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Nanosafety at the National Research Centre for the 
Working Environment, Copenhagen, Denmark

• Government research institute under the Ministry of Employment
• Nanosafety as strategic research area since 2005
• At present 35-40 persons in nanosafety research
• Advisors for the Danish Working Environment Authorities, EPA, EU, OECD, WHO
• Past and present partners in 25 EU projects on (nano)particle safety



Health effects of inhaled nanomaterials – the short version:

Are nanoparticles more hazardous by inhalation compared to larger
particles with the same chemical composition ?

Yes! (by mass)

Is there occupational and/or environmental exposure to nanomaterials?

Yes 

Are exposure levels high enough to pose a potential health risk ?

Yes

 Need for regulation of (occupational) exposure



Concern about nanomaterials: Association between particulate
air pollution and mortality
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6 cities with 8000 people 151 urban areas with 500.000 people

(Dockery et al. 1993) (Pope et al. 1995+2002)

Direct correlation between mortality and particle concentration (PM2.5): 

7 deaths/100 000 persons/year/ ug/m3 PM 2.5
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RISK = Exposure x Hazard

Keld A Jensen



The vision for safe use of nanomaterials

Research
Mechanism-based
understanding of 
toxicological effect

Evidence-based risk assessment.
Prediction of the toxicological effects on the 

basis of physico-chemical properties

Safe use of engineered and 
process-generated nanomaterials

Grouping and ranking for regulation
Safe-by-design for innovation



Safe-by-design:

Lung cancer
Fibre-paradigm

Painters syndrome
Organic solvents

Water-based paint
MAL kodes

Mineralwool
Asbestos

Paint based on organic solvents



The challenge: Many different nanomaterials with 
varying physico-chemical properties

size
(surface area)

shape / morfology

Particle chemistry

Atom structure functionalisation

”nano”



Inhation is the most relevant exposure route for nanomaterials for 
consumers and workers

Inhalation

Ingestion

Through the skin



•What is going on ? (the biological mechanisms of action) 
•Which physico-chemical properties drive the toxic responses ?

Focus on:
•Cardiovascular disease
•Cancer
•Risk assessment

Add presentation title in Header and Footer
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Key questions



Aerodynamic size in air is the important predictor of 
pulmonary deposition during inhalation exposure
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Low clearence of nanoparticles from the lung

Airways

Particle deposition and 
removal by  mucociliar

clearance

Particle phagocytosis 
by macrophage

release of 
mediators

INFLAMMATION

Fine particles
Nanoparticles

Ultrafine particles

Inflammatory cells 
and inflammatory 
mediators

ROS

Marianne Dybdahl



Even lower clearance of High Aspect Ratio 
nanomaterials

Airways

Particle 
deposition and 

removal by  
mucociliar 
clearanceParticle 

phagocytosis by 
macrophage

release of 
mediators

INFLAMMATION

Fine particles

Nanoparticles
Ultrafine particles

ROS

Marianne Dybdahl

release of 
inflamatory
mediators

INFLAMMATION

Carbon nanotubes

ROS

Frustrated fagocytosis
Very low clearence



Inhaled TiO2 nanoparticles in the lung are removed very slowly

Exposure Days after exposure N TiO2 in  lung (mg/kg)
(mean ± sd)

Procent of 
deposited dose

TiO2 5 3 63 ± 10 24%

Air 5 3 < 8

TiO2 25 3 55 ± 30 21%

Air 25 3 < 1

Mice inhaled 40 mg/m3 nanosized TiO2 1 hour daily for 11 days. 

TiO2 content in lung tissue was measured by ICP-MS.

Hougaard et al, PF&T, 2010
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Types and numbers of cells in lung fluid

Inhalation of nano-TiO2 results in long lasting 
inflammation

Hougaard et al, 2010

After 5 days After 4 weeks



Global gene expression in lung tissue af inhalation of TiO2 NPs
(day 5): acute phase reponse !

