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Intracellular dissolution of inhaled particles is an important pathway of clearance of potentially toxic
materials. To study this process, monolayers of human and canine alveolar macrophages (AM) were main-
tained alive and functional in vitro for more than 2 wk. Complete phagocytosis of moderately soluble,
monodisperse ¥Co,0, test particles of four different sizes was obtained by optimizing the cell density of
the monolayer and the particle-to-cell ratio. The fraction of the initial particle mass that was soluble in-
creased over time when the particles were ingested by AM but remained constant when in culture medium
alone. Smaller particle sizes had a faster characteristic intracellular dissolution rate constant than did
larger particles. ‘

The dissolution rates differed between AM obtained from two human volunteers as compared to those
obtained from six mongrel dogs. These in vitro dissolution rates were very similar to in vivo translocation
rates previously obtained from human and canine lung clearance studies after inhalation of the same or
similar monodisperse, homogeneous ¥Co,0; test particles. We believe an important clearance mecha-
nism for inhaled aerosol particles deposited in the lungs can be simulated ir vitro in a cell culture system.

Alveolar macrophages (AM) ingest particles deposited in the
lungs. The role of these cells in phagocytosis and breakdown
of bacteria and other organic materials is well known (1). In-
gestion of inorganic particles by AM is also well defined (1),
but subsequent AM-mediated clearance mechanisms remain
controversial. A potentially important aspect, the dissolu-
tion of particles in AM with subsequent translocation of the
dissolved material to the blood, has received less attention.
Particle dissolution in the lungs has been recognized as an
important clearance pathway (2-8), but the process was
thought to be carried out extracellularly in the alveolar lining
layer, airway mucus, or interstitial fluid. Thus, emphasis has
been placed on models estimating dissolution rates of parti-
cles in simulated lung fluids or serum (3-7, 9-17).

Recent studies on beagle dogs showed that various forms
of inhaled homogeneous cobalt oxide particles were cleared
predominantly by dissolution of the particles in the lungs and
subsequent translocation to blood (18, 19). The rate of disso-
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lution of cobalt oxide in the lungs depended on the physico-
chemical properties of the particles such as size, density,
specific surface area, and chemical composition. These par-
ticles dissolved negligibly in serum, lung fluid simulants,
and saline solutions (20, 21). When pulmonary clearance
of these particles was compared among different species,
slightly different dissolution patterns for cobalt oxide
(Co,0,) particles were found in humans, baboons, beagle
dogs, guinea pigs, hamsters, mice, and three different strains
of rats (22, 23). All of these data, however, were consistent
with the hypothesis that dissolution of the particles occurred
intracellularly in AM, because particles were shown to be
phagocytized and because dissolution and translocation was
far greater in vivo than in serum simulant solvents. Also, re-
cent work has shown that cultured AM can dissolve some
particles (24-30).

In the work reported here, the dissolution rates of mono-
disperse, chemically homogenous, radiolabeled ¥Co;Q, par-
ticles of different sizes in cultured AM were determined. We
also compared these rates to those found in vivo for the same
particles and found them consistent. We believe an important
clearance mechanism for particles deposited in the lungs,
macrophage-mediated particle dissolution, can be simulated
in vitro.

Materials and Methods
57C0304 Particles

To produce monodisperse ¥Co,0, particles, a cobalt nitrate
("Co(NQ;),) aerosol was generated with a spinning-top aero-
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sol generator, followed by thermal degradation at 800° C
(21). The resulting spherical particles were porous, with a
surface area 10 times larger than their calculated spherical
area (31). Co,0, retains its chemical form and crystalline
structure and does not decompose in ambient air. Four sepa-
rate particle sizes (mean geometric diameter: 0.3, 0.7, 0.8,
and 1.7 um) were used for these studies. All geometric stan-
dard deviations were about 1.1. The 0.8-um particles were
originally made for a European interspecies comparison of
lung clearance (22, 23, 32, 33).

Alveolar Macrophages

Canine AM were obtained from six adult mongrel dogs of
both sexes by bronchoalveolar lavage (BAL). Animals were
anesthetized using intravenously administered thiamyl (2
mg/kg body weight; Parke Davis, Morris Plains, NJ); addi-
tional doses were given as necessary. BAL was performed
with a fiberoptic bronchoscope (Model BF-IT; external di-
ameter, 6 mm; Olympus Corp., New Hyde Park, NY). Un-
der direct visualization, the bronchoscope was wedged gent-
ly in a subsegmental bronchus. Three aliquots of 15 ml
sterile saline (Travenol Lab., Deerfield, IL) at room temper-
ature were instilled via the instrument channel and then
gently aspirated into a sterile suction trap. A total of 180 ml
of saline was instilled per dog, divided equally among sub-
segmental bronchi in four different lobes. A differential
count of 400 BAL cells was performed on Wright Giemsa-
stained cytocentrifuge preparations (Cytospin 2; Shandon
Southern Instruments, Sewickley, PA), using standard mor-
phologic criteria (36). The remainder of the BAL was
strained through four layers of sterile coarse cotton gauze to
remove mucus and centrifuged at 400 X g for 10 min. The
cell pellets were resuspended in medium RPMI 1640 (GIBCO,
Grand Island, NY) supplemented with 2% penicillin/ strepto-
mycin (10" U/ml) and 5% FCS (GIBCO). Total cell counts
were determined using a Coulter counter (Coulter Electron-
ics Inc., Hialeah, FL) and confirmed with a hemocytometer.

