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In the presence of plasma, the osmotic differential re-
quired to trigger lysis of large unilamellar vesicles is
significantly decreased with the membrane tension at
rupture being reduced from about 36 to about 12
dynes/cm for vesicles composed of palmitoyloleoylphos-
phatidylcholine: cholesterol (55:45). Despite increasing
vesicle sensitivity, however, plasma does not alter the
characteristics of osmotically induced lysis. As in the
absence of plasma, lysis is not an all-or-nothing event
but instead results in only partial loss of intravesicular
solute, so that following membrane resealing the vesicle
interior remains hyperosmotic with respect to the exter-
nal medium. To identify the component responsible for
the observed increase in vesicle osmotic sensitivity,
plasma was fractionated by density centrifugation. Al-
bumin and other soluble plasma proteins, including
those associated with the complement system, were
found to exert only a modest influence on vesicle os-
motic behavior. In contrast all of the lipoprotein frac-
tions lowered vesicle tolerance to osmotic pressure,
with high density lipoprotein exerting an effect compa-
rable to whole plasma.

A number of earlier studies have examined the influence of
plasma or serum on the physical properties of liposomes; this
research was stimulated in part by the therapeutic potential of
liposomal drug delivery systems. The incorporation of choles-
terol into SUVs! composed of phosphatidylcholine was shown
to stabilize these vesicles (Kirby et al., 1980) preventing break-
down due to assimilation of liposomal phospholipid into high
density lipoproteins (Scherphof et al., 1978; Scherphof and
Morselt, 1984). However, even liposomal systems that appear
physically stable in plasma or serum often exhibit increased
rates of solute leakage (Allen and Cleland, 1980; Comiskey and
Heath, 1990), probably as the result of protein interactions
with the liposome membrane (Weinstein et al., 1981; Allen et
al., 1985). Several lines of evidence suggest that these interac-
tions involve penetration of the lipid bilayer by a hydrophobic
or amphipathic protein domain. Serum-induced leakage, for
example, is less pronounced for liposomal systems composed of
cholesterol with either saturated phosphatidylcholines or
sphingomyelin (Gregoriadis and Senior, 1980; Damen e¢ al.,
1981; Allen and Everest, 1983). This would be expected if pro-
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tein insertion were sensitive to the lipid packing density. Sec-
ond, the presence of bilayer defects, such as those arising at the
phase boundaries between gel and liquid-crystalline domains,
greatly favors protein insertion and solute release (Pownall et
al., 1979; Kamellis et al., 1980; Klausner et al., 1985; Epand et
al., 1989). Furthermore, liposomal systems containing high mo-
lar ratios of negatively charged phospholipids, such as phos-
phatidylglycerol or phosphatidylinositol, show greater serum-
induced leakage compared to equivalent neutral systems. This
effect, which can be abolished by increasing the medium ionic
strength, suggests that charge repulsion between adjacent
phospholipids may reduce packing densities, thereby facilitat-
ing protein penetration (Cominsky and Heath, 1990).

While the studies cited above have examined the structural
stability and bilayer permeability of liposomes in the presence
of serum or plasma, little attention has been focused on how
plasma proteins may influence the osmotic stability of lipo-
somes. The only published research in this area consists of
experiments briefly reported by Allen and Cleland (1980) and
Allen et al. (1992), indicating that serum-induced leakage is
increased for vesicles exposed to an osmotic gradient. We have
recently characterized the osmotic properties of LUVs prepared
using the extrusion technique (Mui et al., 1993). When such
vesicles are placed in a solution that is hypoosmotic with re-
spect to the intravesicular medium, the resulting influx of wa-
ter first causes the vesicles to assume a spherical shape and can
then create an osmotic pressure. This pressure results in an
elastic expansion of the lipid bilayer (Evans and Needham,
1987; Needham and Nunn, 1990) and for osmotic differentials
of sufficient magnitude can produce membrane rupture. We
have shown that lysis results in only partial release of intra-
vesicular solute such that the intravesicular medium remains
hyperosmotic following bilayer resealing (Mui et al., 1993). In
the present report, we have extended this work to characterize
the influence of plasma on the osmotic behavior of LUVs and
have also identified the plasma component responsible for the
observed increase in vesicle osmotic sensitivity.

MATERIALS AND METHODS

1-Palmitoyl- 2-oleoylphosphatidylcholine (POPC), and monooleoyl
phosphatidylcholine were obtained from Avanti Polar Lipids (Alabaster,
AL). Cholesterol (standard for chromatography), oleic acid, and fatty
acid-depleted bovine serum albumin and human serum albumin were
purchased from Sigma. [14C]Citrate, [*Hldextran (average M, 70,000),
[®HIcholesteryl hexadecylether, and [®Hlglucose were from DuPont
NEN, while [**Cldipalmitoylphosphatidylcholine was obtained from
Amersham Corp. 5(6)-Carboxyfluorescein was purchased from East-
man Kodak and purified according to Weinstein et al. (1984). Rabbit
anti-sheep polyclonal antibody was purchased from Cedar Lane (On-
tario, Canada).

