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Environmental Nonoparticles
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Incidental Nanoparticles Engineered Nanoparticles
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Stern, S. T. et al. Toxicol. Sci. 2008
101:4-21; doi:10.1093/toxsci/kfim169




Critical Reviews in Toxicology, 2009; 39(3): 195-227 InfOI’ ma
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REVIEW ARTICLE

Non-cancer health effects of diesel exhaust:

A critical assessment of recent human and animal
toxicological literature
Thomas W. Hesterberg', Christopher M. Long?, William B. Bunn', Sonja N. Sax?,

Charles A. Lapin?, and Peter A. Valberg®

Inhalation Toxicology, 2010; 22(8): 679-694 rimgigrzma

RESEARCH ARTICLE

Diesel exhaust particulate (DEP) and nanoparticle
exposures: What do DEP human clinical studies tell us
about potential human health hazards of nanoparticles?
Thomas W. Hesterberg', Christopher M. Long?, Charles A. Lapin®, Ali K. Hamade?, and

Peter A. Valberg®

'Navistar, Inc., Chicago, Illinois, USA, *Gradient, Cambridge, Massachusetts, USA, ﬁnd,al.apin & Associates, Glendale,
California, USA




Possible biological mechanisms linking PM with cardiovascular dise
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Early Nano-enabled Consumer Products
Are on the Market Now
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Global Market for Nanotechnology to Reach $3.3 Trillion by 2018
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Figure 6: Expected benefits of incorporating nanomaterial additives
into consumer products.
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http://www.nanotechproject.org/inventories/consumer/browse/products/

Behavior of Inhaled Nanoparticles

® 1.<100nm nanoparticles deposit mainly in the
alveolar regions.

@ 2. Clearance of nanoparticles from the lung is
more slowly than fine particles.

@ 3. More nanoparticles translocate to interstitial
sites and to blood circulation compared
to the larger particles.

@ 4. Inhaled nanoparticles may migrate from the
lungs to other organs. "

Oberdorster G, et al. 2005
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Figure 12. Close proximity of olfactory mucosa to olfactory bulb of the CNS. Inhaled NSP[s], especially
below 10 nm, deposit efficiently on the olfactory mucosa by diffusion, similar to airborne “smell” mole-
cules which deposit in this area of olfactory dendritic cilia. Subsequent uptake and translocation of solid
NSP[s] along axons of the olfactory nerve has been demonstrated in non-human primates and rodents.
Surface chemistry of the particles may influence their neuronal translocation. Copyright © the McGraw-
Hill Companies, Inc. Reproduced from Widmaier et al. (2004) with permission from McGraw-Hill.

4. Inhaled nanoparticles may migrate from the lungs to Brain.

Oberdorster G, et al. Environ Health Perspect 113:823-839 (2005)



Toxicities of Inhaled Nanoparticles

Have an active and large surface that can interact
with many targets in the body

Can cause acute inflammation with secondary
effects such as cancer.

Nanoparticles cause worsening of heart disease,
atherosclerosis and asthma.

Are in the size of proteins and can interfere with
normal cellular signaling pathways.

Poor recognition by our immune system and even
enhance response to antigens

Oberdorster G, et al. 2005



Inflammatory response in animals
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Suspected cases caused by nanoparticles
ZE ISR R R4S B Z e 2 TR m Bl i =

Occup exposure to “spray paint” in China in 2009
Polyacrylate, Silica nanoparticles (Song et al. 2009)

Acute respiratory distress syndrome (ARDS) and
kidney tubular necrosis : case report (South Africa,

2010)
nickel nanoparticle (Phillips et al, 2010)

Submesothelial deposition of carbon nanoparticles

after toner exposition: case report (Germany, 2011).
carbon black (Theegarten et al, 2011)

Allergic dermatitis, asthma, rhinitis: case report
(Canada, 2014)

nickel nanoparticle (Journeay et al, 2014)
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nanoparticle
S were
observed in
pulmonary
epithelial
and
mesothelial
cells, and
chest fluid

Case 1l
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Case 1l

o
.L EPkf et FEH
e ’ 5 ez y S LY
NS SR f
) = W long-term exposure to some

nanoparticles without protective
measures may be related to
serious damage to human lungs
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Song Y, et al. Eur Respir J 2009 34(3): 559-567




