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AAS : Atomic Absorption Spectroscopy

AO : Adverse Outcome

BET : Brunauer-Emmett-Teller

BIAC : Business and Industry Advisory Committee
CASG : Capability Acquisition and Sustainment Group
CCM : Common Carbon Metric

CEPA : Canadian Environmental Protection Act
CLP : Classification, Labelling and Packaging
CMC : Chemistry, Manufacturing and Control
CMD : Count Median Diameter

CML : Count Median Length

CNF : Carbon Nanofiber

CNT : Carbon Nanotube

CPC : Condensation Particle Counter

CRM : Certified Reference Material

DB : Database

DLS : Dynamic Light Scattering

DMAS : Differential Mobility Analyzers

DSL : Domestic Substances List

DWCNT : Double-Walled Carbon Nanotubes

EC : Elemental Carbon

ECHA : European Chemicals Agency

EDX : Energy-Dispersive X-ray Spectroscopy
EEB : European Environmental Bureau

EHS : Environment, Health and Safety

EPA : Environmental Protection Agency
EPR/ESR : Electron Paramagnetic Response/ Electron Spin



Response

FBS : Fetal Bovine Serum

FDA : Food and Drug Administration

FFDCA : Federal Food, Drug, and Cosmetic Act

FFG : Austrian Research Promotion Agency (english version)

FIFRA : Federal Insecticide, Fungicide, and Rodenticide Act

FITC : Fluorescein isothiocyanate

FSANZ : Food Standard Australia New Zealand

GHS : Globally Harmonised System

GSD : Geometric Standard Deviation

GLP : Good Laboratory Practice

HTS : High Throughput Screening

[ARC : International Agency for Research on Cancer

ICA : Industrial Chemicals (notification assessment) Act

ICP-MS : Inductively Coupled Plasma-Mass Spectrometry

ICP-OES : Inductively Coupled Plasma-Optical Emission Spectroscopy

ICTA : International Center for Technology Assessment

IG/ID raman : Intensity of D-raman peak and G-raman peak

INERIS : Institut national de I'environnement industriel et des risques

IOS : International Organization for Standardization

IOS/DTR : International Organization for Standardization/Draft
Technical Report

IOS/TC : International Organization for Standardization/Technical
Committees

IOS/TIS : International Organization for Standardization/Treasury
Intelligence Solutions

IOS/TS : International Organization for Standardization/Technical
Specification

[UCLID : International Uniform Chemical Information Data



KC : Korea Certification

KE : Key Event

KISTEP : Korea Institute of S&T Evaluation and Planning

LARC : Long-Acting Reversible Contraception

LD50 : Lethal Dose 50

MIE : Molecular Initiating Event

MMAD : Mass Median Aerodynamic Diameter

MOU : Memorandum Of Understanding

MOUPI : Micro-Orifice Uniform-Deposit Impactor

MPPD model : Multiple-Path Particle Dosimetry model

MSC : Member State Committee

MSDS : Material Safety Date Sheet

MWCNT : Multi-Walled Carbon Nanotube

NBIT : Nano, Bio, Information Technology

NTA : Nanoparticle Tracking Analysis

MEPMs : Nanotechnology-Enabled Medical Products

NGO : Non-Governmental Organization

NICNAS : National Industrial Chemicals Notification and Assessment
Scheme

NIOSH : National Institute for Occupational Safety and Health

NMIA : National Measurement Institute, Australian Government

NMs : Nanomaterials

NNI : National Nanotechnology Initiative

NOAEL : No Observed Adverse Effect Level

NSNR : New Substances Notification Regulations

NTA : Nanoparticle Tracking Analysis

OPC : Optical Particle Counter

OSHA : Occupational Safety and Health Administration

PDCA : Plan-Do-Check-Act



PEI : Polyetherimide

PMN : Pre Manufactured Notices

QSAR : Quantitative Structure Activity Relationship

REACH : Registration, Evaluation, Authorisation & Restriction of
Chemicals

REL : Recommend Exposure Limit

RES : Respiratory

RfD : Reference Dose

RoOHS : Restriction of Hazardous Substances

ROS : Reactive Oxygen Species

SAXS : Small Angle X-ray Scattering

SBPL : Static Bending Persistence Length

SDoC : Supplier’s Declaration of Conformity

SEM : Scanning Electron Microscopy

SEM-EDX : Scanning Electron Microscopy - Energy-Dispersive

X-ray spectroscopy

SIEF : Substance Information Exchange Forum

SMPS : Scanning Mobility Particle sizer Spectrometer

SNAC : Scaphoid Nonunion Advanced Collapse

SMUR : Significant New Use Rules

SOP : Standard Operating Procedure

SWCNT : Single-Walled Carbon Nanotubes

TEM : Transmission Electron Microscopy

TEM-EDX : Transmission Electron Microscopy - Energy-Dispersive

X-ray spectroscopy

TEOM : Tapered Element Oscillating Microbalance

TG : Test Guideline

TGA : Thermogravimetric analysis

TSCA : Toxic Substances Control Act



TUAC : Trade Union Advisory Committee

UNEP : United Nations Environment Programme

USD : United States Dollar

WG : Working Group

WP : Work Package

WPMN : Working Party on Manufactured Nanomaterials
WPRPW : Working Party on Responsible Business Conduct
XRD : X-Ray Diffraction
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7H Mass median aerodynamic diameter

CNTe} CNFY MMAD$F GSDE &=54 ATgolA &EstA S45+=
oty MWCNT-7 =& dolA CMD+= 042 ym= GSD 1.699
MMAD 15 ymE Hi3bil Qth(Sargent LM, et al. 2014). o] 23}
¥ MWCNT(Helix Material Solutions)®] MMAD+ 1647209 nmzZA]
GSD+= 2 ol3t2 B ¥ A tHRymn-Rasmussen JP, et al. 2009a). 2-&
3 L] MWCNTE Wi o2 sk Ryman-Rasmussen 139 % U & A

= 714 + 3289 MMADZGSD 25 M 113} tHRymn-Rasmussen JP,
et al. 2009b). Graphistrength C100 MWCNT 90 HFE 5l Al o
A MMAD X GSD9] +9 #2 1.62 um, 4.67°]tH(Pothmann D, et al.
2015). Baytube MWCNT 90 HHE &= A1 g oA MMADS ¥ 9+
critical cascade impactorZ A3t S W 2747342 ymolal GSD+=
1.9872.1401A ). ¥HHo|  aerodynamic particle sizerZ =43I¥S
MMAD 1677219 ym, GSD 1.6771.76°] 2} tH(Pauluhn J, et al. 2010). th&
Ao A= MWCNT(Shenzhen Nanotech Port Co) olol2Z¢ MMAD
¢} GSDY ¥WY+E 0371 mg/m’Y 4% MMAD 0.771 ym, GSD 2, ¢
I 5 mg/m’e % MMAD 1.8 um, GSD 25 ©]21thH(Mitchell LA, et 1.
2010). YukA o7 aggregation/agglomeration®] U+ CNTE A4 CNT
o wlasiA o Z MMADE zte= Z43o] Stk dF ATolAE
MMAD$} GSD7} OECD Al Zhel=eflell oa] 1+8€ Hel el 9l
5 HAFAAT dE AFqrs dF HYE "Howton 53] GSD
3& CNTS CNFeo| 14 54 "ol @A45A &8 +% 3ot o]
3 79 MMAD 2 GSD H9E EAsHA] X8t =
ofof gty d=F gl A7] £x9] AN =F TEE AAS] A& A
F EdS& Fos ®2E A8 Micro-orifice  uniform-deposit
impactors(MOUDI) %3+ cascade impactorE ARES 4 ATHOECD

2017a, b). E3F impactorel ¢lalA A4 ¥ CNF2] MMAD+= ¥4 3%k 3
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) Count median diameter (CMD)

Thermodynamic equivalent diameter®] w3t FH7} CNT9 CNFY
MMAD® GSD Aret tEe] a7%th do=&st ¥ CNT, CNF9
CMD+= = DMASY OPSZ SA¥tHPauluhn J, et al. 2010,
Ma-Hock L, et al. 2009). CNT9] o] 2 7d(mobility diameter)< ]t
2 B7F7] WA arching £+ corona WHO=Z QlsjiA DMAS T+
SMPSE AHgetel S48 = gl& % AUthKu BK et al. 2007).

thH Count median length(CML)

A CNTY A$- oloj2F 3 ¥ CNTY CMLS &31A =43
CNT #oleo] =4 2 TEMI SEMO| 9lsiA FFHAHKIm ]S, et
al. 2012, 2014). o2 3} d CNT = CNFol| W3 JH = ooj2&
s} ® CNT H+= CNFY 72, A=, dolo Hlas ZAs=d &84
o ARl A% G BEste] 96l 88 F vk dE =9

<
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Table 1.2 Characteristic size and specific surface areas (surface area per mass) of carbon nanotubes

Material Particle size: Specific surface  Process Reported Manufacturer Reference
diameter (nm) area (mY/g) purity (%)
x length (um)
SWCNT 1-2%0.5-2 343 CVD  >900 Cheap Tubes Inc,, Brattleborough, VT, USA Bello et al. (2009a)
SWCNT 1-2%5-30 510 CVD  >99% Cheap Tubes Inc., Brattleborough, VT, USA Bello 009a)
SWCNT 0.8-1.2%0.1-1 508 HiPCO > 85-95 Carbon Nanotechnologies, Houston, TX, USA  Shvedova et al. (2008)
SWCNT 09-1.7x<1 731 NR NR Thomas Swan, Consett, United Kingdom Jacobsen et al. (2008)
SWCNT 1-4%0.5-2 1040 HiPCO > 85-95° Carbon Nanotechnologies, Houston, TX, USA Witasp et al. (2009)
SWCNT 12%0.32 1064 CVD NR National Institute of Advanced [ndustrial Morimoto et al. (2012a)
(bundle in air) Science and Technology, Japan
SWCNT 1335 1700 CVD  50¢ SES Research, Houston, TX, USA Hamilton et al. (2007)
MWCNT 110-170 % 5-9 12.8 CVD 900 Sigma Aldrich, St Louis, MO, USA etal. (2009)
MWCNT 49x39 26 CVD 99z Mitsui & Co., Ltd, Tokyo, Japan I tal. (2010), Mercer et
(Mitsui-7) al. (2011)
MWCNT 63 % L1 (inair) 69 CVD MR Nikkiso Co., Ltd, Tokyo, Japan
MWCNT 10-20 % 5-15 100 CVD  >9% Shenzhen Nanotech, Port, Shenzhen, China
MWCNT 11x11 130 CVD 75 SES Research, Houston, TX, USA
MWCNT 5-15%0.1-10 250-300 CVD >0 Nanocyl §.A., Sambreville, Belgium
(NC 7000)
MWCNT 10-15% 0.2-1 257 CVD > 95% 1% Bayer Material Science, Leverkusen, Germany
(Baytubes) cobalt
MWCNT 50%10 280 CVD  >09% Shenzhen Nanotech, Port, Shenzhen, China
MWCNT 20-40 % 0.5-3 300 GV 0 Nanolab, Inc., USA
MWCNT 20-40 % 5-30 380 CVD  >99 Nanaotech Port, Shenzhen, China
MWCNT 10-20 % 0.5-2 140.6 CVD >9% Cheap Tubes Inc,, Brattleborough, VT, USA
MWCNT 10-20 % 10-30 2049 CVD >95 Cheap Tubes Inc,, Brattleborough, VT, USA
MWCNT 30-50 % 0.5-2 217.3 CVD >98 Cheap Tubes Inc,, Brattleborough, VT, USA

» Purity reported in the producer’s product catalogue
b Carbon content, based on Ono-Ogasawara & Myojo (2013

CNT, carbon nanotubes; CVD, chemical vapour deposition; HiPCO, high-pressure carbon monoxide process; MWCNT, multiwalled carbon nanotubes; NR, not reported; SWCNT,
single-walled carbon nanotubes
Compiled by the Working Group
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Asbestos
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eature Carbon nanotubes \mphibole Chrysotile
Origin Manufactured Natural Natural
Slicate framwork Slicate framwork
_ including Mg*', including Mg,
Chemical 24/3¢ Nt 24/30 Nt
) Carbon Fe””" Na’, and Fe*"”", Na’, and
compostion o 9
Ca® as structural Ca“ as structural
or substitution unit | or substitution unit




Asbestos
Feature Carbon nanotubes Amphibole Chrysotile
Octahedrally
. ) coordinated cation Multilayered brucite
Single or multiple i . .
layers sandwiched intercalated with
Structure rolled graphene -
between rolled silicate
sheets .
teterahedral silicate | sheets
layers
Mixed, Mixed,

Nature of the

chemical bond

Fully covalent

covalent—polar and

ionic

covalent-polar and

ionic

Ring shapes other

than hexagon,

Framwork defects,

Framwork defects,

Structural sp’hybridized carbon, | absence or absence or
defects dangling bonds at substitution of substitution of
lattice defects, and metal ions metal ions
end caps
) ) Naturally in Naturally in
Agglomeration | High
bundles bundles
e High in neutral
Durability in . L . . .
High High in all media media, lower in
water . .
acidic media
Hydrophilicity/ | Highly hydrophobic
yerop ] .y . Sy Y ) b ) highly hydrophilic highly hydrophilic
hydrophobicity | if not functionalized

Bio-availalbe

metals

High variable
(cobalt, nickel, iron

- metallic or ionic)

