vacant
sites but the PEO chain showed a greater ‘sticking’ enthalpy. With time however, PS segments

were displaced to make room for more adsorbing PEO chains.

For a poloxamer surfactant to be an effective steric stabiliser, the PEO chain must not have a
high affinity for the surface. Only extension into the bulk will maintain steric hindrance of
neighbouring particles. The above studies show that there is a possibility for PEO adsorption.
To avoid this occurring, a sufficient concentration of surfactant is required such that complete

monolayer coverage by the anchoring molecules would saturate all adsorption sites.
Particle Size

The effect of particle size on the adsorption process has been paid a considerable amount of
attention, particularly because the relationship has not been fully established. The first group
to investigate this matter was Garvey et al (1974 and 1976). They reported adsorption layer
thicknesses of a fractionated, 88% hydrolysed poly(viny! alcohol)-poly(vinyl acetate) random
copolymer (PVAA), adsorbed on a series of well characterised polystyrene latex dispersions.
The dispersions ranged in radius from 40-260nm. The results showed a steady increase in the
adsorbed layer thickness with particle radius (decrease in radius of curvature), although they
displayed a scatter which was ‘outside the error which can be attributed to the mean value [of
the radius] calculated from the Stokes-Einstein equation’. The dependence of the adsorbed layer
thickness on particle radius, together with independent measurements of specific adsorbed
amounts, led Garvey et al (1974 and 1976) to conclude that the volume of adsorbed polymer

per unit area was constant (independent of particle radius). The effect of surface curvature
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(particle size) was purely geometrical, and an effective adlayer thickness, J. corresponding to

adsorption on an equivalent flat surface, could be computed as,

e = (R + 8)° - R®] = constant Eq? 3.3
3R?

where R is the particle radius and 3 is the apparent adsorbed layer thickness. Given that the
change in adsorbed layer thickness with particle size was purely a geometrical effect, then
application of the above equation would make the adsorbed layer thickness of a given polymer,
on any particle size, to be constant. The particle size effect is explained using the geometrical
argument where it is thought that a smaller particle size (high radius of curvature) pfovides a
greater volume for adsorption around the particle surface resulting in a higher segment density
near the surface but a low adsorption layer. As the radius of curvature decreases (increase in
particle size) the flatter surface apparently prevents close packing of polymers with adjacent
molecules, and so the segment density near the surface will be lower but with a resulting

increase in adsorption layer thickness.

Baker et al (1989) attempted to test the above hypothesis of the influence of particle size on
adsorption layer thickness and specific adsorbed amounts, using Pluronic surfactants.
Measurements for specific adsorption for Pluronics F68 (P188) and F108 (P338) on 550nm
latex particles yielded plateau adsorption values of 9x10* g m? and 1.35x10° g m?,
respectively. These are comparable to the values of 9.2x10* gm? and 1.15x10? g m™ obtained
by Kayes and Rawlins (1979) for adsorption of these polymers on a 312nm polystyrene latex.
This lead Baker ez al (1989) to believe that the specific adsorption for Pluronics on polystyrene
latex dispersions was independent of particle size. However, application of the above equation
to data for adsorption layer thicknesses on different particle sizes was unable to eliminate the
effect completely. Hence, a significant increase of the adsorbed layer thickness with increasing
particle size still remained even after the correction was made. They concluded that the
additional structural changes could possibly be due to specific polymer/particle interactions that
could affect the adsorption configuration. Greenwood et al (1995) also studied the adsorption
layer thickness of PEO-PPO-PEO block copolymers on different particle sizes of two surfaces,
polystyrene and PMMA [poly(methyl methacrylate)].‘:
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This lead them to suggest that the PEO segments adopted a flat conformation on these particles.

The relationship between particle size and adsorption layer thickness is still inconclusive as has
been demonstrated above. What is very clear is the fact that poloxamer molecules adsorb in
different ways to larger sized particles. Above a certain particle size, the surface can be
considered flat, and so the conformation of the polymer will be the same. If this idea is
extended to particles in suspensions, which are larger than colloidal sizes, then possibly the size
of the particle may become irrelevant or alternatively, another way of looking at it would be that
any change in adsorption parameters will not be a consequence of the particle size, therefore

enabling the elimination of at least one variable.

