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In this study we investigated relationships between redox properties and biodurability of 
crocidolite asbestos fibres and three different man-made vitreous fibres (MMVF): traditional 
stone wool fibres (MMVF 21), glass fibres (MMVF 11) and refractory ceramic fibres (RCF). 
Each fibre type was incubated up to 22 weeks in four different incubation media: gamble 
solution (GS) pH 5.0 and pH 7.4, representing blood plasma without proteins, and surfactant­
like solution (SLS) pH 5.0 and pH 7.4. During incubation time aliquots of incubation mix­
tures were removed and analysed in a biochemical model reaction, mimicking activated 
phagocytes. In addition, changes of fibre morphology and chemical composition were exam­
ined using SEM- and EDX-technology.

In the presence of crocidolite asbestos fibres and MMVF 21 the formation of OH -radicals 
according to the Haber-Weiss sequence could be demonstrated, whereas MMVF 11 and RCF 
showed no reactivity. Crocidolite asbestos fibres exhibited a significant higher activity com­
pared with the stone wool fibres at the onset of incubation. The oxidative capacities of these 
fibre types were shown to depend on both specific surface area and iron content. The oxida­
tive potentials of crocidolite asbestos fibres as well as MMVF 21 were not constant during 
incubation over several weeks in each incubation medium. The reactivities showed sinoidal 
curves including reactivities much higher than those at the onset of incubation time. These 
irregular changes of oxidative capacity may be explained by changes of the redox state of 
fibre surface-complexed iron.

Furthermore our results showed clear differences between incubation of fibres in GS and 
SLS, respectively, indicating that phospholipids play an important part in fibre dissolution 
behaviour and oxidative reactivity.

In conclusion we suggest, that biodurability testing procedures should not exclusively con­
centrate on dissolution rates of fibres. They should include fibre characteristics concerning 
known pathogenic mechanisms to evaluate the real toxic potential of the fibre type looking 
at. Secondly we suggest, that phospholipids should be constituents of incubation liquids used 
for standardised fibre biodurability test procedures thus representing more realistic incuba­
tion conditions.

Introduction

In a previous short communication we reported 
on redox properties and biodurability of crocido­
lite asbestos fibres and an experimental stone wool 
fibre incubated in Gamble solution (GS) and re­
constructed surfactant fluid (SLS) (Hippeli et al.,
1997).

Redox properties were examined in the 
NADH/diaphorase/EDTA system. In further in­

vestigations we could demonstrate that different 
types of asbestos fibres can “couple” to enzy­
matic reactions in vitro mimicking the situation 
found in the proximity of activated phagocytes 
(Elstner et al., 1986, 1988). One of these enzy­
matic reactions represents the generation of O? 
catalyzed by diaphorase in the presence of NADH  
as electron donor. 0 2 ~ spontaneously dismutates 
to H20 2 and molecular oxygen. 0 2 _ and H ? 0 2 
are the main products of the respiratory burst of
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activated phagocytes. From the influence of cer­
tain iron chelators (for example ED TA ) it has 
been concluded, that asbestos fibres were able to 
generate O H-radicals from 0 2 ~ and H20 2 via the 
catalysis of iron (Haber-Weiss reaction) as an in­
tegral part of the asbestos complex (Mossman and 
Landesman, 1983; Weitzman and Graceffa, 1984; 
Lund and Aust, 1990; Kamp et a l 1992; Hardy 
and Aust, 1995). In view of these facts we used the 
NADH/diaphorase/EDTA system to determine 
the potential toxicity of asbestos and man made 
mineral fibres in form of their oxidative potential.

During a time-scale of several weeks these re­
dox properties of the incubated crocidolite asbes­
tos and stone wool fibres undergo irregular 
changes including reactivities much higher than 
those at the beginning of the incubation. Two 
mechanisms have been suggested to be separately 
or cooperatively responsible for these observed ef­
fects: first, changes of the redox states of transition 
metal ions, where oxidations of reactive ions on 
the surface are responded by a decrease in redox 
activity and second, some form of surface “des­
quamation” during which different types of metal 
ions could be dissolved or exposed on new sur­
face layers.

In the present study the above mentioned 
hypotheses of mechanisms have been verified. 
Four different types of fibres were subjected to 
comparative investigations: crocidolite asbestos fi­
bres, refractory ceramic fibres (R C F), traditional 
stone wool fibres (M M VF 21) and the glass fibre 
MMVF 11. Pathogenicity, biopersistence and bio­
durability of these fibre types are well documented 
(Muhle et al., 1998; Kamstrup et al., 1998; Bern­
stein et al., 1995, 1996; Bellmann et al., 1995; 
Eastes and Hadley, 1995; Hesterberg et al., 1993, 
1998; Alexander et al., 1994; Musselman et al., 
1994; Greim 1993; McConnell et al., 1994; Mast et 
al., 1994; Wilson et al., 1999). Each fibre type was 
incubated in four different incubation media (GS 
pH 5.0 and 7.4; surfactant like solution (SLS) 
pH 5.0 and 7.4) up to 22 weeks. During incubation 
time aliquots of the incubation mixtures were re­
moved and analysed in the NADH/diaphorase/ 
ED TA  system. In addition alterations of fibre 
structure and chemical composition were exam ­
ined.

Materials and Methods

Fibre characteristics

Crocidolite asbestos fibres were obtained from 
stocks originally prepared and characterized by 
the UICC (Union Internationale Contre le Can­
cer, Timbrell and Rendall, 1971/72) and purchased 
from PLANO W. Plannet GmbH, Ernst-Befort- 
Str. 12, 35578 Wetzlar, Germany.

