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Nanotoxikologie

- studies the interaction of nhanomaterials with biological
systems, and the consequences of these interactions

- takes into account specific physicochemical properties of
NP

NANOPARTICLES




Table 1. UFPs/NPs (< 100 nm), natural and anthropogenic sources.

(Gas-to-particle conversions
Forest fires

Volcanoes (hot lava)
Viruses

Biogenic magnetite: magnetotactic

bacteria protoctists, mollusks,

arthropods, fish, birds

human brain, meteorite (?)
Ferritin (12.5 nm)
Microparticles (< 100 nm;

activated cells)

Zdroje nanocastic

Anthropogenic

Unintentional

Internal combustion engines

Power plants

Incinerators

Jet engines

Metal fumes (smelting,
welding, etc.)

Polymer fumes

Other fumes

Heated surfaces

Frying, broiling, grilling

Electric motors

Intentional (NPs)

Controlled size and shape, designed
for functionality

Metals, semiconductors, metal oxides,
carbon, polymers

Nanospheres, -wires, -needles, -tubes,
-shells, -rings, -platelets

Untreated, coated (nanotechnology
applied to many products: cosmetics,
medical, fabrics, electronics, optics,
displays, etc.)

Oberdorster et al., Environ. Health Perspect., 2005, 113, 823



Vstup nanocastic do lidského organismu

Eckhardt et al., Chem Rev. 2013



Proc jsou nanocastice potencialné nebezpecné?

Roli hraje velikost

Exponencidlni narlst velikosti povrchu pfi velikosti pod 100 nm, soucasné nar(ista reaktivita
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Struktura lidské bunky

Ribpsome

Rough endoplasmic reticulum

Mitochondrion
N A //

Plasma membrane
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Cytoplasm Cell coat
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Lysosome
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\ " Nucleus

p. " Nucleolus
Smooth endoplasmic “_ " Chromatin
reticulum “Nuclear pore

Free ribosome Nuclear envelope

/ Golgi body

Centriole
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Bunécné jadro a DNA

Chromozom

Sugar
Phosphate
Backbone

Base pair

4 Adenine Thymine

Nukleotid

Guanine
Cytosine




Principy genové exprese

DNA
Cytoplasm
Transcription
mMRNA
o e ,’ e : o
Translation ' “Se e //”/"7 f0)  tRNA
Protein - Iolgy ol el
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Epigeneticka regulace genové exprese

| Environmental '
factors
e.g. nutrients, toxins, etc.

DNA Methylation

Histone modifications W MicroRNAs
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Vstup nanocastic do bunek

Phagocytosis

Maximal for 2-3 um¢

® Diffusion
<200nm?

Clathrin and
caveolin
independent
pathways
~90nm¢, 50-100nm¢

Pinocytosis &
macropinocytosis
>1 um¢, 0.2-10ume Caveolin-mediated
endocytosis

~B0nm¢, <500nm°®, ~120nm®

Clathrin-mediated
endocytosis
<200nm®, ~120nm¢, 150-200nmé®

Bruinink et al., Arch. Toxicol., 2015, 89, 659



Nanocastice v hepatocytech
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Control 20nm PB (10-min) 20nm.PB (30 min) 20nm PB (60 min)

200nm PB (10 min) 200nm PB (30 min) 200nm PB (60 min)

Johnston et al. 2010 TAAP 242(1); 66-78.



Nanocastice a makrofagy
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Clift et al. 2008 TAAP 232; 418-427.




Co se s nanocasticemi déje v bunnkach?

Oxidacni vlastnosti nanocastic

a Souvisejici s chemickymi vlastnostmi Oy kyslik
NP transition metals NP surface-bound free .
(e.g.,Cu, Ni, Co, V, Fe) radical intermediates €
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Madl et al., Annu. Rev. Physiol., 2014, 76, 447



Zivotni cyklus nanomateriala

KA Usage OAccidental release
e
(e\e’é5 \iERelease during use (aging...)
A0S OV : :
PO O E ecycling / End of life
T " Product: e sers (incineration, waste water
ano-composite treatment, disposal...)
n r | Dispersion in matri @\ Environmental &
t o g r ar | consumer exposure
e d
r u
m c
e t <
d %
: . Q2
l O@ 0((\
» /?Q 2, Occupational exposure A\!
" EY) %@ industrial sources
e

Pristine nanoparticles <R &y.
WOTRErS

CE’I_I‘I& ©CEREGE

v P [rewwwe
Iphcanore. o Wara Tecvokgs



Nanomaterialy v zivotnim prostredi — vliv na clovéka

Animal/Human
Tissue Cell compartment
compartment

» lung alveoli

Environment
Air

NP .
production .

