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a b s t r a c t

Liposomes are currently in common use as universal drug carriers in the cosmetic and pharmaceutical
industries. The manipulation of different physicochemical properties of liposomes enables the design
of particular carriers with the desired pharmacokinetic and pharmacodynamic properties. Most studies
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regarding liposomal antibiotics deal with aminoglycosides, quinolones, polypeptides, and betalactames.
Some of the studies focused on improving pharmacokinetics and reducing toxicity, while others involved
enhancing antibacterial activity. In an era of an avalanche of increasing bacterial resistance and severe
problems in treating bacterial infections, the application of liposomal antibiotic carriers could be useful,
but the high cost of liposome preparation and treatment should also be considered.
ntibiotic
acteria
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. Introduction

Liposomes are currently in common use as universal drug car-

is focused on antibiotics entrapped in liposomes to enhance their
antibacterial activity and pharmacokinetic properties. Lipid vesi-
cles as drug carriers significantly influence on drug distribution
iers in the cosmetic and pharmaceutical industries. In healthcare
here are antitumor anthracyclines such doxorubicin and antifun-
al amphotericin B liposomal formulations available (Allen and
artin, 2004; Bakker-Woudenberg et al., 1994). Intensive research

Abbreviations: CHOL, cholesterol; Con-A, concanavalin-A; DDAB, dimethyldioc-
adecylammonium bromide; DOTAP, dioleoyloxytrimethylammoniumpropane;
OPE, dioleoylphosphatidylethanolamine; DP, dihexadecyl hydrogen phosphate;
PPC, dipalmitoylphosphatidylcholine; DPPG, dipalmitoylphosphatidylglycerol;
PPS, dipalmitoylphosphatidylserine; DSPC, distearoylphosphatidylcholine; DSPE,
istearoylphosphatidylethanolamine; DSPG, distearoylphosphatidylglycerol; O-
AP, O-stearylamylopectin; PC, phosphatidylcholine; PEG, polyethyleneglycol; PI,
hosphatidylinositol; PS, phosphatidylserine; SA, stearoylamine.
∗ Corresponding author. Tel.: +48 71 325 21 51; fax: +48 71 325 21 51.

E-mail address: kawa@microb.uni.wroc.pl (Z. Drulis-Kawa).

378-5173/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijpharm.2009.11.033
and reduce toxic side effects during antibiotic therapy (Allen, 1998;
Bakker-Woudenberg et al., 1993, 1994; Bakker-Woudenberg, 2002;
Sapra and Allen, 2003). One of the most serious problems of cur-
rent medicine is the increase in drug resistance among bacterial
pathogens, which limits conventional therapy. Many researchers
are making efforts to discover new classes of antibacterial drugs,
but some studies are focused on improving currently available
antibiotics in a new form (liposomal formulations) (Abeylath and
Turos, 2008; Pinto-Alphandary et al., 2000; Schiffelers et al., 2001d;
Sihorkar and Vyas, 2001; Swenson et al., 1988).
2. Structure and properties of liposomes

Liposomes are spherical vesicles consisting of one or more phos-
pholipid bilayers surrounding a water space. The diameter of the

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.2009.11.033
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Fig. 1. Prope

iposome varies from 0.02 to 10 �m. Vesicle formulations are usu-
lly based on natural and synthetic phospholipids and cholesterol.
he structure may also possess lipoproteins (Ulrich, 2002). The
hysicochemical properties of liposomes (Fig. 1) can be modified
y changing:

the types of lipids;
the composition and proportions of lipids in the liposomal for-
mulation;
the size of the liposome;
the charge of the liposomal surface: positive, negative, or neutral;
pH sensitivity;
temperature sensitivity;
the fluidity of the liposomal membrane: rigid and fluid liposomes.

Regarding the variety of liposomal formulations, the vesicles
re universal carriers for both hydrophilic and hydrophobic com-
ounds. Hydrophilic elements are dissolved in the water space

nside the vesicles. The most useful for this are LUVs (Large Unil-
mellar Vesicles) because the volume of encapsulated water is
elatively high (Gregoriadis, 1995; Sharma and Sharma, 1997).
ydrophobic compounds are located in the lipid bilayer, and MLVs

Multilamellar Vesicles) or SUVs (Small Unilamellar Vesicles) may
e applied. Charged drugs can be associated to the lipid surface
Gregoriadis, 1995; Sharma and Sharma, 1997). The size of the
iposomal vesicles significantly influences drug distribution. Large
>1 �m) MLV formulations are usually not used as antibiotic carri-
rs, but SUVs of ∼100 nm exhibited high efficacy in the eradication
f bacterial pathogens (Krieger et al., 1999).

. Advantages of liposomal antibiotics

There are some antibiotics of limited application in healthcare
ecause of toxicity or weak biodistribution and pharmacokinetics.
espite very efficient antibacterial activity, these drugs can only be
sed as last-chance treatment when the risk of severe side effects is

igh. Encapsulation of the drugs in lipid vesicles is a good solution

or designing the required pharmacokinetic and pharmacodynamic
roperties (Allen, 1998; Bakker-Woudenberg et al., 1993, 1994;
akker-Woudenberg, 2002; Swenson et al., 1988).

There are many advantages of liposomes as antibiotic carriers:
f liposomes.

• improved pharmacokinetics and biodistribution;
• decreased toxicity;
• enhanced activity against intracellular pathogens;
• target selectivity;
• enhanced activity against extracellular pathogens, in particular

to overcome bacterial drug resistance.

The variety of liposomal formulations allows the design of effec-
tive antibiotic forms and subsequent therapeutic success (Abeylath
and Turos, 2008; Schiffelers et al., 2001d; Sharma and Sharma,
1997; Yimei et al., 2008).

3.1. Improved pharmacokinetics and biodistribution, decreased
toxicity

There is much evidence of the benefits of liposomes as antibiotic
delivery systems. The advantage of liposomal carriers is the possi-
bility of a gradual and sustained release of antibiotics during drug
circulation in the body. This allows maintaining the proper drug
concentration for a relatively long term. In comparison, admin-
istration of the free antibiotic exhibits a quick and short effect
and requires several doses per day (Hamidi et al., 2006). Drug
encapsulation in liposomal vesicles improves the pharmacokinet-
ics and also protects antibiotics against the hydrolytic activity
of enzymes and chemical and immunological deactivation (Allen,
1998; Omri and Ravaoarinoro, 1996a,b; Schiffelers et al., 2001d).
Conventional liposomes applied by intravenous administration are
recognized as foreign antigens by the immunological system and
are opsonised. This activates nonspecific defence mechanisms and
the liposomes are taken up by the mononuclear phagocyte system
(MPS), which leads to lower blood circulation time and fast blood
clearance. Liposomes accumulate in the liver, spleen, lungs, and
kidneys (Bakker-Woudenberg et al., 1994; Bakker-Woudenberg,
2002; Schiffelers et al., 2001d). This phenomenon (phagocytosis
of liposomes) is desirable for intracellular pathogen eradication,
but unfavourable for other kinds of infection (Lasic, 1998; Voinea

and Simionescu, 2002). The MPS uptake rate depends on several
liposomal properties, such as size, charge, and fluidity. The blood
clearance of small vesicles (∼100 nm) rises to several hours, in
comparison with several minutes for MLV formulations. Rigid and
uncharged vesicles circulate longer than fluid and charged ones
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Table 1
Liposomal antibiotics designed for tuberculosis treatment.

