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ABSTRACT

The purpose of the PhD was to study the interactions of alkylpolyglycoside surfactants
(APGs) with a model hydrophobic and a model hydrophilic drug, in part to determine
whether these surfactants improve the stability of suspensions in metered dose inhalation

systems (MDI).

The adsorption of APGs on a hydrophobic drug (micronised beclomethasone dipropionate,
BDP) from water was studied and the BDP-APG microparticles characterised. It was found
that the APG caused changes in the morphology and size of the drug. It was also observed
that the surfactants with the highest purity allowed the transition from the original
anhydrous form of BDP to the monohydrate, whereas the monohydrate could not form in
the presence of aqueous solutions of the technical grades of APGs. This indicated that
technical APGs interacted in a more homogeneous way with the surface of BDP particles.
The study of the surface energy of BDP by inverse gas chromatography (IGC) before and
after adsorption of the APGs showed that presence of the surfactants modified the surface
energy of the drug. The changes were linked to the amount of surfactant adsorbed, to the

nature of the surfactant and to the way it interacted with the surface of the drug.

Microparticles of a model hydrophilic drug (salbutamol sulphate) and APGs were prepared
by spray drying drug-surfactant solutions, and by adsorption of APGs to the micronised
form of the drug from an organic solvent. Their characteristics in terms of morphology,
particles size and, when applicable amorphous content, were investigated. Through IGC it
was found that the APGs modified the surface energy parameters of the drug, indicating

that the surfactant was on the surface of the particles.

Finally, the suspension stability of the microparticles of drug-alkylpolyglycosides in MDI
propellants (HFA 227 and 134a) was examined by optical suspension characterisation. The
results of a short-term stability study were encouraging especially for the BDP-APG
particles, which showed a clear superiority to the drug alone. This confirmed the possibility
of using APGs to help to stabilise MDI suspensions, even though the surfactants are not

soluble in the propellants.
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1. Introduction

1. INTRODUCTION

1.1 SURFACTANTS

Surface-active agents, or surfactants, owe their name to their behaviour at surfaces and
interfaces. They adsorb at interfaces between phases and lower the interfacial tension. As a
consequence of this property, they have applications such as emulsifiers, detergents, dispersing
agents and foaming agents.

Many types of substances act as surfactants, but they all share the property of amphipathy
(from the Greek word amphy, meaning both): the molecule is composed of a hydrophobic
portion and a hydrophilic portion. The polar or hydrophilic region may carry a positive or
negative charge, giving rise to cationic or anionic surfactants respectively, or may be composed
of a polyoxyethylene chain as in the case of most of the non-ionic surfactants. The non-polar or
hydrophobic portion of the molecule is usually a flexible hydrocarbon chain or less commonly,

a heterocyclic or aromatic ring system (Attwood and Florence, 1983).

1.1.1 CLASSIFICATION OF SURFACTANTS

The most common classification of surfactants is based on the charge of the polar head group
(Jonsson et al., 1998).

ANIONIC

Anionic surfactants are characterised by the presence of a negative charge on the polar group.
The most commonly used counterions are sodium, potassium, ammonium and calcium.
Anionic surfactants are used in greater volume than any other surfactant class due to the ease

and low cost of manufacture. They are used in most detergent formulations.

E.g.: Potassium Laurate CH3;~(CH,),, COO K*
Sodium Dodecyl Sulphate CH;—(CHy);; SO; Na*
CATIONIC

The majority of cationic surfactants are based on the nitrogen atom carrying the cationic

charge. Amine and quaternary ammonium-based products are common. They are generally
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non-compatible with anionic surfactants and, as they adsorb strongly to most surfaces, their

main use is related to surface modification.

E.g.: Dodecyl Pyridinium Chloride CsHsN*—C,,H,5s CI™
Dodecyl Amine Hydrochloride CH;~(CH,);,-NH;" CI~
AMPHOLITIC

This type of surfactants can behave as anionic, non-ionic or cationic species, depending on the
pH of the solution. They are compatible with other classes of surfactants. They show low eye
and skin irritation and are therefore commonly used in personal care products.

E.g.: Dodecyl-N,N-Dimethylbetaine C,HsN*<CH3),~CH,-COO ™
(zwitterionic form)

NON-IONIC

The two most common non-ionic surfactants are the fatty acid and the fatty alcohol ethoxylates,
where the polar group is a polyether obtained by polymerisation of ethylene oxide. They are
compatible with other surfactants and they present higher resistance to electrolytes compared to
ionic surfactants. However their physicochemical properties are generally affected by
temperature and they can become less soluble at higher temperatures.

E.g.: Polyoxyethylene monohexadecyl ether CH;—(CH,),5(OCH,CH,),;OH

1.1.2 SOME PHYSICO-CHEMICAL PROPERTIES OF SURFACTANTS

One of the most important physico-chemical characteristics of surfactants is their ability to
reduce interfacial tension at low concentrations. The molecules at the surface of a liquid are not
completely surrounded by other like molecules as they are in the bulk of the liquid (Hunter,
1986). As a result there is a net inward force of attraction exerted on a molecule at the surface
from the molecules in the bulk solution, which results in a tendency for the surface to contract

(see Figure 1.1).
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Figure 1.1 Imbalance of forces exerted on surface
molecules from the molecules in the bulk solution.

The contraction of the surface is spontaneous; that is, it is accompanied by a decrease in free
energy. The contracted surface represents a minimum free energy state and any attempt to -
expand the surface must involve an increase in the free energy. The surface free energy of a

liquid is defined as the work, w, required to increase the surface area A by 1m?%:

w=7yAA Equation. 1.1

v is also referred to as surface tension. Surface free energy and surface tension are numerically
equal for a liquid/vapour interface and their respective units are J m> and N m".

A similar imbalance of forces is present at the interface between two immiscible liquids as
well.

Surface active molecules in diluted aqueous solution have a tendency to diffuse to the surface
and to orientate themselves in such a way as to remove the hydrophobic group from the
aqueous environment and achieve a state of minimum free energy. As a consequence
hydrocarbon or other non-polar groups effectively replace some of the water molecules present
on the surface. Since the forces of intermolecular attraction between water molecules and non-
polar groups are less than those existing between two water molecules, the contracting power
of the surface is reduced and so is the surface tension. In some cases the interfacial tension
between two liquids may be reduced to such a low level that spontaneous emulsification of the
two immiscible liquids is observed.

As the concentration of a surface-active agent in water increases, a pronounced deviation from
ideality occurs. For example, no substantial decrease in the surface tension of the liquid is
detected anymore. This occurs at a well defined concentration and abrupt changes in several
other physical properties such as osmotic pressure, turbidity, electrical conductance, take place

(see Figure 1.2).
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Figure 1.2 Changes in physical properties of surfactants at CMC
(from Hunter, 1986).

The rate at which osmotic pressure increases with concentration becomes abnormally low and
the rate of increase of turbidity with concentration is much enhanced, which suggest that
considerable association is taking place.

This anomalous behaviour can be explained in terms of organised aggregates, or micelles, of
the surfactant molecules in which the lipophilic hydrocarbon chains are orientated toward the
interior of the micelles, leaving the hydrophilic group in contact with the aqueous medium. The
concentration above which micelle formation becomes appreciable is termed the critical
micelle concentration (CMC).

Surfactant solutions above the CMC can solubilise otherwise insoluble organic material by
incorporating it into the interior of the micelles. Solubilisation is of practical importance in the
formulation of pharmaceutical and other products containing water-insoluble ingredients or in
detergency, where it plays a major role in the removal of oily soil.

When the surfactant concentration increases in a binary surfactant/water system, spherical
micelles are usually formed above CMC. If the concentration is further increased the spherical
micelles may grow in one or two dimensions, forming large micelles with either a prolate
(cigar-shape) or an oblate (disc-shape) geometry. At concentrations well above the CMC it is
possible to observe formation of more ordered structures, as there is insufficient water to fill
the space between the micelles. At this stage, different kinds of so-called liquid crystalline
phases may form due to increase density of the system. The most common liquid crystal shapes
are cubical, hexagonal and lamellar. In the cubic and hexagonal phases the surfactant is

organised in spherical or rod-like aggregates. The hexagonal phase will have a degree of
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freedom while the cubic phase is trapped in a three-dimensional lattice with no possibility of
moving. This can affect the thermal stability of a phase, with a cubic phase less stable at high
temperature than a hexagonal phase. The lamellar phase consists of infinitely large surfactant
bilayers dividing a hydrophobic domain from a hydrophilic one. It normally presents two
degrees of freedom and good temperature stability. The conditions of temperature and
concentration over which each type of phase exist may be indicated in a phase diagram
(J6nsson et al., 1998).

In the phase diagram of non-ionic surfactant it is often possible to observe a critical
temperature, the lower consolute temperature or cloud point, above which the solution becomes
turbid even at low surfactant concentration. Two liquid phases separate out, one rich in
surfactant and the second with virtually no micelles present. Clouding is reversible and the
solution becomes clear if the temperature is decreased below the critical temperature.
Surfactants are also characterised by a temperature, the Krafft point, above which it is possible
to have surfactant in solution. At this temperature solid surfactant and micelles are in
equilibrium with the free molecules in solution (monomer). A slight increase of temperature
results in increased solubility of the monomer, but in these conditions the solid goes into
solution as micelles rather than as monomer. Therefore more and more solid dissolves to
restore the solid-monomer equilibrium, until all solid goes rapidly into solution. That is why at
temperatures slightly above the Krafft point, the solubility of the surfactant increases

dramatically.

1.1.3 ADSORPTION ON SOLID SURFACES AND DISPERSION STABILITY

The adsorption of surface-active materials onto a solid surface from solution is an important
process in many industrial applications such as detergency, water proofing, or dispersion
stabilisation. The ability of the surfactant to situate itself at the solid-liquid interface is
controlled by the chemical natures of the components of the system: the solid, the surfactant
and the solvent.

The experimental evaluation of the adsorption of surfactants on solid surfaces from solution
involves the measurement of changes in the concentration of the surface-active agent in the
solution that result from adsorption. The usual way for evaluating the adsorption mechanism is
through the adsorption isotherm. Adsorption isotherm curves may vary and have been
classified by Giles et al. (1960). According to the Giles classification, there are four basic

isotherm shapes based on the form of the curve at low concentrations; four subgroups are then
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determined by their behaviour at higher concentrations. However, for adsorption from dilute
solutions, the two most common curve shapes are the Langmuir and the Freundlich isotherms

(Figures 1.3 and 1.4).

Amount of surfactant adsorbed Amount of surfactant adsorbed
Equilibrium concentration of surfactant Equilibrium concentration of surfactant
Figure 1.3 Langmuir isotherm Figure 1.4 Freundlich isotherm
(from Myers, 1988). (from Myers, 1988).

Equations originally derived for the adsorption of gases on solid are generally used in the
interpretation of the adsorption isotherms, the Langmuir and Freundlich equations being the
most commonly used.

The linear form of the Langmuir equation applied to adsorption from a solution is:
c/(x/m)=1/ab + cla Equation 1.2

where x is the amount of solute adsorbed by a weight, m, of adsorbent; c is the concentration of
solution at equilibrium; b is a constant related to the enthalpy of adsorption; and a is related to
the surface area of the solid. Values of a and b may be determined from the intercept and slope
of plots of c/(x/m) against concentration. This equation assumes that the surface is
homogeneous and that the surfactants adsorb in only a monolayer.

The linear form of the Freundlich equation is:
log (x/m)=1log a+ (1/n) log ¢ Equation 1.3

where a and » are constants, the form 1/n being used to emphasise that c is raised to a power
less than unity. A plot of log (x/m) against log ¢ should be linear, with an intercept of log a and
a slope of n”'. It is generally assumed that, for systems that obey this equation, adsorption

results in the formation of multilayers rather than a monolayer (Florence and Attwood, 1988).
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1. Introduction

It is generally found that surface saturation is attained at or near the CMC of the surfactant.
Adsorption on polar, uncharged surfaces such as synthetic polymeric materials may involve not
only dispersive forces but also dipolar interactions, hydrogen bonding and acid-base
interactions. If polar interactions dominate, adsorption can occur in a reverse mode compared
to non-polar surfaces. The surfactant will orient in such a way that the hydrophilic head group
will be at the solid surface.

Finally, surfaces having discrete electrical charges probably represent the most complex
surfaces. Adsorption involving charge-charge interactions is significantly more sensitive to
external conditions such as pH, electrolytes etc. Because of the large number of possible
interactions in systems containing charged surfaces and ionic surfaces, it very important to
control all variables in the system. As adsorption proceeds, the dominant mechanism may go
from ion exchange through ion bonding to dispersive or hydrophobic interactions. As a result,
adsorption isotherms may be much more complex than those for the simpler systems.

The adsorption of surfactants can significantly alter the character of the surfaces with respect to
wettability by polar or non-polar liquids. In addition, the adsorption of surface agents can
produce an adsorbed layer that may enhance the repulsion between two approaching surfaces,
producing what is termed “steric” stabilisation of a suspension. Repulsion, due to steric
interaction of hydrophobic surfactant chains projecting from particle surfaces, is viewed as one
of the dominant mechanisms in inhibiting particle aggregation. Aggregation to form stable,
loosely adherent masses (flocs) occurs when van der Waals attractive forces override electronic
and steric repulsive forces. The forces of cohesion are generally small enough that the particles
can be readily redispersed on mixing. The effectiveness of surfactants in achieving steric
stabilisation will depend on the length of the chain that protrudes from the surface and the

strength with which the surfactant is adsorbed to the surface.

1.1.4 NON-IONIC SURFACTANTS

As already mentioned in section 1.1.2, non-ionic surfactants are surfactants that do not have a
charged group. The hydrophilic group is provided by a water-soluble group, which does not
ionise. The most common non-ionic groups are the hydroxyl group and the ether group. The
water solubilising properties of a hydroxyl group or an ether group are low compared with
ionisable groups. Surfactants showing the required properties are obtained by using multiple-

hydroxyl groups or multiple-ether groups to increase water solubility as in the fatty alcohol
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ethoxylates, ethylene oxide/propylene oxide copolymers and alkylpolyglycosides (Porter,
1994).

Non-ionic surfactants have the advantage over ionic surfactants of being compatible with all
other types of surfactants and their properties are generally little affected by pH.

The amphiphilic nature of non-ionic surfactants may be expressed in terms of the balance
between the hydrophilic and the lipophilic portions of the molecule. An empirical scale of HLB
(hydrophilic-lipophilic balance) numbers was devised by Griffin (1949), which is useful in the
selection of a surfactant mixture for the emulsification of a particular oil. Although applied
mainly to non-ionic surfactants, the HLB system may also be used for ionic surfactants. For
non-ionic surfactants, HLB values range from 0 to 20 on an arbitrary scale. The lower the HLB

number, the more lipophilic the compound is and vice versa.

12 ALKYL POLYGLYCOSIDE SURFACTANTS

Alkylpolyglycosides (APG) are a relatively new class of biodegradable non-ionic surfactants
prepared by reacting an excess of a fatty alcohol with glucose under strong acid conditions
(Fisher reaction). Although they have been synthesised since the 19" century, they have been
commercially available only since 1977 (Milius and Brancq, 1996). Fatty alcohol can be
obtained either from petrochemical sources or from natural, renewable resources, such as fats
and oils. Fatty alcohol blends are used in the alkylpolyglycosides synthesis to build up the
hydrophobic part of the molecule, while both polymeric and monomeric carbohydrates based
on starch from corn, wheat or potatoes are suitable raw materials for the hydrophilic part. The
molecule consists of the alkyl chain of the fatty alcohol attached to the anhydrous glucose ring
through an ether linkage. Depending on the stoichiometry and reaction conditions, oligomers of
glucose may react with the fatty alcohol to form alkylpolyglycosides with different degrees of
polymerisation. As the alkyl chain length increases, the surfactant becomes increasingly
hydrophobic, as the DP (degree of polymerisation) increases, the surfactant becomes
increasingly hydrophilic. The commercial APG surfactants are composed of many different
species. They are complex mixtures of stereoisomers (o and 3 anomers), ring isomers
(pyranosides and furanosides), and binding isomers (1,2 and 1,3, interglycosidic linkage as well
as the greatly preferred 1,4 and 1,6 linkages). Their performance properties depend on the
amount of each individual component present in the mixture. The presence of the a. or the
linkage in the molecule gives rise for example to extensive differences in their properties such

as different CMC (higher for the 8 form), different Krafft points (much higher for the o form),
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different crystal structures (more stable for the o form) and so on. As the commercial products

present both o and B linkages, it is found that their behaviour tends to lie between those of the

pure forms (Nilsson, 1996).

CH,OH CH,OH

(0] o)
HO HO
OH OH
OH/

Q-case

CH,OH
~0
HO OH
HO \
OH

\/\/\/\/O n-octyl a-D-glucoside

B-case

Figure 1.6 o- and B-D-glucose and model structures indicating how a hydrocarbon chain will be attached
to the glucose molecule in the two cases. The arrows indicate the hydroxyl groups where the alkyl chain

is attached.

Chemically pure alkyl glycosides (e.g. a or B n-octyl-D-glucopyranoside, CsG,, see Figure 1.6
for chemical structure) are obtained via kinetically controlled stereospecific reactions combined

with protective group techniques.

