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Streptomycin and chloramphelcol were entrapped within large neutral or

anionic unilamellar vesicles ot phosphatidylcholine prepared by an ether
injection n;ethod. Both antbtiQs in liposQmal form were inactive against
Escherichia coli in a simple tube dilution tssay. A comparison was made of the
activities of the free and liposomal forms of the antibiotics against E. coli located
within the macrophages of the J774.2 murine ceR line. The apparnfl; intracellular
Antibacterial activity of both -ntibiotics was increased more tban 10-fold by
entrapment in neutral liposoms. and in the case of chloramphenicol in anionic
liposomes containing phosphatidylserine. Anionic liposomes containing phospha-
tidic acid were much less effective carriers than neutral liposomes for either
antibiotic in this in vitro system. Incubation at 4°C of cells with liposomes
containing antibiotic or carboxyfluorescein inhibited intracellular antibacterWl
activity and cell-associated fluorescence. The high intracelhlular activity of the
liposoial antibiotics is consistent with their phagocytic uptake by the macro-
phages followed by intracellular liposomal degradation and antibiotic reease.
Liposomal modification of cellular uptake and intracellular distribution of antibi-
otics may be used to extend the activity of existing and new agents against
intracellular infection ofthe reticuloendothelial system.

Although the selective targeting of drugs to
tissues or cells in vivo by means of liposomes
and other carrier systems does not seem feasible
at present (15), the propensity of the reticuloen-
dothelial system to remove particulates from the
circulation (20) does offer a means of passive
targeting. Thus, the experimental liposomal
therapy of visceral leishmaniasis (1) is largely
dependent on the avid hepatic uptake of drug-
laden vesicles mediated by the fixed macro-
phages of the liver. Activation of the tunmricidal
(7) and antimicrobial (8) activities of macro-
phages in viVo by usingi liposomal muramyl
dipeptide and its analogs indicates that circulat-
ing phagocytes also serve as "targets" for
agents administered in liposomal form.

It is logical, therefore, to consider liposomes
as carriers' of antibiotics to phagocytic cells,
which in certain infections harbor microorga-
nisms which can survive intracellularly. Antibi-
otics can only act against such intracellular
infections if they can penetrate the phagocyte,
although once within the cell, metabolism and
localization of the antibiotic will also contribute
to the overall antimicrobial activity. Such cellu-
lar pharmacokinetic parameters can be modified
by the use of liposomes (14).

In simple in vitro culture, liposomal neomycin
(10) and penicillins (5) were reported to be active
against bacteria, although Stevensbn et al. (21)
showed that liposome entrapment markedly re-
duces the antimicrobial activity of chloramphen-
icol (CAP). In the rabbit, gentamicin distribution
can be mitered by the intravenous administration
of a liposomal preparation of this antibiotic (13).
The activity of dihydrostrepto y;in gainst an
intracelular infection in vitro is increased by
liposome entrapnmnt of the antibiotic, altough
the mechanism of action is not described (2).

In this paper we compare the ac:tivity of tree
and liposomal CAP and streptomycin (STREP),
lipophiic and hydrophilic antibiotics, respec-
tively, against Escherichia coli located,within
the cells of the J774 murine macrophage line.

MATERIALS AND METHODS
STREP sesquisulfate and crystalline CAP (both

from Sigma Chemical Co.) were used as received, and
STREP concentrations throughout this paper are in
terms of this salt. 5,6-Carboxyfluorescein (CF) (East-
man Kodak) was purified (19) over activated charcoal
and Sephadex LH20 (Pharmacia) before use. Ash-free
cholesterol, L-ac-phosphatidylcholine type III-E from
frozen egg yolk (EPC); L-a-phosphatidyl-L-serine from
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bovine brain (PS); and L-a-phosphatidic acid as the
sodium salt from egg yolk (PA) were all purchased
from Sigma. Phospholipids were checked for purity by
thin-layer chromatography before use.

Escherichia coli NCTC 9001 were from the National
Collection of Type Cultures, London, England. The
J774.2 murine macrophage cell line was obtained from
the Sir William Dunn School of Pathology, Oxford,
England.

