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life-saving antibiotic, used to treat deep-seated mycotic infections. Both the
therapeutic and toxic side effects of AmB are directly dependent on its molecular organization. Organization
of AmB was studied in monocomponent monomolecular layers formed at the argon–water interface, by
means of polarized and non-polarized electronic absorption spectroscopy and analyzed in terms of the
exciton splitting theory. The results provide direct indication that AmB forms spontaneously dimers that can
be assembled into molecular structures characterized by homogeneous orientational distribution in the
monolayer, interpreted as cylindrical pores. The structures are not stable at surface pressures higher than
20 mN/m and therefore dimers are concluded as abundant molecular organization forms of AmB in
biomembranes. Possibility of stabilization of the cylindrical structures, at higher surface pressures, by other
molecules, e.g. sterols, is also discussed.

© 2008 Elsevier B.V. All rights reserved.
1. Introduction

Amphotericin B (AmB) is a macrolide polyene antibiotic (Fig. 1)
popular in treatment of deep-seated mycotic infections [1–3]. AmB
has been in use for almost fifty years and despite its strong side effects
is still popular as a life-saving antibiotic. It is generally accepted that
the biological effect of AmB is based upon interaction to cellular
membranes but detailed molecular mechanisms responsible for both
pharmacological as well as toxic side effects are still not fully
understood. The most popular concept regarding the effect of AmB
on biomembranes is directly associated with formation of transmem-
brane pores that are able to affect severely the physiological ion
transport [4]. The ability of AmB molecules to form cylindrical
structures that can play possibly the role of membrane pores, gained
support from the theoretical studies carried out with application of
the electrostatic interaction analysis [5], molecular dynamics
approach [6–8] and from the experimental studies on ion perme-
ability [9]. The ability of AmB to form ring-shaped molecular
aggregates has been demonstrated by the scanning force microscopic
analysis of monomolecular layers of the drug [10]. On the other hand,
the results of recent experiments carried out with application of the
1H NMR [11] and FTIR [12] techniques demonstrated that the principal
site of localization of AmB with respect to the lipid membrane is the
polar headgroup region. The results of the linear dichroism analysis of
orientation of AmB molecules in the lipid membranes were inter-
preted in terms of existence of two pools of AmB, one parallel and one
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perpendicular with respect to the plane of the lipid bilayer [13,14].
Interestingly, it was documented that low molar fractions of AmB
(below 1 mol% with respect to lipid) increased the barrier for the
transmembrane proton transport and the transport was facilitated
only at higher concentrations of the drug, that promote formation of
aggregated structures [15]. Such a finding correlates with the results
reported recently, according to which AmB present in the lipid
membrane system, at the concentrations higher than 1 mol%,
aggregates and is able to penetrate the hydrophobic membrane core
[16]. Despite those recent reports the question still remains open
whether AmBmolecules which penetrate the hydrophobic core of the
lipid membrane, form cylindrical aggregates (pores) or remain in the
form of small molecular aggregates e.g. dimers. Very efficient
formation of dimeric structures by AmB has been predicted on the
basis of the theoretical analysis of molecular interactions [17] and has
been demonstrated with application of electronic absorption and
fluorescence spectroscopic analyses [13,18–20]. The formation of AmB
dimers has been also concluded on the basis of monomolecular layer
studies [21]. In the present work we address the problem of molecular
organization of AmB using electronic absorption spectroscopy with
non-polarized and polarized light and monomolecular layer techni-
que. Our results show efficient formation of dimers of AmB which,
under certain conditions, may be assembled into the symmetrical
molecular forms interpreted as cylindrical pores. Such structures of
AmB, formed in the environment of biomembranes are able to disturb
severely physiological ion transport and are believed to be responsible
for pharmaceutical activity of the drug. The analysis of the spectral
shifts have been very frequently applied to study molecular organiza-
tion of AmB [22–36]. The approach applied in the present work
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Fig. 1. Chemical structure of amphotericin B.
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enables to link the spectral changes in the electronic absorption
spectra with defined molecular organization patterns.

