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INTRODUCTION

 

This chapter is effectively an extension of the formulation chapter (Chapter 8)
because the use of phospholipids drug delivery systems has become important over
the past decade and deserves to be treated as a separate subject.

 

STRUCTURAL PROPERTIES OF PHOSPHOLIPIDS 

 

Phospholipids are widely found in nature and constitute, for example, the wall
structure of most living cells in the plant and animal kingdoms. Structurally they
are complex and the subtleties of the main structural elements have been elucidated
only within the past few years.

As the name suggests, phospholipids contain both phosphorus and lipids and,
structurally are based on lipid esters of glycerol (Figure 9.1). The basic structure
can be substituted widely (Figure 9.2). In nature the lipid side chains vary in length
from about C

 

12

 

 to C

 

20

 

 , with varying degrees of substitution and saturation. This
results in the various compounds having a broad variety of properties, for example,
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a range of aqueous solubilities. However, as a generalization it may be noted that
phospholipids are not very soluble in either water or oil and it is this feature that
has resulted in their interesting physical properties.

It is possible to manipulate the structure chemically to provide artificial substitutes,
the most familiar of which will be the pegylated derivatives in which polyethylene
derivatives are bonded to the basic structure of, for example, phosphatidylethanola-
mine (Figure 9.3).

As might be anticipated, on their own these materials undergo complex decom-
position reactions, illustrated in the case of phospholipids used to stabilize injectable
lipid emulsions. As discussed later, these systems are usually steam-sterilized so that
they readily hydrolyze both in the presence of heat during the sterilization process
and on subsequent storage (Figure 9.4). Oxidation reactions also occur in the presence

 

FIGURE 9.1

 

Phospholipid general structure.

 

FIGURE 9.2

 

Basic structures of natural substituted phospholipids.
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of air or oxygen; important considerations from the packaging point of view for any
formulation.

Collectively, as found in nature, phospholipids are usually mixtures of different
acyl groupings and terminal head groups. These mixtures can be extracted using
solvents from, for example, plants (e.g., soybeans) or eggs and constitute the material
usually known in commerce a

 

s lecithin

 

. Unfortunately there has been a tendency to
call dipalmitoylphosphatidycholine, PC, one of the major constituents of most natural
mixtures, 

 

lecithin

 

, and it may be better to avoid applying this name to a purified
derivative.

 

FIGURE 9.3

 

Attachment of methoxy polyethylene glycol to PE.

 

FIGURE 9.4

 

Schematic showing the hydrolytic degradation of components of a phospho-
lipids-stabilized triglyceride emulsion. (From Klegerman and Groves, 1992.)
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As noted, phospholipids as a class tend to be only partially soluble in oil or in
water. In the presence of water, for example, dispersed phospholipids tend to form
characteristic structures under predetermined conditions. Examples of these would
be the linear pairing, inside and out, of cellular bilayers and, as an extension, the
unique hollow spherical structures of free phospholipids called liposomes which
have proved to be valuable as drug delivery systems.

 

INJECTABLE LIPID EMULSIONS

 

Injectable lipid emulsions are used to provide parenteral nutrition and their use can
be traced back to the 1920s. However, because they are particulate systems by their
very nature, administration of emulsions into the blood system must be viewed with
care, requiring precautions and special requirements. Indeed, until the 1950s it was
not realized that one essential requirement for injectable emulsions was that the
droplet diameter must be below 1 µm in diameter. Otherwise there is always a finite
risk of blocking the smaller blood vessels.

Another associated issue was the possibility of inactivating the LRES (lym-
phoreticuloendothelial system). By analogy with other injectable systems, it could
also be deduced that the injectable emulsion system needed to be sterile and apy-
rogenic and free of acute or chronic toxicities from components or their associated
degradation products. It also followed that the injectable system required to be 

 

stable

 

,
although how stability was to be determined and, more to the point, measured, has
remained an issue to the present day. This is mainly because emulsions are thermo-
dynamically unstable although their 

 

stability

 

 can be extended by formulation. As a
result emulsion products are now available that are submicron in diameter, sterile,
and stable for several years after preparation. In major part this has been due to the
use of phospholipids as stabilizers and emulsifiers, in particular the mixed products
identified as the lecithin of commerce.

