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Abstract

We report a study of the behavior of oligodeoxyribonucleotide (ODN)/amphotericin B3-(NP-dimethylamino)propylamide
(AMA) complexes, in the presence of lipid monolayers and large unilamellar vesicles. This study follows the recent discovery
of the capacity of AMA, as a new cationic vector, to enhance ODN cellular uptake and efficacy. It aims at investigating the
internalization mode of a nucleic acid by AMA. A first study at the air^water interface of AMA and AMA/ODN by surface
pressure measurement shows that only free AMA would adsorb at the air^water interface. Second, in the presence of
zwitterionic phospholipid- and sterol-containing mixture, ODN^AMA interactions in solution would be higher than lipid^
AMA interactions at the interface. In monolayer or with large unilamellar vesicles, AMA monomers adsorb mainly at the
phospholipid interface. These results favor a crossing mechanism through AMA channel formation, despite the size of
ODN. ß 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

The formation of a stable phosphodiester oligo-
deoxyribonucleotide (ODN)/amphotericin B3-(NP-di-
methylamino)propylamide (AMA) complex and the

enhancement of the intracellular uptake of an anti-
MDR1 phosphorothioate ODN by AMA into G185-
MDR-3T3 cells have been previously reported in a
recent article [1] and have therefore justi¢ed our new
approach of nucleic acids vectorization by a dicat-
ionic AmB-derivative. In a ¢rst publication [2], we
have reported the preliminary study of the interac-
tions between AMA and a chosen ODN in solution,
revealing the existence of complexes of di¡erent
structures, according to the physical state of AMA
in solution and to the relative concentrations of the
two components. We have also shown that the struc-
ture of the resulting complexes was governed by a
cooperative binding between both molecules.
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As already demonstrated in previous publications
[3,4], the potential interest of AMA, besides its ca-
pacity to interact with nucleic acids, is that it forms
transient transmembrane pores at low concentration,
as its parent compound amphotericin B (AmB). Nu-
merous authors related the membrane-permeabiliza-
tion properties of AmB to its physical state into the
membrane. Thus, Fujii suggests that the appearance
of the channel activity coincides with the transition
from the monomer to the aggregated form of the
polyene [5]. Another interesting parameter is the
well-known selectivity of the polyene for fungi cells
(membranes with ergosterol) as regard to the mam-
malian cells (membranes with cholesterol), demon-
strated by numerous authors for the AmB and also
for its derivatives [3,6,7].

The following question could then be asked: how
does the AMA permit the enhancement of the ODN
intracellular uptake; in other words, by which mech-
anism does the AMA allow the crossing of cell mem-
brane by the nucleic acid, and does the AMA permit
a cellular targeting? Recent results obtained on the
vectorization of an antisense ODN by AMA tend to
show that the cell membrane crossing would not oc-
cur by an endocytotic mechanism (data not shown).
Taking into account the conditions of formation of
the ODN/AMA complexes in solution and their var-
ious structures depending on their relative concentra-
tions, developed in our ¢rst article [2], we were in-
terested in the possible a¤nity of these complexes to
lipid membrane and also in the in£uence of the ster-
ol-composition (cholesterol or ergosterol) of simpli-
¢ed membrane models.

Therefore, our aim was to underline the existence
of interactions between the complexes and the lipids
(phospholipid and sterol) and eventually identify
their mechanisms in order to give some hypothesis
of membrane-crossing way. If many membrane mod-
els are used to study the interaction of drug with
cells, the results have to be examined with caution
because these models are generally very simple. Im-
portant parameters like the nature of the molecules
employed, the presence of sterol and proteins, the
curvature of the surface and also the experimental
protocol used to put the drug in contact with the
membrane model have to be carefully considered.
The most currently used models are lipid vesicles
(large unilamellar vesicles, LUV, or small unilamellar

vesicles, SUV), planar lipid bilayers, black ¢lms and
lipid monolayers. Study of AmB solutions by surface
pressure measurements has already been performed
[8] and has demonstrated that the amphiphilic mole-
cule was able to adopt two di¡erent positions at the
interface, the ¢rst with its polyene-axis parallel to the
interface at low surface pressures and the second
with its axis perpendicular to interface at high pres-
sures. Monolayer studies have also allowed con¢rma-
tion of the higher a¤nity of AmB for ergosterol as
compared to cholesterol, a characteristic already
largely documented by vesicles studies for AmB so-
lutions [7,9,10], and also for AMA solutions [3].
However, it must be remarked that the di¡erent tech-
niques did not agree on the stoichiometry of the
AmB:sterol complexes, the vesicles studies gave a
1:1 stoichiometry [6,9,11] whereas the monolayer
ones indicated a 2:1 stoichiometry [8].

Finally, this report presents a study of the inter-
actions of AMA and various ODN/AMA mixed so-
lutions with planar lipid monolayers on the one hand
and unilamellar vesicles on the other hand, both
chosen as simpli¢ed membrane models. In both
cases, sterol was incorporated into the lipids in order
to get closer to the real cell membranes. As a ¢rst
step of this analysis, we have studied the behavior of
AMA and ODN/AMA solutions at the air^water
interface.

2. Materials and methods

2.1. Reagents

2.1.1. Amphotericin
Amphotericin B3-(NP-dimethylamino)propylamide

(AMA) [2], an amphiphilic molecule derived from
amphotericin B, was kindly provided by Edward
Borowski (Technical University, Gdansk, Poland).
Solutions of AMA were daily prepared in Millipore
water or dimethylsulfoxide/ethanol (DMSO/EtOH)
(1/9) at an initial concentration of 1033 M. Dimeth-
ylsulfoxide and ethanol were purchased from Sigma
(St. Louis, MO, USA) and were 99% pure and used
without further puri¢cation.

