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bstract

In this note we describe the substitution of the phospholipid component in classical ISCOMs (immune-stimulating complexes) with the cationic
ipid dioleoyl-trimethyl-ammonium-propane (DOTAP). The self-assembled colloidal structures formed by DOTAP, Quil-A and cholesterol were
haracterised using transmission electron microscopy and laser Doppler velocimetry. Samples were prepared using the lipid-film hydration and
ialysis techniques. Cage-like structures containing DOTAP were obtained in high numbers using dialysis, but not lipid-film hydration on day 4
ost-preparation. The formation of cage-like structures was however only observed at compositions with low weight proportions of DOTAP (less

han 25%) resulting in neutral to negative �-potentials of the colloidal particles. Compositions with high weight proportions of DOTAP displayed
hase separation phenomena. Thus, whilst DOTAP can be incorporated with Quil-A and cholesterol to form cage-like particles, it appears to be
nsuitable to prepare cationic equivalents of ISCOMs.

2006 Elsevier B.V. All rights reserved.
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Immune-stimulating complexes (ISCOMs) constitute a
otent particulate carrier platform for subunit vaccines and con-
ain Quillaja saponins as built-in immuno-potentiators (Sanders
t al., 2005). Phospholipids are a necessary constituent of
SCOMs and allow the formation of well-defined cage-like
tructures with a typical size of 40–100 nm (Kersten et al., 1991).
ue to the anionic saponins, ISCOMs have a strongly negative

-potential (Kersten et al., 1991). We have previously described
he successful substitution of cholesterol in ISCOMs with DC-
holesterol to form cationic cage-like structures (Lendemans et
l., 2005). In this note we describe attempts to formulate cage-
ike structures containing the cationic lipid dioleoyl-trimethyl-
mmonium-propane (DOTAP, as substitute for phospholipids),
holesterol and the semi-purified Quillaja saponin fraction Quil-

(Dalsgaard, 1974). Such particles may be useful as cationic
lternatives to ISCOMs, potentially allowing efficient adsorp-
ion of DNA and protein subunit antigens.
1.5 ml TRIS buffered saline pH 7.4 (TBS; 65 mM TRIS,
0 mM NaCl) was used for the preparation of all samples.
he total concentration of the components DOTAP (Northern
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ipids, Canada), Quil-A (Brenntag Biosector, Denmark) and
holesterol (Sigma, USA) in all formulations was 6.7 mg/ml.
olloidal structures were prepared using the dialysis and lipid-
lm hydration techniques described previously (Kersten et al.,
991; Demana et al., 2004b; Lendemans et al., 2005). A mem-
rane with a molecular weight cut-off of 1000 Da and 40 mg/ml
ctylglucoside (Sigma) were utilised for dialysis, which was per-
ormed at 4 ◦C over a period of 48 h against 4× 1 l TBS. On day
post-preparation, samples were characterised by transmission

lectron microscopy (TEM) and laser Doppler velocimetry on
s previously described (Lendemans et al., 2005).

A series of samples was prepared with compositions rep-
esenting several cuts through a pseudo-ternary phase diagram
cuts A–D, rows 1–5, Fig. 1). Corresponding �-potentials were
etermined in TBS (Fig. 1), and measured values were in
ood agreement with a hypothetical line of charge inversion
round 1:1 molar ratios of Quil-A:DOTAP, assuming an aver-
ge MR = 1650 of the saponin molecules in Quil-A (Mitra and
ungan, 1997), and MR = 698.5 for DOTAP (as chloride).
The system containing DOTAP as single lipid component

sample A1) produced DOTAP vesicles with a diameter in the

ange between 20 and 500 nm (not shown). In the samples
ontaining binary mixtures of DOTAP and cholesterol (row 1)
esicles were observed (Fig. 2A) and colloidal structures became
igger towards higher weight proportions of cholesterol. In the
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Fig. 1. Designations and �-potentials (mean ± S.D.) of samples prepared by
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ipid-film hydration. �-potentials were determined 10 times in TBS. The dashed
ine indicates 1:1 molar ratios of DOTAP and Quil-A (hypothetical charge inver-
ion).

