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Abstract

Gallium arsenide (GaAs), indium gallium arsenide (InGaAs) and other III/V materials are finding 

increasing application in microelectronic components. The rising demand for III/V-based products 

is leading to increasing generation of effluents containing ionic species of gallium, indium, and 

arsenic. The ecotoxicological hazard potential of these streams is unknown. While the toxicology 

of arsenic is comprehensive, much less is known about the effects of In(III) and Ga(III). The 

embryonic zebrafish was evaluated for mortality, developmental abnormalities, and photomotor 

response (PMR) behavior changes associated with exposure to As(III), As(V), Ga(III), and In(III). 

The As(III) lowest observable effect level (LOEL) for mortality was 500 μM at 24 and 120 hours 

post-fertilization (hpf). As(V) exposure was associated with significant mortality at 63 μM. The 

Ga(III)-citrate LOEL was 113 μM at 24 and 120 hpf. There was no association of significant 

mortality over the tested range of In(III)-citrate (56-900 μM) or sodium citrate (213-3400 μM) 

exposures. Only As(V) resulted in significant developmental abnormalities with LOEL of 500 μM. 

Removal of the chorion prior to As(III) and As(V) exposure was associated with increased 

incidence of mortality and developmental abnormality suggesting that the chorion may normally 

attenuate mass uptake of these metals by the embryo. Finally, As(III), As(V), and In(III) caused 

PMR hypoactivity (49-69% of control PMR) at 900-1,000 μM. Overall, our results represent the 

first characterization of multidimensional toxicity effects of III/V ions in zebrafish embryos 

helping to fill a significant knowledge gap, particularly in Ga(III) and In(III) toxicology.
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1. Introduction

Gallium arsenide (GaAs) and indium gallium arsenide (InGaAs) are semiconductor 

materials containing elements from the groups III and V in the periodic table. GaAs, 

InGaAs, and alloys of other III/V materials are finding increasing application in 

semiconductor manufacturing due to their unique photonic properties (Jadvar et al., 1991; 

Yang and Chen, 2003; Torrance and Kennan, 2009). GaAs, the most widely used III/V 

material, has higher electronic speeds compared to silicon and is used in supercomputers and 

satellite communication systems (Flora and Dwivedi, 2012). GaAs also has superior 

properties as a photon emitter and is extensively used in the manufacture of light-emitting 

diodes (LEDs), laser diodes, photo detectors, and solar cells. The global demand for gallium 

and indium has increased many-fold during the past 30 years (USGS, 2013a, b), and it is 

expected to remain high as demand for III/V-based products continues to increase (White 

and Hemond, 2012). In 2013, the world production of Ga and In was 348 and 799 metric 

tons, respectively (USGS, 2013a, b).

The semiconductor industry shift towards the use of III/V materials is expected to lead to the 

generation of large amounts of slurries and waste streams containing dissolved III/V species, 

such as arsenite (As (III)), arsenate (As (V)), Ga(III), and In(III). The semiconductor 

industry treats their waste streams prior to discharge to municipal sewers or surface water to 

comply with federal regulations limiting the concentration of arsenic and other pollutants 

(Swartzbaugh and Sturgill, 1998; USEPA, 2015), but Ga and In are currently not regulated. 

Alkaline precipitation using calcium, magnesium or ferric hydroxides is often applied to 

remove these contaminants from semiconductor effluents but other methods have also been 

considered at the laboratory scale (Sturgill et al., 2000; Baranov et al., 2005).

