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Size, Shape, and Crystal Structure-dependent Toxicity of Major Metal Oxide
Particles Generated as Byproducts in Semiconductor Fabrication Facility

Kwang-Min Choi’

Samsung Health Research Institute, Samsung Electronics Co. Ltd.

ABSTRACT

Objectives: The purpose of this study is to review size, shape, and crystal structure-dependent toxicity of major metal oxide
particles such as silicon dioxide, tungsten trioxide, aluminum oxide, and titanium dioxide as byproducts generated in
semiconductor fabrication facility.

Methods: To review the toxicity of major metal oxide particles, we used various reported research and review papers. The papers
were searched by using websites such as Google Scholar and PubMed. Keyword search terms included ‘SiO,(or WO3 or AL,O3 or
TiO») toxicity’, ‘health effects SiO(or WO3 or ALO; or TiO). Additional papers were identified in references cited in the
searched papers.

Results: In various cell lines and organs of human and animals, cytotoxicity, genotoxicity, hepatoxicity, fetotoxicity,
neurotoxicity, and histopathological changes were induced by silicon dioxide, tungsten trioxide, aluminium oxide, and titanium
dioxide particles. Differences in toxicity were dependent on the cell lines, organs, doses, as well as the chemical composition, size,
surface area, shape, and crystal structure of the particles. However, the doses used in the reported papers were higher than the
possible exposure level in general work environment. Oxidative stress induced by the metal oxide particles plays a significant role
in the expression of toxicity.

Conclusions: The results cannot guarantee human toxicity of the metal oxide particles, because there is still a lack of available

information about health effects on humans. In addition, toxicological studies under the exposure conditions in the actual work
environment are needed.

Key words: aluminum oxide, process byproduct, semiconductor facility, silicon dioxide, titanium dioxide, tungsten trioxide
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120 /2ol

gol AHgH shetEd 3 O RAkES A YRe
RE g8 AAsts AL 27}
FAES A A HE=A] o] AHEE 3
g ols =dTte] Fakgol o3 Y=
37 % =% 9 444 BY Y ¥
(Choi et al., 2015a).

SR A= Z“ﬁﬂ% B }—ZH b 7MY i
Al QA 4

FEt 299 509 4% 5 A 4 2 v
2 HAhgks 271134, T4 3o Ae HAER
SiO = EAJo] e 7;1#% ot Qlth(Bhaskar et
al., 1989; Parks et al., 1999). < dX JL-ujg 3
719] $i0; QAFe] Sio] BET ok, ol
EAgsFo] WElslx] QFrtH(Napierska et al, 2010;
Zhang et al., 2011). 3tH, Ax} =7] W FAro| 2}
AE #9) A SA4ol FeHE Ao miuEi 9
th(Sayes et al., 2006; Yang et al., 2009). ut2}A 2+
374 Wel o) A ABFA R $AS 9% A
Z o ¥ R (precautionary principle)o]] 7]z 3[4 AdH]
Sulmgs 2] Alo] 4] A U W 37
o ZASHe YAk BAE sjery %
A, AT FY EY3ehy EAARA, =5 4

Aol ot 2R} A7FF ol gt A7t 85ttt
A7t A 0] A AR Y WHEA] 2HY 27 of A
= YA FHY 34 FAREEA SH54EREO

WA s 9l Ao FHlEJrh(Choi et al., 2013;

2015b; 2015¢). Table 19 YeRH ule}l Zro| oA

Ql BALE JEOZ Si W, Al Ti 59 2&0] Aka

9} A Aol utel silicon dioxide(SiO,), tungsten

trioxide(WOs), aluminum oxide(Al,Os) 2 titanium

dioxide(TiOy) A7} ZFdstA Ul ZAjske Za <

A B Aog AT 4~ 9)3tK(Choi et al.,

2013; 2015b). E3F Si0; T WO; 9] A= Z=AbARE

u] 7 (Scanning Electron Microscope, SEM), F1}-4 %}

& 1] 7 (Transmission Electron Microscope, TEM) ¥ X

Al 3] (X-ray Diffraction, XRD) &AoA Z7], &

A, ARFTZ So] 9FHrHChoi et al, 2015b;

2015¢).
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Table 1. Chemicals used and powder byproducts chemical composition in the major semiconductor fabrication processes

Process Detail step Chemicals used Chemical composition”
Diffusion Si0, deposition SiH,Cl,, N,O 0, Si, (Cl)
. . PR¥ (Resins + PACS$), [(CH;);Si]:NH,
Photolithography PR coating (CH3),NOH, Thinner C, O, S
Dry Etching Al Pad etching CF4, CHF;, SFs, Ar, Oy, N, F, AL S, (Ti)
. . ASH3, PH}, BF; O, AS, P
Ion Implantation As, P, B doping PHs, BFs 0. P, (Fe)
‘ SiHi, NH;, Ha, Ar, Oy, He C, O, F, Al, (Ti)
gl;erglsli(;?gnVapor SiO, deposition Si(OC,Hs)s ,03, NF3, Ny C, O, F, Al
P Si(OC;Hs)s, Os, NF3, N» 0, Si, (1)’
Metallization W deposition WFe, SiH4, Ha, Ar, N2, NF3 O, F, Al, W, Ti
Ti/TiN deposition TiCls, NHs, CIF3, Ar, N O, F, Mg, Al, Cl, Ti
Chemical Mechanical SiO, polishing Si0,, Ce0,, NH4OH, H,0, 0, i, (K)
Polishing W polishing Organic acid, KOH T
Organics removal H,S04, H,02, H,O N, O, S
Wet Cleaning Oxides removal NH4F, HF, H,O O, F, Si, S
Particles removal NH4OH, H,0,, H,O N, O, F, W, (P), (Ti)

“Elements in JJarentheses are minor components with low intensity from scanning electron microscopy and energy dispersive
spectroscopy, Components of powder collected from atmospheric pressure chemical vapor deposition equipment, ' PR ; photo resist,

YPAC ; photo active compound
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cokr/)¥} mw]=+ NIH(National Institute of Health)2}

NLM(National Library of Medicine)o] Al
PubMed(http://www.ncbi.nlm.nih.gov/pubmed) =
sho] ZhQteh. HAZIZEE 20159 1110458 23
, 19892014 7MA] W= =17
= Wder uEsk g4 F80](key word)Z A

Table 2. Studies on amorphous silicon dioxide particles toxicity

77 2570l 910

Agst=

o4&

Size Exposure concentration Cell line ..

(nm) (time) (animal model) Toxicity Result Reference
10 Cytotoxicity/Genotoxicity (+/+)

150, 500 100 pg/mL(2-24h) Calu-3(Human) Cytotoxicity/Genotoxicity --) Mccarthy(2012)
12 Cytotoxicity )

40, 200 0.1-500 pg/mL(24-72h) HT29(Human) Cytotoxicity “ Gehrke(2012)

14-335 33-254 pg/cm2(2—3hr) EAHY923(Human) Cytotoxicity (+) Napierska(2009)

Cytotoxicity )
14 0.1-100 pg/mL(24h) HT29, HaCaT, A549(Human) Genotoxicity +) Mu(2012)

15-46 10-100 pg/mL(24-72h) A549(Human) Cytotoxicity +) Lin(2006)

NCI-H41, ISO-HASI, ..
15-80 50-200 pg/mL(24-72h) THP-1(Human) Cytotoxicity (+) Farcal(2012)
Cytotoxicity )

19-498 100 pg/mL(24h) HepG2(Human) Morphological ) Li(2011)

transformation

20-50 20-100 pg/mL(24h) HEK293(Human) Cytotoxicity (G3) ‘Wang(2009)
21 Cytotoxicity +)

48. 86 0.2-1.0 mg/mL(24-48h) L-02(Human) Cytotoxicity © Ye(2010a)
43 0-200 pg/mL(3-24h) HepG2(Human) Cytotoxicity (G3) Sun(2011)
50 0.156-10 pg/mL(3-72h) H1299(Human) Cytotoxicity/Genotoxicity (+/-) Chu(2012)

50, 500 0-200 pg/mL(24h) BEAS-2B(Human) Cytotoxicity/Genotoxicity (+/+) Skuland(2014)

70-1,000 0.25-0.5 pg/mL(24h) HaCaT(Human) Cytotoxicity/Genotoxicity (+/+) Nabeshi(2011)

80, 500 5-200 pg/mL(10h) Dermal fibroblast(Human) Cytotoxicity +) Zhang(2010)
14 0-50 mg/kg(24h-14w) BAL(Mouse) Cytotoxicity +) Cho(2007)

Cytotoxicity/Genotoxicity (-/-)

15-300 1-100 pg/mL(72h) BALB/3T3(Mouse) Morphological () Uboldi(2012)

transformation

21-48 0.1-1.6 mg/mL(12-48h) H9c2(2-1)(Rat) Cytotoxicity +) Ye(2010b)
25 5-10 pgmi(6-24h) 774 embrvo BALBle 3T3 Cytotoxicity () Rabolli(2012)

(Mouse)

30-300 10-200 mg/kg(6h) BLAB/c(Mouse) Genotoxicity +) Lu(2013)

30-535 100 pg/mL(24h) HEL-30(Mouse) Cytotoxicity ) Yu(2009)
70 . Hepatoxicity ) C

300,1000 10-100 mg/kg(24h) BALB(Mouse) Hepatoxicity ) Nishimori(2009)
70 Fetotoxicity ) .

