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Abstract

Franz diffusion cells employ synthetic membranes because of membrane simplicity and
supposed good reproducibility. For topical product assessment, the synthetic membrane
should provide no diffusional resistance to drug diffusion. However, different synthetic

membranes do show rate-limiting effects. The aims of this study were to validate and
minimise errors that occur in Franz cell experiments, to examine the effect of different types

of synthetic membrane on drug diffusion and to test the suitability of Franz cell experiments

for drug release from a freeze-dried sodium alginate wafer and a sodium alginate gel.

Franz cell experimental variables were validated using physical and visual tests, a plasticiser

assay and incorporation of tonicity agents. The drug flux from a commercial gel was
compared before and after validation. Thirteen types of synthetic membranes were screened
using 1buprofen saturated solution. The impact of drug log P on flux was evaluated using
ibuprofen (hydrophobic drug), riboflavin (hydrophilic drug) and four parabens of increasing
hydrophobicity. The physical characteristics of sodium alginate gel and its lyophilised wafer
were characterised by rheology, thermal analysis, microscopy and their drug release profiles

compared.

The coefficient of variation (CV) for drug flux was reduced from 26% to 4% (n=0) after
validation of the Franz cells. The membranes were grouped into two categories, high-flux (8

~ 18 mg/cm®/h) and low-flux (0.1 - 3 mg/cm?/h) depending on ibuprofen flux. The riboflavin

and paraben drug fluxes showed similar membrane groupings to ibuprofen. However
butylparaben showed a possible drug-membrane interaction. Rheology, thermal and
microscopic data showed that sodium alginate formed stable gels in ibuprofen saturated
solution (pH 7.2). Using the validated Franz cells, the ibuprofen flux from sodium alginate

gel and wafer were 2.55 mg/cm?/h and 1.54 mg/cm*/h respectively.

X1



This study demonstrated that the validation of Franz cells is mandatory to ensure that drug
release results are solely due to the properties of the membrane and the formulation. The
high flux membranes were mainly synthetic microfiltration membranes, while the low flux
membranes were mostly semi-synthetic (cellulose-based) membranes. The membrane choice
for quality control should be selected from the high-flux group because these membranes

offer the least drug diffusional resistance. The tight CV of flux obtained demonstrated that

Franz cell 1s a robust method for wafer and gel drug release measurement. The slower release
of drug from sodium alginate wafers suggests that wafers have potential for a controlled

release dressing for wound healing.
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CHAPTER1

GENERAL INTRODUCTION

1.1 Skin as a route for drug dclivery
Over the years, the skin has been explored as a useful route for drug delivery as it offers casy

access and a painless route for drug application. This in turn leads to increased patient
compliance for both local and systemic action. Dermatological formulations have been
developed to carry active substances into and across the skin for their therapeutic effect.

Conventional topical semisolid formulations such as creams, ointments and gels are widely
used for local delivery, whereas novel vehicles such as transdermal patches have been

successfully developed as a time-controlled release vehicle for skin delivery.

Drug permeation across the stratum corneum depends upon the interaction between the skin,
the drug and the components in the formulation vehicle. Several in vitro methods have been
developed for the evaluation of drug permeation with excised skin. The use of Franz-type
diffusion cells [Franz, 1975] is one of the most popular in vitro models for the study of
percutaneous absorption. This method is popular due to its simplicity, cost effectiveness, and

the fact that the experimental conditions can be easily controlled by the investigator

according to the purpose of investigation. Apart from skin, the Franz diffusion cell is used

with synthetic membranes, either for skin simulation or as a topical product quality control

tool, mainly because synthetic membranes, unlike skin, do not provide biological variations
and are inert. Although both applications utilise synthetic membranes, the criteria for
membrane selection are vastly different. The synthetic membrane for skin mimicry is usually
hydrophobic and rate-limiting to mirror the stratum comeum; in contrast, the synthetic
membrane for quality control must not provide diffusional resistance to drug diffusion, and

should only act as a support to separate the drug dosage form from the dissolution medium.



The significance of Franz diffusion studies and synthetic membranes in skin simulation and
quality control studies involves an understanding of the fundamentals of skin and synthetic

membranes. This chapter explores skin properties, the transport mechanisms across natural

and artificial membranes, diffusion cells characteristics and synthetic membranes in general,

as well as in relation to Franz diffusion cell studies.

1.1.I  Human skin - the ultimate biological shield

The skin is the largest organ in the body, occupied 10% of body mass with a large surface
area, covering ~2 m” for an average person. The skin effectively protects the body from
ultraviolet radiation, chemicals, micro-organisms and free radicals. The water resistant
outermost layer (the stratum corneum) prevents dehydration and maintains the electrolyte

level in the body. It serves as a mechanical as well as chemical barrier for the protection of

our body from external environment. The structure of skin is shown in Figure 1.1

Pore of sweat
gland duct Hair shaft

T . e ]—— Stratum corneum

Epidermi
o e NEIVE fibers
— Basal membrane
Nerve fibers
Dermis
Blood vessels
Sweat gland
Subcutaneous 'I(‘] Pacinian corpuscle
fat layer

Figure 1.1: A sketch of a cross section of the skin [adapted from The Pharmaceutical Codex,

1994].

The skin is essentially divided into three major layers: the epidermis, the dermis and the

subcutaneous fat. The subcutaneous fat layer, sometimes referred to as the hypodermis,

rJ



contains adiposc fat tissues and connective tissue which attaches the skin to underlying bone.
Immediately adjacent to the subcutaneous fat is the dermis. The dermis consists of a
superficial papillary layer and a deeper reticular layer. The superficial papillary layer forms
ripple-like ridges extended into the epidermis and this layer contains loose connective tissuc
with rich capillaries and nerves supplying the surface of the skin where as the deeper

reticular layer has dense connective tissues which provide support and attachment for the

dermis. The hair follicles are situated here with the erector pili muscle that attaches to each
follicle. Sebaceous (oil) glands and apocrine (scent) glands are associated with the follicle.

This layer also contains eccrine (sweat) glands, but they are not associated with hair follicles.

The epidermis is the outermost layer of skin, separated from the dermis by a basement
membrane. It contains no blood vessels but is nourished by nutrients that diffuse from
capillaries of the papillary layer. Most of the cells in the epidermis are keratinocytes, which
are responsible for the production of keratin, a fibrous protein during maturation. The
epidermis is a dynamic, constantly self-renewing tissue. The basal cells are continually
dividing and migrating toward the surface of the skin in order to replace lost surface cells
e.g. after an injury. Upon leaving the basal layer, the keratinocytes start to undergo
differentiation and eventually loss their nuclei whilst becoming keratinised in the process. At
the last stage of differentiation, keratinocytes are transformed into chemically and physically
resistant comified squames called corneocytes (or horny cells). The corneocytes are flat

anucleated squamous cells packed with keratin fibres surrounded by multilamellar lipid

bilayers. When the differentiation process is completed, the phospholipids are degraded
enzymatically and transformed into ceramides, which formed a flat horny layer called the
stratum cormeum. The transition from basal to homy cells is illustrated in a schematic

diagram in Figure 1.2. It takes approximately 14 days for a basal cell to differentiate into a



stratum corneum horny cell, and the stratum corneum cells are typically retained for a further

of 14 days prior to shedding.

Horny cells

Granular cells EEBE
Spinous cells -

Stratum corneum

Stratum granulosum

} Stratum spinosum

Basal cells @ Stratum basale

Basement membrane

Figure 1.2: Schematic diagram of skin regeneration [adapted from Williams, 2003b].

1.1.2 The barrier - stratum corneum
Only a limited number of materials can pass through the stratum corneum. With a thickness

of less than 20um, the stratum corneum effectively protects our body from desiccation. The
properties of the stratum corneum are primarily due to the unique and well-organised
structure arrangements of the lipid matrix and the lipid envelop surrounding the cells. About
90% of the cells in stratum corneum are corneocytes entirely surrounded by crystalline
lamellar lipid regions. The cell boundary is a very densely crosslinked protein structure,
which reduces absorption of drugs into the cells. The intercellular lipids are formed, in part,
by small ovoid vesicles located in the cells of the stratum granulosum layer: the lamellar

bodies [Swartzendruber er al., 1989]. The lipids form bilayers around the corneocytes,



creating a ‘brick-and-mortar’ model (Figure 1.3) with the corncocytes as the bricks and the
intercellular lipids providing the mortar [Elias, 1983]. Fourier transform infrared (FTIR)
spectroscopy and deuterium NMR studies show that lipid mixtures exhibited a complex
polymorphism. Between 20-50 °C, a significant portion of the entirc membrane exists as a
crystalline phase, with the remainder either a gel or liquid-ordered phase [Fenske et al.,

1994; Gay et al., 1994] These unusual lipid phase behaviour was also shown by Bouwstra

and colleagues using small and wide-angle X-ray diffraction studies [Bouwstra er al., 1994].
The highly ordered structure of stratum corneum lipids at physiological temperature arc now

thought to play an important role in barrier function of skin.

corneocyles

Comeocyte

440444

atta
NI

290000009
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TIIIIY.
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a

909
90 @
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<0 @
90 -@
90 -@

Figure 1.3: A schematic of the ‘brick-and-mortar’ model of human stratum corneum

[adapted from Williams, 2003b].

As far as the drug delivery is concerned, the stratum corneum is the rate-limiting layer which

restricts the ingress of topically applied agents.



1.1.3  Routes and mechanism of skin permeation

The percutaeneous absorption of a drug involves diffusion through the stratum corneum and
the viable cell layers of epidermis, finally through the upper layers of dermis into the
systemic circulation. This is a passive process which does not require input of energy
|Scheuplein, 1978]. There are a number of possible ways in which molecule can cross

stratum corneum, including intercellular, intracellular and appendageal (through either the

eccrine (sweat) glands or hair follicles) [Scheuplein and Blank, 1971}, illustrated in Figure

1.4,

y } Stratum

corneum

Hair
follicle

Epidermis

Dermis

vessels

Eccrine sweat

i}
\ Blood

vessels

Figure 1.4: A schematic presentation of the skin showing the different possible routes of

penetration. 1. Intracellular route; 2. intercellular route; and shunt routes via 3. sweat glands

and 4. hair follicles. [adapted from Hadgraft, 2001]

The skin is pierced by a variety of appendages (route 3 and 4 in Figure 1.4) which offer a
direct route of penetration by bypassing the stratum corneum. Skin appendages are not
thought to be the very important route owing to the relatively small total surface area (0.1%
for follicular and 0.001% for eccrine) [Scheuplein, 1967]. But much research had been done

to show the importance of this pathway for ions and large polar molecules that transport to



cross intact stratum corneum [lllel et al., 1991, Kao et al., 1988, Tregear, 1966]. Recently, a
novel ‘skin sandwich system’ was shown to be a useful model for the investigation of

follicular penetration in vitro [Barry, 2002]. Frum and co-workers tested a scries of drugs
varying in lipophilicity (log P) of similar molecular weight on this model and they reported

that lipophilic drugs may participate in transfollicular route but only up to a critical log P

value did the follicular route was shown to be apparent [Frum et al., 2007].

The interpretation of the two other routes (route 1 and 2 in Figure 1.4) of penetration is based

on the stratum cormeum as brick-and-mortar model where the dead corneocytes (bricks) are
embedded in a continuous lipid phase (mortar). These routes are known as the intercellular
and transcellular route. A molecule which takes the transcellular route undergoes numerous
repeating steps: partitioning in the multiple intercellular lipid domain, followed by diffusion

into and out of the corneocytes and then into the lipid domain again. Due to the impermeable
character of the comeocyte envelop, the major route of penetration in stratum corneum
resides in the tortuous pathway between corneocytes as observed by confocal laser scanning
microscopy and X-ray microanalysis studies [Meuwissen ef al., 1998]. It is generally
accepted now that the intercellular lipid route provides the principal pathway by which most

small, uncharged molecules traverse stratum corneum. And the composition and organisation

of the lipids (ceramides) plays an important role in determining the rate of permeation

[Grubauer et al., 1989].

1.1.4  Topical formulations

Drug delivery to or through the skin is aimed at targeting the drug to three anatomical sites,
namely (1) the skin itself (local delivery), (2) the deeper tissues such as joints or musculature
(regional delivery), and (3) the blood circulation (systemic delivery). For drug delivery, the

drugs are prepared in carriers or vehicles before being applied to the skin. Conventional



dermatological vehicles ranging from powders through semisolids and liquids have been
employed as topical drug carriers for decades. Of the various dosage forms, semisolids such
as creams, ointments and gels are the most common. Semisolids are dispersions that have
two immiscible phases where one phase (the dispersed phase) is dispersed as particles
throughout another phase (continuous medium). The common topical dispersion system

preparations are shown in Table 1.1, with their respective dispersed and continuous phase.