1.2.1 PHASE BEHAVIOUR

For a pure short-chain n-octyl-B-D-glucoside, the phase diagram presents a micellar phase
followed at low temperatures by a hexagonal, a cubic and finally a lamellar phase with

increasing surfactant concentration (Figure 1.7). The o form of the octyl-glucoside presents
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again a micellar, hexagonal and a lamellar phase with a two-phase region between the micellar
and the hexagonal phases The Krafft boundary starts at 38°C at dilute concentrations and

increases with increasing surfactant concentration (Figures 1.8, Nilsson et al., 1998).

Temperature (°C)
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Fig. 1.7 Phase diagram of n-octyl-B-D-glucoside /
water system. From Nilsson et al., 1998.
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Fig. 1.8. Phase diagram of n-octyl-a-D-glucoside /
water system. From Nilsson et al., 1998.

The technical grade alkylpolyglycosides with relatively short chain length (Cg and Cyo) present

a phase diagram characterised by a pronounced micellar phase (L;) which is followed by a
lamellar phase (L,) after a region of immiscibility (Balzer, 1993). The Krafft point curve
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remains constant at about 1°C up to concentrations of 60%. No hexagonal liquid crystalline

phase has been observed (Figure 1.9).
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Figure 1.9 Phase diagram of C,o.;; DP 1.3. From
Balzer, 1993.

APGs with a C,-Cy,4 chains give rise to coacervation phenomena which make the diagram
more complex (Platz et al., 1995). Figure 1.10 shows the phase diagram for C,,.,4 DP 1.4
(Glucopon 600, Henkel). At low temperatures, a region corresponding to a solid/liquid region
below the Krafft point is formed over a wide range of concentrations. With an increase in
temperature, the system changes into an isotropic liquid phase (L,). At low concentrations, the
isotropic liquid phase changes above 35°C into a two-phase region of two liquid phases. At
concentration above 60% by weight, several liquid crystalline phases are formed at all

temperatures (L, Lq1.n and L) characterised by three different textures.
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Figure 1.10 Phase diagram of C;,,4 DP 14
(Glucopon 600, Henkel). From Platz et al., 1995.

1.2.2 INTERFACIAL TENSION AND MICROEMULSION PHASES

The interfacial tension at the water / oil interface is greatly reduced by alkylpolyglycosides. As
the carbon chain length of the surfactant increases the interfacial tension sharply decreases.

If a co-solvent such as an alcohol or another surfactant is added, the interfacial tension can be
reduced further and a third phase appears, defined as a middle-phase microemulsion. The
formation of microemulsions is observed for many surfactants, provided the conditions are
optimised by salt addition (anionic surfactants) or via temperature adjustment (non-ionic
surfactants such as fatty alcohol ethoxylates). Alkylpolyglycosides exhibit different behaviour
because they are largely independent from temperature as well as from salinity.

By choosing an appropriate alkyl chain length and degree of polymerisation it is possible to
solubilise large amounts of water and oil with APG surfactants, provided that a suitable co-
surfactant is used. This is achieved by a reasonably low total surfactant concentration. Under
this condition it is possible to form a continuous one-phase isotropic liquid phase extending
from neat water to neat oil. The microstructure evolves from oil-swollen micelles to reversed

micelles as the oil content is increased (Fukuda et al., 1993).
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1.2.3 ADSORPTION ON SOLID SURFACES

There have been very few investigations into the adsorption properties of alkylglycosides onto
solid surfaces.

The adsorption of pure and technical grade APG such as the pure Cg —D-BG; and C,,-D-BG;
and the technical Cs.;o DP 1.2 and Ci,.14 DP 1.2 onto carbon black as a model hydrophobic
surface, shows a Langmurian adsorption isotherm. There is an increase in the adsorption when
increasing the alkyl chain length of the surfactant (both pure and technical) and in the case of
C10-D-B-G; a complete monolayer is reached with perpendicular orientation of the surfactant
molecule.

The adsorption onto hydrophilic surfaces (Mesoporous glass) of CsG, and C,¢G, is again a
Langmurian curve but the amount adsorbed is lower by a factor of 100 compared with the
adsorption of the same surfactants onto carbon black. A monolayer is not achieved which
implies that the molecules are adsorbed as isolated individual molecules (Balzer, 1996; Nickel
and von Rybinski, 1996).

On a different type of hydrophilic surface (Ti-Pure®, titanium dioxide particles treated with
alumina and silica) technical APGs show a different behaviour. The adsorption isotherm of Cs.
10-11 and Cjz.14.16 APG show a co-operative interaction with the Ti-pure® surface (S shaped
curves) while APGs with a shorter chain (Cg.9) show a Langmurian curve. This last result
could indicate that the shorter alkyl chain does not provide sufficient hydrophobic driving force
to develop a co-operative type interaction. An explanation for the S shaped curve could be
found in the slightly acidic nature of the OH groups in the surfactants that can interact with the
basic OH groups on the surface of titanium oxide. Once a sufficient number of surfactants
adsorb onto the surface so that the surface becomes hydrophobic a second layer of surfactants
interacts with the hydrophobic heads. The amount of APG adsorbed onto the particles exceeds
that required to form a monolayer. A Freundlich adsorption isotherm can be fitted to this data.
Therefore the relatively small size of the surfactant head and the multiple hydroxyl groups
allow APG surfactants to hydrogen bond with the polar groups of the particle surfaces (Smith
et al., 1994).

1.2.4 APPLICATIONS OF ALKYLPOLYGLYCOSIDES

Surface-active agents may have a dramatic effect on the environment, and therefore during the

past decade significant efforts have been concentrated on developing environmentally friendly
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surfactants. It also has become more important to be able to produce them from renewable
resources, due to the extensive use of natural resources with finite availability. It is in this
context that the surfactant class of alkylglycosides is important (Nilsson, 1996). In fact, APGs
are readily biodegradable surfactants (the glucoside linkage is broken by the glucosidase
enzymes in both aerobic and anaerobic conditions) and they have low eco-toxic properties.
Thus, they may replace other common surfactants in many applications where enhanced
biodegradability is desired. Also, the low temperature dependence of the APGs implies that
they may be suitable in microemulsion / emulsion systems where temperature instability is
often a problem.

APGs with straight hydrophobic chains are good foaming surfactants, whereas those ones with
branched chains are non or poor foaming surfactants. Thus, they can have a wide application
either when foaming is required (hand dishwashing) or when it is not (machine dishwashing).
As alkylglycosides are non-toxic and have good dermatological properties, they are of
particular interest in personal care products. They have a synergistic effect, which lowers the
CMC when used with anionic surfactants, useful in reducing skin irritation.

The APGs have several applications in agricultural formulations as they are environmentally
friendly and present very good wetting and penetrating properties (important in dry agricultural
formulations and in allowing spreading on plant surfaces). Also, thanks to their high tolerance
to high concentrations of electrolytes, they can be employed in the presence of highly ionic
pesticides and high concentrations of nitrogen fertiliser (Hill et al., 1997).

Chemically pure alkylglycosides such as Cs-3-G; have been used as protein solubilisers for
many years because they do not denature proteins and they are easily removed by dialysis
(Ribosa et al., 1997).

Several pure alkylglycosides have been shown to have absorption promoting effects, altering
the permeability of mucosal membranes (rectal, nasal and buccal) and increasing the absorption

of, for example, insulin (Aungst, 1994).

1.2.5 TOXICOLOGY OF ALKYLPOLYGLYCOSIDES

Alkylpolyglycosides varying in chain length and purity have been subjected to the most
relevant toxicological tests necessary for a risk assessment. On the basis of the information
available, they are not considered as toxic or harmful in acute toxicity tests, but at high
concentrations they have to be classified as irritating to the skin and eye. In in-vitro tests, they

did not show any potential for gene and chromosome mutations. They present low acute oral
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toxicity with an LDs, in the order of several grams per kilogram body weight, therefore it is
virtually impossible to be seriously poisoned by these products. In conclusion, the safety
margin is very high with no evidence of major risks in handling and employing products
containing APGs (Hill et al., 1997).

1.3 PRESSURISED METERED DOSE INHALATION SYSTEMS

The inhalation delivery of therapeutic agents has been known for many years. A wide range of
agents has been administered to the lung by oral inhalation. The most frequent case of
inhalation therapy is for the treatment of obstructive airway diseases such as asthma, using
drugs such as 3 sympathomimetics, steroids and sodium cromoglycate. There are three basic
types of commercially available inhalation drug delivery systems (Hickey, 1992):

1. Nebulizers

2. Metered-dose inhalers

3. Dry powder inhalers

Common to all inhalation dosage forms and delivery systems is the need to generate the
optimum respirable dose (particle < 5 pm, Aerosol Consensus Statement, 1991) of a therapeutic
agent, and this is a central performance feature in the rational design and selection of a delivery
system.

The metered-dose inhaler (MDI) is currently one of the most used devices in the treatment of
asthma. First introduced in 1956, MDIs are self-contained packages usually consisting of an
aluminium can and a lid with a metering valve crimped on it (Adjei and Gupta, 1997). The
formulation included in the can usually consists of one or more propellants and the drug, either
in solution or suspension, along with excipients to aid the stability and dosimetry of the
product. The valve system is fitted to an actuator along with a mouthpiece, which links the can
to the patient’s mouth. When the valve is actuated, a pre-metered volume of the formulation is
released through the valve into the mouthpiece. The latent heat of vaporisation of the volatile
propellant provides the energy for atomisation of droplets of product released from the valve.
Usually, a partial evaporation of about 10 to 20% of propellant vehicle occurs immediately
after expulsion of product from the nozzle. It is this violent evaporation of propellant that
causes instant break-up of aerosol droplets into fine respirable particles, usually less than 10

pm (Figure 1.11, Adjei and Gupta, 1997).
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¥

Figure 1.11 Schematic illustration of a pressurised metered
dose inhaler.

There are two types of MDI formulations: suspension formulations, in which microparticles of
the drug are dispersed in a volatile propellant; and solution formulations, in which the drug
freely dissolves in either the volatile propellant or a combination of propellant and an
acceptable co-solvent, typically ethanol. There are only a limited number of drugs that are
freely soluble in propellant and co-solvent mixtures, which is why suspension formulations are
the most common dosage forms. MDIs typically contain a surfactant or a dispersing agent to

stabilise the suspension and allow uniformity of dosage.

1.3.1 THE PROPELLANT ISSUE

The MDI is a pressurised self-propelled aerosol device that uses liquefied gas propellant to
administer the therapeutic agent. Fully halogenated chlorofluorocarbon (CFC) propellants have
been employed since the introduction of MDIs to the market, but they are currently being
phased out under the term of the Montreal Protocol (1989) as ozone depleting substances.
Pharmaceutical propellants that are being considered to replace CFCs are from the organic
compound class hydrofluoroalkanes (HFA). The two major HFA candidates are HFA-134a
(tetrafluoroethane) and HFA-227 (heptafluoropropane). These two propellants have the most
acceptable toxicological and environmental characteristics (McDonald and Martin, 2000).

However, the replacement of CFCs by HFAs in MDIs cannot be accomplished without major
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changes in the design of these dosage forms due to the different properties of the two classes of
propellants (Vervaet and Byron, 1999). One of the major concerns with HFAs is the poor
physical stability of MDI formulations and their performance relative to dose control. CFC
propellants are essentially oils, and they possess unique dielectric properties that provide them
with a good balance of solvency between surfactants (e.g. lecithin, oleic acid and sorbitan
trioleate) and most drug candidates used in therapeutics. However, HFAs are poor solvents for
the surfactants used in CFC based MDIs. This makes the reformulation effort technically more
challenging. For high pulmonary deposition efficiency, the drug particle size should range
between 1 and 5 um. Generally, if drug particles in this size range do not yield a good
suspension, inclusion of a surfactant remains the only choice for improving the quality of the
product. Unfortunately, poor solvency of HFAs limits the use of most surfactants that have
been successfully used with CFCs. While it is generally assumed that surfactants need to
dissolve in propellant to be effective, some reports in the literature indicate that even insoluble
surfactants may be effective suspension stabilisers. Byron et al. (1994) showed that precoating
salbutamol with oleic acid prior to suspending the coated particles in HFA 134a was efficient in
retarding the drug’s creaming from suspension over a period of 30 s and the creaming speed
was highly dependent on the surfactant/drug ratio. Consequently, surfactant solubility in
propellants may not need to be high in order to stabilise the suspension even though it should
be sufficient to prevent for example phase separation after long term storage. In fact, a further
complication associated with the use of surfactants and their solubility is the prediction of long-
term stability. Hence, apart from evaluating the effectiveness of currently approved surfactants,
scientists are actively engaged in the identification of alternative surfactants and there are a
number of patents granted in the last decade which underline this (Adjei and Gupta, 1997).

However, ten years after the issue of the Montreal Protocol, there are only few HFA-based
MDI products marketed in the UK: Airomir from 3M (Salbutamol sulphate in HFA 134a),
Qvar from 3M (Beclomethasone dipropionate in HFA 134a) and Ventolin Evohaler from Glaxo
Wellcome (salbutamol sulphate in HFA 134a) are some examples. This indicates that the
switch from CFC to HFA propellant is still far from being completed. Therefore there is a need
to look for new surface-active agents compatible with the HFA propellants or new ways to

stabilise the MDI suspensions.
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1.4 SURFACE ENERGY OF SOLIDS

1.4.1 CONTACT ANGLE

The nature of solid surfaces plays an important role in various pharmaceutical processes such
as crystal growth, powder flow and powder dispersion in liquids (Zografi et al., 1976). In any
situation where solid surfaces are involved in interactions with other phases it is useful to
determine the energy of molecules residing at the surface, as well as the contributions to
surface energy from various forces. Interfacial interactions are a consequence of long range
forces, that is to say, they influence molecules that are far apart and can present different
natures. They are low energy interactions (less than 40 KJ mol™) in contrast with chemical
bonds characterised by much higher energy (around 500 KJ mol™). They are described as van
der Waals interactions, which include dipole-dipole, dipole-induced dipole (Debye) and
induced dipole-induced dipole forces (London). This last group is described as the dispersive
(non-polar) term of the interfacial and surface forces, while the first two represent the polar
component.

For pure liquids, surface energies and entropies can be determined from surface tension
measurements since their surface free energy is their surface tension (section 1.1.2). Surface
free energy can be determined for solids, but the problem is both theoretically and
experimentally difficult due to the immobility of the molecules and the heterogeneity of the
surface caused by the difference of different crystal faces, imperfections, impurities and surface
roughness.

The contact angle formed by a liquid on a powder is a useful indicator of wettability. The
tendency for a liquid placed at the surface of a solid to spread is estimated from the magnitude
of the contact angle (), which is defined as the angle formed between the tangent drawn at the
interface between the drop, the vapour and the solid surface (Buckton, 1995a). The contact
angle is the consequence of the balance of three interfacial forces, the interfacial force between
the solid and the liquid (ys.), the solid and the vapour (ysy) and the liquid and the vapour (yLv).

These interfacial forces are related to the contact angle by Young’s equation:
YLv €08 8 = Ysv — Ysi Equation 1.4

A low value for the contact angle indicates good wettability, with total spreading being
described by an angle of 0°. A high contact angle indicates bad wettability, with the extreme

being total non-wetting with a contact angle of 180°. A contact angle of 90° is a significant
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point, below which wetting is regarded as reasonable and above which wetting is regarded as
poor.

Young’s equation refers to an ideal solid: chemically homogeneous, rigid and flat at an atomic
scale. When these conditions are met, there should be a single, unique contact angle (Good,
1993). In reality, the surfaces of solids are much more complex, giving rise to differences
between the advancing and the receding contact angles. Hysteresis of one or two degrees may
be within the uncertainty of the experimental measurement, but it is common to find hysteresis
in the range of 10° or more. The theoretical basis for hysteresis is the failure of the system to
meet the conditions of ideality (e.g. smoothness, rigidity and homogeneity of the solid). One
well-known example of departure from ideality is when the solid is rough. Microscopic
heterogeneity of the solid with a uniform, low-energy continuum and patches of matter with
higher surface energy, will also cause hysteresis.

From contact angle measurements it is possible to study the surface energy of a solid. There are
two different classes of theories that link the contact angle between a solid and a liquid with the
surface energy of the solid: the surface tension component approach or the equation of state
approach.

The surface tension component theory was first developed by Fowkes (1964a). Based on this
theory, it is possible to determine the dispersive and polar component of the surface energy of a
solid by determining its contact angle with two liquids of known surface tension and polarity.
More recently however, it was pointed out that the polar interactions could not be considered as
all being of a similar type (van Oss et al., 1987). Polar components of the surface energy were
then described as the results of Lewis acid (electron acceptor) and Lewis bases (electron
donor). The surface energy of solid material was then defined by a non-polar term (due to
contribution from dispersion and induced dipole-induced dipole forces) named the Lifshitz-van
der Waals term and a polar term, divided into an electron donor and an electron acceptor
contribution. To estimate the non-polarity and the acid and base parameters of a solid, it is
necessary to measure contact angle with a non-polar liquid (to determine the Lifshitz-van der
Waals term) and two polar liquids (to determine the acid-base parameters).

The equation of state approach (Ward and Neumann, 1974) states that the solid-liquid
interfacial tension is a function of the total solid and liquid surface tension, which means that
the nature of the liquid is not relevant. As a consequence, two liquids with an identical surface
tension would give identical contact angle on any solid surface. Thus, from the contact angle of
the solid with a liquid and the surface tension of the same liquid it is possible to calculate the

surface energy of the solid, which will be a single value.
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In conclusion, if two liquids are selected which have the same surface tension, but have a
different nature (one non-polar, the other significantly polar), then the contact angle should be
the same for both liquids according to the equation of state theory, but different according to
the theory of the surface tension components. These two theories have existed side by side for
many years although they have been supporting two opposite concepts, and so far neither of the
two schools have managed to dominate over the other. As a consequence, it will be important
to use the approach that produces the best correlation within the specific system that it is under

investigation (Buckton, 1995a)

1.42 INVERSE GAS CHROMATOGRAPHY (IGC) OF SOLID SURFACES

Gas chromatographic methods for studying phenomena such as adsorption, diffusion and the
reaction kinetics of the stationary phase have been well established since the early 1970s
(Williams, 1991).