300.1000 0.2-0.8 mg/mouse(24h) BALB/c(Pregnant Mouse) Fetotoxicity o Yamashita(2011)
N/A 0-100 pg/mlL(0-48h) Hs578T(Human) Cytotoxicity ) Alexander(2012)
N/A 4-40 pg/mL 3T3-L1(Mouse) Genotoxicity ) Barnes(2008)

N/A ; Not applicable, (+) ; positive, (-) ; negative
Journal of Korean Society of Occupational and Environmental Hygiene, 2016: 26(2): 119-138 http://www.kiha.kr/
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“SiOy(or W03, AlLOs, TiO,) toxicity”, “health effects
SiOx(or WO;, ALOs, TIO)'E 7E F= X3oz
2R NSt 1AHoR 1050 EA=E
(SiO2: 413, WOs: 93, ALO;: 213, TiOy: 34%H)&
AW eRstgo, 94 27, Y4 9 AYTRe
gjafetal E4do] FAIs] 7IaE Al FUdAL,
S S 88 ATl EECI
2P BHAT RS FHOR AT 489 =
(SiOz: 24WH, WOs: 8%, ALOs: 11#H, TiOy: 215)3
Agste] AT WOs Yol B4 gL ot
235579 Jash el dael Zelskshy 540
w2 54 W8l Al ZleEol A ¥ot 2=
HeISHA efste

2. = NE|E
Si0,;, WOs, ALOs ¥ TiO, &A= ¢Ake
ﬂ§}-6‘]—7§4 EA‘] E ] p:]—‘é‘}?(—] Z/l‘] 3_7] /K]- ol

Az weh U ot B4 3% F4
2 st Yienlg 3719 JRF SAof oz
Ao izopyo] whet ol tdt AR} s
E3 Q= W 100 nm ©|3} YRS o] L3t A}
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1. Si0, Y&}

SiOy= A2 Eﬂra} 274 %@ (crystalline) 2} 8] 2
& (amorphous) &2 £ =4, 249 Si0,2] A%
o Al e ‘:&*37—‘3. HAgkS dod 4= Q=
o, A E SiO= Hofl G A v|AA] =
22 &4 A Qtk(Bhaskar et al., 1994; Parks et al.,

1999; Johnston et al., 2000). w2}x] u|=-4 H A A
H 2] 3](American Conference of Governmental Industrial
Hygienists, ACGIH) % =A|¢-2(International
Agency for Research on Cancer, IARC)o| A= A3
SiOof W3l Z+z+ A2(Suspected human carcinogen: Q1
A gkt o] A &=2l) U Group 1(Carcinogenic to humans)

© 2 B3F3I%THACGIH, 2008; IARC, 2012). 3H H]

0 T oo ozi
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AR Y Si00] il A= IARC Group 3(Not classifiable
as to its carcinogenicity to humans, A YAEZ = B
Fo ¢ §l)E R Utk oleF Zol vAAF
SiOy Zej7tA] Ae] BAo] Q= Zow AeA U9l
Ak HZ AFIHE o ol B4 1}
9 4 gl AoR BT gon 53,

HZAAF Sio, A7 7 W A5 v o
Stk AT A7 47 Sk slek. whed
AB oAl ER1E]= Si0, YAE A FE-S e
L 7o & 391% o] weKChoi et al,, 2013; 2015b), H]
2AE Si0, YA A7), B4, &%, AE H oA
N xZEF 5ol W& 54 At AdE Z1E Table 29
Ureh gt

L

]

DYZE L EHA a7

McCarthy et al.(2012)2 H]ZA 3 10 nm Si0, ¢
S Ao 7|3A]  Aruja)|3E(human  bronchial
epithelial cell) Calu-39] =& AlHS 4 AZAZF
2 A, AdAkAF(reactive oxygen species, ROS)
7k 954 $44 2E 5ol B4o] Uehyon]
LC502 24417 =& 3 9.7 pg/mro| Tt $HH, 150
nm 2 500 nm SiO; YA= Calu-3 A|Eo] QoA =
AaE e R] kqkt) Gehrke et al.(2012)2 12,
40 3 200 nm SiO; YAZE Aol AR A=
(human colon carcinoma cell) HT299] AlZ =41 <
o7, YA A7)0 W =54 Aolrh S HiL
ShiTh 12 nm 4AHE] 79 24A3F & A=A A
o] golx uhH, 40 U 200 nm JApo)| A= 72417

NEN ToﬂE Aﬂi*m 7l ojuigt BIE Uehf
OIOITh. DNA MY 2} ARny Fad 48
3 DNA £46 e otk 5 asge
ROS SE4157h glol7] WEol A% GHS e
Wshe AsliEdso ARTE AT 9 Ao
2 wosholr.

Napierska et al.(2009)2 14 % 16 nm =7]9] SiO,
Ao 2% Al WujA|Z(human endothelial
cell) EAHY923014 44 1 244 Ee] 3ape] ofat
Al sZAFE (apoptosis)o] WA dojdriil HISHY
o} ko] 104 9 335 nm 3719 JRA = Yl
S719) el wlE ofF e AEEAS vehdl

omwE EHHo| S0, YAk B4 Aol ER

4
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I skl w3, HAA Y Sio, YA
£ o] 83t hREY] in vitro ALNA AEZEES, ¢
AA7] @R A NEEAEE UEH,
ROS i} HAHSA A=ro] F7keithal Harskgl
tf 283 AZHA Rl In vivo Ao thAl= T}
el 5] 9%, KobE B4 1L 7S] W
AR o HstE QYA et skl
(Napierska et al., 2010).

Mu et al.(2012)& 14 nm SiO, UA}] A|EZEA],
dE 59 Al AL 7Y Hda Ao AR vE =
1 pg/mLoflA YERg o, DNA &4 0.1 pg/mL
ojdol A TEET Y Husotk F HAUEZS
2 A 9 EA 9% A|E(human lung alveolar
carcinoma cell)?l A5497} & A (serum) THHE Qo]
Si0; YAt =EEH S e dAE AR A
AR FoEthe AnEiy A Eutate] Ramkg
< Si0y YAE Al Hof] A o= olFE 4 3l
oAl AAEETh 2Ry Ui 27]9] 8i0, dAR=
2 =E pRoA A AFee Fatt 99
UeR A= ok Ao @ 24349} Lin et al.(2006)
I Wang et al.(2009)-2 15-50 nm SiO, YAE
10-100 pg/mL FE=2 AFFE] 7|3A] #i2 dF-F=
Al 3 (human bronchioalveolar carcinoma- induced cell)
A5492} A9l o} AlAFA|EZ(human embryonic
kidney cell) HEK293¢]| 27} =& A& o &5 9]
49L& 2= Mxs4d, ROS 71 9 GHS a7t 3
ZEQl o o] ARSIAE | A(oxidative stress)] =
7ke o] qltkal H stk 53] AStAEY A
7} ARRFe] ok A Aol 9lolA $i0,9] EAe
2% 9= sh 50 nm YAl HIsiA 20 nm
47} AZ Y ROS AAS o 2 AZIckn Baske)
o g Al AESE @At ROS S7h= 43t
ABUAE 23 Y-S BT,

Farcal et al.(2012)-2 15-80 nm SiO, YAE Al
H|3Z Zof| A EZ(human alveolar barrier cell) NCI-H441
of lFAIA Abo]E7Fl(cytokine) A, AStAEE
A 5k, £ @A A mRNA Od aaR2AS 5
3Lt} Si0, AAFol| =% NCI-H4410]4 TNF-a
9 IL-87F &7 ddsto] AHSA W3] o7l ==
Aoz P ASFAEH Ae Si0, YAk 9
o /== ROSE b= 54 AYSl A

P

-

N o
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7} otk W oskdeh Li et al(2011)& 19, 43, 68
9 498 nm Si0, QA= o]L3lo] HePG2 AZO| &
gt w3}, Nx APE25E, AlZ W ROS &4,
HepG2 A|zzut 9 DNAEAY, NlZAE 5of dish €
Qg Ay}, YAF A7)0 A oJEshE AlEsA 2
HepG2o] Feahd weis parelolch

Ye et al.(20102)2 21 nm SiO, YRS AFZe] 7HA|
E(human hepatic cell) L-029] *=ZA|FHS o
ROS-mediated AFSIAEH Aof 93| A|ZEAIHS of
713 ekar Haskich Si0, YA A77F AeE,
FE7L B E, =E Abe] SR Al AE
Y Ha Aol yebdel wek AlxsAel o &
Ao g wEE =, FAZLSRE 21 nm SiO, YA
= L-02 Y Al254dS UehfA|eE 48 3 86 nm ¢
A =4S UEWA etk E3E 21 nm 9} 48
nm Si0, YAHE 24h FSF rat wjo} HA A Al
(embryonic ventricular myocardial cell)Ql H9¢2(2-1)<]
CC50 of =2(0.1-1.6 mg/mL)A|7] AT}, 21 nm =}
7} 48 nm YA hul AEEAo] o Fehrhe RS
AT AE AR ok A7 83 o
HE Yo AE £4HS AsiAEd s U
o o8] ATk A ASFATHYe et al, 2010b).