Preparation of Large Unilamellar Vesicles—Lipid mixtures were pre-
pared by colyophilization from benzene:methanol (95:5, v/v) under high
vacuum (<0.1 millitorr) for a minimum of 4 h, protected from light.
Unless otherwise stated mixtures of palmitoyloleoylphosphatidyl-
choline and cholesterol were prepared in a 55:45 molar ratio. Large
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multilamellar vesicles were prepared by hydrating dry lipid in the ap-
propriate solution, and the dispersion was then freeze-thawed five
times employing liquid nitrogen to promote equilibrium transmem-
brane solute distribution (Mayer et al., 1985). Large unilamellar
vesicles were then prepared by extruding the frozen and thawed large
multilamellar vesicles 10 times through two stacked 100-nm pore size
filters (Nuclepore) using an Extruder (Lipex Biomembranes, Inc., Van-
couver, Canada) as previously described (Hope et al., 1985).

Blood Collection—Blood was collected from a normal, fasting human
volunteer in EDTA or silicone-coated tubes for the isolation of plasma or
serum, respectively. The tubes were spun at 2000 x g to pellet the red
cells. Sodium azide (0.03%) was included in the plasma prior to the
lipoprotein fractionation protocol.

Vesicle Trapped Volume Measurements—Large unilamellar vesicles
prepared by extrusion are not spherical and, when placed in a hypoos-
motic solution, will initially “round up” in order to maximize their
volume to surface area ratio (Mui et al., 1993). The increase in trapped
volume associated with this morphological change was determined for
LUVs composed of POPC:cholesterol. Lipid labeled with 9 x 10~* pCi of
[**C]dipalmitoylphosphatidylcholine/pmol of phospholipid was hy-
drated in 10 mum NaCl, 1 mum glucose (1.5 nCi ml-! [®Hlglucose), freeze-
thawed five times as described above, and extruded at 45 °C through
100-nm pore size filters. These vesicles were then diluted 5 fold into
either 1 mum glucose (1.5 pCi ml! [3Hlglucose) or 10 mM NaCl, 1 mm
glucose (1.5 pCi ml-* [3H]glucose). The samples were filter-sterilized
using 0.22-pm polycarbonate filters (Nuclepore Corp.) and incubated at
45 °C. At various times, trapped volumes were determined by passing
aliquots (500 pl) of the vesicle suspension down 9-ml pre-packed Seph-
adex G-25 columns (Pharmacia LKB Biotechnology Inc.) pre-equili-
brated with 10 mm citrate, 5 mmM HEPES pH 7.4 to remove external
[*Hlglucose.

Determination of Osmotically Induced Solute Release from LUVs—
Vesicles (50 mg ml~! total lipid) were prepared in 700 mm NaCl, 100 mm
carboxyfluorescein, 20 mmM HEPES pH 7.4 (1700 mosm/kg). To remove
unencapsulated carboxyfluorescein, an aliquot (100 pl) was passed
down a Sephadex G-50 (medium) column (1.5 x 10 cm) pre-equilibrated
with an isoosmotic solution (850 mm NaCl, 20 mm HEPES pH 7.4) and
the peak lipid fraction collected. Carboxyfluorescein is a convenient
marker for solute release; at the high intravesicular concentrations
employed, fluorophore quenching is essentially complete; only following
leakage and consequent dilution in the external medium can a fluores-
cent signal be detected (for review, see Weinstein et al. (1984)). To
determine the kinetics and extent of osmotically induced lysis, LUVs
were diluted 1:100 (final lipid concentration 60 nM) into buffered glu-
cose-NaCl solutions containing the indicated concentrations of human
serum albumin, plasma, bovine serum albumin, or lipoprotein fractions
and incubated at 22 °C. Solution osmolarities were adjusted using glu-
cose (0-1.4 M) with the NaCl concentration maintained at 150 mm. At
various times, a 50-ul aliquot was diluted into 3 ml of the same osmo-
larity glucose-NaCl buffer and carboxyfluorescein fluorescence deter-
mined. This dilution was performed to minimize protein-mediated
quenching (Lelkes and Tandeter, 1982). Total fluorophore release was
achieved by the addition of octyl glucopyranoside (final concentration 25
mM) to the sample. Carboxyfluorescein fluorescence was measured us-
ing a Perkin-Elmer LS 50 spectrofluorometer at 492 nm (bandwidth 2.5
nm) excitation and 520 nm (bandwidth 5 nm) emission.

Influence of Solute Molecular Weight on Osmotically Induced
Leakage—Vesicles of POPC:cholesterol (60 mg ml-! lipid) were pre-
pared in 850 mm NaCl, 20 mm HEPES pH 7.4 containing 4.4 nCi [**Clci-
trate and 10 nCi ml-! [3Hldextran (average M, 70,000). Aliquots were
then diluted 1:40 with either 850 mm NaCl or 150 mm NaCl in the
presence or absence of 10% plasma. After a 2-min incubation, the
vesicles were passed down a Bio-Gel A-1.5m column (1.5 x 20 cm)
pre-equilibrated with either 850 mm NaCl, 20 mm HEPES pH 7.4 or 150
mM NaCl, 20 mm HEPES pH 7.4. Retention of [1*Clcitrate and [2H]dex-
tran was determined by liquid scintillation counting using a dual ra-
diolabel program. Phospholipid concentrations were quantitated by
phosphate analysis (see below).

