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Review

Liposomes and Nanoparticles in the Treatment of Intracellular

Bacterial Infections

Patrick Couvreur,'® Elias Fattal,! and Antoine Andremont?

The treatment of infections caused by obligate or facuitative intracellular microorganisms is difficult
because most of the available antibiotics have either poor intracellular diffusion and retention or
reduced activity at the acidic pH of the lysosomes. The need for antibiotics with greater intracellular
efficacy led to the development of endocytosable drug carriers, such as liposomes and nanoparticles,
which mimic the entry path of the bacteria by penetrating the cells into phagosomes or lysosomes. This
Review assesses the potential of liposomes and nanoparticles in the targeted antibiotic therapy of
intracellular bacterial infections and diseases and the pharmaceutical advantages and limitations of
these submicron delivery systems.
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INTRODUCTION

Most intracellular infections are difficult to eradicate
because bacteria inside phagosomes are protected from an-
tibiotics (1). Although macrophages constitute the primary
line of natural defense against infections, a variety of bacte-
rial diseases originates from obligate or facultative intracel-
lular parasites which are often located within macrophages.
Infected cells may also constitute a ‘‘reservoir’’ for micro-
organisms, which are released from time to time, causing the
recurrence of systemic infections. The need for intracellular
chemotherapy has been recognized for many years (2).

Resistance of intracellular infections to chemotherapy
seems to be related to the low intracellular uptake of com-
monly used antibiotics or to their reduced activity at the
acidic pH of lysosomes (Fig. 1). Thus, antibiotics with a
basic character—aminoglycosides—Ilead to lysosomal over-
loading, whereas they display a reduced activity in acidic
environments (3). Conversely, acidic antibiotics—3-
lactams—do not diffuse through the lysosomal membrane
because of their ionic character at neutral extracellular or
cytoplasmic pH (4). Finally, certain antibiotics that pene-
trate the cell more rapidly and to a larger extent, such as
clindamycin (5), are poorly retained in cells; hence, activity
is not expected to be long-lasting.

As an alternative strategy to the search for new antibi-
otics with inherent intracellular efficiency, one may modify
the dosage form to obtain controlled release and targeting to
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specific sites. By associating antibiotics with colloidal par-
ticulate carriers, such as liposomes or nanoparticles, one can
develop endocytosable drug formulations.

DESIGN OF PARTICULATE CARRIERS
OF ANTIBIOTICS

Liposomes

Liposomes are submicronic structures closed by one or
more concentric lipid bilayers surrounding an aqueous com-
partment. Several points must be considered for entrapping
antimicrobial agents into these phospholipidic vesicles. For
example, the oil-water partition coefficient of the drug will
determine to what extent the drug will be entrapped. Drugs
that show both hydrophilic and lipophilic properties may be
able to pass through the lipid membrane and to leak out of
liposomes (6). For example, we found that ampicillin en-
trapped into liposomes prepared by the reverse-phase evap-
oration method, and composed of phosphatidylcholine, cho-
lesterol, and phosphatidylglycerol, lost their drug content
rapidly even when they were kept at 4°C (7). On the other
hand, although freeze-drying was found to keep intact the
size distribution of ampicillin-loaded liposomes, as soon as
they were resuspended in an aqueous medium, the drug was
rapidly released outside of the liposomes (7). In addition,
osmotic fragility (8) or phospholipid exchange (9) can disrupt
the liposomal membrane in the presence of serum compo-
nents, leading to a quick leakage of the entrapped drug. Re-
cently, liposomes were developed with improved serum sta-
bility and circulation half-times (10,11). In particular, it was
shown that gangliosides and sphingomyelin reduced dramat-
ically the rate and extent of uptake of liposomes by macro-
phages in vivo. The role of cell surface carbohydrates, in
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Fig. 1. Pathogeny of cellular infection and schematic intracellular traffic of antibi-
otics free or associated with colloidal carriers. The cell is schematized by the rect-
angular box and the arrows show the possible pathway of penetration of the free or
targeted antibiotic into the cell: diffusion or endocytosis. The circles represent the
lysosomes (pH 5). The antibiotics are allowed to come in contact with the bacteria
either after diffusion from one lysosome to another (pathway 1) or due to the fusion
of two intracellular vacuoles (pathway 2). /, bacteria; =z, drug carrier (intact); :,
drug carrier (degraded by lysosomal enzymes); A~ = HA, B-lactam; B, aminogly-

coside; CL, clindamycine.

particular the surface sialic acid residues, in cellular antirec-
ognition phenomena is widely appreciated.