Sun et al.(2011)& 43 nm SiO, YA7} AR 7+
SF A|3Z(human hepatoma cell) HepG2 U] AFs}AEd|
AE SRS AEERE WA 4 olE4e
eI B s}sieh. ROS Aol WolAH nlE
ZEeol o] FPHeR Fasha nEZE o}
A2E Fol AE ABE dogd & gtk s,
Chu et al.(2012)2 24 & 9 WAAY SiO7} AT
H ¢ A3 (human lung carcinoma cell) H12999¢f tj
A4 AEo|BE4IRL Fo AE Yz ARe
T oEnstth wAAY SioE o A AT
Yol ZAjshs uhel, A4 SO ofufat 9jugy
ol Az ol i EA sk QL
th HEZE ol & SANE &4 EdS 9n))
= HIZAE SiO, thH] Z2AF SiOE A 27t A=
A 258 F7kske Aol EelEglen, Al W ROS
gl S7h2 ool Frh E
A A AR o]=A shqith ey BlEA
g SiOyol A= Az W s = flokal 2
3}l t). Skuland et al.(2014)2 50 nm % 500 nm
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Si0, AAFE Agstel U4 L EwWA mutel o)
Amsiieh Aol A1 Abwl w A E(human
bronchial epithelial cell)?] BEAS-2B U] Alo]E7}Q1
(cytokine) ¥WH2- 291 AT}, mass 7|Fo A= 50 nm
Si0; YA}e] AL cytokine HE-Z-0] E] ’6‘]—0“‘11]— =] 3]
of, FARE EHA TR =SAZS 4F 500 nm
SiO, 4AZF ° AsHA ‘%EH?{E}- ol= ¥
(agglomeration)/-3-3](aggregation)¥} %] & (sedimentati-
on) B4l 718 Joz FAsoH, IR v
B AEZ W AR F Aol ‘:H??l B A
& St gigkn wwsg

Nabeshi et al.(2011a)-> BALB/c mouseE& A} o2
Si0,9] HHZE 4, AlELA =L3K(cellular localization),
MEEAL ZAFESH, 70 nm Si0, YA= T 7 =)
Fio] o3 MAlleE EHol o] A43E 4o
kil Buskeeh E3), Ui 2719 Sio, %‘ZP‘
A9 AlZtE] e Alo]| E(human keratinocyte: 72
A A|3Z)Q] HaCaT ol A] ROS AJA 9 DNA &
oA AEo| &S S (endocytosis)E
(Nabeshi et al. 2011b). 70 nm SiO, YA} - ROS
S, DNA &4fo] gelEglon, Yxp7t Ada,s
(300 nm 2 1000 nm) HFAL TAEE AR Y
E}ttl. Zhang et al.(2010)2 H]ZA3 80 nm SiO,
AA7 AFHY TR AdGoF A3E(human deramal
fibroblast) ] &2 a4 9 nEF=efo} 9] 7t
A5 4o7]9 cell adhesion ¥ cell migration2 SiO,
Fo| Fhk(dose)ol =LA W W=tk HisHel
t}. 80 nm SiO; YA} 50 ug/mL L 100 pg/mL £F
oA AN REST o] Z+ZF control group HH| 83.9
% W 739 % o2 IAasHETE HbHe| 500 nm
Si0x ] A9 wlf- ofgt ANEEAES YEHETH200
pg/mL FE=o A 91.4% —’r——fr% LEFH control group
7 2 Aol7t g8). ¥ ATAT ol the 37
2 500 YA ALY oA A A
Aol ofgaks FEAXItH= A 15 nm SiO; ¢
A7 foAaze] A7 NxsAdS doXith=
Napierska et al.(2009)9] AF+ZAe} UA| 3ttt Cho
et al.(2007)2 14 nm SiO, YRS 7]= ZFAb
(intratracheal injection)3t 73-9- o =2 ol A IL-18
4 IL-8 mRNA go] Z27|GA oA 212} 664l 2
108] A3l A0, FAF & 154 "ol control level

Dotlo oz 1l

Bi}i o2 rﬂ

A
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2 3E=Ee BEsEch Uboldi et al.(2012)2
15-300 nm SiO, YAE 1-100 pg/mL 5== BALB/
3T3 mice A]-5-0}A] Z(fibroblasts)o]] =EA]H S o A
Eolliz YRS MEEY, SHEY U Feotd
MSLE op|shx] ehottm B wshgith
31H, Rabolli et al.(2011)-2 25 nm SiO, YA Al
EZEAo] SF(180 nm, small aggregatedo] 3Fgh)ol
ot o] opjet W] jelHcka WS,
Mouse T2} A| 3 (macrophage) J774 % BALB/c 3T3
mouse Ad-5-OFAf| E(fibroblast)®] ED502  Z+Z} 6-9
pg/mL 9 15-22 pg/mlLolglem, o]= Si0, Y=<
MERAT QA Ao Fs e iy
2 the 37 Qiatel 3 Al ARkel 54 3
of that Hrel M Fag arolck webd AFAC
A QA BARE ZAAAIAYG B SRS Al
71 9lal wEstar Ank SRA E el st FeFol
a7 gthe ATAT} A& o WEET gk
Lu et al.(2013)-2 30, 70, 300 nm%] ®= SiO; ¢
Aol A BALB/c mice Ztol| thet G4 EF0
ot 2313}t In vivo imagingol| A A
Si0, YAb= Zh, v, aspolA 2 Yehes A
o PAEOD, S0, YA AET AshAE
sz vEZE ol 75 alE fuelel A% 5%
= w7} 7+ £AK(neutrophil-mediated liver injury)o]|
4 3t 7FA| 3 EHA|(hepatocyte necrosis)E U2 7)1l 7F
oA ZAtE Al WA RE YA &l 534
o7 e Wt A FRlskih A=
2 B4 A} BUT o $Hden UA)
L3 oJ&3AY, U= EE submicron =7]9]
Si0; YA FAEE A 9% A7), w9
AL grof] ot Alo] WEE T
Yu et al(2009)& thokal 9730, 48, 118, 535
nm) ¥ Si0, YRS mice HEL-30(HA|2}E] = Alo] E:
’“ﬂ*g“*ﬂ:ﬁ) *ﬂioﬂ gt Alxzsdd 9 AskekA
HILE 281 =d, Si0, YA= A 322 (cytoplasm)
ujof E3zs}al 9\1213%, LDH leakage”} €% 4 =7]
(30 nm ¥ 48 nm) OJEHE 7HA = Ao® HRE
o} nEF o} A& EAo)A= 30 nm ¥ 48
nm YA7F 115 nm 2 535 nm YRR M3 100
pg/ml oA F/do] 73t Aoz yetyth 2F
Z o2 100 nm "|REe] SiO; YAH= Y7 o] B=THA

ru9 “”
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ghe=H| 71S e oM

FS W=t Fag AAAS AT E
Nishimori et al.(2009)= YA} 7] W &F o=
0] %l+= mouse 7H=A](hepatoxicity) & 3}of ol 3 4]

15k 9174 ¥ 100 mgkg HEA 9 7+ A4
=4 %A 22 70 m S0y YAE AT oIS
789 50 mg/kgy} 100 mgkg F=ollA HIH3] AR
YOt 300 nm 1000 nm YA AL AEFO
o Zh B, g, A ol =4 HLEWW U=

2 HAEAT 70 nm Si0, YA F9- 30 mg/kg
=2 Eoe AL v, AR g Jﬂoﬂ O| A=A}
© e ekgkouy 7k W @ae] Hapy 3t
(degenerative necrosis)7} EQ1EA+=d ©]= 70 nm
Si0y 7L 2holl BAo] S AARRITE Eat 70
m A4S Eolo) S 48 A, 4 44918
op/|3Es v 27] Axe] 7k BAo] oA
W&ol Q93 AU & 4 9t} FH 300 nm
Si0; JA}9] FEo]LaF 100 mgkgs EHA O Z FHAL
shH 70 nm SiOx UAHE| °F 30 mg/kgoll 3fidshH,
o] o= =4e UEtiA 3=l Hie 27
PAFe] ZF =40 qlolA Aol Fadt AxAS
oF % ik

