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Assessment criterion (reference value) for granular biopersistent particles
without known significant specific toxicity (nanoscaled GBP) (respirable dust)
generated from manufactured ultrafine particles

Proposal for an assessment criterion (reference value)

When deriving reference values for nanoscaled GBP (primary particle size: 1–
100 nm) from the available appropriate studies air concentrations in the range of 27–
146 µg/m³ result. The derivation is based on the avoidance of inflammatory effects in
the lungs. Furthermore, normalisation to an agglomerate density of 1 was performed
for the different materials as a volume-oriented approach was assumed. Combining
these results, median values and geometric means are lying between 52 and
81 µg/m³, again after normalisation to an agglomerate density of 1 g/cm³. Taken to-
gether, an assessment criterion (reference value) of 75 µg/m³ is proposed. If the ref-
erence value derived here is compared with the OEL for microscaled GBP derived
according to the same method, the inflammatory potency of nanoscaled GBP is
higher by a factor of 4. If one assumes a mean agglomerate density of 1.5 g/cm³ for
nanoscaled GBP in dusts occurring in practice, an assessment criterion (reference
value) in the range of 110–190 µg/m³ would result. The first value, 110 µg/m³, results
from the reference value derivations described above. The second value, 190 µg/m³,
results from dividing the established occupational exposure limit (OEL) for respirable
microscaled GBP dust by a factor of 4 and adjusting for density. Adjustment to the
assumed lower (agglomerate) density of the typical workplace dust fraction of na-
noscaled GBP was taken into account.

Proposal for the implementation in practice

For microscaled and nanoscaled GBP occurring as agglomerates and aggregates
the same mode of action is assumed. This results in an additive effect in case of
mixed exposures. This effect additivity affects the way reference values have to be
derived in practice: for GBP dusts with both nanoscaled and microscaled particle
fractions the mean of the respective OEL/reference values weighted by portion of
mass concentration has to be derived.

During work place activities with nanoscaled GBP, the present respirable dust does
generally not consist entirely of nanoscaled material: microscaled respirable dust will
be present in parallel. Depending on the specific activity, higher or lower mass frac-
tions of each particle fraction will appear. Because of the far larger primary particle
sizes, the microscaled dust generally accounts for a very large proportion of the res-
pirable dust total mass. Unfortunately, as yet, no quantitatively reliable data is availa-
ble on this relationship, nor can it be routinely quantified.
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Table 1 shows some examples reference values that result from various mass frac-
tion portions of nanoscaled and microscaled GBP in respirable dust.

Table 1: Assessment criteria (reference values) for respirable dust dependent
on the mass fraction portion of nanoscaled/microscaled GBP

Mass fractions (%) Assessment criterion
(reference value) (µg/m³)

Nanoscaled Microscaled

0 100 1250 (OEL, respirable
dust)

100
(purely theoretical case)

0 110–190

5 95 ~820–980

10 90 ~620–800

20 80 ~400–590

30 70 ~300–470

For the majority of work place activities with nanoscaled GBP, as well as for activities
in which ultrafine dusts are generated de novo, it can be assumed that the mass frac-
tions of nanoscaled/ultrafine dust fractions in the respirable dust are low, at just a few
per cent (Table 1). In these activities, it appears to be adequate if the OEL of 1.25
mg/m³ for respirable microscaled GBP dust is complied with. The derived reference
value weighted by portion of the nano-/microscaled mass concentration barely de-
creases in quantitative terms in this case. These mass fractions might be higher in a
few activities, e.g. in the production of nanomaterials consisting entirely or to a large
extent of primary particles with a size range of 1–100 nm. Based on these assump-
tions, the assessment criterion (reference value) of 500 µg/m³ that was identified in
Announcement 527 is plausible.

Introduction

Engineered nanomaterials and other ultrafine dusts1 considered to be granular2

biopersistent particles are currently not covered by the general respirable dust OEL
because, for these dusts, a higher potency is assumed for the relevant health
hazards (DFG 2013, Oberdörster et al., 1992; 1994). Furthermore, it has been
assumed that these particles might have specific effects because of their specific
quantum chemical properties. Granular biopersistent nanomaterials can be
categorized into materials that exhibit substance specific toxicity and those whose
toxicity does not go beyond the effect of the particle (AGS, 2011). This proposal is

1
Nanomaterials and ultrafine dusts are composed of primary particles with a size of < 100 nm in one

of three dimensions. They are typically present in the air as larger agglomerates or aggregates.

2
In this context, granular is understood to mean that a granular particle does not exceed a length–

diameter ratio of 3:1. Fibrous nanoparticles should be subjected to a separate assessment.
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related to the latter group, i.e. respirable granular biopersistent nanomaterial dusts
without known significant specific toxicity (nanoscaled GBP). For the sake of
legibility, the shortened term “nanoscaled GBP” is used in the following. For
nanoscaled GBP, an inflammatory effect in the lungs after inhalation constitutes the
relevant toxicological endpoint for the purpose of OEL derivation. As with
microscaled GBP, the aim is to prevent chronic, particle-related inflammatory
processes in the lungs and therefore, at the same time, avoids any associated
pathological changes, e.g. fibrosis and the development of lung tumours as observed
in animal experiments on rats. Thus, a threshold-like mode of action is assumed.
Based on the current state of knowledge, exposure to free, airborne, non-clustered
nanoscaled primary particles is rather infrequent or, rather, free non-clustered
nanoparticles make up very low mass fractions in nanomaterials dusts (AGS, 2011).
This is because primary particles agglomerate more rapidly and almost quantitatively
the smaller they are and the higher their concentration is (Preining, 1998). Under
real-life exposure conditions, therefore, exposure to free nanoscaled primary
particles is of low significance. Furthermore, there are, as yet, no reliable findings
indicating that the behaviour of free primary particles in or towards the organism is
generally different from that of their agglomerates/aggregates. This relates both to
their distribution and to their effects (e.g. Landsiedel et al., 2012; Kreyling et al.,
2013; Sung et al., 2009; Elder et al., 2006; Moreno-Horn and Gebel, 2014). There
are no indications of a relevant chronic effect of free, airborne nanoscaled primary
particles. Free nanoscaled primary particles are therefore included in this
assessment. Free and agglomerated or aggregated nanoparticles may also be
present in smoke produced by specific processes or activities (e.g. welding smoke).
However, because of its chemical composition, smoke of this kind cannot be
regarded as GBP and is therefore not considered here.

Nanomaterials to which the assessment criterion (reference value) is intended to ap-
ply may consist of, for example, the following substances:

- titanium dioxide;

- carbon black;

- aluminium oxyhydroxide (-AlO(OH), boehmite).

The assessment criterion (reference value) also applies to nanomaterials whose sur-
face has been chemically modified by coating if it can be conclusively proven that this
does not result in significant changes in toxicity. The extent to which levels of na-
noscaled GBP influence the dust OEL for the inhalable fraction is part of this paper.