Micelle Formation

When a block copolymer is dissolved in an aqueous medium where one of the blocks is
incompatible with the solvent, then aggregation will occur at a given concentration or
temperature. If the solvent consists of a dispersion of particles, the hydrophobic segment of the
polymer will either adsorb at the solid/liquid interface due to favourable hydrophobic
interactions, or form aggregates. In a colloidal dispersion, it is most likely that both of these
effects will occur. The preference of the hydrophobic block to either the solid surface or to
itself, will determine the amount of polymer which adsorbs and hence the adsorbed layer
thickness. Again, like many other factors affecting the adsorption of poloxamers to a solid

surface, the effect of micelle formation on the extent of adsorption is still unclear.

Van Lent and Scheutjens (1989) used molecular models to look at the influence of association
on adsorption properties of the block copolymers. They concluded that the aggregation of block
copolymers had a strong influence on adsorption. Beyond the CMC the adsorption on a
solid/liquid interface is almost constant. If the hydrophobic block is much longer than the
hydrophilic segment then a strong increase in the adsorbed amount occurs near the CMC. This
type of behaviour was also observed by Shar et al (1998) whilst studying the adsorption of ten
different poloxamers on polystyrene latex particles. For each adsorption isotherm there was a
rapid increase in the level of adsorption at low concentrations, followed by a gradual leveling
off until a plateau level was reached. The only exception was Pluronic L62 (P182) which
showed an unexpected step in the isotherm prior to the plateau region. Pluronic L62 was the

only block copolymer to consist of a significantly larger PPO segment (MWpgq = 650, MW;p,
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= 1750). It was found that the concentration range studied may have been at or close to the
CMC of this polymer. It should be noted though that 162 still yielded the lowest adsorbed
amount at plateau region, indicating that the low molecular weight of the copolymer has a
stronger influence on adsorption. Tiberg et al (1991) looked at the adsorption characteristics
of Synperonic PE6200 (EO4-PO,,-EO¢) and PE6800 (EO,4,-EO;9-PO,y,). Whereas PE6300
exhibited the normal Langmuir type adsorption behaviour, the adsorbed amount of PE6200 was
found to increase very slowly with concentration while a very pronounced increase was
observed at higher concentrations. It was found that the dramatic increase in adsorption
occurred due to the approach of the solutions’ cloud point. It is believed that copolymers with
significantly large hydrophobic segments and very small hydrophilic chains, form bilayers at
the surface, which is a cooperative association phenomenon (Tiberg et al 1991, Shar et al

1998).

For the higher molecular weight copolymers with equal PPO and PEO chain lengths or a longer
PEO chain length, the influence of aggregation is slightly different. Malmsten ez al (1992)
found no abrupt increase of adsorption prior to the CMC although the adsorbed amounts were
very high. Jamshaid et al (1988) measured the size distribution of polystyrene latex particles
in water and different concentrations of Pluronic F127 (P407). At concentrations of 0.001%w/v
the mean size shifted to slightly higher values, indicating the presence of adsorbed layers. At
a higher concentration of 0.05%w/v, a second peak was detected, which was attributed to the
formation of micelles. As the concentration was increased even further, the intensity of the
second peak increased. Jamshaid ez al (1988), concluded that the equilibrium layer thicknesses
were achieved at concentrations below that at which the micelle contribution was significant.
It is possible that the formation of micelles is a hindrance to adsorption in that once the CMC
is reached monomers become associated into micelles and less are available for adsorption.
This would explain the increase in adsorbed amounts at low concentrations, but at further
increases of bulk concentration, less monomers will adsorb to the surface because of micelle
formation. Kronberg et al (1981) found that for the adsorption of some ethoxylated
nonylphenols onto polystyrene and PVC particles, full coverage was not reached until higher
than CMC concentrations. However, it must be remembered that the CMC of a block copolymer
solution containing dispersed particles will be higher than the actual measured CMC in aqueous
solutions. This is because the adsorbed amount will reduce the free polymer concentration,
therefore a higher dissolved amount will be required for formation of micelles. Thus, Kronberg

et al (1981). most probably observed plateau regions either at the CMC or just prior to
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micellisation.

