
Biochimica et Biophysica Acta. 984 (1989) 11-20 l l 
Elsevier 

Physical b iochemist ry  of  a l iposomal amphoter ic in  B mixture 
used for pat ient  t rea tment  

Chris W.M. Grant, Katherine S. Hamilton, Kirk D. Hamilton and Kathryn R. Barber 
Department of Biochemistry, University of Western Ontario, London. Ontario (Canada) 

(Received 7 July 1988) 
(Revised manuscript received 3 March 1989) 

Key words: Liposomal amphotericin B; Amphotericin B; Phase transition; Freeze-etch; Electron microscopy: ESR 

There seems little doubt now that intravenous liposom-,d amphotericin B can be a useful treatment nmdality for the 
management o! immunocomprumised patients with suspected or proven disseminated fungal infectious. Interestingly, 
the very significant reduction in toxicity reported when amphotericin B is part of a bilayer membrane is closely tied to 
the physical characteristics of the liposomes involved, although these are poorly understood at the molecular level. We 
record here an examination by spectroscopy and freeze-etch electron microscopy of uusonieated amphotcricin B 
midtilameUar vesicles i~repared along the lines that we and others have followed for samples used in clinical trials and 
preelinieal in vivo or in vitro studies. Our study has focussed o.q Uposomes of 7 : 3  dimyristoylphnsphatidylcholine/ 
dimyristoylphospbatidylglycerol 0 D M P C / D M P G )  bearing 0-25 mol% amphotericin B, since this lipid mixture has 
been the choice for the first clinical trials. Plmse transition behavionr of these liposomes was examined by electron 
paranmgnetie resononee (EPR) spectroscopy of a nitroxide spin label partitioning into the bilayers. The same 
experiments were then performed on similarly prepared liposomes of the disaturated species, dipalmitoylplmsphatidyl- 
choline (DPPC), and the diunsaturated species, dielaidoylphesphatidyleheline (DEPC). Partial phase diagrams were 
constructed for each of the l ip id /drug  mixtures. Melting curves and derived phase diagrams shewed evidence that 
amphotaricin B is relatively immiscible with the solid phase of bilayer membranes. The phase diagram for D E P C /  
amphotericin B was very similar to that of DPPC/amphoter ic in  B, and both exhibited less extensive temperature 
ranges of phase separation than did the 7 : 3  D M P C / D M P G  mixture with amphotcricin B. Between 25 and 3 7 ° C  the 
measured fluidity of the 7 : 3  D M P C / D M P G  liposomes was similar to that of the (unsaturated fatty acid) DEPC 
lipnsomes, and considerably higher than that seen for (saturated fatty acid) DPPC lipusomes. Preparations of 7 : 3  
D M P C / D M P G ,  DPPC, and DEPC containing 0-25 tool% amphotericin B were examined by freeze-etch electron 
mieruseopy at 35 and 22°C (to cover the temperature range of the mammalian body core and periphery). The same 
liposome features were present in all three lipusome types studied. The appearance of individual liposomes at × 100000 
magnification reflected their molecular characteristics, which were found to he significantly heterogeneous within each 
batch. The lipid/da'ug structures were bilayer in nature, although lipusomus showing considerable disruption were 
common, particularly at the highest drug concentrations. With increasing content of amphotericin B, liposome 
appearance became progressively more characteristic of disruption: discontinuous fracture faces, irregular liposome 
shapes, and loss of Pp. crystal features. At very high drug con~.entrations (beyond those systematically 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  D M P C / D M P G  preparations that have been sonicated (JanofL A.S. et al. (1988) Proc. Natl. Acad. 
Sci. USA 85, 6122-6126). 

Abbreviations: EPR. electron paramagnetic resonance; DMPC. di- 
myristoylphosphatidylcholine; DMPG, dimyristoylphosphatidyl- 
glycerol; DEPC, dielaidoylphosphatidylcholine; DPPC, dipalmitoyb 
phosphatidylchofine" TEMPO. 2,2,6,6-tetramethylpipeddine-N-oxyl; 
Hepes, 4-(2-hydroxyethyl)-l-piperazineethanesulphonic acid. 
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Introduction 

Although very much at the investigational stage, 
patient treatment programs involving liposomal drugs 
have begun to appear in a few research hospitals. A 
noteworthy example involves amphotericin B - the (in- 
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 bioavailability of associated drugs. Ampho- 
tericin B by itself is insoluble in water. Hence the 
conventional (non-liposomal) commercial preparation, 
Fungizone ~, relies upon 1 : 1 combination with the bile 
salt detergent, deoxycholate, to produce an injectable 
solution. The major problem with Fungizone ® is toxic- 
ity - sufficient quite commonly to limit the dose to a 
range which is clinically inadequate [2,3]. In addition, 
the presence of deoxycholate makes the preparation 
phlebitic and results in difficulties in administration. 