The assessment criterion (reference value) described here does not apply to engi-
neered nanomaterials with specific toxicity or if substance-specific data leads to a
different OEL/reference value.
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Genotoxicity

It had to be evaluated for nanoscaled GBP whether a genotoxic effect is relevant. For
microscaled GBP it had been concluded not to play a role (DFG, 2013). A series of
review articles are available on the genotoxicity of nanomaterials (Magdolenova et
al., 2014; Singh et al., 2009; Shi et al., 2013; Oesch and Landsiedel, 2012; Iavicoli et
al., 2011; Kumar and Dhawan, 2013). Theoretically, unlike microscaled GBP, smaller
agglomerates/aggregates of nanoscaled GBP could enter target cells for carcinogen-
esis, or free nanoscaled primary particles could even enter the cell nucleus, provided
they are formed at all. Furthermore, the larger surface area of nanoscaled GBP could
increase the genotoxic potential through increased surface reactivity (Schins and
Knaapen, 2007; Singh et al., 2009; Gonzalez et al., 2008). Various authors have
been able to detect nanoparticles in cell nuclei in vitro (Feldherr and Akin, 1991; Ju-
gan et al., 2011; Shukla et al., 2011; Hackenberg et al., 2011a), but this was general-
ly not accompanied by quantitative analyses or to particle air concentrations realistic
to real-life conditions. In human nasal mucosa cells incubated with nanoscaled ZnO
or TiO2, particles were found in the cell nucleus in 1.5% and 11% of counted cells,
respectively (Hackenberg et al., 2010; 2011b). The incubation doses were not stated
for these findings. For ZnO, 200 cells were counted; for TiO2, no information was giv-
en on the number of analysed cells. Many nanomaterials are present as aggregates
or agglomerates and do not extensively disintegrate into free nanoparticles
(Creutzenberg et al., 2012; Eydner et al., 2012).

In vivo

Table 2 provides an overview of the existing in vivo studies into the genotoxicity of
nanoscaled GBP (titanium dioxide, carbon black and aluminium oxide). Various gen-
otoxicity endpoints were tested in very different study protocols. The table takes ac-
count of both inhalation/instillation studies and oral studies (gavage, drinking water).
Studies with intravenous administration (e.g. Sadeghiani et al., 2005; Sadiq et al.,
2012) have not been included.

In general, the tests showed negative or only slightly positive effects at partly rather
high doses. Some studies explain the weak genotoxicity found caused by inflamma-
tory processes. This also includes the studies conducted after oral administration.
The experiments carried out by Trouiller et al. (2009) detected slight but significant
increases in DNA adducts (8-oxo-dG, factor 1.5), micronuclei (factor 2.3) and DNA
deletions (factor 1.3) after oral administration of 500 mg/kg TiO2. In the comet assay,
only a 1.4-fold increase in the ‘tail moment’ was achieved at the highest dose of
500 mg/kg. Only the more rarely performed assay for induction of DNA double-strand
breaks (-H2AX) in bone marrow cells already showed a significant dose-dependent
effect at doses of 50 mg/kg and above. At 500 mg/kg, the -H2AX lesions were in-
creased by a factor of maximally 14.3. TNF, IFN and IL-8 were induced in periph-
eral blood at the maximum dose, which indicates systemic inflammation. It is likely
that the doses actually administered to the mice in the experiment by Trouiller et al.
(2009) were higher than stated. TiO2 was present non-dissolved in the drinking water
vessels. Presumably it will have sedimented leading to a higher uptake by the mice
(Landsiedel et al., 2010). In another study with oral administration of aluminium ox-
ide, albeit with single administration by gavage, the comet assay and the micronu-
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cleus test were positive effect at doses of 1,000 and 2,000 mg/kg body weight (Bal-
asubramanyam et al., 2009). In a parallel experiment, microscaled aluminium oxide
did not show positive results. However, the used nanoscaled aluminium oxide mate-
rial was of unclear origin and purity (>90%) and is no longer sold
(www.novacentrix.com).

A subchronic inhalation study (Driscoll et al., 1996) with carbon black reported that
the rate of hprt mutations increased by a maximum factor of 4 in Type II cells of the
alveolar epithelium. Quartz was found to have the highest mutation rates in another
study by the same working group, which applied microscaled quartz and microscaled
titanium dioxide (anatase), each in two instillations (5 and 50 mg/kg), along with car-
bon black for the purposes of comparison. The next-highest mutation rate was found
for carbon black, followed by titanium dioxide (Driscoll et al., 1997). In parallel in vitro
experiments on RLE-6TN cells an induction of hprt mutations after administration of
20–100 µg/cm² of quartz was not detected. A positive effect was detected, however,
when these cells were exposed to cells obtained from bronchoalveolar lavage after
quartz treatment. This indicates that inflammatory effects caused by alveolar macro-
phages have a causal role in genotoxicity.

Positive genotoxicity in vivo cannot generally discriminate between genotoxicity
caused by inflammation (e.g. via alveolar macrophages) and that caused directly by
particles. In principle, therefore, clear conclusions cannot be drawn from the in vivo
data with respect to a putative threshold for genotoxicity. However, it is plausible to
conclude that there is indirect genotoxicity in view of the high doses applied and the
associated inflammatory processes.

In vitro

Numerous studies are available investigating the in vitro genotoxicity of nanomateri-
als (see Table 3). Some studies tested nanomaterials that are known to exhibit a cer-
tain solubility in the biological system. In these cases, effects could be mediated via
the released constituents. These studies are not addressed in greater detail below.
Photogenotoxic effects of titanium dioxide are not considered, as photogenotoxicity is
irrelevant after internalisation in vivo.

The focus here lies on the in vitro studies with titanium dioxide and carbon black as
classic representatives of nanoscaled GBP (Table 3). Clearly positive in vitro results
were only rarely obtained. If a positive effect was identified, it was usually only slight
or occurred in an indicator test only (e.g. comet assay). This indicates low to non-
existent genotoxicity, in case not caused by macrophage-mediated inflammation.

Summary of genotoxicity

The in vivo results showed only weak genotoxicity even at high doses; this is pre-
sumably caused by inflammatory effects. Clearly positive in vitro results were only
rarely obtained. The positive results were low in degree or occurred in indicator tests
(e.g. comet assay). However, some of the negative results can be explained by the
fact that the chosen dosages were too low, the exposure times were too short, or the
times of measurement were chosen wrongly. For most studies, the quality of the
in vitro results should be viewed critically. The extent of particle uptake into the stud-
ied cells was examined more closely only in exceptional cases. Furthermore, the
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characterisation of the materials used often failed to account sufficiently for the influ-
ence of sample preparation and any possible changes due to cell medium compo-
nents. Overall, the studies do not conclusively indicate to genotoxicity that is not me-
diated by inflammation.

Carcinogenicity

Carcinogenic effects of nanoscaled GBP have been detected for titanium dioxide
(P25) and carbon black in rats after inhalation (for references see Gebel, 2012). Tu-
mours were detectable only after high level dust exposure termed lung overload. In
an assessment by the IARC, this led to these materials being classified as carcino-
genic in experimental animals (Baan, 2007). For titanium dioxide, this assessment
also made use of additional data on the microscaled material. An analysis of all
available long-term inhalation studies concluded that the carcinogenic potency of na-
noscaled GBP was approximately 2–3 times higher, by mass, than that of mi-
croscaled GBP (Gebel, 2012).

