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(ABSTRACT)

Some asbestiform minerals may cause lung disease in humans such as asbestosis,
mesothelioma, and lung cancer. Crocidolite, the asbestiform counterpart of the
amphibole riebeckite, is particularly dangerous in cases of chronic exposure. Its
pathogenic activity may result from the interaction of the fiber surfaces with
physiological fluids. Fe removed from the fiber surface by molecular chelators present in
the body can promote a series of reactions that yield the hydroxyl radicals "OH) which
are known to cause DNA damage. This breakdown of DNA may be part of the
mechanism for crocidolite-induced pathogenesis.

X-ray photoelectron spectroscopy (XPS) and solution chemistry were used to
monitor the changes in surface composition of crocidolite fibers in a 50 mM NaCl
solution at pH=7.5 and 25°C in the presence of Fe chelators (citrate, EDTA, or
desferrioxamine) for up to 30 days. The data show that the introduction of Fe chelators
dramatically increases the rate at which Fe is released from the surface when compared to
a control group where no chelators were added. In particular, XPS shows that Fe(IIl) is -
more effectively removed in the presence of the chelators.

Past studies of the dissolution of Fe-containing silicates generally indicate that Fe

removal is the rate-limiting step. Fe(II) is particularly insoluble under circumneutral



conditions. However, our work suggests that crocidolite undergoes enhanced dissolution
in the presence of a chelator. Therefore, based on our XPS and solution data, and
assuming a typical fiber diameter, we can estimate that a crocidolite fiber will survive on
the order of hundreds of years in lung-like conditions. This is at least two orders of
magnitude longer than a chrysotile fiber of the same size, and corresponds well with the

fiber content observed in human lung tissue.
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INTRODUCTION

Asbestiform minerals have been used widely in various industrial and non-
industrial applications because of their fibrous shape, high tensile strength, flexibility,
long term durability, and fire resistant nature. Currently, the asbestos minerals that are in
most common use are the 1:1 sheet silicate chrysotile (Mg3Si;Os(OH)4) and the
amphibole crocidolite (NayFe3+;(Fe2+,Mg2+)3Sig022(0H),). It is now known that
asbestos minerals have the ability to trigger lung-disease in humans such as asbestosis
(scarring of lung tissue resulting in lost of Tung flexibility), mesothelioma (a malignant
tumor of the mesothelial cells which line the lung cavity), and lung cancer, although
exactly which mineral is responsible for inducing a particular disease is often debatable
(e.g., Wagner et al., 1960; Craighead et al., 1982; Wagner, 1991, Guthrie and Mossman,
1993). Unfortunately, the processes by which certain fibrous minerals induce disease are
not known, although a number of important studies have investigated this problem.
Stanton et al. (1981) reported a positive correlation between the aspect ratio (length to
width) of the fiber and its ability to induce cancer (the Stanton hypothesis); they
céncluded from tests in rats that fibers with higher aspect ratios are more pathogenic
(disease generating). Probably more than any other scientific finding, the Stanton
hypothesis has helped shape the current restrictive regulations and guidelines in asbestos
use and exposure in the United States (Vu, 1993). In a recent paper, Nolan and Langer
(1993) review what is recognized now as major limitations in the Stanton hypothesis;
they state that, although the fiber dimension vs. pathogenicity relationship may hold true
in some instances, the overall findings of Stanton et al. (1981) are inconclusive insofar as

its relevance to human disease. Besides dimension, there are several other aspects of



fibers that can potentially control their deleterious affects on our respiratory systems. For
example, fiber durability (i.e., the lifetime of a fiber based on dissolution rate) in lung
tissue appears to play an important role (McDonald and McDonald, 1986a,b). Surface
characteristics of asbestos fibers, such as charge, composition, structure, and
microtopography, may also be influential in dictating how fibers react in and perturb
respiratory systems (Hochella, 1993). Even the mechanical properties (stiffness,
fragmenting characteristics, etc.) may be important as fibers physically penetrate cell
membranes and potentially interfere with cell division (Barrett et al., 1989).