Another aspect, which is rarely mentioned, is the sta-
bility of the encapsulated antibiotic itself in the aqueous
compartment of the liposomes. As a general rule, one of the
difficulties in the practical application of these products has
been the long-term stability of the liposomes. Numerous au-
thors (12-14) have addressed this problem, and some found
that liposomes can, under certain conditions, be reduced to
dry powders (15,16). However, there have been some dis-
crepancies in results obtained by the various laboratories in
which this phenomenon has been studied, with respect both
to the efficacy of the sugars tested and to the degree to which
the drug vesicles can be stabilized. As an illustration of this,
Crowe et al. (16) have shown that liposomes can be pre-
served in the dry state in the presence of trehalose. These
authors provided a physical explanation for the mechanism
of the preservation: the best evidence available suggests that
there is a direct interaction between the sugar and the polar
head group of the phospholipid, resulting in a depression of
the transition temperature of the lipid and its maintenance in
a fluid state even in the absence of water (15). Other labo-
ratories have confirmed these results with some discrepan-
cies. For example, Madden et al. (17) reported that much
greater quantities of the stabilizing sugar were required to
stabilize the liposomes and that retention of trapped solute
was significantly less efficient. The problem is that the de-

sign and evaluation of stable liposomes are a very compli-
cated subject and comparisons are very hazardous because
the authors are using different methods to prepare the lipo-
somes, different lipids, and even different methods to record
stability. In addition, a number of industrial laboratories
have focused on engineering stable formulations, but few
results are published (12). All these considerations show the
need for a comprehensive study of the formulation and char-
acterization of liposomes encapsulating antimicrobial
agents. Given the broad versatility of liposomes in compo-
sition, charge, and size, the impact of liposome formulation
on stability, pharmacokinetics, and pharmacodynamics re-
quires further study.

Nanoparticles

Owing to their polymeric nature, nanoparticles may be
more stable than liposomes in biological fluids and during
storage. They can generally entrap antibiotics in a stable and
reproducible way (18). However, these ultrafine particles,
sized around 0.1 pm, need to be designed using polymers
able to be degraded in vivo to avoid side effects due to in-
tracellular polymeric overloading. Biodegradable polyalkyl-
cyanoacrylate nanoparticles met these requirements and
were extensively studied because of the ease with which
they are made (19,20). They may be freeze-dried and rehy-
drated without modification in terms of both nanoparticle
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size and drug content (18,21). However, these particles are
prepared by emulsion polymerization of cyanoacrylic mono-
mers. This reaction is classically induced by a nucleophilic
agent. Attention must be paid to the fact that, in some cases,
the antimicrobial agent per se may induce the anionic poly-
merization of the monomer. This entails the covalent linkage
of the drugs to the polymer leading to their inactivation. This
was observed with vidarabine, an antiviral compound, able
to initiate the polymerization of the cyanoacrylic monomer
through a zwitterionic pathway (22). This mechanism of in-
teraction allows the covalent linkage of the drug with the
polymer, resulting from the reaction between the methyl-
diene group of the monomer and the nitrogens of vidarabine
in positions 3 and 7. Therefore, the antimicrobial activity of
the nanoparticle drug formulation must be compared in vitro
with the same amount of free drug.

The release rate of ampicillin from nanoparticles was
found to correlate with the degradation rate of the polymer
occurring through an enzymatic pathway. Thus, since ampi-
cillin release from nanoparticles is weak in esterase-free me-
dium, it is considerably increased in the presence of es-
terases (18). In serum, the liberation of ampicillin was found
to follow zero-order kinetics (7).

