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When interacting with phospholipid in an aqueous environment, amphotcricin B forms unusual structures of markedly reduced 
toxicity (Janoff e t a | .  (1988) Proc. Natl. Acad. Sci. USA 85, 6122-6126). These structures, which appear ribbon-like by 
freeze-fracture ciectro.~ microscopy (EM), arc f¢,,nd exclusively at amphotericin B to lipid mole ratios of ! : 3 to 1 : 1. At lower 
mole ratios they occur in combination with tiaosom~s. Circular diehtoism (CD) spectra revealed two distinct modes of 
lipid-amphotericin B interaction, one for liposomes and one for the ribbon-like structures. In isolated I l l umes ,  ampbotericin B 
which comprised 3-4 mole percent of the bulk lipid was monomeric and exhibited a hemolytic activity comparable to 
ampbotericin B suspended in deoxychulate. Above 3-4 mole percent ~pbotericin B, ribbon-like structures emerged and CD 
specha in~licated d,'ug-lipid complexatiun. Minimal inhibitory concentrations for Candida albicans of liposomal and complexed 
amphotericin B were comparable and could be attributed to amphotericin a release as a result of lipid breakdown within the 
ribbon-like material by a heat labile extracellular yeast product (lipase). Negative stain EM of the rihhon-like structures indicated 
that the ribbon-like appeara~t~;e seen by freeze-fracture EM arises as a consequence of the cross-fracturing of what are 
aggregated, collapsed single lamellar, presumably interdigitated, membranes. Studies examining complexation of amphoteficin B 
with either DMPC or DMPG demonstrated that headgroup interactions played little rol ~. in the formation of the ribbon-like 
structures. With these results we propose that ribbon-like structures result from phase separation of amphoteriein B-phospho- 
lipid complexes within the pbospholipid matrix such that amphotericin B release, and thus acute toxicity, is curtailed. Formation 
of amphotcricin B-lipid structures such as tI~o.~¢ described here indicates a pe.~sible new role for lipid as a stabilizing matrix for 
drug delivery of lipophilic substances, specifically where a highly ordered packing arrangement between lipid and compound can 
Ue achieved. 

lntrod~zction 

The ability of amphotericin B, an antifungal drug, to 
deplete transmembranc ion gradients has been studied 
extensively for over two decades [!-5]. Presumably, the 
preferential destruction of fungal cells mediated by this 
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drug arises from its greater binding affinity to ergos- 
terol, the predominant sterol in fungal cell membranes, 
compared to cholesterol, the predominant sterol in 
mammalian cell membranes [6,7]. 

Although the drug o f  choice for treatment of  sys- 
temic filp2.al infections, amphotericin B in its current 
deoxycholate formulation still remains significantly 
toxic to its mammalian host [8]. One approach to this 
problem has involved liposomai delivery sys'.ems. 
Lopez-Berestein ¢t al. [9] and others (reviewed by 
Bratjbnrg et al. [10]) have shown that incorporating 
amphotericin B ~t 5-10 mole percent in iiposom¢ 
snspensions Iowerr~ its toxicity from an LDso of I m g / k g  
to 12 mg /kg  in mice with little compromise 'o  efficacy. 

Recently, we have shown that incorporation of am- 
photericin B into lipid systems at much higher mole 
percentages (25 and 50 mole percent) results in a 
significantly enhanced attenuation of Mammalian cell 
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but not yeast cell toxicity. LDs0 values of 20 mg/kg or 
higher in mice could be achieved depending on formu- 
lation protocols [11,12]. Freeze-fracture electron mi- 
croscopy of these emulsions revealed unusual struc- 
tures that we termed 'ribbon-like'. Amphoter=~in B in 
this form (amphotericin B-lipid complex, ABLC) has 
subsequently been shown to alleviate acute ~oxicity 
without compromising efficacy in human clinical trials 
[13-19]. Since we also found 'ribbons' mixed with typi- 
cal linosome structures in 5 mole percent amphotericin 
B preparatiot~s, we suggested that the previously re- 
ported reductions in toxicity noted in 'liposomal' for- 
mulations [9,20] might actually be attributed to these 
unusual high-mole percent amphotericin B-lipid struc- 
tures. 

.Although we could systematically relate decreases in 
amphotericin B toxicity to formation of high mole 
percent ampbotericin B-lipid 'ribbon' complexes, the 
molecular basis for the toxicity reduction remained 
unclear. Here we examined amphotericin B-lipid mix- 
tures and their subpopulations to delineate the lipid- 
amphotericin B interactions that influence toxicity. Our 
results indicate that two distinct associations occur 
between lipid and amphotericin B and from this we 
have proposed a model for the molecular basis of the 
ribbon-like structures. 

Materials and Methods 

Chemicals. Amphotericin B was obtained from Bris- 
tol Myers-Squibb (New Brunswick, N J). Dimyristoyl- 
phosphatidylcholine (DMPC) and dimyristoylphospha- 
tidylglycerol (DMPG) were purchased from Avanti Po- 
lar Lipids (Alabaster, AL). [14C]DMPC was obtained 
from Amersham Corporation (Arlington Heights, IL). 
Fungizone ® was obtained from GIBCO Laboratories 
(Grand Island, NY). Sabonraud dextrose broth (BBL ®) 
was purchased from Becton Dickinson Microbiology 
Systems (Cockeysville, MD). 

