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7 Iarticles

Mean diameter:0.56 pm

Fig.1 Scanning electron micrographs of In(OH)s, ITO and In20s particles
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Fig.2 Changes in body weight gain during instillation and observation period. The

Observation period
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results shown are mean+SE. Significant differences are indicated by a (P<0.05).
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0Weeks AfterlFinaI Instilla%ion (week) ° Means- SE
a:Significantly different from the control group at each time point.
Fig.3 Changes in relative lung weights from the final instillation. The results
shown are mean+SD of rats euthanized at each time point

a' Significantly different from the control group(P<0.05)
b: Significantly different from the ITO or the In203 group(P<0.05)
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a:Significantly different from the control group at each time point.

Fig.4 Change in blood indium concentration from the final instillation of In(OH)s, ITO
and In203.

a' Significantly different from the control group (P<0.05)

b: Significantly different from the ITO or the In20s group (P<0.05)
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Fig.5 Change of indium content in the lungs after final instillation of In(OH)s, ITO
and In203.

Slight inflammation and deposition of ITO particles Slight inflammation and deposition of In,O4
at 3 weeks in the ITO group particles at 3 weeks in the of In,O; group

Severe inflammation and interstitial fibrotic Squamous cell metaplasia of the alveolar epithelium
proliferation at 3 weeks in the In(OH); group and inflammation at 3 weeks in the In(OH); group

Fig.6 Pathological changes in the lung in the In(OH)s, ITO and In2O3 groups.
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Table 1 Pathological changes in the rats lung after intratracheal instillation of

In(OH)s, ITO, In20s .

Weeks after final instillation (W)

Pathological changes Grou

o 9 P 0 1 2 3
Inflammatory response with ITO + * * *
diffuse hyperplasia of IN,O4 + + + +
bronchiolo-alveolar In(OH), 3+ 3+ 3+ 3+
epithelium Control + + + +

ITO - - - -

Interstitial fibrotic In,O4 - - - -
proliferation INn(OH), + 2 4+ 24 3+

Control - - - -

ITO =+ 2+ + +

. In,O4 =+ =+ + +

Exudation

IN(OH)4 2+ 3+ 3+ 3+

Control - - - -

The severity of the lung lesions was evaluated by five grades:
—, negative; =, slight; +, mild; 2+, moderate; 3+, severe
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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
£ RN | of emphysematous progression indicated that indium
S 5 5w :g g § g inhalation is a serious risk factor for emphysematous
< £ ch % 2 55 = progression, especially among the highly exposed workers
E e 2 § % ] % JE §§ (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 53

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.
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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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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)

Key words: Hamsters, Indium, Indium-tin oxide,
Intratracheal instillation, Lung clearance, Tissue indium
concentration
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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,
and Indium Oxide Following Intratracheal Instillations into the Lungs of Rats
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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,.

63



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

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 categorized into 5 groups based on occupation and type of
exposure: smelting, soldering, dental technician, bonding and other.

Results: The highest level of In-S was 25.4 ug/l, 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
differences were observed between any of the groups in SP-D values, pulmonary symptoms,
or pulmonary function test results. A total of 31% of the subjects worked in an environment

with 1M levels exceeding 0.3 ug/m?®, which requires a protective mask to be worn.
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45  Conclusions: For workers exposed to IM, work environments should be monitored,

46  appropriate protective masks should be worn, and medical monitoring should be conducted

47  according to the OPHSCS.
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IM, indium metal

In-S, serum indium concentration
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SP-D, surfactant protein D
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71



63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

Introduction

Indium lung disease is a newly described occupational 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 hydroxide, 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 pg/1” based on monitoring of the dose-effect relationship between the level of serum
indium (In-S; exposure index) and the serum biomarker of interstitial 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 concentration of
0.01 mg/m3as a lung carcinogen®. Based on these findings, the Japanese Ministry of Health,
Labour and Welfare established prevention guidelines 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 2013" ®. Under the OPHSCS, employers at indium-processing
factories are required to measure indium concentrations in the respirable dust fraction at their
sites and to conduct health checks twice a year. These health checks consisted of a review of
job career and working conditions; a review of past medical history, including pulmonary

symptoms of coughing, sputum, dyspnea, cyanosis and clubbed fingers; evaluation of current
6
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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 employment. 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 evaluated the relationship between IM exposure and markers of

pulmonary effects at IM-processing factories.
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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

technician shops, 1 electric contact plant, 1 indium alloy target manufacturing plant, 3

lead-free solder manufacturing 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 statistical analysis due to a history of exposure to non-IM

indium compounds.