When dissolved in organic solvent with phospholi- 
pids, and then dried and hydrated, amphotericin B 
associates strongly with the lipid structures formed. It 
was noted some years ago that liposomes bearing 
amphotericin 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 amphotericin B involves membrane destabili- 
zation as a result of a fairly specific interaction with the 
steroid, ergosterol (Ref. 7 and reviewed in Ref. 8). 
Amphotericin 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 incorporation of amphoteri- 
cin B into liposomes remains incompletely understood 
[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 
of liposomal amphoteriein B to fungal organisms vs. 
eucaryotic cells has attracted considerable interest, since 
specificity is the feature sought in this application. 
Presumably, the drug has ~.o get from the liposome into 
the cell to cause damage. This may occur via one or 
more mechanisms including diffusion through the 
medium, 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 

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) 
D M P C / D M P G  containing 5 mol% amphotericin 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- 
cal characteristics of this lipid combination were special 
with regard to amphotericin B. 

We describe here the results of thermodynamic and 
freeze-etch electron microscopy studies to characterize 
hand-shaken (i.e. unsonicated) amphoteriein 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 mixed into the bilayer? Does the free 
drug coexist with liposomes? Do bilayer structures exist 
at high drug concentrations? The data permit these and 
mere subtle questions to be answered. Previous reports 
t~'om 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. Recently, Janoff et al. have recorded studies by 
physical techniques of extensively sonicated 7 : 3  
D M P C / D M P G  bilayers containing amphotericin B [12]. 

Materials and Methods 

Pure amphotericin B for non-clinical work was ob- 
tained from Squibb Pharmaceuticals (Canada). Fungi- 
zone ® (a dry mixture of deoxycholate and amphotericin 
B marketed by Squibb Pharmaceuticals for patient 
treatment) was obtained through our University 
Hospital pharmacy. The phospholipids L-a-dimyristoyl- 
phosphatidylcholine (DMPC), L-a-dimyristoylphospha- 
tidylglycerol (DMPG), L-a-dipalmitoylphosphatidyl- 
choline (DPPC) and L-a-dielaidoylphosphatidylcholine 
(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 



' s tandard'  method involved dissolving pure amphoteri- 
cin B in CH3OH at 0.5 mg /ml  to produce a slightly 
cloudy yellow solution. This was filtered through a tight 
glass wool plug to give a clear solution. Appropriate 
quantities of lipids were dissolved in CHCI 3 at 10-25 
m g / m l  and combined with the methanol 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 containing EDTA) using 
manual agitation at a temperature 10 C ° higher than 
the lipid phase transition. Amphotericin B concentra- 
tions were quantitated by absorbance vs. standards in 
CH3OH at 405 nm [23]. Drying of l ip id /drug solutions 
from organic solvent was done in several ways with the 
same results: either solvent was removed by a stream of 
N 2 gas at room temperature using a test tube as a 
vessel, or it was removed at 4 0 ° 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 fiposomes. 

Preparation of liposomes by the dialysis method (i.e., 
our variant of the 's tandard'  method necessitated by 
unavailability of pure amphoteficin B for patient treat- 
ment) involved dissolving Fungizone ® at 1 m g / m l  in 
CH3OH to produce a slightly cloudy yellow solution. 
This was filtered through a glass wool plug to give a 
clear solution. The rest of the procedure followed the 
's tandard '  protocol as described above, except that hy- 
dration was with distilled water (1 ml per 50 mg of 
fipid). In each case after hydration of the dry l ip id /drug  
films, the lipid mixtures were warmed at least 10 C ° 
above the lipid phase transition for 15 min to permit 
diffusional equilibrium. The samples prepared by our 
technique were subsequently dialysed exhaustively 
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-layer chromatog- 
raphy (silica gel plates ehited with 15% methanol in 
chloroform) was less than 0.7 tool%. All samples bearing 
amphotericin B were protected from light exposure dur- 
ing preparation and storage. 

