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Mutagenic action of isocyanates used in the
production of polyurethanes
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ANDERSEN M, BINDERUP M-L, KIEL P, LARSEN H, MAXILD J. Mutagenic action
of isocyanates used in the production of polyurethanes. Scand j work environ health
6 (1980) 221-226. Isocyanates used in the production of polyurethanes were investi­
gated for mutagenic action in SaZmoneUa typhimurium. These investigations showed
that the most commonly used isocyanates, toluene diisocyanate (TDI) and 4,4'-methylene­
diphenylisocyanate (MDI), are mutagenic. This effect can be ascribed to the amine
analogues formed during the hydrolysis of isocyanates: TDI is mutagenic in TA 1538
and TA 98 after metabolic activation. This finding agrees with the results obtained
with the amine analogue 2,4-toluenediamine. MDI, like the amine analogue 4,4'-meth­
ylenedianiline, is mutagenic in TA 100 aNer metabolic activation by rat liver enzymes
(S-9 mix). A prepolymerized polyisocyanate of the MDI type is also mutagenic in
assays using TA 100 and S-9 mix. It is concluded that isocyanates are potentially
mutagenic and carcinogenic to man. In view of their widespread use in the work
environment and in light of the high production figures for polyurethanes in indus­
trialized countries, isocyanates must be considered to represent a serious health hazard.

Key terms: aromatic amines, carcinogens, 4,4'-methylenediphenylisocyanate (MDI) ,
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In 1977, 1.7 million tons of polyurethanes
were produced in the United States (20),
Europe (19), and Japan (18). An annual
increase of 7 Ofo is expected in the United
States during the next 5-a period. For use
in the building industry, for insulation
material alone, the increase will be 15 0/0

yearly (17).
Polyurethane is a kind of "superplastic"

which can be adapted for many purposes.
It can take the form of flex~ble and rigid
foams suitable for use in coating and insu­
lation. It may be compact, eg, for the
manufacture of soles of shoes and rollers,
or it may be used as fiber, in lacquers, or
as glue, adhesives and binding agents in
coating materials.

1 The authors comprise the group called Muta­
gengruppen and are listed in alphabetical
order.
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Isocyanates are the basic material for
the production of polyurethane. They are
strongly reactive substances known to
cause irritation and to have allergenic
effects {11). Until recently, no literature
has been published concerning the pos­
sible carcinogenic and mutagenic effects
of isocyanates (11, 15).

In this report a study of the mutagenic
action of isocyanates in Salmonella typhi­
murium is presented, the primary target
being the isocyanates used for the pro­
duction of polyurethanes.

Material and methods

Isocyanates

Phenyl isocyanates of analytical grade
from Merck was used. The toluene di­
isocyanate (TDI) used was the commercial
product Desmodur T 80 (Bayer AG), which
is a mixture of 2,4- and 2,6-toluene
diisocyanate (ratio 80:20). Desmodur Land
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E1361 (Bayer AG) are commercial poly­
isocyanates of the TDI type. They contain
33-39 Ofo solvent consisting of 2-ethoxy­
ethyl acetate and xylene at a 1:1 ratio.
1-Naphthylisocyanate, 4,4'-methylenedi­
phenylisocyanate (MDI), and 1,6-hexane­
diisocyanate (HDI) were synthetic grade
from Merck-Schuchardt. Caradate 30
(Shell Chemicals) is commercial MDI,
technical grade. Desmodur E 21 (Bayer
AG) is prepolymerized polyisocyanate of
the MDI type. Table 1 shows the structural
formulas of the isocyanates under study.

Aromatic amines

As positive controls in the mutagenicity
testing, 2,4-toluenediamine (Fluka, prac­
tical grade) and 4,4'-methylenedianiline
(Merck-Schuchardt, synthetic grade) were
used.

