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Abstract

The effect of Hyj-phase induction by dolichol (DOL) (Cyg,_,4s, 0-2 wt%) within the bilayers of multilamellar
liposomes (MLV, DOPE:DOPC 2:1 or 3:1 w/w) on their permeability, lipid mixing and morphology was
determined. Low-angle X-ray diffraction pattcrns were consistent with mixtures of bilayer and H; phases, the latter
increasing with increasing DOL or DOPE content and temperaturc. Efflux rate constants for 6-carboxyfluorescein
(6-CF) from 2:1 DOPE : DOPC vesicles depended on temperature and DOPE /DOL content, incrcasing as much as
200-fold over DOL-free controls at 2% w,/w DOL. Fluorescence resonance encrgy transfer assays detccted lipid
mixing with unlabeled target MLV. It was appreciable only when target MLV contained DOPE and incrcased with
DOL content. Confocal scanning fluorescence microscopy was applied to study the morphological structure of
fully-hydrated samples and field scanning clectron microscopy the ultrastructure of cryo-stabilized samples. 3:1
DOPE /DOPC MLV, stable at pH 9.5, underwent rapid morphological changes at pH 7.4, Within minutes filaments
formed and large areas of membrane surface became studded with 10-15 nm bumps and 5 nm holes, resembling in
size and shape unilamellarly covered intcrlamcllar micellar intermediates and interlamellar attachments (ILA)
previously associated with H-phase transitions. The filaments, seen in MLV with and without DOL, may represent
extensions of IMI into coaxial assemblages of rod micellar intermcdiates (RMI). These phenomena may have
implications for liposomal delivery of therapeutic pcptides/proteins if they can be made to trigger the convective
relcase of liposomal contents via controlled formation of ILA between adjacent lamellae of MLV.
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1. Introduction

Drug transport across biological membranes
and control over its rate and selectivity remains a
challenging area of research. Optimizing rates of
extravascular input, modifying distribution to tis-
sues such as the brain and directing intracellular-
ization of drugs are but a few examples of pro-
cesses dependent on such transport.

Some membrane phospholipids (e.g., phospha-
tidylcholine (PC)) are ‘bilayer-forming” whercas
others, such as unsaturated forms of phos-
phatidylethanolamine (PE), are more stable in
the inverted hexagonal (H,) phase (Fig. 1).
Gruner (1985) suggested that biological mem-
branes may control their lipid composition home-
ostatically so as to remain ‘perched on a critical
edge of bilayer stability’ with respect to bilayer-
hexagonal (L _-H,,) phase transitions. It has also
been speculated that formation of membrane ‘de-
fects” such as local regions of perturbed phase
behavior, might play an important role in dy-
namic cellular processes ranging from endocytosis
and intracellular transport to membrane fusion
(Cullis et al., 1980; Curatolo, 1987; Epand, 1989;
Seddon, 1990).

A group of long-chain polyisoprenoids (here-
after referred to as ‘dolichol’ (DOL)) occur natu-
rally in the membranes of nearly all eucaryotic
cells as well as in the human systemic circulation

L. Inverted
Lipid Hexagonal (H)
Bilayers Phase

Fig. 1. Lamellar liquid crystalline (L ) and inverted hexagonal
(H ) phase representations.

(Chojnacki and Dallner, 1988). Their large size
and hydrophobicity accounts for their ability to
exert considerable influence on the packing and
phase behavior of phospholipids by, for example.
inducing formation of the H,, phasc {(Gruner.
1985; Valtersson ct al., 1985; Chojnacki and Dall-
ner, 1988). It seems reasonable to assume that
drug transfer rates across membrancs might be
altered by DOL-induced phase changes. In the
present study, the hypothesis of DOL-induced
alterations in drug flux across lipid bilayers sce-
ondary to changes in phase behavior is verified by
kinetic, X-ray diffraction and microscopic mea-
surements. Pure phospholipid multilamellar vesi-
cles (MLV) were used since they provide closely
apposed bilayers and can be viewed as both
‘model membrancs’ and drug dclivery vehicles.
Effects of H,-phase induction by DOL on their
morphology, lipid-mixing and permeability char-
acteristics were examined. The results have im-
portant implications for the design of vesicular
drug delivery systems and also provide valuable
information on the¢ modulation of drug transport
rates across biological membrancs.