A major implication of most of the studies mentioned above is that there is an
important need for an understanding of how minerals respond to physiological fluids.
This is likely to be a necessary component of any integrated model of mineral-induced
pathogenesis. In this particular study, we have investigated the surface chemistry of iron
on crocidolite fibers which have been exposed to fluids that partially mimic lung fluids.
We specifically have chosen crocidolite for our work because it is now clear from
epidemiological studies (the study of disease in human populations) that it is far more
pathogenic than chrysotile. Crocidolite has been shown to promote the occurrence of
mesothelioma (e.g., McDonald and McDonald, 1986a) as well as carcinoma (cancer) of
the lung and asbestosis (e.g., McDonald and McDonald, 1986b; McDonald, 1990).
Furthermore, the surface chemistry of iron on these fibers is of special interest to us
because of previous work by Goodglick and Kane (1986), Lund and Aust (1989), and
Aust and Lund (1990). These authors suggest that hydroxyl radicals, created by reactions
involving iron leached from amphibole asbestos minerals, may be important in mineral-
induced disease. In particular, Aust and coworkers studied the release of Fe from
crocidolite in the presence of chelators and reducing agents, some of which are present in
a physiological fluid (Aust and Lund, 1990, 1991; Lund and Aust, 1992). They reported

a link between Fe released from crocidolite and DNA single strand breaks (SSB's) in



vitro. Measurement of DNA SSB's is one way of assessing how an agent interacts with
DNA, which may be an important component of the disease process. The mechanism

used to explain how Fe can cause DNA SSB's is the Haber-Weiss series:

Reductant® + Fe(Ill) — Reductant®+1) + Fe(1I) (1)
Fe(Il) + Oy - Fe(III) + *Oy— 2)
2°0p— +2Ht - 07+ HyOp 3)
Fe(Il) + HyOp - Fe(IIl) + OH— + *OH 4

In this series of reactions, an Fe atom can be repeatedly cycled between its two valence
states, producing highly reactive OH radicals which are detrimental to DNA molecules.
By monitoring fluid chemistry, Lund and Aust (1992) showed that when crocidolite is
treated with an Fe chelator, Fe is removed from the surface more readily than when the
chelator is not present. Furthermore, in solutions of DNA plus crocidolite, SSB's occur at
a much higher frequency in the presence of a chelator. These findings suggest that the Fe
removed from the surface may be an important factor in mineral-induced disease.
Although the post-treatment solutions were analyzed for Fe content in these studies, the
mineral surface was not investigated to determine the changes that took place during the
reaction with the chelator solution.

Therefore, this study has been specifically designed to begin to unravel the
surface chemistry of crocidolite, especially that dealing with both ferrous and ferric iron,
as it dissolves under conditions similar to that of a human lung. We have used scanning
electron microscopy (SEM) and atomic force microscopy (AFM) to study the fiber shape
and surface morphology, as well as X-ray photoelectron spectroscopy (XPS) and solution
analysis to track the changes in surface chemistry and the contacting solutions over a 30
day period. In addition, three well-known Fe chelators were chosen for this study,
including ethylenediaminetraacetic acid (EDTA), desferrioxamine and citrate. Although

citrate is the only one of the three found in the body, EDTA and desferrioxamine were



used as well because they are very effective Fe chelators and both may have application
in fiber—surface modification relevant to reducing toxicity of fibers (Brown et al., 1990,
Klockars et al., 1990). Ultimately, the results of this study combined with previous work
may help lead to a model for mineral-induced pathogenesis that directly includes

reactions at the mineral-fluid interface.

MATERIALS AND METHODS

Samples and Reagents

Crocidolite samples were obtained from Dr. Richard Griesemer (National Institute
of Environmental Health Sciences/National Toxicology Program, Research Triangle
Park, NC). Campbell et al. (1980) report median fiber size of roughly 15.0 x 0.25 um.
The bulk composition was determined by wet chemical methods (Cambell, 1980) and is
as follows (in atomic percent): Si 18.6%, Fe(Il) 5.9%, Fe(IIl) 5.4%, Mg 2.1% and Na
3.3%.

