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Abstract Langmuir monolayers of amphotericin B

(AmB) were investigated by recording p–A isotherms

under different pH conditions. To gain a better insight into

antibiotic–membrane interactions they were monitored by

use of the ATR-FTIR spectroscopy. It was observed for

AmB monolayers that the limiting molecular area was

larger at high than at neutral pH. Analysis of FTIR spectra

at different pH revealed substantial differences, depending

on ionic state, for different orientations of AmB molecules.

These results enable better understanding of the participa-

tion of functional groups in the interactions between AmB

and sterol-containing DPPC membranes. AmB molecules

incorporated into two-component lipid monolayers bind

strongly to the ergosterol-rich membrane (maximum pen-

etration surface pressures ca 35 mN/m). The FTIR spectra

revealed that the ionic state of AmB and the presence of

sterols led to changes in membrane fluidity and molecular

packing of the AmB molecules in the lipid membranes.

These investigations should be further investigated to dis-

cover the molecular mechanism responsible for the mode

of action AmB in biological systems.

Keywords Amphotericin B � Langmuir monolayers �
Langmuir–Blodgett technique � FTIR spectroscopy

Introduction

Opportunistic systemic fungal infections are increasing.

This is connected with the increasing number of immu-

nocompromised patients belonging to infection risk groups,

for example HIV-positive and post-operative surgical

patients. Amphotericin B (AmB) is one of the oldest

polyene antibiotics, and has been clinically used as an

antimycotic agent for more than 50 years (Gold et al.

1956). Because of its very high activity against a broad

range of pathogenic fungi, AmB remains the recommended

treatment for serious systemic mycoses, despite its neph-

rotoxicity and adverse effects (Zotchev 2003). It was pro-

posed in the 1970s that the pharmacological action of AmB

is responsible for greater selectivity toward ergosterol–

containing fungal cells than toward cholesterol–containing

mammalian cells (De Kruijff et al. 1974; Fournier et al.

1998). One common hypothesis is that the molecular action

of AmB is based on formation of trans-membrane channels

that cause structural and organizational disturbance of

membrane barrier function (Hartsel et al. 1993). This

contributes to an uncontrolled increase in its permeability

to monovalent ions, in particular K?, and small molecules

from the cell (Brajtburg and Bolard 1996).

One of the main factors with relevance both to its che-

motherapeutic action and to the suggested trans-membrane

pore structure is the function of sterols (Paquet et al. 2002).

However, there are a variety of models of formation of

membrane channels by AmB, and the detailed molecular

mechanisms of these interactions and its porous architec-

ture are still not unambiguously determined. It has been

proposed that the sterol molecule could be involved in the

construction of these channels. There is much experimental

evidence confirming the validity of the so-called sterol

hypothesis (Cotero et al. 1998; Hamilton-Miller 1974).
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Readio and Bittman (1982) observed that AmB binding

constants to ergosterol membranes (K = 6.9 9 105 M-1)

are greater than those to cholesterol membranes

(K = 5.2 9 105 M-1). Application of molecular dynamics

simulation techniques revealed differences in the sizes of

pores formed by AmB molecules in lipid membranes

containing sterols; larger diameters were recorded for

membranes containing ergosterol. AmB–ergosterol chan-

nels were also more stable, because of the presence of a

strong network of hydrogen bonds between AmB mole-

cules and subtle differences in the energy of van der Waals

interactions (Sternal et al. 2004). It has been proposed that

van der Waals interactions (or p–p* electron interactions)

between neighbouring AmB chromophores and a lipophilic

sterol molecule are responsible for the stability of the

AmB–sterol complex (Baran and Mazerski 2002). In this

way, the first step of porous structure formation is the so–

called primary complex, which, as a result of spontaneous

aggregation, creates a proper channel (Baran et al. 2009;

Herve et al. 1989; Mazerski et al. 1995). Mazerski et al.

(1995) suggest that three different forces participate in the

interactions between AmB molecules and sterols:

– binding forces between the hydrophobic parts of the

drug and sterol molecules;

– stabilising forces between the amino group of one

molecule of AmB and the carboxyl group of a

neighbouring one;

– orienting forces between the 3-b-OH group of the sterol

and, probably, the OH group of the mycosamine moiety

(Baran et al. 2009; Mazerski et al. 1995).