2. Materials and methods
2.1. Preparation / characterization of MLV

Dioleoylphosphatidylcholinc (DOPC), dioleo-
ylphosphatidylethanolamine (DOPE) (Avanti Po-
lar Lipids, Birmingham, AL). and porcinc liver
DOL (Cy 5, 98%. Sigma, St. Louis, MO) were
used without further purification and stored des-
iccated in chloroform/ methanol (4: 1) at —20°C.
Phospholipids were evaluated for purity by thin-
layer chromatography using chloroform : metha-
nol : 209% methylamine : water (60 :36:20: 0.3,
v/v) as a one-dimensional solvent system. 6-
Carboxytluorescein (6-CF) (‘isomer-frec’, Mol. Wt
376, pK, =6, Molecular Probes, Eugenc. OR)
served as a model hydrophilic anionic permeant.

MLV were prepared according to a previously
published method (Szoka and Papahadjopoulous,
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1980). Briefly, DOPE and DOPC (2:1 or 3:1,
w/w), were mixed with various percentages of
DOL (0-2 wt%) and dried under N, onto a clean
glass surface. Vesicles formed spontaneously upon
hydration of the resultant lipid film (generally 3
mg total lipid) with 10 mM Hepes buffer (500 wl,
pH 9.5, 10°C) containing either 150 mM NaCl
(control) or 100 mM 6-CF. MLV were then soni-
cated (two 5-min periods (240 W bath sonicator,
Branson, Shelton, CT) separated by a ‘cooldown’
(5 min) between ultrasound periods), diluted with
buffer at ambient temperature (about 23°C), and
passed sequentially through 3 and 1 um polycar-
bonate filters (Nucleopore, Pleasanton, CA). This
produced a suspension consisting primarily of
non-aggregated MLV less than 1 um in diameter.
Confocal scanning and scanning electron micro-
scopies revealed a bimodal size distribution char-
acterized by a few MLV of 1-5 pm diameter and
a majority of smaller 0.5-1.0 um vesicles. While
there was evidence for the presence of small
unilameliar vesicles (SUV) in the preparation,
given the relatively small percentage of lipid in
the SUV subpopulation, it is not anticipated that
the SUV would affect data interpretation, since
they would be expected neither to entrap signifi-
cant amounts of 6-CF nor to participate in the
cooperative defect formation induced by DOL.

Vesicles containing 2:1 DOPE/ DOPC (with
and without DOL) were used in permeability
studies and also sized using quasi-elastic light
scattering (Model BI-90 Particle Sizer, Brook-
haven, Holtsville, NY). Equivalent sphere diame-
ters (ESD) approximated 500 nm. Although ESD
varied considerably among preparations (as ex-
pected from the preparation method used), there
was no correlation between DOL content and
size. The pooled mean ESD of those vesicles
containing DOL (365 + 225 nm) was almost iden-
tical to that of DOL-free controls (545 + 60 nm).
Whether or not DOL was present, a small frac-
tion of lipid (generally < 5% by weight) appeared
as smaller particles (ESD < 100 nm), presumably
because no attempt was made to size to a lower
limit cutoff.

Vesicle morphology was examined by both
confocal laser scanning fluorescence microscopy
(CSFM) and scanning electron microscopy (SEM).

For CSFM wvesicles containing DOPE/DOPC
(2:1or3:1, pH 74, 37°C, 40 g/ ml total lipid +
1 mol% Rhod-PE) in the presence and absence
of DOL were immobilized in low-melt Agarose
(23°C in 2.5% Agarose (Tgg = 26°C) and exam-
ined by a CSFM (argon-ion laser excitation = 514
nm, OG 550 nm barrier filter, Model MRC-600,
BioRad, Melville, NY). Using the microscope’s
ability to optically section along the z-axis, a
series of optical section images (‘z-series analysis’)
was utilized to either examine vesicles in various
cross-sectional planes or to reconstruct a three-
dimensional image as described by Morgan et al.
(1992).