Two of the Fe chelators (sodium citrate and disodium salt of EDTA) were
obtained from Mallinckrodt, Inc. (Paris, KY). Deferoxamine mesylate USP

(desferrioxamine B) was obtained from CIBA (Summit, NJ).

Sample Treatment

Crocidolite (1 mg/mL) was reacted in a 50 mM NaCl solution in glass vials, in air
at a pH of 7.5 and room temperature. The pH was initially adjusted to 7.5 using NaOH.
The volume of the solution was approximately 50 mL. The solutions were reacted for
time periods of 1 hr, 24 hrs, and 30 days in 1 mM citrate, EDTA or desferrioxamine-B.
All runs were done in triplicate. One control group was run for each time period without

a chelator added. The 30 day runs were resuspended in fresh chelator solutions on the



first and seventh day and the pH was readjusted to 7.5. Each sample was placed on a
wrist-action shaker for the first hour and each was kept in the dark to avoid
photochemical reduction of ferric iron by the chelators (Chao and Aust, 1992). After the
reaction period, the suspension was transferred to 50 mL conical bottom tubes and
centrifuged to separate the fibers from the supernatant. Total iron mobilized into the
supernatant was measured by the ferrozine method as described in Lund and Aust (1990)
except in the case of desferrioxamine where the absorbance of the supernatant was
measured directly at 428 nm. The fibers were washed five times in de-ionized water to
remove any remaining chelator solution, dried on an acid-washed watch glass at room

conditions, and stored in glass vials with screw tops.

Atomic force and scanning electron microscopy

The untreated fibers were examined with a Nanoscope III AFM in air using a
silicon nitride tip in constant force mode. Fiber bundles were laid down on double-stick
tape, and the tip was repeatedly advanced onto a small group of fibers until images could
be obtained on a single fiber without interference from the surrounding sample.

The untreated fibers and the 30 day EDTA, desferrioxamine-B, and citrate—
treated fibers were examined with a Noran-Tracor Adem SEM equipped with a LaB6
electron gun. Samples were dispersion mounted on carbon rounds and coated with a

100A layer of gold.

X-ray photoelectron spectroscopy

Near-surface composition and Fe oxidation state on the crocidolite samples were
determined before and after treatment with a Perkin Elmer 5400 XPS (see Hochella,
1988, for a detailed description of XPS). Each sample of crocidolite, in a mat-like form,

was mounted on a one inch diameter aluminum stub for examination. A colloidal carbon



suspension (in isopropyl alcohol) was used as a mounting cement. Non-monochromatic
Al Ko X-rays (1486.6 eV) were used to analyze a 1 x 3 mm area on the mat of fibers.
The Si(2p), Na(2s), Mg(2s), Fe(3p) and C(1s) photolines were used for all analyses.
These particular Si, Na, Mg, and Fe photolines were chosen because of their similar
binding energies (and thus similar kinetic energies between 1370 and 1440 eV for Al Ko
X-rays). Using peaks with similar kinetic energies is important because the electrons that
make up these peaks originate from a similar depth in the sample. The C(1s) peak
(kinetic energy = 1176 eV) is the only core-level C peak that is attainable for analysis by
XPS. The sources of carbon on the surface were the mounting cement and contamination
from exposure to the solution and air.

A curve-fitting program (Labcalc) was used to determine the absolute area of the
Na(2s) and Fe(3p) peaks (which have a slight overlap) and the Fe(II):Fe(III) ratio (Fig. 1).
The Fe(3p) line can be fit best using three peaks, one representing Fe(II) and two
representing Fe(III) following the often-cited example of MclIntyre and Zeturak (1977).
The smaller of the two Fe(III) peaks is needed to account for the numerous multiplet-split
peaks that appear on the high binding energy side of the Fe(3p) peak (Gupta and Sen,
1974). The area ratio of the Fe(Il) fitted line relative to the two Fe(III) fitted lines is
directly proportional to the Fe(Il):Fe(IIl) ratio (Fig. 1).

