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ABSTRACT: Amphotericin B is a lifesaving polyene anti-
biotic used in the treatment of systemic mycoses. Unfortu-
nately, the pharmacological applicability of this drug is limited
because of its severe toxic side effects. At the same time, the
lack of a well-defined mechanism of selectivity hampers the
efforts to rationally design safer derivatives. As the drug
primarily targets the biomembranes of both fungi and
humans, new insights into the binding of amphotericin B to
lipid membranes can be helpful in unveiling the molecular
mechanisms underlying both its pharmacological activity and
toxicity. We use fluorescence-lifetime-imaging microscopy
combined with fluorescence-emission spectroscopy in the
microscale to study the interaction of amphotericin B with
single lipid bilayers, using model systems based on giant unilamellar liposomes formed with three lipids:
dipalmitoylphosphatidylcholine (DPPC), dimirystoylphosphatidylcholine (DMPC), and 1-palmitoyl-2-oleoylphosphatidylcho-
line (POPC). The results show that amphotericin B introduced into the water phase as a DMSO solution binds to the
membrane as dimers and small-molecular aggregates that we identify as tetramers and trimers. Fluorescence-detected linear-
dichroism measurements revealed high orientational freedom of all the molecular-organization forms with respect to the
membrane plane, which suggests that the drug partially binds to the membrane surface. The presence of sterols in the lipid
phase (cholesterol but particularly ergosterol at 30 mol %) promotes the penetration of drug molecules into the lipid
membrane, as concluded on the basis of the decreased orientation angle of amphotericin B molecules with respect to the axis
normal to the membrane plane. Moreover, ergosterol facilitates the association of amphotericin B dimers into aggregated
structures that can play a role in membrane destabilization or permeabilization. The presence of cholesterol inhibits the
formation of small aggregates in the lipid phase of liposomes, making this system a promising candidate for a low-toxicity
antibiotic-delivery system. Our conclusions are supported with molecular simulations that reveal the conformational properties
of AmB oligomers in both aqueous solution and lipid bilayers of different compositions.
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■ INTRODUCTION

Amphotericin B (AmB, see Supplementary Figure S1 for the
chemical structure) is a polyene antibiotic used as a gold
standard in the treatment of deep-seated, life-threatening
mycotic infections.1 The antibiotic has been in use for several
decades, despite severe side effects, because of its high
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pharmacological efficacy.2 Numerous research groups world-
wide are working to unveil the molecular mechanisms
underlying the toxicity of AmB to ultimately engineer a
pharmacological formula of the drug with minimized toxic side
effects and retained or enhanced antifungal activity.3−5

According to a general conviction, the selectivity of AmB
toward fungi is based upon the stronger interaction of the drug
molecules with ergosterol (Ergo), present in the membranes of
fungi, as compared with its interaction with cholesterol (Chol),
the sterol of the biomembranes of human cells.6−8 Unlike the
mostly consistent views and opinions on the selectivity of
AmB, the concepts on the possible modes of action and even
the localization of drug molecules within lipid membranes are
quite different or even contradictory. On the one hand, AmB is
postulated to form transmembrane pores in lipid mem-
branes,9−11 but on the other hand, the biological activity of
the drug is believed to be based upon sequestration of sterols
from biomembranes and formation of extramembranous sterol
sponges.12 In principle, both postulated mechanisms can
directly or indirectly affect membrane transport by changing
the physical properties of the lipid bilayers and therefore their
ion permittivity.13−15 It is very likely that both the formation of
transmembrane pores and the selective binding of membrane
sterols by AmB molecules (either intra- or extramembranous)
play a biological role under physiological conditions. The
results of the recent studies show that AmB molecules
immobilized at the surface of silver nanoparticles and therefore
unable to self-organize into ionic pores inside a membrane are
highly effective antifungal agents.16 It also was shown that such
hybrid AmB−silver nanoparticles are not cytotoxic with
respect to human cells,16 which suggests a selective interaction
of the nanoparticle-bound drug molecules with Ergo. On the
other hand, it was also shown that the presence of Ergo in giant
unilamellar vesicles (GUV) enabled the incorporation of AmB
molecules into the lipid phase as well as their self-organization
into small supramolecular structures.17 The results of those
studies strongly indicate that both proposed molecular
mechanisms, sequestration of Ergo and formation of intra-
membrane supramolecular structures composed of sterol and
AmB molecules, play a role in the case of sterol-rich lipid
membranes. The intriguing question is whether the exact mode
of action of AmB, including the toxic side effects, depends on
the way in which drug molecules are delivered to
biomembranes. In most model-membrane studies, AmB
molecules were mixed with lipids and sterols upon lipid-
bilayer formation. In the present work, molecular organization
of AmB in the lipid-membrane-model systems is analyzed after
injection of a solution of the drug in DMSO into the water
phase of a suspension of preformed membranes. Such an
approach models the process of delivery of the antibiotic to
natural biomembranes of living organisms in a more realistic
way. Application of fluorescence-microscopy techniques with
respect to individual GUV structures enabled precise analyses
of the molecular organization of AmB in a single lipid bilayer,
filtering out any effects originating from drug aggregates
formed in the water phase. Our analyses and conclusions are
supported with molecular simulations that reveal the
conformational properties of AmB oligomers in both the
aqueous solution and lipid bilayers of different compositions.