The different affinity of the antibiotic for cholesterol and

ergosterol was also demonstrated in studies of two-com-

ponent monolayers containing AmB formed at the air–

water interface. Both sterols affected incorporation of AmB

molecules into lipid membranes, but the effect was stronger

for the fungal sterol (Barwicz and Tancrede 1997). It has

been postulated that the structural differences between

sterols may have affect the physical properties of lipid

bilayers and, in this way, the mechanism of interaction with

AmB molecules (Baginski et al. 1989). It has been sug-

gested that the more rigid molecule of ergosterol has a

structure more complementary to the structure of AmB

than that of cholesterol, because of the presence of an

additional double bond on the side chain and the steroid

nucleus. A flat shape and an additional p-electron inter-

action located at the conformers of the ergosterol molecule

causes an increase in local electron density of the side

chain of ergosterol (Baginski and Borowski 1997; Baginski

et al. 1994; Clejan and Bittman 1985), and an additional

methyl group in the ergosterol molecule can induce chan-

ges in membrane fluidity and molecular packing of the

AmB molecules in the hydrophobic part of the membrane

(Gagoś et al. 2005). The results of spectroscopic mea-

surements and the monomolecular layer technique show

that the AmB molecules are located mostly in the polar

headgroup region, which facilitates their incorporation into

the membranes (Gagoś et al. 2005).

Monomolecular layers and the Langmuir–Blodgett

technique have been used to investigate the molecular

organization of AmB on the surface of the subphase at

different pH. In this work we report, for the first time,

ATR-FTIR spectra of pure AmB monolayers in different

ionic states, depending on the molecular orientation. FTIR

spectroscopy was also used to study the interaction of AmB

in two-component monolayers containing cholesterol and

ergosterol. The main vibrational modes involved in the

processes of interaction between AmB and the DPPC/sterol

system are the symmetric and asymmetric vibrations of the

COO-, NH2, and C=O groups (AmB molecule), the O–H

stretch, and the mode of PC headgroups.

Materials and methods

Amphotericin B (AmB) in a crystalline form was pur-

chased from Sigma. The AmB was dissolved in deionised

(mQ) water, made alkaline (pH 11) by addition of KOH

and then centrifuged for 15 min at 15,0009g to remove

micro–crystals of the drug still remaining in the sample.

The AmB was further purified by HPLC on a YMC C30-

coated reversed-phase column (length 250 mm, internal

diameter 4.6 mm) with 40 % 2-propanol in H2O as mobile

phase. The final concentration of AmB was calculated from

the absorption spectra on the basis of the molar extinction

coefficient (0–0 absorption maximum at 408 nm at pH 11)

e408 = 1.1 9 105 M-1cm-1.

The subphase for each experiment was water filtered

through a set of membrane filters (Millipore Express� Plus,

0.22 lm).

Monolayer experiments were performed by use of a

Minitrough 2 (KSV Instruments, Finland) placed in a

laminar hood purged with N2 (relative humidity 80 %).

Monomolecular layers were formed in a Teflon trough

(282 mm 9 75 mm) equipped with two symmetric, hydro-

philic barriers and a Wilhelmy platinum plate as the surface

pressure tensor. Monomolecular layers of the mixture were

formed at the air–water interface. After each measurement,

the surface was meticulously cleaned. Spreading solutions

were deposited on to the water with a Hamilton microsyringe

(accuracy ±0.1 ll). The solvent was left to evaporate for

15 min and the monolayers were compressed with a barrier

speed of 75 cm2/min. Each p–isotherm presented in this

work is the average from three independent experiments. The

subphase temperature (24 ± 1 �C) was controlled by use of

a PolyScience thermocirculator trough.
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Monomolecular layers were deposited on to the two

sides of a Ge crystal plate by means of the Langmuir–

Blodgett technique (L–B films), with a lift speed of 5 mm/

min at a computer-controlled surface pressure depending

on the experiment. To remove water residues, thin L–B

films were placed in a vacuum for 1 h. Second, ATR Ge

crystals with monolayers deposited at different pressures

were placed in a sample holder in the chamber of FTIR

spectrometer.

Infrared absorption spectra were recorded with a 670-IR

Varian spectrometer. The attenuated total reflection (ATR)

configuration was used with 10 internal reflections of the

HATR Ge crystal plate (45� cut). Typically, 25 scans were

collected, Fourier-transformed, and averaged for each

measurement. Absorption spectra at a resolution of one

data point cm-1 were obtained in the region between 4,000

and 600 cm-1. The instrument was continuously purged

with N2 gas for 40 min before and during the measure-

ments. The Ge crystal plate was cleaned with ultra pure

organic solvents from Sigma–Aldrich. All the experiments

were performed at room temperature. Spectral analysis was

performed with Grams/AI software from ThermoGalactic

Industries (USA).

