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Summary 

The interaction of gentamicin (Cl), kanamycin (Kf. spe~tinomycin (Spl, strept[~mycin (St1 and a polymixin, colistin (Cf. with 

lipids was studied by using Iiposomes and monomolecular layers as membrane models. The lipids used were phosphatidyicholine 

(PC), phosphatidylserine (PSI, phosphatidylinositol (PI), phosphatidylinositol disphosphate (PIP,), gangliosides (Ganl and choles- 

terol (Chol). The results show that only colistin is able to induce the leakage of entrapped carboxyfluorescein (CF) from the 

liposomes after incubation. Moreover, this interaction is not clearly related to a single type of phospholipid, is dependent on the 

PL/colistin ratio and is slightly modified by the pH or the temperature of the incubation media. The interactions of these 

molecules with the polar heads of phospholipids were studied using I-anilino&napthalenesulphonic acid (ANSI as fluorescent 

probe. The polarization values indicate that these antibiotics induce rigidification of the membrane. Monolayers having the same 

lipid composition of liposomes were spread on aqueous subphases and pressure increases, after injection of drug molecules, were 

recorded. In this set of experiments all molecules exhibit interaction, colistin and kanamycin being those with the maximum activity. 

Moreover, no specific differences could be assigned to the different lipids used except for kanamycin and gangliosides. The 

mathematical equations of the penetration kinetics for all the assays carried out were determined. The Lineweaver-Burk equation 

gave the best fit to the experimental values, the regression coefficient being higher than 0.98 in all cases. Compression isotherms of 

the same phospholipid mixtures were recorded, the antibiotic molecules being dissolved in the subphase. The compressibility and 

area/molecule were slightly affected by the presence of aminoglycosides in the aqueous phase. In contrast, the presence of colistin 

induced expansion of the monolayer especially at low pressures, thus indicating the existence of interactions. Comparing these 

results with those in the literature, it appears clear that the membrane model used exerts a strong influence on the results obtained. 

Introduction 

The mechanism of action of aminoglycosides 
and polymixins is related to their ability to inhibit 
protein synthesis and to produce in vivo and in 

Correspondence to: C. Colomi, Department of Peptides, Fac- 

uity of Pharmacy, Barcelona, Spain. 

vitro misreading, as well as to destabilize the 
membrane structure, respectively. 

To achieve their targets in the cells, it is neces- 
sary for these molecules to cross several barriers. 
For this reason, the study of the interactions 
between the lipid components of the membrane 
and these drug moiecules has been the subject of 
severat papers. Neverthefess, the info~ation ac- 
cumulated to date is in most cases contradictory. 
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When using the leakage of CF as a parameter 
of disturbance, interactions are very slowly mani- 
fested (Au et al., 1987) whereas when using tur- 
bidimetry increases, as a reference for stability, it 
takes only 4 min to achieve a full interaction 
(Aramaki and Tsuchiya, 1989). 

Some authors have found a specific interaction 
between gentamicin and phosphatidylinositol 
diphosphate as far as the disruption of liposome 
structure is concerned, suggesting that this could 
be a key step in the toxic action of aminoglyco- 
side antibiotics (Forge et al., 1989). However, 
using liposomes and diphenylhexatriene as a fluo- 
rescent probe, it has been shown that gentamicin 
does not interact with the hydrophobic domain of 
the bilayer (Mingeot-Leclercq et al., 19891, thus it 
appears to be doubtful whether these antibiotics 
can promote the leakage of an entrapped dye. 

The aim of the present study was to detect the 
effect of aminoglycosides and polymixin E on the 
ordered structures of several natural phospho- 
lipids, when arranged in mono- and bilayers. 

Materials and Methods 

Chemicals 
L-a-Phosphatidylcholine (PC) was purchased 

from Merck and purified as previously described 
(Singleton et al., 1965). L-a-Phosphatidylinositol 
(PI), L-cu-phosphatidylinositol disphosphate 
(PIP,), L-Lu-phosphatidylserine (Ps) and choles- 
terol (Chol) were from Sigma. Gangliosides (Gan) 
were supplied by Supelco. 

