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Abstract Metal-containing fuel additives catalyzing soot
combustion in diesel particle filters are used in a widespread
manner, and with the growing popularity of diesel vehicles,
their application is expected to increase in the near future.
Detailed investigation into how such additives affect exhaust
toxicity is therefore necessary and has to be performed before
epidemiological evidence points towards adverse effects of
their application. The present study investigates how the ad-
dition of an iron-based fuel additive (Satacen®3, 40 ppm Fe)
to low-sulfur diesel affects the in vitro cytotoxic, oxidative,
(pro-)inflammatory, and mutagenic activity of the exhaust of a
passenger car operated under constant, low-load conditions by
exposing a three-dimensional model of the human airway
epithelium to complete exhaust at the air–liquid interface.

We could show that the use of the iron catalyst without and
with filter technology has positive as well as negative effects
on exhaust toxicity compared to exhaust with no additives: it
decreases the oxidative and, compared to a non-catalyzed
diesel particle filter, the mutagenic potential of diesel exhaust,
but increases (pro-)inflammatory effects. The presence of a
diesel particle filter also influences the impact of Satacen®3
on exhaust toxicity, and the proper choice of the filter type to
be used is of importance with regards to exhaust toxicity.

Keywords Exhaust exposures . Iron catalyst . Diesel particle
filter . 3D lung cell model . Air–liquid interface

Introduction

The popularity of diesel vehicles is continuously growing. For
instance, ExxonMobil estimates that between now and 2040,
diesel will account for 70 % of the growth in global transpor-
tation energy consumption (The outlook for energy: a view to
2040, ExxonMobil 2013). Partly, this trend can be assumed to
be due to the high fuel efficiency and the robustness of diesel
engines, both resulting in considerable economic advantages
over gasoline-fueled engines.

Together with the high fuel efficiency, however, comes the
production of large numbers of exhaust particles, mostly
consisting of elemental carbon and adsorbed hydrocarbons
[1]. Adverse health effects caused by these diesel exhaust
particles (DEPs) have been described extensively in numerous
in vitro, in vivo, and epidemiological studies [2–4], and con-
sequently, emission legislations on diesel engine emissions
including DEPs became more stringent. In order to cope with
these regulations, a number of exhaust aftertreatment systems
have been developed, among the most common ones being
diesel particle filters, and among these, the most notable ones
are the wall-flow filters [5, 6]. By forcing the exhaust stream
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through a porous ceramic matrix, DEPs can be removed from
the emissions with efficiencies higher than 99 % [6, 7]. To
keep backpressures over the filter in a certain range, accumu-
lating particles have to be combusted periodically; otherwise,
fuel efficiency drops drastically, and the engine may be ren-
dered nonfunctional [1]. This process, called filter regenera-
tion, relies on the oxidation of the deposited soot particles,
which because of the high ignition temperature required for
combustion of soot (above 550 °C) does not take place under
the normal operation temperature of the filter [1, 8]. Several
solutions to this problem have been developed, one being the
use of catalytically active fuel additives, so-called fuel-borne
catalysts (FBCs) [1, 8–10]. FBCs are usually dispersions of
metal-organic compounds or metal oxides that are added in
low doses to the fuel. During combustion, these catalysts are
transformed to nanometer-sized metal oxide particles incor-
porated into the soot particles, providing high contact area
between substrate and catalyst and thereby efficiently lower-
ing the soot ignition temperature by 250–300 °C [9, 11].

FBCs not only assist filter regeneration but can have pro-
found effects on the combustion process itself, e.g., by de-
creasing soot formation by assuring a more complete com-
bustion [12–14]. Obviously, not only soot formation, but the
whole exhaust composition will be affected by the presence of
a catalyst in the combustion chamber; hence, once an additive
is used by a given engine, a new exhaust type is formed.
Besides its technical performance, the complete investigation
of an additive’s quality therefore includes the assessment of its
effects on exhaust toxicity. Satacen®3 (Innospec Inc.) is an
iron-based fuel additive containing a ferrocene-like iron com-
plex as an active substance which is diesel fuel soluble. It is
commercially available, and its effects on exhaust composi-
tion including genotoxic compounds have been described
before [15–17]. Only few studies discuss how iron-based
FBCs affect exhaust toxicity in vitro or in vivo, however
[18–20].

