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Characterization of classical ‘hand-shaken’ mulﬁlamellar lipid vesicles (MLVs) confirmed that these sywtems
exclude solute during f ion thus volume which typically
hnvenﬁlizedsolmuamarkeroftheoecludedmsme.Wemdsolventra\herthmsolme!o
determine the captured volume of these systems ard obtained values at least twice those previously reported.
We present here 2 captured volume and lamellarity profile of “hand-shaken’ MLVs and suggest that these

parameters are dependent on the lipid concentration present during ydration.

Muitilamellar lipid vesicles (MLVs) are com-
monly and easily prepared by hydrating diacyt
phospholipids in exces: buffer. ihe importance of
such structures as membrane snodels or in drug
delivery has been well documeated [1]. These ap-

licati relyonlhe ptimization of a number of

luding cap-

ured volume (usually expressed as the amount of

aqueous volume sequestered per pmol of lipid).
Normally this quantity is determmed by dlspﬂ‘-
sing lipid in an

h

solute éntrapment i to d
volumes yield amfaclually low values. Here we
report that when MLV captured volume is based
on the determination of solvent rather than solute
distributions, the values that are obtained are at
least a factor of two higher than those previously
reported.

Our approach to this problem began by ex-
pressing the captured or internal volume, ¥, of a
liposome suspension in terms of the partial

relatively impermeable isotopic solute such as 22Na
or *H/YC carbohydrate. Isolation of the vesicles
from the external radioactivity by either centrifu-
gation, dialysis or gel filtration is then used to
ascertain the proportion of solute trapped which
in turn is used to calculate the captured volume.
Recently it has been found that MLVs exclude
solute during formation [2,3]. As a result of this,
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vol present. Thus
Vo=V, +V,+V, O]

Where V. is the total sample volume, V, the
external aqueous volume and ¥ the volume oc-
cupied by the iipid. ¥, was calculated from the
amount of lipid present multiplied by its partial
specific volume; for egg PC we used a value of
0.983 ml/g [4).

Fig. 1 p the of egg
PC MLVs and freewthawed MLYVs (FAT MLVs)
determined by either solvent or solute distribu-
tions. For solvent distribution we adapted a tech-
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Fig. 1. Captured volumes +S.E. of egg PC MLVs and
freeze-thawed MLV as determined isotopically by solvent or
solute distribution. Numbers indicate replicas. Solvent: Either
50 mg egg PC per 500-ml round bottom flask (thin film) or 300
mg per 100-! round bottom flask (thick film) were dried

the external aqueous volume, ¥,, by the addition
of [**C]glucose. By determining the specific activi-
ties of each isotope in the sample, we were able to
determine V. and ¥, in the pellet after removal of
most of the buffer phase by centrifugation and
calculate V; from Eqn. 1. This solvent-dependent
procedure gave a captured volume about two-fold
higher than if the captured volume was d ined
by hydrating the thin film in the presence of
[*Clglucose and relying on solute to mark the
internal aqueous phase. That this discrepancy arose
due to the nonequilibrium distribution of ['*Clglu-
cose could be’demonstrated because after freeze-
thaw cycling both techniques gave identical val-
ues. Freeze-thawing has been shown to result in
equilibrium solute distribution across multilayered

overnight under vacuum (100 mTorr). The filra was reh

with shaking in 5.0 ml Tris buffer (10 mM Tris-HCt, 150 mM
NaCl, 13 mM glucose) containing 10° dpm of *H,0. The
suspension was then transferred to pre-cooled tared 15 ml
Corex tubes and kept on ice for at least 10 min. Next 10° dpm
[“Clglucose was added and aliquots retained so that the

p ! ms {3].

Continuing this approach we next developed an
electron spin resonance (ESR) method for de-
termining captured volume based upon either
solvent or solute distribution. Here we relied on
Asrimethl

specific activity of both isotopes could be The
sample was centrifuged at 10000X g for 15 min and the pellet
weighed, vortexed and a sample retained for phosphate analy-
sis. The remainder of each pellet was then dissolved in 5 ml
scintillation cocktail (Bockman HP) and transferred to 10 ml
poly Q vials (Beckman). The tubes were rinsed with 5 ad-
ditional ml of cocktail and the rinse added to the vial. ¥ and
¥, were calculated as the ratio of dpm values arising from *H
or MC in the pellet to the specific activity of that isotope in the
sample. From these values and the ion of phosph

