CHAPTERII

LITERATURE REVIEW

1. Temozolomide (TMZ) as a novel anticancer agent

1.1 General background

TMZ is a novel anticancer agent, which was synthesised by Professor

clinical anticancer i nSk—i1 j_ ant, melanoma (Newland et al, 1992;
Bleehen et al., 1995) et al, 1992), and high-grade
gliomas (Newland et al 7 ith favourable side effects, and
predictable myelosuppressmn{%ae the predecessor compound, which is
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mitozolomide, exhiﬁts limited clinical

myelosuppression
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murinetumours in vivo, including leukaemia, lymphomas, and solid tumours

(Stevens, 1987). This activity has been shown to be highly schedule dependence with
multiple administrations being more effective than a single bolus dose. Additionally,
TMZ is highly effective in the treatment of subcutaneous and intracereberal human
brain tumour xenografts, and metastatic lung carcinoma in mice (Plowman, 1994;

Tentori et al., 1995). In vitro studies of TMZ antitumour activity have demonstrated
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activity against a large variety of human tumours such as brain cancer, ovarian

cancer, and melanoma, including some tumours usually resistant to chemotherapy
with conventional drugs (dacarbazine, carmustine, cisplatin, doxorubicin, 5-
fluorouracil, etoposide, and vinblastine) (Raymond et al., 1997).

According to the promisi our activity of TMZ in pre-clinical
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studies, clinical trials of thi

TMZ was i ies. Its potential activity has

been seen in maligne ides, and high-grade gliomas

(Newland et al., 1992) ; yeutic tial has also been discovered
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against leukemia, and bredst ATCH : ' ‘ ﬂ ot , 1999). Phase II and III clinical studies
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of TMZ are concentrating 6n ifg:effectiveness in the treatment of melanoma and brain

tumours (Wang andgtevggsg—fm .,r"-,{ ~
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TMZ has bgl pean Medi&e Authority as an anti-brain

cancer drug lﬁqﬁ ﬁﬁwﬁw%fwﬂw ﬂmﬁ. has not yet been fully

established in UK and U
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1.3 Temozolomlde as a new anti-skin cancer drug

Phase II trials of TMZ have confirmed that it has significant activity in
patients with metastatic melanoma (Bleehen ez al., 1995). Recently, a phase III study
of TMZ in the treatment of patients with advanced metastatic malignant melanoma

indicated that the efficacy of TMZ is equal to dacarbazine, which is an oral alternative
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for the patients with advanced metastatic melanoma (Middleton et al., 2000).

However, dacarbazine presents severe cumulative bone marrow toxicity (Stevens, et

al., 1987).

The schedule used to administer TMZ in clinical studies was 150 mg/m’

given orally for five consecutive da e first course. Courses were repeated every

4 weeks and if no myelosuppress (
the initial course, the su %to 200 mg/m? (Newland e al.,
1992; Blechen et al.,. 74y
TMZ was mainly na

found to a lesser de

£

Pharmaco Krgetic-studieso! “TMZ in mice wed a rapid absorption phase,

st 1t (;E.), and approximately 100%

bioavailabilit Eloa Wgw%@ﬂqu ﬁ %87). These studies were

repeated in a phase I clinical tr1al and it was found that TMZ is rapidly absorbed,
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of 1.8 h and a good bioavailability after post dosing (i.v.) (Newland et al., 1992).

elimination half- 11vea>f 1.13

Like its predecessor mitozolomide, TMZ demonstrates good tissue distribution via
kidney, lung, liver, and can traverse the blood-brain barrier (Brindley et al., 1986;
Newland et al., 1997).

During preliminary elimination studies performed in mice (Tsang et al.,

1990), it was found that renal excretion was the predominant route of elimination.
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TMZ and its metabolite (3-methyl-2,3-dihydro-4-oxoimidazo[5,1-d] tetrazine-8-

carboxylic acid), the carboxylic acid of TMZ, were found in human urine (Tsang et

al., 1990). This metabolite exhibits cytotoxicity against lymphoma cells equal to

TMZ.
1.5 Pharmacology /
Unlike dacarbazi 2 @ch require metabolic activation,
| — e ———
TMZ can degrade in pmr’ ui tg:_-m cytotoxic methylating species,
5(3-methyl-1-triazeno) iza oxamide (MTIC) (Tsang et al., 1991).
The antitumour jacti of INID ) ributed to the methylation of

DNA bases forming mgthy, aaﬂii' e
44
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guanine leading to DNA straid-bre 1d cell death (Bull and Tisdale, 1987,
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Wedge et al., 1993 Althougha sma methylation adducts at O°-

position, there is ingreasing evid aning is a major cytotoxic lesion

(Baer et al., 1993). 'lns ﬁndlng is supported by severm experiments correlating with

oﬁ-alkylymﬁ-ﬁﬁlnt%\%ﬁﬂ Wmﬂﬁa cytoprotective DNA

repair protein, ql!)l‘OVldlng protectloda against the toxic, mutage ic, and carcinogenic
effectﬂfw}ﬂaalﬁ neﬁrmuu w.l,] g)mu&l f] a)lﬂ are repaired by
ATase, whlch principally removes these groups from DNA. This reaction results in an
irreversible inactivation of this repair protein. Therefore, when lesion repair has
occurred, cells are depleted of ATase until the synthesis of new enzyme molecules
takes place (Lacal ef al., 1996). Obviously, the depletion of ATase by pre-treatment

with O®-benzylguanine, which is a potent ATase inactivating agent, greatly improved
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the cytotoxicity of TMZ (Wedge et al., 1996; Dolan, 1997). In addition, it has been

shown that a number of human tumours are inherently resistant to the cytotoxic
effects of alkylating agents due to higher levels of ATase expression (Chinnasamy et
al., 1997).

Poly (ADP-ribose) polymer: PRP) is also secondarily indicated in

DNA-repair mechanisms. Thi
indicate that the combi ‘ aemia cells with TMZ and a PADPRP
inhibitor greatly pot e ~ / of this anticancer drug (Boulton et al.,

1995). Moreover, F ) c 19¢ ed that the development of

have-be 2 idely studied, the precise

chemical mechanismyits activit

1.6 In vtﬂ uﬂes’afm ﬂlnamsm EJactlon of temozolomlde
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that TNFZ behaves as a prodrug, generating active metabolite, which transfers a

methyl group to a nucleophile.