Antibiotic Bacteria Reference

Isoniazid; rifampicin Mycobacterium tuberculosis Deol and Khuller (1997); Dutt and Khuller
(2001); Labana et al. (2002)

Amikacin Mycobacterium tuberculosis Whitehead et al. (1998); Donald et al. (2001)
Amikacin, gentamicin streptomycin Mycobacterium avium complex (MAC) Duzgunes et al. (1988, 1991, 1996);

Nightingale et al. (1993); Wiley et al. (1994);
Brandissou et al. (1997); Sesin et al. (1996); de
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Clarithromycin azithromycin Mycobacterium avium
Ciprofloxacin, sparfloxacin Mycobacterium avium

Beaulac et al., 1997; Scherphof et al., 1997). The plasma circu-
ation time of antibiotics can be improved by encapsulation in
olyethylene glycol-coated (pegylated) (STEALTH) liposomes. The
ydrophilic layer composed of PEG protects the vesicles from the
PS and allows a long liposome circulation in the blood system.

terically stabilised STEALTH liposomes exhibit sustained release
f drug and are able to accumulate selectively at sites of infec-
ion (Bakker-Woudenberg et al., 1993; Ceh et al., 1997). The most
romising in vivo results in improving pharmacokinetics and reduc-

ng toxicity were obtained for aminoglycosides, quinolones, and
olymyxin B (Bakker-Woudenberg, 2002; Marier et al., 2002, 2003;
mri et al., 2002; Schiffelers et al., 2001d; Xiong et al., 1999).

The Dutch group thoroughly investigated the activity of amino-
lycosides and ciprofloxacin encapsulated in STEALTH liposomes
n an infected rat lung tissue model (Bakker-Woudenberg et al.,
986, 1989, 1993, 1994, 1995, 2001, 2002; Bakker-Woudenberg,
002; Schiffelers et al., 1999, 2001a,b,c,d). In Klebsiella pneumo-
iae and Pseudomonas aeruginosa pneumonia in rats, once daily
dministration of ciprofloxacin in liposomal form produced the
ame results as the free drug given twice daily. Delayed clear-
nce and increased and prolonged concentrations in the blood
nd tissues were observed for liposomal ciprofloxacin. PEG-coated
iposomal ciprofloxacin was nontoxic at relatively high doses
Bakker-Woudenberg et al., 1995, 2001). The investigators exam-
ned the influence of PEG density, particle size, bilayer fluidity,
nd surface charge on liposome localization, blood clearance kinet-
cs, and biodistribution (Schiffelers et al., 1999). A reduction in
EG density or rise in particle size induced higher MPS uptake
nd reduced the drug concentration in lung tissue. A negative
harge on the vesicle surface led to reduced localization of this
iposome preparation at the site of lung infection, although the
lood clearance kinetics remain the same. The fluidity of the
ormulation did not change the biodistribution of the PEG lipo-
omes. Evidence of the superior efficacy of antibiotics encapsulated
n STEALTH liposomes compared with the free drug was also
escribed by Schiffelers et al. (2001b). It was demonstrated that

ncreased capillary permeability at the infection site caused a high
ocal concentration of liposomes. Additionally, the presence of bac-
erial antigens induced an inflammatory response, which led to
further increase in liposome extravasation. These mechanisms

ignificantly improved the antibacterial activity of the encapsu-
ated antibiotics and allowed the eradication of pathogen from the
nfected tissue. The application of gentamicin encapsulated in PEG
iposomes in a K. pneumoniae pneumonia rat model showed pos-
tive therapeutic results in eradicating gentamicin-sensitive and
resistant strains (Schiffelers et al., 2001a,c). Similar results were
btained by Ellbogen et al. (2003) with regard to the application
f ciprofloxacin encapsulated in sterically stabilised liposomes in

reating Streptococcus pneumonia infections in a rat model. Use of
TEALTH liposomes resulted in a prolonged circulation time and
mproved pharmacokinetics of ciprofloxacin, leading to a higher
oncentration of the drug in serum and lung lavage fluid. Never-
heless, the survival rates of the infected animals were similar in
Steenwinkel et al. (2007)
lex (MAC) Oh et al. (1995); Salem and Duzgunes (2003)
lex (MAC) Oh et al. (1995); Duzgunes et al. (1996)

the groups treated with equivalent doses of liposomal ciprofloxacin
versus free ciprofloxacin.

Xiong et al. (1999) investigated the efficiency of amikacin in
the MiKasome® preparation composed of PC/CHOL/DSPG (NeXs-
tar Pharmaceuticals, USA) in combined treatment with oxacillin in
a rabbit model of experimental endocarditis caused by Staphylo-
coccus aureus. No significant differences in S. aureus eradication
were shown compared with conventional amikacin application.
The combination of a b-lactam plus both conventional and lipo-
somal aminoglycoside acted synergistically. Despite the short
circulation time in the blood system, fluid vesicles may offer advan-
tages in local applications such as intratracheal administration
in treating lung infection. Beaulac et al. (1996, 1998) evaluated
the in vivo and in vitro efficacy of Fluidosomes® fluid vesicles
(DPPC/DMPG 18:1) as a carrier for tobramycin in the eradication of
P. aeruginosa, causing chronic lung infection. In vitro experiments
performed on a wider bacterial group (P. aeruginosa, Burkholde-
ria cepacia, Escherichia coli, Stenotrophomonas maltophilia, and S.
aureus) showed that tobramycin encapsulated in the fluid formu-
lation exhibited antibacterial activity in a sub-MIC concentration.
Fluidosomes® were more effective than rigid vesicles bearing
tobramycin and free tobramycin in eliminating bacteria from lung
tissue when the same doses were administered. A high concen-
tration of the drug at the infection site was maintained for a long
period of time and a 10-times lower tobramycin concentration
was simultaneously noted in the kidneys compared with the free
drug (lower toxicity). Further studies concerning the systemic and
local immunogenicity of Fluidosomes® performed by intraperi-
toneal and intratracheal mouse immunization showed that no
significant immune response developed (Sachetelli et al., 1999).
Similar results were obtained by Marier et al. (2002, 2003) and
Omri et al. (2002) for fluid liposomal formulations of DPPC/DMPG
(10:1) and DPPC/Chol (2:1), respectively. Animal chronic lung infec-
tions caused by P. aeruginosa and B. cepacia were successfully
treated by liposomal tobramycin and polymyxin B. The inves-
tigators suggested that the application of fluid liposomes could
be very promising for local administration because besides the
sustained concentration of the antibiotic, minimal systemic absorp-
tion, and reduced toxicity, enhancement of antibacterial activity
was described.

3.2. Enhanced activity against intracellular pathogens

The application of liposomes as a drug delivery system was
very successful in eradicating intracellular pathogens. Liposomes
were applied to various types of infections. In the treatment of
diseases caused by intracellular bacteria, rigid conventional lipo-
somal vesicles and PEG-coated ones improved drug retention in

the proper tissues, provided sustained release, decreased toxic-
ity, and enhanced the concentration at the site of infection. Some
experiments focused on tuberculosis, a severe and difficult to
treat infection (Table 1). It was shown that the application of
liposomal forms of isoniazid, rifampin, and clarithromycin sig-
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Table 2
Liposomal antibiotics used for intracellular bacteria eradication.

