THE UNIVERSITY OF HULL

MEMBRANE PERMEATION FROM SOLUTIONS, PARTICLE
DISPERSIONS AND PARTICLE-STABILISED EMULSIONS

being a Thesis submitted for the Degree of Doctor of Philosophy
in the University of Hull

by

Andrew James Johnson

MChem (University of Hull)

March 2013



ACKNOWLEDGEMENTS

First and foremost, | would like to thank my academic supervisors, Prof. Bernard P.
Binks and Prof. Paul D.l. Fletcher, for their consistently excellent supervision and

guidance. | am sincerely grateful to have worked with you both.

I also thank the Engineering and Physical Sciences Research Council (EPSRC) and
GlaxoSmithKline (Barnard Castle, UK) for financial support in sponsoring this project.
My industrial supervisor, Dr. Russell P. Elliott, has always offered great

encouragement and enthusiasm, and for this I thank him.

I am grateful to all members of the Surfactant & Colloid Group, both past and

present, for their support and friendship.

Finally, 1 would like to thank my family for their support and encouragement
throughout this time. | especially thank my father (Joseph Johnson), my mother
(Glenda A. Johnson), my elder brother (Christopher J. Johnson) and my younger
brother (Joseph A. Johnson), for their patience and unconditional support. I truly feel

failure is not possible with you all by my side.



PUBLICATIONS, PATENTS AND PRESENTATIONS

The work contained within this thesis has given rise to the following publications,

patents and presentations:

1.

B.P. Binks, P.D.I. Fletcher, A.J. Johnson and R.P. Elliott, ‘Membrane
permeation of testosterone from either solutions, particle dispersions, or
particle-stabilised emulsions’, Langmuir, 28, 2510, (2012).

B.P. Binks, P.D.l. Fletcher, A.J. Johnson and R.P. Elliott, ‘How membrane
permeation is affected by donor delivery solvent’, Phys. Chem. Chem. Phys.,
14, 15525, (2012).

B.P. Binks, A.J. Johnson and J.A. Rodrigues, ‘Inversion of ‘dry water’ to
aqueous foam on addition of surfactant’, Soft Matter, 6, 126, (2010).

Patent: ‘Non-aqueous solid stabilized emulsions’ US Pat., 61/767,880, 2013.
(Inventors: B.P. Binks, R.P. Elliott, P.D.l. Fletcher, A.J. Johnson and M.A.
Thompson).

Award winning oral presentation: ‘A kinetic approach to modelling the
membrane permeation of pharmaceutically active ingredients from various
topical formulation types’, University of Hull Research Colloquia, 9t July
2012, Hull, UK.

Oral presentation: ‘Particle-stabilised emulsions as new pharmaceutical
vehicles’, GlaxoSmithKline Learning Forum, 18" July 2011, Barnard Castle,
UK.

Poster presentation: ‘Membrane permeation of testosterone from either
solutions, particle dispersions or particle-stabilised emulsions’, University of
Hull Research Colloquia, 11" July 2011, Hull, UK. (Authors: B.P. Binks, P.D.l.
Fletcher, A.J. Johnson and R.P. Elliott).

Poster presentation: ‘How membrane permeation is affected by the donor
delivery solvent’, Stratum Corneum VII conference, 10-11"™ September 2012,
Cardiff, UK. (Authors: B.P. Binks, P.D.l. Fletcher, A.J. Johnson and R.P.
Elliott).



ABSTRACT

This thesis is primarily concerned with understanding how the rate and extent of
membrane permeation of a drug is affected by switching the donor delivery vehicle for
different permeants and membranes. The project is funded by an industrial
Collaborative Awards in Science and Engineering (CASE) award with an additional
sponsorship by GlaxoSmithKline (GSK). The interest of GSK in this research is in the
understanding of how the various types of topical formulation available, such as
solutions, ointments, dispersions and emulsions, influence the characteristics of drug

transport across a membrane.

The rate and extent of membrane permeation from various types of topical
formulation is experimentally investigated through the use of a developed automated
method which is shown to be accurate and highly reproducible. The developed method
incorporates stirred donor and re-circulating receiver compartments and continuous
monitoring of the permeant concentration in the receiver phase. In a theoretical model
based on rate-limiting membrane diffusion, an explicit set of equations are derived
showing how the permeation extent and rate depend mainly on the membrane-donor
and membrane-receiver partition coefficients of the permeant. The permeation of drug
molecules from simple, single phase donor solutions are first investigated. The
experimental permeation results for systems containing all possible combinations of
hydrophilic or hydrophobic donor solvent, permeant and polymer membrane are
measured using the developed method and are then compared to the calculated
theoretical results. A quantitative comparison of model and experimental results from
the widely-differing permeation systems successfully enables the systematic
elucidation of all possible donor solvent effects in membrane permeation. For the
experimental conditions used here, most of the permeation systems are in agreement
with the model, demonstrating that the model assumptions are valid. In these cases, the
dominant donor solvent effects arise from changes in the relative affinities of the
permeant for the donor and receiver solvents and the membrane and are quantitatively
predicted using the separately measured partition coefficients. It is also shown how
additional donor solvent effects can arise when switching the donor solvent causes one
or more of the model assumptions to be invalid. These effects include a change in rate-

limiting step, permeant solution non-ideality and others.



The development of a new type of formulation is investigated whereby the
preparation of waterless, particle-stabilised emulsions is reported upon. The prepared
emulsions incorporate a non-aqueous polar liquid phase, an immiscible oil phase and
are stabilised by solid nanoparticles. Variation of the incorporated oil, polar liquid and
particle hydrophobicity allow for the preparation of stable emulsions containing a wide
range of liquids of both oil-in-polar liquid and polar liquid-in-oil emulsion types. The
prepared formulations show great potential as vehicles for use in drug delivery in the
pharmaceutical industry. These waterless emulsions provide several advantages such as
high emulsion stability, aesthetic textures for topical application, aesthetic appearances
(including the preparation of transparent emulsions through matching of the refractive
index of the liquid phases) and the capability of containing very high hydrophobic drug
concentrations dissolved within due to the absence of an aqueous liquid phase.

The permeation of a drug molecule from more complex multiphase donor
formulations, such as particle dispersions and particle stabilised emulsions, is also
investigated. The delivery of a permeant across a synthetic membrane from both
conventional oil-water and the developed waterless emulsions is discussed. The same
experimental technique as that used to investigate the membrane permeation from
single phase donor solutions is employed and a comparison of the experimental results
to those calculated using the derived theoretical model is given. The theoretical model
is adapted to account for the additional partioning of the permeant between the multiple
phases present in these more complex donor formulations, but maintains the same set
of underlying assumptions and fundamental principles of diffusion. The model
successfully accounts for the experimental observations and reveals information
regarding the mechanism of drug delivery from particle-stabilised emulsions. It is
conclusively illustrated that permeant delivery from particle-stabilised emulsions
occurs via partitioning of the drug between the dispersed and continuous emulsion
phases prior to partitioning to the membrane exclusively from the emulsion continuous
phase (i.e. dispersed emulsion droplet adhesion onto the surface of the membrane does
not occur). Through analysis of the derived theoretical model, the extent and rate of
membrane permeation of a permeant are correctly predicted to be independent of the
emulsion type (i.e. oil-in-water or water-in-oil) and emulsion dispersed volume fraction

for a given emulsion composition.
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LIST OF SYMBOLS AND ABBREVIATIONS

DCDMS dichlorodimethylsilane

IPM isopropyl myristate

PBS phosphate-buffered saline solution

PDMS polydimethylsiloxane

PEG polyethylene glycol

PG propane-1,2-diol (also called propylene glycol)
SEM scanning electron microscope

TEM transmission electron microscope

UV-vis ultraviolet-visible

A surface area of membrane

Ceont concentration of permeating species per total volume of the

donor emulsion continuous phase

Cdon overall concentration of permeating species per total volume of
the donor compartment

Coono0 initial overall concentration of permeating species per total
volume of the donor compartment

Cdonw overall concentration of permeating species per total volume of
the donor compartment at infinite time

Carop concentration of permeating species per total volume of the
donor emulsion drops

Cimem overall concentration of permeating species in the membrane

Crmem.d concentration of permeating species at donor-side surface of
membrane

Crmemyr concentration of permeating species at receiver-side surface of
membrane

Crec concentration of permeating species in the receiver compartment

Crec,0 initial concentration of permeating species in the receiver
compartment
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CI’eCpo

Kdon-rec

Kdrop-cont

Kmem-cont

Kmem-don

Kmem—rec

concentration of permeating species in the receiver compartment
at infinite time

diffusion coefficient of the permeating species within the
membrane

volumetric flow rate in the receiver compartment

equilibrium partition coefficient of the permeant species
between immiscible phases a and b (=C,/Cy)

equibrium partition coefficient of the permant species between
the donor phase and the receiver phase (Cgon/Crec)

equilibrium partition coefficient of the permeating species
between the drop and continuous phases of the donor emulsion
(:Cdrop/Ccont)

equilibrium partition coefficient of the permeating species
between the membrane and the donor emulsion continuous
phase (:Cmem,d/Ccont)

equibrium partition coefficient of the permant species between
the membrane and the donor phase (Cmem/Cdon)

equibrium partition coefficient of the permant species between
the membrane and the receiver phase (Cmem/Crec)

first-order permeability rate coefficient for closed-loop receiver
compartments

first-order permeability rate coefficient for open receiver
compartments

permeability coefficient

time taken to establish the steady-state, linear concentration
gradient of permeant across the membrane (“lag time”)

mass of particles in the donor compartment
total number of moles of permeating species
time

half-life

volume of donor compartment

volume of membrane
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¢dr0p

I'max

volume of receiving compartment

total thickness of the membrane

perpendicular distance coordinate within the membrane
three-phase contact angle

emulsion dispersed phase volume fraction

moles of species adsorbed to the particle surface per mass of
particles

maximum moles of species adsorbed to the particle surfaces per
mass of particles
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CHAPTER 1

INTRODUCTION

1.1 Industrial relevance of current research

This research project was funded by an industrial CASE (Collaborative Awards in
Science and Engineering) award provided by the Engineering and Physical Sciences
Research Council (EPSRC) in collaboration with GlaxoSmithKline (GSK), Barnard
Castle, UK. Industrial CASE awards provide funding for Ph.D. studentships whereby
businesses take the lead in arranging projects with an academic partner of their choice.
The aim of these awards is to provide Ph.D. students with a first-rate, challenging
research-training experience, within the context of a mutually beneficial research

collaboration between academic and partner organisations.

GSK is one of the world’s leading research based pharmaceutical companies, and is
the fourth largest with regards to revenue. GSK has therapeutic areas including
respiratory, gastro-intestinal/metabolic, central nervous system, vaccines and anti-
infectives. In addition, the company has a consumer healthcare section which produces
some of the world leading nutritional drinks and counter medicines. They also
formulate and manufacture a wide range of pharmaceutical creams for consumer and
therapeutic uses. The area of creams and ointments within GSK is growing with the

acquisition of a leading dermatological pharmaceutical company, Stiefel, in July 2009.

The interest of GSK in this Ph.D. studentship is in the understanding of the
mechanisms and underlying principles determining the drug delivery characteristics of
the various different types of topical formulations produced in the pharmaceutical
industry (i.e. solutions, ointments, emulsions, etc.). With an understanding of how and
why a given type of topical formulation produces the observed drug delivery
characteristics, the development of future formulations can be conducted such that the
desired extent and rate of drug delivery can be pursued. Hence, whether the application
requires a rapid, short-term release of a drug or a delayed, consistent release of a drug,
the required formulation design can be correctly proposed prior to trial productions. In
addition, a further interest of GSK in this Ph.D. studentship is in the development of a
new type of topical formulation for the delivery of an active drug across the skin

barrier. Both the development and drug delivery characteristics of this new formulation
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design are explained within, and hence, an insight into the potential advantages that

such a formulation can offer to the pharmaceutical industry is given.

This chapter introduces the fundamental subjects which are most relevant to this
research. The primary topic of concern is the phenomenon of molecular diffusion and
therefore a brief introduction to the theory and elemental concepts of diffusion is firstly
given. The topic of solvation is then discussed whereby the dissolution of a permeant
within a solvent and the causes of non-ideal behaviour of a solution are explained. The
later chapters of this research refer to the preparation of emulsion formulations and
therefore, an introduction to the fundamental concepts of emulsion stabilisation by both
surfactants and solid particles is given. The subsequent results chapters also offer more
detailed introductions to these topics where it is more appropriate. Finally, a review of
the current literature on membrane permeation and topical formulation design is
described and a resultant summary of the work presented in this thesis, which aims to

fulfil that which has not yet been disclosed, is portrayed.
1.2 Diffusion

Diffusion is the phenomenon by which matter is transported from one part of a
system to another as a result of random molecular motions.* In a dilute solution of
molecules, each solute molecule behaves independently of the others, which it seldom
meets, but is constantly undergoing collisions with the surrounding solvent molecules.
As a result of these collisions, a solute molecule moves sometimes towards a region of
higher concentration, and sometimes towards a region of lower concentration, having
no preferred direction of motion towards one or the other. The motion of a single
molecule can be described in terms of the familiar ‘random walk’ picture which was
first introduced by Pearson in 1905.2 Whilst it is possible to calculate the mean-square
distance travelled within a given time interval during a random walk, it is not possible

to say in what direction a given molecule will move during that time.

This picture of random molecular motions, in which no molecule has a preferred
direction of motion, has to be reconciled with the fact that a transfer of molecules from
a region of higher to a region of lower concentration is nevertheless observed. To help
explain this observation, consider the classical experiment whereby a tall cylindrical

vessel has its lower volume filled with a coloured solution, such as an iodine solution,
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and a column of clear water is carefully and slowly poured on top, so that no
convection currents are created. Initially, the lower coloured iodine solution is
separated from the upper clear water by a sharp, well-defined boundary. It is later
found that the upper water solution becomes coloured, but gradually becomes
transparent towards the top, while the lower volume becomes correspondingly less
intensely coloured. Finally, after a sufficient time, the whole solution appears
uniformly coloured throughout. There is evidently therefore, a transfer of iodine
molecules from the lower volume to the upper volume, occurring in the absence of
convection currents. The iodine is said to have diffused into the upper water volume.
Now consider any horizontal section within the solution and two thin, equal elements
of volume; one just below and one just above this section. Though it is not possible to
say which direction any particular iodine molecule will move in a given time, it can be
said that on the average, a definite fraction of iodine molecules in the lower element of
volume will cross the section from below, and the same fraction of water molecules in
the upper element will cross the section from above within a given time. Thus, simply
because there are more iodine molecules in the lower element than in the upper one,
there is a net transfer from the lower (more concentrated) to the upper (less

concentrated) side of the section as a result of random molecular motions.*

1.2.1 Fick’s laws of diffusion

The transfer of heat by conduction is also due to random molecular motions, and
there is an obvious analogy between the two processes. This was recognised by Fick in
1855, when he first put diffusion on a quantitative basis by adopting the mathematical
equation of heat conduction derived some years earlier by Fourier in 1822. The
mathematical theory of diffusion in isotropic substances is therefore based on the
hypothesis that the rate of transfer of a diffusing substance through unit area of a
section, is proportional to the concentration gradient measured normal to that section.

This 1s Fick’s first law and hence

J :—Dg (1.1)
OX

where J is the rate of transfer per unit area of section, C is the concentration of the

diffusing substance, x is the space coordinate measured normal to the section and D is
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called the diffusion coefficient. The negative sign in equation 1.1 arises because

diffusion occurs in the direction opposite to that of increasing concentration.*

It should be emphasised that the statement expressed mathematically by equation
1.1 is in general consistent only for an isotropic medium, whose structure and diffusion
properties in the neighbourhood of any point are the same relative to all directions.
Because of this symmetry, the flow of diffusing substance at any point is along the
normal to the surface of constant concentration through the point. As described by
Crank,' this need not be true in an anisotropic medium for which the diffusion
properties depend on the direction in which they are measured.

As also illustrated by Crank,* Fick’s second law can subsequently be derived from
that of Fick’s first law (equation 1.1) and is used to describe the rate of change of

concentration of a diffusing substance at any given point in space. Fick’s second law is

given by
2

were t represents time. In the context of diffusion of a substance through an isotropic
membrane, Ficks’s second law explains how the concentration of the diffusing species

at any given depth x, changes with time.

1.2.2 Diffusion through an isotropic membrane: an introduction to diffusion lag
times and the steady state approximation

Consider the case of diffusion through a plane sheet or isotropic membrane of
thickness X and diffusion coefficient D, whose surfaces, x = 0 and x = X, are
maintained at constant concentrations C; and C, respectively. After a time, a steady
state is reached in which the concentration remains constant at all depths of the sheet.

Hence, Fick’s second law (equation 1.2) in one dimension then reduces to
d*C/dx* =0 (1.3)

provided the diffusion coefficient D is constant. Integration of equation 1.3 with

respect to x gives

dC /dx =constant (1.4)
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and by further integration, on introducing the conditions at x = 0 and x = X, equation

1.4 becomes
C-C, _ X (1.5)
C,-C, X

Both equations 1.4 and 1.5 show that upon reaching this steady state, the
concentration changes linearly from C; to C, through the sheet. Also, the rate of
transfer of diffusing substance is the same across all sections of the membrane and is

given by
J=-DdC/dx=D(C,-C,)/ X (1.6)

As illustrated by Frisch,® the time required to achieve this steady state linear
concentration gradient across the membrane (so-called the lag time (L)) is derived in a
complex manner and is dependent on the membrane thickness (X) and the membrane

diffusion coefficient of the permeant (D) according to

X2

L=2
6D

L.7)

Figure 1.1 helps illustrate the concepts of membrane permeation lag times and
steady state diffusion through a membrane, via the representation of permeant
concentration across a cross-section of an isotropic membrane, during diffusion
between constant permeant concentrations C; and C, at three different time intervals.
Initially, at time t = O, the constant permeant concentrations C; and C, are shown at
each respective side of the membrane, but no permeant is present within the membrane.
At time scales less than the lag time but greater than t = 0 (i.e. 0 <t <L), the permeant
concentration at depth x = 0 is equal to that of C; and gradually decreases with
increasing depth x into the membrane. Here, the permeant concentration follows a non-
linear profile across the membrane, in accordance with Fick’s second law, until the
value of C, is reached, where x = X. Finally, at time scales greater than the lag time (i.e.
t > L) a linear permeant concentration gradient across the membrane is established and

the system is described as been at steady state.
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Figure 1.1. A schematic representation of the concentration profiles of a permeant
diffusing across an isotropic membrane at three different time intervals. The permeant
concentration profiles initially (t = 0) (left), at time scales greater than t = 0 but less
than the lag time (0 <t <L) (middle) and time scales greater than or equal to the lag

time (t> L) (right) are shown.

steady state
time r=10 time 0 <¢<L time t> L
C, C C,
=
[a]
[¥)
=
D
R
C, C, C,
> S >
X X X

depth in the membrane (x)

1.3 Solvation and solute partitioning

1.3.1 Solvation

The topic of solvation is a large branch of chemistry and hence, only a brief
introduction, relevant to the research presented here, is subsequently discussed. The
term solvation refers to the surrounding of a dissolved molecule or ion by a shell of
more or less tightly bound solvent molecules as a result of intermolecular forces
between the solute and solvent.* The solvation energy can be described as the change
in Gibbs energy when an ion or molecule is transferred from a vacuum (or the gas
phase) into a solvent. The Gibbs energy of solvation, 4G°, a measure of the
solvation ability of a particular solvent, is the result of a superimposition of four

principal components of a different nature:”
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The cavitation energy associated with the hole that the dissolved molecule or
ion produces in the solvent.

The orientation energy corresponding to the phenomenon of partial orientation
of the dipolar solvent molecules caused by the presence of the solvated
molecule or ion (see Figure 1.2).

The isotropic interaction energy corresponding to the unspecific intermolecular
forces with a long range of activity (i.e. electrostatic, polarisation, and
dispersion energy).

The anisotropic interaction energy resulting from the specific formation of
hydrogen bonds or electron-pair donor/electron-pair acceptor bonds at well

localized points in the dissolved molecules.

Figure 1.2. Solvation of ions in a solvent consisting of dipolar molecules. The charges

of the dipolar molecules are partial charges 6+ and 6-. Image redrawn from reference 6.

/4
Solvent molecule

The dissolution of a substance requires that not only the interaction energy of the

solute molecules (for crystals the lattice energy) be overcome but also the interaction

energy between the solvent molecules themselves. This is compensated by the gain in

Gibbs energy of solvation, 4G°. The standard molar Gibbs energy of solvation,

AG°qy, can be formulated as the difference between the Gibbs energy of solution,

AG°sonm, and the crystal lattice energy, 4G° 4, such that
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AG®soly = AGsoin = AG®jat (1.8)

Hence, if the liberated solvation energy is higher than the lattice energy, then the
overall process of dissolution is exothermic and conversely, if the system uses energy,

then the dissolution is endothermic.

Solvation can occur by either an ionic or a molecular process. lonic solvation occurs
when an ionic solute, for example sodium chloride (NaCl), dissociates into ions when
mixed with a polar solvent. When water is used as the solvent, the process of solvation
may be referred to as hydration. The hydration of NaCl, as shown in Figure 1.3 (left),
occurs via the dissociation of NaCl into Na* and CI” ions, which are then surrounded by
water molecules orientated according to their partial charge. The electronegative
oxygen atom of water molecules reside more closely to the Na" ions, whilst the
electropositive hydrogen atoms of other water molecules form a hydration layer around
the CI" ions. The dissolution of such solutes is energetically favourable, in accordance
with equation 1.8, for solute concentrations up to the solubility in the given solvent at a

constant temperature.

Conversely, molecular solvation does not incorporate the loss of electrostatic
interactions like that in the dissociation of ionic compounds. Consider the hydration of
a sucrose molecule, as shown in Figure 1.3 (right). Upon dissolution of a polar solute
molecule, such as sucrose, within a polar solvent, such as water, the solvent molecules
again orientate around the solute molecules according to electrical charge. In the
example of sucrose in water, the electronegative oxygen atom of a water molecule
resides closely to the electropositive terminal hydrogen atom of a hydroxyl functional
group on the sucrose molecule. The electropositive hydrogen atom of either the same
or a different water molecule resides more closely to the electronegative hydroxyl
oxygen atom of the sucrose molecule, forming an energetically favourable hydration

layer around the molecule up to the point of solvent saturation.
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Figure 1.3. Schematic representations of the mechanisms of ionic solvation of sodium
chloride in water (left) and molecular solvation of sucrose in water (right). The charges

of the dipolar water molecules and sucrose molecule are partial charges &+ and d-.
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The saturation of a solvent, by a solute, occurs because it is no longer energetically
favourable for dissolution to occur in accordance with the four principle components
previously listed, which determine the Gibbs energy of solvation of the system. The
Gibbs energy of solvation of an oil solvent is also a result of a superposition of the

same four principle components listed previously.

1.3.2 Solute partition coefficients and causes of non-ideal behaviour

When two immiscible solvents are contacted with each other, and one or both of
these solvents contain a solute dissolved within, the solute(s) will transfer between the
two solvents until an equilibrium distribution is reached for a given temperature. This
equilibrium distribution of the solute is known as the partition coefficient of the solute
between the two immiscible phases. The extent to which the solute partitions between
the two phases is determined by how energetically favourable it is for the solute to
reside in one solvent over the other, and therefore relates to the ratio of the standard
molar Gibbs energies of the two immiscible solvents. The value of a solutes partition
coefficient is therefore often assumed to equal the ratio of the solute solubilities within

the two solvents. However, the ideality of many solute-in-solvent systems dramatically
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changes with increasing solute concentration and hence the system partition coefficient

is farthest from accurate at the points of solvent saturation.

Consider the extremely low solubility of hydrocarbons in water. Accordingly, the
dissolution of a hydrocarbon in water is usually associated with an increase in the
Gibbs energy G of the system (G > 0). Since it is known experimentally that the
dissolution of a hydrocarbon in water is exothermic (4H < 0) it follows from AG = AH
— TAS that the entropy of the system must decrease. This can be interpreted as a
consequence of the highly ordered structure of the water molecules around the
dissolved hydrocarbon molecules.” In other words, the water molecules are more
tightly packed around the dissolved hydrocarbon than in pure water. This is called a
structure increase. If aqueous solutions of two hydrocarbons are mixed, the two
hydrocarbons may form an aggregate with simultaneous partial reconstruction of the
original undisrupted water structure. This is shown in Figure 1.4.

Figure 1.4. The formation of a hydrophobic interaction between two hydrocarbon
molecules A and B. The circles represent water molecules. Image redrawn from

reference 7.
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Due to the contact between A and B, fewer water molecules are now in direct
contact with the hydrocarbon molecules. Thus, the ordering influence of the
hydrophobic molecules will be diminished and the entropy increases (A4S > 0).
Although thermal energy is required for the destructuring of the hydration shells
around A and B (4H > 0), the free energy diminishes upon aggregation (4G < 0).
Therefore, it is energetically advantageous for apolar molecules, or apolar groups in
otherwise polar molecules, when dissolved in water, to aggregate with expulsion of

water molecules from their hydration shells. In order to minimise the unfavourable
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solute/water interactions, the apolar solute molecules (or apolar groups) will interact
preferentially, thus reducing the number of their water contacts.® The water molecules
around an inert apolar solute have a higher coordination and are thus more ordered than
in the bulk liquid, which is entropically unfavourable. The aggregation of apolar
solutes, as shown in Figure 1.4, releases water molecules into the bulk water, which is
entropically very favourable. Many solute molecules, including testosterone and
caffeine, have been reported to undergo such aggregating behaviour via an attractive,
non-covalent interaction between aromatic rings.”** This interaction is often referred to

as pi stacking.

The aggregation of solute molecules via interactions such as pi stacking causes an
overall decrease in the activity of a solution. The reduction in the activity of a solution
causes numerous non-ideal characteristics such as a loss of the linear relationship
between photospectroscopic absorbance and concentration, as described by the Beer-
Lambert law, or variations in a solutes partition coefficient with changing solute
concentration as such aggregation adjusts a solutes affinity to the phases of which it is
partitioning between. The true, concentration-independent value of a partition
coefficient K, is the equilibrium ratio of the solute activity in each phase (= aJ/ay).
The activities are then equal to the product of the activity coefficient y and the
concentration as shown below.

K =2 7:C (1.9)
a, 7,C,

Hence, in general, an apparent partition coefficient value (taken to equal the ratio of
solute concentrations between two equilibrated immiscible solutions) will only equal
the true value in the limit of low concentrations when the solute in both solution phases

behaves ideally, which is when the activity coefficients reduce to unity.
1.4  Emulsions

An emulsion may be defined as an opaque heterogeneous system of two immiscible
liquid phases (for example, oil and water) where one of the phases is dispersed in the
other as drops of a microscopic size (diameter > 1 um). Although emulsion drops are
larger than the range specified for colloidal dispersions (diameter < 1 um),*? their

behaviour and characteristics are typically colloidal in nature, and thus, they can be
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described as colloids. Simple emulsions exist as two types, one where oil drops are
dispersed in water, which are termed oil-in-water (o/w) emulsions, and the other where
water drops are dispersed in oil, termed water-in-oil (w/0) emulsions. Multiple
emulsions are relatively more complex and a scope for dispersed droplets within
droplets is observed. Water-in-oil-in-water (w/o/w) and oil-in-water-in-oil (o/w/0)

emulsion compositions are hereby observed in multiple emulsions.*®

1.4.1 Surfactant-stabilised emulsions

The research presented in the subsequent chapters is primarily concerned with the
preparation of particle-stabilised emulsions, and so only a brief introduction to

emulsions stabilised by surfactants is given.

The mixing of two immiscible liquids results in the formation of an unstable
emulsion, which typically undergoes complete separation into the bulk phases within
seconds. In order to produce a stable emulsion a third component is required. This third
component is an emulsifier or a surface-active agent (commonly referred to as a
surfactant) and is added to the emulsion mixture to lower the energetically
unfavourable interfacial tension between the two immiscible phases by adsorbing at the
oil-water interface.'* The emulsifier adsorbs at the interface, creating a film around the
dispersed drops which, as well as lowering the interfacial tension between the two
immiscible phases, also prevents coalescence of the drops.*? This important
characteristic is a result of their amphiphilic nature. Surfactant molecules possess two
parts, a hydrophilic head-group and a hydrophobic tail, as shown in Figure 1.5. When
adsorbed at an oil-water interface the hydrophilic head-group is situated in the water
phase, and the hydrophobic tail group is situated in the oil phase, so that the surfactant

molecule bridges the interface.
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Figure 1.5. Schematic representation of a single-tailed surfactant molecule.
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Bancroft proposed that the emulsion type (o/w or w/o) depends on the solubility of
the surfactant.’> The phase in which the emulsifier is most soluble tends to be the
continuous phase of the resulting emulsion. Another way of predicting emulsion type
based on the emulsifier was introduced by Griffin.*® The hydrophile-lipophile balance
(HLB) number is a quantitative measure of the balance between hydrophilic and
hydrophobic moieties of a surfactant molecule. A hydrophilic surfactant has a high
HLB number and is therefore predicted to stabilise o/w emulsions. Conversely,
hydrophobic surfactants with low HLB numbers are predicted to stabilise w/o
emulsions. The system HLB can be affected by several parameters, such as electrolyte
concentration, temperature, oil type and chain length and co-surfactant concentration.
This occurs as the geometry of the surfactant at the interface is modified,"” and thus
changes the curvature of the surfactant monolayer, which influences the preferred

emulsion type.'®
The free energy of emulsion formation from the bulk immiscible phases is given by:
AG = AAy —TAS (1.10)

where 4A is the change in the interfacial area, y is the interfacial tension, and 4S is the
change in the entropy in the system at temperature T. If the interfacial tension is
relatively large then the interfacial energy 4Ay is greater than the entropy contribution
T4S, and the free energy change 4G is positive. Emulsification is non-spontaneous and
therefore work is required to break-up the two bulk phases, e.g. mechanical mixing.
These emulsions are known as macroemulsions, as they generally consist of larger

emulsion drops which are thermodynamically unstable. Microemulsions, unlike
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macroemulsions, exhibit an ultralow interfacial tension. In such systems the change in
interfacial energy 4Ay is smaller than the entropy contribution T4S, and so the free
energy change on emulsion formation is negative. Microemulsions are therefore

formed spontaneously and are thermodynamically stable indefinitely.
1.4.2 Particle-stabilised emulsions

Unlike surfactant molecules, solid particles need not be amphiphilic in order to be
considered surface active.’® Colloidal particles that are partially wetted by both an
aqueous and oil phase are capable of strongly adsorbing to oil-water interfaces. The
driving force behind this adsorption is to remove an area of high interfacial tension that
exists between the two fluid phases and replace this area with a lower interfacial

tension between the two fluid phases and the solid particle.