Decomposition of TMZ was studied in an aqueous system, deuteriated
phosphate buffer solution, pH 7.4 (Stevens et al, 1984; Wheelhouse and Stevens,

1992; Wheelhouse and Stevens, 1993). These studies indicate that the antitumour
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prodrug temozolomide undergoes ring opening in aqueous solutions to regenerate

the reactive species (MTIC). Presumably, MTIC does not react directly with DNA,
but highly reactive methyl-diazonium species, which are unimolecular fragments of

MTIC, transfer the methyl group to the bionucleophile on DNA.

The mechanism of degrad: % emozolomide in aqueous solution is

rate &e-catalysed addition of water to
form a tetrahedral 1ny n

ring followed by spont fla fu her reaction of MTIC requires

breakdown of the tetrazinone

acid catalysis, and f of the triazine to form 5-

aminoimidazole-4-carb 1€) and 1 ethyldiz zonium ion. The final step is the

reaction of methyldiaz which may be water or the

components of the buffer f;‘fu fon, temozolomide molecule can therefore
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be considered, as a.prodrug exquisitely d o _deliver a methylating fragment
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to bionucleophiles OR )
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Figure 1. Scheme of decomposition mechanism of TMZ in aqueous solution (pH 7.4)
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1.7 The synthesis of temozolomide

The original synthesis of TMZ was from the reaction of 5-diazoimidazole-4-
carboxamide with methyl isocyanate (Stevens et al., 1984). This reaction is based on

the general synthesis of azolotetrazinones.

Figure 2. Scheme of thé o syn clte VIZ; Reagents and conditions: 1,

Figure 2 shovﬂt .

aminoimidazole-4- carboxamide, commercially available as a hydrochloride salt (1).

This was coﬂnu Elslaiﬂﬂmﬁ ﬂ,ﬂmmj which reacted slowly
with rﬁhﬁsﬁyaa Q (ﬁa;isinoﬁﬂ u,T ,,J wﬂ-ﬁﬁ” high yields.

This first synthetic route has been proven highly versatile in providing access

0 'WIZ. This route started with 5-

to a wide range of analogues from the various aminoimidazoles and isocyanates.
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However, isocyanates can be severely toxic. Consequently, new alternative

routes, which do not necessitate the use of such agents, have been developed (Wang,

and Stevens, 1997).

1.8 Synthesis of TMZ-HE derivative

Similar to mitozolomide drug, the key intermediate to successfully

y/S -carboxylic acid derivative, which

yn&es1 e range of chemical analogues

synthesise ester derivative o

provides a ready handle

(Horspool et al., 1990). e the TMZA the starting compound is TMZ

OH
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Figure 3 Scheme of the synthesis of TMZA from TMZ free drug; Reagents and

conditions: (i) NaNO,, H,SO, (conc.), distilled water, T° below 15°C

Similar to previous project (Suppasansatorn et al., 2006), to successfully

synthesise TMZ-HE products, Pybrop® and DMAP were used as the coupling agents

(figure 3) which allowed the reaction to proceed to successfully yield the products.
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The optimum conditions were found to be a ratio of alcohol: drug: Pybrop®:

DMAP of 2.2: 1: 1: 2. The reaction time for each was around 12 hours at room
temperature. TMZ-HE product was purified using siliga gel packed in the column, the

percentage yield of TMZ-HE product was obtained around 40-60 %.

) . 0 O(CH,),CH,
Ny o ”y/ N«

——— |
S— NN NG
' 0
TMZ-HE
Figure 4. Synthetic sch 1Z-HE des \ i) Pybrop®, DMAP, DMF, THF

2. Transdermal de
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400 ogical effects is currently
!

recognised as a v1able means to adragnster therapeutic agents. Transdermal

medication cﬂ ulgk’@mg&lM§ bREAt (Qrach, d992; Kydonieus, 1987;
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1 Bypass of the variation in the absorption and metabolism

Transdermal ‘ de

associated with oral administration
2. Provide a simplified therapeutic regime leading to better patient

compliance
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3 Permit a rapid termination of medication by simple removal

from the skin surface

4. Allow effective use of drugs with short biological half-lives

- Allow administration of drugs with narrow therapeutic
windows
2.1 Anatomy and fi
The goal o 5 10 n m he. permeation of a drug to pass
through the skin at \\\ 1t] \u derstanding of the anatomy
and functions of the ski
#_!y ‘
.m g7
The skin is one 0f ﬁ lensive and readily accessible organs of the

human body. It covers the'entite-ba ace area of 1.5 to 2 square meters,

weighs 4 to 5 kg, a body-weight in the average adult

(Marieb, 1998). T Y Iblood circulating through the
body (Chien, 1992). m m

AUYANYNTNYINS

The skift is elastic, rugged, and self-regcmﬂeiratlng, under Egrmal physiological
conditops| (Mohiia abd RArARHIZI9N. 1 whrid i ki From 1.5 10 40
9
millimetres (mm) or more in different parts of the body (Marieb, 1998). The skin
separates the underlying blood circulation network and viable organs from the outside

environment.
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2.1.1 Functions of the skin

The skin performs a variety of functions that affect body metabolism,
and protect the body from external factors such as bacteria, abrasion, temperature, and
chemicals. It behaves as a site of temperature regulation, sensation, metabolic

function, blood reservoir, and excretion. The main functions of the skin are briefly

’[@dapted from Barry, (1983).

al stimuli (the protective or

presented in table 1.

Table 1. The main functio

Pk

. To contain body flui

barrier function):(a) » ‘- ; (c) radiation; (d) heat; (e)

6. To dispose of che@cal wastes (gle : secretionm
)L ﬁ“ﬁ‘?ﬂ Twens
8. To attract thg opposite sex
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2.1.2 Structure of the skin

The skin is a multilayered organ composed of, anatomically, many
histological layers. However it is generally described in terms of three tissue layers:

the epidermis, the dermis, and the subcutaneous fat tissue (Barry, 1983; Chein, 1992)
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(see figure 5). The epidermal layer covers the external surface of the body and the

underlying dermis. The subcutaneous tissue is a layer underneath the dermis
containing mostly adipose tissue. The epidermis, dermis, and subcutaneous tissue

form a functional unit and are called the skin (Christopher ef al., 1989).

