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Nanomaterial safety research along increasing biological
complexity
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cell organ human population One Health

acute/single dose repeated dose long-term

freshly synthesized processed end-of-life



We can build on three decades of anthropogenic °
nanomaterial tox-research

particle-cell interactions cell death Oxidative stress
totoxici .
| (eytotoxcity) paradigm for
production of reactive oxygen nanomaterials

species (ROS)

v

oxidative stress antioxidant stimulation

release of pro-inflammatory mediators

J

short-term / chronic
inflammation

chronic and/or systemic complications
(e.g. cardiovascular diseases, chronic
bronchitis...)

genotoxicity

apoptosis ————

tumor formation

Scheme adapted from: Donaldson et al. 2004, Occup Environ Med; Schins, Knaapen
2007,Inhal Toxicol; S. Steiner




Two case studies: Iron-carbohydrates and graphene °




Iron-carbohydrates to treat iron anemia

In collaboration with CSL Vifor




Iron deficiency a world wide challenge °
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Iron carbohydrate complexes to treat iron deficiency

Iron deficiency (anemia)

/'-—.-—\
L 1L 4 \s J
Normal Anemla

Causes:

- Blood loss

- Poor nutrition

- Chronic kidney disease
- Chemotherapy

Role of iron in the body:

- Synthesis of
haemoglobin

- Cellular respiration

- Cellular proliferation

Current treatment

.-—I-
Oral iron supplements

Intravenous iron-
carbohydrate complexes

@

harmful effects on
both cells and tissues



Two Iron-carbohydrate complexes

Iron Sucrose
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Time
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Iron-carbohydrate complexes

Iron (IlI) oxyhydroxide

Significant drop in mean Hb after switch
from o
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N. Nikravesh, et al., 2020, Nanomedicine: Nanotechnology, Biology, and Medicine



Bridging the gap: Iron-carbohydrate an unusual case °

Further biological assessments of iron complexes can effectively bridge
the gap between pre-clinical and clinical studies.

A
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'8 Clinical studies
S Physicochemical
<. | characterisations
= 4 Emergence of gap
=
=
'E . .
% Biological

assessments

Nikravesh, N. et al. (2020) Nanomed: Nanotech, Bio, and Med



Characterization data Cyro STEM °

fronsucrose o o provided by CSL Vifor and ScopeM
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Characterization data of x-ray diffraction (XRD) °

Iron sucrose Ferric carboymaltose
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Characterization data from small angle x-ray

scattering SAXS
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Characterization data small angle neutron °
scattering (SANS)
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The concluded
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Physicochemical
characterization
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In vitro model

Why Macrophages?

> Macrophagss are the kex Elaxers in irgn metabolism.

Pimary M2a macrophages

CSL Vifor

Clinical studies?

N\

( )

Total
serum iron

Time

CSL Vifor

Total
serum iron

Time

CSL Vifor

1) Garbowski, M. et al. (2021). Haematologica, 106(11), 2885-2896.



CSL Vifor

Biological response — State of the art °

o’

Kinetics?

Endosome Lysosome

Iron sucrose |—p _©_. @ _>©

L ©
Iron pool "

'l' Clinical outcomes
Fe"%Fe!*' o e
m:+ Ferritin Is our model
powerful enough?

® Which forms of iron are entering the cells? Macrophage

® How does the cell react?

© s the iron used and stored?

Sukhbaatar, N. et al. (2018). Pharmaceuticals



CSL Vifor
Which forms of iron are entering the cells?

Iron Sucrose

1 Iron sucrose
in H,0

Ferric Carboxymaltose

Complete nanoparticles enter macrophages and
=|| may exhibit a therapeutic effect on their own.




Iron pool CSL Vifor

Is the iron used and stored in cells? j’@ggwn
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1) Bossart J. et al. (2023) Biomed Pharmacother. 166:115404.



CSL Vifor

Why are there differences in adverse effects? ~ i °

Clinical outcomes
Iron Sucrose @

Cells show swollen mitochondria Cells induce mechanisms to prevent iron

derived cell death (Ferroptosis)?

Hemoglobin

Mitochondria
Endosomes co

Biliverdin @
Nucleus

4 || Cytotoxic effects observed at clinical concentrations

v—|| of IS may contribute to higher adverse effects.

1) Bossart J. et al. (2023) Biomed Pharmacother. 166:115404.