TEMPO, a label that
neither p nor binds appreciably to egg PC
bilayers. ¥, was determined by adding a known
amount of label to preformed vesicles and measur-
ing its concentration in the outer aqueous phase
by use of a standard curve comparing label con-
centration to the amplitude of the m; = +1 reso-
nance peak arising from the probe in buffer. The

[10] ¥; could be calculated from Eqn. 1. Solute: Liposomes
were prepared as above (T = 4° C) except that the rehydration
buffer contained 10° dpm [“Clglucose and no 3H,0.
["ClGlucose was not added after ion. The 1j

in label i com-
pared to that which would arise in the absence of
liposomes represented the extent that the label

were scparated from their formation buffer by centrifugation
as above and washed twice in non-labelled buffer. Captured
volume was calculated as the ratio of dpm values recovered in
the pellet to the specific activity of glucose in the initial

divided by the secovered in the pellet.
Freeze-thawed MLV (FATMLV): 100 mg lyophilyzed egg PC
were dispersed in 1 m! Tris buffer by vortexing until the
suspension was hicinogeneous. The resulting MLV were sub-
jected to five freeze-thaw cycles as previously described 3}
Captured volumes were determined as described above for

MLV,

nique used to determine the matrix volume of
cellular organelles [5] which takes ad of

was excluded from ¥;. Thus:

Vo= @

alx

where M is the number of moles of label added
and C its measured concentration. Thus with a
knowledge of the amount of phosphate in the
preparation, V, and d volume could be
calculated from Eqn. 1. For comparison we also
calculated volume by forming MLVs in the pres-
ence of label. For these experiments we made the

the rapid permeability of *H,C across membranes
and the limited permeability of !4C-labeled

bohyd [6]). We hydrated a thin film of egg
PC in H,0 and after liposome formation marked

1 ption, albeit i that solute is
distributed ideally throughout the aqueous phase
and label ;,/label ,, = volume ;,/volume,,,. Dis-
tribution of the label was determined as before
from the ESR spectral amplitude (peak to peak) of



the m; = +1 resonance. By taking advantage of
the fact that externally added Mn®** does not
but broadens to insig-
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distribution derived values are in agreement with
Iuernlure values [7] but comparison to the solvent

mhcanw dns peak height we were able to con-
struct the following relationship:

A-4_L, ¥,
T @

where A’ and A are the amplitudes of the m; = +1
line with and without Mn* present, respeciively,
and L,/L; is the ratio of label outside to inside
the vesicles. From rearrangement of Eqn. 1 we get

Vi-Vi
Y= TH =247 @

allowing calculation of that internal volume
marked by the trapped label.
Fig. 2 compares the two techniques. The solute
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Fig. 2. Captured volumes +S.E. of egg PC MLVs at various
initial lipid concentrations determined by solvent or solute
distributions. Numbers indicate replicas. MLVs were formed
by dispersion of an egg PC/CHCl, mixture (10-20 mg/ml)
into 500-m! roundbottom flasks followed by rotoevaporation
to a film (1 torr). For the preparations contai-ing 300 mg or
more of egg PC, the films were dried further at approx. 200
mTorw for 4-10 hours depending upon the sample. Where
small quantities of lipid were used the amount of CHCI, that
the lipid was dried from was adjusted to a minimum volume of
5-6 ml (this was to ensure that the lipid film was di:

evenly over the walls of the flask). Generally a buffer solution
containing 10 mM Tris-HCl, 150 mM NaCl, with or without
4-trimethylammonium TEMPO was then added to the lipid
and the mixture swirled until all of the lipid was removed from
the walls of the flask. Frozen and thawed MLVs (FATMLVs)
were made from aliquots of the MLV preparations as previ-
ously described [3]. Solvent distribution: 20 x1 of a 10 mM

derived values suggested that in fact
they underestimated the captured volume at all
lipid concentrations by a factor of two. Again
multiple freeze-thaw cycling confirmed that these
discrepancies arose because of the nonequilibrium
distribution of the solute label. Table I shows that
after freezing and thawing the MLVs five times
both techniques gave identical values, the ex-
pected result if an equilibrium solute distribution
were reached.
A further consequence of the fact that MLVs
are solute deplete? is that they exist under osmotic
ion. Thus we d the solvent de-
rived captured volume of these vesicles w solvent
derived of vesicles g from
ine hydration of a thin film of lipid co-deposned
with solutes already present. Such systems called

solution of 4-trimethylammonium TEMPO was added to 980
g1 of a liposome solution (adjusted to approx. 50 mg,/m! lipid)
for a final sample volume of 1.0 ml. The sample was vortexed,
lhehp:dpd!aedbycenmfupuon.theaqnemuphmmed
and the ion of label