HUMAN SKIN

ratum corneum
Granular cell layer
Spinous cell layer
asal cell layer

ehaceous gland
Erector pili muscle

est gland
——DMerves
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Fat (adipose)
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Figure 5. Three-cgl N2 - ) : sk@ structure; Source: from
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The outer epidermal layer of the skin is composed of

stratified squamous epithelial cells. The epithelial cells are held together mainly by
highly convoluted interlocking bridges, which are responsible for the integrity of the

skin (Chein, 1992). The epidermis is thickest in the area of palms and soles and
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becomes thinner over the ventral surface of the trunk. Structurally, the epidermis

consists of four distinct cell types and four or five distinct layers.

I. Cells of the epidermis; The cells populating the epidermis include keratinocytes
(corneocytes), melanocytes, Merkel cells, and Langerhans’ cells. Most epidermal cells

are keratinocytes (Marieb, 1998). (

e 6)
(a) Keratinocytes; T LAY %ﬁnccytes is to produce keratin, the

fibrous protein that pro rot tivm& the epidermis. Intercellular
Ly
junctions, in which d m, interconnect either adjacent

keratinocytes or M
mitotic division in t

5\ keratinocytes originate by
‘ igrate to the outermost layer

of the epidermis. Both cell | “are accelerated in body areas

(b) Melanocytes; Melano_m oundin the deepest layer of epidermis (see

S e

pigment melanin to @eﬁ K anir@ranules accumulate on the

superficial side of the kératinocyte nucleusyforming a pigment shield that protects the
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the epidermis. These cells are potent stimulators that help to activate the immune
system when foreign substances or antigens are present (Christopher et al., 1989).

(d) Merkel cells; Merkel cells are presented in small numbers at the epidermo-
dermal junction. Each Merkel cell is intimately associated with a sensory nerve
ending (see figure 7). The combination, called a merkel disc, functions as a sensory

receptor (Maribe, 1998).
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Figure 6. Cells of the epidermis; Redrawn from Marieb, 1998.
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IL. Layers of the epidermis; In thick skin, which covers the palm, fingertips, and

soles of the feet, the epidermis consists of five layers (see figure 7). These layers are
the stratum basale, stratum spinosum, stratum granulosum, stratum lucidum, and
stratum corneum. However, in thin skin, which covers the rest of the body, the

stratum lucidum is absent and the other four layers are thinner.
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layer. For the most part, it comprises a single row of cells representing the youngest
keratinocytes, which are cuboidal or low columnar in shape. Mitosis of the basal cells
constantly renews the epidermis. In healthy epidermis, the rate of new cell production
equals to the rate of cell loss at the skin surface, and the normal turnover time for

replenishment is, on average, 28 days (Barry, 1983). The epidermis thus remains

constant in thickness. During the normal life cycle of epidermal cells, the cells
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progress upwards, become round (stratum spinosum), and then distinctly flattened

(stratum corneum) above the basal layer.

(b) Stratum spinosum (Prickly layer); The spinous layer of cells undergoes a
rapid differentiation. The keratinocytes in this layer are round or polyhedral in shape.
Langerhans’ cells and melanin granules are most abundant in this epidermal layer.

(c) Stratum granulosum (Gr3 layer); The thin stratum granulosum
consists of three or five cell Iz «, A %es in this layer flatten their nuclei
d t@la‘ce keratohyalin granules and

lamellar granules.

(d) Stratum luci lucidum appears as a thin

translucent layer ab rises of a few rows of clear,

flattened, dead kerati . This layer is present only in

thick skin.
(e) Stratum Corneum ( The outermost stratum corneum is a
broad zone, twent irty of dead, compacted, flattened,
A

dehydrated keratinisﬁ cells; ar up to ﬁﬂee-quarters of the epidermal

thickness (Chien, 1992)s It-is now accepted that this layer serves as the most effective
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2.1.2.2 Dermis

The dermis is a strong, flexible, connective tissue layer,
which constitutes the majority of the mass of the skin (Bissett, 1987). It is made up of
a dense network of fibrous protein, which are collagen, elastin, and reticular fibres

(Chein, 1992; Marieb, 1998).
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The dermis is richly supplied with nerve fibres, blood

vessels and lymphatic vessels. The blood supply in this tissue layer is important in the
systemic absorption of substances applied to the skin. The major portions of hair

follicles, as well as sweat glands, are derived from epidermal tissue but reside in the

@r layers: the papillary and reticular
._J

layers (Barry, 1983? : thin. superficial papillary layer is heavily
invested with blood r reticular layesy accounting for about 80% of

the dermis, is mostly

dermis.

hich is known as the superficial

: , =1 . —
fascia, attaching theﬁlelmm o the u 1g strueture. Its thickness varies with the

age, sex, and nutritiona ‘ Sitaneous fat provides flexible

linkages between themnderlying structures and the sﬂrﬁcial skin layers leading to
o RN A
U
¢ o o/
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The skin was generally regarded in the scientific literature as an impermeable
barrier. It is now more accepted that the skin is also particularly effective as a
selective barrier to the penetration of a diverse range of substances. However, the
skin is normally more permeable to lipid-soluble substances than to water-soluble

compounds (Chein, 1992; Barry, 1983).
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2.2.1 The stratum corneum as the primary skin permeation

barrier

It is recognised that the various layers of the skin are not equally

permeable. Subsequently, it was noted that the epidermis is much less permeable than

the dermis. According to numerous expe s, the stratum corneum was approved
S WQ

as the principal barrier, whieh usually 1dCs«the rate-limiting step or the slowest

stage in the penetratio( \sﬁbheuplein, 1965; Williams and

experiments has also demion d that complete removal of the horny layer by
AR

stripping enhances L% absorption of m y ta in gontact with the skin surface

(Barry, 1987). Finally, detailed Ires cort eum, gained from electron

| ] fl
microscopy, support Qe idea that the barrier to penetfation consists of the keratin-

phospholipid ﬂnu;ﬁ; Ej %ﬂ%é’w ﬁ ﬁlﬂﬁratum corneum (Idson,

1975). These a?dove observations guggest that Ahe horny layer, of the skin greatly

impedBiherin imabbs | V114 V1216 E

A typical horny cell comprises an amorphous matrix of mainly lipid
and nonfibrous protein, in which keratin filaments (60-80 A°) are distributed.

Adjacent keratinocytes are interconnected by intercellular lipid. This lipid matrix
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behaves as a predominant route for permeation (see section 2.2.3.2 for details). The

composition of the stratum corneum is outlined in table 2.

Table 2. Composition of human stratum corneum; from Barry, 1987.

