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Abstract

Over the past few decades, the rapid development of emerging technologies has been relevant
to technology-critical elements of concern. Among those elements, gallium (Ga) and indium (In) are
important raw materials in semiconductors and optoelectronic industries, and the enhanced
production of the two metals has increased the distribution of Ga and /n in the environment through
the industrial manufacturing processes, especially in discharging of sewage in water bodies. Also, the
workers engaged in the indium tin oxide (ITO) production line and recycling progresses are
potentially exposed to Ga- and /n-containing dusts. Occupational inhalation exposure to /n-containing
dusts (e.g., ITO, In203s) or InP(s)) have been demonstrated to cause indium lung disease.

In addition, since the chemical properties of Ga(IIl) and In(III) are similar to Fe(IlI), they could
serve as Fe-mimicking agents, a Trojan horse strategy for the Fe-searching cancer cells and pathogens
within inflammation tissues. Although there has been progress in investigating and understanding the
interaction of Ga and In with biological systems, much remains to be learned about their interaction
with other Fe-dependent and Fe-independent processes.

In chapter one, chemical transformation, bioavailability, short-term and long-term toxic effects
of ion species and insoluble hydroxide/oxide chemicals of Ga and /n in aquatic environment were
introduced. In chapter two, we focused on exploring the interaction of Ga and /n with biological

systems, which was either Fe-dependent or Fe-independent processes. Moreover, the potential



biological factors or modes of action related to chronic human health such as indium lung disease,

cellular senescence, and carcinogenicity were also investigated.

In the literature review of chapter one, the characteristics, environmental concentrations,

transformation, transport, environmental fate and aquatic toxicity of Ga and /n in the environment

were introduced. Also, the worldwide environmental quality standards and waste management

strategies were also summarized that correspond to the potential risk to aquatic organisms.

According to water chemistry features, Ga and In tend to form insoluble hydroxides (i.e.,

Ga(OH)s(s), In(OH)3(s)) or anionic species (i.e., Ga(OH)4) depending on the pH, and part of them

appeared to be deposited and accumulated in bottom of water bodies. The bottom water and sediment

acts as both source and reservoir. It is believed that the hydrolysis products such as Ga(OH)s3),

In(OH)3s) may decrease the bioavailability of Ga and In to aquatic organisms. However, the

interactions between chemical transformation, bioavailability and toxicity of these insoluble particles

remain unclear. Thus, we hypothesized that the epibenthic or benthic organisms may be exposed to

these particles via direct contact with overlying water column and feeding behaviors.

This research purpose of chapter one aims at investigating the effects of aqueous chemical

transformation on the bioavailability, toxicity (acute and chronic) and potential impacts of Ga- and

In-related chemicals, including In(III), citrate-In(I1I), Ga(IlII), citrate-Ga(III), In(OH)3(s), In2O3(s) and

Gay03s), by using freshwater amphipod (Hyalella azteca) in vivo bioassays. Citrate was used as a

metal chelating agent to prevent hydrolysis of In(IIl) and Ga(III).



H. azteca neonates were dosed with the five salts standard artificial medium (SAM-5S) spiked
with Ga- and In-related chemicals in a wide range of concentrations to evaluate the 7-day acute
toxicity (LCso). The sublethal doses were determined by considering the calculated LCso values,
current wastewater discharge standards and background concentrations of Ga and In in aquatic
environment, and the long-term chronic toxicity test was further performed to assess the sublethal
effects, including survival, growth (body length and body weight), reproduction (based on young per
surviving female) and bioaccumulation. All spiked solutions were well characterized for their particle
characterization, water-quality parameters, concentration of total metal and overlying water (ionic
species and colloidal particles) during exposure period.

In particle characterization assays, Ga- and /n-related hydroxide/oxide chemicals were prone to
form aggregates in both ultrapure water and SAM-5S. The aggregates of In(OH)3(s) and In2O3(5) were
irregular in shape, whereas the colloidal particles and aggregates of Ga>O3(s) were respectively rod-
shaped structure and irregular in shape. The zeta potential of In(OH)3) (33.67 mV), InxO3(s) (22.23
mV) and GaxO3s) (17.07 mV) indicated that stable dispersal in ultrapure water was more prolonged
for these chemicals than in SAM-5S, which was In(OH)3) (-18.30 mV), In2O3s) (-17.37 mV) and
Ga03s) (-11.11 mV).

In 7-day acute toxicity tests, the measured concentration of Ga and /x in overlying water (ionic
species and colloidal particles) of exposure solutions indicated that Ga(IIl) treatments appeared to be
relatively stable as ionic species (e.g., Ga*", Ga(OH)s"), whereas In(III) and citrate-In(III) tended to

transform to In(OH)3(s) through hydrolysis and thereby precipitated and decreased the overall In(I1I)



contents; also, the measured Ga or /n concentration of insoluble chemicals (i.e., In(OH)3(s), In2053s),
and Ga;0s(s)) in overlying water were similar to that of In(Ill) treatments, suggesting these particles
tended to gradually aggregate and precipitate to the bottom of solution.

Although Ga- and In-related chemicals did not induce lethal effects on H. azteca neonates in a
dose-dependent manner, some treatments (i.e., In(IIl), citrate-In(III), Ga(III), In203(s), and GaxO3s))
inhibited the growth rate of surviving H. azteca neonates. It is proposed that pH adjustment in the
highest concentration (100 mg/L) of four treatments (i.e., In(III), citrate-In(I1I), Ga(III), and citrate-
Ga(III)) with NaOH may increase the concentration of hydroxide ion (OH") and thereby enhance the
hydrolysis processes even in the presence of citrate. The major hydrolysis products of In(OH)3() and
Ga(OH)4 appeared to have effect on either the bioavailability or toxicity of In(IIl) and Ga(III) to H.
azteca neonates.

According to the results of 7-day acute toxicity tests, the toxic effects of chronic exposure (28-
and 35-day) to sublethal concentrations of Ga- and In-related chemicals on survival, growth,
reproduction, and bioaccumulation of H. azteca were further evaluated. Treatments of In(III) (0.5 and
5 mg/L), citrate-In(III) (5 mg/L), Ga(IIl) (5 mg/L), and Ga,O3) (5 mg/L) did not affect survival rate
during exposure period. Surprisingly, the survival of citrate-In(IIT) (0.5 mg/L), Ga(IIl) (0.5 mg/L),
citrate-Ga(III) (0.5 and 5 mg/L), In(OH)3(s) and In2O3(s) were decreased from the first seven days of
exposure. The measured /n concentrations in overlying water of exposure solutions indicated that /n
contents in all In(IIl) and citrate-In(Il1) treatments were much higher as compared to that of acute

toxicity test. However, since the major hydrolysis products of Ga(IlI) is the anionic species Ga(OH)4",
iv



the measured Ga concentrations in overlying water of exposure solutions were similar to that of acute

toxicity test. These findings have confirmed our hypothesis that the addition of hydroxide ions may

decrease the bioavailability and toxicity of In(IIl) and Ga(Ill) to H. azteca.

As for the decreased survival of In(OH)3i) and In2Os(s) treatments during chronic exposure

period in comparison with acute toxicity test, we hypothesized that the difference of water

temperature monitored in exposure solutions between acute and chronic toxicity tests may be one of

the reasons for the alterations in survival rate of H. azteca. Previous studies have demonstrated the

lower water temperature could have effect on locomotor and feeding behavior of fish and amphipods,

which appeared to decrease the bioavailability of colloidal particles and aggregates to H. azteca and

thus attenuate their toxic effects. In addition, the measured /n concentrations in overlying water of

exposure solutions indicated that /n contents in both In(OH)3(s) and In2O3s) treatments were much

higher as compared to that of acute toxicity test, which also provided another proof for the effect of

water temperature on the locomotor behaviors of H. azteca.

In chronic exposure which adult survival was above 80 % at day-28 and/or day-35, the exposure

of In(III), citrate-In(IIT), Ga(Ill) or Ga,03(s) were associated with the sublethal effects on growth rate,

sexual ratio, reproduction, and bioaccumulation factor (BAF) values. The exposure of Ga- and /n-

related chemicals appeared to affect the respiration, locomotion activity, feeding rate, and moulting

behavior of freshwater amphipods, which are positively related to heavy metal uptake, individual

growth, reproductive success, the size of offspring and the abortion rate. Moreover, BAF values

inferred that the bioaccumulation ability of H. azteca. to Ga and In is different. The amphipod could
\



uptake Ga and /n via direct contacting with overlying water column and feeding behaviors, but only
In gradually accumulated in the body.

In consequence, chapter 1 provides new insight into the aquatic toxicity of Ga- and In-related
chemicals that have not previously been evaluated in epibenthic freshwater amphipod. Our results
proposed that the lower levels of In(Ill) and Ga(Ill) exposure, the higher toxic effects would be
induced due to hydrolysis process in higher concentrations. Additionally, the use of metal chelating
agent such as citrate could not prevent hydrolysis of In(Ill) and/or Ga(III), but has effect on the
bioavailability and toxicity to H. azteca. We also investigated that the hydrolysis products of In(III),
Ga- and In-based hydroxide/oxide chemicals may have lethal or sublethal toxic effects on H. azteca,
which appeared to be greatly affected by any environmental factors (e.g., water temperature,
dissolved oxygen) relating to locomotor and feeding behavior.

Although this study clearly illustrated the potential adverse impact of waterborne Ga- and /n-
related chemicals exposure on individual growth and population dynamics of H. azteca, it also raises
the questions about: (1) bioavailability of anionic species Ga(OH)4, (2) bioaccumulation ability of H.
azteca to In-related chemicals, and (3) lethal toxic effects of In(OH)3(s) and In2Oss).

Based on these conclusions, future studies could address on the sublethal toxic effects of Ga-
and In-related chemicals in a more complex exposure system (i.e., sediment phase). Since the
exposure pathways for epibenthic and benthic organisms such as H. azteca may include ingestion of
sediment particles (containing metal hydroxide and oxide flocs) and water, they could get exposed

and accumulated to heavy metals primarily from overlying water, feeding behavior, and pore water
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as well. However, the toxicity caused by direct exposure to Ga- and In-related chemicals, or via

sediment resuspension, and their potential ecological impact on individual and populations of aquatic

organisms, need to be explored.

In the literature review of chapter 2, the human exposure routes, uptake and metabolism, modes

of action, and current knowledge on the exposure and health risk of Ga and /n were elucidated.

Additionally, the worldwide occupational exposure limits and effective preventive strategies to Ga

and/or In, which correspond to occupational hygiene were also summarized.

Since the workers engaged in /n and Ga processing are potentially exposed to /n- and Ga-

containing aerosols through inhalation, which have known to increase_serum indium levels and the

risk of indium lung disease (interstitial pneumonia and pulmonary fibrosis) and lung cancer. The

latency period (month to years) of indium lung disease is relatively shorter than other occupational

lung disease such as silicosis and asbestosis. So far, the entire pathogenesis of indium lung disease

and factors affecting the duration of latency period in indium lung disease remain elusive, the

available evidence indicates that the pathogenesis is closely associated with dissolved and

accumulated indium in the body.

The main modes of toxic action of Ga and /n to humans and mammals could be categorized into

two types, Fe-dependent and Fe-independent pathways. However, there is still a large gap in

knowledge about the relationship between the exposure of Ga- and /n-related chemicals, pathogenic

mechanisms, and chronic health effects. Therefore, the research purpose of this study aims at

investigating the biological factors or modes of action that potentially associated with chronic health
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impacts of occupational exposure to Ga- and /n-related chemicals and the progression of indium lung

disease.

The human colon carcinoma cell line DLD-1 was used in most toxicity assays, the cell viability

assay was firstly performed in a wide range of concentrations of /n- and Ga-related chemicals (In(III),

citrate-In(II1), Ga(IlI), citrate-Ga(Ill), In(OH)3(s), In203(), and Ga,03s)) to evaluate the cytotoxicity

(LCso). Citrate was used as a metal chelating agent to prevent hydrolysis of Ga(Ill) and In(III).

Secondly, the sublethal doses (0.022 mM and/or 0.215 mM of Ga; 0.044 mM and/or 0.435 mM of In)

were then determined by considering the estimated workplace exposure level and 72 h-LCsg values,

thereby performing the cytotoxicity (programmed cell death and cell cycle profile), cellular

morphological alterations, mitochondrial dysfunction, heme homeostasis, cellular senescence, and

other potential toxicity (proteasome inhibition and genotoxicity) in order to assess the biological

factors that potentially associated with chronic effects of Ga and /n exposure.

The calculated LCso values (72 hours) from cell viability tests indicated that the cytotoxicity

increased in the order, Ga(IIl) > citrate-Ga(Ill) > In(OH)3() > citrate-In(IIl) > In2O3s) > In(II) >

Gax03s). (0.014-3.586 mM of Ga; 0.009-2.177 mM of In). DLD-1 cells appeared to be more sensitive

to Ga(Ill) and citrate-Ga(Ill) exposure as compared to In(IIl), citrate-In(Ill) and other

hydroxide/oxides treatments.

In the programmed cell death assay, Fe(III) chelator deferoxamine (DFO, 5 uM) and Ga- and /n-

related chemicals did not significantly enhance either apoptosis or necrosis of the DLD-1 cells after

72 hours of exposure. In contrast, the cell cycle progression was arrested at the G2/M phase after 72
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hours exposure with DFO and higher concentration of In(III), Ga(IIl) and In2O3s) treatment groups,

accompanied by decreases in the cell populations at the Go/G1 phase.

In the programmed cell death assay, DFO, Ga- and In-related chemicals did not significantly

induce programmed cell death of the DLD-1 cells after 72 hours of exposure. In contrast, the cell

cycle progression was arrested at the G2/M phase after 72 hours exposure with DFO and higher

concentration of In(III), Ga(Ill) and In,O3s) treatment groups, accompanied by decreases in the cell

populations at the Go/G1 phase.

In addition to the cell cycle arrest, we also investigated that DFO and higher concentration of

In(I1I) and Ga(III) treatment groups increased the cellular and nuclear size, resulting in flattened and

irregular morphology after 72 hours of exposure. Also, mitochondria tended to aggregate in the

budding-like structure at one perinuclear locus, whereas mitochondria showed broad cytoplasmic

distribution in control cells. However, these alterations on cell morphology could be attenuated by

the addition of citrate-Fe(IIl) (4.48 mM).

It 1s proposed that Ga(III) and In(IIT) could serve as Fe-mimicking agents and cause disruption

of the cellular iron homeostasis through Fe-dependent pathways. The Fe deprivation conditions may

further affect the cell cycle regulation and induce cell cycle arrest at G2/M phase. Furthermore, since

a variety of environmental stresses have demonstrated to trigger polyploidy formation, by which

cancer cells would have larger cellular size, multiple nuclei or a single giant nucleus, and abnormal

DNA content, and these cells have been defined as polyploid giant cancer cells (PGCCs). It is believed



that cellular Fe deprivation induced by either DFO or Ga(IIl)/ In(III) could be another stressful factor

to trigger PGCCs formation.

In order to observe the toxic mechanisms of Ga- and /n-induced cellular morphology changes

(i.e., PGCCs formation) and abnormal alteration of mitochondrial dynamics (i.e., mitochondrial

aggregation), we further evaluated the mitochondrial functions, including mitochondrial membrane

potential (AWm), enzymatic activities of mitochondrial respiratory chain complexes, and the

concentration of protoporphyrin IX (PPIX, a normal precursor of heme), heme, and Zn

protoporphyrin IX (ZnPPIX, Zn is instead of Fe). Results indicated that DFO, Ga and /n sublethal

exposure not only affected AW, mitochondrial PPIX, heme, and ZnPPIX contents, but also had the

inhibition effect on enzymatic activities of mitochondrial respiratory chain complex I, II, III, and IV,

leading to mitochondrial dysfunction.

Cellular senescence is associated with multiple cellular, molecular alterations and distinct

phenotypic changes including an irreversible cell cycle arrest, which has been considered as a

hallmark of aging-related diseases, fibrosis, diabetes, and cancer formation. Cellular senescence could

be triggered by various kinds of environmental stresses, such as hypoxia, oxidative stress, and

mitochondrial dysfunction. Data suggested that the sublethal doses of Ga(III), In(III), In(OH)3() and

DFO treatments increased the percentage of senescence-associated [-galactosidase activity positive

cells, indicating that Ga- and /r-induced cell cycle arrest (G2/M phase), cellular morphological

changes, mitochondrial dysfunction, dysregulation of heme homeostasis, and PGCCs formation were

all related to cellular senescence.



Besides the Fe-dependent pathways, we also evaluated the Fe-independent pathways of Ga- and

In-induced toxic effects by using proteasome inhibition assay and genotoxicity screening assay

(EGFP-MDCI foci). Ga(IIl) and In(III) treatments inhibited the chymotrypsin-like, trypsin-like, and

caspase-like peptidase activity of purified proteasome, whereas In(OH)s(s), In2O3(s), and GaxOss)

treatments did not affect proteasome activity. It is proposed that the direct or indirect interaction

between Ga(Ill), In(Ill) and proteasome could induce proteostatic dysfunction, which has been

identified as another stress factor to trigger senescence. In addition, citrate-In(III), Ga(IlI), citrate-

Ga(III), and GaxOss) treatments appeared to have the genotoxic potency to induce DNA damage.

To sum up, the present study provides new insight into the potential role of In-induced cellular

senescence in the pathological progression of indium lung disease. In recent years, the aging-related

lung diseases have been identified to be associated with alterations in lung function, increased

susceptibility to acute and chronic lung diseases, such as obstructive and fibrotic lung disease. The

hallmarks of cellular aging include genome-based failures (genomic instability, telomere attrition,

epigenetic alterations), signaling dysfunction (deregulated nutrient sensing, altered intercellular

communication), organelle compromise (mitochondrial dysfunction, loss of proteostasis), and cell

phenotypic changes (stem cell exhaustion, cellular senescence). Our results demonstrated that In(I1T)

and/or citrate-In(IIl) could induce mitochondrial abnormalities and cellular senescence based on iron

deficiency stress. Other toxic outcomes regarding iron-independent pathways also indicated In(III)

may disturb proteasome homeostasis and cause DNA damage. These hallmarks of cellular aging
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appeared to accelerate cellular senescence processes, and eventually affect the rate of pathological

progression of indium lung disease.

Although this study elucidated the potential relationship between cellular aging and indium lung

disease, future studies could address on the questions of investigating the critical cellular players

(epithelial cells, phagocytic macrophages, fibroblasts, immune cells) in In-induced cellular

senescence, and the cellular and molecular mechanisms associated with senescence-associated

secretory phenotype formation, by which these cells create subsets of senescent cells that are resistant

to immune clearance and drive tissue degeneration, thereby contributing to the pathogenesis of

indium lung disease.
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Chapter 1

Acute and Chronic Toxicity of Gallium- and Indium-Related Chemicals to

Freshwater Amphipod (Hyalella azteca) in Water-Only Toxicity Tests

1. General Background Information

Over the past few decades, the development of emerging key technologies, such as
semiconductors, optoelectronic, precision machinery, renewable energy, and energy efficiency
industries, are relevant to emerging chemicals of concern. In fact, the European Cooperation in
Science and Technology (COST) and the U.S. EPA become more aware of the potential risk of these
emerging chemicals. From 2015 to 2019, COST disclosed the European COST Action TD1407:
Network on Technology-Critical Elements (NOTICE) to regulate the increasing use of these trace
elements, which are key components for the development of new technologies currently (Cobelo-
Garcia et al., 2015; Filella and Rodriguez-Murillo, 2017). These elements are defined as technology-
critical elements (TCEs) (Figure 1.1), including Ge, Ga, In, Nb, Ta, Te, Tl, the platinum group
elements (Ir, Os, Pd, Pt, Rh, Ru) and most of the rare earth elements (Ce, Dy, Er, Eu, Gd, Ho, La, Lu,
Nd, Pr, Sm, Tb, Y, Yb) (Cobelo-Garcia et al., 2015). Due to the rapid development of TCEs related
industries, the presence of these chemicals has more commonly detected at ultra-trace concentrations
in aquatic environment using highly sensitive and selective analytical techniques (e.g., inductively

coupled plasma mass spectrometry, laser ablation inductively coupled plasma mass spectrometry).



In TCEs, gallium (Ga) and indium (/n) are important commodities in semiconductors and

optoelectronic industries, such as wafers, solar cells, photodetectors, light-emitting diodes, flat-panel

display screens and touchscreens (Kabata-Pendias and Szteke, 2015; Nordberg et al., 2014).

According to the historical statistics for mineral and material commodities in the U. S., the primary

world production of the two elements has risen steadily over forty years (1973-2015) (Figure 1.2)

(Kelly and Matos, 2016). The multiple industrial and technological applications have increased the

distribution of Ga and In in the environment through the industrial manufacturing processes,

discharging of sewage, fly ash or flue dust generated in the combustion of certain coals for electric

power (Kabata-Pendias and Szteke, 2015; Lovik et al., 2015).

The main oxidation states of Ga and /n in aqueous environment are Ga(III) and In(IIT). The metal

ions tend to hydrolyze in water, such as Ga(OH)3(s), Ga(OH)4 and In(OH)3(s), which are likely to be

transported downstream or deposited at bottom of water bodies, and the bottom water and sediment

act as both pollution source and reservoir (Brookins, 2012; Wood and Samson, 2006). In the aquatic

environment, there may be only a small portion of the hydroxides could be taken away by water flows

and a large quantity of them get deposited at the bottom of water bodies. However, the geochemical

interactions, bioavailability and toxic effects of these chemicals remain unclear between the bottom

water, sediment particles and pore-water. Also, the epibenthic and benthic organisms may be exposed

to these chemicals by direct contacting with overlying water column, sediment pore-water and

feeding behaviors.



In the literature review, the characteristics, environmental concentrations, transformation,

transport, environmental fate and aquatic toxicity of Ga and /n in the environment will be introduced.

Also, the worldwide environmental quality standard and waste management strategy will be

summarized that correspond to the potential risk to aquatic organisms in the near future.
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Figure 1.2 Graph showing worldwide production of gallium and indium from 1973 to 2015.



2. Literature Review

2.1 Physical and Chemical Properties

Both Ga and /n are members of Group 13 of the periodic table of the elements, and the chemical
characteristics are similar to other metals of the same group (Aluminum and thallium).

Ga was first predicted in the first periodic table of elements by Dmitri Mendeleev (Mendeleev,
1871), and Ga was further discovered in sphalerite ores by the French chemist Paul-Emile Lecoq de
Boisbaudran. He named the element “gallia” for his native land of France (Gallia, or Gaul) (Schulz
et al., 2017). Ga is a soft, silvery metallic element with an atomic number of 31, atomic weight of
69.723, ionic radius of 0.062 nm, main valence states of Ga(Il) and Ga(IIl), melting point of 29.78°C,
and density of 5.91 g/cm? at near room temperature. The major chemicals of Ga are: Ga metal, gallium
nitrate (Ga(NOs)3), gallium trichloride (GaCls), gallium sulfate (Gax(SOs4)3), gallium oxide (Ga>03),
gallium arsenide (GaAs), gallium nitride (GaN), gallium phosphide (GaP), gallium antimonide
(GaSb), etc.

In was discovered in sphalerite ores by German chemists Fredinand and H. T. Richter, they
named the element as “indium” after the distinctive indigo-blue line in its emission spectrum (Reich
and Richter, 1863). Like Ga, In is also a soft, lustrous, silvery-white metal with an atomic number of
49, atomic weight of 114.818, ionic radius of 0.080 nm, major oxidation states of In(I), In(II) and
In(11I), melting point of 156.6°C, and density of 7.31 g/cm? at near room temperature. In chemicals

include indium trichloride (InCl3), indium hydroxide (In(OH)3), indium oxide (In203), indium sulfate



(In2(SO4)3), indium sulfide (In2S3), trimethylindium (InC3Hy), indium arsenide (InAs), indium nitride

(InN), indium phosphide (InP), indium tin oxide (ITO), etc.

2.2 Water Chemistry

The main oxidation states of Ga and /n in aqueous environment are Ga(IIl) and In(III), and may
also be Ga(I), Ga(Il), In(I) and In(II). In surface weathering and industrial wastewater environments,
Ga and In tend to form metal complexes with chloride, fluoride, hydroxide, organic compounds,
phosphate and sulfate. The pH and temperature of aqueous environment may largely affect the
chemical form of Ga and /n. They appeared to form hydroxide complexes (Ga(OH)3 or Ga(OH)4",
In(OH); or In(OH)4") at pH values > 4, Ga(OH)*" or Ga(OH)," and In(OH)** or In(OH)," at pH values
<4 at a temperature of 25 °C (Benézéth et al., 1997; Diakonov et al., 1997; Wood and Samson, 2006).
Therefore, Ga and In are expected to be transported in surface water and sediment in hydroxide anion
or the insoluble chemical species because of the solubility of metal ions and/or minerals of Ga and In

1n natural water bodies.

2.3 Natural Sources

There are only a few minerals of Ga and /n that served as an essential structural component in
nature. They form several ores and minerals in low concentration, replacing by some elements with
similar atomic radius and charge.

There are four Ga-rich minerals (sulfide gallite, gallobeudantite, sohngeite, tsumgallite) have

been recognized by the International Mineralogical Association, Commission on New Minerals,



Nomenclature and Classification. The sulfide gallite (CuGaS;) contains about 35 Wt % of Ga, and

the hydroxide mineral sohngeite (Ga(OH)3) and tsumgallite (GaO(OH)) contain about 60 Wt % of

Ga (Schulz et al., 2017). However, these minerals may also be associated with several ores and rocks,

such as feldspars, amphibolites, sphalerite, eyselite and micas.

In tends to co-precipitate with Fe and Mn oxyhydroxide minerals in weathering conditions,

therefore, it is usually associated with Fe-containing minerals. /n forms a few minerals in natural,

sulfide minerals such as infite (Feln2S4) and roquesite (CulnS»), and the hydroxide of dzhalindite

(In(OH)3) (Kabata-Pendias and Szteke, 2015; Schulz et al., 2017). In also appears to be associated

with other sulfide minerals such as sphaleryt (ZnS), galena (PbS) and chalcopyrite (CuFeS.) (Kabata-

Pendias and Szteke, 2015). In is very rarely found in native ores, and its primary sources are Zn ores.

However, In could also be recovered from metal slags that generated from the Pb and Sn mining

processes (Kabata-Pendias and Szteke, 2015).

2.4 Production and Uses

At the present time, primary Ga is produced as a by-product mainly from Al hydroxide minerals

(boehmite, diaspore and gibbsite), and some amounts of Ga are also extracted from Zn sulfide

deposits. In 2020, the world primary Ga production was estimated to be 300 metric tons, of which

China produced 290, Russia produced 4, Japan and South Korea produced 3 respectively (USGS,

2021a); moreover, the world primary /n production capacity was estimated to be 900 metric tons, the

leader producer China produced 500, South Korea produced 200, Japan produced 65, Canada and



France produced 50 respectively, and the remaining were manufactured from Belgium, Peru and

Russia (USGS, 2021b).

Ga has been used to produce low-melting alloys due to the low melting temperature, which is

used instead of Hg for some thermometers. Nowadays, a wide variety of chemicals of Ga are used in

the field of semiconductor and optoelectronic industries. Gallium arsenide (GaAs) and gallium nitride

(GaN) are used in various microelectronic devices, including light-emitting diodes (LEDs), laser

diodes, photodetectors, wafers and solar cells. GaAs is also used in the production of integrated

circuits, semiconductors and transistors (Schulz et al., 2017; Ziegler et al., 2004). According to the

major end uses of Ga of the U.S. consumption in 2012 (Schulz et al., 2017), the largest application

(60 %) for Ga was the production of analog integrated circuits. Optoelectronic devices such as LEDs,

laser diodes and solar cells accounted for 32 % of consumption, with the remaining 8 % used in digital

integrated circuits, research and development.

The production of indium tin oxide (ITO) accounts for most of global /n consumption (65 %),

which has been used in liquid crystal display (LCD) devices, flat-panel display screen and

touchscreen of optoelectronic industries due to its ductility, malleability, conductivity and

transparency features (Madden et al., 2004; Schulz et al., 2017). ITO is typically coating as a thin-

film on the display surface, and it could transform the electrical data into an optical form. Other end

uses of /n are alloys and solders (9 %) and semiconductor materials (9 %) (Schulz et al., 2017). In

addition, /n-based chemicals including indium antimonide (InSb), indium arsenide (InAs) and indium

phosphide (InP) could be used as substrates to produce LEDs, laser diodes and optical fibers.
8



2.5 Waste Management

The demand of Ga and /n is driven by emerging technology applications that require their unique
chemical properties. The proceeding establishment of the fifth generation (5G) wireless technology
results in more requirements for GsAs to maintain high data transfer rates and power amplifiers on
particular devices, especially smartphones. Although the global smartphone market may become
saturated in the near future, there will still be a need for GaAs due to the ongoing development of 5G
technologies (Flerus et al., 2019).

In recent years, the recovery, refining and recycling of Ga and /n metals and chemicals have
been improved, and these have contributed to stabilize supply chains. Moreover, the impacts of the
COVID-19 pandemic and the U.S. — China trade dispute in 2019-2020, which may also result in the
shortages of materials and the rising prices, and further stimulate the innovative technologies for
recycling these metals in the near future.

The global electronic products market continues to grow exponentially, while the lifespan of
those products becomes shorter and shorter. Therefore, the waste management including recycling
strategy, legislation, and mandatory policies for treatment of electronic waste has been focused on
smartphones, tablet computers, LCD, LED, organic light-emitting diode (OLED) and other screen
types. The average lifespans are approximately 2 years for smartphones, 7 years for tablet computers

and 10-15 years for the screen types (LCD, LED, OLED). Consequently, the volume of electronic



waste appears to grow rapidly every year and is also need for waste management officials to develop

the suitable and profitable techniques of Ga and In recycling (Bhutta et al., 2011; Ciacci et al., 2019).

In fact, recycling of Ga and In appears to occur mainly from pre-consumer products in

manufacturing plants, utilized and recycled in the same or similar product types, which belongs to

closed-loop recycling network. Furthermore, the end-of-life treatment of Ga and In is limited

nowadays (Graedel et al., 2011; Yld-Mella and Pongracz, 2016). The material flows of Ga and In are

currently unrecyclable because of technical limitations and economical barriers; moreover, the low

technology maturity and economic incentives, or relatively high recycling costs constrain the

development of electronic waste recycling (Yld-Mella and Pongracz, 2016). As a consequence, there

is about 45 million metric tons of electronic waste produced annually in the world, a large amount of

electronic waste may end up in incineration, landfills or improperly disposed in unprotected dump

sites. Only a small portion (< 20 %) 1s being decontaminated recycled and reused (Chugainova and

Rudakova, 2020; Uryu et al., 2003).

Electronic waste belongs to multi-component waste, which often consists of plastic, metal

elements and other hazardous materials. Most smartphones, tablet computers, LCD, LED and OLED

include a significant amount of TCEs (e.g., In, Ga, Ge, Y, La, Tb, Nd, Gd and Pr) and other elements

(e.g., Ag, Au, Al, Cu, Co, Mn and Ni) (Chugainova and Rudakova, 2020; Zhang et al., 2015). These

elements are contained in a variety part of electronic waste, making it much more difficult to separate

and extract the valuable elements by simple recycling processes.

10



Some possible recycling processes for electronic waste that contained Ga and /n have been

reported in recent years. The possible recovery pathways are summarized and shown in Fig 2.1.

Pretreatment methods include a variety of dismantling-crushing of electronic waste for specific

components, followed by pre-processing methods, such as pyrolysis, physical-chemical methods and

electrical disintegration have been taken into consideration to separate the raw materials (ITO-glasses,

and GaAs scraps) (Flerus et al., 2019; Gotze and Rotter, 2012; Swain et al., 2015; Zhang et al., 2015).

The acid leaching treatment is the main processes to dissolve /n and Ga from raw materials,

followed by a variety of purification methods to remove the impurity elements, including

hydrometallurgical and hot immersion processes, solvent extraction, liquid membrane separation,

vacuum chlorinated separation, vacuum carbonization reduction, chemical precipitation, anion

exchange resin and homogeneous liquid-liquid extraction (Chen et al., 2012a; Cheng et al., 2019;

Chugainova and Rudakova, 2020; Gotze and Rotter, 2012; He et al., 2014; Hsieh et al., 2009; Inoue

et al., 2008; Kato et al., 2013; Ma et al., 2012; Swain et al., 2015; Zeng et al., 2015; Zhan et al., 2018;

Zhang et al., 2017; Zhang et al., 2015). In addition, some innovative techniques such as hydrothermal

processes, pyrometallurgy, chloride induced vaporization and biosorption have also been reported

(Chugainova and Rudakova, 2020; Flerus and Friedrich, 2020; Inoue et al., 2008; Park, 2011; Pennesi

et al., 2019; Satoshi Itoh and Katsuya Maruyama, 2011).

11
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Figure 2.1 Possible pathways for indium recovery from electronic waste (Gotze and Rotter, 2012).
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2.6 Environmental Distribution, Fate and Pollution Sources

2.6.1 Soil

In weathering environments, Ga and /n may dissolve to ion species and tend to co-precipitate
with Fe and Mn hydroxides. Also, natural organic matters appear to have a large sorption capacity
towards Ga and In, they likely to be more concentrated in surface soil horizons. The concentrations
of Ga and /n on the Earth’s surface are within the range 1-25 mg/kg and 0.11-0.25 mg/kg, respectively
(Kabata-Pendias and Szteke, 2015).

The abundance of Ga varies from 0.47 to 268 mg/kg, and the average background concentration
of Ga in natural soils is estimated at 15.2 mg/kg (Table 2.1) (Asami et al., 1990; Eriksson, 2001;
Kabata-Pendias, 2000; Kabata-Pendias and Mukherjee, 2007; Kabata-Pendias and Szteke, 2015;
Koljonen and Elo, 1992; Liu et al., 2021; Poledniok et al., 2012; Shacklette and Boerngen, 1984;
Smith et al., 2005; Su et al., 2018; Syu et al., 2020; Takeda et al., 2004; Tyler, 2004; You, 2014). The
worldwide concentration of /n in original soils has been reported from < 0.01 to 4.1 mg/kg, and the
mean concentration is estimated at 0.06 mg/kg (Table 2.1) (Asami et al., 1990; Eriksson, 2001;
Kabata-Pendias, 2000; Kabata-Pendias and Mukherjee, 2007; Kabata-Pendias and Szteke, 2015; Liu
et al., 2021; Smith et al., 2005; Su et al., 2018; Syu et al., 2021; Takeda et al., 2004; You, 2014).

The chemical form of Ga and /n in soil depends largely on the pH and temperature. It is estimated
that the major form presents in soils as hydroxide complexes of Ga(OH)3i) or Ga(OH)4™ at room

temperature and pH > 4, and Ga(OH)?*" and Ga(OH)," at pH < 4 (Kabata-Pendias, 2000; Kabata-
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Pendias and Szteke, 2015; Wood and Samson, 2006); In ion species may be transformed into In(OH),",
In(OH),", InCl," at room temperature and pH > 4, and the predominant chemical form may change
into insoluble In(OH)s(s) at pH 5-9 (Kabata-Pendias, 2000; Kabata-Pendias and Szteke, 2015; Su et
al., 2018; Wood and Samson, 2006).

The distribution of Ga and I in soils is positively associated with clay fractions, soluble organic
matters, Fe and Mn hydroxides, and the use of biosolids (e.g., sewage sludge) in farmland soils may
serve as another sources of pollution (Sharma et al., 2017). The chemical properties of Ga are much
similar to Al than /n and are usually associated with Al minerals, Al(III) also could be easily replaced
by Ga(Ill) in acidic soils because the atomic radius of Ga (0.135 nm) is similar to Al (0.143 nm),

leading to Al phytotoxicity (Su et al., 2018; Syu et al., 2021; Syu et al., 2020).

2.6.2 Water

The worldwide concentrations of dissolved Ga and /n in freshwater ranges from 0.1 to 120 ng/L
and 0.115 to 3.2 ng/L (Table 2.2), respectively. Seawater contains Ga and /n within the range of 0.3
to 1.0 ng/L and 0.005 to 34.8 ng/L (Table 2.2) (Alibo et al., 1999; Amakawa et al., 1996; Chen, 2006;
Gaillardet et al., 2003; Kabata-Pendias and Mukherjee, 2007; Miyazaki et al., 2012; Nozaki et al.,
2000a; Nozaki et al., 2000b; Obata et al., 2007; Shiller, 1998; Shiller and Frilot, 1996; Viers et al.,
2009; You, 2014). In addition, the dissolved and particulate forms of /n in coastal seawater has been

measured to be as high as 4.7 and 34.8 ng/L at Tokyo bay (Miyazaki et al., 2012).
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In fact, Ga and In appear to present as small particulates rather than dissolved ion species, the
major species of Ga and In are Ga(OH)3(s), Ga(OH)4", In(OH)3(s) and InCl,", depending upon pH and
oxidation-reduction potential of water bodies (Kabata-Pendias and Szteke, 2015; Schulz et al., 2017).
Therefore, it is estimated that the two metals could be highly concentrated in fine particles and finally
transport into bottom sediments. For instance, the global average concentration of Ga is
approximately 18.1 mg/kg in suspended sediment of world rivers (Viers et al., 2009).

Acid mine drainages (AMD), which associated with sulfide-bearing mine and sulfide minerals
in nature that may release heavy metals and sulfuric acid into the environment. The acidic conditions
of AMD may largely dissolve heavy metals and result in environmental problem. Ga and /n dissolved
in AMD may be removed through insoluble precipitation, sorption to hydroxide minerals or dilution
with freshwater at circumneutral pH (Schulz et al., 2017). Those insoluble particles are expected to
be transported into farmland soils and bottom sediments of water bodies, and the remaining ion
species may be transported downstream and further pose threats to freshwater resources (Campanella
et al., 2017; Potedniok et al., 2012; Schulz et al., 2017).

Over the past decade, the rapid development of high-technology such as semiconductor and
optoelectronic industries, leading to the increasing use of Ga- and /n-related chemicals. They have
been used as key raw materials of wafer foundry, integrated circuit packaging and testing processes,
which may become potential environmental pollution sources by electronic waste and Ga- and In-
containing wastewater effluent (Liu et al., 2021; Su et al., 2018; Syu et al., 2020). In Taiwan, the

concentrations of Ga and /n in groundwater of science-focused industrial parks are much higher than
15



worldwide average background concentrations in freshwater (Table 2.2) (Chen, 2006). Therefore, the
semiconductor and optoelectronic industries may also pose a risk to those non-industrial and

residential nearby areas.

2.6.3 Air

The concentrations of Ga and In in the atmosphere of remote regions range from <0.14 ng/m>
and 0.05 to 78 pg/m> (Table 2.3), respectively (Kabata-Pendias and Mukherjee, 2007; Kabata-Pendias
and Szteke, 2015; Ragaini et al., 1977). The volcanic emission has been verified as the main nature
source, and the anthropogenic sources include coal combustion, ore processing, semiconductor and
optoelectronic manufacturing processes (Kabata-Pendias and Szteke, 2015; Matsumoto and Hinkley,
2001; Schulz et al., 2017). The content of Ga and I could be as high as 1 to 12 ng/m> and 20 to 1,200
ng/m> near urban/industrial regions, respectively (Chen, 2007a; Kabata-Pendias and Mukherjee,
2007). Also, atmospheric transport and deposition of Ga- and /n-bearing particulates may pose a

potential impact to surrounding environments (White et al., 2015).
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Table 2.1 Gallium and indium concentrations in soils.