Human AM were obtained from two healthy, adult, non-
smoking male volunteers, 21 and 28 yr of age. Physical exam
and spirometry were normal, and an informed consent form
approved by the New England Deaconess Hospital Human
Studies Committee was signed. BAL was carried out in a
manner similar to that described above for the dogs, except
that only intramuscularly administered atropine (0.4 mg) and
topical lidocaine were used for local anesthesia. Three 50-ml
aliquots of sterile saline were instilled into subsegmental
bronchi in the right middle and lingula lobes (total of 300
ml instilled). Differential cell counts, centrifugation, and
suspension of the cells in media were as described above.

For culture, canine or human BAL cells were transferred
to RPMI 1640 medium with penicillin/streptomycin and 5%
FCS. Aliquots were then placed in flat-bottom, 96-well plates
at 2 x 10 cells/well (Linbro cell culture plates; Flow Lab-
oratories, McLean, VA). The plates were kept in a humidi-
fied incubator at 37° C with 95% air and 5% CO,. After
an initial incubation of 2 to 4 h, the medium was changed
to remove nonadherent cells. Aliquots of fresh RPMI 1640
media with antibiotics, 5% FCS, and ¥Co,0, particles at a
particle-to-cell ratio of 2:1 were then added. Adherent cells
covered 5 to 10% of the surface area of the bottom of each

well. Atleast one plate containing cells without particles was
used as a control. Also, for each particle size, plates contain-
ing particles, but no cells, were incubated.

To assure that all S’Co;0, particles had been ingested by
AM, the cell culture plates for the 1.7-um particles were ob-
served directly using an inverted light microscope at 200X
magnification. Phagocytosis of the smaller particles was
monitored in chamber slides (Lab-Tek) after incubation of
cells and particles under the same conditions. After 3 d of
incubation, fixed and Wright Giemsa-stained cells examined
at 400 and 1,000x magnification showed that all particles
were ingested. In preliminary studies, the cell concentration
varied between 5 X 10° and 50 X 10° cells/well and the
particle-to-cell ratio was between 0.5:1 and 20:1, in order to
select the best conditions. Our criteria included cell main-
tenance during 2 wk of incubation and complete phagocyto-
sis of the test particles within the first 2 to 3 d.

Quantitation of Co Dissolution

Measurements of the dissolved and the particulate fraction
of ¥Co were made at least five times over 2 wk. At each
time point, for each particle size, media from six wells were
removed and filtered with vacuum through a 0.22-um mem-
brane filter (diameter, 13 mm) to separate dissolved from
particulate or cell-bound Co. To minimize wall losses,
100-u1 samples were pipetted onto the filter supported on an
open plastic filter holder (Millipore, Bedford, MA). The re-
maining cell monolayers were lysed by addition of 100 ul of
1% Triton X 100 to each well. After 15 min, cell lysates
were removed and filtered through a separate membrane fil-
ter. Finally, the wells were thoroughly wiped with a cotton-
tipped applicator stick. Filtrates of the samples contained the
dissolved Co fractions, while particulate material was
found on filters and the cotton applicator. To determine
differential counts of cell monolayers at different times, cells
from two additional wells were gently removed by repeated
pipetting. These cells were cytocentrifuged onto microscope
slides and stained with Wright Giemsa.

The dissolved and particulate fractions of ¥Co were de-
termined for each particle size by measuring radioactivities
of all filtrates, filters, and cotton applicators separately using
a Gamma counter (Packard Auto Gamma Scintillation Spec-
trometer). The control plates containing particles, but no
cells, were similarly measured. Dissolution rates were cal-
culated by approximating the dissolved SCo fractions at the
various time points with an appropriate model as outlined
later.

In Vitro Cell Monitoring

At each time, all the cell$ in a strip across the well diameter
were counted using an inverted light microscope (Leitz, New
York). From these counts, the total number of cells per well
was calculated. To evaluate the phagocytic function of the
cells, 20 ul of 2-um green fluorescent latex beads (Poly-
sciences, Warrington, PA) were added to four wells of the
control plate which contained AM but no.Co,0. particles.
Then the beads were gently mixed into the media of each
well. The cell-to-bead ratio of 1:20 and the cell concentra-
tion at the well bottom (only 5 to 10% was covered with
cells) were selected so that generally only single beads set-
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tled onto cells. Settling of the beads on the well bottom was
complete after 0.5 to 1 h of incubation, resulting in a uniform
spatial distribution of beads on the bottom.