I
II% b

» |ung upper part

intestine
skin
other

------

i
= & — &

intra cell distribution

excretion tissue distribution

Bruinink et al., Arch. Toxicol., 2015, 89, 659



Fyzikalné-chemické vlastnosti nanocastic a biologické ucinky

E.g. fibre shape
effects clearance

Entry route and

efficiency Q
Translocation h

Electrochemical

Inherent toxicity
E.g. low TiO,

& High Cd

gradients
—) Molecular
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Membrane
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Potencialni zdravotni dopady pusobeni nanocastic

NANOPARTICLES INTERNALIZED
IN CELLS

Mithocondrion

Nucleus
Cytoplasm «-
Membrane «—

Lipid vesicle

Nanoparticles
ingestion

/

Gastro-intestinal
system

(Crohn's disease,
colon cancer)

Orthopedic implant
wear debris
(Auto-immune diseases,
dermatitis, urticaria,
vasculitis)

Brain (neurological diseases:

\ ? Parkinson's, Alzheimer's disease)

Nanoparticle inhalation

;

~* Lungs

.

Circulatory ( Artheriosclerosis, vasoconstriction,
system thrombus, high blood pressure)

'

sHeart (arrythmia, heart disease, death)

(Asthma, bronchitis, emphysema,
cancer)

Y

Other organs

(disease of unknown
etiology in kidneys, liver)

Y

Lymphatic o, oconiosis,
system  x.05i's sarcoma)
(Auto-immune diseases,
I e
Skin dermatitis)

Buzea et al., Biointerphases, 2007, 2, 4



Depozice castic v dychacim systému
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Oberdorster et al., Environ. Health Perspect., 2005, 113, 823



Vstup nanocastic do mozku

_— — Nerve fibres within
. | the olfactory bulb
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Kristensson, Nat Rev Neurosci, 2011, 12, 345; adapted



Metodické pristupy v (nano)toxikologii

Model

Cellular responses

= v"’lﬁ

Tissue/organ changes

P

Organism responses

hone

Population responses

Parameter

Protein corona

Gene expression,
proteins,
metabolites,
cellular assays

Tissue damage,
altered function,
homeostasis

Impaired health,
disease, death

Impaired health,
disease, death

Methods

Spectroscopy,
microscopy,
macroscopy,

scattering

Omics techniques,
plate reader,
microscopy

Histopathology

Phenotypic
observations,
clinical analysis

Epidemiological
studies

Results

Prediction of
toxicity based
on
cell response
and
pathway of
toxicology

Frohlich J Nanobiotechnol (2017) 15:84



Testovani biologickych uGcinkl nanocastic

Volba vhodného modelu Doba ptisobeni
V dvahu je potreba vzit: Testovana davka Mérené parametry

Zpusob aplikace
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" IN VIVO

Modelové organismy/lidské populace

IN VITRO

Bunécné kultury

IN SILICO

Pocitacové modelovani



In vitro testing: Cytotoxicity

Detection of cells with reduced viability

Metabolic activity of the cells, protein content,
proliferation, membrane integrity

Cellular membrane integrity:
- Trypane blue
Propidium iodide
MTS assay - Lactate dehydrogenase (LDH) ~ SRB assay

_________________________________________________________________

WST assay




In vitro testing: Apoptosis

s U937 + Annexinfluos + P + CAM
Apoptotic cell uizrey.  Necrotic
® . s
- 108 ‘3
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In early apoptosis stages phosphatidylserine (PS) translocates to outer
membrane

Annexin V is a protein with high affinity to PS. Annexin V conjugated with
fluorescent compounds is used to detect apoptotic cells



