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2, Mk E R E Lo EENBIE S h, A OREITRFIICER Lz, BLEOKS
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L - iERERILS (1GZ0) DfiFEEIZ SV TR
SE1To T,

B. Bk

O A>Ty LGgEREORE A
WR2THEA H ~ 2843 H Dfilic, 653
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SRk 28 4R
JEAEFEE 57 KRR RA I F BB 4 2k

AT LFELT AZ VI K DIENER TR X OVRREMFIH O 7= 0
AR R K OB FEERAIF 5T

TR TR T

FefRE  HPEN
OUMKFRF R 05 BREIE 0% - fhl)

WHREE

SWER28AEEE DPEFMZETIE, A > VU AELET B LY 1 7 VTR X ORI A
BLOMEEREHEZ I L. BERTIZIL T A X L2 ETe KiGEMEM TH D81 >
VUL-FY U L-EL L (CIGS) DHifEFIZ OV THE 21T 27,

R TIEA > T ARETHB IO YA 7 0V TSI E BT D 1EEE (A
ZifTL, SHICEBY YA 7 VT TET AN, HU UL EEE ORERES
AT L7c, S HIT, 2 FTDA 0 AR P00 T8 CIIEERENE 2 1T L7,

AAEFEDORHETIE, MNAIEFITRD ot Fio. A V0 LRFBEBIERE R
2FELIEDFITIXIn-S=3 u g/LOFFTRF TR 6T, REMTIXHEHEEENEH TH
HTEDRMEINT, Fo, TNETOREREEE L THIRLE - ISBER, & - 2238
% L CW T VEYERIR DA A~ — 1 —Th D IMIEKL-61RE L RIFHK T L, BligdE
B BRI L O ICIERERE & b U CORECAFT ARICARRZITRD b vk o7z,
—. AT U ARFEEOBVIBERBER T, Ao @R L LT, AEEEL
DK D Z LRI STz, A% IR A G O TS BRI O 72 D (ke L 7= %
WEENNETH D, MFEEODKIEMEICE L CiX, A CHIE L2104 H 0BT —
% FAZFERIMECTI g A E B INR L. YL L T\ <,

T (Te), YV 7L (Ga) HUY P NEZEER OBREEFHN TlL, MiGH DTe, GailEHIE
AT o Tz, BIREGERE D MIETe I & 1M iEGal & O RfllT & 4 1.3 1 g/L(Te) 0.3 1 g/L(Ga) |

EEiE, 45.0u g/L (Te) . 3.2ug/L (Ga) ThoTz, ﬁ%ﬂiﬂéﬁ@[ﬁl{ﬁTeﬂEr}:[ﬁl{ﬁGa
WREIZ, & BIIRTER NIRRT T, FERER &l EREFEOM TIE 60 R 2137 O 722
Wotoéﬁi LT A K VORI DR A FLO MR 2/ 2. S SH TV,

2 DDA > DBV T IO 1T0 AFHIEESG OEEERENEREZ G T Lz, S
DT, YRIEEE DA V7 LOBGRN AR T 572012, 2 THO 5 AZRITL T
A ANIREZIRERIE, M UA U TVE A NIREHE, BLOEERICBITACA~YAIH
REREREEZIToT, BEAOA U ULNRE, WAMH CAFOAL T NREL 2
B & b THEONEEREUSEICRY O ER N H S| LaHMlishiz, BE 7 7
fFE N ARHEEDO~ R NA D0 AREIXTRSINDRE 0.3ug/m® X0RW, %
FUTHEWEZ R L, BEY Y 7 AT SR AREEOFERIC LY A > 27 2 A OIKEZ)5
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DRIz, 7272 L, v A7 OmBRBEmEMIAICE T 54 2P0 MPEREITTRIL D T
BOEERITHEMLTEBY ., HHEO~ A7 BHEROMERFERSC, IELWEE FIEOEH
72RO ENEE LB bz, S 51T, 1EEBB LY TAX A L CARET —X
AN S ETEB LY SIREICA VY ARESNVTWOIEELRET D Z L FRE L 72

D EERBEWESFEREREZITOICEL, MBE AW EmREA Py LREEX TR
DFRFTIIEHATHD LB BT,

KEGBEMFBEM TH D CIGS DT v k& AW =A@ MRl 21T > 7=, Rk 27 4105
fiti U7z CIGS MM B FZER T I\ TRV V= CIGS R+ D/ NME G-/ 3mg/kg D 1/3 ZH K
BehHEE L, 1A#ES5E% 0. Img/kg, 0.3mg/kg, Img/kg D 3FEDNLTHREL, 7v D
KEWIC CIGS AL 7% 1 [l L7z, TORR, CIGS KGR CIXMEMEMR~ — 7 —Th
2 MG SP-D IR IR RERIC N THEIC EA L, S 61T, MikEZ BE e U7k 23 8l
A, MIREOREITRERICHER Lz, DLEORR LY | KRG &O CIGS KL FDORE
NG X0 BEEN S & - S, HIBMEFEENRET 2 2 L2807, ARlIOi/NNE
HE 0. Img/kg DEEIZ LD | FEENEHAL-ZL L0, AROFSEOFIAIZHS VT
/NEEPERNT 0. Img/kg TH Y . W AR 0. 0lmg/m® L HEGH S 7z, 2 OHEFHRE IZE
S D@D AREREE (In & LTO0.0lmg/n®) LIFIEEC L~ TH Y, KD CIGS D
IRFEICBWTCH T RICEREZLOIMLETHDL EEZX LN,

WFFEsHHA
TEOFRE OUNREFRZERE EEMTZERT @i - AREAESE - BdR)
hiEE E (UNRZERF T RS R R 20 B - %)

P EHRL OUNRZEREER
KA FET

=g BRELEE 0B - D)
(BREK RS BESEES JoimE P gE v & — « Rpan i)

A. BFEER

A Ty AR, R 22 4 12 HIZBEAST
BENS [P0 L - 2@y (170) %
DEHNMEZEIT K AR ER B3 58
fiTfadt) 12 &0 RV MMl s M 1E 1 P 2E
PR B OFIERS (- B B OREZHAT % B S
VT LWBSEMERRIE TH D,

O, Rk 10 B FRVE M2 256
JE L., SRk 13 FICZ OB MM I3 L
7o WA 2 38 E LSBT L7 JERNE, A o~
DU LIZERT S MEMEMK & LT T
D TONETHAEL, HAREERETSIL

28 Journal of Occupational Health (Homma
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et al. 2003) [ZARINT, FxILZDIE
BT AEDIFHR AT %. AARDFE IT0 fiE
TH0 34t 4 T CEM L 7-WrimEsli s
BV, MEFROA V7 LRE (In-S)
AHRIREIE L L. G OB R DA
F~—H—Tb 5 KL-6 54 ZBiaE L L,

IR i - ERR, & - SBEIRE
7~ L7~ (Hamaguchi et al.2007), =D, 3
4 THLIANOA 20 DR T TR
A Fh L, 3t 4 TH COBSMERIIHEE
L. A VU AL DRSO R RE
WA R THIO THEN. L (Nakano et al



2009) . BIEDLZD 7 1 —)v REHERERL L
TWa,

S BT, ITOD & HIG % Bh 4 F R CIIMtiFE 3
ANEDFEB 7= Z & (Nagano et al. 2011)
KO, AT T LMEEF TORIN O FHENE
DG S5, BIERBENL ETE10HK0D O
= DIZFHl T E TWARWIIA A Z ST RE D

MeVEE R R & ORI EER2BRETH 5,

R 2T FE DR TR TIL, MEBCTHE R

B & I s T2 T I N A DB W 2 S
XN 2o 723, i A2 28T, 3 TIZ
A I T8 CIIFER B B - E3EE
BEI, APV LDORERENSEI L
TETWDLZEND, APy LG LEEE
DR 226E LA DB TR A > 2 7 L
(In-S) =23ug/LOAFTRFITRB L. ALE
MCII A EmlN B CThH Z LR
SNz, £, T E ToORERRE L L TH
p7e & - SOGBEIfR, & - EBRMRE R LT
BB R DAL F~—T—TH 5 I
KL-6E L RIFICIR F LTV D 28, A Yy
LIREE E OV ERERE TR, Ao
s e LT, PN -OMEBEEIR T
DR STz, ITOWFHIEZES D /E RN E
Tl DHRDNTEERBESGEIZIR Y M T 2
W5 EFHMIiZiL, A T LED HFE
(G TCILS O R AEERRBEWENMLETH S
ZEEWBLMT LT, —T7, EFERTIIR
BB A T & B CIGSHL o b & i e i
IGZORLF D i EME A B 6 282 LT,

SRR 284 DO FEEFRA T, AR 5] =
E AT LTFEE AR— DA DT
LEETH VYA 7V TN EBT DR
FIREEREZIT Lz, —H. AP T L
LA D VT A BV OREFERZ BB T 2% F1 5
FFEFICZ L IR OFERE LI 5 TlE
W, FZT RV YA 7 VTRV T LY
T ALNTHDHTeB LD Galt v P EEE
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DREZEITIR -T2, SHIT, A T LY
PN T2 TIIAEEBR R E I L OME A
DR AR I E & fEAT LT, B EBR ClX T
N % DT IRBR R IS 1 D CIGS D ifif =
(COWTIRE 21T~ 72,

B. BfRFE

O IT0%FA U LMeEMELE - VYA 7

IAEHEFR DYEFiA

Wk 2844 H ~ 293 H DIz, 105
¥ (IT0% A > U MuGidE  THE
At U4 A 70 3R (ATHB X UG-
0T45) CTEFHEL2914ITHEIT LT,
TR, IBBEEE L L CIn-SHIER
FOMREE, HEEEE L TR mR AR
SEMR . W= 4 BRBECT (HRCT) fss. A /%A
g A YU — —@{b kR L ECRE R
(%DLco) . IMIEKL-6EE ., ifiiESP-DI %5
ZRE LT, £, BERERAZEIC THEm, M
Bl B R, B A4 G4 U 7o, HRCTHGZ 13,
AT D9 T ThifT L 7=,

@ Te, Galt V) MEHEE OHAE
Te, GaZp E&AE O 5> V7 A X )VIRFENE
M DOFEEMT D314 THE L, 25

DOFRIEL LT, BERE, MiETel2fE (Te-S)
BLOMEGCalEE (Ga-S) ZHIE L7,

(L CORLRE)

A VT Aak— MFGEIE, DEEAREIC
B2 M BiEst ) QD XS E & 2 F
L, UM R ZFPEAEE MBS AL BS
B LOBEIG R PE S ML BSOERD
b & CERESENE L 7o, ABFSEIE, T Toxt
GENPORBZISG L9 2 TE LT,

@ A U MEEWIY P THOMESE
BRETHIE F5 L UM AN R 1 B2



2 T8 (A T3, 0 T8) o IT0 #FEITEE
BB\, (EERENEHE Z T L7,
Fo. YBHIEEE DA T T LOEEIRD
ZAERET A 7210, 2 THDO 5 4 2121 L
TEABERREE, HCAY T AZ A A
MREEHE, BLOMEEFIZBIT L LA~
A7 NIREERIE 21T > 7=, WFHIVESE RIS
&V TIVH A DKy T A EAE O [R) 3 A 1
&, EARERE C(EEXTRE ORMHE
(Z DU THREMT LTz,

@ B FEHR

AR | XWEEE O CIGS K- 1 [ H &
/G 3mg/kg D 1/3 i KGR L
L. 1 [\fEH &% 0. 1mg/kg. 0.3mg/kg.
Img/kg D 3 fFDNREE L, EFE 3 #E L& %R
HOAZREL, 7 FOKEWNIT CIGS
B4 1AL Lo, 5% 12 BEIZDOT-
S TRIEMIZ T v Mifi, G120 AR
FEHIE | VMRS S A A~ — T —1fLIE SP-
D ¥ ORE M OIFR BRI LI DOV TRE
i L7z,

(fiy BRI~ DAL fE)

ABFFEIE, WFFERRBE SIS U £ Bh SR
SFOFMIBE Y D IEATER LM RFEY
SEBRBLAIFS & OJUIN R 8 4 S BRI )
(CEES S M EBREE 2B L, JUN R
REFBe R AP FE e S B KR ZE B2 D7KGE
R Thbir,

C. Mokt
O IT0%HA YU aMbamiE - VY17
IAESES O FHRE

SRR 28 HEE O RREZZ2E 291 4.
BT 270 4 (92. 8%) . EHEERIT 42. 9 5%
(A - 20 74 7%) . BREEH 280 & (Hbg
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§E 217 4 B ENRTR 63 4) FEREE 11 4,
R R B AR > D O HIENIL 9. 4 48 (0. 2-33. 2
), In-S [ THEMFEY 1.5 g/L (FiPH :
<0.1pg/L-45.2p¢g/L), In-S=3ug/L D
AETREHIZ 294 (10.0%) . MIEMERiZ% D
~—H—Tbh % KL-6 DL F1T 264U/mL
(IE % {8 < 500U/mL) (#iPH : 120U0/mL-
1940U/mL) . KL-6 OFFTAEHIT 18 4
(6. 2%) . SP-D DZ&(nF-34)1% 45. 8ng/ml. (IF
W fE < 110ng/mL ) (%3 . <17. 2ng/mL-
207. Ong/mL) . SP-D O AP AEHIL 18 4
(7.0%) Tod o7z, MFEREM AL 254 44 1 Hi
TL. MR, i, R CTHIE L7 13
EHARMR SRS THRE AR Lo, Mk
HEREME T A R T4 L THAE & ifT
L. AT SRVBRERE 21 4) 1%
BroN L 233 4 CEMT L7, %VC ORI
1%, 101. 5% (%P : 68. 8%—134. 6%) . %VC<80%
DOHFTREEIL 94 (3.9%) . %FVC DEIfF-
#)i. 100. 3% (HiPH : 67. 9% —129. 8%) . %FVC
<80%DAHFT RAEZIL 18 44 (7. 7%) . %FEVL. 0
OB L., 95.6% (#iPH : 54.8%
125. 6%) \%FEV1. 0<<80% A Pt A ki3 22 4
(9.4%) . FEVL. 0% DR FH)IE, 82. 4% (%
FH : 62.1 %-99.7 %), FEV1. 0%<70%DH FT A
FEIT 114 (3.9%) ThHholz,