Phosphate-buffered saline (PBS) was 0.18% (wt/vol)
NaCl buffered to pH 7.2 with 1.3 x 10-2 M Sorenson
phosphate.

All reagents were of analytical reagent grade.
Liposome preparation. Liposomes were prepared by

the ether injection method of Deamer and Bangham
(6). Neutral liposomes were prepared from a mixture
of EPC and cholesterol (7:2 molar ratio), and anionic
liposomes were prepared from EPC, cholesterol, and
PA or PS (7:2:1 molar ratio).

Forty micromoles of EPC plus other lipids were
dissolved in 20 ml of diethyl ether, and this solution
was slowly injected (0.25 ml min ') by means of an

infusion pump through a no. 6 gauge needle into 4 ml
of PBS aqueous phase maintained at 60WC with contin-
uous N2 purging. The aqueous phase additionally
contained either 70 mg of STREP, 10 mg of CAP, or
300 mg of CF for the preparation of STREP, CAP, and
CF liposomes.
Removal of nonentrapped solutes. Free STREP and

CAP were removed from liposome suspensions by
dialysis (Visking tubing) at 4°C against several changes
of 1 liter of PBS. Liposomal CF suspensions were
pelleted twice at 35,000 x g for 30 min at 5°C (MSE
Superspeed 75 centrifuge). The supernatants were
discarded, and the CF liposomes finally suspended in
PBS by a 5-min bath sonication of the pellet.

Determination of liposomal solute entrapment. Small
volumes (0.5 or 1 ml) of liposome suspension were
diluted with an equal volume of propanol to disrupt the
liposome bilayer structure. For the CAP and STREP
liposome suspensions, the propanol was removed un-
der reduced pressure at 50°C.
The remaining STREP solution was diluted in PBS,

and the STREP concentration was determined by a
tube dilution method against E. coli at 37°C in nutrient
broth (Oxoid no. 2).
The CAP solution was either assayed microbiologi-

cally as for STREP or was extracted into two 25-ml
volumes of chloroform:ethyl acetate (2:1 by volume)
and the solvent extract evaporated to dryness under
vacuum at 50°C and the residue was taken up in 80%
(vol/vol) aqueous methanol for high-pressure liquid
chromatography (HPLC).
A 1-ml propanol dilution ofCF liposome suspehsion

was diluted to 10 ml with water and fractionated by
HPLC.
For CAP and CF, HPLC analysis of 2-jl samples

was carried out at room temperature on a Constamet-
ric III (Laboratory Data Control) pump (flow rate, 2 ml
min-') connected to a Spherisorb 10-aim ODS column
(100 mm by 4.5 mm) fitted with a Copel ODS guard (20
by 4.5 mm). UV detection (Spectromonitor III; Labo-
ratory Data Control) was at 254 nm at sensitivities
(absorbance units per full scale deflection) of 0.05 for
CAP and 0.20 for CF.
CAP samples were eluted in 801% (vol/vol) aqueous

methanol as a single peak (Rf = 80 s). CF samples

were eluted over a 20-min period with a linear gradient
of 25 to 100o methanol in 0.5% (vol/vol) acetic acid as

a double peak (Rf = 9.5 and 11.4 min, corresponding to
the 6- and 5-isomers) (19).
The efficiency of solute entrapment (Table 1) in the

liposome suspensions was calculated, assuming an

EPC concentration of 10 ,umol ml-t and an entrapped
solute concentration equal to that in the aqueous phase
used for liposome preparation.
Macrophage cultivation. The J774.2 murine macro-

phage cell line (18) maintained in complete tissue
culture medium (TCM) consisting of RPMI 1640 sup-
plemented with 5% (vol/vol) fetal calf serum and 2 mM
L-glutamine and buffered to pH 7.2 with 20 mM (final
concentration) HEPES (N-2-hydroxyethylpiperazine-
N'-2-ethanesulfonic acid)-NaHCO3.