Components % Gross biochemical compositions

- §’///é/_,_ )
ZI\\S

Lipids and nonfibrous protein
W T 20%)

-Protein (50%)

Cell contents

‘\' rotein (20%)

Nonfibrous protein (10%)

Intercellular materials ipids and nonfibrous proteins

o

S X

2.2.2 The mlenomenon of percutaneo@ s absorption

ﬂr%g@ A S o ity it

as consisting o a series of stepsfin sequencesfsee figure 8) ).AFirstly, a penetrant
molectﬂ E l@ﬁ Q ‘;fm MM;]:JHYLEJ :l@ g‘l‘ldly, it diffuses
through stratum corneum, viable epidermis, dermis, and capillary network of blood
vessels in the papillary layer of the dermis. Finally, the molecule is taken up into

blood circulation for subsequent systemic distribution.
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Figure 8. A multllayeril model show1 the sequence of transdermal permeation
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92.2.3 Transport through the skin

2.2.3.1 Pathways for transport across the skin
The transport mechanisms by which drugs permeate
through intact skin are still not fully elucidated despite many years of investigation.

However, it has been recognised that there are two majors transport pathways across

A Y SUBDERMAL TISSUE
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the skin that molecules are likely to follow (Barry, 1987) (see figure 9). One

involves transport directly through the bulk of the stratum corneum (transepidermal
route). Another pathway concerns penetrating across the hair follicles and sweat
glands (appendageal route). In fact, absorption through skin appendages is limited
because the average human skin surface contains on average, 40-70 hair follicles and
200-250 sweat ducts per sq@‘ t
o\

5 ‘ ) . i
znlybO.l % of thle to;al hu& 7 2 1983; C};em, 1992). A(L(iltlor;ailz,
as been recently shown pen atioﬁ fezlzo_ic acid was greater through the
skin of hairless gui? \ \Mrmmg that the structure and

composition of the

of skin. These skin appendages occupy

than follicular density for
g molecules is considered
as passive diffusion thr the dn act ormeum as a primary process.
However, the appendageal foute 301 t short diffusion times for ions or
large polar molecules (Barry k@B}{B : 198’

% T

€ daned as the movement of a

solute from a high con!'eﬁatlon compartinént to a low concentration compartment.
?f hi

g”d“"ﬂ W“Tﬂ‘@ﬂ“ﬁfmm”i"’l e ﬂt‘ﬂtﬁf“ e

the conft ary, an active process involves active participation by the membrane in the
transfer of molecule. Carriers, which may be enzymes or other components of
membrane, interact with drug and the drug-carrier complex then move across the
membrane. Drugs are finally released from the carrier to the other side of membrane.
However, there is no evidence that the active transport is involved in the permeation

of any drugs across human skin (Poulsen, 1973).
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Figure 9. The possible pa ough the skin-across the
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intact stratum corneum SZ) or via the hair folhcles 3) and sweat glands (1); Redrawn

fromBarryﬂ?‘iJEl’JWElW‘ﬁWH']ﬂ’ﬁ
QW’]Mﬂ‘ﬁﬂJﬂJWﬂ'ﬂMﬂﬂ

2.2.3.2 Pathways for transport across the stratum

corneum

As previously described, application of topical or
transdermal delivery is limited largely by the stratum corneum barrier properties,

which prevent the permeation of most compounds at therapeutic levels. The stratum



27
corneum is a muticellular membrane, in which intercellular regions are filled with a

lipid-rich amorphous material (Matoltsy and Parakkal, 1965) (see figure 10). The
intercellular lipid is a layered structure, in which the polar head groups of lipids are
gathered in layers with the non-polar chains pointed in the opposite direction (Friberg,
1990). There are two conceivable routes for the drug permeation through this

outermost horny layer (Moghimi et al.j 1999): the transcellular (via the protein-filled

cells) and the intercellular K )n cells) pathways (see figure 10).
The relative contribu‘tmpe w on the solubility, partition
coefficient and diffuM : Ntein or lipid phases (Banga,
1998). It was believ: stratum corneum contains
more than 40% wat

d diffuse via the hydrated

keratin of keratinocytes ( ein, 1972), Howe is now seems more probable

——

chains providin -
providing the non EQW

pathway as a signiﬁc-l > (Bod . A@pour fixation technique with

electron microscopI was=used to visualise H?2+perrneating through the stratum

corneum. It was, s tlg :ﬁ.ﬂﬂlﬂ ;LE :? 11 amount of Hg?*, and
iR AT E ST VTR TR ) e =

while the small amount of Hg**present in the cell remained. This observation suggests

that the intercellular lipid pathway is the main route of drug permeation.

Permeation into the skin, which is via the transepidermal or
transfollicular pathway, also depends on numerous factors that may influence the

permeability characteristics of each compound. For example, the time scale of
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permeation, the physicochemical properties of the penetrant (e.g., pK,, molecular

size, stability, binding affinity, solubility, partition coefficient), integrity and thickness
of the stratum corneum, density of sweat glands and follicles, skin hydration, and skin
metabolism. Indeed, in order to specify the route of penetration, other existent
conditions should be considered. It is probable that the penetrants permeate through a

variety of routes mainly depending 0‘1’ ,me of diffusion, physicochemical properties

of the penetrants and skin condmon //

Figure 10. The possible routes for drug transport through the stratum corneum
(transcellular or intercellular). Details are shown of the suggested structure of the

intercellular lipid and the intracellular protein fibrils with minimal lipid; Redrawn

from Barry, 1983.
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2.2.4 Factors influencing in percutaneous absorption

The transport of drugs through the skin is complicated, since there
are many factors that influence their permeation. However, the concept of
percutaneous absorption may be explained by considering a simple diagram, which
represents the difficulties and complexity in the permeation process (see figure 11).

