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There seems little doubt now that i lip i hotericin B can be a useful !reatment modality lor the
of i ised patients wnlh p or proven di inated fungal i i
the very sngnihcant reduetmn in toxicity reponed when amphotericin B is part of a bilayer membrane is closely tied to
the i istics of the I d, although these are poorly understood at the molecnlar level We
record here an ination by sp and fi tch el y of B
multilamellar vesicles prepared along the Imes that we and others have followed for samples used m cluncal trials and
preclinical in vivo or in vitro studies. Gur study has f d o5 lip of 7:3 dimyri dylcholir
dimyristoylphosphatidylglycerol (DMPC/DMPG) bearing 0-25 mol% amphotericin B, since this lipid mixture has
been the cllowe for the first clinical trials. Phase transition behaviour of these lip was ined by el
(EPR) P py of a ide spin label partitioning into the bilayers. The same
were then p on prep lip of the di species, dipalmitoylphosph
choline (DPPC), and the i d species, dielai ine (DEPC). Partial phase diagrams were
constructed for each of the Iupld/drug mixtures. Melting curves and derived phase diagrams sllowed evidence that
X Bis ly with the solid phase of bilayer b The pluse for DEPC/
amphotericin B was very similar to that of DPPC/amphotericin B, and both exhibi! i
ranges of phase separation than did the 7:3 DMPC/DMPG mixture with amphotericin B. Between 25 and 37°C the
measured fluidity of the 7:3 DMPC/DMPG liposomes was similar to that of the (unsaturated fatty acid) DEPC
liposomes, and considerably higher than that seen for (saturated fatty acid) DPPC liposomes. Preparations of 7:3
DMPC/DMPG, DPPC, and DEPC containing 0-25 moi% amp! icin B were ined by freeze-etch electron

microscopy at 35 and 22°C (to cover the temp range of the lian body core nnd penphery) The same
liposome features were present in all three liposome types studied. The of individual at X 100000
magnification refl their istics, which were found to be sngmhcam)y helemgeneous wnhm each
batch. The lipid /drug structures were bilayer in nature, although lip were
common, partkulaﬂy at the highest dtug i Wuth i ing content of amphotericin B, liposome

more istic of di if i fracture faces, irregular liposome
shapes, and loss af P, crysul features. At very high drug con i (beyond those i studied here)

liposome structure broke down. Dispersion of the drug into the bilayer seems to be less extensive than has recently been

reported with 7:3 DMPC /DMPG preparations that have been sonicated (Janoff, A.S. et al. (1988) Proc. Natl. Acad.
Sci. USA 85, 6122-6126).

Introduction
EPR, electron i DMPC, di-
DMPG, i i
slycerol; DEPC, dielai ine; DPPC, i Although very much at the mvmug,atlonal stage,
phosphatidylcholine; TEMPO 2266-le|rame1hylp|pendm:-N oxyl; patient 2r 1 1 dmgs
42
Hepes, & acid. have begun to appear in a few researcll hospitals. A
C C.W.M. Grant, D of Bi istry, Uni- noteworthy ple invoives amphotericin B - the (in-
versity of Western Oatario, London, Canada, N6A 5C1. travenous) drug of choice for disseminated fungal infec-
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tions in immunocompromised patients (Ref. 1 and ref-
erences therein). Like other clinical applications of lipo-
somes, it takes advantage of their ability to alter the
kinetics and bioavailabilily of associated drugs. Ampho-
tericin B by itself is insoluble in water. Hence the
€O | (non-lip 1 ial
Fungizone®, relies upon 1:1 combination Wllh the bile
salt detergent, d hol to prod an i
solution. The major problem wnh Fungizone® is toxic-
ity - sufficient quite commonly to limit the dose to a
range which is clinically inad [2,3]. In additi
the presence of deoxycholate makes the preparation
phlebitic and results in difficulties in administration.
When dissolved in organic solvent with phosphoh-

polyene antibiotic, nystatin, do not simply mix uni-
formly with phospholipids in a membrane [7,8,14-18).
In this article we investigate these questions with regard
to preparations used by a variety of groups for in vitro
or in vivo experimentation and clinical trials.

