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Interaction of the Macrolide Antibiotic Azithromycin with Lipid Bilayers:
Effect on Membrane Organization, Fluidity, and Permeability
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Purpose. To investigate the effect of a macrolide antibiotic, azithromycin, on the molecular organization
of DPPC:DOPC, DPPE:DOPC, SM:DOPC, and SM:Chol:DOPC lipid vesicles as well as the effect of
azithromycin on membrane fluidity and permeability.
Methods. The molecular organization of model membranes was characterized by atomic force micros-
copy (AFM), and the amount of azithromycin bound to lipid membranes was determined by equilibrium
dialysis. The membrane fluidity and permeability were analyzed using fluorescence polarization studies
and release of calcein-entrapped liposomes, respectively.
Results. In situ AFM images revealed that azithromycin leads to the erosion and disappearance of DPPC
and DPPE gel domains, whereas no effect was noted on SM and SM:cholesterol domains. Although
azithromycin did not alter the permeability of DPPC:DOPC, DPPE:DOPC, SM:DOPC, and
SM:Chol:DOPC lipid vesicles, it increased the fluidity at the hydrophilic/hydrophobic interface in
DPPC:DOPC and DPPE:DOPC models. This effect may be responsible for the ability of azithromycin
to erode the DPPC and DPPE gel domains, as observed by AFM.
Conclusions. This study shows the interest of both AFM and biophysical methods to characterize the
drug-membrane interactions.
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INTRODUCTION

In the past two decades there has been considerable ad-
vance in our knowledge of membrane structure. The fluid
mosaic model of Singer and Nicolson (1) has had great heu-
ristic value in thinking about membrane topology (2). In this
model, both proteins and lipids are free to diffuse in the bi-
layer, implying a random organization of protein and lipid.
However, experimental evidence in diverse types of mem-
branes and for several protein entities and lipids indicates that
they may be organized in domains (3–6). The concept of the
organization of the lipid components of membranes into do-
mains raises, however, several questions. In a pharmaceutical
context, one important question is to know if amphiphilic or
lipophilic drugs preferentially partition and segregate into
specific domains, and may such unique partitioning predicate
specific functional effects?

Earlier, a number of drugs have been described to alter
lipid order and domain formation. Examples include anes-
thetics (7,8), cyclosporine (9), steroids (10), trifluoroperazine
(11), and antibiotics like aminoglycosides (12) or macrolides
(azithromycin) (13). This latter compound was also shown to

markedly inhibit endocytosis (14,15), probably by interacting
with lipids, modifying biophysical properties of membrane
and affecting membrane dynamics in living cells (13).

In recent years, atomic force microscopy (AFM) has
been used for characterizing the structural properties of sup-
ported lipid films in terms of molecular structure, lipid do-
main formation, and interaction with external pharmaceutical
agents (16–18). AFM is a powerful tool for probing biological
specimens at high resolution (19). Because the technique can
be operated in aqueous solutions, the samples can be exam-
ined directly under physiologic conditions.

In this study, using AFM imaging, we investigated the
effect of azithromycin on the molecular organization of model
membranes of DPPC:DOPC, DPPE:DOPC, SM:DOPC, and
SM:Chol:DOPC. In parallel, we gained data by equilibrium
dialysis and fluorescence polarization studies on the amount
of the drug bound to lipid membranes and its effect on mem-
brane fluidity. Because difference in lateral membrane orga-
nization can lead to instabilities and structure defects in the
boundary regions, which would be expected to cause in-
creased permeability, we also investigated the effect of azith-
romycin on the release of calcein entrapped in liposomes as a
reflect of membrane permeability. We showed that the influ-
ence of the drug on lipidic domains strongly depends on the
lipid nature. Azithromycin is able to erode gel domains of
DPPC and DPPE domains embedded in a fluid DOPC ma-
trix. By contrast, SM-containing domains are not eroded in
the same conditions. Absence of effect on membrane fluidity
at the hydrophobic/hydrophilic interface and/or partial exclu-

1 Unité de Chimie des Interfaces, Université Catholique de Louvain,
B-1348 Louvain-la-Neuve, Belgium.

2 Unité de Pharmacologie Cellulaire et Moléculaire, Université Ca-
tholique de Louvain, B-1200 Brussels, Belgium.

3 To whom correspondence should be addressed. (e-mail: mingeot@
facm.ucl.ac.be)

Pharmaceutical Research, Vol. 22, No. 3, March 2005 (© 2005)
DOI: 10.1007/s11095-004-1885-8

465 0724-8741/05/0300-0465/0 © 2005 Springer Science+Business Media, Inc.



sion of the drug could explain the inability of azithromycin to
erode the SM-containing domains.