The basalt-based stone wool fibre (designated 
MMVF 21) and the glass fibre (designated MMVF
11) were a gift from Prof. Dr. K.-M. Müller (B e­
rufsgenossenschaftliche Kliniken Bergmanns­
heil -  Universitätsklinik, Institut für Pathologie, 
Bochum, Germany). These fibres are size-sepa­
rated fine respirable fractions both originally char­
acterized and obtained from the TIM A (Thermal 
Insulation Manufacturers Association) repository, 
c/o Mountain Tech. Center, Attn. T. Hesterberg, 
P. O.Box 5108, Denver CO, 80217-5108 , USA.

The refractory ceramic fibre (RCF, product des­
ignation ISOBLOCK-W atte 143) was purchased 
from FM B GmbH Hochtemperaturtechnik, Am  
Trippelsberg 71, 40589 Düsseldorf, Germany. The 
original material was milled with a mikro-dismem- 
brator (Type 835162/5 Braun Melsungen, G er­
many). The milled material was characterized by 
the Fraunhofer Institute for Ceramic Technologies 
and Sintered Material (IKTS) Dresden, Win- 
terbergstr. 28, 01277 Dresden, Germany. The spe­
cific surface areas of RCF, MMVF 21 and MMVF
11 were also determined by the IKTS according to 
Brunauer et al., 1938.

The chemical and physical characteristics of the 
stock fibre materials are given in Table I.

Reagents

KMB (a-keto-y-methiol-butyric acid), ß- 
NADH, phosphatidylcholine (contaminated with 
15% cholesterol; 5% phosphatidylethanolamine, 
2%  sphingomyelin), superoxide dismutase (SOD), 
bovine serum albumine (B SA ), formate and desf- 
errioxamine were obtained from Sigma, Munich, 
Germany; Diaphorase was purchased from Boeh- 
ringer, Mannheim, Germany; EDTA (ethylenedia- 
minetetraacetic acid) and catalase were from 
Merck, Darmstadt, Germany. All other chemicals 
were of the highest grade of purity available 
(Merck). The gases for gas chromatography were
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Table I. Chemical and physical fibre characteristics.

Crocidolite Refractory 
Ceramic fibres

MMVF 21 
(stone wool)

MMVF 11 
(glass fibres)

Chemical composition 
(in Weight%) 

SiOi 50.87 46 46.2 63.4
AI2O3 0.05 34 13.0 3.88
Fe20 3 21.41 7.0 0.25
TiO^ 0.01 2.95 0.06
CaO 0.71 16.9 7.45
MgO 3.41 9.25 2.82
Na.O 5.62 2.64 15.45
k 2o 0.07 1.25 1.32
MnO 0.05 0.16 0.01

B20 3
Z r 0 2 19 0.03

4.45
0.03

Diameter range [[i.m] 0 .1 - 1 .3 1 - 1 2 0.2 -  6.1 0.08-4 .2
AMD ± SD [^m] 0.3 ± 0.2 3.06 ±2 1.3 ± 0.8 0.9±0.7

Length range [|J.m] 1.3-30.7 10-400 1.8-76.9 1.7-98.8
AML ± SD [nm] 9.9 ± 7.8 57.6±47.2 24.6 ± 19.9 19 ± 18.7

Spec, surface area 8.3 ± 0.5 0.166 ± 0.003 1.106 ± 0.009 1.046 ± 0.014
[m2/g]

Note: AMD, arithmetic mean diameter; AML, arithmetic mean length; SD, standard deviation.

from Messer, Griesheim, Germany (N2: type 5.0; 
H2: type 5.0; synth. air; ethene calibration gas).

Incubation media and incubation conditions

The fibre materials (80 mg/20 ml) were incu­
bated in two different incubation media: the Gam­
ble solution (GS) (exact composition is described 
by Scholze and Conradt, 1987), representing the 
blood plasma without proteins, and the surfactant­
like solution (SLS). SLS was prepared by adding 
a phosphatidylcholine solution (1 g phosphati­
dylcholine in 2 ml ethanol) to GS (total volume 
50 ml). The pH of each of the two incubation me­
dia was adjusted to 5.5 and 7.4 with 1 n  HC1.

Incubation mixtures were shaken continuously 
in a water bath at 37 °C. At defined times of incu­
bation (short time experiment: 0, 3, 6, 24, 48, 72, 
96, 168 h; long time experiment: during a time 
scale of 22 weeks (SLS) or 18 weeks (GS), every 
two weeks) 50 (il were taken from incubation mix­
tures in order to examine the oxidative potential 
of the incubated fibre material in the NADH/dia- 
phorase/EDTA system.

NADH/diaphorase/ED TA system and gas chroma­
tographic ethene determination

The enzyme-catalyzed and fibre-stimulated for­
mation of reactive oxygen species was detected as 
ethene release from a-keto-y-methiol-butyric acid 
(KM B). Ethene formation from KMB was ana­
lyzed by gas chromatography as described pre­
viously (v. Kruedener et al., 1995; Hippeli et al.,
1997). The values for ethene production refer to 
picomol per total reaction and were calculated 
with the aid of an ethene calibration gas: 1 ml = 
235.15 pmol, 1 bar. The reaction mixtures con­
tained in a total volume of 1 ml: 100 m M  phosphate 
buffer (pH 7.4), 75 jim NADH, 1.1 U diaphorase,
1 m M  ED TA , 1.5 m M  KMB and 50 îl of the incu­
bation mixtures. One unit of diaphorase will oxi­
dize 1.0 ^imol of ß-NADH per min at pH 5.7 at
25 °C, with the corresponding reduction of the 
electron acceptor. In order to study reaction mech­
anisms SOD or catalase (50 U ), BSA  (12 ng; 
equivalent to the protein content of 50 U cata­
lase), desferrioxamine (1 m M ) or formate (1 m M ) 

were added to the reaction mixtures. One unit of 
SOD will inhibit the rate of reduction of cyto­
chrome c by 50%  in a coupled system with xan­
thine and xanthine oxidase at pH 7.8 at 25 °C in
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a 3 ml reaction volume; one unit of catalase will 
decompose 1.0 [_tmole of H20 2 per min at pH 7.0 
at 25 °C.