Juliano and Lopez-Berestein chose 7:3 (mole ratio)
DMPC/DMPG i 5 mol% ph icin B
when they introduced the liposomal drug for clinical
trials [9,11]. Both of these phospholipids have only
14-carbon fully saturated fatty acids. Each one in pure
bilayer form undergoes a phase transition at 23°C,and
they have the interesting property of mixing homoge-
neously to form bilayers with the same sharp melting
temperature [19,20]. We were curious whether the physi-

pids, and then dried and hydrated, photericin B
associates strongly with the lipid structures formed. It
was noted some years ago that liposomes bearing

photericin B had relatively little effect upon
eucaryotic cells in culture, while retaining the toxicity of
free drug and Fungizone® toward fungi, and subse-
quently a similar phenomenon was recorded in vivo
[4-6). The generally proposed mode of fungal organism
killing by t destabili-
zation as a result of a fauly specific interaction with the
steroid, ergosterol (Ref. 7 and reviewed in Ref. 8).
Ampbhotericin B can also induce leakiness in eucaryotic
cell plasma membranes via a lesser interaction with the
sterol, cholesterol. Although the mechanism of toxicity
reduction to eucaryotes by mcorporauon of ampholm-
cin B into lip remains letel
[1.4,5,9-12], workers have experimented with various
lipid mixtures in a successful search for preparations
that reduce host toxicity while maintaining anti-fungal
potency (Refs. 10, 13 and references therein). A very
interesting recent study of an extensively sonicated pre-
paration by Janoff et al. has shown a lower toxicity of
very distorted structures bearing relatively higher pro-
portions of the drug [12].

The source of lipid compositional effects on lethality

cal ct istics of this lipid combination were special
with regard to amphotericin B.

We describe here the results of thermodynamic and
freeze-etch electron py studies to ct ize
hand-shaken (i.e. unsonicated) amphotericin B lipo-
somes over the temperature range of in vitro and in vivo
assays. We have experimented with several different
phospholipids and with drug concentrations up to 25
mol% in an attempt to better understand the influence
of these parameters. One should note that while current
clinical use has been with 5 mol% drug [11,21], lipo-
somes with higher amphotericin B content are likely to
see clinical trial soon. Some questions asked are as basic
as: Is the drug ed into the bilayer? Does the free
drug coexist with liposomes? Do bilayer structures exist
at high drug concentrations? The data permit these and
mcre subtle questions to be answered. Previous reports
from our lab and that of R. Juliano have described the
physical nature of the amphotericin B liposomes with
up to 5 mol% drug [13,22]. A 2H-NMR report described
the interaction of amphotericin B at 30 mol% with
DMPC. Recemly, Janoff et al. have recorded studies by

of liposomal amphotericin B to fungal organi: vs.
eucaryotic cells has attracted considerable interest, since
specificity is the feature sought in this application.
Presumably, the drug has (o get from the Iiposome into
the cell to cause damage Thls may occur via one or
more t i diffusi through the
. collisional transfer between liposome and cell,
and liposome association with or uptake by the cell. It
is likely in each case that one would expect the rate of
drug transfer to reflect liposome characteristics. How-
ever, liposome characteristics in general arc sensitive to
choice of lipid and method of preparation. Moreover,
they vary with temperature and can be heterogeneous
within a given batch. Further complicating the situation
in the case of amphotericin B is the fact that the
arrangement of amphotericin B in liposomes is un-
known, although there is evidence that it and the related

physical of extensi i 7:3

DMPC/DMPG bllayers containing amphotencm B[12].
ials and Method:

Pure i icin B for linical work was ob-

tamed l'rom Squibb Pharmaceullca]s (Canada). Fung|-
zone® (a dry mixture of d and hotericin
B marketed by Squibb Pharmaceuticals for patient
treatment) was obtained through our University
Hospital pharmacy. The phospholipids L-a-dimyristoyl-
phosphatidyicholine (DMPC), L-a-dimyristoylphospha-
tidylglycerol (DMPG), L-a-dipalmitoylphosphatidyl-
choline (DPPC) and vr-a-dielaidoylphosphatidyicholine
(DEPC) were purchased from Avanti Polar Lipids, Bi-
rmingham AL. Organic solvents were reagent grade.
The spin label, TEMPO, was from Aldrich, Milwaukee,
WI. Sucrose (Grade 1) was from Sigma, St. Louis, MO.