Environment and (or)

Metal concentration

. Unit Type Reference(s)
location (value or range)
Gallium
Earth's crust 15-19 mg/kg - Kabata-Pendias and Mukherjee (2007)
World 10-22 mg/kg Light sandy Kabata-Pendias and Mukherjee (2007)
World 15-35 mg/kg Medium loamy and silty Kabata-Pendias and Mukherjee (2007)
World 15-40 mg/kg Heavy loamy Kabata-Pendias and Mukherjee (2007)
World 10-100 mg/kg Calcareous Kabata-Pendias and Mukherjee (2007)
World 20-54 mg/kg Organic Kabata-Pendias and Mukherjee (2007)
The United States <5-30 mg/kg Sandy soils and lithosols on sandstones Kabata-Pendias (2000)
The United States 5-50 mg/kg Light loamy soils Kabata-Pendias (2000)
The United States 5-30 mg/kg Loess and soils on silty deposits Kabata-Pendias (2000)
The United States 5-70 mg/kg Clay and clay loamy soils Kabata-Pendias (2000)
The United States 5-30 mg/kg Alluvial soils Kabata-Pendias (2000)
The United States 15-50 mg/kg Soils over granites and gneisses Kabata-Pendias (2000)
The United States 15-30 mag/kg Soils over volcanic rocks Kabata-Pendias (2000)
The United States <5-30 mg/kg Soils over limestones and calcareous rocks Kabata-Pendias (2000)
The United States 7-30 mg/kg Soils on glacial till and drift Kabata-Pendias (2000)
The United States 7-30 mg/kg Light desert soils Kabata-Pendias (2000)
The United States 10-20 mg/kg Silty prairie soils Kabata-Pendias (2000)
The United States 7-30 mg/kg Chernozems and dark prairie soils Kabata-Pendias (2000)
The United States <5-50 mg/kg Organic light soils Kabata-Pendias (2000)
The United States <5-50 mg/kg Forest soils Kabata-Pendias (2000)
The United States <5-50 mag/kg Various soils Kabata-Pendias (2000)
The United States <4-32 mg/kg Various soils Kabata-Pendias (2000)

(Alaska)

Note: b.d.1., below detection limit; mg, milligram; kg, kilogram; cm, centimeter.
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Table 2.1 Gallium and indium concentrations in soils. - Continued

Environment and (or)

Metal concentration

) Unit Type Notes Reference(s)
location (value or range)
Gallium
The United States 0.5-23.1 mg/kg Soils Surface soils (0-5 cm) Smith and others (2005)
The United States 1.68-27.1 mg/kg Soils Soil profile (A-horizon) Smith and others (2005)
The United States 0.29-34.6 mg/kg Soils Soil profile (C-horizon) Smith and others (2005)
Western Unites States 16 mg/kg Soil Surface soils (Mean for 20 cm) Shacklette and Boerngen (1984)
Eastern Unites States 9.3 mg/kg Soil Surface soils (Mean for 20 cm) Shacklette and Boerngen (1984)
The United States 0.53-15.6 mg/kg Soils Soil profile (O-horizon) Smith and others (2005)
World 17 mg/kg Soil, bulk - Koljonen (1992)
Taiwan i
. . 1.186-3.422 mag/kg Agricultural soils Downstream ?f optoelectronic You (2014)
(Siaoli River basin) plants
Taiwan (Taoyuan) 22 mg/kg Clay soils Surface soils g(e)'riggscm); Pinchen Su and others (2018)
: : . . Surface soils (0-30 cm);
Taiwan (Tainan) 8 mag/kg Slity clay loamy soils Chengchung series Su and others (2018)
Western Taiwan 33 mag/kg Clay soils Surface soils gg'risegcm); Pinchen Syu and others (2021)
Western Taiwan 12 mg/kg Sandy loamy soils Surface soils (0-30 cm); Jente Syu and others (2021)

series

Note: b.d.1., below detection limit; mg, milligram; kg, kilogram; cm, centimeter.
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Table 2.1 Gallium and indium concentrations in soils. - Continued

Environment and (or)

Metal concentration

) Unit Type Notes Reference(s)
location (value or range)
Gallium
Western Taiwan 29 mag/kg Clay soils Surface soils (s?a-r?gscm); Taikang Syu and others (2021)
Taiwan 9.47-23.4 mg/kg Various soils Soil profiles (0-130 cm) Liu and others (2021)
Poland 38-219 mg/kg Agricultural soils - Poledniok and others (2012)
. Proximal to a former Zn-Pb and .
Poland 93-268 mg/kg Soils bauxite mine Poledniok and others (2012)
Sweden 4.27-13.3 mg/kg Soils Soil profiles (0-110 cm) Tyler (2004)
Sweden 3.4-16 mg/kg Agricultural soils Topsoil Eriksson (2001)
Sweden <1.2-17 mg/kg Agricultural soils Subsoil Eriksson (2001)
Various soils (Andosols, Cambisols,
Japan 0.47-41 mg/kg Gleysols and Acrisols) - Takeda and others (2004)
Japan . . .
] . ] 13.1-16.3 mg/kg Paddy soils Nearby Zn-Pb smelting plants Asami and others (1990)
(Jinzu River basin)
Japan (Annaka) 12.9-15.7 mg/kg Upland soils Nearby Zn-Pb smelting plants Asami and others (1990)
Japan (Annaka) 12.8-14.4 mg/kg Paddy soils Nearby Zn-Pb smelting plants Asami and others (1990)

Note: b.d.1., below detection limit; mg, milligram; kg, kilogram; cm, centimeter.
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Table 2.1 Gallium and indium concentrations in soils. - Continued

Environment and (or)

Metal concentration

. Unit Type Notes Reference(s)
location (value or range)
Indium
World 0.01-0.5 mg/kg Various soils - Kabata-Pendias (2000)

Earth's crust 0.25 mg/kg - Kabata-Pendias and Mukherjee (2007)
World <0.2-0.5 mg/kg Light sandy - Kabata-Pendias and Mukherjee (2007)
World 0.03-4.1 mg/kg  Medium loamy and silty - Kabata-Pendias and Mukherjee (2007)
World - mg/kg Heavy loamy - Kabata-Pendias and Mukherjee (2007)
World - mg/kg Calcareous - Kabata-Pendias and Mukherjee (2007)
World <0.1-2.6 mg/kg Organic - Kabata-Pendias and Mukherjee (2007)

The United States <0.01-0.12 mg/kg Soils Surface soils (0-5 cm) Smith and others (2005)
The United States <0.02-0.12 mg/kg Soils Soil profile (A-horizon) Smith and others (2005)
The United States <0.02-0.1 mg/kg Soils Soil profile (C-horizon) Smith and others (2005)
The United States <0.01-0.04 mg/kg Soils Soil profile (O-horizon) Smith and others (2005)
Sweden <0.04-0.064 mg/kg Agricultural soils Topsoil Eriksson (2001)
Sweden <0.04-0.073 mg/kg Agricultural soils Subsoil Eriksson (2001)
(Siaoli-rliliv\\//:rnbasin) 1.025-1.922 mg/kg Agricultural soils opt[())g;/t\elcntsr torﬁ?énp?; nts You (2014)
Taiwan (Taoyuan) b.d.l mg/kg Clay soils Surfaléz;en(s:ﬂgs ggnseos cm); Su and others (2018)
Taiwan (Tainan) b.d. mg/kg Slity clay loamy soils Surface soils (0-30 cm); Su and others (2018)

Chengchung series

Note: b.d.1., below detection limit; mg, milligram; kg, kilogram; cm, centimeter.
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Table 2.1 Gallium and indium concentrations in soils. - Continued

Environment and (or)

Metal concentration

) Unit Type Notes Reference(s)
location (value or range)
Indium
) ) Surface soils (0-30 cm);
Western Taiwan 0.04 ma/kg Clay soils . i Syu and others (2021)
Pinchen series
) ) Surface soils (0-30 cm); Jente
Western Taiwan 0.08 mg/kg Sandy loamy soils ) Syu and others (2021)
series
) ) Surface soils (0-30 cm);
Western Taiwan 0.09 mag/kg Clay soils . . Syu and others (2021)
Taikang series
Taiwan 0.00477-0.0371 mg/kg Various soils Soil profiles (0-130 cm) Liu and others (2021)
Various soils (Andosols,
Japan 0.008-0.25 mg/kg . i - Takeda and others (2004)
Cambisols, Gleysols and Acrisols)
Japan
0.016-0.103 mg/kg Paddy soils Nearby Zn-Pb smelting plants Asami and others (1990)
(Jinzu River basin)
Japan (Annaka) 0.041-1.66 mg/kg Upland soils Nearby Zn-Pb smelting plants Asami and others (1990)
Japan (Annaka) 0.026-1.92 mg/kg Paddy soils Nearby Zn-Pb smelting plants Asami and others (1990)

Note: b.d.l., below detection limit; mg, milligram; kg, kilogram; cm, centimeter.
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Table 2.2 Gallium and indium concentrations in waters.

. Metal
Environment and (or)

. concentration Unit Type Note Reference(s)
location
(value or range)
Gallium
River 0.03 pg/L Freshwater il Kabata-Pend(lzagoa%d uiherie
Ocean 0.001 pg/L Seawater i Kabata-Pend(lé':lgoa%d uiherie
Atlantic Ocean 0.0003-0.004 g/l Seawater D'SSO"(’i% Z”Srfg”o'da' Shiller (1998)
California streams 0.0001-0.006  pg/L Freshwater D'Sso'zi%ingrfl‘;"o'da' Shiller and Frilot (1996)
African rivers 0.02-0.11 ug/L Freshwater Dissolved load (<0.2 pum) Gaillardet and others (2003)
North American rivers 0.001-0.012 ug/L Freshwater Dissolved load (<0.2 um) Gaillardet and others (2003)
South American rivers 0.003-0.12 ug/L Freshwater Dissolved load (<0.2 um) Gaillardet and others (2003)
Idel River 0.009 ug/L Freshwater Dissolved load (<0.2 um) Gaillardet and others (2003)
. S . Freshwater (Downstream of
Taiwan (Siaoli River basin) b.d. ug/L optoelectronic plants) - You (2014)
. . Groundwater (Science-based Dissolved and colloidal
Taiwan (Hsinchu) 7.91-41.39 ug/L industrial park) (<045 um) Chen (2006)
Taiwan (Hsinchu) 0.01-0.12 ug/L Groundwater (North district) D'SSOI(Vfg jgdufr?)l loidal Chen (2006)
Taiwan (Hsinchu) 0.01-0.05 ug/L Groundwater (Hsiangshan district) D'SSOI(Vfg jgdufr?)l loidal Chen (2006)
. o . Sediments (Downstream of
Taiwan (Siaoli River basin) b.d. mg/kg optoelectronic plants) - You (2014)
World rivers 18.1 mag/kg Suspended sediments - Viers and others (2009)

Note: b.d.1., below detection limit; pg, microgram; L, liter; mg, microgram; kg, kilogram; pm, micrometer.
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Table 2.2 Gallium and indium concentrations in waters. - Continued

Environment and (or)

Metal concentration

) Unit Type Note Reference(s)
location (value or range)
Indium
River - ug/L Freshwater - Kabata-Pendias and Mukherjee (2007)
Ocean 0.0001 pg/L Seawater - Kabata-Pendias and Mukherjee (2007)
North Atlantic Ocean 0.07-0.19 ng/L Seawater Dissolved and colloidal (<0.45 um) Alibo and others (1999)

Mediterranean Sea 0.72-1.23 ng/L Seawater Dissolved and colloidal (<0.45 pm) Alibo and others (1999)
Northwest Pacific Ocean 0.005-0.018 ng/L Seawater Unfitered Amakawa and others (1996)
Japan (Tokyo Bay) b.d.l1-4.7 ng/L Seawater Particulate Miyazaki and others (2012)
Japan (Tokyo Bay) 0.2-34.8 ng/L Seawater Dissolved and colloidal (<0.45 pm) Miyazaki and others (2012)
Japan (Osaka) 1.2-4.1 ng/L Seawater Particulate Miyazaki and others (2012)
Japan (Osaka) 3.6-4.3 ng/L Seawater Dissolved and colloidal (<0.45 pm) Miyazaki and others (2012)
Japan (Okinawa) 0.6-0.8 ng/L Seawater Particulate Miyazaki and others (2012)
Japan (Okinawa) 0.2-0.5 ng/L Seawater Dissolved and colloidal (<0.45 pm) Miyazaki and others (2012)
Japan 0.8-4.1 ng/L Seawater Particulate Miyazaki and others (2012)
Japan 0.8-19.4 ng/L Seawater Dissolved and colloidal (<0.45 pm) Miyazaki and others (2012)

Japan (Japan Sea) 0.005-0.067 ng/L Seawater Dissolved (<0.04 pm) Obata and others (2007)

Japan (Sea of Okhotsk) 0.007-0.067 ng/L Seawater Dissolved (<0.04 pm) Obata and others (2007)
Japan (Rvier) b.d.I-12.8 ng/L Freshwater Particulate Miyazaki and others (2012)
Japan (Rvier) b.d.I-3.2 ng/L Freshwater Dissolved and colloidal (<0.45 pm) Miyazaki and others (2012)
Japan (Rvier) 0.115-1.687 ng/L Freshwater Dissolved (<0.04 um) Nozaki and others (2000a)

Note: b.d.l., below detection limit; pg, microgram; L, liter; ng, nanogram; pm, micrometer.



Table 2.2 Gallium and indium concentrations in waters. - Continued

Environment and (or)

Metal concentration

. Unit Type Note Reference(s)
location (value or range)
Indium
Japan (Biwako Lake) 15-3.2 ng/L Freshwater Particulate Miyazaki and others (2012)
Japan (Biwako Lake) 1.1-3.2 ng/L Freshwater Dissolved and colloidal Miyazaki and others (2012)
(<0.45 pm)
Thailand
(Chao Phraya River 0.003-0.049 ng/L Freshwater Dissolved (<0.04 um) Nozaki and others (2000b)
estuary)
Groundwater Dissol lloidal
Taiwan (Hsinchu) 0.95-20.05 ug/L Issolved and colloida Chen (2006)

Taiwan (Hsinchu)

Taiwan (Hsinchu)

Taiwan
(Siaoli River basin)
Taiwan

(Siaoli River basin)

(Science-based industrial park)

0.01-0.09 ng/L Groundwater (North district)
Groundwater
(Hsiangshan district)
b.d.l ug/L Freshwater (Doyvnstream of
optoelectronic plants)
. b "
1.012-1.383 ma/kg Sediments (Downstream o

optoelectronic plants)

(<0.45 um)

Dissolved and colloidal
(<0.45 pm)

Dissolved and colloidal
(<0.45 pum)

Chen (2006)

Chen (2006)

You (2014)

You (2014)

Note: b.d.1., below detection limit; pg, microgram; L, liter; ng, nanogram; pm, micrometer.
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Table 2.3 Gallium and indium concentrations in air.

Metal concentration

Environment and (or) location Unit Reference(s)
(\Value or range)
Gallium
Urban/industrial 0.23-1 pg/m?® Kabata-Pendias and Mukherjee (2007)
Remote regions <0.001 pg/m?® Kabata-Pendias and Mukherjee (2007)
South Pole <0.14 pg/m? Kabata-Pendias and Mukherjee (2007)
. . Metal concentration ]
Environment and (or) location Unit Reference(s)
(\Value or range)
Indium
Urban/industrial 20-1,200 pg/m?® Kabata-Pendias and Mukherjee (2007)
Antarctica 0.05 pg/m?® Kabata-Pendias and Mukherjee (2007)
Remote regions 0.05-78 pg/m?® Kabata-Pendias and Szteke (2015)
North America 20-140 pg/m? Schulz and others (2017) and references therein
The United States (Idaho) 5,800 pg/m?® Ragaini and others (1977)
Japan 1,200 pg/m?® Schulz and others (2017) and references therein
Shetland Islands 20 pg/m? Schulz and others (2017) and references therein
West Germany 30-360 pg/m?® Schulz and others (2017) and references therein

Note: pg, picogram; m>, cubic meter.
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2.7 Aquatic Toxicity

The toxicity of Ga on marine organisms suggests that GaCl; exhibited very limited toxicity on
the population growth of diatom (Nitzschia closterium) and golden-brown haptophyte (Isochrysis
galbana), the fertilization and metamorphosis of coral (Acropora tenuis), the growth rate of marine
snail (Nassarius dorsatus), and developmental inhibition of the Australian land hermit crab
(Coenobita variabilis) (Table 2.4) (Harford et al., 2011; Negri et al., 2011; Trenfield et al., 2015; 2016;
van Dam et al., 2018).

In freshwater systems, zebrafish (Danio rerio), rosy bitterling (Rhodeus ocellatus), common carp
(Cyprinus carpio), tilapia (Oreochromis mossambicus), crustacean species (Americamysis bahia and
Artemia salina), rotifer (Brachionus plicatilis), swamp shrimp (Macrobrachium nipponense) and
amphipod (Hyalella azteca) were exposed to Ga chemicals (Table 2.4) (Betoulle et al., 2002;
Borgmann et al., 2005a; Lin and Hwang, 1998; Olivares et al., 2016; Onikura et al., 2005; Yang, 2014;
Yang and Chen, 2003; Yang and Chen, 2018), such as citrate-Ga(Ill), Gax(SOs4)3 or GaCls, the results
suggested that Ga(IIl) has been shown to display some inhibitory effects on some aquatic species at
moderate concentrations. Furthermore, the longer the test duration, the lowest the Ga concentration
needed to achieve the same toxic effect (LCso), suggesting that the chronic effects of Ga may be more
significant than its acute toxicity. The hardness of water appears to have no effect on modifying the

toxicity of Ga chemicals (Borgmann et al., 2005a).

26



The acute toxicity tests of /n and Tl in brackish-water and marine systems were conducted on

four aquatic model organisms (Americamysis bahia, Brachionus plicatilis, Artemia salina and Sillago

Jjaponica) (Table 2.4), showing that the toxicity of Tl was higher than /n toward all models. In addition,

the toxicity of /n and Tl was significantly affected by the salinity of the artificial medium, the toxicity

decreased as the salinity of the medium decreased (Onikura et al., 2008).

In freshwater systems, microalga (Chlorella vulgaris), water flea (Daphnia magna), zebrafish

(Danio rerio), rosy bitterling (Rhodeus ocellatus), swamp shrimp (Macrobrachium nipponense) and

amphipod (Hyalella azteca) were exposed to In ion species (Table 2.4) (Borgmann et al., 2005a; Brun

et al., 2019; Olivares et al., 2016; Yang, 2014; Yang and Chen, 2018; Zurita et al., 2007), such as

In(IIT)-citrate, InClz and In(NO3)s. The acute toxicity of In(III) appears to be similar to that of Ga

chemicals described previously, and the toxic effects were much lower than other metals (e.g. Sb, Al,

Cu, Cd); furthermore, the water hardness also may not affect the acute toxicity of In(I1I) to the larval

stage of Hyalella azteca (Borgmann et al., 2005a).

In addition, the zebrafish (Danio rerio) embryos were exposed to citrate-In(III) and In(NO)3,

although exposure results revealed that In(IIl) and citrate-In(III) had no significant mortality, In(III)

could cause oxidative stress, endoplasmic reticulum (ER) stress and associated unfolded protein

response, and the induction of ER stress was associated with apoptotic and inflammatory reactions

(Brun et al., 2014; Olivares et al., 2016). The developmental abnormalities in embryos were also

observed over the citrate-In(IIl) concentrations (56-900 mM), specifically, citrate-In(III) could cause

hypoactivity at the highest concentration (900 mM), suggesting that In(IIl) may have neurotoxic
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effects by directly and indirectly interfering with normal trunk muscle, central nervous system and

cardiovascular development in zebrafish (Olivares et al., 2016).

The acute toxicity of insoluble ITO and In2Os¢) nanoparticles to hydra (Hydra vulgaris),

crustacean (Thamnocephalus platyurus), microalga (Pseudokirchneriella subcapitata) and marine

diatom (Skeletonema costatum) has also been reported (Table 2.4) (Blaise et al., 2008; Ng et al., 2015).

ITO nanoparticles appear to be more toxic to these model organisms than In2O3s).

Although the aquatic toxicity of Ga and /n chemicals has documented in a number of in vivo

studies with freshwater and marine model organisms in water-phases, the general toxicity of these

chemicals is relatively low in comparison with As, Al, Cd, Cu, Sb and TI (Borgmann et al., 2005a;

Brun et al., 2019; Olivares et al., 2016; Onikura et al., 2008; Trenfield et al., 2016; Yang, 2014; Yang

and Chen, 2018). Thus, there is still a lack of studies reporting on the dose-toxicity relationship

between ion species, hydroxide and oxide chemicals of Ga and /n with epibenthic and benthic

organisms in sediment and overlying-water phases.
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Table 2.4 Published measures of aquatic toxicity for gallium and indium chemicals.

Compound

Model organism

End point

Exposure period

Value or result

Reference

GaCl;
GaCI3
Ga(N03)3

Gaz(S04)3

Gaz(SO4)3

GaC|3

GaCls

G&Cls

Gas*

G&Cls

GaCI3

Common carp (Cyprinus carpio)

Common carp (Cyprinus carpio)

Common carp (Cyprinus carpio)

Crustacean (Americamysis bahia)

Crustacean (Artemia salina)

Rotifer (Brachionus plicatilis)

Freshwater amphipod

(Hyalella azteca)

Diatom (Nitzschia closterium)

Coral (Acropora tenuis)

Tilapia (Oreochromis mossambicus)  Acute toxicity

Tilapia (Oreochromis mossambicus) Chronic toxicity

Acute toxicity

Acute toxicity

Chronic toxicity

Acute toxicity

Acute toxicity

Acute toxicity

Acute toxicity

Acute toxicity

Acute toxicity Metamorphosis

Mortality

Growth
inhibition
Mortality

Mortality

TP, GLU,

BUN, CR,

CHOL and
TG

Mortality

Mortality

Mortality

Mortality

Mortality

Fertilization
and

of larvae

48 h-LCso
16-day
96 h-LCso

48 h-96 h-LCso

28-day

96 h-LCso

48 h-LCso

24 h-LCso

7-day-LCso

72 h-LCso

Fertilization of

sperm and eggs: 6 h eggs: ICso (6 h): 3.43 mg/L

Metamorphosis of
larvae: 18 h

204 uM

Total body length decreased

Yolk diameters increased

LCso (96 h): 96.25 mg/L

LCso (48 hr): 28.81 mg/L
LCso (72 hr): 22.11 mg/L
LCso (96 hr): 19.78 mg/L

BUN, CR, CHOL and TG
contents increased
GLU contents decreased

LCso (24 hr): 22.47 mg/L
LCso (96 hr): 12.76 mg/L

LCso (24 hr): 54.64 mg/L
LCso (48 hr): 52.78 mg/L
LCso (24 hr): 11.48 mg/L
LCso (7-day, soft water):

> 1.00 mg/L
LCso (7-day, tap water):

> 3.15 mg/L
ICs0 (72 hr): 19.64 mg/L

Fertilization of sperm and

Metamorphosis of larvae:
ICs0 (18 h): 3.57 mg/L

Lin and Hwang (1998)
Lin and Hwang (1998)
Betoulle and others (2002)

Yang and Chen (2003)

Yang and Chen (2003)

Onikura and others (2005)

Onikura and others (2005)

Onikura and others (2005)

Borgmann and others
(2005)

Harford and others (2011)

Negri and others (2011)

Note: TP, total protein; GLU, glucose; BUN, blood urea nitrogen; CR, creatinine; CHOL, cholesterol; TG, triglyceride; uM, micromolar; mg,
milligram; L, liter; LCso, 50% lethal concentration; ICso, 50% inhibition concentration.
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Table 2.4 Published measures of aquatic toxicity for gallium and indium chemicals. - Continued

Compound Model organism End point Exposure period Value or result Reference

i L 24 h): 12.6871 L
Freshwater swamp shrimp Cso (24 h): 12.6871 mg/

Ga* . . Acute toxicity ~ Mortality 96 h-LCso LCso (48 h): 6.1262 mg/L Yang (2014)
(Macrobrachium nipponense) L Ceo (96 h): 2,742 mg/L
No measurable toxicity of Ga i
GaCl; Alga (Isochrysis galbana) Acute toxicity ~ Mortality 72 h-LCs b4 Trenfield and others
up to 6.0 mg/L (2015)
. . . . - . LOEL: 24 LOEL (24 hpf): 113 uM .
Ga**-citrate Zebrafish (Danio rerio) Acute toxicity ~ Mortality © and OEL (24 hpf): 113 Olivares and others (2016)

120 hpf LOEL (120 hpf): 24 uM

LCso (48 h): 17.70 mg/L
Gaz(S04)3 Zebrafish (Danio rerio) Acute toxicity ~ Mortality 48 h-96 h-LCs LCso (72 h): 12.18 mg/L Yang and Chen (2018)
LCso (96 h): 9.10 mg/L

LCso (48 h): 18.02 mg/L
Gaz(S04)3 Rosy bitterling (Rhodeus ocellatus) Acute toxicity ~ Mortality 48 h-96 h-LCs LCso (72 h): 14.54 mg/L Yang and Chen (2018)
LCso (96 h): 10.71 mg/L

Chronic ~ Developmental No significant effects at the highest van Dam and others

GaCl Hermit crab (C bit iabili . . 6-d .
-l ermit crab (Coenobita variabilis) toxicity inhibition i concentration (EC1o > 6 mg/L) (2018)
Freshwater amphipod (Hyalella - . LCso (7-day, soft water): >1.00 mg/L  Borgmann and others
In3* Acute toxicit Mortalit 7-day-LC
azteca) ute toxictty raty ay--Lso LCso (7-day, tap water): > 3.15 mg/L (2005)
. - Proliferation .
IN(NO3)3 Alga (Chlorella vulgaris) Acute toxicity i hibition 24 h-ECx ECso (24 h): 0.68 mM Zurita and others (2007)
IN(NO3)3 Water flea (Daphnia magna) Acute toxicity Immobilization 24 h-ECs ECso (24 h): 0.28 mM Zurita and others (2007)

Note: LOEL, lowest observed effect level; hpf, hours post fertilization; LCso, 50% lethal concentration; ECso, 50% effective concentration; EC10, 10%
effective concentration; uM, micromolar; mg, milligram; L, liter.
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Table 2.4 Published measures of aquatic toxicity for gallium and indium chemicals. - Continued

Compound Model organism End point Exposure period Value or result Reference
Incly  Crustacean éﬁg)e”camys's Acute toxicity  Mortality 96 h-LCso LCs(96 h): 3048 mg/L  Onikura and others (2008)
InCls Rotifer (Brachionus plicatilis)  Acute toxicity Mortality 24 h-LCs LCso (24 h): 24.42 mg/L Onikura and others (2008)
InCls Crustacean (Artemia salina)  Acute toxicity Mortality 48 h-LCs LCs0 (48 h): 51 mg/L Onikura and others (2008)
Japanese whiting - . No significant effects at the .
InCl3 (sillago japonica) Acute toxicity Mortality 24 h-LCs highest concentration (20 mg/L) Onikura and others (2008)
. LCso (24 h): 21.5464 mg/L
In¥* (,\/Flgzig‘é"f;g;fmmp Sg;'e’?]ge) Acute toxicity  Mortality 96 h-LCs LCso (48 h): 14.8985 mg/L Yang (2014)
PP LCso (96 h): 6.8938 mg/L
3+ . . . . . . No significant mortality over the .
In®*-citrate Zebrafish (Danio rerio) Acute toxicity Mortality =~ LOEL: 24 and 120 hpf tested range of 56-900 M Olivares and others (2016)
LCso (24 h): 21.84 mg/L
InCls Zebrafish (Danio rerio) Acute toxicity Mortality 48 h-96 h-LCso LCso (48 h): 18.28 mg/L Yang and Chen (2018)
LCso (96 h): 15.35 mg/L
Rosy bitterling (Rhodeus - . LCso (48 h): 20.62 mo/L
InCls ocellatus) Acute toxicity Mortality 48 h-96 h-LCso LCso (72 h): 17.07 mg/L Yang and Chen (2018)
LCso (96 h): 13.99 mg/L
. .. . ) ) LCxo (24 h) 58.93 mg/L
InCl3 Water flea (Daphnia magna)  Acute toxicity Mortality 24 h-48 h-LCs L Cso (48 h): 54.49 mg/L Brun and others (2019)
Growth and Growth rate and sexual maturity
InCl; Water flea (Daphnia magna) Chronic toxicity reproduction 21-day were reduced in a dose-response  Brun and others (2019)
inhibition manner (2.29-9.17 mg/L)

Note: LOEL, lowest observed effect level; hpf, hours post fertilization; LCso, 50% lethal concentration; uM, micromolar; mg, milligram; L, liter.
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Table 2.4 Published measures of aquatic toxicity for gallium and indium chemicals. - Continued

Compound Model organism End point Exposure period Value or result Reference
I . Morphological ECso (96 h): 0.1-1.0 mg/L )
ITO Cnidarian (Hydra attenuata)  Acute toxicity orphologica 96 h-ECso (96 1) ) J Blaise and others (2008)
changes (Very toxic)
Crustacean o ) LCs0(24 h): 0.1-1.0 mg/L )
ITO Acute toxicity Mortality 24 h-LCs ) Blaise and others (2008)
(Thamnocephalus platyurus) (Very toxic)
Alga
ITO (Pseudokirchneriella Chronic toxicity Growth inhibition 72 h-1Cys IC25 (72 h): 1.0-10 mg/L (Toxic)  Blaise and others (2008)

subcapitata)

Marine diatom . N
In203 Acute toxicity  Growth inhibition 72 h-1Cs ICs0 (72 h): 739.8 mg/L Ng and others (2015)
(Skeletonema costatum)

Note: LCso, 50% lethal concentration; ECso, 50% effective concentration; ICso, 50% inhibition concentration; IC»s, 25% inhibition concentration; puM,
micromolar; mg, milligram; L, liter.
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2.8 Environmental and Quality Standards

At the present time, although some aquatic toxicity data has been reported, toxicological data is
still incomplete, Ga and /n are not regulated in most countries, and the worldwide environmental
quality standards for the two metals are currently non-existent.

In Taiwan, the wastewater effluent from semiconductor and optoelectronic industries are treated
to meet the criteria of Water Pollution Control Act, and the treated wastewater will be further
permitted to discharge into the aquatic environment. Nevertheless, Ga and /n had not been regulated
in any water bodies by Taiwan’s EPA until 2010. The downstream and nearby areas of semiconductor
and optoelectronic industries might be affected because the concentrations of Ga or /n in groundwater,
farmland soils and sediments were much higher than background concentration (Chen, 2006; You,
2014). To prevent environmental contamination, Taiwan’s EPA has recommended that Ga and In
levels in wastewater effluent of optoelectronic industry should not exceed 0.1 mg/L, and /n levels in
drinking water should not exceed 0.07 mg/L.

In the near future, there is still a need for more ecotoxicity data from subchronic and chronic
studies to truly understand potential impacts of Ga- and In-related chemicals to the aquatic ecosystem,
and the government could further enact new environmental regulations and/or environmental

qualities to protect and control the environment.
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3. Research Purpose

In aquatic environment, there may be only a small portion of the Ga and /n could be taken away
by water flows and a large quantity of them get deposited in the bottom of water bodies. The
epibenthic and benthic organisms may be potentially exposed to either dissolved metal ions or
insoluble hydroxide and oxide chemicals by direct interacting with aqueous- and sediment-phase as
well as feeding behaviors. However, the chemical transformation, bioavailability and toxic effects of
these chemicals remain unclear between the aqueous-, pore-water-, and sediment phases.

Although the effect of short-term exposure to Ga(Ill) and In(IIT) may have minimal toxic effects
on aquatic organisms, there is still a large gap in knowledge about the potential impact on long-term
exposure to ion species and insoluble hydroxide/oxide chemicals of Ga and /n, and their relationship
to other elements (e.g., Fe, Mn and Al) in aquatic environment.

Therefore, in this study, two questions are raised as follows.

Question 1: Are the physical or chemical properties of Ga- and In-related chemicals in water phase
associated with the bioavailability and toxicity to aquatic organisms?
Question 2: Do exposure to Ga- and /n-related chemicals induce TCEs-specific sublethal effects?

To answer the two questions, the following three aims come up:

Aim 1: To explore the environmental fate including chemical changes and bioavailability of Ga- and

In-related chemicals in the exposure systems.

34



Aim 2: To investigate acute and chronic toxic effects of Ga- and In-related chemicals by in vivo
(Hyalella azteca) bioassays.
Aim 3: To evaluate the potential ecological impacts of Ga- and /n-related chemicals according to

sublethal effects.
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4. Model Organism

The epibenthic freshwater amphipod (Hyalella azteca) is used as a model organism for in vivo
bioassays. Hyalella azteca is a freshwater crustacean (Malacostraca: Amphipoda) that lives at the
bottom of water and sediment surface, burrowing in sediment and scavenging on leaf litter, algae and
bacteria in aquatic environment (Wang et al., 2004a).

Hyalella azteca species complex is one of the most abundant and broadly distributed amphipods
in Northern, Central and Southern America, and it has also been investigated that contributes to a
significant component of the diet of many fish species, larger macroinvertebrates, wading birds, and
waterfowl (Borgmann, 1996; Bousfield, 1958; FRANCE, 1993; Lawrence, 1981; March, 1977;
Novak and Taylor, 2017; Ryder and Pesendorfer, 1992; Wellborn, 1994; Witt and Hebert, 2000).

In addition, Hyalella azteca has short generation time, high tolerance to temperature and salinity
changes, sensitive to a variety of environmental pollutants and, importantly, is easy to culture in
laboratory conditions and cheap to maintain, which has made this freshwater amphipod an ideal
model organism for assessing aquatic toxicity, bioavailability and bioconcentration of sediment
contaminants (ASTM, 2010; Besser et al., 2018; Borgmann et al., 1998; Borgmann et al., 2005a;
Borgmann et al., 2001; Cooman et al., 2015; Dussault et al., 2008; Liber et al., 2011; Milani et al.,
2003; Norberg-King et al., 2006; Poynton et al., 2018; Taylor et al., 2016; Walsh et al., 2019; Wu et

al., 2014; You et al., 2008; Zubrod et al., 2019).
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5. Materials and Methods

5.1 Research Design

In this study, firstly neonates of freshwater amphipod (Hyalella azteca) were dosed with the
standard artificial medium spiked with Ga- and In-related chemicals in a wide range of concentrations
to evaluate the short-term acute toxicity (LCso). Secondly, the sublethal doses were determined by
considering the calculated LCso values, current wastewater discharge standards and background
concentrations of Ga and /r in aquatic environment, and the long-term chronic toxicity test was
further performed to assess the sublethal effects (survival, growth, reproduction and bioaccumulation
factor) of Ga- and In-related chemicals. All spiked solutions were well characterized for their particle
characterization, water-quality parameters, concentration of total metal and overlying water (ionic

species and colloidal particles) during exposure. Casual research scheme is illustrated in Figure 5.1.
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In vivo Hyalelia azteca bioassays Physical & chemical analysis of Ga- & In-
(In water phase) related chemicals

Y

Acute toxicity (7-day)
Particle characterization

Growth rate

(Body length)

Mortality (LCso)

Total metal content & ion speciation in
exposure solutions

Y

Chronic toxicity (28-35 day) Dynam u:.s of water quallt}: parameters
in exposure solutions

Survival rate Reproductive rate

Growth rate
(Body length & Body weight)

Bioaccumulation

Bio-analytical methodology for aquatic toxicity
assessment of Ga- & In-related chemicals

Aim in this research

(Aim 1)

To explore the environmental fate including

Y

chemical changes and bioavailability of Ga & In

(Aim 2)

To investigate acute and chronic toxic effects of

\J

Ga & In by in vive (Hyalella agfeca) bioassays

(Aim 3)

To evaluate the potential ecological risk of Ga &

In according to sublethal effects

Figure 5.1 Scheme in casual aquatic toxicity assessment of Ga and /n with bio-analytical strategy in

freshwater amphipod (Hyalella azteca).
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5.2 Preparation of Stock Solutions

The exposure experiments of different chemical forms of Ga and /n were performed that may
present in the aquatic environment, i.e., (1) ionic forms, (2) insoluble chemicals from hydrolysis
process, and (3) insoluble chemicals discharged from manufacturing processes. Since both Ga(III)
and In(IIT) have relatively low solubility near the pH of neutrality, and there would pose a risk of
agglomeration and precipitation of hydrolysis products (i.e., In(OH)3s) and Ga(OH)ss)) in the
standard artificial medium. In addition, the ionic forms of Ga(IIl) and In(III) were also chelated with
citrate (or citric acid) to prevent hydrolysis and evaluate the toxic effects of dissolved metal ions
(Olivares et al., 2016; Zeng et al., 2017).

Indium hydroxide (In(OH)3(s)), indium oxide (In2O3(s)) and gallium oxide (Ga203(s)) were used
as insoluble chemicals, and the required amount was suspended in standard artificial medium for each
exposure treatment. On the other hand, for the exposure experiments of ionic form, a stock solution
of Gallium(III) chloride anhydrous (GaCls) and indium(II) chloride tetrahydrate (InCl3-4H>O) were
prepared and diluted with standard artificial medium for each treatment. In order to prepare metal
ions chelated by citrate, sodium citrate dihydrate (C¢HsNazO7-2H>0) was added to the above stock

solutions in a molar ratio of metal to citrate of 1:1 (Zeng et al., 2017).
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5.3 Culture of Hyalella azteca

The Hyalella azteca culture was obtained in 2019 from National Institute for Environmental
Studies (Ibaraki Prefecture, Japan) and was subsequently maintained in 3-L glass oven dish
containing 500 g of small gravel stone (5-10 mm in size) (Figure 5.2) and 2.0 L of dechlorinated tap
water at 23 * 1 °C with 16:8 h light: dark photoperiod. Culture water was renewed three times a
week and the culture chambers were fed with TetraMin® fish food (Tetra-Werke, Melle, Germany)
twice a week. In order to increase the reproductive rate of Hyalella azteca population, each culture
chamber also supplied with substrates of maple leaves and aquarium ceramic ring (10 mmx=10 mm).
Before use, fresh maple leaves litter was soaked in 30 %o salt water for about 30 days to reduce the
occurrence of planaria, snails or other harmful organisms to Hyalella azteca (ASTM, 2010). The
soaked leaves were then washed with tap water to remove the salt water and residuals of naturally

occurring tannic acid before placing in culture chambers (ASTM, 2010).

5.4 Particle Characterization

In order to investigate how the water matrices in the standard five-salt artificial medium (SAM-
5S) affect the physical and chemical properties of aqueous insoluble chemicals of Ga and In (i.e.,
In(OH)3(s), In203(5) and Ga203(s)), resulting in the changes of bioavailability and toxicity to Hyalella
azteca. Freshly prepared stocks of the three insoluble compounds were suspended in ultrapure water
with 15 minutes of sonication, the hydro-diameter and zeta-potential of the particles in water

suspensions were measured using a ZetaSizer Nano series (Malvern Panalytical, UK) instrument. The
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shape and structure of particles and aggregates were observed by using inverted phase-contrast

microscope (BZ-9000, Keyence, Osaka, Japan) and BZ-II viewer software (Keyence, Osaka, Japan),

coupled with a 20x objective (Plan Fluor/0.45 numerical aperture; Nikon).

Figure 5.2 The culture condition of freshwater amphipod (Hyalella azteca).
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5.5 Water-Only Exposure Tests

5.5.1 7-Day Acute Toxicity Test

Isolation of Hyalella azteca: In order to obtain the neonates, the amphipods in culture chambers
were separated by sequentially passing them through different sieves: the U.S. Standard No. 18 sieve
(1.00-mm mesh), the U.S. Standard No. 40 sieve (425-um mesh), and the No. 45 sieve (355-pm
mesh). The remaining neonates on the No. 45 sieve were collected. The size of sieved neonates was
1.54-2.0 mm in length, corresponding to the length of the neonates at 7-8 days of age.

Preparation of SAM-5S: The exposure solutions of toxicity tests were freshly prepared by the
standard artificial medium, consisting of five salts (SAM-5S; CaCl,, NaHCO3, NaBr, KCI, and
MgSOs4) (Table 5.1), which is representative of water qualities found near Lake Ontario, Northern
America. The SAM-5S has been widely used as a standard artificial medium for culturing and
conducting toxicity tests of Hyalella azteca (Baudy et al., 2017; Borgmann, 1996; Novak and Taylor,
2017; Walsh et al., 2019). Before preparing dosing solutions, the SAM-5S should be aerated for a
minimum of 24 hours before use to adjust the dissolved oxygen, stabilize pH and water temperature.

Acclimation: The neonates were further acclimated gradually to their new conditions by holding
them in 1.0-L glass beakers containing culture water, pieces of cotton gauze (5 cmx5 cm) and finely
ground TetraMin® fish food (200 amphipods/beaker) with gentle aeration for two hours, then
changed to 50:50 water mixture (culture water: SAM-5S) for two hours, and another two hours in a

25:75 water mixture (culture water: SAM-5S). After holding for a three-day acclimatization period
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in the SAM-5S before testing to eliminate organisms injured during sieving, these neonates were
about 9-days old at the start of acute toxicity test.

Exposure experiment:. After three-day acclimation, the neonates (about 9-days old) were
randomly assigned in 200-mL acid washed beakers (10 neonates per 200 mL solution) to undergo 7-
day continuous exposure to seven freshly prepared exposure solutions of Ga- and /n-related chemicals
(1.0-100 mg/L, Ga- and/or In-equivalent concentration) (Table 5.2; Table 5.3). Furthermore, the pH
values of the highest concentration (100 mg/L) of four exposure solutions (Ga(Ill), citrate-Ga(III),
In(IIT) and citrate-In(II1)) were adjusted with NaOH (10 M) to pH ranges of about 7.5-8.2. SAM-5S
and citrate (421.8 mg/L, the maximum concentration used for citrate-Ga(IIl) and citrate-In(III))
served as blank controls. A piece of 2.5x2.5-cm cotton gauze (for amphipods to cling to) that
presoaked with SAM-5S and a small amount of finely ground Tetra-Mint® fish food flasks were then
added to each beaker. Dead neonates were removed daily, and the surviving neonates were sacrificed
for Ga and/or In quantity measurement.

Ga and/or In quantification in water and Hyalella azteca: The surviving neonates were
collected and rinse with SAM-5S, and then fixed with 8% sugar formalin solution in 2.0-mL glass
vial for growth measurements (Figure 5.3). To determine Ga and I/n exposure levels in dosing
solutions, the total metal concentration and metal contents in overlying water (ionic species and
colloidal particles) were measured during exposure period. Water samples (5 mL, triplicate) were

taken from the middle of the aqueous phase and acidified with 100 pL of concentrated nitric acid (60-
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62 %). The concentrations of Ga and/or /n in the water sample (5 mL) were quantified by use of ICP-
MS (NexION 1000, PerkinElmer).

Measurement of water quality characteristics: Water temperature, conductivity (EC), hardness,
pH, dissolved oxygen (DO), nitrate (NO3") and nitrite (NO>") were measured in all treatments during

exposure period (Table 5.3).
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Table 5.1 Standard recipe for preparing SAM-5S

Compound Concentration (mg/L)
CaCl, 110
NaHCO3 84
MgSO4-7H,0 61.4
KCI 3.7
NaBr 1.2

Note: The water quality should be approximately in the range of as follows: (1) hardness, 120-140
mg/L as CaCOs3 ;(2) alkalinity, 60-80 mg/L as CaCOs3; (3) conductivity, 300-500 ps/cm; (4) pH
value, 6.5-8.5.

Figure 5.3 Freshwater amphipod (Hyalella azteca). Measurement of body-length is calculated from
base of 3" uropod (A) to (B). Females are recognized by the presence of egg cases or the
absence of an enlarged gnathopod. (ASTM, 2010)
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Table 5.2 Test conditions for conducting 7-day water phase toxicity test with Hyalella azteca

Parameter Conditions
1. Test type: 7-day acute toxicity test in water phase
2. Temperature: 23+ 1°C
3. Light quality: Wide-spectrum LED lights
4.  Iluminance: About 100 to 1000 lux
5. Photoperiod: 16 L:8 D
6. Test chamber: 250-mL polypropylene beaker
7. Water volume: 200-220 mL
8.  Renew of water: None, unless DO in water drops below 2.5 mg/L
9.  Age of organisms: 7- to 14-day old (within 1- to 2-day range in age) at
the start of the test
10. Number of organism/ 10
treatment:
11.  Number of replicate/ 4
treatment:
12.  Feeding: Finely ground Tetra-Min® fish food flasks. An
additional food was provided midweek (Day-3)
13.  Aeration: None, unless DO in water dropped below 2.5 mg/L
14. Water source: SAM-5S
15.  Water quality: EC, pH, hardness, NO3™ and NO>" at the beginning
and end of a test. Temperature, pH and DO daily
16.  Test compounds: Ga(III), In(II1), citrate-Ga(III), citrate-In(II)
In(OH)3(s), In203(5), Ga203s)
17. Exposure 0,1,5,10,25, 50 and 100 mg/L
concentration: (Ga- and/or In-equivalent concentration)
18.  Test duration: 7 days
19. Endpoints: Survival and growth
20. Test acceptability: Minimum mean control survival of 80 % and

measurable growth of test organisms in the control
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Table 5.3 General schedule for conducting 7-day water phase toxicity test with Hyalella azteca

Day

Activity

4

Separate 7- to 14-day old amphipods and place in acclimation beakers (200
amphipods/1.0-L beaker). Begin preparing food for the test. There should be only a 1-
to 2-day range in age of amphipods used to start the test.