A stock solution was immediately used for mea-
surements. Like the parent molecule AmB, AMA is a
polyene macrolide composed of two parts, one hy-
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drophilic and the other hydrophobic, which confers
its tensioactive properties. This amphiphilic molecule
is soluble in water but can form monolayers at the
air^water interface.

2.1.2. Oligonucleotide
Oligonucleotide (ODN) was a 27-mer phospho-

diester, d(TGTGTTTTTGTTTTGTTGGTTTTGT-
TT). It has been synthesized by Genosys (Cam-
bridge, UK). It was dissolved in Millipore water at
an initial concentration of 1034 M. The ODN mole-
cule is totally soluble in aqueous solutions and then
not tensioactive.

2.1.3. ODN/AMA mixed solutions
The ODN/AMA mixed solutions were prepared as

described previously [2], by mixing the two aqueous
stock-solutions (1033 M for AMA, 1034 M for
ODN) in the desired charge ratio (b= ratio between
the negative charges of the ODN and the positive
charges of the AMA). The mixed solutions were
used immediately after preparation. The AMA ¢nal
concentration in the Langmuir trough was always
2.4U1037 M; the chosen ODN ¢nal concentrations
were 2U1039, 7U1039 and 7U1038 M correspond-
ing to b= 0.1, 0.4 and 4, respectively.

2.1.4. Lipids
Palmitoyloleoylphosphatidylcholine (POPC, a

zwitterionic phospholipid), egg phosphatidylcholine
(EPC), cholesterol and ergosterol were purchased
from Sigma (St. Louis, MO, USA) and were 99%
pure and used without further puri¢cation. For the
surface pressure measurements, POPC, cholesterol
and ergosterol were dissolved in an ethanol/chloro-
form 1/1 (v/v) mixture at a concentration of 1033 M.
For the studies with large unilamellar vesicles, EPC,
cholesterol and ergosterol were dissolved in chloro-
form at concentrations of 130 WM for EPC and 20
WM for the sterols. The ratio lipid/amphotericin was
0.25 for these experiments.

2.2. Monolayer study

Monolayers were prepared using a Te£on trough
provided by Riegler (Riegler and Kirstein, Wiesba-
den, Germany). The trough (6.2U26.3U0.5 cm) was
¢lled with an NaCl solution (150 mM, pH = 5.5) or

pure water (pH = 5.5). The surface pressure was
measured using the Wilhelmy method, by means of
a very thin plate of ¢lter paper. An electronic device
enabled us to keep the monolayer pressure constant
by monitoring the displacement of the barriers. This
system was used during penetration experiments. All
experiments were performed at 21 þ 1³C. The speed
of compression and decompression of the barriers
(3U1032 cm s31) was kept constant during the ex-
periments.

Two methods were used to study the behavior of
AMA and AMA/ODN solutions at the air^water
interface. In the ¢rst case, we spread 20 Wl AMA
stock solution dissolved in DMSO/EtOH (1/9) at
the interface. The compression isotherms were re-
corded immediately or 70 min after spreading. In
the second case, 20 or 40 Wl AMA stock solution
dissolved in pure water was injected into the sub-
phase of the trough and we studied the adsorption
of AMA at the air^water interface at constant sur-
face area. We have recorded the variation of surface
pressure during 10 or 70 min, and then compression
isotherms of the resulting molecules at the interface
were obtained. In the same way we also studied the
adsorption of ODN/AMA solutions at the air^water
interface.

For the study of the behavior of AMA and ODN/
AMA solutions in the presence of a lipid monolayer,
the following principle was used. A phospholipid
monolayer (POPC/sterol) was spread at the interface
and compressed to 5 or 25 mN/m. This pressure was
kept constant and aqueous solutions of AMA or
ODN/AMA were injected under the monolayer at a
¢nal concentration of 2.4U1037 M in AMA, with
charge ratios of 0.1, 0.4 and 4 for the ODN/AMA
solutions. If an interaction occurs between the mol-
ecules of the subphase and the monolayer, the bar-
riers moved back to keep the pressure to 5 or 25 mN/
m, respectively, and we recorded the variation of the
surface area versus time during the 10 min of the
experiments. Then the molecules remaining at the
interface (phospholipids and molecules of the sub-
phase eventually adsorbed and/or penetrated) were
compressed; if an adsorption and/or a penetration
has occurred, the recorded P/A isotherm was shifted
to higher areas as compared to the pure phospholip-
id monolayer.

These experiments were done with POPC/choles-
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terol (80^20 mol%) and POPC/ergosterol (80^20
mol%) monolayers.

2.3. LUV preparation and circular dichroism
measurements

For the study of the interactions between ODN/
AMA mixed solutions and LUV, the LUV were pre-
pared as previously described [12]. Brie£y, the lipid
¢lm containing EPC and sterol (80^20 mol%) was
dispersed by sonication into 20 mM K2SO4/
KH2PO4, pH = 7.2. The dispersion was subjected to
rotary evaporation during 50 min. The ODN/AMA
mixed solutions were added to aliquots of LUV dis-
persed into 150 mM NaCl. Immediately the circular
dichroism spectra were recorded. The measurements
were done on a Jobin-Yvon Mark V dichrograph.
Spectral wavelengths are given þ 0.5 nm. vA is the
di¡erential molar dichroic absorption coe¤cient (103

l cm31 mol31).