Predominant mode of action

With respect to the derivation of OELs/reference values for nanoscaled GBP, the fo-
cus is on inflammatory effects in the lungs after inhalation. Based on the present
knowledge, possible systemic effects are insignificant, of lesser significance, or not
yet sufficiently proven for nanoscaled GBP (AGS, 2011; Moreno-Horn and Gebel,
2014). The currently existing evidence for systemic effects available in the literature
either is not valid, has not been reproduced or is not considered to be reliable.

A threshold-like mode of action was assumed for the carcinogenic effect of mi-
croscaled GBP (consisting of granular primary particles, diameter > 100 nm) in rat
lungs (DFG, 2013). This mode of action is also assumed to be applicable to na-
noscaled GBP. It is assumed here that alveolar macrophages can be loaded with
agglomerated dust particles up to a certain level and that only above this level chron-
ic inflammation, caused by these macrophages, becomes relevant with respect to
target cell damage leading to carcinogenesis (overload hypothesis). Exposure levels
not leading to chronic inflammation due to macrophage overloading would not lead to
an additional tumour risk. The mode of action of agglomerated nanoscaled GBP and
agglomerated microscaled GBP is identical. The level of threshold may differ de-
pending on the different potency of inflammation. This is due to the fact that na-
noscaled particle agglomerates and aggregates cause a higher volume load in mac-
rophages at the same mass concentration due to higher void-space volume.
Alternatively, another mode of action without a threshold could also be possible for
nanoscaled GBP. This required an assessment of the data on genotoxicity. Genotox-
ic effects independent of the indirectly mediated genotoxicity due to macrophages,
could theoretically be due to higher surface activity or altered kinetics of smaller na-
noparticles (agglomerates), such as migration into the cell nucleus or poorer clear-
ance by macrophages. The threshold-like mode of action could also be called into
question by the fact that particles are not uniformly deposited in the lungs. Particular-
ly high rates of deposition occur at the bifurcations in the deep respiratory tract: poor-
ly soluble particles are not deposited uniformly in the bronchoalveolar area; rather,
there are “hot spots” where a higher deposition is known. In this regard, Phalen et al.
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(2010) report that deposition may be up to 1200 times higher in the area of these bi-
furcations. This could play a key role in triggering cancer (and other health effects). In
contrast, large parts of the lung surface receive a much lower load. Therefore, chron-
ic inflammation and, consequently, tumours might occur even at levels of dust expo-
sure below overload. This could be considered not as general overloading but rather
as focal dust overloading of the lungs. In humans, a large number of tumours actually
occur at the bifurcations in the bronchoalveolar area. On the other hand, it is unclear
whether focally increased deposition can actually lead to focused chronic inflamma-
tion. First of all, one can assume that particles diffuse through the bronchial mu-
cus/pulmonary surfactant after deposition. Focally increased deposition also may not
necessarily lead to alveolar macrophage-mediated inflammation as a result of over-
loading. For nanoscaled GBP, there is no epidemiological evidence of a carcinogenic
effect. The evaluation with respect to genotoxicity provided no conclusive indication
of a genotoxic effect that is not mediated by inflammation. Taken together, the
threshold-like mode of action is considered probable. The predominant mode of ac-
tion is deemed to be identical for agglomerates of nanoscaled and microscaled GBP;
the effect would therefore be additive. This is a key point for the assessment of mixed
dusts (respirable faction) that typically occur in practice and that contain both na-
noscaled and microscaled GBP.

Derivation of an assessment criterion (reference value)

The higher carcinogenic potency of nanoscaled GBP by mass in the animal experi-
ments might be caused by the corresponding higher inflammatory potency after inha-
lation. Some authors have attributed this to the larger specific surface area and
therefore higher reactivity of nanoscaled GBP agglomerates (Oberdörster et al.,
1994; Tran et al., 2000). There are, however, other more recent and more reliable
results that do not support this hypothesis (e.g. Elder et al., 2005; Pauluhn, 2014).
For example, in a comparative study on rats, Elder et al. (2005) found the relative
level (%) of polymorphonuclear neutrophilic leucocytes (PMN) in the bronchoalveolar
lavage (BAL) at 11 months post-exposure to be almost five times lower with high sur-
face-area carbon black at the identical surface area concentration (dose adjusted
accordingly; 7 mg/m³ high surface-area carbon black vs. 50 mg/m³ low surface-area
carbon black). With regard to the absolute PMN figures in the lavage (calculated from
the data on the total number of cells from Fig. 5 and the proportion of PMN from Fig.
6 in the publication), this even reaches a maximum factor of 16 by comparison at 3
months post-exposure. The results obtained in the study therefore contradict the
conclusion drawn in the study summary that surface concentration is the relevant
dose metrics with respect to mode of action.

Based on current knowledge the most probable hypothesis is that the higher inflam-
matory potency of nanoscaled GBP is caused by their higher displacement volume in
alveolar macrophages (Pauluhn, 2011). The relevant dose metrics in this case would
be the particle (agglomerate) volume. As shown below, the derivation of an assess-
ment criterion (reference value) provides congruent results taking into account all
relevant studies. The same mode of action was also considered most likely for mi-
croscaled GBP (DFG, 2013). Nanoscaled GBP are generally present as agglomer-
ates or aggregates, and these have a higher portion of void-space volume than mi-
croscaled GBP. Thus, related to mass, nanoscaled GBP possess a higher displace-
ment volume in alveolar macrophages. As a consequence, the mass concentration at
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which relevant inflammation occurs in the alveolar area is reached at a lower level
when macrophages are confronted with nanoscaled GBP in comparison to mi-
croscaled GBP. On the other hand, there would be no difference in the potency of
nanoscaled and microscaled GBP if the exposure level would be standardised to dis-
placement volume instead of mass. The cumulative dose in the steady-state is cru-
cial to determine a NOAEL, as this effect triggers chronic inflammation.