■ MATERIALS AND METHODS
Materials. Antibiotic amphotericin B from Streptomyces sp.

(AmB), 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC),

1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC), choles-
terol (Chol), ergosterol (Ergo), tricine, and dimethyl sulfoxide
(DMSO) were purchased from Sigma-Aldrich Chemical
Company. 1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC) was purchased from Avanti Polar Lipids Inc. Ethanol,
chloroform, 2-propanol, and potassium chloride (KCl) were of
analytical purity and were obtained from POCH. Water used
during all the experiments was purified by a Milli-Q system
from Merck Millipore.

Experimental Methods. Amphotericin B (AmB) was
dissolved in chloroform−water (1:1, v/v), then vortexed for 30
min, collected from the interphase, and evaporated under
nitrogen. Dry AmB was suspended in 2-propanol−water (4:6,
v/v) and centrifuged for 5 min at 14 000g to remove crystals of
the antibiotic. Finally, the AmB solution was purified by HPLC
on a C18 reversed-phase column (250 × 4.6 mm) with a 2-
propanol−water (4:6, v/v) mobile phase.
Giant unilamellar liposomes were formed of either pure

lipids or the lipids with either cholesterol or ergosterol at 30
mol %. The procedure of formation of the giant unilamellar
vesicles (GUV) was described previously in detail.17 AmB in a
DMSO solution was added to the buffer after 1 h of
electroformation. The final drug concentration was 0.5 mol
% with respect to the phospholipid. The temperature at the
time of electroformation was maintained above the main phase
transition (at 50 °C for membranes formed with DPPC, at 30
°C in the case of membranes formed with DMPC, and at 24
°C in the case of the membranes formed with POPC). The
final concentration of DMSO in the liposome suspensions was
0.7%, below the level reported to modify the structural
properties of lipid membranes.18,19 The DSC tests were also
performed with the lipid systems studied, in which pure
DMSO solution was added to the samples instead of AmB
solutions. The results have confirmed that DMSO addition at
the concentration applied did not significantly affect lipid-
membrane thermotropic properties, in accordance with the
literature data.18

Absorption spectra were recorded with a Cary 60 UV−vis
spectrophotometer (Agilent Technologies). A concentration of
AmB was established on the basis of the molar-extinction
coefficient (130 000 M−1 cm−1) at 408 nm absorption
maximum. Fluorescence-emission spectra were recorded with
the application of a Cary Eclipse fluorescence spectropho-
tometer (Varian). Fluorescence-excitation and -emission
bandwidths were set to 5 nm.
Microscopy measurements were carried out on a MicroTime

200 confocal system from PicoQuant GmbH connected to an
Olympus IX71 inverted microscope. The samples were excited
by a 405 nm pulsed laser with a 10 MHz repetition rate. The
time resolution was set to 16 ps. The experiments were carried
out with the application of a water-immersed objective
(Olympus NA = 1.2, 60×). The observations were performed
in the confocal configuration using a pinhole of 50 μm in
diameter and proper optics based on a ZET405 StopLine
Notch Filter, a ZT 405RDC dichroic filter, and 430 nm long
wavelength pass filter from Chroma-AHF Analysentechnik.
The fluorescence signal was divided by a polarizing cube to
measure parallel and perpendicular intensities by two identical
detectors (Single Photon Avalanche Diodes). The fluorescence
lifetimes and anisotropies were analyzed using the SymPho-
Time 64 v. 2.1 software (PiqoQuant).
The size of the pinhole applied in the confocal system was

selected to afford both a reasonable emission signal from the
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GUVs and a very small confocal volume to slice the measured
objects. On the basis of separate measurements performed for
the 405 nm excitation and detection parts aligned identically
for all the measurements, the effective confocal volume was
calculated to be 0.32 fl. The value has been established on the
basis of measurements performed for fluorescent beads 30 nm
diameter (much below the optical-resolution limit). Ellipsoid’s
X, Y, and Z dimensions were measured to be 252 ± 9, 255 ± 5,
and 902 ± 26 nm, respectively.
The intensity decays for each sample were fitted with the

multiexponential model:

∑ α τ= −I t t( ) exp( / )
i

i i

where τi is the decay time, and αi is the relative amplitude of
each individual component (∑αi = 1). The amplitude-
weighted average lifetime was calculated on the basis of the
following formula:20

∑τ α τ⟨ ⟩ =
i

i i

Lifetime data from single GUV structures were collected
simultaneously with fluorescence-emission spectra by a
Shamrock 163 spectrograph attached to the microscopy
system. The detection was based on a Newton EMCCD
DU970P BUF camera (Andor Technology) cooled to −50 °C.
A microCal VP-Capillary DSC microcalorimeter from