The formation of interfacial micelles at the solid/liquid interface has been reported by various
researchers. Lindheimer et al (1990) described the initial anchoring of nonionic surfactants to
silica gel as an exothermic process. After this first phase of adsorption an interaction between
the nonpolar parts of the nonionic surfactants is described. This leads to the formation of
interfacial aggregates which is an endothermic process. According to Kronberg et al (1984),
one driving force for the adsorption of ethoxylated nonylphenols on lattices is the reduction of
contacts between water and the hydrocarbon moiety of the surfactant which is the same driving
force as for micellisation. The gain in entropy of the water caused by the destructuring of the
water molecules around the hydrophobic part of the surfactant leads to the formation of
interfacial micelles. Micelle formation on different surfaces by nonionic and anionic surfactants
was also reported by Denoyel and Rouquerol (1991). In calorimetric studies they found an
exothermic reaction followed by an endothermic process and attributed the latter to interfacial
micelle formation. Apart from hydrophobic interactions the formation of interfacial micelles
can be considered a second driving force for adsorption of the nonionic surfactants on latex
particles. Weseymeyer et al (1993) reported three different phases in the adsoprtion of
poloxamer P407 (Pluronic® F127). The first phase observed was minor and was attributed to
the hydrophobic interaction between the PPO chain and the surface of the polystyrene latex.
The second, endothermic phase is attributed to interfacial micelle formation and the third phase
is due to rearrangement of molecules in the adsorbed layer. They concluded that poloxamer
adsorption was mainly entropy driven due to formation of interfacial micelles, and that

hydrophobic interaction plays a very minor role.

SUMMARY

A significant number of studies have been performed to evaluate the adsorption behaviour of
block copolymers on hydrophobic surfaces. Results obtained from different studies are
generally in good agreement, with deviations occurring as a consequence of using different
techniques, analysis of data with varying models or differences in composition of block
copolymers used. For effective adsorption as well as steric stabilisation, it can be seen from
various investigations that a block copolymer with a relatively high molecular weight is

preferred since they yield higher adsorbed amounts and thicker adsorption layers. A long PEO



chain is also required for thick adsorption layers which will ensure effective steric stabilisation.
However, a good balance between the molecular weights of the two chains will ensure that
there is less resistance for the molecule when attempting to approach the surface i.e there is a
balance between the forces of attraction of the PEO chain to the solvent and the PPO segment
to the solid surface. The preferred block copolymer described above would be less sensitive to
aggregation. Although it is not fully understood why, these type of polymers are most likely to
achieve maximum adsorption before the CMC is reached. An extremely hydrophobic surface
would of course be ideal. But if the surface nature is ‘mixed’ then an appropriate block
copolymer will have to be selected that may possibly contain a longer PPO chain length to
increase the hydrophobic interaction. Since particles in suspension systems tend to be larger
than the colloidal size range it is unlikely that the particle size will affect the adsorption process
since the studies have shown that the adsorption layer on larger (colloidal) particles becomes

independent of size.
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EXPERIMENTAL STUDIES

From the previous discussions, it can be noted that the study of the adsorption characteristics
of poloxamer surfacants onto different surfaces has produced a large number of data, many of
which are contradictory, although the general mechanism has been fully established. It can be
said that the understanding of the adsorption characteristics is not as thorough as their aqueous
solution phase behaviour. The complication of an additional solid/liquid interface as well as the
problem of molecular weight polydispersity which tends to dominate at low concentrations such
as used in adsorption studies, can make the interpretation of some results difficult and may also
explain differences in results. As has been pointed out before, a great many studies have used
ideal model surfaces, but very few papers present data for the adsorption on drug surfaces
which could be considered more ‘real’. There clearly is a need for a better understanding of the
adsorption process onto hydrophobic drug surfaces which are still not well established in the

literature.

EXPERIMENTAL PROTOCOL

The method used for the purpose of quantifying adsorbed amounts of poloxamer surfactants
onto hydrophobic surfaces was obtained form the thesis of Carthew (1996). Stock solutions of
the poloxamer surfactants were prepared by dissolving a known amount of surfactant in de-
ionised, distilled water and making up to volume. In order to prevent foaming, instead of
shaking, the solutions were placed in refrigerated (~6°C) conditions to aid dissolution. The
solutions were freshly prepared and discarded after each experiment. Dilutions were made of
the stock solution to obtain a concentration range of 12.5 - 200mg/L. For each surfactant
concentration, 0.2g of drug was added to 20mL (1%w/v) of solution in scintillation vials. Four
replicate solutions were studied for each concentration. The sealed vials were shaken overnight
in a shaking water bath at a chosen temperature. The suspensions were then centrifuged
(Beckman J2-21MVE centrifuge) at 20,000rpm for 20mins to remove all particles. 10mL of the
clear supernatant was collected and diluted to 100mL. The resulting solution was reacted with
a KI/T, indicator solution to produce a colorimetric complex and the absorbance was measured