Iron sucrose @

Not measured
Non significant
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Uncovering the dynamics of cellular responses induced by

in human using
proteomics and phosphoproteomics
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Summary and Conclusion
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Classification framework for graphene related materials °

Graphite microplates /1
A1
<1

&= A
10 ;

e Graphite Oxide

Number of jayerg

Micro Graphene Oxide

—Kien &
Lateral dimensions ]
=

Nano Graphene Oxide

Wick et al. 2014 Angew Chem



Interaction of graphene related materials with biological °

barriers and tissues

a GRAPHENE FLAGSHIP
=3

Skin barrier

Intestinal barrier

Air-blood barrier

Immune system

Placental barrier

Neuronal system

comprehensive understanding of graphene and graphene related material bio-responses



Graphene oxide does not induce an acute tox
response in lung in vitro

- aerosolization

cytotoxicity  oxidative stress
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Mukherjee, Wick et al 2016 PLOS One; Drassler, Wick et al 2018 Carbon



Gene expression profiling of human macrophages
after GO and GNP treatment induces particle-
specific regulation of pathways

MDM 20ug/ml GO 24h

Neutrophil mediated immunity

Neutrophil activation involved in immune response

Neutrophil degranulaltion
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Translation
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Viral gene expression

Viral transcription
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Assessment of long-term and repeated graphene
related material exposure on human airway

In collaboration with:
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GO does not affect cell viability nor barrier integrity

In collaboration with:

MTS viability assay Cytotoxicity 4]
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... hor cytokine storming

In collaboration with:

500 2500 H oo

— = wi = wi
E a0 | - w3 E 2000 - w3
(=2 )] l
= =
o 300 5 1500-
N 7]
3 $
E, 200 § 1000
L ©
Z 100 ﬂ i i 7 500
|— —
0 0 T T T
Untreated US- GO Untreated Us-GoO L-GO
15000 1.5 "
= wi = T = wi
£ - w3 E - w3
> <)
2 10000 2 1.0
[}]
2 2
) Q0
® 5000- 2 o054
@ =
0- 0.0- ,
Untreated US-GO Untreated US-GO L-GO

Chortarea et al in prep



Ex vivo human placenta: a unique opportunity to study °
whole organ - nanomaterial interactions H

Kantonsspital
St.Gallen

Barrier integrity
604
BN GO1
40 B s-GO
B GO

Consent of the mother 204

Placenta is the most species-specific organ in
mammalians

basolateral amount [% of ID]

I O0P®  OOPP 08 P

Perfusion duration 6 — 8h, sufficient to calculate the @3‘;‘}0 T AT
translocation rate S

Provides clinical relevant data
Kucki, Wick et al 2018 2D Materials; Grafmiller, Wick et al 2015 EHP; Wick et al 2010 EHP



Disentangling the structure — activity relationship of
graphene and graphene related materials

] Adverse Effects

| m MNone
= Adverse effects
Mot reported
£
=
—
2
, &
S
= oo &
_ —
@ Cite This: ACS Nano 2018, 12, 10582-10620 WWw.acsnano.org z
Safety Assessment ASNANO — g
Materlals: Focus Or This artcle s licensed under CC.BY 40 @ ® [ fhud

www.acsnano.org

Environment Bussy et al. 2015 Nanoscale

Bengt Fadecl© Oyl Bussy @ s~ EnVironmental and Health Impacts of
Florence Mouchet,"® Lauris Evariste,"® L:

Crotna Martind Lucn G Detoge 01~ Graphene and Other Two-Dimensional
Didir Boin SuePierre 2 Rolng i Mlaterials: A Graphene Flagship Perspective

Mauro Tretiach, Fabrizia Cesca,

Kostas Kosmrg]os} Maurizio Prato,*" Hazel Lin, Tina Buerki-Thurnherr, Jasreen Kaur, Peter Wick, Marco Pelin, Aurelia Tubaro,
Fabio Candotto Carniel, Mauro Tretiach, Emmanuel Flahaut, Daniel Iglesias, Ester Vézquez,
Giada Cellot, Laura Ballerini, Valentina Castagnola, Fabio Benfenati, Andrea Armirotti,
Antoine Sallustrau, Frédéric Taran, Mathilde Keck, Cyrill Bussy, Sandra Vranic, Kostas Kostarelos,
Mona Connolly, José Maria Navas, Florence Mouchet, Laury Gauthier, James Baker,
Blanca Suarez-Merino, Tomi Kanerva, Maurizio Prato, Bengt Fadeel, and Alberto Bianco*®

Cite This: https://doi.org/10.1021/acsnano.3c09699 Read Online

Wick et al 2014 Angew Chem

Kucki et al 2016 NanoScale

Mukherjee, Wick et al 2016 PlosOne

Kucki, Wick et al 2017 J Nanobiotechnology
Kucki, Wick et al 2018 2D Materials

Drasler, Wick et al 2018 Carbon

Fadeel, Wick et al 2018 ACS Nano
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Processed materials and end-of-life assessment of
graphene related materials

Safety assessment
In vitro
Skin cells , Lung cells
e
Immune cells / \ Intestmal cells
rGO- remforced composites composite particle collection 200 '\“}\__ & 1'59
abrasion & characterization _ i
; — ' In vivo
Meat PAG o ! o .
 aae Lung effects
s ; ‘

Chortarea et al ) Hazard Mat 2022; Netkueakul et al Nanolmpact 2022; Netkueakul et al Nanoscale 2020



