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Abstract

This study investigated the application of the solvent dispersion technique, specifically ether injection, which has been successfully used in the
preparation of liposomes, as a new, continuous and potentially scaleable method for the preparation of ISCOMs. Phosphatidylcholine (PC) and
cholesterol (Chol) were dissolved in ether, which was injected into an aqueous solution, maintained at 55◦C, containing Quil A. The influences of
the following variables on ISCOM formation were investigated: ratio of PC:Quil A:Chol used, pumping rate, total lipid mass and concentration of
buffer salts and Quil A in the aqueous phase. All samples were characterized by negative stain transmission electron microscopy, photon correlation
s omogeneity
o n the weight
r ration of
6 resulted in
m l micelles,
l
©

K

1

m
c
o
e
v
c
2
c
(
o
a
c
c
a

ara-
r on

d,
lised
Quil

rose
ess,
crose

e but
that
repar-
OMs.
are
side
This
thod
ions.
edure

nseca
tant

0
d

pectroscopy and sucrose ultracentrifugation gradient. It was demonstrated that ISCOMs could be produced by this method but the h
f the preparation was influenced by the conditions used. Homogeneous ISCOM preparations were consistently produced only whe
atio of PC:Quil A:Chol was 5:3:2 with a total lipid mass of 20 mg, the Quil A dissolved in a 0.01 M phosphate buffer at a concent
mg in 4 ml, and the ether solution injected into the warmed buffer solution at a rate of 0.2 ml/min. Changing any of these variables
ore heterogeneous preparations in which ISCOMs typically co-existed with other colloidal structures such as worm-like and helica

iposomes, lamellae and lipidic particles.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Immuno-stimulating complexes (ISCOMs) have received
uch attention as delivery systems for sub-unit vaccines as they

ombine the advantages of a particulate carrier with the presence
f a built-in adjuvant (Kersten and Crommelin, 2003). Their
ffectiveness as adjuvants has resulted in two ISCOM-based
accines being registered for veterinary use and several clini-
al trials being carried out in humans (Kersten and Crommelin,
003; Morein et al., 2004). ISCOMs are colloidal spherical parti-
les with an open cage-like structure in the size range 40–100 nm
Ozel et al., 1989). They consist of the saponin Quil A (or one
f its purified components), phospholipids, cholesterol and an
ntigen (Kersten et al., 1991). When the antigen is omitted, the
olloidal structures formed between Quil A, phospholipid and
holesterol and which have the same morphology as ISCOMs
re termed ISCOM matrices (Barr et al., 1998).

∗ Corresponding author. Tel.: +61 7 3346 9384; fax: +61 7 3365 1688.
E-mail address: n.davies@pharmacy.uq.edu.au (N.M. Davies).

Two methods have traditionally been used for the prep
tion of ISCOMs, one based on centrifugation and the othe
dialysis (Hoglund et al., 1989). In the centrifugation metho
the protein, cholesterol and phospholipids are first solubi
using a surfactant such as Triton X-100 in the absence of
A. This micellar solution is then centrifuged through a suc
gradient containing Quil A. During the centrifugation proc
ISCOMs are formed and can be collected as a band in the su
gradient. The centrifugation method appears quite simpl
is rarely used due to the limited quantities of ISCOMs
can be prepared in each run and the tedious nature of p
ing gradients and collecting sucrose bands containing ISC
In the dialysis method, the lipid components and Quil A
first solubilised in a surfactant system such as octylgluco
or Mega 10, which is subsequently removed by dialysis.
method is more commonly used than the centrifugation me
and produces very pure and well-defined ISCOM preparat
However, it is a batch process and a time consuming proc
requiring at least 3 days dialysis against a suitable buffer (Reid,
1992; Johansson and Lovgreen-Bengtsson, 1999; Da Fo
et al., 2000). There is also the possibility of residual surfac
378-5173/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijpharm.2005.11.011
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remaining in the preparation when ISCOMs are prepared by
either of these methods (Demana et al., 2004b). More recently,
a surfactant-free procedure for the formation of ISCOMs was
reported involving the hydration of dried lipid films of phos-
pholipid and cholesterol using an aqueous solution of Quil A
(Copland et al., 2000) and subsequently incorporating a freeze-
drying step (Demana et al., 2004b,c). Despite the simplicity of
this procedure, pure ISCOM preparations are only obtained fol-
lowing prolonged incubation times of several weeks.

