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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) (PEG) 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 phenomena 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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In t r o d u c t io n

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.

S u r f a c t a n t s

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 nature 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.

T y p e s  o f  s u r f a c t a n t s

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)n-S0/Na"

17



2) Cationic

In this group the hydrophilic head group carries a positive charge, an example being 

hexadecyltrimethylammonium bromide : -

CH3(CH2),5N (̂CH3)3Br- 

Another well known cationic surfactant is jbenzalkonium 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,2H25N"(CH3)2C0 0 -

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.

18



P o l o x a m e r  s u r f a c t a n t s

Poloxamer surfactants, also known as the Pluronics® (BASF) or Synperonics (ICI), are a 

synthetic series which belong to the fourth class o f surfactants i.e nonionic. The general 

structure is,

H0(CH2.CH2.0),(CH2.CH2(CH3)0),(CH2.CH2.0),H

They are termed aba block copolymers. The a block, which makes up the hydrophilic part of 

the molecule, consists of blocks of poly(ethylene oxide) units (PEO) and the b block, the 

hydrophobic chain, consists of blocks of poly(propylene oxide) units (PPO). As can be seen 

from Figure 1.1, the PPO chain is positioned centrally with the PEO chains extending outwards 

on either side of the hydrophobe. Although this is the more commonly used arrangement, the 

inverse is also possible, where two hydrophobic chains exist on either side of the hydrophilic 

chain. A whole range of molecular weights are possible by simply varying the chain lengths. 

Similarly the ratio of PPO to PEO units can also be varied to obtain a range of different 

hydrophobicities.

PEO

PPO

Figure 1.1: Schematic diagram of a single poloxamer chain.
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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.

S y n t h e s is  o f  p o l o x a m e r s

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.

H0-CH(CH3)-CH2-0H + CH3-CH0-CH2(_,) H0[-CH(CH3)-CH2-0-]„H

H 0 [-C H (C H 3 )-C H 2 -0 - ]„ H  +  C H 2 O -C H 2 P.) H 0 [-C H -C H 2 -0 -]„ [-C H (C H 3 )-C H 2 -0 -]„ .[-C H 2 -C H 2 -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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N o m e n c l a t u r e  o f  p o l o x a m e r s

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 moT  ̂and the percentage PEO in the molecule 

is 80%. The actual molecular weight of the PPO chain in poloxamer 188 is l,740g mol'\ and 

the total molecular weight is 8,350g moT\

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

Weight

PPO units* PEO units*

184 L64 2900 30 2 x 1 3

188 F68 8350 30 2 x 7 5

237 F87 7700 39 2 x 6 2

338 F108 12600 54 2x 1 2 8

407 F127 12600 67 2 x 9 8
* 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.

T h e  p h a s e  b e h a v io u r  in  a q u e o u s  s o l u t io n s

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 monomolecular micelles has also been reported (Prasad et al 1979, 

Beezer et al \99l)  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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association properties. Using ultrasonic and light scattering studies, however, Rassing and 

Attwood (1983) provided a clear indication of micelle formation. Further evidence of micelles 

was given by the dynamic light scattering of Zhou and C hu(l988b),Since then, the micelle 

formation of PEO-PPO-PEO systems has been confirmed based on both dynamic light 

scattering studies (W anka e ta l 1990, Brown etal, 1991) and neutron scattering studies (Wanka 

et al 1990). M ortensen and Pedersen (1993) reported the structural properties of aqueous 

poloxamer solutions. The study was based on small angle neutron scattering experiments. 

Figure 1.3 shows a schematic diagram of a PEO-PPO-PEO spherical micelle, reproduced from 

Mortensen and Pedersen (1993).

•  EO 

O  PO

Figure 1.3: Schematic model of a spherical micelle formed by the poloxamers. The effective 
core consists of PO and a dense monolayer shell of EO. The black coloured monomers show 
schematically the form of a single PEO-PPO-PEO chain.

As the concentration is increased even further the micelles themselves will associate with one 

another to form more complex structures until eventually gels are formed. At very high 

concentrations, the structure of the micelles can change from spherical to a more 

thermodynamically favourable rod like aggregate until finally phase separation occurs where 

the poloxamer will separate from the water phase. This is termed the ‘cloud point’ and can be
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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.

LAMELLAE

PROLLATE 
ELLIPSOIDAL 

”  MICELLES80
HEXAGONAL
RODS

60 SPHERICAL
MICELLES

MICELLAR CUBIC 
CRYSTAL40

MICELLES AND 
POLYMERS

20

POLYMERS IN 
SOLUTION

0.0 0.1 0.2 0.3 0.4
POLYMER CONCENTRATION

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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P h y s ic a l  pr o pe r t ie s  a n d  in d u s t r ia l  a p p l ic a t io n s

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.

S o l u b il it y

As the PEO chain length of the poloxamer molecule is increased, the aqueous solubility is 

observed to increase, 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 higher rate 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.

W e t t in g

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. PI88, for example, is a tasteless solid with good wetting 

properties, and is found in many formulations. Examples of pharmaceutical preparations which 

include PI88 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 

PI88. 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 contain»s 

25%w/v P237. 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 re wetting properties in addition to being good wetting agents, and 

this makes them useful ingredients in formulating agricultural wettable powders and in paper 

applications.

E m u l s if ic a t io n  a n d  d e m u l se f ic a t io n

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 0.1/[I m 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/o) 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 émulsification 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 HLB 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 PI 88, which has been shown 

to stabilise a 50:50 mineral oil/water formulation (Schmolka 1977), when present at a 

concentration of lOOmg mL'\ Many cosmetic formulations are simply emulsions of mineral oils 

and water, and PI88 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.

F o a m in g

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 (fgfoamers, 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.

G e l a t io n  a n d  v is c o s it y

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 bum 

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 PI 8 8 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.

T o x ic it y  a n d  p h a r m a c e u t ic a l  a p p l ic a t io n s

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®: PI88. 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®: PI88. Constipation (Lafon, France).

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

Ulfron®: PI88. G.I. tract disorders (Lafon, France).

S e l e c t  a p p l ic a t io n s

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 

a micelle, 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 solubifeate 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 F 127 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 chaimels 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 temperatiu*e 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 

bum 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 F 127 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 at 1989, Shen et at 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® FIOS (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 

dénaturation 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 (Ilium et al 1982, Ulum and Davis 1984, Rudt 

and Muller 1993, Porter et al 1992, Watrous-Peltier et 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. Ulum et al (1982) demonstrated that small particles were taken 

up by the RES following intravenous injection. Larger particles of greater than Ijxm 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.

o

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. Ilium and 

Davis (1984) reported the effect of P188 and P338 coated polystyrene particles on the organ 

distribution after intravenous administration. Poloxamer PI88 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 Müller (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.

A im s  a n d  o b je c t iv e s

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 behaviom 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 Lethe 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 TWO

Materials
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P o l o x a m e r s  u s e d

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^,(PBO) M^(PPO) A B

P407 F127 11,500 7,500 4,000 98 67

P338 F108 14,000 10,750 3,250 128 54

P237 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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M o d e l  h y d r o p h o b ic  d r u g s

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.

Me

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.
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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.

M a t e r ia l s  u s e d  f o r  s u r f a c e  e n e r g y  s t u d ie s

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).

43



Material Supplied by Batch Number

Bromonapthalene AVOCADO D2I64B

Formamide ACROS 76321/1

Ethylene Glycol AVOCADO 32764K

Chloroform BDH K22981139

Parafilm 'M’ American National Can ™

Glass Coverslips ULTIMA 1922587

Table 2.5: Additional materials used for contact angle studies

Yl (mN m'̂ ) Ÿ  (mJ m'̂ ) yP (mJ m'̂ )

Bromonapthalene 44.4 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.

44



CHAPTER THREE

Adsorption o f Poloxamers 

onto Mode! 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 

(<l/im) 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. Rocculation 

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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a second region of net attraction is entered. This is referred to as the secondary minimum and 

is the distance between two particle surfaces where a weak attractive force exists that holds the 

particles together in a loose cluster. Particles entering the secondary minimum region become 

flocculated. Since the attraction is weak, a small degree of agitation will redisperse the 

suspension.

Hydrophobic 
particle

PEO chain

Figure 3,1: Schematic diagram showing the theory of steric stabilisation.

The physical adsorption of block copolymers, such as the poloxamers, onto drug surfaces 

stabilises the suspension so that the particles are held a large distance apart where only a weak 

attraction exists (Fig 3.1). For a poloxamer surfactant, the PPO chain will adsorb to the surface 

and anchor the molecule, whereas the PEO chains will be hydrated and extend out into the 

solution. The extension of the chains provides a steric stabilisation where the particles cannot 

come into close contact with each other due to the hindrance of the extended polymer chains. 

Klein (1986) studied the forces acting between two mica sheets immersed in a 0.1-0.2 M KNO3 

aqueous solution. The modification of surface interactions was examined by the adsorption of 

flexible polymers (PEO homopolymer) at increasing distances. In the absence of polymer, a 

weak attraction was observed at distances as close as 15nmdue to van der waals forces between 

the ‘bare’ surfaces. Following addition of polymer (to a few ppm) and Ihr incubation, the short 

range attraction disappeared to be replaced after a further 2hrs by a long range attraction 

(>100nm). This attraction persisted for upto about 6hrs incubation. At time intervals longer 

thon 6hrs, the attraction disappeared to be replaced by a monotonie repulsion. It was concluded 

that the osmotic interaction between chains of opposing surfaces was repulsive. In this study 

Klein (1986) was able to directly observe the long-range attractive forces that existed between
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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.

CONHGURATION 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 Müller and Wallis (1993). They found the reduction in coating layer thickness
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after 48hrs of diafiltration to be minor (<1.6nm). Desorption proceeds very slowly therefore, 

essentially, the adsorption is considered irreversible. Kronberg et al (1981) compared the 

adsorption of ethoxylated nonyl phenol surfactants (poly(ethylene oxide)/alkyl ether type 

surfactants) with sodium dodecyl sulphate (SDS), an ionic surfactant, on polystyrene latex 

surfaces. They found that the affinity of the nonionic surfactants was greater than SDS 

indicating that the nonyl phenols would be able to displace SDS from the latex surfaces. The 

study conducted by Kronberg et al (1981) highlights the reversibility of adsorbed SDS on 

hydrophobic surfaces whereas Müller and Wallis (1993) concluded that the adsorption of 

nonionic, block co-polymer surfactants, such as the poloxamers, was irreversible even in the 

presence of other competing species.

•  PEO 

O PPO

G o  G o
■Q .Q . O _________________ Q Q G

Fig 3.2: This diagram illustrates the adsorption of the poloxamer molecules on a 
hydrophobic surface. The entire PPO chain does not make contact with the surface, only a 
few PC units will adsorb and the remaining unadsorbed polymer willform loops between two 
regions of attached units.

The PPO chain is believed to adsorb in loops and trains (Fig 3.2), thus the complete 

hydrophobic chain does not interact with the surface but regions of the chain which do not 

adsorb will form a loop between two attached points. Evidence for this has been found by many 

researchers (Baker and Berg 1988, van de Steeg et al 1991). The PEO chain does not have a 

high affinity for a hydrophobic surface and is more compatible with the aqueous medium, 

therefore it will point away from the surface and remain in contact with the medium. Of course.
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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 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.

P a r a m e t e r s  u s e d  f o r  t h e  c h a r a c t e r is a t io n  o f  a d s o r p t io n

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
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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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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-PEO block copolymer surfactants 

was Langmuirian at low concentrations, but above a concentration of lOppm 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 a l{ \9 9 \)  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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Langmuir type adsorption isotherm than it follows that only a monolayer coverage occurs. 

Therefore the thickness of the adsorbed layer is related to the length of the PEO chain which 

is extended out into the medium (Baker and Berg 1988, Baker et al 1989, Faers and Luckham 

1994, Shar et al 1998) (see Fig 3.4). The PPO chain length is found to have a negligible 

contribution to the adsorbed layer (Baker and Berg 1988, Baker et al 1989). The adsorbed 

layers on hydrophilic surfaces are much thinner in comparison to hydrophobic surfaces 

(Killman et al 1988, Malmsten et al 1992) and this adsorption behaviour is attributed to the 

differences in molecular conformation adopted at the hydrophilic surface in comparison to one 

with a more hydrophobic nature. Malmsten et al (1992) studied the adsorption of the 

poloxamers at a silica surface and found the adsorption to increase abruptly prior to the CMT, 

indicating the adsorption of entire micelles. For a silica in water dispersion, the PPO unit is 

incompatible with both the surface as well as the medium, therefore it was postulated that the 

PPO segment tended to exist in the middle with PEO chains near the surface as well as close 

to the bulk. If entire micelles were adsorbed then the adsorbed layer would be significantly 

thicker, however the converse was found where the thickness of the adsorbed layer was very 

thin. Thus it was more likely that the formation of micelles was just a precursor to adsorption 

and simply brought large numbers of molecules close to the surface.
The adsorbed layer for PEO homopolymers was found to be consistently greater than the 

poloxamer surfactants (Shar et al 1998). The straight chain polymers only adsorb with one or

Figure 3.4: Schematic diagram to show that the thickness of the adsorbed layer of the 
poloxamer surfactants is dependent only on the length of the PEO chain.
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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

a time-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 (A/i°) 

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,

r  = FMJL%2 Eq=3.1

I+KX2

where is the adsorbed amount at complete monolayer coverage, X2 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. Afi° can then be calculated by 

the following equation,

= -RTlnK Eqû 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 monotonie 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.

F a c t o r s  a f f e c t in g  t h e  a d s o r p t io n  o f  p o l o x a m e r s

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 (19SI) 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 et 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 adsoiption.

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 PI 88 , 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 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 etal 1981, Killman etal 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 foimd 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- 

poly oxyethylene) block copolymer on silica. They foimd 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(vinyl 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

59



(particle size) was purely geometrical, and an effective adlayer thickness, corresponding to 

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

ôgff = i(R + 5)̂  - 7?̂ ] = constant Eq- 3.3

3R̂

where R is the particle radius and ô 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) provides 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^ g m  ̂and 1.15x10 ̂  g m'̂  obtained 

by Kayes and Rawlins (1979) for adsorption of these polymers on a 312nm polystyrene latex. 

This lead Baker et 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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polystyrene and PMMA [poly(methyl methacrylate)]. They also found a strong dependence of 

adsorbed layer thickness on increasing particle size which could not be explained by the 

correction suggested by Garvey et al (1974 and 1976). The only conclusion that they could 

arrive at was that polymers adsorb onto smaller particles in a different way compared to the 

large ones. Faers and Luckham ( 1994) found that for polystyrene latex particles, the amount of 

Pluronic polymers adsorbed was, within experimental error independent of particle size, over 

the size range of 70-500nm, therefore, the effect o f differing amounts of adsorbed polymer can 

be ruled out with some certainty.

Figure 3.5: Schematic diagram to illustrate the differences in adsorption on a large and 
small particle. Polymers adsorbing to a particle surface possessing a low radius of curvature 
(diagram on left) cannot pack together as closely as a surface with a high radius of curvature 
(diagram on right).

The above studies produced evidence for an increase in adsorbed thickness layer with 

increasing particle sizes. However, Müller and W allis (1993) and Wesemeyer et al (1993) both 

found a decrease in adsorption layer thickness with an increase of polystyrene particle size 

from 60 to 200nm. In this case, it is believed that the larger particle sizes are less hydrophobic 

in nature, hence possessing thinner adsorption layers. M üller and W allis (1993) compared this 

adsorption behaviour to the adsorption layer thicknesses obtained for Pluronic surfactants on 

silica surfaces, which were significantly thinner and independent of PEO molar mass (Killman
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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 amoimt 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 (PI82) 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 (MWpgo = 650, MWppo
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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 L62 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 a l{ \9 9 \)  looked at the adsorption characteristics 

of Synperonic PE6200 (EOg-PO^ -̂EOg) and PE6800 (EO104-EO39-PO104). Whereas PE6800 

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 et 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 et 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 endothermie 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 endothermie 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, endothermie 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.

S u m m a r y

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
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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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E x p e r im e n t a l  s t u d ie s

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.

E x p e r im e n t a l  p r o t o c o l

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 (l%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 J2-21M/E centrifuge) at 20,000rpm for 20mins to remove all particles. lOmL of the 

clear supernatant was collected and diluted to lOOmL. The resulting solution was reacted with 

a KI/I2 indicator solution to produce a colorimetric complex and the absorbance was measured 

at SOOnm for remaining poloxamer concentration after adsorption.
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The indicator solution used for analysis was a KI/Ij standard. This method was first proposed 

by Baleaux (1972) and used by many researchers e.g Tadros and Vincent (1980). A stock 

solution was prepared by dissolution of iodine (Ig) and potassium iodide (2g) in de-ionised, 

distilled water (lOOmL) at room temperature. The solution was kept away from light sources 

and discarded after one week. For the determination of the unknown poloxamer concentration, 

0.25mL of the iodine standard solution was diluted to lOmL using the poloxamer solution to 

be analysed. The absorbance of the resulting solution was measured at a wavelength of 500nm 

in accordance with Tadros and Vincent (1980), in a UV/Visible spectrophotometer (Perkin- 

Elmer 554). The absorbances were converted into concentrations by comparing to a calibration 

curve prepared for each surfactant concentration.

For each poloxamer used, a calibration curve was constructed using the same method described 

above but without the presence of drug suspensions. A concentration range of 1.25 - 20mg/L 

was used since anything more concentrated is outside the detection limits of the 

spectrophotometer. Figs 3.6-3.9 show the calibration curves for poloxamers P407, P338, P I88 

and P237 respectively. By applying linear regression analysis, using Microcal Origin™ a line 

of best fit was obtained and the resulting equation of the line. The unknown poloxamer 

concentration (x) could then be calculated from the equation.
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Figure 3.6: Calibration curve fo r  P407 and resulting equation o f  the line.
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R e s u l t s

Figures 3.10-3.12 show adsorption isotherms for the poloxamers on ibuprofen, and Figures 3.13 

and 3.14 show adsorption onto ketoprofen, at increasing temperatures. The effect of 

temperature on the adsorption process seems to vary between the different poloxamers. The 

larger molecular weight polymers, P407 and P338 show decreasing adsorption with increasing 

temperature. For the adsorption of P407 onto ketoprofen the adsorbed amount decreases 

significantly from 25°C to 30°C, after which at higher temperatures the differences are slight. 

P407 shows a greater affinity for the ibuprofen surface at all temperatures studied. A decreasing 

trend can be seen but the differences in adsorbed amount at increasing temperatures are 

relatively smaller in comparison to ketoprofen. P338 adsorbed onto ketoprofen at 25°C but 

higher temperatures did not yield adsorption isotherms indicating that it prefers to remain in 

solution rather than adsorb to the surface. It did, however adsorb onto ibuprofen at temperatures 

ranging from 25-35°C, but at temperatures above this range, again P338 preferred the aqueous 

phase. From all the poloxamers studied, P338 showed the least amount adsorbed on both drug 

surfaces (Table 3.1). No correlation of adsorption with temperature can be seen for P188 and 

it also shows a similar affinity for both surfaces, although the initial increase in adsorption at 

the lower concentration ranges on ketoprofen appear to be slightly steeper.
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Within the concentration range studied, the poloxamers 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 PI88 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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Maximum Adsorbed Amounts (mg) (SE^,)
roioxamer

Ibuprofen Ketoprofen

P407 55.28 (±1.46) 44.39 (±1.73)

P188 36.80 (±3.32) 35.75 (±0.74)

P237 35.51 (±1.21) 21.67 (±1.39)

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 „.j)

Poloxamer (mmol)

Ibuprofen Ketoprofen

P407 4.81 (±0.13) 3.86 (±0.15)

P338 1.35 (±0.43) 0.77 (±0.07)

P188 4.41 (±0.40) 4.28 (±0.09)

P237 4.61 (±0.16) 2.81 (±0.18)

Table 3.2: Comparison of maximum amounts adsorbed, expressed 
surfactant.

as number of moles of

Maximum Adsorbed Amounts (SE ^ 3)

Poloxamer (xlO-2 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 (±0.061)

P188 2.12 (±0.191) 2.05 (±0.043)

Table 3.3: Maximum adsorbed amounts, expressed as amount adsorbed per unit mole of 
PPO.
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Figure 3.16: Adsorption isotherms of various poloxamers on ketoprofen at 25°C

D i s c u s s i o n

The adsorption of several poloxamer molecules of increasing molecular weights and varying 

PPO and PEG chain lengths were investigated at different temperatures, on two model 

hydrophobic drug surfaces. The drugs chosen were ibuprofen and ketoprofen, which are non

steroidal anti-inflammatory agents. They are practically insoluble in water and therefore ideal 

drugs to be formulated into a pharmaceutical suspension. The surface of ketoprofen is more 

polar in nature, since the chemical structure of this drug possesses an additional ketone group, 

however, both drugs are practically insoluble in water. The purpose of this study is to 

investigate the factors which affect the adsorption of poloxamer surfactants onto model 

hydrophobic drug surfaces and to determine whether the process is comparable to model 

hydrophobic surfaces used in the literature.

The effect of temperature on the adsorption process of these surfactants is still unclear. Many 

researchers have found that an increase in temperature increases the adsorption and have related
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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 PI88 (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, PI 88 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
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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 (xlO  ̂mg/L) P338 (xlO  ̂mg/L) P188 (xlO^mg/L)

20 40
25 7 45
30 1 8
35 0.25 1.5
40 0.08 0.4 70
45 — 0.08 30

Table 3.4: CMCs for poloxamer surfactants as a function of temperature. Data reproduced 
from Alexandridis et al (1994) and corrected to mg/L from %w/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 PI88 

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 PI88 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. PI88 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 

PI88 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. PI88  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 affmity 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 et 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.

C o n c l u s io n

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 

PI88 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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I n t r o d u c t io n  t o  in t e r f a c ia l  p h e n o m e n a

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 wdl 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 conçatible with each other, such 

as two immiscible hquids, 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 Hquid and solid phases.

To begin with, the fundamental principles of interfacial phenomena wiU be presented from which 

the surface energies can be derived. These theories wdl 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

LiQUID/VAPOUR INTERFACE

The surliest 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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at the surface is surrounded on either sides and below by neighbouring liquid molecules, but 

above the surface only vapour molecules are present. Although vapour molecules interact with 

the surface of the hquid, the attraction is very weak and hence hquid molecules at the surface wih 

experience a net attractive force, termed the surface tension. Surface tension arises due to an 

imbalance of forces at the hquid surface, acting downwards, perpendicular to the hquid/vapour 

interface. Due to the net inward force exerted on hquids the surface wül tend to contract. An 

example of this is seen when hquids in any container will form a meniscus at the surface which 

is a consequence of the surface tension of the hquid. Since the molecules of the vapour phase also 

exert a weak attractive force at the surface, it foUows that if the vapour was changed, then the 

surface tension would be altered. The presence of impurities in a hquid e.g dirt can reduce the 

surface tension considerably, by disrupting the molecular bonds at the surface. In the same way, 

surfactants, if dissolved in a hquid, will migrate to the surface and disrupt bonds, thereby 

reducing the surface tension. At the sohd/hquid interface, surfactants wih adsorb at the interface 

and reduce contact between the two phases. By forming a physical barrier between the sohd and 

hquid, a new interface is formed that depends entirely on the interaction between the surfactant

0<=^ Ci)‘=>0

Figure 4.1: Diagram showing the imbalance of forces at the liquid/vapour interface leading 
to a net downward force perpendicular to the interface.
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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).

SOUD/UQUID INTERFACE

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 whl determine the extent to which the liquid wül 

spread. Thus a polar liquid wül interact freely with a predominantly polar solid surface, but wÜl 

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.

C O N T A C T A N G L E S

When a drop of liquid is placed on a solid surface the liquid wül spread untü 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/hquid interface (ysl) acts to aid spreading, the soHd/vapour interface 

(Ysv) acts to prevent spreading and the hquid/vapour interface (ylv) acts along the tangent to the 

drop. The contact angle {&) 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 hquid on the sohd 

surface. The contact angle is related to the interfacial forces by Young’s equation,

Ylv Cos 6 = Ysv “ Tsl Eq- 4.1

Alow contact angle approaching 0® would be considered, a good degree of spreading. Conversely
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a h i^  contact angle indicates that the liquid spreads very poorly on the solid surface and 

therefore the surface will be poorly wetted.

VAPOUR
Ylv

LIQUID

YslYsv

SOLED

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

Fa c t o r s  a f f e c it n g  t h e  c o n t a c t  a n g l e

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 9) and low energy (h i^  9), respectively. The chemical heterogeneity of a surface is 

observed experimentally by differences in advancing and receding contact angles. When a drop 

of hquid is placed on a solid surface, the spreading of the Hquid whl depend on the chemical
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corqposition of the surface that the liquid happens to come into contact with. Thus, an equilibrium 

contact angle wÜl be formed which is variable depending upon the position of the three phase 

interface, in relation to chemical conçosition. Advancing contact angles tend to behigjher because 

the liquid wdl 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 wdl be vacated first and therefore the three phase interface wdl tend to be 

located in h i^  energy regions, yielding a lower contact angle. It follows that an assessment of an 

advancing and receding contact angle wdl 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 wdl stdl contain a degree of roughness and wdl 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 sohd surface would neglect the many troughs and hdls which actually exist on the surface.

M e a s u r e m e n t  o f  s u r f a c e  t e n s io n  a n d  c o n t a c t  a n g l e s

A range of different techniques can be used to measure the surface tension of Hquids, as well as 

determining the contact angle of a Hquid on a soHd surface [see review in Buckton (1998) and 

Shaw (1992)]. The technique used for the experimental work in this section is the Wdhelmy plate 

method. Figure 4.3 shows a schematic diagram of the Wdhelmy plate apparatus used for the 

measurement of surface tension and contact angles. As noted above, the surface tension of a 

Hquid is the net force per unit area acting perpendicular to the surface of the Hquid. It is possible 

to measure directly the force, by positioning a plate above the Hquid surface. The weight of the 

plate is initiaUy zeroed so that any force measurements are a consequence of the Hquid surface 

only. Figure 4.4 shows a schematic output of a Wdhelmy plate surface tension experiment. The 

motorised platform on which the Hquid sample is positioned is slowly moved upwards untd the 

plate makes contact with the Hquid. Postion A-B registers no force since the plate has not made 

contact with the Hquid. At position B the force increases dramaticaUy, indicating that the
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Figure 4.3: A schematic diagram of the Wilhelmy plate apparatus
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Figure 4.4: A schematic output of a Wilhelmy plate surface tension experiment. Explanation 
of the graph is given in the text.
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perimeter of the plate has made contact. The abrupt increase in the force seen, is due to the 

surface tension of the liquid which pulls the plate downwards. The platform continues to move 

upwards so that the plate is increasingly immersed in the liquid. Points C-D is a net downward 

force occurring because of a constantly increasing upward force due to the buoyancy of the 

liquid, with the force due to the surface tension remaining constant. However, because the effect 

of the surface tension has been dampened due to the buoyancy of the liquid, the actual force can 

be obtained by extrapolating the line C-D back to the perpendicular line drawn from the point of 

first contact with the plate (B). The junction where the two lines meet (E) will be the measurement 

of the force due to surface tension without the effect of liquid buoyancy. The surface tension 

value can be calculated from the following equation,

F = P Ylv Cos 6 Eq" 4.2

where F is the measured force using the WÜhelmy plate method and P is the perimeter of the plate 

edge which makes contact with the liquid. The contact angle (6) can be eliminated from the 

equation by ensuring that the plate used is completely wetted by the liquid. Glass plates are 

commonly used for these experiments since most liquids spread completely over this material 

such that 0 = 0* and therefore Cos 0=1 .  The surface of the glass plate is cleaned thoroughly to 

remove any surface contamination that may be present, such as grease. The handling of the plates 

are conducted either with gloves, to avoid transfer of grease from the hands, or by always using 

tweezers. Thus, if the contact angle term is eliminated, then the surface tension can be calculated 

by dividing the force obtained by the perinxter of the plate. In practice, both the advancing and 

receding surface tension is measured. When the direction of the motorised platform is reversed 

and the plate is removed from the liquid at the same speed of immersion, the Force-Distance 

profile should follow the same path as for immersion. The surface tension of water at 20*C is 

72.8 mJ m'̂  (Van Oss and Constanzo, 1992) provided there is no surface contammation present 

which acts to lower the reading. In practice, surface tension measurements of water are a good 

starting point when experiments are first started, and given that the water is completely pure, an 

ideal force-distance profile as shown in Figure 4.4 can be obtained with the receding profile 

following the exact pathway of the advancing surface tension.

For the measurement of contact angles the same principles can be apphed as above when using 

the Wilhelmy plate technique. In the case of soHds, the glass plate is replaced by a sohd sançle
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Figure 4.5: A schematic output of a Wilhelmy plate experiment for the determination of 
contact angles for a test liquid against a solid surface.

which is suspended above the hquid surface. Figure 4.5 shows the output which is obtained from 

a contact angle measurement made using the Whhelmy plate method. Contact is made at point 

B after which there is a buoyancy slope (C-D). The force from which the advancing contact angle 

is measured can be obtained from extrapolating the hue C-D back to point E. When the process 

is reversed, after point D, and the plate is removed from the hquid, the junction where the slope 

G-H crosses the perpendicular line drawn from zero contact is the force measurement used to 

obtain the receding contact angle.

When measuring the contact angle of a pharmaceutical powder, the sançle can either be 

compacted into a thin rectangular disc or a thin layer of the powder is brushed across the surface 

of a glass plate, both of which can then be suspended above the hquid, for the measurement of 

the contact angle. Dove et al (1996) compared the contact angle measurements of theophylline 

and caffeine test powders using the compaction method and coating of glass shdes. They found 

that the disadvantage associated with compacting powders was the possibftity of changing the 

surface properties of the sançle due to the energy required to form the compacts. The subsequent 

surface energy data that was calculated from the contact angles obtained using the two different 

methods, yielded values obtained from the glass coated method which were more in hne with the
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expected order of magnitude. When a thin layer of powder is adhered to the surface of the glass 

plate (ensuring that the adhesive is covered completely by the powder), the contact angle which 

is obtained is a more realistic measurement of the solid sartple in a loose and untreated form.

E st im a t io n  o f  t h e  s u r f a c e  e n e r g y  o f  s o u d s

As has been discussed above, a surface cannot be isolated from the phase that it is in contact 

with. Thus, it is the interface which must be considered rather than the individual surfaces 

involved. In such a way, the interfacial energy of a solid with air or another gas (ysv) is different 

to the surface energy of the solid (yg). The relationship between the two mentioned parameters 

is:-

Ysv = Ys -  ^  Eq- 4.3

where 11̂  is the equdibrium film spreading pressure and is related to the energy associated with 

the adsorption of vapour to the sohd surface (Buckton, 1995). It is possible to obtain values for 

by vapour sorption studies [see Good and Grifalco (1960) for further explanation], but this 

term can generally be ignored for systems where wetting is poor at room temperature since the 

extent of vapour adsorption and thus the contribution of 11̂ , is neghgible (Zografi and Tam 

1974).