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

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 . 1 0  -3 M aqueous 
stock solution). These were sealed in Coming 50 #1 
microsampling pipettes and held in the Dewar insert of 
a Varian E l 2  EPR spectrometer equipped with TMH0 
cavity using an insert described by Gaffney and Me- 
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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 h" freeze-ett'h 

electron microscopy were handled in normal ~aline. 
They were rapidly quenched from 22 or 35 ° C by plung- 
ing susoension 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 Cryoprgss (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 designers. The frozen specimens were fractured at 
- 1 0 5 ° 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 rain to expose 
small areas of liposome 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 a~angement.  This is particu- 
larly true when the temperature region scanned encom- 
passes a change of phase. ~ilayer membranes are crystal 
or liquid crystal in nature, and may undergo abrupt 
'phase transitions" if they possess a high proportion of a 
single phospholipid type. The passage of a lipid bilayer 
through its phase transition is analogous to '~he melting 
of a pure solid: the change ~,ei~,~ from a rigid, crystal- 
line lat~,:e t~ a fluid, liquid crystal lattice, in which 
individual lipids are laterally mobile while retaining 
basic bilayer format. The phase transition temperatures 
for DEPC, DPPC, DMPC, DMPG and 7 : 3  D M P C /  
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- 
tor" liposome thermal behaviour involves adding to sam- 
ples trao- quantities of the small spin label, TEMPO, 
tiaa, partitions reversibly between bilayer membrane 
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 amrJhotedein B liposomes. Data derived from EPR spectra of TEMPO spin label partitioning 
between buffer and membrane (the spectral parameter, H / H  + P, represents the ratio of spin label dissolved in membrane to total spin label [22] 
and is directly related to membrane fluidity [211). Curves shown are for the following drug concentrations: 0 (e). 5 (A), 10 (~.), 20 ( • )  and 25% (o) 
amphotericin B in 7:3 DMPC/DMPG l!posomes 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 amphoteficin 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 experimehts per point). Data are shown for liposome batches with up to 25 tool% 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) Partial 
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). 

dependen t  upon  lipid fluidity, so that  the  spectral  peak  
for T E M P O  in the m e m b r a n e  shr inks  and  g rows  
dramat ica l ly  when  the l iposomes arc be ing  cooled o r  
w a r m e d  respectively.  The  relat ive heights  o f  the peaks  
for T E M P O  in lipid and  buffer  can  also p rov ide  a 
quant i ta t ive  assessment  of  m e m b r a n e  fluidity [24]. 

T E M P O - d e r i v e d  mel t ing  curves  typical of  ba tches  of  
l iposomes p repared  f rom 7 : 3 D M P C / D M P G  us ing  the 
"s tandard '  protocol  wi th  var ious  l i p i d / a m p h o t c r i c i n  B 
rat ios are i l lustrated in Fig. 1A. N o t e  that as the  t em-  
pera ture  increases,  the spectral  pa rame te r  H / H +  P 

increases  slowly, and  then shows  an  ab rup t  e levat ion 
over  the  t empera tu re  reg ion  co r r e spond ing  to the  phase  
t rans i t ion  of  the  mix tu re  be fo re  r e s u m i n g  its s low in- 
crease.  T h e  low- tempera tu re  onset  o f  the  ab rup t  r ise  is 
in terpre ted  as the  po in t  at  which fluid d o m a i n s  beg in  to  
appea r  in the m e m b r a n e ,  whi le  the  po in t  at  which  the  
curve  p la teaus  indicates  comple t ion  of  the  me l t ing  pro-  
cess. T h e  curve  features  con ta in  i n fo rma t ion  re la t ing  to 
molecular  a r rangement .  F o r  example ,  the  presence  of  an  
' i m p u r i t y '  such as  ampho te r i c in  B in an  o therwise  pu re  
crystal l ine phosphol ip id  m e m b r a n e  tends  to shi f t  the  



onset and completion of melting farther apart along the 
temperature 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 
'melt ing point' due to 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 behaviour in the temperature/  
composition region involved. Makin£ the approxima- 
tion of equilibrium among compositional domains [18], 
we have plotted the onset and completion temperatures 
for each ratio of drug to lipid, to arrive at partial "phase 
diagrams' whose characteristics reflect the relative 
arrangement of the molecules. Fig. IB 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 uniformly into rigid phospholipid 
and leaves large amounts of D M P C / D M P G  with little 
drug. The physical size and form of the phospholipid 
and amphotericin B domains involved cannot be known 
from such thermodynamic data, although domains 
smaller than some 30-60 lipid molecules would not 
show the cooperative melting behaviour seen here 
[26,27]. Within experimental error, the phase diagram 
generated using 7 : 3  D M P C / D M P G  liposomes pre- 
pared according to our dialysis variant of the 'standard" 
protocol (Fig. 1C) is the same. 

