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a b s t r a c t

The interactions between cationic liposomal formulations (PC:Chol:DOTAP 3:4:3) and 23 Pseudomonas
aeruginosa strains were tested. The study was undertaken because different antimicrobial results had
been obtained by the authors for Pseudomonas aeruginosa strains and liposomal antibiotics (Drulis-Kawa,
Z., Gubernator, J., Dorotkiewicz-Jach, A., Doroszkiewicz, W., Kozubek, A., 2006. The comparison of in
vitro antimicrobial activity of liposomes containing meropenem and gentamicin. Cell. Mol. Biol. Lett.,
11, 360–375; Drulis-Kawa, Z., Gubernator, J., Dorotkiewicz-Jach, A., Doroszkiewicz W., Kozubek, A., 2006.
In vitro antimicrobial activity of liposomal meropenem against Pseudomonas aeruginosa strains. Int. J.
Pharm., 315, 59–66). The experiments evaluate the roles of the bacterial outer-membrane structure,
especially outer-membrane proteins and LPS, and envelope properties (hydrophobicity and electrostatic
potential) in the interactions/fusion process between cells and lipid vesicles. The interactions were
examined by fluorescent microscopy using PE-rhodamine-labelled liposomes. Some of the strains
exhibited red-light emission (fusion with vesicles or vesicles surrounding the cell) and some showed
negative reaction (no red-light emission). The main aim of the study was to determine what kinds of
bacterial structure or envelope properties have a major influence on the fusion process. Negatively
charged cells and hydrophobic properties promote interaction with cationic lipid vesicles, but no specific
correlation was noted for the tested strains. A similar situation concerned LPS structure, where parent

strains and their mutants possessing identical ladder-like band patterns in SDS-PAGE analysis exhibited
totally different results with fluorescent microscopy. Outer-membrane protein analysis showed that an
18-kDA protein occurred in the isolates showing fusion with rhodamine-labelled vesicles and, conversely,
strains lacking the 18-kDA protein exhibited no positive reaction (red emission). This suggests that even
one protein may be responsible for favouring stronger interactions between Pseudomonas aeruginosa

al for

a
b

cells and cationic liposom

. Introduction
Liposomes have a significant effect as antibiotic carriers on
mproving drug distribution and decreasing a drug’s toxic prop-
rties (Omri et al., 2002; Sachetelli et al., 1999; Schiffelers
t al., 2001a,b; Webb et al., 1998). The pharmacokinetics and

∗ Corresponding author at: Institute of Genetics and Microbiology, University of
roclaw, Przybyszewskiego 63/77, 51-148 Wroclaw, Poland. Tel.: +48 71 325 21 51;

ax: +48 71 325 21 51.
E-mail address: kawa@microb.uni.wroc.pl (Z. Drulis-Kawa).

o
m
p
s
a
e
2
e
f
m
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oi:10.1016/j.ijpharm.2008.09.043
mulations (PC:Chol:DOTAP 3:4:3).
© 2008 Elsevier B.V. All rights reserved.

ntibacterial activity of liposomal antibiotics can be modified
y several means. The different properties of liposomes depend
n their size and lipid composition (charge and fluidity). The
ost promising results regarding decreased toxicity, prolonged

lasma half-life, and enhanced retention at infected sites were
hown by liposomal formulations of aminoglycosides (Beaulac et
l., 1996; Schiffelers et al., 2001b), fluoroquinolones (Schiffelers

t al., 2001a), polymyxin B (Omri et al., 2002; Desai et al.,
003), and antitubercular drugs (Deol and Khuller, 1997; Labana
t al., 2002; Mehta et al., 1993). Variations in the size, sur-
ace charge, fluidity, and lipid formulation of liposome vesicles

