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Adsorption of benzo(a)pyrene on to asbestos and
manmade mineral fibres in an aqueous solution and in
a biological model solution
P GERDE, P SCHOLANDER
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ABSTRACT The adsorption of benzo(a)pyrene (BaP) on to three types of asbestos (chrysotile
antophyllite, and amosite) and three types of manmade mineral fibres (MMMF) (rock wool, slag
wool, and glass wool) in a physiological water solution was studied. Adsorption was determined from
the decrease in the liquid concentration ofBaP on the addition ofthe solid material. Results show that
all the fibres weakly adsorb BaP, approximately within the same order of magnitude. The combined
adsorption of BaP and phosphatidylcholine (PC) on to chrysotile and amosite asbestos and on to
rock wool in aqueous solution was also studied. PC, one ofthe major constituents in lung surfactant,
forms a separate lipid phase in water consisting of micellar liposomes or lipid bilayers. A decrease in
the liquid concentration of PC was found when any of the three materials was added, indicating
adsorption ofthe lipid phase on to the fibres. A coincident decrease in the liquid concentration ofBaP
was also found indicating that BaP is readily solubilised in PC and will accompany the adsorption of
this compound on to the fibres. Owing to the high lipid aqueous partition coefficient of BaP, it is
concluded that the direct adsorption ofBaP on to the fibres will be negligible when PC is present in the
system even at low concentrations. Phospholipid adsorption by the fibres and not their direct
adsorption of aromatic hydrocarbons should therefore be the crucial parameter for this indirect
interaction between fibres and aromatic hydrocarbons.

Exposure to asbestos and tobacco smoking have a
synergistic effect on the risk of lung cancer.' One
hypothesis to explain this synergistic effect is that
carcinogenic compounds in the tobacco smoke, in
particular polycyclic aromatic hydrocarbons (PAHs),
are adsorbed on to the surfaces of the asbestos fibres.
This should increase both the retention time and the
carcinogenic action of these substances in the lung.2
There is some concern that the same effect may occur
with manmade mineral fibres (MMMF) that are now
replacing asbestos in many areas. Apparently this
adsorption can occur either in the ambient air as a gas
phase process or after inhalation, preferably in the
liquid phase of the extracellular lining layer of the
lung. We have measured the adsorption of aromatic
hydrocarbons on to asbestos and MMMF in the gas
phase and have found it to be rather weak at typical
ambient air concentrations (P Gerde, P Scholander,
IARC Conference 1987). This paper deals only with
liquid phase adsorption. If fibres and PAHs, adsorbed
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on to their typical carrier particles, are transported
independently into the lung then the most plausible
location for an interaction is in the lining layer of the
bronchial tree. It is here that both agents have their
densest deposition after inhalation,34 and most lung
cancers connected with smoking and exposure to
asbestos are of bronchial origin.'
The main composition of the bronchial lining layer

has been reported to be 2-3% mucus glycoproteins,
03-0 5% lipids, 0-1-O-5% proteins, and about 95%
water.5 Recent investigations have shown that the
lipids constitute a continuous layer on top ofthe lining
layer from the alveolar region up to the trachea.6
Moreover, the lipids either form separate laminar
layers or are dispersed as micellar liposomes within the
aqueous phase. Owing to the great difference in the
solubilities of PAHs between these two phases, this
heterogeneity of the bronchial lining layer has to be
considered. PAHs have low solubilities in water' but
high solubilities in lipid phases.8 Dissolved in such a
heterogeneous medium PAHs will solubilise into the
lipid phases and give extremely low aqueous concen-