The purity of the lipids was greater than 98% 
as estimated by thin-layer chromatography (Al- 
sina et al., 1989). Sodium phosphate was from 
Merck. Gentamicin sulphate (Antibioticos S.A. 
Spain), kanamycin (Meijis K. Ltd, Japan), specti- 
nomycin, streptomycin and colistin (Dumex, Den- 
mark), were kindly supplied by Infavet (Spain). 
Their purity was checked by HPLC on reverse 
phase and pre-column OPA derivatization. Stan- 
dard solution (lop4 M) of each of the above were 
used for the interaction studies. 

The water used in monolayer studies was dis- 
tilled over permanganate in an all-glass aparatus. 

Chloroform and ethanol (Merck) were of quality 
grade pro-analysi. 

1-Anilino-8-naphthalenesulphonic acid (ANS) 
was from Sigma; crude carboxyfluorescein (East- 
man Kodak) was purified by column chromatog- 
raphy on silica gel eluting with distilled water (30 
gas silica/l g CF). The CF concentration of the 
samples used, as determined by UV spectroscopy, 
was 60 mM. 

Preparation of liposomes 
Dehydration-rehydration vesicles (DRV) were 

prepared according to the description given by 
Kirby and Gregoriadis (1986). Non-entrapped CF 
was removed by centrifugation at 19 000 X g, fol- 
lowed by column chromatography on Sephadex 
G-50. 

The CF content was quantified by measure- 
ment of the absorbance at 490 nm of a diluted 
fraction (X lo41 of the vesicle preparation in the 
presence of 1% Triton X-100. The concentration 
of phospholipids in the liposomes was 5 mg/ml. 

Liposomes were prepared from lipid mixtures 
of the following compositions: PC/Chol (1: 1); 
PC/Chol/PS (1: 2 : 1); PC/Chol/PI (1: 2 : 1); 
PC/Chol/Gan (1: 2 : 1); PC/Chol/PIP, (1: 2 : 1). 

Permeability studies 
The liposomes were incubated with antibiotic 

solutions as follows: to 1.3 ml of PBS, 100 ~1 of 
5 X 10m4 M drug solutions and 5 ~1 of liposomes 
were added. 

After 30 min of incubation at 20 -t 1 or 37 t_ 
1°C 10 ~1 of the mixture was taken and diluted 
with 2.5 ml of PBS. The fluorescence of this 
solution was measured before and after addition 
of 50 ~1 of 10% Triton X-100 (A,, = 490 nm, 
A em = 520 nm). 

As reference, the same phospholipid mixtures 
with PBS instead of drug were prepared. 

Fluorescence measurements were carried out 
using a Perkin-Elmer Model LS 50 spectrofluo- 
rimeter (widths of excitation and emission slits = 7 
nm). All experiments were reformed in triplicate. 

For incubations carried out at 37°C a ther- 
mostated cuvette holder connected with a Techne 
bath was used. 
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Scheme 1. Molecular structures of antibiotics. 
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Micro~jscusj~ studies 
Aliquots of Iiposomes of different composition 

were incubated with various concentrations of 
ANS for 60 min, in order to achieve the satura- 
tion level of this marker. Fluorescence was mea- 
sured at A,, = 380 nm and A,, = 480 nm, the slit 
width being 10 nm. These values were corrected 
for the individual fluorescence of the liposomes. 

Once the phosphoIipid/ANS relationship had 
been selected, the same incubation process (30 
min) was repeated but with different concentra- 
tions of the antibiotics in the medium. The values 
assayed were P~/antibiotic: 500 : 1; 250 : 1; 125 : 1; 
75 : I. Fluorescence polarization was determined 
with the equipment reported previously. 

Monolayer studies 
Measurements at constant surface area. A mini 

Teflon trough, cylindrical in shape, with capacity 
of 50 ml was used. Throughout this study, aque- 
ous subphase was a PBS (pH 7.4, conductivity 
15.4 mS cm-‘, 313.35 mosm/kgI. 