Interest in particle-stabilised emulsions has seen a substantial surge in recent years

since their discovery over 100 years ago.?>?! Solid particles now represent an important

class of emulsifying agents, highlighted by the publication of many recent reviews.?*

There are many examples of solid particles that have been shown to stabilise

30-32 33,34 36-38

carbon,® a variety of minerals,**>® as well as

42,43

emulsions, such as silica,
39,40

clay,

polymer latexes,***° waxes*" and microgels.

The fact that finely divided solid particles can act as the sole stabiliser in emulsions
has been known since the beginning of the last century. Pickering® conducted the first
systematic study on particle-stabilised emulsions and hence they are often referred to
as “Pickering emulsions.” However, four years previously, and cited by Pickering,
Ramsden?® described the formation of a membrane of solid particles enveloping both

1.** noted

air bubbles in water (foams) and oil drops in water (emulsions). Finkle et a
that bi-wettable particles resting at an interface between two immiscible liquids are
likely to be wet more by one liquid than by the other, with the more poorly wetting
liquid becoming the dispersed phase of the resultant emulsion upon homogenisation.
They observed that more water-wet particles such as silica were renowned to stabilise
o/w emulsions whilst oil-wet particles such as carbon black would preferentially
stabilise w/o emulsions. The importance of the differing particle wettabilities,
quantified by the three-phase contact angle 6, recorded through the aqueous phase,
which the particle made when resting at an oil-water interface, was noted. Furthermore,

Schulman and Leja* showed the influence of the three-phase contact angle of solid
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particles on the emulsion type and stability. For conditions such that the three-phase
contact angle 4, measured through the aqueous phase (see Figure 1.7), was slightly <
90° particles stabilised o/w emulsions, but for particles with & > 90° particles stabilised
w/o emulsions. However, it was noted that if the emulsifying particles were too
hydrophilic (low 8) or too hydrophobic (high 6) they tended to remain dispersed within
the aqueous or oil phase respectively and thus acted as poor emulsion stabilisers.
Figure 1.6 illustrates this influence of particle wettability and therefore the three-phase
contact angle on the type of emulsion prepared.

Figure 1.6. (Upper) Position of a small spherical particle at a planar oil (or air)—water
interface for a contact angle (measured through the aqueous phase) less than 90° (left),
equal to 90° (centre) and greater than 90° (right). (Lower) Corresponding probable
positioning of particles at a curved oil (or air)-water interface. For 6 < 90°, particle-
stabilised o/w emulsions form (left) and for 8 > 90°, particle-stabilised w/o emulsions

form (right). Image redrawn from reference 24.
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As suggested by Figure 1.6, solid particles can also be used to stabilise both air-in-

water foams and water-in-air dry powders.*

There are several mechanisms by which colloidal particles stabilise emulsions. Most
often drop stability is attributed to steric hindrance provided by the formation of a
dense film of particles at the oil-water interface, present as either a monolayer or
multilayer.*”*® This is usually the case in particle-stabilised emulsions, whereby

droplet coalescence is prevented by two particle layers, one layer adsorbed on each
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approaching droplet. Another mechanism for droplet stabilisation is the configuration
of particle bridging between two emulsion drops. This has been directly observed
between sparsely coated emulsion drops stabilised by slightly hydrophobic silica
particles, which interestingly showed much denser packing within the bridging film
through immersion capillary attraction.*® For this configuration particles must have an
interfacial position where the majority portion of the particle is in the continuous phase
(i.e. a hydrophobic particle bridging a water-oil-water film), otherwise the emulsion
drop interfaces would overlap resulting in coalescence. An additional particle
configuration has been proposed by Vignati et al.” for the stabilisation of sparsely
covered emulsion drops. It was suggested that particle re-distribution over the surface
of droplets toward inter-drop contact areas may play a part in emulsion stabilisation.
Furthermore, the formation of a 2-D network of aggregated particles across the
interface can also explain the stability to coalescence of emulsion drops that are less
than fully coated.” Finally, when an abundance of particles is present in the continuous
phase, a 3-D network of particles can form.***® The resulting increase in viscosity of
the emulsion helps to stabilise the emulsion by preventing instabilities such as
creaming, flocculation and coalescence of emulsion drops. These emulsion instabilities

are explained later in this chapter.
1.4.2.1 Energy of particle detachment from a liquid-liquid interface

The strength of attachment of a particle to the oil-water interface is related to the
magnitude of the interfacial tension between the two liquid phases, as well as the
position of the colloidal particle at the fluid interface, quantified by the three-phase

contact angle 6 (see Figure 1.7).
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Figure 1.7. Representation of a spherical solid particle in its equilibrium position at an
oil-water interface. The effect of gravity is assumed to be negligible for small particles
(< 5 um) so that the oil-water interface remains planar up until the contact line with the

particle.”
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For a single spherical particle of radius r, adsorbed at an oil-water interface at a
contact angle & measured through the aqueous phase, the depth of immersion into
water, hy, equals r(1 + cos 6). The surface area of the particle in contact with water,
Asw, is given by 2mrh, = 2ar’(1 + cos 6). The planar area of oil-water interface

removed by the adsorption of the particle is therefore given by
Aow = r’sin®0 = nr’(1 — cos®6) (1.11)

The energy, Eget, required to detach the resting particle from the interface into the oil

phase is given by
Eget = 27tr% (1 + 056) (ys0 — ysw) + 1 (1 — €0S* O)yow (1.12)

where y refers to the appropriate interfacial tension and the subscripts s, o and w refer
to the solid, oil and water respectively. The tensions are related to the contact angle

through the Young equation, such that
Ys0 — Ysw = Yow COSO (1.13)
Therefore equation 1.12 can be simplified to

Eget = 12 yow(1+C0s6)° (1.14)
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For the removal of the same particle from the interface into the water phase, the sign
within the bracket of equation (1.14) becomes negative. From equation 1.14, the
removal of a hydrophobic particle (6 > 90°) into the oil phase requires less energy than
removal of the same particle into the water phase, whereas the opposite is true for a
hydrophilic (6 < 90°) particle. The variation of the minimum energy of detachment

with the contact angle 6 at fixed y,w and particle radius is shown in Figure 1.8.

Figure 1.8. Variation in minimum energy of detachment of a spherical particle of
radius r = 10 nm with contact angle @ at the planar isopropyl myristate-water interface
of interfacial tension yow = 27.32 mN m™ at 298 K.
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From Figure 1.8 it can be seen that particles are most strongly adsorbed at the oil-
water interface when 8 = 90°. Either side of 90°, Eg falls rapidly such that for particles
with @ between 0 and 20°, or between 160 and 180°, the energy of detachment is only
10 KT or less. Hence particles that are too hydrophilic (low #) or too hydrophobic (high
0) are easily removed from the interface and do not stabilise emulsions, as described
previously. At values of 6 around 90°, the energy of particle detachment is typically
orders of magnitude higher than the thermal energy. Solid particles of intermediate
wettability can therefore be considered irreversibly adsorbed,'*** unlike surfactant

molecules which are in rapid dynamic equilibrium with non-adsorbed surfactant.
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Particle-stabilised emulsions therefore offer great potential to the pharmaceutical

industry for the production of high stability topical formulations.

1.4.3 Emulsion stability

As macroemulsions are ultimately thermodynamically unstable, emulsion stability is
a kinetic concept.>> An emulsion is considered stable if it is resistant to physical
changes over a certain time scale. Figure 1.9 shows the four main ways in which an
emulsion can become unstable. These processes are called flocculation,
creaming/sedimentation, coalescence and Ostwald ripening, and they can occur

simultaneously or consecutively within an emulsion.

Figure 1.9. Schematic representation of the different types of physical instabilities

exhibited by an emulsion. Redrawn from reference 22.
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Creaming refers to the movement of drops of the dispersed phase under gravity or in
a centrifuge to form a concentrated layer at the top of a sample, but with no
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accompanying change in the drop size distribution. Typically this is observed in o/w
emulsions, as the oil phase is usually less dense than the aqueous phase. Initially, a
concentration gradient of drops develops in the vertical direction, often followed by the
appearance of a distinct boundary between an upper cream layer and a lower depleted
emulsion layer.>® When the dispersed phase is more dense than the continuous phase,
typically the case in w/o emulsions, the equivalent phenomenon is called
sedimentation. Creaming or sedimentation represents a reversible type of emulsion
instability in that gentle agitation is sufficient to restore uniform distribution of drops.
In very dilute emulsions, the creaming speed vs of an isolated, spherical drop of radius
r moving through a fluid medium of density po and Newtonian shear viscosity #q is

given by an expression based on Stokes law>® by

v, = (1.15)

where g is the acceleration due to gravity and p is the density of the dispersed phase. In
the absence of significant emulsion drop interaction, this equation indicates that
creaming or sedimentation can be retarded by reducing the size of the emulsion drops,
increasing the viscosity of the continuous phase or by decreasing the density difference

between the phases.
1.4.3.2 Flocculation

Flocculation is the process in which emulsion drops aggregate, without rupture of

the stabilising interfacial film.*®

Whether or not emulsion drops flocculate is
determined by the free energy of interaction between the emulsion drops as a function
of their separation. This is generally described by the Derjaguin and Landau, and
Verwey and Overbeek (DLVO) theory which is not discussed here as it is not of
primary relevance to the contents of this research. If the free interaction energy is
appreciably negative at a certain separation, flocculation of the emulsion drops occurs.
Like creaming this process can be reversible in that gentle agitation is often sufficient
to restore the uniform distribution of drops. Stronger interdrop attractions however can
also cause irreversible flocculation, where far greater energy input is required to re-
disperse the emulsion drops. Floculation usually results in enhanced creaming, as the

effective radius of the flocs is larger than that of individual drops. On the other hand,
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flocculation can also result in a gel-like network of emulsion drops, effectively
arresting creaming. Like other colloids, emulsions are also susceptible to non-DLVO
forces. Their stability can be enhanced by the use of polymeric surfactants imparting
steric stabilisation of the emulsion drops against flocculation. The presence of excess
emulsifier, as either micellar surfactant aggregates in surfactant-stabilised emulsions or
nanoparticles in particle-stabilised emulsions, can also cause the flocculation of

emulsion drops through depletion attraction.
1.4.3.3 Coalescence

Coalescence is the process in which two or more emulsion drops fuse together to
form a single larger emulsion droplet, and in doing so reduce their surface free energy.
This process is irreversible and, if allowed to continue, ultimately results in complete
phase separation of an emulsion into the two bulk liquid phases. For coalescence to
occur, the forces between the emulsion drops must be such that the film of continuous
phase separating them becomes sufficiently thin that film rupture becomes a likely
possibility. A consequence of this is that interdrop coalescence will be enhanced in
creamed or flocculated systems. Rupture of the separating films between emulsion
drops is thought to occur through the presence of surface waves at the molecular scale.
The Brownian motion of molecules in and near film surfaces may provide the
activation energy required to produce a small hole in the thin film, which then
propagates across the film resulting in coalescence. The presence of larger surface

waves has been postulated by Vrij,®’

whose amplitude is greater at larger drop
diameter. Overlap of these waves between emulsion drops creates local thin-spots in

the liquid film, which promote hole formation and coalescence.
1.4.3.4 Ostwald ripening

Ostwald ripening refers to the molecular diffusion of dispersed phase between
emulsion drops of differing size. As such it is particularly apparent when the dispersed
phase shows significant solubility in the continuous phase. According to the Kelvin
equation,®® the solubility of a substance in the form of spherical drops increases with
increasing size by

2V,

c(r) =c(0) exp (ﬁj (1.16)
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where c(r) is the continuous phase solubility of the dispersed phase within a drop of
radius r, c(w) is the solubility in a system with only a planar interface, y is the
interfacial tension, Vy, is the molar volume of the dispersed phase, R is the gas constant
and T is the temperature. As a consequence of its enhanced solubility, material
contained within small emulsion drops tends to dissolve into the continuous phase and
recondense onto larger emulsion drops. This process results in an increase in the
average emulsion drop size without coalescence, which theoretically continues until all

the drops are merged into one.>

1.5 Current opinions in membrane permeation studies and topical formulation

design

The study of solute permeation across a membrane is important in many
applications, including the retention of perfumes and flavours within food packaging,
the exclusion of toxic chemicals by chemical safety suits, the control of pests and plant
diseases using bioactive agrochemicals, cosmetics and the delivery of pharmaceutical
actives across membrane barriers such as the skin. The permeating species may be
contacted with the donor side of the membrane in a variety of formulation types (or
“vehicles”) including, inter alia, solutions in either aqueous or low polarity organic
solvents, or dissolved within multiphase, colloidally microstructured systems, such as
particle dispersions or emulsions which may be of either an oil-in-water or water-in-oil

conformation.

There is an extensive literature on membrane permeation covering both biological
membranes such as skin and synthetic, polymer membranes. Effects of donor solvent
type, including both thermodynamic (reflecting the relative affinity of the permeant for
the membrane) and kinetic effects (how the solvent type affects the diffusivity of the
permeant in the membrane) have been investigated.*** Donor vehicles have included
not only single-solvent solutions but also permeants dissolved in mixed solvents®™ "
and more complex, multi-phase vehicles such as emulsions including oil-in-water,
water-in-oil and multiple types stabilised by either surfactants, polymers or particles.”*
7 Overall, it is well established that the extent and rate of permeation for a particular
permeating species and membrane system depends strongly on the nature of the type of
formulation applied to the donor side of the membrane. As discussed in this research,

donor solvent effects can arise from many possible causes which can depend on both

34



the nature of the specific system together with details of the experimental conditions
(for example, the donor and receiver compartment stirring rates, volumes and
membrane thicknesses) used in the permeation measurements. Despite numerous
literature reports of donor solvent effects on permeation, many of the studies lack
sufficient detailed information to enable unambiguous resolution of which effect or
combination of effects may be operating in particular donor vehicle systems. An
additional problem is that switching between the same polar and apolar donor solvents
can affect permeation in dramatically different ways for systems with different
permeating species or membranes. Hence, although many individual aspects of donor
solvent effects on permeation have been reported, there remains a clear need to clarify
(i) all the possible origins of such effects and how to discriminate between them and
(i) how donor solvent effects depend on the natures of the permeant and the
membrane. The primary aim of the work discussed in this thesis is to address both of

these points using a combination of theory and experiment.

The recent development in the understanding of particle behaviour at a fluid-fluid
interface, and therefore the use of particles as emulsifiers, has allowed for the
production of a wide range of novel formulations. Each of these novel formulations are
potential vehicles for the delivery of active drugs to the skin and include formulation
designs such as dry aqueous powders,*® powdered oils,® liquid marbles® and
powdered emulsions.®? By further application of this developing knowledge, the
secondary aim of the work discussed in this thesis concerns the production of
waterless, particle-stabilised emulsions and the characteristics of drug delivery from
these developed formulations. A thorough understanding of the mechanisms of drug
delivery from such formulations subsequently allows for the exploitation of the

potential benefits that they can provide to the pharmaceutical industry.
1.6 Presentation of thesis

The initial aim of this work is to establish a reproducible method for accurately
monitoring the membrane permeation of an active drug from various different types of
topical formulation. Chapter 2 describes the experimental methods and apparatus used
for these analyses, and discusses the materials and techniques used for the development

of the various different topical formulations investigated.

35



Chapter 3 introduces the fundamental theoretical model which describes the
predicted characteristics of drug delivery across an isotropic membrane from a donor
solution. The derived model illustrates an intrinsic prediction for the theoretical rate
and extent of membrane permeation for any given combination of donor solution type
(i.e. aqueous or oil solvent), membrane wettability (i.e. hydrophilic or hydrophobic
membrane) and permeant hydrophobicity (i.e. hydrophilic or hydrophobic permeant).
A comparison between these predictions and data recorded experimentally, via the use
of the methods described in Chapter 2, is then conducted and the model is shown to
provide accurate predictions across an extensive magnitude of 10° units. All
assumptions proposed for the derivation of the theoretical model are fully exploited
and the additional solvent effects which can arise by rendering each assumption

individually invalid is accordingly tested and understood.

Chapter 4 describes the development of a new class of formulation which is a
potential vehicle for use in the delivery of an active drug across the skin barrier. The
preparation and properties of waterless, particle-stabilised emulsions are investigated.
Investigations into the formation of numerous different waterless, particle-stabilised
emulsions are presented, and several interesting observations, such as the preparation

of transparent emulsions, are analysed and understood.

The work described in Chapter 5 introduces a systematic modification to the
intrinsic theoretical model derived in Chapter 3. This adapted model allows for the
explanation and prediction of the rate and extent of drug delivery from colloidally
microstructured donor formulations, such as particle dispersions within a solvent or
particle-stabilised emulsions of both oil-in-water and water-in-oil types. The delivery
of an active drug across a membrane from both conventional oil-water and the
developed waterless, particle-stabilised emulsions is experimentally investigated and
compared to the theoretical values predicted by the adapted model. The mechanisms of
drug delivery from such donor formulations are described and the theoretical model is

again shown to correctly account for the experimental observations made.

Finally, a summary of the conclusions and suggestions for future work are described

in Chapter 6.
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CHAPTER 2

EXPERIMENTAL

This chapter describes the materials and experimental methods used throughout this

research.

2.1 Materials

2.1.1 Solvents
2.1.1.1 Water

Water was purified by passing through an Elgastat Prima reverse osmosis unit
followed by a Millipore Milli-Q reagent water system. Measurements of the resulting
Milli-Q water surface tension using the du Noty ring method were typically 71.9 mN
m™ at 25°C, which is in good agreement with the accepted literature value® for
ultrapure water. The resistivity of the Milli-Q water was consistently around 18 MQ

cm.
2.1.1.2 Phosphate-buffered saline solution

Phosphate-buffered saline (PBS) solutions were prepared by dissolution of 137 mM
NaCl, 2.7 mM KCI, 10 mM Na,HPO, and 2 mM KH,PO, in Milli-Q water. The
produced PBS solutions had a pH of 7.3 at 25°C. All inorganic salts used to prepare the

PBS solution were used as supplied (see Table 2.4).
2.1.1.3 Squalane

Squalane (> 99% purity, Sigma-Aldrich) (chemical structure shown in Figure 2.2)
was purified prior to use by column chromatography through activated acidic
aluminium oxide. This was repeated numerous times in order to remove polar
impurities. The purity of the squalane was analysed after passing through each column
using ultraviolet-visible (UV-vis) spectrophotometry, until the optimum purity had
been reached. The influence of purification by column chromatography, through
various types of activated aluminium oxide, upon the UV absorption spectra of

squalane is illustrated in Figure 2.1.
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Figure 2.1. UV absorption spectra before (blue line) and after purification of 50 ml
squalane, by column chromatography, through 50 g of basic (red), neutral (green) and

acidic (purple) activated aluminium oxide.
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The UV absorbance is shown to drastically reduce from approximately 3.5
absorbance units to less than 0.5 absorbance units across the wavelength of 240-280

nm, indicating the importance of this purification method.

Figure 2.2. Chemical structure of squalane (CzoHey).

e

2.1.1.4 Isopropyl myristate

Isopropyl myristate (IPM) (> 98% purity, Sigma-Aldrich) was purified prior to use
by column chromatography through activated neutral aluminium oxide 3 times in order

to remove polar impurities. The chemical structure of IPM is shown in Figure 2.3.

Figure 2.3. Chemical structure of IPM (C17H340,).
)
/\/\/\/\/\/\)I\OJ\
2.1.1.5 Propane-1,2-diol

Propane-1,2-diol (also called propylene glycol (PG)) (> 99.5% purity, Sigma-

Aldrich) was used as received. The chemical structure of PG is shown in Figure 2.4.

Figure 2.4. Chemical structure of PG (C3HgO,).

HO™ Y
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2.1.2 Permeants

Table 2.1 summarises the permeant molecules used in this research with their

structures, suppliers and purities.

Table 2.1. Structure, supplier and purity of the permeants used in the membrane

permeation studies.

Permeant Structure Supplier Purity/%

Testosterone TCI Europa 98
o}
N/
Caffeine )N\ | ) Sigma-Aldrich > 99
o "N N

2.1.3 Membranes
2.1.3.1 Polydimethylsiloxane

Polydimethylsiloxane (PDMS) elastomeric membranes (model 7-4107) were a gift
from Dow Corning, Europe and had a mean thickness of 81+15 um. The membranes
were pre-soaked in PBS for 24 hours before being cut to size with a clean, sharp
scalpel prior to use. Following soaking experiments for 24 hours, it was found that the
PDMS membrane did not swell significantly in either area or thickness when
submersed in PBS, squalane or PG solvents. However, PDMS was shown to swell by
approximately 20% in both area and thickness after 24 hours submersion in IPM, as

discussed in Chapter 3. Figure 2.5 illustrates the chemical structure of PDMS.

Figure 2.5. Chemical structure of PDMS.

HsC HaC  CHs CHg
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0 0
HaC CHg
. dn
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The advancing and receding three-phase contact angles (measured using a Kriss
Drop Shape Analyser 10) on the PDMS membrane of water drops in air were 117° and
92° respectively, whilst IPM drops in air spread on the membrane surface (i.e. the
equilibrium contact angle was < 3°) illustrating the hydrophobic nature of the
membrane. Figure 2.6 shows a scanning electron microscope (SEM) image of the
PDMS membrane coated with a 30 nm thick, thermally evaporated backing film of
titanium, which acts as an electron beam heat sink to protect the membrane structure
during analysis. Increased magnification resulted in damage to the structure of the

membrane. The surface roughness and depth uniformity is illustrated.

Figure 2.6. SEM image of a dry PDMS membrane coated with a 30 nm thick,

thermally evaporated backing film of titanium. Scale bar = 100 pm.

2.1.3.2 Cellulose

Cellulose membranes were dialysis membranes (12-14 kD molecular weight cut-off,
Medicell International Ltd.) and had a dry membrane thickness of 23 pum. The
membranes were pre-soaked in PBS for 24 hours before being cut to size with a clean,
sharp scalpel prior to use. Following soaking experiments for 24 hours, it was found
that the cellulose membrane did not swell significantly in either area or thickness when
submersed in squalane, IPM or PG solvents. However, submersing cellulose in PBS
caused the membrane to swell in thickness from 23 to 48 um but produced no change
in the membranes area. Figure 2.7 illustrates the chemical structure of a cellulose

monomer unit.
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Figure 2.7. Chemical structure of cellulose.

OH
° OH
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HO 0o o)
OH
OH N

In an attempt to measure the three-phase contact angle of a water drop on the PBS
soaked cellulose membrane, the droplet immediately spread across the surface
producing an equilibrium contact angle of < 1°. The advancing and receding three-
phase contact angles of squalane drops in air on the PBS soaked cellulose membrane
were 31° and 27° respectively, illustrating the hydrophilic nature of the membrane.
Figure 2.8 shows an SEM image of a cross-section of a dry cellulose membrane which
Is also coated with a 30 nm thick, thermally evaporated backing film of titanium to
protect the membrane. Increased magnification beyond that illustrated resulted in
damage to the structure of the membrane. The surface smoothness and depth

uniformity is illustrated.

Figure 2.8. SEM image of a cross-section of a dry cellulose membrane coated with a

30 nm thick, thermally evaporated backing film of titanium. Scale bar = 40 pum.

2.1.4 Oils and polyols

As will be seen in Chapter 4 several oils and polyols are used for the preparation of
emulsions which do not serve as solvents in the membrane permeation studies. Table

2.2 summarises these liquids with their supplier and purity. All oils were purified prior
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to use by column chromatography through activated neutral aluminium oxide 3 times

in order to remove polar impurities. All polyols were used as received.

Table 2.2. Supplier and purity of the additional oils and polyols used in the preparation

of emulsions.
Liquid Supplier Purity/%
Paraffin Liquid (grade 783LP) Total > 98
DC 200 PDMS oil (50 cSt) Dow Corning -
Miglyol 812
(a medium chain triglyceride) Sasal (batch 110711) .
Butane-1,2-diol Sigma-Aldrich >98
Pentane-1,5-diol Sigma-Aldrich >97
Propan-1-ol BDH >99.5
Glycerol Sigma-Aldrich >99
Polyethylene glycol (PEG 300)
(molecular weight = 285-315 g Sigma-Aldrich -
mol™)

2.1.5 Fumed silica particles

Fumed silica particles with different hydrophobicities were kindly provided by
Wacker-Chemie in Burghausen, Germany. Raw silica particles were produced by
hydrolysis of silicon tetrachloride in an oxygen-hydrogen flame at a high temperature.?

SiCl, + 2H, + O, — SiO, + 4HCI (21)

In the flame process at 1200°C, particles of SiO, collide and coalesce to give
smooth and approximately spherical primary particles of 10-30 nm in diameter. These
primary particles collide and may fuse at lower temperatures to form stable aggregates
of 100 — 500 nm in diameter. Fumed silica particles are considered hydrophilic due to
silanol groups on the particle surface® and possess a surface area of 200 m? g™
Hydrophobic silica was prepared by reacting hydrophilic silica with
dichlorodimethylsilane (DCDMS) in the presence of molar amounts of water, followed

by drying at 300°C for 1 hour.* This reaction results in the formation of dimethylsiloxy
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groups on the particle surface, which cover the silica surface like a monolayer, without
significantly altering the particle diameter® (see Figure 2.9). Table 2.3 shows the
codename and silanol content of all the silica particles used in this study. The silanol
content on the silica surface was determined by acid-base titration with sodium
hydroxide and relative contents of silanol groups after surface modification were
determined by dividing the silanol content of the modified silica by that of the
unmodified silica (100% SiOH). The content of silanol groups on particle surfaces
decreases during silanisation, therefore the particle surface becomes more
hydrophobic.® Further DCDMS-modification of silica particles to an extent below 14%

SiOH is problematic due to steric hindrance between neighbouring silane groups.

Figure 2.9. Envisaged structure of a hydrophilic (100% SiOH) primary silica particle
(left) and a hydrophobic DCDMS-modified primary silica particle (right).
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Table 2.3. Codename and silanol content of the fumed silica particles used in this

study.
Codename % SiOH
HDK N20 100
SLM 4330002/68-18 88
SLM 433002/160 87
SLM 433002-MM038/3a-d 80
SLM 433002-MMO038/1a-d 75
SLM433002/135 71
SLM433002/150 67
SLM 433003-43/1 65
SLM 4330002/68-19 62
SLM433002-MM038/2a-d 61
SLM 433002/140-1a/b 58
SLM433002/239 53
HDK H30 47
SLM4330002/68-20 42
SLM 433002/121-2 37
SLM4330002/68-21 32
SLM 433002/121-1 25
HDK H18 20
SLM 433002/MM004 14

Figure 2.10 shows a transmission electron microscope (TEM) image of a dispersion
of 20% SiOH silica particles arrested within a cured resin to prevent extensive particle
aggregation. The observed aggregation of primary silica particles occurs due to the

formation of hydrogen bonds between silanol groups at the particle surface.
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Figure 2.10. TEM image of a dispersion of 20% SiOH silica particles arrested within a

resin cured within 3 minutes of initially dispersing the particles. Scale bar = 100 nm.

2.1.6 Other materials

Within specific sections of this work, materials other than those already detailed
have been used. These materials along with their supplier and purity are listed in Table
2.4.

Table 2.4. Suppliers and purities of additional materials used within this study.

Material Supplier Purity
Sodium chloride BDH > 99.5%
Potassium chloride BDH > 99.5%
Disodium hydrogen ] o
Fischer Scientific > 99%
orthophosphate
Potassium dihydrogen
BDH > 99%
orthophosphate
Activated aluminium oxide
_ o Merck > 99.5%
(basic, neutral and acidic)
n-Decane Sigma-Aldrich 99%

Calofort U (precipitated o )
. Speciality Minerals Inc. -
calcium carbonate)

Calofort SV (precipitated

. Speciality Minerals Inc. -
calcium carbonate)
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2.2 Methods

2.2.1 Calibration of UV-vis spectrophotometer for the determination of permeant

concentration within a liquid solvent

A Unicam UV3 UV-vis spectrophotometer thermostated at 32°C was used
throughout this study to determine the permeant concentration in numerous different
solvents. This analysis primarily required the production of an absorbance versus
permeant concentration calibration graph for each combination of permeant/solvent. To
produce these calibration graphs, a sub-saturated stock solution of known permeant
concentration in the required solvent was first prepared and then analysed
spectrophotometrically. The instrument was configured such that the background
absorbance of both the cuvette and the chosen solvent were subtracted from the overall
absorption spectra producing accurate and reproducible data corresponding to the
absorbance from only the permeant under analysis. The absorption spectra of the
prepared stock solution was initially analysed over an exhaustive wavelength range of
190-1100 nm to highlight which wavelength of light gave the largest absorbance signal
per unit concentration (i.e. the Amax wavelength was determined). The Anax Wavelengths
required for the analysis of testosterone and caffeine varied slightly from solvent to
solvent, as expected, but were typically 251 nm and 273 nm respectively. Aliguots of
the prepared stock solution were then diluted to produce several more solutions of
known, lower permeant concentration. Each of these dilutions were then analysed
spectrophotometrically at the corresponding Amax Wavelength until the concentration of
the permeant was lower than the detectable capabilities of the instrument. The recorded
absorbance at the corresponding Amax Wavelength was then plotted against the known
permeant concentration to produce the required calibration graphs. All absorbance
versus permeant concentration calibration graphs used in this study are given in
Appendix I. The analysis of these calibration graphs reveals information regarding the

ideality of the permeant in solvent solutions, as discussed later.

2.2.2 Permeant in solvent solubility measurements

The solubilities of testosterone and caffeine in the respective solvents were
measured at 32°C. To measure these parameters, an excess of the permeant was added

to a known volume of a chosen solvent and the mixture was stirred for 48 hours at
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32°C. The permeant-saturated supernatant liquid was then extracted from the mixture
and diluted to be within the concentration range of the respective calibration graph.
The analysis of the UV absorption spectra of the dilute supernatant then allowed, in
conjunction with the applied dilution factor, for the accurate determination of the

concentration of the permeant within the saturated solvent at 32°C.