682

copyright.
 on M

ay 26, 2023 by guest. P
rotected by

http://oem
.bm

j.com
/

B
r J Ind M

ed: first published as 10.1136/oem
.45.10.682 on 1 O

ctober 1988. D
ow

nloaded from
 

http://oem.bmj.com/


Adsorption ofbenzo(a)pyrene on to mineralfibres in aqueous solution
trations.9 After deposition ofthe carrier particles in the
lining layer two transport processes connected in series
may be ofgreat importance to the in vivo behaviour of
PAHs. The first process is the release of PAHs from
their carrier particles and the second is the penetration
of the hydrocarbons through the lining layer into the
epithelium below. The traditional view is that a slow
release ofPAHs from their carrier particles is followed
by a rapid absorption by alveolar macrophages or by
the bronchial epithelium. This would give low liquid
concentrations of PAHs in the lining layer. The lipid
aqueous heterogeneity of the bronchial lining layer,
however, reduces the rate of penetration of lipophilic
substances such as PAHs more than a purely aqueous
barrier would do.'" Furthermore, in addition to a PAH
fraction firmly bound to the surface of carbonaceous
particles, there is a reversibly bound PAH fraction
both on carbonaceous" and on mineral particles (P
Gerde, P Scholander, IARC Conference 1987). This
latter PAH fraction is likely to be released in a sharp
pulse during deposition in the bronchial lining layer.
Taken together these two effects suggest that a rapid
release of PAHs from their carrier particles followed
by a slow penetration into the bronchial epithelium
results in high liquid PAH concentrations in the lining
layer. PAHs are subsequently removed from the lung
through various clearance mechanisms and metabolic
degradation as shown both in animal experiments'2
and in necropsies.'3
A hypothetical interaction between inhaled mineral

fibres and PAHs should therefore be looked for in the
bronchial lining layer since this process would occur
between the fibres and the dissolved fraction ofPAHs.
The equilibrium liquid adsorption is then a parameter
of great importance.
The adsorption of PAHs, mostly BaP, on to asbes-

tos fibres in various organic solvents,'"'7 the adsorp-
tion of BaP on to different mineral fibres in aqueous
solution at one liquid concentration,'8 and the rate of
mass transfer of BaP, precoated on to various par-
ticulates including asbestos fibres, to an aqueous
suspension of phospholipid vesicles have been
studied.'9 The starting point of the latter experiment,
precipitation of PAHs especially on to mineral fibres,
has been criticised as being unnatural.' This criticism
seems justified in view of the rather weak adsorption
obtained with PAHs on to mineral fibres in a humid
gas phase (P Gerde, P Scholander, IARC Conference
1987). Also, owing to the low gas phase concentrations
of PAHs in the ambient air, adsorption before inhala-
tion would be so slow that these PAHs are unlikely to
come from the smoker's own smoke. Consequently,
adsorption in the ambient air would give the smoker as
well as the non-smoker roughly the same fibre-borne
dose ofPAHs. The reverse process would therefore be
of greater interest-that is, the release of the PAHs

from their original carrier particles in the lung fol-
lowed by their transfer via solution on to the mineral
fibres. The adsorption equilibrium of PAHs between
the mineral fibres and the surrounding solution would
indicate the probability that such a transport process
occurs at all.
The phospholipid fraction of lung surfactant has a

strong affinity for asbestos fibres.2' 22 The phos-
pholipids are adsorbed in continuous bilayers along
the fibres with their hydrocarbon tails towards each
other and their polar heads directed towards both the
fibre surface and the aqueous solution.2' It is doubtful
whether this is to be regarded as a true adsorption,
however. For materials similar to asbestos, such as
oxidised silicone, the function of the surface has been
described as constituting a solid support for the lipid
bilayer.23 There is also a film of water, one or a few
molecules thick, between the solid surface and the lipid
bilayer. The physical nature of these supported phos-
pholipid bilayers is similar to that of bilayers of the
free micellar liposomes. There are three phases
involved when mineral fibres are stirred up in a
suspension ofphospholipids in water and there should
be interfacial couplings between fibre and water and
between water and lipid. The connection between the
lipid phase and the fibres, however, should be shielded
by the thin layer of water previously mentioned. If
PAHs are introduced into this system there will be one
equilibrium of PAHs between the lipid and the
aqueous phases with a strong phospholipid solubilisa-
tion of aromatic hydrocarbons and one adsorption
equilibrium of PAHs between the fibre surfaces and
the depleted water phase. These relations may be
depicted schematically as shown in fig lb, with the
simpler analogue of a homogeneous liquid in fig la.
The direct adsorption of PAHs on the fibres has to
compete with the strong solubilisation of PAHs into
the lipid phase and with the shielding of the fibre
surfaces by the adsorbed phospholipid bilayers. The
aim of this work is thus to study the equilibrium
adsorption of BaP on to asbestos fibres and MMMF
in aqueous solution and how this adsorption is
influenced by the presence ofphospholipids from lung
surfactant.