Shi and coworkers [18] report that a non-catalyzed diesel
particle filter (DPF) in combination with Satacen®3, even
though efficiently reducing the emitted mass of DEPs, does
not reduce exhaust mutagenicity in Ames test experiments
using Salmonella typhimurium. Wenger and coworkers
[19–20] showed in in vitro cell assays that iron-based FBCs
in combination with DPFs lowered emissions of agonists of
the human aryl hydrocarbon receptor and the estrogen
receptor.

In the present study, we performed a detailed investigation
on how Satacen®3 affects exhaust toxicity in terms of cyto-
toxicity, oxidative stress, (pro-)inflammation, and mutagenic-
ity. Exhausts produced from both, Satacen®3-additized and
non-additized fuels were tested with and without DPF (It has
to be mentioned here that according to Swiss regulations, fuel
additives such as Satacen®3 are not allowed to be used with-
out efficient DPF). Except for the mutagenicity testing, the

results obtained for filtered exhaust produced from non-
additized fuel have been published elsewhere [21]. For muta-
genicity assessment, we used a variation of the Ames test, and
for all other endpoints a sophisticated triple cell coculture
model of the human respiratory barrier. This model contains
the two most important types of lung-resident immune cells
(macrophages and dendritic cells) and is able to reproduce a
basic set of immunological functions [22]. All exposure ex-
periments were performed using complete and freshly pro-
duced exhaust, which is why artifacts originating from ex-
haust aging or biased sample generation can be ruled out. The
cell cultures were exposed at the air-liquid interface, which
further reduces experimental bias by eliminating interactions
between the test exhaust and cell culture medium to a
minimum.

Materials and methods

Exhaust production

The test vehicle was a diesel passenger car, with direct injec-
tion, an empty load of 1,350 kg, engine displacement of
1,998 cm3, 60 kW at 4,300 rpm, model year of 1998, and
mileage in course of the experiments at 70,000–80,000 km.

Four different exhaust types were tested for their toxicity:
(i) exhaust produced from reference fuel (REF), a commercial
low-sulfur fossil diesel, according to the European standard
SN-EN 590, with no exhaust aftertreatment installed; (ii)
filtered exhaust, produced from the same fuel, but filtered by
a non-catalyzed wall-flow DPF (DPF); (iii) exhaust produced
from reference fuel + Satacen®3 at an iron content of 40 ppm
without exhaust aftertreatment (SATACEN); and (iv) exhaust
produced from reference fuel + Satacen®3 with 40 ppm iron,
filtered by a non-catalyzed wall-flowDPF (SATACEN+DPF).
The filter type was IBIDEN, with 200 cpsi, pore size of 10 μm
with a narrow pore-size distribution, as used in a Peugeot 406.
The oxidative catalyst had been removed. The filter was
installed at the tailpipe of the test vehicle, and active regener-
ation was not initiated during the exposure experiments. Be-
fore exposure experiments, the filter was regenerated and
loaded until the particle number emissions and the size distri-
bution downstream the filter were stable.

Cell cultures

A 3D triple-cell coculture model of the human epithelial
airway barrier as described in detail in [22] was used for
assessment of exhaust effects other than mutagenicity. Briefly,
a confluent layer of 16HBE14o− epithelial cells was grown on
an insert membrane. Differentiated human blood monocyte-
derived macrophages were added on the apical side and
human whole blood monocyte-derived dendritic cells on
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the basal side. Human blood monocytes were isolated from
buffy coats provided by the blood donation service SRK
Bern as described [22], the only adaption was the use of
CD14 MicroBeads (Miltenyi Biotec) for monocyte
isolation, which significantly increases the purity of the
isolated cells.

Exposure system

The exhaust exposure system has previously been used for
cell exposure experiments and is described in detail elsewhere
[21, 23–25]. The system provides two exposure chambers
both of which are kept at identical conditions (37 °C, 5 %
CO2, 85 % relative humidity). One chamber is used for the
treatment of negative controls with cell cultures exposed to
filtered air, and the other is used for exhaust exposure. Exhaust
samples were collected directly at the tailpipe of the test
vehicle, diluted 10-fold with filtered air and through rubber
tubings of 3 m in length (a delay of less than 30 s) brought to
the exposure chamber (with a volume of 4 l) at a constant
volume flow of 2 l/min. A schematic view of the exposure
setup is shown in Fig. 1.