Liposome preparation
Preparation of liposomes by what we refer to as the



&’ method involved dissolving pure amphoteri-
cin B in CH,OH at 0.5 mg/ml to produce a slightly
cloudy yellnw solution. This was filtered through a tight
glass wool plug to give a clear solution. Appropriate
quantities of lipids were dissolved in CHCl, at 10-25
mg/ml and bined with the hanol solution of
amphotericin B. The solution was taken to dryness in a
glass vessel, pumped on in vacuum for 1-2 h to ensure
removal of solvent traces, and hydrated with
phosphate-buffered saline (some samples were hydrated
with Hepes-buffered saline ing EDTA) using
manual agnation at a temperature 10 C° higher than
the lipid phase iti Amphotericin B a-
tions were quantitated by absorbance vs. standards in
CH,O0H at 405 nm [23]). Drying of lipid /drug solutions
from organic solvent was done in several ways with the
same results: either solvent was removed by a stream of
N, gas at room temperature using a test tube as a
vessel, or it was removed at 40°C under vacuum in a
round-bottom flask on a rotary evaporator. This basic
approach is by far the most common method of pro-
ducing drug liposomes.

Preparation of liposomes by the dialysis method (i.e.,
our variant of the ‘standard’ method itated by
unavailability of pure amphotevicin B for patient treat-
ment) involved dissolving Fungizone® at 1 mg/ml in
CH,;O0H to produce a slightly cloudy yellow solution.
This was filtered through a glass wool plug to give a
clear soluuon The rest of the procedure followed the

d 1 as described above, except that hy-
dration was with distilled water (1 ml per 50 mg of
lipid). In each case after hydration of the dry lipid/drug
films, the lipid mixtures were warmed at least 10 C°
above the lipid phase transition for 15 min to permit
d|ffusxonal equilibrium. The samples prepared by our
q were sub
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Namee [24]. Sample temperature was monitored with a
copper/ constantan thermocouple in the Dewar insert.
Data treated as was recommended by Shimshick and
McConnell 25].

Electron microscopy

Samples of liposomes to be studied b: freeze-etch
electron microscopy were handled in normai saline.
They were rapidly quenched from 22 or 35°C by plung-
ing susyension droplets on gold discs into liquid freon
cooled in liquid nitrogen. Selected samples were also
prepared by the slam freezing process using a Heuser-
type Cryopress (Med-Vac Inc.. St. Louis, MO) to achieve
more rapid freezing rates. Such specimens were
processed in a room equilibrated at the temperature of
interest (22 or 35°C) and frozen on the aluminum
diskettes with fixed rat lung overlay as recommended by
the desi: The frozen speci were fi d at
—105°C in a Balzers BAF 300 high-vacuum coating
unit equipped with electron-beam guns. After the frac-
ture step samples were ‘etched” for 2 min to expose
small areas of livosome outer surface prior to platinum
shadowing. Replicas were cleaned initially in bleach,
rinsed with distilled water, and picked up from 1:1
acetone/ ethanol. Replicas were examined using a Phil-
lips 300 electron microscope.

Results and Discussion

Liposome phase behaviour - implications for drug
arrangement

The response of any compound to temperature varia-
tion reflects its molecular arrangement. This is particu-
larly true when the temperature region scanned encom-
passes a change of phase. Bilayer membranes are crystai
or liquid crystal in nature, and may undergo abrupt

against phosphate buffer pH 7.8-8.0 to remove deoxy-
cholate (nine changes of 20-fold excess buffer at 18-24
h intervals), and then against phosphate-buffered saline
(pH 7.4) (one change 20-fold excess). Final deoxy<
cholate content as determined by thin-1 h