Antibiotic Bacteria Reference

Ampicillin Listeria monocytogenes Bakker-Woudenberg et al. (1986, 1989)

Gentamicin Brucella melitensis; Brucella abortus Hernandez-Caselles et al. (1989); Vitas et al. (1997)
Salmonella enterica serovar Typhimurium Lutwyche et al. (1998); Cordeiro et al. (2000)
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Listeria monocytogenes

Ciprofloxacin Salmonella enterica serovar Typhimurium
Francisella tularensis

ificantly enhanced antibacterial efficacy compared with the free
rugs (Labana et al., 2002; Salem and Duzgunes, 2003). The design
f different vesicle formulations made it possible to determine the
est antitubercular drug delivery system. Deol and Khuller found
hat tagging O-SAP (O-stearylamylopectin) to STEALTH liposomes
ncreased their affinity to lung tissue. Furthermore, the in vivo sta-
ility of these formulation exhibited sustained release of drugs
nd low toxicity to peritoneal macrophages and tissues (Deol and
huller, 1997). Antibiotics encapsulated in long-circulating and

ung-specific STEALTH liposomes allowed reducing the dose (one-
hird of that recommended) and administration (once weekly)
ith no changes in the drug concentration profile (Labana et

l., 2002). Hepatotoxicity was reduced and sustained release was
rolonged when isoniazid and rifampin were encapsulated in lipo-
omes or poly(lactic/glycolic acid) PLG microspheres (Dutt and
huller, 2001). Tuberculosis required multidrug treatment con-
isting, for instance, of isoniazid, rifampin, and clarithromycin.
nvestigators showed that additional application of liposomal
minoglycosides significantly decreased Mycobacterium avium load
ollowed by complete killing, including that of persistent mycobac-
eria (Duzgunes et al., 1988, 1991, 1996). Amikacin encapsulated
n PC/CHOL//DSPE-PEG vesicles prevented relapse of infection and
educed the total treatment duration (de Steenwinkel et al., 2007).

Liposomal formulations of antibiotics were also investigated in
he eradication of other obligatory and non-obligatory intracellular
athogens (Table 2). One of the first experiments involving liposo-
al systems for intracellular pathogen eradication was developed

y Bakker-Woudenberg et al. (1986, 1989). The experiment focused
n Listeria monocytogenes eradication. Ampicillin encapsulated in
uid formulations of CHOL/PC/PS and CHOL/DSPC/DPPG demon-
trated a rapid uptake by macrophages. The delayed intracellular
elease of the encapsulated ampicillin, resulting in a lower rate of L.
onocytogenes killing efficacy, was noted for the less fluid formu-

ation. Conventional liposomes bearing gentamicin were also used
y Vitas et al. (1997) and Hernandez-Caselles et al. (1989) for the
reatment of brucellosis in an animal model. Accumulation of the
rug in the liver and spleen was obtained as a consequence of MPS
ptake of liposome vesicles, which led to a decrease in bacterial
umber in these tissues.

There is also the possibility of controlled drug release by using
H-sensitive liposomes. Their structure is stabile in the blood
irculation, but in an altered pH environment (in phagolyso-
omes), an unstable membrane allows leakage of drug content.
he pH-sensitive PEG-coated vesicles composed of DOPE lipids
ere applied to intracellular pathogens such as Salmonella sp.

nd L. monocytogenes (Cordeiro et al., 2000; Lutwyche et al.,
998). Gentamicin encapsulated in the pH-sensitive formulation
as more effective against vacuole-resident wild-type Salmonella

yphimurium than were the DPPC control formulations. These pH-
ensitive formulations also efficiently eliminated S. Typhimurium

nd L. monocytogenes strains residing in the cytoplasm.

Other investigators focused on fluoroquinolones as potentially
ffective drugs for treating intracellular infections. Ciprofloxacin
oaded into large unilamellar vesicles (LUV) of SM/CHOL,
SPC/CHOL, or DPPC/CHOL formulations demonstrated increased
Lutwyche et al. (1998)

Webb et al. (1998)
Wong et al. (2003)

circulation lifetime, which resulted in enhanced delivery of the drug
to the liver, spleen, kidneys, and lung after intravenous administra-
tion. Increases in longevity compared with the free drug were also
noted in the cases of intraperitoneal and intratracheal administra-
tion. The antibacterial activity of liposomal ciprofloxacin was one
hundred times greater than that of the free drug against Salmonella
cells located in the liver and spleen (Webb et al., 1998). Similar
results were obtained by Wong et al. (2003). The application of
ciprofloxacin encapsulated in SUVs composed of PC/CHOL signifi-
cantly improved antibacterial activity against Francisella tularensis
infections. Aerosol and intravenous administration demonstrated
complete eradication of the pathogen, in contrast to the ineffective
free ciprofloxacin.

3.3. Target selectivity

Intensive research on drug carriers demonstrated the possibility
to target liposomes to particular tissues, organs, and even microor-
ganisms (Allen, 1998; Deol and Khuller, 1997). Target selectivity of
liposomal drug formulations may be achieved by (Fig. 1):

• addition of specific immunoglobulins (Forssen and Willis, 1998;
Maruyama et al., 1997; Robinson et al., 1998);

• addition of proteins (Forssen and Willis, 1998; Jones et al., 1993);
• addition of specific oligosaccharide chains (Forssen and Willis,

1998);
• construction of pH-sensitive vesicles (Cordeiro et al., 2000;

Gerasimov et al., 1999; Ulrich, 2002);
• construction of thermo-sensitive vesicles (Voinea and

Simionescu, 2002).

The composition of the vesicle surface conditions the type of
specific and nonspecific interaction with the target. In the case of
nonspecific action, the charge of the membrane plays the main role.
Eukaryotic and bacterial cells possess negatively charged surfaces,
which is why positively charged liposomal vesicles exhibited the
strongest vesicle–cell interactions. Specifically targeted liposomes
are equipped with proteins, antibodies, or immunoglobulin frag-
ments which have affinity to specific receptors located on the target
surface (infected cells or pathogens). Specifically coated vesicles
could be directed toward particular infected tissue or to strictly
defined pathogens.

Liposomes as drug carriers are very promising in preventing
biofilm formation and treatment (Kaszuba et al., 1997; Sihorkar
and Vyas, 2001). The main problem with biofilm-producing bac-
teria involves the local concentration of bacterial colonies covered
by an extracellular matrix of polymeric substances which prevent
drug transport to the hidden microbial cells. The main aim of lipo-
somal drug application was to target matrix or biofilm bacteria
by specific attachment, allowing the drug to be released in the

vicinity of the microorganisms. This would significantly increase
the local drug concentration and simplify targeted delivery. This
targeted transport was realized using site-specific ligands such
as immunoglobulins, oligosaccharides, and proteins. On the other
hand, even surface charge and specific phospholipid composition
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nfluences the direct interactions with the biofilm matrix and bac-
erial cell surface. Vesicular systems, especially liposomes, were
idely and thoroughly investigated by several authors as targeting
evices for bacterial biofilm prevention and treatment (Table 4).
ost of the studies were dedicated to plaque-forming bacteria (oral

ora) or skin bacteria producing a biofilm on artificial elements
uch as catheters. The first trials to exploit biofilm-associated sur-
ace determinants (antigens) for target selectivity were done by
obinson et al. (1998). They tested the specificity and affinity of

mmunoliposomes to Streptococcus oralis biofilms. The anti-oralis
mmunoliposomes exhibited the greatest affinity to various oral
esidents, i.e. S. oralis, Streptococcus sanguis, Streptococcus gordonii,
treptococcus salivarius, and Streptococcus mutans, but not so well
o S. oralis. The immunovesicles showed nonspecific interaction of
he liposomes with other bacteria of typically multi-species biofilm.
obinson et al. (2001) also prepared simple formulations contain-

ng DMPC, CHOL, DDAB, DPPC, SA, and PI, yielding cationic and
nionic vesicles. The affinity of the liposomes to S. salivarius, S. san-
uis, and skin-associated bacteria (Staphylococcus epidermidis and
roteus vulgaris) was tested. It was found that the adsorption of the
iposomes to the biofilms strictly depended on the bacterial species
nd strain. In a mixed biofilm structure, each bacterium adsorbed
he liposomal vesicles independently. Both cationic and anionic for-

ulations interacted with the biofilm bacteria, but with different
pecies. It was found that cationic liposomes were more efficient
han anionic in adhering to skin bacteria.