Whereas arsenic toxicity has been widely studied, the ecotoxicity of III/V ions including Ga 

and In is still poorly characterized. There is a lack of studies reporting the toxicity of Ga(III) 

and In(III) in in vivo assays with aquatic organisms. Recently, some studies have looked at 

ecotoxicity of Ga(III) in marine and brackish fish (Onikura et al., 2005), and Ga(III) and 

In(III) in swamp shrimp (Yang, 2014), but in general the toxicants were in mixtures such as 

indium nitrite and indium tin oxide (Brun et al., 2014) or the studies were carried out in vitro 

(Zurita et al., 2007; Brun et al., 2014) .
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Zebrafish (Danio rerio) embryos can function as water quality biosensors, and are emerging 

as a powerful tool to guide decision making around the development of environmentally 

safer consumer products (Lin and Hwang, 1998; Kim and Tanguay, 2013). A growing 

database of reference toxicant effects on a wide array of zebrafish developmental endpoints, 

and a wealth of comprehensive transcriptome data are enabling rapid pursuit of the 

mechanisms that underlie toxicant effects in this model (Howe et al., 2013; Kim and 

Tanguay, 2013; Dai et al., 2014; Truong et al., 2014).

In this study, we have evaluated developmental effects of As(III), As(V), In(III), and Ga(III) 

in zebrafish embryos using a 22-endpoint protocol with assessment at 24 and 120 hours 

post-fertilization (Truong et al., 2014). The results are expected to improve our 

understanding of the potential ecotoxicity implications of III/V ion contamination. The 

toxicity data can be used to support future development of appropriate effluent discharge 

standards for In(III) and Ga(III), for which there are no existing regulatory requirements.

2. Materials and Methods

2.1 Chemicals and solutions tested

The compounds tested in this study were: sodium arsenate heptahydrate (CAS# 10048-95-0, 

99.99% purity, JT Baker, Phillipsburg, NJ), sodium arsenite (CAS# 7784-46-5, 99.99%, 

Fisher Scientific, Waltham, MA), indium chloride tetrahydrate (CAS# 10025-82-8, 99.99%, 

Strem Chemicals, Newburyport, MA), gallium chloride (CAS# 13450-90-3, 99.99%, Acros 

Organics-Fisher Scientific), and sodium citrate (CAS# 6132-04-3, 99.95%, Fisher 

Scientific). To avoid precipitation due to the low solubility of In(III)- and Ga(III) at 

circumneutral pH (Wood and Samson, 2006), the stock solutions of In and Ga were supplied 

with citrate at a molar ratio 1:3.75, metal:citrate.. Stock solutions of III/V ions (56-1,000 

μM) were prepared in embryo medium (EM), which contained (in mg L−1): NaCl (875.0), 

KCl (37.5), CaCl2•H2O (145.0), KH2PO4 (20.5), Na2HPO4 (7.1), and MgSO4•7H2O (4.9). 

The pH value of these solutions was adjusted with NaOH to be within the range of 6-8 to 

avoid embryo toxicity effects caused by low pH levels.

2.2 Zebrafish embryo assays

The protocol outlined by Truong et al. (2014) was used to test the III/V ions. Briefly, 4 hour 

post-fertilization (hpf) embryos were dechorionated enzymatically using pronase as 

described previously (Truong et al., 2014). The zebrafish embryos were exposed to the 

tested solutions upon 6 hpf in 96-well plates in embryo medium. A total of 32 embryos were 

exposed to each concentration of chemical used and to the embryo medium controls. The 

plates were incubated at 28°C in the dark. Upon 24 hpf, morphological assessment and 

photomotor response behavior using a custom photomotor response activity tool (PRAT) 

based on tail movement were performed (Truong et al., 2014). The plates were placed back 

in the incubator until 120 hpf, when a second morphological assessment was performed. 

Table 1 shows the endpoints assessed at 24 and 120 hpf. Endpoint scoring and statistical 

analyses were performed in R software as described previously (Truong et al., 2014).
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The toxicity effects of As(III) and As(V) was also tested in embryos whose chorions were 

not removed in order to determine if there were any permeability limitations with these ions. 

Citrate complexation with In(III) and Ga(III) could cause further complications with chorion 

permeability and therefore these two ions were not testes with zebrafish embryos with 

chorions. Otherwise, the methodology used in the toxicity assays was similar to the one 

described before.