‘phase " if they possess a high proportion of a
single phospholipid type. The passage of a lipid bilayer
through its phase transition is analogous to the melting
of a pure solid: the change Leiag from a rigid, crystal-
line latice i a fluid, liquid crystal lattice, in which

raphy (silica gel plates eluted with 15% methanol in
chloroform) was less than 0.7 mol%. All samples bearing

icin B were p d from light dur-
ing prepamnon and storage

P

Phase transition studies
EPR spectroscopy was used to measure the effect of

individual lipids are laterally mobile while retaining
basic bilayer format. The phase transition temperatures
for DEPC, DPPC, DMPC, DMPG and 7:3 DMPC/
DMPG are generally recorded to be 12, 41.5, 23, 23 and
23°C, respectively [19,20,25]. The presence of an impur-
ity (amphotericin B in this case) alters host-matrix
melting behaviour in ways that depend upon impurity
arrangement. The method which we have used to moni-

incorporated amphotericin B upon its lipid host-matrix.
Liposome suspensions in saline were mixed with spin
label (TEMPO) at a lipid-to-spin-label molar ratio of
125:1 (spin label added from a 7-10"% M aqueous
stock solution). These were sealed in Corning 50 pl
microsampling pipettes and held in the Dewar insert of
a Varian E12 EPR spectrometer equipped with TM,,,
cavity using an insert described by Gaffney and Mc-

tor lip thermal beh. adding to sam-
ples irace quantities of the small spin label, TEMPO,
thai partitions ibly t bilayer
and surrounding buffer [24 25). The fraction of TEMPO
spin label dissolved in membrane vs. aqueous phase can
be measured directly from the EPR spectrum, which
shows peaks assignable to each label pool. However, the
solubility of TEMPO in the membrane is critically
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Fig. 1. (A) Membrane melting profiles for batches of amnhotericin B liposomes. Data derived from EPR. spectra of TEMPO spin label partitioning
between buffer and (the spectral H/H+ P, the ratio of spin label dissolved in membrane to total spin label [22)
and is directly related to membrane fluidity {21}). Curves shown are for the following drug concentrations: 0 (@), 5 (a), 10 (&), 20 (4) and 25% (0)
amphotericin B in 7:3 DMPC/DMPG liposomes prepared by the ‘standard’ protocol (see Materials and Methods). Samples were suspended in
phosphate-buffered saline (pH 7.4) and scanned from low to high temperature at 0.4 C°/min. Each sample contained 1.6 mg lipid. (B) Partial
phase diagram for amphotericin B in 7:3 DMPC/DMPG liposomes prepared by the ‘standard’ protocol (based on composite melting curve data
as in (A) above using two to four experimeuts per point). Data are shown for liposome batches with up to 25 mol% amphotericin B. The lower
curve (solidus) denotes the upper boundary of the solid phase. The upper curve (fluidus) denotes the lower boundary of the fluid phase. (C) Pastial
phase diagram as in (B) above, but for liposomes prepared via our modification of the *standard’ protocol (involving a dialysis step — see Materials
and Methods).

dependent upon lipid fluidity, so that the spectral peak increases slowly, and then shows an abrupt elevation

for TEMPO in the membrane shrinks and grows over the temp region corresponding to the phase
d lly when the lip are being cooled or transition of the mixture before resuming its slow in-
warmed respectively. The relative heights of the peaks crease. The low-temperature onset of the abrupt rise is
for TEMPO in lipid and buffer can also provide a interpreted as the point at which fluid domains begin to
itati of k fluidity [24]. appear in the membrane, while the point at which the
TEMPO-derived melting curves typical of batches of curve plateaus indicates completion of the melting pro-
liposomes prepared from 7: 3 DMPC/DMPG using the cess. The curve features contain information relating to
“standard’ protocol with various lipid/ amphotericin B lecular ar For ple, the p of an
ratios are illustrated in Fig. 1A. Note that as the tem- “impurity’ such as amphotericin B in an otherwise pure

perature increases, the spectral parameter H/H + P crystalline phospholipid membrane tends to shift the



onset and completion of melting farther apart along the
p axis (i.e., to broaden the region of melting).
This may often be the only effect of a small amount of
drug in a bilayer. There may also be a slight drop in
“melting point’ due io minor crystal lattice disruption.
Failure of an ‘impurity’ to disperse amongst the mole-
cules of the bilayer host matrix results in a lesser effect
upon host melting bet in the p /
composition region involved. Making the approxima-
tion of equilibrium among compositional domains [18],
we have plotted the onset and completion temperaiures
for each ratio of drug to lipid, to arrive at partial ‘ phase
diagrams’ whose characteristics reflect the relative
arrangement of the molecules. Fig. 1B shows the result
of such a treatment of the data for the 7:3 mixture
above. It shows features of solid phase immiscibility
[26] over the temperature range studied. That is, the
relative constancy of melting onset (solidus, lower curve)
would be conventionally taken to indicate that ampho-
tericin B does not mix uni ly into rigid phospholi
and leaves large amounts of DMPC/DMPG with little
drug. The physncal size and form of the phospholipid
and amphotericin B d lved cannot be known

from such th dy data, although d
smaller than some 30—60 lipid molecules would not
show the melting beh seen here

