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The human toxicity of amphotericin B can be considerably reduced by associating the drug with liposomcs of varying 
lipid compositions. Some lipid compositions are much more effective than others. We show that a simple kinetic 
fluorescence assay using pyranine as an indirect probe of amphotericin-induced K + currents may be used to study 
different iiposomal drug delivery systems in vitro. We find that lipid mixtures composed of D M P C / D M P G / a m p h o -  
tericin at a 7 : 3 : 1  mole ratio show very slow functional delivery with a preference for ergosterol over cholesterol-con- 
taining membrane vesicles. On the other hand, amphotericin delivered from egg phosphatidyicholine iiposomes lead to 
100-fold increases in K + leakage at one-fifth the amphotericin concentration of the 7 :3 :1  system. The egg 
phosphatidyicholine system as well as miceilar amphotericin also show a slight selectivity towards cholesterol-containing 
vesicles over ergosterol. These results are consistent with previous clinical and in vitro cellular studies and this 
technique may prove valuable in screening of other delivery systems. 

The polyene antibiotic amphotericin B (AmB) is the 
most commonly used drug to treat systemic fungal 
infections, particularly those that occur in patients with 
lymphomas, leukemias, AIDS, or other immune system 
comprorrfising diseases [1]. It forms ion channels, caus- 
ing lethal changes in membrane permeability to many 
univalent and divalent cations (see Ref. 2 for a compre- 
hensive review). It also leads to cellular oxidative damage 
[3]. The antibiotic is selectively toxic towards organisms 
whose membranes contain ergosterol such as fungi [2]. 
However, the commercial form of AmB, fungizone, also 
causes acute and chronic side effects in patients taking 
it. This is especially true when the drug is administered 
in the high doses and long courses of therapy necessary 
to fight most fungal infections [1]. 

To improve the fungal selectivity of AmB, derivatives 
of the drug as well as new liposomal vehicles for solubi- 
lizing and delivering it have been developed. Some of 
these lipid/AmB preparations have already been tested 
clinically with good success (see Ref. 4 for a recent 
review). When AmB was incorporated into a lipid mix- 
ture containing dimyristoylphosphatidylcholine and di- 
myristoylphosphatidylglycerol (DMPC/DMPG) at a 
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7:3 molar ratio, it retained its antifungal activity with 
fewer of the side effects characteristics of Fungizone [5]. 
Likewise, in vitro studies have shown that this and other 
liposomal AmB delivery systems retain their toxicity 
towa,d fungal cells while reducing AmB's activity on 
cholesterol-containing cells [1,6-8]. 

This improved selectivity for ergosterol-containing 
organisms may result from a preferential vehicle-to- 
target transfer of AmB that relies on the characteristics 
of both the delivery system and the target cell [1]. We 
show that such transfer from a DMPC/DMPG/AmB 
7 : 3 : 1 (mol/mol) lipid mixture (7 : 3 : 1 L-AmB) to 
target small unilamellar vesicles (SUV) is very slow 
using an in vitro fluorescence assay. Our navel func- 
tional assay, which uses kinetic measurements of trans- 
membrane K + current induced by transfer of AmB to 
target SUV containing cholesterol or ergosterol, also 
allows us to examine the question of sterol selectivity. 

Egg phosphatidylcholine (EPC) was isolated from 
fresh eggs using the Singleton procedure [9]. Di- 
myristoyl PC and dimyristoylphosphatidylglycerol were 
purchased from Avanti Polar lipids, Alabaster, AL. 
Purified amphotericin B was a gift from the Squibb 
Institute for Medical Research (Princeton, N J). FCCP 
(carbonyl cyanide p-trifluoromethoxyphenylhydrazone) 
was obtained from the Sigma Chemical Company (St. 
Louis, MO). Laser grade pyranine (1,3,6-pyrenetri- 
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sulfonic acid) was purchased from Eastman-Kodak 
(Rochester, NY). 

7 : 3 : 1 liposomal amphotericin B mixtures were pre- 
pared in a manner similar to Janoff et al. [10]. Care was 
taken in the following steps to prevent the amphotericin 
B from being exposed to light and air. The AmB was 
added at 10 tool% (dry) to the DMPC/DMPG lipid 
mixture (7:3, molar ratio) in chloroform. The lipids 
were then dried to a thin film under a stream of argon 
and placed in a vacuum desiccator for 18-22 h to 
remove the solvent. The mixture was suspended in 210 
mM sucrose, 25 mM Mops buffer at pH 7.2 and soni- 
cated briefly under argon (< 5 min). The total lipid 
concentration following sonication was 45 raM, while 
the AmB concentration was 1.8 mM. The mixture was 
then diluted, with sucrose buffer, to lipid and AmB 
concentrations of 1.35 mM and 54 #M, respectively. 
Following the dilution by the stopped-flow syringes, the 
final concentrations were 1.13 mM for the lipids and 45 
#M for the AmB. Lipid and AmB concentrations were 
determined as in Ref. 11. 