inary mixtures of DOTAP and Quil-A, the presence of 20%
uil-A (sample A2) decreased the overall particle size com-
ared to structures formed by pure DOTAP (Fig. 2B). A similar
bservation was made previously in phosphatidylcholine:Quil-

systems (Demana et al., 2004b). Some of the smaller struc-
ures showed a stacked morphology (Fig. 2B, arrow). These
tacked structures may constitute bilayered fragments of vesi-
les (Demana et al., 2004b). An increase in Quil-A concentration
40% and 60%, samples A3 and A4) did however not lead
o a further reduction in particle size and instead resulted in
e-formation of bigger structures with a distinct lamellar fine
tructure (Fig. 2C). The re-formation of larger aggregates is very
ikely related to the decrease in �-potential (Fig. 1). Aggrega-
ion of structures at an equimolar ratio of cationic and anionic
mphiphile is characteristic for catanionic systems in the pres-
nce of excess salt and water (Horbaschek et al., 1998, 2000).
ddition of more Quil-A (80%, sample A5) led to formation of

maller particles in the range between 7.5 and 90 nm with a neg-
tive �-potential (not shown). In conclusion, the binary systems
OTAP:Quil-A (cut A) showed an initial decrease in size upon

ddition of anionic saponin molecules to the cationic DOTAP,
hich was followed by aggregation towards charge neutrality.
urther addition of Quil-A then resulted in re-segregation into
tructures with a negative �-potential.

In agreement with the pseudo-binary DOTAP:cholesterol
ystems (row 1, Fig. 1), colloidal structures in ternary systems
ecame larger towards higher weight proportions of cholesterol.
t lower and intermediate concentrations of Quil-A (rows 2 and
in cuts B–D, Fig. 1), these larger structures often showed a
igh number of pores in a hexagonal arrangement as previously
escribed in the context of classical ISCOMs (Bangham and
orne, 1962; Kersten et al., 1991; Demana et al., 2004b). The
umber of these structures increased towards higher cholesterol
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oncentrations. Importantly, these were found in combination
ith a second colloidal structure in which pores were absent.
hese structures had a distinct lamellar fine-structure and were

ound especially at higher DOTAP concentrations. The pres-
nce of two distinct colloidal structures may indicate non-ideal
ixing or even phase separation. Fig. 2D illustrates this (sample
3, pore-containing [P] and lamellar [L] sections are indicated).
he size pattern described above for the pseudo-binary mixtures

cut A) was also found within the pseudo-ternary mixtures (cuts
–D). Fig. 2E shows a system with aggregation tendency (sam-
le B4, with a �-potential of −2.9 ± 0.5 mV). A small number
f cage-like-structures with typical size and narrow size dis-
ribution (32.9 ± 3.3 nm, n = 50, solid arrow) was also present
n those systems. Sample B5 with a negative �-potential of

6.9 ± 1.9 mV produced a high proportion of ring-like micelles
hich were similar in size and morphology to the well-known
ixed micelles composed of Quil-A and cholesterol (Kersten

t al., 1991; Demana et al., 2004a). These ring-like micelles
ere sometimes found as single units and sometimes as aggre-
ates in ISCOM-like structures (Fig. 2F). It has been proposed
hat ring-like micelles as precursor structures may aggregate to
ell-defined ISCOMs over time (Demana et al., 2004a). Sum-
arising the results obtained using lipid-film hydration as the

reparation method, aggregation phenomena were observed in
amples with equimolar amounts of DOTAP and Quil-A. The use
f DOTAP did not result in the formation of cage-like particles
n the cationic area of the phase diagram. Instead, the observa-
ions suggested a phase separation (Fig. 2D), with domains pre-
ominantly containing Quil-A:DOTAP or Quil-A:cholesterol,
espectively, co-existing with each other. The three components
OTAP, cholesterol and Quil-A may have only combined to
saturation level, thus causing the absence of cage-like parti-

les at compositions with high weight proportions of DOTAP.
sing other phospholipids (such as PC) in conjunction with

ipid-film hydration, ISCOMs were reported to form at high
eight proportions of phospholipids (Demana et al., 2004a,b).
he incompatibility of higher DOTAP proportions with the Quil-
:cholesterol pore structures may be due to its permanently

harged headgroup, as the ISCOM model proposed by Ker-
ten et al. states that the lipid headgroups show towards the
nside of the pores (Kersten et al., 1991). However, due to charge
epulsion and space restrictions the pore structures formed by
uil-A:cholesterol may only have a limited capacity to take up
OTAP. With smaller DOTAP proportions, formation of some

age-like structures was observed, albeit only close to charge
eutrality or at compositions with a negative �-potential. This
owever is a clear indicator that DOTAP was able to insert into
uil-A:cholesterol structures to some extent as spherical cage-