Halappanavar et al. EMM 2011

The most differentially
regulated genes



Acute phase response is causally linked to cardiovascular disease

• The acute phase response is the 
systemic response to acute and chronic
inflammatory states caused by fx 
bacterial infection, trauma and infarction

• Conditions that entail acute phase
response are associated with risk of 
cardiovascular disease including HIV 
infection, asthma, air pollution exposure

• Acute phase protein Serum Amyloid A is 
directly implicated in atheroscleorosis
(Thompson et al, 2018)

Gabay and Kushner, 1999



• Mice have 3 inducible SAA isogenes (Saa1, 

Saa2, Saa3)

• SAA induces foam cell formation in 

macrophages (Lee, 2013). 

• Over-expression of SAA3 or SAA1 increases

plaque progression (Thompson 2018, )

• Inactivation (KO) of all SAA isogenes results

in reduced plaque progression  (Thompson 

2018)

[1] Lee et al, 2013, BBRC

SAA: an acute phase protein that directly promotes 
foam cells formation and atherosclerosis

Dose-dependent foam cell formation



Acute phase proteins CRP & SAA are associated with risk of 
cardiovascular disease in prospective epidemiological studies

Ridker et al, NEJM, 2000

Nurses’ Health Study: 120.000 participants



AtherosclerosisSystemic circulation
of acute phase proteinsInhalation of  particles below

occupational exposure limits
•

Established factNew knowledge

Inhaled particles promote atherosclerosis via acute phase response

Inflammatory &
acute phase
response

Cardiovascular diseases

Proposed mechanism-of-action for (nano)particle-induced
atherosclerosis



Dose dependent induction of pulmonary acute phase response by 
different nanomaterials including CNTs

Saber et al 2014 WIREs Nanomed nanobiotech

All assessed nanomaterials induce dose-dependent acute phase response in mice
Humans and mice induce acute phase response

Rats have a fundamentally different acute phase reponse



Human relevance: Inhalation of ZnO induces dose-dependent 
acute phase response in human volunteers

Study set up:

• 16 volunteers

• Exposed to 0, 0.5, 1 or 2 mg/m3

ZnO particles for 4 h

• OEL: 5 mg/m3 for 8 h

• Acute phase response proteins CRP 
and SAA 

Acute phase response induced at ZnO
concentrations well below current OEL

Adapted from Monsé et al Part Fibre Toxicol. 2018 15(1):8

CRP levels

SAA levels
• No effect level:
• 0.5 mg/m3



Property-response comparison. Change in the expression of genes in five highly regulated selected GO biological processes 
relative to control mice. The genes are organized by the size of changes in expression after exposure to CNTLarge at the 162 μg
dose.

Lung response following pulmonary exposure to 
two very different CNTs: acute phase response

SS Poulsen et al TAAP 2015

Small and thin MWCNT Thick and long MWCNT

Strongest transcriptional signal: 
acute phase response



Close correlation between acute phase response and 
inflammation across doses, time points, material types, and 
exposure type

1

10

100

1000

10000

100000

100 1000 10000 100000 1000000

Ac
ut

e 
ph

as
e 

re
sp

on
se

  
(S

aa
3 

m
R

N
A 

le
ve

ls
)

Inflammation (#neutrophils in BAL)

TiO2 and CB instillations

TiO2 and CB inhalation

Biofuel dust instillation

Controls instillation

Instillation Mitsui

Instillation Thomas Swan

Instillation Sigma long

Saber AT et al, Plos One, 2013



Surface area is a predictor of pulmonary
inflammation (& acute phase response)

Deposited surface area of particles predicts pulmonary inflammation

Donaldson et al., 2002

Deposited surface area of CNTs predicts inflammation

cm2 MWCNT/mouse (BET x Dose)

SS Poulsen et al, 2016 Nanotoxicology



• Diesel engine exhaust (1) 

• Gasoline engine exhaust (2B)

• Welding fumes (1)

• Carbon black (2B)

• Titanium dioxide nanoparticles (2B)

• Mitsui-7 carbon nanotubes (2B)

Præsentationstitel
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A number of nanomaterials are classified as carcinogenic or 
possibly carcinogenic by IARC
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Proposed key characteristics of carcinogens

Smith MT EHP, 2016, PMID: 26600562 

Release of toxic
substances; fx 
PAH, metals

Surface-
dependent ROS 
generation
• Deposited total 

surface area
• Shape (HARN)



Mutagenicity of carbon nanoparticles: 
Surface mediated generation of Reactive Oxygen Species

Carbon black (black pigment) 