at 500nm for remaining poloxamer concentration after adsorption.
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Within the concentration range studied, the poldxamers do not appear to have reached plateau
levels. The exception is the adsorption of P338, which clearly reaches a plateau level on both
drug surfaces investigated (Figs 3.12 and 3.16). All the poloxamers show a consistently higher
adsorbed amount on ibuprofen. In Figures 3.15 and 3.16, a comparison of the adsorption of all
four poloxamer surfactants on ibuprofen and ketoprofen, respectively, is shown. It can be seen
from Figures 3.15 and 3.16 that P407 has the highest adsorption on both drug surfaces, whereas
P338 shows the least. Although the shape of the adsorption isotherms for P188 and P237 onto
ibuprofen are different, the final adsorbed amount is very similar, as can be seen in Table 3.1.
However, for ketoprofen, a significant difference is seen in the adsorbed amounts for the two

polymers, with P188 showing a higher affinity.

The maximum adsorbed amounts for each poloxamer on both drug surfaces are displayed in
Table 3.1. Poloxamer P407 shows the strongest adsorption on both drug surfaces and
poloxamer P338 adsorbed the least. To look for trends in adsorption with molecular weight and
size of the hydrophobic chain, Tables 3.2 and 3.3 display the results in terms of mmol of total
surfactant and amount adsorbed with respect to the molecular weight of the PPO chain,
respectively. Both sets of data shows that the lowest values for adsorption belong to P338 on
both adsorbing surfaces. However, the order of ranking for strength of adsorption in Tables 3.2
and 3.3 are not consistent with the data in Table 2.3. Furthermore, the trends in adsorption for
the various poloxamer surfactants differ between the two drug surfaces for the same data set.
For ~example, in Table 3.2, the rank order for adsorption on ibuprofen is

P407>P237>P188>P338 but on ketoprofen the ranking changes to P188>P407>P237>P338.
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Poloxamer

Maximum Adsorbed Amounts (mg) (SE,.,)

Ibuprofen Ketoprofen

P407 55.28 (+1.46) 44.39 (+1.73)
P188 36.80 3.32) 35.75 (x0.74)

- P237 35.51 z1.21) 21.67 (z1.39)
P338 18.90 (£5.99) 10.75 (+1.01)

Table 3.1: Comparison of maximum amounts adsorbed on the two drug surfaces, at 25°C

Maximum Adsorbed Amounts (SE .,

Poloxamer (mmol)
Ibuprofen Ketoprofen
P407 4.81 20.13) 3.86 (x0.15)
P338 1.35 z0.43) 0.77 «0.0m
P188 4.41 (z0.40) 4.28 (£0.09)
P237 4.61 (0.16) 2.81 (20.18)

Table 3.2: Comparison of maximum amounts adsorbed, expressed as number of moles of

surfactant.
Maximum Adsorbed Amounts (SE ,.,)
Poloxamer (x10?% mg/mol of PPO)

Ibuprofen Ketoprofen
P407 1.42 (0.040) 1.14 (+0.045)
P338 0.60 (+0.191) 0.34 (+0.032)
P237 1.57 (=0.054) 0.96 (x0.061)
P188 2.12 (z0.191) 2.05 (+0.043)

Table 3.3: Maximum adsorbed amounts, expressed as amount adsorbed per unit mole of