-3 to-1

Feed and observe isolated amphipods, monitor water quality (temperature, pH, DO).

Measure total water qualities (pH, temperature, DO, hardness, EC, NO3™ and NO»).
Transfer 10 neonates into each beaker. Add a small amount of finely ground Tetra-
Min® fish food flasks. Exposure solutions are sampled for metal concentration
analysis (day-0).

Add another finely ground Tetra-Min® fish food flasks to each beaker on day-3 and
sampling dosing solutions for metal concentration analysis. Monitor water qualities
daily (temperature, pH, EC, DO).

4-7

Exposure solutions are sampled for metal concentration analysis on day-7. Measure
total water qualities (pH, temperature, DO, hardness, EC, NO3™ and NO>") on day-7.
End the test by sampling the surviving amphipods. Count survivors and prepare for
dry weight or length measurements.
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5.5.2 28-35-day Chronic Toxicity Test

The isolation of Hyalella azteca neonates, preparation of SAM-5S and acclimation methods
were performed as previously described in 5.5.1.

Exposure experiment. After three-day acclimation, the neonates (about 9-days old) were
randomly assigned in 200-mL acid washed beakers (10 neonates per 200 mL solution) to undergo 28-
35-day continuous exposure to seven freshly prepared exposure solutions of Ga- and /n-related
chemicals (0.5 or 5.0 mg/L, Ga- and/or In-equivalent concentration) (Table 5.4). SAM-5S served as
a blank control and all dosing solutions were renewed every seven days. A piece of 2.5%2.5-cm cotton
gauze (for amphipods to cling to) that presoaked with SAM-5S and a small amount of finely ground
Tetra-Mint® fish food flasks were then added to each beaker. Dead amphipods were removed daily.
Four replicates were used for 28-day growth and survival endpoints and the other four replicates were
used for measurement of survival, growth, reproduction and bioaccumulation calculation on Day 35.

Ga and/or In quantification in water and Hyalella azteca: On day-28, offspring was removed
and surviving amphipods of four replicates were counted and rinse with SAM-5S, then preserved in
8% sugar formalin solution in 2.0-mL glass vial for growth measurements (Figure 5.3). On day-35,
the number of surviving adults and offspring of remaining four replicates were records. The surviving
adult amphipods were preserved in 8% sugar formalin solution in 2.0-mL glass vial, and the number

of adult males and females in each replicate was also determined (Figure 5.3). Reproduction was
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calculated from the number of offspring produced per surviving young female per replicate from Day-

28 to Day-35 (Table 5.5).

After growth measurements, the body weight of every sample was measured after drying at 60

°C for one week. The dry sample was digested in 125 pL of concentrated nitric acid (60-62 %, for

analysis of poisonous metals, Fujifilm Wako) for one week at room temperature, followed by adding

100 pL of hydrogen peroxide (30 %, Fujifilm Wako) for one day. To determine Ga and /n exposure

levels in dosing solutions, the total metal concentration and metal contents in overlying water (ionic

species and colloidal particles) were measured during exposure period. Water samples (5 mL,

triplicate) were taken from the middle of the aqueous phase and acidified with 100 puL of concentrated

nitric acid (60-62 %). The concentrations of Ga and/or /n in the water sample and homogenate (5 mL)

were quantified by use of ICP-MS (NexION 1000, PerkinElmer). Bioaccumulation factor (BAF) was

calculated by using the following formula:

BAF (L/kg) = Co/Cy

Co: Concentration of metal in dry tissue (mg/kg); Cw: Concentration of substance in water (mg/L).

Measurement of water quality characteristics: Water temperature, EC, hardness, pH, DO, NO3”

and NO,” were measured in all treatments during exposure period (Table 5.5).
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Table 5.4 Test conditions for conducting 28-35-day water phase toxicity test with Hyalella azteca

Parameter Conditions

1. Test type: 28-35-day chronic toxicity test in water phase

2. Temperature: 23+ 1°C

3. Light quality: Wide-spectrum fluorescent lights

4.  Iluminance: About 100 to 1000 lux

5. Photoperiod: 16 L:8 D

6. Test chamber: 250-mL polypropylene beaker

7. Water volume: 200-220 mL

8.  Renew of water: Every seven days

9.  Age of organisms: 7- to 8-day old (within 1- to 2-day range in age) at
the start of the test

10. Number of organism/ 10

treatment:
11.  Number of replicate/ 4 (28-day); 4 (35-day)
treatment:

12.  Feeding: Finely ground Tetra-Min® fish food flasks. An
additional food was provided after water renewing

13.  Aeration: None, unless DO in water drops below 2.5 mg/L

14. Water source: SAM-5S

15. Water quality: Temperature, pH, DO, EC, hardness, NO3™ and
NOz

16.  Test compounds: Ga(III), In(II1), citrate-Ga(III), citrate-In(II)
In(OH)3(s), In203s5), Ga203s)

17.  Exposure concentration: Ionic groups: 0.5 and 5 mg/L
Hydroxide/oxides groups: 5 mg/L

18.  Test duration: 28 and 35 days

19. Endpoints: 28-day survival and growth; 35-day survival,
growth, reproduction, and number of adult males
and females on Day 35

20. Test acceptability: Minimum mean control survival of 80% on Day

28 and 35
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Table 5.5 General schedule for conducting 28-35-day water phase toxicity test with Hyalella azteca

Day

Activity

-3

Separate 7- to 8-day old amphipods and place in acclimation beakers (200
amphipods/1.0-L beaker). Begin preparing food for the test. There should be only a 1- to
2-day range in age of amphipods used to start the test.

-2 to-1

Feed and observe isolated amphipods, monitor water qualities (temperature, pH, DO)

Measure total water qualities (pH, temperature, DO, hardness, EC, NO3™ and NO>).
Transfer 10 amphipods into each beaker. Add a small amount of finely ground Tetra-
Min® fish food flasks. Exposure solutions are sampled for metal concentration analysis
(day-0). Observe behavior of test amphipods.

1-27

Renew exposure solutions every 7 days. Add a small amount of finely ground Tetra-
Min® fish food flasks to each test beaker after water renewing and midweek. Measure
temperature, EC, DO, and pH before/after water renewing. Observe behavior of test
organisms.

28

Measure total water qualities (pH, temperature, DO, hardness, EC, NO3  and NOy"). Use
four replicates for growth measurements: count survivors and preserve organisms in 8%
sugar formalin solution for growth measurements. Renew exposure solutions and add a
small amount of finely ground Tetra-Min® fish food flasks to each test beaker.

29-34

Measure temperature, EC, DO, and pH three times a week. Measure hardness, NO3™ and
NO:2" weekly. Observe behavior of test organisms.

35

Count the number of surviving adults and offspring. Surviving adult amphipods on Day
35 are preserved in 8% sugar formalin solution. The number of adult males in each
beaker is determined from this archived sample. This information is used to calculate the
number of young produced per female per replicate from Day 28 to Day 35. Measure
total water qualities (pH, temperature, DO, hardness, EC, NO3™ and NO>").
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5.6 Statistical Analysis

Each experiment was performed at least in triplicate. All results were presented as mean =+
standard deviation (SD). Prior to analysis, all results were tested for normality (Kolmogorov-Smirnov
test) and for homogeneity of variances (Levene test). The acceptable data were then performed by
Student’s t test, two-proportions z-test or one-way analysis of variance (ANOVA) with post hoc tests
to evaluate significant differences between treatments. The IBM SPSS statistics program (version 21)

was used for all statistical analyses, and p values of <0.05 were considered significant.
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6. Results

6.1 Particle Characterization

The colloidal particle shape and formation of aggregates of In(OH)3s), In203(s) and Ga2O3(s) were

observed by using phase-contrast microscope and BZ-II viewer software, coupled with a 20x

objective (Plan Fluor/0.45 numerical aperture) (Figure 6.1). These three compounds were prone to

form large aggregates in both ultrapure water and SAM-5S. The aggregates of In(OH)3(s) and In203s)

were irregular in shape, whereas the colloidal particles and aggregates of Ga,Os3(s) were respectively

rod-shaped structure and irregular in shape. The hydro-diameter of these three compounds was

undetectable by ZetaSizer Nano series instrument because of the rapid agglomeration and

precipitation in both ultrapure water and SAM-5S. However, the colloidal particles and aggregates of

these three compounds were approximately a few micrometers in size under the phase-contrast

microscope observation. The zeta potential of In(OH)3s) (33.67 mV), In2O3(5) (22.23 mV) and Ga,03s)

(17.07 mV) indicated that stable dispersal in ultrapure water was more prolonged for these three

compounds than in SAM-5S, which was In(OH)3s) (-18.30 mV), In2O3(s) (-17.37 mV) and GaxOss) (-

11.11 mV). The zeta potential of In(OH)3s), [n2O3(s) and GaxO3(s) in SAM-5S suggested that instable

dispersal in solution was prone to aggregate and precipitate gradually during exposure period.
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6.2 Dynamic Behaviors of Dosing Solutions

7-day acute toxicity test: The water temperature of Ga- and /n-ionic groups was consistently
between 23.8 and 24.1 °C during the exposure period, whereas the temperature of Ga- and /n-related
hydroxide/oxides groups was between 17.9 and 18.3 °C (Table 6.1 and Table 6.2). Although the
ambient temperature was controlled at 25 °C in 2021 winter, the average temperature of
hydroxide/oxides groups was lower than those of ionic groups. However, the decrease in water
temperature due to seasonal temperature variation should not affect the acute toxicity in H. azteca
neonates but may have effect on both growth rate and reproduction in amphipod during chronic
exposure (Panov and McQueen, 1998).

The pH values with all dosing solutions were consistently between 7.69 and 8.13 within one
week exposure period, and the DO levels were between 6.58 and 8.00 mg/L (Table 6.1 and Table 6.2).
The change in both pH and DO between would not significantly affect the physiologic features of H.
azteca (ASTM, 2010; Borgmann, 1996). In addition, the EC values of Ga- and In-related
hydroxide/oxides groups was between 448 and 469 ps/cm, similar to the EC level of untreated control
group. In contrast, the EC values increased with the concentration of Ga(IIl) and In(IIT). The addition
of Ga(Ill) and In(IIl) ions, and the adjustment of pH level with NaOH (10 M) in the highest
concentration treatment (100 mg/L) would increase the EC levels in solutions. In the treatments with
the highest concentration (100 mg/L), the EC values were approximately 1.7 to 2.6 times as compared

to untreated control.
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28-35-day chronic toxicity test: The water temperature of all treatments was between 24.2 and

24.7 °C before water renewing (day-3, day-6, day-10, day-13, dayl7, day-20, day-24, day-31, and

day-35), and the temperature was between 23.9 to 24.4 °C after water renewing (day-0, day-7, day-

14, day-21, and day-28) (Table 6.3). The pH values were consistently between 8.08 and 8.15 after

water renewing and the similar pH levels (7.87 to 8.08) were observed before water renewing. After

water renewing, the DO level among all treatments was between 8.04 and 8.12 mg/L, while the DO

level gradually dropped to 6.95 to 7.64 mg/L before water renewing. The change in DO levels

between 6 and 8 would not significantly affect the survival and growth of H. azteca (ASTM, 2010).

Furthermore, the EC levels did not remarkably change as compared to SAM-5S control neither before

nor after water renewing.
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Table 6.1 Monitoring of water quality parameters during 7-day acute toxicity test. The exposure test
of Ga- and /n-ionic groups was performed from October 13th to October 20th, 2020.

Nominal concentration (mg/L)  Temperature (°C) pH DO (mg/L) EC (us/cm)
Control - 23.9+0.2 8.06+0.10 7.98+0.25 484+57
Citrate 421.8 24.0+0.3 8.13+0.11 7.61+£0.20 698+66

1 23.9+0.3 8.04+0.06 7.90+0.17 475+38
5 23.8+0.2 8.00+0.07 7.85+0.13 481+33
10 23.9+0.2 7.96+£0.07 7.87+0.10 496+31
In(III)
25 24.0+0.2 7.94+0.06 7.78+0.15 546+37
50 24.0+0.1 7.91+£0.07 7.87+0.14 653+55
100 23.9+0.2 7.87+0.08 7.81+0.11 800+60
1 24.0+0.2 7.91+£0.07 7.72+0.16 472+32
5 24.1+0.3 7.91+£0.06 7.66+0.14 488+31
10 24.0+0.2 7.90+0.06 7.59+0.15 507+37
Citrate-In(I1I)
25 24.0+0.3 7.86+0.05 7.55+0.22 568+39
50 23.9+0.2 7.97+0.11 7.83+0.20 698+59
100 23.9+0.3 7.97+0.11 7.85+0.22 900+76
1 23.9+0.2 7.91+£0.08 7.54+0.21 475+28
5 24.0+0.2 7.86+0.08 7.58+0.20 490+26
10 24.1+0.2 7.81£0.10 7.61+0.24 516+25
Ga(III)
25 24.0+0.1 7.79+£0.07 7.59+0.27 609+£31
50 24.0+0.2 7.79+0.09 7.09+0.37 744435
100 24.0+0.2 7.82+0.05 7.19£0.31 1,032+51
1 23.9+0.3 7.84+0.07 6.77+0.42 462+23
5 23.9+0.2 7.74+0.04 6.58+0.34 495+30
10 23.9+0.1 7.72+0.05 6.92+0.19 526+27
Citrate-Ga(I1I)
25 24.0+0.1 7.72+0.04 7.08+0.38 637+34
50 24.0+0.2 7.75+0.06 7.34+0.30 830+37
100 24.1+0.2 7.80+0.07 7.01+0.43 1,2374+54

Note: DO, dissolved oxygen; EC, electrical conductivity.
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Table 6.2 Monitoring of water quality parameters during 7-day acute toxicity test. The exposure test

of Ga- and /n-related hydroxide/oxides groups was performed from January 18th to January

25th, 2021.
Nominal concentration (mg/L)  Temperature (°C) pH DO (mg/L) EC (us/cm)
Control - 18.1+0.3 7.94+0.10 7.72+0.23 454424
1 18.1+0.2 7.93+0.10 7.73£0.32 453+23
5 17.9+0.2 7.89+0.08 7.82+0.28 454+23
10 17.9+0.2 7.87+0.07 7.93+0.15 454424
In(OH)3s)
25 17.9+0.2 7.85+0.07 7.76+0.24 454424
50 17.9+0.2 7.824+0.08 7.69+0.38 453+22
100 18.0+0.2 7.83+0.06 7.95+0.19 451420
1 18.1+0.2 7.82+0.05 7.70+0.23 448+21
5 18.0+0.2 7.79+0.05 7.70+0.27 45122
10 18.2+0.3 7.78+0.05 7.76£0.27 452420
20535
25 18.3+0.3 7.77+£0.05 7.83+0.34 453420
50 18.24+0.2 7.77£0.04 7.91+0.29 452+19
100 18.0+0.3 7.77+£0.04 8.00+0.22 45121
1 17.9+0.2 7.77£0.04 7.64+0.22 451+20
5 18.1+0.2 7.75+0.05 7.58+0.24 452421
10 18.1+0.2 7.74+0.04 7.28+0.35 452+22
Ga205(s)
25 18.1+0.2 7.74+0.05 7.41+0.32 452+22
50 18.1+0.2 7.71£0.03 7.26+0.44 452421
100 18.1+0.2 7.69+0.03 7.47+0.31 469+30

Note: DO, dissolved oxygen; EC, electrical conductivity.
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Table 6.3 Monitoring of water quality parameters during 28-35-day chronic toxicity test.

Nominal concentration

Before water renewing ?

After water renewing ®

emperature p mg ps/cm emperature p mg s/cm
(mglL) T (°C) H DO (mg/L) EC (us/cm) T (°C) H DO (mg/L) EC (us/cm)
Control - 24.5+0.4 8.08+0.08  6.95+0.98 447+16 24.4+0.6 8.15+0.03  8.09+0.31 423+10
0.5 24.5+0.4 8.04+0.07  7.38+0.68 455+18 24.4+0.5 8.13+0.06  8.00+0.27 43248
In(111)
5 24.5+0.4 7.99+0.07  7.42+0.74 456+16 24.1+0.4 8.12+0.06  8.08+0.25 434+8
0.5 24.60.4 7.96+0.07  7.60+0.64 457+19 24.2+0.5 8.12+0.07  8.05+0.33 429+6
Citrate-In(111)
5 24.7+0.5 7.95+0.07  7.53+0.48 479422 24.1+0.5 8.11+0.08  8.11+0.35 43845
0.5 24.6+0.5 7.93+0.07  7.41+0.69 448+19 24.1+0.5 8.11+0.07  8.12+0.37 435+6
Ga(ll)
5 24.5+0.4 7.89+0.09  7.25+0.77 451+16 24.0+0.5 8.10+0.08  8.08+0.22 437+8
0.5 24.4+0.5 7.89+0.07  7.64+0.70 452417 24.1+0.4 8.09+0.09  8.08+0.19 431+8
Citrate-Ga(lll)
5 24.3+0.4 7.90+0.06  7.57+0.62 468+21 24.1+0.4 8.08+0.09  8.06+0.23 443+8
IN(OH)3) 5 24.2+0.4 7.89+0.06  7.35+0.95 444417 23.9+0.5 8.09+0.08  8.08+0.31 433+3
In20ss) 5 24.2+0.4 7.89+0.06  7.48+0.81 448+18 24.0+0.5 8.09+0.07  8.11+0.36 431+7
Ga;03s) 5 24.2+0.4 7.87+0.07  7.07+0.87 444+16 24.0+0.4 8.09+0.07  8.04+0.18 430+4

Note: DO, dissolved oxygen; EC, electrical conductivity.
# The water quality parameters were monitored at day-0, day-7, day-14, day-21, and day-28 of exposure.
® The water quality parameters were monitored at day-3, day-6, day-10, day-13, day-17, day-20, day-24, day-31, and day-35 of exposure.



Ultrapure water

(B)--
c)--

Figure 6.1 Phase-contrast microscopy observation of In(OH)3(s), [n203(s) (50 mg In/L) and GaxO3s)
(50 mg Ga/L) suspended in ultrapure water and SAM-5S medium. (A) In(OH)3); (B)
In203s); (C) Gax03(s). Images obtained from BZ-II viewer software confirm that the

particle and aggregate sizes of these three compounds were approximately at 5-10 pm in

diameter. Images were acquired using 60x magnification. Scale bar, 10 pm.
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6.3 Neonatal Lethality of Ga- and In-Related Chemicals

The 7-day acute toxicity test of Ga- and /n-ionic groups was performed from October 13th to
October 20th, 2020; and the other test of Ga- and /n-related hydroxide/oxides groups was performed
from January 18th to January 25th, 2021. The measured total Ga/ln concentrations in exposure
solutions and remaining Ga/In (ionic species and colloidal particles) in overlying water were shown
in Table 6.4. The solubility of In(II) and citrate-In(III) in SAM-5S was remarkably lower than Ga(III)
and citrate-Ga(Ill), and In(OH)3(s), In203(s), and GaxO3(s) were believed to be insoluble. The recovery
of In(II) and citrate-In(III) in overlying water was <5 % (in average), whereas the recovery of Ga(Ill)
and citrate-Ga(III) was > 80 % (in average). In(III) tended to hydrolysis more In(OH)3(s) than citrate-
In(IIT) in lower concentrations (1 and 5 mg/L), and citrate-Ga(Ill) was more stable in exposure
solution than Ga(Ill) due to the variation of measured Ga concentrations in overlying water. In
addition, the recovery of insoluble chemicals of In(OH)3s), [n203(s), and Ga2Os(s) in overlying water
was < 1 % (in average), suggesting these particles tended to gradually aggregate and settled down.

The citrate control (421.8 mg/L) did not have significant acute toxicity or sublethal toxic effects
in neonates as compared with the SAM-5S blank control. All the Ga- and /n-related chemicals did
not produce dose-dependent responses, the stabilized form of Ga and /n ions did not induce a higher
lethal effects to the neonates (Figure 6.2).

In addition to lethal effects, the body length of surviving neonates was also measured. The

exposure of In(Ill) and citrate-In(III) (5-100 mg In/L) significantly decreased the body length at the
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end of treatment despite the fact that citrate-In(IIl) (25 mg In/L) only had slightly adverse effects; the

Ga(III) solutions (25-100 mg Ga/L) significantly decreased the body length, while the neonates had

greater body length after exposed to citrate-Ga(Ill) (1, 10, 25 and 100 mg Ga/L) (Figure 6.3). Also,

the exposure of In2O3(s) (100 mg In/L) and GaxO3s) (10 and 100 mg Ga/L) significantly decreased the

body length of the neonates, whereas In(OH)ss) solutions (1-100 mg In/L) did not affect the growth

rate at the end of exposure (Figure 6.4).
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Figure 6.2 Mortality of Hyalella azteca neonates with 7-day aqueous exposure to (A) Ga- and In-

ionic group, (B) Ga- and In-related hydroxide/oxides group. Independent sample t test; * p<0.05

versus control (n=4, 10 neonates in every replicate per treatment at the start of exposure).
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Figure 6.3 Body length of Hyalella azteca neonates after 7-day acute exposure to Ga- and /n-ionic
groups. (A) In(IlT), (B) Citrate-In(Ill), (C) Ga(Ill), (D) Citrate-Ga(IIl). * p<0.05 **
p<0.01 versus control, Kruskal-Wallis one-way analysis of variance followed by Dunnett

T3 post-hoc test (n=40 neonates in 4 replicates per treatment at the start of exposure).
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Figure 6.4 Body length of Hyalella azteca neonates after 7-day acute exposure to Ga- and /n-related
hydroxide/oxides groups. (A) In(OH)s(s), (B) In203¢s), (C) GaxO3s). * p<0.05 ** p<0.01

versus control, Kruskal-Wallis one-way analysis of variance followed by Dunnett T3 post-
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hoc test (n=40 neonates in 4 replicates per treatment at the start of exposure).
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Table 6.4 Metal concentrations in exposure solution during 7-day acute exposure period (n=3). Data

are expressed as mean + SD.

Nominal Measured Ga/ln Measured Ga/ln
Treatment concentration (total content) (overlying water)
mg/L pg/L
Control - ND ND
Citrate - ND ND
1 1.03 £0.01 7.11 +£10.02
5 5.13+£0.04 15.20 + 4.38
In(11T)
10 10.04 +0.01 20.51 +13.65
25 24.57+0.37 12.12 + 8.77
| 1.02+0.01 16.03 +4.97
. 5 5.17 £ 0.03 23.03+1.24
Citrate-In(III)
10 10.20+0.14 72.93 +10.32
25 25.89+0.12 118.25 +77.60
| 1.90 +0.02 465.30 = 663.55
5 4.66 +0.06 7,523.50 + 4,195.26
Ga(IlI)
10 9.46 + 0.02 6,540.00 + 2,370.22
25 23.27+0.37 26,152.00 &+ 14,538.12
1 0.96 £0.01 910.30 £250.74
) 5 4.84 +0.05 5,485.00 £319.61
Citrate-Ga(Ill)
10 9.50 + 0.05 10,825.00 £ 318.20
25 23.93+0.18 26,566.20 = 1,587.03
1 1.00+0.01 2.14+£0.47
5 4.83+0.01 9.81 +2.51
In(OH)ss)
10 10.84 + 0.07 20.28 +1.03
25 25.32+0.20 23.34 + 8.93
1 0.82+0.01 4.04 £1.99
5 4.05+0.03 1443 +1.92
2035
10 8.61 £ 0.03 24.64 +2.92
25 20.66 + 0.09 53.83+£24.29
1 0.93 £0.01 3.82+0.16
5 5.00 £ 0.02 20.84 + 1.67
GazO3(s)
10 9.97+0.15 45.74 +4.01
25 25.60 +0.24 99.04 + 29.40

Exposure solutions were collected immediately after water renewal.

Overlying water (without filtration) of exposure solutions were collected at day-1, day-3, and day-6

within 7-day exposure period.
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6.4 Sublethal effects of Ga- and In-Related Chemicals

The measured total Ga/ln concentrations in exposure solutions and remaining Ga/ln (ionic

species and colloidal particles) in overlying water were shown in Table 6.6. Results were similar to

that of 7-day acute toxicity test, the solubility of In(III) and citrate-In(IIT) in SAM-5S was remarkably

lower than Ga(Ill) and citrate-Ga(Ill), and In(OH)3(s), In203(s), and Gaz03¢) were believed to be

insoluble. The recovery of In(IIl) and citrate-In(III) (0.5 mg/L) in overlying water was 8.1 % (in

average), whereas the recovery of In(IIl) and citrate-In(III) (5 mg/L) was 1.2 % (in average). The

higher concentration (5 mg/L) of In(IIl) treatments tended to transform to In(OH)3) through

hydrolysis and thereby precipitated and decreased the overall In(III) concentrations. The recovery of

Ga(III) and citrate-Ga(III) (0.5 and 5 mg/L) in overlying water was > 90 % (in average), indicating

that Ga(Ill) treatments were more stable in exposure solution than In(IIl) treatments. Also, the

recovery of insoluble chemicals of In(OH)3(s), In203(s), and GaO3s) in overlying water was 1.2 % (in

average), suggesting these particles tended to gradually aggregate and precipitate to the bottom of

exposure solutions.

Adult viability of >95 % in the control during the exposure, and the survival rate of H. azteca

was significantly different from controls to citrate-In(III) (5 mg/L), Ga(III) (0.5 mg/L), citrate-Ga(III)

(0.5 and 5 mg/L), In(OH)3 (5 mg/L) and In2O3 (5 mg/L). Although the viability of Ga,;Os3 (5 mg/L)

was decreased at day-21 and day-28, the overall adult survival was > 90 % (Figure 6.5; Table 6.5).
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As the exposure groups which adult survival was > 85 % at day-28 and day-35, the growth rate

(body length and body weight) was significantly declined at the higher concentration (5 mg/L) of

In(IID), citrate-In(IIT) and Ga(III), while In(III) (0.5 mg/L) and G205s) (5 mg/L) did not have effects

on growth rate. Meanwhile, the treatments with adult survival < 50 % at day-28 and day-35 indicated

that the body length and body weight of surviving H. azteca were not statistically significant

compared to control values (Figure 6.6, Figure 6.7, Figure 6.8, Figure 6.9).

In the treatments that did not have significantly reduced survival at day-35, compared to the

average male to female ratio in control was approximately 50:50, each treatment was approximately

20:80 (i.e., the percentage of females among survivors ranged from 78.3 % to 92.5 %) except for

Ga203(s) (5 mg/L) (Table 6.7). Total number of young across all treatments ranged from 0 to 5 per

replicate. Reproduction (based on young per surviving female) was significantly reduced from the

control to any of the Ga and /n treatments which adult survival did not significantly decrease at day-

35 (Figure 6.10).

The bioaccumulation factor (BAF) values in exposure groups at day-28 and day-35 of exposure

were shown in Table 6.6. The BAF values in citrate-In(III) treatments revealed an opposite trend with

increased concentration, and the BAF values did not change remarkably in In(IIl) treatments except

for In(Ill) (0.5 mg/L) at day-28. BAF values of both Ga(Ill) and citrate-Ga(IIl) treatments were

significantly lower than In(III) treatments, and the BAF values were apparently not related to their

concentrations in exposure solution.
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Treatments that survival rate did not significantly reduced at day-28 of exposure, BAF values

increased in the order of In(IIl) (0.5 mg/L) > citrate-In(IlI) (5 mg/L) > In(IIl) (5 mg/L) > Ga(Ill) (5

mg/L) = Ga;03(s) (5 mg/L). In addition, at day-35 of exposure, BAF values increased in the order of

In(IIT) (0.5 mg/L) = In(I11) (5 mg/L) = citrate-In(III) (5 mg/L) > Ga(Ill) (5 mg/L) = GaxO3(s (5 mg/L).
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Figure 6.5 Survival rate of Hyalella azteca with 28-35-day aqueous exposure to (A) In-ionic group,
(B) Ga-ionic group, (C) Ga- and In-related hydroxide/oxides group. Independent sample
t test; * p<0.05 ** p<0.01 versus control (n=4, 10 neonates in every replicate per
treatment at the start of exposure).
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Table 6.5 Survival adult of Hyalella azteca after 28-d and 35-d exposure to Ga- and /n-related chemicals (n=40-80 amphipods in 4-8 replicates per

treatment at the start of exposure). Data are expressed as mean + SD. Significance in difference between two groups were tested by independent

sample t test. * p<0.05, ** p<0.01 versus control.

Treatment (mg/L)

Control

In(III)

Citrate-In(III)

Ga(III)

Citrate-Ga(IlI)

In(OH)3(5)

In203s)

Gax0s)

0.5

0.5

0.5

0.5

Viability (%)

Day 0 Day 7 Day 14 Day 21 Day 28 Day 35
100.0+0.0 100.0£0.0 100.0 + 0.0 98.8+3.5 96.3+7.4 95.0+10.0
100.0+0.0 100.0£0.0 100.0+0.0 100.0+0.0 100.0£5.3 100.0 + 8.2
100.0+0.0 100.0£0.0 100.0 + 0.0 98.8+3.5 98.8+3.5 100.0 £ 0.0
100.0 + 0.0 58.8*£16.4 32.5%*+£21.2 25.0%* £16.9 25.0%* £16.9 27.5%* £ 12.6
100.0+0.0 100.0 £ 0.0 98.8+3.5 96.3+5.2 93.8+7.4 92.5+5.0
100.0 £ 0.0 63.8¥*+ 11.9 50.0%*% £ 16.9 48.8** £ 16.4 48.8** £ 18.9 42.5%+22.2
100.0+0.0 100.0£0.0 100.0 £ 0.0 97.5+4.6 98.8+3.5 100.0 £ 0.0
100.0 £ 0.0 36.3¥*+19.2 16.3** £ 11.9 16.3** £ 11.9 17.5%* £12.8 12.5%*+ 9.6
100.0+0.0 72.5+£25.5 22.5%* £ 18.3 17.5%* £ 13.9 13.8%* £ 14.1 15.0%* + 19.1
100.0 £ 0.0 60.0%* +19.3 33.8%*% £ 14.1 28.8%*+£9.9 28.8%*+£99 25.0** £ 10.0
100.0+0.0 32.5%* £ 12.8 16.3** £ 11.9 15.0%* £ 12.0 12.5%* £ 10.4 10.0%* + 8.2
100.0+0.0 93.8+5.2 92.5% £4.6 91.3*+6.4 88.8+6.4 85.0+£5.8
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Figure 6.6 Body length of Hyalella azteca after 28-day chronic exposure period. * p<0.05, ** p<0.01
versus control, Kruskal-Wallis one-way analysis of variance followed by Dunnett T3

post-hoc test. (n=80 amphipods in 8 replicates per treatment at the start of exposure).
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Figure 6.7 Body length of Hyalella azteca after 35-day chronic exposure period. * p<0.05, ** p<0.01

versus control, Kruskal-Wallis one-way analysis of variance followed by Dunnett T3

post-hoc test. (n=40 amphipods in 4 replicates per treatment at the start of exposure).
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Figure 6.8 Body weight of Hyalella azteca after 28-day chronic exposure period. * p<0.05, ** p<0.01
versus control, Kruskal-Wallis one-way analysis of variance followed by Dunnett T3

post-hoc test. (n=80 amphipods in 8 replicates per treatment at the start of exposure).
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Figure 6.9 Body weight of Hyalella azteca after 35-day chronic exposure period. * p<0.05, ** p<0.01
versus control, Kruskal-Wallis one-way analysis of variance followed by Dunnett T3

post-hoc test. (n=40 amphipods in 4 replicates per treatment at the start of exposure).
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Table 6.6 Bioaccumulation factor (BAF) in survival adult of Hyalella azteca after 28-d and 35-d

exposure to Ga- and /n-related chemicals (n=40 amphipods in 4 replicates per treatment at

the start of exposure). Data are expressed as mean + SD. Significance in difference

between two groups were tested by independent sample t test (p<0.05).

Nominal Measured Ga/In Measured Ga/In Measured BAF Measured BAF
Treatment concentration (total content) (overlying water) (Day-28) (Day-35)
mg/L pg/L L/kg
Control - - ND - -
0.5 0.45 +£0.06 40.30+7.77 1,166 £ 137° 555 + 1352
In(I1T)
5.0 4.88 £0.04 42.48 £0.27 305 + 88° 413 +£173?
0.5 0.50 £0.01 35.80£0.27 1,420%* 2,508%
Citrate-In(I1I)
5.0 4.86=+0.11 73.80 +=43.99 659 + 199° 669 + 183?
0.5 0.46 +0.07 540.90 + 36.46 145% +£ 51 113*
Ga(IlI)
5.0 493 +0.12 5,049.33 + 746.99 142 + 58¢ 114 + 33
0.5 0.48 +0.00 613.77 £ 16.86 23* 5%
Citrate-Ga(IlI)
5.0 4.35+£0.54 5,693.00 + 133.09 27* 14*
In(OH);3() 5.0 491 +0.40 64.69 +£38.17 1,081* 1,062*
1,03 5.0 4.79 £0.62 84.15 £21.09 655% 1,184%
GaxOss) 5.0 4.29+0.18 21.03+2.13 72 + 164 65 + 59°

*: The adult survival of each treatment was below 50 %.

Exposure solutions were collected immediately after weekly water renewal.

Overlying water (without filtration) of exposure solutions were collected at day-6, day-13, and day-

28 within 28-35-day exposure period.

Calculation of BAF (L/kg) = Concentration of metal in dry tissue (mg/kg)/ Concentration of the

substance in water (mg/L).
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Table 6.7 The ratio of males to females in survival adult of Hyalella azteca after 28-d and 35-d exposure to Ga- and /n-related chemicals (n=40-80
amphipods in 4-8 replicates per treatment at the start of exposure). Data are expressed as mean + SD. Significance in difference between two

groups were tested by One proportion Z-test. * <0.05 ** p<0.01 versus control.

Day-28 (n=80) Day-35 (n=40)

Treatment
Viability Male Female Viability Male Female
mg/L % %
Control 963174 33.3+4.7 66.7+4.7 95.0+10.0 475+£5.0 52.5+5.0
0.5 100.0£5.3 20.0 £ 18.3 80.0 + 18.3 100.0 = 8.2 20.3*%* £ 14.4 79.7*%* + 14.4
In(III)
5 98.8 £3.5 15.8%+14.2 84.2* £14.2 100.0 £ 0.0 7.5%*+£5.0 92.5%*+5.0
0.5 25.0+16.9 41.7+£52.0 58.3+52.0 275+12.6 229+ 158 77.1+15.8
Citrate-In(III)
5 93.8+7.4 20.0 £21.6 80.0 £21.6 92.5+5.0 21.7*%* £ 9.1 78.3*%*% £ 9.1
0.5 48.8 +£18.9 358 +£22.5 64.2+22.5 425+£222 31.5+22.1 68.5+22.1
Ga(III)
5 98.8+3.5 12.5%* £ 5.0 87.5**+ 5.0 100.0 £ 0.0 20.0%* + 8.2 80.0** + 8.2
0.5 17.5+12.8 12.5+25.0 87.5+25.0 12.5+9.6 33.3+28.9 66.7 +28.9
Citrate-Ga(III)
5 13.8 £14.1 16.7 £28.9 83.3+28.9 15.0+£19.1 12.5 £17.7 87.5+17.7
In(OH)3s) 5 28.8+9.9 41.7+289 58.3+28.9 25.0+£10.0 25.0 £16.7 75.0 £16.7
In,O35) 5 12.5+10.4 22.2+£38.5 77.8 +38.5 10.0 £8.2 66.7 +57.7 33.3+57.7
GaxOss) 5 88.8+6.4 11.5%+10.3 88.5* £10.3 85.0+5.8 40.6 £12.8 59.4+12.8
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Figure 6.10 Offspring per surviving young female of Hyalella azteca after 35-d exposure to Ga- and
In-related chemicals (n=40 amphipods in 4 replicates per treatment at the start of
exposure). Data are expressed as mean = SD. Significance in difference between two

groups were tested by independent sample t test. ** p<0.01 versus control.
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7. Discussion

By linking the observed toxic effects with acute to chronic exposure of exposure solutions

containing In(IIl), citrate-In(I1I), Ga(III), citrate-Ga(Ill), In2O3(s), In203(s), or Ga03(s), we revealed

causal toxic effects of seven Ga- and In-related chemicals on survival, growth, reproduction and

bioaccumulation of H. azteca. The differential acute mortality and chronic sublethal effects with the

seven Ga- and /n-related compounds in H. azteca neonates and adults could be ascribed to specific

water chemistry characteristics of Ga(Ill) and In(III) ions that led to different aqueous behaviors, and

further influenced the bioavailability and toxicity of Ga and /n to the freshwater amphipod.

7.1 Effect of Reconstituted Water on Particle Characterization

The agglomeration and sedimentation of In203(s), In203s), or Ga2O3s) increased the particle size,

thereby diminishing reactivity and bioavailability of suspended colloidal particles. The ionic

composition and strength in water matrices (e.g., SAM-5S used in the present study) changed the

particle surface charge and decreased the zeta potential, which may further accelerate the

agglomeration rate of colloidal particles and aggregates.

In addition, particle precipitation was also investigated in exposure solutions of 7-day acute

toxicity test, the higher concentration groups (typically > 10 mg/L) of In(IIl), citrate-In(I1I), Ga(IIl),

and citrate-Ga(Ill) gave rise to a large amount of hydroxide products sedimented in the bottom of test

beakers. The addition of metal chelators (i.e., citrate) could form tight complexes with Ga(IIl) and

In(IIT), then enhance the content of dissolved Ga(IIl) and In(III) ions by preventing the formation of
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hydroxide products. However, the relatively higher water hardness of SAM-5S appeared to decrease
the dissolved forms of Ga and /n that may act as active toxic agents to aquatic organisms (Borgmann

et al., 2005a; Rathore and Khangarot, 2003).

7.2 Effect of Ion Concentrations and Temperature on Survival and

Growth Rate of Hyalella azteca

A variety of heavy metals are affected by major ion concentrations in the test water medium.
The main components of water hardness, Ca and Mg could have effect on metal bioavailability and
toxicity in many aquatic organisms, including H. azteca (Borgmann et al., 2005a; Ebrahimpour et al.,
2010; Kiyani et al., 2018; Pascoe et al., 1986; Rathore and Khangarot, 2003; Stephenson and Mackie,
1989). The chloride forms complexes with metals such as Hg and Cd (Borgmann, 1983), and the
reaction between cupric (CuO) and bicarbonate ions results in the formation of the soluble copper
carbonate complex, which accounts for the different toxicity of Cu to aquatic biota (Stiff, 1971).
Relative high K(I) ion and sulphate could reduce TI(I) and Se(IV) toxicity, respectively (Borgmann
et al., 1998; Brix et al., 2001; Forsythe and Klaine, 1994). Also, the dissolved organic carbon (DOC)
presents in most natural waters could bind to both metal ions and their hydrolysis products, reducing
their uptake and toxicity (Dahm, 1981; Nierop et al., 2002; Welsh et al., 1993).

As a standard medium for aquatic toxicity testing, dechlorinated water is not recommended for
use as test water media, since its quality is not stable and it could contain unacceptably high

concentrations of chloride, chloramines, fluoride, Cu, Pb, Zn, or other contaminants (ASTM, 2010;
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Novak and Taylor, 2017). The reconstituted fresh water of SAM-5S has been developed for long-term

exposure and culture of H. azteca, based on Burlington City tap water originating from Lake Ontario

(hardness 130 mg/L, carbonate alkalinity 90 mg/L, pH 7.9-8.6), the SAM-5S provides a hardness of

120 to 140 mg/L, carbonate alkalinity 60 to 80 mg/L with a higher bromide concentration, which has

been demonstrated to support adequate survival, growth, and reproduction of H. azteca in laboratories

(Borgmann, 1996).

Borgmann et al. (2005) have reported the effect water hardness on the Ga(Ill) and In(III)

concentrations in testing solutions after one week exposure period (Borgmann et al., 2005a). The

authors used two levels of water hardness; the one with higher hardness was dechlorinated Burlington

City tap water (hardness 124 mg/L, carbonate alkalinity 84 mg/L, pH 8.09-8.84) which originates

from Lake Ontario, the other was soft water with lower hardness (10 % tap water; hardness 18 mg/L,

carbonate alkalinity 14 mg/L, pH 6.79-7.84). The measured Ga concentrations suggesting that Ga

was soluble in dosing solutions (> 75 % recovery at the end of the exposure), and the measured Ga

concentrations in testing soft waters with initial concentration of 315 and 1,000 pg/L. were

respectively 326 and 750 pg/L. However, the measured /n concentrations in exposure solutions

indicating that /n was sparingly soluble (< 10 % recovery at the end of the exposure), and the

measured /n concentrations in testing soft waters with initial concentration of 315 and 1,000 pg/L

were undetectable and 10 pg/L, respectively.

Our results agreed with those reported in a previous study, the recovery of In(IIl) and citrate-

In(I1I) in overlying water was < 5 % (in average), and the recovery of Ga(IlI) and citrate-Ga(Ill) was
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>80 % (in average) during the exposure. Both In(III) and citrate-In(III) were prone to form In(OH)s3s)

at pH 5-9 despite the use of metal chelator citrate, and Ga(OH)4™ would be predominant at pH > 7 of

Ga(III) (Wood and Samson, 2006). It remains to be determined that the predominance fields of citrate

chelated Ga(IIl) and Ga(OH)s™ of citrate-Ga(IIl) at pH values greater than 7. It appeared that the

predominant hydrolysis products (i.e., In(OH)3), Ga(OH)4) of In(Ill) and Ga(Ill), as well as

treatments of insoluble chemicals (i.e., In(OH)3(), In203(), Ga203(s)) in exposure solutions have

relatively lower bioavailability and/or acute toxicity to H. azteca neonates.