At the beginning and at the end of the long term 
experiment 2 ml of each incubation mixtures were 
centrifuged for 10 min at 13.000 rpm (Centrifuge 
5810, Eppendorf, Hamburg, Germany). Superna- 
tants were quantitatively recovered, fibre pellets 
were resuspendet in 2 ml of the corresponding in­
cubation medium. Aliquots of 50 (il each were an­
alysed in the NADH/diaphorase/EDTA system.

SEM - and EDX-analysis o f  stock and incubated 
fibre materials

Alterations of fibre structure and chemical com­
position were observed by scanning electron mi­
croscopy (SEM ) and energy-dispersive X-ray  
(E D X ) analyses as described by Respondek et al. 
(1995). Samples of 100 t̂l incubation mixtures

(containing 0.4 mg fibres) were diluted in 5 ml 
aqua dest., placed on membrane filters (filter type 
0.2 j.im GTTP, Millipore, Eschborn, Germany) 
using vacuum and coated with carbon. The coated 
samples were studied with SEM (DSM 940 Zeiss, 
Oberkochen, Germany) and E D X  (AN 10/25S 
Link, Oxford, Great Britain) using 1 0 -3 0  kV.

Results

Two sets of experiments have been performed 
in order to elucidate the development of potential 
toxicity of different fibres in solution. The first set 
of experiments concerns tests within a time scale 
of 168 hours (short term experiment) whereas the 
second set concerns a time scale of 18 weeks for 
incubation in GS and a time scale of 22 weeks in 
the case of incubation in SLS (long term experi­
ment). As shown in Fig. 1 (short term experiment)
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Fig. la-d. Short-time experiment: The prooxidative potentials of crocidolite asbestos fibres, MMVF 21, MMVF 11 
and RCF in the NADH/diaphorase/EDTA system.

control: -•- crocidolite: MMVF 21; -♦ -  MMVF 11; -A- RCF.
Reaction mixtures contained in a total volume of 1 ml 100 m M  phosphate buffer, 75 |.im NADH, 1.1 U diaphorase, 
0.5 m M  EDTA, 1.5 m M  KMB and 50 |xl incubation mixture. Incubation mixtures consisted of either incubation me­
dium (control) or incubation medium + fibre materials. Incubation media are GS (pH 5.5 and 7.4: Fig. la/b) or SLS 
(pH 5.5 and 7.4; Fig. 1 c/d). Standard deviations represent n = 6 .
To compare the reactivities of the different fibre types, the ethene formation of the control reaction (incubation 
medium without fibres) was set as 100%. The ethene formations of the reactions in the presence of fibres were 
calculated as % of the control reaction.
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Fig. 2a-d. Long-time experiment: The prooxidative potentials of crocidolite asbestos fibres, MMVF 21, MMVF 11 
and RCF in the NADH/diaphorase/EDTA system.
-■- control; -•- crocidolite; -▼- MMVF 21; -♦ - MMVF 11; -A- RCF.
Reaction mixtures and incubation media were as described for Fig. la-d.

and Fig. 2 (long term experiment) clear differences 
between different fibre types can be shown:

In the presence of crocidolite asbestos fibres 
and stone wool M M VF 21 strong stimulation of 
ethene release from KMB, triggered by the 
N ADH/diaphorase/EDTA system was observed, 
whereas R C F and M M VF 11 showed no or slight 
effects. In order to compare the reactivities of the 
different fibre types, ethene formation of the con­
trol reaction (incubation medium without fibres 
added to the NADH/diaphorase/EDTA system) 
was set as 100% . The corresponding pmol values 
are indicated in the figures. Ethene formation of 
the reactions in the presence of fibres were calcu­
lated as% of the control reaction.

Crocidolite exhibited a significant higher activ­
ity as compared to M M VF 21, both in Gamble 
solution (Fig. 1 a/b and Fig. 2 a/b) and in SLS 
(Fig. 1 c/d and Fig. 2 c/d). The oxidative potentials 
of both types of fibres were not constant during 
incubation up to 22 weeks either in GS or in SLS. 
Especially in the long term experiment reactivities 
showed irregular changes including reactivities 
much higher than those at the onset of incubation.

These findings are in agreement with our previous 
findings (Hippeli et al., 1997).

As demonstrated in Fig. 3a ethene release, trig­
gered by the NADH/diaphorase system, was in­
hibited by both SOD and catalase, whereas BSA  
(protein control) showed no effect. ED TA  caused 
an increase in ethene formation. The chelator 
ED TA  strongly enhances certain oxidative pro­
cesses by facilitating Fe3+-reduction as well as 
electron transfer from Fe2+ to H20 2 thus allowing 
the formation of OH -radicals according to the 
Haber-Weiss sequence. Increasing ethene release 
of the NADH/diaphorase system in the presence 
of ED TA  is due to ubiquitary iron impurities.