Wk 28 RS ZE OO B, AL 21
FTITA 2T LEBEPGRIED & - 7o Billg
R H B LB EREA X 187 4 ThoTo,
FMEIX 176 44 (94. 1%) . PRSI 43. 3 %
(HEPH @ 25 %74 5%) . BUIRERE 138 44, 1
EIRFRF 49 4. BEEBALED O O IR I
12. 5 4F (6. 3-33. 2 4F) | *¥hk 28 4FED In-S I
B 2.1 wg/L (HaPH : <0.1pu g/L-45. 2
pwe/L), In=S=3 ug/L OFFTRFHIL 29 4
(15.5%) L KRk 28 4E In-S AT RE SR
1. SRR 21 HELARTIN D DA > P NGEFRIE
NhHETH- T,



Z D 187 4 &R 28 AERFDOIRFIRIL T,
HRERR - ImEIRFEO 2 BT E L., ERk 28
FEOIEGEEREE O 3 FETHIR LTz, REER
FED In-S ORI IEREERE & LL L,
BRI ONEEREELARICEETH-
7oo LU, BEFERE X, JEIRERE L L LT
ﬁ%i@ﬁi%%ﬁ@Iwﬁ@%@i\ﬁ
T OEEIRFE (KL-6, SP-D. %VC. %FVC,
%FEVL. 0, FEV1. 0%, %DLco) IZBWTHEZ
FEIT o T,

SHECOAPT RO TlL., BERED
In-S CTHERZITRD RN 7203, kg
BREECIX, 9/494 (18.4 %) 234728 In-S
Sug/LZMZTCWD, £7=, FEVL. 0%% R <
E”.i.“?aﬁf(KLﬁSPD%vc(%)FVC(%)FE\MO
%DLco ) kwfﬁ‘iﬁﬁiﬁ#oto
FEV1. 0% 1% . & 25 0@ & #f C [ 28 M [
(FEV1. 0%<<70%) DA P L2205 @V MEA I
Holz, IHITHERECRANEL., MLz
& A IR EMREEREO FEMEE T FEVL. 0% D
BT REDN S WERN B | @ﬁf@ﬁﬁ
HCTEx AR TCIEHRL ., BERE ﬁ@
FWl%@ﬁT@@mi4//9A@

HEBLIRBI N, £, H%H%@éﬁ@
%@%T%Wme%@ﬁ%ﬁ%ﬁﬁﬁm

=N

@ Te. Galt v FMEEEH OFAE

Te.Ga LV H LT A X WIRBAIEEE D
FAEIZRBWT, Te BEFEH ifﬁﬂi ZHE S AL
WEBRERRE 11 ADEF 19 A E;%F‘Eﬁ@tlz
JAB VT HUGEFERE 4. 5 4 (%EI : 2-52 4F) |
EIRFERE 6.0 4F (7 - P%O@)T%oko
Te BBRFERE S Ah 5 ACHBWTIMET T Te
D &, Te-S O RAEIL 1.3 4 g/L TH
S77, Te WMERBRIEL X OFERBEIED Te-S
TEEEE TRU T TH o7,

Ga PR E 1T HIRSGAE 12 A BERTERE9
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ANDF 21 NTh o7, Wi o il

BINRFERE 6. 0 4F (% I.%mﬁﬁ\%i%%
#E6.04F ([F] : 2-434F) Th o7z, Ga Hilg
FERE 12 AP 9 AN, IBEBRZEREI AF 1A
(Ga-S) : 0.2ug/L), FEMREEHE 10 AF 1 A

([ : 0.8 ug/L) MIIEH T Ga DR 1
77, Ga BARRFERED Ga—S O REIX 0. 3 1 g/L
ThoT,

HINREERED Te-S & Ga—S O EfE X £~
450ugﬂ132u8ﬂﬁf%oﬁw H%ﬁéﬁi
D Te-S & Ga-S IX., & HITIFIEEE FRLL
T, %ﬁ RRE &R R ﬁ@%fi%%
INRZEITRRD 2o T2,

Q@ AT LMEAEWED DT OIEE
BR BRI E J5 0 UM g2 I B 0 e
1. ATH
a) A>T LDOIVEERENIE
AR C AT DA DT MBI,
HTHRIZAT o T AFHIPESESS O A IE AL
. M) X 1.91pg/m’, 551 FHEEIE 19. 28
wg/m’, FHEAFEHRIEEE A EIZ TIT- 72
BOBIEAEIL 3. 57 u g/m’, BIWHEEE(LEIC
TiT7>7- BOHIEMEIX 7. 73 ug/m* TH Y |
% B HIEMEIZERIREZ THE>72b DD,
1 FEAMGAE L E AR 10 1 g/m® DF) 1.9 1%
D= BEEVEES ORI ECONTHEZE
BRETCCE ICHL D Mo MmN H D | &l &
iz,

b) ~ A7 4 (A ANBRERIRIERIE) &~ X7
PRI 8 5 ) X A
727571%)EV (8 N IRER IR D) s KAE
K (FF1%) @ 20.33 pg/m’, H/IMEIL C EE
(ﬁFﬁﬁ) D 0. 14pg/m* ThHoT-, Fl-. ~
A7 WHIE DFRAEIE A K (FF%%) @ 0.73
we/m', H/MEIE C K (Rl - %) @ 0. 01
pg/m* Chole, FTHIN TN~ R



IZERRUERTRL Sy-11V AT, w2 7 N
/= A7 SR EE (A NREEIR D) 13, A IR
AI2Y 5. 9%, % 3. 6%, B IKOFRIA 3. 0%,
Pt 4. 9%, CIRIXFRI7. 2%, T4 4. 0% Ch

277,

c) LAY TIVE A NEIE

EFEE 3 LT DOV TRRIEFRY 2208y U A A
IREREOHBRZHE LT, SHIZvRY
WAENZ DWW T HRIERICY 7 A HNHIE %
FEhin U7z, A BCIIAFAIESERR (IR RTRO L i
B (1.0~2.0mg/m*) ODE—27 25, BEKH I
mAFHIEER IS0 m W IR B (0.5~
1. 5mg/m’) DY —27 8, C Kb Yi%fEERRIC
LEWEEOE —27 (0. 5~3. bmg/m*) 23
BN, L, 34 b~A7 NlD
BEZZENE—7PRO LT, MK
R CHERR LT,

d) ~ A7 IRIVERE

PR OVEEBRIARFIZ B T DRI D
KRAEIE A KD 0. 10%, fe/IMEIE B KD 0. 00%
Tholz, £, FRITOEEKRTRICET
HEOMEIE A B 0. 74%, He/ ML ¢ Ko
0.00% Td> o7z, THEROEFERRKMEITA K
D 1.57%, F/MEIZBEKE C KD 0.01%, 1E
B ORAREIT A KD 0. 38%, f/MEIT B K
0.00% T -7, FHDAKRIEERNCBITS
1. 57%%, WML O H R U A OB A %
FTTWa EHERI ST, ENLSMNTEE L
H LORA T THY ., Rif7e~ A7 OLER
RELEZ bz,

2. 0TL%

a) A2V T LOVEEBRENIE
FHIFICAT o T2 A v 7 LINTED A

TERATEE M) (%4.25 ug/m®, 55 1 3P4

B 14.66 1 g/m’, 10 BF 12 4372517572 B
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O CEm bt HIEEE 3B AE) JEMIL 3. 57
pg/m &7 ode, BOMEMIZEERE 10
pg/m* DK 1/3 5, & 1 FHEILA 1.5 fiF
& 720 YREERES ORI TP/ ESE
BRETUGEICI O B D 5 | & ATl S
N7, FIAT - T2 RESES D A HIE %]
EEME (M) 1E 6.47 pg/m’, B 1 BRI
20. 32 1 g/m’, 13 H# 48 437> 54T - 7= BOHIE
I3 BB EERMLE T, 4 VT AR
FEIZ 5.6l ug/m* Lo, B 1 SEAMEILA
2.0 1%, BOMIEMILBEREDK 1/2 5T
B0 YEAEES ORI R & FERIC
DESCOMZVEERBEUCEIZE Y M T L E0
b5 RS,

b) ITO DO FmAHIERESE 2 41T ONT D~
Z 7 TR X O~ 2 7 Ml (18 B &) DA
T LRERE

D RO~ A7 HNRE (8 ANgEERE) 1L
AIZ2S 149 u g/m’, P25 11. 04 p g/m’ T o
7oo Fo. ~ A7 WIZFREID 0. 28 1 g/m’, 7F
%1% 0.52ug/m* THo7-, E KO~ A4}
FREE (E APRFEIRL) 1 XFA0H3 1. 83 1 g/m’,
%13 6. T6 u g/m’, ~ A7 PNIZZFRIAS 0. 32
weg/m, 130,44 0 g/m’ Tho T,

INH XD RO~ AT NRE "~ R T
M EE (8 NBRE IR EE) 1L, D KO FRETN
19. 1%, F#2% 4. 7%, E KOFRIH 17. 4%,
PRI 6. 5% TH o 7=,

c) A7 NMIE XU~ 27 Fh A (ff] A\ Bz
52) ORI 2208 U ARE OHER R KX OWF
HIESER S & U 7L 2 A 58 U A RIEH
D[R A

TEEE 1 4 ORI U A O \gEE
TREHERS L0 | R s =7 — 7\ —
RRICEWIREO E— 7 BB Sz, 2O
WHEEVEERF QBB T — X &) T VX A LD



MCARET =2 28I BB LD b
fifERd S 7z,

d) ~ A7 IAIERIE

L TCWe~ 27 ORNRICE L. D K
DFFIEERTICEIT D EE) 7 7 A5 LD
AV 4.43%, T TiX 6.33% Th o7,
TR T 7 UBEIRL EERT#R &
0. 06% T o7z, THOIERERTEHDT 7
MEIERFOIRIERIT 26. 79%, 28. 86% & EfE
TholeDITl, 77 U BERL 1E¥E
Al 0. 10%, 1E¥% 0. 04% Th - 7=,

E KROFRIEERNCEBIT HEE) 7 7 1%
IERFOYRAVEIL 6. 88%, TEFE% Tl 5.40% T
boleDIZH~, 7 7 BRI ILAEZEA
0.09%, 1E¥7 0.03%CTH -7z, FHOIEE
A &% D7 7 AEIERFOIRAVEIT 21. 25%,
11.64% & BETH o T=DICtR, 77 U
fBF 1345 % 0. 06%, 0.04% Toh > 7=,

@ ®WIFEER . 7 v b EHWZ CIGS O Hfig
e Lo i

CIGS Ri D) 1 IR 781X 0. 1 um, 2
R8I 0.6 um ThHoT-,

BREORBE G &I & L LT CIGS
0. Img #£;0. 03+0. Omg ()£ FHIFE) |
CIGS 0. 3mg &£ ; 0. 0820. Omg. CIGS Img & ;
0.27£0.0mg TH o7,

B G-I L OB MM o REHERIC
B L. 4 CIGS BEIIxIREE & AR OHERS 2 R
L. CIGS B HIZ L D2 EHMEDRENED L
TR T7,

% CIGS 5 D45 Al il oD fifi B2 f 1
XHRBEIC LR THBEICHM L, RRRFAYIZH
MU7Tz, &I, el R8T, CIGS
0.3mg FER X Img BE CTIIAFE R E &N
CIGS 0. Img BEIZHE_THEIZHEM L=, &

G B & OB T OREHER ISR L,
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% CIGS HEIIxHHEHE & FIEEDOHERR 27~ L,
CIGS # 51 X 5 2 HEDFENTRD L/
ol

% CIGS eGR4 FFAMIRE AL oD il B & 1
SERBEIC R TABICHIN L, R 11
M7z, SBIz, 1, 58, 12 BRIz
T, CIGS 0.3mg #£¥ LN Img #f TIIMiFE*T
BEENCIGS 0. Img BEICHERTHEIZHINL
7=,
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Five-Year Cohort Study

Emphysematous Progression of Indium-Exposed Workers

Makiko Nakano, MD, PhD; Kazuyuki Omae, MD, PhD,; Kazuhiko Uchida, MD, PhD, Takehiro Michikawa, MD, PhD,
Noriyuki Yoshioka, DVM, Miyuki Hirata, PhD, and Akiyo Tanaka, DVM, PhD

BACKGROUND: Dose-dependent adverse lung effects due to indium exposure have been
reported in a cross-sectional study. This is a 5-year longitudinal cohort study of indium-
exposed and unexposed workers, assessing indium exposure levels and its clinical lung effects.

METHODS: From 2008 to 2011, a 5-year follow-up study was conducted on 40 unexposed and
240 workers formerly or currently exposed to indium at 11 factories. Indium exposure was
assessed by serum indium (In-S) (g/L). Lung effects were assessed by subjective symptoms,
serum biomarkers, spirometry, and chest high-resolution CT scan. Effect biomarkers used
were Krebs von den Lungen and surfactant protein D.