ake targeted delivery of encapsulated antibiotics possible. Pro-

http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:kawa@microb.uni.wroc.pl
dx.doi.org/10.1016/j.ijpharm.2008.09.043
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eoliposomes and cationic liposomes were investigated for their
otential targeting ability to the bacterial biofilms produced
y the skin and oral bacteria (Sanderson et al., 1996; Jones
t al., 1993). Furthermore, it has been demonstrated that the
ame cationic lipids used in liposome preparations might act
y themselves as anti-infective agents (Campanha et al., 1999;
armona-Ribeiro, 2003; Vieira and Carmona-Ribeiro, 2006). Fluid

iposomal drug formulations were developed to increase the bac-
ericidal efficacy of antibiotics by promoting effective interaction
etween bacteria and liposomes. Various liposomes containing
uroquinolones and aminoglycosides demonstrated reductions

n minimum inhibitory concentrations (MICs) compared with
he free drug against Gram-positive and Gram-negative bacteria
Beaulac et al., 1998; Furneri et al., 2000; Puglisi et al., 1995).
achetelli demonstrated that antibiotics in Fluidosomes® were
ble to overcome bacterial resistance related to the permeabil-
ty barrier and enzymatic hydrolysis by a fusion process between
he liposomes and bacterial membranes (Sachetelli et al., 2000).
iposome–bacterium fusion has been reported by other inves-
igators as well (Sekeri-Pataryas et al., 1985; Tomlinson et al.,
989).

Several hypotheses concerning the biochemical mechanism by
hich liposomes interact with cells were discussed in detail by
ugabe et al. (2006). In our previous studies (Drulis-Kawa et

l., 2006a,b; Gubernator et al., 2007) a fluid cationic formulation
PC:Chol:DOTAP 3:4:3) containing meropenem and gentamicin
howed better antimicrobial efficacy against Pseudomonas aerug-
nosa isolates compared with the free drugs, but not for all
ested strains. We wondered what kind of bacterial features
avour interaction (fusion) between liposomes and the cell. The
resent study was designed to examine the interactions between
cationic liposomal formulation (PC:Chol:DOTAP 3:4:3) and a
ide group of control and clinical Pseudomonas aeruginosa strains.
his time our intention was to evaluate the role of the bacterial
uter-membrane structure, especially outer-membrane proteins
nd LPS, and envelope properties (hydrophobicity and electro-
tatic potential) in the fusion process between cells and lipid
esicles.

i
a
t
t
I

able 1
acterial strains.

. aeruginosa Relevant properties Re

TCC 27853 MEMS, IPMS, GES, CIPS W
EM MEMR, IPMR, GES, CIPS Op

AO1 MEMS, IPMS, GES, CIPS W
ASE1 MEMS, IPMR, GES, CIPS Op
A 1425 MEMS, IPMR, GES, CIPS Op
/5 MEMR, IPMR, GES, CIPS

2/3 MEMS, IPMS, GES, CIPS

2/3 MEM MEMI, IPMR, GES, CIPS Op
2/3 CHOL MEMI, IPMR, GES, CIPS Op
4/3 MEMS, IPMR, GER, CIPR

5/3 MEMS, IPMS, GES, CIPS

9/3 MEMR, IPMR, GES, CIPS

2/3 MEMS, IPMS, GES, CIPS

13 MEMS, IPMR, GER, CIPS

49/P MEMR, IPMR, GES, CIPS

MEMS, IPMR, GES, CIPS

2 MEMS, IPMS, GES, CIPS

4 MEMS, IPMR, GER, CIPS

8 MEMS, IPMS, GES, CIPS

0 MEMS, IPMR, GES, CIPS

64 MEMR, IPMR, GER, CIPS

013 MEMS, IPMR, GES, CIPS

038 MEMS, IPMS, GES, CIPS

EM: meropenem; IPM: imipenem; GE: gentamicin; CIP: ciprofloxacin; According to C
xpression of MexAB-OprM efflux system; OprD−: loss of OprD; OprN+: increased expres
f Pharmaceutics 367 (2009) 211–219