The Fe(II), Fe(III), Na, Mg, and Si photolines were converted into semi-
quantitative compositional data using the following method. The number of atoms

present in a given volume is related to the area under a photoline by the equation:

I <no 5)

where I is the area under the peak, » is the atomic percentage in the measured volume of
the sample, and o is the photoionization cross-section for the sampled orbital for the

excitation energy used. The value of o for each photoline was determined from the
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Figure 1. Example of a curve-fit XPS spectra for Na(2s), Fe(3p) and Mg(2s) photolines
used in this study. The sum of all curves is seen superimposed on the actual spectra. When
determining the Fe(II):Fe(III) ratio, the Fe3p line is fit using the three peaks shown
following the example of McIntyre and Zeturak (1977). The relative positions of the three
peaks are held constant, as well as their widths and the relative intensities of the two Fe(III)
lines. Only the relative intensities of the one Fe(Il) line and the two Fe(III) lines are
allowed to vary. The Fe(II):Fe(III) ratio is equal to the peak area ratio.



above equation using a value for n determined by microprobe analysis and a value for 7
which was taken from the XPS data of the untreated sample. Using the calculated ¢
values and 7 from the XPS data, the actual values for n were determined for each cation in
every sample. Because n for Fe(II) and Fe(IIl) were determined from the same photoline,
their respective ¢ values were equivalent. The n values for Fe(total), Fe(Il), Fe(IlI), Mg,
and Na were then considered proportionately to Si. This cation:Si ratio was needed to
compare the XPS data from sample to sample because the sampling volume analyzed in
each run varies due to exact sample mounting and instrument conditions. Although 7 for
each photoline varies proportionally to the volume analyzed, the cation:Si ratios for a
given sample are independent of the analytic volume allowing ratios to be compared
between samples. The changes in cation:Si ratios were then used to follow the near-
surface composition of the mineral caused by reaction with the solutions.

In order to test for the development of leached layers on the crocidolite surface
within the 30 day length of our experiments, we made use of the Na:Si, Mg:Si, and Fe:Si
ratios using the following rationale and approach. The depth from which photoelectrons
are derived depends on the attenuation length, A, of the solid for an electron with the
kinetic energy of interest (see Hochella, 1988). There is an exponential reduction in
signal as a function of depth which follows the equation:

% signal = (1 - e9) x 100 (6)
where a is the number of attenuation lengths one wishes to consider. Therefore, 63% of
the signal comes from above 1A, 86% from above 2A, and 95% from above 3A (a =1, 2,
and 3, respectively). In practice, the 3A level in the sample is called the analysis depth.
For example, in SiO7, A for the Si(2p) photoelectrons ejected by Al Kow X-rays has been
measured to be 26A (Hochella and Carim, 1988), making the 3X analysis depth 78A.
Because all the photolines for the electrons being analyzed were chosen to have kinetic

energies similar to Si(2p), the A for these cations should be within a few A of that for Si.



Because the signal attenuates as a function of the electron depth below the surface (Eqn.
6), one can calculate the depth of leaching of one element with respect to another in the
near surface (e.g., if the depth of leaching for a given cation with respect to Si is equal to
1A, one would expect the signal for that cation to be reduced by 63% relative to Si). The
above equation can be modified slightly to yield information about the depth of leaching
in the following way:

% signal reduction = (1 - e /A) x 100 7)
where x is equal to the depth of cation leaching with respect to some other element.
Therefore, knowing the amount of cation signal reduction with respect to another element
allows the depth of leaching relevant to that element pair to be determined (e.g., if the Fe
signal is reduced by 50% with respect to Si, x = 18A)(see Fig. 2). We used this scheme
to look for the possible leaching of Na, Mg, and Fe relative to Si, and Si relative to Fe in
this study.

The approach presented above assumes that the attenuation length is the same in
the fresh material and the leached overlayer. This is most likely a very good assumption
(Hochella, 1988). However, calculating apparent leaching depths in this way (or any
other way) should still only be considered a qualitative measurement. As demonstrated
by Hochella (1990), leaching depths are probably not uniform over a surface. Even if
leaching depths were uniform, the analyzed surface would have to be flat for the
approach presented above to be fully valid. Assuming that surface roughness and
uniformity of leaching depth are consistent for all crocidolite samples measured in this

study, we can make best use of the calculated leach depths in a relative sense.
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RESULTS
SEM/AFM Imaging
Figure 3 is an SEM image of randomly dispersed crocidolite fibers that have
reacted in solution with citrate for 30 days. The characteristic fluted surface seen on
some of the fibers is due to the fact that they are made up of bundles of fibrils (see AFM
image in Fig. 4). After 30 days, there is no evidence of a precipitate on the surface of the
fibers resolvable with and SEM. The debris seen on the surface is probably smaller

crocidolite fibers that are electrostatically attached to the larger fibers.