TARGETED ANTIBACTERIAL THERAPY

Biopharmaceutical Considerations

Liposomes and nanoparticles themselves cannot escape
from the circulation because of the endothelial barrier, with
exception to tissues with discontinuous endothelia lining
their capillaries (i.e., liver, spleen, and bone marrow). This
leads to the rapid clearance of these ultrafine particulate
carriers from the blood and to their capture by the cells of
the reticuloendothelial system (23,24). This corresponds ex-
actly to the same tissue distribution pattern as that of the
majority of the bacteria responsible for intracellular infec-
tion. In addition, it has been shown that liposomes are taken
up by circulating blood monocytes, which are known to in-
filtrate some infectious lesions (2). This concept of a “‘sec-
ond carrier’’ such as blood monocytes is interesting since it
provides possibilities for targeting to infections outside the
liver and the spleen. Finally, just like for the bacteria, it is
assumed that both liposomes and nanoparticles can pene-
trate cells by endocytosis, first forming phagosomes, which
in turn fuse with lysosomes to form phagolysosomes or sec-
ondary lysosomes (25).

Tissue (liver, spleen, . . .), cellular (macrophages,
Kupffer cells), and subcellular (lysosomes, phagolysosomes)
localization of colloidal carriers parallels distribution of the
most common bacteria responsible for intracellular infec-
tions. This fact justifies the use of these submicronic systems
for an efficient delivery of antibiotics which are generally
ineffective against intracellular infections due to poor pene-
tration, poor retention, or weak activity within the intracel-
lular milieu.

Targeting of B-Lactam Antibiotics

Numerous experiments involving particulate formula-
tions have been performed with experimental salmonellosis,
which is typical of infection by intracellular bacteria and
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resembles typhoid fever in humans. Liposome-associated
cephalothin has been shown to be more effective than free
drug in the treatment of experimental murine salmonellosis
(26). Mice treated with cephalothin encapsulated into lipo-
somes had a reduced number of salmonellosis in the liver
and the spleen. It was found that liposomal encapsulation
increased the uptake of cephalothin in vitro by infected peri-
toneal macrophages at 37°C. However, at 4°C, no intracel-
lular cephalothin was detected after incubation with liposo-
mal cephalothin (27). This observation was related to the fact
that liposomes need to be endocytozed to deliver their anti-
biotic content intracellularly.

The effectiveness of ampicillin bound to nanoparticles
of polyhexylcyanoacrylate was also tested on experimental
salmonellosis in mice (28). It was observed that the linkage
of ampicillin to nanoparticles dramatically increases its effi-
cacy in treating this intracellular infection. A total dose of
0.8 mg of ampicillin bound to nanoparticles suppressed all
mortality, whereas three doses of 32 mg each of the free drug
were required to suppress mortality (Fig. 2). The therapeutic
index of ampicillin, calculated on the basis of mouse mor-
tality, was therefore increased by 120-fold when it was
bound to nanoparticles (28). This efficacy was attributed to
the combined effect of two types of targeting. First, as
shown by the distribution studies, the linkage of ampicillin to
nanoparticles led to the concentration of the drug in the liver
and spleen; this is important, since these organs are the ma-
jor foci of infection in that experimental model. Second, as
discussed above, the cellular uptake of ampicillin by macro-
phages is probably increased more when the drug is bound to
nanoparticles than when it is in the free form. The effective-
ness of 0.8 mg liposome-entrapped ampicillin was less than
that observed with the same dose of nanoparticle-bound
ampicillin. Indeed, the mortality was reduced by roughly
50%, whereas all the mice survived with nanoparticles (29).
This result was related to the lower stability of liposomes in
the presence of serum, compared to nanoparticles.