For experiments, cells were grown to confluence (1
week at 37°C with daily changes of TCM) in 50-mi flat-
bottomed culture flaskss (Nunclon) and then harvest-
ed by the addition of 20 ml of ice-cold TCM and
shaking. Two-milliliter volumes of pooled cell suspen-
sion were added to the square wells (20 mm side) of
tissue culture petri plates (Flow Laboratories), each
well containing a 17-mm square cover slip, and after 60
min at 37°C the number of adherent cells per cover slip
was determined by direct counting. A mean value of
106 macrophages per cover slip was obtained, and at
this stage cell viability, as determined by trypan blue
exclusion, was better than 98%.
Drug pretreatment of macrophages. Macrophage

cover slip cultures were incubated at 37°C in 2 ml of
TCM containing either free drug or liposomal drug
suspension. The free CAP concentrations used were
80, 40, and 20 ,ug ml- 1, and the free STREP concentra-
tions used were 500, 100, 50, and 10 Fg ml-'. Control
cultures were incubated in 2 ml of antibiotic-free
TCM. Free drug pretreatment periods were 1, 2, 3, 5,
and 7 h.
The pretreatment time for liposomal STREP and

CAP was 3 h, and in all liposome experiments 1 pLmol
of liposomal EPC was added per 106 cells in 2 ml of
TCM. The quantity of liposomal drug added was thus
dependent on entrapment efficiency (Table 1). As
controls, macrophage cultures were incubated with
empty liposomes plus equivalent free drug at 37°C or
with liposomal drug at 4°C.
The pretreated cover slip cultures were dip washed

TABLE 1. Entrapment efficiency of CAP, STREP,
and CF in unilamellar vesicles prepared from EPC

Entrapment efficiency (liters mol ')
Vesicle type of:a

CAP STREP CF

Neutral 4.16 (4) 4.53 (3) 1.41 (5)
Anionic (PS) 9.30 (1) 3.71 (2)
Anionic (PA) 8.18 (4) 10.23 (4) 4.93 (2)

a Entrapment efficiencies were calculated by assum-
ing an intraliposomal solute concentration of 2.5 mg
ml-1 for CAP, 17.5 mg ml-' for STREP, and 75 mg
ml-' for CF, i.e., the concentrations used for phospho-
lipid hydration. The values shown are lower than those
obtained by Deamer and Bangham (6) for comparable
ether vaporization liposomes. Numbers in parentheses
are numbers of liposomal preparations assayed.
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in saline to remove free drug or liposomes not taken up
by the macrophages and then transferred to an E. coli
cell suspension for phagocytosis of bacteria.

E. colicultures. E. coli cells from an 18-h static broth
culture (Oxoid no. 2) at 37'C were suspended in TCM
at a concentration of 2 x 106 to 2.5 x 106 viable cells
ml-' determined by surface plating. Bacterial cell
suspensions in TCM were added to macrophage cover
slip cultures within 15 min of preparation.

Phagocytosis of bacteria. The TCM of the macro-
phage cover slip cultures in the petri plate wells was
replaced with 2 ml ofTCM E. coli cell suspension such
that the initial inoculum was between 4 and 5 bacteria
per macrophage. Phagocytosis of bacteria was allowed
to proceed at 37°C for 50 min with gentle agitation (ca.
0.5 Hz) on a platform shaker (New Brunswick Scien-
tific), after which time the cover slips were removed to
the wells of a second petri plate containing 2 ml of
TCM anid 500 p.g of STREP sulfate per ml to inactivate
uninge$ted bacteria. After 20 min, each cover slip was
dip washeo through several changes of sterile normal
saline at 37°C to remove the STREP.
The cover slip cultures were then transferred to

TCM in the case of free antibiotic-pretreated macro-
phages or to TCM cQntaining 30 Fig of STREP per ml
for liposome-treated macrophages and incubated at
37°C. Viable intracellular bacterial numbers were de-
termined at 11/2 and 4 h after infection, for free
antibiotic-pretreated macrophages and at 11/2-h inter-
vals for up to 9 h after infection for liposome-treated
cultures. Results (numnber of viable intracellular bacte-
ria per macrophage) were calculated as a percentage of
the 1'/2-h value, which was taken as the initial rate of
infection (i.r.). Phagocytosis under the conditions de-
scribed here gave reproducible values for i.r. (M.
Stevenson, A. J. Baillie, and R. M. E. Richards, J.
Pharm. Pharmacol., in press) so that this parameter
was comparable for control and pretreated cells in the
present experiments. Values for i.r. are detailed in the
figure legends.