3. Results

3.1. Behavior of AMA and ODN/AMA solutions at
the air^water interface

3.1.1. Behavior of AMA at the air^water interface
We used two techniques to study the AMA behav-

ior at the air^water interface: ¢rst, we spread AMA
from an organic solvent at the interface, second we
injected an aqueous solution of AMA in the trough
and then recorded its adsorption at the interface.

3.1.1.1. AMA spread at the interface. AMA dis-
solved in DMSO/EtOH (1/9) was spread at the air^
water interface, the trough containing a 150 mM
NaCl solution. Fig. 1 shows an isotherm obtained
with compression performed just after the spreading
(curve a), immediately followed by two additional
compressions (curves b and c). We observed a slow
increase of the molecular compressibility at the inter-
face until a pressure of 10 mN/m, followed by a
sudden rapid increase of this compressibility. After
three compressions, the mean molecular areas re-
mained constant at high pressures. The shape of
the compression isotherm performed 70 min after
spreading (Fig. 1, curve d) di¡ered from the others

but reached areas a little smaller at high pressures.
The mean molecular area calculated with the hypoth-
esis that all the spread molecules stay at the interface
is small (10 Aî 2). This is probably due to a loss of
molecules during the ¢rst compression, while the dif-
ferent shapes of these following curves would be in-
dicative of a reorganization of the molecules ¢nally
staying at the interface.

3.1.1.2. AMA adsorbed at the interface. In this
part, the molecules were injected into the trough
whose barriers were totally extended. After 10 or
70 min, the molecules adsorbed at the interface
were compressed. The recorded resulting `adsorption'
isotherms were then compared (Fig. 2). The AMA
adsorption at the air^water interface appeared to de-
pend on three parameters: the AMA ¢nal concentra-
tion in the trough, the saline concentration of the
subphase and the adsorption time.

In£uence of the AMA ¢nal concentration in the
trough. The adsorption isotherms recorded 70 min
after injection of 20 or 40 Wl of the AMA stock so-
lution into the trough (AMA ¢nal concentration in
the trough: 2.4U1037 and 4.8U1037 M, respec-
tively) show that the increase of the AMA ¢nal con-
centration did not result in a two-fold increase of the

Fig. 1. Isotherms of AMA solution (in DMSO/EtOH 1/9)
spread at the air^water interface. First compression recorded
immediately after spreading (a), second compression (b), third
compression (c) and isotherm recorded 70 min after spreading
(d). (In the subphase: [NaCl] = 150 mM, pH = 5.5, T = 21 þ 1³C.)
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surface area occupied by the polyene molecule, as
one could expect (Fig. 2, respectively, curves a and
b). Then, saturation probably occurred at the inter-
face.

In£uence of the saline concentration of the subphase.
If we compare the adsorption isotherms recorded 10
min after injection of AMA stock solution into the
trough (at a ¢nal concentration of 2.4U1037 M)
containing pure water (curve c) or 150 mM NaCl
(curve d), it appeared that the adsorption was greatly
enhanced by the presence of salt in the subphase.
This di¡erence could be explained by an increase of
the solubility of the AMA molecules in pure water
and consequently also a lower tensioactive character,
as compared with NaCl solution.

In£uence of the adsorption-time. The compression
isotherms obtained 10 or 70 min after injecting aque-
ous AMA stock solution into the trough (¢nal con-
centration: 2.4U1037 M) show that the surface oc-
cupied by the adsorbed molecules at the interface
decreased with increasing adsorption-time (Fig. 2,
curves a and d). Moreover, kinetics of adsorption
recorded during 10 min at a reduced surface area
(48 cm2, Fig. 3, curve a) con¢rmed this adsorption
pro¢le, with a ¢rst rapid step of adsorption of some

AMA molecules at the interface, followed immedi-
ately by their progressive slow desorption.

From these di¡erent data and the comparison be-
tween the two methods used, spreading and adsorp-
tion, we can propose an interpretation of the AMA
behavior at the air^water interface.

As for the parental molecule AmB [8], and due to
its hydrophobic and hydrophilic properties, the
AMA molecule could adopt two di¡erent positions
at the interface, depending on the orientation of its
long polyene-axis: parallel to the interface or perpen-
dicular to it. A molecular modeling study enabled us
to estimate the molecular area of AMA in these two
positions. First, the cross section according to the
long polyene-axis of the molecule was considered;
in this geometry the molecular area was at the
most 200 Aî 2. Second, the cross section of the polar
head according to the carboxyl group and the amino-
sugar moiety was taken into account; in this case the
molecular area was 90 Aî 2.

Knowing the number of spread (at the air^water
interface) or injected (in the subphase) AMA mole-
cules, n = CUVUN, where C is the concentration of
the AMA stock solution (1033 M), N the Avogadro
number and V the volume of AMA solution spread
or injected (20 or 40 Wl), the mean molecular area

Fig. 3. Adsorption kinetics (P = f(t)) of AMA solution and
ODN/AMA mixed solutions of di¡erent charge ratio ODN/
AMA (b) at the air^water interface. The surface area of the
trough was kept constant at 48 cm2. AMA (a), b= 0.1 (b);
b= 0.4 (c) and b= 0.4 (d). (In the subphase, [AMA] = 2.4U1037

M, [NaCl] = 150 mM, pH = 5.5, T = 21 þ 1³C.)