Exhaust characterization

The exposure experiments were performed at the exhaust gas
control station of the Bern University of Applied Sciences in
Nidau, Switzerland, an institution officially accredited for

exhaust gas analysis and control by the Swiss government.
Exhaust samples were characterized in parallel to the exposure
experiments, using a part of the exhaust samples that were
used for exposure. The particle size-number distribution was
measured in the 10-fold diluted exhaust using a scanning
mobility particle sizer (differential mobility analyzer, TSI
3081; condensation particle counter, TSI 3772 A), and the
concentrations of carbon monoxide (CO), total volatile hydro-
carbons (HC), nitrogen oxides (NOx), and nitric oxide (NO)
were measured using the Horiba MEXA-9400H exhaust gas
measuring system. Concentrations of nitrogen dioxide
(NO2) were estimated based on the assumption that NOx

consists of NO and NO2 only.

Exposure conditions

The cell cultures were exposed at the air–liquid interface, in
six-well cell culture insert with no cell culture medium on the
apical side and 1.2 ml cell culture medium in the lower
compartment as described by Muller et al. [24], for 2 or 6 h
in order to reflect a low- and a high-dose exposure. All
samples were then post-incubated for 6 h at 37 °C, 5 %
CO2, and 80 % relative humidity. On each sampling day,
identical cell cultures were exposed to diluted diesel exhaust
or to filtered ambient air for control. To test for the quality and
health of the cell cultures, untreated controls were kept at the
air–liquid interface in the incubator.

Fig. 1 Schematic view of the experimental setup. Test exhaust is pro-
duced by a test engine (in this case, a diesel passenger car) that can be
operated under the desired conditions with or without the exhaust
aftertreatment of choice. Samples of the freshly produced exhaust are
diluted with filtered ambient air and after addition of CO2 (5 %), humid-
ification (85 % relative humidity), and heating (37 °C), directly used for
cell exposures. In parallel to the exhaust exposure, an identical set of cell

cultures is exposes to filtered air under otherwise identical conditions.
Comparing the biological responses to exhaust exposures to the biolog-
ical responses to air exposures allows eliminating any non-exhaust-relat-
ed effects. A more detailed description of the exposure system and the
experimental procedure and examples for its application can be found in
[21, 23–28]
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Laser scanning microscopy

Cell cultures were fixed with paraformaldehyde (3 % in
phosphate-buffered saline pH 7.4). After permeabilization
with 0.2 % Triton X-100, the samples were stained with
phalloidin rhodamine to label the F-actin cytoskeleton and
with 4′,6′-diamidino-2-phenylindole (DAPI) to label the cell
nuclei as previously described [24] and subsequently imaged
by laser scanning microscopy.

Cytotoxicity

The release of the cytosolic protein lactate dehydrogenase
(LDH) into the culture medium was used to estimate cell
membrane integrity and hence cytotoxicity of the exhaust.
The total amount of extracellular LDH was quantified using
an LDH detection kit (Cytotoxicity Detection Kit, Roche).

Oxidative stress

The level of oxidative stress induced by exhaust exposure was
estimated by quantification of reduced glutathione (GSH) in
the cell cultures using a glutathione assay kit (Cayman Chem-
ical). Detected concentrations of reduced GSH are reported
relative to the total protein concentrations in the samples,
which were quantified using the Pierce BCA Protein Assay
kit (Pierce).

(Pro-)inflammatory reactions

Relative expression levels of the genes tumor necrosis factor
(TNF) and interleukin-8 (IL-8) were measured by real-time
RT-PCR using the ΔΔCt method with glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) as the internal standard
gene as described previously [21]. The extracellular concen-
trations of the according gene products TNF-α and IL-8 in the
culture medium were quantified by enzyme-linked immuno-
sorbent assays (ELISA) using the human TNF-alpha DuoSet
and the human CXCL8/IL-8 DuoSet (R&D Systems.

Exhaust mutagenicity

Exhaust mutagenicity was tested using the Ames MPF™ 98/
100 mutagenicity assay kit (Microplate format) from
Xenometrix (S. typhimurium, strains TA98 and TA100) in a
direct exposure approach. Bacterial overnight cultures were
cultivated, diluted, and split according to the manufacturer’s
protocol and placed into the exhaust exposure system as
described for the human lung cell cultures. Exposures were
performed for 2, 4, and 6 h, followed by a 48-h period of
incubation at 37 °C in indicator medium. Exposures were
conducted without S9 microsomal activation since its effect

was reported to be minor and does not necessarily represent
the metabolic activation that occurs in lung tissue in vivo [29].