Determination of viabk lntraceilular bacteria. The
cover slips with adherent macrophages were vortexed
for 5 min in 10 ml of sterile distilled water to effect
hypotonic lysis, and then for each cover slip, two
serial 10-fold dilutions of the hypotonic lysate were
made in distilled water for surface counting.

In all experiments, cover slips were set up in tripli-
cate, and phagocytosis was expressed as the mean
number ofCFUs recovered per macrophage. Through-
out, significant differences were tested by the Student
t test at the 95% probability level.
Macrophage uptake of CF liposomes. Macrophage

cover slip cultures (106 cells) were incubated at 37 and
4°C in 2 ml of TCM liposomal CF suspension (1 ,umol
of EPC) with gentle agitation. At 1-, 2-, and 3-h
intervals, cover slips were removed, rinsed with sa-
line, and mounted on microscope slides in glycerol
containing 5% (wt/vol) propyl gallate to minimize
photobleaching (9). Photomicrographs (Fig. 6) were
taken on a Fluoval microscope (Carl Zeiss, Jena, East
Germany) under incident illumination, using a high-
pressure mercury lamp (model HBO 202), an exciter
filter (model B224g), and a barrier filter (model G247).
MIC determinaton. For determination of the mini-

mal inhibitory concentration (MIC), a series of tubes
representing a range of concentrations of free and
liposomal CAP and STREP in nutrient broth (Oxoid

no. 2) were inoculated with an 18-h broth culture of E.
coli to a final cell density of 1 x 105 to 3 x 10' cells per
ml. The tubes were incubated for 18 h at 37°C, and the
number of viable bacteria in each tube was determined
by surface plating.

RESULTS
The MICs of CAP and STREP were found to

be 2.0 and 7.5 ,ug ml-1, respectively, when
tested against the strain of E. coli used here. For
neutral liposomal CAP, concentrations of up to
38 ,g ml-' had no effect on the test otganism
and for neutral liposomal STREP, a concentra-
tion of 170 pg ml-1 was similarly ineffective. At
the highest concentration studied, 360 Fag of
liposomal STREP per ml in neutral vesicles,
although there was some 60% inhibition of
growth over an 18-h period, an MIC value was
not attained. Using anionic vesicles which had a
higher entrapment efficiency (Table 1), we ob-
tained an MIC of 800 ,g ml' for liposomal
STREP and an MIC of >113 ,xg mF1 for liposo-
mal CAP. However, after propanol disruption of
the bilayer structure, CAP or STREP extracted
from liposomes was found to have retained its
expected antibacterial activity. In the case of
liposomal CAP, the extracted antibacterial ac-
tivity correlated with the CAP concentration
determined by HPLC.
The very low antibacterial activity of the

liposomal material would appear to be an index
of the leakage of entrapped antibiotic across the
bilayer. On the basis of the MIC value for
liposomal STREP, it was calculated that -10%o
of the anionic vesicle antibiotic content had
escaped over an 18-h period. Bilayer disruption
was thus a requirement for an antibacterial effect
from the liposomal antibiotics. A similarly poor
antibacterial effect has been described for lipo-
somal CAP in small sonicated vesicles (21).

Inhibitory effects on intracellular bacterial
growth quickly became apparent in experiments
with free CAP, so that even after 1 h of pretreat-
ment of macrophages with 40 and 80 ,ug of CAP
per ml there was a marked reduction in the
number of CFUs recovered (Fig. 1). The inhibi-
tory effects became more Qbvious with increas-
ing pretreatment time. Since, however, CAP is
bacteriostatic for E. coli, there was no signifi-
cant reduction in viable intracellular bacterial
numbers to less than 100o, i.e., the initial level
of infection, even after the longest pretreatment
time of 7 h. At an extracellular free CAP concen-
tration of 20 ,ug ml-', the bacteriostatic effect
shown (Fig. 1) was not significant.
From the effects of free STREP on intracellu-

lar bacteria (Fig. 2), it appeared that this antibi-
otic penetrated much more slowly to the macro-
phage interior than CAP. Of the free STREP
concentrations studied, 10, 50, 100, and 500 ,ug
ml-1, only the last was inhibitory, and the
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vesicles were used.
The extracellular concentrations of liposomal