The drug partlcle t first dissolve in the solvent so that the

molecules of the drug diffu e reach the vehicle-stratum corneum
\, S —
— 'J

interface. The penetry tio Qﬁ:omwm and diffuse within
this greatly imperme 4 I %, ay interact with a so-called

depot site possibly fi rapeutic activity for days or

even weeks. Free ‘*16 horny layer meeting the

..::l e

corneum to enter theSvater-rich-epidermis-—TFherefore;Hic jubstances which have high

affinity for the homg layer and wve

percutaneousl y gw Wnﬁ ;;]dﬁ %clearance from viable
d s1on hrou c

tissue may re gh the stratum corneum as the rate-limiting step.
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those 1n1he liver (Wester and Noonan, 1980; Bronaugh, 1999). Hydrolytic, oxidative,

water so}:'q")ility, may not be absorbed

reductive and conjugation reactions all take place. Metabolism in living skin may alter
the permeability characteristics of the drugs. For instance, drugs may be activated by
enzymes within the skin, generating active or inactive metabolites resulting in altered
pharmacological or toxicological activity. The permeation characteristics of these

metabolites may be different from parent compounds. It is also probable that the drug
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may interact with pharmacological receptors in this viable tissue. After the

penetrant partitions into the dermis, additional receptor, metabolic and depot sites
may intervene in the progress of drug permeation to blood capillaries, partitioning
into the wall, and finally removal by the blood circulation. A portion of the penetrant

may even partition into the subcutaneous fat and the underlying muscle to form a

further depot.

AULINENTNEINS
ARIANTAUNM TN
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Solid drug
|
DONOR *

SOLUTION , 1 drug dissolves

2 drug diffuses

.

3 partition into S.C.

STRATUM
CORNEUM

5 diffusion in S.C.

6 partition into epidermis

VIABL;(' . . t
- e receptior
EPIDER g | B p

9 diffusion in epidermis

partition into dermis

R /) \ c receptor

usmn dapiot

DERMIS

BCUTANEOUS
AT/MUSCLE

’QW’WMﬂ‘ﬁm Wby itekE

fat/muscle depot

Figure 11. The percutaneous absorption process of drug from solution and some

factors which influence the process; Redrawn from Barry, 1983.
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2.2.5 Theoretical basis of percutaneous absorption

The process by which a solute (penetrant) moves from a region of
high chemical potential (the vehicle) to a region of low chemical potential (the skin)
can be referred to passive diffusion (Poulsen, 1973). Percutaneous absorption, whether
via the intercellular or intracellular route is essential a passive diffusion process. A

typical permeation profile of a drug 1gh the skin is presented in figure 12. There

ime that penetrant flux is attaining
equilibrium. This period i lowe lmear or steady state phase, which occurs

when there is a balance'® of the skin membrane.

X
, 0
IATNENT

RILLAEN(I A1)

Time

Cumulative amount of drug
permeated

. I > |

Lag time

Figure 12. Typical profile for percutaneous drug absorption
At steady state, in which the permeation rate of a substance is
directly proportional to the concentration gradient, the passive diffusion of molecules

can be expressed by Fick’s first law of diffusion as:
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j=_pic 1.1)

Where J is the amount of drug penetrating through a unit area of the skin per unit time
(the flux), D is the diffusion coefficient of drug in the skin, and dC/dx is the

concentration gradient across the skin, where C is the concentration and x is the

,’%)‘fusion occurs in the direction of
@always a positive quantity.

distance. The negative sign. s

measured under certai
affinity for the permeant. 2 i > the rig eoncentration at the skin surface
is not identical to that ifl the nof-soltifio - is related to the membrane-vehicle

partition coefficient. The pe feation rate ¢ tigh the skin can thus be approximated

by the product of 18)pa | fficient anc Te j't tion difference across the
(e Y ) :
membrane. The stead¥ stz barricr is thus given as:

L2 SUEINENINENT o,
Whereﬁ;l ¥he panitich Cacthiclent, Ad. Héjihd @%oﬂda‘:&ce and h is the

thickness of the skin. K, D, and 4 can be combined into a single constant (Kp):

Jss=KpACs (1.3)
where K, is termed the permeability coefficient. Experimentally, if the drug dose in

the donor compartment is infinitely large (i.e. sink conditions apply) compared to the
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amount permeating to the receptor chamber, then AC, can be replaced with C;,

which is the drug concentration in donor compartment. The flux of the penetrant can
be calculated from the slope of steady-state diffusion curve. K, can thus be
determined by dividing the steady-state slope by the initial concentration of drug

applied to the donor phase. The cumulative amount of drug permeating through the

skin (@) is given by: v ’ ,
§ %

K.DC,
0 =

h(t - h? /6D) (14)

Where C; is the sa e when sink conditions are
maintained in the recepto ', 16 state line is extrapolated to the

time axis (see figure 10), ff ' ﬁ ' obtained by the intercept at 0 =0

h2 e
t, =—
Y 6D

The 1nterceptﬂ_u EJ g mﬂfmm:h] flmjant takes to achieve a
constﬁ cng sij.
owever, the equations listed in g t?] gl may not be apphcable under

conditions that are influenced by other factors. For example, the evaporation of donor

(1.5)

solution will increase the drug concentration resulting in an increase in the rate of
diffusion. Some vehicles such as ethanol can also enhance drug delivery (Barry,

1983).
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3. Skin delivery potency of TMZ-HE

There have been many studies on methods to improve topical drug absorption, one
of which is the prodrug approach. Exploiting the metabolic capabilities of the skin in
the design of prodrugs is an area of interest (Bodor and Sloan, 1983). The drugs can
be designed such that they may have more desirable physicochemical properties than
the parent compound for skin abso f/ ut may be broken down to the active
compound by metabolizi Zyme. @ the results from resent studies

(Suppasansatorn et al. sromising permeability through

rat and human skin paring to TMZ parent drug

(table 3). TMZ-HE deriyatiye £: ¢ 2 e degraded esterase enzyme within the

.p'.;r’ g

Table 3. The permeability data'sfT! ¥

Ya Human skin

Compound  Ji( : r{f: D) I 4SD.) {(p(i_Sa.D.)
A U x10

T™Z E .d. o po el B m7i0.08 5.04+£5.10  0.33+0.33

Methyl ester 2,95+0.56 ¥ £30.21+0.04 215141.08 0.18+0.08 " =

i st &}JJ.&J ol VllE V2ba

Propyl ester  26.00+0.28 3.08+0.08 | 7.13£3.94%  0.85+047 &F - =
AR AR NS NI IEIR

Hexylester ~ 35.14+5.95  22.64+3.83 3.6610.64 2.36+0.42  2.50+0.81 1.62+0.52

Octyl ester 10.76£3.80  11.01+3.89 1.2440.46 1.26+0.47 o S

 nmolem™h™!
bcmh!
n.d. none detected
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4 Introduction to microemulsions (ME)