Yamashita et al.(2011)2 70 nm SiO, ¥ 35 nm
TiOx(rutile-type) UA} 0.2-0.8 mgo] Foj& Al =21
BALB/c mice®] gk, gjo} Ik, o} oA o]& ¢
A7 A EQlen, o5 Ato] F=AE mice= THE
Wie mice tul A W eobst o e Ao B
2o ujeh o5 abo] 2lgt AT F(pregnancy
complications)2 €o7 <= Qlttal H 15t t) s1X]
9k 300 nm Z 1000 nm SiO; YAFIA= olHT
WEE QoA ohetha sk

oZ: o of

J}ﬂ

3

H‘IO

-

2) @4 £

Alexander et al.(2012)-2 nanowire FE|29] Si0, ¢
A7 50 pg/mL ool Freo A= Abgh G Al
(human breast cancer cell) Hs578Tof A=A U
Ui, Al W EA5k= nanowire®] &2 7t 7]
AH o2 furstol AEAHEo] Aolueki Wyl
3}t otH, Bamnes et al.(2008)2 U= =7]9] SiO,
PA7E 4-40 pg/mlL SFR 9] WollA AFAlZ FAF
& el sK(fibroblast-like morphology)& 7}A]&= mouse
3T3- LI Ao SABAS tehfx) gath w3
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MetEol AL 37|, g, 2ol ME S8 UFE 125

2. WO; A}

Si0,, AlLOs, TiO, 5 =
WO3 JA+9] 5“011 et A
WO3 dxe] - FHA
02 =4 ?i:r“"lol Hi 01
ok A 27 2 AATx ] et At A=
© AR ygon, dutygoes wWos YAE
YA = = A=7d0l LPEP’Hﬂrﬂ A e
, i ZAPIA R iR | Sl ot dAtE S
sjolc}. s wrolal alste] IARC @ ACGIH
oAE WA ERELA ALl e, A
7h2] B1E WO; gdAF BEA4L tfea gr)

Leanderson & Sahle(1995)= 483 WO; Y=
o]-g-3to] ke At #| AlZ(human lung cell)] =
At 89 ZAl(hemolytic activity)o]] sl Az}
i EAEtgeh AR ] HlZol| 200 pg/om’] e
T 2= WOs JA7E FAHo| vl Az
Ho o el AT | LA M
7h gt Elo] dEIF=Rlo] FEE= ) S
92 Aoz yepom (A iy ofl/seE
AL H AR wde] AR ew 7o 4
+ hydroxyl radical AyAd=Fof QJE3itta Hil
o webd HEEO WO A%t wBE ol
EEAAAN AAF wol FE

Ao 9] & Fke 4= glokar 7150}@1—,}
??_Pﬂ Wang et al.(1994)2 WO; Q4A}7} ratof| A = A
o812 wral A7) x| oFrhy H —a—}oﬂour Keith et
al.(2007)- mildgt ¥ H{3-5 WAL Eals)
Sk

White ratS tjAro =2 A4
WOsE @9 7|3 W Y3

359 FE4eHE )
AL WA gk
39 TP % g
9= Aoz sholgg]

-0
o
ofN
o o
o B 3R 30

1

9
lo
d
Hu

0.5 mLY] 50 mg
q 4,6 8 Y =
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|2l

WO; YAHE rato]] 7| =
AR (F3ZR) A Aat, 53] 79 FYR o
W rol 22 o] FA) 9 7 AR{Eirt ElE ot
7047 HHERO( O] 9 0.5%(00Y AR oF
194 mg/kg) oliolA Abgdt= AR B
9h A-E7H0.1%) N A Q] 272 AF AT 7]
et F712R olgo] Y wBAE o
ZAl A= g2E B O BEQEZ a2y Al
ofAA Hulel W ok Biixe] gk

o 7

(ACGIH, 2001). 6 WO; AFE Z3lel= Ezlo
L2 w5 AoAA 1 A5 E-o] YETh

(ATSDR 2005).

Hasegawa et al.(2012)-2 W0;2] Ho| A2 559
dhegfo} Ale& ARESHE ol Y2 HAR(Ames test
Sdo] A S0l o3 I =4 HE Al
Aor xAEGlon, WO; A+ v/ v-Ha-
ras-transfected BALB/c 3T3 A|3(Bhas 42 cells)& A}
goliz AZ-AY 240l els) glEgch U

Table 3. Studies on aluminum oxide particles toxicity

-{11

37191 WO; YA= TAIR(-F= strain: =531 &
2]ako] wj st Alstolut wE)ollAl positive EA o
S-S Ut o, mto]2 R 2719 WOs YAt A
£ oludt M= vehbx] ekoket oS dxte]
A717F oh e} stehA Ao Zlsttka & 4= 9l
A2k, WOs QJAbof| oJ3h wol A (B U}
37)e] el&slttir }¢ich Laulicht et al.(2014)2
WO;  gzre] AR 713l AT Al (human
bronchiolar epithelial cell) Beas-2Bo|| =& A] H|EZ &
4 9 et 7Hs Al disl AR 65 =E &
Alat vl eFH(agar) G Hat 8719] =H(colony)S =
AL, o W 87K0.25-1.0 pglem’)oll A B 2574
A Bgon, o £ £ (5.0-150 pgem’)o]
A& 30-757H J2HE P49t whEbA Beas-2B Al
of WO; a5 v os wE2Ad 49 AEZ
HEYS FEsty] diZel SUE WO dAk= o A+
= Bk obyef, w2 FEoIAE F Wt 7HsAol
(o]

olrkan shoie.

Size Exposure Cell line

(nm) concentration(time) (animal model) Toxicity Result Reference
1.0-250 pg/mL Human umbilical vein endothelial cell, . Oesterling
10-20 (0-40h) Porcine arterial endothelial cell Cytotoxicity ) (2008)
0.25-100 pg/mL AS549 . Simon-Deckers
13 (1-72h) (Human) Cytotoxicity ) (2008)
Cytotoxicity +)
0.25-1.50 mg/mL HFL1 . Zhang
13 Morphological +)
(48h) (Human) transformation (2011)
0-500 pg/mL A549, U937 . Braydich-Stolle
32.7 (24h) (Human) Cytotoxicity (+) (2010)
HBMEC(Human) .. Chen
N/A N/A Oral treatment(Rat) Genotoxicity *) (2008)
10-200 pg/mL BJ(Human), .. Radzium
50-80 (24h) L929(Murine) Cytotoxicity ©) (2011)
100 pg/mL Cytotoxicity ) Rajiy
N/A (24h) Human lymphocyte Genotoxicity (+) (2015)
Human lung epithelial cell, .. Kim
N/A N/A A549, L-132(Human) Cytotoxicity ) (2010)
30, 40 500-2,000 mg/kg Oral treatment Hepatoxicity (+) Prabhakar
bulk (3-14days) (Wistar rat) Hepatoxicity ) (2012)
30, 40 500-2,000 mg/kg Peripheral blood cell Genotoxicity ) Balasubramanyam
bulk (18-30h) (Wistar rat) Genotoxicity ©) (2009)
1-50 mg/kg ED1, GFAP, Nestin . Li
< 100 nm (30-60days) (Sprague-Dawley rat) Neurotoxicity ) (2009)

N/A ; Not applicable, (+) ; positive, (-) ; negative

http://iwww.kiha.kr
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A 715 Ao FUASE DdEE FR =

3. ALOs 9=!XI-

ALOsy=  HAle] EurRA S 7 (hexagonal
system)®] AAGLZE 7}X|1 TARC 2 ACGIHO|| A
= U 242 £ A otk WA A
2o A+ ETCH 574 9 METAL 374 A
7Hedol =2 AoR ERIEW AF7hA| Hig
ALO; YA}e] F4JS Table 39 A 2]stqict.