Stoichiometric Fe*'
and Fe3'" ions in

crystal structure

Stoichiometric Fe**

10ns

Surface charge

Very low, negative

(physiological . ) ) High, negative High, positive
if not functionalized
pH)
) Generation of free Generation of free
Scavenging of free ] ]
) ) ] radicals and radicals and
Free radicals radicals and reactive

oxXygen species

reactive oxygen

species

reactive oxygen

species




Feature Carbon nanotubes Amphibole Lshosios Chrysotile
Enzymatic
degradation in
neutrohpils Selective leaching Selective leaching
Dissuolution/de | (SWCNT) and of iron ions only in | of iron ions only in
gradation degradation in the presence of the presence of
phagolysosomal fluid | strong chelators strong chelators
(carboxylated
SWCNT)
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Type of | End-points/ .
Property Eeffects Refernces | Characteristics
CNT models
Length, 1-5
o um; diameter:
Cellular viability,
] Greater 10-20 nm,
phagocytosis, o
) i ) otixicity Wan et 40-60 nm,
Diameter | MWCNT | apoptosis/guinea )
] of thick al. (2009) | and 60-100
-pig alveolar ]
CNT nm; purity:
macrophages )
different
nickel content
Cytotoxicity, Greater Length, ~5
MWCNT uptake/h%lman toxicity of | Nagai et um; diameter:
mesothelial cells; | 50-nm al. (2011) | 15 nm
inflammation, compared (tangled), 50




Type of | End-points/ o
Property Eeffects Refernces | Characteristics
CNT models
) nm, and
with
o _ 100-250 nmy;
cellular viablility, | thicker o
. .. purity:iron
carcinogenicity/r | and
: and copper
ats thin/tangle
q (amounts not
reported)
Cytotoxicity,
S Length, <
uptake, oxidative ]
Sum; diameter,
strss )
] ) _ Greater Eenoglio 94 and 70
induction/murine o _
MWCNT toxicity of | et al. nm; purity:
alveolar )
thin CNT | (2012) metal
macrophages; .
contanminants
lung
] , < 0.08%
inflammation/rats
Length, 0.5-2
um; diameter
.. of SWCNT
Cytotoxicity/hum
1-2 pmy;
an EAhy926, ] ]
Thin CNT diameter of
human A9, L
more Frohlich MWCNT, <8,
MWCNT | human HepG2, )
cytotoxi et al. 20-30, and
/SWCNT | mouse DMBM-2, .
than thick | (2013) >50 nm:
hAMSTER V79, .
CNT purity;
and human
SWCNT >
TK-6 cells
90% and
MWCNT >
95%
o CNTY 7+ 288 F9 Jiget o] = CNTY FA= w5
theksl  SWCNT(Jorio A, et al. 20119 A% 1-3 nm,
MWCNT(Hou P-X, et al. 2003)¢] 7% 10-200 nme] F+7A& RSl
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Fig. 8. Schematic of the effect of different MWCNTs on mesothelial cells. (4) The present study shows that asbestos and thin, dispersed MWCNTs with high
aystallinity (diameter~ 50 nm; .e.g., NT50a) penetrate mesothelial cells and further induce cell injury. However, aggregative MWCNTs (diameter ~ 2-20 nm;
e.g., NTtngl) and thick MWCNTs (diameter ~ 150 nm; e.g., NT145) do not penetrate mesothelial cells, and thus there is no cell injury, which may explain the
difference in the carcinogenicity between thin and thick MWCNTs. (8) Current schematic for mechanisms of mesotheliomagenesis focused on mesothelial
injury and macrophage activation. Interplay of these two factors may lead to persistent inflammation and subsequent mesotheliomagenesis.
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Figure 2. Acute inflammatory response to intra-
pleural injection of CNT. Total cell number (A),
total granulocytes (B), and total protein (C) were
measured in the lavage fluid of mice injected
with 5 pg of CNT and controls at 24 hours after
injection. Total granulocytes (D) were measured
in lavage fluid of mice treated with either NT,
or NTjgng, up to 168 days (24 weeks) after injec-
tion. *P < 0.05; *P < 0.01; **P < 0.001 versus
vehicle (Veh) control. Data represent mean *+
SEM (1 = 5 mice per treatment group). E: His-
tological examination of chest wall samples from
mice injected with NTy,pg; and NTgng, at 1 and
7 days after injection. Aggregates of inflamma-
tory cells are present in both NT gy and NTgp0,
samples at 1 day but only in NTj,,,, samples at
7 days. The arrowhead indicates long CNT ag-
gregates in X100 magnification of NT,,, 4, (7-day
sample). Scale bar = 20 wm. NPCB indicates
nanoparticle carbon black.
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Figure 9. Diagrammatic representation of length-dependent clearance from the pleural space. Az Short fibers and small CNT tangles that deposit in alveoli that
are situated subpleurally and migrate to the pleural space and exit in the flow of pleural fluid through the stomata, where they follow the lymphatic drainage to
the mediastinal LNs. B: Long fibers and long CNTs also reach the pleural space from subpleural alveoli but they cannot negotiate the stomata and are retained,
where they cause inflammation and potentially long-term disease.
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TABLE 1. Characterization of the CNT Materials

raw SWNTs* purified SWNTs US-tubes
source Carbon Nanotechnologies, Inc. prepared from the raw SWNTs by prepared from the raw SWNTs by
anon acidic treatment’® fluorination and pyrolysis’®
diameter ca.1.0nm ca.1.0nm . 1.0nm
length >1—2pm @.1=2pm ca.20—80 nm
Fe content (from ICP-OES analysis) . 25% . < 4% @. <15%
BET surface area (m%/g) (correlation coefficient)® ND 574 (0.999056)° 980 (0.998694)°
Langmuir surface area (m?/g) (correlation coefficient) ND 870 (0.998647)° 1478 (0.999072)°
carbon content (atomic %, n = 3)° ND 97.85 = 0.05¢ 91.7 = 0.7
oxygen content (atomic %, n = 3)° ND 2.85 £ 0.05¢ 83+ 0.7

ND = no data. *Data were collected using an Autosorb-3B instruments, Quantachrome Instruments, at 77 K with nitrogen gas as adsorbate. “Data from X-ray photoelec-
tron spectroscopy (XPS) analysis. The oxygen spectrum of P-SWNTs is a single peak which falls within the region for the hydroxyl group (binding energy, 531—533 eV). The
oxygen spectrum of US-tubes showed two peaks with one of them in the —OH (531—>533 eV) region whereas the second peak has its maximum intensity (2415 au) at
530.46 eV which is around 1.5 eV lower than that of the —OH peak. The second peak can be attributed to —COOH groups, further corroborating the increased oxygen atomic
9% observed for the US-tubes.
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Figure 7. Light micrographs after hematoxylin-eosin staining of spleen and liver sections from treated-mice at D150 post-
administration: (a) a representative granuloma sticking out from the liver surface of a SWNT-treated mouse; (b) a granuloma
tightly bonded to the spleen surface of an US-tube treated mouse; (c) a well circumscribed granuloma inside a liver lobe
from a SWNT-treated mouse; (d) a diffuse granuloma inside an hepatic lobe of an US-tube treated mouse. (magnification =
10x) (note the fiberlike structure of CNT aggregates).
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Micronucleus frequency in BEAS-2B and MCL-5 cells
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Figure 4. Cytochalasin block micronucleus (CBMN) assay results following exposure of cells in 2% serum containing culture medium to
400-800 nm, 1-3 um and 5-30 um single-walled carbon nanotube (SWCNT) for (A) 24 h in BEAS-2B cells, (B) 48 h in BEAS-2B cells, (C) 24 h
in MCL-5 cells (*p < 0.05; **p < 0.01) with corresponding mitomycin C (MMC) and crocidolite asbestos results. All results show that SWCNTs
induce significant increase in Mn frequency in both cell lines, which are comparable with that seen in crocidolite exposures.
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Figure 5. hprt mutation frequency induced in MCL-5 cells treated with 400-800 nm, 1-3 um and 5-30 (tm single-walled carbon nanotube (SWCNT)
for 48 h. MF: the number of 6-thioguanine-resistant clones per 10° clone-forming cells. One-way ANOVA and Dunnett’s post hoc tests at 95%
confidence level were used for the statistical analysis of results from the hprt forward mutation assay and the oxidative stress-based analyses.
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Fig. 3 Granuloma development at 21 days post-exposure to tMWCNTs or IMWCNTs. a Representative H&E photomicrographs of 21 day control,
tMWCNT or rMWCNT-exposed mouse airways showing granulomas (arrows) taken at 200X magnification (scale bars equal 500 um). Insets of
rMWCNT granulomas (Scale bars equal 100 pum) taken at 400X magnification. b Average number of granulomas per 3 lung sections per mouse.
¢ Average size of granulomas measured by quantitative morphometry as described in Methods. (***p < 0.001 between tMWCNTs and MWCNTs)
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[E 12] Fenoglio et al. (2008) and Muller et al.
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OiXl= ¥Y o7 29t

Table 4.4 Example of an experimental mechanistic approach to evaluate specific physico-
chemical determinants of biological activity for ground multiwalled carbon nanotubes

Multiwalled carbon nanotubes  Defects Metals Quenching In-vivo respiratory toxicity In-vitro
activity genotoxicity
Lung Cytokines
response
Yes Yes (in oxidized Positive Positive Pasitive Paositive
form)
Ground
Yes Yes (in reduced Positive Reduced Negative Positive
(less) form)
o]
600 °C vacuum
No No Negative Negative Negative Negative
Heated 2400°C
air
Yes No Positive Positive Negative Positive

Heated 2400 °C
ground

Created by the Working Group with data from Fenoglio et al. (2008) and Muller et al. (2008a)




Main Physico-chemical Characteristics of the Tested Materials

Crocidolite™  MWONT4Y  MWEONT-

Metal content (% ° nd

Al 1.97 037
Fe 0.49 <001
Co 048 <001
Specilic surface wrea (m¥/g) 8 299 190
Extent of defects (fpfla)” nd 1.16 0.58
Reactive sites/, molar nd 202 04

enthalpy of adsorption of

Hz0; (klfmmoly
Diameter (nm) 3020 113 £ 3.9% L3 £39
Length (pm) 25 2.0 About 0.7 About 0.7

[O& 26] Muller et al.(2009)0llA AL&TH CNTS E4

vehicle controls Bcroci dolite asbestos

MESOTHELIOMA

MWCNT+ (2 mg) MWCNT+ (20 mg) D MWECNT- (20 mg)
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Type of | End-points/ o
Property Eeffects Refernces | Characteristics
CNT models
surface
] Surface
functiona ) )
o functionali
lities: . Length, 1-5
ies
oxidation Cytotoxicity/hum o Bottini et | ym; diameter,
_ MWCNT (oxidized)
/function an T-cells . atl. (2006) | 20-40 nm;
o Increased .
alization/ 0 purity: >95%
e
carboxya o
. toxicity
tion
surface
functionali
o ] Length, 0.5-2
Cytotoxicity, ties( _
o o um; diameter,
oxidative oxidized) o
Vittorio et | > 35-40 nm
MWCNT | stress/human and
, . al. (2009) | and 2040
neutroblastoma impurities .
) nm; purity:
cells increased
97-99%
the
toxicity




Type of | End-points/ .
Property Eeffects Refernces | Characteristics
CNT models
Length,
surface 0.37-0.85 pmy
o functionali diameter, ~2
Embryotoxicity/ , ,
. ties . .| nm; purity:
mice, mouse o Pietroiusti .
. (oxidized) calcium,
SWCNT | embyonic stem ) et al. ]
increased chromium,
cells, NH3T3 (2011) .
the iron, and
cells
embryotox cobalt < 4%
icity (higher in
pristine)
Profibrogenic Carboxyla Length, 10-30
marker/BEAS-2 | tion of um; diameter,
B cells, human MWCNT 20-30 nmy;
Wan et )
MWCNT | monoyelocyte decreased purity: ~99%;
) al. (2011d) | .
leukaemia the nickel and
THP-1 cells; fibrogenici iron not
fibrosis.mice ty detected
No
Cytotoxicity/ma | cytotoxicity
] . Pantarotto
SWCNT/ | mmalian CHO with ol No
et al.
MWCNT | cells, human F-SWCNT: (2004) characterization
HelLa cells DNA

conmplexes




Type of | End-points/ .
Property Eeffects Refernces | Characteristics
CNT models
Length 05-2
um; diameter
Cytotoxicity/hum of SWCNT,
Carboxyla
an EAhy926, 1-2 umy;
ted CNT _
human A549, ) diameter of
more Frohlich
SWCNT/ | human HepG2, ) MWCNT, <
cytotix et al.
MWCNT | mouse DMBM-2, 8 20-30, and
than (2013)
hamster V79, o > 50 nm;
pristine .
and human purity:SWCN
CNT
TK-6 cells T > 90% and
MWCNT >
95%
Cell
growth
Osteoblast Length from
] ) depended
proliferation/oste Zanello et | nm to pmy
SWCNT on the ,
osarcoma rat al. (2006) | diameter, 1.5
type of
ROS 17/2.8 cells o nm
functionali
zation
Carboxylat
S ion after
Cell viability,
) surface
MWCNT | inflammsome o
o oxidation )
, raw activation/freshly Hamilton ) )
] reduced Dimensions
and isolated alveolar i et al.
cytotoxicty not reported
metal macrophages i (2013b)
an
purifed from C57BL/6 .
) inflammas
mice
ome
activation




Type of | End-points/ .
Property Eeffects Refernces | Characteristics
CNT models
Carboxyla
tion after
surface
. oxidation
Inflammation,
. o decreased
fibrosis in vivo, ) . . .
) inflammati | Sager et Dimensions
MWCNT | inflammasome
o on, al. (2014) | not reported
activation/ L
) fibrosis,
C57BL/6 mice
and
inflammas
ome
activation

Fubini et al. (2011)2 ashestos®l]

Algke]l CNT9

quench radicals, hydrophobicity)®] =fo]&o] 242+

dA 5= o Avkal AQrsATE 14).

