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Surfactant Systems: Their Use in Drug Delivery

M. Jayne Lawrence

Department of Pharmacy, King's College London, University of London, Manhresa Road, London SW3 6LX

1 Introduction

Molecules or ions which arc amphiphilic, that is, contain both a
hydrophobic and hydrophilie part, in aqucous solution frc-
quently assemble atinterfaces and self-associate in an attempt to
sequester their apolar regions from contact with the aqueous
phase. This self-association gives risc to a rich varicty of phase
structures (Figure 1). Aggregation is not, howeyer, 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 latier case giving rise 10 inverse
structures).

Over the years several of the phase structures produced by
surfactants have been of interest to the pharmaceutical scientist,
cither as drug vehicles/carriers or more recently as targelting
systems, In the former application the surfactant system tukes
1o part in the biodistribution of the drug it carvics, actmb purcly
as the vehicle. In the second case the surfactant system in some

yay “eonveys' the drug o the desired (or target) site in the body
and dcposits it. Targetting can take oric of two forms; namely
passxve targettmwhxch rclies on the natural biodistribution of
the earrier, or ‘active’ targetting in which the carrier is in some
way dirccted to the desired site, frequently by the use of
targetiing ligands expressed on the surface of the carrier. Both
types of targetting have the advaritage of protecting the body
from any unwanted side-cfiects of the drug, while at the same
time achieving the desired concentration of drug at the target
site,

By far the ma;onty of work examising the potential of
surfactant systems in drug delivery has explored their usédsdrug
carriers; for example non-ionjc micelles have been widely inves-
tigated as a'means of producing a clear stable solution of a
poorly waier-soluble drug suitable for intravenous or oral
administration.?** However, durmg 1he past twenty years or so,
as the importance of drug targetting has-bees realized, a number
of surfactant systems, such as phospholipid or non-ionic surfac-
tant vesicles, have been extensively investigated as targetling
systems.?

Despite all ihe research into the potential use of surfaciant
phase structures for drug delivery, such phase structures have
not made much of an impact on the formulation scene; there are

M. Jayne Luwrence graduated in Pharmacy from Liverpool
. Polyrechnic (B.Se.) in 1981

the Royal Pharmacewtical So-
ciety of Great Britain in 1982.
She received her Ph.D. degree
in 1983 from the University of
Manchester. Since 1984 she
has been a Lecturer in ihe
Pliarmacy Department, King's
College London. Her research
“imieresis cover the design, syn-
thesis, and  physio-chemical
characterization of surfactant
systems  and  membrane
transport,

and quulified as a member of

onlya few 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 potentia) of
surfactant formulations, particularly of non-ionic surfactants,
has perhaps not been fully realized. In order to appreciaie the
potential and also the limitations of 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 10 their physico-chemical properties
relevant to their use as drug delivery systems. Italso details some
of thework-performed to date investigating the use of surfactant
svstems —in particular, those produced from the less toxic non-
ionic surfactants — for drug delivery.!

2 Phase Behaviour of Surfactants

2.1 Equilibrium Phase Structuces

Although surfactants self-associitle in a wide variety of solvents,
their state of aggregation varies considerably between solvents
{Table 1), As waicr or a buffered aqueous solution is the usual
conlinuum fof inost drug delivery systems, it is important 16
understand (and predict) the range of equilibrium phase struc-
turescommonly encountered in such solutions, Mention will be
made of the ph'lse structures encountered in other solvents
where appropriate. .

When a surfdctdm is dispersed in water just above the limit of
its aqueous solubility {i.c. above its criticul micelle concent-
ration, chic) it generally aggregates, depending upon ity molecu-
lar geometry,” into one of four types of structure, namely the
isotropic miccllar phasc:and the liquid crystalline hexagonal,
lamellar, and cubicphases. The aforementioned phases, with the
exception af the lamellar phase cun either be in a normal or
reverse-orientation. Recently, in addition to these commonly
encountered phase structures, there has been an increasing
npumber of more unusual aggregates, such as helical bilayers®
and fibre gels’ reporied.