In contrast to microscaled GBP, no chronic studies are available for nanoscaled GBP
from which a NOAEC could be derived. Table 4 contains inhalation studies from
which reference values were derived for nanoscaled GBP. Studies were included that
had a minimum exposure duration of 28 days and from which it was possible to de-
rive a NOAEC. All studies used rats, and all of the studies investigated lung inflam-
mation used as the crucial toxicological endpoint for this derivation. The NOAEC val-
ues were determined based on the parameter of induction of polymorphonuclear
neutrophilic leucocytes (PMN) in the bronchoalveolar lavage (BAL). In the studies by
Pauluhn (2009) and Creutzenberg (2013), the dose selection was based on the
model according to Pauluhn (2011). As a consequence, the experimental NOAEC
value is assumed to be set close to the ‘true’ LOAEC value. Two different approach-
es of OEL derivation, namely those in Announcement 901 and TRGS 910, were ap-
plied for the purposes of comparison. This was done on the basis that both OEL deri-
vation methods are applicable as inhalation carcinogenicity is assumed to possess a
threshold-like mode of action. The derivation based on the method in Announcement
901 used the common factors for time extrapolation. Furthermore, a reduced variabil-
ity factor of 3 was used, as rats had shown to be the most sensitive of three species
including hamsters and mice. An increased respiratory volume of a worker compared
to a person at rest was also included. In addition, the reference values derived were
normalised using the values for the assumed agglomerate density to a material den-
sity of 1 (Table 1, column “Assessment criterion (reference value) in Announcement
901 (density=1)”, values 27–97 µg/m³). It must be borne in mind that analytical data
on agglomerate density were available only for titanium dioxide. For all other sub-
stances in Table 4, only the material density was available when it came to normalis-
ing to a density of 1. In this case, the agglomerate density was assumed to be 50%
of the material density. Another approach of reference value derivation was based on
the one used by the MAK Commission in 2011 for microscaled GBP, albeit according
to TRGS 910. In this variant, the species-specific deposition rates (DFA/DFH) and a
factor 0.18 (for insoluble dusts) are taken into account in the standard approach and
normalisation is based on the lung surface area (alveolar plus thoracic) for the ex-
trapolation from rats to humans. In contrast to microscaled GBP, no chronic inhala-
tion studies to derive a NOAEC were available for nanoscaled GBP. Thus, it was not
possible to derive the deposited particle dose at the NOAEC in the lungs after long-
term exposure for extrapolation to humans. For this reason, the approach described
here deviated from the default procedure by normalising to the total volume of alveo-
lar macrophages instead of to the comparative lung surface areas. With regard to the
alveolar macrophage volume, the data from Pauluhn (2011) were used (human–rat
ratio of 1110, see annex for explanation). Instead of the aforementioned factor of
0.18, this led to a factor of 1.33. Also in this approach, a reduced variability factor of 3
was used. In addition, a normalisation to an agglomerate density of 1 was also car-
ried out leading to assessment criteria (reference values) in the range of 32–
115 µg/m³ (see Table 4). The study by Bermudez et al. (2004) resulted in a relatively
low assessment criterion (reference value). This is probably due to the test doses
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chosen in the study. For example, the Bermudez NOAEC is lower by a factor of ap-
proximately 2 compared to the study of Elder et al. (2005), which was also a sub-
chronic study. Overall, the assessment criteria (reference values) derived from all
single studies only vary by a factor of approximately 2 indicating data congruency.
Comparing the medians and geometric means of the assessment criteria (reference
values) derived here with the OEL derived for microscaled GBP according to the
same methods, the potency of nanoscaled GBP is higher by a factor of 4. Comparing
the different agglomerate densities of nanoscaled and microscaled GBP, the
OEL/reference values would differ to a lower extent of approximately 2 and not 4.
This could be due to the poor reliability of the available data for agglomerate density
determination. Furthermore, the relationship between material densities and agglom-
erate densities is not constant; rather, it may depend on the specific material. In addi-
tion, nanoscaled agglomerates are often not spherical. Thus, it is plausible macro-
phage loading is determined not only by the higher portion of void-space volume in
agglomerates but also by additional void-space volume between agglomerates.

Summary: Proposed assessment criterion (reference value)

Two different derivation approaches lead to air concentration values for nanoscaled
GBP based on the endpoint lung inflammation leads ranging between 27 and
146 µg/m³. The values had been normalised to an agglomerate density of 1 in a vol-
ume-oriented approach. The values for the medians and geometric means lie in the
range of 52–81 µg/m³.

Overall, the best point estimate on the basis of an agglomerate density of 1 would be
an assessment criterion (reference value) of 75 µg/m³, including the low NOAEC of
the Bermudez study. As a pragmatic approach, an estimate of half of the material
density was used in case the agglomerate density was not quantified for a specific
material. If he medians and geometric means of the assessment criteria (reference
values) derived here are compared with the OELs derived for microscaled GBP ac-
cording to the same method, the potency of nanoscaled GBP is higher by a factor of
4. For nanoscaled GBP in the form of dusts typically appearing at workplaces, a
mean agglomerate density of 1.5 g/cm³ is assumed in practice. This assumption is
explained as follows: a density of 2.5 g/cm³ was assumed for microscaled GBP dusts
typically encountered in the workplace (see justification of the applicable respirable
dust limit value). The agglomerate density is the relevant variable for the derivation of
the assessment criterion (reference value). This value differs from the material densi-
ty more strongly for nanoscaled GBP dusts than it does for microscaled GBP. The
scarce data available so far relating to agglomerate densities of nanoscaled dusts
indicate that it is lower than the material density by a factor of approximately 2. Ap-
plying the factor of 2 yields an assessment criterion (reference value) of 110–
190 µg/m³. The first value, 110 µg/m³, results from the reference value derivations
described above. The second value, 190 µg/m³, results from dividing the established
occupational exposure limit (OEL) for respirable microscaled GBP dust by a factor
of 4 and adjusting for density.
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Table 2: Overview of in vivo studies of the genotoxicity of nanoscaled GBP

Method

Target organ

Specifica-
tion

Species: Strain
Sex
Number/group

Administra-
tion

Duration

Dosages Result
Point in time of
analysis

Comments Assess-
ment

Source

Titanium dioxide

Comet

Lungs:
type II cells

74% anatase
26% brookite

M: C57BL/6J
(m)

6/grp

inhalation, 5 d,
4 h/d

0.8; 7.2;
28.5 mg/m³

neg.
0 h after exposure

positive control with EO

lung deposition 5.5–9%
(w/w)

negative (Lindberg et
al., 2011)

Comet

BAL

T-LiteTM SF
79–89%
rutile, 50 nm

R: Wistar
(m)

3/grp

inhalation, 6 h/d,
5 d

0.5; 2;
10 mg/m³

neg.
0 h after exposure

negative (Landsiedel et
al., 2009)

Comet

Blood monocytes

<100 nm M: C57BL/6
(m)

10/grp

instillation, 2x/wk,
12 wks

20 mg/kg sign. 1.6x increase
0 h after exposure

weakly
positive

(Hwang et al.,
2010)

Comet

BAL

UV-Titan
L181, rutile

M: C57BL/6J

5-6/grp

instillation, 1x 2.7 mg/kg neg.
24 h after instillation

negative (Saber et al.,
2011)

Comet

BAL

anatase
5 nm

R: SD
(m)

5/grp

instillation, 1x 1; 5 mg/kg neg positive control with EMS negative (Naya et al.,
2012)

instillation, 1x/wk,
5 wks

5x
0.2; 1 mg/kg

Comet

Blood

P25 M: C57BL/6J

pun/pun (m)

5/grp

drinking water,
5 d

50; 100; 250,
500 mg/kg

sign. at 500 mg/kg
factor 1.4
presumably 0 h after
exposure

systemic inflammation
(TNF, IFN, IL-8), real
doses possibly higher due
to sedimentation

weakly
positive

(Trouiller et al.,
2009)

Comet

Liver, bone mar-
row, brain

anatase
33 nm

M: CBAB6F1
(m)

5–6/grp

gavage, 7x; 7 d 40; 200;
1000 mg/kg

only partly sign.
max. factor 2,
only partial dose–
response relationship

effects comparable to
microscaled TiO2

(weakly
positive)

(Sycheva et
al., 2011)

8-oxo-dG

Lungs

<100 nm M: C57BL/6
(m)

10/grp

instillation, 2x/wk,
12 wks

20 mg/kg sign. 1.1x increase
0 h after exposure

weakly
positive

Hwang et al.,
2010

8-oxo-dG

Lungs

P25 & T805 R: Wistar
(f)

5/grp

instillation, 1x 0.75; 1.5; 3;
6 mg/kg

neg
90 d after instillation

positive control with
DQ12;

analysis too late

assessment
not possi-
ble

(Rehn et al.,
2003)

8-oxo-dG

Liver

P25 M: C57BL/6J

pun/pun (m)