The administration of metabolizable vegetable oils as concentrated sources of
nutrition has proved to be valuable for patients who are debilitated and who are unable
to take nourishment orally. In addition, oils such as soy bean oil provide a source of
essential fatty acids which can be rapidly depleted in a patient after starvation for
only a few days. Wretlind and his colleagues devised the phospholipids-stabilized
soy oil emulsion now marketed as Intralipid

 

TM

 

 (Pharmacia, now Pfizer, New York,
NY) in Sweden during the 1960s and this product has been modified to carry oil-
soluble drugs such as diazepam. In Europe this is marketed as Diazemuls

 

TM

 

 and it
may be anticipated that other drugs may be presented in the same or similar vehicles.

 

FORMULATION AND PREPARATION

 

As noted, the key to successful preparation of an injectable emulsion product proved
to be the selection of a suitable commercial source of lecithin, in this case a purified
material obtained from the yolk of hen eggs. Lecithin can also be obtained from a
number of natural sources such as soy beans and comprises a number of different
phospholipids. These include phosphatidylcholine (PC) and phosphatidylethanolamine
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(PE), usually present in the ratio of approximately 3:1 and making up about 90% of
the total weight of the lecithin phospholipids (Table 9.1). It is known that the two main
phospholipids account for most of the stabilization and emulsification activity of the
lecithin, but it is thought that minor components such as sphingomyelin and phospha-
tidic acid also play some as yet undefined role in the process. It might be emphasized
here that the natural mixture of components is more effective at stabilizing emulsions
than any of the major components in either purified or synthetic form, alone or in
artificial admixtures.

The presence of 

 

α

 

-tocopherol, together with smaller quantities of 

 

β

 

- and 

 

γ

 

-toco-
pherols, should not be surprising since these are natural antioxidants found in both
egg yolk and vegetable oils and are usually regarded as useful contaminants. However,
some manufacturers are known to be adding up to 0.2% of the 

 

α

 

-tocopherol as an
antioxidant.

On this point, phospholipids as a class are readily oxidized by air and hydrolyzed
in the presence of water. It follows that injectable emulsions should be handled with
care in order to prevent degradation.

Hydrolysis that occurs to some degree on autoclaving and storage results in the
production of corresponding lyso-compounds, phospholipids without one of the acyl
chains. These materials are called lyso- because, on their own, lyso-compounds
produce lysis of red blood cells and are generally regarded as toxic. Analytically it
is not difficult to demonstrate that there are significant quantities of these compounds
present in injectable emulsions but there have never been any clinical reports of
toxicity. The probability is that these materials form some type of association
complex with the other phospholipids present and are not available on their own to
exert any effect which would result in toxicity.

From a formulator’s perspective, the clinical emulsions contain usually 10% w/v
oil, usually soy oil or, occasionally, safflower oil and other metabolizable oils. The

 

TABLE 9.1
Approximate Constitution of Purified Lecithin Used to Stabilize Injectable 
Emulsions

 

Major Components

• Phosphatidylcholine (PC) ~65–70% w/w
• Phosphatidylethanolamine (PE) ~20–25% w/w

Minor Components

• Lysophosphatidylcholine (lyso-PC) <4% w/w
• Sphingomyelin (SP)
• Phosphatidic acid (PA)
• Phosphatidylinositol (PI)
• Phosphatidylserine (PS)
• Cholesterol
• DL-tocopherol (vitamin E) 
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oil concentration is also found at the 20% or 30% levels but in almost all cases a
level of 1.2% lecithin is sufficient to stabilize the emulsion system. A point not
usually appreciated is that most commercial vegetable oils are hydrogenated because
they are used in the preparation of margarine. However, for injection, the oil must
be nonhydrogenated and any batches of incoming oil for manufacturing injectable
emulsions must be checked for the presence of hydrogenated material. This is
especially significant because tanks used for the bulk transportation of the oil may
not necessarily have been adequately cleaned out between one lot of hydrogenated
oil normally carried in the tank and the incoming lot of untreated oil.