The film-forming lipid mixtures and drug solu- 
tions had the same compositions and concentra- 
tions as those used in liposome-CF studies. 

Lipid solutions were spread in chloroform to 
the required initial surface pressure (5 or 20 
mN/m). 

Drug solutions were delivered into the sub- 
phase by using a Hamilton syringe. The subphase 
was stirred continuously by a Teflon-coated mag- 
netic bar at low speed to avoid disturbance of the 
lipid film. 

The surface pressure was measured by the 
WilheImy plate method, with a platinum plate 
suspended from a Sartorius micro-balance. Sur- 
face pressure changes could be determined in the 
range _tO.l mN/m. After spreading the lipid 
solution, the film was allowed to stabilize for 10 
min before injecting the drug solution into the 
subphase. 

Pressure increases were recorded continuously 
for 30 or 60 min. Each run was carried out in 
triplicate and reproducibility was usually within 
0.1-0.2 mN/m. The same experiments were car- 
ried out without monolayer to ascertain the lack 
of surface activity of the drug molecules. 

Compression isotherms. The compression 

isotherms were measured on a Langmuir film 
balance equipped with a Wilhelmy platinum plate, 
as described by Verger and De Haas (1973). The 
output of the pressure pick-up (Sartorius mi- 
crobalance) was calibrated by recording the well- 
known isotherm of stearic acid. This isotherm is 
characterised by a sharp phase transition at 25 
mN/m for pure water at 20°C. The teflon trough 
for measuring compression isotherms (surface 
area 495 cm2, volume 330 ml) was regularly 
cleaned with hot chromic acid; moreover, before 
each experiment it was washed with ethanol and 
rinsed with double-distilled water. Before each 
run, the platinum plate was also cleaned with 
chromic acid and rinsed with double-distilled wa- 
ter. Films were spread on double-distilled water 
using a microsyringe, and at least 10 min allowed 
for solvent evaporation. Films were compressed 
at a rate of 4.2 cm/min; changes in the compres- 
sion rate did not alter the shape of the isotherms. 
All the isotherms were run at least three times in 
the direction of increasing pressure with freshly 
prepared film. The accuracy of the system under 
the conditions in which the bulk of the reported 
measurements were made was f0.5 mN/m for 
surface pressure. 

Results and Discussion 

Ca rboxyjluorescein leakage 
Yields in CF entrapment for the different lipid 

compositions were PC/Chol, 12%; PC/PS/ChoI, 
6%; PC/PI/Chol, 8%; PC/PIP,/Chol, 3%; and 
PC/Gan/Chol, 0.4%. The concentration of CF 
inside the liposomes was 60 mM. 

Gentamicin, streptomycin, spectinomycin, 
kanamycin and colistin (Scheme 1) were incu- 
bated with liposomes composed of different lipids 
and containing entrapped carboxyfluorescein. 

Carboxyfluorescein leakage was expressed as a 
percentage of the total dye entrapped: 

dye release: % CF = 
F - Fo 
___ . 100 
F, - Fo 

where F is the fluorescence intensity measured at 



a specified time, F0 at zero time and Ft the total 
fluorescence after Triton treatment. 

The concentration of Triton, time of incuba- 
tion and relative amounts of drug and phospho- 
lipids were determined after selecting the best 
conditions. Moreover, lipid mixtures containing 
50% of cholesterol were chosen in order to avoid 
marker release due to liposome instability. 

Although in the literature (Au et al., 1987) a 
similar experiment was carried out with an 8 h 
incubation period, in the present paper incuba- 
tion times of 30 min were preferred on the as- 
sumption that an interaction, if existent, should 
be readily detected from the outset. 

As a reference, liposomes were always incu- 
bated under the same conditions with PBS and 
the latency was used to correct the basal CF 
leakage. 

The concentration of drug in the incubation 
media was 3.5 x lo-’ M, this level being slightly 
above those achieved under clinical conditions. 
The PL/drug ratio was 1: 1. 