2.2.3 Measurement of solvent/solvent and solvent/membrane equilibrium permeant

partition coefficients

The equilibrium permeant partition coefficients between two immiscible liquids
were measured by contacting a known volume (typically 5.0 ml) of solution of the
required permeant concentration in the aqueous (for caffeine) or oil phase (for
testosterone) with a known volume of the appropriate second phase. The mixture was
then stirred at 1000 rpm at 32°C for either 1 or 2 weeks in a sealed glass vessel.
Following this equilibration, the oil and aqueous layers were allowed to separate,
samples of both phases were withdrawn and the equilibrium permeant concentration
was determined by UV-vis spectrophotometry. Control measurements were made using
samples with no permeant in order to correct the measured UV absorbance values for
small (typically 10% or less) errors due to the presence of trace UV-absorbing
impurities arising from the oil solvents. The concentration values enabled the
calculation of the partition coefficient, equal to the ratio of equilibrium permeant
concentrations in the two phases. All partition coefficients are denoted using the
consistent nomenclature that K., = C4/Cp. It was found that either 1 or 2 weeks

equilibration time yielded identical permeant partition coefficient values.

The equilibrium partition coefficients of the permeants between either aqueous or
oil solutions and the two membranes (PDMS and cellulose) were measured by the
equilibration of a known volume of permeant solution of known initial concentration
with a known volume of the membrane at 32°C. Following equilibration, the
equilibrium permeant concentration in the solution phase (decreased by loss of
permeant to the membrane) was determined spectrophotometrically and the result was
used to calculate the respective permeant partition coefficient. The value of the
permeant partition coefficients measured in this way did not change with equilibration
times varying from 1 day to 5 weeks. Each final value of the permeant partition

coefficient was the mean of at least 5 independent measurements. Control
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measurements with systems containing no permeant were again used to correct UV
absorbance values for trace UV-absorbing impurities leached from the membranes.

This correction was less than 5% in all cases.

2.2.4 Membrane permeation measurements

The permeation of testosterone and caffeine from a donor compartment through
PDMS and cellulose membranes to a flow-through receiver compartment was
monitored via the use of an in-line permeation cell supplied by PermeGear, Inc. (model
#1K001-15-VD). The schematic diagram of the cells cross-section, shown in Figure
2.11, illustrates the membrane trapped between the donor and receiver compartments.
In performing a membrane permeation study, the donor compartment is filled with a
topical formulation of known initial permeant concentration and the release of the
permeant through the membrane to the receiver compartment is monitored. The cell
has a circular membrane window of diameter 15 mm, exposed membrane area of 1.76
cm? and an upper, fixed volume (2.18 ml) donor compartment which is sealable with a
screw-cap septum. The donor compartment of the permeation cell was magnetically
stirred during the permeation experiments with a stirrer bar of dimensions 12.5 x 3.5
mm rotating at 5000 rpm (unless stated otherwise). The cell is constructed from
chemically inert polychlorotrifluoroethylene (PCTFE) and was thermostated at 32°C to

simulate the temperature of the surface of human skin.

Figure 2.11. Cross-section of the in-line permeation cell supplied by PermeGear Inc.
used in the membrane permeation studies presented here. Image taken from the

manufacturer’s website.®
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The receiver compartment of the permeation cell can be configured to incorporate
either a closed-loop (fixed volume) or an open (variable volume) receiver
configuration, as illustrated in Figure 2.12. In a closed-loop receiver configuration the
receiver solvent volume is constant and is continuously pumped around a series of
instruments, which analyse the change in permeant concentration within the receiver
phase over time. In an open receiver configuration, the volume of the receiver solvent
Is variable because a continuous stream of fresh solvent flows from a reservoir supply
beneath the membrane, through an analytical detector to determine the concentration of
permeant present in the receiver phase and into a waste collection chamber. The total
volume of the receiver phase in an open receiver configuration is therefore dependent
on the extent of time the permeation experiment is conducted and the volumetric flow
rate of the receiver phase. All permeation experiments incorporating a closed-loop
receiver configuration were conducted with a receiver phase flow rate of 3 ml min™
whereas permeation experiments incorporating an open receiver phase configuration

were conducted at various different receiver phase flow rates as discussed in Chapter 3.

Pumping of the receiver compartment solution was achieved using a Spectra System
P1500 Isocratic Liquid Chromatography Pump, capable of flow rates between 0.01 — 10
ml min™, which operates a dual sapphire piston mechanism to produce a pulse-free
flow. The permeant concentration in the receiver compartment was monitored by
pumping the receiver solution through a flow-through quartz cuvette (1 ml, closed-loop
receiver configuration or 0.08 ml, open receiver configuration internal solution
volume) with a 10 mm path length mounted within the temperature controlled Unicam
UV3 UV-vis Spectrophotometer also maintained at 32°C. The permeant concentration
in the receiver phase was derived from the solution absorbance values measured at the
corresponding Amax Wavelengths via reference to the calibration graphs. The receiver
solution UV-absorbance values were captured automatically at 20 second intervals

over permeation runs lasting up to 80 hours.

The flow circuit components were connected using 0.762 mm internal diameter
stainless steel tubing plus push-fit, polytetrafluoroethylene (PTFE) tubing connections
to the inlet and outlet of the UV-Vis flow-through cuvette. Tubing connection lengths
were kept to a minimum and were insulated to optimise thermostating. For the open,
variable volume receiver configuration, it was necessary to incorporate a 75 psi back

pressure regulator between the pump and the permeation cell to ensure proper
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operation of the pump valves. In addition, a coil of 0.762 mm internal diameter
stainless steel tubing was added to the flow line exit into the receiver waste container in
order to achieve a low back pressure within the permeation and UV-Vis cells and

thereby minimise problems with gas bubble formation.

Figure 2.12. Schematic diagrams of the closed-loop, fixed volume (upper) and open,

variable volume (lower) receiver phase flow configurations used in this study.
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2.2.5 Preparation of fumed silica particle dispersions

Dispersions of silica particles were prepared using an ultrasonic processor Vibra-
cell (Sonics & Materials). A known amount of particles was dispersed in either
aqueous or oil solvent by operating the processor with a probe tip of diameter 3 mm at
20 kHz and up to 10 W for 2 minutes. The vessel containing the dispersion was kept

cool during sonication by immersing it in an ice bath.

2.2.6 Preparation of particle-stabilised emulsions

Particle-stabilised emulsions were prepared via homogenisation of 5 ml of oil, 5 ml
of polar phase and the required mass of fumed silica particles in glass vessels (diameter
25 mm, length 75 mm) thermostated at 25°C. Emulsions containing a required
concentration of permeant were prepared via the dissolution of the required mass of
permeant in the respective phase prior to emulsification (i.e. testosterone was dissolved
in the oil phase and caffeine was dissolved in the polar liquid phase). For the purpose
of emulsion characterisation, the polar phase was doped with 4 mM NaCl to increase
the conductivity of the liquid. Emulsions were prepared using the powdered particle
method. In this method, fumed silica particles were added as a powder on top of the
most dense polar liquid phase followed by the least dense oil phase. This method
removes the possibility that the initial location of the particles may influence the
subsequent emulsion properties and so particles dictate the emulsion behaviour due
solely to their inherent wettability. Emulsification was achieved with an IKA Ultra-
Turrax homogeniser fitted with a dispersing head of diameter 18 mm operating at
13,000 rpm for 5 minutes.
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2.2.7 Characterisation of particle-stabilised emulsions
2.2.7.1 Drop test

The continuous phase of an emulsion was inferred by observing whether a drop of
emulsion dispersed or remained when added to either the pure oil or pure water.” Water
continuous emulsions would disperse in water and remain as drops in oil, whereas oil

continuous emulsions would remain as drops in water but disperse in oil.
2.2.7.2 Conductivity

A Jenway 4310 conductivity meter using Pt/Pt black electrodes was used to
determine the conductivity of emulsions. Conductivity measurements were made
immediately after emulsification. Low conductivity values indicated continuous
emulsions whereas high conductivity values were associated with polar liquid
continuous emulsions doped with 4 mM NaCl.’

2.2.7.3 Optical microscopy

Emulsions were observed with optical microscopy using an Olympus BX51
microscope. The emulsion was observed raw or diluted in its continuous phase in a
dimple cell microscope slide covered by a cover slip. Digital micrographs were taken
with a 12-bit Olympus DP70 camera and edited using Adobe Photoshop CS3 to add a
scale bar. The mean droplet diameter of an emulsion was calculated from at least fifty
individual drops on digital micrographs taken within five minutes of emulsion
preparation. Optical microscopy was also used to distinguish between simple oil-in-

polar liquid or polar liquid-in-oil emulsions.
2.2.7.4 Stability

Emulsions were stored at room temperature in the vessels used during
homogenisation, these being foil lined screw-capped glass sample tubes of inner
diameter 25 mm and length 75 mm. The stability of polar liquid continuous emulsions
to creaming and coalescence was assessed by monitoring the change with time of the
polar liquid-emulsion boundary and oil-emulsion interface, respectively. For oil

continuous emulsions, the stability to sedimentation and coalescence was assessed by
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monitoring the change with time of the oil-emulsion boundary and polar liquid-

emulsion interface, respectively.

Figure 2.13 depicts how the fraction of polar liquid (f,) and oil (i) resolved from
an emulsion are determined from the height of polar liquid resolved (h), height of oil
resolved (h,), initial volume fraction of polar liquid (¢,) and oil (¢,) and the total height

of emulsion plus polar liquid and oil resolved (hy).

Figure 2.13. Determination of water and oil resolved from an emulsion.
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CHAPTER 3
MEMBRANE PERMEATION FROM DONOR SOLUTIONS

3.1 Introduction

The permeation of a species from a donor to a receiver compartment across a
membrane is important in many applications. The primary interest here is in the
delivery of pharmaceutical actives across membrane barriers such as the skin. The aim
of the work presented in this chapter is to understand how changing the donor
compartment solvent can affect both the rate and extent of membrane permeation of a
chosen permeant to a receiver compartment containing an aqueous electrolyte solution.
The results discussed within this chapter aim to explain (i) all possible origins of the
observed donor solvent effects, (ii) how to resolve which donor solvent effect or effects
may be operating in a particular system and (iii) how the donor solvent effects depend
on the natures of both the permeating species and the membrane. The work discussed

in this chapter addresses these points using a combination of theory and experiment.

The overall problem is tackled in several steps. Firstly, a theoretical model is
developed based on the assumption that the rate-determining step of the overall mass
transport of the permeant from donor to receiver compartments is diffusion across the
membrane, i.e. that all other steps in the overall process, such as diffusion within the
donor or receiver compartment solutions and entry or exit of the membrane are
relatively fast. This theory enables quantitative prediction of how the donor solvent
affects both the extent and rate of permeation for all combinations of permeant and
membrane species for systems and conditions for which the set of model assumptions
are valid. Secondly, the permeation kinetics are measured for all combinations of
hydrophilic and hydrophobic donor solvents (aqueous solution and squalane),
hydrophilic and hydrophobic permeants (caffeine and testosterone) and hydrophilic and
hydrophobic membranes (cellulose and PDMS). Thirdly, using ancillary measurements
of partition coefficients, the experimental permeation rate data are compared with the
predictions of the theoretical model. The model comparisons enable distinguishment
between experimental systems which obey the model assumptions and those which do
not. In turn, this enables a rigorous resolution of which of the different possible donor

solvent effects are operating in the different experimental systems.
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3.2 Theoretical modelling of membrane permeation from donor solutions

The derivation of a theoretical model to describe the transport of a permeant from a
stirred donor solution, through a membrane to a recirculating receiver solution in the
closed-loop experimental configuration as described in Chapter 2, firstly requires the
proposition of assumptions. The validity or otherwise of these assumptions for
particular experimental conditions must, of course, be questioned and tested for all

comparisons with experiments.

The envisaged mechanism for the transport of a permeant from a donor solution,
through a non-porous membrane, into a receiver solution is described by five key steps.

These steps are:

1. Permeant diffusion from within the bulk donor solution to the membrane
interface

2. Permeant partitioning from the donor solution to the outermost layer of the
membrane

3. Permeant diffusion across the membrane

4. Permeant partitioning from the outermost layer of the membrane to the receiver
solution

5. Permeant diffusion within the bulk receiver solution
Figure 3.1 schematically illustrates these five key steps.

Figure 3.1. A schematic representation of the five key steps describing the transport of
a permeant from a donor solution, through a non-porous membrane, into a receiver

solution.

Permeant molecules °

Donor solution —>:

Non-porous membrane
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3.2.1

Theoretical model assumptions

In order to establish a basic theoretical frame work, the following assumptions are

made:

3.2.2

The rate limiting step of the entire membrane permeation process is assumed to
be diffusion of the permeating species across the membrane (i.e. step 3 in
Figure 3.1). Hence, all other mass transfer and partitioning steps within the bulk
donor and receiver compartments and transfer across the solution-membrane
interfaces are relatively fast (i.e. steps 1,2,4 and 5 in Figure 3.1).

The lag time required to establish a steady-state mass transfer rate is negligibly
small compared with the overall timescale of the permeation.

The diffusion of the permeant in the membrane follows Fick’s Laws. Hence, it
Is assumed that the membrane is uniform and that the diffusion coefficient has a
fixed value which is independent of the permeant concentration in the
membrane.

Only the single permeant species under consideration permeates across the
membrane, i.e. the donor and receiver compartment solvents do not cross the
membrane. If solvent permeation was to simultaneously occur, then it would
cause changes in the partition coefficients of the permeant to the membrane, as
a function of time as the donor and receiver phase compositions change
throughout.

The theory is restricted to uncharged permeant species and it is assumed that
the permeant solutions in the donor, receiver and membrane volumes behave
ideally, i.e. that concentrations can be substituted for activities in equations for

equilibrium partition coefficients.

Derivation of the theoretical model for membrane permeation into the closed-

loop, fixed volume receiver compartment

For the experimental permeation measurements described in this chapter, a

permeant solution of initial concentration Cyon is loaded into the donor compartment

and the permeant concentration Cr. in the fixed-volume, recirculating receiver

compartment is recorded over time, from its initial value of zero (Cyec0) until the final,

equilibrium value C,.. is reached. To fit the experimental permeation runs, a

theoretical expression is derived for the variation of Cr with time t as follows. With
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the first assumption listed previously, the local permeant concentrations in the
membrane on the donor and receiver sides (Cmemg and Cmem, respectively) are

maintained in local equilibrium with the concentrations Cgon and Cyec and hence

C..,=K C (3.1)

mem, d mem—don~“don

Coonr = KoomoeCone (3.2)

mem, r mem-—rec

For the purpose of this derivation, all partition coefficients are denoted using the
consistent nomenclature that Ky, = Co/Cy, where K, is the partition coefficient of the
permeant between phases a and b and C, and C, are the equilibrium permeant
concentrations in phases a and b respectively. Hence, Knyem-don and Kpem-rec are the
permeant partition coefficients between the membrane and the donor solution, and the

membrane and the receiver solution respectively.

The ratio of donor and receiver concentrations (= Cgon/Crec) IS N0t maintained equal
to the equilibrium permeant partition coefficient between the donor and receiver
solutions (Kgon-rec) during a permeation run; the equilibrium value is only reached at

long times when Cgyo, and Crec achieve their equilibrium values of Cgon e and Crec -

For permeation times longer than the so-called “lag-time”, Fick’s second law
predicts that a linear concentration gradient of permeant across the membrane is
established and permeation under these conditions is denoted as “steady-state”. The
steady-state permeant concentration gradient across the membrane (dCpem/dx) is
therefore described by

dC _ (Cmem,d _Cmem,r)

mem

dx X

(3.3)

where Cpem IS the permeant concentration at depth x in the membrane and X is the total
membrane thickness. The rate of change of permeant concentration in the receiver
compartment (dCr/dt) is related to the concentration gradient across the membrane

according to Fick’s first law, such that

dCrec _ AD 3 3 AD )
dt B ( erec J(Cmem,d Cnnem,r ) - ( erec ](Kmemdoncdon Krmmfreccrec ) (34)
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where A is the surface area of the membrane exposed to the donor solution, D is the
diffusion coefficient of the permeant in the membrane and Vi is the volume of the
receiver compartment. At any time during the permeation, the total amount of
permeant in the whole system is distributed between the donor and receiver
compartments and the membrane and consideration of the permeant mass balance
therefore gives

(n,-C.V,.. -C,..V

Cdon: rec ;e}c mem mem) (35)

don

where ny is the total number of moles of permeant, Vgon and Viem are the volumes of the
donor compartment and the membrane and Cpem IS the average concentration of
permeant within the membrane. Under steady-state permeation conditions, the
permeant concentration in the membrane varies linearly between Cmemg and Crem, and
hence Cmem = (Cmemd + Cmem,)/2. Substituting for Cnem in equation 3.5, according to
equations 3.1 and 3.2 gives, after some re-arrangement, the following expression for

Cdon |n termS Of Crec.

nt /Vdon (Vrec /Vdon + Kmem—recvmem /2Vdon)

N (Y VAR -V R (U CONNBVARYE V) R

mem—don* mem mem—don ¥ mem

Equation 3.6 can be expressed in the form Cgon = Y —Z Crec Where Y is the first
fraction term in equation 3.6 and Z is the multiplier term of Cc. Substituting this

expression for Cgo, into equation 3.4 yields

3.7
dt XV XV rec ( )

rec rec

dCrec _ {ADKmemdonY } _ { AD(Kmem—donZ + Kmem—rec )}C
Integration of equation 3.7 gives

Crec = Crec,oo + (Crec,O - Crec,oo )exp (_ kt) (38)

where Creco and Cieco are the initial and the equilibrium values of the permeant
concentration in the receiver compartment respectively. From equation 3.8, it can be
seen that Cy is predicted to increase exponentially from Creco t0 Creco With a first-

order permeation rate coefficient k (units: s™). Experimental permeation plots of Cec
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versus time are therefore fully characterised by two parameters: C,.... and k which, in

turn, are given by

K Y
Crecw = rem-don (39)
’ K Z+K

mem-don mem-—rec

and

k — {AD(KmemdonZ + Kmemfrec )} (310)

XV

rec

The final equations reveal the key observable characteristics of experimental
permeating systems for which the underpinning model assumptions are valid. These

characteristics are:

I.  The variation of C with time is predicted to follow an exponential curve.

II.  The value of the 1%-order permeation rate coefficient k is predicted to be
independent of the initial permeant concentration in the donor compartment.

[1l.  The values of C,.. and k are predicted to be independent of the donor stirring
rate and the receiver compartment flow-through rate as long as these are
sufficiently high to ensure that mass transport within either the donor or
receiver compartments is not rate-determining, (i.e. the first assumption is
justified).

IV.  The values of C,... and k are predicted to depend on the nature of the permeant,
donor and receiver solvents and the membrane as expressed by the values of the
membrane diffusion coefficient D and the two partition coefficients Kmem-don
and Kem-rec.

V. The values of C.. and k are predicted to depend on the geometrical

parameters of the permeation system, i.e. A, Vgon, Viec aNd Vinem.

3.2.3 Predicting the rate and extent of membrane permeation from donor solutions

Equations 3.8-3.10 enable the prediction of how the rate and extent of permeation
from donor to receiver compartments depends on the chemical natures of the permeant,
the donor and receiver solvents and the membrane. For the purposes of this prediction,

in order to remove factors such as permeant concentration and the geometrical
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parameters of the permeation system, let Vyon = Viec and Vimem = 0. The permeation rate
coefficient is expressed as the dimensionless rate coefficient (kXV,./AD) and the extent
of permeation as the fraction of total permeant concentration which is extracted from
the donor to the receiver compartment at equilibrium (Crec/Cgono). The different
combinations of hydrophilic/hydrophobic permeant, donor solvent and membrane can
be represented in terms of hypothetical values of Kyem-don and Kmem-rec fOr each system
as shown subsequently in Table 3.1. For this analysis, the partition coefficients have
been taken to be either 40 (for a permeant partitioning from a low affinity environment
to a high affinity environment, e.g. a hydrophobic permeant going from water to a
hydrophobic membrane), 1 (for a permeant partitioning between two environments for
which it has equal affinity, e.g. a hydrophilic permeant going from water to a
hydrophilic membrane) or 1/40 (for partitioning from a high affinity environment to a
low one, e.g. for a hydrophilic permeant going from water to a hydrophobic
membrane). Using these hypothetical K values with equations 3.8-3.10 allows a simple
means to visualise how the rate and extent of permeation are predicted to change with
donor solvent for different permeant and membrane combinations. For the conditions
set here (Vgon = Vrec and Vimem = 0), the factor Z reduces to 1, the factor Y reduces to

Cudon,0 and, from equation 3.9, the fraction of permeant extracted Ciec ./Cdono IS equal to

CI‘ECoo K d
) — mem-don 311
F } @11

Cdon,O mem-don + Kmem—rec

Similarly, from equation 3.10, the dimensionless permeation rate coefficient reduces
to

kXV

= =K +K 3.12
AD mem—don mem-—rec ( )
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Table 3.1. Calculated values of fraction of total permeant extracted from donor
compartment and dimensionless permeation rate coefficient for hypothetical systems
containing all combinations of hydrophilic and hydrophobic donor solvents, permeants
and membranes. Values have been designated as “high” (colour coded red), “medium”

(colour coded white) or “low” (colour coded yellow).

Dimensionless

Fraction ]
Donor permeation rate
Permeant Membrane K mem-don Kmem-rec | Permeant o
solvent coefficient
extracted

(KXV,e/ AD)

Water | Hydrophobic | Hydrophobic

Medium
(0.5)

) ) ) Medium Low
Oil Hydrophobic | Hydrophobic
Q) (0.024)

N ) Low Low Medium Low
Water | Hydrophilic | Hydrophobic
(0.025) (0.025) (0.5) (0.05)
) . ) Medium Low Medium
Oil Hydrophilic | Hydrophobic
(1) (0.025) 1)

) N Medium | Medium | Medium Medium
Water | Hydrophobic | Hydrophilic
1) 1) (0.5) )
) ) N Low Medium Low Medium
Oil Hydrophobic | Hydrophilic
(0.025) (1) (0.024) (1)
. N Medium | Medium | Medium Medium
Water | Hydrophilic | Hydrophilic
1) 1) (0.5) )
Medium
Oil Hydrophilic | Hydrophilic O

As seen in Table 3.1, the calculated dimensionless permeation rate coefficients all
lie within one of three ranges: high (41-80 for the K values taken here), medium (1-2)
or low (0.05). The values of the equilibrium fraction of permeant extracted are
similarly either high (0.98), medium (0.5) or low (0.024) depending on the ratio of

Kmem-don @Nd Kmem-rec Which is equal to the overall partition coefficient Kec-gon.
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Although the values of Kpem-don @and Kmem-rec Used here (either 40, 1 or 1/40) are, of
course, only broadly representative of the relative hydrophilic/hydrophobic natures of
different permeant, donor solvent and membrane systems, the comparison of Table 3.1
allows useful insight into how widely differing systems are expected to permeate.
Some of the results summarised in Table 3.1 follow easily from intuitive considerations
of the relative affinities of the permeant for the donor and receiver solvents and the
membrane. However, a key general and less intuitive conclusion is that the permeation
rate coefficient is proportional to the sum of the two partition coefficients (Kmem-don +
Kmem-rec), aS Seen in equation 3.12. It is this relationship which causes the permeation
rate effects of switching between the same polar and apolar donor solvents to vary

widely between different permeant/membrane combinations.

3.2.4 Comparing the theoretical model with experimental permeation results

The development of the theoretical framework based on the stated model
assumptions enables the prediction and comparison of different, hypothetical system
behaviours, as shown in Table 3.1. In the next step, it is determined (i) whether or not
different real permeation systems obey the model predictions and (ii) how the rates and
extents of permeation vary for widely differing systems. To this end, the permeation of
systems containing all possible combinations of permeant (testosterone (hydrophobic)
or caffeine (hydrophilic)), donor solvent (squalane (hydrophobic) or PBS
(hydrophilic)) and membrane (PDMS (hydrophobic) or cellulose (hydrophilic)) have
been investigated. For each system, the receiver phase was PBS. Analysis of the
experimental permeation behaviour in terms of the model requires knowledge of the

permeant partition coefficients relevant to each system as described subsequently.
3.2.4.1 Permeant solubilities

Prior to describing the relevant permeant partition coefficients, the permeant
solubilities in the respective phases are noted. At 32°C, the equilibrium solubilities of
testosterone in water, PBS and squalane were measured to be 0.12, 0.098 and 0.81 mM
respectively; the values for caffeine in water, PBS and squalane were 140, 122 and
0.48 mM respectively. Literature values for the solubilities of testosterone in water
(0.11 mM at 31°C and 0.13 mM at 35°C) and of caffeine in water (133 mM at 30°C and

167 mM at 35°C) are in good agreement with these experimental values.
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3.2.4.2 Permeant partition coefficients

Fitting the plots of experimental measurements of C as a function of time yields
measured values of the rate coefficient k and C,.. .. Using equations 3.9 and 3.10 to
interpret these values requires knowledge of the two partition coefficients Kyem-don and
Kmem-rec fOr each different permeant/solvent/membrane system. Two aspects require
some additional discussion here. Firstly, as explained in Chapter 2, the
membrane/solvent partition coefficients are measured by equilibrating a permeant
solution of known volume and initial concentration with a known membrane volume
and deriving K from the measured depletion of permeant concentration from the
solution to the membrane. However, this method is not accurate if the magnitude of K
is such that there is no significant depletion of the permeant concentration in the
solution by partitioning to the membrane. In these cases, the unknown value of K can
be derived from measured values of two related partition coefficients. For example,
Kroms-pes for caffeine is not directly measureable since too small a fraction of the
caffeine distributes to the membrane to produce a measureable depletion of caffeine in
the PBS solution, even when the membrane:solution volume ratio is maximised.
However, the value of Kppums.pes Can be calculated using measured values of Kpgs.

squalane and Kppms-squalane, aS shown below.

PDMS-PBS —
Crgs C Coas K

K B CPDMS 3 CPDMS quualane _ KPDMS—squaIane (313)

squalane PBS-squalane

Similar calculations are used to derive all partition coefficients which are not
directly measureable. The second aspect to be considered is the effect of possible non-
ideal solution behaviour on the partition coefficients. The true, concentration-
independent value of a partition coefficient K,., is the equilibrium ratio of the solute
activity in each phase (= as/a,). The activities are then equal to the product of the
activity coefficient y and the concentration as shown below.

Koy = o2 = %G (3.14)
a, 7,Cy

Hence, in general, an apparent K value (taken to equal the ratio of concentrations)

will only equal the true value in the limit of low concentrations when the solutions in

both phases behave ideally, which is when the activity coefficients reduce to unity. For
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finite concentrations, non-ideal behaviour in one or both of the phases is manifested as
a concentration dependence of the apparent K value equal to the ratio of equilibrium
concentrations. Because of the two aspects noted here, apparent K values (equal to the
ratio of equilibrium concentrations) have been measured for solvent-solvent
combinations to enable the derivation of values for membrane-solvent combinations
which are not directly measureable. In addition, all K values have been measured for
different permeant concentrations in order to assess possible non-ideality effects.
Figures 3.2, 3.3 and 3.4 show plots of measured apparent K values versus the
equilibrium concentration of the distributing species for all combinations of permeant,
solvent and membrane used here. In each plot, the horizontal dashed line indicates the
concentration range used in the membrane permeation measurements since we are
interested in the value of K which corresponds to that concentration range. In Figure
3.2, it can be seen that Kpgs-squatane fOr both caffeine and testosterone are concentration-
independent over the concentration range relevant to the membrane permeation
measurements and hence average values over this concentration range are used in the
permeation model calculations. Slight non-ideality deviations from these low-
concentration-range average values are observed at higher concentrations which
continue up to the highest possible concentrations, equal to the relevant permeant

solubilities.

The K values derived from the solubility ratios (marked by the vertical dashed lines)
are in line with the trends of the plots. It is noted here that the use of K values derived
from solubility ratios is not recommended since such values refer to the highest
achievable concentrations and therefore are likely to be subject to errors due to non-

ideal behaviour.

Figure 3.3 shows plots for four different permeant/membrane/solvent systems for
which apparent K values do not show significant variation with concentration, relative
to the reasonably large experimental uncertainties. In these cases, the average
concentration-independent values of K used in the analysis of the permeation runs are
indicated by the vertical axis positions of the horizontal dashed lines for each system.
Finally, Figure 3.4 shows the plot for caffeine distributing between the cellulose
membrane and PBS where it can be seen that K varies significantly with caffeine

concentration over the relevant concentration range.
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Figure 3.2. Variation of the measured Kpgs-squaiane partition coefficient at 32°C with
equilibrium permeant concentration in PBS for testosterone (filled diamonds) and
caffeine (open triangles). The horizontal dashed lines indicate the permeant
concentration range used in the respective permeation experiments and the
corresponding average value of Kpgssqualane OVer this experimental permeant
concentration range. The vertical dashed lines indicate the solubility values of the

permeant for which Kpgs.squaiane Was taken to be the ratio of solvent solubilities.
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Figure 3.3. Variation of the measured Kmembrane-liquia partition coefficients at 32°C with
liquid phase permeant concentration. The system details are indicated in the key and
the horizontal dashed lines indicate the permeant concentration range used in the
respective permeation experiments and the corresponding average value of Kmembrane-

liquid OVer this experimental permeant concentration range.
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Figure 3.4. Variation of caffeine’s Kcenuiose-pes Measured partition coefficient at 32°C
with equilibrium caffeine concentration in PBS. The horizontal dashed line indicates
the caffeine concentration range used in the respective permeation experiments. The
plot illustrates that caffeine’s Keenuiose-pes partition coefficient is concentration

dependent over the relevant concentration range used for this system.
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The final values of all partition coefficients used in the analysis of the membrane
permeation measurements described subsequently are summarised in Table 3.2. For the
table cells, where the entry is denoted as “concentration dependent”, the value of K
appropriate to the average concentration for each individual permeation rate run has
been estimated using the fitting equation corresponding to the solid line shown in
Figure 3.4. The values of the permeant diffusion coefficients D and the permeation lag

time L are next discussed.