RESULTS: Mean values of In-S, Krebs von den Lungen, and surfactant protein D among the
workers exposed to indium at baseline declined during the 5-year follow-up by 29.8%, 27.2%,
and 27.5%, respectively. Of the exposed subjects with In-S levels >20 pg/L, 26.3% experi-
enced emphysematous progression on high-resolution CT scan. Ninety percent (18 of 20) of
workers with emphysematous progression during follow-up were current smokers at baseline,
and a trend of increasing incidence of emphysematous progression at higher In-S levels
was observed among the smokers (P =.005). Emphysematous changes among subjects with
In-S levels > 20 jg/L were likely to progress, after adjusting for age, mean duration since initial
indium exposure, and smoking history (OR = 10.49, 95% CI = 1.54-71.36).

CONCLUSIONS: Long-term adverse effects on emphysematous changes were observed. The
results suggest workers exposed to indium with In-S levels >20 ug/L should be immediately
removed from exposure. CHEST 2014; 146(5):1166-1175
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Indium is a rare metal used in the form of indium-tin
oxide (ITO) as the electrode in flat panel displays.
Japan is the largest consumer of indium accounting
for 85% of global demand.! To our knowledge, the
first (and fatal) case of indium-related lung disease
(indium lung) was reported in Japan in 2003.2 As of
2011,% seven more cases have been reported in
Japan,*s two in the United States,s and one in China.’
In Japan, a study of indium-exposed workers was
conducted at the ITO-processing factory where, to
our knowledge, the first case was reported,s as well
as a multicenter study of indium-exposed and unex-
posed workers in other ITO-processing and ITO-
recycling plants.® The multicenter cross-sectional cohort
study was later expanded and found dose-dependent
adverse lung effects due to indium exposure.!® The

harmful effect of indium was further brought to light by
a 2-year ITO inhalation experiment, revealing ITO as
a lung carcinogen in rats.!! Based on these findings,
in 2010, the Japanese Ministry of Health, Labor and
Welfare established a prevention guideline for ITO-
processing workers'2 and, in 2013, added indium to
the list of substances regulated by the Ordinance on
Prevention of Hazards due to Specified Chemical
Substances.!>14

The long-term effects of indium exposure on the lungs
remain largely unknown. This is a 5-year follow-up
study of the largest cohort of indium-exposed and unex-
posed workers. Our objective is to assess the association
between exposure levels of indium and its clinical
effects on the lungs.

Materials and Methods

This study was approved by the ethical committee of the School of Med-
icine at Keio University (approval numbers 15-46 and 20110268). Writ-
ten informed consent was obtained from all subjects.

Study Design and Subjects

In comparison with the multicenter baseline study conducted at 12 facto-
ries and one research laboratory between 2003 and 2006, this longi-
tudinal study added workers from an additional factory and removed
cohort members from three factories due to logistics. The resulting
dataset covered 11 plants, including 383 exposed and 159 unexposed
workers. Approximately 5 years after the baseline study (2003-2006),
we conducted a follow-up study at these 11 plants between 2008 and
2011, involving 247 exposed and 63 unexposed workers (follow-up
rates 64.5% and 39.6%). Among the subjects with high baseline serum
indium (In-S) levels (=20 pg/L), the follow-up rate was 82.6% (Fig 1).

At the 5-year follow-up, in accordance with the baseline study, a medi-
cal interview, questionnaire, blood test, spirometry, and high-resolution
CT (HRCT) scan examination of the lungs were all conducted on 240
exposed and 40 unexposed subjects, excluding seven subjects with unde-
termined exposure duration and 23 unexposed workers exposed during
follow-up. One unexposed and 10 exposed workers were excluded from
final analysis of the lung function test results due to inadequate test maneu-
vers or a medical history of surgical lung resection. Of the 280 subjects,
baseline HRCT scans for 207 workers were obtained, allowing direct com-
parison with the follow-up scans. Thirty-five unexposed and 172 exposed
workers had HRCTs from both the baseline and follow-up.

Categorization of exposed workers into currently or formerly exposed
groups was based on their exposure status at baseline. Job history was
based on the job records at the plants, or if unavailable, based on physi-
cian’s interview about occupational history.

Exposure Indexes

In-S (ug/L) was measured by inductively coupled plasma mass spec-
trometry at the Center of Advanced Instrumental Analysis, Kyushu
University.® In-S below the detection limit (0.1 g/L) was ascribed an
arbitrary value of 0.05 pg/L for statistical analysis.

Effect Indexes and Confounding Factors

Medical examinations conducted at the 5-year follow-up were the same
as those at the baseline study. Serum Krebs von den Lungen-6 (KL-6)
(EIDIA Co, Ltd)'>'¢ and serum surfactant protein D (SP-D) (Yamasa
Corporation)'” were used as biomarkers for interstitial changes in the
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lungs and evaluated at a major commercial clinical laboratory (Special
Reference Laboratory).

Spirometry was performed using electronic spirometers (HI-701 or
HI-801; CHEST M.L Inc) based on American Thoracic Society guide-
lines. Age and height-adjusted predicted values of FVC and FEV, were
determined by sex, using the regression formula recommended by the
Japanese Respiratory Society's; and percentages of predicted FVC and
FEV, were calculated.

At nine of the plants, HRCT scanning was performed in a specially
assembled vehicle, using the same multislice CT scanner as the baseline
study' at 120 kV, 200 mA, and a slice thickness of 1 mm. For the other
two plants, HRCT scanning was performed at nearby hospitals with a
helical or multislice CT scanner. All HRCT scans were carried out at
three lung levels (the upper, middle, and lower lung fields) as recom-
mended by the Japanese Respiratory Society. The same technique was
used in the baseline study.!

In accordance with the Japanese Respiratory Society guideline for the
diagnosis and management of COPD," interstitial changes, including
interlobular septal thickening, ground-glass appearance, and nodular
infiltrate, as well as emphysematous changes in the upper, middle, and
lower bilateral lung fields2® were jointly assessed by a Japan Radiologic
Society-certified radiologist and a Japanese Respiratory Society-certified
pulmonologist. The two experts assessed all the scans together, com-
paring side by side the clearly defined lung fields on the baseline and
follow-up HRCT scans for each subject. Emphysematous change was
defined as an emergence of a new or enlarged low attenuation area
on any one of the six HRCT scan slices. Worsening of the follow-up
CT scan compared with the baseline CT scan was labeled “progression
of interstitial changes” or “progression of emphysematous changes,” and
an improvement or no change was labeled “no progression.”

Using the Japanese version?' of the American Thoracic Society-Division
of Lung Disease questionnaire?> and supplementary questions, the
following were investigated: respiratory symptoms, smoking history,
and confounding factors including sex, age, medical history, and his-
tory of exposure to other materials.

Statistical Analysis

Nonnormally distributed data were transformed to an approximately
normal distribution before analysis. The Student t test or the Mann-
Whitney U test was used to compare continuous variables between
exposed and unexposed groups. The X2 test or Fisher exact method was
used to compare proportions, prevalence, or incidence.
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Multi-center cross-
sectional cohort study *
13 factories (n=761)

3 factories
1 factory
Baseline, current

longitudinal study
11 factories (n=542)

Worked for the factories which
deemed follow-up of unexposed
unnecessary, left, or retired (n=95)
Died of brain injury (n=1)

A 4
5-year follow-up
(n=287)

Exposure status changed (n= 23)

Figure 1 - Study population. The flow of the subjects. “Nakano et al.®

Based on the classification criteria of In-S adopted in our baseline study,'
the exposed subjects were stratified into six In-S categories: In-S
level <1.0 wg/L, 1.0 to 2.9 pg/L, 3.0 to 4.9 pg/L, 5.0 to 9.9 wg/L, 10.0
to 19.9 pg/L, and >20.0 pg/L. These six categories were used to assess
the risk of indium exposure on the effect variables, as well as their dose-
response relationship.

Mean values of 5-year differences in biomarkers and lung functions
among the exposed subjects were stratified by the aforementioned six
In-S categories and compared with the unexposed subjects using the
Dunnett test. Incidence of abnormalities (change from normal to abnormal
values) by exposure group for the biomarkers, lung function, and HRCT
scan progression was analyzed, using the following cutoff for abnor-

Unexposed Exposed
(n=169) (n=592)
Unexposed Exposed
(n=159) (n=383)
<« —>
Left or retired (n=135)
Died of lung cancer (n=1)
A 4 A 4
Unexposed Exposed
(n=63) (n=24T7)
Exposure duration unknown
¢ > (n=7)
v A 4
Unexposed Exposed
(n=40) (n=240)

mal values: KL-6 =500 U/mL, SP-D =110 ng/mL, FEV,/FVC <70%,
%FVC <80%, and %FEV, <80%. Test for trend in the In-S categories
was performed using the Cochran-Armitage test for categorical data.

Based on the test for trend in the In-S categories, as well as the analysis
of exposure and effect indexes with respect to HRCT scan progression,
the relationship between In-S and HRCT scan progression was further
analyzed, using a logistic regression model. Adjusted variables were age,
mean duration since initial indium exposure, and smoking.

Statistical significance was assessed by two-tailed analysis with P<.05.
All statistical analyses were performed using SPSS, version 19 (IBM)
and JMP, version 10.0.2 (SAS Institute Inc).

Results

Table 1 shows the characteristics of the study subjects
and the pulmonary effects of indium at baseline and at
5-year follow-up. The mean duration since first indium
exposure was 5.5 years for the currently exposed group
at baseline and 12.1 years for the formerly exposed. The
currently exposed subjects were younger than the unex-
posed workers (P <.05). No difference in the propor-
tion of male subjects and smoking history was observed
between the exposed and unexposed subjects.

At baseline, the mean values for KL-6, SP-D, and pul-
monary symptoms in the exposed group were signifi-
cantly higher than in the unexposed group. For the
mean values of pulmonary function test results, no
difference was observed between the two groups.

1168 Original Research

At follow-up, the mean values of In-S, KL-6, and
SP-D among the currently exposed workers declined
from baseline by 29.8%, 27.2%, and 27.5%; those
among the formerly exposed declined by 39.4%,
24.7%, and 21.9%, respectively. The significant differ-
ence observed at baseline in KL-6 between the
unexposed and the exposed groups disappeared at
follow-up. Mean values of FEV,/FVC, %FVC, and %FEV,
in the exposed group slightly decreased during
follow-up.

Table 2 shows the 5-year differences and incidence of
abnormal values in serum biomarkers and lung func-
tion, stratified by In-S levels. Those with baseline
In-S levels above 3 pg/L displayed a notable 5-year
decline in In-S. With increasing baseline In-S levels,
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02 N increasing incidence of abnormal lung functions
s 8 = (FEV /FVC and %FEV,) was observed (P <.05).
= :
< Table 3 shows the incidence of progression on HRCT
_ scan findings during 5-year follow-up stratified by
f _ In-S categories. Incidences of emphysematous progres-
= & = sion in unexposed and exposed workers were two
ﬁ' E/ :% of 35 (5.7%) and 20 of 172 (11.6%). Dose-dependent
g g increase of the incidence was observed (P for
trend =.002). Among the exposed subjects with
@ In-S levels above 20 pg/L, 26.3% experienced emphyse-
(\z = matous progression, and the crude OR was 5.89
§ ? = (95% CI=1.19-29.17). Of 20 exposed workers with
iy ~ 2 emphysematous progression, 18 were ex- or current
3 S 8 smokers at baseline. A statistically significant trend
§ a of increasing incidence was observed for smokers
é - . (P=.005). When exposed to high levels of indium
g i 8 (In-S=20 pg/L), nine of 31 smokers (29.0%) experi-
= 5? \:-r* :?: enced emphysematous progression, compared with
8 g 2 one of seven (14.3%) never smokers. Meanwhile, inci-
2 - o Q dence of interstitial progression was two of 35 (5.7%)
é‘ among the unexposed and 10 of 172 (5.8%) among the
gle = exposed workers. No statistically significant trend was
%J L g = observed.
() ~ 5 .
é E N ‘Z’ § Table 4 compares, within the exposed workers, the
Pl e ° S l“ baseline indium exposure levels, serum biomarkers,
i and lung functions between those with and without
a) 2 ; HRCT scan progression. Compared with those without
B "< & an emphysematous deterioration, those who experi-
& g \:/ % enced emphysematous progression exhibited signifi-
= S I = cantly higher In-S levels, were older in age, had higher
48 KL-6 levels, and lower %FEV,. Regarding those with
= g 5Y and without progression in interstitial changes, there
\Z ?g\: S 2 % was no statistical difference in In-S and in KL-6, while
S| e< 288 those with interstitial changes had statistically higher
v 3 g S< g SP-D levels (P<.01) and lower FEV /FVC (P <.05).
o o 28209
g E& % = Discussion
1 NP = g g The 5-year follow-up study of indium-exposed and
?g ;; S é E = i unexposed workers revealed a long-term effect of
g o 8 % z 2 % indium on the lungs in the form of HRCT scan pro-
S all < 2888 S gression in emphysematous changes, despite a signifi-
< 5 ;% %él cant decline in In-S likely due to the workplace
— = E ~ g "W g‘ improvements enforced after our baseline study. The
§ 9 ‘g S g S =) ¢ dose-response trend between In-S levels and incidence
£ g s8¢ g ggce of emphysematous progression indicated that indium
§ E "3 ;,,; 2 8% g inhalation is a serious risk factor for emphysematous
: 5 % 2| € 55 5 progression, especially among the highly exposed workers
o e 2 § R % JE 55 (In-S=20 pg/L). Due to the very slow clearance of
2 = s = 5 vy 5 hardly soluble indium particles from the lungs,!1-22¢
& S0 both the currently and formerly exposed workers were
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TABLE 4 | Exposure and Effect Indexes at Baseline Among Exposed Workers With or Without Progression of
HRCT Scan Findings During Follow-up Period

Emphysematous Changes Interstitial Changes
Characteristics Progressed No Progression Progressed No Progression
Total subjects, No. 20 152 10 162
In-S (SD), pg/L 34.42 (36.0) 12.4 (17.0) 13.3 (16.6) 15.0 (21.5)
Mean duration since initial indium exposure 9.0 (5.8) 6.8 (6.3) 7.0 (4.9) 7.1 (6.3)
(SD), y

Age (SD), y 45.12 (11.7) 37.8 (12.0) 52.7v (11.7) 37.8 (11.6)
Smoking status, No. (%)

Never smokers 2 (10.0) 42 (27.6) 5 (50.0) 39 (24.1)

Smokers 18 (90.0) 110 (72.4) 5 (50.0) 123 (75.9)

Ex-smokers 2 (10.0) 21 (13.8) 2 (20.0) 21 (13.0)
Current smokers 16 (80.0) 89 (58.6) 3 (30.0) 102 (63.0)

Cough or sputum, No./total (%) 4/20 (20.0) 50/150 (33.3) 1/10 (10.0) 53/160 (33.1)
Biomarkers, geometric mean (geometric SD)

KL-6, U/mL 651.6° (2.3) 405.4 (2.1) 518.3 (1.6) 423.4 (2.2)

SP-D, ng/mL 100.0 (1.9) 73.0 (2.0) 132.4° (1.8) 73.2 (2.0)
Lung function, mean (SD)

FEV,/FVC 79.0 (6.8) 82.4 (5.2) 78.12 (7.8) 82.3 (5.2)

%FVC 94.5 (10.5) 99.8 (11.7) 94.6 (9.5) 99.6 (11.7)

%FEV, 86.62 (9.7) 94.5 (11.9) 87.0 (10.1) 94.0 (11.9)

See Table 1 legend for expansion of abbreviations.