General Electric Healthcare, supported by the VPViewer2000
software, was used to conduct calorimetric measurements. In
order to run DSC measurements, a GUV suspension was
subjected to centrifugation for 3 min at 7000g, and a sediment
was transferred into a measuring cell (a volume of 209 μL).
During measurements, the pressure was stabilized at 26.89 ×
104 Pa. Samples were scanned against the degassed pure buffer,
as a control. A test experiment, in which buffer samples were
placed in both the measuring and reference cells, was
conducted for each condition, and the thermograms recorded
were subtracted from the thermograms recorded for liposome-
containing samples. The scan rate was 1 °C/min with a
temperature range of 30−50 °C for liposomes formed with
DPPC and 15−40 °C for liposomes formed with DMPC. Cells
were thermostated for 10 min before each measurement. At
least three DSC measurements were conducted, representing
different preparations of all the systems studied, and the
thermograms recorded were found to be highly reproducible.
Molecular Dynamics. Models of lipid-bilayer systems with

three different structures of AmB tetramers were prepared in
the CHARMM-GUI Membrane Builder.21 Three AmB
tetramers were composed of four parallel-oriented monomers
(4−0), two antiparallel dimers (2−2), or one parallel and one
antiparallel dimer (3−1) and placed in a lipid bilayer. Systems
were embedded in 82.03 × 82.03 × 121.09 rectangular boxes
and were composed of 190 DMPC and 82 Ergo molecules
(model fungal membrane) or 190 DMPC molecules (model
bacterial membrane). Then, 18 550 TIP3 water molecules, 54
K+, and 54 Cl− ions were added to solvate the systems and
obtain physiological ionic strength (0.15 M). In the case of the
4−0 tetramer, analogous systems were prepared that contained
(1) DPPC, (2) DPPC with Ergo, (3) DPPC with Chol, (4)
DMPC, (5) DMPC with Ergo, and (6) DMPC with Chol.
AmB trimers were then obtained by pulling a single AmB
molecule away from the tetramer; this was performed by
increasing the minimum distances between the selected

molecule and the remaining three molecules from 0.25 to
0.7 nm using the Plumed plugin.22 Simulations of AmB
tetramers in the water phase were taken from our previous
study.23 The Charmm36 force field24 was applied for lipids and
sterols, and AmB molecules were modeled using a previously
validated set of parameters.6,11,23,25

All energy minimizations and molecular-dynamics simu-
lations were performed in Gromacs 5.0.4.26 The simulations
were performed in the NPT ensemble. The v-rescale
thermostat with a coupling time of 5 ps was used to keep
the temperature at 315 K, and the semi-isotropic Berendsen
barostat with a coupling time of 2 ps was used to keep the
pressure at 1 bar.27 The Verlet leapfrog algorithm with a time
step of 2 fs was applied to integrate the equations of motion.28

Bond lengths were constrained using P-LINCS,29 and the
SETTLE algorithm30 was used for water molecules. To
calculate electrostatic interactions, particle-mesh Ewald
summation was applied with a real-space cutoff of 1.2 nm
and a Fourier grid spacing of 0.12 nm.31

Equilibrium properties were analyzed using at least 300 ns
production runs per system. The solvent-accessible surfaces
(SASAs) for the conjugated double bonds (polyene) were
calculated using gmx sasa from the Gromacs package, whereas
distance and angle distributions were calculated using the
MDTraj library.32 Convergence was assumed when the time
series of the parameters of interest (i.e., SASA and
interchromophore distance) reached a plateau, which typically
took from 50 (in water phase) to 200−500 ns (in lipid
bilayers). Principal-component analysis (PCA) was performed
using an aggregated set of all tetramers’ simulations in DPPC
as training data, with the distribution-of-reciprocal-interatomic-
distances (DRID) featurizer of MSMBuilder employed to
transform the original Cartesian coordinates. All molecular
visualizations were prepared using VMD.33

■ RESULTS
We first investigated the molecular organization of AmB at the
two stages of direct delivery of the drug to lipid membranes.
Figure 1 shows a comparison of the absorption and
fluorescence spectra of AmB introduced in the form of a
DMSO solution into the buffer medium and into the
suspension of liposomes. The pronounced differences in the
spectra represent differences in the molecular organization of
the drug in both systems, primarily owing to the interaction of
AmB molecules with lipid membranes. The striking difference
is an intense absorption maximum in the short-wavelength
region (peaking at 332 nm) representing molecular aggregates
of AmB34 that are formed efficiently in the water phase but are
present at a relatively lower extent in the experimental system
containing lipid membranes. In order to analyze molecular
forms of AmB involved directly in interactions with lipid
membranes, we employed microscopic analyses of single
unilamellar lipid vesicles, based on fluorescence-lifetime
imaging (FLIM) and steady-state fluorescence-emission spec-
troscopy on a microscale. Figures 2−4 show FLIM images of
individual, AmB-containing GUVs formed with three lipids
(DPPC, DMPC, and POPC) and images of vesicles formed
with the same lipids but also containing 30 mol % sterols,
either Chol or Ergo, in order to model biomembranes of
human and fungal cells, respectively. Fluorescence-anisotropy
images are also presented, along with the fluorescence-lifetime
images, to reveal the orientation of AmB molecules with
respect to the plane of the lipid membrane.17 Detailed values of
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the average orientation of the transition dipole axis of AmB in
the lipid bilayers of all the systems studied, determined on the
basis of the fluorescence images,17 are presented in Table 1. As
can be seen from Table 1, the average orientation of the small
aggregated structures of AmB, represented by the relatively
short fluorescence-lifetime component (below 1 ns) in the
membranes formed with pure lipids is very close to the magic
angle (54.7°). This is consistent with the high orientational
freedom of the molecules and the lack of any distinguished
orientation of the AmB structures relatively weakly bound at
the membrane-surface layer, as strongly supported by our MD
simulations (see Figure 5 and discussion below) as well as
previous reports.17 Importantly, the presence of sterols in the
lipid phase is associated with a pronounced decrease in the
orientation angle of aggregated structures of AmB, a shift that
likely results from incorporation into the lipid phase. This is
again confirmed by our MD simulations in which AmB
molecules forming trimers and tetramers align themselves with
the membrane-normal axis, particularly in sterol-rich mem-
branes (see Figure 6), which is also in agreement with earlier
studies.17,25 This effect can also be clearly seen from the
distribution of spectral forms, giving rise to high fluorescence-
anisotropy values (Figures 2−4). Interestingly, the effect
observed in the case of Ergo is not as clearly pronounced in
the case of Chol, in particular in the membranes formed with