Fig. 2. Isotherms of AMA solution (in water) recorded after
adsorption at the air^water interface. Adsorption time: 70 min;
in the subphase: [AMA] = 2.4U1037 M, [NaCl] = 150 mM (a),
adsorption time: 70 min; in the subphase: [AMA] = 4.8U1037

M, [NaCl] = 150 mM (b), adsorption time: 10 min; in the sub-
phase: [AMA] = 2.4U1037 M, Millipore water (c), and adsorp-
tion time: 10 min; in the subphase: [AMA] = 2.4U1037 M,
[NaCl] = 150 mM (d) (pH = 5.5, T = 21 þ 1³C).
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occupied by each molecule at the interface for each
surface pressure should be calculated by A = S/n (A
in Aî 2), where S is the surface of the trough at the
corresponding pressure.

For a 150 mM NaCl solution in the trough and
whatever the method used (spreading or adsorption),
the mean molecular area at high pressure (25 mN/m)
calculated with all the molecules standing at the in-
terface was between 9 and 17 Aî 2. These areas appear
very weak, compared to the molecular size given by
molecular modeling. Then, even if the molecules are
oriented with their polyene-axis perpendicular to the
interface, which is the optimal molecular position for
a maximal adsorption at the interface (according to
the steric hindrance), only 10 to 15% of the injected
or spread molecules would stand at the interface at
25 mN/m after the ¢rst compression. The small
shoulder observed on the spreading isotherms re-
corded after two or three compressions would result
from a reorientation of the AMA molecules at the
interface, which have their polyene-axis parallel to
the interface at low pressures and perpendicular at
high pressures. The low percentage of molecules ¢-
nally remaining at the interface is in good agreement
with the high solubility of AMA in the aqueous
phase.

The study of the saline concentration in£uence on
AMA adsorption can give some information about
the species remaining at the interface by this method.
Indeed, we have seen that very little adsorption oc-
curred at the air^water interface when the trough
contained pure water, whereas the isotherm recorded
with a 150 mM NaCl solution gave surface pressures
twice to three times higher for the same molecular
areas (Fig. 2). If we refer to the results of the study
of AMA in solution [2], we must note that for a same
¢nal low concentration of 1036 M, the AMA mole-
cules are more aggregated in saline than in water.
Due to the mechanism of self-association of the poly-
ene, resulting from the association of polyenic chains
of several AMA molecules while the hydrophilic
heads remain in contact with the medium [13], these
self-associated AMA species appear more soluble
than the monomeric ones. Then, the adsorption re-
corded at the interface should be attributed to the
monomers of AMA, whereas the self-associated spe-
cies would stay in the subphase. The lower monomer
adsorption noted in the case of pure water subphase,

as compared with a saline subphase, could be the
consequence of their greater solubility in water
than in NaCl solution.

A question that can be asked is why after several
successive compressions of spread AMA, the iso-
therms are modi¢ed. As far as the AMA molecules
are known to easily self-associate, like the AmB [6],
we can suppose that the ¢rst compression involves
the dissolution of the majority of the spread AMA
molecules, whereas it involves also the self-associa-
tion of the minority staying at the interface. Once the
molecules are self-associated at the interface, no
more dissolution could occur and the shoulder ob-
served on isotherms following the ¢rst one (Fig. 1,
curves b and c) would traduce the reorientation of
packets of self-associated molecules at the interface.
However, when the isotherm is recorded 70 min after
spreading (Fig. 1, curve d), the areas noted at the
beginning of the compression isotherm are very
low, indicating that the AMA molecules dissolved
before the compression. It suggests that some time
is needed to reach equilibrium at the interface. When
it is reached, the molecules remaining at the interface
would be in a self-associated state with their polyene-
axis standing perpendicular to the interface and no
more reorientation would happen. It is important to
note that these results are valid for both 150 mM
NaCl solution and pure water in the subphase.

The di¡erence between the areas ¢nally noted at
25 mN/m on the isotherms recorded 10 or 70 min
after spreading (Fig. 1) are not so signi¢cant for our
study and, to overcome the problems of instability of
the AMA stock-solutions, all our measurements will
be done after 10 min adsorption.

Under these conditions we will study the behavior
of mixed ODN/AMA solutions at the air^water in-
terface.

3.1.2. Behavior of mixed ODN/AMA solutions at the
air^water interface

We ¢rst veri¢ed that ODN molecules did not ad-
sorb at the interface under the conditions of our ex-
periments (adsorption during 10 min and ODN con-
centration in the trough inferior to 7U1038 M).

3.1.2.1. First case: 150 mM NaCl solution in the
subphase. As in the previous study in solution [2],
mixed ODN/AMA solutions were prepared by add-
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ing the ODN stock-solution (1034 M in water) to the
AMA stock-solution (1033 M in water) in the desired
charge ratio (b= 0.1, 0.4 and 4). These solutions were
then injected in the trough at the AMA ¢nal concen-
tration of 2.4U1037 M, whatever b was.

The surface area was kept constant (48 cm2) and
the pressure variations were recorded during 10 min
(Fig. 3). As already noted, AMA alone adsorbs rap-
idly at the air^water interface and progressively de-
sorbs (Fig. 3, curve a). It appeared that the adsorp-
tion at the interface slowed down in the presence of
ODN, likewise the desorption tended to disappear
with increasing ODN amounts, corresponding to an
increase of the charge ratio (Fig. 3, curves b, c and d).