On the contrary, in athymic nude mice with chronic
listeriosis, a sharp decrease in the spleen and liver bacterial
counts was observed after injection of liposome-entrapped
ampicillin (29). This effect was greater than that observed in
the spleen and liver after injection of free ampicillin and was
more pronounced in the spleen than that observed after
treatment with ampicillin bound to nanoparticles (30). This
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Fig. 2. Efficiency of polyalkylcyanoacrylate nanoparticles loaded
with ampicillin on Salmonella typhimurium-infected mice compared
to free ampicillin (from Ref. 29).
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observation was correlated with the substantial uptake by
the spleen of liposomes containing cholesterol. Nanoparti-
cle-bound ampicillin was capable of ensuring liver steriliza-
tion after two injections of 0.8 mg nanoparticle-bound drug,
but the bacterial count in the spleen was less affected by
targeting of ampicillin with the aid of nanoparticles (30). This
could be explained by the fact that, owing to the histological
localization of the macrophages in the liver, only those
which are in contact with the blood are able to concentrate
nanoparticles.

The improvement in ampicillin’s therapeutic index by
encapsulating into liposomes was not observed by Bakker-
Woudenberg et al. (31) in Listeria monocytogenes-infected
nude mice. Nude mice were used in that experiment because
host resistance to L. monocytogenes, which dependsona T
cell-mediated activation of macrophages, is impaired in
these mice (31). The authors speculated that lack of host
defense to L. monocytogenes in nude mice could be com-
pensated by intracellular delivery of ampicillin via lipo-
somes. However, in spite of the improved therapeutic activ-
ity in normal mice, liposomal ampicillin was ineffective in
nude mice with an impaired host defense system (31). It was
suggested that the lack of efficacy of ampicillin was not due
to the inability of the encapsulated drug to reach the intrac-
ellularly located bacteria but to the low metabolic activity of
intraleucocytic bacteria in nude mice (31). Indeed, a loga-
rithmic culture of L. monocytogenes is susceptible to ampi-
cillin, whereas a stationary-phase culture is not, indicating
that ampicillin is active only against multiplying bacteria.

With experimental infection caused by L. monocyto-
genes in normal mice, a considerable enhancement (90-fold)
of the therapeutic activity of ampicillin resulting from lipo-
somal encapsulation was observed (32). This effect was pre-
sumed to be due to an increased delivery of the drug to
macrophages of the liver and the spleen but also to the pro-
longed presence of ampicillin in these organs resulting from
entrapment within liposomes.

In vitro it was found that liposomal encapsulation of
ampicillin resulted in an increased availability of the antibi-
otic for the intracellular bacteria (32). Liposomal ampicillin
killed 90% of the intracellular bacteria, whereas a similar
concentration of free ampicillin plus empty liposomes had no
effect upon the intracellular bacteria. However, the in vitro
growth of L. monocytogenes at 37°C was not influenced by
intact ampicillin-containing liposomes (32). This indicates
that intracellular killing of L. monocytogenes is the result of
the cellular uptake of liposomes, followed by their degrada-
tion and the release of ampicillin intracellularly. However, it
is unlikely that ampicillin-containing liposomes are localized
in the same intracellular vacuoles. Therefore, one can sug-
gest that the antibiotic may exert its antibacterial activity
either following the fusion of phagolysosomes containing the
liposomes with those of neighboring bacteria or, if such a
fusion does not occur, after diffusion through phagosomal
membrane from one to another lysosome or phagolysosome
(Fig. 1).

The antibacterial activity of liposome-entrapped ampi-
cillin against L. monocytogenes was also investigated in
vitro in relation to the lipid composition of the liposomes
(33). A relatively fluid type of liposomes and a less fluid type
were compared. The uptake of both types of liposomes by
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peritoneal macrophages in monolayer culture in vitro was
found to be similar. However, the rate of intracellular deg-
radation appeared to be dependent on the lipid composition.
A correlation was found between the relatively slow degra-
dation of the less fluid liposomes and a delayed intracellular
release of the encapsulated ampicillin, as reflected in absent
or delayed intracellular killing of L. monocytogenes in vitro.
These results were confirmed by in vivo observations; slow
degradation of less fluid liposomes in vivo resulted in a re-
duction of the antibacterial efficiency of the drug (33). Thus,
by modifying the lipid composition, it is possible to modulate
the speed by which the drug will be released intracellularly
and therefore its therapeutic availability.