[26,27]. Within experimental error, the phase diagram
generated using 7:3 DMPC/DMPG liposomes pre-
pared according to our dialysis variant of the ‘standard’
protocol (Fig. 1C) is the same.

The 7 : 3 mixture of DMPC/DMPG referred to above
comprises species with saturated fatty acids only. It has
been observed that in general, saturated phospholipids
form li that are i with regard
to amphotencm B toxicity (e.g., Refs 10 and 13). Phos-
pholipids with unsaturated fatty acids, on the other
hand, are consistently reported to be relatively unpro-
tective. We therefore performed identical studies on
liposomal amphotericin B made using the saturated
phospholipid, DPPC, or the diunsaturated phospho-
lipid, DEPC, both of which have phase transition tem-
peratures above 0° C permitting direct companson Par-
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Fig. 2. Partial phase diagrams for amphotericin B in liposomes of a

pure 16-carbon chain saturated phosphelipid (DPPC) (A) and (B) and

in liposomas of a pure 18-carbon chain unsaturated phospholipid

(DEPC) (C) and (D). (A) and (C) are for liposomes prepared via the

*standard” protocol and (B) and (D) for lipasomes from the dialysis

protocol. Data have been recorded up to 25 mol% amphotericin B.
Details in caption to Fig. 1.

quantitative appearance of the phase diagram for (pro-
tective) DPPC is more similar to that of DEPC than to
that of the (protective) 7: 3 DMPC/DMPG mixture. In
vitro and in vivo assays of liposomal amphotericin B
toxicity recorded in the literature are carried out be-
tween 20 and 37°C, which is above the transition
temperature of unsaturated species such as DEPC. It
will be seen from Fig. 1A that the y-axes of the melting
curves provide a q itative value for fluid-
ity as described by Gaffney and McNamee [24]. In our
hands, the fluidity so measured for 7: 3 DMPC/DMPG
amphotericin B liposomes above 25°C ranged from
0.25-0.4, compared to 0.3-0.5 for DEPC and 0.02-0.05
for DPPC in comparable sample sizes over the same

tial phase diagrams derived from these are
shown in Fig. 2. The features seen are qualitatively
similar to those already described in Fig. 1 for the
phosphohplds used chmca]ly In particular, the solidus
ish 1 in each case, i relative i ibil
ity of amphotericin B with rigid phospholipid in this
concentration range. Thus, once again, the drug does
not seem to disperse uniformly into a rigid bilayer host
matrix, but rather separales out, probably asa coexist-
ing phase ivel d in B. The
temperature of compleuon of melnng can be seen to

with hotericin B content, de-
marcating melting of a phase relatively enriched in drug
that melts at higher temperature. Note though that the

p range. Thus our phase studies provide no
evidence of an intrinsic molecular difference in be-
haviour ph B in d vs.

unsaturated host mamces and they also suggest that
fluidity alone may not explain the protective nature of
the host bilayer. One should caution though that DEPC
has only trans double bonds vs. the cis double bonds
and lower phase transition temperatures of most
unsaturated species studied with amphotericin B.

Visualization of lip ! p 102 nm luti
Direct vnsuahzauon of lhe systems studied here pro-
vides some important information for correlation with

the temperature profiles and phase diagrams. The tech-
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Fig. 3. Fi h electron mi of liposomes ing features seen at 35°C in the preparations described in the text. The first row
shows the bilayer membrane as it appears for lipid alone: (A) DEPC, (B) 7:3 DMPC/DMPG, (C) DPPC. Such liposomes were faicly