5/grp

drinking water,
5 d

50; 100; 250;
500 mg/kg

sign. at 500 mg/kg

factor 1.5

0 h after exposure

systemic inflammation
(TNF, IFN, IL-8), real
doses possibly higher due

weakly
positive

(Trouiller et al.,
2009)
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Method

Target organ

Specifica-
tion

Species: Strain
Sex
Number/group

Administra-
tion

Duration

Dosages Result
Point in time of
analysis

Comments Assess-
ment

Source

to sedimentation

DNA-DSB

-H2AX

Bone marrow

P25 M: C57BL/6J

pun/pun (m)

5/grp

drinking water,
5 d

50; 100; 250;
500 mg/kg

sign. from 50 mg/kg,
good dose–response
relationship (max. factor
14), 0 h after exposure

systemic inflammation
(TNF, IFN, IL-8), real
doses possibly higher due
to sedimentation,

rare assay

positive (Trouiller et al.,
2009)

Micronuclei

PCEs in blood

74% ana-
tase; 26%
brookite

M: C57BL/6J (m)

6/grp

inhalation, 5 d,
4 h/d

0.8; 7.2;
28.5 mg/m³

neg.

48 h after exposure

positive control with EO,

at 28.5 mg/m³: PMNs ↑, 
lung deposition 5.5–9%
(w/w)

negative (Lindberg et
al., 2011)

Micronuclei

PCEs in blood

P25 M: C57BL/6J

pun/pun (m)

5/grp

drinking water,
5 d

50; 100; 250;
500 mg/kg

sign. at 500 mg/kg
factor 2.3

presumably 0 h after
exposure

systemic inflammation
(TNF, IFN, IL-8), real
doses possibly higher due
to sedimentation

weakly
positive

(Trouiller et al.,
2009)

Micronuclei

Bone marrow

anatase
33 nm

M: CBAB6F1 (m)

5–6/grp

gavage, 7x; 7 d 40; 200;
1000 mg/kg

neg. microscaled TiO2 at max.
dose weakly sign. pos.
(factor 2)

negative (Sycheva et
al., 2011)

DNA deletion pun,
retina cells in
offspring

P25 M: C57BL/6J

pun/pun (f)

53 eyes

drinking water,
GD 8.5–18.5

300 mg/kg sign.

factor 1.3

1.5 d after exposure

systemic inflammation at
500 (TNF, IFN, IL-8),
real doses possibly higher
due to sedimentation

weakly
positive

(Trouiller et al.,
2009)

ESTR mutations

Oocytes

UV-Titan
L181

rutile, 20.6
coating

M: C57BL/6J (f)

13/grp

inhalation, 1 h/d,
GD 8–18

42.4 mg/m³ neg. no positive control negative (Boisen et al.,
2012)

Aluminium oxide

Comet

Blood

30 & 40 nm R: Wistar (f)

5/grp

gavage, 1x 500; 1000;
2000 mg/kg

sign. from 1000 mg/kg
max. factor 3

4, 24, 48 h after admin-
istration, 72 h neg.

positive only at limit dose
and above, purity unclear:
>90%

positive control with CPA

microscaled Al2O3 nega-
tive

positive (Balasubraman
asubraman-
yam et al.,
2009)

Micronuclei

PCEs in blood

30 & 40 nm R: Wistar (f)

5/grp

gavage, 1x 500; 1000;
2000 mg/kg

sign. from 1000 mg/kg
48 & 72 h after admin.
(factor max. 5.7), no
effect on %PCE

positive only at limit dose
and above, purity unclear
(>90%)

positive control with CPA

positive (Balasubraman
asubraman-
yam et al.,
2009)
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Method

Target organ

Specifica-
tion

Species: Strain
Sex
Number/group

Administra-
tion

Duration

Dosages Result
Point in time of
analysis

Comments Assess-
ment

Source

microscaled Al2O3 nega-
tive

Carbon black

Comet

BAL

Printex 90 M: C57/Bl; Jax:
TNF -/-

4/grp

inhalation, 1.5 h,
4 d

20 mg/m³ sign.
approx. factor 2 (TNF
+/+ and TNF-/-)

weakly
positive

(Saber et al.,
2005)

Comet

BAL

Printex 90 M: C57BL/6J

5–6/grp

instillation, 1x 2.7 mg/kg neg.

24 h after instillation

negative (Saber et al.,
2011)

Comet

BAL

Printex 90 M: ApoE-/-

7/grp

instillation, 1x 2.7 mg/kg factor 1.2 to 1.5

3 h after administration

ApoE-/-: unusual strain
with genetic defect

weakly
positive

(Jacobsen et
al., 2009)

Comet

Lungs

Printex 90 M: C57BL/6J
(m) 5/grp

instillation, 1x 10 mg/kg factor 1.1 to 2

3 h after administration

microscaled kaolin also
positive, only 1 dose

weakly
positive

(Totsuka et al.,
2009)

Comet

Liver

Printex 90 M:
C57BL/6JBomTac
(f) 5-6/grp

inhalation, 1 h/d,
GD 8–18

42 mg/m³ factor max. 1.6 in moth-
ers and offspring at
various points in time

parallel instillation tests
with same cumulative
dose consistently neg.

weakly
positive

(Jackson et al.,
2012)

8-oxo-dG

Lungs

Printex 90 R: F344 (f)

5/grp

inhalation, 6 h/d,
5 d/wk, 13 wks

1; 7; 50 mg/m³ max. factor 1.5;

0 and 44 weeks after
exposure

lung load 1–7 mg/lung;
PMNs↑ 

weakly
positive

(Gallagher et
al., 2003)

hprt

Lungs

(Type II cells)

Monarch 880 R: F344 (m) inhalation, 6 h/d,
5 d/wk, 13 wks

1.1; 7.1;
52.8 mg/m³

sign. from 7.1 mg/m³
(factor 3.4); at
52.8 mg/m³ factor 4

directly after exposure

lung load 0.35; 1.8;
7.9 mg/lung

positive (Driscoll et al.,
1996)

hprt

Lungs

(Type II cells)

Monarch 900 R: F344 (f)

9/grp

instillation, 2x,
2 d

10; 100 mg/kg sign. at 100 mg/kg
(factor 7.5)
15 months after expo-
sure

positive (Driscoll et al.,
1997)

gpt mutation

Lungs

Printex 90 M: gpt transgen.

10/grp

instillation, 1x to
4x

6.6–
26.4 mg/kg

not sign. tendency microscaled kaolin pos.,
rare assay, high SD

(weakly
positive)

(Totsuka et al.,
2009)

Abbreviations: BAL: bronchoalveolar lavage; DSB: double-strand break; EO: ethylene oxide; GD, gestation day; neg.: negative; PCE: polychromatic erythrocyte;
PMN: polymorphonuclear neutrophilic granulocyte; neg.: negative; pos.: positive; sign.: statistically significant; wk: week; CPA: cyclophosphamide; M: mouse;
MMC: mitomycin C; R: rat; 8-oxo-dG: 8-oxo-7,8-dihydroxy-2-deoxyguanosine
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Table 3: Overview of in vitro studies on the genotoxicity of nanoscaled titanium dioxide and nanoscaled carbon black

Method Specification Cell type Dura-
tion
(h)

3

Doses (µg/ml)
4

Result Comments Assessment Source

Titanium dioxide

Comet anatase
6.57–8 nm ?