From those results, it can be concluded that nanoparti-
cles are clearly more efficient than liposomes in delivering
B-lactams into infected liver macrophages, likely because of
the better stability of nanoparticles in the blood compart-
ment. On the other hand, the bacterial counts in the spleen
seem to be less affected by nanoparticles, which are less
efficient than liposomes in diffusing into the spleen’s mac-
rophage layers.

Targeting of Aminoglycosides

The influence of the type of liposome upon its antibac-
terial efficacy was also tested in the treatment of Brucella
melitensis infection in mice by the use of liposome-
encapsulated gentamicin (34). In this experiment, positively
charged liposomes containing gentamicin were found very
efficient in the elimination of B. melitensis residing in liver
and spleen, whereas negatively charged liposomes were not
as effective. It was believed that the most attractive hypoth-
esis to explain this difference was that, depending on their
charge, liposomes may interact differently with macro-
phages (35). So the degree of liposome-—cell interaction with
rat peritoneal macrophages can be improved by increasing
the degree of positive surface charge.

Sunamoto (36) found that coating liposomes of sisomy-
cin with O-palmitoylamylopectin increased the delivery of
that drug in the lungs. In addition, these liposomes were
found more efficacious in treating pigs with experimental
Legionella pneumophilia. This result indicates that colloidal
carrier-entrapped antibiotics may also be useful against in-
fections other than those localized in the liver and the
spleen.

Other aminoglycosides were reported to be capable of
eliminating bacteria from infected organs when encapsulated
into liposomes. Guinea pigs infected by Brucella canis and
treated with liposome-entrapped streptomycin were free of
bacteria (2 X 10 mg/kg), whereas animals treated with the
free drug showed, for the same schedule of administration,
only a minor reduction in the number of surviving bacteria
(37). Streptomycin was also entrapped in large neutral or
anionic unilamellar vesicles of egg phosphotidyl choline (38).
The antibiotic in liposomal form was inactive against Esch-
erichia coli in a simple tube dilution assay. When E. coli was
located in J774.2 murine macrophages, the apparent intra-
cellular antibacterial activity of streptomycin was increased
more than 10-fold by encapsulation in neutral liposomes.
This observation supports the hypothesis that liposomes
need to be degraded before the antimicrobial activity ap-
pears.
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The superiority of liposomal streptomycin was also ev-
ident in experimental infections with Mycobacterium tuber-
culosis and Salmonella enteritidis (39). On the contrary, Mil-
ward et al. did not observe any improvement by using lipo-
some-entrapped streptomycin in the treatment of pigs
infected with Brucella abortus (40).

The delivery of antibacterial drugs to phagocytic cells
was also demonstrated to be feasible with amikacin (41),
kanamycin, and tobramycin (37).

It is important to point out that association of amino-
glycosides with liposomes is, from a theoretical point of
view, somewhat illogical. Indeed, aminoglycosides are often
considered to exemplify antibiotics that are spontaneously
retained in cell lysosomes but with a poor antimicrobial ac-
tivity at acidic pH (3). In general, higher concentrations are
necessary for intracellular than for extracellular activity (42).
In some cases, no intracellular activity is even recorded. For
example, streptomycin was reported to display no intracel-
lular antibacterial activity against E. coli or Brucella species,
although the drug was able to penetrate intracellularly
(43,44). In addition, although data in the literature do not
lead easily to definite conclusions about the effect of amino-
glycosides on phagocyte functions, when an effect on phago-
cytosis is found, it has been an inhibition of cell function
(42). This could lead to a reduced cell uptake of liposomal
preparations and thus a still poorer intracellular efficacy.
The only rationale for encapsulating aminoglycosides into
colloidal carriers (liposomes or nanoparticles) is that these
compounds are most often taken up at a very slow rate. They
will therefore not be very efficacious against rapidly devel-

1083

oping bacteria. According to Tulkens (2), if the host cell has
a limited life span, the intracellular bacteria, unaffected by
the aminoglycoside, will be released extracellularly and will
reinitiate a systemic infection. Thus, liposomes should allow
a more rapid intracellular concentration of aminoglycoside.