Table 1.1: Examples of common pharmaceutical topical dispersion systems

Dispersiontype  Dispersed phase  Continuous phase Examples
Emulsion Liquid Liquid Aqueous cream  BP,
(oil-in-water, Calamine lotion

water-in oi1l)
Suspension Solid Liquid Ophthalmic suspension e.g.
betaxolol eye drops.

Paste Solid Semisolid Zinc and salicylic paste,

coal tar paste

Spray/aeroaol Gas Liquid Beclomethasone nasal
spray

Gel Solid Liquid Carbomer, hypromellose
eye gels

Usually topical preparations are prepared in terms of storage stability, compatibility with

drugs and excipients, and patient acceptability. The problems in formulating disperse system

are mostly associated with instability due to their non-equilibrium state. This is because the

dispersion is a thermodynamically unfavourable system. The product will tend to revert back
into its original state, i.e. phase separation occurs due to the immiscibility of the two phases.
These dispersions are called ‘lyophobic’, or ‘solvent hating’ dispersions. Formulators
therefore must seek the necessary energy barriers to delay the thermodynamically driven

changes during the shelf life of the product.



One typical example of a topical lyophobic dispersion is an emulsion. An emulsion is a

system containing two immiscible liquid phases, usually oil and water, one of which is

dispersed in the other as droplets varying between 0.1 and 50 um in diameter. A stable

emulsion is where the dispersed droplets retained their original state and remained uniformly

distributed in the continuous phase for the desired shelf life. An emulsion without
emulsifiers is a thermodynamically unfavourable system and its instability is because the
system possesses high free energy. The physical changes in emulsions occur as separation of
the dispersed and the continuous phase into two layers. Emulsion instability can occur via
several ways (Figure 1.5), but mainly through flocculation, i.e. clusters of dispersed droplets,
which then slowly leads to coalescence and creaming. Eventually the emulsion will break

Into two phase in order to decrease its overall free energy.
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Figure 1.5: Illustration of various emulsion destabilisation processes.

Emulsifiers have a vital role in promoting emulsification. They prevent the closeness of the
droplets by adsorbing on the droplet surface thus decreasing the interfacial tensions and
providing electrostatic or steric repulsion, thus reducing the tendency of droplet
recombination. In practice, combinations of emulsifiers are employed rather than just single

agents. Table 1.2 shows the common pharmaceutical emulsifiers. They are generally



classified into three groups: 1) natural or synthetic surface-active agents, 2) macromolecular

(polymer) materials, and 3) finely divided solids.

Table 1.2: Commonly used pharmaceutical emulsifying agents and some examples

Class Exaplcs

“Surface-active agents Sodium lauryl sulphate, cetrimonium cromide, cetyl
alcohol, polysorbate 80
Macromolecular polymer Acacia, carogeen, methylcellulose

Finely divided solids Bentonite, veegum, aluminium hydroxide

Nevertheless, it is now known that emulsifiers do not just formed monolayers around
droplets to reduce surface tension, but they also influence on the microstructure and control

the consistency of the emulsion. Intensive investigation had been carried out by Eccleston to
show that when the emulsifier concentration is present in excess of that at the oil droplet-
water interface, they formed stable viscoelastic network in the continuous phase [Eccleston,
1990; Eccleston er al., 2000]. The lamellar phases, formed from mixed surfactant emulsifiers
can swell and incorporating significant volumes water. The emulsifier molecules are
arranged 1n bilayers alternated by layers of water. The presence of these multilayers prevents
the coalescence trapping droplets in the viscoelastic gel and thus prevent the movement of
droplets. The emulsifying system affects both the stability and the rheological properties of
an emulsion. The viscosity of the emulsion will only be affected when the emulsion

concentration is sufficient to cause the formation, in the external phase of the emulsion,

aggregations, micelles or network gels [Eccleston, 1997].

Gels or jellies are another form of commonly used dermatological base for topical drug
delivery. Gels are an example of ‘lyophilic’ dispersed system in which the polymer is
dispersed readily in liquid media forming a three-dimensional semisolid swollen network.

When the continuous phase is aqueous media, the gel is called hydrogel. Hydrogel polymers
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are hydrophilic and may absorb water up to thousand fold of their original dry mass. The
swollen three-dimensional network in hydrogels is produced through the cross-linking of
polymer chains. The cross linking can be of physical or chemical in nature. The former is
known as a physical gel where the networks are held together by only molecular

entanglements and/or secondary forces including ionic, H-bond or hydrophobic forces.

Pluronic, alginate, gelatin gel are examples of physical hydrogels. On the other hand,

chemical gels are generated when they are covalently-crosslinked, and usually they can be
formed with or without the addition of crosslinkers. Synthetic hydrogels of copolymerization

of hydroxyethylmetacrylate with crosslinker ethylene glycol dimethacrylate (EDGMA) is an
example of a chemical gel. Figure 1.6 illustrates the formation of physical and chemical

gels.

Chain
/_QD entanglement
Q (é Physical gel

+/= CrOss
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2,
Covalent

Cross-
links
Chemical gel

Figure 1.6: Formation of chemical and physical gels [adapted from Hoffman, 2002},

Typical polymers used to formulate pharmaceuticals gels include the natural gums alginates,
tragacanth, carrageen, pectin, agar, and alginic acid; semi-synthetic materials such as
methylcellulose (MC), hydroxylethycellulose (HEC), hydroxylpropylmethylcellulose
(HPMC), and carboxymethylcellulose (CMC) and synthetic polymers such as Carbopol or

carbomers. Novel drug delivery vehicles, e.g. sponges or wafers, for wound suppuration can
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be achieved via lyophilisation of gel. In our work, wafers were produced using sodium

alginate gels.

1.1.5  Transdermal patches
A transdermal patch is a medicated adhesive patch that is placed on the skin to deliver a

time-released dose of medication through the skin and into the systemic bloodstream. The

controlled release manner of drug release is aimed to reduce the dosing frequency.
Transdermal patches are usually polymeric multi-layered devices. A drug reservoir or a drug

polymer matrix is fixed in between two laminated layers of polymer. One layer is the
backing layer, which is impermeable to the drug in order to prevent loss of drug as well as to

protect the matrix or reservoir; while the other polymeric layer is the adhesive of rate
controlling drug membrane for the drug. There are several transdermal patch designs but are
generally categorised into ‘membrane-controlled’ and ‘matrix-controlled’ systems (Figure
1.7). The drug in the former is dissolved in an appropriate solvent or distributed uniformly in
a solid polymer matrix such as polyisobutylene, which is suspended in a viscous liquid such
as stlicone oil. The drug release from the reservoir into the skin is controlled by the
diffusional resistance across a polymeric membrane. Polyethylene vinylacetate (EVA) 1s
often employed as the rate-controlling membrane. One example is Estraderm® which
delivers 17B-estradiol to women at rates of 0.05 - 0.1 mg/day for 3-4 days. Nicoderm®CQ™
and Transderm-Scop® use microporous membrane (polyethylene and polypropylene
respectively) by the means of controlling the rate of drug release. In matrix-controlled
system, the drug is dissolved in a hydrophilic or hydrophobic polymer matrix reservoir,
which is mounted on an impermeable backing membrane. In some cases, the system contains
only the backing layer and the drug in the adhesive, which is covered by a peelable liner. An
example of a matrix system currently marketed is Alza Testoderm® patch for the trecatment

of testosterone deficiency, which consists of three layers: backing layer of polyethylene
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terephthalate, matrix film layer of testosterone and EVA copolymer and adhesive strips of
polyisobutylene and colloidal silicone dioxide. The testosterone releases from the matrix in a

controlled manner into the body at a rate of 4-6 mg/day and treatment continues for 3-4

weeks.

Backing layer

Rate-controlling
membrane
() S B

Skin
Diffusion of drug
into systemic circulation
Drug
(b) dissolved in Impermeable backing layer
polymer
matrix
Adhesive layer
Skin
Diffusion of drug

INto systemic circulation

Figure 1.7: Schematic of two types of transdermal patches (a) membrane controlled system

(b) matrix-controlled system [adapted from Pharmaceutical Codex, 1994].

1.2 SKin permeation of drugs

Only selective drug substances (hydrophobic, MW<500 Da) can pass through the skin

effectively [Williams, 2003]. This is primarily due to the impermeable outermost layer of

skin, 1.e. the stratum corneum, which is the rate limiting barrier to most of the topical agents.

In percutaneous drug delivery context, the terms ‘percutaneous absorption’ and ‘skin
permeation’ are often used. It is crucial to differentiate between them because these two
terms are subtly different. An in vitro percutaneous penetration workshop led by FDA and
AAPS [Skelly et al., 1987] defined percutaneous absorption as “a process pertaining to the

permeation of solute through the epidermis and into the deep layers of skin and finally the

general circulation, a process total of transport through the skin and local clearance™; whilst
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skin pcrmeation refers to only the initial part of the process, i.c. just the diffusion across the

stratum corneum. These terms are sometimes usc interchangeably.

1.2.1 Theorctical considerations of drug permeation
Percutancous absorption of drugs is not a straight forward process. It begins with the
partitioning of drug out of the vehicle, penctration into through the stratum corneum, and

movement sequentially down the viable epidermis, dermis and finally into the blood stream.
Despite the multi-step process involved, the kinetics of drug transport can be described using

simple mathematical model - Fick’s second Law of diffusion. In this model, the stratum
corneum is treated as a homogenous, single layer. The Fickian Law contains basic

parameters which can be determined experimentally, and thus shed light onto investigating

the factors that can affect drug flux.

The drug formulated in a vehicle with a concentration (Cv) diffuses across the membrane or
skin, in which the drug concentration is zero (sink condition). The skin or membrane is the
isotropic barrier controlling the rate of drug diffusion. The first stcp of diffusion requires the
drug to partition into the skin. This parameter is expressed as the ‘partition cocfficient’,

which measures the distribution of drug between the first layer of the membrane (skin) and
the vehicle. The ability of a drug molecule to leave the vehicle and into the skin is

dependent on the solubility of drug between vehicle and the skin. This is the partition

coefficient (K) and can be written as

Cs
K = il
Cv Eq. 1.1

where Cs is the drug concentration in the first layer of skin. Once absorbed into the

membrane, the drug is transported across the membrane via passive diffusion. For stcady
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state drug diffusion, the paramcters above are cxpressed in a modified Fick’s Law

expression:

_ D.Cs Eq. 1.2
h

The flux, J, is the rate of drug transport per unit arca of surface, and h is thickness of the skin
or membrane (actually tortuous diffusional pathlength of the skin or membrane) and D is the

diffusional coefficient. The diffusion coefficient measures how easily it will traverse through
the skin tissue. When combined equation 1.1 and 1.2, the drug diffusion steady state can be

rewritten as

] = D.IT.CV Eq. 1.3
]

The full derivative of this equation can be obtained from [Watkinson and Brain, 2002]. The

term permeability coefficient (Kp) described the rate of permeant transport per unit

concentration, it i1s defined as

Kp= —— Eq. 1.4

thus the Eq. 1.3 can re-written as

Eq. 1.5
J = Kp.Cv

Kp 1s useful when the relative permeabilities of a series of compounds under conditions
where only the Kp can be measured (e.g. in vitro study), and not D and K alone. The true
driving force for percutaneous absorption is the thermodynamic activity (a) of the permeant
in the vehicle. Thermodynamic activity measures the ‘escape tendency’ of a molecule from

its formulation. An alternative form of Equation 1.3 uses thermodynamic activities [Higuchi,

1960), expressed as
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Eq. 1.0

where a is the thermodynamic activity of drug in its vehicle and y is the effective activity
coefficient in the skin barrier. The thermodynamic activity of the drug in the vehicle is the

true driving force for drug permeation into skin. For maximum penctration rate, the drug
should be at its highest thermodynamic activity. The thermodynamic activity of drug in the

vehicle a, is defined the ratio of the drug concentration in the vehicle Cv, to the saturation
solubility of the drug in the base C,,, or a = Cv/C,,. Gencrally, the maximum flux is

obtained when the drug is saturated in the vehicle, i.e. the thermodynamic activity is at unity.
However, activity can exceed unity when supersaturated states are formed. So, the

theorctical flux may thus increase as a >1, i.e. supersaturation. Supersaturation in a topical
dosage form can be achieved by evaporation of a solvent from the system. Some authors
employed co-solvent system [Megrab et al., 1995] or anti-nucleating agents [Pellett ef al.,
1997] and using the in vitro model for the maintenance of the supersaturated state, they
managed to show enhanced drug diffusion. However, Schwarb and co-workers were unable
to show an effect of supersaturation in increasing the delivery of fluocinonide in vivo, as

assessed by the vasoconstrictor assay [Schwarb et al., 1999].

