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Abstract
The lipophilicity o f many therapeutic agents has compromised their use in parenteral
delivery. Traditionally, hydrophobic compounds require formulating with organic co
solvents or non-ionic surfactants, which can cause local irritation or toxicity. Alternatively,
drug solubility can be improved by forming cyclodextrin inclusion com plexes, which,
however, can be unstable in the biological milieu. This work has attempted to circumvent
such problems by entrapping drug/cyclodextrin com plexes into liposom es made by the
DRV method.
Lipophilic

drugs

such

as

dehydroepiandrosterone

(DH EA),

retinol

(RET)

and

dexamethasone (DEX) were complexed with hydroxy propyl ^-cyclodextrin (HPp-CD), a
water-soluble, non-toxic derivative o f (Tcyclodextrin, and com plex formation verified by
gel filtration chromatography (GFC), differential scanning calorimetry (D SC ), and
ultraviolet (U V ) and nuclear magnetic resonance (NM R) spectroscopy.

Optimum

conditions for entrapment o f com plexes, in terms o f phospholipid type, drug-to-lipid mass
ratio and dilution factors during liposome formation, were determined. Comparative in
vitro stability studies with buffer and blood plasma indicated that not only was lipid
composition important for retention o f entrapped com plexes, as was the stability o f the
drug/HP(3-CD construct, but also that plasma factors were influential in liposome
disruption and drug displacement.
Blood clearance rates and biodistribution o f free and entrapped com plexes were monitored
following intravenous injection into rats. Enhanced pharmacokinetics o f entrapped
complexed drugs was obtained compared to free drug com plexes, as entrapped complexes
assumed the fate o f their liposomal carrier. Inclusion complexation follow ed by
entrapment enabled greater amounts o f lipophilic drugs to be delivered than when these
drugs

were

incorporated

as

such

into

liposomal

bilayers, thus

improving drug

bioavailability. Subcellular fractionation studies have indicated that drug/cyclodextrin
complexes, delivered intracellularly via liposomes, may alter drug distribution due to
sequestration o f membrane substituents from internal organelles. These findings may have
implications for drug delivery and targeting to specific intracellular locations.
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Chapter 1

General Introduction

1.1

Delivery systems: prerequisite constructs in drug success

Writing in N ature M edicine R.K. Jain (1998) comments: “Extraordinary advances in
molecular biology and biotechnology have helped to identify novel targets and develop a
vast array o f therapeutic agents. However, our understanding o f the delivery o f therapeutic
agents has lagged behind”. The ideal drug, created on the laboratory bench or modelled by
computer graphics, needs to be delivered either locally or system ically in a form that
ensures minimum irritancy, maximum therapeutic efficacy with few or inconsequential side
effects, or toxicity. Potential advantages o f improved drug delivery include: (1) continuous
maintenance o f drug levels in a therapeutically desirable range; (2) reduction o f harmful
side effects due to targeted delivery to a particular cell type or tissue; (3) potentially
decreased amount o f drug needed; (4) fewer dosages and possibly less invasive dosing; (5)
facilitation o f drug administration for pharmaceuticals with short in vivo half-lives (for
example peptides and proteins).
Many compounds are active in vitro at nanomolar concentrations; however, translating this
potency in vivo is a major challenge. H igh affinity for receptor binding, interaction with
microorganisms and tissue distribution, are often related to the lipophilicity o f drugs but
their adequate delivery, irrespective o f the mode o f administration, requires a certain degree
o f aqueous solubility.

Typical pharmaceutical agents are frequently com plex organic

structures,

hydrophobic,

which

are

requiring acceptable

solubilising

formulations.

Furthermore, chemotherapy, particularly by the system ic route, can be compromised by
inefficient drug delivery to the desired site, since tissue distribution cannot be controlled,
and by toxic side effects.

An effective drug delivery system should combine a safe means o f introducing a
therapeutic agent in the first instance, and be structured in such a way so as to retain the
agent in stable form until it can be released, either gradually or instantly, at the appropriate
site with optimal pharmacological efficacy and minimal contact with other tissues. Toxicity
o f the materials (or their degradation products) from which the drug is released, or other
safety issues such as unwanted rapid release o f the drug (dose dumping), must be
addressed. Drug delivery systems employed at present include (a) cyclodextrins, watersoluble m olecules which can form inclusion com plexes with hydrophobic drug m olecules,
(b) colloidal and particulate carriers such as nano- and micro- spheres which are composed
o f natural or synthetic materials, (c) colloidal particles such as liposom es, which selfassemble spontaneously in the presence o f water into phospholipid vesicles composed o f
alternating aqueous and lipid phases (d) submicron emulsions, oil-in-water suspensions,
where lipophilic drugs are encapsulated in the oil droplets and (e) m acromolecules with
moieties attached, which are targeted at specific cell receptors; examples are antibodies,
polymers, glycolipids and glycoproteins, lipoproteins and lectins.

In this thesis two systems were combined, cyclodextrins and liposom es, to produce a
complementary integrated system exploiting the individual advantages o f both.

The

background, progress and current status o f both cyclodextrins and liposom es are described
and a rationale for their use in a joint drug delivery system is proposed.

1.2

1.2.1

Cyclodextrins

Background an d historical review

Over one hundred years ago Villiers detected crystalline dextrins ( “cellulosines”) in
bacterial digests o f starch (Villiers, 1891), which were subsequently characterised by
Schardinger (1903) and shown to have a cyclical structure.

The isolation o f the

cyclodextrin glucosyltransferase enzyme from Bacillus m acerans soon led to the
elucidation o f the main cyclic compounds, which were designated a-, p- and ycyclodextrins (French and Rundle, 1942). As recently as 1990, Fujiwara and colleagues
published a detailed structure o f ô-cyclodextrin, and while there is no reason why higher
hom ologues should not exist, those identified by column chromatography in the fifties and
sixties (French et al, 1965) were probably branched cyclodextrins.

The defining property o f cyclodextrins is their clathrate forming ability, which was
recognised in

1938 (Freudenberg and M eyer-Delius,

1938).

A s with many new

discoveries, expansion in research not only reveals many exciting possibilities but also
uncovers certain limitations.

In the case o f cyclodextrins, their flexibility to chemical

manipulation has produced a range o f modified derivatives, which not only circumvent
inherent drawbacks o f parent cyclodextrins, but also can improve and broaden their utility
in biomedical products, foods and cosmetics. Uekama and Otagiri (1987) have reviewed
many research publications from 1967 onwards on the pharmaceutical applications o f
cyclodextrins. Since then, a literature search shows that journal references have more than
tripled and patent literature has continued to grow rapidly. These scientific articles have

established a niche for cyclodextrins and patent applications reflect the increasing interest
in the commercial protection o f cyclodextrin in the pharmaceutical industry.

1.2.2 Structure an d properties o f cyclodextrins

When the enzyme cyclodextrin glucosyl transferase degrades starch the primary product o f
chain splitting undergoes an intramolecular reaction without the participation o f water to
produce a-1,

4-linked cyclic products known collectively

as cyclodextrins (CD).

Cyclodextrins are a family o f oligosaccharides, which are crystalline, hom ogeneous, nonhygroscopic substances with a torus-shaped macroring. The toroidal structure (figure 1.1)
adopted by CDs is generally composed o f six, seven or eight glycopyranose units (a -, Pand y-C D respectively) and consists o f an internal cavity o f ether-like oxygen atoms,
shielded above and below by a ring o f C-H groups rendering it hydrophilic in character. As
a consequence o f the C l-chair conformation o f the glucose units, all secondary hydroxyl
groups (on the C [2] and C [3] atoms) are located on one side o f the torus (the wider side)
while the C [6] primary hydroxyl groups are situated on the narrow end, making the whole
molecule hydrophilic (figure 1.1). Bender and Komiyama (1978) confirmed that the overall
conformation in aqueous and organic solutions is similar to that in the crystalline state. The
dual polar-apolar nature o f cyclodextrins allows solubilisation o f lipophilic, often waterinsoluble, drugs by promoting their accommodation in the apolar cavity. They can then be
dissolved in polar solvents, along with the host cyclodextrin m olecules.

Secondary Face

P rim ary F a c e

Figure 1.1

HO

|_|q

Representation o f the 3D structure o f the cyclodextrin m olecule as a segm ent o f

a hollow cone with a hydrophobic cavity and a hydrophilic exterior. The secondary
hydroxyls at the 2- and 3- positions exist on the secondary face o f the structure, and the
prim ary hydroxyls at the 6- position exist on the prim ary face. Taken from Thom pson,
1997.

The chemical structures o f a-, p- and y-cyclodextrin are shown in figure 1.2
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Figure 1.2

The chemical structure o f a- (top), ^ (middle) and y- (bottom) cyclodextrins.

Taken from Fromming and Szejtli, 1994.

Table 1.1 shows some relevant physico-chemical properties o f the four most common
natural cyclodextrins. Cyclodextrins do not exhibit melting points as such but decompose at
temperatures above 270-280°C, consistent with their stable crystal lattice structure.

Table 1.1

CD

Physico-chem ical properties o f natural cyclodextrins

N o. o f glucose

Molecular

Water solubility

Central

units

weight

at25°C

diameter (Â)

cavity

(g/100m l)

a

6

972

14.5

4.7-5.3

P

7

1135

1.85

6.0-6.5

Y

8

1297

23.2

7.5-8.3

Ô

9

1459

8.19

10.3-11.2

Cavity height 7.9±0.4Â
Reproduced from Loftsson and Brewster (1996).

As expected, an increase in the number o f glucose units per macrocycle is accompanied by
a corresponding increase in the diameter o f the cavity and hence its volum e, w hile cavity
height remains unchanged. The aqueous solubility o f cyclodextrins is variable, with that o f

P-cyclodextrin strikingly low (1.85g/100m l). LeBas and Rysanek (1987) have suggested
that this could be due to preferential intermolecular dimer formation between the secondary
hydroxyl groups. In addition, p- and 6-cyclodextrins form intramolecular hydrogen bonds
between secondary OH groups, which detracts from hydrogen bond formation with
surrounding water m olecules, resulting in less negative heats o f hydration (Fromming and
Szejtli, 1994). More recent studies indicate that the abnormally low water solubility o f Pcyclodextrins may be exacerbated by aggregation o f these intramolecularly- bound, rigid
m olecules (Coleman et al, 1992).

As spatial fit is a crucial criterion for drug molecules to fit w holly or partially into the
cavity, diameter is important. a-Cyclodextrins are limited by their small cavity size, which
can accommodate only very low molecular weight compounds or simple side-chains. On
the other hand, y - and 5-cyclodextrins with larger cavity volum es do not readily complex
drugs, or retain them, in the wider cavity. The driving force o f inclusion complex
formation, the substitution o f the high- enthalpy water m olecules in the cyclodextrin cavity,
progressively weakens with increasing ring size as the greater number o f included polar
water m olecules have reduced contact with the apolar cavity sides. Moreover, large-scale
production o f y-cyclodextrins is costly. These disadvantages restrict the utilisation o f a-, yand ô-cyclodextrins as mainstream complexing agents. P-cyclodextrin is fortuitously sized
to interact favourably with many drugs (phenyl rings or hydrophobic side chains can fit
snugly) but its low aqueous solubility and serious adverse effects in animals and humans,
have limited its use in certain pharmaceutical formulations. Thus, the second generation o f
cyclodextrins evolved: modified, semi-synthetic cyclodextrins with a much higher aqueous

solubility than the parent cyclodextrins and, if required, a deeper or more hydrophobic
cavity depending on the nature o f the substituent groups. These p-cyclodextrin derivatives
exhibit greatly reduced or no quantifiable toxicity and have heralded the way for future
development and refinement o f potentially important and versatile solubilising and delivery
agents.

1.2.3

Physicochem ical properties o f m odified cyclodextrins

Each glucose residue in a cyclodextrin macroring offers three sites for chemical
substitution: the two secondary hydroxyl groups, 0 (2 )-H and 0 (3 )-H and a single primary
hydroxyl group 0 (6 )-H (figure 1.3). O f these 0 (6 )-H is the most reactive and 0 (3 )-H the
least (Fromming and Szejtli, 1994). All o f these hydroxyl groups (i.e. seven primary and
fourteen secondary hydroxyls for p-CD) are available as starting points for structural
modifications (Hirayama and Uekama, 1999).

Alm ost any chemical or enzymatic

modification o f p-cyclodextrin, substitution o f any hydroxyl group(s) by any (even
expressly hydrophobic) alkyl or aryl ester or ester group, result in a dramatic increase in
solubility. Synthesis o f m odified cyclodextrins normally yields a mixture o f m ono-, di-, or
tri-substituted products (for reviews see Croft and Bartsch, 1983; Sebillé, 1987), which can
be separated chromatographically.

Hundreds o f derivatives have been prepared and

synthesis o f branched cyclodextrins and cyclodextrin polymers provide further dimensions
to the utility and versatility o f cyclodextrins.

However, although many have valuable

research applications only those derivatives containing methyl-, hydroxypropyl- and
sulfobutylether substituents are used commercially as pharmaceutical excipients.

HOCHg,

HO
HO

OH
HO
OH
HO
OHoOH

OH
HO
HOCH
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OHO

OH

CH2OH

Figure

1.3

Chemical structure o f P-cyclodextrin. Arrows indicate the 2-, 3- and 6-

hydroxyls o f a glucopyranose unit. Taken from Thompson, 1997.

The first highly soluble cyclodextrin derivative dedicated to pharmaceutical use was the
heptakis (2,6-di-O -m ethyl) (3-CD (DIM EB) with methyl groups at 0 (2 )-H and 0 (6 )-H .
Both its aqueous solubility and solubilising power for many hydrophobic drugs is
extremely high, remaining unexcelled even today. Regrettably, methyl-p-cyclodextrins are
highly surface-active with a strong affinity for cholesterol, which, even at low
concentrations, causes haemolysis o f human erythrocytes and this prohibits their parenteral
use.

10

Sulfobutylether p-cyclodextrins (SBE-P-CD) are relatively recently developed modified
cyclodextrins.

These are ionic derivatives, which exhibit good water solubilities and

effective complexation characteristics, particularly the hepta-substituted preparation which
is marketed commercially as Captisol™. (For a review see Luna et al, 1995 and Okimoto
et al, 1995). Preliminary safety studies (Rajewski et al, 1995; Nagase et al, 2002) confirm
their potential value in parenteral formulations.

Hydroxypropylcyclodextrins were described, for the first time, in a patent by Gramera and
Calmi in 1969 but their potential was not realised while the patent was in effect, and came
to light only in the early eighties. Josef Pitha vividly recalls: "... I first became aware o f the
problems which hydroxypropylcyclodextrin eventually helped to solve during my
sabbatical work at the Weizmann Institute with Dr Wilchek.

There w e developed an

effective method for tagging tumour cell-specific antibodies with antitumour drugs, but our
best preparations kept precipitating from solutions.... O f course, I tried cyclodextrin to save
the situation, sitting in a dark coldroom and watching P-cyclodextrins crystallize out - even
before the tagged antibody precipitated - 1 realised that there should be a better way. Back
at NIH 1 studied retinoids, which I chemically modified to make them more water-soluble
and again sought help from cyclodextrins.
coldrooms.

I had to serve additional time in dingy

Nevertheless, within one year I emerged with the finding that these

compositions, which contained enough amorphous components to prevent cyclodextrin
from crystallizing were the best...

Eventually, I realised that if we made cyclodextrins

amorphous the majority o f the problems would be solved... After w e tested a dozen o f the
amorphous cyclodextrin derivatives and found them only slightly different, I settled on
hydroxypropylcyclodextrins. These were easy to prepare and gave aesthetically pleasing
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spectra...” (Pitha, 1990).

Hydroxypropylcyclodextrins are prepared by a condensation

reaction o f P-cyclodextrin with propylene oxide (Pitha et al, 1986) or ethylene chlorohydrin
in aqueous alkali (Pitha and Pitha, 1985). The resulting product is a mixture o f isomeric
derivatives with different degrees o f substitution that can affect solubility and complexing
ability (Pitha et al, 1990).

The most frequently used hydroxypropyl derivative is 2-

hydroxypropyl P-cyclodextrin referred to simply as HPP-CD, and is the modified
cyclodextrin used in this thesis. Two commercial preparations o f H Pp-CD are available,
Encapsin’’’'^ and Molecusol®, with molar degrees o f substitution values (defined as the
average number o f m oles o f the substituting agent, e.g. methyl or hydroxypropyl, per mole
o f glycopyranose) o f approximately 4 and 8 respectively.

Both can be reproducibly

manufactured and appear to be equally effective in forming com plexes, while their water
solubilities exceed 50% (wt/vol).

More importantly the low surface activity and lack o f

toxicity o f HPP-CD enable it to be used in parenteral formulations and it is, to date, the
derivative o f choice in the pharmaceutical industry.

1.2.4

Cyclodextrin inclusion complexes

1.2.4.1

The inclusion process

In aqueous solution the hydrophobic cavity o f the cyclodextrin m olecule is occupied by
water m olecules, which are energetically unfavoured due to polar/apolar interactions
(Szejtli, 1982).

In the presence o f molecules less polar than water and with dimensions

smaller than those o f the cyclodextrin cavity, water m olecules are expelled and the “guest”
molecule m oves into the cavity, either partially or w holly, to form an inclusion complex.
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M olecules, which have both hydrophobic and hydrophilic regions, are com plexed so that
the hydrophobic region is within the hydrophobic cavity with the hydrophilic region
exposed to solvent. This process can be represented very simply in figure 1.4. The various
stages involved in the inclusion process have been summarised by Saenger et al (1980) as
follows:

(1) approach o f the guest and cyclodextrin molecules
(2) release o f water m olecules from within the cyclodextrin cavity resulting in

a

favourable enthalpy change
(3) shedding o f water molecules from around that part o f the guest which is to be
included
(4) interaction between the cyclodextrin molecule and the guest, either inside the
cavity or at the rim o f the cyclodextrin, possibly forming hydrogen bonds
(5) restructuring o f water m olecules around the com plex

The apolar cyclodextrin cavity is occupied by energetically unfavourable water m olecules
and the hydrophilic portion o f the potential guest m olecule is hydrated, while the non-polar
portion repels water m olecules. The result o f com plex formation is that the non-polar part
o f the guest m olecule penetrates into the non-polar cavity and establishes favourable non
polar non-polar interactions, while the hydrophilic portion o f the guest remains outside the
cavity where it retains its hydration shell. Figure 1.4 describes this process schematically.
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1.4

Schem etic representation o f the form ation o f cyclodextrin inclusion

com plexes. The small circles represent water m olecules and the large circles cyclodextrin
m acrocycles. A candidate drug for inclusion is shown as an arom atic ring (Szejtli, 1982).

A second cyclodextrin m olecule can also attach to another hydrophobic site on the same
m olecule and, in fact, large m olecules such as proteins, with num erous hydrophobic
m oieties exposed on the surface, can associate with many cyclodextrins (Szejtli, 1991).
Alternatively, two small m olecules may fit inside one cyclodextrin cavity.
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1.5 Three assumed com plex configurations with prostaglandin E2.
Taken from Fromming and Szejtli, 1994.

The flexibility o f the system can be seen schematically in figure 1.5, where the compound
prostaglandins E2, using different portions o f its molecule, com plexes with all three parent
cyclodextrins (Inaba et al, 1984): a-cyclodextrin, with a small cavity size, preferably
includes the aliphatic w-side chain o f the prostaglandin m olecule, while p- cyclodextrin
accommodates its five-membered ring. On the other hand, the larger y-cyclodextrin cavity
interacts with the prostaglandin molecule in such a way that the w hole o f the guest
penetrates the cavity.
The driving forces for inclusion are both enthalpic and entropie in nature and not fully
understood.

Close contact o f guest with the walls o f the cavity (snug fit) is critical for

successful inclusion and the properties o f any portion o f the m olecule that is outside the
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cavity may also be important, as attractive or repulsive forces bet^veen hydroxyls or alkyl
chains with these m oitiés, at the cavity rim, could be influential on both com plex stability
and behaviour.

In general, non-covalent bonds are formed between “host” and “guest”

involving van de Waal’s forces (dipole-dipole interactions and London dispersion forces),
hydrophobic interactions and hydrogen bonding (Bender and Komiyama, 1978), all
contributing in varying degrees.

G iven the composite nature o f the host-guest bond, it is not surprising that there is huge
variation in both the solubilising power o f cyclodextrins for individual guests and the
stability o f the subsequent complexes.

Patterns emerge: Connors and Pendergast (1984)

reported an inverse relationship between the intrinsic solubility o f the guest in water and
the stability o f the complex. They also found a direct relationship between the partition
coefficient o f the guest in octyl alcohol and water - the greater the amount o f guest
partitioning into the hydrophobic octyl alcohol, the greater the solubility o f the complex.
It is important to know the stability o f a given inclusion complex, either its equilibrium
(Ka) or dissociation (Kd) constants, as these determine both the strength o f the complex
and its behaviour, either over time or when in contact with additional substances.

In

solution, a cyclodextrin inclusion com plex is rapidly exchanged with its free components
forming kinetic and thermodynamic equilibria.

Any change in conditions, such as

dissolution, temperature variations (McDonald and Faridah, 1991), pH adjustments
(Hoshino et al, 1993), addition o f organic solvents (Pitha and Hoshino, 1992) or exposure
to a biological environment (Rajewski and Stella, 1996), will alter the equilibrium, and the
extent o f this change w ill depend on the initial stability o f the com plex itself. Although
every inclusion com plex exhibits individual binding constants, in general, their magnitude
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is in the range 100-20,OOOM % a value characteristic o f weak non-bonded interactions
(Hartley et al, 1980) and, as such, not equal against competing forces. Even for the more
tightly bound drugs, a 1:100 dilution will reduce the percentage o f drug com plexed from
100% to 30%, a dilution readily attained upon injection or upon oral administration. When
drug/cyclodextrin com plexes are used in ophthalmic, transmucosal and transdermal
products, where applications experience minimal dilution, displacement by lipophiles at the
delivery site, such as triglycerides, cholesterol, bile salts and other hydrophobic compounds
will ensure release o f drug.

The com plex formed is unique for each cyclodextrin and its included guest and may offer a
variety o f physicochemical advantages over uncomplexed counterparts. Furthermore, it is a
flexible system that could be manipulated, for instance, to control a guest residence time
that is appropriate for a required situation.

1.2.5

1.2.5.1

Preparation and verification o f cyclodextrin com plexes

Preparation

A soluble com plex can be easily prepared by dissolving known molar ratios o f drug and
cyclodextrin in water or, in the case o f sparingly soluble compounds, by equilibrating an
excess with a cyclodextrin solution (Higuchi and Connors, 1965) and stirring or agitating
vigorously until maximum solubility is reached, which can take up to eight days.

Any

undissolved drug can be removed by filtration or ultracentrifugation, leaving a clear
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aqueous solution o f the drug/cyclodextrin complex.

This is the method most commonly

used, especially with the highly water-soluble cyclodextrin derivatives, and freeze-drying
the solution w ill yield a solid complex. Alternatively, i f appropriate, cyclodextrin and drug
can be dissolved together in ethanol or ethanol/water mixtures (most derivatives are only
slightly less soluble in ethanol than in water), stirred as before and freeze-dried or
evaporated under vacuum (Montassier et al, 1997).

When water is added to the dried

product, any free drug w ill precipitate out and the aqueous com plex can be separated as
described above. In general, com plexes tend to stay in solution and in order to form solid
complexes several techniques can be employed. In most methods the com plex is formed
initially in aqueous solution and the solid com plex is then harvested by removing the water
(e.g. in the freezing-drying and kneading techniques) or by forcing the com plex to
precipitate (as in the co-precipitation method). Only by using either co-grinding or heating
in a sealed container is the final com plex initially prepared in the solid state. Table 1.2
summarises some methods used to form inclusion complexes.
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Table 1.2

Techniques used to prepare cyclodextrins complexes

Method

Description

Comment

Suitable
guest

Solubility

Excess compound is equilibrated with
aqueous cyclodextrin solutions (Higuchi
and Connors, 1965)

Depending upon the solubility of
the complex, either a solid or
soluble complex may be formed

No particular
requirement

Co-precipitation

Excess or equimolar quantities of guest is
dissolved in a concentrated aqueous
solution of cyclodextrin. The complex
crystallizes out on slow cooling or
evaporation (Hirayama and Uekama, 1987)

Organic solvents, eg. ethanol, can
be used to solubilise cyclodextrins
and guest, though the cyclodextrin
may form a complex with the
solvents to some extent

Freely soluble in
water

Crystals

Layering

Guest is dissolved in an organic solvent
vdiich is layered over an aqueous solution
of cyclodextrin. Crystals form at the
interfece of the layers (Saenger, 1980)

As above

Insoluble in water
but soluble in
organic solvents

Crystals

VO

Nature of
complex

Soluble or semi
crystalline

Example

Progesterone
(Uekama et al,
1982)

Indomethacin with
fi-CD (Szejtli et al,
1980)

Method

Description

Freeze-drying

Solution of inclusion complex is freezedried

Kneading

Guest is added to an aqueous slurry of the
cyclodextrin to form a paste wiiich is
dried, powdered and washed (Saenger,
1980)

Spray-drying

Solution of drug and cyclodextrin is spraydried (Blanco et al, 1991)

Co-grinding

Known amounts of guest and cyclodextrin
mixture is ground in a ball mill (Nakai et
al, 1978)

Heating in a
sealed
container

Physical mixture of guest and cyclodextrin
is sealed in a stainless steel vessel and
heated at 127°C for 10-90 minutes with or
without pressurisation by
(Nakai et al,
1987)

Comment

Resulting freeze-dried solid
complex can be dissolved in water

As for freeze-drying

Suitable
guest

Nature of complex

No particular
requirement

Amorphous or semi(Tystalline

NSAIDS with fiCD (Kurozumi et
al, 1988)

Soluble or
insoluble guest

Powdered or semicrystalline

Steroid with fi-CD
(Torricelli et al,
1991)

No particular
requirements

Amorphous or semi
crystalline

Naproxen with fiCD (Blanco et al,
1991)

No particular
requirements

Powder or semicrystalline

Various medicinals
with cyclodextrins
(Nakai et al, 1978)

Powder/semi-crystalline

Benzoic acid with
DM-P-CD (Nakai
etal, 1990)

to

o

NSAID: non-steroidal anti-inflammatory drug
Modified from Myles, 1992

The melting point of the guest
must be below 180®C, which is the
initial temperature of the thermal
degradation of cyclodextrins.

Example

1.2.5.2

Evidence o f inclusion

Methods used to confirm complexation between drug and cyclodextrin are basically the
same for both natural and m odified cyclodextrins, and rely on alterations in various
physicochemical properties o f the included guest. Although no single method can establish
complex formation in solution unequivocally, several methods alone, or in conjunction, can
usually be accepted as evidence. Enhanced solubility in water o f a poorly water-soluble
compound in the presence o f modified cyclodextrins is an indication o f com plex formation
(Szejtli, 1984). Changes in the absorption spectra, such as peak wavelength or shape and/or
molar absorptivity can be seen in some guests when complexed, as can enhancement o f
fluorescence and phosphorescence intensity (Sm ulevich et al, 1990; Kinoshita et al, 1973).
Additional methods include circular dichroism (CD) and infrared (IR) spectroscopy,
potentiometry,

various

thermoanalytical

procedures

such

as

calorimetry (D SC ), and nuclear magnetic resonance spectroscopy

differential

scanning

( ’H NM R).

(For

detailed review see Hirayama and Uekama, 1987). In practice, for com plexes in solution,,
solubility studies are often combined with

NM R, while in the solid state, DSC is

frequently performed in conjunction with infrared spectroscopy (IR) (Otagiri et al, 1983).
The methods used to verify inclusion o f drugs with HPp-CD in this thesis are discussed
more fully in chapter three.
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1.2.6

Absorption, metabolism, degradation and toxicity o f cyclodextrins

Regardless o f the cyclodextrin used and to some extent the com plex stability constant,
when drug/cyclodextrin complexes are administered either orally or parenterally, rapid
dissociation occurs.

Consequently, the pharmacodynamics and pharmacokinetics o f

cyclodextrins have been investigated extensively in all in vivo applications.

1.2.6.1

1.2.6.1.1

N atural cyclodextrins fa, d an d y): absorption

oral adm inistration

In general, the parent cyclodextrins, ob-, p- and y-, are poorly absorbed after oral
administration. Olivier et al, (1991) found only 1% o f the highest administered dose o f pCD in the urine o f rats, a value somewhat lower than that observed by Szetli et al, (1980)
and Gerloczy et al, (1985) after similar experiments with ’"^C-labelled P-CD.

Passive

absorption, to a very small degree, does take place from the small intestine and seems to
depend on the presence o f bile salts (Irie et al, 1988). Thus poor absorption and lack o f
tissue accumulation render orally administered cyclodextrins non-toxic, even at very high
doses. Safety evaluation studies o f orally administered p-cyclodextrin (Olivier et al, 1991;
Szejtli and Sebestyén, 1979; Makita et al, 1975; Behringer et al, 1995) involved extensive
haematology, blood chemistry, urinalysis and m icroscopic necropsy. N o significant toxic
effects were observed in any o f these studies after oral dosing in m ice, rats or dogs. Safety
profiles o f a- and y-cyclodextrins were similar to those o f p-cyclodextrin (Antlsperger,
1992).
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In rats, metabolism o f parent cyclodextrins by bacterial degradation occurs in the colon
(Szejtli, 1982; Szejtli and Sebestyen, 1979), whereas in humans, metabolism takes place in
the ileum where the primary metabolites, on further degradation are expired as CO 2 and
H 2 O. However, some cyclodextrins may be excreted intact, the fate primarily o f m odified
cyclodextrins. Adverse effects that were feared to occur with chronic high dosing, such as
complexation and removal o f bile salts from enterohepatic recirculation with greater
excretion o f some vital lipophiles, or solubilisation o f lipophilic toxicants and carcinogens
present in the gastrointestinal tract (Horsky and Pitha, 1996), were not observed at doses
utilised in pharmaceutical preparations. Evaluation and safety profiles o f both natural and
m odified cyclodextrins have been extensively reviewed by Irie and Uekama (1997).

1.2.6.1.2

parenteral adm inistration

Cyclodextrins are used primarily as excipients and as such are given in the form o f drug
complexes. When injected intravenously, all cyclodextrin com plexes rapidly dissociate in
the systemic circulation at a rate dependent upon the stability constant o f the
drug/cyclodextrin interaction. For weakly bound drugs, dilution by blood and extracellular
fluids is sufficient to account for rapid and complete dissociation (Stella and Rajewski,
1997; Pitha, 1991; Uekama et al, 1991). For more tightly bound com plexes dilution may
only be partially responsible but other factors, such as displacement o f the guest by
endogenous lipids, particularly cholesterol (Frijnk et al, 1991), which has a high affinity for
the

cyclodextrin

cavity

of

^-cyclodextrins,

can

account for

further dissociation.

Furthermore, because hydrophobic drugs in plasma are bound preferentially by carrier
proteins, which form more stable complexes than those between drug and cyclodextrin
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(Pitha, 1991), competition w ill favour a drug/protein association. These receptor-specific
bonds can be extremely strong and are the ultimate com plex-dissociating factor (Pitha,
1991). Whatever the causes, com plexes dissociate rapidly and the fate o f “empty”
cyclodextrins is important because o f their propensity to include cellular components,
which may interfere with homeostasis. Furthermore, accumulation o f cyclodextrins in
biological tissues may result in as yet undiscovered toxicity.

1.2.6.2

M etabolism and excretion

When drug/cyclodextrin com plexes dissociate in the systemic circulation the released drug
is taken up by plasma proteins, carried to the liver and catabolised at a rate consistent with
that seen on injection o f the drug as such. The hydrophilic cyclodextrin m oiety, with or
without any remaining included drug or circulatory lipophiles, is unable to cross biological
membranes

(Szejtli, 1987) and is confined to extracellular fluid. Cyclodextrins are

excreted gradually by the kidneys where they have been shown, especially in the case o f pcyclodextrin, to cause necrosis o f the proximal tubules, even with single high doses (Frank
et al, 1976). The cause o f toxicity is not clearly understood, but electron micrographs o f
kidney tissue suggest partly an adaptive response to the excretion o f agents with high
osmotic pressure, as seen also with glucose, mannitol and dextrins (Mannsbach et al, 1962),
but in this case not reversible. Other causes may be linked to the low intrinsic aqueous
solubility o f p-cyclodextrin (1.83g/100m l), which, on precipitation, accumulates as
microcrystals in lysosomal structures; however this has been observed also for a cyclodextrin with its higher intrinsic solubility (the 14.5g/100ml). y-Cyclodextrin, on the
other hand, appears to be significantly less toxic than both a - and p- CD (Schmid, 1991).
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“Empty” or dissociated cyclodextrins in the blood tend to include various lipophiles, even
transiently, in their cavity, as they establish thermodynamic equilibrium with the
surrounding environment.

When these lipophiles are from cell membranes, damage to

erythrocytes is feasible. Studies by Ohtani et al, (1989) suggest that cyclodextrins extract
either cholesterol (p- and y-C D ) or phospholipids (a-C D ) from membranes, producing
small pores that allow potassium, heme and other intracellular components to leak out and,
at high concentrations, can lead to cell disruption. The tendency o f natural cyclodextrins to
sequester cell membrane constituents is shown in figure 1.6 and the haem olytic activity,
reported by M iyazawa et al (1995), found to be in the order p-C D >a-C D >y-C D >ô-C D .

100

g
I

so-

i
0.1
Concn. of CyDs (WV%)

Figure

1.6

Haemolytic effects o f cyclodextrin derivatives on human erythrocytes in

isotonic phosphate buffer (pH 7.4) at 37

C for 30min; A a - C D ; 0 P-CD; s y-C D ;

DM-P-CD; ^ H P p -C D ; # HSp-CD. M odified from Uekama and Otagiri, 1987.
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Conversely, low concentrations can protect erythrocytes against osm otic and heat-induced
haem olysis. In very recent studies, Nagase et al (2002) have demonstrated significant
inhibition o f haem olysis and morphological changes to erythrocytes induced by D Y -9760e
(a novel cryoprotective agent in experimental treatment o f acute ischem ic stroke) through
the formation o f stable inclusion complexes o f D Y -9760e with sulfobutyl ether pcyclodextrin (SBE-p-CD). Cyclodextrins may also facilitate drug entry into cells by
sequestered lipids forming accessible channels with a mutually advantageous synergy
between cell membranes and released drug instituted, whereby drug is easily displaced and
free to act therapeutically (which it cannot do when complexed) on tissues whose cell
membranes are rendered more fluid and porous by void cyclodextrins.

1.2.6.3

1.2.6.3.1

M odified cyclodextrins - hydroxypropyl 0-cyclodextrin

in vivo fate and toxicity

Frijlink et al (1990) follow ed the pharmacokinetics o f intravenously administered HPPCD
in rats, in varying doses, and recovered 96% o f the dose unmetabolised in urine 24 hours
later. Similar results were found by Monbaliu et al, (1990), after i.v. administration o f
HPp-CD to rats.

Plasma half-life was 0.4h and the tissue distribution profile was that

expected for a compound that confines itself to the circulatory system, with urinary
elimination.

Szarthamry et al, (1990) observed similar parallel results in humans:

increasing amounts o f HPp-CD by infusion revealed plasma half-lives o f 1.4-1.8h, and
renal clearance ( 1 10-130ml/min) was dose independent and virtually equivalent to human
glomerular filtration rate (140ml/min).

Kidney function tests showed no increase in
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excretion levels o f several markers in humans.

Indeed Brewster (1991) found no

meaningful toxicological effects from subacute and subchronic intravenous use o f HPp-CD
in mice, rats, dogs, rabbits and monkeys

(Brewster et al, 1990).

Hydroxypropyl p-

cyclodextrins exhibit surface tensions (Müller and Brauns, 1986) comparable to water, and
damaging effects on erythrocytes are in the order, D M p-C D >pC D >a-C D >H Pp-C D >yCD. A summary o f the safety profile o f H PpCD, when administered parenterally, is given
in table 1.3.

1.2.7

Pharm aceutical applications o f cyclodextrins

Pharmaceutical companies are always in need o f new formulating aids, both for enhancing
inadequate physical properties o f new active ingredients and for improving the formulation
o f existing drugs. Inclusion complexation o f a compound alters its physical, chemical and
biological properties in ways that can be advantageous in solving numerous formulation
problems or even optimising existing compounds in biomedical products, foods and
cosmetics. At present, mainly p-cyclodextrins and their hydroxypropylated derivatives, the
acetylated y-cyclodextrins and also, in some specific cases, parent acyclodextrin can be
considered as drug carriers. Only hydroxypropylated pcyclodextrin, sulfobutylated Pcyclodextrin and the parent y-cyclodextrin are supported by satisfactory toxicological
documentation as parenteral drug carriers (Szente and Szejtli, 1999). A s none o f them is
able to solve all the solubility and stability problems arising in parenteral drug
formulations, development o f further appropriate derivatives can be expected in the coming
years.
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Table 1.3

Overview o f safety profiles o f HPP-CD administered parenterally in animals and humans. (Modified from Brewster, 1991)

Species

Route of administration

Dose

Comments

References

Mouse

Intraperitonel (acute)

lOg/kg

No mortality

Pitha et al, 1985

Mouse

Intracerebral (acute)

1ml o f 40% (w/v) solution

No necrosis at the injection site

Pitha et al, 1985

Rat

Intravenous (acute)

2g/kg

No toxicity

Brewster, 1991

Rat

Intravenous (subacute)

5k/kg daily for 7 days

No toxicity

Brewster, 1991

Rat

Intravenous (subchronic)

200mg/kg every 2“*^day for 90 days

No toxicity

Brewster et al, 1989

Rat

Intravenous (subchronic)

50,100 or 400mg/kg daily for 90 days

No toxicity at 50, minimal at higher doses

Rat

Intravenous (teratogenicity
and embryotoxicity)

50-400mg/kg from day 6-18 of
pregnancy

No toxicity

Coussement et al,
1990
Coussement et al,
1990

Rat

Intramuscular (acute)

5-40% (w/v solutions)

Nil or minimum toxicity

Brewster, 1991

Dog

Intravenous (subchronic)

50, 100 or 400mg/kg daily for 90 days

No toxicity at 50 and lOOmg/kg. Minimal
effects at lOOOmg/kg

Coussement et al,
1990

Monkey

Intravenous (subacute)

200mg/kg every 2"^ day for 90 days

No toxicity

Brewster et al, 1989

Monkey

Intravenous (acute)

lOg/kg

No mortality

Brewster et al, 1989

Human

Intravenous (acute)

No adverse effects

Seiler et al, 1990

Human

Intravenous (acute)

Infusion o f 5% (w/v) solution at a rate
o f 470mg/kg/ day over 4 days
Infusions at a rate o f lOOmg/ml o f total
dose 0.5-3g

No adverse effects

Carpenter et al, 1987

1.2.7.1

Enhancement o f solubility, dissolution and bioavailability o f dru^s

Numerous examples can be found in the literature, which demonstrate the effect o f
cyclodextrins, particularly the highly water-soluble derivatives, in increasing the aqueous
solubility o f hydrophobic drugs (Otagiri et al, 1983; Anderson and Bundgaard, 1984; Pitha
et al, 1988). In general, m odified P-cyclodextrins are superior to the parent cyclodextrin
with the increment o f the solubility seem ingly related to the intrinsic solubility as well as
the inclusion ability o f the host m olecule in water. Cardiac glycosides and steroid hormones
are particularly w ell solubilised by hydroxypropyl P-cyclodextrin, e.g. the solubility o f
digitoxin increases over a hundred-fold in HPp-CD, while that o f progesterone and
testosterone increases 88- and 50-fold respectively (Uekama and Otagiri, 1987). A
drug/cyclodextrin com plex often exhibits improved dissolution characteristics over other
formulations and enhanced solubility improves bioavailability, as shown by some recent
drug/cyclodextrin com plexes studied (table 1.4).
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Table 1.4. Improved bioavailability o f some drugs by cyclodextrin complexation

Drug

Cyclodextrin

Thalidomide

Reference

Natural CDs

Nimuselide

Siefert et al, (1999)

P-CD, HPP-CD

Vavia and Adhage, (1999)

Prednisolone

SBE-7-P-CD

Rao et al, (2001)

Oteprednol etabonate

y-CD

Bodor et al, (2000)

Sulphamethazole

P-CD, HPp-CD

Bodor et al, (2000)

Tacrolimus

Natural and hydrophilic CDs

Arima et al, (2001)

Artemisin

P- and yCDs

Uekama et al, (2001)

Sertaconazole

y-CD

Perdomo-Lôpez et al, (2002)

Camptothecin

Natural CDs, HPpCD,

Rang et al, (2002)

RDM P-CD
Salem and Düzgünes, (2002)

P-CD

Clarithromycin

Modified from Singh, (2002).

1.2.7.2

Many

Im provem ents in drus: stability

compounds

are

unstable,

susceptible

to

hydrolysis,

oxidation,

thermal

decomposition, isomérisation and photodegradation, all o f which are major drawbacks,
particularly during storage. For example. E-type prostaglandins (PGBs) exhibit strong
biological properties in minute amounts, but are highly unstable.
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Complexation o f

prostaglandin E l with a-cyclodextrin has enabled the development o f two products, now
marketed in Germany and Japan as Prostavasin^^'^ and Prostandin'^^ respectively, both with
greatly increased shelf-lives (Inaba and Mizutani, 1986). Loftsson et al (1989) found
improved aqueous stability o f chlorambucil and melphalan, standard clinically used
antineoplastic compounds, when they were complexed with HP P-CD, while reduction o f
oxidative lability and hydrolytic instability o f estradiol in a chemical delivery system, by
inclusion in HPp-CD, was reported by Brewster et al (1988). Cyclodextrins can provide
photoprotection for some light- sensitive drugs, e.g. dimethyl p-cyclodextrin decelerates the
photodegradation o f clomipramine (Hoshino et al., 1989). Certain drugs taken orally react
with intestinal fluids, losing part or most o f their pharmaceutical activity. A n example is
Digoxin, a potent cardiac glycoside, which is hydrolysed in acidic medium to digoxigenin,
a metabolite with cardioactivity reduced by 10-fold. p-Cyclodextrin inhibits this process
almost completely (Uekama et al., 1983).
The stability in aqueous solution o f a recently developed antibacterial naphthoquinone
compound, which degrades easily in aqueous solution, was stabilised by complexation with
HPp-CD (Linares and Longhi, 2003).