In analytical chromatography the identification and quantification of unknown compounds is
achieved by comparing the retention behaviour of the unknown adsorbate introduced into the
mobile phase with the behaviour of a known adsorbate for a standard reference stationary
phase. Physicochemical GC studies however, rely entirely on the precise and absolute
measurement of the retention properties of an adsorbate with a particular stationary phase. The
fundamental quantity measured is the retention volume Vy, which directly relates to the
partitioning of the adsorbate between the mobile and the stationary phase. Vy is the
fundamental physical parameter that defines chromatographic behaviour for a vapour with a
particular stationary phase and is a function of the column temperature and pressure, as well as
the adsorbate concentration. The fundamental nature of the retention data obtained by GC
allows a solid stationary phase to be investigated. Unlike classical analytical GC, in IGC
known vapours are eluted through the stationary phase revealing fundamental chemical
information about the solid surface. A glass column is normally packed with the test powder,
then extremely small amounts of vapour probes such as alkanes (hexane, heptane, octane etc)
or polar probes (e.g. acetone, ethyl acetate, diethyl ether etc.) are injected and their retention

time measured. From the retention time it is possible to calculate Vy:

Vn=JF (-t Equation 1.5
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where F is the carrier gas flow rate (ml/min), J is the correction factor due to pressure
differences, ¢z, is the retention time of the probe and f, is the retention time of a non interacting
standard. The shape of the peak of a probe gives information on the adsorption isotherm shape.
For an injection size such that the adsorption isotherm is linear in shape, then Vy will be
independent of injection size. This region is known as the “infinite dilution” concentration
region. As injection sizes increase, the non-linearity of the isotherm will cause peak asymmetry

in the chromatograms and as well as a slight injection size dependence of Vy.

Figure 1.12 Relationship between chromatogram shapes (top graphs; X axes: Vy, Y axes: solute
concentration in gas phase) and adsorption isotherms (bottom graphs; X axes: solute concentration in
gas phase, Y axes: solute concentration in stationary phase). From Williams, 1991.

From Vy it is possible to calculate the free energy of adsorption of the probes:
AG,° =-RTIn (VNP /m wS,) Equation. 1.6

where P, = 1.013*10° Pa, & = 3.38*10™ Nm™' (defined by De Boer (1953) as arbitrary standard
vapour state and standard surface pressure), w is the weight of the adsorbent in grams and S, is
the specific surface area of the adsorbent in m2/g. Sa w, © and Py, can all be reduced to a
constant K (Schultz et al., 1987). High values of AG,° usually demonstrate a particularly
favourable adsorption of the probes which implies a highly energetic surface. The work of

adhesion W, per unit surface area between an adsorbate and an adsorbent is related to AG,° by:

AG.=-NaWw, Equation. 1.7

49



1. Introduction

where a is the area of one adsorbate molecule and N is the Avogadro’s number.

When non-polar probes like n-alkanes are employed as the adsorbate, the work of adhesion is
restricted to dispersive interactions at the interface. Fowkes (1964b) introduces the term w4 as
the work of adhesion between a non-polar liquid and a solid surface, which only involves

dispersion interactions:
W, = W' = 203" 1.2)'"? Equation. 1.8

Where vs° is the dispersive component of the surface energy of the solid and v.” is the
dispersive component of the surface energy of the liquid.

A combination of equations 1.6, 1.7 and 1.8 leads to:

RT In Vy=2N (ys9)"? a (1.°)'? + K Equation 1.9
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Plotting RT In Vi versus a (y.”)" for the alkanes a straight line is obtained where the gradient

12

is equal to 2 N (ys”)""” and can be used to calculate the dispersive component of the surface free

energy of the adsorbent.

There are points of caution with the IGC route to surface energy determinations
(Mukhopadhyay and Schreiber, 1995). Firstly, the s> values obtained are dependent on the
molecular area of the probes. Since molecules such as alkanes are non-spherical, the correct
choice of a depends on the orientation of the adsorbed molecule. There will be different
conformations for a given vapour molecule depending on the strength and number of interfacial
interactions. Also, a will depend on the temperature at which the experiment is carried out. A
further complication is linked to the fact that the probes are injected at infinite dilution. Solid
surfaces are heterogeneous, with broad site energy distributions. Therefore under the conditions
of infinite dilution, interactions with low energy surface sites of the adsorbent would be limited
if not excluded. IGC determination of this type should lead to higher values of ys” than those
obtained from contact angle measurements.

The interaction of polar probes over and above the dispersive forces is a measure of their
specific interaction. An estimate of this specific interaction, — AG,>, can be obtained from a
RTInVy versus a (y.°)" plot, where — AG, is the displacement of the probe above the alkane

line (Figure 1.13).
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A .
RT In Vy Polar probe Alkane line

(KJ mol™)

A (YID)I/Z (RZJI/Z m-l)

Figure 1.13 The free energy of adsorption of a polar probe in relation to
the alkane line.

According to the theory developed by Gutmann in 1978, the polar interaction could be
expressed in terms of acid — base properties. Each probe could be given two values (Gutmann
numbers) which were equivalent to the probe’s electron donating (base), DN, and the electron
accepting (acid), AN, properties. DN is defined by the reaction enthalpy of the probe liquid
with a reference acceptor, SbCls. AN is defined as the NMR chemical shift of 3P contained in
(C;H;);PO when reacting with the probe liquid. Riddle and Fowkes (1990) determined that part
of the electron acceptor value, AN, was due to dispersive forces, therefore AN’ was developed,
being solely due to polar interaction forces. The specific free energy of adsorption, — AG, can

be used to calculate acid-base parameters according to:
- AG,* =Ka DN + Kd AN’ Equation. 1.10

Rearranging allows a suitable plot of — AG,” / AN" against DN / AN’ to determine the acid
(Ka) and base (Kd) parameters of the test powder:

—AG,”/ AN' =Ka (DN /AN") + Kd Eq. 1.11

Although inverse gas chromatography has been employed for many years in chemistry and

chemical engineering to study, for example, polymers, pigments, fibres and surfactants
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(Hegedus and Kamel, 1993; Voelkel et al., 1993) it has been applied only relatively recently to
pharmaceutical systems.

Djordjevic et al. (1992) were the first to employ IGC to study a pharmaceutical system. They
measured the adsorption of water at zero and finite surface coverage of the orthorhombic form
of cyclosporin by inverse gas chromatography.

Ticehurst et al. (1994) employed inverse gas chromatography to study the differences in the
surface properties of two batches of salbutamol sulphate. The IGC results show large
differences in the surface energy of the two batches that were not highlighted by other
techniques such as differential scanning calorimeter or powder X-ray diffraction. Similarly, the
same authors (Ticehurst et al., 1996) found that inverse gas chromatography was able to detect
differences in the surface characteristics of four batches of a-lactose, not detected by other bulk
techniques, probably related to minor variation in the crystallinity or purity of the batches.
Dove et al. (1996) assessed the surface energy of theophylline and caffeine by comparing
inverse gas chromatography with contact angle measurements, finding good agreement.

More recently (Feeley et al., 1998) related surface energy differences detected by IGC to
secondary processing such as powder flow by studying salbutamol sulphate before and after

micronisation.
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1.5 AIMS OF THE PhD

The replacement of CFC propellants (ozone depleting) with HFA in the metered dose
inhalation systems has lead to some re-formulation issues due to the fact that the majority of
polymers and surfactants used for steric stabilisation have limited solubility in the new class of
propellants (section 1.3.1). Thus there is a need to develop new ways of stabilising MDI

suspensions.

The purpose of the PhD was to study the possibility of using alkylpolyglycoside surfactants to
stabilise MDI suspensions by incorporating them within microparticles prior to formation of
dispersions. Different microparticles of drug-surfactant were prepared and the modifications of

their surface due to the presence of the surfactant were assessed.

During the course of the PhD the following topics were studied:

L

The surface tension and critical micelle concentration of alkylpolyglycosides.

¢ The adsorption of APGs onto a hydrophobic drug (micronised beclomethasone
dipropionate) from water and the characterisation of the BDP-APG microparticles in terms
of morphology (scanning electron microscopy), water content (thermogravimetric
analysis), crystalline structure (X-ray diffraction), surface energy (contact angle and

inverse gas chromatography) and particle size (laser scattering).

¢ The preparation of salbutamol sulphate — APG microparticles by spray drying and their
characterisation in terms of morphology (scanning electron microscopy), particle size (laser
scattering), crystallinity (X-ray diffraction, differential scanning calorimeter, isothermal
microcalorimeter, dynamic vapour sorption, near-infrared spectroscopy) and surface energy

(inverse gas chromatography).

¢ The adsorption of APGs onto a hydrophilic drug (salbutamol sulphate) from a non-aqueous
solvent and the characterisation of the salbutamol sulphate-APG particles in terms of
morphology (scanning electron microscopy) and surface energy (inverse gas

chromatography).
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¢ The suspension stability of the microparticles of drug-alkylpolyglycoside in MDI
propellants (HFA 227 and 134a) by optical suspension characterisation.

¢ The assessment of the value of APGs for dispersion stabilisation in non-polar solvents.
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2. MATERIALS

2.1 PROPERTIES OF THE DRUGS

The main purpose of the PhD was to investigate the interaction of alkylpolyglycoside
surfactants with hydrophobic and hydrophilic microparticles and to study the consequent
modification of the surfaces of the microparticles with respect to their potential use in
pressurised metered dose inhalation systems. For this purpose, two model-drugs where
selected: beclomethasone dipropionate, which is practically insoluble in water and
represents a model hydrophobic drug, and salbutamol sulphate, very soluble in water and a
model hydrophilic drug. Both drugs were used in the micronised form. Micronisation is a
form of milling that generally allows reduction of the size of solid particles to the diameter
of few microns. This is important in the delivery of drugs to the lung. In fact, particle sizes
in the range of 2 to 5 um are considered to be optimal for the delivery to the pulmonary
regions, as larger particles will deposit predominantly in the upper respiratory tract and
those with less than 1 pm diameter may be exhaled and leave the lungs (Aeroso! Consensus
Statement, 1991).

Crystalline salbutamol sulphate (un-micronised) was also employed to produce
microparticles of drug-alkylpolyglycoside surfactants obtained by spray drying from a

water solution.

2.1.1 BECLOMETHASONE DIPROPIONATE

Beclomethasone dipropionate or BDP (9a-chloro-118, 17a, 21-trihydroxy-163-methyl-
pregna-1,4-diene-3,20-dione 17,21-dipropionate) is a halogenated syntetic corticosteroid
analogue of hydrocortisone. Its chemical structure is shown in Figure 2.1.

Figure 2.1 Chemical structure of beclomethasone dipropionate
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BDP is used by inhalation, generally from a metered-dose aerosol, for the prophylaxis of
the symptoms of asthma (400 pg daily in CFC MDIs and 200 pg daily in non-CFC MDIs).
It is also used as a nasal spray in the prophylaxis and treatment of allergic and non-allergic
rhinitis (Martindale, 1999).

Once inhaled, it is transformed in the lung in the monopropionate form through an
enzymatic hydrolysis. 17-beclomethasone monopropionate has a relative affinity for the
glucocorticoid receptor (compared with dexamethasone) 30-fold higher than
beclomethasone dipropionate. This suggests that the metabolism is an activation step of the
drug and that beclomethasone dipropionate can be considered a pro-drug. 21-
beclomethasone monopropionate has a very low affinity for the glucocorticoid receptor
(Boobis, 1998).

BDP is poorly soluble in water (practically insoluble, according to the British
Pharmacopoeia, 1998). 17-beclomethasone monopropionate presents a higher solubility in
water and its rate of appearance is limited by the rate of hydrolysis of BDP, which in turn
depend on its speed of dissolution. BDP may therefore form a reservoir in the lung, which
can be converted locally in the more active 17-BMP.

BDP and 17-BMP have very short half-live (about 30 minutes), which is important in
determining a favourable ratio of topical to systemic effects supporting the well-established
role in the treatment of asthma.

BDP is known to exist in three different crystal forms: the anhydrate, the monohydrate and
the organic solvate (Parmar, 1997). Each form has a different arrangement of molecules
within their lattices, while the solvates formed with trichloroacetic acid, isopropanol and
ethyl acetate all have the same lattice structure. It does not form solvates with acetone or
methanol, while it can form solvates with chloroform or other halogeno-derivate solvents.
In fact, BDP quickly forms a clathrate when exposed to CFC propellants and therefore CFC
suspension formulations are prepared with the micronised, pre-formed solvate. It also forms
a solvate with HFA 134a, but much more slowly, which results in a slow but progressive
crystal growth of BDP in suspension with the propellant (Vervaet and Byron, 1999).

The crystal form of beclomethasone dipropionate employed during the PhD was the
anhydrous. Also, as already mentioned in section 2.1, the micronised form was used. Table
2.1 lists the most important physico-chemical properties associated with this molecule

together with supplier and the batch number(s).
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Supplier SICOR (Societa Italiana Corticosteroidi)
Batches 6469/M1 and 6661/M1
Formula C,sH3,ClO,
Molecular weight 521.0
Melting point 205-215°C
Purity (HPLC) 99.7%
Loss on drying <0.5%
Log P (octanol/water)’ 4.59
Solubility in water’ Practically insoluble
Solubility in HFA 227° 0.1 ug/mg
Solubility in HFA 134a’ 0.3 ug/mg

Table 2.1 Physico-chemical properties of anhydrous beclomethasone dipropionate.
'Calculated (ACD LAB Log P software)

*From the British Pharmacopoeia, 1998.
 *From Vervaet and Byron, 1999.

2.1.2 SALBUTAMOL SULPHATE

Salbutamol sulphate, also known as albuterol sulphate (2-tert-butylamino-1-(4-hydroxy-3-
hydroxymethylphenyl)ethanol sulphate) is a direct acting sympathomimetic with
predominantly beta-adrenergic activity and a selective action on beta, receptor (beta,

agonist). Figure 2.2 shows the chemical structure.

HO
H,C

CH
HO X
HN

CH,
OH

H,S0,

Figure 2.2 Chemical structure of salbutamol sulphate
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The preference for beta, receptor stimulation results in its bronchodilating action being
more prominent than its effect on the heart. It is used in the management of airway
obstruction, as asthma or chronic obstructive pulmonary disease. It also decreases uterine
contractility and may be given to arrest premature labour. It is generally administered as an
aerosol inhaler at the dose of 100 pg in metered dose inhaler preparations or 200 ug when
dry powder inhalers are employed (Martindale, 1999).

Salbutamol sulphate presents two enantiomers, the R(-) and the S(+). It has been shown that
R(-) salbutamol is much more potent than S(+) salbutamol on beta adrenergic receptors. As
the S(+) enantiomer may play a role in some of the adverse effects associated with
salbutamol, the R(-) levosalbutamol is being tested as an alternative to racemic salbutamol
(Lipworth et al., 1997).

Salbutamol sulphate has high solubility in water. No solvates or hydrates forms have been
reported. As already mentioned in section 2.1, micronised salbutamol sulphate was
employed to study the interaction of salbutamol sulphate with alkylpolyglycosides. Table
2.2 lists the most important physico-chemical properties associated with this molecule

together with supplier and the batch number.

Supplier ICFI
Batch 940194
Formula (Cy3H,NO;), H,S0O,
Molecular weight 576.7
Melting point Not available
Loss on drying <0.5%
Log P (octanol/water)' 0
Solubility in water” Freely soluble

Table 2.2 Physico-chemical properties of salbutamol sulphate.
!Calculated (ACD LAB Log P software).

’From the British Pharmacopoeia, 1998.

Crystalline salbutamol sulphate supplied by AVOCADO (batch E2452C) was employed to
prepare microparticles of salbutamol-alkylpolyglycosides by spray drying.
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2.2 ALKYLPOLYGLYCOSIDES

2.2.1 NOMENCLATURE

The nomenclature for pure alkylpolyglycosides (see section 1.2 for differences between
pure and technical APGs) is generally C,Gn,, where n is defined as the number of carbons in
the alkyl chain and m the number of glucose units attached as the head group. The technical
APGs are described by a range of alkyl chain lengths (C,.,) because they are derived from
natural alcohol which have a range of alkyl chains. Also, they present an average number of
glucose groups per molecule, which is expressed as degree of polimerisation (DP). Thus,
C)o.12 DP 1.4 has an average range of alkyl chains from decyl to dodecyl and an average of

1.4 glucose units per alkyl chain.

2.2.2 PURE ALKYLPOLYGLYCOSIDES

All pure alkylpolyglycosides employed throughout the course of this work were supplied
by Sigma and presented a purity in excess of 98% (determined by gas chromatography,
information obtained from Sigma). They were kept at less than 0°C and used as received,
without further purification. Only B alkylglycosides were employed, unless otherwise stated
(for differences between o and [ alkylglycosides see section 1.2). Figure 2.3 shows the
chemical structure while table 2.3 shows batch numbers and critical micelle concentration

of the pure alkylpolyglycosides used.