Another group investigated the affinity of lectinized liposomes
o biofilm formulations composed of DPPC (or DPPG) and PI suc-
inylated by Con A (sCon-A) (Jones et al., 1993). They were tested as
riclosan carriers against oral and skin biofilm-forming pathogens
S. sanguis, S. epidermidis, and P. vulgaris). These proteoliposomes
roved to be more effective in eliminating periodontal pocket bac-
eria than free triclosan because of their targeted properties when
he drug was delivered directly into the cellular interiors of the
iofilms. The same group of scientists tested standard nonlec-
inised liposomal formulations as an efficient drug delivery system
Jones et al., 1994). It was found that DPPC/PI and DPPC/DPPG
ormulations bearing triclosan were successfully adsorbed by the
iofilm-associated bacteria S. epidermidis and P. vulgaris and the
ral bacterium S. sanguis. The antibiotic in all the applied lipo-
ome formulations inhibited bacterial growth in the biofilms after
very short period of exposure, even 2 min being sufficient to

btain desirable effects. These experiments suggest that liposomes
f appropriately chosen lipid composition can be used as effective
ystems for targeting and delivering bactericide to biofilm-forming
acteria. The potential use of ligand-anchored vesicles against the
ral bacteria S. mutans was tested by Vyas et al. (2000, 2001).
everal liposomal systems bearing metronidazole were designed:
annan (polysaccharide) coated, sialo-mannan coated, and lec-

inised (Con-A) PC/CHOL/SA liposomes. The researchers proposed
hat lectin–carbohydrate interactions are the principle mecha-
ism for drug delivery to plaque-forming bacteria. The interactions
etween vesicles and epitopes expressed on the bacterial cell sur-
ace, such as glycocalyx, were studied and it was shown that
olysaccharide-coated vesicles were an efficient system of metron-

dazol delivery to periodontal pocket biofilm and inhibition of
athogenic bacteria. Catuogno and Jones (2003) designed anionic
I/DPPC and cationic DDAB/DPPC/CHOL vesicles with zinc citrate
articles adsorbed on the surface. Liposomes containing triclosan
nd penicillin G were tested on the oral flora bacterium S. oralis. The
ddition of zinc particles significantly increased the inhibitive effect

n microbial growth and a synergic effect between the applied
ntimicrobials and zinc was noted.

As mentioned previously, cationic formulations of liposomes
xhibited significant adherence to the skin-associated bacteria S.
pidermidis. Sanderson et al. (1996) and Sanderson and Jones (1996)
Journal of Pharmaceutics 387 (2010) 187–198 191

prepared standard cationic vesicles of a DPPC/CHOL/DDAB mix-
ture of entrapped vancomycin or gentamicin. The enhancement
of bactericidal activity in comparison with free drug was evi-
dent for vancomycin, but less so for gentamicin. The activity of
the preparation mostly depended on the fluidity of the liposomal
membrane and the drug encapsulation efficacy. Kim et al. (1999)
focused on liposomal composition and lipid proportions and their
impact on adsorption to bacterial biofilm. Cationic formulations
of DPPC/CHOL/SA and DPPC/CHOL/DDAB were prepared in dif-
ferent proportions. The adsorption of the liposomes to S. aureus
biofilms was measured as a function of liposome composition and
liposomal lipid concentration. It was shown that the most biofilm-
adhesive liposome composition had 20–25 mol% of SA and DDAB
cationic phospholipids. The DPPC/CHOL/DDAB vesicles carrying
vancomycin exhibited better antimicrobial effect than the free drug
even after a short (30 min) exposure time.

Severe problems regarding biofilm-producing bacteria are con-
nected with the attachment preferences of these microbes to
artificial component such as catheters and implants widely used
in medical procedures. P. aeruginosa is a famous pathogen involved
in biofilm formation. DiTizio et al. (1998) suggested a liposomal
drug system to bacterial biofilm prevention on urinary catheters.
The system consisted of a PEG-gelatine hydrogel in which PEGDSPE
liposomes were located. The hydrogel system bearing ciprofloxacin
was applied to the surface of a catheter and then the intensity of P.
aeruginosa biofilm formation was measured. The hydrogel system
significantly reduced bacterial growth and completely inhibited
pseudomonal adhesion to the catheter surface during 7 days of
treatment. The authors suggested that liposomal antibiotics may
be successfully applied in the prevention of biofilm formation on
artificial elements used in medical procedures. Other authors also
focused on the easy adhesion of P. aeruginosa to different surfaces,
which allows colonization and disease development. Trafny et al.
(1995) tested amikacin and polymyxin B encapsulated in PC/CHOL
liposomes as protection against P. aeruginosa adhesion to collagen
type I. Unfortunately, only the liposomal form of amikacin showed
a satisfactory antimicrobial effect compared with the free drug.
It was concluded that the application of liposome-encapsulated
amikacin may be advantageous in injured tissues in which extra-
cellular matrix structures become exposed.

Although these developed liposomes are functional in vitro
against bacterial biofilms, there are some problems associated with
specific liposome binding to the bacterial matrix surface. It was dis-
covered that direct interactions between lipid vesicles and biofilm
depend on liposome fluidity and composition. It was also shown
that some formulations are species specific.

3.4. Enhanced activity against extracellular pathogens, in
particular in overcoming bacterial drug resistance

Liposomal formulations significantly improved antibiotic phar-
macokinetics, prolonging circulation time and tissue retention.
The vesicles may be targeted by anchored ligands to particular
bacteria or bacterial structures such as biofilm. This delivery sys-
tem was successfully applied in the eradication of intracellular
pathogens by accumulation in the mononuclear phagocyte system.
Furthermore, liposomes were investigated as antibiotic carrying
systems against extracellularly multiplying pathogens. There are a
number of publications describing the proper lipid formulations,
drug distribution, and vesicle–bacterium interactions leading to
enhancement of antimicrobial drug activity against most com-

mon extracellular bacteria, such as P. aeruginosa, K. pneumoniae,
E. coli, Acinetobacter sp., and S. aureus. The antibiotics chosen for
encapsulation were mostly fluoroquinolones and aminoglycosides
(Table 3). Some of the researchers tested the antimicrobial efficacy
of liposomal polymyxin B or meropenem (betalactam) (Table 4).



192 Z. Drulis-Kawa, A. Dorotkiewicz-Jach / International Journal of Pharmaceutics 387 (2010) 187–198

Table 3
Liposomal aminoglycosides and quinolones used for extracellular bacteria eradication.

Antibiotic Bacteria Reference

Amikacin Pseudomonas aeruginosa Mugabe et al. (2006); Trafny et al. (1995); Dupont et al. (2008);
Dubus and Ravilly (2008); Okusanya et al. (2009)

Burkholderia cenocepacia Halwani et al. (2007)
Staphylococcus aureus Xiong et al. (1999)

Gentamicin Pseudomonas aeruginosa Drulis-Kawa et al. (2006b); Rukholm et al. (2006); Mugabe et
al. (2006); Gubernator et al. (2007)

Escherichia coli Drulis-Kawa et al. (2006b); Gubernator et al. (2007)
Klebsiella pneumoniae Schiffelers et al. (2001a,c); Drulis-Kawa et al. (2006b);

Gubernator et al. (2007)

Tobramycin Pseudomonas aeruginosa Beaulac et al. (1996, 1998); Sachetelli et al. (1999, 2000);
Marier et al. (2002, 2003); Mugabe et al. (2006)

Stenotrophomonas maltophilia, Escherichia coli; Staphylococcus aureus Beaulac et al. (1998)
Burkholderia cepacia; Burkholderia cenocepacia Beaulac et al. (1998); Marier et al. (2002, 2003); Halwani et al.