Aggregation during storage is common for many large-molecular weight protein drugs such
as interleukin-2, human growth hormone and insulin, which have a tendency to self
associate either in aqueous solution or when reconstituted i f freeze-dried. Betw een several
dozen and several hundred cyclodextrin m olecules can attach to accessible hydrophobic
side-chains exposed on the surface o f a protein molecule (Irie and Uekama 1999), creating
a voluminous shell that inhibits aggregation and confers conformational stability. In the
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case o f interleukin-2, complexation with HPp-CD optimally inhibited aggregation at levels
o f 0.5% in the dosage form (Brewster et al, 1991)

1.2.7.3

Reduction o f irritancy and unpleasant side- effects

By taking advantage o f cyclodextrin complexation, many attempts have been made to
minimise the untoward side- effects associated with some drugs. Reducing the contact time
between drug and tissue mucosa can decrease irritancy and even toxicity. The widely used
nonsteroidal anti-inflammatory drugs (N SA ID s) are a typical example: these cause a high
incidence o f gastrointestinal ulcerative lesions, a result o f both local irritation from the drug
itself and system ic inhibition o f prostaglandin synthesis by the drug. A cyclodextrin
formulation o f piroxicam (Brexin’’’’^, Cycladol™, Brexidofl"^) causes fewer gastric lesions
associated with the acute local tissue irritation produced by the drug alone. Complexation
o f drugs with cyclodextrins have minimised irritancy by other routes o f drug administration
including oral, rectal (Szejtli, 1998), nasal (Merkus et al, 1999), ocular (Loftsson and
Jarvinen, 1999) and dermal (Matsuda and Arima, 1999).
As w ell as increasing the bioavailability o f anticancer drugs approaches are being made to
reducing their toxicity in parenteral formulations using cyclodextrins (Bhardwaj et al,

2000).
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Table 1.5 lists approved pharmaceutical products containing cyclodextrins.

Table 1.5

Commercial pharmaceuticals with CD-based formulations

Drug/CD com plex

Trade name

Company

Country

Formulation

PG E,/a-C D

Prostadin
Prostadin 500
Prostavasin

Ono

Japan

Intraarterial
infusion

Schwarz
Pharma

Germany, Italy

Brexin
Cycladol

Chiesi
Masterpharm

Brexin

Robapharm
(Pierre Fabre)
Promedica
Nycom ed
Launder

Italy
Italy
Belgium
Netherlands
Switzerland
France

Piroxicam/p-CyD

Brexidol

Tablet
Suppository

Tablet

Scandinavia
Germany

PGE 2 /P-CD

Prostarmon.E

Ono

Japan

Sublingual
tablet

O P-1206/a-CyD

Opalmon

Ono

Japan

Tablet

Benexate/p-CyD

Ulgut
Lonmiel

Teikoku
Shionogi

Japan
Japan

Capsule

Dexamethasone
/p-CyD

Glyteer

Fujinaga

Japan

Ointment

Nitroglycerin/pCyD

Nitropen

Nippon Kayaku

Japan

Sublingual
tablet

Takeda

Japan

Tablet

Cetotiam hexetil
HCI/a-CyD

Pansporin T
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N ew oral
Cephalosporin
(ME 1207)/p-CyD

Meiact

Meiji Seika

Chloramphenicol
/RAMEB

Clorocil

Oftalder

Portugal

Eye drops

Japan

Tablet

N imesulide/(3-CD

Mesulid

LPB Institute
Farmaceutico
SPA

Italy

Tablet

Diphenhydramine
/p-CD

Stada
travel pill

Stada

Germany

Tablet

Tiaprofenic acid
/p-CD

Surgamyl

RousselMaestrelli

Italy

Tablet

Chlorodiazidepoxide Tranxillium
/p-CD

Gador

Argentina

Tablet

Piroxicam/p-CD

Flogene

Ache

Brazil

Liquid

Hydrocortisone
/HPp-CD

Dexacort

Iceland

Liquid

Liquid

Itraconazole
/HPP-CD

Sporanox

Janssen

Belgium; UK

Omeprazole
/p-CD

Ombeta

Betafarm

Germany

Updated from Thompson, 1997
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Capsule

1.3 Liposomes

1.3.1

Background and historical review

While the discovery o f cyclodextrins can be traced to the late nineteenth century, liposom es
had their origins in the early 1960s. Lamellar arrangements in lipid-water systems were
studied as models o f biomembranes, initiating research into membrane biophysics,
topology, secretion and many other related cell processes.

Bangham et al (1965) first

reported that isolated and purified phospholipids o f cellular origin could spontaneously
reform in the presence o f water, into a pattern o f closed membrane systems.

These

vesicles, later termed liposom es, are closed structures composed o f one or more lipid
bilayers intercalated with aqueous compartments, and have an aqueous core. Phospholipids
are amphiphiles with both polar and nonpolar residues that form highly ordered
arrangements in equilibrium with water phases, typical examples being polar lipids such as
phosphatidylcholine, phosphatidyl ethanolamines and serines, sphingomyelin, cardiolipin,
plasmalogens, phosphatidic acid and cerebrosides.

The importance o f liposom es as a

delivery system derives from the fact that when lipids undergo their sequence o f molecular
rearrangements in an aqueous solution there is an opportunity for unrestricted entry o f
solutes (e.g. labelled salts and proteins) between the planes o f hydrophilic headgroups and
subsequently enclosure within the formed vesicles, where they can diffuse between
compartments or into the external medium, by crossing one or more biological membranes.
In 1964 three visiting scientists to Bangham’s laboratory, Weissmann, Papahadjopoulos
and Chappell, further explored the liposom e model. Their pioneering work encompassed
recognition o f the similarities between liposom es and cell lysosom es, studies on the ability
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o f liposom es to induce cell fusion, the mechanics o f local anaesthetics on membrane
structure and function, and an understanding o f the way ions crossed hydrophobic barriers.

It was in the early seventies that keystone studies performed by Gregoriadis and various
investigators opened up new avenues in the potential use o f liposom es as drug carriers,
ligand-targeted vehicles, immunological adjuvants, signal enhancers and, more recently, as
transfection vectors in gene therapy and D N A vaccinology.

Pioneering work by

Gregoriadis and coworkers, whereby enzymes such as am yloglucosidase and invertase
(Gregoriadis et al, 1971) were entrapped in liposom es and their in vivo fate and
biodistribution reported (Gregoriadis and Ryman, 1972a).

Som e years later, entrapped

glucocerebrosidase was administered to a patient with Gaucher’s disease (B elchelz et al,
1977).

The aim was to replace the m issing enzyme, which could then act upon the

accumulated substrate (glucocerebrosides in the liver and spleen).

N o dramatic cure

resulted, but the patient's condition was stabilised and, importantly, no adverse effects were
detected from the treatment. Given such early encouraging applications, it has often been
asked why it has taken so much time and widespread effort to bring liposomal products
onto the market. After initial excitement and enthusiasm, several problems emerged. First,
although it was encouraging to note that entrapped enzymes, proteins and lipid soluble
agents were retained intact in liposomal compartments and, by and large, acquired the
pharmacokinetics o f the carrier, low-molecular-weight water-soluble compounds leaked
extensively into the blood circulation.

Secondly, there was a rapid and quantitative

interception o f liposom es and their contents by cells o f the reticuloendothelial system
(RES) through endocytosis, an event that appeared to limit the application o f liposom es to
the treatment o f intralysosomal diseases
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or metal

storage pathologies.

Equally

discouraging were the low drug entrapment levels achieved, the vesicle size heterogeneity
and instability o f formulations. Nevertheless, interest in liposom es burgeoned, especially
among academic researchers, who recognised the potential and structural versatility o f the
system, and which led to the design o f countless liposom e versions tailored specifically for
optimal function.

There follow ed a period devoted to fundamentals such as improving

entrapment and retention o f materials, overcoming instability and understanding the
interaction between liposom es and the biological m ilieu, at the cellular and molecular level.
Consequently, great strides were made in all these areas leading to the foundation o f at least
three liposome companies in the early 1980s based on developing technology.

Today,

liposom e research and technology is an ever-expanding field bolstered by the licensing o f
several products, and the number o f liposome biotechnology companies continues to
increase. N ot only do liposom es promise new therapeutic agents, but their investigation
has uncovered a wealth o f information on the body’s interaction with drug carriers in
general, which can only lead to improved efficacy o f old and new drugs.

1.3.2 Structure and properties o f Iiposom es

Liposom es are microscopic particles o f highly ordered lipid m olecules, which are normally
dispersed in a hydrophilic solvent, typically water; the lamellar arrangement o f the lipid
components is a distinguishing feature. When any m olecule is dispersed in a solvent, its
fate depends on its degree o f polarity. W hile polar m olecules dissolve in polar solvents
and, likew ise, non-polar m olecules in non-polar solvents, amphiphiles have more
complicated dispersion behaviour, because o f their dual, polar- apolar nature. In order to
attain a favourable entropy state amphiphiles, when confronted with water, rearrange into a
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structure whereby the hydrophobic regions are brought into close proximity with each
other, excluding the polar groups, which are juxtaposed between them and the water
continuum. Liposom es are usually composed o f phospholipids, the m ost abundant lipid in
cell membranes, which can be derived from natural sources or made synthetically. Tw o
fatty acid chains, each containing 10-24 carbon atoms, make up the hydrophobic tail, which
is attached to the hydrophilic head group. The gel-liquid crystalline transition temperature
(7c), i.e. the temperature at which lipids (acyl chains) undergo a phase transition from a
rigid or “gel” state to a fluid (or liquid crystalline) one is important as it dictates membrane
fluidity. Thus, phospholipids with shorter acyl chains and a high degree o f unsaturation
form membranes with lower transition temperatures, which are loosely packed and
subsequently more “leaky” to entrapped substances, compared to the dense packing seen
with longer-chained, saturated phospholipids whose 7c can be at least 65°C. Membrane
fluidity may also be modulated by incorporating cholesterol during manufacture.
Cholesterol prevents the crystallisation o f fatty acid chains by fitting between them and
sterically blocks large motions o f acyl chains.

Indeed, incorporation o f cholesterol into

liposomal bilayers comprised o f high-melting phospholipids, at equimolar concentrations,
results in extremely stable vesicles, which retain their contents for prolonged periods.
Incorporation o f positively charged lipids into the bilayer allows the generation o f cationic
liposom es, which have become synonymous with gene transfection; the negatively charged
D N A plasmid is particularly suitable for both encapsulation and electrostatic interaction at
the liposom e surface. However, i f the lipid contains a component o f charged amphiphile,
then, at low ionic strengths o f the hydration medium, the interlamellar distance is increased
substantially due to charge-charge repulsive forces between adjacent lamellar.

These same

interactions can occur readily between plasma proteins and charged liposom es in vivo,
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facilitating their rapid clearance.
During liposom e formation, material associated with the aqueous phase can be
encapsulated w hile hydrophobic constituents can be incorporated in the bilayers.
Liposomes are characterised by their lipid composition, particle size distribution, surface
charge and number o f lamellae, and may be broadly classified into multilamellar, and largeand small- unilamellar.

1.3.2.1

M ultilam ellar vesicles (MLV)

These large spherical liposom es, each consisting o f numerous concentric, aqueous and lipid
layers in closed apposition, were first described by Bangham and his colleagues (Bangham
et al, 1965). M LV are heterogeneous in size, varying from a few hundreds o f nanometres in
diameter to around

1 0

microns, in the latter case representing some hundreds o f lamellae

thick. M LV are easy to make but because the interior is largely occupied by the internal
lamellae, very little aqueous volume is available for solute incorporation and therefore
entrapment is low. However, if the lipid contains a component o f charged amphiphile then,
at low ionic strengths o f the hydration medium, the interlamellar distance is increased
substantially due to charge-charge repulsive forces between adjacent lamellae, the aqueous
volume increases and so does the entrapment o f solutes. The large size range o f M LV is
generally considered disadvantageous for medical applications requiring parenteral
administration, as it leads to rapid clearance from the circulation by cells o f the
reticuloendothelial system (RES). On the other hand, this property has been exploited for
passive targeting o f substances to the fixed macrophages o f the liver and spleen, e.g. for
delivery o f antimicrobial agents to microorganisms which are otherwise refractive to
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treatment because o f their localisation within these cells (A lving et al, 1978), chelating
agents to remove accumulated metal ions (Rahman, 1988) and exogenous enzymes to treat
inherited deficiency conditions such as the aforementioned Gaucher’s disease.

1.3.2.2

Lar^e unilamellar vesicles (LUV)

This class o f vesicle has similar dimensions to MLV but has a single membrane enclosing a
large aqueous volume. Gentle hydration, with minimal swirling, allow s individual lamellae
to detach and form large unilamellar vesicles (LUV) (Reeves and Dowben, 1969). Because
the interior is not occupied by internal lamellae, a high degree o f solute encapsulation is
possible with a low lipid-to-drug ratio.

However, the absence o f additional lamellae

renders them more fragile than M LV and consequently increases their permeability to small
solutes.

1.3.2.3

Sm all unilamellar vesicles (SUV)

The maximum curvature that the lipid bilayer is able to achieve sterically, around 21nm
diameter in the case o f unsaturated phospholipids such as egg and soya lecithin, determines
the lower limit o f liposom e size (Kirby and Gregoriadis, 1999).

These single layered

liposom es are classified as small unilamellar vesicles (SU V ); their upper size limit is
around lOOnm.

This size range significantly reduces their clearance from the systemic

circulation, allowing an increased residence time and thus, a better chance o f exerting
desired therapeutic effects in tissues other than those o f the RES. However, the small size
also means a much lower encapsulation capacity, which can be less than 1 % o f the starting
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material.
Although M LV, LUV and SU V are considered to be the three major morphological
categories, these may be subdivided further, e.g. oligolamellar vesicles, which have only a
few lamellae, and which can preferentially form under chosen conditions. Liposom es are
also classified according to manufacturing processes such as dehydration-rehydration
vesicles, reverse phase evaporation vesicles, multivesicular vesicles where small liposom es
exist within larger ones and by surface charge, targeting ligands or pH and temperature
sensitivity (Kirby and Gregoriadis, 1999).

1.3.3 P reparation o f liposom es in the laboratory

Liposome manufacture for research purposes is not usually restricted by commercial
requirements such as long-term storage stability, scale-up, sterility, apyrogenicity and
process validation, all o f which are discussed elsewhere (Gregoriadis, 1993). Numerous
methods o f preparation have been devised, varied and revised over the years and tend to
fall into two categories:
incorporated specific

those involving generation o f new hi layers as such or with

lipids or lipid conjugates, and those that undergo physical

modifications to existing bilayers, the popularly termed tailored liposom es. A brief review
o f the methods used to prepare liposom es for this work is described here, but more
comprehensive

details

are

widely

available

Papahadjopoulos, 1989; N ew , 1990).
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(Gregoriadis,

1993;

W oodle

and

1.3.3.1

O liso- an d m ultilam ellar liposom es

These are simply prepared by evaporating o ff the solubilising solvents and hand- shaking
the lipid film in the required volume o f water. Natural or synthetic lipids may be used and
the whole process is conducted at temperatures greater than the Tc o f the lipids.

If a

mixture o f lipids is desired, e.g. inclusion o f cholesterol to increase bilayer stability,
amphiphiles with functional groups such as amines or charged lipids, these are co-dissolved
with the basic lipid usually in a chloroform/methanol mixture. It is at this stage also that
hydrophobic material (e.g. a drug) to be incorporated is added.

Dispersion o f the dried

lipid film is carried out with an aqueous solution o f the substances to be entrapped and it is
preferable to shake or swirl the suspension for at least two hours to achieve maximum
inclusion.

As noted above, a major limitation o f conventional M LV is their low

entrapment efficiency, typically up to 5% for water-soluble solutes, due to reduced internal
aqueous volume. Percentage encapsulation (as previously alluded to) can be increased by
addition o f charged amphiphiles such as phosphatidyl glycerol or phosphatidic acid, in the
starting material at a molar concentration o f 5-10%, which will induce electrostatic
repulsion between adjacent bilayers, forcing interlamellar separation and allow ing more
solute to be accommodated.

However, if the solute itself is charged, quantitative

entrapment could be affected and may lead to solute association on the external surface.

1.3.3.2 Sm all unilamellar liposom es (SUV)

Traditionally, methods used to prepare SU V involve size reduction o f pre-existing bilayers
(e.g. M LV). Probably the most widely used approach is ultrasonic irradiation o f MLV
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(Huang, 1969).

Provided care is taken to preempt oxidative damage, particularly in the

case o f unsaturated lipids, by maintaining them in an inert atmosphere during sonication
and by using a cooling bath to dissipate the heat produced by the probe or, alternatively, by
addition o f the antioxidant tocopherol, this is a common and successful method. Drug
entrapment, however, is very low (e.g. up to 1%). Alternative w ays o f preparing SU V by
size reduction make use o f high- pressure homogenisation or extrusion, the former
requiring a M icrofluidiser

TM

(M ayhew et al, 1984).

Extrusion involves forcing M LV at

high pressure through membranes with pores o f defined size such as polycarbonate filters
with pore diameters in the range 0.03pm up to 0.2pm .

Squeezing a heterogeneous

liposome suspension (in the presence o f the mother liquid) through filters causes them to
break up and reseal to form much smaller vesicles, although for drug-containing liposomes,
a fraction o f the entrapped material may be lost in the process.

1.3.3.3

D ehydration-rehydration vesicles (DR V)

The D R V method o f liposome preparation, devised in 1984, was the brainchild o f
C.J.Kirby and G. Gregoriadis (Kirby and Gregoriadis, 1984). It is simple but ingenious,
achieving high encapsulation efficiency without subjecting the materials to be entrapped to
potentially damaging conditions such as sonication or the use o f organic solvents or
detergents. It is the method o f choice for sensitive biological m olecules such as proteins
and nucleic acids.

The DR V method works by m aximising exposure o f solute and lipid before its final
lamellar configuration is fixed, so the lipids ultimately form around the solutes. MLV are
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prepared as described above and converted to SU V by sonication or other techniques,
yielding a homogenous suspension, which, due to the high curvature o f SU V , w ill result in
up to 70% o f the total phospholipid present in the outer leaflet o f the lamella. On m ixing
the SU V with an aqueous solution o f the material to be entrapped, most o f the lipid is
directly exposed to the solute.

Freeze-drying at this stage removes water, leaving an

intimate mixture o f the dry components (i.e. the drug and flattened lipid bilayers).
Rehydrating correctly is crucial:

small, defined volum es o f water are slow ly added,

initiating fusion o f the vesicles, which form around adjacent solute m olecules, and
encapsulating

a

high

proportion.

Unentrapped

material

can

be

removed

by

ultracentrifugation or dialysis. Dilution with isotonic buffer causes a large osm otic gradient
between the internal and external phases and this results in a redistribution o f solute within
the forming liposom es and with the external aqueous phase.
The procedure, described schematically in figure 1.8, leads to M LV containing up to 100%
o f the original amounts o f solute used. Entrapment values are usually high (60-100% ) for
macromolecules and lower (20-60% ) for smaller m olecules such as anticancer agents for
instance (Kirby and Gregoriadis, 1984; Kirby and Gregoriadis, 1999).
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m

DRVs

SUVi
MLVt

Figure

1.7 A suspension o f MLV is sonicated to produce SUV. Materials to be entrapped

are are added and the SUV/solutes mixture is freeze-dried. Inset diagram shows intimate
contact o f flattened liposomes and drug molecules in a water-free environment. DRV are
generated as vesicles reform upon controlled rehydration, entrapping high amounts o f
solutes (Kirby and Gregoriadis, 1984).

1.3.4

Fate o f liposom es in vivo

Central to any further development o f liposomes as a delivery system is an understanding
o f their behaviour in vivo following their administration. The body’s response to liposome
administration, particularly parenterally, is to mount a concerted defence leading to a
cascade o f events that effect gross and subtle changes to the liposomes themselves and their
contents.

Early work (Gregoriadis and Ryman, 1972a,b; Gregoriadis, 1973; Black and

45

Gregoriadis, 1974; Gregoriadis, 1976) with drug-containing M LV revealed a number o f
basic aspects.

For instance, the rate o f clearance o f vesicles from the blood o f

intravenously injected rats was rapid, dose-dependent and biphasic.

It became urgent to

elucidate pharmacokinetic parameters such as the rate o f clearance from the circulation, the
amount and location o f distribution in various tissues, the release profile o f encapsulated
contents and all the factors governing these events.

It has been w ell established that

clearance o f liposom es o f large size and negative surface charge from the circulation is
rapid (Gregoriadis and Neerunjun, 1974; Juliano and Stamp, 1975). Within minutes o f
intravenous administration, such liposom es are found mainly in the fixed macrophages o f
the liver and spleen and, made appropriately, constitute the vehicle o f choice for the rapid
delivery o f drugs to these cells. It was also observed that neutral M LV and SU V exhibit a
longer residence time than negatively-charged vesicles and, more recently, positively
charged M LV and that SU V persisted for longest o f all.

SU V also can cross from the

vascular compartment to reach tissues contiguous with extravascular space. The passage o f
small liposom es with diameters < 0 . 1 pm, through the discontinuous capillaries o f the liver
has been w ell documented by Roerdink et al (1981) who found that, after penetrating the
discontinuous capillaries, SU V were taken up effectively by parenchymal cells. Although
the intercellular junctions o f discontinuous capillaries have a width ranging from

0

.1 -

0.6pm, the mucopolysaccharide-rich interstitium in the spaces o f D isse, which surrounds
and lines the endothelium, restricts the passage o f macromolecules or particles larger than
0.2pm (Roerdink et al, 1981; Poste et al, 1982; Scherphof et al, 1983).

Similarly, the

intercellular junctions ( 2 - 6 nm in width) o f the continuous capillaries, prevalent in skeletal,
cardiac and smooth muscles, lung, skin, subcutaneous tissue and serous- and mucousmembranes, preclude the transcapillary passage o f even the smallest liposom es (Poste et al.
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1982). Liposom es, which were engulfed by the fixed macrophages o f the RES ended up in
intracellular lysosom al compartments and were degraded, presumably by the action o f
phospholipases present in the lysosomal milieu. Depending upon their molecular size and
ability to withstand the hostile environment o f the organelles, released drugs could then act
either

locally

e.g.

hydrolysis

o f stored

sucrose

by

liposomal

fructofuranosidase

(Gregoriadis and Buckland, 1973) or diffuse across the lysosom al membrane and operate in
other subcellular compartments, e.g. inhibition o f DNA-directed R N A synthesis by
liposomal actinomycin D in partially hepatectomised rats (Black and Gregoriadis, 1974).
These early amassed data and understanding o f liposomal fate and behaviour in vivo
pointed the way to a number o f proposed applications, including the treatment o f certain
inherited metabolic disorders (Gregoriadis and Ryman, 1972a; Gregoriadis and Buckland,
1973; Belchetz et al, 1977), metal storage diseases (Rahman et al, 1973), intracellular
infections (Gregoriadis, 1973; N ew et al, 1978; A lving et al, 1978), cancer (Gregoriadis,
1973; Gregoriadis and Neerunjun, 1975), gene therapy (Gregoriadis and Ryman, 1972) and,
because o f antigen-presenting cell involvement in vesicle uptake, immunopotentiation and
vaccine delivery (A llison and Gregoriadis, 1974).

Initial optimism from findings that

liposom es coated with cell-specific ligands (e.g. antibodies and asialoglycoproteins) could
interact with cells (other than those o f the RES) expressing appropriate receptors, both in
vitro and in vivo (Gregoriadis and Neerunjun, 1975; Neerunjun et al, 1977), prompted the
concept o f vesicle targeting.

At the same time, it was noted that the higher endocytic

activity o f some tumour cells, combined with their augmented capillary permeation,
favoured preferential liposomal drug entry into the tumour mass, uptake o f locally released
drug by tumour cells and, in some cases, uptake o f intact liposom es.

It soon became

apparent, that success in these areas required not only quantitative retention o f entrapped
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drugs by vesicles, but also sufficiently extended residence time in order for circulating
loaded liposom es to encounter target tissues.

1.3.5 Retention o f drugs by liposom es

It had been observed that small water-soluble drugs such as 5-fluorouracil and penicillin G
leaked considerably from intravenously injected MLV (Gregoriadis, 1973), while large
entrapped solutes such as albumin and am yloglycosidase did not, at least to the same extent
(Gregoriadis and Ryman, 1972a; Gregoriadis and Neerunjun, 1974).

It later became

apparent that such leakage was promoted by high-density lipoproteins (HDL), which
remove phospholipid m olecules from the vesicle bilayer (Scherphof et al, 1978) allowing
the formation o f pores on its surface and eventually progressing to disintegration. As a
result, encapsulated solutes are released in the blood circulation at rates dependent on their
size (Kirby and Gregoriadis, 1980) and act as free drugs. This role o f HDL in the
destabilisation process was further established (Senior et al, 1983) when cholesterol-free
SUV exposed to blood plasma from lipoprotein-deficient m ice and from a patient with
congenital lecithin-cholesterol acyltransferase deficiency (culminating in low HDL levels),
were found to be more stable. A series o f experiments established that vesicle leakage was
greatly reduced or delayed, by increasing the packing o f lipid components with cholesterol
in a 1:1 molar ratio (Gregoriadis and Davis, 1979; Kirby et al, 1980; Kirby and
Gregoriadis, 1980).

Reduced leakage was reported also with more rigid bilayers which

were achieved by substituting low-m elting phosphatidylcholine (PC) with high-melting
saturated

phospholipids

such

as

hydrogenated

lecithin

(HPL),

distearoylphosphatidylcholine (DSPC) or sphingomyelin (SM ), and even greater stability
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realised with the further addition o f cholesterol (Gregoriadis and Senior, 1980; Senior and
Gregoriadis, 1982; Senior et al, 1985). Findings from many different research groups
culminated in a liposomal “theory o f everything” aimed at unifying known factors
controlling the role o f lipid diversity in bilayer stability and its relation to circulatory
vesicle half-life and mode o f clearance.

Figure 1.8 illustrates a useful, if simplified,

scheme o f events. It proposes that for liposom es that survive attack and disintegration by
HDL, destabilisation o f the bilayer facilitates adsorption o f plasma proteins (opsonins)
thought to be responsible for recognition by macrophages, and consequently their removal.
The prediction is that fewer or smaller “gaps” in the bilayer mean less solute leakage and
reduced opsonisation.

Thus, the circulatory half-life would increase due to decreased

amounts o f opsonins. It appears, however, that vesicle size and surface charge both
override the state o f bi layer stability in determining vesicle clearance from the circulation
(Gregoriadis, 1988). Investigations continued in attempts to classify opsonins and their
mode o f action on liposom es. Soon, it became apparent that a variety o f plasma proteins
including alpha 2-macroglobulin (Black and Gregoriadis, 1976), blood coagulation factors
(Bonte and Juliano, 1986), components o f the complement cascade (Loughrey et al, 1990),
C-reactive protein (Richards et al, 1979), fibronectin (Rossi and Wallace, 1983) and beta 2glycoprotein 1 (Chonn et al, 1995; Semple et al, 1998) are implicated in liposome
opsonisation. More recent studies also suggest that liposom es o f appropriate size and net
negative charge can activate the complement system in humans and other species (Chonn et
al, 1991; Liu et al, 1995).
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1.9

Correlation between stability o f liposom es and clearance from the blood

circulation. In the proposed scheme, the extent o f bilayer porosity and leakage o f solutes in
blood is dependent on the facility with which high-density lipoproteins (HDL) remove
phospholipid m olecules from the bilayer. Loose bilayers (top) are attacked by HDL more
effectively than packed bilayers (bottom). The greater the gaps after HDL attack the more
extensive the opsonin adsorption on vesicles, and uptake by the reticuloendothelial system.
From Gregoriadis, 1990.

Natural antibodies to phospholipids and cholesterol are widespread in animals and are
known to activate the classical pathway. It is also clear that liposom es are instrumental in
non-antibody mediated mechanisms in complement

production via the classical (Alving

and Wassef, 1992) and alternative pathways (Okada et al, 1982), What has become
accepted is that a formidable range o f proteins, many still unknown, mount a concerted
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attack to remove liposom es immediately after intravenous injection.

O f course all

liposom es, even those with low protein binding capacity {Pb) are eventually cleared from
the circulation. This may be due also to alterations in membrane lipid com position over
time, such as retransfer o f lipid components between lipoproteins and cells and liposomal
membranes, resulting in a loss o f certain membrane components that may prolong vesicle
circulation time.

In contrast to opsonins, a number o f naturally occurring substrates are

known to inhibit phagocytic ingestion (Patel, 1992). Generally, these agents (dysopsonins)
act either by altering the surface properties o f phagocytes or particles or both, thereby
interfering with, or thwarting, opsonisation (Absolom , 1986). If the dysopsonin hypothesis
is correct, it may present an attractive mechanism for enhancing circulation time by
attaching them to liposomal surfaces.

1.3.6 M edical appl ications o f Iiposom es

A huge number o f potential applications o f liposom es were proposed in the early days o f
research, but major obstacles had to be overcome and specific refinements made, to realise
endproducts. An important finding was that clearance o f small liposom es (SU V ) could be
substantially reduced further by inclusion o f m onosialoganglioside (G M J or hydrogenated
phosphatidyl inositol (HPI) in the bilayer (Allen, T.M ., 1993; Papahadjopoulos et al, 1991;
Gregoriadis and McCormack, 1998). Hydrophilicity was increased, making it easier for the
resultant vesicles to evade detection by the RES: these were termed Stealth™ liposom es.
Based on the same principle, sterically stabilised liposom es were developed, whereby the
inert hydrophilic polymer, polyethyleneglycol (PEG substituted phosphatidylethanolamine)
was included in the bilayer. The advantages in using long-circulating, pegylated, cytostatic
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drug-loaded liposom es are apparent in cancer treatment, where such liposom es can act as
drug reservoirs with increased opportunity to encounter solid tumours and release
entrapped tumouricidal agents.

An early objective o f drug delivery was control o f the biodistribution o f the carrier so that
targeted tissues, and no others, would receive adequate drug. In vitro, liposom es coated
with monoclonal antibodies (immunoliposomes) can provide target-specific binding to cells
(Huang et al, 1983; W olfe and Gregoriadis, 1984); however a number o f key issues must be
addressed before active targeting o f liposomes, using ligand-receptor interactions can be
realised in vivo.

Successful conjugation o f ligands is important, as is stability o f a

liposome-ligand construct in the biological milieu. Opsonisation must be minimised, and
the ligand itself be non-immunogenic.

Furthermore, accessible target sites need to be

identified and characterised. The isolation o f tumour-specific markers has proved elusive
and it is accepted that tumour-associated antigens or ligands are expressed also on normal
cells, albeit at a lower density (Lian et al, 2001).

Despite these difficulties, promising

results in vivo have already appeared, an example being studies on sterically stabilised,
doxorubicin-loaded liposom es targeted against cancers overexpressing the HER2/neu
proto-oncogene (Kirpotin et al, 1998). Other investigators are using liposom es to deliver
activating factors, such as cytokines, to macrophages in an attempt to make them
tumouricidal (Worth et al, 1998).

In recent years there has been a dramatic increase in the incidence o f potentially fatal
systemic fungal infections, particularly for those individuals immuno-compromised as a
result o f cytostatic chemotherapy, in AIDS patients and donor organ recipients who are
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immuno-suppressed.

The liposomal form o f amphotericin B, A m Bisom e™ , has been

successfully treating such infections for some years without the disabling toxicity
associated with the free drug (Wassan and Lopez-Berestein, 1998).

A review by

Gregoriadis (1995) considers the role o f liposom es in bacterial, fungal, viral and parasitic
diseases.

In the climate o f human genome mapping, the idea o f replacing faulty genes with normal
genes leading to a “cure” led to great hopes for gene therapy.

Liposomal vectors were

proposed as a non-immunogenic alternative to viral vectors: however, it is recognised that
further understanding o f gene transfer from endosom es to the cell nucleus is necessary in
order to achieve substantial and long-term expression, and the ability to regulate
transcription o f newly- introduced genes.

The discovery that liposom es act as immunological adjuvants (A llison and Gregoriadis,
1974) generated a multitude o f animal immunisation studies (Gregoriadis, 1990) which
resulted in the first liposome-based vaccine, Epaxal-Bema, licensed for use in humans
against Hepatitis A.
virus.

Epaxal-Bema is based on virosom es produced from the influenza

Virosom es are liposom es made partially from lipids extracted from viruses, and

being much less toxic compared to viral vectors, (Kaneda, 2000) are promising constmcts
for future gene delivery. H ow liposomes induce immune responses to antigens associated
with them is not clear and could be due to combined factors such as a depot (slow antigen
release) mechanism and the tendency o f vesicles (with antigen) to migrate to regional
lymph nodes follow ing local injection. A novel and exciting concept developed recently,
namely de novo production o f the required vaccine antigen by the host’s cells in vivo, is set
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to revolutionise vaccinology.

Briefly, it entails direct injection o f antigen-encoding

plasmid D N A , which, after uptake by cells, localises to some extent in the nucleus, where it
transfects the cells episomally. Antigen generated is recognised by host cells as foreign,
and elicits a response similar to that seen for the antigens o f internalised viruses, leading to
protective humoural and cell- mediated immunity.

Positively charged, “cationic”

liposomes with a fusogenic lipid such as DOPE, made by the DR V method are used
quantitatively to entrap a variety o f plasmid D N A s into their aqueous phase. N ot only do
liposomes protect their D N A content from deoxyribonuclease attack (Gregoriadis, 1998)
but they also exert their adjuvant effect when taken up by antigen-presenting cells. Huge
possibilities with this system are now open to investigation whereby improvements can be
made by variations in vesicle surface charge, size and lipid com position or by coentrapment
o f cytokine genes and other adjuvants (e.g. immunostimulatory sequences) with the
plasmid vaccine.

Particular immunisation experiments (Gregoriadis et al, 1997) with

plasmid-containing liposom es showed much greater (up to

1 0 0

-fold) antibody responses

against the encoded antigen than animals immunised with the naked D N A , and higher IFNY and interleukin-4 (IL-4) levels in the spleens.
Finally, liposom es are routinely used as carriers for radioisotopes or contrast agents in
diagnostic imaging procedures (Torchilin, 1998) and application o f sterically-stabilised
liposomes may broaden the scope for tumour imaging.
Table 1.6 lists licensed liposom e products presently available.
To the lay public, liposom es will long be associated with cosmetic products, typified by the
ubiquitous L ’Oreal products' advertisements, where liposom es were described as “the
science bit”, a modest recognition o f almost forty years o f research.
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Table 1.6 Liposome-based products developed or under development (UD)

Product

Drug

Target disease

IGI, Vineland Laboratories, Vineland, NJ, USA

Newcastle disease
vaccine (intramuscular)
(Novasom es)

New castle
disease virus (killed)

N ew castle disease
(chicken)

Avian Rheovirus vaccine
(intramuscular)
(Novasomes)

Avian rheovirus
(killed)

For vaccination o f
breeder chickens; for
passive protection
o f chicks against
rheovirus infection

AmBisome
(intravenous)

Amphotericin B

System ic fungal infections,
visceral leishmaniasis

DaunoXome
(intravenous)

Daunorubicin

First line treatment for
advanced Kaposi's

Gilead, Pharmaceuticals, CA, U SA

sarcoma.
Breast cancer and other
solid tumours
MiKasome
(intravenous) (U D )

Amikacin

Serious bacterial
infections

VincaXome
(intravenous) (U D )

Vincristine

Solid tumours

Novavax, Rockville, M D, U SA
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E.coli 0157:H7 E.coli 0157:H7
vaccine (oral)

E.coli 0157
(killed)

E. coli infection
(Novasomes) (UD)

Shigella flexneri 2A
vaccine (oral) (U D )

S. flexneri 2A
(killed)

S. flexneri 2A infection

Johnson and Johnson, USA

D oxil
(intravenous)

Doxorubicin

Kaposi's sarcoma.
Refractory ovarian,
recurrent breast,
prostate and primary
liver cancers

Amphotericin B

System ic fungal
infections

D 99
(intravenous) (U D )

Doxorubicin

Metastatic
breast cancer

ABLC
(intravenous)
(Ribbons)

Amphotericin B

System ic fungal
infections

C53
(intravenous) (U D )

Prostagladin E|

System ic inflamatory
diseases

Amphocil
(intravenous)

Elan, Ireland

Sw iss Serum and Vaccine Institute, Berne, Switzerland

Epaxal-Bema
vaccine (intramuscular)
(IRIV^ liposom es)

Inactivated
hepatitis A
virions (HAY)
(antigen;RG-SB strain)

Hepatitis A

Inflexal vaccine
(intramuscular)

Haemagglutinin
and neuraminidase

Influenza
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(IRIV liposom es)

from H iN ], H 3 N 2 and
B strains
according to
recommendations
by WHO

HAV/HBs-IRIV
Combined^ vaccine
(intramuscular) (U D )

HAV, genetically
engineered hepatitis B
antigens (HBs)

Hepatitis A and B

Diphtheria/
tetanus/hepatitis A
combined vaccine
(intramuscular) (U D )

Diphtheria and a and p
tetanus toxoids;
inactivated H AV virions

Diphtheria, tetanus,
hepatitis A

Hepatitis A and B /
diphtheria/tetanus/
influenza supercombined*^
vaccine (intramuscular)
(UD)

Inactivated H AV virons,
HBs, diphtheria,
and a and p
tetanus toxoids,
haemagglutinin and
neuraminidase from
influenza strains as
in trivalent influenza
vaccine

Hepatitis A and B,
diphtheria, tetanus
and influenza vaccine*’

^IRIV, immunopotentiating reconstituted influenza virosomes.
'’"Combined" (vaccines) denote the presence o f up to three antigens in the formulation.
‘’"Supercombined" denotes the presence o f more than three antigens.
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Chapter 2

Materials and Methods

2.1

Materials

Deionised water, used throughout, was obtained from an Elgastat Option 4 water
purification unit (Elga Ltd., U.K .). In brief, the water is pretreated in a reverse osm osis
cartridge and then further purified via an ion/organic removal cartridge, U V chamber and a
0.2pm filter. The resistivity o f the purified water was above 5MO at 25° C, and its pH was
neutral.

2.1.1

Cyclodextrins

2-Hydroxypropyl-p-cyclodextrin (HPp-CD) was purchased from Sigm a (Poole, Dorset,
UK ). P-Cyclodextrin (p-CD) polymers, 2009 (molecular weight: 4000-6000 Daltons) and
2010 (molecular weight: 8700 Daltons) each containing 52% P-CD o f their weight, were a
gift from Cyclolab (Budapest, Hungary).

2.1.2

Drugs f o r complex form ation

Dehydroepiandrosterone (DHEA), retinol (RET), retinoic acid (RA) and dexamethasone
(DEX ), were purchased from Sigma, as above.
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2.1.3

R adioisotopes

2-Hydroxypropyl-p-cyclodextrin labelled with
CD; 3.7

M Bq) was obtained from

in the hydroxypropyl group ( [ ’"^C] HP(3-

Cyclodextrin Technologies Developm ent Inc.

(Gainesville, Florida, U SA ), [1,2-^H(N)] dehydroepiandrosterone ([^H] DHEA; 37 MBq),
[1 1,12-^H(N)] retinol ([^H] RET; 9.25 MBq) and [1 1,12-^H(N)] retinoic acid ([^H] RA; 3.7
MBq) were purchased from DuPont (UK) N ew England Nuclear Products (Stevenage,
Herts,

UK);

[1,2,4-^H]

dexamethasone

distearyoylphosphatidylcholine

(['"^C]

([^H]

DSPC;

DEX;

1.85MBq)

9.25
were

M Bq)
from

and
Amersham

International, Amersham, UK).

2.1.4

Phospholipids

Egg phosphatidylcholine (PC), hydrogenated egg phosphatidylcholine (HPC), phosphatidic
acid (PA) were obtained from Lipid Products, (Nutfield, Surrey, UK ) and stored at -20°C in
methanol/chloroform under a layer o f oxygen-free nitrogen.
Dimyristoylphosphatidylcholine

(DM PC),

dipalmitoylphosphatidylcholine

(DPPC),

distearoylphosphatidylcholine (DSPC) and sphingomyelin (SM ) were purchased from
Sygena (Liestal, Switzerland), and stored in vacuo over silica gel at -20°C.
Cholesterol (CHOL) was obtained from Sigma (Poole, Dorset, UK).
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2 .1.5

Carboxyfluorescein (CF)

Carboxyfluorescein, in its acid form, was purchased from Kodak-Eastman Company (N ew
York, U SA ) and purified before use as described in section 2.2.2.

2.1.6

Phosphate buffered saline (PBS)

PBS, prepared as described below, was made from sodium chloride (NaCl), potassium
chloride (KCl), sodium dihydroorthophosphate (NaH2? 0 4 ) and disodium
hydroorthophosphate (Na2HP 0 4 ), obtained from British Drug House (BD H , UK).

2.2

2.2.1

Methods

Preparation o f phosphate-buffered saline (PBS)

Sodium

chloride

(NaCl;

dihydroorthophosphate (NaH2P 0
(Na2HP 0

4

8g),
4

potassium

chloride

(KCl;

0.2g),

sodium

.2H 20; 0.05g) and disodium hydrogenorthophosphate

.2H20; 0.025g) were dissolved together in deionised water (950m l). The pH was

adjusted to 7.4 with sodium hydroxide (IM ) and the volum e made up to one litre.

2.2.2

Incorporation o f the radiolabelled drugs f^HJ and H Pfl-CD

into the

corresponding unlabelled agents

Radiolabelled tracers have been used extensively
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in biochemical studies for the

measurement o f very low concentrations or small amounts o f substances. Their advantage
lies in the ease, rapidity, reliability and precision o f their quantification: measurements can
be made directly, without recourse to prior extraction procedures or additional chemical
reactions.
Various known amounts o f each o f the drugs, weighed into 25ml beakers, were dissolved in
1-2 ml chloroform or chloroform/ethanol mixture (5:1) and known amounts o f their
labelled counterparts in ethanol were added. Following evaporation o f the solvent under a
stream o f oxygen-free nitrogen, a dried film comprising radiolabelled drug was formed.
[Note: during all procedures with RET and RA care was taken to exclude light and
suspensions/solutions were flushed continually with nitrogen].
HPp-CD was dissolved in deionised water (typically 2 ml per preparation) together with a
known quantity o f

HPp-CD. Amounts o f HPp-CD used corresponded usually to a

drug/HPP-CD molar ratio o f 1:1.