Twenty-four hours later, the distribution of beads was no
longer uniform. Most of the beads were now cell-associated.
Cells with two or more beads after 24 h were defined as
phagocytic. The percentage of these cells and those with no
or only one bead was determined by light microscopy. Com-
parisons of phagocytosis of latex between AM that initially
had or had not ingested ’Co,0, particles were also carried
out. The presence of ingested °Co,0, particles had no
effect on latex phagocytosis. Therefore, almost all phagocy-
tosis measurements were made on AM controls without
$7Co,0, particles. In a preliminary study, the cell concen-
tration and phagocytic function of the cultured macrophages
were followed for 6 wk.

To determine if binding of dissolved Co to protein had any
effect on our analysis, protein was precipitated with TCA
from filtered media as well as cell lysates and then separated
by centrifugation. We also investigated extracellular particle
dissolution by enzymes and/or other cell products released
from the macrophages. In these studies, after 4 d of incuba-
tion, conditioned media was collected from wells containing
AM and nonradioactive Co;0, particles or latex particles.
After filtration of the harvested media, radioactively labeled
$C0,0, particles were added to the filtrate, incubated for
10 d, and assayed for dissolution.

The toxic effect of Co?* ions in media at concentrations
up to 1 pg/ml on the AM in vitro was also investigated by
morphologic appearance, as well as by sequential determina-
tions of the cell concentration and phagocytic function.

Finally, to study the relationship between the cellular
functions of phagocytosis and particle dissolution in AM, we
changed the incubation temperature from 37° C to 20° C.
Lower temperatures should slow down metabolic processes
and provide a means to rank the temperature sensitivity of
intracellular dissolution, cell survival, and phagocytic func-
tion. Two plates of AM from dogs 5 and 6 were prepared for
0.3- and 0.7-um particles each. The temperature change was
made in one plate 4 d after incubation in order to assure com-
plete phagocytosis of the Co,0, particles; low temperature
was then maintained for the next 10 d. During this time, in-
tracellular dissolution, cell survival, and phagocytic func-
tion were compared with those obtained from cell cultures
remaining at 37° C for the entire time.

Modeling of Dissolution Kinetics

Dissolution of particulate matter depends upon chemical and
physical properties of the solvent and the particles. The in-
trinsic solubility of a material is described by the dissolution
rate constant k of this material in a certain solvent and the
particle surface. In this study, for a given set of AM or me-
dia, we varied the physical particle parameters and kept the
other variables constant. Hence, we derived a model that
predicts dissolution rates as a function of particle properties.
This model is applied to the measured dissolved fractions at
the various time points, and thus the dissolution rates for the
four particle sizes are calculated.

We assume that the rate of change of the remaining mass,

m, of a batch of particles is proportional to their surface
area, S, (5, 6, 14, 15):

dm _
dt

with k the dissolution rate constant.

- kS 7))

The. ¥Co;0, particles used in this study are monodis-
perse, spherically shaped, and structurally as well as chemi-
cally homogeneous (21, 31). However, because they are po-
rous particles, dissolution could involve the inner as well as
the outer surface area. To include this inner surface area, we
assume that the ratio of the surface to mass, the specific sur-
face area s, = S(t)/m(t), remains constant over time. Then
the fractional rate of change of mass is proportional to the
remaining mass:

1 dm S

E{R=—km=_k50 (2)

Therefore, the dissolved mass fraction at any time, t, is:

_— E = — —kspt
1 —~ 1 —e 3
where m, is the initial mass of the particles.

The observed dissolution rates, K, of the four particle
sizes should depend on the initial particle properties. These
rates are the product of the dissolution rate constant k and
the initial specific surface area s,.

K=ks 4)

In an earlier study (31), we found that the specific surface
area of monodisperse, porous Co;O, particles of 1-um
mean geometric diameter was 10 times larger than their
spherical surface area. These particles were produced under
the same conditions as the four batches used in this study.

The porosity of the CoO, particles results from the rapid
decomposition of the crystalline Co(NO;); particles in the
tube furnace. Because furnace temperature and aerosol flow
velocity was the same for the production of all particles, the
same specific surface area is assumed for all four particle
sizes. Hence, the initial total specific surface area s, is a
function of the initial geometric particle diameter d, of
these spherical particles:

107rd? _ 60
o w6 dg o do

The density of bulk Co,0, is po = 6,05 g cm™, but the den-
sity of these porous Co;O, particles is p = 30 + 0.5 g cm™
as determined from the mean geometric diameter measured
by SEM and the aerodynamic median diameter measured by
a Stober aerosol centrifuge (21, 31).