2. Materials and methods

Amphotericin B (AmB) in a crystalline form was purchased from
Sigma Chem. Co. AmB was dissolved in 40% 2-propanol and then
centrifuged for 15 min at 15000 ×g in order to remove micro crystals of
the drug still remaining in the sample. AmB was further purified by
means of HPLC on YMC C-30 coated phase reversed column (length
250 mm, internal diameter 4.6 mm) with 40% 2-propanol in H2O as a
mobile phase. The final concentration of AmB was calculated from the
absorption spectra on the basis of the molar extinction coefficient
1.3×105 M−1 cm−1 in the 0–0 absorption maximum at 408 nm.
Monomolecular layers of the AmB were formed at the argon–water
interface. As a first step, AmB solution was deposited at many places of
the interface. Monolayers were formed on mQ water. Monomolecular
layers were formed in a Teflon trough 40 cm×4 cm and were
compressed along the long side with the speed of 4.8 cm2/min. Surface
pressure was monitored by NIMA Technology tensiometer, model PS3
(Coventry, England). Monolayer compression, surface pressure mea-
surements and data acquisition were controlled by our own software.
Monolayers compressionwas carriedout at 25±1 °C.Detailed analysis of
formation of monomolecular layers of AmB was presented by us
previously [10,12,37]. Light absorption measurements and linear
dichroism measurements were carried out with a Diode array UV–Vis
spectrophotometer HP 8453. Glan-Taylor polarizer was used in the
polarization experiments (Fig. 2). Spectral analysis was performed with
Grams/AI software from ThermoGalactic (USA). During compression of
AmB monolayers, desorption of molecules from the interface into the
subphasewas not observed before themonolayer collapse, as concluded
Fig. 2. (A) Schematic representation of the experimental set-up applied to measure light abso
amphotericin B molecule, its transition dipole moment vector (μ) and the projection of the tr
the chromophore. Measuring light was directed along the z axis. E⊥ and EII represent the elec
monolayer compression (along x axis).
on the basis of absorbance measurements of the subphase medium. To
assure that AmB desorbed into the aqueous phase do not interfere with
the spectroscopic measurements of monomolecular layers each experi-
ment was performed with the freshly prepared subphase.

3. Results and discussion

Fig. 3 presents the isotherm of compression of the monomolecular
film formed with AmB at the argon–water interface. The shape of the
isotherm represents a two phase process, as can be deduced from two
distinct linear portions of the isotherm of compression, corresponding
to the specific molecular areas of 148 Å2/molecule and 36 Å2/molecule
[38]. These values of the specific area correspond to different
orientation of AmB at the argon–water interface, most probably the
horizontal at low surface pressure values and vertical with AmB
anchored in the subphase with mycosamine polar head [12,14,37,39]
(see inset to Fig. 3). The specific molecular area of 36 Å2/molecule is
close to the theoretical cross-section of AmB (approximately 6 Å×7 Å)
[5] and therefore indicates tight molecular packing of the monolayer
at high surface pressures, despite the amphiphilic character of the
AmB molecule. The relatively high pressure of collapse, close to
45mN/m, is an indication that such structures are relatively stable and
can be also stable in lipid biomembranes (30–35 mN/m [39–41]).
Characteristic plateau phase in the molecular area range 100 Å2 to
40 Å2 corresponds to the reorientation of AmB molecules at the
interface [10,12,37]. Fig. 4 presents the electronic absorption spectra of
the AmBmonolayer recorded during compression, at different surface
pressures: 0, 25 and 32 mN/m. AmB molecules deposited at the
argon–water interface display typical light absorption spectrum,
characteristic of the antibiotic in monomeric form [13], with
characteristic vibrational bands peaking at 409, 385 and 364 nm
rption by a monomolecular layer formed with amphotericin B and (B) representation of
ansition dipole vector on the plane of the monolayer (the plane xy). Gray bar represents
tric vectors of light polarized perpendicular and parallel with respect to the direction of



Fig. 3. Isotherm of compression of amphotericin B monomolecular layer deposited at
the argon–water interface. Lines fitted to the linear portions of the isotherm
extrapolated to zero surface pressure point the specific molecular area values for
molecules oriented horizontally (148 Å2/molecule) and vertically (36 Å2/molecule) with
respect to the plane of the monolayer. The inset presents horizontal and vertical
orientation of molecules in the monolayer.