The presence of adsorbed layers on sohd surfaces was demonstrated by Odidi et al (1991). They 

found that the measured contact angles on compressed powder surfaces were consistently higher 

for those surfaces that were cleaned by a vacuum, to remove adsorbed materials. The removal 

of these adsorbed contaminants affected the abÜity of hquids to wet a sohd surface and thus the 

contact angle changed after treatment.

T h e  n a t u r e  o f  in t e r a c t io n s  a c r o s s  a n  in t e r f a c e

When molecules on the surface of a sohd particle are brought close to those on a nieghbouiing 

particle surface, the forces of attraction and repulsion which arise between them, lead to 

interactions across the interface. The surface energy for sohds (yg) could be considered as an 

additive contribution from, for example, dispersion, hydrogen bonding and induction forces.
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However, it has become more usual to consider just two contributions representing polar (p) and 

dispersion (d) forces,

Ys = y** + Ŷ  Eq- 4.4

Interactive forces are a consequence of long range attractions and arise due to an imbalance of 

physical, long range, forces across an interface. Physical bonds are very different in nature to 

chemical bonding such as covalent bonds which are of very higji energy (300-700 kJ mol'^). Long 

range forces are much weaker (<40 kJ mol"̂ ) but exert a greater influence across larger distances 

whereas covalent bonds tend to be restricted to the bond length, therefore it is the long range 

attractive forces which are of greater interest in interfacial science. These type of forces consist 

of polar interactions, also known as Coulombic, and a group of interactions collectively known 

as the van der Waals interactions. It is the van der Waals forces which are more of interest in 

interfacial science and consist of three types: dipoles, induced dipoles and dispersion forces.

Many molecules consist of an imbalance of charge across their structure. For example, water is 

a molecule which consists of a permanently imbalanced charge, due to the oxygen atom being 

shghtly negative and the hydrogen atoms being sHghtly electropositive* The molecules of water 

are therefore not completely symmetrical and the bonds between the oxygen and hydrogen atoms 

exist at an angle such that the shape of the molecule is in the form of a 'V’. Thus, water molecules 

have a permanent dipole, and when the negative pole of one molecule is brought reasonably close 

to the positive pole of another, there is a strong attractive force exerted. This is the basis of 

hydrogen bonding and is the reason why water has a very high melting and boiling pomt in 

comparison to other organic hquids. A molecule with a permanent dipole can interact across an 

interface with another molecule having a permanent dipole. This is a polar interaction which falls 

into the category of van der Waals forces and contributes to the polar term of the total interfacial 

force. The other type of interaction that can contribute to the polar term of the interfacial force, 

is the dipole-induced dipole interaction. This arises if a molecule with a permanent dipole, such 

as water, is brought close to a molecule that originally consisted of no imbalance in charge across 

its’ structure. When the two types of molecules are in reasonably close proximity, an imbalance 

of charge can be induced m that molecule with a normally symmetrical structure. This type of 

mteraction is referred to as dipole-induced dipole. The sum total of the two types of polar 

interactions that have been discussed above are considered as the polar conçonent, ŷ , of the
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surface energy of a solid.

The nonpolar component of the interfacial energy is also known as the London-van der Waals 

forces, or dispersion forces. These types of interactions occur between molecules which have no 

imbalance of charge or presence of dipoles. All materials experience dispersion type forces across 

an interface and thus it is a very important contribution to interfacial interactions. Two molecules 

that are totally non-polar in nature, when brought close together could induce a transient local 

imbalance of charge. This arises due to the electrons which circulate around a molecule 

temporarily straying out of the sphere of rotation. The momentary change in the electrons’ spin, 

could cause a local imbalance of charge and this may influence the electron spin on a 

neighbouring molecule thus forming a temporary dipole. These temporary dipoles are constantly 

changing and so the force of the interactions are always varying. However, their influence 

stretches over long ranges (in the order of lOnm which is significantly greater than the bond 

length).

From the discussion above it can be seen that the attractive forces acting between two molecules, 

across an interface or at a surface, are made up of contributions from three main types of 

interactions: dipole-dipole, dipole-induced dipole and dispersion forces. The first two types are 

not usually separated and are regarded together as the polar component of the total interfacial 

energy, whereas the dispersion force is the nonpolar contribution.

Calculation of Polar and Dispersive Forces

A mathematical relationship can be derived which allows the calculation of the dispersion 

conçonent (y'*s) of the surface energy of a solid, from n^asurable parameters such as the contact 

angle of a liquid, with a surface tension that is entirely non-polar,

Yl(1 + cos ^  = 2 (y / . Y sT  Eq= 4.5

where Yl is the surface tension of the liquid and is taken to be equal to Ylv The dispersion 

component of the liquid Yl*̂, is equal to the surface tension, since it is a conçletely non-polar 

material and thus there will be no polar contribution to the interaction at the interface. By 

measuring the contact an^e of the liquid against a solid sangle, the dispersion component of the
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solid (yŝ ) can be calculated. This equation only holds if 11̂  is considered as negligible.

Once the dispersion conçonent of the solid is determined, the polar component can then be 

calculated by a geometric mean approach,

Y . 2  =  Y l +  Y2  -  2 (Y i'*  .  Y z T  -  2 (Y i"  .  Y2T  Eqi 4.6

where yjj is the interfacial free energy between phases 1 and 2 , which each have a surface free 

energy consisting of a polar and dispersive component. However it is argued to be more accurate 

to calculate the surface energies of solids using the harmonic mean equation.

Yls =  Yl +  Ys -  4

Yl** + Ys** Yl̂  + ys
Eq"4.7

which can be corhbined with young’s equation in the form described by Zografi and Tam (1976) 

to give,

(  Yl** +  Yl^ -  a  )  Ys** Ys^ +  Yl*’(Yl'* -  a  )Ys'* +  Yl*̂ (Yl** -  a)Ys"^ -  a  . Yl** ♦ Yl^ =  0

Eq"4.8

where a = (Yl/4)/(1 + cos 6). In order to solve for ŷ , ys** and y /, the contact angle of two hquids 

with known surface tension, polar and dispersive components, can be measured on a sohd 

surface. The equation can be solved iteratively to find the surface energy components of the sohd, 

using simple computer programmes. For examples of sohd surface energies calculated using the 

above explained method, see Zografi and Yalkowsky (1974) and Zografi and Tam (1976).

P r A C H C A L  A P P L IC A T IO N S  O F  S U R F A C E  E N E R G E T IC S

The above theory presented for the calculations of surface energy parameters of sohds has been 

extended to practical apphcations in the pharmaceutical field. For example Rowe 

(1989a,b,c,1990) considered the use of surface energetics to predict the interactions between 

binders and substrates for wet granulation. The surface energies and polarities(where the polarity 

is the percentage polar component, relative to the total surface energy) of the various binders and 

drugs were determined and from these results, thermodynamic parameters such as work of
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adhesion, work of cohesion and spreading co-efficients could be calculated in order to assess the 

ability of the binder to spread across a drug surface, during the process of wet granulation. It was 

thus possible to relate these parameters to the type of granules which were formed and the 

physical properties of the subsequent tablets formulated.

Calculation and Use of Surface Thermodynamic terms

From a combination of the harmonic mean equation (Eqn 4.7) and Young’s equation (Eqn 4.1), 

it is possible to calculate the polar and dispersion forces of a drug powder or pharmaceutical 

material using the contact angle of two different hquids on the same sohd surface,

Ylv(1 + cos 0  = 4 Yt v.Y/ + :
Yl** + Ys** Yl̂  + Yŝ

Eq*̂ 4.9

If the surface tension of the hquids (ylv) arc known, as weU as the polar (ylO and dispersive 

components (yl**), then two equations are produced fi-om which the unknown polar (yf) and 

dispersive (yŝ ) components of the sohd can be solved, iteratively.

If the interaction of two phases are to be considered e.g binder-substrate interactions or a 

surfactant interacting with a drug surface, then once the surface energies as weU as the polar and 

dispersive components of the materials involved have been determined, it then becomes possible 

to calculate surface thermodynamic terms to assess the strength and type of interaction which is 

occurring between the two phases. For a phase to interact favourably with another, it must first 

be able to overcome the attraction between its’ own molecules. The work required for a material 

in one phase to form two separate surfaces is cahed the work of cohesion

Wi~  ̂= 2yi Eq''4.10

the work of cohesion is simply twice the surface energy of the material. The work of adhesion 

(Wi2* )̂ is the energy required for two separate phases to adhere and form an interface.

Yi . Y, +  7 /  . Y, Eq24.11
Yl + Y 2  Yl + Y /

Figure 4.6 illustrates the theory of work of cohesion and work of adhesion, diagrammatically. The
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spreading co-efficient of phase 1 over 2 can then be calculated by subtracting the work of 

cohesion from the work of adhesion,

S,o = 4 EqM.12

The opposite effect can also be determined where the spreading co-efficients of phase 2 over 

phase 1 can be calculated. A positive value for the spreading co-efficient indicates

favourable interactions, and vice versa.

eoh

w,

Figure 4.6: A diagrammatic illustration of the theory of work of cohesion and work
of adhesion (Wi2“̂ )̂.

Examples of studies conducted on pharmaceutical materials with a view to predicting their 

performance when in contact with another phase are. Young and Buckton (1990) who examined 

the dispersion of various barbiturates in water using spreading co-efficients. They found that the 

powders which did not disperse in water had a spreading co-efficient with a larger negative value 

than the dispersion corrçonent of the water. Parsons et al (1992) calculated the surface energies 

and polarities of five model drugs in non-polar, non-aqueous suspensions to predict the physical
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stability of the suspensions. Rowe (1989a,b,c,1990) as mentioned above did extensive work on 

predicting optimum binder-substrate cornbinations in terms of surface energies and surface 

thermodynamics. RiUosi and Buckton (1995) used surface energy terms to explain the 

mucoadhesion strengths of various polymers in physiological fluids.
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E x p e r im e n t a l

The study that wiH be discussed below is concerned with the interaction of poloxamer surfactants 

with model drug surfaces in terms of surface energy and surface thermodynamics. An attempt will 

be made to explain these interactions with reference to the solvent that the drugs and poloxamer 

molecules are in contact with, both quantitatively and qualitatively. Since the poloxamer 

molecules consist of two different types of polymer chains, the surface energies of each chain will 

be assessed individually so that the affinity of each chain to the solvent and the solid surface can 

be explained using the surface energetic approach. The results obtained in this section wül then 

be related to the study discussed in chapter three, to assess whether there is any correlation in the 

two sets of data.

In this section, the surface energies of ketoprofen and ibuprofen are measured using the WÜhehny 

plate apparatus illustrated in Figure 4.3. The determination of the surface energy of the 

poloxamer surfactants is a more complicated process. It is not possible to measure the surface 

energy of a poloxamer surfactant as a whole molecule. In dilute surfactant solutions, below the 

CMC, the molecules exist as single entities which are not associated into miceUar structures (Wu 

et al 1995). Evidence has shown that the conformation of the molecules in dilute solutions tend 

to be in a coiled form, where the region that is freely soluble in the solvent is coded around an 

inner core consisting of the chain which does not interact freely with the solvent (Prasad et al 

1979, Beezer et al \99 \, Irwin et al 1995). Therefore, when measuring the contact angle of an 

aqueous poloxamer solution, only the contact of the chain which freely interacts with the solvent 

will be detected where the hydrophobic segment will be hidden within the coded molecular 

structure. Consequently, the contact angle that is measured wdl yield an inaccurately high polar 

component. Thus it is not possible to assess the surface energy of the poloxamer surfactants in 

one experiment. Van Oss and Constanzo (1992) determined the surface energy of a sodium 

dodecyl sulphate (SDS) molecule in two separate experiments. SDS consists of a long 

hydrocarbon chain attached to a polar (SO4') head group. To measure the contact angle of the 

polar groups, a 10% aqueous solution of SDS was coated onto glass coverslips and then oven 

dried. The dried S DS plates consisted of the polar moieties on the surface, from which the contact 

angle could be measured. For the hydrophobic tad, surface energies of various alkyl chainlengths 

were obtained from the literature. From the results obtained it was then possible to calculate the
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free energies of adhesion for the SDS chain with various surfaces e.g dirt (in the guise of 

hexadecane), and polymeric materials such as nylon and cellulose. It was found that although 

SDS adhered to aU the above materials, adherence to hexadecane was the most 

thermodynamically favourable. The method used by van Oss and Constanzo (1992) to measure 

the free energy of adhesion for SDS with several surfaces, has been erqployed in this study to 

measure the surface energies of the individual polymer chains in the poloxamer molecule.

R e s u l t s

Surface Energy of Model Hydrophobic Drug Surfaces

Drug coated glass plates were prepared by initially flaming the plates to remove residual surface 

contamination. Gloves were worn at aU times to prevent transfer of grease frombare hands onto 

the plate surfaces. Once the plates were flamed, they were sprayed evenly with a thin coating of 

adhesive and air dried for a few seconds. Drug powder was h ^ tly  brushed onto both sides of the 

glass plate ensuring full surface coverage with a thinhomogenous layer of test powder. The plates 

were then left to dry for ten minutes prior to contact angle measurements. Several drug coated 

plates were prepared before starting the measurements, but were then discarded at the end of each 

day if unused.

The method errçloyed for contact angle measurements was the Wfthehny plate technique (Cahn 

Dynamic Contact Angle Analyser). A schematic diagram of the apparatus is shown in Fig 4.3. 

The probe Hquid held in a beaker was placed on top of the motorised platform, partially 

immersed in water maintained at 25“C. The test plate was suspended by a chp above the liquid 

surface and the weight of the plate was zeroed. Before measuring the contact angle of the test 

plate, the surface tension of the hquid was measured using a clean glass plate to ensure purity of 

the solution. Only if the hquid was devoid of contamination and the surface tension was accurate 

could the subsequent measurement of the contact angle be considered rehable. For both surface 

tension and contact angle measurements, the motorised platform(operatedby dedicated software) 

was raised at a fixed speed until 10mm of the plate was immersed under the hquid surface. The 

direction of the platform then reversed and moved downwards until the plate was conçletely lifted
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out of the liquid. Before starting the experiment, the perimeter of the plate which would be in 

contact with the liquid was measured using a micrometer. Values for the perimeter of the plate 

as weU as the surface tension of the liquid were fed into the computer which automatically 

calculated the contact angles by application of Equation 4.2. The contact angle data obtained for 

ibuprofen and ketoprofen with various probe liquids can be seen in Table 4.1.

The above procedure was performed for a polar liquid (double distilled water) and a non-polar 

liquid (bromonapthalene), on the same test powder. The surface energy of the liquids as well as 

the polar and dispersive components are already known (see chapter two). Using Equation 4.9, 

the surface energy, polar and dispersive conçonent of the drugs could then be calculated using 

a simple iterative computer programme called Freetk.

Ibuprofen Ketoprofen

Cos 0 (±seib3) ^  (±SEnrf) Cos 6 (±SEns3) ^  (±SE«=3)

Water 0.0049 (0.0052) 89.7 (0.30) 0.0007 (0.0026) 90.3 (0.48)

Bromonapthalene 0.8884 (0.0026) 27.3 (0.32) 0.7423 (0.0054) 42.1 (0.46)

Table 4.1: Contact angle data for drug surfaces with different probe liquids.

Drug Ys (±SEji=3) Y** (±SEnrf) Y (±SEnsâ)

Ibuprofen 44.3 (0.40) 4.6 (0.17) 39.7 (0.23)

Ketoprofen 39.5 (0.15) 5.3 (0.11) 34.3 (0.05)

Table 4.2: Calculated surface energy data for the drug surfaces (in m j m'̂ ).

Surface Energies o f the poloxamer chains

In order to determine the surface energy, polar and dispersive components of the hydrophilic and
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hydrophobic moieties of the poloxamer surfactants, polymers were selected which were similar 

in structure to the two different types of chains existing in the molecule. Poly(propylene glycol) 

(PPG) consists of the same subunits as PPO (the hydrophobic region of the poloxamer molecule) 

with additional terminal hydroxyl groups at each end of the polymer chain. For PEO, the 

hydrophilic chain of the poloxamer molecule, poly(ethylene glycol) (PEG) was selected whichhas 

exactly the same structure as PEO, but with a terminal hydroxyl group. Both PEG and PPG are 

involved in the synthesis of poloxamer surfactants and are therefore appropriate homopolymers 

to use in the determination of the surface energy conçonents of the poloxamer surfactants.

Three different molecular weigjhts of both PPG and PEG were selected, which best reflected the 

size of the PPO and PEO chain lengths in the poloxamer molecules used for ah the studies. PEG 

3000,4000 and 6000 are sohds at room temperature, thus according to the method used by van 

Oss and Constanzo (1992), the PEGs were coated onto glass plates for contact angle analysis. 

The glass plates were firstly flamed to remove surface contamination and then dipped into a 10% 

solution of PEG in chloroform for one minute. The plate was then removed and ahowed to dry 

in air until the chloroform had completely evaporated leaving a thin coating of PEG on the 

surface of the plate, which gave a frosted appearance. This procedure was repeated for ah three 

molecular weights. The contact angle of these plates were measured with formamide, ethylene 

glycol and bromonapthalene (Tables 4.3 and 4.4). In this case, water was not used as the polar 

probe hquid, since there was a possibÜity of PEG dissolving in the Hquid. Therefore formamide 

and ethylene glycol were used as substitute polar Hquids, for contact angle measurements. The 

surface energy data calculated for the three PEG molecular weights can be seen in Table 4.5, 

below.

Formamide Ethylene Glycol

Cos  ̂(±SEi«=3)  ̂(±SEn*3) Cos 6 (±SEn=3) (̂iSEnrf)

PEG 3000 0.8228 (0.0016) 34.8 (0.37) 0.9096 (0.0002) 24.6 (0.02)

PEG 4000 0.8166 (0.0026) 35.3 (0.25) 0.9490 (0.0014) 18.4 (0.25)

PEG 6000 0.8118 (0.0020) 36.0 (0.43) 0.8457 (0.0008) 32.3 (0.08)

Table 4.3: Contact angle values for PEG coated glass plates with polar probe liquids.
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Bromonapthalene

Cos 6 (±SEn*3)  ̂(±SEnrf)

PEG 3000 0.9570 (0.0008) 16.8 (0.16)

PEG 4000 0.9434 (0.0015) 19.4 (0.26)

PEG 6000 0.9620 (0.0015) 15.9 (0.31)

Table 4.4: Contact angle values fo r PEG coated glass plates with a non-polar probe liquid.

Bromonapthalene and 

Formamide

Bromonapthalene and 

Ethylene Glycol

Ys yP Ys Y** yP

PEG 3000 51.6 42.7 8.9 50.7 42.7 8.1

PEG 4000 51.0 41.9 9.1 51.2 41.8 9.4

PEG 6000 51.2 42.7 8.5 49.3 42.7 6.7

Table 4.5: Values of the surface energy components (in mJ m'̂ ) o f different molecular weight 
PEGs, calculated using Equation 4.9, with PEG coated glass plates.

From Table 4.5 it can be seen that the dispersive components of the PEGs are unexpectedly large 

with very smaU polar components. The above values do not appear to be an accurate 

representation of the hydrophilic nature of the PEG chains. Therefore the above results lead to 

the conclusion that the polymer needs to be in a hydrated state in order to exhibit hydrophilic 

properties. Thus, for the next series of experiments in this study, the PEGs were dissolved in 

water and the contact angle of concentrated aqueous solutions were measured.

To determine the unknown surface energy components of a liquid, Equation 4.5 can be used 

where the contact angle of one phase consisting of a surface with both polar and dispersive 

components can be measured against another phase which consists of a completely non-polar
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surface. Thus, only interactions due to dispersion forces will take place across the interface. The 

contact angle of concentrated PEG solutions were measured against ParatilmF^, a non-polar 

material with known surface energy. From the literature, surface energy values of Parafilm were 

found to be 7s=y‘̂ =25.5 ml rĥ  (Zograti and Tam 1976). Contact angle measurements of the 

Parafilm sheets with water and bromonapthalene in this study, yielded surface energy values of 

Ys=y‘̂ =24.7 ml m‘̂  which is in reasonably good agreement with the literature value.

The surface tension of increasing concentrations of aqueous PEG solutions were measured until 

the value became relatively independent of concentration. For aU three molecular weights, it was 

found that solutions of 50% and above showed no further change in surface tension therefore a 

50% solution was used to measure the surface energy corrqjonents of PEG where this 

concentration was assumed to be equivalent to pure molten liquid. Parafilm is available under the 

trade name Parafilm "M”, and are made up of sheets of sohdified paraffin. The plates were 

prepared by covering a glass coverslip with the parafilm sheet and trimming around the edges to 

leave smooth contours. A protective sheet which covers the film was only removed prior to use.

Yl (mN m'̂ ) Cos 6 (±SEn=3) ^  (±SEnrf)

PEG 3000 56.4 (0.03) -0.0605 (0.0031) 93.5 (0.18)

PEG 4000 55.3 (0.05) -0.0279 (0.0094) 91.6 (0.54)

PEG 6000 56.5 (0.04) -0.0287 (0.0016) 91.6 (0.09)

Table 4.6: Receding surface tension (y j  and contact angle values measured for the aqueous 
PEG solutions on Parafilm plates.

The surface tension of liquids are equal to the surface energy since the molecules are free flowing. 

Therefore the energy required to form a surface (surface tension) is the same as the energy 

required to expand a surface (surface energy). The advancing and receding surface tensions of 

the aqueous PEG solutions were measured along with the contact angles on the Parafilm plates 

(see Table 4.6). The advancing surface tensions did not stabilise with increasing concentrations 

of aqueous PEG solutions. It appears that the advancing surface tension changes as the viscosity 

of the solution increases. The receding surface tension however appeared to be less sensitive to

102



viscosity and stabilised at 50% solutions and above. Therefore the receding surface tensions of 

the aqueous PEG solutions were used in the calculations for surface energy components.

PPG exists as a liquid at room temperature therefore no further treatment was required for 

contact angle analysis. The surface tensions of PPG 2000,3000 and 4000 were measured using 

a glass plate with the receding surface tension being used for subsequent calculations of surface 

energy conçonents. The contact angles of the liquids were obtained on parafilm plates and both 

surface tension and contact angle data are presented in Table 4.7.

Y l (mN m ‘^) (±se«=3) Cos 6 (±SEh=3) ^  (±SE«a)

PPG 2000 34.0 (0.12) 0.4477 (0.0026) 63.4 (0.17)

PPG 3000 35.2 (0.10) 0.4322 (0.0054) 64.9 (0.26)

PPG 4000 37.4 (0.23) 0.3018 (0.0007) 72.5 (0.04)

Table 4.7: Receding surface tension (y j  and contact angle values measured for PPG liquids
on Parafilm plates.

Table 4.8, below, shows the calculated surface energy conçonents of the different molecular

weight polymers of PPG and PEG. These values were obtained from the experimentally

determined values of surface tension and contact angles for each homopolymer.

Ys (± SE ns3) Y (± SE 115=3) Y (± SE 1V=3)

PPG 2000 34.0 (0.12) 24.5 (0.09) 9.5 (0.09)

PPG 3000 35.2 (0.10) 25.4 (0.48) 9.8 (0.48)

PPG 4000 37.4 (0.23) 24.0 (0.04) 13.4 (0.04)

PEG 3000 56.4 (0.35) 28.4 (0.19) 28.0 (0.19)

PEG 4000 55.3 (1.14) 29.3 (0.57) 26.1 (0.57)

PEG 6000 56.5 (0.18) 30.5 (0.09) 26.0 (0.09)

Table 4.8: Surface energy  ̂dispersive and polar components (in mJ m'̂ ) of the 50% aqueous 
PEG solutions and PPG liquids calculated using Equation 4.5 where the dispersive 
component of Parafilm was taken to be yg=/=24.7 mJ m'̂ .
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Spreading Co-efficients, work of cohesion and work of adhesion

From the results obtained above, it is now possible to determine the interactions between the 

various phases involved in the adsorption of poloxamer surfactants with hydrophobic drug 

surfaces. The spreading co-efficients for the PPG and PEG chains onto the model hydrophobic 

drug surfaces are shown in Table 4.9.

Ibuprofen Ketoprofen

^  (±SEn=3) S12 (±SE«a) ^  (±SEib3) S12 (±SEn=3)

PPG 2000 68.0 (0.24) 72.9 (0.19) 5.0 (0.05) 70.6 (0.19) 2-7 (0.05)

PPG 3000 70.4 (0.20) 74.5 (0.90) 4.1 (0.70) 72.1 (0.86) 17 (0.66)

PPG 4000 74.9 (0.46) 73.5 (0.08) ■1'3 (1.71) 716  (0.06) -3.3 (0.40)

PEG 3000 112.7(0.76) 82.0 (0.26) -30.8 (0.05) 79.8 (0.24) -32.9 (0.52)

PEG 4000 110.6 (2.28) 83.0 (0.80) -27.6 (i.4g) 80.6 (0.73) -30.0 (1.55)

PEG 6000 113.0 (0.36) 84.6 (0.13) -28.4 (0.23) 82.0 (0.17) -31.0 (0.20)

Table 4.9: Values of work of cohesion work of adhesion (W ^) and spreading co
efficients (Sj2) (in mJ m' )̂ for the PPG and PEG chains on the drug surfaces. S1 2 denotes the 
spreading of the PPG (1) and PEG (1) chains over ibuprofen (2) and ketoprofen (2).

Water
(±SE i«3)

S12 (±SEn=3) S 21(± S E ib3)

PPG 2000 78.1 (0.34) -67.5 (0.34) Id 2 (0.10)

PPG 3000 79.7 (1.76) -65.9 (1.76) 9-3 (1.56)

PPG 4000 88.2 (0.14) ■■57.4 (0.14) 13 3 (0.32)

PEG 3000 120.6 (150) -25.0 (1.50) 7 8 (0.74)

PEG 4000 117.9 (2.46) -27.7 (2.46) 7 -3 (0.18)

PEG 6000 118.7 (1.32) -26.9 (1.32) 5 6 (0.96)

Table 4.10: Work of adhesion (W ^) and spreading co-efficients (S) (in mJ m'̂ ) for PPG and 
PEG with water. S1 2  describes the spreading of the polymers on water and S2 1  is the spreading 
of water onto the polymers.
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VI7C0h
^  (±SE«a)

Water

S12 (±SEns3) S2I (±SEn=3)

Ibuprofen

Ketoprofen

88.5 (0.32) 

79.0 (0.16)

72.3 (0.49) 

75.2 (0.34)

"16.2 (0.17)

"3-8 (0.18)

-73.3 (0.49)

"70.4 (0.34)

Table 4.11: Values for the work of cohesion of the drugs (in mJ m'̂ ) and the work of 
adhesion (W^^) and spreading co-efficients (S) (in mJ m'̂ ) of the drug surfaces with water. 
Sj2  is the spreading of the drugs onto water and S2 1  is the spreading of water onto the drug 
surfaces. The work of cohesion for water is = 145.6 mJ m'̂ .

The interaction of the polymer chains with water (Table 4.10) and the interaction of the drug 

surfaces with water (Table 4.11) have also been shown as an interesting conpaiison. The two 

different types of spreading (S12 and S21) which could possibly occur have been calculated, 

however it is more likely that water spreads over the drug surfaces as well as the polymer chains 

rather than vice versa and so the most appropriate spreading co-efficient in both cases is S21.

D is c u s s io n

The surface energy results for the model hydrophobic drugs (Table 4.2) reveal that ketoprofen 

consists of a lower surface energy but with a shghtly more polar surface. The fractional polarities 

of the drugs (polarity of a surface is the percentage polar corrçionent relative to the total surface 

energy) are 10.39% and 13.31 % for ibuprofen and ketoprofen, respectively. It could be said that 

the difference in the surface nature between the two drugs is very small, however, the difference 

in the amounts of poloxamers adsorbed found in chapter three, show that this small change in 

surface nature between the two adsorbing surfaces has altered the affinity of the poloxamer 

surfactants to both drug surfaces.

The surface energy of the PEG chains, determined by measuring the contact angle of the polymers 

coated onto glass covershps, yielded very high dispersive conçonents with a corresponding polar 

component that was much lower than values expected for a hydrophÜic polymer. The most 

probable reason for these unexpected results is the ‘dry’ state of the polymer chains. PEG chains
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which are dehydrated obviously do not behave in the manner expected of hydrophilic polymeric 

chains. Measured contact angles of the PEG coated plates with the polar probe liquids reveal low 

contact angles, which are appropriate for a hydrophilic surface. However, low contact angles on 

the PEG plates were also measured with the non-polar probe liquids indicating hydrophobic 

regions which, judging from the final surface energy data calculated, dominated the total surface 

nature. Therefore it appears necessary to determine the surface energy of the PEG homopolymers 

when dissolved in an aqueous medium such that the chains are fully hydrated, and are able to 

exhibit hydrophilic properties. Thus, contact angles measured with 50% PEG solutions yielded 

surface energies which were more in line with the expected polarity of the polymer.

Table 4 .8 shows the surface energy components for the different molecular weight PEG and PPG 

chains. PPG which represents the hydrophobic part of the poloxamer molecule, consists of a 

dominant dispersive component. If the chemical structure of PPG and PEG are compared, it can 

be seen that the only difference between the two polymers is the additional methyl group which 

PPG contains. This difference in chemical structure is the exact same difference which exists 

betwen the structures of PPO and PEO, which is why the two homopolymers, PPG and PEG were 

selected to mimic the hydrophobic and hydrophilic moieties of the poloxamer surfactants, 

respectively. However, PPG consists of a terminal hydroxyl group which is not present in the 

PPO chain and thus PPG is a more polar polymer and is therefore hkely to show deviant results 

because of this small change in structure. However, from the results shown in Table 4.8 it can 

be seen that the polar conçonent of the total surface energy value for the PPG polymers are 

nevertheless much smaller than the PEGs, revealing that PPG is still much more hydrophobic in 

nature than the hydrophilic PEG chains. A further indication of the more hydrophobic nature of 

the PPG polymers can be seen from the results in Table 4.9, which show the affinity of PPG and 

PEG to the two drug surfaces. Whereas the PEGs show a h i^ y  negative spreading co-efficient 

for both ibuprofen and ketoprofen, indicating that PEG is repelled strongly by both surfaces, in 

conçarison the PPGs overall, have a positive affinity for the surfaces. Therefore the results 

reveal that it is the relatively hydrophobic component of the poloxamer molecule which would 

preferentially adsorb to the hydrophobic drug surfaces with die hydrophilic chain remaining in 

contact with the solution. It can also be seen that, within error, there is a small but clear 

difference in strength of interaction of the two polymer chains to ibuprofen and ketoprofen where 

PPG shows a consistently higher affinity to ibuprofen and PEG is sh^tly less repelled by the 

surface. These results correspond to the findings in chapter three where adsorption of the
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poloxamer surfactants was always consistently higher on ibuprofen when compared to adsorption 

under the same conditions, onto the ketoprofen surface. An iiiçortant point which is highli^ted 

by results obtained in chapter three and the findings above, is that a small difference in surface 

nature of a solid, can have a greater influence on the adsorption process of the poloxamer 

surfactants.

