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Intracellular targeting of ampicillin by means of polyisohexylcyanoacrylate (PIHCA) nanoparticles
was studied in murine peritoneal macrophages infected with Salmonella typhimurium. The intracel-
lular distribution of actively endocytosed nanoparticles was visualized by transmission electron mi-
croscopy and confocal microscopy. Nanoparticles were either isolated or closely associated with
bacteria within phagosomes or phagolysosomes. Thus the potential of ampicillin-loaded nanoparticles
Ain targeting of intracellular bacteria is demonstrated. Consequently, ampicillin, which usually pene-
trates into cells at a low level, is directly carried in, when loaded on nanoparticles, and brought into
contact with intracellular bacteria.
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INTRODUCTION

Facultative intracellular bacteria including Brucella,
Listeria, Mycobacteria, and Salmonella species are able to
survive and multiply mainly within phagocytic cells of the
reticuloendothelial system, constituting reservoirs of patho-
genic bacteria. In Salmonella infections, the invading agent
inhibits predominantly phagosome-lysosome (P/L) fusion
(1,2) and secondarily resists antimicrobial actions when re-
siding in P/L (3). Although often used to treat intracellular
infections, B-lactam antibiotics have a low intracellular up-
take in phagocytic cells (4) and do not diffuse through the
lysosomal membrane (5).

Loading antibiotics on colloidal carriers is a promising
approach to overcoming the limits of classical antimicrobial
therapy. Indeed, the lysosomotropic properties of these car-
riers have been used to transport and concentrate various
drugs into cells (6—-8,9). For S. typhimurium, liposomal en-
capsulation (10—12) or nanoparticle loading (12,13) has been
developed to enhance the intracellular delivery of antibiot-
ics. The intracellular location of such antimicrobial-loaded
liposomes has been studied by microscopic examination
(14,15). We have chosen to use ampicillin—polyisohexyl-
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cyanoacrylate (PIHCA) nanoparticles instead of ampicillin—
liposomes because they are more stable and more efficient in
murine salmonellosis (12,13). Tissue targeting (liver and
spleen) has been clearly demonstrated, but the intracellular
trafficking events of nanoparticles in infected target cells
(macrophages) are unknown. The lysosomotropic character
of nanoparticles has been well documented in uninfected
fibroblasts (7,16), but a detailed ultrastructural investigation
of the intracellular distribution of nanoparticles has never
been performed. Thus, the aim of the present study was to
analyze the cellular targeting of nanoparticle ampicillin to-
ward compartments infected with S. typhimurium. Ultra-
structural studies by electron microscopy allowed us to lo-
calize the nanoparticles within intracellular compartments
and determine whether they can reach phagosomes and tar-
get the bacteria that reside therein. Complementary obser-
vations by confocal laser microscopy were performed using
double fluorescent labeling with fluorescent nanoparticles
and immunolabeled fluorescent Salmonella.

MATERIALS AND METHODS

Ampicillin-Loaded Nanoparticles

Unlabeled ampicillin-nanoparticles used for transmis-
sion electron microscopy were prepared by emulsion poly-
merization of isohexylcyanoacrylate (IHCA) monomer as
described by Couvreur et al. (17) and Henry-Michelland et
al. (18). IHCA monomer was obtained from Sopar (Sart-
Dames, Avelines, Belgium), and ampicillin trihydrate from
Negma (Buc, France). The aqueous polymerization medium
(10 mL), adjusted to pH 2.8 with HCI, contained 1% dextran
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70 (Fluka, France), 5% glucose, and 2 mg ampicillin/mL. The
IHCA monomer (100 L) was then added; after 6 hr of po-
lymerization, the suspension was adjusted to pH 7 with 0.1
M NaOH. The amount of ampicillin associated with polyiso-
hexylcyanoacrylate (PIHCA) nanoparticles was 90 + 4% as
determined by HPLC (19), i.e., 18 mg ampicillin/100 mg
PIHCA nanoparticles. The diameter of the ampicillin-
nanoparticles, estimated by laser light scattering (Nanosizer
Coulter N4dMD, Coultronics, France), was 220 = 25 nm (n =
4). Aliquots (1 mL) of ampicillin-nanoparticles were lyophi-
lized using 5% glucose as cryoprotector. For each experi-
ment, an aliquot was reconstituted by adding 1 mL distilled
water; it did not change the size and the drug content of
ampicillin-nanoparticles.