In Fig. 3b the effects of the investigated fibre 
types, incubated in GS pH 5.5 for 1 hour, on the 
NADH/diaphorase system were demonstrated. 
Crocidolite and to a much lower degree MMVF
21 enhanced the ethene release. In contrast, R C F  
and MMVF 11 were unreactive. Addition of 
ED TA  to the asbestos-stimulated NADH/diapho­
rase system resulted in a strong increase of ethene 
release, as expected (Fig. 3c). Both superoxide dis­
mutase (SOD) and catalase inhibited the reaction
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NADH/diaphorase NADH/diaphorase NADH/diaphorase NADH/diaphorase
+ crocidolite + crocidolite/EDTA + MMVF 21 + MMVF 21/EDTA

Fig. 3a-d. Ethene release from KMB in the NADH/diaphorase system
Reaction mixtures contained in a total volume of 1 ml 100 m M  phosphate buffer, 75 [.im NADH, 1.1 U diaphorase, 
1 m M  KMB, 50 U SOD or catalase, 12 |xg BSA, 0.5 m M  EDTA or desferrioxamine or formiate, 200 [.ig crocidolite 
asbestos fibres or MMVF 21.
Fig. 3a. Ethene release in the NADH/diaphorase system (simulation of the respiratory burst) and the influence of 
SOD, catalase, BSA and EDTA on the ethene formation.
Fig. 3b. Influence of crocidolite asbestos fibres, MMVF 21. RCF and MMVF 11, incubated in GS pH 5.5 for 1 h, on 
the ethene release from KMB in the NADH/diaphorase system.
Fig. 3c-d. Influence of SOD, catalase, BSA, EDTA, desferrioxamine and formiate on the ethene release in the 
presence of crocidolite asbestos fibres (Fig. 3c) and MMVF 21 (Fig. 3d).

of the model system in the presence of asbestos 
and EDTA. Desferrioxamine, a chelator forming 
an unreactive complex with Fe3+-ions, suppressed 
the crocidolite stimulated ethene release of the en­
zyme system. These results clearly indicate an 
iron-mediated formation of reactive oxygen spe­
cies via the Haber-Weiss reaction type. As shown 
in Fig. 3d MMVF 21 exhibited comparable reac­
tion patterns, underlining the role of iron in this 
fibre toxicity. The unreactivity of R C F and MMVF
11 in these model reaction could be explained by 
lacking iron (R C F) or by a too low iron content 
(M M VF 11) (see Table I).

A fibre-dose response is given in Fig. 4. Crocid­
olite asbestos fibres (Fig. 4a) and MMVF 21 (Fig. 
4b) were incubated at different concentrations in 
each of the incubation media for 1 hour and than 
tested in the NADH/diaphorase/EDTA system.

The reactivities were generally lower in SLS. 
The only distinction between GS and SLS is the 
content of phospholipids in SLS, which may in part 
act as radical scavengers for reactive oxygen spe­
cies formed by the NADH/diaphorase/EDTA-sys- 
tem. The oxidative potentials of crocidolite and 
less pronounced of MMVF 21 were higher at 
pH 5.5 compared to pH 7.4, especially in GS.

Crocidolite asbestos fibres contain iron three 
times higher than those of MMVF 21. Concerning 
iron-content, the reactivity of 200 |ig stone wool 
fibres has to be compared with the reactivity of 
67 j.ig asbestos fibres. The specific surface area of 
200 [.ig MMVF 21 comprehends 2.212 cm2, that of 
67 [.ig asbestos fibres 5.478 cm2 (data calculated 
from Table I). Calculated reactivities correspond­
ing to a specific surface area of 1 cm2 were summa­
rized in Table II. These data clearly indicate, that
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Fig. 4a-b. Ethene release in the NADH/diaphorase/EDTA system in the presence of different fibre concentrations 
of crocidolite asbestos (Fig. 4a) and MMVF 21 (Fig. 4b), incubated in -A-GS pH 5.5; -T-GS pH 7.4; -B-SLS pH 5.5 
and -*-SLS pH 7.4 for 1 h.

Table II. Reactivities of crocidolite asbestos fibres and man-made vitreous fibres 21 in the NADH/diaphorase/EDTA 
system, adjusted to iron content and surface area.

Crocidolite asbestos fibres 
67 ng / 5.478 cm2 spec, surface area

MMVF 21 
200  |xg / 2.212 cm2 spec, surface area

pmol ethene pmol ethene 
adjusted to 1 cm2 

spec, surface area

pmol ethene pmol ethene 
adjusted to 1 cm2 

spec, surface area

GS pH 5.5 2890 528 1212 548
GS pH 7.4 2000 365 1418 641
SLS pH 5.5 820 150 377 170
SLS pH 7.4 690 126 305 137

the enhancement of ethene release from KMB in 
the NADH/diaphorase/EDTA system in the pres­
ence of crocidolite or M M VF 21 is a function of 
surface area and iron content. Adjustment to both 
equal iron content and equal surface area yielded 
comparable ethene formation at the beginning of 
incubation in each incubation medium, with the 
exception of GS pH 7.4.