Hemolytic Assay of Serum for Complement Activity—The hemolytic
assay for complement activity was performed as described by Whaley
(1985). Sheep red blood cells (SRBs) were incubated with rabbit anti-
SRB polyclonal antibodies in DGVB (5 mM sodium barbital, pH 7.4, 75
mum NaCl, 2.5% glucose, 0.5 mm MgCl,, 0.15 mum CaCl, and 0.1% gelatin)
at 50 °C for 30 min. The antibody-coated cells were then washed three
times with EGTA-DGVB (DGVB containing 40 mm EGTA) by pelleting
(2000 x g for 5 min) and resuspension of the cells. The cells were then
resuspended in ice-cold DGVB and kept on ice. Aliquots (100 nl) of the
cells were then added 1:1 to DGVB solutions containing 0-100% serum
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and incubated at 37 °C for 30 min. If all components in the classical
complement cascade (which shares components in the last steps of the
alternative cascade) are active, the Fc portion of the antibodies initiates
the cascade to form membrane lesions and ultimately lysis of the SRBs.
The reaction was stopped by a 1-ml addition of EGTA-DGVB buffer.
After pelleting the unlysed SRB cells, the degree of lysis was deter-
mined by the amount of hemoglobin released (absorbance at 414 nm).
The total hemoglobin content was assessed by lysing cells in distilled
water.

Lipoprotein Fractionation—The total lipoprotein fraction was sepa-
rated from plasma by adjusting the plasma density to 1.25 g ml~! before
centrifuging at 114,000 x g,, using a Beckman Ti-60 rotor at 15 °C for
48 h.

Lipoprotein subfractions were isolated by sequential density cen-
trifugations as reported in Wills et al. (1984). Briefly, a 1.006 g ml!
solution (195 muM NaCl, 1 mm EDTA, 0.03% NaNj) was carefully laid
over plasma and spun at 114,000 x g,, using a Beckman Ti-60 rotor at
15 °C for 18 h. The upper layer containing a mixture of chylomicre
and very low density lipoproteins (VLDL) was isolated using a tu
slicer. The clear zone beneath this layer was removed down to the
plasma volume and the plasma density was adjusted to 1.063 g ml-! by
the addition of NaBr. After a second centrifugation at 114,000 x g, for
20 h, the low density lipoproteins (LDL) were isolated from the upper
layer. The plasma density was then adjusted to 1.21 g ml-! with NaBr
and the solution spun for 48 h at 114,000 x g,.. High density lipopro-
teins (HDL) were isolated from the upper layer. The fractions were
dialyzed against 200 volumes of 150 mm NaCl, 20 mm HEPES pH 7.4
and diluted to approximately their normal plasma concentrations based
on the initial plasma volume and volume of each fraction.

Osmolarity Measurements—Solution osmolarities were determined
by freezing point depression using an Osmette A Osmometer (Precision
Systems Inc., Natick, MA). Standards (100, 240, and 900 mosm/kg)
were analyzed prior to samples, which were measured at least in du-
plicate.

Analytical Procedures—In some experiments phospholipid concen-
trations were determined by phosphate assay (Fiske and Subbarow,
1925). Radiolabels were quantified by liquid scintillation counting using
a Beckman LS3801 instrument.

RESULTS

We have shown previously that LUVs prepared using the
extrusion technique and maintained under isoosmotic condi-
tions are not spherical (Mui et al., 1993). This morphology is
likely a result of passage through the filter pores during prepa-
ration. In consequence, when such vesicles are exposed to an
osmotic gradient at least part of the resulting influx of water
can be accommodated by the vesicles rounding up, which maxi-
mizes their volume to surface area ratio. Only when the
vesicles are spherical will further influx of water exert an os-
motic pressure on the bilayer. The increase in vesicle volume
resulting from this morphological transformation will have the
effect of diluting the intravesicular solute; in order to calculate
the actual osmotic differential experienced by the vesicles, this
dilution effect must be taken into account. We therefore deter-
mined the increase in trapped volume resulting from this shape
change for the POPC:cholesterol LUVs used in the present
study. As described under “Materials and Methods,” vesicles
were prepared in 10 mm NaCl, 1 mm glucose (1.5 pCi ml-!
[®Hlglucose) and incubated at 45 °C either under isoosmotic
conditions or exposed to a small osmotic gradient by adjusting
the external salt concentration to 2 mm. The external solution
in both cases contained 1 mm glucose (1.5 nCi ml~! [*H]glucose).
Glucose is slowly membrane permeable with a half-time for
equilibration at 45 °C of 1 h. At various times, trapped volumes
were determined following passage of the vesicles down a Seph-
adex G-25 column to remove unencapsulated [3H]glucose. As
shown in Fig. 1, control vesicles maintained in 10 mm NaCl
show little change in trapped volume over the 45-h incubation
period. In contrast, vesicles allowed to round up exhibit a 40%
increase in internal volume over the same period. In subse-
quent experiments, this value was used to determined the ac-
tual osmotic differential experienced by vesicles exposed to a
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Fic. 1. Influence of vesicle morphology on trapped volume.
Vesicles of POPC:cholesterol (50 mg ml-!) were made in 10 mm NaCl, 1
mm glucose (1.5 pCi ml-! [3H]glucose) and diluted 5-fold with either 1
mm glucose (@) or 10 mm NaCl, 1 mm glucose (O) and incubated at 45 °C.
Trapped volumes were measured at various times as described under
“Materials and Methods.”

given applied osmotic gradient. As noted in our earlier study,
the increase in trapped volume measured for vesicles exposed
to a small osmotic gradient cannot be accounted for by swelling
of initially spherical systems, which would generate a volume
increase of less than 0.2% (Mui et al., 1993).