PPO.
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this effect to a decrease in solvency of the polymer chains. They have further proved this point
by attempting to decrease the solvency of the chains by adding electrolytes such that water
molecules attached to the polymer chains will preferentially bind to the ionic species, thus
increasing adsorption. Tadros and Vincent (1980) showed this using Pluronic P75 (P215) (M,,
~4100) where they found that there was an increase in adsorption with increase of temperature,
or addition of electrolytes. The results in this study show a decrease in adsorption with
increasing temperature for poloxamers P407 and P338 whereas for P188, there is no correlation
with temperature. As the temperature of the solution is increased the poloxamer molecules will
be subjected to two opposing forces. The gain in thermal energy increases the agitation of the
poloxamer molecules and this hinders the approach of the molecule to the adsorbing surface
(Buckton, 1995), however, an increase in solution temperature will also decrease the solvency
of the chains, particularly the PPO chain and thus the drive for adsorption will be increased
(Tadros and Vincent, 1980). Thus, the net effect of the two opposing processes will be one of
the factors which determines the extent to which the molecules will adsorb to any surface. It
is logical to state that it is the molecular weight of the poloxamer molecule and the weight of
the PPO and PEO chains that will determine how strongly the molecule will be influenced by
the opposing forces which arise due to an increase in solution temperature. A high molecular
weight species with a good balance between the molecular weight of the hydrophilic and
hydrophobic chains, such as P407 (Mwt = 11,500 PPO Mwt = 3886) will gain more thermal
energy at increasing temperatures, however the decrease in solvency of the large PPO chain
ensures a high affinity to the drug surfaces. Poloxamer P188 (Mwt = 8350 PPO Mwt = 1740)
is a relatively smaller molecule with a shorter PPO chain length and although it ranks second
in the order of increasing affinity to the drug surfaces (Table 3.1), it shows no correlation of
decreasing adsorption with increasing solution temperature. Possibly the relatively lower
molecular weight of the polymer makes it less sensitive to variations in temperature and
adsorption is random and not affected by the solution temperature. Being a much smaller
molecule, P188 would be more thermally agitated then P407 and so the hindrance to adsorption
is greater. Poloxamer P338 at higher temperatures appears to have a greater affinity to the water
and remains in solution and this is because it is a very hydrophilic polymer with the molecular
weight of the PEO chain being almost five times greater than the PPO moiety. With an increase
in thermal agitation of P338 above room temperature it appears that adsorption is almost
completely inhibited on the ketoprofen surface and does not adsorb onto ibuprofen at
temperatures above 35°C. However, P338 does show a clear decrease in adsorption with

increasing temperature when adsorbing onto ibuprofen. Thus, analysis of the effects of

76



temperature on the adsorption behaviour of the poloxamer surfactants with respect to the
experimental results obtained in this study, shows that the higher molecular weight species are
more affected by temperature and show a consistent decrease in adsorption with increasing
temperatures. The effects of varying the temperature however, play a very minor role in
influencing the adsorption of a surfactant to a surface. Factors such as the molecular weight of
the PPO and PEO chains as well as the nature of the adsorbing surface are more dominant

influences in the adsorption process.

Table 3.4 shows the CMCs of some poloxamers as a function of temperature, taken from
Alexandridis et al (1994). The only polymer to attain a plateau adsorption level was P338 (Figs
3.15 and 3.16). From Table 3.4 it can be seen that at 35°C, the highest temperature at which
adsorption could be measured for this polymer, the CMC is still greater than the concentration
range used in these experiments. Therefore, at least for P338, plateau adsorption is reached far

below the CMC and thus it can be concluded that the CMC has no effect on adsorption for this

polymer.
T (°C) P407 (x10° mg/L) P338 (x10° mg/L) P188 (x10° mg/L)
20 40 —_ —_
25 7 45 —
30 1 8 -
35 0.25 1.5 —
40 0.08 04 70
45 — 0.08 30

Table 3.4: CMCs for poloxamer surfactants as a function of temperature. Data reproduced
Jfrom Alexandridis et al (1994) and corrected to mg/L from %ow/v.

Table 3.2 shows the maximum amount of poloxamer surfactant adsorbed to each drug surface,
expressed as the number of moles of total surfactant, and arranged in order of molecular weight
of the molecule. Although a clear difference in extent of adsorption can be seen between the
two adsorbing surfaces, there is no correlation between the amounts adsorbed and the molecular
weight of the adsorbing molecule. Within experimental error, the adsorption of P407,P188 and
P237 is very similar but with P338 showing very low adsorbed amounts. Adsorption onto the
ketoprofen surface shows a clear difference between the poloxamers investigated, with P188

showing an unusually high affinity to the ketoprofen surface. Table 3.3 shows the same data
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as Table 3.1 and 3.2, but this time the data is expressed as the amounts of poloxamer molecules
adsorbed with respect to the molecular weight of the PPO chain, and the values are arranged
in order of decreasing PPO chain length. Again, there is a clear difference in adsorption
between the two drug surfaces, but no trend can be seen for amounts adsorbed with the length
of the PPO chain. Again, P338 shows the lowest adsorbed amounts, even though it has the
second longest PPO chain, with P188 showing the highest affinity to both drug surfaces even
though it possesses the smallest hydrophobic chain. The results in Tables 3.2 and 3.2 show that
the adsorption behaviour of the poloxamer surfactants onto the two drug surfaces cannot be
accounted for purely by looking at the total molecular weight or the individual adsorbing
chains. Furthermore, poloxamer surfactants contain a large polydispersity in the molecular
weight, within one particular manufactured batch, and therefore, expressing the amount of
poloxamer surfactant adsorbed in terms of the above parameters may be an inaccurate analysis

of the data.