3. Results and Discussion

Mortality, developmental, and behavioral effects of arsenite (As(III)), arsenate (As(V)), 

indium (III), and gallium (III) to zebrafish embryos were evaluated using a 22-endpoint 

protocol with assessment at 24 and 120 hours post-fertilization (hpf) with an exposure range 

of 56-1000 μM. The range chosen includes environmentally relevant levels of the toxicants, 

which have been reported as low as 0.08 μM for indium and 0.45 μM of arsenic in 

groundwater next to a semiconductor industry park (Flora and Dwivedi, 2012), and up to 

270 mM for gallium and 130 mM for arsenic based on direct waste solutions from GaAs 

semiconductor etching (Baranov et al., 2005). In the United States, arsenic limitations for 

point source discharges of effluents from facilities manufacturing electrical and electronic 

components are 2.09 mg L−1 (1-day maximum) and 0.83 mg L−1 (30-day average) (USEPA, 

2015).

3.1 Mortality

Mortality was the main endpoint significantly associated with III/V ion exposures (Fig. 1). 

On a molar basis, As(III) exposure was associated with the highest rate of mortality, with a 

LOEL (12.5-15.6% mortality) at 24 and 120 hpf of 500 μM. The mortality LOEL for As(III) 

is in agreement with findings from a similar study (Li et al., 2009) reporting no significant 

zebrafish embryo mortality at concentrations lower than 0.5 mM. As(V) exposure was 

associated with low but significant mortality at 63 μM (15.6%) at 120 hpf. Mortality was not 

associated with the intermediate concentrations tested. Zebrafish have been reported to be 

more tolerant to As(V) toxicity compared to other fish species. A study with zebrafish larvae 

determined a 96-h LC50 of 1.43 mM for As(V) and noted that zebrafish are less sensitive to 

As(V) than fathead minnows (Pimephales promelas), rainbow trout (Oncorhynchus mykiss), 

and Colorado squawfish (Ptychocheilus lucius), whose LC50 range from 450-580 μM (Liu et 

al., 2005).

Mortality endpoints following exposure to 500 μM As(III) and As(V) with and without 

chorions was compared to determine the effects of the presence of the chorion in the 

metalloid uptake and impacts to toxicity (Fig. 2). In general, there was a higher incidence of 

mortality for dechorionated embryos without chorions exposed to As(III) at 24 and 120 hpf. 

These results suggested that the presence of the chorion could represent a barrier to uptake 

of As(III) and As (V) that might affect mortality endpoints.

Ga(III) exposure was associated with low but significant mortality (12.5%) at 113 μM for 24 

and 120 hpf, but not at higher concentrations up to 900 μM. It is possible that the single 

occurrence for statistical significance mortality at 113 μM but not at higher doses might 

have been due to an increased number of non-viable embryos for that concentration at the 
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beginning of the assay, since there was a mortality incidence higher than the statistical 

significance threshold as early as 24 hpf. We are not aware of any previous study reporting 

on lethality of Ga(III) or In(III) in zebrafish embryos. Nonetheless Ga(III) has been shown 

to display some inhibitory effects on fish and other aquatic species at moderate 

concentrations. The 96-h LC50 value of Ga2(SO4)3 for common carp (Cyprinus carpio) was 

reported as 0.28 mM (Yang and Chen, 2003). Moreover, the 24-h LC50 of Ga(Cl)3 for two 

crustacean species, Americamysis bahia and Artemia salina, were 0.33 and 0.78 mM, 

respectively (Onikura et al., 2005). These results suggest that zebrafish embryos are less 

sensitive to Ga(III) than other aquatic species.

In(III) citrate exposures were not associated with significant mortality over the 56 - 900 μM 

test range). Likewise, sodium citrate did not result in significant mortality rates (Fig. S-1).