Oesterling et al.(2008)2 10-20 nm ALO; YA} &3
23wl o) Al pH 749014 22 (agglomerates)
E Yetle Aol low, Aol At A dit
WjT] Af|3Z(human umbilical vein endothelial cell)of] tfgt
ghg el AES) RS Z/IAI R B o)
U 2719 ALOs YA A EFA W2 ol &0l
Fusiel 20 AET A AAS vehd 4 98-S
AlAFSEAL Itk ESF Simon-Deckers et al.(2008)-2 13
nm ALO; ¥ AKserum mediaof| 4] 2%3}o] 50-200 nmE-
R ASIOHE 2 A143] FEste] AEY
(cytoplasm)3} Al 3 A~Y(intracellular vesicle)of] H3z&+
4 slov], 4 271, A4 9 steb 2ol o)
B whgo] Abgrel ThEoha ®nelglth MIT
(methyl thiazolyl tetrazolium) A| =4 EA1 272 HE]
ALO; 100 pg/mLS 48h =3 T A EAPEZ T (cell
death rate)= 3% Z7}st= Ao2 EGTH

Zhang et al.(2011)2 & 2] 13 nm (FAF B4+Y7A
186.8+5.6 nm) ALO; YAS AlHe] gjo} #H AlGo}
A|3E(human fetal lung fibroblasts) HFL19] 48h =2
AFHS o SAYFS A 0.25-1.50 mg/mL
o] FEFANA N mEZE o} 754N, FA
W 9 AEAEE Selsidon], gakelEas |
t}al B I3} T} Braydich-Stolle et al.(2010)-2 32.7
nm ALO; YAHEFEA mediaoll A SHA B4 Al
ol7: 839-948 nm)Z ©o]-8-3}o] A E(pneumocyte)
A549 2 AFEO HEZ A A|*E(human  alveolar
macrophages) U937 o 54 glol ofs) st

tf. ALOs W= Aol ofsf WAL o] AN 5
o] FraE il HRkE-o] Wl whEg ol whel, ALO;
WA} S & AT Afo] =7 eytokine) o] H1]%
AA|ske] AAaLol| BEg-Sh= Al A A FES W
A 71Tt B 31819t} Chen et al.(2006)2 ALOs U+
L olxE Al M uNE® Y o)A EZ(human brain
microvascular endothelial cells, HBMEC)o] #| 2|t 7
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259
ot B stk ESE ratsof] ALO; 29 mgkgS U3
A1}, ¥ d2hdd ol S Q]9 A 24K FH

Z

lom, claudin-5 ¥ @ ZFH(occluding)o] Az+aF &
o 9 FHEE)7E BEEA ojHd AutriE
ALO; Akl Ofaf ¥ WyET}t ks W o Qs
= dgskelch

gHE, ALO; YA7E 54 UEhA] et
FANE B3E Qlth. Radzium et al.(2011)2
# 9] 50-80 nm(F A =7] 230-550 nm) ALO;
Q) Z}7} A7 A G-obA E(murine fibroblast cell) L929
I AGAAR AR 3R AdfrobAlZ(normal  human
cell, skin fibroblasts) BJ =F2 E3}3}%|%F 10-200
pgml FEHSIAE BANCR felgt Sze
NELW 27} Ee AE AR et BRE
OF=Th B STk < 0.05). wekA i 27e)
ALOs UAF THF ATo] WAL MTEHS
e #] oketha 8k9ith 18] 3 Rajiy et al(2015)
2 ALO; Yk=JA7} 100 pg/mL =704 At
9] JupA|sE(human lymphocytes)oll thal HAA]| o]
A BEEA] gten, FUxA4 Si0,, Cos0s,
Fe;05 WA} tfjH] DNA £4fo] 7H A= A&
gelslity. 183l Kim et al.(2010)2 U= =7]9
ALOs A7} AS49 9 L-132 A|3zof tfsiA N=ZZ
4 9 AZAES 0] kT Aol ehx ek
ol Hshgich

S+ Prabhakar et al.(2012)-2 wistar rats 4] 30 nm
2 40 nm ALO; YA}S} bulk ALO; YRS 500-2000
mgkgd] FE= AT Foldt AL, U =7]9
ALOs A= bulk QJAFe] BISiA] A2 AbstAE e
£g ofy] AZIkT Btk A Welx et
Aol A= Uie =27]19] ALOs YAF7F 2000 mg/kg©]
FEOA b EANEE YEhlth o dFtolA=
OECD guideline(2001)of] w2 rat Ul Y= =Z7]Y
ALOs  JAFo A=A B fs =
(500-2000 mg/kg)7t AA =% 7hsdt FERETH=
Ay33S] =Skt Balasubramanyam et al.(2009)-2 30
nm Y 40 nm ALO; YA ZA(EX: 1000, 2000
mg/kg) wistar rats®] TZE M A|Z(peripheral blood

42
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128 =2l

cell) oA tail DNAZ} S-0l3H7 Z7Fsht bulk
ALO;E= control value@} §-2J8t Zfol7} gleS 3ol
sHolck. ALOs QIAe] 917 OEAL rase] the 2
2, ¥, sjdEo e BRI webA] Ui A
719 ALO;s A= A=A &4 9 A=
dozd 4 Qe Ae=m FAHSAH

Li et al.(2009)2 ALO; AL Sprague-Dawley rats
27F W FAKintraperitoneal injection)S E3] 2
(cortex) 2} SmH(hippocampus) W thFAJE 4=2] Ho}S
TSI =& 60 A} 5 rat oA sfjulr} o}
7] veRon], 312 9 sful vjol Al EDI AL} 4
I F2o] T TN BEEHUY EI
GFAP ¥ nestin W& o] SRIE]| Q=0 o]= A2
2datol 7191g Aem AU sfutel 1A
Ue AF A7 58 el A8l Sl AlE A
AlZxeh o ¥izshe, ED1Y} GFAP= 417 w2 A| =
2Hd3tol thet Izt A4 Alzolth whebA U
= 719 ALOs YAk= rat 2] A3 HAA o A
o FFE 7 o dokal Huskgloh

4. TiO, Y&}

AR O 2 TiOy= E}o|EbE(Titanium, Ti)2] 4ks}
==, 2420 we 204 QHERL rutiled, A
o)A QHEFt anatase®, FXE=OlA FARE
brukited 0.2 E=F Tt} A A4 =& AJAF volume2)
oF 70%%E AFASFaL Qlom 12 YAb= 217 200-300
nmo|uy, T F FYA(aggregates) 2 A
(agglomerates)E 417 A St (Baan et al, 2006).
2UAl 552 TiOx(10-50nm)= A4 ApdkA] 9l
S 5O 2 o] gHrh thget o5k AT E A7}
HuEa QAN of A 7kA] = TiO7F WekEdolehe
SA7F EEdttt g, =8 559 Tio, ¥ Zn]
A TiO,E rats, mice, ZL2] 31 hamsterso]] t}ofgt H 2
2 Bzt A9 Y 4 718 W FAF Al sE
AME TiOo] WelAe] &8l FWdol w2t
IARCOJ| A= Group 2B(possibly carcinogenic to
humans)=2 E5F3}31 Ith(Baan et al., 2006). HF=X]|
FAB WoA &4 Zor FHEA7A &
TAAR 3 E = TiO, YA 27], FHA, B4,
|, Al i Al xSl tigt =4 Al A&

A7HE Table 40 Ui Slcs.

—ﬁFSL'
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IEEEELEES
Hackengerg et al.(2011) 15-30 nm TiO,(anatase)
AR A HxE ol JulH(human peripheral blood
lymphocytes)o] DNA &/4& Qdo7|X] gherhal W
ABFATE TiOy= 3 fERF ofy 2t Mok =g
oy HxFAut Yol NExsA Ee F4
de gubsizll orolth Singh et al.(2007)2
-80 nm TiO,(anatase/rutle: 80/20)7} AS549 A|3Loj
s AFStAER A 9 IL-8 mRNA HE-S fEshe
5 944 H3-8 SEHslH, 40-300 nm TiOx(anatase)
UAF thHH] AS49 Al W) AZolE557t 4l46H
A= BEskel) ol#fgh adt= TiO, YA+
SolAl A ot YRpe}t M| AT ARG
of ols A== ASIAEH A 7| QlE kAL A|A]
3}t Saquib et al.(2012)2 30.6 nm TiO(rutile) I
7% AFE oFaf Abs] A 3E(human amnion epithelial
cell) WISH W A225A4], ASIAEHA(AA W 24
4k & ROS7F HobA AA| Aksl 3ol Fy Al
gl) @ DNA &/42 op7|stH, o] off 5k o&EA
UER =t 10 pg/mLo A #AT Zujghd 7,
FEFEE i fas, Al ROS S7F dAbe o
shoith Al W Tio, A= SXFEH = EA 5
2 HE F42 B9 AT Yz Soltith wh,
Karlsson et al.(2009)%= YUl=t]E|Q} ulo|ZZ2u|g =
719] oherdt FEAERE AR =4 i o7
ojEA ol tiel =ARRE A U= =719 YAt uf
o|Z2 2] drpurt 5 240} 2SN By
=4o] o 7 AL ohjetn B
Shukla et al.(2013)2 124.9-192.5 nm =7]9]
anatase & TiO» YA} A= pg/ml) 270 A
n)EZ = g]o} ufj7fj(mitochondria-mediated) 3 25 %
Al AR ZhA| 3E(human liver cells) HepG2 W Aks}h
X DNA 243 AZAFEE0 pgml6h) w0 A
90% A& &)y op7]etthal Baskgick 1 <l
o XWBASHE W ROS Z7tet Ao Fete
© @ had VelEdrkT 2HT 4 glck w3t
Iglesias et al.(2014)2 W= =7]9] TiOs(anatase) %
A7} rat@} AFEFO] Al wA| 3 (glial cell), A173 WA
3E(C6), Al OFEAEF(U3T3)0] =4S HehdlttaL
BRI TIO, YA A AIAISHE U v st
o ofs) AALAE ) e ABAEYAE of|3