Vadim E. Panov and Donald J. McQueen (1998) reported that the growth parameters (survival,

head length and body mass) of H. azteca were affected by water temperature (Panov and McQueen,

1998). The growth rates decreased with increasing size but increased with temperature, and both

neonates and juveniles were more affected by temperature than adult individuals. In addition, filed

observations indicated that a temperature of 20 °C is important for both the induction and termination

of reproductive resting stages of H. azteca.

In our study, the water temperature monitored in exposure solutions during 7-day acute toxicity

tests was relatively lower in Ga- and /n-related hydroxide/oxides groups (In2O3(s), In2035) and

Gay035)) than Ga- and /r-ionic groups. Although all treatments did not have significant acute toxicity

in neonates in comparison with untreated control, the growth rate (body length) of control in Ga- and

In-related hydroxide/oxides groups was significantly decreased approximately 1.2 times compared to

that of Ga- and /n-ionic groups. Volkoff, H. and Rennestad, 1. (2020) reported the temperature could

have strong effect on feeding and digestive processes in fish (Volkoff and Rennestad, 2020), it
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supposed that water temperature may also affect the metabolic rate of H. azteca neonates and further
change their energy balance and behavior, including locomotor and feeding behavior. Since we
assumed that H. azteca can accidentally ingest colloidal particles and aggregates of Ga- and /n-related
hydroxide/oxides while feeding, the lower water temperature could indirectly decrease the

bioavailability of those insoluble particles.

7.3 Comparison to Other Published LCso Values for Hyalella azteca

Borgmann et al. (2005) have reported the effect water hardness on the toxicity of Ga(Ill) and
In(IIT) to H. azteca in water phase (Borgmann et al., 2005a). The authors used two levels of water
hardness as described previously. The 7-day acute toxicity test of H. azteca neonates (1 to 11 days of
age) were performed by exposing to Ga(Ill) and In(IIT) at concentrations of up to 1,000 pg/L (soft
water) or 3,150 (tap water) ng/L. After treatment, the percent survival of H. azteca at 315 pg/L and
1,000 pg/L of Ga(IIl) in soft water was 82 % and 48 %, and the survival at 1,000 ug/L of Ga(III) in
tap water was 88 %; the percent survival of H. azteca at 315 pg/L (soft water) and 1,000 pg/L (soft
water and tap water) of In(IIl) was respectively 89 %, 87 % and 90 %. The LCso values could not be
calculated for Ga and /n, which were expected to be greater than 1,000 pg/L (soft water) and 3,150
(tap water) pg/L.

Similar results were obtained in the present study on the 7-day acute toxicity test of Ga- and In-
related chemicals. All treatments (In(IIl), citrate-In(III), Ga(III), citrate-Ga(Ill), In(OH)3s), In203s)

and GaxO3(s)) did not cause a dose-dependent increase in acute neonatal mortality. However, some
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exposure groups including In(III), citrate-In(IIT), Ga(III), In2O3(s) and Ga2O3(s), which were observed

to have adverse effect on the growth rate (body length) of surviving H. azteca neonates. Surprisingly,

we also investigated the growth rates of neonates were statistically significant increase in several

treatment groups of citrate-Ga(IIl), which could be roughly attributed to the greater variation of body

length of treated neonates. However, there is still a need for investigating the contribution of citrate-

Ga(III) exposure in the variation of growth rate.

The acute toxicity results reported here for Ga- and In-related chemicals are generally in

agreement with the limited literature previously published for other aquatic species (Table 2.4).

Recent studies evaluating the acute toxicity of In(IIl) and Ga(Ill) in fish (tilapia, Oreochromis

mossambicus; common carp, Cyprinus carpio; zebrafish, Danio rerio; rosy bitterling, Rhodeus

ocellatus; Japanese whiting, Sillago japonica) have shown that these metallic species are only

inhibitory at moderate to high concentrations (96-h LCso values for Ga(Ill) ranging from 9.10 to 96.25

mg/L, and 96-h LCs¢ values for In(IIl) ranging from 15.35 to >20 mg/L) (Betoulle et al., 2002; Lin

and Hwang, 1998; Onikura et al., 2008; Yang and Chen, 2003; Yang and Chen, 2018). Toxic effects

of In(Il) and Ga(Ill) chelated with citrate were also recently evaluated by using the embryonic

zebrafish (Danio rerio) model system (Olivares et al.,, 2016). The survival and developmental

behavior of zebrafish embryos were not significantly changed by any of the metal ions at the highest

exposure concentration (0.9 mM).

Moreover, previous studies also evaluating the acute toxicity of Ga- and /n-related chemicals in

either freshwater or marine invertebrates (crustacean, Americamysis bahia, Artemia salina,
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Thamnocephalus platyurus; rotifer, Brachionus plicatilis; swamp shrimp, Macrobrachium
nipponense; water flea, Daphnia magna; Cnidarian, Hydra attenuata) (Blaise et al., 2008; Brun et al.,
2019; Onikura et al., 2005; Onikura et al., 2008; Yang, 2014; Zurita et al., 2007).These studies have
shown that In(IIT) and Ga(III) are only inhibitory at moderate to high concentrations (24-h LCso values
for Ga(III) ranging from 12.69 to 54.64 mg/L, and 96-h LCs values for Ga(Ill) ranging from 2.77 to
12.76 mg/L; 24-h LCs values for In(IIl) ranging from 21.55 to 58.93 mg/L, and 96-h LCso values for
In(I1I) ranging from 6.89 to 30.48 mg/L) while ITO nanoparticles were classified to very toxic (0.1
to 1.0 mg/L) to aquatic organisms based on European Union Commission Guideline 93/67/EEC
classification and on measurement endpoint values (Blaise et al., 2008).

Wang N. et al. (2018) reported that both unionid mussel (Lampsilis siliquoidea) and H. azteca
were insensitive to Al in 96-h acute exposures (pH of 6 and water hardness of 100 mg/L as CaCOs3)
compared to the ECso values in the U.S. EPA acute Al dataset (Wang et al., 2018). However, the
results of chronic 28-day exposure tests (ECzo) indicated that the mussel and H. azteca were
respectively the 4™ and the 5™ most sensitive species by comparing to the U.S. EPA chronic Al dataset
for pH 5.0 to <6.5 (Cardwell et al., 2018; Wang et al., 2018). The chemical transformation of Ga and
In 1s similar to Al due to water chemistry, our results of 7-day acute toxicity tests indicated that Ga-
and In-related chemicals did not cause a dose-dependent increase in neonatal mortality despite the
fact that some treatment groups had adverse effect on the growth rates. Therefore, it also suggested

that H. azteca would be more sensitive to Ga and /n in long-term exposure than short-term exposure.
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Yang and Chen (2003) noted that the growth rates of younger larva of the common carp
(Cyprinus carpio) were more affected by Ga(Ill) toxicity than older stages (Yang and Chen, 2003).
Also, Onikura et al. (2005) reported that the longer the exposure duration, resulting in the lowest the
Ga concentration needed to achieve the same acute toxic effect on the mysids (Americamysis bahia)
(Onikura et al., 2005). Therefore, long-term effects of Ga- and /n-related chemicals may be observed
at much lower concentrations than acute toxicity for freshwater organisms such as H. azteca. These
results suggested that the chronic toxic effects induced by Ga and /n may be more significant than

their acute toxicity.

7.4 Long-Term Exposure of Ga and In Affected the Survival, Growth

and Reproduction of Hyalella azteca

In the light of the results of 7-day acute toxicity tests in this study, the effect of long-term
exposure to sublethal concentration of Ga- and /n-related chemicals on survival, growth, reproduction,
and bioaccumulation of H. azteca was further evaluated. The following two concentrations (0.5 and
5 mg/L) were determined for chronic toxicity tests by considering the present Ga and /n standards (<
0.1 mg/L) in wastewater effluent of optoelectronic industry in Taiwan and the minimal concentration
of Ga- or In-related chemicals inhibiting growth of H. azteca neonates. The higher concentration (5
mg Ga or In/L) was used in hydroxide/oxides groups (In(OH)3(s), In203(5) and Gax03s)) due to the

lower adverse effects on neonatal growth rate.
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The treatments of In(III) (0.5 and 5 mg/L) did not have effect on survival of H. azteca during

exposure period, whereas the lower concentration (0.5 mg/L) of citrate chelated In(III) significantly

decreased the survival from the first seven days of exposure (Table 6.5). Similar results were observed

in Ga treatment groups, Ga(Ill) (0.5 mg/L) and citrate-Ga(III) (0.5 and 5 mg/L) also declined the

survival from the first seven to fourteen days of exposure.

According to the measured In concentrations in overlying water of testing solutions, citrate did

not have greater effect on preventing hydrolysis of citrate-In(111) as mentioned earlier in acute toxicity

tests; also, the measured Ga concentrations in overlying water appeared to be composed of Ga(lll),

Ga(OH)3s), and Ga(OH)4™. The use of citrate may increase the proportion of Ga(lll) by preventing Ga

hydrolysis, and thereby contributing higher toxicity as compared to Ga(lll) treatments (Borgmann et

al., 2005a; Wood and Samson, 2006).

As a result, the solubility of In(IlII) was much lower than Ga(IlIl) in exposure solutions, and In

ions in both In(IlT) and citrate-In(IIT) treatments tended to settle out of the solution even at the lower

concentration (0.5 mg/L). The lower concentration of Ga- and /n-ionic treatments appeared to induce

higher toxicity to H. azteca neonates and adults in comparison with the higher concentration (5 mg/L).

We hypothesized that the hydrolysis of Ga and /n may affect the bioavailability and toxicity from

exposure to metal ions, and further increase the exposure risk of H. azteca to those insoluble colloidal

particles (e.g., In(OH)3(s), Ga(OH)3(s)) or Ga(OH)4™ anion (Benézéth et al., 1997; Diakonov et al., 1997;

Wood and Samson, 2006).
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Surprisingly, the survival rates of hydroxide/oxides treatments including In(OH)3(s) and In2O3s)

were significantly decreased in the first seven days of exposure except for Ga;03s)) (Table 6.5), which

were partially conflict with the result of 7-day acute toxicity tests (Figure 6.2). The difference of water

temperature monitored in dosing solutions between acute and chronic toxicity tests appeared to be

one of the reasons for the alterations in survival of H. azteca neonates (Table 6.2 and Table 6.3). As

described previously, the lower water temperature could have effect on locomotor and feeding

behavior of aquatic organisms such as fish and amphipods (Panov and McQueen, 1998; Volkoff and

Ronnestad, 2020), which appeared to decrease the bioavailability of Ga- and [In-related

hydroxide/oxides particles and aggregates to H. azteca and thus attenuate the toxic effects.

In chronic exposure which adult survival was above 80 % at day-28 and day-35, In(IIl), citrate-

In(IIT), Ga(Ill) and Ga;03¢s) were associated with the toxic effects on growth rate, sexual ratio,

reproduction and bioaccumulation. The body length and body weight were significantly decreased

after exposure to the higher concentration of In(Ill), citrate-In(Ill) and Ga(IIl), suggesting that the

retarded growth of H. azteca was caused by /n and Ga. However, the adult growth did not significant

change in other treatments which survival was below 50 % at day-28 and day-35. Results suggested

the ability of surviving H. azteca to adapt and tolerant to the exposure conditions.

Heavy metal exposures are known to not only change the feeding patterns, energy intake (food

consumption and food conversion) and growth hormone regulation in fish (e.g., Perca fluviatilis,

Cyprinus carpio, Catla catla, Labeo rohita, Cirrhina mrigala, and Mystus vittatus) (Collvin, 1985;

De Boeck et al., 1997; Deane and Woo, 2009; James et al., 2003; Javed, 2012; Moraes et al., 2003;
87



Subathra and Karuppasamy, 2007). Recent studies evaluating the chronic toxicity of Ga(Ill) in

common carp (C. carpio) (2.0, 4.0 and 8.0 mg/L) and tilapia (Oreochromis mossambicus) (0.29 to

17.82 mg/L) have shown that the serum biochemistry parameters (i.e., glucose, blood urea nitrogen,

creatinine, cholesterol, and triglyceride) and erythrocyte morphology were altered in common carp

after 28-day exposure (Yang and Chen, 2003). The growth and body ion contents (i.e., K, Ca and Mg)

were reduced in tilapia after 16-day exposure (Lin and Hwang, 1998). These results indicated that the

treated fish were in an undernourished state or experiencing liver failure condition, and the

deformation of erythrocytes also suggested the disturbance of respiration.

Furthermore, heavy metals also have reported to affect the respiration, locomotion activity,

feeding rate, energy balance (between food intake and metabolic output) and moulting behavior of

freshwater amphipods (Gammarus fossarum and Gammarus pulex) (Gerhardt, 1993; Lebrun and

Gismondi, 2020; Maltby and Naylor, 1990; Maltby et al., 1990). These long-term toxic effects were

found to be related to reduced growth rate and enhanced bioaccumulation of heavy metals, with

possible adverse impact on individual growth, population dynamics and their associated ecological

functions (i.e., litter decomposition and nutrient cycles) (Gerhardt, 1993; Lebrun and Gismondi, 2020;

Maltby and Naylor, 1990).

Previous studies noted that Al exposure could cause respiratory disturbance in fish and

freshwater amphipod (Gammarus lacustris), which appears to be predominant at pH above 5.5

(Gensemer and Playle, 1999; Gill, 2021; Neville, 1985; Playle et al., 1989; Poléo and Bjerkely, 2000).

The production of AI(OH)3(s) precipitates could accumulate on gills, and the free-Al(I1I) could bind
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to the negative charged gill surface, acting as polymerization nuclei forming clogging of interlamellar
spaces by complexes of Al-polymers (e.g., Al;3'"). The precipitation and accumulation of AI(OH)s3s)
and/or Al-polymers appear to induce structural alterations of gill epithelia and mucus, thereby leading
to hypoxia and ionoregulatory dysfunction (Gill, 2021; Oughton et al., 1992; Poléo and Bjerkely,
2000; Poléo, 1995; Poléo et al., 2017).

Reproduction (based on young per surviving female) was significant decreased in treatments
(i.e., In(IIT), citrate-In(IIT), Ga(Ill) and GaxO3(s)) which adult survival was above 80 % compared to
untreated control at day-35 (Figure 6.10). Interestingly, the average male to female ratio in each
treatment was in the range of 17.4 (7.5-21.7):82.6 (78.3-92.5) except for GaxO3(s), while the sexual
ratio was approximately 50:50 in control group (Table 6.7). Concerning the method for sex
identification in this study, the number of adult females was determined by simply counting the adult
males (mature male H. azteca would have an enlarged second gnathopod; Figure 5.3) and assuming
all other adults were females (ASTM, 2010). Therefore, the immature male without having an
enlarged second gnathopod was identified as adult female and thus generates an increase in the
percentage of female.

The sexual ratio in each treatment at day-28 was also determined (Table 6.7). Unlike the results
at day-35, the average male to female ratio in untreated control was approximately 33:67, suggesting
that about one-third of male sexual maturation occurred from day-28 to day-35 of exposure. In(III),
Ga(IIT) and Ga,Os3s) treatments appeared to either prevent or delay the sexual maturation process with

delayed morphological changes of the male gnathopod, whereas results were varied between
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In(OH)3(s) and In203(s). Thus, the dramatic changes in sexual ratio would be a consequence of either

changes in growth or less sensitive of adult females to the toxic effects of In(IIl) and Ga(IIl) (Taylor

etal., 2016).

In addition to the reduced growth of freshwater amphipods caused by heavy metal (e.g., Cu, Pb,

Zn, In and Ga) at the individual level (Lebrun and Gismondi, 2020; Maltby and Naylor, 1990; Maltby

et al., 1990), Lebrun and Gismondi (2020) have reported the chronic exposure of Cu and Pb could

induce gender-dependent alterations in biochemical responses of freshwater amphipod (Gammarus

fossarum) (Lebrun and Gismondi, 2020), the inhibition on digestive enzyme activities (e.g., B-

glucosidase and B-galactosidase) was observed to be more significant in males than females. The

chronic toxic effects could be related to feeding rate inhibition, and these combined inhibitions could

further affect energy acquisition essential for growth and the maintenance of vital functions of the

amphipods (e.g., reproduction and moulting). However, the responses of biochemical parameters

could be varied over model organism, exposure time and depended on the metal species and gender.

Our results appeared to be consistent with Lebrun and Gismondi (2020), the adverse effects

caused by Ga(Ill) and In(IIl) exposure on many vital physiologic functions were likely to disturb

individual growth. Retardation of growth has long-term effect on reproduction of H. azteca, it has

reported that the reproductive success (through fecundity) is positively associated with body size in

both genders (Wellborn, 1994). The male with enlarged gnathopod or larger gnathopod size would

have the mating advantage of sexual selection in Hyalella species.

90



However, the precopula behavior and females carrying a brood are likely to be energetically

costly (Maltby and Naylor, 1990; Othman and Pascoe, 2001). If the energy status of male and female

is reduced, they may tend to increase the overall fitness by scarifying the broodings and reproducing

later. Heavy metal (i.e., Zn) exposure to freshwater amphipod (Gammarus fossarum) has reported to

cause the decrease in the size of offspring and the increase in abortion rate (Maltby and Naylor, 1990).

The smaller individuals would take longer to maturity and may reproduce at a smaller size, which

could further decline fecundity and disturb population renewing (Gerhardt, 1993; Maltby and Naylor,

1990). This hypothesis is also supported by our study that Ga(IIl) and In(III) caused the decrease in

precopula pairs and number of offspring, while the GaxO3(s) treatment only resulted in reducing the

number of offspring.

The calculated BAF values in treatments which adult survival was above 80 % at day-28 and

day-35, BAF values of In treatments (i.e., In(Ill), citrate-In(III)) were significantly greater than Ga

treatments (i.e., Ga(IIl), Ga203(s)). We also calculated BAF values in treatments which adult survival

was below 50 % at day-28 and day-35, BAF values of /n treatments (i.e., citrate-In(IIl), In(OH)3(s),

InxO3(s)) were significantly larger than Ga treatments (i.e., Ga(Ill), citrate-Ga(Ill)). It is proposed that

the predominant Ga(OH)4 of Ga(Ill) treatment may decrease the bioavailability due to negative

charge, whereas In(OH)3i) and In2Os) colloidal particles appear to increase the bioavailability

through feeding behavior and/or respiratory disturbance. The relatively lower BAF of GaO3(s) could

be attributed to the particle characterization, which was prone to aggregate and precipitate at the

bottom of testing solutions.
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Burn et al. (2019) reported the chronic exposure of In(III) to water flea (Daphnia magna) could

disrupt energy homeostasis, which is directly related to growth reduction, delayed age maturity, and

reproductive impairment (Brun et al., 2019). In could accumulate on the carapace and in the midgut

and thoracic appendages, possibly physically interfering with a constant flow of algae and thus reduce

net energy and growth. Based on what is known from earlier investigations (Brun et al., 2019; Gill,

2021), it could be expected that predominant species In(OH)3(s) and/or remaining free-In(I1I), as well

as In-related hydroxide/oxide chemicals (i.e., In(OH)3), In203(s)), could accumulate on the gill

surfaces and/or gut of H. azteca. These toxic effects may further induce respiratory disturbance and

disruption of energy balance, leading to mortality, growth retardation, and reproductive impairment.

Since there are no other studies investigating the chronic toxicity of Ga-related chemicals on H.

azteca, and other invertebrates, our results appear to be the first evidence that Ga-related chemicals

have little or no significance for the bioaccumulation effects but increase the chronic toxicity in Ga-

1onic treatments. However, factors related to chronic toxic effects and bioaccumulation of Ga-related

chemicals are needed to be further explored.
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8 Future Recommendations

8.1 Evaluation the Toxic Effects of Ga and /n in Sediment Phase

Ga and In are emerging contaminants in the environment and potentially toxic to living aquatic

organisms. In natural water bodies, the pH and temperature of aqueous environment largely affect the

chemical forms of Ga and /n. They tend to form hydroxide complexes including Ga(OH)3) and

In(OH)3(s) at pH 4-6 and 5-9, respectively (Wood and Samson, 2006). There appeared to be only a

small portion of Ga(IIl) and In(IIT) ions could be taken away by water flows (e.g., river, irrigation

canal) and a large quantity of them get deposited in either farmland soils (especially paddy soils) or

sediments. In Taiwan, the downstream and nearby areas of semiconductor and optoelectronic

industries were potentially contaminated by Ga and /n, because the concentrations of Ga or In in

groundwater, farmland soils and sediments were much higher than background concentrations (Chen,

2006; You, 2014).

In the present study, waterborne Ga- and /n-related chemicals exposure did not induce an acute

dose-dependent responses to freshwater amphipod (H. azteca) despite partial growth inhibition

investigated in some treatments. However, in chronic toxicity test, Ga(Ill) and In(III) were shown to

induce growth retardation, sexual ratio alteration and reproductive inhibition, and the citrate chelated

complexes and hydroxide/oxide particles (i.e. In(OH)3() and In2O3(s)) had lethal effect to H. azteca.

In addition, we also hypothesized that the water temperature could have effect on locomotor and
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feeding behavior of H. azteca, which appeared to have effect on the bioavailability of Ga- and In-

related hydroxide/oxides particles and aggregates to H. azteca and thus attenuate the toxic effects.

Still, relatively little information exists in the primary literature on the aquatic toxicity of Ga-

and /n-related chemicals to epibenthic and benthic organisms, especially via sediment exposures. The

advective processes such as resuspension events arising from high flows, dredging, land preparation,

or vessel propeller wash, anoxic depositional sediments and paddy soils may also be disturbed and

released heavy metals into overlying oxygenated waters (Burton and Johnston, 2010; Wan et al., 2019;

Zhang et al., 2019b; Zhou et al., 2014b). Changes in the physical and chemical environments, such

as temperature, dissolved oxygen, redox, pH, and oxidation of sulfides may affect the chemical forms

of metal and metalloid species by altering their mobility and bioavailability (Atkinson et al., 2007;

Qi et al.,, 2014; Roberts, 2012; Zhou et al., 2014a).

Cervi et al. (2019) used the sediment flux exposure chambers to simulate sediment resuspension

conditions and evaluate the bioavailability, transport, and toxicity of heavy metals (i.e., Fe, Mn, and

Zn) (Cervi et al., 2019). The short-term (four hours) resuspension period rapidly deoxygenated the

overlying water, decreased the pH and resulted in elevated dissolved Zn, Mn, and Fe. Zn and Fe were

scavenged from solution after 20 hours, the initial release of Fe was associated with oxidation of acid-

volatile sulfides, and the decrease was likely due to precipitation as oxyhydroxides. Additionally,

there was no acute toxicity observed during resuspension by using water flea (Daphnia magna) and

H. azteca models. However, lethal and sublethal effects of D. magna and H. azteca occurred during
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the post-exposure period. The chronic toxicity of reduced neonate production in D. magna could have
adverse effect on the zooplankton population growth.

The exposure pathways for epibenthic and benthic organisms such as H. azteca may include
ingestion of sediment particles (containing metal hydroxide and oxide flocs) and water (Fetters et al.,
2016; Kubitz et al., 1996). The amphipods appeared to expose and accumulate heavy metals primarily
from overlying water and feeding behaviors, and they may also accumulate metals from pore water.
Diffusion processes in static sediments probably cause metal bioavailability in the porewater near the
sediment surface to be similar to that in overlying water (Borgmann et al., 2005b; Wang et al., 2004a).
However, the potential toxicity caused by exposure to Ga- and /n-related chemicals, or via either
sediment or paddy soil resuspension, and their potential ecological impact on populations and

communities of aquatic organisms, need to be explored.

8.2 Relationship Between Al, Ga and In in Soil and Sediment Phases

The toxicity of sediment-associated Ga and /n to any aquatic species is sparse in the primary
literature thus limiting comparison of results. However, previous studies have reported the chemical
transformation, bioavailability and toxicity of Ga and /n in soil-crop systems (Chang et al., 2017,
Chang et al., 2020; Su et al., 2018; Syu et al., 2021; Syu et al., 2020), which could be used to evaluate
the potential bioavailability and chemical forms Ga and /n in sediment phases.

In general, the primary chemical forms of Ga and /n in the most agricultural soils are similar to

that of Al, Ga(OH)4 and In(OH)3(s) due to soil pH ranged from 5.5 to 7.0 (Bojorquez-Quintal et al.,
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2017; Jensen et al., 2018; Wood and Samson, 2006). Chang et al. (2020) have highlighted that In(III)

reacts within the soil (even in acidic soils) could lead to the formation of /n-associated Fe hydroxides,

as well as In(OH)3(s) and phosphate, which determined /n bioavailability (Chang et al., 2020). It is

believed that the bioavailability and phytotoxicity of Ga and /n are strongly controlled by a variety

of soil properties (such as pH, redox potential, texture, organic matter, and Al availability) and the

simultaneous tolerance of plants to Ga or In (Syu et al., 2020).

Under flooding conditions such as in paddy soils (pH 4-7), the mobility and concentration of Ga

in soil solutions were greater than those of /n with the same amount of spiked Ga and /n because of

the distribution of insoluble species (/n-Fe hydroxides, In(OH)3), and /n-phosphate) was much

higher than Ga(OH)3(s), and the predominant Ga species (Ga(OH)4") had lower affinity to silt and clay

minerals (Chang et al., 2020; Jensen et al., 2018; Su et al., 2018; Syu et al., 2020; Wood and Samson,

2006). In addition, the concentration of Al in Ga-spiked acidic soils was greater than those in /n-

spiked acid soils, possibly because of the easier replacement of Al by Ga than by /n due to the greater

similarity of atomic radius of Ga (0.135 nm) to Al (0.143 nm) in comparison with /n (0.167 nm) (Su

etal., 2018). For acidic soils, the bioaccumulation of Ga and Iz in the shoots of rice plants was reduced

by the concentrations of the bioavailable Al in soils (Syu et al., 2020). This leads to the competitive

uptake by rice plants between Al and Ga or /n in soil-rice systems, and the released Al in soil pore

water may further result in Al toxicity to rice seedlings (Su et al., 2018).

Jensen et al. (2018) have reported that Ga and /n were more strongly bound to soils than other

heavy metals such as Cd, Cu, and Zn, and thus were likely to accumulate in soils (Jensen et al., 2018).
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It is possible that the two metals also could accumulate and persist in sediments because sediments
are usually in correlation with soils within watersheds or agricultural irrigation systems, thus
increasing the risk of future exposure to aquatic organisms through overlying water, pore water, and
feeding behaviors. Therefore, it is desirable to investigate the bioavailability and toxicity of Ga and
In to epibenthic and benthic organisms in sediments, and the contribution of Al mobility to the

bioavailability and toxic effects of Ga or In.
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8. Conclusions

Recent decades, the rapid development of emerging technologies has been relevant to

technology-critical elements of concern. Among those elements, Ga and /n are important raw

materials in semiconductors and optoelectronic industries, and the enhanced production of the two

metals has increased the distribution of Ga and /n in the environment through the industrial

manufacturing processes, especially in discharging of sewage in water bodies. In the light of water

chemistry features, Ga and /n tend to form insoluble hydroxide (i.e., Ga(OH)3(s), In(OH)3(s)) or anionic

species (i.e., Ga(OH)4) depending on the pH, which appeared to be transported downstream, or

deposited at the bottom of water bodies. The bottom water and sediment would act as both source

and reservoir of the two metals.

It is believed that the hydrolysis products may affect the bioavailability of Ga and In to aquatic

organisms. However, the interactions between chemical transformation, bioavailability and toxicity

of these chemicals remain unclear. Therefore, we hypothesized that the epibenthic or benthic

organisms may be exposed to hydrolysis products via direct contacting with overlying water column

and feeding behavior.

This study aims at investigating the effects of aqueous chemical transformation on the

bioavailability, toxicity (acute and chronic) and potential ecological impacts of Ga- and In-related

chemicals (i.e., In(Ill), citrate-In(IIl), Ga(IIl), citrate-Ga(III), In(OH)3(s), In203¢) and Gax03(s)) by

using freshwater amphipod (Hyalella azteca) in vivo bioassays.
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In particle characterization assays, Ga- and /n-related hydroxide/oxide chemicals were prone to
form large aggregates in both ultrapure water and SAM-5S. The aggregates of In(OH)3(s) and In203s)
were irregular in shape, whereas the colloidal particles and aggregates of Ga>O3(s) were respectively
rod-shaped structure and irregular in shape. The zeta potential of In(OH)3) (33.67 mV), In2Os3
(22.23 mV) and GaxOs(s) (17.07 mV) indicated that stable dispersal in ultrapure water was more
prolonged for these compounds than in SAM-5S, which was In(OH)3s) (-18.30 mV), In2O3) (-17.37
mV) and GaxO3s) (-11.11 mV). These results suggested that instable dispersal in dosing solution was
prone to aggregate and precipitate gradually during exposure period.

In the acute toxicity exposure systems, the measured concentration of Ga and I in overlying
water (ionic species and colloidal particles) of exposure solutions indicated that Ga(IIl) treatments
appeared to be relatively stable as ionic species (e.g., Ga**, Ga(OH)4"), whereas In(IIl) and citrate-
In(IIT) tended to transform to In(OH)3(s) through hydrolysis and thereby precipitated and decreased
the overall In(IIl) contents; also, the measured Ga or /n concentration of insoluble chemicals (i.e.,
In(OH)3(s), In203(s), and GaxO3(s)) in overlying water were similar to that of In(IIl) treatments,
suggesting that they tended to gradually aggregate and precipitate to the bottom of solutions.

Although Ga- and In-related chemicals did not induce lethal effects on H. azfeca neonates in a
dose-dependent manner, some of the treatments (i.e., In(Ill), citrate-In(Ill), Ga(Ill), In2O3(s), and
Gay03s)) significantly inhibited the growth rate (body length) of surviving H. azteca neonates. It is
proposed that pH adjustment in the highest concentration stock (100 mg/L) of four treatments (i.e.,

In(III), citrate-In(I1T), Ga(Ill), and citrate-Ga(III)) with NaOH may increase the concentration of
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hydroxide ion (OH") and thereby enhance the hydrolysis processes even in the presence of metal

chelating agent, citrate. The major hydrolysis products of In(OH)3() and Ga(OH)4™ appeared to have

effect on either the bioavailability or toxicity of In(III) and Ga(Ill) to H. azteca neonates.

According to the results of 7-day acute toxicity test, the effect of chronic exposure (28- and 35-

day) to sublethal concentrations of Ga- and /n-related chemicals on survival, growth, reproduction

and bioaccumulation of H. azteca adults was further evaluated.

Treatments of In(IIT) (0.5 and 5 mg/L), citrate-In(II1) (5 mg/L), Ga(Ill) (5 mg/L), and Ga>Os3s)

(5 mg/L) did not have effect on survival of H. azteca during exposure period. Surprisingly, the

survival rate of citrate-In(IIl) (0.5 mg/L), Ga(Ill) (0.5 mg/L), citrate-Ga(IIl) (0.5 and 5 mg/L),

In(OH)3¢) and In2O3(s) were significantly decreased from the first seven days of exposure. The

measured /n concentrations in overlying water of exposure solutions indicated that /n contents in all

In(IIT) and citrate-In(IIl) treatments were much higher as compared to that of acute toxicity test.

However, since the major hydrolysis products of Ga(Ill) is the anionic species Ga(OH)s, the

measured Ga concentrations in overlying water of exposure solutions were similar to that of acute

toxicity test. These findings have confirmed our hypothesis that the addition of hydroxide ions (OH")

may affect the bioavailability and toxic effects of In(Ill) and Ga(IIl) to H. azteca.

As for the decreased survival of In(OH)s3¢) and InpOs(s) treatments during chronic exposure

period in comparison with acute toxicity test, we hypothesized that the difference of water

temperature monitored in exposure solutions between acute and chronic toxicity tests may be one of

the reasons for the alterations in survival of H. azteca. Previous studies have demonstrated the lower
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water temperature could have effect on locomotor and feeding behavior of fish and amphipods (Panov

and McQueen, 1998; Volkoff and Rennestad, 2020), which appeared to decrease the bioavailability

of colloidal particles and aggregates to H. azteca and thus attenuate their toxic effects. In addition,

the measured /n concentrations in overlying water of exposure solutions indicated that /n contents in

both In(OH)3(s) and In2O3s) treatments were much higher as compared to that of acute toxicity test,

which also provided another proof for the effect of water temperature on the behaviors of H. azteca.

In chronic exposure which adult survival was above 80 % at day-28 and/or day-35, the exposure

of In(III), citrate-In(III), Ga(III) or Ga>,03(s) were associated with the sublethal effects on growth rate

(decreased body length and body weight), sexual ratio, reproduction (based on young per surviving

female), and BAF values. The exposure of Ga- and /n-related chemicals appeared to affect the

respiration, locomotion activity, feeding rate, energy balance, and moulting behavior of freshwater

amphipods, which are positively related to heavy metal uptake, individual growth, reproductive

success, the size of offspring and the abortion rate. Moreover, BAF values inferred that the

bioaccumulation ability of H. azteca. to Ga and In is different. The amphipod could uptake Ga and In

via direct contacting with overlying water column and feeding behavior, but only /n gradually

accumulated in the body.

Taken together, this study provides new insight into the aquatic toxicity of Ga- and /n-related

chemicals that have not previously been evaluated in epibenthic freshwater amphipod. Our results

proposed that the lower levels of In(IIl) and Ga(IIl) exposure, the higher toxic effects would be

induced due to hydrolysis process in higher concentrations. Additionally, the use of metal chelator
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such as citrate could not prevent hydrolysis of In(IIl) and/or Ga(Ill), but has effect on the

bioavailability and toxicity to H. azteca. We also demonstrated that the hydrolysis products of In(III),

hydroxide/oxide chemicals may have lethal or sublethal toxic effects on H. azteca, which appeared

to be greatly affected by environmental factors (e.g., water temperature, dissolved oxygen) relating

to locomotor activity and feeding behavior.

Although this study clearly illustrated the potential adverse impact of waterborne Ga- and In-

related chemicals exposure on individual growth and population dynamics of H. azteca, it also raises

the questions about: (1) bioavailability of anionic species Ga(OH)4", (2) bioconcentration ability of

H. azteca to In-related chemicals, and (3) lethal toxic effects of In(OH)3s) and In2O3s).

Based on these conclusions, future studies could address on the influence of hydrolysis &

dissolved organic matters (e.g., citrate) on the aquatic toxicity of Ga and /n, and sublethal toxic effects

of Ga- and In-related chemicals in sediment phase. Since the exposure routes for epibenthic and

benthic organisms such as H. azfeca may include ingestion of sediment particles (containing metal

hydroxide and oxide flocs) and water, they could expose and accumulate heavy metals primarily from

overlying water, feeding behavior, and pore water as well. However, the toxicity caused by direct

exposure to Ga- and /n-related chemicals, or via sediment resuspension, and their potential ecological

impact on individual and populations of aquatic organisms, need to be explored.
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Chapter 2

Cellular Iron Homeostasis Disruption Capacity of Gallium- and Indium-Related

Chemicals: A Cause of Mitochondrial Dysfunction in Relation to Indium Lung Disease?

1. General Background Information

In Chapter 1, the transformation, transport, environmental fate, and potential environmental
problems caused by Ga- and /n-related chemicals have been previously introduced. However, in this
chapter, we will focus on how Ga- and /n-based chemicals affect human health and safety. The two
major exposure routes of Ga and /n to humans are as follows: (1) medical applications, such as tumor
imaging agents, anti-cancer/anti-microbial metallodrugs, and (2) occupational inhalation exposures
(e.g., indium lung disease).

Since the chemical properties of Ga(Ill) and In(IIl) are similar to Fe(Ill), radioactive isotopes
include **Ga-, ’Ga- and '''In-labelled compounds have been used as tumor, inflammation and
infection imaging and therapeutic agents (Chitambar, 2010; Eychenne et al., 2020; Fani et al., 2017,
Herron and Gossman, 2021; Kumar and Boddeti, 2013; Manyak, 2008; Xu and Chen, 2020). Unlike
most antibiotics and traditional anticancer agents, which have a single target within the cell, Ga(III)
and/or In(III) are typical multitarget agents that is predicted to impair several Fe-dependent and Fe-
independent cellular functions (Minandri et al., 2014). Therefore, Ga and /n compounds have been
investigated for protection against microbial infection and several types of cancers, and further

evaluated for human clinical trials (Chitambar, 2010; Chitambar, 2012; Merli et al., 2018).
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Also, Ga- and In-related chemicals including GaAs, GaN, Ga,03, ITO and InP also have been

widely used in semiconductor and optoelectronic industrial manufacturing. In processing workers

may potentially expose to these chemicals, which are known to increase both serum- and urine-/n

levels and the risk of indium lung disease (pulmonary fibrosis and interstitial pneumonia) and

carcinogenesis in clinic cohort studies (Chonan et al., 2019; Cummings et al., 2012; Liao et al., 2004;

Liu et al., 2012a; Mitsuhashi, 2020; Nakano et al., 2019).

In fact, the International Agency for Research on Cancer (IARC) have classified Ga- and In-

based chemicals as carcinogens to humans, including GaAs (group 1, carcinogenic to humans), InP

(group 2A, probably carcinogenic to humans) and ITO (group 2B, possibly carcinogenic to humans).

Several studies have reported that the estimated biological half-life of /n in serum or lung tissue

appeared to be much longer than Ga (Amata et al., 2015; Jiang et al., 2017), leading to accumulate /n

in cells or tissues. Then, In(Ill) could be slowly released from /n-based chemicals and causes

oxidative stress, chronic inflammation and global DNA methylation (Gwinn et al., 2015; Jiang et al.,

2017; Liou et al., 2017; Noguchi et al., 2016).

At the present time, the main modes of toxic action of Ga and /n to humans and mammals could

be divided into two groups, the one is disruption of cellular iron homeostasis, and the others are

unrelated to iron homeostasis, such as inhibition of DNA polymerases, tyrosine phosphatase and

proteasome activity (Chitambar, 2010; Chitambar, 2012). However, there is still a large gap in

knowledge about the relationship between the exposure of Ga- and /n-related chemicals, pathogenic

mechanisms and long-term health effects.
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In the Literature review, the main human exposure routes, uptake and metabolism, modes of
action, and current knowledge on the exposure and health risk of Ga and /n will be elucidated.
Additionally, the worldwide occupational exposure limits and effective preventive strategies to Ga

and/or In, which correspond to occupational hygiene will also be summarized.
2. Literature Review

2.1 Human Exposure of Ga- and In-Related Chemicals

In the light of environmental background concentrations of Ga and /n described in Chapter 1
and their concentration measured in food products (Table 2.1) (Li et al., 2005; McHard et al., 1980;
Millour et al., 2012; Rose et al., 2010), it appears to be much less significant for Ga- and /n-related
chemicals to transfer and adsorb through digestive system (Andersen et al., 2017). Although the
concentrations of Ga and /n in environmental matrices near semiconductor and optoelectronic
manufacturing plants have been reported that are higher than background concentrations (Chen, 2006;
You, 2014), local residents live in downstream areas and nearby manufacturing plants appear to have
less health risk than workers in those electronic factories due to the chance of occurrence, exposure
duration and routes. Consequently, in this chapter, human exposure to Ga- and /n-related chemicals
are focused on clinical applications and occupational exposure during the industrial manufacturing

and recycling processes.
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2.1.1 Medical Applications

Radionuclide imaging: From the late years of 20th century, the radioactive compounds of Ga
and /n have had been used as imaging agents for inflammation and infection lesions such as
osteomyelitis, vascular graft infections, cellulitis, diabetic foot, Crohn’s disease, inflammatory bowel
disease, fever of unknown origin, etc. (Catane et al., 1977; Edwards and Hayes, 1969; Herron and
Gossman, 2021; Parisi et al., 2018; Sayle et al., 1985; Sayle et al., 1982; Wheat, 1985; Xu and Chen,
2020). ’Ga and '"!"In salts such as *’Ga-citrate, ®’Ga-nitrate, '''In-chloride and !''In-oxine could be
directly injected into the body, or labelled with white blood cells which obtained from blood samples
of a patient and re-injected intravenously (Catane et al., 1977; Edwards and Hayes, 1969; Herron and
Gossman, 2021; Kabata-Pendias and Szteke, 2015; Lewis et al., 2014; Littenberg et al., 1973; Parisi
et al., 2018; Sayle et al., 1985; Sayle et al., 1982; Wheat, 1985). Compared to *’Ga radionucleotide
scans, ''In may have superior specificity in several infection diseases (Lewis et al., 2014).

With the improvements in the field of nuclear medicine, the increased availability of positron
emission tomography/computed tomography (PET/CT) imaging devices has made %Ga and '''In
radiopharmaceuticals such as ®®Ga-citrate, ®*Ga-transferrin, '''In-capromab pendetide and '''In-
pentetreotide, could be used in infectious diseases, inflammation and cancerous tumors imaging with
higher spatial resolution and shorter biological half-life (Kumar and Boddeti, 2013; Manyak, 2008;

Parisi et al., 2018; Xu and Chen, 2020; Zalom et al., 2009). Nevertheless, the use of ®*Ga and '''In
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still has some limitations, including lack of specificity and could not well distinguish between
infectious, inflammatory and neoplastic processes (Parisi et al., 2018).

Fortunately, disease-specific markers have been developed as molecular targets to increase the
specificity of %Ga and '''In. For instance, the expression of prostate-specific membrane antigen
(PSMA) and somatostatin receptors (SSTRs) are increased in prostate cancer and many solid tumors,
respectively. The development of PSMA and SSTRs specific radiolabeled analogs (e.g., '''In-
capromab pendetide, ®*Ga-DOTATOC, *®Ga-DOTATATE, ®*Ga-DOTANOC and !''In- DOTATOC)
have demonstrated to have better pharmacokinetic properties, imaging efficacy and safety (Eychenne
et al., 2020; Fani et al., 2017; Manyak, 2008).