DIAGNOSTIC PATHOLOGY

Theegarten et al. Diagnostic Pathology 2010, 5:77 Ca se 3
http://www.diagnosticpathology.org/content/5/1/77 E

% A A RE Y R,
‘E’/ E'r"};';‘;ij}n IR % 7/:\ Eﬁ. );3;— 2 ﬂ\ 4
CASE REPORT Open Access

Submesothelial deposition of carbon
nanoparticles after toner exposition: Case report

Dirk Theegarten'”, Smail Boukercha®, Stathis Philippou?, Olaf Anhenn'*

‘ Figure 3 Transmission electron microscopy. TEM comfirms NP within phagolysosomes (120,000x).




Toxicity of Engineered Nanoparticles

#t Animal inhalation studies of engineered
nanoparticles based on the unrealistic large-
dose hazards
# Inflammation, Granuloma, Pulmonary fibrosis
# Cardiovascular effects
# Oxidative stress
# Plague, Mesothelioma-like effects
# Lung cancer

Oberdorster et al. 2005; Hesterberg et al. 2006; Borm et al. 2006; Stern et al.
2008; Hesterberg et al. 2009; Hesterberg et al. 2010; Hubbs et al. 2011

#t Occup. Disease Report: Four cases;

#t Epidemiological Study on Iow dose exposure:
Some; ; e B i



Biomonitoring of Exposure and
Health Effects iIn Nanomaterials
Workers:

Updated Status of
Nanoepidemiology



Epidemiological Studies of Nanomaterial Workers

@ 17 nanoepidemiologic studies,
including
® 13 published peer-reviewed articles;

® 4 unpublished articles;
-- 1 doctoral dissertation;
-- 1 conference paper; and
-- 2 conferences abstracts.

® Exclude natural (legacy) nanomaterial (carbon black)

@ 3 additional ongoing studies in the USA, France, and
Australia

Liou et al. [2015] 35



13 published epidemiological studies on nanomaterials handling workers

exposed/ control

Lee et al, 2012 (Nanotoxicology Korea nanosilver 2
2012:6:667-9
Pelclova et al, 2015 (J. Breath Res. 9 [W®Z=ley W3l s10]0][To TiO, (70-90% TiO, <100 nm.) 20/20

Liou et al, 2012 Taiwan Various 227/137
(J Nano Res 2012;14:878-892) (carbon nanotubes, silica dioxide, titanium dioxide,
nanosilver, nanoresin)

Liao et al, 2014 Taiwan Various 258/200
Ind Health 2014;52:199-215 (ditto)

Wu et al, 2014 Taiwan Various 241/196
Int. J. Mol. Sci. 2014, 15, 878-894 (ditto)

Lee et al, 2015 Korea MWCNT 9/4
Nanotoxicology, 2015;9(6):802-11

Ichihara et al, 2016 China TiO, 16(4)/?
(J Nanopart Res 2016;18:52) The particle diameter ranged from 46 to 560 nm.

Fatkhutdinova et al. 2016 Russia multiwalled carbon nanotubes 11/14
(Toxicology and Applied

Pharmacology 2016;299:125-131

Pelclova et al, 2016 (Occup Environ [&Z=lea Rl slb]s][Te TiO, (70-90% TiO, <100 nm.) 36/45
Med 2016;73:110-118.

Pelclova et al, 2016 (J. Breath Res. [&ZIe WEsllls][(e Fe oxides (81-98% <100 nm) 14/14
10 (2016) 016004)

Liou et al, 2016 (Biomarkers, Taiwan TiO,, SiO,, Indium Tin Oxide (ITO) 127 (32, 39, 56)/100
2016;24:1-7)

EER R GGIONEICE G Czech Republic TiO, (80% TiO, <100 nm.) 52(30 exposed/22
(2016) 036004) office workers)/45

Liao et al, 2014 Various 124/77
(Nanotoxicology 2014;8(S1):100- (ditto)
N
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http://www.nanotechproject.org/inventories/consumer/browse/products/

4 unpublished epidemiological studies on nanomaterials handling workers

Study type, authors, year
(presentation)

Cui, 2013
(PhD thesis, UW)

Vermeulen et al., 2014
(2014 EPICOH)

Liou et al., 2013 (2013 EPICOH)

Cui, 2013
(PhD thesis)
Pelclova et al., 2014b (EUROTOX)

Country

China

Netherlands

Taiwan

China

Czech
Republic

Nanomaterials

Calcium carbonate

CNTs

\Various

Calcium carbonate

TiO, (70-90% of particles
<100 nm)

Sample size (no.
exposed/no. controls)

66-102/?