Ar~:photericin B-lipid preparations. Amphotericin B 
was dissolved at 0.1 mg/ml in methanol and added to a 
round bottom flask containing the appropriate amount 
of lipid already dried to a thin film from chloroform. 
The methanol was removed by vacuum rotary evapora- 
tion and the resultant amphotericin B-lipid film was 
resuspended at 45°C in an aqueous solution of 20 mM 
Hepes and 150 mM NaCI (pH 7.4). This buffer was 
used throughout. The suspension was then bath soni- 
cated for 30 rain at 5-20°C in order to reduce particle 
size for in rive [.Dsl ) testing. ~,l~lysis of sonieated and 
unsonieated preparations revealed that sonication did 
not enhance formation o: the 'unusual' amphotericin B 
ribbon-like structures within our preparations of low 
mole percentage amph6tericin B, as suggested by Grant 
et al. [21], (data not si=own). 

Lipid and amphotericin B assays, Phospholipid con- 
tent was determined according to the 0rocedure of 
Chen et al. [22]. For amphotericin a, aliquots of each 
drug-lipid preparation were diluted to 5-8 /zM in 
methanol (monomerie) and the absorbance at 405 nm 
was recorded using a Shimadzu UV-16O Spectre- 
photometer (Shimadzu Corporation, Kyoto, Japan). 
Concentrations were established from comparison to 
standard curves. 

Density gradient centrifugation. Typically, 0.2 ml of a 
2 mg/ml amphotericin B sample was placed on 5 ml of 
a 0-40% (w/v) sucrose gradient (in 20 mM Hepes, 150 
mM NaCI, pH 7.4) and centrifuged at 230000 × g  for 
22 h at 18-20°C. In the case of Fig. 1, the gradient 
ranged fro,-a 0 ~ 30% (w/v) sucrose. The gradients 
were fractionated from the top into 0.2-ml aliquots 
which were then assayed for lipid and amphotericin B. 

In vitro toxicity. Red blood cell (RBC) hemolysis was 
used to assess the in vitro toxicity of the various prepa- 
rations. 0.5 ml of sample was mixed with 0.5 ml of a 
washed 4% (v/v) RBC suspension in phosphate- 
buffered saline and the mixture incubated with con- 
stant agitation for 20 h at 37°(3. Following low-speed 
eentrifugation (2000 rpm for 10 min) 200 p.1 were 
taken from above the RBC pellet and diluted with 1 ml 
of buffer solution. Percent hemolysis was based on the 
absorbance at 550 nm with 100% hemolysis being the 
value obtained from a 1:1 dilution of the 4% RBC 
solution with distilled water. 

In vitro efficacy. For minimal inhibitory concentra- 
tion (MIC), Fungizone * and drug-lipid complexes 
were diluted directly in sabouraud dextrose broth. The 
MIC of the various preparations was determined in 
microtiter plates against Candida albicans (ATCC No. 
24433) and Saccharomyces cerevisiae (ATCC No. 9"163) 
after 18 h at 30°C as described by McGinnis and 
Rinaldi [23]. 

Incubation of amphotericin B-lipid complex with yeast 
broth. Amphotericin B/lipid mixtures were incubated 
in sabouraud dextrose broth (BBL ®) that Pad either 
never been exposed to yeast or had been used to 
support yeast (Candida albicans) growth for 24 h but 
had subsequently been separated from yeast cells by 
low-speed centrifilgation followed by filtration through 
a 0.8 ~ m  polycarbonate filter. 1-ml aW;quots of 10 
mg/ml amphotericin B at 50 mole percent in 
DMPC/DMPG (7:3) were added to: (1) 49 ml of 
broth formerly used to support yeast growth, (2) 49 ml 
of broth never exposed to yeast, and (3) 49 ml of broth 
that, following separatien from the yeast cells, had 
been heated to 95°C for 1 h. These mixtures were 
incubated for 24 h at 37°C with constant stirring in the 
dark. Absorbanee of aliquots that were taken at the 
beginnir.g and end of the incubation period and dis- 
solved irk methanol were identical, suggesting no chem- 
ical bre~kdown of amphotericin B, Amphotericin B- 



lipid complex was retrieved from broth by cemrifuga- 
zion (14000 ×g) .  Although at this centrifugal force all 
of the highly dense amphotericin B-lipid complex 
should have pelleted, we could not be certain that 
trace levels of amphotericin B (especially monomeric 
amphotericin B that may have been released from the 
complex) were not lost to the broth. The supernatant 
was removed and the pellet was rcsuspended in the 
same IIepes buffer solution described above. This 
washing procedure was repeated once more with the 
final pellet resuspcndcd in approx. 2 ml of buffer. Red 
blood cell hemolysis was assayed as described above. 
As a control, an aliquot of the drug-lipid suspension 
that was never exposed to broth was also examined. 