WIL-2NS 6; 24; 48 26; 65; 130 max. factor 5 (at
65), data not shown

high cytotoxicity only at
130 µg/ml from 24 h

positive (Wang et al.,
2007)

Comet anatase

<100 nm

BEAS-2B

IMR-90

24 2; 5; 10;
50 µg/cm²

neg. negative (Bhattacharya
et al., 2009)

Comet anatase CHO-K1 60 d 10; 20; 40 neg. no cytotoxicity negative (Wang et al.,
2011)

Comet anatase
P25

human lympho-
cytes

6; 12; 24 20; 50; 100 sign. from 50 µg/ml
max. factor 5.5

positive only concurrent with
high cytotoxicity, well devel-
oped dose-time-response
relationship;
N-acetylcysteine reduces
effect

(positive) (Kang et al.,
2008)

Comet anatase
40–70 nm

human sperm cells
and lymphocytes

0.5 3.7; 14.9; 29.8;
59.7

all effects sign.

(max. factor 1.5
and 7.2 respective-
ly)

no dose–response relation-
ship; incorrect statistics, insuf-
ficient documentation of cyto-
toxicity

(positive) (Gopalan et
al., 2009)

Comet anatase
10 and 20 nm

BEAS-2B 16 10 sign. increase only
if assay sensitivity
is increased by
formamidopyrimi-
dine glycosylase

only one concentration tested;
high control rates

negative in standard approach

negative (Gurr et al.,
2005)

Comet anatase
P25

L5178Y 22 3.1; 12.5; 50;
200; 800

neg. negative (Nakagawa et
al., 1997)

Comet rutile/anatase
63 nm

A549 4 40 µg/cm² factor 2.3 only one concentration tested weakly posi-
tive

Karlsson et al.
2009

Comet anatase
12, 24 nm

rutile 21 nm;
fibres
68/9 nm)(Woodr

A549 4; 24; 48 100 max. factor 7 extreme variation in results;
barely any dose–response
relationship

(positive) (Jugan et al.,
2011)

3 Unless stated separately in days.
4 Unless stated separately as a dose per area.
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Method Specification Cell type Dura-
tion
(h)

3

Doses (µg/ml)
4

Result Comments Assessment Source

uff et al., 2012)

Comet anatase

15–30 nm

human lympho-
cytes

24 20; 50; 100; 200 neg. negative (Hackenberg
et al., 2011a)

Comet anatase
? nm

HEp-2 4 10; 20; 50; 100 max. factor 3.6 weak effect except with maxi-
mum dose at relevant cytotoxi-
city

(positive) (Osman et al.,
2010)

Comet anatase
(<25 nm)

rutile
(10x40 nm, <5%
SiO2 with amor-
phous coating)

BEAS 2B 24; 48;
72

20; 40; 60; 80;
100

max. factor 2

only partially signif-
icant (also for mi-
croscaled rutile)

no clear dose–response rela-
tionships; microscaled rutile
(<5 µm) also positive

impossible to
assess

(Falck et al.,
2009)

Comet presumably a
mix of rutile and
anatase
(<100 nm)

A549 4 40; 80 max. factor 2

(only partially sign.)

dose–response relationship,
but only two doses tested

weakly posi-
tive

(Karlsson et
al., 2009)

Comet

pH-neutral

rutile
30.6 nm

WISH (human
amniotic epitheli-
um)

6 0.625; 1.25; 2.5,
5; 10; 20

pos. only concur-
ring with relevant
cytotoxicity

(positive) (Saquib et al.,
2011)

Comet anatase

10x30 nm

TK6 24 0; 50; 100; 150;
200

neg. in three test
variants

positive control with MMS
positive

negative (Woodruff et
al., 2012)

Comet anatase

P25 and 12 nm

A549 4; 24; 48 100 max. factor 8 poor exposure time–response
relationship

positive (Jugan et al.,
2012)

8-oxo-dG anatase

<100 nm

IMR-90 24 5; 10 µg/cm² pos., quant. com-
parison with control
not possible

degree of effect cannot be
quantitatively assessed

(positive) (Bhattacharya
et al., 2009)

8-oxo-dG anatase

P25 and 12 nm

A549 4; 24; 48 100 max. factor ~10 no exposure time–response
relationship

positive (Jugan et al.,
2012)

8-oxo-dG anatase
12, 24 nm

rutile (21 nm;
fibres 68/9 nm)

A549 4; 24; 48 100 max. factor 15 extreme variation in results;
poor dose–response relation-
ship

(positive) (Jugan et al.,
2011)

DNA-DSB

-H2AX

anatase
12, 24 nm

A549 24 50; 100; 200 neg. negative (Jugan et al.,
2011)

DNA-DSB

-H2AX

anatase
5 nm

A549 1 10–1000 pos. no information on cytotoxicity,
quant. evaluation not possible

(positive) (Toyooka et
al., 2012)
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Method Specification Cell type Dura-
tion
(h)

3

Doses (µg/ml)
4

Result Comments Assessment Source

DNA-DSB

-H2AX

anatase

P25 and 12 nm

A549 24 50; 100; 200 neg. positive control with etoposide
positive

negative (Jugan et al.,
2012)

Chromosome
aberrations

100% rutile CHO 3 5000 neg. (positive) (Theogaraj et
al., 2007)100% anatase CHO 3 5000

80%/20% ana-
tase/rutile

CHO 3 800

Chromosome
aberrations

anatase
P25

L5178Y 22 25; 50; 100; 200;
400; 800

neg. positive control with ofloxacin
neg.

impossible to
assess

(Nakagawa et
al., 1997)

gpt mutations type unclear
5 nm & 40 nm

MEF fibroblasts
transgenic

3 d 0.1; 1; 10; 30 max. factor 2.2
but only sign. in
one exception in
each case

no dose–response relationship negative (Xu et al.,
2009)

HPRT anatase
6.6–8 nm ?

WIL-2NS 6; 24; 48 26; 65; 130 max. factor 2.5;
data not shown

relevant cytotoxicity at 130
from 24 h onwards

weakly posi-
tive

(Wang et al.,
2007)

HPRT anatase (?) CHO-K1 60 d 10; 20; 40 neg. no cytotoxicity negative (Wang et al.,
2011)

Micronuclei anatase
P25

human lympho-
cytes

48 20; 50; 100 sign. from 50 (fac-
tor 1.7), 100 (factor
2.6)

genotoxicity accompanied by
relevant cytotoxicity

(weakly posi-
tive)

(Kang et al.,
2008)

Micronuclei anatase
6.57–8 nm?