CH,OH
-0
HO
HO /g/o\/\/\/\/
o |

n-octyl B-D-glucoside

CH,OH
~.0

/@T

OH

n-decyl B-D-glucoside
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Figure 2.3 Chemical structure of the pure alkylpolyglycosides

employed during the PhD.
Name Short name Supplier Batch CMC
(mM)
n-octyl 3-D-glucoside CsGi Sigma 56H5029 17-19'
20-25°
n-decyl B-D-glucoside CioGi Sigma 15H5025 1.1-1.3
2-3°
n-decyl B-D-maltoside C1G, Sigma 98H5112 1.6°
n-dodecyl B-D-maltoside CiG; Sigma 58H5236 0.12-0.14'
0.1-0.6°

Table 2.3 Names, supplier, batch numbers and CMC of the pure alkylglycosides employed

during the PhD.
'From Ribosa et al., 1997.
From Aungst, 1994.
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2.2.3 TECHNICAL ALKYLPOLYGLYCOSIDES

The technical APGs employed in this work were supplied by Henkel (Cg DP 1.4, Cyo.;; DP
1.4 and C5.;4 DP 1.4) and by Akzo-Nobel (C,, DP 1.4 and C,o DP 2.7). They were all
employed as received, without further purification. All products but Cy,.;4 DP 1.4 were
research samples (i.e. not commercially available). Cj».;4 DP 1.4 is Glucopon 600,

commercialised by Henkel.

Ci214 DP 1.4, Co DP 1.4 and Cy, DP 2.7 were supplied as water/surfactant system
containing different amounts of water (respectively 50%, 34% and 26%, information
obtained by suppliers). They were all very viscous suspensions at room temperature,
difficult to stir or to sample, therefore they were freeze dried prior to use and then kept at
less than 0°C. Prior to the freeze drying process, the materials were frozen in liquid
nitrogen (BOC) for two minutes. They were then transferred in the freeze dryer apparatus
(Edwards Micro Modulyo fitted with Edward RV3 oil vacuum pump) and left to dry over-
night. The residual water in the freeze dried materials was measured by Karl Fisher titration
(Karl Fisher titration unit 701 KF Titrino, Metrohm) by dissolving 200 mg of freeze dried
material in methanol (BDH) and titrating the water with Karl Fisher titrant (BDH), using

sodium tartrate dodecahydrate as a calibrant. The results are shown in Table 2.6.

As already mentioned in section 1.2, technical APGs are very complex mixtures
characterised by a very elevated number of isomers. The most common way of analysing
APGs and quantifying the various structures present in a product is high temperature gas
chromatography (HTGC) prior to transformation of the hydroxyl groups into silyl ethers to
prevent sample decomposition. Typically, a high temperature gas chromatogram of a
technical APG presents a first group of peaks related to the alkylmonoglycosides (separated
into furanoside, pyranoside and o or 3 anomers), followed by the alkyldiglycosides and by
the higher alkyloligoglycosides, whose signal is superimposed to the polyglycose signals.

Examples of chemical composition of technical APGs are shown in table 2.4 and 2.5. Table
2.4 shows a typical distribution of alkyl mono-and oligoglycosides in an APG technical
product, from which the average degree of polymerisation can be calculated. Table 2.5
shows the results of high temperature gas chromatography for Cj,.4 DP 1.4 (Glucopon
600), with the quantification of some of the components. All data were supplied by Henkel.

62



Substance % wiw
Monoglycosides 51%
Diglycosides 19%
Triglycosides 13%
Tetraglycosides 10%
Pentaglycosides 4%
Hexaglycosides 2%
Heptaglycosides 1%

Table 2.4 Typical distribution of alkyl mono-and oligoglycosides

in an APG technical product (data supplied by Henkel).

Substances Yow/w
C; furanoside 0.5
Cs a-glucopyranoside 8.7
Cs B-glucopyranoside 4.8
C,o furanoside 0.5
Cyo a-glucopyranoside 93
4.5

Cio B-glucopyranoside

C,, furanoside

Ci2 a-glucopyranoside

Ci2 B-glucopyranoside

C,4 furanoside

Ci4 a-glucopyranoside

C.4 B-glucopyranoside

C,6 furanoside

Cy¢ a-glucopyranoside

Ci4 B-glucopyranoside

Cs/ Clo/ C]z/ C]4/ C|6/ digl}’COSideS

Cs/ Cio/ Cyo/ Ci4/ Cy¢/ oligoglycosides

Table 2.5 High temperature gas chromatography for C,,.;4 DP

1.4 with the quantification of some of the components (data

supplied by Henkel).

2. Materials
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Finally, table 2.6 summarises some information on the technical APGs employed during

the PhD such as suppliers, batches, % of free fatty alcohol, original amount of water, and

residual water after freeze drying (determined by Karl-Fisher titration).

Product Supplier Batch Original Residual water Free fatty
amount of after freeze- alcohol
water drying (n=3) Yow/w
%w/w Yow/w
CgDP1.4 Henkel TTR-BB- None N/A 1
3.8.94
CioDP 14 Akzo- C10-1.4-34 34 2.110.1 0.8
Nobel
CioDP 2.7 Akzo- C10-2.7-26 26' 0.7+0.3 0.7
Nobel
Ci.2DP 1.4 Henkel TTR-BB- None N/A 1
26.9.94
Ci..uDP 14 Henkel 456157 507 2.540.3 <0.2
CuDP14 Henkel WEU-IH- None N/A 1
230-1

Table 2.6 Summary of suppliers, batch numbers and properties of the technical APGs

employed during the PhD.

'Data; obtained from Akzo-Nobel

Data obtained from Henkel.
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3. CHARACTERISATION OF ALKYLPOLYGLYCOSIDES

3.1 INTRODUCTION

The main purpose of this chapter is to describe some characterisation of alkylpolyglycoside
surfactants carried out during the course of the PhD, in particular the properties of dilute
aqueous solutions. This study was undertaken to develop an understanding of the general
behaviour of these surfactant systems, in order to provide some background information for
the more complex studies that followed, such as the interactions of APGs with solid
surfaces in aqueous and non-aqueous systems and the stabilisation of suspension in non-
aqueous systems.

In section 1.2 structures and physico-chemical characteristics of the APGs were described.
One of the most interesting aspects of the structures of APGs is that they can present a very
high number of isomers and, based on the way they have been synthesised, is it possible to
obtain highly pure systems or very complex polydisperse systems. One of the aims of this
chapter is to describe the different behaviour of pure (with purity above 98% w/w, see
section 2.2.2) and technical alkylglycosides in aqueous systems (see section 2.2.3).

This chapter describes the investigation of the self-aggregation properties of APGs in water
using surface tension and isothermal titration microcalorimetry (Part A). Also, an attempt to
measure the size of the micelles by photo-correlation spectroscopy is described (Part B).
Finally, as very little literature exists on their diffusion characteristics in water, the dynamic

surface tension is summarised for both pure and technical systems (Part C).

PART A

3.2 MICELLISATION

As described in section 1.1.2, when the concentration of a surfactant in water is increased to
a very specific value, abrupt changes in several physical properties take place (Figure 1.2).
These changes affect for example surface tension and osmotic pressure (which both become
approximately constant) and light scattering (which starts to increase). These observations
indicate that the surfactant is going from a monomer state (containing single molecules) to
a self-associated state, called micelle. The concentration at which these changes take place

is the critical micelle concentration or CMC.
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It is possible to relate variation of CMC with changes in the chemical structure of a
surfactant or changes in the composition of the system where the micelles are formed
(Jonsson et al., 1998):

* The CMC decreases strongly with an increase in the alkyl chain of the surfactant.
As a general rule the CMC decreases by a factor of about 2 for ionic surfactants and by a
factor of about 3 for non-ionic surfactants on adding one methylene group to the alkyl
chain.

. The CMC of non-ionic surfactants is much lower than for ionic surfactants. The
relationship depends on the alkyl chain length, but two orders of magnitude is a rough
starting point. ‘

. Besides the major differences between ionic and non-ionic surfactants, the effect of
the head group is moderate. Typically, cationic surfactants have slightly higher CMCs than
anionic surfactants and in the non-ionic group, there is a small increase of the CMC as the
polar head becomes larger.

* The addition of electrolytes can produce a dramatic change in CMC of ionic
surfactants but will only have small impact on non-ionic surfactants. In ionic surfactants,
the presence of an electrolyte causes a reduction in the thickness of the ionic layer
surrounding the polar head groups and a consequent decreased repulsion between them,

which causes a reduction in the CMC and an increase in the aggregation number.

The shape of a micelle is generally spherical at concentrations just above the CMC. The
size of a micelle for a given surfactant depends predominantly on the nature of the
hydrophobic part of the molecule. The radius of a spherical micelle is generally slightly less
than the length of the monomer. However, the size and shape of micelles will fluctuate as a
consequence of the dynamic equilibrium between surfactant molecules that are in solution

and those aggregated into micelles (Jonsson et al., 1998).

3.2.1 THERMODYNAMICS OF MICELLISATION

There are two main theories that can help to analyse the micellisation process: the mass
action law model and the phase separation approach (Shaw, 1992).
In the first of these theories, the law of mass action is applied to the equilibrium between

monomers and micelles:

nX & X, Equation 3.1

K= Equation 3.2

>
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where X is the fraction of monomer that forms a micelle and n is the aggregation number.
The mass action theory requires some pre CMC aggregation and post CMC increase of the
non-associated monomer The more gradual the change between monomer and micelle, the
lower the aggregation number and the more appropriate the mass action law model
becomes. For high aggregation numbers, the sharpness of the discontinuity between
monomer and micelle becomes bigger and this model becomes closer to the phase
separation model.

In the phase separation theory the micellisation is considered as a simple phase separation
of surfactant in the associated form, so that any addition of surfactant above the CMC will
only affect the micelle concentration. As already mentioned, this model becomes a better
approximation for high aggregation numbers, where there is a very sharp change from

monomer to association.

In general, micellisation is an exothermic process and the CMC increases with increasing
temperature. However for many surfactants such as sodium dodecy! sulphate (SDS) the
CMC in water is characterised by a shallow minimum at certain temperatures (for SDS
between 20°C and 25°C, Shaw, 1992).

The formation of micelles is normally associated with a large negative change in free
energy (process thermodynamically favoured and spontaneous). The major driving force for
micelle formation is the hydrophobic interaction of the alkyl chain. At room temperature
there is a large increase in entropy when water molecules around the hydrophobic part of
the monomers are released during the micellisation process. In many cases however, the
variation of entropy associated with micellisation approaches zero at higher temperatures
and becomes negative above about 130°C. In these cases, the major contribution for a
negative variation of the free energy has to come from the variation of enthalpy that should
become large and negative in order to compensate for the changes in entropy. Therefore,
micelle formation can be considered entropy-driven at room temperature and enthalpy-

driven at higher temperature (Paula et al., 1995).

3.2.2 MEASUREMENT OF CRITICAL MICELLE CONCENTRATION

There are several methods to measure the critical micelle concentration. From Figure 1.2 it
is possible to observe that several properties of a surfactant undergo dramatic changes at the
CMC, such as osmotic pressure, conductivity, surface tension. By measuring one of these
parameters at different surfactant concentrations, it is possible to determine the value of the

CMC. Also, in more recent years a method of measuring the CMC using isothermal
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3. Characterisation of alkylpolyglycosides

titration microcalorimetry has been developed. Isothermal titration microcalorimetry is a
technique that also allows the thermodynamic parameters associated to micellisation to be
measured by detecting the heat changes related with the association of surfactants in a
solvent at constant temperature.

It has to be said that quite often CMC is not an exactly defined quantity, which causes
difficulties in its determination. For long-chain surface active agents, an accurate
determination is straightforward and different techniques give the same results. However,
for short-chain molecules there may only be a weak association and the determination of
the CMC can be more difficult (J6nsson et al., 1998).

One of the most common ways of determining the CMC is measuring the variation of
surface tension at different surfactant concentrations. Below the CMC the surface tension of
water decreases as surfactant concentration increases (see section 1.1.2). However, above
the CMC there is an additional mechanism for keeping the hydrocarbon away from water,
by locating them in the interior of the micelles. As the micelles themselves are not surface-
active, the surface tension remains approximately constant beyond CMC. Therefore the
CMC is determined by measuring the concentration at which changes in the surface tension

are no longer observed (Figure 3.1).

A

Surface
tension

CMC

e

>

Log surfactant concentration

Figure 3.1 Determination of CMC by surface tension / concentration
curve
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3.2.2.1 MEASUREMENT OF CMC BY DETERMINATION OF SURFACE
TENSION

When a new liquid / air surface is formed, its surface tension is the mean of the surface
tension of the various components. At equilibrium the component with the lower surface
tension is preferentially adsorbed to the surface and the surface tension of the solution is
lowered. This process is time dependent and depends on the diffusion of the different
components. Dynamic surface tension is defined as the change in surface tension before
equilibrium conditions are obtained.

There are several ways to measure the equilibrium and the dynamic surface tension of a
liquid. Dynamic surface tension and the way to measure it will be discussed in Part C of
this Chapter.

There are several methods to measure equilibrium surface tension: The capillary rise
method, the ring method and the Wilhelmy plate method. The one employed to determine
the critical micelle concentration of the APGs in this study is the Wilhelmy plate method.

,/\

— A e

Figure 3.2 Measurement of surface tension by the Wilhelmy plate
technique.

In this technique a very thin plate is suspended from the arm of a microbalance (Figure
3.2). The weight of the plate is set at zero when the plate is suspended in air. The plate is
then inserted into the liquid or pulled out from the liquid and the force measured which,
being perpendicular to the surface of the liquid, is a measure of the surface tension of the
liquid. Assuming zero contact angle, the surface tension is obtained by dividing the force
by the perimeter of the plate. Zero contact angle is achieved by accurately cleaning the
plate, for example by flaming.

The apparatus used in the present study had a motorised platform, with which it was

possible to rise the liquid to touch the plate automatically and very slowly. Also, an
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3. Characterisation of alkylpolyglycosides

interface connected the microbalance to a computer to operate the equipment and analyse

the results. A typical experimental output is shown in Figure 3.3.

Force

Figure 3.3 Schematic representation of the output from a Wilhelmy
plate experiment to determine the surface tension of a liquid.

The graph represents the insertion and withdraw of the plate into and out of the liquid. The
point A is the point of contact between the plate and the surface of the liquid, which causes
the force to rise (point B). From the buoyancy slope BC, the value of the force is
extrapolated to the perpendicular of the line 0A at the point A. When the plate is withdrawn
(receding force), the line CD should be superimposed to the line BC (advancing force). Any
deviation indicates hysteresis, which is generally a sign of the existence of a finite contact

angle between the plate and the liquid (the liquid did not perfectly wet the plate).

3.22.2 MEASUREMENT OF CMC BY ISOTHERMAL TITRATION
MICROCALORIMETRY

The isothermal microcalorimeter is a very sensitive non-specific monitor of heat changes.
Any chemical, physical or biological change is accompanied by heat flow, which can
potentially be detected by microcalorimetry. A microcalorimeter is capable of detecting
very small heat changes (+ 50 nW) produced or absorbed by a given sample. The heat
produced or absorbed by a sample is completely exchanged in the microcalorimeter with a
surrounding heat sink that is maintained at constant temperature. When a certain event
occurs in the sample, associated with a thermal energy change, a small temperature
difference arises relative to the heat sink, which forces the heat to flow. This temperature
change is directly proportional to the heat flow. Highly sensitive thermopiles, situated

71



1
I1$B 9
+ K
=0
#
* /$0
D.
)
* /$B 1
/$0 /$B

! 1
“diIsiir ) ,0
APQ M) $
g ] !
) X
19
+
+ u 2 + 0
8 @ v
+
)
8
h
4
@ $ $
|
C |
D ?
N
+ 1
Q o
ij
)
4
4 ,8
o)
PP

1% 1& !

9%



3. Characterisation of alkylpolyglycosides

The instrument output is rate of change of heat (dq) as a function of time (dt). The rate of
change of heat is equivalent to power, therefore the response is often given as a power /
time curve. The dq/dt ratio is related to the variation of enthalpy (AH) associated to the
process under investigation and the initial concentration of the reactant. The output is
therefore a composite of enthalpy, concentration and rate of the reaction examined, and can
be used for quantitative analysis, rate and mechanism studies and thermodynamic
characterisation. From the microcalorimeter signal it is then possible to obtain a large
amount of information. However, it is quite often difficult to separate the different
components of the response, and also sometimes it is possible to monitor a process, which
is not the one that is actually under investigation (Buckton, 1995b).

In the present study the CMC and some of the thermodynamic parameters associated with
the micellisation of the APGs were investigated using a titration unit inserted into the
measuring cell of the microcalorimeter.

Figure 3.6 shows a schematic diagram of the titration unit employed during this study.
Using a pump-driven syringe, small aliquots of a concentrated solution of surfactants
(above their CMC) were injected at regular intervals through a cannula inserted into the
titration tube into the ampoule containing initially a known amount of water. With this
method the surfactant composition in the titration cell is initially below CMC and above

CMC by the end of the experiment.
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3. Characterisation of alkylpolyglycosides

In the titration curves the thermal heat flow (uw) is plotted versus time (seconds). The
results are positive peaks for exothermic reactions (corresponding to a negative enthalpy)
and negative peaks for endothermic reactions (corresponding to a positive enthalpy). The
enthalpy is calculated via the area under the curve and expressed in kJ/mol.