. Materials and methods

.1. Chemicals

1,2-Dioleoyloxy-3-trimethylammonium-propane (DOTAP) and
hosphatidylcholine (PC) were purchased from Northern Lipids,

nc. (Vancouver, BC, Canada). Cholesterol (Chol) was obtained from
. Merck (Darmstadt, Germany). HPLC solvents were supplied by
.T. Baker (Deventer, the Netherlands). Rhodamine B was purchased
rom Acros Organics (Geel, Belgium) and PE-Rhodamine (fluo-
escent label-1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-
lissamine rhodamine B sulfonyl)) ammonium salt from Avanti
olar Lipids (Alabaster, USA). The n-hexadecane and Tris–HCl buffer
ere obtained from Sigma–Aldrich Chemie GmbH (Steinheim, Ger-
any).

.2. Bacterial strains

The strains used in this study are listed in Table 1. Bacteria were
tored at −70 ◦C in Trypticase soy broth (Becton Dickinson and
ompany, Cockeysville, MD, USA) supplemented with 20% glycerol.

.3. Preparation of PE-rhodamine containing liposomes

PE-rhodamine-labelled liposomes were prepared using a
hin lipid film method. The appropriate lipids were mixed as
hloroform solutions with a chloroform solution of 0.185 mg fluo-
escent label 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-
lissamine rhodamine B sulfonyl) ammonium salt in a 100-ml
ound-bottomed flask to obtain 1 mol% of fluorescent label in 10 mg
f lipids in the final liposome preparation. Then the chloroform was
vaporated under vacuum on a rotary evaporator and the result-

ng thin lipid film was hydrated by agitation with 1 ml of PBS
t room temperature. The MLV liposomes were then extruded 10
imes thru a 100-nm-pore filter using a 10-ml extruder. The size of
he liposomes was determined with a ZetaSizer Nano-ZS (Malvern
nstruments, UK) and was usually in the range of 105–110 nm.

sistance mechanisms Reference

ild type ATCC collection
rM+; OprD−/OprN+ Selected on free meropenem

ild type Kohler et al. (1999)
rM+; OprD− Kohler et al. (1999)
rM−; OprD− Kohler et al. (1999)

Clinical strain
Clinical strain

rM+; OprD−/OprN+ Selected on free meropenem
rM+; OprD−/OprN+ Selected on liposomal meropenem

Clinical strain
Clinical strain
Clinical strain
Clinical strain
Clinical strain
Clinical strain
Clinical strain
Clinical strain
Clinical strain
Clinical strain
Clinical strain
Clinical strain
Clinical strain
Clinical strain

LSI (NCCLS) breakpoints: R: resistant; S: sensitive; I: intermediate; OprM+: over
sion of MexEF-OprN efflux system.
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.4. Zeta potential measurements of Pseudomonas aeruginosa
trains

Bacterial cells were washed twice in PBS by centrifugation and
hen diluted in PBS to attain a medium count rate as measured
y the correlator of the ZetaSizer Nano-ZS. The bacterial suspen-
ion was introduced into the zeta potential measuring cell and the
rogram macro FFR (fast field reversal) was run to measure the
eta potential of the living bacterial cells. The measurements were
erformed at 37 ◦C five times per strain.

.5. Determination of hydrophobic properties

All bacterial cultures were grown in Trypticase soy broth (Difco,
parks, MD, USA) with incubation at 37 ◦C for 18 h. Each culture
as harvested in its stationary phase by centrifugation and washed

wice with 100 mM phosphate buffer (pH 7). The harvested and
ashed cells were used to characterize the cell-surface properties.
acterial adhesion to hydrocarbons (BATH method) was measured
s described by Rosenberg et al. (1980). Cells were resuspended
n phosphate buffer to an optical density at 600 nm (OD600) of
bout 0.6. An aliquot of cell suspension (1.2 ml) was mixed with
ml of n-hexadecane by vortexing for 120 s and allowed to sep-
rate into phase for 15 min. The OD600 of the aqueous phase was
hen measured spectrophotometrically. The difference between the
ptical densities of the aqueous phase before and after mixing with
-hexadecane was used to calculate the adhesion as a percentage:
00 × [1 − (OD600 after mixing/OD600 before mixing)].