Table 3.2. Equilibrium partition coefficients and permeant diffusion coefficients
through the membranes (D) used to obtain the calculated values of C,... and k for all

the measured combinations of hydrophilic and hydrophobic donor solvents, permeants

and membranes at 32°C. Estimated lag times L are also shown.

Donor B
Solvent Permeant Membrane Kmem.don Kmem-rec Krec.don D / m2 S ! L / S
Testosterone PDMS
PBS (Hydrophobic) | (Hydrophobic) St2 S+2 1
9.3x 10 | 118°
Testosterone PDMS b
squalane (Hydrophobic) | (Hydrophobic) 0.8 5+2 | 0.16+0.05
Caffeine PDMS b b
PBS | (Hydrophilic) | (Hydrophobic) | °*4 | 014 1
1.6 x 10%%* | 683°
Caffeine PDMS b
squalane (Hydrophilic) | (Hydrophobic) 15+5 0.14 105+30
Testosterone Cellulose
PBS | (Hydrophobic) | (Hydrophilicy | +%¥13 | 1.6+13 1
16 x 10122 | 24°
Testosterone Cellulose b
squalane (Hydrophobic) | (Hydrophilic) 0.26 1.6+£1.3 | 0.16+0.05
PBS Caffeine Cellulose Conc. Conc. 1
(Hydrophilic) | (Hydrophilic) dep. dep.
3.0x 10 | 128°
Caffeine Cellulose Conc.
squalane | qrophilic) | (Hydrophilic) | 220130 | gep, | 105%30

% Obtained by fitting measured rates.

b Derived from measured K values.

¢ Lag times estimated using equation 3.15.
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3.2.4.3 Membrane permeation measurements and their analysis

Figure 3.5 shows examples of measured plots of C. versus time for caffeine
permeating from a PBS donor phase with different initial concentrations of caffeine
through a cellulose membrane to a PBS receiver phase. The observed behaviour of this
system is accurately described by the theoretical model expressed through equations
3.8-3.10. In particular, the measured curves are accurately exponential as expected
from equation 3.8; the rate coefficient k is virtually identical for all different initial
donor phase concentrations (illustrated by the permeation curve half-lives) and Ciec
scales with the initial donor phase concentration, as predicted previously. Hence it is
concluded that the set of assumptions underpinning the model are valid for this system

under the experimental permeation conditions used here.

In ensuring that the first model assumption is valid (i.e. the rate determining step of
the entire membrane permeation process is permeant diffusion across the membrane) it
is required that both the donor phase stirring rate and receiver phase flow rate are
sufficient such that mass transfer of the permeant to and from the membrane is
relatively instantaneous. Complementary studies were therefore performed which
conclusively illustrated that the chosen experimental conditions (donor phase stirring
rate = 5000 rpm and receiver phase flow rate = 3 ml min™) are above the required

threshold to justify and validate this assumption.
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Figure 3.5. Measured variation of receiver compartment perrheant coneéntration Cyec
with time (solid lines) for caffeine in PBS permeating throggh a cellulose membrane at
32°C. The initial donor compartment concentratiopé of caffeine are shown in
descending order in the key; the dashed lines gOrrespond to the best-fit to the

exponential function predicted by the theoretical phodel £equation 3.8).
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One of the model assumptions leading to the prediction of exponential concentration
plots is that the permeation occurs under so-called steady-state conditions, when the
linear concentration gradient of permeant across the membrane is fully established. As
described in Chapter 1, the time required to establish this steady-state (the so-called

lag-time L), is given by the approximate expression below.

X2

L~
6D

(3.15)

For the systems investigated here, the membrane thickness X ranges from 48 to 80
um and (as discussed later) the values of permeant diffusion coefficient in the
membrane D range from 1.6 x 10 m? s to 16 x 10 m? s™. The values of L,
estimated using equation 3.15, for all the different systems measured here are listed in
Table 3.2 and lie in the range from 24 to 683 s. All values of L are small relative to the
timescales of the experimental permeation runs which are typically 5 to 50 hours and
so all the permeation runs occur under steady-state conditions for all but the first few
minutes or so. Hence, for most of the systems, the plots of C Versus time are
exponential in shape and do not show an obvious lag phase at short times. The
estimated lag times are similar in magnitude to the experimental uncertainty in
estimating time zero for permeation (approximately +2 minutes), corresponding to the
time required to load and seal the donor compartment of the permeation cell and
initiate membrane permeation data collection with the proposed experimental methods.

Lag time effects are discussed in more detail in section 3.2.5.2.
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From the theoretical discussion of permeation rates for the hypothetical permeant,
donor solvent and membrane combinations summarised in Table 3.1, it is seen that the
slowest permeation is predicted to occur for a combination of hydrophilic permeant
from a water donor phase through a hydrophobic membrane. Of the different
experimental systems measured here, this very slow permeation case is realised for
caffeine (hydrophilic) permeating through a PDMS (hydrophobic) membrane from a
PBS (aqueous) donor phase as predicted. Figure 3.6 shows experimental plots of Cye
versus time for different initial concentrations of caffeine in the PBS donor phase
having permeated through a PDMS membrane. It can be seen that the permeation rate
is so slow that the full exponential curves are not observed over the 15 hour timescales
of the runs. The measured plots correspond to the permeation of only a small fraction
of the total caffeine present and are approximately linear. The gradients of the lines
correspond to the initial steady-state permeation rates which, according to the
theoretical model, are predicted to scale with initial donor phase concentration with the
constant of proportionality equal to the permeation rate coefficient k. The linear scaling
of initial steady-state permeation rate with initial permeant concentration is shown in
Figure 3.7 and hence, the gradient of this linear plot is equal to the 1%-order permeation

rate coefficient k.
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Figure 3.6. Measured initial rate of change of receiver compartment permeant
concentration Cy, With time for caffeine permeating through PDMS from PBS donor
solutions at 32°C. The initial donor compartment concentrations of caffeine (in
descending order) are shown in the key.
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Figure 3.7. Derived variation of initial steady-state permeation rate versus initial donor

concentration; the solid line shows the linear fit used to obtain k.
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Of the eight possible combinations of permeant, donor solvent and membrane
investigated experimentally, seven of the systems are observed to follow the theoretical
model for the permeation conditions employed here. However, the system of caffeine
permeating through a cellulose membrane from a squalane donor solution shows
anomalous behaviour. In particular, the measured plots of Cy versus time are observed
to deviate from exponential behaviour and the permeation rate coefficient k is not
independent of the initial donor phase concentration. Figure 3.8 shows that k, as
predicted, is independent of initial concentration for caffeine permeating through
cellulose from a PBS donor solvent but unexpectedly dependent for squalane as the
donor solvent. The caffeine/cellulose/squalane system was therefore examined in
further detail to determine which of the theoretical model assumptions may not be valid
for this case. It is first noted that the permeant caffeine has a very high partition
coefficient from the squalane donor solvent to the cellulose membrane (Kcelulose-squatane
= 250) and hence the permeation is predicted to be very rapid. Furthermore, squalane
as the donor solvent is approximately 26 times more viscous than PBS (20.8 mPa s
compared with 0.76 mPa s)? which is expected to slow mass transport within the donor
phase. Hence, it was hypothesised that the rate-limiting step of the overall permeation
process may be switched from diffusion across the membrane (assumed in the

theoretical model) to mass transport within the squalane donor phase.
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Figure 3.8. Variation of apparent k value with initial caffeine concentration in the
donor compartment for the permeation of caffeine through cellulose from either PBS or
squalane at a constant donor stirring speed (using a magnetic stirrer) of 4200 rpm. The
horizontal dashed line corresponds to the “true” k value for caffeine in PBS, i.e.
corresponding to membrane permeation being rate limiting for which k is independent

of the initial concentration.

1.8E-04

1.6E-04

1.4E-04 T ¢

I e O 1 -

1.0E-04

apparent k/s!

8.0E-05

6.0E-05 |

4.0E-05

2.0E-05 |

o caffeine in squalane
® caffeine in PBS

0.0E+OO 1 1 1 1 1
0.00 0.02 0.04 0.06 0.08 0.10

initial [caffeine] in donor/mol m-3

84



This hypothesis, was tested by investigating how the donor phase stirring speed
affected the permeation of caffeine through a cellulose membrane from a squalane
donor solution as shown in Figures 3.9 and 3.10. If membrane diffusion is rate-
limiting, the permeation rate coefficient k is expected to be unaffected by the donor
compartment stirring speed, whereas increased stirring will increase the permeation
rate if mass transport within the donor phase is rate limiting. Figure 3.9 shows
illustrative traces of Ce Vversus time for two different stirring speeds in the squalane
donor compartment. It can be seen that the curves deviate from exponential behaviour
and that increased stirring speed increases the permeation rate. Figure 3.10 shows that
k, derived from C versus time plots, is independent of stirring speed for caffeine
permeating through cellulose from a PBS donor solution but strongly dependent when
permeating from a squalane donor solution. For an illustrative purpose, one permeation
rate run was performed with decane as the donor solvent because decane has a
viscosity (0.78 mPa s)® much lower than squalane (20.8 mPa s) and similar to that of
PBS (0.76 mPa s). If it is assumed that the affinity of the caffeine for decane and
squalane are similar, then the k value observed for decane is expected to be similar to
that predicted for squalane if mass transport in the donor phase were not rate-limiting.
As seen in Figure 3.10, the decane value and the highest stirring speed squalane
measurement are reasonably similar. The conclusion here is that the anomalous
behaviour of the caffeine/cellulose/squalane system is due to a switch in rate-limiting
step to mass transport in the donor phase under the standard permeation conditions
used here. For this system, rate-limiting membrane diffusion is only approached at the
highest donor stirring speed used and k under these conditions is approximately 1 x 10°
% s, Apparent k values measured at lower stirring speeds should not be analysed in

terms of the theoretical model used here.
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Figure 3.9. Variation of C. versus time for the permeation of caffeine through

cellulose membranes from identical squalane donor solutions for two different stirring

speeds of the donor compartment. The dashed lines indicate the “best-fit” exponential

curves.
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Figure 3.10. Variation of the apparent k value with donor stirring speed for the
permeation of caffeine through cellulose membranes from either PBS or squalane
donor solutions. A single value for decane as the donor phase solvent is also shown for
illustrative purposes. The solid line is a guide for the eye. The horizontal dashed line

corresponds to the stirring speed-independent k value for the PBS donor solution.
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Following exclusion of the low donor stirring speed data for the
caffeine/cellulose/squalane system, the experimental values of k and C.. for all
systems were compared with values calculated according to equations 3.9 and 3.10 of
the theoretical model. As discussed earlier and summarised in Table 3.2, all partition
coefficients were measured or derived from measured values with proper consideration
of solution non-ideality effects appropriate to the concentration ranges used in the
membrane permeation studies. The diffusion coefficients D for the different permeant
and membrane combinations were not measured directly; they were obtained by fitting
measured and calculated k values using the solver function in Microsoft EXCEL. In
this fitting procedure, it was assumed that D was not affected by the donor solvent
used, i.e. D depended only on the nature of the permeant and the membrane. Hence, the
eight different permeant/solvent/membrane systems yield four values of D which are
summarised previously in Table 3.2. Numerous authors report the permeation of
testosterone and caffeine across PDMS and cellulose membranes in terms of the

permeability coefficient kp,, where,

k, = w (3.16)

Hence, some limited comparison of the D values described in this study with
literature can be made as follows. D for testosterone in PDMS at 32°C estimated here
(9.3 x 10" m? s is in agreement with the value from reference 4 of 9.4 x 102 m? s
and consistent with estimated limits of greater than 5 x 10™2 m? s at 37°C (derived,
using equation 3.16, from permeability coefficient values given in references 5 and 6
combined with a limiting value of the membrane-donor partition coefficient from this
work). The value of D for caffeine in PDMS at 32°C estimated here (1.6 x 102 m? s™)
is reasonably consistent with values of 6 and 7 x 10™** m? s at 37°C, derived, using
equation 3.16, from permeability coefficient values from references 5 and 7
respectively, combined with a value of the membrane-donor partition coefficient from

this work.

The comparison of the theoretical model with the experimentally determined extents
and rate coefficients of all eight permeant/solvent/membrane systems is shown, as plots
of calculated versus measured values of C... (Figure 3.11) and k (Figure 3.12)

respectively. Based on exponential fits to plots of C, versus time, the measured values
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of C.c» and k are reasonably accurate with estimated uncertainties of the order of 10%
or less. Uncertainties in the calculated values of C.. and k are mainly determined by
the relatively high uncertainties in the measured partition coefficients of Figures 3.2,
3.3 and 3.4 but also include uncertainties in the ancillary parameters such as the donor
and receiver compartment volumes and the membrane thickness and area. The overall
uncertainties in the calculated C,.... and k values are estimated to be of the order of
approximately 50%. Within these uncertainties, a single, fitted value of D for each
permeant/membrane combination successfully captures the effects of changing the
donor solvent from PBS to squalane. It can be seen from Figures 3.11 and 3.12 that the
theoretical model simultaneously describes both the equilibrium (C,..) and kinetic (k)

aspects of the permeation behaviour of the eight diverse experimental systems.

Of the eight permeant/solvent/membrane systems, it can be seen that one (caffeine
permeating through PDMS from a PBS donor) is very slow, one (caffeine permeating
through cellulose from a squalane donor) is very fast and all other systems show
similar “medium” rates. The key factor determining the observed differences in k over
nearly 4 orders of magnitude are the relative values of the sum of the partition
coefficients (Kmem-don + Kmem-rec) @S described and predicted in the theoretical model
previously. The differences in diffusion coefficient D between the different systems are

of secondary importance in affecting k.
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Figure 3.11. Comparison of measured and calculated values of the equilibrium fraction
of permeant extracted to the receiver compartment C... for all the different
combinations of permeant, donor solution solvent and membrane. The dashed line

indicates perfect agreement between theory and experiment.
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Figure 3.12. Comparison of measured and calculated values of the 1%-order
permeation rate coefficient k for all the different combinations of permeant, donor

solution solvent and membrane. The dashed line indicates perfect agreement between
theory and experiment.
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3.2.5 Deviations from the model assumptions

The strategy adopted here of quantitatively analysing experimental permeation data
in terms of a theoretical model based on clearly established underpinning assumptions,
provides a clear and systematic means of determining the origins of the many different
possible ways in which the donor solvent can affect permeation. For systems for which
the model assumptions are valid, the model shows that donor solvent effects on the
extent and rate of membrane permeation are primarily controlled by how the three
partition coefficients Kgon-rec; Kmem-don @Nd Kmem-rec Change with donor solvent. The
extent of permeation is determined by the relative volumes of the donor and receiver
compartments and the value of Kgon.ree. FOr equal donor and receiver volumes, the
permeation rate coefficient is proportional to the sum (Kmem-don + Kmem-rec) @nd hence
the magnitude of the donor solvent effect on rate is strongly affected by the natures of

both the membrane and the permeant as seen in Table 3.1.

For the experimental permeation cell used here (with stirring in both donor and
receiver compartments), most of the permeation systems investigated follow the
behaviour predicted by the model, i.e. the set of model assumptions are valid in most of
the systems. Observed deviations from the model enable full and systematic discussion
of all the additional possible ways in which the donor solvent can affect permeation,
i.e. those effects not simply related to partition coefficient changes. The additional
possible effects which arise from solvent changes, rendering one or more of the model
assumptions invalid are therefore discussed under sub-headings which link to the key

model assumptions.
3.2.5.1 The rate-limiting step changes from membrane diffusion

The first model assumption is that permeant diffusion across the membrane is rate-
limiting and that all other mass transport and partitioning steps are relatively fast; this
key assumption justifies the use of pseudo-equilibrium equations for the various
partitioning processes. The model predicts the important “signature” features expected
for permeation with rate-limiting membrane diffusion which are: (i) plots of Ce versus
time are exponential; (ii) the permeation rate coefficient k is independent of the initial
permeant concentration and (iii) the permeation rate coefficient is independent of

stirring speed (for stirring rates above a lower threshold). Figures 3.8, 3.9 and 3.10
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show how the caffeine/squalane/cellulose system deviates from the model in these
three aspects and is thereby revealed as having undergone a change in rate limiting
step. In general, for the membrane thicknesses and membrane diffusion coefficients
seen here, membrane diffusion is expected to remain rate-limiting when (i) donor and
receiver compartments are stirred; (ii) the donor solvent viscosity is not too large and
(iii) the membrane partition coefficients are such that very fast permeation is not
obtained. The switch in rate-limiting step observed here for the caffeine/cellulose
system when changing the donor solvent from PBS to squalane, is a result of the high
viscosity of squalane relative to PBS plus the fact that the sum of the partition
coefficients (Kmem-don + Kmem-rec) favours very fast permeation for squalane as the donor

solvent.

It is noted here that rate-limiting membrane diffusion is not desirable in particular
applications which require slow or sustained drug release profiles. There is an
extensive literature describing a wide range of different types of donor compartment
formulations in which the drug or other active species is encapsulated using, for
example, polymers within the donor vehicle.®*° Even for these formulations, it remains
important to establish unambiguously that membrane diffusion is not rate-limiting
under the particular experimental conditions used in order to correctly interpret

permeation measurements.

3.2.5.2 The lag time is not negligibly small relative to the overall permeation time
scale

The model predictions assume that the permeant concentration gradient across the
membrane is linear, corresponding to “steady-state” diffusion, which is valid at times
longer than the lag time. Hence, for the plots of C, versus time to exhibit the predicted
exponential shape, it is required that the lag time L is negligibly small relative to the
timescale of the overall permeation run. As seen in Table 3.2, the values of L estimated
using equation 3.15 and the fitted values of D for the different systems range from 24 —
683 s. Given that L is generally small relative to the permeation time scale of 5 — 50
hours, deviations from the exponential shape in the overall plots of Cr versus time are
generally small as seen, for example, in Figure 3.5. However, the small deviations are
observable by “zooming in” on the short time behaviour, particularly for the

caffeine/PDMS systems where L is estimated to be relatively large. Figure 3.13 shows
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two examples of the short time behaviour of plots of Ciec/Crecoo Versus time. The
testosterone/PBS/cellulose system (with estimated L of 24 s) is compared with the
caffeine/squalane/PDMS system (with estimated L of 683 s). For each plot, the dashed
straight line indicates exponential behaviour seen for times >> L. The solid lines
correspond to fitted curves which are reasonably well described using equation 3.17

with floated values of L.
Crec ~ Crec,oo + (Crec,o _Crec,oo )eXp (_ k{t - L}) (317)

Qualitatively, it can be seen that the deviations from exponential behaviour are
much greater for caffeine/squalane/PDMS systems than for testosterone/PBS/cellulose
systems. Semi-quantitatively, fitting the curves of Figure 3.13 to equation 3.17 yields
approximate values of L of 40 and 300 s respectively. Quantitative agreement with the
L values from Table 3.2 (24 and 683 s respectively) is rather poor; this is probably due
to the experimental uncertainty in the start time of the permeation runs which is
estimated to be of the order of 2 minutes or so. In principle, measurement of the lag
time provides a method to obtain an independent estimate of the diffusion coefficient
D. As shown by the comparison of the different estimates of the lag time, this is
unreliable for the experimental procedure used here.

Deviations from the predicted model behaviour due to lag time effects are expected
for systems with thick membranes and low values of the diffusion coefficient (see
equation 3.15). In general, the effect is not dependent on the donor solvent. However, it
is important to be aware of whether or not permeation runs are occurring under steady
or non-steady state conditions in order to avoid incorrect interpretation of experimental

permeation Kinetic data.
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Figure 3.13. lllustrative plots of the short-time behaviour of Ciec/Cieco Versus time for
testosterone in PBS through cellulose (estimated L = 24 s) and caffeine in squalane
through PDMS (estimated L = 683 s). For each plot the dashed line indicates
exponential behaviour corresponding to L = 0. The solid lines are fits to equation 3.17

with the floated value of L = 40 and 300 s respectively, as described previously.
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3.2.5.3 Membrane diffusion does not follow Fick’s laws and the membrane is not

uniform throughout

In the derivation of the model equations, it is assumed that pseudo-equilibrium
partitioning of the permeant occurs from the solvents to the membrane and that the
membrane properties are uniform throughout its depth. For partitioning to occur, the
membrane must be liquid-like rather than crystalline which will be the case for a
synthetic polymer membrane at a temperature above its glass transition temperature.
This is valid for PDMS but is almost certainly not the case for dry cellulose. However,
as noted earlier, the cellulose membrane used here is pre-soaked in PBS and
maintained in contact with a PBS receiving phase during permeation. The dry cellulose
membrane swells to almost double its thickness following equilibration with PBS and
so the actual membrane used consists of approximately 50% cellulose and 50% water.
This water swollen membrane is likely to be liquid-like and thus the assumption made
here is expected to be valid. The PDMS membrane properties are thought to be
uniform throughout its depth. For the cellulose, it is noted that contact with PBS causes
swelling in thickness but not in area and hence the membrane must possess anisotropic
properties. However, there is no evidence that the membrane properties vary
throughout the depth of the membrane (i.e. along the same axis as the direction of
membrane permeation) and hence it is thought the assumptions made here are also
valid.

The model derived here will not be valid for composite membranes containing both
liquid-like and solid regions for which the membrane properties will not be uniform
throughout the membrane depth. This will be the case for synthetic membranes which
have a degree of crystallinity, composite membranes containing solid filler particles or
for natural membranes such as the stratum corneum of human skin which is a
composite containing regions of lipids and corneocytes.* For such membranes, there
will be additional considerations relating to, for example, the “tortuosity” of the
permeants pathway through the membrane. However, factors such as the tortuosity are
not expected to be affected by the choice of donor solvent unless the solvent alters the
membrane structure, e.g. the degree of crystallinity (see section 3.2.5.4 below).
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3.2.5.4 Donor and/or receiver solvents may permeate or affect the membrane

It is assumed in the model that only the permeant species permeates through the
membrane and that its diffusion coefficient in the membrane is independent of its
concentration within the membrane. Changing the donor solvent can affect permeation
by rendering these assumptions invalid in several ways. Firstly, if the nature of the
donor solvent is such that the permeant partitioning from the donor phase to the
membrane is high, a high permeant concentration in the donor compartment would
give a locally high permeant concentration in the membrane which could affect the
diffusion coefficient and cause it to depend on the localised (membrane depth
dependent) permeant concentration. Such behaviour would result in non-exponential
permeation plots. For the experimental systems measured here, this effect cannot be
rigorously excluded but the lack of deviation from exponential curves due to this cause
and the overall agreement between theory and experiment seen in Figures 3.11 and

3.12 suggest that the effect, if present, is reasonably small.

Secondly, different donor solvents may swell the membrane to different extents and
thereby affect the partitioning and diffusion coefficient of the permeant in the
membrane. This effect has been reported in many literature studies of solvent effects in
permeation*?*’ but is not present for the experimental systems studied here. As noted
earlier, PDMS membranes show no significant swelling in either PBS or squalane
solvents. The cellulose membranes are swollen in thickness (but not area) by PBS and
not swollen by squalane. Given that the cellulose membranes were pre-soaked in PBS
and remained in contact with the PBS receiver solution during the permeation runs, the
nature of the membrane was not affected by switching the donor solvent. For the
cellulose membranes, the final values of all partition and diffusion coefficients listed in
Table 3.2 refer to the PBS-saturated membrane rather than “dry” cellulose. Further
evidence for the lack of this type of solvent effect arises from the observation that a
single value of D successfully accounts for both PBS and squalane as donor solvent for
all the membrane/permeant combinations. A scenario whereby the donor solvent is
shown to cause significant swelling of the membrane has been investigated and is

described later in section 3.3.

The third type of solvent effect which may invalidate this model assumption occurs

when the donor and receiver solvents are mutually miscible to a significant extent and
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can permeate the membrane during a permeation run. In this case, the solvent
compositions of both the donor and receiver compartment will change during a
permeation run. Such time-dependent solvent compositions will cause time-dependent
changes in the partition coefficients which, in turn, will cause deviations from the
predicted exponential behaviour. This possibility can be excluded for the experimental
systems measured here since aqueous PBS and squalane are not miscible to any
significant extent at 32°C. A scenario whereby two mutually miscible donor and
receiver solvents are used during the membrane permeation studies has been
investigated and thus, this effect is observed. The results from these additional studies

are described later in section 3.4.
3.2.5.5 Non-ideal behaviour of the permeant solutions

As noted above, the model derivation assumes that all partition coefficients
(expressed as the ratio of equilibrium concentrations equal to the apparent value of K)
are single-valued and independent of concentration. In fact, only the thermodynamic
partition coefficient equal to the ratio of activities is a true constant; non-ideal solution
behaviour can cause the apparent partition coefficient to be a function of permeant
concentration, and hence time, during a membrane permeation run. Because solution
non-ideality depends on the balance of solvent-solvent, solvent-solute and solute-solute
interactions, it should always be considered as a possible contribution to an observed,
overall donor solvent effect in permeation. All solutions behave ideally in the limit of
infinite dilution and hence activity coefficients are likely to progressively deviate from
unity with increasing concentration which, in turn, may cause changes in the apparent
K values at higher concentrations. If the concentration change during a permeation
experiment causes a significant change in the apparent K value, then this alteration in K
during the run is predicted to lead to deviations from the exponential form of the Cie
versus time plot. If the apparent K value is constant over the concentration range of the
permeation run but was measured at a different concentration, then exponential
behaviour is predicted but the measured apparent K value may not equal the value
appropriate for the analysis of the specific permeation run. To avoid both types of
potential error, it is recommended to measure the apparent K value as a function of
concentration. Overlaying the concentration ranges of the permeation runs then enables

proper selection of the apparent K value which is appropriate to the permeation run(s).
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The application of this approach to the experimental systems studied here is shown in
Figures 3.2, 3.3 and 3.4. It can be seen there that the practice of estimating an apparent
K value from the ratio of permeant solubilities in the two solvents is not recommended,;
the resultant apparent K value refers to the maximum accessible concentrations where

non-ideality effects will, in general, be largest.

For the systems studied here, Figures 3.2, 3.3 and 3.4 show that approximately
constant apparent K values, which are appropriate to the concentration ranges of the
permeation runs, can be selected for most systems. The exception is caffeine
partitioning between PBS and a cellulose membrane where non-ideality effects are
large over the relevant concentration range. In this case, the data of Figure 3.4 were
used to obtain different apparent K values which were approximately valid for the
average concentration range of the different individual permeation runs with different

initial permeant concentrations.

3.3 Membrane permeation studies influenced by undesired solvent-membrane

interactions

As discussed previously, one solvent effect which may lead to the invalidation of
the underlying assumptions of the theoretical model, arises from a chemical
incompatibility between the donor solvent and the membrane. Presented below is a
study whereby the chosen donor solvent (IPM) is absorbed by the chosen membrane
(PDMS) within the time-scale of a permeation run, causing a substantial increase in the
membranes thickness, length, width and therefore a significant variation in the
membranes chemical composition. The permeation of testosterone through PDMS
membranes from aqueous (PBS and water) and oil (IPM) donor solutions has been

investigated and the elucidation of this solvent effect is next described.

The solubility of testosterone in IPM was determined using UV-visible
spectrophotometery and was found to be 28 mM at 32°C. As expected, this solubility is
far greater than that in PBS and water (0.098 mM and 0.12 mM respectively at 32°C).
The partition coefficients, Kpm-pss and Kipm-water, TOr testosterone, were measured over
a range of concentrations producing the results illustrated in Figure 3.14. Within the
estimated uncertainties, the values of these partition coefficients are shown to be
independent of overall testosterone concentration for solutions within the range of 1-15
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mM, suggesting that possible non-ideality effects are negligibly small over this
concentration range. However, Figure 3.14 also illustrates that outside of this
concentration range, large deviations in the values of these partition coefficients are
observed. As expected, these deviations increase with increasing testosterone
concentration, until the values for the partition coefficients, corresponding to the ratios
of the solubilities of testosterone in the respective solvents, is reached. Figure 3.14
again illustrates the importance of this vigorous analysis to determine the relevant
partition coefficient values depending upon the concentration of the permeant used in
the permeation runs. For the permeation investigations presented here, all testosterone
concentrations were maintained within a 1-15 mM range, such that a single value of
the relevant partition coefficients can be assigned. The concentration-independent
average values of the respective partition coefficients, indicated by the horizontal lines

in Figure 3.14 were used in the analysis of the membrane permeation results.
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Figure 3.14. Variation of measured testosterone partition coefficients at 32°C between
IPM and PBS (open circles) or IPM and water (filled circles) with equilibrium
testosterone concentration in the IPM phase. For each data series, the respective
horizontal dashed line indicates the testosterone concentration range used in the
permeation experiments and the corresponding average value of K over the
experimental concentration range. The vertical dashed line indicates the solubility of

testosterone in IPM for which K is taken to be the ratio of the solvent solubilities.
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A summary of all relevant partition coefficients for the analysis of permeation runs
involving an IPM donor solution is given in Table 3.3. The value for testosterone’s
Kroms-ipm partition coefficient could not be measured using the described depletion
method but is derived from testosterone’s Kppms-pes and Kipm-pes cONCentration-
independent partition coefficients as shown in equation 3.18. The ideality of

testosterone’s Kppvs-pes partition coefficient is illustrated previously in Figure 3.3.

K _ CPDMS _ CPDMS CPBS _ KPDMS—PBS (3 18)
PDMS-IPM - - '
CIPM CPBS CIPM I<IPM—PBS
Table 3.3. Equilibrium partition coefficients for testosterone measured at 32°C used to
obtain the calculated values of Cyec.. and k for membrane permeation studies involving

an IPM donor solution.

Parameter Value Comment
Kipm-pBS 12445 Measured

KipM-water 92+15 Measured

Kppms-water 3.7+1 Measured

Kppms-pBS 5+2 Measured

Kpbms-1pM 0.04+0.01 Derived from measured K values
Kpes-water 0.74+0.15 Derived from measured K values

Figure 3.14 and Table 3.3 illustrate that testosterone has a greater affinity for
dissolution within IPM than within PBS by a magnitude of approximately 125.
Similarly, testosterone is shown to favour dissolution within a hydrophobic PDMS
membrane over that of PBS by a magnitude of 5, and hence, has an affinity for

dissolution within a PDMS membrane over IPM by a magnitude of 0.04 (i.e. 1/25).

