
Man-made vitreous fibers (MMVF) are inor-
ganic amorphous fibers made from glass,
rock, clay, slag, or pure oxide raw material.
They are used primarily for thermal and
acoustic insulation. The fact that asbestos
fibers are carcinogenic has led to the fear that
the inhalation of vitreous fibers, which have
similar size and shape, poses a serious risk to
human health. The mechanisms by which
fibers induce lung disease are still not com-
pletely understood. The potential toxicity of a
given type of fiber is determined by dimen-
sion, durability, and fiber dose in lungs (Pott
and Friedrichs 1972; Stanton and Wrench
1972). Broad ranges of inhalation studies
with different fiber types have been per-
formed and have been extensively reviewed
by Hesterberg and Hart (2001). A strong
relationship between biopersistence of the
fiber and pathogenicity in lungs has been
reported (Hesterberg et al. 1998; Kamstrup et
al. 1998). Most of the tested vitreous fibers
were less biopersistent and caused less patho-
genicity than asbestos fibers.

Despite numerous studies with reference
to pathogenicity, little is known about how
inhaled vitreous fibers interact with the inner
surface of the lungs immediately after their
deposition. Knowledge about the mecha-
nisms of fiber retention is important with
respect to the clearance of vitreous fibers and
their possible risk to human health.

The surface-lining layer in lungs consists
of an aqueous phase and a surfactant film at
the air–liquid interface. The continuous aque-
ous layer adjacent to the epithelial cells has a
relatively low viscosity. The existence, thick-
ness, and continuity of a gel phase above this
periciliary layer in the various airway

compartments and species have been dis-
puted. In small airways, a thick mucus layer
has never been found (Geiser et al. 1997; Gil
and Weibel 1971). The surfactant film at the
air–liquid interface covers the aqueous phase
and it is—based on all available evidence—
continuous between the alveoli and central
airways (Geiser et al. 1997; Gil and Weibel
1971; Im Hof et al. 1997).

Studies in vitro have shown that the sur-
factant promotes the displacement of poly-
styrene particles from air into an aqueous
subphase, whereby the extent of immersion
depends on the surface tension of the surfac-
tant film (Gehr et al. 1990; Schürch et al.
1990, 1993): the lower the surface tension,
the greater the immersion. Furthermore,
there is evidence from animal studies for the
displacement of a variety of spherical particles
in lungs (Geiser et al. 2000a, 2000b, 2000c).
The influence of the shape of particles on
their immersion into the aqueous lining layer
is largely unknown.

A surface tension of 32 mJ/m2 was meas-
ured in the trachea of horses (Im Hof et al.
1997), and values for expiration in alveoli
were below 2 mJ/m2 (Schürch et al. 1985).
Very recently, evidence for surface tension val-
ues below 15 mJ/m2 in the intrapulmonary
conducting airways was obtained from particle
deposition studies in hamsters (Geiser et al.
2000c). It is not known how different surface
tension values would influence the displace-
ment of fibers into the lining layer. The
immersion of fibers into the surface-lining
layer and their displacement toward the
epithelium by surfactant may have conse-
quences for fiber dissolution and/or for the
clearance pathway of fibers.

To evaluate the distribution of fibers
within lungs immediately after their deposi-
tion, inhaled and deposited MMVF 10a were
studied in hamsters by electron microscopy.
The immersion of fibers, promoted by a sur-
factant film formed on an aqueous substrate,
was assessed in a surface balance by light
microscopy.

Materials and Methods

Fibers. MMVF 10a were kindly provided by
Philippe Thévénaz (Research and Consulting
Company, Füllinsdorf, Switzerland). They
have a smooth surface and are mostly straight
cylinders (Figure 1).