Data analysis and statistics

For each experiment, human blood-derived monocytes were
isolated from a different buffy coat and, hence, from a differ-
ent blood donor. Variations in the absolute values measured
for the background (filtered air exposure) between different
sets of cell cultures were therefore expected and observed.
Consequentially, all data are presented normalized to the
filtered air exposure with the response of the filtered air
exposure being equal to 1. Absolute values are reported in
the Electronic Supplementary Material Table S2.

For the Ames test results, no statistical evaluation was
performed, but the commonly accepted rule that a 3-fold or
higher increase in the number of revertants (compared to the
untreated control) indicates mutagenicity of the test substance
was applied.

Statistical evaluation of the results obtained with human
lung cell cultures was performed by the t test prior to data
normalization. Since in a single series of experiments (expo-
sure to either filtered air, REF, REF+DPF, SATACEN, or
SATACEN+DPF exhaust for 2 or 6 h) identical cell cultures
were used for filtered air exposure and for exhaust exposures,
differences in biological responses between the treatments
were considered as dependent variables, and a paired t test
was performed. Differences between independent variables
(e.g., the responses to exposures to REF and SATACEN
exhaust) were analyzed with the independent two-sample t
test. In both cases, p values below 5 % were considered
statistically significant.

Results and discussion

Detailed numerical results can be retrieved in the Electronic
Supplementary Material Tables S1–S3 (exhaust, cell cultures,
and mutagenicity, respectively). Wherever possible, values
normalized to the filtered air exposure and non-normalized
values are listed there.

Exhaust composition

In the absence of the DPF, addition of Satacen®3 to the
reference fuel increased the particle number emission in the
diameter range between 10 and 40 nm significantly, whereas
the number of particles with diameters around 100 nm was
slightly decreased. The DPF removed more than 99.9 % of all
exhaust particles including the additional metal oxide particles
originating from the FBC (Fig. 2a, b). The gaseous
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composition of the exhaust was less strongly affected at the
level of resolution available in this study (Fig. 2c).

Cytotoxicity and cellular morphology

Microscopy showed no ruptures in the layer of epithelial cells.
Changes in cellular morphology or signs of apoptotic

stimulation such as condensed cytoplasm and pyknotic and
fragmented cell nuclei were not observed, independently on
the treatment (Fig. 3a). Relative to filtered air, exposure to
SATACEN exhaust reduced the LDH release by 50 % (2 h)
and 25% (6 h) compared to the reference conditions (Fig. 3b).
Exhaust filtration (SATACEN+DPF) also resulted in slightly
less LDH release upon 2 h of exposure; however, an increase
in extracellular LDH activity by about 50 % was observed
upon 6 h of exposure. REF exhaust had no effect, but the
cytotoxicity slightly increased with DPF.

Oxidative stress

Upon REF exposure, concentrations of GSH in the reduced
form were decreased to about 10 % of what was measured for
filtered air exposure, independently on the exposure duration
(Fig. 3c). The according values for SATACEN are 43 % (2 h)
and 30 % (6 h). Exhaust filtration additionally improved this
effect: independently on the dose, SATACEN+DPF exposure
resulted in about 60 % of the GSH concentration measured
upon filtered air exposure.

(Pro-)inflammatory responses

Induction of (pro-)inflammatory gene expressionwas detected
for unfiltered diesel exhaust without and with SATACEN, in
dependency on the exposure duration (Fig. 4a, b). Upon 2 h of
exposure, the highest TNF and IL-8 gene expression levels
were measured for REF exhaust, and the responses to SATA
CEN and SATACEN+DPF exhaust were slightly lower and
comparable among each other. In contrast, upon 6 h of expo-
sure, the highest activity of the genes was induced by SATA
CEN exhaust. The responses to REF exhaust were comparable
to those upon 2 h of exposure. SATACEN+DPF resulted in no
TNF induction, and an IL-8 induction comparable to the one
observed for REF exhaust.

The results obtained on the protein level did not reflect
gene expression levels except for the reference conditions
which showed slightly increased secretion of TNF-α and IL-
8 comparable to the gene expression results (Fig. 4c, d).
TNF-α secretion was also significantly increased by SATA
CEN+DPF, but not by SATACEN exposures. SATACEN
exposure for 6 h even decreased TNF-α secretion compared
to filtered air. For IL-8, a similar picture was observed.