In many respects, particularly their composition, ISCOMs
resemble liposomes because they are both comprised of phos-
pholipids and cholesterol, but ISCOMs additionally contain the
bipolar saponin, Quil A. As ISCOMs are considered to be ther-
modynamically stable, they should spontaneously form in sys-
tems containing the above three components in a similar manner
to the formation of liposomes when bilayer-forming phospho-
lipids are dispersed in aqueous systems. Indeed, the dialysis and
lipid film hydration methods of preparing ISCOMs are based on
previously reported methods for the preparation of liposomes
(Bangham et al., 1965; Rhoden and Goldin, 1979). Very recently,
Lendemans et al. (2005)investigated the use of another method
of liposome preparation, ethanol injection, as a possible method
for the preparation of ISCOMs. These authors reported that the
rapid injection of an ethanolic solution of phospholipid and
cholesterol into an aqueous solution of Quil A led to the for-
mation of ISCOMs in high numbers after 48 h of stirring but
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l-�-phosphatidylcholine from egg yolk (purity approximately
99%) and diethyl ether were purchased from Sigma–Aldrich
Pty. Ltd., St. Louis, Missouri, USA. All other chemicals and
solvents were of at least analytical grade.

2.2. Preparation of ISCOMs by ether injection

The mass ratio of phosphatidylcholine (PC), Quil A and
cholesterol (Chol) used in the investigations was based on the
pseudo-ternary phase diagram of these components as reported
byDemana et al. (2004c). Twelve ratios were investigated which
were reported byDemana et al. (2004c)to form ISCOMs to
varying degrees when dried lipid films were hydrated with an
aqueous solution of Quil A. The ratios of the three components,
which were investigated are reported inTable 1. In the initial
studies, used to identify the preferred mass ratio of the compo-
nents, PC and Chol were dissolved in 1 ml of diethyl ether and
the Quil A was dissolved in 4 ml phosphate buffer (0.01 M, pH
7.4). The total mass of lipids and Quil A was kept constant at
20 mg/5 ml-combined volume of ether and aqueous solution.

The aqueous solution of Quil A was placed into a 20 ml glass
bottle fitted with a silicone rubber injection cap and this bottle
was placed in a water jacket connected to a circulating water bath
maintained at 55◦C. The ether solution containing the lipids was
loaded into a syringe fitted via 1/16′′ tubing to a 19 gauge needle.
The syringe was placed in a syringe pump (PHD 2000 Infusion,
H h the
s tion
s aque-
o to act
a was
t tion,
w
F e at
r rior
t nti-
fi ts for
I nic
l ping
r in
t mass
o f the
b nves-
t M
f

2

cor-
r mea-
s sent
i ssion
e ope,
J opy,
s r grids
a mo-
n d at
he preparation was not as homogeneous as an ISCOM pr
ion prepared by dialysis containing larger aggregates, ring
icelles and helices. The removal of ethanol from the resu
reparation was also highlighted as a limitation of the techn
ossibly requiring the use of dialysis in a similar manner to
equired for the removal of surfactant in the dialysis metho
SCOM preparation. Further, the concentration of ethanol i
esulting dispersion was restricted to less than 7.5% in orde
he components of ISCOMs could self-assemble by hydroph
nteractions and as such the lipid titre and hence concentr
f ISCOMs was also limited by this parameter.

With consideration to the limitations of these published m
ds for ISCOM preparation, we investigated the possibilit
sing ether injection, another technique used for preparati

iposomes, as a possible scaleable and continuous meth
SCOM preparation. The ether injection method has the ad
ages that phospholipids and cholesterol have a high solu
n ether and as such, the final lipid titre can be high and, s
ther is volatile, it can be readily removed from the system
entle heating (New, 1990). The volatility of ether and the po
ibility of continuous removal from the system potentially al
he preparation of systems with elevated lipid titres. A fur
im of this study was to investigate the effects of pumping
the technique used for solvent dispersion), lipid, Quil A
uffer concentration used on the formation of ISCOMs.