Fig. 4. Light absorption spectra of monomolecular layer of amphotericin B deposited at
the argon–water interface before compression (A) and compressed to the surface
pressure 25 mN/m (B) and 32 mN/m (C). The components of Gaussian deconvolution of
the spectra are shownwith thin lines and the fit superimposed on the spectra are shown
with thick lines.

112 M. Gagoś, W.I. Gruszecki / Biophysical Chemistry 137 (2008) 110–115
(see Table 1). Gaussian analysis of the absorption spectrum shows that
even in the beginning of compression, the molecules of AmB
deposited at the argon–water interface, interact one to each other,
as can be deduced from the spectral broadening represented by the
minor Gaussian components visible in the red edge of the spectrum as
well as in the short wavelength spectral region. This effect can be
particularly observed at higher surface pressure values. The absorp-
tion spectrum of the AmB monolayer compressed to the surface
pressure 32 mN/m demonstrates pronounced hypsochromic shift,
typical of the card-pack aggregates of AmB [13,24,34], formed also in
the lipid phase [11,13,14]. Both the short- as well as the long-
wavelength spectral shifts of the absorption spectrum of AmB can be
observed in the absorption spectrum recorded at the surface pressure
25 mN/m. Such a spectral feature, along with a distinct vibrational
substructure of the spectrum, suggests that excitonic interactions
which give rise to the spectral shifts observed, are associated with
formation of small molecular aggregates, most probably dimers, with
oblique orientation of the dipole moments of the neighboring
molecules. The excitonic interactions accompanying formation of
molecular aggregates [42] aremanifested by spectral shifts that can be
described, within the framework of the exciton splitting theory, by the
following dependency [43]:

�m ¼ �mon þ 2β cos
mπ

N þ 1

� �
ð1Þ

where νm is the position of the m-th excitation state in the spectrum
of the aggregated form, νmon is the position of the electronic transition
in the spectrum of monomeric chromophores, N is a number of all
exciton states and m is the number of the exciton state considered. In
the case of a maximum hypsochromic shift m=1. β is a dipole–dipole
coupling matrix element [43] and is expressed as:

β ¼ jμmonj2
4πeon2R3 cos θ−3 cos2 �

� � ð2Þ
In the formula μmon is a dipole transitionmoment of a monomer, εo
is the dielectric permittivity of vacuum, n is the refractive index of the
medium and R is the distance between the centers of the transition
dipoles of the nearest neighbors in the aggregate. The angle between
monomeric transition moment vectors, θ, and the angle between the
transition moment vector and the axis connecting the centers of the
transitionmoment vectors of neighboringmolecules, ν, were assumed
to be 0° and 90°, respectively, in the case of H-aggregates of AmB
(neighboring molecules are parallel one to each other and perpendi-
cular to the plane of aggregation). A value of 11.3 Debye for the
transition dipole of monomeric AmB was calculated based on the
integration of the absorption spectra. Analysis of the spectral
components of AmB monolayer compressed to 25 mN/m (see
Table 1) indicates that the principal absorption bands are symme-
trically shifted both towards the lower and the higher energies by two
different values of β termed β1 (890 cm−1) and β2 (3741 cm−1). Despite
very low level of absorbance of a single monomolecular layer of AmB
and some differences in proportions of intensity of the spectral bands
recorded, both the bathochromic and hypsochromic spectral shifts
observed in course of film compressionwere highly reproducible in all



Table 1
Parameters of Gaussian deconvolution of absorption spectra recorded from
amphotericin B monomolecular layers at different surface pressures (Fig. 4)

Surface
pressure
[mN/m]

Gaussian component

No Position Assignment

[cm−1] [nm]