In vitro testing: Oxidative DNA damage

8-oxodeoxyguanosine — the most common
oxidized DNA nucleoside; its presence may
induce mutations

Detection: ELISA; chromatography

2. A-coating with 8-oxoG-BSA

B-blocking with FCS

4. C-incubation with samples and primary anti-8-oxodG
antibody

5. D-competition

w

6. E-incubation with secondary antibody conjugated with
enzymes

7. F-incubation with chromogenic substrate and color
development
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In vitro testing: Lipid peroxidation

15-F,.-isoprostane — formed by ROS attack on arachidonic acid in
cellular membranes
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In vitro testing: Protein oxidation

Carbonyl groups in proteins

Formed by the ROS attack on side e B ornton pan

backbone (c-amidation pathway
R R . R residues or oxidation of Glu side chains)
chains of amino acids or protein

backbone

l(b)
Protein carbonyls

T(C) T(d)

Associated with a number of diseases dehyeoxy-2-nonenal, Em ketoa'dehydej

Negatively affect protein functions

malondialdehyde and and deoxyosones (reactive 1
2-propenal (acrolein)

carbonyl derivatives)
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In vitro testing: Comet assay

Commonly used method for genotoxicity testing

DNA damage is expressed as a percentage of DNA in the comet
tail relative to the total DNA content

Comet assay variants: neutral, alkaline

Oxidative DNA damage detection: DNA breaks are formed at the
sites of activity of endonuclease (ENDO Ill) and glykosylase (FPG)




In vitro testing: Micronuclei analysis

Detection of chromosome breaks or losses — L

Q—» 5c S| —> °g° gg 1

. o 28

Methods of analysis: >
manual — cheap, time-consuming 00— @J@ _> 28|
automated — analysis of a large number of ....... y L

cells; higher quality of data, faster




OMICS approach in toxicology: toxicogenomics

Genomics — DNA sequencing, genetic profiling, genetic mapping, structural and functional analysis of
genome

Transcriptomics — RNA sequencing, expression profiling, transcritpional regulation
Proteomics — protein identification, quantification, post-translational modification

Metabolomics — study metabolite profiles, metabolic intermediates, hormones and other signaling
molecules

MIRNA  —_

Epigenomics, Lipidomics, Glycomics... Regm;inon BRI
Ly all
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Toxicogenomics in general

Ellinger-Ziegelbauer et al., 2014 (Regulatory Toxicology)



Advanced genomics methods

Microarrays Next generation sequencing

DNA
(0.1-1.0 ug)
Silicon Wafer —
photo
resist
* Sample ae
preparation Cluster growth 8¢
plasma |
= etching Sequencing
' 1 2 3 4 5 6 7 8 9
A0 4 0] % 1 4 o —
Base calling
cleaning Image acquisition

3um beads

in wells

Illumina multi-sample array formats




In vitro tests — incubation of cells




Spectrophotometer (cytotoxicity...)
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Comet assay




Micronuclei analysis




Genomics techniques

Microarray scanner

MiSeq system



Overcoming the limitations: computational modeling?

WHY?

increased use of NM
Ethical iSSUES s .’»ontsno
e

variety of NM (physicochemical properties)

a great number of NM interactions with biological
systems

TOO MANY VARIABLES TO BE TESTED IN THE LABORATORY

Laboratory testing may be replaced by mathematical modeling



Ultimate goal of computational modeling: safe-by-design NM

Safe by design OPARTIC

production of NM with properties that minimize negative
biological and environmental impact of NM application
and use

Limitations of computational modeling

in vitro tests may not cover all possible negative biological
impacts

selection of the model system



Occupational exposure to NPs -
examples



Occupational exposure to (nano)TiO,

Workers exposed to (nano)TiO, pigment during production (36 subjects)

40% of the shift spent in the close vicinity of units emitting NP
60% of the shift in the separate control room

Researchers from the same factory
Controls not employed in the plant (healthcare workers, 45 subjects)
NP measurement:

scanning mobility particle sizer
aerodynamic particles sizer

Pelclova et al., Occup Environ Med 2016, 73, 110; Nanotoxicology, 2017, 11, 1
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Pelclova et al., Occup Environ Med 2016, 73, 110