Thin-layer chromatography (TLC) of lipids exposed to 
yeast incubation broth. Following 24 h of incubation at 
37°C, broth mixtures containing drug-lipid complexes 
that were prepmed as described above as well as 
amphotericin B-free DMPC/DMPG liposomes were 
subjected to lipid extraction [24] and examination by 
TLC. 1-ml of 10 mg/ml amphotericin B at 50 mole 
percent in [z4C]-DMPC/DMFG (1 /~Ci/ml) or iipo- 
somes without amphotericin B at equivalent lipid con- 
centrations was added to 49 ml of broth that met the 
conditions of (1), (2) and (3) stated above. Additionally, 
(4) 1 mi of the drug-lipid preparation was added to 49 
ml of Hepcs buffer solution which was incubated at 
37°C alongside the other samples. Following incuba- 
tion, 25 mi was taken from each of the eight mixtures 
and combined with 62.5 ml of methanol and 32 ml of 
chloroform. The resulting monophase formed two 
phases upon addition of 32 ml each of water and 
chloroform. The lower chloroform phase was removed 
and dried by vacuum rotary evaporation to a final 
volume of 5 ml. 1 ml of this was then further concen- 
trated (N2 stream) and applied to a Whatman ~ silica 
gel 60 TLC plate (20 >: 20 cm) (Baxter Scientific Prod- 
ucts, Edison, NJ). A chloroform/methanol/water  
(65:25:4, v/v)  solvent system was used and the plate 
was developed with iodine. Spots were scraped and 
assayed for phosphate and radioactivity. 

Circular dichroism spectroscopy. For CD measure- 
ments, samples were adjusted to 20 to 40 /LM and 
scanned using a AVIV Model 6205 circular dichroism 
spectrophotometer (AVIV Associates, Lakewood, N J). 
Spectra were recorded at ~ 22°C with a l-cm path 
length cell. In some cases, direct measurement of undi- 
luted samples (2 raM) was achieved using a 0.l-ram 
path length qum'tz cell (Wilmad Glass Co., Buena, NJ). 
Temperature was varied using a circulating water bath 
interfaced to a jacketed sample compartment. 

Electron microscopy. For freeze-fracture replicas, a 
0.1-0.3-p.I aliquot of sample (without cryoprotectant 
added) was placed between a pair of Balzer copper 
support plates (Nashua, NH) and rapidly plunged from 
21°C into liquid propane at -190°C. Samples were 
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fractured and replicated in a Balzer BAF 400 freeze- 
fracture unit at 4 .10 -7 mbar and at - 115°C. Replicas 
were floated off the support plates in 3 M HNO 3, 
transferred to distilled water and then to 5% sodium 
hypochlorite (commercial bleach) for overnight clean- 
ing. 

For negative staining, the sample was dilute t to 
approx. 0.5 mg/ml  lipid and a drop of this placed on a 
Fornwar-carbon coated grid. After 1 min the bulk of 
the sample was removed with filter paper. A 2% am- 
monium molybdate solution was then applied and re- 
moved after 30 s with filter paper. Representative 
pictures were taken using a Philips 3G0 electron micro- 
SCODC. 

Results 

W~ have shown previously that amphotericin B in- 
corporated at 25 or 50 mole percent in DMPC/DMPG 
(7: 3) forms structures of unusual ribbon-like morphol- 
ogy resulting in attenuated mammalian cell toxicities 
[11,12]. Amphotericin B in this form (amphotericin 
B-lipid complex, ABLC) has recently shown promise in 
clinical trials [13-19]. Although less strikingly evident, 
these ribbon-like structures were also observed within 
preparations containing 5 mole percent Amphotericin 
B. Above 50 mole percent ampbotericin B structures 
resembling free amphotericin B predominated [25], 
concomitant with an increase in toxicity. Fig. 1 shows 
the bimodal sucrose density gradient profile we have 
found to be typical of amphotericin B/ l ip id prepara- 
tions formulated so that amphotericin B comprises 5 
mole percent of the bulk lipid (DMPC/DMPG, 7:3). 
Abov~ 25 mole percent drug, amphotericin B comi- 
grates with lipid on density gradients as a sir~gle band 
[11,12]. In this paper we explore the nature of these 
and various other preparations. 

Circular dichroism (CD) spectra arising from 5, 25, 
and 50 mole percent amphotericin B in DMPC/DMPG 
(7:3) are shown in Fig. 2. All spectra displayed broad 
positive peaks at 320-330 nm indicative of chro- 
mophnre complexation [26]. These spectra arose repro- 
ducibly from separate 25 and 50 mole percent ampho- 
tericin B preparations, but not from preparations con- 
taining 5 mole percent amphotericin B where wide 
variability was evident, presumably a function of sam- 
ple preparation. Examination of several preparations 
of 5 mole percent amphotericin B in DMPC/DMPG 
revealed that, while always resolving into two bands on 
sucrose density gradients, the distribution of ampho- 
tericin B between the two populations varied. This 
svg~ested that individual subpopulations in this prepa- 
ration possessed their own characteristic CD spectra. 