&)

So =

Results

Cells Recovered from BAL

Parameters of the canine BAL are given in Table 1. Human
BAL cells numbered more than 107 and were at least 90%

macrophages by differential counts.
Adherent cells that remained after the media was changed
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TABLE 1

Recovery of the lavage fluid and total and differential
cell counts obtained from the BAL from six dogs*

Volume of recovered lavage

fluid (%) 75+ 6
Total cells recovered ( x 109) 22 + 8
Differential cell count (%)

Macrophages 74.7 £ 6.1

Neutrophils 7.4 +28

Lymphocytes 10.3 + 3.0

Eosinophils 57+ 34

Mast cells 1.2 + 09

Epithelial cells 0.7 + 0.9

* Values are expressed as mean + SD.

were always more than 95% AM. Monitoring of monolayer
cultures with an inverted light microscope revealed that
about 20 to 30% of the macrophages were lost during the
first 2 wk of incubation. Figure la shows cell concentration
in a control plate over a 4-wk period.

Approximately 85% of the AM in the control plates were
capable of ingesting latex beads on the second and fourth day
of incubation. After 2 wk of incubation, 60 to 70% of the
cells still ingested the beads. Figure 1b shows the phagocytic
function over a 4-wk period. Cell movement on the bottom
of the wells was observed to be continuous, and the cells
phagocytized free ¥Co,O, particles and cell debris. All par-

Viable AM fraction

0.0 t + t t

T

a2r k.

Phagocytic AM fraction

1 1 1 1 A
0 5 10 15 20 25 30
Days of Incubation

0.0

Figure 1. a. Concentration of viable canine alveolar macrophages
(AM) normalized to the initial concentration in the wells. b. Frac-
tion of cultured viable canine AM that phagocytized particles.

ticles were ingested within 2 to 3 d. At this time, the macro-
phages covered 5 to 10% of the well bottom and the particle-
to-cell ratio was 2:1. Cobalt ion concentrations up to 1 ug/ml
in media affected neither AM concentrations, morphologic
appearance, nor phagocytic function over a 2-wk period.

Particle Dissolution in Media

The fraction of Co that was soluble in particle-media suspen-
sions without cells increased during the first 6 to 10 h after
incubation but then remained constant throughout the entire
2 wk (Figure 2). Moreover, the dissolved Co fraction in me-
dia only was very small and characteristic for each particle
size. The smaller the particles, the greater the dissolved frac-
tion: 0.002, 0.007, 0.010, and 0.045 of the initial particle mass
became solubilized for 1.7-, 0.8-, 0.7-, and 0.3-um particles,
respectively. The addition of FBS to the medium had no
effect on dissolution of the particies.

When media were changed after the first day, dissolved
fractions were negligible at subsequent determinations, there-
by indicating that the initial increase in the dissolved Co frac-
tion reflected particle leaching of soluble Co rather than satu-
ration of Co in the media. This leaching effect could be
reduced significantly by washing the particles for 24 h prior
to incubation.

Intracellular Dissolution of ¥Co,;0, Particles

In Figures 2 and 3, the dissolved fractions obtained from AM
of each dog are averaged for each time point and plotted with
standard deviations. Similarly, the dissolved fractions for
particles in media only are shown in Figure 2. The dissolved
fraction in the latter remained constant during 2 wk, whereas
the dissolved fractions of ¥Co by AM increased with time
(Figure 2). The rate of dissolution was much faster for small-
er particles than for larger particles. After 2 wk in vitro,
50%, 5%, 3%, and 2% of the initial particle mass was dis-
solved for 0.3-, 0.7-, 0.8-, and 1.7-um particles, respectively.

In Figure 3, we distinguish the dissolved Co fraction in
the cell culture supernates versus the cell lysates for the four
different particle sizes. Most of the dissolved ¥Co appears
in the supernates. In contrast to the increasing dissolved
fraction in the AM culture supernates, the dissolved frac-
tions recovered from the cell lysates were small and re-
mained constant throughout the 2 wk. The mean dissolved
Co fractions of the initial particle mass for all cell lysates are
listed in Table 2 for all human and canine AM and all parti-
cles. Although the particles are clearly dissolved intracellu-
larly, the dissolved Co is released into the media.

Assessment of the Dissolution Model

In the application of the model for intracellular particle dis-
solution, particle-leaching fractions, as determined in the
cell-free control plates, were subtracted from the dissolved
fractions obtained from the AM cultures. From these data,
mean dissolution rates K and standard deviations were calcu-
lated for each set of AM and each particle size using Equa-
tion 3. To test the constancy of the dissolution rate within the
2 wk of incubation, dissolution rates were calculated for: (1)
the total period of incubation; (2) the final period, excluding
data from the first 6 d; and (3) the initial period, excluding
data after day 10, The standard deviations of these three rates
are given in Table 3 for all human and canine AM and all
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Figure 2. Mean dissolved “Co fractions of the initial ¥’Co0,0, particle mass averaged (with standard deviations) for each day of incuba-
tion. Data are presented for four different-sized particles phagocytized in canine AM or in cell-free media. Note, that the vertical scales

differ for the four particle sizes.

particles. (Each standard deviation was normalized to the
mean of the three rates.)