8 operators + 16 R&D
workers/43

206/140 followed up no
less than 2 times

66-102/?

14/25

38



Study design

12 cross-sectional studies;

4 longitudinal studies with repeated
measurements (panel study);

2 descriptive epidemiological study;

Total=17

1 study had both cross-sectional and
longitudinal study design.

Liou et al. [2015, in process]



Nanomaterial studied

MWCNT: 3 (+ USA)
TiIO2: 3

Fex0s: 1
Ca carbonate: 1;
Mixed: 1 (Taiwan)



Major findings of 12 cross-sectional epidemiological studies

Author(Year) (Journal) Country Nanomaterials

Liou et al, 2012

Liao et al, 2014
Wu et al, 2014

Lee et al, 2015

Ichihara et al, 2016

Fatkhutdinova et al.

Pelclova et al, 2016

Pelclova et al,

Liou et al, 2016

Pelclova et al, 2016

Cui, 2013

(PhD thesis, UW)
Vermeulen et al., 2014
(2014 EPICOH)

Various
(carbon nanotubes,
silica dioxide, titanium
+ dioxide, nanosilver,
nanoresin)
Various
+ (ditto)
Various
+ (ditto)
MWCNT

+
China + TiO, (46 to 560 nm)

Taiwan

Taiwan
Taiwan

Korea

multiwalled carbon
+ nanotubes

Russia

Czech TiO, (70-90% TiO,
Republic <100 nm.)

4
Czech Fe oxides (81-98%
Republic’ <100 nm)
Taiwan  TiO,, SiO,, Indium Tin

+ Oxide (ITO)

Czech TiO, (80% TiO, <100
Republic® nm.)
China Calcium carbonate

Netherland CNTSs
-

Major findings

Decreased antioxidant enzymes superoxide dismutase (SOD) and glutathione
peroxidase (GPX) and increased cardiovascular markers, fibrinogen, intercellular
adhesion molecule (ICAM), and interleukin 6 in exposed workers

The only symptom identified as significantly work-related was sneezing. The only
disease significantly worsened by work was allergic dermatitis.

A significant association between risk level 2 of NP exposure and FENO. nano-TiO2 in
all of the NM exposed categories had a significantly increased risk in FENO > 35 ppb.
The malondialdehyde (MDA), 4-hydroxy-2-hexenal (4-HHE), and n-hexanal levels in
the EBC of MWCNT manufacturing workers were significantly higher than those in
the office workers. .

The study showed that exposure to particles with a diameter <300 nm might affect
HRV in workers handling TiO2 particles.

Exposure to MWCNTSs caused significant increase in IL-1B, IL6, TNF-a, inflammatory
cytokines and KL-6, a serological biomarker for interstitial lung disease in collected
sputum samples.

Accordingly, most EBC oxidative stress markers, including in the preshift samples,
were higher in production workers than in the two other groups. Multiple regression
analysis confirmed an association between the production of TiO2 and the levels of
studied biomarkers.

Almost all markers of lipid, nucleic acid and protein oxidation were elevated in the
EBC of workers comparing with control subjects. Markers in urine were not elevated.
Exposure to TiO2, SiO2, and ITO resulted in significant lower antioxidant enzymes
(glutathione peroxidase and superoxide dismutase) and higher oxidative biomarkers
8-hydroxydeoxyguanosine (8-oxodG) than comparison workers.

All LT levels in workers' EBC were elevated relative to the controls (p < 0.01). LTs in the
EBC sample were correlated with titanium levels.