Glycerol is also added to the emulsion to raise the osmotic pressure since
electrolytes tend to destabilize the system.

These emulsions can be prepared by mixing either an oil dispersion of lecithin
with glycerol followed by some of the water or, conversely, by dispersing the lecithin
in most of the water followed by the glycerol and, at the end, the oil. In either case
some complex phase changes may occur during the mixing process. After mixing
the coarse emulsion is passed repeatedly through a homogenizer of the Manton-
Gaulin type until the droplet size is consistently below 500 nm in diameter. This
machine is also widely employed to homogenize milk products so the associated
technology is well understood.

The completed emulsion is then filled into large-volume glass containers and
sealed with oil-resistant composition stoppers. These containers are then autoclaved,
in some cases using shaking or rotating autoclaves to minimize any thermal damage
to the product as a whole.

The fact that these phospholipids-stabilized emulsions are sterilized by heat may
be surprising since most emulsions stabilized by almost any other surfactant is
readily destabilized by heat. Indeed, the fact that the droplet size of phospholipids-
stabilized emulsions actually decreases on the application of thermal stress is prob-
ably due to the behavior of the phospholipids which move from the aqueous phase
to the oil phase, especially to the interfacial mesophase, during the heating process.

Chemical degradation of phospholipids results in the production of lyso-
compounds but also free fatty acids (Figure 9.4). The pH of a heated emulsion will
tend to fall as more fatty acids are produced and the hydrolysis rate slows down
until a pH of around 4 is reached, at which point it starts to increase again. Accord-
ingly, the initial emulsion is adjusted to pH 9 by the addition of small quantities of
sodium hydroxide, and this has the effect of prolonging the shelf life of the product.

From a pharmaceutical perspective, phospholipids-stabilized emulsions are
remarkable. For example, they are relatively stable, with shelf lives of 18 months
to 2 years being obtained after the initial heat sterilization. They resist the increased
shear rates as the bottles are transported from producer to user and they can tolerate
the addition of a wide variety of monovalent electrolytes for at least short periods
prior to administration. However, they cannot resist freezing and changes in droplet
size following exposure to freeze-thaw cycles can be used as a measure of the
stability of the emulsion system. Most injectable emulsions are sensitive to multi-
valent cations such as calcium or magnesium salts, which rapidly flocculate the
phospholipids-stabilized systems.
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THE PHYSICAL STATE OF PHOSPHOLIPIDS-
STABILIZED EMULSIONS

 

The fact that phospholipids-stabilized emulsions behave differently from what might
be called classical emulsions suggests that they are structurally different and it is
this feature that allows them to resist environmental stresses. The likelihood is that
the phospholipids, otherwise substantially insoluble in water or oil, exist at the
interphase between the oil and water. This interphase has been termed a mesophase
and in this case has a structure that gives it a separate identity. Although difficult to
prove because they constitute only a small fraction of the overall constitution, the
probability is that the mesophase consists of intimate mixtures of phospholipid, the
free fatty acids formed by hydrolysis of the phospholipids, oil, and water. This close
association may also vary in constitution as one approaches the triglyceride oil
droplet from the external water phase, being richer in water on the outside and in
oil on the inside of the mesophase layer. However, there is a strong possibility that
some type of liquid crystal is to be found in the mesophase and this may account
for the evident resistance of the droplets to coalescence under various environmental
stresses. In addition, it is known that the cold dispersion of oil and phospholipid in
water prior to application of heat during the sterilization process is constitutionally
different to the cooled, heater-treated system. PE, for example, moves out of the
aqueous phase to the oil phase on heating and remains there after cooling, indicating
an interfacial reaction which would affect the constitution and therefore behavior of
the mesophase (Herman and Groves 1993).

Another complication is the fact that the phospholipids are not soluble in water,
forming in many cases liposomal structures, but they are soluble in electrolyte
solutions. Thus, the mere addition of an electrolyte to a phospholipids-stabilized
emulsion may physically affect the structure of the mesophase and, hence, the
stability of the whole system.