The parameters in equation 1.3 can be derived experimentally using a diffusion cell such as

the Franz cell. A diffusion cell consists of two compartments. One compartment (donor)
contains the drug formulation of interest; while the other compartment (receptor) is filled
with solvent in which the drug can be solubilised in. A skin or synthetic membrane is placed
in between separating the two compartments (sce details later in section 1.2.2). The
cumulative drug release versus time plot can then be constructed by withdrawing sample of

fluid from the receptor compartment and analysed. Typical drug release graphs are shown in

Figure 1.8.
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Figure 1.8: A typical cumulative drug release vs. time graph obtained from Franz diffusion
cell drug release experiment. The present of lag time indicates that the membrane (c.g. skin)

1s limiting the drug diffusion (a); whereas if a synthetic membrane with no diffusional

resistance is employed, no lag time would be observed (b).

If there is no interaction between the vehicle and the skin, the cumulative drug release per
unit arca of drug diffusion increases linearly with time until the drug in the donor becomes
exhausted. The drug flux, J, is measured from the linear part of the plot. The permeability
cocflicient, Kp, can be calculated from flux (J) divided by drug concentration in the vehicle
(Cv) such as in equation 1.5. The diffusion coefficient D can be estimated from L= h%6D

where L is the lag time and h is the thickness of the barrier (skin).

1.2.2  Diffusion cclls for topical drug delivery

The in vitro test for percutaneous absorption studies is an essential tool in topical drug
delivery. The in vitro tests are not only uscful for the development of new dosage forms or
the evaluation of pharmaccutical and cosmeccutical products [Cooper et al., 2004; Huang ef

al., 2005], but also to obtain information about the effects of drug and/or excipicnts on the
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barrier function of the skin [Auner and Valenta, 2004; Brown et al., 2000; Cho and Choi,
1998]. Furthermore, they can also be used in the evaluation of the risk associated with

dermal contacts with toxic substances. [Adami et al., 2006; Walter ef al., 1998; Zorin et al.,
1999]. The use of excised animal or human skin mounted on suitable in vitro test systems is

an alternative for the in vivo study of percutancous absorption. Apart from reducing the
number of in vivo tests, the in vitro model is recommended as cheaper option as well as

easier to set up. The investigator is able to control the experimental conditions and large
amount of data can be obtained in a short period. Conventionally, the in vitro model with

excised skin is employed to predict the drug release kinetics in relevant to in vivo situation.
Nevertheless, synthetic membranes have also been used in the place of skin either for skin

simulation or the topical product quality control purposes [Shah et al., 1989].

Diffusion cells have been widely adopted as the in vitro model for percutaneous study,
particularly Franz-type diffusion cells [Franz, 1975; 1978]. The diffusion cells generally
have common elements: two chambers, one containing the active agent (donor) and the other
containing a stirred receiver solution (receptor), separated by a skin or synthetic membrane.
A countless of cell designs have evolved over the last three decades. However, most designs

fall into two main categories: side-by-side and vertical diffusion cells.

Examples of side-by-side cells are shown in Figure 1.9 below. Typically, the two glass
chambers are arranged horizontally and immersed in a water bath for temperature regulation.
The membrane is supported in between the chambers with a stainless steel mesh, and the

sampling is accomplished through sampling ports located on each chamber. Since the donor
chamber of side-by-side diffusion cells is usually filled with liquid formulation, so both

chambers are usually stirred to ensure the uniformity of the drug molecules in the solution.

18



- Sampling port (b)

(a) Sampling ports
X m water bath 'l' ' ad ]
Membrane TP P \/ Stainless steel - | | Towater bath 1onqin
)( _ support screen PPNy e knob
+\.\\
Magnetic .. _ | Recep- |
stirrer bar i J |
B, y
oo Receptor chamber Stirrer Donor
Compartments clamped across

ground glass surfaces

Figure 1.9: (a) Typical side-by-side diffusion cell [redrawn from Southwell and Barry,

1983], (b) Side-by-side cell designed by PermeGear, Inc.

In the past, much skin permeation data has been collected using the side-by-side cells [Astley
and Levine, 1976; Barry er al., 1985; Jetzer et al., 1986; Scheuplein and Ross, 1974;
Southwell and Barry, 1983; Tojo ef al., 1967; Tojo et al., 1984]. Such diffusion cell designs
have several advantages including the fact that air bubbles do not readily lodge under the
membrane which could affect drug flux. Both compartments are constantly stirred to ensure
homogeneity of the solutions and minimise stagnant layers next to the membrane. The
limitation of the side-by-side design is that both sides of the skin or the synthetic membrane
are constantly bathed with solution throughout the experiment leading to potential hydration
of the skin or membrane which may disrupt membrane integrity [Friend, 1992]. The side-
by-side diffusion cell is useful in predicting the steady state diffusion or zero-order flux of a
drug from a solution across a skin or synthetic membrane [Barry, 1983]; nevertheless,
measurement of permeation rates under simulated in vivo condition requires a different cell

design, known as the vertical diffusion cell.
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The vertical diffusion cell, consisting of donor cell at the top and receptor below separated
by the membrane, is designed to closely simulate the in vivo pecrcutancous absorption
condition. The unmixed donor compartment is left to ambient laboratory environment
represents a formulation applied to the skin; whilst the receptor compartment is agitated and

maintained at sink to correspond to the blood supply. Since only the receptor is heated, the

membrane which is placed in between the cells can be maintained at the average

physiological skin temperature, i.e. 32 °C. An advantage of vertical cell design over a side-
by-side is that the donor vehicle can vary from liquid to semisolid (e.g. gel, cream, ointment,

paste). Figure 1.10 shows various designs of vertical diffusion cells.
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Figure 1.10: Various designs of vertical diffusion cells. (a) Franz-type cell. Redrawn from
Franz, 1978; (b) modified vertical diffusion cells redrawn from Southwell ef al., 1984; (¢)
flow-through diffusion cells redrawn from Gummer er al., 1987; (d) Flow through cell

designed by PermeGear, Inc.
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In skin, a sink condition (‘zero’ concentration) occurs below the skin because the drug which
diffuses through is constantly removed by systemic circulation. In the in vitro laboratory

setting, the maintenance of sink condition in the receptor is acceptable if the drug

concentration is 10% or less of its saturated solubility [Barry, 1983]. The maintenance of

sink condition has been technically challenging. New designs of the diffusion cells known as
‘flow-through’ diffusion cells are developed to improve sink condition. In conventional type
‘static’ diffusion cells, is the samples are withdrawn manually from sampling port
periodically and replenished with fresh media; however ‘flow-through’ cells offeTr the
automated removal of the entire receptor medium on regular basis to maintain sink

conditions [Bronaugh and Stewart, 1985]. Apart from sink maintenance, the flow-through
cells are considered to have advantages over ‘static’ cells such as eliminating inefficient
stirring and are automated. However, many papers in the literature demonstrate that there 1s
no difference in the flux values obtained from static or flow-through cells [Addicks er al.,
1987, Clowes et al., 1994; Licbenberg et al., 2004]. In addition, Clowes and co worker
showed that there was no significant difference in the absorption of water or mannitol
between the full thickness skin, epidermal membranes and dermatomed skin for human, pigs

and rats which measured in static cells or flow-through cells [Clowes et al., 1994]. A

validation of flow-through diffusion cell procedure also revealed that the permeability
coefficients of p-aminobenzoate esters through a synthetic membrane (silicone rubber)
obtained from flow-through cells were not statistically different from that obtained from

static diffusion cells [Addicks et al., 1987].

Despite the diverse range of diffusion cells exist, the static Franz-type cell [Franz, 1975] 1s
still the most widely used to determine the diffusion and penetration properties of drug

compounds through skin [Friend er al., 1989; Gallagher et al., 2003b; Pellett et al., 1997,
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Vincent et al., 1999; Watkinson et al., 1995; Akomeah et al., 2004; Brown et al., 2000,
Heard et al., 2006; Santhanam et al., 2004). The use of the Franz ccll to correlate with in

vivo permeation is important in topical drug delivery. In fact, the use of vertical diffusion
cells for measuring the percutaneous absorption in relation to in vivo permeation was first
carried out by Thomas J. Franz in 1970s (hence the name ‘Franz cell’). He showed that the

absorption pattern of twelve organic compounds determined in vitro rather precisely

paralleled the pattern which was obtained in vivo. However, the correlation was more of a

qualitative relationship rather than a quantitative relationship [Franz, 1975].

1.3 Synthetic and semi-synthetic membranes

Generally, the synthetic membranes employed in drug diffusion studies have one of the two

functions: skin simulation or quality control. The synthetic membranes for skin simulation
are generally hydrophobic and rate-limiting to imitate the stratum corneum (silicone-based
membrane e.g. polydimethylsiloxane, carbosil). In contrast, unlike membranes for skin
mimicry, synthetic membranes for quality control are required to act as a support rather than
a barrier (e.g. cellulose esters, polysulfone). The finding of a suitable membrane for such
investigations had led to an increased search for synthetic membranes from other
applications such as the separation industry and filtration application. The properties of a

synthetic membrane can vary greatly from one application to another because to a certain

extent they are ‘tailor-made’ so that their separation properties can be adjusted to a specific
separation task. In this thesis, we also employed membranes from other applications. The

following scction gives a general overview of synthetic membranes, which encompasses the
brief background history, the use of synthetic membranes for various applications, as well as

the characteristics of different type of synthetic membranes employed in each application.

1.3.1 Background history of synthetic membranes
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The history of synthetic membranes is extensively reviewed in many textbooks [Bungay, ct
al., 1986; Matsuura, 1993; Mulder, 1996]. The first use of synthetic membranes can be
traced back as early as the 19" century. Since its discovery of in 1846, the cellulose nitrate

polymer became one of the most widely used membranes in the 19" century as a laboratory

tool for the development of physical/chemical theory. Cellulose nitrate membranes were first

used for the study of molecular diffusion processes in 1855. In 1887, a Dutch chemist

Jacobus van’t Hoff used artificial membranes to develop the concept of osmotic pressure 1in
solution and this led to the derivation of van’t Hoff equation. The development of synthetic

membranes did not begin till early 20th century when Bechhold successfully devised a series
of nitrocellulose microporous membranes of various pore sizes using a bubble test. The

Bechhold technique was improvised and microporous cellulose nitrate membranes became
commercially available by 1930s [Ferry, 1936]. At about the same time, an independent
development of membranes for medical separation, i.e. the artificial kidneys using cellulose
membranes emerged. This was a major breakthrough for the use of artificial membranes in
medical applications and this became a major life-saving procedure today. In the early
1960s, Loeb and Sourirajan developed asymmetric cellulose acetate membranes with
relatively high water fluxes and separations [Loeb and Sourirajan, 1963]. This development
stimulated both commercial and academic interest, {irst in desalination by hyperfiltration and
then in other membrane processes and applications. The rapid expansion of membrane

industry has brought significant progress in membrane development for the next two

decades. Such development includes applications, research tools, membrane formation

processes, chemical structure, physical structures, and packaging.
13.2  Synthetic membranes and their applications

Synthetic membranes are composed of thin sheets of polymeric macromolecules that can

control the passage of components. They may be made of synthetic polymers e.g.
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polysulfone, polycarbonate, polyacrylonitrile and polypropylene, or semi-synthetic cellulose
polymers e.g. cellulose acetate, cellulose nitrate and regencrated cellulose. Sometimcs,
additional compounds to provide mechanical support, drainage or adhesion (for example a

transdermal patch) may also be present in a synthetic membrane. Synthetic membranes have

gained an important place in chemical technology and are manufactured for various

separation processes undertaken in the industry and laboratory such as microfiltration,

ultrafiltration, reverse osmosis, electrodialysis, pervaporation and gas separation. The
transport of solutes across a synthetic membrane is driven by the force acted upon the

membrane, which may be due to concentration gradient, chemical potential, temperature
gradient, electrical potential or pressure. Each separation process is driven by different

driving forces and the summary between the two factors are shown in Table 1.3.

Table 1.3: Membrane separation processes and driving forces [Mulder, 1996].