To estimate the surface free energy of the
glass fibers used in this study, we measured the
contact angle of dibutyl phthalate droplets
(surface tension, 34.5 mJ/m2 at 22°C) placed
on glass slides cleaned with chromic acid at dif-
ferent time points after exposure to laboratory
air. The contact angle of dibutyl phthalate
droplets on glass was compared with that
obtained on a polystyrene substrate with the
same fluid. In addition, the solid-vapor free
energy was estimated by using the equation of
state approach (Spelt and Li 1996). The equa-
tion of state helps determine the solid-vapor
interfacial energy from the measured contact
angle that a test fluid droplet of a known sur-
face tension makes on a solid substrate.

Animals, aerosol generation, and inhala-
tion. Inhaled and deposited fibers were studied
in male Syrian Golden hamsters [n = 4;
AURA, HanIbm:AURA (specific–pathogen
free); Biological Research Laboratories Ltd.,
Füllinsdorf, Switzerland] weighing 132–163 g.
The animals, aerosol generation, and inhala-
tion have been described in detail previously
(Geiser et al. 2000a; Im Hof et al. 1989;
Waber et al. 1999). Briefly, aerosols were
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generated by jet nebulization of droplets of
suspensions of MMVF 10a fibers (2 mg/mL
in 100% ethanol) into a particle-free air
stream. The fibers were then dried, charge
equilibrated, and concentrated before being
injected into a reservoir and transferred to the
inhalation/exhalation channel. The deeply
anesthetized and completely relaxed hamsters
inhaled the aerosol directly from the reservoir
through an intratracheal cannula during con-
tinuous negative-pressure ventilation. They
were ventilated with a tidal volume (VT) of
0.95 ± 0.06 mL (mean ± SD)—maintained at
70–80% of total lung capacity—and a breath-
ing frequency (f ) of 61 ± 1 breath/min (mean
± SD), which equals slow, deep breathing
(Inglis 1980). The breathing parameters and
the number of inhaled and exhaled fibers were

measured by pneumotachography and laser-
light scattering photometry. Because the fibers
used in this study were heterogeneous in size,
number estimates are of directional value only.
Aerosols were inhaled for 5–12 min, until a
sufficient number of fibers for microscopic
analysis were deposited. Immediately there-
after, the lungs were prepared for intravascular
perfusion fixation.

We collected aerosol samples on filters and
analyzed the fiber size distribution (Figure 2).
The average length of 200 fibers measured by
light microscopy was 16 ± 13 µm (mean ±
SD; range, 1–66 µm); the average diameter
was 1.1 ± 0.2 µm (range, 0.6–1.7 µm). The
average length-to-diameter ratio was 15.6 ±
13.3 (range, 1.1–64.0). Twenty fibers had a
length-to-diameter ratio of < 3; hence, the par-
ticulate fraction of MMVF 10a in the aerosol
was 10%.

Lung fixation. Whole lungs can be pre-
served for morphologic analysis by the intro-
duction of a suitable fixative into the airways of
a collapsed lung or by delivery of the fixatives
to the lungs via the blood vessels (Weibel
1984). The instillation of aqueous fixative
solutions into the airways is not suitable for the
investigation of the inner surface of the lungs
because the surface-lining layer and all its cellu-
lar and acellular constituents are dislocated
from their native positions and transferred to
other regions of the organ (Brain et al. 1984).
Instillation of airways with nonpolar fixative
solutions (1% osmium tetroxide dissolved in
perfluorocarbon) has been demonstrated to

preserve the aqueous lining layer and especially
also the surfactant film at the air–liquid inter-
face (Geiser et al. 1997; Lee et al. 1995; Sims
et al. 1991; Thurston et al. 1976). However, it
is not known whether material that is not sub-
mersed in the surface-lining layer may be dis-
located by this procedure.

Because it was the aim of this study to
investigate the location of deposited fibers
with respect to the inner surface of the lungs,
the fixative solutions were applied by vascular
perfusion via the pulmonary artery, which
allows the airways and alveoli to remain in
their natural air-filled state. Sequential
intravascular perfusion of buffered 2.5% glu-
taraldehyde, 1% osmium tetroxide, and 0.5%
uranyl acetate (Bachofen et al. 1982; Im Hof
et al. 1989; Weibel 1984) has been shown to
well preserve the surface-lining layer with its
phagocytic cells and the surfactant film at the
air–liquid interface of intrapulmonary con-
ducting airways and alveoli in laboratory ani-
mals (Geiser et al. 1997; Gil and Weibel
1969, 1971).