The kinetics of carboxyfluorescein release from POPC:
cholesterol LUVs in response to an osmotic shock are illus-
trated in Fig. 2. When vesicles prepared with an internal os-
molarity of 1700 mosm/kg are diluted into 150 mm NaCl (300
mosm/kg), there is a rapid release (<10 s) of about 25% of the
intravesicular carboxyfluorescein with little further loss up to
400 s. While the presence of 10% plasma greatly enhances the
extent of carboxyfluorescein release, the kinetics are un-
changed with essentially all of the loss occurring within the
earliest measurable time point. This release profile is consist-
ent with a transient rupture of the liposomal membrane. It
should be noted that when vesicles are diluted into isoosmotic
buffer (150 mm NaCl, 1.4 M glucose) containing 10% plasma, no
significant carboxyfluorescein release could be observed (Fig.
2). In order to eliminate the possibility that high concentrations
of glucose present in the isoosmotic buffer inhibited the plasma
effect, vesicles prepared with an interior osmolarity of 300
mosm/kg were diluted into 150 mm NaCl, 10% plasma; again,
very little carboxyfluorescein release is observed over the time
period followed. We next examined how the magnitude of the
applied osmotic gradient influenced solute release in the pres-
ence and absence of plasma. POPC:cholesterol LUVs prepared
with an intravesicular solute osmolarity of 1700 mosm/kg were
diluted into solutions of various osmolarities and the extent of
carboxyfluorescein release monitored. As shown in Fig. 3, in the
absence of plasma little fluorophore release is observed until an
osmotic differential in excess of about 1100 mosm/kg is applied.
As the differential is increased above this value, proportion-
ately more carboxyfluorescein is lost from the vesicles. In the
presence of 10% plasma, however, the threshold value for solute
release is considerably reduced, to approximately 700 mosm/
kg. Based on an initial internal osmolarity of 1700 mosm/kg
and allowing for a 40% increase in trapped volume, we can
calculate that an osmotic gradient of about 500 mosm/kg can be
accommodated by the vesicles rounding up. Thus the actual
minimum osmotic gradients the vesicles can withstand without
lysis are 200 and 600 mosm/kg in the presence and absence of
plasma, respectively.

The ability of plasma to lower the minimum osmotic gradient
needed to initiate lysis suggests that a plasma component is
able to interact with, and destabilize, the liposome membrane
prior to the formation of major bilayer defects such as those
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F1c. 2. Time course of carboxyfluorescein release from osmoti-
cally stressed vesicles. POPC:cholesterol vesicles (1700 mosm/kg in-
ternal osmolarity) were diluted 1:100 (final lipid concentration 60 pm)
into hypoosmotic buffer (150 mm NaCl, 20 mm HEPES pH 7.4) in the
presence (l) or absence of 10% plasma (@), or into isoosmotic buffer (1.4
M glucose, 150 mm NaCl, 20 mm HEPES pH 7.4) in the presence of 10%
plasma (CJ). POPC:cholesterol vesicles made in isotonic 300 mosm/kg
buffer (100 mM carboxyfluorescein, 20 mm HEPES pH 7.4) were also
similarly diluted into 150 mm NaCl buffer in the presence of 10% plasma
(D).
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Fic. 3. Influence of osmotic differential on vesicle lysis. POPC:
cholesterol vesicles (1700 mosm/kg internal osmolarity) were diluted
1:100 (final lipid concentration 60 pM) into solutions of varying osmo-
larity containing 150 mm NaCl, 20 mmMm HEPES pH 7.4 and 0 to 1.4 M
glucose, either in the presence (B) or absence (@) of 10% plasma. After
2 min, the extent of carboxyfluorescein release was determined fluoro-
metrically following dilution of an aliquot of this mixture 1:60 with a
saline/glucose solution of the same osmolarity.