Table T summarizes the in vivo studies using liposomes
of different compositions with various encapsulated antibi-
otics.

DRUG TARGETING AND STERILIZATION
OF ORGANS

In the overwhelming majority of the intracellular infec-
tions studied, the target organs were not sterilized, i.e., the
infectious microorganisms were not eliminated even in the
face of very high concentrations of the agent in the organ.
Table I summarizes the outcome of the studies to date. This
failure of sterilization may have several causes. (i) The target
organisms may be in an intracellular compartment that is not
reached by the carrier: indeed, the intracellular distribution
of a fluorescent molecule was different depending on
whether it was entrapped in liposomes or in nanoparticles
(45), and further, intracellular pathogens, such as Shigella
flexneri (46) and Listeria monocytogenes (47), were able to
move across the intracellular bacterial compartments. (ii) It
is possible that the organisms are not dividing so they may be
less susceptible to antibacterial activity. This hypothesis is
difficult to test, but it is widely accepted to account for the
recurrence of some intracellular infections—such as tuber-
culosis—after years of latency. However, in experimental

Table I. Review of the Studies Using Liposomes with Encapsulated Antibiotics for the Treatment of Experimental Infections in Vivo®

Efficiency
compared to
Composition Animal the free
Antibiotic of liposomes Bacteria model drug Reference
Amikacin PC/Ch/PG: 1/1/1 Mycobacterium avium Beige mice + Duizgiines et al., 1988
Mycobacterium 1)
intracellulare
Streptomycin PC
Oxytetracyclin PC/Ch: 12 Brucella abortus Pig 0 Milward et al., 1984
PC/Ch/DCP: 7/2/1 (40)

Ampicillin SM/Ch/PS: 4/5/1 Listeria monocytogenes C57 BI/Ka + Bakker-Woudenberg

normal mice et al., 1985 (31)
Ampicillin SM/Ch/PS: 4/5/1 Listeria monocytogenes C57 Bi/Ka 0 Bakker-Woudenberg

nude mice et al., 1985 (31)
Cephalotin PC/Ch/PS: 6/3/1 Salmonella typhimurium  ICR mice + Desiderio and Campbell,

1983 (27)
Streptomycin PC/Ch/DPPC: 5/5/0,5  Salmonella enteridis Black mice + Tadakuma et al.,
1985 (39)

Sisomycin PC/amylopectin Legionella pneumophilia  Guinea pig Sunamoto et al., 1983 (36)
Gentamicin PC Brucella canis Swiss mice + Fountain ef al., 1985 (37)
Kanamycin Brucella abortus
Dihydrostreptomycin
Streptomycin

2 +, increased efficiency; 0, same efficiency; PC, phosphatidylcholine; Ch, cholesterol; AP, phosphatidic acid; PG, phosphatidylglycerol;
SM, sphingomyelin; PS, phosphatidylserine; DPPC, dipalmitoylphosphatidylcholine.
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listeriosis, nanoparticulate ampicillin was able actually to
sterilize the liver after 7 days of treatment (30). Further, we
have recently observed that repeated treatments of §. typh-
imurium-infected mice with nanoparticulate ampicillin at day
30 after infection indeed sterilized the organs (unpublished
results). (ii1)) Resistant mutants organisms may arise. This
hypothesis, however, was not observed in any of the exper-
iments performed by our group and appears rather unlikely
because of the relatively low number of intracellular bacteria
present when the treatment was initiated. (iv) Finally, some
of the target organs can be reseeded by microbes from a
privileged site in the body. This possibility is strongly sug-
gested by results obtained with the livers of mice infected
with L. monocytogenes, which were only transiently sterile
after treatment with nanoparticulate ampicillin, whereas
spleens were never sterile and may have acted as reseeding
organs (30).