Fluorescent ampicillin-nanoparticles used for optical
confocal microscopy were prepared as follows: Ampicillin-
loaded nanoparticles were labeled using fluorescein isothio-
cyanate-dextran 70 (FITC-dextran 70, Sigma, France) in-
stead of dextran. Their size was 120 = 30 nm (n = 4). Free
fluorescent dextran was eliminated by ultracentrifugation on
preformed sucrose gradients (40 and 20%, w/v; 2, 2.5, and 1
mL sample, respectively) at 150,000 g for 1 hr at 10°C in an
ultracentrifuge (Beckman). Fluorescent dextran remained in
the upper phase. The band of fluorescent ampicillin-
nanoparticles was recovered by puncturing the tube at the
20-40% interface. Polymer concentration was measured by
turbidimetry at 550 nm (Lambda 5 spectrophotometer, Per-
kin-Elmer) after determination of the standard curve. This
value was corrected (10%) for overlapping of the optical ab-
sorption due to the fluorescent derivative. An ODssq o\, Of
0.8 corresponded to a concentration of 10 mg of PIHCA/mL.

Bacterial Strain

Salmonella typhimurium CS strain was obtained from
Institut Pasteur (Paris, France). Bacteria were grown in BHI
broth (Difco, France) at 37°C, harvested in the logarithmic
phase, and washed twice in phosphate-buffered saline (PBS).
Opsonization was obtained after 30 min of incubation at 37°C
with a subagglutinating concentration of anti-Salmonella se-
rum (O: 4,5; Diagnostics Pasteur, France). The opsonized
bacteria (10%mL) were washed in PBS and adjusted to 2 x
10°/mL in the culture medium. Bacterial concentrations
were determined by optical density at 620 nm and by count-
ing cells in a Salumbeni chamber (Preciss, France) and con-
firmed by counting colony-forming units on agar plates.

Macrophage Monolayers

Resident murine peritoneal macrophages were har-

vested from OF1 mice (age, 6 to 8 weeks; Iffa-Credo, Les
Oncins-1’Arbresle, France) by peritoneal lavage with Hank’s
balanced salt solution (HBSS; GIBCO Laboratories,
France). Cells were washed and resuspended at a concen-
tration of 10%mL in RPMI 1640 supplemented with 10% fetal
calf serum (FCS). For electron microscopy, 2 mL of the
macrophage suspension was placed in 35-mm tissue culture
dishes (Falcon, Becton Dickinson Labware, U.S.A.). For
confocal microscopy, the macrophage suspension was
placed in 24-well culture plates (0.5 mL/well containing a
13-mm coverslip). The monolayers were incubated for 2 hr at
37°C in a 5% CO, incubator and then washed with fresh
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culture medium to remove nonadherent cells and incubated
for additional 2 days at 37°C in a 5% CO, incubator.

Incubation of Macrophages with
Unlabeled Ampicillin-Nanoparticles

The experimental conditions were the same as de-
scribed above. For electron microscopy studies, uninfected
macrophages (2 X 10° cells/dish) were incubated at 37°C with
unlabeled ampicillin-nanoparticles (10 pg of PIHCA/mL, 15
min; and 20 g PIHCA/mL, 90 min and 14 hr). These incu-
bation times were chosen taking into account the slow deg-
radation rate of PIHCA.

Infection of Macrophages and Treatment with Unlabeled
Ampicillin-Nanoparticles

For electron microscopy studies, macrophage monolay-
ers (2 x 10° cells/dish) were infected with opsonized bacteria
(cell-to-bacteria ratio, 1:10) for 30 min at 37°C in a 5% CO,
incubator. Under these conditions, the entire monolayer was
infected.