Materials and methods

The adsorption of BaP was measured on three types of
asbestos, chrysotile, antophyllite, and amosite, and on
three types ofMMMF, rock wool, slag wool, and glass
wool. The joint adsorption of BaP and phosphatidyl-
choline (PC) on to chrysotile and amosite and on to
rock wool and glass wool was also studied. PC was
chosen as being the most common phospholipid in
lung surfactant.24 Before use, all fibre materials were
washed in toluene for eight hours by means of Soxhlet
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fibre surface. (b) Schematic description ofequilibriz
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one or afew molecules thick, between lipid bilayer a)
surface. PAH is readily solubilised into both adsorbe
free lipidphases.

extraction and dried at 120°C for two hours t
any trace organics on the fibres although noi
MMMF was coated with binders. The sl,
sample had to be stirred up in water and dec
order to separate larger non-fibrous particles 4
ing in the manufacturing process. Coagulatic
may be caused by the leaching of magnesit
chrysotile asbestos, so this material was leac]
water by Soxhlet extraction for about 24 hour
high ratio of fibres to surrounding medium us
experiments, these washing procedures were n
to obtain a fairly inert surface that would no
the liquid phase too much. Solitary micron si
in the lung are probably both leached an4
rapidly in the lipid aqueous medium of the I
released compounds should be rapidly di
negligible concentrations. The specific surface
the washed materials were determined by m
their BET isotherms (table). 3H-benzo(a)pyre

Gerde, Scholander
GBq/mg) from Amersham Corporation and L-a-
dipalmitoyl-[2-palmitoyl-1-'4C]-phosphatidylcholine

)lecule (2.67 MBq/mg) from New England Nuclear were

used; when necessary this substance was diluted with
non-labelled L-a-phosphatidylcholine (egg yolk) from
Sigma Chemicals. Using tritiated BaP with PC tagged
with 14C enabled the concentrations of BaP and PC to
be measured simultaneously. Radioactivity was coun-
ted in a Packard Tri-Carb scintillometer using
Bioflour (New England Nuclear) as a scintillation
cocktail. All experiments were performed using a
physiological solution according to Gamble (type II),25
and the water for this was both deionised and micro-
filtered. The major types of ions in this solution are

lipid Na+, K+, Ca2+, Cl-, C032-, P043-, and CH3COO-.
The adsorption was determined by means of the

classic solution depletion method. The decrease in the
liquid concentration of the adsorbing substance after
the addition ofa solid material is taken as a measure of
the adsorption on to the material. The experiments
were performed in Pyrex tubes with a volume of 15 or
70 ml with teflon sealed screw caps. These tubes could
be centrifuged directly to separate the fibres from the

veside solution. A saturated solution of BaP was prepared by
plating an excess of the hydrocarbon on to the bottom
ofa round flask. After the addition ofwater and gentle
agitation, the solution was kept immobile for at least

tween 24 hours before use. The solubility of BaP in the
eous physiological solution was found to be 4-8 ig/l at
5ed on to 37°C. The liquid volumes used were 7 ml in the smaller
uim tubes and 40 ml in the larger ones, and the amounts of
teous fibres used were 0 02-0,04 g and 0-2-3 g, respectively.
,son to The freshly prepared aqueous solutions were agitated

perhaps for one hour in a thermostat controlled shaking bath
ndfibre at 37°C before the initial sampling was done. All liquidedand

sampling was done in triplicate. After the addition of
the fibre fraction, the tubes were replaced in the

c) remove shaking bath. The liquid phase was sampled at
ne of the different times up to 300 hours after the addition ofthe
ag wool fibres. Before sampling the tubes were centrifuged at
anted in 1000 g for about 10 minutes. When measuring the
originat- adsorption of BaP in the physiological solution, a

rn of PC
a^mA fro;,ml Specific surface areas of thefibrous materials studiednea witn
rs. At the
;ed in the
iecessary
It disturb
ize fibres
d eluted
lung and
luted to
areas of
ieasuring
me (4-96

Specific
surface
area

Fibre type (m2/g)

Chrysotile-B asbestos (UICC) 40-1
Antophyllite asbestos (UICC) 19-6
Amosite asbestos (UICC) 12-8
Glass wool (AB Gullfiber, Billesholm, Sweden) 0-717
Rock wool (Rockwool AB, Sk6vde, Sweden) 0-275
Slag wool (Cape Insulation Limited, Middlesbrough, 0-174
UK)