CAP which caused intracellular bacteriostasis
were 4.3 ,ug ml-' (neutral vesicles) and 9.5 pLg
ml-1 (PS vesicles) (Fig. 3). For the 3-h pretreat-
ment time of macrophages with liposomes, the
concentration of free CAP required for bacterio-
stasis was 80 ,ug ml-1 (Fig. 1), so that liposome
entrapment of CAP increased its activity in this
system 10- to 20-fold.

Similarly, for STREP, a 40.5 ,ug ml-' extra-
cellular concentration in neutral liposomal form
was sufficient to give an intracellular bactericid-
al effect (Fig. 4) comparable to that obtained
with a free STREP concentration of 500 ,ug ml1
(Fig. 2).

L ;j Pretreatment of macrophages with empty lipo-
somes or empty liposomes plus free antibiotic at

tment time (hr) a concentration normally entrapped had no ef-
1774.2 macrophages fect on subsequent intracellular bacterial num-
ubsequently phago- bers (Fig. 5). Similarly, pretreatment of macro-
tment time the i.r. phages with drug-loaded liposomes at 4°C (Fig.
rophage) was deter- 5) had no effect on the viability of intracellular
ation of the macro- organisms. Incubation of macrophages with CF
erial growth is ex- liposomes at 4°C also abolished the cell-associat-
frcalAn inv ar e nrupressea as ine percent cnange In oactenai numvers per

macrophage between 11/2 and 4 h postinfection. Sym-
bols: 0, untreated control (n = 5, i.r. = 1.0); *, 20 ,ug
of CAP per ml (n = 5, i.r. = 0.5); O, 40 ,ug of CAP per
ml (n = 4, i.r. = 1.0); *, 80 ug of CAP per ml (n = 4,
i.r. = 1.0). Vertical bars show standard error of the
mean.

results for the other concentrations are not
shown. At 500 ,ug of free STREP per ml, the
inhibitory effect only became apparent after
pretreatment times of greater than 2 h, and a
minimum pretreatment time of about 6 h was
required to actually decrease the viable intracel-
lular bacterial numbers to less than the initial
infection rate. For example a 7-h STREP pre-
treatment was bactericidal and reduced the in-
tracellular bacterial population to some 53% of
its initial value.
The apparent intracellular antibacterial activi-

ty of both antibiotics was markedly increased by
entrapping them in neutral vesicles (Fig. 3 and 4)
and, in the case of CAP, PS liposomes (Fig. 3).
STREP was found to precipitate with PS during
vesicle preparation, and hence no data was
obtained for PS liposomal STREP. In spite of
their high entrapment efficiency (Table 1), an-
ionic PA vesicles containing either antibiotic
were much less active than neutral or PS lipo-
somes. In fact, for anionic PA liposomes con-
taining CAP (Fig. 3) and STREP (Fig. 4), a
significant inhibitory effect could only be estab-
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FIG. 2. Pretreatment time of J774.2 macrophages

with free STREP and the growth of subsequently
phagocytized E. coli. Conditions as described in the
legend to Fig. 1. Symbols: 0, untreated control (n = 4,
i.r. = 0.4); *, 500 ,ug of STREP per ml (n = 4, i.r. =

0.4). Vertical bars show standard error of the mean.
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FIG. 3. Pretreatment (3 h) of J774.2 macrophages

with liposomal CAP and the growth of subsequently
phagocytized E. coli. After inoculation of pretreated
macrophages with E. coli, the mean number of bacte-
ria per macrophage was determined at 90-min intervals
over a 9-h period. Bacterial growth (bacteria per
macrophage) at each postinfection time is expressed as
the percent change from the 11/2-h i.r. Symbols: O,
untreated control (n = 12, i.r. = 0.8); *, anionic (PA),
liposomal CAP, 7.2 FLg ml-' (n = 9, i.r. = 0.8); *,
neutral liposomal CAP, 4.3 ,ug ml-' (n = 9, i.r. = 0.9);
O, anionic (PS), liposomal CAP, 9.5 ,ug ml-' (n = 6,
i.r. = 1.1). Vertical bars show standard error of the
mean.

ed fluorescence observed (Fig. 6) after incuba-
tion at 37°C.