3.2 Morphology/developmental endpoints

3.2.1 As (III) and As(V)—Overall, developmental exposure to the III/V metal ions was 

associated with very modest developmental toxicity over a wide range of concentrations (56 

- 1,000 μM). Other than mortality, most developmental endpoints were unaffected 

(Supplementary Material Figs. S-2 through S-5). At 120 hpf, the high range As(V) 

exposures were associated with yolk sac edema (LOEL= 1,000 μM) and pericardial edema 

(LOEL= 500 μM) (Fig. 3). Malformations were not associated with As(III) exposures up to 

1 mM. We note that exposure of zebrafish embryos while still in the chorion to very high 

As(III) concentrations (5 mM or 375 mg L−1) has been previously reported to lead to 97% 

incidence of developmental abnormalities (Li et al., 2009).

Developmental abnormalities were also assessed in embryos with and without chorions 

following 500 μM exposure to As(III) and As(V). While overall the significant hits were 

low, there was a higher incidence for abnormalities in dechorionated embryos, similar to the 

results found for mortality endpoints. Statistical significant hits were obtained in the 

pericardial edema endpoint for As(V) exposure (Fig. 2), compared to non-significant hits 

obtained in the embryo with chorion for the same endpoint.

Based on the increased incidence of endpoint hits in the dechorionated embryos, it is 

possible that there is a diffusion problem across the chorion even for small inorganic 

molecules, such as As(III) and As(V) ions. The zebrafish chorion has been reported to 

reduce the permeability of organic molecules (Brox et al., 2014) ; however, for heavy metals 

it could also represent a barrier since these could accumulate at the surface or inside the 

chorion (Henn and Braunbeck, 2011). Moreover, in the case of arsenic, low bioaccumulation 

factors have been reported for As2O3 in zebrafish larvae, which may also affect its 

bioavailability (López-Serrano Oliver et al., 2011). Taken these points into consideration, 

our results suggest that the chorion could be a barrier for the transport of As(III, V) and that 

dechorionated embryos would be more sensitive to negative effects since the toxicant would 

be more bioavailable. Similar trends have been observed in studies with zebrafish embryos 

exposed to silver nanoparticles (Kim and Tanguay, 2014). The authors attributed the higher 

sensitivity of dechorionated embryos to the protective role of the chorion in limiting 

embryonic permeability by serving as a barrier for agglomerated nanoparticles (Kim and 

Tanguay, 2014).
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3.2.2 Ga (III)-citrate and In(III)-citrate—Developmental exposure to Ga(III) and In(III) 

citrate complexes was not associated with abnormalities in any of the endpoints examined. 

An in vitro study reported that the no observable adverse effect level (NOAEL) for the fish 

cell line PLHC-1 exposed to In(III), was 1.4 mM, and that morphological changes occurred 

at higher concentrations. Moreover, cell death occurred at 3 mM for an exposure period of 

24 h (Zurita et al., 2007). Sodium citrate was also not active in any of the endpoints tested 

(Fig. S-5).

3.3 Photomotor response (PMR) behavioral assay

Embryonic tail flexions of the photomotor response (PMR) at 24 hpf are an involuntary 

neuro-motor phenomenon important for normal trunk muscle, central nervous system (CNS) 

and cardiovascular development in zebrafish (Bruni et al., 2014). Stimulation of a burst of 

tail flexions in the PMR with bright white light is a highly sensitive assay for which 

abnormal responses are highly predictive of later adverse developmental outcomes (Reif et 

al., 2015). An example of the 24 hpf zebrafish activity recorded in the PMR for In(III)-

citrate is shown in Fig. 4A Hypoactivity at the excitation phase after the initial light pulse in 

the PMR was associated with exposure to As(III), As(V), and In(III)-citrate, at the highest 

concentrations tested (900-1,000 μM), resulting in 31-51% reduction of the control 

movement index (Fig. 4, Fig. S-6). Ga-citrate and sodium citrate were not associated with 

changes in photomotor activity across the concentrations tested; 56-900 and 213-3,400 μM, 

respectively (Fig. S-7).