transiently created by lytic rupture. This interpretation is sup-
ported by the observation that if vesicles are diluted into a
hypoosmotic buffer and plasma subsequently added, the extent
of carboxyfluorescein release is the same as for LUVs osmoti-
cally shocked in the presence of plasma (data not shown).
After vesicle lysis the theoretical residual osmotic gradient
can be calculated taking into account both the amount of solute
released and the increase in trapped volume associated with
rounding up. In Fig. 4 we show the calculated residual differ-
ential as a function of the applied osmotic gradient using car-
boxyfluorescein release data taken from Fig. 3. For applied
osmotic gradients of less than about 500 mosm/kg, influx of
water can be accommodated by the vesicles adopting a more
spherical shape; the residual differential therefore will be zero.
For applied osmotic gradients greater than 500 mosm/kg, how-
ever, influx of water into fully spherical LUVs will create an
osmotic pressure. The dashed line in Fig. 5 represents the
expected residual osmotic differential in the absence of any
vesicle lysis. For vesicles exposed to osmotic gradients of vary-
ing magnitude in the absence of plasma, the residual differen-
tial approaches a limiting value of about 600 mosm/kg (Fig. 5).
In the presence of 10% plasma, however, the vesicle residual
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Fic. 4. Calculated residual osmotic differential after vesicle
lysis. The amount of carboxyfluorescein released from POPC:
cholesterol vesicles exposed to various hypoosmotic buffers in the pres-
ence (H) and absence (@) of 10% plasma (Fig. 3) was used to calculate
the vesicles’ residual osmotic differentials, taking into account an initial
40% increase in trapped volume due to the vesicles rounding up.
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Fic. 5. Quench curve of carboxyfluorescein entrapped in POPC:
cholesterol vesicles. Carboxyfluorescein fluorescence was determined
in POPC:cholesterol vesicles containing 750 mm NaCl, 20 mm HEPES
pH 7.4 (@) or 300 mm NaCl, 20 mm HEPES pH 7.4 (O) and 0.2-15 mm
carboxyfluorescein. Total carboxyfluorescein fluorescence was deter-
mined by addition of octyl glucopyranoside (25 mum final concentration).

differential plateaus at about 200 mosm/kg. It is notable that,
while the residual differentials in the presence and absence of
plasma are very different, they are in each case in good agree-
ment with corresponding values for the minimum osmotic gra-
dient required to initiate lysis. In the case of vesicles osmoti-
cally shocked in the absence of plasma, we have shown
previously that this correlation between the lysis threshold and
residual differentials arises because vesicle lysis results in only
partial release of intravesicular solute (Mui et al., 1993). Ear-
lier studies have reported that SUVs composed of dipalmi-
toylphosphatidylcholine when exposed to either HDL or apoli-
poprotein A-I lyse releasing all encapsulated solute (Weinstein
etal., 1981; Klausner et al., 1985). We were therefore interested
in determining whether osmotic lysis of LUVs in the presence
of plasma results in only partial carboxyfluorescein release or
whether it constitutes an “all-or-nothing” response similar to
that reported by Weinstein and colleagues (1981). The experi-
ment described below was performed to resolve this issue.
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When carboxyfluorescein is encapsulated within LUVs it ex-
hibits a steep concentration-dependent self-quenching between
0.5 and 10 mm (Fig. 5). This behavior is also influenced by the
ionic strength of the medium with the degree of self-quenching
being less pronounced at lower salt concentrations. We can take
advantage of fluorophore quenching to distinguish between
partial and total solute release following lysis in the presence of
plasma, using a procedure similar to that described by Wein-
stein et al. (1981). The experimental rationale is that if lysis
results in complete loss of intravesicular solute, then any car-
boxyfluorescein remaining entrapped must be in unlysed
vesicles at its original concentration and, hence, initial level of
quenching. Conversely, if all vesicles lyse releasing a portion of
their contents only, then the level of fluorophore quenching will
be reduced in direct proportion to the percentage of solute lost.
Vesicles composed of POPC:cholesterol containing 10 mM car-
boxyfluorescein, 835 mM NaCl, 20 mm HEPES pH 7.4, and
[14C]citrate (5 uCi ml~-!) were hypoosmotically lysed in the
presence of 10% plasma. Carboxyfluorescein and [*Clcitrate
released were then removed by passage of the vesicles down a
Bio-Gel A-1.5m column. As shown in Table I, two osmotic gra-
dients of differing magnitude were examined, both of which
were in excess of that needed to trigger lysis. At applied osmotic
gradients of 700 and 1400 mosm/kg, [1*C]citrate and carboxy-
fluorescein are released to similar extents (Table I). Based on
the fluorescence quenching determined following lysis, we can
calculate the intravesicular carboxyfluorescein concentration
using the quench curves shown in Fig. 5. This measured con-
centration can then be compared to concentrations predicted by
the “partial release” or “all-or-nothing” models after correcting
for trapped volume changes associated with rounding up. It is
clear from Table I that the experimental data are consistent
with the partial release model and imply that osmotic lysis of
LUVs even in the presence of plasma does not result in com-
plete solute loss. It should be noted that in this experiment
vesicle swelling resulting from the applied osmotic gradients
will not significantly contribute to the observed changes in
fluorophore quenching. Based on a fractional increase in mem-
brane area before failure (a.) of 0.03 for stearoyloleoylphos-
phatidylcholine:cholesterol vesicles (Needham and Nunn,
1990), we can calculate a volume increase due to swelling of
less than 5%, giving rise to a reduction in carboxyfluorescein
quenching of less than 2%.

