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Abstract

An in vitro cell culture model based on a rat alveolar macrophage (AM) cell line, NR8383, was used to determine
if poly(L-lactide) (PLA) microspheres prepared by the precipitation with a compressed antisolvent (PCA) method can
be taken up by AMs and activate AMs. To examine cellular uptake of microspheres, microspheres were labeled with
rhodamine 6G. Using fluorescence microscopy, the uptake of microspheres by NR8383 cells was followed as a
function of time, microsphere concentration, and susceptibility to lysosomotropic agents. To determine if micro-
spheres can activate NR8383 cells, the oxidative burst and production of TNF-a by NR8383 cells following
microsphere treatment was measured. Uptake of microspheres by NR8383 cells was dependent on microsphere
concentration and appeared to occur via endocytosis, as uptake was significantly inhibited by the putative
lysosomotropic agents, ammonium chloride and chloroquine. Furthermore, the microspheres do not appear to
activate NR8383 cells, since microsphere exposure results in negligible oxidative burst and TNF-a production in
NR8383. Microspheres prepared by the PCA method hold great potential in targeting drugs to AMs and, therefore,
may be of utility for the treatment of diseases in which AMs play an important role, such as tuberculosis (TB).
© 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

Tuberculosis (TB) is a communicable infectious
disease caused by Mycobacterium tuberculosis. It
most commonly affects the lungs, although any
body site can be involved (CDC, 1989). Despite
the availability of therapies for controling the vast
majority of existing cases, the incidence of TB is
increasing (ATS/AAP/CDC/IDSA, 1992). This is
because many patients with TB (such as AIDS
patients, elderly, drug abusers, and the urban
poor) usually have significant social problems,
and compliance with a drug therapy that lasts for
6–12 months is frequently poor (CDC, 1989;
ATS/CDC, 1990; ATS/AAP/CDC/IDSA, 1992;
Raviglione et al., 1995). Current therapy requires
large oral doses of antibiotics which often leads to
significant side effects (Kucers and Bennett, 1987;
McEvoy, 1993). This serves to further reduce
compliance, contributing to an increased rate in
drug resistance.

TB in a susceptible host is caused by inhalation
of tubercle bacilli in fresh airborne droplets (B10
mm in size) emitted by the coughing pulmonary
TB patient (CDC, 1989). Upon deposition in the
alveolus, the tubercule bacilli are phagocytosed
and destroyed by alveolar macrophages (AMs)
(Dannenberg, 1991). However, in some instances,
virulent bacilli continue to grow within the AMs,
eventually releasing additional bacilli (Dannen-
berg, 1991; McDonough et al., 1993; McEvoy,
1993). Thus, the failure of TB patients to comply
with drug therapy, the manifestation of significant
side effects, and the need to target the drug ther-
apy to the AMs, emphasizes the inadequacy of
current oral therapies for TB.

Pulmonary delivery of biodegradable micro-
spheres containing antitubercular drugs is a par-
ticularly attractive alternative to massive oral
dosing since the lungs are the organs most com-
monly affected (CDC, 1989). The ability to pro-
duce microspheres capable of releasing drugs in a
sustained fashion should lead to reduced doses
and less frequent administration. Lower doses
will, in turn, lead to fewer side effects, create cost
savings and potentially enhance patient compli-
ance. In addition, pulmonary delivery of sustained
release formulations provides an opportunity for

direct targeting of drug to the AM, where the
mycobacterium is highly protected (Dannenberg,
1991; McDonough et al., 1993).

Recently, utilizing a technology developed in
our laboratory, we have successfully incorporated
antitubercular drugs into poly(L-lactide) (PLA)
microspheres of an appropriate size for delivery
into the alveoli (unpublished results). This ap-
proach uses either precipitation with a com-
pressed anti-solvent (PCA) or a combination of
PCA and hydrophobic ion pairing (HIP) to incor-
porate lipophilic or non-lipophilic antitubercular
agents into the PLA microspheres. Detailed de-
scription of these procedures have been reported
previously (Matsuura et al., 1993; Powers et al.,
1993; Randolph et al., 1994). For microspheres
prepared by this method to be useful in the treat-
ment of TB, it is necessary to evaluate if PLA
microspheres prepared by the PCA method can
interact favorably with AMs. In this study, inter-
action of PLA microspheres prepared with the