. Materials and methods

.1. Materials

Quil A was purchased from Brenntag Biosector, F
rikssund, Denmark. Cholesterol (purity approximately 95
a-

,

t
c
n

f
of
-

arvard Apparatus, USA) and the needle inserted throug
ilicone rubber injection cap into the aqueous Quil A solu
uch that the tip of the needle was under the surface of the
us solution. A second needle was inserted through the cap
s a gas release vent. One millilitre of lipid in ether solution

hen pumped at a rate of 0.2 ml/min into the aqueous solu
hich was magnetically stirred and maintained at 55◦C for 2 h.
inally, the resulting preparation was allowed to equilibrat
oom temperature with stirring for between 1 and 7 days p
o characterization of the resulting dispersion. Following ide
cation of the preferred mass ratio of the three componen
SCOM formation, the effect of the rate at which the orga
ipid solution was introduced into the aqueous phase (pum
ate varied from 0.2 to 1 ml/min), concentration of Quil A
he aqueous phase (6 mg dissolved in 2, 4 and 8 ml), total
f lipid used (20, 50 and 100 mg) and the concentration o
uffer in the aqueous phase (0.001, 0.01 and 0.1 M) were i
igated in order to identify the optimal conditions for ISCO
ormation as prepared by ether injection.

.3. Characterization of resulting dispersions

The resulting dispersions were characterized by photon
elation spectroscopy (PCS, Zetasizer 3000, Malvern) to
ure size (z-average) and polydispersity of the particles pre
n the system. Samples were also visualized by transmi
lectron microscopy (JEOL-JEM 1010 electron microsc
apanese Electron Optics Limited). For electron microsc
amples were placed on carbon coated, discharged coppe
nd negatively stained using an aqueous solution of am
ium molybdate 2% (w/v), pH 6.5. Samples were viewe
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Table 1
Mass ratios of PC, Quil A and Chol of the various formulations used for ether injection and the resulting particle size and polydispersity of samples

Formulation PC (%) Quil A (%) Chol (%) Mean size (n = 2) Polydispersity (n = 2)

1 70 20 10 165.5 0.30
2 60 30 10 168.4 0.30
3 50 40 10 116.8 0.40
4 40 50 10 85.1 0.38
5 60 20 20 165.9 0.22
6 50 30 20 61.9 0.12
7 40 40 20 136.1 0.33
8 30 50 20 122.1 0.32
9 50 20 30 197.5 0.31

10 40 30 30 171.1 0.39
11 30 40 30 114.8 0.36
12 20 50 30 111.6 0.20

an acceleration voltage of 80 kV and at a magnification vary-
ing from 100,000× to 150,000×. The morphology of colloidal
structures was observed and the diameter of structures resem-
bling ISCOMs was measured using AnalySiS® software (Soft
Imaging Systems, Megaview III, Munster, Germany). Subse-
quently, samples were subjected to sucrose gradient ultracen-
trifugation further to confirm the presence of ISCOMs (band at
30% (w/v) sucrose) and to separate ISCOMs from any other col-
loidal systems present in the systems. Sucrose solutions (3 ml
each) having concentrations of 10, 20, 30, 40 and 50% (w/v)
in phosphate buffer (pH 7.4) were sequentially layered into a
26 ml Beckman ultracentrifuge tube (top layer 10% (w/v) and
bottom layer 50% (w/v) sucrose solution). The sample was then
gently loaded onto the top of the sucrose gradient and the tubes
centrifuged at 200,000×g for 6 h at 10◦C (Beckman, L-70 ultra-
centrifuge, Rotor Type 70Ti).

3. Results and discussion

3.1. Mass ratio of PC:Quil A:Chol

Twelve formulations prepared using varying mass ratios of
PC, Quil A and Chol as reported inTable 1at a total lipid mass of
20 mg were investigated as to their ability to form ISCOMs upon
injection of 1 ml of an ether solution of PC and Chol into 4 ml
of a 0.01 M, pH 7.4 phosphate buffer maintained at 55◦C. The
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For systems containing 10% (w/w) of Chol (40–70% (w/w)
PC and 20–50% (w/w) Quil A), ISCOM-like structures were
observed in samples but they were not the predominant col-
loidal structure. At a relatively high weight ratio of PC (70%
(w/w)), ISCOMs were found together with bilayer structures
(liposomes) (Fig. 1(A)). Upon increasing concentration of Quil
A the occurrence of liposomes decreased as worm-like and heli-
cal micelles increasingly appeared (similar to those shown in
Fig. 1(B) and (C)). At 50% Quil A, the predominant structures
appeared to be aggregates of these micelles with few ISCOMs
being observed in this system.