Tables 4.10 and 4.11 show the affinity of water to the polymer chains and the drug surfaces, 

respectively. The affinity of water to PPG and PEG is very similar in terms of strength of 

interactions. It appears that the hydrophilic chain has no greater affinity to water than does the 

hydrophobic chain. Again, the high affinity of the PPG chain to water is an unexpected result 

since it would have been more appropriate for the hydrophobic chain of the poloxamer molecule 

to be repelled by the aqueous solvent and thus, provide a driving force for adsorption to the 

hydrophobic dmg surface. The positive spreading co-efficient for the PPGs with water seen in 

Table 4.10 further reinforces the fact that PPG is more polar than PPO and thus may not be such 

a good model in describing the behaviour of the hydrophobic segment of the poloxamer molecule 

during the adsorption process. However, Table 4.11 shows that water is strongly repelled by the 

drug surfaces. Therefore, these results lead to the conclusion that one of the deteimining factors 

for the extent of adsorption is the unfavourable interaction between the drug surface and the 

solvent which leads to adsorption of the poloxamer molecules onto the drug surface. Thus, from 

the interpretation of the surface energy data above, it can be seen that the reason for an increased 

affinity of the poloxarær surfactants to ibuprofen observed in chapter three, is the increased 

hydrophobic nature of the surface leading to greater repulsion of water. The unfavourable 

interaction between water and the drug surface facilitates the adsorption of the poloxamer 

molecules to the solid surface. Logically, the unfavourable interaction between the hydrophobic 

chain and the solvent is another reason why the poloxamer molecule adsorbs to the drug surface, 

however the results from this study were unable to show this behaviour.

No correlation was found between increasing molecular weight and surface energy components 

for each polymer series. Although there are many factors which affect the adsorption of 

poloxamer surfactants, within a specific series, the adsorption has been found to increase with 

increasing molecular weight, as has been discussed previously in chapter three. For a homologous 

series of polymers, such as PPG or PEG, the surface characteristics should change in accordance 

with a change in molecular w ei^t. Thus, logically it would be expected that a hi^ier molecular
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weight PPG chain should exhibit a larger dispersive component in comparison to a low molecular 

weight chain. However, the results obtained in this study do* not show this relationship (Table 

4.8). There is a possibility that the trend observed in chapter three of an increase in adsorption 

due to increasing length of the PPO chain, is a consequence of greater number of contact points 

which inçroves the anchoring abihty of the entire poloxamer molecule, and may have no affect 

on the surface energy components of the individual poloxamer chains. It appears that this method 

of investigation is better able to differentiate between the nature of the sohd surface and the 

relative affinities of each polymer to the drug surface. Thus, the results were able to show a clear 

difference in affinity of the PPG chains to the model hydrophobic surfaces and repulsion of the 

PEGs to the drug surfaces. Furthermore, the determination of surface thermodynamic parameters 

showed an increased affinity of the polymer chains to ibuprofen which was in agreement with 

adsorption data obtained in chapter three. The study conducted by van Oss and Constanzo (1992) 

were also able to differentiate between the affinity of the SDS chains to different surfaces, 

reinforcing the fact that the surface thermodynamic approach is a good method for predicting the 

interaction of polymeric chains to surfaces with varying energies.

The main reason why a study of this nature was unsuccessful in describing fully the adsorption 

process of the poloxamer surfactants is simply because it was impossible to measure the surface 

energies of the poloxamer molecules as a whole entity. Indeed, the surface energies of ah the 

phases involved in the adsorption process were assessed in separate experiments. Although the 

determination of the surface nature for each type of polymer in the poloxamer chain, can provide 

a good guideline in terms of affinity to a particular surface, the results cannot reflect totaUy, the 

behaviour of both chains when fused together to form one molecule. A further complication is the 

presence of two hydrophihc chains as opposed to only one hydrophobic chain in the molecular 

make-up of the poloxamer molecule. The competition existing between the attraction of the 

hydrophobic chain to the drug surface and the opposing force exerted on the entire molecule due 

to the repulsion of the hydrophilic chain was inçossible to be assessed by deterrcrining the surface 

energies of the individual chains. The nature of the competition between the PPG and PEG chain 

as well as the interaction of the solid surface and the solvent with each other and the poloxamer 

molecule are aU important factors that influence the adsorption process.
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C o n c l u s io n

The results obtained from this study were unable to explain the differences in adsorption seen 

between the various poloxamer surfactants, of differing molecular w ei^t and chain lengths. It 

was concluded at the end of chapter three that, regarding the adsorption behaviour of the 

poloxamer surfactants in terms of the individual chains was inaccurate, and a better relationship 

could be found if the ratio of the two chains were considered. A very similar conclusion can be 

made for this study. It may not be the molecular w ei^t of the individual chains alone that 

determines the extent of adsorption to a surface, but the combined or net effect of the two 

opposing chains. One of the factors determining the adsorption process of the poloxamer 

molecules seems to be the degree of repulsion of the hydrophilic chain to the drug surface, which 

acts to prevent the poloxamer molecules from adsorbing, whereas the unfavourable interaction 

between water and the drug surface creates a positive drive for the hydrophobic chain towards 

the adsorbing surface. No useful data could be obtained from this study which could describe the 

unfavourable interaction between the PPO chain and water which is another hqportant factor 

determining the extent of adsorption of the poloxamer surfactants to the drug surfaces.

The surface energy conçonents determined for the two model drugs used, ibuprofen and 

ketoprofen, show a clear difference in surface nature with ibuprofen being a relatively more 

hydrophobic drug. Surface thermodynamic parameters calculated for these dmgs with water 

(Table 4.11) also show that, within error limits, water shows a greater repulsion for the ibuprofen 

surface and this is a consequence of its’ increased hydrophobicity. Although the unfavourable 

interaction of water to the ibuprofen surface is only slightly greater than ketoprofen, this small 

difference has clearly affected the affinity of the poloxamer surfactants to the two different drug 

surfaces, as can be seen from adsorption data in chapter three. Thus, it follows that a small 

change in surface nature is sufficient to alter the adsorption behaviour of the poloxamer 

surfactants to a surface.

The use of PPG to mimic the PPO chain of the poloxamer molecule appeared to be unsuccessful 

because of the additional hydroxyl group in the PPG s chemical structure. Due to this small 

difference, the calculated affinity of this polymer with water and the drug surface did not yield 

the expected results. For example, PPG appeared to freely interact with water at 25®C (Table 

4.10), the terrçerature at which the measurements were made, whereas PPO is insoluble in water
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above 15°C. Therefore, it must be concluded that the model used in this study to attençt to 

explain the interaction of the poloxamer moleclues in terms of surface energy, could not 

accurately represent the hydrophobic and hydrophilic nature of the poloxamer surfactants.

It can be concluded from this study that adsorption of the poloxamer surfactants onto drug 

surfaces in a suspension system, is affected by all the conçonents which are involved in the 

formulation. Therefore, the extent of adsorption to a surface can be changed by altering the nature 

of the surface and the solvent, as well as varying the chemical structure of the surfactant 

molecule. Although no correlation was seen between the molecular weight of polymer chains with 

surface energy, clearly, from the hterature review presented in chapter one and three, the 

aggregation of poloxamer molecules as well as their adsorption is affected by the total molecular 

weight. However, it can also be seen that the adsorption process is a very complex phenomena 

which is controlled by several factors, simultaneously. For example, the results obtained for the 

adsorption of poloxamer surfactants, presented in chapter three, revealed that the highest 

molecular weight poloxamer (P338) yielded the lowest adsorbed amounts. Poloxamers P237 and 

PI 88 , which are much smaller molecules, showed much greater adsorbed amounts. P407, which 

is another high molecular weight poloxamer, yielded the highest quantities of adsorbed polymer, 

however this was attributed to a balanced ratio between the molecular weight of the two chains, 

with the total molecular weight of the molecule being only an advantage. Thus, an appropriate 

method to assess the adsorption phenomena of any surfactant onto a solid surface, when in 

contact with a particular solvent, should ideally, be one which is able to monitor the adsorption 

process as the reaction proceeds in a non-invasive manner, such that the measurement is taking 

place without having to separate the various corrponents in the system for the purpose of 

analysis.
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CHAPTER FIVE

Isothermal Titration 

Microcaiorime try

111



5.1 Intr o d u c tio n

In chapter three, the quantity of adsorbed poloxamer surfactants was measured on model 

hydrophobic drug surfaces. An attençt was made to relate the adsorption behaviour of the 

poloxamer surfactants to their physico-chemical properties such as the total molecular weight of 

the poloxamer molecule and the hydrophobic and hydrophihc chainlengths. Results obtained in 

chapter three revealed that the trend in adsorption behaviour of the various poloxamers studied 

did not show a clear relationship with increasing molecular wei^t of the poloxamer molecule 

and/or an increase in the length of the hydrophobic chain. Therefore, in order to shed more hght 

on the process, the interaction between the poloxamer surfactants and the drug surfaces, in terms 

of surface energetics, was studied in chapter four. Due to experimental limitations, the surface 

energy of the poloxamer molecule had to be assessed in two separate experiments, where the 

surface energy components of the hydrophobic and hydrophilic chains of the molecule were 

determined individually. Consequently, the interaction of the two polymer chains with the model 

drug surfaces, were also calculated separately. Although, useful information was obtained 

regarding the relative affinities of the hydrophobic and hydrophdic chains to the drug surface, as 

well as to the solvent, ideally, a method is required which can assess the adsorption of the whole 

poloxamer molecule to a sohd surface as the reaction proceeds. One of the disadvantages of 

determining surface interactions using the theory of interfacial phenomena is the fact that the 

surface energy components must be obtained for aU the individual conçonents involved in any 

reaction, in separate experiments. Once the required data are determined experimentally, the 

thermodynamics of the surface interactions can then be predicted by appHcation of the relevant 

equations. Thus, the adsorption behaviour of the poloxamers can only be predicted using a 

mathematical model. However, isothermal titration microcalorimetry (ITM), is a technique that 

could directly monitor the adsorption process of the poloxamer surfactants as the reaction 

proceeds, at real time and ambient tençeratures. ITM is a highly sensitive technique that is able 

to measure very small heat changes which are generated in a reaction process. The sensitivity of 

the technique allows the detection of enthalpies in the order of 10'̂  to 10'̂  Joules. Thus, in the 

foUowiug study, the adsorption of the poloxamer surfactants onto drug surfaces wiU be assessed 

and analysed using isothermal titration microcalorimetry.
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T he  principles o f  iso th er m a l  m icrocalorim etry

The most familiar thermal technique to pharmaceutical scientists is differential scanning 

calorimetry, in which transitions are induced in a sample by gradually changing the temperature. 

In isothermal calorimetry (microcalorimetry is often used sinçly to indicate the h i^  level of 

detection sensitivity), any heat produced or absorbed by a sançle is, ideally, conçletely 

exchanged with a surrounding heat sink. The heat sink is maintained at a constant tençerature. 

When a thermal energy change occurs in the sançle, a small tennperature difference is created, 

relative to the heat sink, and the heat is forced to flow, either to, or from, the heat sink. The 

magnitude of the temperature difference is directly proportional to the heat-flow. Very sensitive 

thermopiles are placed around the sample, and are used to measure and quantify the heat-flow. 

The potential generated by the thermopiles is then anplified and recorded as heat-flow (power) 

and is usually recorded as a function of time.

The microcalorimeter ençloyed for the work reported in this chapter, is a Thermal Activity 

Monitor (TAM, Thermometric AB, Sweden). The machine has four separate microcalorimetric 

channels and is therefore capable of running four experiments simultaneously. Each channel 

conprises two chambers; a reference charriber and a sanple chamber. Each chamber can accept 

glass vials (3mL capacity), stainless steel ampoules (4mL capacity) or, indeed, any ampoule 

designed to permit the study of specific reaction systems. Usually the reference chamber is loaded 

with an inert material, of similar heat capacity and of similar quantity to the sanple and the heat- 

flow for the sample side is conpared with the heat-flow (zero normally) from the reference side 

(differential mode). If the material used as the inert reference undergoes a very slow or 

unenergetic reaction, i.e is beyond the measurement capacity of the instrument, then it can be 

assumed to be producing no detectable calorimetric signal. The machine is calibrated by loading 

both chambers with identical anpoules and, after thermal equilibration has been achieved, the 

differential heat-flow is adjusted to read zero. The instrument is capable of recording data over 

a range of sensitivity scales, and must be calibrated separately for any particular setting. This is 

achieved using an electrical calibration. A known amount of heat passes into the sanple ampoule 

over a period of time and, when equilibration is achieved, the heat-flow recorded is adjusted until 

it matches the expected value.

In order to achieve the sensitivity and stabiHty required to measure accurately a small heat-flow
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over a period of time, the TAM must be maintamed at a constant tertçerature. This is achieved 

by immersing the four channels in a water bath, the bath beiug precisely thermostated to any 

desired terrperature, usually, 25“C with an accuracy of ±2xlO‘̂ “C. To aid stability further, the 

TAM is housed in an air-conditioned room, maintained at a constant temperature of 20 ± 0.1°C. 

Such an environment allows the TAM to maintain a base-line stability of ±0.1/iW.

AU chemical and physical processes result in a heat change, and consequently the 

rnicrocalorirneter can, in principle, be used to monitor any process. The output of the calorimeter 

is the rate of change of heat as a function of time. The syrhbol for heat is q, so this is represented 

as dq/dt as a function of time. The units of dq/dt are those of power (J s*̂  = W), so the output is 

sometimes referred to as a power-time curve (or p-t curve). The calorimetric response is a 

function of the enthalpy of the studied process, the kinetics and the concentration of reactants. It 

foUows, that the calorimetric output can provide information on thermodynamics and kinetics 

(mechanism), and is quantitatively analytical. The yield of the experiment is thus rich in 

information, and this is one of the great strengths of the calorimetric technique. However, there 

is a concern about the non-specificity of calorimetric experiments. As most processes (physical 

or chemical) produce heat, it foUows that almost any process can be monitored using this 

mstrument; however it is very easy to foUow artifacts. For example, a drug suspension being 

stirred in a ceU could produce a measurable enthalpy change due to movement of the solid 

particles. The resultant change in enthalpy could be misinterpreted to be a change in the actual 

reaction process. Thus, it is hrportant to control the experiment adequately and also have a good 

understanding of the practical workings of the instrument as well as the reaction process, such 

that the operator can recognise a false-positive calorimetric output.

Is o t h e r m a l  tttratiqn  m ic r o c a l o r im e t r y

The microcalorimetric titration system is one of the range of specialised units which can be 

inserted into a channel of the TAM (see Fig 5.1.1 for diagram of titration unit). The unit is 

designed specifically for use within a standard calorimetric channel operating in the TAM. This 

type of insertion ançoule operates in an 'open system’ where experimental conditions can be 

manipulated during a run. For closed reactions, such as stability testing and conçatibUity studies, 

a glass or steel ançoule is filled with reactant and sealed. The ançoules can then be lowered into 

the channel and left undisturbed for the duration of the experiment. However, in experiments
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which require the periodic introduction of aliquots of reagents, the ançoule is attached to the end 

of a calorimetric titration unit. This assembly when lowered into the TAM, allows the periodic 

addition of titrant into the reaction ampoule, during the course of the run, such that when the 

liquid enters the ampoule it will be equilibrated to the required temperature.

In a titration experiment, the sauqple, either a liquid or suspension, is held in the reaction ampoule 

and stirred continuously during the experiment. The titrant, which is the sanple to be added to 

the reaction ampoule, is held in a syringe, outside the instrument. The syringe is housed within 

a temperature controlled box, that pre-equilibrates the sample before it enters the TAM. A fine 

bore stainless steel cannula is attached to the end of the syringe and fed through a thin tube, until 

the end of the cannula rests within the reaction ampoule. The tube throu^ which the cannula is 

fed, is in contact with the sides of the channel walls. Thus, the liquid within the cannula is 

exchanging heat with the surrounding water bath, therefore when the sample finally reaches the 

reaction ampoule it will have attained the required temperature of the system, thus maintaining 

the sensitivity and stability of the baseline.

DigitamT^ software automates the titration experiment where it activates the motor driven syringe 

pump, to deliver pulses of titrant in volumes as low as 1-2fiL. The operator can select a desired 

experimental method which is programmed into the software, to control the time between each 

addition of titrant.

B r ie f  o v e r v ie w  o f  c h a p t e r  f o u r

In the following chapter, the study of the adsorption of poloxamer surfactants onto model drug 

surfaces using the technique isothermal titration microcalorimetry (ITM), is divided into three 

sections. The main reason which led to the thorou^ investigation of this subject stems from the 

fact that there is very little documented information regarding the use of ITM as a tool to study 

the adsorption process of the poloxamer surfactants. Wesemeyer et al (1993) looked at the 

adsorption of poloxamers P407, P338 and PI88  onto polystyrene latex particles using ITM. 

Apart from this paper, there have been very few publications on this subject. Therefore, before 

the adsorption of the poloxamers could be measured iu the microcalorimeter, a series of necessary 

experiments were performed in order to validate the entire process.
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In section 5.2, the CMC and enthalpy of miceUization of sodium dodecyl sulphate (SDS)

was determined in the microcalorimeter. SDS is one of the few surfactants that has been well 

characterised using ITM, thus it is good practice to measure parameters such as the CMC and 

A^nic to ensure that the operator is handling the equipment in the correct and appropriate manner 

such that previously well documented values can be reproduced.

The CMCs of various poloxamer surfactants have been studied using many different techniques 

(see section 5.3), although it has been found that there is inconsistency in the literature. However, 

the measurement of the CMCs of the poloxamer surfactants using ITM cannot be found to be 

documented anywhere in the hterature. Thus, the next logical step was to attençt to reproduce 

hterature CMC values, of the various poloxamer surfactants studied, to ensure that the heat 

changes which occurred during the micehisation process of the poloxamer surfactants was 

detectable in the microcalorimeter. Therefore, in section 5.2, the development of the method used 

to measure the heat changes for the poloxamers when added to the reaction vessel, wÜl be 

described. Because ITM is such a sensitive technique, it has been found that the experimental 

method used, can vary when the reacting substance is changed. It was found that the experimental 

method used to measure the CMC of SDS, was unsuccessful when applied to the poloxamer 

surfactants. Therefore it was necessary to devise a new method by which the CMC and 

thermodynamic parameters of the poloxamers, could be obtained. The new experimental method 

was then validated by reproducmg the CMC and A^ îc of SDS.

Once the appropriate method was developed for the measurement of enthalpy changes for the 

poloxamers, the next series of experiments involved the determination of their CMCs. The CMC 

values were compared to the literature, in order to ascertain whether the measured results agreed 

with the expected values. These experiments are described in section 5.3.

Once the titration method and technique was found to be satisfactory, the final study consisted 

of an investigation into the adsorption of the poloxamer surfactants onto model hydrophobic drug 

surfaces. From the calorimetric output, thermodynamic parameters could then be obtained which 

provided quantitative information about the relationship between the adsorption behaviour and 

the physico-chemical properties of the poloxamers, this is described in section 5.4.

116



s tir re r  m otor

Titration tu b e  fo r can n u la

Port not In u se

Port not in u se
M ain tube

H eat sink

A m poule lid. flat - to p p ed
Titration s tia tt (c lo se d  ofT)

-T u rb in e  or p rcpellar stirrer4m Tor 2ml am pou le

Figure 5.1.1: (Left) A schematic 
diagram of a titration unit which 
is inserted into a channel of the 
TAM.

Figure 5.1.2: (Below) Diagrams a-c show the three stages involved in lowering the titration 
unit into the final resting position (see section 5.2 for further explanation).
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D eterm ination  o f  the  cm c  a n d  en th a lpy  of  m icellisation  o f  sd s

There are several recently published references which have described the micellisation process 

of the anionic surfactant, SDS using ITM (Paula et al 1995, Wang and Olofsson 1998, Fox et 

al 1997 and Gu et al 1996). The reason why researchers have taken such an enthusiastic interest 

in SDS is because the transition of SDS molecules from monomers to micelles is very well 

defined and occurs over a narrow concentration range, and thus is easily detectable in the 

microcalorimeter. Therefore for this study SDS has been used used as a standard to ensure that 

the operator can handle the equipment appropriately, and be able to accurately interpret and 

analyse the raw calorimetric data, to extract the required thermodynamic parameters.

E x p e r im e n t a l  p r o t o c o l

The method used for the titration of a concentrated miceHar SDS solution in water has been taken 

from Patel (1999). Titration experiments were performed in the TAM microcalorimeter 

(Thermometric AB, Jarfaha, Sweden) using the Thermometric 2250 series titration unit which 

is specially designed to slot into the sample channel of the TAM. The design and operating 

principles of this instrument were detailed at the beginning of this chapter. Data was collected 

using the dedicated software package, Digitam 4.1.

A 4mL stainless steel ampoule was filled with a known quantity of water, the unit was then 

carefully assembled and lowered into the TAM. The water was continuously stirred using a 

stainless steel turbine stirrer, set at 60rpm. The stirring rate was selected such that the speed was 

fast enough to provide sufficient mixing of subsequent additions of injectant, but did not create 

significant baseline noise. The stainless steel reference ampoule was filled with the same quantity 

of water as the sample, and lowered into the reference chamber. The titration unit was lowered 

in three stages. This lowering procedure is necessary in order to avoid large or sudden 

disturbances in the thermal equilibrium of the instrument. Thus, the unit is only partially inserted 

upto the first heat sink and left undisturbed until baseline is attained indicating that thermal 

equilibrium has been estabhshed. This procedure is repeated a further two more times, until the 

unit rests conçletely in its’ lowering position. Figure 5.1.2 illustrates this lowering procedure, 

diagrammaticaUy.
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A 250/xL syringe, held outside the TAM was filled with a concentrated micellar solution 

(247mM) of SDS. A thin fine bore cannula was attached firmly to the tip of the syringe with the 

other end being carefully inserted down through the titration shaft and into the ançoule, until the 

tip of the cannula rested above the surface of the hquid. Data collection was then started, using 

Digitam4.1., for the purpose of monitoring the baseline. When thermal equihbrium was achieved, 

ensuring that the noise of the signal was within the acceptable limits of ±0.1/i W, the baseline was 

then adjusted to zero. The instrument was electrically cahbrated at a sensitivity setting of 30/t W. 

20 injections of lO/iL ahquots of solution were added at 60 min intervals. An interval of 60 

minutes between each injection allowed the microcalorimeter to respond to the change in enthalpy 

due to the addition of 10/i L of SDS solution, and retumback to baseline before the next injection.

Preperation of SDS solution: In order to monitor the enthalpy changes associated with pre- and 

post- micellar behaviour of SDS in the TAM, the concentration of SDS used for the titration 

experiments would have to be selected such that it was above the CMC of the surfactant. 

Therefore, a concentrated solution of SDS was prepared by accurately weighing out the SDS 

(0.713g) and adding to de-ionised water ( 1 OmL). The solution was stirred for a few minutes until 

complete dissolution and stored at 25°C.

D a t a  ANALYSIS

Power-time data collected by Digitam 4.1. was imported into the corr^uter programme. Origin 

(Microcal Software Inc. U.S.A.). This programme enables each injection peak to be analysed by 

integration. The area under the peak is equivalent to the change in enthalpy produced due to the 

addition of that particular injection.

R e s u l t s

A typical power-time curve for the dilution of a concentrated solution of SDS in water, is shown 

in Fig 5.2.1. An inçortant point to be noted about the microcalorimetric output is the direction 

of the peaks in relation to the flow of energy through the Peltier elements. When an exothermic 

reaction occurs in the sample chamber, heat is generated and therefore, because of the 

temperature difference that arises due to excess energy present in the sample chamber, heat will
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flow out of the reaction ampoule and into the surrounding water bath until thermal equilibrium 

is once again established. The microcalorimetric output wdl then register this heat flow as a 

positive peak. Therefore, if an endothermie reaction occurs, such as can be seen for SDS in Fig 

5.2.1, the heat flow, with respect to the Peltier elements, wdl be negative (heat flow into the 

sample chamber) and so the microcalorimetric output wÜl show a negative peak.

Each peak in Fig 5.2.1, corresponds to the addition of an injection, thus, there is a total of twenty 

injections displayed in the power-time curve. The first few injections represents the enthalpy 

change due to deaggregation of the micellar surfactant solution. As the concentration of SDS 

increases in the reaction ampoule with further additions, the CMC is reached. The enthalpy 

change around the CMC appears to be the greatest and can be seen in Fig 5.2.1 as the largest 

peaks. Thereafter, any further injections of the surfactant solution will not produce large changes 

in enthalpy and this is because the micellar solution in the syringe is now being added to a 

solution of micelles in the reaction ampoule.
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Figure 5.2.1: A power-time curve obtained for the titration of a 247mM SDS solution into 
water at 25“C.
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In order to obtain the enüialpies of reaction for each injection, the peaks were integrated usmg the 

method explained above. Figure 5.2,2 shows the reaction enthalpy for each injection peak with 

increasing concentration in the ampoule, and the determination of the enthalpy of micellisation 

of SDS. The CMC of the surfactant can then be obtained by plotting the cumulative 

reaction enthalpies against concentration in the ampoule, as shown in Figure 5.2.3. It is the 

inflection point of this curve which corresponds to the CMC and this point can be highlighted by 

calculating the first derivative of the cumulative enthalpy curve (Fig 5.2.4).
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Figure 5.2.2: The reaction enthalpy for each lOpL injection of SDS with increasing 
concentration of surfactant in the ampoule. The enthalpy of each injection was obtained by 
integration of the peak areas from the power-time curve displayed in Fig 5.2.1. The enthalpy 
of micellisation (A H ^  can then be determined from the upper and lower limits of this curve, 
indicating the total change in enthalpy for the reaction process. The reaction enthalpies for 
dilution of SDS in water have been corrected to show endothermie reactions as positive 
values.
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Figure 5.2.3: The cumulative reaction enthalpy of SDS with increasing concentration of the 
surfactant.
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Figure 5.2.4: The first derivative of the cumulative enthalpy curve fo r SDS. The highest point 
on the maxima^ corresponds to the CMC of SDS.
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CMC (mM) A#m,, (Mmol') Reference

7.96 ± 0.03 -1.68 ±0.04 This study

8.2 ± 0.2 -0.75 ±0.02 Patel (1999)

8.4 ± 0.4 -0.20 ±0.05 Johnson and Olofsson (1987)

0.60 Meagher et al (1998)

8.0 -0.02 Paula et al (1995)

Table 5.2.1: Comparison of the CMC and AH ^ of SDS determined from this study, with 
values obtained from the literature.

D is c u s s io n

The determination of the CMC and at 25®C for the anionic surfactant, sodium dodecyl 

sulphate, using isothermal titration microcalorimetry, is shown in Table 5.2.1. It can be seen that 

the CMC and were very reproducible to within a very narrow error level. The AĤ ic of 

SDS is very close to zero. Paula et al (1995) claim that because the A ^ ,. for SDS is close to 

zero, the break point of the curve in Fig 5.2.2 is not so clear, leading to inaccurate calculations. 

The argument presented by Paula et al (1995) may explain the reason why there is such variation 

in the literature. Furthermore, another reason why there is a possible difference in A/Ẑ  ̂of SDS 

in the hterature, is the probability that different experimental methods may be used which would 

cause a slight change in the final value obtained. Nevertheless the values obtained in this study 

are stiU in reasonably good agreement with hterature values.

From the data obtained in this study so far it can be seen that ITM has been used successfully to 

reproduce the CMC and AZẐ c of SDS. Since the results obtained were satisfactory, it was now 

possible to continue the study by measuring the CMC and thermodynamic parameters for the 

poloxamer surfactants. Below, the step by step procedure will be presented, by which the ræthod 

was developed to obtain these measurements.
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D evelo pm ent  o f  experim ental  m eth o d  for  th e  po lo x a m er  su r fa c t a n t s

Before the adsorption of the poloxamer surfactants onto hydrophobic surfaces could be studied 

in the TAM, it was necessary to measure the CMC of these surfactants. The importance of 

measuring the CMCs of the poloxamers was two fold. Firstly, the dilution of the surfactant in 

water without the presence of drug, was required as a control experiment for the adsorption 

studies. Secondly, because there is no information available in the literature, regarding the 

measurement of the CMCs for these surfactants, using ITM, it was necessary to firstly be able 

to reproduce a known value such as the CMC, before measuring more corrçlex enthalpies of 

adsorption. The CMC of the poloxamers are well documented in the hterature, and have been 

measured widely using various techniques (see section 5.3). Therefore, if this value could be 

generated and reproduced in the microcalorimeter, then further adsorption studies could be 

considered more accurate and rehable.

Since the microcalorimeter is such a sensitive technique it follows that the response of the 

instrument is highly system dependent. Thus the experimental method required to measure certain 

values can differ considerably between varying systems. Therefore, in order to obtain clear and 

precise data from the microcalorimeter, usually some exploration is required to determine the 

most optimum settings. Often, it can be found that the most time consuming part of a study in 

titration microcalortimetry, is the development of the experimental method, for a particular 

system, and once this has been established, generation of further useful data is very simple and 

quick. Therefore careful reporting of the procedures and methods involved in obtaining the data, 

is essential as the method wÜl effect the results that are obtained.

P r e l im in a r y  s t u d ie s  w it h  t h e  p o l o x a m e r  s u r f a c t a n t s

To begin with, the same method used to measure the CMC of SDS was also applied to the 

poloxamers. It was found that the enthalpies of dilution for the poloxamer surfactants were 

greater than SDS. Figure 5.2.5 shows an example of a power-time curve for the titration of 

poloxamer P407 into water, where the arrçhfication setting has been kept at 30fi W. It can be seen 

that the upper portion of the peaks have not been displayed. The amphfication setting that the 

microcalorimeter is adjusted to, determines the maximum enthalpy that the iostrunxnt can 

register. Since the first few injections of a concentrated solution of the poloxamers yielded
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enthalpies of greater than 30/iW but less than 100/xW, for the following experiments the 

microcaloiimeter was calibrated at a lower amplification setting i.e 100/i W, which was found to 

be more appropriate. Figure 5.2.6 shows the power-time curve obtained as a result of the change 

in amplification setting. In this series of experiments, it was found that the microcalorimeter was 

now registering the whole peak satisfactorily, however, as can be seen, there is no clear break 

point in the peaks which would indicate the position of the CMC. This result was very different 

to the titration peaks obtained for SDS in Fig 5.2.1, where the peaks show a dramatic change 

around the region of the CMC. Analysis of the data obtained in Fig 5.2.6, did not yield a correct 

CMC for the particular poloxamer surfactant examined. It was found that on repeating the above 

experiment for all the poloxamer surfactants being investigated, the same result was obtained. 