(2007)

Ciprofloxacin Pseudomonas aeruginosa DiTizio et al. (1998); Bakker-Woudenberg et al. (2002);
Gubernator et al. (2007); Bruinenberg et al. (2008)
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Escherichia coli
Klebsiella pneumoniae
Streptococcus pneumoniae

Ofloxacin Enterococcus faecalis, Staphylococcus aureus, Escherichia coli, Pseu

Beaulac et al. (1998) and Sachetelli et al. (2000) stated that
luidosomes® fluid vesicles (DPPC/DMPG 18:1) fused with the
acterial membrane of P. aeruginosa, releasing their contents
tobramycin) directly to the periplasmic space. This allowed achiev-
ng an antibacterial effect with a sub-MIC concentration of the
rug. Direct interaction/fusion between liposomes and bacterial
ells has become very promising in the eradication of drug-resistant
. aeruginosa strains. It is well known that P. aeruginosa resistance
s mostly related to the low permeability of the outer mem-
rane or to an efficient efflux systems (Hancock and Brinkman,
002; Livermore, 2001). The application of liposomal antibiotics
ould thus overcome bacterial resistance mechanisms (Beaulac
t al., 1998; Omri and Ravaoarinoro, 1996a,b). A Canadian group
Halwani et al., 2007, 2008; Mugabe et al., 2006; Omri and
avaoarinoro, 1996a,b; Rukholm et al., 2006) also observed fusion
echanisms in other liposomal formulations. They focused on the

n vitro activity of aminoglycosides encapsulated in several choles-
erol liposomal formulations. Liposomes of DMPC/CHOL (molar
atio 2:1) containing gentamicin showed better antipseudomonal
ctivity than the free drug (Rukholm et al., 2006). Furthermore,
ven for a highly resistant P. aeruginosa strain a 16-fold reduction
n MIC was noted (512 �g/ml for the free drug versus 32 �g/ml for

iposomal gentamicin). A DMPC/CHOL (molar ratio 2:1) gentam-
cin formulation improved killing time and prolonged antimicrobial
ctivity. Similar results in MIC reduction were obtained for lipo-
omes of DPPC/CHOL (molar ratio 2:1) containing amikacin,

able 4
iposomal antibiotics from other chemical groups used for extracellular bacteria eradicat

Antibiotic Bacteria

Meropenem Pseudomonas aeruginosa
Escherichia coli; Klebsiella pneumoniae
Staphylococcus aureus

Metronidazol Streptococcus mutans

Polymyxin B Pseudomonas aeruginosa
Bordetella bronchiseptica; Escherichia coli; Klebsiella
pneumoniae; Acinetobacter lwoffii; Acinetobacter
baumani

Triclosan oral streptococci: Streptococcus salivarius;Streptococcus
sanguis; Streptococcus mutans; Streptococcus oralis
Staphyloccus epidermidis; Proteus vulgaris;

Vancomycin Staphylococcus epidermidis; Staphylococcus aureus
Gubernator et al. (2007)
Bakker-Woudenberg et al. (2001); Gubernator et al. (2007)
Ellbogen et al. (2003)

as aeruginosa Furneri et al. (2000)

gentamicin, and tobramicin (Mugabe et al., 2006). The authors
defined the mechanism of liposome–bacterium interaction by
applying transmission electron microscopy (TEM), flow cytometry,
lipid mixing assay, and immunocytochemistry. They demonstrated
liposome–bacterial membrane fusion, observing intimate inter-
action of the liposomal vesicles with the outer membrane of P.
aeruginosa, leading to membrane deformation. The maximal fusion
rate was achieved after 1 h of incubation for an antibiotic-sensitive
strain of P. aeruginosa, but not until 6 h for a drug-resistant strain.
DPPC/CHOL (molar ratio 2:1) vesicles bearing aminoglycosides sig-
nificantly enhanced their antimicrobial efficacy by overcoming the
pseudomonal outer-membrane low-permeability barrier. Parallel
experiments were done with a DSPC/CHOL (molar ratio 2:1) for-
mulation for high-resistant strains of B. cenocepacia (Halwani et
al., 2007). Liposomal formulations reduced MICs by 4–16 times for
highly antibiotic-resistant strains. Electron microscopy (TEM), flow
cytometry, lipid mixing assay, and immunocytochemistry showed
evidence of fusion between lipid vesicles and bacterial outer mem-
brane, enhancing antibiotic penetration into the bacterial cells. This
Canadian group also performed experiments with other antibiotics
entrapped in the same system of cholesterol vesicles (Alipour et
al., 2008). Formulations of DPPC/CHOL and POPC/CHOL containing

polymyxin B proved to be more effective against various bacterial
species than the free drug. In vitro activity was tested on Bordetella
bronchiseptica, P. aeruginosa, E. coli, K. pneumoniae, Acinetobacter
lwoffii, and Acinetobacter baumannii strains. Liposomal polymyxin

ion.

Reference

Drulis-Kawa et al. (2006a,b); Gubernator et al. (2007)
Drulis-Kawa et al. (2006b); Gubernator et al. (2007)
Drulis-Kawa et al. (2006b)

Vyas et al. (2001)

Trafny et al. (1995); Omri et al. (2002); Alipour et al. (2008)
Alipour et al. (2008)

Jones et al. (1993); Robinson et al. (2001); Catuogno and Jones (2003)

Jones et al. (1993); Robinson et al. (2001)

Sanderson et al. (1996); Kim et al. (1999)
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reduced MIC level 4–16 times compared with the free antibiotic.
he authors concluded that the application of lipid vesicles as a
olymyxin B carrier could reduce the limitations of systemic use of
his drug, such as nephrotoxicity, ototoxicity, and neuromuscular
lockade, and the liposomal form of this drug would also exhibit
igher antimicrobial activity.

Furneri et al. (2000) examined the antimicrobial activities of sev-
ral liposomal formulations of ofloxacin on standard and wild-type
ram-positive (Enterococcus faecalis, S. aureus) and Gram-negative
trains (E. coli, P. aeruginosa). The in vitro MICs of both antibiotic
orms were determined and compared. It was noted that the MIC
or the encapsulated ofloxacin was at most half that of the free drug.
iposomes composed of DMPC/CHOL/DP and DMPC/CHOL/DPPS
n a molar ratio of 4:3:4 provided the best enhancement in bac-
ericidal activity against the various bacterial strains. In these
xperiments regarding liposome–bacterial cell interactions it was
hown that vesicles reacted with the outer-membrane proteins
nd LPS (lipopolysaccharides) of Gram-negative bacteria. In the
ase of Gram-positives, the liposomal vesicles interacted with pep-
idoglycan elements, leading to the release of liposomal content
lose to the cytoplasmic membrane. Both mechanisms signifi-
antly increased the amount of antibiotic entering the bacterial
ell (Furneri et al., 2000). Gubernator et al. (2007) obtained sim-
lar results for ciprofloxacin encapsulated in PC/DOPE/DOTAP;
C/CHOL/DOTAP lipid vesicles in a 4:3:4 molar ratio. The in vitro
ntimicrobial activity was evaluated by determining MIC in a group
f Gram-negative clinical and standard strains of P. aeruginosa, K.
neumoniae, and E. coli. Ciprofloxacin loaded in these two cationic
ormulations exhibited an effect at 2–4 times lower concentra-
ions than the free drug. Drulis-Kawa et al. (2006a) tested in vitro
welve lipid formulations of liposomal meropenem against P. aerug-
nosa strains. Both meropenem-sensitive and -resistant isolates