MATERIALS AND METHODS

Azithromycin was supplied as dihydrate free base (Mw

785) by Pfizer (Groton, CT, USA). Azithromycin is sparingly
soluble in water at pH � 7.4. A stock solution was prepared
by dissolving 22.5 mg of the free base in 1 ml 0.1 M HCl (28.6
mM) and was diluted in Tris:NaCl 10:100 mM pH 7.4 buffer
to a final concentration of 0.79 mg/ml (1 mM). Glycerophos-
pholipids (dioleoylphosphatidylcholine [DOPC], dipalmitoyl
phosphatidylcholine [DPPC], dipalmitoylphosphatidyletano-
lamine [DPPE]), sphingolipid (sphingomyelin from bovine
brain [SM]), cholesterol (Chol), calcein, and mellitin were
purchased from Sigma (St. Louis, MO, USA). Tris (Tris-hy-
droxymethyl-aminomethan), NaCl (sodium chloride), and
CaCl2 · 2H2O (calcium chloride dihydrate) were purchased
from Merck (Darmstadt, Germany). Diphenylhexatriene
(DPH) and trimethylammoniumdiphenylhexatriene (TMA-
DPH) were obtained from Molecular Probes (Eugene, OR,
USA).

Preparation of Liposomes (SUVs)

Small unilamellar vesicles (SUVs) consisting of DOPC,
DPPC:DOPC (1:1; mol:mol), DPPE:DOPC (1:1; mol:mol),
SM:DOPC (1:1; mol:mol), or SM:Chol:DOPC (1:1:1; mol:
mol:mol) were prepared as follows. Lipids were mixed in
CHCl3:MeOH 2:1 (v:v), evaporated under nitrogen flow, and
dessicated under vacuum for 2 h. The dried films were then
resuspended at room temperature from the walls of the glass
tube by vigorous vortexing either in Tris:NaCl buffer 10:100
mM, pH 7.4 for quasi-elastic light scattering, equilibrium di-
alysis, fluorescence polarization, and permeability studies or
in Tris:NaCl:CaCl2.2H2O buffer 10:100:3 mM, pH 7.4 for
AFM studies. The final concentration of lipids was 10 mg/ml
for AFM and equilibrium dialysis, 2 mg/ml for permeability
studies, 0.5 mg for quasi-elastic light scattering analysis, and
0.2 mg/ml for fluorescence polarization studies. The prepara-
tion, cooled by an ice bath, was sonicated to clarity 5 times for
2 min each using a Fisher Bioblock Scientific 750 W sonicator
(Avantec, Illkirch, France) set at 35% of the maximal power,
and a 13 mm probe. The SUVs preparation was filtered on
0.2-�m Acrodisc filters to eliminate titanium particles.

Quasi-elastic Light Scattering Studies

The apparent average diameter of small unilamellar
vesicles was determined at room temperature by quasi-elastic
light scattering spectroscopy using a Coulter Nano Sizer
N4MD (Coulter Electronics Ltd, Luton, UK), as described
earlier (20). The liposomes concentration was set at 0.5 mg/ml.

Fluctuation of light scattering was measured at an angle
of 90 degrees with monodisperse latex particles of 100 and
800 nm diameter as control. Data were analyzed using size
distribution analysis mode to determine the full size distribu-
tion profile of liposomes mixed with azithromycin.

