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Surfactant Systems: Their Use in Drug Delivery

M. Jayne Lawrance

Departrment of Pharmacy, King's College London, University of London, Manresa Road, London SW3 6LX

1 Introduction

Molecules or ions which arc amphiphilic, that is, contain both a
hydrophobic and hydrophilic part, in aqucous solution fre-
quently assemble atinterfaces and self-associate inan attempl to
sequester their apolar regions rom contact with the aqueous
phase. This seli~association gives rise 10 a rich varicty of phase
structures (Figure 1). Aggregation is not, however, just limited
to aqueous solution; it is sometimes observed in non-aqueous
polar solvents such as ethylene glycol and non-polar solvents
such as hexane (in the latler casc giving risc to inverse
struclures).

Over the years several of the phase structures produced by
surfactants have been of interest to the pharmaceutical scientist,
cither as drug vehiclesfcarriers or more recently as fargelting
systems, In the former application Lhe surfactant system takes
no partin the biodistribution of the drug it cariics, aclmg purely
as the vehicle. In the second case the surfactant system in some
way ‘conveys' the drug 1o the desired (or target) site in the body
and deposits it. Targetting can take one of two forms; namely
*passive’ targetling which relies on the natural biodistribution of
the carrier, or “active” targetting in which the carrier is in some
way dirccted o the desired site, frequently by the use of
targelting ligands expressed on the surface of the carrier, Both
types of targetting have the advantage of protecting the body
from any unwanted side-cfects of the drug, while at the same
time achicving the desired concentration of drug at the target
site,

By far the majority of work exaniining the potential of
surfactant systems in drug delivery has explored their use asdrug
carriers; for example non-ianic micelles have been widely inves-
tigated as a'means of producing a clear stable solution of a
poorly water-soluble drug suitable for intravenous or oral
administration.”* However, durmg the past twenty years or so,
as the importance of drug targetting has been realized, a number
of surfactant systems, such as phospholipid or non-ionic surfac-
tant vesicles, have been extensively investigated as targetiing
systems.?

Despite all the research into the potential use of surfactant
phase structures lor drug delivery, such phase structures have
not made much of an impact on the formulation scenc; there are
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only a [ew marketed preparations that could be considered to be
drug-containing surfactant systems in either the United King-
dom or the United States. Conscquently, the true potential of
surfactant formulations, particularly of non-ionic surfaclants.
has perhaps not been fully realized. In order o appreciate the
potential and also the limitations ol such systems an understand-
ing of the phase behaviour of surfactants is essential. The
following account therefore describes the phase behaviour of
surfactants with reference 1o their physico-chemical properties
relevant to their use as drug delivery systems. 1L also details some
of the-work performed to dale investigating the use of surfactant
svstems —in particular. those produced [rom the less loxic non-
ionic surfactants — for drug delivery.?

2 Phase Behaviour of Surfactants
2.1 Equilibrivm Phase Structures

Although surfactants sell-associile in a wide variety of solvents,
their state of aggregation varies considerably between solvents
{Table 1), As waicr or 2 buffered aqueous solution is the usual
continuum fof imost drug delivery systems, it is important to
undcerstand (and predict) the range of equilibrium phase struc-
tures commonly encountered in such solutions. Mention will be
made of the phase structures encouniered in other solvents
where appropriale.

When a surfactant is dispersed in water just above the limit of
its aqueous sofubility {i.e. above ils critical micelle concent-
ration, eme) it gencrally aggregates, depending upon its molecu-
lar g-.ometry.‘ into one of four types of structure, namely the
isotropic mic¢llar phase:and the liquid crystalline hexagonal,
lamellar, and cubic phases. The aforementioned phases, with the
exception al the lamellar phase, can either be in @ noymal or
reverse orientation. Recently, in addition to these commonly
encountered phase structures, there has been an increasing
number of more unusual aggregates, such as helical bilayers®
and fibre gels? reported.

Upon increasing the surfactant concentration well above the
cmg there are generally changes in aggregate or phasc structure.

" Theorder of phase structures formed upon increasing surfactant

concentration generally follows a well-defined sequence (Figure
2) with a “mirror plane® through the lamellar phase, such that
normal phase Structurcs can be considered to be *oil-in-water”,
while reverse structures can be thought of as “water-in-oil’.#
Most surfactants, howcver, exhibii only a portion of this
sequence, dependingupon the aggregate type initially formed at
the cme-and the resulting interaggregate {orces experienced.”
Although the same phase siructures are observed in other non-
aqueouspolarsolvents, the sequence of phases is sometimes very
different” and appears to depend both upon the molecular
geometry and the nature of the polar head-solvent interactions.