Initially, the enthalpy change is due to break-up of the micelles into monomers, until the
CMC is reached. Once the CMC is reached, in the final part of the experiment, the variation
of enthalpy is only due to dilution of micelles. By plotting the variation of enthalpy in each
injection versus the concentration of the surfactant a curve is obtained, which can be
separated in two parts: one above and one below CMC, with a sharp transition between the
two at CMC. The variation in enthalpy due to demicellisation (AHgemic) is calculated by the
enthalpy difference between the two curves at CMC. AHgemic is equal in magnitude but
opposite in sign to the heat of micellisation AHy,;.. From the first derivative of the enthalpy /
concentration curve it is possible to determine the CMC, which is defined as the
concentration where this curve has a minimum. Therefore CMC and AHgemic can be
measured in the same experiment.

Similarly, the cumulative titration curve can be constructed by summation of the step-by-
step enthalpies. Generally, two straight lines with different slopes connected with a bend
are obtained. The position of the intersection point of the extrapolated lines (break point)
identifies the CMC.

The microcalorimeter is calibrated by a known pulse of electrical heating provided by
calibration resistors to the sample cell.

In this study, the injections were made at short intervals (less than 40 minutes). Under these
conditions, the signal does not generally return to baseline. Therefore, after the experiment,
the curve is “dynamically corrected” using a computer program and the final part of the
peak is extrapolated from the first recorded part so that the titration curve is regenerated. By
doing this it is possible to reduce the experimental time. Figure 3.7 shows the results
obtained with a “fast” titration where the red line represents the raw data and the black line
the same data but dynamically corrected. The correction allows the signal to return to

baseline much earlier than in the raw data (Bastos et al., 1991).
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3. Characterisation of alkylpolyglycosides

different temperatures (15 to 40°C) in water and in deuterium oxide. He concluded that the
thermodynamic properties of the surfactants in the micellar form at a given temperature are
the same in water and deuterium oxide with uncertainty about the relative importance of the
polar and non-polar portions of the surfactant molecule in micellisation. Gu et al. (1996)
measured CMC and heat of micelle formation for different surfactants such as SDS and
Triton X100 (ethoxylated fatty alcohol). They directly observed the micellar structural
transition from sphere to rod for SDS/water in sodium chloride and calculated the enthalpy
changes of the micellar transition.

One of the pure alkylpolyglycosides employed in the present study, the 3 anomer of CsGj,
has been the subject of several titration studies. It is included in the study by Paula et al.
(1995) on determination of thermodynamic parameters at different temperatures. Kiraly et
al. (1997) measured CMC and enthalpy of micelle formation for CsG;, extending the study
to the adsorption and the thermal behaviour at the hydrophilic silica glass / aqueous
solution interface with a resultant S-shape isotherm. Finally, the vesicle-micelle transition
of lipid bilayers induced by the addition of CsG, was studied by Wenk and Seelig (1997).
They found that the titration curve was the result of three processes: a partitioning of
surfactant molecules into the lipid membrane, a membrane micellisation and a membrane

reformation. The enthalpy associated with each process was measured.

3.3 EXPERIMENTAL PROTOCOL

3.3.1 DETERMINATION OF CMC OF APGs BY WILHELMY PLATE
TECHNIQUE

Glass slides (Ultima 22X26 mm, # 1.5) were cleaned by flaming them for few seconds and
then attached to the balance loop of the microbalance of the Wilhelmy plate apparatus
(Chan Dynamic Contact angle analyser 312) kept at 25°C by a water circulator
(Gallenkamp). Water (purified by Elga system option 4) or a solution of APG surfactants in
water was placed in a clean glass beaker (see below cleaning of glassware) positioned on
the platform few mm below the glass slide. The computer was programmed to raise the
platform at a constant speed (151.7 pm/sec) allowing the glass slide to make contact with
the liquid up to 10-mm depth. The interfaced computer collected force data at regular
intervals as a function of platform height. The resultant force-depth isotherms were used to

calculate the surface tension of the liquid according to:
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3. Characterisation of alkylpolyglycosides

YLy =mg Equation 3.3
pcosO

where m is the mass, g is the acceleration due to gravity, p is the perimeter of the glass
slides and cos0 is the contact angle between the glass slide and the liquid (= 0).

The surface tension of different concentrations of APGs in water was measured and plotted
against the surfactant concentration to determine the CMC. Five determinations were
performed for each level of concentration and the average and standard deviation were
calculated.

All glassware employed for surface tension measurements were cleaned by brushing with a
diluted detergent and thoroughly rinsing with water. They were then filled with a diluted
solution of the same detergent and sonicated for 20 minutes. Finally they were thoroughly
rinsed with water, filled with water and sonicated for further 20 minutes. The beakers were
dried in oven at 50°C while the volumetric flasks were dried at room temperature. The
glassware were checked for any residual detergent by filling them with water and verifying
that the surface tension corresponded to the one for pure water at 25°C (72.1 mN/m,

Handbook of chemistry and physics, 1999-2000).

3.3.2 DETERMINATION OF CMC OF APGs BY ISOTHERMAL TITRATION
MICROCALORIMETRY

The isothermal microcalorimeter (Thermo Activity Monitor 2277, Thermometric) operated
at 25°C. The titration unit fitted with a 2-4 ml ampoule (Thermometric) was loaded with
about 3 g of water accurately weighed. The sample ampoule was equipped with a turbine
stirrer, which was operated at a rate of 70 rpm (unless otherwise stated). The reference
ampoule was loaded with about 3 g of water accurately weighed. The titrant (500 pl of a
water solution of APGs at concentration about 10-fold that of the CMC) was introduced in
the pump-driven syringe (500 pl gas tight Hamilton syringe and syringe pump Lund 6110),
which was kept in an incubator (Stuart Scientific SI 60) at 25°C + 0.5°C throughout the
duration of the experiment. It was delivered into the ampoule through a fine cannula in
aliquots of 10 pl at a plunger speed of 0.5 pl/sec, typically with 30 minutes between each
injection. The cannula was positioned just below the surface of the liquid in the ampoule.
The experiment was computer controlled by the Digitam software, including titration and
data collection, whereas the data analysis was performed using Microcal Origin.

Initially the system was allowed to reach equilibrium with baseline stability within +
0.1uW. Electrical calibration was performed before every titration run. The system was

also dynamically calibrated at the beginning of each run to allow calculation of time
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3. Characterisation of alkylpolyglycosides

constants by the computer to speed the recovery time between injections and to allow fast
runs (see section 3.2.2.2).

The sensitivity of the instrument was chosen based on the magnitude of the signal recorded
during the titration and the electrical calibration performed accordingly (e.g., if the
sensitivity was set at 30 uW, the electrical calibration was performed with an electrical
signal of 29.4 uW, i.e. just below the maximum signal detected at that sensitivity).

Three sets of experiment per type of APG were performed and when possible the CMC and

the enthalpy of micellisation determined and the average and standard deviation calculated.

3.4 RESULTS AND DISCUSSION

3.4.1 SURFACE TENSION AND CMC OF APGs IN WATER BY WILHELMY
PLATE TECHNIQUE

Figures 3.8 and 3.9 show the typical concentration / surface tension curve for a pure
alkylglycoside (CgGy); the second curve (Figure 3.9) presents the concentration of
surfactant expressed using a logarithm scale, which allows an easier determination of the
CMC. Figure 3.10 and 3.11 show the same type of graphs for one of the technical APGs
employed, Cjo.;2 DP 1.4.

Table 3.1 illustrates the results obtained: the surface tension at the CMC, the CMC values
found in this study and the CMC values found in the literature for the same structures. The
surface tension values are the average of five measurements. The determination of CMC
was performed on one set of solutions per surfactant if the CMC was already known in the

literature and two if it was not.
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Figure 3.8 Surface tension / concentration curve for the pure APG
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Figure 3.9 Surface tension / log concentration curve for the pure APG
CsG; for the determination of the CMC.
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Figure 3.10 Surface tension / concentration curve for the technical APG
Cio.12 DP 1.4 fitted with a first order exponential decay.
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Figure 3.11 Surface tension / log concentration curve for the technical APG Cq.p,
DP 1.4 for the determination of the CMC.
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SURFACTANT Surface tension at CMC CMC
CMC (mN/m) from literature
CsG, 30.84 (SD=0.62) 5.8 g/l 17-19 mM’
(19.8 mM) 20-25 mM?
22.6 mM’
C1oG1 28.58 (SD=0.045) 0.7 g/l 1.1-1.3 mM'
(2.1 mM) 2-3 mM?
2.2 mM*
Ci10G2 36.98 (SD=0.045) 1.1 g/l 1.6 mM~*
(2.3 mM)
Ci,G> 35.10 (SD=0.20) 0.1 g/l 0.12-0.14 mM'
(0.3 mM) 0.1-0.6 mM>
CgDP 1.4 28.88 (SD=0.045) 34¢g/1+0.1 —
CoDP14 28.88 (SD=0.11) 0.7 g/t 0.47 g/I°
CwDP2.7 28.80 (SD=0.12) 1.3 g/ 13 gl
Cio12DP 1.4 29.10 (SD=0.12) 0.3 g/1+£0.01 —_—

Table 3.1 CMC and surface tension values at CMC for pure and technical APGs measured
by Wilhelmy plate technique. CMC values are compared to those found in the literature
'Ribosa et al., 1997 (from surface tension measurements)

2Aungst, 1994

*Paula et al., 1995 (from titration microcalorimetry data)

4Shinoda et al., 1961 (from surface tension measurements)

*Johansson et al., 1996 (from surface tension measurements)

The CMC values of pure alkylpolyglycosides were comparable with those of typical non-
ionic surfactants and decreased distinctly with increasing alkyl chain. So by increasing the
alkyl chain by two carbon atoms (from C;g to Cyy to C,;) the CMC decreased about 10 fold.
The alkyl chain length had a far stronger influence on the CMC than did the number of
glucose groups. In fact, C1¢G, has a CMC only slightly higher than C,,G;.

The technical APGs were much more complex mixtures with molecules containing
different alkyl chains and different glucose units within the same product (section 1.2),
therefore it was anticipated that the micellisation itself would be more complex. As they
were characterised by different structures, it was not easy to calculate the molecular weight
and to express the concentration in molarity. Therefore a direct comparison between
different APGs was difficult. It was still possible to find similarity with the behaviour of
pure alkylpolyglycosides. In fact, the APGs with one type of alkyl chain and the same
degree of polymerisation (Cg DP 1.4 and C;, DP 1.4) had again a difference in CMC of
about 10 fold, with a higher CMC for the APG with shorter alkyl chain. Again, the
influence of the glucose content was marginal (Cyo DP 1.4 and C,, DP 2.7 had close CMC
values). The two technical APGs employed with a mixed alkyl chain composition (Ci.12
DP 1.4 and C,.14 DP 1.4) had very similar CMC even though they had different alkyl chain
lengths. This was probably due to the fact that they actually contained a very wide alkyl
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3. Characterisation of alkylpolyglycosides

chain range (Ci,.14 DP 1.4 contained alkyl chain lengths from Cg to Cy6, see section 2.2.3).
Therefore the micellisation was determined by the average behaviour of all components.

The surface tension values at the CMC were generally lower for the technical APGs in
comparison with the pure alkylpolyglycosides. This may indicate that overall all
components of the technical grade had a superior surface activity than the single component
products. Perhaps the contribution from the impurities present in the technical APGs helped

to decrease the surface tension.

342 CMC OF APGs IN WATER BY ISOTHERMAL TITRATION
MICROCALORIMETRY

The study on micellisation of APGs in water by isothermal titration microcalorimetry was
started with some experiments focused on developing the best methodology. These studies
were performed with C3Gj, a system that has been already examined in several isothermal

titration microcalorimetry studies (see section 3.2.2.2).
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Figure 3.12 Calorimetric output for a solution of CgG; titrated into water
at 25°C. No stirrer.

Figures 3.12 and 3.13 show respectively the output from the calorimeter when a water
solution of C3G; was titrated into water without any stirrer and with the stirrer on at 40 rpm.

When no stirrer was used (Figure 3.12) the transition from monomers to micelles was less
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obvious, whereas when the system was not stirred the transition became much clearer

(Figure 3.13).
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Figure 3.13 Calorimetric output for a solution of CgG, titrated into water at
25°C. Stirrer on at 40 rpm.

It is possible that when the system was not stirred the demicellisation, which characterised
the first part of the titration curve, became slower and was not completed before the next

injection. Therefore the stirrer was kept on throughout the rest of the study.

700

600

Power (uwatts)
8 8

300
200J
100—.
O_J ‘h[l“...
0 ' 10(')00 ' 20(l)OO ‘ 30600 ' 4O(I)OO ' 50(I)OO

Time (seconds)

Figure 3.14 Calorimetric output for a solution of CyG; titrated into water at
25°C. Stirrer on at 70 rpm. 84



3. Characterisation of alkylpolyglycosides

Figure 3.14 shows the same system with the stirrer on at 70 rpm (stirring speed indicated by
Kiraly et al.,, 1997, in their titration study on C;gG;). There is little difference in the
calorimetric output when changing the stirrer speed from 40 to 70 rpm, however as a speed

of 70 rpm was used in the past for the same system, it was selected for the present study.

LI |
7 --....

AH (KJ/mol)

[ ]
| . -
. e e————__LE EEEE T I
0 5 10 15 20 25 30 35
Concentration (mM)

o

Figure 3.15 Titration curve as a function of concentration for CsG,
system obtained by integrating the peaks in Figure 3.14.
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Figure 3.16 First derivative of curve in Figure 3.15. The arrow indicates
the CMC.

Figures 3.15 and 3.16 show respectively the variation of enthalpy associated with changes
in concentration for the titration of C3G; obtained by integrating the peaks shown in Figure
3.14 and the first derivative curve. During this study the cannula containing the titrant was
positioned immediately below the surface of liquid in the ampoule. This was done to ensure
that the whole injection volume for each injection (10 pl, slightly more than two drops) was
delivered to the ampoule at once. The CMC value obtained during this experiment is
slightly lower than that obtained from surface tension measurements or the values found in
literature (see Table 3.1). This could be due to some surfactant diffusing into the ampoule
before the actual titration had started, as the first part of each experiment consisted of the
equilibration of the system and in the electrical calibration, both lasting several hours
(generally 6-7 hours). If some diffusion had occured, then by the time the titration had
started there would have already been some surfactant in the ampoule that caused the
micellisation to occur earlier than expected. This was observed for all type of APGs tested.
To overcome this problem the cannula was then kept above the surface of the liquid during
the equilibration and calibration time and it was positioned below the surface just at the
beginning of the actual titration. The results obtained with this method for CsG; are shown
in Figures 3.17, 3.18 and 3.19.
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Figure 3.17 Calorimetric output for a solution of C3G, titrated into water at
25°C. See text for details on method.
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Figure 3.18 Titration curve as a function of concentration for C3G, system
obtained by integrating the peaks in Figure 3.17.
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Figure 3.19 First derivative of curve in Figure 3.18. The arrow
indicates the CMC.

The CMC value for CsG, obtained from Figure 3.19 is within the values found in the
literature for this system and closer to the value obtained by surface tension measurements
(see Tabledl). This suggests that with the previous method there was indeed some diffusion
of molecules in the titration vessel during the equilibration time that was overcome by this

technique, which was adopted for all APG sytems examined in this study.

The titration curve shown in figure 3.17 is the typical calorimetric output obtained for the
pure alkylpolyglycosides examined. By integrating the peak, a variation of
enthalpy/concentration curve is obtained, as shown in figure 3.18. As already illustrated in
section 3.2.2.2, the curve can be separated in two parts: one above and one below CMC,
with a sharp transition between the two at CMC. The variation in enthalpy due to
demicellisation (AHgemic) is calculated by the enthalpy difference between the two curves at
CMC, as shown in Figure 3.18. The first derivative of the same curve helps to identify the
CMC value, which lies at the minimum point (Figure 3.19). Similarly, the CMC can be
calculated from the cumulative titration curve, constructed by summation of the step-by-
step enthalpies, as illustrated in Figure 3.20 where two straight lines with different slopes
were obtained. The position of the intersection point of the extrapolated lines (break point)

identifies the CMC.
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Figure 3.20 Cumulative plot for titration of C¢G,. Obtained from curve
in Figure 3.18.

The same kind of study was carried out for two other pure alkylpolyglycosides: C,,G; and
C12G,. C10G; was not included in the investigation as this surfactant forms a two-phase
region from concentration slightly above CMC (Nilsson 1998) and therefore it would not
have been possible to prepare a concentrated solution (about ten-fold above CMC) to use as
a titrant.

C10G; gave similar results to CsG;. C;,G; has a fairly low CMC (see Table 3.1) therefore it
was necessary to use low surfactant concentrations that resulted in a calorimetric output

with low intensity signals, similar to those obtained by titrating water into water (see
Figures 3.21 and 3.22).
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Figure 3.21 Calorimetric output for the titration of C,,G, in water.
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Figure 3.22 Calorimetric output for titration of water into water.

Attempts to analyse the data by integrating the peaks and trying to obtain a variation of
enthalpy/concentration curve for C;,G, did not lead to any clear results therefore further

calorimetric studies with this surfactant were abandoned.
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The results obtained from the titration study of technical APGs were more complex, as

already anticipated by the measurement of the CMC by surface tension.
7
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Figure 3.23 Calorimetric output for the titration of C,o DP 2.7 in water

Cio DP 1.4 and 2.7, (one type of alkyl chain length in each product and a different
glucosidic composition) had very similar behaviour, illustrated by the Figures 3.23, 3.24,

3.25 and 3.26.