Analysis of subpopulations 
Individual fractions of 25 and 50 mole percent am- 

photericin B preparations, separated on sucrose den- 
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sity gradients, gave CD spectra that were identical in 
shape (except magnitude) to the unseparated samples 
(data not shown). These data suggest that only one 
complexation state exists within each of those formula- 
tions. CD spectra arising from individual fractions taken 
from a sucrose density gradient of a 5 mole percent 
amphotericin B-lipid preparation (shown in Fig. 1) are 
illustrated in Fig. 3. Clearly each populatioii possessed 
its own distinct spectrum. The spectra of the higher 
density fractions (28-37) exhibited features reminis- 
cent of 25 and 50 mole percent preparations while the 
spectra arising from the lower density fractions (16-25) 
resembled that of monomcrie amphotcricin B [26]. For 
comparison, the CD spectrum of amphotericin B in 
methanol (monomeric) is shown in Fig. 3 (offset). Spec- 
tra of intermediate fractions (26 and 27), where overlap 
of the two populations occurred, appeared as compos- 
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Fig. I. Sucrose density gradien: profile of :5 mole pezcent amphoteri- 
tin B in DMPC/DMPG (7:3). 0.5 ml ofa 4 mg/ml amphotericin B 
sample was placed on a 12 rnl sucrose gradie,| consisting of 0-30% 
sucrose (w/v). Following centrifugation, the gradient was fraction- 
aled from the top into 0.4-ml aliquots (0.2-ml aliquots were taken to 
improve resolution of the liposomal band). Curves represent 
DMPC/DMPG ( ) and amphotericia B ( . . . . . .  ) distributions. 
The peak fractions of the two bands are comprised of 1.7 and 23 
mole percent amphotericin B for tbe low- and high-d~nsity popula- 
tions, respectively. Fractions below number 25 consist of monomeric 
liposomal associated amphotericin B whereas fractions above num- 
ber 28 consist of complexed non-liposomal ampbotericin B (see text). 
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ante of complexed material in these samples again 
occurred between 3 and 4 n~ol¢ percent amphotericin 
B. Inspection of density gradient profiles (i.e., Fig. 1) 
thus revealed that in 5 mole percent drug preparations, 
amphoturicin B is not entirely complexcd but is un- 
equally divided between the low.density uncomplexed 
(monomerlc) and high-density complexed forms (20 to 
40% as the low-density species). In fact, complete 
disappearance of monomeric drug does not occur until 
amphotericin B content reaches 25 mole percent. The 
inability to detect monomer in the presence of substan- 
tial amounts of complcxed species (i.e., Fig. 2A) is a 
consequence of the monomer's much weaker molar 
vllipticity [26]. 



Fteezv-fracturc electron microscopy confirmed that 
the low-density material containing monomeric ampho- 
tericin B was liposomal; iiposomes exclusively com- 
prised the lower density material isolated from 5 mole 
percent preparations (Fig. 5A). The existence of PO,, or 
ripple nhase, in this material, tyt, ical of mixtures of 
DMPC/DMPG just below the gel to liquid-crystalline 
phase transition (23°0, indicated that lipid packing 
was minimally affected by the low level of amphoteri- 
cin B ,,resent. Liposomes found in preparations con- 
taining higher amphotericin B mole fractions lack this 
phase [20,21]. As shown in Fig. 5B, only unusual 'rib- 
bon' structures were found within the high-density 
complexed fractions. 

Negative stain electron microscopy revealed that 
these high-density ~tructures, seen as ribbon-like in 
freeze-fracture replicas, arose from aggregated col- 
lapsed membranes that were predominantly ur.'.'lamel- 

McOH 

. . . . . . . . .  
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Wa~tlength trim) 

Fig. 3. CD spectra of individual fractions of the 5 mole percent 
amphotericin B preparation of Fig. 1. Samples wele diluted to 10-20 
/,M amphotericin B and scanned from 500 to 300 nm. For clari~y 
tractions 3,.-37 were omitted. Shown in the inset are spectra of 
fractions 2~ ( ) and 31 ( . . . . . .  ). The spectrum of amphoteri- 
cin B in methanol (20 p.M) is shown at the top. Samples were 
unaffected by sucrose as CD spectra ol" 5, 25 and 50 mole percent 
amphotericin B preparations incubated in 40% sucrose were identi- 
cal to those of the same samples kept in buffer solution. The 
increase in signal ampli=udes evident in fractions containing higher 
mole percentages amphotericin B is consistent with amphotericin B 

complexation [26]. 
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Fig. 4. CD spectra of unseparated preparations of DMPC/DMPG 
(7:3) containing 0.5,1.0, 2.0, 3.0 (all use the right y-axis scale) and 
4.0 ( . . . . . .  ) and 5.0 ( . . . . .  ) (left y.axis scale) mole percent ampho- 
tericin B. The major CD peak at 330 nm is plotted versus mole 
percent amphotericln B (inset). A sudden increase in intensity of this 
peak occurred between 3 and 4 mole percent drug, which is also the 
mole percent marking the appearance of complexed species on the 

density gradient in Fig. L 

lar in nature (Fig. 5C). Because the freeze-fracture 
technique yielded only cross fractures, we speculate 
that the amphoterlcln B-lipld complex may not possess 
the classical bi!ayer midplane through which a fracture 
race is tevealeO, but r a t ~ r  exlsi, as an interdigitated 
bilayer [27]. Attempts to determine the membra~te 
thickness of amphotericin B-DMPC/DMPG mixtures 
by small angle X-ray diffraction were unsuccessful as 
no discernible repeat could be obtained. This result 
was not surprising, given the unilameltar character 
observed from negative staining. 