Results and discussion

One of the most important tasks in this study was charac-

terization, by FTIR spectroscopy, of the effect of pH on the

molecular organization of AmB in monomolecular layers

formed at the air–water interface. These results are crucial

for explanation of the molecular organization of AmB

during incorporation into the model membrane system

containing sterols. Model diagrams of the different ionic

states of the ionisable parts of the AmB molecule are

presented in Fig. 1. At pH \ 3, dissociation of the carboxyl

group is strongly inhibited and the molecule has a positive

net charge. At pH [ 10, in contrast, the amino group is no

longer protonated and the AmB molecule has a negative

net charge (Mazerski et al. 1990).

The surface pressure–area (p–A) isotherms of the pure

AmB monolayer spread on the aqueous subphase at pH 7

and 11 are shown in Fig. 2. The shape of the p–A isotherm

at neutral pH is very similar to those of the isotherms

previously reported (Arczewska and Gagoś 2011; Gagoś

and Arczewska 2010; Gruszecki et al. 2002; Minones et al.

2001; Saint-Pierre-Chazalet et al. 1988; Seoane et al. 1997,

1998; Sykora et al. 2004). It has the typical plateau

indicative of molecular reorientation of AmB molecules

from a horizontal to a vertical position on compression

(Gagoś and Arczewska 2010; Rey-Gomez-Serranillos et al.

2001; Saint-Pierre-Chazalet et al. 1988; Seoane et al.

1997). For horizontally oriented molecules, the limiting

molecular area (148 Å2/molecule) is similar at both pH

values. The most remarkable differences were observed in

the vertical position. The limiting molecular areas obtained

from fitting the isotherms in extremely packed monolayers

are: 26.0 and 57 Å2/molecule for AmB at pH 7 and 11. In

comparison with the neutral subphase, a weakly visible

plateau and a relatively short solid condensed region,

which immediately disappears at ca. 43 mN m-1, are

observed for monolayers spread on the basic subphase.

When AmB molecules are vertically oriented at the

Fig. 1 Structure of amphotericin B (a) with the indicated functional

groups; X: –COO-, Y: –NH3
?. Schematic hypothetical arrangement

of the net electric charge of the molecule at low pH (b), in the pH

range 4–8 (c), at high pH (d)

Fig. 2 The surface pressure–area isotherms of AmB spread on water

at pH 11 (solid line) and at pH 7 (dashed line). The linear fits to the

linear portions of the isotherms of compression extrapolated to zero

surface pressure are indicative of the specific molecular areas in the

horizontal position (Ae) and in the vertical position (Ac). Temperature

24 �C
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interface, the stability of the monolayer is very low,

because of the high solubility of the molecules under these

conditions. This phenomenon is especially pronounced at

pH 11, because at this pH AmB molecules become nega-

tively charged as a result of deprotonation of the carboxyl

groups. For this reason, at pH 11 the monolayer has a short

solid condensed region, without reaching a real collapse

compared with that formed at the neutral pH subphase

(66 mN m-1). The limiting molecular area reaches a

greater value at high pH than on the neutral-pH subphase

and this value is much higher than the expected area of the

cross section of AmB (Bonilla-Marin et al. 1991). The

experimental results are quite expected from the perspec-

tive of electrostatic repulsion, because the total net charge

of the AmB molecules becomes negative after deprotona-

tion of the carboxyl group and electrostatic repulsion

between molecules will be increased.

Figure 3 shows ATR–FTIR spectra of the AmB mono-

layers formed at the air–water interface under different pH

conditions (11 and 7). The positions of the main AmB

absorption bands under the different conditions are listed in

Table 1. Detailed analysis and discussion of all bands are

given elsewhere (Gagoś and Arczewska 2010; Gagoś et al.

2011). In contrast with our previous studies FTIR spectra

were recorded at two surface pressures 5 and 20 mN/m

forcing different orientation of AmB molecules (Gagoś

et al. 2008b). On the basis of the p–A isotherm, it is known

that at a surface pressure of ca 5 mN/m AmB molecules are

oriented horizontally (relative to the water surface)

(Arczewska and Gagoś 2011; Gagoś and Arczewska 2010).

During compression, the AmB molecules change their

orientation to vertical at a surface pressure of approxi-

mately 15 mN/m (Arczewska and Gagoś 2011; Gagoś and

Arczewska 2010; Gruszecki et al. 2002). FTIR spectra of

AmB monolayers deposited on the Ge plate by the Lang-

muir–Blodgett technique from aqueous solution at a sur-

face pressure of 5 mN/m are presented in Fig. 3a. First, it is

important to point out that the differences depend on the

spectral region between 1,800 and 1,100 cm-1. Informa-

tion about the AmB conformation may be deduced from

the bands assigned to the vibrations of the C=O, C=C, and

NH3
? groups, which are known to be highly sensitive to

reorientation of the drug molecules.