• Carbon black is classified as possibly
carcinogenic (2B) by IARC

• Carbon black is mutagenic in vivo and in 
vitro

• Carbon Black generates reactive oxygen 
species in vivo and in vitro

• The mutation spectrum is consistent with 
being caused by ROS



SOME CNTS MAY FIT ‘THE FIBRE PARADIGM’ – the 
reason for asbestos-induced lung cancer and 
methotheliomas

Rule 1 – the fibre is thin enough to be inhaled (D<5 μm)

Rule 2 – the fibre should be so long that the macrophages cannot engulf the fibre (L>5-15 μm)

Rule 3 – the fibre should be insoluble in the lung



Sub-chronic inhalation study of carbon
nanotubes
• 4 published sub-chronic (13 weeks) inhalation studies in the open litterature

• Pauluhn, Tox Sci 2010:

• Rats were exposed on 6 h/day, 5 days per week for 13 consecutive weeks to 0, 0.1, 
0.4, 1.5, and 6 mg/m3. 

• Biomarkers assessed 4, 13 and 26 weeks after exposure

• Baytubes, MWCNT

• A number of biomarkers of lung inflammation and toxicity

Pauluhn;  2010

• Pauluhn 2010



Conclusions:
No effects observed at the lowest dose, 0.1 mg/m3

Halflife of CNT in lung ca. 1 year
Suggested OEL based on this work: 0.001 mg/m3

(Aschberger 2010, NIOSH, 2010, 2012)



• Dose-dependent induction of mesothelioma after
IP injection (Takagi et al, 2012)

• One specific thick and long MWCNT (MWNT-7) is 
classified as possibly carcinogenic (2B) by IARC 
(WHO’s cancer research institute)

• Other thick and long MWCNTs also induce
adenomas

• A short and thin MWCNT did not induce cancer 
after IP injection (20 mg/animal) in a two year
cancer study

Præsentationstitel
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Dose-dependent CNT-induced cancer
A short and thin MWCNT did not cause cancer

Takagi, et al, 2012

Muller et al, 2009

MWNT-7



Dose dependent MWCNT-induced lung cancer following
inhalation exposure in rats

2 year inhalation study in rats

MWNT-7 MWCNT

• Male and female F344/DuCrlCrlj

(N=50/group)

• 0, 0.02, 0.2, 2 mg/m3

• 6h/day, 5 days/week for 104 weeks

• Aerosolised as single fibers

• Very low levels of contaminations

Results:

• 2 year inhalation study:

• 6 h/day, 5 days/week

• Lung cancer at 2 (M, F) and 0.2 mg/m3 

(M)

• Biopersistence: Accumulation of 
MWCNTs in lung throughout the 
exposure period

• Scaling to a risk acceptance level of 
1:1000 (instead of 22%), and 40 years 
exposure (instead of 2), the acceptable 
air concentration would be 0.000 045 
mg/m3 = 45 ng/m3 

Kasai et al, PF&T, 2016, PMID: 27737701



• Only inhalation studies are (normally) used for risk assessment

• 2 year chronic inhalation studies in rats (no cancer in mice and hamsters)

• We want to estimate human lung cancer risk (0.1% - 0.001%) during 40 years of 
exposure based on groups of 50-100 rats exposed for 2 years (the detection limit 
is ca. 5% cancer), so the air concentrations should at least be 50 (5%/0.1%) x 20 
(40 years/2 years) = 1000 fold higher in the animal studies

• Concern has been raised that impaired clearence (overload) will lead to over-
estimation of cancer risk

Præsentationstitel
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Animal models of particle-induced lung cancer 
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Inhalation and instillation of two different CNTs gives the same 
dose response relationship for inflammation in rats

Gaté et al, TAAP, 2019



Nanosize matters: increased carcinogenic potency in chronic
inhalation studies of TiO2

Air concentration Total number of 
lung tumors

Fine, rutile TiO2 250 mg/m3 39/151 rats= 26% Lee et al (1985)
Nano TiO2 (P25) 10 mg/m3 32/100 rats= 32% Heinrich et al (1995)

Add presentation title in Header and Footer
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Fine, rutile TiO2 did not cause cancer in 2-year inhalation studies at 5, 10 or 50 mg/m3

(Muhle et al 1991, Lee et al , 1985)



