Norbert Heeb V), Markus Zennegg 1, Kerstin Zeyer 1), Joachim Mohn 1)

Pierre Comte 2), Mario Gopfert 2, Yan Zimmerli 2, Danilo Engelmann 2
Thomas Lutz 3), Lauretta Rubino 3), Andreas Mayer 2), Lars C. Larsen 9

1) Empa, Swiss Federal Institute for Materials Science and Technology
2) Bern University of Applied Sciences, Biel
3) VERT Association

CH-8600 Dubendorf

Phone +41-58-765 42 57
e-mail norbert.heeb@empa.ch
Internet http://www.empa.ch

28t ETH Nanoparticles Conference

Zurich, June 16-19, 2025



Are emissions after a particle filter safe?
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Chemlstry matters it determines toxicity



Are particle filters safe to operate them in tunnels?

VERT secondary emissions test (VSET)

Approved filters should:

- Reduce PM- & PN-emissions (>98%)
- Reduce toxic compounds a.m.a.p.

- Low risks for secondary emissions

Are emissions after a PF safe?

Suitability
test

Field
Inspection

VFT 1
VERT Filter Test 1
Stationary ISO 8178
+ transient
+ regeneration

1

100% periodic
field inspection

Smoke puff during free

acceleration
Opacity < 10%

VSET
VERT Secondary
Emissions Test
ISO 8178
Approx. 200 substances

VFT2
Controlled Field Test
> 2,000 op.hr.
With data-logging

VFT3
Verification test
similar to VFT1,

after field test

I

Filter List
Approved trap
systems

‘i
Retained in'the Filter List,

if failure rate < 3%

Rejected if >5%
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Influence of particulate trap systems on the composition of
Diesel engine exhaust gas emissions

(Includes tests on possible de novo synthesis of PCDD/F in particulate trap Systems)
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The first- and second-generation gasoline particle filters (GPFs) tested

Empa Empa

Final Scientific report of the CCEM-Mobility preject 807
Repor: of the VERT AeroSoifd project — 3 Horizon Europe Framework Programme

Aerosolfd (2023-2025)
released November, 2017 released January, 2025
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A. Wichser, N. Heeb Authors: P. Comte, M. Zennegg, N. Heeb






The Trojan horse effect




.

The Trojan horse effect

* Nanoparticles aggregate ¢
adsorb semi-volatile compo

* Nanoparticles penetrate cell

* AHR-mediated transport of
chemicals to the cell nucleus

with direct contact to the
genetic material (DNA, mRNA)

Sakurai et al. 2017 J. Biol. Chem. 292 17609 —17616



The shuttle of genotoxic compounds into the cell nucleus to the genetic material

DNA-binding transcription factor:

N-term

N-term. 38

Crystal structure of the AHRR- (blue) ARNT- (green) complex
Sakurai et al. 2017 J. Biol. Chem. 292 17609 —17616

AHR-TF: AHR-mediated transcription factor ARNT: AHR nuclear translocator



The shuttle of genotoxic compounds into the cell nucleus to the genetic material

DNA-binding transcription factor:

 Cyctosolic transcription factor (DNA-binding protein,
805 AAs, ~90'000 mu, basic helix-turn-helix motive)

 Ligand-binding domain (PAS-B, AS230-397)
 Ligand-AHR complex migrates to nucleus and binds DNA

Hsp90 binding domain
Aryl Hydrocarbon Receptor

functional domains

Dimerization domain
79 121 285

Transcriptional activation

DNAPinc}i;ng domain -:_‘Ligand binding domain binding domain

97 490 uos

l .
basic helix Glutamine
- ﬂ s rieh

To compare with naphthalene (128 mu), benzo(a)pyrene (252 mu)




Ligand binding to the AHR triggers a cascade of fundamental reactions

Ligands enter cell

DREs CYP1A1

-® e W
AhR ' Sp
; xapa 1550 | ARNT f
Receptor binds$ . -
ligand >/'

)
B
DREs Other genes

T
Proteosome New proteins -— Translation
l Increased T Other

Degradation cytochrome gene products
P-4501A1

AHR-TF: AHR-mediated transcription factor ARNT: AHR nuclear translocator



We do know now the protein structure and some of the keys that bind to the AHR

The key-lock principle:




We know some of the keys so we can guess how the lock looks like?

The key-lock principle

~ .
.




2,3,7,8-TCDD, the so-called Seveso dioxin, is the ligand with the highest AHR affinity

The key-lock principle:

~ .
.




We know some of the keys so we can guess how the lock looks like?

The key-lock principle:

~ .
.