CF leakage measured in triplicate after 30 min 
of liposome-antibiotic incubation was zero for 
gentamicin, kanamycin, spectinomycin and strep- 
tomycin. By contrast, colistin when incubated un- 
der the same conditions promoted the leakage of 
CF from the liposomes. The values were slightly 
dependent on the lipid composition of the lipo- 
somes as illustrated in Fig. 1. 

The influence of the PL/drug ratio on the 
carboxyfluorescein release was determined by in- 
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Fig. 1. Release of carboxyfluorescein from liposomes after 30 
min treatment with colistin. 
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Fig. 2. Effect of colistin concentration on CF leakage from 
liposomes of different lipid composition (pH 7.4). (o- 0) 
PC/Chol, (+ - + ) PC/PS/Chol, (*- *) 
PC/PI/Chol, ( q - 0) PC/PIP, /Chol, (x - x) 

PC/Gan/Chol. 

cubating the same volume of liposomes with in- 
creasing amounts of drug solutions. 

The results show that for PL/drug 1: 10 no 
latency decreases could be detected (except for 
colistin) at any liposomal composition. Moreover, 
in the case of colistin, fluorescence increases were 
not linear, showing in constrast a certain ten- 
dency to saturation except for PC/Gan/Chol 
(Fig. 2). 

The interaction between acidic phospholipids 
and these types of antibiotics proceeds very slowly, 
according to some experiments described in the 
literature, and for this reason another set of 
experiments was carried out using longer incuba- 
tion times (until 20 h) for the liposome-drug 
mixtures. 

As observed before, aminoglycosides do not 
interact at all with liposomes as far as CF leakage 
is concerned. We were able to defect a time-de- 
pendent leakage only for colistin. These results 
show that aminoglycoside-phospholipid interac- 
tions are not manifested under the conditions 
employed in our experiments when using the 
leakage of carboxyfluorescein as a reference pa- 
rameter. 

Nevertheless, trying to better simulate the in 
vivo behaviour, the same type of experiments 
were carried out at 37°C. Again in these experi- 
ments none of the aminoglycoside molecules pro- 
duced leakage of the CF after 30 min incubation 
at this temperature, except colistin. In this case 
there was a minor increase in leakage of CF, as 
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Fig. 3. Effect of colistin concentration on CF leakage from 

liposomes of different lipid composition (pH 5.5). (o- 0) 
PC/Chol, (+ - + ) PC/PS/Chol, (*- l ) 
PC/PI/Chol, (0 - 0) PC/PIP, /Chol, ( x - x) 

PC/Gan/Chol. 

compared to the results obtained working at room 
temperature. 

Due to the ionic character of these molecules 
the incubations were also performed at pH 5.5. 
No changes could be detected for aminoglyco- 
sides, however, colistin induced CF leakage in a 
dose-dependent way (Fig. 3). Surprisingly at this 
acidic pH, neutral liposomes showed the strongest 
interaction. 

This different behaviour can be explained on 
the basis of the chemical structure of these 
molecules. At this pH value, aminoglycosides ex- 
ist as highly hydrophilic cations, and will interact 
electrostatically with the polar heads of phospho- 
lipids. This interaction is probably stronger when 
the lipids are anionic. Nevertheless, the stability 
of bilayers is not compromised because the 
aminoglycosides cannot penetrate into the bilay- 
ers. For this reason no release of CF is detected. 

The presence of a hydrophobic tail in the 
molecule of colistin confers to it an amphipathic 
character. These types of molecules are able to 
intercalate between the bilayer components creat- 
ing pores or destabilizing the ordered structure. 
In this case, the entrapped molecule can leak out 
from the liposomes. Moreover, the lack of signifi- 
cant differences between acidic and neutral lipo- 
somes, or acidic and neutral pH suggests the 
predominance of hydrophobic interactions in this 
process. 