The 7 : 3 mixture of D M P C / D M P G  referred to above 
comprises species with saturated fatty acids only. It has 
been observed that in general, saturated phospholipids 
form iiposomes that arc relatively protective with regard 
to amphotrricin 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 dinnsaturated phospho- 
lipid, DEPC, both of which have phase transition tem- 
peratures above 0 o C permitting direct comparison. Par- 
tial phase diagrams derived from these experiments are 
shown in Fig. 2. The features seen are qualitatively 
similar to those already described in Fig. 1 for the 
phospholipids used clinically, in particular, the solidus 
is horizontal in each case, indicating relative immiscibil- 
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 separates out, probably as a coexist- 
ing phase relatively enriched in amphotericin B. The 
temperature of completion of melting can be seen to 
increase measurably with amphotericin B content, de- 
marcating melting of a phase relatively enriched ~n drug 
that melts at higher temperature. Note though that the 
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Fig. 2. Partial phase diagrams for amphotericin B in liposomcs of a 
pure 16-carbon chain saturated phosphclipid (DPPC) (A) and (a) and 
in liposomcs of a pure 18-carbon chain unsaturated phospholipid 
(DEPC) (C) and (DI. (A) and (C) arc for liposornrs prepared via the 
"standard" protocol and (B) and (DI for liposomcs from the dialysis 
protocol. Data have been recorded up to 25 mol~ amphotcricin 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 D M P C / D M P G  mixture. In 
• dtro and in r ive 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 DPPC. It 
will be seen from Fig. 1A that the y-axes of the melting 
curves provide a quantitative value for membrane fluid- 
ity as described by Gaffney and McNamee [24]. In our 
hands, the fluidity so measured for 7 : 3 D M P C / D M P G  
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 
temperature range. Thus our phase studies provide no 
evidence of an intrinsic molecular difference in be- 
haviour between amphotericin B in saturated vs. 
unsaturated host matrices 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 liposomal preparations to 2 nm resolution 
Direct visualization of the systems studied here pro- 

vides some important information for correlation with 
the temperature profiles and phase diagrams. The tech- 



Fig. 3. Freeze-etch electron mlerographs of liposomes representing features seen at 3SoC 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 fairly 
homogeneously represented throughout batches without drug. Note the disordered ripple pattern on the fracture faces of fluid liposomes (A. fl), 
while DPPC was below its phase transition temperature at 35 o C and shows the relatively ordered ripples of the P#, phase ((2). 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 
incoq~oration of amphotericin B at 15 mol~. The host matrix was DEPC (D, G), 7 : 3 DMPC/DMPG (E, H), DPPC tF, I). Arrows indicate etch 
face/fracture face junctions as above. Ice is denoted by i. Note the less-extensive fracture planes due to bilayer disruption by dru 8, 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)-(1) prepared via "standard' protocol, (D)-(F) via dialysis protocol. All samples were in 
phosphate-buffered saline (pH 7.4), The magnification factor was originally × 80000 (in reproduction: × 72000). Shadow direction is from bottom 

to top. 

nique of  freeze-etch electron microscopy is a particu- 
larly appropriate  one for bilayer model  membrane  sam- 
ples. I t  does not  require chemical fixatives or sample 

dehydration,  but  rather relies upon  extremely rapid  
freezing of sample droplets  to l iquid  ni t rogen tempera- 
tures to preserve structural  detai ls  that  exist under  the 



original conditions of incubation. Fracture of frozen 
samples produces through-cuts of liposomes and also 
exposes bilayer hydrophobie interiors, while subsequent 
'etching" displays liposome surfaces. The resultant 
platinum-shadowed preparations contain features not 
available by other techniques, and a resolution 100-times 
higher than that of light microscopy. We have described 
previously the freeze-etch electron microscopy features 
of unsonicated liposomal amphotericin B having up to 5 
tool% drug in saturated and unsaturated phospholipid 
bilayer membranes [13,22], and more recently Janoff et 
al. have reported the appearance of sonicated 7 : 3  
D M P C / D M P G  with high drug content at 20°C  [12]. 
Below we describe application of this technique to the 
higher ranges of amphotericin B concentration in our 
different types of unsonicated liposome. These studies 
have been performed at 22 and 35°C, temperatures that 
approximate the range experienced within a mammal 
(extremities tend to be as low as room temperature 
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-containing liposomes provides information 
about the molecular nature of amphotericin B arrange- 
ment and distribution. Liposomes without drug show 
visual evidence of the so-called Pa' phase [28l, in which 
the membrane has a ' t rough and peak" pattern due to 
rippling of the highly ordered phospholipid bilayer 
[28-32]. The pattern is especially regular in liposomes 
frozen ('quenched') from below their phase transition 
temperature as ~een in Fig. 3C, since the phospholipid 
crystal packing that gives rise to it has had the oppor- 
tunity to become well-established. Pure liposomes 
quenched from above their transition temperatures 
should in fact theoretically be smooth (the L a phase) 
[28-32]. However, ~ince 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 Pa' 
phase as they are frozen. The result is ' jumbled ripples" 
as shown in Fig. 3A at,d B. 