As indicated by the spectra in Fig. 3a, a weak maximum

with its centre-wavelength position at 1,722 cm-1 is visible

at neutral pH whereas there is no spectral intensity at

pH 11 (Table 1). According to spectral assignments based

on many studies (Gagoś and Arczewska 2010; Gagoś et al.

2005, 2008a), this band is assigned to the vibration of C=O

in the protonated form of the –COOH group. As it was

mentioned, at neutral pH, most carboxylate groups are

partially protonated. Indeed, this is powerfully confirmed at

low surface pressure as a result of the appearance of a

strong band centred at 1,262 cm-1, characteristic of C–O

modes in the protonated carboxyl group. Interestingly,

during compression to high surface pressure (Fig. 3b), a

spectral shift of this band toward lower frequencies

(1,717 cm-1), together with a substantial increase in its

Fig. 3 ATR-FTIR absorption

spectra recorded from AmB

monolayers at pH 11 (a) and

pH 7 (b). Samples were

deposited on the two sides of a

Ge crystal plate at 5 mN/m

(a) and 20 mN/m (b).

Concentration of AmB in the

sample 10-6 M. The insets
show models of reorientation of

AmB molecules on the

subphase at low and high

surface pressures. Temperature

24 �C
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intensity, are observed. The band centred at 1,722 cm-1 is

coupled with the vibrations of C=O in the ester. The

absence of this band at pH 11 might also be associated with

enolization of the ester fragment in the AmB molecule or

deprotonation of the –COOH (Gagoś et al. 2008a). It might

be manifested by appearance of an additional C–H mode

located at 1,444 cm-1. At pH 11, because of complete

deprotonation, carboxylate groups are mostly transformed

into the –COO- groups, and there is weak intensity in the

C=O spectral region (shoulder at 1,694 cm-1) (Gagoś and

Arczewska 2010). A pair of intense bands centred at 1,655

and 1,631 cm-1 are clearly visible (Gagoś and Arczewska

2010, 2011). This is a direct indication of the asymmetric

stretch of the –COO- group interacting with the interface.

During compression to the surface pressure of 20 mN/m,

the second band of this pair is shifted toward lower fre-

quencies by 8 cm-1 (Fig. 3b). At neutral pH, the amino

group is partially deprotonated. This may determine the

presence of two different carboxylate asymmetric stretch-

ing vibrations as reported in amino acids, one arising from

the protonated amino group around 1,630 cm-1, the other

from the deprotonated amino at 1,560 cm-1. The bands

with a maximum at 1,400 cm-1 are assigned to the sym-

metrical vibration of the –COO- group. The asymmetric

stretching mode shifts gradually to higher wavenumber

(1,650 cm-1) as the pH is reduced, presumably because of

the effects of intramolecular hydrogen bonding between

neighbouring carboxyl groups as the degree of protonation

of the AmB molecules increases at lower pH. At pH 7

(Fig. 1c), AmB molecules are zwitterions (–COO-/–

NH3
?), which causes their aggregation (Mazerski et al.

1995). This effect is connected with the AmB aggregation

process and is related to the interactions between the

–COO- and –NH3
? groups, which has a strong effect on

the changes in vibration frequencies (Gagoś and Arc-

zewska 2010). The broad band ca. 1,560 cm-1 contains

overlapped lines because of contributions of the –COO-

stretch, the –NH3
? deformational mode, and the C=C

vibrations in AmB chromophores (Gagoś and Arczewska

2010). It is evident that the substantial increase in the

intensity of this band is only observed at pH 7. This effect

should be interpreted as aggregation via chromophores

both in the horizontal and vertical orientation of AmB

molecules. Interestingly, other spectroscopic techniques,

for example resonance light scattering (RLS), also indicate

this type of aggregation (Gagoś et al. 2008a; Gagoś et al.

2001). Similar results were obtained during compression of

monolayers formed from AmB dissolved in mixtures of

2-propanol–water (4:6) at constant pH (Gagoś and Arc-

zewska 2010; Gagoś et al. 2008a).

Table 1 Comparison of the location (cm-1) of the IR bands of AmB at pH 7 and pH 11 during compression of the monolayers to surface

pressures 5 and 20 mN/m

Wavenumber (cm-1) Assignmenta

AmB monolayers

pH 7 pH 11

5 mN/m 20 mN/m 5 mN/m 20 mN/m

1009s 1010s 1009w 1010w d(C–C–H) for chromophore, c(–CH) in trans-polyene

1070s 1070s – – mas(C–O)

– 1109 – – mas(C–O–C) for b–glycosidic linkage (C–O–C=O)

– 1129 – 1129 m(C–O–C) for ester ? d(OH)

– 1191s – –

1262 1276w 1247 1247s d(–CH2)

– 1320 – 1358 d(CH3) ? d(OH)

1372 1382 1399 1396

1466 – 1444 1444 ms(–COO-), d(–CH)

1461 1459 – – das(CH2, CH3)

1562s 1564 – – ds(–NH3
?) ? m(C=C)

– 1623w 1631 1623 das(–NH3
?)