2P<.05 by Student ¢ test, Mann-Whitney U test, x2 test, or Fisher exact method, with respect to subjects with no progression.
5P<.01 by Student t test, Mann-Whitney U test, x? test, or Fisher exact method, with respect to subjects with no progression.

being continually exposed to indium by the particles

in their lungs, even after the reduction of occupational
exposures to indium. Indium particles in the lungs
perpetuated the phagocytosis and phagolysosomal acid-
ification? cycle by the alveolar macrophages. The prote-
ases released by the macrophages and the cytotoxicity
of indium may have promoted macrophage-mediated
elastolysis, which is known to cause inflammation and
destruction of the lung parenchyma,? leading to
emphysematous deterioration.

Smoking is a major risk factor of COPD,?” and the
current study showed that smoking is also an impor-
tant effect modifier of the risk of emphysematous
progression among indium-exposed workers. Due to
the small number of emphysematous progression in
the unexposed workers, we could not assess the interac-
tion between indium exposure and smoking using the
logistic regression model. However, in addition to
the statistically significant dose-response trend of the
incidence among smokers, the incidence ratio of emphy-
sematous progression between smokers and nonsmokers
among the highly exposed workers (In-S = 20) was
2.03 (95% CI =0.31-13.5) (data not shown).

journal.publications.chestnet.org 38

In contrast to the emphysematous progression, the
incidence rate of progression in interstitial changes
was not detected, although a causal relationship
between indium exposure and interstitial changes
has been previously identified.! KL-6 is known to
increase in the active phase of interstitial pneumonia
and decrease in the inactive phase.'¢ In the current
study, KL-6 among the indium-exposed subjects
declined by 25% after the baseline study and subse-
quent intervention. These results imply that once
indium exposure is eliminated or drastically reduced,
KL-6 may significantly decline, although not to the
level of the unexposed. Despite no statistically signifi-
cant exposure-response relationship for interstitial
changes across the categories of In-S, 10 exposed
workers did have progression of interstitial change,
of which four also experienced emphysematous pro-
gression. When restricted to In-S =10 ug/L, three
of five had both interstitial and emphysematous
progression. This raises the concern that interstitial
changes and emphysematous changes coexist
among highly exposed workers with interstitial
progression.

1173

Downloaded From: http://journal.publications.chestnet.org/ by a Keio University User on 05/24/2015


http://journal.publications.chestnet.org

The response rate of the unexposed group was low
(40 of 159, 25.2%). Of the 119 workers who contribute
to the low response rate, 23 were removed from the
analysis because they switched to an exposed environ-
ment during follow-up. The remaining 96 unexposed
workers lost to follow-up were due to the decision
made by a few factories that further follow-up of the
unexposed workers was unnecessary. This suggests that
self-selection on ill health was unlikely, but the implica-
tion of selection bias remains a substantial limitation
of the study.

The 5-year follow-up rate was also low at 57.2%. Sub-
analysis showed that the baseline mean In-S of the sub-
jects lost to follow-up was significantly lower than that

of the workers retained at follow-up (2.6 pg/L vs 9.1 pg/L).

Additionally, 73 of the 280 followed-up subjects had

no baseline HRCT scans. It is not possible to conclude
whether including those lost to follow-up and those
without baseline scans would have lowered or increased
the risk reported in the current study.

Some of the unexposed workers exhibited measurable
In-S up to 1.5 pg/L at baseline. The possibility of con-
tamination of unexposed subjects’ workplace and expo-
sure misclassification remains.

While a 5-year assessment is insufficient to predict
clinical outcomes after longer periods, the current

1174 Original Research

study results provide significant rationale to immedi-
ately remove highly exposed workers (In-S =20 ug/L)
from indium exposure. The increased prevalence

of progression was also evident at lower In-S levels

and suggest that an In-S level between 5 pg/L and
19.9 pg/L is a warning sign for action. A larger sample
size may have provided the statistical power to lower
the preventive recommendation below 20 ng/L. Addi-
tionally, high levels of biomarker and abnormal lung
function warrant attention as potential predictors of
emphysematous changes.

The agenda for future research includes monitoring
new clinical cases of indium lung, following further pro-
gression of emphysematous and interstitial changes in
the current cohort, and studying the occurrence of lung
cancer.

Conclusions

This 5-year cohort study of indium workers suggests
that In-S burden is a risk factor for progression of
emphysematous changes, particularly in smokers, and
persists after In-S decreases. The study results provide
the basis to immediately remove indium workers with
In-S above 20 pg/L from indium exposure and monitor
their lung conditions, as well as to consider In-S levels
between 5 wg/L and 19.9 pg/L as a warning sign for
action.
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Tissue distribution of indium after repeated intratracheal
instillations of indium-tin oxide into the lungs of hamsters

Akiyo TANAKA', Miyuki HIRATA!, Nagisa MATSUMURA' and Yutaka KiyOHARA'

'Department of Environmental Medicine, Graduate School of Medical Sciences, Kyushu University, Japan

Abstract: Tissue distribution of indium after
repeated intratracheal instillations of indium-tin
oxide into the lungs of hamsters: Akiyo TANAkA, et
al. Department of Environmental Medicine, Graduate
School of Medical Sciences, Kyushu University—
Objectives: The aim of this study was to analyze the
tissue distribution of indium after intratracheally instilling
indium-tin oxide (ITO) into the lungs of hamsters. Meth-
ods: Male Syrian hamsters received an intratracheal
dose of 3 mg/kg or 6 mg/kg of ITO particles containing
2.2 mg/kg or 4.5 mg/kg of indium, twice weekly for 8
weeks. In parallel, control hamsters received only an
intratracheal dose of distilled water. A subset of hamsters
was euthanized periodically throughout the study from
8 up to 78 weeks after the final instillation. The distribu-
tion of indium in the lungs, liver, kidneys and spleen, as
well as pathological changes in the liver, kidneys, and
spleen, was determined. Results: The contents of
indium in the lungs in the two ITO groups gradually
decreased over the 78-week observation period, with
elimination half-lives of approximately 142 weeks for
the 3 mg/kg ITO group and 124 weeks for the 6 mg/kg
ITO. The indium concentrations in the liver, kidneys, and
spleen gradually increased throughout the observation
period. Although foci of the lesions were observed
histopathologically in the extrapulmonary organs among
the two ITO groups, the control group showed similar
lesions. Conclusions: The results clearly demonstrate
that the clearance of indium from the body is extremely
slow after intratracheal instillation in hamsters.

(J Occup Health 2015; 57: 189-192)
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used in the electronics industry; the use of indium
compounds, most notably indium-tin oxide (ITO), has
risen sharply since the 1990s". Several case reports
and epidemiological studies of workers exposed
to ITO have heightened awareness of the potential
hazards of occupational exposure to this metal®>™.
Although evidence of pulmonary lesions has been
reported after respiratory ITO exposure in animals and
humans®”, it is not clear whether indium can further
distribute throughout the body. In our previous study,
pulmonary toxicity in hamsters was demonstrated over
a four-month period of repeated intratracheal instilla-
tion of 3 mg/kg or 6 mg/kg doses of ITO (2.2 mg/kg
or 4.5 mg/kg as indium, respectively)®. The serum
indium concentrations among the two test groups
gradually increased throughout the observation period,
and the severity of pulmonary pathologies increased
over time. The present study evaluated the long-term
peripheral organ distribution of indium from 8 to 78
weeks after repeated intratracheal instillation of ITO
into the lungs of hamsters as reported in our previous
study®.

Materials and Methods

ITO particles were prepared as previously reported®
and were obtained by donation from a corporate
source. All animal studies were conducted in accor-
dance with the Guidelines for Animal Experiments
in the Graduate School of Medical Sciences, Kyushu
University, and in compliance with Law No. 105
and Notification No. 6 of the Government of Japan.
Eighty-seven 6-week-old male Syrian hamsters
were purchased from the colony of Japan SLC Inc.
(Shizuoka, Japan) to be used in this study. The
animals were housed in a specific pathogen-free envi-
ronment at the Laboratory of Animal Experiments in
the Graduate School of Medical Sciences, Kyushu
University. The lighting, food supply and drinking
water were maintained under the same conditions as
described previously®. Intratracheal instillation of
ITO began after a 2-week acclimatization period when
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the animals were 8 weeks old.

The hamsters were randomly divided into 3 groups:
a control group (n=29), a 3 mg/kg ITO treatment
group (2.2 mg/kg as indium; n=29) and a 6 mg/kg ITO
treatment group (4.5 mg/kg as indium; n=29). There
was no significant difference in body weight among
the groups at the start of the study. A vehicle or test
agent was instilled into the trachea of ether-anesthe-
tized hamsters twice weekly over 8 weeks for a total
of 16 doses. The control group received 1.0 mi/kg
of distilled water. Six to eight surviving hamsters
in each group were euthanized using carbon dioxide
gas and autopsied at 8, 16, 40 or 78 weeks after their
final dose. The indium concentrations were measured
in the organs of the ITO-treated hamsters, as were the
total organ weights, and histopathological examination
of the liver, kidneys and spleen was also completed
for all hamsters. To measure lung indium content,
one apical lobe was soaked in 10 m/ of 68% ultrapure
nitric acid (TAMAPURE-AA-100, Tama Chemicals
Co., Ltd., Kawasaki, Kanagawa, Japan) overnight, and
0.1 m/ of lung soak solution, 0.02 g of liver tissue, 0.1 g
of kidney, 0.1 g of spleen tissue or 1 m/ of serum
was digested with 6 m/ of 68% ultrapure nitric acid
(TAMAPURE-AA-100, Tama Chemicals Co., Ltd.,
Kawasaki, Kanagawa, Japan) and 0.5 ml/ of 35% ultra-
pure hydrogen peroxide (TAMAPURE-AA-100, Tama
Chemicals Co., Ltd., Kawasaki, Kanagawa, Japan)
using a microwave digestion apparatus (Multiwave
3000, PerkinElmer, Yokohama, Japan). Digested
samples were then diluted into ultrapure water for a
total volume of 20 m/ and injected into an inductively
coupled plasma mass spectrometer (ICP-MS, Agilent
7500ce, Agilent Technologies, Tokyo, Japan) at the
Center of Advanced Instrumental Analysis, Kyushu
University. Rhodium was used as an internal stan-
dard for indium measurements. The lower limit of
quantitative detection for indium was 0.04 ug/g for
the lungs, 0.005 ug/g for the liver, 0.001 ug/g for the
kidneys and 0.001 ug/g for the spleen. In the cases
where the indium concentrations were below the limit
of detection, a value equal to one-half of the limit of
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detection was used for statistical calculations. The
distribution of indium in the lungs was calculated as
the concentration of indium in lung tissue.

Samples of the liver, kidneys and spleen were
fixed in 10% neutral buffered formalin and processed
in paraffin for histopathological examination, which
included an evaluation of the severity of lesions as
reported in a previous study®. Briefly, histopathologi-
cal findings in these organs were scored as present or
absent; if they were absent, findings were expressed
as 0. In the case of lesions, the severity of each of
the lesions was graded on a 4-point scale ranging
from slight to severe. Slight lesions were expressed
as 1, mild lesions were expressed as 2, moderate
lesions were expressed as 3, and severe lesions were
expressed as 4.

For the statistical analyses of organ weights and
indium content in the lung, indium concentrations in
the liver, kidneys and spleen and score of the severity
of the lesions, one-way analysis of variance followed
by a Fischer’s least significant difference test was
applied. In all the statistical comparisons, a p value
of <0.05 was considered to represent a significant
difference.