Fig. 1. Scanning electron micrograph of rhodamine 6G-labeled
PLA microspheres (magnification ×5000).
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Fig. 2. Fluorescence micrograph of NR8383 cells showing
cell-associated rhodamine 6G-labeled microspheres (magnifica-
tion ×400). Microspheres fluoresce yellow whereas cells are
labeled green.

grade, was obtained from US Welding. HAMS
F12 cell culture medium and heat-inactivated fetal
calf serum (FCS) were obtained from Gibco
(Grand Island, NY).

2.2. Preparation of rhodamine 6G-labeled
microspheres

Rhodamine 6G-labeled PLA microspheres were
prepared by ion-pairing the rhodamine 6G with
AOT, dissolving the resulting ion-paired complex
in a PLA/methylene chloride solution, and spray-
ing the mixture through an ultrasonicated (120
kHz) nozzle into supercritical CO2 at 85 bar and
35°C. Fresh CO2 was co-flowed into the spraying
chamber at a volumetric flow rate 20 times that
for the PLA/methylene chloride solution. Micro-
spheres were washed by flowing approximately
three spray chamber volumes of pure CO2

through the system after spraying was terminated.
The details of the process have been previously
described (Falk et al., 1997). Microspheres were
later collected for scanning electron microscopic

PCA method with a rat AM cell line, NR8383,
was investigated. Since AMs contribute to early
pulmonary defenses against a variety of external
stimuli (Hocking and Glode, 1979) and are known
to respond to these stimuli by undergoing in-
creased oxidative metabolism (Fantone and
Ward, 1982) and production of inflammatory cy-
tokines such as interleukin-1 (IL-1) and tumor-ne-
crosis factor-alpha (TNF-a) (Driscoll and
Maurer, 1991), the tendency of these microspheres
to activate NR8383 cells was also investigated.

2. Materials and methods

2.1. Materials

Rhodamine 6G; aerosol-OT (AOT); penicillin/
streptomycin; ammonium chloride (NH4Cl);
chloroquine; horse radish peroxidase; luminol
(Sigma, St. Louis, MO); PLA (ICN Biomedical,
Costa Mesa, CA); spectrophotometric grade
methylene chloride (Aldrich, Milwaukee, WI)
were of analytical grade. Carbon dioxide, medical

Fig. 3. Effect of amount of microspheres on cell association.
To determine the proportion of cells found associated with
fluorescently-labeled microspheres, cells were fixed and pho-
tographed for scoring. Each column is the mean9S.D. of six
visual fields (each field contains about 200 cells). * PB0.05,
Scheffe’s F-test, compared with the percentage cells incubated
with 25000 or 50000 particles.
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Fig. 4. Effects of lysosomotropic agents, chloroquine and ammonium chloride (NH4Cl), on cell association of microspheres. To
determine the proportion of cells found associated with fluorescently-labeled microspheres, cells were fixed and photographed for
scoring. Each column is the mean9S.D. of six visual fields (each field contains about 200 cells). * PB0.05, Scheffe’s F-test,
compared with respective controls.

(SEM) analysis on an aluminum SEM stub, and
gold sputter coated for 5 min using an Anatech
Hummer II sputter coating apparatus. Scanning
electron micrograph was taken at ×5000 with a
Cambridge Stereoscan S250 MKIII scanning elec-
tron microscope using a previously described pro-
cedure (Falk et al., 1997).

2.3. Cell culture of NR8383

NR8383 (ATCC CRL-2192, Rockville, MD), a
rat AM cell line, was cultured in a flask (75 cm2,
Costar, Boston, MA) in Hams F12 medium sup-
plemented with 15% FCS, penicillin (50 U/ml)
and streptomycin (50 mg/ml) (culture medium)
under standard culture conditions of 37oC, 5%
CO2 and 95% humidity. These cells exhibit many
characteristics of AMs, such as response to appro-
priate microbial, particulate or soluble stimuli
with phagocytosis and production of reactive oxy-
gen species (ROS) and inflammatory cytokines
such as IL-1 and TNF-a (Helmke et al., 1987).