 

I

 

NJECTABLE

 

 E

 

MULSIONS

 

 

 

AS

 

 D

 

RUG

 

 D

 

ELIVERY

 

 S

 

YSTEMS

 

Injectable emulsion formulations have an advantage as drug delivery systems since
hydrophobic (lipophilic) drugs can be incorporated into the oil phase of the emulsion.
How it is incorporated is another matter since the drug may simply be dissolved in
the oil at the beginning of the manufacturing process and, if it is stable, carried
through the final heat-sterilization process. Alternatively, if the drug is labile, it may
be incorporated passively by simply adding the drug or a solution of the drug in,
for example, ethanol to the final, sterile, oil/water emulsion and allowing the com-
pound to diffuse into the oil phase.

Proteins for the most part are water soluble but some are not and most have
domains along the molecule that differ in their hydrophobicities. There is therefore
a strong possibility that some proteins or polypeptides, when added to a sterile
emulsion, would distribute themselves into the mesophase layer of the emulsion
droplets and remain associated with these droplets on delivery.

Biologically active materials such as prostaglandin E

 

1

 

 have been reported to
benefit from being incorporated into phospholipids-stabilized emulsions (Teagarden
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et al. 1988, 1989). In this case, the kinetics of degradation indicated that this strongly
surface-active drug was located in the droplet mesophase. The degradation was
influenced by the presence of a charged interfacial group as well as the overall pH
of the emulsion system. Both penclomedine and diazepam are substantially water-
insoluble drugs and have been incorporated into phospholipid-stabilized emulsions.
Muramyl dipeptide and some of its analogues derived from mycobacteria have also
been incorporated into phospholipid-stabilized squalane emulsions. These were
extensively tested for immunological activity against a number of human tumors,
although extended clinical trials indicated that there was little or no effect on
established tumors in humans.

A number of other emulsion formulations have been tried as drug delivery systems
on an experimental basis. No doubt these studies will continue into the future because
emulsions are attractive as drug delivery systems and have been thoroughly studied
by a number of researchers.

 

L

 

IPOSOMES

 

 

 

Liposomes are characteristic hollow spherical aggregates or vesicles that form spon-
taneously when phospholipids are dispersed in water. This is a function of their low
solubilities in both oil and water and results from the hydrophobic nature of the twin
acyl tails and the strongly hydrophilic polar head group which are the main charac-
teristics of phospholipids (Figure 9.1). As a result, phospholipid molecules, when
dispersed in water form double layers where the phospholipids align themselves,
tail-to-tail and head-to-head (Figure 9.5)

 

FIGURE 9.5

 

Schematic representation of phospholipids distribution in lipid emulsions
and liposomes. Both drug carrier systems show similar surface. The main differences
between liposomes and lipid droplets are related to the mean diameter and nature of the
inner contents. (From dos Santos, 2005.)
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Phospholipids, when dispersed in water, form spherical vesicular structures, an
observation first made by Alex Bangham and Robert Horne in 1952. An interesting
and humorous account of the early work on liposomes has been published by
Bangham as an introduction to the book by Ostro (1983) which is recommended
reading for the interested student.

At low concentrations, a hollow vesicle results with usually just one double layer
and, as the concentration is increased, the number of double layers can increase in
a transition from unilamellar vesicles to multilamellar structures. Since the hydro-
plilic head groups are exposed on the inside as well as the outside of the vesicular
structure this provides an opportunity to entrap hydrophilic 

 

guest

 

 drug molecules
both inside the center of the vesicle and, if multilamellar, between the phospholipid
bilayers as well. On the other hand, hydrophobic molecules can become incorporated
in the hydrophobic regions of the bilayers where the hydrophobic tails overlap. 

One approach to entrapping guest molecules is to use a different ionic environ-
ment inside the hydrophilic portion of liposomes. This is used with, for example,
doxorubicin, where the drug is precipitated inside the central liposomal core con-
taining sulfate ions. The precipitation reaction between the charged drug molecules
and the counter-ion is controlled by pH and enables the drug to be trapped inside
the carrier and, subsequently, released slowly when injected into the body.