Results

Over the course of 8 weeks, hamsters received
mean indium doses of 4.8 + 0.4 mg (mean + SD) and
9.5 +£0.9 mg per animal in the 3 mg/kg and 6 mg/kg
ITO treatment groups, respectively. The data collect-
ed in the course of the study for body weight, lung
weight, mortality, serum indium concentration and
lung lesions were presented in our previous study®.
The liver, kidney and spleen weights were not signifi-
cantly different throughout the course of the study
among the two ITO-treated groups and the control
group. The indium content in the lungs decreased
slowly from 8 to 78 weeks in both ITO-treated groups
(Table 1). Although the concentrations of indium in
the lung for the 6 mg/kg ITO group were slightly
higher at 78 weeks than at 40 weeks, the clearance of
indium from the lungs fit a biphasic exponential rate

Table 1. Indium content in the lungs after the final instillation of ITO

Weeks after final instillation (weeks)

Organ Group
8 16 40 78
ITO 3 mg/kg 3.850 + 1.425 (8)* 3.1830.709 (8) 3.219 +0.440 (7) 2.587 + 0.443 (6)
In (mg/whole lung) 11 ¢ g/ke 6,633 + 1.595 (8)°  4.404+1.750 (7)  3.690 £ 1.040 (7)  4.078 = 0.636 (7)°
ITO3mgks  82.6+30.5 69.8 = 18.1 66.5+7.7 563+ 8.3
% of In dose ITO 6 mgkg 645+ 17.1 49.7 189 394+ 113" 44.6£7.3"

The results are shown as means + SD. a: The number of hamsters examined. b: Statistically different between the ITO 3

mg/kg group and the ITO 6 mg/kg group.
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model for both ITO-treated groups. The elimination
half-life of indium from the lungs was 142 weeks in
the 3 mg/kg ITO group and 124 weeks in the 6 mg/kg
ITO group. Indium was not detected in the lungs
of the control group hamsters at any time during the
observation period.

The indium concentrations in the serum, which
were reported in our previous study®, liver, kidneys
and spleen gradually increased during the observation
period, with the concentrations at least 7-fold higher
at 78 weeks than at 8 weeks for both ITO treatment
groups. However, the accumulation ratio of indium
in the liver, kidneys and spleen for the total dose
instilled was very low; that is, it was less than 2% at
78 weeks (Table 2). No indium was detected in the
organs of control group hamsters at any point during
the observation period. There was one renal adeno-
carcinoma in the ITO 3 mg/kg group at 16 weeks
and one cavernous hemangioma of the liver in the
ITO 6 mg/kg group at 78 weeks. The pathologi-
cal evaluations revealed some lesions in the organs
that increased in severity as the study progressed.
There were no significant differences between the
ITO-treated groups and the control group (data not
shown).

Discussion

In this study, the long-term tissue distribution
of indium was assessed after repeated intratracheal
administration of ITO in hamsters. This is the first
study of long-term indium distribution following respi-
ratory exposure. Indium was found to be absorbed
and retained in the lungs for a long time. The half-
life of indium elimination from the lungs was more
than two years and was similar for the two different
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levels of ITO dosing. Although the indium accumula-
tion ratio in the liver, kidneys and spleen for the total
instillation dose was very low and quantity of indium
excretion in feces and urine was not clear, indium
accumulation in these organs indicated that transloca-
tion from the lungs occurred, but there was no gradual
elimination from these organs during the observation
period. These results are consistent with our previous
study in which it was reported that ITO-induced lung
lesions and that serum indium levels increased signifi-
cantly after exposure®. It may be that the low solu-
bility of ITO particles leads to long-term deposition in
the lungs.

To date, a few studies have assessed lung indium
levels among workers who handle indium or its deriv-
atives occupationally. These studies have reported
indium levels of up to 31.2 ug/g among recycling
workers® or 29.3 ug/g in an 1TO-handling worker®.
Furthermore, although there is some data assessing
indium levels in peripheral organs at a single point
in time” 19, the data do not clarify whether there was
long-term absorption of indium in tissue. In the pres-
ent study, it was demonstrated that indium was signif-
icantly absorbed in peripheral organs after respiratory
exposure and that the absorption continued to increase
long after ITO instillation. Interestingly, Yamazaki
et al.'V reported a gradual decrease in serum indium
concentrations after the cessation of dosing with
indium arsenide (InAs) or indium phosphide (InP).
It may be that serum and peripheral organ absorp-
tion depend upon the species of indium compound to
which the animals are exposed. Further clarification
will be needed to elucidate a trend between absorp-
tion or excretion and the properties of various indium
compounds.

Table 2. Indium concentrations in the liver, kidneys and spleen after the final instillation of ITO

Weeks after final instillation (weeks)

Organ Group
8 16 40 78

Liver ITO3 mg/kg 0.538£0.163 (8)* 1.055+0.455(7) 3.094 = 1.222 (7) 8.370 + 2.504 (6)
(ugIn/g) ITO 6 mg/kg 1.130£0.573 (8)° 1.293+0.869 (7) 7.181+5.165(7) 14.420 +3.199 (7
Kidney ITO 3 mg/kg 1.435+0.177(8) 1.423+0.249(7) 4.684+0.949 (7) 9.362 + 3.879 (6)
(ugIn/g) ITO 6 mg/kg 2210+ 1.110(8) 3.177+0.997 (7)* 6.639 £2.419 (7) 17.773 £7.236 (7)°
Spleen ITO 3 mg/kg 0.612+0.260(8) 0.822+0.382(7) 1.617+0.337 (7) 2910 £ 1.217 (6)
(ug In/g) ITO 6 mg/kg 1.067 £0.477 (8)° 1.083 £0.792 (7) 2.071 £0.397 (7)*  5.682 +3.832(7)
Serum* ITO 3 mg/kg 0.060 +0.019 (8) 0.070 £0.029 (8)  0.184 = 0.062 (7) 0.237 £0.127 (6)
(ug In/ml) ITO 6 mg/kg  0.080 +0.022 (8) 0.087 £0.018 (8) 0.213 = 0.089 (7) 0.436 +0.149 (7)°
% of In dose in the liver, ITO 3 mg/kg 0.1+0.0 0.2+0.1 0.7+0.2 1.7+04

kidneys, and spleen ITO 6 mg/kg 0.1+0.0 0.1+0.1 0.7+0.5 14+03

The results are shown as means = SD. a: The number of hamsters examined. b: Statistically different between the ITO 3 mg/kg
group and the ITO 6 mg/kg group. c: Data from this study were shown as a part of our previous study®.
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The degree of lesions observed in the liver, kidneys
or spleen was not significantly different between the
two dose levels of ITO and was similar to that of
lesions observed in the same organs of the control
animals in this study. This finding is consistent
with a previous report that no exposure-related organ
lesions were observed outside the lungs in mice and
rats”. It is conceivable that the toxic effect on extra-
pulmonary tissues is relatively weak with the instilla-
tion doses delivered herein.

In conclusion, the present study presents the first
real evidence that indium is eliminated from the lungs
very slowly and does accumulate in extrapulmonary
organs over a long period of time after respiratory
exposure to ITO.
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Comparative Study on the Pulmonary Toxicity of Indium Hydroxide, Indium-Tin Oxide,
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ABSTRACT

We studied the pulmonary toxicity of indium hydroxide (In(OH)3), which is produced
during a recycling process of indium-tin oxide (ITO), in comparison with that of ITO or indium
oxide (In,03), two raw materials of flat panel displays. One hundred and forty-four male Wistar
rats were intratracheally given equivalent doses of 10 mg/kg indium as In(OH)s, ITO, or In,O3
particles, twice a week, for a total of 5 times for 2 weeks. Control rats were given distilled water
as a vehicle. After 3 weeks, these rats were serially euthanized, and toxicological effects were
determined. Body weight gain was significantly suppressed in the In(OH)s-treated rats compared
to that in the control group, but not in the ITO- or In,Os-treated rats. Relative lung weights in all
the indium-treated groups significantly increased compared to those in the control group
throughout the observation period. Furthermore, lung weights in the In(OH)3 group were
significantly higher than those in either the ITO or In,O3 group. Blood indium levels in the
In(OH)s-treated rats were much higher, 70- to 200-fold, than those in the In,Os- or ITO-treated
rats at each time point. Although the lung indium content decreased gradually during the
observation periods, the content in the In(OH)3z group was significantly higher than that in either
the ITO or In,O3 group. A histopathological analysis revealed foci indicating a slight to severe
pulmonary inflammatory response, including exudation to alveolar spaces, were present in all the
indium-treated groups. Interstitial fibrotic proliferation was seen only in the In(OH)s-treated rats.
The severity of these lesions in the In(OH)s-treated rats was greater than that in either the ITO-
or In,Os-treated rats.

The results of our study clearly demonstrated that In(OH); particles caused severe
pulmonary toxicity when repeated intratracheal instillations were performed in rats. Furthermore,
the toxic potency of In(OH)3 in the lung was much higher than that of ITO and In,0s.
Accordingly, the toxicity of In(OH)3 particles should be considered in addition to that of ITO and
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In,O3 particles when indium exposure occurs.

INTRODUCTION

Indium hydroxide is produced during the recycling process of indium-tin oxide (ITO)
target, which is a sintered alloy containing a large portion of indium oxide (In,O3) and a small
portion of tin oxide, and is mostly used for thin-film coatings of liquid-crystal displays (LCDs)
or mobile phone displays. In 2013, the indium demand for ITO was reported to have been 90%
of the total indium demand in Japan, and ITO production is expected to increase significantly
owing to the increasing need for its use in electronic devices, such as LCDs [1]. Due to this
increased production of ITO, recovery of indium from ITO may increase.

Since the mid-1990s, data have become available indicating that indium compounds can
be toxic to animals [2]. In 2003, the first case of interstitial pneumonia caused by occupational
exposure to ITO was reported [3]. In our previous study, which has been the only study regarding
the chronic toxicity of ITO or In,O3, we demonstrated chronic lung toxicity of ITO or In,O3
particles in hamsters after repeated intratracheal instillations [4].

On the other hand, indium is recovered from the ITO target remainder by sputtering to a
thin-film coating. About 60% of the indium consumed in 2013 was supplied by recycling of
waste ITO target or other indium products in Japan [1]. Indium hydroxide is an intermediate
product of the recycling process, and In,O3, which is a raw material of ITO, is generated in the
next step of the recycling process. In this study, we evaluated the comparative lung toxicity of
In(OH)3, ITO, and In,O3 when administered repeatedly into the trachea of rats. These indium
compounds were administered at the equivalent dose of 10 mg/kg of indium.

MATERIALS AND METHODS

Test materials: In(OH)3 and ITO particles were obtained from a company. ITO contained 74.4%
(Wt%) indium and 7.8% tin, with the remainder being oxygen, and In(OH)3; was 99.9% pure.
Indium oxide, over 99.99% pure, was purchased from Katayama Chemicals, Osaka, Japan. The
mean diameters of In(OH)3, ITO, and In,O3 particles were 0.04, 0.56, and 0.14 um, respectively.
Animals: One hundred forty-four male Wistar rats aged 6 weeks were purchased from the colony
of Kyudo Co. (Tosu, Japan) and housed within a conventional laboratory room at the Graduate
School of Medical Sciences, Kyushu University. Intratracheal instillations were started once the
rats reached the age of 8 weeks.

Intratracheal instillation of materials: Each material was suspended in 1.0 mL/kg body weight
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distilled water and instilled into the trachea of rats anesthetized with ether, twice a week, for a
total of 5 times during for 2 weeks. Each instillation per animal performed at a dose of 10 mg/kg
body weight indium. The control rats received 1.0 mL/kg body weight distilled water only. All
the rats were randomized into 4 groups, with each group consisting of 36 rats.

Toxicological evaluations: All the surviving rats in each group were euthanized by exposure to
carbon dioxide gas at 0, 1, 2, or 3 weeks after the final instillation and were then autopsied.
Although blood indium concentrations were measured in all the rats, lung indium concentrations
were measured in 5 rats and pulmonary pathological evaluation was performed in 4 rats of each
group. Indium concentrations in digested lung or blood samples were measured using an
inductively coupled plasma mass spectrometer (ICP-MS, Agilent 7500ce, Agilent Technologies,
Tokyo, Japan) at the Center of Advanced Instrumental Analysis, Kyushu University. Lung
indium content was determined as the concentration of indium in lung tissue.

Histopathological findings in the lungs were scored as present or absent; a score of 0
was recorded if findings were absent. In the case of lesions, the severity of each of the lesion was
graded as slight to severe on a 4-item scale.

These experiments were conducted according to the Guidelines for Animal Experiments
at the Graduate School of Medical Sciences, Kyushu University and under the Law (No. 105)
and Notification (No. 6) of the Government of Japan.

RESULTS

The mean total indium dosage per animal (mean £ S.E.) was 15.1 £ 0.2 mg in the
In(OH)3 group, 15.6 £ 0.2 mg in the ITO group, and 15.6 = 0.2 mg in the In,O3 group. No rats
died during the observation period, except 2 that died due to emaciation in the In(OH)3 group.
Finally, 36 animals in the ITO, In,O3, and the 600
control groups and 34 animals in the In(OH)3 500 < >< >

@ Instillation periods Observation periods )
group were examined. Changes in the body 5 400 - /
weights of the surviving rats in each group at = 300 E%-‘—s\-&———ao

. . . T 8 In(OH),
each time point during the instillation and D 500 A - ﬁ% :
observation periods are shown in Fig. 1. The 100 | = 'C”gﬁgo.
body weight of the In(OH)3 group did not 0 , : : :
-2 -1 0 1 2 3

increase from the start of the instillation Weeks After the Final Instilation (week)  Means=:SE

period and was extremely Suppressed during Fig.1 Changes in body weight gain among the In(OH);, ITO and In,O,
. i . . groups during the instillation and observation periods.

the observation period. Trends in body weight  a: significantly different from the control group.

change were significantly different (P < 0.05) between the In(OH)3 group and the ITO- or In,03
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group, or the control group between weeks 0 and 3 after the final instillation. In the ITO and
In,O3 groups, the trend in body weight change was similar to that observed in the control group

throughout the observation period.

Changes in lung weight during the
observation period are shown in Fig. 2. The
lung weights in the In(OH)3-, ITO and In,03
groups were significantly greater than that in
the control group at each corresponding time
point. Moreover, the In(OH)3; group showed
significantly greater lung weight than that
shown by the ITO and In,O3 groups at each
corresponding time point.