With reference to equation 3.12 (repeated below), which is used to accurately
predict the rate coefficient of membrane permeation of a solute from a solution, it is
noted that when the system geometrical parameters, initial donor solution
concentrations and permeant diffusion coefficients remain constant, the rate of
transport of testosterone across a PDMS membrane from a PBS donor solution, is
expected to be approximately double that from an IPM donor solution, in accordance

with the relevant system partition coefficients. This is illustrated in Table 3.4.
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Table 3.4. Dimensionless permeation rate coefficients calculated using the respective
permeant partition coefficients for testosterone in PBS and IPM donor solutions,

permeating through a PDMS membrane into a PBS receiver phase at 32°C.

Dimensionless permeation rate
Donor solution Kmem-don Kmem-rec coefficient
(kXVec/AD)
Testosterone in PBS 5 5 10
Testosterone in IPM 0.04 5 5.04

An example of the permeation curves obtained for testosterone permeating through
PDMS membranes from IPM and PBS donor solutions is given in Figure 3.15. When
comparing these two permeation curves, it is important to note that the initial
concentration of testosterone in the two permeation experiments is not equal. This
difference in permeant concentration is compulsory, as membrane permeation of
hydrophobic testosterone, from oil donor solutions of IPM, into aqueous receiving
solutions of PBS is disfavoured, as denoted by the equilibrium partition coefficient
Kaon-ree, Where Kipm-pes = 124. Hence, if donor solutions of IPM with testosterone
concentrations equal to those in the PBS donor solutions (which are restricted by the
relatively low solubility of testosterone in PBS) were used, then the concentration of
testosterone detected in the receiving phase would be at least 124 times smaller than
these already low initial donor concentrations. In fact, the observed concentrations of
testosterone in the receiving phase of this experimental investigation would be more
than 124 times smaller than the initial IPM donor concentration because a small
amount of testosterone will, in addition, partition to the hydrophobic membrane
volume. Thus, permeant detection with the UV-visible spectrophotometer would

become poor and high in error.

However, as predicted and illustrated previously in Figure 3.5, the value of the 1%-
order permeation rate coefficient k is independent of the initial permeant concentration
in the donor compartment. Thus, with reference to equation 3.12, it remains to be

expected that the permeation of testosterone from a PBS donor solution should be more
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rapid than that from an IPM donor solution, irrespective of this initial permeant

concentration difference.

Figure 3.15 shows measured plots of C Vversus time for the permeation of
testosterone through PDMS membranes from both IPM and PBS donor solutions. It is
noted here that both systems are described exceedingly well by exponential curves, as
illustrated by the precision of data fitting. As denoted by the half lives of these
exponential curves, it is apparent that the permeation of testosterone through PDMS
from IPM donor solutions is significantly faster than that from PBS donor solutions.
Hence, this observation contradicts the predictions made previously. Figure 3.16 shows
plots of measured vs. calculated values of Cc. and k for the permeation of
testosterone through PDMS membranes from IPM, PBS and water donor solutions.
The calculated data, produced from equations 3.9 and 3.10, is derived from the
corresponding partition coefficient values listed in Table 3.3. Given that it has been
concluded that the permeant membrane diffusion coefficient is independent of donor
solvent type, these calculations utilize testosterone’s diffusion coefficient through
PDMS membranes (D = 9.3 x 10> m? s) as listed previously in Table 3.2. The
measured data is extracted from the raw experimental data via the use of the Microsoft

EXCEL solver function, as formerly described.
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Figure 3.15. Measured variation of receiver compartment concentration Cr with time
for testosterone in donor solutions of IPM (blue solid line) and PBS (red solid line)
permeating through PDMS membranes at 32°C. The initial donor concentrations of
testosterone are shown in the key. The dashed lines correspond to the best-fit to the

exponential function described by equation 3.8.
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Figure 3.16. Comparison of measured and calculated values of the equilibrium fraction

of permeant extracted to the receiver compartment Cec.. (upper plot) and the 1¥-order

permeation rate constant k (lower plot) for testosterone permeating through PDMS

membranes from PBS, water and IPM donor solutions. In the lower plot, calculated

data for testosterone in IPM donor solutions incorporating both the diffusion
coefficient D for IPM-free PDMS membranes [D(IPM-free) = 9.3 x 10" m? s™] (red
filled circles) and IPM-saturated PDMS membranes [D(IPM-saturated) = 1.4 x 10° m?
s (black filled circles), is shown.
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Inspection of Figure 3.16 reveals that the calculated values of k for testosterone
permeating through PDMS membranes from IPM donor solutions, are approximately
10 times lower than the experimentally measured values when calculated using the
permeant membrane diffusion coefficient from the previous study (i.e. D = 9.3x10™
m? s). The calculated values of k for PBS and water donor solutions and the
calculated values of Ce . for IPM, PBS and water donor solutions, accurately describe
the experimental observations. In experiments where the PDMS membrane was soaked
in IPM, it was observed that the membrane swelled causing an increase in length,
width and depth, each by approximately 20% in 1 day. It is concluded therefore, that
the calculated and measured data for all permeation experiments of testosterone from
PBS, water and IPM donor solutions, through PDMS membranes, cannot be fitted
using a single value of testosterone’s membrane diffusion coefficient D. Hence,
different values of D are required for donor solutions in the absence of IPM [D(IPM-
free) = 9.3x10™ m? 5] (i.e. the value described in Table 3.2) and donor solutions of
IPM [D(IPM-saturated) = 1.4x10"® m? s*]. The value of D for the IPM-saturated
PDMS membranes is selected by allowing it to float when optimising the exponential
fit using Microsoft EXCEL’s solver function. This effect is thought to be caused by the
penetration/swelling of the PDMS membrane by the IPM solvent, leading to an
increased permeation rate as observed in other studies.’? Using the final parameter set
listed in Table 3.3 and the two values of testosterone’s diffusion coefficient for IPM-
free and IPM-saturated PDMS membranes, the correlation between measured and
calculated values of Crc . and k show good agreement. The calculated data for IPM
donor solutions, incorporating this refined value of the diffusion coefficient for
testosterone in IPM-saturated PDMS membranes is also plotted on Figure 3.16 for a

comparative purpose.

Figure 3.16 again illustrates that the theoretical model successfully captures the
influence of the donor solvent on the extent and rate of membrane permeation. In
addition to fitting the relevant data by incorporating a second value of D for IPM-
saturated PDMS membranes, it is also appropriate to consider variations in the values
of testosterone’s Kpem-don and Kmemrec partition coefficients, as the chemical
composition of the PDMS membranes is shown to vary in the presence of IPM. This
effect has been investigated showing that by allowing these partition coefficient values

to appropriately adjust within a reasonable range, for testosterone partitioning to IPM-
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saturated PDMS membranes, does allow for the fitting of the theoretical model to be
improved slightly. However, as discussed previously, time dependent changes in these
partition coefficient values would give rise to a loss of exponentiality. Given that the
permeation data is described exceedingly well by exponential curves, as predicted and

shown by the dashed lines in Figure 3.15, it is concluded that this effect is minor.

3.4 Membrane permeation studies influenced by mutually miscible, dissimilar

donor and receiver solvents

As discussed previously, another solvent effect which may lead to the invalidation
of the underlying assumptions of the theoretical model arises from a mutual miscibility
between different donor and receiver solvents. In the derivation and application of the
theoretical model, it is assumed that only the permeant species under analysis
permeates the membrane. If a chosen donor solvent is dissimilar to the chosen receiver
solvent, and the two solvents are miscible with each other, a series of events can occur
leading to the invalidation of this assumption. If the donor and receiver solvents are
capable of permeating the membrane within the same timescale as the permeant under
analysis, and this mixture of solvents is susceptible to absorbing UV/visible light at the
same corresponding wavelength as the permeant, then this will in-turn create errors in
the analytical technique employed here. Furthermore, this time-dependent mixing of
dissimilar donor and receiver solvents will result in a time-dependent set of Kmem-don,
Kmem-ree and  Kgonree  permeant partition coefficients, such that they eventually
equilibrate when both the donor and receiver solutions have equal chemical
composition and hence, Kmem-don = Kmem-rec aNd Kgonree = 1. Presented below is a
permeation study whereby the chosen donor solvent (PG) is mutually miscible with the
chosen receiver solvent (PBS), illustrating the key observations of such events and the

corresponding resolutions.

In a similar method to that demonstrated previously, the experimental data for
testosterone and caffeine permeating through PDMS membranes from PG donor
solutions, is analysed via comparison to the calculated data predicted using equations
3.9 and 3.10 of the theoretically derived model.

The solubility of the permeants in PG is investigated prior to the analysis of the
relevant system partition coefficients. The solubilities of testosterone and caffeine in
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PG at 32°C were found to be 248.62 mM and 11.69 mM respectively. Upon further
analysis, it is noted here that testosterone’s solubility in PG is far greater than that of
both caffeine and testosterone in any other solvent used in the permeation studies
presented here, as illustrated in Table 3.4.

Table 3.4. A summary of all caffeine and testosterone solubilities within the different

solvents used in this research at 32°C.

Permeant Solvent Solubility at 32°C/mM
Testosterone Water 0.12
Testosterone PBS 0.098
Testosterone Squalane 0.81
Testosterone PG 248.62
Testosterone IPM 28.00

Caffeine Water 140.19
Caffeine PBS 122.25
Caffeine Squalane 0.48
Caffeine PG 11.69

As described previously, calculation of the theoretical data via use of the derived
model, requires knowledge of the relevant Kpem-dgon and Kmem-rec permeant partition
coefficients. In the scenario described here, this respectively corresponds to
testosterone and caffeine’s Kppms-pc and Kppms-pes partition coefficients. The value for
testosterone and caffeine’s Kppms.pg partition coefficients could not be measured using
the described depletion method, due to testosterone’s excessively large affinity to PG
and caffeine’s low affinity to the PDMS membrane. These values are therefore derived
from the respective Kpgsqualane (S€€ Figure 3.17) and Kppms-squalane CONCeNtration-
independent partition coefficients, as shown in equation 3.19. The ideality of
testosterone and caffeine’s Kppms-squalane Partition coefficients are illustrated previously

in Figure 3.3.

_ CPDMS _ CPDMS quualane _ KPDMS—squaIane (3 19)

K = =
PDMS-PG Coo C Coo K

squalane

PG-squalane
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Figure 3.17 illustrates the measured values of testosterone and caftfeine’s Kpg-squalane
partition coefficients at 32°C. The values of these partition coefficients are shown to be
concentration-independent across the range of concentrations used within the
membrane permeation runs (illustrated by the horizontal dashed lines).

A summary of all relevant partition coefficient values required for the analysis of
testosterone and caffeine permeating through a PDMS membrane from donor solutions

of PG is given below in Table 3.5.

Table 3.5. Equilibrium permeant partition coefficients used to obtain the theoretical
calculated data for the permeation of testosterone and caffeine from PG donor solutions
through PDMS membranes at 32°C.

Permeant Parameter Value Comment
Testosterone Krbms-PBS 542 Measured
Testosterone KpG-squalane 16548 Measured

Derived from measured K
Testosterone KPDMS.squa|ane 08102
values
3 Derived from measured K
Testosterone Krbms-pPc 49+1x 10
values
Caffeine Krpms-pBS 0.14+0.04 Measured
Caffeine Kpg-squalane 94+9 Measured
CaffEine KPDMS_squa|ane 1515 Measured
) Derived from measured K
Caffeine Krpms-PG 0.16+0.04
values
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Figure 3.17. Variation of the measured Kpg-squalane partition coefficients at 32°C with

equilibrium permeant concentration in PG for testosterone (filled diamonds) and

caffeine (open triangles). The horizontal dashed lines indicate the permeant

concentration range used in the respective membrane permeation experiments and the

corresponding average value of Kpgsquaane OVEr this experimental

permeant

concentration range. The vertical dashed lines indicate the solubility values of the

permeant for which Kpg_squalane Was taken to be the ratio of solvent solubilities.
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Figure 3.18 illustrates an example of the results obtained for the permeation of
testosterone from a PG donor solution through a PDMS membrane and into a PBS
receiver solution. The solid line indicates the experimental raw data obtained from this
study and the dashed line corresponds to the best fit of an exponential curve to the raw
data, which is predicted in accordance with equation 3.8. The loss of predicted
exponentiality of the experimental raw data is eminent and is caused by several factors.
Given that the PG donor solvent and PBS receiver solvent are miscible, and as
formerly discussed, if these solvents are capable of permeating the PDMS membrane
within the same time scale as the permeant under analysis, then this will yield a set of
time-dependent values of Kpem-gon and Kmemrec COrresponding to the extent of
donor/receiver solvent mixing in both donor and receiver phases. It is also noted that
the experimental raw data does not reach an equilibrium Cyec .. value within the 40 hour
timescale. This is in accordance with the solubility of testosterone in the receiver phase
gradually increasing as the concentration of PG in this phase, having permeated the

PDMS membrane, increases also.
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In order to study systems incorporating donor solutions of PG, the issue of
simultaneous permeant and solvent permeation through the membrane, arising from a
mutual miscibility between the donor and receiver solvents, must be overcome. One
method which may be employed to resolve this difficulty, is to select a receiver solvent
which is known to be sufficiently immiscible with the donor solvent. In the scenario
presented here, a squalane receiver solvent may be used as it is highly immiscible with
PG at 32°C. Alternatively, the same solvent used for the donor phase may also be used
for the receiver phase, such that there is no concentration gradient of solvent across the
membrane and thus no net diffusion of the donor and receiver phases through the
membrane. Such experimental conditions yield time-independent values of the Kiem-don
and Kmem-rec permeant partition coefficients and compel the value of Kgon-rec SUch that

Kdon-rec = 1 at all times during the membrane permeation run.

Figure 3.19 illustrates the results obtained from membrane permeation studies of
testosterone and caffeine in donor solutions of PG, permeating through PDMS
membranes into receiver solutions also consisting of PG. With reference to Table 3.5,
these experimental conditions therefore yield the values Kmem-don and Kmem-rec = Kppms-
e = 4.9 x 10° and 0.16 for testosterone and caffeine respectively. In consideration of
equation 3.12 of the theoretical model described previously, it is therefore predicted
that the rate of caffeine permeation from PG donor solutions through PDMS
membranes into PG receiver solutions, should be similar to that of caffeine in PBS
donor solutions permeating PDMS membranes into PBS receiver solutions.
Conversely, the rate of testosterone permeation from PG donor solutions through
PDMS membranes into PG receiver solutions is predicted to be slower further still, as
illustrated in Table 3.6.
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Table 3.6. Dimensionless permeation rate coefficients calculated using equation 3.12
and the respective permeant partition coefficients for testosterone and caffeine

permeating through PDMS membranes at 32°C.

Dimensionless
permeation rate
SyStem Kmem-don Kmem-rec L.
coefficient
(KXVyec/AD)
Caffeine in PBS donor, through
) _ 0.14 0.14 0.28
PDMS, into PBS receiver
Caffeine in PG donor, through
_ ) 0.16 0.16 0.32
PDMS, into PG receiver
Testosterone in PG donor, 3 3 3
) _ 49x 10 49x 10 9.8 x 10
through PDMS, into PG receiver

In accordance with the predictions made here, Figure 3.19 illustrates that the
permeation rates of both testosterone and caffeine from PG donor solutions through
PDMS membranes into PG receiver solutions, are so slow that the full exponential
curves are not observed over the 20 hour timescale of the experimental runs. Like that
discussed previously for the permeation of caffeine in PBS donor solutions through
PDMS membranes into PBS receiver solutions, the measured plots illustrated in Figure
3.19 correspond to the permeation of only a small fraction of the total permeant present
and are approximately linear. The gradients of these individual lines correspond to the
initial steady-state permeation rates of the respective systems, which, according to the
theoretical model, are predicted to scale with initial donor phase concentration, with
the constant of proportionality equal to the permeation rate coefficient k. The linear
scaling of initial steady-state permeation rate with initial permeant concentration is
shown in Figure 3.20 and hence, the gradients of these linear plots are equal to the 1%-

order permeation rate coefficients k.
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Figure 3.19. Measured initial rate of change of receiver compartment permeant
concentration Cy with time for testosterone (upper plot) and caffeine (lower plot)
permeating through PDMS membranes from PG donor solutions into PG receiver
solutions at 32°C. The initial donor compartment concentrations of the permeants (in

descending order) are shown in the keys.
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Figure 3.20. Derived variation of initial steady-state permeation rates for testosterone

(upper plot) and caffeine (lower plot) permeating through PDMS membranes from PG

donor solutions into PG receiver solutions versus initial donor concentration. The solid

lines show the linear fits used to obtain the respective values of k.
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Investigations into the chemical compatibility between solutions of PG and the
PDMS membrane illustrate that no significant swelling of the membrane is present
after 72 hours submersion. Therefore, it follows that calculations of the theoretical
values of the 1%-order permeation rate coefficients k incorporate the use of the
membrane diffusion coefficients for testosterone and caffeine through non-swollen,
chemically unaffected PDMS membranes, which were originally listed in Table 3.2
(ile. D = 9.3 x 10 m? st and 1.6 x 10™ m? s* for testosterone and caffeine
respectively). This is supported by the fact that the permeant membrane diffusion
coefficient is dependant only on (i) the size and shape of the permeating species, which
are constant irrespective of the donor and receiver solvents used, and (ii) the viscosity
of the membrane, which is assumed to be constant and equal to the viscosity of the
membranes used in all previously discussed studies absent of IPM, given that no
swelling of the PDMS membrane is observed during submersion within a solution of
PG.

The comparison of the measured and theoretical 1%-order permeation rate
coefficients for testosterone and caffeine in PG donor solutions permeating through
PDMS membranes into PG receiver solutions, is shown as plots of calculated versus
measured values of k in Figure 3.21. For comparative purposes, the data for all
permeant/solvent/membrane systems described in this chapter is also plotted in this
Figure. The evaluation of measured and theoretical values of C. for the systems
incorporating a PG donor solution are absent due to experimental impracticalities
illustrated by the exceedingly slow rate of membrane permeation in Figure 3.19. Figure
3.21 shows that the rate of caffeine permeation from PG donor solutions through
PDMS membranes into PG receiver solutions, is very similar to the rate of caffeine
permeation from PBS donor solutions through PDMS membranes into PBS receiver
solutions, as predicted in Table 3.6. Furthermore, in accordance with these predictions,
the rate of membrane permeation of testosterone from PG donor solutions through
PDMS into PG receiver solutions, is shown to be the slowest of all

permeant/solvent/membrane systems investigated here.
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Figure 3.21. Comparison of measured and calculated values of the 1%-order
permeation rate coefficients k for testosterone and caffeine permeating through PDMS
membranes from PG donor solutions into a PG receiver solvent (red markers). For a
comparative purpose, the data from all other permeation runs of varied combinations of
permeant, donor solution solvent and membrane, all incorporating a PBS receiver
phase, are also illustrated (black markers). The dashed line indicates perfect agreement

between theory and experiment.
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Figure 3.21 again illustrates that the theoretical model successfully captures the
effects of changing the donor solvent, permeant and membrane, but also successfully
accounts for variations in the chosen receiver solvent by application of the relevant
Kmem-don and Krem-rec Permeant partition coefficients. Such variations in the chosen
receiver solvent may often be required to overcome undesired simultaneous
solvent/permeant membrane permeation, as illustrated here, in order to understand the
permeation characteristics of a specific experimental system. The theoretical model is
illustrated to accurately account for such variations across nearly 5 orders of magnitude
by incorporating multiple independently measured parameters and a single,
systematically fitted value of D for each permeant/membrane combination irrespective

of the solvents used.

Preliminary investigations into the transport of permeants from PG donor solutions
through cellulose membranes, illustrate that the undesired issue of simultaneous
solvent/permeant membrane permeation is more problematic than in the scenario
described above for permeation through PDMS membranes. As expected, solutions of
polar PG and aqueous PBS more readily permeate through hydrophilic cellulose
membranes which are already swollen with PBS, than through dry hydrophobic PDMS
membranes. Consequently, permeation studies from PG donor solutions through
cellulose membranes into PBS receiver solutions are highly impractical due to the
arisen difficulties. In an attempt to substitute the PBS receiver phase for a PG receiver
phase, like that described above, investigations into the chemical compatibility
between solutions of PG and the cellulose membrane, illustrated that no significant
swelling of the membrane is present after 72 hours submersion. This is dissimilar to
previous studies concerning the use of PBS solvents whereby cellulose membranes
were shown to almost double their thickness upon contact with PBS. Hence, in
resolving the issue of simultaneous solvent/permeant membrane permeation by using
PG as both donor and receiver solvents, a second problem is introduced as fitting of the
theoretical and experimental data requires the introduction of additional membrane
diffusion coefficients, corresponding to the permeation of testosterone and caffeine
through unswollen cellulose membranes in the absence of PBS. For the purpose of the
studies presented here, results concerning the permeation of testosterone and caffeine

from donor solutions of PG through cellulose membranes are excluded, as such data
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are hereby unnecessary to illustrate the accuracy of the derived theoretical model and

understanding behind membrane permeation.

The different characteristics of membrane permeating systems incorporating PBS
and PG receiver phases, cannot be directly compared with one another as they are each
influenced by different experimental conditions, and hence, different Kmem-rec permeant
partition coefficients. However, given that the theoretical model is rigorously shown to
accurately predict both the extent and rate of membrane permeation for all possible
combinations of permeant, membrane, donor solution and receiver solution
investigated here, a prediction of the characteristics for testosterone and caffeine
permeating through PDMS and cellulose membranes from PG donor solutions into
PBS receiver solutions can be correctly drawn, irrespective of the experimental
challenges otherwise faced. Table 3.7 illustrates an example of such predictions,
whereby the permeation of testosterone from PG donor solutions through PDMS
membranes into a PBS receiver phase cannot be accurately measured due to issues
concerning simultaneous solvent/permeant membrane permeation, but theoretically can

be precisely analysed and compared using the derived model.
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Table 3.7. Comparison of the theoretical fractions of permeant extracted (calculated
using equation 3.11) and the theoretical dimensionless permeation rate coefficients
(calculated using equation 3.12). The respective permeant partition coefficients for
testosterone permeating through PDMS membranes into a PBS receiver phase from

various donor solution solvents at 32°C are also given.

Dimensionless

Fraction of ]
permeation rate
SyStem Kmem.don Kmem.rec permeant .
coefficient
extracted
(kXVyec/AD)

Testosterone in PBS
donor, through PDMS, 5.0 5.0 0.50 10.0
into PBS receiver

Testosterone in squalane
donor, through PDMS, 0.8 5.0 0.14 5.8

into PBS receiver

Testosterone in PG
donor, through PDMS, | 4.9 x 107 5.0 9.79 x 10™ 5.0

into PBS receiver

Table 3.7 illustrates that the rate of testosterone permeation from a PG donor
solution through a PDMS membrane into a PBS receiver solution, is in fact similar to
the rate of permeation from a squalane donor solution through a PDMS membrane into
a PBS receiver solution, which becomes apparent with reference to the approximate
half-life of the fitted exponential curve illustrated previously in Figure 3.18. However,
as expected, the fraction of permeant extracted from a PG donor solution is
considerably less than that from an equivalent squalane or PBS donor solution due to

the high affinity of testosterone towards dissolution within the PG.

It may therefore seem puzzling that PG is often used as a component in
pharmaceutical topical formulations to enhance both (i) the penetration of active
permeants through the skin and (ii) the solubility of permeants within the formulation
composition. The release of permeants, such as testosterone, from PG through

synthetic PDMS membranes is highly disfavoured in comparison to that from other oil
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topical vehicles, such as squalane, as assigned by the described partition coefficients
and solvent strengths. However, the enhancement of penetration through the skin is
thought to arise from the penetration of PG into the skin, decreasing the skin’s barrier

resistance®®

and hence, with respect to the model proposed here, varies the permeants
diffusion coefficient within the skin like that observed previously for testosterone

permeating through IPM-saturated PDMS membranes.

3.5 Theoretical modelling of membrane permeation from donor solutions into

open, variable-volume receiver solutions

As described in Chapter 2.2.4, the experimental permeation rate apparatus can be
configured such that the receiving solution flows from a batch of pure solvent, past the
underside of the permeation membrane, through the UV/visible spectrophotometer for
permeant concentration analysis and then to an (open) waste volume. This
experimental approach may be used to simulate, for example, with the use of a
biological skin membrane, the dermal transport of a permeant across the skin and into
the human body, whereby the volume of the receiver phase (i.e. the blood stream) is
significantly larger than the volume of the applied donor phase. With respect to the
analysis of the derived theory for membrane permeation through uniform synthetic
membranes, it follows that the theoretical model presented here should account for the
experimental observations made irrespective of the experimental setup and receiver
compartment configuration. Hence, in the subsequent study, the derived model is
systematically adapted to predict the extent and rate of membrane permeation observed
for transport into an open receiver configuration. These systematic model adaptations
ensure that the same portrayed mechanism of membrane permeation, assumptions and
underlying principles, described previously in the model derivation, are obeyed at all

times.

The investigations on membrane permeation into an open receiver phase
configuration were conducted through the analysis of testosterone permeating from an
IPM donor solution, through a hydrophobic PDMS membrane, into an aqueous PBS
open receiver phase. At the time of experimental practice, the issue of membrane
swelling by the oil donor solvent causing a variation in the permeant membrane
diffusion coefficient was not fully recognised and hence was not avoided. However, no

problems are introduced by this unawareness as the gathered data are appropriately
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theoretically fitted via use of the previously described permeant membrane diffusion
coefficient for testosterone permeating through IPM-saturated PDMS membranes (i.e.
D(IPM-saturated) = 1.4 x 109 m? s™%).

3.5.1 Adapting the theoretical model to account for membrane permeation into open,

variable-volume receiver solutions

For the situation in which the receiver solution flows past the underside of the
permeation membrane to a (open) waste volume, first consider the case in which the
donor compartment permeant concentration (Cgyon) is not significantly depleted over the
experimental time scale (i.e. Cqgon iS approximately constant). At times scales larger
than the previously described lag time L (i.e. when the linear membrane permeant
concentration gradient is established), it is shown below that Cg,, decreases
exponentially with half-life t;,. Hence, the half-life ty, provides a characteristic time
required to achieve a significant change in Cyon. Therefore, for time-scales greater than
L but less than ty»/10, it follows that the permeation is “steady state” but Cgon has
changed by less than 5%. As shown later, t;/, is approximately 20 hours for the system
studied here, and hence measurements of C on time scales of between a few minutes
(ensuring both the calculated lag time of approximately 18 seconds (calculated using
equation 3.15) and the experimental error concerned with the initiation of the
experiment, are both overcome) and around 100 minutes (calculated using t;,/10)
correspond to steady-state permeation at constant values of Cyon. Therefore, under these
conditions the permeant concentration in the flowing receiving solution (Cy) is time-

independent.

To adequately simplify the model derivation for the transport of a permeant across a
membrane into an open receiver phase, the fraction of the total permeant which is
located within the membrane is neglected. In consideration of the experimental
conditions used here, the membrane’s volume is approximately 0.2% of the total
volume and the permeant (testosterone) partition coefficient to the membrane from the
PBS receiver phase Kppumspes = 5. Hence, the fraction of the total permeant located
within the membrane is insignificant (approximately 1%). In justifiably neglecting the
permeant concentration within the membrane, mass balance requires that the number of

moles of permeant diffusing across the membrane per second is equal to the number of
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moles of permeant transported per second in the flowing receiver solution. Hence in

maintaining accordance with Fick’s first law, it follows that:

AD AD
(7)(Cmemd - Cmem,r): Crec F= (TJ(Kmem—donCdon - Kmem—recCrec) (320)
where F is the volumetric flow rate of the receiver compartment solution.
Rearrangement of equation 3.20 then yields an expression given by equation 3.21 for
how the measured concentration C, depends on the volumetric flow rate of the
receiver compartment for short-time runs in which Cgy,n remains approximately

constant.

(3.21)

rec

_ ADKmem—donCdon /(XF)
| 1+ ADK I(XF)

mem-—rec

In further development of the theoretical model for the transport of a permeant
across a membrane and into an open receiver phase configuration, an expression is
subsequently derived to predict how Ce varies with time, over time scales greater than
ti, and at a constant receiver phase flow rate F. In such studies, the permeant
concentration within the donor phase solvent Cyo, Will decrease from its initial value to
approach zero. The rate of change of donor compartment concentration, again

maintaining reference to the specified model assumptions and Fick’s first law, is given

by

dC, AD
N =— K C,..— K C 3.22
dt ( deon J( mem—don™~“/don mem-—rec ~rec ) ( )

Substituting for C,c according to equation 3.21 gives

dCdon
dt

“Ro™~don

don don

:_(ADKmem—don ADKmem—recKmem—dO"AD/(XF)J don — k. C

XV XV, 1+ ADK . [(XF))
(3.23)

where k, is the 1%-order permeation rate coefficient corresponding to the open,
variable-volume receiver compartment configuration. Integration of equation 3.23

gives
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Cdon = Cdon,OeXp (_ kot) (324)

Substitution for Cyon according to equation 3.21 then gives the final expression for

Crec as a function of time.
Crec = Crec,o eXp (_ kot) (325)

where k, is defined according to equation 3.23 and Ciec iS given by

ADK, . o [(XF)
C — mem-don C 326
rec,0 {1+ (ADK /(XF ))} don,0 ( )

mem-—rec

Inspection of equations 3.25 and 3.26 illustrates that, in an open, variable-volume
receiver compartment configuration, the permeant concentration in the receiver
compartment is expected to decrease, obeying the trends of an exponential curve
characterised by two parameters (Creco and ko). In contrast to the closed-loop receiver
configuration, these parameters are predicted to depend on the flow rate used in the

receiver compartment.

3.5.2 Comparing the theoretical model with experimental results for membrane

permeation into an open, variable-volume receiver configuration

Permeation runs using an open, variable-volume receiver configuration were
conducted using a stirred donor compartment containing solutions of testosterone in
IPM permeating through PDMS membranes into an open receiver phase consisting of
aqueous PBS. These conditions were selected as an oil donor solution enabled a
relatively high number of moles of testosterone to be used and produced receiver
compartment concentrations high enough to be reliably measured. With these
incorporated experimental conditions, calculation of the theoretical initial
concentration of the permeant in the receiver phase (Creco) and the rate coefficient of
membrane permeation (ko), utilises the values of the variables; Kyem-don = Kppms-ipm =
0.04+0.01, Kmem-rec = Kpoms.pes = 5+1 and D(IPM-saturated) = 1.4 x 10" m? s™%.