2.2.3

Form ation o f dru g/H P f-C D inclusion complexes

The ’"^C-labelled HPp-CD aqueous solutions were added either to appropriate amounts o f
the corresponding drugs (equimolar to HPp-CD) or preformed labelled drug film s, as
described above, and allowed to stir continuously at 20°C for up to four days in order to
establish kinetic and thermodynamic equilibrium.

In each case, a variable amount o f

unsolubilised drug was present after this time.

The drug/HPpCD suspensions were

centrifuged at 70,000xg for 60m in in a refrigerated Sorval Plus Combi ultracentrifuge,
yielding pellets and clear supernatants. Quantitative determinations o f the complexed drug
and HP P-CD content were performed on known volum es o f the supernatants by
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measurements o f respective radioactivities, or where unlabelled drug was used, by
ultraviolet

(U V )

spectrophotometry

at

the

appropriate

wavelength.

Recovery

of

uncomplexed, precipitated drug could be measured by solubilising the pellets with ethanol
or ethanol/chloroform (1:1) and assessing radioactivity levels. In some cases, the
supernatants were lyophilised in a freeze-dryer (Edwards M icroM odulyo, UK ), to yield
solid drug/cyclodextrin com plexes, which were stored at -20°C for future use.

2.2.4

Verification o f dru g/ H Pp-C D inclusion complex form ation

A s apparently no single technique exists to establish unequivocally com plex formation in
solution, it is usual for several techniques to be used each indicating the probability o f
host/guest interaction.

The follow ing methods were used in this thesis to corroborate

com plex formation:

(a)

Increased solubility o f poorly water-soluble drugs

A screening procedure was carried out initially with each drug to ensure that it was able to
form inclusion com plexes with HPp-CD at readily detectable appropriately labelled,
amounts. Small quantities o f drug (5-10 mg) were each stirred with 20-40m g o f HPP-CD
in aqueous solution, also radiolabelled as described in 2.2.2.

In the case o f DH EA and

HP p-CD, when m ixed in a 1:5 molar ratio most o f the DHEA was seen to be solubilised by
the clear HPp-CD aqueous solution obtained. This was less obvious, visibly, with 1:1 molar
ratio concentrations but ^H (drug) measurements in the supernatants indicated complex
formation.
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(b) Gel filtration chromatography

The dextran-hased materials o f Sephadex gel (Pharmacia, UK) have becom e popular as gel
filtration media since their introduction in 1959, for the rapid separation o f m olecules over
a wide size range. In gel filtration chromatography m olecules are separated, according to
their size, as they pass through a gel-packed column. While small m olecules enter the gel
heads and are retarded, according to their size, in their passage down the column, m olecules
that are large enough so as to he unable to diffuse into the gel, m ove together with the
eluent, in the forefront. M olecules thus leave the column in order o f decreasing size due to
the sieving effect o f the gel: for this reason, this technique is also referred to as molecular
sieve chromatography, size exclusion chromatography and gel permeation chromatography.
Powdered Sephadex G-10, which can separate peptides and other small m olecules within
the fractionation range o f up to ISOODa, was allowed to swell for 3h at 60°C in deionised
water and packed slow ly into a glass column (10x1 ml) plugged with glass w ool, making
sure to exclude air bubbles. The gel was equilibrated with two column volum es o f PBS.
Samples o f the com plexes (typically 0.5 ml) were gently layered onto the drained bed
surface, allowed to drain into the gel and washed by the addition o f small volum es o f PBS
(0 .5 -1ml). Subsequently, a PBS-filled reservoir was attached to the top o f the column under
vacuum; elution from the column was facilitated by the gravitational flow from the
reservoir and the vacuum conditions between the reservoir and colunm. Fractions (2 5 -3 Ox
0.5ml) were collected with a fraction collector (Redifrac, Pharmacia LKB Biotechnology,
UK) equipped with a drop counting device. The number o f drops equivalent to 0.5m l was
ascertained and the device calibrated for each individual collection. Each fraction was
assayed for the presence o f radioactivity:

[^H] and ['"^C] readings in the same fractions
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indicated com plex formation with drug and HPp-CD respectively. Where unlabelled drugs
were used, optical density (O .D.) measurements coinciding with [’'^C] measurements was
presumed to demonstrate the presence o f an inclusion complex.

(c)

M odification o f absorption spectra

Since cyclodextrin m olecules have no chromophores that may cause interference, it is
possible, in some cases, to demonstrate their inclusion o f guest m olecules by monitoring
the UV spectrum o f the proposed guest m olecules in inclusion com plexes.

Complex

formation can sometimes result in changes to the guest m olecule's spectrum, notably peak
shape, peak wavelength and molar absorptivity. These changes tended to be minor in most
cases o f drug/ HPp-CD used in this study. As all drugs were insoluble in water, wavescans
o f uncomplexed drugs were not possible to obtain in aqueous solutions but the Im ax o f
uncomplexed drugs, as given in the Merck Index, were used for comparison.
Procedures were carried out on a Wallac Compuspec U V /visible spectrophotometer
(Wallac UK. Ltd.), connected to a personal computer.

(d) Differential scanning calorimetry (DSC)

Differential scanning calorimetry can be used to demonstrate the complexation o f certain
guests, but the technique is only qualitative. Complexes in solution must be dried before
analysis can be carried out. This thermoanalytical method is generally used to determine
melting points (mp) o f solid materials.

Cyclodextrins do not display m elting points as

such, but decompose around 250-300°C. Three o f the most frequently used drugs in the
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present work have established melting points which were not apparent when the same
lyophilised drug/HP P-CD inclusion complexes were processed by DSC. The absence o f a
characteristic melting peak o f the drug is an indication o f complexation as this is masked by
inclusion in the cyclodextrin cavity and their decomposition occurs along with cyclodextrin
above 220°C. The technique is limited to those guests with m elting points that are lower
than the decomposition temperature o f the cyclodextrins used. The procedure was carried
out for DHEA, RET and DEX on a Perkin-Elmer D SC 7 differential scanning calorimeter
using nitrogen as the purging gas. Samples o f drugs, physical mixtures o f drug and HPpCD and lyophilized drug/ HPp-CD complexes (3-5 mg) were weighed into aluminium pans
and hermetically sealed. The programme was set to heat the samples from temperatures
between 50°C to 300°C and a heating rate increment o f 10°C/min selected in order to
obtain satisfactory endotherm peak resolution with the minimum o f temperature-lag effects.
Baseline optimisation was performed before each run.

(e) Nuclear magnetic resonance (*H NM R)

The position (in frequency) o f the NM R lines on any N M R spectrum is related to the
effective environment o f the nucleus considered. Any process leading to a m odification o f
the magnetic environment w ill result in a shift o f the relevant line. This variation may be
due to a modification in the distribution o f charges in local conformations or to the
approach o f another molecule. Inclusion complexation w ill hence induce a modification o f
the chemical shifts o f the protons o f the host and guest. If a guest m olecule is
accommodated in a cyclodextrin m olecule then the host hydrogen atoms C3-H and C5-H,
located in the cavity interior, w ill be considerably shielded by the guest, while hydrogen
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atoms on the outer surface, C2-H, C4-H and C6-H, w ill be practically unaffected. This
behaviour is typical when organic aromatic m olecules are complexed with cyclodextrins.
Apart from aromatic rings, other systems capable o f inducing large effects are unsaturated
-C -C - bonds and carbonyl and nitro groups.
Obtaining a N M R spectrum by this method is possible only for aqueous solutions as
materials are routinely dissolved in deuterium oxide (D 2 O) prior to the procedure, so
comparison o f uncomplexed, water-insoluble material cannot be made. Soluble inclusion
complexes o f DHEA/HPP-CD, RET/HPp-CD and DEX/H Pp-C D, prepared initially at 1:1,
1:2.5 and 1:1 molar ratios respectively, were freeze-dried, dissolved in D 2 O (Sigm a
Chemical CO., UK) and transferred to 10mm NM R capillary tubes. An equivalent amount
o f HPp-CD was processed similarly. 'H NM R measurements were performed on all
samples using a Brucker AM 500 spectrophotometer operating at 500 M Hz in the pulsed
Fourier transform mode, and connected to an Aspect 3000 computer.

2.2.5

A ssay o f radioactivity

From all materials containing radioactivity, samples including supernatants, suspended
pellets o f drug/HP p-CD com plex reactions, liposome preparations and biological material
from animal experiments were mixed with 4 ml Wallac HiSafe 3 scintillation cocktail
(Fisher Chemicals, UK), which can be used safely (flash point, 148°C) for both aqueous
and non-aqueous materials and assayed for ^H and/or ’"^C in a Wallac 1409 liquid
scintillation counter, appropriately programmed for the simultaneous assay o f the two
isotopes.

Radioactivity measurements were taken as disintegrations per minute (dpm),

which were extrapolated automatically by the beta counter from counts per minute (cpm).
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Values obtained were used to monitor the presence o f drugs (^H), HPp-CD

and the

phospholipid DSPC ('"^C), in various samples. In the case o f liposom es, values gave an
estimation o f percentage entrapment o f drug and/or HPpCD.

2.2.6

Preparation a f m ultilam ellar vesicles (ML V)

M LV were prepared routinely from one o f a variety o f phospholipids, typically 16 or 32
pm oles, with or without the addition o f equimolar cholesterol. The lipids were dissolved in
chloroform in a 50ml round-bottomed flask (Quickfit). For the preparation o f negatively
charged liposom es, phosphatidic acid (PA) was added to the chloroform mixture as 10% o f
the total in p,moles.

If required, a radiolabelled lipid tracer (e.g. [‘"^C]-DSPC) can be

incorporated at this point.

The solvent was removed under reduced pressure by rotary

evaporation leaving a uniform thin lipid film on the sides o f the flask, which was partially
submerged in a water bath at a temperature 5-10°C above the liquid crystalline phase
transition temperature (7c) o f the particular phospholipid used. Residual traces o f solvent
were removed by flushing each flask with a stream o f oxygen-free nitrogen. Distilled water
(2ml for the above amounts o f lipid), or 2ml CF solution (20 mM) i f required, was added to
the dried film and inert gas gently layered over the flask contents. This step is important,
particularly when unsaturated phospholipids (and to some extent cholesterol) are used, to
guard against oxidation from atmospheric oxygen. The flasks were vigorously shaken or
vortexed to dislodge the lipid from the flask wall, using glass beads (1.5-2.0m m ) if
necessary, especially for high melting phospholipids such as DSPC which tend to adhere
stubbornly to the flask walls. The resulting suspensions were allowed to anneal for up to Ih
in a water bath at temperatures above the To o f the phospholipid(s) used, to ensure
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optimum formation o f MLV. Samples were stored at 4 °C under oxygen-free nitrogen until
needed.

2.2.7

Preparation o f sm all unilamellar liposom es (SUV)

To convert multilamellar vesicles into small unilamellar vesicles, sonication was performed
on the M LV samples using a Soniprep MSB sonicator, fitted with a titanium probe, 19 mm
in diameter, and adjusted to maximum amplitude so that the sample was seen to vibrate
vigorously.

On average, a one minute burst o f ultrasound follow ed by thirty seconds

cooling over a lOmin period was sufficient to produce clear preparations in which the
predominantly large vesicles in the original samples were uniformly reduced in size. Since
the sonication process itself produces heat, care was taken to maintain an even temperature
suitable for the phospholipid used (i.e. several degrees above its To) by partially
submerging the flask in a beaker o f iced-water for unsaturated phospholipids and cold
water in the case o f saturated phospholipids, in order to disperse any generated heat. After
sonication, preparations were allowed to stand for another hour at the corresponding
temperatures and the clarity checked at the end o f this time. The appearance o f cloudiness
or the presence o f “bits” in the suspensions, are indicative o f lipid aggregate formation.
Occasionally, initially clear preparations composed o f DSPC or DPPC and equimolar
CHOL became turbid and if they did not clear on repeated sonication as before, were
rejected. Phospholipid suspensions made with equimolar cholesterol were noticeably more
opaque even after additional sonication, but still translucent. Routine centrifugation at
500xg for 15min was carried out afterwards out to remove any titanium particles shed from
the probe during sonication.
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2.2.8

Preparation o f dehydration-rehydration vesicles (DR V) an d entrapm ent o f inclusion

com plexes an d other solutes

SU V (2m l), prepared as described in the preceding section, were transferred to glass
beakers o f appropriate (typically 10-25ml, depending on the final volum e to be freezedried) size and m ixed thoroughly with required amounts o f the aqueous inclusion complex
solutions.

A series o f experiments were carried out initially to determine optimum

conditions for satisfactory lyophilisation o f inclusion com plexes m ixed with SU V (see
chapter 4).

Volum es containing 20-25 pm oles HPp-CD per 32 jimoles SU V lipid with

variable amounts o f included drug, as quantified by radioactivity measurements, were
generally used.

Where HP|3-CD was entrapped alone, identical amounts (i.e. 20-25

pm oles) were added to SU V suspensions.

CF was co-entrapped into D R V with drug

com plexes or entrapped as such, at a concentration o f 20 mM per 32|LinDles lipid.

The

volume was made up to 10ml with deionised water, m ixed gently and kept at -80°C for 23h. The samples were then placed in a freeze-dryer (Edwards M icromodulyuo, UK) at a
vacuum o f 0.05 mbar and lyophilised overnight, or longer if necessary. Lyophilisation was
judged complete and successful when a homogenous 'cake' was obtained which could
freely detach from the sides o f the vessel.

During rehydration the temperature o f the deionised water, PBS and lyophilised material
was maintained above the Tc o f the phospholipids used to ensure adequate fluidity o f the
bilayers and thus provide optimum conditions for DR V formation.

This procedure was

adhered to strictly each time in order to guarantee consistency, as larger volum es o f
deionised water used for rehydration could result in reduced levels o f entrapment, while
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smaller amounts were insufficient to completely wet the material at the crucial first step.
The procedure is as follows:

the lyophilisâtes were transferred to test tubes and 0.1m l

deionised water was added dropwise while vortexing vigorously, making sure all the
material was included and, at least minimally, moistened.

After standing for 30min, a

further 0.1ml o f deionised water was added as before and again the samples were left to
stand for a further 30min. Finally, 0.8ml PBS was added slow ly with vigorous m ixing and
the samples were allowed to stand for 30-60min, with occasional vortexing.
suspensions were visibly smooth and homogeneous.

The

All volum es used here in the

rehydration procedure were suitable for liposom e preparations containing 32|Limoles
phospholipid, with or without equimolar cholesterol.

A larger lipid mass may require

proportionately higher rehydration volum es and smaller lipid loads lower, while inclusion
o f charged lipids in the initial preparation may necessitate prolonged vortexing, as
aggregation between particles and aqueous materials can cause clumping in these instances.
Non-entrapped material was separated from entrapped by diluting the suspensions with 8ml
PBS and centrifuging at 36,000xg for 25m in at 4°C. The pellets were washed at least once
with a further 4ml PBS and centrifuged again as above. The final pellets, after removal o f
supernatants, were suspended in 1ml PBS, and entrapment values calculated from the
equation:

dpm t - dpm p
% entrapment =

x 100
dpm t

Where t is the total dpm measured before centrifugation and p is the dpm present in the
suspended pellet after washing and centrifugation.
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In DRV with entrapped complexes,

values for both drug (% entrapment o f ^H) and HP(3-CD (% entrapment o f '"^C) can be
calculated.

2.2.9

Preparation o f D R V incorporating hydrophobic drugs in the bilayers

PC/CHOL (32pm oles each; 1:1 molar ratio) and DSPC (32 pm oles) were each dissolved in
chloroform (2-3ml) and 2-5m g DHEA, with known amounts o f [^H] D H EA added to both
lipid solutions.

The same amounts o f DEX, dissolved in 2-3m l chloroform/ethanol (5:1

v/v), with known quantities o f [^H] DEX, were added to a further two solutions o f
PC/CHOL and DSPC.
previously.

They were rotary evaporated to a dried thin film as described

Dispersion o f the films was carried out at room temperature (20°C) for

PC/CHOL preparations and 60°C for DSPC (above their respective

with 2ml deionised

water. Follow ing sonication to produce SU V as above, DRV were generated as described
in section 2.2.8.

2.2.10

Preparation o f carboxyfluorescein ( CF)

The aqueous phase marker, CF, was prepared as a 0.2M solution in distilled water to which
NaOH was added to bring the pH to 7.4. The acid form o f CF (as obtained from EastmanKodak) was only sparingly aqueous soluble, so half the final volum e (2-5m l) o f distilled
water was added gradually to the weighed orange powder until a dark orange-brown
solution was formed. The pH was adjusted to 7.4 with IM NaOH and the final volume
made up with distilled water.
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Solubilised CF was purified on a Sephadex LH20 column, prepared by allowing the
powdered gel to swell overnight at room temperature in distilled water. The sample was
layered gently onto the column bed, and elution with distilled water produced a series o f
clearly visible coloured bands, as the CF descended the column. The bulk o f material eluted
some 20m l after the void volume (approximately 8 0 -100ml from start o f elution). Pure CF
emerged as a bright, clear, medium orange coloured solution.

It was adjusted to a

concentration o f 0.2M by comparison with a standard concentration o f CF read on a
fiuorimeter, and appropriate dilutions were made. CF was added to SU V either alone or
together with drug/HPp-CD inclusion complexes, at a final concentration o f 20mM and
DRV generated as described in section 2.2.7.

2.2.11

A ssay o f liposom al stability

The fluorescence o f carboxyfluorescein (CF), a fluorophore, is self-quenched at high
concentrations; dilution o f CF results in enhancement o f the fluorescence. The principle
behind this fluorimetric assay involves the loss o f self-quenching ability o f CF. At high
concentrations, e.g. lOOmM, CF is in its quenched,non-fiuorescent form; however,

once

the concentration falls below a critical level, approximately lOmM, the quenching ability is
rapidly lost and fluorescence occurs. Permeability is assessed in terms o f CF latency, which
is defined as the amount o f CF entrapped within liposom es expressed as a percentage o f the
total CF present (i.e. extra- and intravesicular CF). Percentage latency o f CF in liposom es is
a measure o f their stability.

A fiuorimeter (Perkin Elmer Fluorescence Spectrophotometer, model L S-3) was set up,
with excitation and em ission settings o f 490nm and 520nm respectively.
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Free CF in a

suspension o f CF-containing liposom es was measured in 5 pi o f liposom e suspension
diluted to 4ml with PBS. Total CF was measured by adding the detergent Triton X -100
(final concentration o f 1%), which disrupts lipid bilayers with the release o f all entrapped
CF. Complete disruption o f liposom es composed o f higher melting phospholipids can be
facilitated by incubating samples with Triton X -100 at 60°C in a water bath for 30min and
cooled before measurement. DRV made from DSPC and equimolar cholesterol proved to
be extremely “tough”, and vesicle disruption was achieved only after brief boiling o f 2 pi o f
the suspension in 2ml o f distilled water into which 1-2 drops o f 100% Triton X -100 had
been added.

Release o f CF was seen when the pale orange colour o f entrapped self

quenched CF became a bright fluorescent green on dilution.

Latency can be calculated

from the equation:
CFt - CFf
% CF latency

=

x 100

CFt

Where t is total CF present after addition o f Triton x-100, and f is free CF measured before
adding detergent.

2.2.12

In vitro stability studies

Pooled fresh rat plasma (0 .5 -1.0ml; male Wistar rats) and an equal volum e o f PBS were
incubated in separate test tubes, in a water bath at 37°C for up to 30min. U sing a stopwatch
for precise timing, 0.2-0.5ml from each liposome suspension (with known entrapment
values for drug/HP p-CD inclusion com plexes) were added to the plasma and PBS tubes,
mixed thoroughly and allowed to stand for exactly 2min per tube. Known amounts (usually
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50% o f the total volume for two time points) o f the mixtures were removed into centrifuge
tubes containing a volume o f PBS (typically 4 -5m l), and centrifuged for 30min at
36,000xg. Measurement o f radioactivity in samples o f pellets and supernatants were used
to assess and compare the stability o f DRV preparations in both plasma and PBS, by
monitoring the leakage o f
intervals.

(drug) and

(HPp-CD) into PBS m edia after timed

The remaining liposom e suspensions were left to incubate until the next time

point (in present cases, 60min or 70min total) and centrifugation and measurements o f
pellets and supernatant repeated.

Amounts o f radioactivity in the pellet reflect intact,

encapsulated liposomal drug/HP p-CD inclusion complex, uncomplexed but still liposomeentrapped HP p-CD or uncomplexed drug, while those in the supernatants indicate the
degree o f leakage and, by inference, the stability o f each liposomal preparation in plasma
and PBS as a function o f time. In all cases, recovery, as assessed by pellet plus supernatant
values, was over 90%.
For DR V containing CF, studies were carried out as described and liposom al stability
quantified by dye fluorescence measurements (section 2.2.9).

2.3

Animal experiments

Male Wistar rats, 100-200g in weight, were obtained from Harlan-OLAC,UK, and
acclimatised in regular surroundings and conditions for at least one w eek prior to
experimentation. A conventional diet and water were available a d libidum.
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2.3.1

Intravenous adm inistration o f m aterials

Rats were injected into one o f the two lateral tail veins, which became prominent after
warming the tails under running water (40-50 C) for several minutes. The rats were held in
a specially constructed restrainer adjusted to an appropriate size that prevented them
jerking forward upon penetration o f the vein.

Precise amounts (0 .5 -1.0ml) o f the

preparation (e. g. liposome-entrapped drug/HP p-CD inclusion com plexes, entrapped HPPCD only or free HPp-CD alone, radiolabelled with their respective isotopes) were injected
slow ly into one o f the tail veins using a 1ml syringe (16mm length, 25G x 5/8 needle).
Gentle pressure applied to the injection site prevented bleeding when the needle was
withdrawn.

2.3.2

Collection o f urine

The animals were housed in individual metabolic cages 2-3 days prior to treatment in order
for them to becom e acclimatised to such conditions. These cages allow free access to food
and water and are designed so that urine can be collected over hours or days without faecal
contamination.

Urine was collected over twenty- four hours follow ing injection, the

volum es noted and samples measured.

2.3.2

Collection o f blood

When blood samples were required from the same rats over time intervals, the tails were
again warmed and a small incision, using a sharp scalpel blade, made in a different vein
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from that used for injection.

Blood (5O-lOO|0-l) was collected in pre-heparinised glass

micro-capillary tubes, suitably calibrated, and added to 0.4m l cold PBS.

The red blood

cells were sedimented by centrifugation at 2000xg for 10 min and the supernatant or a
sample therefrom, added to 4ml HiSafe scintillation cocktail for beta counting as described
before (2.2.5).
Blood at final time intervals was collected (up to 5ml) by decapitation o f the rats with a
guillotine and, follow ing precipation o f red blood cells by centrifugation at SOOOrpm, the
plasma was used as such for measurements.

2.3.4

Rem oval an d processin g o f tissues

Follow ing the killing o f the animals by decapitation or cervical dislocation, livers, kidneys
and spleens were removed and placed in separate jars containing cold solutions o f 1%
Triton X -100, which aids tissue breakdown, during homogenisation.

Whole livers,

weighing between 8-15g depending on animal size (150-250g), were hom ogenised with
sufficient 1% Triton X -100 using a Polytron PT 3000 (Kinematica AG ) at speeds o f up to
15,000 rpm and for sufficient time to produce a smooth suspension. The final volume o f
the liver homogenates was made up to 20 ml with deionised water, including washings
from containers and probe. Kidneys and spleen were processed similarly, the final volume
in their case being 10ml. Samples taken (0.1-0.2m l) after thorough vortexing were added
to 4ml H iSafe and counted as before (section 2.2.5).
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2.3.5 Subcellular fractionation o f livers

Liver is made up mainly o f hepatic parenchymal cells and Kupffer cells, the latter taking up
most DR V introduced into the circulation. A diagram o f the structure o f a Kupffer cell is
shown in figure 2.1. This cell is probably the most studied o f all cells from a biochemical
viewpoint, partly because o f its availability in relatively large amounts, its suitability for
fractionation studies and diversity o f its functions. The hepatocyte contains the major
organelles

found

in eukaryotic cells

and o f these,

four were

isolated:

nucleus,

mitochondria-lysosomes, m icrosomes and cytosol.
Most organelles are labile and subject to loss o f biological activity o f their enzymes and
other constituents; therefore fractionation procedures need to be carried out under mild
conditions. Significant losses o f activity can occur at room temperature, partly owing to the
action o f various digestive enzymes (e.g. hydrolases, nucleases, proteases etc.) liberated
when cells are disrupted. To prevent further metabolic processes all liver samples, solutions
and containers were stored on ice during the procedure. Follow ing their removal, the livers
were washed with ice-cold 0.9% NaCl, blotted with filter paper and weighed. The livers
were then minced manually with fine surgical scissors into small fragments and one gram
weighed which was suspended in 4ml iso omotic sucrose solution (0.3M ). Each sample was
hom ogenised in a thick-walled glass tube with a motorised close-fitting P.T.F.E. plunger.
Usually a 10 second burst at low speed three times, while the tube was kept surrounded by
iced water, was sufficient to produce a homogenate containing intact organelles.
Differential centrifugation o f a homogenate to isolate subcellular fractions is a technique o f
central importance in biochemistry. The classic method uses a series o f three different
centrifugation steps at successively greater speeds, each yielding a pellet and supernatant.
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Figure 2.1

Schematic representation o f a rat liver cell with its major organelles.

Taken from Harper Biochemistry, 1991.

The supernatant from each step is subjected to centrifugation in the succeeding step and the
end result is three pellets and a final supernatant. Centrifugation o f the hom ogenised livers
at 4°C for lOmin at 600xg precipitated the nuclei as well as unbroken cells and debris
(nuclear fraction). The pellet o f this fraction was washed with a further 3ml 0.3M sucrose
and centrifuged as before. After removal o f the supernatants the pelleted nuclear fraction
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was suspended in 2ml 0.1% Triton X -100.

The combined supernatants were further

centrifuged at 4°C for 30min at 14,000xg, producing a further supernatant, which was
removed and retained. Again, the pellets were washed with 3ml 0.3M sucrose and
centrifuged as before. This supernatant was added to the first and the pellet suspended in
2ml o f 0.1% Triton X -100. This is the mitochondrial - lysosom al fraction, or, perhaps more
accurately, the lysosom e-rich fraction. Further centrifugation o f the combined supernatants
at 100,000xg for 45m in resulted in sedimentation o f the microsomal fraction which, after
washing (with 3ml 0.3M sucrose) and repeat centrifugation, was in turn suspended in 2ml
0.1% Triton X -100 once the supernatant had been removed. This final remaining
supernatant constitutes the cell sap fraction or cytosol. In each case, a 0.2m l sample from
each o f the fractions was taken for measurement.
It has been established by the use o f electron microscopy and the presence o f suitable
“markers” such as enzymes or chemical components that these centrifugation velocities
separate relatively pure organelles. For instance, D N A can be found in the nuclear fraction
while high concentrations o f RN A (from ribosomes) can be detected in microsomes along
with the enzyme glucose-6-phosphatase; acid phosphatase is found exclusively in
lysosom es and lactate dehydrogenase is confined to the cytoplasm. Thus, w hile accepting
the possibility o f contamination between fractions, their isolation by this method was
accepted as producing fractions o f satisfactory purity for the study in chapter 8.

Further materials and methods used for specific procedures, which form part o f the
“Results” are discussed within the relevant chapters.
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Chapter 3

Drug/HPP-CD Inclusion Complexes: Preparation and Characterisation

3.1

Introduction

The unique cavity size (6 -1 0 ) o f cyclodextrins facilitates molecular encapsulation by
means o f monomolecular inclusion com plex formation, i.e. encapsulation o f drug at the
molecular level. Cyclodextrin cavities are lined with skeletal carbons and ethereal oxygens
from glucose residues, making them lipophilic in nature with a polarity estimated to be
similar to that o f an aqueous ethanolic solution (Fromming and Szejtli, 1994). In aqueous
solution, the apolar cyclodextrin cavity is occupied by water m olecules, which

are

energetically disadvantaged because o f polar-apolar interactions and therefore can be
readily substituted by appropriate “guest” m olecules, where such m olecules are less polar
than water. The resulting host-guest (cyclodextrin-lipophilic m olecule) inclusion com plex
is

formed

without

covalent

bonding

and the

dissociation-association

equilibrium

established between cyclodextrin and guest in solution is one o f the most characteristic
features o f inclusion complexes.

Several factors can affect the binding o f hydrophobic m olecules to cyclodextrins, such as
cavity size and various chemical forces, but in general, the greater the interaction between
guest and cavity walls the greater are the binding forces (Hedges and Shieh, 1991).

A

simple example is given by a phenyl ring, which fits tightly into the «cyclodextrin cavity.
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has some room to wobble within the p-cyclodextrin cavity and has reduced contact with the
walls o f the relatively large y-cyclodextrin cavity. Substitutions on the phenyl ring itself
can influence the binding by altering its orientation within the cavity and by forming bonds
with the hydroxyl groups at the cavity rims. The com plex formed w ill always be the most
energetically favoured, whereby guest hydrophobic entities w ill achieve maximum contact
with the cyclodextrin cavity walls while any hydrophilic substituents w ill remain as far as
possible at the outer face in contact with water. Derivatisation o f the hydroxyl groups o f
parent cyclodextrins to produce modified cyclodextrins such as HPp-CD not only increases
aqueous solubility but also provides additional sites with which m olecules can interact if
appropriate, and furthermore, can lead to an increased cavity depth (Thompson, 1997).
Such modifications can enhance or reduce the binding force between host and guest
through attractive, repulsive or steric interactions. Although predicting the solubilisation o f
any given compound with parent or modified cyclodextrins continues to be highly
empirical, various historical observations permit certain generalisations. It can be said that
the lower the aqueous solubility o f a pure drug the greater w ill be its complex-form ing
ability with cyclodextrins and, secondly, cyclodextrin derivatives with lower molar
substitution (which indicates the degree o f alkylation) are better solubilisers than if the
same type o f derivatives has higher molar substitutions. Compounds that possess aqueous
solubilities in the pm ole/l range generally demonstrate superior complexation formation
than compounds having aqueous solubility upwards o f mmole/1 (Loftsson and Brewster,
1996). A s for molar substitution in modified cyclodextrins, Rao et al (1992) showed that
increasing the degree o f substitution (o f the two secondary and one primary hydroxyl
groups per glucopyranose unit) improves aqueous solubility o f the cyclodextrin but impairs
its com plexing capability, probably due to steric hindrance from bulky alkyl groups. A
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molar substitution value o f 0.4 was found to be optimal for cyclodextrins in parenteral use,
as further alkylation enhances the haemolytic effect (Szathmary, 1989).

The formation o f an inclusion complex (CD.G) between cyclodextrin (CD) and guest
m olecule (G) can be described kinetically as:
ka
CD + G - — ►

CD.G.

kd

Where ka and kd are the association and dissociation rate constants respectively.

The equilibrium is quantitatively described by the stability (or association) constant defined
by:

[CD.G]
Ka =

M-'
[CD]. [G].

Kd will be the reciprocal o f Ka. [CD.G] is the molar concentration o f the com plex and
[CD] and [G] are the molar concentrations o f cyclodextrin and guest m olecules.

These

equilibrium constants can be determined by various methods, but knowledge o f their values
is not necessary for practical purposes. However, it is important to establish that inclusion
complexation has occurred between a given compound and cyclodextrin, and how much o f
the compound has actually formed a complex.

In the present work, final drug/ HPp-CD

com plexes are generally given as a molar ratio between drug and H Pp-CD, calculated from
initial amounts used.

For instance, a compound and HP P-CD may be m ixed as starting
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materials in equimolar concentrations.

Measurements o f the final com plex formed may

show a 1:2 drug/ HPp-CD molar ratio which means that only 50% o f the drug is included in
the drug/ HPp-CD thermodynamic com plex and that HPp-CD m olecules without included
drug w ill be present, even transiently, in the aqueous com plex solution.

A number o f methods for inclusion com plex formation has been described in chapter 1,
table 1.2.

For the work undertaken here, simple mixing o f known amounts o f drug and

HPp-CD in water over several days was considered suitable. Characterisation was carried
out by methods given in section 3.2.2, the emphasis being on verification or otherwise o f
com plex formation and determination o f the drug/HPp-CD molar ratio therein.

In

preliminary studies, a number o f poorly water-soluble drugs o f appropriate size (MW up to
400Da) plus one water-soluble drug were complexed with HPp-CD and where possible,
quantification o f guest relative to HPp-CD determined. For these initial investigations size
exclusion chromatography provided a quick and easy assessment o f the extent o f com plex
formation.

Further characterisation

by additional methods, as described in chapter 2,

section 2.2.4 was applied to those drug/HPp-CD com plexes intended for liposome
entrapment and for in vitro and in vivo studies.

3.1

3.2.1

Materials and methods

M aterials

5-Fluorouracil (5-FU ), chlorambucil (CHL), benzyl penicillin (Pen G.) and bisacodyl (Bis)
were obtained from Sigma (Poole, Dorset, UK).
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DHEA, RA, RET and DEX were

purchased as described in chapter 2, section 2.1.2 and all radiolabelled isotopes as
described in chapter 2, section 2.1.3.

3.2.2

M ethods

Methods for the incorporation o f radioactive (^H and

tracers into the corresponding

drugs and HPp-CD respectively, were described in chapter 2, section 2.2.2. Each o f the
following drug/HPp-CD inclusion complexes was formed according to the procedures in
chapter 2, section 2.2.3. The use o f ethanol as a cosolvent in bisacody 1/HP P-CD com plex
formation is discussed in section 3.3.3, this chapter.
Verification o f inclusion com plex formation was carried out as described in chapter 2,
section 2.2.4. Information regarding quantities and minor procedures are discussed within
the relevant context in the “Results” section.

3.3 Results and discussion

3.3.1

Form ation and verification o f 5-FU/H Pfi-CD an d CH L/HPfi-CD inclusion
com plexes

The structures o f 5-FU and CHL are shown in figure 3.1. The molecular weights are 130
and 304 respectively and both are practically insoluble in water, properties that would
suggest suitability for complexation with cyclodextrins. While CHL has a mp o f 64-66°C,
5-FU does not exibit a mp, but decomposes at 282-283°C.
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N
a
F
O

5-FU

Figure 3.1

CHL

The chemical structures o f 5-FU and CHL

Both 5-FU and CHL are frequently used in the treatment o f a number o f cancerous
conditions.

As poorly water-soluble drugs, their adequate solubilisation for parenteral

formulations has been problematic, and CHL in particular has a very short sh elf life
(12min) in aqueous solution (Ehrisson et al, 1980) where it undergoes hydrolysis.
As radiolabelled 5-FU and CHL were not available, their quantification was measured by
optical density (O .D .) readings at their respective Im ax.

W avescans carried out on a

spectrophotometer, as described in chapter 2, section2.2.4 (c) gave a clear maximum peak
for 5-FU at 287nm and at SOOnm for CHL.
Two solutions o f HPp-CD (450 mg in 2ml H 2 O) were made, each containing ~ 4.0 x 10^
dpm ['"^C] HPP-CD. 5-FU (50m g) and CHL (24m g) were added separately at initial drug/
HP P-CD molar ratios o f 1:1 (5-FU ) and 1:5 (CHL); both solutions were stirred
continuously for 2 days. In each case unsolubilised material was visible after this period so
they were centrifuged as described in chapter 2, section 2.2.3. A portion (0.5 ml) o f each
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supernatant was applied to Sephadex G-10 columns and 25x 0.5m l fractions collected. The
fractions were assayed for

content (HP(3-CD) and O.D. readings, at appropriate

wavelengths, taken for each drug.
The pattern in terms o f 5-FU and HPp-CD elution profiles (figure 3.2) appears to be
straightforward. HPp-CD elutes relatively cleanly at fraction 8 (whether applied alone or
with included drug), which will be confirmed in many other instances (± one fraction).
From O.D. readings there is no evidence o f 5-FU present at this fraction and indeed it peaks
distinctly at fraction 15. It seems that 5-FU does not form an inclusion com plex with HPpCD which may be due to its low molecular weight (130D a), a size perhaps more suited to
the a-cyclodextrin cavity.

Furthermore, 5-FU forms crystals which decompose at 282-

283°C (Merck Index, 2001).

According to Fromming and Szejtli (1994), excessively

strong cohesion forces between the molecules o f the guest impede their separation from
each other, which is a precondition for inclusion. A measure o f the cohesion between the
m olecules o f a crystalline substance is the melting point, and where this is higher than
270°C, a stable cyclodextrin com plex cannot generally be prepared.
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Figure 3.2

O.D. readings for 5-FU at 285nm and

measurements for HPp-CD (dpm)

in fractions eluted from a Sephadex G-10 column after application o f the 5-FU/HPp-CD
mixture.

HPp-CD elutes primarily at fraction 8 while 5-FU shows a discrete peak at

fraction 15.

CHL, on the other hand, melts at 64-66°C and has a molecular weight o f 304, both factors
favouring inclusion com plex formation. Previous experimental evidence from Green and
Guillory (1989) indicated that CHL formed inclusion com plexes with P-CD and DIMEB,
increasing its aqueous solubility and stability. As CHL is an acid, the pH was adjusted to
7.5 with NaOH (IM ) prior to its addition to H PpCD. Figure 3.3 shows O .D. (CHL) and
'"‘C (HPP-CD) measurements from each o f the fractions.
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Figure 3.3

O.D. readings for CHL at 300nm in fractions eluted from a Sephadex G-10

column after application o f the CHL/HPP-CD mixture. Concomitant '"^C values represent
HP P-CD concentration in the same fractions. B CHL and HPP-CD exhibit peaks at fraction
8.

Again, a clear-cut elution profile is seen for CHL/HPp-CD (figure 3.3) and in this case it
appears that CHL and HP P-CD form an inclusion com plex, as both drug and HPpCD peak
at the same fraction. The fact that no additional peak is found at later fractions for CHL
would seem to indicate that all o f the CHL was complexed with HPp-CD. This may be the
case, or it could be that some free, uncomplexed CHL was present but below the detection
range for O .D. measurement, particularly as only SOpmoles o f CHL, m ixed with HPpCD

in a molar ratio o f 1:5, was used to start with. Due to the hydrophobic character o f CHL it
was not possible to obtain an elution profile for it or, indeed, for other poorly water-soluble
drugs. L ow (< 0.1) O.D. readings were obtained from fraction 12 onwards, decreasing
steadily. This is a pattern observed with other complexes (see later) and could be explained
by a gradual com plex dissociation on the column, whereby escalating amounts o f PBS
applied as a continuous eluent will increase dilution and cause com plex dissociation.
Uncomplexed hydrophobic drug will precipitate on the column and be washed out
mechanically in a gradual fashion.

This does not invalidate presumptions o f inclusion

complex formation: a percentage o f the drug remains complexed as shown by peaking at
the same fraction as HPp-CD, but an indeterminate amount may be dissociated due to
eluent dilution and this “trails” over subsequent fractions. Gel filtration chromatography is
qualitative only and cannot quantify com plex molar ratios.

3.3.2

Form ation and verification o f benzylpenicillin/HPfi-CD inclusion com plexes

COOH

Figure 3.4

The chemical structure o f benzylpenicillin (Pen G)
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Benzylpenicillin was used in the form o f its sodium salt-penicillin G (Pen G), which is
freely soluble in water. Although at a molecular weight o f 356.4 and with an mp o f 214217°C, it should be suitable for inclusion complex formation, nevertheless its hydrophilicity
may hinder significant or stable complexation with HPp-CD, or prevent it from happening
in the first instance.
A wavescan o f Pen G gave a Im ax at 258.6nm with smaller peaks at 252 nm and 264 nm.
As Pen G is water-soluble a solution (5m g/0.5m l H 2 O) was passed through a Sephadex G10

column and fractions measured to determine its elution profile: a definite peak was

obtained at fraction 17 (figure 3.5).
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Figure 3.5

Pen G (5m g/0.5m l H 2 O) was eluted through a Sephadex G -10 column and 25x

0.5m l fractions collected. O.D. measurements at 258.6nm indicate a peak for Pen G at
fraction 17.
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Two solutions were set up to stir for 3 days, each containing 36m g Pen G (lOOpmoles) but
one containing 450m g HPp-CD (391|Limoles) and the other containing llS m g HPpCD
(lOOpmoles). Both HPp-CD solutions were spiked with 4.0 x 10^ dpm and 2.0 x 10^ dpm
[‘"^C] HPp-CD respectively.

Final solutions were clear and 0.5 ml o f each was placed on

two separate columns and 25 x 0.5ml fractions collected in each case. Optical density
measurements at 258.6nm were determined and ’"^C assayed in all fractions; the results are
shown in figures 3.6 (1:4 Pen G/HPp-CD molar ratio) and 3.7 (1:1 Pen G/HPp-CD molar
ratio).
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Figure 3.6

Pen G and HPp-CD were mixed in a 1:4 molar ratio. Follow ing stirring for

three days, 0.5m l was eluted through a Sephadex G-10 column and fractions collected.
O.D. measurements show a possible small peak for Pen G at fraction 9 and a larger peak at
fraction 18. '"^C peaked at fraction 8 .

91

What these results show (Figures 3.6 and 3.7) is that, as expected, only very modest
amounts o f Pen G appear to form complexes with HPp-CD. At both drug/HPpCD molar
ratios (1:4 and 1:1) only a small amount o f Pen G elutes with HPp-CD at fraction 8 , while
most o f the drug is found in fraction 17, which was established as the fraction where most
o f the free Pen G eluted (figure 3.5).

This is hardly a surprising result: polar Pen G

m olecules exist alongside HPp-CD m olecules quite stably in aqueous solution with perhaps
only a very small percentage ever forming complexes.

Any significant positive entropy

change achieved by substituting one polar entity for another is unlikely to affect the overall
equilibrium o f water-soluble drug and water-soluble HPp-CD in aqueous solution.
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Figure 3.7 Pen G and HP P-CD were mixed in a molar ratio o f 1:1. Follow ing stirring for 3
days, 0.5m l o f the aqueous solution was placed on a Sephadex G-10 column and 25 x 0.5m l
fractions collected. O.D measurements show a small peak for Pen G at fraction

8

coinciding with the expected ['"^C] HPp-CD at the same fraction. M ost o f the Pen G elutes
at fraction 17 as uncomplexed material.
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3.3.3

Formation o f bisacodyl/HPfi-CD inclusion complex: effect o f including a cosolvent

Figure 3.8

The chemical structure o f bisacodyl (Bis)

In an attempt to investigate a possible role for ethanol as cosolvent with cyclodextrins,
inclusion com plexes were formed between bisacodyl and HPjTCD alone, and bisacodyl
combined with ethanol and HPp-CD.
Pitha and Hoshino ( 1992) have reported that the complexation constant o f testosterone with
HPp-CD is 10,000-fold lower in 80% ethanol than in water, reasoning that the cosolvent
may act by competing with the drug for entry into the cyclodextrin cavity or by reducing
solvent polarity.