hroughout batches without drug. Note the disordered ripple pattern on the fracture faces of fluid liposomes (A, B,
while DPPC was below its phase transition temperature at 35° C and shows the relatively ordered ripples of the By phase (C). Arrows point across
the etch face (liposome outer surface) to abut on the etch face/fracture face junction. The second and third rows illustrate effects created by
incorporation of amphotericin B at 15 mol%. The host matrix was DEPC (D, G), 7:3 DMPC/DMFG (E, H), DPPC (F, 1). Arrows indicate etch
face /fracture face junctions as above. lce is denoted by i. Note the less-extensive fracture planes due to bilayer disruption by drug, the irregular
liposome shapes, and loss of crystal ripple pattern, e.g. (D)-(F) and (H) and (I). (G) is an example of a liposome with retained ripple pattern but
has areas of focal disruption. (A)-(C) and (G)-(I) prepared via ‘standard’ protocol, (D)-(F) via dialysis protocol. All samples were in
phosphate-buffered saline (pH 7.4). The magnification factor was originally X 80000 (in reproduction: X 72000). Shadow direction is from bottom

to top.

nique of freeze-etch electron microscopy is a particu- dehydration, but rather relies upon extremely rapid
larly appropriate one for bilayer model membrane sam- freezing of sample droplets to liquid ni p
ples. It does not require chemical fixatives or sample tures to preserve structural details that exist under the




original conditions of incubation. Fracture of frozen
samples produces through-cuts of liposomes and also
exposes bilayer hydrophobic interiors, while subsequent
elchmg dlsplays liposome surfaces. The resultant

i contain features not

ilable by other 1 and a lution 100-times
higher than that of light microscopy. We have described
previously the fi tch electron mi py features
of icated lip 1 amphotericin B having up to 5
mol% drug in d and d phospholipid

bilayer membranes [13,22], and more recently Janoff et
al. have reported the appearance of sonicated 7:3
DMPC/DMPG with high drug content at 20°C [12].
Below we describe application of this technique to the
hugher ranges of ampholencm B concentration in our

types of These studies
have been performed at 22 and 35 C, temperatures that
approximate the range experienced within 2 mammal
(extremities tend to be as low as room tempsrature
while the core is some 37°C). This is also the tempera-
ture range covered by in vitro assay systems reported to
date. Results are summarized in the electron micro-
graphs displayed in Figs. 3 and 4.

Figs. 3A—-C illustrate, at high magnification. struct-
ural details of the three different liposome types without
drug at 35°C. The presence or absence of these details
in drug: p des information
about the molecul namre of amphotericin B arrange-
ment and distribution. Liposomes without drug show
visual evidence of the so-called P, phase [28], in which
the membrane has a ‘trough and peak® pattern due to
rippling of the highly ordered phospholipid bilayer
[28-32]. The pattern is ly regular in lip
frozen (‘quenched’) from below their phase transition
temperature as seen in Fig. 3C, since the phospholipid
crystal packing that gives rise to n has had lhe oppor-
tunity to become well Pure lip
quenched from above their transition temperatures
should in fact theoretically be smooth (the L, phase)
[28-32]. However, since the freezing process that is the
first step in sample preparation for electron microscopy
is not infinitely rapid, the lipid molecules have a brief
opportunity to begin forming the ripples of the P,
phase as they are frozen. The result is ‘jumbled ripples’
as shown in Fig. 3A aud B.

Figs. 3D-I show rep ive high- ification

17

batch was appreciably heterogeneous. The presence of
high ions of other molecul hotericin B
in this case) in an otherwise homogeneuus PC bilayer
tends to prevent the formation of very highly ordered
phases such as PFy. and yields smooth bilayers above and
below the phase transition. This can provide an im-
portant clue to lipid bilayer composition. Bilayer ripples
related to the P,. phase dlscussed above were much
more prevalent in p ining only 5 mol%
drug as reported prev.nusly [13,22). A somewhat related
clue is the ability of bilayer inclusions (amphotericin B)
to disrupt the long-range continuity of bilayer sheets as
we have reported previously for integral proteins [33].
Note for instance that the fracture planes in Figs. 3A~C
of pure lipid bilayers extend over the entire liposome,
since the hydrophobic interior of a bilayer sheet is a
smoothly continuous fracture plane. In liposomes whose
bilayers are interrupted by high concentrations of
amphotericin B, the fracture plane hops erratically from
one bilayer to \he next. Another feature to note is the