All the poloxamer surfactants investigated appear to be strongly influenced by surface nature.
There are significant differences in adsorbed amounts between both drug surfaces, with the
poloxamers showing an increased affinity to ibuprofen. Ketoprofen consists of two benzene
rings in it’s molecular structure, as well as a ketone group, making it a more polar drug than
ibuprofen (see chapter two). Kronberg et al (1984) investigated the effect of surface polarity
on the adsorption of nonionic surfactants, using polystyrene and poly(methyl methacrylate)
(PMMA) as the two adsorbing surfaces. Adsorption on PMMA was found to be consistently
lower than on polystyrene for the non-ionic surfactants used. The difference in adsorption was
attributed to the relatively polar surface of the PMMA particles which reduced the affinity of
the surfactants slightly. Therefore from the example of the study conducted by Kronberg et al
(1984) it can be seen that the differences in surface polarity of ibuprofen and ketoprofen have
affected the final adsorbed amounts such that ibuprofen, being a more hydrophobic drug, yields
larger adsorbed amounts. P188 is the only poloxamer surfactant used in this study that shows
a similar high affinity for both surfaces. From this study alone it is not fully understood why
P188 adsorbs so strongly to ketoprofen, whereas the other three poloxamers, P407, P237 and
P338 show consistently lower affinities on ketoprofen that ibuprofen. Van de Steeg and
Golander (1991) measured the adsorption of three different poloxamer surfactants on a
hydrophobicity gradient surface with contact angles ranging from 0 - 90°C. It was found that
poloxamer P338 adsorbed the least on the hydrophobic surface, but showed a higher affinity
to the hydrophilic gradient surface, possibly indicating attraction between the PEO chain and
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the polar groups present on the surface. The results obtained in this study show that P338 has
low affinity for both the ibuprofen as well as the ketoprofen surface. Although ketoprofen is
a relatively more polar surface than ibuprofen, it still remains a poorly soluble hydrophobic
drug and P338, which is a very hydrophilic polymer, therefore still shows a low affinity to
ketoprofen. P188 is a smaller molecule that appears to adsorb well to the more hydrophobic
ibuprofen surface, however, it is possible that this poloxamer also shows a high affinity to
ketoprofen because of the attraction between the PEO chain and the polar groups on the

ketoprofen surface.

P407 consists of a good balance in composition between the PPO and PEO chain lengths, and
this is reflected in the strong adsorption to both surfaces exhibited by this poloxamer (Table
3.1). Shar et al (1998) concluded that copolymers with PEO block sizes smaller or equal to the
PPO block, will adsorb more strongly than those copolymers with predominantly longer
hydrophilic chains. Thus, the findings of Shar ez al (1998) explain the reason why P407 (PEO
Mwt = 4312 PPO Mwt = 3886) shows such a high affinity for both the ibuprofen and
ketoprofen surfaces. Poloxamer P237 is a low molecular weight polymer (Mwt = 7700) with
similar PPO and PEO block sizes of Mwt = 2262 and 2728, respectively. Poloxamer P237 also
shows appreciable adsorption to the drug surfaces, however according to the conclusions of
Shar et al (1998), adsorption is also strongly dependent on the total molecular weight of the

poloxamer molecule and thus, P237 adsorbs less than P407.

CONCLUSION

The poloxamer molecules have been found to show a significant difference in adsorption on
two drug surfaces, one of which is slightly more polar in nature. Therefore it can be concluded
that the surface nature of the particles is a very important factor when considering the
adsorption process of these polymers. At this stage, the implications on steric stabilisation are
still not clear and this is because the adsorbed amount reflects only the affinity of the polymer
to the surface but gives no information on the conformation of the molecule at the surface and
the adsorbed layer thickness. The thickness of the adsorbed layer is a better measure of steric
stabilisation since a thicker layer will protect the particle surface from other neighbouring

particles by repulsion of the PEO chains. In chapter six, steric stabilisation will be discussed
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in more detail.