The compression isotherms of the resulting ad-
sorbed species, presented in Fig. 4, showed a de-
crease in surface pressures when increasing the
charge ratio (or the ODN amount), while the general
shape of the curves remained unchanged.

3.1.2.2. Second case: pure water in the subpha-
se. Due to the good solubility of the AMA mono-
mers in pure water, we have observed that a low
adsorption was recorded after injecting AMA solu-
tion in the trough. In the case of ODN/AMA solu-
tions, the adsorption decreased at the interface with
increasing ODN concentration in the trough and the

resulting surface pressures appeared too low to be
evaluated (data not shown).

From these results it clearly appeared that ODN
a¡ects the AMA adsorption at the air^water inter-
face. The questions were, how does ODN modify the
adsorption and which species are present at the inter-
face?

The tendency of the resulting adsorbed AMA mol-
ecules to desorb would result from equilibrium be-
tween the hydrophobic interactions into the AMA
aggregates and the hydrophobic interactions between
AMA monomers at the interface.

Since the mean molecular area decreased when
ODN concentration increased (Fig. 4), it could be
concluded that ODN limits the adsorption of mole-
cules at the interface. Moreover, in so far as the
shape of compression isotherms remained unchanged
in the presence of ODN, and because of the total
solubility of ODN in aqueous media, one could as-
sume that only the AMA molecules were present at
the interface. The results established in a previous
report [2] showed that ODN induces the aggregation
of AMA molecules, leading to `complex' entities in
aqueous solution; these observations con¢rm the fact
that only the monomers of AMA could adsorb at the
interface (whatever the nature of the subphase was),
while the AMA self-associated species would form in
the subphase a soluble complex with the ODN mol-
ecules. Results of absorption spectroscopy measure-
ments and electron microscopy measurements [2] al-
low the following hypothesis to be proposed. For
complexes of low ODN concentration, we could as-
sume that some AmA monomers, engaged in the
AMA aggregates in interaction with the ODN but
located at their periphery and therefore far away
from the ODN strand, could be attracted by the
air^water interface by hydrophobic interactions. As
they are not directly engaged in electrostatic interac-
tions with the ODN, these external monomers could
escape from the AMA aggregates and consequently
adsorb at the air^water interface. When increasing
ODN concentration in the subphase, each AMA
monomer could be engaged in the complex due to
electrostatic interactions with the ODN on the one
hand, hydrophobic interactions with the surrounding
AMA monomers on the other hand. The conse-
quence would be a progressive stronger trapping of
the AMA monomers into the complexes with in-

Fig. 4. Isotherms of AMA solution and ODN/AMA mixed so-
lutions of di¡erent charge ratio ODN/AMA (b), recorded after
10 min adsorption at the air^water interface. AMA (a), b= 0.1
(b), b= 0.4 (c) and b= 4 (d). (In the subphase, [AMA] =
2.4U1037 M, [NaCl] = 150 mM, pH = 5.5, T = 21 þ 1³C.)
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creasing ODN amounts, hence the progressive ad-
sorption and also the disappearance of desorption
at the air^water interface.

However, another hypothesis could be formulated,
if we consider that not only the free AMA adsorbs at
the interface, but also the AMA bound to ODN. In
this case, we could suggest that the interaction be-
tween AMA and ODN produces a rather hydropho-
bic complex by electrostatic interactions, which could
then adsorb at the interface. As the compression iso-
therms still have the same shape, the AMA molecules
engaged in the complex would stand at the interface
while the bound ODN would stay just underneath it.
In this way, only the AMA bound molecules would
get involved in the compression movement, the ODN
molecules forming a screen just underneath the inter-
face and preventing AMA desorption. By following
this hypothesis, the dramatic decrease of the adsorp-
tion rates with increasing ODN concentrations
would be the consequence of the adsorption of com-
plex species, which is slower than free-AMA adsorp-
tion, probably because of their larger size. A satura-
tion would occur at the interface beyond a charge
ratio of 0.4, then limiting the adsorption, probably
due to the complex size and a steric hindrance at the
interface. Yet it can be remarked that this saturation
does not induce desorption from the interface at this
charge ratio, whereas some desorption is noted for
the lower ratio of 0.1. In this case the desorption can
be attributed to free AMA molecules present at the
interface together with some complex species formed
at this charge ratio.

Taking into account the results of the study in
solution (complexes more hydrophilic than AMA
monomers, see [2]), the ¢rst hypothesis seems, how-
ever, to be the most valid to explain the behavior and
the mode of adsorption of AMA and ODN/AMA
mixed solutions.

3.2. Behavior of AMA and ODN/AMA solutions in
presence of planar lipid monolayers and large
unilamellar vesicles (LUV)

The previous study enabled us to precisely describe
the adsorption mode of AMA and ODN/AMA so-
lutions at the air^water interface. It was a prelimi-
nary step before studying the interactions of these
solutions with lipid monolayers and bilayers.

As a ¢rst membrane model, we chose planar
monolayers composed of POPC and sterol, as far
as the interactions of AMA with the external layer
of the cell membrane appear determining. The inter-
actions of AMA and ODN/AMA solutions with
POPC/sterol monolayers were investigated by study-
ing the surface variations of the lipid monolayer after
injecting AMA and ODN/AMA solutions into the
subphase at constant pressure (see Section 2). For
the reasons explained before, all adsorption experi-
ments were done during 10 min. On account of the
well-known selectivity of AMA in favor of fungal cell
membranes (ergosterol-containing), as compared to
mammalian cell membranes (cholesterol-containing),
we have realized two series of experiments, depend-
ing on the nature of the sterol spread at the inter-
face: in the ¢rst one, the monolayer was composed
of POPC and cholesterol (80^20 mol%), in the sec-
ond of POPC and ergosterol (80^20 mol%).