.6. Determination of outer-membrane protein patterns

The isolation of OMPs was carried out as follows. Bacteria were
ultured on Mueller Hinton Agar, then scraped from the plates into
ml of PBS (0.01 M sodium phosphate). The outer membrane pro-
eins of the Pseudomonas aeruginosa strains were obtained from
wittergent Z 3-14 (Calbiochem-Behring) extracts according to
urphy’s method (Murphy and Bartos, 1989). Polyacrylamide gel

lectrophoresis was performed as described by Laemmli (1970).
iscontinuous sodium dodecyl sulphate (SDS) gel electrophoresis

2

H
e

able 2
nalysis of free rhodamine– and liposomal rhodamine–bacterium interactions by fluo
eruginosa strains.

. aeruginosa strains Free rodamine uptake Liposomal-rodamine

TCC 27853 + +
EM + −

AO 1 + +
ASE 1 + +
A 1425 + +
/5 − +++
2/3 +++ −
2/3 MEM +++ +
2/3 CHOL +++ +
4/3 + −
5/3 + −
9/3 + +++
2/3 +++ −
13 + −
49/P + +

+ +
2 + +
4 + −
8 + −
0 + +
64 + +
013 + −
038 + −
+) low level of red light emission; (+++) high level of red light emission; (−) no reaction.
f Pharmaceutics 367 (2009) 211–219 213

as carried out on slabs with 12.5% acrylamide. Ten-microliters
amples containing 10 �g of proteins were applied to the slabs after
eating at 100 ◦C for 4 min. The same amount of protein sample was
pplied to the slab for each of the strains. The Sigma wide-range
olecular-weight marker M4038 protein standard (6–205 kDa)
as used for molecular-weight calibration. Electrophoresis was
erformed at 100 V for 25 min and then at 200 V for 45 min. After
lectrophoresis, the gel was stained for 1 h with a solution contain-
ng 25% methanol, 10% acetic acid, and 0.05% Coomassie Brilliant
lue and decolourised with 10% acetic acid for 3–5 h. Quantity
ne (BioRad) software was used for the molecular analysis of the
MPs according to the Sigma wide-range molecular-weight marker
4038 protein standard (6–205 kDa).

.7. Determination of LPS patterns

Bacterial strains were cultivated in 5 ml of Trypticase soy
roth (Difco, Sparks, MD, USA) at 37 ◦C. After 24 h the cells were
arvested and the isolation of LPS was carried out using an
PS Extraction Kit according to the manufacturer’s instructions
iNtRON Biotechnology, Korea). The LPS extracts were analysed
y discontinuous sodium dodecyl sulphate gel electrophoresis
SDS-PAGE) according to the Laemmli buffer system (Laemmli,
970) using 5% stacking gel and 15% separating gel. Ten-microliter
amples were applied to the slabs after heating at 100 ◦C for
0 min in sample buffer. Electrophoresis was conducted at 35 mA
f constant current with Tris-glycine (pH 8.3) buffer containing
.1% SDS until the dye reached the bottom of the gel. Silver stain-

ng was done according to the Tsai and Frash method (Tsai and
rash, 1982). LPS gave a dark staircase (ladder-like) band pattern
ue to the carbohydrate chain length variation of the O-antigen
ortion.
.8. Fluorescent microscopy analysis

For the experiments the strains were inoculated on Mueller
inton II Agar plates (MHA) (Becton Dickinson and Company, Cock-
ysville, MD, USA), incubated for 18 h at 35 ◦C, and then diluted

rescent microscopy; hydrophobic properties and zeta potential in Pseudomonas

uptake Hydrophobic properties (%) Zeta potential (mV)