On the other hand, studies by Zung et al (1991) found that the

complexation constants o f both pyrene/p-CD and pyrene/y-CD were much greater in the
presence o f alcohol than water alone, and suggested that cosolvents act as space-regulating
m olecules, som ehow allowing a better fit in the cyclodextrin cavity, a scenario that may
apply to small m olecules, such as pyrene (MW 202), in large cavities such as ycyclodextrins.

Bisacodyl (Bis) is a diphenylmethane stimulant laxative with associated

irritant side-effects. It has a molecular weight o f 361.4 , is practically insoluble in water
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but freely soluble in ethanol and it melts at 138°C. Three solutions o f HPp-CD were made
containing 25m g, 125mg and 250m g each plus 4.0 x 10^ dpm ['"^C] H Pp-CD, in 2 ml water.
To each solution 7.3m g Bis was added, as a powder, and all were allowed to stir for 3 days
as before.
respectively.

These amounts represent Bis/HPp-CD molar ratios o f 1:1, 1:5 and 1:10
Unsolubilised material was apparent in each case after stirring, but visibly

less when more HPp-CD was used. Follow ing ultracentrifugation, pellets (free Bis) and
supernatants were separated and the pellets air-dried. A wavescan o f B is in ethanol had
shown a Im ax at 2 79.8nm while a similar Im ax was obtained for B is/H PpC D , albeit with
a reduced and broadened peak. The O.D. o f samples from each supemantant and from dried
pellets, solubilised in ethanol, (1ml) was read at 279.8nm, and '"^C was assayed as before.
Comparisons with a standard curve prepared with varying amounts o f B is in ethanol
allowed quantification o f complexed Bis (in supernatant) and uncomplexed Bis (solubilised
pellet). Results, shown in table 3.1 show that even at higher HP P-CD concentrations, not
all o f the Bis can be solubilised (samples 1-3).
In an attempt to solubilise B is fully with HP13-CD, 7.3m g was dissolved in ethanol (2ml)
and 250m g HPp-CD (1:10 Bis/H Pp-CD molar ratio) added (sample 4). HP P-CD is only
slightly less soluble in ethanol than in water, nevertheless a turbid suspension was formed
which did not change with continuous stirring. Follow ing lyophilisation, H 2 O (2ml) was
added to the freeze-dried material, which dissolved immediately to give a clear solution,
presumably an inclusion complex. Measurements o f optical density and calculation from
the standard curve showed that indeed, all o f the Bis (7.5m g recovered) was solubilised by
HPp-CD (table 3.1).
On the basis o f these results it would appear that ethanol could be useful for complexation
o f some hydrophobic drugs.

However, the FDA specify a maximum ethanol content o f
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10% in approved parenteral products, due to irritancy and general toxicity (Li et al, 1999).
Stella et al (1999) reported on side-effects from an experimental cyclodextrin-formulated
drug which had been masked by the presence o f ethanol, as co-solvent in combination with
cyclodextrins, in a previous formulation.

Furthermore, additional characterization o f

ternary com plexes o f drug/HPp-CD/ethanol would need to be undertaken, e.g. in order to
assess stability on storage. For such reasons cosolvents were not pursued in further work.

Table

3.1

Initial and final molar ratios o f Bis/H Pp-CD before and after inclusion

complexation.
B is/ HPpCD

molar ratio

B is/ HPp-CD

Sample

B is(m g)

1

7.3

25

1:1

1:2

2

7.3

125

1:5

1

3

7.3

250

1:1 0

1:1.5

4

7.3

50

1 :1 0

HPp-CD (mg)

com plexed molar ratio

:1 . 6

1:1

Aqueous solutions o f HPP-CD with ['"^C] HPP-CD, at three different concentrations
(samples 1-3) were each m ixed with equal amounts o f Bis. Molar ratios o f B is and HPp
CD, follow ing

complexation,

were calculated from Bis

(m g) in the supernatant

(com plexed) and pellet (uncomplexed) if any, by reference to a standard curve. HPpCD
was measured by

assay. In sample 4, B is was dissolved in ethanol into which H PpCD

was added. For other details, see text.
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3.3.4

Form ation and verification o f inclusion com plexes o f DHEA, RA, R E T and D E X
with H Pfi-CD

Figure 3.9

The chemical structure o f dehydroepiandrosterone (DHEA); M W 288.4; mp

152-153°

CH.
COOH

Figure 3.10

The chemical structure o f retinoic acid (RA); MW 300.4 ; mp 180-182°C

OH

GH;

OH

CHg

Figure 3.11

The chemical structure o f retinol (RET); MW 286.4; mp 62-64°C
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OH
HO,
CH3

Figure 3.12

The chemical structure o f dexamethasone (DEX); MW 392.5; mp 262-264°C

Four drugs - DH EA, RA, RET and DEX were each mixed with their respective
radioactive tracers (2.0-4.0 x lO^dpm as described in chapter 2, section 2.2.2.
labelled with 4.0-6.0 x 10^

HPp-CD,

HPp-CD was added and com plexes formed as described

previously (chapter 2, section 2.2.3).

Table 3.2 lists the starting amounts o f each drug,

together with corresponding amounts for HPp-CD at the molar ratios shown. A lso reported
in table 3.2 are the actual amounts o f drug and HPp-CD (as measured from supernatants
recovered follow ing complexation and centrifugation to remove insoluble drug residue and
any uncomplexed free drug) that formed complexes and the final drug/HPP-CD molar ratio.
These results represent examples from many experiments, particularly for DH EA, RET and
DEX , complexed with HPp-CD.
A s with 5-FU, CHL and Pen G, a sample (typically 0.5 ml) from each drug/HPpCD was
eluted through a Sephadex G -10 column. Fractions (25 x 0.5 ml) were collected and each
fraction assayed for ^H (drug) and ^'^C (HPp-CD) to confirm com plex formation. Results
are shown in Figures 3.13 - 3.16. The elution profile o f DHEA/HPp-CD is shown in figure
3.13. DH EA obviously forms an inclusion com plex with H PpCD as both elute at fractions
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8-9. However, high values are obtained for DHEA right down to fraction 25 with minor
peaks at fractions 15 and 18 and larger peaks from fractions 20 onwards. This particular
profile o f DHEA/HP(3-CD com plex column elution is probably characteristic for
DH EA/H Pp-CD as it washes o ff the column.

It w ill be noted in later chapters that,

although DH EA readily forms an inclusion com plex with HPp-CD it appears to just as
readily dissociate when there are environmental changes to the thermodynamic equilibrium,
in this instance progressive dilution by the PBS eluent. Uncom plexed D H EA displays an
irregular column distribution (as shown by eluted fraction values) with high amounts o f
[^H] DH EA found in fractions 20-25, which may simply reflect a characteristic elution
pattern for DH EA , especially as such a profile was seen consistently.
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Figure 3.13

DH EA, labelled with

was complexed with HP(5-CD, labelled with "C , in

a 1:1 molar ratio. The aqueous material was eluted through a Sephadex G-10 column and
collected fractions were assayed for ^H (DHEA) and

9%

(HPp-CD).

Table 3.2

Amounts o f drug and HP(3-CD mixed for complexation and actual quantities

complexed.

Drug (mg)

HPp-CD

Drug/HPP-CD

Drug

HPp-CD

Drug/ HP P-CD

(mg)

molar ratio

complexed

complexed

molar ratio

(mg)

DH EA , 6.3

RA,

RET,

DEX,

25

(mg)

:1 . 0

4.8

22.5

1:5.0

10 .6

239.0

1

1

1 1 .2

225

12.4

50

1

:1 . 0

11.1

46.2

56.0

225

1

:1 . 0

26.4

218.0

1 2.1

10.0

1 0 0

1 2 .6

:

3.7

6 8 .8

1.5.0

1 0 .0

1 0 0

1 2 .6

:

4.2

6 6 .8

1:4.1

2 .0

1 0 0

1 :12.4

1.6

70.9

1

10.0

1 0 0

1:2.5

2 .6

45.0

1:4.3

12.4

50

:1 . 0

2.9

50.0

1:4.4

6 .0

1 0 0

1:4.0

4.5

70.0

1 6 .2

17.0

50

1

:1 . 0

6 .0

31.0

1

18.0

54

1

:1 . 0

3.4

28.4

1:2.9

25.0

1 0 0

1:1.4

24.4

8 6 .0

1

Drugs, labelled with

1

were stirred with HPP-CD, labelled with

1:5.6
1

(HP P-CD) gave actual amounts o f drug and HP P-CD complexed.
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:1 . 1
:

:11

:

:1 . 8

:1 . 2

for 4 days.

Follow ing centrifugation a pellet and clear supernatant were obtained. A ssay o f
and

:1 . 2

(drug)

The drug/HPP-CD molar ratios appear to be consistent with the initial amounts o f each
drug and HPp-CD mixed initially. For instance, a starting molar ratio for D H EA and HPp
CD o f 1:1 tends to form DH EA/H Pp-CD complexes with a molar ratio o f 1:1.2, while those
for RA, RET and D EX mixed with H P/pCD (initially approximately 1:2.5 for RA and
RET and 1:1 for D E X ) tend to form drug/ HPp-CD com plex molar ratios o f 1:5,1:4.5 and
1:1.8 for RA, RET and D EX respectively. Higher additions o f HPp-CD initially w ill lead to
proportionately more drug being complexed (e.g. 11.2mg DH EA m ixed with 225m g HPpCD or 2.0m g RA with lOOmg H PpC D ) with a consequently higher drug/HP P-CD fnal
molar ratio. Exceptions do occur and occasionally less than expected amounts o f drugs
(e.g.the molar ratio o f 1:2.9 obtained for DEX/HPpCD; table 3.2) are complexed, which
can be attributed perhaps to experimental error and which is fortunately uncommon.
Complex formation was confirmed for RA/HPp-CD and RET/HPp-CD by elution o f both
drugs in the same fraction as ’^C (HPp-CD). Optical densities o f both drug fractions were
measured, as com plex verification was performed prior to acquiring labelled counterparts.
In the case o f RA (figure 3.7) a definite peak is obtained at fraction

8

for both RA and HPP-

CD (''^C) and both appear to clear evenly from the column, as shown by subsequent
fraction measurements. The initial amount o f RA (2mg; 7pm oles) was reàtively low and
as it was mixed with lOOmg (87pm oles) HPB-CD, the molar ratio o f the starting materials
was 1:12.4. This would probably account for the fact that, at such initial molar ratios, all
the RA appears to have complexed with HPB-CD as no free RA was found in subsequent
fractions (figure 3.14).
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Figure 3.14.

RA and HPp-CD, labelled with

HP(3-CD were m ixed together for four

days in a 1:12.4 molar ratio. Follow ing elution o f the supernatant from a Sephadex G-10
column, 25x 0.5m l fractions were collected and the optical density was measured at a
wavelength o f 335nm to determine RA elution profile. Both RA and HPp-CD peaked at
fraction 8 .

The RET/HPp-CD molar ratio, on the other hand, was more than 5-fold greater, i.e. 1:2.5
RET/HPp-CD. The elution pattern (figure 3.15) shows that while there is a peak at fraction
9 for RET and a peak at fraction
at fraction 17.

8

for HPP-CD, a further peak for RET only was recovered

A difference o f one or two fraction (eg. 9 and

8

as here) in peak

concentrations is not significant for com plex formation verification, and can be seen for
D EX/H Pp-C D also. While uncomplexed RET peaks at fraction 17, substantial amounts are
recovered in fractions prior to this peak and in decreasing amounts in subsequent fractions.
This “trailing” phenomenon has been discussed above and appears to be comm on for
hydrophobic/cyclodextrin com plexes, particularly where drug and HPP-CD are complexed
in similar molar ratios.
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Figure 3.15. RET (lO m g) and HP|3CD (lOOmg), labelled with ['“C] FlPp-CD, were stirred
together for four days in a 1:2.5 molar ratio. Follow ing elution o f the supernatant from a
Sephadex G-10 column fractions (25 x 0.5m l) were collected. Optical density at 285nm and
radioactivity measurements indicated com plex formation with a substantial amount o f RET
eluted gradually as free material.

DEX, again as w ill be seen in later chapters, appears to form more stable inclusion
com plexes with HPp-CD. Figure 3.16 shows peaks for D E X and HPp-CD at fractions 11
and 9 respectively, indicating com plex formation. There is a further minor peak for DEX at
fraction 19, which must be uncomplexed DEX but as substantial amounts o f D EX are
found in all fractions collected, it is difficult to conclude other than that dissociated DEX is
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gradually being washed o ff the column. The elution profile o f free D EX is not similar to
that o f free DHEA: free D EX was uniformly eluted, whereas DH EA had an uneven elution
profile with high values in fractions 20-25. Again, this particular profile is probably
characteristic for DEX/HPp-CD inclusion com plexes and factors that determine such
patterns are as yet unknown.

Ê 2000000 1

j

Q.

--

% 1500000H
”

o

.2
ID
S.

1000000

--

-

500000 H

--

0

20

-30

25000 E
Q.
■
20000 o
a'
15000 >
*3
10000 O
(0
o
5000 '•B
(0
q
:
0

14C
3H

Fraction no.
Figure 3.16 D E X (17m g), labelled with [^H] D EX , was complexed with HPp-CD (50m g)
labelled with [’"^C] HPp-CD in a 1:1 molar ratio. Follow ing elution through a Sephadex G10 column, fractions were assayed for ^H (DEX) and ’"^C (HPp-CD).

Whatever the explanation for indeterminate and inconsistent free drug behaviour as it
dissociates from HPp-CD and passes through the column, size exclusion chromatography,
despite its drawbacks, is a convenient, if rough and ready way to verify drug/HP pCD
inclusion com plex formation.
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3.3.5

Confirmation o f complex formation by modification o f absorption spectra

The high electron density prevailing inside the cyclodextrin cavity m obilizes the electrons
o f the incorporated m olecules.

This results in characteristic changes in various spectral

properties o f the guest. For example, on adding a-CD to a methyl orange solution with an
absorbance o f 0.590, this drops to 0.020, i.e. the colour practically disappears. Addition o f
ethanol causes the reappearance o f colour, as the alcohol ousts the indicator from the
cyclodextrin cavity.

Methyl orange and other indicators such as phenolphthalein, congo

red etc. are designed to change colour on alteration o f pH; this effect is also seen in the
presence o f cyclodextrins. Less dramatic changes are more frequently observed such as a
bathochromic shift and/or band broadening. Pharmacological products are often a diverse
combination o f side chains and aromatic rings, all o f which can produce major or minor
peaks along the U V and visible spectrum. Assignment o f peaks and points o f inflection,
with reference to the spectra o f individual components and their bonding characteristics,
can be complicated and is beyond the scope o f this thesis. The shift in absorption maxima
encountered sometimes for compounds follow ing complexation, may be explained by a
partial shielding o f the excitable electrons in the cyclodextrin cavity and o f the n electrons
o f chromophoric aromatic rings.

Such shifts have been observed with cyclodextrin

complexes o f salicylic acid, vitamin K 3 and vitamin D 3 (Fromming and Szejtli, 1994) and
recently Van H ees et al (2002) showed shifts in the Im ax o f piroxicam (N S A ID ) to lower
wavelengths with increasing concentrations o f P-CD.
In the present work, wavescans o f RA and RET/ HP13-CD com plexes were performed and
the Im ax values obtained for complexed RA and RET compared with those o f
uncomplexed drugs as given in the Merck Index (2001). RA, dissolved in ethanol, has a
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given Im a x at 351nm. A sam ple (0.2m l) o f aqueous RA/Hffi-CD inclusion com plex was
scanned as shown in figure 3.17, and resulted in a definite, if slightly broad peak at 335 nm.
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3.17

U V -visible spectrum o f R A /H Pp-C D inclusion com plex

The shift in Xmax for R ET/H P P-CD com pared to RET alone was greater. Figure 3.18
shows a peak at 285nm for RET when com plexed, com pared to a value o f 324nm obtained
when RET alone, dissolved in ethanol, was m easured. Interestingly, the O.D. readings for
RET/H P P-CD at 285 nm w ere 4-5 fold greater than when the same sam ple was read at
334nm .All RA and RET readings were m ade in ethanol w hile those o f their com plexed
countereparts were made in w ater and this may not be considered a valid com parison.
How ever, it cannot be carried out differently and is an accepted indication o f inlusion
com plex form ation.

The m agnitude at these shifted w avelengths o f 335nm and 285nm

were - 1 6 and - 3 9 for RA and RET respectively.
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i. 3.6

UV -visible spectrum o f RET/HPp-CD inclusion complex in water.

Confirmation o f complex form ation by DSC

Details for the preparation o f samples for DSC are described in chapter 2, section 2.2.4 (d).
In the present work, DHEA/HPp-CD inclusion complex was characterized by DSC as an
example.
Thermograms for DHEA, HPp-CD and DHEA/HPp-CD inclusion complex are reported in
figures 3.19 - 3.21.

DHEA alone gives a thermogram showing an endothermie peak at

154.1°C, which probably corresponds to the melting point o f DHEA. The thermogram o f
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HPp-CD is typical for cyclodextrins in general: no peak is observed but thermal
decomposition takes place above 320°C.

The thermogram for DHEA/HP(^CD inclusion

complex is essentially identical to HP(3-CD alone (figure 3.19): DHEA is masked by its
inclusion in the cyclodextrin cavity and does not exhibit an endothermie peak at 154.1°C or
at any other region o f the thermogram. Presumably, it degrades along with HPpCD, above
320°C.

Such a thermogram is accepted (Fromming and Szejtli, 1994) as indicating

complex formation.
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DSC thermogram o f DHEA. Melting peak at 154.71°C.
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DSC thermogram for HPP-CD. Decomposition occurs over 325°C.
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DSC thermogram for freeze-dried DHEA/HPp-CD complex.
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275.0

3.3,7 Confirmation o f inclusion complex formation by

NMR spectroscopy

Since the association-dissociation process in drug/cyclodextrin com plexes in solution
between the molecular species guest/cyclodextrin and free guest and free cyclodextrin is
reversible and extremely fast (in the micro- to m illisecond range) in comparison to the time
required for NM R measurements, only a single set o f signals representing the mean o f both
sets is observed, which are weighted in proportion to the relative populations o f the
complexed and uncomplexed species (Sykes and Scott, 1972). In order to demonstrate
cyclodextrin inclusion com plex formation, the spectrum for the HPp-CD m olecule alone
was obtained and compared to the spectrum for HPp-CD with included guest. The nature o f
the com plex can be deduced from examination o f chemical shifts o f the signals arising
from the protons located within the cavity, notably H (3) and H (5). Ideally, an N M R
spectrum o f the free guest should also be available, but the hydrophobicity o f guest
m olecules used for complexation in this study, precludes such an option as explained in
chapter 2, section 2.2.4(e).
Figures 3.22 and 3.23 illustrate the ’H N M R spectra for HPp-CD and DHE A/HP P-CD
respectively. RET/HPp-CD and DEX/HPp-CD spectra are basically similar to each other,
and are not shown, but peak values (ppm) are tabulated (table 3.3). Examination o f the
spectra in figures 3.22 and 3.23 shows that a number o f HPp-CD proton signals experience
shifts when D H EA is included in the HPp-CD cavity. Protons around the propyl group o f
HPp-CD show as a single peak (at around l.OOppm), although the equivalent split peak in
figure 3.23 is more typical for propyl groups.
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Figure 3.23

500 MHz 'H NM R spectrum for DHEA/HP(3-CD in D 2 O.

Immediately downfield from this peak are a series o f peaks between 1.00-2.50ppm (figure
3.23), which are too small to measure but are indicative o f -CH 2 groups on the DHEA
molecule. These are evident also in the RET/HPp-CD and DEX/HPp-CD spectra although
proportionately less for RET, reflecting its lower concentration (mixed with HPpCD at a
1:2.5 molar ratio; chapter 2, section 2.2.4). The multiple peaks seen on the spectrum for
HPp-CD alone (3.00-4.00ppm ) are partly shielded by included drug (figure 3.23).
Molecular assignment o f signals for HPp-CD alone and for HPp-CD in the presence o f

each o f the drugs, DHEA, RET and DEX, are shown in table 3.3. These values were
calculated using the RET and DEX propyl proton assignment value (1.219ppm ) as internal
reference; regularly applied internal standards could not be used here as they may complex
with HPp-CD and interfere with results.

Table 3.4 shows the shifts experienced by a number o f proton signals, H3 and H5 being the
most affected in each case with little or no shift for H I, H2 and H4. The large upfield shifts
(AS) observed for protons H3 and H5 (located in the cavity o f the cyclodextrin) experience
relatively greater effects from the magnetic anisotropy o f the guest, clearly suggesting the
reality o f inclusion. Anomers 1 and 2 refer to protons H3 and H5 while glucose 1, 2 and 4
refer to protons H I, H2 and H4 respectively.

Table 3.3.

500M Hz ’H N M R assignments (ppm) for the proton signals o f HPP-CD and

HPp-CD complexed with DHEA, RET and DEX.

Proton

HPp-CD

DHEA/HPCD

RET/HPp-CD

DEX/HPP-CD

Propyl

1.219

1.219

1.219

1.219

Anomer 1

5.153

5.037

5.144

5.137

Anomer 2

5.333

5.182

5.279

5.279

Glucose 1

3.670

3.620

3.676

3.668

Glucose 2

3.942

3.842

3.952

3.942

Glucose 3

4.092

4.043

4.091

4.090
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Table

3.4.

Changes to the 500M Hz ’H N M R assignments for HP(3-CD proton signais in

the presence o f DHEA, RET and DEX

Change in chemical shift (A5) ppm

Proton

DHEA/HP0CD

RET/HPBCD

DEX/HPBCD

Anomer 1

0.016

0.009

0.016

Anomer 2

0.151

0.036

0.054

Glucose 1

0.050

-0.006

0.002

Glucose 2

0.100

-0.010

0.000

Glucose 3

0.049

0.001

0.002

3.4

Conclusions

Drug/HPP-CD inclusion com plexes can be formed by m ixing drug and cyclodextrin
together in aqueous solution. Known factors affecting complexation performance include
the intrinsic solubility o f the drug, its chemical structure, the compound's ionisation state
(cyclodextrins bind the neutral form o f a drug more effectively than the ionic form), and its
ability to fit into the cyclodextrin cavity. While inclusion com plexes appeared to form,
albeit with varying affinities with most compounds used in this study, notable exceptions
were low molecular weight 5-FU and hydrophilic Pen G. Co-solvents such as ethanol were
shown to have potential in the formation o f some inclusion com plexes although their utility
is controversial. Inclusion complexation was demonstrated by either O.D. readings at the
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drug's Im ax, or by radioactivity assay o f isotopes o f both drug and cyclodextrin present in
the complex. Gel filtration chromatography further indicated com plex formation: the
presence o f both drug and cyclodextrin in the same eluted fractions could only mean that
they were associated. Procedures such as U V spectroscopy can sometim es demonstrate
changes in peak wavelength and peak height o f included drugs; this was illustrated with
RA/HPp-CD and RET/HPp-CD, while DSC clearly showed alterations in thermal
behaviour (suppression o f melting point) in complexed DHEA compared to free DHEA.
Finally, shifts observed in the NM R spectrum o f HPp-CD, where the presence o f included
drugs shielded cavity protons and altered measurements, denoted inclusion complex
formation.
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Chapter 4

Entrapment of Drug/ HPp-CD Inclusion Complexes into Liposomes

4.1

Introduction

Entrapping water-soluble drug/cyclodextrin com plexes into liposom es presents a number o f
challenges not previously encountered. After more than thirty years o f liposom e research,
the outcome and behaviour o f one or several coentrapped compounds in liposom es can be
somewhat predicted. However, the drug/cyclodextrin com plex is a thermodynamic entity
in equilibrium with the surrounding media and is subject to constant interchange between
components, and influenced by even slight changes such as dilution.

Given that most

complexes have a drug/cyclodextrin molar ratio o f less than 1, it is probable that “empty”
or void cyclodextrins are present, albeit transiently, at all times. Liposom es are membrane
models consisting o f phospholipids, sometimes supplemented with cholesterol, and the
possibility o f any o f these lipid substituents displacing the drug from the cyclodextrin
cavity, over time, must be considered. Cholesterol, in particular, has a high affinity for the
hydrophobic microenvironment (Uekama and Otagiri, 1987) o f the cyclodextrin interior,
but any lipid poses a risk.

Contributing factors w ill include:

degree o f phospholipid

saturation, lipid charge, cholesterol content and, importantly, association/dissociation
constant o f the complexed drug.

Countereffects o f any, or a combination, o f these

influences could lead to bilayer destabilisation, even disintegration, and the release o f
displaced drug.

It is important, therefore, to choose the optimum conditions to forestall
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such occurrences, which means judicious choice o f liposom e constituents. Cholesterol is
too hydrophobic to form sheet structures on its own, but cholesterol incorporated into
liposomal bilayers during manufacture enhances vesicle stability both in vitro and in vivo
(Senior and Gregoriadis, 1982). However, in the present situation, where cyclodextrins are
co-entrapped with other compounds, incorporation o f cholesterol may also be instrumental
in vesicle destabilization. In biological systems cholesterol is a major determinant o f
bilayer fluidity, intercalating among phospholipids where the steroid ring interacts with,
and tends to imm obilise fatty acyl chains, while the hydroxyl group is in contact with the
polar headgroups (figure 4.1). Cholesterol restricts the random movem ent o f the part o f the
fatty acyl chains lying closest to the outer surfaces o f the leaflets, but it separates and
disperses the tails and causes the inner regions o f the bilayer to becom e slightly more fluid,
presumably facilitating transmembrane traffic while maintaining a durable margin.

As

addition o f cholesterol to liposom es is known to decrease opsonisation (Sem ple et al,
1996), one o f its roles in living organisms may be to prevent the formation o f cell-surface
defects, thus eliminating potential sites for unwanted protein adsorption. In multi-lipid
membrane system s, cholesterol interacts preferentially with the lipid component displaying
the lowest Tc (M oghim i and Patel, 1998), thus balancing overall fluidity.
Studies

on

the

interaction

of

cyclodextrins

with

dipalmitoyl-,

distearoyl-,

and

dimyristoylphosphatidylcholine liposom es, entrapping the marker carboxyfluorescein
(Nishijo et al, 2000), demonstrated minimal membrane disruption in the presence o f (^CD,
HPp-CD and y-CD, leading to the conclusion that these cyclodextrins exert their destructive
effect on lipid vesicles, primarily, when cholesterol is incorporated into the
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Arrangement o f phospholipids and cholesterol in a typical m yelin membrane.

The polar OH group o f cholesterol faces the aqueous surface o f the membrame; the
hydrophobic hydrocarbon portion nestles among the fatty acyl chains. (After D.Casper and
D. A. Kirschner, 1971).

membrane composition. The net effect o f cholesterol on vesicle membrane fluidity will
vary, depending on its concentration, but where cyclodextrins are entrapped in the interior
aqueous spaces, increased fluidity o f these regions caused by cholesterol, could have
important implications on ease o f drug displacement from cyclodextrin cavities and
liposom e destabilisation. The aqueous core o f liposom es experiences an identical
environment to the outer aqueous environment o f the liposomal suspension but, obviously,
due to differences in diameter, the packing arrangement o f the inner leaflets is considerably
denser than the outer equivalent assemblage. It is possible that cyclodextrins, entrapped in
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the aqueous phases o f liposom es w ill interact more gradually with membrane cholesterol or
other lipids, than cyclodextrins present in the outer aqueous suspension.
The membrane-disrupting properties o f cyclodextrins are well documented (Irie et al, 1982)
when administered parenterally, where they can cause widespread lysis o f erythrocytes.
However, HPp-CD is known to be only very mildly haemolytic (Thompson, 1997; Irie and
Uekama,

1999) in comparison to parent cyclodextrins or som e other cyclodextrin

derivatives, and then only with high-dose, chronic use (Brewster, 1991).

The lipid-

extracting potential o f cyclodextrins may depend on the properties o f the lipid itself. These
include: phase and structural characteristics (polymorphism), fatty acid chain length, degree
o f saturation/unsaturation o f double bonds in the acyl chains, liquid crystalline temperature
(7c) o f the phospholipid(s) used and three-dimensional packing arrangements. In order to
investigate the effect on liposome stability o f entrapped cyclodextrins, preliminary studies
were undertaken with a range o f phospholipids, with and without cholesterol, to determine
the balance o f competing factors.

A further complication may arise during entrapment o f drug/cyclodextrin com plexes at the
freeze-drying step o f the preparation process. High percentage entrapment yields typical o f
the dehydration/rehydration (DRV ) method are predicated on precise conditions, one o f
which is successful lyophilisation o f the SUV/solute mixture. Inadequate freeze-drying has
been known to compromise entrapment values in our laboratory. Sugars (in this instance
almost certainly cyclodextrins) are known to be cryoprotectants, a property that appears to
be dependent on concentration. This can be advantageous in the lyophilisation o f certain
lipid preparations, particularly in reducing vesicle fusion and maintaining original size
(Crowe and Crowe, 1995). In the preparation o f DR V a degree o f SU V fusion is essential.
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The influence, if any, o f cyclodextrins on liposom e lyophilisation during DR V preparation
has not been studied but it seemed w ise to dilute the drug/CD/SUV mixture with water,
prior to freeze-drying.
However, dilution o f drug/cyclodextrin com plex solutions is known to facilitate complex
dissociation, so a further balancing act is required.

Finally, other questions arise:

how

much drug/cyclodextrin com plex can be entrapped in any given liposomal preparation,
what are the limits o f these amounts and can their presence, in excess, have deleterious
consequences?

This was uncharted territory with no precedents for guidance or

comparison.
The follow ing approaches were adopted to clarify some o f these issues:

i.

The entrapment yields were determined, and the integrity o f the drug/cyclodextrin
com plex assessed, when entrapped in a range o f commonly used phospholipids with
diverse properties, with and without cholesterol

ii.

Once suitable lipids were chosen, differing amounts o f drug/cyclodextrin complex
were entrapped in each o f these compositions to gauge optimum percentage
entrapment levels achieved with which amount

iii.

A ll o f the preparations used in (ii) were diluted with four different volum es o f water
before freeze-drying, and any adverse consequences o f these variants on complex
dissociation or entrapment values, assessed.
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4.2 Materials and methods

4.2.1

M aterials

Lipids used were egg PC, HPC, PA, DMPC, DPPC, DSPC and cholesterol.

Drugs for

complexation with HPp-CD were: dehydroepiandrosterone (D H EA ), retinol (RET), retinoic
acid (RA) and dexamethasone (DEX). Details o f these materials are listed in chapter 2,
sections 2.1.2 and 2.1.4.

4.2.2

4.2.2.1

M ethods

Form ation o f inclusion complexes

DH EA (11.2-22.5mg), RET (lOmg) and RA (lOmg) were each dissolved in 2ml chloroform
and m ixed respectively with tracer [^H] DHEA (7x10^ dpm), [^H] RET (7x10^ dpm) and
[^H] RA (6.35 xlO^ dpm).

Follow ing evaporation o f the chloroform with a stream o f

oxygen-free nitrogen, deionised water (l-2 m l) containing 450m g (for D H EA ), lOOmg (for
RET) and lOOmg (for RA) HPp-CD mixed with 7.25x10^ - 2.4 xlO^ dpm [*^C] HPp-CD,
was added to the dry materials. Initial molar ratios (i.e. amounts m ixed at the beginning) o f
drug to cyclodextrin were 1:8.52-1:4.26 (DH EA), 1:2.10 (RET) and 1:2.10 (RA). Watersoluble inclusion com plexes appeared to form within seconds for D H EA but all were
allowed to stir for 2-3 days. The suspensions were centrifuged at 70,000x g for 60 min in a
refrigerated Sorval Combi Plus ultracentrifuge and pellets and clear supernatants were
assayed for [^H] RA and ('"^C) HPp-CD radioactivity. Over 98% o f the cyclodextrin used
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to solubilise the three drugs was recovered in the filtrate (unsolubilised drug) and
supernatant (com plexed drug).

The final drug to HP(3-CD molar ratios in the clear

solutions were estimated (on the basis o f radioactivity measurements signifying drug and
HPp-CD concentration) as 1:8.25-1.50 (DH EA), 1:4.50 (RET) and 1:50 (RA). In the case
o f RET and RA, all steps described were carried out in the dark to avoid photodegradation
o f materials. In one experiment, equimolar DH EA and HPp-CD were stirred for three days,
centrifuged then at 70,000x g for 60 min as above, and the pellet and clear supernatant were
assayed for [^H] DH EA and ['"^C] HPp-CD radioactivity. Measurements showed that,
whereas practically all (over 98%) o f the HPp-CD was recovered in the supernatant, only
53% o f DH EA became solubilised, giving a final molar ratio o f 1:1.8.

A further series o f drug/ HPp-CD complexes were formed. DHEA, RET and D E X (1.4mg;
6.3mg; 12.4mg each for DHEA and RET; 1.96mg; 8.6mg; 16.9mg for D E X ) mixed with
tracers [^H] DH EA (7x10^ dpm), [^H] RET (7x10^ dpm) and [^H] D EX (7x10^ dpm)
respectively, were stirred for 4 days with corresponding equimolar aqueous solutions (12m l) o f HPp-CD (i.e. 5mg; 25mg; 50mg) labelled with ['"C] HPp CD (7 .25x10^ -2.4x10^
dpm).

Follow ing separation o f free and complexed drug by ultracentrifugation, as

described above, free and complexed drug and HP P-CD were assessed by radioactivity
measurements and drug/HPp-CD molar ratios determined.

4.2.2.2

Entrapm ent o f inclusion complexes into liposom es

DRV-entrapped

DH EA/H Pp-CD

complexes

were

generated

with

a

variety

of

phospholipids, namely PC, DSPC, DMPC, DPPC, SM, HPC and PA. In brief, SU V (2ml;
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32)amoles phospholipid), with (32pm oles) or without cholesterol were m ixed with doubly
radiolabelled (3.5x 10"^ - 1.75 x 10^ dpm [^H] drug, and 3.6 x 10"^ - 6 x 10^ dpm

HPp

CD) DHE A/HP p-CD in 0.05m l volume (i.e. 22.5m g HPp-CD; 5-5mg D H EA ) and diluted
to 10ml with water. RET/HPp-CD (25m g HPp-CD, 1.1 mg RET) or RA/HPp-CD (25m g
HPp-CD, 1.06mg RA) com plexes were mixed with three separate SU V (32pm oles)
preparations o f PC, DSPC and DSPC/CHOL (table 4.2).

All mixtures were subsequently

diluted to 10ml with deionised water and freeze-dried overnight.

In addition, four

preparations o f DHEA/HPp-CD mixed with separate preparations o f PC and DSPC, with
and without cholesterol (see table 4.1), were diluted to 3ml only with water and freezedried in parallel, as a comparison o f the influence o f different freeze-drying volum es on
entrapment efficiency. Controlled rehydration o f the lyophilisâtes to generate multilamellar
(Gregoriadis et al, 1993) dehydration-rehydration vesicles (D R V ) was carried out as
described (Kirby and Gregoriadis, 1984) at temperatures above the Tc o f the phospholipids
used.

Unentrapped inclusion com plexes were separated from liposome-entrapped

com plexes by ultracentrifugation at 36,000 x g for 25m in o f the rehydrated suspensions
diluted to 10ml with 0.15M sodium phosphate supplemented with 0.9% NaCl (PBS, pH
7.4). The supernatants were removed and reserved for radioactivity measurement (^H and
*"^C) and PBS (typically 4-5m l) added to separate any residual uncom plexed material.
Follow ing further ultracentrifugation the pellets were separated, resuspended in PBS (1ml
final volum e) and kept at 4°C until needed.

Three inclusion com plexes o f DHE A/HP P-CD, RET/HPp-CD and DEX /H Pp-C D , formed
when m ixed at equimolar starting concentrations at three increasing amounts (section
4.2.2.1), were each added to separate DSPC (32pm oles) and PC/CHOL (32pm oles/
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32|im oles) SU V preparations. Each suspension was diluted to four different volumes o f
water (5ml, 15ml, 30ml and 50ml) and freeze-dried i.e. tw elve suspensions o f each
drug/HP(3-CD com plex with DSPC SU V and a further tw elve o f each with PC/CHOL
(tables 4.3-4.8).

4.3

Results and discussion

Formation o f inclusion com plexes with DHEA, RET and RA was confirmed by the
complete or partial solubilisation o f these highly insoluble drugs in the presence o f aqueous
solutions o f HP(3-CD. Further evidence for inclusion com plex formation was supplied by
molecular sieve chromatography on Sephadex G-10 (Pharmacia) columns o f the doubly
radiolabelled

drug/ HP(3-CD

solutions

(Gregoriadis

and McCormack,

1993).

A

considerable proportion (75-96% , depending on the drug used) o f ^H radioactivity (drug)
eluted and peaked together with over 97% o f '"^C radioactivity (HPp-CD; results shown in
chapter 3, section 3.3.4). However, in this instance, as H PpCD was used m ostly in excess
o f drugs in molar terms, and as some drugs were only partially solubilised, a number o f
void HPP-CD m olecules were assumed to be present in final solutions. These 'void'
cyclodextrins are in dynamic equilibrium with drug-included cyclodextrins and arise during
the continuous exchange between the energy-unfavourable water m olecules and drug
molecules. Table 4.1 lists the various lipid compositions used to entrap D H E A / HPp-CD
complexes and the ffeeze-drying volumes, which at this stage were arbitrarily chosen to be
3ml and 10ml. A lso shown are values for entrapped com plexes (% o f the amounts used).
The last column gives the ratio o f percentage entrapment values for drug and cyclodextrin,
based on radioactivity measurements, and those ratios approximating unity (1:1 ratio for %
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entrapped drug to % entrapped HPp-CD) were taken to denote entrapment that did not
discriminate between entrapped intact complexes and entrapped 'empty' cyclodextrins.
Such ratios were obtained routinely with liposomes made from phospholipids with a high
Tc (e.g. DPPC, DSPC or HPC) and, in the case o f DSPC at least, regardless o f the final
molar ratios o f DH EA and HP P-CD (1:8.25 and 1:1.8; see legend to table 4.1). What is
apparent also is that for liposom es made with “low m elting” phospholipids such as PC and
DM PC, entrapment appears to favour DH EA , with drug to HPpCD % entrapment ratios o f
4.28 (and 2.50) and 14.70 respectively (table 4.1). Interestingly, DR V composed o f SM
with a Tc o f around 37°, which is only slightly below that o f DPPC at 41°C (N ew , 1990)
had a high entrapment ratio o f DHEA to HPP-CD (8.72), suggesting that temperature could
be a critical factor in deciding which phospholipids most readily displace drugs from
cyclodextrins. On the other hand, when cholesterol was included in the bilayers at
equimolar concentrations, a different picture emerges. Cholesterol appears to help maintain
membrane integrity and this increased rigidity must be responsible for the near unity
entrapment ratios for entrapped com plexes achieved with PC/CHOL, DMPC/CHOL,
SM/CHOL as w ell as with those expected from the saturated phospholipids (DPPC and
DSPC).

A s regards the % entrapment values for drug/HPp-CD inclusion com plexes, no

definite pattern emerges: for example in most cases incorporating cholesterol into bilayers
does not seem to affect percentage entrapment either way, yet with HPC, higher values are
obtained without cholesterol. Such minor inconsistencies are not easily explained and
indicate, perhaps, other unknown factors involved in the disposition and behaviour o f
drug/cyclodextrins entrapped in lipid vesicles.

Inclusion o f the negatively charged PA into

DSPC/CHOL liposom es (10% o f DSPC) also gave high entrapment values.

This

formulation was tried out o f curiosity and not pursued, as the presence o f a negative charge
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could create other complications. Another observation made was, that entrapment values
for both DH EA and HPp-CD were generally greater

(e.g. up to 32.3 ± 1 1 .9 and 31.9 ±

11.8 respectively for seven DSPC preparations; table 4.1) when dehydration and
lyophilisation o f SU V -com plex mixtures was carried out after dilution from 3ml to 10ml.
This was anticipated and is in agreement from previous work

(Kirby and Gregoriadis,

1984), for the entrapment o f a variety o f water-soluble drugs according to the same
protocol. Indications then were that increasing dilution o f a SUV/drug mixture, which may
contain sugar, prior to lyophilisation, could bypass their potential cryoprotectant effect, an
observation that may also apply to cyclodextrins.

As with DH EA/H Pp-CD, similarly low percentage entrapment values for the drug/HPpCD
complex, and a high drug- to- HP p-CD % entrapment ratio (1:4.01), were observed when
RET/HPp-CD inclusion com plex solution was encapsulated into PC DR V (table 4.2). In
contrast, entrapment o f both the RET- and RA/HPp-CD

com plex solutions was

considerable, with near unity % entrapment ratios being the norm when D R V were
composed o f DSPC with or without cholesterol (table 4.2). It can be concluded therefore,
that poor entrapment percentages for two different drugs (DH EA and RET) and
corresponding drug/HP p-CD entrapment ratios well above unity, by cholesterol-free DRV
made from low-m elting phospholipids is related to the presence o f cyclodextrins rather
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Table 4.1

Entrapment o f DHBA/HPp-CD inclusion complexes into liposomes

Liposomes

Freeze-dried
Volum e (ml)

Complex solutions entrapped
(% o f amount used)
CH] DHEA

% ^H: %'“C
ratio

['“C] HPp-CD

PC

3

3.0

0.7

4.28

PC

10

10.0

4.0

2.50

PC/CHOL

3

5.8

5.5

1.05

PC/CHOL

10

10.5

10.4

1.00

DSPC

3

11.7

10.2

1.14

DSPC

10

3 2.3± 11.9(7)

31.9±11.8(7)

1.01

6.1

1.21

DSPC/CHOL

3

DSPC/CHOL

10

21.5±9.1(5)

DMPC

10

14.7

1.0

14.70

DMPC/CHOL

10

6.5

6.7

0.97

DPPC

10

16.1

14.2

1.13

DPPC/CHOL

10

16.8

20.0

0.80

SM

10

7.9

0.9

8.77

SM/CHOL

10

17.0

18.4

0.92

HPC

10

34.4

38.6

0.90

HPC/CHOL

10

15.6

14.8

1.05

DSPC/CHOL/PA

10

37.0

35.0

1.0

[^H] DH EA solubilised with

7.4

21.0±7.8(5)

1.02

C HPP-CD was entrapped in DR V liposom es composed o f

a variety o f phospholipids with or without equimolar cholesterol at temperatures above the
Tc o f the phospholipid. Dehydration was carried out at volum es o f 3 or 10ml. Final molar
ratios o f D H EA and HPp-CD in the com plex solutions used for entrapment were 1:5.
Values for entrapment o f complexes are % (± S.D. with number o f preparations in
parenthesis when appropriate) o f the amounts o f D H EA and H PpC D used for entrapment.
For other details, see the text.