o o
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Table 4. Studies on titanium dioxide particles toxicity
Titania Size Exposure Cell line
form (nm) concentration(time) (animal model) Test type Result Reference
anatase 15-30 20-200 pg/mL Peripheral blood Cytotoxicity ) Hackengerg
(24h) lymphocyte(Human) Genotoxicity (-) (2010)
rutile 16-80 pg/em’ A549 . Singh
anatase 20-300 (4h) (Human) Cytotoxicity ) (2007)
rutile 306 0.625-10 pg/mL WISH Cytotoxicity +) Saquib
’ (24h) (Human) Genotoxicity +) (2012)
. 40 pg/v;:m2 A549 Cytotoxicity +) Karlsson
rutile/anatase 63-1000 (4h) (Human) Genotoxicity (+) (2009)
) 0-80 pg/mL HepG2 Cytotoxicity +) Shukla
anatase  124.9-192.5 (6-48h) (Human) Genotoxicity ~ (+) (2013)
20 pg/cmz Glial cells(Human & Rat) .. Iglesias
anatase < 300 (2-24h) U373(Human), C6(Rat) Cytotoxicity ) (2014)
anatase 3 0.4 mg/kg Inhalation Acute toxicity ) Grassian
4 mg/kg (C57B1/6 Mouse) Acute toxicity +) (2007)
62.5 mg/kg .
anatase 5 125-250 mg/kg 80 CD-1(Mouse) EZPZ:g:i‘C’ﬂy ((+)) (Iz)gfg)
(30 days) P ¥
19, 28 1.5-5 mg/kg Inflammation ) Kobayashi
anatase 176 (1day-1month) BALF(Rat) Inflammation o) (2009)
22.3-23.5 mg/m’ Inhalation Inflammatory Oberdorster
anatase 20, 250 (6h/day, 12w) Fisher 344(Rat) response *) (1994)
.. . Acute toxicity
5 mg/kg Oral administration . . +) Wang
anatase 25, 80 (24-72h) (Mouse) Histopathological “ (2007)
change
anatase 33. 160 40-1,000 mg/kg Oral administration Cytotoxicity/ )/ Sycheva
? (daily for 7days) (CBAB6F1 Mouse) Genotoxicity ) (2011)
10 mg/m3 Inhalation Tumorigenesis Hext
anatase N/A (90 days) (Rat, Mouse, Hamster) (Rat only) *) (2005)
rutile 200 x 35 5 mg/kg Intratracheal instillation Acute lung ) Warheit
anatase (24h-3months) (Rat) toxicity (2006)
anatase > Spum(short) 30 pg/murine Oral administration Cathepsin +) Hamilton
> 15um(long) (2-24h) (C57BL/6 Murine) activity (2009)
anatase/rutile 3-5 0.3-3,000 pg/mL HDF(Human), Cytotoxicity +) Sayes
rutile 3.2 (48h) AS549(Human) Cytotoxicity +) (2006)
Gut epithelia
anatase 12-132 ;(2)5 H/lri/ I‘jggg; (Human, Mouse) Cytotoxicity ) (2351112)
He Caco-2, Caco-2/HT29-MTX
. 1-100 pg/cm’ Cytotoxicity/ )/ Falck
rutile,anatase < Spm, < 25 (24-72h) BEAS 2B(Human) Genotoxicity +) (2009
. N/A Embryo cell Cytotoxicity/ +)/ Guichard
anatase;rutile < 100, > 100 (24-72h) (Syrian Hamster) Genotoxicity +) (2012)
anatase/rutile 129.4 1-5 mg/kg Organ administration Igt;:l;?;iag?;/ 23; Warheit
rutile 136-382 (24h-3months) (Rat) Histopathology +) (2007)

N/A; Not applicable, (+) ; positive, (-) ; negative

oul, Qo] Fests Wk nERCeol &4 1
ga mEzceol A9 F7b7t WaAH uet

TiO, YA} Al wA| 2ol AlxsdS Uetl= 4
o2 ZolE it} 3FH, Grassian et al.(2007)> 3 nm
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TiO, YAFS] mouse C57B1/6 ¥ £ AlgoA= &
4532 04 mgkgol A= FESHA il 4 mgke
ofl Al oFgh H/do] ElEietal Harskqch
Duan et al.(2010)-2 5 nm TiO, ¢]AHanatase)E
62.5-250 mg/kg?] == A4 80 CD-1 mice?] &
Ujof 30 A7t ujd FEoi(intragastric administration)3t
A3}, TiO, YA} 13E(125-250 mg/kg)ol A mice
O] 7+9] coefficients 57, 1t W =2 e|sh2 w3}
Y I 7eS AT AL Bkl o= A[E
Al(haemostasis blood system) % ™HSH-(immune
response) =4 TAUS A2 FHEHY, Ak
(62.5 mg/kg) o= olHgh &4 AY Ut A]=
okt o]t dAk Liu et al.(2009)2] A2 1k}
FAFSlc) 3 Kobayashi et al.(2009)2 rat2 thAbo
2 19 nm, 28 nm, 176 nm?&] TiO,E 7| U FAHE
o 155 mgke) T v AZWS ol AT U4 2
7lo| W& FA4atelE #ESEITh 176 nm TiO, ¢
Ao A= H 5ol EEA ey, FAHD =Y
% 19 nm ¥ 28 nm TiO, YAFo] 2Jgt ¥ FF5HES
o] ¥EITE & AR A7]o e F/do] Fely
Rom o= Y} HA E= PR+ Fof 7)1
Qit}. SFA|9E, long term(>1 month) & x}of tf3fA]
H d5ol F A RO AL 5439 3E
ZHE AT (A ol whE ZFol7F (). sHAIT,
B(FEH A 308 ohE)7F ohE Akl Al
Zpol7b |AE A dth & G54 YR
FEFol UEhAINE 171 o] Ak A7)xE B A
= "rEE & 5 Atk
Oberdorster et al.(1994)-2 20 nm2} 250 nm TiO;
UAE o]-&-3 fisher 344(rat) 2] SUSHAIHANA 2
° Brolx e A%t del wol FAHT, 1
(lipid)S S35l wo Yodo] mekpicts AL
P2k 20 nm YA 250 nm A vl A%
W AESe) 2748 molen, we] maAZ, X
Aol 498k 9 PAAIE 7)o HskE mojgich
T3 20 nm YAE] FHof A o] AlA= DA B2 AL
o] £29%+= AOoZ LEMGTE Wang et al.(2007)2
25 nm ¥ 80 nm TiO,Z miceo]| A4 A|HS
5 mgkg o] FEoA FASAS oF7IZlen, 2t 1
A 9 220 dolglgo] WERE AT H
Wel225H] Wake IR gl

it

o]

2
=
=

(" oo

W
BN ok oox o A

§7

E

O:

b
GRS

by
o
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aatsick. o AolAE e 2719 Tio 147}
S Wz NAR T o zFoly slB) o5
g & S ehich

$FH, Sycheva et al.(2011)2 male CBAB6F1 mice
= o= 3k 4] A (oral gavage) FoiH ol €
3 TiO, A9 47 ¥ multiple-organ(brain, liver,
bone marow)el o] GAEH W AEEY Etl
ojs] ZARACE 160 nm TiO, YAH= Z4(bone
marrow) A|3EZ Ujo]|A] DNA A7} micronucleis of
7] AlZeH, 33 nm TiO, YAb= = & 7hA|2
oAl DNA =43 of7] AlZith E3F, 4740 thE 2
F°o TiO, UAH= A fl(forestomach)@} T3]
(colon epithe- lia), 27]] 2 1 o]AtQ] M-S zt= AHx}
M| 3E(spermatid) U EEATE ZF7MA7]E Ao
ghol ) Qlt}. Hext et al.(2005)2 Y= =27]19 TiOE
rat, mice, 12|31 hamster®] I%(10 mg/m’)E 90
A F SUAA 1ATE BERE A3, rato| A= 23
Helshd &4fo] G435 MM 7 Y FFo] 2
1% O} mice W hamstero A= =& & E8
Ol 5 THAIHA] 2] 27] E4N UEie F
G A=A GForon, H Fe(lung burden)ol]
o] SRET= EWA o] ¢ AESHA Aol #A7t
2 SHAh o] ATtollA AA= WA WS
ratof| 41 0] 5o0]4 A 4 AR QAo FA A 2l

ol o o

(o ol

30,
o
fd

) g4 a3

Warheit et al.(2006)-2 rato] tsle] Y= =7]9]
TiO, rods(wide 20-35 nm, long 92-233 nm)%}
dot(5.8-6.1 nm)Z o] B34 7|T W FAES Bab 2
4 5 24 ATE SR A3 BHS YRkl 2]
2 EHAof JFe WA F=rhal Hilskitk Tio,
= 5 mgke Sl A oA A7 7] B4E o
717 peleh. QuFAeRE the QR buk Q%o
Ha) 9 A AESA $718 Qosl: Aoz
dHA o, o] AFtolMe Aut= F LAl
W& EdAgich ¢ EgeelAnt EahAQl
W (=7], 294, 24F)Y 2ol o7t AY =
212 Aot} Hamilton et al.(2009)-2 murine C57BL/6
£ Ao 2 fiberd TiO, YAHshort: > 5 um, long :
> 15 pm)of] #HE thAAxZ Bl AESH ZA4(in
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vivo) W3S st =), fiberd TiO, YA} o
%4 ZAsKinflammatory activation) 2 Z}g]Al
(cathepsin: 220 9l whold Helrso) &
A) B-mediated HAYZSE 53] &
(cytokines)?] W&d-& of7] AlFItyaL