Exhaust mutagenicity

In TA100, the mutagenic potentials of unfiltered exhausts
(REF and SATACEN) were virtually identical (Fig. 5a). After
6 h of exposure, REF and SATACEN exhaust acted mutagenic
with a 3.0- and a 2.9-fold increase with a steady increase of the
mutagenicity over time from 0 to 6 h. Exhaust mutagenicity
was considerably increased by the non-catalyzed DPF and

Fig. 2 Exhaust characterization. a Particle size-number distribution in
the 10-fold diluted exhausts. Prominent is the increase in the number of
particles with high mobility (10–40 nm) in SATACEN exhaust and the
virtually complete removal of particles by the DPF. b Particle concentra-
tion in the 10-fold diluted exhausts, shown as total and size-resolved. c
Concentrations of gaseous exhaust components. Only marginal differ-
ences were observed. Error bars indicate standard deviations. Results for
DPF exhaust were taken from a previous publication [21]
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completely abolished by SATACEN+DPF. In TA98, only
SATACEN+DPF acted mutagenic, and mutagenicity was
weaker than the one observed for the DPF in TA100 (Fig. 5b).

Assessment of the toxicological responses

Considering the emissions of gaseous compounds, relatively
small effects were observed under the given conditions. How-
ever, effects on the particle emissions were substantial. The
application of the DPF lowered particle number emissions by
more than 3 orders of magnitude. Thus, the observed toxico-
logical responses after such an efficient filtration are most
probably related to those volatile exhaust constituents that
could penetrate the filter or to those that have formed in the
filter during soot combustion (secondary pollutants), or the

effects are related to the absence of compounds that have been
removed by the filters.

As expected [7], an increase in the number of particles with
diameters in the range of up to about 40 nm was clearly
detected in the SATACEN exhaust. These particles mainly
originate from nucleation of the additive [14, 30] and can be
assumed to consist mainly of Fe2O3. The reduction in the
concentration of larger (carbonaceous) particles brought by
the FBC Satacen®3 was smaller than expected [14], which
might be a consequence of different engine operation modes.
Considering the biological responses to the exhaust expo-
sures, it is important to mention that except for SATACEN+
DPF (upon 6 h of exposure), none of the exhausts resulted in
considerable increases of extracellular LDH, and hence, no
induction of (severe) cytotoxicity took place. Relative to fil-
tered air, a 1.7-fold increase of the LDH release was observed

Fig. 3 Cellular morphology, cytotoxicity, and oxidative stress. a Repre-
sentative laser scanning micrographs of cell cultures after exposure to
filtered air or test exhausts. Only samples exposed for 6 h are shown.
Cultures were stained for nucleic acids with DAPI and for F-actin with
phalloidin rhodamin. No ruptures in the layer of epithelial cells and no
changes in cellular or nuclear morphology were detected. Bar size,
50 μm. b Cytotoxicity, measured by quantification of extracellular
LDH, expressed normalized to filtered air exposure (equals 1, dashed
line). The decrease in LDH activity observed for SATACEN exhaust is

likely to be due to interferences of the large amount of Fe2O3 particles
with the assay. cCellular antioxidant capacity, measured by quantification
of total reduced GSH, expressed normalized to filtered air exposure
(equals 1, dashed line). Satacen®3 decreased the oxidative potential of
the exhaust, and the DPF further increased this effect. #p<0.05, indicating
significance between dependent samples (i.e., between filtered air and
exhaust exposure); *p<0.05, indicating significance between indepen-
dent samples. Error bars represent standard errors of the mean. Results
for DPF exhaust were taken from a previous publication [21]
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upon 6 h of exposure to SATACEN+DPF exhaust. This might
be interpreted as indicative for cytotoxicity, compared to the
9-fold increase measured for the positive control (treated with
0.25 % triton X-100, data not shown), severe necrosis cannot
be assumed, however. Also, no apparent changes of cellular
morphology such as membrane rupture, condensed cytosol, or
pyknotic and fragmented nuclei were observed by microsco-
py, which further indicates no severe cell death.