126

than any functional characteristics o f the drugs themselves. The obvious inference is that,
with these particular lipids, HPp-CD may interfere with liposom e formation or bilayer
stability, perhaps by extraction o f membrane components, to an extent that is directly
dependent on the degree o f bilayer fluidity.

The drug/HPP-CD entrapment values

them selves were consistent over a number o f trial runs, indicating typical figures specific to
RET and RA. In this respect, it is interesting to note (table 4.2) that % entrapment values
again varied for RET- and RA/HPp-CD complexes within DRV ± CHOL, being similar for
RET/HPp-CD in most cases but markedly higher for RA/HPP-CD in preparations without
CHOL (cf. DHEA/HPP-CD; table 4.1). Nevertheless, as expected for both drug/HPpCD
com plexes, entrapment in DSPC liposom es produced ratios approaching unity in contrast to
PC liposom es, demonstrating increased membrane rigidity in these vesicles and a reduced
likelihood o f inexpedient interaction with “empty” HPp-CD m olecules present in aqueous
compartments. Results (tables 4.1 and 4.2) show that inclusion o f CHOL in all liposome
preparations also conferred bilayer stability and drug: HPp-CD % entrapment ratio for such
DRV tended towards unity.
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Table 4.2

Entrapment o f RET/HPp-CD and RA/HPp-CD inclusion complex solutions

into liposomes

Liposom es

Complex solutions entrapped (% o f the amount used)

[^H] RET/[‘^C] HPP-CD

^H

[^H] R A /[’^C] HPp-CD

*^C

%^H/%'^C

^H

*^C

%^H/ %'"*C

PC

5.7

1.4

4.07

DSPC

17.9

18.3

0.98

24.7

26.8

0.92

DSPC/CHOL

18.2

22.9

0.80

13.9

15.1

0.92

[^H] RET or [^H] RA solubilised with [^'^C] HPp-CD were entrapped in D R V composed o f
PC only or DSPC with and without equimolar cholesterol at temperatures above the Tc o f
the phospholipid. Dehydration was carried out at a volume o f 10ml. Final molar ratios o f
drug and HP P-CD in the solution used for entrapment were 1 :4 .5 (RET) and 1: 5 (RA).
Values o f com plex entrapment are % o f RET or RA and total H PpCD used for entrapment.

In order to proceed on the basis o f these results, choices were made regarding selection o f
lipid(s) and whether or not to include cholesterol. In terms o f percentage entrapment yield,
retention o f intact com plexes and familiarity o f materials (i.e. their proven toleration and
behaviour in vivo) DSPC and PC/CHOL SU V appeared to have the m ost promising lipid
composition.

The more rigid bilayers o f DSPC SU V present a tight barrier to solute
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leakage, a situation not necessarily augmented by the addition o f cholesterol which, in any
case, could adversely alter inner leaflet fluidity and also produced markedly lower complex
% encapsulation levels in some o f the preparations (e.g DSPC/CHOL, HPC/CHOL; table
4.1). PC, its similarity to biological membranes ensuring universal acceptability, was also
promising, although only when supplemented with equimolar cholesterol to generate the
requisite membrane rigidity. PC/CHOL, at least where the retinoids were concerned, gave
reasonable entrapment values (table 4.2).

4.3.1

Influence o f entrapping different amounts o f drug/HPf3-CD com plexes and effect o f

varying the freeze-dryin g volumes

All

three

drug/cyclodextrin

inclusion

complexes

(DHEA/HPp-CD;

RET/HPp-CD;

DEX/H Pp-C D) in DRV, undergoing characterisation, showed variations in terms o f
percentage entrapment o f both drug and cyclodextrin, the final percentage entrapment ratio
o f drug and cyclodextrin and the actual amounts (in mg) o f drug and cyclodextrin
entrapped.

Differences were also detected in each o f the four separate freeze-drying

volum es (5, 15, 30 and 50ml; see column 5 o f tables 4.3-4.8) used during preparation and
also between results from both DSPC and PC/CHOL.

Advantages gained in one

combination did not necessarily apply to others and vice versa. The outcomes o f each o f
the drug/HPP-CD/DRV permutations are discussed separately below.
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4.3.1.1 DHEA/HP0-CD inclusion complexes entrapped in DSPC D RV and PC/CHOL DRV

Referring to table 4.3, when low amounts o f DHEA/HP(3-CD (1.4m g/5m g) complex
prepared in equimolar concentrations, are entrapped in DSPC DRV percentage entrapment
yields are high but decrease inversely with increasing freeze-drying dilution volumes.
Although higher % entrapment for DH EA/H P^CD was obtained when a prefreeze-drying
volume o f 10ml was used instead o f 3ml (table 4.1), it could be that volum es greater than
10ml may precipitate com plex dissociation by dilution.

This is more or less the pattern

obtained with higher starting amounts o f DHEA/HP(3CD com plex (6.3/25m g; 12.4/50mg)
again at an initial 1:1 molar ratio and probably reflects the loose binding affinity between
DH EA and HPp-CD, an equilibrium which is readily altered upon dilution.

Quantities

calculated in milligrams actually entrapped (table 4.3; column 9) and derived from
percentage entrapment figures are greater when larger concentrations o f starting materials
are used. So, although percentage entrapment values are high for D H EA (37.6-20.2% ) and
HP P-CD (47.0-23.9% ) covering all four dilution volum es in decreasing order (i.e., more
complex is entrapped when the freeze-drying volume is small rather than large), the actual
amounts entrapped in DSPC DRV are much lower (0.53m g-0.28m g DH EA; 2.35pg1.20mg HPp-CD) than when greater quantities o f starting materials are used.

When

equimolar 12.4 m g DH EA and 50mg HPp-CD are prepared as an inclusion com plex and
entrapped in 32pm oles DSPC DRV, entrapment values are relatively low (13.27.7%
DHEA;

10.9-6.0% HPp-CD, decreasing gradually over four freeze-drying dilution

volumes) but the actual final amounts entrapped are higher (1.63m g-0.95m g DHEA; 5 .4 7 3.00m g HPp-CD; table 4.3, columns 9 and 10).

130

Table 4.3

Entrapment o f DHBA/HPpCD complex in DSPC DRV: Effect o f different

amounts o f complex and different freeze-drying conditions

DHEA

HPp-CD

Vol

%
entrapment

Ratio o f %
entrapment

mg

pmoles

mg

pmoles

ml

^H

14c

1.4
1.4
1.4
1.4

5
5
5
5

5
5
5
5

5
5
5
5

5
15
30
50

37.6
31.6
19.7
20.2

47.0
39.2
26.1
23.9

1:
1:
1:
1:

6.3
6.3
6.3
6.3

22
22
22
22

25
25
25
25

22
22
22
22

5
15
30
50

38.1
29.6
17.6
14.2

39.2
31.8
16.5
13.9

1:
1:
1:
1:

12.4
12.4
12.4
12.4

43
43
43
43

50
50
50
50

43
43
43
43

5
15
30
50

13.2
14.7
10.7
7.7

10.9
12.4
9.7
6.0

DHEA/HPPCD

Actual mg
o f complex
entrapped

DH EA

HPpCD

1.25
1.24
1.32
1.18

0.53
0.44
0.27
0.28

2.35
1.96
1.30
1.20

1.02
1.07
0.94
0.98

2.40
1.86
1.10
0.89

9.80
7.95
4.13
3.48

1:0.83
1:0.84
1:0.91
1:0.78

1.63
1.82
1.33
0.95

5.45
6.20
4.85
3.00

32pm oles o f DSPC were used per preparation. Vol (column 5) refers to prelyophilisation
volume (5-50m l) o f DH EA/H Pp-CD com plex m ixed with DSPC SU V and diluted
appropriately with water.

When DH EA/H Pp-CD inclusion complexes are entrapped in PC/CHOL D R V (table 4.4), a
different picture emerges.

Identical amounts o f starting materials and experimental
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conditions were applied as for DSPC DRV but entrapped DHEA/HP(^CD complexes
behave differently in PC/CHOL DRV, which was anticipated from the percentage
entrapment results obtained in the previous experiment (table 4.1). Overall, and under the
same conditions, DR V composed o f PC/CHOL either entrap DH EA /H Pp-CD complexes
poorly or appear not to retain them over short periods o f time (minutes). Apart from
relatively high entrapment for both DH EA (42.6% ) and HPp-CD (46.8% ) obtained when
low starting amounts (1.4m g and 5mg respectively) were m ixed and the prelyophilisation
volume was 5ml, up to 50% reduction is seen in the quantities o f D H EA and HPP-CD
(table 4.4) entrapped in PC/CHOL DRV compared to DSPC D R V (table 4.3).

The

presence o f cholesterol within the liposomal bilayers, although providing a more densely
packed structure, may have a tendency to displace D H EA from the HPp-CD cavity quite
readily, given the observation that DHEA/HPp-CD appears to have a low com plex stability
constant (chapter 5).

An explanation for such low % entrapment is that the free DH EA would likely gravitate
towards the hydrophobic membrane, which is rendered more fluid by loss o f cholesterol
m olecules, inserting itself between PC and remaining cholesterol, and establishing a new,
relatively stable, equilibrium state.

Another explanation could be that, following

destabilisation due to HPp-CD extraction o f membrane cholesterol m olecules, liposomes
could partially disintegrate, releasing some HPp-CD, possibly with com plexed DHEA or
cholesterol, and then reform incorporating the free DH EA within the membranes.
Assum ing that any o f these events indeed occur the mechanism is unclear at present. What
is likely is that an analogous chain o f events takes place for all drug/CD inclusion
com plexes entrapped in the aqueous phase o f liposom es, whatever the bilayer composition.
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Their eventual fate (ultimately complex dissociation and perturbation o f liposomal
membranes) is probably also similar, differences being only in degree o f progression.

Table 4.4

Entrapment o f DHEA/HPpCD com plex in PC/CHOL DRV: E ffect o f different

amounts o f com plex and different freeze-drying conditions

DHEA

HPpCD

Vol

% entrapment

Ratio o f %
entrapment

Actual mg
o f com plex
entrapped

mg

pmoles

mg

pmoles

ml

^H

"C

DHEA/HPP
CD

DHEA

HPpCD

1.4
1.4
1.4
1.4

5
5
5
5

5
5
5
5

5
5
5
5

5
15
30
50

42.6
17.7
16.1
16.9

46.8
13.8
9.2
10.5

1: 1.10
1: 0.78
1:0.57
1:0.62

0.60
0.25
0.23
0.24

2.34
0.69
0.46
0.53

6.3
6.3
6.3
6.3

22
22
22
22

25
25
25
25

22
22
22
22

5
15
30
50

19.1
9.7
7.5
8.3

17.8
6.9
5.9
7.0

1:0.93
1:0.71
1:0.79
1:0 .8 4

1.20
0.61
0.47
0.52

4.45
1.73
1.48
1.75

12.4
12.4
12.4
12.4

43
43
43
43

50
50
50
50

43
43
43
43

5
15
30
50

6.1
4.4
5.5
5.8

5.6
3.1
4.6
4.4

1:0.92
1:0.70
1:0 .8 4
1:0.76

0.76
0.55
0.68
0.72

2.80
1.55
2.30
2.20

32 pmoles PC: 32 pmoles CHOL were used per preparation. V ol (colum n 5) refers to
prelyophilisation volumes (5-50m l) o f DHE A/HP P-CD m ixed with PC/CHOL SU V and
diluted appropriately with water.
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For DH EA/H PP-CD com plexes entrapped in DSPC DRV the ratios o f percentage for
DHEA and HPp-CD approximate unity irrespective o f freeze-drying dilution volume.
There are minor discrepancies, such as a slight mismatch between the percentage
entrapment ratios for D H EA and HPp-CD when lower starting quantities are used (table
4.3), but the significance o f these is uncertain.

Given that all DR V preparations have a

similar vesicle size and polydispersity index with, presumably, a standard average aqueous
core volume, greater and faster complex dissociation would be expected when complex
concentrations are low due to the relatively greater dilution factor. Equally, the opposite
would be expected when larger amounts o f com plex are entrapped; this could account for
the variations in ratios observed between the different com plex concentrations. Certainly
the percentage entrapment ratios obtained when DH EA/H Pp-CD inclusion com plex was
entrapped in PC/CHOL DRV are less satisfactory by comparison. H owever and wherever
the D H EA and HPp-CD rearrange within liposom es is a characteristic probably specific for
them under particular conditions, a conclusion that can be reached also for other
drug/cyclodextrin complexes.

It will be assumed here that percentage entrapment ratios

approaching unity w ill make that formulation acceptable in terms o f undissociated drug and
cyclodextrin.

4.3.1.2 RET/HP^-CD inclusion complexes entrapped in D SP C D R V an d PC /C H O L D R V

Similarities, but also some differences, can be noted between RET/HPp-CD and
DHE A/HP P-CD inclusion com plexes when entrapped into identical liposom e formulations
and under the same conditions (table 4.5). Percentage entrapment yields for RET/HPp-CD
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Table 4.5

Entrapment o f RET/HPpCD complex in DSPC DRV:

Effect o f different

amounts o f complex and different freeze-drying conditions

RET

HPpCD

Vol

% entrapment

Ratio o f %
entrapment

Actual mg
o f com plex
entrapped

mg

pmoles

mg

pmoles

ml

^H

"C

RET/
HPpCD

RET

HPpCD

1.4
1.4
1.4
1.4

5
5
5
5

5
5
5
5

5
5
5
5

5
15
30
50

20.1
21.0
20.8
22.2

35.7
33.9
30.5
47.6

1: 1.78
1: 1.61
1: 1.47
1:2 .1 4

0.28
0.29
0.29
0.32

1.78
1.70
1.53
238

6.3
6.3
6.3
6.3

22
22
22
22

25
25
25
25

22
22
22
22

5
15
30
50

16.4
18.1
19.9
21.6

14.4
16.7
9.9
2&2

1:0.88
1 :0.92
1:0 .5 0
1: 1.21

1.03
1.14
0.28
1.36

3.68
4.18
2.48
6.55

12.4
12.4
12.4
12.4

43
43
43
43

50
50
50
50

43
43
43
43

5
15
30
50

11.5
13.2
12.4
14.8

7.4
7.8
5.0
9.5

1: 0.64
1: 0.54
1:0.40
1:0.64

1.43
1.64
1.54
1.83

3.70
3.90
2.50
4.75

32 pmoles o f DSPC wre used per preparation. Vol (colum n 5) refers to prelyophilisation
volumes (5-50m l) o f RET/HPp-CD mixed with DSPC SU V and diluted with water.

are again reasonable overall (11.5-22.2% RET and 5.0-47.6% HPp-CD in DSPC DRV; 5.312.0% RET and 3.2-20.3 in PC/CHOL D R V ), though less than for DH EA/H Pp-CD and,
consequently, quantitatively less in actual mg amounts.
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Interestingly, the freeze-drying

dilution volume does not appear to influence percentage entrapment values (tables 4.5 and
4.6) as seen for DHEA/HPp-CD (tables 4.3 and 4.4). It can be seen in table 4.5, that when
I.4m g RET is complexed initially with 5mg HPp-CD (5pm oles each), percentage
entrapment in DSPC D R V ranges from 20.1-22.2% RET and 30.5- 47.6% HP P-CD with
RET/HPp-CD percentage entrapment ratios o f 1:1.47-1:2.14. Starting with 6.3m g RET and
25m g HPP-CD (22pm oles each), percentage entrapment in DSPC D R V drops slightly for
RET (16.4-21.6% ) and approximately halves for HPP-CD (9.9-26.2% ) w hile the RET/HPpCD percentage entrapment ratios ( if the value o f 9.9% HPP-CD is regarded as inaccurate)
approach unity (table 4.5, column 8). When 12.4mg RET and 50m g HPp-CD (43pm oles
each) are complexed, percentage entrapment values in DSPC D R V decrease further to
II.5-14.8% RET and 5.0-9.5% HPp-CD with the RET/HPp-CD percent entrapment ratios
in the range 1:0.40-1:0.64. A s observed with DH EA/H Pp-CD com plexes entrapped in
DSPC DRV, there is a trend towards preferential retention within liposom es o f RET over
HPP-CD, when higher concentrations o f both materials are com plexed and entrapped. As
this was the case for DHEA/HPp-CD, it could be explained by greater dissociation o f the
complex due to higher dilution when entrapped RET/HPp-CD concentration is low. Again,
the actual mg amounts o f RET and HPp-CD entrapped (table 4.5, columns 9 and 10)
increase with increasing concentration. Percentage entrapment values obtained for
RET/HPp-CD in PC/CHOL DRV are lower over all concentration ranges than for
RET/HPp-CD in D SPC D R V, a pattern seen also for DH EA/H Pp-CD. It is likely that the
same reasons apply: displacement o f RET from H PpC D by membrane cholesterol initiates
vesicle perturbation, followed by disruption to a greater or lesser extent, and solute loss. It
is interesting to note (table 4.6, columns 6 and 7) that there is little variation in RET and
HPp-CD retention for each o f the concentrations o f entrapped com plexes (except for when
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1.4mg RET was mixed with 5m g HPP-CD to form the com plexes where entrapment values
range from 12.0-8.7% for RET and 20.3-9.9% for HPp-CD). It can only be assumed that
dilution (as assessed by RET/HPp-CD concentration within the aqueous volum e o f
liposom es) is less o f a factor in complex dissociation for PC/CHOL D R V than for DSPC
DRV and that cholesterol is the overriding dissociation determinant.
As regards the effect o f increasing the prelyophilisation volume o f water, a less pronounced
difference is observed for entrapped RET/HPp-CD com plexes than fcr entrapped
DH EA/H Pp-CD com plexes in both DSPC and PC/CHOL preparations. A marginal trend
towards reduced percentage entrapment o f RET/HPP-CD com plexes in PC/CHOL DRV as
the freeze-drying volume increases (table 4.6, columns 6 and 7) could be suggested, but
frankly, the results are not sufficiently clear-cut to be sure o f this.
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Table 4.6

Entrapment o f RET/HPpCD complex in PC/CHOL DRV: Effect o f different

amounts o f complex and different freeze-drying conditions

RET

HPpCD

Vol

% entrapment

Ratio o f %
entrapment

mg

pmoles

mg

pmoles

ml

)H

"c

1.4
1.4
1.4
1.4

5
5
5
5

5
5
5
5

5
5
5
5

5
15
30
50

12.0
7.6
9.4
8.7

20.3
13.0
9.4
9.9

1:
1:
1:
1:

6.3
6.3
6.3
6.3

22
22
22
22

25
25
25
25

22
22
22
22

5
15
30
50

11.3
10.5
8.0
10.6

12.4
12.4
12.4
12.4

43
43
43
43

50
50
50
50

43
43
43
43

5
15
30
50

7.9
7.4
5.3
6.9

RET/
HPpCD

Actual mg
o f complex
entrapped

RET

HPpCD

1.69
1.71
1.00
1.40

0.17
0.11
0.13
0.12

1.02
0.65
0.47
0.50

7.9
5.3
5.7
9.5

1:0 .7 0
1:0 .5 0
1: 0.71
1:0 .9 0

0.71
0.66
0.50
0.66

2.00
1.33
1.43
2.38

4.2
5.1
3.2
4.5

1: 0.53
1:0 .6 9
1: 0.60
1: 0.65

0.98
0.92
0.66
0.86

2.10
2.55
1.60
2.30

32pm oles PC and 32pm oles CHOL were used per preparation. V ol (colum n 5) refers to
prelyophilisation volum es o f RETHPp-CD mixed with SU V and diluted appropriaetly with
water.
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4.3.1.2 DEX/HP-^CD inclusion complexes entrapped in DSPC DRV and PC/CHOL DRV

DEX, having a higher molecular weight compared to DH EA and RET, might be expected
to form inclusion complexes with HPp-CD somewhat differently, which may go on to
influence the behaviour o f DEX/HPp-CD complexes when entrapped in DRV. Stability
studies (chapter 5) indicated consistently low com plex dissociation when DEX /H PpC D
complexes were entrapped in DSPC DRV. Furthermore, percentage entrapment values are
higher overall (18.8-58.5% DEX; 7.8-52.8% HPp-CD (table 4.7) than for the other two
drugs (tables 4.3 and 4.5) and do not appear to decrease too much with increasing freezedrying volume.

Results in table 4.7 show that % entrapment values for all DEX/HPp-

CD/DSPC liposom e preparations are consistently higher when a freeze-drying volume o f
15ml is used. Entrapment values o f 58.5% (DEX ) and 52.8% (HPpCD) were achieved
with the lowest starting amounts o f 1.96mg DEX and 5mg HPpCD, dropped to 40.4% and
26.9% at higher starting concentrations o f 8.6mg and 25m g for D E X and HPpCD
respectively, and decreased further to 26.5% DEX and 22.0% H PpCD at the highest
concentrations o f 16.9mg D E X complexed initially with 50m g H Pp-CD, at a freeze-drying
volume o f 15ml. What is apparent is, that lower percentage entrapment values are obtained
for both D E X and HPp-CD when higher concentrations o f com plex are encapsulated.
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Table 4.7

Entrapment o f DBX/HPP-CD complex in DSPC DRV:

Effect o f different

amounts o f complex and different freeze-drying conditions

DEX

HPpCD

Vol

% entrapment

mg

pmoles

mg

pmoles

ml

^H
(DEX)

’^C
(HPpCD)

1.96
1.96
1.96
1.96

5
5
5
5

5
5
5
5

5
5
5
5

5
15
30
50

46.2
58.5
45.0
34.2

8.6
8.6
8.6
8.6

22
22
22
22

25
25
25
25

22
22
22
22

5
15
30
50

16.9
16.9
16.9
16.9

43
43
43
43

50
50
50
50

43
43
43
43

5
15
30
50

Ratio o f %
entrapment

Actual mg
com plex
entrapped

DEX/
HPpCD

DEX

HPpCD

40.9
52.8
38.0
32.0

1
1
1
1

: 0.89
: 0.90
: 0.84
: 0.90

0.91
1.15
0.88
0.67

2.05
2.64
1.90
1.60

30.2
40.4
18.8
222

19.0
26.9
9.2
10.1

1
1
1
1

: 0.63
: 0.67
: 0.40
: 0.45

2.60
3.47
1.62
1.91

4.75
6.73
2.30
2.52

19.9
26.5
22.3
19.8

11.6
22.0
17.0
7.8

1
1
1
1

: 0.60
: 0.83
: 0.76
: 0.40

3.36
4.48
3.77
3.35

5.80
11.00
8.50
3.90

32 Immoles DSPC were used per preparation. Vol (colum n 5) refers to the prelyophilisation
volum es (5-50m l) o f DEX/HPp-CD complexes m ixed with SU V and diluted appropriately
with water.

In the same table (4.7), columns 9 and 10 show that greater actual mg amounts are
entrapped with increasing concentration o f materials i.e. 1.15m g D E X , 2 .64m g HPpCD at
equimolar concentrations o f 5|xmoles each, 3.47m g D E X , 6.73m g H PpCD at equimolar
concentrations o f 22pm oles

each and 4.48m g D E X , ll.OOmg H PpCD at the highest
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concentration o f 43pimoles each. Again, these results represent values obtained when the
prelyophilisation volume was 15ml water. The DEX/HPp-CD percentage entrapment ratio
in DSPC DRV varied between 1:0.94 and 1:0.4 for D E X and H PpC D respectively, the
lower value (0.4) for HP(3-CD, seen only when the freeze-drying volum e was greater than
15ml.

It is different story when PC/CHOL DRV are used: here the percentage entrapment values
plummet and the entrapment ratios largely demonstrate an uneven balance. Remarkably,
percentage entrapment values are: 7.6% D EX , 20.2% HPpCD; 4.2% D E X , 6.7% HP(3-CD;
2.8% D EX , 3.9% H PpC D for 5, 22 and 43pm oles o f each material respectively, at a
freeze-drying volum e o f 15ml, as described above for DEX/H Pp-CD entrapped in DSPC
DRV. The corresponding mg amounts actually entrapped are 0 .1 5mg, 0.36m g and 0.47m g
DEX and l.O lm g, 1.68mg and 1.95mg HPp-CD (table 4.8, columns 9 and 10). The
percentage entrapment ratio o f DEX/HPp-CD shows a different pattern when the lipid is
equimolar PC/CHOL rather than DSPC, and indeed, compared to equivalent results
obtained with DHEA/HPp-CD and RET/HPp-CD com plexes entrapped in PC/CHOL DRV
under identical conditions (tables 4.4 and 4.6). In each liposomal DEX/HPp-CD PC/CHOL
preparation, irrespective o f concentration o f materials and freeze-drying volum e, the
entrapped DEX/HPp-CD ratio is greater than 1, i.e., more HPp-CD is present than DEX,
the ratios ranging from 1:1.13 to 1:2.66. When DEX/HPp-CD com plex is entrapped in
PC/CHOL D R V , it is feasible that cholesterol displaces D E X and associates with the HPp
CD cavity. Displaced DEX, could then settle within hydrophobic phases, although it was
observed (Chapter 7,) that only very small quantities o f D EX can be incorporated
successfully into liposomal membranes, compared to DHEA.
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Indeed, large amounts o f

DEX (>5m g/32nm oles DSPC or 64|im oles PC/CHOL) are incompatible with certain lipid
bilayers, interfering with their formation. It can only be surmised, that when DEX/HPp-CD
complexes are entrapped in PC/CHOL DRV, cholesterol compromises entrapment
efficiency by displacing complexed DEX, which may be released to associate with
liposomal membranes and, above a certain concentration jeopardise bilayer stability.
Perturbed bilayers may facilitate release o f DEX and HPp-CD with consequent reduction in
their entrapment efficiency. A s was suggested for D H E A / HPp-CD entrapped complexes,
liposomes may partially break down and reform with credible amounts o f DEX
incorporated in new vesicle structures.
As it can be seen from table 4.7 the more rigid high-melting DSPC does not encounter such
problems, obviously because DSPC molecules do not readily displace the DEX. This could
be due to a high com plex stability constant for DEX/H Pp-CD or because o f an
incompatibility between DSPC and HPp-CD, which discourages formation o f an inclusion
complex. It is very probable that the long (18 carbons) acyl chains o f DSPC, together with
its high Tc (54°C), are conducive to the formation o f very stable structures which do not
permit movement within the bilayers and so hydrophobic phospholipid tails do not
approach HP P-CD cavities. Addition o f cholesterol to DSPC D R V may produce vesicles
with less membrane rigidity and, when used to entrap drug/ cyclodextrin com plexes, be
responsible for a cascade o f events whereby cholesterol displaces D E X from HPpCD,
DEX intercalates among lipid bilayers interfering with membrane stability and this in turn
facilitates release o f DEX and HPp-CD.

Cholesterol, unlike amphipathic DSPC, is a

hydrophobic m olecule, half the molecular weight o f DSPC and with more flexibility to
move within the membranes, which it does, presumably, with the consequence o f forming
inclusion com plexes readily with entrapped HPp-CD.
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Table 4.8

Entrapment o f DEX/HPp-CD complex into PC/CHOL DRV: Effect o f

different amounts o f complex and different freeze-drying conditions.

DEX

HPpCD

Vol

% entrapment

Ratio o f %
entrapment

Actual mg
o f com plex
entrapped

mg

pmoles

mg

pmoles

ml

^H

"C

DEX/
HPpCD

DEX

HPpCD

1.96
1.96
1.96
1.96

5
5
5
5

5
5
5
5

5
5
5
5

5
15
30
50

8.8
7.6
3.0
3.3

21.5
20.2
3.9
4.1

1: 2.44
1:2.66
1: 1.30
1: 1.24

0.17
0.15
0.06
0.08

1.08
1.01
0.20
0.21

8.6
8.6
8.6
8.6

22
22
22
22

25
25
25
25

22
22
22
22

5
15
30
50

4.8
4.2
4.2
3.4

8.2
6.7
6.7
5.0

1:
1:
1:
1:

1.71
1.59
1.59
1.47

0.41
0.36
0.36
0.29

2.05
1.68
1.68
1.25

16.9
16.9
16.9
16.9

43
43
43
43

50
50
50
50

43
43
43
43

5
15
30
50

2.6
2.8
2.4
2.4

4.0
3.9
3.5
2.7

1:
1:
1:
1:

1.54
1.39
1.46
1.13

0.44
0.47
0.41
0.41

2.00
1.95
1.75
1.35

32 pmoles PC: 32 pm oles CHOL were used per preparation. Vol (colum n 5) refers to the
prelyophilisation volum es o f DEX/HPp-CD mixed with SU V and diluted appropriately
with water.

Taking into account the potential influence o f the freeze-drying volum e on percentage
entrapment o f DEX/HPP-CD complexes, a similar pattern was encountered for both DSPC
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and PC/CHOL D R V preparations as that seen for DH EA /H P^C D and RET/HPp-CD
complexes. The percentage entrapment o f DEX/HPp-CD declined at freeze-drying volumes
greater than 15ml (table 4.7) which could be explained by com plex dissociation at the
dilution stage. When the same amounts o f complexed DEX/HPp-CD are entrapped in
equimolar PC/CHOL DRV the freeze-drying volume effect is much less pronounced (table
4.8). Again, it appears that the cholesterol component in the liposom e preparation is the
decisive influence on entrapped com plex dissociation (see reduced percentage entrapment
ratios), rather than changes in freeze-drying volumes, which do exert some adverse effects
in terms o f reduced entrapment values with increasing freeze-drying volum es (table 4.8)).
This is likely to apply to most drugs complexed with cyclodextrins and entrapped under
similar conditions in liposom es containing cholesterol: the cholesterol component has the
potential to displace, to a greater or lesser extent, the complexed drug with a facility
according to the stability o f the com plex itself. What is striking in the PC/CHOL DRV
entrapping DEX/HPp-CD is the disparity between the percentage entrapment ratios (table
4.8, colum n 8): more HPp-CD is found than DEX, suggesting a substantial displacement o f
drug by cholesterol.

For DEX/HPp-CD inclusion complexes entrapped in DSPC DRV, final amounts o f DEX
and HPp-CD entrapped are pleasingly high with greatest values seen for highest
concentrations o f DEX/HPp-CD complexes (4.48m g D E X ,

ll.OOmg HP P-CD at a

prelyophilisation volum e o f 15ml; table 4.7, columns 9 and 10 respectively). Having high
entrapment efficiencies for any drug is desirable for obvious reasons: less w ill be required
in formulation. The percentage entrapment ratios (1:0.9- 1: 0.4; table 4.7) achieved here for
DEX/HPp-CD indicate a degree o f com plex dissociation with DSPC DRV; nevertheless.
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DSPC DR V encapsulating DEX/HP(3-CD present as a relatively efficient vehicle for
delivery.

4.4

Conclusions

Water-soluble cyclodextrin inclusion com plex solutions o f insoluble drugs can be
entrapped into the aqueous phase o f stable multilamellar liposom es made by the
debydration-rebydration procedure.

Optimal entrapment o f com plexes, which likely

coexist in equilibrium with void cyclodextrins, is achieved either when liposom es are
composed o f a high melting saturated phospholipid, such as DSPC, or when equimolar
cholesterol is present with certain phospholipids (table 4.1).

However, inclusion o f

cholesterol can introduce other problems because o f its propensity to com plex with
cyclodextrins, dislodging the drug in the process. The degree and facility with which this
happens probably depends on the stability constant o f the drug/cyclodextrin com plex used.
Even in the absence o f cholesterol the membrane fluidity o f low-m elting phospholipids
may present an accessible hydrophobic environment, attractive to water-insoluble drugs.
The high exchange rate between drug, cyclodextrin and aqueous medium, which must be
typical o f drug/cyclodextrin inclusion complexes with low stability constants, w ill allow for
continuous

and

rapid

turnover

of

free

(uncomplexed)

drug

m olecules

in

a

thermodynamically unfavourable polar milieu. It can be envisaged that these m olecules, in
order to reduce their free energy, gravitate towards adjacent lipid membranes and
incorporate irreversibly. After all, this is how drugs are absorbed in vivo.

Entrapping higher concentrations o f drug/HP P-CD com plexes results in lower entrapment

145

yields but still greater actual amounts in the final vesicles.

A s starting with higher

concentrations, in all cases, does not appear to interfere with entrapment or influence
complex behaviour within liposom es, the choice o f quantities to use w ill be a matter o f
expediency, applicable to individual experiments.

The outcome o f increasing the pre

freeze-drying dilution volum es varies, probably for each drug/HP P-CD com plex, but it
makes sense to choose a low, manageable volume. The negative effect on entrapment seen
with ever-higher volum es may be the result, not only o f enhanced com plex dissociation, but
also inefficient lyophilisation. Freeze-drying volumes o f 20ml upwards are inappropriate
in a research laboratory where equipment caters for small-scale procedures.
considered suitable for all further work.
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10ml was

Chapter 5

Exposure of Liposome-Entrapped Drug/Cyclodextrin Complexes to Blood
Plasma: A Study of Stability

5.1

Introduction

Since the ultimate goal o f research into potential drug carriers such as cyclodextrins and
liposom es is the development o f safe and viable delivery systems for pharmaceutical
therapeutics, both in prevention and treatment o f disease, a detailed knowledge o f their
behaviour in vivo is vital.

The healthy body is an autonomous, finely tuned dynamic

system, where every enzyme has a substrate, every ligand its own receptor and every
metabolite a role in a synergistic, regulated cycle o f events. Evolution has designed superb
mechanisms for redressing imbalances introduced by extraneous elem ents either by
transformation, elimination or other means, to maintain homeostasis. The impact on the
body o f every promising therapeutic agent must be scrutinised, at the molecular level, in
order to avoid iatrogenic consequences, and the body’s response to such agents must be
registered. Studies first undertaken in the early 1970s (Gregoriadis and Ryman, 1972) with
the intravenous injection into rats o f M LV containing albumin, both radiolabelled, gave
critical insights into the release and clearance o f encapsulated material. The quantitative
retention o f protein within liposom es was encouraging but could not be reproduced with
low-molecular weight compounds. The rapid loss o f low-molecular weight drugs from
liposom es, as witnessed in intravenous experiments with administered co-entrapped
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albumin and potassium benzyl penicillin, was attributed (Gregoriadis, 1973), at that time, to
a passive outward diffusion o f penicillin rather than any perturbation in liposom e integrity.
In subsequent years, many researchers (Krupp et al, 1976; Tall and Small, 1977; Scherphof
et al, 1978) provided evidence that liposom es in vivo are attacked by plasma high-density
lipoproteins (HDL), which remove phospholipid and destabilise the vesicle bilayer, with
resulting leakage o f entrapped material. Although the actual mechanisms o f this process
were unknown then, the importance o f the body’s response to liposom es was recognised
and this dictated the directions o f future liposome research. The area expanded further to
include other carrier systems, thereby instituting a new discipline.

In order to curtail the time, expense and waste arising from in vivo experimentation, in vitro
stability studies with liposom es were devised as preliminary indicators o f likely fate and
outcome after parenteral administration. Gregoriadis (1973) assessed vesicle stability by
incubating liposom es (entrapping a variety o f materials) with rat or murine plasma at 37°C
and measuring solute release over a range o f time points. An aqueous-phase marker system
based on fluorescence measurements, described by Weinstein et al (1977) and Raylston et
al (1981), for the study o f liposom e interaction with cells in vitro was particularly
appropriate.

Carboxyfluorescein (CF) is a water-soluble dye which, when entrapped in

quenched form, allow s systematic investigation o f the extent o f its leakiness for a given
liposome formulation. A simple experimental procedure allows a distinction to be made
between dye entrapped inside the liposome (self-quenched dye) and that which is free and
which, in dilution in an aqueous environment, e.g. buffer, plasma or serum, becomes
fluorescent. The stability o f a given liposomal preparation is related to CF latency; hence a
vesicle preparation, which is very stable with respect to CF, will maintain high CF latency
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values on incubation with plasma or blood over extensive periods (Senior and Gregoriadis,
1984).

For full details o f how to disrupt CF-containing liposom es with detergent and

measure percentage latency refer to general Materials and Methods (chapter 2; section
2.2.11). The markers used, in this thesis, to determine liposomal behaviour, both in vitro
and in vivo, are predominantly radiolabelled tracers whose course can be follow ed simply
and accurately without resorting to lengthy chemical procedures. Nevertheless, use o f CF
has proved extremely versatile and is invaluable where radioisotopes are not available or
too costly.

The role o f liposom e composition in determinating vesicle stability was elucidated in key
experiments, by Gregoriadis and coworkers, in the late seventies and early eighties. The
facility, with which HDL interfered with membrane durability, by extracting lipid
components, was recognised and counterbalanced by tighter packing with cholesterol
and/or lipids with high Tc.

Kirby et al (1980) incubated neutral SU V , with or without

cholesterol, labelled with radioactive PC and containing latent CF, with human serum at
37°C. As expected, in the case o f cholesterol-free SU V there was quantitative release o f
CF. At the same time approximately half o f the radioactive PC was recovered (after
molecular sieve chromatography) in fractions in which HDL was also present.

With

cholesterol-rich SU V , on the other hand, most o f both the CF and PC radioactivity was
recovered with eluted liposom es.

Other relevant observations were also noted, e.g. that

susceptibility o f vesicles to HDL action increases with decreasing size (Scherphof and
Morselt, 1984).
In the present combined delivery system where cyclodextrin complexed drugs entrapped in
liposomes are destined for intravenous administration, stability studies are especially
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important.

After all, liposom es in this study are vulnerable to attack from within by

cyclodextrin m olecules and from outside by plasma components.

It was important to clarify the sequence o f events likely to occur in the presence o f plasma
and to make comparisons when the entrapped drug/HP(3-CD com plexes were incubated
under identical conditions in PBS.

For instance, do entrapped drug/HPp-CD complexes

contribute to bilayer destabilisation to an extent that promotes HDL action?

D oes the

addition o f cholesterol exacerbate events? Co-entrapment o f quenched CF and complexes,
and quenched CF alone was used to characterise release patterns and proved invaluable as a
marker for investigations with cyclodextrin containing polymers, where their radiolabelled
counterparts were unobtainable.

5.1.1

Cyclodextrin polym ers

Cyclodextrins can be polymerised by reacting their hydroxyl groups with a cross-linking
agent such as epichlorohydrin (Friedman, 1991). Polymerisation can take place between
cyclodextrin m olecules themselves, with only the cross-linking reagent present, or the
cyclodextrins can be polymerised from pre-existing polymers without obstructing access to
the cyclodextrin cavities. However, the polymer structure can constrain the rate o f rotation
o f the cyclodextrins and can modulate their complexation ability.
Water-soluble p-CD polymers are macromolecules, which are exciting some interest as
solubilisers and slow-release excipients for certain compounds (M cClelland and Zentner,
1991). Their advantages may lie in their size and alternative com plexing properties, such as
additional stabilisation through interactions with the polymer matrix apart from those with
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the cyclodextrin portion, or through complexation with multiple cyclodextrin residues
within the polymer. Futhermore, some large or bulky guest m olecules might be
encapsulated more readily within a larger cyclodextrin-containing m olecule than in
monomeric cyclodextrins or their simple aggregates.

A limitation o f using cyclodextrin

derivatives as a delivery system is their rapid loss through attrition, due to their relatively
small molecular weight. The higher molecular weight o f cyclodextrin polymers may
prevent their rapid excretion, allowing increased circulation time and a slower, more
controlled release o f drug. Uekama et al (1990) designed slow-release dosage forms o f
piretanide complexed with (3-cyclodextrin/cellulose and Fenyvesi (1988) reported a slower
drug release and increased stability against degradation when penicillin, com plexed with
soluble cyclodextrin polymer, was microencapsulated. Furthermore, Langer (1998)
reported on the beneficial effects achieved by encapsulation o f a polymeric drug within
liposomes: by coupling cw-4-hydroxyproline, considered as a potential treatment for lung
fibrosis in animals, to a PEG-lysine copolymer (which prevents rapid diffusion) and
entrapping it into liposom es with surface amylopectin as targeting agent, collagen
accummulation was prevented in the pulmonary arteries o f hypoxic rats.

As two cyclodextrin polymers were available it was decided to characterise their
complexation behaviour and the in vitro stability o f the com plexes when entrapped in
liposomes.
Three sets o f experiments were carried out as follows:

(i)

D H EA , RET and RA, each complexed with HP(3-CD and entrapped in DSPC
DR V, with and without cholesterol, were incubated separately with PBS and
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with blood plasma at 37°C, and the release profiles o f drug and HPp-CD
monitored.
(ii)

Further com plexes o f DH EA were prepared with two different pCD polymers
and these com plexes were co-entrapped with CF in DSPC D R V. Follow ing
exposure o f the entrapped com plexes, and o f entrapped CF alone, to three
separate media at 37°C (PBS, blood plasma and water) liposomal stability was
assessed by monitoring CF, D H EA and HPp-CD release.

(iii)

Three separate com plexes, formed between DHEA, RET, D E X and HPp-CD,
were entrapped in yet further individual DR V preparations composed o f DSPC.
Follow ing incubation as before with PBS and blood plasma, percentage release
values for each drug and HPp-CD were measured.

5.2

5.2.1

Materials and methods

M aterials

DH EA , RET, RA, D E X and HPP-CD, as w ell as their radiolabelled counterparts and the pCD polymers, were obtained as described in general Materials and M ethods (chapter 2). CF
was purified as outlined in the same chapter (section 2.2.10.). Phosphate-buffered saline
(0.15M , pH 7.4) was prepared freshly for each study. Liposom es were com posed o f DSPC
and DSPC/CHOL and in one investigation, [’"^C] DSPC was included in the initial DRV
preparation. Fresh blood plasma was obtained from male Wistar
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rats.