Large unilamellar vesicles (LUV) composed of
EPC/cholesterol or EPC/ergosterol were used as a
bilayer model. The interactions of AMA and ODN/
AMA solutions with LUV were studied by recording
the circular dichroism spectra of AMA and AMA/
ODN solutions before and after addition of LUV.

3.2.1. Interaction of AMA and ODN/AMA solution
with a POPC/sterol (80^20 mol%) monolayer

3.2.1.1. POPC/cholesterol monolayer. After the
spreading of POPC/cholesterol at the air^water inter-
face, the pressure was kept constant at 5 mN/m and
an aqueous solution of AMA was injected in the
subphase to a ¢nal concentration of 2.4U1037 M.
We observed immediately a moving back of the
trough barriers to maintain a constant pressure and
an increase of the surface occupied by the molecules
(Fig. 5, curve a); these observations indicated that
AMA molecules of the subphase adsorbed and/or
penetrated the POPC/cholesterol layer. This adsorp-
tion was immediately followed by stabilization and
low desorption. After 10 min, the resulting molecules
at the interface (phospholipids and molecules of
AMA remaining adsorbed and/or penetrated) were
compressed and an isotherm shifted to higher areas
as compared to the POPC/cholesterol isotherm (Fig.
6, curves a and b). The area di¡erence (vA) of the
isotherms recorded before and after adsorption of
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AMA in the phospholipid monolayer varied from 26
to 3 Aî 2 (which corresponds to a trough surface area
vS of 30 to 3.5 cm2) for surface pressure increasing
from 5 to 40 mN/m; that indicates that the adsorbed
AMA molecules progressively desorb and/or stand
up with their axis perpendicular to the interface
when compressed. It appears that the AMA adsorp-
tion in the lipid monolayer is lower than that re-
corded at the air^water interface (vS varying be-
tween 80 and 8 cm2). Two explanations should be
consequently proposed: ¢rst, the presence of lipids
at the interface would reduce the place available
for exogenous molecules, hence a low adsorption of
the AMA from the subphase. Second, even if AMA
molecules adsorb into the phospholipids, they do not
have the possibility to self-associate as easily as they
did at the air^water interface and consequently the
major part would desorb.

As for the interactions of ODN/AMA mixed solu-
tions with the lipid monolayer, Fig. 5 shows that
contrary to the case of the AMA solution, no de-
sorption occurred, whatever the ODN concentration
(curves b, c and d). Moreover, the adsorption de-
creased when ODN concentration increased: vA var-
ied from 18 to 14 Aî 2 for, respectively, b= 0.1 to 4
and was in all cases much lower than noted in the

case of AMA solution (26 Aî 2) (Table 1). From these
observations it appeared that AMA and ODN/AMA
solutions would adopt a behavior in the presence of
a lipid monolayer very similar to their behavior at
the air^water interface. Then, as at the air^water
interface, the ODN would limit the adsorption of
AMA molecules in a POPC/cholesterol monolayer
maintained at the constant surface pressure of
5 mN/m. The same explanation could then be pro-
posed in the two cases: the progressive trapping of
AMA monomers by the ODN molecule into `com-
plex' entities whose structures were investigated in
the previous report [2].

In order to be closer to the physiologic conditions,
a similar adsorption experiment was realized with a
POPC/cholesterol monolayer maintained at a surface
pressure of 25 mN/m, instead of 5 mN/m. A very low
adsorption was noted for AMA alone whereas no
adsorption can be measured for ODN/AMA mixed
solutions. Little adsorption could occur, without any
visible area variation. It should be assumed that at
this surface pressure, there is no su¤cient place in
the phospholipids to permit the adsorption of AMA
molecules.

As far as the polyene is known to have a good
a¤nity for ergosterol as compared with cholesterol,
it could therefore be asked if the composition of the

Fig. 6. Isotherms POPC/cholesterol (80^20 mol%) before and
10 min after adsorption of AMA and ODN/AMA mixed solu-
tions of di¡erent charge ratio ODN/AMA (b) into the lipid
monolayer maintained at P = 5 mN/m. Pure lipids (a), AMA (b),
b= 0.1 (c), b= 0.4 (d) and b= 4 (e). (In the subphase, [AMA] =
2.4U1037 M, [NaCl] = 150 mM, pH = 5.5, T = 21 þ 1³C.)

Fig. 5. Adsorption kinetics (A = f(t)) of AMA and ODN/AMA
mixed solutions of di¡erent charge ratio ODN/AMA (b), in a
POPC/cholesterol (80^20 mol%) monolayer. The pressure of the
phospholipid monolayer during the adsorption was kept con-
stant at 5 mN/m. AMA (a), b= 0.1 (b), b= 0.4 (c) and b= 4
(d). (In the subphase, [AMA] = 2.4U1037 M, [NaCl] = 150 mM,
pH = 5.5, T = 21 þ 1³C.)
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sterol in the lipid monolayer could in£uence the
AMA adsorption. In order to answer this question,
we have realized the same experiments with a POPC/
ergosterol (80^20 mol%) spread monolayer.