Cholesterol is often incorporated in to liposome formulations because it is
capable of moving into the hydrophobic regions of the bilayers and has the effect
of stabilizing these structures. Single component phospholipid bilayers can exist in
the “gel” state or as liquid crystalline “fluid” structures. The transition temperature
between these two states, T

 

c, 

 

is a measurement of the melting point which is influ-
enced by the nature of the polar head group, the degree of unsaturation, the length
of the acyl groups in the phospholipids, and the presence of additives such as
cholesterol. A bipolar layer in the gel state tends to be more rigid and less permeable
to entrapped guest molecules than the fluid state.

However, the stability of unmodified liposomes is generally not good because of
the inherent properties of the phospholipids themselves. Any individual phospholipid
molecule is capable of moving along the surface in which it was originally incorporated
and, indeed, more slowly, across into the adjacent surface. This molecular fluidity of
the bilayers allows incorporated guest molecules to escape into the external environ-
ment. Ultimately this 

 

leakage

 

 removes any advantage that the liposomal vesicle may
have as a drug delivery system since, after initial entrapment, the system, as a whole,
moves to an equilibrium state in which the guest molecule is likely to be equally
distributed between the interior and exterior (aqueous) environments. Formulations
with cholesterol and other components are made in order to increase the rigidity of
the bilayers, encouraging the formation of a gel state, thereby reducing the leakage rate.

This leakage can also be reduced by chemical modification of the external surface
of the bilayers in order to introduce polymeric components into the interfacial
structure (see the section on surface modified liposomes).

In principle, a stabilized liposome might be valuable as a passive drug targeting
system since the site of disposition in the body is significantly influenced by the
diameter of the vesicle. For example, small liposomes below ~50 nm diameter can
pass through the capillary wall surrounding a tumor, allowing suitably surface-modified
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vesicles to specifically target a tumor surface. Larger liposomes, >10 µm in diameter,
could be trapped in the alveolar lung tissues and passively release incorporated drug.
The issue with passive targeting is that it is not necessarily precise enough in its
targeting ability to hit a specific target and this may result in collateral damage to
healthy tissues.

Unfortunately, unmodified liposomes are rapidly coated with globular apoproteins
found in serum. This is also true of injectable lipid emulsions but here this reaction
is desirable since the oils are administered for nutritional purposes and it is an
advantage for them to be rapidly metabolized. In the case of liposomes, passive
destruction by the lymphoreticular endothelial system (LRES) is not necessarily desir-
able, especially if the system is targeted to a specific surface such as a tumor which
may be remote from the injection site.

 

Charged Liposomes

 

Liposomes prepared from the usual mixed phospholipids found in commerce tend
to be electrostatically neutral or carry a slight electronegative charge. Most cellular
surfaces in the body also tend to be negatively charged. For this reason there might
be advantages to using cationic liposomes to target surfaces of opposite charge.
These systems have been used to interact with and deliver DNA sequences as genes.
Cationic liposomes can be prepared by incorporating positively charged lipids such
as DOTMA (N-[1-(2,3 dioleyloxy)propyl]-N,N,N-trimethylammonium chloride) in
equal weight with the liposome-forming dioleylphosphatidylcholine, otherwise
known as DOPE. Other positively charged derivatives such as cholesterol esters or
stearyl amine can also be incorporated to provide positively charged drug delivery
systems. The process is discussed by Crommelin and Schreier (1994 (Kreuter)) in
an excellent review of the state of the art of liposomes prior to the introduction of
sterically hindered liposome surfaces.

Electronegative liposomal structures can readily be formed by the addition of
phosphatidylglycerol or phosphatidic acid or diacetylphosphate. Dadey (in press)
has recently introduced the concept of sulfating the terminal hydroxyl groups of
phosphatidylinositol, thereby producing a strongly negatively charged phospholipid
which may prove to have profound physiological effects 

 

in vivo

 

. These modifications
should also increase the stability of the bilayers, thereby increasing the overall
stability of the liposomal structure.

 

Surface-Modified Liposomes

 

Although the concept of using liposomes as drug delivery vehicles was initially very
attractive, there was not a great deal of success in bringing the ideas to the market
place. In part this was due to the questionable stability of liposomes when injected
into the body. As noted above, the lipid surfaces become rapidly coated with the
apoproteins found in serum and this is the first stage of the short degradation process
following injection.

