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Abstract

Nystatin (NYS), a polyene antifungal antibiotic, has been investigated in Langmuir monolayers alone and in mixtures with mammalian and
fungi membrane sterols (cholesterol and ergosterol, respectively) as well as with a model phospholipid (DPPC). The interactions between film
molecules have been examined both in a qualitative and quantitative way with the excess area per molecule (AExc), excess free energy of mixing
(ΔGExc) and the interaction parameter (α). The obtained results have been compared with those previously reported for another polyene
antimycotic: amphotericin B (AmB) mixed with lipids. Higher affinity of NYS has been observed for ergosterol vs. cholesterol, however, the
strongest attractions were found for its mixtures with DPPC. The obtained results have been verified with biological studies reported previously
for both antibiotics (NYS and AmB). A thorough analysis of the Langmuir experiment results performed for both polyenes enabled us to conclude
that the presence of DPPC can be considered as a key factor affecting their antifungal activity as well as their toxicity towards host cells.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Polyene antibiotics nystatin (NYS) and amphotericin B
(AmB) have been incessantly used in the treatment of topical
(NYS) and systemic (AmB) fungal infections for more than
50 years now. The advantage of administering these com-
pounds, which are more efficient and not replaceable with other
agents belonging to different families of antifungal compounds,
e.g. azoles, is their wide spectrum of activity towards
pathogenic fungi and yeasts. However, their application is
accompanied by serious side effects, resulting from composi-
tional similarity between host and fungi cells [1]. This issue will
be discussed later on.

Nystatin was discovered in 1944 by Elisabeth Hazen and
isolated from Streptomyces nodosus by Rachel Brown. Their
research was published in 1950, and the isolated agent was
refereed as AN No. 48240. Later it was called fungicidin, while
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its commercial formulation — mycostatin. Finally, it was
named nystatin from the New York State (Department of
Health), where both researchers worked [2]. The chemical
structure of nystatin is presented in Scheme 1. This molecule
possesses an amphipathic structure. The system of four
conjugated double bonds forms a hydrophobic (apolar) part,
while on the other side of the ring, the hydroxyl, carboxyl and
keto groups form hydrophilic (polar) part of nystatin molecule.
Moreover, a mycosamine moiety is linked to the macrolacton
ring [2,3]. The number of conjugated double bonds differenti-
ates tetraene nystatin from heptaene amphotericin B.

As soon as the therapeutic properties of nystatin isolated
from S. nodosus were found, the explanation of its mechanism
of action attracted a lot of attention. First experiments, which
cast some light on the mode of antifungal action of polyenes,
were performed at the end of the 1950s. It has been proved that
these antibiotics interact specifically with lipids present in the
cellular membrane of a sensitive organism. Since bacteria,
which are unaffected by polyenes, does not possess sterols in
their cells, while polyene-sensitive fungi contain sterols in their
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Scheme 1. The chemical structure of nystatin.
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membrane, it has been proposed that the action of these
antibiotics is limited to organisms, which possess sterols in their
cell membrane composition [3–7]. The mechanism of action of
polyene antibiotics was further explained more precisely by
DeKruiff and Demel [8], who proposed that polyenes form
specific complexes with membrane sterols, and associate into
transmembrane channels, or pores that permit a loss of ions and
small molecules from the cell, causing its damage and finally
death. This mode of action is considered to be most probable
and is now widely accepted. However, it is worth mentioning
that there are still some controversies, especially regarding the
role of other membrane components in polyene antifungal
activity. First of them appeared in 1963, when Goldfine and
Ellis [9] proved that polyene-insensitive bacteria, which do not
have sterols in their membranes, are unable to synthetize
lecithins. On the contrary, polyene-sensitive organisms have in
their membrane composition not only sterols, but also lecithins,
and therefore the latter should also be taken into consideration
when looking for the polyene mode of action. However, further
experiments have indicated that the antibiotic action is more
efficient in the presence of sterols [10–13]. On the other hand, it
has been reported that polyenes are able to form pores in
membranes devoid of sterols [14,15], however, the formed
channels are not responsible for their antifungal activity [10,11].
Thus, although the role of sterols in polyene mechanism of
action is known to be important, the question regarding the
influence of phospholipids on polyene activity is still unsolved.