0 1 31041 322 b6
2 30198 331 b4
3 29308 341 –

4 28571 350 a4, b2
5 27439 364 0–2
6 26804 373 a3
7 25946 385 0–1
8 25226 396 a2
9 24420 409 0–0
10 23802 420 a1, b5
11 23029 434 –

25 1 31928 313 –

2 30689 326 b6
3 29522 339 b4
4 28568 350 a4, b2
5 27541 363 0–2
6 26799 373 a3
7 26057 384 0–1
8 25295 395 a2
9 24452 409 0–0
10 23585 424 a1, b5
11 22532 444 b3
12 21637 462 –

13 20691 483 b1
14 19903 502 –

32 1 31696 315 –

2 30688 326 b6
3 29831 335 b4
4 28690 349 a4, b2
5 26998 370 a3
6 25287 395 a2
7 23729 421 a1, b5
8 22569 443 b3
9 21599 463 –

10 20649 484 b1
11 19869 503 –

The assignment of the bands corresponds to the energy level diagram presented in
Fig. 5.

Fig. 5.Diagram of localization of the energy levels of amphotericin B inmonomeric form
(vibrational levels 0–0, 0–1, 0–2) and dimeric form, based on the results of the Gaussian
deconvolution of the absorption spectra (Fig. 4). Individual energy levels correspond to
the spectral bands as assigned in Table 1. The observed splitting of the energy levels 2β1

and 2β2 enabled determination of the dipole–dipole interaction energies β1=890 cm−1

and β2=3741 cm−1 and distances between the centers of chromophores of neighboring
molecules R1 and R2 as schematically depicted in the inset. Grey circles represent
projections of the chromophores of amphotericin B on the plane of the monolayer. Each
vibrational energy level of AmB in the monomeric form is shifted toward lower and
higher energies by the values corresponding to the dipole–dipole interaction energies
β1 and β2.
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repetition of the experiment. The analysis of possible molecular
arrangements based on Eq. (2) let us to conclude that in the case of β1

the chromophores (dipole transitions) of neighboring molecules are
separated by less than 7.4 Å and in the case of β2 by less than 4.4 Å. It is
therefore possible that both interaction energy values correspond to
onemolecular organizationpattern inwhich the hydrophobic portions
of neighboring AmB molecules interact one to each other by van der
Waals forces (a short distance between the chromophores, R2) and
polar sides of the neighboring AmB molecules are linked by the
hydrogen bonding (a long distance between the chromophores, R1).
The energy level diagram corresponding to the spectral shifts observed
and possible molecular organization of AmB leading to the observed
excitonic interaction is presented in Fig. 5. The analysis of the
absorption spectrum of AmB in the monomolecular layer compressed
to 25 mN/m fits exceptionally well to the dimeric organization of the
molecules. Comparison of the intensity of the absorption bands
corresponding to the monomeric form of AmB (409 nm) and to the
dimeric spectral form (353 nm [13,20]) enables an analysis of
formation of molecular dimers in course of the monolayer compres-
sion (Fig. 6). The surface pressure dependency of the absorbance ratio
A409/353 is presented in Fig. 6C, as superimposed on the isotherm of
compression. Interestingly, the comparison shows that dimerization of
AmB, represented as the dimer to monomer ratio, does not follow
exactly the compression of the layer, represented by themean area per
molecule. In particular, the compression-induced reorientation of
molecules, from the horizontal to the vertical position, observed at the
surface pressures between 5 and 15 mN/m, is not associated with
pronounced change in the monomer to dimer ratio. This means that
molecular dimers of AmB are formed spontaneously at 0 and very low
surface pressure values and that dimers, likemonomers, are reoriented
in the course of compression and take part in formation of higher
molecular aggregates. A pronounced, surface pressure-induced dimer-
ization of AmB, begins in themonomolecular layer whenpractically all
molecules are oriented vertically and are located relatively close one to
each other (mean molecular area below 90 Å2).