Thus, in response to the unclear titration peaks obtained from the preliminary studies of the 

dilution of the poloxamer surfactants in water, a systematic study was carried out in an attempt 

to irrprove the quality of the titration peaks.
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Figure 5.2.5: Microcalorimetric titration experiment of a concentrated solution (13.2%w/v) 
of poloxamer P407, with a fu ll scale power value of30pW.
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Figure 5.2.6: Microcalorimetric titration experiment of a concentrated solution (13.2%w/v) 
of poloxamer P407, with a full scale power value of 100 pW.

A d ju s t in g  t h e  in je c t io n  v o l u m e

The cannula through which the solution is injected, rests above the surface of the water in the 

ançoule. If the concentrated surfactant solution is free flowing, such as the SDS micellar 

solution, then all the hquid punned out of the cannula wdl drop down into the water. However, 

concentrated micellar solutions of the poloxamer surfactants are non-Newtonian, viscous Hquids 

and therefore there is a possibility that the total volume injected wdl not fad down, and some wdl 

remain clinging to the tip of the cannula. Consequently, the foUowing injection wdl be greater in 

volume as the excess solution remaining at the end of the cannula wdl fad off due to the weight 

of the next injection volume, giving rise to a succession of smad peaks fodowed by anunnaturady 

large peak (see Fig 5.2.6). To overcome this problem, the injection volume was adjusted to ensure 

that either one or two whole drops were ejected from the cannula, such that no excess solution 

remained behind. However, no inçrovement was seen to the shape of the titration peaks and they 

appeared very simdar to those shown in Fig 5.2.6. The main reason why changing the injection 

volume was unsuccessful is because the adjustment took place when the cannula was outside the 

microcalorimeter so that it was possible to visuady observe the formation of a whole drop. 

However, the temperature of the room in which the TAM is housed is maintained at 20“C which
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is five degrees below the working tençerature of the TAM. Thus, when the cannula is mseited 

into the microcalorimeter, the solution within the cannula wiU expand in response to the higher 

temperature. Therefore, it is not possible to accurately estimate the formation of a whole drop of 

solution once the cannula is inside the TAM.

R e m o v a l  o f  t h e  st ir r e r

Another possible reason for the lack of a clear break point in the titration peaks, could have been 

due to excessive turbulence caused by the stirrer. Therefore, in the next series of experiments, the 

stirrer was removed and the titration experiment proceeded, unstirred. However, again the 

titration peaks obtained were very similar to those displayed in Fig 5.2.6, with no improvement 

observed in the sequence of the peaks. The experiment was repeated for all the poloxamer 

surfactants under investigation, with the same response occurring each time.

C a n n u l a  b e l o w  t h e  s u r f a c e  o f  t h e  u q u id

The previous studies described above, highUghted the fact that the concentrated poloxamer 

solutions were very viscous and consequently, even though a known volume of solution was being 

dispensed from the cannula, a uniform amount was not entering the water each time. Therefore, 

the next logical step was to place the cannula under the surface of the water, rather than being 

suspended above. This would ensure that all the solution dispensed from the cannula would now 

enter the water, and thus, the viscosity of the solution would no longer remain a problem. Hence, 

any changes observed in the appearance and sizes of the peaks would be indicative of a change 

in enthalpy due to aggregation of the surfactant molecules. It was found that when the solutions 

were being stirred, and the cannula was placed below the surface of the liquid, again there was 

no dramatic decrease in the peak sizes around the CMC and the peak areas were very simdar in 

magnitude. Stirring of the mixture appeared to create a great deal of turbulence, creating 

unnecessary generation of heat. However, when the experiments were repeated with the cannula 

below the surface but this time without the presence of the stirrer, a dramatic change in the 

titration peaks were observed, with a break point around the CMC of the surfactant. 

Consequently though, the length of time between injections had to be increased to 90mins to 

accommodate for complete ddution and mixing without the aid of a stirrer.
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Figure 5.2.7 shows an example of a titration experiment using the above method. It can be seen 

that peaks are positive, indicating that the aggregation of the poloxamer molecules is a net 

exothermic reaction. Furthermore, the pattern of the peak shapes differ from the titration peaks 

obtained for SDS, the most likely reason being a combination of the change in experimental 

method as well as a difference in solution behaviour of the two different types of surfactants. The 

enthalpy change for the poloxamers decreases considerably until a point is reached where the 

peak h eists  plateau. The region just before the plateau begins, is the CMC of the investigated 

poloxamer.

In order to vahdate the new experimental method, SDS was titrated using exactly the same 

concentrated solution (247mM) and injection volume (10/tL) as described above, but with the 

cannula under the surface of the hquid and without stirring the mixture (Fig 5.2.8). The resulting 

CMC and obtained after analysis of the results was in good agreement with the previous 

values obtained using the original experimental method (see Table 5.2.2). Therefore it follows 

that, using the new experimental method, it is possible to measure the CMC and thermodynamic 

parameters of other types of surfactants as well as the poloxamers.
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Figure 5.2.7: Power-time curve obtained for the dilution o f a concentrated (13.2%w/v) 
solution ofP407 using the developed titration method where the solution remained unstirred 
and the cannula was inserted into the liquid.

129



%
-10 -

I -20
oOu

-30

10 15

Time (hrs)

20 25

Figure 5.2.8: Power-time curve for the titration of a concentrated (247mM) solution of SDS 
into water using the newly developed experimental method. This experiment was conducted 
for the purpose of validation.

Surfactant Conventional Method Developed Method

CMC (+SEn=3) ^ ^ m ic  (±SEn=3) CMC (±SEn=3) {±SEn=3)

(mM) (kJ mol*) (mM) (kJ mol*)

SDS 7-96 (+0.03) - 1.68 (±0.04) 7-94 (±0.05) ■"1-21 (±0.06)

Table 5.2.2: Comparison of CMC and A H ^  values obtained using the two different titration 
methods.

C h a n g e  in  d a t a  a n a l y s is  f o r  d e v e l o p e d  m e t h o d

A consequence of developing a new experimental method, was the fact that the analytical 

procedure which has to be applied to the microcalorimetric data to obtain the final result, also
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required altering. To date, there is very little published information available which describes a 

microcalorimetric titration method where the cannula is placed under the surface of the liquid. 

However, this may not n^an that it is a novel idea, but researchers may not have considered it 

necessary to explain this minor detail. Clearly though, the shape of the titration peaks can be 

altered with respect to the position of the cannula, without altering the surfactant system in use. 

Therefore, it appears necessary to describe the change in data analysis procedure, such that the 

information can be useful to other researchers investigating the CMC of surfactant systems in the 

microcalorimeter.

As can be seen in Fig 5.2.2 and Fig 5.2.8, the reaction enthalpy curve for an experiment 

conducted with the cannula above the hquid and the cannula below the surface of the hquid, 

respectively, differs in shape. Therefore, the cumulative enthalpy curves for the respective 

methods also vary in shape. When the cannula is above the hquid, the resulting cumulative 

enthalpy curve for the corresponding titration experiment forms an S-shaped curve. The first 

derivative of an S-shaped cumulative enthalpy curve (Fig 5.2.4), yields a clear peak which 

corresponds to the CMC of the surfactant. However, for titration experiments performed, with 

the cannula being placed under the surface of the hquid, the cumulative enthalpy curve wUl 

appear as shown in Fig 5.2.9b. The first derivative of the cumulative enthalpy curve, which can 

be seen in Fig 5.2.9c, does not yield a peak. However if the second derivative of the cumulative 

enthalpy curve is taken, then as can be seen in Fig 5.2.9d, a clear peak is obtained and the 

niinimum point on the derivatised plot, corresponds to the CMC. As can be seen, the CMCs 

determined by both data analysis techniques are in excellent agreement (Table 5.2.2). Therefore 

it fohows, that the shape of the reaction enthalpy curve obtained from a microcalorimetric 

titration experiment is dependent on the experimental method used, as well as the type of 

surfactant being investigated. Thus, the titration of SDS using the two separate experimental 

methods also yielded two different reaction enthalpy curves. Due to differences in the shape of 

the resulting curves, for microcalorimetric data obtained using the new method, it was found that 

the second derivative of the cumulative enthalpy curve yielded the CMC. However, there was no 

loss to the quality of the data because both techniques, within a very narrow error level, supplied 

the same result.

131



14-,

1 0 -

^  OB-

00

Concentration (mM)

- r  6

Concentration (mM)

5 i

CMC = 7.99 mM

C oncentration  (mM)Concentration (mM)

Figure 5.2.9: Graphs a-d show the step by step analysis of the raw calorimetric data fo r the 
dilution of SDS into water. The power-time curve from which this data is obtained can be 
seen in Figure 4.8. a) Reaction enthalpy for each injection as a function of concentration in 
the ampoule, b) Cumulative reaction enthalpy curve c) First derivative of the cumulative 
reaction enthalpy curve d) Second derivative of the cumulative reaction enthalpy curve 
yielding a peak which corresponds to the CMC of SDS.

D y n a m ic a l l y  c o r r e c t e d  d a t a

The main disadvantage of heat conduction calorimeters is their slow thermal response, usually 

expressed in terms of a high time constant, x. The measuring time for a ‘fast’ process may thus 

be much longer than the duration of the actual reaction. In particular when a calorimeter is used 

in a step-wise titration experiment, a large x-value may lead to an inconveniently long 

experimental period. The x-value for the TAM used in these experiments is approximately 120s. 

Therefore, the time required for 99.9% of the heat evolved in a reaction process to leak from the 

reaction vessel to the heat sink is, 7 x (Aïo.5 -  x ’ In 2, where Ato.5 is the half-time of the
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exponential decay of the thermopile potential) (Bastos et al 1991). As an example, the time 

between each injection for a concentrated poloxamer solution is 90mins, which consists of a 

45min injection time interspaced with a 45min baseline observation period before the next 

injection is initiated. Thus a typical titration experiment for the poloxamer surfactants, involving 

25 injections will then require between 35-40hrs to be conçleted.

To overcome the problem of a slow thermal response by the microcalorimeter a function is 

available which can be used for the purpose of titration experiments, where step-wise injections 

can be made under conditions whereby thermal equilibrium has not been attained between each 

titration step. This new technique is termed a ’dynamic correction’ procedure (see Randzio and 

Suurkuusk 1980 for the theory behind this process). Prior to the experiment starting a dynamic 

caUbration is performed on the measuring system in use. During the calibration, the response of 

the measuring system to two known power values is stored in memory as two time constants. In 

practical terms, for a dynamic cahbration, the calibration resistors are first supplied with 40% 

of the selected full scale power value for a fixed time. This is then increased to 95%, and the 

response rate of the system stored in memory. The calibration proceeds automatically until 

enough information has been taken into the memory. The output signal from a thermal event 

during an experiment is corr^ared to the stored data and a dynamic correction is made. Basically, 

the thermal response can be predicted using the stored information from the dynamic calibration, 

and thus the time taken to form a complete peak is reduced considerably, without loss of accuracy 

and quantitative information.

Figure 5.2.10 shows a titration experiment which has been performed using the fast ’dynamic’ 

procedure, and the corresponding peaks from the same set of data which has not been dynamically 

corrected. By apphcation of the dynamic correction procedure, the total time between each 

injection was reduced to approximately lOmins, with a total experimental time ranging from 5 - 

6hrs, (the time, however, can vary between different surfactants investigated) as conçared to 

90mins between injections for those experiments where the data remained uncorrected. It is clear, 

therefore, that a dynamic correction procedure can reduce the experimental time considerably, 

thereby increasing the efficiency and productivity of the output. The CMCs and thermodynamic 

parameters determined fromboth ’fast’ and ’slow’ experiments were in good agreement with each 

other (Table 5.2.3 and 5.2.4), showing that the dynamically corrected data does not alter the 

enthalpic output for a particular system
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Table 5.2.4 shows a conparison of the results obtained for poloxamer P407, by the two 

experimental titration methods. As can be seen, the poloxamer content has been expressed in 

terms of the mass of sample used with reference to the solvent, whereas the concentration of SDS 

has been expressed in molar terms. The molecular weight of the poloxamers surfactants are 

polydispersed and therefore there is a great diversity in one particular batch of surfactant. 

Furthermore, hterature values found for the molecular w ei^t of the poloxamer surfactants vary 

considerably and thus the pubhshed CMC values are often expressed as the percentage of mass 

per unit volume of solvent. Thus, in order to be more consistent with the hterature, the 

concentration of the poloxamer surfactants have been expressed as above. Another difference that 

can be noted in Table 5.2.4, is the use of heats of dilution (AZ/du) rather than AZ/̂ ic. Although 

vahdation of the developed titration method has shown that the AZẐ ic of S DS could be reproduced 

satisfactorily, since there is no pubhshed data of this value, using ITM, for the poloxamer 

surfactants, the use of the enthalpic terms have been apphed with more caution. Further 

explanation of this matter can be found in section 5.3 of this chapter.
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Figure 5.2.10: Power-time curve for the microcalorimetric titration of a concentrated 
(247mM) solution of SDS. The peaks displayed have been formedfrom dynamically corrected 
data. The first peak seen in the series is due to the dynamic calibration which proceeds 
automatically once the experiment has been initiated by the operator.

134



Raw Calorimetric Data Dynamically Corrected

Surfactant
Data

CMC (±sEic3) ^ ^ m ic  (±SEn=3) CMC (±sEn=3) ^ ^ m ic  (±SE«=3)

(mM) (kJ mol*) (mM) (kJ mol*)

SDS 7*94 (̂ 05) “ 1.21 (±0.06) 7.93 (±0.02) “ 1 68 (±0.04)

Table 5.2.3: Comparison of CMC and A H ^ for SDS, obtained from raw calorimetric data 
and dynamically corrected data.

Raw Calorimetric Data Dynamically Corrected

Surfactant
Data

CMC (±se jb3) AHji] (±SE«=3) CMC (±SEn=3) A^dil (±SEi>=3)

(%w/v) (kJ mol'*) (%wA )̂ (kJ mol*)

P407 0.86 (±0.03) 140.36 (±3.5g) 0.84 (±0.04) 137.10 (±2.28)

Table 5.2.4: Comparison of CMC and AH^a for poloxamer P407, obtained from raw 
calorimetric data and dynamically corrected data.

S u m m a r y

The study which has been presented above has described in detail the development of a new 

microcalorimetric titration method by which the CMC and thermodynamic values for the 

poloxamer surfactants can be determined in the TAM. It is iiryortant to note that the developed 

method has not been found to be better than the conventional experimental method, since the 

values reproduced for the anionic surfactant, SDS were found to be similar for both techniques. 

However, the use of the developed method has been found to be more successful for a variety of 

different surfactant systems being measured and is thus more flexible. It is impossible to state that 

this method is successful for all surfactant systems, but it is highly probable that for large 

molecular weight, nonionic surfactants consisting only of polymeric chains, which form viscous 

solutions at high concentrations, the new developed method would probably be the only option
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available by which various parameters can be assessed in the microcalorimeter. However, 

surfactants such as SDS that are much smaller in molecular weight and do not form thick, 

viscous solutions at h i^  concentrations, it would appear that both methods can be used to 

produce the same end results.

Bastos et al (\991) demonstrated the advantage of using dynamically corrected data over the 

conventional, slow method of measuring heats of reactions, to reduce the experimental time for 

thermopile conduction calorimeters. The titration experiments were conducted using theBa^^ 18- 

crown-6 test reaction recommended by Briggner and Wadso (1991) which is a standard reaction 

performed in titration experiments for the purpose of chemical cahbration. In the case of the study 

described above, SDS was selected as the standard. The many advantages of using SDS for this 

specific study include the fact that it is a surfactant itself and therefore is of a similar nature to 

the system that was being measured i.e the poloxamer surfactants. Thus, it follows that for the 

purpose of studying surfactant systems using titration microcalorimetry, the use of SDS as an 

experimental standard is a much more reaUstic and practical approach.

It must be stressed that the experimental titration method developed is not necessarily a novel 

approach. It is possible that workers in previous years have continually titrated solutions with the 

cannula below the hquid surface, or have used dynamic corrections on their data (since the 

dynamic correction is a function which is available in the TAM), however the advantages of using 

these methods have only been highhghted by the measurement of very complex surfactant 

systems, such as the poloxamers, in the TAM. The obtained standard errors for CMCs and 

thermodynamic values of both SDS and P407, show that the titration microcalorimetric technique 

is sensitive enough to accurately measure and reproduce data for many different systems ranging 

from small surfactant molecules to much more complex and impure mixtures such as the 

poloxamer.
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5.3 Oeferminafion of CMCs 

and Micellisation 

Thermodynamics o f the 

Poloxamer Surfactants
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Intr o d u c tio n

The characterisation of the physicochemical properties of the poloxamer surfactants has been well 

documented in the hterature and has provided a rich source of discussion for the last 30 years. 

A fundamental parameter, to which much of the hterature is devoted, is the critical micehe 

concentration (CMC), defined as the concentration of polymeric material at which miceUes 

(thermodynamicahy stable aggregates consisting of a nurriber of oriented molecules) begin to 

form Conpared with conventional low molecular weight amphiphiles, the composition of a block 

copolymer leads to an inherent increase in the complexity of the miceUisation process. A 

copolymer with a narrow molecular weight distribution could have an appreciable polydispersity 

and, accordingly, no sharp CMC has ever been observed for a block copolymer (Alexandridis et 

al, 1994). In practice therefore, a CMC range is usuaUy detected, with a notable degree of 

uncertainty. A large difference in the CMC values determined via different techniques may often 

be noted, because of the sensitivity of the techniques to the nurriber of molecularly dispersed 

copolymers (unimers) present in solution. Differences in the reported values determined via the 

same technique may be because of a lack of sufficient tençerature control or batch to batch 

variations (Linse and Malmsten 1992).

The study of the physicochemical properties of the poloxamer surfactants has been of great 

interest to many investigators and consequently there is a vast quantity of information available 

in the hterature. However, controversial results obtained between different research groups leads 

to ambiguity and confusion over the true behaviour of the poloxamer surfactants in solution. It 

could be said that the greatest uncertainty in the hterature is over the CMC of the poloxamers and 

this WÜl be discussed in more detaÜ below. The number of techniques that have been employed 

to determine the CMC of the poloxamer surfactants is large, with many groups conducting simÜar 

experiments with different polymers. However, to date, there have been no studies that have 

employed the technique isothermal titration microcalorimetry to determine the CMCs of the 

poloxamers. Therefore, the hterature review presented below wÜl be divided into two parts. 

Firstly, the many techniques used to measure the CMCs and characterise the micelle formation 

of the poloxamers will be reviewed, and secondly, a brief hterature review wül be presented for 

those surfactant systems whose CMCs have been measured using ITM, and the many advantages 

of this technique over others in terms of accuracy of results obtained.
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T he ag g reg atio n  beh a v io u r  o f  the  po lo x a m er  su r fa c t a n t s

The early published reports on the study of micelle formation of the poloxamer surfactants 

claimed that they did not form micelles. However, Becher (1959) was one of the first to report 

a CMC of poloxamer PI 82. It is now well estabhshed that these surfactants do aggregate to form 

micelles and higher order stmctures. Sophisticated techniques have revealed detailed information 

about the shape and size of poloxamer aggregates as well as the number of molecules 

(aggregation number) within a micelle.

The two main techniques which are empolyed for the determination of the CMC of the poloxamer 

surfactants are surface tension and dye solubilisation methods. The surface tension of a surfactant 

solution is dependent on the concentration of monomers present at the air/liquid interface. As the 

concentration of surfactant in solution increases, the monomers wdl continue to migrate to the 

surface of the liquid, thereby disrupting the liquid bonds and hence reducing the surface tension. 

However, at the CMC, the surfactant molecules wdl begin to aggregate in the bulk of the solution 

to form micelles and although an equilibrium is established at the surface where monomers are 

continuaUy being exchanged for fresh moleclues, there wdl be no further increase in the packing 

of the moleclues at the surface. Consequently the surface tension of the liquid wdl decrease to a 

rninimum at the CMC and then remain the same. Thus, if the surface tension of a liquid is 

examined as a function of surfactant concentration, the concentration at which the surface tension 

of a hquid plateaus is indicative of the CMC of that surfactant.

Another method commonly employed for the determination of CMCs is the use of insoluble dyes 

which have very low solubdity in aqueous solutions or at surfactant concentrations below the 

CMC, where monomers exist. However, at higher concentrations of surfactant solutions where 

micelles are formed, the insoluble dyes can then be solubdised by dissolving within the 

hydrophobic core of the miceUe. Therefore in the case of poloxamer surfactants, the dye 

molecules wdl be solubdised in the hydrophobic PFO core. The presence of solubilised dye will 

then change the colour of the solution which can be readdy detected using a UV-visible 

spectrophotometer, if the dye has a suitable chromophore or colour. Thus, the appearance of a 

colour change in the solution wdl be indicative of the CMC of the studied surfactant. An example 

of one of the earliest studies which reported the CMC of poloxamer PI 84 by use of iodine as an 

insoluble dye was by Ross and Olivier (1959). Another insoluble dye which has been utilised for
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these type of measurements is benzopurpuiin 4B. Saski and Shah (1965) determined the CMC 

of L62, L64 and F68 by the surface tension method and the use of iodine and benzopurpurine 4B 

for differential dye absorption measurements. The reported CMCs were 2.4, 2.2 and 0.1% 

respectively for L62, L64 and F68. A paper published in the same year by Schmolka and 

Raymond (1965) atterrqjted to address the confusion of contradictory CMC values in the 

hterature by measuring the CMCs of 17 different poloxamers using the insoluble dye, 

benzopurpuiin 4B, a method taken from Becher (1959). Schmolka and Raymond (1965) found 

the CMC of F68 to be 0.0055%w/v which was much lower than that obtained by Saski and Shah 

(1965). The earher studies on the physicochemical properties of the poloxamer surfactants has 

been reviewed by Schmolka (1977) in which the problem of whether these surfactants really do 

form micelles is discussed in terms of the conflicting and varied CMC data pubhshed in the 

hterature. Schmolka (1977) concluded that normal methods used to measure the CMCs of 

nonionic surfactants may not be apphcable to the poloxamer surfactants.

It is clear from the above review that it appeared necessary to estabhsh the existence of micehe 

formation for the poloxamer surfactants before any meaningful CMC values could be determined. 

Nuclear magnetic resonance was used by Jacobs et al (1972) to study the interaction of 

poloxamer PI 88 with phenol. The authors concluded that the presence of rrdcehes were detected, 

however they suggested that the micehe was not necessarily a conventional aggregation of several 

surfactant molecules but could be due to one single molecule coded around itself to form a single 

aggregate in the form a micehe which was thus able to solubilise insoluble dyes within its’ core. 

Thus this was one explanation for the variety of pubhshed CMCs for one particular poloxamer 

surfactant. Prasad et al (1979) measured the CMCs of several poloxamer surfactants using dye 

solubdisation (benzopurpuiin 4B and iodine) methods as weh as surface tension. From 

examination of the break points in the graphs obtained from ah three techniques as a function of 

surfactant concentration, they concluded that the values obtained were not indicative of true 

CMCs. The very low concentrations obtained from ah three techniques were thought to be due 

to the formation of ’monomolecluar’ aggregates and not micehes.

More recently pubhshed papers have attençted to combine CMC determinations with the 

characterisation of aqueous phase solution properties of the poloxamers to prove that the CMC 

values obtained are true reflections of polymolecular aggregates. The aggregation of PI 84 was 

studied using hght scattering (LS) and surface tension by Reddy (1990). The experiments were
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conducted at three tençeratures, 27, 34.5 and 40®C, and plots of the surface tension versus log 

concentration showed break points analogous to those observed by 23iou (1988). Raw sangles 

were found to show niinirna, consistent with the presence of an impurity with a high PPO content, 

at the lower two experimental ten^eratures, which was not present at 40“C. Purified sanyles 

showed no anomalous behaviour, and sharp inflections indicated the aggregation points. The light 

scattering experiments showed that there was no observable aggregation below the break points 

observed in the surface tension plots. The aggregation was found to be described by a cooperative 

association model, which assumes growth by stepwise addition of unimers.

Wanka et al (1990) used several techniques to fuUy characterise three poloxamer surfactants, 

P123, P104 and F127. Not only was the CMCs determined by surface tension measurements, but 

they also employed differential scanning calorimetry (DSC), static light scattering (SLS), 

dynamic Hght scattering (DLS) and small angle neutron scattering (SANS) techniques to observe 

the structure and formation of the aggregates. They also continued further studies using 

rheological techniques to study the formation of gels to probe the higher order structures formed 

by close packing of the poloxamer aggregates.

Plots of surface tension versus log concentration showed break points for aU three polymers, with 

a transition region between the non-aggregated and aggregated states. This transition region 

extended for approximately one concentration decade, and is partially ascribed to sample 

inhomogeneity. Similarly, plots of interfacial tension of the poloxamers versus n-decane also 

show break points, these being much sharper than the observed surface tension plots.

SDS measurements at 25°C also provided evidence for aggregation. Plots of the Rayleigh ratio 

versus concentration show a linear increase of scattered Hght intensity with concentration, at low 

concentrations, for aU three polymers. At a certain concentration a maximum intensity is reached 

which is then followed by a decrease in intensity with further increases in concentration. This 

behaviour is characteristic of hard sphere particles, the maximum and subsequent decrease in 

intensity being ascribed to repulsive interactions between miceUes, giving rise to nearest 

neighbour order between them. Debye plots at concentrations around the CMC values allowed 

the effective molar weights of the aggregates to be calculated.

DSC experiments showed the presence of phase transitions below the tençerature at which gels

141



form, a phenomenon consistent with work pubhshed by other groups (Armstrong et al 1993, 

Armstrong et al 1996). The peaks were endothermie and quite broad, often spanning more than 

20”C, this being characteristic of first order processes, althou^ the presence of inçurities is 

known to broaden melting peaks. It is concluded that the phase transitions must arise from a 

different process from that which includes gelling, probably the dehydration of the PPO moieties, 

and that the process of gelation occurs with an enthalpy of less than ImJ g'\

The most complete data set currently pubhshed was derived via high sensitivity differential 

scanning calorimetry (HSDSC), where twenty seven menibers of the poloxamer series were 

investigated (Beezer et al 1994), following earher work with a more limited set (ten) of 

poloxamers (Beezer et al 1992). It is shown that phase transitions can be induced for each of the 

studied polymers, these transitions being both reproducible and reversible. The enthalpies 

obtained were found to correlate reasonably with PPO content for poloxamers in the same series, 

and it is concluded that poloxamer aggregation is induced by dehydration of the PPO moiety with 

increasing solution temperature. This hypothesis is further supported by data obtained via (LS) 

measurements on an aqueous solution of P237. These data show that at 25“C only monomeric 

species are predominant but, after increasing the solution temperature to 37°C the average particle 

mass increases significantly, this aggregation process not resulting in the cloud point phenomenon 

that occurs at higher temperatures. This model is found to be in broad agreement with those 

proposed by other workers.

The techniques of DLS, SLS, SANS, small angle X-ray scattering (SAXS), viscosity and vapour 

phase osmometry (VPO) have been reviewed by Chu (1995). These techniques are the most 

widely used methods for studying poloxamer aggregation, and models are suggested for the 

aggregation of AB, ABA and BAB block copolymers, based upon changing the solvent quahty 

of each block. In the case of an aqueous solution of a typical poloxamer, it is shown that an 

aggregate would form with a central core of PPO surrounded by a corona of PEG. It is suggested 

that there are three main polymeric forms present during the aggregation process, and that each 

may be observed using the variety of hsted techniques. The first type, unimers, may be observed 

using SLS, DLS, SANS and viscosity. Above the critical micellisation temperature (CMT), 

where small aggregates are present, SAXS and NMR may also be ençloyed, while the large 

supramolecular aggregates formed at high solution terrçeratures may be studied using the hght 

scattering techniques.
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1,6 -diphenyl-1,3,5-hexatxiene (DPH) is a probe nwlecule which was used by Alexandridis et al 

(1994) to observe the aggregation phenon^na of the poloxamer surfactants. The fluorescence of 

DPH in water is mioirnal, and is substantially enhanced by association with surfactants. It is 

shown that results obtained using emission fluorescence spectroscopy were corrçarable with those 

obtained using UV-spectroscopy, and so die latter was used to record the data presented. Twelve 

poloxarærs were included in their study, and tençerature induced miceUisation was studied over 

a wide concentration range (0.001-20% w/v). At low concentrations and/or temperatures, the 

poloxamers formed miceUes. The DPH was solubilised in the resulting hydrophobic cores, and 

a characteristic spectrum was obtained. The critical miceUisation temperatures (CMT) were 

obtained by determining the first inflection of the absorbance versus temperature plots, with an 

estimated error of less than 1%. These data were also used to determine CMC values for the 

twelve poloxamers which are represented in Table 5.3.1, with an error of less than 15%. WhUe 

the CMT values were found to correlate weU with other hterature values, the CMC values were 

found to be an order of magnitude greater than other pubhshed data, although there is no 

explanation offered for this observation.

Code P333 P403 PI84 P234 P334 PI85 P235 P335 P407 PI88 P238 P338

cmc 0.07 0.03 2.6 0.3 4.0 0.3 0.7 4.5

Table 5.3.1: Poloxamer CMC values ( % h >/v )  determined via DPH solubilisation at 25^C. 
Reproduced from Alexandridis et al (1994).

A g g r e g a t io n  t h e r m o d y n a m ic s  o f  t h e  p o l o x a m e r  s u r f a c t a n t s

It is generaUy accepted that ABA block copolymers wiU aggregate in selective solvents which are 

thermodynamicahy good solvents for one block, and précipitants for the otiier. In general, the 

aggregation of block copolymers obeys the closed association model, which assumes an 

equUibriumbetween molecularly dispersed copolymers (unimers) and multi-molecular aggregates. 