Atomic Force Microscopy

Mica sheets were heated 1 h before the fusion at 60°C
and cleaved to obtain a flat and uniform surface. The SUV

suspension, was put into contact with the mica surface for
45 min at 60°C and the sample was slowly cooled back to
ambiant temperature to prevent thermal shock. The excess of
SUVs was then eliminated by 4 times rinsing with a Tris:NaCl
10:100 mM buffer or solution containing 1 mM azithromycin.
The sample was installed on the microscope without dewet-
ting. The liquid meniscus was completed with the same buffer.
All AFM measurements were carried out at room tempera-
ture in contact mode using an optical detection system
equipped with a liquid cell (Nanoscope III; Digital Instru-
ments, Santa Barbara, CA, USA). Topographic images were
taken in the constant-deflection mode using oxide-sharpened
microfabricated Si3N4 cantilevers (Park Scientific Instru-
ments, Mountain View, CA, USA) with typical curvature ra-
dii of 20 nm and spring constant of 0.01 and 0.03 N/m. Scan
rate ranging from 3 to 5 Hz were tested. The applied force was
maintained as low as possible (<1 nN) during the imaging.

Equilibrium Dialysis Studies

Binding of azithromycin to SUVs prepared in Tris:NaCl
10:100 mM pH 7.4 was investigated by equilibrium dialysis
using a Dianorm apparatus (Dianorm Geraäte, Munchen,
Germany), consisting of sets of 200 �l twin cells made of
Teflon and separated by a Diachema flat dialysis membrane
(Mr cutoff: 5000) as described earlier (20). The drug was in-
troduced in one chamber at a 120 �M concentration (Dinitial),
and SUVs in the other chamber at a total lipid concentration
of 10 mg/ml. Dialysis was performed overnight at room tem-
perature under constant rotation (5 rpm) (control experi-
ments showed that equilibrium dialysis was achieved after
3 h). In the chamber containing no SUVs, azithromycin was
assayed after dialysis (Dfinal � Dfree) by a disk-plate micro-
biological assay using Bacillus subtilis. The concentration of
the drug in the chamber containing liposomes (Dfree + Dbound

[(Dtotal])) was calculated as Dinitial – Dfree.

Fluorescence Polarization Studies

Fluorescence polarization studies were performed on
SUVs prepared in Tris:NaCl 10:100 mM pH 7.4 buffer, at a
final concentration of 0.2 mg/ml. Incorporation of fluorescent
markers (at a molar ratio to the lipids of 1:250) was obtained
by a vigorous mixing followed by a preincubation at 37°C
during 1 h. Two markers with distinct localization in the lipid
bilayer were used for comparison (diphenylhexatriene [DPH]
a totally hydrophobic probe, which penetrates deeply into the
membrane, and trimethylammoniumdiphenylhexatriene
[TMA-DPH], which spans the hydrophilic/hydrophobic inter-
face because of its amphiphilic character (21–23).

SUVs were mixed with azithromycin, incubated at 37°C
for 1 h, brought to 60°C in 15 min, and maintained at that
temperature during 5 min for stabilization before starting the
measurements. The fluorescence emitted in the planes paral-
lel (Ipar) and perpendicular (Iper) to that of the polarized
excitation light was then measured while the samples were
cooled to 10°C at a rate of 50°C/h. Results are expressed as
P � (Ipar − Iper)/(Ipar + Iper). Fluorescence was measured on
a LS-50 Perkin-Elmer fluorimeter (Perkin-Elmer, Beacons-
field, UK), equipped with a special adaptator for polarization
measurements, and operating at an excitation wavelength of
365 ± 5 nm (for DPH) or 360 ± 5 nm (for TMA-DPH) and an
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emission wavelength of 427 ± 3 nm (for DPH) or 435 ± 4 nm
(for TMA-DPH). The sample was kept under gentle stirring
throughout the experiment, and its temperature was continu-
ously monitored by a sensor placed into the measuring unit
coupled with a programmable circulator bath DC5 (Haake,
Karlsruhe, Germany).