The application of the DPF alone resulted in GSH levels
between REF and SATACEN, indicating that the mere remov-
al of particles from the exhaust has little effect on its oxidative
potential. The gaseous fraction therefore appears to be of
importance here, and the fact that the concentrations of CO,
NOx, NO2, NO, and HC were similar in all exhausts points
towards the composition of the HC fraction. When looking at
the results for (pro-)inflammatory responses, the first thing
that comes to attention is that upon 6 h of exposures to SATA
CEN exhaust, the highest gene expression levels, but the
lowest protein secretion levels, were measured for both
assessed cytokines. Transcriptional activity of a gene but the
absence of its gene product can, in general, be explained by
the time lag that has to be expected between gene transcription

and protein synthesis and/or by posttranscriptional regulation.
We cannot be sure, however, whether the absence of TNF-α
and IL-8, despite the strongly induced gene expression upon
SATACEN exposures, is a consequence of an interference of
deposited iron particles with the ELISA test method or not.
We therefore limit the discussion to the gene expression data
for the SATACEN exhaust.

It is generally assumed that local inflammation in the
lung upon aerosol inhalation is the result of oxidative
stress, induced by deposited particles [31]. Considering
the results for GSH oxidation and (pro-)inflammation, this
correlation could only partially be observed. Two hours of
exposures resulted in clearly detectable (even though not
statistically significant) (pro-)inflammatory responses for
REF, but not for SATACEN and not for DPF exhausts.
This reflects the strongest drop in reduced GSH for REF
exhaust, but not the differences between GSH levels mea-
sured for the other exhausts. Upon 6 h of exposure, the
highest (pro-)inflammatory responses (on the protein or the
gene transcription level) were induced by SATACEN and
SATACEN+DPF exhaust, which does not reflect GSH
levels at all.

Fig. 4 (Pro-)inflammatory stimulation, measured by real-time RT-PCR
on the genes TNF and IL-8 (a, b) and quantification of their gene products
TNF-α and IL-8 by ELISA (c, d). All results are normalized to the filtered
air exposures (equal 1, dashed lines). Apparent is that gene expression
and protein data are not congruent, particularly upon 6 h of exposure to
SATACEN exhaust. Likely causes are interferences of the deposited

particles with the ELISA assay or posttranscriptional regulation.
#p<0.05, indicating significance between dependent samples (i.e., be-
tween filtered air and exhaust exposure); *p<0.05, indicating significance
between independent samples. Error bars represent standard errors of the
mean. Results for DPF exhaust were taken from a previous publication
[21]
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Zhang and coworkers [32] showed that the oxidative stress
potential of Fe2O3 is relatively low compared to other metal
oxides and that the oxidative stress potential and
(pro-)inflammatory stimulation generally correlate well for
metal oxides. Our observation of SATACEN exhaust being
of relatively low oxidative potential is in line with this, but not
the observed high (pro-)inflammatory response upon 6 h of
exposure. Other oxidative stress- and particle-independent
factors appear to be of importance here. It has been reported
that, for instance, IL-8 gene expression can be upregulated
directly by hydrocarbons via interaction with the aryl hydro-
carbon receptor, and that this upregulation is highly sensitive
on the type of hydrocarbons involved, but independent on
oxidative stress [33].

We therefore postulate that Satacen®3 in the absence of a
filter may result in the formation of modified hydrocarbons
with (pro-)inflammatory properties. This hypothesis is sup-
ported by the results obtained for exhaust mutagenicity:
whereas the mutagenicity of REF and SATACEN exhaust
was virtually identical in strain TA100, the DPF exhaust was
of drastically increased mutagenicity, and SATACEN+DPF
exhaust displayed lower mutagenicity. In contrast, in strain

TA98, only SATACEN+DPF exhaust acted mutagenic, even
though considerably weaker than the non-catalyzed DPF in
TA100. It has been demonstrated [15–17] that DPFs function
as chemical reactors, in which exhaust components may un-
dergo substantial chemical modifications. Most noteworthy in
terms of mutagenicity is the formation or elimination of
nitrated polyaromatic hydrocarbons (NPAHs) and
polychlorinated dibenzodioxins (PCDDs) and -furans
(PCDFs) [34, 35]. According to [17], significant formation
of PCDDs and PCDFs has not been expected in a solely iron-
catalyzed system. Nevertheless, the formation of certain
NPAHs has been observed in various DPFs, especially in
filters without catalysts and with low oxidation potential cat-
alysts, whereas catalysts with higher oxidation potentials are
generally more efficient in removing NPAHs from the exhaust
than in their de novo formation by nitration reactions. The
combination of an uncoated DPF and Satacen®3 provides a
system of low oxidation potential [16], and assuming an
approximate balance between de novo formation and oxida-
tion of NPAHs appears reasonable. In a non-catalyzed DPF, in
contrast, nitrating agents present in the exhaust from the
beginning (for example, NO2, NO3-radicals, or nitronium ions
(NO2