All lungs were fixed within 23 ± 2 min of
the initial inhalation. The short time between
inhalation and lung fixation allows the inves-
tigation of fibers as close as possible to where
they were deposited. After fixation, the lungs
were removed from the thorax and split into
left lung, right lung, and accessory lobe
(Geiser et al. 1990).
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Figure 1. Scanning electron micrograph of the
fibers as they were used for aerosol generation.
They have a cylindrical shape and are of variable
lengths and diameters. Bar = 10 µm.

Figure 2. Size distributions of MMVF 10a in the aerosol; the fibers (n = 200) were measured on light
micrographs.

Figure 3. SEM (A) and TEM (B) analysis of fibers retained on the surfaces in the intrapulmonary conducting
airways and in the alveoli (defined by amount of lung lining-layer material covering fibers).
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Figure 4. Scanning electron micrograph of a fiber
retained in an intrapulmonary conducting airway.
(A) Overview of the retention site (boxed area); bar
= 500 µm. Abbreviations: A, alveoli; AW, intrapul-
monary conducting airway; PA, pulmonary artery.
(B) The fiber is completely covered by the surface-
lining layer (arrow); bar = 5 µm.



Tissue processing for microscopic analysis.
The lung lobes were cut perpendicularly to
the longitudinal axis into series of thick
(3 mm) and thin (1.5 mm) slices, with ran-
dom start (Geiser et al. 1990). The thin slices
were used for electron microscopy, and the
thicker ones for other purposes. A total of 49
thin slices were sampled for transmission elec-
tron microscopy (TEM) and further cut into
cubes of about 1 mm side length. These tissue
blocks (n = 144) were dehydrated in ethanol
and embedded in Epon (Im Hof et al. 1989).
Ultrathin sections, stained with uranyl acetate
and lead citrate, were examined with a Philips
300 transmission electron microscope (Philips
AG, Zürich, Switzerland) operating at 60 kV.

For scanning electron microscopic (SEM)
analysis, a total of 15 thin slices were sampled,
dehydrated in ethanol, critical-point-dried,
and sputter-coated with platinum. They were
examined with a Philips XL 30-FEG scanning
electron microscope (Philips) operating at
10 kV. Length and diameter of all registered
fibers were measured by SEM.

Displacement of MMVF 10a in the
Langmuir-Wilhelmy balance. The displace-
ment of MMVF 10a fibers into an aqueous
substrate by a surfactant film was investigated
with a monolayer of 1,2-dipalmitoyl-sn-3-
glycerophosphatidylcholine (DPPC; Sigma-
Aldrich Canada Ltd., Oakville, Ontario,
Canada) in a Langmuir-Wilhelmy surface bal-
ance (our own design). The DPPC monolayer
was spread from a solution of 2 mg/mL in
ethanol onto an aqueous substrate of a solu-
tion of 0.9% NaCl and 40% sucrose (density,
1.25 g/mL). The monolayer was spread
within an area of 25 cm2 enclosed by a Teflon
ribbon supported by a rhombic frame
(Schoedel et al. 1969). Our objective was to
assess the displacement of glass fibers at sur-
face tensions between 30 and 5 mJ/m2.
Pulling the rhombic frame to an elongated
shape reduced the surface tension of the
DPPC film, and the surface tension force was
measured by a platinum Wilhelmy plate con-
nected to an electrobalance.

After adjustment of the monolayer surface
tension to a preset value, the glass dish was
placed onto a microscope stage and fibers were
blown onto the monolayer. The fibers were
then observed and photographed with a Nikon
Optiphot metallurgical microscope (Nikon,
Mississauga, Ontario, Canada), equipped for
differential interference contrast and dark field
for epi-illumination.