Release of Calcein-Entrapped in Liposomes

Leakage of entrapped, self-quenched-calcein from SUVs
was monitored by the increase of fluorescence subsequent to
dilution (24). The dry lipid films were hydrated to a final lipid
concentration of 2 mg/ml in a solution of purified calcein. The
final solution had an osmolarity of 353 mosm/kg (measured
by the freezing point technique [Advanced Cryomatic os-
mometer, model 3C2, Advanced Instruments Inc., Needham
Heights, MA, USA]). After the preparation of vesicles, the
unencapsulated dye was discarded using the minicolumn cen-
trifugation technique of Lelkes as described previously (25).
The recovery of liposomes was determined by measuring
their phospholipid content, using phosphorus assay (26) and
was typically >90%. The liposomes were diluted to a final
lipid concentration of 50 �M in isoosmotic Tris buffer pH 7.4
(353 mOsm/kg). Azithromycin (7 �M), or melittin, used as
positive control, were added to the liposomes. The mixture
was vortexed for 20 s and the first fluorescence determination
was made 1 min after addition of the drug. All fluorescence
determinations were performed at room temperature on a
Perkin Elmer LS 30 Fluorescence Spectrophotometer (Per-
kin-Elmer Ltd.) using excitation and emission wavelengths of
472 nm and 516 nm, respectively. The percentage of calcein
released under the influence of azithromycin (or mellitin) was
defined as [(Ft − Fcontr)/(Ftot − Fcontr)] × 100, where Ft is the
fluorescence signal measured at time (t) in the presence of the
drug, Fcontr is the fluorescence signal measured at the same
time in the control liposomes, and Ftot is the total fluores-
cence signal obtained after complete disruption of liposomes
by ultrasound (verified by quasi-elastic light scattering) which
caused complete release of calcein.

RESULTS

Size of the Liposomes

Previous to the study of the effect of azithromycin on the
membrane organization, fluidity, and permeability, we inves-
tigated by quasi-elastic light scattering the size and the ho-
mogeneity of the different liposomes used (DOPC, DPPC:
DOPC, DPPE:DOPC, SM:DOPC, and SM:Chol:DOPC)
(Table I). The results showed no major effect of the compo-
sition on the apparent diameter and homogeneity of the

preparation. The obtained ∼80–90 nm size is somewhat larger
than what is typically expected for SUV liposomes, but this
may be accounted by the fact that this type of measurement is
strongly influenced by the presence of a small number of large
particles.

Effect of Azithromycin on Membrane Organization

AFM was used to investigate the morphology of mixed
DPPC:DOPC, DPPE:DOPC, SM:DOPC, and SM:Chol:DOPC
bilayers in the absence and presence of azithromycin. Figure
1 shows that, in the absence of azithromycin, all bilayers dis-
played two discrete height levels in the topographic images
reflecting phase separation between solid-like DPPC, DPPE,
SM, and SM:Chol domains and liquid-like DOPC. The DPPC
gel domains were well defined and homogenous, with a size
ranging from 150 nm to 1.5 �m (Fig. 1A). The height differ-
ence between DPPC domains and the fluid DOPC matrix was
1.10 ± 0.05 nm. As opposed to DPPC, DPPE gel domains
appeared as interconnected features with variable morpholo-
gies (Fig. 1B), the height difference between gel and fluid
phase ranging from 0.80 to 1.20 nm. The SM:DOPC system
showed the smallest domains, their average size being in the
50–500 nm range (Fig. 1C). The height difference between gel
and fluid phases was 0.85 ± 0.03 nm. Finally, when cholesterol
was added to SM:DOPC bilayers, a 10-fold increase in the
cholesterol-rich domain size was noted, compared to SM:
DOPC bilayers, while the height difference between the two
phases was similar (0.85 ± 0.05 nm) (Fig. 1D).

Scanning lipid films with the AFM tip may alter the im-
age contrast or create artificial features that were not initially
present in the bilayer (27,28). To assess whether such alter-
ations may occur in our systems, the same areas were scanned
during 1 h while minimizing continuously the applied force.
After 60 min scanning, the morphology of the DPPC, SM, or
SM:Chol domains remained unchanged while the DPPE do-
mains disappeared from the scanned area, suggesting they
were much more fragile than the other domains (data not
shown).