In vitro toxicity and efficacy of the separated populations 
As illustrated in Fig. 6, amphoteriein I:t-lipid sub- 

populations separated from 5 mole percent material 
differed dramatically in their ability to lyse red blood 
cells. Material taken from the central fraction of the 
:ower density population was > 1000-times more 
hemolytic than material taken from the high-c~ensity 
band. In fact, amphoteridn B ft'om tlle iow-d~nsity 
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Fig..5. Freeze-fracture replicas of subpopulatlons of a 5 mole percent amphotericin B system separated by isopycnic sucrose density 
centrifugation (see Fig. I). (A) Fractions taken from the low-density band (I.5 mole percent drug) and (B) fraL:tions taken from the high-density 
band (25 mole percent drug). Samples were rapidly frozen in liquid propane from -21°C. Micrograph (C) is the high-density material negatively 

stained. Bar represents 200 nm. 

fraction was comparable to a currently u,~cd amphoteri- 
tin B-deo~chvlate formulation (Fungizone)~). 

The minimal inhibitory concentrations OtICs) 
against Candida albicans and Saccharomyces cerecisiae 
for both the high- and low-density material were equiv- 
alent (Table I). Because the two populations differed 
so dramatically in their ability to lyse red blood cells 
(RBCs), these experiments identified a significant de- 
gree of selective toxicity in the high density material. 
Such lipid-dependent selective reductions in ampho- 
tericin B toxicity have been described previously but 
mechanistically have been difficult to understand 
[20,28]. Therefore, we examined the effect of a ~:cll free 
broth previously used to support yeast growth upon the 
amphotericin B-lipid complex and its lytic activity (see 
Materials and Methods for details). Following incuba- 
tion with isolated yeast broth for 24 h at 37~C, the 
hemolytic activity of an amphotericin B-lipid .,ample 
(formed at approx. 50 mole percent amphotcri~:in B) 
increased dramatically (Fig. 7). Analysis of this sample 
re~,ealed a loss of lipid relative to amphoteri~in B 

resulting in a system composed of 62 mole percent 
drug. Amphotericin B-lipid incubated with either broth 
never exposed to yeast or broth exposed to yeast and 
subsequently heated to 95°C for 1 h exhibited no 
hemolytic activity. In these samples drug/lipid ratios 
remained essentially unchanged (see Fig. 7 legend). 
The absence of a change in hemolytic activity of the 
sample incubated with yeast-exposed heat-treated broth 
suggested that a denaturabie protein (e.g., lipase) 
played a role in 'activating' the complex. 

Investigating this further, we used [14C]DMPC 
(labeled at C-1 on both fatty acyl chains) in the experi- 
ment described above but, following incubation in 
broth, t'etrieved ti~e lipid via an cxtractioL~ of the broth. 
As detailed in Table II, thin-layer chromatography of 
retrieved material incubated with broth previously used 
to support yeast growth revealed that the bulk of the 
radioactivity was distributed between two spots (72% 
at R~ = 0.29 and 26% at R t = 0.84). These Rf values 
correspond to DMPC and myristic acid, respectively. 
When aliquots of the same sample of amphotcricin 
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Fig. 6. Hemolytic activity of amphotericin n following 20 h incuba- 
tion wi)h a 4% RBC s~spension at 37°C. The central fractions from 
-'~':.~', band of six 5 mole percent amphotericin B-lipid samples 
separated by density gradient were pooled to provide enough mate- 
rial for the measurements. The amphotericin B mole percentages of 
each of the two pooled populations were 1.2 mole percent and 37 
mole percent for material taken flora the low- (11) and high- (e) 
densi:y bands, respectively. The profile of Fungizone ® ( • )  !s also 

shown. Note that the concentration scale is logarithmic. 

B - D M P C / D M P G  were  incuba ted  with either:  (1) b ro th  
never  used  to suppor t  yeast ,  (2) used  bro th  tha t  h a d  
been  hea t ed  (95°C for  60 min), o r  (3) buf fer  solution,  

TABLE l 

Minimal inhibitory concentrations (MICs) of amphotericin B mixtures 
with DMPC / DMPG and deoxycholate 

For 5 mole percent amphotericin B in DMPC/DMPG (7:3), tt~e 
high- and low-density fractions consisted of 33 and 1.5 mole percent 
amphotericin B, respectively. The deo~cholate preparation was 
Fungizone ~. a commcJclally available formulation. 

MlC(gg/ml) 

C. albicans S. ccre~'isiae 

5 mole percent in DMPC/DMPG 
(separated) 

High.density material 0.16-0.32 1.25 
Low-density material 0.!6-0.32 1.25 

25 mole percent in DMPC/DMPG 0.16-0.32 0.63 
in deo~eholate 0.08-0.16 0.16-0.32 

I Or)' 

.~  60 '  

4 0  

I I I 
10 100 1000 

Amphutericin B (jtg/ml) 