2.4. Examination of uptake of microspheres by
NR8383

To determine if PLA microspheres prepared by
the PCA method are taken up by AMs, the
time-course of uptake of different concentrations
of rhodamine 6G-labeled microspheres in the
presence or absence of lysosomotropic agents was
examined in vitro using NR8383. Briefly, 500 m l
aliquots containing 105 cells in culture medium
were added to tissue cell culture inserts (12 mm
Transwell, 0.4 mm pore size, Costar) that had
previously been coated with type I rat tail colla-
gen (Becton Dickinson, Bradford, MA). The in-
serts were then placed in the wells of a 12-well
cluster plate. To each well, 1.5 ml of the culture
medium were added and the cells were allowed to
grow overnight in a cell incubator (37oC, 5% CO2)
prior to the uptake studies.

To initiate uptake studies in the absence of
lysosomotropic agents, cells were rinsed twice
with serum-free culture medium. After rinsing, 1.5
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Fig. 5. Time course of oxidant production by NR8383 cells induced by microspheres and zymosan. Inset figure shows oxidant
production induced by the different amounts of microspheres using a larger scale. Oxidant production was measured as increased
chemiluminescence of luminol (in relative light units, RLU). Data represent the mean9S.D. from three experiments. *PB0.05,
two-way ANOVA, compared with oxidant production in untreated (control) cells.

ml of serum-free culture medium were then added
to each well. Subsequently, 500 m l of different
concentrations of rhodamine 6G-labeled micro-
spheres (average size :1 mm) suspended in
serum-free culture medium (50000, 100000 or
300000 microspheres/ml) were added to the cell
culture inserts and allowed to settle onto the cells.
Microsphere concentrations were determined by
counting on a hemocytometer. After a 1-h incuba-
tion, the medium was aspirated and the cells
rinsed twice with Hanks Balanced Salt Solution
(HBSS, pH 7.4) buffer. The cells were then fixed,
stained with fluorescein-labeled phalloidin
(Molecular Probes, OR) to label the actin
filaments (Phillips and Tsan, 1988) and examined
under a Nikon Microphot-FX fluorescence micro-
scope (excitation l : 490 nm; emission l : 520 nm)
for evidence of uptake of microspheres. At these

specific wavelengths, rhodamine 6G-labeled mi-
crospheres appear as yellow particles whereas the
NR8383 cells appear green due to the staining of
actin molecules by fluorescein-conjugated
phalloidin.

In uptake studies conducted in the presence of
lysosomotropic agents, cells were first rinsed twice
with serum-free culture medium. Subsequently,
the cells were preincubated with serum-free cul-
ture medium containing either NH4Cl (10 or 20
mM) or chloroquine (100 or 200 mM). After 1 h
of incubation, the medium in the inserts was
aspirated and replaced with 500 m l fresh serum-
free culture medium containing the appropriate
lysosomotropic agents and microspheres sus-
pended at different concentrations (50000, 100000
or 300000 microspheres/ml). After an additional 1
h incubation, the medium was aspirated and the
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cells rinsed twice with HBSS buffer. The cells
were then fixed and examined under a fluores-
cence microscope for evidence of uptake of mi-
crospheres (as described above).

2.5. Measurement of oxidant production by
NR8383 cells

Oxidant production as a function of micro-
sphere concentration was measured using chemi-
luminescence using a previously described
procedure (Archer et al., 1989). Prior to the
start of the experiments, cells were harvested
from the flask and subjected to centrifugation
(1000 rpm) for 10 min. The cells were resus-
pended in serum-free culture medium to a final
concentration of 2×106 cells/ml. Cell suspen-
sion (100 m l) was placed in each well of an
opaque, 96-well plate (Dynex Technologies,
Chantilly, VA). The cells were allowed to adhere
to the plate (approximately 1 h) and, prior to
the addition of the non-fluorescently labeled mi-

crospheres, 200 m l of buffered luminol solution
(10−4 M) containing horseradish peroxidase (0.5
mg/ml) were added to each well. Oxidant pro-
duction by AMs was determined by luminol
chemiluminescence using a luminometer (Lumis-
tar, BMG, Durham, NC) at 37oC. After mea-
surement of baseline chemiluminescent light
emission (baseline, time 0), 100 m l of serum-free
culture medium containing different concentra-
tions of microspheres (500000, 2.5 million or 5
million microspheres/ml) or opsonized zymosan
(60 mg/ml) were added to the wells. Chemilu-
minescent light emission was measured every 10
min thereafter for 2 h. Experiments were carried
out in triplicate. The assay has a detection limit
of approximately 100 nM hydrogen peroxide.