of lip These
deformed structures nre evident for instance in Fig. 3F.
They still appear sealed. but lack the ripple pattern of
the B,. phase and seem likely to represent liposomes
with a high concentration of amphotericin B. In keeping
with this interpretation, no such structures appear in
preparations without the drug, and the relative propor-
tion of these structures is directly related to the amount
of drug in the preparations. As expected from earlier
comments regarding the effect of impurities such as
amphotericin B upon continuity of bilayer lamellar
sheets, the fracture plane in these mlsshapen liposomes
jumps erratically ing lamellae, expos-
ing the hydrophobic fraclure faces of numerous adjac-
ent bilayer shieets. The multilamellar nature of the lipo-
somes is obvious {rom the layered platelike appearance
of the fracture faces.

Fig. 4 illustrates some remaining noteworthy fea-
tures, including the appearance of Jdrug on its own (Fig.
4A and B), the three different lipids with 15 mol% drug
as in Figs. 3D-I but quenched from 22°C (Figs. 4D-F).
possible ‘unincorporated’ drug in liposomal prepara-
tions (Figs. 4C. G), and ‘liposomes’ with 25 mol% drug
(Figs. 4H, I). To generate the samples without lipid
(Figs. 4A, B), the drug was handled as if liposomes were

structural detail of liposomes at 35° C having an overall
amphotericin B concentration of 15 mol%. Their ap-
pearance was not a function of method of preparation
within the limits described in Materials and Methods.
Nor was it affected by slam freezing (rapid quenching)
vs. conventional freemng, except that the former ap-
proach jumbled ripple f¢ ion in bilayers
quenched from above their phase transition. However,
each batch of drug: i liposomes i a
range of the liposome features shown here, ie.. each

being prepared (films dried down, hydrated with warm-
ing, and dialysed where appropriate) but in the absence
of phospholipid. The result in each case is a suspension
of amorphous material with no similarity to lipid bi-
layers. Cut surfaces of the resultant amorphous masses
(fracture faces) are generally smooth and featureless.
Etching to expose their outer surfaces reveals the micro-
spherular appearance seen, with grains 6.25-25 nm in
size. Material similar to that seen in Figs. 4A, B (i.e.
traces of what may be free drug) can often be found in
liposomal drug preparations prodr ced by the ‘standard’
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Fig. 4. Freeze-etch electron micrographs of features seen in preparations of liposomal drug. (A) and (B) show pure amphotericin B after passage
through the liposome preparation protocols but without phospholipid: (A) quenched from 22°C and (B) quenched from 35° C. The amorphous
masses are formed of granules 6.25-25 nm in diameter. Similar granules (arrowheads) appear in (C) and (G) which are 15 mol% amphotericin B in
DEPC and 7:3 DMPC/DMPG, respectively, quenched from 35°C. Note the disordered ripple pattern in both (C) and (G). The row of
micrographs, (D)~(F), displays preparations quenched from 22° C (as opposed to 35°C in Fig. 3) for 15 mol% amphotericin B in DEPC (D), 7:3
DMPC/DMPG (E), and DPPC (F). (H) and (I) show that at the highest concentrations of drug studied here, the structures still have bilamellar
features, although highly disrupted: 25 mol% amphotericin B in 7:3 DMPC/DMPG (H) at 22° C and (I) at 35° C. (B), (C), (G), (H) via standard"
protocol; (A), (D)-(F), (I) via dialysis protocol. All samples were in phosphate-buffered saline (pH 7.4). Ice is denoted by i. The magnification
factor was originally X 80000 (in reproduction: X 72000). Shadow direction is from bottom to top.

protocol (e.g., Figs. 4C, G). Figs. 4D, E, F illustrate
liposomes from preparations having 15 mol% overall

hotericin B ion, but ined at 22°C.
They have the same features already described for 35°C
in Fig. 3. Figs. 4H, 1 show liposomes from batches of
7:3 DMPC/DMPG liposomes with 25 mol% drug con-

tent at 22 and 35°C, respectively. Overall, lip
made from the three different lipid mixtures showed
similar features.