Fig. 7. Hemolytic activity of amphnteriein B-DMPC/DMPG made 
up at 50 mole percent amphoteriein B and exposed to either broth 
previously used to support yeast growth ( | ) ,  exposed to broth never 
used to support yeast growth (el, exposed to broth used to support 
yeast growth that was heated to 95°C for I h prior to amphotericin B 
addition (A), or not exposed to broth but kept in buffer solution 
( v ). For the cases where broth was used as a growth media for yeast, 
yeast cells were removed from the broth via low speed centrifugation 
before introduction of amphotericin B. The final mole percent 
amphotericin B for the abovemenfi~aed samples was 62, 52, 52 and 
50. respectively. RBC hemolysis could t:e underestimated since 
monomerie amphoteriein B that was released from the complex 

during incubation would not have been completely recovered. 

g rea t e r  than  9 8 %  of  the radioact iv: ty migra ted  as 
D M P C .  Thus ,  the  a p p a r e n t  in vitro selective toxicity o f  
the high-densi ty  mater ia l  could  be  l inked to a lipase- 
d e p e n d e n t  r emode l ing  o f  the drug- l ip id  complex.  A 
similar mechan i sm involving remode l ing  o f  the  ampho-  
tericin B-lipid complex with subsequen t  re lease o f  d rug  
may also occur  in vivo. 

W h e n  D M P C / D M P G  (7:  3) )iposomc,~ con ta in ing  
no  amphote r i c in  B were  incuba ted  with bro th ,  very 
little I!r~id b r eakdown  could be de tec ted .  It is well 
d o c u m e n t e d  tha t  l ipase activity varies significantly in 
s a tu ra t ed  lipid systems d e p e n d i n g  upon  the  bJa:¢er 
physica~ s ta te  [29-33] .  At  37°C D M P C / D M P G  !ipo- 
somes a re  l iquid crystall ine while  lipid in the  ampko-  
tericin B-lipid complex is in a un ique  highly o rde red  
putat ively in terdigi ta ted phase  [11,12]. This  phase  is 



TABLE I! 

Pereentage radioactivity found as fatty acid after b~cubmion of [ I4c]- 
DMPC / DMPG / amphotericin B #l yeast.free broth 
A is filtered broth that had been used to support yeast growth. B is 
broth never exposed to yeast. C is broth used to support yeazt that 
was filtered and then heated to 95"C for I h. D is buffer solution. 
Numbers in brackets indicate the % of total radioactivity migrating 
on the TLC plate as DMPC. Filtration of the broth did not remove 
the extraccllular species rest~on~ihle for !i~id hreakdown since unfil- 
tered broth used with the amphotericin B sample gave similar values 
(25% as myristic acid, 71% as DMPC). 

% t.~ial radioactivity found as myristic acid 
A B C D 

DMPC/DMPG/ 
Amphoterieln B 
(7:3:10) 26(72) 0.7(99) 2(98) l (99) 

DMPC/DMPG (7:3) 7 (92) ! (08~ 9 (98) 1 (99) 

apparently more susceptible to lipase dependent 
degradation. 

LipM headgrottp interactions 
To further elucidate the nature of the interaction 

between lipid and amphotericin B we examined the 
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Fig. 8. CD spectra of amphotericin n prepared at (A) 5 mole 
percent, (B) 25 mole percent and (C) 50 mole percent in either 
DMPC ( . . . . . .  ) or DMPG ( - - ) .  Amphotericin B was 20 p.M in 

all cases. 
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contribution that the headgroup has upon formation of 
the ribbon-like structures. Comparing amphotericin B- 
single lipid systems, we found that formation of ~he 
high-density drug-lipid complex in low mole percent 
amphotericin B preparations was not restricteo to the 
D M P C / D M P G  (7:3)  mixture but also occurred when 
amphotericin B was incorporated at 5 mole percent 
into either DMPC or DMPG. Two populations were 
resolved on sucrose density gradients for both I~pid- 
amphotericin B systems (data not sho~nL Because of 
inherent differences in lipid density, the positions of  
the populations arising in the mixtures were shifted 
(DMPG ran lower on the gradient than DMPC mix- 
tures). Even so, the distribution of amphotericin B 
between iiposomal and high-density populations was 
similar to th;,t of the typical combined lipid system 
where greater than half of the total amphotericin B 
was found in the high-density band. The equivalent 
ability of each lipid to interact with amphotericin B 
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Fig. 9. Density gradient analysis of DMPC and DMPG distributions 
from a di~pcrslon of DMPC/DMPG (7:3) with 22 mole percent 
amphotericin B. (A) Total lipid ( . . . . . .  ) and amphotericin (B 
( i )  distributions. (13) Distribution of DMPC ( ) and 
DMPG ( . . . .  ) determined from It4C]DMPC and total phospholipid 
distributions. S~mple (0.2 ml of a 2 mg/ml amphotericin B) was 
placed atop a 5 ml 0-40% (w/v) sucrose gradient. 200-V,I fractions 
were taken. A repeat experiment gave similar distributions (data not 

shown). 
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suggested that the headgroup interactions contribute 
little to the association that occurs in the high-density 
complex. 