Upon incredsing the surfactant concentration well above the
emc there are generally changesin aggregate or phase structure,

" Theorderof phase structures formed upon increasing surfactant

concentration generally follows a well-defined sequence (Figare
2) with a ‘mirror plarie’ through the lamellar phase, such thae
normal phase structures can be considered to be *oil-in-water’,
while reverse structures can be thought of as-‘water-in-oil’.#
Moast surfactants, howcver, exhibii only a portion of this
sequence, dependingupon the aggregate type initially formed at
the cmc-and the resulting interaggrepate forces experienced.”
Although the same phase'siructures are obscryved in other non-
agqueouspolarsolvents, 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 efficient use of surface active systems in drug
delivery. For example, after introduction into the body the
surfactant system may, depending upon its route of administ-
ration, undergo a large dilution. If the surfactant is diluted
below its eme, precipitation of transported drug may occur. This
precipitation may have very serious consequences. especially if
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i such.as dose dumping within the body. When considering using
Table T Self-association in solvents a surfactani system as 4 drug delivery vehicle it should also be
borne in mind that phase transitions can also be induced bya
change in temperature and that normal human body tempera-
] . L tire is typically 12 degrees above ambient. Other problems to be
gj:i‘g g:::;cmg:ﬁ; ‘c’:m"‘i‘;':ﬁ:‘;cizf:‘ 1;:’::‘::; aware of are hysteresis effects. These are particularily common
ClassC M cthan’ol cth'mél No aggregate Tormation in cubic'phases and may have important consequences for drug
delivery. For example, certain cubic phases have been shown to

be. pscudo -stable for very long periods at temperatures at which
some other form of aggregate would normally be formed.®

A knowledge of the various biological surlace-active agen(s
the drug is being administered mtravanously Ideally therefore  which. the surfactant aggregaté may encounter in vivo is also
the emc should be a low as possible in order 10-avoid sach  essential as these may alter or even destroy the aggregate. For
problems, Surfactants that-form lamellar phases:at their cme examplc the cndogenous micelle-forming bile salts encountered
generally do so at much fower concentrations than thosesurfac-  in the small infestine have been shown to solubilize orally
tants which initially form micelles.-Since non-ionic surfuctants  administered liposomes, 1hercby releasing any water-soluble
generally exhibit Jower cmic’s than donic surfactinis they are solute trapped inside the carrier.
preferred for the purposes of drug delivery, especmlly wheh a
micellar solution is bcmg investigated as the drug dchvery ) - )
vehicle. In a similar vein, ifa concentrated surfactantsojutionis ~ 2:3 Modificd Phase Structures
administered it may experience a sufficient dilution to inducen  In addition to the cquilibrium phasc structures mentioned
phase change, say for example from an hiexagonal to.a micellar - above, there are a few non-equilibrium and modified surfactant
phase. As the drug-carrying capacity of each aggregate typemay  phase structures that are currently finding application in drug
differ, such a phase change could have very serious implications  delivery.

Class of o )
solvenis  Exampleof class Type of Aggregaie,

Increasing surfactant coneentration

‘oil-in-water’ 'mirrm.' plane’ water-in-oil’

H,0 Micelle (L., )< Hexagonal (H,) < Lamellar (L,) < Reversed Hexagonal (H,) < Reéversed Micelie (L) Solid
1 . 1 + . 1

N 1 1

» 1
1 \ 1 i
N N

t 1 13
Cubic (1) Cubie (V) | Cubic(V,) Cubic {I;)
i

Figure 2 ldealized phase sequente in surfaclant-water 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-aqucous polar solvents such as cthy-
lene glycol, dimethylformamide), or in the case of reversed
vesicles in an excess of 0il.1* The resulting vesicles are approxi-
mately spherical structurcs 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, these non-equilibrium
structures are prepared using methods such as sonication and
will eventually re-cquilibrate back into the lamcllar phases from
which they originate.!! This infierent instability has caused
considerable problems with thie wide-spread commercial exploi-
ation of vesicular delivery systems. For a few surfactants,
however, the vesicular phascis an cquilibrium structure; for
cxample, the jonic ganglioside GM3, a glucosidic amphiphile of
biological origin, forms vesicles spontancously in water,’3 while
some combinations of non-jonic surfactants have been shown lo
form reversed visicles spontaneously.’*

2.3.2 Polymerized Aggregates

Allempts have been made to use polymerization to stabilize
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 polymerjze) polymerization
of these structures gives aggregates exhibiting the sigpificant
advantage that they donot suffer break down upon dilution in
vivo. However; because of their size (ranging from lens to
hundreds of nm) these aggregates can cause problems as they are
not readily cxcreted from the body; hence such systems will
probably huve limited clinical use,: although thcy may have a use
in oral administration. In:an dttempi to overcome the problem,
biodegradable polymerized aggregatesare.presently beinginves-
u;,a(cd 8 When preparing drug-containing polymmzed aggre-
gates it is important to'choose: the appropriate stage fordrug
addition; adding the: dru;, before po[ymenzanon may causethe

drug to beirreversibly bound in the aggregate, while addition of

the drug afler polymerization may lead ‘to Jow levels of
entrapment.