Occupational exposure to (nano)TiO,:
conclusions

Exposure to (nano)TiO, during the production results in elevated
oxidative damage to DNA, proteins and lipids

Dose-dependent effect of occupational (nano)TiO, exposure was
observed

The exposure has possible chronic or subacute effect

Pelclova et al., Occup Environ Med 2016, 73, 110; Nanotoxicology, 2017, 11, 1



Occupational exposure to iron oxide pigments

Workers exposed to iron oxide aerosol (14 subjects)
exposure for 10 * 4 years

Controls not employed in the plant, no occupational exposure to dust
(14 subjects)

NP measurement:

scanning mobility particle sizer
aerodynamic particles sizer

Journal of Breath Research

Oxidative stress markers are elevated in exhaled breath condensate
oreeeEss— of workers exposed to nanoparticles during iron oxide pigment
production

ir Zdimal’, Petr Kacer, Zdenka Fenclova', Stepanka Vickova', Kamila Syslova®,
w Schwarz’, Nadezda Zikova’, Hana Barosova’, Francesco Turci’, Martin Komarc %,

Occupational

Pelclova et al., J Breath Res 2016, 10, 1




Occupational exposure to iron oxide pigments

Biological analyzes in exhaled breath condensate and urine:

oxidative DNA damage:
8-hydroxy-2-deoxyguanosine
8-hydroxyguanosine
5-hydroxymethyl uracil

protein oxidation:
o-tyrosine
3-chlorotyrosine
3-nitrotyrosine

lipid peroxidation: "o
malondialdehyde P S i PR HEGTR
15-F,,-isoprostane O\/\/\/\/\m
4-hydroxynonenale... 8 i

Pelclova et al., J Breath Res 2016, 10, 1



Occupational exposure to iron oxide pigments
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Pelclova et al., J Breath Res 2016, 10, 1



Occupational exposure to iron oxide pigments

Exposure to iron oxide pigments during the production induced
oxidative damage to DNA, lipids and proteins in exhaled breath
condensate

No effects for markers in urine were observed

The exposure does not result in systemic induction of oxidative
stress

Pelclova et al., J Breath Res 2016, 10, 1



Occupational exposure to nanocomposites

Workers exposed to nanocomposites during material processing
(20 subjects)

exposure for 17.8 + 10 years

Controls from the same location, not exposed to nanocomposites
(21 subjects)

NP measurement: e .
scanning mobility particle sizer ——
riginal Manuscript
aerOdynamiC Pa rtiC|eS Sizer The genotoxic effects in the leukocytes of

workers handling nanocomposite materials

Bozena Novotna', Daniela Pelclova?, Andrea Rossnerova®, Viadimir
Zdimal*, Jakub Ondracek®, Lucie Lischkova?, Stepanka Vickova?, Zdenka
Fenclova?, Pavlina Klusackova?, Tana Zavodna®, Jan Topinka®, Martin
Komarc?, Stepanka Dvorackova® and Pavel Rossner Jr'*-

‘ . 3
Mutagenesis, 2019, 34, 253-263 €\‘r International Journal of (\
doi:10.1093/mutage/ge2016 \’) Molecular Sciences MD\Py
OXFORD

Original Manuscript
Advance Access publication 24 June 2019

Atrticle
. o Rossnerova et al.
Original Manuscript DNA Methylation Profiles in a Group of Workers ’
. . . i i Mutagenesis 2019, 34, 253;
The repeated cytogenetic analysis of subjects Occupationally Exposed to Nanoparticles R & t al I, ; J, M I,
: P . ossnerova et al., Int. J. Iviol.
occupatlonally exposed to nan‘opartICIes' a Andrea Rossnerova '"*, Katerina Honkova ¥, Daniela Pelclova 209, Vladimir Zdimal 3, . 4
pilot study Jaroslav A. Hubacek ¢, Irena Chvojkova 1 Kristyna Vrbova 5, Pavel Rossner Jr. 5Q, Jan Topinka 1 SC'. 2020, 2 1, 2420, NOVOtna
N i - . Stepanka Vickova 2 Zdenka Fenclova 2, Lucie Lischkova 2, Pavlina Klusackova 2, I .
Andrea Rossnero‘va‘ 'l_)anlela P.eI(:IO\‘Iaz,\_lladlmlr Zdlm‘a|3, . . Jaroslav Schwarz 3, Jakub Ondracek 3, Lucie Ondrackova 3, Martin Kostejn 3, Jiri Klema °® and et a ° M UtageneSIS 2020/ 36/
Pavel Rossner Jr., Fatima Elzeinova', Kristyna Vrbova', Jan Topinka', Stepanka Dvorackova 7 33 1