2.6. Measurement of TNF-a production by
NR8383 cells

Measurement of TNF-a production as a func-
tion of microsphere concentration was con-
ducted using an enzyme-linked immunosorbent
assay (ELISA) method for TNF-a. Briefly, 200
m l aliquots containing 2×105 cells in culture
medium were added to the wells of a 96-well
cluster plate and the cells were allowed to grow
overnight in a cell incubator (37oC, 5% CO2).
On the second day, the medium in each well
was aspirated and replaced with 200 m l of fresh
culture medium containing either zymosan (60
mg/ml) or various concentrations of micro-
spheres (500000, 1 million or 1.5 million parti-
cles/ml) for overnight incubation in a cell
incubator (37oC, 5% CO2). TNF-a production
by NR8383 cells was then assayed 24 h later by
evaluating media TNF-a levels using an ELISA
assay kit for TNF-a (Genzyme Cat c 80-3905-
01).

2.7. Statistical analysis

Comparisons were made between groups by
analysis of variance (ANOVA) and post hoc
Scheffe’s F-test. In time-course experiments,
two-way ANOVA was conducted to delineate
differences between groups. Statistical signifi-
cance was arbitrarily defined as PB0.05.

Fig. 6. Microsphere-induced production of TNF-a by NR8383
cells. Zymosan is included as a positive control. TNF-a pro-
duction was measured using an ELISA kit by Genzyme Corp.
Data represent the mean9S.D. (n=8). *PB0.05, Scheffe’s
F-test, compared with TNF-a produced by untreated (control)
cells.
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3. Results

3.1. Preparation of PLA microspheres

In general, the rhodamine 6G-labeled micro-
spheres prepared by the PCA method exhibit a
narrow size distribution, centered between 0.5 and
1.0 mm. Further, the shape of the microspheres
tends to be spherical or slight ellipsoidal, as
shown in the accompanying scanning electron
micrograph (Fig. 1). For this study, a low loading
factor of rhodamine 6G (1% by weight) was used,
although higher loads are possible.

3.2. Examination of uptake of microspheres by
NR8383 cells

One means of studying particle–cell interaction
is to fluorescently label the particles and observe
their interaction with the targeted cells by fluores-
cence microscopy. The advantages of using
fluorescently-labeled particles rest in the ability to
visualize such interactions and to quantify the
extent of such interaction. As indicated in Fig. 2,
extensive interaction between rhodamine 6G-la-
beled microspheres and NR8383 cells (as reflected
by the yellowing of the otherwise green-stained
cells) was observed. Since it is possible that cellu-
lar uptake of free rhodamine, which might have
leached out from the labeled particles, could have
contributed to the same observation, control ex-
periments investigating the interaction of free rho-
damine with NR8383 cells were conducted. Our
results indicated no evidence of cellular uptake of
rhodamine (data not shown), thus, excluding free
rhodamine as a source of cellular fluorescence.
The particle–cell interaction appeared to depend
on the incubating concentrations of the micro-
spheres as evidenced by the increase seen in the
proportion of NR8383 cells found associated as
the concentration of the microspheres was in-
creased (Fig. 3).