ere used in the study. Two cationic formulations (PC/DOPE/SA
:4:2 and PC/DOTAP/Chol 5:2:3) improved the activity of encap-
ulated meropenem, as 2–4 times lower MICs than those of the
ree drug were noted, but only in the case of the sensitive isolates.
one of the studied liposomal forms of meropenem exhibited bac-

ericidal activity against isolates which were drug resistant due
o low permeability. The investigators also tested Fluidosomes®

liposomes made of DPPC/DMPG 18:1), which demonstrated fusion
ith P. aeruginosa membranes (Beaulac et al., 1998). Surprisingly,
eropenem encapsulated in Fluidosomes® showed 4–16 times

igher MICs for the sensitive and resistant strains than did the
ree meropenem. Similar results were obtained in subsequent
tudies (Drulis-Kawa et al., 2006b; Gubernator et al., 2007) on P.
eruginosa, E. coli, K. pneumoniae, and S. aureus strains. The most
ffective of the various positively charged, negatively charged,
nd neutral formulations were cationic PC/DOPE/DOTAP 3:4:3
nd PC/Chol/DOTAP 3:4:3. The cationic formulations containing
eropenem or gentamicin showed better antibacterial efficacy

gainst both Gram-positive and Gram-negative bacteria than the
nionic and neutral ones, regardless of the encapsulated drug. The
east effective were liposomes containing gentamicin. The authors
oncluded that sub-MIC antimicrobial efficacy does not correlate
ith rapid drug release from liposomal formulations, but rather
ith the electrostatic interaction between the liposomes and the

acterial cell. The direct interactions strongly depended on the bac-
erial outer-membrane structure. They obtained different results
n clinical P. aeruginosa strain sensitivities to the liposomal form
f the antibiotics because these bacteria exhibit a wide variation
n bacterial surface structure (Rivera et al., 1988; Poole, 2002).

or K. pneumoniae and E. coli isolates, the susceptibilities to free
nd encapsulated antibiotics were more uniform than those of
. aeruginosa rods. The enteric rods most often develop enzy-
atic mechanisms of drug resistance, so the structure of the outer
embrane is less variable (Poole, 2001). The authors concluded
Journal of Pharmaceutics 387 (2010) 187–198 193

that besides the importance of bacterial cell-wall structure, other
aspects should be taken into account in interpreting liposomal drug
activity.

One of these aspects is the physicochemical properties of the
antibiotic and another is the location of the drug target in the
bacterial cell. Meropenem exhibits slightly amphipathic properties
that allow it to penetrate the outer-membrane structures easily.
In addition, the target is located in the periplasm (Piddock, 1998;
Yang et al., 1995). If meropenem is transported by liposomal vesi-
cles, the drug enters the periplasm at a high concentration due to
the interaction between the liposomes and the outer membrane.
In such a situation a decrease in MIC, affecting bacterial growth,
could be observed. A similar situation takes place in the case of
fluoroquinolones (ciprofloxacin). After liposome adhesion to the
outer membrane, a large number of drug molecules can diffuse
through the inner membrane into the cell and reach the target by
means of hydrophobicity and microspeciation (Hernandez-Borrell
and Montero, 2003; Montero et al., 1996; Piddock, 1998). Pre-
sumably, better antimicrobial efficacy of liposomal ciprofloxacin
in comparison with the activity of the free drug was therefore
noted. As for aminoglycosides (gentamicin, amikacin, tobramycin),
the mode of action is more complicated. The initial step during
the uptake of aminoglycosides such as gentamicin is passive ionic
binding of the molecule to the cell surface (Kadurugamuwa et al.,
1993a,b; Martin and Beveridge, 1986). The outer membrane’s affin-
ity for gentamicin depends on the lipopolysaccharide structure.
Ionic binding of aminoglycosides to the outer membrane of cell
surfaces is very important in the bactericidal activity of these drugs
(Kadurugamuwa et al., 1993a,b; Kotra et al., 2000). In the case of
the fusion of gentamicin encapsulated in liposomes, the initial step
of uptake is omitted. This is probably why these authors observed
low antibacterial efficacy against most of the tested Gram-negative
isolates compared with free drug.

Drulis-Kawa et al. (2009) determined the role of the bacterial
outer-membrane structure, especially outer-membrane proteins
and LPS, and envelope properties (hydrophobicity and electrostatic
potential) in the fusion of P. aeruginosa cells and lipid vesi-
cles. The interactions between PC:Chol:DOTAP (3:4:3) liposomes
and bacterial cells were tested under fluorescence microscopy
using rhodamine-labelled vesicles. The cells’ negative charge and
hydrophobic properties promote interaction with the cationic lipid
vesicles (Campanha et al., 1999; Carmona-Ribeiro, 2000), but no
specific correlation was noted for the tested strains. A similar situ-
ation concerned LPS structure, in which 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 demonstrating 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 favour-
ing stronger interactions between P. aeruginosa cells and cationic
liposomes. Unexpectedly, the antibiotic-resistant clinical strains
showed the most intensive red emission (visible fusion) by fluo-
rescent microscopy. These strains exhibited a 2–4-fold increase in
MIC for liposomal meropenem compared with the free drug. This
could mean that if the drug resistance mechanisms were very effi-
cient, even direct drug transport into the periplasm did not affect
bacterial killing.
4. Disadvantages of liposomal antibiotics

One of the disadvantages of liposomal antibiotics is the short
shelf-life of lipid vesicles, which limits drug stability. Short shelf-
lives can be conditioned by both physical and chemical processes.
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hemical instability can be observed mainly due to the hydroly-
is of ester bonds or the oxidation of unsaturated acyl chains of the
ipids used to construct the liposomal vesicles (Sharma and Sharma,
997; Storm and Crommelin, 1998). These processes occur in both
ynthetic and natural phospholipids. Moreover, besides hydrolysis
nd oxidation, peroxidation of unsaturated acyl chain bonds is also
ossible (e.g. egg and soy bean PC) (Storm and Crommelin, 1998).
hospholipids from natural sources also exhibit structural diver-
ity in their acyl chains, which causes differences in the stability
nd unique composition of liposomes. In this regard, the stability
f liposomal drugs in vitro depends mainly on lipid composition,
ith storage temperature playing an important role. It is possi-

le to prevent oxidation by adding antioxidant components or by
reeze-drying. A low storage temperature also prevents hydrolysis
Storm and Crommelin, 1998).

The physical instability of liposomal drugs leads to drug leakage
rom the lipid vesicles. The highest membrane permeability and
astest leakage of content can be observed at the lipid phase tran-
ition. It is higher in the liquid than in the gel phase (Mouritsen
nd Jorgensen, 1998). The problem with liposomal drug stability
ccurs mainly in cases of in vivo administration. Under physi-
logical conditions, stability is usually low and depends on the
nteraction of the liposomal membranes with components of body
uids (Gregoriadis, 1995). Lipids that are transferred from the lipo-
omal membrane to plasma lipoproteins in blood cause changes
n liposome properties and release the drug. This process is most
vident in liposomal formulations containing short-chain lipids or
hose with fluid membranes. Fluid liposomes release their con-
ent a few minutes after intravenous administration. The stability
f liposomal vesicles can be enhanced by the addition of choles-
erol, which stabilise their membrane and fluidity (Ulrich, 2002).
rug leakage increases in vivo in liposomes carrying a net charge

Ulrich, 2002). This is a very unfavourable situation, especially as
he best results of antibacterial activity of liposomal drugs in vitro
re observed for positively charged or fluid liposomes (Drulis-Kawa
t al., 2006a; Gubernator et al., 2007). The presence of anionic lipids
n liposomal vesicles also favours the binding of serum proteins
o the vesicle surface (Briones et al., 2008). Strong adsorption was
bserved between positively charged bovine serum proteins and
egatively charged lipids due to electrostatic attraction. In contrast,
ovine serum proteins did not adsorb to the surface of cationic

iposomes (Yokouchi et al., 2001). Another aspect of the physical
nstability of liposomes is the aggregation and fusion of liposomal
esicles. Both lead to changes in liposome size, which influences
he in vivo therapeutic efficacy of the drug (Sharma and Sharma,
997).