Metals may act as neurotoxicants (Rodríguez et al., 2003; Lee and Freeman, 2014). In 

particular, As(III) has been reported to alter neural function in zebrafish embryos (Li et al., 

2009; Lee and Freeman, 2014) at relatively high concentrations (2 mM) based on reduced 

photo-induced reflexive motion and immunostaining results for axon tracts of nerve cells (Li 

et al., 2009). As(V) at 0.75 mM has been reported to impair long term memory in avoidance 

training behavioral tasks in zebrafish due to neurotransmitter and antioxidant system 

alterations (de Castro et al., 2009). Finally, while hypoactivity was also detected at the 

highest concentration tested for In(III)-citrate (900 μM), no literature to our knowledge is 

available on potential neurotoxicity effects and mechanisms for this toxicant and more 

studies are needed.

Although the embryonic zebrafish model is a powerful tool for understanding how cells in 

vertebrates, including humans, respond to environmental chemicals, the fact that the 

embryos are not capable of independent feeding during the duration of the bioassay (120 

hpf) (Straehle et al., 2012) precludes testing of exposure to chemicals through food. 

Therefore, additional testing using juvenile- and adult-life stages of zebrafish and/or other 

relevant aquatic species is required to understand the health risks of chemicals to aquatic 

organisms and assess the impact of chemical bioavailability. Dietary exposure can have a 

significant contribution to the overall bioaccumulation and toxicity of some metals and 

metalloids in aquatic environments (Handy, 2009; Wang, 2013).
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4. Conclusions

The III/V materials tested, As(III), As(V), Ga(III), and In(III) caused modest mortality, 

developmental, and PMR behavioral effects in assays with the zebrafish embryos at 

concentrations up to 1,000 μM. These results taken globally indicate that polluted streams 

with these materials pose limited toxicological effects to zebrafish embryos and other related 

vertebrate species. However, this study represents the first characterization of toxicological 

comprehensive in vivo vertebrate work for In(III) and Ga(III) as individual ionic species. We 

hope that the insights provided by this work will help start to fill the knowledge gaps on 

toxicology literature on III/V ions, and particularly on In(III) and Ga(III).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• As(III), As(V), Ga(III) caused significant but moderate mortality (500-1,000 

μM).

• Only As(V) caused developmental abnormalities (LOEL 500 μM).

• Zebrafish embryo dechorionation increased endpoint incidence for As(III) and 

As(V).

• As(III), As(V), In (III) (0.9-1 mM) significantly reduced photomotor response 

activity.
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Fig. 1. 
Mortality incidence in zebrafish embryos (out of 32 replicates) after 24 and 120 hpf. Rows: 

As(III) (A), As(V) (B), Ga(III)-citrate (C), In(III)-citrate (D). White bars indicate hits above 

the statistically significant threshold (p ≤ 0.05).
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Fig. 2. 
Comparison of active endpoints for 500 μM As(III) (Panel A) and As(V) (Panel B) exposure 

to zebrafish embryos with chorions (white bars) and without chorions (black bars). The 

dashed line is the statistical significance threshold (p ≤ 0.05) for endpoints with total hits 

above the threshold.
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Fig. 3. 
Activity of developmental endpoints in zebrafish embryo assay for As(V). White bars 

indicate hits above the statistically significant threshold (p ≤ 0.05). In all treatments and 

controls, the total number of embryos assayed was 32.
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Fig. 4. 
Photomotor response (PMR) behavioral assay. Panel A – Average movement in 24 hpf 

embryos exposed to In(III)-citrate. Red line indicates a light pulse. Panel B - Normalized 

peak movement index upon initial light pulse for As(III) (●), As(V) (○), In(III)-citrate (■), 

and Ga(III)-citrate (▲).
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Table 1

Morphology endpoints assessed at 24 and 120 hours post fertilization (hpf).

Endpoint 24 hpf 120 hpf

Mortality

Developmental delay

Spontaneous movement

Notochord

Yolk sac edema

Body axis

Eye defect

Snout

Jaw

Otic vesicle

Pericardial edema

Brain

Somite

Pectoral fin

Caudal fin

Pigment

Circulation

Truncated body

Touch response
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