For systems containing 20% Chol (30–60% (w/w) PC and
20–50% (w/w) Quil A), ISCOMs were observed in all systems.
At the highest ratio of PC (60% (w/w)), however, ISCOMs were
observed together with liposomes in a similar manner to the
system containing 10% (w/w) Chol and high weight ratios of
PC (Fig. 1(A)). However, when the Quil A concentration was
increased from 20 to 30% (w/w), liposomes were not formed,
being replaced by ISCOMs as the only colloidal structure formed
by this combination of the three components (Fig. 1(D)). Thus,
a homogeneous dispersion of ISCOMs was formed within a few
days of equilibration when PC, Quil A and Chol were combined
by ether injection in a ratio of 5:3:2. Further, the structures of
the ISCOMs formed under these conditions as observed by TEM
were similar to those reported for ISCOM matrices prepared by
the dialysis method (Kersten et al., 1991) and the hydration of
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olloidal systems formed were investigated after 1, 3 and 7
f stirring and despite some differences being apparent be
amples taken at Day 1 and Day 3, no differences were obs
etween samples taken at Day 3 and Day 7. Indeed, even
months of storage, the nature of the structures formed d

hange further, suggesting that the samples had reache
quilibrium state 3 days following preparation. This is a m
horter equilibration time than that required for ISCOM pre
ation by lipid film hydration where even with the inclusion o
reeze-drying step to promote intimate mixing, an equilibra
eriod of at least 1 week is typically required (Demana et al
004a). As equilibration was considered to have been rea
ithin 3 days, the results relating to the type of colloidal st

ures formed in the 12 formulations as investigated by TEM
eported below are for the samples taken 3 days after mixi
s
n
d

er
t
ir

ry lipid films (Demana et al., 2004c). When the concentratio
f Quil A was increased to 40% (w/w), worm-like and heli
tructures became apparent in the samples in co-existenc
SCOMs. The predominance of these structures increased
hat of ISCOMs decreased upon increasing the concentrat
uil A further to 50% (w/w).
As the weight fraction of Chol was increased to 30% (w

amellae structures appeared in the samples as the prevale
SCOMs decreased (Fig. 1(E)). The formation of lamellae stru
ures at higher Chol weight ratios was explained byKersten and
rommelin (1995)to be a result of the increased hydrophobi
f the ring-like micelles imparted by Chol, leading to their as
iation. At a high PC concentration, these lamellae struc
ere observed together with liposomes (Fig. 1(F)). However, a

he concentration of Quil A was increased, liposomes were a
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Fig. 1. Electron micrographs depicting various colloidal structures produced upon injection of ether solutions of phospholipid and cholesterol into aqueous solutions
of Quil A: (A) ISCOM matrices together with liposomes, (B) worm-like micelles together with few ISCOM matrices, (C) lamellae and helical structures together
with few ISCOM matrices, (D) ISCOM matrices, (E) lamellae structures together with ISCOM matrices, (F) liposomes and lamellae structures together with few
ISCOM matrices, (G) spiral structures together with ISCOM matrices, and (H) lipidic particles together with liposomes and ISCOMs.
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not formed, being replaced by worm-like and helical micelles.
Additionally, the extent of association of the ring-like micelles
(or size of the lamellae) was seen to decrease upon increasing
Quil A concentration suggesting that association is being dis-
rupted upon increasing presence of this hydrophilic component.
The prevalence of distinct ISCOM structures in systems con-
taining 30% (w/w) Chol was less than in systems containing
10% (w/w) and particularly 20% (w/w) Chol suggesting that the
increased hydrophobicity imparted by increasing the amount of
Chol in the system promotes the association of colloidal struc-
tures present in the system.