Figure 3.22 shows comparison plots of C. versus time for open (with a fixed
receiver phase flow rate of 1 ml min™) and closed-loop receiver configurations for
donor compartments containing solutions of testosterone in IPM. In the open

configuration, the testosterone concentration in the receiver phase decreases
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exponentially to zero as predicted by equation 3.25 whereas, as discussed previously,
in the closed-loop receiver configuration, the concentration of the permeant in the
receiver phase increases exponentially from zero to the final, equilibrium value Cyec
according to equation 3.8. Under the conditions used here, the permeation rate
coefficient k, for the open configuration is much slower than for the closed loop
configuration (k) as illustrated by the half-lives of the two exponential curves. A
further key difference between the two experimental receiver phase configurations is
the observed fraction of permeant extracted from the donor compartment. The
maximum fraction of total testosterone extracted from the donor compartment to the
receiver compartment for the closed-loop receiver configuration used here is
approximately 1% (with a receiver compartment volume of 3.98 ml), whereas in the
open receiver configuration, virtually 100% of the testosterone is extracted since the
receiver solution flow is continued until all of the initial testosterone is depleted from
the donor solution. For the run shown in Figure 3.22, the final total volume of receiver
solution was 4800 ml pumped over 80 hours. In the context of medical applications,
this open receiver configuration is likely to be more representative of the situation in
which a drug permeates from the small donor volume of a skin patch application for

example, into the much larger volume of the human blood stream.

Unlike the closed-loop configuration, in the open configuration the testosterone
concentration in the receiver compartment is predicted to depend on the volumetric
flow rate of the receiver solution (see equation 3.21). This prediction was tested as
shown in Figure 3.23 by measuring the steady-state values of C as a function of flow
rate for a fixed value of testosterone concentration (5.8 mM) in IPM in the donor
compartment. It can be seen that the measured data agree well with the predictions of
equation 3.21 using the same consistent set of input parameters used previously to fit
all membrane permeation runs. The loss of a smooth exponential curve in the
experimental data, as illustrated in Figure 3.22, is caused by minor fluctuations in the

receiver phase flow rate across the 80 hours experimental time period.

Figures 3.22 and 3.23 help illustrate that the single, unified theoretical model
described here correctly predicts the observed behaviour in both open and closed-loop

receiver compartment configurations of the permeation cell.
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Figure 3.22. Upper plot: measured and calculated (smooth line) values of C versus
time for a donor compartment containing 5.8 mM testosterone in IPM permeating to an
open receiver phase with 1 ml min™ volumetric flow rate. Lower plot: measured (solid
line) and calculated (dashed line) values of C versus time for a donor compartment

containing 6.4 mM testosterone in IPM permeating to a closed-loop receiver phase.
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Figure 3.23. Comparison of measured (filled circles) and calculated (solid line) steady-
state values of C,,c measured for different open receiver compartment flow rates for a

donor compartment containing a constant concentration of testosterone in IPM (5.8

mM).
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3.6 Conclusions

The establishment of a framework has been presented, by which donor solvent
effects and all their different possible origins can be resolved and understood. Based on
well established and rigorous physico-chemical principles, an explicit set of equations
have been developed to describe the equilibrium and kinetic behaviour of permeating
systems for which a set of five key assumptions are valid. For such systems, the model
predicts the key features of permeating systems obeying these assumptions and how
their validity or otherwise can be experimentally tested. For systems which obey the
model assumptions and conditions of constant permeation cell geometry and permeant
diffusion coefficients within the membrane, the effects of changing the donor solvent
on the extent and rate of membrane permeation are entirely determined by two

equilibrium partition coefficients: Kmem-don and Kmem-rec-

Additional possible donor solvent effects can arise when changing the donor solvent
renders one or more of the key model assumptions invalid. Hence, in addition to
altering permeation through changes in the Kmem-gon and Kmem-rec permeant partition

coefficients, changing the donor solvent can:

1. Alter the permeation rate-limiting step from membrane diffusion.

2. Change whether or not the membrane diffusion occurs under steady-state
conditions.

3. Alter the membrane structure or uniformity.

4. Cause time-dependent changes in the solvent composition of the membrane or
the donor and receiver phases.

5. Affect the extent of non-ideal permeant solution behaviour.

Using the comparison of model predictions and experimental data for numerous
permeation systems which differ widely in the hydrophobicity/hydrophilicity of the
permeant, donor solvent, receiver solvent and membrane, it is shown possible to
identify and quantify effects including a change in the rate-determining step of
permeation, non-ideal solution behaviour of the permeant solutions, deviations due to
non-steady-state conditions, deviations due to changing permeant membrane diffusion

coefficients and undesired solvent permeation through the membranes.
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The derived model successfully accounts for the experimentally observed rates and
extents of permeant membrane permeation into both closed-loop and variable-volume
(open) receiver compartment configurations, using a single set of independently
measured input parameters and a single, systematically fitted value of the permeants
membrane diffusion coefficient.

Overall, the main outcome of the results presented in this chapter is the development
of a rigorous theoretical and experimental framework whereby donor solvent effects in

permeation can be determined and their origins fully elucidated.
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CHAPTER 4

PREPARATION AND PROPERTIES OF WATERLESS, PARTICLE-
STABILISED EMULSIONS

4.1 Introduction

Some pharmaceutical emulsions, often incorporating paraffin oil, are administered
as creams to the surface of the skin and can contain high concentrations of a diol such
as propane-1,2-diol. It is believed that such diols improve the solubility of the active
ingredient within the emulsion (as illustrated in Chapter 3) and facilitate the transport
of the active ingredient across the skin structure.”® The addition of various diols to
emulsions of paraffin liquid and water, stabilised by non-ionic surfactants, has been
shown to promote a transitional phase inversion of the emulsion from water-in-oil to
oil-in-water by increasing the hydrophilicity of the system.” It is thereby suggested that
the diol acts as a cosurfactant and adsorbs at the oil-water interface, which
consequently causes the headgroup region of the surfactant to swell.

The influence of propane-1,2-diol on the preparation of particle-stabilised emulsions
of paraffin liquid and water has also been investigated.® In this study Binks et al.
produce a series of emulsions which contain 50 vol.% paraffin liquid and an increasing
concentration of propane-1,2-diol as a replacement for water in the emulsion polar
phase. Figure 4.1 illustrates this emulsion series and identifies the preparation of a
stable emulsion composed solely of paraffin liquid, propane-1,2-diol and fumed silica

particles possessing 42% SiOH (i.e. no water).
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Figure 4.1. Appearance and type of emulsions 1 month after preparation from equal
volumes of paraffin liquid and aqueous propane-1,2-diol containing 1 wt.% silica
particles possessing 42% SiOH, as a function of diol volume with respect to the total

volume of emulsion. Taken from reference 5.
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In this chapter, the observation made in reference 5 on the preparation of waterless
emulsions is investigated further by studying the influence of oil type, polar liquid type
and particle hydrophobicity on the preparation of waterless, particle-stabilised

emulsions. The contents of this chapter are included in a recent patent.®

4.2 Preparation and properties of waterless, particle-stabilised emulsions

incorporating paraffin liquid oil and various diol polar phases

Few reports exist on the preparation of stable emulsions of oil and non-aqueous
polar liquids in the absence of water. Those that do exist, describe the preparation of
non-aqueous emulsions which are stabilised by surfactants’® or amphiphilic block and
statistical copolymers.'® However, the surfactants and copolymers required to stabilise
these emulsions are quite exotic and therefore rather expensive. Furthermore, Hamill
and Petersen’ illustrate that non-aqueous emulsions do not emulsify in accordance with
predictions based on the HLB of a given suitable surfactant and hence, the preparation

of a desired emulsion type is not intuitive.

In development of the observation made in Figure 4.1, Binks et al. investigated the
preparation of emulsions of 50 vol.% paraffin liquid, 50 vol.% propane-1,2-diol and 1
wt.% fumed silica particles of varied hydrophobicity (i.e. surface % SiOH). Figure 4.2
(upper) illustrates this series of emulsions 6 months after preparation and for
comparative purposes, the equivalent paraffin liquid/water emulsion series is also
shown (lower). As expected, it is possible to transitionally phase invert the prepared

waterless emulsions from oil-in-diol to diol-in-oil through alteration of the particle
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contact angle ¢ at the oil/diol interface. For the emulsion series illustrated in the top
image of Figure 4.2, the expected change from 8 < 90° (corresponding to oil-in-diol
emulsions) to ¢ > 90° (corresponding to diol-in-oil emulsions) occurs between
emulsions stabilised by fumed silica particles possessing between 23 and 14% SiOH on

their surfaces.

Figure 4.2. Appearance and type of emulsions 6 months after preparation from 50
vol.% paraffin liquid and 50 vol.% propane-1,2-diol (upper), and 50 vol.% paraffin
liquid and 50 vol.% water (lower) as a function of particle hydrophobicity. Both
emulsion series contain 1 wt.% silica particles of given % SiOH content. CPS refers to

complete phase separation. Images reproduced from reference 5.
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With reference to Figure 4.2, the particle hydrophobicity required to induce a
transitional phase inversion of an emulsion of paraffin liquid and propane-1,2-diol (14—
23% SiOH) is significantly greater than that of the equivalent emulsion of paraffin
liquid and water (51-61% SiOH). Given that the transitional phase inversion of
particle-stabilised emulsions occurs when the particle contact angle & with the oil-polar
liquid interface is 90°, it is now of interest to understand the origin of the different
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emulsion inversion points for emulsions incorporating different combinations of oil

and polar liquid.

4.2.1 A theoretical method for predicting the particle hydrophobicity required to

induce transitional phase inversion of particle-stabilised emulsions

Since determination of the contact angle 6 that a small particle makes with the oil-
polar liquid interface is challenging, several advances have been recently made, which
include a gel trapping technique,”* a film calliper method™® and the use of
ellipsometry.*® However, none of these methods are ideally suited to polydisperse
particles and partially fused aggregates like that of fumed silica. Instead, a theoretical
model** can be used to calculate the contact angle 6 as a function of % SiOH on the

particle surfaces.

For a solid particle (s) located at the oil (0)-polar liquid (l) interface, the three
interfacial tensions are related to the contact angle 8 (measured in the polar liquid
phase) by the Young equation, such that:

cos@ = sVl (4.1)
Yol

Although the interfacial tension between oil and the polar liquid, y,, can be
measured accurately, there are no direct methods for measuring the interfacial tensions
between the solid particle and the polar liquid, y, and the solid particle and the oil, ys.
It would be useful to use equation 4.1 to predict values for the contact angle if it were
possible to estimate these two interfacial tensions from some other source of data. This
requires the use of combining rules that allow any interfacial tension to be predicted
from surface tension components and the determination of such components from solid

h15,16

surfaces. A common approac is that of expressing any surface tension y as a sum

of components due to dispersion forces (yd) and polar forces ("), such that:

The interfacial tension between two phases is then expressed in terms of these two

components for each phase and become

Vsl = Vsa + Yal — ZJysdyld - 2\/yspy1p (4.3)
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Yso = Ysa + Yoa — 2V ¥dy& — 2 [yly? (4.9

Yol = Yoa + Val — ZJV(?VF —2 \/Vf W (4.5)

for the solid-polar liquid, solid-oil and oil-polar liquid interfaces, respectively, where
‘a’ represents air. Although it has been suggested that the polar component could be
better described in terms of acid-base interactions,”’ it has also been established that

when such components are used to predict the contact angle §,**®

the values are very
close to those obtained by the simple Owens and Wendt method™® described above.
Each input parameter of equations 4.3 to 4.5 can then be measured either directly (for
liquid-air surface tensions or liquid-liquid interfacial tensions) or indirectly (for
dispersion and polar components of the solid surface energy, ys,), like that illustrated
by Binks and Clint,'° and hence the values of 7y, yc and 7, can be implemented into
equation 4.1 to determine the contact angle, particle detachment energy and thus

stability of any desired emulsion system.

To give an example of the application of this theoretical method, Figure 4.3 shows
the calculated contact angle & of a fumed silica particle at the oil-polar phase interface
(left-hand ordinate), plotted as a function of the % SiOH on the particle surface.” The
data referred to correspond to a series of emulsions which contain 50 vol.% paraffin
liquid, 25 vol.% propane-1,2-diol, 25 vol.% water and 1 wt.% fumed silica particles.
The measurement and derivation of the required parameters for the application of the
discussed theoretical model are described within reference 5. However, to summarise,
the calculated contact angle 6 decreases as expected with an increase in particle
hydrophilicity and equals 90° for particles possessing 13% SiOH corresponding to the
predicted point of transitional phase inversion for this emulsion system. The energy of
detachment of a single particle, Ege, calculated using equation 1.14 of Chapter 1, is
also plotted in Figure 4.3 (right-hand ordinate). A distinct maximum in the energy of
detachment of a single particle occurs at 13% SiOH implying maximum emulsion
stability at this condition.

The application of this theoretical method for predicting the contact angle 6 of a
particle at an oil-polar phase liquid interface, and the stability of the resulting

emulsions, has been established and is reputable.>**?° The model therefore allows for
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the accurate prediction of the required % SiOH on such modified silica particles to
produce a 90° contact angle, corresponding to the point of emulsion transitional phase

inversion.

The inversion of waterless emulsions, shown in Figure 4.2, has consequently
produced a series of investigations into the preparation of other emulsion systems
containing various different oils, polar liquids and solid particles. The first aspect
investigated was the preparation of emulsions containing a paraffin liquid oil phase and
a varied diol phase. The diols chosen for this investigation were butane-1,2-diol and

pentane-1,5-diol.
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Figure 4.3. Calculated oil-polar phase contact angle (filled line, left-hand ordinate) and
particle detachment energy (dashed line, right-hand ordinate) of silica nanoparticles in
paraffin liquid and 50 vol.% propylene glycol in water systems, as a function of %
SiOH on particle surfaces. Particle radius = 10 nm. Data reproduced from reference 5.
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4.2.2 Waterless, particle-stabilised emulsions of paraffin liquid and either butane-

1,2-diol or pentane-1,5-diol

The polar liquids chosen in mixtures with paraffin liquid were butane-1,2-diol and
pentane-1,5-diol. Their structures are given in Figure 4.4 along with that of propane-

1,2-diol for a comparison.

Figure 4.4. Structures of propane-1,2-diol (C3HgO,) (left), butane-1,2-diol (C4H1005)
(middle) and pentane-1,5-diol (CsH120;) (right).

HO/\|/ HO/\|/\ HO™ > ""0H
OH HO

For a direct comparison with Figure 4.2, all emulsions discussed subsequently were
prepared from 50 vol.% paraffin liquid, 50 vol.% respective diol and 1 wt.% fumed
silica particles of varied hydrophobicity. Figure 4.5 illustrates the prepared waterless
emulsions of paraffin liquid and butane-1,2-diol (upper), and paraffin liquid and
pentane-1,5-diol (lower) 1 month after emulsification. The condition for transitional
phase inversion, via application of the drop test method, optical microscopy and
measurement of the emulsion conductivities, is also indicated for each emulsion

system.

Figure 4.5 reinforces the fact that stable waterless emulsions of paraffin liquid and a
diol can be prepared in the presence of hydrophobic fumed silica particles. It is noted
here that emulsions of paraffin liquid and butane-1,2-diol completely phase separate
within 1 month when prepared using silica particles possessing > 51% SiOH. By
comparison, this transition to complete phase separation occurs above 71% SiOH for
propane-1,2-diol containing emulsions. Furthermore, emulsions of paraffin liquid and
pentane-1,5-diol are shown to be considerably more stable towards complete phase
separation than systems incorporating butane-1,2-diol, when stabilised by silica
particles up to 71% SiOH. For emulsions of both series, prepared using silica particles
of wettability near to that required to induce transitional phase inversion, the resulting
stable emulsions show a high stability towards creaming, sedimentation and

coalescence over time scales in excess of 6 months.
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Figure 4.5. Appearance and type of emulsions 1 month after preparation from 50
vol.% paraffin liquid and 50 vol.% butane-1,2-diol (upper), and 50 vol.% paraffin
liquid and 50 vol.% pentane-1,5-diol (lower) as a function of particle hydrophobicity.
Both emulsion series contain 1 wt.% silica particles of with % SiOH given. CPS refers

to complete phase separation.

oil-continuous diol-continuous
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Emulsions of paraffin liquid and butane-1,2-diol or pentane-1,5-diol are shown to
transitionally phase invert when prepared using silica particles of grades between 14-
23% and 23-37% SiOH respectively. This point of transitional phase inversion is
similar to that of emulsions incorporating propane-1,2-diol (14-23% SiOH), but occurs
at lower % SiOH (i.e. more hydrophobic) than that required to invert the equivalent
paraffin liquid and water emulsion (51-61% SiOH). With reference to the theoretical
method described in section 4.2.1, the % SiOH required to induce transitional phase

inversion of the systems illustrated here can be accurately predicted through
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measurement and derivation of the three interfacial tensions ys, ys and yo, Which are
then applied to equation 4.1. The determination of the required interfacial tensions for
each respective system and therefore the prediction of the % SiOH at which transitional
phase inversions will occur, deviates from the primary aims of this research studentship
and therefore forms one aspect of the proposed future work. However, a first
approximation for the influence of the chemistry of a diol on the type and stability of
the waterless emulsion prepared can be made. Table 4.1 summarises the key
observations from Figures 4.2 and 4.5 for the three waterless emulsion systems
incorporating a paraffin liquid oil phase and various different diol polar phases. The

properties of the equivalent emulsion of paraffin liquid and water are also given.

Table 4.1. Summary of the key observations from the prepared emulsions of paraffin
liquid and pentane-1,5-diol, propane-1,2-diol or butane-1,2-diol stabilised by silica
particles. The observations from the equivalent emulsion series of paraffin liquid and

water are also given. CPS refers to complete phase separation.

) o % SiOH to induce
Emulsion polar liquid o _
transitional phase % SiOH for CPS
phase _ )
inversion

Water 51-61 100
Pentane-1,5-diol 23-37 > 88
Propane-1,2-diol 14-23 > 88
Butane-1,2-diol 14-23 >61

The contact angle 8, corresponding to transitional phase inversion is influenced by
the values of the three interfacial tensions ys,, ys1 and yo, as discussed. For the emulsion
systems shown here, the values of ys, are fixed for the interfacial tensions between
paraffin liquid and the different grades of fumed silica particles used. However, the
values of yy and y, vary for each system and depend on the polar liquid present.
Therefore, as a first approximation, the determination of the polar liquid relative
hydrophobicities will reveal information regarding the magnitude of these interfacial

tensions for each emulsion system prepared.
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The observations summarised in Table 4.1 suggest that butane-1,2-diol is the most
hydrophobic polar liquid of the diols investigated here, as it is shown to promote
transitional phase inversion of the concerned emulsion system between 14-23% SiOH,
and favours complete phase separation in systems incorporating silica particles above a
61% SiOH grade. Conversely, the most hydrophilic polar liquid (i.e. water), promotes
transitional phase inversion in equivalent emulsions stabilised by silica particles of a
51-61% SiOH grade, and disfavours complete phase separation of the emulsion for all
particle hydrophobicities up to a 100% SiOH grade. Consequently, pentane-1,5-diol
and propane-1,2-diol are intermediate in hydrophobicity to that of water and butane-
1,2-diol.

With reference to the diol structures given previously, it is plausible that butane-1,2-
diol is more hydrophobic than propane-1,2-diol arising from the additional methyl
group on the otherwise identical chemical structure. Hence, although both diols are
shown to produce a transitional phase inversion of the corresponding emulsion between
silica particle grades of 14-23% SiOH, the precise difference in the point of inversion
is likely to be concealed within this 9% window of % SiOH content. Furthermore,
propane-1,2-diol is shown to be more capable of stabilising the concerned emulsion
series against complete phase separation with silica particles up to a higher % SiOH
grade, like that of water. It is also plausible that although pentane-1,5-diol consists of a
longer hydrocarbon chain, the presence of two terminal hydroxyl groups and the
molecules ability to rotate and form different conformers, renders the molecule

comparatively more hydrophilic than propane-1,2-diol and butane-1,2-diol.

In summary, it has been shown possible to prepare stable waterless emulsions of
both oil-in-diol and diol-in-oil types, incorporating paraffin liquid and various different
diols. Variation of the diol has been shown to produce a significant change in the type
and stability of emulsion prepared for a chosen oil and constant particle
hydrophobicity, by alteration of the yy and y, interfacial tensions, which are
secondarily related to the respective diol hydrophobicity. To further investigate the
preparation of waterless particle-stabilised emulsions, the next study examines the
preparation and properties of waterless emulsions which contain a selected diol polar

phase (propane-1,2-diol) and various different oil phases.
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4.3 Preparation and properties of waterless, particle-stabilised emulsions

incorporating propane-1,2-diol polar phases and various oil phases

The investigation into the preparation of waterless, particle-stabilised emulsions
containing a diol polar phase (propane-1,2-diol) and various different oil phases was
conducted. A range of different oil phases, including an alkane oil (squalane), an ester
oil (isopropyl myristate), a silicone oil (DC 200 PDMS) and an oil composed of a
mixture of triglycerides® (Miglyol 812), was used. To enable a direct comparison with
the emulsions described previously, all systems presented here incorporated 50 vol.%
oil phase, 50 vol.% polar liquid phase and 1 wt.% fumed silica particles of a varied
hydrophobicity. Figure 4.6 shows the chemical structure of four of the oils used.
Miglyol 812 is composed of 55% triglycerides of Cg and 45% triglycerides of Cyo. For
comparison, the emulsion system previously discussed containing paraffin liquid and
propane-1,2-diol is often referred to, whereby the paraffin liquid is composed of a
mixture of heavier alkanes of C1,-Cy. Figure 4.7 shows photographs of the different

emulsion systems 1 month after preparation and Table 4.2 summarises the findings.

Figure 4.6. Structures of squalane (CzoHsz), DC200 PDMS (C,H¢OSi),, isopropyl
myristate (C17H340;) and Miglyol 812 (where R = Cg or Cyp).

squalane PDMS

CH,—0——C0 —R
CH,—O0——CO —R

TSN 0TS CH,—0——cC0 R

isopropvl myristate Miglyol 812
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Figure 4.7. Appearance and type of emulsions 1 month after preparation from 50
vol.% propane-1,2-diol and 50 vol.% squalane, DC200 PDMS, Miglyol 812 or
isopropyl myristate as a function of particle hydrophobicity (given as % SiOH). All
emulsions contain 1 wt.% fumed silica particles. CPS refers to complete phase

separation.

oil-continuous diol-continuous

230 1 37% 42% 51% 61% ~ 100%
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Table 4.2. Summary of the key observations from the prepared emulsions of propane-

1,2-diol and paraffin liquid, squalane, DC200 PDMS, Miglyol 812 or isopropyl

myristate.
% SiOH to induce ) )
L . % SiOH above which
Emulsion oil phase transitional phase
] ) CPS occurs
inversion

Paraffin liquid 12-23 88
Squalane 23-37 88
DC200 PDMS 23-37 88
Miglyol 812 23-37 88
Isopropyl myristate 42-51 88
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Figure 4.7 again illustrates the formation of stable waterless emulsions which
incorporate a propane-1,2-diol polar liquid phase and various different oil phases. The
prepared emulsions are once more shown to transitionally phase invert through
variation of the stabilising silica particle hydrophobicity, which influences the particle
contact angle @ at the oil/polar liquid interface. The analysis of the observed points of
transitional phase inversion is difficult without the accurate determination of the
relevant interfacial tensions for application to the theoretical method described
previously. It is apparent however, that all emulsion systems summarised in Table 4.2

show a similar resistance towards complete phase separation.

Several other interesting observations are made in Figure 4.7. Firstly it is apparent
that there is a significant change in the rheology of the prepared waterless emulsions
around transitional phase inversion. Oil-continuous emulsions have a gel-like
consistency which maintain a deformed shape and hence, do not settle to form a
horizontal emulsion-air interface within 1 month after preparation. Conversely, diol-
continuous emulsions of the same oil/diol/particle type composition, are more liquid-
like and therefore settle within the vessel immediately after emulsification. This is
particularly noticeable for emulsions of squalane or DC200 PDMS. Secondly, for
waterless emulsions containing isopropyl myristate, transparent homogenous
emulsions result. The presence of air bubbles incorporated during homogenisation are
visible in such transparent emulsions, whilst emulsions which completely phase
separate illustrate a clear boundary between the two immiscible phases due to the
hydrophilic silica particles residing in the more dense, polar liquid phase. These two

observations are investigated in more detail below.

4.3.1 Gelling of oil-continuous waterless emulsions around the point of transitional

phase inversion

The observed gelling of oil-continuous waterless emulsions may be due to several
reasons. Firstly, an addition of excess hydrophobic silica particles, which will reside in
the oil-continuous phase, could cause an increase in the overall viscosity of such
emulsions. It is suggested that within liquids of low polarity, like that of squalane, such
silica particles can form strong hydrogen bonds with neighbouring particles between
the exposed silanol groups, resulting in the formation of structured, solid-like particle

networks and hence give rise to a gel.?? Such structured networks would otherwise be
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absent in an equivalent diol-continuous emulsion as it is suggested that in polar liquids
the excess hydrophobic particles form a hydrogen bonded solvation layer around the
particle surface and therefore produce non-structured, stable dispersions.?
Alternatively, the observed gelling may occur due to extensive flocculation of
uncharged dispersed droplets. Flocculation of an emulsion usually leads to enhanced
creaming or sedimentation because the flocs of droplets rise faster, in accordance with
Stoke’s law, than individual droplets due to their effective larger radius (see equation
1.15 of Chapter 1). However, exceptions can occur when flocculation can lead to a
structured solid-like network of droplets throughout the emulsion and therefore
produces a gelled formulation.?® To investigate whether the observed gelling shown in
Figure 4.7 is a result of thickening of the emulsion continuous phase or flocculation of
the emulsion dispersed phase, several investigations were performed.

The gelling of an emulsion continuous phase via the addition of excess silica
particles will lead to an increase in the viscosity of the overall emulsion as described by

the Einstein equation,?* whereby:

n=ny+25¢ (4.6)

where 7 represents the viscosity of the overall emulsion, 7, represents the viscosity of
the emulsion continuous phase and ¢ represents the dispersed phase volume fraction.
The concentration of excess emulsifying silica particles, which are not adsorbed at the
oil/diol interface and therefore reside in the emulsion continuous phase can be
calculated.?® However, given that all emulsions prepared here contain 5 ml oil, 5 ml
polar liquid and 1 wt.% silica particles with respect to the overall mass of the emulsion,
the maximum possible concentration of particles in the emulsion continuous phase is
approximately 2 wt.%, assuming no particles are adsorbed at the oil/diol interface. To
investigate the extent of gelling of both the oil and polar liquid emulsion phases with
increasing concentration of silica particles, an increasing mass of particles was
dispersed within a chosen oil (squalane) and a chosen diol (propane-1,2-diol). Particles
responsible for stabilising both diol-in-oil emulsions (23% SiOH) and oil-in-diol
emulsions (37% SiOH) were investigated. Figure 4.8 clearly illustrates that no gelling
of the propane-1,2-diol polar phase occurs with increasing silica particle concentration
up to an overestimated excess of 5 wt.%. This therefore corresponds to the formation

of a hydrogen bonded solvation layer around the particles dispersed within the polar
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diol phase.?? Conversely, significant gelling of the squalane oil phase is observed for
silica particle concentrations of 5 wt.%. Once more, this corresponds to the
observations made by Kahn et al. presuming the formation of hydrogen bonds between
neighbouring silica particles dispersed within a non-polar liquid.?> However, in the
context of the observations made in Figure 4.7, the dispersion of silica particles in
Figure 4.8 which simulates the highest possible concentration of particles in the
emulsion continuous phase (2 wt.% silica particles with respect to the mass of the oil
phase, as discussed previously) does not form a gelled consistency which conclusively
shows that the predominant cause of the observed gelling of oil-continuous emulsions

is not via thickening of the emulsion continuous phase.

Figure 4.8. Appearance of squalane and propane-1,2-diol solutions with increasing
concentrations of fumed silica particles of a 23% or 37% SiOH grade dispersed within
(given). All photographs were taken 24 hours after sample preparation.

Iwt. % . 2wt.% _

To investigate the presence of dispersed droplet flocculation leading to the gelling
of the prepared oil-continuous emulsions, optical micrographs of dilute emulsions of
squalane and propane-1,2-diol stabilised by silica particles of a 23% SiOH grade
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(forming gelled diol-in-oil emulsions) and a 37% SiOH grade (forming non-gelled oil-
in-diol emulsions) were captured and are shown in Figure 4.9. The absence of droplet
flocculation is apparent for non-gelled diol-continuous emulsions stabilised by silica
particles of a 37% SiOH grade. However, the optical micrographs of dilute gelled diol-
in-oil emulsions of paraffin liquid and propane-1,2-diol stabilised by silica particles of
a 23% SiOH grade, illustrate significant droplet flocculation. The gelling of the
waterless emulsions upon transitional phase inversion is therefore concluded to be
caused by the flocculation of dispersed emulsion droplets creating a structured, solid-

like network throughout the emulsion formulations.

Figure 4.9. Optical micrographs of dilute emulsions of paraffin liquid and propane-
1,2-diol stabilised by 1 wt.% silica particles. A non-gelled oil-in-diol emulsion
incorporating silica particles of a 37% SiOH grade (upper) and a gelled diol-in-oil
emulsion incorporating silica particles of a 23% SiOH grade (centre and lower) are

shown.
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4.3.2 Preparation and properties of transparent waterless, particle-stabilised

emulsions incorporating paraffin liquid oil and various polyol polar phases

The transparency of the prepared waterless emulsions of isopropyl myristate and
propane-1,2-diol shown in Figure 4.7 was investigated. It has been shown that the
preparation of transparent emulsions can be achieved by matching the refractive
indices of the immiscible liquids.?® The refractive index of isopropyl myristate and
propane-1,2-diol were measured at 25°C using an Abbé refractometer and found to be
very similar (1.434 and 1.432 respectively), confirming the cause of this observation.
In further development of the work presented here, the preparation of equivalent
waterless emulsions containing various different polyols as the polar liquid phase was
conducted. To simultaneously investigate the preparation of transparent emulsions and
the preparation of waterless emulsions incorporating a range of polar liquid phases
other than diols a selection of polyols were used. The polyols were selected such that
some had a similar refractive index to the chosen oil phase (paraffin liquid), and others
had a different one. The polyols chosen for this investigation were propan-1-ol,
glycerol and polyethylene glycol (PEG 300) whose structures are given in Figure 4.10.