Solvents

Dimethyl sulfoxide (Merck, spectrometric

grade) was used as the solvent and neg­
ative control in the mutagenicity testing.
The negative control for Desmodur Land
E1361 was a solvent prepared from equal
parts of 2-ethoxyethyl acetate (Merck­
Schuchardt, synthetic grade) and xylene
(technical grade). This mixture was dis­
solved in dimethyl sulfoxide to give a
concentration of 35 0/0.

Mutagenicity testing

The plat€ incorporation assay using
histidine-requiring mutants of S. typhi­
murium was carried out, without modifi­
cation, as described by Ames et al (1). The
tests were performed with test strains TA
100 (reverting by base-pair substitution),
TA 98, TA 1537, and TA 1538 (reverting
by frameshift) both with and without the
addition of the rat liver microsome fraction
S-9 mix. Rat liver enzymes were induced
by 0.10f0 sodium phenobarbital in the
drinking water one week before the rats

Table 1. Structural formulas of the isocyanates tested in the Salmonella/microsome mutagenicity
test.

Name

Phenylisocyanate

Toluene diiso­
cyanate (TOI)

Mixture of
2,4- and 2,6­
toluenediiso­
cyanate
(80:20 ratio)

1-Naphthyliso­
cyanate

4,4'-Methylene­
diphenyliso­
cyanate (MOl)

1.6-Hexanediiso­
cyanate (HOI)
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Trade name

Oesmodur T80

Caradate 30

Oesmodur L

Formula

N-C·o

ctipF -NH-O·CH,
J -t!·C·O

clt;cll,-C- CHPF-NH-U-CH,
J
CH,oF-NHD-cH,

'N·c,o



Table 2. The mutagenic action of simple isocyanates in the Salmonella/microsome mutagenicity
test.a

+ 8-9 mix - 8-9 mix
Isocyanate

TA 100 TA 98 TA 1537 TA 1538 TA 100 TA 98 TA 1537 TA 1538

Phenyl isocyanate
Toluene diisocyanate
(TOI)

1-Naphthyliso­
cyanate
4,4'-Methylene­
diphenylisocyanate
(MOl)
1,6-Hexanediiso­
cyanate (HOI)

+

+

+

+

+

NOb

+
NO

NO

NO

NO

NO

NO

NO

a The isocyanates were incorporated into the agar overlay in a wide dose range up to the highest
noninhibitory dose. The result was classified as positive if the number of revertant colonies on
each plate was more than twice the spontaneous number and if that number increased as the
dose increased.

b NO = not determined.

were killed. The rat liver microsome
fraction S-9 and the NADPH-generating2

system were prepared according to Ames
et al (1). One hundred and fifty microliters
of S-9 were added to each plate. Iso­
cyanates and controls were dissolved in
100 ,ul of dimethyl sulfoxide and incorpo­
rated in the agar overlay. Three to five
plates were prepared from each compound
and dose. Since isocyanates are volatile
chemical compounds, these plates, con­
taining the same dose and compound, were
placed in polyethylene bags. The poly­
ethylene bags were sealed and incubated
at 37°C for 48 h.

Results

A number of simple isocyanates were
studied in plate incorporation assays using
histidine-requiring mutants of S. typhi­
murium. The results of these assays are
shown in table 2. TDI, 1-naphthyliso­
cyanate, and MDI were mutagenic after
metabolic activation.

TDI and MDI are the isocyanates most
commonly used in the production of
polyurethanes. Table 3 shows the results
of the assays with TA 98 and the S-9

2 NADPH = reduced form of nicotinamide
adenine dinucleotide phosphate.

mix for the TDI product Desmodur T 80
and two polyisocyanates of the TDI type,
Desmodur Land E1361. Desmodur E1361
is prepolymerized, but is otherwise identi­
cal to Desmodur L. The positive control
used was 2,4-toluenediamine, which is the
amine analogue to the 2,4-isomer in TD!.
Solutions of Desmodur Land E1361 are
available only in a mixture of xylene and
2-ethoxyethyl acetate, and thus a suitable
concentration of this mixture was used as
the negative control for these two poly­
isocyanates. Only Desmodur T 80 was
mutagenic. This mutagenicity could be
demonstrated in a narrow dose range only,
since concentrations exceeding 500 pg per
plate inhibited the bacterial growth. A
corresponding inhibitory effect was not
found for the amine analogue 2,4-toluene­
diamine. In the case of all doses of Des­
modur T 80 and 2,4-toluenediamine, it was
insured that the 150 pI of S-9 used per
plate was an optimal concentration.