Pyrene is a poor ligand with a 70’000 fold weaker AHR-affinity than 2,3,7,8-TCDD

The key-lock principle:

s




We know some of the keys and their affinity to the AHR. They are PAH-like!

Affinity of some aryl hydrocarbons:
000 oo
1.00 0.000014 0.00017 0.0042
(1/70°000) (1/5°’900) (1/240)
. | | OR
©©©8 @@OOO ©©©8
0.49 0.0041 0.00058 0.0041

(1/240) (1/1°700) (1/240)




What happened during the 2004 presidential election campaign in the Ukraine?




What happened during the 2004 presidential election campaign in the Ukraine?

Before and after the severe dioxin poisoning




What happened during the 2004 presidential election campaign in the Ukraine?

Poisoned Sunday, Sept 5, 2004 Dinner with SBU Lo L
(Ukrainian National Security) M
Uptake of approximately 1-2 mg TCDD ! |

Second highest TCDD serum level in a human body ever 120,000-
measured . N » 10000{ .+ 50°000 X
50'000 x more than the normal population (2 pg/g lipid) 100,000-
Nov 23, J. Henry, St. Mary‘s Hospital, London suggests 90,000,
dioxin poisoning 80,0007
Dec 17, two independent laboratories confirmed that

exclusively 2,3,7,8-TCDD was found in the blood
(108’000 and 109°000 ng/kg lipid)

Serum and Fat based on lipid weight
Serum : TCDD (t) = 106'000 (pg/g Iw) e0-04276 t
ti2 = 16.2 months

Fat : TCDD (t) = 107'000 (pg/g lw) e0-04429 t
ti2 = 15.7 months

70,000{
60,000
50,000

pg TCDD/g Iw

40,000+

Viktor Yushchenko was poisoned with synthesized material, 20,0001

PCDD/Fs formed in combustion reactions, e.g. in certain active
DPFs produce quite different pattern! 10,0001 * *
5 T T T
LN
o
o
(@

20,000+

0 :
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3
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o © Montias o
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What happened during the 2004 presidential election campaign in the Ukraine?

Before and after the severe dioxin poisoning

—

-

Do not mess around with your AHR!



GDI-1:
GDI-2;
GDI-3:
GDI-4:
GDI-5:
GDI-6:
GDI-7:

GDI- (n=8) and MPI- (n=1) vehicles from the GASOMEP- and Aerosolfd-projects

Mitsubishi Carisma (1.8 L, the first GDI vehicle)
VW Golf (1.4 L)

Opel Insignia (1.6)

Volvo V60 T4F (1.6 L)
Opel Zafira (1.6 L)
Citroen C4 Cactus (1.2 L)
VW Golf VII (1.4 L)

benchmark vehicle)
AT o

‘vé

4 generations of

vehicle technology

Euro-4
Euro-5
Euro-3
Euro-5
Euro-5
Euro-6
Euro-6

Euro-5




GDI-8: VW Golf TSI (1.4 L, 72°000 km)

MPI-1:  Fiat 500X (1.6 L, 49’500 km)



GDI- (n=8) and MPI- (n=1) vehicles from the GASOMEP- and AeroSolfd-projects

GDI-1:
GDI-2;
GDI-3:
GDI-4:
GDI-5:
GDI-6:
GDI-7:
GDI-8:
MPI-1:

Mitsubishi Carisma (1.8 L, the first GDI vehicle)

VW Golf (1.4 L)

Opel Insignia (1.6)

Volvo V60 T4F (1.6 L)

Opel Zafira (1.6 L)

Citroen C4 Cactus (1.2 L)

VW Golf VIl (1.4 L)

VW Golf TSI (1.4 L, 72°000 km)
Fiat 500X (1.6 L, 49500 km)

ark

vehicle

‘\';:'J' L

4 generations of

vehicle technology

Euro-4
Euro-5
Euro-3
Euro-5
Euro-5
Euro-6
Euro-6
Euro-6b
Euro-6b




All PAHs are potential AHR ligands, eight labeled with asterisks are carcinogenic

(0. 001

(001) (01) (01)

(10) (01)



Nitro-PAHs are potential AHR ligands too, and some are mutagenic as well

Some nitro-PAHs do form in Oxp© Ok 20

non-catalyzed DPFs “ %0 ~
(secondary poisoning) “/
O 0
COW: @ %
20

Oy 0

2



2,3,7,8-TCDD is the
strongest AHR ligand!

the Seveso dioxin
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All 2,3,7,8-PCDDs are AHR ligands with relative receptor affinities of 0.001 to 1.0

Cl

pessd

27+
(0.1x)

cl
cl o cl
m: ; O:o cl
cl cl
30*
(0.01x)



All 2,3,7,8-PCDFs are AHR ligands with relative receptor affinities of 0.001 to 0.1
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Gasoline vehicle exhausts were tested for the presence of 41 AHR ligands

1*
(0.001x)

&

RO

4

8

(0.1x)

®
seogicee

(1.0x)

Ogs©

17

0y 0

Q

21

(0.1x) (0.1x)

O O
026
soe

g0

Ogs0 0

24

000
Cl (o) Cl

25*

(1.0x)

Cl
Cl Co> Cl
Cl (¢) Cl
Cl
28*
(0.1x)

31*
(0.001x)



No indications for a GPF-induced formation of PCDD/Fs under best case conditions.