There are two main approaches to the thermodynamic analysis of the aggregation process; the 

phase separation model in which aggregates are considered to form a separate phase at the 

CMC, and the mass action model that considers aggregates and unassociated unimers to be in
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an association-dissociation equilibrium. In either case, the standard free energy change for the 

transfer of 1 mol of copolymer from solution to the aggregated state, AG° (the standard free 

energy of aggregation), in the absence of any electrostatic interactions (the poloxamers are 

nonionic) is given by,

AG” = /?rin(Z^) Eq2 5.3.1

where R is the gas constant, T is the absolute terrçerature and is the CMC expressed in mole

fraction units. The assurrçtion has been made that the concentration of free unimer in the 

presence of aggregates is constant and equal to the CMC value, in the case of the phase 

separation model, or that the aggregation number, n, is large for the mass action model. The 

standard enthalpy of miceUisation, AH” may be obtained by application of the Gibbs-Hehnholtz 

equation,

AH'= /?l81n(X^)/5(l/7)|, EqS 5.3.2

The standard entropy of aggregation, A5”, is then easily determinable,

A5” = (AH” - AG” )/r  Eq: 5.3.3

For block copolymer aggregation it has been shown that, within experimental error,

81n(%cmc)/5(l/T) = 51n(X)/6(l/T_J Eq̂ i 5.3.4

where X  is the copolymer concentration expressed in mole fraction units and is the critical 

miceUe temperature. Substitution of this expression into the Gibbs-Hehnholtz equation gives,

AH” = ^[61n(X)/0(l/r^]^ Eqîi 5.3.5

This type of analysis (van’t Hoff) was employed by Alexandridis et al (1994) to calculate the 

thermodynamic parameters of various poloxamers. Once the values of the CMCs were determined 

at increasing temperatures, using Equation 5.3.5, the l/T̂ mt was plotted against InCMC. The 

inverse slope of this plot yielded AH” values. AG” and AS” were then obtained via application of
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equations 5.3.1 and 5.3.3. For a l%w/v solution AH° ,AG° and AS° values ranged from 169 to 

339kJ mol \  -24.5 to -28.8 kJ mol^ and 0.638 to 1.244 kJ mol \respectively. Alexandridis et al 

(1994) encphasised that these values were for constant concentration and not tençerature. The 

higher values of A /f, AG° and AS° were observed for the lower molecular w ei^t poloxamers 

such as PI03 (P333) and L64 (PI 84), and the higher values were obtained for the more 

hydrophilic polymers, F68 (PI 88) and F88 (P238). The standard enthalpy of miceUisation, AH°, 

is positive, indicating that the transfer of unmiers from solution to the miceUe is an enthalpicaUy 

unfavourable (endothermie) process. The free energy, AG°, is negative, since thermodynamicaUy 

stable miceUes are formed spontaneously. Thus, it becomes clear that a negative entropy 

contribution must be the driving force for miceUisation of the block copolymers.

One view of aggregate formation is based upon the hydrophobic effect. The entropy of water 

decreases significantly in the presence of hydrocarbon molecules, suggesting an increase in the 

ordering of water molecules. The hydrogen bonding structure in water is restored when the 

hydrocarbon molecules aggregate, increasing the water entropy. This increase in water entropy 

overcomes the entropy loss associated with the locaUsation of the hydrocarbon molecules. The 

magnitude of the hydrophobic effect increases with increasing temperature, and this correlates 

weU with the observed tendency for aggregate formation at higher temperatures. Solute-solvent 

or solute-solute interactions have also been proposed as explanations for the temperature 

dependence of poloxamer aggregation (note that the hydrophobic effect described above is based 

on solute-solvent interactions). Kjelander and Florin (1981) claim that when PPO is dissolved in 

water, a hydration sheU is formed with an enhanced water structure, but the steric hindrance 

introduced by the methyl substituents weakens this water structure and leads to phase separation. 

Karlstrom (1985) predicted the PEO-water phase diagram using Flory-Huggins theory and the 

assumption that each segment of PEG chain could exist in one of two forms, one polar with a low 

energy and a low statistical weight, and one less polar, or nonpolar, with a higher energy and 

statistical weight. The polar conformations dominate at low temperatures making the solute- 

solvent interaction favourable, whereas at higher temperatures the nonpolar states dominate, 

rendering the solute-solvent interaction less favourable. Models for predicting the solution 

behaviour of the poloxamers developed by Linse (1993) incorporated these ideas, and the models' 

predictions agreed well with experimental results, supporting the polar/nonpolar model as an 

explanation for the temperature dependence of aggregation phenomena.
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Another method for obtaining estimates of the enthalpy of micellisation, AH, is DSC. DSC 

measurements for aqueous poloxamer solutions show endothermie peaks typical of a first order 

phase transition (Wanka et al 1990, Armstrong et al 1993), at concentration dependent 

characteristic temperatures. The peaks yield rather high enthalpy values and are broad, extending 

more than 1 OK. The latter observation has been attributed to the fact that poloxamers are not pure 

confounds but show a broad molecular weight distribution; it is known that melting peaks 

become broad in the presence of impurities (Wanka et al 1990). It should be pointed out that the 

enthalpy change measured by the peak area in DSC is not the standard enthalpy change, AH"', 

but depends upon the real states of the copolymer molecules before and after miceUisation. The 

standard state enthalpy change is defined for transfer of Imol of copolymers from the ideally 

dilute solution to the solvated miceUar state. In the ideally dilute solution, copolymer segments 

interact only with the solvent, whereas in real solutions segments also interact with each other, 

and this may cause discrepancies between rrriceUisation enthalpies obtained by DSC and those 

derived from an analysis similar to that of Alexandridis et al (1994).

The van’t Hoff analysis of miceUisation thermodynamics for the poloxamer surfactants has been 

widely employed by various research groups, in particular, this method was used by Alexandridis 

et al (1994) to determine theimodynamic data using DPH as an indicator. It is a requirement of 

the van’t Hoff analysis that the process under study proceeds via a mechanism of the type A-^5, 

i.e the mechanism is a simple, two state process. Gaisford (1997), however, argued that 

poloxamer aggregation was a multi-step process, where several monomers come together to form 

an aggregate and then the size of the aggregate increases if the solution tenperature is raised or 

the concentration is increased until precipitation occurs, resulting in both the cloud point and gel 

phenomena that are associated with aqueous poloxamer solutions. Therefore, rather than a simple 

two step process, the poloxamers undergo a multi-step aggregation process i.e 

etc and thus analysis of such data using the van’t Hoff analysis is inappropriate. Gasiford (1997) 

used HSDSC and diode-array UV spectroscopy to study the aqueous solution phase aggregation 

properties of several poloxamers. It was found that the data obtained via these techniques 

corresponded well to the van’t Hoff isochore, however, it was stated that the insensitivity of 

HSDSC and UV spectroscopy to fine structure was the reason for a good fit of the data to the 

van’t Hoff analysis.
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T he  u s e  of itm  to  s t u d y  micellisation  properties o f  su r fa c t a n t  sy st e m s

It has been shown above, that thermodynamic quantities of surfactant aggregation, such as the 

enthalpy of micelhsation, the free energy of miceUisation AG îc and the entropy of

miceUisation A5̂ ic can be determined by the temperature dependence of the CMC using the van’t 

Hoff analysis. The disadvantage of this method is that it requires very high accuracy for the CMC 

determination to give satisfactory results for AHmic Another problem associated with this type 

(van’t Hoff) of analysis is the fact that the thermodynamic models used to describe surfactant 

aggregation often over sinçUfy the aggregation process (van Os et al 1991), thereby leading to 

inaccurate results (see discussion above). ITM is thus a superior technique in that the CMC and 

thermodynamic quantities can be extracted directly from one experiment, and is found to be 

sensitive enough to detect miceUisation of surfactants with a low aggregate number (Paula et al 

1995). There are very few studies which have used ITM as a method for studying the aggregation 

phenomena of surfactant systems. Although the appUcation of calorimetry to studies of the 

miceUisation process is quite old, the early calorimeters did not provide the high sensitivity which 

is now avaUable in the recent day microcalorimeters. Therefore, it is only in the last decade that 

pubUshed information has become avaUable that would be comparable to the study conducted in 

this thesis.

The various surfactant systems which have been investigated using ITM range from anionic 

(Majhi and MouUk 1998, Paula et al 1995, van Os et al 1991), cationic (Gu et al 1996), 

zwitterionic (Zajac et al 1997) and nonionic (Keh et al 1989, Olofsson 1985, Kreschek 1998). 

The two most commonly studied surfactants are found to be polyoxyethylene tert-octyl ether 

(Triton X-100) (Keh et al 1989,Majhi and MouUk 1998, Gu et al 1996) and SDS (Paula et al 

1995,Johnson and Olofsson 1987). To date, there has been very Uttle information regarding the 

study of nonionic block copolymer surfactants in the hterature.

Paula e ta l(\ 995) enployedhigh sensitivity titration microcalorimetry to determine the CMC and 

Af/mic of four surfactants within a temperature range of 10-80“C. The surfactants chosen for the 

measurements were SDS, as a reference because a large amount of data was avaUable for this 

surfactant, the bUe salts sodium cholate and sodium deoxycholate, and finally, octyl glucoside in 

order to have a representative from the group of nonionic surfactants. It was found that for SDS, 

as the tenpera'ture was increased the CMC decreased to a minimum value after which further
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increases in temperature saw an increase in the CMC value. The was also found to alter 

in the same manner where at a particular tençerature, the value approached zero, and at further 

increases intençerature changed signs from a positive enthalpic contribution to negative values. 

The CMC minimum coincided with A//^c= 0, at a temperature of ~25"C. Determination of the 

CMC and became difficult at this temperature because the break point in the titration 

curves were not as sharp. The only difference in behaviour for the octyl glucosides was found to 

be a shift in tenperature of the CMC minirnum which was observed to be at ~50“C. Both bile 

salts, sodium cholate and sodium deoxycholate did not show sharp transition regions in the 

titration peaks, consisting of a much broader region over which the transition occurred. This slow 

aggregation process was attributed to the absence of alkyl chains in the chemical structure. 

However, despite the broad transition region, the CMC was determined fairly accurately from the 

first derivative of the titration curves. Values for AĜ ic was obtained by application of Equation 

5.3.1 (page 144) and then Â ĵc could be obtained by application of Equation 5.3.2. The 

calculated values of AGmic were large and negative and changed very slightly with temperature. 

At room temperature the major contribution towards AĜ ic was found to be a large entropie 

change, whereas at elevated temperatures the major contributor to the driving force of 

micellisation was enthalpic (a large and negative AH^J. Another useful thermodynamic 

parameter which can be obtained relatively easily from titration microcalorimetric data, is the 

heat capacity ACp ,̂.. A large negative value for AC^^c is a unique feature of aU processes related 

to the hydrophobic effect (Tanford 1980). Paula et al (1995) was able to calculate AC^^g from 

the temperature dependence of Af^c using the following equation:

AC.^c = (5 Â mic /ôDp EqS 5.3.6

Van Os et al (1991) determined the CMCs and Af/„̂ c of model sodium alkylarylsulfonates in 

water by use of ITM. The experimental enthalpies were corrçared to those predicted by the phase 

separation model of micelle formation. The CMCs were also measured using electrical 

conductivity measurements as a comparison. It was found that the CMCs determined by means 

of a calorimeter were mostly lower than those determined by electrical conductivity. The 

difference in results obtained between the two techniques was attributed to the increased 

sensitivity of microcalorimetry which was able to detect micelle formation at earher stages than 

electrical conductivity. It was found that determinations of was systematically

underestimated by the phase separation model since it was too simplistic and did not take into
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account counter-ion binding and activity coefficients.

For the purpose of studying the aggregation phenomena of the poloxamer surfactants, ITM 

provides many advantages over other techniques for the measurement of both CMCs and 

for these surfactants. The CMCs of the poloxamers are h i^ y  dependent on temperature and are 

found to be affected strongly by changes in the solution temperature. Thus, the accurate 

temperature control of the isothermal microcalorimeter (within an error of ±1x10^ ®C) would 

ensure rninirnal temperature fluctuations thus enabling accurate measurements of the CMCs. 

Another great advantage of microcalorimetry is the direct measurement of the Affmic A"om 

calorimetric data which is far more accurate than obtaining thermodynamic parameters from 

mathematical models, which has been the only method so far to determine these values. Titration 

microcalorimetry can provide an alternative method of thermodynamic analysis from which it is 

always possible to check the accuracy of results obtained from mathematically derived models.

Due to the diversity of CMC values for the poloxamers found in the literature, with very few 

researchers in agreement with each other, it appears necessary to reinvestigate the aggregation 

phenomena of the poloxamer surfactants using ITM to attempt to correct some of the 

discrepancies that have arisen in the literature.

E x p e r im e n t a l  p r o t o c o l

Although the experimental method used for the determination of the CMC and of the 

poloxamer surfactants has been described throughout section 5.2 of chapter five (page 119) in 

detaü, a summary wül be provided in this section.

An ampoule (stainless steel) was filled with 1-1.5mL of water, the unit was then assembled and 

lowered into the microcalorimeter. The reference ampoule was filled with the sanx quantity of 

water as the sarrple, sealed, and lowered into the TAM. All experiments were conducted at 25“C 

and in the absence of a stirrer.

A 250/i L syringe, held outside the TAM was filled with a concentrated solution of the poloxamer 

surfactant (:»CMC). A thin fine bore, stainless steel cannula was attached to the end of the
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syringe, with the other end being inserted down the titration shaft into the ampoule until the tip 

of the cannula rested just underneath the surface of the liquid. Data collection was then started 

using the dedicated software programme, Digitam 4.1., for the purpose of monitoring baseline. 

When thermal equilibrium was achieved, an electrical calibration was performed at a sensitivity 

setting of lOO/i W. At the end of the calibration, when the baseline had settled to a plateau, it was 

adjusted back to zero.

At the start of the titration experiment an automatic dynamic calibration was performed, where 

the settings were programmed into the experimental method prior to commencement of the run. 

The sensitivity setting of the dynamic calibration was also set at 100/i W. 25 injections of 10/iL 

aliquots of solution were added at intervals of lOmins (5min injection time and 5min baseline 

monitoring).
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Figure 5.3.1: Power-time curve obtained for the titration of a concentrated (15.0%w/v) 
solution of PI88 into water. The first peak in the series corresponds to the dynamic 
calibration performed prior to commencement of injections.
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Figure 5.3.2: Reaction enthalpy vs concentration curve for the titration of a 15.0%w/v 
solution of P I88. The difference between the lowest point and the plateau region yields the 
net change in enthalpy of the total miceUisation process (dH^a). The general trend in the 
change in enthalpy is upwards (as indicated by the arrow) indicating that the overall process 
is endothermie.

Figure 5.3.1 shows an example of a power-time curve obtained for the dilution of a concentrated 

poloxamer solution. The titration peaks are registered as positive enthalpies by the 

microcalorimeter which indicates that the overall deaggregation process is an exothermic reaction. 

However, the intensity of the peaks decreases with increasing concentration of the surfactant in 

the ampoule and therefore the actual miceUisation process is an endothermie reaction. This can 

be seen more clearly in Fig 5.3.2, where the integrated peak areas are plotted as a function of 

poloxamer concentration. At low concentrations of the poloxamer surfactant prior to 

miceUisation, the enthalpy of dUution is highly exothermic, as the miceUes in the concentrated 

surfactant solution deaggregate. However as the poloxamer concentration begins to buUd up in 

the anpoule, demiceUisation wiU steadUy decrease untU the process reaches an equUibrium 

(demiceUisation does not cease but reaches an equilibrium with miceUisation).

It should also be noted from Fig 5.3.2, that the total heat change acconpanying the reaction has 

been termed and not AFf̂ ic- The reason being that conventionaUy in previous pubUshed
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work, the shape of the reaction enthalpy vs concentration plots show two distinct plateaus in the 

curve where there is very little change in enthalpy. These plateaus appear before and after 

miceUisation with an abrupt change at or around the CMC. Thus, the is taken to be the 

enthalpy difference between the two plateau values. The pre-miceUar plateau arises due to the 

demiceUisation process, where the enthalpies of successive dUutions of a miceUar solution in 

water, causing deaggregation, are very simUar in quantity. At the CMC there is an abrupt change 

in reaction enthalpy after which further additions of concentrated surfactant solution, again, gives 

rise to very Uttle enthalpy changes resulting in a post-CMC plateau. However, it can be seen from 

Fig 5.3.2 that a post-miceUar plateau is observed but prior to the CMC there is a continuing 

decrease in enthalpy from the first injection. Therefore to apply caution and to avoid the use of 

incorrect thermodynamic terms, it appears necessary to label the total change in enthalpy during 

the aggregation process as AH^.

Poloxamer N- of PPO units
CMC (±SEn=3) 

(%w/v)

(±SEn=3)

(kJ mol' )̂

P407 67 0-84 (±0.04) 137.10 (±2.28)

P338 54 ^•28 (±0.03) 81.04 (±1.22)

P237 39 1-95 (±0.01) 76.84 (±3.87)

P188 30 0-91 (±0.03) 26.61 (±119)

Table 5.3.2: CMCs and AH^a for the studied poloxamer surfactants listed in order of 
decreasing size of the hydrophobic (PPO) chain

Since the aggregates form spontaneously, the free energy of miceUisation, AGmic wiU be negative. 

Therefore, it foUows that the major driving force for aggregation of the poloxamers is a negative 

entropy contribution. These results are consistent with the theory regarding the ‘hydrophobic’ 

effect, where surfactant molecules containing long hydrophobic chains such as PPO, when 

existing as monomers at low aqueous concentrations are fuUy hydrated with attached water 

molecules, however when the concentration of the solution approaches the CMC, the adsorbed 

water molecules wiU become detached from the surface of the hydrophobic polyrœr to aUow for 

aggregation to occur between neighbouring molecules. The actual aggregation process is
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thermodynamically unfavoured because the entropy of the solution has decreased due to an 

increased order to the structure of the solution, however this decrease in entropy is counteracted 

by a greater increase in solution entropy due to the freed water molecules. Hence there is a net 

increase in entropy of the system which explains the spontaneous formation of aggregates.

Poloxamer

Literature CMCs
CMC (SEn=3) 

(This study)
CMCs

(%w/v)
Technique

P407 0.04^ ST* 0.84 (±0.04)

0.095^ UL**

0.7^ DPH"

P338 0.0073'* Benz. 43** 4.2S (±0.06)

4.5" DPH

P237 2" ST 1-95 (±0.01)

P188 0.0055" Benz. 4B 0  91 (±0.03)

0.09^ Iodine®

0 .1" ST, Iodine,

Benz. 4B

Table 5.3.3: Comparison of data obtainedfrom this study with some literature values and the 
techniques used to obtain the results. a=surface tension b=Ultrasonic velocity studies 
c-uptake of DPH indicator d=uptake of benzopurpurine 4B e= uptake of iodine. References 
1) Wanka et al (1990) 2) Rassing and Attwood (1983) 3) Alexandridis et al (1994) 4) 
Schmolka and Raymond (1965) 5) Buckton and Machiste (1997) 6) Prasad et al (1978) 7) 
Saski and Shah (1965).

Table 5.3.2 displays the resultant CMCs and heats of dilution, for the poloxamer

surfactants studied. The poloxamers are listed in order of decreasing hydrophobic chain length 

and it can be seen that the values decrease with decreasing chain length. In Table 5.3.3 the 

CMCs obtained from this study have been conpared to those in the literature. It is interesting to 

note that the CMC for PI 88 obtained from this study is almost 10 fold greater than the hterature 

values. Preliminary studies performed for this thesis with poloxamer PI 88 , was based on a CMC 

value reported by S aski and Shah (1965) of 0.1 % w/v. Thus the initial concentration of surfactant
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held in the syringe was selected such that the estimated CMC (0.1 %w/v) would be achieved 

around the tenth injection. However, it was found that the titration peaks obtained were very small 

and appeared to fall within the baseline noise level of ±0.1/xW. Further enhancement of the data 

did not reveal a break point in the peaks which could possibly indicate the presence of 

aggregation. However, when the concentration in the syringe was increased ten fold, the pattern 

in the titration peaks obtained were found to be in line with the expected behaviour. Furthermore, 

the obtained was found to fit into the general trend of results obtained for the other 

poloxamers studied (decreasing with a decrease in PPO chain length), which indicated that 

the chosen concentration was satisfactory.

D is c u s s io n

Table 5.3.3 presents a summary of the values of the CMC as reported by other workers and 

compares them to the results obtained in this study. The CMC values determined from this study 

are in good agreement with the reported data, apart from PI 88 for which a much greater value 

(more than ten fold) was determined in this study. Literature values of the CMCs of the 

poloxamer surfactants can be seen to diverge considerably and this may in part be attributed to 

the apphcation of different techniques, thus, in Table 5.3.3 the techniques used to obtam the 

values have also been displayed.

There are many advantages of the ITM technique which makes it a superior and more rehable 

method for determining CMCs, particularly for the poloxamer surfactants. The fundamental 

difference that can be highlighted in this technique is the extremely accurate temperature control 

exhibited by ITM which would be very difficult to maintain when using other methods. A well 

known fact about the aggregation phenomena of the poloxamer surfactants is the highly 

tençerature dependent miceUisation process. A smaU change in the temperature of the system can 

change the CMC of the polymer significantly. Thus when quoting a CMC for the poloxan^rs it 

is also necessary to define the temperature at which the aggregation takes place. Therefore, due 

to the accurate temperature control of isothermal microcalorimetry, this technique is ideal for 

measuring the CMC values such that the final result obtained is precise and reliable. From Table

5.3.3 it can be seen that the standard error (SE) obtained for three data points of a poloxamer is 

within a very narrow range which shows that the reproducibUity of the data is exceUent.
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The considerable diversity which can be seen in the literature values for the poloxamers shows 

that so far the established techniques which have been used to determine CMC values still remain 

questionable. In part, the reason for reported differences can be attributed to polydispersity of the 

molecular composition within one type of polymer as well as batch to batch variations. However 

the sensitivity of the technique used is also vital in early detection of molecular aggregation. ITM 

detects changes in reaction enthalpy to within an error level of ±0.1/xW and is thus capable of 

detecting very fine and subtle changes in any reaction process. Therefore it follows that due to 

the high sensitivity of ITM and consequent superiority of fine detection capabilities, the CMCs 

determined for the poloxamers using this technique are likely to be the most precise and 

accurately reported CMC values to date. A further useful advantage of using ITM is the gradual 

incremental (lO^L) increase in total surfactant concentration resulting in a high resolution of data 

points such that the determination of the CMC can be more accurately pinpointed to within a very 

narrow concentration range. The accuracy could potentially be enhanced further if the injection 

volume is decreased, particularly around the CMC. It is also necessary to point out that good 

determination of the CMC can only be obtained with the presence of a post-CMC plateau since 

it is the point just before the commencement of the plateau region which corresponds to the point 

at which miceUisation first occurs.

It can be seen from Table 5.3.3 that the CMC for PI 88 obtained from this study is at least ten 

fold greater than those reported in the literature. Saski and Shah (1965) reported a CMC value 

for PI88 of 0.1 %w/v determined using surface tension, as well as uptake of iodine and 

benzopurpurine 4B dye. At the same time Schmolka and Raymond (1965) also measured the 

CMC for the same poloxamer and obtained a value of0.0055%w/v using the technique of surface 

tension. Both authors agreed that the low CMC value of this type of nonionic polymer was 

attributed to the absence of charged ions which enabled the molecules to miceUise with greater 

ease due to the absence of any counter ion hindrance. However, a later study conducted by Prasad 

et al (197^) believed the above determined CMC values to be untrue. Although Prasad et al 

(197£)) reported an inflection point in the surface tension vs concentration curve at 0.09%w/v, 

which was in good agreement with Saski and Shah (1965), they argued that the inflection point 

was not due to polymolecular aggregation but 'monomolecular aggregation’ which occurred at 

low surfactant concentrations. It was proposed that the surface tension method had in actual fact 

detected an aggregation process where a single poloxamer molecule had changed conformation 

such that the hydrophilic part of the molecule had coiled itself around the hydrophobic core to
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form a micelle type structure. The aggregate formed by a single poloxamer molecule would then 

be able to solubilise a dye molecule such as iodine and benzopurpurin 4B which also explained 

the similar results obtained by Saski and Shah (1965) when applying all three different 

techniques. From previous studies conducted in this thesis it has been concluded that a 

hydrophilic poloxamer such as PI88 consisting of a much greater hydrophilic chain than the 

hydrophobe, experiences hindrance to miceUisation to a greater extent because of the strong 

attraction of the PEO chain to the aqueous solvent. Thus bearing in mind this argument, it is 

highly unlikely that P188 would miceUise at such low concentrations o f -0.1 %w/v. Alexandridis 

et al (1994) was unable to detect a CMC for PI 88 using a dye (DPH) solubiUsation method and 

concluded that PI 88 did not possess a well defined hydrophobic core to aUow for DPH 

solubUisation. Thus great controversy over the aggregation of PI 88 has been found in the 

hterature with no conclusive results obtained for the CMC value. It has been mentioned 

previously that in this study using ITM, preliminary studies attempting to obtain an estimation 

of the CMC for this poloxamer could detect no break point in the titration curve at or around a 

concentration of 0.1 %w/v. However, when the initial concentration placed in the syringe was 

increased ten fold, the titration peaks revealed a break point at -  l%w/v. Due to the superiority 

of the ITM technique over other methods, it can be concluded that the value (0.91 %w/v) obtained 

from this technique is the most rehable and accurately measured value, to date.

CMCs obtained for P407 and P338 agree weh with the values reported by Alexandridis et al 

(1994). Alexandridis et al (1994) is the most recent author to have reported the CMC values of 

a wide range of poloxamer surfactants. Results obtained via ITM from this study have been found 

to be of a greater accuracy than those reported by Alexandridis et al (1994) which shows that the 

dye solubUisation technique is a much more crude method for determining CMCs. The CMC 

value of P237 was reported by Buckton and Machiste (1997) at 2%w/v which is in good 

agreement with the CMC obtained in this study of 1.95%w/v. Due to the close agreement of 

P407, P338 and P237 with the literature values it can be concluded that the value obtained for 

PI 88 must also be a reliable result.

The technique, ITM is also capable of providing thermodynamic information about the reaction 

process e.g AF/̂ ic as well as measuring surfactant CMCs. This unique application again provides 

further evidence of the superiority of this technique over other methods used to determine the 

CMCs of surfactant systems. Thus, from the same experimental run, the CMC can be obtained
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as well as other useful thermodynamic parameters. In the case of the poloxamer surfactants 

studied in this thesis it has been found that the overall dilution process, which includes the process 

of miceUisation, is an endothermie process (Fig 5.3.2). Although the dilution peaks obtained are 

exothermic (positive calorimetric peaks) the change in reaction enthalpy is a net endothermie 

change, since the trend seen in the reaction enthalpy curve in Fig 5.3.2 is upwards. Unfortunately, 

due to the ambiguity of the thermodynamic term obtained, it would be much safer to name the 

overaU change in reaction enflialpy as rather than and consequently the change in

entropy of the system (A5mic), and the free energy of miceUisation (AG îc) cannot be estimated. 

However, since the aggregation process occurs spontaneously (AGju = negative) then according 

to Equation 5.3.2 the driving force for aggregation must be an increase in entropy of the system. 

The AH^ for aU four poloxamer surfactants can be seen in Table 5.3.2 and are seen to decrease 

with decreasing PPO chain length thus approaching a theoretical value of AH^ =0 as the 

hydrophobic chain length becomes smaUer. These results provide evidence that aggregation of 

the poloxamer molecules is only due to the hydrophobe with the hydrophUic chain participating 

very Uttle in the process. As the PPO chain increases the aggregation process becomes 

increasingly more endothermie as the larger chains begin to aggregate providing more order to 

the structure of the solution (decrease in entropy), however simultaneous release of adsorbed 

water molecules from the surface of the PPO chain is an exothermic reaction, and the consequent 

excessive heat generated from this process wUl provide the driving force for aggregation of the 

poloxamer molecules.

C o n c l u s io n

ITM has been shown to be an effective method for determining the CMCs of the poloxamer 

surfactants. Comparison with hterature values show good agreement with evidence of more 

accurate and precise data obtained via this technique. Although the CMC value of PI88 was 

found to be much greater than the hterature values, since there is no conclusive pubUshed data 

prior to this study and when accounting for the advantages of ITM over other techniques, it can 

be argued that the value obtained in this study for PI 88 is reUable and accurate. Therefore, ITM 

has been shown to be an exceUent technique in that it is able to identify the CMCs of those 

poloxamers which have so far been questionable.

In summary, the many advantages of ITM which make it a more superior method for the
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determination of CMCs for surfactants is the high sensitivity of the instrument leading to 

detection of aggregation at the earhest possible stages, the accurate tenperature control which 

enables the correct CMC to be measured at a given temperature and the high resolution of data 

points which enables the pinpointing of the exact CMC to within a very narrow error level. 

Furthermore, it is possible to obtain thermodynamic parameters for the reaction process at the 

same time as the measurement of the CMCs which provides information on the mechanism of the 

reaction process.
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5.4 Thermodynamics of 
Adsorption
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Intr o d u c tio n

The adsorption phenomena of the poloxamer surfactants has already been discussed in some 

detail in chapter three. The main objective of this current study is to examine the same phenomena 

but from a different angle, in order to obtain more information about the adsorption process of 

these surfactants and attençt to explain the results obtained in chapter three. By use of ITM the 

focus of attention will switch to the thermodynamics of the reaction process, which in addition 

to previous results obtained will enable a picture to be developed of the behaviour of the 

poloxamers when adsorbing to different hydrophobic drug surfaces.

A great advantage of measuring adsorption processes using ITM is the fact that the entire 

reaction can be monitored from start to finish. Measurements are made as the experiment 

proceeds without destruction of the reaction components for the purpose of analysis. Furthermore, 

very small sample quantities are needed which allow greater experimental flexibility. Results 

obtained for the CMCs and thermodynamic parameters of the poloxamer surfactants in the 

previous section have shown that the reproducibility of data in the microcalorimeter has been 

excellent to within a narrow error level. Thus, the many advantages that this technique provides 

will allow a true and accurate representation of the adsorption process to be obtained which can 

then be conçared to the results obtained in chapter three.

There are very few pubUshed papers available which describe the measurement of surfactant 

adsorption onto soUd surfaces using ITM. So far, the use of titration microcalorimetery has been 

less estabUshed in this field of research and has been more generally accepted as a technique to 

obtain surfactant CMCs and the thermodynamics of miceUisation. Early studies of adsorption 

processes utUised batch calorimeters whereby the total quantity of surfactant solution was added 

to a suspension and the total change in enthalpy could be determined this way. Norde and 

Lyklema (1978) used this method to study the adsorption of human plasma albumin (HPA) and 

bovine pancrease ribonuclease (RNase) onto polystyrene surfaces. Later studies attençted to 

improve adsorption measurements by using an improvised version of the batch calorimeter. Van 

Os and Haandrikman (1987) used a combination of a Uquid flow microcalorimeter attached to 

a UV spectrophotometer to enable simultaneous measurements of the enthalpy of adsorption and 

the adsorption isotherm of sodiump-(2-decyl)benzene-sulfonate onto sandstone. In this paper the 

adsorption process is described as ‘the enthalpy of displacement of solvent by the solute at the 

solid/hquid interface’.
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Very few studies have been performed which have attençted to detemrine the enthalpy of 

adsorption of the poloxamer surfactants on solid surfaces using ITM. One such study was 

reported by Wesemeyer et al (1993) who measured the adsorption of a number of ethoxylated 

surfactants (including the poloxamers) onto different sized polystyrene particles. The aim of their 

work was to investigate the mechanism of adsorption of these type of surfactants. From the work 

conducted by Wesemeyer etal (1993), three phases of the adsorption process were identified. The 

first phase was found to be an initial exotherm which was attributed to the anchoring of the 

hydrophobic moiety to the particle surface. After this first phase of adsorption a second 

endothermie phase is observed which is thought to be due to the lateral interaction of the nonpolar 

parts of the poloxamer molecule at the sohd surface leading to aggregation. This molecular 

behaviour at the sohd/hquid interface after adsorption has taken place, was found to be 

thermodynamically corrçarable to the process of ‘normal’ surfactant miceUisation. The formation 

of ‘interfacial miceUes’ was considered to be a second driving force for adsorption. According 

to Kronberg gf aZ (1984) the first driving force for adsorption is the reduction of contacts between 

water and the hydrophobic moiety of the surfactant molecule which is the same driving force as 

for miceUisation. MiceUe formation on different surfaces by nonionic and anionic surfactants was 

also reported by Denoyel and Rouquerol (1991). In microcalorimetric studies they found an 

exothermic reaction foUowed by an endothermie process and attributed the latter to interfacial 

miceUe formation. Apart from hydrophobic interaction the formation of mterfacial miceUes can 

therefore be considered as a second driving force for the adsorption of the nonionic surfactants 

onto latex particles. For poloxamer P407, Wesemeyer et al (1993) observed an additional phase 

to the titration curve which was not present for the smaUer molecular weight poloxamers. The 

third phase was found to be an exothermic process and was thought to be due to rearrangement 

of the adsorbed surfactant molecules, where the lower molecular weight chains were displaced 

by larger chains (due to polydispersity within one batch), leading to a more close packed 

monolayer.