Recently a delayed release type of liposome has been developed (Allen et al.)
in which some of the external phosphatidylethanolamine (PE) has been replaced by
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PE to which is covalently bonded polyethylene glycol (PEG). The net effect of this
is to cover the external liposome surface with PEG, forming a convoluted but
essentially hydrophilic surface which resists the involvement of apoproteins on
injection (loc. cit.). Bangham rather whimsically, described the effect as effectively
camouflaging the surface so that it appeared to be water-like to any nearby protein
molecules. These liposomes have been called “Stealth” liposomes for this reason
although this is a registered trademark and “sterically hindered” liposomes might
be a better term to use in general practice and is more accurate.

Clinically these systems are proving to be more successful as drug delivery
devices than unmodified liposomes. For the most part this may be attributed to the
improved stability and reduced interaction with serum apoproteins when injected.
Other forms of sterically hindered liposomes are being explored such as PE associated
with chitosan although these have not been tested clinically. However, this develop-
ment has been extended to incorporate other entities into the liposomal structure
which facilitates targeting of liposomes to structures such as tumor cells. This takes
the targeting concept beyond the passive size approach in which small liposomes
can move through blood vessel walls and larger liposomes can be trapped in blood
vessels in, for example, the lungs.

 

Direct Interactions between Proteins and Liposomes

 

It should be noted that liposomes in effect mimic cell walls and proteins are to be
found in nature associated with cell walls. However, the association may differ
physical according to the conformation for the protein under consideration. For
example some proteins fold so that they are exposing hydrophobic regions which fit
into the hydrophobic regions of the liposomal structure (or cell wall). The net effect
is that the transbilayer protein exposes its hydrophilic regions both inside and outside
of the liposomal structure to the water surrounding the structure (Figure 9.6).

The most likely type of interaction between a phospholipid surface layer and a
protein would be entirely hydrophilic in its nature. Here oppositely charged groups
interact electrostatically. Zwitterionic phospholipids will not react in significant
amounts and the vesicle has to be composed of phospholipids containing quantities
of, for example, phosphatidylglycerol or phosphatidylserine to ensure that the liposome
carries a significant electronegative charge. The interaction is largely controlled by the
environmental pH which influences the ionization of surface groups on the protein
and phospholipids. Unless there is a region of marked hydrophobicity along the length
of the protein molecule, the protein is most likely to lie along the phospholipid surface
on the inside or outside of the vesicle. The protein is readily transported attached to
the vesicle although it may not be protected from the action of environmental proteases
which can attack the external surface material. However, if the protein is encapsulated
inside the vesicle this issue is considerably reduced and liposomes have been used as
drug delivery vehicles for vaccine antigens. Care needs to be taken to ensure that a
native protein does not change its conformation at a pH selected to enhance the
adsorption of protein to the vesicle. 

On the other hand, hydrophobic interactions can also play a part in the interac-
tions between phospholipids and proteins or drugs. If the reacting entity has a high
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water/octanol coefficient it will tend to form a stable association with long chain
lipids such as those found in phospholipids. This reaction can be stabilized by
appropriate pH buffer conditions but when introduced into the body, where condi-
tions could be described as being “sink,” that is, there is a relatively large volume
of solvent available for solution, the bound entity tends to be rapidly released and

 

FIGURE 9.6

 

Structure features of integrin receptors. Peptides or proteins containing the
tripeptide sequence of RGD are recognized by several integrins present in the tumor cells.
However, the protein “tails” pass through the plasma membrane with the hydrophobic
domains and are locked into place. (From dos Santos, 2005)
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becomes associated with the lipoproteins of the serum. Under these conditions the
lipid system is acting as a carrier for the drug but, effectively, is not a delivery system
in the sense that the drug’s pharmacokinetics remain unchanged. An unpublished
example of this type of reaction is the lipid/drug formulation of verteporfin (Visu-
dyne, QLT, Vancouver, BC, Canada).