POPC (Table 1). In this case, the presence of a sterol even
shifts the average orientation angles of different spectral forms
toward higher values. Such an effect can be diagnostic for the
formation of molecular structures of the drug associated with
the lipid-membrane-headgroup region and adopting a lateral
orientation. Interestingly, the presence of sterols induced not
only reorientation of AmB molecules but also a reorganization
of molecular structures of the drug, as can be concluded on the

Figure 1. Absorption and fluorescence-emission spectra of AmB in
the buffer and in the liposome suspension. A solution of AmB in
DMSO was injected into the water phase (upper panel) or into a
suspension of giant unilamellar liposomes formed with DMPC (lower
panel). The experiment was performed and the spectra recorded at 25
°C, above the main phase transition of the lipid. The absorption
spectra were calculated as 1 minus the transmission (1 − T). All the
spectra presented were normalized at the maximum close to 400 nm.
The long-wavelength parts of the fluorescence-emission spectra are
also shown on a magnified scale. The positions of the selected
absorption and emission maxima are marked (presented in nanome-
ters).

Figure 2. Results of microscopic imaging of single lipid vesicles
composed of DPPC and containing amphotericin B. The images are
based on fluorescence lifetimes (upper row) and fluorescence
anisotropy (lower row). The three panels show liposomes formed
with pure DPPC, DPPC with 30 mol % Chol, and DPPC with 30 mol
% Ergo (indicated). The images represent an equatorial vesicle cross-
section in the focal plane of the microscope. Maximum fluorescence-
anisotropy values (displayed in red) on the left and right sides of the
liposomes represent the fraction of molecules perpendicular to the
membrane plane (e.g., in the cases of DPPC+Ergo and DPPC+Chol),
whereas the fractions oriented parallel to the membrane are
represented by red in the upper and lower portions of the liposome
images (e.g., in the case of pure DPPC).

Figure 3. Results of microscopic imaging of single lipid vesicles
composed of DMPC and containing AmB. The images are based on
fluorescence lifetimes (upper row) and fluorescence anisotropy (lower
row). Three panels show liposomes formed with pure DMPC, DMPC
with 30 mol % Chol, and DMPC with 30 mol % Ergo (indicated).
The images represent an equatorial vesicle cross-section in the focal
plane of the microscope. Maximum fluorescence-anisotropy values
(displayed in red) on the left and right sides of the liposomes
represent the fraction of molecules perpendicular to the membrane
plane (e.g., in the case of DMPC+Chol), whereas the fractions
oriented parallel to the membrane are represented by red in the upper
and lower portions of the liposome images (e.g., in the case of pure
DMPC).
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basis of differences in the average fluorescence lifetimes coded
by colors of FLIM images (Figures 2−4).
Further insight into the role of the lipid environment on the

molecular organization of AmB is provided by the detailed
analysis of the fluorescence-lifetime components of AmB in all
the experimental systems studied, as presented in Figure 7. The
uniform distribution of colors in the FLIM images recorded
from all the systems analyzed implies a homogeneous
distribution of the molecular-organization forms of AmB in
the lipid membranes formed with pure components and the
membranes modified with sterols. On the other hand, it has to
be mentioned that some images collected during our
experiments have shown the distinctive nanoscale structures
of AmB, characterized by short fluorescence lifetimes (below 1
ns) and assigned to aggregates, both in GUVs formed with
pure lipids and in GUVs formed with lipids modified with
sterols (Figure S2). Moreover, in the case of liposomes formed
with POPC, often one can observe the formation of relatively
large extramembranous structures characterized by short
fluorescence lifetimes and exceptionally high fluorescence-
anisotropy values (Figure 4 and S3). The fluorescence lifetimes
determined selectively in those nanostructures of AmB (0.6 ns)
do not correspond directly to the fluorescence-lifetime-value
diagnostic for AmB tetramers formed in the water phase (0.35
ns),35 which suggests that the structures observed (Figures S2

and S3) do not represent aggregates of AmB immobilized at
the liposome surface from the water phase but rather
multicomponent structures formed in situ and composed of
AmB and either lipids, sterols, or mixtures of lipids and sterols.
Such molecular-organization forms of AmB can represent
extramembranous supramolecular structures, referred to as
“sponges”, reported previously.12,17 The effect of sterols on the
molecular organization of AmB seems to be clearly manifested
by differences in fluorescence lifetimes. As can be seen, the
fluorescence-lifetime components resolved in the systems
composed of lipids differ not only in the amplitudes of
individual components but also in the fluorescence-lifetime-
component values in the systems composed of both lipids and
sterols (Figure 7). The short-lifetime component, assigned to
the aggregated forms of the drug (0.6 ns), appeared longer
than the structures formed in the water phase (0.35 ns),35

whereas the long-lifetime component assigned to the
antiparallel AmB dimer (6.8 ns)35 appeared even longer
upon binding to the lipid membrane (∼9 ns). The 1.8 ns
component represents a parallel dimer, and the 3 ns
components represent monomers35 (see Figure S4).