Figs. 3D- I  show representative high-magnification 
structural detail of liposomes at 35 o C having an overall 
amphotericin B concentration of 15 molto. 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 freezing, except that the former ap- 
proach suppressed jumbled ripple formation in bilayers 
quenched from above their phase transition. However, 
each batch of drug-containing liposomes manifested a 
range of the liposome features shown here, i.e., each 

batch was appreciably heterogeneous. The presence of 
high concentrations of other molecules (amphotericin B 
in this case) in an otherwise homogeneous PC bilayer 
tends to prevent the formation of very highly ordered 
phases such as P0' 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 Pp, phase discussed above were much 
more prevalent in preparations containing only 5 mol% 
drug as reported previously [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 [33l. 
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 
amphoterlcin B, the fracture plane hops erratically from 
one bilayer to the next. Another feature to note is the 
presence of misshapen liposomes. These multilobed, 
deformed structures are evident for instance in Fig. 3F. 
They still appear sealed, but lack the ripple pattern of 
the P,~, 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 misshapen liposomes 
jumps erratically amongst neighbouring lamellae, expos- 
ing the hydrophobic fracture faces of numerous adjac- 
ent bilayer s!ieets. The multilamellar nature of the lipo- 
somes is obvious from the layered platelike appearance 
of the fracture faces. 

Fig. 4 illustrates some remaining noteworthy fea- 
tures, including the appearance of drug 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, !). To generate the samples without lipid 
(Figs. 4A, B), the drug was handled as if liposornes were 
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 prodv ced by the 'standard'  



Fig. 4. Freeze-etch electron micrographs of features seen in preparations of fiposomal drug. (A) and (B) show pure amphotericin B after passage 
through the liposome preparation protocols but without phosphofipid: (A) quenched from 22°C and (B) quenched from 35 o C. The amorphous 
masses are formed of granules 6.25225 nm in diameter. Similar granules (arrowheads) appear in (C) and (G) which are lS 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 mel~, amphotericin B in DEPC (D), 7:3 
DMPC/DMPG (E). and DPPC (F). (H) and (l) show that at the highest concentrations of drug studied here. the structures still have hilamenar 
features, although highly disrupted: 25 mol% amphotericin B in 7:3 DMPC/DMPG (H) at 22 o C and (1) at 35 o C. (B). (C), (G), (H) via 'standard' 
protocol; (A), (D)-(FI, (1) via dialysis protocol. All samples were in phosphate-buffered saline (pH 7.4). Ice is denoted by i. The magnification 

factor was originally x 8OOOO (in reproduction: x 72OOO). Shadow direction is from bottom to top. 

protocol  (e.g., Figs.  4C, O) .  Figs.  4D,  E, F i l lustrate 
l iposomes f rom prepara t ions  hav ing  15 mol% overall  
amphote r ic in  B concent ra t ion ,  bu t  examined  at 2 2 ° C .  
They  have  the  same  features  a l ready descr ibed for 35 ° C 
in Fig.  3. Figs.  4H,  I show l iposomes f rom ba tches  of  
7 : 3 D M P C / D M P G  l iposomes wi th  25 rnol% d r u g  con-  

tent  a t  22 and  35 ° C ,  respectively.  Overal l ,  l iposomes  
m a d e  f r o m  the three d i f fe ren t  l ipid mix tu res  showed  
s imi lar  features.  