Another apparently inconsistent aspect is that 
colistin interacts better with weakly acidic phos- 

pholipids (PS, PI) than with the strongest ones 
(PIP,, gangliosides). A possible explanation for 
this fact is that the above lipids are not com- 
pletely ionized at neutral or acidic pH due to the 
high superficial charge density (Wang et al., 1984); 
in that sense, other authors have already demon- 
strated the existence of hydrogen bonding among 
the hydroxy groups of PIP, (Boggs, 1980). Al- 
though this phenomenon has not been described 
for gangliosides one can assume that, due to the 
similarity in the polar groups of both types of 
lipids, this hypothesis can be also valid for them. 
Thus, the presence of polar groups showing strong 
intermolecular interactions would act as a barrier 
for colistin molecules to penetrate into more hy- 
drophobic zones of the bilayer, thereby stabilizing 
the liposome. 

On the other hand, the most extensive leakage 
of carboxyfluorescein, detected at pH 7.4 with 
reference to pH 5.5, can be explained by differ- 
ences in the protonation of the colistin molecule 
at both pH values. Colistin at neutral pH will 
have its amino groups less extensively ionized 
than at acid pH, since the whole molecule is 
slightly more hydrophobic in the first case. 

All these results show that the aminogly- 
coside-phospholipid interaction, if it exists, should 
be very weak and proceed very slowly, with the 
result that this behaviour is not likely to correlate 
with physiological events. 

Moreover, the physiochemical behaviour of 
these molecules is consistent with the main char- 
acteristics of both types of antibiotics, since it is 
well known that polymixins mainly disturb the 
cellular membranes whereas aminoglycosides re- 
quire active transport to cross them. 

Surface studies 
To better ascertain the existence and type of 

antibiotics/lipids interactions a parallel set of 
experiments was carried out by using monomolec- 
ular layers of lipids. This model of membrane has 
been used frequently to detect drug/lipid inter- 
actions and in some cases can be more sensitive 
than liposomes by themselves. (Davis and Jones, 
1986; Alsina et al., 1990, 1991). 

The surface activity of the aminoglycosides 
molecules was checked at first (without mono- 
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layer) by their injection into the subphase at fold greater than the standard levels. Colistin, in 
different concentrations. No pressure changes constrast showed superficial activity in accor- 
were detected for subphase concentrations lOO- dance with its more hydrophobic character. 

PWCHOL 
PRESSUAE @KREASE (mN/d 

0 
C 0 a 82 n 

ANTlBlOTfC MOLECULES 

PC/Pi/~H~ 

Pc/Ps/cHoL 
PRESSURE IN- hnN/d 

PCfGanlctiOL 
PRESSURE IN- wum~ PRESSURE lMXEASE &nNfd 

10 10 

0 l 

a 4 

4 4 

2 t 

0 0 

Fig. 4. Pressure increases measured after 30 min of drug injection in the subphase. 
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Fig. 5. Pressure increases measured after 30 min of drug injection in the subphase. 
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To reproduce the experiments carried out with 
bilayers, the same mixtures of lipids as used to 
prepare the liposomes were dissolved in chloro- 
form and spread on aqueous subphases (PBS), at 
different surface pressures. 

After injecting the antibiotics into the sub- 
phase the pressure increases were recorded. A 
series of preliminary experiments assaying differ- 
ent initial surface pressures of the monolayers 
were carried out and due to the low interaction 
level detected, the initial pressure of the mono- 
layers of lipids in all experiments being 5 mN/m. 

The pressure increases achieved after 30 min 
of drug injection were recorded and are plotted 
in Fig. 4. In these experiments the PI/ drug ratio 
was 1: 5. The concentration of drug in the sub- 
phase was always 2.5 x lo-’ M. 

It is evident that the A17 values are low and 
comparable for all the molecules. Moreover, no 
marked differences associated with the different 
lipids used could be detected. Gentamicin is the 
drug that generally shows, less extensive interac- 
tion with the lipids. 

The influence of drug concentration on the 
penetration process was also studied in TWO ways: 
injecting the drug into the subphase in an addi- 
tive, continuous manner described by Reig et al. 
(1988) or injecting, in separate experiments, drug 
solutions of different concentrations. 

The results were the same and confirmed the 
low interaction level of these molecules with the 
~hospholipids, thus suggesting that the extent of 
interaction reaches saturation, especially when 
one takes into account that there was a molar 
excess of drug over phospholipid in the system. 