Anti-cancer agents: The first generation of Ga metallodrugs, gallium nitrate (Ganite®, Genta,
NJ, USA) was approved by the U.S. Food and Drug Administration for the treatment of malignancy-
associated hypercalcemia, which associated with cancer metastasis to bone tissues. In other clinical
trials, gallium nitrate also has therapeutic efficacy to a variety of cancers, such as breast, prostate,
lung, ovarian, bladder, renal, melanoma, sarcoma, chronic lymphocytic leukemia, Hodgkin’s
lymphoma and non-Hodgkin’s lymphoma (Chitambar, 2004; Chitambar, 2012; Einhorn, 2003; Straus,
2003). In addition, gallium nitrate could be used safety in combination with other chemotherapeutic
agents (e.g., vinblastine, ifosfamide, 5-fluorouracil, mitoguazone, etoposide and hydroxyurea) for

treating bladder cancer or non-Hodgkin’s lymphoma (Chitambar, 2004; Einhorn, 2003; Straus, 2003).
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Table 2.1 Gallium and indium contents in food products

Product Concentration Unit Reference(s)
Gallium
Food of plant origin

Wheat 0.118 mg/kg FW Li and others (2005)
Wheat flour 0.148 mg/kg FW Li and others (2005)
Rice 0.127 mg/kg FW Li and others (2005)
Cereal and cereal products 0.001 mg/kg FW Millour and others (2012)
Sweeteners, honey and confectionery 0.002 mg/kg FW Millour and others (2012)
Orange juice (Florida) 0.030-0.040 mg/L McHard and others (1980)
Orange juice (Brazil) 0.063-0.145 mg/L McHard and others (1980)

Food of animal origin
Fat and oil 0.016 mg/kg FW Millour and others (2012)
Shrimps and mussels 0.008 mg/kg FW Millour and others (2012)

Indium

Food of plant origin
Bread <0.02 mg/kg FW Rose and others (2010)
Miscellaneous cereals <0.02 mg/kg FW Rose and others (2010)
Vegetables <0.004 mg/kg FW Rose and others (2010)
Canned vegetables 0.096 mg/kg FW Rose and others (2010)
Fresh fruits <0.003 mg/kg FW Rose and others (2010)
Fruit products 0.031 mg/kg FW Rose and others (2010)
Orange juice (Florida) 0.001-0.002 mg/L McHard and others (1980)
Orange juice (Brazil) 0-0.013 mg/L McHard and others (1980)

Food of animal origin
Carcass meat <0.01 mg/kg FW Rose and others (2010)
Offal <0.01 mg/kg FW Rose and others (2010)
Fish <0.007 mg/kg FW Rose and others (2010)
Milk <0.003 mg/kg FW Rose and others (2010)

Note: FW, fresh weight.
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The newer generation of Ga-based compounds (e.g., gallium maltolate, tris(8-

quinolinolato)gallium(III), gallium thiosemicarbazones, pyridine and phenolate ligand complexes of

Ga) may have better specificity, bioavailability and antineoplastic activity for other cancers in the

near future (Chitambar, 2012; Chitambar and Antholine, 2013). Furthermore, /n-based compounds

(i.e., indium maltolate) have developed as a counterpart of Ga metallodrugs, indicating greater in vitro

protective effects than gallium maltolate on normal cells to mitoxantrone subsequent exposure (Merli

et al., 2018). The difference of half-life period, tissue specificity and protective effects in Ga- and In-

based drugs may offer the important advantage of providing a wider range of therapeutic options.

Antimicrobial agents: In light of antineoplastic activity of Ga- and In-based compounds, they

also have been demonstrated to have antibacterial activity against a number of human pathogens due

to the chemical similarity to Fe, such as ESKAPE pathogens with multidrug resistance and virulence

(Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii,

Pseudomonas aeruginosa and Enterobacter species) (Antunes et al., 2012; Baldoni et al., 2010; Hijazi

et al., 2018; Kaneko et al., 2007; Kelson et al., 2013; Richter et al., 2017; Rogers et al., 1980;

Thompson et al., 2015), Francisella tularensis (Olakanmi et al., 2010), several Candida species

(Oliveira et al., 2017), pathogenic serotypes of Escherichia coli (Rogers et al., 1982), Rhodococcus

equi (Coleman et al., 2010) and mycobacterial species (Olakanmi et al., 2000; Olakanmi et al., 2013).

Different from most antibiotics, Ga- and /n-based compounds could target on multiple Fe(III)-

dependent biofunctions in bacterial cells (Crunkhorn, 2018; Kelson et al., 2013; Minandri et al., 2014;

Vinuesa and McConnell, 2021). Therefore, the development of drug resistance (e.g., target gene
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mutation, enzymatic modification or alteration of metabolic pathways) is much difficult for bacteria

to overcome the toxic mechanisms.

It has been investigated that the metabolic state of bacteria cells and culture conditions (e.g.,

oxygen levels, iron contents and pH values) could have impact on Ga and /n susceptibility in vitro

assays. In comparison with aerobic bacteria, facultative anaerobic bacteria, such as enterobacteria,

enterococci, staphylococci and streptococci pathogens, are capable of switching to fermentation or

anaerobic respiration in the absence of oxygen (Minandri et al., 2014), which could decrease the

susceptibility of bacteria to Ga- and /n-based compounds.

There are numbers of previous studies have reported that Ga-based compounds (e.g., gallium

nitrate, gallium citrate, gallium-protoporphyrin, deferoxamine-gallium and EDTA-gallium) have

antibiofilm activity or prevention of biofilm formation in vitro (Baldoni et al., 2010; Banin et al.,

2008; Kaneko et al., 2007; Richter et al., 2017; Thompson et al., 2015; Zhu et al., 2013). Nevertheless,

it should be taken into account that the development and ultrastructure of biofilm communities in vivo

are more complex than in vitro. The metabolic states, nutrients and oxygen levels are not the same

between cells growing on surface and deeper layers of a biofilm (Minandri et al., 2014); thus, the

bacteria cells distributed in biofilm appears to have different susceptibility to Ga(Ill) treatment. In

clinical trials, the use of higher dosages of Ga(III) than in vitro antimicrobial testing outcomes would

be required for greater efficacy in biofilm-related infections therapy.

Still, a number of challenges to developing Ga- and /n-based therapies have been reported in

previous studies (Minandri et al., 2014; Vinuesa and McConnell, 2021). Firstly, Ga- and /n-based
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chemicals are likely to be used in combination with existing Fe chelators and/or antibiotics; however,

there is still a large gap in knowledge on the interactions between these chemicals, Fe chelators and

antibiotics, and to what extent could the disruption of bacterial iron homeostasis affect biofilm

formation and antibiotic susceptibility. Secondly, Ga(IlI) but not In(IIl) has been demonstrated in

preclinical studies to have immunosuppressive activity on macrophage and T-cell functions, and the

long-term administration of Ga-based chemicals could weaken the host immune response (Chitambar,

2010; Drobyski et al., 1996; Huang et al., 1994; Matkovic et al., 1991). Therefore, the potential

immunomodulatory properties of Ga(III) should be taken into account when Ga-based chemicals are

being used for antibacterial therapies. Thirdly, the potential side effects or toxicity with the use of

antibiotics, Fe chelators and Ga- and In-based chemicals should be kept in mind that the mechanisms

of action are not fully understood at the present time. In the near future, a more detailed studies on

assessing the potential toxicity, therapeutic efficacy and safety of these chemicals are required for the

treatment of bacterial infections.

Antiviral agents: Compared to /n-based chemicals appear to active the immune system (Zelicoff

and Thomas, 1998), the immunosuppressive and anti-inflammatory properties have made Ga-based

chemicals as potential candidates for the treatment of coronavirus disease 2019 (COVID-19)

(Bernstein and Zhang, 2020). The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)

and the variant strains (B.1.1.7, alpha variant; B.1.351, beta variant and B.1.617.2, delta variant) have

spread rapidly and caused a global pandemic within a short period of time. The SARS-CoV-2 virus

could induce a variety of symptoms due to severe inflammatory responses of the body, and the new
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delta variant has greater infectiousness and transmissibility, especially for children and younger

people (Li et al., 2021; Tchidjou Kuekou et al., 2021).

Limited research studies have reported that Ga-based chemicals (gallium nitrate and gallium

maltolate) could inhibit viral replication of RNA viruses, including influenza A virus, human

immunodeficiency virus and SARS-CoV-2 virus in vitro (Bernstein and Zhang, 2020; Enkirch et al.,

2019; Stapleton et al., 1993). Further antiviral activity of Ga(III) could be hypothesized due to cellular

Zn metabolism alteration and Fe deprivation, which are essential factors for entry into the target cell

and viral replication, respectively (Bernstein and Zhang, 2020). In addition, the viral replication

inhibition abilities of Ga(Ill) appears to target on ribonucleotide reductase for reducing RNA

synthesis and mitochondrial electron transport chain complexes for decreasing ATP synthesis, leading

to elimination of infected cells (Bernstein and Zhang, 2020; Liu et al., 2020; Wang et al., 2021).
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2.1.2 Indium Lung Disease

As previous summarized in Chapter 1 (2.4 Production and Uses), the production of indium tin
oxide (ITO) accounts for most of global In consumption (65 %), which has been used in virtually
every flat-panel display screen and touchscreen (Schulz et al., 2017). The ITO industry is mainly
distributed in Japan, the U.S., Taiwan, China and South Korea. With the increasing demand for the
production of ITO, the potential health risk of workers in ITO manufacturing plants has been reported
in several studies (Amata et al., 2015; Cummings et al., 2012; Cummings et al., 2014; Hamaguchi et
al., 2008; Hawley Blackley et al., 2019; Higashikubo et al., 2019; Higashikubo et al., 2018; Hsu et
al., 2021; Liou et al., 2017; Nakano et al., 2019).

In a case of Japan, Hamaguchi et al. (2008) studied on /n-exposed workers (/n-exposure period
was more than one year), indicating more than half of exposed workers had inhaled primary ITO
aerosols, about 40 % of the raw material aerosols of ITO (In2O3¢) and/or In(OH)3(s)), and the
remaining about 10 % mainly /n metal (Hamaguchi et al., 2008). As a result, all the workers in ITO
production line, including sintered/ unsintered ITO tile production, grinding and /n-containing waste
materials recycling, were potentially exposed to In compounds with different characteristics
(Cummings et al., 2014; Hamaguchi et al., 2008; Hawley Blackley et al., 2019; Higashikubo et al.,
2019; Hsu et al., 2021; Julander et al., 2014).

The first case of severe interstitial pneumonia consistent with the inhalation of ITO aerosols was

reported in 2003, Japan; the exposed worker had been engaged in the metal processing manufacturing
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plant as an operator of a wet surface grinder for three years (Homma et al., 2003). On

histopathological examination, numerous fine ITO particles were investigated within the alveolar

spaces, alveolar septum and bronchiolar lumens. In addition, the serum-/n concentration of the worker

was as high as 290 pg/L (Homma et al., 2003), while the existing biological exposure index of /n in

serum is 3 pg/L (Chonan et al., 2019; Nakano et al., 2009; Tsao et al., 2021).

Since then, there have been a number of case reports from Japan, the U.S., Taiwan and China

(Chonan et al., 2007; Cummings et al., 2010; Homma et al., 2005; Taguchi and Chonan, 2006; Tsao

etal., 2021; Xiao et al., 2010). The common features of these cases include: (1) occupational exposure

history of handling /n-related chemicals, (2) increase in serum-/n concentration, (3) interstitial (and

emphysematous) changes of the lung on high-resolution computed tomography (HRCT) images, (4)

pathological confirmation of cholesterol (crystals-containing) granulomas and particles engulfed by

alveolar macrophages and giant cells, (5) elevation of serum biomarkers of interstitial pneumonia

including Krebs von den Lungen-6 (KL-6) and surfactant protein-D (SP-D), and (6) decrease in

disusing capacity of the lung for carbon monoxide (Chonan et al., 2019).

Nevertheless, other pathological investigations have also been reported from the U.S. and China

cases, which were pulmonary alveolar proteinosis (PAP) and increase in the levels of serum

autoantibody against granulocyte-macrophage colony-stimulating factor (GM-CSF) (Cummings et

al., 2010; Xiao et al., 2010). The authors proposed the inhalation of /n-related chemicals aerosols

might induce PAP through an autoimmune mechanism (Cummings et al., 2010).
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Different from other pneumoconiosis, the latency period (month to years) of indium lung disease

is relatively shorter than other occupational lung disease such as silicosis, asbestosis and coal workers’

pneumoconiosis (Table 2.2) (Castranova and Vallyathan, 2000; Chonan et al., 2019; Chong et al.,

2006; Leonard et al., 2020; Yuan et al., 2018; Zosky et al., 2016). Factors affecting the duration of

the latency period in indium lung disease are not yet clear. However, the rate of pathological

progression of indium lung disease appears to depend on not only the amount of inhaled /n-related

dust, but also the In(IIT) dissolved and accumulated in the patient’s body.

At the present time, the modes of action of /n-related chemicals and the pathogenesis of indium

lung disease are still not fully understood. However, one hypothesis has been proposed by limited

studies (Chonan et al., 2019; Cummings et al., 2012), the /n-based particles engulfed by alveolar

macrophages and the In(IIl) gradually released from those particles, leading to macrophages

dysfunction and further accumulation of intraalveolar lipoproteinaceous material and development of

cholesterol crystals. These cholesterol crystals may induce the formation of cholesterol granulomas

and the eventual development of pulmonary fibrosis and emphysema. However, the investigation of

fibrotic foci in areas without cholesterol crystals indicated that the pulmonary fibrosis induced by /n-

related chemicals may include multiple pathogenic mechanisms (Cummings et al., 2012). Moreover,

it is believed that several case reports with PAP and elevated GM-CSF may play some role in the

pathogenesis of indium lung disease, but their role is still unclear and remains to be investigated

(Chonan et al., 2019).
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Although the chemical properties of Ga are similar to /n, there is still a key question about why

occupational exposure disorders (i.e., pulmonary toxicity) related to Ga-based chemicals have rarely

reported in the literature. The potential adverse effects of the group 1 carcinogen GaAs and the newer-

generation semiconductor material of Ga;Oj3(s) have been reviewed in several studies (Bomhard, 2020;

Carter et al., 2003). The hypothesis of different pulmonary toxicity between GaAs, Ga>Os(s) and In-

related chemicals may be associated with (1) physical and chemical properties (solubility and surface

activity of particles), (2) biological half-life (or biopersistence), (3) immune response (In(IIl) and

Ga(III) appear to active and suppress immune system respectively) (Amata et al., 2015; Bomhard,

2020; Jiang et al., 2017; Minandri et al., 2014; Zelicoff and Thomas, 1998).

In light of several in vivo studies, compared to Ga;Oss), the inhalation exposure of GaAs could

induce greater pulmonary toxicity due to its surface physical and chemical properties, the solubility

and bioavailability are much higher in lung fluids (Bomhard, 2020; Carter et al., 2003). Subchronic

inhalation studies in rats and mice indicated that both GaAs and Ga>Os() could induce severe

inflammatory response such as PAP and/or alveolar histiocytic infiltration, whereas Webb et al. (1986)

reported that Ga,Ojs(s) particles appear to deposit in the lung of rats without clear-out toxicity but no

inflammatory response was investigated (Bomhard, 2020; Webb et al., 1986).

Consequently, the results from in vitro and in vivo studies on Ga-based chemicals are promising,

but there is a need for more human studies such as case reports and cohort research for further risk

evaluation. In addition, from human case studies of Al, In, quartz, titanium dioxide, and occupational

health research with exposure to partly high levels, it could be assumed that rats and mice are more
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sensitive to Ga- and /n-related chemicals than humans. The species differences should be taken into

account when assessing occupational health risk from in vivo mammalian models (Bomhard, 2020).

Table 2.2 Characteristics of indium lung disease as compared to other pneumoconiosis

Coal workers’

Indium lung Silicosis Asbestosis pneumoconiosis
(Black lung disease)
Latency Month to years Decades Decades Decades
Metal in blood Indium detectable |Nothing specific| Nothing specific Nothing specific

Serum biomarker
(KL-6)

Distribution

Characteristic
pathology

Interstitial
pneumonia

Pulmonary fibrosis
Pulmonary bullae

Emphysema

Increased

No predilection

Cholesterol
granuloma

Particles in giant cell

Alveolar proteinosis

++

+
++

++

Rarely increased

Upper zone
dominant

Silicotic nodule

++
+

++

Occasionally
increased

Lower zone
dominant

Asbestos body

+++

Rarely increased

Upper zone dominant

Large conglomerate
composed of multiple foci of
central hyalinized collagen
and a surrounding pigmented
rim of macrophages

Focal necrosis, occasionally
associated with
granulomatous inflammation

++
+

++

Note: KL-6, Krebs von den Lungen 6; -, no significant response; +, significant response; ++, greater

response than +; +++, greater response than ++.
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2.2 Uptake, Absorption, Distribution and Excretion

2.2.1 Medical Applications

Uptake and absorption: Generally, In- and Ga-based chemicals (e.g., gallium nitrate) used for
radionuclide imaging and/or anti-cancer treatments are given by intravenous injection. It is reported
that gallium chloride could be administrated orally as a single anti-cancer agent without major toxicity,
whereas the bioavailability and antineoplastic activity might be decreased in some cancers (Collery
et al., 1989). In contrast, the oral administration of gallium maltolate could be readily absorbed from
the gastrointestinal tract, and the oral bioavailability is better than gallium chloride (Bernstein et al.,
2000). Nevertheless, the uptake of Ga from oral administration appears to be more selective for tumor
and even more so for metastatic cancers, compared to kidneys and intravenous injection (Collery et
al., 2002; Collery et al., 1989).

Distribution: The distribution of Ga and /n in body tissues are largely determined by the metal’s
chemical form. Both absorbed Ga(IIl) and In(IIT) are mainly bound to transferrin in the circulation
and distributed to a number of organ systems; A large amount of Ga(IIl) is distributed in the liver,
spleen, kidneys, brain, bone, bone marrow and pancreas (Belozerov, 1966; Nordberg et al., 2014),
and In(IIT) is distributed in the bone marrow and kidneys (Catane et al., 1977; Nordberg et al., 2014;
Sayle et al., 1982)

As an antibacterial, infection and inflammation scanning agent, Ga(Ill) and In(III) could further

accumulate within inflammatory sites (Edwards and Hayes, 1969; Herron and Gossman, 2021;
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Kumar and Boddeti, 2013; Lavender et al., 1971; Lewis et al., 2014; Littenberg et al., 1973; Parisi et
al., 2018; Sayle et al., 1985; Xu and Chen, 2020). There are multiple factors contributed to the
accumulation and retention of Ga(Ill) or In(Ill) in inflammatory lesions, many of which are
attributable to the nonspecific response of injured tissues (Minandri et al., 2014).

Excretion: The main route of excretion for Ga and In from the body is through the urine, with
lesser amounts excreted in the feces. In addition, the biological half-life of Ga and In depends
somewhat on the chemical form administrated (Nordberg et al., 2014). For instance, in comparison
with oral administration of gallium maltolate, intravenous injection of gallium nitrate could result in
formation of considerable plasma gallate (Ga(OH)4"), which is rapidly excreted in the urine compared

to the plasma bound Ga (Bernstein et al., 2000).

2.2.2 Occupational Exposure

Uptake, absorption and distribution: In semiconductor and optoelectronic manufacturing and
recycling factories, workers are mainly exposed to Ga and /n through inhaled particles (e.g., ITO,
In(OH)3, In203, GaAs and Ga,03) suspended in the workplace, as well as ingested by hand-to-mouth
pathway (Hsu et al., 2021). It is proposed that the inhaled dusts have a major size of micro- and/or
nano-sized, and are likely to stay briefly in the upper respiratory tract or tracheobronchial tree; these
particles are further deposited in the deep lung and are dissolved by the acidic lysosomes of alveolar
macrophages during phagocytosis, and the remaining amount of particles transfer through the

digestive system (Andersen et al., 2017; Hsu et al., 2021).
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Excretion: Inhaled Ga and/or In particles are mainly deposited in the deep lung, then gradually

dissolved in the blood, binding to plasma transferrin and excreted in the urine. Some part of the

inhaled particles may also be expectorated by the mucociliary transport system of the airway (Chonan

et al., 2019). Those ingested particles are primarily excreted in the feces.

Moreover, a nine-year cohort study of workers who had quit engaging in /n processing for more

than three years, indicating that the biological half-life of serum-/n was 8.09 (5.91-13.79) years, and

the half-life was longer for those with higher serum-/n concentration initially (Amata et al., 2015). It

would require considerable time to remove /n from the lung tissues, the pulmonary vasculature might

be more severely damaged and the blood flow to the lungs is limited, which subsequently prolongs

the clearance of deposited /n-related particles (Amata et al., 2015). However, data on the half-life of

Ga-related chemicals in human body are not available at the present time.
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2.3 Modes of Action

2.3.1 Action on Cellular Iron-Dependent Processes

Action on iron transport and cellular uptake: The chemical properties of Ga and /n are similar
to iron and permit them to bind with high avidity to certain Fe-binding proteins. The circulating Fe is
bound to transferrin (Tf) and is taken up from the blood by a high-affinity specific transferrin receptor.
There is approximately one third of circulating serum Tf'is occupied by Fe(IIl), whereas the remaining
two third of Tf is available to bind the incoming Ga(III) and/or In(IIT) (Chitambar, 2016). Hara (1974)
reported that the binding affinity of Tf increases in the order of In(IIT)> Fe(I11)> Ga(Ill) (Hara, 1974).
Although Ga(III) could not outcompete and substitute for Fe(Ill), Tf remains the major carrier of
Ga(III) in the blood (Chitambar, 2016; Collery et al., 2002). Nevertheless, it is reported that the
binding affinity of Tf-Fe(Il) to Tf receptor (TfR) in liver tissue is much higher than Tf-In(IIl) and
Tf-Ga(III) (Sato et al., 2004). The uptake of Tf-Fe(IIl) appears to not depend on the binding affinity
of Tf in some tissues (e.g., bone marrow, liver).

The presence of Tf-Ga(III) and Tf-In(IIT) could compete with Tf-Fe(IIl) for binding to T{R and
further be taken up by cells via transferrin receptor (TfR) mediated endocytosis (Chitambar and
Zivkovic, 1987; Harris and Sephton, 1977; Moran and Seligman, 1989; Nejmeddine et al., 1998).
During the endocytic process, Tf-Ga(Ill) and Tf-In(IIl) could also have adverse effects on the
intracellular Fe incorporation by interfering with acidification in the endosome, which affects the

dissociation of Fe from Tf (Chitambar and Seligman, 1986). Note that, almost all Fe(Ill) remains
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bound to Tf at pH values as low as 4.7, whereas Ga(III) and In(III) start to dissociate from Tf at pH

<6.8 and pH <5.5, being already 50% dissociated at pH 6 and 4, respectively (Hultkvist et al., 1987;

McGregor and Brock, 1992).

Compared to interfering with TfR-mediated cellular Fe uptake, Ga(Ill) and/or In(III) could

increase the Tf-independent uptake of Fe(Ill) by a number of cell lines, and vice versa (Chitambar

and Sax, 1992; Richardson, 2001; Sturm et al., 2006). The ability of Ga, /n and Fe to stimulate each

other’s uptake indicated that they either use the same Tf-independent transport pathways for entering

cells or induce a mechanism of transporter activation responsible for the uptake of either metal

(Chitambar, 2016; Richardson, 2001).

Furthermore, several studies reported that a number of cell types could uptake Tf-independent

Fe through the reduction of Fe(IlI) to Fe(Il) at the cell membrane, which is then transported into the

cells. The stimulation of glutamyltransferase- and/or ferrireductase (e.g., duodenal cytochrome b)-

mediated Fe(IIl) reduction may participate in the process of Tf-independent Fe transport, and Fe(II)

could be transported into cells by divalent metal transporter 1 (DMT1) on cell surface (Dominici et

al., 2003; Jordan and Kaplan, 1994; Kovac et al., 2011; Shindo et al., 2006; Zhang, 2014).

The Tf-independent Fe transport systems could provide sufficient Fe to support cellular growth

and proliferation (Dominici et al., 2003; Seligman et al., 1991; Shindo et al., 2006). Even if the

presence of Ga(Ill) and In(I1I) could block the TfR-mediated Fe uptake, certain cells are still capable

to activate TfR-independent Fe uptake pathways; therefore, the cells may be less sensitive to Ga(III)
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and In(IIl), thereby providing a selective growth advantage. The relative contribution of TfR-

dependent and TfR-independent Fe uptake systems may differ between cell types (Chitambar, 2016).

Ribonucleotide reductase (RNR): RNR is responsible for the formation of deoxyribonucleotides

from ribonucleotides, which is the key enzyme in DNA synthesis and repair processes. RNR is a

heterodimer comprising two homodimeric M1 and M2 subunits (RRM1 and RRM2) (Aye et al., 2015;

Cory, 1983; L Thelander and Reichard, 1979; Yu et al., 2009; Zhan et al., 2021). Under physiological

conditions, RRM1 and RRM2 are tightly regulated and expressed at different cell cycle phases.

RRM1 is present during all phases of the cell cycle (Go to M phase) whereas RRM2 only appears

during the period of late Gi to S phase (Engstrom et al., 1985; Eriksson et al., 1984). In human, the

large subunit of RRM1 could form an active enzyme with the small subunit RRM2. RRM1 contains

the substrate (nucleoside diphosphate) and two effector-binding sites whereas RRM2 contains a

binuclear Fe center and a tyrosyl free radical (Chitambar, 2016; Kircheva and Dudev, 2021).

The Fe center is essential for RRM2 function, which precipitates in the generation of tyrosyl free

radical signal and thereby redox reaction of the nucleotide substrates. However, loss of Fe from

RRM2 could result in missing of the tyrosyl radical and RRM2 function. When the cellular Fe level

is low, the iron-free RRM2 (apoRRM?2) would substitute for RRM2 that lacks of tyrosyl radical signal

and is functionally inactive (Nyholm et al., 1993). It appears that the biological half-life of RRM?2

protein is approximately three hours and therefore the cellular Fe homeostasis is essential for

maintaining the activity of newly synthesized RRM?2 protein during S phase (Eriksson et al., 1984).
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A number of studies reported that Ga(Ill) and/or In(III) could disrupt RNR enzymatic activity

through direct and indirect mechanisms (Chitambar et al., 2018; Chitambar et al., 1988; Chitambar

and Narasimhan, 1991; Kircheva and Dudev, 2021; Narasimhan et al., 1992): (1) Ga(Ill) or In(III)

does not block the biosynthesis of RRM2 protein but displaces the native metal cofactor from the

active center of RRM2 and shrinks the protein structure of RNR; (2) substitution of redox-inactive

Ga(III) or In(III) for redox-active Fe(III) results in inhibition of enzymatic reaction; and (3) Ga(III)

or In(IIT) interferes with the availability of cellular Fe to maintain protein function of RRM2 subunit.

While the substitution of active center of RRM2 protein and the inhibition of cellular Fe

availability by Ga(IIl) or In(IIl) should be sufficient to inhibit DNA synthesis, Ga(Ill) also could

entrap the enzyme substrates (nucleoside diphosphates, NDPs) to form Ga(Ill)-NDP complexes

(Chitambar et al., 1991; Kircheva and Dudev, 2019; Marzilli et al., 1980). These abnormal complexes

(especially in Ga(Ill)-ADP and Ga(IIl)-CPD) could not serve as proper substrates for RNR due to

significant structural alterations, and they could not fit properly to the substrates binding site of RRM1

subunit. Therefore, the concentration of the cellular free substrates decreased and further declines the

enzymatic activity (Kircheva and Dudev, 2021).

Cell cycle regulation: In eukaryotes, the cell cycle is a strictly regulated event which take place

in cells leading to their growth and division. Generally, the cell cycle is described by five phases: Go,

G1, S, G2 and M phase, and a number of major check points that control the progression of the cell

growth through the cycle. These checkpoints are present at G1/S, S, G2/M and M phase (Matthews et

al., 2021; Reed, 1997; Zetterberg et al., 1995). The key molecules that program the cell cycle are
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cyclins and cyclin-dependent kinases (CDKs), play a crucial role in the regulation of the cell cycle at
every checkpoint (Hydbring et al., 2016; Malumbres, 2014; Montalto and De Amicis, 2020; Nigg,
1995). Other molecules also participate in the cell cycle regulation, which include CDKs inhibitors
(e.g., p21°PVWaily “tumor suppressors (e.g., p53, p27"P!) and retinoblastoma protein (pRb) (Golias et
al., 2004; Johnson and Walker, 1999; Kastan et al., 1995; Meller, 2000; Sherr, 1994; Sherr and Roberts,
1999; Zetterberg et al., 1995). Disruption of cell cycle regulation could lead to cell cycle arrest,
cellular senescence, programmed cell death (e.g., apoptosis, ferroptosis) and tumor formation
(Gorgoulis et al., 2019; Matthews et al., 2021).

Fe is an essential component of a variety of proteins and enzymes, such as RNR, iron-sulfur
cluster, heme and cytochrome, which are involved in cell growth and replication. Considering the
importance of Fe in vital cellular processes such as DNA synthesis and energy production, it is not
surprising that the cell cycle is sensitive to Fe availability. For instance, the TfR1 expression is
increased during the S phase of the cell cycle, which is associated with DNA synthesis due to the Fe
requirement of RNR (Cory, 1983). However, it has been reported that decrease in TfR1 expression
and cellular Fe deficiency could lead to cell cycle arrest (G1) and alteration in the expression of genes
that regulate the cell cycle (O'Donnell et al., 2006).

Compared to normal cells, a variety of cancer cells require greater amount of Fe to support the
cell growth and proliferation. This is reflected by an increased levels of TfR1 and ferritin (the Fe

storage protein), or decreased in the expression of the Fe efflux protein ferroportin in certain cancer
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cells (Gatter et al., 1983; Habashy et al., 2009; Pinnix et al., 2010; Seymour et al., 1987; Shpyleva et

al., 2011; Weinstein et al., 2005; Xue et al., 2015; Yang et al., 2001; Zhang et al., 2014b).

Moreover, overexpression of RRM2 subunit of RNR also has been demonstrated to be associated

with malignant transformation, metastatic potential, and chemotherapy resistance in human cancer

cells (Huang et al., 2014; Shah et al., 2015; Xu et al., 2008; Zhou et al., 1998). RRM2 functions as

an oncogene and regulates multiple molecular mechanisms, which involved oncogenic signaling

pathway, glycolysis and cell cycle-related genes (Mazzu et al., 2019). Present studies elucidated that

abnormal RRM2 degradation could induce imbalance of the deoxynucleotides pool, dysregulated cell

cycle and increase in genomic instability, and cells with increased expression of RRM2 is highly

correlated with poor clinical outcomes in some cancers (Bedard et al., 2013; D'Angiolella et al., 2012;

Mazzu et al., 2019; Mazzu et al., 2020).

Consequently, alteration in expression of Fe-regulated genes and atypical changes in

intracellular Fe distribution and trafficking would be expected to increase intracellular Fe status to

support aggressive cancer cells growth.

At the present time, some Fe-chelators have been demonstrated to be effective in inhibiting

cancer cells proliferation. The mechanisms of Fe chelators appear to have effect on tumors by

targeting molecules that are essential in regulating progression of the cell cycle (Chen et al., 2020;

Corcé et al., 2016; Fryknis et al., 2016; Gao and Richardson, 2001; Ibrahim and O’Sullivan, 2020;

Le and Richardson, 2004; Lui et al., 2015a; Pahl and Horwitz, 2005; Yin et al., 2021). Some of these

mechanisms include: (1) RNR (Dong et al., 2005; Green et al., 2001; Nyholm et al., 1993), (2) cyclins
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(Golias et al., 2004; Kulp et al., 1996), (3) CDKs (Golias et al., 2004; Kulp et al., 1996), (4) p53
(Ashcroft et al., 2000; Fukuchi et al., 1995; Liang and Richardson, 2003), (5) p21¢P"%afl (Fy and
Richardson, 2007; Kovacevic et al., 2011), (6) p27%P! (Dong et al., 2005; Wang et al., 2000; 2004b),
(7) GADDA45a. (growth arrest and DNA-damage inducible protein) (Gao and Richardson, 2001), (8)
hypoxia inducible factor-1a (HIF-1a) (Yu et al., 2007), (9) N-myc and C-myc (Kyriakou et al., 1998;
Wang et al., 2014; Wijesinghe et al., 2021), (10) downstream regulatory gene-1 (Ndrg-1) (Chen et al.,
2012b; Dixon et al., 2013; Kovacevic et al., 2011; Liu et al., 2012b; Sun et al., 2013), (11) pRb (Gao
and Richardson, 2001; Terada et al., 1991), (12) PI3K/AKT/mTOR (phosphatidylinositol 3-
kinase/protein kinase B/mammalian target of rapamycin) signaling (Lui et al., 2015a; Ohyashiki et
al., 2009; Shang et al., 2020), (13) Ras/Raf/Mitogen-activated protein kinase/ERK kinase
(MEK)/extracellular-signal-regulated kinase (ERK) signaling (Dixon et al., 2013; Lui et al., 2015a),
(14) JNK (c-Jun N-terminal kinase)/p38 (Kim and Chung, 2008; Kim et al., 2002; Lui et al., 2015a;
Saitoh et al., 1998; Yu and Richardson, 2011), and (15) STAT3 (signal transducer and activator of
transcription 3) signaling (Kuang et al., 2019; Lui et al., 2015a; Lui et al., 2015b; Wang et al., 2014).

Not surprisingly, Ga(Ill) and In(III) would be expected to have similar toxic mechanisms to Fe
chelators due to cellular Fe deprivation, as well as induce further cytotoxicity through their chemical
properties. In the present study, Ga maltolate could inhibit Fe uptake and upregulate TfR1 expression
in glioblastoma cancer cell lines, and further decrease the activity of Fe-dependent RRM2,
mitochondrial oxygen consumption and cell viability (Chitambar et al., 2018). In addition, tumors in

Ga maltolate-treated animals also displayed an upregulation of TfR1 expression, retarded tumor
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growth and reduced tumor mitotic figures in comparison with control animals, indicating Ga induced

tumor Fe deprivation. These Fe-dependent mechanisms could result in further a block in DNA

synthesis and energy production, which is expected to induce cell cycle arrest and programed cell

death (Chitambar et al., 2018).

Mitochondria: Mitochondria are generally known as the “power plant” of the cells because they

play an essential role in the production of ATP through the oxidative phosphorylation of electron

transport chain. Furthermore, mitochondria are actively implicated in other processes, such as heme

synthesis, cell differentiation, ROS generation, apoptosis, calcium signaling and Fe metabolism, etc.

(Piomboni et al., 2012; Zhao et al., 2019)

It is proposed that iron-sulfur cluster and heme containing proteins in the citric acid cycle and

the electron transport chain could be the potential target for Ga(Ill)- and In(Ill)-induced mitochondrial

dysfunction in the cells. However, there are only a few studies of their action on the mitochondria

(Chitambar et al., 2006; Yang and Chitambar, 2008; Yuan et al., 2017). The lymphoma cell lines

exposed to Ga nitrate induced apoptosis through the mitochondrial pathway, which involved the

activation of proapoptotic effector protein Bax in the cytosol. This pathway promotes mitochondrial

outer membrane permeabilization, which allows the release of proapoptotic factors such as

cytochrome ¢ from the mitochondria to the cytosol to active the caspase-3 cascade, leading to

programmed cell death (Chitambar et al., 2006).

Other mechanisms included Ga-induced mitochondrial oxidative stress which evidenced by a

decrease in cellular reduced glutathione (GSH) and GSH/GSSG (oxidized glutathione) ratio (Yang
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and Chitambar, 2008). It would be expected that the reactive oxygen species (ROS) originates from

the mitochondria may be associated with Ga-induced apoptosis, but it remains to be determined where

and how the increased mitochondrial ROS come from (Chitambar, 2016).

In order to investigate the effects of In(III) on mitochondria, Yuan et al. (2017) used rat liver

mitochondria and treated with /n chloride. In(IIT) could induce mitochondrial swelling, membrane

depolarization and inhibits the protons transportation, eventually resulted in mitochondrial

permeability transition, which primarily related to mitochondrial dysfunction and cell death. In

addition, In(IIT) was able to accelerate mitochondrial ROS production and inhibit the electron

transport chain, providing a possibility that the long-term exposure and accumulation of In(III) to the

cells may cause mitochondrial dysfunction and a chronic cytotoxicity (Yuan et al., 2017).

Heme synthesis and zinc substitution: Heme is the major functional form of Fe, synthesized in

mitochondria and plays a crucial role in respiratory phosphorylation, inhibiting oxidative stress, drug

metabolism and oxygen transport (Dailey and Meissner, 2013). Biosynthesis of heme requires

Vitamin Bg, riboflavin, biotin, pantothenic acid, lipoic acid, the metal ions of Zn, Fe and Cu, and

succinyl-CoA produced by the citric acid cycle.

In mammals, plants, fungi, and a-proteobacteria cells, heme synthesis is accomplished in the

mitochondria and cytosol over a series of eight enzymatic reactions, followed by modification of

heme in a couple of sub-methylation steps (Dailey et al., 2017; Hamza and Dailey, 2012; Nilsson et

al., 2009). The biosynthesis of heme is initiated by aminolevulinic acid synthase (ALAS1), the rate-

limiting enzyme that catalyzes formation of 5-aminolevulinic acid (ALA) from succinyl-CoA and
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glycine. ALA is then exported into the cytosol and converted through several intermediates into

coproporphyrinogen-III (CPO) by coproporphyrinogen oxidase; The CPO is transported back into the

mitochondrial matrix for the last two steps of the pathway. In the final step, ferrochelatase (FECH)

incorporates Fe(II) into protoporphyrin IX (PPIX), synthesizing protoheme (Layer et al., 2010; Shetty

and Corson, 2020). However, in plants, archaea and bacteria, there is an alternative course (Cs-

pathway) for synthesizing ALA by using tRNA-bound glutamate (Layer et al., 2010).

Only a few studies have reported that Ga(Ill) may have effects on the second step enzyme of

heme synthesis, delta-aminolevulinic acid dehydratase (ALAD), which is an octameric Zn-containing

enzyme and catalyzes the synthesis of porphobilinogen from two molecules of ALA in cytosol.

Goering and Rehm (1990) showed that rats received a single intraperitoneal injection of Ga sulfate

(12.5-200 mg Ga’/kg) produced a dose-dependent noncompetitive inhibition of ALAD in liver, kidney,

and erythrocytes. Interestingly, Ga-induced hepatic and renal ALAD inhibition could be attenuated

by the addition of Zn, indicating that toxic mechanisms of Ga on ALAD appeared to involve

displacement of Zn from the sulthydryl group of enzyme’s active site (Goering and Rehm, 1990).

Ga(IlT) may also interfere with the Zn-dependent enzymatic activity, the alkaline phosphatase

(ALP) and matrix metalloprotenase (MMP). It is expected that during the synthesis of the ALP protein,

which requires Zn(Il) and Mg(Il) binding to active site for enzymatic activation, whereas Ga(IlI)

becomes incorporated into the active site instead of Zn(IT) or Mg(II) and further folded into its active

confirmation. Also, once the ALP protein is folded, exchange with Zn(II) or Mg(II) by Ga(III) does

not readily occur (Boskey et al., 1993). Panagakos et al. (1999) speculated that Ga may operate in the
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same manner as ALP protein in regulating the activity of MMPs, and the ability of Ga to inhibit

MMPs activity, such as MMP-2, MMP-9 and MMP-14, has been demonstrated in vitro (Bernstein,

2012; Mohsen et al., 2017; Panagakos et al., 2000).

Moreover, the human lymphoma cells treated with Ga nitrate could produce an expansion of an

intracellular labile Zn pool, indicating a possible toxic mechanism of Ga on cellular Zn homeostasis.

Ga nitrate also upregulated the expression of metallothionein-2A (MT2A) and heme oxygenase-1

(HO-1), which was partly associated with the increase in an intracellular Zn pool and Ga-induced

ROS production (Yang and Chitambar, 2008).

Since Ga-related chemicals have been investigated to have effects on protoporphyrin IX/ heme

synthesis, Zn-dependent enzymatic activity and cellular Zn homeostasis, it remains to be determined

that what is the source of Zn contributing to the increased intracellular Zn pool and whether In(III)

could induce the same toxicity as Ga(Ill). However, the possible toxic mechanisms of Ga on Zn

homeostasis have been proposed, which may include: (1) Ga(Ill) increases the uptake of Zn(Il)

thereby expanding the intracellular Zn pool, and (2) Zn(II) is mobilized from endogenous intracellular

Zn-metallothionein by Ga-induced ROS (Yang and Chitambar, 2008).

Microbial iron-uptake: Like eukaryotic cells, Fe also plays an important role in prokaryote cells

for growth and proliferation. During the infection process, microorganisms such as bacterial

pathogens need to sense, respond, and adapt rapidly to different environmental signals in hosts. The

primary defense mechanism in those hosts against infection is Fe limitation, where the large amount

of Fe(Ill) is existed in either iron-transport proteins (transferrin and lactoferrin), stored intracellular
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by ferritin or bound in heme molecules, leading to a decrease in the bioavailability of free Fe(IIl)

(Skaar, 2010).

In order to support the survival and growth, bacterial pathogens have developed sophisticated

strategies to capture Fe from the host. There are three main uptake mechanisms used by bacteria to

acquire Fe from the host, which include: (1) siderophore-based systems, (2) heme-acquisition systems

and (3) transferrin/lactoferrin receptors (Kelson et al., 2013; Pattus and Abdallah, 2000).

Siderophores are low molecular weight peptide-based compounds, which produced under Fe-

limited conditions and secreted by bacteria to capture Fe(IIl) from the environment. There have been

more than 500 different identified siderophores and classified into four main types (hydroxamate,

catecholate, carboxylate and mixed type) based on their chemical structure and properties (Khan et

al., 2018; Kircheva and Dudev, 2021). Most siderophores typically exhibit hexa- or tetradentate

structure comprising various types of ligating groups and chelate Fe(I1I) with high affinity, and further

transport Fe(Ill) into gram-negative or gram-positive bacterial cells via different specialized ATP-

dependent receptor systems (Ferguson and Deisenhofer, 2002; Kelson et al., 2013; Khan et al., 2018;

Khasheii et al., 2021; Krewulak and Vogel, 2008).