91



dHidc (arbitrary units)

3. Characterisation of alkylpolyglycosides

d d T T T T T 1
0.0 05 1.0 15 20 25
Concentration (g/l)
Figure 3.24 Titration curve as a function of concentration for Cyy
DP2.7 system obtained by integrating the peaks in Figure 3.23.
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Figure 3.25 First derivative of curve in Figure 3.24. The arrow
indicates the CMC.
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Figure 3.26 Cumulative plot for titration of C,o DP 2.7. Obtained
from curve in Figure 3.24

The results were much more scattered compared to the pure alkylpolyglycosides, and this
was evident especially from the derivative curve shown in Figure 3.25. However, it was
still possible to extrapolate the CMC value, which was fairly closed to the value obtained
by surface tension measurements (Table 3.1), and the enthalpy of demicellisation. Because
of the polydisperse nature of the technical APGs it was more difficult to calculate the exact
molecular weight and to express the concentration of surfactant as mol/litre, which would
have allowed the calculation of the variation in enthalpy in J/mol. However considering that
only one alkyl chain type characterises the two technical C;; DP1.4 and C,, DP2.7 and
taking into account the degree of polymerisation, it was possible to calculate an
approximate molecular weight and consequently an approximate molar enthalpy of
demicellisation (see Table 3.2 for values). This was only an average molar enthalpy, as all

components present in the products made a different contribution to the micellisation.

The technical C;q.;; DP1.4 was the only technical APG employed in this study with a
mixture of alkyl chains, as concentrated solutions of Cy,.;4 DP 1.4 tend to precipitate if left
unstirred for a certain number of hours and this would have caused problems during a
titration run (this is a common problem with most technical APGs and it has been already
documented by Nilsson, 1996). Figures 3.27, 3.28 and 3.29 show the calorimetric output,
the variation of enthalpy as function of concentration and the cumulative plot for the

titration of C;¢.;2 DP1.4 into water.
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Figure 3.27 Calorimetric output for the titration of C;o.;; DP1.4 in water.
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Figure 3.28 Titration curve as a function of concentration for Cjo.;,
DP1.4 system obtained by integrating the peaks in Figure 3.27.
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Figure 3.29 Cumulative plot for titration of C,,.;, DP1.4. Obtained
from curve in Figure 3.28.

The comparison between Figures 3.23 (titration of C;o DP 2.7 in water) and 3.27 (titration
of Cyo.12 DP 1.4) suggests strongly that a mixed composition of alkyl chain had a greater
effect on the micellisation than modifying the glucose head. The results of the titration of
Cio.12 DP1.4 in water did not show a clear sharp transition from monomer to micelles and
therefore it was not possible to identify a CMC value or to calculate the enthalpy associated
with micellisation. Similarly, the cumulative plot (Figure 3.29) did not present any clear
break point that is generally associated with the micellisation. This confirmed that the alkyl
chain had a much stronger influence on micellisation than the hydrophilic and suggested
that the presence of a mixture of alkyl chain in the same structure caused the formation of
mixed micelles or micelles with different composition that presented more complex

thermodynamics.
Table 3.2 summarises the results obtained for the titration of pure and technical APGs in

water. The CMC and the enthalpy of demicellisation are reported as the average of three

experiments together with the standard deviation.
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SURFACTANT CMC CMC AHgemic

from enthalpy/concentration plot | from cumulative plot | (KJ/mol)

CsGy 17.4 mM 17.5 mM -7.0
(SD=0.4) (SD=0.2) (SD=0.4)

Ci0G 1.5 mM 1.5 mM -4.3
(SD=0.07)) (SD=0.2) (SD=0.4)

CioDP1.4 0.5 g/l 0.5 g/l -13.0
(SD=0.05) (SD=0.07) (SD=2.3)

C,o DP2.7 0.86 g/l 0.95 g/l -8.3
(SD=0.06) (SD=0.06) (SD=0.6)

Cio.12 DP1 .4 N/A N/A N/A

Table 3.2 CMC and variation of enthalpy associated with demicellisation for pure and

technical APGs measured by isothermal microcalorimeter at 25°C.

CsG, was the only alkylpolyglycoside that had been already investigated in the past in
several isothermal titration calorimetry studies (see section 3.2.2.2). The CMC values found
in the literature for the same structure are summarised in Table 3.1 and they are fairly
scattered around the value of 20 mM. This variation could be linked to the use of products
with different grade of purity and different kinds of impurities. The enthalpy of
demicellisation for the same surfactant calculated with the same method was found equal to
7.5 KJ/mol by Kiraly et al., 1997, and 6.4 KJ/mol by Antonelli et al, 1994, therefore the
value found in the present study was in good agreement.

The AHgemic was higher for the technical compared to the pure APGs. This could be due to
the effect of the glycosidic content, as the average DP means that there were several
different types of oligoglycosides in the same product. It is possible that different types of
oligoglycosides may give a different contribution to the micellisation thus affecting the
enthalpy. Alternatively, it could be linked to the simultaneous presence of o and 3 anomers
in the technical but not in the pure grade APGs (which only contain the 3 form). The a
anomers of the APGs form larger aggregates, which are poorly hydrated compared to the 3
anomers (Parker et al., 1993). The fact that both anomers are present in the technical APGs

may have affected the micellisation inducing a different variation in enthalpy.

The study of micellisation of a surfactant by isothermal microcalorimetry has proved to be

easy to perform and has yielded different kinds of information on this phenomenon.
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PART B

3.5 DETERMINATION OF MICELLE SIZE BY PHOTON CORRELATION
SPECTROSCOPY

Photon correlation spectroscopy (PCS) allows measurement of particle size typically in the
sub micron region (below 1 um). By measuring the intensity fluctuations of light scattered
by a particle, PCS measures Brownian motion and relates this to the size of the particle.

Brownian motion is the random movement of particles due to the bombardment by the
solvent molecules that surround them. The larger the particle, the more slowly it moves, the
smaller the particle, the more rapidly it moves. The velocity is known as the diffusion
coefficient (D). The Brownian motion of spherical particles was studied by Albert Einstein,
who was able to link all his observations into a relatively simple law known as the Stokes-

Einstein equation:

d (H)=kT ' Equation 3.4
3mmD

where d(H) is the hydrodynamic diameter, D is the diffusion coefficient, k is the

Boltzmann’s constant, T is the absolute temperature and 7 is the viscosity. The diameter

measured in PCS is not a geometric diameter, but is a value that refers to how a particle

moves within a fluid, named the hydrodynamic diameter.

The scattering of the light by a particle can be divided into three classes:

¢ Rayleigh scattering: where the scattering particles are small enough to act as point
sources of scattered light (the scattering is equal in all directions, i.e. isotropic).

¢ Debye scattering: where the particles are relatively large, but the difference between
their refractive index and that of the dispersion medium is small.

¢ Mie scattering: where the particles are relatively large (>50 nm) and have a refractive
index significantly different from that of the dispersion medium (the scattering
becomes much more complex and non-isotropic). In this case we need to consider the
refractive index of the particle and of the medium.

"As already mentioned, PCS relates the Brownian motion of particles to their size by
measuring the fluctuations of light scattered by the particles. From a system of particles
undergoing Brownian motion, where the particles are in constant motion, the scattering of
the light constantly fluctuates, and the intensity of the fluctuations is proportional to the
size of the particles. Large particles cause low intensity fluctuation while the small particles
will have high intensity fluctuation. A digital correlator relates the intensity of the

fluctuation with the size of the particles by comparing the intensity of a signal with itself at
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different points of time (correlation function). A given signal that changes very slowly has
the same or a very similar intensity if measured after a short interval of time (strong
correlation). Similarly, if the particles measured are large the signal fluctuates slowly (slow
changes, i.e. the correlation function will stay strong for a long time). If the particles are
small, they move rapidly inducing a rapid change in the signal, thus a rapid decline of the
correlation function.

A typical photon correlation spectrometer is characterised by a source of laser light, the cell
where the sample is housed, a photomultiplier to detect the scattered light and to convert it
into electrical pulse, a correlator to generate the correlation function and a computer where

the appropriate analysis is performed.

3.6 EXPERIMENTAL PROTOCOL

Solutions of APG surfactants were prepared using filtered water (Millipore cellulose 0.2um
filters) to avoid any interference from dust. The APG solution was carefully loaded in the
l-cm cuvette to avoid formation of bubbles and closed with a stopper. The outside of the
cuvette was rinsed with water and then dried with compressed air. The cuvette was housed
in the PCS (Zetasizer 3000, Malvern Instruments) and the measurements performed. The

laser light wavelength was 633 nm.

3.7 RESULTS AND DISCUSSION

Generally, the measurement of the size of micelles by photon correlation spectroscopy
requires some preliminary experiments where surfactant solutions at different
concentrations are tested to find the so called “window”, which is the range of
concentrations where the size of micelles stays constant and concentration independent (as
the size of micelles changes when changing surfactant concentration). In this study this
presented some problems as when fairly dilute solution were employed (slightly above the
CMC) the count rate (a measure of the number of particle detected) was too low and no
measurements were possible. Therefore it was necessary to use fairly concentrated
solutions. The risk is then to have multiple scattering, where the light scattered from one
particle is re-scattered by another before reaching the detector, reducing the actual size of
the particle. However, by testing surfactant solutions at different concentration a fairly
constant size was obtained, which is normally a sign that multiple scattering is

insignificant.
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A second problem linked to the use of concentrated solutions was the fact that not all APG
solutions were stable enough in solution to allow the measurement to take place (as already
mentioned in section 3.4.2, concentrated solutions of APG tend to precipitate if left
unstirred for a certain number of hours). Therefore, only a selection of surfactants was
tested.

Table 3.3 illustrates the results obtained for the APG surfactants tested. At least two
concentrations were tested, each solution was tested three times and the average and
standard deviation calculated.

The size of the micelles is expressed as a mean hydrodynamic diameter; the width of the
distribution is expressed as polydispersity factor: generally a value between 0.08 and 0.5 is
considered acceptable, whereas above 0.5 the system is considered very polydisperse and

care should be taken in interpreting the results.

Surfactant Hydrodynamic diameter Polydisperse index

CgG] 8.47 nm 0.21
SD=0.11 SD=0.0060

C10G2 6.83 nm 0.14
SD=0.59 SD=0.035

Clsz 8.96 nm 0.17
SD=0.59 SD=0.078

CiyDP 2.7 12.18 nm 0.27
SD=0.60 SD=0.055

Ci-12 DP 1.4 13.13 nm 0.45
SD=1.97 SD=0.077

Table 3.3 Results of the size of APG micelles obtained by photon correlation
spectroscopy at 25°C.

The values obtained for the diameter were very close to the limit of detection (1 nm) of the
instrument employed and therefore they should be considered with some care. The pure
alkylpolyglycosides tested had small diameter that stayed constant in the three different
concentrations analysed. It is possible that being so close to the limit of detection of the
instrument, small differences in the micelle size were not detected. The polydisperse index
was fairly low and within the limit of acceptability of the instrument. The technical APGs
tested had bigger micelle sizes, which could be linked to the presence in the product of the
o anomer that forms bigger micelles than the B form (Parker et al. 1993). The polydisperse
index became higher for both molecules and, in the case of Cyo.;2 DP 1.4, close to the limit
of acceptability of the instrument. This is due to the presence of different alkyl chains and
probably also to the simultaneous presence of a and B anomers that can form different
kinds of micelles. The PCS results confirmed what was seen in the isothermal titration
microcalorimetry study: technical APGs are polydisperse structures characterised by

complex micellisation process.

929



3. Characterisation of alkylpolyglycosides

PART C

3.8 DYNAMIC SURFACE TENSION

As already described in section 3.2.2.1, the dynamic surface tension is the change in surface
tension before equilibrium conditions are obtained. At equilibrium, the component with the
lowest surface tension will be preferentially adsorbed at the surface and hence the surface
tension of the solution will be lowered. This process is time dependent and linked to the
diffusion of the components. Dynamic surface tension can give information on the rate of
movement of the surfactant molecules to the liquid-air interface. Besides the time to diffuse
to the liquid-air interface there can be two other reasons for the surface tension to change
with time. The first is due to a change in configuration of large molecules, such as polymers
at the surface. Polymers in general take a very long time (in the order of hours) to reach
equilibrium at a surface. The second reason is found when the system contains more than
one solute. In such cases long times to reach equilibrium are found because of a
competitive adsorption of the solutes at the liquid-air interface.

One of the most common ways to measure dynamic surface tension is the maximum bubble
pressure method. The method involves measuring the maximum pressure necessary to blow
a bubble in a liquid from the tip of a capillary. A gas (air or nitrogen) is continuously blown
through two capillaries of different diameters, which are immersed into the solution. The
pressure required to form a bubble is inversely proportional to the capillary diameter and
directly proportional to the surface tension of the liquid. The use of two capillaries makes
measurement of the immersion depth unnecessary. The surface age, given by the interval
between successive bubbles, is measured. At a given pressure, the time necessary for the
liquid/air interface at the capillary orifice to reach a surface tension sufficiently low that the
applied pressure can cause the production of a bubble is determined. By changing the
pressure, the rate of change of the solution surface tension with time can be estimated. This
method can be used to monitor the evolution of surface tension from 0.1 second to minutes.
If the dynamic surface tension at shorter times is required, the oscillating jet method is
applicable. A liquid jet emerges from an elliptically formed orifice. Since the non-circular
cross-section of the jet is mechanically unstable the liquid in the jet tries to attain the
circular cross-section and in doing so will oscillate with a frequency determined by the

dynamic surface tension (Chang and Franses, 1995).
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3.9 EXPERIMENTALPROTOCOL

Dynamic surface tension measurements were carried out by the maximum bubble pressure
method (Sensadyne PC9000) at bubble rates in the range 0.1 — 10 s per bubble. The
temperature of the solution was set at 25°C + 0.2°C using a water circulator (Churchill).
The instrument was calibrated after each change in bubble rate using water and methanol-
water 50:50 as markers for high and low surface tension, respectively (water purified by
Elga system option 4; Methanol obtained from Fisher, HPLC grade). Nitrogen was used as
the gas to produce bubbles.

The preparation of APG solutions and the cleaning of the glassware were performed
following the same procedure as described in section 3.3.1. Two sets of surfactant solutions

for each APG were prepared and four measurements were taken for each solution.

3.10 RESULTS AND DISCUSSION

Only one study was found in the literature about the effect of surface age on the surface
tension of APGs: Hofmann et al. (1994) measured the dynamic surface tension of two
concentrations of Ci,.14 DP1.4 aqueous solutions, below and above CMC. They found that
at concentrations below CMC the surface tension was very high and with little dependence
on the surface age, whereas at concentrations above CMC there was a clear decrease in
surface tension when the surface age was increased up to 5 seconds, after which it reached
almost equilibrium with little changes. Based on these results, the dynamic surface tension
of APGs at concentrations above the CMC was measured in the present study, where
information on the diffusion of these surfactants in water was more likely to be collected.
Figures 3.30 and 3.31 show the variation of surface tension at different surface ages for
pure and technical APGs. The curves have been fitted with a second order exponential
decay to study the dependence of surface tension from surface ages (examples in Figures
3.32,3.33 and 3.34).
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Figure 3.32 Surface tension / surface age curve for C,q.;, DP 1.4 fitted with a
second order exponential decay.
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Figure 3.33 Surface tension / surface age curve for C;,.14 DP 1.4 fitted with a second
order exponential decay.
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Figure 3.34 Surface tension / surface age curve for C;, G, fitted
with a second order exponential decay.

The second order exponential decay fitting allows the calculation of two decay constants,
related to short and long surface ages, from which it is possible to compare the effect of age
on the surface tension of the various APGs employed.

Table 3.4 summarises the results obtained in this study. The equilibrium surface tension of
the surfactants investigated are reported, together with the concentrations employed in the
present study, the two extrapolated decay constants and the difference between the
equilibrium surface tension and the surface tension at a short surface age (about 0.3

second).
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Surfactant Concentration Equilibrium Decay Decay Equilibrium
(eh Surface constant | constant | ST —ST at
Tension T, T, 0.3 sec.
(mN/m) (mN/m)
Ci0 Gy 0.90 28.58 0.24 1.04 3.57
Cio Gy 1.60 36.98 0.13 1.62 2.43
CnGy 0.80 35.10 0.13 2.42 8.34
CoyDP14 0.70 28.88 0.18 2.07 10.01
CioDP2.7 1.60 28.80 0.28 2.65 6.09
Cio.2DP 14 0.80 29.10 0.13 2.42 10.86
Ci1sDP14 0.30 30.46 0.46 3.16 33.69

Table 3.4 Summary of results obtained from dynamic surface tension analysis of solution

of APGs in water at concentrations above CMC.

The two sets of decay constant values showed that dependence of surfactant tension on
surface age was generally similar for all structures examined, with the exception of Ci,.14
DP 1.4, the most hydrophobic of the surfactants tested. These findings were confirmed by
the results obtained from the difference between equilibrium surface tension and the surface
tension measured at very short surface age: whereas for all other APGs this value was less
than 10 mN/m, for Cy,.;,4 DP 1.4 went up to about 30 mN/m. The fact that this surfactant
had the longest alkyl chain and therefore the strongest repulsion towards water molecules
explains its slow diffusion. One would have expected a difference in dynamic surface
tension between the pure and technical APGs as the latter had different impurities (such as
free fatty alcohol) which could have interfered with the diffusion in water, for example by
generating competing adsorption at the interface. However it is also possible that, as the
APGs are fairly small molecules they migrated too fast toward new surfaces, so that
differentiating one from another was difficult. This could explain the general trend of little

dependence of surface tension on surface age.
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3.11 CONCLUSION

In this chapter the behaviour of pure and technical alkylpolyglycosides in water were

examined.