[E 14] Free radical 4’8 ZDHOjlA CNTRL 4Bai8 9 E%
Hlul(Fubini et al. 2011)

Chemical property

Bioavailable metals

Hydrophilicity
hydrophobicity

Surface charge
(physiological pH)

Free radicals
Dissolution/degradation

Carbon nanotubes

Highly variable (Co, Ni, Fe — metallic or ionic)
Highly hydrophobic if not functionalized
Very low, negative if not functionalized

Free radicals and ROS scavenging

Enzymatic degradation in neutrophils (SWCNT)
and degradation in phagolysosomal fluid

(carboxylated SWCNT)

ROS: Reactive oxygen species; SWCNT: Single-walled carbon nanotube.

Asbestos

Amphiboles

Chrysotile

Stoichiometric Fe?* and Fe**
jons in crystal structure

Highly hydrophilic
High, negative High, positive
Free radicals and ROS generation

Selective leaching of iron ions only in presence of
strong chelators

Substitutional Fe* ions



- SWONTSF MWCNT= A3l 545 Sz &88h7] wedd =
o] & CNTell &Fslo] dat, wel o3k sH/do] Y = 9l

- CNT== vl 4 g7 Aste A 218719 A&0] 7hsat7] wjitol
el EAdo] wig- A WE & A e whg gk wskE
Aol wi¢ =Tk
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Fig. 2. Dose- and time-dependent reduction in human T-cell viability
by CNTs. The graph shows the viability of Jurkat T-cells incubated
with 1ng/cell (closed symbols) or 10ng/cell (open symbols) of CB
(circles), pristine CNTs (triangles) or oxidized CNTs (squares) for the
indicated periods of time. The values were calculated as percent of
control (untreated cells) and represent the mean £ S.D. for six inde-
pendent determinations. Statistical significance was calculated using
ANOVA and is indicated with (") for p<0.05 and (") for p<0.001.

[= 29] Bottini et al. 2006014 HAIZH CNT 8|7}
=40l DX= ¥Y 27



o CNT9 oxygenated functionalities”}

S/t o g Bt R E ST

- Bottini et al. (2006)= CNTe] %Wl oxygenated functionalities®E -
oJgt Ao MEZA (Jukat T cel)o] =713ttt ®a1slS]
(Bottini M, et al. 2006)(Z1% 29).

- Vittorio et al. (2009)+= pristine MWCNT<$} acid-treated MWCNTE
human neuroblastoma celld] A @l&le] HESAS HW3IS o
acid-treated MWCNT7} o]0+ ME=Ae 577 #E AT

H 18k ok (Vittorio O, et al. 2009).

- Pietroiusti et al. (2011)& pristine?} oxidized SWCNTE w}-$-~¢] a2t
A=A (embryotoxicity)dl PX&= FdS Asidon, As Ayl
oxidized SWCNTE] =A4o] 1 =t s Hist3 t(Pietroiusti A,
et al. 2011)(2E 30).

In vitro
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implantation

in: Antonio Pietroiusti; Micol Massimiani: lvana Fenoglio; Massimiliano Colonna; Federica Valentini; Giuseppe Palleschi;
Antonelia Camaioni; Andrea Magrini; Gregorio Siracusa; Antonio Bergamaschi; Alessandro Sgambato; Luisa Campagnolo; ACS
Nano 2011, 5, 4624-4633.

[O& 30] Pietroiusti et al. 20110lIA{ KIA|Et CNT =8 7|0]
[== embryotoxicity Hjul 9132



Cheng et al. (2008)2 purified PEGylated SWCNTE Hela A3l 5
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¢ Generation of HOe using
ESR spin trapping technique;
SWCNT measurement of GSH,
Human ; 024 mg/mL (ESR antioxidant levels and LPO Shvedo
HaCaT  assay), and 0.06, 0.12, and products (TBARS) va et
keratino 024 pg/mL (oxidation * GSH and antioxidant levels al.
cytes assay) decreased  versus  control (2003)
72,4, 6,8 and 18 h cells, and the accumulation of
LPO products significantly
increased
¢ Induction of ROS by SWCNT
compared with control cells
Human _ ) ) )
B ] SWCNT (dispersion medium) using Sarkar
;6,8 and 10 pg/mL DCF et al
foreskin
" ;3 h * Antioxidants (NAC and GSH) (2007)
cells
reduced ROS production by
SWCNT (6 pg/mL)
il |
¢ Molecular effects investigated
THP-1 ] ] ]
_ using Affymetrix microarrays
A3 SWCNT , Chou et
e Expression of SOD2
(Human ; 0.05 pg/mL , a |1
increased, but levels of
macroph ; 24 h (2008)
) catalase, GPx1, GR, GS, and
age-like o
NOX not modified
cell)




Human
hepatom SWCNT
a ; 1 pg/mL
HepG?2 ;48 h
cells
Human ) )
Carboxylic acid
colon
- functionalized SWCNT
adenocar
) (F-SWCNT)
cinoma
; 0, 5, 10, 50, 100, 500,
Caco-2
and 1000 pg/mL ; 48 h
cells

Protein  expression  profile
using the i TRAQ-coupled 2D
LC-MS/MS approach; protein
ratios determined for treated
and untreated control HepG2
cells

Differential expression of 37
proteins observed in treated
cells, among which SOD2

was downregulated
Determination of ROS, LPO,

and GSH levels, and SOD,
GPx, GR, and -catalase
activities

Generation of ROS increased
from 100 pg/mL and that of
LPO from 50 pg/mL; catalase
activity increased up to 500 u
g/mL, but significantly
decreased at 1000 pg/m; SOD
also enhanced (maximum up
to 100 pg/mL); GPx activity
enhanced at the highest
concentrations and GR at
1000 pg/mL; level of GSH
depleted (significant at 1000 p
g/mL)

Yuan et
a |
(2011)

Pichard
o et al
(2012)




Human
bronchia
1
epithelial
BEAS-2
B

cells

Three samples of
SWCNT (diameter, 1-2
nm; lengths, 400 - 800
nm, 1-3 um, or 5-30 1
m)

; 1 and 100 pg/mL

; 24 or 48 h

Investigation of intracellular
production of ROS and gene
expression profiling using a
pathway —specific RT-PCR
array of &4 oxidative stress
and  antioxidant  defence
pathway genes ROS detected
in cells treated with the two
shortest SWCNT  samples;
with the 1-3-pm sample,
several genes strongly
upregulated, including
EPHX?2; expression level of
few genes modified by the
other SWCNT samples, but
400 - 800-nm SWCNT
produced a low level of
upregulation of CCS, MTS3,
and NOS2

All samples induced
downregulation of  GPx4,
GPx7, and the peroxidase
cytoglobin, and upregulation
of NCF1

Manshi

an
al.
(2013)

et




Human
colon
carcino
ma
HT29
cell

line

Rat
lung
epithelial

cells

Rat
PC12
cells
(adrenal
gland
pheochr
omocyto

ma)

SWCNT

; nine  concentrations |
from 001 ng to 02 n
g/mL

; 3 or 24h

SWCNT

; 25, 5, and 10 pg/mL

;up to 72 h

SWCNT .
; 5-600 pg/mL

; 24 and 48 h

Determination of total GSH
levels

The range of 0.0001 -0.01 n
g/mL
total

increased intracellular

GSH
comparison with control cells
(significant at 0.001 and 0.01

levels in

pug/mL) at 24 h
Determination of ROS (using
the DCF assay), GSH,

SOD-1, and SOD-2 levels
ROS
enhanced in a dose-dependent
GSH

cells

production was
levels
decreased in treated
with 10 pg/mL for 6 h;
SOD-1 and SOD-2 protein
decreased  after
24 h in

comparison with control cells
Induction of mitochondrial

membrane damage and the

manner;

expression

treatment  for

formation of increased levels
of ROS and MDA

Decreased levels of GSH and
decreased activities of SOD,
GPx,

observed at

and catalase Wwere
cytotoxic
concentrations in a
concentration— dependent

manner

Pelka
et al.
(2013)

Sharma
et al.
(2007)

Wang
et al.
(2011b)




Z21-100

Rat
PC12

cells
(adrenal

pheochr
omocyto

ma)

RAW
264.7
macroph

ages

SWCNT
; 50 pg/mL
; 24 and 48 h

Unpurified (iron, 26.0 wt
%) or purified (iron, 0.23
wt %) SWCNT; 0.12-05
mg/mL  without or with
zymosan (0.25 pg/mlL)
;1-2h

Determination of SOD,
catalase, and GPx activities
and of GSH content

ROS generation enhanced in
comparison with control cells,
but MDA levels not modified;
activities of SOD, catalase,

and GPx were decreased
Determination of specific free

radical intermediates by EPR
spectroscopy

Neither purified nor
unpurified SWCNT generated
intracellular ROS

In the presence of zymosan,
production of HOe more
effective with unpurified than
with purified SWCNT; LPO
enhanced and GSH content
decreased; both levels
decreased by the addition of
SWCNT in comparison with
macrophages stimulated with

zymosan only

Wang
et al
(2012b)

Kagan
et al
(2006)




M A

T

2-101

e A significant dose-dependent

decrease in GSH observed

after incubation of cells with

Murine ~ SWCNT partially purified SWCNT for Murray
epiderm ; 0.06, 012, and 024 24 h;, exposure to unpurified ol
al JB6 mg/mL (iron, 30 wt%) SWCNT 2009)
P+ cells ;24 h induced a greater reduction in

GSH than exposure to
partially purified (iron, 0.23

wt%) SWCNT
¢  Measurement of intracellular

ROS, GSH and MDA levels,
and SOD activity

e ROS production enhanced
SWCNT (or carbon black,

Primary o ) with all particles, in a
silicon dioxide, and zinc
mouse ide) dose-dependent manner up to Yang et
oxide
embryo 50 pg/mL; dose-dependent a 1
] ; b, 10, 20, 50, and 100 n o
fibroblas i decrease in intracellular GSH (2009)
ts & level and SOD  activity
;24 h

observed in comparison with
control cells; with SWCNT,
LPO was significantly
enhanced only at 100 pg/mL




M A

T

2-102

Human
epiderm
al

keratino

cytes

Human
embryon
ic
kidney
HEK
293 cell

line

MWCNT
; 0.4 mg/mL
; 24 and 48h

MWCNT  produced by
electric arc process using
graphite as a
(MWCNT1) and chemical

vapour deposition using

source

methane as hydrocarbon
(MWCNT?2)

; 10 -100 pg/mL

; for 48 h

Protein expression analysed

by two—dimensional gel
electrophoresis and  mass
spectrometry

Significant differential

expression of 152 proteins,
among which the expression
of SOD2 was decreased by
14- and 19-fold at 24 and

48  h, respectively, n

comparison with untreated
cells

Measurement of cellular
levels of reduced GSH and

MDA content
The level of MDA increased
and that of intracellular GSH

decreased

Witzma
m &
Monteir
o-Rivie
re

(2006)

Reddy
et al.
(2010b)




Z212-103

Three types of MWCNT:
B og - NTL: long (30 ym) straight
(diarreter, 2-100 nm)
THP-1 _
A - NI2 aggregated relatively
h straight MWONT  (diameter,
(Human
150 nm)
macroph
. — NI3' aggregated entangled
age-like o ]
n structure (individual diameter,
ce
approximately 20 nm)
; 625 pg/mL; 4 h
Human
umbilica MWCNT
1 vein ; 0,5, and 20 ug/mL
endotheli ; 2 h
al cells

Determination of GS7pr and
HO-1 expression (RT-PCR),
HO-1 protein  expression
(ELISA), and GST activity

GSTpi expression not
modified after any treatment;
HO-1 expression enhanced
by NTI1 (significant) and
NT2 (not significant), and
reduced by NT3, 260-nm
carbon black and LFA; HO-1
protein and GST activity (no

significant difference)
Measurement of LPO and

antioxidant ~ levels: MDA,
SOD and GPx; the
antioxidant NAC was used to
explore the involvement of
ROS in cell injury

ROS levels significantly
increased by 20 pg/mL
MWCNT; SOD and GPx
activities enhanced at the
lowest doses, but reduced at
20 pg/ml; pretreatment with
NAC reduced ROS in
comparison with exposure to
MWCNT only

Brown
et al.
(2010)

Guo et
a |
(2011)




M A

T

F-104

Human
embryon
ic
kidney
HEK
293 cell

line

Human
lung
adenocar
cinoma
epithelial
A9

cells

Four different MWCNT
(size: 100 -800, 200 - 500,
150 - 750, and 230 - 1700
nm, respectively)

; 3, 10, 30, 100, and 300
ug/mL

; 48 h

MWCNT

; 05, 1, 5, 10, 50, and 100
ug/mL

; 6-72 h

Measurement ~ of  cellular
levels of GSH (colorimetric
assay) and LPO (MDA
content)

Cytotoxicity and oxidative
stress induced in a
concentrationdependent
manner;  increased MDA
content and decreased
intracellular ~ GSH  levels
observed with 30 and 100 p

g/mL
Measurement of cellular

levels of GSH, LPO, and
catalase activity

Significant ROS production at
10 and 50 ug/mL;
enhancement of LPO
significant at all MWCNT
concentrations  (for 24 h);
significant decreases in
intracellular GSH level and
catalase activity at 50 pg/mL

Rama
Narsim
ha
Reddy
et al.
(2011)

Srivasta

va et

(2011)




Z212-105

¢ Determination of intracellular
Two types of MWCNT )
ROS level (using the DCF
(NM 400, Nanocyl; )
) assay) and GSH (using OPT)
Human  diameter, 30 nm; length, ) )
e Generation of ROS with both Kerman
hepatobl 5 um; and NM 402, ]
) MWCNT and a decrease in izadeh
astoma Arkema  Graphistrength
] total GSH and GSH cell et al
C3A C100; diameter, 30 nm;
, content at 24 h; pretreatment (2012)
cell line  length, 20 um) _ o
with an antioxidant (Trolox)
; 0.5-256 pg/mL ]
prevented MWCNT-induced
;2-24 h )
ROS production
¢ Determination of intracellular
ROS level and oxidative
stress (using DCF oxidation),
and reduced GSH
Telomer o
e Increased DCF  oxidation
ase-
) induced by MWCNT stirred
immortal ] ] ) )
) or sonicated in water; in Vankoni
ized MWCNT )
contrast, no effects seen with ngsloo
human 5 100 pg/mL ‘ ‘
i ) MWCNT sonicated in et al
keratino ; 30 min-24 h _ )
dispersive agents (HPC, (2012)
cytes )
Fagron or Pluronic FI108);
(N-hTE - o
RT) addition of the antioxidant
Trolox prevented DCF
oxidation; significant
reduction in GSH level
compared with controls