On consideration of the literature data, the 
small pressure increases detected in our experi- 
ments could be due to the presence in the lipid 
mixtures of 50% cholesterol. Cholesterol is well 
known to stabilize mono- and bilayers, decreasing 
the fluidity of the system, for this reason a new 
set of experiments was carried out working with 
monolayer lacking cholesterol. 

The results were simiIar to those above bnt in 
this case differences in pressure increases were 
evident among the different molecules and phos- 
pholipids assayed. 

The values recorded after 30 min of interac- 

tion are depicted in Fig. 5. Moreover in this 
second set of experiments, a new monolayer com- 
position containing PIP, was included. 

Colistin and kanamycin resulted in the largest 
increases in pressure, However, no specific inter- 
actions could be clearly detected with any phos- 
pholipid except for kanamycin with gangliosides. 

The pressure increases measured using this 
membrane model are, in fact, representative of 
the organization of the phospholipids in the 
monolayer. This effect can be the result of either 
the penetration of a hydrophobic molecule or the 
insertion of a polar molecule between the polar 
heads of the lipids forcing them apart. Colistin 
can behave as in the first case and the aminogly- 
cosides as in the latter. 

In fact, Mingeot-Leclercq et al. (1989) have 
shown that binding of gentamicin to a membrane 
requires negative charges and that the interaction 
takes place in the hydrophilic domain, This causes 
a significant restriction in the movement of the 
phosphate heads of the phospholipids. 

Such ionic interactions have been suggested by 
Brasseur et al. (19851, who by means of theoreti- 
cal calculations, showed that gentamicin and 
streptomycin adapt in different ways between the 
polar heads of PI depending mainly on its geome- 
try and not on the number of amino groups..This 
model would explain the differences found in the 
monolayers without cholesterol. 

In a previous paper (Alsina et al., 1991) we 
have shown that PC/PS/Chol monolayers do not 
exhibit ideal miscibility behaviour, and mixed 
monolayers are more condensed than those of 
the pure components. Moreover, the influence of 
cholesterol appears to be related to a dilution 
effect that, by isolating the ionic groups of the 
phospholipids, diminishes the repulsive forces 
among them acting as a buffer. 

On the basis of the above assumptions, the 
interactions among phospholipids and antibiotics 
molecules would be more freely manifested in the 
absence of cholesterol, as occurred in the present 
experiments. 

The discrepancy between the results obtained 
in the present paper and literature data can be 
due to the different pH values (Brasseur et al., 
19841, different buffer (Aramaki and Tsuchiya, 
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To verify this hypothesis two mathematical ex- 
pressions were applied: 
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TIME (MIN.) 

Fig. 6. Pressure increases achieved after 30 min of kanamycin 

injection under monolayers of different composition. (- ) 
PC, (- --_) PC/P& c-.-j PC/PI, (---_) PC/PIP*, 

(0 -0) PC/Gan. 

1989, Forge et al., 1989) and different membrane 
models. These factors strongly influence the in- 
teraction of organic molecules with phospholipids 
(Alsina et al., 19901. 

Fig. 6 shows the time course of such pressure 
increases for kanamicin in several monolayers. 
The penetration kinetics is typical for a highly 
hydrophilic molecule, in the sense that the pres- 
sure increases very slowly and, apparently, satura- 
tion occurs after a long period of time. 

Although colistin has surface activity itself, the 
pressure increases measured for the same 
molecule in the presence of monolayers are simi- 
lar to those found for aminoglycosides that lack 
any surface activity. 

This behaviour is not anomalous, since, in gen- 
eral, the presence of a monolayer inhibits the 
activity of hydrophobic molecules and increases 
the apparent surface activity of those that are 
hydrophilic (Reig et al., 1992). 

In the search for specific differences in the 
interaction between antibiotics and lipids, a 
mathematical study of the penetration kinetics 
was performed. 