Pressure Concentration Electrical potential Temperature
gradient gradient gradient gradient
Microfiltration Dialysis Electrodialysis Membrane distillation
Ultrafiltration Pervaporation Electro-osmosis
Reverse osmosis Gas Separation

The ability of synthetic membranes to control permeation rate and allow only selective

species to pass through has led to the emergence of a relatively new branch of chemical
technology called ‘separation and filtration technology’ where all the processes use synthetic
membranes to separate or filter particulate of size less than a micron. Figure 1.11 below is a
schematic representation of the relative particle size (in micron, nanometer and molecular-

weight cut off (MWCOQ)) and the membrane separation processes involved.
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The application of synthetic membranes has expanded tremendously over the years, from
small laboratory scale to large industrial setting. The membrane applications in Figure 1.11
are broadly characterised according to the size of the particle separated. Microfiltration,
ultrafiltration, electrodialysis and reverse osmosis are well-established processes; gas
separation and pervaporation are still in the developing stage. Table 1.4 summarises the

common membrane applications and types of synthetic membrane involved.

|
l

High MW E Micro particle
|

|

|

|

Atomic/ionic Low MW Macro particle
Particle size
range : range range range range
Micron 0.001 0.01 0.1 1.0 10
Nanometer 1.0 10 100 1000 10,000
MWCO (Da) 100 200 | 1000 100,000 500,000 ! : :
| | | | |
| | | | '
| | | yeast cells
| | I '
| | | |
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| | | |
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. i | |
| i | |
' | | |
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| | | |
| | | |
Membrane : : : :
separation | I [ | |
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Figure 1.11: Schematic summary of particle sizes and membrane separation processes.

[adapted from Mulder, 1996].
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Some of the membranes listed in Table 1.4 are utilised in Franz cell experiments in the
literature, for example, the silicone rubber of gas separation, the regenerated celluloses of
ultrafiltration. These membranes are manufactured for specific application but also consist
of certain features which are desirable for the Franz cell investigations. However, not all the
applications are suitable for the drug diffusion studies. In the following section, each

synthetic membrane process is described in general, then their synthetic membrane

characteristics in relation to Franz cell investigations are highlighted.

1.3.2.1 Reverse osmosis
Reverse osmosis is a method of de-salting water using synthetic membrane and the method

had been known since the 1930s. Today, the process is often carried out to obtain fresh

water from brackish water and seawater. Salt rejection of 99.3% is required to produce an
acceptable solution consisting less than 550 ppm salt. Reverse osmosis and normal osmosis
are directly related processes. If a semipermeable membrane (permeable to water only)
separates a salt solution from pure water, water will pass through the membrane from the

pure water side into the salt solution. This is the normal osmosis shown in Figure 1.12.

Normal Osmosis Osmotic equilibrium Reverse osmosis
Osmotic Applied
pressure pressure
(A ) (Ap>A4Tm)

Salt
Water Semipermeable  solution
membrane

Figure 1.12: A Schematic illustration of the relationship between osmosis, osmotic

equilibrium and reverse osmosis.
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Osmosis ceases when the hydrostatic pressure applied at the salt side of the membrane is

equivalent to the osmotic pressure. If a hydrostatic pressure exceeding the osmotic pressure

is applied to the salt solution side of the membrane, the flow of water is reversed. The water

will now flow from the salt solution to the pure water side of the membrane. This process is

called reverse osmosis or desalination.

The synthetic membranes in reverse osmosis are aimed to produce high water flux (30
gal/ft? per day), high salt rejection (>99%) as well as with-stand pressure of 8§00-1000 psi
[Baker, 2004c). Anisotropic Loeb-Sourirajan cellulose acetate was one of the earliest
membranes used for reverse osmosis because it is cheap, easy to manufacture and produces
relatively good salt rejection. However, the water permeability of the cellulose acetate is
low, producing low water flux [Lonsdale et al., 1965]. Cellulose membranes were later
surpassed by polymeric interfacial anisotropic composite membranes by Cadotte which
generally give high flux and good salt rejection. In the reverse osmosis process, chlorination
1s often used for water sterilisation. The major drawback of the interfacial composite
membrane is that the amine portions of the membrane chemistry are loss in degradation
resulting from exposure to even ppb levels of chlorine. But this has improved if the tertiary
aromatic amines are used and the membranes are highly cross-linked. So the membrane

based on all aromatic or piperazine membranes are moderately chlorine tolerant and can

withstand very low level of chlorine to ppm levels for prolonged periods. An example of

such membrane is FT-30 [Larson ef al., 1981]. FT-30 is an all aromatic membrane and has

high crosslinked structure (m-Phenylenediamine crosslinked with trimesoy! chloride) and it
gives exceptional high flux and good salt rejection with higher chlorine-tolerant than the

early composite membranes.

Reverse osmosis membrane allows only water molecules but rejects salt solutes, which

imply that only small molecular weight solute (MW <50) can passes through. This indicates

that the membranes are not useful for diffusion studies using drugs of high MW.
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Furthermore, these composite membranes are sensitive to chlorine degradation, which is not
a desirable feature if onc of the components in the donor or receptor phase contained
chlorides (e.g. saline) or similar halides. Thus the reverse osmosis membrane was not

considered for Franz cell studies in this work.

1.3.2.2 Electrodialysis

Electrodialysis is a separation of salts from one solution to another solution by applying an
clectric current. It uses ion-exchanged membranes (also known as ion-selective membrane)

which are normally thin films of polymeric chains containing electrically charged functional

groups. The transport of the components occurs under the driving forces of both
concentration and electric potentical gradients. These selectively charged membranes can

separate ions: if the membrane is positively charged (e.g. with quartenary ammonium
groups) only anions will be allowed through it and it is called an anion-exchange membrane.
Similarly, negatively charged membranes (i.e. with sulfonate groups) are called cation-
exchange membranes. In the elctrodialysis system, a cation and anion exchange membrane
forms a cell pair and these cell pairs are arranged in stacks in between the anode and
cathode (sece Figure 1.13 below for electrodialysis illustration). The salt solution is passed
through the cells while an electrical potential is generated across the electrodes. Separation

occurs as the electrical potential applied.

Cation-exchanged Anion-exchanged
membrane membrane

Anode Cathode
# l —® | ()
>
O—1 @

Figure 1.13: Simplified illustration of electrodialysis.
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Most ion exchanged membranes are produced as an isotropic film 50-200 pm thick. lon-
exchange membranes are highly crosslinked because ion groups tend to absorb water and
charge repulsion of the ionic groups can cause the membrane to swell excessively, so a
crosslinked membrane is use to limit the swelling. However, this causes the membrane to
become brittle, so the membrane is usually stored and handled wet to allow absorbed water

to plasticize the membrane. Electrodialysis is an alternative method to reverse osmosis for

desalination.

The use of electodialysis membrane in Franz cell investigations, whether to mimic skin or
quality control would be unsuitable. This is becausc of the present of high membrane

charged-surface will encourage the solute-membrane interactions. The solutes could be

either from the drug formulation or the receptor solution which dissociated in aqueous

solution.

1.3.2.3 Gas separation
Gas mixtures are effectively separated by synthetic membranes. For example, O, and N; gas
separation produced either O,-enriched air for medical or metallurgic application or N,-

enriched air for blanketing of fuels and stored food to provide nontoxic protection for fire

and pests that require O,. The separation occurs due to the different selectivity and
diffusivity of the gas molecules in the membrane matrix. The membranes used for gas
separation have no pores; rather, the scparation takes place in a dense isotropic polymer
layer of only microscopic thickness. One problem faced by early gas separation membranes
was that the membrane was very senstitive to minor defects, such as pin-holes in the
membrane layer, which can dramatically reduce the selectivity of gas separation. The
Monsanto group made anistotropic porous membranes (polysulfone) then coated the

membrane with a thin layer of highly permeable silicone rubber [Henis and Tripodi, 1980].

This coating sealed the defects but does not affect the gas molecule flux through the

31



polysulfone membrane. Development of such silicone-coated anisotropic membrane 18 a
critical step in successful gas separation membrane for H,/O, separation. Another type of
gas separation membrane is the multilayer anisotropic composite membrane where a finely
microporous support membrane is overcoated with a thin layer of the selective rubbery
polymer (silicone). Recently, ceramic- and zeolite-based composite membranes have begun

to be used for their extraordinary high selectivities performance in gas separation. These

membranes consist of a thin selective ceramic or zeolite layer coated onto a microporous
ceramic support. However the high cost has been a drawback for employing these

membranes in gas separation.

1.3.2.4 Pervaporation

Pervaporation is a newly emerging separation process. It involves the separation of lquid
mixtures in which the permeate is removed in vapour form from the other side of the
membrane. The evaporation produces a separation because of the different volatilities of the
components of the liquid mixture. The transport through the membrane is induced by the
vapour pressure difference between the two side of the membrane and this vapour pressure

difference is usually maintained via vacuum pump drawing a vacuum on the permeate side

of the membrane. Figure 1.14 below shows a simplified pervaporation process.

Membrane

(Gas vapour

GAT AT AT TN e HRd s T’

Condenser

Liquid
retentate

Permeate

Figure 1.14: A simplified schematic of pervaporation process.
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Like the gas scparation process, the sclectivility and diffusivity of the molecules in the
membrane is the determining factor for good separation. Most pervaporation membrancs are
anisotropic composites formed by solution-coating the selective layer onto a microporous
support. And depending of the applications, the membrane composition varies. For example,
the removal of water from concentrated alcohol solutions uses microporous polyacrylonitrile
coated with 5-20 um layer of cross-linked polyvinylalcohol (PVA) because it was reported
that the PVA is hydrophilic hence favours permeation to water [Hollein ef al., 1993]. In

contrast, rubber silicone coated onto microporous support is widely used for separation of

volatile organic component (e.g. acetone) from water because silicone rubber is a

hydrophobic material [Hollein er al.,, 1993]. Other rubbers such as cthylene-propylene

polymers and polyamide-polyether block copolymers are also used.

Synthetic membranes for gas separation and pervaporation are designed for separation of
small molecules which have high diffusivities in polymers. Such separation requires non-
porous membranes or a porous membrane coated with non-porous polymer layer in which
the membrane materials are highly selective to the diffusivity of a specific gas. Because
such membranes are made for such high specificity, the drug types to be tested with Franz

cells would be limited.

1.3.2.5 Controlled drug delivery
In controlled drug release devices, the membrane controls permeation of the drug from a
reservoir into the body slowly over a period of time, therefore the problem of overdosing or
underdosing associated with poor patient compliance can be avoided. One example of these
devices is the transdermal patch (described in section 1.1.5), in which the drug from a
reservolr or impregnated into the membrane, is released from the membrane and slowly
diffuses across the skin into the systemic down the concentration gradient. Another

example is the intrauterine device (IUD), Progestasert® which also uses ethylene vinyl

33



acetate (EVA) to control the drug release of progesterone (Figure 1.15). IUD itself interferes
with the implantation; while the progesterone is to prevent the ovulation and thicken the
cervical mucus, which prevents sperm from entering the uterus. This then further decreases

the chances of pregnancy. This is a long lasting contraceptive device which is effective for

up to a year when place in the uterus.

Progesterone in

reservoir
Rate-controlling

poly(ethylene vinyl acetate)
membrane

Figure 1.15: Intrauterine devices which uses synthetic membrane as the control the rate of

drug release.

1.3.2.6 Microfiltration and ultrafiltration
Microfiltration refers to the removal of particles ranging from diameters 0.05 pm to less
than 2.0 pum by membranes. Typical polymer materials for microfiltration membrane are
polysulfone, polyethersulfone, polycarbonates, polypropylene, polyvinylidene fluoride, and
polytetrafluroethylene. The membranes are usually chemically resistant to various types of
solvents, thermally stable, and physically flexible. The microfiltration membranes are
classified as ‘depth filters’, where the particle is retained in the matrix of the filter, and
‘membrane filters” where the particles are retained on the surface of the membrane. The
major application of microfiltration is sterilisation. Removal of bacteria from buffers and

detection of foreign matter in pharmaceutical products are examples of laboratory

microfiltration.

34



Ultrafiltration 1s not very different fundamentally from microfiltration. The ultrafiltration
membranes separate particles size of 0.1 to 100 nm and are manufactured to retain
macromolecules (e.g. proteins) and colloids of 100 to 100,000 Da. Ultrafiltration 1s a
membrane process in which hydrostatic pressure forces a liquid against a semipermeable
membrane. In medicine, ultrafiltration is the basic principle of haemodialysis, 1.e. a renal

replacement therapy (RRT) which uses synthetic membrane to provide an artificial

replacement for lost kidney function. Using synthetic membranes, haemodialysis process
separates solutes molecular size of less than 10,000 Da, such as potassium, urea from blood.

Figure 1.16 illustrates the process of haemodialysis.

SSapil 8.8 0. 0 O P —
From patient Dialysate in
Blood Dialysate
Semipermeable Waste product
membrane
To patient Dialysate out
4 — ) o sl

Figure 1.16: Schematic illustration of haemodialysis [adapted from Matsuura, 1994].