Z212-106

¢ Determination of cytotoxicity,
MDA  levels and SOD
MWCNT1 (diameter, 10 - activity
20 nm; average ¢ MWCNT1 more cytotoxic
Rat length, 2 um) and than MWCNT?2;, increased Hon et
glioma MWCNT?2 (diameter, levels of oxidative stress 2
C6 cell 40-100 nm;  average observed; both CNT induced (2012)
line length, 10 pm) a significant increase in
; 25 -400 pg/mL MDA level (at 100 pg/mL)
;24 h compared with that in
controls and lowered the
activity of SOD
CCS, copper chaperone for  superoxide  dismutase;  DCEF,

2, 7—dichlorofluorescein; ELISA, enzyme-linked immunosorbent assay;
EPHX?2, epoxide hydrolase 2; ESR, electronic spin resonance; GPx,
glutathione peroxidase; GR, glutathione reductase; GS, glutathione
synthetase; GSH, reduced glutathione; GST, glutathione S-transferase;
HO-1, HPC,
iITRAQ-coupled 2D LC-MS/MS, iTRAQ-coupled two-dimensional
liquid chromatography tandem mass spectrometry, LFA, long fibre
amosite asbestos, LPO, MDA, malondialdehyde;
MT3, metallothionein 3; MWCNT, multiwalled carbon nanotubes; NAC,
NOS2, NOX,

oxidase; substrate

haeme—-oxygenase-1, hydroxypropylcellulose;

lipid  peroxidation;

N-acetylcysteine; nitric  oxide  synthase 2
NADPH-dependent OPT,
o-phthalaldehyde; ROS, reactive oxygen species; RT-PCR, real-time
SOD, SWCNT,

single-walled carbon nanotubes; TBARS, thiobarbituric acid-reactive

fluorescent

polymerase chain reaction; superoxide dismutase;

substance



e CNT9 ROS XA T3 T+ antioxidant depletion® ##H¥ +HE
o] Y HIUEAOM in vivo 7|HHe] Al Ayle] g oke JARC
Monograph 111 gg]¥ o} xo} ZtHE 16).

[E 16] CNT2] ROS 8 T t£= antioxidant depletionit

=
HEE 20

¢ Measurement of lipid
peroxidation products
Mouse, and GSH levels in lung
C57BL/6 Pharyngeal homogenates
fed aspiration e SWCNT produced Shvedo
vitamin SWCNT antioxidant depletion; va et
. : 28 days . . o
E-sufficient ; single dose higher increase in lipid al.
or vitamin  of 40 peroxidation products (2007)
E-deficient  pg/mouse and greater decrease in
diets (F) GSH levels found in
mice fed vitamin
E-deficient diets




Z212+-108

Mouse,
C57BL/6
(F)

Mouse,
SKH-1

immune

competent

hairless
(NR)

Inhalation (in
inhalation
chambers)
SWCNT

; 5 mg/m3

; 5 h/day, 4
days

1, 7 or 28
days

Dermal
application of
SWCNT

; 40, 80, or
160
ig/mouse

; once/day, 5
days

Level of oxidative

damage (lipid
peroxidation measured
as MDA and GSH
levels) measured in lung
homogenates

Significant accumulation
of lipid peroxidation
products compared with
controls 7 and 28 days
after exposure; GSH
levels significantly
depleted; total
antioxidant capacity
reduced 1 and 7 days
after treatment, but
returned to the control
level by 28 days after

exposure

Measurement of GSH
levels in skin
homogenates

Reduction of GSH levels
in mice treated with the
highest dose; no change

with the other doses

Shvedo

va et

(2008)

Murray
et al.
(2009)




M A

T

2r-109

Mouse,
BALB/c
(M)

Inhalation
(nose-only
exposure)

SWCNT None
; b ug/g bw

; 20 min/day,

7 days

Measurement of

intracellular ~ levels  of
MDA and ROS, and
activities of SOD,
catalase, and GPx in the
lung; caspase-3 and -8
activities for apoptosis
in lung homogenates;
and MPO activity in
BALF

ROS and MDA levels
significantly higher in
the lungs of
SWCNTexposed mice
versus controls; reduced
activities of SOD,
catalase, and GPx;
apoptosis induction;
MPO activity higher in
the BALF from
SWCNT-exposed  than

control animals

Ravicha
ndran
et al.
(2011)




M A

T

2r-110

Rat, Wistar
albino (M)

Intratracheal
instillation
Two
MWCNT
samples

; single dose
of 0.2, 1, or
5 mg/kg bw
0 r
quartz—crysta
lline  silica
particles
(positive

control)

1, 7, 30,
and 90
days

Antioxidant capacity

determined in  blood
samples: measurement of
GSH, lipid peroxidation
product (MDA), and
SOD and catalase
activities

Total antioxidant
capacity assessed by the
ability to scavenge the
free radical, a,a

-diphenyl-B-picryl

hydrazyl
With both MWCNT and
quartz: significant

dose-dependent depletion
of GSH levels and
decrease in SOD
activity; transient
dose-dependent decrease
in  catalase  activity;
dose-dependent increase
in amount of MDA 1
day after instillation,
that  decreased later;
decreased total

antioxidant capacity

Reddy
et al.
(2011)




M A

T

2111

Rat, Wistar
M)

Intraperitone
al  injection
MWCNT
functionalized
w 1 t h
single—strand
DNA

; single dose
of 270 mg/L

Levels of GSH measured
in the plasma and liver
after 1, 3, 6, 24, 48, or
144 h

Significant decrease in
the levels of GSH in

plasma at all time points

after exposure, and in
the liver after 3 and 24
h, but not at 48 or 144
h; GSH level returned to
normal within 6 days;
decreased activity  of
MnSOD (SOD2) in the
liver at 1, 24, and 48 h,
but not at 144 h

Clichici
et al.
(2012)




M A

T

2-112

Mouse,
BALB/c
(M)

Mouse,
pregnant
heterozygou
s ph3
(po3+/—)

Inhalation
(nose-only
exposure)

MWCNT None
;5 ug/g bw

; 20 min/day,

7 days

Intravenous
injection
MWCNT

> 2 mg/kg
bw on
gestational
days 10.5,
12.5, and
155

Measurement of

intracellular ~ levels  of
MDA and ROS, and
activities of SOD,
catalase and GPx in the
lung; caspase-3 and -8
activities for apoptosis
in lung homogenates;
and MPO activity in
BALF

ROS and MDA levels
significantly higher in
MWCNT
exposed mice; reduced
activities of SOD,
catalase, and GPx;
apoptosis
MPO activity higher in
the BALF from
MWCNT-exposed mice

lungs of

induction;

Investigation of MEF
Treatment of dams with
MWCNT and an
antioxidant,
N-acetylcysteine,
abolished MWCNT-only
induced DNA breakage
observed in MEF

Ravicha
ndran
et al
(2011)

Huang
et al.
(2014)

BALF, bronchoalveolar lavage fluid;, bw, body weight; GPx, glutathione
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peroxidase; GSH, glutathione; MDA, malondialdehyde; MEF, mouse
embryo fibroblasts; MnSOD, manganese superoxide dismutase; MPO,
myeloperoxidase; MWCNT, multiwalled carbon nanotubes; NR, not
reported; ROS, reactive oxygen species; SOD, superoxide dismutase;
SWCNT, singlewalled carbon nanotubes

H}) Crystalline structure

& O =) =1 O 2~ =
o EA YnEFY AAFHE S dF gTre = 42 9lon F9
ya

A g xR E A Zeth gk ceystalline silicadt #29]
Aol dAF =4 XM= T8 dd F =T, o] 4
o AAYPe] ROS S ZAAs = F2 AApo]7] wiolA
crystalline structure AHA|7F oJw st J&FS Frhal H7)= o€t

* Carbon black¥} Witiolol2=, Tejdl o] S5 M2 Ha s o,

o =
S = 2t} o] 799 Carbon blacks amorphous
carbono| A%+ vietiolol =9l 12k 2 graphite TEE M= &
Aoty wefa] BAUx=Edo|A graphite TFEE 7FA AL =7
of i EAY A BN fle Aow AAdn.

o

T

[e) =] 2~
1) D;é]i == T

A Composition, purity, and impurity

e CNT9 CNFY 7%+ grapheneo] FHHEE Hojgl: FEZ 0l
545 7HA A 9o 'AERE o] Folx] Q17| o diF-te AlE
ANA 95% o]de] purityE 7HE ASE AT F oy HAARE

s s

5079.9%7HA] wi-¢- theFgt BErt BaEar 9lom AolE
WAL Ak Fo AASE FA4S AX=A 6 23

b

Mo o
i
oy
=
o

A, CNTU CNFE @43t agold e seede AHgsta
A4 BBl CNTH CNFol 2%Ho] Q= Jejz £4187]
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ol impurityoll #st 27} A7]E L QL
o AAZ w§ gdst 55 HEE0] CNTolA HE=Ha glom 1 %
o| A soluble fraction(& w4  Yx&Edo] AAE FSHdA 4
8

B4 SRl NE MR felud AR Fhe] P2 9

e o
= Zlo] B vkl 32).
Unpurified carbon nanotube sample
Nanotubes Residual material
Single-walled Multiwalled Metals Organics Support
1-3 nm diameter 10-100 nm Typically Co, Fe, Amorphous Typically fine
Often form diameter Ni, Mo carbon alumina,
bundles Nanoparticulate Microstructured magnesium
. carbon- carbon (carbon oxide or silica
%/4/ encapsulated blacks, onions,
. ) ) oxides fibres, etc.)
Widely varying lengths, typically
tens of microns
From Donaldson et al. (2006) by permission of Oxford University Press

[O3 32] CNTY A F81 impurity

o FElemental Composition: Pure CNT®] 7-% hexagonal graphene
sheetsZ 7AE FH B2 yYx&Edo]7] wifd w4 g v

« CNT¢ 34 FHAHolM Fvj wo] Hh=A] Hashy] wio] CNT
= AAlE o gEe] IAREel ok o R A=
SWCNT, MWCNT, CNFellA 25 EAatH Two] W2 sddsE
FF w5 T2 =5 AoR dddn

o I3 SWCONT+= dwrd o=z MWCNTe| vlste] =2 w29 g =
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% FEE HoltHKitiyanan B, et al. 2000).

Ay E2L F457(4d, iron, molybdenum)$®} support substance( <],
alumina, silica), Z12]al F7]=2 (o], Carbon black, carbon fibres)=
T3 = 9)thDonaldson K, et al. 2006). &F #7184 & £7] &
A3} thefet FFo 7M. Ed(bulk carbon)Z T8 4 QUTh
Impurityell gk 2ol webr  OECDoM+= CNTelA  metal
impurity 74 S AASFATHENV/JM/MONO(2016)62). CNT 2}

Aol A impurity SHS 13 A2 oty 1€ 3 Zo(1d 33)

thekst £33 2AMS BellA BHae CNTE metal impurityd +2
= o EoF 2 dAF o AL glE CNTO gigh 4
& %9 ko 3 JARE &

5o
ol
2

o
k>

OVERVIEW OF CNT TRACER STRATEGY

SELECT CNT SAMPLE WORKPLACE IDENTIFY PRESENCE OF
TRACER CNT TRACER IN SAMPLE
r )
Air
ICP-MS elemental samples -
scan of CNT ICP-MS
parent material analysis of
Surface collected
& | > | wipes particle
Knowledge of sample
background Passive
Elemental levels accumulation —_—r
-— N d

Rasmussenetal. 2015

[Z1¥ 33] CNT9 impurity S4S 93 A= (EH:
ENV/IM/MONO(2016)62)
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[E 17] Impurity 2112 US1E

Z1HENV/JM/MONO(2016)62) (1)

REFERENCE PURPOSE TYPE OF ANALYTICAL COMMENTS CNT
SAMPLE METHOD FOR IMPURITY
METALS
Maynard et al. Exposure Personal air Nitric/perchloric | Fe and Ni used to Fe and Ni
monitoring at 4 samples using acid extraction estimate personal catalysts used
2004 CNT 25 mm mce followed by ICP- air CNT
manufacturing filters; cotton AES (NIOSH concentrations as CNT index;
facilities glove samples 7300) Fe/Ni ratios
Baron et al. Characterization MOUDI ICP-AES CNT proxy Fe catalyst used
2008 of CNT inhalation cascade (NIOSH 7300) provided size as CNT proxy
exposure for impactor for distribution
mouse collecting
experiments CNTs on MCE information
filters soaked required
with oleic acid
to estimate mass
dosage
Nitric/perchloric No correlation Fe catalyst did
not uniquely