Solution Analysis

The amount of Fe found in the post-treatment solutions is shown in Figure S in
terms of nmols of Fe in solution per mg of treated sample. Even after 30 days, there was
no detectectable Fe released to solution in the control samples. The introduction of
chelators greatly increased the release of Fe from the crocidolite fibers. After 30 days,
the amount of Fe released was roughly 200 nmol/mg from the EDTA and

desferrioxamine treated fibers and near 100 nmol/mg from the citrate treated fibers.

XPS Analysis

Fe vs. Si surface analysis from crocidolite. The XPS data in Figure 6 shows
how the Fe:Si ratios for the control and treated fibers changed over the 30 day period. All
the chelator solutions and the control group exhibited an initial rise of the Fe:Si ratio in
the first hour and then a decrease of this ratio after 24 hrs. In the control run, this initial
action was followed by an increase in the Fe:Si ratio after 30 days. The difference in the
Fe:Si ratios between the untreated sample and the average of the 30 day control samples
was significant (about 3 standard deviations). The desferrioxamine, EDTA, and citrate

treated samples showed slight variations in the Fe:Si ratio relative to
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Figure 3. SEM photomicrograph of crocidolite reacted in the presence of citrate for 30
days.
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Figure 4. AFM image of the surface of a crocidolite fiber. Individual fibrils that make
up each fiber can be easily seen. The fibrils run in the ¢ crystallographic direction. The
relief between fibrils in this image is no more than a few hundred Angstroms.
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the starting value after reacting in the solutions for 30 days, but these changes were not
more than one standard deviation. Therefore, the Fe:Si ratio for the control was
significantly higher than those ratios in the chelator groups after 30 days.

Data were also collected to determine how the surface Fe(II):Si and Fe(IIT):Si
ratios changed with time (Fig. 7). The Fe(III):Si ratio in the control increased initially in
the first 24 hrs and then remained constant at about 1 standard deviation greater than the
untreated sample. The citrate and desferrioxamine treated samples showed a decrease in
the ratio of about one standard deviation after 30 days, and the EDTA treated sample less
than one standard deviation. Therefore, the Fe(III):Si ratio in the control was greater than
that for the chelator groups by 1.5 - 2.5 standard deviations after 30 days.

The Fe(I1):Si ratio for the control rose slightly more than one standard deviation
after 30 days. The Fe(II):Si ratios also rose in the citrate and desferrioxamine samples by
more than two standard deviations while the EDTA samples experienced no change in the
ratio after 30 days. All three chelator groups and the control had a statistically similar
Fe(II):Si ratio after 30 days (within one standard deviation for desferrioxamine and
citrate, less than two standard deviations for EDTA).

Mg and Na vs. Si surface analysis on crocidolite. The Mg:Si ratios are shown
in Figure 8. The figure demonstrates that the control had a large decrease (four standard
deviations) in the Mg:Si ratio compared to the initial value ratio as did the
desferrioxamine and EDTA groups. The citrate group also showed a reduction in the
Mg:Si ratio, but less than half as much as the control, desferrioxamine and EDTA groups.
The citrate group was the only chelator group with a different Mg:Si ratio than the control
after 30 days.

Figure 9 shows the changes in the Na:Si ratios. Only the desferrioxamine group

showed a significant decrease in the Na:Si ratios after 30 days (two standard deviations)
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terric component.
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Figure 8. Mg:Si cation ratios vs. experiment duration in exactly the same format as

shown in Fig. 6.
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0.19

0.18

0.17

—m— Citrate

—=— Control

0.16

—a#— Desferrioxamine
—~5— Control

S LA S L ) S ey Sy B L SHL A S S S S S

0.15

0.14

—a— EDTA
4 —&— Control

\.:

0.13 I ——r

0 100 200 300 400 500 600 700 800
Time (hrs)

19



while the control (just over one standard deviation), citrate and EDTA (less than one
standard deviation) groups did not. In the case of all three chelator groups, the Na:Si

ratio did not vary more than one standard deviation from the control after 30 days.

