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TABLE 1. Comparative concentrations of free and liposome-encapsulated tobramycin in lungs of uninfected and infected rats with
P. aeruginosa in the lungs®

Concn (pg/pair of lungs)

Time (h) Infected Uninfected
Free . Free .
tobramycin Liposomes tobramycin Liposomes
0.25 64.02 + 14.53% 40.16 = 2.84 355 + 18.4° 91.08 + 15.85%¢
1 <3.75 3743 + 21.81 84.4 + 224 103.67 + 18.54¢
2 <3.75 23.7 £ 17.43 18.27 = 7.98 83.72 + 5.06%
3 <3.75 17.48 = 8.74 <3.75 85.04 + 16.33¢
4 <3.75 39.04 = 2.71 <3.75 85.72 + 5.2¢
6 <3.75 33.58 + 3.57 <3.75 90.68 + 14.43¢
16 <3.75 38.54 + 25.03 <3.75 69.2 + 13.0¢

“ Groups of at least three rats each were infected intratracheally with 108 CFU of P. aeruginosa PA 508 prepared in agar beads or left uninfected by receiving sterile
agar beads. These animals were sacrificed at fixed time intervals after receiving intratracheally a single dose (300 pg) of free or liposomal forms of tobramycin. Lungs
were removed and homogenized in PBS (20% [wt/vol]), and antibiotic contents were measured microbiologically and expressed in micrograms per pair of lungs. Values
are means * standard errors of the mean obtained from three rats.

# P = 0.05 when comparing infected groups (liposomes versus free tobramycin).

¢ P = 0.05 when comparing free tobramycin (infected versus uninfected groups).

¢ P =< 0.05 when comparing liposomes (infected versus uninfected groups).

¢ P = 0.05 when comparing uninfected groups (liposomes versus free tobramycin).

lines was obtained by plotting log tobramycin concentrations
versus zone diameters of inhibition. The range of linearity for
tobramycin was from 0.75 to 12.5 pg/ml. Final tobramycin
concentrations in lung, kidney, and serum tissues were calcu-
lated by applying an appropriate dilution correction factor to
the measured sample concentrations. The tobramycin concen-
trations were expressed in micrograms per pair of lungs,
micrograms per pair of kidneys, and, for the serum, micro-
grams per milliliter. The sensitivity of the assay was 0.75 wg/ml.
The lower limit of detection in the lung, kidney, and serum
tissues was fivefold that value of 0.75 wg/ml, that is, 3.75 wg per
organ (20% homogenates).

Data analysis. The pulmonary retention time of free and
encapsulated tobramycin in the lungs was calculated as follows.
Time zero corresponded to the end of the administered dose
for each animal. Therefore, the pulmonary retention time of
tobramycin in the lungs corresponds exactly to 0.25, 1, 2, 3, 4,
6, and 16 h after the end of the administration of antibiotic in
each animal. Results are expressed as mean * standard error
of the mean obtained from at least three animals, and com-
parisons were made by paired Student’s ¢ test. A probability of
0.05 or less was considered significant.

RESULTS

One hundred thirty rats weighing 225 to 250 g were used in
this study. The animals were divided into the following five
groups: group 1 (n = 30), infected animals treated with free
tobramycin; group 2 (n = 30), infected animals treated with
liposome-encapsulated tobramycin; group 3 (n = 30), unin-
fected animals treated with free tobramycin; group 4 (n = 30),
uninfected animals treated with liposome-encapsulated tobra-
mycin; and group 5 (n = 10), untreated uninfected and
infected animals. Uninfected animals received sterile agar
beads instead of P. aeruginosa in agar beads. The first four
groups were subdivided into seven subgroups corresponding to
the time of sacrifice following the antibiotic instillation. In spite
of the mortality observed in the different groups following
anesthesia and/or infection, the number of animals was suffi-
cient in order to maintain a minimal number of three animals
in each subgroup.

A comparison of the concentration of tobramycin in the
lungs (micrograms per pair of lungs) after intratracheal instil-

lation of the free and liposome-encapsulated form in unin-
fected rats is given in Table 1. Table 1 indicates that significant
levels of tobramycin were achieved in the lungs 15 min after
instillation of liposome-encapsulated tobramycin and then re-
mained nearly constant over the 16-h period of the study
(103.67 = 18.54 to 69.2 + 13.0 pg per pair of lungs). In
contrast, the concentration of the free tobramycin, 15 min after
instillation, was 4.5 times lower than that of encapsulated
tobramycin and was cleared within 3 h following administration.