17.7 ± 3.2 −12.8 ± 0.3
8.3 ± 1.5 −12.4 ± 0.9
3.8 ± 4.1 −12.7 ± 1.1

21.5 ± 4.7 −13.4 ± 0.9
23.0 ± 5.2 −14.4 ± 1.1
32.0 ± 2.3 −5.8 ± 0.6

0.5 ± 0.6 −11.0 ± 0.6
1.5 ± 1.7 −11.5 ± 0.6
0.5 ± 1.0 −12.2 ± 0.9

11.3 ± 2.6 −5.1 ± 0.6
11.8 ± 3.5 −12.5 ± 0.9
52.3 ± 3.5 −10.7 ± 1.0
16.3 ± 1.5 −15.0 ± 0.6
17.5 ± 3.5 −7.8 ± 0.7
10.0 ± 3.6 −14.7 ± 0.8
30.3 ± 3.2 −14.4 ± 0.4

3.5 ± 0.7 −13.3 ± 1.5
10.3 ± 5.5 −3.9 ± 0.7
34.0 ± 2.9 −14.7 ± 1.1
14.7 ± 3.1 −5.8 ± 0.6
5.3 ± 3.2 −11.8 ± 0.5

26.7 ± 9.3 −11.4 ± 1.0
3.0 ± 3.5 −11.4 ± 0.7
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n 1 ml of saline buffer to an optical density equal to McFar-
and No. 4 (109 cells/ml). Each culture was washed three times
y centrifugation. Ten microliters of free rhodamine-B or 50 �l
f rhodamine-labelled liposomes were added to a tube contain-
ng 0.5 ml of bacterial culture and incubated at 35 ◦C for 1 h.
fter incubation, the bacterial culture was washed three times

n saline buffer by centrifugation (4000 rpm, 10 min). For micro-
copic analysis, 10 �l of the culture were embedded in 50 �l of
% low-melting agarose. All observations were made with an
xio Imager M1 upright wide-field fluorescence microscope (Carl
eiss, Germany) equipped with an illuminator (Zeiss HBO 100) and
100× oil immersion objective (Zeiss Plan-Neofluar 100x/1.30).
he Zeiss filter set 487915 (absorption 540 nm/emission 625 nm)
as used for the observation of rhodamine-B. Exposure times
ere 500 ms. Images were collected using a Zeiss AxioCam MRc
igital colour camera and processed with Zeiss AxioVision 4.5
oftware.

t
e
b
r
t

ig. 1. The fluorescent microscopic analyses of liposome–bacterium interactions. Penetra
ransparent microscopy image (b). Interactions between rhodamine-liposomes and bacte

icroscopy image (c), transparent microscopy image (d). (For interpretation of the refere
rticle.)
f Pharmaceutics 367 (2009) 211–219

. Results

The fluorescent microscopic analyses of liposome–bacterium
nteractions are presented in Table 2. First the strains were exam-
ned for their red self-fluorescence using the Zeiss filter set 487915
absorption 540 nm/emission 625 nm). None exhibited a positive
eaction. The second step was to determine the penetration of free
hodamine B into the bacterial cells. The positive reactions are pre-
ented in Fig. 1a. Most of the isolates took up the rhodamine at a
ow level and four of the P. aeruginosa strains (12/3, 12/3 CHOL, 12/3

EM, and 82/3) exhibited a strong red-light emission effect.
In the case of interactions between liposomes and bacterial cells,
hree kinds of results were obtained: (i) no visible reaction (no
mission); (ii) a positive reaction as liposomes surrounding the
acterial cells (+); (iii) a positive reaction as visible fusion, with
ed emission of the bacterial membranes (+++). The positive reac-
ions for rhodamine-labelled liposomes are presented in Fig. 1c.

tion of free rhodamine B into the bacterial cells: fluorescent microscopy image (a),
rial cells as visible fusion: red light emission of bacterial membranes: fluorescent

nces to colour in this figure legend, the reader is referred to the web version of the
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f the 23 isolates, only two (9/5 and 49/3) showed visible fusion
fter 1 h of incubation with rhodamine-liposomes and eleven of
hem exhibited a positive reaction as liposomes surrounding the
ell. An interesting behaviour of bacteria was noticed for the uptake
f free and liposomal rhodamine. For example, isolate 12/3 and its
utants took up the free rhodamine very effectively, but there was

o positive reaction with liposomal rhodamine in the case of the
2/3 parent strain. In contrast, strain 9/5 exhibited high red emis-
ion for liposomal rhodamine but a negative reaction with the free
ye.