New supported bilayers, prepared from the different
lipid mixtures, were then directly incubated with a 1 mM
azithromycin solution. At short contact time (Figs. 2 A and
C, 3 A and C), the morphology of DPPC:DOPC, DPPE:DOPC,
SM:DOPC, and SM:Chol:DOPC bilayers was not or slightly
modified compared to the native bilayers.

In contrast, after 60 min, the morphology was strongly
affected, and this effect was influenced by the nature of the
lipid. A complete disappearance of DPPC and DPPE do-
mains from the scanned area (Fig. 2 B and D) was observed,
whereas SM and SM:Chol domains remained totally un-
changed in the presence of azithromycin (Fig. 3 B and D).

Table I. Size of Liposomes as Determined by Quasi-elastic Light Scattering

Composition

DOPC
DOPC:DPPC
(1:1 mol:mol)

DOPC:DPPE
(1:1 mol:mol)

DOPC:SM
(1:1 mol:mol)

DOPC:Chol:SM
(1:11 mol:mol:mol)

Diameter 85 nm (95%) 70 nm (94%) 89 nm (92%) 87 nm (93%) 88 nm (91%)
(Percentage) 341 nm (5%) 384 nm (6%) 387 nm (8%) 350 nm (7%) 703 nm (9%)
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Binding of Azithromycin to Liposomes

Binding of azithromycin to small unilamellar vesicles
made of the different lipid mixtures investigated was mea-
sured by equilibrium dialysis at pH 7.4 (Fig. 4).

At an initial drug concentration of 120 �M, 9.12% ± 1.00
of azithromycin bound to SUVs composed of pure DOPC. In
the case of a DPPC:DOPC mixture, the bound fraction in-
creased up to 11.64% ± 0.77. Replacing DPPC by DPPE or
SM slightly decreased the bound fraction to 9.87% ± 1.12 and
8.86% ± 0.75, respectively. Finally using a ternary mixture
constituted of SM:Chol:DOPC 1:1:1, only 6.24% ± 1.60 of
azithromycin bound to SUVs. This binding corresponded to a
molecular ratio between lipid and azithromycin of 1162:1
(DOPC), 942:1 (DPPC:DOPC), 1142:1 (DPPE:DOPC), 1240:
1 (SM:DOPC), and 635:1 (SM:Chol:DOPC).

Effect of Azithromycin on Membrane Fluidity

To investigate the influence of azithromycin on mem-
brane fluidity, we examined its effect on the fluorescence
polarization of 1,6-diphenylhexatriene (DPH) (Fig. 5, left

panels) and of its protonated derivative, trimethylammonium
diphenylhexatriene (TMA-DPH) (Fig. 5, right panels). Re-
sults showed that the degree of polarization of the two probes
decreased linearly in control liposomes when the temperature
of the sample was increased (29). Except for vesicles contain-
ing cholesterol, the polarization value recorded with TMA-
DPH was systematically higher than with DPH, confirming
the intrinsic higher rigidity of the interface as compared to the
hydrophobic region of the membrane.

The addition of azithromycin did not change significantly
the degree of polarization of DPH (Fig. 5 A–D) in-
serted in cholesterol-free vesicles. For ternary mixtures of
SM:Chol:DOPC 1:1:1 (Fig. 5E), addition of azithromycin re-
duced the polarization values, especially at low temperature.
On the contrary, considering the variation of the polarization
of the TMA-DPH, azithromycin seemed to have no influence
on the ternary system (Fig. 5J), whereas it increased the flu-
idity of the hydrophobic/hydrophilic interface of DOPC,
DPPC:DOPC, and DPPE:DOPC mixture (Fig. 5 F–H) and
slightly induced rigidity of SM:DOPC (Fig. 5I). The effect
observed on DPPC:DOPC seemed dependent of the tem-
perature (Fig. 5G).

Fig. 1. AFM height images (5 �m × 5 �m; z-scale: 10 nm) of mixed lipid bilayers recorded in buffer solution: (A)
DPPC:DOPC (1:1, mol:mol), (B) DPPE:DOPC (1:1, mol:mol), (C) SM:DOPC (1:1, mol:mol), and (D)
SM:Chol:DOPC (1:1:1, mol:mol:mol). Data are representative of four experiments.
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Effect of Azithromycin on Membrane Permeability

SUVs containing calcein entrapped at self-quenching
concentrations, were incubated with azithromycin at room
temperature or at 45°C. Calcein is a polar molecule that has
been widely used to study the permeability of lipid bilayers
and has been originally described for this application by
Weinstein (24).