The most serious problem directly involved in the mecha-
nism of action of these antifungal agents is their toxicity. The
similarity between fungal and mammalian membranes, namely
the presence of sterols in both types of cells (cholesterol in
mammalian and ergosterol in fungi), causes the polyenes to
form pores that affects the permeability of both pathogenic as
well as host cells. However, ergosterol-containing membranes
are more sensitive to nystatin than those possessing cholesterol
[2,6,16], and therefore nystatin can be therapeutically applied in
the treatment of fungal infections. However, due to low
absorption of nystatin from the gut and a high toxicity when
administrated intraperitoneally and intravenously, its applica-
tion is limited rather to oral and topical therapy [3,17–19].
Nystatin spectrum of antifungal activity is broader as compared
to amphotericin B, and therefore the intravenous administration
of the former antibiotic could be more effective. Also, it has
been found that nystatin can be incorporated into liposomes
(Nyotran), and in this form it does not loose its therapeutic
properties, while its toxicity is profoundly reduced. The
liposomal formulation of nystatin is as effective as liposomal
amphotericin B, and even more active than amphotericin B
deoxycholate or amphotericin B lipid complex. In addition,
what is of great importance, nystatin in this form acts also on
amphotericin B-resistant infections [20–26].

Since themechanism of action of nystatin (and other polyenes)
has not been thoroughly elucidated so far, there are still
experiments being performed on the influence of polyenes on
natural membrane properties and pores formation [18,27–29].
Recently, interesting results regarding the interaction between
liposomes, imitating fungi andmammalianmembranes, aswell as
the interaction between antibiotic and phospholipids vesicles have
been presented [30,31]. The authors propose [31] that the
antifungal mechanism of nystatin is comprised of two steps,
depending on the antibiotic concentration, and that the interaction
between nystatin and ergosterol-containing liposomes is different
from those containing cholesterol.

In this paper, the results of investigations on the interaction
between nystatin and mammalian and fungi sterols (cholesterol
and ergosterol, respectively) as well as a model phospholipid
(DPPC) have been presented, using the Langmuir monolayer
technique [32]. This experimental technique has been previ-
ously used for investigation of the mechanism of action of other
polyene antibiotic namely amphotericin B [33–41], however, to
the best of our knowledge, such experiments have not been yet
performed for nystatin. Previously [42] we examined the film-
forming properties of pure nystatin, especially its stability at the
air/water interface. Improved stability of mixed monolayers in
comparison to pure nystatin proves that this antibiotic can be
investigated in 2D mixtures with sterols and phospholipids at
physiological conditions. We do believe that the investigations
presented herein together with results of our previous studies
regarding amphotericin B derivatives will give a better insight
into the understanding of the effect of polyenes on natural
membrane components.

2. Experimental

Nystatin dihydrate was purchased from Fluka, 99% in the
form of a yellow powder, while cholesterol (+99%) and
ergosterol (+97%) were purchased from Aldrich and Fluka,
respectively. L-α Phosphatidylcholine dipalmitoyl (DPPC)
(synthetic, 99%) was purchased from Sigma. Stock solutions
of all the investigated compounds were prepared in N,N-
dimethylformamide (p.a., POCh, Poland) prior to experiments
in the concentration of ca. 0.2 mg/ml, and were stored without
the access of light in a desiccator placed in a fridge (at 4 °C).
Spreading solutions were deposited onto the water subphase
with the Hamilton microsyringe, precise to 2.0 μl. After
spreading, the monolayers were left to equilibrate for ca. 5 min
before the compression was initiated with the barrier spread of
20 cm2/min. π–A isotherms were recorded with a NIMA (U.K.)
Langmuir trough (total area=300 cm2) placed on an anti-
vibration table. Surface pressure was measured with the



Fig. 1. Surface pressure–area (π–A) isotherms of mixed monolayers: nystatin/
cholesterol (a), nystatin/ergosterol (b), nystatin/DPPC (c) spread on water at
20 °C.
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accuracy of ±0.1 mN/m using a Wilhelmy plate made of filter
paper (ashless Whatman Chr1) connected to an electrobalance.
All the surface pressure/area isotherms reported here are the
averages of at least three experiments. The subphase temper-
ature (20 °C) was controlled thermostatically to within 0.1 °C
by a circulating water system.

3. Results

A thorough characteristic of Langmuir monolayers formed
by the antifungal antibiotic – nystatin – has been presented in
our former contribution [42]. It has been found that this
antibiotic at the air/water interface built monolayers of a liquid
expanded (LE) character.

The interactions in mixed Langmuir monolayers can be
studied from the point of view of miscibility of monolayer
components, based on the analysis of π–A isotherms [43]. Thus,
in the first step of our studies, the isotherms for one-component
(nystatin and respective lipids) as well as mixed antibiotic/lipids
monolayers have been recorded (Fig. 1).