In Figure 1.16, the blood flows from the body into the dialyser where the waste products

(potassium and urea) and free water are permeate across the semi-permeable membrane into
the dialysate. The waste products are carried away by the dialysate while the cleansed blood

IS returned to the patient.

The synthetic membranes employed during haemodialysis can be divided into two

categories: cellulose-based and polymeric-based membranes [Bellomo and Ronco, 2001].
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The cellulose-based membranes (e.g. Cuprophan, Hemophan, Cellulosc Acctate) arc
generally considered as ‘low flux’ membranes, i.e. membranes with a permeability
cocfficient to water (Km) <10 ml/h.mmHg/m? [Bellomo and Ronco, 2001]. Cellulose based
membranes are very thin (5 to 15 pm of wall thickness) and have a symmetrical structure
with uniform porosity, and they strongly hydrophilic. The polymeric-based membranes (e.g.

polysulfone, polyamide, polyacrylonitrile, polymethylmethacrylate) are high flux

membranes with a Km >30 ml/h.mmllg/m®. Polymeric-based membranes retain larger
molecules (10-30 000 Daltons) and are generally hydrophobic in nature [Bellomo and

Ronco, 2001].

Microfiltration and ultrafiltration membranes can be prepared from various processes. The

most widely used method is ‘phase separation’. In this procedure, the polymer is first
dissolved in a solvent (or co-solvent) and on a cast or support, i.e. glass or metal plate, the
polymer is then precipitated via solvent evaporation and water vapour absorption thus obtain
flat or tubular membranes. The membrane produced is isotropic and widely used In
microfiltration [Strathmann and Kock, 1977]. Cellulose membranes such as cellulose esters
are prepared using this technique. Figure 1.17 (a) is an example of an electron microgaphs
of cellulose esters membrane prepared from ‘phase separation’. Figure 1.17 (b) 1s

anisotropic membrane made by the same phase separation procedure except that the
polymer precipitation step is done via immersion in water bath. This process is well known

as the Loeb-Sourirajan technique and is a common procedure for almost all ultrafiltration as

well as reverse osmosis membranes [Locb and Sourirajan, 1963]. Polycarbonate
Nuclepore® shown in Figure 1.17 (c) is a ‘Track-etched’ membrane and the preparation of
this membrane is a two-step process. During the first step, the polymer film is irradiated
with charged particles from a nuclear reactor, leaving tracks where the chemical bonds in
polymer backbone are broken. In second step, the irradiated film is placed in an etching bath
where the damaged tracks are etched forming cylindrical pores [Fleischner et al., 1972].

Figure 1.17 (d) shows the expanded-film membrane. This membrane is prepared via
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stretching propylene film in a direction in which pores are visible as elongated or ‘stretched’
under electron microscope. This membrane consists of alternating fibres and lamella which
are formed by a process whereby a highly crystalline polymer are melt-extruded and
subsequently recrystallized under high stress. This technique is developed at Celanese and
propylene membrane produced by this procedure under the trade name Celgard

| Bierenbaum ef al., 1974].

Figure 1.17: Scanning electron micrographs at approximately the same magnification of
four microporous membranes (a) Cellulose esters (Millipore, Corp.) by phase separation; (b)
Anisotropic polysulfone membrane made by Loeb-Sourirajan phase separation process; (¢)

Nuclepore® polycarbonate ‘track-etched’ film; and (d) Celgard® (polypropylene) expanded

film membrane. [Adapted from Baker, 2004a - exact magnification not given|

It is emphasised that the shape of the pores and the pore tortuosity of synthetic membranes
are very much influenced by the method of preparation. Phase separation and Loeb-
Sourirajan technique produces porous membranes with high tortuosity (~1.5), while Track-

etched membrane pores lack tortuosity because they possess cylindrical pores which have
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the tortuosity value of close to 1. In terms of the shape most porous membranes possessed
spherical pores, but from the micrographs above expanded film membranes has ‘clongated’

pores due to 1ts manufacturing process.

In the literature, the synthetic membranes used with Franz cells for topical product

assessment are mainly obtained from ultrafiltration and microfiltration applications. This 1s

because these membranes have fulfilled the membrane criteria for quality control, i.e. inert,
easy to obtain and may offer no diffusional resistance to drug diffusion. In Franz cell

studies, the membrane for quality control should only act as a support but not as a barrier to
drug diffusion. Ultra- and microfiltration membranes possess interconnected pores filled
with receptor fluid in which the drug can diffuse directly into the receptor media. The FDA
recommends several types of filtration membranes for quality control purposes, including

polysulfone, polypropylene, cellulose, polyamide, and polyacrylate. [FDA-SUPAC-SS,

1997; Flynn et al., 1999].

1.3.3 Synthetic membrane features
The different synthetic membrane features have great impact on the drug diffusion in Franz
cell experiments. In Fick’s Law, the stratum corneum is treated as a homogenous laycr. So,

the synthetic substitute for skin mimicry in Franz cell studies is often a homogenous

membrane rather than heterogenous. But for quality control, as long as the synthetic
membrane docs not resist drug diffusion, the membrane can be either homogenous or
heterogenous. Generally, the synthetic membrane can be ‘isotropic’ or ‘anisotropic’, which

many Franz cell investigators may not appreciate.

The principle types of membranes are shown schematically in Figure 1.18 below. Isotropic
membranes have a uniform composition and structure throughout and can be porous or
dense as showed in Figure 1.18 (a) to (c). Microporous membranes have pores which arc

uniformly distributed, while dense membranes are non-porous and relatively thicker.
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Electrically charged membranes can be dense or microporous, with pore walls carrying
fixed charged ions. On the other hand, anisotropic (asymmetric) has heterogenous structure,
and may contain pores or layered structures. Both Figure 1.18 (d) and (e) are typical
anisotropic synthetic membranes. Figure 1.18 (d) describes an anisotropic microporous
membrane which consists of an extremely thin layer supported on a much thicker porous

sublayer. Whilst Figure 1.18 (e) is a composite membrane where a dense polymer layers are

coated onto the surface of a microporous support.

COO
C
Isotropic cod €90
membrane
A COO
Anisotropic
membrane

Figure 1.18: Isotropic (a) Isotropic microporous membrane; (b) Non-porous dense
membrane; (¢) Electrically charged membrane. Anisotropic (d) Loeb-Sourirajan anisotropic

membrane; (¢) Thin-film composite anisotropic membrane. [adapted from Baker, 2004b]

Another feature in which Franz cell investigators may overlook when using synthetic

membranes is the description of the membrane ‘pores’. In the context of porous membranes,

it is useful to understand the definition of ‘pore size’ and ‘molecular weight cut-off”. In

porous membranes, the pores usually do not have the same size but exists as a normal
distribution of sizes. The term pore size of a membrane represents the nominal or average of
the pore diameter measured. (Pore size should not be confused with the term porosity
(section 1.3.4) which is the fraction of pore volumes in a membrane). The molecular weight
cut-off (MWCO) is defined as that molecular weight is 90% rejected by the membrane. For

example, a membrane has a MWCO of 10,000 Da implying that all solutes with a molecular
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weight greater than 10,000 are more than 90% rejected. Dalton (Da) 1s the non-SI unit for
molecular weight but it is often used to express in MWCO. KiloDalton (kDa) 1s equal to

1,000 Molecular Weight Cut-Off (MWCO). A solution having a molecular weight of

1,000,000 would be equivalent to 1,000 KD. The table listed below gives a general

relationship between kiloDalton to Microns (micrometers), Nanometers, and Angstroms:

Table 1.5: The relationship between Daltons, microns, nanometers and angstroms.

“kiloDalton (kDa)  Microns (um)  Nanometers (nm)  Angstroms ( )
SRR e 0., . 1000 00 o
500 0.02 20 200

200 0.01 10 100

50 0.004 4 40

10 0.0025 2.5 25

5 0.0015 1.5 15

Source: Sterlitech Corporation, USA
In microfiltration membranes the pore size is usually expressed in micron (um) while for

ultrafiltration membranes, the term ‘molecular weight cut-off” (MWCO) 1s preferred.

1.3.4  Mass transport theory via synthetic membrane
The synthetic membranes in Franz cells are used for skin simulation and formulation quality

assessment, The former (e.g. silicone membranes) often employs non-porous membrane

while the latter uses porous membrane (e.g. polysulfone, cellulose esters). The route of a

drug molecule transport across a porous and non-porous membrane is shown in Figure 1.19.
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Figure 1.19: Illustration of solute transport across a porous (a) and non porous (b)

membrane.

The transport across non-porous membranc is dependent on the chemical nature and

structure of the polymeric membrane and the interaction between the polymer and the drugs.

The non-porous membranes usually exhibit crystalline or semi-crystalline structure. The

permeants traverse the membrane through the tiny spaces in between the polymer chains

caused by thermal motion of the polymer molecules. The solutes are transported across a
non-porous membrane via diffusion process and the selectivity of the solute is depended

upon the partition coefficient between the solute in the vehicle and the membrane, as well as
the diffusivity of the solute within the membrane. Examples of such solute transport are
observed in gas separation and pervaporation. The permeation of solute through a non-
porous membrane can be described using solution-diffusion model. The solution-diffusion
model requires the permeant to dissolve in the membrane material, and then diffuse through
the membrane down a concentration gradient. This model suggests that a steady-state

permeation rate (J) is based on Fick’s Law of diffusion. Hence Equation 1.3 again applies,

i.e. J =D.K.Cv/h.

Porous membranes are structurally rigid and contained randomly distributed, interconnected
void volume (pores). Separation of solutes (e.g. in microfiltration and ultrafiltration) 1s
mainly governed by the function of molecular size and pore size distribution. Particles larger

than the largest pores are completely rejected by the membrane; particles smaller than the

largest pores but larger than the smallest pores are partially rejected and particles much

smaller than the smallest pores will diffuse through the membrane freely. In another words,
the solute separation across a porous membrane is a ‘sieving mechanism’ provided there 1s
no interaction between the solute and membrane. Porous membranes are normally

characterized according to their porosity (€) and tortuosity (t). The membrane pores can
appear in various sizes and shape due to the way it is manufactured. The membrane porosity

1s defined as the fraction of the total membrane volume that is porous, or
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total pore volume

Porosity (%) = x 100 %

total membrane volume

Figure 1.20 illustrates three porous membranes with cqual porosity but different pore

diameter.

Figure 1.20: Surface view of porous membranes of equal porosity (¢) but differing in pore

size (pore diameter di>d>d)).

Typical microporous membranes have average porosity of 30-70%. This can be obtained by
weighing the membrane before and after filling the pores with an inert liquid. However, this
should be treated with caution if the membrane is asymmetric, where the porosity varies

from place to place. For example, Locb-Sourirajan membranes may have an average
porosity of 70-80 % (including membrane support), but the actual porosity of the layer that

performs the separation maybe as low as 50%. The term porosity is not the same as ‘pore

size’ (pore diameter), although the literature often uses the terms interchangcably.

Membrane tortuosity is simply the average pathlength over the membrane thickness. It
reflects the length of the average pore compared to the membrane thickness. For cylindrical
perpendicular pores, the tortuosity is equal to unity (Figure 1.21). Solutes usually take the

meandering path and the typical tortuosity of a porous membrane is within 1.5 = 2.5.
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Figure 1.21: Cross-sections of porous membranes of different tortuosity (1).

Equations 1.1 to 1.3 have been extensively studied in the past, mostly in in vitro studies
where excised skin is used with diffusion cells. These equations are also applied for porous
synthetic membranes but several parameters such as membrane porosity and pore tortuosity
have been considered. For example Hatanaka and co-workers attempted to modify Fick’s

Law to allow for the fact that the drug transport is via the pores, thus the tortuosity and

porosity factor of a membrane were included in a modified equation [Hatanaka ef al., 1990]:

e K8 Uy Eq. 1.7
. LR q. 1.
J t.h

where K' is the partition coefficient of the drug between the solvent in the membrane pore

and the drug vehicle, € is membrane porosity, T is tortuosity and D, is the diffusion
coefficient of the drug into the vehicle that fills in the membrane pore (denote by subscript

iv’)

1.3.,5  Synthetic membranes for skin mimicry

Natural skin is not always readily available, especially human skin. The handling and
storage procedure is tedious [Diembeck er al., 1999]. In addition, skin itself’ exhibits
biological variations such as skin age, and regional body variability [Wester and Maibach,

1992]. The use of a model synthetic membrane to simulate skin is desirable because
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synthetic membrane not only eliminate the problems associated with skin, but also should

predict the drug release profile from a formulation more accurately.