DRUG TARGETING AND BACTERIAL RESISTANCE

Bacterial resistance to certain antibiotics may be due to
poor diffusion through the bacterial cell wall but also to the
production of B-lactamases by the bacteria. Only a few pa-
pers have considered the possibility of overcoming bacterial
resistance by using particulate colloidal carriers able to allow
a better membrane diffusion together with drug protection.

Chowdhury et al. (48) were the first to show significant
inhibition of some penicillin-resistant bacteria by entrapping
this antibacterial agent into liposomes. In that study, Staph-
vlococcus aureus-, Bacillus licheniformis-, and Escherichia
coli-resistant strains were unaffected by penicillin, even at a
concentration of 60 pug/ml, which is much higher than the
minimum inhibitory concentrations on wild strains. On the
contrary, growth inhibition of these resistant bacteria was
obtained when penicillin was entrapped into liposomes and
used at a concentration of 30 pg/ml.

In addition, positively charged liposomes were found
more efficient, possibly due to an electrostatic attraction
with the negative charge of the membrane surface of the
bacteria, facilitating fusion of both membranes (48). Chowd-
hury et al. (48), however, did not investigate in detail the
mechanism involved in overcoming bacterial resistance with
the aid of liposomes. This was done by Nacucchhio er al.
(49) using a S. aureus-resistant strain. The results, expressed
as the percentage of bacterial growth inhibition, demon-
strated that growth inhibition was highest when piperacillin
was encapsulated into liposomes. Interestingly, adsorption
of piperacillin at the surface of liposomes induced a signifi-
cant enhancement of the antistaphylococcal activity when
compared with the effect of the free drug. To confirm
whether piperacillin was actually protected from hydrolysis
by B-lactamase, exogenous B-lactamase was added to both
free and encapsulated piperacillin (49). In that experiment,
the encapsulation of piperacillin in liposomes conferred a
high degree of protection against hydrolysis. It was con-
cluded that, besides a possible facilitated transport of the
drug as suggested by Chowdhury et al. (48), association with
liposomes protects the antibiotic from hydrolysis by
B-lactamases. In addition, it was proposed that adsorption of
piperacillin at the surface of liposomes produced steric hin-
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drance to the action of the B-lactamases, thus protecting the
drug from hydrolysis by the enzyme.

Finally, the fact that liposomes may be useful in over-
coming the cell wall barrier was confirmed by Sekeri-
Pataryas et al. (50) with Pseudomonas aeruginosa. The
study of the distribution of labelled penicillin in the cellular
subfraction of the bacteria showed that more than half of the
14C-labeled antibiotic passed the cell wall and was found
associated with the cytoplasmic membranes or in the
160,000g supernatant. It should be of interest to compare
these results with the distribution of the antibiotic when en-
trapped in nanoparticles where the phospholipid membrane
is replaced by a synthetic biodegradable polymer.

CONCLUSION

The development of new antibacterial formulations ca-
pable of an intracellular action may improve therapy in a
number of bacterial infections that are presently difficult to
cure. The need for intracellular targeting of antibiotics is
urgent since intracellular infections are often associated with
AIDS (51).

The use of colloidal drug carriers (i.e., liposomes or
nanoparticles) to deliver more efficiently antibacterial agents
inside the cells is supported by numerous studies. This strat-
egy provides one solution to the problem of the poor pene-
tration and retention of antibiotics within the phagosomes.
In addition, the use of submicron particulate carriers may
serve to overcome bacterial resistance. However, the poten-
tial toxicity of particulate antibacterial preparations needs to
be studied. In particular, massive drug exposure of Kupffer
cells may affect reticuloendothelial function.

However, drug concentrations in the lysosomal com-
partment may also be accomplished by newer antibiotics
such as new macrolides or fluoroquinolones. In the long run
the efficacy of liposomes and nanoparticles to carry antimi-
crobial to intracellular targets will have to be evaluated
against new drug design.
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