The most abundant form of Fe in vertebrates is bound within a porphyrin ring as

ferriprotoporphyrin IX (heme), which existed in hemoglobin, myoglobin and heme-containing

proteins (Tong and Guo, 2009). Besides siderophore-based systems, bacteria have also developed

mechanisms to scavenge and transport Fe from heme-based sources of Fe. The heme acquisition

systems in bacteria have one or two general mechanisms: (1) direct contact between the bacterium
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and the exogenous heme-based Fe sources, and (2) production of extracellular hemophores that bind

to heme with high affinity and transport back to specific membrane receptors (Cescau et al., 2007;

Khasheii et al., 2021; Wandersman and Delepelaire, 2004; Wilks and Burkhard, 2007). Furthermore,

some bacteria could capture Fe from transferrin and lactoferrin via receptors that directly recognize

these Fe transport proteins (Kelson et al., 2013; Khasheii et al., 2021).

Ga(III) has been demonstrated that could tightly bind to bacterial siderophores, decreasing the

level of metal-free siderophores extracted to the environment to capture Fe(III) (Kelson et al., 2013;

Nicolafrancesco et al., 2019; Porcaro et al., 2017). Ga(Ill) could effectively function as an Fe(III)

mimic to escape from the bacteria defensive system, recognized by the ATP-dependent receptor

systems and further enter the bacterial cell as a siderophore complex. Therefore, the Fe-siderophore

complex is expected to be blocked by Ga due to the high binding affinity, and intracellular Ga(IIl)

which transported by Ga-siderophore complex could disrupt the bacterial iron homeostasis and redox

biological processes (Braud et al., 2009a; Braud et al., 2009b; Kircheva and Dudev, 2020; 2021).

Considering Fe dependency in bacterial survival and growth, several studies have proposed anti-

infective strategies by using both the siderophore and heme-acquisition systems, to enhance uptake

of Ga(Ill) into bacterial cells. In addition, these strategies also have been evaluated using structural

mimics of complex siderophores and hemes to deliver toxic drug conjugates and Ga(IlI) to target key

pathogens (Judrez-Hernandez et al., 2012; Khasheii et al., 2021; M6llmann et al., 2009; Nagoba and

Vedpathak, 2011; Rodriguez et al., 2008; Stojiljkovic et al., 2001; Stojiljkovic et al., 1999). However,
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it remains to be determined whether In(III) is suitable for use as an anti-infective agent as Ga(III) but

with different biological half-life.

2.3.2 Action on Cellular Iron-Independent Processes

DNA synthesis and protein tyrosine phosphatase (PTP): Ga nitrate was a weak inhibitor of
DNA synthesis in Jurkat human T leukemia cells (ICso 2.8 mM), whereas Ga-hydrogen peroxide
complex strongly inhibited DNA synthesis with an ICso< 10 uM. Moreover, both Ga nitrate and Ga-
hydrogen peroxide complex have been demonstrated to be potent inhibitors of detergent-solubilized
cellular membrane PTP in Jurkat cells and HT-29 human colon cancer cells (Berggren et al., 1993).

The PTP superfamily of signaling enzymes functions in a coordinated manner with protein
tyrosine kinases to control tyrosine phosphorylation, which is essential for regulating a variety of
cellular processes, such as normal cell growth, differentiation, metabolism, the cell cycle, cell-to-cell
communications, cell migration, gene transcription, ion channels, immune response and survival
(Hunter, 2000; Tonks, 2006; Zhang, 2002). However, the inhibition of detergent-solubilized cellular
membrane PTP induced by Ga nitrate and Ga-hydrogen peroxide complex appeared to have no
correlation with growth-inhibitory activity in the two cell lines (Berggren et al., 1993).

Proteasome: The ubiquitin-proteasome system is a large protein complex responsible for
degradation of intracellular proteins in eukaryotic cells, a process that requires metabolic energy. The
proteasome is made up of two subcomplexes, a catalytic core particle (20S proteasome) and one or

two terminal 19S regulatory particle(s) (Bard et al., 2018; Tanaka, 2009). The 26S proteasome not

134



only participates in protein and amino acid homeostasis but also regulates a diverse array of basic

cellular activities, including the cell cycle, DNA replication, transcription, and signal transduction

(Bhattacharyya et al., 2014; Collins and Goldberg, 2017; Finley, 2009; Goldberg, 2007).

Previous studies reported that Ga maltolate and the pyridine and phenolate ligand complexes of

Ga inhibited proteasome function and induced apoptosis in cancer cells in vitro and a prostate cancer

xenograft in a mice model (Chen et al., 2007; Chitambar and Purpi, 2010). The inhibition of synthetic

Ga complexes appeared to have effects on not only 26S proteasome but also the chymotrypsin-like

activity of 20S proteasome. Additionally, the inhibition of proteasomal chymotrypsin-like activity in

prostate cancer cells was associated with down-regulation of androgen receptor and induction of

apoptosis (caspase-3/caspase-7 activation). However, the exact toxic mechanisms for these Ga-related

chemicals to interact with the proteasome need to be further investigated (Chen et al., 2007).
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2.4 Current Knowledge on the Exposure and Health Risk of Ga and In

Since the first case of indium lung disease initially reported in Japan, there have been several
case reports from the U.S., Taiwan and China as described previously. Faced with the case report of
the first human case of indium lung disease, the Japanese Ministry of Health, Labor and Welfare
(MHLW) has enacted a technical guideline for preventing health impairment of workers engaged in
ITO-handling processes, which contains two occupational standards: (1) target concentration of
environmental In is set at 0.01 mg In/m> as the respirable fraction of In particulate matter, (2)
acceptable exposure concentration limit (AECL) is set at 3x10™* mg /n/m? that based on the animal
carcinogenicity studies (MHLW, 2010).

The American Conference of Governmental Industrial Hygienists (ACGIH) has recommended
a threshold limit value-time weighted average (TLV-TWA) of 0.1 mg In/m? (ACGIH, 2017), and the
same 0.1 mg In/m> for total dust has been recommended as the recommended exposure limit (REL)
by the National Institute for Occupational Safety and Health (NIOSH) (NIOSH, 2021). Moreover,
almost 20 countries have issued a standards of permissible exposure limits for workers engaged in
the production line of In-related chemicals, the eight-hour time-weighted average (TWA) is set at 0.1
mg In/m> (Table 2.3) (GESTIS, 2021). Corresponding the short-term exposure limit (STEL) does
exist in a few countries, including Austria, Denmark, Ireland, United Kingdom and China, the range

of STEL from 0.2-0.3 mg In/m? (Table 2.3) (GESTIS, 2021).
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In addition to occupational exposure limits, the Japanese MHLW and Taiwan’s Institute of Labor

Occupational Safety and Health have requested the manufacturing factories to install equipment to

control the diffusion of /n into the air and monitor the concentration of /n dust in the air for a period

of time since 2012 to 2013 (Iwasawa et al., 2017; MHLW, 2013). Furthermore, employers are also

obligated to provide /n-handling workers with personal protective equipment (e.g., powered air-

purifying respirators), and a medical examination at the start of employment and for a period of time

thereafter (MHLW, 2010; 2013). Medical examination includes a questionnaire on respiratory

symptoms, measurement of serum-/n and/or KL-6 concentration, and a computed CT scan of the

lungs (Chonan et al., 2019; MHLW, 2013). In addition, The Japan Society for Occupational Health

(JSOH) recommended an occupational exposure limit based on the biomarker of serum-/n is 3 pg/L

(Iwasawa et al., 2017).

The tightening regulations in Japan and Taiwan is expected to reduce the severe consequences

of long-term and high concentration /n exposure. Nevertheless, it has reported that some workers

continue to present with subjective complaints of respiratory symptoms (e.g., dry cough, sputum

production) (Mitsuhashi, 2020). The retrospective cohort studies in Japan workers using health

examination data from 2013 to 2015 (Mitsuhashi, 2020), suggesting that there was a significant large

risk of subjective respiratory symptoms in the /n-handling workers despite strengthened regulations.

The main explanations include: (1) the subjective respiratory symptoms may have been caused by

cumulative exposure, (2) the long biological half-life (8.09 years in average) of /n in human body
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(Amata et al., 2015), and (3) inappropriate use of personal protective equipment and unhealthy

working conditions in small companies (Aiba et al., 1995).

Furthermore, the same observation was also confirmed in follow-up studies on Taiwan In-

handling workers (Hsu et al., 2021; Institute of Labor Occupational Safety and Health, 2015). The

workers have requested to wear powered air-purifying respirators since 2011, the average serum-/n

and urine-/n levels declined after intervention and further decreased with time. However, the serum-

In levels were increased in /n-handling workers engaged in the recycling-crushing, powdering and

bonding processes who regularly wore personal protective equipment (Hsu et al., 2021). Also, the

levels of antioxidant enzymes (i.e., superoxide dismutase, glutathione peroxidase and glutathione

transferase) and oxidative stress biomarkers (i.e., malondialdehyde, olive tail moment and 8-OH-dG)

were increased, indicating that the levels of oxidative stress biomarkers did not response to the

intervention (Institute of Labor Occupational Safety and Health, 2015).

Other studies reported that semiconductor and optoelectronic industries, electrical and electronic

waste (e-waste) recycling have increased the occupational exposure risks of workers to not only Ga

and /n but also Al, As, Sb, Cr, Co, Pb, Hg and V (Chen, 2007b; Julander et al., 2014; Liao et al., 2004;

Liao et al., 2006). At the present time, In, Al, As, Sb, Cr, Co, Pb, Hg and V have their own occupational

exposure limit values except for Ga; Furthermore, the existing exposure limits of GaAs are generally

based on the carcinogen of inorganic As (GESTIS, 2021).

The serum-/n, urine-Ga, urine-As and serum-malondialdehyde levels were increased in

optoelectronic workers, and the urine-Ga and As levels were positively correlated with serum-
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malondialdehyde (Liao et al., 2004; Liao et al., 2006). Different task types could pose a higher risk

on workers exposed to dust and surface contaminants of optoelectronic manufacturing equipment,

workers engaged in fabrication equipment preventative maintenance, fabrication supervisors and

engineers had higher urine-As levels than dopants and thin film workers (Liao et al., 2004).

In addition, the recycling workers in e-waste recycling plants also had greater airborne exposure,

and the exposure biomarkers indicated higher concentrations of Cr, Co, In, Pb and Hg in blood, urine

and/or serum. Concentrations of Sb, /n, Pb, Hg and V showed close to linear correlation between the

inhalable particle fraction and blood, serum or urine (Julander et al., 2014). Comparing the urinary

concentrations of multiple trace elements to other studies, the abnormal metal levels in urine appeared

to be associated with work environment (formal or informal recycling), work practices and the types

of goods for recycling (Asante et al., 2012; Decharat, 2018; Gerding et al., 2021; Kuntawee et al.,

2020; Takyi et al., 2021; Wang et al., 2011).

Although the health risk is still present in semiconductor, optoelectronic industries and e-waste

recycling workers, tightening of occupational regulations in Japan and Taiwan have proved to control

the increase in biomarkers which related to /n bioaccumulation. However, there is still a need for

long-term follow-up and routine health examination for evaluating the health effects and possibility

of In-related lung cancer risks (Gerding et al., 2021; Nakano et al., 2019); additionally, a series of on-

the-job training may improve the hazard identification and appropriate use of personal protective

equipment, advanced dust management strategies and exposure limits among different work practices

are required for reducing the airborne dust and the exposure of workers (Hsu et al., 2021).
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Table 2.3 Occupational exposure limits for /n and /n-related chemicals

Country or region Concentration (mg/m?) Interpretation *
Australia 0.1 TWA
) 0.1 (inhalable aerosol) TWA
Austria ]
0.2 (inhalable aerosol) STEL
Belgium 0.1 TWA
Canada — Ontario 0.1 TWA
Canada - Québec 0.1 TWA
0.1 TWA
Denmark
0.2 STEL
Finland 0.1 TWA
0.1 TWA
Ireland ) .
0.3 (15 minutes reference period) STEL
New Zealand 0.1 TWA
Norway 0.1 TWA
0.1 TWA
China ]
0.3 (15 minutes average value) STEL
Singapore 0.1 TWA
South Korea 0.1 TWA
Spain 0.1 TWA
Sweden 0.1 TWA
Switzerland 0.1 (inhalable aerosol) TWA
USA - NIOSH ® 0.1 TWA (REL)
0.1 TWA
United Kingdom
0.3 STEL

Reference: GESTIS (GESTIS-Substance Database) 2021. IFA (Institut fur Arbeitsschutz). Available
from: https://limitvalue.ifa.dguv.de/, accessed 10 November 2021.

Note: * TWA, time-weighted average; STEL, short-term exposure limit; REL, recommended
exposure limit.

®NIOSH, National Institute for Occupational Safety and Health.
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3. Research Purpose

In medical applications, Ga and /n could serve as Fe-mimicking agents, a trojan horse strategy
for the Fe-searching cancer cells and pathogens. Except for the Fe deprivation condition, intracellular
Ga(IIT) and/or In(IIT) also could inhibit cellular Fe-dependent and -independent processes, including
DNA synthesis, mitochondrial function, heme synthesis, Zn homeostasis, protein tyrosine
phosphatase and proteasome activity. The effects of anticancer and antimicrobial therapies of Ga
and/or In appeared to vary widely based on the bioavailability of chemicals, Fe requirement, Fe
uptake and transport mechanisms.

Furthermore, the workers engaged in semiconductor, optoelectronic manufacturing and e-waste
recycling progresses are potentially exposed to a variety of metals and metalloids such as Ga, /n, As
and Sb. Occupational inhalation exposure to /n-related chemical dusts (e.g., ITO, In2O3¢) and
In(OH)3(s)) have been demonstrated to cause indium lung disease. So far, the entire pathogenesis of
the occupational disease remains elusive, the available evidence indicates that the disease progression
is closely associated with dissolved and accumulated In(III) in the body.

Although there has been progress in investigating and understanding the interaction of Ga and
In with biological systems, much remains to be learned about their interaction with other Fe-
dependent and -independent processes. Additionally, the biological factors related to the relatively

short latency period between indium lung disease and other pneumoconiosis also need to be
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determined, which may be associated with long-term health risk such as chronic inflammation,

cellular aging (senescence) and carcinogenicity.

Therefore, the research purpose of this study is to explore the biological factors or modes of

action that potentially associated with the long-term health effects of Ga and /n exposure and the

progression of indium lung disease.
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4. Model Organism

The human colon carcinoma cell line DLD-1 was used in this study, established from an
adenocarcinoma of the sigmoid colon (Dexter et al., 1981). DLD-1 cells were moderately to poorly
differentiated epithelial cells, and these cells generally have two distinct morphologies. One type of
the cells (clone A) was larger, and the individual cells were easily identified, the others (clone D)
were packed tightly, and the individual cell boundaries were difficult to recognize. The two clones
appeared to responsible for the phenotypic heterogeneity and chemotherapeutic sensitivity of the
cancer cells (Dexter et al., 1981).

The established human breast cancer cell line (MCF-7) expressing enhanced green fluorescent
protein (EGFP)-fused mediator of DNA damage checkpoint 1 (MDC1) was also used for screening
the genotoxicity of Ga- and In-related chemicals (Matsuda et al., 2014). The MCF-7 cell line was
derived from a pleural effusion of a malignant breast cancer with metastatic mammary carcinoma
(Soule et al., 1973). MCF-7 cells contain functional estrogen receptors and show a pleiotropic
response to estrogen, which is widely studied model for hormone-dependent human breast cancer
(Thompson et al., 1988). Furthermore, the biomarker of histone H2AX phosphorylated at Ser139 (y-
H2AX) in combination with MDC1 protein, are key DNA repair and DNA damage response (DDR)
proteins. When DNA double-strand breaks (DSB) occur, y-H2AX is phosphorylated and then recruits
MDCI1 proteins, thus forms nuclear foci in the same location as y-H2AX in response to DNA damage

(Matsuda et al., 2014; Salguero et al., 2019).
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5. Materials and Methods

5.1 Research Design

In this study, firstly DLD-1 cells were exposed with Ga- and /n-related chemicals in a wide range
of concentrations to evaluate the cell viability (LCso). Secondly, the sublethal doses were determined
by considering calculated LCso and the average workplace exposure of /n-based chemicals (Badding
et al., 2014; Olgun et al., 2017). Sublethal effects of cytotoxicity (programmed cell death and cell
cycle), morphological alterations, mitochondrial dysfunction, cellular senescence, and other possible
toxicity (proteasome inhibition and genotoxicity) were further performed to assess the biological
factors and toxic mechanisms that potentially related to the long-term health effects of Ga and In
occupational exposure and the progression of indium lung disease. The casual research scheme is

illustrated in Figure 5.1.
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Figure 5.1 Scheme in in vitro toxicity assessment of Ga and /» in human cell lines.
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5.2 Cell line and Cell Culture

The human colon carcinoma cell line DLD-1 was maintained in high-glucose RPMI-1640
medium (Wako, Osaka, Japan) containing 10% fetal bovine serum (FBS, Invitrogen, Thermo Fisher
Scientific, Inc., Waltham, MA, USA) at 37 °C under 5% COx.

The EGFP-MDCI1 expressing MCF-7 cells were obtained as described in Matsuda et al. (2014).
The EGFP-MDC1 MCF-7 cells were cultured in high-glucose RPMI-1640 medium containing 10%

FBS at 37 °C and 5% CO. under moderate humidity.

5.3 Preparation of Exposure Solutions

Gallium(IIT) chloride anhydrous (GaCls), indium(IIl) chloride tetrahydrate (InCl3-4H>0),
indium hydroxide (In(OH)3), indium oxide (In203), gallium oxide (Ga203) and sodium citrate
dihydrate (C¢HsNazO7:2H20) were used to prepare exposure solutions. GaCl; and InCl3-4H>O salts
were used to prepare Ga(IIl), citrate-Ga(IIl), In(IIT) and citrate-In(IIl) stock solutions.

The stock solutions of aqueous insoluble chemicals including In(OH)3 (8.71 mM of /n), In203
(8.71 mM of In), and Ga,03 (14.34 mM of Ga), which were freshly prepared by spiking the required
amounts of compounds in ultrapure water and then sonicated for 30 minutes before preparing
exposure solutions.

Ga(III) and In(III) stock solutions (8.71 mM of In, 14.34 mM of Ga) were freshly prepared by
dissolving GaCls and InCl3-4H,O salts in ultrapure water and filtered through 0.22-um sterile syringe

filters (Millex GV, hydrophilic PVDF membrane, 0.22-um; Merck Millipore, Germany). Ga(Ill) and
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In(I1I) are prone to hydrolysis in the circumneutral pH condition, citrate was also used as a metal
chelating agent to prevent In(OH)3s), Ga(OH)3s) and Ga(OH)4 formation in RPMI-1640 medium.
The stock solutions of Ga and /n were supplied with citrate at a molar ratio of 1:1 (metal: citrate)

(Zeng et al., 2017), then filtered through 0.22-um sterile syringe filters.

5.4 Cell Viability Assay (MTT Test)

DLD-1 cells were seeded at 1.0x10* cells per well in 96-well plates with 200 pL. RPMI-1640
medium containing 10% FBS and incubated for 24 hours at 37 °C and 5% COa». After 24 hours, the
medium was removed and the cells were treated with different exposure solutions (200 puL/well),
incubated at 37 °C and 5% COx> for 72 hours. In concentrations of In(III), citrate-In(I1T), In(OH)3(s)
and In2O3s) in solutions ranged from 8.71 uM to 2.18 mM, and the Ga concentrations of Ga(III),
citrate-Ga(Ill) and Ga,0O3(s) ranged from 14.3 uM to 3.59 mM.

At two hours prior to the endpoint time, 20 uL. of water-soluble yellow dye MTT [3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] stock solution (5 mg/mL, dissolved in PBS)
was added to each well, incubated the 96-well plates for two hours at 37 °C and 5% CO-. A negative
control was also prepared by adding 20 pL of the MTT stock solution to 200 pL of RPMI-1640
medium containing 10% FBS alone. After incubation, the exposure solutions were removed and 100
uL of dimethyl sulfoxide (DMSO) added to each well to solubilize formazan crystals, mix thoroughly

with a pipette and incubated the 96-well plates for 30 minutes at 37 °C, protected from light. Mix
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each sample again using a pipette and the absorbance was read in a spectrophotometer (FilterMax F5

Multi-Mode Microplate Reader, Molecular Devices, CA, USA) at 595 nm.

5.5 Flow Cytometry for Evaluation of Apoptosis

The apoptosis of DLD-1 cells, including the percentage of live, early apoptotic, late apoptotic
and dead cells, were measured using the multifunctional Muse™ Annexin V and Dead Cell Kit
(Merck Millipore, MA, USA) according to the user’s guide and the manufacturer’s instructions.

Briefly, DLD-1 cells (2.0x10° cells) were seeded in 60 mm petri dishes with 6 mL RPMI-1640
medium containing 10% FBS and incubated for 24 hours at 37 °C and 5% CO,. After 24 hours, the
medium was removed and the cells were washed two times in pre-warmed pH 7.4 phosphate buffered
saline (PBS), then treated with different dosing solutions and incubated at 37 °C, 5% CO; for 72
hours. In concentrations of In(IIl), citrate-In(III), In(OH)3(s) and In2O3s) in exposure solutions were
0.0435 mM and 0.435 mM, Ga concentrations of Ga(Ill) and citrate-Ga(Ill) were 0.0215 mM and
0.215 mM, and 0.717 mM for Ga,Os).

After exposure for 72 hours, the exposure solutions were removed, and the cells were washed
twice in pre-warmed PBS. The cells were then harvested with TrypLE™ Express Enzyme (Gibco,
Thermo Fisher Scientific, Inc., MA, USA). Fresh RPMI-1640 medium containing 10% FBS was
added to each treatment to a final concentration of 2.0x10° cells/mL. Staining procedures included
warming the Muse™ Annexin V and Dead Cell Reagent to room temperature, then 100 pL of cell

suspension was added to each tube, further addition of 100 pL of the Muse™ Annexin V and Dead
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Cell Reagent to each tube, and mixing thoroughly by vortexing at a medium speed for five seconds.
Samples were incubated for 20 minutes at room temperature in the dark. The percentage of apoptotic
cells was analyzed by flow cytometry using Muse™ Cell Analyzer (Merck Millipore, MA, USA)
system and were expressed as percentage of apoptotic cells with standard deviation. The RPMI-1640

medium containing 10% FBS was used as a negative control.

5.6 Flow Cytometry for Cell Cycle Analysis

The cell cycle of DLD-1 cells, including the percentage of Go/G1, S, G2/M phase and debris were
measured using the multifunctional Muse™ Cell Cycle Kit (Merck Millipore, MA, USA) according
to the user’s guide and the manufacturer’s instructions.

Briefly, DLD-1 cells (2.0x10° cells) were seeded in 60 mm petri dishes with 6 mL RPMI-1640
medium containing 10% FBS and incubated for 24 hours at 37 °C and 5% COa». After 24 hours, the
medium was removed and the cells were washed two times in PBS, then treated with different dosing
solutions and incubated at 37 °C, 5% CO; for 72 hours. /n concentrations of In(IlI), citrate-In(III),
In(OH)3(s) and In203(s) in exposure solutions were 0.0435 mM and 0.435 mM, Ga concentrations of
Ga(IIT) and citrate-Ga(III) were 0.0215 mM and 0.215 mM, and 0.717 mM for Ga>O3(s). The RPMI-
1640 medium containing 10% FBS was used as a negative control, and the 5 pM deferoxamine
mesylate (DFO) was used as a positive control.

After exposure for 72 hours, the dosing solutions were removed, and the cells were washed twice

in pre-warmed PBS. The cells were then harvested with TrypLE™ Express Enzyme. The minimum
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number of cells for further fixation in a tube was 1.0x10° cells. Samples collected were gently
centrifuged for five minutes at 300xg (KUBOTA 5200 Centrifuge, Kubota Corporation, Osaka,
JAPAN) and washed with PBS. Leave approximately 50 pL of PBS per 1.0x10° cells, resuspended
cell pellets and dropped-wise into the tube containing 1 mL of ice-cold 70% ethanol while vortexing
at medium speed. The fixed samples were kept in -20°C for 24 hours until cell cycle was assayed.
The fixed samples were gently centrifuged for five minutes at 300xg at room temperature and
washed with PBS. The cell pellets were resuspended in 0.25 mL PBS per 5.0x10° cells and
centrifuged for five minutes at 300xg. The cell pellets were resuspended in 200 pL. of Muse™ Cell
Cycle Reagent, incubated for 30 minutes at room temperature in the dark. The cell suspensions were
transferred to 1.5 mL microcentrifuge tubes prior to analysis. The cell cycle was assayed by

fluorescence-activated cell sorting analysis using a flow cytometry of Muse™ Cell Analyzer system.

5.7 Cell Morphology

5.7.1 Measurement of Cell Size and Nucleus Size

DLD-1 cells (5.0x10* cells) were seeded in 35 mm petri dishes with 2 mL RPMI-1640 medium
containing 10% FBS and incubated for 24 hours at 37 °C and 5% CO,. After 24 hours, the medium
was removed and the cells were washed two times in pre-warmed PBS, then treated with different
dosing solutions and incubated at 37 °C, 5% CO for 72 hours. In concentrations of In(II) and citrate-

In(IIT) in exposure solutions were 0.0435 mM and 0.435 mM, and Ga concentrations of Ga(IIl) and
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citrate-Ga(IlI) were 0.0215 mM and 0.215 mM. The RPMI-1640 medium containing 10% FBS was

used as a negative control, and the 5 pM DFO was used as a positive control.

After exposure for 72 hours, the dosing solutions were removed, and the cells were washed twice

in pre-warmed PBS. The cells were then fixed with pre-warmed 4% formaldehyde solution (in PBS)

at 37 °C for ten minutes. The fixative solution was removed and washed the cells with pre-warmed

PBS for three times. The pre-warmed 10 pug/mL Hoechst 33342 working solution (Dojindo

Laboratories, Kumamoto, Japan) was added to each treatment and stained for one hour. After staining,

the Hoechst 33342 solution was removed and the cells were washed with PBS, then 3 mL of PBS was

added to each treatment. The cell size, morphology and nucleus were observed by using inverted

fluorescence phase-contrast microscope (BZ-9000, Keyence, Osaka, Japan), coupled with BZ-II

viewer software (Keyence, Osaka, Japan).

Both phase contrast and blue fluorescent (ex/em: 350/461 nm) images were acquired by

fluorescence microscopy with a 20x objective (Plan Fluor/0.45 numerical aperture; Nikon). 20-30

field were randomly selected and imaged in each treatment, and the semiautomated image analysis

was determined by using Fiji/Image] software (Hartig, 2013; Jensen, 2013). The “Set Scale” function

was firstly used to calibrate image distance of pixels/um. The cell area was manually drawn around

cells using the “Polygon” selection tool and adding all regions of interests (ROI) to a list by choosing

“Add to Manager” function. The cellular size and shape measurements were calculated by using the

“Set Measurements” and “Measure” function in the “Analyze” menu, the Area was checked in the

“Set Measurements” window.
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The threshold of blue fluorescent images (cell nucleus) was adjusted by selecting “Default” as
thresholding method and moving sliding bars in the “Threshold” window. The “Set Scale” function
in the “Analyze” menu was used to calibrate image distance of pixels/um. Nucleus area of each cell
was further selected by the “Analyze Particles” function, the results were added to ROI Manager and
saved their positions on the image. The nucleus area measurements were calculated by using the “Set
Measurements” and “Measure” function in the “Analyze” menu, the Area, integrated density, mean

grey value, limit to threshold, and display label were checked in the “Set Measurements” window.

5.7.2 Time-Lapse Life Cell Imaging Microscopy

DLD-1 cells (1.0x10* cells) were seeded in 35 mm petri dishes with 2 mL RPMI-1640 medium
containing 10% FBS and placed on the stage of inverted fluorescence phase-contrast microscope with
a 20x objective (Plan Fluor/0.45 numerical aperture), in a temperature- and CO»-controlled humid
incubation system (ToKai Hit, Shizuoka, Japan), incubated for 24 hours. After 24 hours, the medium
was removed and the cells were washed two times in pre-warmed PBS, then treated with exposure
solutions and incubated for 72 hours. The concentrations of Ga(IlI) and In(IIl) were 0.215 mM and
0.435 mM, respectively.

The real-time images were obtained with inverted fluorescence phase-contrast microscope and
BZ-1I viewer software, controlling a 1.5-million-pixel monochrome CCD (2/3 inch), electronic XY

and Z stage, the Z-stack series consisted of 6 pm slice intervals. Two to three points were marked and
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labeled with their coordinates, and the images (1360x1024 pixels) were acquired per 15 minutes, with

a recording time of 72 hours.

5.8 Measurement of Mitochondrial Membrane Potential (ym)

DLD-1 cells (2.0x10° cells) were seeded in 60 mm petri dishes with 6 mL RPMI-1640 medium
containing 10% FBS and incubated for 24 hours at 37 °C and 5% CO.. The medium was removed
and the cells were washed two times in pre-warmed PBS, then treated with different dosing solutions
and incubated at 37 °C, 5% CO, for 72 hours. In concentration of In(IIl), citrate-In(IIT), In(OH)3(s)
and In2O3(s) in exposure solutions was 0.435 mM, Ga concentrations of Ga(Ill) and citrate-Ga(III)
were 0.0215 mM and 0.215 mM, and 0.717 mM for Ga>O3(s. The RPMI-1640 medium containing
10% FBS was used as a negative control, and the 5 uM DFO was used as a positive control.

After exposure for 72 hours, the dosing solutions were removed, and the cells were washed twice
in pre-warmed PBS. The cells were then treated with pre-warmed staining solution containing 100
nM MitoTracker™ Red CMXRos (Invitrogen, Thermo Fisher Scientific, Inc., MA, USA) for 30
minutes, washed two times with pre-warmed PBS. The cells were then fixed with pre-warmed 4%
formaldehyde solution (in PBS) at 37 °C for ten minutes. The fixative solution was removed and
washed the cells with pre-warmed PBS for three times. The pre-warmed Hoechst 33342 working
solution (10 ug/mL in PBS) was added to each treatment and stained for one hour. After staining, the
Hoechst 33342 working solution was removed and the cells were washed with pre-warmed PBS, then

3 mL of PBS was added to each treatment. The mitochondrial membrane potential in each treatment
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was observed by using inverted fluorescence phase-contrast microscope, and the Hoechst 33342

staining was used in cell identification.

Both phase contrast, blue (ex/em: 350/461 nm) and red fluorescent (ex/em: 579/599 nm) images

were acquired by inverted fluorescence phase-contrast microscope with a 20x objective (Plan

Fluor/0.45 numerical aperture). 20-30 field were randomly selected and imaged in each treatment,

and quantitative analysis were performed using Fiji/Imagel software (Hartig, 2013; Jensen, 2013),

expressed as percent (%) fluorescent intensity (red) compared to negative control.

The fluorescent images were firstly converted to monochrome image (16-bit) by using the “Type”

function in the “Image” menu, and the “Set Scale” function in the “Analyze” menu was used to

calibrate image distance of pixels/um. The threshold of the images was adjusted by selecting “Li” as

thresholding method (Li’s Minimum Cross Entropy thresholding method). The fluorescent area of

each cell was further selected by the “Analyze Particles” function, the results were added to ROI

Manager and saved their positions on the image. The fluorescent intensity measurements were

calculated by using the “Set Measurements” and “Measure” function in the “Analyze” menu, the Area,

integrated density, mean grey value, limit to threshold, and display label were checked in the “Set

Measurements” window.
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5.9 Enzymatic Activities Assay of Mitochondrial Respiratory Chain

Complexes I-1V

The measurement of the enzymatic activities of mitochondrial respiratory chain (RC) complexes
I, 11, III, IV, and citrate synthase (Table 5.1), a mitochondrial matrix enzyme that commonly used to
normalize the results of the assays for the RC enzymes, have been published in detail elsewhere
(Spinazzi et al., 2012).

DLD-1 cells were seeded in 150 mm (1.0x10° cells) petri dishes with 20 mL RPMI-1640
medium containing 10% FBS and incubated for 24 hours at 37 °C and 5% CO,. After 24 hours, the
medium was removed and the cells were washed two times in pre-warmed PBS, then treated with
different exposure solutions and incubated at 37 °C, 5% CO; for 72 hours. /n concentrations of In(III)
and citrate-In(III) in exposure solutions were 0.0435 mM and 0.435 mM, and Ga concentrations of
Ga(IlII) and citrate-Ga(III) were 0.0215 mM and 0.215 mM. The RPMI-1640 medium containing 10%
FBS was used as a negative control, and the 5 pM DFO was used as a positive control. Sample

preparation and spectrophotometric RC enzyme analysis are summarized below (Table 5.2).

Table 5.1 Spectrophotometric RC enzyme analysis

Complex(es) analyzed Comment
Complex 1 NADH: ubiquinone oxidoreductase
Complex II Succinate dehydrogenase
Complex III Decylubiquinol cytochrome ¢ oxidoreductase
Complex IV Cytochrome ¢ oxidase
Citrate synthase A mitochondrial matrix enzyme of citric acid cycle
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Preparation of cell lysate: After exposure for 72 hours, the exposure solutions were removed
and the cells in 150 mm petri dishes were washed twice in pre-warmed PBS. The cells were then
harvested with TrypLE™ Express Enzyme. The minimum number of cells for further analysis in a
tube was 5.0x10° cells. Samples collected were gently centrifuged for five minutes at 1,000xg at 4
°C (TOMY MX-301, Tokyo, Japan) and washed two times in ice-cold PBS. The supernatants were
removed, and the cell pellets were flash-frozen in liquid nitrogen and stored at -80 °C until use (up to
two weeks). The cell pellets were resuspended in 0.5 mL of ice-cold 20 mM hypotonic potassium
phosphate buffer (pH 7.5) for ten minutes at 4 °C, and the cell suspensions were then homogenized
with a 2-mL glass tissue grinder (DWK Life Science, Wheaton, Millville, NJ, USA) with a tight
clearance kept on ice with 20 slow up-down strokes. The cell lysates were flash-frozen in liquid
nitrogen and thawed at 37 °C for three times and kept on ice for the RC complexes (II, III and 1V)
and citrate synthase analysis. A 1.0-uL aliquot of cell lysate for total protein concentration
measurements according to the Qubit™ Protein and Protein Broad Range (BR) Assay Kits (Invitrogen,
Thermo Fisher Scientific, Inc., MA, USA) and the Qubit 2.0 fluorometer (Invitrogen, Thermo Fisher
Scientific, Inc., MA, USA).

Preparation of mitochondrial-enriched fraction: After exposure for 72 hours, the dosing
solutions were removed and the cells in 150 mm petri dishes were washed twice in PBS. The cells
were then harvested with TrypLE™ Express Enzyme. The minimum number of cells for further
analysis in a tube was 1.0x107 cells. Samples collected were gently centrifuged for five minutes at

1,000xg at 4 °C and washed two times in ice-cold PBS. The supernatants were removed, and the cell
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pellets were flash-frozen in liquid nitrogen and stored at -80 °C until use (up to two weeks). The cell

pellets were resuspended in 0.5 mL of ice-cold 10 mM hypotonic Tris buffer (pH 7.6) for ten minutes

at 4 °C, and the cell suspensions were then homogenized with a 2-mL glass tissue grinder with a tight

clearance kept on ice with 20 slow up-down strokes. The cell lysates were centrifuged for ten minutes

at 2,500xg at 4 °C and washed in ice-cold PBS, transferred the cell supernatants to new centrifuge

tubes and repeated the centrifugation step. The cell supernatants were further centrifuged for ten

minutes at 15,000xg at 4 °C, discarded the supernatants and wash the mitochondrial-enriched pellets

in 100 pL of ice-cold 250 mM sucrose and T10E20 (10 mM Tris-HCI, 20 mM EDTA) solution. The

mitochondrial-enriched pellets were resuspended in 50 puL of ice-cold 250 mM sucrose and T1oE2o.

The mitochondrial-enriched fractions were flash-frozen in liquid nitrogen and thawed at 37 °C for

three times and kept on ice for the RC complex I analysis. A 1.0-uL aliquot of mitochondrial-enriched

fraction for total protein concentration measurements according to the Qubit™ Protein and Protein

Broad Range (BR) Assay Kits.

Complex I (NADH: ubiquinone oxidoreductase) activity: 25-ug of isolated mitochondrial-

enriched fraction from DLD-1 cells were added to a 1-mL quartz cuvette (GL Sciences Inc., Tokyo,

Japan) containing 700 pL of ultrapure water. 100 uL of potassium phosphate buffer (0.5 M, pH 7.5),

60 uL of fatty acid-free BSA (50 mg/mL), 30 uL of KCN (10 mM) and 10 pL. of NADH (10 mM)

were added to the cuvette. The total reaction volume was adjusted to 994 pL with ultrapure water.

The reaction solution was mixed by inverting the cuvette using Parafilm and followed the decrease

of absorbance at 340 nm for two minutes. The positive control was prepared by using a separate
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cuvette containing the same quantity of reagents and sample (negative control) but with the addition
of 10 uL of 1 mM rotenone solution. The reaction was started by adding 6 pL of ubiquinone; (10
mM), mixed by inverting the cuvette using Parafilm and followed the decrease of absorbance at 340
nm for two minutes inside the spectrophotometer (Aqualog, HORIBA, Kyoto, Japan). The enzymatic
activity of complex I is calculated as nmol min"! mg™! of protein according to the following equation:

Enzymatic activity of complex I (nmol min~' mg™') = (AAbsorbance/min x 1,000)/ [(extinction
coefficient x volume of sample used in mL) x (sample protein concentration in mg mL™!)]. The
extinction coefficient for NADH is 6.2 mM™! ecm™.

Complex II (succinate dehydrogenase) activity: 600 uL of ultrapure water, 50 uL of potassium
phosphate buffer (0.5 M, pH 7.5), 20 uL of fatty acid—free BSA (50 mg/mL), 30 pL of KCN (10 mM)),
50 pL of succinate (400 mM), 145 uL of 2,6-dichlorophenol indophenol (DCPIP, 0.015 % (wt/vol))
and 25 pg of cell lysate were added to a 1-mL quartz cuvette. The total reaction volume was adjusted
to 996 pL with ultrapure water. The reaction solution was mixed by inverting the cuvette using
Parafilm and incubated inside the spectrophotometer at 37 °C for ten minutes, the baseline activity
was read at 600 nm for the last two minutes. The positive control was prepared by using a separate
cuvette containing the same quantity of reagents and sample (negative control) but with the addition
of 10 uL of 1 M malonate solution. The reaction was started by adding 4 pL of decylubiquinone (DUB,
12.5 mM), mixed by inverting the cuvette using Parafilm and followed the decrease of absorbance at
600 nm for three minutes. The enzymatic activity of complex II is calculated as nmol min™! mg™! of

protein according to the following equation:
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Enzymatic activity of complex II (nmol min~' mg™!) = (AAbsorbance/min x 1,000)/ [(extinction

coefficient x volume of sample used in mL) x (sample protein concentration in mg mL™!)]. The

extinction coefficient for DCPIP is 19.1 mM™! ¢cm™.

Table 5.2 Conditions for spectrophotometric assays of RC enzymes and citrate synthase activities in

cultured cells

Citrate
Complex I Complex II Complex Il Complex [V synthase
A (nm) 340 600 550 550 412
-1
& (mmol 6.2 19.1 18.5 18.5 13.6
cm )
Buffer KP, 50 mM KP, 25 mM KP,25mM  KP,25mM  Tris, 100 mM
pH 7.5 7.5 7.5 7.0 8.0
NADH Succinate, DubH DTNB,
S“}”Strat“/ o0 20 mM 10‘; " Cyt c Ha, 100 uM
aecfggt‘grrls Ub 68 " DCPIP,8OpM. 7“5 " 50 UM Ac CoA,
C
L OV DUB, 50 uM e R 300 uM
Tween-20 Triton X-100
Detergent - - (0.025 % - 0.1 %
(vol/vol)) (vol/vol))
KCN, 500 uM
Other BSA,3mgmL' BSA,1mgmL’! Ei)TA H
reagent(s) KCN, 300 uM KCN, 300 uM ’
100 uM
Specific Rotenone, Malonate, Antimycin A, KCN,
inhibitor 10 uM 10 mM 10 pg mL"! 300 uM

Note: A, selected wavelength for the assay; €, extinction coefficient; Ac CoA, acetyl coenzyme A;

BSA, fatty acid—free bovine serum albumin; Cyt ¢, cytochrome c; Cyt ¢ Hz, reduced cytochrome

¢; DCPIP, 2,6-dichlorophenolindophenol; DUB, decylubiquinone; DubH», decylubiquinol;

DTNB, 5,5’-dithiobis(2-nitrobenzoic acid); KCN, potassium cyanide; KP, potassium phosphate

buffer; Tris, Tris buffer; Ubi, ubiquinone;.
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Complex III (decylubiquinol cytochrome c oxidoreductase) activity: 730 pL of ultrapure
water, 50 uL of potassium phosphate buffer (0.5 M, pH 7.5), 75 pL of oxidized cytochrome ¢ (1 mM),
50 uL of KCN (10 mM), 20 uL of EDTA (5§ mM, pH 7.5), 10 pL of Tween-20 (2.5 % (vol/vol)) and
15 ng of cell lysate were added to a 1-mL quartz cuvette. The total reaction volume was adjusted to
990 pL with ultrapure water. The reaction solution was mixed by inverting the cuvette using Parafilm
and read the baseline at 550 nm for two minutes. The positive control was prepared by using a separate
cuvette containing the same quantity of reagents and sample (negative control) but with the addition
of 10 pL of 1 mg/mL antimycin A solution. The reaction was started by adding 10 pL of
decylubiquinol (10 mM), mixed rapidly by inverting the cuvette using Parafilm and then immediately
observed the increase in absorbance at 550 nm for two minutes. The enzymatic activity of complex
II1 is calculated as nmol min™' mg™! of protein according to the following equation:

Enzymatic activity of complex III (nmol min~! mg™!) = (AAbsorbance/min x 1,000)/ [(extinction
coefficient x volume of sample used in mL) x (sample protein concentration in mg mL™!)]. The
extinction coefficient for reduced cytochrome c is 18.5 mM™' cm™.