Data in Table III showed that at the onset of 
incubation (1 hour) the observed reactivities of 
crocidolite as well as M M VF 21 are exclusively 
due to the presence of fibres. Samples of the incu­
bation mixtures were removed after one hour in­
cubation time and centrifuged in order to separate 
incubation media plus possibly leached elements 
from fibre material. Fibre pellets were resus­

pended in corresponding incubation media. Ali­
quots of each were tested in the NADH/diapho­
rase/EDTA system and compared with total 
reactivity. All supernatants showed reactivities 
comparable to control reaction (= 100% ). Oxida­
tive potentials of resuspended fibres corresponded 
to total reactivities. Results of the same experi­
ment carried out at the end of long term incuba­
tion were also shown in Table III. In the case of 
crocidolite reactivities retained associated with fi­
bre material. In contrast, “M M VF 21-superna- 
tants” of near neutral incubation media GS and 
SLS exhibited significant enhanced reactivities, 
whereas the corresponding resuspended fibre pel­
lets showed reduced activities compared with total 
reactivity, indicating a leaching of iron from
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Table III. Localisation of reactivity.

Stimulation of the ethene 
release from KMB in the .

Crocidolite asbestos fibres

NADH/diaphorase/EDTA 
system [% of the control 

reaction; control reaction - 
= 100%]:

GS pH 5.5 
Time of incubation

GS pH 7.4 
Time of incubation

SLS pH 5.5 
Time of incubation

SLS pH 7.4 
Time of incubation

lh 18
weeks

lh 18
weeks

lh 22

weeks
lh 22

weeks

Total reactivity 350 ± 8 480 ± 25 416 ± 19 300 ± 12 308 ± 16 233 ± 12 323 ± 8 314 ± 17

Reactivity of the supernatant 107 ± 4 159 ± 11 103 ± 11 112 ± 6 111 ± 9 106 ± 5 98 ± 2 123 ±8

Reactivity of the 
resuspended pellet

328 ± 8 408 ± 24 422 ± 24 288 ± 16 289 ± 10 245 ± 22 306 ± 16i 331 ± 11

MMVF 21

GS pH 5.5 
Time of incubation

GS pH 7.4 
Time of incubation

SLS pH 5.5 
Time of incubation

SLS pH 7.4 
Time of incubation

lh 18
weeks

lh 18
weeks

lh 22

weeks
lh 22

weeks

Total reactivity 150 ± 5 390 ± 26 175 ± 12 176 ± 14 122  ± 12 173 ± 8 154 ± 11 164 ± 14

Reactivity of the 
supernatant

98 ± 10 106 ± 14 98 ± 6 152 ± 7 106 ± 7 109 ± 7 96 ± 4 150 ± 7

Reactivity of the 
resuspended pellet

149 ± 16> 368 ± 11 167 ± 9 131 ± 9 125 ± 2 159 ± 11 144 ± 9 120 ± 3

MMVF 21, but not from asbestos fibres. These as­
sumptions were confirmed by EDX-analyses. The 
element maps of asbestos fibres (Table IV) 
showed no significant differences during time scale 
concerning the ratio of Si to Fe, irrespective of 
type of incubation medium or pH. In addition 
SEM-analyses of stock material compared to incu­
bated fibres showed no morphological changes of 
fibre structure (data not shown).

In the case of MMVF 21 a strong increase of Si 
to Fe-ratio was observed in GS pH 7.4 (from 8.3 
to 18.2) and in SLS pH 7.4 (from 8.3 to 32.6) at 
the end of long term incubation (Table V). Incuba­
tion in the acidic media did not cause any alter­
ation of the Si to Fe-ratio. But similar to crocido- 
lite asbestos fibres no changes in fibre morphology 
could be demonstrated by SEM during long term 
incubation in any incubation medium (data not 
shown).

Looking at the element maps of R CF (Table VI) 
it was noticeable, that the Zr-content varied to a 
large extent. Interestingly only in SLS Zr-contents 
of more than 20%  were observed. In addition only

in these incubation medium, independent on pH, 
a destruction of the nucleopore filter membrane 
accompanied by fibre breaking causing sharp 
edges was detected by SEM (Fig. 5a-c).

EDX-analyses of the glass fibre MMVF 11 indi­
cated a leaching of Ca, but only by incubation in 
SLS (Table VII). Incubation in GS yielded no sig­
nificant changes of the chemical composition of 
the fibre looking at, although chrystalline forma­
tions on fibre surface were observed by SEM  
(Fig. 6a). Chrystalline formations were also ob­
served on fibre surface of glass fibres incubated in 
SLS, but to a less amount compared with GS 
(Fig. 6b).

Discussion

Of utmost importance for fibre toxicity is the 
geometry of these particles i.e. the ratio between 
length and diameter. This ratio determines the to­
pographical localisation in the respiratory tract. 
Another probably equal important property is the 
chemical composition and, dependent or indepen-
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Table IV. Results of the EDX-analyses.

Incubation Elements Time of incubation (days)
medium

0 7 28 56 126 154

Percentage of elements contained in crocidolite asbestos fibres

SLS, Si 53.9 54.1 51.3 46.6 53.4
pH 5.5 Mg 6.1 4.5 5.2 5.2 7.2

Fe 23.2 25.5 26.7 24.7 25.2
Na 16.8 15.9 16.7 23.5 22.5

Mg + Na (A) 22.9 20.4 21.9 28.7 29.7
Si : A 2.4 2.7 2.3 1.6 1.8

Si : Fe 2.3 2.1 1.9 1.9 2.1

SLS, Si 53.9 51.8 51.8 52.1 59.0
pH 7.4 Mg 6.1 3.8 5.2 4.1 6.1

Fe 23.2 28.9 27.1 27.0 26.3
Na 16.8 15.5 15.4 15.9 19.6

Mg + Na (A) 22.9 19.3 20.6 20.0 24.7
Si : A 2.4 2.7 2.5 2.6 2.4
Si : Fe 2.3 1.8 1.9 1.9 2.2