1655s 1656w 1655s 1650 mas(–COO-)

– – 1694w –

1722w 1717s

2800–3000

– –

ms?as(CH2, CH3) ? m(CH) in polyene

mas(C=O) for ester, m(C=O) for saturated carboxylic group

3318 3376 3290 3292 m(–OH), m(N–H)

a m, stretching mode; d, bending in plane; c, bending out of plane; s symmetric vibrations, as asymmetric vibrations, s,w strong and weak

intensity, respectively
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The bands centred in the range 1,300–1,200 cm-1 are

associated with C–O stretch in the ester group and –OH

bending in the carboxyl group. The broadening of this

region seems to confirm association as a result of reori-

entation of AmB molecules on the surface, particularly at

neutral pH. The band centred at 1,109 cm-1 is related to

the rocking vibration of the –NH3
? group and is intense at

low pH and high surface pressure (Fig. 3b). The appear-

ance of this band is connected with the formation of

hydrogen bonds between AmB molecules in aggregates.

The band centred at 1,191 cm-1 (panel B, 20 mN/m) is

typical of the vibrations of C–O. We were especially

interested in the band at 1,010 cm-1, because of its

appearance both in the FTIR and Raman spectra of AmB

and other polyenes (Bunow and Levin 1977; Colline et al.

1985; Espuelas et al. 1997; Gagoś and Arczewska 2010,

2011; Gagoś et al. 2011; Iqbal and Weidekamm 1979;

Lewis et al. 1988; Ridente et al. 1995; Rimai et al. 1973;

Schwartzman et al. 1978). The absorbance of this band

(panels A, B) increases as pH is reduced; this is connected

with changes in the distance between AmB chromophores

which lead to association processes. This band is also

assigned to the C–C vibrations of the C–C–H group cou-

pled with the bending distortion of C=C–C in the chro-

mophore of AmB (Bunow and Levin 1977; Colline et al.

1985; Mendelsohn and Van Holten 1979; Ridente et al.

1995; Rimai et al. 1973). The origin of this band is skeletal

vibrations of C–C–H combined with changes in the chro-

mophore chain (Gagoś and Arczewska 2011). The band

centred at 1,070 cm-1 corresponds to the valence vibra-

tions of the C–O bond in the alcohol fragment of the AmB

molecule.

The decrease in absorbance with a maximum at

approximately 3,150 cm-1 represents a complex superpo-

sition of valence of the N–H group and –OH stretching

vibrations at high pH, suggesting this band is most prob-

ably associated with the amino group vibration. Horizon-

tally oriented AmB molecules on the water surface (5 mN/

m) could interact via –OH groups. At pH 7, strong, broad

bands centred at ca 3,318 cm-1 (5 mN/m) and 3,376 cm-1

(20 mN/m) are assigned to valence vibrations of the –OH

in hydrogen-bonded groups. The vibrations of the –NH3
?

groups give rise to a characteristic band with a maximum at

approximately 3,020 cm-1 (both panels). The band centred

at 2,626 cm-1 (panel A, pH 11) is related to the asym-

metrical and symmetrical vibrations of the –NH2 group.

This band decreases in intensity at low pH and at high

surface pressure (panel B, 20 mN/m). This effect is prob-

ably related to changes in the orientation of the amino

sugar group (mycosamine) (Gagoś and Arczewska 2010). It

is known that a decrease in pH induces changes in elec-

tronic absorption spectra and aggregation of AmB (Gagoś

et al. 2008a). At high surface pressure, the intensity of the

band typical of dimers (3,376 cm-1) formed via carboxyl

groups is increased. Taking into account the steric prop-

erties of the AmB molecule, it is worth considering the H

(card pack) types of dimers that are formed as a conse-

quence of chromophore–chromophore interactions (Gagoś

et al. 2001; Kasha 1963; Kasha et al. 1965).

It is known that AmB molecules form molecular aggre-

gates at pH 7. Additionally, at high surface pressure, ca

20 mN/m, the vertically oriented molecules are able to form

porous structures. At the same surface pressure but at higher

pH (11), no changes in FTIR spectra characteristic of

aggregation processes (despite the vertically oriented AmB)

are observed, especially for the band centred at approxi-

mately 1,010 cm-1. Interestingly, the weak absorption of

valence vibration of hydrogen-bonded OH groups observed

at pH 11 supports these results.