DISCUSSION
Control experiments

In the 30 day control runs, the XPS data shows an increase in the Fe:Si ratio. This
suggests that a layer exists on the surface that is rich in Fe with respect to Si. Using the
leach layer thickness model described in the methods section, the thickness of the Si
depleted layer can be calculated at about SA. Although the data is consistent with such a
depletion layer in which all Si is removed from the top 5A of the mineral surface, other
scenarios are possible. Si could be partially removed from the near-surface, but from
deeper in the mineral. Also, it is likely that the leaching depth is quite variable (Hochella,
1990). Nevertheless, the leach layer thickness model gives a relative sense of chemical
variations at a surface and makes comparisons with other surfaces easy.

The Si-deficient layer suggested here could be caused by either preferential Si
release or precipitation of an Fe-oxide on the surface. Work by White and Yee (1985) on
Fe oxidation and reduction in Fe silicates shows that at near neutral pH, the rate of Fe(III)
release is greatly decreased due to the initiation of ferric hydroxide or oxyhydroxide
precipitation. However, no decrease in the Fe(II):Fe(IIl) ratio is observed in the XPS
results during the 30 day experiment. Therefore, precipitation of Fe(IIl) is not
responsible for the increase in the Fe:Si ratio in the control. Also, although the bulk
chemistry data shows that the Fe(IT):Fe(III) ratio =1 in the bulk mineral, the XPS data
shows an Fe(IT):Fe(IIl) ratio = 0.4 at the surface. This is most likely from oxidation of

the Fe at the surface long before any sample treatment. This surface abundance of nearly
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insoluble Fe(III) under these conditions (Baes and Mesmer, 1976) likely hinders Fe
release at neutral pH, but allows Si to be preferentially removed.

The XPS data also shows a decrease in the Mg:Si and Na:Si ratios at 30 days that
is equivalent to a5 A Na and a 10 A Mg depleted layer with respect to Si. Because we
have shown that Si was released from the surface, Na and Mg must have been leached as
well, but to a slightly greater depth.

Due to the nature of a crocidolite fiber bundle, surface chemistry internal to the
bundles (i.e., on the surfaces of fibrils accessible to solutions along grain boundaries) is
probably an important component of the cell-mineral reaction. These surfaces would not
be observable to classic surface-sensitive spectroscopies, but would certainly contribute
to changes in the solution chemistry, and reactions at these surfaces can be studied
directly with high resolution transmission electron microscopy (HRTEM). Groups that
have looked at dissolution reactions and weathering processes internal to mineral grains
with HRTEM include Ahn and Peacor (1987), Banfield and Eggleton (1988, 1990), and
Banfield et al. (1991). Specifically for crocidolite fibers, inter-fibril regions are likely to
contain sheet silicates (perhaps biotite) according to the HRTEM results of Ahn and
Buseck (1991, and references therein). The sheet silicates would be only minor to trace
mineral components in a bulk sense, but they could have moderate or conceivably greater

influence in reactions with solutions.

Chelator experiments

The release of Fe in the chelator solutions can be broken down into its Fe(II) and
Fe(III) components using XPS data. As noted in the results section, the Fe(II):Si and
Fe(III):Si ratios for the 30 day EDTA, desferrioxamine, and citrate groups do not vary
considerably from the untreated sample, but trends in the Fe(II):Si and Fe(III):Si ratios

appear as though they will converge with time for at least desferrioxamine and citrate.
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This is probably the result of the beginnings of the removal of the oxidized layer at the
surface mentioned in the previous section. As the outer oxidized layer dissolves away,
the surface properties become more like those of the bulk, where Fe(Il):Fe(IIl) = 1,
causing the Fe(II):Si and Fe(IIT):Si ratios to move towards convergence.