The effect induced by azithromycin is shown on Fig. 6. In
contrast to mellitin, which induced 95% of leakage of en-
trapped calcein in the first minutes of incubation, whatever
the lipidic composition of the vesicules investigated, azithro-
mycin did not enhance the release of calcein-entrapped in
DPPC:DOPC, DPPC:DPPE, SM:DOPC, and SM:Chol:DOPC
vesicles. For DOPC vesicles, only a slow release was observed
(around 30%). No difference was found in function of the
temperature.

DISCUSSION

One of the major goals of current research in biophysics
is to characterize the fundamental interactions between drugs

or macromolecules and multimolecular structures such as
lipid monolayers or bilayers (30–36). Formation of lateral mi-
crodomains is particularly important in this respect both from
the structural and functional points of view. Generally speak-
ing, lateral domains result from the presence of specific lipids
like cholesterol (37), ceramide (38), lysobisphosphatidic acid
(39), or proteins like phosphatidylinositol transfer proteins
(40) or bacteriorhodopsin (41). The presence of defects or
domains in the bilayer structure may act as starting points for
the enzyme activity (42–45), entry of bacteria (46), budding
and fission (47,48), or apoptosis (49). Microdomains have also
been suggested to affect membrane permeability and from a
pharmacological point of view play a key role in the phenom-
enon of drug-enhanced adsorption (50–52).

Using AFM, we showed that lipid mixtures of DPPC:
DOPC, DPPE:DOPC, SM:DOPC, and SM:Chol:DOPC ex-
hibit well defined phase separation. The shape and size of the
domains varied from small disks (150 nm) to large (3 �m),
elongated structures. The height difference between gel do-
mains and fluid matrix varied from 0.8 nm to 1.2 nm, which is
in good agreement with previous studies (53). This variation

Fig. 2. AFM height images (5 �m × 5 �m; z-scale: 10 nm) recorded for mixed DPPC:DOPC (1:1, mo:/mol) (A,
B) and DPPE:DOPC (1:1, mol:mol) (C, D) bilayers after 1 min (A, C) and 60 min (B, D) contact time with
azithromycin (1 mM). Data are representative of three experiments.
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in domain shape and size illustrates the complexity of the
phase separation process when observed at the mesoscopic
scale (53).

The effect of azithromycin on the lipid domains was
found to strongly depend on the lipid nature. Incubation of
DPPC:DOPC bilayers with azithromycin for 60 min resulted
in the complete disappearance of the gel domains. This ero-
sion of the gel domains could be due to an interaction be-
tween azithromycin and DPPC molecules. Intercalation of
the drug in the lipid layer would disrupt the interactions be-
tween the lipid polar headgroups, and possibly between the
interfacial domains, thereby leading to a fluidification, and
thus disappearance, of the domains.

These observations may be related to previous AFM
work performed on phase-separated DPPC/cholesterol
monolayers in air (13). Addition of azithromycin to the lipid
mixture dramatically altered the film properties. Aggregates
were observed at the mica surface, rather than a continuous
film, and destabilization of the lipid system occurred as re-
vealed by material reorganization upon scanning. It was sug-
gested that the drug interacts with the DPPC molecules at the

air/water interface, thereby altering the interaction of the
monolayer with mica during transfer.

Disruption of bilayer domains was also observed for
DPPE, but in this case the observed changes may be attrib-
uted to the combined effect of the drug and of the AFM tip.
The higher fragility of DPPE domains in lipid bilayers is con-
sistent with their tendency to form inverted micelles (54).

Our AFM results can be related to our data concerning
the interaction between azithromycin and interfacial and hy-
drophobic part of the phospholipids, as examined by fluores-
cence polarization of trimethylammoniumdiphenylhexatriene
(TMA-DPH) and diphenylhexatriene (DPH), respectively.