Polydimethylsiloxane (PDMS) also called silicone rubber often used for gasket or insulation

mat is now widely used to simulate skin barrier. [Hatanaka et a/,, 1990, Hatanaka et al.,
1992, Jetzer et al., 1986; Megrab et al., 1995; Pellett et al., 1997; Dias et al., 1999; Schwarb
et al., 1999; Smith and Irwin, 2000]. It is hydrophobic in nature and possesses similar rate-

limiting permeation properties as skin thus making it a suitable choice for prediction of drug

permeation. Drug transport across PDMS membrane can be represented using Fick’s Law of
diffusion. The rate-limiting property of PDMS membrane is not suitable for routine quality
control evaluation of semisolid products since performance of the formulation can not be

detected. Furthermore, the release through the PDMS can be slow making increasing testing

time beyond what would be reasonable for quality control testing.

Although the in vitro methods are widely employed to examine the performance of a drug
formulation, there is still some discrimination from the realistic situation. For example,
metabolic activity within the epidermis which may with the interfere transport of a topically
applied drug not so dominant with excised skin [Guzek et al.,, 1989]; and drug testing for

diseased skin conditions such as psoriasis is less applicable using in vitro model. Thus, in

vitro data can not be directly translated into clinical situation, but only use as a qualitative
prediction. It is also emphasized by many regulatory bodies that such a test 1s not a
surrogate test for in vivo bioavailability or bioequivalence [Shah, 2005; Shah ef al., 1998b].
This is particularly important for a development of promising dosage form and prediction of

systemic risk from dermal exposure to chemicals [EC, 2004].

1.3.6 Synthetic membranes for quality control
In the very early literature, drug release from a topical semisolid preparation is assessed by

placing the dosage form in direct contact with a receiver medium in an apparatus equipped
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with an agitator [Dempski et al., 1969; Young et al., 1968). The amount of drug released
was determined by collecting the solution medium periodically. One dircct implication was
the unwanted dispersion or dissolution of the semisolid in the medium. Physical disturbance
of the semisolid surface caused by stirring also occurred. So the requirement for a
membrane to separate the formulation from the receptor became crucial. Since thc main

objective of a release test is to examine the properties of the drug and formulation, the
membrane should be inert and act simply to separate the drugs and dissolution media,

otherwise the release slope will not reflect the conditions within the formulation.

A numbers of studies concluded that by using artificial membrane, Franz cells can serve as a

promising tool for quality control procedure and assuring product batch-to-batch uniformity

[Kundu et al., 1993; Shah and Elkins, 1995: Shah er al., 1998a; Shah er al.,, 1999; Zatz,
1995]. Much attention has been given to the investigation of drug release from semisolid
dosage forms such as creams, ointments, gels and pastes [Corbo, 1995; FDA-SUPAC-SS,
1997, Liebenberg et al., 2004; Shah et al., 1999; Shah et al., 1998b; Skelly et al., 1987)
because these formulations are very widely used in dermatological products. The usual
physical and chemical tests such as solubility, particle size, crystalline form of the active
ingredient, viscosity and homogeneity of the product have been carried out to provide

reasonable evidence of consistent performance of the finished products. The in vitro release

rate can show the combined effect of chemical and physical changes such as solubility and

rheological propertics of the dosage form. Changes in the characteristics of a drug product

would be expected to show a difference in the rate of drug release [Shah et al., 1998a).
Therefore, the Franz cell is a useful tool to assess the product changes. In May 1997, the
FDA released a guidance entitled ‘Scale-up and Post-approval Changes: Chemistry,
Manufacturing and Controls, /n vitro Release Testing and In vivo Bioequivalence
Documentation for Non-sterile Semisolid Dosage Forms (SUPAC-SS). The guidance

recommends that in vitro release testing is used as a standard procedure to detect changes

that could have a significant impact on formulation quality and performance of the product.
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This includes change in the amount of an excipient, batch size or manufacturing cquipment,

process or site of manufacture [FDA-SUPAC-SS, 1997].

In 1989, Shah and co-workers from the FDA were the first to demonstrate that a Franz

diffusion cell system and a synthetic membrane could provide a simple and reproducible

method that can be easily adopted for the quality control of a semisolid product [Shah et al.,

1989]. The kinetics of drug release from a formulation can be analysed using Franz cell with
a suitable synthetic membrane. As opposed to skin simulation, the synthetic membrane in

quality control should not be rate-limiting, but only serve to separate the formulation and the
receiver media. In 1997, a scientific workshop entitled Assessment of Value and
Application of In vitro Testing of Topical Dermatological Drug Products outlined a general

methodology and technique for the evaluation of topical product performance. The
workshop stated that the membrane must have the least possible diffusional resistance, and
possess minimal drug binding. The membranes should also have little interaction with the

receptor medium and commercially available [Flynn et al., 1999].

Table 1.6 below shows the compilation of topical drug diffusion studies using synthetic

membranes employed by various authors. Information includes the drug, vehicle, receptor

medium, diffusion cell type, synthetic membranes and analysis methods. From Table 1.6

above, it was noticed that synthetic membranes of various materials, pore size and thickness

were used for the assessment of different types of drugs and formulation preparations.
Notice that the most commonly used membranes are silicone membrane, cellulose and

polysulphone membranes.
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Today, the porous synthetic membranes in the litcrature used for quality control (e.g.

cellulose acetate, polysulfone) are often ‘borrowed’ from the scparation and filtration

application, mainly from microfiltration and ultrafiltration membranes. Table 1.7 shows the

synthetic membranes employed in Franz diffusion cells studies in this thesis. The membrane

thickness, molecular-weight cut off (MWCO) range, nominal pore size, porosity and

individual manufacturers are also shown. Note that all of the membranes listed are porous

because our studies only on membranes for quality control purposes; PDMS (non-porous)

was listed for comparison purposes.

Table 1.7: Summary of the synthetic membranes properties. All values are nominal

provided by manufacturers (C

Membrane

Cellulose-based

Visking
Cuprophan
Benzoylated
tubing

cellulose ester
Cellulose nitrate

Polymeric-based

AN 69
Biodyne
Supor
Tuffryn
Nuclepore
Cyclopore
Celgard 3500
Silicone

Polymer*

RC
RC

RC
CE

PAN

PA

PES

PS
PC
PC
PP

PDMS

- membrane porosity, T— membrane tortuosity).

MWCO

(kDa)

12-14
10

1.2-2
0.5

40
na
na
na
na
na
na

na

Pore

size
m

0.45
0.45
0.45
0.1
0.1
0.05

Thickness
(km)

20°
10°

35"
80°
125

25"
152
145
145
10
10
20

400

U (%)

50-75
80
60

8

4
35-48

T Source
. Medicell
. Medicell
- Sigma
- Spectrumlab
. Whatman
- Hospal
- Pall
~1-1.5 Pall
~1-1.5 Pall
~1 Whatman
~1 Whatman
- Hoechst
. SAMCO

*RC - Regenerated cellulose, CE - Cellulose esters, CN - Cellulose nitrate, PAN - Polyacrylonitrile,
PA - Polyamide (nylon), PES - Polyethersulphone, PS - Polysulphone, PC - Polycarbonate, PP -

Polypropylene, PDMS - Polydimethylsiloxane.
® thickness measured using a digital micrometer (M itutoyo, UK).

The synthetic membranes listed in the table were membrancs employed in this thesis. They

were derived from various applications and each of them is briefly described here.
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The synthetic membranes employed in Franz cell studies in the literaturc as well as in this
thesis can be broadly categorised as cellulose- and polymeric-based membrane. The
cellulose-based membranes include the membranes made of regenerated cellulose and its

derivatives. The regenerated cellulose is prepared from pure cellulose, i.e. without

modification of the chemical groups on the sugar units. Ultrafiltration dialysis (Visking,

Cuprophan and benzoylated dialysis tubing) membranes are made of the regenerated
celluloses because they have high molecular clearance and compatible with blood.
Cuprophan is a high permeability membrane produced via ‘cuproammonium’ process. It 1s
fabricated very thinly (~10 um) chiefly for the enhancement of the filtration efficiency in the
dialysis. Cellulose ester is derived from esterification of the purified celluloses with acetic

acid or nitric acid, forming cellulose acetate and cellulose nitrates respectively. The

cellulose derivatives are chemically modified for the improvement blood compatibility, but
in terms of stability the cellulose derivatives are known to be less chemically resistant
compared to the pure celluloses (regenerated cellulose). Membranes made from celluloses
exhibit excellent molecular clearances but they do exhibit blood incompatibility in some
patients. This had lead to the emergence of polyacrylonitrile (e.g. ANG69) membrane, another
class of ultrafiltration membrane which is commonly used today. The polyacrylonitriles are
not only be cast into very thin membrane (down to 5 pm) for high filtration efficiency, but

are highly compatible with blood components compared to the celluloses [Chenowcth ef al.,

1983]. However, the cellulose dialysis membranes are still widely used because they are
cheap and readily available. Cellulose membranes are usually dry and brittle when
manufactured. Membrane additives such as plasticizers (glycerin) and preservatives are

often incorporated to maintain membrane flexibility for ease of packaging and handing.
Nevertheless, the complete removal of plasticizer is crucial prior to use in Franz cells in

order for the membrane full performance.

Polymeric-based membranes are literally membranes which are preparcd from non-

cellulosic polymers. Polyacrylonitrile, described above is a polymeric-based membrane. The
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polyamides are another class of polymer which are widely utilised to make synthetic
membranes. The aliphatic polyamides such as nylon 6,6 and nylon 6 show good chemical
stability and may be used in microfiltration and ultrafiltration applications. Nylon
membranes are generally hydrophobic because the polymer is a non-polar (polyamide) with
terminal amino and carboxyl group. Pall (USA) exploited the unique chemical structure and

designed the class of membrane called the ‘Biodyne’ membrane for the detection of charged
macromolecules, such as amino acid and nucleic acid. The Biodyne membrane surface is
either positively charged (quaternary ammonium group), negatively charged (carboxylic
group) or amphiphatic. This is to facilitate the bonding of charged macromolecules on the
membrane surface via electrostatic interactions. Biodyne has also been reported to be used
as a support membrane for a novel skin model by fixing liposomes composed of stratum

corneum lipids onto the membrane for the skin permeability studies [Matsuzaki er al.,
1993]. Synthetic membranes, made from polysulfone and polyethersulfone are also widely
used as basic materials for ultrafiltration and as support materials for composite membranes.
Tuffryn® and Supor® are examples of polysulfones membranes and they are designed by
Pall (USA) for the optimisation of biological, pharmaceutical and sterilising filtration with
the features of low protein binding and chemically inert. The track-etched membranes
(Nuclepore® and Cyclopore®) are also manufactured for high filtration efficiency due to

the lack of tortuosity of the pores. Celgard is a microporous polypropylene membrane made
for a variety of barrier applications. This membrane is known as an expanded-film

membrane and often contains additional coating which to provide a protective layer for the

membrane.

The chemical structures of the membrane polymers are shown in Figure 1.22 below:
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Cellulose-based
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Figurc 1.22: Chemical structures of common synthetic membranes.

All of these membranes (except PDMS) possess common features, i.e. they contained pores,
are relatively chemically inert, have high compatibility with solvents, and are commercially
available. Most investigators take advantage of these membrane features and employ them
as their model membrane in Franz diffusion cell experiments for topical product quality
control purposes. But these membranes are also intrinsically different, such that they all
possess diverse thickness, porosity, tortuosity, and polymer materials, which many
researchers have overlooked. In the literature, there is still a lack of information to justify
the choice of synthetic membrane for the assessment of topical products taking into account
of the different membrane parameters above. Hence an investigation on the influcnce of
different types of the synthetic membranes on the Franz cell diffusion experiment using a

model drug and a standard formulation is required.

1.4 Diffusion cell cxperimental design
In vitro testing is by far the simplest and most cost effective method for characterizing a

drug’s skin absorption and penetration profiles. The in vitro permeation experiments provide
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the determination of parameters such as diffusion cocfficient, permeation cocfficient, lag
time and the amount of drug permeating through the skin over time at stcady state
[Scheuplein and Blank, 1971]. When planning in vitro percutancous absorption studics,
there are many considerations that must be addressed to obtain useful results. Depending on
the purpose of the investigation, experimental protocol must be designed to solve specific
questions. There are several guidelines available which outline the methods for assessment
of percutaneous absorption [Howes ef al, 1996; Skelly et al, 1987] as well as for
cosmeceutical risk assessment [Diembeck et al, 1999; EC, 2004]. But the specific
experimental designs remain loose, and investigators are flexible to develop their own
methodology. Apart from the membrane (excised skin or synthetic membrane), the basic
elements involved in measuring in vitro release from topical formulation are:

a) The diffusion cells and heating device

b) The conditions (stirring, temperature, receptor fluid, membrane, sink)

c) The assay

d) Analysis of the data
Reliable drug release data is generated from a well-designed experimental methodology. For
in vivo simulation, the experimental design is crucial to allow the experimental conditions to
be as close to in vivo condition as possible. Inappropriate experimental designs will lead to
the false interpretation of the data. The following sections discuss the points to consider
when setting up an in vitro release experiment, and these are general points applied to both

skin and synthetic membranes.