For examination with SEM, vesicles werc
placed on 1000 mesh carbon film-coated nickel
grids, fixed with osmium tetroxide / thiocarbohy-
drazide (TCH) (Peters and Pohl, 1992), and criti-
cal point dried using liquid Freon TF and CO, as
intermediate and transitional fluids, respectively.
The specific technique utilizes an ultra-high reso-
lution imaging mode for field emission scanning
electron microscopy (FSEM) including a
chromium coating by high-energy sputtering. The
microscope (a modified Jeol JSM-890 cryo-micro-
scope) provides an electron probe of ={0.5 nm
and operates at useful magnification (optimal scan
density) of 300 000-500000 X , with excellent per-
formance at maximum instrumental magnifica-
tion of 950000 x .

2.2. Lipid phase behavior

Low angle X-ray diffraction was used to detect
(L ,-H;p) lipid phase transitions. Fully hydrated
vesicle dispersions (10 mg lipid/ml in pH 7.4,
isotonic 10 mM Hepes) were concentrated 10-fold
by centrifugation and transferred to 1-70 mm
quartz capillary tubes. Samples were then ex-
posed to a line-focused monochromatic X-ray
beam (CuK_, A = 1.54 A from a GX-18 rotating
anode X-ray generator (Enraf Nonius, Bohemia,
NY) using a single Franks mirror, nickel filter,
and vertical and horizontal limiting slits.

Diffraction data were recorded on either a
Braun one-dimensional position-sensitive elec-
tronic X-ray detector (Innovative Technology,
Inc., South Hamilton, MA) interfaced to a Mi-
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croVax II (Digital Equipment Corp., Maynard,
MA) or a DEF-5 film stack (Kodak, Rochester,
NY). A similar data reduction (background and
geometrical corrections) has been described pre-
viously (Herbette et al., 1985). Bricfly, an expo-
nential function was fit to thc background and
subtracted in the integration routine. Since the
entire lamellar reflection for each observed inten-
sity was collected by the detector. the lamellar
intensity functions from the samples collected
with the clectronic detector were simply Lorentz-
corrected by a factor of s =2 sin & /A.

Data werc recorded on Kodak DEF-5 film
(Eastman Kodak Co.) and qualitatively examined
to determine the high-anglc acyl-chain packing of
the samples and to verity the low-angle detector
data.

2.3. Permeability studies

Vesicle permeability was cvaluated by monitor-
ing the increase in fluorescence intensity once the
previously self-quenched concentrations of 6-CF
had been diluted by rclcase into the external
milicu. MLV composed of 2:1 DOPE/DOPC.
various concentrations of DOL, and 100 mM
encapsulated 6-CF were prepared as described
above. DOL-mediated H,-phase formation was
inhibited by preparation and maintenancc of the
vesicles at pH 9.5 to ensurc unprotonated DOPE
headgroups and limit the tendency toward H ;-
phase formation prior to the initiation ot cach
kinetic experiment. Following removal of unen-
trapped 6-CEF by gel filtration chromatography
(1 X 13 cm column of Sephadex G-50, Pharmacia,
Piscataway, NJ), kinctic experiments were initi-
ated by suspending vesicles in sufficient butfer
(isotonic 10 mM Hepes, pH 7.4), to cnsure sink
conditions and reducc pH to 7.4. Efflux of 6-CF
was followed fluorimetrically at 37°C (Model SF-
33() Spectrophotofluorimeter: excitation, 470 nm:
emission, 520 nm; Varian, Sunnyvale, CA). Once
50% of the entrapped probe had been released,
self-quenching conditions were no longer main-
tained within the vesicles. At that point, the ex-
periment was terminated and thc vesicles dis-
rupted by the addition of 0.1% Triton X-100 to
determine total fluorescence intensity.