Egg PC delivery SUV (PC L-AmB) were prepared 
using the procedure detailed in Ref. 12; 100 mg/ml PC 
was sonicated in 100 mM K2SO4, 25 mM Mops (pH 
7.20) to avoid extensive sonic destruction of sucrose. 
Following their preparation, the PC SUV were ex- 
changed with the osmolar sucrose buffer by Sephadex 
G-25 gel filtration and diluted to a concentration of 
0.39 mM with 210 mM sucrose, 25 mM Mops (ph 7.20). 
AmB was added to the diluted sample at 10 #M from a 
DMSO stock, and equilibrated with the PC SUV for at 
least 30 min before the stopped-flow runs. Following 
the dilution by the stopped-flow syringes, the final 
concentrations were 0.32 mM for the PC and 8.0 #M 
for the AmB. 

The target SUV were prepared using the procedure 
detailed in Ref. 12; the ergosterol and cholesterol were 
incorporated at 10 mol% into their respective lipid-chlo- 
roform solutions prior to drying and sonication. SUV 
used for examining K + permeability were sonicated in 
100 mM K2SO4, 25 mM Mops, 2.2 mM pyranine at pH 
7.20. The external pyranine was removed by gel filtra- 
tion against the K:SO4 buffer above. The final total 
lipid concentration of the target SUV were 4.3 mM. 
FCCP was added to all target iiposomes at a concentra- 
tion of 10/tM. 

For measurements of K + permeability, gradients of 
K:SO4 were created across the target SUV by osmolar 
sucrose (210 mM sucrose, 25 mM Mops at pH 7.20 at 
25 ° C _+ 1 ° C) dilution with variable ratio syringes (1 : 5.7 
dilution) in an OLIS (Jefferson, GA) converted Durrum 
D-110 stopped-flow spectrophotometer in the fluo- 
rescence mode (excitation wavelength = 450 nm). The 
AmB drug delivery vehicles, AmB/DMSO micelles 
(from DMSO), 7 :3 :1  L-AmB or PC L-AMB, were 
introduced in the sucrose buffer so that the chemical 

potential was created simultaneously with the introduc- 
tion of the drug. More detailed procedures about the 
procedure and measurements of initial ion currents and 
permeability coefficient are given in Ref. 12. 

Our assay measured pH changes inside the SUV that 
result from the AmB induced K + currents. With the 
incorporation of the protonophore FCCP into the SUV 
bilayers, H + can equilibrate rapidly across the mem- 
brane. Hence, the imposed K + gradients coupled with 
the ionophoric action of AmB cause a H + for K ~ 
exchange that is limited by the rat of induced K + 
efflux. The pyranine molecules entrapped in the target 
SUV provide a sensitive fluorescence assay for detecting 
interior vesicular pH changes. Pyranine displays a linear 
change in fluorescence intensity with changing pH (be- 
tween pH 6.4 and pH 7.8), decreasing when protonated 
and increasing when deprotonated. The initial H + ion 
current density, lo(H+), can be measured from the 
initial rate of change of pH assuming a linear response 
of pyranine fluorescence in this pH region [12]. The 
initial pH rate of change is extrapolated to t = 0 and 
hence the membrane potential, 6 = 0. This allows us to 
use the approximation 10(H+)-  -- 10(K +) to determine 
initial K + currents. Permeability coefficients (PG) for 
K + may also be determined from initial currents by 
taking into account the concentration gradient across 
the vesicles assuming a simple diffusion mechanism 
[12]. 

Figs. 1 A and B shows the result of 7 : 3 : 1  L-AmB 
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Fig. 1. Liposomal and micellar delivery of AmB to sterol-containing 
target SUV. K + permeability is measured by H + / K  + exchange and 
the-: pyranine fluorescence changes converted to pH. The baseline 
permeability of the target vesicles has been subtracted. Over ten 
minutes, the 7: 3:1 L-AmB delivery vehicle (45 #M AraB) reproduci- 
bly induced more K + loss over time on the SUV with ergosterol (B) 
than on those with cholesterol (A). The PC-AraB liposomal delivery 
system (8/~M AraB) showed significantly greater functional delivery 
of the drug, to target SUV with 10 mol~ sterol (ergosterol, C, 
cholesterol, D) than 45 #M of the drug in its 7: 3:1 L-AmB form. 45 
/~M of 'free' (micellar) AmB causes even greater K + leakage in EPC 
target SUV (ergosterol, E; cholesterol, F). The latter two systems 

exhibit a net cholesterol selectivity. 



(45 #M AmB) delivery to 10~ cholesterol (target PC- 
chol) and ergosterol (target PC-erg) containing SUV 
with K2SO4 gradients imposed on them. Here, we mea- 
sured only induced K + permeability, since AmB does 
not increase SO 2-  permeability [2,12]. With the base- 
line current subtracted, the traces for 7-3" 1 L-AmB 
delivery to target PC-chol SUV show small, reproduci- 
ble decreases in internal pH, with slightly greater K + 
permeability induced on target PC-erg SUV. The in- 
duced initial K + ion currents, Io, were 7.7-10 -9 
amp/cm 2 for target PC-chol SUV and 14-10  - 9  

amp/cm 2 for the target PC-erg SUV. These small cur- 
rents correspond to induced K + permeability coeffi- 
cients, PK +, of only 10- U-l t ,  - ~3 cm/s .  