AmB interactions with DPPC lipid monolayers

containing cholesterol and ergosterol

The ATR-FTIR spectroscopic studies of the molecular

organization of AmB at different pH facilitated the analysis

of the mechanisms of drug incorporation into the lipid

monolayers containing sterols. As expected, only a small

amount of AmB molecules should penetrate the subphase

of the monolayer at relatively high starting surface pressure

(22 mN/m). On the basis of these results, we can assume

that, after the first injection of AmB into the subphase, the

molecules are in the monomeric form (inset in Fig. 4) and

are oriented horizontally to the surface. It has been sug-

gested that both sterols—cholesterol and ergosterol—have

a substantial effect on incorporation of AmB molecules

(Gagoś et al. 2005). The significant increase in the surface

pressure (ca 16 mN/m) after injection of AmB under the

DPPC monolayer containing ergosterol (1:1) results in

greater selectivity and much better incorporation of the

antibiotic into the monolayer, compared with that con-

taining cholesterol (Fig. 4). The AmB molecules interact

with the polar heads of lipids and are localized in this part

of the membrane. This kind of organization and high sur-

face pressure in the monolayer (22 mN/m) can change the

orientation of the antibiotic molecules from horizontal to

vertical. Vertical orientation might lead to aggregation

processes and the formation of AmB pores in the ergos-

terol-containing DPPC membrane (Gruszecki et al. 2002).

The monolayers were deposited on to the surface of Ge

plate by the Langmuir–Blodgett technique and monitored

by means of ATR–FTIR spectroscopy. The purpose of this

study was to analyse the interactions between AmB and the

sterol-containing lipid membrane with cholesterol and

ergosterol. Spectroscopic analysis of pure AmB has been

reported elsewhere (Arczewska and Gagoś 2011; Espuelas

et al. 1997; Schwartzman et al. 1978). Gagoś et al. (2005)
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reported the effects of incorporation of AmB into lipid

monolayers formed from DPPC and DPPC with cholesterol

and ergosterol in 1:1 ratio. These findings were obtained

under stabilized barrier conditions at 22 mN/m. To study

the interactions between AmB and the sterol-containing

lipid membrane, the monolayers in this work were depos-

ited under the conditions of a totally packed system and at

the maximum penetration surface pressure (ca 35 and

26 mN/m for lipid–ergosterol and lipid–cholesterol mon-

olayers, respectively). The effects of injection of AmB

solution into the subphase have been described in detail

elsewhere (Gagoś et al. 2005). The final concentration of

AmB was 1 lM.

The effect of sterols

The ATR–FTIR spectrum of AmB incorporated (under

identical conditions and using the method discussed above)

into DPPC monolayers containing cholesterol is shown in

Fig. 5a. It is apparent the bands in the spectral region from

1,615 to 1,510 cm-1 assigned to the overlapping defor-

mational vibrations of the –NH3
? group and the C=C

bonds in the AmB chromophore are much less intense

than for ergosterol. This is a consequence of previous

considerations related to differences in the structures of the

sterols. The more rigid molecule of ergosterol has a

structure more complementary to that of AmB. The

increase in intensity of this spectral region is because of the

p–p* electron interactions between the hydrophobic part of

neighbouring AmB and ergosterol molecules (Baginski

et al. 1994). Generally, it has been proved that the mixed

lipid–cholesterol monolayers are characterized by signifi-

cantly greater stability than the model lipid–ergosterol

system (Dynarowicz-Latka et al. 2002). In this way, in

FTIR spectra, different kinds of effects related to the

mechanisms responsible for the molecular interactions

between AmB molecules and sterol-rich lipid membranes

might be observed.

The band with a maximum centred at 1,705 cm-1 (see

the differential spectrum of AmB ? DPPC ? Chole in

Fig. 6) is related to the stretching vibrations of –COOH in

the hydrogen bonded (C=O���HO–) group whereas the band

centred at approximately 1,641 cm-1 is assigned to the

vibration of the –COO- (because the pI of AmB is

approximately pH 6). The existence of these bands indi-

cates their participation in the aggregation process. It is

apparent the bands are shifted toward lower frequencies

compared with those in the ergosterol-rich lipid membrane,

Fig. 4 Adsorption of AmB on

the air–water subphase (solid
line) and on the monomolecular

layers formed by DPPC–

cholesterol 1:1 (dashed line)

and DPPC–ergosterol 1:1

(dotted line). Injection of AmB

increased its concentration by

1 lM (see the inset of the

electronic absorption spectrum

of AmB in the monomeric form)
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which indicates a different kind of organization of AmB in

these systems. The band with a maximum centred at

1,563 cm-1 (see the pure AmB and AmB ? DPP-

C ? Ergo spectra) results from the overlapping deforma-

tional vibrations of the –NH3
? group and weak stretching

vibrations of the C=C bonds. This band is not observed for

the cholesterol-containing DPPC because of the strong

aggregation effect (Gruszecki et al. 2009). In the

cholesterol-containing lipid membrane, hydrophobic

interaction between AmB molecules is more likely than

formation of lipid–sterol–AmB complexes. In agreement

with the results published by Dynarowicz-Latka et al.