A mathematical model describing the releasc
of permcant from homogencous spheres was
found adequate to describe 6-CF release from
2:1 DOPE/DOPC MLV. It was descriptive of
the data and provided a permcability parameter
useful for comparing various trcatments in spite
of the obvious fact that thc MLV were ncither
spherical nor homogeneous. A homogeneous con-
centration distribution across the bilayers at time
zero, unidirectional (outward) flux of 6-CF, non-
steady-state conditions across the bilayers with
increasing time and sink conditions at the vesicu-
lar surface constituted werc all taken as initial
boundary conditions. The following mathematical
cxpression adapted from Crank (1975) was fitted
to the reciprocal-variance weighted pecrmeant re-
lease vs time data using the nonlinear regression
program PCNONLIN (Statistical Consultants
Inc., Lexington, KY).

Mty /M(x)=1—6/m31/n" exp( — 7 n"Pr)
(1)

where M) and M({x) represent the mass of
permeant released at times ¢ and =, respectively.
The apparent pcrmeability coefficient P, ex-
pressed in units of min 7', is a relative measurc of
permeability which takes into account the radius
of the vesicle from which solute is diffusing [P =
(diffusivity)partition coefficient) /(vesicle  radi-
us)?].

2.4. Lipid mixing studies

Assays for vesicle-vesicle fusion or lipid miging
were based on the fluorescence resonance cnergy
transfer (FRET) assay (Struck ct al., 1981; Hock-
stra, 1982). It relies upon resonance energy trans-
fer between the two fluorophores when the cmis-
sion band of NBD-PE (the ¢nergy donor) over-
laps the excitation band of Rhod-PE (the cnergy
acceptor). MLV composed of DOPE/DOPC
(2:1) and varying concentrations of DOL (0-2%)
were prepared as described above except that the
two phospholipid fluorophores (NBD-PE and
Rhod-PE, 1 mol% ecach) were added to the origi-
nal lipid mixture. The vesicles were then mixed
with ‘unlabeled” MLV in a 1:3 ratio (maximum
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dilution factor, ‘N, = 4) in isotonic 10 mM Hepes
at 37°C, pH 7.4. Fluorescence intensity (excita-
tion = 470 nm) was followed over a period of 30
min at 37°C and the enhanced fluorescence of the
donor NBD-PE at 530 nm monitored as dilu-
tional effects sccondary to fusion or lipid mixing
with unlabeled MLV reduced FRET.

3. Results and discussion
3.1. Lipid bilaver destabilization

Fig. 2A and B shows the X-ray diffraction
patterns for MLV containing 3:1 and 2:1
DOPE / DOPC, respcctively, in the presence of
various concentrations of DOL at pH 7.4. In the
absence of DOL a 2-order pattern was evident
(Fig. 2A). Peak spacings were integer, consistent
with scattering from a well-defined lattice (such
as a phospholipid bilayer) having a 62 A unit cell
repeat distance. Pure DOPC (a bilayer-forming
phospholipid) produced a similar pattern either
alone or in the presence of DOL (0-4%, not
shown).

In the presence of DOL, a sccond phase be-
came evident giving rise to peak spacings in the
ratio of (1, V3, and 2), consistent with a mixture

Cpn AT
A -
L -

CHANNEL POSITION ON DETECTOR

Fig. 2. Diffraction patterns for MLV containing 0-4% (w/w)
DOL at 37°C for (a) 3:1 DOPE /DOPC; and (b) 2:1 DOPE/
DOPC.

of lamellar and H,, phases. This was confirmed
by observing identical 3-order spacings for pure
DOPE, a nonbilayer-forming lipid known to exist
in the H,; phase under physiological conditions
(not shown). While the presence of mixed phases
was clearly cvident in the one-dimensional posi-
tion-sensitive detector patterns at DOL concen-
trations as low as 0.4% in the 3:1 DOPE / DOPC
system, 29 DOL was required before the Hy,
phase could be observed in the 2:1 DOPE/
DOPC system (Fig. 2B). Thus, the propensity for
H,,-phasc formation increased with increases in
cither DOL or DOPE content.