2.4 Drug Aggregates

A number of drugs are lhcmsclves amphiphilic and may aggre-
gale into varfous structures, most frequently small mlcellar 1ype
structures.! In these cases the drug aggregate could actasitsown
vehicle, if’ the drug:loading were not too high. It has ‘been
postulated that the formation of vesiclés consisting 6f 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 drugs it: may bepossible*to produce vesicles over a
narrow pH range using the appropriate ratio of amphiphilicsalt
to frec drug. The tight control over-pH that would 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 polyaspartic acid.® This
approach has the benefit that while it may be possible to dilute
out the micelle, the'drug will probibly no(prccipitatc because of
the. water solubility -of the monomeric drug conjunct, Since
neither of thesc types of derivatized drug structures consist of
drug alone, they can therefore not be considered to be irue drug
aggregates.

2.5 Influence of Oil
When oil is added to 2 binary mixture of surfactantand watera

whole variety of phase structures may be formed. Several of

these structeres currently have a use in drug delivery, for
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example microemulsions, macroemulsions, and multiple enul-
sions.’ Others such as self-emulsifying systems?! and vesicles
encapsulated in water-in-oil emulsions arc at present upder
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 structurc relate 1o the intended
application. If, for example, 4 surfactant systemn 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 at 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 factor to be considered is the capacity of theaggregute
for the drug to be incorporated. Micellar solutions, by virtie of
low surfactant concentrations, generally cxhibit the lowest
capacity for drug, while in contrast cubic and other liquid
cr’ysmlline phases can [requently toleraté very high drug load-
ings.**24 Recently it has been realized that the toxicity of a
pariieular surfactant may depend upon the nature of its aggre~
gate. For example, the same swiiactant has been shown io
exhibit a significantly reduced toxicity when present in a vesicu-
lar s opposed to a micellar solution.

Tablc 2 gives some of the physico-chemical characieristics
important for formulation purposes logether with the possible
pharmaceutical applications of cach phase structure. 1t should
be noted that while Table 2 gives the average propertics of each
phase, the variations in-cach case maybe quite significant. For
example; while ‘solutions'mntaining spherit al micelles generally
exhibit low viscosiiies, those containing long rad shaped micelles
frequently exhibit very high viscosities. Similarly, cubic -phases
candisplay a wide range of stiffness; somesamples areas hard as
plexiglass, whilein others the phases ate sufficiently flexible that
they dlmost flow.>

1t isimiportant when considering the use of surfactait phase
structures as delivery vehicles to remember that a surfactant
aggregale cannot be considered an inerr cariier, and that the
drug and indeed other additives such as preservatives and
flavourings® may (dependmg 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 {or.indecd any other.additive) on a phase structyre ag it is
expecied to vary according to whether the additive (a) is waler
soluble, (b) adsorbs at the aggregate surface, (c) co-aggregates
with the surfactant, or {(d) resides in theinterior of the aggrepate.
Evidence suggoests, however, that the phase structure experiences
the most disruption when the additive is itself surface active, For
example, the presence of the drug lignocaine bydrochloride at
concentrations greater than about 5 wi% converts the ¢ubic
structure formed from 10 wi% monoolein in water -into s
lamellarphase.'® Theinfluence of the presence of drugis furthier
complicated because most drugs are administered as salts, hence
the amount of amphiphilic salt o lipophilic frec drug varies
according to pH. Consequently the effect of the drug on the
phus¢ structure may vary with the pH of the surrounding
environment, This cffeet is more likely to be significant if ionic
surfacfanfs are used. Yel another complicationis thatif the drug
promotes 4 phase transition, this transition may conceivably be
reversed as the release of a surface-active drug from the aggre-
gate proceeds.'® This phase reversal may lead to two different
patterns of drug release.

* Fluvourings are very impostant if surfactanis are to be given omlly: surfac.
tants do not tysie very plc.ﬁam Also, because of their ¢flect on mcmlmnu
surfictants may numb the patienU's mouth,
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