UICC = Union Internationale Contre le Cancer.
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Fig 2 Adsorption isotherms ofbenzo(a)pyrene (BaP) on to
mineralfibres in physiological water solution (Gamble-If) at
37°C.

correction has to be introduced for a slight adsorption
on to the walls of the experimental vessel.
The experiments with both BaP and PC were

performed only in the larger tubes and at 41°C to
ensure a chain melting temperature for this particular
phospholipid.26 The lipid mixture of true lung surfac-
tant has a lower chain melting temperature and is thus
in a liquid state already at 37°C. This 40 increase in
temperature has probably only a limited influence on
the positions of the studied adsorption equilibria but it
is necessary to ensure the rapid spreading of the
phospholipids that has been observed in vivo. For
each material the adsorption of both BaP and PC was
measured simultaneously in series with constant con-
ditions as regards liquid volume, amount of fibres
added, and initial concentration of BaP but with an
increasing amount ofPC added. The initial concentra-
tion ofBaP was that of the saturated aqueous solution
at refrigerator temperature or about 3-5 pg/l. The
liquid volume was 40 ml and the amount of fibres
added in each series of amosite, chrysotile, and rock
wool was 0-1, 0-1, and 2-0 g, respectively. Both
isotopes were counted simultaneously in each sample
of the liquid phase.

Results and discussion

BaP IN AQUEOUS SOLUTION
The adsorption isotherms of BaP at 37°C on to the
various fibrous materials in a physiological water
solution (Gamble-II) are shown in fig 2. The adsorp-
tion is calculated from several liquid concentration
measurements between 50 and 100 hours after addi-
tion of the fibres. During this period the liquid
concentrations were fairly stable for all materials
tested. The affinity of the aromatic hydrocarbon for
the tested materials is not very strong and all isotherms
are close to linear. The adsorption per BET surface
area is uniform and lies within the same order of
magnitude for all materials tested. Even at a liquid
concentration of 10% ofthat ofa saturated solution of
BaP there will be only a highly scattered mono-
molecular layer on the fibre surfaces. This weak
adsorption of aromatic hydrocarbons in aqueous
solutions has been reported both with asbestos'8 and
with other mineral particles.27 This has been explained
by a competition between water molecules and the
hydrocarbons for the same polar sites on the mineral
surfaces.27 28

BaP AND PC IN AQUEOUS SOLUTION
The change in the liquid concentration of BaP and PC
at 41°C as a function of time after the addition of a
predetermined amount of fibres is shown in fig 3. Both
BaP and PC concentrations before the addition of
fibres were set to 1 0. Each fibrous material has been
tested in a series with constant liquid volume, amount
of fibre added, and initial concentration of BaP but
with increasing initial PC concentration. Each of the
numbers to the right in the figure identifies one
experimental batch and describes the amount of PC
added to this particular liquid fibre mixture. This
amount ofPC is expressed as a fraction of the amount
needed to cover the fibre fraction with a mono-
molecular layer of this phospholipid. A surface area
per PC molecule of60 A2 has been assumed.22 The zero
value of no PC added is associated only with a BaP
concentration curve and refers to a homogeneous
aqueous solution as in fig la. The other numbers
describe the situation in fig I b and are thus associated
with both a BaP and a PC concentration curve. The
general trend in these experiments is repeatable not
only with amosite with its set ofordered concentration
curves (fig 3a) but also in the case ofthe drifting curves
of chrysotile (fig 3b) and rock wool (fig 3c).
Although it may look somewhat confusing, there

are three important reasons for showing one set of
concentration curves for each of the major types of
fibres tested. Firstly, it is evident that all fibrous
materials tested adsorb PC and secondly, in the case of
both the MMMF (fig 3c) and chrysotile asbestos (fig
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Fig 3 Joint adsorption ofBaP andphosphatidylcholine (PC) on to mineralfibres in a physiological water solution
(Gamble-II) at 41'C: (a) amosite asbestos, (b) chrysotile asbestos, (c) rock wool. Relative decrease in liquid concentration of
BaP andPC on addition ofpredetermined amount offibres is shown. Each material has been tested in a series with constant
parameters as regards liquid volume, amount offibre added, an initial concentration ofBaP but with an increasing amount of
PC added. Numbers on right indicate amount ofPC added to each experimental batch and this is expressed in how many
monolayers this amount ofPC canform on particular portion offibre in this tube.