Study subjects were categorized into five groups, as follows: high-temperature

(>1000°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,
8
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questionnaire, blood test, spirometry examination and evaluation of total lung capacity (TLC)
and diffuse lung capacity for carbon monoxide (DLCO). To investigate the relationship
between the levels of In-S and serum biomarkers of interstitial pneumonia (KL-6 or
surfactant protein D [SP-D]), 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 pg/l) was ascribed an

arbitrary value of 0.05 pg/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 clinical laboratory (Special Reference Laboratory, Tokyo, Japan). SP-D
levels were not measured in 26 subjects due to logistics.

Spirometry was performed using an electronic spirometer (HI1-801; Chest MI, Tokyo,
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145
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147

148

149

150
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152

Japan) based on the standards of the Japanese Respiratory Society'®. TLC was determined by
helium dilution 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 measurement
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
(FEV1,) were determined by sex, using the regression formula recommended by the Japanese
Respiratory Society*”. TLC was determined by sex, using reference values generated from
the third National Health and Nutrition Examination Survey (NHANES 111)'®. DLCO and
DLCO/VA were determined by sex, using the regression formula of Nishida for Japanese
subjectslﬁ). Predictions were calculated for VC, FVC, FEV1, 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 materials were investigated using
the Japanese version'” of the American Thoracic Society Division of Lung Disease

18)

questionnaire™ and supplementary questions.

10
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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
according to guidelines® at approximately the same time as the health checks. An In-A level
below the detection limit (0.006 pg/m®) was ascribed an arbitrary value of 0.006 pug/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 analysis. 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 proportion 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 relationship between In-S and KL-6 or SP-D levels by exposure status and

11
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181

182

183
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185

186

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 pg/l or >3.0 pg/l. In-S >3.0 pg/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/ml, SP-D >110
ng/ml, FEV1o/FVC <70%, %VC <80%, %FVC <80%, %FEV:, <80%, %TLC <80%,
%DLCO <70% and %DLCO/VA <70%.

The reference value of In-A was set as 10 pg/m® based on the target indium
concentration in respirable dust for immediately improved workplace environments or as
>0.3 pg/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).
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206

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 bonding 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 significantly 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 function 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);
13
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208

209
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211

212
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215

216

217

218

219

220

221

222

223

224

225

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 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 pg/m®, with values ranging from <0.006
(undetectable) to 510.28 pg/m® and differing significantly between groups (P=0.006). In-A in
the smelting group (mean, 68.36 pg/m® standard deviation, 178.75 upg/m®; range,
0.12-510.28 pg/m®) represented the highest level of exposure to respirable indium dust
among groups. The proportions of workers with In-A levels exceeding 10 pg/m® (target
indium concentration criteria requiring immediate improvement of work environments) 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 pg/m?
(acceptable exposure concentration limit not requiring an appropriate mask) in each group

14
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226

227

228

229

230

231

232

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 levels, the relationships between these parameters were not

significant (P=0.687 and P=0.657, respectively).
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Discussion

In currently exposed workers, a dose-effect relationship 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 pg/I,
which is a risk factor for interstitial pneumonia and progression 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 1000°C. Although exposure to indium metal at room temperature is
generally not harmful 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 guidelinesG). In addition, regardless of occupational
group, approximately 31% of workers exposed to IM exceeding 0.3 pg/m®were required to
wear a protective mask according to prevention guidelines®. Based on these results, for
workers exposed to 1M, periodical monitoring of the work environment including monitoring
of whether or not they wear an appropriate protective mask and medical monitoring is

required.
16
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In this study, IM-exposed workers who were working without improvement of the
workplace environment 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 pug/m®. A metric of cumulative exposure
might have a preference 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,* 1%
the dose-effect relationship between In-S and KL-6 levels was not significant in the formerly

exposed workers in the present 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 addition, 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
(>20 pg/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
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279
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281

282

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 conditions of workers following

the reduction of occupational exposure to IM.