Birch et al. 2011

Area and personal
air monitoring in

Air sampled on

quartz fibre

acid extraction
followed by ICP-

between Fe and

identify CNF's

agitation

different areas of and
CNF AES (NIOSH EC concentrations
manufacturing mixed 7300). due to non-CNF
facility cellulose ester sources of Fe in
the plant
R’mili et al. Characterization CNT particles Laser-induced Currently C, Al and Fe in
2011 of particle releases | collected on breakdown qualitative; released CNTs
during transfer of grids spectroscopy method under
CNTs (LIBS) in development;
combination with | Goal is to develop
SEM-EDX and quantitative real-
TEM time elemental
characterization
method.
Rasmussen et al. | Characterization Wet Ultrasonic nitric Useful for Niand Y
2013 of aerosolized electrostatic acid digestion monitoring catalysts used
CNTs generated precipitation followed by ICP- | transient changes as CNT
by mechanical MS in airborne CNT indicator;
impurities Ni/Fe, Y/Al
ratios
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[E 18] Impurity 2112} H3E =8 XAl
Z1UHENV/JM/MONO (2016)62) (2)
REFERENCE PURPOSE TYPE OF ANALYTICAL COMMENTS CNT
SAMPLE METHOD FOR IMPURITY
METALS
Reed et al. 2013 Detect CNTs CNT/chitosan | Dispersant added Currently Co and Y used
released to composite prior to detection | qualitative/semi- | as indicators of
solution from allowed to sit using single quantitative due to CNTs in
CNT/polymer for 7 days in particle- instrumental solution at low
nanocomposites DI water inductively limitations; ng/L
coupled plasma- method under concentrations
mass development
spectrometry (sp-
ICPMS)
Neubauer et al Detection of Air sampled on | Development of Ni content must Ni catalyst in
2013 laboratory 25-mm quartz | next-generation in be known CNTs
generated fibre filters situ selective precisely; future
detection using IR | development of
CNT sensor method for other
metals.
Olson et al. Characterization | 47 mm Teflon Water-soluble CNTs have higher Y and other
2014 of aerosolized substrates from metals estimated Y impurities (Ti,
CNTs in the PM2.5 contribution Fe, Cu,
controlled cyclone quantified by
environmental sample than Denver CO Zn, As, Cd, Pb
chamber ICP-MS ambient air. and Ag)
Schriez et al. To fingerprint Sediment cores | Acid digestion of Estimated CNT Co and Mo
2014 CNT in sediment were sliced sediment; extracts content using (CoMoCat)
cores after a and dried analyzed by ICP- [ metal impurities catalyst in
simulated spill MS agreed with near- | CNTs; Co/Mo
into a wetland infrared ratios
mesocosm. fluorescence
spectroscopy
Rasmussen et al. | Area monitoring Surface wipe Microwave/hot Correlation Co catalyst and
2015 of CNT releases in | samples, air block or between metal Ni trace

CNT samples using | ultrasonic assisted impurities and impurities in
manufacturing quartz filters, acid digestion CNTs in floor CNTs; stable
plant and and passive followed by ICP- | wipes; distinct Pb Pb isotopes;
downstream users | accumulation MS isotope signatures Co/Fe ratios
laboratory samples in CNTs in lab
environment.
Boonruksa et al. Testing for Emissions of < Metals Indirect Mo, Al and Fe,
(2015) released CNTs 250 um CNT - | determined using confirmation of plus signature
during injection | pp captured on | Sector Field ICP- trace impurities
molding/ Teflon filter MS conclusion (from | W, Sb, Sn, Mn
recycling of CNT | using Nano-ID TEM and SEM) and Co
polypropylene sampler that no free CNTs

composite

were released
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*  OECD HIA(ENV/JM/MONO(2016)62)°]
Az AELF dustol ] B2 4R BE
Mo 59 t}eksl F<o] thoksl mA o A

AlgH CNT #gdoA 4
ARst A3 Al Fe, Co, Ni,
2 AEHAH" 34).

\11 mlm__
m l-N_

108

@ Reactor

105 Catalyst Prep
> " Background
Field Blank

104

10%

102

10°

. i iI i]:
101

Error bars show standard deviation about the mean of five wipe samples and three field blanks. From Rasmussen et al. (2015).
[O3 34] CNT ZETOIA MEPE dustolA| HEE 5 TR
=25 Y22 EXT(EXN: ENV/JM/MONO(2016)62)

l

Metal load, ngicm?

l

o . oAFAoA] vk MWCNTO st ZEA gl A soluble
metal?] FEE [CP-MSZ A3 Sufol
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Metal concentration (ppb)

Meterials Al

CNT 1 2.3
CNr2 9.1

ONTS 14
ONT4 147
Mitsui-7 44
Amosite 24

Crocidolite 4.1

A B Ba
58 145 01
19 156 01
130 18 02
15 139 02
33 193 03
48 76 09
48 12 05

Co Cr
55180
6.1 0.1
25 0
53 0

Cu Fe Ga L
0.1 04 01 0
04 16 01 02
Wk s ]
0.1 07 0.1 01
02 1.7 0 03
03 17 0 0
04 7.7 0.

Mn

0.1

02

0
0
11

0 119

[E 19] CNT 100 vg/mLY E
ST 24 Aidl(unpublished data)

Mo
3.9
39
0.2
0.2
0.1

0.1

00.1

Ni
0.2
0.2
0.4
0.1
0.2
0.2
03

=
=4k

fb
04
0.4
0.5
04
04
03
18

i
0.6
0.5
1./

%
0.1 01
0.1 01
03 0
05 01 01
05 03 0
05 0 0
04 01 0

n

W Zn Total
06 85 771
03 92 898
02 96 59.17
02 108 5.8
0.1 1.1 45
0.1 99 49
0.1 127 546

oS T
1 F
106
8 09
107
408
3 04
103

ol A2 soluble metal

o Impuritys} #elele] BAHoR AMHL AFH HEES Adl
233ttt TARC Monograph 11194 H.31% metal impurity b 543 9]
dEdell A Qo of ek ZTHE 20).

[E 20] CNTQ| impurityZt S°80l D|X|= ¥L0l &Pt 2 X

zi 2o
Type of | End-points/ .
Property Eeffects Refernces | Characteristics
CNT models
Metals Oxidatives Iron )
) Diameter: 1-4
from tress/mouse increased | Kagan et )
] SWCNT o nm; purity:
residual RAW 264.7 oxidative | al. (2006) | .
iron, 0.23-26%
catalyst macrophages stress
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Type of | End-points/ .
Property Eeffects Refernces | Characteristics
CNT models
Diameter: 1-2
Cytotoxicity, nm, 10-20
release of nm, and
inflammatory 30-50 nm;
] Metals )
mediators, ] Pulskamp | purity:
SWCNT/ o increased ,
oxidative o et al. different
MWCNT oxidative
stress/rat NR (2007) content of
stress .
8383 cells, cobalt, iron,
human A549 nickel, copper,
lung cells and
molybdenum
. Metals Length, 0.7
Genotoxicity/rat _ _
o residues um; diameter,
lung epithelial ) ]
contribute | Muller et | 11 nm; purity:
MWCNT | cells; lung
) _ d to an al. (2008a) | cobalt
inflammation, ]
o increased (~0.50%), and
fibrosis/rats . o )
in toxicity iron (0.48%)
Oxidative stress,
inflammation/Epi | Metlas
Dern FT residues
engineered contribute | Murray et | Iron, 30% and
SWCNT )
human skin; d to an al. (2009) | 0.23%
collagen Increase
accumulation/ in toxicity

mice
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Type of | End-points/ .
Property Eeffects Refernces | Characteristics
CNT models
Slight
Cell viabhility, redution in
inflammasome cytotoxicity
activation/freshly | and Hamilton ) _
] ] Dimensions not
MWCNT | isolated alveolar | inflammso | et al.
reported
macrophages me (2013b)
from C57BL/6 activation
mice after
purification
Slight
reduction
n
) Cell viability, L
Residual ) cytotoxicit
inflammasome
catalyst L y and )
activation/freshly | Hamilton ) )
support/ . inflammas Dimensions
MWCNT | isolated alveolar et al.
amorpho ome not reported
macrophages o (2013b)
us activation
from C57BL/6
carbon ] after
mice
removal of
amorphous
carbon
HEH ATATRZE Ge FQ012)0] HEF =Fo] glov] 2ok

PHE

=Ed9 ROS A4S

5 e

CNTol

A=

metal impurityS =733
glakaitt.
gk ROS A4 53& ESR WS 4
A3} soluble metal SllA Fe2l &%=7F ROS
THR2=09877). ©] =9 A= 5%

weths 2% 9

'S
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d
Sample Main metal residues (wt%) Tokal mata)
(wt%)
CNT-1 Fe 0.7%, Cr 1.1%, Mo 0.3% 2.10%
CNT-2 Fe 2%, Mo 0.6%, Ni 0.1%, Cr 0.1% 2.80%
CNT-3 Fe 9.3%, Co 4.8%, Mo 1.2% 15.30%
CNT-4 Co 0.4%, Y 3.3%, Ni 11% 14.70%

Figure 1 (a-c) High-resolution transmission electron microscopic images of carbon nanotube (CNT)-1 (a), CNT-3 (b) and metal residues in CNTs (c). (d)
content of main metal residues contained in CNTs determined using inductively coupled-plasma mass spectrometry (unit: pgg~1).

[O3 35] ZIICIE MIZEZIAIIA XHIZXE CNTQ X0 S8
S22 Y2 XIo|(Ge et al. 2012).

a pH=12 pH=40 pH=6.8

b
€ 40 B2 = g7 CNT-3 9.3% Fe
P
07% Fe 1.1% Cr %
— 30
3
3z 25
2% Fe 0.6% Mo % 20
I T =
o S 15
9.3% Fe 4.8% Co g 10 CNT-2 2% Fe
— A — 25
£ o | ¥ONT-107%Fe
11 % Ni 3.39%Y T
' 1234056788910
I — o
s oe 0a e Fe contentin CNT (wi%)
C sl pH12 1.0xi0” 7 pH40 100" pHes
2 tead sox1c® g0’
Z & gonie a.0x10° .ox10°
3
%E s.oxio® 4ox10® Lo’
2 aoad 2ox10” 20¢10°
00 wieny D-gw g 0.0
8 i P & 5 ot ot )
W o ﬁ;‘éepsd,@ M@P"" of PaﬁP’ ‘.ﬂ“ﬁd““_&. oc‘@o“‘;@‘

Figure 4 (a) Hydroxyl-radical formation from carbon nanctubes (CNTs) having different metal contents at different pHs. Samples contain 0.5mgml ! of
different single wall nanotubes, 0.1 mm Hz0z and 50 mm 5,5-dimethyl-pyrroline N-oxide (DMPQ). Electron spin resonance (ESR) spectra were recorded
1 min after sample mixing. (b) The correlation between the amount of radicals from nanctubes and Fe content in CNTs. (c) Hydroxyl-radical formation from
nanotubes having different metal contents at different pHs. Samples contain 0.5mgml ! of different single wall nanotubes, 0.1 mm H,05, 50 mm DMPO
and 0.25mm of various reducing agents. ESR spectra were recorded 1 min after sample mixing. The x axis represents different reducing agents, and the y

axis represents the ESR signal intensity of the spin adduct (a.u.). GSH, reduced glutathione; NADH, reduced nicotinamide adenine dinucleotide; NADPH,
reduced nicotinamide adenine dinucleotide phosphate.

[ 36] CNTQ impurity $9A Fe &7t radical 8780|
UXITE WUB0| QU= =2(Ge et al. 2012).

- Fed %7} ROS AAF #&Ho] 9= 7|"o 7= Fe’} Fenton
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Transferrin

Fenton
reaction

Iron release

Catalyst residues Fe

endosome nucleus

Figure 7 Transport pathway, cellular and molecular mechanisms of toxicity associated with cellular exposure to carbon nanotubes and leached metal.
Intracellular iron uptake can occur by transferrin receptor (TfR) on cellular membranes (the reductase present in acidified endosomes converis Fe? t to
Fe2+ before transport into the cytosolic space by divalent metal transporter-1 (DMT-1)) or carbon nanotube endocytosis/phagocytosis followed by acid-
enhanced Fe? * release in endosome and lysosome. By increasing the intracellular iron, the level of labile iron pool (LIP) is upregulated. The resultant Fe? *
within the LIP (1) activates the regulatory iron regulatory protein/iron regulatory element (IRP/IRE) system; (2) is sequestered by chaperones or storage
proteins, such as ferritin and metallothioneins (MTs); (3) reoxidizes into Fe3+ and effluxes out of the cell via CP (ceruloplasmin) and IREG1 (iron-regulated
gene 1); or (4) participates in iron-catalyzed reactions to generate reactive species. SOD, superoxide dismutase.

[Od& 37] CNTY impurity?l %80l O|X|= Yol Tt
BAMT(Ge et al. 2012).
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5. 39 Uz oidd HE A 71 ¥ A
D v
e gl Al Juowe 4%, AAeanaary, A%
SJoREAHAA Fol Qor] 1 FolH BFYS SYTABAUL 5
B4 e AR heREd gE #eE FAs a 4EEA
AW 5 FAA BYBA BF TFA BIE SRR B
BAAT AN AL AAe] ohrlol B AL whas AEo o
FAAANAE HolopE ARRAY B9 A Bl B
& ARrAs FAE FYU

(1) 373 (EPA, Environmental Protection Agency)
EAZEARYY: vF S34HE 197639 SAEA B (TSCA
Toxic Substances Control Act)S A|A3te] 3}eEAd thak A<}

o5
HEHE Yxesddd g e setEde stuE kst
1 ArAlE sk ok Yy HT s fadel
AFAI7E AAFHA YreEdol B3 A% A4 HS
2 Bl tisiA= Al
(PMN: Pre-Manufactured Notice)2]F+5 -o3}aL gl
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=8 At AHE TF: oln] =4S v V|E=Ho|da
stegte e &L R29 AME T8 A9t AR FE(SNUR:
Significant New Use Rules)= A|&3slo] &7} wrolol st} 1eju}
SAEAB YA U ES BE F A 108 AvS AL £
ot A= Ao A tiie]7] wiite A AEAdelA st
w0 YrEdo] wjAlE 7ol =k vk 2013del] ol
M= AR7HSIO), A FHE(ALOs), TY¥/ted Bhan
of thafr Alare]y A thifel A de® Efste] Hx
gata 9t o] Ao mEw gdd BAUeFHE(SWCNT)S]

H

Zl:

A A VLA A5E AEst s7E 4 F Ax A
o} =

g
ACAET
|

AGASAMAH: vl AYPAZTAAMAUFEIFRA :  Federal
Insecticide, Fungicide, and Rodenticide Act)S 2&A|et A4 5

o) A=A Ak HERA Ymedd diME &40 =E

(2) AFtAEAATL(NIOSH)

- AY AlA 9 AR vz Ao R AATFL(NIOSH, , National
Institute of Occupational Safety & Health)& 19701 A4 A+
o B AW (Occupational Safety &Health Act)ol uwhebA A HE ]

I FeoREE 1) AdF U Ed e o AA, 2) Aa 2
A 55 oddWelr] 93 A7 ), 3) A A9 gEE
Ak A H = @ar(eh) A Aot}
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e #Hd AL A RAAT LS Yieamde] fEiAel
ob 2AF W

2ZF(NNI : National Nanotechnology Initiative)e] &7 2 77 <
5 (Environmental and Health Implication)®] 3% ;
ato AW Hiefixte] =4 7R AW Asel digk A
gotar Aol ek A s e g Weke dAgeka
.