4.1 Definition

Microemulsions are the systems which simply consist of at least, water,
surfactant (amphiphile), and oil at appropriate ratio (Peltola et al., 2003; Kawakami et

al., 2002; Lawrence and Rees, 2000). It has been increasing much interest in

pharmaceutical and cosmetic laborator f} ell as among researchers according to

its unique characteristics h ically stable system, optically
e ———

isotropic transparenc;( I ke usually between 10-100 nm

The word~*microemulsi oposec by Jack H. Schulman and
coworker in 1959 (alt ough the first paper appeared ofi this subject back in 1943). It

was found thﬂ ‘HaE} ﬁ‘}c‘wﬂ%‘ﬁ w E{arﬁtﬁater benzene, hexanol,

and potassium oleate become transparent when titrated withgshort chain alcohol

i o o630 614 & RIINDIA L

Microemulsions are distinctly different from emulsion in that the former
are thermodynamically stable one-phase systems whereas the latter are kinetically
stabilized dispersions and will eventually phase separate (Lawrence and Rees, 2000;

Malmsten, 1999). Another important difference concerns their appearance; emulsions
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are cloudy with droplets size between 1-10 pum (Attwood, 1994) while

microemulsions are clear or translucent. In addition, there are crucial differences in
their method of preparation, emulsion require a large input of energy (i.e. stirring)
while microemulsions are not. Due to the larger droplets in emulsion systems, the
surface area is generally smaller in emulsions than in microemulsions, and

consequently, less surfactant is genera

eeded to generate an emulsion than a

4.2 The Advan

Naturally, the m@in/advanta mr nicre ons compared to emulsions is

their thermodynamic stabili sulti 1 edse of \ ation and excellent long-term
vais Sl - z: "o i A .\.'. .

stability. This is due to the very-l crfacial tension between oil and water (Trotta,

1999). Furthermore, micro ;. 5 are capable of solubilising large amounts of both

water-soluble and 011 solubl@rM'f and th & microemulsions can be used as sustained

r, i ) “Been found to improved the

drug bioavailability, ﬂ example, 1n topica administréﬂfl)n and in oral administration

of peptide andﬁrﬁﬁugj wﬁlw%{wmﬂ? and drugs labile at the

conditions in the stomach. There °;clre also other advantages w1th microemulsions

@ FAGPRTHIATYHIA G i

and low viscosity (reducing pain on injection) (table 4) (Malmsten, 1999).
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Table 4. Pharmaceutical advantages of microemulsions; Source: Adapted from

Malmsten, 1999

General advantages
Ease of preparation
Clarity
Stability
Ability to be filtered |
Vehicle for drugs ipop! 1 the same system

Low viscosity

Specific advantages
Water-in-oil (W;

Protection of wa

Sustained release

. . ¢ *T‘J” 7
Increase bioavai e

Qil-in-water (O/W)" ...gm.-_;a

» TR
Increased solub111 y of lipophilic dru

Sustalned Téi6 {?I’l-li'lrlrﬂ‘llllll'lill;.lli’_'ll;l'ﬁjﬁl
Increased bio| aila

Bicontinuous
& =

¢ o o/
4.51*%5}@"3@@-%&1%’1'] neag
q
There are three approaches which have been used to describe microemulsion
formation and stability. These are: (i) interfacial or mixed film theories: (ii)
solubilisation theories: (iii) thermodynamic treatments. However, an admittedly

simplified thermodynamic rationalization is presented in the following equation

(Lawrence and Rees, 2000). The free energy of microemulsion formation can be
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considered to depend on the extent to which surfactant lowers, the surface tension

of oil and water interfacial and the change in entropy of the systems.

AGr=vAA - TAS (1.6)
Where AGry is the free energy of formation, v is the surface tension of oil-water
interface, A4 is the change in interfacial area on microemulsification, AS is the change

in entopy, and 7 is the temp e tial requirement for their formation and

stability is the attainment 0 tensmn v. Since the change in A4

when microemulsions are Jarge-due (o the large number of very small
droplets formed. Origi r for a microemulsion to be
formed a (transient) s now recognized that while
value of v is positive ag'all tim ,f all and is offset by the entropic
component. The domina orable’ > confribution is very large dispersion

se,in order to form of large numbers of

small droplets. However, thersj@s& expeeted.to be favorable entropic contribution

arising from other .,..---._-.--.__-_.,;17 ------------------- 1iflision in the interfacial layer

us a neggive free energy of formation

is achieved w ﬂ ﬁ jr %;npamed by significant
favorable entropic change. In suc case mlcroemu181 1cation is spontaneous and the

QRTINS 11216 ¢

4.4 %’[mroemulsmn structure

and monomer-micellc;i]uffac :

Microemulsion can accommodate a number of different microstrucstures,
depending on the nature of surfactants, the system composition, temperature and
presence of co-surfactants and co-solutes. Besides microemulsions, structural

examinations can reveal the existence of regular emulsion, anisotropic crystalline
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hexagonal or cubic phases, and lamellar structures depending on the ratio of

components (Malmsten, 2002).

Bicontinuous structures

- it
g, R
i, e, P
2 e
R

7

Figure Y. Basic dynamic microemulsion structure formed by oil phase (grey),

aqueous phase (white) and surfactant/co-surfactant interfacial film, and plausible
between the structure (indicated by arrows) by increase of oil fraction (clockwise
from left to right) and water fraction (anti-clockwise from right to left), respectively;

Redrawn from Kreilgaard, 2002.
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However, the simplest representation of the structure of microemulsion is

the droplets model in which microemulsion droplets are surrounded by an interfacial
film of both surfactant and co-surfactant molecules (see figure 13) (Attwood, 1994;

Lawrence and Rees, 2000; Kreilgaard, 2002).