3.2.1.2. POPC/ergosterol monolayer. The in-
creasing area (vA) resulting from the adsorption of
molecules into the POPC/ergosterol (80^20 mol%)
monolayer are summarized in Table 1. First, we ob-
served that the qualitative adsorption behavior re-
mains the same, whatever the sterol associated to
the lipids: the adsorption decreased with increasing
ODN concentration. As in the precedent case
(POPC/cholesterol monolayer), molecule adsorption
decreased with increasing ODN concentration.
Moreover, the adsorption and/or penetration of
AMA and ODN/AMA solutions were in all cases
higher in the POPC/ergosterol than in the POPC/
cholesterol monolayer.

The same experiments were performed when the
lipid monolayer was maintained at a constant surface
pressure of 25 mN/m. Whereas no adsorption was
visible under these conditions in a POPC/cholesterol,
positive results were recorded in the case of a POPC/
ergosterol monolayer. Indeed, as shown in Table 1,
the injection of AMA and ODN/AMA solutions in
the subphase led to an increase of the surface occu-
pied by the molecules at the interface of 1.5, 1, 1 and
1 Aî 2, respectively.

In both cases, these di¡erences should be attrib-

uted to the higher a¤nity of the polyene for the
ergosterol, as compared to cholesterol.

3.2.2. Interaction of AMA and ODN/AMA solutions
with EPC/cholesterol and EPC/ergosterol LUV

The interactions between AMA, ODN/AMA mix-
tures and LUV have been studied by circular dichro-
ism spectroscopy (CD). The experimental protocol
was the following: we have successively recorded
the circular dichroism spectra of AMA solution
and ODN/AMA mixtures in the absence and pres-
ence of LUV (at low ratio lipid/amphotericin). In
order to avoid the problems of turbidity in the solu-
tions, due to the presence of the vesicles, we always
worked at high ¢nal concentrations in AMA (1034

M). As in a previous publication [14], we assigned
the CD spectra recorded in the presence of the LUV
to the AMA molecules remaining free in solution
(not bound to the LUV) (Fig. 7) and compared the
intensities of the dichroic doublet recorded with and
without LUV. Thus, our results are presented as the
percentage of loss of AMA molecules after interac-
tion with the LUV (Table 2). Three principal points
appeared from the results of the interactions of
AMA and ODN/AMA solution with EPC/cholester-
ol and EPC/ergosterol LUV. First, AMA interacts
with LUV the intensity of the CD doublet decreased
by 33% from the spectrum of AMA alone in solution

Fig. 7. CD spectra of AMA alone in solution or in the presence
of POPC/cholesterol(80^20 mol%)-containing LUV. AMA alone
in solution (a) and AMA in presence of LUV (b).
([AMA] = 1034 M, [NaCl] = 150 mM, pH = 5.5.)

Table 1
Variation of the mean molecular area of a POPC/sterol mono-
layer (vA) obtained 10 min after adsorption of AMA and
ODN/AMA mixed solutions of di¡erent charge ratio ODN/
AMA (b)

Molecules in subphase Constant pressure
of the POPC/
cholesterol
monolayer (mN/m)

Constant pressure
of the POPC/
ergosterol
monolayer (mN/m)

5 25 5 25

vA (Aî 2) vA (Aî 2)

AMA 26 0.5 38 1.5
ODN/AMA, b= 0.1 18 0 32 1.5
ODN/AMA, b= 0.4 17 0 23 1
ODN/AMA, b= 4 14 0 21 0.5

The pressure of the lipid monolayer was kept constant during
the adsorption at 5 and 25 mN/m. (In the subphase, [AMA] =
2.4U1037 M, [NaCl] = 150 mM, pH = 5.5, T = 21 þ 1³C.)
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to the spectrum of AMA in the presence of choles-
terol-containing LUV (respectively, 70% for ergos-
terol-containing LUV). These results con¢rm the ca-
pacity of the polyene to interact with LUV, already
demonstrated in a previous review [3]. Second, it
appeared that this interaction was higher for ergo-
sterol-containing LUV as regard to cholesterol-con-
taining ones. This e¡ect could be attributed again to
the well-known higher a¤nity of the polyene for er-
gosterol, as opposed to cholesterol. Third, the inter-
action between AMA and LUV decreased drastically
in the case of ODN/AMA mixed solutions. Indeed,
the percentage of loss of AMA molecules due to their
interaction with the LUV decreased from 33% for an
AMA solution to 9% for the ODN/AMA solution
(b= 0.4) in the case of cholesterol-containing LUV
and from 70 to 13%, respectively, for ergosterol-con-
taining ones.

The most important result is that, as in the case of
planar lipid monolayers, the ODN limits the interac-
tion between the cationic vector and the LUV by
interacting with AMA. Second, it appears that the
percentage of the AMA molecules engaged in com-
plexes with the ODN which interact at the same time
with the LUV is higher for ergosterol-containing
LUV than for cholesterol-containing ones. Therefore
the ergosterol seems to enhance the interaction of the
polyene with the LUV, to the detriment of ODN.

4. Discussion

In order to investigate the mode of cellular mem-
brane crossing by a vectorized nucleic acid (in our
case the system ODN/AMA), we studied the interac-
tions between AMA and ODN/AMA solutions with
simpli¢ed membrane models: planar lipid mono-

layers and large unilamellar vesicles. A preliminary
study of the behavior of the two molecules at the air^
water interface has already allowed us to demon-
strate that the AMA molecules, although water-solu-
ble, were able to adsorb at the interface, while the
presence of ODN limited this adsorption. The e¡ect
of the nucleic acid was attributed to the formation of
`complex' ODN/AMA species in solution, well docu-
mented in a previous publication [2]. Moreover, it
has also been demonstrated that the adsorbed species
were tensioactive monomers of AMA, while the
rather hydrophilic `complexes' would stay in the sub-
phase; this point underlined the role of the hydro-
phobic/hydrophilic balance on the adsorption at the
interface.