In the infected groups (Table 1), lung antibiotic concentration
15 min after instillation of the free drug was significantly higher
(P = 0.05) compared with the liposome-encapsulated tobramy-
cin group (64.02 + 14.53 to 40.16 + 2.84 pg per pair of lungs).
However, no tobramycin was detected 1 h after the administra-
tion of its free form. Meanwhile, tobramycin administered in its
encapsulated form remained nearly constant in lungs over the
16-h period of the study following its administration.

When we compare the concentrations and the pulmonary
retention times of tobramycin in uninfected and infected
groups, it clearly shows that pulmonary infection has a signif-
icant lowering influence. The mean value of tobramycin level
following the administration of the encapsulated drug was
87.00 ng per pair of lungs in uninfected rats compared with
32.84 pg per pair of lungs in infected animals, and the
pulmonary retention time of the free drug was 2 h in unin-
fected rats and only 15 min in infected rats (Table 1).

No antibiotic was found in the kidneys in any of the animal
groups. No antibiotic was detected in the serum of animals
treated with liposome-encapsulated tobramycin. Nevertheless,
traces of tobramycin inferior to the threshold of quantitative
sensitivity of our microbiological assay were detected in serum
of uninfected groups treated with free tobramycin at 15 min,
1 h, and 2 h after instillations.

Bacterial colony counts performed in lungs of about 30% of
infected rats showed that infections were maintained in all
animals tested. Regardless of whether free or liposomal tobra-
mycin was given, we observed similar bacterial counts at each
time point as shown in Table 2.

DISCUSSION

Many workers have previously described intratracheal ad-
ministration of liposome-encapsulated drugs such as atropine
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TABLE 2. Lung bacterial counts following intratracheal
administration of free or liposome-encapsulated tobramycin
in rats pulmonarily infected with P. aeruginosa®

Lung bacterial counts (log CFU/pair of lungs)®

Time (h)
Free tobramycin Liposomes
0.25 443(1) 5.28(2)
1 4.79 (2) 5.33(2)
2 527(1) 5.18(1)
3 5.44 (2) 5.63(2)
4 5.68 (2) 5.26 (2)
16 532(2) 517 (2)

2 Twenty-two rats infected intratracheally with 10® CFU of P. aeruginosa PA
508 were sacrificed at fixed time intervals after receiving intratracheally a single
dose (300 pg) of free or liposomal tobramycin. Lungs were removed aseptically
and homogenized in cold PBS (20% [wt/vol]). Serial 10-fold dilutions of the
homogenates in cold PBS were made, and 0.1 ml of each dilution was pipetted
and spread on cetrimide agar. CFU were counted after 24 h of incubation at 37°C
under 5% CO,.

® Numbers in parentheses indicate the number of animals used for the
determination of bacterial counts.

(30), gentamicin (15), insulin (26), and catalase (32) into the
lungs of rodents and rabbits. This approach fulfills three
therapeutically desirable goals in cases of lower respiratory
tract infection: (i) direct targeting of the drug where it is most
needed; (ii) ensuring a prolonged residence time of the drug
through its slow and sustained release from liposomes; and (i)
the possibility of increasing antibiotic regimens with minimal
or complete absence of toxicity.

Taking into consideration the accelerated elimination of
antibiotics in CF patients (21), the poor antibiotic penetration
of endobronchial secretions in conventional antibiotic therapy,
the need to administer large intravenous doses with risk for
nephrotoxic and ototoxic effects (1, 13), and the characteristics
of P. aeruginosa pulmonary infection in CF (18), we hypothe-
sized that in situ administration of encapsulated antibiotics was
a promising alternative for the treatment of chronic P. aerugi-
nosa pulmonary infections in CF.

To evaluate the pertinence of our hypothesis, we developed
an animal model to compare the pulmonary retention times of
free and liposomal tobramycin formulations administered in
situ. The possible influence of pulmonary infection on tissue
retention of liposome-encapsulated tobramycin was also exam-
ined.