ike structures would have otherwise not formed at all (Kersten
t al., 1991; Demana et al., 2004a). Alternatively, the poor mix-
ng or assumed phase separation may also be related to the
ipid-film hydration method as this method is known to produce
eterogeneous particle populations and samples which require

quilibration (Copland et al., 2000; Demana et al., 2004b). Thus,
ialysis was utilised as an alternative preparation technique in a
econd set of experiments. Sample compositions were restricted
o a small area of the phase diagram. Fig. 3 gives an overview
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Fig. 2. TEM micrographs of selected samples prepared by lipid-film hydration. Samp
stacked structures, bar = 200 nm; (C) sample A4, bar = 200 nm; (D) sample C3—pore
B4—cage-like structures (solid arrow) and aggregates (“A”) are shown, bar = 100 nm;
ring-like micelles (solid arrow) or aggregates of these (dashed arrow) were found, ba

Fig. 3. Designations and �-potentials (mean ± S.D.) of samples prepared by
dialysis. �-potentials were determined 10 times in TBS. The dashed line indicates
1:1 molar ratios of DOTAP and Quil-A (hypothetical charge inversion).
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les are designated as in Fig. 1. (A) Sample B1; (B) sample A2—arrow indicates
domains “P” and lamellar domains “L” are indicated, bar = 200 nm; (E) sample
(F) sample B5—structures with a negative �-potential re-separated and distinct
r = 200 nm.

f compositions and �-potentials. With the exception of sam-
le C, decreasing trends in �-potentials were observed towards
igher concentrations of Quil-A. In agreement with the sam-
les prepared by lipid-film hydration, colloidal structures with
-potentials close to charge neutrality were found as aggregates
ith domains which either displayed or lacked pores (“P” and

L” domains, Fig. 4A). Sample C produced ISCOM-like parti-
les with a negative �-potential of −12.5 ± 1.0 mV (Fig. 4B).
he sample of similar composition prepared by the hydration
ethod (Fig. 1, B4) had formed predominantly bigger aggre-

ates with a �-potential of −2.9 ± 0.5 mV. This may suggest
hat following dialysis the negatively charged saponin molecules
n Quil-A had interacted more strongly with the lipid compo-
ents than following lipid-film hydration. Alternatively, there
ay be a partial loss of DOTAP during dialysis. The diame-

er of the ISCOM-like structures was 54.4 ± 4.8 nm (n = 75).
loser inspection of the micrograph reveals that small lipidic
articles (21.5 ± 2.4 nm, n = 25) were attached to the particles

Fig. 4B, arrow), and this may again indicate that cage-like parti-
les incorporated DOTAP to saturation and that excess amounts
f DOTAP separated from these. The extensive formation of
age-like structures per se, however, suggests incorporation of
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ig. 4. TEM micrographs of selected samples prepared by lipid-film hydration.
omains “L” are indicated; (B) sample C—small lipidic particles are attached
ere found with ring-like micelles (dashed arrow), bar = 200 nm.

OTAP (Kersten et al., 1991). Cage-like structures were also
bserved in sample D and the size of these ISCOM-like particles
ncreased to 61.3 ± 5.8 nm (n = 100) in this sample (Fig. 4C).
mall lipidic particles however, were not attached to the ISCOM-

ike particles in this sample. Instead, the sample D did contain
ome ring-like micelles (Fig. 4C, dashed arrow). This suggested
hat with the experimental protocol used, the saturation limit
f DOTAP within Quil-A:cholesterol structures was between
5–25% by weight. The fact that the particles (and their pores)
n sample D were larger than those in sample C may be due to

different lipid packing and arrangement of cationic charges
ithin the pores. This may result in head group repulsion and

ize expansion.
In conclusion, cage-like structures containing DOTAP were

btained in high numbers using dialysis, but not lipid-film hydra-
ion, on day 4 post-preparation. Samples prepared by dialysis
hus appeared to equilibrate faster than those prepared by lipid-
lm hydration. However, the formation of cage-like structures
as only observed at compositions leading to neutral or negative

-potentials. Compositions with higher proportions of DOTAP
isplayed phase separation phenomena, regardless of the prepa-
ation method used. Thus, unlike the substitution of cholesterol
ith DC-cholesterol (Lendemans et al., 2005), the replacement
f phospholipids by DOTAP does not appear to be suitable to
repare cationic Quil-A containing cage-like structures.
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les are designated as in Fig. 3. (A) Sample F—pore domains “P” and lamellar
e-like particles (solid arrow); (C) sample D—cage-like particles (solid arrow)
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