To verify the influence of bacterial surface properties on the
usion process, zeta potentials and hydrophobic properties were
etermined (Table 2). All strains were negatively charged, which
ight favour interactions with the cationic lipid vesicles. The zeta

otential varied from −3.9 mV to −15.0 mV. The 9/5 and 49/3
solates exhibited relatively small negative charges (−5.8 mV and
10.7 mV, respectively). Remaining strains showing positive inter-

ctions in fluorescent microscopy belonged as well to low negative
nd high negative charged bacteria. We therefore conclude that
he negative potential of the cell favour the electrostatic interac-
ions between liposomal vesicles and bacterial cell, but probably

g
f
u
a

ig. 2. (a and b) Silver-stained SDS-polyacrylamide gel of LPS from P. aeruginosa. Arrows i
–4.
f Pharmaceutics 367 (2009) 211–219 215

here are some other factors responsible for observed fusion with
iposomes.

The BATH method was chosen to determine hydrophobicity and
nly one isolate, 49/3, seemed to be hydrophobic (52.3%). The other
trains were found to have no hydrophobic properties. The bacterial
dhesion of the remaining strains to hydrocarbons was in the range
f 0.5–34.0%. Although the adhesion of liposomes to the bacterial
urface depends on the balance of electrostatic and hydrophobic
nteractions, no correlations between hydrophobic properties and
usion results were noted. Some of the strains (9/5 or 49/3) with

higher percentage of adhesion to hydrocarbons showed fusion
ith liposomal vesicles, but at the same time others (18 and 0013)
ith similar hydrophobic properties exhibited negative interac-

ions with liposomes.
The next aspect taken into account was LPS structure as an

lement located on the surface of Gram-negative bacteria. Silver
taining of LPS separated by gel chromatography revealed a pro-

ressive ladder-like band pattern up the gel (Fig. 2a and b). Three or
our (1, 2, 3, 4) band regions can be distinguished presenting pop-
lations of molecules differing in O-antigen length. PAO1, PASE1,
nd PA1425 showed the same band patterns. The same situation

ndicate the four intensively stained regions of the P. aeruginosa samples: band sets



216 Z. Drulis-Kawa et al. / International Journal of Pharmaceutics 367 (2009) 211–219

otein p

w
T
L
w
o
c
L
t
t
d
t
o
l
w
s
p

t
p

w
g
e
s
p
r
p
a
t
p
o
v
w
t

Fig. 3. (a–d) The outer membrane pr

as noted for the parent strains ATCC and 12/3 and their mutants.
his means that meropenem resistance has no effect on changing
PS. For the remaining clinical isolates, various ladder-like patterns
ere observed. Most of them possessed at least two populations

f different O-antigen length, including short, fast-migrating LPS
hains, and the LPSs of all the isolates were classified as smooth.
PS, an outer-membrane structure covering the whole surface of
he cell, may play a significant role in the interaction between
he bacterial cell and liposomal vesicles. When looking for these
ependences it was found that LPS is probably of minor impor-
ance, as previously thought. It was demonstrated that in the case
f the parent strains ATCC and 12/3 and their mutants, the same
adder-like pattern was observed, but quite different interactions

ith liposomal rhodamine. This means that other bacterial cell-

urface molecules should be responsible for favouring the fusion
rocess.