As regards mixed films containing sterols, the isotherms for
mixed monolayers lie in-between those for pure nystatin and
respective sterols. However, π–A curves for mixtures of
antibiotic/ergosterol, especially of lower antibiotic content, are
more shifted towards pure ergosterol isotherm as compared to
nystatin/cholesterol mixtures. Additionally, the isotherms for
nystatin/cholesterol mixed system possess, even at low nystatin
mole fraction, characteristic plateau region, which changes
position with the antibiotic content in a mixed monolayer. This
phenomenon also differentiates this system from that containing
fungi sterol, in which plateau appears only for monolayers
containing nystatin in excess (XNYS≥0.5). This indicates a
stronger effect of nystatin on fungi sterol monolayers. The
isotherms recorded for nystatin/DPPC mixed monolayers are
shown in Fig. 3c. As seen, only π–A curves for film of nystatin
mole fraction XNYS≤0.3 lie in-between the isotherms for pure
phospholipid and the antibiotic, while those for XNYS≥0.5 are
strongly shifted towards smaller areas, which suggests the
existence of strong intermolecular interaction in this composi-
tion region.

The influence of lipids on the physical state of nystatin
monolayer can be verified based on the analysis of compression
modulus values for mixed films. The compression modulus is
defined as follows (Eq. (1)) [44]

C�1
s ¼ �Aðdp=dAÞ ð1Þ

and was obtained by numerical calculation of the first
derivative from the isotherm data points. The Cs

−1 vs. π plots
have been presented in Fig. 2. The addition of a sterol or a
phospholipid (which form more condensed monolayers than
NYS) into the antibiotic film causes an increase of Cs

−1 values,
causing the mixed film to be more rigid and closely packed.
Generally, sterols condense expanded nystatin monolayers,
however, this effect seems to be stronger for ergosterol-
containing films (see Fig. 2a and b). These results, together
with the observation regarding the isotherm course and
characteristic and the fact that stronger contraction of the
mean molecular area is observed for isotherms recorded for
ergosterol-containing mixtures, indicate stronger interactions
between the antibiotic and fungi sterol.

A thorough qualitative and quantitative analysis of the
interaction between molecules in mixed monolayers have been
done based on calculations of the excess area AExc and the



Fig. 2. The compression modulus (Cs
−1) vs. surface pressure (π) dependencies for

mixed monolayers: nystatin/cholesterol (a), nystatin/ergosterol (b), nystatin/
DPPC (c).

Fig. 3. Excess area (AExc) vs. composition plots for mixtures of nystatin/
cholesterol (a), nystatin/ergosterol (b), nystatin/DPPC at different constant
surface pressures.
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excess Gibbs energy of mixing ΔGExc, respectively. The excess
area is expressed by the formula (Eq. (2)) [45]

AExc ¼ A12 � ðA1X1 þ A2X2Þ ð2Þ
where A12 is the mean area per molecule in mixed monolayer at
constant surface pressure, A1, A2 are the molecular area of single
component at the same surface pressure and X1, X2 are the mole
fractions of components 1 and 2 in mixed film.
The values of ΔGExc can be evaluated directly from π–A
isotherms using following equation (Eq. (3)) [45]

DGExc ¼ N
Z p

0
ðA12 � X1A1 � X2A2Þdp ð3Þ

Analyzing AExc and ΔGExc values as a function of the film
composition it is possible to draw conclusions regarding the
miscibility between monolayer components as well as the kind
and strength of interaction between them [32,45].
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In Fig. 3, AExc vs. nystatin mole fraction plots for mixtures
containing antibiotic and cholesterol (a), ergosterol (b) and
DPPC (c) at different values of surface pressure, namely:
π=2.5, 5,10 and 15 mN/m, are presented. As it can be seen,
there is no linearity between the area available for a molecule
and the mole fraction of nystatin. Therefore it is evident that the
investigated compounds are miscible and interact in mixed
monolayer in whole range of antibiotic mole fraction and
surface pressures. However, the kind of interactions depends on
the monolayer composition. At low content of nystatin in sterol-
containing monolayers (XNYS≤0.5) (Fig. 3a, b), a negative
deviation from ideality, suggesting attractive interaction
between molecules, are observed. Further increase of nystatin
content in mixed monolayer results in positive deviations from
linearity. This proves that the molecular interactions in this
region are less attractive as compared to ideally mixed
monolayers. Also in the case of mixed monolayers of nystatin
with phospholipid, the kind of interactions between molecules
in mixed films depends on monolayer composition; however,
some oppose effects with relation to nystatin/sterols mixtures
can be observed (Fig. 3c). It means that the negative deviations
from linearity appear for monolayers of XNYS>0.4, while at
lower antibiotic content, positive deviations and less attractive
forces between molecules exist.