=
[

g A
ERLE 1,

AT AT

Sayes et al.(2006)2 A O 2 =2 £29] Fi-
(100 pg/mL)Q! anatase TiO, Y=QA} AM o 25
O}A| 3£ (human dermal fibroblasts cell) 2 3| AF] A 3E
(human lung epithelial cell)o]] tgt MEZE=AAT I=
ke ket i), AlEZukgoa= AP A0
HeS Holew ARt Auel A Sk
Anatase/rutile(80:20) TiOx(3-5 nm)= FLHF2] rutile
TiO»(3.2 nm) Xt} 1008] ZAJo] =2 Ao Z YEY
o} o7|A AHEEZAO] =& Anatase/rutile TiO,7}
ROSE 64 o] A4tglem, Ex-vivo A3 o4 UV
o ojs) WA ROSS| AT B AUTAS
B3k webs ROS7 2 AAEES CajelE T,
of 240 ¥ 2 Aoz 2R} of ATO|AL B
9] 914 9 mHA o wal BeS k= Zlo] ofY
2} TiO, YA YJAFAI E(phase composition)o]] w-e}
U235k A A3} =1, Xue et al.(2010)%= anatased
TiO, YAH7} rutiled TiO, P} ofn] AW & A4
ol EAS shAcky ®uslglck w3k US EPA(2007)

ML e Z1719] TIO, BALS Uxke] Abo]ze}
FHA THo| g, Eoldt AAFLx W AkSlEA
o Sejo] Fastthn B st

Brun et al.(2014)2 TiO, QA7 - A A2 A
AFQ) BAfGleum: Avbo] ohxur Rg)) Atul Uy
FoH olEfol A 4L eI, W 4
A3 (gut epithelia cell) WollA] &3fE]#] 9F31 X
SEjo] A% wh £AHS B 5 Aok B
SR S, Caco2 HIEE olgat ATo|AE
ek MESHE B 2o o] 4L Tio: A%
of EREACR Husold 4 s, of ol
AFEE JAt= A EF medium(serum-containing
medium), % child 38 QgAel Lo g
th the 3719 e} Almuirte) 4 EAgE EH
EAo AujE For, oz i H(negatively-
charged) ¢JA}+= negatively-charged A2z} &7 7]

=

{

O_u

H o

i
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2|2 (electrostatic repulsion) ZH-8-2
AEBFE ZHe iAol A8 2EE Cha ol of3)
o SgAe] SolH qlHew AEtn ¥ 4 9
th(Liang et al., 2010; Lesniak et al., 2012). Hij=2
serum-free exposure medium oA EH|PS o
Az Alazdfof] ZFetA FAFsin B]E0] 4 2 2 (non-
specifically) &2 %] %l=t], Z3}% O & serum- containing
medium WollA FHjE wf JApo] o] Hrhe A
< 4 5 AUt T o] A A= Aol 3
H7] diZoll Aol A =F mde] o
2 A3} Bag gojehn A1&stm ek

Falck et al.(2009)-2 A}H9] 7] & Y] 3 A 3£ (human
bronchial epithelial cell) BEAS 2BE tA} O 2 rutile
& TiOx(<5 pum)&} anatased TiOx(<25 nm)2] =4 o
A3}, rutiled Ti0,2o] H$ Uk =7]9] anatased
TiO, the] 2 FZoA AlE AEFe o] At o
AZ=Ago] o A yepdohal 2uskiek E3F 2
ZF9] TiO, B DNA &4 oF7] AlZlem DNA &
AE Yol M W2 FEe= <5 um A7]9
rutiled o] 1 pg/em’, < 25 nm =7]9] anatase® 0] 10
ug/em’el A& Uepytch

Guichard et al.(2012)-2 Syrian hamster®] Hjjo}
(embryo) N|ZE A2 3t in vitro FFollA &Y
Lo = Y 37|19 TiOy(anatase&rutile) YAF7}
nfo] A2 7|9 YAFELE ROS o] =7 vrephd
otk ®Baskglet akA|Rh rutiled wpo]A®E 2719
TiO; YAH= Uie =719 YAFETE 43 DNA &4
< 03t Hh, anatased O] - YA A7)0 A
glol SAKSE DNA £4-2 Uiebch wjebs v =2
719] TiO; YAl &3] F- == in vitro M| 25}t
QA Ao] ulolaw =7]9] Axfel s fubE
sS4t R4 2AE Qohn st S, Shi
et al.(2013)2 HWAlo] OJgt =& Afol A, TiO, Ut
QIR Th H, A W uo] 2R ey 4
S opla 4= QAT ol2 TE ARE WS L &
oo Tio,E AMEH] HEel Aoz SAeidch

Warheit et al.(2007)2 rat 7]3% U] $=Al(intratracheal
instillation)E E3f] TiO, AAFXo| & E4HS %
Astsick o A%, AESAL AEFA 8 2197
st& HE-2-9] <=A]x= anatase/rutile(80/20) TiOx(4 73
129.4 nm) > rutile TiOx(Y7 382.0 nm) = rutile
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TiO5(136.0 nm) = rutile TiO»(149.4 nm)& LE}GITH
Anatase/rutile TiO,7} ¥ 9=, A|ZZA], 181 =R
2o otdeFe dovl whdel, 359 mtle TiO,
OIX}= 24A17F, 5 mgkg & Al UAA =& do
Zou eE 15U 5 IRHUT o] AFM= ol
g3t =4 2olE TiO,o] AATLR, ¢Ae] pH, ®H
s}s} WA BA L 9o, %‘d% rutile TiO, ¢
A W G Aozl AAYHL ke Aog o=
kot 3, U= 37] TiO,o] A 3}8+a 2Ao)
b APz U oe o dEs e

Q17] W&o anatase/rutile TiO,2] H EA4Jo] BE 1
= 37] TiO, YA+ Felo] YolA dEAL e

chit ¥ 4 glrka s

=
il

HYSH s H OFLIE

1. SMYUs s

Si0, ¢JAe] A n vitro 9 in vitro A& o] A]
SiO, YA 712 0.5-200 pg/mL 2 10-200 mg/kg®)
FEHANA it Al E 7 S0 2
HAxlE AoZ vEyth 3, WO d#ke] F¢ =
A AFAE 7 AAEE 100 mg/mL 2 194 mg/kg(90
A FHHERPolA A i FE(rats)o] Abdsh=

© &2 yepylth ALOs YA 79 2000 mykg -5
ol Aul rat®] 7+ &Abubo] WhE E Qi 121 Tio,
Q2o A9 120-250 mgkg Y 10 mg/m’ 5 Eof Al
85 ¥ F%ats) 5o YEtELt o]e} o] 7+
PARFE thofdt HAo] UdEE o8 Hily
9l SRk Y AFelA HeH (e E)S
AA G YelA= =& 7 et Bl
o 53] =2 Eol7] Wil A A E el
&g 7Hsdl data= o3 REsiohal &
CHRef. F=7h). T3 o]5 YAto] A £42 At

dos gt =&yt §eF-uhs B4 9lo]
FLE data EO0 2 A5 ot}

E)

fl

=2 o

X

Mr o %0 £ o
e o
2

C

& 07L&

T QA o5 A=

)
for I

fo 02
i

—_—
~ ¢
N
_—

oyt T

5
o

ife]
N
[t
il
o,
i
2
i3
el
=2

PCRIE R
S ER-
Aozt A

ox o
o o O
U o
ro
o
P‘L
N
il
ot
iR
i)
1A
L2
19

4>
pac)
v
N
N
1o
It
ox,
_I°|’
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wEEE AR A 5 um oj4ke] e A
A%, 1 pm oj3ke] YA A 7hx) WEspE Ao
24 9lo1k, 100 nm o]5}o} QA 557 A
oA =2 HA Fipste] e EOH A
Bxgozy MILE x313F oAz, 7k A
% B Ao £257] di EP Fet 2 747] o
A = ek shsAdol ok ke 9l
g, 1 onm AA= 90%7F FHep A= F9
(nasopharygeal region), 10%7} 7|%= 9 7]&A] F¢
(tracheabronchial region)of] ZZK(H|3Zo= AFH =&
SHA) 7). 5 nm Yk A o] oF 30%% B
20 nm YA HEZ 50% =YY 2 SAGE
2703}, T2, 20 i oj3ke] 371S A A%}
£ Shbgol Hlg AN R 7Rl W2 s
(Kumar, 2006). d¥H2o 2 wjzo] =g ARY =
AL gz A Az o8 HHal o= A &
=719 Aupp gzl Rt Z1AF wjE7IA
(mucociliary escalation)o]] 9]} A|¢]= wjE=ch o
AAIZE7E RS APshs Sew PAY] 7]l H]
Alsh=dl, YAt Aes w2 YAz o &
AE o] AEE= &S o, Witz #H o 4y
Am} 2dole] Foss ulEe folithn o
A 9JtHOberdorster et al., 2005). AW =] ¥
of A&E Yie 2719 Y= A7, EHEA
uet 9 o EHYIRE % spsalch Aol Wz
B e AR BRERE So) Ao oEre

o

Jut

114 o] g+& A thi(Oberdorster et al., 2005) StH, 59
H 37 5 e 2719 dA= HE Fste] 1 ¢
27, oS B AR, B 7 AR, 123 4K

FTFAEA HolA = Had 4 UAck(Krelying et al,
2002; Nemmar et al., 2004; Chen et al., 2006).