The formation of ‘interfacial miceUes’ at the soUd/Uquid interface has been reported by several 

other authors. Lindheuner et al (1990) used a titration microcalorimetric method to investigate 

the adsorption of a series of Triton surfactants (nonionic) onto sUica gel surfaces. It was found 

that aggregate formation at the soUd/Uquid interface was more energeticaUy favorouble than 

surfactant miceUisation. It was postulated that the initial exotherm observed during the first 

phases of adsorption were due to enpty adsorption sites on the sohd surface. The transition from
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an exothermic to an endothermie process during adsorption could be seen when monolayer 

coverage was obtained and further coverage caused a lateral interaction between the adsorbed 

molecules leading to a dominant endothermie process. Zajac et al (1997) investigated the 

adsorption of several zwitterionic surfactants onto silica surfaces using ITM. They also 

concluded that the formation of surface aggregates was more thermodynamically favorable than 

miceUe formation since, for aU the surfactants studied, the enthalpy of adsorption was found to 

be lower than the enthalpy of miceUisation.

The above studies have looked at the adsorption of surfactants in aqueous solvents. However, 

ITM has also been used to determine the adsorption of certain surfactants in non-aqueous 

suspensions. Measurements on these type of systems tend to be harder to obtain than for aqueous 

fluids. For example, the adsorption of surfactants to the Uquid/vapour interface can easUy be 

measured for water based systems by use of surface tension measurements, however, the surface 

tension of non-aqueous fluids is already so low that differences due to additives are often 

insignificant, even if substantial adsorption occurs at the Uquid/vapour interface. Thus, Uttle is 

known about the abUity of surfactants to stabilise non-aqueous suspensions due to the poor 

understanding of the nature of non-polar suspensions. It is extremely difficult to obtain adsorption 

isotherms for surfactant onto drug particles in chlorofluorocarbon Uquids as their high volatiUty 

makes the measurement of smaU changes in concentration problematic. Blackett and Buckton 

(1995a) investigated the adsorption of two surfactants, oleic acid and Span 85 onto salbutamol 

base suspended in Arcton 113 in a model inhalation aerosol system. It was noted that break points 

were observed in the titration curves which were attributed to changes in solution behaviour due 

to aggregation of the surfactants. Titration of the surfactants into salbutamol suspension caused 

the calorimetric data to switch from modest endotherms to exotherms indicating that the driving 

force for adsorption was enthalpic. The break points in the titration curves were found to 

correspond to similar break points found in the blank experiments (without suspended particles) 

demonstrating that the extent of surfactant aggregation was important in determining the 

interaction between the surfactant and drug. A continuation of this work by the same group 

(Blackett and Buckton, 1995b) went on to investigate the adsorption of both oleic acid and Span 

85 to micronised salbutamol sulphate in different conditions in order to understand the differences 

in adsorption which arise due to a change in surface properties. Since the process of micronisation 

of a drug is highly energetic, the surface of the drug in particular can be altered to form an 

amorphous state. Thus, Blackett and Buckton (1995) measured the adsorption of the two
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surfactants onto a micronised sanple stored at three different conditions. The first sançle was 

micronised and then stored at 0 % relative humidity in order to retain the induced amorphous 

content of the drug molecules at the surface. A crystalline sangle of micronised salbutamol was 

prepared by spreading a thin layer of the first sangle (such that partice-particle contact was 

minimised) and then equilibrated in an atmosphere of 78% relative humidity for 72hours in order 

to allow recrystaUisation of any processing induced disorder. The third sançle was obtained by 

taking the 78% relative humidity sample and returning to storage at 0 % relative humidity for at 

least 24 hours before further investigation. The subsequent titration microcalorimetric 

investigations showed differences in adsorption behaviour between aU three samples. It was 

hypothesised that the orientation of the surfactant moleclues during adsorption differ due to the 

different interfacial energies of the adsorbing surfaces. The differences in responses demonstrated 

that changes in processing and storage history can cause measurable changes in adsorption 

behaviour in non-aqueous suspensions. The studies conducted by Blackett and Buckton (1995a,b) 

highlight the versatility and sensitivity of ITM in detecting and measuring reaction processes of 

a more complex nature.

ITM has also been applied to investigate the adsorption of ionic surfactants onto neutral polymers 

in aqueous fluids (Kevelam et al 1996, Fox et al 1998). This type of interaction has attracted 

attention in research due to the unusual rheological and even thermal gelling properties that such 

a combination can produce. Examples of such studies are Blandamer et al (1998) who 

investigated the interaction between SDS and sodium decylsulphate with poly(N- 

vinylpyrrolidone). It was found that analysis of the titration data using a Frumkin isotherm 

described the adsorption process more satisfactorily than the Langmuir isotherm since the 

Frumkin analysis takes into account adsorbate-adsorbate interactions. Wang and Olofsson (1998) 

were interested in investigating the type of aggregates which were formed when several different 

uncharged polymers interacted with a number of ionic surfactants.

E x p e r im e n t a l

The aim of this study is to investigate the adsorption process of the poloxamer surfactants onto 

the model hydrophobic drug surfaces, ibuprofen and ketoprofen, to obtain quantitative, 

thermodynamic information on the extent of adsorption at the solid/liquid interface. One of the 

objectives of this work is to attempt to relate the results obtained from this study to the adsorption
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data determined in chapter three, in order to explain the behaviour of the poloxamers during the 

adsorption process. By monitoring the reaction process in a non-invasive and non-destructive 

manner, it is also hoped that son» Hght wÜl be shed on the mechanism of the adsorption process 

and the conçlex relationship which exists between the adsorption behaviour and the structure of 

the poloxamer molecule.

E x p e r im e n t a l  p r o t o c o l

The experimental method used for the adsorption studies has been described in section 5.2 and

5.3 of this chapter. In this case, however, the stainless steel ampoule contained a drug suspension 

(l%w/v) which was continuously stirred at 60rpm The concentration of suspension used was 

kept the same as for the previous adsorption studies in chapter three. The concentrated surfactant 

solutions used for these studies were kept exactly the same as for the blank studies performed in 

the previous section. The time between each injection was extended to 45 minutes (40 minute 

injection period and 5 minute baseline) to allow complete adsorption to take place before the next 

injection was added.

R e s u l t s

Adsorption onto ibuprofen

Figures 5.4.1-5.4.4 show power-time curves obtained from titration experiments for the addition 

of P407, P338, P237 and PI 88 to a l%w/v suspension of ibuprofen, respectively. The shape of 

the peaks for adsorption of the four different poloxamer surfactants can be seen to change 

considerably. At closer inspection of the power-time curves, a pattern in the titration peaks can 

be seen. Figure 5.4.1 shows the adsorption of P407 onto ibuprofen and it can be seen that there 

are both exothermic as well as endothermie peaks present. From the previous section (Fig 5.3.1) 

it has been established that dilution of concentrated surfactant solutions yielded exothermic peaks. 

Thus it can be concluded that the presence of endotherms in Fig 5.4.1 are entirely due to the 

interaction between surfactant molecules and the drug surface. An inçortant point which must 

be taken into consideration is the fact that thc j exothermic peaks always precede thei endotherms , 

Thus when P407 interacts with the ibuprofen surface, firstly a reaction process occurs which is 

exothermic in nature which then very quickly switches to a distinct and sharp endothermie
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process. The exothermic peaks can be seen to decrease and then arrive at a plateau and similarly 

the endotherms also decrease and then finally appear constant. This indicates that the adsorption 

process reaches an equilibrium at higher surfactant concentrations. This phenomenon canbe seen 

with greater clarity in Fig 5.4.5 where the peak areas from Fig 5.4.1 are integrated and plotted 

as a function of increasing surfactant concentration in the ançoule. During analysis of the peak 

areas it was not considered appropriate to attempt separating the exotherms from the endothermie 

peaks since too many processes are occurring simultaneously. When a drop of surfactant is added 

to the drug suspension, firstly the miceUar solution wiU break up into individual molecules after 

which adsorption wiU take place and possibly further surface association. As the surfactant 

concentration builds up in the ampoule, the process of deaggregation wUl occur along with 

adsorption at the sohd/hquid interface. Thus, in Fig 5.4.5 it is the net enthalpy change at each 

concentration which is displayed. As can be seen, the overaU reaction process is initiaUy 

exothermic but as the surfactant concentration increases then the process switches to an 

endothermie reaction and at higher surfactant concentrations the curve plateaus indicating that 

there is no significant change in enthalpy.
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Fig 5.4.1: Power-tim e curve obtained fo r  the titration o f  a miceUar solution o f  P 407 into an
aqueous suspension o f  ibuprofen.
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Fig 5.4.4: Power-time curve obtained for the titration of a miceUar solution ofP188 into an 
aqueous suspension of ibuprofen.
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The power-time curve for the adsorption of P338 onto ibuprofen (Fig 5.4.2) also shows the 

presence of endotherms. However, in this case the endotherms are smaller in comparison to those 

obtamed for P407, with enhanced exothermic peaks. Other than this difference the pattern of the 

peaks are very similar to Fig 5.4.1 where the exotherms and endotherms continuously decrease 

until a plateau is reached.

Figure 5.4.3 shows the titration of a concentrated solution of P237 into an aqueous suspension 

of ibuprofen. It is interesting to note that for the adsorption of P237 the appearance of 

endothermie peaks do not occur immediately unhke the adsorption of P407 and P338. In this case 

the endotherms appear at higher surfactant concentrations and are very small in size with a 

dominantly exothermic reaction process taking place. Finally, Figure 5.4.4 shows the titration 

peaks for the addition of a miceUar solution of PI 88 into a drug suspension of ibuprofen. There 

are no endotherms present in this reaction process indicating that the interaction of PI 88 with 

ibuprofen is a purely exothermic process.

Adsorption onto ketoprofen

Figures 5.4.6-5.4.9 show the titration peaks for the adsorption of P407, P338, P237 and PI 88 

onto ketoprofen, respectively. Although the pattern of the titration curves for the poloxamers onto 

ketoprofen show the same behaviour as for ibuprofen, there are some differences which can be 

seen. In Fig 5.4.6 the power-time curve for the addition of a concentrated miceUar solution of 

P407 into a suspension of ketoprofen is shown. It can be seen that the reaction process is almost 

entirely endothermie with only a very few smaU exothermic peaks appearing in the first few 

injections. The changes in the pattern of the titration peaks indicate that there is a difference in 

adsorption behaviour of P407 on both drug surfaces. It does not necessarily mean, however, that 

the mechanism of adsorption is different between the two surfaces, but the intensity of adsorption 

or the extent of adsorption is altered by a change in the surface nature. Fig 5.4.10 shows the 

reaction enthalpy for each injection as a function of surfactant concentration for P407. It canbe 

seen that the shape of this curve is very simUar to that obtained for the adsorption of P407 onto 

ibuprofen (Fig 5.4.5) which indicates that the mechanism of adsorption on both ibuprofen and 

ketoprofen is the same.
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Fig 5.4.6: Power-time curve obtained for the titration of a miceUar solution ofP407 into an 
aqueous suspension of ketoprofen.
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aqueous suspension o f  ketoprofen.
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Fig 5.4.8: Power-time curve obtained for the titration of a miceUar solution ofP237 into an 
aqueous suspension of ketoprofen.
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aqueous suspension of ketoprofen.
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Fig 5.4.10: Reaction enthalpy v s  concentration curve for the dilution of a micellar solution 
ofP407 into an aqueous suspension ofketoprofen. The difference between the first point and 
the plateau region yields the total enthalpy change for the reaction process, The
upward direction of the arrow indicates that dH,„f is endothermie. The reaction enthalpies 
have been corrected to show endothermie reactions as positive values.

The intensity of the endothermie peaks also decrease for the adsorption of the poloxamer 

surfactants onto ketoprofen in the same order as for ibuprofen i.e P407>P338>P237>P188. Fig 

5.4.7 shows the titration peaks for the adsorption of P338 at the ketoprofen surface and it can be 

seen that in comparison to the power-time curve obtained for the adsorption of P407 onto 

ibuprofen, the exotherms are more enhanced with the endothermie peaks smaller in size. Again, 

for the adsorption of P237 onto ketoprofen (Fig 5.4.8) there are very few endotherms present 

which only appear at higher surfactant concentrations. When compared to the titration peaks of 

the same surfactant on ibuprofen (Fig 5.4.3) it can be seen that the endotherms are even smaller. 

Poloxamer PI 88 shows only enhanced exothermic peaks in the titration curve (Fig 5.4,9) when 

adsorbing onto ketoprofen, and this adsorption behaviour could also be seen when interacting 

with the ibuprofen surface (Fig 5.4.4).
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Thermodynamics o f  adsorption

As can be seen in Figs 5.4.5 and 5.4.10, the total enthalpy change of the reaction process, 

is a thermodynamic term which involves many processes including the enthalpy of adsorption. 

The addition of a concentrated poloxamer solution to an aqueous drug suspension includes 

several reaction processes of which the two most energetic of reactions are the process of 

deaggregation and the interaction of the surfactant with the drug surface. Blank experimei^s 

(described in section 5 .2 ) involving the addition of droplets of water into the an^oule consisting 

of water showed no detectable enthalpy change. Thus it can be concluded that there is no 

enthalpic contribution due to the weight of the surfactant droplet hitting the surface of the water 

to the A t̂o,. Consequently, if the for each poloxamer surfactant, determined in the control 

studies, are subtracted from the A//tot for the respective poloxamer, then the resultant value 

obtained will be representative of aU those processes which occur during the adsorption of 

surfactant to the surface and wiU also include enthalpic changes generated from additional 

reactions taking place at the surface of the drug after the poloxamer molecules have adsorbed. 

Therefore, AĤ ^̂  can be considered a value which quantifies the affinity of the poloxamer 

surfactants to the drug surfaces in an aqueous suspension.

Poloxamer
(kJ mol' )̂ AFfada (kJ mol'i)

(kJ mol' )̂ Ibuprofen Ketoprofen Ibuprofen Ketoprofen

P407 137.10 (±2.28) 123.83 (±2.94) 103.59 (±4.50) -13.27 -33.51

P338 81.04 (±1.22) 92.86 (±5.76) 75.57 (±9.76) 11.82 -5.47

P237 76.84 (±3.87) 84.42 (±3.06) 69.85 (±1.47) 7.58 -6.99

P188 26.61 (±1.19) 18.90 (±2.73) 18.80 (±1.02) -7.71 -7.81

Table 5.4.1: A summary of the thermodynamic parameters determined from the titration 
studies (see text for further explanation). The poloxamers are listed in order of decreasing 
hydrophobic (PPO) chain length. The values for AHaa and AH tot show that both processes are 
net endothermie reactions.

In Table 5.4.1, the calculated thermodynamic parameters which have been obtained from the 

titration studies are displayed. The second column hsts the heats of dilution, AH^ for the titration 

of a concentrated micellar solution into water (without the presence of drugs) for each poloxanasr
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surfactant. The third and fourth column show the results obtained for the total enthalpy change 

obtained for the titration of the concentrated poloxamer surfactants into an aqueous suspension 

of ibuprofen and ketoprofen, respectively. It can be seen that the micellisation process of the 

poloxarœr surfactants as weU as the adsorption onto the drug surfaces both become less 

endothermie as the length of the hydrophobic chain decreases. The final two colums displays the 

resultant values after subtraction of AH^i (blank experiments) from Afl̂ tot for the

poloxamer surfactants onto ibuprofen and ketoprofen.

Poloxamer
AH^^ (kJ mol'i)

Maximum Adsorbed Amounts 

(rag)

Ibuprofen Ketoprofen Ibuprofen Ketoprofen

P407 -13.27 -33.51 55.28 44.39

P188 -7.71 -7.81 38.80 35.75

P237 7.58 -6.99 35.51 21.67

P338 11.82 -5.47 18.90 10.75

Table 5.4.2: A comparison o f the trends obtained for the enthalpies of adsorption, 
from titration experiments with the maximum adsorbed amounts obtained from adsorption 
studies described in chapter three, for the poloxamer surfactants.

Clearly, the trend observed in the values for Ai/jii and A//tot are not seen for the values of 

In Table 5.4.2 the Ai/ĝ s values have been rearranged to display the data in order of decreasing 

affinity of the poloxamer surfactants investigated for both drug surfaces. Thus it can be seen that 

poloxamer P407 exhibits a higher affinity for both drug surfaces and poloxamer P338 shows the 

least attraction. The final two columns in Table 5.4.2 shows data which was obtained from 

adsorption studies in chapter three. By comparing the two sets of data it can clearly be seen that 

they follow exactly the same trends. Thus, the titration experiments revealed that the ability of 

the poloxamer surfactants to form micelles was directly related to the length of the PPO chains 

and furthermore, the results also show that the adsorption of the poloxamer molecules to the dmg 

surfaces is also directly related to the length of the hydrophobic chain. However, when the 

difference between the two values (A//tot“ ̂ ^du) obtained the net energy remaining wiU 

determine the extent of adsorption and the strength of attraction that the poloxamer molecules will
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exhibit towards the hydrophobic drug surfaces.

D is c u s s io n

The titration of concentrated poloxamer solutions into aqueous drug suspensions has revealed 

some very interesting results. By scrutinising the shape of the titration curves obtained for each 

poloxamer surfactant, important information can be extracted. It can be seen from the several 

power-time curves shown above, that there is a presence of both exothermic peaks as well as 

endotherms. This behaviour cannot be seen in the titration peaks obtained for the dilution of the 

micellar poloxamer solutions in water (see section 5.3). Thus, it can be concluded that the 

endothermie reaction is a consequence of surfactant-drug interactions. These results appear to be 

consistent with findings of other researchers. Lindhehner et al (1990) looked at the adsorption 

of a series of Triton surfactants on süica gel. Their results showed that at lower concentrations 

of adsorbed surfactant, was exothermic, but at higher surface coverage the value became 

increasingly less exothermic untÜ finally the process switched to an endothermie reaction. The 

presence of these endotherms were attributed to lateral interactions between the hydrophobic 

chains of the surfactant molecules. Denoyel and Rouquerol (1991) obtained the same results when 

investigating the adsorption of both nonionic and ionic surfactants onto sÜica, kaolin and alumina. 

They found that the titration data for aU adsorbing surfaces showed an initial exotherm followed 

by an endothermie reaction which eventually plateaued. They attributed the exothermic reaction 

to a direct interaction between the surfactant and the surface, followed by subsequent surface 

aggregation, due to lateral interactions between neighbouring hydrophobic chains of the adsorbed 

molecules, causing the data to become increasingly endothermie. Thus, the shape of the titration 

curves alone can reveal some information about the events which could possibly occur after the 

direct interaction of a surfactant molecule with an empty site on the adsorbing surface. 

Wesemeyer et al (1993) states that it is the supermçosition of the exotherms due to adsorption 

and the endothermie effect due to surface aggregation which will determine the shape of the 

titration curve.

The titration curves displayed in the results section above show that adsorption of P407 and P33 8 

cause pronounced endotherms to appear, on both adsorbing surfaces. P237 exhibits very small 

endothermie peaks at high concentrations and the interaction of PI 88 with both ibuprofen and
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ketoprofen is a purely exothermic event. The presence of the endothermie peaks decrease with 

decreasing PPO chain length in the poloxamer molecule. From the findings of other researchers 

mentioned above and the results obtained from this study it appears that P407, having the longest 

hydrophobic chain length shows greater tendency to form surface aggregates after adsorption 

whereas the shortest PPO chain of PI 88 does not interact after adsorption. It is most probable 

that because the hydrophobic chain of poloxamer PI88 is very short, the conformation of the 

chain will be flat and elongated on the surface of the drugs. However, P407 can pack closely 

together and the conformation of the chain in the adsorbed state is looped such that the PPO 

segments can interact with each other laterally (see Fig 3.2, pg 49). Wesemeyer et al (1993) 

obtained a triphasic titration curve for poloxamer P407 which was not seen for the other 

poloxamers investigated. The first two phases of the curve consisted of an exothermic reaction 

followed by an endotherm, due to surface aggregation. The third phase observed was exothermic 

and was attributed to molecular rearrangement in the adsorbed layer. Due to molecular weight 

heterogeneity, the smaller molecules are displaced by larger ones which causes an exothermic 

reaction due to further adsorption on the surface. However, the results obtained from this study 

do not show this third exothermic phase. Fig 5.4.5 and 5.4.10 show the reaction enthalpy vs 

concentration curves for the adsorption of P407 onto ibuprofen and ketoprofen, respectively. It 

can be seen that the shape of the curve becomes increasingly endothermie after which the change 

in reaction enthalpy becomes constant. Zajac et al (199^) investigated the adsorption of 

zwitterionic surfactants onto a silica surface (the experiments were conducted at a pH where the 

surfactant molecules were uncharged and thus the results were found to be comparable to the 

adsorption of nonionic surfactants). It was found that after an initial exotherm, at higher 

surfactant concentrations, the adsorption enthalpy was characterised by a constant endotherm

Table 5.4.1 shows the thermodynamic parameters for the micelhsation of the poloxamer 

surfactants in aqueous media as well as the combined thermodynamic value of both

micelhsation and adsorption, A//,o,. The endothermie values obtained for the micelhsation of the 

poloxamer surfactants show that this process is entropically driven. The largest value is obtained 

for poloxamer P407 since it possesses the longest hydrophobe and thus the entropy change due 

to micelle fonnation will be the greatest for this molecule. The trends seen for A/Ẑ u of the 

poloxamer surfactants show that it is the length of the hydrophobic chain which determines the 

extent of aggregation and the PEO chains must contribute very little.
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The endothermie values obtained for the combined effect of surfactant micellisation and 

adsorption, are consistently lower than the for aU the poloxamers investigated. These

results are found to be consistent with other authors (Zajac et al 199*̂ ; Lindheimer et al 1990) 

who conclude that surface aggregation must be a more energetically favorable reaction than the 

process of bulk micelhsation. Indeed, the results obtained in these studies reinforce this argument 

and provide further evidence for the phenomena of surface aggregation. Kiraly et al (1997) 

argued that because the enthalpy of micelhsation was very similar to their adsorption values this 

provided evidence that the formation of interfacial aggregates and bulk micelhsation were very 

similar phenomena which were both driven by hydrophobic interactions. The thermodynamic 

parameters in Table 5.4.1 also show that the two sets of data for miceUisation and adsorption are 

very similar in magnitude and size, and it would be very tempting to agree with the hypothesis 

of Kiraly et al (1997). However, since the adsorption studies in the calorimeter yield enthalpy 

values which are due to a combined effect of several processes, it would be unreahstic to assume 

that the largest contribution to the A//,o, is due to surface aggregation.

Norde and Lyklema (1978) who studied the adsorption of proteins on polystyrene surfaces stated 

that "it must be realised that is the compounded enthalpy change due to many factors,

including structural alterations in the protein molecules, that are involved in the overall adsorption 

process. For some of these factors the contribution to can be estimated. If the overall A^̂ H 

is experimentally obtainable, subtraction leads to the contributions to Â ^̂ H of otherwise 

inaccessible factors”. Therefore, if the above statement is applied to the results obtained for this 

study then by subtraction of AĤ î from A//,o,, a more realistic value for the enthalpy of 

adsorption, A/Ẑ ds» can be obtained. This treatment has been applied to the data from this study 

and the resultant AĤ  ̂ for all four poloxamers onto ibuprofen and ketoprofen can be seen in 

Table 5.4.2 and have been listed in order of decreasing exothermic values. When compared to the 

AZ/jjii values, it can be seen that AĤ ^̂  for the poloxamers do not show a relationship with the 

length of the hydrophobic chains. However, similar to the A//,o, values, there is clear difference 

in enthalpy values between the two adsorbing surfaces. Also in Table 5.4.2, the adsorption data 

obtained from the previous studies in chapter three are listed, for comparison. The fact that both 

sets of data follow the same trends, provide confirmation that the values for AĤ  ̂obtained are 

true representations of the adsorption process of the poloxamer surfactants. The highest adsorbed 

amounts were obtained for poloxamer P407 and the corresponding AĤ  ̂ were the most 

exothermic on both adsorbing surfaces, indicating that adsorption of P407 is the most
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energetically favorable of all the poloxamers examined. Another interesting observation is that 

poloxamer PI 88 showed very similar adsorbed quantities on both ibuprofen and ketoprofen and 

this behaviour can also be seen for the values of PI88 . Therefore, the microcaloiimethc 

data has very conclusively shown that althou^ the aggregation of the poloxamer molecules in 

aqueous solution is dependent only on the length of the PPO chain, the adsorption of these 

surfactants is controlled by several factors and it will be the net energy of the many reaction 

processes involved which wül determine the extent of adsorption to a surface. The fact that 

poloxamer P407 showed the strongest adsorption is very predictable since it is a h i^  molecular 

weight molecule with a long hydrophobic chain. However, it is the unpredictable adsorption 

behaviour of poloxamer PI 88 which is the most surprising and difficult to explain. Poloxamer 

P18 8 possesses the smallest PPO chain and additionally it has a relatively long PEO chain length, 

therefore it would be expected to adsorb very httle. However, P188 has shown consistently higher 

adsorption quantities on both adsorbing surfaces. Thus, it has been shown from the 

microcalorimetric studies that whatever the reasons are which influence the adsorption process 

of surfactant molecules, the sensitivity of ITM has been very successful in identifying the 

differences in adsorption. The values obtained, takes into account the competition which 

arises during the adsorption process involving the opposing force exerted when the surfactant 

molecules attempt to aggregate in the bulk solution. However, more inçortantly, the attraction 

of the hydrophflic chain to the aqueous environment has also been included.

From Table 5.4.2., it can also be seen that the poloxamer molecules show a clear difference in 

adsorption on the ibuprofen and ketoprofen surfaces. Surface energy results obtained in chapter 

four for the two drug surfaces showed that ketoprofen possesses a shghtly more polar surface 

than ibuprofen. Consequently, the adsorption studies from chapter three revealed that the 

difference in surface nature of the drug influenced the extent of adsorption such that the 

poloxamers showed a consistently higher affinity for the more hydrophobic ibuprofen surface. 

This relationship was also found to be reflected in the enthalpies of adsorption for the poloxamers 

on ibuprofen and ketoprofen. The AĤ  ̂show that, surprisingly, the adsorption on ketoprofen is 

consistently more exothermic for all the studied poloxamers which would indicate a greater 

affinity for this surface. Wesemeyer et al (1993) obtained a very similar result when investigating 

the adsorption of the poloxamers onto ôOnmand 200nm sized polystyrene particles. The surface 

of tiie 60nm sized polystyrene particles were more hydrophobic because the adsorbed layer 

thickness of the surfactants was found to be greater. However, the adsorption enthalpies obtained
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for the surfactants were more endothermie when interacting with the 60nmparticles. These results 

were attributed to a more dense packing of the surfactant molecules on the more hydrophobic 

surface which led to increased promotion of surface aggregation. The argument presented by 

Wesemeyer et al (1993) can therefore be one possibility which explains the more endothermie 

values obtained for the interaction of the poloxamer molecules to ibuprofen. The fact that 

poloxamer P407 has an overall exothermic indicates that the direct interaction of the 

molecule to the surface is a highly exothermic process which dominates over any endothermie 

reactions occurring due to surface aggregation. Conversely, for poloxamer P338, where the A//,ds 

on the ibuprofen surface, is a net endothermie process, it appears that adsorption is weak and thus 

the energy utilised to aggregate at the surface dominates.

C o n c l u s io n

From the three different studies which have been performed, in this thesis, in order to assess and 

gain a better understanding of the adsorption phenomena of the poloxamer surfactants, it appears 

that the use of ITM has proved to be the most superior technique. The application of surface 

thermodynamics, discussed in chapter four, was not a successful study, which highlighted the 

con^lexity of the overall adsorption process. The most common way of assessing the adsorption 

of surfactants onto a surface are the conventional adsorption studies described in chapter three. 

Application of this method produced very useful adsorption data but supphed no additional 

information regarding the process. Furthermore, this method of analysis is very time consuming 

and laborious, and is highly dependent on the operator. Another great disadvantage of this method 

is the large quantities of powder as well as surfactant which are required for these type of studies. 

Finally, the method of detection of the surfactant concentrations, which was a UV- 

spectrophotometer, only supplied reliable readings at very dilute concentrations and this was not 

very appropriate for the poloxamer surfactants which show solution aggregation at relatively high 

concentrations. Thus, to measure the adsorption of the poloxamers around the CMCs would have 

been very time consuming and not so feasible. In comparison, it can be seen that the results 

obtained for the adsorption studies performed in the microcalorimeter using ITM, as well as 

showing exactly the same trends in adsorption as was found in chapter three, also revealed 

additional information about the mechanisms of the process and aggregation in the bulk solution 

and on the drug surface. A much wider concentration range can be monitored with a high 

resolution of data points. The handling of the equipment requires delicacy and operator
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experience, but once these skills are perfected, then generating results is a very single and quick 

process requiring little attention once the experiment has been initiated. The sensitivity of the 

microcalorimeter and the extremely stable temperature control ensure that accurate and reliable 

data are generated. The titration peaks obtained are rich in information and by simply looking at 

the shape and pattern of the peaks some useful information can be extracted. This knowledge 

coupled with the thermodynamic parameters obtained after analysis of the peaks allows a very 

clear picture of the entire reaction process including bulk micellisation, adsorption and surface 

aggregation.
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CHAPTER SIX

Suspension Stability 
Studies
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Intr o d u c tio n

In the previous chapters of this thesis, experimental work was presented describing the adsorption 

phenomena of the poloxamer surfactants onto model hydrophobic drug surfaces. The adsorption 

process was investigated from various angles, using a variety of different techniques based on 

differing theoretical models. In this final results chapter the ability of the poloxamers to stabilise 

drug suspensions wiU be studied in an attempt to interpret the previous adsorption data and relate 

the results to a more realistic situation of suspension stability. By performing suspension stability 

studies of the drug powders in the poloxamer solutions, it will be possible to assess whether the 

techniques used for the adsorption studies can reliably predict a good suspension stabiliser.