For a quantitative analysis of the interaction between nystatin
and lipids, the excess Gibbs energy of mixing ΔGExc for
mixtures of different composition at constant surface pressures
(π=2.5, 5, 10 and 15 mN/m) were obtained and the interaction
parameter α was calculated (Eq. (4)) [45]:

a ¼ DGExc

RTðX1X 2
2 þ X2X 2

1 Þ
ð4Þ

where R is the gas constant and T is the absolute temperature.
The positive sign of α (or ΔGExc) indicates that the mixed
monolayer is more expanded and the molecular interactions are
less attractive as compared to ideally mixed monolayers, while
negative values suggest attractive interaction between mono-
layer components and its higher thermodynamic stability. The
ΔGExc values obtained for investigated mixed systems are
compiled in Table 1, while α was presented as a function of
monolayer composition in Fig. 4a–c. Analyzing these para-
meters obtained for all the investigated mixed systems as a
Table 1
Excess Gibbs energy of mixing ΔGExc values for mixed monolayers of nystatin wit

XNYS ΔGExc [J/mol]

Cholesterol Ergosterol

π [mN/m] π [mN/m]

2.5 5 10 15 2.5 5

0.1 −82 −88 −68 −131 50.1 −56
0.3 −21 −0.5 −62 −179 −85 −300
0.5 262 185 −25 −223 −176 −224
0.7 5 111 283 356 −61 −12
0.9 427 461 611 745 320 461
function of mixed monolayer composition, two characteristic
regions of interaction between nystatin and respective lipids can
be noticed, namely the first one, at low antibiotic content, in
which both ΔGExc as well as α parameter are negative for
mixtures with sterol and positive for mixed monolayers
containing phospholipid, and the other one, at higher antibiotic
mole fraction, where the excess Gibbs energy of mixing values
and interaction parameter are positive for mixtures with sterol
and negative for mixtures with DPPC. As regards mixed
monolayers of nystatin and sterols, the composition range, in
which attractive interaction between monolayers components
appears, is nearly the same for mammalian and fungi sterol and
ranges between 0.1 and 0.6 of nystatin mole fraction. However,
the values of ΔGExc as well as α are nearly two times more
negative for mixed monolayers containing ergosterol vs.
cholesterol. Interestingly, at higher XNYS, the attractions
between the antibiotic and both sterols decrease, while a strong
affinity towards phospholipid can be observed. It is worth
pointing out significantly higher absolute values of ΔGExc for
mixtures with DPPC as compared to nystatin/sterol systems in
this composition regions, where the attraction between film
molecules are observed (XNYS>0.4 for mixtures with DPPC and
XNYS=0.1–0.6 for sterol-containing systems).

In order to obtain information of mixed monolayers stability,
the values of total free energy of mixing ΔGM (Eq. (5)) have
been calculated:

DGM ¼ DGExc þ DGid ð5Þ

where

DGid ¼ RTðX1lnX1 þ X2lnX2Þ ð6Þ

TheΔGM vs. nystatin mole fraction dependencies are shown
in Fig. 5a–c.

Analyzing Fig. 5a it can be noticed that the ΔGM values are
negative for all the investigated mixed monolayers within the
whole range of nystatin content; independently of surface
pressure. This proves that the 2D mixed state is thermodynam-
ically more stable and thus, more favorable than the
corresponding unmixed state. Moreover, the mixed monolayers
containing sterols are of the same stability in wide and nearly
the same composition range namely XNYS≈0.3÷0.65. As
h cholesterol, ergosterol and DPPC at different surface pressures

DPPC

π [mN/m]

10 15 2.5 5 10 15

−173 −365 153 203 363 495
−540 −491 63 116 344 612
−239 −224 −313 −806 −1424 −1700

59 −2 −382 −1080 −2074 −2588
702 868 −50 −650 −1495 −1787



Fig. 4. α parameter vs. composition plots for mixtures of nystatin/cholesterol (a),
nystatin/ergosterol (b), nystatin/DPPC at different constant surface pressures.