Figure 4. Results of microscopic imaging of single lipid vesicles
composed of POPC and containing AmB. The images are based on
fluorescence lifetimes (upper row) and fluorescence anisotropy (lower
row). Three panels show liposomes formed with pure POPC, POPC
with 30 mol % Chol, and POPC with 30 mol % Ergo (indicated). The
images represent an equatorial vesicle cross-section in the focal plane
of the microscope. See for Figure 3 further explanations. Notice the
presence of the extramembranous AmB structure, visible in the case of
pure POPC and characterized by low fluorescence lifetimes
(appearing in blue) and high fluorescence anisotropy (appearing in
red).

Table 1. Orientation of the Transition Dipole of Amphotericin B in Different Molecular-Organization Forms with Respect to
the Axis Normal to the Plane of the Lipid Membranesa

orientation angle [°]

composition DPPC
DPPC +
Ergo

DPPC +
Chol DMPC

DMPC +
Ergo

DMPC +
Chol POPC

POPC +
Ergo

POPC +
Chol

tetramer or trimer 56.6 ± 3.7 47.5 ± 4.8 51.0 ± 5.2 54.0 ± 1.6 42.7 ± 2.3 49.5 ± 5.8 56.7 ± 3.0 47.8 ± 3.8 59.3 ± 5.6
dimer, parallel 58.8 ± 4.6 49.8 ± 5.3 46.9 ± 4.3 46.8 ± 1.4 56.9 ± 2.6 43.6 ± 6.9 53.0 ± 3.3 47.2 ± 2.2 58.6 ± 6.7
monomer 57.0 ± 4.0 50.9 ± 3.8 46.9 ± 5.6 54.8 ± 3.5 57.3 ± 4.7 58.4 ± 3.7 56.4 ± 3.2 49.5 ± 6.7 56.9 ± 4.6
dimer, antiparallel 57.3 ± 4.7 48.1 ± 7.8 51.9 ± 5.2 56.5 ± 3.9 56.6 ± 5.4 60.4 ± 2.5 53.7 ± 4.1 46.8 ± 1.8 58.0 ± 5.3

aThe results are the arithmetic means ± SD from three to nine determinations based on individual liposomes.

Figure 5. Orientation of AmB oligomers in the vicinity of the
membrane surface. The figure depicts the equilibrium orientational
distribution of AmB polyol moieties with respect to the membrane
normal (z-axis) in a system where a single AmB tetramer was placed
in the water phase close to the membrane surface. The orientations
assumed by the molecule are close to uniform, as indicated by the
good agreement between the actual distribution (green) and the ideal
uniform one (black). Horizontal orientations (close to 90°) can be
additionally favored by the excluded volume effect as a result of the
confinement of an elongated molecule between the membrane surface
and its periodic image.
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To additionally dissect contributions corresponding to
vertically and horizontally orientated drug molecules, we
exploited the photoselection effect to separately record
fluorescence-emission spectra from single liposomes formed
with different lipids in the regions representing AmB fractions
oriented parallel and perpendicular to the membrane normal,
as presented in Figure 8. As can be seen, the spectra
representing both fractions are very similar in the cases of
DPPC and DMPC, which corroborates a heterogeneous and
broad distribution of orientation angles of AmB in pure-lipid
systems without sterols. The changes observed in the case of
the membranes formed with POPC are consistent with
heterogeneous orientations of different spectral forms
representing supramolecular structures of AmB in this system,
even without sterols (Figure 8C). The principal fluorescence
maximum, visible in all the spectra at ∼460 nm, represents
most probably the (0−0) emission from the lowest electronic
singlet excited band (S1, 21Ag, see Figure S4).

35 Fluorescence
emissions originating from this energy level correspond mostly
to monomeric AmB35 but can also represent different
molecular-organization forms of AmB, giving rise to excitonic
levels localized above S1 on the energy scale, providing highly
efficient relaxation to the lowest excited state. The differences
in the shapes of the emission spectra recorded in individual
lipids represent, most probably, differences in the fractions of
various molecular-organization forms in those systems (see
Figure 7). The striking difference between the fluorescence-

emission spectra of AmB recorded in other solvents and
systems (e.g., refs 35 and 36) and those recorded directly from
molecules associated with lipid membranes formed with pure
lipids is the lack of the long-wavelength bands in the spectra
recorded in the present study. This shows that large aggregated
structures, giving rise to low-energy-emission bands, are not
associated with lipid membranes, remain in the water phase, or
are effectively dissolved in the lipid phase.
The most pronounced differences between the fluorescence-

emission spectra of AmB located in the plane and those located
perpendicular to the membrane plane can be observed in the
case of lipids modified with sterols (see Figures 9 and 10). The
molecular structures of AmB formed in the Ergo-containing
membranes give rise to spectral bands that are, in general,
shifted toward longer wavelengths (see Figure 9). In this
respect, a band between 460 and 550 nm is representative; it is
particularly enhanced in Ergo-containing membranes formed
with DPPC (Figure 9D) and POPC (Figure 9F). A
fluorescence-lifetime component of 0.6 ns, dominant in this
system (Figure 7), represents the kinetics of de-excitation of
AmB in this particular molecular-organization form. On the
other hand, the incorporation of AmB into lipid membranes
formed with the same lipid but modified with Chol (DPPC