Surface tension. The study of variation of surface tension at different concentrations has
allowed the CMC of the APGs to be calculated, which were found to be within the range
expected for non-ionic surfactants. In the case of the pure alkylglycosides, the CMC was
found to be more dependent on the hydrophobic tail than on the hydrophilic part of the
molecule. In fact, it decreased proportionally with increasing alkyl chain length with only
small changes when the number of units of glucose was increased. The technical APGs
with different alkyl chains (Cio.;; and Cy5.4 DP 1.4) had CMC values that varied only
slightly when the alkyl chain length was increased. This is probably due to the fact that they
all contain a wide alkyl chain spectrum, which reduces the differences in their behaviour
during micellisation. The surface tension of technical APGs at the CMC was generally
lower than those of pure, indicating a higher surface activity, which may be linked to the

presence of impurities that could affect the surface tension.

Isothermal titration microcalorimetry. The isothermal titration microcalorimetry studies
allowed determination of the CMC and the enthalpy associated with micellisation for pure
and technical APGs. The pure APGs C3G, (which was subject of several titration studies
found in the literature) and C;,G, followed classical behaviour. The titration curve showed
initial high exothermic responses (when the concentration of surfactant was below the
CMC) due to the breaking of the micelles followed (after a sharp transition at CMC) by
much smaller exothermic responses due to the dilution of micelles. From the enthalpy
variation / concentration curve the CMC and AHgnic were easily calculated. The results
confirmed what was already highlighted by surface tension measurements: when the alkyl
chain length is increased, the CMC is reduced by about 10 folds for every two carbon
atoms added to the chain with an associated reduction of the molar AHgyemic. C1o DP 1.4 and
Cio DP 2.7, the two technical APGs employed with a fixed alkyl chain length, had similar
behaviour: even though the results were more scattered than for the pure APGs, it was still
possible to observe a transition at the CMC in the titration curve and, consequently, to
calculate the CMC values and the enthalpies of micellisation. The enthalpies were higher
than those found for the pure APGs, possibly due to the presence of different types of
oligoglycosides in the same product that may affect micellisation, or the presence of both o
and 3 anomers (the pure APGs only contain the (3). In fact, it has been found in literature

that o alkylglycosides form bigger micelles with a lower degree of hydration compared to
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the B. The simultaneous presence of the two forms in the technical APG may have an effect
on the micellisation thermodynamics. The technical alkylpolyglycoside employed in this
study with a mixed alkyl chain length (C,o.;, DP 1.4) had different calorimetry output. The
titration curve did not show a clear and sharp transition from monomers to micelles and
therefore it was not possible to calculate CMC or AHgyemic. This was probably due to the
polydisperse nature of this surfactant, as all the different components had some effect on
the micellisation, which resulted in the formation of mixed micelles or micelles with

different composition, with more complex thermodynamics.

Photon correlation spectroscopy. The photon correlation spectroscopy study of solutions
of APGs in water at concentrations above CMC allowed the size of micelles of pure and
technical alkylglycosides to be measured. The results obtained however need to be viewed
with some care as the values were close to the limit of detection of the instrument
employed. The micelles of the pure APGs tested had small diameters that stayed constant
while increasing the alkyl chain lengths of the surfactants. One would have expected some
change as a consequence of increasing the alkyl chain length, but this did not happen. One
explanation could be the fact that being so close to the limit of detection of the instrument,
small differences in size were not detected. The technical APGs analysed had bigger
micelle sizes and higher polydisperse index (a measure of the width of the distribution),
especially in the APG C,q.;; DP 1.4. The high polydisperse index indicated the presence of
different types of micelles and confirmed the results obtained in the titration calorimetry
study: the different alkyl chain lengths and the simultaneous presence of both o and 3

anomers induce a complex micellisation phenomenon.

Dynamic surface tension. Finally, dynamic surface tension measurements were performed
on solutions of APGs in water at concentrations above their CMC. All surfactants tested
had small dependence on surface age, probably due to the small size of the molecules,
except for Cj5.14 DP 1.4, the most hydrophobic among the APGs tested. This surfactant in
fact, had the slowest diffusion in water, highlighted by the fact that the difference between
the equilibrium surface tension and the surface tension at short surface age (0.3 seconds)
was about 30 mN/m, whereas for all the other surfactants tested it was within 10 mN/m.
This was probably due to the hydrophobicity of this surfactant and to the strongest

repulsion toward water molecule that reduced the diffusion rate.

General conclusions. Beyond the fact that it was possible to obtain important parameters
and information such as CMC, surface tension and micellisation thermodynamics, it was
possible to highlight how, when moving from fairly pure structures to technical
polydisperse systems, the behaviour becomes much more complex. Unfortunately, it is
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difficult to find out the property of every single component present in the technical APGs
and therefore to predict the contribution to the general behaviour of the whole product
properties, due to their complex nature. However it is important to know that they can
behave differently and in a less predictable way compared to the pure grade, as this will be
encountered again in different parts of this project, where systems more complex than

aqueous solutions of APGs will be described.
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4. PREPARATION AND CHARACTERISATION OF
BECLOMETHASONE DIPROPIONATE-APG PARTICLES

4.1 INTRODUCTION

The purpose of this chapter is to describe the preparation and the characterisation of
microparticles of beclomethasone dipropionate-alkylpolyglycoside surfactants. The
particles were prepared by suspending beclomethasone dipropionate in solutions of APGs
in water at different concentrations and allowing the surfactants to adsorb to the surface of
the drug. The particles were then isolated from the liquor, dried and characterised in terms
of morphology, water content, crystal structure, particle size and surface energy.

It was possible to investigate the adsorption properties of APGs on a model hydrophobic
drug, beclomethasone dipropionate. Further to that, an understanding was developed on
how the presence of the surfactant can modify the physicochemical properties of the drug in
terms of morphology, formation of solvate and surface properties of the particles. Finally,
the drug-surfactant microparticles prepared were tested for a potential use in metered dose
inhalation systems, which was one of the main purposes of this project. The performance of

these particles in MDI formulations is described in Chapter 6.

4.1.1 ADSORPTION OF SURFACTANTS ON SOLID SURFACES

The principles that regulate the adsorption of surfactants on solid surfaces was described in
section 1.1.3, therefore they will be only briefly summarised here. One of the most
important factors that affect the adsorption of surfactants on solid surfaces from water is the
hydrophobicity of the surfactant, which gives rise to the so-called hydrophobic effect. On
hydrophobic surfaces the surfactant adsorbs with the hydrophobic hydrocarbon part in
contact with the surface and the hydrophilic part in contact with the solution. This
configuration resembles that of micelles in the sense that the hydrophobic part of the
molecule is transferred from the aqueous environment to a hydrophobic environment upon
adsorption.

The adsorption of surfactants at the solid-liquid interface can increase the wetting of a
hydrophobic solid particle. The term wetting means generally the process that occurs when
a solid-air interface is replaced by a solid-liquid interface. It is possible to distinguish three
types of wetting that are involved when a dry particle is placed into a liquid: the adhesional
wetting, the immersional wetting and the spreading wetting.
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4. Preparation and characterisation of BDP-APG particles

1.1.3). Also, adsorption of surfactants on a hydrophobic drug can improve its dissolution
performance by increasing its wettability. Nguyen et al. (2000) have studied the
modification of the surface of a hydrophobic drug, phenylbutazone after adsorption of
poloxamers (block co-polymers). They found a progressive reduction of the contact angle
of water on the drug when the amount of poloxamer adsorbed increased, indicating an
improvement of the wettability of the powder. The dissolution rate of the drug treated with
poloxamers was improved compared to that of the untreated drug.

Luner et al. (1995) have studied the effect of different types of surfactants such as SDS,
Tween 80, HTAB on the wettability of a model hydrophobic drug, using contact angle
measurements. They found that those surfactants that produced low contact angles (i.e. an
increase in wettability) did not necessarily provide a substantial lowering of the interfacial
tension with respect to water. However, some surfactants (for example Tween 80) show a
general tendency to preferentially adsorb on the liquid-vapour interface rather than the
solid-liquid interface, with small changes in the contact angle of the drug. Different

surfactants can consequently have different effect on the same hydrophobic surfaces.

4.12 VARIOUS ASPECTS OF THE CHARACTERISATION OF SOLID
MICROPARTICLES

As already mentioned in section 4.1, this chapter is focused on the study of the adsorption
of APG surfactants onto micronised beclomethasone dipropionate (BDP) and on the
characteristics of the microparticles of the drug after adsorption. In the present section the
techniques employed to study the changes undergone by BDP after treatment with APGs

are described.

4.1.2.1 SCANNING ELECTRON MICROSCOPY (SEM)

In the scanning electron microscope a fine beam of medium-energy electrons scans the
sample in a series of parallel tracks. These electrons interact with the sample to produce
various signals, including secondary electron emission, back scattered electrons and X-rays,
each of which can be detected, displayed on a monitor and captured on a film or digitally.
The SEM employed in the present study had a secondary electron detector. One of the
major advantages of this technique is the great depth of focus that can be achieved. At
magnification in the range of optical microscopy a scanning electron microscope can give a
depth of focus several hundred times greater than that of an optical microscope. This is

useful when studying the shape and the morphology of solid particles (Shaw, 1992).
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4.1.2.2 THERMOGRAVIMETRIC ANALYSIS (TGA)

Thermogravimetric analysis is one of the most important thermal methods of solid-state
chemistry. It measures the change in the mass of the sample as the temperature is changed.
It is especially useful in the study of solvates (i.e., materials that incorporate solvent or
water into their crystal lattice) as a loss in weight at a defined temperature generally reflects
solvent loss and allows calculation of the stoichiometric weight of the solvent lost.

A thermogravimetric instrument is generally made up of a microbalance, a compartment
where the sample is placed, situated in a small oven (the furnace) and a computer that
operates the instrument. In the TGA used for the present study, the microbalance was a
null-position balance. In this type of balance the arm is kept horizontal by an optically
controlled meter movement. A small flag on the top of the balance arm blocks an equal
amount of light (emitted from a LED) from reaching the photo diodes. If there is a weight
change in the sample pan (connected to the balance arm via a loop and hangdown wire) the
position of the balance arm and flag moves. This causes an unequal amount of light to
reach the two photodiodes. This unbalanced signal is then nulled by the control circuitry,
which causes the meter movement to bring the balance arm back to the null (horizontal)
position. The consequent change in current is directly proportional to the change in mass of
the sample and it is recorded by the connected computer as a weight signal. As a result
accuracy better than £ 0.1% and resolution of 0.1 pg can be reached.

The furnace contains generally a resistance unit of low mass alumina material that can be
heated up to 1000°C. A purge gas is always used to prevent contamination of the furnace
and balance assemblies. Nitrogen was used in the present study. The gas line is split before
it entered the module and two flow meters are used to set the flow rates to 60 cc / min
through the purge inlet and 40 cc / min through the balance inlet. The large flow of gas is
sent horizontally across the furnace chamber. This eliminates any evolved gases or
decomposition products out of the furnace. The smaller flow of gas is sent down through
the balance chamber and then into the furnace. This prevents that any decomposition
material from the sample arrived into the balance chamber and contaminated the balance
mechanism. A water reservoir is connected to the TGA. This sends a continuous supply of
water around the furnace during the experiment and while the furnace is cooling down after
an experiment. The cooling effect of the water gives the heater something to work against
so that accurate temperatures or heating rates can be achieved.

In the furnace there is a thermocouple. It is generally positioned approximately 2 mm above

the sample pan and it is used to monitor the environment temperature.
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Two calibration procedures were used: weight calibration, which was performed monthly
using 100 mg and 1 g standards in order to calibrate the weight signal, and temperature
calibration, which was performed monthly or when heating rate, purge gas flow rate or

thermocouple position were altered, using indium.

A
Mass

mass loss

>

Temperature

Figure 4.2 A typical TGA trace for a single-state mass
loss

Figure 4.2 shows a typical TGA trace. TGA studies can be performed in isothermal mode
(where the temperature is kept constanQor in dynamic mode (the temperature is raised at a
known rate, typically linear, which was the method employed in the present study).

There are a number of factors or conditions that affect TGA curves including the heating
rate, the atmosphere, the particle size of the sample and the sample weight. Generally, as
the heating rate is increased, the starting temperature of the thermal event increases. The
atmosphere can have a dramatic effect on the TGA output. For example, an atmosphere
already containing the product gas can increase the reaction temperature or stop the reaction
completely. This is the reason why an atmosphere of dry nitrogen is normally used when
performing a study. The particle size of the sample has an effect on the TGA output as the
smaller the particles are, the faster is the reaction and the lower is the temperature at which
the reaction occurs. Similarly, the smaller the sample size, the lower is the temperature of
the onset of the thermal event. Also, treatments of the sample, for example compression of
the sample, can effect the TGA output by increasing the reaction temperature as in a
compressed material the gas will have less opportunity to escape (Ford and Timmins, 1989,
Byrn et al., 1999).

114



4. Preparation and characterisation of BDP-APG particles

4.1.2.3 DIFFERENTIAL SCANNING CALORIMETRY (DSC)

Differential scanning calorimetry is the second thermal method employed in this study. It
involves measuring the power supplied to a sample and a reference compound as the
temperature of the system is changed, thus providing information on the enthalpy change of
various solid-state processes.

A power-compensation DSC was employed in the present study, which is based on the fact
that sample and reference have separate heaters. Sample and reference are maintained at
nominally the same temperature via a system operated through platinum resistance
thermometers. This results in different amounts of heat being supplied to each specimen.
The difference in power output to the heaters is monitored. A precision of +1% and a
temperature precision £0.1°C can be achieved.

Calibration of the instrument was performed daily using indium as a reference material and
measuring the onset temperature of melting and the associated variation of enthalpy.

Figure 4.3 shows a hypothetical DSC trace. The endotherms represent a process in which
heat is adsorbed, such as solvent loss or melting. The exotherms represent a process such as
crystallisation or chemical reactions where heat is evolved. The area under the peak is
proportional to the heat change involved. Therefore DSC can be used to accurately measure

the melting point and the associated variation of enthalpy of a sample.

Heat
flow Endotherm

/I\
J

Exotherm

Temperature

Figure 4.3 Hypothetical DSC trace showing possible changes of a
sample upon heating

Several factors can affect the DSC output, including heating rate, atmosphere, sample
holder and particle size. Generally, a greater heating rate will cause a shift of the peaks to
higher temperature. A decreased heating rate usually causes endotherms and exotherms to

become sharper. The shape of the sample holder and whether it is open, hermetically sealed
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or not hermetically sealed can also effect the DSC curve. When a DSC experiment is
carried out using a closed sample holder the atmosphere within the sample during the
experiment can affect the output. A hermetically closed pan would not allow vapour to
escape, changing the behaviour or mechanism of a desolvatation process. Particle size and
packing of the sample will have an influence on reactions, as already discussed for the TGA

experiments (Ford and Timmins, 1989, Byrn et al., 1999).

4.1.2.4 POWDER X-RAY DIFFRACTION

Powder X-ray diffraction is a powerful tool for the investigation of the structure of solids. It
is an experimentally simple technique and does not require large single crystals, but
generally only data about the most strongly diffracting planes of the crystal are obtained.
Nevertheless, it is useful to distinguish solid phases with different internal structures, for
examples anhydrous or solvate forms of the same molecule.

X-rays are scattered by objects in the same way that visible light is scattered. The pattern of
scattered radiations, unique to each crystal structure, is called the diffraction pattern. The
distribution of scattered radiation can be understood by considering that the diffracted X-
ray beams behave as if they are reflected from planes passing through the crystal. If the
radiation is viewed as a wave with a wavelength A, then, according to the Bragg equation
(equation 4.1), a multiple n of the wavelength must equal twice the distance (d) between

planes multiplied by the sine of the angle of incidence (6):

nA = 2d sinb Equation 4.1
Thus, for a single crystal and monochromatic X-rays, diffraction for each of the various
planes will only be observed for certain values of the angle of incidence 0. If the single

crystal is rotated in the X-ray beam, diffraction will only occur at certain rotation angles.

A schematic view of a typical powder X-ray diffractometer is shown in Figure 4.4.
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X-ray source Detector

Computer

26 (scanned)

-

Powdered sample ~ ~*-.
in holder

Figure 4.4 Schematic representation of a powder X-ray
diffractometer.

The diffraction characteristics of a sample are recorded in a diffractogram as intensity of
the peaks versus the angle at which they occur (°20).

When comparing X-ray diffraction patterns obtained from different samples it is possible to
fall anywhere between complete agreement or complete disagreement of the patterns. In
any of these two extreme cases the conclusion is simple: the structures are the same or they
are different. However, two patterns may show many differences and also have several
peaks that appear to coincide. This could be due to the presence of a common component
implying that the sample is a mixture of structures. The pattern of highly unequal mixtures
will contain only the stronger peaks of the minor component at greatly reduced intensity,
but all the peaks of the major component.