Fig. 5. Total free energy of mixing (ΔGM) vs. composition plots for mixtures of
nystatin/cholesterol (a), nystatin/ergosterol (b), nystatin/DPPC at different
constant surface pressures.
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regards monolayers of antibiotic and DPPC, the highest stability
is found when the antibiotic content is about 0.7.

4. Discussion

The results of investigations presented herein provide both
quantitative and qualitative analysis of the interaction between
polyene antibiotic – nystatin – and natural (mammalian and
fungi) membrane components in mixed Langmuir monolayers
and allow us to draw some general conclusions, which can be of
help in understanding the role of phospholipids in polyene
mechanism of action.

It has been found that although the interaction between
nystatin and both sterols are attractive in nearly the same
monolayer composition range, they are stronger in monolayers
containing ergosterol vs. cholesterol-containing films. These
stronger interactions between components in mixed monolayers
containing fungi sterol can be attributed to structural differences
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between mammalian and fungi sterol. Ergosterol, in comparison
with cholesterol, possesses additional double bonds in the side
chain and the other one in the sterol ring as well as an additional
methyl group in the side chain. The presence of an unsaturated
bond in the hydrocarbon chain makes the molecule more rigid
and hinders its conformational changes and the side hydrocar-
bon tail, which is stiffer and more elongated than that of
cholesterol, protrudes out of the cyclic part of the molecule. As
has been precisely described previously [46] the monolayer
from ergosterol is looser as compared to cholesterol, which
gives possibility of more favorable, as compared to rigid and
closely packed cholesterol film, molecular packing of large
nystatin molecule.

Interestingly, the affinity of the other polyene: amphotericin
B (AmB) to both sterols is comparable in a broad range of
mixed film compositions [47]; however, as compared to
nystatin, the interactions between AmB and fungi sterol are
weaker. On the other hand, the biological studies indicate that
amphotericin B is more active towards fungi than the
investigated here nystatin, as lower concentration of amphoter-
icin B is required to cause the same effect on different
pathogenic fungi as compared to nystatin [20,25,48]. Although
at first sight these reports are at variance with our results;
however, the situation changes if the interactions between
nystatin and both kinds of lipids (sterols and DPPC) are
analyzed together and compared to the results for AmB/lipid
systems. As it has been found [47], the interaction between
amphotericin B and DPPC are stronger than with sterols,
however, in comparison with those presented herein for
nystatin/DPPC monolayers it is evident that the affinity of the
latter antibiotic to the investigated phospholipid is about 3 times
higher than AmB. In our opinion, these interactions are crucial
for understanding the action of polyenes in a membrane. We
suggest that the antibiotic/phospholipid interaction reduce the
concentration of free antibiotic, which is capable of interacting
with membrane sterols, decreasing in this way its therapeutic
action.

Based on our monolayer experiments, considering NYS/
cholesterol interactions and comparing them with those for
AmB, it is possible to discuss the toxicity problem of both
polyenes. It has been found that the free energy of mixing
values, in the same range of monolayer composition, for
nystatin/cholesterol mixtures are only insignificantly lower
than those for AmB/cholesterol monolayers (minimum of
ΔGExc≈−200 and −300 J/mol for nystatin and amphotericin
B, respectively). This suggests rather comparable effect of both
antibiotics on mammalian cells. However, biological studies
[16] indicate that the antibiotic concentration required for 50%
hemolysis of erythrocytes of mice blood are significantly
different (6 and 80 μg/ml for amphotericin B and nystatin,
respectively). Our suggestion regarding the role of phospholi-
pids in polyene action in natural membrane allows explaining
also lower toxicity of nystatin in comparison with amphotericin
B. Namely, the phospholipid/cholesterol interactions prevent
this sterol from forming complexes with the antibiotic. Since the
interactions between DPPC and nystatin are significantly
stronger as compared to AmB, thus, as proven by the above-
mentioned biological studies, nystatin is less toxic towards
mammalian cell.

It is worth discussing here one more effect, which is of
importance for a better understanding of polyene affinity
towards sterols. It is well known that phospholipids are always
associated with sterols in biological membranes, and therefore
when analyzing the sterol/antibiotic interactions, the interac-
tions between DPPC – the investigated here model phospho-
lipid – and sterols need also to be taken into account. The
investigations carried out by other authors prove the existence
of stronger interactions and significantly higher stability of
mixed DPPC and cholesterol monolayers as compared to
DPPC/ergosterol system [35]. Therefore, it may be supposed
that strong interaction between DPPC and mammalian sterol
prevent interaction of antibiotic/cholesterol and “naturally”
increases selectivity of antibiotics, however, without altering its
antifungal properties. It should be stressed that the influence of
the above-mentioned DPPC/cholesterol interactions is the same
for both antibiotics.