Figure 4.10. Structures of propan-1-ol (C3HgO) (left), glycerol (C3HgO3) (middle) and
PEG 300 (C2nHan+20n+1) (right).

OH H o~
N Ho\)\/OH ]

Table 4.3 lists the measured refractive indices of the liquids incorporated in the

waterless emulsion systems presented here.
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Table 4.3. Measured refractive indices at 25°C of various liquids.

Liquid Refractive index
Paraffin liquid 1.475
Isopropyl myristate 1.434
Miglyol 812 1.450
Propane-1,2-diol 1.432
Glycerol 1.473
PEG 300 1.464
Propan-1-ol 1.386

The data presented in Table 4.3 helps to illustrate the magnitude in which the
refractive indices of the emulsion components must be matched to produce a
transparent waterless emulsion. With reference to this data, it is clear why emulsions of
isopropyl myristate and propane-1,2-diol produce transparent emulsions due to the
refractive index similarity of 1.434 and 1.432 respectively. Conversely, emulsions of
paraffin liquid (refractive index = 1.475) and propane-1,2-diol (refractive index =
1.432) produce an opaque white formulation due to their relatively large difference in
refractive indices. Prior to preparation of the waterless emulsions which incorporate the
three polyol polar liquids illustrated in Figure 4.10, it is therefore predicted that
emulsions of paraffin liquid and glycerol (refractive indices of 1.475 and 1.473
respectively) will produce transparent emulsions, whilst that of paraffin liquid and PEG
300 (refractive indices of 1.475 and 1.464 respectively) and paraffin liquid and propan-
1-ol (refractive indices of 1.475 and 1.386 respectively) will produce opaque white

emulsions.

Figure 4.11 illustrates the appearance of the prepared waterless emulsions
incorporating these additional polyol polar liquids, 1 month after emulsification. As
predicted the preparation of emulsions incorporating paraffin liquid and glycerol yields
transparent formulations, in which air bubbles captured during homogenisation are
observed suspended within. Furthermore, emulsions of paraffin liquid and PEG 300
produce more opagque emulsions due to the dissimilar refractive indices of the liquid
phases. Conversely, emulsions of paraffin liquid and propan-1-ol are shown to be

unstable towards droplet coalescence and therefore completely phase separate when
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incorporating silica particles of all hydrophobicities from 14-100% SiOH. The cause of
this instability is not apparent without measurements of the relevant interfacial tensions
between the respective phases and then application of these values to the theoretical

method described previously.

The exact meaning of the term ‘waterless emulsions’ was investigated by
determination of the water content in numerous of the emulsion oil and polar liquid
phases. This analysis was conducted via the use of a Karl Fischer Autotitrator, and

concluded that the average water content in the emulsions was < 0.15%.
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Figure 4.11. Appearance and type of emulsions 1 month after preparation from 50
vol.% paraffin liquid and 50 vol.% glycerol (upper), PEG 300 (centre) or propan-1-ol
(lower) as a function of particle hydrophobicity (given in % SiOH). All emulsions

contain 1 wt.% fumed silica particles.
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4.4 Preparation of waterless emulsions stabilised by precipitated calcium

carbonate particles

The application of the prepared waterless emulsions to the surface of the skin is not
recommended by the Food and Drug Administration (FDA) agency due to their
incorporation of non-biocompatible fumed silica nanoparticles. In the short subsequent
investigation, the preparation of waterless emulsions of paraffin liquid and propane-
1,2-diol stabilised by biocompatible particles of precipitated calcium carbonate was
studied. These emulsions were prepared via an identical experimental procedure to
those previously illustrated and incorporate a 50 vol.% oil phase (paraffin liquid), 50
vol.% polar liquid phase (propane-1,2-diol) and 1 wt.% precipitated calcium carbonate

particles.

Figure 4.12 illustrates the appearance of two waterless emulsions of paraffin liquid
and propane-1,2-diol 1 month after emulsification, stabilised by two grades of
precipitated calcium carbonate. The formation of a diol-continuous emulsion is
achieved via the use of an unmodified, hydrophilic precipitated calcium carbonate
(Calofort U) whilst the formation of an oil-continuous emulsion is achieved via the use
of a precipitated calcium carbonate which has been hydrophobised through the addition
of a stearate coating (Calofort SV). The application of such particle-stabilised
emulsions to the surface of the skin will more-likely be approved by the FDA agency
and therefore prove as interesting formulations with many potential aspects for use in
dermal drug delivery applications.
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Figure 4.12. Appearance and type of emulsions 1 month after preparation from 50
vol.% paraffin liquid and 50 vol.% propane-1,2-diol stabilised by 1 wt.% of
hydrophobised (left) and unmodified, hydrophilic (right) precipitated calcium

carbonate particles.

paraffin liquid-continuous

Calofort SV

45 Conclusions

In this chapter, the preparation of waterless, particle-stabilised emulsions of various
different oil types and non-aqueous polar liquids has been illustrated. A first
approximation for the analysis of the observations made during the preparation of these
emulsions has been conducted by reference to the predicted liquid phase relative
hydrophobicities. A thorough analysis of the observations made here is achievable
through the accurate determination of the interfacial tensions between the respective
oil, polar liquid and solid particle phases of each emulsion. These studies therefore
contribute to the future work resulting from this research.

The emulsions discussed in this chapter prove to be very interesting candidates for
potential vehicles in the delivery of drugs across the skin. Their incorporation of both
an oil phase and a diol phase, which is reputable for enhancing the penetration of many
drug molecules through skin and being a good solvents for many drugs, provides the
possibility of a formulation which is capable of containing and rapidly delivering very

high drug concentrations compared to that of conventional emulsions of oil and water.
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CHAPTER 5

MEMBRANE PERMEATION FROM DONOR PARTICLE
DISPERSIONS AND PARTICLE-STABILISED EMULSIONS

5.1 Introduction

The establishment of a framework is presented in Chapter 3, by which the influence
of the donor solvent on the rate and extent of membrane permeation of a permeant, and
all of the different possible origins of such influences are resolved and understood.
Based on well established and rigorous physico-chemical principles, an explicit set of
equations are presented to describe both the equilibrium and kinetic behaviour of
membrane permeating systems incorporating a solvent donor phase, for which a set of
five key assumptions are valid. For such systems, the model predicts the key features
of permeating systems obeying these assumptions and how their validity or otherwise
can be experimentally tested. For systems which obey the model assumptions and
conditions of constant permeation cell geometry and permeant diffusion coefficients
within the membrane, the effects of changing the donor solvent on the extent and rate
of membrane permeation are shown to be entirely determined by the two equilibrium

permeant partition coefficients Kmem-don aNd Kmem-rec-

In cosmetic and pharmaceutical applications, the permeating species (i.e. the active
drug) may be contacted with the donor-side of the membrane (i.e. the skin) in a variety
of formulation types including, inter alia, solutions in either aqueous or oil solvents (as
described in Chapter 3) or dissolved within multiphase, colloidally microstructured
systems, such as particle dispersions or emulsions which may be of either an oil-in-
water (o/w) or water-in-oil (w/o0) type. Emulsions provide the pharmaceutical industry
with various advantages including, amongst other things, a degree of control over drug
release, an increase in drug solubility within the formulation, improved aesthetics for
topical application and a reduction in formulation costs via the replacement of a

fraction of the more expensive oil solvent with water.

In this chapter, the membrane permeation of a permeant from donor particle
dispersions and particle-stabilised emulsions, is investigated in accordance with the
unified theoretical model for membrane permeation which is derived in Chapter 3. The

unified model is systematically adapted to account for the additional partitioning of the
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permeant between the dispersed and continuous phases of such donor formulations,
whilst maintaining the set of key assumptions and underlying principles of diffusion
described in Chapter 3. In a similar manner to that presented previously, the predictions
made using the adapted theoretical model are then compared directly with the
experimental results for the extents and rates of membrane permeation from such donor
formulations, which are gathered via the use of the developed recirculating, closed-
loop receiver phase experimental method described in Chapter 2. The release of
permeants from both conventional oil-water and waterless (see Chapter 4) emulsions of

both oil-in-polar liquid and polar liquid-in-oil types are investigated.

5.2 Adapting the unified theoretical model to account for donor particle
dispersions and particle-stabilised emulsions

The unified theoretical model derived in Chapter 3 is relevant to the situation
whereby the permeant is initially dissolved within a solution which is contacting the
donor-side of the synthetic isotropic membrane. In such circumstances, both the extent
and rate of permeant membrane permeation are shown to be dependent on the relative
values of the Kmem-don and Kpem-rec permeant partition coefficients, which are
determined by the combination of the solvent, permeant and membrane under analysis.
For situations involving a donor particle dispersion or particle-stabilised emulsion, the
determination of the Kmem-gon Permeant partition coefficient and the concentration of
the permeant in direct contact with the membrane, is made more complex by the
presence of additional phases in the donor medium, of which the permeant can
partition to. Furthermore, in the presence of particle-stabilised emulsions,
determination of the value for the Kmem-don permeant partition coefficient will
ultimately depend on the emulsion phase (i.e. dispersed or continuous) which is
directly contacting the membrane surface, and hence, will depend on the mechanism of
permeant delivery from particle-stabilised emulsions. The envisaged possible
mechanisms of permeant delivery from particle-stabilised emulsions are illustrated in
Figure 5.1. The first feasible mechanism occurs via the permeant firstly partitioning
between the emulsion dispersed and continuous phases and then partitioning directly
from the emulsion continuous phase into the outermost layer of the membrane. Upon
partitioning to the donor-side outer layer of the membrane, the permeant will then obey

the same mechanism of rate-limiting diffusion across the membrane as described in
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Chapter 3. In consideration of this mechanism of permeant release from a particle-
stabilised emulsion, the value of the Knem-don permeant partition coefficient is therefore
denoted by the permeant partition coefficient between the membrane and the emulsion
continuous phase, Knem-cont- Alternatively, the second plausible mechanism of permeant
delivery from a particle-stabilised emulsion, is via the adhesion of the dispersed
emulsion droplets to the surface of the membrane followed subsequently by
partitioning of the permeant from within the dispersed emulsion phase directly to the
membrane donor-side outer layer. Here, the value of the Kyem-don permeant partition
coefficient would therefore be equal to the value of the permeant partition coefficient
between the membrane and the emulsion dispersed droplet phase, Kmem-arop- Finally, the
third feasible mechanism of permeant delivery from donor particle-stabilised
emulsions, entails both of the above mechanisms whereby permeant transfer to the
membrane occurs from both the emulsion continuous and dispersed phases. Hence, the
value of the Kmem-don permeant partition coefficient would be equal to the sum of the
values of the Kimem-cont and Kmem-drop permeant partition coefficients. Figure 5.1 shows a
schematic representation of these three feasible mechanisms from an oil-in-water
emulsion and the respective equivalent values of the Kpyem-gon permeant partition

coefficient.

Figure 5.1. A schematic representation of the possible mechanisms of permeant release
from an oil-in-water donor particle-stabilised emulsion, through a synthetic membrane

and into a single solvent receiver phase.
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For the derivation of the theoretical model described subsequently, it is assumed
that upon application of a particle-stabilised emulsion to the donor-side of the
membrane, transport of the permeant to the donor-side outer layer of the membrane

occurs exclusively via transfer from the continuous phase of the donor formulation (i.e.
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mechanism 1). The event of dispersed emulsion droplet adhesion to the membrane
requires an energetically unfavourable detachment of a large amount of emulsifying
particles from the oil/polar liquid interface. As described in Chapter 1, this detachment
energy, Ege, equates to several thousand kT for a single nanoparticle residing at the
interface of such particle-stabilised emulsions and hence, the emulsion droplets show a
high resistance towards such droplet adhesion. This resistance to particle detachment
from the fluid-fluid interface is demonstrated by Weitz et al.” where it was shown that
upon reducing the volume of the dispersed emulsion drops, the particles still remain
attached at the interface but form a “buckled” shell as the interfacial area reduces,
hence justifying this assumption plausible. The validity of this assumption is later

examined.

In order to maintain the key assumptions described in Chapter 3 during the
derivation of the theoretical model, it is consequently assumed that the partitioning of
the permeant between the dispersed and continuous phases of both particle dispersions
and particle-stabilised emulsions, is non-rate-limiting with regards to the overall
membrane permeation process. Therefore, diffusion of the permeant across the
membrane remains to be considered as the overall rate-limiting step of membrane

permeation. The validity of this assumption is also later examined.

5.2.1 Derivation of the adapted theoretical model to account for donor particle

dispersions and particle-stabilised emulsions

In order to compare the theoretical and experimental membrane permeation data, the
derivation of an equation to describe how the concentration of the permeant in the
receiving phase (Cec) varies as a function of time t, like that described in Chapter 3, is
required. For the application of particle dispersions or particle-stabilised emulsions to
the donor-side of the membrane, and with regards to the assumed mechanism of
permeant delivery from the continuous phase of these formulations, the first step in this
derivation is to derive a relationship between the concentration of the permeant in the
overall volume of the donor formulation (Cg4.n) and the concentration present in the
continuous phase of the donor compartment (Ccont). Hence, the distribution of the
permeant between the emulsion dispersed droplets and the continuous phase needs to
be accounted for in the presence of a particle-stabilised emulsion, in addition to the

significant adsorption of the permeant from the continuous phase solution onto the
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surfaces of the particles used to stabilise the emulsions or which are otherwise present
alone in the particle dispersions. Given that it is assumed that all partitioning processes
are fast relative to permeant diffusion across the membrane, the relationship between
Ceont @nd the concentration of the permeant in the dispersed emulsion droplet phase
(Cuarop) is given by the appropriate equilibrium partition coefficient expression

C
—droe. (5.1)

drop—cont = C

K

cont
To account for the adsorption of the permeant from the continuous phase to the

emulsifying or dispersed particles, it is assumed that the adsorption follows a Langmuir

adsorption isotherm according to the Langmuir equation

r — GCCOHI (5.2)
r 1+GC

max

cont

where T is the amount of permeant adsorbed per unit mass of the particles, hence,
I''T'max IS the fractional permeant coverage of the particle surface and G is a system
dependant constant. Furthermore, the number of moles of adsorbed permeant (Nags) IS

equal to I'my, where my, is the mass of particles in the donor formulation and therefore

n
\Y,

ads — mmeaX GCCOH'[ (5 3)
donor (1+GCcont)\/donor .

To help simplify the subsequent expressions, I'naxG is denoted as the constant H and
it is assumed that the permeant adsorption onto the particles is weak such that GCo
<< 1. This assumption is justified later in this chapter, and hence, equation 5.3

simplifies to
n m_HC,_,
ads _ P t (54)
V V

Therefore, the overall concentration of the permeant in the donor compartment
(Cgon) for a donor particle-stabilised emulsion is the sum of the contributions from the
permeant present in the dispersed emulsion drops, the emulsion continuous phase, and

that adsorbed on the emulsifying particle surfaces according to
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m_H
Cdon = <¢dropKdrop—contk:cont + (1_ ¢drop kcont + (Vp—jccont (55)

don
where @qrop IS the volume fraction of dispersed emulsion drops in the donor formulation
(i.e. darop = O for particle dispersions). Rearranging this equation gives an expression
for Ceont in terms of Cyon, the relevant volume fractions, the particle concentration and
other parameters, such that

C
don (5.6)

Ccon =
t {1+ (¢dropKdrop—com)_ ¢drop + (mp H /Vdon )}

Having derived an equation to describe the relationship between the concentration
of the permeant in the entire donor formulation (Cy0n) and the permeant concentration
present in the continuous phase of the donor compartment (Cconi), the same
mathematical derivation to that illustrated in Chapter 3 is followed. The subsequent
derivation therefore describes how the concentration of the permeant in the receiving
phase (Cre) is expected to vary as a function of time, when a particle dispersion or
particle-stabilised emulsion is applied to the donor-side of the membrane and hence,

incorporates the additional parameters of equation 5.6 to that presented in Chapter 3.

As described in Chapter 3, the total number of moles of permeant in the system (n;)

is equal to

N =CyoVon + CrecViee + CrremV,

don ¥ don rec  rec mem ¥ mem (57)

Again, under steady-state conditions, there is a linear permeant concentration
gradient across the membrane that varies from Cyem ¢ at the donor-side surface to Crem
at the receiver side surface and hence, Cnem = (Cmemd * Cmemy) / 2. The permeant
concentrations in the membrane on the donor and receiver sides (Cmemd and Cmemy
respectively) are related to the concentrations Cgont and Cyec by the relevant partition

coefficients according to

=K Ccont (58)

mem-—cont

C.. =K. .C (5.9)

mem, r mem-—rec = rec

and hence, rearrangement of equation 5.7 gives
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C _ (nt _Crecvrec - Kmem—contccont mem 12— Kmem—reccrecvmem /2) (510)

don
V

don

which is equivalent to that of equation 3.5 of Chapter 3, but accounts for the
concentration of the permeant in the continuous phase of the donor formulation instead
of the overall donor solution. Hence, equation 5.10 can be substituted into equation 5.6
which is expressed in the form Ccont = Cgon/B, Where B is defined by the denominator of

equation 5.6. Hence, the relationship between Ccont and Crec IS given by

nt / Bvdon (V /BV + Kmem—recvmem /ZBVdonX:rec

_ rec don
m /ZBVdon))

C =
o (1+ (Kmem—contvmem /ZBVdon )) (l+ (K
(5.11)

mem —conthe

Under steady-state permeation conditions, i.e. following the lag time when the
steady-state, linear concentration gradient of permeant across the membrane is

established, the permeant concentration gradient across the membrane (dCpem/dX) is

deem _ (Cmem,d _Cmem,r) (5 12)

dx X

where Cpem IS the permeant concentration at depth x in the membrane, Cmemg IS the
concentration at the donor-side surface, Cpem, IS the receiver-side surface
concentration, and X is the total membrane thickness as described in Chapter 3. The
rate of change of permeant concentration in the receiver compartment (dCrc/dt) is
related to the concentration gradient across the membrane according to Fick’s first law,

such that

dC., [ AD _
dt - ( erec ](Cmem,d Cmem,r) (513)

where A is the surface area of the membrane and D is the diffusion coefficient of the
permeant in the membrane. Substituting for Cremg and Crem,r followed by substitution
for Ceont according to equation 5.11 (expressed in the form Ceont = Y — ZCrec, Where Y

and Z are the first and second quotients of equation 5.11), gives

dCrec — ADKmem—contY _ AD(Kmem—contZ + Kmem—rec) Crec (514)
dt XV XV

rec rec
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Finally, integration of equation 5.14 gives

Crec = Crec,oo + (Crec,O - Crec,oo )exp (_ kt) (515)

where the long-time, limiting value of the permeant concentration in the receiver

compartment (C.) and the first-order rate coefficient k are

K Y
Crec = mem-—cont (516)
Y Kmem—contZ + Kmem—rec
AD(K Z+K
k :{ ( mem—cont& T M mem_rec )} (517)
xvrec

For the application of a particle dispersion or particle-stabilised emulsion to the
donor-side of the membrane, the concentration of the permeant in the receiver phase
(Crec) is predicted to increase exponentially from Creco t0 Creco, With a first-order
permeation rate coefficient k, given that the set of assumptions described in Chapter 3
are abided by throughout. It is also assumed that the additional partitioning of the
permeant between the dispersed and continuous phases of such donor formulations is
non-rate-limiting, such that the rate-determining step of the overall membrane
permeation process remains to be diffusion of the permeant across the membrane (this
step is accounted for by assumption | of Chapter 3). Furthermore, it is assumed that the
mechanism of membrane permeation of a permeant from a particle-stabilised emulsion
occurs exclusively via partitioning of the permeant to the membrane from the

continuous phase of the donor formulation.

5.2.2 Predicting the extent and rate of membrane permeation from donor particle-

stabilised emulsions

In Chapter 3 it was shown that upon simplifying the derived expressions for Crec o
and k, by removing factors such as the permeant concentration and the geometric
parameters of the permeating system (i.e. letting Vgon = Viec and Vimem = 0), the relative
rates and extents of membrane permeation were shown to be dependent only on the
values of the two partition coefficients Kmem-dgon and Kmem-rec. Hence, a quick and
accurate prediction for the experimentally observed rates and extents of membrane

permeation could be made for any given combination of donor solvent, permeant and
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membrane. In the scenario presented here, concerning the use of particle-stabilised
emulsions as the donor phase, these predictions are made more complex due to the
incorporation of the additional Z parameter in equations 5.16 and 5.17. In a complex
manner, the Z parameter accounts for the additional partitioning of the permeant
between the dispersed and continuous phases of the donor particle-stabilised emulsion,
and for the adsorption of the permeant onto the surfaces of the particles present in the
respective donor formulations prior to partitioning to the membrane. However, the
influence of the Z parameter on the resulting values of Cc., and k is not apparent
because Z, in-turn, depends on an incorporated B parameter, which depends further-

still on various other system dependent parameters i.e. H, @grop, €tC.

The primary interest in this chapter is in understanding how the emulsion type (i.e.
oil-in-water or water-in-oil) and dispersed volume fraction (i.e. ¢arop) for a given
emulsion composition, influences the characteristics of permeant delivery across a
membrane. For example, in considering two emulsions of identical permeant

concentration and chemical composition, the primary aims are:

1. To understand how the permeant delivery across a membrane from an
emulsion of 50 vol.% oil in 50 vol.% water (oil-in-water) varies compared to
that of an emulsion of 50 vol.% water in 50 vol.% oil (water-in-oil) of
identical permeant concentration and chemical composition.

2. To understand how the permeant release from a particle-stabilised emulsion
of 25 vol.% oil dispersed in 75 vol.% water (oil-in-water) compares to that
of a particle-stabilised emulsion of 75 vol.% water dispersed in 25 vol.% oil

(water-in-oil) of equal permeant concentration.

With regards to predicting the extent (i.e. Crco) Of permeant delivery from a
particle-stabilised emulsion of a given composition, the concentration of the permeant
in the receiving phase of the closed-loop experimental apparatus at infinite time (Crec o)
is predicted to be non-dependent on the emulsion type in the donor phase. The value of
Crec.o IS related to the equilibrium distribution of the permeant between the three phases
present in any system incorporating a donor particle-stabilised emulsion (i.e. the
emulsion dispersed phase, the emulsion continuous phase and the experimental
apparatus receiving phase). Hence, irrespective of the type of emulsion applied to the
donor side of the membrane, the permeant will partition between these three phases
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until its equilibrium position is reached and hence the value of Cy ., will be equal for a

given emulsion composition.

However, the influence of the emulsion type and dispersed volume fraction on the
predicted first-order rate coefficient k for the membrane permeation of a permeant from
a particle-stabilised emulsion is not intuitive. Consider for example, the permeation of
testosterone from an oil-in-water emulsion through a hydrophobic membrane. As a first
approximation, given that testosterone has an affinity for the hydrophobic membrane
over the aqueous continuous phase of the emulsion (i.e. Kynem-cont >> 1), it may be
initially foreseen that the testosterone more rapidly partitions from the emulsion to the
membrane, compared to that from an equivalent water-in-oil emulsion (Kmem-cont < 1).
However, the additional distribution of the testosterone between the water continuous
phase and the dispersed oil phase of the emulsion (where Kgrop-cont >> 1) makes these
predictions significantly more complex. The subsequent derivation therefore aims to
illustrate the influence of the emulsion type and the dispersed volume fraction of a
donor particle-stabilised emulsion on the first-order rate coefficient of membrane

permeation of a permeant.

Firstly, consider the relevant equations for describing the first-order permeation rate

coefficient as derived previously. In repeating equation 5.17, these are

k = {AD(KmemcontZ + Kmem—rec )} (517)
XVrec
where
VvV . /BV K V 2BV
_ rec / don + mem-—rec ' mem / don (518)
1+ (Kmem—contvmem /ZBVdon)
and
B = {(1+ ¢dropKdrop—cont) - ¢dr0p + (mp H /Vdon)} (519)

Like that shown in Chapter 3, to highlight the sole influence of the donor
formulation on the characteristics of membrane permeation, let Vgon = Viec, Vinem = 0
and H = 0 (i.e. temporarily ignore the influence of permeant adsorption onto the

particle surfaces). Again, the first-order permeation rate coefficient can be expressed as
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the dimensionless rate coefficient (kXV,e./AD) (denoted as k’) such that equations 5.17—
5.19 simplify to

k'= Kmem—contZ + Kmem—rec (5-20)

L _JUB+Kyp e 12B 521
1+ (Kmem—cont/ZB)

and
B= (1+ ¢dropKdr0;%cont) - ¢drop (522)
Substitution of equation 5.22 into 5.21 then yields

( 1 ]+( Kmem—rec }

7 - 1+ ¢dropKdro;rcont - ¢drop 2(l+ ¢dropKdromcont - ¢drop) (523)

1+ Kmem—cont
2(1+ ¢dropKdrop—cont - ¢drop)

For an emulsion system composed of two immiscible liquids (denoted as liquid 1
and liquid 2), two different values of k> can be assigned. Let k’;, correspond to the
emulsion of liquid 1 dispersed in liquid 2 and k’,.; correspond to the emulsion of liquid
2 dispersed in liquid 1. With reference to this notation, the permeant partition
coefficient Kmem-cont is Systematically denoted as Kmem2 and Kmem-1, and Kgrop-cont 1S
denoted as Ki., and K, respectively for emulsions denoted by k’;, and k’,.;. The
influence of the emulsion type on the first-order permeation rate coefficient k is
therefore illustrated through consideration of the ratio k’1-,/k’»; such that

Ky, KonoZ,+K

-2 _ Nmem-2 mem-—rec (524)
K, K. .7, +K

mem-1 mem-—rec

where

1 + Kmem*rec
7 1+pK , - ¢, 20+ K, —¢,)

] [ Kmem—2 J
1+
2(1+ ¢1K172 - ¢1)

(5.25)
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and

1 + Kmemfrec
7 1+¢,K,, — 9, 20+ ¢,K, . —¢,)
o ( Kmem—l J
1+
2(1+¢2K271 _¢2)

To simplify the above expressions, a common numerator and denominator is

(5.26)

required and hence, it follows that

¢2 :1_¢1 (5-27)
1
Ky, = (5.28)
2-1 K1_2
K
Kiema =~ (5.29)
K1—2

Finally, the substitution of equations 5.27 - 5.29 into equation 5.26 followed by the
further substitution of equations 5.25 and 5.26 into equation 5.24 yields

( 1 JJ{‘( Kmem—rec J
K 1+ K, - 20+ 4K, —¢,) K

mem—2 [ Kmem72 ] mem—rec
1+
k|1—2 — 2(1+ ¢1K172 - ¢1)
k‘Z—l 1 + Kmem—rec
K em-—2 1+(Q-¢)/ K ) -1+ 4 20+ (1-¢)/K,,)-1+¢,) LK
Kl—z 1+ (Kmem—z / Kl—z) e
20+(1-4)/Kip)-1+4)

(5.30)

Through the application of complex algebra, it can be shown that this fraction
reduces to 1 for any given values of Kmem-2, Kmem-rec, K12 and ¢;. Although this
simplification is not given here, it has been tested numerically by substituting a range
of values for these variable parameters and consistently illustrates a value of k’1.,/k’».1
= 1. It is therefore predicted that the first-order rate coefficient k of membrane
permeation from particle-stabilised emulsions of identical composition is independent

of emulsion type and dispersed phase volume fraction.
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This prediction is based on the assumption that permeant adsorption onto the
emulsion-stabilising particles is negligible (i.e. H = 0). Given that H corresponds to the
permeant adsorption onto the particles from the emulsion continuous phase, it follows
that if H is significantly different for an oil-in-water and a water-in-oil emulsion, then a
difference in both the measured values of Cr ., and k between the two emulsion types

is expected.

For emulsions of varying composition (i.e. oil and water vol.%), the characteristics
of membrane permeation are expected to change in accordance with varying the donor
solvents, as described in Chapter 3. Given that this influence has been thoroughly

explained previously, it is not investigated in this chapter.

The predictions made here are valid for systems incorporating a constant value of
the permeant diffusion coefficient through the membrane D. In the results discussed
subsequently, the permeation of both caffeine and testosterone through a PDMS
membrane from both the developed waterless particle-stabilised emulsions (see
Chapter 4) and conventional oil-water particle-stabilised emulsions are investigated.
The waterless emulsion system examined is that composed of a polar propane-1,2-diol
(PG) phase and a squalane oil phase, of which both emulsion components have been
shown in Chapter 3 to not modify the value of the permeant diffusion coefficient
within a PDMS membrane. The membrane permeation of a permeant from this
waterless emulsion series is therefore expected to obey the predictions outlined here.
The conventional oil-water particle-stabilised emulsion system investigated is
composed of a water polar phase and an isopropyl myristate (IPM) oil phase, whereby
the IPM solvent has been shown to modify the diffusion coefficient of testosterone
within the PDMS membrane and hence produce deviations from the theoretical
predictions made here. Prior to these analyses, the determination of the different
adsorption coefficients H, for the adsorption of testosterone and caffeine, form the
relevant solvents to the surface of the different particles used to stabilise the respective
emulsions was investigated. These analyses were completed by studying the membrane

permeation of each permeant from donor particle dispersions in the respective solvents.
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5.3 Measuring the membrane permeation of permeants from donor particle

dispersions

The comparison of the adapted theoretical model and the experimental results was
conducted by first investigating the membrane permeation of permeants from donor
particle dispersions in order to determine the relevant adsorption coefficients (H).
Given that H corresponds to the adsorption of the permeant onto the surface of the
particles from the emulsion continuous phase, particle dispersions within several
different solvents were investigated corresponding to the different emulsions studied.
The chosen solvents were PG and squalane, which are the respective continuous phases
of the oil-in-polar liquid and polar liquid-in-oil waterless emulsions investigated, and
water and IPM, which are the respective continuous phases of the conventional oil-in-
water and water-in-oil emulsions investigated. The release of testosterone and caffeine
from donor particle dispersions through a PDMS membrane was examined. For each
solvent, the coefficient of permeant adsorption (H) was determined by monitoring the
release of a permeant from a series of solutions of equal initial permeant concentration
but varied dispersed particle concentrations. The wettability of the silica particles
dispersed within the solvents, described by the particle surface % SiOH, was
determined by the particle wettability required to stabilise the corresponding emulsion
whereby that solvent formed the emulsion continuous phase. The different emulsion
types investigated and the respective silica particle % SiOH required are summarised in
Table 5.1.