Concern: the overload hypothesis

• Rats develop lung cancer after particle
inhalation (2 years)

• Mice and hamsters do not

• Dose-dependent differences in particle
retention

• Overload is seen for CB Printex90 at 
50 mg/m3 (13 weeks)

• It is argued that rats therefore
overestimate human cancer risk

Add presentation title in Header and Footer
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Nano-sized carbon black particles
(P90) at different exposure levels

1 mg/m3

7 mg/m3

50 mg/m3

Elder et al, 2005, Tox Sci, 88(2) 614
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TiO2

DE

Average particle exposure (mg/m3)

Clean air DE CB TiO2
Exposure concentration 0 0.8 2.5 7.0 11.6 10
Number of rats with tumours

with benign tumours 1/217 0/198 11/200 22/100 39/100 32/100
without benign tumours 4/200 9/100 28/100 19/100

Lung cancer incidence in rats exposed to diesel exhaust particles (DEP), carbon black (CB) and titanium dioxide (TiO2) after 30 months 
(24 months of exposure followed by 6 months in clean air) (Heinrich et al. 1995).

CB

Similar carcinogenic potency of three insoluble NMs (DEP, TiO2
and CB) after chronic inhalation in rats at air concentrations that
did not induce overload

Two year inhalation study in female (and male) 
rats exposed to diesel exhaust (DE), nano-TiO2
(P25) and nano-CB (Printex90) (Heinrich et al., 
1995). 

Cancer incidence in female rats
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Clearence half-times for CB (Printex90), TiO2 (P25) and diesel 
exhaust particles in the two year inhalation study

Heinrich et al, 1995



Comparison between rat inhalation and human epidemiology: 
Cumulative dose-response relationship between diesel exhaust
exposure and lung cancer risk in three epidemiologial studies

Vermeulen et al, 2014, EHP



Risk estimate for DEP based on epidemiological evidence

Vermeulen et al, EHP

The EU OEL for 
DEP is 50 ug/m3



• The DECOS estimates that the exposure concentrations of respirable elemental 
carbon (REC) in the air, which serve as parameter for exposure to diesel engine 
exhaust powered by petroleum-diesel fuels, and which corresponds to:

• 4 extra death cases of lung cancer per 100,000 (target risk level), for 40 years of 
occupational exposure, equals to 0.011 µg REC/m3,

• 4 extra death cases of lung cancer per 1,000 (prohibition risk level), for 40 years 
of occupational exposure, equals to 1.03 µg REC/m3.

• The exposure levels are 8-hour time-weighted average concentrations.
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Dutch Committee on Occupational Safety (DECOS):

https://www.healthcouncil.nl/documents/advisory-
reports/2019/03/13/diesel-engine-exhaust.

https://www.healthcouncil.nl/documents/advisory-reports/2019/03/13/diesel-engine-exhaust


Diesel exhaust as a case:

Diesel exhaust (DE) cause cancer, filtered DE does not.

In chronic (2 year) inhalation studies in rats, 

• 2.5 mg/m3 DE induced cancer in 5.5% of the exposed rats

• 40 years instead of 2

• 20:10 000 instead of 5.5%: 

• 4.5 ug/m3 will induce 20 excess lung cancer cases

• Epidemiological meta-analysis: 1 ug/m3 induce 17 lung cancers:10 000 exposed

• the chronic inhalation in rats does not over-estimate lung cancer risk for DE
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Can chronic inhalation studies in rats be used for risk assessment
in humans ? YES, I think so



It works: Reduction of particle exposure reduces mortality

EXAMPLE:

• Heating with coal in private households was
banned in Dublin, Ireland in 1991:

• Black smoke levels in ambient air were reduced
by 0.036 mg/m3

• Mortality rates were reduced by 75 per 100 000 
person-years

• 77% cardiovascular (!)