Our results show that intratracheal administration of lipo-
some-encapsulated tobramycin compared with that of free
tobramycin resulted in a prolonged pulmonary retention time
(15 min versus a minimal duration of 960 min) of the active
antibiotic within the lungs of infected rats (Table 1); the
measured antibiotic was still active, since it was detected by a
microbiological assay (Table 1). The prolonged pulmonary
retention time observed for encapsulated tobramycin is con-
sistent with other studies that have demonstrated that lipo-
some encapsulation of drugs markedly increased their resi-
dence times in the lungs after intratracheal instillation or
aerosolization compared with that of the free drugs (16, 22,
23).

As a whole, the pulmonary retention time of the encapsu-
lated form of tobramycin in lungs was apparently not short-
ened by the presence of infection; nevertheless, the infection
significantly reduced the quantity of antibiotic detected in
lungs. This may be explained in terms of enhanced passage of
the antibiotics across the inflamed tissues due to vasodilation
and increased vascular permeability, which are often associ-
ated with bacterially infected lung tissues (9, 34, 42). Other
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factors, such as the inactivation of liberated tobramycin in situ
by polymorphonuclear leukocytes, nucleic acids from purulent
exudates (10), and decreased endobrochial pH, might also
have played a role in this phenomenon (11).

In normal animals, it is not clear whether the liposomes are
taken up by the lung tissue or whether the vesicles remain in
the air spaces. It has been shown that the lipid composition of
the carrier vesicle is an important determinant of the interac-
tion of liposomes with cells and the rate of release of the
entrapped agent (3, 35, 40). Recent work has shown that
intratracheally instilled liposomes were largely cleared from
cell-free bronchoalveolar lavage by 24 h and became associated
with lung tissue (23); 16 to 35% of the administered drug was
transported to pulmonary tissues within 72 h. Depending on
the phospholipids used, extracellular release may play an
important role in liposome-mediated drug delivery. Liposomes
may also have been engulfed by alveolar macrophages, but the
extent of phagocytosis by alveolar macrophages depends on
the lipid composition of the liposomes and remains controver-
sial. In a study following the intratracheal injection of the
radiolabeled liposome dipalmitoyl phosphatidylcholine in the
rabbit lung, it has been shown that >65% of the cell-associated
radiolabeled dipalmitoyl phosphatidylcholines were recovered
in type II pneumocytes, while the total contribution of alveolar
macrophages to the dipalmitoyl phosphatidylcholine overall
clearance was approximately 20% (36).

The very rapid elimination of free tobramycin in the infected
rats in comparison with that in uninfected animals may also be
explained in the same way as that for the encapsulated form of
the drug; moreover, it seems that the residence time of
tobramycin in lungs of rats is short, since its half-life has been
reported to be 30 to 35 min (27).

We did not detect tobramycin in kidneys at any time, but
when measuring tobramycin in sera, we found traces of this
antibiotic in uninfected rats up to 2 h following administration
of a single dose (300 p.g) of free tobramycin. This phenomenon
was not observed with the liposomal forms of tobramycin and
may be an indication of their reduced systemic absorption and
toxicity, which were well demonstrated in another study (15).

Animals treated with liposomes containing tobramycin re-
mained infected despite the maintenance of about 35 pg of
tobramycin in lungs of animals. This may be explained by
different factors. (i) The lipid composition of the liposomes
was principally composed of disteroyl phosphatidylcholine with
a phase transition temperature of 55°C; consequently, it is
possible that the high stability of the vesicles did not allow the
liberation, at the same time, of a quantity of tobramycin
sufficient to kill bacteria. (ii) To induce chronic pulmonary
infection in rats, bacteria were administered in agar beads; it is
possible that only one injection of a small volume of 100 ul did
not allow the liposome preparation to penetrate with sufficient
efficacy the agar bead barrier protecting bacteria. (iii) Also,
one part of the injection may have been retained in the
bronchial tree.

In conclusion, these data suggest that tobramycin incorpo-
rated into liposomes and administered directly into the lung
remains at the site of initial application, resulting in high local
concentrations. This form of antibiotic therapy may be attrac-
tive for treatment with single daily dose and for infection that
requires prolonged multiple-daily-dose therapy. Further stud-
ies that examine the therapeutic value of liposome-encapsu-
lated drugs in the management of experimental pseudomonal
pneumonia in animals are in progress.
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