The TEM observations of the pseudo-ternary systems pre-
pared by ether injection are not dissimilar to those reported by
Demana et al. (2004a)who constructed pseudo-ternary phase
diagrams for PC, Quil A and Chol as prepared by dialysis
and lipid film hydration. Also in agreement withDemana et
al. (2004a,b), ISCOMs were observed together with liposomes
at higher concentrations of PC. In addition, the presence of
liposomes decreased, being replaced by worm-like micelles at
higher Quil A concentrations. Increasing the concentration of
Chol promoted the existence of hexagonal lamellae resulting
from association of ring-like micelles. In contrast, however,
to the observations ofDemana et al. (2004a,b), the formation
of lipidic/layered structures was not evident in systems pre-
pared by ether injection. The lipidic/layered systems reported by
Demana et al. (2004a,b)were only observed in tertiary systems
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increased to above 100 nm and the polydispersity index was also
noted to increase. Generally, mean particle size was largest when
either liposomes or lamellar structures were present in the sys-
tem (i.e. at high weight ratios of PC) and decreased as these
structures were replaced by micellar structures as formed upon
increasing weight ratio of Quil A in the system.

The results of both TEM and particle sizing indicated that
the optimal ratio of PC:Quil A:Chol for ISCOM formation as
prepared by ether injection was 5:3:2. The formation of homoge-
nous ISCOM preparations at this component ratio was further
confirmed by sucrose gradient ultracentrifugation (SGU). Fol-
lowing SGU, only a single opaque band at 30% (w/v) sucrose
was observed for this system, consistent with previous reports
for the SGU characterization of ISCOMs as prepared by dial-
ysis (Sjolander et al., 1997) and hydration of dried lipid films
(Demana et al., 2004c). The preferred ratio of 5:3:2 for PC,
Quil A and Chol, respectively, is in accord with the results of
Demana et al., (2004a)who characterized the pseudo-ternary
phase diagram for these three components in aqueous systems.
It is, however, in contrast to the preferred ratio of the components
when using dialysis as the method of ISCOM formation, which
appears to require higher concentrations of Quil A (Demana et
al., 2004a). As proposed byDemana et al., (2004a), this differ-
ence in the preferred ratio of components required for ISCOM
formation as prepared by the different methods may indeed be
the result of the additional surfactant used in dialysis which may
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The TEM observations regarding the type and homoge
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hree components were further confirmed by particle size
sis as conducted by photon correlation spectroscopy (Table 1).
he system prepared using a PC, Quil A and Chol ratio of 5
hich was observed by TEM to produce a homogeneous IS
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ake the place of some of the phospholipid, hence ISCOM
referentially formed at apparently higher Quil A concen
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.2. Effects of pumping rate, concentration of buffer and
uil A, and total lipid mass on ISCOM formation

Having identified the preferred ratio of PC, Quil A and C
or ISCOM formation as prepared by ether injection, the in
nce of the rate of addition of the lipids/ether solution, bu
oncentration/ionic strength of the Quil A solution, lipid a
uil A concentration in the ether and aqueous phases, re

ively, on ISCOM formation were investigated. Again, all s
ems were characterized after 3 days of equilibration.

The rate of addition of the ether solution was investigate
.2, 0.5 and 1 ml/min. As discussed above, the samples pre
t 0.2 ml/min had a mean size of 61.9 nm and a narrow
istribution (polydispersity of 0.12) in which ISCOMs were
nly observed colloidal structures (Fig. 1(D)). The mean siz
nd polydispersity index of the systems, however, were not

ncrease with increasing flow rate (Table 2). When viewed b
EM, a reduction in the prevalence of ISCOMs and homoge
f the sample was observed, consistent with the results of
ith increasing flow rate, an increasing abundance of worm
icelles and lamellar structures were observed (similar to t

hown inFig. 1(B) and (E)). It would thus appear that the rate
ntroduction of the organic solution, containing lipids, mus
ufficiently slow to allow for the concomitant evaporation of
ther, thereby maintaining the polarity of the aqueous phase

o promote ISCOM formation by hydrophobic interactions. T
esult is in agreement with that reported for the preparatio
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Table 2
Effects of pumping rate, buffer and Quil A concentration, and total lipid mass on mean size and polydispersity of particles produced upon ether injection when the
ratio of PC, Quil A and Chol was 5:3:2

Pumping rate (ml/min) Concentration of buffer (M) Total mass of lipid (mg) Volume of aqueous phase (ml)