As noted, it is possible to design a liposome in which the protein is entrapped
in the vesicular structure without necessarily being adsorbed to the surface. If the
vesicle is also designed to target a biological surface or entity then it is important
to destabilize the liposomal bilayers at that target surface. The reason here is that
the protein will not be released by the leakage mechanism associated with smaller
guest molecules under the same conditions and it is necessary to ensure that the
large molecule is released rapidly and intact.

Proteins attached to the outer surface of a liposomal vesicle may become valuable
if the protein is an antigen. There seems to be general agreement that such systems
result in enhancement of the antigen activity, the phospholipids acting as adjuvants
for the antigen. An adjuvant is here defined as any substance which enhances the
immunological response to that particular antigen. This type of system was tried
clinically for muramyl tripeptide encapsulated in a liposomal formulation although
the trials were abandoned when little enhancement could be demonstrated in humans.
This disappointment has tended to discourage further clinical trials of other systems
although, on a much smaller scale, a number of systems have been demonstrated to
produce significant enhancement of antigen activity in mice.

Finally, covalent bonding between phospholipids incorporated in liposomal ves-
icles and various proteins has been explored and may provide an avenue for future
development of the concept and design of targeting liposomes.

Factors influencing the properties of liposomes are summarized in Table 9.2.
Lipid-based carriers which include liposomes are classified in Table 9.3.

 

TABLE 9.2
Factors that Affect the Properties of Liposomes

 

Number of lamellae in liposome (SUV, MLV)
Average diameter of vesicle
Identity of surface phospholipid head groups
Presence of bound structural modifiers such as PEGs
Surface charge
Phase transition temperature of bilayers
Presence of cholesterol or cholesterol esters in formulation
Presence of other lipids to enhance required properties
Manufacturing conditions
Hydrolysis or oxidative stress factors on stability
Presence or absence of additives to enhance stability (antioxidants, lyophilization aids)
Packaging
Head-space gases
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An interesting sidelight on the dilemma of drug delivery has recently been pub-
lished which may represent a solution to this ever present problem. It will be
recalled that with most modern drugs, especially those of natural origin there is

 

TABLE 9.3
Classification Scheme for Lipid-Based Drug Carriers

 

* This section written with material supplied by Professors Hayat Önyüksel and Israel Rubinstein,
University of Illinois at Chicago.

Drug carriers

Sustained release

Key

Mps uptake

Surface
modified

Lipid

DSPC/CHOL SM/CHOL

Lipid

MPS avoiding Simple
vehicle

Rapid release

21 3

4 5 6 7 8

Solubilized
lipid

Delivery
strategy

Technology
family

Design
strategy

Products in
clinical
stages

Marketed
products

1. Neopharm LED doxorubicin
2. Inex onco TCS vincristine
3. Neopharm LEP paclitaxel
4. Elan inyocet doxorubicin
5. Gilead ambisome amphoteracin B
6. Gilead daunXome daunorubicin
7. Alza doxil doxorubicin
8. QLT visudyn verteporfin
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an issue since only small quantities of the biologically active material are required
at the site of activity although relatively massive amounts of the physiologically
active substance may need to be administered orally or parenterally. The result is
that activity may be manifest at other sites throughout the body, an activity usually
termed 

 

toxicity

 

.
Önyüksel, Rubinstein and their coworkers have recently published a series of

papers on the formulation and biological activity of the short-chain vasoactive
intestinal peptide, VIP. This peptide, as well as secretin and the pituitary adenylate
cyclase-activating peptide, (PACAP

 

1–38

 

), are all widely distributed amphipathic mam-
malian neuropeptides that exert diverse biological effects in target tissues located
some distance from their site(s) of release. Furthermore, the biological half lives of
these exogenously administered peptides in blood are extremely short — often less
than one minute, and this paradox is difficult to explain.

VIP itself is a ubiquitous 28-amino acid neuropeptide which displays a wide
range of biological activities. It is found in the central and peripheral nervous
systems, functioning as a non-adrenergic, non-cholinergic neurotransmitter and neu-
romodulator. It is also present in pervascular nerves and functions to relax smooth
muscle. In addition, significant quantities of VIP are to be found in almost every
other body tissue. Secretin, on the other hand, is a 27-amino acid hormone with
substantial sequence homology with VIP. It is known to be involved with the secre-
tion of pancreatic exocrine factors, including insulin release and growth hormone
releasing factor, but is also capable of inhibiting gastrin secretion and gastrin release.
Like VIP, it also produces a potent, albeit transient, vasodilatation.