After infection with S. typhimurium, macrophages were
rinsed three times with PBS and treated immediately with
ampicillin-nanoparticles at an ampicillin concentration of 2
pg/mL (corresponding to 10 pg of PIHCA/mL), in the pres-
ence of gentamicin (10 pwg/mL). Incubation was carried out
for 90 min and 3 hr, to visualize the nanoparticles well before
excessive degradation. Persistence of the ampicillin—
nanoparticle association and intraceliular release of ampicil-
lin from these nanoparticles have been reported elsewhere
(20). The cytotoxicity of PIHCA nanoparticles was deter-
mined previously [dose Killing 50% of peritoneal macro-
phages (DLs,) was 100 pg/mL after 12 hr of incubation]. The
cytotoxicity of drug-free nanoparticles and nanoparticle deg-
radation products on §. typhimurium was examined (data
not shown); no antimicrobial effect was detected. This is not
surprising since the nanoparticle degradation product poly-
isohexylcyanoacrylic acid is a very hydrophilic compound
unable to diffuse into the bacteria. Gentamicin (Sarbach,
France) added to the incubation medium prevents the divi-
sion of extracellular bacteria. In preliminary experiments we
showed that this concentration does not affect the number of
intracellular bacteria.

Confocal Laser Scanning Microscopy

Uninfected peritoneal macrophages (5 X 10° cells/well)
adhering to 13-mm coverslips were incubated with ampicil-
lin-nanoparticles labeled with FITC-dextran 70 (20 ug of
PIHCA/mL) for 90 min at 37°C. Cells were treated, as de-
scribed below, without immunofluorescence labeling.

Peritoneal macrophages (5 X 10° cells/well) adhering to
13-mm coverslips were infected with opsonized S. typhimu-
rium, as described above, and rinsed three times with PBS.
The macrophages were immediately treated with fluorescent
ampicillin-nanoparticies (100 ug of PIHCA/mL) in the pres-
ence of 10 pg/mL gentamicin for 90 min at 37°C. Indirect
immunofluorescence was then used to label bacteria. The
macrophages were submitted to a procedure described else-
where (21) and modified as follows. They were fixed for 30
min at 4°C with 2.5% p-formaldehyde in PBS containing 2
mM MgCl, and 5 mM CaCl, (solution A) and washed with
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PBS. After 10 min of neutralization with 50 mM NH,CI in
PBS and washing, cells were permeabilized for 5 min with
0.1% Triton X-100 in solution A and washed with PBS. Non-
specific sites were blocked with PBS containing 3% bovine
serum albumin (BSA; Sigma, France) during 30 min at 20°C.
Macrophages were incubated for 1 hr at 37°C, with a 1:100
dilution of the first antibody (rabbit anti-Salmonella serum)
in PBS + 0.5% BSA (solution B). After washing, a 1:200
dilution of the secondary antibody in solution B was added
(Texas red-conjugated goat anti-rabbit IgG; Jackson, France)
and incubation was carried on for 1 hr at 37°C. Coverslips
were then rinsed in PBS and mounted in antifading solution
AF1 (Citifluor Ltd, England). Optical sectioning was per-
formed with a MRC-600 confocal laser scanning microscope
(Bio-Rad, Ivry, France) equipped with a 25-mW argon-ion
laser and two detector channels allowing simultaneous con-
focal imaging of double-labeled material. For double-labeling
experiments, pairs of dyes (FITC and Texas red derivatives)
were excited using the 514-nm green line from the argon-ion
laser. Thanks to an appropriate combination of filters, fluo-
rescence emission was divided into yellow/green (520- to
550-nm) and red (600-nm and above) components, which
were directed through different confocal apertures to the two
separate photomultipliers. Since overlapping of FITC and
Texas red emission spectra prevents any perfect separation,
computer software was written to correct for this bleed-
through effect.

Quantitative estimation of the bacteria which were su-
perimposed with nanoparticles was done by counting the
number of bacteria displaying both red and yellow-green flu-
orescences and expressing it as a percentage of the total
number of bacteria.