5.2.2 Methods

5.2.2.1

Form ation o f dru^/H Pd-CD inclusion complexes

DHEA (25m g), RET (lOmg) and RA (lOmg), together with their respective tritiated tracers,
were each m ixed with lOOmg HPp-CD plus

HP(^CD and stirred for four days at

20 C; drug/HP(3-CD molar ratios were 1:1, 1:2.5 and 1:3.3 for DH EA , RET and RA
respectively. The actual dpm o f all radiolabelled compounds used were as given in chapter
4, section 4.2.1. Two additional com plexes were also prepared: doubly radiolabelled DHEA
(22.5m g) with 450m g HPp-CD (1:5 molar ratio) and labelled DH EA (11.2m g) with
(unlabelled) 225m g HPp-CD (1:5 molar ratio). Soluble drug/HPp-CD com plexes were
separated from uncomplexed material and drug/HP p-CD com plex molar ratios calculated
from radioactivity measurements. In each case, practically all (over 96%) o f the HPp-CD
was recovered in the supernatants and the variable amounts o f drug recovered as soluble
complexes, signify their respective solubilisation capacities. Drug/cyclodextrin complex
molar ratios for the first three preparations were estimated as, 1:1.8 (DH EA/H Pp-CD),
1:4.5 (RET/HPP-CD) and 1:5 (RA/HPp-CD). Both additional D H EA /H Pp-CD com plexes
(which were m ixed together in starting molar ratios o f 1:5, see above) formed complexes
with 1:5 molar ratios, though this was assumed for the second preparation where HPp-CD
could not be measured.

5.2.2.2

Form ation o f DHEA/d~CD polym er inclusion complexes

DHEA (two samples o f 2.24m g) was mixed with [^H] DH EA (3.77 x lO^dpm) and stirred
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as above with two separate aqueous solutions (2ml) o f P-CD polymer 2009 (90m g) and
2010 (90m g). Initial molar ratios, based on p-CD content o f the polymers (52% w /w ) were
estimated as 1:2 (polymer 2009) and 1:1 (2010).

The solutions formed were filtered to

remove non-solubilised material.

5.2.2.3

Form ation o f DHEA, RET and D E X com plexes with HPP-CD

DHEA

(25m g),

RET

(lOmg)

and

DEX

(36m g)

were

each

dissolved

in

2ml

chloroform/ethanol mixture (5 :lv /v ) with known amounts o f their respective tracers.
Following evaporation o f the solvents, 2ml deionised water containing lOOmg HPp-CD
plus [’"^C] HPp-CD was added to each o f the dried film s and stirred for four days at room
temperature. Radioactivity measurements, after separation into non-solubilised pellets and
clear supernatants, showed drug/HP p-CD com plex ratios o f 1:1.2 (D H EA /H PpC D ), 1:4.5
(RET/HPp-CD) and 1:1.8 (DEX /H Pp-CD ) present in the supernatants.

5.2.2.4

Entrapm ent o f inclusion com plexes into liposom es

The three com plexes (see section 5.2.2.1), DHEA/HPp-CD (1:1.8 com plex molar ratio),
DHE A/HP P-CD (1:5 com plex molar ratio), RET/HPp-CD (1:4.5 com plex molar ratio) and
RA/HPp-CD (1:5 com plex molar ratio) were each entrapped into dehydration-rehydration
vesicles (DR V ) made from 32pm oles DSPC. Further com plexes o f DH EA /H Pp-CD (1:5
complex molar ratio), RET/HPP-CD (1:4.5 com plex molar ratio) and RA/HPP-CD (1:5
complex molar ratio) were entrapped into DRV com posed o f equimolar DSPC and
cholesterol (32pm oles: 32pm oles). All procedures were carried out at 60°C.
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5.2.2.5 Co-entrapm ent o f inclusion complexes DH EA/H P-^CD an d DH EA/^-CD polym ers
with CF

DHE A/HP P-CD (com plex molar ratio o f 1:1.8) plus ^H and ’"‘C tracers, and DHEA/p-CD
polymers 2009 and 2010 were each mixed with 0.2m l CF (0.2m M final concentration) and
added to three separate SU V preparations (2ml suspensions). A further SU V preparation
also made from 32pm oles DSPC and CF alone (0.2m M ), were m ixed in parallel.

DRV

were generated by the dehydration-rehydration method and all pellets were suspended in
PBS (1m l), pending stability studies.

5.2.2.6

Entrapm ent o f DHEA/HP0-CD, RET/HP0-CD, D E X /H P0-C D com plexes into

liposom es

The three doubly radiolabelled com plexes (see section 5.2.2.3), DH EA /H Pp-CD (1:1.2
complex molar ratio), RET/HPp-CD (1:4.5 ditto) and DEX (1:1.8 ditto) were each
entrapped, as described above, into DSPC DR V (32 pm oles) and suspended in PBS (1ml).
5.2.2.7 Incubation o f liposom es with blood plasm a

Each o f the above com plexes, entrapped in DRV alone or together with CF (0.4m l) was
incubated with 2ml fresh rat plasma or 2ml PBS at 37°C. In some experiments (see (ii)
above) incubation was carried out in the presence o f 2ml deionised water as w ell. Samples
(1ml) were removed at 2 and 60 or 70min, diluted to 5ml with PBS and centrifuged at
36,000xg for 25m in to separate liposom es with entrapped materials from the incubation
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medium. The pellets were washed with a further 5ml PBS, centrifuged as before and the
supernatants removed. Washed pellets were resuspended in 0.5m l PBS and, together with
the supernatants, assayed for ^H,

and CF (where present).

5.2.2.8

J D SPC D R V entrapping f3 H ] D H EA /H P8-CD

Stability studies with

DH EA (11.2m g), mixed with [^H] DH EA (1x10^ dpm) was stirred with HPp-CD (225mg)
as described above (5.2.2.1) and the resulting complex, which formed com pletely (i.e. all o f
the D H EA was solubilised by HP P-CD), was entrapped into DSPC D R V (32pm oles)
labelled with [''^C] DSPC (3.5x10'^ dpm) as described in section 5.2.2.4. Samples (0.48m l)
were incubated in PBS and plasma and stability studies carried out as before (section
5.2.2.7).

5.3

5.3.1

Results and discussion

Release o f drugs (DHEA, RET and RA) and H P f-C D from liposom es exposed to
PBS or plasm a

Tables 5.1 and 5.2 show results from experiments in which DSPC D R V , containing doubly
radiolabelled com plexes o f DH EA , RET or RA with HPP-CD were monitored in terms o f
drug (^H) and HP P-CD ( ’"^C) release in the presence o f plasma or PBS at 37°C.

Data

indicate that, whereas only 2.0-6.1% o f HP P-CD is released at 60m in from plasma
(covering all com plex formulations with DSPC), release o f drugs (3H) is considerable, with
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values being significantly greater for DHEA (60.2 and 62.0%) than for RET or RA (26.6
and 26.8% respectively; tables 5.1 and 5.2).

With liposom es made from DSPC with equimolar cholesterol, loss o f HPp-CD was slightly
greater for RA/H Pp-CD only (11.9%) when entrapped com plexes were incubated with
plasma at 37°C and measured after 60min. However, drug release was significantly higher:
DHEA (88.2% ,) RET or RA (35.6 and 35.1% respectively; tables 5.1 and 5.2), and again,
DHEA release is notably greater than RET and RA. It appears that m ost o f the released
DH EA, RET and RA are present in the media as such, since H BpC D in the media (in the
case o f both plasma and PBS) is too low (see tables 5.1 and 5.2) to significantly reflect
release o f soluble drug/HBp-CD complexes.

Release figures for entrapped com plexes incubated with PBS at 37°C are correspondingly
lower in all cases than those seen for plasma. Exposure to PBS does result in some loss o f
drug and HP/p-CD into the media and this loss increases when the liposomal formulations
contain equimolar cholesterol. It can be seen in table 5.1 that whereas only 29.4% and
35.6% DH EA (two preparations) are found in the PBS media at 60min from DSPC DRV,
this increases to 48.4% (from 35.6%) for the same preparations entrapped in DSPC/CHOL
DRV. Similarly, for entrapped com plexes incubated with PBS at 37°C less RET and RA
were released at 60m in from DSPC DRV (15.3% and 17.5% respectively; table 5.2) than
from DSPC/CHOL DRV (25.9% and 29.2%). HP P-CD release into PBS from entrapped
drug/HP P-CD com plexes remains low although greater when com plexed with DH EA (table
5.1) than for both RET and RA (table 5.2).
These results indicate that plasma factors enhance complexed drug release from liposomes.
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When radiolabelled compounds undergo various procedures there is always a possibility
that even partial degradation may occur, such as dissociation o f the radioactive moieties,
which may escape into the media being measured and give false results. This was judged
unlikely here, since radioactivity release was observed consistently with all drugs tested.
Nevertheless, chromatographic characterisation was performed on DH EA and [^H] DHEA,
whereby DH EA (2-3m g) was mixed with [^H] DHEA (approximately 1.0 x lO^dpm) in
chloroform and applied as a single concentrated 'spot'

to a silica-gel thin-layer

chromatography (TLC) plate. The dried plate was placed in a chromatography tank and
developed in ethyl acetate/n-hexane/acetic acid (16:8:1, by volume). Migration o f DHEA
occurred as an intact spot and radioactivity measurement, follow ing solubilisation, showed
over 95% recovery o f the radioactivity in the DHEA spot. This demonstrated negligible
label dissociation during this particular process, an assumption that was applied to
RET, [^H] RA and later, [^H] DEX.
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[^H]

Table 5.1

Release o f DHEA and HP p-CD from liposomes

Liposomes

DH EA /H P^C D
molar ratio

Medium

% released
2min

DSPC

DSPC

DSPC/CHOL

60min

^H

'^C

3h

14C

1:1.8

PBS

34.3

3.8

29.4

1.5

1:1.8

plasma

58.3

1.2

62.0

4.6

1:5.0

PBS

30.2

1.7

35.6

3.6

1:5.0

plasma

49.3

1.4

60.2

6.1

1:5.0

PBS

55.4

1.9

48.4

3.3

1:5.0

plasma

86.0

5.2

88.2

3.4

DRV liposom es composed o f DSPC with or without equimolar cholesterol and containing
[^H] DH EA com plex solutions with [’"^C] HPp-CD were incubated in the presence o f PBS
or plasma. Values o f released ^H (DH EA) and ’'^C (HPP-CD) radioactivity are % o f total in
the incubated DRV preparations.
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Table 5.2 Release o f RET, RA and HPp-CD from liposomes

Liposom es

Drug

Drug/HPP-CD
molar ratio

Medium

% released
2min

^H

DSPC

DSPC/CHOL

DSPC

DSPC/CHOL

60min

^^C

'H

14c

RET

1:4.5

PBS

12.6

1.1

15.3

1.8

RET

1:4.5

plasma

12.6

0.7

26.8

2.5

RET

1:4.5

PBS

17.1

5.2

25.9

3.8

RET

1:4.5

plasma

25.0

2.5

35.6

2.0

RA

1:5.0

PBS

12.6

4.7

17.5

5.6

RA

1:5.0

plasma

14.7

4.3

26.6

3.2

RA

1:5.0

PBS

28.4

8.8

29.2

8.5

RA

1:5.0

plasma

32.2

5.4

35.1

11.9

DRV liposom es composed o f DSPC with or without equimolar cholesterol and containing
[^H] RET or [^H] RA complex solutions with ['"^C] HPP-CD were incubated in the presence
o f PBS or rat plasma. Values o f released

(RET or RA) and

(HPp-CD) radioactivity

are % o f total in the incubated DRV preparations.

Another plausible explanation for the appearance o f drugs in the m edia following
incubation with either plasma or PBS, could be that displaced drug m olecules are either

160

somehow associated with vesicle fragments or m icelles from destabilised liposom es and
appear in the supernatants, or become incorporated into the lipid phase o f small vesicles
(from the heterogeneous population o f DR V) and do not sediment on centrifugation. To
investigate this hypothesis, stability studies were carried out with

DSPC-labelled

DRV liposom es, entrapping a com plex solution o f DH EA labelled with [^H] and unlabelled
HP P-CD (necessary to avoid conflicting

DSPC measurements), and incubated as

before with plasma and PBS. Results (table 5.3) showed that only trace amounts o f [*"^C]
were found in both plasma and PBS supernatants, indicating that no significant vesicle
fragments or SU V were present, with DRV presumed to be intact in suspended pellets.
Percentage release figures obtained for [^H] DHEA, subsequent to incubation with plasma
and with PBS (39.0%, 10.5% respectively at 60min) were considerably lower than those
from similar preparations in the experiment o f table 5.1 60.2% and 35.6% respectively at
60min; table 5.1). Follow ing their dissociation from HPP-CD and escape from liposom es, it
is unclear in what form highly insoluble drugs such as DH EA, RET, RA and, as seen later,
DEX are present in the incubation media. Although a proportion may be solubilised by
proteins naturally found in plasma, their presence in PBS is difficult to explain although
minimal aqueous solubility may account for such appearance to some extent. The Merck
Index records only trace solubilities in water for DHEA, RET and RA, though a respectable
0.1 mg/ml for DEX. A lso, the marginal amounts o f released HPp-CD are likely to
contribute to solubilisation.
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Table 5.3

Liposom es

Release o f DHEA/HPp-CD from [''^C] DSPC liposomes

DH EA/H Pp-CD
molar ratio

Medium

% released
2min

DSPC

1:5.0

DSPC

1:5.0

PBS
plasma

60m in

"H

'^C

^H

^^C

13.3

0.1

10.5

0.2

27.8

0.1

39.0

0.0

DRV liposom es composed o f [’"^C] DSPC and containing [^H] DHEA/HPp-CD complex
solution were incubated in the presence o f PBS or rat plasma. Values o f released ^H
(DHEA) and ’"^C (DSPC) radioactivity are % o f total in the incubated D R V preparation.

Further investigations were undertaken with this last DRV preparation (i.e., [^H]- labelled
DH EA complexed with unlabelled HPp-CD and entrapped in f"^C]-labelled DSPC DRV),
in order to determine characteristics o f the released DH EA in terms o f where it peaked.
Prior to its entrapment into liposom es a small sample (0.5m l) o f the [^H] DH E A/HP P-CD
complex was eluted through a Sephadex G-10 column, as described previously (chapter 2,
section 2.2.4.b), 25 x 0.5m l fractions were collected and radioactivity was measured in each
fraction. The [^H] DH EA eluted primarily at fraction 9 (figure 5.1), the same fraction where
['"^H] HPp-CD elutes (chapter 3, section 3.3.1) and, as expected, free D H EA was found in
decreasingly smaller amounts over the follow ing fractions. This pattern is consistent with
that seen for a drug/HP p-CD complex, dissociating gradually as it is diluted by PBS
passing through the column (see chapter 3, section 3.3.1).
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Figure 5.1

DHEA, labelled with [^H] DHEA was complexed with HPp-CD and

entrapped in DR V composed o f DSPC labelled with

DSPC. A portion was eluted

through a Sephadex G -10 column and 25 x 0.5m l fractions collected. ^H radioactivity
readings showed a peak at fraction 9, indicating com plex formation.

Both the PBS and plasma supernatants, obtained from the stability studies with entrapped
DH EA/H Pp-CD com plexes after 2min and 60min from ['"^C] DSPC D R V preparations,
were placed individually, on Sephadex G-10 columns, and fractions collected and
measured. The elution profiles revealed that PBS supernatants showed no appreciable
elution o f D H E A at fraction 9 (thus presumably no leakage o f entrapped D H E A in HPpCD) while small amounts could be detected at fraction 9 in the plasma supernatants from
both time points. It appears that trace amounts o f HPp-CD (with com plexed DH EA ) leak

163

from liposom es follow ing incubation with plasma (figure 5.2), which is in agreement with
results from other stability studies in this chapter.
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Figure

5.2

entrapped in

Supernatant from plasma incubation medium o f [^H] DHEA/HP(3-CD
DSPC DRV was placed on a Sephadex

G-10 column and fractions

collected. Peak at fraction 9 is released DHEA/HPp-CD after 60m in incubation. Elution
profile at 2min showed less than half o f the above amount released at that time point.

There is overwhelming evidence from these experiments that inclusion o f equimolar
cholesterol with DSPC facilitates drug release, even after 2min incubation, in both PBS and
plasma, though in consistently greater amounts in plasma. It is known (Frijlink et al, 1991;
Pitha et al, 1983) that among the many lipophilic m olecules forming inclusion complexes
with cyclodextrins steroids have a particular affinity, and some can have very high stability
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constants. Where cholesterol is formulated with DSPC, or indeed with other phospholipids,
there w ill be competition for the cavity o f entrapped drug/cyclodextrin com plexes.
Although DH EA has a steroidal core structure and easily forms inclusion com plexes, the
association appears to be relatively loose (as inferred from in vitro stability studies), more
so than for either RET or RA. Consequently, in drug/HP(^CD D R V formulations
containing cholesterol, more DHEA is released into the media than RET and RA, and most
happens within 2min (tables 5.1 and 5.2). It seems that the presence o f cholesterol,
certainly at the concentrations used here, rather than contributing to vesicle stability,
destabilises the bilayer presumably because it is easily extracted by cyclodextrins.
Displacement o f drug from the cyclodextrin cavity by cholesterol explains the drug's
release into the media, but there is additional release when the incubation medium is
plasma rather than PBS. In this respect, while entrapped HPp-CD is extracting cholesterol
from liposom es, the destabilised bilayers may come under simultaneous attack from HDL
in plasma, exacerbating the situation and promoting increased release o f drug. The
destabilisation, however, must be

minimal or at least differential, as little HPp-CD (5.2%

after 2m in and 3.4% after 60min from the DHEA/HPp-CD com plexes entrapped in DR V
containing cholesterol; table 5.1) is found in the media, results that were also recorded for
equivalent preparations entrapping RET/HPp-CD and RA/HPp-CD (table 5.2).
In attempting to explain the large difference between HPp-CD and drug releases one can
also speculate that some o f the HPp-CD, especially those m olecules that are void (i.e.
containing aqueous medium and without included drug) could remain as such in the
aqueous core o f liposom es or interact with phospholipids and be retained in the bilayers.
The figure o f 88.2% release after 60min for DHEA is quite dramatic and would indicate
plasma protein binding, whereas the lower values for RET (35.6% ) and RA (35.1% ) would
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suggest less drug displacement or even accommodation o f displaced drug within the
bilayers in a somewhat stable equilibrium. Moreover, incubating at 37°C as opposed to the
ambient temperatures used in com plex entrapment experiments (see Chap. 2, Materials and
Methods) may accelerate the processes involved in drug release.

As a result o f these observations, DSPC alone was used in all further D R V preparations.

5.3.1

C om parative studies o f CF, DHEA and cyclodextrin release fro m liposom es

In an attempt to examine whether or not vesicle destabilisation was induced by entrapped
cyclodextrins or cyclodextrin complexes, further experiments were carried out in which
quenched

carboxyfluorescein

(CF),

an

appropriate

marker

o f liposomal

stability

(Gregoriadis, 1988), was entrapped in DSPC DRV alone or together with DHEA/HPpCD
or DHEA/(3-CD polymer com plex solutions. Table 5.4 shows that, on incubation o f CFcontaining liposom es with plasma or PBS, release patterns for co-entrapped DH EA and
HPP-CD are similar to those observed for the same preparations without CF (table 5.1).
Interestingly, release o f the drug from liposom es containing the D H EA /p-C D polymer
complex solutions also occurred (presumably follow ing DH EA displacement by lipids) and
was comparable to that seen with DHEA/HPp-CD (table 5.1). Inspection o f the values for
released CF, however, shows that these are low (4.7-10.8% at 70min) for both complex
solution-free or com plex solution-containing DRV preparations.
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Table 5.4 Comparative studies o f CF, DHEA and cyclodextrin release from liposomes

DRV content

Medium

% released

2min

DHEA/HPP-CD + CF

DHEA/p-CD 2009 + CF

^H

’^C

CF

^H

’^C

CF

PBS

30.2

1.6

2.6

27.5

1.6

4.3

plasma

43.6

1.4

2.2

64.1

2.9

4.7

water

37.8

13.5

27.4

59.0

40.1

48.4

PBS

31.1

5.4

28.4

-

5.9

plasma

52.0

4.8

52.6

-

10.8

-

36.1

water
DHEA/p-CD 2 0 1 0 + CF

CF

70m in

8.8

-

-

14.8

34.0

6.6

41.4

-

13.3

PBS

45.0

plasma

58.3

-

8.9

61.4

-

10.5

water

42.5

-

11.3

39.4

-

31.9

PBS

-

-

1.7

-

plasma

-

-

4.5

-

-

8.3

water

-

11.9

-

-

30.0

-

-

-

5.9

DRV liposom es composed o f DSPC and containing CF with or without co-entrapped [ H]
DH EA com plexes o f DH EA with [*"^C] HPP-CD or p-CD polymers 2009 and 2010, were
incubated in the presence o f PBS, plasma or deionised water at 37°C. Values o f released
[^H] DHEA and [*"^C] HPP-CD radioactivity or CF are % o f total in the incubated DRV.

Thus, drug release under the present conditions cannot be explained on the basis o f a
cyclodextrin-induced bilayer destabilisation. A further indication that liposom es with co-
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entrapped com plexes and CF are relatively stable is provided by additional data in
table

5.4: on exposure to distilled water, release values at both time points are greatly

augmented for both cyclodextrin (40.1% at 70min) and CF (30-48% at 70min). This can be
attributed to osm otic shock, which has been shown previously (Kirby and Gregoriadis,
1984) to occur when loaded stable DRV are exposed to water.

5.3.3

Stability o f liposom e-entrapped DHEA-, RET- an d D E X/H Pp-C D com plexes in the

presence o f plasm a an d PBS

Liposomes

containing DH EA/H Pp-CD,

RET/HPp-CD

or DEX /H Pp-C D

complexes

(drug/HPp-CD molar ratios o f 1:1.2, 1:4.5 and 1:1.8 respectively) were incubated in plasma
and PBS as before. (Although release characteristics o f entrapped DHEA/HPp-CD and
RET/HPp-CD when exposed to PBS and plasma, have been covered in sections 5.3.1 and
5,3.2, further preparations o f both were included in stability studies with DEX/HPpCD, as
these three com plexes were destined for future in vivo work). The results o f each drug
released into PBS and plasma media after 2min and 60min are given in table 5.5 and
confirm previous data obtained for DHEA and RET (tables 5.1-5.4). O f the entrapped
complexed DHEA, 30% was found in the plasma media after 2min, increasing to 56.2 % by
60min. Less RET was released after 2min (10.5% ), although this more than doubled after
60min, while only 2.8% o f DEX was found initially with a further small increase (to 11%)
by 60min. In each case insignificant amounts o f HPp-CD were found (up to 1.5%) in the
plasma media, even after 60min, indicating intact liposom es. Release o f HPp-CD from all
preparations into PBS media was similar to that o f its release into plasma. On the other
hand, much less DHEA was released at both time points (15.5% at 2min and 22.8% at
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60min) while differences in release values for RET are only slightly less (9.8% at 2min and
16.2% at 60min).

Table 5.5 Release o f drugs (3H) and HPp-CD
PBS and plasma
Liposome-entrapped
complex

Medium

from liposom es in the presence o f

Released radioactivity (%)
2min
^H

60m in
'^C

^H

22.8

DHEA/HPP-CD

PBS

15.5

1.2

RET/HPP-CD

PBS

9.8

1.6

DEX/HPP-CD^

PBS

3.4 ±2.4

1.8±1.9

DHEA/HPp-CD

plasma

30.7

1.2

56.2

RET/HPp-CD

plasma

10.5

0.8

22.8

DEX/HPp-CD"

plasma

2.8±0.8

0.8±0.1

11.0±3.2

16.2
11.2±2.4

^'C

1.1
1.8
2.4±2.2

0.6
1.5
1.4±0.2

Liposomes composed o f DSPC and containing [^H] DH EA/-, [^H] RET/- and [^H]
DEX/[*"^C] HP P-CD inclusion com plexes were incubated with PBS and rat blood plasma at
37°C. Values o f released ^H (drug) and ’"^C (HPp-CD) radioactivity are % o f total in the
incubated DR V preparations.
^Values given are from three different experiments.
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Amounts o f DEX found in PBS (3.4% at 2min and 11.2% at 60min; table 5.6) are
marginally higher than in plasma, as are the corresponding HP(^CD values (1.8% at 2min
and 2.4% at 60m in), but is was thought that this was not significant and unlikely to be
related to any stabilising influence o f plasma itself.

Assuming that all the drugs used here are indeed displaced from the cyclodextrin cavity,
albeit at their own specific rate, by lipids during their entrapment as inclusion com plexes
into liposom es, the mechanism o f their release from cholesterol-free, stable vesicles into
incubating media is unclear. Since all o f the drugs are highly lipophilic it seem s likely that
any o f the drugs displaced from the cyclodextrin cavity would tend to gravitate towards the
lipid bilayers and be accommodated there. A certain amount o f drug, by intercalation, could
stabilise bilayers by additional packing. On the other hand, too high a drug presence or
incompatibility o f some drug structures with lipid bilayer arrangements, could render the
liposomes more unstable and hence more permeable to released drugs (Gregoriadis, 1988).
It seems likely that, follow ing their displacement, drugs are localised (to an extent that is
specific for each particular drug) at or near the lipid-water interface o f the vesicles and thus
available to desorption. This is supported by work (Castelli et al, 1984; 1992) showing that
interaction between certain amphipathic molecules and polar heads occurs only at the
surface o f lipid bilayers, without significant involvem ent o f the acyl chains, and by
previous findings (Kirby and Gregoriadis, 1983) that lipophilic drugs entrapped in stable
liposomes are prone to rapid partial loss on exposure to plasma.

170

5.4 Conclusions

Cellular destruction by some cyclodextrins has been observed in a number o f in vitro
cytotoxicity studies, for instance with human skin fibroblasts (Pitha et al, 1988; Garay et al,
1994) and intestinal cells (Leroy-Lechat et al, 1994), E .coli bacterial cells (Bar and Ulitzur,
1994) and liposom es (Miyajima et al, 1987). These in vitro studies do not necessarily
translate into in vivo toxicity but do provide insight into potential interactions when
administered parenterally. The in vitro work mentioned above, by Miyajima et al, entailed
incubation o f SU V and LU V (large unilamellar vesicles) entrapping calcein as a marker o f
leakage, with parent and methylated cyclodextrins; the liposom es were composed o f
dipalmitoyl

phosphatidylcholine

(DPPC),

dicetylphosphate

(DCP),

egg

phosphatidylcholine and cholesterol, in various combinations. A very relevant finding was
the significantly increased leakage o f entrapped calcein, observed when cholesterol was
incorporated into the liposomal formulations, presumably due to vesicle destabilisation.
Given that cyclodextrins accommodating a “guest” within their cavities are less reactive
than when “empty”, and only w illing to exchange that “guest” with m olecules able to
provide a more thermodynamically favourable equilibrium, the nature o f the “guest” is
important. The strong affinity o f cholesterol for the hydrophobic cavity and its tendency to
displace

com plexed

compounds

has

been

demonstrated here.

H ow

w ell

this

is

accomplished depends upon the stability constant o f the com plex o f cyclodextrin and its
resident molecule. Thus, DH EA, with its high dissociation dynamics as seen in tables 5.5
and 5.6) is displaced much more rapidly than D EX in the com plex with HP(3-CD, with
RET/HPp-CD being somewhere in between (same table). The external medium is also
influential: when liposome-entrapped com plexes are suspended in PBS, destabilising
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processes probably come solely from within liposom es whereas, in the presence o f plasma,
additional factors contribute. Overall, it seems that DSPC DR V, without cholesterol, is the
ideal composition needed to entrap drug/HPp-CD com plexes destined for in vivo delivery.
The fate and stability o f the whole construct, however, is expected to be directly dependent
on the strength o f the drug/HP P-CD association. These results show this stability to be in
the order, DEX>RET>DHEA.
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Chapter 6

Free and Liposome-Entrapped Drug/HPp-CD Complexes: Comparative
Studies//? Vivo

6.1

Introduction

The success story o f liposom es is due in part to its early therapeutic applications. It seems,
in retrospect, that no sooner had Bangham and colleagues (1965) presented liposom es (as
they came to be known) to biophysicists as model membrane system s, both structurally and
functionally, than Gregoriadis and Ryman proposed them as carriers o f drugs. Numerous
studies quickly follow ed, establishing the feasibility o f using the system with enzymes,
anti-cancer and anti-microbial drugs (Gregoriadis and Ryman, 1972; Gregoriadis et al,
1974) and also its ability to potentiate immune responses to entrapped antigens (A llison and
Gregoriadis, 1974). It was early recognition o f the systems interaction with the biological
m ilieu and associated challenges, that led to significant advances in understanding the
impact on pharmacodynamics and pharmacokinetics o f drug-liposome constructs and,
consequently, to vastly improved designs.
The fate and behaviour o f liposom es and entrapped solutes follow ing parenteral
administration has been discussed in chapter 1 (section 1.3.4) and referred to extensively
throughout this thesis. The importance o f in vivo applications o f drugs and delivery systems
cannot be over-emphasised, as only an efficacious therapeutic product can endorse a system
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seemingly successful in silico or in vitro. Thus does the drinker's maxim: “in vino veritas”
become the biochem ist's “in vivo veritas” !

In vivo experiments were carried out with three o f the drug/HP p-CD com plexes from the
preceding work - DH EA , RET and D EX , complexed with HPp-CD, either as free
complexes or entrapped in liposom es. HPp-CD, alone or entrapped, was done in parallel.
DHEA, RET and DEX (mol. wt. 288.4, 286.5 and 392.4, respectively) were chosen as
model drugs on the basis o f their extremely low water solubility and because their
appropriate size and structure (figures 3.9-3.12, chapter 3) would enable them to fit either
wholly or partially, into the cyclodextrin cavity. Furthermore, results from in vitro stability
studies (chapter 5) indicated that these particular drugs spanned a complex-stability range
loosely described as weak, medium and strong for DH EA, RET and D E X respectively.
However, these drugs also have important established therapeutic utility.

For instance,

DHEA is known to exhibit anti-obesity and anti-cholesterolaemic activities in dogs
(Kurzmann et al, 1990) and to enhance the immune system o f immunosenescent mice
(Araneo et al, 1993). Moreover, experimental geriatric studies on a variety o f m odels that
represent ageing characteristics, have demonstrated positive outcomes when DH EA has
been administered in replacement trials. DH EA is a 17-ketosteroid o f adrenal and gonadal
origin and, in its sulphate form (DH EA -S), is the most pharmacologically expedient
neuroactive steroid in humans.

Concentrations decrease progressively from early

adulthood so its replacement could have implications for the alleviation o f age-related
diseases such as Alzheim er's.

In the United States, where it is w idely available, it has

attained elixir-of-youth status.
Retinol is an isoprenoid compound with a six-membered carbocyclic ring structure attached
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to an eleven-carbon chain. The retinoids have attracted considerable interest as a means to
prevent chemical carcinogenesis (Pitha et al, 1980; Pitha and Szente, 1983) and their
potential applications in dermatology have been recognised for a number o f years (Duchêne
et al, 1991). Retinoids can improve cicatrisation by increasing collagen synthesis and by the
suppression o f collagenase activity in synovial tissue and human skin fibroblasts.

Dexamethasone on the other hand, a synthetically derived glucocorticoid, is used
extensively as an anti-inflammatory agent, especially efficacious in asthmatic, allergic and
rheumatic conditions, and in emergency medicine for treating shock (M iyabo et al, 1981).
Because

o f the extremely

low

aqueous solubility

o f dexamethasone, a prodrug,

dexamethasone 21-phosphate, is routinely employed; however, this has been found to
produce peripheral neuropathies and generalised anxiety disorders (Rohdewald et al, 1987)
in many cases, which is thought to be associated with its dephosphorylation in situ.
Cyclodextrin com plexes o f dexamethasone have been used:

Dietzel et al (1990)

administered DEX/HPB-CD intravenously to dogs and compared its bioavailability with
that o f the sodium salt o f the phosphate ester.

Plasma levels o f D E X from inclusion

complexes were significantly higher, although pharmacokinetic parameters were similar
(Arimori and Uekama, 1987). N o side effects were observed.

When drug/cyclodextrin com plexes are introduced into the circulation rapid dissociation
occurs through dilution by blood and extracellular fiuids (M esens et al, 1991; Rajewski and
Stella, 1996), as w ell as competitive displacement with endogenous lipophiles. In this
respect, any concerns occasionally raised that drugs with very high affinities for the
cyclodextrin cavity may be difficult to release by dilution, and subsequently unavailable to
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act, are unfounded (Thompson, 1997). Most drug/cyclodextrin com plexes exhibit binding
constants in the range o f 100-20,000M ’', so even for the most tightly bound drug a 1:100
dilution, readily attained upon injection, w ill reduce the percentage o f drug complexed
from 100% to 30% immediately (Thompson, 1997).

Further displacement o f drug is

expected by endogenous lipids, particularly cholesterol and cholesteryl esters, which are
generally present at concentrations 10^-10^ times

higher that most other plasma steroids,

and by competition between cyclodextrins and plasma proteins (predominantly albumin)
which will favour a drug/protein association (Pitha, 1991).

Thus, w hile aqueous

cyclodextrins provide a safe solubilising vehicle for the parenteral administration o f many
hydrophobic drugs, their pharmacokinetics is not expected to change:

dissociated drug

becom es a free drug and is metabolised as such.

Liposom es, on the other hand, are taken up preferentially by the RES, particularly liver,
spleen and bone marrow macrophages. Moreover, after intramuscular or subcutaneous
injection, liposom es and their contents are intercepted by macrophages resident in the
draining lymph nodes (Tumer et al, 1983; Velinova et al, 1996). Drugs, complexed with
cyclodextrins and entrapped in liposom es and so no longer subject to rapid circulatory
dilution, would be expected to exhibit altered pharmacokinetics and biodistribution by
adopting the fate o f their liposomal carrier.

However, as witnessed in in vitro stability

studies (chapter 5), liposomal integrity can be seriously compromised by entrapped
cyclodextrins.

Comparison o f the fate o f both drug and HPP-CD, encapsulated into

liposom es either as such or as a complex, may reveal advantages or otherwise o f the
system, such as prolonged blood residence time, altered elimination pattern and improved
bioavailability.

H alf-lives o f the drug and HPh-CD in the circulation, and their urinary
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concentration, were monitored. Amounts o f drugs and HPB-CD were measured, at time
intervals, in three organs - liver, kidney and spleen, chosen as likely sites o f uptake.

6.2

6.2.1

Materials and methods

M aterials

Sources and grades o f all materials used were as described in chapter five, section 5.2.1.
DSPC alone was the lipid used for entrapping drug/HPp-CD com plexes and for entrapping
HPp-CD alone; SU V formation and DRV generation procedures were carried out at 60°C.

6.2.2 M ethods

The three drug/HPp-CD com plexes were prepared as described in Methods and Materials
(chapter 2). Briefly, drugs (25m g DHEA, lOmg RET, 34m g D EX) were each dissolved in
chloroform/ethanol (4 :lv /v ) with known amounts o f their respective tritiated tracers
(typically 8.0-9.0 xlO^ dpm). Following evaporation o f the solvent, D H EA and D EX were
14

complexed with aqueous HPp-CD (lOOmg per drug) radiolabelled with [ C]

(typically

5.0-6.0 xlO^ dpm), in a 1:1 molar ratio, while RET/HPP-CD was prepared in a 1:2.5 molar
ratio. Quantities o f each drug and HPp-CD used for complexation, actual amounts
complexed and the drug/HP P-CD molar ratios are presented in table 6.1.
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Table 6.1

Drug/HPp-CD complexes f o r v/vo studies

DHEA/HPPCD

Amounts for

25m g/100m g

complexation

87pm oles/ 87pm oles

Drug/HP p-CD

14.7m g/63m g

com plexed

RET/HPP-CD

51pm oles/55pm oles

lOmg/lOOmg
35pm oles/87pm oles

DEX/HPPCD

34m g/100m g
87pm oles/87pm oles

2.1m g/67m g

8m g/62m g

7 p,moles/5 8 pm oles

21 pm oles/54pm oles

1:8

1:2.6

Final drug/HPP-CD
molar ratio

1 : 1.1

Each o f the drug/HP P-CD com plexes, along with a similar concentration o f HPp-CD alone
(50m g) labelled with ['"^C] H P ^ C D (5.0 xlO^), were entrapped in DSPC (32pm oles DR V,
as described in previous chapters, and percentage entrapment estimated.

6.2.3

Anim al experiments

Randomised groups o f male Wistar rats (8 per group, 125-150g body weight, were injected
into the tail-vein with each o f the follow ing formulations:

i)

Free -drug/HPli-CD complexes

ii)

Free -HPB-CD
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iii)

Liposom e - entrapped drug/HPB-CD complexes

iv)

Liposom e - entrapped HPB-CD

Amounts in mg administered to each rat o f drug/HP |3-CD and o f HP P-CD alone, together
with their respective tracers, both as free and entrapped doses, are given in table 6.3

One half o f the rats per group were killed 30min later, while the remaining animals were
kept in individual metabolic cages and urine collected over 24h (for details, see chapter 2,
section 2.3.2) after which they were killed.

Additional groups o f rats were injected as

above with liposome-entrapped DEX/HPp-CD com plexes and killed at 3, 7, 14 and 24
days.

Blood was collected at death, and tissues (liver, kidneys and spleen) were removed

and processed as described in Materials and Methods (chapter 2, section 2.3.4).
3

plasma, urine and tissue samples were all assayed for H and

6.3

6.3.1

Blood

14

C levels.

Results and discussion

Form ation o f inclusion complexes a n d entrapment into liposom es

Radioactivity measurements showed drug/HP p-CD molar ratio values for each o f the three
drug/HP p-CD com plexes as shown in table 6.1, i.e 1:1.1 (DH EA), 1:8 (RET) and 1:2.6
(D E X ). A molar ratio o f 1 : 8 was lower than anticipated for RET/HPp-CD (which had
tended more towards 1:5 in previous experiments) but conditions during com plex formation
were carried out as before. The molar ratio o f 1:2.6 for DEX/H Pp-C D was also marginally
lower than expected, but these differences were not considered significant for the outcome
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o f the experiment. Approximately half the amounts o f each drug/HP p-CD complex was
retained for intravenous injection as free complexes, while the remaining amounts were
entrapped into DSPC liposom es by the DRV procedure, employing the optimum conditions
as determined in chapter 4 (i.e. in the range o f 25-30m g HP P-CD per 25m g or 32pm oles
DSPC and a freeze-drying volume o f 10ml). A solution o f 25m g HPp-CD was entrapped
separately in DSPC DR V (32pm oles) and a further solution o f H PpCD (1 m g/ml PBS) was
prepared for the injection o f free HP p-CD. Entrapment values and actual amounts (mg)
entrapped are shown in table 6.2.
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Table

6.2

Percentage entrapment values for drug/HP^CD complexes and for HP(TCD.

DHEA/HPP-CD

RET/HPP-CD

^H

'"c

^H

19.3

17.9

19.1

% Entrapment

1 :0 .9

’^C

19.2

1: 1

D EX/H Pp-C D

HPp-CD

^H

^^C

''C

20.4

9.5

8.2

1:0.5

ratios (^H:"'C)

Amounts (mg)

1.6

5.7

0.23

11.1

1.7

4.8

2.3

entrapped

Inclusion com plexes o f drug/HP p-CD and HPp-CD alone were entrapped into DRV
com posed o f 32pm oles (25m g) DSPC per preparation. Values are percentage o f amounts
entrapped as measured by

(drug) and ’"^C (HPp-CD). Amounts in mg and equivalent

pm oles were calculated from entrapment values.

The percentage entrapment values obtained for DHE A/HP p-CD and RET/HPP-CD
approximate unity,

indicating liposome-entrapped intact com plexes

in both cases.

H owever, percentage entrapment values for the HP p-CD component o f DEX /H Pp-C D and
for HP p-CD entrapped alone are disappointingly low (table 6.2). The uneven molar ratio (1 :
0.5) for DEX/H Pp-CD has been encountered before (chapter 4, table 4.7) when equimolar
DEX/HPp-CD was entrapped in 32pm oles DSPC DRV: in all cases, and irrespective o f
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amounts used for entrapment (i.e. 5-43pm oles each o f complexed D EX /H Pp-C D ) or freezedrying volum e (5-50m l), percentage entrapment results favoured D E X over HPpCD
(chapter 4, table 4.7). It was concluded that such molar ratios were probably characteristic
o f DEX/H Pp-CD inclusion com plexes when entrapped in DSPC D R V preparations though,
interestingly, the reverse was seen (i.e. DEX /H PpC D >1) when the DR V com position was
equimolar PC/CHOL (chapter 4, table, 4.8). A percentage entrapment value o f 8.2% was
low, but the amount o f HPp-CD actually entrapped (2.3m g) was sufficient for the
experiment.

The amounts o f DH EA/H PP-CD, RET/HPp-CD, D EX/H PpCD com plexes and HP P-CD,
together with their radiolabelled counterparts, that were administered intravenously to each
rat, both as free and liposome-entrapped preparations, are shown in table 6.3.
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Table 6.3

Formulations given to each rat by intravenous injection

DHEA/HP^CD

Free (m g/m g)
^H/'"C (dpm)

Entrapped (m g/m g)
^H/'“C (dpm )

DSPC (m g)

6.3.2

0.5/2.4

l.SxloVl.lxlO®

0.2/0.7
4.4x10^2.5x10^

6.25

RET/HPp-CD

0.25/7.0
1.0x10^/5.0x10^

0.03/1.4
1.7x10^2.3x10’

6.25

DEX /H Pp-C D

0.5/4.0
4.8x10^5.0x10^

HPpCD

0.25
4.4x10^

0.2/0.6

0.2

4 .0 x l0 ’/1 .6 x l0 ’

3.2x10’

6.25

3.15

Free an d entrapped drug/HPfi-CD complexes: blood levels an d urinary clearance

Plasma levels o f drugs and HPp-CD were measured for both free and entrapped complexes
30m in after intravenous administration. Table 6.4 show s only small amounts o f all three
drugs present in plasma at 30min when given in com plexed form, suggesting (the expected)
rapid com plex dissociation and subsequent clearance. The higher value observed for RET
(16.3% ) may simply be due to a greater binding affinity for plasma proteins, which would
allow it to circulate for a longer period or, alternatively, to a reduced facility for proteins to
donate RET to tissues, but this result is not significant.