After 30 days in the presence of the solutions with chelators, the total Fe:Si ratios
do not significantly change. From this, one might infer that the crocidolite fibers are
dissolving congruently, that is Si is being released at a rate in stoichiometric proportion to
Fe according to the composition of the mineral. One only need to assume that the
disappearance of the fiber is a function of the release of Fe or Si, and one could easily
calculate a fiber lifetime. But it has been shown or inferred in other studies (e.g., Berner
et al., 1985; Mogk and Locke, 1988; Hochella et al., 1988; Hellmann et al., 1990) that
release data to solution and XPS observations generally do not have a simple correlation.
This is because the solution and XPS data are measuring two different things. The
release-to-solution data gives the total number of cations which have been liberated from
the solid and have not participated in any kind of reprecipitation reaction. This data says
nothing about from where the cations have come. On the other hand, XPS data gives the
composition of the top several 10's of Angstroms over a large area of the sample. XPS
cannot "see" what is happening on internal surfaces, and XPS data does not give the
distribution of cations within the depth of analysis (unless you do angle-resolved XPS,
but this is not possible on rough surfaces or fibers). Finally, the data cannot be used to
determine leaching depth heterogeneity. Taken together, this means that release-to-
solution data cannot be used to predict XPS results, and visa versa. This issue was
specifically tested in a study of crocidolite dissolution by Gronow (1987) and shown to
be true. In fact, in this study, Gronow showed crocidolite dissolution to be incongruent
after 1024 hours between pH's of 4 and 9, yet XPS showed no change in the average

surface chemistry at least over the first 50 hours of reaction at pH 4. Our group has also
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shown the lack of simple correlation between solution release data and XPS observations
in a study of the dissolution of albite (Hellmann et al., 1990). Therefore, we cannot say
with any confidence that Si is released in stoichiometric proportion to Fe even though the
XPS data shows that the Fe:Si ratio does not change from the untreated to the 30 day
treated sample. However, if we restrict our discussion just to Fe release, we can estimate

the Fe-release lifetime of a fiber as shown below.

Fe:Si fluctuations in the first 24 hours

The Fe:Si ratios determined from the XPS data for all the data groups show an
increase in the first hour followed by a decrease in the following hours up to the 24 hour
point. The reason for this consistent fluctuation is not known, but presumably it has
something to do with highly reactive sites on the untreated fiber surface. The chelators
probably do not play a role in this fluctuation because the same behavior is seen in the
control group. We assume here that this fluctuation is not important in determining the

long term effects that molecular chelators have on crocidolite dissolution.

Fe release lifetime in chelator solutions

The rate of Fe release from the mineral was calculated from the change in Fe
concentration between 1 and 30 days. Because of the initial perturbation in the
dissolution rate discussed above, the amount of Fe released into solution in the first day is
not a good estimate of long term Fe release. To obtain a more reasonable Fe release rate,
a rate constant, k, was determined using the concentration change between the day 1 and
day 30 data points for the control and each chelator group. The use of one day as an
appropriate starting point is justified by the crocidolite dissolution study of Gronow

(1987) who showed that dissolution had reached a steady state after this period of time.
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The model from Hume and Rimstidt (1992) was used to estimate the Fe release
lifetime of crocidolite fibers as follows:

t = (3/4)(d/Vmk) (®)
where t is the lifetime, d is the diameter of the fiber, and Vy, is the molar volume divided
by the number of Fe atoms in the stoichiometric formula. Table 1 shows the values for k
and the Fe release lifetimes for 0.25 um fibers (the mean diameter of fibers used in this
study) and 1.0 pm diameter fibers. If the rate constants were calculated from longer term
experiments, it is likely that they would be smaller. As a result, the predicted Fe release
lifetime would be even longer.