WIL-2NS 6; 24; 48 26; 65; 130 max. factor 2.3,
dose–response
relationship present

cytotoxicity at maximum dose
from 24 h onwards, but not in
the event of cell proliferation

weakly posi-
tive

(Wang et al.,
2007)

Micronuclei presumably
anatase <20 nm

SHE 12–72 0.5; 1.5; 10 partially sign.
max. factor 2

no dose–response relation-
ship; microscaled TiO2 neg.

weakly posi-
tive

(Rahman et
al., 2002)

Micronuclei T-LiteTM SF 79–
89% rutile,
50 nm

V79 4; 24 4: 75; 150; 300

24: 18.8; 37.5; 75

neg. positive control with EMS negative (Landsiedel et
al., 2009)

Micronuclei anatase
10 nm

BEAS-2B 24 10 max. factor 2.7 only one concentration tested;
high control rates

weakly posi-
tive

(Gurr et al.,
2005)

Micronuclei anatase
12, 24 nm

A549 4; 24; 48 50; 100; 200 neg. positive control with etoposide negative (Jugan et al.,
2011)

Micronuclei anatase
? nm

HEp-2 2 10; 20; 50; 100 max. factor 2.4 weak effect at 50, cytotoxicity
above that level

weakly posi-
tive

(Osman et al.,
2010)

Micronuclei anatase
<25 nm

A549 24 10; 50 max. factor 3.5 dose–response relationship positive (Srivastava et
al., 2011)
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Method Specification Cell type Dura-
tion
(h)

3

Doses (µg/ml)
4

Result Comments Assessment Source

Micronuclei ?
20 nm

CHO-K1 24 0.5; 1; 5 max. factor 1.8 poor dose–response relation-
ship

weakly posi-
tive

(Di Virgilio et
al., 2010)

Micronuclei anatase
<25 nm

BEAS 2B 24; 48;
72

20; 40; 60; 80;
100

max. factor 3

(rarely sign.)

no dose–response relation-
ships; microscaled rutile
(<5 µm) and rutile (10x40 nm,
<5% SiO2 with amorphous
coating) negative

weakly posi-
tive

(Falck et al.,
2009)

Micronuclei anatase

P25 and 12 nm

A549 24 50; 100; 200 negative positive control with etoposide
positive

negative (Jugan et al.,
2012)

SCE ?
20 nm

CHO-K1 24 1; 5 max. factor 1.2 no dose–response relationship weakly posi-
tive

(Di Virgilio et
al., 2010)

Carbon black

Comet Printex90 A549 3 100 (25 µg/cm²) factor 4 only one concentration tested,
insufficient documentation of
cytotoxicity

positive (Mroz et al.,
2008)

Comet Printex90 FE1 MutaTM lung
epithelium cells

3 75 factor 2 only one concentration tested weakly posi-
tive

(Jacobsen et
al., 2007)

Comet Vulcan M

(100 nm)

A549, THP-1 48 0.016; 0.16; 1.6 max. factor 4, rare-
ly significant

weakly posi-
tive

(Don Porto et
al., 2001)

Comet 12 nm primary mouse
embryonic fibro-
blasts

24 5; 10 max. factor 4 positive (Yang et al.,
2009)

LacZ/cII muta-
tions

Printex90 FE1 MutaTM lung
epithelium cells

8 x 72 75 (administered
8 times)

cII: factor 1.4

lacZ: 1.23

only one concentration tested weakly posi-
tive

(Jacobsen et
al., 2007)
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Table 4: Overview of the ra inhalation studies included used for the derivation of an assessment criterion (reference value) for na-
noscaled GBP, endpoint lung inflammation

Substance MMAD

(GSD)

DFA/DFH

MPPD2.11

Agglomerate
density

5

Study du-
ration

NOAEC

[µg/m³]

Assessment
criterion (refer-
ence value) in
Announcement

901
6

(density=1)

[µg/m³]

Assessment
criterion (refer-
ence value) in

2013

guidelines

(density=1)

[µg/m³]

Source

TiO2 P25 1.44

(2.6)

0.447 1.6 13 wks 520 27 32
7

(Bermudez et
al., 2004)

TiO2 NM-103 1.17
(2.92)

0.51 1.6 4 wks 3000 52 71 (Creutzenberg,
2013)

TiO2 NM-104 1.00

(3.94)

0.585 1.6 4 wks 3000 52 81 (Creutzenberg,
2013)

TiO2 NM-105 (P 25) 0.62
(4.79)

0.774 1.6 4 wks 3000 52 107 (Creutzenberg,
2013)

AlOOH
40 nm

0.59

(2.47)

0.866 1.45 4 wks 3300 63 146 (Pauluhn, 2009)

AlOOH
10 nm

1.75

(2.71)

0.444 1.45 4 wks 3100 60 70 (Pauluhn, 2009)

CB
Printex 90

1.4

(2.5)

0.447 0.9 13 wks 1100 97 115 (Elder et al.,
2005)

52 81 median

54 81 geometric mean

Abbreviations:
wks: weeks, y: years, DFA: deposited fraction in animal alveoles (rats), DFH: deposited fraction in human alveoles, CB: carbon black

5
According to Pauluhn (2011). Analytical data on agglomerate density are only available for titanium dioxide; for the other materials, the agglomerate densities

were estimated at 50% of the material density.
6
Time extrapolation (Announcement 901): subacute/chronic: 6, subchronic/chronic: 2; reduced variability factor 3 (rats are the most sensitive species); increased

respiratory volume of worker in comparison to resting laboratory rat (6.7 m³/10 m³) and different daily exposure time (6 h/8 h).
7

With a variability of 3; alveolar macrophage volume according to (Pauluhn, 2011) (see annex for explanation) and correction to an agglomerate density of 1.
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Annex

In the standard approach, the extrapolation is based on lung surface area in the deri-
vation of the ‘human equivalent concentration’ (HEC). The particle dose that is ab-
sorbed by the alveolar macrophages is strongly influenced by the particles deposited
on the surface of the lungs (ratio 150). In the present case, the data are extrapolated
based on the total macrophage volume in the alveoli, as no study with nanoscaled
GBP is available for calculating the particle mass deposited in the lungs after chronic
inhalation at the NOAEC.

The volume of the individual macrophage and the number of macrophages per lung
must be known in order to calculate the total volume of alveolar macrophages for rats
and humans. According to Pauluhn (2011), values of 1166 µm³ and 4990 µm³ were
taken as a basis for the volume of the individual macrophage in rats and humans re-
spectively. For the number of macrophages per lung, values of 27 x 10-6 and 7000 x
10-6 were used for rats and humans, respectively.

The HEC for agglomerates of nanoscaled GBP, after extrapolation based on the pa-
rameter macrophage volume, is calculated as follows:

HEC/CA = 0.008 x 1110 x 0.15 x (DFA/DFH) = 1.33 x (DFA/DFH),

where DF = deposition fraction (per cent/100), A = animal (rat), and H = human.