The encapsulation process has a very important influence on
he therapeutic utility of liposomes. Liposomal drug formulations
re only useful if there is a therapeutic amount of drug and a
easonable amount of lipids. Lipids in high doses can be toxic
nd can compromise the pharmacokinetics of liposomal drugs
Sharma and Sharma, 1997). Depending on the characteristics of
he drug molecules, an active drug-loading method or the thin lipid
lm method can be used. Other methods yielding high-efficiency
ncapsulation, such as reverse-phase evaporation, are usually not
uitable because of the presence of residual toxic organic solvents
n the liposomal preparations. Another issue could be the use of
he freeze-dried liposome rehydration method, which often offers
igher encapsulation efficiency compared with the thin lipid film
ethod. Gubernator et al. (2007) obtained meropenem and gen-

amicin (hydrophilic drugs) encapsulation efficiency in the range

f 2.7–5.7% for a cationic fluid formulation. Encapsulation effi-
iency using the thin lipid film method is usually relatively low
nd highly associated with the substantial bilayer fluidity. The
ow encapsulation efficiency can also be explained by electro-
tatic repulsion between positively charged liposomes and drug
Journal of Pharmaceutics 387 (2010) 187–198

molecules (Campanha et al., 1999; Lutwyche et al., 1998). For
quinolones (hydrophobic molecules), an active drug encapsula-
tion method is usually chosen. The ammonium sulphate method
yields as much as 85–95% encapsulation efficiency and a drug-
to-lipid ratio close to 1:6 (Gubernator et al., 2007). Encapsulation
efficiency also depends on the type of lipids. Anionic liposomes con-
taining the fusogenic lipid DOPE show lower drug encapsulation
(2–3%). Lutwyche et al. (1998) showed that 25–33% of total gen-
tamicin was associated with the outer surface of anionic liposomes
composed of DOPE lipid, so a gentamicin encapsulation capacity
of 2.8% was obtained in the anionic formulation DOPE/DOPS/PEG.
The encapsulation efficiency of the drug was thus relatively low,
but similar results were obtained by other investigators (Lutwyche
et al., 1998; Omri and Ravaoarinoro, 1996b). Low encapsulation
also makes liposomal drug application much more expensive than
conventional antibiotic treatment (Kshirsagar et al., 2005).

Liposome preparation methods on the laboratory scale are very
complex and expensive, making it not always possible to scale
up the processes. A few of the laboratory preparation methods
are being used in industry, i.e. the detergent removal method, the
ethanol injection method, and the lyophilisation of bilayer-forming
lipids in the presence of drug (Storm and Crommelin, 1998).

A very important aspect of drug preparation is sterility. Steril-
ization procedures for liposomal antibiotics cannot involve the use
of heat, irradiation, or chemical agents. Lipids are very sensitive
to high temperatures and easily undergo oxidation and hydrolysis
(Zuidam et al., 1993). Heat sterilization can be consider only for
thermostable and lipophilic drugs (Storm and Crommelin, 1998;
Zuidam et al., 1993). A useful method of liposome sterilization is
mechanical filtration, but only for liposome vesicles smaller than
bacterial cells, and it still does not guarantee the removal of viral
particles (Sharma and Sharma, 1997).

5. Clinical trials

Preliminary reports of human treatment using liposomes as
antibiotic carriers were provided by Peyman et al. (1988). The
authors successfully cured chronic intraocular inflammatory disor-
ders using a single intravitreal dose of different drugs. A few years
later, simultaneously with widely performed experiments in vitro
and in vivo on animal models, clinical phase I/II trials with liposomal
antibiotics also started. The first results of tuberculosis treatment
were described by Nightingale et al. (1993) and Wiley et al. (1994).
Nightingale et al. (1993) tested liposomal gentamicin in treating M.
avium–Mycobacterium intracellulare complex (MAC) bacteraemia in
AIDS patients. Gentamicin encapsulated in conventional LUV vesi-
cles of egg phosphatidylcholine (TLC G-65; The Liposome Company,
Princeton, NJ, USA) were administrated by intravenous infusion
twice weekly for 25 days in three different doses: 1.7, 3.4, and
5.1 mg/kg. The numbers of bacterial colonies were reduced in blood
specimens by 25% or more at all the given doses, but no total bac-
terial eradication was noted. The activity of liposomal gentamicin
depended on the duration of treatment, not on the dose. The MIC
of the isolated bacteria remained at the same level for the whole
study period. This means that liposomal gentamicin did not gen-
erate bacterial resistance. In only 1 patient among 21 participants
did liposomal gentamicin exhibit nephrotoxicity when given in the
highest dose. During the therapy, bone marrow specimens from
the patients were also examined (Wiley et al., 1994); no reduc-
tion in colony count was noted in the evaluable samples. The phase

I/II study showed a good antibacterial activity of liposomal gen-
tamicin in MAC bacteraemia, but the duration of therapy, dose
frequency, and combination with other drugs should still be deter-
mined for effective antimycobacterial treatment. Brandissou et al.
(1997) and Sesin et al. (1996) described the efficacy of liposomal
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entamicin and amikacin, respectively, in the treatment of MAC
nfections in AIDS patients. They concluded that liposomal amino-
lycosides could be useful, but only in a three- or four-drug regimen
ncluding clarithromycin, rifampin, ethambutol, and clofazimine.

Liposomal amikacin MiKasome® (NeXstar Pharmaceuticals,
SA), intended for mycobacteria eradication, also passed the sec-
nd phase of clinical trials. Whitehead et al. (1998) treated patient
ith multidrug-resistant tuberculosis with liposomal amikacin for

1 weeks and subsequently with conventional amikacin. In this
tudy the efficacies of the free and liposomal forms of the antibi-
tic were compared. MiKasome® was well tolerated and an even
0 times greater accumulation of liposomal amikacin in serum
nd sputum was found compared with the free drug. The elimi-
ation half-life was 180 h for MiKasome® and 6 h for conventional
mikacin. No renal or significant hearing disorders were noted,
n contrast to the free drug. However, in spite of the improved
harmacokinetics of the liposomal antibiotic, no eradication of
ycobacterium tuberculosis from the sputum was observed. Dur-

ng the 11 weeks of treatment, no reduction in the drug sensitivity
f the bacteria was detected, in contrast to conventional amikacin,
or which the MIC increased from <2 to 8 mg/l. It can be con-
luded that in the case of concentration-dependent eradication
ith antibiotics such as aminoglycosides, liposomal delivery was

eneficial, exhibited significantly lower toxicity, and did not gen-
rate drug resistance, but the early bactericidal activity and dosing
f MiKasome® should still be clarified and further tested.