For DPPC:DOPC and DPPE:DOPC SUVs, azithromy-
cin increased fluidity in the zone where TMA-DPH was lo-
calized. Comparing the behavior of DPPC and DPPE do-
mains with that of SM domains, AFM images revealed that
SM gel domains were not modified by azithromycin, even
after 1 h scanning and fluorescence polarization studies of
TMA-DPH showed no or only a very slight decrease of flu-
idity for SM:DOPC SUVs in the presence of azithromycin.
Because no change of fluidity was observed in domains where

Fig. 3. AFM height images (5 �m × 5 �m; z-scale: 10 nm) recorded for mixed SM:DOPC (1:1, mol:mol) (A, B)
and SM:Chol:DOPC (1:1:1, mol:mol:mol) (C, D) bilayers after 1 min (A, C) and 60 min (B, D) contact time with
azithromycin (1 mM). Data are representative of three experiments.
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DPH was located, and because DPH is generally accepted to
partition equally between ordered and disordered regions of
a membrane (55–57), we suggested that the primary interac-
tion of azithromycin with the interfacial domain of phospho-
lipids was the most crucial event to explain the disparition of
domains induced by azithromycin.

Ternary mixtures like SM:Chol:DOPC can exhibit much
more complex behavior (58) but more relevant to physiologic
situations (59). Domains rich in glycosphingolipids and cho-
lesterol are found in living cells acting like platforms of sig-
naling pathways (60,61). Because cholesterol preferentially
interacts with lipids with long saturated acyl-chains, like natu-
rally occurring sphingomyelins (62,63), the higher domains
consist of SM and cholesterol in the liquid ordered phase
surrounded by lipids in the fluid phase. In the presence of
cholesterol, we observed domains that are larger in size—as
reported by (64)—and less irregular in shape than the do-
mains formed in the absence of this sterol. Addition of 33%
cholesterol to the bilayers also reduced the thickness from 0.7
to 0.4 nm as reported by others (64–66). Such a reduction
likely involved both the decrease in bilayer thickness at the
level of sphingomyelin-enriched domains (65) and the in-
crease in the bilayer thickness of the DOPC enriched domains
(67) promoted by cholesterol.

The Lo (liquid-ordered) phase arising from the interac-
tion of cholesterol with highly saturated phospholipids or with
sphingomyelin is characterized by lipids well packed in an
ordered state (as in solid-gel phase) and a lateral diffusion
almost as fast as in the fluid liquid-crystalline phase. This
results in high values of fluorescence polarization that we
found. This also agrees with measurements of the compres-
sion of bilayers showing that it is harder to compress choles-
terol-rich membranes (68,69). The larger area compressibility
modulus of SM:Chol compared with DOPC for example
would mean that more energy would be needed to separate

the acyl chains and therefore would make it energetically
unfavorable for azithromycin to partition into the SM:Chol
domains. This could explain why, by equilibrium dialysis, only
about half of azithromycin partitioned into SM:Chol:DOPC
bilayers as compared to results obtained for DOPC, DPPC:
DOPC, DPPE:DOPC, or SM:DOPC SUVs. At this stage, we
have no clear explanation for the increase of fluidity induced
by azithromycin in hydrophobic domains of SM:Chol:DOPC.

Our results extent previous observations performed with
negatively charged liposomes at pH 5.4 (70–72) in which we
reported by equilibrium dialysis that azithromycin binds to
phosphatidylinositol-containing liposomes in a fashion depen-
dent of the phosphatidylinositol content and of ionic strength,
by 31P NMR studies that azithromycin interacts with the
phosphate heads of phospholipids, and by fluorescence po-
larization studies that it effectively penetrates across the hy-
drophobic-hydrophilic interface. Comparing, by simulation
studies, the interaction with phosphatidylinositol monolayer
of four other macrolides (erythromycin, roxithromycin, di-
rithromycin, and erythromycylamine) to that of azithromycin
(71), we found that the position of the macrocycle is very
similar, probably due to the fact that the cycle has no frank
hydrophilic and hydrophobic regions like a phospholipid (73)
or a cationic amphiphile like bis-(�-diethylaminoethyl ether)
hexestrol (74). This suggested that all the data obtained in
the current study could be extended to other macrolide anti-
biotics.