Outer-membrane proteins might also have a role in interac-
ions with lipid vesicles, which is why the outer-membrane protein
atterns of the tested isolates were determined. The procedure

m
a
t
1
p

atterns of the P. aeruginosa isolates.

ere carried out according to Murphy’s method using Zwitter-
ent detergent. The gel analysis is shown in Fig. 3a–d. In the
lectrophoregrams we acquired many protein patterns that repre-
ented OMPs. It was decided to compare first the differences in OMP
rofiles between parent and mutant strains that exhibited different
eactions with liposomal vesicles. We decided to analyse protein
atterns in those cases using QuantityOne software (Table 3). We
nalysed the correlation of particular proteins acquired or lost in
he parents and their mutant strains. Additionally we analysed the
rotein patterns of the remaining reference strains and two clinical
nes (9/5 and 49/3) which gave the most intensive reaction in the
isualisation test. Visible reactions within one hour of incubation
ith liposomal rhodamine were observed in the strains possessing

he 18-kDa protein bands (Fig. 3a–d arrow and Table 3 frame). The

ost intensive red emission in fluorescent microscopy after inter-

ction with liposomal vesicles containing rhodamine was noted for
he 9/5 and 49/3 isolates, which exhibited the highest amount of
8-kDa protein among the tested strains. We decided to analyse the
rotein patterns of the rest of strains and we confirmed the same
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Table 3
Analysis of outer membrane protein patterns of chosen P. aeruginosa isolates.
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orrelation. We concluded that one protein (18 kDa) might promote
nteraction with the liposomal vesicles.

. Discussion

Fusion interactions between bacterial membrane phospho-
ipids and liposome-containing antibiotic could hold promise in
vercoming non-enzymatic drug resistance (Beaulac et al., 1998;
mri and Ravaoarinoro, 1996; Puglisi et al., 1995). Omri et al.

Omri and Ravaoarinoro, 1996) demonstrated an increase in bac-
ericidal activity of netilmicin entrapped in liposomes (PC/Chol
:1) against Gram-negative E. coli, Pseudomonas aeruginosa, and
tenotrophomonas (Xanthomonas) maltophilia. Higher antibacterial
fficacy of the liposomal form of polymyxin B and aminoglycosides
DPPC:Chol 2:1) against Pseudomonas aeruginosa strains compared
ith the free drug was also described (Omri et al., 2002; Mugabe et

l., 2006). Mugabe demonstrated fusion between DPPC:chol lipo-
omal vesicles and bacterial cells using three different methods:
ransmission electron microscopy, flow cytometric assay, and lipid

ixing assay (Mugabe et al., 2006). It was shown that in the case of
clinically resistant P. aeruginosa strain, liposomal fusion was sig-
ificantly delayed in comparison with the susceptible ATCC 10145
train, but the overall level of fusion was not affected.

In our experiment, the interactions between liposomes and bac-
erial cells were tested by fluorescent microscopy using rhodamine
esicles. We wanted to examine a higher number of strains to
iscover the dependencies between antibiotic resistance, outer-
embrane properties of the bacteria, and the fusion effect with

ipid vesicles. In our study, 23 P. aeruginosa strains exhibiting dif-
erent antibiotic susceptibilities were tested. The ATCC 27853, PAO
, PASE 1, and PA 1425 isolates were used as controls with strictly
efined resistance mechanisms (Kohler and Pechere, 2001). Three
utants with strictly defined resistance mechanisms obtained by
ree or liposomal meropenem were also included to verify the
nfluence of outer-membrane proteins on the fusion process. The
emaining 16 clinical isolates were used to determine the variety of
nteractions with liposomal vesicles. The penetration of free rho-
amine B into bacterial cells was previously tested. Most of the

h
c
a
i
o

.

trains, except for 82/3, 12/3, and its mutants, exhibited a low level
f uptake of free rhodamine. The results were convergent with a
revious finding that xenobiotic efflux pumps, especially MexAB-
prD, interact with the outer-membrane permeability barrier in
uorescent dye extrusion in Pseudomonas aeruginosa rods (Germ et
l., 1999). Different results were obtained for liposomal rhodamine.
nexpectedly, the antibiotic resistant 9/5 and 49/3 strains showed

he most intensive red emission (visible fusion). An interesting
ehaviour of mutants and their parent strains in rhodamine vesicle
usion was noted. ATCC 27853 exhibited positive results (red emis-
ion) under fluorescent microscopy, in contrast to its MEM mutant.
he opposite situation was found in the case of the 12/3 isolate
nd its mutants. PAO 1, possessing wild-type efflux pump patterns,
xhibited the same positive reaction as the resistant strains PASE
and PA 1425. We concluded that resistance mechanisms, espe-

ially outer-membrane proteins involved in the efflux pump system
OprD, OprN, OprM), probably play an imperceptible role in the
nteraction between liposomal vesicles and bacterial cells.