VIP or its analogues have been demonstrated to strongly associate with natural
phospholipids or with polyethylene glycol-grafted stabilized phospholipids. This
observation goes some of the way to explain the biological paradox noted earlier.
Interactions between phospholipids on one hand and the peptides themselves on the
other have been shown to increase the peptide stability 

 

in vitro

 

 and amplify the
biological activity 

 

in vivo

 

. This activity is presumed to enable the stabilized peptides
to be transported from their site of synthesis to distant sites of application within
the body. Intrinsically the peptides themselves have some curious properties such
as the ability to lower interfacial tension and form micellar structures just like a
synthetic surfactant. They also directly interact with phospholipid membranes. These
peptides are generally long enough to fold back upon themselves and in water will
generally form random coils. These coils, in the presence of some organic solvents,
detergents or anionic lipids, will fold to form 

 

α

 

-helical structures. VIP binds revers-
ibly to liposomes at neutral pH and in this configuration is resistant to proteolysis
by trypsin. This interaction and stabilization of the 

 

α

 

-helix by phospholipid is
believed to occur 

 

in vivo

 

 but, more to the point, the complex of VIP with phospho-
lipids is stabilized in blood for at least eight days at 37

 

°

 

C. The half-life of liposomal
VIP in blood was at least eightfold longer than the VIP alone so obviously a
significant stabilization mechanism is at work here.

That these mechanisms may operate in the body has been mentioned and cer-
tainly could account for the paradox noted earlier. However, from a practical stand-
point, delivery of VIP as a drug in sterically stabilized phospholipid liposomes would
be very attractive and may find future application.
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In 1975 Papahadjopoulos and his colleagues observed that some phospholipids
precipitated out of liposomal suspensions in the presence of multivalent cations in
the form of lipid cylinders or cochlear structures. These cochleates were shown to
have unique multilayered structures formed by the internal collapse of liposomes.
They consisted of lipid sheets, rolled up into spiral or stacked sheets but, unlike the
original liposomes, there was no internal space in between the sheets. Formed mainly
from the anionic phosphatidylserine (Fig. 9.1), the addition of cationic calcium ions
caused them to bind to the oppositely charged head groups and the spherical struc-
tures collapsed to roll or stack into essentially solid lipid structures. However,
although there is no trapped water in these cochlear structures, any drug or guest
molecule incorporated in the original liposomes will become trapped in between the
adjacent lipid sheets, becoming protected from the surrounding aqueous medium.

This principle has been extended to DNA-protein complexes or genes which can
be entrapped and delivered to target cells, the major advantage of the systems being
that they tend to be able to penetrate the cell walls, thereby enabling external
materials such as genes to penetrate to the cell nucleus.

This hypothetical transfer process has in fact been observed for human hemopoi-
etic stem cells and may provide a means of treating or preventing a number of
diseases such as a variety of anemia’s, immune deficiencies and cancers. Some of
these possibilities have recently been discussed by Delmarre et al. (2004).

Cochlear formulations are interesting in other ways since they offer a real
prospect of being able to deliver nuclear materials through cell walls without the
issues associated with the use of viable vaccines. As noted, this may be especially
true because not only do the phospholipid structures pass through the phospholipid
cell walls but incorporated materials are protected from the surrounding environment
such as enzymes that would otherwise destroy them.

Cochleates are readily lyophilized to free flowing powders that can be incorpo-
rated into capsules for oral administration or resuspended in aqueous vehicles for
injection. Since they are generally made from phosphatidylserine, itself mainly
obtained from soy beans, the claim had been made that they are non-toxic. However,
cytoplasmic transfer of incorporated material does undoubtedly occur and this may
affect physiological or toxicological profiles of incorporated drugs. Such claims as
a generality may be acceptable but when it comes to specific cases, some initial
caution would seem to be justified.
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