Results

Fibers retained on the surfaces of airways and
alveoli: SEM analysis. The analysis by SEM
allowed the investigation of fibers on airway
and alveolar surfaces. Single fibers and small
aggregates were found. Larger aggregates were
observed at bifurcations. In the intrapul-
monary conducting airways, 89% of the fibers
were found to be completely covered by sur-
face-lining layer material, and 11% were only
partially covered (Figures 3 and 4). The aver-
age length and diameter of the fibers in the
airways were 37.3 ± 19.4 µm (mean ± SD;
range, 7–104 µm) and 1.1 ± 0.4 µm (range,
0.3–2 µm), respectively (Figure 5). The aver-
age length-to-diameter ratio was 34.0 ± 19.0
(range, 7–122).

In the alveoli, 32% of the fibers were com-
pletely covered, 26% were partially, and 42%
were not covered by the lung-lining layer
(Figures 3 and 6). Some fibers appeared to pro-
ject into the alveolar airspace or to cross it, and
they touched the alveolar surface only with
their ends. The average length and diameter of
the fibers in the alveoli were 20.9 ± 8.3 µm
(range, 9–35 µm) and 0.9 ± 0.3 µm (range,
0.5–1.5 µm), respectively (Figure 5). The aver-
age length-to-diameter ratio was 27.8 ± 14.0
(range, 10–52).

Fiber retention in lungs by TEM. The
analysis by TEM allowed the investigation of
fibers within the entire lung tissue. Because
with this method we analyzed two-dimen-
sional transects of the fibers in tissue sections,
we could observe the traces of cut cylinders,
which were in all cases either circles or ellipses
(Mattfeldt et al. 1994). A vitreous glass profile

with irregular complicated shape can only
originate from a broken fiber. Furthermore, if
the profile’s length-to-diameter ratio is also
< 3, it is most likely a profile of a particle.

From the 144 embedded tissue blocks, 96
contained intrapulmonary conducting airways
as well as lung parenchyma, and these were
used for analysis by TEM. A total of 335
MMVF 10a profiles, which are electron-dense
and easy to recognize, were analyzed on micro-
graphs of ultrathin sections (Table 1). We
found 35 mostly fiber profiles in the conduct-
ing airways, and we registered 69 profiles in the
alveoli, about half of them originating from
fibers and the other half from particles. Eight
fibers and/or particles were found to be phago-
cytosed by airway macrophages (Figure 7B),
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Figure 6. Scanning electron micrographs of a fiber
retained in the gas exchange compartment.
(A) Overview of the retention site (boxed area); bar =
50 µm. (B) The fiber touched the alveolar wall with
one fiber end only; the other end (arrow) projects
into the airspace; bar = 10 µm. Abbreviations: A,
alveoli; AD, alveolar duct. (C) The fiber end that did
not come into contact with the alveolar surface was
not covered by lung lining-layer material; bar = 2 µm.
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Figure 5. Size distribution of fibers retained on the surfaces of intrapulmonary conducting airways and
alveoli analyzed by SEM. (A) The lengths of 73 fibers (64 in airways and 9 in alveoli) were measured; 9
fibers in airways and 10 fibers in alveoli could not be measured because one fiber end was not visible. (B)
The diameters of 91 fibers (72 in airways, 19 in alveoli) were measured; the diameter of one fiber in the air-
ways could not be measured.



and nine by alveolar macrophages (Figure 8C).
We observed 228 mostly particle profiles in the
lumen of alveolar blood capillaries, and 1
within a pulmonary artery. One fiber profile
was found within a type I epithelial cell,  and
the location of another one could not be iden-
tified. Neither fiber nor particle profiles were
found in the interstitium.