As the temperature of the system is increased a decrease in adsorption is observed, particularly
for the higher molecular weight poloxamers, P407 and P338. As far as is known, no other study
from the literature seems to have observed this phenomenon. Carthew (1996) found a trend in
decreasing adsorption with increasing temperature. However, his study consisted of extremely
dilute poloxamer solutions which appeared to be more dependent on the aqueous phase
behaviour rather than the temperature. The concentrations used in this study are ten-fold greater
than those investigated by Carthew (1996). Clearly at these higher concentrations phase

transitions do not affect the adsorption process.

The molecular composition of the poloxamer molecules affect the adsorption process
significantly. It can be concluded that adsorption is more dependent on the molecular weight
of the PPO chain. The PEO chain is found to inhibit adsorption only if it is of a high molecular
weight and much longer than the hydrophobic block. A small molecular weight poloxamer e.g
P188 with a predominantly longer PEO chain, can still exhibit appreciable adsorption with the
possibility of the hydrophilic chain adsorbing to polar groups on the drug surfaces. P407
yielded the highest adsorbed amounts because it is a large polymer with a PEO block size
almost equal to the hydrophobic block. If the sizes of the hydrophilic and hydrophobic chains
are relatively balanced, then even for a low molecular weight poloxamer e.g P237, there is still

appreciable adsorption.

The results and discussions presented above reveal that it is not possible to relate the adsorption
behaviour of the poloxamer surfactants to a solid surface by dissecting the structure and
attempting to identify which part is the dominant contributor. There are many factors which
affect the adsorption of a poloxamer molecule to a surface, and all these factors must be

considered when looking at the extent of adsorption to a hydrophobic drug surface.
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CHAPTER FOUR

Interfacial Phenomena
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INTRODUCTION TO INTERFACIAL PHENOMENA

Solid particles dispersed in a liquid medium consist of several phase boundaries. The surface of
the liquid is in contact with the air around it and the boundary that is formed between these
phases is called an ‘interface’. The molecules at the interface will behave in a different manner
to those in the bulk because the forces acting upon them are influenced by the interaction between
the two boundaries. The net energy experienced by molecules at an interface is generally greater
than those in the bulk of the material. Thus, when a surface is characterised by an interfacial
energy term, it must always be with reference to the phase that it is in contact with. Interfacial
phenomena can be used to explain why two boundaries are not compatible with each other, such
as two immiscible liquids, or a hydrophobic drug in water. Once the interfacial energies have been
established and the surfaces well characterised, then the addition of surface-active agents such

as surfactants can be used to modify the interface so that the two phases can readily interact.

The work presented in this chapter thus deals with the interaction of poloxamer surfactants with
various hydrophobic drug surfaces, in terms of interfacial energies. Using the experimentally
determined surface energy data, thermodynamic parameters can be calculated which describe the
affinity of the poloxamer molecule to both the solid surface and the aqueous medium. Thus,
surface thermodynamic parameters are used to quantify and explain the relative attraction of the

hydrophobic and hydrophilic moieties of the surfactants to the liquid and solid phases.

To begin with, the fundamental principles of interfacial phenomena will be presented from which
the surface energies can be derived. These theories will then be applied, in the experimental
section, to all the interfaces which exist in a drug suspension stabilised by poloxamer surfactants,
to gain a better understanding of the dual action of poloxamers as agents which can interact with

both a hydrophobic surface as well as an aqueous medium.

L1QUID/VAPOUR INTERFACE

The simplest type of interface is the liquid/vapour interface. Liquid surfaces are always in a state
of tension. Figure 4.1 compares the forces acting on a molecule in the bulk of the liquid to those
residing at the surface. The molecules in the bulk are surrounded on all sides by other liquid

molecules and consequently they have no net force acting on them. However, a liquid molecule
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and solid surface, and surfactant and liquid. Thus when measuring interfacial energies, the
behaviour exhibited at the interface is now dependent on the properties of the surfactant, and no
longer on, what was, the solid/liquid interface (as long as there is full coverage of particle
surface).

SOLID/LIQUID INTEREACE

If a liquid freely interacts with a solid surface than the liquid must be able to spread across the
surface of the solid and this process is known as ‘wetting’. On a molecular level, the solid surface
consists of various functional groups which are protruding from the surface and therefore the
degree of polarity of the solid surface is dependent on the type of molecules which are present.
When a liquid spreads over a solid surface, it is the attraction between the liquid molecules and
the molecules in the surface of the solid which will determine the extent to which the liquid will
spread. Thus a polar liquid will interact freely with a predominantly polar solid surface, but will
spread poorly on a hydrophobic surface. Therefore, to assess the affinity between a liquid and
solid surface, it is the behaviour of the liquid which can be monitored since the molecules in a
solid are rigid and can only vibrate within its’ crystal lattice. In practice, the contact angle formed
when a drop of liquid is placed on a solid surface, can be measured to assess the affinity of the
two phases for each other and the degree of spreading of the liquid on the solid surface.