Carrier proteins, binding to the

dissociated hydrophobic drug, would direct these m olecules to the
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Table

6.4

Plasma levels o f drugs and HPp-CD after intravenous injection o f free and

liposome-entrapped com plex solutions

Injected material

Free material (%)

^H (drug)

DHEA/HPp-CD com plex

Liposomal material (%)

’^C (HPP-CD)

^H (drug)

^"^C (HPp-CD)

6.2±0.5 (4)

8.3±0.7 (4)

4.9±1.3 (3)

0.4±0.2 (3)

RET/HPp-CD com plex

16.3±1.7 (4)

14.9±L3 (4)

1.3±0.2 (4)

l.O il.O (4)

DEX/HPp-CD com plex

9.9±0.4 (4)

7.2±0.8 (4)

l.O iO .l (4)

0.2±0.0 (4)

HPp-CD

-

11.1±1.2 (4)

-

0.6±0.1 (4)

Values (% ± S.D. o f injected dose) o f drugs (^H) and HPp-CD (^"^C) found in the plasma o f
rats 30min after intravenous administration o f either free or liposome-entrapped materials.
Numbers in parentheses denote the number o f animals per group. Radioactivity values 24h
after injection were nil.

liver where they would undergo metabolism as free drug. After 24h, values in plasma for
14

all three drugs, when given as free com plexes, were nil. The

C values, a measure o f HPP-

CD levels, are correspondingly low after 30min (table 6.4) and were nil also after 24h.
Similar values observed for free HPp-CD demonstrated that the presence o f a compound in
the cyclodextrin cavity does not impinge upon its clearance pattern.
Liposome-entrapped complexes were cleared even more rapidly from the circulation as
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anticipated for relatively large MLV. It can be seen from table 6.4 that negligible amounts
o f RET and DEX were found in plasma after 30min. A small measurable amount (4.9% o f
the dose given) o f DHEA was seen (30min) which, although low, suggests a degree o f
leakage o f DH EA from liposom es (and a rather delayed circulation as a free drug) within a
short period. This is supported by results o f the in vitro stability studies (chapter 5, tables
5.5 and 5.6), where DHEA exhibited the greatest tendency o f the three drugs to dissociate
from HPp-CD and be released into the aqueous medium.

RET and D EX , on the other

hand, appear to have stayed with the carrier and undergone typical liposomal clearance.
Trace amounts o f HPp-CD (0.2-0.6% ) may have leaked from liposom e but it is likely that
most remained entrapped, a result again expected from in vitro experiments (chapter 5,
tables 5.5 and 5.6).

The rapid clearance o f free drug/HP p-CD complexes and o f HP p-CD alone is reflected in
the urinary levels found after 24h collection (figure 6.1 A). M ost (73-94% ) o f the HPp-CD
radioactivity was recovered, presumably intact (Monbaliu et al, 1990), together with
variable amounts o f the three drugs. The presence o f these drugs in the urine (26.4 ±7.1% ,
40.4 ±4.4% , 48.2 ±13.8% o f injected DHEA, RET and D EX respectively; figure 6.2)
suggests that they were carried there still complexed to HPp-CD and, therefore, as watersoluble entities. On the other hand, it is feasible that a certain amount o f dissociated drug
could have been filtered through the kidneys and a small fraction taken up by the cells o f
proximal convoluted tubules during the reabsorption process and stored there, only to

185

100 n

DHEA/
HPp-CD

g

^

RET/
HPp-CD

DEX/
HPp-CD

HPp-CD

40 n

30 1
ZO
IC
04-

ljU
DHEA/
HPp-CD

Figure 6.1

RET/
DEX/
HPp-CD HPp-CD

HPp-CD

Drug (^H) (filled bars) and HPp-CD ( ‘"‘C) (diagonal bars) radioactivity in 24h

urine collection from rats injected with free (A) or liposome-entrapped (B) complex
solutions or HPf^CD. Rats in groups o f four were injected with free com plexes o f [’"‘C]
HPp-CD with [^H] DHEA, [^H] RET, [^H] DEX and free ['^C] HPP-CD or liposomeentrapped complexes as above and entrapped [*'^C] HPp-CD. Details o f amounts in each
preparation are given in table 6.4. Values are expressed as % ± S.D. o f injected
radioactivity.
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recomplex with free HPp-CD passing through the glomeruli. In this way HPp-CD would
facilitate gradual drug elimination. The extent o f recovery o f each o f the drugs in urine
(figure 6.1)

shows the same correlation with drug/cyclodextrin com plex stability

encountered in in vitro studies (chapter 5, table 5.5): more DHEA (56.2 %) was found in
the plasma medium, as it had dissociated more quickly, than both RET and DEX, which
were present at 22.8 % and 11.0 % respectively, after 60min. This biodistribution pattern,
DH EA>RET>DEX in terms o f complex dissociation, was seen repeatedly in in vitro and in
vivo work throughout. The high urinary excretion o f H PpCD, when given complexed or
14

free, is in agreement with work by Monbaliu et al (1990), who administered [ C] HPp-CD
intravenously to rats and dogs in increasing doses as part o f a toxicity study. H alf-life in
14

the plasma was found to be 0.4h and again, over 90%

[ C] HPP-CD was excreted

(unmetabolised, according to their data) in urine at a rate comparable to glomerular
filtration rate in rats (Davies and Morris, 1993).

This is important, as it invalidates

concerns that may arise about tubular re-uptake and storage in inaccessible compartments
in the body (Thompson, 1997). Extensive toxicity evaluation, undertaken by several
research groups, in rats (Frijink et al, 1990; Monbaliu et al, 1990), rabbits (Yamamoto et al,
1990), dogs (Monbaliu et al, 1990) and humans (M esens et al, 1991) concluded a steadystate volume o f distribution that corresponds w ell with the extracellular fluid volume o f
each species (Davies and Morris, 1993). The total plasma clearances for HPp-CD in all the
species tested (M esens et al, 1991; Frijink et al, 1990; Monbaliu et al, 1990) are similar to
that o f inulin, a polysaccharide known to be rapidly distributed in extracellular fluid and
then excreted at the expected rate o f glomerular filtration. Any transient renal effects o f
HP p-CD are reversible and similar to those observed for osmotic agents that are currently
being used for parenteral formulations and, furthermore, evaluation o f the urinary levels o f
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various enzyme markers (alanine aminopeptidase, y- glutamyl transpeptidase and N-acetylP-glucoamidase; Seiler et al, 1990) as well as creatinine and protein showed no changes in
kidney function for humans treated with escalating doses (0.5-3g) o f HP|3-CD. Minimal
amounts were found in the faeces and in expired air (Monbaliu et al, 1990).

Referring to figure 6 .IB it can be seen that 25.1 ± 1.8%, 26.1 ± 4.2% and 23.8 ± 6.2% o f
administered DH EA, RET and D EX respectively were found in 24h urine samples when
they were given as entrapped complexes in liposomal formulations.

These drugs are

presumed to have dissociated from their cyclodextrins and escaped the vesicles. This is in
contrast to the excretion pattern observed for the same drugs when administered as free
com plexes (figure 6.1 A), which displayed an elimination profile dependent on their ease o f
dissociation from HPP-CD. Thus, liposom es as carriers for drug/cyclodextrin complexes
alter the rapid excretion seen for these drugs and their associated HP(3CD.

Very small

quantities o f HPp-CD (6-13% o f injected amounts) were present (figure 6. IB) in 24h urine
samples from liposome-entrapped complexes. As liposom es, in general, are not taken up
by kidney cells, even these low values indicate some release o f HPP-CD from liposom es,
which probably happened prior to their interception by the RES. O f the administered HPpCD entrapped alone without complexed drug, 8.7 ± 0.3% was found in 24h urine (figure
6 .IB )

demonstrating

that

urinary

elimination

o f liposome-entrapped

HPp-CD

is

independent o f whether or not it is drug-associated.

6.3.3

Tissue distribution o f free and entrapped drug/com plexes o r H P f-C D

On intravenous injection o f drug/HP p-CD complexes, rapid dissociation occurs resulting in
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hydrophobic drug and hydrophilic HPP-CD present in the circulation. The hydrophilicity
o f HP(3-CD would suggest that it is retained within vascular compartments to undergo renal
filtration and urinary excretion, events that are aptly demonstrated in figure 6.1 A, where
74.0 ± 2.5%, 81.7 ± 14.0%, 95.2 ± 6.3% and 85.1 ± 3.5% HPp-CD (from DH EA - RET- and
DEX/HPp-CD com plexes, and free HP P-CD respectively) o f the injected doses were found
over 24h. Results o f the safety evaluations studies, discussed in the preceding section
(6.3.2), indicate no significant transcapillary passage so little or no accumulation would be
expected in any tissues. Dissociated lipophilic drugs, on the other hand, w ill be quickly
bound to plasma proteins in a reversible exchange, allowing free passage o f drug through
hepatic cell barriers for example, where it will undergo biotransformation to facilitate its
elimination.

Figure 6.2 shows values in liver for the free com plexes, and free HPP-CD

alone, 30 min post injection.

Trace values for HPP-CD, whether given complexed with

drug or free, are in agreement with its quantitative clearance by the kidneys (figures 6.1 A
and 6. IB), while the hepatic levels o f each o f the drugs (19-26% o f the dose) were probably
the result o f com plex dissociation in the blood and subsequent transport to the tissues via
plasma proteins.

N il values o f radioactivity for all drugs in the liver after 24h suggest

complete catabolism and excretion o f metabolites.
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DHEA/
HP^-CD

Figure 6.2

RET/
HPp-CD

DEX/
HPp-CD

HPp-CD

Hepatic levels o f drug (^H) (filled bars) and HPp-CD ('"*C) (diagonal bars)

radioactivity 30min after intravenous injection o f doubly radiolabelled drug/HPpCD
inclusion com plexess or free ['"^C] HPp-CD. Values are % ± S.D. o f the injected dose in
total liver.

A very different result is seen in figure 6.3: within 30min o f injection, a large proportion o f
each o f the entrapped complexes is found in the liver (32.6 ± 2.0%/82.5 ± 3.1% for
DHEA/HPp-CD; 47.2 ± 2.1% /65.8 ± 5.6% for RET/HPp-CD; 53.9 ± 1.3%/60.5 ± 1.8% for
DEX/HPp-CD), presumably transported there via liposomes. The high values for HPpCD,
entrapped alone (66.6 ± 3.0% o f the dose) indicate that liposomes, by encapsulating HPp~
CD, can drastically alter its fate, preempting its total excretion into the urine and curtailing
complexed drug dissociation.

The extent o f any drug/HPP-CD dissociation in the liver

appears to be directly related to its stability when complexed as, once again, the
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dissociation pattern observed in the in vitro stability studies (chapter 5, table 5.5) is
reflected here, i.e. more DHEA is released than RET, the release o f which in turn is greater
than DEX.

It can be surmised that liposome-entrapped, drug/HP P-CD com plexes were

taken up by the liver within minutes o f injection, which still allowed time for dissociation
and leakage to occur in the blood circulation. Stability studies (chapter 5, table 5.5) showed
that even after 2min, 30.7% DHEA, 10.5% RET and 2.8% DEX were dissociated from
HP P-CD (which m ostly remained entrapped) and were released from DSPC D R V into the
plasma media. Once in the liver, liposom es are known to disintegrate (Gregoriadis, 1995)
releasing solutes, in this case HPp-CD, with some drug still complexed. The amount o f
complexed drug, again, seems to depend on how strong an association it has with the
cyclodextrin cavity and how easily this can be disrupted. As liposom es degrade and release
drug/HP P-CD com plex, this com plex is now susceptible to dilution intracellularly and
attack by competing m olecules.

After 30min, only 32.6% DH EA is found in the liver

compared to 47.2% RET and 53.9% DEX. In view o f the small amount (4.9%) o f DHEA
recovered in plasma after 30min (table 6.3), as opposed to only trace amounts o f both RET
and DEX, it seem s likely that by 30min even this small quantity o f D H EA (4.9%) had been
displaced from the cyclodextrin cavity intraliposomally (as no HP p-CD was found in
plasma after 30min) and leaked as free drug from liposom es prior to their uptake by the
RES. The value for DH EA in the liver after 30min (32.6% ) does not differentiate between
liposome-entrapped DH EA still complexed to HPp-CD, D H EA dissociated from HP P-CD
but still liposome-associated and free, or protein-bound, DHEA.
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RET/
H P0-C D

DEX/
H P0-CD

HPp-CD

Hepatic levels o f drug (^H) (filled bars) and HPp-CD ('^C) (diagonal bars)

radioactivity 30min after intravenous injection o f liposome-entrapped doubly radiolabelled
drug/HPp-CD complexes or liposome-entrapped ['“^C] HPP-CD. Values are % ± S.D. o f the
injected dose in total liver.

After 24h, levels o f DHEA in the liver were nil (figure 6.4). It is likely that at least some
o f the DHEA present in liver after 30min was still complexed, but was gradually
dissociated in the microenvironment o f liver cells and catabolised intracellularly along with
protein-bound DHEA.

Much the same process would apply to RET, albeit to a lesser

extent. The greater in vitro complex stability observed with RET/HPp-CD (chapter 5, table
5.5), would indicate a slower dissociation than that seen for DHEA/HPp-CD, after release
from liposomes following their disruption in the liver. After 24h (figure 6.4) RET is still
present in the liver (26.8±3.0 % o f the injected dose), though reduced to almost half its
30min value o f 47.2 %.
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DEX/
HPp-CD
HPp-CD HPp-CD

Hepatic levels o f drug (^H) (filled bars) and HPp-CD ('^C) (slashed bars)

radioactivity 24h after intravenous injection o f o f liposome-entrapped doubly radiolabelled
drug/HPp-CD complexes or liposome-entrapped

HPp-CD. Values are % ± S.D. o f the

injected dose in total liver.

Much more DEX (53.9 ± 1,3%), which o f the three drugs tested appeared to form the most
stable complexes with HPp-CD (chapter 5, table 5.5), was found in the liver after 30min
(figure 6.3). Interestingly, this had decreased to 51.0 ± 20.2% after 24h (figure 6.4),
suggesting that practically all o f the DEX in the liver was still complexed and dissociating
at an exceedingly slow rate, a nominal 2% over 24h.
The fate o f DEX and HP(3-CD in the liver was followed over 24 days, from initial
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intravenous administration. Values for D E X (table 6.5) at 3, 7, 14 and 24 days suggest that
it is steadily dissociating from HPp-CD in situ (liver) and only then being eliminated,
presumably after being catabolised.

Table

6.5

Values o f D EX (^H) and HP P-CD ( ’"^C) in the liver at time intervals after

intravenous injection o f liposome-entrapped complexes

Time (days)

^H

1

51.1 ± 4 .3

74.3 ± 3 .1

3

20.0 ± 2 .1

64.4 ± 3 .2

7

8.6 ± 1.2

44.5 ± 2 .3

14

5.5 ± 0 .9

37.3 ± 0 .9

24

nil

21.0 ± 0 .7

Rats in groups o f four were injected intravenously with liposome-entrapped doubly
radiolabelled DEX/HPp-CD inclusion complex. Values in total liver are % ± S.D. o f
injected radioactivity at intervals over twenty-four days.

After 14 days only 5.5 ± 0.9% o f the injected dose remains in the liver and none was found
after 24 days.

HPP-CD values decline also in the liver, albeit at a slower rate, whether

through degradative processes or intact by biliary excretion. From a high value o f 74.3 ±
3.1% after 24h, 37.3 ± 0.9% is present 14 days later, declining to 21.0 ± 0.7% after 24 days.
As a number o f toxicological studies (Coussement, 1990, Irie and Uekama, 1997) have
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reported no significant toxicity associated with even high doses o f HPp~CD, this gradual
elimination over weeks would appear to be acceptable. The dilution facing drug/HPp-CD
complexes intracellularly is obviously limited, so dissociation w ill be augmented by
lipophiles displacing or exchanging with the complexed drug. The m ilieu within hepatic
cells would ensure eventual breakdown o f cyclodextrins, which are, after all, only relatively
low-molecular weight sugars. Furthermore, cyclodextrins are known to be susceptible to
acid hydrolysis (Irie and Uekama, 1997) yielding linear maltosaccharides. For example.
Bender and Komiyama (1978) found that at pH 0.133, the rates o f hydrolysis o f
cyclodextrins at 40°C and 100°C correspond to half-lives o f 48 days and 14min
respectively. It is possible that contact with the low-pH environment o f lysosomal
organelles at a constant temperature o f 37°C and the action o f intralysosomal enzymes,
would facilitate cyclodextrin breakdown. It is known (Irie and Uekama, 1997) that human
salivary and pancreatic a-amylases are capable o f hydrolysing the parent cyclodextrins
although, in general, the introduction o f substituents onto hydroxyl groups slow s down
enzymatic hydrolysis. A s intravenously administered liposom es w ill deliver entrapped
cyclodextrins to cells o f the RES in much higher concentrations than would be possible by
parenteral application o f cyclodextrins alone,

it is important to know their intracellular

fate. Endocytosed/phagocytosed solutes entrapped in vesicles, even macromolecules that
are taken up non-speciftcally in the aqueous phase, undergo degradation in lysosom es. The
various discrete structures found within cells are membrane-enclosed: mitochondria, the
Golgi complex, lysosom es and endoplasmic reticulum are all single-membrane vesicles
with vital functions to perform. Cyclodextrins could conceivably escape from lysosom es
into the cytosol by sequestration o f membrane components (particularly cholesterol) as
happens with plasma cells, and their presence and lipid-extracting properties could impact
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on the membranes o f these delicate organelles with unknown consequences.

Liposomes are also taken up avidly by splenic macrophages, although in proportionately
lesser amounts than the liver, in keeping with the much smaller size o f the spleen.
number o f investigators have demonstrated in mice and

A

rats, that intravenously injected

cholesterol-free and cholesterol-containing liposom es are handled differently by liver,
spleen and bone marrow tissue (Roerdink et al, 1989).

For cholesterol-rich vesicles,

hepatic sequestration is rather poor when compared to cholesterol-free vesicles: such
vesicles appear to localise predominately in spleen and to some extent, depending on size,
in bone marrow (Patel et al, 1983; Senior et al, 1985). This has been attributed to reduced
opsonisation o f cholesterol-rich liposom es by various plasma factors, which in turn,
prolongs their blood residence time and allows increased interaction with spleen cells.
Likewise, reduced opsonisation might be expected from the DSPC liposom es used in this
study, with their relatively rigid bilayer structure, saturated acyl chains and high Tc.

In

fact, results from Senior and Gregoriadis (1982) have shown a more rapid clearance from
the circulation o f DSPC vesicles than when 50mol% cholesterol was incorporated into
DSPC SUV. Similar findings were published by Semple et al (1998), who demonstrated a
half-life o f < 2min in blood for DSPC LUV compared to 5-6h for DSPC/CHOL (50%)
LUV. Nevertheless, significant levels o f entrapped com plexes and entrapped HPp-CD were
found in the liver (figure 6.4) after 30min.
On the other hand, when drug/HPp-CD, or HPp-CD alone, entrapped in DSPC liposom es
were given, measurable amounts o f both drugs and H PpC D were detected in spleen tissue
after 30min and (except for DH EA) 24h (table 6.6).
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Table 6.6

Drug (^H) and HPp-CD ( ’"^C) radioactivity in the spleen o f rats injected with

free or liposome-entrapped drug/HPp-CD complexes or HPp-CD alone.

Injected material

Time (h)

Free material

'H

Entrapped material

’^C

^H

‘^C

DH EA/H Pp-CD

0.5

O.lOiO.O

O.liO.O

2.00±0.2

9.53±1.9

RET/HPp-CD

0.5

0.95±0.2

0.35±0.1

8.23±1.7

12.93±2.0

DEX/HPp-CD

0.5

0.50±0.2

0.18±0.1

5.48±0.8

9.88±0.9

HPP-CD

0.5

-

0.18±0.1

-

6.25±0.7

DHEA/HPp-CD

24

0.08±0.0

0.08±0.0

0.25±0.2

6.85±1.2

RET/HPp-CD

24

0.18±0.1

0.07±0.1

4.48±1.1

10.80±0.6

DEX/HPp-CD

24

0.15±0.1

0.13±0.1

5.15±2.1

9.03±2.8

HPp-CD

24

0.14±0.1

4.63±1.2

Rats in groups o f four were injected intravenously with free or liposome-entrapped [^H]
drug/[*'^C] HP p-CD complexes or [’"^C] HPp-CD and killed 0.5 or 24h later. Values are %
±S.D . o f injected radioactivity per whole spleen.

Furthermore, the values correspond to those found in the liver. For instance, in the spleen,
only 2% DHEA (table 6.6), when given as an entrapped com plex, was present 30min post
injection and it was nil after 24h: on the other hand 8.23% RET, found after 30min had
declined to 4.48%

(approximately half) at 24h while the 5.48% value o f D E X found at

30min (table 6.6) barely decreased to 5.15% at 24h (cf. figure 6.5, this chapter). Evident
also is the dissociation pattern, which again was in the order of: DH EA>RET>DEX.
Entrapped HP P-CD was found in similar concentrations (in the range 6.25-12.93% ) in the
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spleen

for all preparations after 30 min, and declined only slightly (4.63-10.80) when

measured 24h later (table 6.6).

A s with the liver, D E X and HPp-CD levels were monitored in the spleen over 24 days
(table 6.7) follow ing intravenous administration as a liposome-entrapped inclusion
com plex. From a value o f 4.9% for DEX found in the spleen after day one, 1.6% was
measured on day three, the value declining to 0.7% by day seven, 0.5% after 14 days and
nil at 24 days. Entrapped HPp-CD amounts declined also in the spleen, from 8.5% at day
one, gradually,to 1.2% after 24 days (table 6.7).

Table

6.7

Values o f D EX (^H) and HPp-CD ('"^C) in the spleen after time intervals

follow ing intravenous injection o f DEX/HPp-CD inclusion com plex

Time (days)

(DEX )

'^C (HPp-CD)

1

4.9 ± 0 . 9

8.5 ± 1 . 1

3

1.6 ± 0 . 2

4.9 ± 0 . 9

7

0.7 ± 0 . 1

2.1 ± 0 . 3

14

0.5 ± 0 . 1

1.6 ± 0 . 4

24

-

1.2 ± 0 . 1

Rats in groups o f four were injected intravenously with doubly radiolabelled D E X /H Pp
CD inclusion com plex and killed at time intervals. Values in total spleen are % ± S.D. o f
injected radioactivity over twenty-four days.
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Although efficient kidney function is essential for the processing and elimination o f
cyclodextrins and any included drugs, neither accumulates in significant amounts in this
tissue. Table 6.8 shows the values for drug and HP(3-CD found in the kidney, 30min after
intravenous administration, from drug/HPp-CD (DH EA /H Pp-C D , RET/HPp-CD and
DEX/HPp-CD) injected both as free and liposome-entrapped com plexes. These values
probably reflect peak amounts present temporally during standard excretion procedures, as
values after 24h are negligible or nil for all compounds, confirming one aspect o f HPpCD
safety.
Table

6.8

Levels o f drugs and H PpCD in kidney tissue after injection o f free and

liposome-entrapped inclusion com plex solutions

Injected

Free material (%)

Liposomal material (%)

material
^H (drug)

’^C (HPp-CD)

^H (drug)

' V (HPP-CE

DHEA/HPp-CD complex

2.0±0.4

2.8±0.2

1.6±0.3

1.3±0.4

RET/HPp-CD complex

5.5±0.8

4.7±0.9

1.6±0.2

1.3±0.2

DEX/HPp-CD com plex

2.3±0.5

2.0±0.2

1.1±0.2

0.9±0.3

HPp-CD

2.0±0.1

0.9±0.1

Rats were injected intravenously with free drug/HP p-CD inclusion com plexes, free HPpCD, liposome-entrapped complexes or entrapped HPp-CD and killed 30m in later. Values
are % ± S.D. o f the injected radioactivity in homogenised kidney tissue.
Radioactivity measurements 24h after injection were nil.
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6.4 Conclusions

The importance o f HPp-CD lies in its effective solubilisation o f many poorly water-soluble
drugs and its superiority as a safe and efficient excipient in parenteral applications, leading
to improved bioavailability. Entrapping drug/HPp-CD com plexes into the aqueous phase
o f liposom es provides an additional versatile carrier system, which further advances the
development o f delivery system s for therapeutics. A s drug/HP p-CD com plexes dissociate
rapidly in the circulation follow ing intravenous administration, the pharmacokinetics o f
drugs is expected to be the same as that o f free drugs, the only advantage being that, in the
case o f water insoluble drugs, these can be administered in aqueous solution. On the other
hand, entrapping drug/HP P-CD com plexes into liposom es curtails their dissociation and
contributes to altered pharmacokinetics, tissue distribution and perhaps even intracellular
fate. The degree o f such changes seems to depend on the stability constant o f the complex.
For instance, D H EA , which appears to dissociate easily from HPp-CD is completely
catabolised in both liver and spleen after 24h, whether given as a free com plex or as a
liposome-entrapped complex.

DEX, which forms highly stable complexes with HPp-CD, is also catabolised fully after
24h when given as a free complex.

However, when given as an entrapped complex, it

accumulates in liver and spleen and is metabolised, follow ing disruption o f liposom es, at a
rate which is dependent upon its dissociation from HPp-CD, as only that portion o f the drug
which is no longer included in the cyclodextrin cavity is available for processing
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(Frômming and Szejtli, 1994). In other words, a slow release o f drugs from HPp-CD (as a
result o f a high stability constant) prolongs their presence and consequently their
pharmacological action in situ
This would seem to be the crucial difference, which could be a significant advantage,
between entrapped complexed drugs and drugs incorporated into liposom es as such: the
biodistribution is similar but the rate o f metabolism for drugs in entrapped complexes
would be directly related to their rate o f dissociation from cyclodextrins follow ing vesicle
disintegration. It is conceivable, however, that the slow removal o f D EX from tissues does
not entirely reflect its rate o f dissociation from HPp-CD but also a slow rate o f liposome
disintegration in situ. Such disintegration, while not critical apparently for DH EA (and to
some extent RET), which appears to escape from intact liposom es, may be a prerequisite
condition for DEX dissociation and for processing to commence. Another possibility is that
DEX may dissociate more rapidly than is assumed here, but its rate o f metabolism and/or
excretion from tissues is slower than for DH EA and RET. N il values for all three drugs
were obtained in the liver 24h after their administration as free com plexes, indicating
complete breakdown and removal. However, it could be argued that the m ode o f drug
uptake by, and cellular and intracellular location in, the tissues for the free and entrapped
complexes are likely to differ. Both these conjectures are examined in the next chapter. In
the meantime, it would seem that liposome-entrapped drug/HPP-CD com plexes present a
novel approach to drug delivery, which could be further exploited to control the duration o f
drug action in situ in cases where the dissociation constants o f drug/cyclodextrin complexes
can be tailored appropriately.
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Chapter 7
DHEA and DEX Incorporated into Liposomal Bilayers: Fate In Vivo

7.1

Introduction

Results from the preceding chapter demonstrated that the pharmacokinetics o f certain
hydrophobic drugs can be altered significantly by their complexation with cyclodextrins,
followed by entrapment into the aqueous phase o f liposom es.

The extent o f the

pharmacokinetic change, and its application, seems to be dependent primarily upon the
stability constant o f the drug/cyclodextrin complex.

For instance, the fate and

biodistribution o f a weakly complexed drug, entrapped in the aqueous phase o f liposomes
would be only marginally different from that o f its hi layer-incorporated counterpart,
whereas strongly complexed drugs, similarly entrapped, undergo a markedly contrasting
process. An entrapped, complexed lipophilic compound that can be easily displaced from
the apolar cyclodextrin cavity w ill rapidly incorporate into the liposomal bilayers and its
fate w ill be independent o f the cyclodextrin, which remains entrapped. These differences
would be highlighted by the monitoring o f values in plasma and tissues, after the same time
points, o f bilayer-entrapped drugs, administered without involvem ent o f HPp-CD. Two o f
the drugs from the in vivo experiments performed in chapter 6, D H EA and DEX, were
considered as they represented the two extremes o f complexing stability with HP P-CD.

DH EA readily dissociates from HPp-CD, even when the com plex is entrapped in the
aqueous phase o f liposom es made from a saturated phospholipid such as DSPC.

Its

subsequent rapid escape from the liposomal carrier is probably facilitated by a combination
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o f factors: the ongoing, rapid free exchange o f DH EA and water m olecules with HPpCD
(typical o f drug/cycodextrin com plexes) within the liposomal aqueous phases seems to
facilitate displacement i f an energetically more favourable milieu is available. Thus, DHEA
settles in liposomal bilayers but these are attacked externally by components in the
surrounding media, in this case plasma proteins which, by opsonisation, instigate
membrane disruption o f the liposomal carrier. As already mentioned, DH EA (given as
entrapped com plex) levels after 30min in tissues such as liver and spleen were low (figure
6.3 and table 6.6 respectively, chapter 6) and declined rapidly with time. Comparing plasma
levels and tissue concentrations o f DHEA obtained follow ing intravenous administration o f
liposome-entrapped complexed DHEA, and DHEA incorporated in the liposomal bilayers,
would help clarify any advantages or otherwise o f either system.

On the other hand, measurable quantities o f DEX were found in the liver and spleen 14
days post injection (chapter 6) when the drug was given as an entrapped com plex, leading
to speculation regarding its mode o f release. It was thus proposed that the high stability
constant o f DEX/HPp-CD com plex enabled a gradual dissociation and slow breakdown o f
DEX in the liver where it was transported via liposom es, although other explanations could
be valid. By incorporating D E X in liposomal bilayers and follow ing its fate in vivo, the
possibility that liposom es entrapping DEX/HPp-CD com plexes degrade particularly
slow ly, with gradual release o f complexed DEX, could be excluded. It should also indicate
whether or not the metabolic degradation o f DEX, once dissociated, is rapid in the liver or
is a protracted process specific to DEX. It is well established that, once liposom es are taken
up by liver macrophages through the endosomes, these endosom es rapidly fuse with
intracellular lysosom es where they undergo degradation, primarily by lysosom al enzymes.
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with more or less immediate release o f contents: released drugs are in turn catabolised, at
their own rate, as free drugs. Comparison o f the rate o f DEX breakdown, as measured by its
pharmacokinetics when released from liposomal bilayers, with D E X com plexed with HP|3CD and entrapped in the aqueous phase o f liposom es, should characterise its particular rate
o f catabolism: any differences found could be attributed to the cyclodextrin component,
which enabled entrapment and delivery o f DEX in the aqueous phase o f liposom es possible
in the first place.

Incorporation o f lipophilic compounds into the lipid phase o f liposom es can be somewhat
problematic: for instance drug size and structure must be compatible with phospholipid(s)
properties and even then, drug-to-lipid mass ratio is generally low. Many water-insoluble
drugs cannot be efficiently incorporated because they have a low affinity for phospholipid
bilayers or cannot physically be accommodated without disrupting liposom e membrane
organisation or even compromising their formation in the first place. With the exception o f
detergents or other solutes which may interfere with bilayer stability, such problems are not
encountered with water-soluble compounds, which can be quantitatively entrapped in
aqueous phases and in general, independently o f their size and structural characteristics.
Many o f the most active antitumour agents are hydrophobic compounds e.g. cisplatin,
which has resisted attempts to incorporate it into a variety o f liposom es (Perez-Soler and
Zou, 1998) without the use o f co-solvents, and doxorubicin, which was successfully
formulated only after changing from membrane-intercalated to water-phase-entrapped
doxorubicin (Gabizon et al, 1986). Much effort has gone into incorporating taxanes, a
relatively new class o f antineoplastic compounds. The taxanes are large unwieldly
molecules and their incorporation into liposomsal bilayers have met with only partial
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success so far, even at high lipid: drug ratios. In fact it has been shown that a variety o f
cytostatic compounds interact strongly with the phospholipid components o f cellular
membranes and furthermore, it is believed that drug-membrane interactions play a role in
the cytoxicity o f some o f these anticancer agents. In the case o f Taxol, the physical events
leading to destabilisation o f liposomal formulations are hypothesised to arise from selfassociation o f the drug, which is concentration dependent, rather than imm iscibility o f the
membrane lipids.

Impediments to successful formulation o f these and many other important compounds
make alternative systems such as cyclodextrins seem attractive and worth investigating.In
the present experiments, DRV liposomes were composed o f DSPC. Tw o different amounts
o f DH EA and D EX were incorporated into the bilayers and the respective percentage
incorporation efficiencies calculated. The final chosen formulations were injected i.v. and
levels o f drug radioactivity (^H) in blood plasma, liver, kidney and spleen were measured
after 30min and 24h.

Materials and methods

7.2.1

M aterials

Sources and other details for DSPC, DHEA and D EX and tritiated tracers have been
described already (chapter 2)

7.2.2

M ethods

The dehydration-rehydration procedure was used to produce DRV incorporating each o f the
two drugs used in two different amounts in the lipid phase. Briefly, 2m g DH EA plus 4.7 x
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10 dpm [ H] D H EA and 5mg DH EA plus 4.7x 10 dpm [ H] D H EA were each added to
preparations o f 25m g (S lp m oles) DSPC and 25m g PC /12.4m g CHOL (32pm oles/32
pm oles) solubilised in 2ml chloroform. The same amounts o f D E X (2m g and 5mg) plus
3.8

X

10^ [ H] DEX were also added similarly to preparations o f 25m g DSPC and

25m g/12.4m g PC/CHOL in chloroform/ethanol (5:1).

Follow ing rotary evaporation, the

dried film s were dispersed with 2ml distilled water per preparation and sonicated to
produce SU V as before (chapter 2, section 2.2.7). Dehydration-rehydration proceeded as
described previously (chapter 2, section 2.2.8) to generate DRV.

All procedures were

carried out at 60°C.

7.2.3 Anim al experiments

Following characterisation o f the above preparations (Methods) it was decided to
incorporate 3mg DHEA + 2.4 x 10^ dpm [^H] DHEA into 32pm oles (25m g) DSPC bilayers
and 3mg DEX + 1.6 x 10^ dpm [^H] DEX per 32pm oles (25m g) DSPC, for the in vivo
study. Male Wistar rats (body weight 150-170g, three animals per group) were injected
into the tail vein with the above preparations and killed after 30m in and 24h. Blood was
taken and liver, kidney and spleen were removed, hom ogenised (see chapter 2) and ^H
radioactivity measured as described in chapter 2 (section 2.2.5)

206

7.3

Results and discussion

7.3.1

DHEA and D EX incorporation into liposomal bilayers

Focusing on the design and successful formulation o f D oxil (liposom es entrapping the
anthracycline doxorubicin) Gabizon and Barenholz (1999) classified agents to be delivered
by liposom es on the basis o f two partition coefficients (K p's), oil/aqueous phase and
octano 1/aqueous phase. Three groups o f compounds emerged: hydrophilic, hydrophobic
and amphipathic.

Hydrophobic agents have a high oil/aqueous phase Kp and can be

incorporated only in very small amounts i.e. in a high lipid: drug ratio, as they can cause
phase separation and bilayer destabilisation where they are embedded.

Many relevant

compounds are amphipathic with a low oil/aqueous phase Kp and a medium to high
octanol/buffer Kp. Such compounds reside stably at the interface between the lipid polar
headgroups and the aqueous phase depending on the balance between their hydrophilicity
and hydrophobicity, a property that can be exploited with advantageous outcome. For
example, weak acids or weak bases (such as doxorubicin) are considered amphipathic when
they are nonionised and hydrophilic when they are ionised and, i f transformation is
feasible, high concentrations o f solutes can be entrapped in the intraliposomal aqueous
phases (Haran et al, 1993; Barenholz and Crommelin, 1994). M olecules that have low
values for both oil/water and octanol/water K p's are defined as water soluble and high
entrapment levels o f materials can be achieved depending on the liposom e aqueous volume.

N o such detailed classification was carried out with the two drugs, D H E A and D EX , but an
awareness o f possible contraindications during their incorporation in liposom es was o f
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benefit. In preliminary studies, each o f the tw o drugs (with their radiolabelled tracers) were
incorporated into PC/CHOL (1:1 molar ratio) DRV and DSPC DR V at 2m g and 5mg
amounts per 64pm oles lipid (PC/CHOL) and 32p,moles lipid (DSPC ) in order to ascertain
whether or not liposom es could be generated successfully in the first instance, and what
levels o f incorporation could be expected with these amounts. Percentage incorporation
results are presented in table 7.1.

In general it was found that DHEA formed DRV without any obvious problems in both
lipid compositions although percentage incorporation varied.

Both amounts o f DHEA,

2mg and 5mg, were incorporated into PC/CHOL liposom es at 76.8±0.9 % and 73.5±1.2%
respectively o f their initial amounts while percentage incorporation into DSPC liposomes
was 63.4±2.0% and 55.2±2.3% for 2m g and 5mg DHEA respectively (2 separate
preparations each). Incorporation o f DEX proved more problematic: while 55.0% o f the
initial 2mg DEX was recovered in PC/CHOL liposom es such recovery was only 27.0%
when 5mg was used..
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Table 7.1

Percentage incorporation o f different amounts o f DH EA and D EX into DSPC

and PC/CHOL DRV.

Drug

Incorporation into
DSPC D R V (%)

Incorporation into
PC/CHOL DR V (%)

DHEA (2m g)

63.4±2.0

76.8±0.9

DHEA (5m g)

55.2±2.3

73.5± L 2

DEX (2mg)

39.3±3.1

55.0±0.9

DEX (5mg)

27.0±0.7

-

DHEA (3mg)

76.8±5.2

-

DEX (3mg)

46.9±4.9

-

Separate amounts (2mg and 5mg) o f DHEA and DEX were incorporated into DRV
composed o f DSPC (32pm oles) or PC/CHOL (32m oles/32m oles). DH EA and D EX were
labelled with [^H] DHEA (4.7 X lO^dpm) and [^H] DEX (3.8 x lO^dpm) respectively.
Preparations for in vivo studies were made with 3mg DHEA labelled with [^H] DH EA (2.4
X lO^dpm) and 3mg DEX labelled with [^H] DEX (1.6 x lO^dpm). Values o f incorporated

drugs are % (± S.D .) o f amounts used.

Incorporation into the bilayers o f DSPC DRV o f the 2m g amount used w as 39.3% but
several unsuccessful attempts were made to incorporate 5 mg D EX and these preparations
were abandoned due to unsatisfactory freeze-drying o f the D E X / DSPC SU V mixture. The
typical freeze-dried product o f drug and liposom e is a dry 'cake' which can be rehydrated
without problems according to the standard procedure. In the present situation, the
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customary freeze-dried 'cake' did not form and, instead, poorly dried material resulted
which appeared to aggregate on rehydration. It seemed that 5mg D E X per 32pm oles DSPC
is incompatible with vesicle formation, although 5mg DEX and PC/CHOL (64pm oles)
formed perfectly adequate PC/CHOL DRV, albeit at low entrapment efficiency.

The

higher lipid load o f PC/CHOL may account for this, although it could also be that the more
rigid DSPC bilayers are less flexible in their accommodation o f certain m olecules, than the
more fluid PC/CHOL compositions.

The final amounts o f DH EA and DEX deemed suitable for incorporation into liposome
preparations composed o f DSPC were 3mg o f each drug. Surprisingly, percentage
incorporation efficiencies were higher than anticipated (76.8.0% and 46.9% for DHEA and
DEX respectively; table 7.1), which can only be attributed to experimental procedures on
different occasions. In vivo studies were carried out with these preparations.

7.5.2

DHEA- an d D E X D S P C DR V: plasm a levels an d tissue distribution

For liposomal membrane-incorporated agents, release into the medium is determined
mainly by the rate o f desorption from the liposom es. Despite a strong association found for
many membrane-embedded or electrostatically-bound m olecules, on dilution, for instance
through intravenous injection, the equilibrium is shifted and interaction with proteins and
other substances occurs, to an extent that depends on liposomal characteristics such as size,
charge, surface area and fluidity, all discussed previously (chapter 1). Rapid desorption o f
membrane-associated m olecules may follow and liposom es, with remaining
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Table 7.2 Plasma levels o f DHEA and DEX after intravenous injection.

DH EA

DEX

1.6±1.8%

2.0±2.0%

Rats (4 per group) were injected intravenously with DSPC DRV incorporating either
DHEA, labelled with [^H] DH EA or DEX, labelled with [^H] D EX and killed 30min later.
Values are % ± S.D. o f the injected radioactivity in total blood plasma.

membrane-bound m olecules are quickly cleared from the circulation and endocytosed by
cells o f the RES, where they are finally broken down to release incorporated solutes. Table
7.2 shows plasma values for both DHEA and DEX, 30m in after i.v. administration. Very
small amounts can be detected in each case (1.6 ± 1.8% DHEA; 2.0 ± 2.0% DEX),
representing some release from liposomes. Twenty-four hours later, only negligible
amounts o f either o f the drugs are found. An average o f 17.2% DHEA was found in the
liver (table 7.3) after 30min, which is considerably lower than that (32.6% ) found at the
same time when DH EA was complexed with HPp-CD and entrapped in DSPC DRV
(chapter 6, figure 6.4). This suggests that even a compound with a low com plex (with
cyclodextrins) stability constant can exhibit altered pharmacokinetics when given as a
liposome-entrapped complex. After 24h (table 7.3) DH EA has been almost completely
metabolised (0.7% ) and removed from tissues indicating little or no difference in its
pharmacokinetics at this time point, whether it is administered as a liposome-entrapped
DH EA/H Pp-CD com plex or membrane-bound in a liposomal carrier.
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Table

7.3

Hepatic and splenic values o f DH EA (^H) and DEX (^H) radioactivity at time

intervals after intravenous injection o f liposome-incorporated radio labelled DH EA and
DEX.

Time(h)

Liver

Spleen

DH EA (^H)

DEX (^H)

DH EA (^H)

DEX(^H)

0.5

17.3 ± 0 .6

48.1 ± 3 .0

0.2 ± 0.0

6.8 ± 1.0

24

0.7 ± 0 .3

15.5 ± 1.2

0.2 ± 0 .0

1.8 ± 0 .3

Rats in groups o f four were injected intravenously with DR V com posed o f DSPC
incorporating either [^H] DHEA or [^H] DEX in their hi layers and killed at time intervals.
Values are % ± S.D. o f the dose in total liver and spleen.

With regards to D EX , 48.1±3.0% o f liposomal DEX was found in the liver at 30min (table
7.3), a value not much lower than that (53.9%) o f DEX when given as an entrapped
com plex (figure 6.4, chapter 6) but appreciably higher than the value o f 25.6% found in the
liver at 30min, when DEX was injected as a free com plex (figure 6.3, chapter 6). D EX
associates differently with DSPC DRV than DHEA does, although the incorporation
efficiency is lower (46.9% compared to 76.8% for DHEA; table 7.1). H owever, in contrast
to the liposome-entrapped DEX/HPp-CD complex, where hepatic drug values seen at
30min (53.9%) remained virtually unchanged 24h post injection (51.0% ), corresponding
values for bilayer-incorporated D E X were reduced from 48.1% to 15.5% (table 7.3).