Our conclusion regarding the role of phospholipids in
polyene mechanism of action is in agreement with suggestions
of other authors. Namely, it has been found that phosphatides
compete with sterols in cell membranes and decrease the
polyene activity by reduction of the effective antibiotic
concentration due to a complex formation [49–51].
References

[1] I. Hapala, V. Klobucnikova, P. Kohut, Two mutants selectively resistant to
polyenes reveal distinct mechanism of antifungal activity by nystatin and
amphotericin B, Biochem. Soc. Trans. 33 (2005) 1206–1210.

[2] N. Akaike, N. Harata, Nystatin perforated patch recording and its
application to analyses intracellular mechanisms, Jpn. J. Physiol. 44
(1994) 433–473.

[3] J.M.T. Hamilton-Miller, Chemistry and biology of polyene macrolide
antibiotics, Bacteriol. Rev. 37 (1973) 166–196.

[4] J.O. Lampen, E.R. Morgan, A. Slocum, P. Arnow, Absorption of nystatin
by microorganism, J. Bacteriol. 78 (1959) 282–289.

[5] D. Gottlieb, H. Carter, J.H. Sloneker, A. Amman, Protection of fungi
against polyene antibiotics by sterols, Science 128 (1958) 361–365.

[6] S.C. Kinsky, Effect of polyene antibiotics on protoplast of Neurospora
crassa, J. Bacteriol. 83 (1962) 351–358.

[7] G. Wiessmann, G. Sessa, The action of polyene antibiotics on
phospholipids–cholesterol structures, J. Biol. Chem. 242 (1967) 616–625.

[8] B. DeKruijf, R.A. Demel, Polyene antibiotic–sterol interactions in
membranes of Acholeplasma laidlawii cells and lecithin liposomes. III.
Molecular structure of the polyene antibiotic–cholesterol complexes,
Biochim. Biophys. Acta 339 (1974) 57–70.

[9] H. Goldfine, M.E. Ellis, N-methyl groups in bacterial lipids, J. Bacteriol.
87 (1964) 8–15.

[10] B.E. Cohen, A sequential model fort the formation of aqueous channels by
amphotericin b liposomes. The effect of sterols and phospholipid
composition, Biochim. Biophys. Acta 1108 (1992) 49–58.

[11] B.E. Cohen, Amphotericin B toxicity and lethality: a tale of two channels,
Int. J. Pharm. 162 (1998) 95–106.

[12] B. De Kruijff, W.J. Gerritsen, A. Oerlemans, P.W.M. Van Dijck, R.A.
Demel, L.L.M. Van Deenen, Polyene antibiotic–sterol interactions in
membranes of Acholeplasma laidlawii cells and lecithin liposomes. II.
Temperature dependence of the polyene antibiotic–sterol complex
formation, Biochim. Biophys. Acta 339 (1974) 44–56.

[13] G. Fujii, J.-E. Chang, T. Coley, B. Steere, The formation of amphotericin B
ion channels in lipid bilayers, Biochemistry 36 (1997) 4959–4968.



161K. Hąc-Wydro, P. Dynarowicz-Łątka / Biophysical Chemistry 123 (2006) 154–161
[14] A. Vertut-Croquin, J. Bolard, M. Chabbert, C. Gary-Bobo, Differences in
the interaction of polyene antibiotic amphotericin B with cholesterol- or
ergosterol-containing phospholipids vesicles. A circular dichroism and
permeability study, Biochemistry 22 (1983) 2939–2944.

[15] B.V. Cotero, S. Rebolledo-Antunez, I. Ortega-Blake, On the role of sterol
in the formation of the amphotericin B channel, Biochim. Biophys. Acta
1375 (1998) 43–51.

[16] J. Kotler-Brajtburg, G. Medof, G.S. Kobayashi, S. Boggs, D. Schlessinger,
R.C. Pandey, K.L. Rinehart Jr., Classification of polyene antibiotics
according to chemical structure and biological effects, Antimicrob. Agents
Chemother. 15 (1979) 716–722.

[17] K. Moribe, K. Maruyama, M. Iwatsuru, Spectroscopic investigation of the
molecular state of nystatin encapsulated in liposomes, Int. J. Pharm. 201
(2000) 37–49.