MiKasome® vesicles were also tested in the treatment of pul-
onary tuberculosis in patients in a seriously epidemic area in

outh Africa (Donald et al., 2001). Amikacin was administrated
ntravenously once daily for 3 days and then conventional therapy

as applied. Unfortunately, amikacin did not show early bac-
ericidal activity (EBA), in contrast to tuberculosis treatment on
nimal models (Donald et al., 2001). It was confirmed that lipo-
omal amikacin, similar to the free drug, showed poor antibacterial
ctivity in pulmonary and chronic tuberculosis, but in humans
n EBA effect was not observed. An explanation of this was pro-
osed by Whitehead et al. (1998) who suggested that in the animal
odel the mycobacteria accumulated mostly in macrophages, so

he liposomal antibiotic reach the bacteria after fusion between
ntracellular vacuoles containing bacilli and liposomal vesicles. In
uman tuberculosis with cavitary disease there are also large num-
ers of extracellular free mycobacteria and the liposomal drug
id not obtain a high concentration in the extracellular matrix.
nother explanation, proposed by Donald et al. (2001), concerned

he acidic micro-environment in lesions due to acute inflamma-
ion in which aminoglycosides were inactive. Amikacin loaded in
ong-circulating vesicles (MiKasome®) was also studied in diseases
ther than tuberculosis. Krieger et al. (1999) tested the activity of
he liposomal drug in treating urinary tract infections. The once-
aily high-dose application exhibited a low toxicity rate and a gave
atisfactory cure efficacy, although only 6% of the drug 1 day after
pplication and 12% a week after injection were cleared through the
idneys. Unfortunately, NeXstar Pharmaceuticals was acquired by
ilead Company in 1999 and further clinical trials with MiKasome®

ere postponed.
Intensive study was also focused on the liposomal amikacin for-

ulation ArikaceTM (Transave, Inc., Monmouth Junction, NJ, USA),
esigned for inhaled application as an alternative treatment of
ulmonary P. aeruginosa infections in cystic fibrosis (CF) patients.
rikaceTM was designed with small (0.3 �m) uncharged liposomes

hat enable penetration of the biofilm formed by P. aeruginosa and

elivery of the drug in the vicinity of the bacteria. Li et al. (2008)
oncentrated on aspects of the administration of nebulised liposo-
al amikacin. They described the most effective application system

o obtain the proper droplet size, which had significant influence on
ntibiotic deposition in the lung area. Dupont et al. (2008) treated
Journal of Pharmaceutics 387 (2010) 187–198 195

CF patients with 280-mg and 560-mg daily doses administrated
by eFlow® Electronic Nebulizer inhalation. Patients receiving the
560-mg dose achieved a 2.2 log reduction in P. aeruginosa den-
sity. The sustained release of amikacin exhibited a beneficial effect
for another 4 weeks after treatment in the high-dose group. In
2009, Okusanya et al. described clinical trials of ArikaceTM. The drug
inhalations (500 mg) were administrated once daily for 14 days to
24 patients. The pharmacokinetics and pharmacodynamics of the
drug were evaluated. Decreased numbers of P. aeruginosa colonies
in sputum and positive changes in pulmonary function were signif-
icant after 14 days of treatment. ArikaceTM allowed obtaining a high
concentration of amikacin above the minimum inhibitory concen-
tration for P. aeruginosa, which inhibited the potential development
of drug resistance. Additionally, enzymes presented in the sputum
and excreted by the pathogen caused liposomal vesicle disintegra-
tion, and amikacin was released in a high concentration, targeting
the drug to the bacterial microenvironment. The second phase of
the clinical trials was successful because ArikaceTM delivered once
daily for 28 consecutive days produced a significant improvement
in lung function, was well tolerated, and had a side-effect pro-
file comparable to placebo. Dubus and Ravilly (2008) considered
inhalation of liposomal amikacin as well as other antibiotics in the
treatment of chronic colonization and early infection with P. aerug-
inosa. They obtained positive effects, but the heterogeneous and
variable deposition in the lungs strictly depended on the inhalation
procedure and technique. They concluded that the inhaled route
could be particularly attractive in treating cystic fibrosis, despite
the expensive procedure with nebulised liposomal drugs.

The Aradigm Company (Hayward, California) designed liposo-
mal ciprofloxacin formulations for the treatment of infections in
patients with cystic fibrosis (ARD-3100) and non-CF bronchiectasis
(ARD-3150). In 2008 the second phase of clinical trials were per-
formed in Australia, New Zealand, and the United Kingdom with
CF patients and with non-CF bronchiectasis patients infected by P.
aeruginosa. Liposomal ciprofloxacin was administrated via a nebu-
lizer once daily for 2 weeks in the CF and for 28 days in the non-CF
bronchiectasis patients. Inhalation was well tolerated, no serious
side effects were noted, and the serum concentration of the drug
was much lower than by conventional ciprofloxacin injection. The
antibacterial efficacy of inhaled ARD-3100 was significant because
a 1.5 log reduction in bacterial CFU was reported after 14 days even
if the antibiotic was applied for only 1 week. Satisfactory thera-
peutic effects were achieved as measured by the forced expiratory
volume in one second (FEV1), which increased by 7% from baseline
after 14 days of treatment (p = 0.04) (Bruinenberg et al., 2008).

The clinical results of treating cystic fibrosis patients presented
above encourage further investigations and trials on liposomal
antibiotics for inhalation.

6. Concluding remarks

The discovery of liposomes as universal carriers allowed the
development of various delivery systems for enzymes, DNA, drugs,
and other chemical compounds. The possibility of modifying the
vesicles formulation plays a major role in their wide applica-
tion. The manipulation of different physicochemical properties of
liposomes, such as size, lipid type, the lipid composition of the
liposomal formulation, the charge on the liposomal surface, and flu-
idity of the liposomal membrane, enables the design of particular
carriers with the desired pharmacokinetic and pharmacodynamic

properties. Most studies regarding liposomal antibiotics deal
with aminoglycosides, quinolones, polypeptides, and betalactames.
Some of the studies focused on improving pharmacokinetics and
reducing toxicity, while others involved enhancing antibacterial
activity. Liposome vesicles can be designed to treat intracellu-
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ar infection in which conventional liposomes are taken up by
he mononuclear phagocyte system and transported directly to
nfected cells. On the other hand, using PEG to cover the vesicles
ompletely changes the biodistribution of liposomal drugs because
ong-circulating liposomes release their contents for a long period
f time, allowing the maintenance of a constant concentration of
ntibiotic in the serum. At the same time, STEALTH liposomes can
ccumulate at the site of infection because local inflammatory con-
itions increase capillary permeability. The liposome surface can
e modified by adding charged lipids, immunoglobulins, proteins,
r saccharides to direct them to specific targets such as particu-
ar tissue cells, pathogens, or bacterial biofilm. The application of
uid vesicle formulations allows enhancing the antibacterial activ-

ty of encapsulated antibiotics against extracellular pathogens such
s P. aeruginosa, B. cepacia, and E. coli. Direct interactions or fusion
etween fluid vesicles and the bacterial outer membrane lead to

ncreased penetration of the drug into the bacterial cell. There is
uch in vitro and in vivo evidence verifying the significant improve-
ent of applying liposomes as antibiotic carrier systems, but until

ow most in vivo experiments were performed on animal mod-
ls. A few clinical studies were performed only with encapsulated
minoglycosides (gentamicin and amikacin) in the treatment of
ycobacterial bacteraemia and tuberculosis or in the cure of pseu-

omonal infections in cystic fibrosis patients. The results of clinical
rials with liposomal antibiotics were not spectacular in some cases,
ut promising effects were obtained in eradicating P. aeruginosa
ells from sputum samples of cystic fibrosis patients treated with
iposomal amikacin for inhalation. When discussing the clinical trial
esults it should be pointed that only two or three liposomal formu-
ations from among the large number tested in the laboratory were
sed. It is obvious that not only clinical trials, but also liposome
reparation is extremely time and cost consuming, which could
everely limit the wide application of liposomal antibiotics in the
ealth service.
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