8

7 -
3° ]
E5
S
‘O 4 @ In(OH),
= =170
=3 - In;0;

Control

32 ; . . *

1 -

0

0 Weeks AfterlFinaI Instilla%on (week)
Fig.2 Changes in lung weight from the final instillation of In(OH),,
ITO and In,O; .
a:Significantly different from the control.

Means+SF

Blood indium concentrations during the observation period are shown in Fig. 3. The
blood indium concentration gradually increased from week 0 to 3 following the final instillation

in all the indium-treated groups.
Furthermore, blood indium levels in the
In(OH)3 group were 70- or 200-fold higher
than those in the In,O3 or ITO group,
respectively, throughout the observation
period. At the end of the observation period,
blood indium levels were 1137.6 + 167.8
ng/g (mean + SE) in the In(OH)3 group, 6.5
+ 1.3 ng/g in the ITO group, and 13.8 + 2.0
ng/g in the In,O3 group. The differences in

Indium concentration (ng/g)

10000
a.b a.b ab ab
1000 g————o~ —*
® In(OH),
100 =®|T0 |
+ In,0,
a a a E
10 = A——
r — —a—
l T T T

0 1 2 3
Weeks After Final Instillation (week) Means+SE

Fig.3 Change in blood indium concentration from the final instillation of
In(OH);, ITO and In,0,.

a: Significantly different from the ITO group.

b: Significantly different from the In,O; group.

the blood indium levels between the In(OH)3, ITO, and In,O3 groups at each time point were
significant. Indium was not detected in the blood of the animals in the control group at any time

point.

The indium content in the lungs during

the observation period is shown in Fig. 4.

Although the lung indium content for the In,O3

group was higher at week 1or 3 than that at week

0, it gradually decreased from week 0 to 3 in

both the In(OH)z and ITO groups. Indium was
not detected in the lungs from the control group

at any time during the observation period.

14
312 ® |n(OH),
E # ITO
g10 & 1,0,
5 8 - Control
@)
R
24
(@]
S 2
|

0

Weeks After the Final Instillation (week) peans+SE

Fig.4 Change of indium content in the lungs after the final instillation of
In(OH);, ITO and In,0,.
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The severity of the pathologic change in the lungs is shown in Table 1. Diffuse foci of
slight to severe inflammation were present in all indium-treated rats during the observation

periods. Slight to severe exudation was Table 1 Pathological changes in the rats lung after intratracheal
L . instillation of In(OH,3, ITO and In,0;.
seen within the alveolar spaces in the rtrotogiont Changs orouy _Wesks afer final nstlton(Wig
indium-treated groups. Mild to moderate TR - " 33+
interstitial fibrotic proliferation was Inflammatory response . : N :
apparent from weeks 0 to 3 in the In(OH)3 Control = * * =
. . In(OH), + 2+ 3+ 3+
group. Although a slight inflammatory o _ _ _ _
. Interstitial fibrotic proliferation In,0, _ _ _ _
response was observed in the control Control _ _
group, neither interstitial fibrosis nor s o
. B Exudation : .
exudation was evident. 1n0s * *

Control - - - -

The severity of the lung lesions was evaluated by five grades:
-:negative; =: slight; +: mild; 2+: moderate; 3+: severe

DISCUSSION

In this study, the acute toxic effect of In(OH)3 was assessed after repeated intratracheal
instillation in rats. This is the first study of acute pulmonary toxicity of In(OH)3 following
respiratory exposure. Of the three indium compounds evaluated in this study, In(OH)3; had the
greatest degree of systemic toxicity, causing significant decreases in body weight and 2 deaths
during the instillation period. In(OH)3; was also the most toxic compound for the lung, causing
significant increases in lung weight and severe manifestation of lung lesions. On the other hand,
when the same indium dosage as that of In(OH); ITO, or In,O3 was instilled, the blood indium
level in the In(OH)s-treated rats was much higher than that in either the ITO- or In,O3-treated
rats. A high concentration of blood indium in the In(OH)s-treated rats may be correlated with the
severe toxicological damage in In(OH);-treated rats. Furthermore, it was thought that the fact
that In(OH); particles had the smallest diameter might contribute to a more severe toxic profile
among the three indium compounds. Although there was no additional exposure to these indium
compounds after the final instillation, blood indium levels of three indium-treated rats gradually
increased up to the end of the observation period. This finding was consistent with the results of
Tanaka et al.[4] who reported that serum indium levels among ITO- or In,Os-treated hamsters
increased gradually until week 78 week following the final instillation. Since In(OH)3 ITO, or
In,O3 particles are insoluble in water [5], these findings would seem to be related to the low
solubility of these particles within the lung. Due to the slow clearance of these indium compound
particles from the lung, it is suspected that the long-term persistence of these particles within the
lung resulted in continuous damage to the alveolar epithelial cells. On the other hands, it is
thought that the pulmonary indium content was not stable at early observation periods because
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inhaled indium compounds might be removed by mucociliary transport from the trachea and
swallowed into the stomach just after intratracheal instillations of indium compounds. Further
clarification is needed regarding the pulmonary clearance of these particles and the influence of
particle size on the development of lung damage.

To date, the evidence of lung disorders has been reported after respiratory ITO exposure
in animals and humans [2,6]. Although a few studies have reported pulmonary disorders among
indium recycling workers [7,8], it is not clear whether these recycling workers inhaled In(OH)3
particles, or if they were exposed to several kinds of indium compounds.

In conclusion, the acute pulmonary toxicity of In(OH)3 particles was confirmed when
repeated intratracheal instillations of In(OH)3; were performed in rats, and the toxic potency of
In(OH)3 was much higher than that of either ITO or In,O3. These findings suggest a need to pay
much greater attention to the danger of human exposure to indium compounds.
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Abstract: Pulmonary effects in workers exposed to
indium metal: A cross-sectional study: Makiko
Nakano, et al. Department of Preventive Medicine
and Public Health, Keio University School of Medi-
cine—Objectives: Indium was added to the list of
substances regulated by the Ordinance on Prevention
of Hazards due to Specified Chemical Substances
(OPHSCS) in 2013. Indium metal (IM), however, is not
regulated by the OPHSCS due to insufficient information
on pulmonary effects following exposure. Methods:
From 2011 to 2013, a cross-sectional study was
conducted on 141 IM-exposed workers at 11 factories.
Subjective symptoms were assessed, including levels
of serum biomarkers, spirometry readings and total and
diffuse lung capacity. Krebs von den Lungen-6 (KL-6)
and surfactant protein D (SP-D) were selected as
biomarkers of interstitial pneumonia. Indium serum
concentration (In-S) and personal air sampling data
were used to estimate exposure. Subjects were catego-
rized into 5 groups based on occupation and type of
exposure: smelting, soldering, dental technician, bond-
ing and other. Results: The highest level of In-S was
25.4 pgll, and the mean In-S level was significantly
higher in the smelting group than in other groups. In the
smelting group, the prevalence of increased In-S levels
was 9.1%, while that of abnormal KL-6 was 15.2%. A
significant dose-effect relationship was observed
between the In-S and KL-6 levels. No marked differ-
ences were observed between any of the groups in
SP-D values, pulmonary symptoms, or pulmonary func-
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Sill

tion test results. A total of 31% of the subjects worked
in an environment with IM levels exceeding 0.3 pg/m?,
which requires a protective mask to be worn. Conclu-
sions: For workers exposed to IM, work environments
should be monitored, appropriate protective masks
should be worn, and medical monitoring should be
conducted according to the OPHSCS.

(J Occup Health 2015; 57: 346-352)

Key words: Cross-sectional study, Indium metal,
Indium concentration, Interstitial pneumonia, Krebs von
den Lungen-6 (KL-6), Surfactant protein D (SP-D)

Indium lung disease is a newly described occupa-
tional lung disease that affects workers exposed to
indium compounds, such as indium tin oxide (ITO),
which is used to manufacture electrodes to produce
flat-panel displays, and indium oxide, indium hydrox-
ide, and indium chloride, which are involved in the
production or reclamation of ITO. The Japanese
Society of Occupational Health recommended an
exposure limit for indium and indium compounds
of 3.0 yg/l” based on monitoring of the dose-effect
relationship between the level of serum indium (In-S;
exposure index) and the serum biomarker of inter-
stitial pneumonia (Krebs von den Lungen, KL-6)
associated with adverse pulmonary effects*™* in
2007. An inhalation experiment conducted in rats
over 2 years identified ITO with an indium concen-
tration of 0.01 mg/m? as a lung carcinogen”. Based
on these findings, the Japanese Ministry of Health,
Labour and Welfare established prevention guide-
lines for workers exposed to ITO and other indium
compounds in 2010°. In addition, indium compounds
were added to the list of substances regulated by the
Ordinance on Prevention of Hazards due to Specified
Chemical Substances (OPHSCS) in 20137 ®. Under
the OPHSCS, employers at indium-processing facto-
ries are required to measure indium concentrations
in the respirable dust fraction at their sites and to
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conduct health checks twice a year. These health
checks consisted of a review of job career and work-
ing conditions; a review of past medical history,
including pulmonary symptoms of coughing, sputum,
dyspnea, cyanosis and clubbed fingers; evaluation of
current pulmonary symptoms, including coughing,
sputum, dyspnea, cyanosis, and clubbed fingers; and
measurement of In-S and KL-6 values of workers.
In addition, X-Ray or computed tomography of the
chest was conducted at the start and end of employ-
ment. However, due to insufficient information on
the pulmonary effects of indium metal (IM) exposure,
IM and indium alloys are not listed in the OPHSCS.
To our knowledge, no studies have been conducted in
IM-processing factories.

Here, we determined whether or not IM exposure
induces adverse pulmonary effects similar to the
effects of non-IM indium compounds. We measured
In-S and pulmonary effects of IM exposure and evalu-
ated the relationship between IM exposure and mark-
ers of pulmonary effects at IM-processing factories.

Methods

This study was approved by the Ethics Committee
of the School of Medicine at Keio University (approval
number 20110268). Written informed consent was
obtained from all subjects.

Study design and subjects

This multicenter study was conducted at 11
IM-processing factories, including 2 dental techni-
cian shops, 1 electric contact plant, 1 indium alloy
target manufacturing plant, 3 lead-free solder manu-
facturing plants using an alloy containing less than
10% indium, 3 dental manufacturing plants using an
alloy containing less than 25% indium, and 1 indium-
free target plate bonding plant using 100% indium
as an adhesive material. This study was conducted
from 2011 to 2013. There were 142 subjects, and
the proportions of subjects enrolled were dependent
on the size of each factory and ranged from 2 to 41.
One of the subjects was excluded from the statisti-
cal analysis due to a history of exposure to non-IM
indium compounds.

Study subjects were categorized into five groups, as
follows: high-temperature (21,000°C) alloy smelting
workers (smelting workers), soldering workers, dental
technicians, bonding workers and other workers.

All subjects underwent a health check, which
consisted of a medical interview, questionnaire, blood
test, spirometry examination and evaluation of total
lung capacity (TLC) and diffuse lung capacity for
carbon monoxide (DLCO). To investigate the relation-
ship between the levels of In-S and serum biomarkers
of interstitial pneumonia (KL-6 or surfactant protein
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D [SP-DJ). subjects were divided into currently and
formerly exposed workers according to their exposure
status. Job history was based on records at the plants
or, if unavailable, on findings from the interview
regarding occupational history.

Exposure indices

In-S (ug/l) was measured by inductively coupled
plasma mass spectrometry (ICP-MS) at the Center of
Advanced Instrumental Analysis, Kyushu University®©
or the Japan Industrial Safety and Health Association®.
In-S below the detection limit (0.1 zg/l) was ascribed
an arbitrary value of 0.05 ug/l for statistical analysis.

Effect indices and confounding factors

KL-6 (EIDIA Co., Ltd., Tokyo, Japan)® ' and SP-D
(Yamasa Corporation, Tokyo, Japan)'"” were used as
biomarkers for assessing interstitial changes in the
lungs and were evaluated at a major commercial clini-
cal laboratory (Special Reference Laboratory, Tokyo.
Japan). SP-D levels were not measured in 26 subjects
due to logistics.

Spirometry was performed using an electron-
ic spirometer (HI-801; Chest MI, Tokyo, Japan)
based on the standards of the Japanese Respiratory
Society'”. TLC was determined by helium dilu-
tion lung volume tests, and DLCO was determined
by single breath diffusing capacity tests performed
using a portable compact machine (EasyOne Pro®,
ndd Medical Technologies, Zurich, Switzerland) based
on the standards of the American Thoracic Society/
European Respiratory Society'¥. TLC and DLCO
were not measured in 12 workers due to rib fractures
(n=1) or lack of measurement at the factory due to
logistics (n=11). Spirometry was not evaluated in 5
workers due to rib fracture (n=1) or lack of measure-
ment at the factory due to logistics (n=4). Age- and
height-adjusted predicted values of vital capacity (VC),
forced vital capacity (FVC), and forced expiratory
volume in one second (FEV, ) were determined by
sex, using the regression formula recommended by
the Japanese Respiratory Society'?. TLC was deter-
mined by sex, using reference values generated from
the third National Health and Nutrition Examination
Survey (NHANES III)"». DLCO and DLCO/VA were
determined by sex, using the regression formula of
Nishida for Japanese subjects'®. Predictions were
calculated for VC, FVC, FEV , TLC, DLCO and
DLCO/VA.

Respiratory symptoms, smoking history and
confounding factors of sex, age, medical history and
history of exposure to indium metal and other mate-
rials were investigated using the Japanese version'”
of the American Thoracic Society Division of Lung
Disease questionnaire'® and supplementary questions.