2.1.1 Imiplicativns for Drug Delivery

An understanding of the phase behaviour of surfactants is
essential for the eflicient use of surface active systems in drug
delivery. For example, after introduction into the body the
surlactant system may, depending upon its route of administ-
ration, undergo a large dilution. II' the surfactant is diluted
below its cme, precipitation of transported drug may occur. This
precipilation may have very serious consequences, especially if
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such as dose dumping within the body. When considering using
a surfactant system as n drug dc]wcry vehicle it should also be
borne in mind that phase transitions can also be induced by a
change in temperature and that normal human body tempera-
ture istypically 12 degrees above ambient, Other problems to be
aware of are hystcresis effects. These are particularily common
in cubic phases and may have important consequences for drug
delivery. For example, certain cubic phases have been shown to
be pseudo-stable for very long periodsat temperatures at which
some other form of aggregate would normally be formed. s

A knowledge of the various biological surface-active agents
which. the surfaciant aggregaté may encounter in vivo is also

Table 1 Self-association in solvents
Class of
solvents  Example of cluss

Class A Water, glycerol, ethylene glycol  Normal
Clags B Hexane, benzene, cyclohexane  Reverse
ClassC  Methanol, ethatiol No aggregate formation

Type of Aggregate

the drug is being administered mlra\fcnausly Ideally therefore

the emic should be a low as possible in order 1o-avoid such
problems. Surfactants that form lamellar phases:at -their cme
generally do so at much lower concentrations than those surfac-
tants which initially form micelles.:Since non-ionic surlaclants
generally exhibit Jower cmc’s than jonic surfactants they are
preferred for the purposes of drug delivery, cspecm]ly when 2
micellar solution is bcmg investigated as the drug dclnrcry
vehicle. In a similar vein, ila concentrated surfactant solution is
administered it may experience a sufficient dilution to induce a

phase change, say for example-from an hexagonal to a miccllar -

phase. As the drug-carrying capacity of each aggregate type may

essential as these may alter or even destroy the aggrcgale For
cxampic the endogenous micelle-forming bile salls encountered
in the small intestine have been shown to solubilize orally
admm_:s__t_c_r_:_:_d liposomes, thereby reléasing any water-soluble
solute trapped inside the carrier,

2.3 Modificd Phase Structures

In addition to the equilibrium phase structures mentioned
above, there are a few non-equilibrium and modified surfactant
phase structures that are currently finding application inl drug

differ, such a phase change could have very serious implications  delivery.

Increasing surfactant concentration

*oil-in-water’ “mirror plane® “water-in-oil’
]

H.0 Micelle (L) < Hexagonal (H,) < Lamellar (L,) < Reversed Hexagonal (H,) < Reversed Micelle (L,) Solid
] . s 1

¢ ' 1 [ I
i ' H i
* E ]

Cubsie (1,) Cubie (V,) | Cubic (V2) Cubic (1;)
¥

Figure 2 Idealized phase sequence in surfaclant-waler systems. (Modified from reference 6; terminology as in reference 7.}
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2.3.1 Vesicles

Vesicles are generally formed by dispersing lamellar phasesinan
excess of water'! (or non-aqueous polar solvents such as cthy-
lene glycol, dimethylformamide), or in the case of reversed
vesicles in an excess of oil.'* The resulting vesicles are approxi-
mately spherical structures dispersed in a water or an oil
continuum. Vesicles produced from phospholipids have been
widely investigated as drug delivery vehicles, Unlike the phase
structures mentioned earlier, however, ithese non-equilibrium
structures are prepared using methods such as sonication and
will eventually re-cquilibrate back into the lamellar phases from
which they originate,!' This inherent instability has caused
considerable problems with the wide-spread commercial exploi-
lation of vesicular delivery systems. For a [ew surfaclants,
however, the vesicular phase is an equilibrinm structure; for
example, the ionic ganglioside GM3, a glucosidic amphiphile of
biological origin, forms vesicles spontaneously in water,’® while
some combinations of non-ionicsurfactants have been shown lo
form reversed vesicles spontaneously.!

2.3.2 Polymerized Aggregaies

Attempts have been made Lo use polymerizalion Lo slabilize
various nascent phase structures, for example micelles,' ¥ cubic
phases,'¢ and vesicles.’? With the exception of micelles (which
as yet it has not proven possible to polymerize) polymerization
of these structures gives aggregates exhibiting the sigpificant
advantage that they do.not suffer break down upon dilution in
vivo. However; because of their size (ranging from tens to
hundreds of nm) Lthese apgregates can cause problems as they are
not readily excreted from the bady: hence such systems will
probably have limited clinical use,although they may have a use
in oral administration. In:an dttempt to overcome the problem,
biodegradable polymerized aggregatesare presently being inves-
tialed.'® When'preparing drug-containing polymerized aggre-
gates i1 is important to'choose. the appropriaie stage for'drog
addition; adding the:drug before polymerization may cause the

drug 1o be irreversibly bound in Ui aggregate; while addition of

the drug aller polymerizalion may lead ‘to low levels of
entrapment.