Certain aspects of Figs. 3 and 4 require some discus-
sion. Heterogeneity within a given liposome batch is
likely due to the basic h of ing L

PP prep g Ip
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Fig. 5. Typical density gradient dispersion of hand-shaken liposomal amphotericin B preparations: (A)-(C). at low g-force for 15 min: and
(D)~(F), at high g-force for 24 h. Data are shown ior 20 mol% amphotericin B in the unsaturated DEPC. the 7:3 saturated mixture
DMPC/DMPG, and the saturated DPPC. In each case, 750 ul of liposome suspension (6 mg lipid) was dispersed in the uppermost layer of a 0-d5
wi% 12 ml linear sucrose gradient in 16X 76 mm or 14X 95 mm Beckman ultra-centrifuge tube. Liposomes had been doped at preparation with a
tracer of ['CJPC. After centrifugation at 1700 g for 15 min (A)-(C) or 100000 g for 24 h {(D)~(F) in swinging bucket rotors, tubes were
punctured at their bases and 1 ml fractions coilected. All runs were at22°C. Y at 405 nm
after dilution into CH,OH, and lipid i was done by scintillation counting. Results are displayed as % of total amphotericin B (solid
line) and lipid (broken line), plotted from left to right in order of extrusion from the bottom of the tube.

B was

by hydrating lipid films dried down from solvent. As chosen not to draw a clear distinction between ‘lipo-

organic solvent is removed prior to the hydration step,
the rate of deposition of lipid vs. drug depends on their
relative solubilities. Subsequent hydration will then lead
to piod of lip whose p reflects
local conditions within the flask in addition to the ratio
of components originally added. Thus, careful scrutiny
will generally reveal all features in all p i Itis

some’ and ‘non-liposome’ since the structures in our
hands generally are lamellar, have an identifiable etch
facc/fracture face junction, and appear not to have
unsealed edges; however, the argument is probably
somewhat semantic. It seems likely that the 30 min
sonication step used by Janoff et al. [12] leads to greater

the proportions that vary depending upon overall stoi-
chlometry as would be expected: ie., at lugher drug
there are rel fewer 1 re-
sembling those in Figs. 3A-C, and more showing fea-
tures of high drug content. It is interesting that, even at
25 mol% overall amphotericin B, bilayer features are by
far the pred finding, although focal evid of
extreme bilayer disruption may be found amongst the
plalelxke ]amellae (F:gs 4H, I). We consider that the
ded here are closely
related to lhe “non-liposomal’ su'uclures reponed r°-
cently {12] in f fi of
7:3 DMPC/DMPG bearing amphotencm B. We have

di of drug and also greater sample homogeneity
than is seen in our unsonicated preparations. Rapid
freezing of samples (‘slam freezing' using a Heuser-type
Cryopress — see Materials and Methods) from 22 and
35°C did not alter our results.

Sucrose density gradi of lip ! amp icin B
Given the appreciable visual h ity of lipo-

somal h B, we have experi d with cen-

trifugation of our p as have others [11,12].

The approach we describe here involved centrifugation
of ples after di ion in the upp layers of
sucrose density gradients, since liposome density is a
function of drug content in the bilayer. Experiments
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were quantitated by doping lipid with a tracer of ['*CJPC
and measuring drug concentration spectroscopically at
405 nm in methanol. Two approaches were used: (1)
brief (15 min) centrifugation at 1700 X g in which the
bulk of the drug and lipid sedimented to leave behind
liposomes with lesser amounts of drug, or (ii) 24 h
centrifugation at 100000 X g (isopycnic density gradi-
ent centrifugation) in the same medium. Typical results
of both methods at 22°C are shown in Fig. 5 for the
three lipid types studied in this work bearing 20 mol%
drug. In each case, amphotericin, B was strongly associ-
ated with lipid. However, as in the freeze-etch electron
microscopy data, there is evidence of some liposome
heterogeneity. Similar results were obtained over the
range of drug concentration explored here. We have
isolated and dialysed selected density gradient fractions
from each lipid class at several drug concentrations for
study by EPR sp py and fr tch el
microscopy. For any given sample the densest fractions
showed selective enrichment ir liposomes having the
melting curve and electron micrograph features associ-
ated with greater drug content as described in the
previous two sections. Less dense fractions of each
sample displayed the narrower melting profiles and
reduced visible disruption expected of lower drug con-
ent.
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