The alteration of lipid order and domain formation due
to the presence of azithromycin and drugs in general in the
bilayer could have a number of dramatic consequences for the
macroscopic properties of the bilayer. It can be expected that
the presence of lateral separations, would be associated
with high membrane permeability. Especially, the increased
amount of interface as observed in DPPE:DOPC mixture
would make the bilayer much more leaky due to instability of

Fig. 4. Equilibrium dialysis of azithromycin (120 �M), against lipid vesicles (10 mg/ml) of DOPC,
DPPC:DOPC (1:1, mol:mol), DPPE:DOPC (1:1, mol:mol), SM:DOPC (1:1, mol:mol), and
SM:Chol:DOPC (1:1:1, mol:mol:mol). Results are expressed as percentage of azithromycin bound
to lipids and are mean of at least three independent experiments. Statistical analysis revealed a p
< 0.05 for the binding of azithromycin to vesicles containing SM:Chol:DOPC as compared to
vesicles of DOPC, DPPE:DOPC, and SM:DOPC. The p value was <0.005 for the binding of
azithromycin to vesicles containing SM:Chol:DOPC as compared to vesicles of DPPC:DOPC.
Mean ± SD.
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Fig. 5. Effect of azithromycin on DPH (A–E) and TMA-DPH (F–J) fluorescence polarization on
lipid vesicles. Liposomes (0.2 mg/ml) were prepared at pH 7.4 and allowed to incorporate DPH
(left panels; A–E) or TMA-DPH (right panels; F–J) at a molar ratio to the lipids of 1:250. Labeled
liposomes (full line) were then mixed with azithromycin (132 �M; dashed lines) and incubated at
37°C for 30 min. Liposomes (DOPC [1:1 mol:mol] [A,F]; DPPC:DOPC [1:1 mol:mol] [B,G];
DPPE:DOPC [1:1 mol:mol] [C,H]; SM:DOPC [1:1 mol:mol] [D,I]; SM:Chol:DOPC [1:1:1 mol:mol-
:mol] [E,J]) were then brought to 60°C in 15 min and stabilized at this temperature during 5 min
before starting the measurements, during which the samples were cooled down to 10°C at a rate of
50°C/h. Data shown are representative of experiments that were reproduced four times for DPH
and twice for TMA-DPH.
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the boundary regions, the interdigitated membrane being
characterized by a thinner structure and more rigid hydrocar-
bon regions than its noninterdigitated counterpart (75). The
effect induced by azithromycin, however, is probably not suf-
ficient to lead to instabilities and structure defects in the
boundary regions that would be expected to cause increased
permeability. The lack of effect of azithromycin on the fluid-
ity of hydrophobic region in DPPC:DOPC, DPPE:DOPC,
SM:DOPC models and the higher rigidity of SM:Chol:DOPC
model, even in presence of azithromycin, could be related to
the inability of azithromycin to alter membrane permeability.
This absence of effect could also be related to the lack of
fusogenic effect of azithromycin on negatively charged lipo-
somes (70).

In conclusion, using AFM, fluorescence polarization
studies, and equilibrium dialysis, we showed that the inter-
action of a macrolide antibiotic, azithromycin, with lipids
(DPPC:DOPC or DPPE:DOPC or SM:DOPC or SM:Chol:
DOPC) is highly dependent on the nature of the lipids. The
main finding of this work is that azithromycin perturbs the
organization of DPPC and DPPE gel domains in DOPC fluid-
phase but has no effect on SM or SM:cholesterol domains. We
suggested that these observations are related to i) the increase
of the membrane fluidity at the hydrophilic/hydrophobic in-
terface of DPPC:DOPC and DPPE:DOPC models without
effect in vesicles containing sphingomyelin and/or ii) the ri-
gidifying effect and the competition for space in the domain
interfaces induced by cholesterol. The effect of azithromycin
on the organization of lipid domains is, however, not suffi-
cient to induce membrane permeabilization.
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