Table 5.1. A summary of the wettability of the different silica particles used to
stabilise the different emulsions investigated in the membrane permeation studies,
through reference to the % SiOH present on the surface of the silica particles. The

corresponding adsorption coefficient notation is given for each emulsion.

) Required silica particle ) _
Donor emulsion ) Corresponding H notation
% SIOH
Squalane-in-PG 42% SiOH Hpe
PG‘ln'SquaIane 23% SlOH quua|ane
IPM-in-water 75% SiOH Huwater
Water-in-IPM 61% SiOH Hipm
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Figures 5.2 and 5.3 show examples of the experimental results obtained from the
permeation of testosterone from silica particle dispersions in solvents of water and IPM
respectively. All dispersions in water have an initial testosterone concentration of 0.1
mM with varying dispersed particle concentrations. All dispersions in IPM have an
initial testosterone concentration of 12.8 mM with varying dispersed particle
concentrations. It can be seen that increasing the dispersed silica particle concentration
causes both Ceco and k to decrease in both water and IPM solvent systems. This is
qualitatively consistent with the predictions of equations 5.15-5.17 based on the
concept that testosterone adsorption onto the silica nanoparticles decreases the
concentration available in the solvent continuous phase, which thereby decreases both
Creco and k. The adsorption coefficients (H) for each permeant adsorbing onto the
relevant silica particles from the continuous solvent phases, were extracted from these
studies via the use of Microsoft EXCEL’s solver function. In calculating the theoretical
values of Crcoo and k using equations 5.16 and 5.17, by application of the input
parameters described in Chapter 3 and repeated below in Table 5.2, the lack of fit of
experimental data to that of calculated data, due to an effective reduction in permeant
concentration through adsorption onto the particles, is accounted for by allowing the
value of H to float until the expected correlation between experimental results and
theoretical results is re-established. In these calculations, all geometrical parameters
such as the volume of the donor phase (Vgon), the volume of the receiver phase (Viec)
and the area of the membrane over which permeation occurs (A), remain constant and

equal to the values described in Chapters 2 and 3.
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Table 5.2. System dependent parameter values used in the calculation of C,..., and k
for the permeation of testosterone and caffeine in donor particle dispersions in solvents

of PG, squalane, water and IPM through PDMS membranes at 32°C.

Donor phase Kmem.cont Kmem-rec D / m2 S-l
Testosterone in PG + silica 3 3 1
_ ) 4.9x 10 4.9 x 10 9.3x10
particles (42% SiOH)
Testosterone in squalane + 1
. _ ) 0.8 5 9.3x10
silica particles (23% SiOH)
Testosterone in water + silica 1
_ ) 3.7 5 9.3x 10
particles (75% SiOH)
Testosterone in IPM + silica 10
_ _ 0.04 5 1.4x 10
particles (61% SiOH)
Caffeine in PG + silica 1
_ ) 0.16 0.16 1.6 x10°
particles (42% SiOH)
Caffeine in squalane + 1
_ ) 15 0.14 1.6 x10°
particles (23% SiOH)
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Figure 5.2. Effect of silica nanoparticle concentration of a 75% SiOH grade, on the
permeation of testosterone from donor compartments containing particle dispersions in
water with an initial concentration of testosterone of 0.1 mM. The key shows the
nanoparticle concentration in the donor compartment in ascending order in units of mg

mL™.
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Figure 5.3. Effect of silica nanoparticle concentration of a 61% SiOH grade on the
permeation of testosterone from donor compartments containing particle dispersions in
IPM with an initial concentration of testosterone of 12.8 mM. The key shows the
nanoparticle concentration in the donor compartment in ascending order in units of mg

mL™.
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Table 5.3 illustrates the concluded set of permeant adsorption coefficients
determined in this manner, for the adsorption of testosterone and caffeine onto silica
particles of the respective % SiOH grades from the relevant solvents. The extent at
which the particle concentration influences the values of Cr. and k is dependent on
the solvent been analysed. For example, water is a poor solvent for hydrophobic
testosterone, hence adsorption onto the silica particles is more potent than in IPM
which is a much better solvent for testosterone. This change in the extent of influence
in the variation of Crec . and k is reflected by the numerical values of H given in table
5.3.

Table 5.3. Summary of the experimentally determined H coefficients for the
adsorption of testosterone and caffeine from various solvents onto the surface of silica

nanoparticles of the relevant % SiOH grades.

Permeant Solvent v SiOH_on silica H value /g m?
particles
Testosterone PG 42 Hpe = 7.8 x 10™
Testosterone Squalane 23 Hsqualane = 2.8 X 10*
Testosterone Water 75 Huwater = 2.6 X 10*
Testosterone IPM 61 Hipm = 9.0 x 10°
Caffeine PG 42 Hp = 1.6 x 10™
Caffeine Squalane 23 Hsquatane = 1.2 x 107

The assumption made previously that the permeant adsorption to the silica
nanoparticles is weak (i.e. GCcont << 1) is next examined. Consider, for example, the
adsorption of testosterone onto the surface of the silica particles from solvents of water
and IPM as shown in Figures 5.2 and 5.3. As described previously, the value of the
adsorption parameter H, is equal to GI'max. The value of T'max, corresponding to close-
packed, monolayer coverage of the silica nanoparticle surface, is estimated from
crystallographic data for the dimensions of a testosterone molecule® to be
approximately 2.4 molecules nm™. Given that the specific surface area of the silica
nanoparticles used is 200 m? g, I'max corresponds to 8.0 x 10 mol g™ and hence,
Guwater and Gipy = 0.33 and 0.011 mol™ m?, respectively. In the context of this example,

for the nanoparticle dispersion permeation experiments, the water and IPM donor
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compartments contained 0.1 and 12.8 mol m™ total permeant concentrations (were 1
mol m™ = 1 mM), and hence, GuaterCeont < 0.03 and GipmCeont < 0.14. It is therefore
concluded that the assumption of weak permeant adsorption to the particle surfaces,
giving the linear behaviour of equation 5.4, is approximately valid for all particle

dispersions investigated here.

5.4 Measuring the membrane permeation of permeants from donor particle-

stabilised emulsions

Prior to the analysis of permeant release from particle-stabilised emulsions, the
assumed mechanism of permeant delivery to the membrane exclusively from the
emulsion continuous phase is firstly examined. The permeant release from particle-
stabilised emulsions of PG and squalane is then analysed as these systems are predicted
to obey the theoretical predictions as discussed previously. The transport of a permeant
from the conventional oil-water emulsions incorporating an IPM solvent are then
discussed whereby deviations from the theoretical model are predicted and accounted

for through a variation of the permeant diffusion coefficient within the membrane.

5.4.1 Justifying the mechanism of permeant release from donor particle-stabilised

emulsions

In the theoretical model of membrane permeation discussed here, it is assumed that
the emulsion drops do not adhere to the membrane such that permeant transfer to the
membrane from a donor particle-stabilised emulsion occurs exclusively from the
emulsion continuous phase. This assumption was checked by recording optical
micrographs of both IPM-in-water and water-in-IPM emulsion drops at the interface of
the PDMS membrane. As shown in Figure 5.4, even when the observation cell is
oriented such that gravity or buoyancy forces (through emulsion creaming or
sedimentation respectively) favour drop-membrane contact, the drops closest to the
membrane surface do not adhere to the membrane. It is shown that upon contact with
the membrane, the dispersed emulsion drops remain spherical and are observed to be
mobile when viewed “live”. An absence of droplet adhesion to the membrane was
again observed when viewing the PG-in-squalane and squalane-in-PG waterless

emulsions at the PDMS membrane surface.
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Figure 5.4. Optical micrographs showing an IPM-in-water emulsion stabilised by 75%
SiOH silica particles at the PDMS membrane surface (left) and a water-in-IPM
emulsion stabilised by 61% SiOH silica particles at the PDMS membrane surface
(right). The IPM-in-water emulsion drops are in buoyant contact with the PDMS
membrane as the membrane is oriented above the emulsion such that creaming of the
less dense emulsion oil drops forces them onto the membrane. The water-in-IPM
emulsion drops are sedimented onto the PDMS membrane which is oriented beneath
the emulsion, under the force of gravity as they are denser than the oil continuous

phase. Scale bars = 50 um.

5.4.2 Membrane permeation from waterless particle-stabilised emulsions of squalane
and PG

As described by equation 5.30 of the theoretical model, the first-order permeation
rate coefficient k, is predicted to be independent of the emulsion type and dispersed
volume fraction for emulsions of identical chemical composition, given that permeant
adsorption onto the stabilising particles is negligible (i.e. H = 0) and that the solvents
present do not change the value of the permeant diffusion coefficient within the
membrane (D). For particle-stabilised waterless emulsions of PG and squalane, both
solvents have been shown in Chapter 3 to not affect the values of the diffusion
coefficients of testosterone and caffeine in a PDMS membrane. The theoretical
predictions made previously, are therefore expected to be valid for the experimental
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results gathered from these emulsion systems. In this study, the membrane permeation
of various concentrations of testosterone and caffeine from emulsions of 50 vol.% PG,
50 vol.% squalane and 1 wt.% silica particles of the required % SiOH, from both
squalane-in-PG emulsions and PG-in-squalane emulsions were investigated. Figures
5.5 and 5.6 show some of the experimental results for the permeation of testosterone

and caffeine through PDMS membranes from these donor emulsions.

Figure 5.5 illustrates the raw experimental data from the permeation of testosterone
with an initial concentration of 25 mM in the donor phase from both squalane-in-PG
and PG-in-squalane emulsions, through a PDMS membrane into a PG receiver phase.
In accordance with the theory and the relevant partition coefficients described in
Chapter 3 and given in Table 5.4, the observed permeation rate is very slow.
Consequently, the extent of permeation (i.e. Creco) IS NOt determined. However, it is
clear that the rate of membrane permeation is independent of the emulsion type applied
in the donor phase for a given emulsion composition. As described in Chapter 3, the
gradients of these plots correspond to the initial steady-state permeation rates, which
scale with initial donor phase concentration whereby the constant of proportionality is
equal to the permeation rate coefficient k. Studies from equivalent emulsions of various

other initial testosterone concentrations therefore yielded accurate values of k.

Figure 5.6 illustrates the raw experimental data from the permeation of caffeine with
an initial concentration of 2 mM in the donor phase from both squalane-in-PG and PG-
in-squalane emulsions, through a PDMS membrane into a PG receiver phase. Again, as
predicted by the theoretical model, the rate of permeation across a PDMS membrane is
shown to be independent of the donor emulsion type.
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Table 5.4. Summary of the relevant equilibrium partition coefficients used to calculate
the theoretical values of Cr. and k for the permeation of testosterone and caffeine
from squalane-in-PG and PG-in-squalane donor emulsions, through a PDMS

membrane and into a PG receiver phase at 32°C.

Donor phase Kdrop-cont Kmem-cont Kmem-rec
Testosterone in squalane-in- 3 3 3
_ 6.1x 10 49 x 107 49 x 107
PG emulsion
Testosterone in PG-in- 2
_ 165 0.8 49 x10°
sgualane emulsion
Caffeine in squalane-in-PG )
_ 1.1x 10 0.16 0.16
emulsion
Caffeine in PG-in-squalane
_ 94 15 0.16
emulsion
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Figure 5.5. Variation of C, with time for the permeation of testosterone through a
PDMS membrane from donor particle-stabilised emulsions of PG-in-squalane
(stabilised by silica particles of a 23% SiOH grade) and squalane-in-PG (stabilised by
silica particles of a 42% SiOH grade) of initial testosterone concentrations of 25 mM,
into a PG receiver phase. Both emulsions contain 50 vol.% squalane, 50 vol.% PG and

1 wt.% silica particles.

0.14

012

0.10

0.08

C,ec/mol m3

0.06 |

0.04

0.02

—PG-in-squalane emulsion

—squalane-in-PG emulsion

0.00 1 1 1 1 1
0 2 4 6 8 10 12
time/hours

183



Figure 5.6. Variation of C,, with time for the permeation of caffeine through a PDMS
membrane from donor particle-stabilised emulsions of PG-in-squalane (stabilised by
silica particles of a 23% SiOH grade) and squalane-in-PG (stabilised by silica particles
of a 42% SiOH grade) of initial caffeine concentrations of 2 mM, into a PG receiver
phase. Both emulsions contain 50 vol.% squalane, 50 vol.% PG and 1 wt.% silica

particles.
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The stability of the emulsions applied to the donor phase during a permeation run
was monitored. Table 5.5 illustrates the emulsion mean drop diameters and standard
deviations before and after each membrane permeation experiment. It is conclusive that
the applied particle-stabilised waterless emulsions do not undergo a significant

instability during the permeation experiments.

Table 5.5. Mean and standard deviation (SD) of drop diameter distributions of the

donor emulsions before and after membrane permeation experiments.

Before After
Donor phase Mean/pm SD/pm Mean/pm SD/pm
Testosterone in squalane-in-
) 48.5 3.5 49.3 3.8
PG emulsion
Testosterone in PG-in-
_ 9.8 1.4 10.0 1.2
squalane emulsion
Caffeine in squalane-in-PG
_ 46.4 5.1 48.7 4.9
emulsion
Caffeine in PG-in-squalane
_ 10.1 2.3 9.9 1.6
emulsion

The initial permeation plots shown in Figures 5.5 and 5.6 conclusively illustrate that
the rate of membrane permeation from particle-stabilised emulsions is independent of
the donor emulsion type. The minor differences in the observed permeation rates
shown in these figures correspond to the difference in the coefficients of permeant
adsorption to the particle surfaces (H), which is neglected in the theoretical model (i.e.
assumed that H = 0). However, the minor differences in the measured permeation rates
correlate with the measured H adsorption coefficients given in Table 5.3 previously. In
other words, the permeation of testosterone from a PG-in-squalane emulsion is
expected to be marginally faster than from an equivalent squalane-in-PG emulsion
given that Hsgaiane = 2.8 x 10 g m® and Hpg = 7.8 x 10®° g m?® for testosterone.
Likewise, the permeation of caffeine from a PG-in-squalane emulsion is expected to be
marginally faster than from an equivalent squalane-in-PG emulsion given that Hsgualane

=1.2x10° g m®and Hpg = 1.6 x 10 g™ m® for caffeine.
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5.4.3 Membrane permeation of testosterone from a conventional oil-water emulsion

of IPM and water

The results discussed subsequently refer to the membrane permeation of
testosterone from a conventional oil-water particle-stabilised emulsion through a

PDMS membrane and into a PBS receiver phase.

As previously illustrated, the membrane permeation of a permeant from a particle-
stabilised emulsion obeys the derived theoretical model when permeant adsorption to
the stabilising particles is negligibly small, and when the emulsion solvents do not
interact with the membrane, which would otherwise result in changing the permeant
diffusion coefficient within the membrane (D). In the emulsion system presented here,
the incorporated IPM solvent has been shown in Chapter 3 to adjust the permeant
diffusion coefficient of testosterone within the PDMS membrane. It is therefore
predicted that when an IPM-continuous emulsion is applied in the donor phase, the
transfer of testosterone across the PDMS membrane will be very different to that of an
equivalent water-continuous emulsion, whereby the dispersed oil drops do not contact
the membrane, given that the assumed mechanism of exclusive permeant release from

the emulsion continuous phase is correct.

Figure 5.7 shows the permeation of testosterone across a PDMS membrane into a
PBS receiver phase from emulsions of IPM-in-water and water-in-IPM of identical

chemical composition.
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Figure 5.7. Comparison of plots of Cr versus time for testosterone permeating from
donor compartments containing IPM-in-water and water-in-IPM emulsions through a
PDMS membrane into a PBS receiver phase. Both emulsions contain 50 vol.% IPM, 50
vol.% water, 1 wt.% silica particles and an initial testosterone concentration in the

donor compartment of 6.41 mM.
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It is clear that if one of the emulsion solvents is capable of adjusting the permeant
diffusion coefficient within the membrane, then the rate of membrane permeation is
highly dependent on the emulsion type. However, by application of the relevant
parameters into the theoretical model (i.e. D(IPM-free) = 9.3 x 10* m? s and D(IPM-
saturated) = 1.4 x 10™° m? s for testosterone in IPM-in-water and water-in-IPM donor
emulsions respectively), it can be shown that the model still accounts for these
observations. Comparison plots of the measured versus the calculated first-order
permeation rate coefficients (calculated using the system dependent parameters listed
in Table 5.6) are given in Figure 5.8. The data from the previous waterless emulsion
systems and particle dispersions is also plotted here to demonstrate the validity of the

model.

The correlation between the measured and calculated values of k shown in Figure
5.8 justifies the mechanism of exclusive permeant release from the emulsion
continuous phase. The correct calculations of the experimentally measured first-order
rate coefficients through application of the values of D for IPM-free systems when IPM
is the dispersed phase of the emulsion, suggests that the dispersed IPM droplets in an
IPM-in-water emulsion do not adhere to the membrane. Furthermore, given that the
full exponential curves in the permeation experiments are obtained, the accurate values
of Crec.o Can be extracted from the experimental data. As predicted, the values of Crecoo
are not dependent on the emulsion type applied to the donor phase as shown in Figure
5.7, because as discussed, the value of Cy ., represents the equilibrium distribution of
the permeant between the solvent phases present, which is identical for two emulsions

of the same chemical composition but opposing type.

Table 5.6. Summary of the relevant equilibrium partition coefficients and permeant
diffusion coefficients used to calculate the theoretical values of the first-order
permeation rate coefficient k, for the permeation of testosterone from IPM-in-water and
water-in-IPM donor emulsions, through a PDMS membrane and into a PBS receiver
phase at 32°C.

Donor phase Kadrop-cont | Kmem-cont | Kmem-rec | D/ m?s?
Testosterone in IPM-in-water emulsion 92 3.7 5 9.3x107%?
Testosterone in water-in-IPM emulsion | 1.1 x 10° 0.04 5 1.4x 10

188




Figure 5.8. Comparison of measured and calculated values of k for permeation runs

incorporating testosterone and caffeine

in various different particle-stabilised

emulsions and particle dispersions, through PDMS membranes and into a PG or PBS

receiver phase at 32°C.
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5.5 Conclusions

The theoretical model described here successfully accounts for the rates and extents
of permeation of testosterone and caffeine through PDMS membranes from donor
compartments containing either particle dispersions or particle-stabilised oil-in-polar
liquid or polar liquid-in-oil emulsions. The key features of the permeation behaviour in

the systems are that

I.  the rate-limiting step of the permeation is permeant diffusion across the
membrane; all permeant partitioning and adsorption processes are relatively
fast such that they are maintained in local equilibrium and

Il.  the particle-stabilised emulsions drops do not adhere to the PDMS
membrane, which means that permeant transfer from the drops to the
membrane only occurs through partitioning into the emulsion continuous

phase.

As predicted from the derived theoretical model, both the extent and rate of
membrane permeation of a permeant from a particle-stabilised donor emulsion, are
independent of the emulsion type and dispersed phase volume fraction for a given
emulsion composition, given that permeant adsorption to the stabilising particles is
absent and the emulsion solvents do not modify the permeants diffusion coefficient
within the membrane. Therefore, a difference in the rate of permeant delivery from
chemically identical emulsions of opposing types can be achieved if desired, through
control of these parameters accordingly. For example, although PG has been shown to
not modify the diffusion coefficients of testosterone and caffeine in a PDMS
membrane, it is common knowledge that it does modify the diffusion coefficients of
many permeants in human skin, and so such emulsion formulations of identical
composition may offer slow or rapid drug delivery rates across the skin as desired,

depending on the emulsion type.

The permeation characteristics from the waterless emulsions which were developed
in Chapter 4 have been analysed and are shown to obey the theoretical model of
membrane permeation derived here. These formulations are very interesting candidates
in the field of drug delivery and formulation design because they are capable of
dissolving very high concentrations of hydrophobic permeants compared to equivalent

conventional oil-water emulsions. In applications where a large dosage of a
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hydrophobic drug is required in the form of an emulsion rather than a solution, these

formulations may therefore be ideal.

Lastly, a comment on whether the model described here may be applicable to a
wider range of systems other than particle dispersions and particle-stabilised
emulsions, and in particular, whether the model is applicable to donor compartments
containing emulsions stabilised by surfactants rather than particles. It is likely that
partitioning processes within the donor compartment surfactant-stabilised emulsion
remain fast relative to the rate-limiting membrane diffusion step. This expectation is
consistent with the observation that the drop size in surfactant-stabilised donor
emulsions has virtually no effect on the membrane permeation rate.* However, other
aspects may cause the permeation behaviour to differ. Firstly, surfactant-stabilised oil-
in-water emulsion drops are likely to adhere to a hydrophobic membrane such that the
membrane is in direct contact with the oil of the emulsion drops rather than exclusively
with the aqueous continuous phase of the emulsion. This effect would cause deviations
from the predictions of the model presented here. Secondly, surfactant monomers and
micelle or microemulsion aggregates present in the surfactant-stabilised emulsions
could potentially interact with the membrane and affect the rate of permeant diffusion.
Hence, although the model presented here provides a useful framework to account for
many different types of donor compartment mixtures, caution must be exercised to

ensure that the model assumptions remain valid for each type.
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CHAPTER 6

SUMMARY OF CONCLUSIONS AND FUTURE WORK

6.1 Conclusions

A highly reproducible method for accurately monitoring the transport of a species
from a donor compartment, through a membrane and to a receiver compartment has
been developed. The experimental apparatus can be adapted to include either a closed-
loop, recirculating receiving phase with a constant volume or an open, variable volume
receiving phase which simulates more accurately, for example, the conditions of drug
delivery to the human body where the volume of the donor formulation applied to the
membrane (i.e. the skin) is significantly smaller than the receiving phase (i.e. the blood

stream).

The developed experimental method was then used to monitor the release of a
permeant from various donor formulations through isotropic synthetic membranes. The
membrane permeation from more simplistic single phase donor solvents was initially
investigated with an aim to understand how changing the donor compartment solvent
can affect both the rate and extent of membrane permeation of a chosen permeant. To
elucidate and understand (i) all possible origins of the observed donor solvent effects,
(if) how to resolve which donor solvent effect or effects may be operating in a
particular system and (iii) how the donor solvent effects depend on the nature of both
the permeating species and the membrane, the membrane permeation from every
possible combination of oil or aqueous donor solvent, hydrophobic or hydrophilic
membrane and hydrophobic or hydrophilic permeant was investigated. An explicit set
of equations were developed based on rate-limiting diffusion across the membrane
which accurately describe the experimentally observed equilibrium and Kinetic
behaviour of permeating systems for which five key assumptions are valid. For such
systems the model predicts the key features of permeating systems obeying these
assumptions and how their validity or otherwise can be experimentally tested. It has
been shown that for systems which obey the model assumptions and conditions of
constant permeation cell geometry and permeant diffusion coefficient within the

membrane, the effect of changing the donor solvent on the rate and extent of membrane
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permeation are entirely determined by the two permeant partition coefficients: Kmem-don

and Kmem-rec-

Additional donor solvent effects are shown to arise when changing the donor
solvent renders one or more of the key model assumptions invalid. Therefore, in
addition to changing the Kmem-don @and Kmem-rec Permeant partition coefficients, changing

the donor solvent can also:

1. Alter the permeation rate-limiting step from membrane diffusion.

2. Change whether or not the membrane diffusion occurs under steady-state
conditions.

3. Alter the membrane structure and uniformity.

4. Cause time-dependent changes in the solvent composition of the membrane or
the donor and receiver phases.

5. Affect the extent of non-ideal permeant solution behaviour.

The derived model successfully accounts for the experimentally observed rates and
extents of membrane permeation into both a closed-loop, recirculating receiver phase
and an open, variable volume receiver phase configuration of the experimental

apparatus.

The development of a new type of topical formulation was then discussed through
the preparation of waterless particle-stabilised emulsions. The preparation of various
different waterless emulsions has been demonstrated incorporating numerous different
oil and polyol immiscible liquid phases. The preparation of highly stable oil-in-polar
liqguid and polar liquid-in-oil emulsions is demonstrated and explained through
reference to the predicted particle contact angle 6 at the liquid-liquid interface based on
the hydrophobic/hydrophilic moieties of the incorporated liquid phases. The properties
of the prepared emulsions were discussed and causes of the observed characteristics,
such as emulsion transparency through matching of the immiscible liquid refractive
indices, and emulsion gelling through aggregation of the dispersed emulsion droplets,
was revealed. The exact meaning of the term ‘waterless emulsions’ was investigated
via the determination of the water content in the different oil and polar liquid emulsion
phases. For all emulsions prepared here, the water content of the prepared emulsions

was < 0.15%.
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The transport of a permeant from more complex multiphase donor formulations,
such as particle dispersions and particle-stabilised emulsions, through isotropic
membranes was then investigated using the closed-loop recirculating receiver phase
configuration of the experimental technique previously developed. The theoretical
model was systematically adjusted to account for the additional partitioning of the
permeant between the various phases present in these more complex donor
formulations, but maintains the same underlying principles of the theoretical model
derived previously for a single solvent donor phase. Here, it was again found that the
derived model successfully accounts for the experimentally observed rates and extents
of membrane permeation from such donor formulations. The key features of the
permeation behaviour in these systems are that (i) the rate-limiting step of membrane
permeation from these multiphase donor formulations, is permeant diffusion across the
membrane (i.e. all permeant partitioning and adsorption processes within the donor
phase are relatively fast such that they are maintained within local equilibrium) and (ii)
the particle-stabilised emulsion drops do not adhere to the membrane, such that
permeant transfer from the dispersed emulsion drops to the membrane occurs

exclusively through partitioning into the emulsion continuous phase.

Finally, both the rate and extent of membrane permeation of a permeant from a
donor particle-stabilised emulsion has been shown both theoretically and
experimentally to be independent of the a emulsion type and dispersed phase volume
fraction for a given emulsion composition, given that permeant adsorption to the
stabilising particles is negligible and that the emulsion solvents do not modify the

permeants diffusion coefficient within the membrane.
6.2 Future work

The research presented here is predominantly concerned with the membrane
permeation of a species through isotropic synthetic membranes. One of the topics of
great interest for future work is the field of membrane permeation through anisotropic
membranes such as skin. The influence of the membrane wettability on the rate and
extent of membrane permeation has been discussed in detail in Chapter 3 whereby
studies through both hydrophobic and hydrophilic membranes were conducted. The
skin however, is a composite of both hydrophilic and hydrophobic regions and is

anisotropic in that the properties of permeation depend on the direction of which the
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permeant is diffusing. It is therefore predicted that a theoretical model based on rate-
limiting membrane permeation through the membrane, can again be produced but must
account for this additional tortuous pathway of diffusion and this choice of pathway
depending on the partitioning of the permeants to the different hydrophobic and

hydrophilic regions of the skin.

The comparison of membrane permeation results from surfactant-stabilised
emulsions to that of particle-stabilised emulsions will also prove interesting for future
research. Given that surfactant molecules are in a constant dynamic equilibrium
between adsorption and desorption at the emulsion liquid-liquid interface, unlike solid
particles which are bound to the interface, it is possible that surfactant-stabilised
emulsions give rise to a different mechanism of permeant delivery. It has been
conclusively shown that when a particle-stabilised emulsion is applied to the donor
side of a membrane, dispersed droplet adhesion onto the membrane does not occur.
This is not necessarily true for surfactant-stabilised emulsions and therefore the
mechanism of permeant delivery may be different and produce radically different
permeation characteristics. Several claims suggest that particle-stabilised emulsions
offer an enhanced efficacy over that surfactant-stabilised emulsions,*? however little
evidence of the cause for these claims nor a thorough understanding of the mechanisms

of drug delivery have yet been given.

A further development in the understanding of the points of transitional phase
inversion of the waterless emulsion formulations, illustrated in Chapter 4, should be
conducted through application of the theoretical model described in section 4.2.1. The
application of this model requires the measurement of all respective interfacial tensions
between the different incorporated liquids and will ultimately explain the observed
points of transitional phase inversion through reference to the three-phase contact angle

6 of the particles at the liquid-liquid interfaces.
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APPENDIX

This section contains Figures which were used in the construction of Chapters 2-5.

Figure Al.1. Calibration plot of spectrophotometric absorbance at 251 nm versus

concentrations of testosterone dissolved in PBS at 32°C with a 1 cm path length.
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Figure Al1.2. Calibration plot of spectrophotometric absorbance at 248 nm versus

concentrations of testosterone dissolved in water at 32°C with a 1 cm path length.
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Figure A1.3. Calibration plot of spectrophotometric absorbance at 233 nm versus

concentrations of testosterone dissolved in squalane at 32°C with a 1 cm path length.
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Figure Al.4. Calibration plot of spectrophotometric absorbance at 243 nm versus

concentrations of testosterone dissolved in PG at 32°C with a 1 cm path length.
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Figure A1.5. Calibration plot of spectrophotometric absorbance at 255 nm versus

concentrations of testosterone dissolved in IPM at 32°C with a 1 cm path length.
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Figure A1.6. Calibration plot of spectrophotometric absorbance at 273 nm versus

concentrations of caffeine dissolved in PBS at 32°C with a 1 cm path length.
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Figure A1.7. Calibration plot of spectrophotometric absorbance at 273 nm versus

concentrations of caffeine dissolved in water at 32°C with a 1 cm path length.
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Figure A1.8. Calibration plot of spectrophotometric absorbance at 277 nm versus

concentrations of caffeine dissolved in squalane at 32°C with a 1 cm path length.
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Figure A1.9. Calibration plot of spectrophotometric absorbance at 273 nm versus

concentrations of caffeine dissolved in PG at 32°C with a 1 cm path length.
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