+)) are sufficient for the nitration of certain hydrocar-
bons, while the catalytic activity for their oxidative removal is
not available [16]. The result will be a net formation of
chemical species of increased mutagenicity. We therefore
conclude that the iron-based FBC Satacen®3 alone is not
sufficiently active for the efficient oxidation of mutagenic
chemicals. However, the filter functions as a reactor in which
catalytically active iron oxide particles accumulate over time
along with soot particles and in which organic molecules—
volatile ones and the ones adsorbed to trapped soot—are
partly eliminated and partly modified by oxidation. In the
absence of Satacen®3, the reactor properties are different
and, therefore, also the effect on (pro-)inflammatory and mu-
tagenic exhaust properties. Satacen®3 without DPF does not
provide the prolonged interaction between catalyst and ex-
haust components, which will again result in a different com-
positions of the HC fraction and, together with the large
number of additive-derived particles, will result in different
(pro-)inflammatory and mutagenic properties.

Clearly, more detailed exhaust analyses would be needed to
confirm the possible toxicity of the HC fraction and its modi-
fication on DPFs in the absence or presence of a catalytic
activity (and how it is influenced by other exhaust
aftertreatment systems, fuel types, and fuel additives), but it is
well supported by the literature. Analytical studies report how
exhaust composition, particularly the concentration of known
toxic exhaust components, is affected by changing the engine
equipment [15, 16, 36], and toxicological studies report how
exhaust toxicity is changed by such changes [20, 21, 37].

It is difficult to find the direct link between results of
analytical and toxicological studies, which requires the

Fig. 5 Exhaust mutagenicity, measured by the bacterial Ames test
(Salmonella typhimurium, strains TA100 and TA98). The fold revertant
formation over the negative control is obtained by dividing the number
of revertants in exposed cultures by the number of revertants in
untreated cultures and indicates mutagenicity if higher or equal to 3
(indicated by the dashed line, according to Xenometrix manual). The
non-catalyzed DPF increases exhaust mutagenicity in TA100, the in-
fluence of Satacen®3 varies for the two strains
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combination of chemical exhaust analyses and exhaust toxic-
ity. This could, on one hand, help to better understand exhaust
toxicity on the molecular level (i.e., what exhaust components
are actually responsible for toxicity, what are synergistic/
antagonistic effects) and would allow designing more optimal
catalysts, filters, fuels, etc. on the other hand. A number of
studies pursuing such a combined analytical-toxicological
approach have been published, for instance in [38] in combi-
nation with [19, 25, 39, 40], but in many cases, the level of
(analytical and/or toxicological) resolution is not sufficient or
they suffer from the inability to find clear correlations between
changes in exhaust composition and exhaust toxicity. The
latter is certainly a result of the complexity of biological test
systems and engine emissions, but also of the facts that for the
identification of common patterns, not enough such studies
have been performed and that comparison between different
studies is difficult because of a lack of standardization in this
field of research (e.g., different biological test systems, differ-
ent exposure methods, and different biological endpoints are
used).

In summary, with regard to exhausts produced under the
settings applied in this work, the additive Satacen®3 when
used in combination with an efficient wall-flow filter has
beneficial effects on exhaust toxicity by reducing the ox-
idative and, to a certain extent, the mutagenic exhaust
potential, as well as adverse effects by increasing the
(pro-)inflammatory and cytotoxic potential. The effects of
the additive strongly depend on the presence or absence of
a DPF, and this study therefore implies that the choice of
the filter type could further enhance or diminish the ben-
eficial effects of Satacen®3. Future studies should there-
fore investigate the effect of different filter types with high
resolution in terms of both exhaust chemistry and exhaust
toxicity.

Further, as an addendum to our recently published work on
the effect of a non-catalyzed DPF [21], we can say that in the
absence of any catalyst or in conditions where catalysts do not
reach the temperature required for activity, inactive DPFs may
increase exhaust mutagenicity and support the de novo for-
mation of mutagenic compounds.
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