The mean dissolution rate constant k as calculated by
Equations 4 and 5 from all dog datais 1.4 + 0.1 X 10% g
cm2 d for 0.7-, 0.8-, and 1.7-um particles. But for 0.3-um
particles, the rate constant is 7.2 X 10 g cm™2 d™'.

Total and Intracellular In Vitro Dissolution Rates

In Table 4, total dissolution rates are calculated from the
measured dissolved ¥Co fractions obtained at various times.
These rates represent the combined effects of intracellular
particle dissolution and particle-leaching. These rates will
be compared later in the DISCUSSION section to in vifro trans-
location rates determined in previous lung clearance studies
(19, 22, 23, 32-34). However, particle-leaching reflects a
finite mass fraction on the particle surface which is dissolved
within hours after the particle is immersed in the solvent.
Later, particle-leaching is negligible as measured in the cell-
free control plate, which is shown in Figure 2.

In order to derive the intracellular particle dissolution
rate, the leaching fraction as determined simultaneously in
the cell-free control plate was subtracted from each total dis-
solved fraction prior to fitting the data to an exponential
function. These rates are given in Table 5. The standard devi-
ations for all the rates are smaller than the corresponding
rates in Table 4. This clearly indicates that the model for the

intracellular dissolution process improves when the term for
extracellular dissolution with a larger dissolution rate is
eliminated.

Mechanisms of Particle Dissolution

The dissolved Co was not bound to intracellular or extracel-
lular protein based on our protein precipitation studies.
Therefore, Co must be dissolved in an ionic or complex state
in the culture media.

Extracellular particle dissolution by enzymes and/or other
cell products released from the macrophages did not occur.
For all particle sizes, we observed no additional dissolution
in conditioned media when compared to the initial leaching
fraction seen in normal media. Therefore, dissolution was
maintained only by intracellular dissolution processes and
not by enzymes and/or other cell products released from AM.

When the incubation temperature was reduced from 37°
C to 20° C after 4 d of incubation, the number of AM in cul-
ture and their phagocytic function did not change compared
to the control cell cultures at 37° C. But no further dissolu-
tion occurred; the dissolved fractions remained constant
from day 4 to 14 and did not increase when the cultures were
incubated at 20° C. At the same time, particle dissolution in
media without cells did not differ significantly for the two in-
cubation temperatures. Comparisons of cultures incubated at
20° C and 37° C are shown in Figure 4 for 0.3- and 0.7-um
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Figure 3. Mean dissolved ¥Co fractions of the initial ¥Co,0, particle mass averaged (with standard deviations) for each day of incuba-
tion. Data are presented for the dissolved fractions found in the well media and AM lysates for four different-sized particles phagocytized
in canine AM or in the cell lysates (dissolved ¥Co remaining intracellularly). Note that the vertical scales differ for the four particle

sizes.

particles. Although phagocytic ability of the cells at 20° C
was unchanged, indicating that these cells were alive and
functional, the process of intracellular dissolution of the
phagocytized Co,O, particles did not continue at room tem-
perature. Therefore, particle dissolution appears to be a
highly sensitive function of AM metabolic state.

Discussion ‘
Dissolution of ¥’Co,0, Particles In Vitro and In Vivo

The results just presented show that alveolar macrophages in
vitro can dissolve particles that are insoluble in cell-free so-
lutions. How do these data help us understand the kinetics
of “insoluble” particle clearance in the lungs of living hu-
mans and animals?

Previous studies have demonstrated that the long-term
clearance of monodisperse, porous Co,0, particles from
the lungs could be largely attributed to dissolution processes
resulting in Co translocation from the lungs to the blood (19,
22, 23, 32-34). That translocation rate decreased with in-
creasing size (decreasing surface area) of the inhaled parti-
cles, similar to the decreasing in vitro dissolution rate. The
particles were produced under similar conditions to those
used in this study. For. example, the 0.8-um particles used
here came from the same batch as those used in the European
interspecies comparison (22, 23, 32, 33).

In vivo pulmonary translocation rates during the first 2 wk
after inhalation derived from lung retention measurements
and excreta analysis in previous publications (19, 32) are
listed in Table 6. Similarly, the human translocation rates
(33) in Table 6 were derived from similar measurements and
analyses carried out within the European interspecies com-
parison on lung clearance (22, 23, 32, 33).