Jaroslav Schwarz®, Jakub Ondracek?®, Martin Kostejn®, Martin Komarc?,
Stepanka Vickova?, Zdenka Fenclova? and Stepanka Dvorackova®®’



Occupational exposure to nanocomposites

Biological analyzes in blood samples:
1. Micronuclei detection (losses and breaks)

centromere positive

centromere negative




Occupational exposure to nanocomposites
Biological analyzes in blood samples:

2. DNA breaks and oxidative damage

DNA SB [l Oxidized bases

8 Exposed workers Controls
%k
< 6 [ p=0.1582
< x|
= 4 =0.3048
= SD p=y
" L e
0

2016 2017 2016 2017
year

Figure 1. DNA damage in the leukocytes of controls and workers long-term
exposed to nanoparticles: comparison of pre-shift values obtained from
subjects examined repeatedly in the years 2016 and 2017. Number of exposed
workers—14; number of controls—11; *P < 0.05; ***P < 0.001.

Novotna et al., Mutagenesis 2020, 36, 331



Occupational exposure to nanocomposites

Biological analyzes in blood samples:

3. DNA methylation profiles
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Rossnerova et al

., Int. J. Mol. Sci. 2020, 21, 2420



Occupational exposure to nanocomposites

Results:

Increased MIN frequency after short-term, but not long-term
exposure

DNA breaks and oxidative damage were increased after NP
inhalation, particularly after acute exposure

DNA methylation profiles significantly differed between the
exposed and control subjects when long-term exposure was
considered

Rossnerova et al., Mutagenesis 2019, 34, 253; Rossnerova et al., Int. J. Mol. Sci. 2020, 21, 2420;
Novotna et al., Mutagenesis 2020, 36, 331



Occupational exposure to nanocomposites

The exposure to nanocomposites causes DNA damage and affects
DNA methylation profiles

For some parameters, the effect was observed after acute (short-
term), but not chronic (long-term) exposure suggesting
adaptation to NP exposure

Rossnerova et al., Mutagenesis 2019, 34, 253; Rossnerova et al., Int. J. Mol. Sci. 2020, 21, 2420;
Novotna et al., Mutagenesis 2020, 36, 331



Adaptive response: a clue to (human)
adaptation?




Effect of xenobiotics in the organism: Dose-response curves

No threshold

— — Threshold
======m=ms HoOrmetic response

Toxicological Effect

L/ -

~ . -
“Naammm=="® _ adaptation

Concentration or Dose

Enhancement

Kritika konceptu LNT (linear non-threshold dose-response model): Calabrese, https://doi.org/10.1016/j.envres.2021.111025



Health risk

Take-home message

Be careful but use common sense

—— Number of exposed subjects



NanoEnviCZ

Research infrastructure
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NanoEnviCZ

The principal aim is to provide infrastructure for external and

internal partners (research institutions, industry) to achieve the
following goals:

1. Development of new NM and technologies applicable in:
a. degradation of environmental pollutants
b. transformation of solar energy to hydrogen
c. production of biosensors
d. catalysts for production of next generation fuels and
chemical products

2. Assessment of (eco)toxicity of NM, construction of predictive
models of the effect on NM on the environment and application
of the models to design eco-friendly materials



NanoEnviCZ

NanoEnviCZ at the Institute of Experimental Medicine:

Cytotoxicity analyses
Oxidative damage assays
DNA damage (comet aassay, micronuclei analysis)

Gene expression analyses and next-generation sequencing

Contact persons:

Jan Topinka, DSc., jan.topinka@iem.cas.cz
Pavel Rossner, Jr., PhD., pavel.rossner@iem.cas.cz