0.2 0.5 1.0 0.001 0.01 0.1 20 50 100 2 4 8

Mean size (n = 2) (nm) 61.9 75.9 86.3 79.6 61.9 102.8 61.9 106.3 122.7 106.7 61.9 87.0
Polydispersity (n = 2) 0.12 0.15 0.17 0.14 0.12 0.17 0.12 0.32 0.34 0.31 0.12 0.14

Unless otherwise specified, systems were prepared at a pumping rate of 0.2 ml/min, a buffer concentration of 0.01 M, total lipid mass of 20 and 6 mg of QuilA
dissolved in 4 ml of aqueous phase.

liposomes by the ether injection technique wherein a flow rate
of less than 0.2 ml/min was recommended for optimal results
(New, 1990).

The concentration of buffer used in the aqueous phase con-
taining Quil A was noted to affect the ability of the systems
to form ISCOMs when a flow rate of 0.2 ml/min was used to
introduce the organic phase into the aqueous phase containing
Quil A. When the phosphate buffer concentration (pH 7.4) was
reduced from 0.01 to 0.001 M, ISCOMs were observed to be
present together with micellar structures and some liposomes.
These were not evident in the sample prepared using 0.01 M
buffer. The size and polydispersity of the sample was also noted
to increase when the buffer concentration was reduced (Table 2).
When the buffer concentration was increased to 0.1 M, spiral
structures were consistently observed under TEM and the mean
size of particles in the system increased to just over 100 nm
(Fig. 1(G)). The existence of these structures in pseudo-ternary
aqueous systems of Quil A, PC and Chol has not, to our knowl-
edge, previously been reported and the effect of buffer salts, ionic
strength and possibly other components present in the systems
on the ability of Quil A, PC and Chol to spontaneously form or
remain as ISCOMs may warrant further investigation.

It was further noted that the homogeneity of the ISCOM
preparation formed when the ether solution of PC and Chol was
injected at a rate of 0.2 ml/min into a 0.01 M buffer was influ-
enced by the total amount of lipid present in the system (Quil
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formed in the system. When the aqueous volume was reduced
to 2 ml (as compared to 6 mg dissolved in 4 ml), the particle
size and polydispersity of the resulting preparation increased
(Table 2). When viewed by TEM, ISCOMs were present as
the predominant structures (albeit appearing quite aggregated
and concentrated) but were accompanied by some worm-like
micelles. Increasing the volume to 8 ml resulted in a preparation
having a particle size of 87.0 nm (Table 2). This system contained
predominantly aggregated spherical micelles forming lamellar
structures with ISCOM structures being present as a minor com-
ponent (similar to those shown inFig. 1(E)). Worm-like micelles
were also observed in this system. Thus, the concentration of
Quil A in the aqueous phase also influenced the nature of the
colloidal structures produced upon ether injection.

4. Conclusions

This study demonstrates that ISCOMs can be prepared by the
ether injection technique in a manner analogous to its use for the
preparation of liposomes. Ether injection overcomes many of
the limitations of the existing methods for ISCOM preparation,
which are often time consuming and typically use additional sur-
factant. Further, ether injection can be considered as a scalable
and continuous method of ISCOM preparation while the other
reported methods are batch processes. A number of variables,
however, were noted to influence ISCOM formation following
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lso had an influence on the nature of the colloidal struc
f

-

l

e

r-
r

s

ther injection: the ratio of the components, the flow rate
oncentration of buffer and Quil A, and the total lipid ma
he preferred conditions for ISCOM formation was a ratio
:3:2 for PC:Quil A:Chol with a total lipid mass of 20 mg, t
C and Chol being dissolved in the ether solution and Qu
issolved in a 0.01 M phosphate buffer at a concentratio
mg in 4 ml, and the ether solution injected into the war
uffer solution at a rate of 0.2 ml/min. Under these conditi
homogenous preparation of ISCOMs was produced as

enced by TEM, having a size characteristic of ISCOM mat
nd a low polydispersity index. Changing any of these varia
esulted in more heterogeneous preparations, in which ISC
ypically existed together with other colloidal structures suc
orm-like and helical micelles, liposomes, lamellae and lip
articles.
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