Considerable research has been done into the field of suspension stability of hydrophobic particles 

using nonionic polymers such as the poloxamer surfactants (Kayes 1977a,b, Rawlins and Kayes 

1980 and 1983a,b, Law and Kayes 1983). Consequently there is a wide variety of information 

available about the mechanisms of suspension stability. It is well known that hydrophobic 

colloidal particles can be stabilised by the adsorption of nonionic macromolecular polymers by 

the mechanism of steric stabilisation (Napper 1970, H esselihk 1971, Napper and Netschey 1971, 

Rawlins and Kayes 1980, Klein 1986). Steric stabilisation occurs between uncharged polymers 

adsorbed to the surface of particles and is a process by which the protruding hydrophilic chains 

physically hold the particles apart due to repulsion between the polymeric chains. Clearly the 

repulsion between the hydrated chains must overcome the van der Waals attraction between the 

core particle surfaces and therefore the ability to effectively stabilise the dispersion is dependent 

on the chemical structure of the nonionic polymer. Thus, desirable qualities required for a good 

dispersion stabÜiser is one with a sufficiently long hydrophobic chain which wÜl adsorb to the 

particle surface with a high affinity to provide strong anchorage as well as complete surface 

coverage. Additionally, and of equal importance is the length of the hydrophilic chain which must 

be present in a good solvent to be fuUy hydrated such that optimum repulsion can be obtained 

between the neighbouring particles. In this way, the uncharged polymer will provide an effective 

protective barrier against aggregation of the suspended particles.

A good understanding of the theory of steric stabilisation has provided much use in the research 

and development of pharmaceutical suspensions (Tripp and Hair 1994, Gfover and Bike 1995). 

Tadros et al (1995) utilised the theory of steric repulsion in order to nciinirnise the aggregation
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effects when preparing a concentrated (>65% by weight) coal/water suspension for the purpose 

of transport through pipelines as well as used in alternative fuels. Steric repulsion was achieved 

by using nonionic surfactants such as the poloxamers adsorbed to the coal particles in order to 

improve the flow and long term physical stability of the suspensions.

DISPERSE SYSTEMS

A disperse system may be defined as a system in which one substance, the disperse phase, is 

dispersed as particles throughout another, the dispersion medium Although systems in which the 

size of the dispersed particles are within the range of about lO'^m (Inm) to lO'^m (l^m) are 

termed colloidal, and have specific properties, there is no sharp distinction between colloidal and 

non-colloidal systems, particularly at the upper size limit. For example the droplet size in 

emulsions, the particle size in suspensions and the natural systems of micro-organisms and blood 

are normally in excess of 1 /im and yet such dispersions show many of the properties of colloidal 

systems. Some examples of the different disperse systems are given in Table 6 .1.

The essential character common to aU disperse systems is the large area to volume ratio for the 

particles involved, for example, when a cube of 1cmedge is subdivided into cubes of lOOnmedge 

there is a 10̂  increase in surface area and associated free energy. This free energy will be 

decreased if the particles aggregate or coalesce because of the reduction in interfacial area that 

accompanies such aggregation. Since any systems will tend to react spontaneously to decrease 

its free energy to a rnioimum it follows that often disperse systems are unstable, the particles 

aggregating rather than remaining in contact with the dispersion medium Dispersions that exhibit 

this behaviour are termed lyophobic, or solvent hating, dispersions. In other systems known as 

lyophilic, solvent loving, dispersions an affinity exists between the dispersed particles and the 

dispersion medium and this contributes to the stability of these systems. The terms hydrophobic 

and hydrophilic may be used when the dispersion medium is water.

Whilst the majority of dispersions used in pharmacy are aqueous they are by no means limited 

to water, thus dispersions of sohds in oüs include suspensions for injection and oral use and 

suspensions of sohds in aerosol propellants.
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Dispersed phase Dispersion Medium Name Examples

Liquid Gas Liquid Aerosol Fogs, mists, 
aerosols

Solid Gas Solid Aerosol Smoke, powder 
aerosols

Gas Liquid Foam Foam on surfactant 
solutions

Liquid Liquid Emulsion Milk,
pharmaceutical
emulsions

Solid Liquid Sol, Suspension Silver iodide sol, 
aluminium 
hydroxide 
suspension

Gas Solid Solid foam Expanded
polystyrene

Liquid Sohd Solid emulsion Liquids dispersed in 
soft paraffin, opals, 
pearls

Solid Solid Solid suspension Pigmented plastics, 
colloidal gold in 
glass (ruby glass)

Table 6.1: Types of disperse systems.

C o ll o id  sc ie n c e

Colloid science concerns systems in which one or more of the components has at least one or 

more dimension within the range of about Inm to 1 /xm and thus includes shapes such as spheres, 

cubes, ellipsoids, rods, discs and random coils, where other dimensions maybe significantly larger 

than 1 pm. As indicated, some colloids can be broadly classified as those that are lyophobic, these 

dispersions or sols are thermodynamically unstable and the particles tend to aggregate to lower 

the free energy of the system They are irreversible systems in the sense that they are not easily 

reconstituted after phase separation. Water-insoluble drugs and clays such as kaolin and bentonite
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and oils form lyophobic dispersions. On the other hand macromolecular materials such as the 

proteins, tragacanth and methylcellulose form lyophilic sols which, as true solutions, are 

thermodynamically stable. These are reversible systems because, after separation of solute from 

solvent, they are easily reconstituted. Surfactant molecules because of their affinity for water and 

their tendency to form micelles which are of colloidal dimensions, form hydrophilic colloidal 

dispersions in water but are usually classified separately as association colloids, the older term 

being colloidal electrolyte.

It has been suggested that the efficiency of certain substances, used in pharmaceutical 

preparations, may be increased if colloidal forms are used since these have large surface areas. 

Thus, for exançle, the adsorption of toxins from the gastrointestinal tract by kaolin, and the rate 

of neutrahsation of excess acid in the stomach by aluminiumhydroxide, may be increased if these 

compounds are used in colloidal form In the purification of proteins, use is made of the changes 

in solubihty of colloidal material with alteration of pH and addition of electrolyte (Aulton, 1990).

The protective ability, or, as it is now known, the steric stabilisation effect of hydrophilic colloids 

is used to prevent the coagulation of hydrophobic particles in the presence of electrolytes. Thus 

hydrophobic sols for injection, such as colloidal gold (̂ ®̂Au) injection, must be stericaUy 

stabilised in this case by gelatin. Hydrophilic sols are viscous and use is made of this property 

in retarding the sedimentation of particles in pharmaceutical suspensions. Blood plasma 

substitutes such as dextran, polyviuylpyrrohdone and gelatin arehydrophihc colloids which exert 

an osmotic pressure similar to that of plasma and are thus used to restore or maintain blood 

volume. Iron-dextran complexes form nonionic hydrophüic sols suitable for iujection for the 

treatment of anaemia.

P h y s ic a l  s t a b il it y  o f  c o l l o id a l  s y s t e m s

In colloidal dispersions, frequent encounters between the particles occur due to Brownian 

movement. Whether these coUisions result iu permanent contact of the particles (coagulation), 

when eventually the colloidal system will be destroyed as the large aggregates formed sediment 

out, or temporary contact (flocculation), or whether the particles rebound and remain freely 

dispersed (a stable colloidal system) depends on the forces of interactions between the particles.
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These forces can be divided into three groups; electrical forces of repulsion, forces of attraction 

and forces arising from solvation. An understanding of the first two explains the stability of 

lyophobic systems and all three lyophilic dispersions. Before considering the interaction of these 

forces it is necessary to define the terms aggregation, coagulation and flocculation as used in 

colloid science. Aggregation is a general term signifying the collection of particles into groups. 

Coagulation, from the latin coagulare, meaning to drive together, to contact, signifies that the 

particles are closely aggregated and difficult to redisperse; a primary minimum phenomenon of 

the DLVO theory of colloid stability (see next section). Flocculation comes from the latin 

floculare, meaning loose and woolly. Aggregates have an open structure in which the particles 

remain a small distance apart from one another. This maybe a secondary rninirnum phenomenon 

(see the DLVO theory) or due to bridging where polymer adsorbed onto one particles wÜl attach 

itself to the surface of a neighboring particle.

Stability of lyophobic systems

DLVO theory In considering the interaction between two colloidal particles Derjaguin and 

Landau and independently, Verwey and Overbeek, in the 1940s produced a quantitative approach 

to the stability of hydrophobic sols. In what has come to be known as the DLVO theory of colloid 

stability they assumed that the only interactions involved are electrical repulsion, V̂ , and van der 

Waals attraction, V̂ , and that these parameters are additive. Therefore the total potential energy 

of interaction Vj (expressed schematically in the curve shown in Fig 6.1) is given by

Vt = V a + V r E q î i 6 . 1

Repulsive forces between particles Repulsion between particles arises due to the osmotic

effect produced by the increase in the number of charged species on overlap of the diffuse parts 

of the electrical double layer. No simple equations can be given for repulsive interactions; 

however, it can be shown that the repulsive energy that exists between two spheres of equal but 

small surface potential is given by

Vr = e a\[ff In n  + exp"’̂ ) Eq- 6.2

2
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where e is the permittivity of the polar hquid, a the radius of the spherical particle of surface 

potential k  is the Debye-Huckel reciprocal length parameter and H  the distance between 

particles. An estimation of the surface potential can be obtained from zeta potential 

measurements. As can be seen the repulsion energy is an exponential function of the distance 

between the particles and has a range of the order of the thickness of the double layer.
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Fig 6.1: Schematic curve of total potential energy of interaction Vj> versus distance of 
separation, H, for two particles.

Attractive forces between particles The energy of attraction, V̂ , arises from van der Waals

universal forces of attraction, the so-called dispersion forces, the major contribution to which are 

the electromagnetic attractions described by London in 1930. For an assembly of molecules 

dispersion forces are additive summation leading to long range attraction between colloidal 

particles. It can be shown that the attractive interaction between spheres of the sane radius, a, 

is given by

\ 2 H

Eq=6.3
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where A is the Hamak£r constant for the particular material derived from London dispersion 

forces. The energy of attraction varies as the inverse of the distance between particles.

Total potential energy o f interaction Consideration of the curve, total potential energy of 

interaction Vj, versus distance between particles, H, Figure 6.2, shows that attraction 

predominates at small distances, hence the very deep primary rntnirnurn, and at large interparticle 

distances. Here the secondary rninirnum arises because the fall off in repulsive energy with 

distance is more rapid than that of attractive energy. At intermediate distances double layer 

repulsion may predominate giving a primary maximum in the curve, if this maximum is large 

compared with the thermal energy kT of the particles the colloidal system should be stable, i.e. 

the particles stay dispersed. Otherwise the interacting particles wiU reach the energy depth of the 

primary rninirnum and irreversible aggregation, i.e. coagulation occurs.
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Fig 6.2: Schematic curves o f total potential energy of interaction Vt> versus distance of 
separation, H, showing the effect of adding electrolyte at constant surface potential
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If the secondary minimum is smaller than kT the particles wiU not aggregate but wiU always repel 

one another, but if significantly larger than kT a loose assemblage of particles wiU form which 

can be easily redispersed by shaking, i.e flocculation occurs. The depth of the secondary 

minimum depends on particles size and particles may need to be of radius 1/xm or greater before 

the attractive force is sufficiently great for flocculation to occur. The height of the primary 

maximum energy barrier to coagulation depend upon the magnitude of V)?, which is dependent on 

\|/o and hence the zeta potential and in addition on electrolyte concentration via k, the Debye- 

Huckel reciprocal length parameter. Addition of electrolyte congresses the double layer and 

reduces the zeta potential: this has the effect of lowering the primary maximum and deepening 

the primary niinimum (see Fig 6.2). This latter means there wÜl be an increased tendency for 

particles to flocculate in the secondary minimum and is the principle of the controlled flocculation 

approach to some pharmaceutical suspension formulations.

S ter ic  s t a b iu s a t io n  (p r o t e c t iv e  c o l lo id  a c t io n )

Nonionic polymeric material such as gums, nonionic surface active agents and methylcellulose 

when adsorbed at the surface of a particle can stabüise a lyophobic sol to coagulation even in the 

absence of a significant zeta potential. The approach of two particles, with adsorbed polymer 

layers, results in a steric interaction when the layers overlap leading to repulsion. In general the 

particles do not approach each other closer than about twice the thickness of the adsorbed layer 

and hence passage into the primary minimum is inhibited. An additional term has thus to be 

included in the potential energy of interaction for what is called steric stabilisation. Vs, the older 

term being protective colloid action:

Vt = Va + Vr + Vs Eq=6.4

The effect of Vs on the potential energy against distance between particles curve is seen in Figure 

6.3, showing that repulsion is generally seen at all shorter distances provided that the adsorbed 

polymeric material does not move from the particle surface.

One can explain steric repulsion by reference to the free energy changes which take place when 

two polymer covered particles interact. Free energy, enthalpy and entropy changes are related
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according to the Gibbs-Helrriholtz equation:

AG = A //-T A 5
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Fig 6.3: Schematic curves of the total potential energy of interaction, versus distance for  
two particles, showing the effect of steric stabilisation term Vg." (a) in the absence of 
electrostatic repulsion; the solid line representing Vj. = + y^ (b) in the presence of
electrostatic repulsion, the solid line representing Vj- = y  ̂+ y  ̂+ Vg.

The second law of thermodynamics implies that a positive value of AG is necessary for dispersion 

stabUity, a negative value indicating that the particles have aggregated. A positive value of AG 

can arise in a number of ways, as when AH and AS are both negative but TA5 > AH. Here the 

effect of the entropy change opposes aggregation and outweighs the enthalpy term; this is termed 

entropie stabilisation. Interpenetration and conçression of the polymer chains decreases the 

entropy as the chains become more ordered. Such a process is not spontaneous: 'work’ must be 

expended to interpenetrate and congress any polymer chains existing between the colloidal
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particles and this work is a reflection of the repulsive potential energy. The enthalpy of mixing 

of these polymer chains wül also be negative. Stabilisation by these effects occurs in non-aqueous 

dispersions. Again, a positive AG occurs if both AH and AS are positive but AH >TAS. Here 

enthalpy aids stabilisation, entropy aids aggregation. Consequently this effect is termed enthalpic 

stabilisation and is common with aqueous dispersions, particularly where the stabilising polymer 

has polyoxyethylene chains. Such chains are hydrated in aqueous solutions due to H-bonding 

between water molecules and the 'ether oxygens’ of the ethylene oxide groups. The water 

moleclues have thus become more structured and lost degrees of freedom When interpenetration 

and compression of ethylene oxide chains occurs there is an increased probability of contact 

between ethylene oxide groups resulting in some of the bound water molecules being released (see 

Fig 6.4). The released water molecules have greater degrees of freedom than those in the bound 

state. For this to occur they must be supphed with energy, obtained from heat absorption. Le. 

there is a positive enthalpy change. Although there is a decrease in entropy in the interaction zone 

as with entropie stabüisation this is over-ridden by the increase in the configurational entropy of 

the released water molecules.

(b)

e  o

Fig 6.4: Enthalpic stabilisation: (a) particles with stabilising polyoxyethylene chains and H- 
bonded water molecules, (b) stabilising chains overlap, water molecules released + AH.
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C o a r se  disperse  sy st e m s: su spen sio n s

A pharmaceutical suspension is a coarse dispersion in which insoluble particles, generally greater 

than 1 fLm 'm diameter, are dispersed in a hquid medium, usually aqueous. An aqueous suspension 

is a useful formulation system for adrnmistering an insoluble or poorly soluble drug. The large 

surface area of dispersed drug ensures a high avaüabüity for dissolution and hence absorption. 

Aqueous suspensions may also be used for parenteral and opthahnic use and provide a suitable 

form for the appUcations of dermatological materials to the skin Suspensions are used similarly 

in veterinary practice and a closely aUied field is that of pest control. Pesticides are frequently 

presented as suspensions for use as fungicides, insecticides, ascaricides and herbicides.

An acceptable suspension must possess certain desirable quahties among which are the following: 

the suspended material should not settle too rapidly; the particles which do settle to the bottom 

of the container must not form a hard mass but should be reachly dispersed into a uniform mixture 

when the container is shaken; and the suspension must not be too viscous to pour freely from the 

orifice of the bottle or to flow through a syringe needle.

Physical stability of a pharmaceutical suspension may be defined as the condition in which the 

particles do not aggregate and in which they remain uniformly distributed throughout the 

dispersion. Since this ideal situation is seldom reahsed it is appropriate to add that if the particles 

do settle they should be easily resuspended by a moderate amount of agitation.

The major difference between a pharmaceutical suspension and a colloidal dispersion is one of 

size of dispersed particles, with the relatively large particles of a suspension hable to sediment 

due to gravitational forces. Apart from this, suspensions show most of the properties of colloidal 

systems.

T h e  e f f e c t  o f  a d s o r b e d  p o l y m e r  l a y e r s  o n  t h e  p h y s ic a l  s t a b il it y  o f  s u s p e n s io n s

Colloidal particles may be stabihsed against coagulation in the absence of a charge on the 

particles by the use of nonionic polymeric materials, the concept of steric stabilisation or 

protective colloid action. This concept may be apphed to pharmaceutical suspensions where
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naturally occurring gums such as tragacanth and synthetic materials such as nonionic surfactants 

and cellulose polymers may be used to produce satisfactory suspensions. These materials may 

increase the viscosity of the aqueous vehicle and thus slow the rate of sedimentation of the 

particles but they wiU also form adsorbed layers around the particles so that the approach of their 

surfaces and aggregation to the coagulated state may be hindered. Attractive forces exist, of 

course, between the particles but the tendency now is to look upon the attraction as between the 

polymer layers themselves rather than a modified attraction between uncoated particles. As the 

two adsorbed layers interpenetrate, however, a repulsion arises which is enthalpic in origin due 

to release of water of solvation from the polymer chains with entropy effects due to nnovement 

restriction with the result that, in general, the particles wdl not approach one another closer than 

twice the thickness of the adsorbed layer. However, from a pharmaceutical point of view an easily 

dispersed aggregated system is desirable. To produce this state, a balance between attractive and 

repulsive forces is required. This is not achieved by aU polymeric materials, as the equivalent of 

deflocculated and caked, and coagulated, systems may be produced. The balance of forces 

appears to depend on both the thickness and the concentration of the polymer in the adsorbed 

layer. These parameters determine the Hamaker constant and hence the attractive force which 

must be large enough to cause aggregation of the particles comparable to flocculation. The steric 

repulsive force, which depends on the concentration and degree of solvation of the polymer 

chains, must be of sufficient magnitude to prevent close approach of the uncoated particles, but 

low enough such that the attractive force is dominant leading to aggregation at about twice the 

adsorbed layer thickness. Thus it has been found that adsorbed layers of certain members of the 

range of surfactants which are polyoxyethylene-polyoxypropylene block co-polymers wdl 

produce satisfactory flocculated systems, whdst examples of a nonyl phenyl ethoxylate range will 

not. With both types of surfactants the molecular moieties producing steric repulsion are hydrated 

ethylene oxide chains, but the concentration of these in the adsorbed layers varies giving the 

results indicated above (Rawlins and Kayes, 1980).

P h a r m a c e u t ic a l  a p p u c a h o n s  o f  s u s p e n s io n s

Many people have difficulty in swallowing sohd dosage forms and therefore require the drug to 

be dispersed in a hquid. If the drug is insoluble or poorly soluble in a suitable solvent then 

formulation as a suspension is usuahy required. Some eye drops too, notably hydrocortisone and
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neomycin are available as suspensions because of their poor solubility in a suitable solvent.

The degradation of a drug in the presence of water may also preclude its use as an aqueous 

solution in which case it may be possible to synthesise an insoluble derivative which can then be 

formulated as a suspension.

E x p e r im e n t a l

From the discussion presented above it canbe determined that surfactants such as the poloxamers 

stabilise suspensions by the mechanism of steric stabilisation in the absence of any charge or 

presence of ions. It can also be seen that in order for a suspension to be stericaUy stabilised the 

surface of the particle must be covered sufficiently by adsorbed polymers such that there is no 

attraction between the exposed particle surfaces or the PEO chain protruding from the surface 

of a particle does not adsorb to the uncoated region of a neighboring particle surface.

The purpose of performing stability studies on suspensions containing the model drug particles 

adsorbed with poloxamer surfactants, was to determine the ideal surfactant concentration which 

would be sufficient to stabilise the drug particles. The studies discussed in the previous chapters 

have concentrated on the adsorption phenomena of the poloxamer surfactants, and therefore the 

focus of research has been more on the anchoring ability of the hydrophobic chain with the PEO 

chain contributing less to the process. By performing suspension stability studies, it is the 

function of the PEO chain which becomes more important whereas the hydrophobic chain is only 

required for good anchoring capability to the particle surface as weU as conçlete surface 

coverage. Of course, the role of the PPO chain is also very important however, for example, a 

poloxamer molecule possessing a long hydrophobic chain that would fulfil the above requirements 

would stUl be incapable of stabilising the drug particles if the hydrophilic chain was not long 

enough to produce steric hindrance. Thus, it is from this type of study that the usefulness of the 

PEO chain in a suspension system wUl be highlighted. AdditionaUy these studies were also 

performed in order to determine whether the previous adsorption studies were yielding reaUstic 

data which would reliably predict a good steric stabUiser.
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E x pe r im e n t a l  pro to co l

Bulk aqueous drug suspensions (1%) were prepared containing 1, 0.1 and 0.01% surfactant 

concentrations. The suspensions were shaken overnight in a shaking water bath at 25“C and then 

sonicated to primary particle size (control). The primary particle size was determined by 

sonicating the drug suspensions and removing small samples for particle sizing m the Malvern 

Mastersizer. The measurements were done continuously until the particle size of the drug 

suspensions became constant. The suspensions were then poured mto small sample vials and 

stored at 25°C. Samples were then removed at time intervals of 0, 24hrs, 7 and 30 days and 6 

months for particle size measurements to determine the effects of storage on aggregation of the 

poloxan^r coated drug particles.

R e s u l t s

Stability Data for Ibuprofen suspensions

P407 P338 P237 P188

Control (26.91-27.69) 27.3 (26.91-27.69) 27.3 (26.91-27.69) 22.3 (26.91-27.69)

24hrs ^8.3 (56,92-59.68) 60.4 (58.09-62.71) 26.3 (74.51.78.09) 60.5 (54.92-66.08)

7 days 56.0 (54.12-57.88) 62.5 (52.46-72.54) 24.7 (71,55.77.85) 65.8 (63.85-67.75)

30 days 53 . 6  (50.55-56.70) 59.5 (56.66-62.34) 23.8 (71.73.75.87) 63 . 2  (59.81-66.59)

6 months 53.8 (51.64-55.96) 6 1 9 (59.84-63.96) 66.9 (63.94-69.86) 2 2 .8  (77.14-78.46)

Table 6.2: Mean particle size data (fiM) (Range o f data for n=3) for an ibuprofen suspension 
dispersed in a 1% surfactant solution.
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P407 P338 P237 P188

Control 27.3 (26.91-27.69) 27.3 (26.91-27.69) 27.3 (26.91-27.69) 27.3 (26.91-27.69)

24hrs 54.0 (53.68-54.32) 57.9 (56.97-58.83) 56.1 (55.12-57.08) 58.4 (54.63-62.17)

7 days 57.5 (56.28-58.72) 56.1 (53.96-58.24) 58.5 (55.82-61.18) 66.4 (65.65-67.15)

30 days 58.1 (56.92-59.28) 61 2 (53.94-68.46) 59.0 (55.93-62.07) 76.1 (60.42-91.78)

6 months 58.7 (57.14-60.26) 66.4 (62.36-70.44) 63.2 (58.33-68.07) 719 (71.12-72.68)

Table 6.3: Mean particle size data (/JM) (Range o f data forn=3) for an ibuprofen suspension 
dispersed in a 0.1% surfactant solution.

P407 P338 P237 P188

Control 27.3 (26.91-27.69) 27.3 (26.91-27.69) 27.3 (26.91-27.69) 27.3 (26.91-27.69)

24hrs 55.9 (53.72-58.08 55.7 (54.47-56.93) 61 5 (60.51-62.49 62.7 (66.66-67.74)

7 days 56.8 (55.81-57.79) 55.7 (54.48-56.92) 61-12 (60.79-61.61) 71-5 (65.31-77.69)

30 days 57 . 6 (54.84-60.36) 56.1 (51.39-60.81) 64.3 (61.56-67.04) 67.2 (66.66-67.74)

6 months 59.2 (57.37-61.03) 66.5 (61.52-71.48) 62.4 (60.29-64.51) 68.8  (65.98-71.62)

Table 6.4: Mean particle size data (jdM) (Range o f data for n=3) for an ibuprofen suspension 
dispersed in a 0.01% surfactant solution.
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Stability data for ketoprofen suspensions

P407 P338 P237 P188

Control 24.2 (24.07-24.33) 24.2 (24.07-24.33) 24.2 (24.07-24.33) 24.2 (24.07-24.33)

24hrs 50.2 (45.17.55.23) 51 -0  (45.73-56.27) 42.8 (36.51-49.09) 27.8 (13.10-42.55)

7 days 56.1 (49.93.62.77) 46.4 (23.63-55.3) 83.7 (62.34-105.06) 98.0 (49.03-146.97)

30 days 65.9 (61.11-70.69) 40.4 (23.63-57.17) 47.9 (34.60-61.20) 34.6 (15.51-53.69)

6  months 65.5 (53.87-77.13) 95 .2 (61.43-128.97) 59.2 (17.77-100.63) 116.0 (64.21-167.79)

Table 6.5: Mean particle size data {flM) (Range of data forn=3) for a ketoprofen suspension 
dispersed in a 1% surfactant solution.

P407 P338 P237 P188

Control 24.2 (24.07-24.33) 24.2 (24.07-24,33) 24.2 (24.07-24.33) 24.2 (24.07-24.33)

24hrs 112.4 (77.58-147.22) 39.4 (35.41-43.39) 75 . 8 (68.97-82.63) 27.6 (24.19-31.01)

7 days 86.9 (69.94-103.86) 59.9 (56.53-63.27) 83.8 (55.52-112.14) 51-7 (42.45-60.95)

30 days 98.5 (79.61-117.39) 67.3 (61.61-73.0) 92.7 (88.96-96.44) 71-4 (68.28-74.52)

6 months 111.2  (84.53-137.87) 107.6 (95.57-119.63) 99.4 (97.37-101.43)

Table 6.6: Mean particle size data (flM) (Range of data for n=3) for a ketoprofen suspension 
dispersed in a 0.1% surfactant solution.
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P407 P338 P237 P188

Control 24. 2 (24.07-24.33) 24.2 (24.07-24.33) 24.2 (24.07-24.33) 24.2 (24.07-24.33)

24hrs 67.3 (51.74-82.86) 87.6 (79.43-95.77) 35.2 (27.86-42.54) 47.5 (46.85-48.15)

7 days 64.4 (48.61-80.19) 77.5 (70.24-84.76) 80.5 (64.86-96.14) 65.6 (54.01-57.19)

30 days 92.5 (32.05-152.95) 158.2 (32.23-284.17) 91.9 (82.09-101.71) 67.3 (66.93-67.67)

6 months 102.6  (52.25-142.67) 97.5 (71.02-123.98) 113.4(104.24-122.56)

Table 6.7: Mean particle size data (fiM) (Range of data for n=3) for a ketoprofen suspension 
dispersed in a 0.01% surfactant solution.

D is c u s s io n

Tables 6 .2-6.7 show that the primary particle size of both ibuprofen and ketoprofen are very 

similar. However the appearance of the drugs in water without the presence of surfactants 

differed considerably. Ibuprofen did not disperse at all in water and aggregated to form large 

lumps leaving most of the medium clear and hence devoid of any suspended particles. Ketoprofen, 

however formed very large floccs in the medium, giving the suspension a 'wooly' appearance. 

Since the particles of both drugs were very similar in size, the difference in the interaction of the 

two drugs with water is clearly due to the differences in surface nature. From the surface energy 

data obtained in chapter four, it was found that the ibuprofen drug surface was more hydrophobic 

thus this explains the typical behaviour of these types of dmgs in an aqueous medium. Ketoprofen 

also possesses a dominant hydrophobic surface character but obviously the shghtly more 

hydrophihc nature of its’ surface caused the particles to be loosely attracted to one another and 

therefore formed loose aggregates in water. Regardless of the nature of the suspensions formed 

by both dmg particles, the dispersions were unsightly and inelegant in appearance and clearly 

required the presence of a surfactant to unprove the suspendability of the powders.

The measurement of particle size proceeded throughout a six month period such that the short 

term stability as well as long term stabihty could be assessed. The results can be seen in tables 

62-6.1. Table 6.2 shows the stability data for a 1 % poloxamer solution adsorbed onto ibuprofen.

197



For poloxamer P407, it appears that after storage for 24 hours the particle size increased almost 

two fold. However, for the following time intervals upto six months the particle size of ibuprofen 

was more or less constant, within the standard error. Similar behaviour can be seen for the other 

three poloxamers, however poloxamer P407 appears to stabilise the particles to the smallest size. 

Suspensions containing poloxamer PI88 show a steady growth in the size of the particles 

throughout the six months such that the final particle size at six months of 77.8/iM is roughly 

three times greater than the primary particle size. Clearly poloxamer PI88  is the least able to 

prevent the approach of the ibuprofen particles close enou^ to cause aggregation. Poloxamer 

PI88 possesses the shortest hydrophobic chain length and therefore it is quite possible that this 

polymer is unable to conçletely cover the surface of the particle.

At all three concentrations of surfactants used, the same pattern can be observed of change in 

particle size (Tables 6.2-6 4). Thus, at a concentration of 0.01% (Table 6.4), all four poloxamers 

stabilised the ibuprofen drug particles even after six months of storage.

Table 6.5 shows the particle size data for suspensions of ketoprofen in a 1% solution of the 

poloxamer surfactants. For suspensions containing poloxamer P407 the particle size increases 

after 24 hours to almost double the primary particle size and then continues to increase slightly 

throughout the six months. The particle size measured after six months of storage for this 

suspension also shows a larger standard error indicating that the particle size distribution is much 

greater. Thus after a long storage period it can be seen that the particles are showing signs of 

aggregation due to the wider particle size distribution. Nevertheless poloxamer P407 seems to 

stabilise the ketoprofen suspension much more effectively than the other three poloxamers since, 

particularly P338 and P237, the drug particles show aggregation after 24hours of storage. As can 

be seen in Tables 6.6  and 6.7, at concentrations of 0.1 and 0.01%, the surfactant molecules are 

unable to prevent aggregation of the ketoprofen drug particles and the particles begin to aggregate 

almost immediately after storage.

Thus, when coirçaring the stability data for the two drug surfaces, it can be seen that the 

ibuprofen drug surface requires a much lower poloxamer concentration to stabilise the particles. 