The size of the membrane defects created during osmotic
lysis were probed by measuring the release of aqueous markers
of differing size. In the presence and absence of plasma, both
[14Clcitrate (M, 192) and [®*Hldextran (average M, 70,000, av-
erage hydrodynamic diameter 12 nm) are released to a similar
extent (Table II). This is in agreement with the results of the
previous experiment and would suggest that plasma compo-
nents do not significantly alter the size of the lysis defect or
interfere with resealing of the vesicle membrane following rup-
ture.

We next examined the effect of plasma concentration on
vesicle osmotic lysis. Fig. 6 shows the residual osmotic differ-
ential as a function of the applied osmotic gradient for POPC:
cholesterol LUVs exposed to hypoosmotic solutions containing
varying concentrations of plasma (0-10%). The dashed line
represents the expected residual differential in the absence of
lysis. There is clearly a plasma concentration-dependent reduc-
tion in the residual differential, and this effect is titratable with
little additional increase in osmotic sensitivity above 5%
plasma at the vesicle lipid concentration employed (60 pm).

Having characterized the influence of plasma on the osmotic
sensitivity of LUVs, we next sought to identify the component
or components responsible for this effect. In the following series
of experiments, the influence of individual plasma constituents
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TabLE 1
Evaluation of theoretical models of solute release during plasma-enhanced lysis

Intravesicular [CF)

Appli i .
p&%‘:gé;f&‘inc Retained Fluorescence Theoretical
[*4C]Citrate CF Total® Partial® Measured
mosm kg % % mM
0 100 100 43 10 10 10
700 87 92 58 71 6.4 6.5
1400 53 56 81 7.1 3.9 4.1

@ Theoretical intravesicular carboxyfluorescein concentration based on a model in which total solute release occurs from vesicles during lysis and
hence any retained carboxyfluorescein is in unlysed vesicles. The calculation is based on an initial carboxyfluorescein concentration of 10 mm and
assumes a 40% maximum increase in vesicular volume due to rounding up.

® Theoretical intravesicular carboxyfluorescein concentration based on a model in which lysis results in partial solute release from all vesicles
in the population. Again the calculation is based on an initial carboxyfluorescein concentration of 10 mum and assumes a maximum 40% increase

in vesicular volume due to rounding up.

¢ Determined from Fig. 5 based on the measured fluorescence quenching.

TasLe II
Influence of solute molecular weight on release during vesicle lysis in
the presence of plasma

% Release®
[4C]Citrate [*H)Dextran
Buffer 24+8 2010
10% plasma 39+8 30+ 10

@ POPC:cholesterol vesicles were subjected to hypoosmotic lysis in
the presence and absence of 10% plasma as described under “Materials
and Methods.” The measurements are from an average of six trials, and
the errors represent one standard deviation.
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Fic. 6. Influence of plasma concentration on vesicle lysis. POPC:
cholesterol vesicles (1700 mosm/kg internal osmolarity, final lipid con-
centration 60 um) were exposed to various hypoosmotic buffers contain-
ing 0% (@), 0.02% (O), 0.1% (W), 0.2% (O), 5% (A), and 10% plasma (»).
After a 2-min incubation at 23 °C, the amount of carboxyfluorescein
released was measured and the residual osmotic differential calculated.

on vesicle lysis was examined. As the most abundant protein
present in plasma, albumin was studied first. Fig. 7A shows
that the presence of 0.5% fatty acid-free bovine serum albumin
has only a modest influence on vesicle lysis. Given that this
bovine serum albumin concentration is equivalent to that pre-
sent in 10% plasma, it is clear that at lower plasma concentra-
tion, where the potentiation of vesicle lysis is still almost maxi-
mal, the contribution to this effect by albumin will be
negligible. A second plasma constituent that might be antici-
pated to destabilize the liposome membrane would be the
complement system. This system plays an important role in
defense against foreign organisms. Once activated, comple-
ment proteins can insert into the target membrane creating
pores and hence triggering lysis of the organism. To determine
whether this system is involved in potentiating vesicle lysis,
complement proteins were inactivated by heating serum at
56 °C for 30 min. In this experiment, serum was used instead of
plasma due to the need to include Mg2+ in the hemolytic assay
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Fic. 7. Influence of albumin and complement-inactivated se-
rum on vesicle lysis. A, POPC:cholesterol vesicles (1700 mosm/kg
internal osmolarity, final lipid concentration 60 pM) were exposed to
various hypoosmotic buffers (®) or hypoosmotic buffers containing 10%
plasma (A) or 0.5% bovine serum albumin (O). B, POPC:cholesterol
vesicles (1700 mosm/kg internal osmolarity, final lipid concentration 60
M) were exposed to hypoosmotic buffers in the presence of complement-
inactivated (O) or normal (@) serum. As described under “Materials and
Methods,” the plasma proteins necessary for complement activity were
denatured by incubating serum at 56 °C for 30 min.

employed to determine complement activity. While incubation
at 56 °C eliminated complement activity, as shown in Fig. 7B,
little difference was observed between heat-inactivated and
normal serum with respect to its ability to potentiate vesicle
osmotic lysis.