Toxic Potential
PCDD/Fs

N
&)

Conc. [ pg/m?]

BG
____._____________

GPF-1 viF1
V2

V1

AR Il Fiat 500X (1.6 L, 49’500 km) R'ZMKeir i@ \/\W Golf TSI (1.4 L, 72°000 km)



No indications for a GPF-induced formation of PCDD/Fs under best case conditions.

Sum PCDD/Fs Sum PCDDs Sum PCDFs Toxic Potential
PCDD/Fs
500
p—
© 400
=
Es)
2 300
[ S |
¢ 200
= - |
T 1A | |
0 b= NN Q N g
2L > o5 gL > &S gL > o3 AL > o>
> > S > > > > >
5 N N D N D N D
LL LL LL LL LL LL LL LL
o o (a o o o (a o
) ) ) Q) Q) Q) Q) O

AR Il Fiat 500X (1.6 L, 49’500 km) R'ZMKeir i@ \/\W Golf TSI (1.4 L, 72°000 km)



Nitro-PAHs

Sum nitro-PAHs

Conc. [ ng/m?]
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No indications for a GPF-induced formation of nitro-PAHs.

Sum 2-ring
nitro-PAHs
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Sum 3-ring
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AR Il Fiat 500X (1.6 L, 49’500 km) R'ZMKeir i@ \/\W Golf TSI (1.4 L, 72°000 km)
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No indications for a GPF-induced formation of PAHs
Reduction of genotoxic PAHs of GPF-2 on the GDI-vehicle (VW Golf)
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AR Il Fiat 500X (1.6 L, 49’500 km) R'ZMKeir i@ \/\W Golf TSI (1.4 L, 72°000 km)




Sum 16 priority
PAHs
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No indications for a GPF-induced formation of PAHs
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No reduction of genotoxic PAHs of GPF-1 on the MPIl-vehicle (Fiat 500X)
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No indications for a GPF-induced formation of PAHs
Reduction of genotoxic PAHs of GPF-2 on the GDI-vehicle (VW Golf)

PAHs No reduction of genotoxic PAHs of GPF-1 on the MPIl-vehicle (Fiat 500X)
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No PAH-reduction with GPF-1 on the MDI vehicle (Fiat 500X)

Benzo(a)pyrene *

Naphthalene * (1) Pyrene (8) Benzo(b)fluor-
anthene * (11)
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No PAH-reduction with GPF-1 on the MDI vehicle (Fiat 500X)
Some reduction of high boiling PAHs (>450 °C) with GPF-2 on the GDI vehicle (VW Golf)

Naphthalene * (1) Pyrene (8) Benzo(b)fluor- Benzo(a)pyrene *
anthene * (11) (13)
3000 — — T2 S — V2 5 m
o 2400 |- - : 4l . al- SE—
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2 1800 | — : 3 3 T
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g . 'm m
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AM/D]l Fiat 500X (1.6 L, 49'500 km) R'Z3KcihIm VW Golf TSI (1.4 L, 72°000 km)



PAHSs - a diverse class of compounds with variable physico-chemical properties

2

O

218 °C 2
Volatile PAHs :
penetrate PFs @@@ © @ ©
Semi-volatile PAHs 340 °C 6

@)

are stored, but can |
be released again
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14 15

495 °C
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all tested PAHs can penetrate
the GPF-1 on the MPI-vehicle V1

Conversion efficiencies of individual PAHs? **
No systematic trend,




|enusjod oIxojousg)
OHM SHVd oluabouoieos wng
Vd3 SHYd oluabouioles wng

SHYd Aoud g, wing

sus|fiad-Iyb-ozuag

susoRIyUE-Ue-0ZUSqI]

SUBIAd-po-gZ|L-ouspu|

sualAd-e-ozuag

suayjueIon|;-)-0zUSg
auayjuelon|-q-ozusg
auasfiyD
ausoeIyUE-B-OZUSY
aualhd

suayjuelon|4

BUBdBIUY

aualyjueusyd

auslon|4

auayjydeusdy

ausjAyydeusoy
ausjeyyden
S 0 = 0 ) n w0 o 0 o 0 = 0
~ o o n_u 4 4 — — o o (S] - -
Kouaoiyya uoISIaAU0) Kouaoiyla uoisianuon