Figure 6. Orientation of AmB molecules in membrane-embedded
oligomers. Tilt-angle distributions of polyene moieties are shown for
AmB oligomers (trimers and tetramers) embedded in bilayers of
different compositions: 30% Ergo, 30% Chol, or sterol-free with either
DMPC or DPPC as the main bilayer component. The sterol-induced
ordering effect is clearly visible and slightly stronger with Chol than
with Ergo. Also, ordering is more pronounced for tetramers than for
trimers, suggesting that higher oligomers can be more rigidly oriented
in the membrane. The tilt angle is defined as the angle between the
longest axis of the macrolide ring and the membrane normal (z-axis).

Figure 7. Distribution of relative fluorescence-lifetime amplitudes of
AmB in liposomes of different compositions. Four fluorescence
lifetimes were resolved, 0.6, 1.8, 3.0, and 9.0 ns, and have been
assigned to AmB small aggregates (indicated), parallel dimers
(Dimer_P), monomers, and antiparallel dimers (Dimer_AP) on the
basis of the literature data.35 Liposomes were formed with DMPC
(upper panel), DPPC (middle panel), or POPC (lower panel) and
with pure lipids or with lipids also containing 30 mol % cholesterol
(Chol) or ergosterol (Ergo). The results represent the arithmetic
means ± SD from 7 to 15 experiments.
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+Chol) results in the formation of molecular structures
characterized by the short-wavelength fluorescence-emission
band between 416 and 455 nm, which almost as intensive as
the band attributed to the S1−S0 transition with a maximum at
460 nm (Figure 10D), at the expense of the molecular forms
characterized by the long-wavelength fluorescence emission
and assigned to small AmB aggregates (see Figure S4). The
particularly low concentration of aggregated structures of AmB

in the DPPC membranes containing Chol also can be directly
concluded from the low relative amplitude of the fluorescence-
lifetime component (τ = 0.6 ns, see Figure 7). The long-
wavelength spectral forms that are particularly abundant in the
DPPC−Ergo system are preferentially oriented perpendicular
with respect to the membrane plane (Figure 9D). Interestingly,
very little changes can be observed in the spectra representing
vertically oriented AmB in the POPC membranes modified

Figure 8. Fluorescence-emission spectra recorded from single AmB-containing liposomes. Liposomes were formed with (A) DMPC, (B) DPPC, or
(C) POPC. In each case, two spectra were recorded from the places marked in the scheme presented in the inset, representing fractions of
molecules oriented perpendicular (⊥) or parallel (||) with respect to the membrane plane as a result of photoselection.17 The fluorescence spectrum
recorded from an extramembranous AmB structure is also presented in panel C.

Figure 9. Fluorescence-emission spectra recorded from single AmB-
containing liposomes. Liposomes were formed with DMPC (upper
panels), DPPC (middle panels), or POPC (lower panels) and with
pure lipids (solid lines) or with the addition of 30 mol % Ergo
(dashed lines). The portions of the liposomes at which the spectra
were recorded are marked in the insets.

Figure 10. Fluorescence-emission spectra recorded from single AmB-
containing liposomes. Liposomes were formed with DMPC (upper
panels), DPPC (middle panels), or POPC (lower panels) and with
pure lipids (solid lines) or with the addition of 30 mol % Chol
(dashed lines). The portions of the liposomes at which the spectra
were recorded are marked in the insets.
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Figure 11. Conformational ensembles of AmB oligomers. (A) Side (left) and top (right) views of the ensembles of chromophore conformations
depicting the conformational heterogeneity observed in the MD simulations of the AmB tetramers in DPPC with 30% Ergo, with 30% Chol, or
without sterols. AmB molecules in a tetramer can be seen to twist around each other in either right- or left-handed directions (see, for example,
DPPC+Chol). (B) Principal-component analysis (PCA) of tetramer structures in bilayers of different compositions (see the Experimental Methods
for details). (C) Representative structures corresponding to the extreme clusters revealed by the PCA analysis, marked as 1, 2, and 3 in panel B.
Side and top views are shown, with the chromophore (polyene moiety) marked in black.
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with Chol (Figure 10F). Such an effect suggests relatively
broad orientational distribution both in the system without and
in the system with the sterol. A very similar conclusion was
drawn above on the basis of the fluorescence-detected linear
dichroism data presented in Table 1.
By interpreting fluorescence-lifetime components and differ-