Center)E AH3IA Uie7 E‘l?‘éﬂ‘ﬂb A9 W H=dAte]
Teld e SAAT, =E2W7L A9 #oh Added g
A7 Zeads +Fsta Jdon HF:Home Adate o
AE A% AREE sty #Y AnehE Adstews A4
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Stal Aol A B4R, SA4AR B B8R Aes YFstetal

AT (& 28).

[E 28] JHUCH BTN L-EE FHTY
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1) ACEnano

» ACEnano ZZAEE

DD
S
—_
3
ri
e
i)
[\)
(-
[\)
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I-'V'

ACEnano

Trainin Data warehousin
Toolbox Building 8 building “

el L e e o e o o o o e oA o o oA oW oA W o oW oW

Phase 1

- = - - - -

purgoss”

[Od% 42] ACEnano®lAl XIA|St= conceptual toolbox

2) eNANOMapper

« eNANOMapper Z=2AE+= 2014d5E 20179 &<k Maw
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2



Eolt}y Y4 =4 dlolg el #3k M4t framework 7HEHS 53

=3 99 337}% Ho} gapAola AAAQ Hw ’49-_% 2
q3t7] fBlA o] ZRAETL AFHQOoH, olE YA
eNANOMapper+ UrL:%Zé_JQ] A8 Hr A8 753k ontology,
tlolg olxel ndy T35 NS EXE FAEHJATHIY 43).
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Ontologies

User Applications -~
< _' Modelling

[O18 43] eNANOMapperoiA| SHOI= LI EE &7 2 2y
BIlE YT CIOJEHIo]A X ontology framework 7= ZAE

3) NanoDefine

= NanoDefine Z2AE= 201495E 20179 B¢k A3y Z g A Eo]

o 3 FH399Y3s] (European Commission)= Z <ol L&A A
2 2do] U Z24'(2011 / 6% / EUE 5 2 & d=AE
A7 Ve r YeEd AHoE #1dom NanoDefine
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[d& 44] NanoDefineOllAl NIgH LI EE &Y

4) NanoREG2
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[E 29] &

O] LIt QR T2 3 o1y & (1) (Lynch, 1. (2014))

—E=
F
u
E e F t
C C N I u G
A a C 4 a b r u H
C 1 E S n T e i I
E I R a o) a N d S
Project Acronym n b A f M 1 a N e
a T S e a s n A n
n a A N 9] o) a t
o) t F a P g N n S
e E n e c e o)
0 r e
d
S
Start year 2017 | 2016 | 2016 | 2016 | 2014 | 2014 | 2014 | 2013 | 2016
End year 2020 | 2019 | 2018 | 2019 | 2017 | 2017 | 2017 | 2016 | 2020
Charcterisation &
X X X X X X X
Jmeasurment
Physico—chemical
. X X X X X
broperties
Analysis of “next
generation”
X X X X
nanomaterials (2nd, 3rd
of 4™ generation)
Exposure assessment
for humans and the X X X X X X
environment L e
Develop & validate
expousre measurement X X X X X X
Jand modelling methods |
Human Exposure
icati
Application of N x v v v
measurement and
Joodelling methods 1L e
Environmental
X X X
Exposure Assessment
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Project Acronym

oD msEHO>

DO R T HH—® Q)

ealeolsd ol deslesl@)

OB ™ Zo o e QLT

~oco o oB M Zo

OOV N —® =TT

noooZoBo ZoRe «+a

oD P Zoa~c @

ntBSon—mo

Interaction of NM
with biological

systems

Interaction with

physiological

Inter-and intraspecies

variability

Long term monitoring

and assessment

Human Health

Develop & validate
testing & assessment
Apply testing and
assessment strategy

Coexposures/Mixture

toxicology

Ecotoxicology

Develop testing and

assessment strategy

Apply testing and
assessment strategy
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F
u
E e F t
C C N I u G
A a C 4 a b r u H
C 1 E S n T e 1 I
_ E I R a 0 a N d S
Project Acronym n b A f M 1 a N e
a r S e a s n A n
n a A N P (o) a t
o) t F a o) Ie) N n S
e E n e c e 0
o) r e
d
S
Control measures at
X X X X
workplace e e
Develop & validate
nrethods to evaluate
X X X X
control measures at
Sworkplaces e
Apply methods to
evaluate control X X X
Jmeasures at workplaces | |
Control bandi
ding X X X
approach
Preliminary handli
elim ary handling N N x
guidelines e e
Collect available and
_ X X X X
.ongoing approaches | | 1
Evaluation and further
X X X X
development
Information transfer X X X X X X
Database generation X X X X X X X
Public dialogue X X X X X
Information to and
training of workers, X X X X X X
business and
National and
international X X X X X
Collaboration L
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F
u
E e F t
N C o C N I u G
a 4 a b r u H
C 1 E S n T e 1 I
_ E I R a 0 a N d S
Project Acronym n b A f M 1 a N e
a r S e a s n A n
n a A N P (o) a t
o) t F a o) g N n S
e E n e c e o)
o) r (el
S
Development X X X X X X X
Testing X X X X X X X
Validation X X X X X X
Standardisation X X X X X
Assessment activities X X X

[H 30] SSI2120] LIt

X8 S22 P19 H (2) (Lynch, 1. (2014))

N
L X N N 0 N N
a n

o) 1\(;[ n a a 0 a I;I a

T d o) n n G n n n
Project Acronym g 8 2 1% 1% rel 18[ I% I%

n M f A A T I E E

1 P 1 R T o) L G G

S n M E o) E 2

e 1
S
Start year 2016 | 2016 | 2013 | 2016 | 2010 | 2015 | 2013 | 2013 | 2015
End year 2020 | 2020 | 2017 | 2019 | 2014 | 2019 | 2017 | 2016 | 2019
Charcterisation &

X X X X X X
measurment |
Physico—chemical

) X X X X X X X X
properties
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Project Acronym

w=80040L[C

bk dol@l-N-I<

OB =0 doBs 2

ST>mo s e Z

o B » 2

n—ooHBOHOB®™®Z

mr—Zo B 2

QEmo 5 » 7

DQETHo B » 12

Analysis of “next
generation”
nanomaterials (2nd, 3rd

of 4™ generation)

Exposure assessment
for humans and the

environment

Develop & validate
expousre measurerment

Fi Exposure ..........
Application of
measurement and

modelling methods

Environmental

Exposure Assessment

Interaction of NM
with biological
systems

Interaction with
physiological

Inter-and intraspecies

variability

Long term monitoring

and assessment
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Project Acronym

w=80040L[C

bk dol@l-N-I<

OB =0 doBs 2

ST>mo s e Z

o B » 2

mr—Zo B 2

QEmo 5 » 7

DQETHo B » 12

Develop & validate

testing & assessment
‘Apply testing and
assessment strategy

Coexpostures/Mixture

toxicology

MY lo—oodBs o Qoo 2

Ecotoxicology

Develop testing and

assessment strategy

Apply testing and
assessment strategy

Control measures at
workplace

Develop & validate
nrethods to evaluate

control measures at

Apply methods to
evaluate control

measures at workplaces

Control banding

approach

Preliminary handling
guidelines

Collect available and
ongoing approaches
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N
L N N N 0 N N
a n
o) l\él n a a 0 a 1;3 a
T d 0 n n G n n n
Project Acronym g C 13 1% 1% re1 18[ 0 I%
n | O flaja|T|1|R|E
1 P i R T o) L G G
S n M E 0 E 2
e 1
S
Evaluation and further
X X
development
Information transfer X X X X X X
Database generation X X X X X X X X
Public dialogue X X X X X
Information to and
training of workers, X X X X X X X
business and
National and
international X X X X X X X
Jcollaboration 1 e
Development | X X X X X X 1.X.
Jesting L X X X X oo X X
Validation X X X X X X
Standardisation X X X X X
Assessment activities X X X X X X X
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01010

[H 31]

Jo

2
&
I:
i

[o
ra

3 I271 Sy B (3) (Lynch, 1. (2014))

Project Acronym

B OoOr S —O®nOB®Z

nn®—QXoHO S ™ Z

popEooonZ

ohvlol@lfiel=

I Moo Na Ny !

D~ NO = T

IR QZ—IR®n

HKoHoO B ZarpB W

ZCcw

Start year

End year

Charcterisation &

measurment

Physico-chemical
properties

Analysis of “next
generation”
nanomaterials (2nd, 3rd

of 4™ generation)

Exposure assessment
for humans and the

environment

Develop & validate

expousre measurerment

Application of
measurement and
modelling methods

Environmental

Exposure Assessment

Interaction of NM
with biological
systems
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NN S
n a S m
o |3/ N 1 an|pP|P|K|2
S T c p a r H t
‘ 0 o o S n 0 I N S
Project Acronym 1 X m C d S N a U
u C a O o} a C n N
t 1 d P r f A o
1 a a E a e P T
o S S (0]
n
S S X
Interaction with
physiological X X X X
Joechanisms e e e
Toxicokinetics X X
Inter-and intraspecies
vty A
Predictive models X X
Long term monitoring
and assessment
Human Health X X X
Develop & validate
testing & assessrent X X X X X
SUACGY e e e
Apply testing and
.assessment strategy | X ...... X ................ X X .........................................
Coexposures/Mixture
) X
toxicology
Ecotoxicology X
Develop testing and
.assessment strategy | X .................................. X
Apply testing and
assessment strategy X X X X
Control measures at
X X
workplace
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NN S
n G S m
o |3/ N 1 an|pP|P|K|2
S T c p a r H t
‘ 0 o o S n 0 I N S
Project Acronym 1 X m C d S N a U
u C a O o} a C n N
t 1 d P r f A o
1 a a E a e P T
o S S o)
n
S S X
Develop & validate
nethods to evaluate
control measures at X X
Sorkplaces e e
Apply methods to
evaluate control X
Jmeasures at workplaces | 1L
Control banding
approach
Preliminary handling
ey X X X X
guidelines e
Collect available and
) X X X X
oongoing approaches | | 1 T |
Evaluation and further
X X X
development
Information transfer X X X X
Database generation X X X X
Public dialogue X X X X X
Information to and
training of workers, X X X X
business and
National and
international X X X X
Jcollaboration 1 e
Development X X X X
Jesting 1 X X X o LX X o
Validation X X X X X
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Standardisation

Assessment activities X X X




m. A3 Zu-205

9. LH-E& Isl8II =7 =AL

« ANSES:  xg»of A 7§4tst control banding tool(Riediker et al.

2012)(1 9 46).

by relevant authority?

No

Yes
persistent fiber?

No

Isthere a prelinunary hazard

Does the product e 5 Use an approach non-specific
contam NMs? to nanomaterial
Yes
Yes

IstheNMclassified | ~ ~ « yjge that classification

Isthe NMabio- | 777 o \favimum hazard band (HB5)

No reference substance

band of the bulk material of
most toxic analog?

I 1

Bulk material Analogous substance
4

Hazard band +1

Substance dissolution time > lh

Hazard band +1

\l/No 4

Evidence reactivity is not higher

than bulk/analog material?
Yes

Use resulting band

Hazard band +1

(at least HB2) Optional

Ask an expert
an expert e
toxicologist

- HBI: very low, no significant risk to health
- HB2: Low, slightly toxic effects rarely requiring medical

follow—up

- HB3: moderate to significant health effects requiring specific

medical follow—up
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- HB4: high, unknown health effects or serious hazard
- HB5: very high, severe hazard requiring a full hazard
assessment by an expert
[O& 46] ANSES %80l [E Harzard Banding ¥&(Riediker
et al. 2012)

CB Nanotool 2.0: Paik et al(2008)° <JsiA 7IE® 24 risk
level& 7|02 /o= 7ol 4AGA = 4.

» Early warning signs: Foss Hansen et al.(2013)o] &J&jA A|ots #
Holm A 374 Q& F&s 7|eo=2 59719 warning
signs & 2 F-F3h= H 9.

Genaidy’s method: Genaidy et al.(2009)] 2JajA] Aot wWwolH

535] gav=Af A9t AsE owetr] Ak AsiEIE Eo
tq _,46]]/%1 S 57}X]i _,4%3}1:4 H]—tﬂ ol

= Groso's method: Groso et al.(2010)e] &34 A2 #|te WY

—_—

oM Y=g dS i A8 AR AdA AHEA WEHA
A AsHE7E W YeEd AFAS 74 JHE R 255

o sge FHEHE PHATY 47)
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Activity with NMs

Entire process m

Actvity with
nanofibers

Nano 3
Nano 3
No
In matnx }—){ Dust released? }—) Nano 1
Yes

Recipient manipulated =1 iter | Nano 1 reinforced
Recipient manipulated <1 liter | INANO 1

NP remain in
suspension

-

Actvity with NP
m suspension

At least one phase
can release aerosol

Phase in closed Nano 1

closed mlleu

Yes

Nano 1

Activity with NP
in powder form

Phase in openmiliew | Nano 3
At least one phase

can release dry NP y -
hase in closed milien | Nano 1
Phase 1 open milien

No Nano 3
/ Yes ..
Qllflnﬁty’bat(‘].l Particles agglomerate? 5 Nano 2
=100 mg
Unknown =
Nano 3
Lings No
> Quantity/batch < Nano 2
B} 100 mg Yes
Production Unknown Nano 1
Quantity/batch <1 Nano 2

Nano 1

No Nano 3
= = Ves
S 5 o
ment =10 mg
Unknown
* Nano 3

IH

1 mg < No
) qummage
ment < 10 mg Yes
Unknown Nano 1
Nano 2

Quanﬁtyj'expm—
ment <1 mg Nano 1

Yes

.