7

The relationship between pl ‘& of a mixture and its composition

4.5 Phase studies

(oil, water and surfact i¢s b: "-Y* aid.ofphase diagram. The each corner
of diagram represents 1! pa \. ents. Composition variables

\ and pressure (Lawrence and
Rees, 2000). In the g ‘ _ d water are presented in the
d is generally referred to ternary
nponents are investigated a corner

will typically represent a omponents such as surfactant/co-

surfactant, water/dfug o ' ~

j 0
Micﬁtﬂtﬁ ﬁaﬂeﬂ;ﬂa}%’ﬁ Ermrﬂggjy st ety ke

diagram. TranSition from w/o to ‘p/w mlcroemulsmn may occur via a number of

o) WG B WA Y B e

systems (see figure 14).
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Figure 14. A hypothgii€al psetdo-teriiary ph: ¢ diagram of an oil/surfactant/water
system with emphasisond ) .uf.-" _ emulsion phase. Within the phase

diagram, existence fie A u al micelle, reverse micelle or

water-in-oil (w/0) microe swg,}'h in-water (0/w) microemulsion are formed

L .
F el

|

along with the bicontinuous micreemuision. At very low surfactant concentration, two
A A

phase systems are g»_ Se I .,)5 ees, 2000

Y}

iy

4.6 Role of surfapt nt

;TG Tl S
e g

Combinations of these particular ionic and non-ionic, can be very effective for
increasing of microemulsion region. Polyoxyethylene compounds or sugar esters such
as sorbitan monooleate (Span 80) are the example for non-ionic surfactants.
Phospholopids are a notable example of zwitterionic surfactant that exhibit excellent
biocompatible. Lecithin preparations from various sources including soybean and egg

are commercial available. Quaternary ammonium alkyl salts from one of the best



43

known classes of cationic surfactants, with hexadecyltrimethyl ammonium bromide

(CTAB), and the twintailed surfactant didodecylammonium bromide (DDAB)
amongst the most well known. The most widely studies anionic surfactant is probably
sodium bis-2-ethylhexylsulphosuccinate (AOT) which is twin-tailed and is

particularly effective stabilizer of o/w microemulsion (Lawrence and Rees, 2000).

The type of associate n surfactant systems depends on a
number of parameters, i g { ¢, (2) composition of system,

(3) presence of salt, Malmsten, 2002).

In order to “théd’ fokmation ese structures it is helpful to

understand the Critical Pdcking! Parameter'(CPR, cpp) (Malmsten, 2002). The CPP
\n 130
Ji:ﬂda e

can be calculated using the llowing equation (I awrence and Rees, 2000):

(1.7)

Where v is thﬁaqj W the surfactant, a is the
optimal head group area and‘ﬂl?ﬁjeﬁ th of sur actan ta11 The latter parameter is
o S ) 10 9 B et
assumecato be 70-80% of its fully extended length (see figure 15). As can be seen in
this figure, there is a direct correlation between the value of the cpp and the type of
aggregate formed. Starting from lamellar phase, the surfactant molecules occupy a
cylindrical space where v = a.l that is cpp = 1. The more the surfactant aggregate

curves toward the oil (i.e., the progression lamellar — hexagonal — micellar), the

smaller the value of cpp. For the reverse structure, the cpp increases in the order



44
lamellar — reverse hexagonal— reverse micellar (Malsten, 2002). The change in

microemulsion composition will modify the microenvironment of the surfactant,
which will lead to changes in the apparent cpp of the surfactant. For example,
increases in ionic strength would be expected to result in a decrease in the effective

head group area of ionic surfactants. The present of hydrophilic molecules such as

altering the solubility of ti --.,_H "aqueous phase. Because of these

effects, water-soluble hydrophi terials have been used to aids microemulsion

The hydro also be a useful guide to

surfactant selection. ow HLB (3-6) surfactants are

1ile surfactants with high HLB (8-

18) are preferred for the formatic: icroemulsions (Lawrence and Rees,

2000). V— E"

!D 2
ﬂUﬂ‘?ﬂﬂﬂiWﬂ1ﬂ§
QW'W&Nﬂ‘iElJ AN Y
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“Mirror plane”
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*Oil-in-water” Water-in-oil
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Figure 15. Schematia/ ' tion-str es formed in surfactant, and

the packing of surfa on structure; Redrawn from

Malmsten, 2002.

and are able to fula the requirements of a goodm'ehicle for optimum dermal

absorption, 1P1kﬂ ﬂﬁlwwﬁfwﬂ ﬂiﬁmsmodynamic AR

the drug. As the level of surfactabpts and oil phase in mlcroemulsmns typically is
rela‘u@yﬁﬁ] @d@ﬂ %p%ﬂd) qu ’s}{ea t%gl Bﬁﬂtﬁl}ese compounds
a(rellgaard, 2002). Moreover, the vast majority of phase behavior studies have been
carried out using surfactants and oils, which do not have regulatory approval fqr use

in pharmaceutical products (Lawrence and Rees, 2000).

In microemulsion systems, the main concern regarding the toxicity has to do

‘with the co-surfactants used. For example, the majority of the work on the
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pharmaceutical application of microemulsions has involved the use of short- or

medium- chain alcohols which there are significant toxicity and irritancy issue with

these agents (Lawrence and Rees, 2000; Malmsten, 1999).
Lecithins and triglycerides from natural source have been accepted to use in
7 oils respectively. Non-ionic surfactants
surfactants and polyoxyethylene

een reported to have minimal

microemulsions as non-toxic sur
can also be useful alternati
sorbitan n-acyl esters
toxicity (Lawrence ) Moreover, many non-ionic
surfactants have the ad et harge actants in that they can form
microemulsions even wigho ; : ol isostearique, have recently been
introduced into topical ritulsion ,.and have been demonstrated to

provide extensive region ¢ ices with warious surfactant and oils (Kreilgaard,

2002).

4.8 Preparatiogof microe

Mlcﬂrﬁﬂsﬁ:ﬂ W{wﬁﬁﬂcﬂg oil, water, surfactant

and co-surfactdtt with mild agltatlgn The usual method of preparlng microemulsion
is to da W tl:}: a'ﬁatﬂ ﬁtmludwema t%]v&},%ae gutlon of oil and
surfactant with gentle shaking. The microemulsions rapidly become first translucent
and then optimally clear after few second. The order of mixing the components is
generally considered not to be critical since microemulsions form spontaneously.
Although microemulsification is spontaneous process, the driving forces are small and
the time taken for these systems to reach an equilibrium interfacial tension may be

long (Swarbrick and Boyland, 1994).
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4.9 Characterization of microemulsions
There are many different techniques used to characterize microemulsion
systems, but generally more than one method to fully evaluate microemulsion
formulations. The isotropic nature of microemulsions and their optical clarity make

Wf) tEc iques straightforward, particularly

their study by cross polarizatio

ansmission electron microscopy

(TEM) has been use : Jd ‘mroemulsmn. Freeze-fracture
electron microscopy 1sed e dy microemulsion structure,
however, extremely rapi Aot | L equired in order to maintain
structure and minimize ity artifacts. technique has been shown to

be effective in studying bi€o nﬁéﬁg fl;tf : urauer et al., 2003).