Although Fig. 2B shows that the 2: 1 DOPE/
DOPC vesicles subsequently used in permeability
studies showed little evidence of Hj-phase for-
mation with the addition of <2% DOL, this H -
phase transition at 37°C was clearly cvident on
film exposures (two-dimensional images) for DOL
concentrations as low as 0.4% (Fig. 3). A much
higher detection sensitivity for phase transition
was achicved using FSEM (sec below).

The effects shown in Fig. 2 were also ther-
motropically inducible (Fig. 4). Increased temper-
aturc facilitated the formation of H; phase in
2:1 DOPE/DOPC vesicles containing 4%
dolichol, but had little or no measurable effect on
similar vesicles prepared without the polyiso-
prenoid.

The effects of DOL on phospholipid bilayer
stability observed in this study are similar to
those reported by other investigators using X-ray
diffraction (Gruner, 1985; Valtersson et al., 1985),
STPLNMR (Struck et al.,, 1981: Valtersson et al.
1985), and differential scanning calorimetry (Val-
tersson et al., 1985). For bilayers composed of
mixtures of unsaturated PC’s and PE’s the intrin-
sic radius of curvature of the system which de-
fincs its tendency to form H,, cylinders as op-
posed to bilayers is critically dependent on over-
coming the hydrocarbon-packing constraints asso-
ciated with the H,; phasc (Gruner, 1985). Such
packing is facilitated by the small headgroup and
‘wedge-shaped’ structure of DOPE (especially at
pH values sufficiently acidic to protonatc the
ethanolamine and neutralize the charge on the
headgroup); by increases in temperature; and ap-
parently by DOL, which, because of its hydropho-
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Fig. 3. Diffraction patterns for 2:1 DOPE/DOPC MLV
containing 0.4% {w/w) DOL (37°C) using (a) electronic X-ray
detector and (b) film stack (20 h exposure).

bicity, might be expected to intcrcalate within
fatty acyl chains and relieve hydrocarbon-packing
stresses that would otherwise work against forma-
tion of H,, phase (Gruner, 1985; Valtersson et
al., 1985). These localized effects on lipid packing
allow DOL to induce H-phase formation at
temperatures well below those necessary for
purcly thermotropic transitions (Gruner, 1985;
Valtersson et al., 1985; Van Duijn et al., 1986).

3.2. Permeability studies

Because of its potential importance in modu-
lating drug flux cither from vesicles and / or across

I N M
R

CHANNEL POSITION ON DETECTOR
Fig. 4. Thermotropic induction of H,; phase (a) 2:1 DOPL/
DOPC with DOL 4% (w /w); and lamellar diffraction patterns
(b) for corresponding sample in the absence of DOL.

bilayer-containing membranes, the ctfect of the
aforementioned phase transitions on vesicle per-
meability were determined. Profiles of percent-
age 6-CF released vs time for DOPE/DOPC
vesicles (2:1, 37°C) containing various amounts
of DOL are shown in Fig. 5. These data show the
efflux of 6-CF from the vesicles to be correlated
with, and strikingly sensitive to. the presence of
small amounts of DOL incorporated within their

50 ) N T
DOLK (wiw)
20 ‘
@ 04
£ R
P f P
£ % Jo ot
= By -
g | e .
<
LiJJ E’z b & 004
i ) + a
E ) + s
o * s °
T 20 a [ 002
© $ ++ o - - L ] 001
o4 a® - - ¢
; —
Z o ’ s ° = v 0
P AA? B -
Vrva/V/
0 R e
0 20 40 60 80
TME {min}

Fig. 5. Release of 6-CF from 2: 1 DOPE /DOPC MLVs + DOL.
at 37°C; (symbols and smooth curves represent observed data
and PCNONLIN simulations. respectively).
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Fig. 6. Time-dependent lipid mixing of 2:1 DOPE/DOPC
MLYV as a function of DOL content.

lamellae. For MLV containing 2% DOL, perme-
ability was 200-fold higher than that of DOL-free
vesicles for which only 8% of encapsulated 6-CF
was released after 60 min. Efflux of 6-CF from
vesicles composed of pure DOPC along with DOL
at comparable concentrations (up to 2% w/w)
was not significantly faster than control over a 4 h
measurement period (data not shown).