[18] L. Ostrosky-Zeichner, S. Bazemore, V.L. Paetznick, J.R. Rodriguez, E.
Chen, T. Wallace, P. Cossum, J.H. Rex, Differential antifungal activity of
isomeric forms of nystatin, Antimicrob. Agents Chemother. 45 (2001)
2781–2786.

[19] A.J. Carrillo-Munoz, G. Quindos, C. Tur, M.T. Ruesga, Y. Miranda, O. Del
Valle, P.A. Cossum, T.L. Wallace, In-vitro antifungal activity of liposomal
nystatin in comparison with nystatin, amphotericin B cholesteryl sulphate,
liposomal amphotericin B, amphotericin B lipid complex, amphotericin B
desoxycholate, fluconazole and itraconazole, J. Antimicrob. Chemother.
44 (1999) 397–401.

[20] E.M. Johnson, J.O. Ojwang, A. Szekely, T.L. Wallace, D.W. Warnock,
Comparison of in vitro antifungal activities of free and liposome-
encapsulated nystatin with those of four amphotericin B formulations,
Antimicrob. Agents Chemother. 42 (1998) 1412–1416.

[21] M.A. Ghannoum, L.B. Rice, Mode of action, mechanisms of resistance,
and correlation of these mechanisms with bacterial resistance, Clin.
Microbiol. Rev. 12 (1999) 501–517.

[22] D.W. Denning, P. Warn, Dose range evaluation of liposomal nystatin and
comparisons with amphotericin B and amphotericin B lipid complex in
temporarily neutropenic mice infected with an isolate of Aspergillus
fumigatus with reduced susceptibility to amphotericin B, Antimicrob.
Agents Chemother. 43 (1999) 2592–2599.

[23] F. Offner, V. Kremery, M. Boogaerts, Ch. Doyen, D. Engelhard, P. Ribaud,
C. Cordonnier, B. de Pauw, S. Durrant, J.-P. Marie, P. Moreau, H. Guiot, G.
Samonis, R. Sylvester, R. Herbrecht, The EORTH Invasive Fungal
Infection Group, Antimicrob. Agents Chemother. 48 (2004) 4808–4812.

[24] A.J. Carrillo-Munoz, G. Quindos, C. Tur, M.T. Ruesga, Y. Miranda, O. del
Valle, P.A. Cossum, T.L. Wales, In vitro activity of nystatin compared with
those of liposomal nystatin, amphotericin B, and fluconazole against
clinical Candida isolates, J. Antimicrob. Chemother. 44 (1999) 397–401.

[25] K.L. Oakley, C.B. Moore, D.W. Denning, Comparison of in vitro activity
of liposomal nystatin against Aspergillus species with those of nystatin,
amphotericin B (AB) deoxycholate, AB colloidal dispersion, liposomal
AB, AB lipid complex, and itraconazole, Antimicrob. Agents Chemother.
43 (1999) 1264–1266.

[26] S. Arikan, L. Ostrosky-Zeichner, M. Lozano-Chiu, V. Paetznick, D.
Gordon, T. Wallace, J.H. Rex, In vitro activity of nystatin compared with
those of liposomal nystatin, amphotericin B, and fluconazole against
clinical Candida isolates, J. Clin. Microbiol. 40 (2002) 1406–1412.

[27] M.A.R.B. Castanho, A. Coutinho, M.J.E. Prieto, Absorption and
fluorescence spectra of polyene antibiotics in the presence of cholesterol,
J. Biol. Chem. 267 (1992) 204–209.

[28] S. Lopes, M.A.R.B. Castanho, Revealing the orientation of nystatin and
amphotericin B in lipidic multilayers by UV–Vis linear dichroism, J. Phys.
Chem., B 106 (2002) 7278–7282.

[29] J. Milhaud, J. Berrehar, J.M. Lancelin, B. Michels, G. Raffard, E.J.
Dufourc, Association of polyene antibiotics with sterol-free lipid
membranes: II. Hydrophobic binding of nystatin to dilauroylphosphati-
dylcholine bilayers, Biochim. Biophys. Acta 1326 (1997) 54–66.

[30] A. Coutinho, M. Prieto, Cooperative partition model of nystatin interaction
with phospholipid vesicles, Biophys. J. 84 (2003) 3061–3078.

[31] A. Coutinho, L. Silva, A. Fedorov, M. Prieto, Cholesterol and ergosterol
influence nystatin surface aggregation: relation to pore formation,
Biophys. J. 87 (2004) 3264–3276.

[32] G.L. Gaines, Insoluble Monolayers at Liquid/gas Interfaces, Wiley-
Interscience, New York, 1966. Chapter 6.