14.1 Experimental conditions

The diffusion cells can be side-by-side or vertical diffusion cells (Figure 1.9 and 1.10).
Excised skin or synthetic substitute is used mainly for in vivo correlation while a synthetic
membrane support is employed for quality control purposes. The diffusion cells are

positioned in a multiple-cell unit console which drives the magnetic stirrer to agitate the

20



receptor medium at a certain speed. Aliquots are removed from receptor cells and replaced

with equal volume of fresh media in order to main sink condition.

By convention, the stirring of the receptor cell is performed by means of magnetic stirrer bar
which placed at the bottom of the receptor. The seeking of optimum stirring speed and with

the most suitable type of stirring bar is crucial for efficient stirring of the receptor

compartment [Morell et al.,, 1996; Smith and Haigh, 1992]. Determination of stirring
efficiency is carried out in several ways. A coloured dye can be used to obscrve the stirring
pattern or for measuring the time taken for the dye to distribute throughout the receptor cell
[Gummer et al., 1987]. Another method for checking the stirring efficiency is by sampling

drug from top, middle and bottom portion of the receptor cell and check if there are

statistical differences [Shah et al., 1993]. The use of magnetic bars, however present a

common problem: slow or incomplete stirring, may not disperse the drug into the sampling

arms. Many investigators have attempted to modify the cell design, such as using flow-

through cells or replacing the stirrer bar with spring coil to improve homogeneity [Shah ef

al., 1999].

Sample taking with replacement of the receptor medium is carried out at regular intervals.

Appropriate sampling time intervals vary with the drug solubility in the receptor medium

and membrane permeability and the rate of sampling must be determined experimentally.
The typical interval is every 30 to 60 min. Longer time intervals might be required if the
drug permeation is slow, especially through the skin or synthetic membrane barrier. In

contrast, when flux is high (e.g. quick release of drug from a formulation through a

membrane support), shorter time intervals are required for the maintenance of sink

conditions.
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The choice of receptor fluid is also very important for the maintenance of sink conditions.
The selection of receptor fluids is largely dependent on the nature of the drug; aqucous
solutions such as phosphate buffer saline (PBS) and 0.9% sodium chloride are common
receptor fluids for hydrophilic and moderately lipophilic drugs (up to log P = 2), while for
very lipophilic drugs (aqueous solubility < 0.1 pg/mL), alcoholic media, co-solvent systems
or the addition of a solubiliting agent into the aqueous solution is employed [Williams,

2003a). 'The receptor fluid must not influence the membrane properties.

Most in vitro experiments are performed at skin temperature (32 £ 1°C) in order to mimic
the in vivo situation [Skelly et al., 1987]. This is commonly achieved by maintaining the
receptor solution at 37°C so that the skin placed at the receptor orifice is slightly cooler than

the receptor, i.e. at about 32°C. The can be done by means of water jackets or placing the
receptor into temperature regulated heated steel chamber block. Membrane temperature
muat be regulated because many studies demonstrate that temperature in diffusion cells has
a direct affect on drug flux [Akomeah et al., 2004; Clarys et al., 1998; Ogiso et al., 1998].
Akomeah and co-workers [Akomeah ef al., 2004] found that release rates for
methylparaben, butylparaben and caffeine doubled with every 7-8°C rise in receptor
temperature using silicone membrane and excised human skin. A multilaboratory studies
found out that large result variability (up to 35%) exists in the methylparaben drug release

through a synthetic membrane and the authors claimed that temperature may also be one of

the sources of result variability [Chilcott er al., 2005]. Hence, the maintenance of

temperature of Franz cells is critical to achieve standardized drug release.

1.4.2 Finite versus infinite dosc
The drug dosage applied onto the skin or synthetic membrane in an in vitro model can be a
‘finite’ or an ‘infinite’ dose. A ‘finite dose’ is when the drug dose applied is limiting and

depletes with time; while an ‘infinite’ dose indicates that the drug concentration remains the
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same throughout the whole experiment. Infinite dosing is usually achieved via applying
saturated formulations and Figure 1.23 represents flux versus time for finite and infinite

dose respectively.

The drug flux plot is generally composed of three phases [Franz, 1983]. Phase I represents
the lag time, where the drug takes time partitioning into the skin and diffusing across the
skin, i.e. no drug in the systemic circulation (receiver compartment) is detected. Shortly
after the drug breaches the stratum cormeum, the drug enters the capillaries (receiver
compartment) causing a rise in drug concentration (Phase II of the curve). The last phase,
phase III, is known as linear or falling phase, depending on the amount of drug applied onto
the skin. If the drug supply is fixed (finite dose) it may eventually diminish. So shortly after

achieving the highest concentration, the flux begins to fall [Franz, 1978]. On the other hand,
if the drug is in excess amount (infinite dose) a linear steady state flux will sustain at its
highest flux. The relationship between J, Cv, K and D is most easily understand if steady
state (infinite dose) is assumed. However, in clinical practice steady state is seldom

achieved because a finite dosage is often applied.

Flux

l ) LI Infinite

Time
Figure 1.23: Drug flux plotted against time for finite and infinite dose. Phase I - Lag phasc,

Phase II - Rising phase, Phase III - plateau (infinite) or falling phase (finite).
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1.43  Drug assay and data analysis

Experiments measuring the rate of drug release from topical preparations using in vitro
methods may provide useful information. The rate of drug relecasc is dectermined by
measuring the appearance of drug amount in the receptor compartment over time. A
reliable, reproducible, validated drug assay is essential in gencrating the data on which all
conclusions will be based. The total drug permeated across the membrane and the drug
retained in the membrane can be measured using analytical techniques and equipment. High
performance liquid chromatography (HPLC) is by far the most common method. HPLC 1s
versatile assay which can be adapted to separate drug by selecting the appropriate mobile
phase, column and detectors. Ultraviolet-visible (UV) spectrophotometric analysis is also
widely used. If the drug concentration is high, dilution of the sample is required so that it
falls into the detectable concentration range. When drug permeation levels are very low, a
chromatographic method may not be sensitive enough to detect the drug. Under such
circumstances, radiolabelling drugs (Tritium H’ and C-14) are employed in the donor
formulation; the detection of labels is by liquid scintillation counting in which can measure

drugs at very low concentrations.

The cumulative drug release can be expressed in mass per unit area, number of moles or
total percentage. Drug flux is derived from the slope, and if a lag time is present, the

extrapolation of the graph to the x-axis is made to obtain the intersection. The derivation of

Kp and D is described in section 1.2.1.

1.44  Reproducibility issues in diffusion cell studies

In order to provide accurate results, the average flux values from a six cell replicates is often
used. However, large results variability associating with diffusion cell studies still exist.
When excised skin is employed, the main source of results variability was thought to be

attributed to the biological variation of the skin [Southwell et al, 1984]. Khan and
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colleagues reported CVs (coefficient of variation) of testostcronc and caffeine through
porcine skin were 127.9% and 63.4% respectively; but when a PDMS synthetic membrane
was used the CVs of testosterone and caffeine were reduced to 64.9% and 32.3%
respectively [Khan et al, 2005). Thus skin biological variability could account for
approximately 30-60% variation in the results depending on the drug. Van de Sandt

conducted a multicentred (10 laboratories) drug diffusion study of three model drug, namely
benzoic acid, caffeine and testostersone, through excised human skin [van de Sandt er al.,
2004]. All participating laboratories performed their studies according to a detailed protocol.
The experimental conditions: dose, drug vehicle, exposure time, receptor fluid, membrane
preparations, and analysis method were standardised. The CVs varied for the three drugs:
benzoic acid 6.3 - 52.5%, caffeine 12.0 - 91.4% and testosterone 6.3% - 111.0%. The author

proposed that the results variation observed may be attributed to human variability and the
skin source; skin thickness was thought to be a critical variable in this study. Another
multilaboratory study involved 18 laboratories was carried out by Chilcott using a synthetic
membrane (PDMS) [Chilcott ef al., 2005]. This study was conducted mainly to assess the
intra- and interlaboratory variation of methylparaben absorption under a quasi-standardised
condition. As with Van de Sandt’s study, a detailed protocol including information such as
dose, drug vehicle, receptor fluid, temperature, membrane treatment, and analysis method
was provided. In this study, the CVs between the laboratories were ~35% while the
intralaboratory variation averaged 10%. They also reported that receptor volume, sampling
volume, surface area, diffusion cell types (static of flow through) had no significant effect
on flux. This is an interesting piece of information because PDMS is a synthetic membrane

and such result variability should not occur with a synthetic membrane. Large results

variability in in vitro diffusion cell experiments may also be attributed to human error or

unvalidated equipment.
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1.5 Conclusion and Alms of study

Synthetic membranes introduced for in vitro release studies are intended to reduce

biological variability associated with human and animal skin such as age of skin, anatomical

sites and gender. Depending on the purpose of investigation, the type of synthetic membranc

used varies. The basic criteria required for a synthetic membrane depend on whether it is to

correlate with in vivo or for quality control. The criteria are summarised in Table 1.8

according to investigation purpose.

Table 1.8: Summary of the criteria of synthetic membrane for various topical in vitro

Investigation purposes.

Investigation

Synthetic membrane basic criteria
Purpose

* Inert.

* Hydrophobic.

* Rate-limiting like skin.

* Adhere to Fick’s Law of diffusion.

* As a support to separate topical drug product from receptor
medium.

* Should not react with the drug product or the receptor medium 1in
any way.

+ Should be permeable to drug substance and should not be rate

limiting in drug release process.
* Should not adsorb drugs
» Commercially available

Correlate in vivo

Quality Control

In the literature a diversity of synthetic membranes are used, varying in pore size, porosity,
thickness, and chemical nature being used. Often these membrane factors arc not reported.
Although there are no strict standards for in vitro research using synthetic membranes, the
criteria for selection of an ‘appropriate’ membrane was defined recently [Flynn et al., 1999].
These include (1) it does not bind to the drug, (2) little interaction with the vehicle, (3) little

diffusional resistance between the donor and the receptor, and (4) easy to obtain and
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commercially available. The criteria arc lenient and this makes comparison between
experiments difficult. Some membranes may be unsatisfactory because of the physical
properties of the drug. There are various types of membranes being investigated, but the
literature is often confused about the appropriate choice of membrane. This is because
commercial membranes have intrinsic variations such as membrane polymer, pore size,

porosity which mask the true formulation effects that can be vital in interpretation of the
reported release data. In addition, certain membrane information for example the membrane
filler content, plasticizer and excipient composition are not provided by the manufacturers

for the protection of trade secrets.

The overall objective of this PhD study is the investigations into the use of various synthetic
membranes upon drug diffusion in Franz diffusion cell experiments. The aims are to
encompass:

1) The validation of Franz cell equipment and methodology in our laboratory for the
minimisation of results variability.

2) The evaluation of the influence of a range of different types of commercial synthetic
membranes on the rate of drug release using ibuprofen as a model drug, and to
evaluate whether the diffusion is influenced by the membrane properties.

3) The correlation and classification of the synthetic membranes according to their
physical properties and their influence on ibuprofen and riboflavin drug release.

4) An investigation of the influence of drug hydrophobicity using a parabens series on
different types of synthetic membranes in Franz cell studies.

5) An investigation and characterisation of lyophilised alginate gels and wafers
saturated with ibuprofen drugs using rheology, microscopically and thermal
analysis. This involves a comparison of the ibuprofen drug relcasc from ibuprofen

saturated alginate gels and alginate lyophilised wafers using Franz cells.
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CHAPTER 11

MATERIALS AND METHODS

This chapter details the various materials and equipment used in the course of this research.

It also contains comprehensive descriptions of all the methods employed in the study and the

subsequent analyses. The materials and instruments are listed below with their respective

manufacturers or suppliers.

2.1 Materials
2.1.1 Synthetic membranes

Benzoylated cellulose tubing (Batch no. 074K7012), MWCO <1,200 and >2,000 was from
Sigma-Aldrich Company Ltd. (Dorset, UK.). Cellulose tubing, Visking (Batch no.

DTV12000.05.000), MWCO 12,000 - 14,000 was supplied by VWR international Ltd.