In vitro dissolution rates (Table 4) can be compared to
those in vivo rates given in Table 6 since both extracellular
leaching and intracellular dissolution mechanisms are occur-
ring in the lungs as well as in the in vitro tests. The in vivo
and in vitro rates agree very well, especially the rates found
in the lungs and in cultured AM for 0.3-, 0.8- and 1.7-um par-
ticles. Changes of the particle porosity and structure from
batch to batch due to slight variations during aerosol produc-
tion might have resulted in the differences seen between the
in vivo and in vitro rate of 0.7-pm particles.

Dissolution Kinetics of Co;0, Particles

Models of dissolution need to consider both the physical and
chemical properties of the particles and the cellular milieu
that envelops them. Although the intracellular processes are
complex, we were able to apply a relatively simple model
to this system. This model applies to four different dissolu-
tion kinetics of four different-sized Co,O, particles. It de-
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TABLE 2

Mean dissolved Co fractions of the initial
particle mass in cell lysates*

Particle Size (um)

1.7 0.8 0.7 0.3

Human | 0.23 + 0.09 0.73 + 038 049 +0.17 80 + 1.8
Human 2 0.24 + 0.01 ND 0.60 + 007 7.1 +1.4
Dog 1 0.23 + 0.17 ND 053 +0.15 49+05
Dog 2 0.30 + 0.18 ND 0.59 + 0.20 6.4 + 34
Dog 3 0.16 + 0.04 0.20 + 0.05 0.34 + 0.08 3.5+ 0.7
Dog 4 0.15+ 007 054 +025 049+ 0.09 3.4 + 0.7
Dog 5 0.17 £ 0.09 0.44 +0.13 041 +0.19 3.2 +0.8
Dog 6 021 +£0.14 040 +0.11 051 +0.23 3.1 + [.1
Mean +

SD 020 £ 0.13 040 £ 0.14 048 +0.17 41+ 1.6

ND = not determined.

* Since there is little change in the Co fractions in cell lysates over time
(Figure 3), all data are presented as mean dissolved *'Co fractions in the filtered
cell lysate (given as % of the initial “’Co,0, particle mass + SD) for four
different particle sizes obtained from AM cultures from two human volunteers
and six dogs. Canine fractions are averaged for each particle size and given
as means and standard deviation.

scribes the dissolution of Co from the total surface area of
these porous particles. Its parameters are the dissolution rate
and the initial surface area. The mean dissolution rates re-
main constant within less than 10% for various periods dur-
ing the 2 wk of incubation. A dissolution rate constant for
Co0,0, in the vacuolar environment of the AM was derived
from measured particle parameters such as the initial geo-
metric diameter, the density, and specific surface area.
The mean dissolution rate constant k is 1.4 + 0.1 X
10® g cm™ d for 0.7, 0.8- and 1.7-um particles, as men-
tioned above; however, for 0.3-um particles, the rate con-
stant is 7.2 X 10~ g cm™? d'. Obviously, there is a large
difference between the 0.3-um particles and the larger parti-
cles. Inaccuracies in the sizing of these particles using a
scanning electron microscope (SEM) could contribute to
this error. If Equations 4 and 5 are used to calculate the ini-

TABLE 3
Standard deviation of three dissolution rates*

Particle Size (um)

1.7 0.8 0.7 0.3
Human 1 0.043 ND 0.031 0.110
Human 2 0.086 0.066 0.246 0.067
Dog 1 0.140 ND 0.070 0.172
Dog 2 0.098 ND 0.097 0.023
Dog 3 0.041 0.045 0.018 0.047
Dog 4 0.143 0.042 0.056 0.092
Dog 5 0.073 0.086 0.015 0.049
Dog 6 0.247 ND 0.145 0.142

ND = not determined.

* Determineq either from data over the whole period or without data from
the first 6 d of incubation or without data after 10 d of incubation. Each stan-
dard deviation was normalized to its mean dissolution rate. Calculations were
made for each particle size and all human and canine data sets.

TABLE 4
In vitro particle dissolution rates*

Particle Size (um)

1.7 0.8 0.7 0.3

Human 1 0.17 £ 0.05 0.51 £ 0.21 0.36 £+ 0.09 5.1 + 0.3
Human 2 0.15 + 0.03 ND 0.38 +0.08 4.0 + 0.9
Dog | 0.20 + 0.03 ND 035 +£008 35403
Dog 2 0.20 + 0.03 ND 058 +0.11 86 +14
Dog 3 022 + 007 037 +0.12 057 +0.16 59+ 0.5
Dog 4 0.21 +0.07 051 +£0.14 047 +£0.12 53+ 0.9
Dog 5 021 +006 047 +0.14 054 +0.15 55+ 0.6
Dog 6 0.17 + 006 040+ 009 040 +005 3.4+ 0.6
Mean +

SD 021 £ 006 045 +023 049 +0.12 54+ 1.1

ND = not determined.