Pinto-Alphandary et al.
Transmission Electron Microscopy

Enzymatic hydrolysis (22) of PIHCA in unlabeled ampi-
cillin-nanoparticles (1 mg of polymer/mL) was induced by
incubation for 12 hr in the presence of 30 IU esterase (car-
boxylic ester hydrolase; EC 3.1.1.1; Sigma, France) at 37°C
in PBS, pH 7.4. These bioeroded nanoparticles were com-
pared with a control sample incubated under the same con-
ditions without enzyme. Nanoparticles were negatively
stained by floating the grids coated with a Formvar film (Ful-
lam, France) in 2% uranyl acetate.

The behavior of ampicillin-nanoparticles in macro-
phages was examined by positive staining on ultrathin sec-
tions according to the following procedure. Macrophages
were incubated with ampicillin-nanoparticles or infected
with S. typhimurium and then treated with ampicillin-
nanoparticles. The cells were fixed in 2.5% glutaraldehyde
(Sigma, France) in 0.1 M cacodylate buffer (S mM CaCl,, 5
mM MgCl,, and 0.1 M sucrose, pH 7.2) overnight at 4°C and
then washed; they were postfixed with 1% osmium tetroxide
(Comptoir Lyon Alemand Louyot, France) in the same
buffer for 1 hr at 20°C and then washed. Macrophages were
gently scraped with a cell scraper and concentrated in 2%
agar. The specimens were then treated with 2% uranyl ace-
tate in Michaelis buffer, pH 6.0, for 1 hr at 20°C (23). The
material was dehydrated through graded series of ethanol
solutions, followed by embedding in Epon (Fullam, France).
Ultrathin sections were double-stained with 2% uranyl ace-
tate and then 0.2% lead citrate. When ruthenium red (Taab,
France) was used, the dye was added (1%) from fixation to
dehydratation. After double-staining of ultrathin sections ex-
posed to ruthenium red, the contrast of the nanoparticles,

Progection Trom sections 14024
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Fig. 1. Confocal micrographs of ampicillin-nanoparticles endocytosed by mouse peritoneal macro-
phages. Celis were incubated for 90 min at 37°C with ampicillin-nanoparticles (20 pg of PIHCA/mL)
labeled with FITC-dextran 70. A set of 25 optical sections obtained at 1-pm intervals was acquired
with a Bio-Rad MRC-600 confocal microscope (excitation with the 488-nm line from an argon-ion
laser). Three individual optical sections are shown, as well as the maximum brightness projection
image of a selected part of the complete 3-D data set.
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which usually shows a tenuous outline, and that of all cellu-
lar components were greatly enhanced.

Observations were made under a transmission electron
microscope (EM 301-Philips) operating at 80 kV.

RESULTS

Size of Unlabeled and of
Fluorescent Ampicillin-Nanoparticles

The size of unlabeled ampicillin-nanoparticles was 220
+ 25 nm and that of fluorescent ampicillin-nanoparticles was
120 = 30 nm. This difference might be due to the size of the
‘‘pseudo-micelles” during the polymerization. Classically,
when a surfactant is used, the size of the particles depends
on the size of the micelles obtained (24). Since dextran is not
a surfactant, the ‘““nuclei’” of polymerization are considered
pseudo-micelles by analogy with micelles formed by surfac-
tants during the emulsion polymerization process. FITC-
dextran could change the characteristics of those nuclei of
polymerization.

The size and drug content of fluorescent nanoparticles
were not modified after ultracentrifugation. The isolated flu-
orescent ampicillin-nanoparticles recentrifuged through an
identical sucrose gradient did not release dextran, suggesting
a tightly bound interaction with the polymer.

Endocytosis of Ampicillin-Nanoparticles by Macrophages

In a preliminary experiment, the absence of penetration

Fig. 2. Electron micrographs after negative staining of ampicillin-
nanoparticles. Incubation at 37°C for 12 hr in PBS: control (A); with
esterase (B). Degradation was visualized by the release of electron-
dense material.
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of free FITC-dextran 70 was observed at the concentrations
used. Therefore, fluorescent dextran was revealed to be a
good marker for ampicillin-nanoparticles. After 5 min of in-
cubation, the nanoparticles were located mainly at the pe-
riphery of the cells (data not shown). Yet the amount of
endocytosis was low under such conditions. Increasing the
incubation time up to 90 min resulted in a different pattern of
intracellular fluorescence (Fig. 1). On one hand, projection
of the three-dimensional (3-D) data showed that FITC fluo-
rescence remained essentially vesicular. Thus, ampicillin-
nanoparticles, trapped mainly in endocytic vacuoles, were
mostly nondegraded. On the other hand, fluorescent grains
extended over the cytoplasm. Optical section examinations
gave insight into the localization of labeled nanoparticles:
their 3-D distribution in the cell demonstrated that they pen-
etrated the macrophages by an endocytic way.
Transmission electron microscopy was used in a prelim-
inary experiment to examine the aspect of bioeroded ampi-