(Lutterworth, UK). Cellulose ester tubing (Batch no. 131060), SpectraPor®, MWCO 500
purchased from Spetrum Laboratories, Inc., Rancho Dominguez. (California, USA).
Cellulose flat sheet, Cuprophan (Batch no. N/A), MWCO 10,000 was obtained from
Medicell (London, UK). Nylon 6,6, Biodyne® B (Batch no. 50046) and Biodyne® C (Batch

no. 189051), Polyethersulphone, Supor® (Batch no. 55083), Polysulphone, Tuffryn® (Batch
no. 60669), pore size 0.45um, were all from Pall. (Portsmouth, UK). Polycarbonate,

Cyclopore® (Batch no. 060.0131/6E8/L-3-L) and Nuclepore® (Batch no. 6018023) pore
size 0.1 pm were bought from Whatman, Inc. (New Jersey, USA). Polyacrylonitrile ANG9

membrane (Batch no. N/A, membrane was removed from ANG9 S-dialyser) from Hospal-
Gambro (Huntingdon, UK). Polypropylene, Celgard® 3500 (Batch no. 293485) was
purchased from Hoechst Celanese Corporation (New Jersey, USA). Polydimethylsiloxane
rubber sheet (Batch no. 19T0.3-1000-60M1) was supplied by Chilcott from SAMCO

Silicone Product. (Nuneaton, UK).
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2.1.2 Chemicals

Acetic acid, >99%, Basic Fuchsin (Pararosaniline), D-Mannitol, Ethylparaben, >99%,
Glycerol <99%, Guar Gum, Methyl green, 89%, Periodic acid, 98%, Phosphate buffered
saline, pH 7.4 tablets and sachets and Propylparaben, >99% were bought from Sigma-
Aldrich Company Ltd. (Dorset, UK). Butylparaben, >99% and Methylparaben, 299% wcre

obtained from Fluka (Buchs, Switzerland). Capmul MCM 8 was from Abitec Corp.

(Columbus, USA). Ibuprofen Ph Eur, 99.8% supplied by Medex (Northants, UK). Miglyol
812N was from Sasol (Werkwitten, Germany). Phorpain gel containing 5% Ibuprofen

purchased from Goldshield Pharmaceuticals (Croydon, UK). Potassium Permanganate, 99%
was obtained from Fisher Scientific (Loughborough, UK). Sodium alginate (low viscosity,
glucuronate rich) was supplied by Hopkins & Williams (Essex, UK) and sodium hydroxide

pearls, 97.5%, Sodium metabisulphite purity, >90% were bought from BDH laboratory

supplies (Poole, UK). Sucrose was purchased from USB Corp, Cleveland (Ohio, USA).

2.1.3 Solvents and Gasces

Buffer reference standards (for pH meter), hydrochloric acid 37%, Methanol, analar grade
were purchase from Sigma-Aldrich Company Ltd. (Dorset, UK). Methanol, HPLC grade
was bought from Fisher Scientific (Loughborough, UK). Acetonitrile, HPLC grade was from

Merck Pharmaceuticals (West Drayton, UK). Decon® 90 was from Decon Laboratory Ltd.
(Sussex, UK) Helium and Nitrogen (oxygen free) were provided by BOC Gases Ltd.,
Guildford (Surrey, UK).

2.2 Genceral analytical techniques
2.2.1 Polarised light microscopy
Light waves vibrate in all possible directions. Certain materials have the ability to screcn out

all vibration except those at one plane, and so produced plane polarised light.
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Figure 2.1 illustrates the polarisation of light.

Unpolarised light  Polariser (Vertical) Plane poarised light

Figure 2.1: Unpolarised light passing through a polarizer. The arrows show the directions of

wave vibration.

In Figure 2.1, the polarizer only allows vibrations of the electromagnetic waves that are
parallel to the axis to pass through. Any vibrations that are perpendicular to the axis are
excluded, thus producing plane polarized light. If a second polarizer is included and both the

polarisers are aligned, the light that passes through the first polarizer also passes through the
second. However, if the second polarizer is rotated right angles with respect to the first, no
light passes through. This is the fundamental principle of the polarized light microscopy.
The polarizing microscope is equipped with a polarizer and an analyzer (a second polarizer)
placed in the light path. When the analyzer is set to polarise light in a direction perpendicular
to the polarizer; the polars are said to be crossed. The specimen viewed is placed (on the

stage) in between the two polarizers.

The speed of light in any material is responsible for the refraction of the light rays when
entering or leaving the material and this is signified by its refractive index, or its
‘refringence’. Materials in which the refractive index is constant in all direction are known as
isotropic materials. On the other hand, if the material has different refractive indices in
different direction, it is defined as anisotropic. The polarized light microscope can be used to
differentiate between isotropic and anisotropic materials. Isotropic materials such as water
allow polarized light to pass through the ordered plane but will not pass through crossed

polars. When an anisotropic material is positioned in plane polarized light, it rotates the
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plane polarised light and even when analyzer is at the right angle to the planc of polarization,
some light can pass through the analyser, giving a characteristic pattern. Some anisotropic
materials such as mineral crystals divide polarized light into two components vibrating at

different velocities at right angle; these materials are birefringent.

Microscopic analysis was accomplished using Reichert-Jung Polyvar (Ansberg, Germany)
microscope (Figure 2.2). The specimens were prepared on 0.8-1.0 mm thick plain glass
slides and 0.17 mm glass cover slips were gently laid over them. The beam splitter was
adjusted to divert the light from the specimen to the camera, which was loaded with 35 mm
film (ISO 200). At low magnification, the specimen was examined in bright field. The focus
was refined using course and fine focus control. Once in focus, the polariser was

manipulated to polarise the light transmitted. Hence the same area of the specimen was seen

in both polarised and unpolarised light.

. Camera

Eyepiece—— ’ B
45

Beam splitter N\ L 1——
Polariser %‘
Objectives——/

I I
Stage
Stage movement control

Condense . | |
D__ Transmitted light filter unit
Rotating analyse P D

. Tungsten lamp source
Condenser

Coarse and fine focus knob

Figure 2.2: Schematic of Reichert-Jung POLYVAR microscope.
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The objectives varied from x10, x25 and x40. In order to place a scale onto a micrograph, a
photograph of a graticule of | mm length was viewed under the desired magnification. The

graticule picture taken was superimposed onto the photo micrograph viewed under the same

magnification.

Our studies employed the polarized light microscope to examine the structure of lyophilized

wafers (Chapter 7).

2.2.2 Thermal Analysis

The thermal techniques used measure specific physical properties of a material as a function
of temperature. These include the measurement of weight changes with temperature and
energy absorbed (endothermic) or evolved (exothermic) during a phase transition or a

chemical reaction. Thermal analysis is of interest pharmaceutically because important
information such as melting point, polymorphic transition temperature, glass transition
temperature, purity, thermal stability and heats of transition can be derived. Two thermal
techniques i.e. thermogravimetric analysis (TGA/SDTA 851°) and heat-flux differential
scanning calorimetry (DSC 822°) are used in this study and will be described in detail below
(Mettler-Toledo Ltd, Leicester, UK). In our laboratory, both these instrument are connected

to TS0801RO sample robots and linked to the same control unit via a computer (Star®

software v 8.10).

2.2.2.1 Thermogravimetric analysis; TGA
TGA is performed to determine weight change in a sample as a function of temperature. This
information can reflect a material’s thermal stability and the weight loss on dryness as the

specimen is heated. The simplified schematic of Mettler Toledo TGA/SDTA 851° (Leicester,

UK) used in our laboratory is showed in Figure 2.3.
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Figure 2.3: Simplified schematic of a Mettler Toledo Thermogravometric Analyzer

[redrawn from Mettler Toledo TGA/SDTA 851° userguide].

The main components of a TGA instrument are an electronic microbalance, a furnace, a
temperature sensor (thermocouple) as well as a computer for recording the weight change
and a temperature ramp. The aluminium crucible is suspended on a highly sensitive balance

(resolution of 1 pg) over a precisely controlled furnace. Nitrogen gas is used to purge air in

the chamber as well as to remove any gaseous byproduct produced from the heating of the

sample. TGA measurement of a sample is carried out in an inert atmosphere and the sample

weight is recorded as a function of increasing or decreasing temperature.

The temperature calibration of TGA uses the Curie point method. The Curie point is the
temperature where ferromagnetic metals such as iron lose their magnetism. In brief, when a

ferromagnetic standard is placed in the sample crucible of the balance, and a large permanent
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magnet is placed below the crucible, the samplc will cxperience a downward attraction
leading to an apparent increase in weight. Upon heating, the loss of the ferromagnetism at
the Curie point is measured as the loss of the known sample weight. Hence, by using a range
of ferromagnetic materials with a wide range of Curie point (between 140-1000 °C), an
accurate temperature calibration of TGA is carried out. The TGA in our laboratory utilised

alloys isatherm, nickel and trafoperm as standards (Curie points of 142.5, 357.0 and 749.0

°C, respectively) and the instrument was calibrated every six months.

TGA is useful for the examination of processes where the sample gains weight such as
adsorption and absorption of a solvent, or when sample weight is lost e.g. due to
dehydration, vaporization, desorption and decomposition. There are limited number of

processes which undergo weight changes, thus melting, crystal phase transitions and glass
transitions cannot be studied using TGA. In such instances, differential scanning calorimetry

(DSC) 1s used.

2.2.2.2 Differential scanning calorimetry; DSC
DSC measures the heat changes of a sample as a function of temperature. It involves heating
the sample in an aluminium pan and a similar reference pan simultancously in a dry nitrogen
atmosphere. When heat change (endotherm or exotherm) occurs due to a physicochemical
change in the sample, the furnace will need to be varied in order to maintain the temperature
of the two pans so that it stays the same. The instrument measurcs the amount of energy
required to keep the sample pan at the same temperature as the reference pan whilst the
furnace temperature increases or decreases at a set rate. Thus by monitoring the difference in
heat supplied to the pans, the enthalpy changes in the sample can be determined. The heat

flow (enthalpy) is expressed in joules per unit mole of a compound (SI unit).
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When a sample is subjected to a heating or cooling cycle, phasc changes may occur. The
phase transition of the sample causes heat input or output, so in DSC excess or less heat will
need to flow to the sample in order to maintain both samplc and reference pan at the same

temperature. For instance, when as solid sample melts to liquid, it absorbs heat from the

environment (endothermic), so more heat flows into to the sample to increase its temperature
at the same rate as the reference. In the DSC plot, an endotherm peak is observed. Likewise,
crystallization involves the formation of solid crystal from a liquid and relcases heat
(exothermic). DSC may also be used to observe more subtle phase changes, such as glass
transition, a temperature where a material is transformed from crystalline phase (glassy state)

to liquid-like rubbery state. Figure 2.4 illustrates the various phase changes that can be

detected in a sample using DSC.
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Figure 2.4: The various phase changes in DSC scan [adapted from Wells and Aulton, 2000].
Glass transitions cause a baseline shift. Crystallization is a typical cxothermic process and

melting a typical endothermic process, the heat of fusion is calculated from the arca under

the peaks.
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In general, there are two main types of DSC: power compensated and heat flux DSC. In
power compensated DSC, the two pans are heated separately by separate electrical heaters.
Both the sample and reference pans are heated at exactly the same rate while monitoring the
electrical power used by the heaters. When the sample undergoes changes, the power
(energy) applied to or removed from the heater to compensate for the sample energy is

measured. This is a classic DSC design pioneered by the Perkin-Elmer company.

The DSC used in this study was a heat flux DSC (Mettler Toledo, Leichester, UK). In heat-

flux (heat exchanging) DSC, the sample and reference pans are heated by a single furnace.

The pans are placed on separate platforms which sit on a heated metal disc. Thermocouples
are used to monitor heat flow from the disc to the sample and reference. The furnace needs

to be varied in order to maintain the heating rate the same as the reference. The differential
heat flow between the sample and reference pans will then reflect the different thermal

behaviour of the sample and reference. Figure 2.5 shows a cross section of Mettler Toledo

DSC 822° cell used in this study.

Furnace lid

Reference pan Sample pan

DSC sensor Silver furnace

Flat heating element
Thermal resistor

T

Dry gas inlet Purge gas inlet
Figure 2.5: Cross-section of heat flux DSC822° used in this study [reproduced from Mettler

Toledo DSC822° module].
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For the DSC822° the following three calibrations were performed: tau-lag, heat-flow and
temperature calibration [Mettler Toledo Star® system manual). Tau-lag calibration accounts
for the time takes to reach temperature equilibration between the sample and tempcraturc
sensor. In the furnace, the temperature sensor does not measure the temperature dircctly in
the sample, but only in the vicinity of the sample. The difference between the sample

temperature and sensor temperature could change when different heating rates arc applied.

The tau-lag calibration was based on the onset temperature (the starting point of a peak) of a

standard indium determined with several different hea<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>