* In vitro dissolution rates {(given as %/d of the initial *’Co;O, particle
mass + SD) for four different particle sizes obtained from suspensions of cul-
tured AM lavaged from two human volunteers and six dogs. Rates from dogs
are averaged for each particle size and given as means + SD.

tial size of the small particles from the mean dissolution rate
constant of the larger particles, 006 um instead of 0.3 um
is obtained. For SEM analysis, particles are coated with a
gold layer. The thickness of the gold coating might vary be-
tween 5 and 50 nm or more depending on the operating con-
ditions of the coater used in this study. Thus, this cannot ac-
count for the difference seen. Hence, it is likely that the
physical and chemical characteristics of these particles are
sufficiently different (e.g., their surface-to-volume ratio) to
result in a different rate constant for dissolution.

The dissolution of ¥Co;0, particles outside a biologic
system has been studied extensively (19-21, 32). Samples of
0.3-, 0.7-, and 1.7-um particles have been studied in saline at
room temperature and at pH of 7.2 and 5.0 over a period of
at least 70 d (19-21). An early leaching effect, the same as
seen in our media-only studies, was observed in these saline
studies. Dissolution after this initial leaching was less than

TABLE 5
Intracellular particle dissolution rates*

Particle Size (um)

1.7 0.8 0.7 0.3

Human1 0.13 + 0.03 041 +0.14 028 + 005 5.1 +£03
Human 2 0.12 + 0.02 ND 029 +£005 34+ 07
Dog 1 0.16 + 0.02 ND 027 £ 0.10 2.7 + 0.6
Dog 2 0.17 + 0.03 ND 0.53 +008 8.14+1.2
Dog 3 0.17 + 0.04 024 £ 002 043 +0.06 54 +0.
Dog 4 0.14 + 0.05 038 +0.09 037 £0.07 45 + 0.6
Dog 5 0.16 + 0.03 037 +0.09 046 +0.13 50+ 0.5
Dog 6 0.154+0.05 033 +£006 033 4+004 3.0+ 06
Mean +

SD 0.16 + 0.04 0.33 £0.10 040 +0.09 48+ 1.0

ND = not determined.

* Intracellular dissolution rates (given as %/d of the initial ¥Co;0, particle
mass + SD) for four different particle sizes obtained from cultured AM lavaged
from two human volunteers and six dogs. Extracellular particle leaching was
subtracted prior to calculation. Rates from dogs are averaged for each particle
size and given as means + SD.
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Figure 4. Dissolved fractions of the initial *’Co;0, particle mass
for 0.3- and 0.7-um particles phagocytized in AM of dog 6 in two
plates during 14 d of incubation. Incubation temperature was
changed in one plate from 37° C to 20° C after 4 d of incubation.
Note that the vertical scales differ for the two particle sizes.

007%/d of the particle mass. (Only 0.3-pm particles at pH
5.0 were dissolved at a greater rate: 0.3%/d). In a 650-d
study (32) on 0.8- and 1.7-pm Co,0O, particles, the dissolu-
tion rate was 0,002 and 0.001%/day, respectively, regardless
of the pH value of the saline. In addition, particle dissolution
in media alone at 20° C and 37° C incubation did not differ
significantly for any of the particies used in this study. Using
Equations 4 and 5, the dissolution rate constant for this saline
study was 10~ g cm™ d™, which is considerably smaller
than the rate constant found for intracellular dissolution.

Dissolution Properties of Aerosol Particles

In the literature (35), the dissolution rate constant in a lung
fluid simulant was measured for only one other heavy metal
oxide: Ce0Q,, 76 X 10 g cm™ d™'. This determination was
based on a polydisperse aerosol with an unknown specific
surface area. However, there are dissolution rate constants
for a number of heavy metal oxides which were derived from
linear kinetic models based on lung retention and clearance
measurements of different-sized particles of one compound.
For the most insoluble heavy metal oxides (6, 9-12, 14-17,
35, 36), these rate constants vary from 1 to 10 X 10* g
cm d. The intracellularly derived rate constant of ¥Co,0,
particles used in this study is within this range. Because our

TABLE 6
In vivo particle dissolution rates*

Particle Size (um)

1.7 0.8 0.7 0.3
Human 0.14 4+ 0.02 0.24 + 0.03
rates 0.26 + 0.03 0.34 + 0.07
Canine 020 + 0.05 040 + 0.06%+ 092 + 034+ 82 + 1.3
rates 0.27 + 0.05t 039+ 004 145 +026 7.0+ 1.5
0.25 + 0.05 1.27 + 0.06
0.24 + 0.05 1.51 + 0.07
0.27 + 0.114
0.21 + 0.09
Mean +
SD 024 +£007 040 1+005 129+030 76+ 14

* In vivo dissolution rates and SD (given as %/d of the initial particle mass)
of ¥C030, particles of four different sizes evaluated from published retention
and excretion data of four human volunteers (22, 33) and 12 dogs (19, 22, 32)
during the first 2 wk after inhalation. Rates from dogs are averaged for each
particle size and given as means + SD. (Experiments marked with a dagger
for 1.7-um particles were derived from two sequential studies on one dog; simi-
larly, experiments marked with a double dagger for 0.7-um and 0.8-pm parti-
cles were also derived from one dog.)

monodisperse particles are porous, we were able to make di-
rect measurements to establish the dissolution rate constant
rather than making indirect estimations from linear kinetic
models.