CONTACT ANGLES

‘When a drop of liquid is placed on a solid surface the liquid will spread until the interfacial forces
acting on the drop are balanced. Figure 4.2 shows the interfaces which exist between the drop and
the solid surface. The solid/liquid interface (yg;) acts to aid spreading, the solid/vapour interface
(ysv) acts to prevent spreading and the liquid/vapour interface (yry) acts along the tangent to the
drop. The contact angle (6) formed is a consequence of the balance between the three interfaces
formed and is used as a measure to assess the degree of spreading of the liquid on the solid
surface. The contact angle is related to the interfacial forces by Young’s equation,

Tiv Cos 0 = ysy — s Eq® 4.1

Alow contact angle approaching 0° would be considered, a good degree of spreading. Conversely
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a high contact angle indicates that the liquid spreads very poorly on the solid surface and
therefore the surface will be poorly wetted.

VAPOUR
Yov

LIQUID

-

SOLID

Figure 4.2: Diagram to show the three types of interfacial forces acting on a drop of liguid
which determine the degree of spreading that occurs on the surface of a solid

FACTORS AFFECTING THE CONTACT ANGLE

Ideally, there should only be one contact angle for a liquid, spread across a particular solid
surface with the environment saturated by the vapour of that liquid. However, in practice, many
contact angles can be measured for the same set of given parameters. The difference in
measurement of contact angle is called contact angle hysteresis. The two main reasons for the
observed hysteresis is chemical heterogeneity or geometrical heterogeneity of the solid surface

which can also be called surface roughness (Shaw 1992).
Chemically Heterogeneous Surfaces

Molecules in a solid surface are held in orientations which depend on its’ previous history. The
difference in polar and apolar head groups which project from the surface leads to regions of high
energy (low ) and low energy (high 6), respectively. The chemical heterogeneity of a surface is
observed experimentally by differences in advancing and receding contact angles. When a drop
of liquid is placed on a solid surface, the spreading of the liquid will depend on the chemical
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composition of the surface that the liquid happens to come into contact with. Thus, an equilibrium
contact angle will be formed which is variable depending upon the position of the three phase
interface, in relation to chemical composition. Advancing contact angles tend to be higher because
the liquid will spread well over high energy regions but form a three phase interface at regions
of low energy. However, if the liquid drop is removed by (for example) suction through a syringe,
regions of low energy will be vacated first and therefore the three phase interface will tend to be
located in high energy regions, yielding a lower contact angle. It follows that an assessment of an
advancing and receding contact angle will provide a reasonable characterisation of a solid

surface, giving a good indication of chemical heterogeneity.

Surface Roughness

Solid surfaces are very different from liquids, in that they display a far greater degree of
heterogeneity, both chemically and geometrically. Even if the surface of a solid is polished
thoroughly, it will still contain a degree of roughness and will be wavy and pitted. Consequently,
when a contact angle is viewed horizontally, the angle observed may be completely different to
the true angle which is made with the surface. Observing the drop along the horizontal plane of
the solid surface would neglect the many troughs and hills which actually exist on the surface.

MEASUREMENT OF SURFACE TENSION AND CONTACT ANGLES

A range of different techniques can be used to measure the surface tension of liquids, as well as
determining the contact angle of a liquid on a solid surface [see review in Buckton (1998) and
Shaw (1992)]. The technique used for the experimental work in this section is the Wilhelmy plate
method. Figure 4.3 shows a schematic diagram of the Wilhelmy plate apparatus used for the
measurement of surface tension and contact angles. As noted above, the surface tension of a
liquid is the net force per unit area acting perpendicular to the surface of the liquid. It is possible
to measure directly the force, by positioning a plate above the liquid surface. The weight of the
plate is initially zeroed so that any force measurements are a consequence of the liquid surface
only. Figure 4.4 shows a schematic output of a Wilhelmy plate surface tension experiment. The
motorised platform on which the liquid sample is positioned is slowly moved upwards until the
plate makes contact with the liquid. Postion A-B registers no force since the plate has not made

contact with the liquid. At position B the force increases dramatically, indicating that the
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