Fig. 3. Transmission electron micrographs of peritoneal macro-
phages incubated with ampicillin-nanoparticles. (A) After 15 min of
incubation (10 pg of PIHCA/mL): nanoparticles adhering to the
plasma membrane, before their engulfment by pseudopods (arrows).
(B) After 90 min of incubation (20 pg of PTHCA/mL): arrows indi-
cate nanoparticles enclosed in endocytic vacuoles. (C) After 14 hr of
incubation (20 pg of PIHCA/mL): enzymatic erosion of nanoparti-
cles (thick arrows indicate degraded material).
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Fig. 4. Localization of ampicillin-nanoparticles in peritoneal macrophages infected with S. typhimurium. (A-D) After infection (30 min)
and rinsing three times with PBS, macrophages were treated with ampicillin-nanoparticles (10 ug of PIHCA/mL) in the presence of
gentamicin (10 pg/mL) for 90 min. The electron contrast was enhanced with ruthenium red. (B—D) Details of A. (A) Nanoparticles isolated
or grouped in phagosomes (P) or in phagolysosomes (PL) (detail in D). Many nanoparticles (white arrows) were juxtaposed with bacteria
in the same compartment. (B) A dividing bacterium close to nanoparticles.
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cillin-nanoparticles. Unlabeled ampicillin-nanoparticles
were incubated in the presence of esterase and observed by
negative staining (Fig. 2). After enzymatic attack, nanopar-
ticle size was reduced and electron-opaque material was de-
tached from the nanoparticles; further, it was polymeric
(partly degraded polycyanoacrylate and nonbiodegradable
dextran). This observation suggested that, for long incuba-
tion times, the nanoparticles would become difficult to iden-
tify, especially after digestion by lysosomal esterases.

Transmission electron micrographs (Fig. 3A) showed
that unlabeled ampicillin-nanoparticles were rapidly endocy-
tosed by the macrophages. The plasma membrane formed
numerous pseudopods engulfing nanoparticles. Nanoparti-
cles were identified by their size (diameter nearly 200 nm or
less in ultrathin sections), by their spherical shape, with a
characteristic, moderately electron-dense ‘‘coat,”” and by
their electron transparent content. All these criteria allowed
the distinction of nanoparticles from cellular organelles;
moreover, the latter contained particulate, granular, or dense
material and were limited by a double-layered membrane in
direct contact with the cytoplasm. Endocytic vesicles were
observed to contain intact nanoparticles (Fig. 3B) or nano-
particles in the process of degradation (Fig. 3C), generally
characterized by a gray-tinted envelope.

Treatment of Infected Macrophages
with Ampicillin-Nanoparticles

Ultrastructural studies allowed us to go further in un-
derstanding the vectorization mechanism at the level of cell
compartments. Transmission electron microscopy of in-
fected peritoneal macrophages treated with unlabeled ampi-
cillin-nanoparticles allowed us to visualize nanoparticles in-
side the same compartments as bacteria (Figs. 4 and 5). This
observation confirms the principal aspect of the expected
targeting of the antibiotic. The degradation of bacteria (Fig.
4C) suggested the presence of lysosomal enzymes and con-
sequently the phagolysosomal nature of the compartment.
The observation of grouped nanoparticles (Fig. 4D) with
electron-opaque material, probably originated from poly-
meric degradation, indicated that this vacuole was a phago-
lysosome. Fusion of phagosomes with lysosomes took place
between about 30 min and 1 hr. Some bacteria were ob-
served to be in the process of degradation in the same
vacuole as nanoparticles. However, numerous isolated or
grouped particles were localized in compartments appar-
ently free of bacteria (Figs. 4A and D and 6). Formation of
these clusters in the same vesicles (Fig. 4D) was probably
derived from the fusion of phagocytic vacuoles and, possi-
bly, of lysosomes.