ences in the shapes of the recorded emission spectra in the
context of individual oligomeric states, we implicitly assume
that these signals represent differences in the molecular
organization of the drug and not different dynamically
switching conformations of the individual oligomeric states.
To test this assumption, we used MD simulations to
investigate the dynamics of AmB tetramers embedded in the
DPPC bilayer, as shown in Figure 11. When projected on the
plane of the greatest structural variability, the obtained
ensemble of oligomers in different membrane systems can be
seen to span a narrow and overlapping space of possible
conformations. This result strongly suggests that there is no
consistent variability in the structural properties of the
membrane-bound oligomers, indicating that the variation in
the observed FLIM data indeed reflects different stoichiometry
of oligomers and not different conformations of the same
oligomeric state.
At the same time, the structural ensemble (and hence the

observed fluorescence pattern) is not solely determined by the
oligomeric state but also by the medium in which oligomers
form. For this reason, we resolved the structural differences
between small AmB oligomers located in the water phase and
the bilayer by simulating the dynamics of AmB tetramers in
both environments and subsequently analyzing the equilibrium
distributions of both the interchromophore distances and

solvent-accessible surface areas (SASAs) of the chromophores.
The results, presented in Figure 12, consistently showed that
tetramers in water have lower SASAs and lower mean
interchromophore distances than those in either pure DMPC
or DMPC−sterol systems, except for the 2−2 arrangement,
which failed to equilibrate fully within the simulation time
scale (the time series did not reach a plateau). This overall
trend can be easily explained by the amphipathic structure of
AmB, which causes the polyol part to move outward in water
and the polyene part to be exposed to the environment in a
bilayer. The presence of such a transition is also consistent
with the experimentally observed shift toward longer
fluorescence lifetimes upon insertion in the membrane.
Combined, these experimental and simulational data provide

further support for the intramembrane localization and vertical
orientation of supramolecular structures of AmB in the sterol-
containing membranes.17 The fact that such structures have
been assigned, on the basis of the results of orientation
analysis, as adopting the in-membrane localization has two
important implications. The first one is that potentially, such
structures can be involved in facilitating the leaking of small
ions through the membrane. The second implication is that
AmB structures localized within the membranes affect the
structural properties of lipid bilayers. In fact, such a mechanism
can be very clearly visible from an analysis of the results of
differential-scanning calorimetry (DSC). Figures 13 and S5
present the thermograms of different lipid systems modified
with sterols and AmB. The general conclusion from the results
of the DSC analyses is that the presence of AmB shifts the
main phase transition considerably toward higher temperatures
in the case of pure-lipid systems (with both DMPC and

Figure 12. Changes in the structural properties of AmB tetramers upon transfer from the water to the lipid environment. Distributions of (A) the
solvent-accessible surface areas (SASAs) of the polyene moieties and (B) the interchromophore distances for AmB tetramers in the water phase and
in sterol-free (DMPC) and sterol-rich (DMPC+Ergo) bilayers. Three different tetramer arrangements are considered: all parallel (4−0), one
antiparallel to three others (3−1), and two pairs of molecules in opposite directions (2−2). In all cases, a similar trend is visible: in water, the
chromophores tend to cluster close together (hence their low SASAs and low interchromophore distances), whereas in the membrane, they face
outward toward the hydrophobic-bilayer core (high SASAs and high interchromophore distances).
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DPPC) but shifts the phase-transition temperature in the
opposite direction and almost abolishes the phase transition in
lipid systems containing sterols. Qualitatively, very similar
effects from AmB on the phase transition of DPPC membranes
have been observed previously in AmB and sterol-containing
liposomes formed from the component mixtures.37 Such an
observation is consistent with the model, according to which
AmB molecular structures are anchored in the polar membrane
zone, most probably via a hydrogen-bond network, in the case
of pure-lipid systems. The same structures can adopt the in-
membrane location in the presence of sterol in the lipid phase.
Such a localization results apparently in a dramatic disturbance
of the lipid-bilayer structure, manifested by the critical decrease
in cooperativity of the phase transition.

■ DISCUSSION
Fluorescence-emission- and fluorescence-lifetime-based anal-
yses were applied to analyze the molecular organization and
localization of the polyene antibiotic AmB in a single lipid
membrane and to image the distribution of the drug in such a
system. An approach based on microscopic imaging on the
nanoscale provides solid ground for analysis of molecular
mechanisms associated with the effect of AmB directly on lipid
membranes. This is due to the fact that molecules of the drug
present in the samples but not interacting directly with lipids
(e.g., in the water phase) did not interfere with the analysis of
individual lipid-membrane structures. As can be seen from the
analysis of the absorption spectra of the liposome suspension
(Figure 1), molecules of AmB form molecular aggregates in the
water phase. The position of the most blue-shifted absorption
maximum at 332 nm suggests that the pool of aggregated
forms of AmB may be constituted, to a large extent, of
tetramers characterized by the main absorption band at 335
nm and a fluorescence lifetime of τ = 0.350 ns.35 Interestingly,
the fluorescence-emission component characterized selectively
by this fluorescence lifetime has not been identified in the
analyses of all the individual liposomes. This result indicates
that this particular molecular-organization form of AmB,

present in the water phase, undergoes reorganization while
interacting with lipid membranes, as was indeed confirmed by
our molecular simulations. Interestingly, another relatively
short fluorescence-lifetime component can be resolved (0.6 ns)
in particular in the samples demonstrating low-energy
fluorescence-emission bands (see Figures 7 and 9). It is highly
probable that this long-wavelength fluorescence-emission band,
characterized by the short-lifetime component, represents
small aggregates of AmB, readily formed as hybrid structures
with other constituents of the membranes. Such a conclusion
corroborates the fact that the large aggregated structures
formed with pure AmB and giving rise to the absorption band
in the region of 330 nm are not present in the absorption
spectra of the liposome suspension (Figure 1, lower panel).
The main absorption bands in the liposome-suspension
spectrum, centered at 341 and 388 nm, correspond very well
to the high excitonic bands previously assigned to the parallel
(340 nm) and antiparallel (388 nm) dimers of pure AmB35