GS, Si 53.9 51.5 52.5 59.3
pH 5.5 Mg 6.1 4.5 4.5 6.6

Fe 23.2 28.3 25.8 24.8
Na 16.8 15.7 17.2 19.3

Mg + Na (A) 22.9 20.2 21.7 25.9
Si : A 2.4 2.5 2.4 2.3
Si : Fe 2.3 1.8 2.0 2.4

GS, Si 53.9 53.9 50.5 53.4 59.3
pH 7.4 Mg 6.1 6.1 2.8 3.4 6.0

Fe 23.2 23.2 35.4 29.9 26.4
Na 16.8 16.8 11.4 13.2 18.3

Mg + Na (A) 22.9 22.9 14.1 16.7 24.3
Si : A 2.4 2.4 3.6 3.2 2.4
Si : Fe 2.3 2.3 1.4 1.8 2.2

dent of this composition, the biodurability. Biolog­
ical longevity (biodurability) seems to be tightly 
correlated with a strong tumor-inducing potential 
(Stanton and Wrench, 1972). Biodurability was in­
cluded in addition to geometry as evaluating crite- 
rium with regard to this carcinogenic potential. 
Several uncertainties concerning these criteria are 
known: ceramic fibres are clearly less soluble than 
mineral fibres and are only extrem slowly removed 
from rat lungs (Hammad et al., 1988). In 
agreement with this fact a high toxicity in animal 
experiments has been demonstrated (Hesterberg 
et al., 1992). In comparison to amphibolic asbestos 
fibres such as the toxic crocidolite, ceramic fibres 
appear to be less dangerous, however. This may 
be due to the fact that ceramic fibres, in contrast 
to amphibolic asbestos fibres, do not split longitu­

dinally. The overall toxicity is apparently not only 
determined by geometry and durability: chemical 
reactivity of atoms (ions) or molecule-complexes 
exposed to the surface are additional parameters 
in this respect (Fubini 1993; Martra et al., 1999).

Most investigations concerning biodurability 
have been conducted in vivo where the number of 
countable fibres present in the lung after a certain 
time have been used as main parameter for dura­
bility. This value has been correlated with toxicity. 
The number of fibres present for longer time in 
the lung is dependent on their length. Short fibres 
undergo rapid phagocytosis and upward transport 
by alveolar macrophages (Morgan and Holmes, 
1984). Long fibres may be broken down yielding 
shorter ones which than are also transported by 
macrophages (Bernstein et al., 1995). Only in the
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Table V. Results of the EDX-analyses.

Incubation Elements Time of incubation (days)
medium

0 7 28 56 98 126 154

Percentage of elements contained in MMVF 21

SLS. Si 43.7 43.2 44.8 40.0 42.1
pH 5.5 Al 16.5 15.2 15.9 14.8 15.6

Mg 14.1 13.1 13.0 12.9 12.4
Fe 5.2 4.3 4.5 5.0 5.0
Ca 18.0 16.2 18.1 16.4 16.3
Na 5.0 4.8 n.d. 6.3 5.0
K 1.3 1.4 1.0 2.5 1.6

Ti 1.9 1.8 2.7 2.1 2.0

Mg + Na + K + Ca (A) 38.4 35.4 32.1 38.1 35.3
Si : A 1.1 1.2 1.4 1.0 1.2

Si : Fe 8.3 10.0 10.0 8.0 8.4

SLS, Si 43.7 41.9 41.6 41.9 44.4 52.9
pH 7.4 Al 16.5 15.1 15.5 14.9 13.9 17.3

Mg 14.1 14.2 13.0 13.1 11.5 14.5
Fe 5.2 4.7 5.1 5.2 5.6 1.6

Ca 18.0 14.0 16.2 16.3 15.8 11.5
Na 5.0 6.3 5.8 5.5 6.2

K 1.3 1.2 1.1 1.3 1.8 1.2

Ti 1.9 1.8 1.7 1.8 2.7 1.0

Mg + Na + K + Ca (A) 38.4 35.8 36.1 36.2 33.4 27.2
Si : A 1.1 1.2 1.2 1.2 1.3 1.9
Si : Fe 8.3 8.8 8.2 8.1 7.9 32.6

GS, Si 43.7 42.6 39.9 43.0 42.1
pH 5.5 Al 16.5 15.2 15.2 15.2 13.8

Mg 14.1 13.5 13.0 13.6 12.8

Fe 5.2 4.4 5.3 4.5 5.2
Ca 18.0 15.5 17.3 14.7 17.6
Na 5.0 5.2 5.8 5.6 4.7
K 1.3 1.3 1.5 1.4 1.6

Ti 1.9 1.8 2.1 1.9 2.1

Mg + Na + K + Ca (A) 38.4 35.6 37.5 35.3 36.7
Si : A 1.1 1.2 1.1 1.2 1.2

Si : Fe 8.3 9.6 7.5 9.5 8.0

GS, Si 43.7 41.8 41.6 42.6 41.8
pH 7.4 Al 16.5 15.5 15.4 15.3 15.9

Mg 14.1 13.9 11.9 13.6 13.0
Fe 5.2 4.6 5.5 4.3 2.3
Ca 18.0 14.5 16.0 15.9 15.3
Na 5.0 6.7 5.6 5.3 4.8
K 1.3 1.2 1.6 1.0 1.6

Ti 1.9 1.8 2.4 1.9 2.2

Mg + Na + K + Ca (A) 38.4 36.3 35.1 35.9 34.7
Si : A 1.1 1.5 1.2 1.2 1.2

Si : Fe 8.3 9.1 7.5 9.8 18.2

case where fibres are to long to be phagocytosable more complicated: the biodurability of fibres in
the retention time in the lung depends on their the lung depends on yet more factors than solely
solubility. In vivo and in vitro investigations show their solubility.
identical durability of those fibres (Eastes et al., Most in vitro investigations concerned mass
1995). In summary the situation seems to be even losses within a certain time as a measure of their
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Table VI. Results of the EDX-analyses.