It

thus appears that slow com plex dissociation, rather than the rate o f vesicle disintegration or
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the rate o f D E X removal from the liver, is responsible for the high D EX content in liver
and its slow , gradual decline over 14 days.

N egligible values for DHEA and DEX were found in the kidneys at 30m in and 24h for
both preparations. However, although only trace amounts o f DH EA are found in the spleen
after 30min, splenic values for DEX (6.8±1.0% ) reflect those seen in the liver (table 7.3)
and decline proportionately after 24h.

7.4

Conclusions

Liposomes as carriers o f lipophilic therapeutic agents cover a spectrum o f advantages
ranging

from

simple

solubilisation

o f agents

to

injectable

forms,

to

improved

pharmacokinetics o f such agents. Problems associated with traditional approaches
employed to formulate poorly water-soluble compounds, such as the use o f organic co
solvents and nonionic surfactants, have been discussed previously (chapter 1). Watersoluble,

non-toxic

cyclodextrins

have

also

been

proposed

as

an

alternative

to

'solubilisation' via liposom es. However, in contrast to cyclodextrins, a role for liposom es
purely as excipients has not been pursued due to constraints o f drug-to-lipid mass ratio
required, and to unpredictable release kinetics. Both these aspects have been encountered
here. While DH EA is incorporated successfully into PC/CHOL bilayers at both 2m g and
5mg initial concentrations (table 7.1), the lower incorporation efficiency (55.2 ± 2.3%)
attained with 5mg DH EA may indicate potential difficulties should higher amounts o f drug
be required, a situation that would almost certainly necessitate correspondingly greater
amounts o f lipid. On the other hand, 5mg DEX could be incorporated into PC/CHOL DRV
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at 26.9% efficiency only, and not at all into DSPC DRV.

Values in the liver for each o f the two drugs entrapped in DSPC DR V varied when given in
vivo. Only 17.0% DH EA was found in the liver after 3Gmin compared to 48.1% DEX (table
7.3). O f course, 17.0% is a reasonable amount and very similar in value to the hepatic
D H EA (19.4%; figure 6.3, chapter 6) measured when it was given as a com plex. Liposomal
D H EA may or may not have ended up in the liver, by way o f transport via liposomes; it
could have been released rapidly in the circulation and carried there bound to plasma
proteins, as would have happened with complexed DH EA (chapter 6). This is important: as
protein-bound drugs may have altered metabolism and different therapeutic activity and
toxicity than liposomal drugs, disappearance o f DHEA from the tissues after 24h shows
hepatic and splenic catabolism by whichever route. Levels o f DSPC DRV-incorporated
DEX after 30min were much higher (48.1%) than those found (25.6 ± 1.8%) when DEX
was given as a com plex alone (figure 6.3, chapter 6) and almost equalled those o f DSPC
DRV-entrapped DEX/HPP-CD (53.9 ± 1.3%; figure 6.4, chapter 6). H owever, values in
both liver and spleen declined rapidly at 24h (very likely follow ing an elimination pattern
predicted for the drug), probably after intralysosomal liposom e degradation. W hile this
result indicates a fate dictated by the behaviour o f liposom es as carriers in vivo, it also
demonstrates a potentially valuable function for some drug/cyclodextrin complexes
administered via liposomes.
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Chapter 8
Intracellular Fate and Distribution of Liposome-Entrapped Complexed Drugs

8.1

Introduction

The discovery that all living matter is constructed o f smaller units or cells was a notable
achievement in the nineteenth century by pioneers such as Schleiden and Schwann, and
Virchow using only primitive light microscopes.

With the development o f the electron

microscope in the early 1950s, along with a variety o f morphological and biochemical
techniques, new and detailed information on the organization, at the cellular and subcellular
level, o f plant and animal tissues could be revealed. All cells are surrounded by a plasma
membrane. Moreover, cells (e.g. eukaryotic) also contain extensive internal membranes,
which enclose and separate specific regions from the suspending cell medium (cytosol or
cytoplasm). These discrete regions are defined collectively as organelles. The cytoplasm
itself is non-particulate but contains a cytoskeleton o f fibres, which help maintain cell
shape and mobility.

Far from being a fairly homogeneous “soup”, as was originally

thought, the cytoplasm has many complex functions, only now being elucidated.

Generally, the largest subcellular organelle is the nucleus, the site o f chromosomes and
DNA-directed R N A

synthesis (transcription).

M ost eukaryotic cells also contain

mitochondria (responsible for energy generation by oxidation o f small m olecules), rough
and smooth endoplasmic reticulum (a network o f membranes where glycoproteins and
lipids are synthesized) and, in animal cells, lysosom es, the site o f many enzym es which
catalyse degradative reactions. Other smaller subcellular organelles can be found, such as
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Golgi bodies, which play a key role in sorting cell proteins, glycosylation and sulfation
reactions, and ribosomes, the site o f protein synthesis.

Many biologically active agents are lysosomotropic: such agents are taken up selectively
into lysosom es, irrespective o f their chemical nature or mechanism o f uptake. The main
route is by endocytosis, which depends on enclosure within vacuoles derived from
invagination o f the cell membrane, and the subsequent fusion o f these endosom es with
lysosom es.

Materials that can be taken up in this manner include a variety o f small

molecules, all major groups o f macromolecules, viruses and bacteria, as well as
microparticles such as liposomes.

Materials entering lysosom es becom e exposed

immediately to an acidic m ilieu (pH probably between 4 and 5), and to a collection o f some
forty or more digestive enzymes capable, by their concerted or sequential action, o f
extensively dismantling a large variety o f com plex materials, including m ost naturally
occurring macromolecules and cell debris.

The low-molecular weight products o f

lysosomal degradation diffuse into the cytosol or can be recycled to the cell surface.

It has often been stated that a major disadvantage o f liposom es as drug carriers is their early
interception by the fixed macrophages o f the liver and spleen. W hile it is true that
participation o f the RES in vesicle uptake is the basis for the mode o f action o f several o f
the licensed liposome-based products (Gregoriadis, 1995) including antifungal agents and
the hepatitis A and influenza vaccine (chapter 1, table 1.6), nevertheless, delaying RES
involvement by extending vesicle circulation time would enlarge the therapeutic spectrum
o f the system ’s possibilities. This challenge has been met, to some extent, by the use o f
saturated phospholipids, the inclusion o f excess cholesterol into liposomal bilayers and by
the design o f pegylated or polysialyted liposom es (Gregoriadis and McCormack, 1993).
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While such innovations reflect the versatility o f liposom es as carriers, all liposom es, sooner
or later, end up primarily in the lysosomal compartments o f the liver and spleen and
undergo degradation with release o f solutes, which in turn are broken down. In some
instances, the effectiveness o f a drug depends on it traversing the plasma membrane o f the
cell, entering the cell interior, penetrating interior membranes within the cell, and entering
specific intracellular organelles (Melchior, 2001). Breaching o f the endosom al/lysosom al
membranes is essential for significant cytosolic delivery or for subsequent targeting to
other intracellular locations, o f drugs and bioactive m olecules, particularly protein/peptide
antigens and plasmid D N A . Replication-defective viruses carrying D N A , although
successful in reaching the nucleus, are known to be immunogenic. On the other hand,
cationic liposom es are believed to fuse with endosomal membranes and release entrapped
DNA into the cytoplasm, where a very small percentage reaches the nucleus (Feigner et al,
1994; Gao et al, 1995). As a means to circumvent lysosom al catabolism, Wattiaux et al
(2000) have suggested using membrane-destabilizing agents.

Cyclodextrins have been

proposed because o f their propensity to remove membrane cholesterol and because they are
considerably less cytotoxic than other cholesterol com plexing agents such as digitonin
(Wattiaux et al, 2000). In fact, Croyle et al (1998) have demonstrated significant
enhancement o f adenoviral-mediated gene delivery to intestinal epithelial cells using pcyclodextrins.

From the cell's perspective, the plasma membrane confers obvious advantages in
maintaining cellular identity, integrity and function while, at the same time, providing an
effective barrier to the passive diffusion o f exogenous hydrophilic materials into the
cytoplasm.

Agents entering lysosom es can act by m odifying the properties o f the
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lysosomal membrane, possibly by increasing or decreasing its ability to contain lysosomal
digestion and protect the surrounding cytoplasm against damage by the potent lysosom al
enzymes.

Cyclodextrins, released from their degraded liposomal carrier, confront a

formidable array o f lysosom al enzymes in a hostile, acidic environment. If they survive, to
what extent do they perturb endosom al/lysosom al membranes? A s extraction o f cholesterol
occurs only by “empty”, uncomplexed cyclodextrins, does rate o f dissociation o f any
included drug within lysosom es determine membrane disruption?

Is the intracellular

distribution different for entrapped complexed drugs because o f cyclodextrin presence than
for drugs incorporated as such in the liposomal bilayers? What is the subcellular
distribution profile o f cyclodextrin and does it concentrate in specific cell fractions?
Finally, is its rate o f removal from tissues influenced by the release o f com plexed drug or
by sequestration o f membrane cholesterol?

In order to answer such questions, or at least gain some new insights into the intracellular
fate o f cyclodextrins, subcellular fractionation o f rat livers was carried out after intravenous
administration o f entrapped drug/HP(3-CD complexes and o f one o f the same drugs
incorporated into liposomal membranes.

The concentrations o f drug and HPp-CD were

assessed, at time interval in four subcellular fractions: nuclear, lysosom e-rich, microsomal
and cytoplasmic.
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8.2 Materials and methods

8.2.1

M aterials

D H EA (25mg; STjimoles) mixed with fH ] DHEA (2.0 x lO^dpm); D E X (34m g; 87|im oles)
mixed with [^H] D E X (2.2 x lO^dpm); D EX (9mg; 2pm oles) m ixed with [^H] DEX (1.5 x
lO^dpm); HPp-CD (lOOmg; 87pm oles) mixed with

HPp-CD (2.1 x lO^dpm); DSPC

(25mg; 32pm oles per preparation).

8.2.1

M ethods

Drug/HPp-CD inclusion com plexes o f DHEA and D EX , together with their respective
radiolabelled tracers (Materials, this chapter) were prepared as described (chapter 4).
Starting amounts o f materials and actual amounts complexed are shown in Table 8.1. In
order to

ensure

consistency

with

handling

similar

quantities

o f materials

over

approximately the same time periods, in keeping with all formulations prepared previously,
each inclusion com plex solution was divided into three parts and entrapped into three
separate DSPC (3 x 32pm oles) DRV.

D EX alone to be incorporated into DSPC DRV

bilayers was processed similarly, ie. 3 x 3mg DEX were mixed with 3 x 25m g DSPC and
three separate DR V preparations generated. Pellets from each preparation were pooled and
suspended in appropriate volum es o f PBS.

8.2.2

Anim al experiments

Male Wistar rats (160-170g; 3 rats per time point) were injected i.v. as described in chapter
2, with amounts shown in Table 8.1.

Liver excision and subcellular fractionation
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procedures were carried out as described in general Materials and M ethods (chapter 2;
section 2.3.5).

8.3

Results and discussion

Recent advances in molecular and cellular biology have led to the development o f new
classes o f therapeutic agents that can be rationally designed on the basis o f the structure and
function o f their targets. Such design is made possible either by modulating the functions
o f proteins or by controlling the expression levels o f the target by intervening at more
upstream events such as transcription and translation. These new therapeutic techniques
can, in theory, revolutionise the biomedical field. A major impediment to attaining full
efficacy with these approaches has been in the delivery o f these m olecules. The primary
mechanism whereby proteins and nucleic acids are taken up by cells and delivered to
intracellular compartments is endocytosis.

Except for the receptor-mediated endocytic

event, endocytosis is relatively promiscuous, essentially limited by the size o f the particular
type o f primary endocytic vesicle (Mellman, 1996).

Whatever happens to be in the

immediate vicinity o f the plasma membrane during an endocytic event is likely to be
internalized as part o f the fluid phase, leading to degradation o f the internalized material
and the generation o f either waste products or raw materials for anabolic processes. From
the standpoint o f cytosolic delivery, significant gains in efficacy can be realized when the
degradative pathway is circumvented.

Until relatively recently, efforts to promote the

escape o f internalised cargo from the endosom al/lysosom al pathway have been centered
primarily around either the use o f viruses (Robbins et al, 1998) or virus-derived
endosomolytic peptides such as the influenza haemaglutinin (H A ) peptide (Plank et al,
1994) which promotes fusion o f the viral envelope with the endosomal membrane (Qiao et
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al,

1998) and release o f contents into the cytoplasm. Alternative safe membrane-

destabilising/permeabilising agents were considered. It is known that cationic liposomes,
containing a fusogenic lipid such as DOPE which adopts a hexagonal phase at
physiological temperatures (Hafez and Cullis, 2001), can successfully deliver plasmid
D N A , albeit in small amounts, to cell nuclei follow ing their fusion with endosomal
membranes and release o f D N A into the cytoplasm.

Provoda and Lee (2000) have

combined liposom es with bacterial haemolysins in a system that claim s improved
availability o f cytosolic material. Liposome-encapsulated bacterial haem olysins are taken
up into endosomal compartments and, follow ing liposom e degradation, the haemolysins are
released into the endosomal lumen. Pores are formed in endosomal membranes evidently
when proteins, produced by quite divergent species o f bacteria, insert them selves into the
lipid hi layers (Bhadki et al, 1996) allowing escape o f materials into the cytosol. Wattiaux
et al (2000) have proposed using cyclodextrins on account o f their known membranolytic
properties citing the destabilising effect o f increasing concentrations o f methyl pcyclodextrin on rat liver lysosome-rich fractions in vitro. W hile methylated p-cyclodextrins
are known to be highly surface-active (Yoshida et al, 1988) and therefore cytotoxic,
extensive safety studies with HPp-CD have shown no significant toxicity associated with
its parenteral application (Brewster et al, 1990). In vitro studies, reported in chapter five
(table 5.5) suggest degrees o f liposomal membrane destabilisation when liposome
entrapped drug/HPp-CD complexes were incubated with plasma at 37°C. It was postulated
that liposom e disruption was inversely proportional to the stability o f the drug/HPpCD
complex when entrapped.
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Table 8.1

Details o f preparations used in the subcellular fractionation experiments

HPP-CD

DEX

HPP-CD

DEX

25 (STpmoles)

100 (87p.moles)

34 (87pm oles)

100 (87pm oles)

—

Actual amounts com plexed (m g)

1.8

100

18

100

—

Initial amounts used for
entrapment/incorporation (m g)

25

100

18

100

9

Actual amounts
entrapped/incorporated (mg)

25

6.0

4.1

11.5

1.8

0.3

1.0

0.4

1.2

0.3

DH EA

Initial amounts used for
com plexation (m g)

Am ount given to each rat (m g)

L iposom es were com posed o f D SPC . Inclusion com plexes o f DHEA/HPp-CD (colum ns 2 and 3) and DEX/H Pp-C D (colum ns 4 and 5),
incorporating their respective tracers, were m ixed with DSPC SUV (3 x 32pm oles DSPC) and D R V generated.

D EX (m ixed with its

radiolabelled tracer) (colum n 6) was incorporated into DSPC DRV (3 x 32pm oles DSPC ) as described in general Materials and M ethods
(chapter 2; section 2.2.9). F ollow ing measurement o f entrapment/incorporation values, animals were injected i.v. with the amounts shown.
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Table 8.2 Distribution o f DHEA f ‘H) and HPp-CD

Time after

Total liver (% o f

injection

injected dose)

^H

30m in

26.5± 3.6

3h 45m in

17.7±2.5

7h 30m in

3.3±0.8

56.5±4.1

58.0±6.8

43.0±5.1

radioactivity in liver and subcellular fractions

Nuclear fraction

L ysosom e/ rich fraction

M icrosomal fraction

Cytosol

Proportion as % o f

Proportion as % o f

Proportion as % o f

Proportion as % o f

recovery in liver

recovery in liver

recovery in liver

recovery in liver

^H

^'^C

^H

21.3± 2.4

48.0±4.0

24.0±0.8

34.3±0.9

4.2±0,3

^H

^H

3.7±0.5

''C

50.5±5.0

14.0±1.1

16.0±4.6

44.1±3.5

27.5±2.0

31.2±1.0

4.5±0.9

6.4±0.5

52.0±6.0

18.3±2.2

8.2±2.8

40.2±4.2

31.2±1.9

35.6±3.9

3.G±Q.4

8.6±0.9

57.6±7.0

15.6±2.3

Rats in groups o f three were injected intravenously with DSPC liposom es entrapping DH EA/H Pp-CD com plex, and killed at tim e intervals.
Values in total liver are % o f injected radioactivity. Values in subcellular fractions are % ± S .D o f radioactivity for D H EA (^H) and HPpCD (^"^C) recovered in the liver.

For other details see table 8.1
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Table 8.3 DEX f*H) and HPp-CD

Total
Tim e after

liver

(%

of

injected dose)

radioactivity recovered in liver and subcellular fractions

Nuclear fraction

L ysosom e/ rich fraction

Proportion as % o f

Proportion

recovery in liver

M icrosomal fraction

Cytosol

Proportion as % o f

Proportion

recovery in liver

recovery in liver

recovery in liver

as

%

of

as

%

of

injection

30m in

46.5± 2.6

56.1±3.8

46.3±7.2

49.5±5.3

44.2±4.0

41.4±4.2

4.0±0.1

3.7±2.9

5.4±0.7

5.3±0.4

3h 45m in

34.4±3.4

48.5±6.1

53.3±4.9

56.1±6.1

38.2±2.8

31.7±3.0

4.4±0.9

3.1±0.9

4.1±1.2

9.1±1.6

7h 30m in

35.2± 4.0

49.2± 5.0

47.6±6.7

55.7±3.3

38.7±3.0

31.9±4.4

7.4±3.2

4.7±1.2

6 .3 ± L 6

7.9±0.7

7 days

16.0±L 8

32.6±4.8

50.0±7.0

49.4±5.8

30.6±2.9

32.8±2.5

10.6±0.7

9.8±1.3

3.8±0.1

8.0±0.2

14 days

7.1±1.4

33.3±2.9

42.1±3.9

42.8±2.9

32.5±1.7

34.3±3.9

14.0±1.2

7.8±2.2

11.4±1.4

15.1±2.1

Rats in groups o f three were injected intravenously with DSPC liposomes entrapping DEX/HPp-CD complex, and killed at time intervals. Values in total liver are % of
injected radioactivity. Values in subcellular fractions are % ± S.D. o f total radioactivity for DEX(^H) and HPp-CD (*"‘C) recovered in the liver.
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Table 8.4 DEX (^H) radioactivity in liver and subcellular fractions

Lysosom e-rich
Nuclear fraction

M icrosomal fraction

Cytosol

fraction
Total liver (%
Tim e after
o f injected

Proportion as % o f

Proportion as % o f

Proportion as % o f

Proportion as % o f

dose)

recovery in liver

recovery in liver

recovery in liver

recovery in liver

30 m in

44.6±3.3

37.2±2.6

26.7±2.1

16.4±1.7

19.7±1.9

3 h 45 min

28.6± 2.0

46.2±3.6

20.6±2.6

15.0±1.3

18.2±0.7

7 h 30 min

16.9±1.5

40.8±2.9

18.0±2.9

14.2±1.2

16.0±1.3

24 h

7.1±0.9

40.8±5.4

16.9±2.1

12.7±1.4

29.6±1.8

injection

Rats in groups o f three were injected intravenously with DSPC liposom es incorporating D EX in their bilayers, and killed at tim e intervals.
Values in total liver are % o f injected radioactivity. Values in subcellular fractions are %± S.D. o f total radioactivity for D E X (^H)
recovered in the liver. For other details see table 8.1.
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When the HPP-CD cavity is occupied by a host molecule which tends to remain
complexed, HPp-CD itself is inert, unreactive to surrounding lipid membranes, until that
dynamic changes. Gradual dissociation o f drug from HP(^CD is follow ed by gradual drug
displacement and liposom e membrane disruption. Given the ubiquity o f cell lipids, this
process is likely to be inevitable and progressive in vivo.

Obviously (and as was also

suggested in chapter 5), weakly complexed drug/HPp-CD constructs w ill cause membrane
disruption more rapidly.

Data in table 8.1 show that similar amounts (in pm oles) o f both DH EA /H PpC D and
DEX/HPp-CD, in identical DSPC DRV preparations were administered i.v. Presumably
the liposom es, plus contents, were taken up rapidly by the fixed macrophages o f the liver
and vesicles were degraded by lysosom al hydrolases at similar rates, resulting in the release
o f DHEA/HPp-CD and DEX/HPp-CD, either still complexed, partly complexed, or as
discrete drug and cyclodextrin entities. However, it can be seen in Table 8.2, that while
only 26.5% o f the injected dose o f DHEA was recovered in the liver after 30min, 50.5% o f
this was found in the cytosol.

Even after 7.5h, when only 3.3% o f the injected dose o f

DHEA could be detected in the liver, 57.6% o f this was present in the cytosol.

O f the

proportion (26.5% ) o f DHEA recovered in the liver after 30min, 21.3% was found in the
nuclear fraction, slow ly decreasing to 16.0% after 3h 45min and to 8.2% after 7h 30min (o f
the 3.3% in total liver found at this time point). Thus, while the proportion o f DH EA found
in the cytosol remained high and relatively constant over the three time points (during
which time the DH EA in total liver decreased from 26.5% to 3.3% o f the injected dose), the
proportion found in the nuclear fraction steadily decreases. The nuclear fraction (follow ing
gentle homogenisation o f the liver) tends to contain unbroken cells and cell debris and
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these presumably account for much o f the radioactivity recovered in the fraction. The
gradual decline o f DHEA in the nuclear fraction over time probably reflects its rate o f
elimination by catabolic processes. The lysosom e-rich fraction, which might be expected to
contain high amounts o f liposome-entrapped DHEA, starts at 24.0% D H EA after 30min (o f
26.5% total in liver) gradually rising to 31.2% (o f 3.3% total) at 7h 30min. The overall
concentration o f DH EA is decreasing o f course (24.0% o f 26.5% is 6-fold greater than
31.2% o f 3.3% in actual unit amounts), but proportionately more is retained in the
lysosom e-rich fraction than in the nuclear fraction at corresponding time points, which
simply reflects a redistribution o f DHEA in a pattern consistent with its lysosomotropic
uptake as a liposome-entrapped DHEA/HPp-CD inclusion complex.

The proportion o f DHEA found in the microsomal fraction remains low at 4.2%, 4.5% and
3.0% over the three time points, respectively. It is probable that D H EA metabolites are
present to some extent in microsomes and measurement by ^H may not be an accurate
indication o f DH EA levels and may reflect contamination which is always possible as with
other fractions, and may give misleading values, particularly where these are low. The high
proportion (50-57% ) o f radioactivity recovered in the cytosol at all time intervals is likely
to contain drug metabolites also, as well as free DH EA or even com plexes. These may be
derived from disrupted or otherwise destabilised liposom es during homogenisation, and the
extent o f these could depend on the experimental conditions them selves. Overall the
sequence occurring follow ing intravenous administration o f DSPC DRV-entrapped
DH EA/H Pp-CD inclusion com plexes appears to be: rapid uptake by liver macrophages,
intracellular transport to endosom es-lysosom es, degradation o f the liposom e carrier with
release o f both membrane-located DH EA (which may have dissociated from H PpCD to
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some extent, in the meantime) and complexed DHEA. The comparative ease with which
DH EA dissociates from HPp-CD (as was observed in the presence o f plasma, chapter 5,
table 5.6) on dilution and in the presence o f cavity-competing cellular lipids, particularly
cholesterol,

would

ensure

escape

into

the

cytosol,

a

process

facilitated

by

endosom al/lysosom al destabilisation by 'empty' HPp-CD m olecules, thus accounting for
the relatively high values found in the cytoplasm. Correspondingly smaller amounts are
found in the lysosom e-rich fraction.

Table 8.3 gives the radioactivity measurements for DEX when administered as a liposom eentrapped drug/HPP-CD complex. Total D EX recovered in whole liver was 46.5% o f the
injected dose and 46.3% o f this was found in the nuclear fraction after 30min, a value that
remained unchanged (47.6% ) after 7h 30min.

As appreciable amounts o f D E X in total

liver were recovered even after 7 and 14 days (table 8.3) determinations o f radioactivity in
subcellular fractions were pursued at these time points. Thus, after 7 and 14 days, although
the percentage o f injected dose has decreased to 16.0 and 7.1% respectively, the proportion
recovered in the nuclear fraction hardly changed from what it was at 30m in (50.0% and
42.1%). In contrast to DH EA (table 8.2) only minor proportions o f D E X were measured in
cytosol at all time points although the higher value (11.4%) at 14 days could indicate an
eventual escape o f DEX into the cytosol as its whole liver concentration decreases as a
result o f catabolism. The proportion o f DEX in the microsomes is also increasing with time
(from 4.0% at 30m in to 10.6% and 14.0% at 7 and 14 days respectively).

The percentage o f injected dose o f DEX (46.5%) found in whole liver after 30 min is
almost double that o f DH EA (26.5% ) and, while DEX concentration decreased to 35.2% at
7h 30 min, at the same time point only 3.3% DHEA was found. From the in vivo work
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presented in chapter 7, these results are not surprising. What is interesting is the different
distribution pattern observed for DHEA and DEX at the subcellular level. The consistently
high proportion o f DHEA in the cytosol compared to DEX suggests that DH EA rapidly
dissociates from HP P-CD in endosom al/lysosom al compartments during or follow ing
liposomal uptake and hi layer degradation.

The presence o f (drug-dissociated) HPp-CD

m olecules, with unoccupied reactive cavities, may avidly destabilise organelle membranes
by cholesterol extraction leading to subsequent escape o f DH EA into the cytoplasm. The
relatively small proportions o f DHEA (24.0%, 27.5%, 31.2% at 30min, 3h 45m in and 7h
30min respectively) found in the lysosom e-rich fractions (where substantial amounts would
be expected) suggests, as discussed above, that com plex dissociation was rapid follow ed by
intracellular membrane perturbation with release o f DHEA and consequently only small
amounts managing to reach lysosom es via liposomes.

A contrasting sequence o f events appears to operate in the case o f liposome-entrapped
DEX/HPP-CD complexes. Only a very small proportion o f D EX (table 8.3) is present in the
cytosol at all time points (3.8-11.4% ), reflecting the greater stability o f the DEX/HPpCD
complex even after liposom e degradation and its release into a cyclodextrin complexunfriendly environment (in terms o f potential competition from ambient lipids which may
have a tendency to displace D EX) but the high proportions found in the nuclear fraction are
more difficult to explain. Unlike DHEA (table 8.2), a reasonable proportion o f the injected
DEX was found in the lysosom e-rich fraction (44.2 % after 30 min, declining steadily to
32.5 % after 14 days). Again, unlike DH EA, the proportion o f which in the lysosom e-rich
fraction increased over time, the slow reduction o f D E X is suggestive o f regular lysosom al
catabolic processing as D E X gradually dissociates from HPp-CD.
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The subcellular distribution o f DEX, as delivered incorporated into liposom es, without any
cyclodextrin involvement might be expected to contain interesting comparisons. The value
o f 44.6% o f the injected dose obtained after 30 min, matches that found in similar
experiments in chapter 7 where 48.1% liposome-incorporated D E X was found at the same
time point, although the 24h value is only half as much (7.1% as opposed to 15.5%).
Liposomal D EX shows a much more equally apportioned distribution over the four
subcellular fractions than liposomal DEX/HPp-CD complex. For instance, while the
proportions o f liposome-incorporated DEX in the nuclear and lysosom e-rich fractions are
still relatively high (table 8.4) significantly more DEX is present in the microsomal and
cytoplasmic fractions, which suggests that complexation with HPp-CD influences D E X 's
availability for normal processing. The steady decline in DEX values in the lysosom e-rich
fraction mirrors that seen for entrapped DEX com plex (that is gradual catabolism), but o f
course this decline occurs over 14 days for entrapped complexed D E X as opposed to 24h
for incorporated DEX.

In the lysosom e-rich fractions at least, D E X breakdown is

inevitable once it is dissociated from HPp-CD follow ing liposom e degradation or released
from liposomal bilayers.

In other words, DEX catabolism is subject to its availability,

which in turn depends on its association with (or dissociation from) the carrier(s).
The subcellular distribution o f HPp-CD shows a broadly similar pattern irrespective o f the
drug with which it is complexed and delivered. Values at the first three time points (30min,
3h 45m in and 7h 30m in), show a very similar recovery for HPp-CD in all four fractions
from liposome-entrapped com plexes o f both DHE A/HP P-CD and D E X /H Pp-C D (tables 8.2
and 8.3). A higher proportion o f HPp-CD from total liver is found in the cytosol when it is
given associated with DH EA than with DEX, which in turn is balanced by lower nuclear
fraction concentrations.

Lysosom e-rich fraction values o f HPP-CD are similar for both
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drug complexes: it appears that HP P-CD undergoes a particular subcellular distribution
profile, regardless o f any complexed drug and independent o f drug/HPp-CD complex
stability.

Should rapid com plex dissociation occur, as is likely with DH EA/H PpCD

complexes, HP P-CD itself maintains values and distribution patterns more or less similar to
the more stable com plexes seen with DEX/HPp-CD. Where HPp-CD is concerned, once
its cavity is occupied, which w ill presumably always happen given the range o f endogenous
lipids present in the biological environment, it will be broken down at its ow n pace. The
fact that only 21.0% (chapter 7, table 6.5) o f H PpCD in total liver was present after 21
days from a value o f 74.3% o f the injected dose at 24 h, indicates a slow but sure
catabolism.

8.3

Conclusions

The subcellular distribution profiles (based on radioactivity measurements) for liposomeentrapped DHEA/HPp-CD and DEX/HPp-CD com plexes and for liposome-incorporated
DEX are intriguingly different and these differences could be attributed to cyclodextrins.
For instance, the fact that high values for DHEA were found in the cytoplasm at all time
points after i.v. injection o f entrapped DHEA/HPp-CD com plex suggests that DH EA had
largely dissociated from HPp-CD follow ing uptake into lysosom es and its escape into the
cytoplasm was probably facilitated by the sequestration o f membrane lipids by available
cyclodextrins. On the other hand, the fact that only minor amounts o f D E X were found in
the cytoplasm at the same time points suggests that DEX remains com plexed, and its
subcellular distribution is predicted by that o f HPp-CD until D E X gradually dissociates.
These results provide answers to the questions posed in the introduction to this chapter
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regarding the possible role played by cyclodextrin presence intracellularly. The subcellular
distribution o f drugs administered as entrapped com plexes varies depending on bow readily
the com plex dissociates and releases empty cyclodextrin cavities, which can profoundly
perturb endosom al/lysosom al membranes. Drugs delivered incorporated in liposomal
bilayers display altered distribution among subcellular fractions from aqueous-entrapped
drug com plexes. Entrapped complexed DEX is found equally in the nuclear and lysosom erich fractions while liposome-incorporated D EX has a more even distribution over all four
fractions measured. A s for HPP-CD, it seems that once in liver cells it distributes among
organelles in a pattern mostly unrelated to the stability constant o f its included drug. What
is important is, that it does gradually degrade and is eliminated over a period o f weeks.
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General Discussion

Rational drug design does not necessarily mean rational drug delivery, which endeavours to
incorporate the properties necessary for optimal transfer between the site o f administration
and the pharmacological target site in the body. Solubility, stability and membrane
permeability issues continue to dog the sucessful development o f advanced dosage forms
for future generations o f ever more potent drugs. This realisation has led to the production
o f many delivery vehicles, which may exhibit both synergistic and antagonistic interactions
between excipient and drug and, particularly in parenteral administration, may not be
without consequences to the recipient. A s formulation component precedence takes on high
stature in the sterile product world because o f significant toxicological and regulatory
concerns, it is often better to use components with a track record o f relative safety and
efficacy. Moreover, extending the utility o f such components by their combination de novo
may uncover improved and versatile formulations and carriers.
This thesis investigated whether or not the merger o f two established delivery systems can
produce an alternative system with additional benefits. Cyclodextrins, and in particular
modified derivatives, have achieved widespread acceptance as drug solubilisers and
stabilisers, while lipososom es are known to modulate drug pharmacokinetics and moreover,
have site targeting potential. W hile cyclodextrins allow hydrophobic materials to be
administered in aqueous form, the fate and biodistribution o f such materials is essentially
identical to their delivery by other excipients like co-solvents or non-ionic surfactants.
Once in the blood circulation, drugs usually escape the cyclodextrin cavity and undergo
pharmacodynamics and pharmacokinetics as free drugs. On the other hand, these processes
can be controlled to some extent for liposome-entrapped compounds. And, whereas
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liposomes can solubilise hydrophobic materials by incorporating them into their lipid
bilayer structures, such incorporation is limited in both the amount and type o f drug that
can be incorporated successfully.

The cyclodextrin used in all studies for this thesis was HPp-CD. M ethods for forming
drug/cyclodextrin com plexes are listed in chapter 1 but it was important to show that this
could be achieved simply and on a small scale (milligram quantities) in the laboratory.
Model drugs were chosen and, with the exception o f Pen G, all were virtually water
insoluble. W hile it was recognised that cyclodextrins can form inclusion com plexes with
large m olecules such as proteins in a 1: n protein/cyclodextrin molar ratio (where n is the
number o f cyclodextrins that can form com plexes with appropriate sites on a protein
molecule), drugs used here ranged from MW 130 (5-FU ) to M W 392.5 (DEX ), sizes
appropriate for 1:1 drug/cyclodextrin molar ratios. Known amounts o f drugs and HPpCD
were stirred together in water for a period o f days, the suspensions separated by
ultracentrifugation into unsolubilised pellets and supernatants, and amounts o f drug and
HPp-CD measured in the supernatants, which were shown to contain inclusion complexes.
Most measurements were calculated from the assay o f radiolabelled drugs and HPp-CD;
where unlabelled drugs only were available, O.D. measurements with reference to a
standard curve were applied. While methods for com plex formation verification included
standard procedures such as changes to absorption spectra o f com plexed compounds,
masking o f the melting points o f cyclodextrin-included drugs as measured by DSC, and
alterations in the N M R spectrum o f HPp-CD when its cavity is occupied by a guest
molecule, com plex formation was accepted principally by results from gel filtration
chromatography. The assumed drug/cyclodextrin com plex was applied to a Sephadex G-10
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column, eluted with buffer and the fractions collected were assessed for simultaneous
elution o f drug and HP|3-CD or for free, uncomplexed drug in later fractions. This method
proved adequate to establish com plex formation, which it did for certain drugs (CHL, Bis,
DHEA, RA, RET and DEX) or to show otherwise (for 5-FU and hydrophilic Pen G).

Entrapment o f inclusion com plexes into liposom es was approached with some trepidation,
since it was demonstrated as long ago as 1987 (Mirayama et al, 1987) that cyclodextrins
cause destruction o f liposomes. Cyclodextrins equilibrate freely and reversibly with
aqueous liposom e suspensions, extracting phospholipids and cholesterol i f present,
resulting in destabilisation o f vesicles and release o f entrapped solutes. Previous exhaustive
studies (Kirby and Gregoriadis, 1980 and 1983) concluded that liposom e stability was
influenced

by

liposome

composition

and the

inclusion

o f cholesterol.

Saturated

phospholipids with a high Tc (e.g. DSPC) and containing equimolar cholesterol were found
to be extremely stable, retaining their entrapped contents both in vitro and in vivo for long
periods. Would this apply to liposome-entrapped cyclodextrins? Including cholesterol (with
its known propensity to form inclusion com plexes with cyclodextrins) in liposomal
preparations could prove problematic, as could the freeze-drying step, which is necessary
for the successful generation o f DRV. Chapter 4 describes the hunt for the best liposom e
preparation in terms o f entrapment o f intact drug/HP P-CD, using a range o f phospholipids,
with and without cholesterol. What emerged was that reasonable entrapment values o f
intact com plexes (i.e. com plexes with percentage entrapment ratios o f drug and HPp-CD
approaching unity or where the original molar ratios o f drug: HPpCD is preserved) were
obtained when liposom es were composed o f phospholipids with high Tes, whereas
unsaturated phospholipids with low Tes produced vesicles which indicated com plex
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dissociation and probable displacement o f drug into liposomal membranes. A ll liposome
preparations with equimolar cholesterol-entrapped com plexes were intact, although
entrapment values tended to be lower in most cases than expected from the dehydrationrehydration method used here. The influence o f cyclodextrins on freeze-drying was
examined also in chapter 4. The dilemma here was to find a dilution volum e for the
SU V /com plex mixture prior to lyophilisation that would bypass any cryoprotective effect
o f cyclodextrins and permit adequate freeze-drying, while minim ising com plex dissociation
through excess dilution. This was solved satisfactorily, and 10ml lyophilisation volum es for
SU V /com plexes were used in all further experiments.

In vitro stability o f liposome-entrapped complexes was explored in chapter 5. DRV
preparations, with and without equimolar cholesterol, entapping drug/ HPp-CD com plexes
were incubated with PBS or plasma at 37°C and release o f drug and/or HPp-CD monitored
at tim e intervals. It emerged overall, that DRV fare better (in terms o f com plex retention) in
the presence o f PBS than in the presence o f plasma, indicating the role o f plasma factors in
liposom e destabilisation. Furthermore, traditionally robust vesicles such as those composed
o f equimolar DSPC and cholesterol, released more entrapped drug (although not
necessarily HP P-CD) in both PBS and plasma media than did DR V com posed o f DSPC
alone. Cholesterol is almost certainly the culprit, displacing drug (which is consigned to the
lipid phases) from the cyclodextrin cavity and rendering the vesicles more fluid and less
stable. However, the extent o f membrane destabilisation and drug release seem s to be
dependent on the stability constant o f the particular drug/HPp-CD construct. More DHEA
was released from entrapped complexes than RET, which in turn was itself released more
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than DEX. This order o f com plex stability, DEX>RET>DHEA, was sustained throughout
the in vivo studies.

In vivo work (chapter 6) followed the fate and tissue distribution o f free com plexes, free
HP(3-CD, entrapped com plexes and entrapped HP P-CD over time. Results showed that
drug/HPP-CD com plexes dissociate rapidly in the circulation and are cleared from the
blood within minutes o f intravenous injection. Dissociated drugs seem to exhibit the same
intrinsic pharmacokinetics as such drugs delivered via other carriers (Piel et al, 1998),
irrespective o f their stability as complexes. Measurements in urine collected over 24h
showed almost complete recovery o f HP P-CD and amounts o f drug, presumably still
complexed, varying according to their stability with HPp-CD.
recent observations (Stella et al,

A corollary to this is the

1999) that cycoldextrin-complexed intravenously

administered lipophilic drugs show increased renal excretion, not because o f incomplete
dissociation in the circulation, but by reassociation o f drug and cyclodextrin during
filtration in the proximal and distal tubules o f kidney tissue, where, due to water
reabsorption,

materials

like

HPp-CD

are up to

a hundredfold concentrated and

complexation with passively reabsorbed drugs spontaneously occurs. N egligible values for
HP P-CD were found in liver, kidney and spleen tissue after administration o f free
drug/HPp-CD complexes. On the other hand, delivering the same drug complexes
entrapped

in

liposom es

curtailed

their

dissociation

and

contributed

to

altered

pharmacokinetics, the degree o f which seems to depend on the stability constant o f the
complex. For instance, DH EA , which appears to dissociate readily from HPpCD, is
completely catabolised in the liver and spleen after 24h, whether given as a free or
liposome-entrapped complex. DEX, on the other hand, which has a high stability constant.
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concentrates in liver and spleen tissue, when given as an entrapped com plex and is
metabolised at a rate dependent upon its dissociation from HPp-CD, as only uncomplexed
drug will be processed. RET, with a complex stability constant somewhere between that o f
DHEA and D EX , predictably, was found in liver and spleen tissue at levels approximately
halfway between those o f DH EA and DEX. In other words, a slow release o f drugs from
HPp-CD (as a result o f a high stability constant) prolongs their presence and consequently
their pharmacological action in situ.
This appears to be a significant advantage that entrapped complexed drugs have over drugs
administered incorporated into liposomes as such (chapter 7). Bilayer-incorporated drugs
(DHEA and D E X ) were shown to have similar biodistribution profiles but their rate o f
metabolism was dependent upon liposome disintegration. For readily dissociated (from
HPp-CD) drugs such as DHEA, the only advantage in entrapping them as water-soluble
complexes rather than direct incorporation into liposomal bilayers lies, possibly, in the
amounts that can be entrapped. Certain drugs are incompatible with liposom e formation or
can be incorporated only in limited amounts per lipid mass, as was experienced with DEX,
which failed to form vesicles with 5mg DEX and 25m g DSPC. Entrapping such drugs
complexed with cyclodextrins would not only overcome these problems but also could be a
means to control the duration o f drug action in situ in cases where the dissociation
constants o f drug/cyclodextrin complexes can be tailored appropriately.

Investigating the subcellular distribution o f administered entrapped com plexes (chapter 8)
was prompted by

a renewed interest in cyclodextrin constructs for delivery

of

genotherapeutic agents (O'Driscoll and Darcy, 2002). The challenge to design and
synthesise the ideal non-viral vector with sustainable transfection efficiency remains.
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Obstacles to consider are specific cell uptake, release from the endosom e, protection within
the cytoplasm and entry into the nucleus. At the systemic level, in vivo issues including
rapid clearance from the circulation by the RES, degradation o f plasmid D N A by serum
nucleases and size restriction on extravasation need to be addressed. Results presented in
chapter 8 indicated a role for intracellular delivery o f cyclodextrins because their
membrane-solubilising properties may change the intracellular trafficking o f complexed
drugs. DH EA, with a tendency to be displaced easily from the cyclodextrin cavity was
found in significantly higher concentrations in the cytoplasm than more tightly-bound
DEX, and both drugs showed an altered subcellular distribution to D E X delivered via
liposome-incorporation (in the absence o f cyclodextrins), and consequently without
intracellular cyclodextrin-induced membrane destabilisation.
Some o f the studies in this thesis are preliminary but o f potential significance. It is
interesting that what was once considered a drawback o f certain cyclodextrins, i.e. their
membranolytic properties, can be adapted to positive advantage. Moreover, their potential
for complexing with various macromolecules has been demonstrated and there are also
possibilities for m odes o f assembly into supramolecular entities, making cyclodextrins
possible useful templates for the synthesis o f molecular constructs. Liposom es as drug
carriers also have evolved from research tool to viable asset, again by optimisation o f their
utility and m odification when necessary or surface interactions with solid particles
(Catuogno and Jones, 2000). In combination, cyclodextrins and liposom es have a great
future.
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