Several lipid species, including cholesterol, fatty acids, and
lysophospholipids, are readily able to exchange between mem-
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Fic. 8. Influence of lipoproteins on vesicle lysis. A, lipoproteins
were fractionated from plasma by density centrifugation as described
under “Materials and Methods.” The infranatant and lipoprotein-con-
taining supernatant were then diluted to their normal plasma concen-
trations, based on the total plasma volume and the volume of the two
fractions. The ability of 0.2% infranatant ((J) and 0.2% lipoprotein (A)
fractions to potentiate lysis of POPC:cholesterol vesicles (60 nmM phos-
pholipid) were compared to 0.2% plasma (A). B, influence of VLDL plus
chylomicron, LDL, and HDL fractions on vesicle lysis. The various
lipoproteins were fractionated by sequential density centrifugation and
diluted back to their normal plasma concentrations as described under
“Materials and Methods.” The ability of these fractions to potentiate
osmotic lysis was then determined by exposing POPC:cholesterol
vesicles (60 pm phospholipid) to hypoosmotic buffers containing the
equivalent of 10% VLDL plus chylomicron (O), LDL (W), and HDL (A)
fractions, as well as 10% whole plasma (@).

branes. Consequently incubation of POPC:cholesterol LUVs
with plasma might alter the lipid composition of the vesicles,
resulting in the observed enhanced susceptibility to osmotic
lysis. The LUVs used in this study were prepared with a cho-
lesterol content (45 mol %) that should minimize any net
stearol transfer upon incubation in plasma (Cooper et al.,
1975). Migration of fatty acid or lysophospholipid from chylo-
microns, albumin, or lipoproteins to the vesicles would, how-
ever, be expected; therefore, we examined the influence of these
lipids on the osmotic properties of POPC:cholesterol LUVs. The
incorporation of oleic acid (0—8 mol %) or monooleoylphosphati-
dylcholine (0—10 mol %) into POPC:cholesterol vesicles, how-
ever, did not increase their susceptibility to osmotic lysis (re-
sults not shown).

We next turned our attention to the lipoproteins and, using
density gradient centrifugation, separated a total lipoprotein
fraction from whole plasma. When diluted to a concentration
equivalent to that in plasma, this lipoprotein fraction enhanced
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vesicle osmotic lysis to approximately the same extent as whole
plasma (Fig. 84). In contrast the lipoprotein-depleted plasma
exhibited similar properties to those of albumin alone (cf. Fig.
7A). Further fractionation of the total lipoprotein pool using
density gradient centrifugation yielded the chylomicrons plus
VLDL, LDL, and HDL. Each fraction was diluted back to its
normal plasma concentration, and its influence on osmotic lysis
was then assayed. While all three fractions enhance lysis, as
shown in Fig. 8B, HDL had the most pronounced effect and was
in fact comparable to whole plasma.

DISCUSSION

The results presented here have important implications both
with respect to the interaction of plasma components with lipid
vesicles and relating to the application of liposomes as systemic
delivery vehicles for therapeutic agents. These two areas will
be discussed in turn.

It is clear that plasma dramatically increases the osmotic
sensitivity of POPC:cholesterol vesicles with the membrane
tension at lysis being reduced from about 36 to about 12 dynes/
cm. Despite this increased sensitivity, however, the character-
istics of lysis in either the presence or absence of plasma re-
main similar. In both cases, for example, solute loss is relatively
independent of molecular weight, at least for compounds of less
than about 70 kilodaltons. Similarly, lysis is not an all-or-noth-
ing process but instead results in only partial loss of intrave-
sicular solute with the percentage released depending upon the
magnitude of the osmotic gradient. In both the presence and
absence of plasma, therefore, following bilayer resealing, the
intravesicular solution remains hypertonic with respect to the
external medium.

As discussed in an earlier paper (Mui et al., 1993), the ob-
servation that the minimum osmotic differential required to
trigger lysis is of similar magnitude to the residual gradient
following lysis can be more easily accounted for by a model that
assumes solute release occurs in a multi-step process. It is very
unlikely that a single lytic event would, fortuitously, release
sufficient intravesicular solute such that the remaining os-
motic differential was just below the threshold needed to prod-
uce further lysis. It is our belief, therefore, that on exposure of
large unilamellar vesicles to a relatively large osmotic differ-
ential, water influx generates an osmotic pressure resulting in
bilayer rupture. While this allows temporary dissipation of the
hydrostatic pressure, only a small fraction of the intravesicular
solute is lost before the bilayer reseals. The intravesicular so-
lution will remain hyperosmotic, therefore, resulting in further
influx of water, subsequent membrane rupture, and additional
solute loss, followed again by membrane resealing. This cycle
will continue until sufficient intravesicular solute has been
released such that the lipid bilayer is able to withstand the
osmotic pressure resulting from the residual osmotic differen-
tial. Plasma, we contend, decreases the strain tolerance of the
vesicle membrane necessitating additional cycles of swelling
and rupture before the bilayer can tolerate the residual differ-
ential.