peak height of the m,=+1 resonance hne recorded on a
Bruker ER 100D spectrometer 0 a standard curve. ¥, was
then determined by Eqn. 2 and ¥; determined by Eqn. 1,
taking ¥ as the total sample volume before centrifugation,
The phosphate content of the sample was then determined [10)]
allowing calculation of the captured volume. This technique
was found to be superior to other ESR techniques for de-
termining captured volume relying on the spin label TEM-
PONE [11,12) because the amount of probe added was minimal
and osmotic balancing of the internal and external aqueous
spaces was not necessary, Solute distribution: MLVs were
prepared with 200 pM 4-trimethylammonium TEMPO present
in the buffer solution. Aliquots of the sample were diluted 1:1
into the same buffer solution void of label or into a solution
containing 200 mM MnSO,, 250 mM EDTA, and 50 mM
Mops at pH 7.0. The ESR spectral amplitude (peak to peak) of
the r7; = +1 resonance was then used to o te the d
bution of label by Eqn. Sandeetumnedhqun 4
allowing the calculation of captured volume, Both solute and
solvent distribution determination requircd that the spin label
did not bind or permeate the bilayer. This was found to be the
case. The ESR line shape arising from the probe was found to
be unaffected by the presence of lipid. In addition, when
MLVs containing label were washed to remove external label
and combined with sufficient Mn?* 1o broaden the signal of
any probe leaking out, no decrement in peak height could be

determined over the experimental interval.
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monophasic vesicles have been shown to exist in a
noncompressed fashion [2]. Thus at 40 mg/ml,
MLYVs gave a captured volume of 1.1 pl/pmol +
0.63 (n = 8) wh MPVsgavea d volume
of 2.6 + 0.04 pi/umol (n = 5).

A last point concerns the fact that in our hands
the captured volume of MLV systems fell as a
function of the initial lipid concentration. Al-
though it has been suggested that such profiles
could result from nonspecific absorption of marker
material to exposcd sites on the bilayer [8] our
results suggesi ihai this the case. In our
experiments once vesicles were formed they were
all adjusted to approximately the same lipid con-
centration before solvent distribution determina-
tions were made. Thus we suspected that the

P

TABLE II
#IP.NMR SIGNAL INTENSITY DECREMENTS ARISING
FROM MLVs FORMED AT VARIOUS LIPID CON-
CENTRATIONS AND SUBSEQUENTLY EXPOSED TO 5
mM MnSO,

Values are from a typical experiment.

Lipid Captured volume % decrease in
(mg/ml) (pl/pmol) *P.NMR Signal
62 226 123

48 141 88

131 0.8 40

the fall in captured volume observed (Table II)
and indicated that both the lamellarity and cap-

in
volume arose ﬁ'o... c..anges in MLV marphology
To i this we loyed 1P-
NMR. Mn* was added to vesicle d.sperswns at
concentrations (5 mM) sufficient to broaden be-
yond detection the signal arising from those phos-
pholipids facing the external medium. The extent
to which the *'P-NMR signal was reduced by this
procedure has been correlated with the fraction of
lipid exposed to the external aqueous phase and
thus the lamellarity of the vesicles [9]. In our
hands as the initial lipid concentration rose, lamel-
larity increased. This was entirely consistent with

TABLE 1

CAPTURED VOLUMES OF FROZEN AND THAWED
MLVs (FATMLVs) DETERMINED VIA ELECTRON SPIN
RESONANCE SPECTROSCOPY UTILIZING EITHER
THE SOLUTE DISTRIBUTION OR SOLVENT DISTRI-
BUTION APPROACH

Lipid Captured volume (gl/pmol) Ratio
(mg/m’} fsom irom
solute solvent
distribution distribution
6.2 7.08+0.51* 7.0510.64 1.00
124 790£0.22 6.704£0.39 105
%4 7.10£0.53 7031021 101
476 7.1840.13 7.16+0.11 1.00
90.9 5.6910.18 571£018 1.00
1300 453+0.24 4524016 1.00
* S.E.

tured volume of MLVs are dependent on forma-
tion protocols.

In sumroary we have found that the captured
volume of ‘hand shaken’ multilamellar systems is
greater by a facior of iwo than has been previ-
ously assumed. We arrived at this conclusion
principally by marking the external aqueous space
of various vesicle preparations with a spin label
that neither permeated nor bound to the lipid.
Similar determinati should be possible using
other markers meeting these criteria. The appli-
cation of such techniques will allow cap-
tured volume measurements of multilamellar
vesicles to be made regardless of solute distribu-
tion anomalies.
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