1.0?
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Personal indium exposure concentration in respirable
dust fraction

Eight-hour time-weighted average personal indium
concentrations in respirable dust fractions (In-A) were
measured in 35 study subjects using respirable dust
samplers (GS-3 Respirable Dust Cyclone; SKC Inc.,
Eighty Four, PA, USA) and ICP-MS (Agilent 7500i;
Agilent Technologies, Santa Clara, CA, USA) by the
Japan Industrial Safety and Health Association accord-
ing to guidelines® at approximately the same time as
the health checks. An In-A level below the detection
limit (0.006 zzg/m?®) was ascribed an arbitrary value of
0.006 z2g/m?* for statistical analysis.

Statistical analysis

Non-normally distributed data for KL-6 and SP-D
were log-transformed to an approximately normal
distribution before analysis. In-S and values of lung
function were not log-transformed before analy-
sis. Differences between occupational groups were
assessed using one-way analysis of variance (ANOVA)
for KL-6, SP-D, and values of lung function or the
Kruskal-Wallis test (non-normal distribution) for age.
exposure duration, time since last exposure and In-S.
The Chi-square test was used to compare the propor-
tion and prevalence of sex, smoking habits, exposure
status, pulmonary symptoms, increased In-S levels and
abnormal KL-6 and SP-D levels. A single regression
model was used to evaluate the dose-effect relation-
ship between In-S and KL-6 or SP-D levels by expo-
sure status and between In-A and KL-6 or S-D levels.

Based on the adopted reference value of In-S*,
subjects were classified as either In-S<3.0 ug/l or

Table 1. Study subjects by occupational group

J Occup Health, Vol. 57, 2015

23.0ug/l. In-S 23.0 ug/l was used to assess the risk
of indium exposure on the effect variables. The
prevalence of abnormalities for biomarkers and lung
function was analyzed using the following cutoffs for
abnormal values: KL-6 =500 U/m/, SP-D >110 ng/
ml/, FEV  /FVC<70%, %VC<80%, %FVC<80%,

1.0

%FEV, <80%, %TLC<80%, %DLCO<70% and
%DLCO/VA<70%.

The reference value of In-A was set as 10 ug/m’
based on the target indium concentration in respi-
rable dust for immediately improved workplace envi-
ronments or as 20.3 zg/m* based on the acceptable
exposure limits calculated according to the exposure
concentration found to be potentially carcinogenic in
rats, as established in the technical guidelines of the
Japanese Ministry of Health, Labour and Welfare®.

Statistical significance was assessed by two-tailed
analysis, with p<0.05. All statistical analyses were
performed using SPSS version 19 (IBM Corp.,
Armonk, NY, USA).

Results

Tables 1 and 2 show the characteristics of study
subjects and the pulmonary effects for each group.
The mean age of the subjects was 40.9 years, and
88.7% were male. The mean duration from the start
to end of indium exposure for all workers was 7.5
years. For currently exposed workers, the duration of
indium exposure was calculated from the start to the
time of the health check. The proportion of formerly
exposed workers who were no longer experiencing
indium exposure at the time of the health check was
24.2% in the smelting group, 31.3% in the bond-

Becapasitusl fesip Smelting Soldering Dental lec_hnician Bonding Other »
(n=33) (n=37) (n=5) (n=16) (n=50)

Age (yr). mean (SD) 39.5(14.5) 38.7(11.3) 41.6 (15.7) 39.5(13.1) 439 (11.5) 0.334
Male. n (%) 33 (100.0) 29 (78.4) 2 (40.0) 16 (100.0) 45 (90.0) <0.001
Exposure duration (yr). mean (range) 7.9 (0.08-33.2) 10.2(0.83-34.8) 16.1 (0.75-32.7) 5.4(0.25-17.8) 4.9 (0.33-36.2) 0.001
Time since last exposure (yr), mean 6.6 (0.83-29.6) — — 9.7 (4.67-22.7) 6.4(1.17-12.6) 0.122
(range)
In-S (ug/l). mean (range) 2.2(0.1>-254)  0.1(0.1>-0.4) 0.1 (0.1>-0.5) 0.1 (0.1>-0.5) 0.1 (0.1>-0.9) <0.001
Smoking habit, n (%) 0.438

Nonsmokers 10 (30.3) 16 (43.2) 2 (40.0) 3(18.8) 15 (30.0)

Ex-smokers 10 (30.3) 6(16.2) 2(40.0) 8 (50.0) 15 (30.0)

Current smokers 13 (39.4) 15 (40.5) 1 (20.0) 5(31.3) 20 (40.0)
Exposure status, n (%) <0.001

Currently exposed 25(75.8) 37 (100.0) 5(100.0) 11 (68.8) 30 (60.0)

Formerly exposed 8(24.2) 0(0.0) 0(0.0) 5(31.3) 20 (40.0)

Prev, prevalence: SD, standard deviation; In-S, serum indium; yr, year; exposure duration, duration from start to end of indium
exposure or to time of health check. p-value by one-way analysis of variance, Kruskal-Wallis test, or chi-square test among all

groups.
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Table 2. Effective markers by occupational group
I p— Smelting Soldering  Dental technician Bonding Other !
B (n=33) (n=37) (n=5) (n=16) (n=50)
In-S 23.0 g/, n (%) 3/33 (9.1) 0/37 (0.0) 0/5 (0.0) 0/16 (0.0) 0/50 (0.0) 0.040
Cough or sputum., n (%) 2/33(6.1) 3/37 (8.1) 0/5 (0.0) 0/15 (0.0) 3/50 (6.0) 0.805
Biomarkers
KL-6 (U/ml), GM (GSD) 322.0(1.7) 216.5 (1.3) 181.0 (1.2) 237.6 (1.4) 261.8(1.4) <0.001
KL-6 2500 U/ml, n (%) 5/331(15.2) 0/37 (0.0) 0/5 (0.0) 0/16 (0.0) 2/50 (4.0) 0.034
SP-D (ng/ml), GM (GSD) S5:742.2) 38.1(1.8) 28.4 (1.5) 43.0 (2.0) 41.5(1.7) 0.105
SP-D >110 ng/ml, n (%) 7/33 (21.2) 0/14 (0.0) 0/5 (0.0) 1715 (6.7) 3/48 (6.3) 0.094
Lung function, mean (SD)
9%V C 104.8 (12.5) 109.7 (11.3) 105.8 (13.0) 111.1 (12.7) 105.1 (12.2) 0.224
%FVC 101.8 (11.5) 108.3 (11.8) 103.4 (12.0) 107.9 (9.9) 103.0(11.9) 0.112
%FEV, , 97.0 (12.8) 103.0 (12.6) 99.5 (19.0) 103.0 (10.4) 99.7 (11.6) 0.314
FEV, /FVC 82.7 (5.8) 824 (54) 82.4 (11.3) 82.8 (4.6) 83.5(7.0) 0.951
%TLC 94.8 (8.8) 94.2 (8.6) 94.3 (7.9) 98.6 (9.7) 94.2 (10.1) 0.743
J%DLCO 96.9 (13.4) 89.9 (12.8) 95.8 (11.6) 949 (11.4) 91.5(15.2) 0.260
J%DLCO/VA 93.6 (9.5) 87.0 (14.1) 91.2 (13.5) 87.3 (12.0) 90.6 (14.2) 0.294

Prev, prevalence: SD, standard deviation; KL-6, Krebs von den Lungen-6; SP-D, surfactant protein D; VC, vital capacity; FVC,

forced vital capacity; FEV

1.0°

forced expiratory volume in one second: TLC, total lung capacity: DLCO, diffusing lung capacity for

carbon monoxide; VA, alveolar volume. p-value by one-way analysis of variance, Kruskal-Wallis test, or chi-square test among all

groups. %VC, %FVC, %FEV, and FEV

1.0

/FVC measured in the smelting (n=32), soldering (n=37), dental technician (n=5), bond-

ing (n=14) and other groups (n=48) (total, n=136). %TLC, %DLCO and %DLCO/VA measured in the smelting (n=32), soldering
(n=37), dental technician (n=5), bonding (n=10) and other groups (n=45) (total, n=129).

ing group, 40.0% in the “other” group and 0% in
the remaining two groups. No marked differences in
smoking history or age were observed among groups.
The highest level of In-S in the smelting group was
25.4 ug/l, and the highest level of In-S among all
other groups, excluding the smelting group, was less
than 1.0 ug/l, with In-S levels below the detection
limit being found in 82% of workers (89/108). The
In-S level in the smelting group was significantly
higher than that in all other groups (p<0.001). The
KL-6 level in the smelting group was also signifi-
cantly higher than that in the other groups (p<0.001).
However, no marked differences were observed in the
SP-D level, pulmonary symptoms or pulmonary func-
tion test results among all groups.

For each group, the respective proportions of
subjects with abnormal levels of In-S, KL-6 and
SP-D stratified by occupation type were as follows:
9.1, 15.2 and 21.2% (smelting); 0.0, 0.0, and 0.0%
(soldering); 0.0, 0.0, and 0.0% (dental technicians); 0.0,
0.0, and 6.7% (bonding); and 0.0, 4.0, and 6.3% (other).
The proportion of increased In-S and abnormal KL-6
levels were significantly higher in the smelting group
than in the other groups (p=0.040 and p=0.034,
respectively).

Figure 1 shows a scattergram comparing the levels
of In-S and KL-6 or SP-D by exposure status (currently
and formerly exposed workers). In currently exposed
workers, significant increases in KL-6 levels were
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observed with increasing In-S levels (p<0.001). Dose-
effect relationships between In-S and SP-D levels in
currently and formerly exposed workers (p=0.018 and
0.014, respectively) were also observed. However,
in formerly exposed workers, no significant dose-
effect relationship between In-S and KL-6 levels was
observed (p=0.192).

The Mean In-A level (n=35) was 15.93 ug/m?,
with values ranging from <0.006 (undetectable) to
510.28 yg/m? and differing significantly between
groups (p=0.006). In-A in the smelting group (mean,
68.36 pg/m?*; standard deviation, 178.75 pg/m?; range,
0.12-510.28 ug/m*) represented the highest level of
exposure to respirable indium dust among groups.
The proportions of workers with In-A levels exceed-
ing 10 ug/m? (target indium concentration criteria
requiring immediate improvement of work environ-
ments) in each group were as follows: 25% (smelting),
0% (soldering), 0% (dental technicians), 0% (bonding)
and 0% (other). The proportions of workers with
In-A levels exceeding 0.3 pzg/m* (acceptable exposure
concentration limit not requiring an appropriate mask)
in each group were as follows: 63% (smelting), 14%
(soldering), 20% (dental technicians), 17% (bonding),
and 33% (other).

Figure 2 shows a scattergram comparing In-A
and KL-6 or SP-D levels by occupation groups in
currently exposed workers. Although increasing In-A
levels were associated with increasing KL-6 and SP-D
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Fig. 1. Dose-effect relationships between In-S and biomarkers by exposure status
la) and 1b) Scattergrams between In-S and KL-6 or SP-D in currently exposed workers. 1¢)
and 1d) Scattergrams between In-S and KL-6 or SP-D in formerly exposed workers. Cut-off
values: KL-6, 500 U/m/, and SP-D, 110 U/ml. A single regression model was used to evaluate
the dose-effect relationship between In-S and KL-6 or SP-D levels.

levels, the relationships between these parameters were
not significant (p=0.687 and p=0.657, respectively).

Discussion

In currently exposed workers, a dose-effect rela-
tionship between the levels of In-S and KL-6 was
observed. In particular, in the smelting group, the
level of In-S increased to over 20 ug/l, which is a
risk factor for interstitial pneumonia and progres-
sion of emphysematous changes>™*'?. Workers in the
smelting group were involved in constructing indium
alloys with palladium, gold, silver and other metals.
Although the melting point of indium is 157°C, the
dissolution temperature in the melting process is
dependent on the other mixed metals in the alloy
and exceeds 1,000°C. Although exposure to indium
metal at room temperature is generally not harmful
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to workers, indium melts at 157°C, and indium vapor
is generated at higher temperature®”. The vapor is
cooled down in air and ultimately becomes airborne
respirable particles. These respirable particles might
contribute to increases in In-A and In-S levels.

In the smelting group, 25% of workers required
immediate improvement to their work environment
according to prevention guidelines®. In addition,
regardless of occupational group, approximately 31%
of workers exposed to IM exceeding 0.3 zg/m* were
required to wear a protective mask according to
prevention guidelines®. Based on these results, for
workers exposed to IM, periodical monitoring of the
work environment including monitoring of whether
or not they wear an appropriate protective mask and
medical monitoring is required.

In this study, IM-exposed workers who were work-
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Fig. 2. Dose-effect relationships between In-A and biomark-
ers by occupational group
2a) Scattergram between In-A and KL-6 levels in
currently exposed workers. 2b) Scattergram between
In-A and SP-D levels in currently exposed workers.
Target concentration for indium according to preven-
tion guidelines: 10 zg/m®. Acceptable exposure limit
for concentration of indium according to prevention
guidelines: 0.3 #g/m®. A single regression model was
used to evaluate the dose-effect relationship between
In-A and KL-6 or S-D levels.

ing without improvement of the workplace environ-
ment or use of a protective mask were investigated.
The level of exposure to respirable indium dust might
be directly reflected in the amount of dust inhaled
in the lungs. Although an increase in In-A levels
resulted in an increase in KL-6 and SP-D levels, this
change was not significant. The In-A levels were
considered to be low, with only a small proportion
of subjects having levels in excess of 10 ug/m®. A
metric of cumulative exposure might have a prefer-
ence for In-S levels over In-A levels.