IL1B and IL8 in sputum 1

Immuno-cytokines 1

41



Analysis of 12 cross-sectional studies

All 12 cross-sectional studies showed
biological changes that might be
indicative of early adverse health effects
with exposure to engineered
nanomaterials.

In addition, Taiwan’s study found
excessive sneezing and allergic
dermatitis in nanomaterial workers.

(weakness of cross-sectional study: lack of
temporality and causal)

42



Biological markers were categorized into four
organs/systems

@ 1. Oxidative damage: increased EBC markers of lipid oxidation, including
MDA, HNE, HHE, and 8-isoprostane, n-hexanal, C; C,,; markers of oxidation
of nucleic acids and proteins, including 8-OHdG, 8-OHG, 5-OHMeU, 3-ClTyr,
3-NOTyr, o-Tyr; and urine C¢, C,, C,,, C;,, HHE, 8-OHG and 3-ClTyr,,
decreased anti-oxidant enzymes (superoxide dismutase (SOD) and
glutathione peroxidase (GPX)).

® (5 positive in EBC or sputum; 1 positive in plasma or urine);

® 2. Lung: increased lung fibrosis markers (serum TGF-B1 and sputum KL-6),
increased lung inflammation markers (sputum IL-1p and IL-8, FeNO),
increased EBC LT B,, C, and E,, reduction of lung function ( FEV1%,
FEV1/FVC, MMF, PEFR, and FEF25%), and increased pro-inflammatory
cytokines (IL-1B, IL-6, IL-8, MIP-1B, and TNFa);

@ 3. Cardiovascular: increased cardiovascular effect markers (fibrinogen,
intercellular adhesion molecule (ICAM), and interleukin 6), total number or
percentage of RR 50+/- in HRV;
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§ J.§ Leeetal

Namotoxicolagy, Eady Online: 1-10

Table 6. A. Levels of biomarkers related to MWCNT exposure. B. Median levels of biomarkers related to MWCNT exposure and diurnal vanation

(worksshift),

A. Levels of biomarkers related to MWCNT exposure,

Blood Mo (g/L)
Blood Co (ug/L.)
EBC Hy0, (M)
EBC MDA (nM)
EBC 4-HHE (M)

EBC n-Hexanal (nM)

Calculated by the Mann-Whitney U-test, arithmetic meantstandard deviation (median).

Office (4)

0.60+0.11(061)
0.14+003 (0.15)
04140.19(039)
2204064 (2.25)
1344136 (1.16)
130492 (136)

Manufacturing

Total (N =0)

0.86.+042 (0.72)
0.164+0.05 (0.14)
0.4440.39 (0.30)
4114129 (415)
6,32 44.12 (4.53)
U5+118(350)

aOffice versus total manufacturing workers.

bOffice versus day shift manufacturing workers.

Day shift (V=)

0554019 (0.63)
0.1640.06 (0.14)
0.58+0.46 (0.30)
3284074 (3.18)
1844485 (7.69)
282498 (26.5)

pl

0,199
0710
0710
001]
000
0020

4

0.905
0905
0.905
0,063
0032
0111

MDA: malondialdehyde

4-HHE:4-hydroxy-2-hexenal
Lee et al. [2015, in press]
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Table 2
I'he content of the cytokines/proteins in serum and sputum samples in exposure and control groups.

Cytokines/proteins, pg/ml Sputum Serum

Control Exposed group Control Exposed group

646,90 + 188.18 1988.70 + 205.71° 3661 + 3.8 90.08 +

299.33 4+ 108.77 818.86 + 57.34" 1946 + 8. 4738 &

436.43 4+ 173.40 1764.37 + 424.12° 1524 + 2.8 2202 +

47.98 262.75 4 22.34"

863.84 + 2: 1753.51 + 201.91" 769.87 4 121798 +

321.41 151267 4 271.88" 2098 4 3.66 52.47 4
840 & 3.. 15.05

887.59 + 354.36 8062 4 12.7- 88.70 4

2635,29 4+ 958.51 1947 4 5. 29.15 4

11.14 4 2. 17.37 4

L 9506 248.35 4 378 31352 4

4.90 5.0 4+ 095 2006 4 0. 2182 4

Osteopontin 59.19 4. 5. 68.98 4

' p<005, I-test,

Toxicology and Applied Pharmacology 299 (2016) 125-1



Table 2. Comparison of 8-0x0dG in various biospecimens between equs‘e_dga_n_d non—egpgﬂ groups . @dj@if@fi_&y_ﬁggg;i materials.