Systematic trend, all semi-volatile
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Conversion efficiencies of individual PAHs? **
No systematic trend




|enusjod oIxojousg)
OHM SHVd oluabouoieos wng
Vd3 SHYd oluabouioles wng

SHYd Aoud g, wing

sus|fiad-Iyb-ozuag

susoRIyUE-Ue-0ZUSqI]

SUBIAd-po-gZ|-ouspu|

sualAd-e-ozuag

suayjueIon|;-)-0zUSg
auayjuelon|-q-ozusg
auasfiyD
ausoeIyUE-B-OZUSY
aualhd

auayjuelon|4
auooeIYUY

aualyjueusyd

auslon|4

auayjydeusdy

ausjAyydeusoy
ausjeyyden
S 0 = 0 ) n w0 o 0 o 0 = 0
~ o o n_u 4 4 — — o o (S] - -
Kouaoiyya uoISIaAU0) Kouaoiyla uoisianuon

Systematic trend, all semi-volatile
PAHs penetrate the GPF-2

the GPF-1 on the MPIl-vehicle V1
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all tested PAHs can penetrate

Conversion efficiencies of individual PAHs? **
No systematic trend,




Genotoxic potential of non-filtered and filtered diluted exhausts (ngTEQ/m3)

cWLTC
V1F1 hWLTC

cWLTC
Vi hWLTC

cWLTC
V2F2

hWLTC

cWLTC
V2 hWLTC

- ©

(EU air quality limit: 1 ng benzo(a)pyrene/m?)
3 6 9

n.r.
n.r.

-30%
-60%

B Naphthalene(0.001x) B Benzo(a)anthracene (0.1x)

[1 Chrysene (0.01x) B Benzo(k)fluoranthene (0.1x)
B Benzo(b)fluoranthene (0.1x) Bl Benzo(a)pyrene (1.0x)

[ Indeno(1,2,3,-cd)pyrene (0.1x) O Dibenzo(ah)anthracene (1.0x)

AHR Il Fiat 500X (1.6 L, 49’500 km) R'ZAKeirllm \/\W Golf TSI (1.4 L, 72°000 km)



Not all GPFs are able to lower the genotoxic potential of gasoline vehicles

D-DPF
Euro-5

GDI-1
Euro-5

GPF-1

GPF-2

GPF-3

GPF-4

Genotoxic potential of non-filtered and filtered GDI exhausts (ngTEQ/m3)

cWLTC
hWLTC

cWLTC
hWLTC

cWLTC
hWLTC

cWLTC
hWLTC

cWLTC
hWLTC

cWLTC
hWLTC

(EU air quality limit: 1 ng benzo(a)pyrene/m3)
300 600

900

B Naphthalene(0.001x) [ Benzo(a)anthracene (0.1x)

[J Chrysene (0.01x) B Benzo(k)fluoranthene (0.1x)
B Benzo(b)fluoranthene (0.1x) B Benzo(a)pyrene (1.0x)

[ Indeno(1,2,3,-cd)pyrene (0.1x) [0 Dibenzo(ah)anthracene (1.0x)



First- and second-generation GPFs tested

GDI vehicle exhausts - at toxic cocktail

e GDI-vehicles release high numbers Fifipa
of NPs which adsorb toxic compounds.

« GDI-NPs small enough to penetrate cell
membranes (alveoli, placenta, blood cells)
acting like a Trojan horse.

« AHR-mediated transport of chemicals
to the cell nucleus with direct contact
to genetic material (DNA, mRNA)

* GPFs can lower PN burdens, PAHs and
the genotoxic potential.

No secondary formation of nitro-PAHs

and PCDD/Fs observed in GPFs. N ——
Aerosolfd (2023 2025)










Wall-through filters are highly efficient for soot

/

VERT-approved DPFs: 2 e

- Reduce PN-emissions (>98%)

-‘Reduce genotoxic compounds
(a.m.a.p.)

- Low risks:of toxic secondary
emissions

Outlet

| WD | det |mode| HFW | pressure |
5.00kV|[13.3 mm|BSED | A+B |2.98 mm|1.08e-3 Pa EMEZ Quanta 200F




>60 VERT-approved DPFs available (to use them)

PN filtration efficiencies >98% for all particles (23 — 400 nm)

1998 | 2001 | 2002 | 2003 | 2005 |2006] 2007 |08
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Mayer et al. MTZ, 2009, 70, 72-79
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Efficiency [ ]

1.0

All VERT approved DPFs convert PAHs, many rather efficient
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