While these data imply that the microsphere–
cell interaction is a concentration-dependent
event, it was unclear if the majority of the cell-as-
sociated microspheres were merely adhering to the
external surface of the cells or were actually taken
into the cells. Since most cellular uptake processes

occurs via endocytosis, it was reasoned that cell-
associated microspheres should be reduced in the
presence of inhibitors of endocytosis. To verify
this contention, microsphere–cell interaction
studies were carried out in the presence of differ-
ent concentrations of NH4Cl or chloroquine, lyso-
somotropic agents which inhibit endocytosis
(Sandvig et al., 1979). As indicated in Fig. 4,
incubating the cells with lysosomotropic agents
substantially reduced the extent of interaction of
the microspheres with the NR8383 cells, with
most extensive reductions (\50%) seen when
higher concentrations of lysosomotropic agents
were used. In addition, chloroquine appeared to
exert more inhibiting effects than NH4Cl (100–
200-fold) on the number of microspheres associ-
ated with the cells (Fig. 4).

3.3. Measurement of oxidant production by
NR8383 cells using chemiluminescence

Exposure of NR8383 cells to 50000, 250000,
500000 microspheres induced small, but signifi-
cant, concentration-dependent production of ROS
by AMs (Fig. 5 inset). However, the production
was insignificant when compared with that pro-
duced by opsonized zymosan, an agent known to
be phagocytosed and to activate macrophages
(Synderman et al., 1969) (Fig. 5).

3.4. Measurement of TNF-a production by
NR8383 cells using ELISA

Exposure of AMs to 100000, 200000, 300000
microspheres induced low level production of
TNF-a by AMs (Fig. 6). By contrast, significant
generation of TNF-a was produced by opsonized
zymosan.

4. Discussion

AMs are phagocytic cells that play an impor-
tant role in early pulmonary defenses against in-
haled substances (Hocking and Glode, 1979) and
are known to undergo increased oxidative
metabolism (Fantone and Ward, 1982) and re-
lease of inflammatory cytokines (IL-1 or TNF-a)
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(Driscoll and Maurer, 1991) following their acti-
vation by phagocytosis of particulates. Accord-
ingly, a concern with microsphere delivery to the
peripheral airways relates to the potential of the
microsphere to encounter AMs, undergo phago-
cytosis and activate AMs and, thereby, initiate an
inflammatory response in the lung. Under in vitro
conditions, this would manifest as induction of an
oxidative burst and release of cytokines such as
IL-1 and TNF-a by the AMs. To examine this
possibility, the interaction between microspheres
and a line of cells (i.e. NR8383 cells) with features
similar to AMs was investigated. The results indi-
cate that microspheres generated by the PCA
method appear to be taken up by AMs. This
process occurred in a manner which was depen-
dent on the concentration of microspheres to
which the cells were exposed. Further, the micro-
spheres seem to be taken up by endocytosis as
evidenced by the ability of the lysosomotropic
agents, NH4Cl and chloroquine, to inhibit associ-
ation of the microspheres with the cells. Hence, it
would appear that microspheres can ‘target’ the
AM. Most importantly, the interaction between
the microspheres and the NR8383 cells is not
associated with significant activation of the cells.
Indeed, the magnitude of the oxidative burst as
well as release of TNF-a induced by the highest
concentration of microspheres was negligible
when compared with that induced by opsonized
zymosan, a known phlogistic agent that activates
macrophages during phagocytosis (Synderman et
al., 1969). These results lend credence to the no-
tion that these microspheres can target AMs with-
out eliciting a pulmonary inflammatory response
promoted by AMs. However, it is currently un-
clear what mechanisms are responsible for the
endocytosis of these microspheres by NR8383
cells. Our results would indirectly rule out the
possible influence of microsphere interaction with
serum constituents or opsonins on macrophage
uptake since microsphere induction of oxidative
burst and production of TNF-a in NR8383 cells
are both negligible despite the fact that one exper-
iment was carried out in the absence of serum
(oxidative burst) and the other was not (TNF-a).
These results support the notion that pulmonary
surfactant (which contains opsonins) has only a

small effect on the endocytosis of microspheres by
macrophages (Stringer and Koszik, 1996).

In conclusion, targeting drugs to AMs has the
distinct advantage of delivering high concentra-
tions of drug to a cell which plays a central role in
the progression of TB. The present results indicate
that microspheres prepared by the PCA method
are a feasible means of delivering drug to AMs in
that endocytosis of the microspheres occurs in the
absence of significant activation of the
macrophage. Accordingly, the likelihood of in-
duction of pulmonary inflammation by inhalation
of PCA-processed microspheres seems remote.
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