Complex IV (cytochrome c oxidase) activity: 400 uL of ultrapure water, 250 pL of potassium
phosphate buffer (100 mM, pH 7.0), and 50 pL of reduced cytochrome ¢ (1 mM) were added to a 1-
mL quartz cuvette and the baseline activity was read at 550 nm for two minutes. The total reaction
volume was adjusted to 995 pL with ultrapure water. The positive control was prepared by using a
separate cuvette containing the same quantity of reagents and sample (negative control) but with the

addition of 30 uL of 10 mM KCN solution. The reaction was started by adding 5 pL of cell lysate (5-
160



40 pg), mixed by inverting the cuvette using Parafilm and read the decrease of absorbance at 550 nm
for three minutes. The enzymatic activity of complex IV is calculated as nmol min"! mg™! of protein
according to the following equation:

Enzymatic activity of complex IV (nmol min ! mg™!) = (AAbsorbance/min x 1,000)/ [(extinction
coefficient x volume of sample used in mL) x (sample protein concentration in mg mL™")]. The
extinction coefficient for reduced cytochrome c is 18.5 mM™! cm™.

Citrate synthase activity: 300 pL of ultrapure water, 500 pL of Tris (200 mM, pH 8.0) with
Triton X-100 (0.2% (vol/vol)), 100 uL of 5,5’-dithiobis-(2-nitrobenzoic acid) (DTNB, 1 mM), 30 puL
of acetyl coenzyme A (10 mM), and 25 pg cell lysate were added to a 1-mL quartz cuvette. The total
reaction volume was adjusted to 950 puL with ultrapure water. The reaction solution was mixed by
inverting the cuvette using Parafilm and read the baseline at 412 nm for two minutes. The reaction
was started by adding 50 uL of oxaloacetic acid (10 mM), mixed by inverting the cuvette using
Parafilm and read the increase in absorbance at 412 nm for three minutes. The enzymatic activity of
citrate synthase is calculated as nmol min™' mg™! of protein according to the following equation:

Enzymatic activity of citrate synthase (nmol min~' mg') = (AAbsorbance/min x 1,000)/
[(extinction coefficient X volume of sample used in mL) X (sample protein concentration in mg mL™1)].

The extinction coefficient is 13.6 mM™' cm™.
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5.10 Measurement of Mitochondrial Heme, Protoporphyrin IX (PPIX)

and Zinc Protoporphyrin IX (ZnPPIX)

5.10.1 Sample Preparation

DLD-1 cells (1.0x10° cells) were seeded in 150 mm petri dishes with 20 mL RPMI-1640
medium containing 10% FBS and incubated for 24 hours at 37 °C and 5% COa». After 24 hours, the
medium was removed and the cells were washed two times in pre-warmed PBS, then treated with
different dosing solutions and incubated at 37 °C, 5% COx> for 72 hours. /n concentrations of citrate-
In(I1I) in exposure solutions were 0.0435 mM and 0.435 mM, and the Ga concentrations of citrate-
Ga(III) were 0.0215 mM and 0.215 mM. The RPMI-1640 medium containing 10% FBS was used as
a negative control, and the 5 uM DFO was used as a positive control.

Preparation of mitochondrial-enriched fraction: After exposure for 72 hours, the exposure
solutions were removed and the cells in two 150 mm petri dishes were washed twice in pre-warmed
PBS. The cells were then harvested with TrypLE™ Express Enzyme. Samples collected were gently
centrifuged for five minutes at 1,000xg at 4 °C and washed two times in ice-cold PBS. The
supernatants were removed, and the cell pellets were flash-frozen in liquid nitrogen and stored at -80
°C until use. The cell pellets were resuspended in 0.5 mL of ice-cold 10 mM hypotonic Tris buffer
(pH 7.6) for ten minutes at 4 °C, and the cell suspensions were then homogenized with a 2-mL glass
tissue grinder with a tight clearance kept on ice with 20 slow up-down strokes. The cell lysates were

centrifuged for ten minutes at 2,500xg at 4 °C and washed in ice-cold PBS, transferred the cell
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supernatants to new centrifuge tubes and repeated the centrifugation step. The cell supernatants were
further centrifuged for ten minutes at 15,000xg at 4 °C, discarded the supernatants and wash the
mitochondrial-enriched pellets in 100 pL of ice-cold 250 mM sucrose and T10E20 (10 mM Tris-HCI,
20 mM EDTA) solution. The mitochondrial pellets were resuspended in 50 pL of ice-cold 250 mM
sucrose and Ti1oE2o. The mitochondrial-enriched fractions were kept on ice for heme, PPIX and
ZnPPIX analysis. A 1.0-uL aliquot of mitochondrial fraction for total protein concentration
measurements according to the Qubit™ Protein and Protein Broad Range (BR) Assay Kits and the
Qubit 2.0 fluorometer.

Preparation of heme, PPIX and ZnPPIX fraction: The sample preparation for the further
ultra-performance liquid chromatography tandem mass spectrometry (UPLC-MS/MS) analysis was
prepared as described previously with some adjustment (Fyrestam and Ostman, 2017). Simply, 150
uL of acetonitrile was added to the microcentrifuge tube containing mitochondrial-enriched fraction
and shake vigorously for five minutes by using a tube mixer (CM-1000 Cute Mixer, EYELA, Tokyo,
Japan). The extraction solutions were centrifuged for five minutes at 15,000xg, and the supernatants
(Porphyrin fraction containing PPIX and ZnPPIX) were transferred to new centrifuged tubes,
protected from light. The pellets were resuspended in 200 pL of acetonitrile:1.7 M HCI (8:2, vol/vol)
and shake vigorously for 20 minutes by using a tube mixer. After shaking, 50 puL of saturated
MgSOsaq) and 5 mg NaCls) were added to each tube, shake for five minutes by a tube mixer. The
extraction solutions were centrifuged for five minutes at 15,000%g, and the supernatants (Hemin

fraction) were transferred to new centrifuged tubes, protected from light. Both porphyrin and hemin
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fractions were then concentrated for 5-10 minutes by using a centrifugal concentrator (TOMY CC-
105, Tokyo, Japan) coupled with a low temperature trap (TOMY TU-055, Tokyo, Japan).
Preparation of standard curve: Stocks of hemin (0.2 mM), PPIX (0.25 mM) and ZnPPIX (0.2
mM) standards were prepared separately by dissolving 1.30 mg of hemin, 1.41 mg of PPIX and 1.25
mg of ZnPPIX in 10 mL DMSO. A seven-point calibration curve was made by hemin, PPIX and
ZnPPIX standard solutions, the hemin concentrations in calibration curve were in the range of 2.5-25

uM, and the concentrations of PPIX and ZnPPIX were in the range of 0.25-2.5 uM.

5.10.2 UPLC-MS/MS Analysis

The analysis of hemin, PPIX and ZnPPIX were performed on a Xevo TQ-S tandem mass
spectrometer coupled to an ultra-performance liquid chromatograph Acquity I-Class system (Waters
Corporation, Milford, MA, USA). An Acquity UPLC CSH C18 column (2.1 x 150 mm, 1.7 pm),
placed in a column oven (50 °C), was used for the separation with a gradient elution using acetonitrile
and 0.1 % formic acid (FA) as mobile phases. Signals from all analytes were acquired in positive
electrospray mode (ESI+) and multiple reaction monitoring (MRM) with three compound-specific
transitions for each analyte, all transitions used as quantifier and qualifier ions. The dwell time for
each transition was automatically set by the software to be 0.012 s in order to get approximate 12 data
points over a peak with a width of 4 s. Liquid chromatography and mass spectrometry parameters are

presented in Table 5.3.
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Table 5.3 Conditions for the UPLC-MS/MS analysis

UPLC

ESI-MS/MS conditions

Chromatographic conditions

Electrospray conditions

Column dimensions 2.1 x 150 mm Ionization mode
Stationary phase C-18 Capillary voltage
Particle size 1.7 pm Source temperature
Column temperature 50 °C ziiglezzz)rz
Mobile phase A Acetonitrile Desolvation gas flow
Mobile phase B 0.1 % FA
Flow rate 0.5 mL/min MS/MS conditions
Injection volume 10 pL Dwell time
Gradient Compounds
Time (min) B % Hemin
Initial 20
5.00 100
6.00 100 Protoporphyrin IX
10.00 20
Zinc protoporphyrin

Transition
616 > 482
616 >497
616> 557
563 > 444
563 > 489
563 > 504
626 > 492
626 > 507
626 > 567

ESI (+)
3500 V
150 °C
650 °C

650 L/h

0.012s
MRM

cV
64
64
64
20
20
20
64
64
64

CE
120
116
82
110
96
78
120
116
82

Note: FA, formic acid; CV, cone voltage; CE, collision energy.
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5.11 Senescence-Associated -Galactosidase Staining

DLD-1 cells (2.0x10° cells) were seeded in 60 mm petri dishes with 6 mL RPMI-1640 medium
containing 10% FBS and incubated for 24 hours at 37 °C and 5% COa.. After 24 hours, the medium
was removed and the cells were washed two times in pre-warmed PBS, then treated with different
dosing solutions and incubated at 37 °C, 5% CO; for 72 hours. In concentrations of In(IIl), citrate-
In(IlT), In(OH)3) and In2O3¢) in exposure solutions were 0.0435 mM and 0.435 mM, Ga
concentrations of Ga(Ill) and citrate-Ga(III) were 0.0215 mM and 0.215 mM, and 0.717 mM for
Gaz203(s). The RPMI-1640 medium containing 10% FBS was used as a negative control, and the 5 uM
DFO was used as a positive control.

After exposure for 72 hours, the dosing solutions were removed, and the cells were washed twice
in pre-warmed PBS. The cells were then fixed with pre-warmed 4% formaldehyde solution (in PBS)
at room temperature for ten minutes. The fixative solution was removed and washed the cells with
pre-warmed PBS for three times. Staining solution containing 1 mg/mL X-gal, 5 mM potassium
ferrocyanide, 5 mM potassium ferricyanide, 150 mM sodium chloride, 2 mM magnesium chloride in
40 mM citric acid/sodium phosphate solution (pH 6.0), was added to the fixed cells and an incubation
period of 15 hours at 37°C in the dark. After staining, the cells were washed twice in PBS and 3 mL
of PBS was added to each treatment. Blue-stained SA-B-gal positive cells were counted as a
percentage (%) of the total cell number by using inverted fluorescence phase-contrast microscope

with a 20x objective (Plan Fluor/0.45 numerical aperture) and BZ-II viewer software.
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5.12 Other Possible Modes of Action

5.12.1 Proteasome Inhibition Assay

Preparation of proteasome fraction: DLD-1 cells (1.0x10° cells) were seeded in 150 mm petri
dishes with 20 mL RPMI-1640 medium containing 10% FBS and incubated at 37 °C and 5% COa.
After reaching 70-80% confluence, the cells of five petri dishes were washed twice in pre-warmed
PBS. The cells were then harvested with TrypLE™ Express Enzyme. The cell pellets were
resuspended with six volumes of 1 mM dithiothreitol (DTT) solution, and the suspensions were flash-
frozen in liquid nitrogen and thawed at 37 °C for three times. The suspensions were centrifuged for
15 minutes at 10,000xg at 4 °C and the supernatants were collected, then the buffer B containing 250
mM of Tris-HCI (pH 7.4), 25 mM of MgCl,,1.25 M of sucrose, and 10 mM of adenosine triphosphate
(ATP) was added, and the ratio of the volume of supernatant and buffer B is 8:2. The mixtures were
ultracentrifuged for one hour at 100,000xg at 4 °C (Himac CS 100GXII, Hitachi, Tokyo, Japan) and
the supernatants were decanted to a new tube. These supernatants were further ultracentrifuged for
five hours at 100,000xg at 4 °C, removed the supernatants and the pellets were dissolved in buffer C,
which contained 50 mM of Tris-HCI (pH 7.4), 5 mM of MgCl,, 10 % of glycerol, and 10 mM of ATP.
This solution was centrifuged with Vivaspin® 6 centrifugal concentrators with a 100-kDa cutoff
(Sartorius Stedim Biotech GmbH, Goéttingen, Germany) for four minutes at 3,500xrpm at 4 °C,

repeated three times. A 1.0-uL aliquot of proteasome fraction for total protein concentration
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measurements according to the Qubit™ Protein and Protein Broad Range (BR) Assay Kits and the

Qubit 2.0 fluorometer.

Proteasome inhibition assay: Purified proteasome fraction (10 pug/mL in final concentration)

was incubated in a 50 pL of reaction solution, which contained proteasome assay buffer (50 mM Tris-

HCI, 20 mM KCl, 0.5 mM MgOAc and | mM DTT, pH 7.8) with Ga- and In-related chemicals, and

10 puL of 10 uM fluorogenic peptide substrate (Suc-Leu-Leu-Val-Tyr-AMC for chymotrypsin-like

peptidase activity, Boc-Leu-Arg-Arg-AMC for trypsin-like peptidase activity, and Z-Leu-Leu-Glu-

AMC for caspase-like peptidase activity). The proteasome fraction and proteasome assay buffer with

Ga- and In-related chemicals were gently mixed and incubated at 37 °C for ten minutes by using a

Dry Thermo Unit (DTU-2C, Taitec Co. Ltd., Tokyo, Japan). /n concentration of In(III), citrate-In(III),

In(OH)3(¢s) and InxO3(s) in reaction solutions was 0.435 mM, and the Ga concentration of Ga(IIl),

citrate-Ga(Ill) and Ga,O3; was 0.717 mM. The proteasome assay buffer was used as a negative control,

whereas the 1 uM of proteasome inhibitor (MG-132) was used as a positive control. After incubation,

10 pL of 10 uM fluorogenic peptide substrate was added into each treatment and further incubated at

37 °C in the dark for ten minutes by using a Dry Thermo Unit. The enzymatic reaction of proteasome

was stopped by addition of 200 uL of methanol, mixed well and centrifuged at 15,000xrpm at room

temperature. The supernatant (about 50 pulL) was collected and transferred to a new centrifuge tube

for further HPLC analysis.

The supernatant containing hydrolyzed 7-amido-4-methyl-coumarin (AMC) groups was

measured by a Shimadzu VP HPLC System coupled with LC-10AT (liquid chromatography), SCL-
168



10A (system controller), SIL-10AD (auto injector), RF-10A (fluorescence detector) (Shimadzu,
Kyoto, Japan) and a Shim-pack FC-ODS column (150 x 46 mm, 3 pm; Shimadzu, Kyoto, Japan).
The excitation and emission wavelengths were set at 380 nm and 460 nm, respectively. Changes in

fluorescence were calculated against negative controls.

5.12.2 Genotoxicity Assessment Using EGFP-MDCI1-Expressing
Human Cells

The established high-throughput genotoxicity screening assay was described previously
(Matsuda et al., 2014). Briefly, EGFP-MDC 1-expressing MCF7 cells (1.0x10* cells) were seeded in
35 mm glass-based petri dishes with 3 mL RPMI-1640 medium containing 10% FBS and incubated
at 37 °C and 5% COa. After 24 hours, the medium was removed and the cells were washed two times
in pre-warmed PBS, then treated with different exposure solutions and incubated at 37 °C, 5% CO>
for 72 hours. In concentration of In(IIl), citrate-In(IIT), In(OH)3(s) and In2O3(s) in exposure solutions
was 0.435 mM, and the Ga concentration of Ga(IIl), citrate-Ga(Ill) and Ga>O3) was 0.717 mM. The
RPMI-1640 medium containing 10% FBS was used as a negative control.

After exposure for 72 hours, the exposure solutions were removed, and the cells were washed
twice in pre-warmed PBS. The cells were then fixed with pre-warmed 4% formaldehyde solution (in
PBS) at room temperature for ten minutes. The fixative solutions were removed and washed the cells
for three times with PBS, then 3 mL of PBS was added to each treatment. In each treatment, a minimal

of 10-15 different field were imaged by using inverted fluorescence phase-contrast microscope

169



coupled with BZ-II viewer software, the 20x objective (PlanApo/0.75 numerical aperture) and the

quick full-focus function were used. The image-processing and calculation of foci area/nucleus were

performed using R program. The outline of the procedure is shown in Figure 5.2.

EGFP-MDC1 images

v

Conversion of the green cgannel to gray scale image

Normalization of brightness

Extracted nuclei 7 ! 1 Extracted foci

— Nuclear extraction ——— Foci extraction
Binarization Binarization

Numbering of gbjects (nuclei)

Removal of objects with area < 3000 pixels

Removal of objects »tith acircularity > 0.2

Removal of objects with¢mean brightness < 0.2
|

v
Calculation of foci area/nucleus

Figure 5.2 Workflow of image-processing using R program. After EGFP-MDCI imaging, nuclei and
foci were separately masked from the same EGFP-MDCI1 image and then the masked

foci area in each masked nucleus was calculated (Matsuda et al., 2014).

5.13 Statistical Analysis

Each experiment was performed at least in triplicate. All results were presented as mean +
standard deviation (SD). Prior to analysis, all results were tested for normality (Kolmogorov-Smirnov
test) and for homogeneity of variances (Levene test). The acceptable data were then performed by
Student’s t test, or one-way analysis of variance (ANOVA) with post hoc tests to evaluate significant
differences between treatments. The IBM SPSS statistics program (version 21) was used for all

statistical analyses, and p values of <0.05 were considered significant.
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6. Results

6.1 Cell Viability After Treatment

The MTT assay was used to assess cytotoxicity at the 72 hours timepoint. Ga- and In-related
chemicals induced a dose-dependent manner decrease in cellular viability (Figure 6.1). In(Ill) and
citrate-In(IT) treated cells revealed dramatically decrease in viability when the nominal In
concentration in exposure solution was above 0.435 mM, and the hydroxide/oxide groups decreased
the viability when the nominal /n concentration in solution was above 0.044 mM. Additionally, Ga(III)
and citrate-Ga(IlI) treated cells decreased viability significantly when the nominal Ga concentration
in exposure solution was above 0.359 mM, and the Ga,Oss) treatment (0.014 to 3.586 mM of Ga)
also indicated a significant decrease in cell viability.

The calculated LCso values (72 h) of In(Ill), citrate-In(Ill), In(OH)3i) and InOs¢) were
respectively 2.151 mM, 1.368 mM, 1.161 mM and 1.570 mM, indicating that the citrate stabilized
In(IlT) and In(OH)si) particles could induce higher cytotoxicity to DLD-1 cells (Table 6.1).
Furthermore, the LCso values (72 h) of Ga(Ill), citrate-Ga(IIl) and Ga,O3(s) were respectively 0.425
mM, 0.612 mM and 2.503 mM, the Ga(IlI) had the highest cytotoxicity among the three treatment
groups (Table 6.1). The viability of DLD-1 cells appeared to be more sensitive to Ga(IIl) and citrate-
Ga(IIT) exposure as compared to In(III), citrate-In(IIT) and other hydroxide/oxides groups.

To investigate the further sublethal effects of Ga- and In-related chemicals, the estimated

workplace exposure level and 72 h-LCso values were considered. The lower dose of 50 mg/L (0.435
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mM) In-related chemicals containing equivalent amounts of /n has previously been calculated to
represent approximately three years of average workplace exposure, while the higher dose of 1 g/L
(8.709 mM) is more representative of a career-long exposure (Badding et al., 2014). The following
formula was used based on airborne particle concentrations of 0.1 mg/m? at the average inhaled air
volume over an 8-h workday, according to 260 workday per year:

Lung burden = respirable dust concentration x inhaled air volume (breathing rate)/workday x
alveolar deposition fraction x days.

As a result, the sublethal doses of Ga- (0.022 mM and/or 0.215 mM of Ga) and /n- (0.044 mM
and/or 0.435 mM of In) chemicals were determined to represented a range of occupational exposures

calculated to be at maximum of three years and much less than 72 h-LCsg values.

172



120
—0— In(lll)
—@— Citrate-In(lIl)
100 —A— In(OH),
—v— In,0,
§ 80 A
oy
S 60 -
©
S
— *%
[}
@) 40 A ** A **
20 A
0 T T T T T T T T T T
00 00 00 00 00 00 &0 &0 ‘»0
Nominal In concentration (mM)
120
—0— Ga(lll)
—&— Citrate-Ga(lll)
100 A —A— Ga,0,
;\? 80 A
¥y
3 60 -
0
>
% *%*
O 40 A
20 - .
*%k
0 I ¥

0' DI' "b‘ "Ib 9 "\ bt N % ()

N A » 5 N ) ) O D
N N

0’0 0‘0 Qo O 0:\ N‘b‘ Vv fp"b "bf’

Nominal Ga concentration (mM)

Figure 6.1 Cytotoxicity of Ga and /n-related chemicals on DLD-1 cell growth. DLD-1 cells were
treated with Ga and /n-related compounds for 72 hours. Values are mean + SD for each
treatment group. Significance in difference between two groups were tested by

independent sample t test. * p<0.05 ** p<0.01 versus control.
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Table 6.1 LCso values for Ga and In-related chemicals. DLD-1 cells were treated with Ga and In-

related chemicals for 72 hours. The results were analyzed by probit analysis.

LC,, (72h) 95% lower confidence limit ~ 95% upper confidence limit
Treatment
mM

In(IlN) 2.151 N/A N/A
Citrate-In(111I) 1.368 1.273 1.474
Ga(lln) 0.425 0.374 0.478
Citrate-Ga(lll) 0.612 0.414 0.852
In(OH),, 1.161 1.004 1.362
0, 1,570 1.111 2.460
Ga,0,, 2,503 1.830 4,052

Note: N/A, Not Applicable.

6.2 Apoptosis and Cell Cycle Profile After Treatment

Programmed cell death (apoptosis) is a crucial and active regulatory pathway of cell growth and
proliferation. The Muse™ Annexin V & Dead Cell assay was performed in order to elucidate whether
Ga and /n would have adverse effect on DLD-1 cells through this pathway. The results indicated that
Fe(Ill) chelator deferoxamine (DFO) and all Ga- and /n-related chemicals did not significantly
enhance apoptosis of the DLD-1 cells after 72 hours treatment period (Figure 6.2). The percentages
of total apoptotic cells treated by Ga- and In-related chemicals were approximately in the range of
17.2 % to 29.3 %, the higher concentration of citrate-Ga(Ill) (0.215 mM) slightly increased the

percentage of total apoptotic cells as compared with the untreated control, which was not statistically
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significant. As a result, the percentage of live cells and dead cells among treated DLD-1 cells were in

the range of 68.9 % to 81.5 % and 1.0 % to 1.9 %, respectively.

DFO-induced Fe deficiency could cause cell cycle arrest at the G2/M phase in DLD-1 cells

(Figure 6.3). The cell cycle progression was also arrested at the G2/M phase in cells after 72 hours

exposure with higher concentrations of In(IIl) and Ga(III) groups (i.e., In(III), citrate-In(II1), Ga(III)

and citrate-Ga(Ill)), accompanied by significant decreases in the cell populations at the Go/G1 phase

(decrease in the range of 14.7 % to 21.2 %) in comparison to the untreated control; in addition, the

lower concentration treatments had also slightly increased the cell populations at the G>/M phase,

which were not statistically significant. DLD-1 cells treated with In2O3() (0.435 mM of /n) also

induced the cell cycle arrest at the G2/M phase (p<0.05), whereas a decrease in the percentage of cells

at the Go/G1 phase was not observed.
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Figure 6.2 (A) Apoptosis profile of DLD-1 cells as studied by the Muse™ Annexin V & Dead Cell
Kit after 72 hours of treatment.
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Figure 6.2 (B) The live, total apoptotic and dead cell percentages of control and treated DLD-1 cells.
Significance in difference between two groups were tested by independent sample t test. *

p<0.05 ** p<0.01 versus control.
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Figure 6.3 (A) Cell cycle analysis of DLD-1 cells using the Muse™ Cell Cycle Kit after 72 hours of

treatment.

178



(B)

B G/G, X S mmm G,/M [ Debris

100 -

80

60

Percentage of cell (%)

N NI N> O~ O~
N NGRS
R I I \o’?’ & P
&".’& «'5& & &
& & &

Figure 6.3 (B) The cell cycle percentages of control and treated DLD-1 cells. Significance in
difference between two groups were tested by independent sample t test. * p<0.05 **
p<0.01 versus control.
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6.3 Changes in Cell Size and Nucleus Size After Treatment

DLD-1 cells treated with Ga- and /n-related chemicals showed typical temporal alterations of
cell morphology associated with profound changes in cellular size, resulting in a flattened shape,
senescent-like morphology after 72 hours of exposure. The population of attached untreated DLD-1
cells consisted of a mixture of cell types which were defined as small (<300 um?), medium (300-950
um?) or giant cells (> 950 um?) (Figure 6.4A). The results indicated that Fe(III) chelator DFO (5 uM)
and the higher concentration of Ga(IIl) and In(III) treatments significantly increased the cell size than
lower concentration. In those treatments that the cell populations were mainly composed of giant cells,
it appeared to be difficult to identify the two distinct morphologies of DLD-1 cells (clone A and clone
D). Since cell size not only depends on cell cycle phase and ploidy, the size of cell nucleus was also
determined. As shown in Figure 6.4B, the changes in cell size were paralleled by similar changes in
nuclear size, pointing to dynamic changes in ploidy during exposure period.

In addition, a reversibility in both cellular and nucleus sizes with either Ga(IIl) or In(IIl) in the
co-presence of the citrate-Fe(III) concentrations (4.48 and 8.95 mM) was observed; however, the cells
treated with citrate-Fe(III) (0.90 mM to 8.95 mM) did not induce an increase in both cell and nucleus

sizes (Figure 6.4).
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Figure 6.4 Cell and nucleus size of DLD-1 cells after Ga and /n-ionic groups. DLD-1 cells were

treated with Ga and /n-ionic groups for 72 hours. (A) Boxplot of cell size (area) of DLD-

1 cells, at least 250 cells were counted for each treatment. Dotted lines define three

populations distinguished by size; small (S), 10" percentile of untreated cells; medium
(M), the size of cells between 100" and 10™ percentile of untreated cells; giant (G), >2-

times the size of median cells. (B) Boxplot of nucleus area of DLD-1 cells, at least 250

cells were counted for each treatment.
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6.4 Time-Lapse Cell Imaging of Ga- and In-Treated Cells

In order to analyze the fate of individual cells with regard to the induction of cell death, division
and cell cycle arrest, we performed the time-lapse microscopy of DLD-1 cells for 72 hours of Ga(III)
and In(IIT) sublethal exposure. Cell cycle arrest was the main fate of Ga(Ill)- and In(III)-treated cells,
concomitantly with an decrease in cell divisions after approximately 40 hours of exposure (Figure 6.5
and Figure 6.6). Cell death was only clearly increased in Ga(IIl)-treated cells after 60 hours. Mitosis
of mononuclear cells was usually followed by cytokinesis, and only rarely resulted in the formation
of multinuclear cells. The formation of mononuclear giant cells appears to include cytokinesis failure
and endoreplication, and the treated cells underwent cell fusion or cell-to-cell fusion immediately

after cytokinesis failure, thereby forming multinuclear giant cells.
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Figure 6.5 Time-lapse cell imaging of In(III)-treated DLD-1 cells. Images showed the giant cells undergoing cell cycle arrest with increasing cell volume
and nucleus area (white arrow), and the formation of multinuclear giant cells by cell-to-cell fusion immediately after cytokinesis failure

(yellow arrow). Scale bar, 50 um.
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Figure 6.6 Time-lapse cell imaging of Ga(Ill)-treated DLD-1 cells. Images showed the giant cells undergoing cell cycle arrest with increasing cell volume

and nucleus area (white arrow), and the formation of multinuclear cells by cell fusion of two cells (blue arrow). Scale bar, 50 um.
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6.4 Ga- and In-Induced Changes in Mitochondrial Membrane Potential

(Aym)

DLD-1 cells were treated with Ga- and In-related chemicals for 72 hours, to examine the effect
of these chemicals on mitochondrial function. At the conclusion of the treatment duration,
mitochondrial function was determined by fluorescent microscopic examination of the Awym-
dependent uptake and retention of MitoTracker Red (CMXRos) into mitochondria. Figure 6.7
demonstrated the effect of Ga- and /n-related chemicals on the mitochondrial membrane potential
(Aym) in cells. DFO (5 uM) remarkably increased (p<0.01) MitoTracker Red fluorescence, and there
was also a significant increase (p<0.01) of red fluorescence following treatment with In(IIl) and
citrate-In(IIl) (0.435 mM of In), Ga(Ill) and citrate-Ga(III) (0.215 mM of Ga). Similar results were
obtained following treatment with In(OH)3(s) and In2O3(s) (0.435 mM of In), and Ga;03() (0.717 mM
of Ga). Additionally, both Ga(IIl) and citrate-Ga(Ill) (0.215 mM of Ga) treatments had a greater
adverse effects on mitochondria, leading to the highest MitoTracker Red fluorescent per cell as
compared with the untreated control as well as other treatments. It has been reported that the increase
in MitoTracker Red fluorescence in mitochondria of treated cells could be attributed to: (1) the
elevation of Ay, or (2) mitochondrial dysfunction by increasing the number of mitochondria and

mitochondrial volume (Krohn et al., 1999).
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Figure 6.7 Violin plots reporting the mitochondrial membrane potential (Aym) of DLD-1 cells
(MitoTracker Red CMXRos stain), at least 500 cells were counted for each treatment.
DLD-1 cells treated to Ga- and /n-related chemicals for 72 hours. The value on Y-axle
represents the relative MitoTracker Red fluorescence in the binary logarithm (log2) value.
Dotted and solid lines represent the quartile and median, respectively. ** p<0.01 versus
control, Kruskal-Wallis one-way analysis of variance followed by Games-Howell post-
hoc test.
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6.5 Changes in Enzymatic Activities of Mitochondrial Respiratory

Chain Complexes After Treatment

Citrate synthase (CS) is located in the mitochondrial matrix, which is one of the key regulatory
enzymes in the energy-generating metabolic pathway. It has been extensively used as a metabolic
marker in assessing oxidative and respiratory capacity of mitochondria (Siu et al., 2003; Spina et al.,
1996). DLD-1 cells treated with In(IIl) (0.435 mM of In) and citrate-In(IIT) (0.044 mM and 0.435
mM of In), showed a significant decrease in CS activity as compared to control group after 72 hours
of exposure. Similar results were obtained following treatment with higher concentration of citrate-
Ga(III) (0.215 mM of Ga) (Figure 6.8).

A dose-dependent decrease in complex I (NADH: ubiquinone oxidoreductase) and complex 11
(succinate dehydrogenase) activity were observed after the treatment of cells with Ga- and /n-ionic
groups for 72 hours. Analysis of variance indicated that enzymatic activity of the complexes I was
significantly inhibited with the treatment of the higher concentration of In(Ill) (0.435 mM of In),
Ga(III) and citrate-Ga(III) (0.215 mM of Ga), as well as the positive control rotenone (10 pM) and
DFO (5 uM) (Figure 6.9A). As for complex II activity, similar results were observed with treatments
of the higher concentration of In(IIl) and citrate-In(III) (0.435 mM of In), Ga(IIl) and citrate-Ga(III)
(0.215 mM of Ga), as well as the positive control malonate (10 mM) and DFO (5 uM) (Figure 6.9B).

Compared to complex I and II, complex III (decylubiquinol cytochrome ¢ oxidoreductase) and

complex IV (cytochrome ¢ oxidase) are heme containing proteins. Each of the two complexes

187



contains two hemes, a cytochrome b and cytochrome c/ for complex III and a cytochrome a and

cytochrome a3 for complex IV. A dose-dependent inhibition of complex III activity was observed

after the cells treated with In(IIT) (0.044 mM and 0.435 mM of In), citrate-In(II1) (0.435 mM of In),

Ga(II) and citrate-Ga(III) (0.215 mM of Ga), as well as the positive control antimycin A (10 pg/mL)

and DFO (5 uM) (Figure 6.10A). However, complex IV appeared to be more sensitive than complex

I-1IT to Ga(III) and In(III). The enzymatic activity of complex IV was significantly inhibited (p<0.01)

among all treatments, as well as the positive control KCN (300 uM) and DFO (5 uM) (Figure 6.10B).
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Figure 6.8 Enzymatic activities of citrate synthase. DLD-1 cells treated for 72 hours of Ga- and In-
ionic groups. Data are expressed as mean + SD. Significance in difference between two

groups were tested by independent sample t test. * p<0.05 versus control.
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Figure 6.9 Results of mitochondrial respiratory transport chain enzymatic activities. DLD-1 cells
were treated for 72 hours of Ga- and /n-ionic groups. (A) Complex I (NADH: ubiquinone
oxidoreductase) activity; (B) Complex II (succinate dehydrogenase) activity. Data are
expressed as mean = SD. Significance in difference between two groups were tested by
independent sample t test. * p<0.05 ** p<0.01 versus control.
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Figure 6.10 Results of mitochondrial respiratory transport chain enzymatic activities. DLD-1 cells
were treated for 72 hours of Ga- and In-ionic groups. (A) Complex III (decylubiquinol
cytochrome ¢ oxidoreductase) activity; (B) Complex IV (cytochrome ¢ oxidase) activity.
Data are expressed as mean + SD. Significance in difference between two groups were

tested by independent sample t test. * p<0.05 ** p<0.01 versus control.
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6.6 Alteration of Mitochondrial Heme and Porphyrins Contents After

Treatment

Ga(IIT) and In(IIT) have been demonstrated to have adverse effects on mitochondrial function,
including alteration in mitochondrial membrane potential and enzymatic activity of respiratory chain
complexes. However, it remains unclear whether Ga(Ill) and In(II) could interfere with the
biosynthesis processes of heme, which plays an important role in cellular iron homeostasis, gas
exchange, mitochondrial energy production (e.g., cytochromes synthesis), antioxidant defense and
signal transduction. An analytical method for the extraction, clean-up, and analysis of porphyrins and
heme by UPLC-MS/MS was performed, to quantify the mitochondrial protoporphyrin IX (PPIX),
heme and zinc protoporphyrin IX (ZnPPIX) in DLD-1 cells after 72 hours exposure with citrate-In(III)
and citrate-Ga(III).

In Figure 6.11, a chromatogram was shown for the HPLC-MS/MS analysis of hemin, heme
precursors (PPIX) and ZnPPIX (zinc is instead of iron). All compounds were baseline separated
within six minutes. Total runtime for one sample, including pre- and pro-runs to clean and condition
the column was ten minutes.

The calibration curve of hemin showed linear characteristics (R? > 0.9934) with a significant
curvature in the concentration range 25 to 250 pmol; also, the standards of PPIX and ZnPPIX also
showed linear calibration curves in the concentration range of 2.5 to 25 pmol (R? > 0.9897 for PPIX

and R?> 0.9911 for ZnPPIX) (Figure 6.12).
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Analysis of variance indicated that mitochondrial heme contents was significantly declined with
the treatment of the citrate-In(I1I) (0.044 mM and 0.435 mM of In), citrate-Ga(III) (0.0215 mM and
0.215 mM of Ga), as well as DFO (5 uM) as compared to control group (Figure 6.13A). A similar
result was obtained for the heme precursor PPIX and ZnPPIX, the concentration of mitochondrial
PPIX and ZnPPIX were significantly decreased among all citrate-In(III) and citrate-Ga(III) treatments,
whereas the cells treated with DFO (5 uM) only showed a decrease in mitochondrial PPIX to about

half of control value (Figure 6.13B; Figure 6.13C).
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Figure 6.11 Total reconstructed ion chromatogram from the UPLC-MS/MS analysis of a standard
mixture of protoporphyrin IX, hemin and zinc protoporphyrin IX. PPIX, protoporphyrin
IX; Hemin; ZnPPIX, zinc protoporphyrin IX. Flow rate = 0.5 mL/min. Injection volume

=10 pL. Detection: MRM using three compounds-specific transitions for each analyte.
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Figure 6.12 Calibration curve of hemin (5-250 pmol) and porphyrins (2.5-25 pmol) at 7 different
levels. (A) Hemin; (B) Protoporphyrin IX; (C) Zinc protoporphyrin IX.
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Figure 6.13 UPLC-MS/MS analysis of mitochondrial iron (II) protoporphyrin IX (heme),
protoporphyrin IX and zinc protoporphyrin IX concentrations in DLD-1 cells. DLD-1
cells treated to Ga- and In-related chemicals for 72 hours. (A) Heme; (B)
Protoporphyrin IX; (C) Zinc protoporphyrin IX. Data are expressed as mean + SD.
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6.7 Ga- and In-Induced Cellular Senescence

In addition to cytotoxicity (apoptosis and cell cycle), cellular and nucleus sizes, and
mitochondrial function (mitochondrial membrane potential and enzymatic activity of respiratory
chain complexes) measurements, staining for senescence-associated B-galactosidase (SA-B-Gal)
activity was used to assess whether the Ga- and /n-induced mitochondrial dysfunction could induce
cellular senescence. Results indicated that there was a significant increase (p<0.01) of SA-B-Gal
positive cells after 72 hours treatment with Ga- and /n-related chemicals and DFO (5 uM) except for

In203(5) (0.435 mM of In) and Ga203(s) (0.717 mM of Ga). (Figure 6.14).
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Figure 6.14 Senescence-associated beta-galactosidase (SA-B-gal) staining of DLD-1 cells, at least
500 cells were counted for each treatment. DLD-1 cells treated to Ga- and In-related
chemicals for 72 hours. ** p<0.01 versus control, Kruskal-Wallis one-way analysis of

variance followed by Games-Howell post-hoc test.
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6.8 Ga- and In-Induced in vitro Proteasome Activity Inhibition

To explore the toxic mechanism by which Ga- and /n-related chemicals may inhibit proteasome
function, the in vitro assay of those compounds on 20S proteasome was performed. The 20S
proteasome fraction was prepared from DLD-1 cell lysate. The proteasome activity was monitored
by the fluorescently tagged substrates specific for the three main components of proteasome activity,
including Suc-Leu-Leu-Val-Tyr-AMC for chymotrypsin-like peptidase activity, Boc-Leu-Arg-Arg-
AMC for trypsin-like peptidase activity, and Z-Leu-Leu-Glu-AMC for caspase-like peptidase activity.

As expected, the proteasome inhibitor of MG132 significantly decreased overall activity of 20S
proteasome, which was consistent with the established mechanism of this inhibitor acting on the
proteasome (Figure 6.15). Furthermore, In(III) and citrate-In(III) (0.435 mM of In) also had shown
proteasome inhibitory effects (chymotrypsin-like, trypsin-like and caspase-like activity) in the 20S
proteasome, while Ga(Ill) and citrate-Ga(Ill) (0.717 mM of Ga) selectively inhibited the
chymotrypsin-like and caspase-like activity of the 20S proteasome. However, In(OH)3s) (0.435 mM
of In) treatments only had inhibitory effect (»p<0.01) on the chymotrypsin-like activity of 20S
proteasome, and there were no significant differences in 20S proteasome activities between InOss)
(0.435 mM of In), Gax03(s) (0.717 mM of Ga) and control groups, indicating that the two compounds

had no direct effect on 20S proteasome activity (Figure 6.15).
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Figure 6.15 The inhibition effects of Ga- and /n-related chemicals on the 20S proteasome activity.

Purified 20S proteasome from DLD-1 cells treated to Ga- and /n-related chemicals for
60 minutes. (A) Chymotrypsin-like activity; (B) Trypsin-like activity; (C) Caspase-like
activity. Data are expressed as mean + SD. Significance in difference between two

groups were tested by independent sample t test. * p<0.05 ** p<0.01 versus control.
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6.9 Possible Genotoxicity Induced by Ga- and /n-Related Chemicals
The established high-throughput genotoxicity screening assay with EGFP-MDCI1/MCF7 cells
and the image-processing program was used to evaluate the potential of Ga- and /n-related chemicals
to induce genotoxicity. The results indicated that citrate-In(IIT) (0.435 mM of In), Ga(Ill), citrate-
Ga(IIT) and GaxOss) (0.717 mM of Ga) significantly increased the EGFP-MDCI foci area after 72
hours of exposure (Figure 6.16). On the other hand, In(IIl), In(OH)3(s) and In2O3s) (0.435 mM of In)

did not increase the area of EGFP-MDCI1 foci as compared to control groups.
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Figure 6.16 Result of mutagen test using the EGFP-MDCI1 foci assay. Violin plots of foci area/
nucleus for each treatment. EGFP-MDCI1/MCF7 cells treated to Ga- and In-related
chemicals for 72 hours. 870-2,035 cells were counted for each treatment. The value on
Y-axle represents the foci area/ nucleus in the common logarithm (log10) value. Dotted
and solid lines represent the quartile and median, respectively. ** p<0.01 versus control,

Kruskal-Wallis one-way analysis of variance followed by Games-Howell post-hoc test.
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7. Discussion

7.1 Ga- and In-Induced Cytotoxicity is Associated with Cellular Iron

Deficiency
7.1.1 Dose-Dependent of Ga- and In-Related Chemicals on Viability

According to previous studies, the cytotoxicity of Ga- and /n-related chemicals was observed to
be dependent on two factors, time, and dose (Ahamed et al., 2017; Badding et al., 2014; Gwinn et al.,
2015; Merli et al., 2018; Olgun et al., 2017). In this study, we also investigated that the toxic effects
become more pronounced to DLD-1 cells after approximately 24 hours to 72 hours of exposure
(Figure 6.1). Therefore, 72 hours was chosen as endpoint for the analysis of lethal and sublethal toxic
effects of Ga- and In-related chemicals to human cell lines (i.e., DLD-1 and EGFP-MDC1/MCF7).