(2002), lower AmB penetration into cholesterol-containing

membranes compared with those composed of ergosterol

can be explained by the greater stability of the DPPC–

cholesterol complex. Analysis of values of the excess free

energy of mixing for the cholesterol-rich lipid system

revealed its packed structure, as a consequence of the

existence of hydrogen bonds between the complex com-

ponents (Dynarowicz-Latka et al. 2002).

In contrast, the process of incorporation of AmB into the

ergosterol-containing lipid monolayer is known to be the

most efficient (Baginski et al. 1989; Charbonneau et al.

2001; Dynarowicz-Latka et al. 2002; Gagoś et al. 2005).

The FTIR differential spectrum presented in Fig. 6 illus-

trates the effect of the functional groups of AmB on the

process of its incorporation into the ergosterol-rich lipid

monolayers. Interestingly, the differential spectrum of

ergosterol-containing lipid monolayer with incorporating

AmB molecules is very similar to the FTIR spectrum of

pure AmB. The strong intensity of the 1,563 cm-1 band

indicates a larger number of molecules incorporated into

the lipid membrane containing ergosterol. However, in the

case of the carbonyl stretching band centred at 1,727 cm-1

(IR spectrum of pure AmB injected under the water

surface; Figs. 4, 6), the presence of ergosterol in lipid

monolayers causes a shift to lower frequencies of

Fig. 5 ATR-FTIR absorption

spectra of the monolayers

formed by AmB with a DPPC–

cholesterol (1:1) and b DPPC–

ergosterol (1:1), and the

spectrum of a pure lipid–sterol

(1:1) monolayer (dashed line).

Samples were deposited on the

two sides of a Ge crystal plate at

the maximum penetration

surface pressure (ca 35 and

26 mN/m for lipid–ergosterol

and lipid–cholesterol

monolayers, respectively).

Temperature, 24 �C

Fig. 6 The differential spectra obtained by subtraction of two-

component monolayers composed of AmB and DPPC–sterol from

pure DPPC–sterol samples (Fig. 5) in comparison with the infrared

spectrum of pure AmB
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approximately 3 cm-1. On the other hand, the stretching

vibrations of the C=O group are a superposition of com-

ponent bands corresponding to sn–1 and sn–2 carbonyl

groups in the lipid ester (Lewis et al. 1994a, b). Its shift

suggests involvement of carbonyl groups in the process of

interaction, especially via hydrogen bonding of the sn–2

carbonyl group with the AmB molecule (C=O���HO–). A

more precise explanation may be based on the polarity

effect, assuming that the sn–2 carbonyl group is closer to

the PO2
- group. Interaction of AmB molecules with the

PO2
- group was observed as spectral changes in the band

centred at ca 1,260 cm-1. It is suggested that the location

of AmB molecules in the polar zone of the membrane also

affects the sn–2 carbonyl group. The bands centred at

1,466 cm-1 and at 1,457 cm-1 (Fig. 6) are characteristic

os scissoring deformation vibrations of the methylene

group. The changes in the positions of these bands are

indicative of the effect of AmB on the hydrophobic part of

the membrane, for example by conformational change of

lipid alkyl chains (gauche–trans) (Lewis et al. 1994a). A

symmetrical deformation vibration of the methyl group

(called ‘‘umbrella’’) is manifested in the spectrum as an

absorption band near 1,380 cm-1. The possibility of

forming kink conformers (gauche–trans–gauche) is indi-

cated by the appearance of a band centred at 1,371 cm-1,

especially for the cholesterol-containing membrane. In the

cholesterol-containing lipid membrane (Fig. 6) there are

two intense bands centred at 1,239 and 1,104 cm-1 char-

acteristic of the PO2
- group and the skeletal vibrations of

C–O–P–O–C in DPPC. Additionally, the spectral features

from the region between 2,800 and 3,000 cm-1 associated

with the methylene symmetric and antisymmetric stretch-

ing modes are very strong in the presence of ergosterol in

the lipid monolayer with AmB. As is apparent from

Fig. 5b, the increased intensity of two bands at 2,853 and

2,924 cm-1 corresponding to symmetric and antisymmet-

ric modes, respectively, are in agreement with the presence

of disordered areas with a large number of gauche defects.