In airways, 96% of the profiles were sub-
mersed in the surface-lining layer, whereas
4% appeared not to be covered by any mater-
ial (Figures 3 and 7A). In alveoli, 33% of the
profiles were found to be completely, 13%
partially, and 54% not covered by any sur-
face-lining layer material (Figures 3, 8A, and
8B). The profiles found in the lumina of
blood vessels had blank surfaces (Figure 8D).

Displacement of fibers into an aqueous
substrate by a surfactant film. The experiments
in the Langmuir-Wilhelmy surface balance
demonstrated that the extent of fiber immer-
sion into the aqueous phase depends on the
surface tension of the film at the air–liquid
interface. At 30 mJ/m2, < 10% of the fibers
were submersed into the aqueous substrate,
whereas at surface tensions < 20 mJ/m2, almost
all fibers (> 95%) were completely submersed
(Figure 9). However, the displacement of fibers
was found to depend also on size. Fibers
shorter than 10 µm were immersed into the
aqueous subphase by approximately 50% at
25–30 mJ/m2 and were completely submersed
at ≤ 20 mJ/m2. Fibers with a length of 20–30
µm were immersed to 50% at a surface tension
of 15 mJ/m2 and to 95% at ≤ 10 mJ/m2.

Surface free energy of glass fibers. The sur-
face free energy of clean glass is several hun-
dred millijoules per square meter. However,
glass surfaces adsorb impurities (materials)
suspended in the ambient air, which consider-
ably reduces the surface free energy value of
glass. Measurements on surfaces of glass slides
have demonstrated that clean glass, after
exposure for 15–20 hr to laboratory air, has a
surface free energy close to that of polystyrene

(i.e., ~ 35 mJ/m2). We therefore expect that
the glass fibers investigated in the anatomy
laboratory in Bern had surface free energies
similar to that of polystyrene. 

Discussion

The microscopic analyses of inhaled and
deposited MMVF 10a in hamster lungs
described here show that in the conducting
airways almost all fibers were submersed in
the aqueous lining layer, whereas in the alve-
oli only about one-third of the fibers were
completely covered by lining layer material. It
has been shown previously that the displace-
ment of polystyrene microspheres depends on
the surface tension of the surfactant film at
the air–liquid interface (Gehr et al. 1990;
Schürch et al. 1990, 1993). The lower the
film surface tension, the greater the extent of
particle immersion into the aqueous sub-
phase. The extent of immersion as assessed in
the Langmuir-Wilhelmy surface balance
demonstrated that immersion of MMVF 10a
into the subphase by approximately 50%
occurred for fibers shorter than 10 µm at film
surface tensions of 25 mJ/m2 and for those
20–30 µm in length at 15 mJ/m2. For sub-
mersion of the longer fibers, the film surface
tension had to be ≤ 10 mJ/m2.

The calculation of the forces that are
exerted on cylindrical MMVF 10a after their
deposition on a liquid surface is somewhat
more difficult than that for forces exerted on
microspheres, because of the complex wetting
behavior. First, fibers have infinite possibilities
with respect to their orientation of hitting a liq-
uid surface. Second, MMVF 10a have variable
dimensions and are straight or bent cylinders,
meaning that forces exerted on them would
have to be calculated for each single fiber.
Third, the surface chemistry of the glass fibers
does not seem to be homogeneous, in that the
three-phase line (the line where the vapor, fluid,
and solid phases join) appears to be corrugated.
This can be observed by light microscopy,

especially on long fibers; dry spots (not wetted
by the surfactant film) are followed by partially
immersed parts, and so on (Figure 10). From
the model experiments in the Langmuir-
Wilhelmy surface balance, it follows that glass
fibers (MMVF 10a) are displaced into the
aqueous lung-lining layer only below a film
surface tension of 20 mJ/m2. Assuming that
clean glass has a surface free energy of several
hundred millijoules per square meter, one
would expect immediate wetting and submer-
sion of glass fibers caused by a surfactant film
of a surface free energy of approximately 25
mJ/m2. However, glass surfaces tend to adsorb
impurities (materials) suspended in the ambi-
ent air, such that the surface free energy of the
fibers used in this study is expected to be con-
siderably lower. As a consequence, we observed
that such fibers are wetted and displaced only if
the film surface tension falls below approxi-
mately 30 mJ/m2, which is consistent with a
reduced surface free energy of the glass due to
adsorption of impurities.