Another aspect studied was the influence of bacterial cell charge
nd fusion with liposomes. All the cells were negatively charged in
he range of −3.9 mV to −15.0 mV, which forced the interplay with
he cationic vesicles. Liposome-cell contact may also be favoured by
ydrophobic features of the bacterial cell surface. It is well known
hat some microorganisms can adhere to hydrocarbons, which is
ssociated with the surface properties of the cells, as a result of
ttachment to the oil-water interface by general hydrophobic inter-
ctions rather than specific recognition of the substrate (Dorobantu
t al., 2004). The hydrophobic interactive forces are strongly
ttractive and are determined by the ratio of the hydrophilic and
ydrophobic surface components (Matz and Jurgens, 2001). In this
tudy the hydrophobicity of the tested strains was determined,
ut no direct influence on fusion with liposome vesicles was
hown. Both low-level (0.5–20% adhesion to hydrocarbons) and

igher-level (20–50% adhesion to hydrocarbons) hydrophobic
ells interacted with liposomes. We conclude that zeta potential
nd hydrophobic features probably play a role in the general
nteraction between liposomes and bacterial cells, but there are
ther specific elements/structures which tend to strengthen this
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rocess because of the different behaviours of the parent strains
nd their mutants with similar negative charges and hydrophobic
roperties.

We therefore considered the changes in liposomal fusion in the
ases of ATCC 27853 and 12/3 and their mutants (MEM, 12/3 MEM,
nd 12/3 CHOL, respectively). We analysed the changes in such
ell-surface structures as LPS and outer-membrane proteins. LPS
s a major membrane component of both structural and functional
mportance (Kropinski et al., 1985), so it seems that the molecules
f the LPS chains may interact with liposomal vesicles. However,
PS molecules had no significant impact on the interaction (fusion)
etween Pseudomonas aeruginosa cells and the cationic liposomal
ormulation (PC:Chol:DOTAP 3:4:3). It was shown that isolates
ossessing the same kind of LPS (parents and mutants) exhibited
ifferent results in the test when liposomal rhodamine was used.
nalysing the outer-membrane protein patterns we found differ-
nces in the appearances of the bands. In both 12/3 MEM and 12/3
HOL the 18-kDa protein bands were observed, in contrast to the
2/3 parent isolate. In the MEM mutant the protein patterns were
otally different from those of the parent strain, and the 18-kDa
rotein was not detected, contrary to the parent strain. To verify
he hypothesis of a role of the 18-kDa protein in the fusion pro-
ess with cationic vesicles, the outer-membrane patterns of the
emaining 18 strains were analysed. It turned out that all strains
ossessing the 18-kDa protein exhibited a visible interaction with
hodamine vesicles under fluorescent microscopy. In addition, no
ed emission was noted for the isolates which lacked the 18-kDa
and.

In vitro experiments were performed to determine the role of
ntibiotic carriers mainly in the targeting of bacterial cells. Direct
nteractions between lipid vesicles and bacterial cells strongly
epend on the liposomal formulation, but also on bacterial sur-

ace patterns. It seemed that not only global surface charge,
ydrophobic properties, and LPS structure promote fusion, but
hat one protein might even influence this process. In the case
f the cationic PC:Chol:DOTAP formulation, the 18-kDa outer-
embrane protein probably increases the liposomes’ affinity to

he bacterial cell. Because of these aspects, further investigations
erifying the influence of bacterial surface features on the antimi-
robial activity of liposomal drug formulations should be carried
ut.
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