Although hamsters exposed to indium oxide?"
and workers formerly exposed to indium compounds
have been found to have elevated In-S levels for a
prolonged period of time*'?, the dose-effect relation-
ship between In-S and KL-6 levels was not signifi-
cant in the formerly exposed workers in the present
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study. Clearance of the indium burden on the lungs
may be more rapid following the inhalation of mist
containing indium oxide?” than that of dust containing
ITO or indium oxide at room temperature. In addi-
tion, the amount of indium inhaled into the lungs by
IM-exposed workers in this study might be lower than
that by ITO-exposed workers observed in previous
studies* '

Full evaluation with high-resolution computed
tomography (HRCT) of the chest was not conducted
in the present study. However, one IM-exposed
worker with high In-S levels (220 ug/l) visited a
hospital and underwent chest HRCT, which showed
interlobular septal thickening and a mild reticular
shadow. IM-exposed workers with high In-S levels
might therefore suffer adverse effects that are similar
to those of workers with noted exposure to indium
compounds at ITO-processing factories>™.

Due to the cross-sectional nature of our study, a
longitudinal observational study is also required. We
recommend that future studies monitor the lung condi-
tions of workers following the reduction of occupa-
tional exposure to TM.

Conclusions

We observed a dose-effect relationship between In-S
and KL-6 levels in workers currently exposed to TM.
The results of this study indicate that workers exposed
to IM require monitoring of their work environment,
appropriate protective masks and ongoing medical
checks according to the OPHSCS to prevent indium
lung disease.
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Synthesis of Indium-Containing Nanoparticles in
Aqueous Suspension Using Plasmas in Water for
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Nanoparticles have great potential for medical applications such as cancer therapy, whereas their
toxic effects on human body are pointed out. To study kinetics and toxicity of nanoparticles in
living body, we synthesized indium-containing nanoparticles in aqueous suspension using pulsed
electrical discharge plasmas in water, because no indium compounds exist in the living body in the
normal situation and hence indium-containing nanoparticles are useful tracer materials for analyzing
kinetics of nanoparticles in living body. The mean size of synthesized primary nanoparticles is 7 nm,
whereas the mean size of secondary nanoparticles is 315 nm. EDX and XRD analysis reveal that
nanoparticles are indium crystalline and indium hydroxide crystalline with the mass ratio of 8:2.
Preliminary subcutaneous administration of nanoparticles to mice shows that indium is transported
from subcutaneous to blood. These results show that synthesized indium-containing nanoparticles
are useful for analyzing kinetics of nanoparticles in living body.

Keywords: Nanoparticles,
Nanotoxicology.

Indium,

1. INTRODUCTION

In recent years, nanoparticles have attracted much atten-
tion because of their great potential for applications in
medical fields.' For cancer therapy, nanoparticles enable
us to detect cancer cells and to treat cancer cells by
delivering drugs or generating heat.>® However, toxic
effects of nanoparticles on human body are pointed
out.” For instance, we have found that CIGS nanoparti-
cles cause subacute pulmonary toxicity by installing into
lung.®? Tt is important to study kinetics and toxicity of
nanoparticles in living body to prepare safety guidelines
of nanoparticle applications in medical fields. Although
several studies of kinetics and toxity of nanomaterials
such as carbon nanotube,'® TiO, nanoparticles,!' and gold
nanoparticles'>'* have been reported, very limited nano-
materials are employed for the studies. Since the specific
physico-chemical properties at the nanoscale are expected

*Author to whom correspondence should be addressed.
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Discharge Plasma in Water,

to result in increased reactivity with biological systems,
kinetics and toxity of various nanomaterials should be
examined.

There are various methods for producing nanoparticles.
The methods are categorized into three: condensation from
gas,” 2! chemical synthesis in liquid phase,?>?* and solid-
state processes such as milling and attrition.>* The con-
densation and chemical synthesis are bottom-up processes,
whereas solid-state processes are top-down ones. Synthe-
sis of nanoparticles using electrical discharge plasmas in
water is a condensation method which has drawn great
attention for various technological applications because of
a simplicity of apparatus, no need for vacuum equipment,
environmental safety, high-throughput and cost-effective
procedure to generate high yield of nanoparticles.?>2¢ Syn-
thesis of nanoparticles using electrical discharge plasmas
in water offers a simple way to prepare nanoparticles in
aqueous suspension, being useful for their administration
to animals.

1533-4880/2015/15/9298/005 doi:10.1166/jnn.2015.11427
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Here we report on synthesis of indium-containing
nanoparticles in aqueous suspension using pulsed electri-
cal discharge plasmas in water, because
(1) indium and its compunds are widely employed in elec-
tronic applications such as tranparent conducting oxcides,
(2) there is little infomration of kinetics and toxcity of in
indium-containing nanoparticles, and
(3) no indium compounds exist in living body and hence
indium-containing nanoparticles are useful tracer materials
for analysis of kinetics of nanoparticles in living body.

2. EXPERIMENTAL DETAILS

Synthesis of indium-containing nanoparticles using pulsed
electrical discharge plasmas in deionized (DI) water was
carried out with a device shown in Figure 1. An indium rod
electrode of 3 mm in diameter and an indium plate elec-
trode of 1 mm in thickness were immersed into DI water.
The discharges were generated between these electrodes
by applying an AC high voltage with a high voltage source
(Logy Electoric, LHV-10AC). The discharge voltage and
the discharge current were measured with a high voltage
probe (Tektronix, PO615A) and a Rogowski coil (U_RD,
CTL-28-S90-05Z-1R1-CL1), respectively. The frequency
of the applied voltage was 7.6 kHz, and its peak to
peak voltage was 15.2 kV. The discharge power den-
sity was 5.1 W deduced from voltage/charge Lissajous
plots. Optical emissions from the plasma were collected
with an optical fiber and their spectra were measured
with a spectroscope of spectral resolution of 1 nm
(Hamamatsu photonics, C7473-36). Optical emission spec-
tra were measured 5 times to check the reproducibility. We
deduced electron density of the discharge plasmas from the

@

Indium plate
electrode

Indium rod
electrode

DI water

Figure 1. Schematic of experimental setup for synthesis of indium-
containing nanoparticles using pulsed electrical discharge plasmas in DI
water.
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Stark broadening of H, and Hy line. The generation rate
of nanoparticles was 42 mg/min. The color of water gradu-
ally became brown with the discharges. The large particles
were precipitated quickly just after the discharges.

After 3 min discharge, we sampled supernatant of the
solution with a pipette and collected nanoparticles des-
iccating the solution on TEM-meshes and Si substrates.
Nanoparticles collected on TEM-meshes and Si substrates
were observed by TEM (JEOL, JEM-2010) and SEM/EDX
(Hitachi High-Technologies, SU8000), respectively. Size
destribution of secondary nanoparticles was measured by
the dynamic light scattering method (Otsuka Electronics,
ELSZ-0S).?”-2® To obtain chemical and structural infor-
mation of nanoparticles, we measured x-ray diffraction
(XRD) spectra (Bruker, D8 DISCOVER-KU/I 3kw) of
nanoparticles collected on Si substrates.

Synthesized nanoparticles were administrated towards
mice for a preliminary examination of kinetics of nanopar-
ticles in living body. Solution of nanoparticles was con-
densed at the concentration of 10 mg/ml by vaporizing
water with heat. Subcutaneous administration was carried
out to 13-week-old mice (Crlj:ICR) after 7 weeks acclima-
tion. The dose of administration was 1 mg/10 g BW per
each mouse. We collected the blood of the mice 10 days
after the administration. The collected blood was wet-
ashed with nitric acid, and indium content in the blood
was measured by ICP-MS (Agilent 7500c¢).

3. RESULTS AND DISCUSSION

Figure 2 shows an optical emission spectrum of plasmas
with an exposure time of 0.5 s. Atomic emission lines
of indium (325.8 nm, 410.2 nm, and 451.1 nm),”® oxy-
gen (777 nm and 844.6 nm), and hydrogen (H, 656.3 nm
and Hg 486.1 nm) exist in the spectrum. There also exit
weak molecular emission bands in the wavelength ranges
of 390-550 nm and 540-588 nm referred to radiation of
H,0 and H, molecules, respectively. Apart from the Stark
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Figure 2. Optical emission spectrum of pulsed electrical discharge
plasma in DI water.
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broadening, any emission line spontaneously emitted by
plasma can be broadened by other mechanisms, and the
total broadening of the line profile is due to the combined
contribution of all causes.*® Each mechanism can produce
a shift in the energy levels of the emitter atoms and the
relative importance of these broadening depends on the
plasma conditions. In our case, for plasmas at atmospheric
pressure with moderate electron density and temperature,
the important sources of broadening of the H, line are
the Doppler effect with FWHM of 0.008 nm, and the van
der Waals broadening with FWHM of 0.04 nm.’*3! Sim-
ilarly, the important sources of broadening of the Hg line
are the Doppler effect with FWHM of 0.006 nm, and the
van der Waals broadening with FWHM of 0.06 nm.*-3!
The broadenings due to other less important effects are
neglected, such as the natural broadening and the resonant
broadening. The instrumental broadening is 1 nm. We have
evaluated Stark broadening by deconvoluting the mea-
sured spectra with taking other important line broadening
effects. The Stark broadening of H,, and Hg line are 5.39+
0.23 nm and 12.04+0.55 nm. The electron density deduced
from the Stark broadening of the H, and Hg line are
(5.284+0.34) x 10" cm™ and (4.64 £0.31) x 10" cm~3,
respectively.’*-3233 The electron density deduced from the
Stark broadening of the H, is more reliable, because the
H, line intensity is much stronger than the background
emissions.

Figure 3(a) shows a typical TEM image of the synthe-
sized nanoparticles and the size destribution of primary
nanoparticles. The size destribution is the Gaussian one
and the mean size of the primary nanoparticles is 7 nm.
The morphorogy of nanoparticles are mostly spherical or
distorted spherical. The nanoparticles are single or multi-
crystallines and have no core-schell structure. Figure 3(b)
shows the size destribution of secondary nanoparticles.
The size destribution is the log-normal one and the mean
size of secondary nanoparticles is 315 nm. EDX spectrum
of the nanoparticles is shown in Figure 4. The peaks of
indium and oxygen were observed from the spectra, show-
ing that the synthesized nanoparticles contain indium and
oxygen.

Further chemical and structural information of the syn-
thesized nanoparticles is obtained from Figure 5. This
figure shows an XRD pattern of the synthesized nanopar-
ticles. The presence of sharp peaks on the XRD patterns is
usually connected with a crystal structure in the samples.
The peaks of In (JCPDS card No. 85-1409), and In(OH);,
are observed in the XRD pattern.** ¥ These results indi-
cate that the nanoparticles are indium crystalline (In) and
indium hydroxide (In(OH);) crystalline. The mass ratio
of indium nanoparticles to indium hydroxide nanoparticles
is 8:2, deduced from the XRD pattern using the normal-
ized relative intensity ratio method.***” These two kinds of
nanoparticles might have different kinetics in living body.
To clarify kinetics of each kind of nanoparticles, we need
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Figure 3. (a) TEM image of indium-containing nanoparticles and size
distribution of primary nanoparticles, and (b) size distribution of sec-
ondary nanoparticles.

to control the mass ratio of these two kinds of nanoparti-
cles. We will develop such control in the future.

Although up to now no direct experimental evidence
has been obtained indicating a specific mechanism for the
formation of nanoparticles in pulsed electrical discharge
plasmas in DI water, we can hypothesize that the following
processes take place during the discharges.
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Figure 4. EDX spectrum of synthesized nanoparticles.
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Figure 5. XRD pattern of synthesized nanoparticles.

During the discharge, the indium electrodes are heated,
melted at the indium melting point of 156 °C, and
vaporized. Near the elecrodes, the water is also vapor-
ized as a result of exposure to high temperature. Due to
this vaporization of water, we observed many bubbles near
the electrodes during the dischrages. The discharge plas-
mas take place in a gas mixture consisting of the water
vapor and indium, with a temperature gradient from a
high temperature region near the electrodes to the boil-
ing point of the liquid at the gas mixture-liquid boundary.
The gas mixture can contain indium, H,O, O, and H,.
Moreover, H,0, O, and H, can be dissociated into OH, O,
and H by electron impact in discharge plasmas and thermal
decomposition.

Nanoparticles are formed in the gas mixture as a result
of the sequential change from nucleation to growth to coa-
lescence to aggregation. The growth of nanoparticles stops
as a result of interaction with the cold water surround-
ing the discharge zone. We measured temperature rise of
water during discharges with an electrical themometer. The
temperature increases from 25 °C to 38 °C after 5 min
discharge. Therefore, the average temperature of water
surrounding the discharge zone is in this range. Some
molecules and atoms originated from water vapor in the
gas mixture react with indium and lead to nanoparticles of
indium hydroxide (In(OH);).

Synthesized nanoparticles were administrated towards
mice for a preliminary examination of kinetics of nanopar-
ticles in living body. The subcutaneous administration was
well tolerated and no adverse effects were observed during
the 10 days observation period. The preliminary exami-
nation shows that indium of 1.2-1.6 ng/ml is transported
from subcutaneous to blood in 10 days. These results
show that synthesized nanoparticles are useful for analyz-
ing kinetics of nanoparticles in living body.

4. CONCLUSION

We synthesized indium-containing nanoparticles in aque-
ous suspension using pulsed electrical discharge plasmas
in DI water. We obtained the following conclusions.

(1) Nanoparticles of 7 nm in primary nanoparticle size
and 315 nm in secondary nanoparticle size are pro-
duced using pulsed electrical discharge plasmas in water
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with the indium plate electrode and the indium rod
electrode.

(2) EDX, and XRD analysis indicate that the synthe-
sized nanoparticles are indium (In) crystalline and indium
hydroxide (In(OH);) crystalline with the mass ratio of 8:2.
(3) Synthesized nanoparticles are useful for analyzing
kinetics of nanoparticles in living body.

The remaining issues are to reveal the mechanisms of
synthesis of nanoparticles using pulsed electrical discharge
plasmas in water in detail, to control the mass ratio of
indium nanoparticles to indium hydroxide nanoparticles,
and to carry out further experiments to reveal kinetics and
toxicity of nanoparticles as a parameter of size of primary
and secondary nanoparticles.
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