In the presence of a lipid monolayer at the inter-
face, the same decrease in adsorption with increasing
ODN concentration in the subphase was noted.
Therefore, our experiments suggest that the adsorp-
tion behavior of AMA and ODN/AMA mixed solu-
tions was qualitatively not modi¢ed by the presence
of a phospholipid monolayer. However, it clearly
appeared that the phospholipids quantitatively a¡ect
the adsorption, as for all solutions the adsorption
was lower than at the air^water interface. Two ex-
planations can be proposed for this: (1) the presence
of lipids at the interface drastically reduces the free
available place for exogenous molecules (AMA from
the subphase) and therefore limits their adsorption
and (2) due to the presence of lipids, the adsorbed
AMA molecules cannot self-associate as they did at
the air^water interface and, therefore, partially de-
sorb. Indeed it has already been mentioned that iso-
lated AMA monomers at the interface tended to de-
sorb, whereas self-associated species did not desorb.

As the adsorption di¡erence obtained with both
types of interfaces (air^water or lipid monolayer)
was much lower for the ODN/AMA solutions than
for AMA solution, it should be assumed that a com-
petition between hydrophobic and electrostatic
strengths occurred. Indeed, we have already shown
that the `complex' formation was ¢rst governed by
electrostatic attractions, then followed by hydropho-
bic interactions between AMA self-associated spe-
cies; besides, as far as the phospholipid used is zwit-
terionic, the interactions between the polyene and
lipid monolayer would be principally of hydrophobic
nature. Our results allowed, therefore, the proposal

Table 2
Percentage of decrease of the CD doublet intensity of AMA
and ODN/AMA (b= 4) solutions after interaction with EPC/
sterol (80^20 mol%): %vO

vA with POPC/chol
LUVs (%)

vA with POPC/ergo
LUVs (%)

AMA 33 70
ODN/AMA, b= 4 9 13

([AMA] = 1034 M, [NaCl] = 150 mM, pH = 5.5, T = 21 þ 1³C)
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of the following hypothesis. At low ODN concentra-
tion, the hydrophobic interactions between AMA
molecules and lipids at the interface would induce
the escape from the complexes of the AMA mono-
mers weakly bound to them in the subphase (mono-
mers bound to AMA aggregates by hydrophobic in-
teractions but not electrostatically attached to the
ODN); the resulting AMA monomers free in solu-
tion would immediately adsorb in the lipid mono-
layer or at the air^water interface. When increasing
ODN concentration, the electrostatic interactions be-
tween AMA molecules and ODN would predomi-
nate and the result would be the decrease of adsorp-
tion both in the lipid monolayer and at the air^water
interface.

It should be noted that the high AMA adsorption
observed in the POPC/ergosterol (80^20 mol%)
monolayer con¢rms the well-known high a¤nity of
the polyene for the ergosterol. However, the hydro-
phobic interactions between the lipid monolayer and
the AMA molecules in the subphase remained always
lower than the electrostatic interactions with the
ODN.

The study of the interactions of AMA and ODN/
AMA solutions with LUV by circular dichroism led
to results in good agreement with those obtained on
planar monolayers. Indeed, it also appeared that the
ODN limited the interactions of the polyene with the
LUV, which con¢rms the competition between hy-
drophobic and electrostatic strengths. Moreover,
the role of the sterol also clearly appeared since the
interactions of AMA and the complex with LUV
were higher in the case of ergosterol-containing
LUV, as regard to cholesterol-containing ones.

5. Conclusion

In conclusion, in this ¢rst study of the interactions
between membrane models and a new system of nu-
cleic acid vectorization, it clearly appears that the
nature of interaction between AMA and nucleic
acid on the one hand and nucleic acid/AMA com-
plexes and lipids on the other hand, a¡ects the pos-
sible crossing of the nucleic acid through the cell
membrane. Knowing the capacity of AMA to tran-
siently permeabilize the cell membrane, we ¢rst made
the hypothesis that the nucleic acids could enter the

cell through the pores thus formed. However this
mechanism appeared rather unlikely in the case of
our study, our ODN being too large as compared
to the reported size of the pores formed by the
AmB in cell membranes [15^17]. However, this hy-
pothesis could perhaps be available for smaller nu-
cleic acids. In addition, let us note that the idea of
nucleic acid vectorization through pores of small ra-
dius is still topical [18,19].

The hypothesis of the internalization of the whole
ODN/AMA complex in the cell, thanks to membrane
organization changes, has also to be considered. In-
deed, the absence of a¤nity of these hydrophilic
complexes for our planar lipid monolayers could be
due to the utilization of zwitterionic lipids in our
study. An interaction could perhaps be demonstrated
between the same complexes (positively-charged) and
negatively-charged lipids, like those found in the cell
membrane.

Finally, the internalization of a nucleic acid vec-
torized by the AMA exists, since it has been demon-
strated in a previous publication [1]. However, the
passive transport at ¢rst considered as the mecha-
nism of entry is perhaps not the only possible way,
as our results seem to show.
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