While our observation that osmotic lysis in the presence of
plasma results in only partial solute release appears to be at
variance with earlier work (Weinstein et al., 1981), the two
experimental systems are very different. Weinstein and co-
workers observed that interaction of serum lipoproteins or apo-
lipoproteins with SUVs composed of dipalmitoylphosphatidyl-
choline could induce complete release of entrapped
carboxyfluorescein in an all-or-nothing manner. In contrast to
the present study, however, solute release was triggered by
heating the vesicles through their gel to liquid-crystalline tran-
sition temperature. In this system protein interaction, and pre-
sumably solute release, is believed to occur at the lipid phase
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domain boundaries. Furthermore, the authors noted that the
characteristics of phase transition release were dependent on
the type of liposome studied, large multilamellar, and large
unilamellar vesicles exhibiting different behavior from that
displayed by small unilamellar systems (Weinstein et al.,
1981).

The ability of plasma to increase vesicle osmotic sensitivity
does not arise from a nonspecific protein interaction. Albumin
and other soluble plasma proteins, including those associated
with the complement system, exert only a modest influence on
the osmotic behavior of large unilamellar vesicles. In contrast,
all of the lipoprotein fractions examined lowered vesicle toler-
ance to osmotic pressure, with high density lipoproteins exhib-
iting the most pronounced effect. This observation is consistent
with earlier studies, which examined plasma- or serum-in-
duced solute leakage from liposomes and which identified li-
poproteins as playing a major role in this process (Comiskey
and Heath, 1990). A number of studies have shown that lipopro-
teins can mediate exchange and/or transfer of phospholipids
from liposomes (Scherphof et al., 1984). We do not consider it
likely, however, that this process significantly contributes to
the increased osmotic sensitivity observed in the presence of
plasma. As shown in Fig. 2, when cholesterol-containing
vesicles are diluted into a hypoosmotic solution containing
plasma, lysis with partial release of intravesicular solute is
seen within the earliest measurable time point (15 s) with little
further release over the time course followed. Based on earlier
studies of phospholipid transfer between cholesterol-containing
liposomes and high density lipoproteins, however, we would not
expect significant lipid migration over the time frame during
which lysis occurs (Damen et al., 1981). As mentioned in the
Introduction, lipoprotein-vesicle association appears to be in-
fluenced by the lipid packing density. This would be anticipated
if protein interaction involved insertion of a hydrophobic or
amphipathic domain into the bilayer. In turn this provides a
rationale for the increased osmotic sensitivity exhibited by
vesicles in the presence of plasma. Upon exposure of vesicles to
a hypoosmotic medium, there will be a net influx of water
creating a hydrostatic pressure. This outward pressure will
cause elastic stretching of the membrane, and the resulting
increase in area per lipid molecule will favor protein insertion.
If this penetration disrupts bilayer cohesive interactions,
vesicle rupture will occur. While this interpretation must be
considered speculative, support for the general principle is pro-
vided by a recent study that examined the ability of certain
amphiphiles to selectively interact with, and disrupt, vesicles
subjected to osmotic stress (Naka et al., 1992). This study com-
pared the ability of several novel surfactants to elicit release of
carboxyfluorescein from large unilamellar vesicles maintained
under isoosmotic conditions or subjected to a hypotonic me-
dium. Two of the compounds tested were lytic only when
vesicles were osmotically stressed suggesting that bilayer pen-
etration, and subsequent disruption, occurred only when the
membrane was stretched and the lipid packing density there-
fore reduced. One prediction arising from our proposed mecha-
nism of action is that plasma-induced osmotic sensitivity
should be dependent upon vesicle lipid composition. Clearly
lipid mixtures that minimize protein interaction with, and or
insertion into, the bilayer should be less sensitive to plasma-
induced lysis.

The present study also has practical implications with re-
spect to the use of liposomes as drug delivery vehicles. A num-
ber of studies have demonstrated that, following intravenous
administration, liposomes preferentially accumulate at sites of
inflammation and disease, including tumor sites, and tend not
to be deposited in healthy organs such as the heart and kidney
(for a review, see Ostro and Cullis (1989)). As a consequence,
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liposomal encapsulation can reduce the toxic side effects of
certain drugs on normal tissue, while maintaining or enhanc-
ing drug efficacy. In many cases maximizing the benefits of
liposomal delivery requires that the drug remains encapsu-
lated until its carrier either accumulates at the disease site or
is cleared from the circulation. For a wide variety of pharma-
ceutical agents, efficient liposomal uptake at high drug-to-lipid
ratios can be achieved employing vesicles exhibiting a trans-
membrane pH gradient, interior acidic (Madden et al., 1990).
Drugs that are weak bases will redistribute between the intra-
vesicular solution and the external medium in accordance with
the Hendersen-Hasselbach equation. This uptake process, how-
ever, consumes intravesicular protons as accumulated drug is
protonated at the vesicle interior. In order to maintain the pH
gradient and maximize drug uptake therefore, it is important
that the intravesicular medium provide a large buffering ca-
pacity. For such systems the final drug concentration encapsu-
lated is (theoretically) dependent only on the buffer concentra-
tion of the intravesicular solution. We show here, however, that
the osmotic sensitivity of liposomes, particularly in the pres-
ence of plasma, places constraints on the osmolarity of the
intravesicular medium. Clearly, given the objective identified
above that a liposomal drug should remain associated with its
carrier, the intravesicular buffering capacity, and hence osmo-
larity, should be selected so as to ensure that osmotic lysis does
not occur upon exposure to plasma.
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