643

Incubation Elements Time of incubation (days)
medium

0 7 28 56 84 98 154

Percentage of elements contained in refractory ceramic fibres

SLS, Si 59.2 56.3 45.1 56.3 55.6 55.3 49.2
pH 5.5 Al 35.0 33.0 28.3 32.8 34.1 31.8 27.8

Zr 5.8 10.7 26.6 10.6 10.4 12.8 23.0

SLS, Si 59.2 56.5 57.1 50.4 56.7 57.1
pH 7.4 Al 35.0 33.1 32.5 27.7 34.5 29.3

Zr 5.8 10.4 10.4 21.9

0000 13.6

GS, Si 59.2 56.3 56.7 57.3 57.5 52.7
pH 5.5 Al 35.0 32.8 33.1 33.5 35.3 36.1

Zr 5.8 10.8 10.3 9.2 7.1 11.2

GS, Si 59.2 56.7 58.0 59.2 57.5
pH 7.4 Al 35.0 33.2 32.8 31.0 30.1

Zr 5.8 10.0 9.3 9.7 12.3

durability (for review see Meringo et al., 1994). In 
vivo investigations on the other hand allow to 
draw conclusions between potential toxicity and 
persistence in the respiratory tract. They do not 
allow, however, correlation between persistence 
and solubility of the individual fibres. Available 
data on in vitro systems allow conclusions on their 
solubility but not on the correlation between solu­
bility and toxicity.

The goal of our investigations therefore was to 
establish biochemical model systems for the con­
tinuous measurement of potential toxicity during 
the process of biodegradation. The main question 
to be asked was whether a continuous loss of mass 
is tightly connected with a continuous loss of toxic­
ity. Only in the case of a positive answer to this 
question it seems feasible to deduce that high solu­
bility is also correlated with low toxicity and vice 
versa.

The process of biodegradation was simulated by 
incubation of the fibre materials in artificial media 
mimicking the lining fluid (GS) and the surfactant 
(SLS) of the lung.

Using a simple biochemical model reaction, sim­
ulating activated phagocytes, the iron mediated 
formation of strong oxidants in the presence of 
crocidolite asbestos fibres and MMVF 21 could be 
demonstrated. The oxidative capacities of these fi­
bre types were shown to depent on both specific

surface area and iron content. Crocidolite asbestos 
fibres possess a three times higher iron-content 
and an eight times higher specific surface area as 
compared to MMVF 21. These differences were 
exclusively responsible for the much stronger oxi­
dative potential of crocidolite asbestos as com­
pared to MMVF 21 on the basis of same fibre mass 
concentrations at the onset of incubation. The con­
tribution of ROS to overall asbestos toxicity and 
the role of iron as an integral part of the asbestos 
complex has been well documented by several 
groups in the past decade (for review see Hardy 
and Aust, 1995; Kamp and Weitzman, 1997). Ghio 
and co-workers, (1992) showed, that the in vitro 
production of hydroxyl radicals by crocidolite as­
bestos fibres increases with the [Fe3+] complexed 
to the dust surface. In a later report (Ghio et al., 
1994a) the authors pointed out, that structural 
metal is unlikely to participate in free radical pro­
duction, but it can catalyse heterogeneous electron 
transport. Structural oxidation of iron silicates oc­
curs through an electron hopping mechanism. This 
can produce an increase of ferric cation in the lat­
tice by reduction of surface Fe3+. The surface iron 
can than be reoxidized by atmospheric oxygen 
(Fubini and Mollo, 1995). This can faciliate inner 
sphere electron transfer between structural and 
adsorbed iron states. These mechanisms of elec­
tron transfer ultimately depend on the concentra-
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Fig. 5a-c. Breaking and peeling of RCF after incubation 
in SLS pH 7.4 (a) or SLS pH 5.5 (b) for 22 weeks. De­
struction of the membraneous filter by RCF incubated 
in SLS pH 7.4 for 22 weeks (c).

tion of surface-complexed iron. The high percen­
tage of S i0 2 in crocidolite asbestos and MMVF 21 
and the consequent high density of surface silanol 
groups in these fibres result in a high capacity to 
coordinate metal ions on the surface.

Astolfi and co-workers (1991) observed strong 
changes in the “state and population of iron ions” 
in different asbestos fibres if they are exposed to 
a biologically relevant matrix for longer times. 
Zalma et al. (1989) documented that fibres with a 
completely oxidized surface lose their toxicity. But 
surface-[Fe3+] can be reduced by 0 2 _, produced 
by activated phagocytes (Ghio et al., 1994b). In

Fig. 6a-b: Coating of MMVF 11 after incubation in GS 
(a) or SLS (b) for 16 weeks.

view of this facts the observed irregular changes 
of oxidative capacity could be explained with 
changes of the redox states of transition metal 
ions, where oxidations of reactive ions on the sur­
face are responded by a decrease in redox activity 
and reduction of surface ferric iron by an increase 
of oxidative power.