The absorption spectra of AmB in the monomolecular layers
subjected to the compressionwere also recorded with polarized light.
Fig. 7 presents the surface pressure dependency of the absorbance
level at 409 nm (where all the spectral forms absorb, including
monomers, dimers and large aggregates) recorded with polarized
light, with the electric vector of radiation polarized parallel (A║) and
perpendicular (A⊥) with respect to the direction of the compression
(see Fig. 2B for the geometry of the measurements). The dichroic ratio
R can be represented by the average orientation angle (Φ) of the
projection of the transition dipole μ on the plane of the surface of the
monolayer and the compression direction:

R ¼ AΙΙ

A8
¼ hsin2/i

hcos2/i
¼ 1

hcos2/i
−1 ð3Þ

Fig. 7B presents the surface pressure dependency of the average
cos2Φ. A change of this value reflects compression-induced reorga-
nization of AmB molecules in the monolayer. Interestingly, the first
pronounced phase of molecular reorganization of AmB begins directly
after the beginning of the monolayer compression, at relatively low
surface pressures. Essentially, no average horizontal orientation
changes during molecules reorientation at the interface were
observed (surface pressures 5–15 mN/m). As can be seen from
Fig. 7B, very pronounced phase of ordering of AmB molecules in the
monolayer (between 16 and 19 mN/m) corresponds to the massive
dimerization of the molecules, as deduced from the analysis of Fig. 6.
Very interestingly, such an organization phase leads to the bcos2ΦN
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value of 0.5, which is diagnostic of totally homogenous horizontal
distribution of the AmB transition dipoles and may represent
formation of symmetrical cylindrical structures interpreted as
molecular pores (Fig. 7B, inset a). The formation of such structures
in themonomolecular layers has been observed in themonomolecular
layers, by means of scanning force microscopic analysis [10].

The structures formed during compression become decomposed
(“broken”, Fig. 7B, inset b) upon further compression of themonolayer
(value of bcos2ΦN drops down). The fact that symmetrically-ordered
structures of AmB are not stable at the surface pressures above 20mN/
m implies that dimer is the most abundant form of organization of the
drug in natural biomembranes and suggests possible role of sterols in
stabilization of molecular porous aggregated structures at higher
surface pressures [33,44].

The approach applied in the present work to record absorption
spectra of AmB in the monomolecular layers in situ, under the
conditions of controlled molecular distance (compression to selected
surface pressure values) enabled, for the first time, to analyze the
effect of the molecular organization of the drug on shape of the
spectrum. The analyses of the spectral shifts have been very frequently
Fig. 6. Surface pressure dependencies of absorbance level of monomolecular layer of
amphotericin B recorded at 409 nm, corresponding mainly to the monomeric form (A)
and at 353 nm, corresponding to the dimeric form (B). Panel C presents the absorbance
ratio from the panels A and B and represents the surface pressure dependency of
changes in the monomer to dimer ratio (filled circles) superimposed on the isotherm of
compression (solid line).

Fig. 7. (A) Surface pressure dependencies of absorbance level of monomolecular layer of
amphotericin B recorded at 409 nm with light polarized parallel (AII open circles) and
perpendicular (A⊥ filled circles) with respect to the direction of compression. (B) Surface
pressure dependency of bcos2ϕN where ϕ is the azimuth angle between the monolayer
compression direction and the projection of the transition dipole moment vector on the
plane of the monolayer. The inset shows the proposition of molecular arrangement in
the monolayer at the surface pressure 20 mN/m (a) and higher surface pressure
values (b).
applied to study molecular organization of AmB [22–36] but the
present work links directly numerous spectral bands observed with
the organization patterns of chromophores (dimers, large aggregates).
Such elaboration will be helpful to carry future spectroscopic analyses
of molecular organization of antibiotic amphotericin B in model lipid
membranes and natural biomembranes and also to reanalyze the
spectroscopic data already published. The results of the experiments
presented show directly ability of AmB to form two type of dimers
characterized by different distance between chromophores, as
concluded on the basis of the analysis of bathochromic and
hypsochromic spectral shifts. Moreover, the data analysis suggests
that the large molecular aggregates of the antibiotic are formed out of
dimers as intermediate constituents. This particular finding can serve
as a indication and suggestion to focus on molecular mechanisms
responsible for AmB dimerization, in future studies on biological
action of this antibiotic.
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