Derivation of an exposure–risk relationship for the purposes of comparison,
based on the assumption of a mode of action without a threshold

Table 5 provides an overview of the studies that, collectively, can be used to derive
an exposure–risk relationship for lung carcinogenicity. For the derivation of cancer
risks from animal experiments, TRGS 910 assumes exposure for 6 h/d and
5 days/week, as well as a study period of 24 months leading up to the terminal dis-
section. As the reports described in Table 5 deviated from these assumptions, the
data was corrected appropriately before it was used to derive a benchmark dose
(BMD).
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Table 5: Overview the relevant inhalation studies in rats appropriate for the derivation of exposure–risk relationships

Exposure Tumours, absolute
number

Substance Sex mg/m³ h/week Period
(months)

Exposure-free follow-
up

observation (months)

Exposure corrected
to 24 months and

30 h/week

Corrected to
24 months

8
Number of

animals stud-
ied/group

TiO2 P25 f 0 24 6 0 1 1 217

TiO2 P25 f 9.3 90 24 6 27.9 32 16 100

CB
Printex 90

f 0 0 0 0 72

f 6 85 10 20 17
9

12 6 72

f 6 85 20 10 17 7 4 72

Elftex-12 f 0 24 1.5 0 0 0 105

m 0 24 1.5 0 3 3 109

f 2.5 80 24 1.5 6.67 16 16 107

m 2.5 80 24 1.5 6.67 3 3 106

f 6.6 80 24 1.5 17.60 41 41 105

m 6.6 80 24 1.5 17.60 8 8 106

CB
Printex 90

f 0 24 6 0 1 0 217

f 11.4 90 24 6 34.20 39 20 100

8
Factor 2 for 24 vs. 30 months; no correction necessary for Nikula et al. (1995).

9
Here, 10 months exposure was considered equal to 20 months and then corrected to 24 months. The reason to do so was that the first 10 months exposure had

a far greater influence on tumorigenesis. All other studies had 24 months exposure, so this correction had a lesser overall influence on the derived carcinogenic
potency.
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The experiments carried out by Heinrich (Heinrich et al., 1995; Heinrich et al., 1994)
used only female rats, and the terminal section was carried out after 30 months. Two
of the three experiments studied only one dose group, so it is not possible to model
the respective individual studies. However, it was possible to model these data on a
combined basis (see annex). The combined analysis was modelled using BMDS
(version 2.1) on a sublinear basis, which becomes evident from the comparison of
BMD10 and BMD0.1 (Table 6).

Table 6: Derived BMD values analysis (BMDS software version 2.1). The extreme values
are shown in bold type.

Model Gamma Multistage Multistage cancer Probit

Combined data from Heinrich
BMD10 [mg/m³] 21.57 21.76 21.76 24.20
BMD0.1 [mg/m³] 5.74 4.38 4.38 6.69

Combined data from Heinrich & Nikula et al. (male animals)
BMD10 [mg/m³] 22.15 22.55 22.55 23.81
BMD0.1 [mg/m³] 5.74 4.75 4.75 5.48

Data from Nikula et al. (male animals)
BMD10 [mg/m³] p=NA 25.11 25.11 27.08
BMD0.1 [mg/m³] p=NA 7.76 7.76 5.06

Data from Nikula et al. (female animals)
BMD10 [mg/m³] 4.61 4.48 4.48 7.99
BMD0.1 [mg/m³] 0.64 0.45 0.45 p=0.013

The pooled data from the Heinrich studies, together with the data from Nikula et
al. (1995), can only be adequately modelled with BMDS if the data from the male an-
imals are used.

The data from the study with carbon black by Nikula et al. (1995) meet the guideline
criteria for acceptable modelling for the two sexes separately but not for the com-
bined data (Table 6). Comparison of the BMD values shows that the female animals
are far more sensitive. This difference in potency between the sexes was especially
high with carbon black. In the same study, animals had also been exposed to diesel
particulate matter but the carcinogenic potency only differed by a factor of approxi-
mately 2 between the sexes.

Comparison of the BMD10 and BMD0.1 values for female animals in the data from
Nikula et al. (1995) results in a linear relationship. The other data sets point to sub-
linear relationships. It must be borne in mind that results for male animals in Nikula et
al. (1995) are only based on a positive dose group.

A dose–response relationship without a threshold has been discussed as a possible
predominant mode of action. This could be explained by high particle deposition
rates at the bifurcations in the deep lungs lead to chronic focal inflammation below
dust overloading as described by Morrow. Although “practical” thresholds would be
conceivable when the level of exposure is so low that it does not result in focal dust
overloading, it would not be possible to quantify a threshold in practice based on the
available information. These considerations do not exclude excessive inflammation in
the event of diffuse dust overloading, even if it is assumed that focal dust overloading
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is the crucial mode of action. This would point to a hockey-stick like exposure–risk
relationship. For this reason, a hockey-stick like exposure–risk relationship graph is
used for deriving cancer risk estimates (Table 7).

Table 7: Summary of results of modelling exposure–risk relationships for nanoscaled
GBP according to a hockey-stick like function
For the purposes of comparison, various BMD values from Table 5 were used as starting
points.

BMD10 BMD0.1 BMD10 BMD10 BMD10

Starting points
(mg/m³)

27.08 0.45 10 10 10

Risk values (µg/m³)

Tolerable risk
4x10-3 1148 221 443 465 486

Acceptable risk
4x10-4 176 84 85 107 130

Acceptable risk
4x10-5 78 18 40 40 40

Kink at 75 75 50 75 100

Table 7 shows risk figures for the highest and lowest BMD values in order to show
the range of the results.

The BMD derivations from the pooled data from Heinrich (Heinrich et al., 1994; 1995)
show good agreement with the data from the positive dose group in Nikula et al.
(1995). The results for the female rats in Nikula et al. (1995) would indicate a far-
greater potency and therefore constitute a stronger quantitative mismatch with the
other data. Heinrich et al. (1994; 1995) also used female rats. In order to take into
account all of the data for the females, including that from Nikula et al., an overall
hypothetical BMD10 of 10 mg/m³ could be estimated for deriving the cancer risk val-
ues. The full range of data resulted in acceptance values (cancer risk 4x10-5) be-
tween 18 and 78 µg/m³.

Almost identical risk values (Table 8) are derived using HEC-MPPD, as for the in-
flammatory effect, provided the species extrapolation is also carried based on alveo-
lar macrophage volume and the values are corrected based on agglomerate density.
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Table 8: Derivations of cancer risk values for nanoscaled GBP based on inhalation
studies in rats; correction factors for application of the HEC-MPPD model in accord-
ance with TRGS 910. The derivation was performed using the alveolar macrophage volume
for species extrapolation and the agglomerate density of the respective material

Substance MMAD

(GSD)

DFA/DFH HEC/CA

Risk values
decrease by
a factor of10

Source

CB Printex
90

0.64 (2.06) 0.83 1.23

on average

0.88

(Heinrich et al.,
1995)

CB Printex
90

1.1 (not speci-
fied11)

0.6 0.89 (Heinrich et al.,
1994)

TiO2 P25 0.8 (1.8) 0.75 0.62 (Heinrich et al.,
1995)

Elftex-12 67%12: 1.95
(1.84)

33%: 0.1
(2.16)

67%: 0.34
33%: 0.94

0.80 (Nikula, 2000)

In summary, concentration values of 18–78 µg/m³ could be attributed to the low ac-
ceptable risk of 4 x 10-5 for carcinogenicity. This option of a mode of action without
threshold is not seen as preferred due to the results relating to genotoxicity It is re-
tained here only for the purposes of quantitative comparison.

If one compares the differences between nanoscaled and microscaled GBP with re-
spect to potency of inflammation and inhalation carcinogenicity in rats, the difference
in inflammation appears to be barely higher, at a factor of 4. A factor of 2–3 was es-
timated for carcinogenicity. This can also be explained by the uncertainty and varia-
bility in the underlying data. The data underlying the comparison of potency of car-
cinogenicity also vary widely. The data limitations made it necessary to include a
studies with different protocols and different quality standards.

10 HEC/CA= 0.008 x 1110 x 0.15 x DFA/DFH
11 Presumed GSD=2
12 With respect to particle mass.
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