Since DOL induced substantial changes in
membrane permeability at concentrations consid-
erably lower than those at which H,, phase could
be either detected or quantified, it was not possi-
ble to directly correlate changes in phase behav-
ior with altered permeability. It was noted, how-
ever, that factors which promoted induction of
H,, phase by DOL (i.e., DOPE content and
temperature) also enhanced membrane perme-
ability.

Lo PBASE

Pram Slegel (1986)
eltered and expanded

PERIPHERAL APPOSITION
AND DEHYDRATION

INTERMEDIATE INVERTED
HICELLAR STRUCTURES

INTERLAMELLAR MICELLAR
INTERHEDIATES‘ (IMI)

( N . OO
\\ ¢ i ROD MICELLAR INTERMEDIATES
| 4,1’[& g (RMI)

INTERLAMELLAR ATTACHMENT (ILA)

Fig. 7. Proposed interlamellar inverted micellar structures.

Table 1 Ilists the permeability coefficients
(37°C) for MLV containing 1% (w/w) DOL and
varying amounts of DOPE. Permeability in-
creased 50-fold as DOPE content increased from
50 to 66.6%. The effect was considerably less for
vesicles containing less DOPE as evidenced by a
far smaller 3-fold increase as DOPE content in-
creased from 25 to 37.5%. Stepwise enhancement
in apparent permeability was also observed in
control MLVs (DOL-free) by increasing PE con-
tent in the bilayers from 25 to 66.7%, thereby
reducing the effective size of the polar-headgroup
region of the bilayers. Temperature, a second
factor that induces H, phase, also facilitated

Table 1

Permeability coefficients for DOPE / DOPC MLVs prepared DOL-free and with 1% (w/w) DOL *

DOPE Permeability coefficients (min ') 1% (w/w) DOL/
o w/W) DOLfree control 1% (w/w) DOL Control

25 6.59 x 1077(5.1) 9.19x 1077187 ° 1.4

37.5 1.21 X 107 (16.7) 3.0x 107%(32.9) 25

50 2.84 X 107°(13.0) 5.78 X 1077(9.9) 20

66.7 1.32 X 1077 (34.0) 2441077 (14.5) 185

* Experiments run at 37°C in 150 mM NaCl/10 mM Hepes buffer adjusted to pH 7.4.

b Coefficient of variation.
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DOL-induced increases in permeability. Perme-
ability constants for 2:1 DOPE / DOPC vesicles
induced by DOL (1% w/w) were 2 orders of
magnitude higher at 37°C than at 4°C.

The present results are consistent with the
findings of Lai and Schutzbach (1984) who used
DOL to modulate the diffusional uptake of the
cationic spin probe TEMPOcholine into MLV
composed of soybean PE/PC [:1. Morc recent
studies have also shown enhanced leakage of
calcein from phospholipid vesicles containing ex-
tremely high (5-10% w/w) concentrations of
DOL and dolichyl phosphate (DOL-P) (Monti et
al., 1987; Schutzbach and Jensen, 1989).

3.3. Lipid mixing

Fig. 6 shows the relationship among extent of
lipid mixing between fluorophore-labeled and un-
labeled MLV (2:1 DOPE/DOPC), DOL con-
tent (0.05-2%), and time. For DOL concentra-
tions as low as 0.05% small amounts of lipid
mixing, indicative of intervesicular interaction,
were in evidence within 5 min. With increasing
time, all preparations including control vesicles
containing no DOL demonstrated diminished
FRET and at 30 min showed 1.2 to 1.4-foid
enhancements in degree of lipid mixing. Lipid
mixing was considerably less for 2:1 DOPE/
DOPC, fluorophore-labeled MLV when mixed in
a similar 1:3 ratio with a population of unlabeled
vesicles having smaller percentages of DOPE,
and was negligible when the latter vesicles were
composed totally of DOPC (results not shown),
consistent with possible involvement of H,,-phase
intermediates in the lipid mixing process.