The 72 h-LCso values indicated that the cytotoxicity of Ga(Ill) treatments but not Ga>O3s), were
greater than other /n treatments (Table 6.1). It could be proposed that the ionic radius of Ga(III) (0.062
nm) was more similar to Fe(IIT) (0.0645 nm) than In(IIT) (0.080 nm), permitting it to bind with high
affinity to certain iron-binding proteins and thus contribute to the cytotoxicity (Chitambar, 2016). The
epithelial cells were more sensitive to the cytotoxic effects of In-related particle exposures as
compared to the macrophage cells (Badding et al., 2014; Olgun et al., 2017), whereas the exposure
of solubilized In(IIT) could remarkably increase the cytotoxicity to macrophage cells compared with
the epithelial cells due to the increased expression of transferrin receptor on macrophage cell surface

(Gwinn et al., 2015). In addition, it has been investigated that the decrease in viability as seen which
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macrophage cells may be due to phagocytosis of Ga- or In-related particles in which these particles
were solubilized within the cell through the phagolysosomal acidification pathway, resulting in cell
death and the subsequent release of In(Ill) or Ga(Ill) extracellularly by the dying cells (Badding et
al., 2014; Gwinn et al., 2015; Gwinn et al., 2013).

The direct exposure of In(IIl) or Ga(Ill) to both macrophage cells and epithelial cells could
dramatically increase the susceptibility and toxicity as compared to the particulate chemicals (Gwinn
et al., 2015), although we observed that 72 h-LCso values of In(OH)3(s) and In2O3(s) were much higher
than In(III). It suggested that the higher concentration of In(Ill) treatments (e.g., 0.871 mM to 2.177
mM) tended to form hydroxide precipitates and thus decreased the solubilized form of /n (Wood and
Samson, 2006), and the use of citrate could prevent In(III) hydrolysis by forming a stable complex
with In(IIT). Therefore, Ga(Ill) and In(IIl) appeared to be the main cytotoxic constituent of Ga- and
In-based particles, although there was only a small part of particles solubilized by the macrophage
cells. Those chemicals exhibited better water solubility could enhance their bioavailability to cells,
and the release of solubilized metal ions from either phagolysosomal acidification or the dying cells

appeared to increase the cytotoxicity (Bomhard, 2020; Gwinn et al., 2015).

7.1.2 Dose-Dependent Effect of Ga- and /n-Related Chemicals on Cell
Cycle Regulation but not Apoptosis
The sublethal dosesof Ga- and /n-related chemicals did not induce apoptotic responses in DLD-

1 cells (Figure 6.2), whereas these chemicals and DFO could induce cell cycle arrest at G2/M phase
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(Figure 6.3). DFO and the higher concentrations of Ga(III) and In(III) treatments appeared to slightly

increase the proportion of total apoptotic cells, but the elevations did not reach statistical significance.

Because the chemical properties of Ga and In are similar to Fe and permit them to bind with

high avidity to certain iron-binding proteins, they could serve as Fe-mimicking agents and result in

disruption of the cellular iron homeostasis through cellular Fe-dependent pathways (Chitambar, 2012;

Chitambar, 2016; Collery et al., 2002). Previous studies have reported that Ga(IIl) exposure inhibited

the cell proliferation and increased the percentage of cells in either the Go/G1 phase or S phase (Chang

et al., 2003; Collery et al., 2002). Also, the deprivation of Fe caused by Fe(IIl) chelators (e.g., DFO

and ADR-529) could have effect on the cell cycle regulation and further induce cell cycle arrest at the

G1/S phase or G2/M phase (Brodie et al., 1993; Lucas et al., 1995; Renton and Jeitner, 1996), and

apoptosis (Hileti et al., 1995).

In previous reports, the exposure of /n-based particles induced caspase-related apoptosis in

macrophage cells, whereas the cytotoxicity in epithelial cells appeared to be necrosis (Badding et al.,

2014; Gwinn et al., 2015). Tanaka et al. (2010) also indicated that intratracheal instillation of ITO and

In2035) particles in hamsters resulted in significant necrotic debris within alveolar macrophages,

which appeared to be a result of necrotic epithelial cell death (Tanaka et al., 2010).

Furthermore, the low concentrations (0.014 mM to 0.143 mM) of Ga(Ill) promoted the cultured

human peripheral blood mononuclear cells to enter the S phase and further resulted in a cell cycle

arrest at the S phase. In contrast, the high concentrations (0.717 mM to 1.434 mM) of Ga(III) could

induce apoptotic responses, which were associated with increased cellular release of inflammatory
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cytokines, including tumor necrosis factor-o (TNF-a), interleukin-1 (IL-1f), and interferon-y (IFN-
v). However, the Ga-induced cytokine release and apoptosis could be inhibited by Fe(Ill)-saturated
transferrin, indicating that these toxic effects of Ga were related to Fe metabolism (Chang et al., 2003).

Our results noted similar findings, the sublethal concentrations of Ga(IIl), In(IIl), and In2O3s)
induced DLD-1 cells an increase in the G2/M phase and a decrease in the Go/G1 phase, which were
similar to that of DFO treated cells. It is proposed that if cellular damage and error are difficult to
repair during cell division, the cells would enter the cell cycle arrest to inhibit cell proliferation
(Hustedt and Durocher, 2017; Lezaja and Altmeyer, 2018). Other studies have demonstrated that DFO
arrested cell proliferation at different stages of the cell cycle depending on the concentration and
duration of exposure. The lower concentration of DFO and a longer exposure period (72 hours) could
slow the passage of glioma cells through the cell cycle, eventually accumulating in the Go/M phase
(Renton and Jeitner, 1996). Consequently, the sublethal doses of the present study appeared to be not
high enough to serve as a trigger to induce programmed cell death (apoptosis or necrosis), and the

exposure time (72 hours) may accumulate the cell cycle in the G>/M phase.

7.1.3 Ga-and In-Induced Polyploid Giant Cancer Cells Formation
Despite the programmed cell death and cell cycle, the sublethal toxic effects Ga(IIl) and In(III)

on cell growth and division were also confirmed by direct time-lapse observation (Figure 6.5 and

Figure 6.6). The sublethal concentrations of Ga(III) and In(IIl) showed typical temporal alterations

of cell morphology associated with profound changes in cellular size, resulting in a enlarged, flattened
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and irregular shape, senescent-like morphology after 72 hours of exposure. In addition, mitochondria

of treated cells tended to aggregate in the budding-like structure at one perinuclear locus, whereas

mitochondria showed broad cytoplasmic distribution in untreated control cells. Haga et al. (2003)

have highlighted the changes in the localization of mitochondria participate in the regulation of

mitochondrial-dependent apoptosis through cytochrome c release (Haga et al., 2003). However,

DLD-1 cells treated with sublethal concentrations of Ga- and In-related chemicals did not induce

either apoptosis or necrosis as described previously. The relationship between the cell morphology

and abnormal alteration of mitochondrial dynamics is causal as well as the toxic mechanisms involved

remain to be determined.

The cancer cells with relatively large cellular size, multiple nuclei or a single giant nucleus, and

abnormal DNA content have been defined as polyploid giant cancer cells (PGCCs). In comparison

with most solid tumors and cancer cell lines are aneuploid (i.e., chromosome number that is not a

multiple of the diploid complement) (Weaver and Cleveland, 2008), PGCCs contain multiple sets of

chromosomes that does not have an upper limit (e.g., 4N, 6N, or 16N) (Amend et al., 2019; Lv et al.,

2014). Typically, the PGCCs have been defined as a cancer cell that is at least three times larger than

the parental cancer cells (Fei et al., 2020; Zhang et al., 2014c).

Our study observed that not only DFO but also Ga(III) and In(III) sublethal exposures resulted

in increasing the cell size and nuclear size, as well as the two distinct morphologies of DLD-1 cells

(clone A and clone D) had become difficult to identify. Furthermore, these effects could be inhibited

by the addition of citrate-Fe(IIl) (Figure 6.4), which indicated that the Ga- and /n-induced PGCCs
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formation were positively associated with cellular iron homeostasis. Polyploidy formation has been

demonstrated to be triggered in response to cellular aging, abortive cell cycle, and a variety of

genotoxic stresses including chemotherapeutics, radiation, hypoxia, oxidative stress, or

environmental factors (e.g., air pollution, UV light or hyperthermia) (Walen, 2006; Was et al., 2021).

The molecular basis of these phenomenon may be also related to increased chronic inflammation and

damage response mechanism leading to the formation of PGCCs (Erenpreisa et al., 2008; Illidge et

al., 2000). These findings suggested that disruption of iron homeostasis by either Fe(III) chelators or

Ga(III) and In(IIT) could be another stressful factor to trigger polyploidy formation in cancer cells.

The general mechanism leading to formation of PGCCs may originate from endoreplication,

mitotic slippage, cell fusion, cytokinesis failure, or cell cannibalism (Krajcovic and Overholtzer, 2012;

Niu et al., 2016; Song et al., 2021; Was et al., 2021). By using time-lapse microscopy monitoring of

the cell growth and division, we investigated that both Ga(Ill)- and In(IIl)-treated DLD-1 cells

stimulated PGCCs formation within 72 hours of exposure, and the possible mechanisms may include

endoreplication, cytokinesis failure, or cell-to-cell fusion due to morphological dynamic changes

(Figure 6.5 and Figure 6.6). The cell cycle of Ga(Ill)- and In(II)-treated cells arrested at the Go/M

phase with increased DNA contents also confirmed our findings.

Also, DFO is the first Fe chelator to be used as an anticancer agent to prevent tumor progression

in various types of cancer (Corcé et al., 2016; Hann et al., 1990; Lan et al., 2018; Salis et al., 2014;

Yu et al., 2012), but some studies have shown that DFO promotes the invasion and migration of some

aggressive cancer cells, such as colorectal cancer cells, glioblastoma cells, and breast cancer cells
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(Chen et al., 2019a; Elstner et al., 2007; Liu et al., 2014; Zhang et al., 2014d). These results indicate

that DFO has different effects on the different cell phenotypes, especially in those mechanisms that

are associated with iron metabolism. Recent studies have noted that the number of PGCCs is more in

high-grade malignant tumors than those low-grade counterparts, more in recurrence after

chemotherapy, and more in the metastatic foci than in the primary sites (Fei et al., 2020; Fei et al.,

2015; Zhang et al., 2014a). PGCCs may play some roles in DFO-induced cancer malignancy, however,

the underlying mechanisms need to be explored between Fe deprivation and PGCCs formation.

The genomically unstable PGCCs have been found in various types of cancer with a relatively

small (5-20 %) content of these cells within solid tumors (Alharbi et al., 2018; Coward and Harding,

2014; Fei et al., 2020), and are considered the seed cells fueling the proliferation, metastasis,

chemoresistance, recurrence, and patients’ prognosis in human cancers (Chen et al., 2019b; Fei et al.,

2020; Fei et al., 2015; Lv et al., 2014; Niu et al., 2017; Zhang et al., 2014c; Zhang et al., 2016). The

development of polyploidy has been demonstrated to favor escape from cellular senescence or mitotic

catastrophe in systemic radiation-, hormone therapy-, immunotherapy-, or chemotherapy-treated

cancer cells (Amend et al., 2019; Bharadwaj and Mandal, 2020; Mosieniak et al., 2015; Wang et al.,

2013), and PGCCs have many properties of cancer stem cells and contribute to tumor heterogeneity

(Chen et al., 2019b; Niu et al., 2016; Zhang et al., 2014c).

In response to acute stress (e.g., Fe deprivation, hypoxia), massive cancer cell death occurs in

mitotic catastrophe and subsequent apoptosis whereas a small part of cancer cells could enter the

giant cell cycle, which involves a multistep programmed processes (initiation, self-renewal,
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termination, and stability) for the growth and division of PGCCs (Niu et al., 2016). PGCCs-derived
daughter cells (i.e., nuclear budding or fragmentation) are capable of long-term proliferation and
acquired numerous new genome/chromosome alterations, which play an important role in

tumorigenesis and chemoresistance (Niu et al., 2017; Niu et al., 2016; Zhang et al., 2014c).

7.2 Ga and In Exposure Resulted in Mitochondrial Dysfunction and

Dysregulation of Heme Homeostasis

To investigate the toxic mechanisms of Ga- and In-induced cell morphology changes (i.e.,
PGCCs formation) and abnormal alteration of mitochondrial dynamics (i.e., mitochondrial
aggregation), we further evaluated the mitochondrial functions in DLD-1 cells, including
mitochondrial membrane potential (A¥m) and enzymatic activities of mitochondrial respiratory chain
complexes, following 72 hours exposure to sublethal concentrations of Ga- and /n-related chemicals.
The results indicated that these chemicals not only affected AW (Figure 6.7), but also had the
inhibition effect on enzymatic activities of mitochondrial respiratory chain complex I, II, III, and 1V
(Figure 6.9 and Figure 6.10), leading to mitochondrial dysfunction.

Previous studies also have reported that the higher concentration of In(IIl) (up to 1 mM) is able
to impair isolated mitochondria by accelerating the ROS production, inhibiting mitochondrial
respiratory chain functions and the protons transportation, resulting in isolated mitochondrial
structure changes such as swelling and membrane depolarization (Yuan et al., 2017). The mechanism

of In(II) on mitochondria appeared to be associated with the dysregulation of Ca(II), which also has
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been observed in Ga(Ill) exposure (Gogvadze et al., 1996). Ga(IlI) could induce an efflux of Ca(II)

from mitochondria in a dose-dependent manner, and the modes of action of Ga(IIl) may be located at

the level of the mitochondrial membrane pore or involve pyridine nucleotide hydrolysis.

Mitochondria are generally known as the “power plant” of the cells because they play an

essential role in the production of ATP through the oxidative phosphorylation of electron transport

chain. Moreover, mitochondria are actively implicated in other processes, such as heme synthesis,

cell differentiation, cell cycle regulation, ROS generation, apoptosis, calcium signaling, and iron

metabolism, etc (Piomboni et al., 2012; Zhao et al., 2019). Since mitochondria are major sites of

cellular Fe utilization and accumulation, Fe in the mitochondria functions as a cofactor in iron-sulfur

cluster-containing proteins, and iron-containing proteins. It is proposed that iron-sulfur cluster and

heme containing proteins in the citric acid cycle and the respiratory chain could be the potential target

for Ga(IlI)- and In(I1I)-induced mitochondrial dysfunction in the cells (Chitambar et al., 2006; Yang

and Chitambar, 2008; Yuan et al., 2017).

The mitochondrial respiratory chain is composed of transmembrane protein complexes (I-V) and

the freely mobile electron transfer carriers ubiquinone and cytochrome ¢, and these complexes must

be assembled into a specifically configured supercomplex to function properly (Guo et al., 2017;

Iwata et al., 1998). The important mitochondrial iron sulfur cluster-containing protein in electron-

transport chain include electron-transfer flavoproteins, NADH: ubiquinone oxidoreductase (complex

I), Rieske iron-sulfur proteins (components of complex III), and subunits of succinate dehydrogenase

(complex II). The heme-containing proteins include heme b of succinate dehydrogenase (complex 1),
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cytochrome b and cytochrome ¢ of cytochrome ¢ reductase (complex III), heme a and heme a3 of

cytochrome ¢ oxidase (complex IV) (Paul et al., 2017; Zhao et al., 2019). Besides the mitochondrial

respiratory chain, iron-sulfur cluster containing proteins also involved in other processes, such as

ferrochelatase, aconitase, lipoic acid synthase, biotin synthase, and radical S-adenosylmethionine

enzymes (Dailey et al., 1994; Paul et al., 2017).

Iron deficiency is a major cause of heme deficiency, and the deficiency of heme synthesis in

non-erythroid tissues could cause loss of complex IV, complex II and cytochrome ¢, increased ROS

production, and decreased mitochondrial efficiency (Atamna, 2004; Atamna et al., 2001).

It has been reported that Fe(II) chelators (e.g., deferoxamine, deferiprone, and mitochondrially

targeted deferoxamine) could affect cancer cell growth and metastasis, and Fe overload-induced

osteoporosis. The underlying molecular mechanisms may include: (1) impairment of iron sulfur

cluster and heme synthesis, leading to destabilization and dysfunction of iron-containing

proteins/enzymes (Sandoval-Acuia et al., 2021), (2) Inhibition of mitochondrial respiratory chain

complexes leading to mitochondrial ROS production, resulting in dysfunctional mitochondria with

reduced supercomplexes and promoting apoptosis (Chen et al., 2019a; Fiorillo et al., 2020; Lan et al.,

2018; Sandoval-Acuna et al., 2021; Zhang et al., 2019a), (3) fragmentation of the mitochondrial

network and induction of mitophagy (Sandoval-Acuia et al., 2021), and (4) Regulation of genes

related to iron metabolism (e.g., decreased expression of ferritin, increased expression of transferrin

receptor 1, ferroportin or divalent metal transporter 1) (Chen et al., 2019a; Zhang et al., 2019a).
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Our data showed that DFO significantly inhibited mitochondrial respiratory chain enzymatic

activities from complex I to complex IV (Figure 6.10), these findings were similar to that of previous

study (Zhang et al., 2019a). It was also revealed that Ga(Ill) and In(IIl) sublethal exposure

demonstrated the inhibitory effects on the enzymatic activities of mitochondrial electron transport

chain complexes (I-IV) as well as citrate synthase in citric acid cycle, in a dose-dependent manner.

In addition, the severe inhibition effects of complex IV were also observed in lower concentrations

of Ga(Ill) and In(III) as compared to those of complex I, II, and III, which indicated cells were

iron/heme deficient (Atamna, 2004) (Figure 6.10).

To investigate whether the Ga- and /n-induced Fe deficiency affect cellular heme biosynthesis,

we further measured mitochondrial protoporphyrin IX (PPIX, a normal precursor of heme), heme,

and zinc protoporphyrin IX (ZnPPIX, zinc is instead of iron) in DLD-1 cells, following 72 hours

exposure to sublethal concentrations of Ga- and /n-ionic groups. Data suggested that Ga(III), In(III)

as well as DFO decreased not only heme contents but the concentrations of PPIX and ZnPPIX,

whereas the decrease in ZnPPIX contents of DFO did not reach statistical significance (Figure 6.13).

Biosynthesis of porphyrins requires vitamins and minerals involved in heme biosynthesis

mechanism, including pyridoxine (vitamin Bs), Zn, and riboflavin (Ponka, 1999). Also, heme

biosynthesis depends on micronutrients such as biotin, lipoic acid, and pantothenic acid for producing

succinyl-CoA from citric acid cycle. Fe and Zn are unique in their role in heme biosynthesis. Fe(Il)

is inserted into PPIX by ferrochelatase to form heme and is also essential for heme biosynthesis in a

different way. The structure of ferrochelatase contains an iron-sulfur cluster, which is essential for its
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enzymatic activity (Dailey et al., 2000). Under Fe deficiency or impaired iron utilization condition,

Zn(I) becomes an alternative metal substrate for ferrochelatase, leading to increased ZnPPIX

formation (Labbh et al., 1999). ZnPPIX may further regulate cellular heme catabolism through

competitive inhibition of heme oxygenase, which is the rate-limiting enzyme in the heme degradation.

Ga- and In-induced Fe deficiency may further suppress heme biosynthesis, and the two metals

appeared to have effect on either porphyrin synthesis or Zn metabolism (for ZnPPIX biosynthesis),

which ultimately promoted dysregulation of heme homeostasis (Boskey et al., 1993; Goering and

Rehm, 1990; Yang and Chitambar, 2008).
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7.3 Ga- and In-Induced Mitochondrial Dysfunction is Associated with

Cellular Senescence

Cellular senescence was first described as the irreversible cell cycle arrest resulting from
prolonged replication of cultured cells in vitro (Hayflick and Moorhead, 1961), which could be
considered a hallmark of aging-related diseases, wound healing, fibrosis, diabetes and carcinogenesis
(Bharadwaj and Mandal, 2020; Lopez-Otin et al., 2013). Senescence is triggered by development
signals or a variety of environmental stress. According to the cell type and intensity of the stress, cells
may respond by inducing repair, programmed cell death or senescence (Galluzzi et al., 2018; Sapieha
and Mallette, 2018; Surova and Zhivotovsky, 2013). Cells could undergo senescence in response to
various intrinsic and extrinsic stimuli, such as oncogenic activation (Di Micco et al., 2006), oxidative
and genotoxic stress (Passos et al., 2010), mitochondrial dysfunction (Garcia-Prat et al., 2016),
inflammation, radiation or chemotherapeutic agents (Kumari and Jat, 2021; Mikula-Pietrasik et al.,
2020), and nutrient deprivation (Atamna, 2004).

Senescence is associated with multiple cellular, molecular alterations and distinct phenotypic
changes including a stable and generally irreversible cell cycle arrest. Senescent cells remain viable
with alterations in metabolic activity and are usually resistant to apoptosis (Childs et al., 2014;
Hampel et al., 2004; Marcotte et al., 2004; Ryu et al., 2007; Sanders et al., 2013; Wang, 1995), and
they could also develop morphological and structural changes, including an enlarged, flattened,

multinucleated morphology with enlarged vacuoles (Campisi and d'Adda di Fagagna, 2007), altered
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composition of the cell membrane and a significant nuclear enlargement (Hernandez-Segura et al.,

2018; Kuilman et al., 2010; Ogrodnik et al., 2019; Salama et al., 2014).

Recent studies have demonstrated that treatment with chemotherapeutic agents or irradiation

could provoke “therapy-induced senescence” in cancer cells. The “pseudo-senescence” or

“senescence-like arrest” could be one avenue for tumor cells to evade the direct cytotoxic impact of

anticancer therapy, thereby allowing for prolonged survival in a dormant state, with the potential to

recover self-renewal capacity and contribute to cancer recurrence (Dorr et al., 2013; Dabrowska et

al., 2018; Di Micco et al., 2006; Ewald et al., 2010; Mikuta-Pietrasik et al., 2020; Petrova et al., 2016;

Saleh et al., 2018; Saleh et al., 2019; Toso et al., 2014). Nowadays, part of these senescent cancer

cells has been defined as polyploid giant cancer cells (PGCCs) as mentioned earlier. They are formed

by endoreplication, mitotic slippage, cell fusion, cytokinesis failure, or cell cannibalism (Krajcovic

and Overholtzer, 2012; Niu et al., 2016; Song et al., 2021; Was et al., 2021). The genotoxic stress

induced by anticancer therapies could result in cancer cells get arrested at Go/M phase checkpoint for

several days after which they undergo mitosis in the aberrant manner (Illidge et al., 2000). These cells

then enter the giant cell cycle to initiate genomic reorganization, generating new tumor-initiating cells

in response to anticancer therapy-induced stress and contributes to disease relapse (Niu et al., 2016).

In our study, the senescence-associated -galactosidase activity (SA-B-Gal) of Ga- and /n-related

chemical treated DLD-1 cells was detected at pH 6.0. The sublethal concentration of Ga(IIl), In(III),

In(OH)35) and DFO treatments significantly increased the percentage of SA-B-Gal positive cells

(Figure 6.14), indicating that Ga- and /n-induced cell cycle arrest (Go/M phase), morphological
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changes, mitochondrial dysfunction, dysregulation of heme homeostasis, and PGCCs formation were

all related to cellular senescence (Bharadwaj and Mandal, 2020; Correia-Melo and Passos, 2015;

Debacq-Chainiaux et al., 2016; Ogrodnik et al., 2019; Vasileiou et al., 2019).

Mitochondrial dysfunction-associated senescence has been identified to one of the different

types of cellular senescence (Correia-Melo and Passos, 2015). Disruption of the mitochondrial

respiratory chain complexes (e.g., dysregulation of iron homeostasis) and the electron transport chain

have been associated to senescence (Atamna, 2004; Atamna et al., 2002; Miwa et al., 2014; Moiseeva

et al., 2009; Stockl et al., 2006; Yoon et al., 2003). It has proposed that the elevated mitochondrial

ROS resulting from the disruption of the respiratory chain complexes and increased electron leakage

could further decrease the electron transport chain efficiency contributing to additional ROS

production, decreased ATP generation and oxidative damage in a positive feedback loop (Balaban et

al., 2005; Wang et al., 2003; Zwerschke et al., 2003).

Yoon et al. (2003) reported that DFO-treated Chang cells induced cellular senescent process

through the decrease of intracellular ATP level, A¥Ym and complex II activity (Yoon et al., 2003). The

declined activity of complex II was mainly due to down-regulation of protein expression of the iron-

sulfur cluster containing subunit, which was associated with the irreversibility of the senescent arrest.

Taken together, our results suggested that the decreased in activities of complex II and complex IV,

mitochondrial PPIX, heme and ZnPPIX contents could be considered as the primary factors to

regulate mitochondrial respiratory function by responding to Ga- and /n-induced Fe deprivation,

thereby triggering cellular senescence.
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In consequence, Ga- and /n-induced either cellular iron/heme deficiency or impairment of heme
synthesis mechanisms was part of the major causes of Fe-dependent mitochondrial dysfunction,
including decreased biosynthesis of PPIX, heme and ZnPPIX, enzymatic activity inhibition of citrate
synthase (citric acid cycle) and mitochondrial respiratory chain complexes (I-IV). The alteration of
AW¥n, appeared to be due to the disruption of heme homeostasis and mitochondrial respiratory chain

complexes, which eventually could drive cells into senescence and the formation of PGCCs.

7.4 Potential Modes of Action Related to Iron-Independent Pathways

In addition to the Fe-dependent pathways, we also evaluated the Fe-independent pathways of
Ga- and /n-induced toxic effect by using proteasome inhibition assay and genotoxicity screening
assay (EGFP-MDCI foci). Ga(Ill) and In(III) treatments significantly inhibited the chymotrypsin-
like, trypsin-like, and caspase-like peptidase activity of purified proteasome, whereas In(OH)ss),
In2O3(s), and GaxOss) particles did not affect proteasome activity (Figure 6.15). Previous studies have
reported the synthetic Ga complexes could inhibit proteasomal chymotrypsin-like activity in prostate
cancer cells, which appeared to be associated with down-regulation of androgen receptor and
induction of apoptosis (caspase-3/caspase-7 activation) (Chen et al., 2007). However, the exact toxic
mechanisms for Ga(IIl) and In(IIT) to interact with the proteasome need to be further investigated.

Moreover, proteasome inhibition has been demonstrated to be one of the factors to induce
cellular senescence in human fibroblasts, and the senescent cells may have reduced proteolytic

activities and less proteasome content (Chondrogianni and Gonos, 2004; Chondrogianni et al., 2003).
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The prolonged disturbance of proteasome homeostasis could result in mitochondrial dysfunction,

generation of mitochondrial ROS, and oxidative stress. The additional intracellular ROS may further

impair proteasomal function and cause oxidative damage in a positive feedback loop, leading to

nuclear DNA damage, cell cycle arrest, and eventual cellular senescence (Takenaka et al., 2020;

Torres and Perez, 2008). Apart from Fe-dependent pathways, it appeared that the direct or indirect

interaction between Ga(III)/In(IIl) and proteasome could be another factor to trigger mitochondrial

dysfunction, ROS production, cellular senescence and PGCCs formation.

The International Agency for Research on Cancer (IARC) have classified Ga- and /n-based

compounds as carcinogens to humans, including GaAs (group 1, carcinogenic to humans), InP (group

2A, probably carcinogenic to humans) and ITO (group 2B, possibly carcinogenic to humans). Recent

studies have demonstrated that DNA damage induced by either Ga- or /n-related chemicals could

occur through several key mechanisms, including oxidative stress induction (Ahamed et al., 2017,

Badding et al., 2014; Flora et al., 2002; Olgun et al., 2017; Tabei et al., 2016; Takagi et al., 2011;

Yang and Chitambar, 2008), Fe deprivation, and DNA replication stress accompanied by deregulation

of cell proliferation (Chitambar, 2012; Chitambar, 2016; Merli et al., 2018). The phosphorylation of

the histone H2AX is an early and sensitive biomarker of genotoxicity and is a consequence of

different DNA lesions induced directly or indirectly by heavy metals (Kopp et al., 2018; Kuo and

Yang, 2008). Using the EGFP-MDCI1/MCF7 screening assay, similar results were obtained for both

Ga- and [n-related chemicals. We confirmed that average occupational exposure doses
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(approximately three years) of citrate-In(Ill), Ga(Ill), citrate-Ga(Ill), and Ga>O3;) may have the

genotoxic potency to induce DNA damage and produce oxidative stress (Figure 6.16).

7.5 The Potential Role of Cellular Senescence in Indium Lung Disease

As mentioned earlier, the latency period (month to years) of indium lung disease is relatively
shorter than other occupational lung disease such as silicosis, asbestosis and coal workers’
pneumoconiosis (Table 2.2) (Castranova and Vallyathan, 2000; Chonan et al., 2019; Chong et al.,
2006; Leonard et al., 2020; Yuan et al., 2018; Zosky et al., 2016). Factors affecting the duration of
the latency period in indium lung disease is not yet clear. However, the rate of pathological
progression of indium lung disease appears to depend on not only the amount of inhaled In-related
dust, but also the In(IIT) dissolved and accumulated in the patient’s body.

As compared to occupational lung diseases with known etiology, natural lung aging has been
demonstrated to be associated with molecular and physiological changes that alterations in lung
function, declined pulmonary remodeling and regenerative capacity, and increased susceptibility to
acute and chronic lung diseases, such as obstructive and fibrotic lung disease, fatal respiratory
infection, and primary lung cancer (Cho and Stout-Delgado, 2020; Schneider et al., 2021) .

A variety of cellular stressors increase the development risk of aging-related lung diseases in a
single or coordinated manner (Raghu et al., 2011; Schneider et al., 2021). The endogenous cellular

stressors include genetic background, aging, gender, and pulmonary microbiology, whereas the
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exogenous cellular stressors include cigarette smoking, hypoxia, infectious agents, environmental

exposure, and air pollution.

The profound age-related processes impair the static and dynamic balance of lungs, resulting in

abnormal cellular alteration in alveolar epithelial cells, alveolar macrophages, endothelial cells,

immune cells, and fibroblasts (Schneider et al., 2021; Selman and Pardo, 2014). The hallmarks of

cellular aging are proposed as major mechanisms for inducing aging lung, including genome-based

failures (genomic instability, telomere attrition, epigenetic alterations), signaling dysfunction

(deregulated nutrient sensing, altered intercellular communication), organelle compromise

(mitochondrial dysfunction, loss of proteostasis), and cell phenotypic changes (stem cell exhaustion,

cellular senescence) (Lopez-Otin et al., 2013; Schneider et al., 2021).

A growing body of evidence suggested that cellular senescence and the senescence-associated

secretory phenotype (SASP) may be a key potential pathogenic phenotype, which secrets pro-

inflammatory cytokines, matrix remodeling proteases, and growth factors is particularly hazardous to

the cells in the lung niche that require tight regulation of extracellular matrix remodeling and

inflammatory responses to prevent abnormal tissue repair (Pardo and Selman, 2016; Schneider et al.,

2021). The senescent cells could fuel the hallmarks of many aging phenotypes and age-related

diseases, largely through the cell paracrine effects of SASP (Childs et al., 2017), which may further

reinforce the growth arrest of the exposed adjacent cells, leading to secondary or paracrine senescence.

A variety of the cell perturbations (e.g., telomere shortening, senescence, stem cell exhaustion, and
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mitochondrial dysfunction) reported in age-related diseases have been shown to be present in

epithelial and mesenchymal lung cells from patients with lung fibrosis (Mora et al., 2017).

Indeed, case studies of indium lung disease have shown aging-associated features, such as the

increase in serum biomarker of chronic lung inflammation Krebs von den Lungen 6 (KL-6) and

surfactant protein (SP-D), and alveolar macrophage dysfunction (forming cholesterol granulomas and

alveolar proteinosis) (Chonan et al., 2019; Cummings et al., 2012; Tsao et al., 2021). Also, the follow-

up studies on Taiwan In-handling workers have shown the increase in levels of global DNA

methylation, antioxidant enzymes (i.e., superoxide dismutase, glutathione peroxidase and glutathione

transferase) and oxidative stress biomarkers (i.e., malondialdehyde, olive tail moment and 8-OH-dG)

(Institute of Labor Occupational Safety and Health, 2015; Liou et al., 2017). Recent studies indicated

that /n-containing particulates could have pro-inflammatory and pro-fibrogenic effects in the murine

lungs, which were associated with the increased matrix metalloproteinase inducer (EMMPRIN), pro-

inflammatory mediators of macrophage migration inhibitory factor (MIF) and transforming growth

factor beta-1 (TGF-B1), and pro-fibrogenic mediators of platelet-derived growth factor-AA (PDGF-

AA) and matrix metalloproteinase-9 (MMP-9) levels (Jiang et al., 2017).

In consequence, although exposure to air pollutants, silica, asbestos, and black carbon dusts

promote the development of chronic pulmonary conditions, the age-related cellular changes still take

several decades for disease progression and manifestation. In contrast, indium lung disease appeared

to be a progressive decline in injury resolution processes stemming from various exogenous stress

factors. The occupational exposure of /n-containing dusts and released In(IIl) by phagocytic
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macrophages may accelerate the pathogenesis of a senescent phenotype, which includes several

hallmarks of cellular aging such as epigenetic dysregulation (Liou et al., 2017), oxidative stress,

genomic instability (Afroz et al., 2018; Ahamed et al., 2017; Badding et al., 2014; Institute of Labor

Occupational Safety and Health, 2015; Olgun et al., 2017; Tabei et al., 2016), as well as the increased

pro-inflammatory and pro-fibrogenic effects (Huaux et al., 2018; Jeong et al., 2016; Jiang et al., 2017;

Noguchi et al., 2016; Tanaka et al., 2010).

Our data demonstrated that In(IIl) and/or citrate-In(III) could induce cellular senescence (cell

cycle arrest, PGCCs formation, senescence-associated [-galactosidase activity) based on Fe

deficiency stress. In(Ill)-induced Fe deprivation condition resulted in mitochondrial abnormalities,

including mitochondrial respiratory chain complexes impairment, heme homeostasis dysregulation,

and alteration of mitochondrial membrane potential. Other toxic outcomes (proteasome inhibition,

genotoxicity assay) regarding Fe-independent pathways also indicated In(IIT) may disturb proteasome

homeostasis and cause DNA damage, and trigger cellular senescence.

However, it remains unclear who are the critical cellular players (epithelial cells, phagocytic

macrophages, fibroblasts, immune cells) in /n-induced cellular senescence, and the cellular and

molecular mechanisms associated with multi-faceted SASP formation, by which these cells create

subsets of senescent cells that are resistant to immune clearance and drive tissue degeneration, thereby

contributing to the pathogenesis of indium lung disease.
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8. Conclusions

Since the chemical properties of Ga(IIl) and In(III) are similar to Fe(III), the Ga-and/or /n-based

chemicals have been developed and further used as tumor, inflammation and infection imaging, and

therapeutic agents. In addition, Ga- and /n-related chemicals such as GaAs and ITO also have been

widely used in semiconductor and optoelectronic industrial manufacturing. The workers engaged in

Ga and In processing may potentially expose to these chemicals, which have known to increase

serum-/n levels and the risk of indium lung disease (interstitial pneumonia and pulmonary fibrosis)

and lung cancer. The latency period (month to years) of indium lung disease is relatively shorter than

other occupational lung disease such as silicosis and asbestosis. However, factors affecting the

duration of the latency period in indium lung disease is not yet clear.

At the present time, the main modes of toxic action of Ga and /n to humans and mammals could

be divided into two groups, Fe-dependent and Fe-independent pathways. However, there is still a

large gap in knowledge about the relationship between the exposure of Ga- and In-related chemicals,

pathogenic mechanisms, and chronic health effects. Therefore, this study aims at investigating the

biological factors or modes of action that potentially associated with the long-term health effects of

Ga and In occupational exposure and the progression of indium lung disease.

The human colon carcinoma cell line DLD-1 was used in this study, firstly the viability assay

was performed in a wide range of concentrations of Ga- and In-related chemicals (In(Ill), citrate-

In(IIT), Ga(IIl), citrate-Ga(IIl), In(OH)3(s), In203(s), and GaxO3(s)) to evaluate the cytotoxicity (LCso).
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Secondly, the sublethal doses (Ga ionic groups: 0.022 mM and/or 0.215 mM of Ga; GaxOs(s): 0.717

mM of Ga; In treatments: 0.044 mM and/or 0.435 mM of In) were then determined by considering

the calculated 72h-LCso vales and estimated average workplace exposure level, the cytotoxicity

(programmed cell death and cell cycle), cellular morphological alterations, mitochondrial dysfunction,

heme homeostasis, cellular senescence, and other possible toxicity (proteasome inhibition and

genotoxicity) were further performed to assess the biological factors that potentially related to

sublethal effects of Ga and /n exposure.

The calculated LCso values (72 hours) from cell viability tests (MTT assay) indicated that the

cytotoxicity increased in the order, Ga(III) > citrate-Ga(III) > In(OH)3(s) > citrate-In(III) > In2O3(s) >

In(I1I) > Gaz03s). (0.014-3.586 mM of Ga; 0.009-2.177 mM of In). DLD-1 cells appeared to be more

sensitive to Ga(Ill) and citrate-Ga(Ill) exposure as compared to In(IIl), citrate-In(III) and other

hydroxide/oxides groups.

In the programmed cell death assay, Fe(IIl) chelator deferoxamine (DFO, 5 uM) and Ga- and /n-

related chemicals did not significantly enhance either apoptosis or necrosis of the DLD-1 cells after

72 hours of exposure. In contrast, the cell cycle progression was arrested at the G2/M phase after 72

hours exposure with DFO and higher concentration of In(IIl), Ga(Ill) and In>O3(s) treatment groups,

accompanied by decreasing in the cell populations at the Go/G1 phase.

In addition to the cell cycle arrest, we also investigated that DFO and higher concentration of

In(IIT) and Ga(Ill) treatments increased the cellular volume and nuclear size, resulting in enlarged

flattened and irregular shape after 72 hours of exposure. Also, mitochondria tended to aggregate in
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the budding-like structure at one perinuclear locus, whereas mitochondria showed broad cytoplasmic

distribution in control cells. However, these alterations on cell morphology could be attenuated by

the addition of citrate-Fe(III) (4.48 mM).

Ga(III) and In(IIT) could serve as Fe-mimicking agents and cause disruption of the cellular iron

homeostasis through Fe-dependent pathways. The Fe deprivation conditions may further affect the

cell cycle regulation and induce cell cycle arrest at Go/M phase. Furthermore, since a variety of

environmental stresses have demonstrated to trigger polyploidy formation, by which cancer cells

would have larger cellular size, multiple nuclei or a single giant nucleus, and abnormal DNA content,

and these cells have been defined as polyploid giant cancer cells (PGCCs). It is believed that cellular

Fe deprivation induced by either DFO or Ga(III)/ In(III) could be another stressful factor to trigger

PGCCs formation.

To investigate the toxic mechanisms of Ga- and /n-induced cell morphology changes (i.e.,

PGCCs formation) and abnormal alteration of mitochondrial dynamics (i.e., mitochondrial

aggregation), we further evaluated the mitochondrial functions, including mitochondrial membrane

potential (AW¥m), enzymatic activities of mitochondrial respiratory chain complexes, and the

concentration of protoporphyrin IX (PPIX, a normal precursor of heme), heme, and zinc

protoporphyrin IX (ZnPPIX, zinc is instead of iron). Results indicated that DFO, Ga and /n sublethal

exposure not only affected AW, mitochondrial PPIX, heme, and ZnPPIX contents, but also had the

inhibition effects on enzymatic activities of mitochondrial respiratory chain complex I, II, III, and IV,

leading to mitochondrial dysfunction.
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Cellular senescence is associated with multiple cellular, molecular alterations and distinct

phenotypic changes including a stable and irreversible cell cycle arrest, which has been considered

as a hallmark of aging-related diseases, fibrosis, diabetes, and carcinogenesis. Senescence could be

triggered by development signals or a variety of environmental stress, such as oxidative and genotoxic

stress, and mitochondrial dysfunction. In our study, the sublethal exposure of Ga(Ill), In(IIl),

In(OH)3(s) and DFO increased the percentage of senescence-associated B-galactosidase activity (SA-

B-Gal) positive cells, indicating that Ga- and /n-induced cell cycle arrest (G2/M phase), morphological

changes, mitochondrial dysfunction, dysregulation of heme homeostasis, and PGCCs formation were

all related to cellular senescence.

In addition to the Fe-dependent pathways, we also evaluated the Fe-independent pathways of

Ga- and /n-induced toxic effects by using proteasome inhibition assay and genotoxicity screening

assay (EGFP-MDCI1 foci). Data suggested that Ga(Ill) and In(III) treatments inhibited the

chymotrypsin-like, trypsin-like, and caspase-like peptidase activity of purified proteasome, whereas

In(OH)3(s), In203s5), and Ga203(s) treatments did not affect proteasome activity. It is proposed that the

direct or indirect interaction between Ga(Ill), In(Ill) and proteasome could induce proteostatic

dysfunction, which has been identified as another stress factor to trigger cellular senescence.

Furthermore, citrate-In(III), Ga(IIl), citrate-Ga(IIl), and Ga>O3(s) treatments appeared to have the

genotoxic potency to induce DNA damage.

Taken together, this study provides new insight into the potential role of /n-induced cellular

senescence in the pathological progression of indium lung disease. In recent years, the aging-related
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lung diseases have been demonstrated to be associated with alterations in lung function, increased

susceptibility to acute and chronic lung diseases, such as obstructive and fibrotic lung disease. The

hallmarks of cellular aging include genome-based failures, signaling dysfunction, organelle

compromise, and cell phynotypic changes.

Our results demonstrated that In(IIl) and/or citrate-In(IIl) could induce mitochondrial

abnormalities and cellular senescence mainly based on Fe deficiency stress. Other toxic outcomes

regarding to Fe-independent pathways also indicated In(III) may disturb proteostasis and cause DNA

damage. These hallmarks of cellular aging appeared to accelerate cellular senescence process, and

eventually affect the rate of pathological progression of indium lung disease.

Although this study elucidated the potential relationship between cellular aging and indium lung

disease, future studies could address on the questions of investigating the critical cellular players

(epithelial cells, phagocytic macrophages, fibroblasts, immune cells) in /n-induced cellular

senescence, and the cellular and molecular mechanisms associated with senescence-associated

secretory phenotype (SASP) formation, by which these cells create subsets of senescent cells that are

resistant to immune clearance and drive tissue degeneration, thereby contributing to the pathogenesis

of indium lung disease.
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