Conclusions

We observed a dose-effect relationship between In-S and KL-6 levels in workers currently
exposed to IM. 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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Table 1. Study subjects by occupational group

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

Prev, prevalence; SD, standard deviation; KL-6, Krebs von den Lungen-6; SP-D, surfactant

protein D; VC, vital capacity; FVC, forced vital capacity; FEV1,, 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 FEV1o/FVC measured

in the smelting (n=32), soldering (n=37), dental technician (n=5), bonding (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).
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Figure 1. Dose-effect relationships between In-S and biomarkers by exposure status

1a) and 1b) Scattergrams between In-S and KL-6 or SP-D in currently exposed workers. 1c)
and 1d) Scattergrams between In-S and KL-6 or SP-D in formerly exposed workers. Cut-off
values: KL-6, 500 U/ml, 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.
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Figure 2. Dose-effect relationships between In-A and biomarkers 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 prevention guidelines: 10 pg/m®. Acceptable exposure limit for concentration of
indium according to  prevention guidelines: 0.3 pg/m®. A single regression model was used

to evaluate the dose-effect relationship between In-A and KL-6 or S-D levels.
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Figure 1. Dose-effect relationships between In-S and biomarkers by exposure status
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1a) and 1b) Scattergrams between In-S and KL-6, or SP-D in currently exposed worekrs. 1c) and 1d) Scattergrams
between In-S and KL-6, or SP-D in formerly exposed workers. Cut-off values: KL-6, 500 U/ml 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.
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Figure 2. Dose-effect relationships between In-A and biomarkers by occupational group
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Synthesis of indium-containing nanoparticles
In aqueous suspension using plasmas in water

for evaluating their kinetics in living body
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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 agueous 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. Premliminary 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, indium, indium hydroxide, discharge plasma in water, nanotoxicology
*E-mail: t.amano@plasma.ed.kyushu-u.ac.jp , tel: +81-92-802-3723, fax: +81-92-802-3723
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1. INTRODUCTION

In recent years, nanoparticles have attracted much attention 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
nanoparticles cause subacute pulmonary toxicity by installing into lung.® ° It 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 nanomaterials are employed for the studies. Sicne the specific
physico-chemical properties at the nanoscale are expected 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, 1>** chemical synthesis in liquid phase, * % and solid-state
processes such as milling and attrition. * The condensation and chemical synthesis are bottom-
up processes, whereas solid-state processes are top-down ones. Synthesis 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. % ?® Synthesis 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.

Here we report on synthesis of indium-containing nanoparticles in aqueous suspension using
pulsed electrical discharge plasmas in water, because 1) indium and its compunds are widely
employed in electronic 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 Fig. 1. An indium rod electrode of 3
mm in diameter and an indium plate electrode 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 density was 5.1 W
deduced from voltage/charge Lissajous plots. Optical emissions from the plasma were collected
with an optical fiber and were measured with a spectroscope of spectral resolution of 0.38 nm
(Ocean Optics, USB2000+). We deduced electron density of the discharge plasmas from the
Stark broadening of Hg line. The generation rate of nanoparticles was 42 mg/min. The color of
water gradually became brown with the discharges. The large particles were precipitated quickly
just after the discharges.
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After 3 min discharge, we sampled supernatant of the solution with a pipette and collected
nanoparticles desiccating 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). *"?® To
obtain chemical and structural information 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 nanoparticles in living body. Solution of nanoparticles was condensed 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 acclimation. The dose of administration
was 1 mg/10gBW 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 spectra of plasmas with an exposure time of 0.1 s. Atomic
emission lines of indium (325.8 nm, 410.2 nm, and 451.1 nm), * oxygen (777 nm), and
hydrogen (H, 656.3 nm and Hg 486.1 nm) exist in the spectra. There also exit weak molecular
emission bands in the wavelength ranges of 390-550 nm and 540-588 nm referred to radiation of
H,O and H, molecules, respectively. Apart from the Stark 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 Hg line are the Stark effect with FWHM of about 7.37 nm, the Doppler effect
with FWHM of about 0.006 nm, and the van der Waals broadening with FWHM of about 0.06
nm.*® The broadenings due to other less important effects are neglected, such as the natural
broadening and the resonant broadening. The instrumental broadening has a FWHM of about
1.33 nm and it is an external cause of line broadening. The electron density deduced from the
Stark broadening of the Hy line is 2.2x10" cm™®, 3%

Figure 3. (a) shows a typical TEM image of the synthesized 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 morhporogy of nanoparticles are mostly spherical
or distorted spherical. 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 spectra of the nanoparticles is shown in Fig. 4. The peaks of Indium and oxygen were
observed from the spectra, showing that the synthesized nanoparticles contain indium and
oxygen.