Our estimate of Fe release lifetimes of crocidolite fibers should be used with
caution. In the lung, fibers are not necessarily in a free fluid. They may be engulfed in
scavenging cells (phagocytes) and subjected to relatively extreme chemistries
(particularly lower pH's) compared to typical fluids in the lung. This would almost
certainly result in shorter lifetimes, as would increaéing the ambient temperature (the
body is at 37°C, approximately 14°C higher than our experiments). Further, Lund and
Aust (1990) showed that the presence of ascorbate, which is found in physiological
fluids, can increase the release rate of Fe(II) from crocidolite in the first 36 hours under
similar conditions to the control and chelator experiments of this study. On the other
hand, fibers in lungs are also commonly partially covered with iron-rich coatings believed
to be derived from proteins such as hemosiderin and ferritin. This could significantly
slow the rate of Fe release from the fiber. Finally, many other agents in lung fluids which
have not been tested may have major effects on fiber chemistry and dissolution.

The Fe release lifetimes for crocidolite fibers of many decades to hundreds of
years correspond well to what is already known about the biodurability of asbestos
minerals from epidemiological, in vivo, and lung burden studies. Some time ago, Wagner

et al. (1974) noted that rats continuously exposed to amphibole fibers suffered a ever
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Table 1. Estimates of iron release lifetimes of crocidolite at pH 7.5.

k " Lifetime (yrs) " Lifetime (yrs)
(mo] croc/mzs) for d=0.25 Hm for d=1.0 HLm
Control =() - -
Citrate 1.03x 10-12 106 422
Desferrioxamine 7.15 x 10-13 151 606
EDTA 1.34 x 10-12 81 324

25



increasing lung burden, while rats continuously exposed to chrysotile fibers showed only
a moderate lung burden which leveled off with time. Jones et al. (1989) more recently
came to the same conclusion. This fiber accumulation pattern in lung tissue has also been
shown to be the same in humans (Churg, 1993, and references therein). This is all
consistent with Hume and Rimstidt (1992) who studied the dissolution behavior of
chrysotile fibers at a temperature and pH range consistent with human lung conditions.
For these conditions, they estimated that a 1 wm diameter fiber of chrysotile will
completely dissolve in less than one year. Therefore, it is no surprise that the crocidolite
burden recovered from autopsied human lungs is always considerably greater than the
proportion of crocidolite fiber dust in the air source responsible for the lung
contamination (e.g., Wagner et al., 1982; Gardner et al., 1986; Churg, 1988). Either
chrysotile fibers are not making it into the lung through the upper bronchial tubes relative
to the crocidolite fibers for mechanical/acrodynamic reasons, or crocidolite fibers are
much more biodurable. A number of studies have shown that the former hypothesis is
not true (Roggli and Brody, 1984; Churg et al., 1984; Roggli et al., 1987; Coin et al.,
1992), leaving the later as the most probable cause. Finally, as already mentioned above,
it is now clear from epidemiological studies that crocidolite fibers are much more
pathogenic than chrysotile fibers in man. From this, one can reasonably assume that fiber
durability is at least indirectly related to the generation of lung disease. It follows that
fiberglass, which shows only poor durability in lung tissue as would be expected for an
amorphous silicate, should have little if any pathogenic potential. Indeed, this has been

shown to be the case (McDonald, 1990).
Implications for mineral-induced pathogenesis

The observations of crocidolite dissolution in the presence of chelators in vitro

should be relevant to biological applications. Because the solutions used in this study
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were meant to model conditions in the human lung, we can begin to hypothesize how
inhaled crocidolite changes in the lung and what effect these changes may have on human
health.

We have determined, as first shown by Aust and Lund (1990), that when chelators
are introduced into a solution with crocidolite fibers, the rate of Fe release increases
dramatically. One of the chelators from this study, citrate, is found in physiological
fluids in humans. Therefore, crocidolite dissolution would provide a considerable and
long-lasting source of Fe to promote DNA damage as long as the fiber remained present
in the lung. The estimates for fiber lifetime from this study shows that where citrate is
present, the average crocidolite fiber will persist much longer than a human life span.

Even if one involves processes in the lung that could significantly increase the
dissolution rate of the fibers (several are mentioned above), the Fe release lifetimes would
still be tens to hundreds of times longer than chrysotile. Therefore, our conclusions are
still consistent with fiber lung burdens found in autopsied lungs.

Future models for mineral-induced pathogenesis will most likely include reactions
at the mineral-physiological fluid interface. This study is one of the first in a long series

that will be needed to meet this objective.
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