Urinary 8-oxodG Plasma 8-oxodG WBC 8-oxodG Plasma SOD Plasma GPx
Characteristic/biomarker (ng/mL) (ppt, pg/mL) (1/10°dG) (U/mL) (nmol/min/mL)
Median (IQR)
Non-exposed (n = 100) 261 (2.58)° 12.63 (8.51) 2.26 (1.59) 14,68 (9.88) 143,89 (44.14)
Exposed (n=127) 4.77 (4.38) 16.34 (8.30) 3.50 (2.26) 10.09 (4.78) 120.00 (28.93)
<0.001 <0.001

TiO, exEosure (n=32) 4.59 (3.16) 16.53 (8.46) 257 (257) 12.88 (5.93) 123.82 (56.92)
Do - a0 o 0.042 0.033
Si0, exeosure (n=39) 247 (1.23) 12.16 (6.76) 122.93 (51.83)
o=l 02 g 0.047 0.02

8.81 (2.62) 118,52 (18.44)
<0.001 <0.001

éM-ediah (IQR); IQR: interquartile range.
®Mann-Whitney U tests.

Biomarkers. 2016 Mar 24:1-7. 49



Major findings of 4 longitudinal (panel) epidemiological studies

Study type, authors, Country Nanomaterials Major findings Sample size (no.
year (presentation) exposed/no.
controls)
Liao et al, 2014 Taiwan  Various Changes of the antioxidant enzymes (decreased SOD and GPX), cardiovascular 122/77
(ditto) markers (increased VCAM, decrease of paraoxonase), the small airway damage
+ marker (decreased Clara cell protein 16), and lung function parameters

(decreased MMF, PEFR and FEF25%) were significantly associated with
nanomaterial-handling

Liou et al., 2013 Taiwan  Various No significant difference in 4-year follow-up study 206/140

(2013 EPICOH) followed up no
less than 2
times

Cui, 2013 China Calcium No significant cross-shift effect for FEV1, BP, and FENO. 66-102/?

(PhD thesis) carbonate

Pelclova et al., 2014b Czech  TiO, (70-90% of Ihe post-shift markers in 2013 were elevated versus post-shift markers in 2012 14/25

(EUROTOX) Republic particles <100 for all markers of oxidation of lipids, nucleic acids, and proteins .

nm)

50



Summary of Health Hazards of Nanomaterials Handling

Cross-
Sectional

6 months
FU

30-
month FU

42-
month FU

Anti-oxidant
Enzymes

(Oxidative stress
markers)

SOD | (X)

SOD | (X)

SOD 1 (X)

SOD 1 (X)

Lung /
systemic
Inflam. markers

X

V
(CC16 and lung

function)

X
X

Cardio-vascular
markers

G

Fibrinogen,

1cAaM 1 (X)

VCAM } (X)

X (X)

X (X)

follow-up >= 2 times, X: negative

Genotoxic Brain
EIGE function

Liou et al, 2014



Emission of nanomaterials in different
operations or industries in Taiwan

Operation

Emission of Nanomaterials

Coating of nanomaterials (Enclosed)

Mixing/grinding of nanopigments
(Enclosed)

Synthesis of nanomaterials (Wet
process)

Centrifuge of nanomaterials (wet
process)

Spray drying of nanomaterials
Welding

Polishing

Milling

Grinding

Foundry Industry

Very low
Very low

Very low
Very low

Yes
Yes
Yes
Yes
Yes
Yes

Tsai et al, 2012



Analysis of 4 longitudinal studies

® Only 1 (Taiwan study) of the 4 longitudinal
panel studies indicated increased markers of
biological changes in the exposed group
during a 6-month follow-up study.

® However, extended four-year follow-up study
has shown to be negative in Taiwan.

® - None of longitudinal study is positive
® (GEE analysis for repeated measurements)
®  GEE: Generalized Estimating Equation
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NanoSight
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