From a thermodynamic viewpoint, the interac- 
tion between drug molecules and monomolecular 
layers of phospholipids can be likened with the 
process of drug-receptor interaction in binding 
assays. Following this assumption, the affinity of 
the molecules under study to phospholipids could 
fit a Lineweaver-Burk or exponential equation. 

1 Kl 1 

P=p, t m ‘-+p (1) 

P = uxebr 

In P = In a + bt (2) 

The regression coefficients were higher than 
0.98 with both equations but slighly better for 
Eqn 1. Moreover, the results were not dependent 
on the presence of cholesterol in the monolayer. 
P,,, represents the maximum pressure achieved 
and K corresponds to the time taken to achieve 

PJ2. 
The calculated values of K and P, are listed 

in Table 1 and 2. Here, a strong dependence on 
monolayer composition and antibiotic can be ob- 
served, but no specific relationships can be deter- 
mined. 

Compression isotherms 
To complement the above-described studies 

with phospholipid monolayers, a new set of ex- 
periments was designed. In this case the 
monomolecular layers of phospholipids were 
spread on PBS subphases, containing aminoglyco- 
side solutions (lop4 MI, and compressed at 4.2 
cm/min. The lipid monolayers were composed of 
PC/PS, PC/PI, PC/Gan and pure PC. Choles- 

TABLE 1 

Maximal pressures increases (mN/m) calculated according to 
the Lineweauer-Burk equation 

Lipid p, 
composition 

C G K SP ST 

PC/Chol 7.0 5.57 13.8 16.8 8.59 

PC/PS/Chol 9.48 7.28 40.0 10.4 10.0 

PC/PI/Chol 10.04 4.91 6.70 10.0 6.08 

PC/Gan/Chol 6.52 4.16 5.13 8.76 8.13 

PC 13.37 4.73 11.89 4.69 7.56 

PC/PS 10.98 1.06 8.45 4.48 10.0 

PC/PI 11.90 2.88 9.88 2.84 17.4 
PC/PI/Can 10.5 1.66 16.6 2.68 4.03 

PC/PIP, 16.3 2.79 13.3 3.18 13.9 



TABLE 2 

K values (nzin) calculared according to the Lineweaver-Burk 
e~~ati~~ 

Lipid 

composition 

PC/Chol 

PC,‘PS,‘Chol 

PC/PI/Chol 

PC/Gan,‘Chol 

PC 

PC/PS 

PC/PI 

PC/Gan 

PC/PIP, 

K 

C G 

17.9 22.9 

27.9 29.3 

54.2 15.0 

18.5 9.8 

23.39 7.41 

18.1 6.82 

37.0 24.0 

22.7 4.97 

53.5 11.6 

K SP ST 

67.7 93.2 20.9 

98.0 49.5 33.4 

29.3 46.7 29.5 

22.5 41.3 23.1 

25.7 26.7 34.3 

39.6 19.0 97.8 

21.0 24.4 84.9 

23.9 51.0 9.37 

32.2 11.8 94.9 

tero1 was not included in the composition as a 
consequence of the above results obtained in the 
penetration experiments. 

No differences in the compressibili~ and col- 
lapse pressures could be detected among the four 
monolayers when compressed on PBS. Moreover, 
the presence of aminoglycosides in the subphase 
has no effect on the above-described parameters 
irrespective of the composition of the lipid mono- 
layer. 

Only colistin had a clear expanding effect on 
the monolayers. This behaviour is illustrated in 
Fig. 7. 

Nevertheless, the collapse pressure was the 
same as for aminoglycosides (around 50 mN/m). 

Although aminoglycosides were unable to in- 
duce leakage of CF from inside the liposomes, 
the results of monolayer studies showed the exis- 
tence of weak interactions between lipids and 
antibiotics. 

Asuming that these interactions are most 
probabIy electrostatic in nature, a final set of 
experiments was carried out with ANS. This 
marker exhibits sensitivity to membrane potential 
and surface charge and is a useful tool to study 
hydrophilic interactions. 