According to microscopic analysis, about
90% of the glass fibers were submersed in the
surface-lining layer in the intrapulmonary con-
ducting airways. In this lung compartment,
fiber length seemed not to be a limiting factor
for their displacement, because fibers up to 104
µm in length were found to be submersed. The
in vitro experiments demonstrated that in
order to promote total immersion of glass
fibers of a length of 20–30 µm, the film surface
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Figure 7. Transmission electron micrographs of
fiber profiles (arrows) in intrapulmonary conduct-
ing airways. (A) The fiber was submersed in the
aqueous lining layer (ALL). (B) Fiber phagocytosed
by airway macrophage (M). Abbreviations: AW,
airway lumen; E, epithelium. Bars = 1 µm.

Table 1. Distribution of MMVF 10a in hamster lungs by TEM and shape profiles.
Localization of Shape profiles in TEM sections (%)

MMVF 10a profiles Elliptical/ Partially Angular
Lung compartment No.a Percent circular elliptical surface

Intrapulmonary airways 35 10.5
Freeb 27 8.1 29.6 59.3 11.1
Phagocytosedc 8 2.4 25 50 25

Alveoli 69 20.6
Freeb 60 17.9 13.3 31.7 55.0
Phagocytosedc 9 2.7 11.1 22.2 66.7

Type I cell 1 0.3 0 100 0
Endothelial cell 0 0 0 0 0
Alveolar blood capillaryd 228 68.0 0 11.4 88.6
Pulmonary arteryd 1 0.3 0 0 100
Interstitium 0 0 0 0 0
Unidentified location 1 0.3 0 100 0
Total 335 100
aNumber of MMVF 10a profiles analyzed on TEM micrographs. bFiber or particle profiles on lung surfaces, not within any
cell. cFiber or particle profiles engulfed by macrophages on lung surfaces. dProfiles within lumen of blood vessels.



tension has to fall to approximately 10 mJ/m2.
This value is considerably below the surface
tension of 32 mJ/m2 measured in the trachea of
horses (Im Hof et al. 1997) and substantially
below the equilibrium surface tension of
approximately 25 mJ/m2 for pulmonary surfac-
tant films. Because surface tensions < 22–25
mJ/m2 can only be achieved by mechanically
compressed films, the conclusion is that the sur-
factant film reaches at least temporarily a com-
pressed state in the intrapulmonary conducting
airways of hamsters. Because the alveolar surfac-
tant film reaches minimum surface tensions
below approximately 2 mJ/m2 under in vivo
conditions (Bachofen et al. 1987), it is clear
that there must be a surface tension gradient
between the compressed alveolar surfactant film
and that in the trachea or large bronchi, but the
definition of the gradient remains unclear.

Direct surface tension measurements in the
small airway compartments have not been pos-
sible so far with current techniques because
these airways are not accessible. However, indi-
rect evidence for surface tensions far below the
equilibrium value of approximately 25 mN/m

in the central airways of rabbits has recently
been obtained by Bachofen and Schürch
(2001), who demonstrated that the shape of
bronchiolar macrophages beneath the surfac-
tant film in the surface-lining layer depends on
the local surface tension. The shape of the
macrophages, determined by TEM, may serve
in turn to estimate the airway surface tension at
that location.