Fig 1 presents the dose-response curves
for the MDI product, Caradate 30, and
a prepolymerized polyisocyanate of the
MDI type, Desmodur E21. Assays were
carried out in TA 100 with the addition
of S-9 mix. The MOl amine analogue 4,4'­
methylenedianiline was included as a
positive control. All the products examined
were mutagenic. The number of induced
revertant colonies per plate increased as
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the dose increased. The dose-response
curves were rectilinear up to a dose of
50 pg per plate for Caradate 30 and 100 ,ug
per plate for Desmodur E21. A comparison
of the curves of these two isocyanates
with those of the MDI amine analogue
showed that at 50 flg the effect of Caradate
30 was 72 Ofo, and that of Desmodur E21
13 Ofo, of the effect measured for 50 flg (0.25
flmol) of MDA. A check was made to in­
sure that the 150 pI of S-9 used per plate
was an optimal concentration. The results
indicate that MDI products, such as Cara­
date 30, can be hydrolyzed almost com­
pletely to the amine analogue.

In order to affirm that the mutagenic
effect was not due to interaction between
MDI and dimethyl sulfoxide, which is
normally used as a solvent in plate in­
corporation assays, we tested Caradate 30
after direct incorporation into the top agar
layer. By this means, 10 and 100 mg of the
compound induced 300 and 800 revertant
colonies per plate, respectively (in addition
to the number of spontaneous ones).

Discussion

The results show that the isocyanates most
commonly used for the production of poly­
urethanes, TDI and MDI, are mutagenic in
S. typhimurium. It was also demonstrated
that a prepolymerized polyisocyanate of
the MDI type is mutagenic. As an agree­
ment has been established between mu­
tagenic action in Salmonella and car­
cinogenic effect in animals (9, 10), the
tested isocyanates must be considered po­
tentially carcinogenic to man.

Isocyanates react with active hydrogen
in, eg, water, amines, and proteins. With
water they form the following analogous
amines (13):

RN=C=O+HOH -+ RNHCOOH -+ RNH2+C02.

The reaction may occur when isocyanate
vapors or aerosols are caught on moist
surfaces, skin, or the respiratory mucosa.
This possibility has previously been
pointed out in connection with allergic skin
diseases induced by MOl (2).

Table 3. Mutagenic action of isocyanates of the toluene diisocyanate (TDI) type for S typhimurium
TA 98 in the plate incorporation assay performed with the addition of rat liver microsome fraction
(1 ).

Compound

Desmodur T80

Desmodur L

Desmodur E1361
(prepolymerized L)

Solvent 35 %b
(negative control for
Desmodur Land E1361)

2,4-Toluenediamine
(positive control)

Dimethyl sulfoxide
(negative control)

Dose tug/plate) Number of revertant
colonies per platea

125 80 ( 63- 93)
250 113 ( 82-144)
500 156 (129-184)

1,000 114 ( 99-128)

1,000 28 ( 21- 34)

2,000 32 ( 28- 41)

2,000 28 ( 20- 37)

12.5 (0.10 ,umol) 48 ( 41- 56)
25.0 (0.20 ,umol) 78 ( 76--- 79)
50.0 (0.41 ,umol) 133 (112-157)

100 (0.82 ,umol) 281 (221-330)

30 ( 28- 32)

a Each figure is an average of numbers scored on three to five plates. The figures in paren­
theses are the lowest and highest values obtained with each dose. The figures are in italics if
the number of revertant colonies on each plate averaged more than twice the number obtained
for the negative control. Desmodur Land E1361 were tested in the maximum noninhibitory dose.