• Effects were adjusted for death rates in the rest 
of Ireland

• Assuming 45 year work life and that we work
20% of the time, reducing occupational
exposure with 1 ug/m3 should save 19 per 
100.000 = 2/10 000 

(Adapted from Clancy et al, Lancet, 2002)

Ban



• Aerosolised size will determine pulmonary depostion rate and distribution

• Specific surface area of retained dose predicts inflammation and acute phase response for 
insoluble particles

• Shape and size are strong determinants of clearence rates (and hence deposited dose)

• High aspect ratio may predict cancer risk

• Surface-mediated generation of radicals/ROS may reslut in genotoxicity

• Dissolution/solubility of low toxicity chemicals may lower toxicity

• Dissolution/release of toxic metals/chemicals may enhance toxicity

• Comparison of risk assessment of diesel exhaust suggests that chronic inhalation studies in 
rats do not overestimate human risk and can be used for risk assessment of nanomaterials

Præsentationstitel
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Take home: Physico-chemical predictors of pulmonary toxicity for 
nanomaterials
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Example of insoluble particles: Association between air pollution 
levels and CRP

Association between PM2.5 and CRP levels in 30 000 Taiwanese:
0.014 mg/L CRP pr 5 ug/m3 increment in PM 2.5

Zhang et al, Int J Epidemiol. 2017

https://www.ncbi.nlm.nih.gov/pubmed/28541501


CNT translocation was studied with 14C-skeleton 
labelled MWCNTs:

• Mice were exposed to 20 ug radioactively labelled 
MWCNT and followed up to 1 year

• 1% of total dose was found in liver and spleen 1 
year post-exposure

• No uptake detected after oral exposure

(Czarny et al., ACS nano 2014)

14C labelled Few-Layered Graphene (G):

• Biopersistence: Pulmonary dosed G, GO and rGO is 
found in lung 1-3 mo post-exposure (PMID: 
26864058, PMID: 28570647)

• Translocation of G to liver (1%) and spleen (0.2 
%) after 1 mo (PMID: 26864058)

• No uptake from oral dosing (PMID: 26864058)

Biodistribution: Inhaled nanomaterials including
CNTs translocate and reach distal organs 

Czarny, ACS nano 2014 
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Granuloma Macrophages Lymphocytes

NRCWE-006 
(Mitsui)

NM-403

Thin, short MWCNT (negative in cancer study) 
(D~11-26nm, L~1µm)
• Black aggregates in macrophages and 

granuloma
• Chronic low-level inflammation for 7/11 

MWCNT

Mitsui-7 and NM-401 (lung cancer by inhalation)
(D~70nm, L~5um)
• Single fibers in interstitium
• Tissue reaction ~ vehicle controls

Phys-chem-related difference in 
MWCNT distribution in lung 1 year 
after IT of 54µg

• Knudsen et al, BCPT, 2018



Men Women
Life time lung cancer
risk (0-74 years)
2011-15 in Denmark

4.9% 4.5%

Excess lung cancer 
risk level 

RR RR

1:100 RR= (4.9+1)/ 4.9= 1.20 RR= (4.5+1)/4.5= 1.22
2:1000 RR= (49+2)/49= 1.041 RR= (45+2)/45=1.044
1:1 000 RR= (49+1)/49= 1.02 RR= (45+1)/45=1.02
1:10 000 RR= (490+1)/490= 1.002 RR= (450+1)/450= 

1.002
1:100 000 RR= (4900+1)/4900= 

1.000 2
RR= (4500+1)/4500= 
1.000 2

Add presentation title in Header and Footer
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Epidemiological data are not always available and is only feasible
for relatively potent carcinogens

Relative risk of lung cancer for carcinogens that cause 1%, 
0.1% or 0.01% excess lung cancer risk in a population with 
the current Danish lung cancer incidence

Power calculation: 

Detection of 1% excess cancer incidence with 
5% lung cancer incidence: 8 000 participants 
(with 80% chance of detecting the effect at 5% 
significance level). 

Detection of 0.1% excess lung cancers (1 per  
1 000, which is the acceptance level in the 
US), corresponds to a RR of 1.02, which 
requires group sizes of 750 000 persons if the 
background cancer incidence is 5%. 



• Identification of critical effects (cancer, 
cardiovascular disease, reprotoxicity, 
astma, COPD ect)

• Human evidence from epidemiological
studies with dose-response relationship

• Chronic inhalation studies in rodents
(rats)

• Sub-chronic inhalation studies

• Mechanism-of-action:

• Threshold/non-threshold ?
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The preferred evidence for regulation

No-adverse-effect level
Safety factors

Risk acceptance levels
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