All the following experiments were performed 
using liposomes without cholesterol, since the 
presence of this component markedly reduces the 
fluorescence quantum yield of the preparations. 
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The optimal ratio of ANS to lipid was deter- 
mined beforehead for each liposomal composi- 
tion and found to be 1: 545 (PC), 1: 365 (PC/PS) 
and 1: 135 (PC/PI and PC/PI/PIP,). These dif- 
ferences are due to the different polar heads of 
the lipids forming the liposomes (Slavik, 1982). 
Liposomes of all lipid compositions under study 
showed varying degrees of reactivity towards the 
aminoglycosides, 

Area (nm*. molec*‘) 
Fig. 7. Compression isotherms of PC, PC/P& PC/PI and 

PC/Gan monolayers spread on a subphase containing 10m4 

M colistin in PBS (pH 7.4). PC ( --); PC/PS (-- - -_); 
PC/PI (-. -); PC/Can (0 - 0). 
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let 
-0.5 0 0.5 1 1.5 2 2.5 3 

0 
0 1 2 3 

Gentamicin (IogpM) 
-0,5 0.5 1.5 2.5 

Streptomycin (k,Q$.d) 

Fig. 8. Relative fluorescence intensity of Iiposomes incubated Fig. 10. Relative fluorescence intensity of Iiposomes incubated 
with ANS and gentamicin (o- .I, (+ - + 1 PC/PS, with ANS and streptomycin (a------ 01, f+- +I 

(* ----*I PC/PI, (0 - 0 I PC/PI/PIP,. PC/PS, f*- *I PC/PI, (0 -cl) PC/PI/PIP,. 

Concentrations of antibiotics lower than lop5 
M had very little effect on the fluorescence of 
ANS in liposomes. However, for concentrations 
lOO-fold higher and acidic phospholipids the 
lipid-aminoglycoside interactions were clearly 
manifested, as demonstrated by Figs 8-11, where 
Fi denotes the fluorescence intensity in the pres- 
ence of drug and F, is the corresponding mea- 
surement in its absence. 

The main common trend in Figs 8-11 is that 
when liposomes contain PI, the presence of 
aminoglycosides promotes a reduction in the flu- 
orescence of the system. 

In contrast liposomes composed of PS or PIP, 
display an increase in fluorescence after incuba- 
tion with aminoglycosides. This point should be 
studied more carefully in the future. 

Nevertheless, none of these molecules induced 
changes in the A,, of the fluorescence spectra. 

Polarization studies carried out under the same 
conditions as above showed that only liposomes 
containing PI exhibited an increase in the polar- 
ization index, thus suggesting that the presence of 
antibiotics induces rigidification of the bilayers. 
As an example, the values obtained for strepto- 
mycin are plotted in Fig. 12. 

On consideration of the results obtained using 
the different techniques described above, it ap- 
pears to be difficult to assign a specific interac- 
tion between any of these molecules and phos- 
pholipids. In contrast, it appears that the model 
used to measure interactions and the combina- 
tion of several properties, for instance, geometry 

01 01 1 

-0,5 0 0.5 1 1.5 2 2.5 3 -0.5 0 0.5 1 1.5 2 2.5 3 

Kanamycin (IoQpM) Spectinomycin (log p Ml 

Fig. 9. Relative fluorescence intensity of Iiposomes incubated Fig. 11. Relative fluorescence intensity of liposomes incubated 

with ANS and kanamycin. CO- .), (+ - + I PC/PS, with ANS and spectinomycin. (a- .), f+- +I 
f* -*I PC/PI, ( 0 - 0 1 PC/PI/PIP,. PC/PS, (*- *I PC/PI, f 0 - 0 1 PC/PI/PIP,. 
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Pi/P0 
1.5 r 

l- 

* * 

- 

0.5 1 
0 ‘( 

-0.4 -0.2 0 0.2 0,4 0.6 

Streptomycin UogpMf 

Fig. 12. Relative fluorescence polarization of ANS-liposomes 
as a function of the streptomycin content (*---- 01, 
( .t -+I PC/P& (* -*I PC/PI, (0 - 0) 

PC/PI/PIP,. 

of the molecde, ionic charge, basicity, are the 
main factors affecting the final results. 
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