3.4. Morphologic observations

It is recognized that the L -H |, phase transi-
tion, which may be an important intermediate

step in the bilayer fusion process (Cullis and De
Krujff, 1980; Cullis et al., 1980; Siegel, 1984,
1986a; Seddon, 1990) is an interlamellar event. It
occurs between closely apposed bilayers and in-
volves lipid contact (local dehydration in the im-
mediate vicinity of bilayer apposition) and forma-
tion of an ‘interlamellar micellar intermediate
(IMI)" (Sicgel, 1984, 1986b; Seddon, 1990). Sicgel
(1984) has pointed out that once formed, IMI can
revert back into the original two bilayers or, more
rarely, fusc with outer monolayers to form ‘hour-
glass shaped’ conduits between bilayers called
interlamellar attachments (ILA) (Fig. 7). Seddon
(1990) and Siegel (1984) also suggest that during
L ,-H,; phase transitions, IMI can coalesce into
cylinders of H;-phase phospholipid called rod
micellar intermediates (RMI).

Consistent with these postulations, scanning
microscopies were used to confirm the presence
of hexagonal phase-like ultrastructures and finc
structural membrane modifications which might
have been a result of such phase transitional
events. CSFM was applied to study the fine struc-
ture of fully hydrated samples and FSEM to
analyze the ultrastructure of cryo-stabilized sam-
ples. Together these technologies permitted in-
terpretation of fine structural changes at the level
of phase transition ultrastructure while providing
for control of preparation artifacts.

Vesicles composed of 3:1 DOPE/DOPC un-
derwent profound changes following prolonged
incubation (15 min) at physiological temperatures
(37°C) and pH (7.4). Long filamentous connec-
tions were formed (Fig. 8a), often connecting
vesicles in a specific manner (Fig. 8b). Unilamel-
lar vesicles of similar or lesser size appcared to
be stripped from the MLV, often remaining in
contact with the parent vesicles through filaments
having tubular characteristics. Both secondary
structures seemed to disintegrate into much

Fig. 8. Microscopy of 3:1 DOPE/DOPC vesicles prepared at 10°C, pH 9.5 and incubated for 15 min at 37°C. pH 7.4. (a)
Three-dimensional confocal microscopy of vesicles immobilized in low-melt Agarose ™. Serial optical sections were collected at
(.5um intervals. Data were reconstructed and displayed in three dimensions using isosurface rendering (section 2). (b) Scanning
electron microscopy of vesicles after cryo-stabilization and drying. Elongated filaments of various diameters similar to those seen in

(a) were found connecting MLV and unilamellar vesicles.
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smaller features adhering to the vesicle support
used for microscopy (Fig. 8b).

In order to investigate the cause of these
changes, vesicles maintained at pH 7.4 were ana-
lyzed before and after shorter incubations (1 min)
at somewhat lower temperature (30°C) (Fig. 9).
The control, maintained at a higher pH (9.5),
showed no apparent morphological changes (Fig.
9a,b). After only 1 min at pH 7.4, however, ultra-
structural changes of some of the vesicles were
evident (Fig. 9¢,d). Large areas of the membranes
were studded with small elevated bumps approx.
10-15 nm in diameter. There was no apparent
regularity and the minimum center-to-center dis-
tance between them was approx. 13 nm. Other
areas of the surface displayed small holes approx.
5 nm in diameter, often seen within an elevated
collar. These structures resemble in size and
shape unilamellarly covered interlamellar micel-
lar intermediates (IMI) and interlamellar attach-
ments (ILA) (see Fig. 7). Such phase transitional
ultrastructures were previously seen only with
TEM (Verkleij, 1984; Siegel et al., 1989), but
could be revealed here for ultrahigh magnifica-
tion surface imaging. The ability of the DOPE /
DOPC system to form some of the postulated
phase transition intermediates may also extend to
rod micellar intermediates (RMI) which are good
candidates for explaining the assembly of fila-
ments seen in the same preparations.