Further chemical and structural information of the synthesized nanoparticles is obtained from
Fig. 5. This figure shows an XRD pattern of the synthesized nanoparticles. 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. 3% 3
These results indicate that the nanoparticles are indium crystalline (In) and indium hydroxide
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(In(OH)3) crystalline. The mass ratio of indium nanoparticles to indium hydroxide nanoparticles
is 8:2, deduced from the XRD pattern using the normalized relative intensity ratio method.** *

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.

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 vaporized 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 plasmas 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 boiling point of the liquid at the gas mixture-liquid boundary. The gas mixture
can contain indium, H,0O, 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 coalescence to aggregation. The growth of nanoparticles stops as a result
of interaction with the cold water surrounding 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)z).

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

4. CONCLUSION

We synthesized indium-containing nanoparticles in aqueous 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 produced using pulsed electrical discharge plasmas in water with the indium plate
electrode and the indium rod electrode.

2) EDX, and XRD analysis indicate that the synthesized nanoparticles are indium (In) crystalline
and indium hydroxide (In(OH)s) 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, and to carry out further experiments to reveal
kinetics and toxicity of nanoparticles as a parameter of size of primary and secondary
nanoparticles.

Acknowledgments: This study was partly supported by JSPS KAKENHI Grant Numbers
24340143 and 241080009.
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« Abstract:

OBJECTIVE: Due to very slow clearance rate of indium (In) accumulated in the lungs,
it is not easy to estimate the relationship between personal In exposure concentration
and In in serum (In-S) reflecting both In in recent exposure and in the lungs. The aim
of this study was to clarify the relationship between personal In exposure
concentration in respirable dust fraction (In-E) and In-S in workers probably with
small amount of In in the lungs.

METHODS: A number of workers studied were 40 from 11 factories. They wore no
or ineffective respiratory protective devices, In concentrations in their workplaces
were low, and their working environments have not been improved over the past
few years. Respirable dust fraction was sampled using a personal respirable dust
cyclone. In-E and In-S were measured by ICP-MS.

RESULTS: In-E ranged from 0.039 - 24.0 ng/m3, and In-S ranged from 0.11 -8.50
ng/L, respectively. Linear regression equation between In-E and In-S was In-S=
0.291 x In-E + 0.456, and correlation coefficient was 0.86 (p < 0.001).

CONCLUSION: According to the calculations, In-E corresponding to In-S of 3pg/L is
calculated to be 8.74ng/m3.

(186 word)

» Keywords: no more than 6 keywords should be described.

Keywords: indium, indium exposure concentration, indium in serum
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Text:

Introduction

Recent epidemiological studies in Japan revealed that inhalation of hardly soluble
indium (In) compounds caused interstitial and emphysematous lung diseases!-6).
Indium tin oxide and indium phosphide induced lung cancer on rats and/or mice”.
11),

Based on these findings?>?), in 2007, the Japan Society for Occupational Health
(JSOH) recommended an occupational exposure limit based on biological monitoring
(OEL-B) of indium as 3ug/L of indium in serum (In-S).

However, JSOH could not propose occupational exposure limit-mean (OEL-M) in
the workplace due to the lack of information about exposure-effect and
exposure-response relationships between indium exposure and its effects on the
lungs. In this case, there are several reasons. First, there was few information about
indium concentration from both personal air sampling and area sampling data in
occupational setting. Second, due to very slow clearance rate of In accumulated in
the lungs”) 1D, 12), it has been difficult to estimate the relationship between indium
concentration from personal air sampling recently measured and In-S reflecting both
In level accumulated in the lungs and recent exposure levels. In any case, it is
necessary to elucidate the relation between indium concentration from personal air
sampling and indium in serum.

The aim of this study was to clarify the relationship between personal indium
exposure concentration in respirable dust fraction (In-E) and In-S in 40 workers in 11

factories.

Subijects
Be based on precedence knowledge, we selected this study group which exposed

low and was low-accumulated level. Additionally, this study group also wore no or
ineffective respiratory protective devices.