DISCUSSION
It would appear that the uptake of liposomes

by the J774 macrophage was phagocytic since
incubation of liposomes with cells at 4°C inhibit-
ed intracellular antibiotic activity (Fig. S) and
cell-associated CF fluorescence (Fig. 6). This
uptake mechanism is in accord with the nonspe-
cific phagocytic activity of these cells (17) and
the phagocytic internalization of liposomes by
other macrophage types (12).
The cell-associated fluorescence found (Fig.

6) after incubation of cells with CF liposomes at
37°C indicates dilution of the. self-quenching
vesicle aqueous contents in the cell cytoplasm
(22), presumably after disruption of the vesicle
bounding bilayer. The incubation time-depen-
dent fluorescence shown in Fig. 6 thus lends
support to the concept of vesicle degradation
within the cell after phagocytosis, which in the
case of STREP or CAP liposomes would liberate
antibiotic close to any intracellular bacteria

present. Such antibiotic release within the in-
fected macrophage is a critical event since either
antibiotic in liposomal form at the concentra-
tions used here was inactive against E. coli per
se.
The use of radiolabeled lipid or liposomal

antibiotic, although allowing quantitation of cell-
liposome association, does not quantify the all-
important delivery to the cell interior (22) offree
antibiotic. In fact, the intracellular antibacterial
activity of liposomal antibiotic described in this
paper may, like the observation of intracellular
CF fluorescence, be regarded as a means of
measuring the release of liposome contents with-
in viable cells.

In the present system, therefore, the 3-h pre-
treatment of macrophages with liposomes must
have allowed degradation of a sufficient number
of internalized liposomes to establish an inhibi-
tory antibiotic concentration within the cell.
Although antibiotic is only required within an
infected phagosome to influence the growth of
ingested bacteria, it must be assumed that the
entire intracellular volume is permeated by free
antibiotic from degraded liposomes. A simple
calculation shows that the contents of remark-
ably few vesicles of the type used here need be
released within the cell to produce an inhibitory
antibiotic concentration.

400

300

3200.4-
.0

C_

100

.4

c..0

3-0 4.5 6X0 7.5 9X0
Post-infection time (hr)

FIG. 4. Pretreatment (3 h) of J774.2 macrophages
with liposomal STREP and the growth of subsequently
phagocytized E. coli. Conditions as described in the
legend to Fig. 3. Symbols: 0, untreated control (n =
12, i.r. = 0.8); *, anionic (PA) liposomal STREP, 82.2
,ug ml-' (n = 9, i.r. = 0.8); U, neutral liposomal
STREP, 40.5 ,ug ml-1 (n = 9, i.r., = 1.1). Vertical bars
show standard error of the mean. I
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The required number of liposomes calculated
above is inversely proportional to liposome di-
ameter, and for larger vesicles, which may well
be present in the liposome preparations de-
scribed here, this number is significantly re-
duced.
However, in the case of anionic PA liposomes

3 0 45 6-0 7.5 9-0
Post-infection time (hr)

FIG. 5. Pretreatment (3 h) of J774.2 macrophages
with empty liposomes plus free antibiotic (STREP or

CAP) and drug-loaded liposomes at 4°C. Conditions as
described in the legend to Fig. 3. Symbols: 0, untreat-
ed control (n = 12; i.r. = 0.8); O, empty neutral
liposomes plus 5.0 Fg offree CAP per ml (n = 3, i.r. =
0.8); *, empty neutral liposomes plus 46.0 p.g free
STREP per ml (n = 3, i.r. = 0.8); 0, neutral antibiotic-
loaded liposomes at 4°C, 4.1 ,ug of CAP per ml (n = 4,
i.r. = 0.9); *, neutral antibiotic-loaded liposomes at
4°C, 37.5 ,ug of STREP per ml (n = 4, i.r. = 0.9).
Vertical bars show standard error of the mean.