NAZER L FASAH LE dAUE

420 2 FEABE Q2 £ Si0, Y TiOo] o
Els 5““1]5‘1‘4% AF7E 7 ol d A SQlol 1
T2 W8S aof Aestlct HZ4d Sioe 274
3 SiO, EHH] H =5 & 7|ge s e AA
H7] gzl =4S AY UehlA derkal g A
) thH(Oberdorster et al., 2002; Nemmar et al., 2006).
T, Si0y YAHE o837t Bt in vivo B in vitro
Aol A ROS W AMSFAEY AL S7Hghchal Bl
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St Qi) mEZEEgol= Si0, YA kol 9%t
oA Fart Aot HEZE
OF &£/t AMBIAEY 29} QJAbo] 22 &43
wedo] Uk 8i0, YAtol] ofal I ARStAEY A
nEZeol o 24T AlxzAbdo] QlojA Fa

AeS Sh=dl UAAZE A= 2 Sof7kal Al
WollAl ZAtE o] mEF=e]ol Wiof A
o ARStAE ﬂl*oﬂ ofsf wi7fE mEZE=eol 4
ET A ZAFEE S0, YApoll ol of7|H Al
9] ]ﬂq%O]E}(Wang et al., 2009). 3}, 7]
#H22 Ao it S AGolA= Sio: YA
o] MDA Y LDH ¥Ao| Z7}3}A4 =i GHS
, A A 3AFSKlipid oxidation) T3 A|EEF £AF
AE Eeo] Fawo] AstAsd Az waye
thal 3} ch(Lin et al., 2006).

Hof g vhienlE =7]9) Afof| o8 Absk
EY 2t gSHkgo] 8EE Ao e vie
ulE 2719 AL APSAEYAE fEshal O 4
I A Aoy 4teky SRERARS AAET
o A e ASlErEFo] AstEo R Waks
Gl choFsl W] SloubA] Hid 1 F shti
AEHHS-9] £ Q3% 2™H-E2 Q] NF-kB(nuclear factor
kappa-light-chain-enhancer of activated B cells, &%
Z}o] wHe-S X A3} transcription factor®, HOZ
0]%=5}o] promotert} enhancer HF-9jof ZA3vlsho] &
Ko} olo] ofa) ZAEE e AT Tl
g o] th(Donaldson et al., 2003). ROS 4] o]
Ae] Abshi] Wolg QregthEsl, vERE
of AEAE olAUZE U 4% ROS A4l
NEZEAL 8 4= d(Jin et al., 2011).

g9, ulo]ZRulE 2719 Si0, A= AlE
ROS #HE& T3] FXAZIA FUATE DNA &
Ay, A2 F7] A A(cell cycle arrest), 12|31 HepG2
AZzAES Aoy Ao| g et AStAE

il Z1Sloke A2 sl AZ &4 A ol
of Fzofe] AP W g b Az ol
/\‘15 0101\/1—/\0]‘— 7)—]\ %

TiO, YAre] 54
2t e s1askn 2
7} DNA &42 9o
gt} E3 ROSE UAe] 540 Fast

i0)

¢
F

ﬁ Jt
(3
r+ :

1_

=) iﬁé < I T A S =
>.

rlo m
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ol

t=2o &AL 37|, g4, dg+z0l E =4 & 133

sht) ol EWEA, WolFko] 24, X Auhits)
2ol 7]stttn 2453 k. Y 27] ARl
2 EWAL ROS AHE A% o W B4 Aol=
2 Az o)A AAE ROSE B4 superoxide

radical(Oy), hydroxylradicals( * OH) ¥ singlet oxygen
(0= FAHET ROSE AIE, A HIpAEL 840
APSHA &4 B ©E Abe) v By 55 E‘*ﬁé}
AlZiTk sRAIRE, ROS7E YAHe] =/4de BF o
T flen 232, G 27)0 wE wEA
= aLEsfof gt f&ﬁ, U= AE7F ROS, RNS E=
ARt ES ASHAl S7HA7E, Aledf Bl o EE
Zelof f SRS AAl, A AkeE 4y, DNA &
gk GRS BYRE e B TR
Wk ovlt AL Zich AR Aol 2

4 BAro ofofithe o] £o| SEe
JAgko 2 sk AT TR WohEelx)
Atk HHE, TiOof 2Jsf of7|% whetef] ek 4
YaE %W‘QOPEP Xﬂﬂ%l data= FE A
2 A& ROS, ALt~ E |
g T102 ch}ﬂ =293 QRZ 7

r 01rl m°1‘

TR Ll L S
<
=)
e X

vd B

HhE ) ZQjskA Ul uhAl sRssh e 2AAlelE
Ql Si0;, WOs, ALOs ¥ TiO, Yx}o] &E&|3sty &
48 A 9 B 2% AE 9 7] o
4 AT AE ARl 0e3 2 AnE 8

# 4 99tk

o, _I]-rl

i

(1) Si0; YAHHEZAH)
Abel 71A] el 9 Wu A, RS, H)
b AXAME Sl 5A4S YeERT, mouse 7HEA,
& 5ol W, 94, wuA o g

7Z(100 nm ©]3})o| A&+
Za% Qxel R vt
=2 7ol et Sioy WA
b AT AR el

o

I ot o N i
=
4
o\
Ju mr
=y

oX i od ox o.>t.

©
i3
s
in
>
52

(2) WOs 4=}
FAAERE D 7)) D & WE =4 A4
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o wango] glon oRE B S4] g A=
shls e A58 x4 Agrel o Aol
Qo) SHS Uehim, A # 495w 3
Aoz 71odE 4 9l hydroxyl radical A§A] o]
jaketn stk AIEHIN WO, YR R
I S5<5 Z2ANAA S dro] S71e 4
of o 4eEel SHo| ekt

ol

30 o,
o

&

(3) ALO; <}

Ui =27](100 nm o]&h) 2] YPAp= AR At A
WGy ] Az HEFAE vESE =S &
st} 2o ABT AW FBS ek 4 9o
o, gjof #H Afob Al 2 HAao] s AlZAFE
W Ao oA el MBI B,
E3E 30-40 nm YAF= bulk YA}o]| H]F) rats G =
H(%x—]x% 5\_/\1- tu xol-zs—ﬂ)% %_lge 2~ 11:]._,“ 01.93\1;].
31, ALOs QIA7} B9 A SobAIE, ARgre] ws
Aot & ZHF Ao dside Alz=4de

UERRA) ghethe 7 AR 9lgi

(4) TiO, YA}

Aterel HIA =, FubdaAlE, ARAIE, TR
obM| 2, 7| HA W N2, T1E] 2L mice®] |3 T A A|
3, F 715 ol Y= HEtl= Ao UEth
GAF 27, A, B 2 72 ol T =
A el Jrof xfol7} Ql=t, 100 nm ©|3ke] AR}
9l anatase 3 YA FHAdo] A3t Aow FelES
o}, 3+, U =27]9] &7} nfolaE =7] QAbE

o T4 29 AN B Fdo] AT A
ofyehz Hilk glon, U Abee] wadelgiut
ol DNA &45 do7|A] dethes A AlEE

A= Ak

Al G71A] Bl
Ao Y 2ol =
5-2000 mg/kg, 10 mg/m’)ol| A =3}
ol e FUY = Uk g

=

& 9 N3] F(species)ol] whet
i A

ARE B 4 ok FREY ATERE Aol
A AgE A HASE BEIE WHE 1ol
% qlou BaaAe] EAste, A AL

http://iwww.kiha.kr

ofsl $8 e ARE oids] Releh. sk

2k Q12 QAR S e

o, ey G BEIE U] s

B AR AdelAe A&Hel A7E o mrt
ekt 54 shelo] M3l A Aolth
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