Because the surface tension in the alveoli
reaches values < 2 mJ/m2 on expiration, one
would expect all of the fibers in the alveoli to
be completely submersed in the surface-lining
layer. However, in the present study, we
found that about one-third of the fibers in
alveoli were not covered by the surface-lining
layer. This may be due to geometric limita-
tions. The geometry of alveoli in hamsters
resembles spherical cavities with an average
diameter of about 80 µm (Kennedy et al.
1978). Long fibers may touch the inner
surface with the tips of both ends and bridge
the alveolar airspace. Such configurations
have been observed (Rogers et al. 1999). The
fibers are immersed into the lining layer only

at their ends. Therefore, partial coverage of
fibers by lung lining material as observed by
SEM may be explained by size and geometry
of the fibers and the airspaces.

Dissolution of the fibers becomes possible
after their displacement into the aqueous lining
layer. In addition, it is likely that surfactant
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Figure 8. Transmission electron micrographs of MMVF 10a profiles (arrows) retained in the lung parenchyma.
Abbreviations: A, alveolar lumen; C, blood capillary; SM, surfactant material in adjacent alveolus.
(A) Submersed fiber profile. Note the surfactant film (arrowheads) at the air–liquid interface. (B) Fiber profile
not covered by any surface-lining layer material. The fiber is located some distance from the epithelium.
(C) Fiber profile within an alveolar macrophage (M). (D) Particle profile in the lumen of an alveolar blood cap-
illary; the surface of the irregularly shaped profile is blank (no other material at the interface). Bars = 1 µm.

Figure 9. Light micrographs of MMVF 10a deposited
on DPPC film at a surface tension of 15 mJ/m2 in a
Langmuir-Wilhelmy surface balance. (A) Micrograph
taken with epi-illumination and dark-field optics. All
of the fibers, regardless of whether they are com-
pletely wetted (arrows) or only partially wetted, are
visible. (B) Differential interference contrast micro-
graph for epi-illumination of same fibers as in (A).
Double arrows indicate totally submersed fibers, not
visible with differential interference contrast. Note
the occurrence of infrequent nonhomogeneous wet-
ting, shown as dark spots (arrowheads). See also
Figure 10. Bars = 10 µm.

Figure 10. Micrograph of MMVF 10a deposited onto
DPPC film in a Langmuir-Wilhelmy surface balance
at a surface tension of 30 mJ/m2. Fibers appear
partially immersed into the aqueous substrate.
Nonhomogeneous wetting is shown as dark spots
(arrowheads), which represent dry “islands” along
most of the fibers. Bar = 10 µm.



components or proteins are adsorbed onto the
surfaces of the fibers, which may alter their
clearance pathway or their toxicologic potency.

The displacement of fibers into the sur-
face-lining layer brings them into close con-
tact with resident macrophages, which
comprise a major clearance pathway for parti-
cles deposited in the alveoli and in small air-
ways (Geiser et al. 1990, 2000a, 2000b). In
addition, the displacement of fibers toward
the epithelium may facilitate particle uptake
by epithelial cells and eventually translocation
to interstitial and endothelial sites, which may
have consequences for causing lung disease.

In the present study, about two-thirds of
all vitreous glass profiles were found in the
lumen of alveolar blood capillaries. The major-
ity of these profiles had irregular shapes and
angular surfaces and most likely represents par-
ticles originating from broken fibers. The par-
ticulate fraction of MMVF 10a in the aerosol
was 10%. Such particles are in a size range to
reach the alveoli by inhalation and to be
deposited there. This is demonstrated by the
observation that many more particle profiles
were found in the alveolar than in the airway
compartment. Currently, it is not known how
the MMVF 10a particles entered the capillary
lumen. There are several mechanisms by which
particles can be displaced from one tissue com-
partment to another one. First, particles < 1
µm in diameter or those persisting on lung sur-
faces have been shown to be taken up more
readily by epithelial cells (Ferin et al. 1992;
Mossmann et al. 1978) or to be translocated
even to interstitial and endothelial sites
(Oberdörster et al. 1996). We found only one
vitreous glass profile within the interalveolar
septum, within a type I epithelial cell.
Therefore, clearance of MMVF 10a through
the epithelial cells and further translocation via
the interstitium and endothelial cells into the
lumen of blood capillaries is unlikely. This is
consistent with observations of Brody et al.
(1981), who showed that for minute asbestos
fibrils in rats, the above-mentioned sequence of
particle transport had occurred only 4 or more
days after exposure. In contrast, in the present
study, < 1 hr elapsed between the onset of the
inhalation until lung fixation. Second,
mechanical translocation (e.g., due to the for-
mation of a pneumothorax) is another mecha-
nism by which intact or broken fibers may
have entered the blood circulation. Asbestos
and glass fibers piercing the air–blood barrier
have been demonstrated by others (Lee et al.
1979; Rogers et al. 1999). In the present study,
this might have happened upon pneumothorax
formation, but we did not see ruptured tissue
near to the location where we found fibers.
Finally, particles may be driven through the
cell membranes, for example, through those of
the type I epithelial cells, by interfacial forces
(adhesive interactions). We demonstrated in a