Activity with NP
m matrx

= No
Possibility to Nano 1
release dust?

[O& 47] Groso’ s methoddl 2|% hazard banding(Groso

et al.,, 2010)

» Guidance: Cornelissen et al.(2011)¢l] ¢Js} 2Hd ¥ Guidance working
safely with nanomaterials and nanoproducts H.ILAjo| A Aot =

A o] e THAY HAS FAAM AdA] de=d fEE

A 3

» Hierarchical

.
rank aggregation: Patel et al.(2013)o] e|a|A] #|ote

RO 24 YeE49 Q&S groupingdte] /35
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» LICARA nanoSCAN: van Harmelen et al. (2016)°] &J&jA A|<ts
WO 2 A YAl Es ﬂ7}“5‘}}‘ 7”4 At AR EE FH
TR ZALg A &8 Tl W 7R 2 YeEEe 9Ed S

H =2
BRI

» Nano-Evaluris: Bouillard and Vignes (2014)9] eJsiA] 7fte W
o 24 I9H FHY YxE49 AL #HE fEEE ‘”37}’3}%

o).

= NanoHAZ: OBrien and Cummins (2010)°] ¢JaiA 7fdg ¥

A YxeEde] QA9 o vA e HFEE V|ToR wRIE

RSl

» NANOREG: Dekkers et al. (2016)ol] oJaliA Alotd =2 99

7} W o A 8t A AFH] AYE WS Phase 1, 2, 3

o2 FEH g 48).
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[OJ& 48] NANOREG EZ2E°| phase 1(Dekkers et al.,
2016)

= NanoRiskCat: Foss Hansen et al. (2013)¢ll 2]allA #lote w1

A 7193 A7 A AHE e s iﬂé}}é AxH] 2}
AES H7ksk= WY, Decision tree modelS #|¢Hs
A1 F8 8¢ FollA A= == ddd
of o] o1z2kel (1% 49).

[e2xe]

o‘f&

7}
3

rir
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NanoSafer: ©lv}= oA 7HetE

[Od& 49] NanoRiskCatel 21X 2{oj

tree

)

L3y ok g

I. A Z24-210
(D Exposure to professional users
(2 exposure to consumers
@ exposure to the environment
@ hazard potential for humans
(5 hazard potential for the environment
Yes
Red «—— HARN?
No , No data
Yes
R Is bulk level A
: CLP?
No
Is bulk level B Yes
Crp?
No
Red Yes | Nano: Acute Nano: Acute Yes Red
tox? tox? :
No , No data No \ No data
Genotoxic Genotoxic
Yes : i
Rell< Mutagenic Mutagenic
Respiratory Respiratory Yes/maybe
Cardio-vascular Cardio-vascular > Red
No data Neurotox Neurotox
Grey <— Reproductive Reproductive
Carcinogenic Carcinogenic
Organ accum. Organ accum.
| No/no data
No to all At least one v
Green maybe Yellow

¥Ho| ATt decision

ol
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s7hE o] AA EE

» Qccupational Hazard Band for Nano: Gridelet et al. (2015)9]l Q Gk
Atd o w AgFol Yeado e #3 1FS
ot WY VAR fEeE ER T

» Precautionary Matrix: Hock et al. (2008)¢] ¢

UrEds dAske A Al ‘Jrlt%élﬂ AE
Tobe Al Aot B Y

ofy = YrxEdZ Rt Y-S .
= Relative Risk Analysis: Robichaud et al. (2005)e] ¢]sjA] #|<td ®
HOE A faErtE Fdste WY 7Y Ao w
rote] e g

= Risk Trigger Scores: Wardak et al. (2008)°] &3jA #|ote HIH O
2 Yead e 7] dACA s Brkeh] g el
ol aEEE Fito] B AAS Tt WS A8

1—4\_/

Shis

Stoffenmanager Nano: van Duuren-Stuurman et al. (2012)°] <] 3}
A aekd o m A ARt AR hHe SXI8H] g v
=49 9 71 S WHA (" 50).

» TEARR: Grieger et al. (2015)7} aLokst WM o2 A2 & 2 2
AA sl sy BAAA T4 FFA A4S FHste] H
T 275 Tk e

» WCD model: Sgrensen et al. (2010)°] 2JajA] Alete Wy oz 1}
=49 e rtelA FHoto AluE|eE AAS diH|eh= A

Hol—bﬂ o

A

H

e
ot
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Persistent
fibers Indication for
St e
carcinogenic, skm
Use conventional sensitizer
Stoffenmanager
Classified based on P
data for nanoparticle m‘c’r
or their Paica: reproductive |
Non-nano material toxicity, very foxic

Toxic / causes
‘bums / respiratory (<

] |
P Nang Hazard data not
Inscluble '— sufficient for

Hammful / fmitant <

00 |

Other
nanoparticles
Low;;g;dous e
Hazard data
sufficient for
conchisions

[O& 50] Stoffenmanager Nano2] oIt ¥
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10. ==& flsi®ol =7 Hig

HA7EA oF 207H419] Y=l 7E =F s oy 7
52 oy 7HA @dS 7 9tk ANSESE control banding
tool, Groso’s method®] €3 hazard banding, NANoREG<]
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A4 (nm) x Z0] (pm)

la

UAF37|

(5237 =12 =1
Z2H| 3:1 0|4
Z0] 5 pm O] 4

T E3 %= (2.5 pm 0|3})

Carbon
Nanotechnolog
ies, Houstan,
TX, USA

SRR
0812x01-1

240 nm
(aerosol)

508
2757 48
85-95%
Fe (17.7)
=dsus

Shvedova A, et
al (2008)

[E 32] BALLEREY AWBI =7 HE(1)

Thomas Swan,
Consett, United
Kingdoum

I

A2

k..

09-17x<1

i

A EE

X

°

el

=0
==
e

731
=g
e
sucA gs
e

Saber A. T. et al.
(2013)

National Institute of
Advanced Industrial
Sience and Technology,
Japan.

YA/ =2
12x 032
(F715 244012 F7])

23453 98

Fe(0.1), Ni(0.1)

10y
=0

Morimoto Y, et al (2012)

Sigma Aldrich, 5t
Louls, MO, USA

YA/

110:= 170X 5-¢

ZHEA %S

Lo
fedi=]

Park E. J, et al.
(2009)

Mitsui & Co , Ltd,
Tokyo, Japan

gad
49X 39
HE 24 5oy
®
®

NCHE NE
go oo ol

N
o~

A
on

) e

5

Fe(0.32%)
=5
Porter D W, et al.

(2010), Mercer R.
R, et al. (2011)

Shenzhen Nanotech,
Port, Shenzhen, China

YA/ A

10=20 X5 ~15

T-A=]

T
(o]

S
5]
=
S
g

Mitchell L A, et al (2007)

Bayer Material
Science,
Leverkusen,
Germany

AR /2 A

10-15X02-1

YA S

[E-gr=1

2HEA %2

Ellinger-
Ziegelbauer (2009)
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ETE MWCNT MWCNT
Al AR

Cheap Tubes Inc.,

2o

AlE (nm) x 29[ (um)

YAA7|

(5237 /F7|=)
SHH[ 31 0]4
20| 5 pym O]+

K22 S (25 pm O|ah)

Nanolab, Inc, USA

Fe(4.43)

Lo
O

Grubelk-Jaworska
H, et al. (2006)

[E 33] B$AUEE9 oI =7 =HE(2)

Brattleborough,
VT, USA

YA 212

10-20X05-2

568 + 6/7 nm

—10.27 £ 039
> 96
Fe(0.85), Ni(1.19)

Lo
=0o

Hamilton R. F, et
al. (2013)

Cheap Tubes Inc.,
Brattleborough, VT, USA

AR/ 2 A

10-20X 10 - 30

396 £ 22 nm

b4
ofn
ital

i

- o

el Rl

= ool = g L
50
mjo

-10.6 £ 0.4
> 55
Ni(0.82)

Lo
]

Hamilton R_F, et al. (2013)

Cheap Tubes
Inc.,
Brattleborough,
VT, USA

YA =12

30=h0X0.5=7

810 £ 62 nm

3
® o

oX

A
o
n BE
go 2 o
5
ojo

N
1
[¥%)

=993k 176
> 98
Fe(0.51), Ni(0.47)

Lo
=]

Hamilton R. F,
et al. (2013)

Nikisio Co., Ltd,
Tokyo, Japan

o
o

°
SOIE|3) 02
LED
=0
=
L
=0
2y=noe
e
>98
Fe(0.3)
Lo
T O

Sakamoto Y, et al.
(2018)

Wako, Ltd, Japan

Fe(5.91)

Lo
E=lr=]

Sakamoto Y, et al
(2018)

Showa-Denko,
Japan
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Sakamoto Y, et al.
(2018)
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D AE

- B dieEdd gigk GHS -/ dAba b ®mzid o4 WHO
A2 27k “Which hazard category should specific nanomaterials or
groups of nanomaterials be assigned to and how?”(Lee N, et al. 2017)&
Hpero 2 A sQlal, o ATARE Flete] gHlolE akith A
H-F(hazard categorization)®] W2 ojg] 7|7} A&+ Joy E vy
Ao = YiEdo tst ¢18EFE UN Globally Harmonized System of
Classification and Labelling of Chemicals (GHS, 6th edition, United
Nations 2015)¢] 7]=ol webA ettt

2) &3] #(Fullerenes)

- Z8 @l OECD sponsorship program®] A& At Al 2 =&zl 3k r
eference =2 Y+ alternative reference =22 &85 1 Zg3}e4 EA
of tjgt F7} A= 2015\l 7] A (ENV/JM/MONO(2015)11/PART1 2
ENV/JM/MONO(2015)11/PART2) 2 7+5] A thhttp://www.oecd.org/chemi
calsafety/nanosafety/fullerenes—c60-manufacturednanomaterial. htm) (3£ 34).

[E 34] E2j20 SAAAX 5

Y& S i A A} =4
Fullerene | No 48 Nano purple Crystalline Black
C60 ENV/JM/MO | (Frontier Primary particle size 20 nm - 30 nm
NO(2015)11/P | Carbon Agglomerate/aggregate diameter

ART1, PART?2 | Corporation) > 500 nm
(60 MER Specific surface area 0.87 m2/g
Corp. Zeta potential ca 20 mV
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- =] A 25 A9 dHoly bl M APER= & 369 22

ol EAA g WA S0 25T} HEET)

3) @9y FAYyx=FE(SWCNT)

- 2¢3}e4 EAr SWCNTE OECD sponsorship program®] A& thAk
AzUesd F9o shuson Egses EAd dist 7|&TA7F w1tk

< =
http://www.oecd.org/chemicalsafety/nanosafety/single-walled—-carbon—na

notubes—swcnts—manufacturednanomaterial.htm) (3% 37)

[BE 37] SWCNTY S2e%™ EH(7IS2AM: No 50.
ENV/JM/MONO(2015)13/Part1, Part2)

3
Width = 43.6 nm (SD = 1.6)

Length = 069 ym (SD = 2.1)
* Average diameter of tubes = 82 nm (SD = 1.7)

Y
BN
>
® |

Average length of tubes = 0.23 pm (SD = 1.8), measured
byTEM

Super growth C100 | ¢ Samples in testing solution:

* Tube diameter: 12.0 + 6.5 nm (mean * standard deviation)
e Length: 051 + 1.6 pm, measured by AFM

*  Specific surface area: 1064 m%/g
e SWCNTs were from CNI by high—pressure catalytic CO

conversion (HiPco method). SWCNTs were 1.0 + 0.2 nm in

diameter and several hundred nanometers to several
CNI SWCNT ) o
micrometres long; mass mode aerodynamic diameter was

4.2 um; diameters 1 -4 nm length 0.5-1 um; surface area:

1040 m2/g
*  Primary particle size was 0.9 - 1.7 nm diameter and a fibre

length < 1 ym (Thomas Swan and Co Ltd, Consett, UK)

Elicarb SWCNT
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ER] =3
Arc method ) )
¢ No information
SWCNT
e >H0% single-walled; ~40% other nanotubes; outer diameter
1.1 nm (0.7 - 1.2 nm), length 0.5 - 100 ym; manufactured by
NIST SWCNT _ - _
chemical vapour deposition; diameters ranged from 0.8 to 2.0
nm
B e Average outside diameter of 1.1 nm, an average length of 50
Hejit SWCNT
um
e RNT (raw SWCNT, HiPco product of Rice); PNT (purified
COCC SWCNT HiPco product of Rice); CNT (CarboLex’s electric-arc
product)
Cheap Tubes ] )
¢ No information
SWCNT

e Diameters 12 nm and lengths ranging from tens of
CarboLex SWCNT .
nanometers to several micrometres

Rice University
SWCNT

¢ No information

* 14 nm diameter; >1 um length; agglomerated “ropes” of
Dupont SWCNT nanotubes of 30 nm diameter; external diameters of less

than 2 nm with lengths ranging from 0.5 to 40 microns

Helix SWCNT ¢ No information

e Synthesized by the National Institute of Advanced Industrial
Science and Technology, Japan

e  Primary particlee maximum length, 1200 pm, diameter:
3.0+1.1 nm

e Fe, 145 Ni, 103; Cr, 34, Mn, 2; Al, 12 ppm; aggregates:
length, 0.32 pym Width, 12.0 £ 6.5 nm