The main purpose of the confocal microscopy was to
obtain a general view of the distribution of nanoparticles and
bacteria in macrophages and to realize numerous observa-
tions of this distribution. This method was used to quantify
the targeting of ampicillin-nanoparticles toward the infected
intracellular sites. Fluorescent labeling of ampicillin-
nanoparticles and S. typhimurium probed with FITC-
dextran and Texas red-coupled antibody, respectively, al-
lowed us to examine their comparative intracellular distribu-
tion (Fig. 7). To increase the fluorescence detection level,
fluorescent ampicillin-nanoparticles were added to infected
macrophages at a concentration five times higher than in the
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Fig. 5. Experimental conditions similar to those for in Fig. 4. Nan-
oparticles are visible inside and outside a phagolysosome and a bac-
terium is seen to be disintegrated.

electron microscopy experiments with unlabeled ampicillin-
nanoparticles. The intracellular localization of the bacterial
material was proved by examination of the individual optical
sections (Fig. 7). After 90 min of incubation (Fig. 7), red-
channel confocal images showed the presence of both intact
bacteria and bacterial fragments, providing evidence of par-
tial disintegration of S. ryphimurium. The percentage of in-
tracellular bacteria in contact with the nanoparticle fluores-
cence was estimated. From all the optical section observa-
tions, about 75% of fluorescent Salmonella (intact or
degraded) could be superimposed with the nanoparticle flu-
orescence. However, confocal microscopy did not allow us
to distinguish nanoparticles and bacteria in the same vacuole
and the resolution was limited by the thickness of the optical
plane (about 500 nm). Consequently, this method was used
to obtain general views of the distribution of nanoparticles
and bacteria.

The green-channel images were clearly dependent on
the duration of the endocytosis process. For 90 min of incu-
bation (Fig. 7), FITC fluorescence was mainly vesicular. In
contrast, it became very diffuse after 3 hr of endocytosis, as
a consequence of the progressive degradation of nanoparti-
cles (data not shown). Because of this diffusion, the obser-

Fig. 6. Experimental conditions similar to those in Fig. 4. After 3 hr
of incubation, nanoparticles (indicated by AN and arrows) were
clearly internalized in endocytic vacuoles with a double-layered
membrane (white arrows) derived from the plasma membrane.
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Fig. 7. Confocal micrographs of peritoneal macrophages infected with Salmonella typhimurium and
then treated with ampicillin-nanoparticles (90 min of incubation, 100 pg of PIHCA/mL, in the
presence of 10 ug/mL of gentamicin). Nanoparticles were labeled with FITC-dextran 70 and bacteria
by an indirect immunofluorescence method with a secondary Texas red-coupled antibody. Texas red
and FITC fluorochromes were excited simultaneously using the 514-nm laser line. The left half of the
micrographs corresponds to the red-channel images (R). The associated green-channel images (G)
are shown in the right half. The figure corresponds to the optical sections collected at 1-pm intervals
in the two channels. This sequence demonstrates the intracellular localization of the bacterial ma-

terial and degraded bacteria.

vations might be limited for long incubations, contrary to
bacteria, whose labeling was much more stable with Texas
red.

DISCUSSION

Confocal microscopy and transmission electron micros-
copy provide information on the intracellular traffic of ampi-
cillin-nanoparticles in peritoneal macrophages, particularly
with regard to the possibility to observe S. typhimurium
within macrophage compartments.

FITC-dextran was found to be a good labeling probe of
ampicillin-nanoparticles in short-term incubation experi-
ments (90 min). Indeed, dextran has been observed to be
tightly bound to the polymeric structure (25), and PIHCA
nanoparticles are enzymatically degraded at a slow rate (8).
The intracellular distribution of ampicillin-nanoparticles was
visualized in vesicular compartments of macrophages and
was consistent with that in previously published experiments
using propidium iodide-labeled polyisobutylcyanoacrylate
nanoparticles in 1.929 fibroblasts (16).