recent study (Rothen et al. In press) that parti-
cles < 1 µm in diameter are able to penetrate
the cell membrane of erythrocytes by nonspe-
cific mechanisms. These observations are con-
sistent with those made by Rimai et al. (2000),
who showed that spherical glass particles in the
micrometer size range are driven into a poly-
styrene substrate by adhesive interactions. For
example, glass particles 4 µm in radius become
engulfed by the substrate by approximately
90%, whereas particles 10 µm in radius
become substantially less engulfed. These
investigators discussed the possibility of total
engulfment of relatively hard and small parti-
cles by a softer substrate.

Nevertheless, if the particulate fraction of
MMVF 10a is cleared by the blood circula-
tion, organs beyond the lungs should be care-
fully investigated after fiber exposure. Marsh
et al. (1990) reported a significant increase in
mortality for nephritis and nephrosis in the
1985 follow-up study of workers exposed to
man-made mineral fibers. Sali et al. (1999)
suggested the possibility of an increased risk of
nonmalignant renal disease with duration of
employment in a nonneoplastic mortality
study of European workers who produced
rock or slag wool. Moreover, they demon-
strated that mortality from ischemic heart dis-
ease was increased in workers exposed to rock
or slag wool and in continuous-filament work-
ers. Yet, Sjögren (2000) suggested that the
increased mortality from ischemic heart dis-
ease originates from the high concentration of
fibrinogen caused by the low-grade inflamma-
tion after fiber inhalation, and Chiazze et al.
(1999) did not find any association between
respirable fibers and nephritis or nephrosis in a
case–control study on Caucasians who worked
in glass wool production plants.

The observation that fibers were prefer-
entially deposited at bifurcations in airways
and alveoli  has also been reported for
inhalation studies using other fiber types
(Brody et al. 1981; Brody and Roe 1983;
Rogers et al. 1999).

In summary, the present study shows that
glass fibers are displaced by a surfactant film
and immersed into the aqueous lining layer
in airways and alveoli, if the surface tension
reaches ≤ 10 mJ/m2, provided that the fibers
come into contact with the inner surface of
the lung. The geometry and dimension of the
airspace and the fibers are therefore impor-
tant factors for fiber retention. We conclude
that the sequence of wetting and immersion
of inhaled and deposited MMVF 10a fibers
into the aqueous lining layer by the surfac-
tant film at the air–liquid interface is similar
to that of spherical particles and is crucial for
the retention of any kind of particles and
fibers. Particles of identical shape, including
asbestos or ceramic fibers, may have a surface
free energy similar to that of vitreous fibers

under ambient conditions. Presumably, they
are likewise displaced into the aqueous lining
layer after their deposition in the lungs.
Therefore, the increased pathogenicity of cer-
tain fibers can most likely not be explained by
different retention mechanisms. Adsorption
of surfactant components or proteins upon
displacement into the aqueous phase by sur-
factant is possible and needs further investiga-
tion because it may be a crucial factor for
health effects. In addition, the importance of
clearance of the particulate fraction via the
blood stream needs further investigation.
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