The CD spectra of amphotericin B ai 5, 25, and 50 
mole percent in either DMPC or DMPG are illustrated 
in Fig. 8. For both lipids, the broad positive peak 
centered near 320-330 nm was blue-shifted with in- 
creasing amphotericin B content. Signal amplitudes 
were consistently greater for DMPG-amphotericin B 
preparations. Except for the shape of the positive 
320-340 nm absorption of 5 mole percent amphoteri- 
cin B preparations, positions of the pe~ks were similar. 
These similarities reaffirm that formation of the com- 
plexea species is not headgroup dependent. To verify 
the possibility that preferential headgroup association 
could have occurred and remained undetected by spec- 
troscopic techniques, we examined DMPC/DMPG ra- 
tios in various fractions derived from a 22 mole percent 
amphotericin B preparation at a 7:3 mole ratio o f  
DMPC/DMPG (Fig. 9). Two bands were resolved 
which we have found to be typical of preparations 
made below 25 mole percent amphotericin B. The 
DMPC/DMPG ratio was only slightly higher than 
expected (72 mole percent DMPC) for fractions com- 
prising the lower density population and only slightly 
lower than expected (68 mole percent DMPC) in the 
fractions containing the high-density population, where 
the ratio of amphotericin B/lipid approached 1:1. 
This again indicated th'lt headgroup interactions play 
little role in the association between lipid and ampho- 
tericin B. 

Discussion 

The reduced toxicity exhibited by the high mole 
percent amphotericin B-lipid complex and its appear- 
ance within low mole percent preparations suggests 
that it alone is responsible for the benefits assigned 
'liposomal' formulations. In fact, wc found that truly 
liposomal material, liposomes beari,~g i -2  mole per- 
cent amphotericin B (monomeric) that were separated 
from the complexed form by density gradient centrif- 
ugation, afforded r.o buffering of toxicity. Penetration 
of monomedc amphotericin B into the lipid hydrocar- 
bon of a liposome would seem highly unfavorable due 
to the hydrophilic 9oly-hydroxyl region of the molecule. 
Amphotericin B monomers would therefore be re- 
stricted to the membrane interracial region, where they 
would easily exchange with cellular material. Above 
local concen:rations of approx. 3 mole percent, how- 
ever, amphotericin B apparently is able to sufficiently 
disrupt individual lipid bilayers to be able to insert. 
Such insertion occurs concomitantly with the loss of 
liposomal structure, amphotericin B complexation and 
reduction in overall toxicity. Although details regarding 
the nature of this inscrtion arc as yet unknown, the 

morphology of the resulting amphotericin B-lipid asso- 
ciation can be described in terms of a membranous 
ribbon structure making a final collective organization 
other than bilayer difficult to imagine. 

in fact, negative stain electron microscopy revealed 
that the ribbon-like structures are collapsed and aggre- 
ga'~ed membranes. Since only cross fractures were re- 
vealed by freeze-fracture electron microscopy we be- 
lieve that the bilayer midplane, through which fracture 
faces are revealed, is absent and the amphotericin 
B-DMPC/DMPG membrane exists as an interdigi- 
tated bilayer. As has been suggested by others [37], 
such an arrangement would explain the high degree to 
which lipid is immobilized within a~.nphotcriG,i B-lipid 
mixtures [11,38]. Using wide angle X-ray diffraction, 
Lagener and co-workers [39,40] have shown that the 
4.2 A reflectance for fully hydrated DHPC is silifted to 
4.1 ,A on interdigitation of the acyl chains. We h~.,'e 
observed a shift from 4.22 ,~ to 4.10 /~ for DPPC 
bilayers that were induced to interdigitate I~y ethanol 
(Boni, L., Perkins, W., Minchey, S., Ahl, P., Slater, J., 
Gruner, S., Tate, M. and Janoff, A., submitted for 
publication). While not definitive for interdigitation, a 
similar shift (4.24 ,A to 4.16 ,~) occurred for 
DMPC/DMPG containing high mole percentages of 
amphotericin B [11]. 

One model for the complexation between ampho- 
tericin B and lipid depicts eight 1 : 1 drug-sterol units 
combining to form a circular pore [41]. In this arrange- 
ment the hydrophobic regions align with the lipid hy- 
drocarbon chains and the amino sugars of the ampho- 
tericin B orient with the lipid headgroups. Although a 
similar bilayer arrangement of amphotericin B-phos- 
pholipid (1 : 1) may occur in the absence of sterol, no 
clear verifiable tests are available. However, DMPC 
and DMPG both possess fully saturated acyl chains 
which, in lieu of sterol, may act as a template for 
complexation. In the case of a fully interdigitated bi- 
layer, the membrane thickness would approach half 
that of a normal bilayer. As a consequence, amphoteri- 
cin B-lipid association would differ from that depicted 
in the .,nodel by De Kruijff and Demel [41]; an oppos- 
ing orientation of the polar groups of lipid and ampbo- 
tericin B would be required to minimize exposure of 
hydrophobic domains to the aqueous environment. 
Lipid headgroups and the amino end of amphotericin 
B might orient in the same or opposite direction or 
perhaps amphotericin B-lipid pairs within the complex 
alternate in direction (many configurations seem possi- 
ble). Whatever the arrangement the membrane would 
possess two outwardly facing polar surfaces. 