PC L-AmB at a much lower AmB concentration of 8 
ttM was delivered to target PC-chol SUV and target 
PC-Erg SUV (Figs. 1 C and D). It showed much greater 
activity on the target SUV than 7-3" 1 L-AmB as 
judged by the initial K + ion current and pH change 
over the time course of the experiments (Io (target 
PC-erg) = 3.7- 10-7 al~p/cm2; io (target PC-chol) = 
6.5-10 -7 amp//cm2). The selectivity has also reversed 
in this system with target PC-chol SUV becoming 
slightly more sensitive than target PC-erg SUV. The 
AmB delivered from this PC L-AmB system was almost 
as effective as the DMSO micellar form of AraB (at 45 
#M), in terms of total induced K + kss,  although the 
initial K + current was lower. The rapid drug delivery 
from the PC L-AraB may be due to the fact that AmB is 
associated with the delivery liposomes largely in a rela- 
tively weakly bound monomeric state [11]. Egg PC 
L-AmB systems have previously been shown to promote 
high concentrations of AraB in solution as compared to 
saturated dipalmitoyl PC liposomes [13]. These solution 
concentrations are correlated with the anticellular ef- 
fects of AmB [13]. Not surprisingly, liposomal AmB 
vehicles made from unsaturated lipids such as egg PC 
are least effective in reducing cytotoxicity in tissue 
cultures [8]. 

Above a concentration of about 10-7 M, AmB from 
DMSO or fungizone suspended in an aqueous solution 
is present in a micellar aggregate form [14-16]. The 
micellar form of AraB from a DMSO solution, at 45 
#M, induced significant permeability on both target 
vesicles (Figs. 1 E and F) with a greater total loss of K ÷ 
from PC-chol than PC-erg although the initial K ÷ cur- 
rents were identical (target PC-chol and PC-erg, I0-- 
2.3-10 -6 amp/cm2). As a comparison, the K + iono- 
phore va!inomycin added at 1.5 #M to target PC-erg 
SUV yielded a similar Io for K + of 3.7- 10 - 6  amp/cm 2. 

One of the interesting results of these experiments is 
the slightly greater sensitivity of target PC-chol SUV to 
the action of Arab introduced in the micellar form or 
from a PC L-AmB delivery vehicle, especially consider- 
ing conventional wisdom which indicates AraB's greater 
toxicity against fungi is due to their ergosterol content. 
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Actually, AmB's sterol selectivity between ergosterol 
and cholesterol vesicles has been shown to be minimal 
when the drug is added directly from micellar suspen- 
sions, especially at higher absolute concentrations (> 5 
pM [17,18]). Sterol selectivity toward ergosterol contain- 
ing liposomes is, however, manifested when AmB is 
delivered by vesicles made from gel phase saturated 
lipids [18]. The high concentrations of 'free' AraB 
(micellar) promoted by incorporation of AmB into egg 
PC liposomes is probably responsible for the lack of 
ergosterol selectivity observed in these experiments [13]. 

Another potential criticism of this method of assess- 
ing AmB drug delivery is that SUV are not a very 
realistic model of biological membranes due to their 
high radius of curvature. It is certainly true that many 
characteristics of AmB interaction with membranes are 
dependent on vesicle geometry [19,20]. However, some 
properties seem to be very similar. For example, the 
preferential Ca 2+ permeability enhancement caused by 
AmB in ergosterol containing large unilamellar vesicles 
(LUV) versus cholesterol containing LUV [21] has also 
been observed in SUV (unpublished results). In any 
case, the technique outlined here should be useful for 
studies using more realistic LUV or even cell ghost 
preparations. We have used this method already to 
assess AmB-induced K + vs. CI- permeability in LUV 
made by reverse evaporation (Hartsel et al. 1990). Drug 
delivery studies are currently underway in this labora- 
tory using more uniform extruded LUV as an alterna- 
tive to SUV models. 

Our results show that functional transfer of AmB 
from 7 : 3 : 1  L-AmB to target SUV occurs very slowly 
in vitro. PC L-AraB delivery SUV showed a consider- 
ably faster rate of transfer to the target SUV than 
7 : 3 : 1 L-AmB, demonstrating that the presence of lipid 
alone may not exert a significant protective or selectiv- 
ity effect. Hydrated 7 : 3 : 1  liposomal mixtures may 
form stable ribbon-like nonliposomal aggregates, dis- 
tinct from SUV or large unilamellar vesicles, which may 
reduce the equilibrium concentration of aqueous AraB 
to which the target cell is exposed [10,22]. Y~s is an 
important consideration in clinical use because it con- 
trols the amount of free AmB the host cells are exposed 
te at any given time. Most significantly, the 7 : 3 : 1  
L-AraB was the only preparation showing ergosterol > 
cholesterol selectivity in this assay. This fits in nicely 
with clinical and experimental trials showing lower 
toxAcity toward cholesterol:containing organisms. The 
agreement of these results with cell, animal and clinical 
studies suggests that this method may offer a rapid, 
systematic approach to screening new drug delivery 
systems for membrane-active drugs in vitro. 
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