Therefore, we measured In-E at 14 plants involving 54 exposed workers.
Unfortunately, we could measure In-S only at 11 plants, including 41 exposed
workers. We excluded 23 workers whose In-S below the detection limit (0.1pg/L),
because they exposed too small. And we excluded one outlier (In-S: 14.9ng/L, In-E:
2.56pug/m3), because the In-E was too low to measure exactly. The resulting dataset
covered 11 plants, including 40 exposed workers. Exposed workers were exposed to
multiple indium compound dusts such as indium metal, ITO, indium oxide.

We informed all study candidates about the health risks of indium exposure and

the purpose of the epidemiological study, about obtained their informed consent
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before they participated. The study was approved by the Ethical Committee, School
of Medicine, Keio University (approval number 20110268).
The subjects were 16 male workers. The mean length of indium exposed 112 mo

(range: 12-415). 8 workers were current smoker.

Methods

Respirable fraction of the indium dust in the breathing zone were collected by a
personal sampling device (GS-3 Respirable Dust Cyclone + SKC inc) at a flow rate of
2.75liters/min or by a Total and Respirable Dust Sampler (PM4 NWPS-254, Sibata
Scientific Technology Ltd.) coupled with a minipump (MP-23,Sibata Scientific
Technology Ltd.) at a flow rate of 2liters/ min. Due to sampling time ranging from
251 to 483min, we converted the concentration to a conventional 8-hour
time-weighted average.

Indium exposure concentration in respirable dust fraction (In-E, ng/m3) was
measured by inductively coupled plasma mass spectrometry (ICP-MS) at the Center
of Advanced Instrumental Analysis, Kyushu University and the Japan Industrial
Safety and Health Association? 19). Serum indium (In-S, pg/L) was measured by
ICP-MS at the Center of Advanced Instrumental Analysis, Kyushu University?).

Results

In-E ranged from 0.039 to 24.0 ng/m?3, and In-S ranged from 0.11 to 8.50 pg/L,
respectively. Figure 1 shows scatter gram about In-E and In-S. In-E on the abscissa
is plotted against the In-S on the ordinate. Distribution seems to be linear. Linear
regression equation was In-S = 0.291 x In-E + 0.456, and correlation coefficient was
0.86 (p <0.001). In-E corresponding to In-S of 3ug/L is calculated to be 8.74ng/m3
(95%CI: 6.41-12.5).

In-S (naiL)

- ; ; - ‘ ‘
0 5 10 15 20 25
In-E(ugim3)

Figurel. Scatter gram about In-E and In-S.
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Discussion:

This study clarifies the relationship between personal indium exposure
concentration in respirable dust fraction (In-E) and In-S. In-E corresponding to In-S
of 3pg/L is calculated to be 8.74pg/m3 (95%ClI: 6.41-12.5). We might recommend an
occupational exposure limit-mean (OEL-M) of indium as 10pg/L of indium in
respirable dust fraction (In-E).

This study subjects has several strength as following reasons.

First, company had not already taken actions to improve the work environment.
Second, this study group also wore no or ineffective respiratory protective devices.
Finally, this study group which exposed low and was low-accumulated level. From
animal data, accumulated In was very slow clearance rate. In-S was a biological
marker of indium as both current and former exposure. Then our study subject clears

these problems. Accordingly, we could discuss about current In-E and current In-S.

However, this study has also some limitations.

First, this study was not assessed day-to-day sampling variation of the In-E. This
might pose a limitation of the present study. However, amounts of indium
consumption were small in each plant and day-to-day variations of workers’ task
were small. Consequently, the In-S levels in the present study seem to reflect the
daily In-E.

Second, In-E corresponding to In-S of 3ug/L is only calculated to be 8.74ug/m3.
However, respirable fraction dust concentration (In-E) on the abscissa is plotted
against the In in serum (In-S) on the ordinate. Distribution seems to be linear.

And, In-E was pulled to high 1 example (In-S: 8.5ng/L, In-E: 24.0ug/ms3).
However, we can resolve this when samples are collected.

Most importantly, according precedence knowledge, In-S seems to be a
currently representative value in terms of slow clearance rate of In. Without knowing
this, it's dangerous. OELs should be applied by individuals well-trained and
experienced in occupational health'?. Because OELs do not represent a definitive
borderline between safe and hazardous conditions, it is not correct to conclude that
working environments above OEL are the direct and sole cause of health impairment
in workers, or vice versal?).

(942words)
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