A 1 : 1 arrangement between lipid and drug is con- 
sistent with several observations. For example, Dufourc 
et al. [38] have noted a monotoaic ordering of all 
positions along the acyl chain of DMPC in contact with 
a'nphotericin B. In fact, they found that immobilization 



of deuterium-labeled DMPC by amphotericin B occurs 
at a 1:1 molar ratio. Similarly we have found that 
although we can achieve toxicity buffering at low con- 
centrations of amphotericin B in lipid due to the spon- 
taneous occurrence of high mole ratio complexes, a 
1 : 1 stoichiometry between lipid and drug seems to be 
optiraal in terms of toxicity reduction. Most likely the 
enhanced reduction in toxicity we find on increasing 
the concentration of amphotericin B from 25 to 50 
mole percent in lipid results from a closer (more or- 
dered) association of drug-lipid complexes within the 
bilayer structure. In fact, we showed previously that 
lipid could be 'squeezed' out of 25 mole percent am- 
pi~otericin B-DMPC/DMPC by temperature cyc!i,~, 
with a concomitant reduction in toxicity, while 50 mole 
percent amphotericin B-DMPC/DMPG remained un- 
affected [11]. While the basic features of CD spectra 
were the same for both 25 mole percent and 50 mole 
percent amphotericin B-lipid complexes studied here, 
there was a slight blue shift of the broad positive peak 
located near 320 nm and a reduction in signal ampli- 
tude as amphoteriein B content was increased. These 
differences likely reflect the changing interaction that 
occurs between complexes when border lipid between 
complexes is removed. 

Madden et al. [36] demonstrated that amphotericin 
B partitioning from solution into DMPC/DMPG lipo- 
sprees was dependent upon DMPG content. While 
DMPC is zwitterionic, DMPG is negatively charged at 
neutral pH. Although amphotericin B is also zwitter- 
ionic, its amino sugar is positioned at the end of the 
chain along which lipid binding is expected to occur. 
An ~lectrc~tatic !n~eraction b~tween :he lipid head- 
group and the amino sugar likely occurred in these 
investigations, however, only liposo~nai material evolved 
(no high-density species was observed). Because we 
found no preferential binding of ampitotericin B to 
either DMPC or DMPG in high-density material, we 
believe that electrostatic interactions are not important 
in the formation of the complexed amphotericin B-lipid 
species. 

The reduced toxicity afforded by complexed ampbo- 
tericin B apparently stems from restricted partitioning 
of amphotericin B into solution. We found that where 
partitioning should occur most readily, from monomers 
on liposomes and micel!ar mzterml, amphotericin B 
toxicities were the greatest. Recently, JuUien et al. [34] 
found that the adverse effects of ampbotericin B in 
vitro could be correlated with unbound amphotericip B 
that had partitioned out of the liposome. More co- 
gently we find that the release of amphotericin B 
monomer from the complexed form, a phenomena 
crucial for its effectiveness as an antifungal agent, 
results from the remodeling (delipidation) of the com- 
plex in the presence of yeast lipases, in fact, phospho- 
lipase-deficient strains of yeast are somewhat resistant 
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in vitro to complexed amphotericin B [35]. The 
metastability of the ribbon complexes in the biological 
milieu may explain both why efficacy is preserved and 
why toxicity can apparently be buffered to a greater 
extent in vitro than in vivo determinations would re- 
flect [20]. 

In our experiments significant lipase-dependent 
degradation of DMPC/DMPG systems occurred o,ly 
in the presence of ampboteriein B. It is well known 
that in saturated 'ipid systems significant hydrolysis 
occurs only when ,pid is near the gel-liquid crystalline 
phase transition or when liposomes are highly curved 
(small unilamellar vesicles) [29-33]. At the 37°C ~ncu- 
bation temperature, our control DMPC/DMPG lipo- 
sprees (>  500 nm in diameter) were 14°(2 above their 
phase transition temperatme (liquid-crystalline phase). 
Our previous results have shown that the physical state 
of amphotericin B-DMPC/DMPG is clearly different 
[11,12]. It is likely that the highly ordered, presml~ably 
interdigitated, amphotericin B-lipid structures possess 
packing defects similar to those occurring in lipid un- 
dergoing a phase transition and /o r  regions of high 
curvature. The latter is consistent with freeze-fracture 
EM results where sharp folds in the ribbon-like struc- 
tures were apparent (see Fig. 5B). 

In conclusion, the reduction in toxicity of ampho- 
tericin B in DMPC/DMPG was completely accounted 
tot by the formation of a high mole percent drug phase 
composed of aggregates of a single drug-lipid complex. 
Liposomally associated amphoteriein B on the other 
hand remained significantly toxic to RBCs and yielded 
a monomeric CD signature. Differences in ampboteri- 
ein B toxicity to RBCs between the two types of 
association with lipid were dramatic and probably re- 
flect a reduced exchange rate of drug from the macrc,- 
mo!ecular complex to the target cell. We believe that 
the stability of this maeromolccular complex arises 
fi'om an association of lipid and amphoteriein B into a 
highly ordered putatively interdigitated membrane. In 
the presence of a cell-free broth previously used to 
support yeast growth the integrity of complexed mate- 
rial was compromised by what appear to be yeast 
lipases, thus rendering amphoteriein B available for 
cellular destruction. This mechanism of release ex- 
plains why similar in vitro activities toward yeast but 
not RBCs could be achieved for both liposomal and 
cnmplexed amphotericin B. Inclusion of other lipophilic 
drugs into similar well-ordered packing arrangements 
with lipid may allow for a decrease in release rate, and 
toxicity, of those compounds. 
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