Particle size distribution of abraded PA6/GRMs and °
their potential effect on human health
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Meta analysis of GRM composites: a release and
toxicity assessment in comparison with CB and CNTs

r r
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Carbon black Carbon nanotube Graphene
CB CNT GRM

Data of around 100 studies/publications
summarized and evaluated

Romeo, Clement, Wick under revision

Figure 5: Overview of the classification of release and toxicity information (as of
July 2022). For the matrix: T= thermoplastics; P= paints; R= rubber; E=
epoxy; Cem= cement. For the processes: A= abrasion; C= combustion; W=
weathering; S= stretching; Th=thermal stress; Ch=chemical stress. Green (1): no
free NM released (for release) or no nano-specific effect verified in vivo or with
multiple in vitro tests (for toxicity). Yellow (2): Free NM detected only
qualitatively or not investigated (for release), or too few studies showing no nano-
effect (for toxicity). Red (3): free NM detected with a quantitative method (for
release) or additional nano-effect observed (for toxicity), Grey: no data available



How to make in vitro data useful for Life Cycle Impact °
Assessment (LCIA) and Risk Assessment (RA)

PAST EDs . e
ow to use (n vitro data In
NOAEL LCIA place of animal studies in
, assessment methodologies
* such as Risk Assessment
(RA) and Life Cycle Impact

Assessment (LCIA)?

HEF = Human effect factor
Indicates the incidence of a
disease caused by the intake
of a chemical or other
substance

TOXICOIOgy ED = effect dose
PRESENT NOAEL = no adverse effect level




An integrated pathway based on in vitro data for the
human hazard assessment of hanomaterials

Human Effect
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Mapping the existing
landscape of models and
methods and their potential
integration

Strategy chosen to have a
wide coverage of
nanomaterials and to be
testable with available
literature data

Romeo, D et al 2020 Environment International
Romeo, D et al 2022 Environ Science Nano



CoDo model: a streamlined approach to in-vitro-
to-in-vivo extrapolation

las
© *‘!P&

Exposure

In vitro | ]
concentration CoDo model concentration ﬁ

(Model available at https://doi.org/10.5281/zenod0.4889169)

Romeo, D., Nowack, B., & Wick, P. 2022 Nanolmpact
Romeo, D., Hischier, R., Nowack, B., Wick, P., 2022 EST



Machine learning approaches for Risk Assessment and
Life Cycle Impact Assessment GRMs

DATA COLLECTION

T

Graphene-

£

related

materials
toxicity on
lung cells in
vifro

BDML = Benchmark Dose Level

"%i@

ANALYSES

"

Machine
Learning

Viability prediction via
regression models
BMDL prediction via
regression and
classification models

RESULTS

R%=0.77 Viability
prediction

75% Accuracy BMDL
range prediction

Experimental
condifions are (
important

@

Romeo, Wick et al. Nanolmpact 2022



Summary and conclusions

The life cycle of the nanomaterial-enabled
products determines the risk scenario

Graphene related materials are an excellent
setting for studying structure-activity
relationships prerequisite for predictive
toxicology

Holistic hazard assessment from freshly
manufactured GRMs to abraded GRM-

enabled composites revealed no or low
acute toxicity at different bio-barriers

Exploring the safety of other 2D materials
such hBN, Graphene acid, Mxenes, etc

High quality data for future data processing
needed for RA and LCIA

Exploring the potential of ML and big data
analysis for GRM safety assessment

@

| 2. Understanding of acute toxicity of
GRM @ biobarriers

Lung/Immune cells

2013-2023
GRAPHENE
Flagship
Project

Reviews: 2D materials safety:
Fadeel et al., ACS Nano, 2018
Lin et al, in revision ACS Nano

\
|
Wick et al., Angewandte Chemie, 2014

Drasler et al., Carbon, 2018
Mulcherjec et al., PlosOne, 2016 \

May et al., Nanomaterials, 2022
Korejwo et al., Nanolmpact, 2023
Gupta et al, Small, in revision

Kucki et al., Nanoscale, 2016
Kucki et al, J Nanobiotechnol., 2017

]

Placenta

5. Machine learning approaches for
risk & life cycle assessment of GBMs

Romeo et al., Nanolmpact, 2022 (100436)

Romeo et al., Nanolmpact, 2022 (100376) Kucki et al., 2D Materials, 2018

Muoth et al, Nanomedicine, 2016

4. Understanding subchronic
GBM/2D materials toxicity in

: g 3. Determined GBM release and
healthy and diseased conditions

hazard from reinforced composites |
Netkueakul et al., Nanoscale, 2020

[ o Romco ct al, Nanolmpact, 2023
P~ = Chortarea et al, ] Hazard Mat, 2022
@f ’\‘\\. Asthmatic lung: Gupta et al, in prep Netkueakul et al, Nanolmpact, 2022

S. pneumoniae: Chortarea et al, in prep
Quorum sensing: Gupta ct al, in prep

Fortuna et al, Environ Sci:Nano, submitted
Carlin ct al, ] Hazard Mat, in prep




... and you for your attention °
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