In former studies (3, 4, 6, 7, 9-12, 14, 16, 17), in vivo dis-
solution rates of various metal compound aerosol particles
were found to be similar to in vitro dissolution rates in sol-
vents representing extraceliular epithelial lining fluid. How-
ever, most of these polydisperse particle samples were non-
porous and hence very insoluble with dissolution rates 1 to
2 orders of magnitude smaller than those test particles used
in this study, resulting in larger errors caused by detection
limits. Additionally, the translocation and metabolism of the
dissolved particle mass from the lungs in the body was fre-
quently more complicated than the simple translocation and
metabolism of Co, such that in vivo translocation rates were
estimated from lung retention curves. In order to obtain such
an estimate, it was also necessary to assume certain rates for
particle transport from the lung parenchyma to the gastroin-
testinal tract.

Dissolution Rates in Cultured AM

In recent studies (24-29), the in vitro dissolution rates in cul-
tured AM were found to be larger than those rates obtained
from lung fluid simulants for cobalt, beryllium, manganese,
arsenic compounds. For our monodisperse, homogeneous
57Co,0, particles, the dissolution patterns also appear to be
completely different from lung fluid simulants. Deposited
particles on the alveolar epithelium are usually phagocytized
within the first day predominantly by AM (1, 37). When
lungs were lavaged up to 500 d after exposure, more than
80% of the particles were associated with AM as was shown
by autoradiography (34). Therefore, most particles on the
epithelial surface are retained intracellularly in AM and are
thus subject to those dissolution processes investigated in
these cell culture studies. Hence, these cell culture studies
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simulate the fate of particles in the lungs far more appro-
priately than do lung fluid simulant studies and represent a
new approach to estimating solubilization of aerosols in the
lungs.

An important factor for the difference in intracellular
versus extracellular dissolution kinetics is the pH value of the
vacuolar sol in which the particle is suspended. After it is
entrapped inside a membrane-bound phagosome, lysosomes
fuse and pour proteolytic enzymes and other digesting agents
into the phagolysosome (39-42). Lysosome fusion also de-
creases the pH value from 7.2 to 4.5-5.5 in the phagolyso-
some (41, 42). However, although particle dissolution in sa-
line at pH 5 increased slightly, the dissolution pattern still
was not comparable to the intracellular dissolution shown
here (19-21, 31, 32). Therefore, we suspect the interaction
of co-factors such as chelators, enzymes, oxygen radicals, or
other possible agents present in the phagolysosome.

From the constant dissolved fractions in the cell lysates
at 4 to 16 d of incubation, a linear kinetic model was used
to estimate the release of dissolved Co from the cells into
the medium. This occurred in no less than 12 and no more
than 24 h. Interestingly, fractions in the human AM are con-
sistently higher than in canine AM, reflecting a somewhat
slower transport of dissolved Co from the human cells.

Human and Canine Dissolution Rates

We only studied AM from two human volunteers. However,
if we exclude the human dissolution rate for 0.8 um, which
shows a large standard deviation, dissolution rates in human
AM appear to be consistently smaller for each particle size
when compared to the rates of canine AM (Table 5). This
might reflect species differences in the intracellular particle
dissolution of AM. A similar result of less effective translo-
cation in human lungs rather than in canine lungs was found
in the European interspecies comparison of lung clearance
during more than 6 mo of observation (22, 23). More data
are required to distinguish whether these differences account
for interspecies or intersubject variability, particularly in hu-
mans. The uncertainty associated with extrapolating dissolu-
tion and translocation rates from dogs to humans should,
however, be recognized.

Conclusion

We have shown that particles are dissolved intracellularly in
human and canine AM. Dissolution is proportional to the
specific surface area of the particles in AM of both species
and is well described by a dissolution rate derived from a
simple model. The dissolution kinetics for a given particle
is comparable in AM of both species. The in vitro dissolution
rates determined in this study are similar to in vivo transloca-
tion rates found in previous long-term lung clearance studies
in both humans and dogs. Therefore, this rather inexpensive
and simple in vitro assay might be used to assess intracellular
particle dissolution rates of new inhalable materials and thus
predict their lung clearance kinetics in situ.
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