The broad band in the region between 3,000 and

3,500 cm-1 is associated with the formation of hydrogen

bonds between AmB and the sterol-containing lipid

membrane. This effect is especially clear for the membrane

containing cholesterol as a spectral red shift from 3,425 to

3,235 cm-1 and broadening of this band.

Conclusions

Changes in the ATR–FTIR absorption spectra in pH-

dependent AmB monolayers prove involvement of car-

boxylate and ammonium groups in creation of associated

forms of AmB. The net charge of AmB is of crucial

importance in the changes in the limiting molecular area. In

the basic subphase, the isotherms of AmB have a tendency

to increase the expanded region and not to reach a real

collapse, because of the high solubility of the molecules

under these conditions. FTIR spectral changes induced by

reorientation of the molecules are not as strong in the pH

range 11–7. These findings indicate that the –COO- and

–NH3
? groups are most important in the formation of

associated structures. This might be crucial in under-

standing the interactions between AmB and sterol-rich

systems at the molecular level, especially in the choles-

terol-rich membrane. Comparison of the differential FTIR

spectra of the monolayers reveals AmB is incorporated into

ergosterol-rich membranes with greater selectivity. Our

results confirm the existence of strong hydrophobic inter-

actions between AmB and ergosterol-containing mem-

branes compared with those composed of cholesterol.

Lower penetration of AmB into cholesterol-containing

membranes can be explained on the basis of the formation

of stable lipid–sterol–AmB complexes.
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Hereć M, Mysliwa-Kurdziel B, Strzalka K, Gryczynski I,

Gryczynski Z (2009) Molecular organization of antifungal

antibiotic amphotericin B in lipid monolayers studied by means

of Fluorescence Lifetime Imaging Microscopy. Biophys Chem

143:95–101

Hamilton-Miller JM (1974) Fungal sterols and the mode of action of

the polyene antibiotics. Adv Appl Microbiol 17:109–134

Hartsel SC, Hatch C, Ayenew W (1993) How does amphotericin B work?:

studies on model membrane systems. J Liposome Res 3:377–408

Herve M, Debouzy JC, Borowski E, Cybulska B, Gary-Bobo CM

(1989) The role of the carboxyl and amino groups of polyene

macrolides in their interactions with sterols and their selective

toxicity. A 31P-NMR study. Biochim Biophys Acta 980:261–272

Iqbal Z, Weidekamm E (1979) Pre-resonance Raman spectra and

conformations of nystatin in powder, solution and phospholipid-

cholesterol multilayers. Biochim Biophys Acta 555:426–435

Kasha M (1963) Energy transfer mechanisms and the molecular

exciton model for molecular aggregates. Radiat Res 20:55–71

Kasha M, Rawls HR, Ashraf El-Bayoumi M (1965) The exciton

model in molecular spectroscopy. Pure Appl Chem 11:371–392

Lewis EN, Kalasinsky VF, Levin IW (1988) Quantitative determi-

nation of impurities in polyene antibiotics: Fourier transform

Raman spectra of nystatin, amphotericin A, and amphotericin B.

Anal Chem 60:2306–2309

Lewis RN, McElhaney RN, Monck MA, Cullis PR (1994a) Studies of

highly asymmetric mixed-chain diacyl phosphatidylcholines that

form mixed-interdigitated gel phases: Fourier transform infrared

and 2H NMR spectroscopic studies of hydrocarbon chain

conformation and orientational order in the liquid-crystalline

state. Biophys J 67:197–207

Lewis RN, McElhaney RN, Pohle W, Mantsch HH (1994b) Compo-

nents of the carbonyl stretching band in the infrared spectra of

hydrated 1,2-diacylglycerolipid bilayers: a reevaluation. Biophys

J 67:2367–2375

Mazerski J, Grzybowska J, Borowski E (1990) Influence of net charge

on the aggregation and solubility behaviour of amphotericin B

and its derivatives in aqueous media. Eur Biophys J 18:159–164

Mazerski J, Bolard J, Borowski E (1995) Effect of the modifications

of ionizable groups of amphotericin B on its ability to form

complexes with sterols in hydroalcoholic media. Biochim

Biophys Acta 1236:170–176

Mendelsohn R, Van Holten RW (1979) Zeaxanthin ([3R,30R]-beta,

beta-carotene-3-30diol) as a resonance Raman and visible

absorption probe of membrane structure. Biophys J 27:221–235

Minones J Jr, Carrera C, Dynarowicz-Łątka P, Minones J, Conde O,
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