If the vesicle bilayer thickness is taken as 5
nm and the area occupied by a phospholipid
molecule as 0.65 nm2, then a single 130-nm
diameter neutral vesicle consisted of 1.5 x 105
EPC molecules, and 1 ,umol of EPC represented
some 4 x 1012 vesicles. For neutral vesicles, this
weight of EPC represented a total entrapped
volume of 4.16 ,ul (Table 1) with a concentration
of 2.5 mg ml-1 for CAP liposomes. Each lipo-
some thus contained 2.6 x 10-12 ,ug of CAP (8 x

10-21 mol).
The macrophage, if treated as a 16-,um diame-

ter sphere, had a volume of 2.15 x 10-9 cm3, so
that for intracellular bacteriostasis of E. coli
(MIC, 2 ,ug of CAP per ml), a minimum of 4.3 x
i0-9 ,ug of CAP was required within the cell. To
deliver this quantity of CAP it was calculated
that the contents of approximately 1.6 x 103
liposomes were required. Similarly, the contents
of about half this number of neutral STREP
liposomes were required within each macro-

phage to attain an intracellular bactericidal con-

centration of STREP.
The comparable figures for anionic vesicles,

which had higher entrapment efficiencies (Table
1), were of course lower.

FIG. 6. UV photomicrographs of macrophage cov-
er slip cultures at lh (A), 2 h (B), and 3 h (C) after
addition of liposomal CF. Each cover slip culture of
106 cells was given 1 ,umol of phospholipid in anionic
(PS) liposomal form, equivalent to 0.45 ,umol of CF. A
similar time-dependent accumulation of cell-associat-
ed fluorescence was observed by using neutral lipo-
somes. Cells incubated with liposomal CF at 4°C, PA-
containing liposomes at 37°C, or free CF (100 p.mol)
exhibited no fluorescence. A Zeiss-Jena Fluoval mi-
croscope was used with incident UV illumination.
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it would appear that uptake by macrophages or

degradation within macrophages was barely suf-
ficient to allow attainment of an inhibitory intra-
cellular antibiotic concentration, although the
inhibition at 9 h postinfection seen with either
antibiotic in PA liposomes (Fig. 3 and 4) indicat-
ed that some liposome uptake had occurred.
Since each cover slip culture of 106 macrophages
was given 1 amol of EPC in liposomal form,
there were 10 vesicles available per cell so that
vesicle supply was an unlikely limiting factor in
the present system.
The observed intracellular antibacterial activi-

ty of the free antibiotics (Fig. 1 and 2) correlated
with their solubility characteristics, which
would be expected to give a measure of passive
uptake by cells. The comparatively lipid-soluble
CAP is known to be concentrated within macro-
phages (11) and leucocytes (16), whereas highly
water-soluble antibiotics such as penicillin G,
cefazolin, cefamandole (11), dihydrostreptomy-
cin (2), and STREP (3, 4) penetrate mammalian
cells poorly. Liposome entrapment, however,
still enhanced the apparent intracellular activity
of CAP, which suggested that in addition to
improved uptake by phagocytosis, intracellular
CAP distribution was modified. Delivery of a

discrete packet of antibiotic solution to the cell
interior would, for example, delay partitioning
of the drug into lipid-rich regions such as the cell
membrane. Permeation of the cell from the
interior rather than the exterior would also con-
tribute to the enhanced activity of the liposomal
antibiotic.
From the results with empty liposomes (Fig.

5), it would appear that there was no liposome-
induced activation of the J774 macrophage
which may have contributed to the high activity
of the liposomal antibiotics.
The ability of circulating and fixed phagocytic

cells to take up liposomes in vivo (15) shows that
for some conditions liposome-mediated therapy
is feasible. The present results, which showed
that very few drug-loaded vesicles were required
per phagocytic cell to achieve a pharmacological
response, indicate that treatment of infections,
bacterial, fungal, and protozoan, of the reticulo-
endothelial system in vivo is, as far as liposome
carrier systems are concerned, an area worthy
of more investigation.
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