3b), this adsorption is not stable but changes with
time. By contrast, the amphibolic asbestos amosite has
a much more stable adsorption of PC (fig 3a), a
condition that probably mirrors the greater stability of
this material in water compared with the others.29 A
third important conclusion may be drawn from these
results: without PC the curve ofthe BaP concentration
represents the direct adsorption of this hydrocarbon
on to the fibre surfaces (fig IA). When PC is present in
the system, however, both the concentration in the
aqueous phase and the direct adsorption of BaP on to
the fibres will be negligible owing to the large lipid
aqueous partition coefficient of BaP (fig I b). This may

be shown quite easily. By means of solubility
measurements we have estimated the partition
coefficient of BaP between PC and water to be about
10'. Even the amount of PC corresponding to the
lowest concentration added in the experiments will
cause a drop in the water concentration of BaP to
about one promille ofthe average concentration in this
sample. This number may be inserted into the linear
adsorption isotherms of the aqueous solution (fig 2) in
order to calculate a hypothetical amount of BaP
adsorbed by fibres in a lipid aqueous solution undis-
turbed by lipid adsorption. If this amount of BaP is
compared with the total amount added to the vessel it
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is evident that the direct adsorption of BaP on to the
fibres would be too weak to be detected. It must
therefore be concluded that the decrease in the concen-
tration of BaP that is actually detected when PC is
present in the system is caused by the solubilisation of
BaP into layers of PC that in turn are adsorbed on to
the fibres. This view is further supported by a definite
connection between the concentrations ofBaP and PC
in the same vessel. Coinciding curves of these concen-
trations indicate that BaP has roughly the same
affinity for lipid phases adsorbed on fibres as for those
in the free micellar liposomes. If the curve of the BaP
concentration lies below that of the PC concentration
this means that BaP has a greater affinity for adsorbed
lipids than for the free lipid phases and vice versa. For
example, addition of the fraction of amosite asbestos
to the batch with 1 5 monolayers ofPC (fig 3a) causes a
75% reduction in the liquid concentration of BaP and
a 60% reduction in the liquid concentration of PC.
Seventy-five percent of the BaP fraction solubilises
into the 60% PC that is adsorbed on to the fibres,
leaving 25% BaP in the remaining 40% PC in the
solution. Thus the concentration of BaP in lipids
adsorbed on fibres is in this case twice as high as the
BaP concentration in the free liposomes.
The solution depletion method is not suitable for the

exact estimation ofthe adsorption ofphospholipids on
to fibres in the lung. The maximum possible ratio of
PC to fibres is still far too low to simulate true
conditions around a single fibre in the lung. Amosite
asbestos may be mentioned as an example. According
to fig 3a this material adsorbs 0-8 to 09 mono-
molecular layers of PC. Direct surface analysis at an
excess of PC, however, indicated a full bilayer of
phospholipids on the fibres.2122
We conclude that the direct adsorption ofPAHs on

to mineral fibres in the lung is negligible. Moreover,
small amounts of aromatic hydrocarbons adsorbed
in the ambient air before inhalation (P Gerde,
P Scholander, IARC Conference 1987) are likely to be
released rapidly after pulmonary deposition.0 A sub-
sequent strong adsorption ofsurfactant phospholipids
on to the fibres however, may create a continuous lipid
phase along the fibre surface, within which lipophilic
substances such as PAHs will be solubilised and are
likely to have a high mobility. This may create lipid
connections across aqueous regions otherwise imper-
meable to lipophilic substances.0 This could be of
particular importance in the bronchial lining layer
with its highly structured distribution of lipid and
aqueous phases.6 These results have led us to for-
mulate a new hypothesis to explain the mechanism
behind the synergistic effect observed between tobacco
smoking and exposure to asbestos for the induction of
bronchial cancer.0 Phospholipid adsorption by the
fibres and not their direct adsorption of aromatic

hydrocarbons should therefore be the crucial
parameter for this indirect interaction between fibres
and aromatic hydrocarbons.

This work was supported by the Swedish Work
Environment Fund through grant No 81-0929.
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