Cer ta in  aspects  o f  Figs .  3 and  4 requi re  s o m e  discus-  
sioli. He te rogene i ty  wi th in  a g iven  l iposome ba t ch  is 
likely due  to the bas ic  a p p r o a c h  of  p r e p a r i n g  l iposomes  
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Fig. 5. Typical density gradient dispersion of hand-shaken liposomal ampholericin B preparations: (A)-(C), at low g-force for 15 rain: and 
(D)-(F), at high g-force for 24 h. Data are shown ior 20 tool% amphotericin B in the unsaturated DEPC, the 7:3 saturated mixture 
DMPC/DMPG, and the saturated DPPC. In each case, 750 •1 of liposome suspension (6 mg lipid) was dispersed in the uppermost layer of a 0-45 
wt% 12 nd linear sucrose gradient in 16:< 76 mm or 14:<95 mm Beckman ultra-centrifuge tube. Liposomes had been doped at preparation with a 
tracer of [I4CIPC. After centrifugation at 1700x g for 15 rain (A)-(C) or 100000× g for 24 h (D)-(F) in swinging bucket rotors, tubes were 
punctured at their bases and I ml fractions co;Ioeted. All runs were performed at 22 ° C. Amphotericin B was quantitated by absorbance at 405 nm 
after dilution into CH3OH, and lipid determination was done by scintillation counting. Results are displayed as % of total amphotericin B (solid 

line) and fipid (broken line), plotted from left to risht in order of extrusion from the bottom of the tube. 

by hydrating lipid films dried down from solvent. As 
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 pioduction of liposomes, whose composition 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 preparations. It is 
the proportions that vary depending upon overall stoi- 
ehiometry as would be expected: i.e., at higher drug 
concentrations there are relatively fewer liposomes 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 predominant finding, although focal evidence of 
extreme bilayer disruption may be found amongst the 
platelike lamellae (Figs. 4H, I). We consider that the 
'distorted liposomal' structures recorded here are closely 
related to the 'non-fiposomai' structures reported re- 
cently [12] in freeze-fracture preparations of sonicated 
7 : 3 D M P C / D M P G  bearing amphotericin B. We have 

chosen not to draw a clear distinction between "lipo- 
some' and 'non-liposome' since the structures in our 
hands generally are lamellar, have an identifiable etch 
face/fracture face junction, and appear not to have 
unsealed edges; however, the argument is probably 
somewhat semantic. It seems likely that the 30 rain 
sonication step used by Janoff et al. [12] leads to greater 
dispersion 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 gradients of liposomal amphotericin B 
Given the appreciable visual heterogeneity of lipo- 

somal amphotericin B, we have experimented with cen- 
trifugation of our preparations, as have others [11,12]. 
The approach we describe here involved centrifugation 
of samples after dispersion in the uppermost layers of 
sucrose density gradients, since liposome density iz a 
function of drug content in the bilayer. Experiments 
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were  quant i ta ted  by  dop ing  lipid with a tracer  of  [14C]PC 
and  measur ing  d r u g  concentra t ion spectroscopical ly at 
405 n m  in methanol .  T w o  approaches  were  used:  (t) 
br ief  (15 rain) centr l fugat ion at  1700 x g in which the 
bulk of  the d rug  and  lipid sed imented  to leave behind  
l iposomes with  lesser a m o u n t s  of  drug,  o r  (ii) 24 h 
cent r i fugat ion  at 100000 × g ( isopycnic  dens i ty  gradi -  
ent  cent r i fugat ion)  in the same  med ium.  Typica l  results 
of  both  me thods  at 2 2 ° C  are shown in Fig. 5 for the 

three lipid types sttJdied in this work  bear ing  20 m n l ~  
drug.  In each case, amphoter ic in  B was s t rongly associ-  
a ted with lipid. However ,  as in the freeze-etch electron 
mic roscopy  data ,  there is evidence of  some  l iposome 
heterogeneity.  Similar  results were  obta ined over  the  
r ange  of  d r u g  concentra t ion explored here. W e  have  
isolated and  dialy.~ed selected dens i ty  grad ien t  f ract ions  
f rom each lipid class at  several d r u g  concent ra t ions  for 
s tudy  by E P R  spect roscopy and  freeze-etch electron 
microscopy.  For  any  g iven  sample  the denses t  f rac t ions  
showed selective enr ichment  in l iposomes  hav ing  the  
mel t ing  curve  and  electron mic rog raph  features  associ- 
a ted with grea te r  d r u g  content  as descr ibed in the  
previous  two sections. Less dense  f ract ions  of  each 
~ample displayed the  na r rower  mel t ing  profi les and  
reduced visible d is rupt ion  expected of  lower d r u g  con-  

l:ent. 
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