Ghio and co-workers (1994b) reported, that re­
duction of ferric ion by superoxide yields in a dis­
placement from the crocidolite asbestos fibre sur­
face. Lund and Aust (1990) showed, that at acidic 
pH the Fe(II)-mobilisation from crocidolite in the 
presence of an iron chelator was strongly en­
hanced as compared to neutral or alkaline pH. 
These findings could explain the higher oxidative 
potential at pH 5.5 observed in our incubation ex­
periments, indicating enhanced oxidative capaci­
ties of crocidolite and MMVF 21 in the presence 
of phagocytes due to the lower pH in the microen­
vironment of activated macrophages and neutro­
phils. On the other hand damaging effects of oxi-
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Table VII. Results of the EDX-analyses.

Incubation
medium

Elements Time of incubation (days)

0 7 28 56 98 112 154

Percentage of elements contained in MMVF 11

SLS, Si 61.6 62.9 63.9 64.1
pH 5.5 Al 5.4 5.3 5.1 5.1

Mg 4.2 4.0 4.0 4.3
Ca 7.8 7.9 8.5 5.9
Na 19.4 18.3 16.6 19.1
K 1.3 1.6 1.8 1.4

Mg + Na + K + Ca (A) 32.6 31.8 30.9 30.7
Si : A 1.9 2.0 2.1 2.1

SLS, Si 61.6 68.5 64.7 64.8
pH 7.4 Al 5.4 6.2 4.0 6.0

Mg 4.2 3.2 3.8 4.5
Ca 7.8 9.2 8.1 4.7
Na 19.4 11.0 17.6 19.0
K 1.3 1.9 1.8 1.1

Mg + Na + K + Ca (A) 32.6 25.3 31.3 29.2
Si : A 1.9 2.7 2.1 2.2

GS, Si 61.6 62.5 61.0 60.2 60.6
pH 5.5 Al 5.4 5.1 4.5 4.6 4.4

Mg 4.2 4.6 4.0 4.8 6.9
Ca 7.8 8.1 12.7 10.5 9.8
Na 19.4 18.4 15.1 17.4 16.7
K 1.3 1.4 2.5 1.2

Mg + Na + K + Ca (A) 32.6 32.4 34.5 32.7 34.5
Si : A 1.9 1.9 1.8 1.8 1.8

GS, Si 61.6 63.8 63.0 67.6 65.3
pH 7.4 Al 5.4 5.0 4.6 4.4 3.9

Mg 4.2 4.1 4.4 3.7 3.6
Ca 7.8 7.8 9.5 10.7 10.8

Na 19.4 17.8 16.4 11.7 14.3
K 1.3 1.5 2.0 1.8 2.1

Mg + Na + K + Ca (A) 32.6 31.2 32.4 27.8 31.1
Si : A 1.9 2.0 1.9 2.4 2.1

dants in the alveolar region can be weakened by 
oxidation of phospholipids of the surfactant layer 
(Ghio and Hatch, 1993). As shown in our incuba­
tion experiments reactivities of crocidolite and 
M M VF 21 were generally lower in SLS compared 
to GS.

For crocidolite, which in our experiments exhib­
its a high oxidative potential, it was shown by in 
vivo short time experiments (Roggli et al., 1987; 
Musselman et al., 1994) and by in vivo long time 
experiments (Bellman et al., 1987; Bernstein et al., 
1995; Dufresne et al., 1999) that the median diame­
ter of the fibres did not change in the course of 
the experiment. Our SEM- and EDX-analyses of

crocidolite asbestos fibres during incubation 
showed no morphological and chemical changes. 
If, however, rock wool fibres are tested in long 
time experiments the median diameter becomes 
clearly reduced (Musselman et al., 1994; Dufresne 
et al., 1999). Our SEM-analysis of incubated 
MMVF 21 demonstrated no visible changes of the 
fibre surface, but we did not investigate median 
diameter. EDX-analysis showed a strong enhance­
ment of the Si : Fe-ratio of fibres incubated in GS 
or SLS at pH 7.4 at the end of long term experi­
ment, indicating a leaching of iron. This was con­
firmed by the results of the “supernatant-pellet” 
experiment, showing significant enhanced reactivi­
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ties of supernatants of near neutral incubation me­
dia, whereas the corresponding resuspended fibre 
pellets showed reduced activities compared with 
total reactivity. In other investigations it was 
shown that MMVF 21 stone wool is highly insolu­
ble under acidic conditions but slightly soluble in 
alkaline solutions (Muhle et al., 1998).

RCF and the glass fibre MMVF 11 exhibited no 
oxidative properties in our model system due to 
lacking of iron (R C F) or due to a too low iron 
content (M M VF 11). The used R C F was quite sim­
ilar to the TIM A -R C F2 (Alexander et al., 1994). 
In contrast to TIM A-RCF1 (Brown et al., 1998), a 
kaolin-based refractory ceramic fibre, no data are 
available about free radical activity of RCF2. In­
halation studies showed, that RCF2 induces pul­
monary fibrosis, mesothelioma as well as signifi­
cant increases in lung tumors (Glass et al., 1992).

RCF2 were shown to induce a strong cytotoxical 
response (Lindgren et al., 1996). This may be due 
to cellular damage caused by sharp edges of fibres 
as shown in Fig. 5. Interestingly, fibre splitting ac­
companied by the formation of sharp edges was 
only observed when fibres were incubated in SLS. 
The mechanism of fibre splitting remains to be de­
termined, but this observation emphasises the role 
of phospholipids in modulating fibre toxicity.
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