2.4 Drug Aggregates

A number ol'drugs are themselves amphiphilic and may aggre-
gale into various structures, most fréquenitly small'micellar type
structures.’ In these cases thedrug aggregate could actasilsown
vehicle, il the drug:loading were not too hlgh It has been
postulated that the formation of vesiclés consisting of pure drug
(pharmacosomes) should also be feasible. ' Unfortunatelymost
drugs are not lipophilic cnough 1o form vesicles easily without
derivatization with malerials like fatty acids.'® However with
certain drups it may be possible 1o produce vesicles over a
narrow pH range using the-appropriate ratio of amphiphilic salt
to free drug. The tight control over pH thatwould be necessary.

however, means that such vesicles are unlikely to provide useful
drug delivery systems. An alternative approach to producing
pharmacosomes has recently ‘been reported. in which a’ biode-
gradable micelle-forming drug conjunct has been synthesized
from the hydrophobic drug adriamycin and-a polymer com-
posed of polyoxyethylene glycol and polyasparltic acid,*® This
approach has the benefit that while it may be possible to dilate
out the micelle, the'drug will probibly not precipitate because of
the water solubility of the monomeric drug conjunct. Since
neither of these types of derivatized drug struclures consist of
drug alone, they can therefore not be considered to be true drug
aggregales.

2.5 Influence of Oil

When oil is added 1o a binary mixture of surfactant-and watera
whole varicty of phase structures may be formed. Several of
these structures currently have a use in drug delivery, for
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example microemulsions, macroemulsions, and multiple cmul-
sions.! Others such as self~emulsifying systems?! and vesicles
encapsulated in water-in-0il emulsions arc at present under
investigation.*?

3 Choice of Phase Structure for Drug Delivery

When choosing i phase structure for drug delivery @ number of
factors need to be considered, in particular, how the physico-
chemical properties of the phase structure relate to the intended
application. If, for example, a surfactant system is required for
topical use the phase structure chosen should be of sufficiently
high viscosity to enable the preparation to be retained on the
skin surface. while al the same time allowing it to be spread
readily over the surface of the skin. In contrast, if a system is
intended for administration intravenously it should be of suffi-
ciently low viscosity not to cause pain upon injection. Another
important [aclor to be considered is the capacity of the aggregate
for the drug to be incorporated. Micellar solutions, by virtue of
low surfactant concentrations, generally exhibit the lowest
capacily for drug, while in contrast cubic and other liquid
crystalline phases can [requently tolerate very high drug load-
ings.?324 Recently it has been realized that the toxicity of a
particular surfactant may depend upon the nature ol its aggre-
gate, For example, the same swiiactant has been shown to
exhibit a significantly reduced toxicity when present in a vesicu-
lar a5 opposed to a micellar solution.

Table 2 gives some of the physico-chemical characieristics
important for formulation purposes logether with the possible
pharmaceutical applications of each phase structure. 1t should
be noted that while Table 2 gives the average propertics of cach
phase, the variations in-cach case maybe quite significant. For
example; while solutions containing spherical micelles generally
exhibit low viscosities, thosc containing long rod shaped micelles
frequently exhibit very high viscosities. Similarly, cubic phases
candisplay a wide range of stiffness; somesamples are as hard as
plexiglass, while-in others the phases are sufficiently fiexible that
they dlmost flow.*

It is-important when considering the use of surfactant phasc
structures as delivery vehicles to remember that -a surfactant
aggregate cannot be considered an inert carrier, and that the
drug and indeed other additives such as preservatives and
flavourings* may (dcpendmg upon the  amount prescnt) dra-
matically alter the cmc and, in some cases, the type and range of
aggregates formed. Unfortunately very little work has been
performed in this area and is difficult to predict the effect of a
drug (orindeed any other additive) on a phase structpre as it is
expecied to vary according to whether the additive (a) is water
soluble, (b) adsorbs at the aggregate surface, (¢) co-aggregates
with the surfactant, or (d) resides in the interior of the apgregate.
Evidence suggzests, however, that the phase structure experiences
the most disruption when the additive is itself surface active. For
example, the presence of the drug lignocaine hydrochloride at
concentrations greater than about 5 wi% converts the cubic
structure formed from 10 wi% monoolein in water ‘into a
lamellarphase.'® Theinfluence of the presence of drugis further
complicated because most drugs are administered as salts, hence
the amount ol amphiphilic salt o lipophilic frec drug varics
according to pH. Consequently the effect of the drug on the
phuse structure may vary with the pH of the surrounding
environment. This cffect is more likely to be significant if jonic
surfaclants are used. Yel another complicationis thatif the drog
promotes a phase transition, this transition may conceivably be
reversed as the release of a surface-active drug from the aggre-
gale proceeds.’® This phase reversal may lead to two differcnt
patterns of drug refease.

* Flavourings ure very imporiant if surfucianis are 1o be given orlly; surfac.
lants do not taste very pleasant, Also, because of their effect on membranes,
surfictants may numb the patient’s mouth,
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