mobility and micrmnviroent. self-difﬁmon allows straightforward

determinationﬂ wﬁ; % Wﬂuﬂs.%f Wmﬂ ?plets in aqueous phase

or water dropléts in an oil phas‘q or blcontlnuous structure (Malmstem 2002).
s RTRBTI NS RH RAR b s
structure and methods employed include dynamic light scattering, small angle neutron
scattering (SANS) and small-angle X-ray scattering (SAXS) (Lawrence and Rees,
2000). Parameters which may be determined with these techniques include, i.e.,
(o/w) and/or (w/0)  Size of micelles

Size of micellar core

Thickness of palisade layer
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Micellar aggregation number

Micellar water content (oil content)
Micellar shape
Bicontinuous Correlation length
At the macroscopic level viscosity, conductivity and dielectric method

trjagurement for example, can indicate the
"J | ——

provide useful information. Viscosi

presence of rod-like or wo

hydrophilic and lipophi topertics), ‘theérmodynamic stability and ease of

J—)‘—I = a
preparation (Junping et al,—igag‘;ﬁi,ay{ ~and. Rees, 2000; Bonina et al., 1995;

The ﬁsﬂsﬂﬁ ﬂ Wﬁ ﬂdﬂml ﬂqﬁ behave as a potential

reservoir of lipophilic or hydrophili ‘;c drugs, respectlvely Hence a lipophilic, water-
1nsolu@ Wg}ﬁl’&%ﬁli’t{u N wnlr;] ’(a % E}ﬂcﬁll&ase of an o/w
mlcroemulswn as the release of hydrophobic drugs is slow while a hydrophilic
material would be most likely to be incorporated into the dispersed aqueous phase of a
w/o microemulsion as the situation is opposite (Malmsten, 2002). For balanced
microemulsions, relatively fast diffusion and release occur for both water-soluble and
oil-soluble drugs due to the bicontinuous nature of microemulsion structure

(Malmsten, 1999). The drug will be partitioning between dispersed and continuous
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phase, and when the system comes into contact with semipermeable membrane,

with skin or mucous membrane, the drug can be transported through the barriers.
Controlled release of drug may be obtained, depending on the volume of dispersed
phase, the partition of the drug among interphase and continuous and dispersed phase,

and the transport rate of drug.

4.11 Pharmaceuticﬂ ' croemulsnons

Microemulsions
also some extent in o 2 such as buceal, eeular, and nasal drug delivery.

On the other hand, : IC nulsions in parenteral administration is much

In recent yﬂs, many researchers have focu@i their attention on skin as a

target site foﬁwﬁﬁrﬂ f]"ﬂ %{Wﬂlwﬁﬁy conventional means,

notably oral administration, might oﬁen have harmful side effects and are sometimes
1neffear3& qua @ﬂﬁtﬁu9gﬂ %1%’% Wﬁﬂ@lﬂw may provide
an 1mproved approach. However, drug permeation through the skin is greatly limited
by the stratum corneum, the outermost layer of the skin which is composed of keratin-

rich dead cells embedded in a lipid matrix (Delgado-charro and Guy, 2001).
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Numerous papers have demonstrated that microemulsion formulations

designed for topical or transdermal application may enhance permeation of drug
molecules through the skin (see tables 4 and 5). These systems can increase topical or
transdermal delivery of a compound by different mechanisms. Firstly, a large amount
of drug can be introduced in the formulation due to the high solubilisation power.

Secondly, an increase in the tramsd¢rmal flux can be expected in that the

may reduce the diffusie

n barrier of'the arro et al., 1997). Moreover, in
some cases, oil phase its Jhancers to facilitate transdermal
drug delivery (Lawrence of 4 500}

Recently Seretigaard has been reviewed thecutancous drug delivery studies
y v N g .4

a@@.
AULINENTNEINS
AN TUNNINGAY

with microemulsion tiitro and
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Table 5. Overview of cutaneous drug delivery with microemulsions in vitro from
Kreilgaard, 2002.

Drug Microemulsion Membrane/skin
Oil phase Surfactants Aqueous phase
[*'H] H,O Octanol Dioctyl Na Water Human
Sulphosuccinate
8-Methosalen IPM Tween 80, Span 80 Water Pig
1,2 octanediol
Apomorphine IPM, Decanol Epicuron 200 Water Mouse
Hydrochloride 1,2 propanediol
Diclofenac IPP hin Water Human
Diclofenac v Water Human
Diphenhydramine Water Human
Hydrochloride
Felodipine Water, Mouse
Transcutol,
Carbopol
Glucose Water Human
Hematoporphyrin Water, PG Mouse
Indomethacin Water Human
Ketoprofen Water Rat

’ ——— ')

Water Human

Lidocaine ﬁ earyl; m Water Rat
{sostearate 1sostearique
Metrotrexate ]}c ol Lecg Water, PG Mouse
ﬂ u ch;aol;va!eﬂ EEtearlque ’] ﬂ i Pig
NaClll(pH 7.4)
’Q W amim WANBNYTRE =
N1fed1p1 e Benzyl Tween 20 Water Pig
alcohol taurodeoxycholate
Prilocaine Isostearylic,  Labrasol, Plurol Water Rat
Hydrochloride Isostearate Isostearique
Propanolol IPM Polysorbate 80 Water Artificial
Prostaglandin E; Oleic acid Labrasol, Plurol Water Mouse
Oleique
Sodium salicylate IPM Tween 21/81/85, Water, Pig

Bis-2-(ethylhexyl) gelatin

Sucrose Ethyl oleate ~ Labrasol, Plurol 154 mN Mouse
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Table 6. Overview of cutaneous drug delivery with microemulsions in vivo from
Kreilgaard, 2002.

Drug Microemulsion Membrane/skin
Oil phase Surfactants Aqueous phase
Bupranolol IPP Tween 85 2 Rabbit
IPP Targat, A Rabbit
Glycerol monooleate
IPP Tween 85 2 Rabbit
poloxamer
Carazolol Twee A Rabbit
Hydrocortisone Water Human
Water Rat
Lidocaine Water Rat
Water Human
Methyl nicotinate Water Human
Piroxicam
Phosphate Rat
Buffer (pH 5.5)
Prilocaine Water Rat
Timolol : . i Tween8 £ Rabbit
* Supersaturated vehicle atel rup ake dur ‘f*?‘ study.

AULINENINYINS
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