SWCNT AIST

Shenzen Nanotech
Port Co Ltd

SWCNT (4-15 pm, length; < 2 nm, diameter; 90% purity)

A5 357 SWCNT digt 54 475 5A4AEY 54
|2 Fo] AT AFE TG4230 webA] FaEdon A =
L HEFEHA FJTHIDS0 > 50 mg/kg/bw)(Matsumoto M, et al.

o
=]
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2012). i Fol Bt Ao v Be By g Fustq 2a
ek, = tE 34 ATFE SHARE in vivo 2348} Zo] 53
) 18], % 29 £

Ao TGA74 F=ate] sk SWONTE 14
Folat9al SWONTE 20 mg/kg bw/day s=olA Ad5Eo] APYE3ER
29k LD50+ 200 mg/kg bw= I At Naya M, et al. 2011). ¥4
TAEAAANEL 14 FYEJL C5BLE 4A vh-2E gige R 552
+ 137 mg/m’e] TEE 49 Bk =EGEH 58 =) u AP
AR A goyt A5, AsAEdHA Sl A A3
K-ras frdzte] Edwol7b 291 ow aspiration 4=9] Fo] Rt}
o gygoz {FuEAtKShvedova A. et al. 2008). SWCNT+E
MWCNT ®te 2 =9 2] o]g7] wd Hx Fo =5
gm'2 FPEFAL W SWONTE 54 549 o] fik
~ FE g ok A /RN A TGAM 7)FoZ 483 SWCNT
of 9§ A=A H FAGAHAAN FHe2 FRAEJAHEmMa M, et al
2011). webd SWONT+= 938 7 Z=8HA Fdrh ey
MWCNT®] 7% category 29 wAS4/F44e 7HaL 7] wfzol
H]E SWCNTE] Aol Aol uskthar steete o7k d a8ttt
- IR SWONTE TGA067 4299 #3te] ARG/ PS 528)
8}“5@% Ag Ay 2L AEE A ZUTHEmMa M, et al. 2011).
- A thd SARAE7] 540 GLP AAlM TGA0T 7=l nt
3}/\1 SWCNTQ ol A=A E S TP Matsumoto M, et al.
2012). Mg AR As, dE5A, DA HARll A o] 4o] whEE A
2okl NOAELS 125 mg/kg bw/day® AAsIH 1 EXEA 7= 3
AE A FArh. SWCNTol| gt oA FASAEAES TGA1200 F3hed
TFstAt. SWCNTE 04 mg/m3e F%=7HA] =%39S W 135 % o
AM o T 759 S7PF Fol & e #FHAT. 22y 9



Ao wAe 2/} AZAEe A&, 1el3 HO1 faxe] wde] 2
7he #EE A ekokth NOAECE 0.13 mg/m’E A¢tEglon E4 %3

7157 7% category 102 BRFAGCEF 718 HE 39).

[B 38] STEXHTYI 58 EF 7IE

LEAR 9] T8 1 T2
FA(EFF) EA/MMAE/F mg/L/4h T < 10 10 < 5% < 50

- FAEA SWONTO et Fds5dAde] ok £ 393 #Zuh
SWCNTe| tgt in vitro 54 A18 3 in vivo FA5dAI o] 3=
At EFEAHo|A oA SWCONT= A 24
Aol (Naya M, et al. 2011, Kisin E. R, et al. 2007). In vitro A&38}A]
ol A= SWCNT7} A HbeS B AHCveticanin ], et al. 2009,
Lindberg H. K, et al. 2009). In vitro comet assayelA+= SWCNTe &
Frtd B8 Aol defd A v 54 e At A sk
Hu%a ok In vivo 2AIHS TG4 Fsto] Flstdial 542
golg Atk (Naya M, et al. 2011). In vivo DNA damage and/or
repair mouse spot testollA Aol EJAHJTHLL Z et al. 2007,
Jacobsen N. R, et al 2009). SWCNT9| Fd54 A w2 7] A
Folol A #REoH A Fol FEAAME 57430 AtH(Folkmann J.
K, et al. 2009). =3 in vitro BAEAM| T & ] o
Ao A7t Yo ASoE nEZ=g ol DNA 4 A= A
B-S(Li Z et al. 2007)0] #&E 3, K-ras a9 Z7HShvedova,
et al. 2008)¢t FAREAS WFAe WA ol F7HSargent L. M, et al.

(A

EEA Gl

-1
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20098k BEE= Aow  dste] SWONTE  FASAlAM =

of FEHQl oldel HEHJAL Ejote] W3t gloete Apgd o] &

Hol= ZA57F #EHAY e B golo A oot A%

A o] FEE HlE o] Hge] OECD AlgW 7]Fol wehx ey
AE7E FYolvk AF7E ofyr] wiitel A=A

ek E7E & e AT Al AR e BY 7ol 9l

25 a¢stojof grh(Pietroiusti A, et al. 2011).

- 93 OECD 7&EAddle edAd Ase glov 219 st

il
N

Fo] &A%t} Kobayashi et al, 200118 SWCNTE 7 SD g =of| A
o3| & 713AY FAE Fdea LA AAH oz Bl

=
U AR A T #EEA 3T E OgE =EdlAe SWONTS
7H'°é77}x] AR O E AFsIG o TS AFEA] Fut & tE o
Tl A= F344 Ao A SWCONTE Kartai models 4 s
o2 10 mg/ratd] sE= @3] Fosdar 127147 A& A
3 FYFL HFAFHA GFdtHVarga C, et al. 2010). IARC= Group 3(A
5 F£oz &7 EZ7PHE SWCNTO digh wHbd S #5733 THIARC.
2011).
- 78 SAAE: SWONTe| gk vkdt A3 o]  intratracheal
instillation, pharygeal aspiration, intraperitoneal injectionS E3iA 3%}
W A AFllA oEle o] BEEY|E sl o Al Thol=gel
of AgkebA 1 Fol AR7F AelAel ARV ofyr] wiiel o]l s
£ "o GHSE EFsl71ol= 7} Sl

tlo

Y,
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[E 39] SWCNTY 88 =28
tlo]H €]
A=Y SEUARS oF B =
= 0 ]13 74 o T ﬂi]*é
— =6
SaE No hazard categorization (Oral) =g
No hazard categorization (Inhalation) B2E
|7 RAY /2= No hazard categorization =2
T/ AT A No hazard categorization =5
357 BE I EA No hazard categorization =g
A2 A H o] YA Category 2B Lo
i A HE .
A2 =2 No hazard categorization(&241) 9SS
3| = A EA T AR
F3FoflA 5H xAA Ag nE )
7] =4
HHERojo X 54 A%
. . vo
S =4 Category 1 (inhalation) Fa

ro,
=)
MN
>
I
AUCH
=
>
juie)
Y
1o
(1R
i
=2
X
me
r ol
oX,
-z
IBN
N
2
B
(Pe]
<

4) G459 gAY =5B(MWCNT)

- g3}ty EA: MWCNT:= OECD sponsorship program®] A& t
A=Az EAEA tg ZeeA 7 BEHAJY (http//ww
w.oecd.org/chemicalsafety/nanosafety/multi-walled-carbon—nanotubes—m
wents-manufacturednanomaterial htm).

- 7]&wAE Nod9 ENV/JM/MONO(2015)12/Partl, part2, Part3e]™ 3%
40052 A2k
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[E 40]

MWCNTS| S5

Ad
-

n
Ml

(]

A ZA}

Eeleo 53

Baytube

380902 nm (D90 = 980-1820 nm)
In all cases length D90 was lower than 5 pm
Mass median diameter 400 ym

Specific surface area ca. 253 m%/g

Arkema
Graphistrength C100

Mass median diameter 416.2 ym Agglomerate/aggregate
(GSD 1.67)

diameter 15 um Average internal
diameter: 4.8 nm

Average external diameter: 11.7 nm

Average length: 1097 nm

Average number of walls: 10

Specific surface area 212 m%*/g

Nanocyl NC 7000

Mass median diameter 85 pm
Specific Surface Area ca. 230 m%*/g

Nikkiso MWCNT

Diameter = 48 nm, (SD = 1.1)
Length = 094 ym (SD = 2.3)
Specific surface area ca. 69.4 m?%/g

Nikkiso MWCNT B

No information

Hanhwa CM-100

Length distribution was 5433 =
8421.6 nm

Diameter: 10 to 15 nm

230 and 10451 =

Length: less than 20 ym
Specific surface area ca. 224.9 m*/g

Mitsut MWCNT-7

Diameter 70-170 nm, Length 1-19 um, >5 pm: 27.5%

Specific surface area ca. 23 m%/g

Mitsui MWCNT-7(no

Aggregated 529 pm, 4995 nm. No aggregation.

aggregation) Same number of fibres as in the NT145 suspension
Mitsui MWCNT-7(high ' .

. e 5729 pm, 49.95 nm. High level of aggregation
aggregation)
Showa Denko(high . .

. * 60 um, 52.40 nm. High level of aggregation
aggregation)

Showa Denko(low

aggregation)

4.34 ym, 1436 nm. Low level of aggregation

Showa Denko(tangled)

2 - 20 nm diameter, Tangle
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- 3A =4 FA 751:[&5'_04, 751;41_:'._/\3, Sol=AAF o] AH=EES At
o2 FYPHAT 74 AT SAHAES TG 420, 423, 4740 webA]
TN A AIFHAES TGL0200 whebA], 285 S92 4039
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Abstract
Study on Providing the Toxicity Information about the

Carbon Based Nanomaterials

Background: As nanotechnology develops, various types of
nanomaterials are produced in a large scale but the risk information of
nanomaterials 1s pooly characterized. Because the physicochemical
properties of nomaterials are highly correlated with the toxicity, the
strategy of regulation of nanomaterials will be based on the
module-type of regulation which is developed by read—across method
rather than performing the toxicity study for each nanomaterial.

The nanomaterials can be divided by organic and inorganic
nanomaterials. The carbon-based nanomaterials are classified into
organic nanomaterials and can be sub-divided into carbon black,
fullerene, graphene, nanodiamond, carbon nanotube, and carbon
nanofibers. Especially fiber-type carbon nanomaterials have high aspect
ratio and suspected to be a human carcinogen based on their
asbestos-like structure. Therefore, fiber-type carbon nanomaterials are
in high priority for risk assessment. In this study, we tried to provide
up—to—date information about the classification, characterization,
read-across study, national/international regulation status, and tools for

risk assessment of carbon-based nanomaterials.

Methods: In this study, we classified carbon—-based nanomaterials by

literature review including research articles and OECD publications.
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The method of characterization was evaluated in collaboration with the
ISO project entitled “Nanotechnologies— Characterization of carbon
nanotube and carbon nanofibre aerosols to be used in inhalation
toxicity tests”. The project reader is Dr. II Je Yu who is member of
this study. The read-across study was performed by reviewing
relevant research papers and OECD documents. The toxicity studies
includes inhalation, instillation, and aspiration studies and in vitro
studies. To evalaute the correlation between physicochemical properties
and toxicity endpoints, the quantitative and qualitative correlations
were performed. The national/international regulation trend of
nanomaterials was summarized including USA, Europe, and other
countries. In addition, nanomaterial regulation approaches of
international organizations such as IARC and OECD are also
summarized. The risk assessment tools for nanomaterials are also
summarized and new up-to—date tools for risk assessment was
proposed 1n this study.

Results: The characterization of carbon-based nanomaterials can be
divided into Dbefore and after generation of aerosols. The
physicochemical properties includes size, size distribution, shape,
aggregation/agglomeration, surface area, surface charge, crystalline
structure, composition, purity, length, and thickness. Among
carbon-based nanomaterials, buckyball, graphene, and nanodiamond is
relatively low-toxicity nanomaterials. Although the IARC classified
carbon black as a Group 2B carcinogen, it 1s based on the
epidemiological studies and particle overload rather than high surface
reactivity and 1rritation property. In contrast, carbon nanotubes and

carbon nanofibers are suspected as a carcinogen based on their
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biopersistence and high aspect ratio. Especially Mitsui-7, one type of
MWCNTs, 1s classified as Group 2B carcinogen and IARC announced
that all types of CNTs will be reviewed again in 5 years. Thus, this
report 1s focused on correlation between physicochemical properties and
toxicity endpoints. The characteristic of MWNCTs includes (1) size
and shape, (2) composition and purity, (3) surface reactivity and
functionalization, (4)biopersistence. The size and shape includes width,
length, rigidity, and defect and the higher toxic potental of CNTs is
related with the thicker (less than 100 nm), longer (5 um), and
rigidity. The purity of CNT ranged from 50799.9% and various metals
such as Fe, Co, Ni, and Mo are commonly detected. CNTs can
generate and scavenge the ROS. These ROS generation/scavenging
potentials are increased as purity 1s decreased. The functional group is
also related with the surface charge of CNTs. CNTs are biopersistent
but some CNTs especially thin SWCNTs can be biodegradable by
enzymatic/non-enzymatic methods.

Developed countries such as USA and Europe are setting tighter
policies for carbon based nanomaterials. ‘The regulation of
nanomaterials i1s applied for raw materials and final products applied
nanotechnology. The regulation policies of nanomaterial are focused on
the modular regulation by grouping and read-across rather than
testing each NP toxicity.

Tools for risk assessment of nanomaterials are summarized and new
up—to—date tool was proposed.

Expected outcomes and utilization: The result of this study can be
used for developing infrastructure of providing safety information about

the nanomaterial exposure. This study is also helpful for preventing
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and minimizing the risk of nanomaterials exposure in occupational

settings.

Keywords: carbon nanomaterial, hazard information, risk assessment,

physicochemical property
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