b The negative control for Desmodur Land E1361 was a solvent prepared from equal parts of
2-ethoxyethyl acetate and xylene. This mixture was dissolved in dimethyl sulfoxide to give a con­
centration of 35 %.
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3 The present Danish threshold limit values
(TLVs) for TDI and MDI are 0.01 ppm or
70 and 100 p.g/m3, respectively (5). If a
worker inhales 40 1 of air/min, the TLVs
permit thai he be exposed to 1 mg of TDI or
1.4 mg of MDI in the course of a workday
(6 h).

appreciable quantities of the corresponding
diisocyanates are formed (13). The same
may be the case, eg, when polyurethane
burns during the process of cutting coated
plates with a blowpipe or welding on
tubes preinsulated with polyurethane.

Even when the present threshold limit
values are observed, workers producing
polyurethane will be exposed to quantities
of isocyanate which are mutagenic in bac­
teria in the Salmonella/microsome muta­
genicity test.s
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Fig 1. Mutagenic action of isocyanates of the
4,4'-methylenediphenylisocyanate (MOl) type for S
typhimurium TA 100 in the plate incorporation
assay performed with the addition of the rat
liver microsome preparation 5-9 mix (1). 4,4'­
Methylenedianiline, the amine analogue of MOl,
was included as a positive control. The number
of spontaneous revertant colonies per plate was
estimated at 198. Each point is an average of
numbers scored on three plates. The limits of
the vertical lines indicate the lowest and highest
values obtained with each dose. [0 Caradate
30 (MOl), t:. Oesmodur E21, a prepolymerized
polyisocyanate of the MOl type, • 4,4'-methylene­
dianiline (MOA)).

Furthermore it has been demonstrated
that polyurethane produced from MDI is
hydrolyzed by autoclaving in an aqueous
solution, and it gives off the aromatic
amine analogue 4,4'-methylenedianiline (4).
After metabolic activation, this aromatic
amine is mutagenic in S. typhimurium TA
100 and TA 98 (4, 8).

2,4-Toluenediamine, the TDI amine
analogue, is mutagenic in test strains TA
100 and TA 1538 after metabolic activation
(9). 1-Naphthylamine, the amine analogue
of 1-naphthylisocyanate, is mutagenic in
test strains TA 100 and TA 98 after meta­
bolic activation (9). Aniline, the amine
analogue of phenylisocyanate, is not muta­
genic in the standard plate incorporation
assay (9). No information is, as far as we
know, available about the mutagenic ac­
tion of 1,6-hexanediamine, the amine ana­
logue of HDI. The fact that the isocyanates
were mutagenic in the same test strains as
the amine analogues and that the iso­
cyanates which gave a nonpositive result
were analogous to amines for which no
positive results were found in S. typhi­
murium may indicate that the mutagenic
effect is due to the hydrolytic products, the
aromatic amine analogues.

It is known that aromatic amines such
as naphtylamine and benzidine have
caused cancer of the bladder in man (3).
Among a number of other aromatic amines
the TDI amine analogue, 2,4-toluene­
diamine, and the MDI amine analogue,
4,4'-methylenedianiline, have been shown
to produce cancer in rats (7, 12, 14, 16).

In work environments high concentra­
tions of isocyanate may be present. The
vapor pressure of the most commonly
used isocyanate, TDI, is high, viz, 2.3 X
10-2 mm Hg at 25°C (6). This level cor­
responds to 30 ppm, and therefore main­
taining a low concentration in the air of a
workplace is difficult. The problem is
further intensified when materials are
applied by spraying, which results in
aerosol formation. When MDI is sprayed
on walls, its concentration in the air is 350
times greater than when it is ·applied with
a brush (6). Moreover, the formation of
polyurethane foam is an exothermal pro­
cess (6). The generation of heat leads to
an increased release of nonreacted iso­
cyanate from the foam.

When polyurethanes are pyrolyzed,
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In view of the very high production
figures for polyurethanes, it must be
feared that a large number of workers are
at present being exposed to isocyanates
and thus also to a potential risk of cancer
and genetic damage.
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