In other respects, examination of ultrathin sections by
transmission electron microscopy revealed the formation of
pseudopods at the cell membrane, endocytic vacuoles, and
accumulation of nanoparticles within phagosomal and
phagolysosomal compartments. The localization of nanopar-
ticles in phagolysosomal vacuoles suggested that there was
fusion between vacuoles containing nanoparticles and pri-

mary lysosomes; this is in agreement with the well-known
lysosomotropic character of the carrier (7). Thus, by elec-
tron microscopy and confocal microscopy, the data clearly
demonstrated that active uptake of ampicillin-nanoparticles
by peritoneal macrophages.

Transmission electron microscopy allowed us also to
observe the colocalization of ampicillin-nanoparticles and
bacteria and demonstrated the feasibility of targeting bacte-
ria by means of nanoparticles. In infected macrophages, bac-
teria undergoing degradation could be observed (Figs. 4 and
5). However, after 90 min of incubation, it was not possible
to discriminate between the bactericidal effect of the ampi-
cillin-nanoparticles and that of macrophages themselves,
which essentially takes place in the first hour following the
infection (10).

The frequency with which one nanoparticle and one
bacterium were observed by electron microscopy in the
same vacuole was estimated on the same ultrathin section. It
was found that about 1 to 5% of bacteria could be seen jointly
with nanoparticles. However, according to the smaller diam-
eter of the nanoparticles (0.22 um) compared to the size of
the bacteria (2 X 0.5 wm), the probability of observing a
nanoparticle and a bacterium together on the same ultrathin
section is about 10 times lower than the frequency of a real
encounter. Thus, although this event was rarely detected,
the real frequency should be notably higher, lending evi-
dence to a significant targeting of ampicillin-nanoparticles
toward infecting bacteria.

The inhibition of phagosome-lysosome fusion due to S.
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typhimurium described elsewhere (1,2) could prevent con-
tact between the bacteria, present mainly in phagosomes,
and ampicillin-nanoparticles, present in secondary lyso-
somes. This mechanism is, thus, supposed to limit partly the
intracellular targeting of S. typhimurium by nanoparticles
and could explain our observations that numerous bacteria
were detected inside compartments apparently free of nano-
particles.

Concerning ampicillin release from nanoparticles, it
could be, as reported previously, that the drug was liberated
after bioerosion of the nanoparticles (24,26). On the other
hand, it has been shown that even though pure chemical
hydrolysis may occur at high pH levels, the main part of the
bioerosion process resulted from the enzymatic degradation
through esterases (22). With regard to the diffusion of drug
out of intact nanoparticles, it seemed to occur at a very low
rate (18,12). Thus, in our model, it was reasonable to con-
sider that the polymer should be essentially degraded intra-
cellularly by lysosomal esterases before the antibiotic could
be released to display a significant antimicrobial effect.
Moreover, degradation of nanoparticles could be detected
within a short time (90 min). In this case, degraded nanopar-
ticles corresponded to the release of electron-dense material.

Incubations for longer times (14 hr) were realized, but as
bioerosion progressed, the nanoparticles could not be iden-
tified with certainty (Fig. 2B, control) or they were difficult
to see (Fig. 3C) since their size was reduced and the polymer
was rather solubilized. Consequently, only short incubation
times (1-3 hr) allowed unquestionable identification of nano-
particles.

Finally, it is important to note that the eventual toxic
effect of the degradation products from nanoparticles on
bacteria in the phagolysosomes was not measured under our
conditions. However, drug-free nanoparticles have previ-
ously shown no antimicrobial effect (20).

In conclusion, the observation of ampicillin-
nanoparticles jointly with intracellular bacteria demon-
strated that the drug could be concentrated in infected cell
compartments inducing a direct in situ action by contact of
nanoparticles with the bacteria. On the other hand, released
ampicillin may also diffuse (5) across lysosomal membranes,
to be redistributed through the cell, reaching bacteria located
in other compartments. Thus, the antibacterial efficacy may
have resulted from both direct targeting of bacteria by ampi-
cillin-nanoparticles and diffusion of the antibiotic from one
vacuole to another.
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