(see also Figure S4). The results of the fluorescence-lifetime
analysis (Figure 7) confirm the presence of the spectral forms
characteristic for those structures: parallel dimers (1.8 ns) and
antiparallel dimers associated with membranes (9.0 ns). The
differences in the fluorescence-lifetime components observed
in the sterol-containing systems imply that sterols do not only
change the distribution of AmB molecules between the
molecular-organization forms but also influence the molecular
organization of the drug, very likely via the formation of
heterocomplexes with AmB and therefore by affecting the
distances between the chromophores. This conclusion is again
supported by our simulations, which show the high structural
similarity between oligomers formed in different types of
membranes. Combined analysis of the results of the
fluorescence lifetimes and molecular orientations of AmB
leads to the conclusion that the presence of sterols in the lipid
phase of liposomes promotes the incorporation of small
aggregates into the membranes (see the scheme in Figure 14).
Such a mechanism seems to have a significant biological
consequence for two basic reasons. The first one is the
presence of a molecular structure inside the membrane,
through which the process of uncontrolled ion transport may
be facilitated. This sterol-induced ordering of AmB oligomers
along the bilayer normal, observed in our simulations, should
indeed facilitate ion leakage by stabilization of the trans-
membrane pore formed by the drug molecules. The second
reason is directly related to the effects of the physical
properties of the lipid phase, in particular in the membranes
containing sterols, as manifested by the complete loss of the
cooperativity of the main phase transition, visible in the DSC
experiments (Figures 13 and S5). This suggests that small
molecular aggregates of AmB can be primarily responsible for
the biological activity of this drug, via the disintegration of
Ergo-containing fungal biomembranes and via effects on the
Chol-containing biomembranes of a human. Fortunately for
the antibiotic selectivity toward fungi, the presence of Ergo
promotes the formation of small aggregates of AmB in the
environment of lipid membranes, in contrast to the effect of
Chol, which apparently acts in the opposite direction (see
Figure 7). This effect is particularly pronounced in the model
membranes formed with DPPC and POPC (Figure 6). The
thicknesses of the hydrophobic cores of the lipid bilayers
formed with DPPC and POPC (∼3 nm)38,39 are comparable
to the thicknesses of the hydrophobic cores of most
biomembranes (∼3 nm).40 Such an agreement makes this

Figure 13. DSC thermograms of liposomes. Liposomes were formed
either with pure DPPC or with DPPC containing 10 mol % Ergo
(DPPC+Ergo) and scanned as controls or exposed to interaction with
AmB (DPPC+AmB or DPPC+Ergo+AmB). The results of the
examination of the same systems but containing 30 mol % Ergo or
Chol are shown in Figure S5.
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system well suited to model the interaction of AmB with the
lipid phase of natural membranes. The fact that tetramers of
AmB and other small aggregates characterized by relatively fast
fluorescence decay (τ = 0.6 ns), such as trimers, are
preferentially formed in the presence of Ergo suggests the
direct presence of the molecules of this particular sterol in the
molecular structures observed. Although the spectroscopy and
optical-microscopy data may not precisely address the problem
of the stoichiometry of such heterocomplexes formed with
AmB and Ergo, the results strongly indicate such a possibility.
Taking into consideration the results of the present study,

one can conclude that formulations of the antibiotic AmB with
minimized toxicity to patients but retained pharmacological
activity toward fungi shall be composed of dimers of the drug
that are incapable of forming higher aggregates. Such
requirements can be satisfied, for example, in antibiotic-
delivery systems based on Chol-containing liposomes formed
with DPPC or POPC (see Figure 7). In this respect, it is worth
mentioning that Chol was found to markedly reduce ion
permeability induced by membrane-bound AmB.41

Interestingly, the formation of relatively large extramem-
branous AmB structures has been observed in the model
membrane systems, in particular with an unsaturated lipid
(POPC, Figures 4 and S3). The fluorescence lifetime
determined for AmB in such structures (∼0.6 ns) was different
from that of aggregates of the drug formed in the water phase
(0.35 ns), which implies that lipid molecules are involved in
the formation of such structures. Moreover, the AmB-
orientation data (Table 1) suggest that in the case of the
Chol-containing membranes, the sterol influences the for-
mation of molecular assemblies of AmB, which are not bound
into the hydrophobic membrane core. This implies that one of

the possible mechanisms of toxicity of the antibiotic can be
based directly upon binding, reorientation, and relocation of
Chol molecules in biomembranes (see Figure 14).
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