Thus, at a concentration of 0.01 % for aU the poloxamer surfactants, almost the same particle size 

was measured as for those particles dispersed in a 0.1% poloxamer solution. Conversely, for the 

ketoprofen drug surface, the only effective stabihser is poloxamer P407 at a concentration of 1 %,
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where the particle size data is comparable to those obtamed for ibuprofen. The other three 

poloxan^r surfactants do not appear to effectively stabilise ketoprofen particles even at the higher 

concentration of 1%. Again, poloxamer P407 is only effective at a concentration of 1% and at 

the lower concentrations of 0.1% and 0.01% this polymer is as incapable of stabihsing the 

ketoprofen suspensions as the other three investigated polymers.

The above results, therefore, indicate that when comparing stabihty data for the two drugs, the 

poloxamer surfactants have a higher affinity for ibuprofen, regardless of the molecular weight 

of the polymer used. It can be seen from tables 6.2 to 6.4, that the particle sizes become constant 

after 24hrs of storage and change very httle over a six month period. This type of behaviour is 

only seen for a 1 % concentration of poloxamer P407 on the ketoprofen surface, however, the 

particle size does not become constant until the suspensions were stored for about 30 days. At 

the same concentration, particle size data for poloxamers P338, P237 and PI88 show that 

considerable aggregation has occurred.

C o n c l u s io n

The conclusions which can be drawn from the above study is that ibuprofen provides a better 

surface for adsorption for all the poloxamer surfactants investigated. Since the polymers used 

consist of a wide range of molecular weights and PEO/PPO ratios, thus it is most probable that 

all types of poloxamer surfactants would show a high affinity for the ibuprofen surface and 

consequently be good stabilisers for these drug suspensions. The poloxamer surfactants have a 

much lower affinity for ketoprofen and only poloxamer P407 is able to produce good suspensions 

with relatively rninirnal aggregation.

The most effective suspension stabiliser for both drug surfaces was demonstrated by poloxamer 

P407. These results are consistent with findings from adsorption studies in both chapters three 

and five where poloxamer P407 always demonstrated the highest affinity for both drug surfaces. 

These results thus indicate that poloxamer P407 is the most flexible polymer and is able to adsorb 

and stabilise a wider range of surfaces than other poloxamers. It can also be seen that an ideal 

surface for adsorption and stabilisation by the poloxamer surfactants is a very hydrophobic 

surface such as ibuprofen. From the results seen in Tables 6.2-6 4, it can be concluded that the
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choice of poloxamer surfactants to stabilise ibuprofen particles canbemade from a wide selection 

of molecular weights and PEO/PPO ratios.

Similar to the conclusions drawn in the previous chapters, it is the combination of a high 

molecular weight poloxamer coupled with a balanced PEO/PPO ratio which gives P407 the 

advantage of possessing high adsorption affinities to many sohd surfaces. These quahties allow 

P407 to adsorb to many sohd surfaces with a high affinity such that the molecule is strongly 

anchored to the surface as well as providing complete monolayer coverage, along with a long 

hydrophihc chain length which enables the sohd particles to remain at a sufficient distance apart 

for effective steric stabihsation.
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C o n c lu sio n

The work presented in this thesis looked at the adsorption phenomena of a series of poloxamer 

surfactants onto model hydrophobic drug surfaces. The aim of the investigations was primarily 

for the purpose of gaining a better understanding of hydrophobic suspension systems and their 

stability in aqueous media. Previous studies conducted by other groups have shown the 

poloxamers to possess good adsorption properties to different model surfaces such as polystyrene 

latex (Greenwood et al 1995, Shar et al 1998). Additionally, the presence of two PEO 

(hydrophilic) chains in the chemical structure also allows the surfactant molecules to stabilise 

particles in a dispersion medium However, although individual studies conducted by different 

groups have investigated various aspects of the adsorption phenomena and suspension stability 

characteristics, there has so far been little research of these properties using real drug surfaces. 

Although, for the purpose of research, the model surfaces used have been very hydrophobic in 

nature, real drug surfaces, in reality possess a mixed character with often a greater hydrophilic 

component than ideal hydrophobic surfaces such as polystyrene. Thus, although there is 

substantial information available about the adsorption characteristics of the poloxamer 

surfactants, so far a comprehensive study has not been carried out with hydrophobic drug 

surfaces.

Two different types of adsorption studies have been described in chapters three and five. Both 

studies attempted to quantify the extent of adsorption of the poloxamers onto ibuprofen and 

ketoprofen surfaces. The adsorption study in chapter three attempted to quantify the adsorbed 

amounts onto the two drug surfaces. It was found that there was no correlation of adsorption 

characteristics with molecular weight or length of the hydrophobic and hydrophilic chains. The 

ranking obtained for adsorbed quantities was as follows: P407>P188>P237>P338. The results 

revealed that the poloxamer with the highest molecular weight (P338) adsorbed the least to both 

surfaces. It was postulated at the end of this chapter that poloxamer P407 ranked the highest as 

a good adsorber because it not only possessed a h i^  molecular weight but also contained a 

balanced PEO/PPO ratio. Poloxamer P338, although having a higher molecular weight than 

P407, possessed a much larger hydrophilic chain and this explained why it preferred to remain 

in solution rather than adsorb to the drug surfaces. Poloxamer P237 also contained the same 

PEO/PPO ratio as poloxamer P407, however it is a low molecular weight polymer and thus
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adsorption was much lower.

The second adsorption study conducted was described in chapter five of this thesis and used the 

technique isothermal titration microcalorimetry for the adsorption measurements. In this case the 

quantity which was measured in order to describe the adsorption characteristics was the thermal 

energy of the reaction process. As has been described in chapter five, it was not only the 

enthalpies of adsorption which were being measured but the net enthalpy change of all the 

different reaction processes which occurred when the surfactant solutions were added to the 

aqueous dispersions. The two main reaction processes involved aggregation of the surfactant 

molecules into micelles and adsorption of free monomers onto the drug surface. From individual 

experiments the enthalpy of dilution (AHjii) was obtained and thus it was possible to subtract 

these values from the total enthalpy of the reaction process in order to arrive at the final

value of the enthalpy of adsorption For this study the ranking obtained for the strength

of adsorption was P407>P188>P237>P338. Conparison of these results with those obtained 

from the previous adsorption study shows that the rankings are exactly the same. It can be 

concluded therefore, that the adsorption of the poloxamer surfactants is not directly related to the 

molecular weight of the molecule. However, it does not appear to show a linear relationship with 

the length of the hydrophobic chain either. Although P407 does possess the longest hydrophobic 

chain, it is interesting to note that poloxamer PI 88, having the shortest PPO chain length, ranked 

second. The results obtained from the two above studies have highhghted the fact that the 

adsorption characteristics of the poloxamers cannot be dependent on one part or aspect of the 

molecule, and thus it must be concluded that it is the whole molecule which must be considered 

when attempting to explain the adsorption phenomena of these block copolymer surfactants.

Experiments using isothermal titration microcalorimetry, to measure the heats of dilution (AH^  

of the poloxamers in water showed that the aggregation of the molecules in water was a 

phenomenon controlled entirely by the length of the PPO chain (Table 5.4.1). It can be seen that 

as the PPO chain length decreases thus the value for ATfĵ  also decreased. Similarly it can be seen 

from Table 5.4.1 that the net change in enthalpy which occurs during the adsorption process 

(A//,ot) also showed a linear relationship with the length of the PPO chain. Again, these results 

show that it is the hydrophobic chain which plays a more dominant role in the adsorption process 

such that if the length of the PPO chain is greater, then AĤ t̂ wül also be greater. The probable 

reason for this is that the Aff,o, is largely influenced by the miceUisation process. However, the
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value obtained for the enthalpy of adsorption ( obtained by subtraction of from AHtot 

did not show a linear relationship with the hydrophobic chain length. Therefore, it can be 

concluded that the difference between the two values obtained will determine the strength of 

interaction with the drug surface. Because the ranking obtained in this study followed exactly the 

same results as the previous adsorption study it follows that the value must include an 

enthalpy term which involves the attraction of the PEO chain to water. If the AĤ ^̂  is high enough 

than the molecule will possess more energy to adsorb to the surface of the drug. Otherwise the 

attraction of the PEO chain to the aqueous medium will be strong enough to reduce the amount 

of surfactant which can be adsorbed.

Reaction enthalpy measurements using isothermal titration microcalorimetry, as have been 

described above, have allowed the possibUity of predicting whether a poloxamer molecule will 

adsorb strongly to a drug surface or prefer to remain in solution. By use of a range of control 

surfactant molecules such as has been selected for these studies, similar to a calibration curve, 

other unknown surfactants can be assessed in the microcalorimeter and the final AĤ ŝ values can 

be compared to the controls to assess the degree or strength of adsorption to a particular drug 

surface.

The adsorption of the poloxamer surfactants was found to be consistently higher on the ibuprofen 

surface in both types of adsorption studies. Additionally, in chapter six, it was seen that aU the 

surfactant moleclues stabilised the ibuprofen suspended particles much more effectively than 

ketoprofen. Furthermore, much lower surfactant concentrations could be used for effective 

stabilisation for at least a six month period. Surface energy measurements of the two drug 

surfaces in chapter four, revealed that ibuprofen possessed a more hydrophobic surface than 

ketoprofen. Overall the polarity of the ketoprofen surface is greater. These collective differences 

in the chemical make-up of the two drug surfaces, influenced quite considerably, the adsorption 

behaviour of the poloxamers. Thus, it can be concluded that an ideal surface for adsorption is one 

that is very hydrophobic. Since ibuprofen is relatively more hydrophobic, thus the poloxan^rs 

showed a higher affinity for the surface and consequently the adsorbed amounts were much 

greater, the enthalpies of adsorption were also clearly different than ketoprofen and the ibuprofen 

suspensions produced were much more effectively stabilised by the poloxamer surfactants.

An important point which has been highlighted from the stability studies is that if the adsorbing

204



surface is sufficiently hydrophobic than the molecular make-up of the adsorbmg molecule 

becoræs less significant for the purpose of stabilising a dispersion. Thus, it appears that since 

ibuprofen was a good adsorbing surface, all the poloxamer surfactants managed to effectively 

stabilise the suspended particles for at least six months. Conversely, the ketoprofen surface which 

was more polar in nature did not provide a good environment for adsorption and stabihsation and 

thus the particles were not suspended as effectively as ibuprofen dispersions.

Thus it follows that only when the nature of the adsorbing surface is not so agreeable to the 

adsorbing moieties, careful selection of the surfactant molecule being used is necessary to tailor 

for the adsorbing surface. Hence, for ketoprofen, a poloxamer surfactant such as P407 which 

shows a very high affinity for adsorption would need to be selected at an appropriate 

concentration for the stabihsation of this type of suspension.

Additional requirements for strong adsorption is the medium in which the surfactants are 

dissolved and the drug particles are suspended in. The solvent must be thermodynamicaUy 

unfavourable to the drug surface as well as the hydrophobic chain of the surfactant molecule. 

Conversely the medium must provide a suitable environment for the hydrophilic chain to be fuUy 

hydrated for effective steric stabilisation. Table 4.11 of chapter four, shows the values obtained 

for the spreading of water onto both drug surfaces. It can be seen that water is repeUed more by 

the ibuprofen drug surface. Although this may not be a significant contributor to the complete 

adsorption process, it nevertheless must aid the drive for adsorption of the poloxamers to the drug 

surface.

It can be concluded that poloxamer P407 is a very good suspension stabiliser and shows the 

greatest strength of interaction during adsorption. This poloxamer has shown great versatility and 

flexibility on two different adsorbing surfaces. Thus, for a surface which is less hydrophobic in 

nature, an appropriate selection for stabUising a dispersion would be poloxamer P407 at a 

suitable concentration. The advantage of poloxamer P407 is that it possesses a high molecular 

weight with a very balanced PEO/PPO ratio. The balance between the hydrophilic and 

hydrophobic chains ensures that the competition between water and the particle surface is 

minirnised, the high molecular weight of the hydrophobic chain ensures strong adsorption and 

consequently good anchorage of the molecule to the drug surface and the long hydrophihc chains 

will provide steric repulsion such that the drug particles are repelled to a sufficient distance for
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effective steric stabilisation. As can be seen all these qualities are very important and the 

surfactant molecules which consist of a combination of the above requirements wül be superior 

suspension stabilisers.

If a formulation scientist has been given the task of formulating a new drug entity into an aqueous 

suspension for the purpose of drug delivery, the scientist would need to look at all the conçonents 

involved in the formulation in order to produce a successful system. The surface energy of the 

drug must be determined to quantify the hydrophobicity and nature of the surface. When choosing 

a suspension stabiliser, the surfactant must posses a high molecular weight with a good balance 

between the hydrophilic and hydrophobic chains. This choice wül ensure that regardless of the 

surface nature (although it must be relatively hydrophobic for it to be formulated into a 

suspension), the surfactant wÜl be able to effectively stabilise the drug suspension.

F u t u r e  w o r k

Very interesting findings have been obtained from the above studies on the adsorption of the 

poloxamers onto ibuprofen and ketoprofen. In order to explore these findings further, more work 

is required to test the several hypotheses which have been postulated. A wider range of poloxamer 

surfactants with increasing molecular weights and PEO/PPO ratios need to be investigated to 

demonstrate the vaUdity of the experimental findings. AdditionaUy, the adsorption phenomena of 

these surfactants need to be examined on different drug surfaces of varying surface nature. Since 

the isothermal microcalorimeter has proven to be a useful tool in quantifying the adsorption 

process and providing an accurate insight into the phenomena, it would be particularly interesting 

to see if this technique continues to demonstrate its’ usefulness if other poloxamers and drug 

surfaces were used.

206



References

207



Adeye, C M. and Price, J.C. (1997) Chemical, dissolution, stability and microscopic evaluation 

of suspensions of ibuprofen and sustained release ibuprofen-wax microspheres, J.

M icroencapsulation., 14, 357-377.

Alexandridis, P., Holzwarth, J.F. and Hatton, T.A. (1994) MiceUisation of poly(ethylene oxide)- 

poly(propylene oxide)-poly(ethylene oxide) triblock copolymers in aqueous solutions: 

Thermodynamics of copolymer association. M acromolecules., 27, 2414-2425.

Alexandridis, P. and Hatton, T.A. (1995) Poly(ethylene oxide)-poly(propylene oxide)- 

poly(ethylene oxide) block copolymer surfactants in aqueous solutions and at interfaces: 

Thermodynamics, structure, dynamics and modelling. C olloid and Surfaces A: Physico. Eng. 

Asp., 96, 1-46.

Alexandridis, P., Athanassiou, V., Fukuda, S. and Hatton, T.A. (1994) Surface activity of 

poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide) copolymers. Langmuir., 10, 

2604-2612.

Amiji, M. and Park, K. (1992) Prevention of protein adsorption and platelet adhesion on surfaces 

by PEO-PPO-PEO triblock copolymers. Biomaterials, 13, 682-692.

Andersson, B. and Olofsson, G. (1988) Calorimetric study of nonionic surfactants. J. Chem. 

Soc., Faraday Trans. I., 11, 4087-4095.

Armstrong, J., Chowdhury, B., MitcheU, J., Beezer, A. and Leharne, S. (1996) Effects of 

cosolvents and cosolutes upon aggregation transitions in aqueous solutions of the poloxamer F87 : 

A high sensitivity differential scanning calorimetric study. J. Phys. Chem., 100, 1738-1745.

Armstrong, J.K., Parsonage, J. and Chowdhury, B. (1993) Scanning densiometric and 

calorimetric studies of PEO-PPO-PEO triblock copolymers (Poloxamers) in dilute aqueous 

solutions. J. Phys. Chem., 97, 3904-3909.

Amarson, T. and Elworthy, P H. (1981) Effects of structural variations of nonionic surfactants 

on miceUar properties and solubilisation: Surfactants containing very long hydrocarbon chains.

208



J. Pharm. Pharm acol, 33, 141-144.

Attwood, D., Collett, J.H. and Tait, C.J. (1985) The micellar properties of the poly(oxyethylene)- 

poly(oxypropylene) copolymer Pluronic F127 in water and electrolyte solution. Int. J. Pharm., 

26, 25-33.

Aulton, M.E. (1988) In: Pharmaceutics: The science of dosage form and design., Academic Press, 

New York.

Baker, J.A., Pearson, R.A. and Berg, J.C. (1989) Influence of particle curvature on polymer 

adsorption layer thickness. Langmuir, 5, 339-342.

Baker, J.A. and Berg, J.C. (1988) Investigation of the adsorption configuration of POE and its’ 

copolymers with PPO on model polystyrene latex dispersions. Langmuir, 4, 1055-1061.

Baleux, B. (1972) Dosage colorimétrique d’agents de surface non ioniques polyoxyéthyéne à 

l ’aide d’une solution iodo-idourée. C.R. Acad. Sc. Paris (C), 274, 1617-1620.

Bastos, M., Hâgg, S., Lônnbro, P. and Wadsô, I. (1991) Fast titration experiments using heat 

conduction microcalorimeters. J. Biochemical and Biophysical methods, 23, 255-258.

Becher, P. (1959) Nonionic surface active compounds. I. Critical micelle concentrations of water 

soluble ether-alcohols. J. Phys. Chem., 1, 1675-1676.

Beezer, A.E., Mitchell, J.C., Rees, N.H., Armstrong, J.K., Chowdhury, B.Z., Leharne, S. and 

Buckton, G. (1991) NMR evidence for a novel phase transition in aqueous solutions of Pluronic 

F87. J. Chem. Res (S),  254-255.

Birch, B.J. and HaU, D.G. (1972) Heats of dilution of sub-miceUar aqueous surfactant solutions. 

J. Chem. Soc., Faraday Trans I., 68, 2350-2355.

Blackett, P.M. and Buckton, G. (1995a) A microcalorimetric investigation of the interactions of 

surfactants with crystalline and partially crystalline salbutamol sulphate in a model inhalation

209



aerosol system. Pharm. Res., 12, 1689-1693.

Blackett, P.M. and Buckton, G. (1995b) AmicrocalormKtric study of surfactant aggregation and 

suriactant-drug interaction in a model inhalation aerosol system Int. J. Pharm., 125,133-139.

Blandamer, M., CuUis, P.M. and Engberts, B.F.N. (1996) Calorimetric studies of 

macromolecular aqueous solutions. Pure andAppl. Chem., 68,1577-1582.

Blandamer, M., Cullis, P.M. and Engberts, B.F.N. (1998) Titration microcaloiimetry. J. Chem. 

Soc., Faraday Trans /., 94, 2261-2267.

Blandamer, M., Briggs, B., Cullis, P.M., Irlam, K.D., Engberts, B.F.N. and Kevelam, J. (1998) 

Titration microcalorimetry of adsorption process in aqueous systems. J. Chem. Soc., Faraday 

Trans. 94, 259-266.

Bodmeier, R. and Chen, H. (1990) Indomethacin polymeric nanosuspensions prepared by 

microfluidisation. J. Controlled Rehâsc, 12, 223-233.

Boury, F. and Proust, J.E. (1993) Modification of the surface free energy components of a 

polymer by adsorption of poly(oxyethylene)-poly(oxyethylene) block copolymers. In: Contact 

angle, Wettabihty and adhesion. Ed. K. L. Mittal, 585-595.

Bower, C., Washington, C. and Purewal, T.S. (1996) Characterisation of surfactant effect on 

aggregates in model aerosol propellant suspensions. J. Pharm. Pharm acol, 48, 337-341.

Briggner, L-E. And Wadso, I. (1991) Test and cahbration processes for microcalorimeters, with 

special references to heat conduction instruments used with aqueous systems. J. Biochem. 

Biophys. Methods, 22, 101-118.

Brown, W., SchiUén, K. and Alungren, M. (1991) Micelle and gel formation in a PEO-PPO-PEO 

triblock copolymer in water solution. Dynamic and static hght scattering and oscillatory shear 

neasurements. J. Phys. Chem., 95, 1850-1858.

210



Brown, W. and SchiUén, K. (1992) Triblock copolymers in aqueous solution studied by static and 

dynamic light scattering and oscillatory shear measurements. Influence of relative block sizes. J. 

Phys. Chem., 96, 6038-6044.

Buckton, G. (1995) In: Interfacial phenomena in drug dehvery and targeting. Ed. Florence A T. 

and Gregoriardis, G. Harwood Academic Pubhshers.

Buckton, G. (1988) The assessment and pharmaceutical importance of the solid/hquid and 

sohd/vapour interface: A review with respect to powders. Int. J. Pharm., 44, 1-8.

Buckton, G. and Beezer, A.E. (1991) The apphcations of microcalorimetry in the field of physical 

pharmacy. Int. J. Pharm., 72, 181-191.

Buckton, G. and Machiste, E.O. (1997) Differences between dynamic and equilibrium surface 

tension of PEO-PPO-PEO block copolymer surfactants in aqueous solutions. J. Pharm. Sci., 86, 

163-166.

Carlsson, M., Linse, P. and Tjemeld, F. (1993) Tençerature dependent protein partitioning in 

two phase aqueous polymer systems. Macromolecules, 26, 1546-1554.

Carstensen, H., Müller, B.W. and MüUer, R.H. (1991) Adsorption of ethoxylated surfactants on 

nanoparticles. 1. Characterisation by hydrophobic interaction chromotography. Int. J. Pharm., 

67, 29-37.

Carthew, D.L. (1996) Physico-chemical properties of poloxamer surfactants related to their 

adsorption. Ph. D. Thesis.

Carson Meredith J. and Johnston, K.P. (1998) Theory of polymer adsorption and colloid 

stabilisation in supercritical fluids. 2. Copolymer and end grafted stabilisers. Macromolecules, 

31,5518-5528.

Charles, T. (1980) In : The hydrophobic effect: Formation of micelles and biological membranes. 

2"̂  edition.

211



Chen-Chow, P.C. and Frank, S.G. (1981) In-vitro release of lidocaine from Pluronic F127 gels. 

Int. J. Pharm., 8, 89-99.

Chu, B. (1995) Structure and dynamics of block copolymer colloids. Langmuir, 11, 414-421.

CoUett, J.H. and Tobin, E.A. (1979) Relationships between poloxamer structure and the 

solubilisation of some para-substituted acetanilides. J. Pharm. Pharmacol., 31, 174-177.

Cosgrove, T., Crowley, T.L., MaUagh, L.M., Ryan, K. and Webster, J.R.P. (1989) The 

determination of the structure of block copolymers at interfaces using smaU-angle neutron 

scattering. Polymer Preprints, 30, 370.

Denoyel, R. and Rouquerol, J. (1991) Thermodynamic (including microcalorimetry) study of the 

adsorption of nonionic and anionic surfactants onto sihca, kaolin and Alumina. J. Colloid  

Interface Sci., 143, 555-572.

Dove, J.W., Buckton, G. and Doherty, C. (1996) A comparison of two contact angle 

measurement methods and inverse gas chromotography to assess the surface energies of 

theophylline and caffeine. Int. J. Pharm., 138, 199-206.

Duncan-Hewitt, W. and Nisman, R. Investigation of the surface free energy of pharmaceutical 

materials from contact angle, sedimentation and adhesion measurements. In: Contact angle, 

wettability and adhesion. Ed by K. L. Mittal. 791-811.

Faers, M.A. and Luckham, P.F. (1994) Rheology of poly(ethylene oxide)-poly(propylene oxide) 

block copolymer stabilised latices and emulsions. Colloids and Surfaces A: Eng. Asp., 86, 317- 

327.

Fox, G.J., Bloor, D M., Holzwarth, J.F, and Wyn-Jones, E. (1998) Use of isothermal titration 

microcalorimetry to monitor the adsorption/desorption processes of sodium dodecyl sulphate with 

neutral polymers. Lflngmwir, 14, 1026-1030.

Gaisford, S., Beezer, A.E., Mitchell, J.C., Loh, W., Finnie, J.K. and Williams, S.J. (1995) Diode-

212



array UV spectrometric evidence for a concentration dependent phase transition in dilute aqueous 

solutions of Pluronic F87 (Poloxamer P237). J. Chem. Soc., Chem. Commun., 1843-1844.

Gaisford, S., Beezer, A.E. and Mitchell, J.C. (1997) Diode-array UV spectrometric evidence for 

cooperative interactions in binary mixtures of Pluronics F77, F87 and F127. Langmuir, 13, 

2606-2607.

Garvey, M.J., Tadros, Th.F. and Vincent, B. (1974) A comparison of the volume occupied by 

macromolecules in the adsorbed state and in bulk solution., J. C olloid Interface Sci., 49,57- 68.

Garvey, M.J., Tadros, Th.F. and Vincent, B. (1976) A comparison of the adsorbed layer 

thickness obtained by several techniques, of various molecular weight fractions of PVA on 

aqueous polystyrene latex particles. J. Colloid and Interface Sci., 55, 440-453.

Gilbert, J.C., Hadgraft, J., Bye, A. and Brookes, L.G. (1986) Drug release from Pluronic F127 

gels. Int. J. Pharm., 32, 223-228.

Gilbert, J.C., Washington, C., Davies, M.C. and Hadgraft, J. (1987) The behaviour of Pluronic 

FI27 in aqueous solution studied using fluorescent probes. Int. J. Pharm., 40, 93-99.

Good, R.J., Contact angle, wetting and adhesion: A critical review. In'. Contact angle, wettabihty 

and adhesion. Ed. By K. L. Mittal. 3-36.

Good, R.J. and Grifalco, L A. (1960) A theory for estimation of surface and interfacial energies. 

III. Estimation of surface energies of sohds from contact angle data. J. Phys. Chem., 64, 561- 

565.

Greenwood, P., Luckham, P.F. and Gregory, T. (1995) The effect of particle size on the layer 

thickness of a stabÜising polymer adsorbed onto two different classes of polymer latex, as 

determined fromrheological experiments. Colloids and Surfaces A: Physico. Eng. Asp., 98,117- 

125.

Gover, G.S. and Bike, S.G. (1995) Monitoring flocculation in situ in stericaUy stabhised shica

213



dispersions using Theological techniques. Langmuir, 11, 1807-1812.

Gu, G., Yau, H., Chen, W. and Wang, W. (1996) Observation of micelle formation and micellar 

structural transitions from sphere to rod by microcalorimetry., J. Colloid Interface Sci. 178,614- 

619.

Gutman, L. (1995) A field theory of random heteropolymers near solid surfaces: Analysis of 

interfacial organisation and adsorption-desorptionphase diagrams. J. Phys. Chem., 103,10733- 

10750.

Guzman, M., Garcia, F.F., Molpeceres, J. and Aberturas, M.R. (1992) PEO-PPO block 

copolymer gels as sustained release vehicles for subcutaneous drug administration. Int. J. Pharm., 

80, 119-127.

Hadgraft, J. and Howard, J.R. (1982) Drug release from Pluronic gels. J. Pharm. Pharmacol., 

34, 3P.

Hecht, E. and Hoffman, H. (1998) Adsorption of EO^POyEOx block copolymers onto saponite. 

Tenside. Surf. Det., 35, 185-199.

Hesselink, F.Th., Vrij, A. and Overbeek, J.Th.G. (1971) On the theory of the stabihsation of 

dispersions by adsorbed macromolecules II. Interaction between two fiat particles. J. Phys. 

Chem., 75, 2094-2103.

Heydegger, H R. and Dunning, H.N. (1959) Adsorption of a nonionic detergent on quartz 

powder. J. Phys. Chem., 1613-1615.

Howard, G.J. and McConnell, P. (1967) Adsorption of polymers at the solution-sohd interface. 

I. Polyethers on carbon. 71, 2981-2990.

Ilium, L. and Davis, S.S. (1984) The organ uptake of intraveneously administered colloidal 

particles can be altered using a nonionic surfactant (Poloxamer P338). FEBS Letters., 1167,79- 

82.

214



Dlum, L., Davis, S.S., Wilson, C.G., Thomas, N.W., Frier, M. and Hardy, J.G. (1982) Blood 

clearance and organ deposition of intravenously administered colloidal particles. The effects of 

particle size, nature and shape. Int. J. Pharm., 12, 135-146.

Irwin, J.J., Beezer, A.E., MitcheU, J.C., Buckton, G. and Chowdhury, B.Z., Isothermal stability 

of dUute aqueous solutions of block copolymers of PEO-PPO-PEO. A microcalorimetric study 

of Pluronic F87 and F88. In print.

Jacobs, J., Anderson, R.A. and Watson, T.R. (1972) Nuclear magnetic resonance studies of 

interactions between oxyethylene-oxypropylene polymer, macrogol and phenol. J. Pharm. 

Pharm acol,  24, 586-589.

Jamshaid, M., Farr, S.J., Kearney, P. and KeUaway, I.W. (1988) Poloxamer sorption on 

liposomes: Corrçarison with polystyrene latex and influence of solute efflux. Int. J. Pharm., 48, 

125-131.

Janczuk, B., Gonzalez-Martin, M.L., Brugue, J.M., Dorado-Calasanz, C. andMorono Del Pozo, 

J. (1995) The relationship between the interfacial free energy and the free energy of miceUisation 

of Triton X -100 and sodium dodecyl sulphate. J. Colloid Interface Sci., 176, 352-357.

Johnson, I., Olofsson, G. and Johnson, B. (1987) MiceUe formation of ionic amphiphUes. J. 

Chem. Soc., Faraday Trans. /., 83, 3331-3344.

Karlstrom, G. (1985) A new method for upper and lower critical temperatures on poly(ethylene 

oxide) solutions. J. Phys. Chem., 89, 4962-4964.

Katakam, M., BeU, L.N. and Banga, A.K. (1995) Effect of surfactants on the physical stabUity 

of recombinant human growth hormone. J. Pharm. Sci., 84, 713-716.

Kayes, J.B. (1977) Pharmaceutical suspensions: Relation between zeta potential, sedimentation 

volume and suspension stabUity. J. Pharm. Pharm acol, 29, 199-204.

Kayes, J.B. (1977) Pharmaceutical suspensions: Microelectrophoretic properties. J. Pharm.

215



Pharmacol., 29, 163-168.

Kayes, J.B. and Rawlin, D.A. (1979) Adsorption characteristics of certain polyoxyethylene- 

polyoxypropylene-polyoxyethylene block copolymers on polystyrene latex. C olloid and Polymer 

Science., 257, 622-629.

Keh, E., Partyka, S. and Zani, S. (1989) Calorimetric investigation of nonionic surfactants: 

MiceUisation energetics in relation to aggregate structure. J. Colloid Interface Sci., 129,363-372.

Kevelam, J., van Breemen, J.F.L., Blokziji, W. and Engberts, Jan, B.F.N. (1996) Polymer- 

surfactant interactions studied by titration microcalorimetry: Influence of polymer 

hydrophobicity, electrostatic forces and surfactant aggregational states. Langmuir, 12, 4709- 

4717.

Killman, E., Maier, H. and Baker, J.A. (1988) Hydrodynamic layer thicknesses of various 

adsorbed polymers on precipitated silica and polystyrene latex. Colloids and Surfaces, 31,51-71.

Kiraly, Z., Borner, R.H.K. and Findenegg, G.H. (1997) Adsorption and aggregation of CgÊ  and 
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