One problem encountered in powder X-ray diffraction is that the intensities of one or more
peaks can vary considerably among different samples of the same substance. This
variability is most often the result of preferred orientation of the crystals that comprise the
powder. This does not happen for an individual single crystal, where a given plane gives a
single diffraction spot when the crystal is at a fixed orientation to the X-ray beam and
detector. Preferred orientation is most likely to arise when the powder consists of needle-
like or plate —like crystal. This problem can be overcome by reducing the size of the
crystals by grinding before the sample is placed onto the sample holder. However generally
a powder contains many crystals randomly orientated that produce a uniform cone of

diffracted radiation for each plane, which results in a uniform intensity (Byrn et al., 1999).

4.1.2.5 SURFACE ENERGY BY CONTACT ANGLE AND INVERSE GAS
CHROMATOGRAPHY

Surface energy of a solid, contact angle and inverse gas chromatography have been already

described in section 1.4.
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4.1.2.6 PARTICLE SIZE MEASUREMENT BY LASER LIGHT SCATTERING

The determination of particle size and particle size distribution of a solid material by light
scattering is based on the principle that when light passes through particles it can be
scattered with an angle linked to the dimensions of the particles itself. Generally, small

particles scatter at large angles and large particles at small angles.

eom—-
[ —

Figure 4.5 Relationship between light scattering and dimension of
particles

The measurements performed in the present study where based on the concept of the
equivalent sphere: measurements were related to a sphere equivalent to the particle under
investigation, which is a sphere that would have produced the same scattering intensities as
the particle. This corresponds approximately to a sphere of equal volume.

A typical apparatus for the measurement of the size of particles is characterised by a source
of laser light; lenses to collimate the laser beam; the sample region where the particles (in
suspension in an appropriate medium or as a dry powder) are placed; lenses to collect the
scattered light into the detector; a detector of the scattered light and a computer to transform
the scattered light data into particle size data.

For particles with a diameter that is more than 25 um it is possible to rely on the Fraunhofer
theory. This theory assumes that the particle is much larger than the wavelength of light
employed, that all sizes of particle scatter with equal efficiencies and that the particle is
opaque and transmits no light. However, when the particle size approaches the wavelength
of light the scattering becomes more complex and the approximations of the Fraunhofer
theory are not valid. It then becomes necessary to use the Mie scattering theory. This theory
solves the equations for interaction of light with matter and it allows the scattering
intensities produced from a particular size distribution to be calculated. It is however
necessary to know the refractive index of the material under investigation and of the
medium and the absorption part of the refractive index (the so-called imaginary refractive
index).

The software employed in the present study to transform the scattered light data into
particle size data used the Mie theory. Initially, the software determines a rough particle
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size distribution from the scattering pattern. It then uses Mie theory to turn this distribution
into a scattering intensity pattern and it compares this with the experimentally obtained
scattering intensity pattern. The residual is a number given with every analysis and it is a
measure of how good this comparison is. Low residual (less than 1%) indicates a small
difference between the fitted and the experimental patterns, therefore a good fit. High
residual (higher than 1%) is related to a bad fit and consequently leads to an incorrect
particle size distribution. This is quite often related to an incorrect refractive index

(Diffraction training manual, 1996).

4.2 EXPERIMENTAL PROTOCOL

4.2.1 ADSORPTION STUDIES AND PREPARATION OF BDP-APG PARTICLES

The adsorption of APG surfactants (pure and technical grade) on BDP was carried out by
incubating for three hours 0.2 g of micronised beclomethasone dipropionate with 20 ml of
surfactant solution at different concentrations (below, at and above CMC) at 25°C in a
shaking water bath (Grant) at maximum speed. The suspensions were then centrifuged at
15,000 rpm for 20 minutes (Beckam J2-21 centrifuge with Beckam JA-20 rotor) and
filtered (Millipore cellulose 0.2pum filters). The supernatant was analysed using a refractive
index detector (Gilson 133) fitted with an HPLC pump (Hewlett-Packard 1090), an
autosampler (Hewlett-Packard 1090) and an integrator (Shimadzu CRS5A). The
concentration of the surfactant solution after the adsorption was compared with the one of
the correspondent standard (filtered prior to analysis) and the difference was used to
calculate the adsorption in mg/g of adsorbent. Each solution (standard or sample) was
injected (injection volume: 100 pl) and analysed at least twice. A calibration curve (peak
height versus concentration) was determined at the beginning of each analysis using the
filtered standards.

In order to be able to analyse a large range of surfactant concentrations, different
sensitivities of the detector were used (therefore more than one calibration curve were
prepared for each adsorption study).

The particles of beclomethasone dipropionate-surfactants, after separation from the liquor

by centrifugation, were dried in oven at 50°C for 3 days.
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4.2.2 SCANNING ELECTRON MICROSCOPY

Scanning electron micrographs were taken in a Philips XL20 scanning electron microscope
on samples that were gold-coated prior to viewing using an Emitech K550 Sputter Coater

for 3 minutes at 30 mA.

4.2.3 THERMOGRAVIMETRIC ANALYSIS

Thermogravimetric analysis was performed by placing 6 mg = 1mg of the sample in open
aluminium pans (Perkin Elmer) and by heating between 30°C and 150°C at a rate of
10°C/min employing a thermogravimetric analyser (Hi-Res 2950 TA instruments). Three

experiments per sample were performed and the average and standard deviation calculated.

4.2.4 DIFFERENTIAL SCANNING CALORIMETRY

Differential scanning calorimetry was performed by placing 6 mg + 1mg of the sample in
non-hermetically sealed aluminium pans (Perkin Elmer) and by heating them between 30°C
and 260°C at a rate of 10°C/min employing a Perkin Elmer DSC7 differential scanning

calorimeter. Three experiments per sample were performed and the average and standard

deviation calculated.

4.2.5 POWDER X-RAY DIFFRACTION

Powder X-ray diffraction was performed in a Siemens D5000 X-ray powder diffractometer
by placing approximately 50 mg of material into a sample holder and then performing the
analysis using the following conditions: Cu Ko (A = 1.542A) radiation, 2-50° 20, step size:
0.02°, time per step: 6 seconds. The measurements were performed at ambient temperature

and at ambient relative humidity.
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4.2.6 HPLC METHOD TO MEASURE SOLUBILITY OF BDP IN WATER OR IN
THE PRESENCE OF APGs

Suspensions of BDP in aqueous solutions of APGs or in water were prepared as described
in section 4.2.1. After centrifugation, the supernatant was injected directly into an HPLC
(Hewlett-Packard 1090) to measure the solubility of BDP in water or in the presence of
APGs. The HPLC parameters were:

Column: C18, 15x0.39 (Waters)

Mobile phase: 60% acetonitrile (BDH, HPLC grade), 40% water (Elga system option 4)
Flow rate: 1ml/min.

Injection volume: 200 pl

Detector: UV @ 254 nm (Hewlett-Packard 1090)

A calibration curve was constructed by analysing solutions of BDP dissolved in acetone
(BDH) at concentrations between 10 and 0.180 mg/l in order to check the linearity of the

method. The calibration curve had a correlation coefficient of 0.9999.

4.2.7 SPRAY DRYING OF BDP FROM ACETONE

BDP was dissolved in acetone (BDH) at a concentration of 5% w/w. The clear solution was
then spray dried employing a Biichi 190 mini spray drier at the following conditions: pump
speed, 2.5 ml min™'; air flow rate, 700 1 h™'; aspirator level, 10; inlet temperature, 95°C (£

5°C) and outlet temperature 65°C (£ 5°C). The material was desiccated immediately after

drying.

4.2.8 AMORPHOUS CONTENT OF BDP BY ISOTHERMAL
MICROCALORIMETRY

About 50 mg of BDP, accurately weighed, was placed into a 3 ml glass ampoule
(Thermometric) together with a tube containing methanol (Fisher), water or a mixture
methanol/water. The ampoule was sealed and equilibrated in the calorimeter (Thermal
Activity Monitor 2277, Thermometric) for 30 minutes before lowering it into the measuring
site. The output from the calorimeter was recorded using a computer as heat flow (dq/dt =

power) as a function of time. An empty ampoule was used as a reference.
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4.2.9 CONTACT ANGLE MEASUREMENTS

Contact angle measurements were carried out using the glass slide method (Shanker et al,,
1995), as adapted by Ahfat et al. (1997). Glass slides (Ultima) were sprayed with adhesive
(3M Spray Mount Adhesive) and left for 1 minute, after which they were coated with the
test powder, using a fine brush. The angle was measured using the Wilhelmy plate
technique (see section 3.2.2.1 and 3.3.1). In this case this technique was used to determine
the contact angle between a powder and a liquid. Therefore the equation already described
in section 3.3.1 for surface tension measurements (y.yv = mg/p cos6) was used to determine

the contact angle, providing that the surface tension of the liquid was known.

4.2.10 INVERSE GAS CHROMATOGRAPHY

Inverse gas chromatography at infinite dilution was carried out in a Perkin Elmer F33 gas
chromatographer fitted with a flame ionisation detector by packing a glass silanated U-
shaped column (3mm internal diameter, 30-cm length) with ca 400 mg of the test powder.
The material was dried under nitrogen at 50°C for 24 hour and then allowed to settle for 24
hours at 35°C (temperature used during the experiments) under nitrogen. The test probes
used were hexane, heptane, octane (Sigma) as non-polar probes; chloroform, CCl, and
benzene (Aldrich) as acidic probes; tetrahydrofuran and ethyl acetate (Aldrich) as basic
probes; acetone and diethyl ether (Aldrich) as amphoteric probes. Methane was used as a
reference probe to calculate the minimum retention time, as it does not interact with the test
powder. One pl of air containing a minute concentration of gaseous probe was injected into
the column using a 10 pl gas tight Hamilton Syringe and the retention time measured with
an integrator (Shimadzu CR 5A). Each probe was injected 5 times and each set of
experiments was repeated at least 3 times for each solid tested. The flow rate of the carrier

gas was measured with a bubble meter.

4.2.11 PARTICLE SIZE BY LASER LIGHT SATTERING

The particle size distributions were measured by laser diffraction (Mastersizer, Malvern
Instruments) using the same suspension of BDP in APG water solutions prepared as
described in section 4.2.1. A few drops of the suspension under investigation were placed
in the measuring cell of the laser light apparatus that already contained water and the
measurements carried out. Three suspensions were prepared for each sample tested, each

suspension was analysed 5 times and average and standard deviation calculated. The
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particle size distribution was reported as mass median diameter (Dv, 50%) and coefficient
of spread (SPAN, 90% undersize divided by 50% undersize), which is a measure of the
width of the distribution.

4.3 RESULTS AND DISCUSSION

4.3.1. ADSORPTION STUDIES OF APGs ON BDP FROM WATER

4.3.1.1 PRELIMINARY STUDIES

In order to establish an experimental procedure to quantify the amount of APGs adsorbed
onto BDP and construct adsorption isotherms, a number of experiments were carried out to
verify:

¢ The linearity of the analytical method to quantify APG surfactants.

¢ The amount of solid (BDP) to be employed.

¢ The time required for full adsorption to take place.

. Linearity of analytical method to quantify APGs. Calibration curves (peak
height versus APGs concentrations) were determined to verify the linearity of the response
of the refractive index detector used to quantify APGs. The range of concentrations of
APGs employed was usually below, at and above CMC and it was sometimes necessary to

employ different sensitivity of the RI detector for the same APG surfactant.
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Figure 4.7 Calibration curve for C,o.;; DP 1.4, RI sensitivity 1* 107

Figures 4.6 and 4.7 show examples of calibration curves at different sensitivities of the

refractive index detector. For all surfactants tested, correlation coefficients equal at least to
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0.99 were obtained. The variation of peak height of the same solution injected 5 times was

within 3%.

* Amount of solid. The amount of solid (beclomethasone dipropionate) to be
employed in the adsorption studies was determined in an experiment where C;o.; DP 1.4
was incubated over-night (as the optimal incubation time had not be defined yet, see

following section) at three different levels of concentration with 1 g, 0.5 g and 0.2 g of

solid. The results are listed in Table 4.1.

Sample Amount Conc. APGs Conc. APGs Adsorption % Peak
of Solid before after mg/g Change
() adsorption (g/l) | adsorption (g/l)

STOCK 1 1.00 0.73 5.9 272

0.5 0.84 6.6 16.2

0.5 0.84 6.5 16.5

0.2 0.95 5.1 4.8

0.2 0.94 6.3 6.6

STD 1 0.5 041 0.28 4.9 29.7

0.5 0.28 4.9 30.0

0.2 0.34 6.1 15.5

0.2 0.33 6.8 18.0

STD 2 0.5 0.080 0.070 0.41 12.7

0.5 0.064 0.6 20.0

0.2 0.068l1 1.2 14.5

0.2 0.069 1.1 14.0

Table 4.1 Adsorption of APG C;o.12 DP 1.4 on BDP. Effect of amount of solid employed.

The results show that 0.2 g of solid are enough to detect variation of concentration of APGs
before and after incubation with BDP (i.e. to measure adsorption). The % of peak change
before and after adsorption was higher than the variation in peak height obtained from

several injections of the same solution, which was within 3%.

. Incubation time. The time necessary to have complete adsorption of APG on BDP
was investigated by incubating the same solution of APG Ci.1; DP 1.4 and C;; G, with
0.2g of BDP for different length of time and measuring the amount of surfactant adsorbed.
Figures 4.8 and 4.9 show the results obtained.
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Figure 4.9 Adsorption of C,, G, on BDP: effect of incubation time.

In both cases the adsorption is completed and, although with some variation, is fairly
constant after the first few hours, therefore an incubation time of three hours was selected.
In this way the stability of the solution of the technical APGs was assured, as these

surfactant may precipitate if left undisturbed for several hours (Nilsson, 1996).
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4.3.1.2 ADSORPTION ISOTHERMS OF APGs ON BDP

Thanks to the preliminary studies described in section 4.3.1.1, it was possible to establish

an experimental procedure to quantify the amount of APGs adsorbed on BDP. The resultant

adsorption isotherms for pure and technical APGs are shown in Figures 4.10 and 4.11.

Further to that, Tables 4.2 and 4.3 show the results for some of the surfactants where it was

not possible to construct adsorption isotherms.

Sample Concentration before | Concentration after | Adsorption | % Peak
adsorption (g/) adsorption (g/) (mg/g) change
C;G; (Stock) 8.58 8.58 0 0
8.57 1.1 -0.1
CsG, (STD 1) 5.15 5.10 44 -0.9
5.10 4.4 -0.9
CsG, (STD 2) 0.51 0.52 - +0.5
0.52 - +0.3
Table 4.2 Adsorption of CsG; on BDP from water at 25°C.
Sample Amount Conc. Before Conc. After Adsorption % Peak
of Solid Adsorption Adsorption mg/g Change
@ (4] en
CsDP 14 1 9.68 9.53 3.2 1.5
STOCK
0.2 9.59 8.7 0.9
0.2 9.60 7.8 0.8
C:DP 14 0.5 3.87 3.79 32 2.1
STD 1
0.5 3.78 3.7 2.4
0.2 3.79 7.9 2.1
0.2 3.80 6.7 1.6
CzDP 14 0.5 0.39 0.39 - +0.4
STD 2
0.5 0.39 - +1.0
0.2 0.38 0.5 1.2

Table 4.3 Adsorption of Cg DP 1.4 on BDP from water at 25°C.
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4. Preparation and characterisation of BDP-APG particles

below the limit of detection of the analytical method employed (the % peak change before
and after adsorption was within the variation obtained when injecting the same solution of
APGs several times). Therefore the particles of BDP + these two surfactants were not
further investigated.

A general increase in the affinity for the solid surface is seen when increasing the alkyl
chain length of the surfactant (Figures 4.10 and 4.11). In the case of pure APGs (Figure
4.10) the maximum amount of surfactant adsorbed was similar for the three surfactants
tested (ca 14 umol/g), however the concentration to reach the plateau was lower for C; G
than for Cyy G,. This may indicate that the adsorption of alkylglycosides in this particular
system occurs by interaction of the hydrophobic tails with the surface of the adsorbent,
leaving the hydrophilic heads towards the solvent. Cyo G, and C,; G, exhibit a Langmurian
type of adsorption isotherm. However, it was not possible to complete the adsorption study
of Cjp Gy as at higher concentrations than those used to construct Figure 4.10 (i.e.
concentrations that would be above the CMC) the solution splits into two phases (Nilsson,
1998).

The technical APGs also adsorb onto BDP following a Langmurian type of isotherm (see
Figure 4.11). The increase in alkyl chain length (from C,o DP 1.4 to Cyo.; DP 1.4 to Cj5.4
DP 1.4) causes an increase in the amount of surfactant adsorbed and higher affinity for the
surface (the plateau is reached at a lower surfactant concentration). Increasing the size of
the hydrophilic part of the surfactant (e.g. C,o DP 1.4 compared with C;, DP 2.7) leads to a
change in the adsorption isotherm. For the C,o DP 2.7, but not for C,o, DP 1.4, the initial
plateau (ca 4 mg/g adsorbed) is followed by a sudden jump to ca 8 mg/g adsorbed. The
analysis of the surface energy of BDP after adsorption of APGs described in section 4.3.7.2

gives a possible explanation of this event.

4.3.2 SCANNING ELECTRON MICROSCOPY

The particles of BDP-APG surfactants obtained after the adsorption studies were isolated,
dried and analysed firstly using scanning electron microscopy to establish whether the
presence of the surfactants could have affected the morphology of the particles of BDP. The
control was particles of BDP obtained by incubating the drug in water (i.e. without
surfactant) following the same procedure employed in the adsorption studies. Figures 4.12-
4.19 show the scanning electron micrographs for a selection of particles tested

(magnification: 3800, bar: Sum).
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