ILA formation could account for the leakage
rate observed in 6-CF release experiments (Fig.
5) and would be the initiation process for an
‘onion skin’-like stripping of the outer bilayer
from MLV. The connecting filaments observed
here are indicative of interbilayer phase transi-
tions within the MLV. However, the prevalence
of small particles seen after prolonged incubation
at the higher temperature of 37°C might be in-
dicative of continuous stripping and disintegrat-

ing of outer doublets of bilayers connected
through ILA.

DOL (2% w/w, Fig. 10a; 1% w/w, Fig. 10b)
was found to accelerate ‘remodeling’ of MLV and
formation of tubules. At high magnifications, the
preparations revealed unilamellar vesicles con-
nected with and studded by thin tubules approx.
30-40 nm in diameter. Smaller particles, but not
tubules, were seen on vesicles as well as on the
support. The relatively large diameter of the
tubules might be interpreted as a coaxial assem-
blage composed of multiple RMI. Larger tubules
seen in samples with and without DOL measured
up to several hundred nanometers in diameter
and were hollow as observed in FSEM.

To summarize, DOL incorporated into DOPE-
containing bilayers even at very low concentra-
tions can induce or promote the formation of Hy,
phase which increases the permeability of the
bilayers. At higher concentrations of both species
H;; phase growth patterns in at least two dimen-
sions are evident with a resultant gross alteration
in vesicle morphology.

While the present data are consistent with
DOL-induced phases changes effecting the in-
creases in vesicle permeability to 6-CF, other
factors such as headgroup size were almost cer-
tainly involved as well. While phospholipids of
varying headgroup sizes were not systematically
examined in the present study, when the percent-
age of the phospholipid constituent having the
smaller headgroup (DOPE) in the DOPE / DOPC
vesicles was increased (from 25 to 66.7%) in the
absence of DOL, permeability increases were ob-
served. Although the increases were only a frac-
tion of those observed when the same composi-
tional change was effected in vesicles containing
1% DOL, they occurred in spite of the fact that
no H; phase was detected in these DOL-free
vesicles at any of the compositions studied. One

Fig. 9. Ultrahigh resolution field emission scanning electron microscopy of 3:1 DOPE/DOPC vesicles mixed at 10°C, pH 9.5.
After incubation for 30 min at 30°C, pH 9.5, the vesicles remained intact (a) and, under high magnification, exhibited a smooth
bilayer surface (b). After an additional 1 min incubation at 30°C at pH 7.4, the ultrastructure of the outer bilayer from some
vesicles was altered. Both 10-15 nm diameter blebs (c), and 5 nm diameter holes (d) were observed, consistent with phase

transitions occurring within the outermost vesicle bilayer.
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might anticipate, therefore, that systems employ-
ing protonated phosphospholipids incapable of
forming H,, phase, might produce results similar
to those observed here in DOL-free systems con-
taining DOPE.

The phenomena observed in this study have
implications for liposomal drug delivery of thera-
peutic peptides and proteins. Since the primary
structure of vesicles appears to grow into thread-
like filaments from IMI and ILA forms generated
through H,; phase cylinders, it may become pos-
sible to trigger a convective release of macro-
molecules such as therapeutic peptides and pro-
teins from liposomes via controlled formation of
a scrics of ILA between adjacent lamellae of
MLV. Such a process would extrude the en-
trapped material through aqueous conduits in
series, obviating the requirement that large and
generally hydrophilic materials ditfuse across lipid
bilayers to reach the external liposomal milieu.
Experiments are currently in progress to develop
a triggering mechanism for using polyisoprenoids,
such as DOL, to release entrapped peptides and
protcins.
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