[33] R. Seoane, J. Minones, O. Conde, E. Iribarnegaray, M. Casas, Interactions
between amphotericin B and sterols in monolayers. Mixed films of
amphotericin B–cholesterol, Langmuir 15 (1999) 5567–5573.

[34] R. Seoane, J. Minones, O. Conde, M. Casas, E. Iribarnegaray, Interaction
between amphotericin B and sterols in monolayers. Mixed films of
ergosterol–amphotericin B, Langmuir 15 (1999) 3570–3578.

[35] P. Dynarowicz-Łątka, R. Seoane, J. Minones Jr., M. Velo, J. Minones,
Study of penetration of amphotericin B into cholesterol or ergosterol
containing dipalmitoyl phosphatidylcholine Langmuir monolayers, Col-
loids Surf., B 27 (2002) 249–267.

[36] J.C. Sykora, W.C. Nelly, V. Vodyanoy, Thermodynamic characteristic of
mixed monolayers of amphotericin B and cholesterol, J. Colloid Interface
Sci. 276 (2004) 60–67.

[37] J. Barwicz, P. Tancrede, The effect of aggregation state of amphotericin B
on its interactions with cholesterol- or ergosterol-containing phosphati-
dylcholine monolayers, Chem. Phys. Lipids 85 (1997) 145–155.

[38] Y. Saka, T. Mita, Interaction of amphotericin B with cholesterol in
monolayers, aqueous solutions and phospholipids bilayers, J. Biochem.
123 (1998) 798–805.

[39] J. Sykora, S. Wilma, W.C. Nelly, V. Vodyanoy, Amphotericin B and
cholesterol in monolayers and bilayers, Langmuir 19 (2003) 858–864.

[40] J. Minones Jr., J. Minones, O. Conde, J.M. Rodriquez Patino, P.
Dynarowicz-Łątka, Langmuir 18 (2002) 2817–2827.

[41] J. Minones Jr., J. Minones, Recent studies on amphotericin B–
phospholipids interactions in Langmuir monolayers, Recent Res. Dev.
Surf. Colloids 1 (2004) 21–42.

[42] K. Hąc-Wydro, P. Dynarowicz-Łątka, Nystatin in Langmuir monolayers at
the air/water interface, J. Colloid Interface Sci. (submitted for publication).

[43] I.S. Costin, G.T. Barnes, Two-component monolayers. II. Surface
pressure–area relations for the octadecanol–docosyl sulphate system,
J. Colloid Interface Sci. 51 (1975) 106–121.

[44] J.T. Davies, E.K. Rideal, Interfacial Phenomena, Academic Press, New
York, 1963.

[45] P. Dynarowicz-Łątka, K. Kita, Molecular interaction in mixed monolayers
at the air/water interface, Adv. Colloid Interface Sci. 79 (1999) 1–17.

[46] K. Hąc-Wydro, P. Wydro, P. Dynarowicz-Łątka, Interaction between
dialkyldimethylammonium bromides (DXDAB) and sterols—a monolayer
study, J. Colloid Interface Sci. 286 (2005) 504–510.

[47] K. Hąc-Wydro, P. Dynarowicz-Łątka, J. Grzybowska, E. Borowski, N-(1-
piperidinepropionyl)amphotericin B metyl ester (PAME)—a new deriva-
tive of the antifungal antibiotic–amphotericin B: searching for the
mechanism of its reduced toxicity, J. Colloid Interface Sci. 287 (2005)
476–484.

[48] W.A. Zygmunt, Intracellular loss of potassium in Candida albicans after
exposure to polyene antibiotics, Appl. Microbiol. 14 (1966) 953–956.

[49] B.K. Ghosh, A.N. Chatterjee, Action of an antifungal antibiotic, nystatin,
on the protozoa Leischmania donovani. V. Studies on the absorption of
nystatin by L. donovanii, Ann. Biochem. Exp. Med. 23 (1963) 309–318.

[50] A. Ghosh, J.J. Ghosh, Effect of nystatin and amphotericin B on the growth
of Candida albicans, Ann. Biochem. Exp. Med. 23 (1963) 29–44.

[51] A. Ghosh, J.J. Ghosh, Factors affecting the absorption of nystatin by
Candida albicans, Ann. Biochem. Exp. Med. 23 (1963) 101–112.


	Interaction between nystatin and natural membrane lipids in �Langmuir monolayers—The role of a .....
	Introduction
	Experimental
	Results
	Discussion
	References


